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at the experiment from a different perspective or repeat it tomorrow.
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ERRT®RENSE R, MR-
WLE% sl 7 K 23k B, WAk 4
BN 50kmh~l, B—AWELH
PL 15kmh~! B3 E 5 K E—F
B3, A A5 K ZE T B
35kmh~t, SUARKIRE, WG4
Bl 1.08 x 10°km h ! i3, At
A ATz s .

2 MR TR L S A R, )
U1



Lalc,

B 2.1: ARSI R

MWTHEERYE o THE, A v =
A2, As FRANMERE, At AF
P, Fik At = Le

v

3

A, B,
— EuAt‘—l—— EuAt'—i

B 2.2 BHSRER B oRB
WG R ), P — L ge
AR 145 R 3

SR e s AT A P B B
2% Z P BT TR A R
#E) (Boost) &Ht, 5T
BEEAT VR

2.1

12 Chapter 2. 3k XAEYHE

L, RARREZTHALN.

ME— A LA B i B SRR 3 — 2R R, BRaaeid s 1K
M A I H 2. BRIk, =5 NHETHT 1S58 # R IHX MR BE
E# .

The Invariant of Special Relativity 5k MiEXHESAIBAIA

=
gi

FEE TR U opr, FRATDREAE A SURIAS 18 g T AN S A e 3
Minkowski FER, A 1€, WATLRETH H M DMIBEN “HE” . 0
BRI BLARAE Minkowski W25 F AR s, 170 38N AR SO #4374
Minkowski I 452 1o FATMTAFEUEZPI DA FERIESE R 2 (8] (1732
Helb ZRAE Minkowski FERIAZE, JHILIX — S AFIRATRENS R BER A
FVFAERIBIER (BAOEEAF RS R) ZHPrA A /£
APEARIH 7 BA TR 2 BRI TARHA RN, R FHRAEIX LA 4
TAZRTTRE . BTN —ABE T — 2 BRSO VR (R 1) o 2 2L )
W BB R . BAEAs R WS, AR R AR
Ak, Zeid— B 18] 5 4T BB SO B s a2 1R

A 3 ANEEMFF

o A: JEMJE R

o B: OGIEGTI LGS

o C: Y[R B|JH
FHF AC Z ] [a) [a] B

2L
At =tc —tg = — (2.1)
C

b L BRI R 5 RO i T8 R

P ORFB IS “ADWEH, TE ta W 2Tt BT R AR AR RN A
FFLMEE L w AN T35 —DMEF A s . NRIEER I, AR
BASHERMNIERAE ta WA S5 CNEE NSRRI REE. 5
AR EE B I G S AR T . MRS R, Ok
PR AN GOIFAER AL E (LE2.2).

MBEATE S s

'y =0 # = uAt’ — Az’ = ulAt (2.2)

i e B AR AR BTN R . 0 T8 — Rk R
[II=EE]

TA=2xC — Az =0 (2.3)

AR AT B R R AR I B 5 S B A, TR R AR RIE TR BE A

!
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BUE T8 A EF B « B, Hik

Ya=vye Za=z0 — AY=0  AZ=0 (2.4)
WA FRERA
ya=yc za=zc — Ay=0 Az=0 (2.5)

R EE: MR REMNSNNEERRESD? FHd
ST T HHEANTE, MAE AC XT3 AW T = K2 A A
fla ke o ISl EIRE At =ty — ), SFTIRES “AIEH S Rk
RIS | BRI c.

l
At = - 2.
‘= (26)

FATAT LR i 22 1) Pythagoras® € B (WLIE12.2) THEDOGAL R B

=2y (;uAt’>2 + 12 (2.7)

FIH(2.6)mT EAFS 2]
1 2
At =2 (2uAt’> + L? (2.8)

FAAX2)HH A = uAY 717

2
1
cAt' =2 (QUAt'> + L2
2
uAt’) + L2>

2
= (eAt) = (A2)* =14 ((;uAt’> + L2> —(A2')? =4L? (2.9)

N | =

= (At =4 <

BERFIA(21), B At =2, 4

(cAt)’ — (Ax')? = 4L = (cAt)? = (cAt)? — (Az)? (2.10)
N——
=0 (2.3)%0

&t JAFEP

S s R R

5 & # B AMNEL AR AR R
NeERGRE TR, BARMNER
ta BRI AALIRGRELELSN, X
Fhadl, HHAKNMEELEFRBRE AL
FAREMGFEFR, MARTHER A
“it, RRIELE %, BAHY
R EEAETRMEF AL —H,
EAT BAMNVEELEBRTHEOAE
Fegad, WmRHLEMNRHEHEE
Riagh M REEY, RALSEAH
Ay’ =0 Az =0, 12& KRk,
BAVRL BB IE AL AR R R 28, B
AR LT ZR PAA
8, 4

Yok R G AR 9
W Ak



X

2.3: FEYRM R L. ikhr
BRI RAHT AL AL -

t

|

At

|

B 2.4: F5 I HEIZE ) IR SR

Ax—

o PIERT R SR s AT A,

Bo BRSSO Az, B EE
Kk At

tl

2.5: [[{—NEEPiErt AL, A
MG GZYUHE AR ZWEEE
MBS AB 8] 175 A EE 2
Az’ =0

2.2
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(cAt)’ — (Az')* - (Ay')* — (A2)* = (cAt)” — (Az)® — (Ay)® — (Az)?

=0 =0 =0 =0 =0
(2.11)

BREH=AMEE, XN TH - DUEE UARKEZIZZ), R
HERE T AT 2

(eAt")* —(Az")* —(Ay") = (A2")* = (cAt)* — (Az)* — (Ay)* — (Az)?

(2.12)
PR, FRAIS R 7 — L0 T A A s #OM [F) & B —
(As)? = (cAt)? — (Az)? — (Ay)® — (Az)? (2.13)

BEAh, BATBEREE N TAFMERE, (Az)? 4 (Ay)® + (Az)? B
Yo (cAt)? RAFF . AT T —TIHE AR As® Préim S MR
X

Proper Time EBHR

BAVE LTS H 7SS P I AAE R As?, HAERTE W
H IR ERA A . B2 R ORFRATE T IR IX A R PR . AR, Bl
W )RR PR 7E — 2= [ e o b — AN T g # L ik, BATREME
HE R (WLE2.3) . FHRI, —ANSIEE S AR VR i dn 2. 25T
NS

FAT R 0 AR I 25 o A B R RO R 4R (world line) .
AR SRR T SR 1. IS R8RS % T[] — P /K v] R 22 1H H 58
AR R L . 5 — W IR R 2 EO E 2.2, IR T
SRR S, HE 2 B K25, BT s kL.
NT RS A AR, RATEIN of A ¢ SRR AW
RKENZ% RPN R E . 4

BATATULE B, B ERE WG FF AB Z R A REAS [F
MRS, Ax #0, EXTHE WSS, A =0. FWEE
HINAE A F B Z IR RIERGIER: At £ 0 F1 AY £ 0, HIAA
As? WHFE (W LETHESHLE R, EENEEHAEMAR As?). XS
H— N ANWFRISE®: F4E A B B &5 FIi ST P &5 AN A

(As)? = (cAt)? — (Ax)? (2.14)

AER: TATIX B F TS 20K
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(As')? = (cAt')? — (Ax")? = (cAt')? (2.15)
ir
(As)? = (AS)? — (AF)? £ (AF)? FH(AZ)? £0 (2.16)

KA RSO R 5e A H—DRNE, TEE ARSI (time-
dilation). & [EBGUM T UWEE, IEWE A . AFREE
(R AR, R A g PO ) gl SR AN A T

BUCE R [EPRE A — IR BB S, W R BATRESR B — A% T A
SHEWAF R R, RS IEEAM. £ LR, 5B AW
YA ARFEEE, A

(As')? = (cAt)? (2.17)

b WA SO & Hh B AN AR B bR D WL 38 9 L0 28] 14 e 1) ]
Fe PG co XALIRNTABLEEER (As)? & L—X TR A Mgt R
AR Ta) B o AT SE X

(As)? = (cAT)? (2.18)

T ¥ NEIBRT (proper time). [EA 2 HTA X T2 L5
& Bl = PR R ]

OR, LSV TR AR LR R RE A ME B, (HIRAT AT DLICE 8
FLm (] (ToT5718), 1S shi oS dlias), X B &k 3
318 7. ey ERNTF S EERIET D, B A — d:

(ds)? = (cdr)? = (cdt)? — (dx)? — (dy)? — (dz)? (2.19)

B, S — DRI ELEE, RATR R — > Sk — iz 3
O LTI B AL 523, XA A S S A ARG ko X T IR R R
SEHEM 5, At il 2 Fg o 1] ) R At 2 [ A I IR — BB xR 3
RAFER, BN (ds)? = (cdr)? XM TAEEMEEHROL. FREIR, XIf
AR XS T WL 3 A TR (R a] (] R, R IX Se W 3 AN
SRMLSE 3 T DN P I TR () By — AR R R T

Upper Speed Limit & LR

FE BT AT B SRS IR — AR EA TR, Bl L ik —
&, SR ADPSGHRHR IR LS 1R



st X, (ds)? = (cdr)?,
(ds)? < 0 — dr NEH.

” W H Hermann Minkowski
1E Assembly of German
Natural Scientists and Physi-
cians(1908.9.21) _E 3 MF

24
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W T AR E SR A 705, KRR TIPS AT,
(As)? FIETTREN 0. (As)® HIMEHETTREZ A, HIXFERATESR]—
ANERIEA IS, R R EA N RA R R S Ht, (As)? =0 WFE
AN, =0, %

As?. =0=(cAt)? — (Az)? — (Ay)? — (Az)?

— (cAt)? = (Ax)* + (Ay)? + (Az)?
2 _ (An)* + (Ay)* + (A2)°

—c= VL (2.20)

1 EARAMIATEE L T7 v, Wt B ER i iE], BT 5 R
PR,

- = (2.21)

BREL (1), y(t), 2(t) —RFEWNFMEZRERNSEOTRE, ZRET A0
B I E] I8 B
It R NS AT I Dy 0 i s R i 2 T 2

— 2 =2 (2.22)

X EIRE A YRR DU DOGHE ¢ Bz ! "N GEE R —1)
BB T —MRE LR I rh g P9 S A LR ) A% 7 AN e
pj L

X — & 25 L ey [l [RI2 (principle of locality), B4y
PRI R CARE A £ h. 48 B RA R BIREY, NAEE
ABIEAE R, BT 694516 E B0,

The Minkowski Notation Minkowski igi%

MERAERL , HISL A 23 [F)MIRST F P 8] 78 B R O RS 7, R
A E G A RECRF ARSI A7 AE

-Hermann Minkowski”
B H B ST P AR &

ds® = (cdt)? — (dz)? — (dy)* — (dz)? (2.23)

SR BB AW AE
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FEREAL R R ] — Mg i, XMCiEIAm TR R R 2%, A a3
Hokr i 2

ds?® = n"dx,d,
_ nOO(dx0)2 + nll(dx1)2 + 7722(dl,2)2 + nSS(dl’g)Q
= da} — da? — dak — da?

= (cdt)® — (dz)? — (dy)* — (dz)? (2.24)

FERBIATH T — 2 L E ML S, X AR T AEAA E B AR
2, P LB AR

o Einstein KAMZIE: FEFRARAE R — T H LT AR3 g 1Z 46 b
FERA AN 37 aibs = aib; = arby+asby+azbs, 15 Y0 azb; =
a1b; + agb; + azb; # a;b;

o & 1, v, o EFERIABETRE 8 AEFRARIS, — AR 0 2 3 KA
TplYp = ZZ:O TpYu

o WMNAEBTE xg=cty 21 =2, T2 =Y, T3 = 2. XFERTTEIZS[E]H
FrEE, WAE T RATEM Einstein SRANZ)E

o 5| A\ Minkowski FEF (n FHE—HFE, 7 HHHAETT): 0% =1,
=1, g2 =1, B =1, Mo g =0 (BT
MEIER 2 g = diag(l, -1, -1, -1))

FAMZERIBATEE G| NPUERE (four-vector), fiFR 4 K.

d.’l?()
d

dz, = | “ (2.25)
dﬂ]g

dl‘3
(2.24) AT FH 4 KF1 Minkowski J& AU H

(ds)? = dx,n"" dx,

10 0 0 dzxg

0 -1 0 0 dxy
= ( dlL’o d:cl dl’g dﬂ?g )

0 0 -1 dxo

0 0 0 -1 dxs

= da? — da? — dak — da? (2.26)

SRARHITER LRI RS, 3T ds, T2 th R 25
(Minkowski i %) sHRTELRRG “BEES”, XA “HERE” HF7R FAR 7 B8,
A [ W% TE A . AR ATHHE 3 4 Buclidean 2% A0 F 7 £

8 4% i, j. k IXKERYD D FRHERSHR
WA 1 ) 3 R wpa; =
S8 pims. JRERITESAEIREMN
B/ A, B, C, EAWERR
AR 1 %1 8 kAN,

o o o~
|
—

103 4 Ruclidean 7 3k 2 2 L4
FoR— R, 70 AR 1 R A T4
I 1 5 ] 63 AL BT, U356 A2 A
25 R R — AN S 1 LA 45 1 oK
JE. {H— EGRE R B AT, G54
SN 2 L, AR B 1 25 )
JHAE [ — AT T % 1.



MK ronecker PR 6, HDR AL
HBELEFR bR id s N IR R, T WM
XB.5.5

12 It X 7E Euclidean % [A]

FFEEH: BTEMRA §; =

0
0 1 0 |, BfRE K
0 0 1

[
(=)

13 S FHRARAY 4 SR 0 5 py A
4%, A EERERID 4 SR s
4R,

LA b 1 48 R 017 38 B S 52
JEME, FEILHRB.5.1.

2.5
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A 5 AL 5 -

(ds)? = dx;6" dx;
1 0 0 dﬂ?l
:(dxl dZ‘Q d.’133) 01 0 dxg
00 1 drs

= (ds)? = (dx1)? + (dx2)? 4 (dr3)? (2.27)

XAEE T REMWERM (metric), &R & FIRATGIRIGIT MM M2
[ EEES . 7E Euclidean 7 [A] 4 FE R & BT HE FE 0,50 1E) SRR
25 I R 2 B AR B, AEAE R SOMIRHE A 3R AR A B 2 A XS
fAT B ) Minkowski FER ntv o FERURTHE KB THE, AT DUl B
e X 4 REVKE (length of a four-vector), Rl 4 K5H GMtrE
12

2 _ — iy
" =2 T =T,2,M

FKHh, PEE 4 RIS ERE N
(2.28)

-y =yt

P ETAR, AT e R S R TR M. AT SO
TRPRI 4 RS

at =n"e, (2.29)
B
v ="y = 0" yu (2.30)
MinkowskiEMRXIFREInHY =nvH
Pltk, AR LS Ayt
-y =z = xuyt =12y, (2.31)

B, B EAEARR DR RE RN, X RN T # e A b R
I g (R 759, IEWSIN Einstein SRFIZI5E A 7 #4582 I
RATG—FE,

Lorentz Transformations Lorentz Tk

T, BATK R IS R A ANE T SO 1 S AR 3
AR )7 30 B ESCRT R, AR SCAR XV R P A 2 AR B AT UHE 0
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TS % RI9H ds® = ndxda,, B

ds’? = ddex;n“V = ds® = dxﬂdx,,n‘“’ (2-32)

PRk, P2 25 A (AL BT Se VRIS e E e R UEX A — kAT 30, A Minkowski

I PR EAVEAS R N A . BN A, BAA )G
dxy, — dx,, = Ajdz, (2.33)
BT (ds)? 1R # T A

(ds)? = (ds')?
— de-de = do' - dz’

— dx, dx,nt S da), dx, " = A dreA)deyn™”

(2.33)3%
—dx,dz,n"” L AgdmuAfydx,,n‘”
iy 4 W AR
v ' v, O
— 0" = AZAInY (2.34)
dx, &
B AR AR S

n=ATnA (2.35)

tEBNAE#R A} FRERHE M.

A FAFBER R e iy B, BAE)E SR IRATE A B AW
TG HEAFA £T—EE, HANT2E ] Buclidean 7% [] 7 1 iE #%
T 5 R0 GEWSARIE Euclidean %% 8] 1 br B AIA AL

1 -
!/

ib=da-¥ = aorob (2.36)

—
HE(Oa)T=aTOT

PRl 18

0710 = 1, 1475 Euclidean %% ] {1 R AL S0 AR 1, FEHE IF
4 Minkowski FERLAES(2.35) A —HF. IXAMPERUE IER ¥ € SO i —
gy, REAREBUR R BN, R EOREAR B 190 phAh gk
T BB Befk AR R I T2, XY det(0) = 1, FARIE
PRERUAN AR AR B R 1 el A it A 3 1] S s>

FATE LR Minkowski 4 iR BRI ALY Lorentz ik
(Lorentz transformations) , X2 A TRUES SRR L BT 0 77
o AHRLRY, 44 3RATT ZAF2I7E Lorentz 2 # T AR TN, AR 0

SEEE: a-b=L[(@+0b)? —a% - b, HEHEHEKAE, HREFBAE.

15 pemmsc.

16 RfE 2ty O L.

1T« SRR RN AT, R
RAVE R BT NI R, T4
MEAHFMENH a-b = al-b. H
% (0a)T = aTOT & fiE WM
F*C.1, RC.3.

1 ik g A R NE M (or-
thogonality) %1, FILAFE O
Fr. WE OTO = 1 MAEMERCHIE
SRR, B 55 2  E.
Por) i, SERE R — S T DB
— AR, TESTME R i e
RHTER.

19 gempg e AR RS B G AT
BT I,

20 PERBEA.5.

2L g 1) Jg g T AT 4 R A A R
T —F, EHERIL det(0) =
% OTO = 1. ik, WREmiIEH
AR AR A, BT L4
TF det(O) = 1. sb4b, 2R
BRI
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LA LT AR xyt = zyunt . B —EARE R A R IX
FERIEOLZ JG, FRATTSAE N — B X B 46 BRI A TR 2

Invariance, Symmetry and Covariance A3, JFR1E,
ih3ETE

TEgks 2/, BAF —SHEEPESERLSY. 5%, — 1M ER
WA AR (invariant), X MEBFEAH T AL, L, RAI1%
e MR TAFZH A, B,C,... WEREREF, F=F(A,B,C,...),
WIREATEH A, B,C,... TN A B, C',.... A

F(A,B,C",...) = F(A,B,C,...) (2.37)

W F ARSI — DA R AT LU Bkt iR . 3 FRiE
(symmetry) FEER —AH N BE B — RV T REF ALV -
AT, MR MRS BRI T AL, MAZRS
HA R TR fREAnid, — (RS R 0 b5 18], D5 18] A 2% AR L
ESAETR, #E52, WRITHA B RE R E 7 - — B
FIRAAE . BRI U= B A5 2 ARt

AR5 AN A IR 2 AR T SANFE L AR — AT RRAE A TR
AAZ, IARREATTREEAT AR Pl R X A7

Ey = aA* + bBA + cC*
AR JRXANTTRE T A
By =aA? +bB' A + cC™
AR TTRERA AN, FHAZTR A, Ji—T7k
By = 2* + daxy + 2
HEAHRZ A SN
By =9 4+ 4a2'y + y* + 82/

ML EHARDAZR, FoAHEA L.

P A (R B S S E AT Lorentz WMETET, BRA XA X FE R 3R
A RMAERSHE R THL. FEDLRYHEREAGRERE - FESH R
TR, X FEAE R AL BA A F R B RIS
BT, BPONAROZAAE MRS H R, RO LB RRAEEES

TRI{E Lorentz A5 N AT PpEE M- %4 (InSight)
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AR S T EATTRE U ] AR (T3 VA R S B R

Further Reading Tips  [EiEEEIN

e E.Taylor and J.Wheeler - Spacetime Physics:Introduction
to Special Relativity?2i& & KNI T.

e D.Fleisch - A Student’ s Guide to Vectors and Tensors?3Xy
SO B Rk B A IR A VR R . s TR S
WAL B ) 72 5 o

e N.Jeevanjee - An Introduction to Tensors and Group The-
ory for Physicists?* & 3 —AHEAERk A8 F B R EU# R0
AN

e A.Zee - Einstein Gravity in a nutshell?® & —ZA5¢ T X AHXT
W, (HR B A IR 2 50 T8 SORO 8 ROAR M R AR

22Eqwin F.Taylor and John
Archibald Wheeler.

Spacetime Physics.
W.H.Freeman,2nd edition,

3 1992.ISBN 9780716723271
23Daniel Fleisch.

A Student’ s Guide

to Vectors and Tensors.
Cambridge University Press,

1st edition,11 2011.ISBN
9780521171908

24‘Nadir Jeevanjee.

An Introduction to Tensors and
Group Theory for Physicists.
Birkhaeuser,1st edition,August
2011.

ISBN 978-0817647148
25Anthomy Zee.

Einstein Gravity in a Nutshell.
Princeton University Press,

1st edition,5 2013.

ISBN 9780691145587
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Bt

23
=iEhEl:
Lie {1
e
SuU2)
Lorentz &t
Poincaré Bf
BEANF
MR SEnE=EPaIbEs
B: WA

BOIESS ...

Rit&BAERR

PR

NFIEICS7e

BRA-RITSBAE /512

Noether EI&

R NFEICHIEN AT SHTER
PR mePREN AU SHTER
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‘UFR

MIEE, BEMNTRENES.”

— Mark A.Armstrong

in Groups and Symmetry.

"Numbers measure size,

groups measure symme-

try."

Groups and Symmetry.
Springer,2nd edi-
tion,2  1997. ISBN

9780387966755






P Y= 7RG

AZBMERLHNZSHE Poincaré BB EMEARFT R, WY
TEINA Poincaré B2 B AR P FRIERE . 1X LEIEAR IR 2 ik A7 2k
ARLFHIRETR, &F—MRpR N —MEAR T, AR T HAGR
AFAEART A HE AL T o

BATAIA 7 ] 51 R BER E L, ARG 1ENY 2 Lie BFEIRIMEE
—, TSR IR 4 e i A8 4 ey Ao 2

o 2 x 2 JiEEEAEE.
o HNIITH,

AR Z AR H R =N 2 —Fork (BEBOKFE, 4R E—
T 3 x 3 HEFE), Mo MTRE SRR EENE — SUQR)YA
Ko ZIEPATWF Lie (RE, {E A H B Lie AREGRBEIRANT T E
A1) Lie #f. AFEMIEEAT LG AEFER Lie /X3, HRAFHAW—EH 72
BRI o IR H R A e HE IR R B AR EE A AR MERE — Poincaré
FEMXUE T FRATE R SR A et /R 2 Lie £03, JFAIH Lie AX
A M PRI AR IR . XAERLREE AR I A A ) s s
MR TG B, T SCBERE ST Poincaré BFIE E /) — Lorentz %,
FM12E R Lorentz BENE 51 Lie RECH P su(2) Lie [P,
(R I ] DA B 3R FHERATT AR ) SU(2) BERIZE 18 . e B PR A i 25 i it
K, B152] T Poincaré #f, Poincaré Ffiis& Lorentz #EIN - FF. FERK
LR 2 JEBRATEF T LK Poincaré XU 55 13 AR IR AT 7028,

HERKN 1 mEH.

N B R R A E AR
AN RRE R TT A
I RiL AR BORE R, W15
IR A KT ERE .

/:f&‘?
U(1) S0(2)

=YEjiest

SU(2) SO(3)

Lorentz A5k

!

Lie 81 = su(2) @ su(2)

!

WU i RN

Lorentz A8t + %

Poincaré #f

1S FIRFFER (special), M X
AN odet(M) = 1. U iR XLIE:
MTM =1, $F 2 FoRXAHIE
VIR 2 x 2 FHFEE L.
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REEAE SR I AT 2 KR, BA R o S A B i R A E A

3.1 Groups &f

AT EAE S THERR M. R ECE 5 S oy B
W, T I A R R B I S R TR RS B — N 3 Lie I
WRIATHIIA .

TATHE XS TR 8 SO RIS, 1Rl AR A e SO
LA AR G o LEFRATT AN BT ERAG) T I A A 2 B BRI B 4 8 L

L B TRAER: bt — 2 i A (YA T AR 1A 1 — 3

55), B TERINFRIE R IRAE SR 4 T (4 B — N U 3 5

—A ) RIFAEE CRUEEE SR a8 &) k. 2

FF & 4 B2 ¥ GerP D e RS 90°,180°, 2700, 0° &55%, IX UL lighk

B E MU 20 e B & X ERE IR S R AT R

THEHR., RATREANMES (EHTESE) EXENER TR

APE.

T RANE BT A e A et T 1E T TR R o R RAT DGR T s

AR 2R S & ke, ELtngrb O & e 50, X AN Bk T s

Wb 2 R IE T s AR A, T A WLt 2) T R IELTRESGZ

MR Ao BRI AN R AR ) IR e A AR PE . 488, A8

HBeJa (TR AT, HER S —ANIENE (BIRFE %

Ao MGEHLEE 90° EXTFRT, 3.3, T A BHeE| i B %

8, R IE T Y s AR e B A R 4R A

A B =
& 3.1: FHE D=A > A'=B

Ve
B'=C
c C'=D

3.3: IEJrRgerfubieke 90°
BAAEE: BRE 7 —IRECRIIETTTE, A5 EIRES, X
A NATREATIE TS TR 7 — AN o A SRR IR DUJS AN e 2 PR AN IE
T TR —— iR N, TR B AR
PAHEP A IETT AR A B R S TR R . RS H (K
Bl pogt R e F ) ANREAEEHUE (TR B SLHEL), XREX AN
RN B HICHE -
2R SRS R RRIEE SO T — AR, AR AE AN N AR MR (2 sym-
metry of the square is a transformation that maps this set of points into itself.), {H

A JETH X ‘Symmetry means invariance under a transformation’, ﬁiﬁﬂﬁéﬁﬁ%gﬁl
o RHNELHADWRERE, AESEFE R (QZR)
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2. AT R A A AR AR R S o B, AL A
se L M RN AR S, ARSI AN RS L BT H 5 .
AR SRR O e AT B A EHAL . #F 2, BIRSH (X B
WEE: ) PTUBESE, X M S
B T LT T 2 AMEA I 2 5 EP A s . fln, it

T, TATTLEEFA LR EKEAER BRI RES. GHA
FEFF S FRME i Cm E TRe? GERR MR AR R N AN . R R
2, WM EOEY TS, e DR A B B R

NT ARG RRI TH — 8 — GRS, AT FRIER &

N ESREGH—T

o SHEMH AR (FLniEAs 0°) LSRR XTFRAE e (FE IR RATHY
SRR ), RIAT A B AR 55 AL — AMESE R e (fH46T). 18
TR R, RS TR e 0°.

o SO A Jfe AR il FHARE AR 4 1) 25 SR DA SRS T AN . DRGSR
HIERE T GER (RIFREEIG), YAUE MBI CER. e X, il
P L AOY AR 3 55 - 1E S e Bl e 900 FEFE —90° (St I
E1EE) SliEk: 0° A

o Sl — AN REFRAS e PR — AN XS RRAR e, AR RIUR 0 A S K R AR
o FIANSETERE 90° FiiE 180° & T HEHL 2700, J5#H 2 xiFrAs
oo SERRAZ IR (0 IXAPE FRR Ay Ft AT

o SHFRAR I 2 [A] D600 45 A S . Bl 90° FEFE 40° FEFE 110° 1X
R, LRl 130° Fif% 1100, & 2% 90° FfE 1500 #f
—H. HR SRR TE NG

R(110°)R(40°)R(90°) =:1%(110°)(1%(40°)}%(90°)) = R(110°)R(130°)

(3.1)

R(110°)R(40°)R(90°) = (1%(1100)1%(40°i>12(9o°) = R(150°)R(90°)
(3.2)

RAERIRNGE R
o WAIRE TMMAHIT (ARALH) ZEFSEN. ZMEaR
ZREBES, WA E AR
FE LT RB)TH, TeReAR e bR e R R T 0% TR A R, P NHE
TG (WANEREHERE, BT SIEFEHRAE) 256 AR 2 L ACK B R e 3fe
%o FIRERRBZFAANRNRRTTE, FALIER REVEHMHES 1
ke BERIIYSC — FRRHUE W FOAR R AL He AN Rl iR 7 3R, AT

SRR AR

B 3.4 Sl e R, e
B8 B 0 e A5 1 A

2 s RO A SRR N
T kT RO B

3 UMW RS FI LR
T i T 7 4 2 16 A il A2 4
el Ry (0)R. (¢) # R=(¢)Ra(0)

b e T EA 2.

S i, VI e T LA B R
SRR, AN BT 2 TR
R i 13k — A



6 BILEL 6 4 A AR K 4 B
AN, LI FE A M
Pk, BT REHOTEAT,
ST 3T LA S PR TV AR v A

7 55—F, Minkowski &t R7E
Minkowski 7 [f] HH FH ok 1 5 55 fn
KEMTHR, WiH2%E.

8 WMEI TR . TR AL
WIS AR IR, TAT2 5 A

O WEHE SRR S LI FA 2.

3.2
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FE3.51 5 2 RIR iR

FATHE R T 5 X FRAZ 4 IR RFAE P ™ 1 B0 5 08, BRG]
PRI ABE, TR IX LN BRI — VI EC - AR O B . AR H3RATTT
DA H 7 24t 5 i S A A BER S50, (EIRATTINAE R 5% BTl B
(1) e 2 AR 45 A PR B

Wit TiXLe, ATRBIFF R RoE G2 CRARMD ZHEE
X (A B A X PR A e P T 5 L 1) A BRI AR O

— R —NMES G, I bE—EXAE G B onia it (Hki%)o,
HEER (G, o) Wi R LA AR

o HAME: X THE g1,90€ G, 01092 € G

o N FAIEHNITE e € G RN T ge G,goe=g=coyg

o Wijt: WTAERE g € G, FAEMPINIETG g7 € G fiff gog™! =

e=glog

o GiGH: XTI 91,692,953 € Gog10(92093) = (91092) 0 g3

RIS 2 FXGAE— AR N RREAAR,  FTA (X Le A8 4 48 B (1)
BEL YRR EE . 5HT Minkowski 825, Minkowski & #0724 N 1R
AN, AR FREEFR N Poincaré B o

B ERERE XA SR SRR A K R KERATAT DU
BEREE 0 T R A SR ARAL AR B, B E SOR AR AR R 40
KT ERAEEAHMN, FE2ARFEYEARFESE RSP, B
RN E AR 0, R T () Woied ) - e 14 i

Rotations in two Dimensions ks

AT Al L1 B BB T OT da 2 ST IR . B R R LS 4T 1
A A AR PR AL . 7T & 26 A A TR MBS . BTS2 R
PRI AR AR, — AN BT e B 2 S i A PR o A AL ) — N O
N—Ap AR ) FTUMERI AR B [/ LTI, s mss. &
TGP, T DA B R o 1) B A e sl S s Rl i o T
) SR SR R B R 0 RER e FERE N7

cos —sinf
Ry = (3.3)
sinf  cos6

ARTEAX BZA M B AR, EREEATLIE, BRI (5 F
I RRAR, JURARAIGR...) — & (ST)

SREHTE: HERIETTE

STT DA 88 RO — A, A TR st i e -

TEEWE: JFR S R
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KT o M5 y RN RN

(4 ﬂ C 0)
P, = P, = (3.4)
0 1 0 -1

W FE PR RIEAE B IRIE o, ATUASSIEX TRTE M 0, R(9), Py, P, 55k
TIETF O N, TR R— AN, RN e 5 SR AR 4t il — AN B

AL RN T RKIE rE L g EKEAR R, [
sKERLNES B S SRR (o = Va-a). MEKEELHR
a—ad FAZERE®:

a-d=a-a (3.5)

LA AR T B ) FE FEAE O, ZRETA 0 — o = Oa.
a-a=a"a— dTd = (0a)T0a=ad"0T0a=a"a=a-a (3.6)
PP AT AL, A0 v A AN ) AR 3 0 23385 2 -
o0TO =1 (3.7)

Foop T R AR . 10, B SCIOME B SO A SR 12 x 2
HER AT 2 (3.7) SRS RERI R T O(2) B, BIFFAT 2 x 2 TEACHRER
PR . JRATT AT DA H S A A R S e O T — 3550 (RO — A
TRO. R (3.7

det(0T0) = det(0T) det(0) = det(I) = 1
(det(0))2 = 1 — det (0) = +1 (3.8)

det O = 1 FIFEREXT N ER A . MK

ofto=1 (3.9)
detO =1 (3.10)

EX T SO2) #, XHM S Fx KBk’ (special), O Fx ‘IERL (or-
thogonal).

SO(2) B WIBER A LRAFF 1 AANR R AVHUA, Bl — AN T AR R 14
TR AR Je I A T 5y TSR AR S A e BB 2k A
kUL, BATME SO(2) HIFHEREAT IR LN +1.

s [ TH R SRR — F% (SI)
SR RIMT o MEMTTREBHE 0TO = I,

10

=)

Yopins )RR, RIR =
cosf —sinf cos 6 sinf)
(sinG cos 6 > <7 sinf  cos 0) N
cos? 0 +sin? 0 0 _
( 0 sin? 0 + cos? 0) -

(o )

12 i, (£352 x 2 IEHikE
AfLLRIR N (3.3) (3.4), s
TR O
13 j(3.3)5(3.4)R. RAEFERAT
HEF —1.

M5 TR RS A T AR R LI
FA 5.



15 b~ SoREHISEA 2 =
a4+ib— 2z¥ =a—1ib

6y %R iEM BHa Lh
U*u = 1.

YT s rp A S SR (A T (1 B
5 3. 107 I PR 3% o

18 WEB.4. 20 T AL R 2
Ho MEEEE 2 = a +ib, a KA
z [SEHE, idA Re(z) = a; b KA
REEE, KA Im(z) = b. BFr AR
Ro HISZHN cos 0, REEBA sin 6.

Im(z)‘

sin\g

cos ¢

j&i 3.5: A B ML ST I AR AL [

[ 3.6: FHUE I o LA F HUEAT
et

-
Re(z)

3.2.1
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Rotations with Unit Complex Numbers FHEE{i SR RIEETIR

W R] DA B L HORFOR 4R e A . SRR RUiERE 0 T LR
IRNICLBAIEEL = (BREBERN 2 =a+1ib, [z =2"2=1) 15,

BT A B B i — AN, RS U(1), BEIRVERI N T HOR, A
BWIFEMEGRAE, ATEREEZATGIAR 0(2),80(2) MK R,
AT U (1) BERZME — SEIBL (KB N 1 RN, VU e U(1):

uu=1 (3.11)
AR R RIS

Ry =¢"% = cosf +isinf (3.12)
Ry HIBF T35

RjRy =e %% = (cosf —isin)(cosd +isinf) =1 (3.13)

f: FraE (3,5) MMNMEE 2 = 3 + 5i ek 90°:

z»%—ewmz—<aﬁﬂf+mm9W)@+&)—M3%ﬂ—3i5(&M)
= X

B2 7R R (D, B AR, o090 fiek
T 90°. TENER 00 MEHT (FRLL) IR S ET AR I AR B
TR e el AR B2 e o MEHEMAEHE SR
REHS), DEULERA TN b 2 B IR A |2) = S + i = 1, Rl R

Pl —~H HIEE .
R e e m R 7 — AL RS 2 < 2 HRE (PR TCAR &S
¥O i TSR . 8 e
1= (1 O) . i= (0 1) (3.15)
0 1 1 0
ANHEIRAEIZFE E S 1,1 AR 2 -
12=1, i2=-1, li=il=i (3.16)

R R T HON R 2 x 2 SEHHEE

. 1 0 0 —1 cosf) —sinf
Ry = cosO+isinf = cos +sin 6 =
0 1 1 0 sinf  cosf

OREEE: FChR, MEEIE
. FRvtAiR, B oS BEhRRsKR.
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(3.17)

AW, T E AL i — SRR RN R G, AR U R ) T Rk
MIERERERE . IOH — B WM R T mE (BUAERE, TmaRA
Wi 5 2x 2 SAEREAHICR, IR & (5 —NEERD H
AR 2 x 2 k.

Bil: AER I (a,b) YRR HON ] 2 x 2 HFEHN:

| (1 o) (0 —1) (a —b)
z=a+ib=a +0b = (3.18)
0 1 1 0 b a

R AR T 2:

, a =V cosf) —sinf a —b
v sinf cosf b a

acosf —bsinf —bcosf —asinf
_ (3.19)
asinf +bcosf —bsinf + acosb
EENSEWIEES
a’ = acosf — bsinf (3.20)
b' =asinf + bcosd (3.21)

RS HEFAEMEAE T A (BIEREEAD M-

cosf) —sind a acosf — bsin a’
= = (3.22)
sinf  cosf b asind + bcos b v

PAVE BX ARSIk — 3L, HEEEARERE, SO(2) 5 U(1)

A4 — N 19 3x—4f > st i A A L 3 e FEL Y w1 G G R
A —ANFER S0, X — AR EE T, 25 15 I8 2 AN B X Fh S

i, HHWE: Vg1, 92 € G,T(g1) 0
i (g2) = (g1 0 g2), M II #EAH

W, I ELRHE G, 67 RN,
20 g o+ S EHRIE (inter-
esting) [MA%... 15 Heiiehs 20,
FATREIRH = Ge e ze ik, &4
. . i _ 5 R RE R K B R
3.3 Rotations in three Dimensions =4EhEsE i

MR =R, R T PR R T

= YEIA R A IR T AT 3 x 3 BEREARRE

1 0 0 cosf@ 0 siné
R; =10 cosf —sinf R, = 0 10
0 sinfd cosf —sinf 0 cos@

R ARAR, B OEDIRESIE.



2L SR AL

2= ofe i R ) — MR L HO
ILHFRA. 2.

23 H i 51 Mtk e

3.3.1
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cos —sinf O
R.=]sinf cosf 0 (3.23)
0 0 1

Kb SOQ) B, FEZAERMR T SO(3) B — 4121, X gk
% SO(3) HIMLERTT GEFE WILIS N R, Ry, R. Mgk, H
RHOE—, AR

1
v=10
0

5 z MR B T e AR R SR LA A B

cosf@ —sinf O 1 cos
R.(0)7=|sind cos® Of|[0]=[sin6 (3.24)
0 0 1 0 0

1O R IR = YRR AR 0k, AR BB S R B =
Al EeuEE 2 4ER YRy 3 e HAT ARBELIKA 3
Yefh, (HAPAE 4 48 “BHC, BV (quaternions). <A 2
VU JCHIE il = e e 5 3%, JF HEIERe Rz s T — DU4E
B2 ER  HR IR R E = AN S (58 o, y, 2 FARUTERE A1), T Y
A NANSE, X5 eI DL DYoo dom s Ar K
PR — AT (A RE iR =4Eiess .

Quaternions Mgy

BATR R HCRAIE DI TCH, BEHAA — DAL ¢, TP o E
XEA R, 21 1,k EAIR 2

iZ=j?=Kk*=-1 (3.25)
KRR —MUTTHE ¢ Fom N
g=al+0bi+cj+dk (3.26)

Hrba,be,d e R, 1 BLRIEFHEE 1. 1°

FLAREE SCUU oK la] (3R AR SCRE B8] AR BRI, Pl i =

B FEUFSAIR, BMEITIE,
LA S R A B
51,4, §, k HEBARIRZN T3 e 2V ookun s, 1% (SD)
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7. NI FRE X

ijk = —1 (3.27)

IXFERE AL SRR R T, B, S =k, fE(3.27) &S
P e k:

ijkk = -k —ij=k (3.28)
=_1

BN DUITCH g = al + bi+ ¢j + dk T 22

glg=1
— (al —bi—cj — dk)(al+bi+cj+dk) =a’+ b2+ 2 +d2 =1
(3.29)

G A R R — A (BRI N E R A0RE, P e E
WA — A Gk N Y o o).

FALT AT e ZHS 2 x 2 SCEUR R B R 0%, DU ocHth
Al — B PUANEE 1,4, k H5EERHFE——X R, Hf—Ffr 68
A0 AR eSS 2 x 2 SHEEFEX R0

(1 0) _ (0 _1)

1= , i=

0 1 1 0

. [0 i (i o0

J—(i o) ) k—(o _i> (3.30)

AHELSIE B 2 DY n e, tan(3.25) (3.27)R. XFEE—Y
TCHHR ] FHAERE R RN

di b ;
g—al+bitcrak= | *T® Ot@ (3.31)
—b+ci a—di
i b AT
det(q) = a® + b* + ¢* + d* (3.32)

E5(3.29) 2 BB AT DA LA DY TC o6 B AR R AT 51 A0 1. [k
SR PY TCHON R 2 x 2 BHGERE U R

Uu=1, Hdetd) =1 (3.33)

LRy SRR R SE(3.31). (3.38)+ (3.39). (3.43)F1(3.44) 1%, CyER®
Tk,

2 St R ‘dagger’, ForHEE
IEUEIEE, B of = (a*)T . S8
R AT N a-b = aTb, [
IR 5, St BONATHERE, T
B STRIG 5 SURE A R TRV, 7Y
TEHON L0 BRI & 5050, DY TG
5T B BT FA S (A
RARR KR, EHEZANEN
SIS F



25y g ST M TLIHEEA 1.

B - whHNAENTE —
3.10%.

2TSO(3) Mk R = 4 lie i 45 4
(B

28 ik E R IR BRER,
Bl R*R =1, R 58% » Mk
= AT IR e
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T R(3.30) N R R S ZRVEBNSZ (125, BN IR SU(2) HIFE. 5201
FHIA, S KARKFIE (special), 7 A det(U) = 1; U FK/x L IE (unitary)?S,
B 21U = 10 TR DY oo ME— X R St (2) B —AN#ETT.

SU(2) BHafr 5 =24 R ? M2 BTN, SU(2) BES SO(3)* 2
[AIFRIRE B 2% R FFAME el U (1) 55 SO(2) IBFEf .

QYRR 2 = a+ib 5 2 M EIRE G P B EEHRIE T REK
FELE R R AL, (R2)*Re = 2" R*Rz = z*z. WIuHl 4 NS4,
EH =g E N R R R AT =4EmE T = (2,y, 2)
E SO DU TeE

v=zi+yj+ zk (3.34)
M FH A3 DY TT R R R v 15
det(v) = 2 +y* + 22 (3.35)

TRAFFME (v,y, 2) KEEAAL R AR H g0 BT R FFFE BEAT 51 SUA A 1)
FEREAS e, 1T BN DY e BN AR MR BAAT A, B S AT R AR R AR
PN ZHERE AT 5208 o BERARIGR], (HELTEA MU RS : dkak
TR 2, BATS VO SRAL P ICEL v Es g G R DY a0 v B
i w bk v BEATBA T (IR IU e BB D . (A4 AR RIX HIAT, [
IR (3.34) 50, FRATIEALZ =4E =X MY o Hoe XA Ri+ Rj + Rk
BYEEN, v 5 v MY THCRIA S HIXANTEE,  XRE ) & e 5 v Ae
AT XY RAT .
FE L, R RFIRN:

v =q g (3.36)

Hordr v, o 3R RTE IR R, ¢ NRRIRTERe i B A DU e
IXFEFRAT 2 TS T Hik = e i (36 — ik — A DYoo
fil: & X u /& Ri+ Rj+ Rk 3 —ffim g, ME ALY o
t AJRIRA:

t =cosf + usinf (3.37)

FIH(3.30)R, EE=4EHE v /RRN:

10, Vg + 10
T = (vg,vy,v,)" = vitvjtu.k y)(&%)

(3.3"1& (—vx + vy —10,

1R R ik R UG T S4B AR RIS . —
185 det(AB) = det(A) det(B), — ¥#
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R WBRA TR, JERE 0= (1,0,0)7 &8 2 Fliigh.

0 1
7=(1,0,007 - v=1i40j+ 0k = ( ) (3.39)
-1 0
0+ isin® 0
R.(0) = cosf1 +singk = | O (3.40)
0 cosf —isinf

bt B A S 20
. o (ew 0 )
e =cosz+isinz = R,(0) = . (3.41)

VU 56 B30l e R A (R AR A «

R(6) = cosf —isinf 0 B e 0 (3.42)
: 0 cosf +isin@ 0 e .

—00 0 1) (e 0
o = RYOWwR.(0) = , \ ,
0 e/ \-1 0 0 e

B 0 e 20 B 0 cos(26) — isin(20)
—e20 0 —cos(20) — isin(26) 0

(3.43)

F— i, R 0 YRR

' v+ !
v = : =T (3.44)
—vy vy, —iv)

R (3.43) 58 e AT 4

v, = cos(20), v, = —sin(26), v, =0 (3.45)

JiT A

-
!

— U

T

= (cos(26), —sin(26),0) (3.46)

A BT LM & ) o WSt AT TS0, HREER, ERXFORIATK
A 0 hEE 0 M, TR U 200 BIHIRATE X ¢ = 20, XHE ¢ &£

20 W A RAOHE S TLHRB 4.2

30 m(3.24)3, BRI H = ekt
B A 1



3 Jg Bkt « SHeR 3r = 7 +
o M, B2 AR TER w
55—y R e

32 RI%%. Lorents BERIVUE %284
BHEM &, M Lorentz BEH &I AHE
. ERERISRT 3R N S AR,
CRRTREEOHTL . HiEr
N4.5.4F18.5.5VER o

33 DUsEREEEIERE O(4 x 4) B 16 4
¥, K 0TO =15 det(0) =

18 16 MSHIRBN 6 A~ E HSHL.
19

3.4
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ANHIERIBER A, (3.37) HEA:

t = cos <(§) + sin (2) u (3.47)

R SE ALY TR = GETRAEHE B 2 8] (1 5¢ R IFHE—— X B,
T2 P AN S DY e et A (/) — A e, il .

t¢:37r = —u

AN

K R e

Kt SU(2) BEFR N SO(3) BERINERER. — 1 SU(2) T TTX
SO(3) MERFETTRRAHN, SOdRMAIT, B SO3) i )—/MHF
TCXTRL SU(2) FIIIFEA . XIFIMAE RN, MEMSED], E7H
b, —ANRETE 50 BORE BB A T IR %32

HESEANEE, N TR AR SR AR, BRATTRE S Lie B
— Lie BLRMAIZE, T—18t it Lie £05L.

TR RATHE =4 my E0E N 30 P e e Ri+ Rj + Rk 1, B IY 68
W—NSHEA R E], XA IRRRE . Lark e ¢ 2 ks, 1
gt s HITET MR B8R, BR T 4E R S gk T
FE: v =11+ zi+yj+ 2ko AFFHUSAETHRANEN 4 4. R
WAVERE AR e be s (FOARATH BT T2 3+ 1 WW4ER ), Mix
Bl AWAILR:

o MiRREH mLEN HEC, HH-

o HAMYCHIRIRE -

MR IR AE R LA DU o DO 48 e i A G R IR R AT DY 4 Tie
FEHRE 6 NBHERRSS, WA T RS, X AL T EEHEIR 6
SRV AL AT A T o AT =B EA B TR S 6 4
H S % RPN AL DY e 8UR 7T RE T ARSR DU 4 e . 2 e =& 3,
P SU(2) BES VYL TR B SEAFAE T 22 T 2RI R o

Lie Algebras Lie {{#

Lie HAE W A ELLNFRIBL . L FRI B 5 ] WA 2 kit
TR BT B PR BB 0 BRI o M R AP E PR IR TS 4 (i
G A AHAT) BTG, AN, SRR O SR T, A
AR TR BEE TS e B . Bl WHeIE 7 FEgerh 0 0.000001°, X5
THEAR M (% 0°0) JEW R, (HEANRIEENES A, Mt s
O 0.000001° FERXTFRIT . BRI RREE OO RRASHe A BRTRE) 2 1% 48
(1, BN S 0 (WERE D nTUAIUTER (B ME. AECERF k%
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Ny AEESETCICAE T, ERREGEESECREET g TRIRN:
gle) =T+ X (3.48)

Hrp e o/ (B EERM e Fox/NED, X FOVAERTT, famtit
WE. XHE—NRME/NERAE AR R PR EAZE, AR g(e)
NTEFI N . BT /INE BB T VF 2 IRER B — A BRI A e
A% . VR 2 WAIR — 7 [/ NG S 2T — IR IR e e . T B
RV, BATAT UL TS NEHE R V2 IR

hO) = (I +eX)I +eX)...(I+eX) = ([ +eX) (3.49)

kAN (I+eX)

Horp |k R NEHER B IR 0 FonaRKITes M, tin
50° fH A, MRJE N RSB RMEL JERR$T T8 S AR H A e i AR
FRIR N

0 0
g(5) =1+ X (3.50)
B EAFORHA BT RN, Wik N RATRER, 4 N — oco. NT M
BT NEBAG R - MR, FELLTNERER LIRS
‘\/j_'\) EI]:

h(6) = lim (I—i—]ffX)N (3.51)

N —oc0
TRy 2 URFRATTIZ A B R A0 2 45 ek 234«

0 N
h(f) = lim (I + NX) =X (3.52)
ERE X AERTARES h(0) M, Fik X BCHERTT. ERITH
FEREE L G VERR, RSG5 — A XA A L
B RN AR RN RS, XMEEHT, EES%IT T ALY
Taylor &35,
1 dh
21d6? |,_

1 dh

MO =1+ 1138,

1 d"h
E:nhw”

A FE 8000 B 2 BURTT A s b S R R o S R R R a0 20

9 (3.53)

0" (3.54)
6=0

dh 1 d"h
o) = (551,,9) = 2 ia

P TFARA R, B OHRERE BN

34(3.51) 2 2 % F A 1 50 B 2
o FREHIRHFRRE (3.51) REM
PEROIE W) IR 4.1 X7 LA
(B AP MR A A AR 3

35 AR MR iE Taylor BT
5 Taylor 28, (EEHEGE—F
B3

36 IRB.A TS



3T 3 G 19 Lie /HOEF TS
¥ (Fraktur) 78 g F£R.

S8Lie BEWNELEN — Ado &
¥ (Ado’s Theorem) HiFIRATE
Lie RIS HERE Lie /RELFIM .

89 WATR WA A R IEY,
KEZHKT Lie BELHIHAMAAEIR
#), btk William Fulton and Joe
Harris. Representation Theory:
A First Course. Springer, 1lst
corrected edition, 8 1999. ISBN
9780387974958

Y0 ®Gg—TF, B G I Lie RHUEH
AR R 7R g o

40 Chapter 3. Lie Bf

X2 HTHMIA AR B EXE(3.52) WA 15:

dh

X ==
do

(3.55)

0=0

A e LR S AR R SR SR RS N TR — &
BE7T?t CLIf XD BLRESRAF R IF 2 HEE L.
HFE Lie #8 (iKfF GO 9 Lie AABust 2 NS

{X‘%ex € G}

BPnS X 2 eX 2 G BT, W X 52 G 1 Lie 03 CE2& 1N
A PRIt ER. XAHEE AR Lie #5H . ZERATIIA Lie
B — e e

T AERE Lie 1K Lie ARB01 2 A EEAE 5 RIR AT

nxn 4% Lie 2 G 69 Lie R g Ri#H R T H£40 n xn 4£%
X %4

eXeG,teR

RIEHERE L, BRSSO HRE S . BIRE o HFRATHET
ZIAEFEL A R Lie BFRERIEHZ ML, FRATATHE naive Hb
N Lie fRE 7GR Z HER AR T RS (o), (HXIFAIEM! W
SR, (JERF Lie ##11)) Lie AAEK TR AR RZAERESS, HMA Lie EUME
Meafe ik (25 RATAEA F 2 Lie fREUCER . Lie REUTTE A F3 445
BRI, HIRE S FOREE I RE B K

Lie #f3R1£ Y Lie fRESS AL N 2 [0 9C 5 H1 % 44 1) Baker-Campbell-
Hausdorff A3 (BLF#EFE BCH A0 45 H1%9:

oX oY = XY X Y4 (XX Y]]~ (VXY 4 (3.56)
HpOX Y eg, Bl X, Y 28 G ARG, X, e & G M, e
1153 A g, by XHFE_EE :

g o h =eXoe¥ = XY T3lX Y]+ Lopev] -5 [veev)+ (3.57)

~
cG e eG

EREFESHMARER—DHITT, TRPADMEEIT (g, h) MFTERR A
—2 Lie REUCEIA CHEURED 2. EHRNBIMHEHE ] KA
Lie &5, X T4EFE Lie #f, [X,Y]=XY - Y X, [X,Y] XN X,V K

A FAERIE X R, T+ eX A R.
22 E R T, ARSI B T (3.57) D (X, Y], [X,[X, Y]] #A Lie
RETEE . —FHE
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X5 . R XY Al YX —fA 2 Lie REFICR, HENKZE—E

=]
ﬂi41 !

H1 BCH 2~ 3(A %1 Lie RECTEEIRRERMNAE Lie #6%5 [], MAE
RYIVCARIFERE SRV . BRI o 185 GEFEIEN o w2k R
20 THEUIFE, AR Lie AABHAE Lie #5525 TR . £E5AERKIE
HTREMME SCEERGIMEREN DN TR AT R H R4 RIEILE S

|j‘]420

FE2E 2] A Lie REMIGI 72 )5, BATRHE Lie AERIIALE L.

BUAE S MBI AE TTAE Lie 553850 T AT kg L. FIATEET
ZHBACE L RE R R LA F LA HEEIRY Lie A8, RN BRI
Lie fREUE X H KB A HIX—rk. Kk Lie AREUWH € Lag kA5
RZIMN R — P2 HEARF AL . [F]— Lie fRECTXMVFZ Lie #f, Lie
B — 2 HEUE MG YR RATIZ A — AR Lie . 5 Lie B
MIBLAE L2 Ja L Tt s BAARER T

AT G E R AR Lie ACEHIH1 5

3.4.1 The Generators and Lie Algebra of SO(3)

&

SO(3) #EHE XN ((3.10)F:

oTo L,

R O MM IARNTT J FomN:

0 =e?’

det(0) = 1

BN A E RS

OTO = 7" et/ L 1

o JTy L0

SO(3) BERVERTTS Lie

W NEE ANE SR, BRI Bdet (e”) = et 15

det(0) = 1

= det(e?’) = () L1

—tr(J) =0

WAL (3.60) (3.61) 2 =AM TS LA HE 15 N -

(3.58)

(3.59)

(3.60)

(3.61)

41 John Stillwell.

Naive Lie Theory. Springer,
1st edition, August 2008a.

ISBN 978-0387782140 HHAH T
FRIRIE T o

2 WECREE R AH M. Vo, b €
G, goh € G. ¥F X,Y €
0, [X,Y]€g,X0Y ¢g

Bir(A) RREME A B, R
A WXL LT ERAL. Bl

A (Au A12>

Az Agz
I7EH tr(A) = Agq + Aoa.
LRI B UM AL



B Levi-Civita 1 2 & XK
xB.5.5

A6 Sz FHRE 5y AT 4 Levi-
Civita fF5%R, (j1)ij = €ijo N
M%B.5.5. j1 & 4EliedHE SO(2)
A T

TS RS B4, MIKHIGE
B.4.2. L. TRMALR
B QE IR B.4.1 .
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K=ANMEREA R SO(3) B4R T E. BB EEAERIT J afE—
FRNX=ZHWMENAE: J=aJy +bJy+cJs, HH a,b,c FRELH
o Ji,Jo, Js AT Levi-Civita £ 5 Sk ER15.

(Ji)jk = —€iji, 4,0,k =1,2,3. (3.63)

Hrp gk FoRAEoe J; . Bl

(Ji)u (2 (1)
(J1)jk = =€k <= | (J1)2r  (J1)22  (J1)2s
(J1)31 (J1)s2 (1)
€111 €112 €113 0 0 O
=—leoa e ean|=[0 0 -1 (3.64)
€131 €132 €133 01 0

XA T ] DA O PR/ A AR R . BL Ty %M, FATAT A
RIEARFE T — A T AN 2 x 2 7R, EERlE 1%

0
—1
J1 = S (3.65)
1 0
\w_/
=71
T 4523
.2
jg=-1 (3.66)
B
=g i=—h, Ji=+1, j=+j (3.67)
=—1
it = (=", 5= (-1)"h (3.68)

FIH BT 5y B9FE SR B BB T
Ry = % — Z ¢ZJ'?
¢2n+

¢2n on "
:Z( wJi +Z 2n+1)! it

n=0 et D ey

BLITRS 1. 1 BB — B8
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oo ¢2n N oo ¢2n+1 N )
= (Z oY )” (;) nrmi Y )jl

n=0 =
=cos ¢ =sin ¢
= cos ¢ + sin ¢
0 1 1 0
_ (cosgé —sin (;5) (3.69)
sing coso

A e =1 i EAR 0 XBHTTR, 192588 KA BRAZ HAE R

1 0 0
Ri={0 cos¢ —sing (3.70)
0 sing cos¢

TAIEALGE SOB3) FrrERTT R AR FEEA ((3.62)70), Xk
HRE EHET AR T R Lie #6574, AHEAF3)19.

[Ji, Jj] = €ijudk (3.71)

Hrp €5 72 Levi-Civita 75
HTYWHZH R RE, £ SO(3) Rt e HIFEMHIN—AN R $BAL 4,
B e, AR R IT AR AR IR

0 0 O 0 0 -1 0 1 0
Ji=4i]0 0 1, Jo=¢|0 0 0|, Jz3=i|-1 0
0 -1 0 1 0 0 0 0 0
(3.72)
T72 Lie {350 )9:
[Jis Jj] = i€iji Tk (3.73)

WAERTTIN @ N TIREATR KA IT, JEKAE ST &
JH= ()T £ 0 i RNIRE SRR K e 1) 2 A1 2 2
H, XAERT R IR R, B A e I A AR 2 S AT R
B, 83T IS . WA i, ARUTERRIEK T I =
(I = —J, RIEKHFERI AR 2 22

AT RS AT, R (3.55) R — X = 92|, LA
R = YRR IR ((3.23). (3.70)R) A5,

HETRA R, B ORERE BN

48 Srmeit, Lie R¥GTRMY
W R Lie $5%. HEFHAERITN
I Y Lie 58, S350 E
WIEZ R Lie 58 (R4 RITH
RIERLIEA ). 25 2B SR RIT
MIFEAE Lie #5250 FIOAT BRIt T
. Lie {C¥I0HTH BIE BIA A
TEAEIEROIERY Lie 520,

A9 iltn: [0y, Jo) = J1da— Jody =

0 0 0 0 0 1
0o 0 -1 0 0 0f—
0 1 0 -1 0 0

0 = e Jk =
'
0 0 =0,/ Tk=3

€123J3 = J3.

50 gy, AR
Lie #5525 4 £ ZEA Lie 3L
WM Lie R¥HFTE I BEA A
FEFS LT .

0 0 0
g g =—ilo o 1],

0 -1 0
7T =
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. J 1 0 0
1 & |,_, b 0 cost sin 6
0 sinf@ cosf =0
0 0 0 0 0 O
=0 —sinf —cosb =10 0 -1 (3.74)
0 cosf —sing/) %70 01 0

XIERZ(3.26) N FHIE —MNMERUIT. B—FIONET NS, FABRXEE
L PRASHAEFE R AT XA AR E W X T2 )5 Lorentz #f, &
MISEARIERE E S LA ot 2L, SRJ5 473 i Lorentz A2 #f) 2 2(
e 2R U0 R AR HrE B 7 2G4 R (3.55) 2 At e fe ] i 1 3t 7

JRTT
NHEIHGIIEE Z B2 H5TE: RATEE Lie RERIIATE 2K
Pl

3.4.2 The Abstract Definition of a Lie Algebra Lie {C#IASHMRENX

BITA28 1 fifhi i) Lie REUE Lo B G 1 Lie BRI 20 5%
T X B5EE: ¥ € G FTHINSFER®, BMEZLS — HRiE
CIERE T2 BEFESS S, LA Lie fREUTERIM Lie 5 EH T S,

MAGE X Lie BEIRRE, FAE Lie REIOCBEFHMER R AN A, X
MR T Lie AAEIH SR E X

Lie REA—AmEEN g fiegd— N1z H [[|:gxg—g, =
B[] e T A

o MEM:Va,be RABYX,Y, Z € g, [aX+bY, Z] = a[X, Z]+b]Y, Z],
[Z,aX +bY] = a|Z, X] + b[Z, Y]

o R VX,Y €g,[X,Y] =Y, X]o

o Jacobi 8F X: VXY, Z € ¢,[X, [V, Z]| +[Z,[X, Y]]+ [V, [Z, X]| =
0o

ZHATBATTHEFE R0 5 718 Lie B —J0iz &[], AHMEREXS
Gy ¥ 2 BIER . HSCH V2 RN o)+ 22 24N [ 1) — oo B B
JEIXEENHE,  [hange )% 3 2 1) Poisson #5526,

A Lie AREIIH S8 UMK, 1X 70 HE2T,

FE R —/PEERAET SU(2) AT (FaEd 2t H & e
BB AERTD, HFHBRINSESIES SO3) BIAIGH 2 FIFER Lie
FEXRA (3.73)30. Xk SU2) 5 SO(3) #A MR Lie A&
Mo ERMHEEEENSREER SU2) 5 SO3) [HIVFZ AN NHITI R
Ao

LG TR ERIZX TR RIS IH, — B

26Poisson 55 W MLEAIE, 1%, WEHE ML, 2007, §42, WIFAHES. ISBN:
9787040208498, — #FH

2T(E R AU AE XA 7 S IR B2 B IX A O o B, PR IRAZEA
W EN, (HAWE — e e, — B
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SU(2) RIERKTTS Lie f¥

3.4.3 The Generators and Lie Algebra of St/(2)
&

AT FRA DD 48 B8 A 44 T 3R Bk — e 28 —vk — SU(2) B, IF
HRI SU?2) /& SO(3) KIWNHE =2,
SU(2) BEMIFE TR EA PAATHI AL IER) 2 x 2 56FE, H:

utu =uut =1 (3.75)
det(U) =1 (3.76)

MR TC I A ) 25 7Tt A e /2 B 2 o BEAE RO, o, -

Ko A RITRoR, N Epast

U = (e"Hiei =1 (3.77)

det(U) = det(e™?) = 1 (3.78)

44 (3.77)3. BCH A3 ((3.56)2) # [J;, J;] = 0%:

. . J
(ezJ,i)TezJi — il gidi L 1
N N A 1A/
!
- JI= (3.79)
e0=1

W J] = J; (AR JERAERE, B AT SU(2) A R IT AT
FIFMEZ S det(e?) = e ()30 5 (3.78) R A5

det(ei) = ) =1 5 tr(J;) =0 (3.80)

e0=1

s b, SU2) HIAERTE— R RITRIERE . 2 x 2 Tl EHKIE R
F— 4L 955

(0 1) (O _i> (1 : )
g1 = 5 09 — 5 g3 — (381)
1 0 10 0 -1

WHL R VAT 2 x 2 JoIJE R AR AR v M — R 7~ Ay b T = AN B 1 28 4
HA . X=ANHMEFRCA Pauli 2B .

2L FHI A T P IBE R X O RECRAL ¢ MRRECT IR TR o BRATHER RAIX
FERIRF SR . — B

2915‘583 Lie ?ﬁ%ﬂ@fixﬂkﬁ%ﬂj [Ji, Jz] = —[Ji, Jl] — [Ji, Jl} =0, — i%%‘

30T A (LR E=MAAERERIER . — W

28

52 g5, XEREWA SUQ2)
IR A TER L SO(3) BERIR —
JEE,
5 A MATHIRTER “B5” (S)
45 3

S WL, N T kA I R
M, RATTE e $5C LT 4, SRERT B
AR T 325 T SR A S8

59 x 2 HYCEMA 4 MEEOLE,
B 8 ANE . ik, JEktkm
SRR T R 3 A



56 sy PO ME ST, TR 4
FOE RSB 1 BT A
Wit a. HECHESHA S =
{(z1, )|} + 23 =1}

ST iy Yk T: RIS, ¥
ESE@AH S HE FREd] R
W7o AR AR Q2 A R
WU, AT IR .

8w E ST oWmoE R

{1, 22)l2? + 23 = 1}

SO R Om ST O oE X R

{(z1, 22, 23) |27 + 23 + 23 = 1},

EREAEERARRT . 4Bk 53
5 L& {(21, 32, 3, 74) |27 +
3+ x5 + 23 =1}. S M LkrER
i QO et il ST oy | R <X (V8 4 £
A2 JEBE T 4% S, ME
M, 7E DU 425 R 0 b B K R A
2 + 23+ a2+l =1 JEBRH=
gixt g S3, wRNYEHERKR <%
7, XS S H=gERkk.

3.4.4
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8 Pauli FEFESIHE Lie 555 b7 1HH W] 15

[0i,0;] = 2i€; 10k (3.82)
Hd €ijk & Levi-Civita 5. EaAME 2 IR 24, F@EEYE SU2)
WA TR E SO J; = 20y, XK Lie $550H R4 R :

[Ji, Jj] = i€ijudi (3.83)
HERXS SOB) WA ek ((3.73)x0 MFE! FILFEATW SU2) 5
SO(3) AMIAEH Lie fA%, KA Lie [REZEIT Lie $55% X! Fl
A Lie B GE SCT LA AR 77 ik SU(2) FERE A8 #, BT,
SU(2) BEXRLFIAE AT DA 2 x 2 HiFER R . A T MENX— £, A TR
TR NIE Lie BEAHIGE Lo BN — B LSRR M 2 x 2 FEFEE X SU(2)
1, (SU 27 WRD He—FRoRTriE (B 3 x 3 FEFERIR) AT
Zno Lie BEMH G LREMELEFRATT R I A — 28 - AN [F] R 7R 2 Al R R o
HGE X Lie BES5 — U454 — FIEAHEE R, R X Mt R 4510k
EX M. R—RBEWE TR, BAEZINANFZEHa KN
ERBHA L.

Lie B¥AYHISRENX
FAVT R AR U (1) B, & R B EH R 8 XN 22 = 1,
W z=a+ib, N:

The Abstract Definition of a Lie Group

"z = (a+ib)*(a+ib) = (a —ib)(a+ib) =a® +b* =1 (3.84)
X2 FRALIE 8 SCARAEP0 . AT LA A A A IE = B P 1 B AT
. A, BATENE U(1) 5 SO(2) BERAFAE— BT, RIIX AN
ATLLS T G — A — MONEER . BT SR e SO IRREX AN
SO(2), BEERARN UQ) I, BB HREE 4850 508 X
o BT LR ZEE BRI BAL IR o B e e R4 (X R Lie #F)
SR TR, REIRATATLL SO(2) BEA R AR (2 x 2 M),
WA U(1) BEkAT CREMEED.

FHHETI R — SO3) 5 SU2). WL SU(2) 5 fir
TCH A —— Bt . B DU T O =23 2 T IR — DY o8 ¢ =
al 4 bi + ¢j + dk:

A2+ 4+ +d2 =1 (3.85)
5 S YERIERE S8 MR SOMHEL ERGH T —A SU©2) 5 §° 21
PIBLG, XBL 2 FA B GRS, B ATT LS St(2)
H=4eEekim S° S5
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gty FIMBIT, Lie BERIEARE SCHAHMEELAR T 59

Lie ##2 —/ 8, LR —ARS;RMO, SR, INARH ZiHLde T
e e

B ik o 5 h BRI BNATS B F 69 B AL AR T i hyst . AR
AAEEES, CRIETHEZL AN T LG EE, P, B G 69L&
HALaFFETAGE G HBS: 42 Ve, c=aobe G, B4
a: G — GPLIATHN

RGP A BA A AR 0 AR, TR AR IE T AT LR
c=ab 3R A LARLIAA b oA FR G T B 3

M Lie fE % e LT LLEH SO3) 5 SU(2) BHIFK Lie 44
% ((3.83)R), BAER 1 Lie BRI E L, FATAI DUEAES 47745 AL
T =TT -

“eLie HgW — & EE M EFRMNZEHEH M558
Lie #.”

A —ANEE AR ? DRI ANRR ) B0 S SR ) - Ll M
FERIVESR, e SR AT R A 28 T DL Ml 4 o — a6
A I PARE SOR RS I T B RSk A Rk R RE R A

L1 T ) S A 02

f£— Lie KX —1M2%ERE Lie Bf.

Y5 5E Lie fRBL, B0 NVFZE Lie B, 103 A AfE— ¥ F%@ Lie #0]
DARE Ry FLAREI “BEAR ™, BRA A7 TE MO AS S e 3 1) LA A Y it
RZMA—5E o AN O FECON BRI ? B A4 e T —
AMARL ST B FHRZHES 7 F— Lie /B0 M A H
fib e, FATELHBITX M : SU2) B SO(3) BERIXE G, BIH
A SU2) TTEIF— SO(3) HITTE .

SU(2) RitrE = HEERBRT , & IE /& — > PRI RUE « R Lie fA41(3.83)540

XoF P78 T B A SU(2). M SU(2) H R AT LUK H HAth BT A 0] B R

SO(3) RAF4IE? B SU(2) B SO(3) WImERK Su(2) HIFEA
R SO@3) i j—4. Btk SO(3) 72 B A ERTH i —F.

RN RERIfAIER, SU2) BEtL SO(3) H5e, SO(3) Rtk
) —#B7 .

A A5 FE T AR 2 — A P R R AR T AR K SR R AR R 0 R
o BARB| =i mtE oL, AR SU(2) THE SO(3).  J5 At
FRIRE AR FRAT T A b P

LTt R IX A B L 23 an L 2 Poincaré #0UE 5 %R
ST R OB A WS, O ok S £ T A st o R P R o SRR 2 T RS £ T Al 1
— e SCATRA ML B JURINT TS T SRR, 380, B, B2t iRd:, 5 —RR, 2006,
ISBN 7-03-016469-1 3 —# & X 3. — B¥#H

2 HEIFa:beE G ceEG,
SBEARE R HEERA . BRI

59 R s LI MR A R AL E
A A Ly 5. (HAASE T
RENMRD: Lie B = #ik.

OO JFoTbs s S S0 4 PRI £ 8, I
RS — N, R R
1%FHH Euclidean 7500 R™. 53,
n MR R0 T A
fre AR — S UHIRE n Ay A
FRo ATERMS. 11 E MMM VEMN S
if

L AR IR R B %
FERFRY S 2 T A D] 15 A 3 R R4 7
Mo FEX BPFAVEIE—A Lie fRBUA
A — MRS T .

02 55/ i ALK E 91 7T Miichael
Spivak.

A Comprehensive Introduction
to Differential Geometry,

Vol.1, 3rd Edition. Publish or
Perish, 3rd edition, 1 1999. ISBN
9780914098706

Bl 3.7: =4ERERTE S M—A 4k
VI (S® [ B R PULERBERA “ %17,
BEEM AL E AT 1R, B
Rl WERTHT ) L2385 X R SO(3),
F M SU(2) Fl SO(3) ML
AIFEPN p M5 p+ 2m WUREEH
R — A



63 «gem” MEMS UF — Tkt

O% S T IR NPT B b
Y FRTREA B AR A1) i !

65 fiir e L, JA 1440 70U 2% B
“CH TR I, FATRIH Poincaré
BEM— N F R AN Lie 080
SRR Lie A0S i HN 8 25
HZR~, Wit/2 Poincaré X7 it
(OE N

6652 S, wh 5 S? KM Lie
e, ONBCE = 8. RN =2
¥ i FIHEBRE T DUAERIDYTERL 4, §, ke

67 Iy SURY R S TE I R

68 ki vV LML
FIERE, WEE R ATREEWMI NG
B, R T P T 1 0 2
T o e

69 3 FL 3 1 4% P 1 LI g D 7S B
&, FRWG SRR FASK, FFH L
[RIZSHIE L T —— B R AE .

O FR M SUAT AT, A5
e mEas i Gl ERET) b
P2 I (HEZRIEB T AR, RS
il realization. YFE &%
) o A (A R R R AR e (9 T
71241 Hilbert 5[] Bk SUHIXHR 1
Minkowski Z5[f]), KL EETG &
FoRHHE 21 realization HEHIE,
IR3 TR =4 Euclidean Z5[H], &
Mt =4, Mist A1 B
HIRZHIT .
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KPR IEARL T, WH A TEEN A-FMBERREAIT . BENRIRZ
JETHR AR, DAL B R, AR SRS A AR

e —A Lie 0%, AT LLEL Lie BT RRFHENEE
BEMIFR03, ARG Lie RBUCEK (EMID) HIMMERRTIHE ¢ FEEUE
Tk AR BUE R B G AR MR OR

Xt Lie BURMIEUIFTIE. A\ JSlid Al g st ae i s 3 SR p it o

TRZFA: o B SURE X FOAR XS BRBERRGE T — L JAHSY, oAE R
FID AN X — X BRI B HE AR ) 78 55 BF . Poincaré #FOS 178 35 B A4
FmREEAN, BATHERMABBEAR.

MgE—66,

o S'SU1) o SOE)

R
osﬁﬁsu@)::zSOCﬂ£S3$kf¥

= SU2) £ Lie REL [Ji, J;] = iende ((3.83)R) KB R,
RSP RBIEERIE .
TN Lie MM EES X — Rt MRS ME
= Lie B 5 HAHRIEAT

3.5 Representation Theory FRit

VR T DL R 78 A By TG AN 0 B R IS R R SE N B, X R B IR I
HERHE,

Hig F2H NI RO SR E S — . X EME R 450 5 1 R
EE . N SU(2) Hie SPEERTH), BEoHi e, s
FEMWNRETC o, b EFELG, HSH A, MYERECo— MR
JRREMAT 4, BOBEAER o

B —ANHEREMEH TR SRR M ARTECT, X —H BRI RATE
XTRRMES: # G NRIMEN G BIFEAmE R V AR
LM R AR R A R AL, HRIAME R, W

R: — R(g) (3.86)

N
e
Hoif R(g) 301V ERIEA RIS WU R ST A
R(e) = I, 165 TE0 R 0 4 VA J o S .

mg) (R(g)) ™", W TERE R R A e,

R(g) o R(h) = R(go h), BETE g, h G5er 0 B0 He8 T AT 53 %
fﬁ@%mﬁ

BERIFORTORA SR TE CRETOR L0 80 51608 7 W o 0 2 e 2
BRI . SRR SORE, Fm e ANBRET, Bk 2 5 AR 2R i
SRR A AT T o I, FRASRTIRS o HE R A AL 4 2



3.5 Fwig 49

52 SO(3) HM—NEoR, s R 2 R ERZMER. R SO(3)
THE T INE (14 A8 4t T AR FH 381 HLAth ) 2 )

FoReibIA TR RGEHEFUIR — DB AN R [ 22 B R, X iEEE
WERKEL T .

SU(2) RIEDH R RNz —. B UERBTFZmESE L,
eanfEH T —HE i m &S E Ct, MESERERRIR TR, Fiki
ERT C?, THERASTFEMRTXFER, C? Mok e M,
BRItk Su(2) BI#E TRl 2 x 2 BEGEREREAH I, X2 SU(2) i I
Fon, ZHI—HERAMER. SUQ) ErfERE] C3, miACExf a5
HHE T, SU2) 1ERT 3 e M2 LL 3 x 3 EFERIE AL, f
B SU2) I C3 IRAIABIER™: 34 T2 R (3.6.5) i CERD .

KEAZNTHMHMER SU(2),
WA LMER T = 4Em i

1| 1

[ g— 0_',]:7
V2 ' T2

o = O

10
0 0
0 0

_ o

~1
(3.87)

LR T e FREUEF AR 2] SU(2) HIFETCIEX AN RN Z FX M
FIRE R F 2K
AR AT L —BLER] O BRIAE R g AATT g na nFEax AN Y
SU(2) TiidE S3. T3H Su(2) 5% i R F AR 2% 2 G 2 1D TR RS A R g
. N B S3, BRI AL TS
SHHEFEES (B1(3.33)50) I AT AR T B
WARHHH SU(2).

Uu =1, detd) =1 (3.88)

FELHE SUQ) MBETTE R 3 x 3 HHEAER, FILEAIE Sk
W SU(2) S BEREC AN %, JRATHRE0 R R TR b 8 24, 1T
SR 2 x 2 AR B
R AR B 32275 M S AR . Lot 2 x 2
BEsi S SU(2), ML R AR & S Bk, FENTTZJR, R
H i SOR T I A T4 S A 20, R AR T LA (68 M e At A £ e su(2) wy s°
BT
TR SN2 BER S, SISERN S0 5% R
A For AR A,
Ee AR, A ERENE R AT S, AT " Kl S T SRR T

§i15 ST =TS =1, S MWK
FEEAT AR AR #1534 fiafE 51,

R— R =S'RS (3.89)

MRS SRR R RAET, SER G, HIER RG) DLAE

SFESCTR J3 MERA R, B eidhir®Eg.




CErouev, TEMV CV, #
52V IMTEILESR V k.

TTOE KGR (REE: BN
‘What else?’)

T8 AR e T e e
BRI — AR 2 X 2 4
W, EAERBE S' R,
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MATIERE S, W STIRS HABERIR. XA LA E L EEE H Ok
Va1, 92 € G,RKx RABEETHLS N &2 0 V B R(g1), R(g2) -
B 8 SCER

R(g1)R(g2) = R(g192) (3.90)
IAEIEFR IR AT HEALAR e

ST'R(g1) SS' R(g2)S = ST'R(g1)R(g2)S = S™'R(g192)S (3.91)

=1

L1 STIRS Mk — IR, MARBATE —AFRm, WAmaed H
R ATAEREAS I 2 Hph KR, Wi DR (Hnike
FEXRS FHERED o

FoAME: AEFTE. 4ER G ERRESN V ERRR R, W
RV CViHig:

YoeV' ge G #HHARgweV

v FRN VAR TR,

ERBCERT V R EE R ER R ETRE VN, Xtnl L
EV EEHGHERR T:

R'(g)v=R(g)v, YveV' geG (3.92)

XAMEBT, Fn R A — RN IEAR B, BB REZAINEEART
PERTRI I . FRATARIE R R R AR BRI m R0 VO EARR,
R BRNTEHRIR.

EX T BB 2 JE e S B E AN ARR. B G EHE
2V ERATAFR R EWER T 0 =6V 852 IEAZ T
A, AATAFTIRRIEAR, ENAREH RN TRR. FHAA A
2137~ Al 3 AR T R .

AT EAS — AR AT LA FRIR: AN LR A el A P22
AR R BT AR 2o 111 AT 2 2R BER AT BL AR AR Bl Bt i TR 2
ANEIATAVEAR OG8RE,  EE IR T AR T BT A AT A RORTT, B AR TR
AR BIAT N R SO AR A AS AT 20 3R i

—MREAVFZROR™, [B A FIEIRAN R A H IR I AR IR ? Casimir
JEH LA S Casimir 76 GEfE C) M Lie RETER — ARt
T, ERE G, HMERERTT X A

[C,X]=0 (3.93)
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F 41 Schur 51 BETOEHIRIAT, A€ — MATTABERIR R g — GL(V)™,
WRFANLMEBR TV -V (B T e GL(V)) 58 R(g),Vg € G X}
5336, M T Db NI SR (1) KR . PRt Casimir TG RERRI 0,
X CEHC EBRMONEER R T 80 ZJERATEA Casimir 7o
XF g 5 AR AN T )RR TR

BRORIE X HERE V AKX, —DMERPUEKRMERER vV 1
LN et o ZeMEAREOE VR AT DA R 6 B (1 ARG m) & A 2R wT BLK
B AN ). AR Lie BEAOAERIC 2/ —AN AT DOl AH AR ot
FAFERESY, SRR A AR BTG R ARAE ) B2l v A g 1) 2 ) )

T SU(2) BERANIT AR . WHFT SU(2) /&HY Lorentz #f
1 Lie fREGE W SU(2) 1 Lie /8% Lorentz #f/& Poincaré 1 —
gy, AREHERNEAE e .

SU(2) SR AIERF SU(2)

FATHES. 4.3/ i L BAR AR B QAT TH A 2 T SU(2) ARt
i Lie #5552, WX — fEREE] SU(2) BEMEE—PFRIR. [IRITFk
AT SU(2) #ERIZRR, B 2 x 2 X IERERE, HATHIE N 1, =
KRR ARG 7o fEBE— DA B AN R 2 f, RATH DL — 8K
BRER B ARERI R R

The Finite-dimensional Irreducible Representations of Si/(2) St((2)
HBRREARTNERT

N T HNIE SU(2) BFA IRYEA T LR IRI —Le RV, FRATHTES 4.3/
e I AT I Z Aok e X —ANBTI AT 83

1

1 .
Jo= i) (3.95)

F(3.83) 2URT BABS IR R SCHO AT A2 R 2 oK R

[J3, J] = £J4 (3.96)
[Ty, J ] = Js. (3.97)

oo N Js KMER, AEER 08, AEFEMEME o ERBIIREAR
Bai R

J3(Jxv) = J3(Jxv) + JorJsv — J1 J3v
—_———

=0

S5GL(V) FoRmaaa V _ERTE SR AR E S .
3680 vg € G, [R(g),T) = 0.

"Schur 3|2 REE AL L
—, UL — AR BE.

80 Afkpya L F T HHIT

8L bk LI A TR A Cartan
T, IS4 TER AR Cartan
Hgt. EAERTHiE T K%,
KA Cartan A2 ICHI AL 7T LLZS
HART “Hi5” . BlingE T
S SU(3) B, EH P Cartan
HERIG. R 3 15 R T4
A “gie 7. B AR RS
B, TR “@7 (4. . G i
FE. FHHR I EF SU(2)
BERA A Cartan ARG, B
NRLF R — M R% — Cartan 4
FRICHARAEAL .

8248 20 g AT A2 T 3K 25 T i
TR Lie /0%, BARZE R
(3.83)x%

83 A1 s R —ANE TR R i A
I, A Js AXHEE, dit
A T A A IS . BEh, AL
— R R TR SN Ty
iy,

8400 Jyv = bu, FERMERC.4.



85

8267-4.

52 Chapter 3. Lie Bf

. Matthew Robinson. Sym-
metry and the Standard Model.
%% 90 Ui,Springer, 1st edition,
August 2011. ISBN 978-1-4419-

JrJsv+ JsJiv — JLJsv
—_— —— —
=J+bv =[Js,J+]v

= b+ 1)Jrv (3.98)
(3.96) 3

A Jev W2 T3 WAIER, AIEEHN (b+£1), CIZAMERN w, N

Jsw=(b+lw Kk w=Jiv (3.99)

SAF Jo M Ty WEFONEERFATIELRT, WM ES (ladder
operators). AT LS B G R HEREAT Jo RIFEIRT J3 A
fER, XA EREAGETCAR LM BEAT, A RARAEAE B AR R 2 (8] 52
AN, TTIRA AL BB A RAE R R o IR RIS AH N ) Ok B )
A IRYER), BATA RS BIH IR R & .

TAVHEWT — A — AR N KA vmae - HIE T4 AEH
o BN KLE, [BEAMEEBEROAMER v

Vmaz = JN v (3.100)
e (EE]
T Vmaz =0 (3.101)

BN Umae BERARRAEAERARMER T o FEKAMAEN j = b+ N
FHRLAT S B o NAAEAL AR vpnin s 2

J_Vmin =0 (3.102)
8T AEHE] vy, B M RCUE, 1§ BIARMEE RN PIARGER vmin

Vmin = J M Vmax (3.103)
R, vpin SNEARMEERN §— M. RFE—D8, BINTFHFEME J4
TEHBIARER B AR, BRI, Jov BET vy L
— WA

J_vp = apUp_1 (3.104)

IRARER T T A E] vpee ERATTRIE, RERBEE IR %5 o
A

g = % CEDICES) (3.105)
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FERFIY k=2 W o 0, B, & 25 B2 )5, RATAEETH T
BIE TR o Omin FIAMEERDZ j — 25 = —jo KEORE, RAEET
2j + 1 MARAES AL

{—4—d+1,...,i—-1,j} (3.106)

P Y AR BRSO I pl s . RUAFRATTA 25 + 1 ANRMEar
AAER, WREDFRINA 25 4+ 1 487, Xk J, A IELMR T 258
KEZN, BA J A= Jy 89 J. #= J_ &M ET, A2 —AMEE
WEPEEA . a; WRREHRR S —AHEEAE Y v, £F a,b £
Fa. A, J3s 9RIEEMART V 89— AEFERETFTEE, @il
AETFERBEHRZELEZZNEV O THET.

FATAT ORI b U 25 + 1 4R B0 Je T3 IARIER vy K
25 SU(2) M— AR, i —ul, RATREUE SU(2) MRE—Fh AT 2]
FRHERGE M T 1X —Fhs8,

The Casimir Operator of Si/(2) Si/(2) Y Casimir &

B335 BT A 1T LU Casimir BT 0 R RO BER 7 . SU(2)
WlF A A Casimir FAF

J? = (1)? 4 (Jo)? + (J3)? (3.107)
T 2 58 SRS A 2
[J%,J;] =0 (3.108)

JRATAT A (3.95) 501(3.94)00E XU o REHFETR J2:

JP = Jedo+JoJy+ (J3)?
1 ) , 1 , :
= S(+ih) (N —ida) + S (Ju = i) (S +ida) + (J3)°

1 ‘ , 1 , .
= 5((Jl)Q — iy Jo +idaJy + (J2)?) + 5((Jl)2 +idyJy —idoJy + (J2)?)

+(J3)*
= (J1)’+ () + () v (3.109)
%)\90
Jovg = %\/(j+k+l)(j—k)vk+1 (3.110)
LI
T o = VE+E)G —k+ Dok (3.111)

V2

86 RAZ IR IRAL T 4 AR E !

87 W4 189 Fi: Nadir Jeevan-

jee. An Introduction to Tensors
and Group Theory for Physicists.
Birkhaeuser, 1st edition, August
2011. ISBN 978- 0817647148

88 Bant 190 7: Nadir Jeevan-
jee. An Introduction to Tensors
and Group Theory for Physicists.
Birkhaeuser, 1st edition, August
2011. ISBN 978- 0817647148

89 miE—F, Casimir B8R
FI e 5 i v A A AR R T 6T B B B
76, W [C, X] = 0.

90 e R 1 SR — I — {6 3 5,
BRAE JL EMFH—HE, B
B B — IR I —ALI0 . 4RTT,
SRR AT A A, SR
FLLGE k. XS S e T
W, Kk R ¢ RAME— 1L
HEL RIEM Jivg = copsr
R A AR K 2 SU BT 02 b
VAR B (UE A BN B AT e
). RARARRIE B R, BN
TYEHORE TR PR AP A2 A E
o,



N WHFXHRER, SUQ) B —
XA R T, A AR TR
177 AR LA — AN fi 2
FRTEAE R £ 1
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SAVRERE B S00 TR AL R A

T2y (Jd =+ T Ty + (J3))ur
= JyJ_vg+J_Jyvp + (J3)2’Uk

1
— J+\7ﬁ

1

VGFRG =R+ s + -G R+ 1G = B + Ko,

: ‘ 1 ‘ ‘
= —=VU+RG—k+ DI+ —=V G +k+ 1D — k) vrp + Ko

V2 V2

= %\/(]'Jrk)(j*kJFl)%\/(jJr(kfl)qu)(j—(kf1))vk

VTG —R
= %(]‘Fk)(] —k+ Do + %(] —k)(J + k + Vg + k2vy,

= (P+)ve=30+ 1)k
WA SFEIXMRIR TR, 258, M ] B AR 2 B 0 TR UA -

The Representation of Si/(2) in one Dimension Si/(2) A—#RR

J HIER/NATREE N 0, RAERER R — 2j4+1=2-0+1=1 4%
B E. ATUEHRXANRRZFER, BOVRAE 1 x 1 5HEREHL SU2)
BEREFIIT G RA [T, I = i€imndn = 0o TARIT 0 HIFEELG 152
2o U =0 =1, BIREMIIEZ T,

The Representation of Si/(2) in two Dimension S/(2) B4R

BETIREBAIE j =12 BN, EANERE 2j+1=2-3+1=2
Y. BEIAEROT J3 IAMEEN LA —1 = -1, IEAIAA(3.106) i
B, PR J3 AT

1 0
( _ ) (3.113)

BEALFRAT 4 J5 Rt A AR T o X L ARAEE +5 A — 5 HIAAE

RN
1= ( ! ) UK v_1 = ( 0 ) (3.114)
’ 0 2 1

A DA — 25K T BB AT RS 2 SU(2) F3APIA ATt AR
K

1
J3:§

v

Ji = %(L ) (3.115)
Jy = ;%E(J_ ) (3.116)

STIRSC P A B, FEC R ER B

VG+E+1)G — (k+ 1)+ Dk + k2o

(3.112)
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X AT LAEHE AN (3.95) M (3.94) KT T+ HIE XHIFFE]. BfZ—TF,
FoRZ P HIHER I T3 FIAERSS A, MERATMIERE WA Ty, Jo.
WAL, J1, Jo B ENERTE J5 BIAER BRI BCRRE S Bilhn

1 1 1 1
Jivy = —2(J_ +J3)vy = —Q(J_v% +Jivi) = EJ_’U% = V-4
=0
(3.117)

RFF Ty =00 BN 5 REKMAMR. BIFERORY L2
M(3.105) X 1F 2. R AT43

1 1
J11)7% = E(Jf + J+)’U,% = 5’07% (3.118)
MIRATZ AR vy = (LO)T Aoy = (0,1)7, Bk J; s

KN«

{01
Ji=2 3.119
1 2<10) (3.119)
.
Jy= 1 ! (3.120)
2\ i o

IEAHRA TR I — T3k T4 SU(2) #¥ Lie AU AT A LR —FE ((3.81)5X),
XA RRTE J; = Loy IESE Pauli fifF. ATELEH, BEMARRIZ
URIR. MRERMZANEA HM RS TE L, BlinEAT T BRI =
Y2 [a] PR3

The Representation of St/(2) in two Dimension S/(2) BI=#FR%

RSt 3 W L PNE S (BT IDRE SR

010 , 0 —i 0 10 0

1 1
J 101 [h=— 0 J 00 0
G 010 R ; ' 0Z G 00 —1
; _
(3.121)

R SU2) M=2ER0R . WERIRA PGS, ] D =468 T
SuU(2) #ETCHIE (JEERTTYIRE e FEECER ). AT IAET S O 2 W BE AR
REEM Lorentz BFIIEIR, BATHAZHET EmLER SU(2) FoR.

SBBECTR J3 MERA R, B eihiRFBEs.

92 8 M MEUDR N
le% = %Uﬁ%o - AN
x 0Btk f s R R e

(0 1 1
Jivy =% =
2 1 0 0

93 WL, SU(2) BIFEERIE X
RAKTIIREN 1102 x 2 LiF
SRR B, TR LA R S
fiE S, WK R S, BT
SRIEE R IKABE B AR R, H
03 x 3 HFEAFR. LSRRI
TR A (B R
S%), AL, B SU(2).
O R R MR AL EERRTE Js
Ko Js WIARMEENY (1,0,-1), FAL
A FIIUE B R. T J1, Ja
M, MR MILIEMS R R, o
TSR T WL RS 1
| Jy AAER L.
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3.7 The Lorentz Group O(1,3) Lorentz & O(1,3)

g2 NEARRIELsE A L AR A S
B A REAE A IS R PR B

95 5| H Robert S. Root-Bernstein
and Michele M. Root-Bernstein.

Sparks of Genius. Mariner — Pablo PiCaSSOQ5
Books, 1st edition, 8 2001. ISBN
9780618127450
AATM Lorentz #F—#E HRRE RS HANK Lie /08 #S
RS 207 SU(2) MTEIEARE — H SU(2) 1 2 x 2 JEFER/R S H T Lie
RE. FATS LI Lorentz FERT Lie AT LH B SU(2) Lie fAER
N, XeFH Lorentz B £2RIR. HELMIMERR — B Lorentz Bf
FEICAN 4 x 4 5%, /EFT 4 & — (UERZRATH—M. B
TR M ER ARV RSG . Xt Lie BRI 1T,
6 LA MHEEE 2 . B EAEIRATHR B X B I G g, T AT AR B AR B AR R T
e s 5 S 1l Lorentz B K0T BEMIRFE . Loventz #5€ 9 Minkowski
Buclidean 25 f BRI (AT A PR AE AR T 89 & e R B A6

x“x# — xumwxu — (x0)2 _ (x1)2 o (x2)2 _ (x3)2 (3.122)

/ﬂ\:qj np,l/ %i—\‘ MinOWSki E%ﬂ

1 0 0 0
o= |0 000 (3.123)
0 0 -1 0
00 0 -1

XA AEFRATTHE Lorentz #FUM O(1, 3) BB, ZKflth, # O(4)
RRFFHI (29)% + (1) + (22)% + (23)? B XA E SRR
e GEFE) HAHAFRE]? Lorentz BEMIH#EIC — Lorentz 24l i 1d/F A,
Z R o — o't = Atar, BT R

'’ = 2.z’ = (AT )1e,(AD2Y) . M’ (3.124)

W 2t PR TS

T g5y, WA 1o B i o BT LT TR
VAT, B I B B AT AR R
HEF e AT,

A p AL = (3.125)
b AR R A7
ATpA £ (3.126)

ERABR Lorentz T A EXHHEFHRX! X EABATHI, FIH
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det(AB) = det(A) det(B) Al 1F:

det(A) det(n) det(A) = det(n) — det(A)? = 1 (3.127)
=1 =—1
— det(A) = +1 (3.128)

I (3.125) M) p=v =0 7 &E%:

!
AgnopAg = Too
=1

P2 !
— Mmool = (A =) (Af)> =1 (3.129)

(3

Ef:ACIE SR

A=+ 145 ()2 (3.130)

MR (3.128) 5 (3.130) A IE 5 T LAFE Lorentz #E7r A% 4 4332 PRiE
Ab bR R OO A2 3 L det(A) = +1. W1 AR LRAIE A 8] Fly (1)
TiAANAE, MFREZAM A >0, BIA

2% =t =20 =t = A0a” = AQt + Ad2' + A2 + A2®  (3.131)

WEHR A >0, W ¢ 5 ¢ [FH5.

e det(A) >0 5 A >0 328N SO(1,3)T. TATEEWARIX
NFEE, BN TIRES — IEM008 ER 19 Lorentz #f. Lorentz #F1
KNG53 325 B ), BRI =03 3 R A %93 3 Lorentz 28406
AR BIHAMATAT S HITE - HEI NSRS 2GR DU SO(1, 3)T
R4S B FoAth 43 5102

1 0 0 0
0 -1 0 0

Ap = (3.132)
0 0 -1 0

-1 00 0
0 100

Ap = (3.133)
0 010
0 00 1

Ap FROAFHRERT, AR F AL SR GE M R o Ar PRI TR
AT

99 S Rk A7 T ALK R AL AR
WATFR, TG RIS TN
EFFR. LT AFLEFRME L
fff %A .5

100 “E g’ (proper) # M
SO(1,3)" TREMBETCH R FAIEAL R
FR IR AT RRANAR AR

101 “{Ekt* (orthochronous) /44T
BB IO PR BRI ()l PR 7 TR AN
102 Sege (g R R KA
FEPEAX R JE A RN, B
fiI& KA —FE.



103 55 3 e SRR 184 2% 10 1 25
RED4Esz Minkowski #5[a] R(13),
Loventz T & 72 SLTE I/ % il {19
(Lorentz A8 st e fRIE 4 x 4 EA
AL, FILE SRR R RS
. Kb, SU(2) BRI
JH 2 x 2 SHCEMETI, WIREH
RATDEE] SU(2) 1% HAbIET.
104 (47I04E ATnA = n & A IR
filZ& 2 10 4.

105 ssimmsr RAES R p = 1,2,3
D P 07 N 1 P 7 S T R TN (S PO
AT RS T =6 (Bl 4, 5) &
M1 B 3, AR RE (B, o)
FRM 0 F 3.

106
N1 = N22 = N33 = —1,mi5 =

0, #i#j
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TRTEEN Lorentz #f O(1,3) " LAFRR AW NEES:

O(1,3) = {SO(1,3)", ApSO(1,3)", ArSO(1,3)", ApArSO(1,3)T}
(3.134)

XHE, WHFL Lorentz BRI WA 7T SO(1,3)T IR,
FNREHELH Ap. Ar B3R, Lorentz B I HAh 43 S0 #A Wi o

3.7.1 One Representation of the Lorentz Group Lorentz EffY 1 ‘=

A Lorentz #7E X ((3.125)530) #4i& Lorentz 25 (1) i
FERIN . B HREHRERIE A X Lorentz B, BRIBG/EH T 4 m&E103,
I TC TR O 4 x 4 SEEUGERE . FERE e A2 928, Ry Minkowski
2 RO SRS ial, — i 4 x 4 SEHUEREE 16 ANZ3, 1M Lorentz
BRI E SCE T 10 NS0, XA 6 N E S H. M disid
K Lorentz ZHFHE 6 NS K HEEF 6 MM RHE
BTG, BRI LA M Lorentz #E Lie A3 X 6 MEMITHIK Lie A3
M —2H 5, RIS o AT E— R N BT A e A . R e iRETTH
FOIXLEEILAE Lie 55 FHIH AR, M3 H Lie AREIHI R E Lo

ER =4 Buclidean 75 [A]FP P HEFEAERE  CEATT A AR # 2% [R] AL 1 A
EFIFTE]D 2 8 X(3.125) 3. XA N Minkowski & RLH 23 (A 34310° 5
3 x 3 FRALAE PR R LLAI 06 . DR R R S AT AR AR () A8 4, FH(3.125) 7]
15

~R"Iy3R = —RTR = —I5.s
— RT3 3R = RTR = I543

ERIER O(3) Bffe L. B B4
det(A) = 1

HiE SO(3) BEMIE Lo RP o258 A FRH) Lorentz A2 He i 30 :

1
Arot =
( Rsxs)

FHA R Raxs FIERIL(3.23)3, FHHES 3.4 1795 . AR A0 2E Ak
JEHIHES 534 1ML, 453 N:

0 .
Ji = ], i=1,2,3.
Ji?’dlm

(3.135)
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tetn, H(3.65) 2\ A] 15

000 0
0 000 0

Ji = = (3.136)
J3dim 000 -1
001 0

NS AR 4% Lie SIRMER, HRILT/NEHRIT.

AP~ 0l + Kl (3.137)
$5 LSRN A (05 AP (3.125) s

v !
A,‘.f??;w/\g = Npo
= (88 4 K (0% + €KY) = 1o

— N5 + eK;jnM + K np + 62K,§L77WK;’ = s

i 25 T /N B e 2 0
= KMo + KZnp =0 (3.138)
5 SRR T 208,
KTp=—nK (3.139)

BT AR AR T KRR AR SR XA T
AR AR R . HESh I RUE R AR B X TR AR AL bR A A SR H 2 B
(155 —AARR A o A A — AN L A Ak (K A B SR AR e B AR T
SR BB AR R B &2 T W o BEHES) A .
BT v =y, 2 =2 HAERTHRIEAN:

K,= |2 (3.140)

RN EH ST 2 x 2 FFEE 28T 1 (3.139) 3\t

c -1 0 B -1 0 a b
b d 0 1 0 1 c d
109

ASHE S

x
4im

. :

107K ronecker & 7785 L

5 = 1, p=p
0, w#p
¥ Kronecker & #f5 5 MR E 20
WA ISR AR T

108 s AN FhRRRTISHE, B4
R ARk — b — F e
(&R, XA L TS T R
e W KR = KA o (KT)H =
K. SRR 5E SUR TR,
Bl K10 = 1,0 K7, B 508,
SERE 5 W08 p ATIRUL K R o B,
PRSI nK o JE5h, K, =
Ko = (KT) fiuor ot ER
FORAEREIRVE T 9L NHNE K 0%
B, D RREA IR AT R I
B KT W% p TR n 0% o
5, ERMEREREN K. Wi
PRI ST BB, el KRR
SR K fATEE, WA



WO kit Ko, Ky, K. #2EX
., B KD = K. B e $EER
MRS 4, BT Z R R
RIEKHT .

MR o s k2 =

Gl o) -6

RIE kL =1 H555% 0 X FH 0
G k3 = ke kS = kg, ...
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PRI o ol RS B AL e ) A JR T A

0100
1000
K, = (3.141)
000 0
00 0 0
AT AR Y v 2 RS AR 2 i -
0010 000 1
0000 0000
K, = , K. = (3.142)
100 0 0000
000 0 1000

WA Lie B, fEAERTTIEE e FEBCLARER BIA R/ 10;
Ay (o) = P

LN K, A, BRI, R exciting B4 2 x 2 4EBE &,
R(3.140) ). K e SRR BN BB TF R 3, FRRIR2 = 1

INUETCRD LA pRa RS pp ey
A _n—O n! _n—O (2n)!\“;1./ = (2n+ 1) —
= - ~ - ne
- 0 ¢2n e ¢2n+1
- (le_% (2n)!> I <nz_% @n+ 1)!) b
= cosh(¢)I 4 sinh(¢)k,
B cosh(¢) 0 N 0 sinh(¢)
a 0 cosh(¢) sinh(¢) 0
[ cosh(¢) sinh(¢) (3.143)
a sinh(¢) cosh(¢) '

RS SHEA TN XEARAMXELHB (-1, KBk
S RAIE sin(¢) M cos(¢), AR IETZ sinh(p) FIXUHIRTZ cosh(e) .
W o FHES AR SE R 4 x 4 FEFEON:

cosh(¢) sinh(¢)

sinh(¢) cosh(¢)
0 0

0 0

Ay = (3.144)

oS = O O
= o O O
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[F AT Sy, 2 Bl 50 AR SR
cosh(¢) 0 sinh(¢) 0
0 1 0 0
Ay = : (3.145)
sinh(¢) 0 cosh(¢) O
0 0 0 1
cosh(¢) 0 0 sinh(¢)
A, = 0 Lo 0 (3.146)
0 0 1 0
sinh(¢) 0 0 cosh(®)
RN AR H R ] A3 i _EoR = A8 R R ) afe A
3.7.2 Generators of the Other Components of the Lorentz Group Lorentz

BHER S RYERTT

N E] Lorentz BEHAMHA 2L RTETR, HBETHREN Ap
R 1) SR A AR FRIRIS RO i K b, IR SRR i

W A3,

(Ap)2 (Ap) (TP = Apdi(Ap)" = Ji=(J;)*?
A R BT 20

AR AR RETE 2

ERRITUH B S J, K SREMERE A, G

0 0 0 O
0 0
Sz = — J, = ApJo(Ap)T =T,
0 0 -1
00 1 O
S
1 0 0 0 0 0 1
0 -1 0 0 0 0 0
ApJ,(Ap)T =
0O 0 -1 0 0 0 0 -1 0
0 O 0 -1 0O 01 O 0
0 0 0 O
o0 0 o0
0 0 0 -1
0 01 O

39J30(3.149), (3.150):NAH B, X CHBIREBN.

(3.147)

(3.148)

(3.149)

112 2 >J: Lorentz picd

OO R 0(1,3) =
{80(1,3)", ApSO(1,3)",

ArSO(1,3)T, ApArSO(1,3)T},
E—HRHT SOQ,3)T MR,
M3 34 0, K ASHEERA Ap, B
J, K #aE R, —%—A Ap.
R AR SR PR A AL BR AR B R 1 —



TL e A 4 1 2 R (3. 141) R,
TiEE A4 AL BT L (3.62) e

51 evi-Civita 5 e, B2 LI
H#*B.5.5
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[ 22,
01 00
1 000
K, = — K. = ApK,(Ap)" = K, (3.151)
0000
0000
EEb
1 0 0 0 0100\t 0 o0
0 -1 0 0 100 0[]0 -1 0
ApK,(Ap)T =
0 0 -1 0of]looo0oo0|l]0O 0 -1
0o 0o o —-1/\0o0oo0o0/\0o 0 O
0100
1 00 0
=— (3.152)
0000
0000
Zil, FEFREHRT:
~— ~~

Ap Ap

EMNZERAR, POSFRRER A RN Z TR AA BRI HE
BRI RAR . WIRIREER Ar MHESEREMEL, T Ar HAH
BAorE GFASE), BN K; AR

-

(Ar)% (Ar) G, (J)*”

AR AR BT R
(M) (M) (K™ = ArKi(Ar)" = — K= — (K,)*? (3.155)
AR B R T 2
B E R
At Ar

The Lie Algebra of the Proper Orthochronous Lorentz Group  O(1,3)"

BERY Lie (X2
FIFH BT S A SO, 3)T A st A B 0 4 AT DLE B SR B
1) Lie f0%11°:

[Ji7 Jj] = ’iEiijk (3.157)
[Ji, K| = i€ Ky (3.158)
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(K, K] = —ieijiJk (3.159)

Horp J; AR HAERTT, K; RESRERTT. —BIEAH Lorentz
AR R AR IR A

A = JOHiKD (3.160)
(3.158) KM AERTT (J; 5 K;) ZIEAX 5. Jieks A oo ext 5ig

SR E PN, MHESN A BT AR IR T I Ty, K AT BLE SCAERS
Gyis 5T B I HAR B 5 o A ot 0

N = %(Ji +iK;) (3.161)
MG 5 R RN

[N;F, N3] = deiji Ny (3.162)

[N;, N; | = i€y, (3.163)

[N;",N;]=0 (3.164)

KIER SU(2) Lie fREmIEA! BATKILT SO(1,3)" #H Lie R&E
Wit SU2) 1 Lie AL

PR TA KB, KON A iE T SU12) RITAE AT 4%
Ne RS SO(3) K, Lorentz BEA & FIEEAFE, Lie HiREJF
BTl X TAEROEERE, NAAE Lie REOGRT R B £ T2
F——Hego, @Bid#ES Lorentz 8 Lie KB ATAFTR, ATUS
1 Lorentz BMBZFHWARIARR, REHOHN RS TIE e 17
BHPAT 7. XFEFHE %L R Lorentz #HER, A A
FEo IXREEFAMYRRIRA FAL, BATTAT DU SRR FE e e AR 7

MEAA R, &MNez 2T Lorentz 2 Lie REFEE T, RFE
Lorentz 2305 269k 77, 23 MARA Lorentz Bo9 & T

SU(2) MEF— AT L)FRRE AT DL SU(2) 1 Casimir FFFXT R AR
i j kAR . Rl Lorentz #F7 fi i 120 AN AT 292~ m] DL /MR 51, g2
CEATHG R B ECEEED Skbrid. FHAKIKEEF Lorentz #EH (41, j2)
o, JFFIRRTE S M) SU2) BEI j1,j2 =0, 3, 1,... FxBER.

Lorentz ) Lie fAEAT UL M, R NERENIER, M, KE
XN

1
Ji = §€ijijk (3.165)

K; = My, (3.166)

OFRX 2 JE AT H IR ¢ S5 &0 FATEZ RAX PR S IR

116 e 3 5335 S T B R A 5 T
i, Jj] = JiJj — JjJ; Bk—AViE
ARG (3.157) PRI T iX—
M.

YT (3.159)% W # A 3 2 4 W E
Ky, K; W3 5T IR0 L BT, T
AR RTT.

U8 Ry R A A, E W
RS Bk R R KA.

L9 Sscim ko . BT
A Lie Q%8I R — AN HFTR I8,
BT K TR 2 A T R B
. SH—A Lie RECOARTLFR
2J5, F¥ Lie REMITE (MR
L) P e HEACH AL B A
CESR MR, R TG Ee,
BT B —— WU A 17 7E

1207 orentz  BE M0 B % B D fE

SL(2,0), ERAAHRNMATIIN (47
XN 1 1 2 x 2 FHHBERIES .
SL(2,C) = SO(1,3) ZHIIIXFA
HZ e SU(2) - SO(3) =
A% R AU
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XHFE Lie AT RIRN:

My, Mpo| = i(nupMye — NueMyp — NupMue + e Myu,)  (3.167)

THM Lorentz # 1 Lie REMIEATARIR, & T

3.7.4 The (0,0) Representation (0,0) F&xR
SU(2) KIRARK FRom 2 ¥ JLI, By Lie ARECR R 1 4R 082
], PIUEAICIb A% 1 x 1 FRE, W2 5% R 1 R EF LI 0:

Nt =N =0—eM =eVi =¢’=1 (3.168)

Kt Lorentz #ff (0,0) &a{EM T Lorentz T T A LRI K.
(0,0) FIRXFRN Lorentz FREFRR-

3.7.5 The (3,0) Representation (3,0) &R
(3,0) FRHRRX SU?2) I—1 Lie /& N 2 4558112, 5

V21 59 eTRont R A B il 4 1
e 25 + 1, Bk j = 1/2 F£Rxf 3 - _ B .
B2 x L 41 =2 dEriE. —r Lie fR% N7 A 1 48%7R, BI N, = 0. i1 N, 8 X(3.161) 7]

/%:
N = %(Ji —iK) =0 (3.169)
— J; =iK; (3170)
Ak, HRHE3.6. 4T S H T SU(2) 1 2 4FoRIIE
N = % (3.171)
Horh oy o8 Pauli 250, Hog CHL(3.81)2.
FH—J5TH:
Nt = 1(J +iK;) = 1('K +iK;) = iK; (3.172)
i S TR g R TR = -
(3.161)3k (3.170)=k
A (3.171) 5 (3.172) AT 15
K = _gi_ ot
il =5 > K=o = 50 (3.173)
-2
(3170) = J; = iK; = — —0; = %Ji (3.174)
FRAEIX—FKRT, Lorentz iefEH Ry, !
(3.175)

(NN

R§ — ei@ _ ei9

ApEE. ATRAT S, Wil 3.129.
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Lorentz #Esh25# 42,

[N

B~:e’$ :e‘g

5 (3.176)

B EoT it e FEEREUE, TS o BB HSEIRI, BT UEYE
Lorentz BfJCHIR RN B0, 58 o BHRREE AN

. . 2 . n
, , 1 1
R.(0) = &1 = 3 — 1+%901+f (;9U1> +o (2901) +...
n!

2! 2
(3.177)
¥ or RABR (3.81)R) RN, FFI o2 = 1 W12,
R.(9) = Ligf0 ! 1(9)2 Loy,
’ 2°\1 0/ 2\2/) \o 1
_ cosg ising (3.178)
ising cosg

KT HA T R e S AR B AR 4 ] 2R T o VERE Lorentz 2R IR7EIX )L
H 2x2 BHFEERR, EAT9RAZAE FHTE Minkowski 7% [A] 1) (Minkowski
IR TCE A 4 k17 8. Lorentz HAE (5, 0) Fom FAEA 2 3&123%)
GMNEFHEE?:

XL = (3.179)

AL AR 2 0 B R o FHeE ) 53— Mg U AE Lorentz
AR AR Lorentz B (5,0) RRAHATN R EREIREIFA AL 2
SrEEE, REARZHMMLR. e b § B, XAMET
AR e R A e 2n 2R ANEAERME, Mm% 7 — Mg, XA
Bty ERE, N HEB R RAER 2 2 Ja BARMER—F.

“liEE ] LAY E Lorentz R HRFEARIHC AN R .7
— A. M. Steane!?S
The (0, 1) Representation (0, 1) &R
(0, 3) FoRMIMEER S Z A (5,0) M0l XE N RAH 1 4%

s BN =0, N7 KA 2 4i%0R, BIN; = 1o 5N (0,5) &
e (3,0) FRBOAAAL EIFIE Y fREE (3.161) T4

1
Nt = i(JZ- +iK;) =0 (3.180)

2EON By, AR, DIENRRBECN B, — WH

122 5 ki 12 534, 10 (O HE § 4
A

123 2 e BE R — AN R 5 E
HErR_E A B HEE T IR A .

124 i g e 3 N Tl SR O
GULTEEE, ROVSFEFFHALR
Yok FHe RA O FheR, RZIF
. B NETFAA TN, ©
TR SR % — it 5
FHARSEAMA L B
IR : W72 T AR RN T T A
W&, R2IWR. KT AT RN
PSR IR

125 e i 3 4 R T

J. J. Sakurai.

Modern Quantum Mechanics.

Addison Wesley, 1st edition, 9

1993. ISBN 9780201539295 H(f)

¥ 3.2 %

126 Andrew M. Steane.
https://arxiv.org/abs/1312.

3824 An introduction to spinors.

ArXiv e-prints, December 2013


https://arxiv.org/abs/1312.3824
https://arxiv.org/abs/1312.3824
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VR BTG5S . N SRR SU(2) B9 FR (23,6475 HES):

(—iK; —iK;) = —iK; (3.182)

1 1 )
—Z'Ki = 50'1' — Ki = —ZO'Z‘ = %0’1‘ (3183)
g4 (3.181) 5
1

Fi&, fEIX—3FRRZF, Lorentz JefAFHA:

Ry = &7 = 7% (3.185)
Lorentz #Es1AZ i y13.
By = ei?K — ¢=% (3.186)

(0, ) RARMIER A (3,0) —F, EHEDIBIRN e REHEE—
AT o FATHENLX AL AEH B0 S ABIMEAR T2 48[E. Lorentz #f
(¥ (0, 3) FoxlERIIN RFRAEFHEE:

(xr)"
_ 3.187)
. ((W?) (
7T [ TGN Weyl iEH

Van der Waerden Notation Van der Waerden &5

A5 NE T A e | AR ICE . BT 7 HAR 7 XAS  1
FiE s, W ENIX3? EATEARE, HWIFE=ZKR. st
TR (3% (5,0) #on&H) SHTFheRE (3% (0,5) XL 2
KR SINT RSN AR S ARRE — X—dEDK
B w44, PN Van der Waerden 75 . 1X BIH A R 7= A Flot G4 fa]
BT A8 . Van der Waerden 5 L SU7E 58 BE A R e R 2 J5

SHEFHE

BIRCN By, AW, BRHEBIREBECN B, — FE
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TR xo A ST fabnaRos:

XL = Xa (3188)
T e AT S R bR
Xr = x* (3.189)

THGIN “BEREEM” MBS, RS A T e R ] LAy
TR, RZIFR. TR EAE SO

0 1
b — (3.190)
~1 0

AR LR . 15 0%,
XL = et (3.191)

Hot « FoRME L. FHKHIE x§ BFAE Lorentz 42 R4, Jf
2 RIVE RN e & — A . 45 T & H B AE Lorentz 2 #t T (1)
AT FTE L IR x§ ER—AMA Thes. FHibEsi A H(E
HE X, A
(—e)(e) =1 (3.192)
(e)or(—€) = —0; (3.193)

EXATER Pauli i o BB AEAERZRIUE. ZHL N2

X = (X)E = 01

¢z *
= €(e2?(—€)(e)xL)
N—_——
=1,M(3.192)=x

= e 59,¢ (3.194)

wley

BT x§ %t Fle gm0, B 5 TRAT 27 M
Taylor ZREETT, FEXHE—IMHA] 1 (3.193)30. AHERAIE e(x;) LI

WHBEER (—e) =T, B XAT. —EHE

127 R U2 —4E Levi-Civita
55, HoE LMRB.5.5.

128 szt € f—fisr. bR C
FOR BRI, 3.7.10%5 Bk BB
BHE L. BATES e MfEML R
AR AR W — 4k T
AN TR . 252K e 1T
DARBEEIE “4R%7, Bl Hif iy E
o

129 oy
PG=3, 000 =, oidi
R

, & JRAEFR TR, TR EAT
MR FH 46

130 S Fojfe A BB B F O
RW(3.186)Rk: By = oPF =
e P HATEAETFRRENA R
((3.176)30) HAR: By = 'K =
e¢

SR
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Y LSRR AR AR R, BN, B v, 5 g TEIREAR
eI A A
e(xr)* (3.195)

XE = ()E =e(X); =ele

B PUISIELL R 45 3R € fE4F & Lorentz 0¥ FAAE, B4 FlieEZ#H N
AEFREFEM (-,

TR XA e R sk |1l S, & X “TREEM” v LAABER=E R
Fehn:

exrL. = € xe=x" (3.196)
RHRIRIC 5 2R

HApESN TR RA (R Einstein sRFIZE), b4k, M AT
WRAEIE xr RN X TR EHUR IS

XR = €XT. (3.197)

Al Van der Waerden 55, e fEFIfEL T e i 2 ILHE L334 T i
B A B AR EROR

Xr = ex; = x* (3.198)

AR LS MR, ATUURIL o MR IEHTRT LA SR F iR

*

=X = xe (3.199)
M, AFRE yp RO HA S LR RR:
Xr =K =x" (3.200)

THHE xa 5 x* £ Lorentz 224 N AR, RAFWEE, x, 5
x®* ATUAMESE Lorentz A2~ AR MIBER iR AL G A3
MIEFERAE Lorentz 8 H N AT NHIK:

AR 55 75\ 0
XL::xangzgiﬁfx;==(595+¢5) Xb (3.201)
HRENER xa HIALH:

5 P AN
Xi =X = xa TS = () = ((€Q2+¢2) ) X5
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FAehtth, B4 T e & AR R
YR Loren_tz)ﬁ*ﬁ% X;% — X/(i — (el§%7$%>sz (3203)
ATRLF R x BIAEH

N
= ()7 = x s e ey = (7595)T) o

N THEHWFLY) Lorentz ANE R, EFHE—(FH: HEWH MR R
BUIEX: @-b=aTbe PilRIXADNIRAE R AR B E LR T N E
k. R BTN e FEEPHIL T Pauli RS ILHE oF
ot e=0% ), TN b B R AR U K SE R T 2 ol = (o7)7,
HAaii e EMBESRS + (KA dagger) HI& Y. B Pauli 55D
JEKFEHA 2 Pauli 45MEH &, Bl

of = (o))" =0 (3.205)

XM Pauli FFERIER (3.81) KA Z F .

LA (3.201)5(3.204) 30, FE4E4(3.205)3%, WTLAE HiEE v, M E
Eligs x@ i B AR % SR GG, X EWE ()T x. & Lorentz
B NI S (BIFE Lorentz A8 FAVAR), R 132:

() xo s

_ T (—ifZ—3Z\ " ( ifE+3Z
= OO () (75 e
(3.205) 3%
=5¢
= (x)"xe (3.206)

Kb, ¥ x, 5 x* E4HE, FIH(3.202). (3.203)K AT LMFH H—4
AR (xa)Tx% HEEW (x)Txa=xExr AR Lorentz A8 (1)
AR, FA:

. . i 5T 75T\ 73 . TE\cC
xhve = () X = () = X (7779 (@50
#5

132 B 5.5 425, 5¢ FRA Kro-
necker 5, A MR (6 ARIE

1, b=
&, 06 = ¢
0, b#c



153 g R AR ¢ SRS

a
a

134 e 1R (PULERIR G R AR IS
R Hrp AT R s B
BT LA 1 B Rt T 4
B, B o, BRERRAEUNE
FER R, ARG &K
B, BT, ¥ ERE MR
T, MR, o e N R
B o AT ELE R T B Bh, T i
S, BATE R A s SRR
bbb T R TR =
T A AT O i SRR EL: TR
RASR @ RS o Fr.
135 g ul EATRSG, (EIOH 2 R
WEX AR,

70 Chapter 3. Lie Bf

] JLRE 0 72 T e B 5 4 T e 45 & i3 3E Lorentz AR, 4 L,
Loventz A48 i — ¥ A1 1 FARAL A BATRE13S . B, A8 h b
A TR ORI T FhERE: vixe = (¢ xe=() T Xa»
B e T e B (0 JE RSB A e Y xr = () Txr=(xa)Tx
Lorentz A5 i 2 JE 4 S E AR LI i 0 6

7 FIRIERE b, e M4 “HERBEN MRS AI T, FAk
HE A (FE Lorentz ¥ FAZ, UL(3.206)x) AILAEA:

T. a _ T ab
Xa X N, Xa € Xb (3.208)
(3.196)=

5% — % Minkowski AN CER Lorentz AR A &) T L
2 (2.31)AHXT B

Yyt =z 'y (3.209)

A prv & Minkowski . AT WLJig & S DU 4E 17 & 1) Minkowski &
FI b A7 K [F] 134,
N T RS2 )5, AMES H e R e

0 -1
€ab = (3.210)
1 0

RN REH (—e) AR xr N xpo 5% — K Lorentz 484 (¥4
B+ HEED EEH A Fox, 4 A sk A, WS T A FEE,
I EH LA W A 97 ) B AR

XR = X = X' = Aiy® = (e7F70%)" 0 (3.211)
L, £ThieREw.

0% 452\ b
XL = XL = Xo = Aoxs = (€519F) "y (3:212)

XA (%,0) 5 (o, %) 78 NI Lorentz A8 it AE

Aoy = (€75F95) 2 ) (3.213)
Ay = (€7379%)) =A%, (3.214)

Van der Waerden fF5 3@, ©ABGMAEIT o 5 xr ZHHIEL

IR (3.198), xr = ex}, WHIEE] x5 = exr, HRAMNZER ! = — 1533

(—exk =€ 'exr =Xz



3.7.8

3.7 Lorentz % 71

Fo AR Z AT CLEARAR e, R IR TR B — B AR e AT Rk ok
IFSESRL
ZIEH T AT ALRIR, AL N B AR

The (3, 1) Representation (1,1) &R

fE (3,3) FRZF, Wity SU(2) Lie fREONF, N7 #RH 2 4k
Ne H e FEMFR IR NI Lorentz A8 X G2t 4. Pty Lie R
W MM EMER, Bl N N 250, B[N N7 = 0. FifE
FIRT 5 GEME o) ZEFG Lie fOBUR & B ABHe. o AFAERE o,
FARFREISI I SU(2) Lie REFAHe, b IR T L3 A4 Van
der Waerden 55 .

b WHEAMERFE ATV (L A1 —1), 16 B REER 2 4Ei0,
y#ﬁ4A“§oH%vﬂ%ﬁ%2x2ﬁ%,@vmﬂuﬁﬁﬁﬂﬁ
i, MHESERS.

Y H R EBUERE, — AR 2 x 2 EXEME 4 MNESUTR, K
WAH 8 NEMSH. MR RIMATE 4 MEAHSH. (TR
M "WFRRRNEKERN HHY = H) 5RICKER A (AT = —A) ZAl:
M = H+ Ao 2x 2 JEXRMEFEM KRG 4 NEHSH. WA, T
T2 E B JEORAEPESZ (L, 1) 38 F 1Y Lorentz 2835475 4 JEK A RE, &
JEKFE R — . X BT JE KK B 5 S JE K B 23 ) 20 i ) B T
AT (W3.597), JRRI, —MI 2 x 2 BHRERE B RIR 2 41,
ZELERTIR, TR 2 x 2 JEKRHRE (HRR R RN R 4R
/j?:;

2 x 2 JUKFEFER) —4HFE38 8 Pauli FEFE %0, 0 = 1,2,3 0 _EHAL
o

HIEHIE v, TAE of, BCRERTLURIF(3.81)2000 Pauli SR 58
Bk VER o], 2 WA FIHERE AL b ML ASH, BILZ S M ob

IJ Ugho

. 10
i 0'0:12><2: , A/ AT
01
y 10 0 1 0 —i 10
Vgjp = V0 ; = Vo +v1 + U2 +vs3
0 1 10 t 0 0 -1

(3.215)

TR, FRATH AT LM 1400] = v, otebe, SRR F B

WRLFIIRIZA 1,2 7 — B
AR SR G S M v RO TR, B OMSE.

10 g bigfk (3, 1) = (3.0 ®
0, 3)-

137 5 2 i = e et oh B K 40l
Wi, AR A T L SR A %
1F P B o BERG 5 8 EoR R, 7E
5t ST S S MR W T
J s th T B S P T 90 SR
Forke

138 iy SURMTE 2 x 2 JEKRM

[T DA — Hb R Sy B 2R H
apl + a0

139 o SU(3.81)k.

A0 Sy R AL PRI i B, 3 LA )
Pauli M A T A2 41 5
9T 1 AR I (1 B«



141 JRJEKIEFES Lorentz A8 #e )y
B K R B UE B O AR T . R
B FHRE 5 ol = vy 2K
T

= —v

vcd cd*

Y2 d B HE ST Matthew
Robinson.

Symmetry and the Standard
Model.
August 2011. ISBN 978-1-4419-
8267-4, 128 Tl

Y 2 EE & = (0,0,)7.
Wz fhrEE) RO 2R R, Ry
RE o3 X AR, HALTT AR
AR e FEBUTERE 2.

Springer, 1st edition,

Chapter 3. Lie Bf

G0y = ot ebe. S f i JE KA RN

Vo + V3 U1
’Ual} - .
U1 + 102

- iUQ

Vo — U3

(3.216)

EATHR, AFSEISR AR AN T A, BRI S N s S A

R AR T A

NHBFF v, 75 Lorentz 28 #H N AFTRIL, FI A s S HRHIAL

#:3:0(3.202):
p Lorenta BB
ab

— BB H TS IO KT, X RS N2, B o

Wz S Eh AR 43 .

WHES jab
ab v

e?(vy + v3)

U1 + i’l)g

Bz AR, R RB .

o3\ C oo\ d
(),
a b

v+ vz v — U2
v+ iUQ Vo — U3
v, — iUz

e~ ?(vg — v3)
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A1

Hh M T o5 X AR URO AR e R80T 5 A eo
KA a1 o —BOERSGH, I45(3.219) A HEAT HUEL:

, vy +vh v — v e?(vy + v3) V] — 109
/l} .= =
o vl Fivh vy — vh vy +ive e ?(vg — v3)
HEETART B v I SRAEVR 2 RS AR 3 T IR 0145,

—vp +vh = e®(vg + v3) = (cosh ¢ + sinh ¢)(vg + v3)

—vp — vy = e ?(vg — v3) = (cosh ¢ — sinh ¢)(vg — v3)
fil A -

—vg, = cosh(¢)vg + sinh(¢)vs
—vh = sinh(¢)vg + cosh(¢)vs (3.220)

T IF S DU 4E M) 5 Y Lorentz A8 #2146

v coshg 0 O sinho U
v} B 0 1 0 0 vy
wl ] o o1 o Vs
(A sinhg 0 0 cosh¢/ \vs

cosh(é)vg + sinh(¢)vs

= AL (3.221)
V2

sinh(¢)vg + cosh(¢)vs

IR RIAER Lorentz BH R AL, HABETE (s B 81T
THRAE. BHIEF W (3, 1) FRER 4 WERR. HinER0 LE
THE, DR AR 45 P e DA 1) & b =N FERE AR SR LT B . AATTARIT) 4
MEHSTSEEAWREREA R, —N4 R KRR, MEEHN
&, M Lorentz BT (5, 1) RRBHME. AL, 4 MM IR R
BRI AR R, ENIABE A, F SR ekl .

AN TR RPN, XiES “RER THIKENTRP

IR ML, ARk EA A ERRRS, AN EE IR

Bl Lorentz AR AT HI SR A (0 R EL SR g

AT L Lorentz BEAT DUEE 2> o ASIRIHR 73 2 8] 38 L T AR SHAF 5 16 1]
SEFEATHR RS, By TR T RAIEGE AR A e, R EGIE
FRRAN (8] TS DR T IR AR HE TSR, BN
SIS R Y] HARE TR TIFA LRI (CZJaMEFe), mHT

R SR U EL R
H cosh¢ = %(cd) +e ? sinh¢ =
1(e?—e ?) {4l e”? = (cosh p—
sinh ¢), e® = (cosh ¢+sinh ¢). 2
IRAN K AR T A, AN FH i o
[EESI L2

146 p1(3.146) 2.

W7 Rgre =k i B R A=
WrailE M,

148 p3.1340)R.
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A R TR AR R A HET A AN T (] B i AR

3.7.9 Spinors and Parity KESFIFER
A VA (5,0) FRARHA R AL FhER, 1M (0,1) &£
AN A Tl . AE T B R AR e 2 R X — ) T DA
BT
BIT © 4 5 1 T Lorentz B[4 BUTHE FHRASH T BRI, IL(3.153) =,
G ) DL 5 — 3 -

¥

Aot NE e XaR(3.061) R, Rt ES —iE:

N = %(Ji +iK;) (3.223)
B AT WAE R 2 T Nt « N=o ik (0,3) R FH Lorentz %%
BB TR G (5,0) Fom TR, RZIMR. XFALETF A

149

WEMESE Jefe | nene FHER L IR . AR T AT RIE TR T A A F RIRE,
handed Jeht, {HixA 452510
#iL, AN left-handed. right-handed Lorentz ﬁiE’JJZWAZ#%Tmf ?*ﬂ‘ﬁ*ﬁ%?ﬂ%@%e
SRR (helicity) MBE&A %, . N N o P
Wt S FAER: (chirality) BRI WEFE AR PAE AN R R FHIFE, s ZE — NS, LR FH
R S A 4 ST R R e T AR P R AT R
EFFABRTFEA K7 BREER
T . IR _IR
(Ao =e"" e =(Ag)o2) (3.224)
P
(Ag)o,) = = ™ =(Ag)1) (3.225)
P

oL, R —ANEFERRE R A AR R R T E AL FREMA T
o BRI A BN E TREE — DX g, ZX 2N Dirac

N R I 3.226
(0] ) =

AR e T A TIRESF Weyl g2, HAIFR—4> Dirac itE ¥
B Weyl g xp M Ero R U Z—IEX, B xp 5 g ZIAFF
REFAEMT R R MEA W T Dirac gk

Ty = (XL) (3.227)
XR

e — MR, FKON Majorana iEE . Dirac g, Majorana it = 2
M# |, AR 7 SR F . Dirac JE& 1% Lorentz #EH] (% 0)®

i

& &
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(0, 5) R0, S0 A A T 5 o3 oo I8 ) AR R B 5 1 — A2 Bt Ay
I R B AL A2 T (AR R o <

orentz A2 A 2 0
g Lorenz 8 gy o [ A XE (3.228)
— (3.0©(0.3) 0 A
0.3)) \ér

Blan, O KAy

e ¢ 0
e R (3.229)
0 e? R

BATHEFE Dirac WEEAEF IR T AT N, 2B 9] DUNE H R R 565
MNEIRLE TR TR EAL. AVMEFRLEHE N NT « N-, Kk
Dirac it S 4 FHAL 5 A2 Dirac fes (AP RAE Lorentz FEH)
(3,0)® (0, 1) RABHIIN G, HHES:

(07 ;) \? (; 0) (3.230)

A UAWTE, B4 Dirac IEEH# (1,0) @ (0, 3) R, SO0 S
B (0,3) & (3,0) #7 .

orentz A% A 1 0
wP IR (P = N e 0P = [ TOF &
0 Aqog) \xc

wlQy

wlay

I R T (3.232)
€r XL

FHAHR Dirac iEE (B &, xp) BHRND—DFEERAF p,xp W
e, R bETFHNERT. FHERRPBERAIE & — tpy, HARX—
R J5HR .

Spinors and Charge Conjugation EE5HBEitiE

3T TR T RAE AT AT RERBAZ L)L HR (5, xL —
X§ = exi = xr, &r — €5 = (=& = &0 WWRHAJET Lorentz B,
TN 5 — S FE R B X — AR e

2 H AT B AT R e AR bR $ 1, IAEHE Dirac

15001 0y @ (0,1) #FL—AT
SRR, KT 0 B B 4 B
St 7 40 T DA e T DY 4 ) e
(3,1 = (3,00 ® (0, 1) &7=E
.



1 52w AR, X AT
LR, BT B RCGH A R 5 Ok
SRR . B BT LU R
WA SIS 19 Dirac ek,

152 wig. ¥R Weyl Wt 9zhs b

R TR R, MREERAZE XK
NCENE T, Tl os
. FEFE e LUK BIERF Fos K
AEME +3 BARAE ) 5 AR e A A AE A
— 5 MPRIYAGE R . XHRE R
B, BI—AETE 3 xRS H e
-1 xR,

3.7.11
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JFAE A TR, e fal S A AR AT B AR

v— (Z) S0 = (?}g) - (’g) (3.233)

RERZHAIL U 12475 Dirac JeE A [, Dirac hem1EHES)
AR BRI -

EA

v = |© N (3.234)
0 e R

- 05 0

T T AR (3.235)
0 &%) \¢r

MR, FNEHIE Lorentz FEHIAF R RIITER ., #HiTiX
L, AT AL

v— (’;) Sl = (fé) - (i;) (3.236)

IXFEM AR RETH 2 Dirac JERLMY Lorentz Z8H#t T o 1% /NHT AR il 5 AR
N4 (charge conjugation) ¥, XML FH MRFMH. HEX
RIRNZAR R e T e AL A T, Wl 0 R F AR 71— MR
BT 2R EBNZEMAA LR X — AR, TR
RLF I T A AR A R o —MhrRE g fiar, R AR 4R oy ol far
Be, FEHESUNTRNEL A R0, Jo B I B . A AR R E
B AIEHATRER, 0 ARZEHT AT LA,

FATAT IS Lorentz RIS m4ERor, (HAPAENIEEY
b F A IRYEA AT AR E C T o W3 B S B fR4E 50~ H
ERAHR I .

Infinite-Dimensional Representations JFoiR4ERR

U8 T Lorentz #EMIA RYER R LH K, XEFIRYER
AN FBETER T 1-, 2280 470 RN R Y)B b &% I BRAE IR 7 b )
JIEEA IR R, NS AT AR . AP Lorentz A2 #: ]
PLS et

D, — ), = Myy(A)®, (3.237)

Herpt Moy (A) /2 Lorentz 28 #e A fEIAN BRAEF IR 2 T BORERETE 3. 6l n
Moap(A) SEMEFT Weyl e 2 x 2 5iFE, 1F 45 R Ie A8 %)
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DENIEXN R EREMEA S . IR © P ATENYER 2, B9 = &(x),
W Lorentz A&#e (B 1A @ 240 MRASHI AR, —MIEOLT

at — Aba” (3.238)

Fob Ap RFRFER (0 (3, 3) 7 T Lorentz %4, 0 Lorents
3 SO

B, (z) = May(A)®y(Ax) (3.239)

ERARAE Iy — M EIAEHE @, £, XN T IRYER R
17155 B0 AR A T T A o B8 AR T — AN TE PR YRR 150 [y B s ],
PRl 7 I TE IR 4E R 7R . Lorentz BERITCPRAER R d1 a0 B oy 5515045
tH:

inf . v v
My, =i(x"0” —a"o") (3.240)

B T EATEAE M2 Lorentz Lie fRA0(3.167)20, Jf BT LA Ak
B o

SR A BRI T 2R 15749

D(Az) = e~ 9T MV O(@) (3.241)

Hep e fEREUE SOV ERBERTT, At ca b, 56K Lorentz
AR ARG R M 5TRERR ML AR HE

b
(I)a(l') Lor%@gf?{ (e—i“’g Mﬁ':‘) e—i“’; M:Lf(pb(‘r) (3242)
a

FERE MO A IRYER, R DU TC IR R R

- MY b
(I’a(x) Lorenﬁ{i?ﬁ% <e1 g M;W) (I)b(x) (3243)

Hodr My, = M2 + M. BRI Lorentz FERRTRABHRR-

BULE T A e A, BN 25 rh R R 0 A B 55— R A Hk
RS R AR EIA G, A R 2 RAER R R T 82, T
IR G AR B B O IR GE 7R . XA Lorentz #EHIF, (H2H
SR RLZAERS % RFAH A . Lorentz #f (HEZ) + #2)) n L-FEAR
AN Poincaré B, F— 47 BAAYRA . XL E 5 NI TEIR4ER R .

WY, TN why & Lorentz A1 54,

153 Bmss kg ¢, 2, y, 2 IS

154 am 4 Sc k% X R 4R 1R
] Wigner 4 &,(z) —
Map(A) @y (A" ), EHIRATEA
LR KA

00 AR R © KB
B MPBIHEFIEMTE @q(z) b,
D (x) M AbR IR E, T EX
T TEBE N ) R B0 )2 TEBR 4k - (J
N: ‘The corresponding opera-
tors act on ®,(x) , i.e. functions
of the coordinates and the space
of functions is in this context
infinite-dimensional’) ER$%% A2
JTBA S TE PR 4 2 £ T 4 bR AN o
kI ZM. BARERRBALTIA
SR BURITSAEMKD. 1 Fourier f&
Frh iR .

156 FRmms 0 RS
52 WIS,

157 ppuv 46(3.165)R 5 L. 4 B
Wy GEEEEME 0, MKR
N O; = %eijkwjk, 535 ¢,
IIRERN ¢ = woio



58 XACME: B.4.1 IS,
59 X tEMF B.3 S,

160Poincaré BIF9E Lorentz Bf5
FRAR M E A (direct sum), i
FHEA (semi-direct sum), {HILTE
A] DL 22 s B S A

10l R TR EATE... X HF
IR AT 528,

3.8
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fET W, HRE—4EHTE, —DREGN o BTSN PR

O(z) > P(x+e) =D(x) + 0,P(x)e
———
W x s AR

LR Taylor ZEJRITIRTIIT. F2 BB, AN A SOT RS EL

—1:

P = —id; (3.244)
XHE, AR PR/ PR AR N -

O(z) > P(x+a) = e_iaipiq)(x) = e“iaiq)(x)

Horr of FoRWENTTIRHFREE. 1€ e BBRBURIT A Taylor
Hrosaiae s th LR ®(x + a) 1 Taylor JEIF' . ~F# 2 55— M )
RAER Py =iy, TR RGN P = —id;.

The Poincaré group Poincaré &

WIAE FE B AR R 52 B S X FRBE . Poincaré Bf. Lorentz B0l &4
BAHES AL, AR UEGEA LWL A I 2 PR AR 4, R AEAS ]
B 2 SO GG AR R ) S HbUl, Sl 5 B AR bR R SR ALE
oK. B —XFMEIIA Lorentz # 2 f5it15 %] Poincaré #£160.

Poincaré Bt = Lorentz &t + T
= gk + #sh + TR (3.245)

Poincaré #[14E It & Lorentz $EMIA AT J;, K; N B PR 1 7E
Minkowski 7% [8] ()4 TG P, o

H Ji, K;, P, #RM Lie 0%

[Ji, J;
[Ji, K;

il = (3.246)
il= (3.247)
(K, K] = (3.248)
[Ji, Pj] = ieiji Py (3.249)
] (3.250)
] (3.251)
] (3.252)

Emk]k
Zékak

—zewak

= ’L(SWPO
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E e AR, € L M, RERSEGENZ, M, 5 SCN:

1
Ji = ieijijk; (3.253)

K, = My, (3.254)

H M,,, 7~ Poincaré Lie fAN:

[Py, P)] =0 (3.255)
[M,um Pp] = i(n,uppu - nl/ppu) (3.256)
B T3

(M, Mpo] = i(NupMye — Mo Myp — MpMpuo + ueM,,)  (3.257)

Poincaré B2 SE 2, BUHERERR A Casimir HFEA
HIbR BAE N PAFRIC . Poincaré #HA A Casimir HAF162, &g

P,P* =:m? (3.258)

BAMRRAIENE m?, e R . YRR AT S SRR T

ElG3O

5o
5 =A Casimir 55458 W, WH, He1ot,
1
W= g P My (3.259)

W# 4 Pauli-Lubanski PU#4[E)&. 2@ EBIHTHH 2 f5 0 LUIE
B o AHRLIPR EAEICAE § = j1 4 jo, EHEEFCNBERE. DL “Hie” R
MF, MESFEHEAH4AH X XT Lorentz #, BEMHAMOSU(2)
Lie fREEFAHR N —A jio

B, (41, j2) = (0,0) FRFAENE 0 £, (4,
(j1,J2) = (0, %) #FCHEBE L FoR17, RIS (1, 42) = (
HJiE 1 FR108,

Zx I, Poincaré BRI ERIRC: m,jo Hr m AR
ERE, § R AEHCEEEE A

L 1) RN

Elementary Particles HE&RiF

Poincaré #E AT AR IR FIFR Lo VB 2 S B AR FRIFRIZ ' R
B om S5EE CXRHL . MEEiE m SHk Bl j=5) K
AR HIRR, T E 4% Poincaré BEHT m, HE 3 FonEH.

KL (58 2L (BIAns AT ) R A B FRIE S, IR EEAR 2 ]
FesE L—FhIEAKL T B, BT RE N

162 5557, Casimir SR N ERIE
VIR 5 T 2 RTINS 5 A

163 mpngy, JETSTER.

164 wveo B4 Levi-Civita 4%,

TEMIEB.5.55915E Lo

165 4 >]: Lorentz BERY Lie fCHn]
VAL SU(2)Lie 103 SU(2)
MR R LU —M 5 bRl T
Lorentz #£XUH # I3~ 7 UH A
# (j1,g2) FRid.

1665, 4 iy =0+0=0.

167 . .
Jitj2=3+0=0+3=3.

168, |, .
jitje=3+3%=1

169 1. AR TR Poincaré
BRI R AT 2097



170 g5 5 S AR B S I A
PO, VA ER U = AR B
BHETo FRATTT LAAKLEH 18 T 5 A1
o, (AR RRT, i
We 3 HORT o AT X% T LU i
HantR. BN, YEEMIER AN
Hib s I REAR T — BIAT
(BT HE A 2, BRI 0 PR AL
FoRAARE

171 John Stillwell.

Theory. Springer, 1st edition, 8
2008b. ISBN 9780387782140

Naive Lie

172 An  In-

Tensors and

Nadir Jeevanjee.
troduction to
Group Theory for Physicists.
Birkhaeuser, 1st edition, August
2011. ISBN 978-0817647148

1732=a+ib,z* =a — b, Hk

2*z = (a+ib)(a—ib) = a® +b° €
R.
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JRE: 9.109 x 10~ 3'kg
HiE: 1
HLF LA 1.602 x 10719C
§54af, PRI FEALHE: —4
o WM, FRAMLT: 0
IXEEFRBE R IE T — PRI AR S50 P OIIME . AT T H & PR
FEIRATREE R EHEREAT. AR 7R3 N R LR 70,
o )€ 0, HARE GidfF © #ih, +rEH Poincaré #E1 (0,0) FoR
(FRNBHE 0 RRBMrERR) e, Hlin Higgs K1 H—MrE
Wi .
o HIE 5, HIFEE GAfE O fifiik. IEE# (1,0) @ (0,3) #r (K
NBERE 1 FoREUERERR) A, B4R 5 e R A .
o HIE1, HiEE GAfE A Hik. mEHE (3, 1) x FRNBRE
1 RREAIRRR) B, BT m SRR
MR Y EEE L RZNMAREREI N, K EE .
Poincaré #FIA T AR EmARBEEAKN FHHFETR. fHidx
EHRT (FlU Higgs Boson) MEFX M NARE, EMRIEANE 0 £ox
e, FIRERE 3 RF (G PR SRS MR SRR
NREE, EARAEEIE 3 R, MR TR BRE 1 MR RTH
YEFRAEE, EARYE AT 1 Rk,

KT E BRI A 703 S 7R 1 44 7 00 VF 40 AR R 7E 1518 58 SE IR I 2 J5
(8.5 5 T HHiR o AR FRIEHE F e 0 & S, FRATTALA 25U S e e 5 S
NI TN GAETELE “EH e PR E A A i — A % 1l i

PSRN

e John Stillwell - 44{#%# Naive Lie Theory'" /& —AEH 5 5
1. S48 Lie B IIEEBM -

e N. Jeevanjee - An Introduction to Tensors and Group
Theory for Physicists!™ & —AJEH AR FILHAM, FHE K
RS ED B =PRI .

Further Reading Tips

Appendix: Rotations in a Complex Vector Space  fff
: SRS EPRINE:

FE A o) B (A 0 7] 7 SCORIE N ARAN AR ) A8 e . AT B — A i
HASMARNER, XA LS T RERENT, BEKNEH
BAWHE L. FE RSN E S (B THRELSNE n 7
SRR HRAELTS

(3.260)
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55 1 B9 dagger, FoRJEKILHEHRAE, RVECEICHE + FE. fRIENR
AR U LA R UTU = 1:

Ua)" - (Ua) = o’UTUa = ala (3.261)

AR HALE U(n), Hd n RRFES RN, U TRL
Bt Z3—F, SU(n) BEFCNFEER (special) K 1ERE, BIATE IR GIE
W2 det(U) = 1

Appendix: Manifolds Bfi&: &

W M 2 2 an SR RIS X T M R TTAIER, 71
VTR 2] R FF AR ——Ba . R, % CEWERE
M BFEhE R™ K. M WIFARIRE] R™ KBS M P PN
= n A (21(P),...,z,(P)), H 21(P),... 2,(P) KN P s
FIALRR . PRI o 4EIRTE AT DA (O B R 4R AR R SBIRA A0 B
ANBBST AR o

B SR 7R BRI, = 4EBRARA R TIAR A 2-3K1H (two-sphere),
WAE 52, SESCA R Bl o2 +y? + 22 =r? MANES, Hdr A
BRPAR, R CERRIRIIRTE R 450, FUNBERE U =AM 8hr 5 —
MNLHEAT, XA T AN E B X ERRZ O 2-BRIEN R
o N7 RIIERIZMNRIE, FATRE EH NI R R? MBS, XA
S5 AT DL E 8 B BR AL AR S

\Z ? X
R
@ 0
P ™\
P
=1'r/2
y
.. 5 .
0 0 T 21
X

Bl 3.8: WIRTH I MAESE] R? WU ER

BRI _EJLF- P i s R T BB BT AR (@, 0), JLFRTA L. (2
FEMEL o = 0 BREFTRIIRIL? AT REA — X — AL, BB RO B 2 —
R, A EECam . PILERASPRMSS AR o B BRI, 3B %
— AN RE A p S AR I B R2 o A A ] B HHIAE 6 = 0 X RLY
FRAL, 0=015 0=2r BUHE] R? KR4, BEERAR ——mht.
RUHIRIE S, —AEE—DNE SR IA SRR R, T
R RAsbr &, RV s 28— 4RI AR R e AR BR AR, BN
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TEHRHIE R R & R™

Erm iR, BRAAER RBU AR 0 < o < 7,0 < 6 < 21 HRL
BT A RN R o BN ER T . TT DU ISR AN ERAMARR R — 24K
i sR AR, A AR SRR @ = 0, FES AU
T, BRI LA B AT LR B R?, T 2-BRIA SE AN .

W 72 R, R E XAESEH.



4.1

KRR AT, AT S 2R e R U /IME, 15 2 1E
IR T EHARITTRE . R R B R A7 BAIRANFNIE — 13 EARIZLE
Lorentz 24t N AL, HMBATRAEAFKZSHE R FFEIAFRK H R M
B AEHUA R R, R AT SRR IR MR, #IE Lorentz
RERY (0,0) FoRfEASH. FHIN L2 B 20 f A R i 4F, SIS T H
RIS R

MIXAREE R K, AT ARIEBBEHE R (Lagrangian for-
malism) . A A POX G ME, 7T LG 2 DL A i) e e
B RG BB B T R MG R B &5 R VE BRBL- R AR B H 5 72
(Euler-Lagrange equations).

R R R, TSR R E N E R 2 —: Noether
I (Noether’s Theorem). iXN& FE7R | FREFI 5 1H &1 2 [8] )
PR FR e BATTRAE T — F b R T e SR B, RS 2 Gy SR ik 5256
o

&t

1

NS

3

i
n X

Lagrangian Formalism  HifEEAECR

Ptk B E T 2R AE SR B Pl i2 18 R I — AN T HESEZ .
TERHEAN 2 —hEBEHE (Lagrangian) & —Mr&E3, ©AHN
fT oo G SR AR A BB KRR R 5 R ), X Ao 22 4R A
M. ZRPASHEMFS, fEFAE (action), 7E3ELEEXFRAR AR,
RIERIIE 144 3R 1R 30 7 538 I AZ X R o

U o e R 0 R B ()2 L
B AN R R A R
Hep LR dQ/dt = 0 = Q =
HH

% P A SRR, (A LR TR
& (Hamiltonian) NHOXF R
s ZHF R (Hamiltonian for-
malism). 1% #E § R EE T E
AIEIEAC 2GRN, BB FTRER
fich, (U2 EEETNKE (covari-
ant energy-impulse vector) ]
—ANy

B REARIIE BB (0,0) #0R
TEA R R B X ERE EATERAR
ZEAR AT R



4Recherche des loix du mouve-
ment (1746)

S oAb 1R BSR4 7 B A0
W TRORLY, (H— kT S AR A
I, BAEE S L AL 5

6 %, JA IR B FURIE (ex-
tremums), MH/MEFIRKE. T
AR R LR FX R . iR
AT, A TR BRI

B 4.1 T 45 0 WK S R B AR )
ez

4.1.1
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Fermat [RIE

HARF AR KM A RS, ihtis s T2 e SR ]
REIZN

- Pierre de Maupertius 4

Fitk B H A AR T Fermat 3. UM 2% (8] mH) AL 38 S K
FEIS BRAE IR AR q(t) TAT . B EORUF, WRIRANTE X4 EBRAE q(t) 1
TER &N

Stignela(t)] = / at

MEATHE S E R IR B — R E KA o(e) fEFH BB MES N 113
B A E R B MES, AT LORASH S RS HNT; TN T
HEZESq()] — R EL q(t) MRE S—IM/ME, BAAZ—Hr
Mt TH: THE.

ok BFERE

15 BB I e — B RE MG SR B2 s AE HOBT BAR 2 T, BRATT 75 2R
[l A AR A g8 1 — D BRI R BRSO E S, A
AR ARSI PR B g o A, AEFRATZRA TR TFH R f(2) =
32% 4+ x IR Zin e FATA—DRFE R © = o BK, HFHHE IR
o Bt FEBEWE at e, Hrb e ARLT/NE (FTIEATD. AT
a A RNEREL f(2):

fla+e)=3(a+e)?+ (a+e) =3(a*+2ae+e*) +a+e.

IR o DL € A L AUNE, BMBEATATLI e 11 e <0,
X fla+e) ML fa) B, BL, FATHENEKBIT ¢ AT
FLHENE.

3'2&6+6£04)60+1£00

H BEBA TR B/

1

Tmin — a4 = ——=>

EHBRMFNKRT f(z) =322+ 2 — f/(2) = 62 + 1 FFLHANERING
BEMSR B WTIEREME, ERARAMHRTFR—FFEAR

TREEE: XM q() X2 LIRE, —2 A, R RE A, b5 E
REF—E
2P BRI R, TTEUE “EBME e MBI AR AIE, ATATLL. ., RZIFER.”
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JHEM S, HRADEIAERBZ R E m . FATS LaaeR 2], N
U A B A IR R PR

kI H X L BARE T, W TARERNYRBAE D5
f) Fermat JRBRAHSRMAM R L. 28, EAT R EHENIR SRR, (HE
FATAT LA AT A S R

Sla(t)) = / Cdt

Hrep £ — 2N ERANZE, FOEHHE. S TemsE, X
NSERENER. R, B HE OB T IR AR R £ =
L(q(t), Zaq(t))e F—ATPRAVEAF AT RIX AT . FEAF AR U0
B MZ R AR A, AT Z S UFIE AN i 7L

Restrictions PRl

IR I PR B0, I B8 b A7 L8 PR SR A o2 NS — 1 i B
3. JATREFIE R, RAESS —E S5, AT a0 E
XKLL R

—ANE BRG], AU VR B H 2 IS AT R B E
SFRAGE XA NARIEX T 2R3N 1%, Wiz hE, Ba .
e ip S m g — R, R S AN EERITER
BARMT S %A e . Bk BT H B AE Lorentz A8 # FAARS, T[N
TTHEAFNZE R TN FHARBE) S TR, AT
HH—MUE—Ir FEOT AL E, AR P S R T &R
Hoi.

BAVIEATE 2 T Ao B B B SRR R, e — 2R 2 &
GYERINAE . 4, ks B H Erh s S s i e
TR XA ZUETE 5 2 WA SR AR A R OE MR 3 .

AN 23 EARO BG5BT A A AR B A
SR OB 1, AHIX AR S HERR AL T S M S 4. — AR R
ERA W

O(x — h)P(x) (4.1)

B, Oy b I SRS AR AR . AU Taylor REITHATAC

9] k k
oa—n) =3 ((aax) ¢><x>z> =n (42)

k=0

SEEE: X FRBMUCERENW AN S, REAEHRT BT WA G 2.
4P FSCN ‘non-trival’. Trival IXAMAH GG HE, 58 . LR X2 L.
SPRIE: MATHBRER R, 1 LTI B U AR5 b I 18] A2 AR RIS A A2 [
SpeyE: MAFIR, CEIE

T BRATIAE 5 R8BI T4 5 e ]
H & R4 46 1 % 05/ R
& qt). I, RAVIIHEE
R B P LA I
YIRS, KRR b b
Y IR BT R R M 7 o
S TSR B R 7R A0 2 T P
AR AR, AT AR B I H
el AR

8 iR b, {EFIEAM%E Lorents
AN . AR R B S 2 i A
Sk, WAEFRERBE.

o XL R HEFR A Ostrogradski Afa
st B S R S RS MR R
BAT I, LETFRGEHHI A A R
LPRFETIEREROS L. X
KRG R A BRE RA

10 S A e UM i (R BE A
2.4715 EAF A

B T 2 i YR 0 o B B
#: FRETHHE: BT
WU HER: FRIZEH (). X
W T .



12 YRS AR, K ERER
AR B BIEH HOFEF LI, 341
MEMaSER, & o° M &1 M
SR, BEIRATRR IR © 153
TEMT AT FLIG

13 g, o1 DL BRAL B

MO T e — AR 2 T
T 31 MR T . TR L
6% T BB g 7 R R
%

10 R R A T AR 2,

DR A1 o K 2 B A A2 A
Sk R 2 ST MiE
M ERAR £ = [ dPe 2

4.3
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Bl & LB 3 s S8 AR R B i .
FA ARG, BRI -ANEE CHEERD /R T,
HATA RS B =00, REWRERNASHE?

o0, ol B2
XFEMI. Flan, B 20,0 MUUE & K=K, KA srE
FATH BB RSB H 2,
Particle Theories vs. Field Theories $iFIBieS5iHiE

WATE BTAPER R B AEISHESE. — BRI, AR
BB R BRI RS, B ¢ = qt). HTRAIARIEE
FER R AR, BTEAI AR 78 ¢ TIANE 2o X TIRXFEREIS, $ir
F B H BARA T AR ¢, THPZ 0, AN IR] ¢ 7

L= L(q,0.4,1) (4.3)

—ANFEANRMH R L= im@®, BHRSHEMIIETH New-
ton BB TR EM R EEATH S TEA IR

HERY: MRS TARMIIRL T R AR RS IR H AR M. FEIX
EERT, WERK T O(Z,¢) REHEES . FIHTHT 52 KR,
b NESEIR

&z :f(q)(fvt)aaﬂ(ﬁ(fvt%f) (44)

XE—ANELMPAEPHEEE £ = 1 (0,204 — m?9?), ©H]
P Klein-Gordon 77#E.

W i — KRR S e TSN XA FER T IR TR 3RATTEH 2
[ AAFR q(t) RN TR B R ECR R R . JUHE, Rk B H & f 2k
AT Ot I Cln I 71X 2RI, RANZEFEEAE T D HIATPE
K B ALBRES, B SCRIEREN, R T R AR R IR I, ZDAR HE A B
T L5

WS TIX A%, TATLT 0] DU 305X 5 3k B i B A/ Ak Tl @Sk
T o AT AR B H L B

smm=/£w

TREE: PERRUIR, OB TAARER S q(¢), HEPERREL O,q(t) AN ¢

8Pk RN AR MEE T, R HIG N 2 A b vl LATE TR 30 L 17045
X HBLR SRARTE A B2 RIS H, e n IR A 2R A 2 — M85
FEMbRI L B HAR A2 ARPE CREVEEE, Hn] DR AAAR); TN 22 A4 Am I 4 )
FEHIR T
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Mtk IME, SRR RS TR .

XTRLTIE, J7 AR (A2 bR O ME R IR R AR T T
WE, W EmR R

PEZEAS G £ MRS, R 8 TR 18 o [ e
RG-S IERRAR I HE Lo OE, AT Z A4l i3
IE, XTI L Iz S[g(t)] BIRME. SMEERER 4
RGBT

Euler-Lagrange equation Ei%i-RiiEEARBTE
AR TG H &, ERELERNTAERE, A EVI RS, FL
FARWATER S BIZ 30 . $2e b, RIS HRER B () A ERH &

oo [0

BORAE (AR AELBAR/IMED
fiE e 5

52 A6 52080 B g(t) = a(t) FFiEXEEAS R E0HT — AN
a(t) + €(t)
Horpr e IRIBR—AMLTME T — MRS, FATLAUE R SR

WRE a(t) +é(t), Hrp er) = 440,
FEILF b, BN )5 R AR B SR R AR A ] -

0= e(ty) = e(ta) (4.5)
XS PR FRAT T 4R W R A5 R SR 7 IR A 1Y) 8 TE R AR i ==L 0 BR A
EAERZ AL R
ta

S= [ L(g+eq+ét) dte

ty

52T 2RAL, R ME SR AR T IB) e IIUNE . B34
AEFRF R — R £, ORI Taylor 208016, JE4—BriithE

/: dt [e(t)gs + (C(lite(t)) gﬂ 0. (4.6)

X5 — i 3 AR 1 AR

OV AL £ R HAR, ORI

16 S 14 F 1 A2 i AN A R B A B
A, ZIH%B.3:

L(g+e€,¢+¢ét)=L(q,4¢,t)+

YT 03 st 43 S S JB 2208 1 L 4
i, ERHEB.2



187%¢Eﬁ%ﬁ¢$mm%m
BEMFIHK. L WM ¢ 1
LS%, T 2 WHAMEH. &
SR AR, W F Ak
%, B SR LR B0
A, 2 AL, A, =4S

Bf(2(t), y(b), 2(t)) MmAEkEN
af _ 0fox 4 050y | 0fo:,
dt dx Ot Dy ot 57 o1

RIAR e e UL B & (K e . AR X
1, A 5 B4 R s B —
o MT—=AMARERXMEEBET ¢ 1
B, Folm B8O E. B, X T
fla(t), y(t) = «®y +y°, BATH
af =0, TD af —2:3117&0,2; =
243y # 0. .ﬂtdf*QIy S+
(22 +3y%) G¥ . fERRTEL, KT 55—
MR g(2(t),y(1), 1) = 2%t +y
RA 28 = o2

19 feic L) <AL R R A T
ANgsrE @Y, @2, .. RATETT LIS
B—A

20 o B R AN AT 2 1
Rz, AR AT, F
e R R I P A

4.5
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[ o).

d [oc
e(t) q,q, /dt d( (gqm))
M 45 RE
9L(q,q,t)|™
e(t)i(g’q,q’ D" _g

DRIk, FRATTAT BAKS (4.6) 25 N

/j at e [2£ _ 4 <ac(q,q, ))} I

8q At a4
G W B TAE RIS e(t) AENYL TS [ ] WRRIEXAE. TFS

oL 0L(q,q,t)
9 (aq) =0 (47)

Xt 23 A M BRh- R Mg B H /52 (Euler-Lagrange equation)
FATAT USRI A5 P18 . %8, TE R B 0K i 25 (R S50
Fro BILGIAHIHE B H 2%
L= /d% ZL(94,0,9%) (4.8)

FF A% B H B EOR R R &

S = /dt L= /d4az ZL(®,0,0%) (4.9)
IR BT R P ER, AT DS RIS 3 T R0 0.

0L 0L

s~ (s,07) - o

N AR R B H BT 3 A B A h B N E
AT DU BRI S s fE B 2 T R ZIBE &R . s E R A H AR &

EZEY, RAE RS EATI AT EST 2008

Noether’'s Theorem Noether ;EIR

Noether &R, HA% WY H 8 AR — A RFR I B3 N —
iR, 52, MEEFMATHEAR CFEE) L5 M FvE B
XK XSRS BRI —.

1O3E i Al
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4.5.1 HIFIEBICH Noether EIR

SeB B RO RL T EIS H ISP IE R MOSAT 4 . BATR T 3H8 I ZE N FR
M, XEEA R LT N, wlF E—FEr S, EREIIT LT Nk
AU R NE R, R HEETLS N2y - ¢ =q+6q F
AR PE R AR iR R
5L = L(q, %7 t) — L(q + 6q, d(q;; %0) 4
dégq !

_ dg dg i

(4.11)

SORFIME W H B2 AN, AR 7. 08 7 RIES) /)%
YRR —#F, BEORARHINIZEE R RSP HE. SR, R
IIHEAL, FHEBRAAE:

_ dg dg . _ _
55—/dt c(q,@t)—/dt E(q+5q,a7t)—/dt 55\_/0 (4.12)
¥ §L=0
A AERT, P H SN TmEHEATR? X2, SR H
N E— MEREE G G R4 S5

dG
X AR H AR 22
: od oG 1"
68 =65 =68+ | dt —06G =055+ —dq
. dt 9q |,

N~——
=0 BN 8q(t1)=8q(t2)=0

e RN T IEh 0g FEYIRISZ1 20, 0 % HILATRL, Sk ]
HEMNS) 0L ABARENE, TR L A E I8 11

| dG
L= (4.13)

IXEMRAE SR H B HEA SR B s R SR,
A RB AR 40 1) AuE 0 SUE &, RATE

G
dt

d d(o !
1)~ Llg+bg, 504 40Dy L

5 = £(g, 3

: (4.14)

Mgk %4 65, 6 5PHEMAEHET 5.
LR AN S TR0, BSOR (G, t2)

2 e s gk MR, FER
SRFIRER G SEG O M.

2 HET 6G = 928q. KREMA
G = G(q) TRABET . # G 1
e Feks 99 Rt q M)



24 ot AR JB 2 A B B, i
BEMFEB.1

B g REEAMEEE, W
94 =g RIEMIIEIERE, &9 =

2 g
SF = i R

26 BT BT A R T 4 )
B, FLMER &R § R @ T g
M oa.
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H 58 0% Taylor ZHURITE| 6 HI—Frut, IFAEHIC

oL oL 1 dG

0" 0"
oL . AL .. 1 dG

SL=L—L—

A WCHL- A% B H 7 22 5 (4.15)30, A

d (oc oL 1 dd

M SRAR Je 260824, BATH

d /oL 1 dG

d /oL !
(<=5 .
%dt<8q' q+G> 0

—_———
=J

BT E] 7 —ABER 2L YR

9q

dJ

NTEBREZX— R el — T aHE gL
] Newton & —E &2
mq = 0.

FH LR M B H 20

1 .
E = im_cf

= dg

T =4

(4.15)

(4.16)

(4.17)

R HRT

(4.18)

(4.19)

PRAT DL AR R -fr i B H 72 (4.7) 70 R RIRIEE .
IEFRATICXARLAK B H B A, T AN R PR T 20 930 S8 1) <4

an

BT L= 1mg” FRBT ¢ MBI Eress

(B PR A § —

G+ @ A (5L = 0)o BAR IR R KR (4.13), B G =0 0

g
oL R
Jirans = — 50 =Tmga = pa,
9q

I3PRyE. EH T oRANLE, WE3TAEL29

(4.20)
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Hrh p=mq £4 8% 8 (momentum). %R 4 % FAT
@ #OL, BT R A BMSE TR A TSR T HHETIE.

BUE S e A, XS T B TR, DR — 4 b 1 ekt 2
W R, PRS0 § KRGS, T s iRa
B, RATHKIA IRREION ¢ — ¢ K5. RIS IEETq -
g+ eijeajans W 6g; = eijpgjane PARFNIMT £ = 1my” ARIBT
G TV BT R RE R AR TN EAAE, Lt I < 28

8£(qia qia t) ) oc

Jrot = 0¢; = ——€ijkq;a
rot 3111 q; 8(11 ijkdj Ok

] 4.21
=M{g;i€;;kq;0k = MP;i€;;kq;0k ( )

— St =Fx-d=L-a
e fa— P EATRIEAHREL S TS H, Hd x FRIEXSE, 1M
L 271 h f5h8 (angular momentum). Hl: MEEFTMESH
TAMETIE.
R KALIRAVE B I PR . —ANTET5 /DRI RSP RS ¢ —
t'=t+e T

(%E<ﬂm&ﬂkoﬁ<ﬂﬂe%®a+di+a

dt dt

_0Ldq Lo oL AL (.22
dqg ot g ot Ot ~~ dt
e AT A T 5

RERRME 6L #0, HE G =—L.
BHANAI6)R, A

d /oc.
T ((()qq — £> =0 (4.23)

=H
SEHE H FRNIREE (Hamiltonian), f{E 7 RAMLSGEE. T
AT, AT

oL o1 ., 1,
g (G 1=y
- (4.24)
1
— 2 _ o052 — 2
=mgq 2mq 2mq ,

L2 RGN TR BEAHIRES . SEhREw2 B R, [
T HTESN A IS THIZE IR T Newton 55 5 HE mg = — G212 IR A% B

VPR RO ARG, BEE
B, CEIE

2T X HIRAIA Levi-Civita 45 %
e A IG. S H.(3.63): RIS
%,

28 Fabhi(4.16) S, XX
RIAR G = 0 Mt

29 % gk YR 2 A R AE
Fou SRIERAHEFIRIER, %
EMEYERE, WEERRAE
k.



30 e 54— AN S B 5 4
TR, AT ¢ — q + vt [fzhE
mqg — m(q + v)

3 b T A P S B T

32 EEIE AT, Weyl EEAH
WA BT R B AT DA . s
BATN AR E S KB 5 He b

Ao
A, = i:,mhMﬁ%%ﬁ,E
As
A6 Ag
L0 Al = ?i - j:2°
Aé Az

Al Rl A, $5E T MPBIAAZE 758 2
HEE: 90° [ ARER R4y B EEE] 1
A5,

4.5.2
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HE R
1 2
inmq 40
o N
1,
Hzimq +V

(FrHf 2 IE R IR R BE R T BlREIn#A ).
HIEN T ZM (boost invariance) T ~FH E B A L7 2E, AH
BT RBE 1 IX —E B R4.6 . FHLEE RN

. 1
Jboost = Pt — imvt —mq = pt —mq (4.25)

T
FRATAT LA B AN BT I 18] 2 A, AT DAE a4 2 0 e B 18] 2 i A
%, BITRRAERTER, XM FEREFRINEHRAMMEE. 10

PEORL T BB A4, BAMSE] TR R &:

o FlFREAZMN = FhEFiE

o HEBNAALM30= pt — mq 1B

o RN = fMzhEFE

o AP RN = RERSTIE
Noether & FFATER T, A4 T3 2 DA S A
PAETE I L i B B e b . R BRI I 8 B 20 Fcdk, 3hiE
REEM MBI RN TEE. £ikd, AP HME: —Jrm, fiE
HESER AR (neds) TAA; BT, BRI AEmE S
(A3 N AN, FONAESFRMY (internal symmetries).

1%iEHAY Noether EIE—RIS=XIFRTE

T, BARX S 7Er =240 FHEARFE RS, H0iE S &
B3 U(x) B, W ST BRMNEY V(). ZXEFR—Ng, RN
AFRPAKRE, SBHEAFRMSEME. XHERMIBZEH Lorentz #H
(A& AR A R - A TR S5 I 7E3. 7. 11T R A A i3 R
e (BT WMAHFFIIR o BHE| o/ o REWEFI XA RREA
RETEAN I I 28 B 15— e 5% R i 5% &= Lorentz BEI
AHIREAT AR U WU E O, B, RESS RS2,

X T AMEH T 2 M35 1 B R AR e, EFEIR SRR A K
AITE 73 BIALEREAT, BERE o B o X —T0. TR kit, #hx
— AN SRR AN N SFIE, KRR T AR (K5
T A AP ¢ — 2/ AU — O 4R B S E B R

1Py, XANFIERRA VNI TH, F52b, EHNTHR0IE3)EE;
S BRI A6 ST B, SR 23
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ZIERREIN, AREIESFER.
N AE B BOSIEE A YRS, AT & A R B &
HIE f(@(x“),au@(x“),x#)wo XFRYE R

L (O(2y), 0,9 (), x) = £ (9 (2,), 0,9 (2),),2),) - (4.26)

— M, MEREE B R AR U O AR R AR SO R, B B R
{1 i A B il R A S

_of of of

Of(9(a),h(a)....) = 5000+ Groh+o ot o (4.27)
BB EHEEE A
0L 0L 0L

FHWCHE- R I H 7 230K 5 oy

0L
9(0,.®)

0.7 0.7
(b -
90,0 %)+

oy oy =Ouo® (4.29)
o, (22 50) + 224,
e

55:@( )@+

oz,

Ny D
S R 2 H 0(0,) T

Hrp 50 HHIT

0P (x)

0P = €0 S"P(x) — —-
o

0,y (4.30)

Hr e, NIRESH, S, NN RYERRR e 555, msk
MGG T F 8 S, REEHAMIC S = SeinSe MHESNARTT
K; = Sio MR BT (3.165) 3 M, BIE L. S, BIXASE AES
PATNRI T AT e e -

S WUXAE e AN HESh I R 2L, U A2 R B 2 IR G

HES R A S AR BRI AR A R, SR AR T BEE T 43 2 1
FEo PrRASERR bIZ— T R AR OG .
IEBATE T A th A 2 PR, B

Ty = &), =, + 0x, =, +ay (4.31)

e =0 FETPB TR EAZRE) HAATTHE(4.30)

_ 02(x)
Oz,

0d = oz,

YTRRE: X E RS

33 PR AR R R A
S¥. BNERSTEUE, HHS
¥, RUVEEE KL, 2. FI
wn, Z4EE AR f (2, y, 2) 1
BiZEEN 5Lox + SLoy + SLoz,
HE eI & Ol ]
HERTESNE, BT AN
% Taylor JEFFINETM LA 55—
5.

34 1.10)2:

(
5 = o (ot8m)



3T 00 = 0

MmoTy =v-T,

Lok O#EH 4O OB OE oE R
JodPz vaA = [, d%z A
S A R A A A (TR AR DS I 7
B, EH)LY Gauss EH, f
—ANEE A ERERUER, W RLAE
Richard P. Feynman, Robert B.
Leighton, and Matthew Sands.
The Feynman Lectures on
Physics: Volume 2. Addison-
Wesley,

1st edition, 2 1977.

ISBN 9780201021172 M3 =&K&
B, WAEM R RAELET
http://www.feynmanlectures.ca
ltech.edu/II_03.html,

CGRVE: Ak A, i, &
%3, BT, TR, Bh T EE R
B SW I YL, B THEM, 5
&, b LR BRI AL
2013,ISBN 9787547816370)

3 WM TS o, HA
BOTSa,L = E)ngao — BOTiOai =0
W, LR A — A 4 BERATT A e
RS TR

o4 Chapter 4. IBiSHESR

i (4.20)38, HRAAM (5.2 = 0) i 8U0-FE &

0.2 9d(x) 02
_a”(a(aycp) oz, ‘5%) o, 00 =0
0L 09(r) N\,

— -0, (8(&@) D 5u=§“ﬂ) oz =0

B (4.31)RBATH 6z = at, AAN(4.33)pAf1g18

0L 0%(x) y u
d, (8(8,,@) Dt 5#"?)@ =0,
PeAlm L Reshik &
T . 0L 8¢(x)475V$?0

“T9(0,8) darH

BT a, AEER, (4.34) G VREAT Ty 5 2 ESAE T2

9,T =0
v o__ 0 i
—)8,,TM = 8OTN — 8iTM =0

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)
(4.37)

MFFH p BOL. X EESFRATA FEERAAE, Bl g =0 &A1

ﬁ&’)

0Ty — OiTE =0 — ATY = 0T

Ty =-V-T — [ &= 6tT8:7/d3:cV-T’
AT Y LB v

ﬁﬁzféﬁ%@:jv RE V IFEm .
8t/d3ng:f/d3mV~T"%“:f PxT =0
v v VoGS NE
—>at/d3ng:0
v

(4.38)

(4.39)

BJa B AR IR RS NER KR, AR
TEBRRAAZ r BUERIR, FATHEAEHRM I HARy, RIFE r = oo LLIHE

Y. 1E2.3%5 %, TATKIL 7 W E AR FTAR A — Mg B

H it

T IF LA ATTRER A BRI 2 ALV EA AR, RT3

IR

R LR W2 TR R EIIAFIERES, (4.39)5 05 IRk

IBREEYE: B E TR P, SIEBIE.
DOVEVE: XBRIHATEIER, IEMTES RS,


http://www.feynmanlectures.caltech.edu/II_03.html
http://www.feynmanlectures.caltech.edu/II_03.html
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iredfe
E :/d?’m A (4.40)
P :/d% 1?0 (4.41)

Hrbd = 1,2,3. €2 APHON RGNS RERE—EI AP 20 —
xo +ag ARVETSFE; HREEE—NZETH o — o+ a; AEE
SRR

HEREFIHERN

R, FATS AT AR T IR FHESD N AN . Ja N (4.30) 35
I, BEJE IR AR TS S AR — IR 300> 45 2
—ANE, I AETER. fREGERA T LRSI E, BOd e
B OURENE, B S, = 0; AT DAHI3. 7 A SR RE: BATHIFR
AN Lorentz # — RN NI, AL — 703 KR &2t
JIVAS TR R R s [Eh e

ARG R I T U4
x, =’y = x40, =2, + M2,

Hor M7 RECEHAHES AR TE 55 4R IR,  BIFE(3.240) X BT
5E I AT -

W 0z, = Mz, RN(4.33)H 153

0L 0%(x) b po.
1/ <8(8V<I>) py 5#$)M o =0 (4.42)
— O,T/M" 1z, =0
~~ H
(4.35)3

GRTEN

2

FATRER € XS E "

o=
=

1 1
5 (O T Mo + 0" Y My 27) = S (0T Myuga” + 0" T} — Myya”)
~—~—
=—M,,

1
(07T Myuoa” + 0T = Myga") = S(0"TL/a” + 0" TLa") M,

N | =

—
R

1
= ST £ T My = 0
L BNV = TR — YTVt — 9, (V) = 0. (4.43)
e — 2 al A J” #i#A Noether i (Noether current). i

B, HFEGI65)RE X M SR My = —M,,, H
My, = 00 HEFRATRE] T AARF LT 0,(J7) = 0, 45



3T Wiz — F(3.165)2k 42 3 1 4

BEMIE J; A M, 2% R

Ji = eijn My, SEIAE
T8 4,5 € {1,2,3} MAZEG
T op,v € {0,1,2,3}, IR
A48 L

38 FhF orbit CHUE) M9 LD Fa
s, FNE SRR E R

— g, WA LR REGEH T

39 S EZ AR A BT Ky R My,
2% K = Mo

40 g o IR A R i TR AR R
HEATI0. {0 B A T ) — SR
Ji = %a’i WBET Weyl FEE145

=
.

AL A5 J5 4 4 T B A A
Fo AEME L BrEER LR
BREAHK TG B AR
AT« B KA. B F
i Sk ik 19/ B O 20 20 £ T A
B — AN
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BTN AEER M0 5 (4.39) 50—k 772, A TR BLSIE
TR AR (8] S2

QWE:/d%:@W%”fTwﬁﬁ (4.44)

HYEFRATIAF 2 708 T By 3T AR ) <4

; 1 1
orbit = §€iijjk = 5Ciik /d3a: (TH02° — 9" T%zH) , (4.45)

SURERI 9 OB A B RS
ROREIS, ATt AT A 90

Qm:/fmﬂmﬁfﬂ%ﬂ (4.46)
B A 7 h R B

BiE
FEN R IA A B4 7] R e A 5 Sy AR R P 25 4 10 (4.30) P AR —
Ui. BEHEE

50 = €, 5" D(x), (4.47)

Forpr S S A RR A AR A BB RRYER IR KR . X(4.29) X2 T
—Iﬁ

a, ( 02 GWSHV@(:C)) (4.48)

[t (4.45) X2 7 — 0. SeRMFERER

0L . , ,
_ 3 ik k0,5 _ mj0, .k
Li= EUkQ Ezjk/d x (6(80<I>)S O(x) + (T2 — T x ))
(4.49)
FEILE H
L L;pm + Lérbit° (450)

BTN HARTE, (EAMIRAT /75 S BE s EA R AL, B
X AT [F]— A PER LT INAE — 2. bR U A2 XA
S E R SR N BT A B
[AZFRAT G FH R 5 B € (spin) BIZRPERZS Poincaré BEIR
AEFRE . BERXR AN S FH— R HIL T . FATKEAET —%, FHAES.5.5T

20987E: HERR T RITHIFIR, R AR AR R — X SRR E— A
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R AR, S AT REI R R M sh R, ABE, DUGAIREE
ABATH AL Poincaré BEIRRIEFRZE MR PG, #SEREA— 2010,
1#iEHPRY Noether EIE—AEXIHRIE

FATIAERAT A T B FRIES . AE3E L B B 75 /N

TS HERAENE (0.2 =0), ¥ ERE N

0. = .Z((Pz,au@l)—,2’(<I>Z+5<I>z,6u(<1>1+6<1>1))
0L 0% |
- _ b, — ——— 96D =0, 4.52
5,0% ~ g g0t 0 (4.52)

BPAAS e 2 T 55 /), B Taylor JRIFR] 6@, BE—Ti. K7 1 BRB-Fits
BAH J5 FE(4.10) AT %0

0L _, (0%
o0 — "\ 0(0,9)) "

FN(4.42)30, AR 2

0% 0.7
0L =0 (am)) 0~ G@an 0% =0

I ESRA e, 153

07
RERE, WAL B H B 0, — @) = &, +09; AR, I
FAAGF 2] —ADYFEN T Noether JifE

0%
= __ " .
JH = a(auq))éél, (4.54)
Fi RS R
(4.53) — 9,J" = 0. (4.55)

HEit—2b, HSH(4.39)FARERI IrE, BEAF RS I IR ) <7 18 5

o /d3w J*=0. (4.56)

HATVHRE —ADEERBI T AL B 5 P52 S AR, BILE(4.51)

29k S ETARREL DB

2 ypmE, WTHEERS®, W
BRI LA T Btk b, B
T T T 2 1 P RO AR 5
S R TG ST Tk

A3 R A I A MR S 5
HIERSM. WA e RATIIN, ER
AL PR RS0, TR AT
PIAT RN KA | RN T M
FOGRTEKI TR B R 4 7%
SO, A AR S . FER
TRE, EXAFIG § R
N EME, REEETE X € = ie,
BRI B R R %



A SR R R T b
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FH] 00 = —ie:
0 = — e (4.57)
HEXN TAIE—N &'
RN EROTR —iZ, B
O = e H D = (1— e b )O o~ D — e (4.59)
0P
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HEEEYT = Jy, @BIT(4.53). (4.56), FHFHSFEEPATEQLSE
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H:fd?’:ca(%%ﬁm:fd?’xﬁ?‘ﬁ

Further Reading Tips  FJisEERiY

e Cornelius Lanczos - The Variational Principles of Mechan-



4.6 BIF: RFEICPIENARESHTER 99

ics?T & — A T his B HAK R E L #7724 h i N 48 10 ) 4
e Herbert Goldstein - Classical Mechanics*® /2% L 7% K5

HEHS, AT VR X Bk B H AR AR G R

4.6 Appendix: Conserved Quantity from Boost Invariance

for Particle Theories [fiF: RiFIBiCHETIATHESH
TFlEs2
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~ 1
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2297 Fooh FRERTHNR, CBUE.
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QOZ
0= /d3 x+/d3 T’O———/d3xTOOZ
ot
—r Q
- ot

=1 |_|73 0=t

oP! .0 ,
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— Paul A. M. Dirac

in The evolution of the physicist’s picture of nature.

"If one is working from the
point of view of getting
beauty into one’ s equa-
tion,...one is on a sure line

of progress."

Scientic American,
vol.208 Issue 5,pp.45-53.
Publication Date:
05/1963
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5.1 Operators of Quantum Mechanics EFFERERT
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A% 93 A 2 8]~ A% A8 e ) A2 i e B AR R AN T S Bl R ST
fi. B, Hnrsg!

Zhip; —» TEPFRRIENAESOT: -0
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b, R ATRER, REWK
BAVE, Ahs:
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PRAAE 2B AR LR A . R IT
il Heisenberg AHfijwE M JEHE, 7
8.3, WA HH SRR T
F1EEE S 4R, R LR £
XA 7 FER IS B8 DAAE FRORS B[R] i)
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FRABLERY, IR AR e R AN VR4S Y BE B ST 1E, a2

A E — I PR AR E (0 42 Bt — o

B RT ALESPIE” WXFRYE, DAL B IR R A T, Al
ﬁl

'fiﬁft — I;

AR TR AR ES T R B R B ORIRAT
BARE A REEEARHAE AT 4 LT ? e AR w5 St b im0 I &
BRARER MW ? T — BAF IR X, X AR EMEYEHE, t
HEHAT, E1¢ﬂiﬁ%#hiﬁ@o AWHANEFER T — MR 5 L,
M2 O, AR “Fdh” AR

BUERT LG — e R AP BT 2R 1. & Ll 2
R ke, BAMBEHAF AR v £, TRA
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3en e 24 o mj_g:]

RANTTREMAERA) O AL, POSEANTEAE X O AR5,
BEHATRT AN 8 B3 1 BN 5

[pi, ;] = —idi; (5.3)

Spin and Angular Momentum BiESfzhE

bR A AT PR, ARG, ek AR R R
fEEAWAMY, 5 N NPUE MBS, R8T RYEHUE M 3
RAERITRIR.

UBMERL; — HHAERUT (ERYERR) idejn (2! 0" — 2h07)
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tean, BEATHEBENE § IR, RATHZRBIFAILES. 7577
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Ht o /& Pauli HFE. 75 W RI A T H FX L HAF 2 )5, Al
FE8.5. 5 TTIRAN N I —H B ar BERRE Az E. NZER, HaX
PR 7> F B R AN AR .

5.2 The Operators of Quantum Field Theory EFiFiCHIE T
e B ENRELYRREEANSRHENRE NI T @ =
D(x)o FATE T KA BRI 2 ) — A RURAERAEAER, W31/
BEBHNNFEE 7 =m(x) WERE, MARKHLE = [dor(z) #
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BN E—FRIMTHE S FREAZE @ — & — i =4 7 —MH
M sptEE, PROASLHIEhE . g IRAT E—F M RE,  FRATH XTI
e R (4.60) KK FE T B R

0

IS EH L (x) —» KTHE S PRIERT: - 5%
(z)

JA I &FFE T i 5 BAA B M A, mERLHECZ 2% T .

AR L — T HERIRE, AT EAEAT— LR R X H[A
FEAEAI B O, JRHET S EAUE . R BHS R DX E T
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%%@ B B i (gig;) U = id(z — y)T
(5.5)
FEFER, BHTXAXFAHMERR O #pkor, 7S e
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KUK, WNTHEZ T A0ERER, RAITE
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FEHA .
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5 BJF— mM R 120 o =
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o I Lorentz # (0,0) F/rzhiH Klein-Gordon /2

o FIF Lorentz #¥ (1,0) @ (0, 3) A%t Dirac 12

o FIH Lorentz # MK (3, 3) X% Proca S12, TELIEN
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Lorentz Covariance and Invariance Lorentz {335

rEE
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TSI . IATHIFRX ST R AE P A B R b — R, RO R
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e —A Lorentz th 5 #2, RAER—NSHRF, BEERMZ
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EAENABREREERZE K. A5 2X R TE—BA
Lorentz WM, BEFE—METER R A —H.
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IS REE 722, iR S KT 5% R, ABE T FEEAE Lorentz
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AR AT — PRI, 7T DR 3 A LR 4 — RS B H 22
Lorentz A, XFEHEWME ER-AERT .

Klein-Gordon Equation Klein-Gordon %
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HEREMNZER RN HERE 2 AR L A5, Vit \EH
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==R
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13, Horp dx w RABR AR g xof i () F0 25 (R A AR 23 o DRI, 38 U0 90,04 @ (1)
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A =0, BV NRRR-hikg B H 7R 3, B — A miont
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FE(4.10)5, FATHARR 783078
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0
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TRAT 51 iy B DR 38 3 S 1
T L UL W TR, XA
FH AN Lorentz 7% (AN Lorentz 28
WIFR AT, RT3 R
BAFAEER (U* £ O 1if, o
FH— A5 % X — AR BRA
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Dirac Equation
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B E2sE X 60 = Ihyo, 60 = —ot, RIFEAT LIFIE Lorentz A
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F
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BEFERA RN R B AR AN R A,

WA SRR

0 0 o
w:( %)awz( ”) (6.13)
o, O o, 0
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U= (D) (6.15)
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SERILAXT, RG22 ATE BRI

& = AV U + BUyy#9, ¥ = AVT + BUy#9, ¥
WANFHE (A= —m, B=1i), BAFE T 7EEN Dirac RigEIHE
Loirac = —mUT + 019, ¥ = U (in"9, — m)¥ (6.16)

R Loivac BHERR EEWANAFER, BA U Z2EIE . NREEE
Lorentz A28 T . FHEMAIH, BATE

U =", +10,
Horh Wy, 0, R, WHEBRINEAPDNARKEES © A v A

SR E T FERX AR B H BB R B H 77 7 fEii
o, XA,

0. 0.5
gy~ O (a@m) =0 (6.17)
LATH

—m¥ — 0, Uy" =0 — (i0" Vv, + m¥) =0

FIRERE I U s NRHL-hrds B H 7 12

07 0L
o7~ (5m) =

2. EBHTEERRE, RS

SPEHE: XAERSEO T . HBEE LT 5 Now we have everything we need to
construct a Lorentz-invariant Lagrangian that is in agreement with the restrictions
discussed in Sec. 4.2 using Dirac spinors.
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BATH

(i7, 0" —m)¥ =0 (6.18)

X% 41 Dirac 2. HEREAT R B H &
e e FEIRTE

I
P
Tkk
i
3
=
B
Kl

—mUV + iUy, 0" = —mU¥ — (i0"V)y, ¥
FEAE AR o Ay

SR 5 BRRE- b ks B H 77
— —mV¥ 4+ i,V =0

, = ; s 19 g marps o
DR e A B BT SR R 2R, BR T8 B SO R R ZER T #ze 2 LR R K Rtk B E
EROEEZ MR, (HAKE

GERBATON

Proca Equation Proca FiE

P AR AL AR Lorentz BEAY (L, 1) F7 A8H HIX R QIS EN J7 7%
WHEAERXANRRRRERF, KRR T . ZE—

N %\ N Ei ’ % ‘LI.I:I: A‘»"‘A . —HAZ\ S N1 g
MERRIRE A, REMIETA RS A2 WA Lorentz AN 1) 20 B R R

e AT A Thafl BAx, BENERAITESS2.475 % LI Minkowski 7% JHET 8,01 AY A, X, TilLE%
B F b B AR SR 1, T AR A B B H B R . WA 0 AT Oy
A2

I =0"AY0,A, |, Ih=0"A"0,A,
Iy=ArA, |, I, =0"A,
it H &S

Lroka = CLOMAY D, A, + Cod" A0, A, + C3 AP A, + CL0" A,
(6.19)

AT LA BBE IR I 0 A,y BRI A BT H 78, & RIS
A7 RSO Coy JEAT A AR, B, B 0, DU
A

A FHRCRL-HA% B H 7 220 A AN 0 RS s T 12,

0L _ 5 (9%
04, ~ “\8(0,4,)

i B AR AT AR AL BX L AR o JATTSEE — T BRI F i B H R4 34,




2L BN R AL A A — A4 i
p BT
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IFIHEE C1 AR

0
owAV
0o <8(80Ap)(018 A &LAV))

A(OFAY) o o 0(0,AL)
C10s ((a“A")é’(&;Ap) + (3 A )a(agAp))

NP’

product rule

(8. Ay) 9(0,A,)
= 15 gV A 1 Ay BV
cfaa (0uAL)g"" g a(agAp)ﬂaA) @

FHRE B Fa b

= Caly ((0,4,)g"" 9" 6568 + (9" A”)555L)
= (10, (87 AP + 7 AP) = 2C19,0° AP
FAARY, FATATLATHE
0y (=0 (Coom A0, A4,) ) = 2050°(9, A7)
7\ 89, Ar) v iu v
Rldk, (6.19)H k& B H =A 21230 5 FE8
203 AP = 2010,07 AP + 20507 (95 A”)

BN

> m2AP = %ag(a”AP — 9P A%) (6.20)

RN Proca 5IEE, XEAAREEIEN 1 KT 1B
Feo XFTERE (m=0) BN 10K, BT, RN

0= %aa(aUAP — 9P A%) (6.21)

X H A IR LT AESF IR Maxwell F124H. @5 FA15E X
IR &

FoP .= 7 AP — 9P A° (6.22)
MAEFF IR Maxwell J7 FE4LI &

9,F? =0 (6.23)
VERBRATAT LI OB B 4 B i 1 3 EE S RoAk B H =

£ = %(8“/1”8“/1,, — 9" AVD,A,)
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A

1
gMaxwell = ZFuDFNV

1
= f(aﬂA” — 0V AM)(9,A, — D,A,)

= (8“A"8 A, —0*AY0, A, — 0*AYO, A, + O AYDLAL)
—~—

4
of W A 37 i 44
1
= (20" A9, A, — 201470, 4,)
%(am”a A, — OMAYD,A,)

(6.24)

gMaxwell = iFUuFHu %ﬁﬂ‘]‘fﬁﬁﬁ E‘Jﬁ’l‘%ﬁﬂﬁ%ﬁ‘]ﬂﬁﬁo %ﬁl\ﬁl‘]’ ﬁ[ﬁ%
RIETE 1 3z hoks B H & n] LUS R

Loroca = EF‘“’FW +m2A, A" = %(8‘%"8“/1” — OFAYD,A,) +m2A, A
(6.25)

AT T IR E H RIS s TR . AR RE I LT R R
WEH ALWIER, AR HIREELSHRITREAT, FOSLRIKIT R
WIAHEAE . e A gl Hofboki 7, Hame v, RIMERT.
U, R B HE IR AN R SR Z AR AR Rk B H






Summary Sk

FERX — R AR T AR Z W AR . Bl niid 52
anfer DR

N BDRS R, B I B AT AR PE, RETE 51 AT B R0k ) H
EIIEFIER. AR B (1) XFRE R AT B HA% B H &

L = —mUV + i07,0"T + A, Uy T + * A0, A, — D" AYD,A,,,

EIEFHEINNIF (quantum electrodynamics) [Hit& B H & . XML
B HBHA A AT R REAEN 1 K OtTs) 2
WM EAER . RAEHR TR mA, A* [ “TREI” 5 GXFH A,
KA R TR TR R SLI HIAFT), s HEA /R u1) A
. MH Noether sE3H, FATREM U(1) XFRIEH T H—AHTH) SFAE
&, E—MHCNEBTT (electric charge).

BRORE SU(2) SRR, BIN—PN A EMZES (doublet)

U= (1/_]1 1/_12) ’

REE—ACESHTOETHAAR § 7, fl, BTRETRMTS
£ SU(2) [ “Jieks” At T E R
AT —ERIL 5 E TR SU(2) ARk HE!

LR ROZA IR BAG

YRS A E: BT (e L
BARE ZmfIfeT (EEs D
HIEM .

2 O R R AR 4

3 XBRBEAMLR A o, TR
FEAG— AN 22 A — AN AR
Ty HeE LEE @), SRR
T#WBH o = a(z) BIEZ = MK
5, EARR B 2 A AR R

W KBRS A W RS
RRM U(1) B AP EXL Fu,
*ﬁg



® e RATA U(L) @ SU(2)
KRR GRS U (1) EALFE= AT =
AN FRERAR bosons: W, W,
Z, M—A K& bosons: v
Fo PB4 E PR CRA
U (1) XFRMED FGGAH AR FHELE Gk
B SuU(2)) =4i—m. —IFHhm U (1)
EFRPEAN R J5 B R ORI U (1) SR
AR—AEKF. KT Z-Bosons 1]
LB U2 P K&t Bosons [HZEME4
£, WAL B A WB, R LME RIS B
H&HA Rk U (1) (B-bosons)
SU(2) (W, W2, W3-bosons) K
.

6 M 8 T SU(3) MIERIH 8
A3k,

T RN, AT ATIE SU(3)
{10 = 1 5 P 3 A IR 1 R e 3
RAEH A, HNRE SUE) X
WA I mOQ X R 4 1F
BREIEE m T, HAY
Q(m O)Qz#~m,zm§

0 m

=AU AR R R . E LR
B SU(3) ARASHEAR 218 Rk ) F &
(R B_E S R, SU(3) %t
PR R B e
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_ - 1
g = 1\1”}/“8“\1/ + \II’}/HO'JW]N\IJ - §(Wuu)i(WMV)i’

H& 7 =4akn 1 s wie T SU(2) BEERTTA =N
Ji = 0;/2, FTUIATHR L =AYk ERA& B H &2 R SU(2) A%
(1. FATRFE BRI SU(2) MFRTESCYIEW mP W mW, WH 5 5T
(HA R m ARG ERERE) NEAEN A A RESEI, X2HA U I
ERZEXR T . FrEle AMLATN 1 1 W) SRIEFRER T,
HiE L Hth—FE. SO —FrTRER A AE 1 SRy, HRA TR
Bk T BTFEZ KT R TPMTRE. BREZA, RATASER FIE
=AEBE 1Y W AT X R SU(2) XFRIERR
BT

X EBE G 8 5] N Higgs #l#l (Higgs formalism) 485K
AP R RA TSR — NS RE T SU(2) AEMFEHE. &
WS- EEAE, B Higgs 7, KA ELAEHRIE R H br.
FI AL R ATREZE A § B b R i i WL SE AR . )
(RAH BLAE ks B H B R 7 —FBi A A : SSHEEMER (weak
interaction), H=ACHEEAN 1 K. W W- M Z, {EAfE
&S FIH Noether E B, FRATREM SU(2) XFFRIELR B —ANF (155 1E
i [EIKE (isospin), TAH2T T HUBIAH BLAEH i B Ay, R S9AH ELAE
F A A

E, BATEEEANT SU3) MR, e IATme iR — 2580
HHEAER, BHEE{ER (strong interaction), MM HE. FiItK
BN =ES

q1
Q=1aq|-
q3

£ SU3) T&HE, OE=AHE 3 . X=AAME § BEEREAA A
[FEits (color) IE T (quarks), X2 HERLVEF A 7. 505 551 H
R R AL e 7 S A ELAE R O ). —FE, BIERDUR AR IR, (HIX
IFNSEEG 258 —3: 8 MR bosons®, BN T, RIEFREMNT. RIE
SLEEAVEIE R G5 (AlE 3 FRT (A D #mdit. &5,
P H R R 2
cf:—iE$H?+QﬁQﬁ”fmm,

WA 51— 248, PO HES REB 1, H B2 37 fHod i 58
A
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Ul — 11MHEE — TRENGT
SU2) — 34MHMEY - BRE W- Ml Z-bosons (7FHFZ Higgs
SUB) — MY — TRER T

U(1) Interaction /(1) {H8E{EH

T AFEIRAS B H 2 A RAR BAE T, FRA1S48 N X RR T,
EFAEMERTFRME (gauge symmetries). BT FRIX NI EA — L
B2 BRI, FIRATIAE ZE DR R ARV 2 IR AN KR . Weyl B 22
TR HLRE 22D AR DI A0 BRI I 25 R, el Fe A R SR AR i (R
7 W HARERIE R A B R, FovEEME, i, JRAITEE
RO T K AR AR SR CHSRBIE S2 536 FR i A 38D, i
AN XA R A Y, EFEIELEE R, Weyl R3] T REIEHH T
HH LA 2 RO, RIS I AN R A 44

BiE ; BEHBRHREXIFRME
FRE-RARSHARAR § HIRRRAEHE ((6.16)720

Poirac = —mIT + i‘ilfyua“\ll = xif(ma“ —m)¥ (7.1)

'EAEAE Lorentz XFRPERIER T S0, HARBINUFHAMEE, ek
BUXAPAR W H R P45 5 DXARTE . Skg B H SRR O M A2
R AR

U — U =€V
=0 = U = Uiy = () 1y, = D7, (7.2)

H 5 RIRT R, M o 2 MESEH. N THEFX 8, AT
K A5 13 B RS B H 5 A S L

Pivac = —mV' W + {0, o4V
= —m(Pe ) (e W) + i(Ve )y, 0" (V)
= —mUVe % +ily, 0" Ve e
=1 =1

= -—m¥¥ + 1@7;48“\1] = PDirac, (73)

HApEAAA T e A0 — D REOX — moRRE 8l e s, [z
PAEF 3T G YL, AR EH (BB o BB MR T —
AN UL) B, EHICET DR BRATINIA R IR 3 s B8 = R IA ok Rk
WIH R U(1) AR BT ELZAY RN E AR A2 8 5,

2PRVE: AR, AROTE. SRR A T S ANE AL, KSR K E X
B, FRAEEARHe, Rt — A EEIIFT. KT gauge XA A 45 LLA S il i
BCRTE”, ATRAS L. Norm and Gauge[J]. ¥, 2013, 42(11): 815-819.

8 Frank Wilczek.
Riemann-einstein structure
from wolume and gauge sym-
metry. Phys. Rev. Lett.,
80:4851 - 4854, Jun 1998. doi:
10.1103/PhysRevLett.80.4851

S BET T =l

10 R b b — AN ST MR A3 45 B
Al v, 55



LU B T A A T R S8
S By R s B0 TE C R s
2 BRI U (1) RAf: L =
7m‘i/\I/+i\i/'yu6“\I/+i(8“\I/)'y“‘llo
TRAT LK —F, AR B H R E
RILRIR U (1) AN, (HE RS
BURSE =2 AT iUy, 0" 0 +
R NI LA

pinilavi
(0" W)y, U = 0. & T4k
AU IE AR B RE B H B S B
(A6 =AM G Loirac =
—mUT+iPy, 0T —i(0F W)y, T,
WEFAR R U (1) AR,

12 m6.25), HERATAT MVE
i EE L
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P PAGE IR — AN N B AR . St —F, RXDuRIESEE R, (HAHRRAT
e ANEGETF, MERATH 2 S IMREA 2R

BUAE P FRORBEIR — rle FATRIER 7, S BAINI— MERE AL
B AMARHAL . TP O — ¥ = ¥ I £)F (global)
Afe, FOARNER — DR 2 639 O = U(z) R LT DHEKHET

1a

€ o
(R, Jghh AN 5 R R B T 20 55— N 24 S AR S8 2
A E U B SO A S (R . KRR, BOAIE
12 AN TR, B SURHE S5 IR £ B A O T R, T
TR A 25 2 O P 7 9 52 7 R A — A 2,

IFRADRR B F, WA A2 A RRE T o =
a(z), REIHERRRIERAEN, KRS (local) 25H.

fEAs

U — U =@y

=T — e*m(z)\i,
WAE a = a(x) WBT 445 T, FRATAS 2044 5 (1) Fias B H &1

j]é)irac =
p *m(qf efia(:z:))(eia(z) \I/) + i(\I/e
—
=1
= —mUV¥ + ¥y, 0"V e lagia i(e*ia(m)@),mq;(()#eia(m))
=1 i Je 22
= _m\I]\I/ + I\Il’yﬂau‘ll + i2 (8”&(55))@’}/“\1/ 7é gDirac

—mU'V + {0y, 0"’
—ia(z) ),Y'uau (eia(z) \I/)

(7.5)

o 3RA B A B T — AR, P LA UCERATT A A% B H AR R
U(L) RFRAZH T AR AR HIZIE ERPTH R, fis R H RN IZRE
JEAAER, FEX AR XEA e FHE A, HBRAIE 50T
— R RRAE .

B/ 1 BRZRHAENSIRE
K, REF AN IR T2

Loroca = A 0, A, — M AYD, A, +mP AL AP (7.6)
XL REFR B — A R B AR . an SRFRA T E A 4
A, — A;L =A,+a, (7.7)

SR GINRIRMIER S — R, AT GEORIESNE N A2 S AIFRAT T A
— BN GXER o A AR R, (R B i B B e AR . o B
BRI TG R IO, (ERMPLE AR ZA X 5.
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Hofa, AERHE, Rkl HEEN

Loroea = A0, A, — M AV A, + m2A’”A;L
=M(AY +a")0, (A, + ay) — O*(AY +a”)0, (A + au) + mQ(AN +a,) (A" 4 a*)
= 9HAYO,A, — 0P AYD, A, +mP(A, +a,) (AP + ") (7.8)

HILRAMEH 418, M TEREY (m=0), ENERHEANEBNM
AR o

AR IR 22 B A e ? VEAS i
Ay — A=Ay +au(x) (7.9)
Fe RS HIFikg B H B AL

Ataxwen = A9, A, — 0" A0, A,
= 0"(A" +a”(2))0u(Ay + ay(z)) — 0*(A” + a”(2))0, (Ay + ap())
= 0" AY0,A, + 0"a” (2)0, Ay + OH AYOpay (z) + 0% a” (2)0,a, ()
—0MAY0,A, — 0* AV O a,(x) — 0Ma” ()0, A, — OHa” (2)0,a,(x)
(7.10)

BIBAT P X PR

IR, WRAEAR S Ay — A, + 0ja(x), FATREFFHE — RN BT
PRER . R EWAEBATINA R — MEE R B S8, AR —MEER

Atasewen = A9, A, — *AVD, A,
= "(A* + 0" a(2))0u(Ay + dva(x))
— M(A” + 0”a(x))d, (A, + Oua(x))
— O"AVD, A, + 0M(0¥ a(x))d, A, + 0" AV D,0,a(x)

+ 00" a(x)0,0,a(x)
—OMAY0,A, — 0" AY0, (0ua(x)) — 0" (0"a(x))0, Ay
— 94(0" a(2)), (Bya())
\:/WA"@LLAV — 8”A”8VAH - D%Maxwell (711)

B, 0,,=0,,0, Ll i 44 A b

P A X B — AN RIS N R AR . X LR AR R
o UFRY, FAVRE] T LRI A BLROS AR, SRR

SV FCHAD A (o)



13t B B 2 VR A AR TR AT
IR RS A, i B i 1 5 R A
TR, g REH TR,

M BB g RET U, T
Rl A, BRI .
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7.1.3 IBFEMEAEE—E

A R T T

o WAVKILENE § ABEHMHM Y HEH — A4 R0 A R
U — U = e, BFEXHY: A 5 BEBNRKEEHEE
2R U(L) AR,

o XAMFRMEA R R ORE BN 42, FAE a = a(z) FfEH
N, BAVERAS A H BRI R MBI (7.5)70

—(0,a(z)) Uy, (7.12)

BB PR BT HEAGE R U(1) AR,
o B IRATABL T IR B KN — I — A R S PR

Ay — A, = A, +0ua(x), (7.13)

ELCAEATIN LR MER R TSRO a(x), AR MER
B a,(z) I, AR AN RIS R
XPIE AR AR R bR FAINAE . hoik B H &b — A8 I
AUy SR A

AT (A, +9,a(2) Ty" T = A, Ty +9,a(a) Ty (7.14)

b (7.12) AAPEE 0. R B HEFXAK v U M A, BETE
R EAF R TR AEEAR e § B lA R u()
ABPER R IR #1552 BERMXHIESREREERS U(1)

faic
X o

FERAFAA0ETE— TR, Eoe I B R U(1) A2 fs
HER—ADEBAT g el99@) XFEAISMTA L

—(0,a(z)) Uy — —g(d,a(z)) Uy W, (7.15)

IEIBAT T A 2, ZADFIMIRE T g AR MEBRREHE 2.
KA

gA, Uy
INENEE 5 8 i Hes B H &b, o y# FRERIEZ — T Lorentz

AN, WA — A B o 1 A, FIRRS B H 2% B AR E
IEULEE, AAMEIEAN T A EH (coupling constant)*g. XAEHIHE B

SR JbAbBESI AR
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H&E

D%Dirac_,_ WA = —mUY + i\fwua“\ll + gAH\i/’y’u\I’o
WG WL U A, RIS SRR A S X A Ak B B, 1531 UL TR A, AR
U(1) MiETik.
Liivacy wpp = —mP Y 410,000 + g AL UM
= —mUV +i¥y,0"V — g(d,a(z)) V" ¥ + gA:L\i"'y“\I"
W(7.5)5%
= —mUV + iV, 0"V — g(d,a(z)) V" ¥
+9(Ay + dua(x)) (e ) (9 )
= —mUV + iU, 0"V — g(d T
+ gAY + g(0 T
= -—mUW¥ + i\I/’Y#aM\I/ + gA#\I/"/“\I/ = fDiraCJr BN ©
(7.16)

Hisk, R AN TUE, HAUSE T, BT tee, AR
Hou() AR HE. TS TOEAREATE 5 B
MR B RN — RS, BATLAE LR B ey — 0 E da i
Pk I H BB B H ROk XA AR] T BRI H &

D%Dirac+ HANT +Maxwell — _m@\P+i\I/’Y;La#\II+QAH\I/’Y#\Ij+aﬂAyauAu_8#AV8VA;/,0

(7.17)
N T IHERR, SIS
D, =10, +gA,, (7.18)
FREMZESH (covariant derivative)®. XFERHEEIH B S E
Doivact H551 +Maxwell = —YY + Uy, (10" + gA") U + 9" AV9, A,

=Dwr
— —9FAYD, A, — mUU + Uy, DMV + 9 AV D, A, — DAY D, A,
(7.19)

XEVABBIANEFHIE CEKNE TR NERREEBEE. &
B WS FE 3 H B3 A A — K B B3z 0 A B FR Y, # ERAS

e,
AR E R ZEH T — A XM HES SR Az
ZITRE?

SV WIS P S HET — AN BRI
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IEFRERIEHIENRIMES

BRIECHRIE : AL B 4 AT AR L T 56K Maxwell J7
.

HEFRREARN: Ky HE

D%Dirac_;'_ HHMNT +Maxwell — —m\i'\If—l-i\IJ'yua“\I’—FgAu\Tlv‘“\ll—l—@”AV@MAl,—@“A”ayAu

RRNEE— I B A% B H 7 R e

0L _, (0L \_
ov " \a,v))

02 (07 \
ov "\0(0,9))
0r (07 \_,
04, (0, A,)
GE
(i, 0" +m) + gA,Uy* =0 (7.20)
(iy, 0F —m)¥ — gA, T =0 (7.21)
05 (07 AP — 0P A7) + gUH T = 0 (7.22)

KA RERIR T AE & ORLF /AN RS FIAT . FEFZ B
XTI — A R 8E (minimal coupling) H)7MEREIHY,
B MSMAAEAERT, T8 0, N3 AR S 4

8, — D, =id, + A, (7.23)

KFHIEHAPITRE. “&h” ZPNHEKELE, XEAHT My

A, BIPIAS S,

PAELATH 7 KR Dirac BeRAE 5NN AL 14T N7 18
((7.21)3R), BrLATE AT DR SUBLTES. 7. 109 HR i N &R T 7EI) LA
BRI GEBRIRIA T SR HMIA N R AT . 5L,
IR U R AT fe FELEIRTE, AT ILHUIE R OO Rk A
—e FELEARVE. HIfFIRE T EE § KL /RS B e — s s &
SREE, BATHEE OO Migsh iR 4. ZRRIPEGREE =T,
(7.22)

TR BT RBRCH R, CELE.
SPRE: BCARKERAAL § ORCEBE R R, FES
OBk B0, RATTEKEY) Vo, FHv D
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B—REBRHEER

N TAFEIR LR R, AT ZARF Dirac BE S 1 B LA
Pl BRATES. 710 PR T4 K ((3.236)70

U= (XL) L gC = (EL) . (7.24)
&R XR

AR ] DL — A v, FEFERAIR . T (6.13) 2 o HIE X,
BAIHE

O *
O = i T* = ( UQ) (?L) , (7.25)
—02 0 E

FIF i0g = € IEMFH AR EM, S5k

—e 0 —€xL
= (&) , (7.27)
XR

EW3.7. 779, Rl (3.194) N aR i — o iERATA(7.21) IF 46 -
(i7,0" = m)¥ — gAY = (7, (10" — gA*) —m) ¥ =0,  (7.28)
I E I, 1ENEE] O s —

— (75 (=10 — gA*) —m) ¥* = 0. (7.29)

SRIGLETe—A 72, HTE U BHEA—A 1= 1y

= 72 (V(—10" — gA*) —m) 75 1y U = 0. (7.30)
=1
— (727;751(—18“ — gA") — myeyy DTt =0, (7.31)
——
==

‘\—L(—w(—i@“ —gA") —m)ipp¥” = 0. (7.32)
JiETE i —wC ,(7.25)5%

— (yu(i0" + gA") —m) ¥° =0, (7.33)

Jﬁn U B TR ERMEE R EETAINS g - —g. REHAT,

16 5% wC % 0. 0O = iy U™ i
T = Wiy = (7)o, AAHLEE
AR AL FRATT 6 RORE TR AR — L8 7R
i, FEMESTEmTie.
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e ok, A B s =T, (7.22)5, BOVBRIRE
RTHIEFAREZREF 5% (inhomogeneous Maxwell equation in
the presence of an electric current). A T WHE XN 47, FRATX
% Noether EH T .

7.1.6 AR U(1) MIFR1ERY Noether TEIE

TEA5.5 A5 Noether & LK FITA N SR AR AT — AN S 4E 5
WER TilEk. AIRATRIA R ILE U (1) SEFRYEAR IR FR B <7 15 &2 A A7
Noether B EHYFEAT, MUI TR AR

~0

U — ¥ =045

e S 1 Noether i

0%
wo_
T = 8(8#\11)5‘1/
o i T2

YT, e L e R

UL AR U (1) AARf. T OpJ* = 0. (7.34)
WA B R AR U(1)

AN A R R S R R 26

o = TR IR, FTOL, —AERTU)

R —A R U(1) MR
M, S ESR AR U(L) A,
KHEA R AR U(1) AR S
—NRE 1 Eh 8 AR A PR 37 4 < A

b G H PR, BATTDCR FE B BT RIS — T, B U(1) — A
Lie #f, TEEARBAATLLRTTTMIERE K. —DLTT/MIRHGE

q]—>\11/:eiga:(1+iga+...)\:[l

U= U =T +igal

WHIRATE 0V = igaV. BhlN4.5.5% R —FE, S H Noether i

0%
Jh = 50
9(0,0)
— o\ A\ Iz
_ o( m\IlgI/;—f'yﬂa \Il)iga\Il
18 mm g, M I, (0,9)
T A AT BRI — _Urylgal = —galy "W, (7.35)

T ESAE T REN TALE o #RNOL, W2 R T oo ¥, R
il X

JH = —gUyHT (7.36)
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X HEWHAEUER (electric four-current). F/rEFRBRZHE, H
7 [R) AR 43 %of I ] 4 19

Q= /d?’w p = /dgm JO = fg/dga:\f/’yo\IJ (7.37)

i

FERETHEZE R, U MIBERIEAC, AR [die U400 =1, RIEMESRL
U 100% = 1. PFrelii sy IE R Sbrai 2 M & g, BRI ESCT
BT BTEL, &R U(1) SRR S ECT AT E.

VERR(7.22)7%, AR LMEBN(7.36) RASH ik 5
0y (07 AP — 9P A7) + glAPT = 0
—
=—Jr
5 0, (97 AP — P A7) = JP, (7.38)

B (6.22) 3 0rboE R E, U5 1E

0y FP7 = JP. (7.39)

XL AEAT IR O T I AEFF IR Maxwell J7 #2240 o iX 8677 F24120, Fi
FEFIR Maxwell 724 (AT LA Fro (€ LEEARE?Y) —iE, 22
HLB) 7722 [ 5k A

FET RIATI P i — kA i & H ey — 15 M=% B e iIAH
fEM.
FEEAREHBEIEA
HERIATT I E B e R i H &
£ = %(a,@a% — m20?)
ASE UL AR, B & — & =eod FH—FtsiE T .
B, St
& = %(aﬂcp*au@ — m?d*®) (7.40)

B U(L) MFHE, BIAH © — © = 690 L & — (0°) = e 9%, fif
AFRATAHLERT 1o B e L BRFROIRRE, S th— A AR i B
i, M RLMN, R

& == (((0, — igA,)@*) (0" + igA")®) — m*D* D) (7.41)

N | —

19 Sful e 52 .(4.39) 3

20wy, IR A A B
A Jite

2 i1 e A L

22 IEw Rk B T DAL
Bift 0, — D, =10, + A, K35
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ARNFLHE B H 52

08 (02 \_,
0%~ "\0(0,®))

0L 0L
g~ On (a(auq>*)> =0

GBI iz 37 120

(O +igA,) (0" — igA")®* — m?®* =0 (7.42)
(0, —igA,) (0" +1igA")® — m*® = 0, (7.43)

iR 7R ANF A e B R R E IR

BhEA | RREZRHEEIER

BN 1 BERERMA NN 1 FTBE37 HA ARt ar BLR S
XIPRTERR ). BIEN 1 JER R A% B H 2y

NTRXRpFRERNTLREY, RITKAGRESWHN B, FFE X
GhY . gupY _ o pH

HiEN 1 AR ESR&HHES/E ((6.19)70

Lorentz XJ R4 B Fr % BA H & b 0 AH BAR I — 2 B AR
Lorocat-tinife = CGu F

HAa®EH C© FERSLIRT . BRI 7T DUE B R Fi ks B

H75 R BATHE SN IS 3 T 2

SU(2) Interactions Su/(2) tBB{EM

U (1) SRR ) R BUD AE FRATIEE H X AN ) 2 (1) REFRPE R TRATHY
Fir k% B H 5 — 1 P X AR e 2

FHL b, RAIBEETEN/NERE AlE 5 KT B3R E) 5 — P B0
o F6. 31T R BRI B H =EP M INFE—#E, BN LR E B ik

9. FsAR, CEIE
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3 RLTHIRR I & T . BJE RIS RAN(6.16) 5

D%Dirac = Tﬁ(i’ma” - m)¢°

XEBAVREFEDWE L, B om =0, S5 EEaEE SR U HEAZ
AN . B2 E BIA 2B AFEABIR N FRAE RGO T 18 5 &
WS EIR (o AP INAE & F5

LD, 4D, = 17,01 + ihay, 0 ho (7.44)

I H € L ZEZ (doublet)¥

fDDLDQ = i\If’}/#ap'\Ifo (745)
XA B H BAEERSU(2) 22t

U0 =T Y (7.46)
S N (7.47)

TAAE, Kb ES  RERM, o MEESEOT S 2 SU(2) B
WHARTT, o ARFIEERE,
NTEHAANEME, AT G KRS H &5 H2
L, op, = i1W'5, 0"
= i\ile*i“i%*m@“emi%\ll (7.48)
= i\i/’yuaﬂ\lf = $D1+D2 ’ v
BJG TR T IRATM A e oo s (EFERATIHE & LM BN % v

L T v PERAE = B AS TR % B, B Divac HER'2. JAT7T A4S
BRI A1

(e8) ] B [(%) 5] =

R FOCE AR —, CEIE

129 RMERBNERE, WA BIE R AT b, X AN 2R A
FARA R T H AT RI e = (]

DSPEE: fRREmZ.

B kBRI EM T RES. B
—m U M —mo O [T ] A
B W 40 SO R

(v )
m =

0 ma2
51k

Zpi+Dy = —¥YmV.

REMRE, X B SU@2) K
B, W L, p, = —Vmy =
B o9 B melti B W, SRR
o j’bz I, e H AR,
P26 2 i 76 FUFRA T T LAZE R A 25 0
T R, 0 £ 2 KN
SEAG PR IRAT —E A AN I E
PR R RO T B ma # ma.
G & E IR e .
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AR 2 SR R e . SU(2) A5l — A5 (P 45 Bt
RO, RUE RN ST A AR TR T T 5. Wk
HEAFRAT, SN0 e A e R T USSR, A T SU(2)
e, MEABHE AR, WO AN AR, T84 43R4 T
SEANEESERY, B I E T AN T AT R A B R
PSRN bk, A ETF AR . BT — RIS AR,
(EIEAURE 0(1) REFRME R —RE, TN R B A% ik b 1 B
FUA R SU(2) A

A R IH SR b, X S EEAN I

-3151+D2 = i‘i’/%a“‘l’/

= i@eiiai(m)%’yﬁbaueiai (z)TL\I/ (7.49)
- - o
= 100" — Uy, (8“%(93)5) ¥ #Zp4p,e
e Je 2548

AETIEPALI Y1) Ak, BAVREREE TRz 4. AT —
LM SRR SU(2) MRBI I H &, X e L. N
TR IEE PR, FEX BRI IR T RERATHID IR

1
2
HieH 1 g W) MEAERPSSNI iy, WU 5, FitEH
HRON R SU(2) A,

o TR, ABHACYIZ T A

o RGN, M BRI L 5 M=AH e

(W#)i - (W}/L)Z = (Wu)z + auai(x) + eijkaj(x)(Wu)k
MmAZ
(Wa)i — (W;Q)z = (W.)i + 0uai(z),

BIUATE T 24 (1) REFRPER IS 0.
o 4 H gk I H &8I F

1 AN
# = (W )W)

M. FESCTARER, BEIE.
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A

(W )i = 3u(W,)s — 8 (W,)ie

I, XFRYEA A 52, N TRE DRI SU(2) AERIFLR
BIH &, ROTRATERE L=A W SRRk B H &, 75
e

Wi = (W) = (W) + 9uai() + eijraj(x)(W)x

R,
AE AR ELAHAT IR RS B, (7. 11) 3R P R AT/ S E N 1
S 9 B T

Ay — A, = A, + 0ua(x)

T 3 BLFRATH S S A e 1 F8 W, W A WE S SU(2)
BEAERTE %, B ERRA (o) 7 A AN
AN, ST R B R

WH — WH =W + 0ta;(z)
WA e S A B B BV n
Uy, Lwrw,
RER R, SRR R SU(2) A8 Hyfs i S

_ i 5/~ Odpprt
Lo, 4D = 100+ U WY

— (W (@) T grelei@)F g
+ i\ile_iai(l)% & (WH + 0"a (-T>) eiai(w)%\:[’
T 2 J J

+ e T g Tyt )

#n %W%‘ﬂﬁ[%ﬁlzem%ﬂ

+iPeiai@)F Yur (8“ () @i (@)% g

#i@mﬁWW—i%zigﬁﬁwhﬁ%3?5+ﬁhﬁ%ﬁvf@
—I—\i/’yu Ot a; 5 v

Py BOCRUE FARREL, DURBJSHATIR 1/2 B, BLRBIECE A5 MIZN
ANEES, CHIE.
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= i\fl'yuﬁ“\ll + \T!’yu

25 g AR B R B HORERRON
AR DUR I o 9%, (1) BT 0T P .
IR, B — DA M. IE s

et

W Ab P

—ia;(x) % ﬁeiai (z) %t

¢ D

TERNTETT N, O(n?

/
ng +Do+ABN T

BRI AE SU(2) HAEBTTAX 5 B25.

2

v
(7.50)

g; m
5 WiV =2, i, vista

BADRAF AT — T IX
Lie #EFIASHE, K HDOeSh Ly /MEH b, 0%

~ (10 (28 % i 2t
~ (1 ia;(x) 2) 5 (l—i—lal 2)

g 0;0; o; 0
=3j—a()5gj+ ()2]2+0(az)

(7.51)

=2 +ai@) [ 2. 5]+ 0

2 ! 272

g aj;
:jfai(ff)émk +O0(a )#3]

) AR R (B TR T DA 25, A% B H

= iy, 0T + \TJ’W%W’;‘\I!’

%

10y, 0" — Uy, (auai (x)%) v

(7.50) 2%

~
~

- foe—iwx)%%%eriwx)% v

+ @e—iam%%% (Opa;(x)) e (3@

%

iUy, 0" — Uy, ((%ai (x)%) 1\

(7.51)=

= iUy, 0"V — Uy, (Dua 5 v+

= iUy, 0"V + \i/'yu%W;‘\Il — Uy,a;(z)€n

BT (W), i
(Wﬂ)i —

o

RAE SU(2) AAZHIABEXTFRPE R g

(W))i =

—a;(x )ewk >W“\I'

— ai()eijn ) (Bua;(2)) ©

- o
+ T, (?J
_ o
e
Ty, ﬁW.“\If

- \i”)/uai( )Q]kiWﬂ\Ij +W

— Tai(w)e - (9a () ¥

O(a?)

Ok

Lwtw
(7.52)

=]
E

(W;t)i + 8Mai(x) + €0 (l‘)(WM)k

EREMSAE RIS W H B AN — 300, A5 S T 45 BB X AR T R K
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k1o

.= =, O;
]/31+D2+%§J\9|‘Ifﬁ = I\Iﬂﬁyua‘uqﬂ T \IJ/V“?]W,;\II/
_ i‘jefiai(z)%,y aueiai(z)%q,
+ il (@) F ’Y (W“ + 0"aj(z) + €jimar () (WH)m) el (@) 5 g
= a - 0
= U, 0"+ \II'Y/L?W]H\I/ — Uy, ko Vi v +W
(7.52)x%

= b, 4D, rstm v
(7.53)

P REEERXNIREAZ=AEIEON 1 # A dh 7 s B H &1
WIS R . =SB 1 KR A hi B H &2

$3><Maxwell = 1(VVI“/) (W[Ll/)l + - (WMV) (Wuu)2 + - (WMV) (W,LLV)B

(W’“’) (W)

(7.54)
Hrp
(Wiw)i = 0u(Wy)i = 0, (W)
AN R B H R AE AR 4
(Wi = (W) = (W,)i + Ouai(x) + eijraj(x)(W)k (7.55)

A At BBk W H &2

1 v
"g?:XMaxwell = Z(W/M )i<W}il/)i

M (W™)i0u(W)i — 0" (W™ )0, (W),
6.25)3%

=0 <(VVV)z + 8”ai(:c) + eijka] WV k)

{II

W

—~

o, <(Wy)z + 0yai(z) + €jka;(x k>
p ((Wm + 8 ai(z) + e (2) (W) )
0. (W1 + 8y(0) + s (@) (W, )

W0, (W) + (9" (W)erta (@)
%% O(a?) B

opeyd. JFSC B TFARRAL, HESHRMEAR, DEIE.
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+ (0" (W")i)Opcijna (z) (W )i
+ 010" e W W, ) + 0 e (@) (W) k0, (W)
— 0" (W")i0,(Wy)i — (0" (W))9z0a:(x)
— M (W")i0yeijra;(x) W)k
— OO alaHPIWT;) — O e (@) (W )idy (W)
= 0" (W")i0u(W,); — O"(W")i0y (Wy)i
Lartmewen
+ (0" (W")i)Opcijna (z) (W )i
+ 0" €ijia; () (W) k0, (W) — 0 (W")i0y€ijra;(x) (W)
— 0"€;jpa;(x)(W") 0, (Wy)i

ZDaxaiar — (0" (W")i)eij(0ua;(2))(Wo )i

et JE 24k
— (0" (W")i)€ijna;(x) (9u(Wo)i)
— €iji(0"a;(2))(W")k0u (W )i — €ijraz () (0" (W )ik)0u(Wo);
+ O (Wy)i€ijn (D a; () W)k + 8 (W")ieijna; (x) (8, (W, )k)
+ €ijre (0" aj (@) (W0, (W) + esjwaj () (0" (W )i) 0y (Wi

(7.56)
EAREE W EXTFRTE.
JEE T, JATAT L@ TR E W, Bin— N4
—€iik(Wh); (W0 )k
RARUE AN X FRME. Bl
Wiw)i = 0u(W)i — Ou(Wy)i — €l (W) (W) ks
EEEZAEE 1 39EE T AR H &
1
gSXMaxwell - Z ) (WMU)
( Wi €ijk(W,u)j(Wy)k>
x (wwm = OV = e ()07
(7.57)

B W] BAT 5E TR T B URIE R RS B H R A, 45 E, &

T ECRRZ RS, BEIE
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HREN T Rk SU(2) AR Hits BT H &, 51k

T = 0j 1 y
$D1+D2+$HFL1’E)$J+3XMaxweII = I\I}’VMBM\I]+\I}’VH?£WJH\II_1(WH )l(W’L )z
(7.58)

Mass Terms and Unification of /(1) and SU/(2) [REIA,
Uu(1) ¥ Su(2) Bx—

fEL—®h, TPk SU2) MARIERAIR, FAIABAERAS I H
EHHEMEW m 0@ 8 ma(W,):(WH); FIFTETT 1M S5 BA T
TERH S RRLT20 AR R, W AR SU(2) XARTERIARER . IX Rk
XS MNVEAE S BERS TAFAE, TAEARBERS T H ARk .

ZRTEAAFR) T — ARk U (1) AR B H &, 721X BN 7 (i
WA R BTN 1 #3724 By,

_ o 1.
L uq) 7 = —mPY + Py, (10" + gB )Y — ZB” B, (7.59)
Horp
B" := 9"B” — 9 B*

BT BN 113 Br RERERAS I H & U(1) Ak, P DA 42
FRAE U(1) B3EH.
JE3g St (2) AR BT H 22T

Lt su2) Fae = V(10" + g0 WHW — E(Wuu)i(Wﬂu)i
Horp

Wiw)i = 0u(Wo)i — 00 (Wi + €ije (W) ;(Wo )k
DA R —EAS

(1)

FAUR), T IX =ANEHEN 13 (W), BEFRIERLAS B H &1 R SU(2)
AN, WOLHE AR A SU2) MG
HEATIE —RRATRER B — N R U (1) BSU(2) AZERIHS B

m
il

1 1

"%SU(Q) Hu®) = \Il’yu(13#+9B”+QIJ]W]H)\1171(

Wy )z‘(WW)rZBWB/wo

26 ity W HRRER T e~ A
FHTF ve, WEH (W,): #AI

=/ bosons -

2T 2 RON T WA L = A
WE GRS E L IUE o .
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(7.60)

BUE, ZEATEABIE SU2) XFRMERIRTHR TN EIE? E4
BAVE B M —— N R RF AR, TUCREERXD. EHIEY
BAHEAR UQ) APER A% B H & (7.40) G H

1
Lt = 5 (0u0T0" ¢ —m?¢Te) . (7.61)
2B G, wE— PR R R S
T, BUEEGEERORE. ¢ 1 AL REAE A BEIATAT R FRL R 5 50 N XA R RS B H S i ¢ 1)
R RY) ¢ AR, £58 . Ny sie, s V-
L P SO R RS . WA R, SR R T R i
Lape + wm = 0ud 00+ p°6Td — A(910)?- (7.62)

WA(7.AL) B2 f5 T T 2 b i BT 1 BRI R (1) A EOATER R, 2
WS U(1) BES B, TV IITRE & 51

1 1
L + WO+ HiE 1 BE = <(3u - 12gBH)¢>T) <(6“ + 1293“)(;5)

+ 02010 — A(9'9)?
29 (7.3, FEREATA R (7.63)
I 8 LR/ MO S

H B G RR 29
B, — B,, = B, + 9,a(x) (7.64)
d(z) = ¢'(z) = @ p(x), (7.65)

FFNE o BHE § 25 MR SU(2) AEHHE BT H &[F
FEfANE, BATREX F B RS —HEO T H DRI SU(2) AL
%I H &

. 1 : 1
Loy 1 = (00~ /038, ); ~ 505,001 ) (@ +ig'os(W); + i3954)0 )

+ p*0Td — \(9T®)?

=-V(®)

(7.66)

b1

b2

Hp @ = ( ) XFRRAEHR (7.55)20

(Wi = (W)i = (W)i + 0ubi(x) + €ijrbj () (W) (7.67)
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Zil

D@ =cti@p P P = Pe i@ (7.68)

FATARIER S (2) NIRRT H R R, BHFRE R i W)
AN By gy BRI . TR AT, BOYE S BIRR R
YT SECA AT 2 R B 851

FAVELFmENXT

V(®) = —p*®Td + \(DT®)?
—p2plo1 + Mol d1)? — p2dldn + (Do) (7.69)
V(d1) + V(g2)

XHPRAE Higgs %o HSH p BURFRMETT A > 0 EZHITK7.1

RN AMAEIERE T, PlinFdHE R, Sai
KRR B/IME R, X BBV E S E, ZLBHE ¢ =0 4. ZH
A p BEEREE N B R AR, HRERTAR B — R iR RT3
M AR, WEEPTR, ¢ = 0 AAFER /N . WP A 1F 2 5T
REHL 2B /IME -

FL L, EANHRA LTI B MAME R FAT I R A
#

V(9) = —p?|6> + Ag|* (7.70)
V() L, )
56— 2¢lel +4Alg] (7.71)
—[6l(—20% + 4A|¢[?) = 0 (7.72)
, 2
—|of* = gj\ (7.73)

\ 2
—|ol = \/g (7.74)
Pmin = \/iei“’o (7.75)

BT o WERHUEAR M, BRI £ . Al
NEEHTE T 420 5 ML 7280 Higgs (=4, st
B A SR T R STV R TIBOBLIRAE, — IR0 F 5 A
LT

M(7.69) R IRATIT AN T ZHA, WA REE T EAE HIX k£,
T EASHMN SR

B = [ (7.76)

¢2 min

3L AR 28, BRI RS
AN, A i RATEE—
AR SU(2) KRR R Bk
BE| AT RIS . B
HBEAE RGOS LB

V() V() V(®)
JIKO p>0 p>0

o]

7.1: Higgs BMAFSH p H
S, p BN A BT 5 Bk
FIT 3 B F 52 A A E0 0 2028, Figure
adapted from  “Spontaneous
symmetry breaking” by FT2
(Wikimedia Commons) released
under a CC BY-SA 3.0 licence:

http://creativecommons.or
g/licenses/by-sa/3.0/deed.en.
URL: http://commons.wi
kimedia.org/wiki/File:
Spontaneous_symmetry_break
ing_(explanatory_diagram) .png,
Accessed: 8.12.2014

7.2: Higgs M =4EK. Figure
adapted from “Mexican hat
potential polar” by Rupert
Millard (Wikimedia Commons)
released under a public domain
licence. URL: http://commons.
wikimedia.org/wiki/File:Mexi
can_hat_potential_polar.svg,
Accessed: 7.5.2014
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— NGRS R

e (2)-(2)
Y vz

H AT 5 RN TR TSN, E%ﬁivzxﬂgc$>iﬁ#ﬁ
Mefn ® ENMEITRITLUERRZERY . )5 255,
BT RAREFE, ET7eT iR SR ESEE R ME R — R
o AN TREAEENER, BATBAR I s 2UF RN . #3RAT
HE

d — ¢1r + iQzl)lc i (778)
% + ¢2r + i¢2c

B {9

e [0
P = el (UM) , (7.79)
V2

X h T SR i R BRI L AR FITERE o RERE R HAATE
X EEXE

I 0 o 0
e'Vi2 (v+h> ~ (1+i6; 2) (v-&-h)

V2 V2

— (110 01 0 02 0 03 0

_( —+ 1 1?4—1 2?4-13?) h

V2

[ 1+i30s 360 —i3fs 0
%91 + 1%92 1— 1%93 U\—/%h

(o —itony e
(1 —i503) %2

HEHESN — = U(b” * i(b_lc . (7.80)
ﬁd)%“ + i

BEERE —EEH XML, AOTHAA R SU(2) GRYE) Xf
PRYEAL TR N TSR ELER, BRATL IR —AHTE, TAER
prikE P [ A LT S S T

=B R SU(2) AR HE

@ =i F P, (7.81)

I IECEIER b (2), FATATELH %(7.79) X 4R 5 7. /£ AIEM
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3¢ (unitary gauge) F, ElrE _EHEN

0
B, = (v+h) . (7.82)
NG

XA ] UL AR bR AR DU B SU(2) MER H H
FEMRIFARAE o KB, R =N BAER AR BP0, ASATBEH S0
Fo RGN RIER—NMDEY h, FF Higgs .

PRk, WAIA BB E B H B0 BRI sk i RS S JRATN
$a(7.60) g A BT H B EB S AR, JFHE - TidS

2 = ((0,~ 19/ 30W,): ~ 398,08 ) (@ +ig'0,7); + 15050 )

—V(®)
(7.83)

BAER I @ AP B IERE 37, R(7.82) 300N o JRATTx B Hh L
B EHBEE v MBUCHEER . 1 HAMTE | Higes i B 1FH
LLK Higgs ¥ 5 AR EAE, BATA S BXHA I 13E

FATERIMES & — Ppin = AR B, NS

%
1 1 1 1
((8u — ig’gai(Wu)i — iQQBu)(I’Imn) <(8“ + ig'ioi(W“)i + i2gB“)<I>min)

1 1 2
= ’(3“ + 1g'§0l(W”)z + 1593#)¢m1n

2
1 1 1 0
gt il D (TR i o Rl
(0" +ig 20'1(W )l+1293 ) 5 (v)

2

’U2

=3 (9'ai(WH); + gB")

DTERH 2 x 2 AL FER I B, 1 Pauli F R0 B ARTEASTRNA
2
[ gWE +gBr W —igWE ([0
B I\gWl +igWl —gWf +gB") \1

2
2\ [ gWl —igWl (7.84)

(%
8 |\ —g'Wk + gB*

_ v ((g’)Q((W{‘)Q W) + (g W - gBﬂV)

B EOCsI AR, O

35 MR, TR R T IR A O
RIS AR SU(2) Bik,
% 60 = 0(x) FLFTR A IRHT I 25
MetRe KEF—ANA R0, X sy
BEAWABM R, Mg
BN & boson, #AN Goldstein
bosons.

36 R Su(2) MAKTESH LR
ATATT A A (R s o XA AR AT T
FRIR RN, G f A TEAT AT
SEG I R . 7 SR AT
WS, FABATEAE LT 2440
FRfREMEM TS Cefilh Su(2) 2
WA R D RAEIXFE, XA R
ASRBEHT, BRI b
HE R IEER.

87w, _
Ws Wi —iWy
Wi +iWs —Ws



38 m LA E B AN A B S
S BATRIL A R T4 — 4 — BEf0
Wi R RRAT e HOR R 1 8 14 B A
S2a6 F RSN E B . B4
ABATBARA WL F1 BE g, (8
R LR B B I L
39 KA, Wou.ov=1.
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I EA35E P B BN 1 193%:

Wi = — (W, — iWh) (7.85)

WH = — (W) +iWs) (7.86)
B w2 WE RS, (7.84) A SR —ITR] LLS A
(W2 4+ (WE)? = 2(W ), (W™)# (7.87)

EUITTE - €7 N o ]

= | W)Wk (7.88)
~—

=mw

Rt g — AN A R T
(7.84) 2 1955 IR LS AR R 50

(g Wi — gB")? = ((Wg)" B“) (9 / —929) ((‘Zg)u) (7.89)
N———

—99 g n

=G

N TR MR BRI BATFH ERFERE G X Aese . Ze AR 3T
RSB G AIEE Ay Ao ARIE—3RARIEA & v, voo i
BT R

1 g
Xy =g +g"? U2 e
g°tyg -9

FAAE R SEHE S AERE M ATLOKE G XA, B Gaig = MT'GM, K
H

B 1 g 9
Al_-92+gﬂ(, __) (7.90)
V g -9

LA K

A0 0 0
Gaiae = = (7.91)
g 2 2
0 Ao 0 g°+g

P FEXFRA®R, CEIE.
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HITFATA R —RAME &, HOERE M ORIERR (MT = M™1):

1 ' 1 /
VT — 9 9 9 9
9 +9%\g —g) V¥ +9? \g —g

(7.92)
1 9> +9% 99 —g99\ (1 0
P+ g —gs Prg? ) \o 1)
FHETE (7.89) AR HRA BN ALRE 1 = MT M:
(Ws)u
(v e (')
- N (7.93)

_ ((Ws)u Bu) MMTGM MT ((M;i)”) :

:Gdiag

w

m

1 / WH
MT (W; BH) - |77 °
@?+9*\g -g) \ Bu

_ 1 gWi +g'Br) [ A#
@ +92 \gWl —gB*|  \Z,
EH DEOKE 2 — I 0

A 00 A
(AM ZM> Gliag ( Zﬂ) = (A“ ZM) (0 gz+gf2) (Z,L) (7.95)

= (9 +9*)(Z")* +0-(A")%

%T%E%%%ﬁﬁMT( ),u%ﬁﬁﬁﬁm,ﬁﬁﬁﬁ%ﬁ%%:

(7.94)

gi b, JATIWEIEON 1 KBRS W M Br RS M H &k

(8#—ig'%ai(W#)ifi%gBH)(Iﬂ(a“Jrig%ai(W”)iJri%gB“)(I)o (7.96)
BT B AT FRIER S, AT B H & A5 3] T 7] LU fRRE Al iR & 0
18T I
L2 (W) (W) + 22 4 g2 224 L0 a2 (7.97)
g9 2 g/ W TI AT g wo

N—— —— N~
=imZ, =imzZ KT HEN 0

WATRER R — BTN 1 K A, XN RS 598

20PEVE: M RATERRE T (7.84) KPR “B—1FERGE T RAKR—METER
2



40 g, R, RMET —
el F MR AR Weinberg
ffi. Weiberg ffi 0w H cos(Ow) =
L Hosin(Ow) = L Kk
SE Mo T AT BASRI AL A o —
5. M AT A, JROGER
B LS BT HARHEAR, 3
SHEFRE WABOTA

A VRSET, 4R T
FRETEEFLRPIELFS R,
SRR P BT R, D Y
AaAFAE. RTIX—AHFHEAR
2 5 Efo] ELAA EL AR P«

2R AR 8K,
FaT 5 AN ROR R F BT K. 3%
R I AL S g B AT .
HERHBEMIT RS WL T X
fik: Alessandro Bettini. Intro-
duction to Elementary Particle
Physics. Cambridge University
Press, 2nd edition, 4 2014. ISBN
9781107050402

74
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RN, XRBRBEADETY, BARA SSRARIDE TR LR =
({140, JERX T Z-bosons [ Z, FIXRIT T A, &3 B, 1 W3
WIESRZH G . ENT5EA — DR !

()R (R T AR SRAE AR sy 3 St (2) WP FREE 1B 0L T 4321 B g
5 BMBED, (BERAHEIXAN /T, WATHELRR B R —A
AR ESL: TR

Parity Violation SFREEIA

KRR SRR, BDSRRR, Rt RO KRR
PLz . S, TR YIRS A 5 SRR SR T
ARMHIS . RUEHEAE <R PRI T FHIFIS .
R MBI, (' RS A R, RUCRA H
HESEH LR

“SLIR” R FHIEROBAT VW=, 7 7 (5%
FHPRE . PR, WA A TR T A B S AT, &
—SEU R 036 oK AT £ A AR . BT A T
(ERI PR TR T 1. T RS SRR, B
FH T AL . 5, BRI T ARl 5 4=
FIAIECAE P2 DRI LARAT 43 0.

HAAIE, JRAVE “E 0 R4 THE", BRET AT RIEL TN
SR AR BE R . B0 — RIS, (IRATAT T S
HORLT T RE, (G« FHE” ML LB T B “ 480"
@,

WS LML T, WO TR E O, R A THIER
EFAAGTA, TR FII A BIRF A R i BT g .
FRER IR BRI, AR, SRR T #AIEER . U3
TAR, KEBE RIS NS, AT, 5 —RIA
AN HERAI SRR . JAT 5 R AESHOE TR, FRAL TS
FIEL P 55 76 2 e R

RAVH x & F7 A RIVRNER, T © (RE DRI R

XL
P = 7.98
(] e
WSk v e B S
P1
U = 7.99
) o



7.4 FHRREGA 145

bR EIR TR, RBRGYES P

Pp=p, [ =[] =u (7.100)

&R 0
B A A DU a0 55 PRI 43

] -1 0
Y5 = 1Y0V1Y2Y3 = 0 1 (7.101)

> st Kby Mo . 0 =
YERE s BRI EMER, AN - FHA if o, S

AAEETY —1 A 4+1 B AAESS . i

TR, MR P, LS N4

P = % = (1) g (7.102)
FAAR, FRATRE X

PR:%Z g (1) (7.103)

BN T IR R TR 72 558 M IR, JATLAUES IRE T, ik
®Fp5 Wi 5 Z, MEAEMRE - BURAEN Pp. XEHOAET 2%
h S, RALRSEITIE(758), FATKHEZUT:

_ _ 1
L = 107,00 + 0,0 W — (W) (W); (7.104)

HA 5 ZAL P — T2 Uny,o, W', HATR P A

- - 1
— L = iUy, 0"V + iWy,0;WIPLW — —

4(Wuu)i(W'uu)i (7105)

Uest P AERTXEDS, 155

o e N W) (7.106)

0 P o (12)1

AT, REERERPEA A P, STOUE O A O IR
WHEF A E. N T M, RINEEUF=A%R,

o (PL)? = Py, T LUMEREISE FEI RS BV, RNt i

TR AL RS . Wi RS Tk

o {7os 1} = V57 + Vs = O» AT LI T PR F) JE R0 )

3 L ITR(6.13)h . HERERYSE
S PHRIE o SEHEAFEE. T 5
IR g F8 0. K15
AR s

W E TR s, N ARNIER
BRSO R E X Pr. TR HE
PEMERE AR R IE? S RE B T
BN T R B AL BT TR BT R
e, Ay, (SEREIE AT LAAE R A
Fl. Gl bLEs. 109 sk 5 T £
B VR B IS P kL T
5 oy, MREHIL. EXTEZE, R
BT RN 1 = U~ U, Hbhu
HAER TR, Bl 8, Ty, ¥ =
auiwyuww =
a“@&—l_{%%lgs Yy W H
’Yl

92 0 K I e, R
HITT LR S WAL . A B IE S
RIFREF 3R 2%, BFRA Weyl 2E,
R EHEE T, Akh oo ie B4
SESE xL 5 Er MIRA. REW
e, B P o= 15 UHY
SR, MO RN E TR X
{éj\j PZVeyl\IIWeyl — \II\L),\/eyl =
P = h 0w =
uwWeyl

1-Uivgd Ly U~ Ty Tuygu—1
P}

M\I/Weyl —
U—-Uiygy17v273 g Weyl
2

u(1;75)\PWeyl _ u\I,‘I}IVeyl _
vV

B oymrw gy R A
PrPr = PrPr = 0, e Ak AT R
Py, Pr Fl ~5 [5ERE I RIEUERLOL .
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A WA HEYL 5 = 0717278 JF A6,
HHEUTERIER: {vu,w} = . e = N
' ey ° (PL)T =P, BN Y5 FE AR, X — AR LA V5 B BT 2K

VYo + YoVp = 30u0r FHP 1
N Minkowski E#. -1 0

E%%Hﬂ Y5 = o
0 1

BN EXEEME 57, = s, BIFRATATEASS R 45 F 5, 5B
ML E, RTIMA—ANFI RS TREITE:
l—v 1+

'YMPL =Y 9 = 9 T = PR’YM (7107)

PLAEFRATT AT DL 77 2 (7.105) I AH SR TS Ay«

U0, WHPLY = Uy, 0, W (PL)? W

— . H

= v ’Y#PL O'JWj PL\I/

Y0 prry, vy,
= Ul v Py Yuoi Wiy,
Prvo
(PL‘I’)T“YOWUJ‘WJ”‘I’L
AP =P UK (AB) =((AB)T)*=(BT AT)*=B1 A"
= (PLY) 07,0, WY,

=0y

= \i/L’yMO'jWJH\IIL v (7108)

Eit, RNELMET, MAERF LRI BEFRTFSE5BEEE
RIS AT, At AXMEREFIREIR? N 7 EFX 5, &

TORBRL H KRR A7 BT AR ELAE U AT TR e [RUATE TR F X — TR B A
B AR X T s, B4 49 N g 1 i 6 e gt T 3
R T APk, HX TR A E RS, SRS “BHR” GITARRY. X
GRS . BATT R B B B8R R B W FIRELE Papinor, Prectoro TE TR T :

U8 AR ES. 70T S
Hoyu FEBE, AT DO RRE A -

o 0 oo v YuOj (WJH)PL\IJ — (Pspinor\I/)TVO'YuUj (PvectorWH)jPL (Pspinorlp)
HiE P = v = = e
oo 0 =Tty

(? (1)> = (\II)T’YO'VO’YMUj(PvectorW“)jPL'yO\IJ
O SRFHIENS Prceor = = (9)11097,05 (Prccior W), PR

Lo 0 0 AR {570 }=0LL e P =115

0o -1 0 0 m

o 0o -1 o[ (7.109)

0 0 0 —1
RS 192t A TAT LU B FEE A E] 07070 = 20 & v0770 = —vie I, AT

Eﬁ Pvector E,:J%ﬁﬁ%ﬂj PvectorWO - WO & PvectorWi - _WiO LH:AL]\
PSS AR BRI, TR IRE X — T, TR R N AR

(Pspinor\I/)T’YO'Yu(PvectorW'u)jPL(Pspinor\I/) = li/'YuUjoHPR\II 7é lij'}/ua'jI/V;PL\I/
(7.110)
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EHX A RERTY, hiER T EHxIFHE.

SR A BB, B0, ROTSIOIL L e F A
AR R PESO R E i, JAERIANE S 2 . H g T 6 g
SR, BB RIS SRR R o LU L. 7RI,
RAVE N A TR TS S S IIER, T PR Esh R
G G0, WEPLY = Uy y,0, WU WL, X SRR
TR WEAF DR, MFEAENE 1/2 5 (010, (b2) 07 LEE 5
RIS, TIATHASE SR, E (1), (2)p THEAH
L. WL, ROTVEAEBERAE T RS RUESHFR. 5
b, KEREL TR SUQ) BE, BEED, TIITEMFREE R
LR SU(2) BEN— 2 e, 3,636 g A1t X T
YA TSR A TR . BURTRATIN A4
(1/}1)L

(2)r

o KT SU(2) WES: V), = |
FHEAER, ATCAEAEA . EATRYE SU(2) B 48R R A

» PUAEAN#Z 55

Uy = V), =5y, (7.111)

o HFIH SU(2) BAERIE: (Y1)rs (V2)r, WAEMNAZEHME
TEM, BITIAGER IR L. EATRYE SU(2) M—4ERonAg .

Y(1)r = (V1)r
(V2)r = (PY2)g = (Y2)r = (Y2) R (7.112)

5
5
1
5
=~
I
@

@

R TR 4k S0 1 T 7 (R B X AR BT o R
IAEHE L BT R

Lepton Mass Terms (2F[REIR

FET2W ISk, TRATRIEIEREARE SU(2) MFREE, e A
DMEBIFRIR UmW. R4, FA1278 S HRBA AL i 27
MSTA . BRTRA TS FLR AT AT LB i — A

fe ik, RATHE THAT Ty,o, WP, (FHE. AT R
TH T SR ? [ BR A12E 7R (6.7) 55 (6.8) T G Y, A S0
e R A

L= (xa)'€" = (xp)Tér ML = (€)X = (€r) X1 (7.113)
FRATTAT AR 2Kz vt e 4 5 R0

VY =P + VrYL

S0 BN A PiORRE.

Lo Epng, KR M
Yr HFEBRBEGE L Y =
Pry Ml g = Prpip. HE @ =
Wwo



52 wmam ol — ol

eti@oigpl K 0'2 =0

530 mmem R E L, MBI
BE (0,0) RAAEH, (EX— R

TR AR AR AR R AR S AR

FE3. 7. AhBATFH TR 4518,

S oRE, RMaHRas of M

—~ MM IR R B, RN, 3%
BB N4 TR B 2 B A

—X2v MR FRAAMAEE of.

148 Chapter 7. tHE{EREIS

90 3) )

=X}ér+ERxL v (7.114)

BAVEE], WIRRATRR RIS A FELAFHRM. L8
AR, LEFHELAFIHE SU2) B R A RFE AR SR, X
ETRE. EFHRNES, MAFHLRE. WESHESRREA
R SU2) A&, -

Vr = Wy = Ve ™ T pp £ Vg (7.115)

T M AR 1 SR EWNALR, RNEMER, NI LRRE
T, MR KRETIMAL 0 Bleafs, Hile Su(2) AN RHHEAE
MW )Rl 0 BRI A M, X —xpcdk,  BEm
1 H BT

M 0 BRNESSANE § ¥, HLE SU2),U(1) SIEIEZEAE
YRR, NG

U Pr (7.116)

NEUEHAENE, AR SU(2) ZHfERH T 1552

TLOPR = LR = Gl B @i et @iy R _ GLopR
FIRAER U(1) & H

TLOYR — WLDYR = Gle—a@) peia@) R — FLpR

0 Hliels GRIEZEARE) TEIBIRZEAH T AR, TRIX—IUN%e
2B, RIVERHRET S5 (7.114) M

XEMHAE IR Yukawa 386 . ALK —0i5 eIt
Pedier, HRUMEHEC g, MARILREZ P

L = (VO + plouh) (7.117)

RN IEIR T fermion 5 Higgs HM#A, HIE SU(2) Xt
B E S 3T fermion JREIHKIFEA4E . ATEE S PEM IR, &
BEHRE(7.77)

0
o=/t
2\v+n



7.5 BFREM 149

R HARNNKE, 52

& - \A/% ((\yf,q/L) (Uih) WE 4+ OF (o,v+h) (ig))

A h) - -
-2l + i)
B 7R (7.114) T B A T
—)\2(1}/%_ h) Voo (7.118)
AU _ M _
\f¢2¢2 NG Pat)a (7.119)

———— —_——
Fermion fiEWl  Fermion-Higgs #HH{EH]

F L, Higgs HLEIEHSE FEC T BEEBI ™A B0, FATRGEXSFR
PELIHORHL IR N Higgs ME DL FRAEX PRS2t B IE 5 A
BRI EARERRE, RAMNESTHHE =N ¢ %’ft%?fﬁiilﬁ pill
DH A by BATIR?

AT A Uy BRI, A1 R I Higgs ) U = T 1
MeEm. hT

0 - 0 1 0 vth
o = — ® = ed* = = V2| (7.120)
v+h _1 0 v+h 0
V2 vz

Xf B EHE Higgs R B B b B, RIWER1G W, R0
_)\1(1/ + h)

2 (v
123
V2
NS PR IX — S R AN RS, FATRE L E T 50

U= (V) (7.121)

e, W py, 5 e BEENNEE. X -5iE2HERER
JTifsE ), DUONESSHEAEAT, BT ZE AR s &R R 75—
BT, EARNBETIMT ve SHERTRES. EEHEER Y, e
M ove (FFEAHE v, 5 mv) BRMAMENIL X —Fn UHAE
Wi Wy, o WEPLY BT M ARSIl — 5Tk, X — 0wl DA

L = = np(TERyt + R

Al v+h B v
=- (ur,95) | uf o uf

(U7 O + Uy

553 7 10 R T AT

B0 FGEARFE AT, LA, T
HERS oy A oo DRI
Gifwk: WFH e MHETFHMTS

Veo



57

W'
W 4wy
WU F R AT

Wi =

WO OK 4 oW
W iWg

I3
-W}

%(Wl + Wz)

wg
V2W_

VW,
,W;

)g

)

=
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Pauli #FE o; BIAEFE N PLES57, 25 H OO 250 2 5 18] B 4 100
_ B B W;f \/§W+ Ve
Ty, WP = (1/6 e) - ( R, s

(o Wi VW, e
= (7)1, (€)L> Yu (\/ﬁW_ —W;) Pr ((e)L)

fHHJ7#2(7.105)
= (Te) Ly WH (ve) L + (Pe) Ly V2Wo (€)1
+ (@)L V2W_ (ve)r — (B) 17, Wi (e)r  (7.122)

WERBA TR B AHE e, p, 7 MFTHR T AL, FRMMI=1
& A A R

\i’e’}/HO'jWJHPL\I/e + \TJM’}/HUJ‘WJHPL\I/H + \i/-,—’yMUjWJHPL\I/T (7123)
14 7 12y A
FIN T, = (ll) , Hhl=e,p, 7, ERATEHEREREN:

\I’L’YMO']'WJI»LPL\IIL

Ir

L l e
TN = (L> JR RIS A

—— ——
Fermion Ji#EW Fermion-Higgs #H.AfFH
Xl A S T .
X —Fi7 B ] DU SR 5% Higgs SRR . BTFHEdH T
b H:

mp= Ny = muy2 (7.124)

V2 v
M F5 Higes R A 8EN:

_ Nb muV2h _ mub
V2~~~ V2w v

— (7.125)
T (7.124)

&/

MK T W LUE i, Higgs 5% 2R TG 3, EHTX—
BYRBE. By REER, AEImAME. Ja RS, BAT
X —G5R e BIFT A KL T

Z5MEERN AR § NP EaESR. AN, SRitz55=
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FMAREAER: SEAREAEM .. X — W7 8T hiTit. HERITRE
FICHIBEIL WERE, X AT SRS N R 4 5 v A
AbEE

Quark Mass Terms Ere[REIR

EE—F R IRATAIE, SU(2) MESE T W@ 55175 S
HEEAPRL . S oSS, XPIRRL TR S AR S .

= (d) (7.126)

R, AT, 855w, MIEE. RS WS 3 HBREDS.
SEC—FE, BRI AR TS5 EEHRSERFL, &K
AT IS 22 T WS T2

ur, o Ti
g = — ey (7.127)
~~ dr,

dgr — dgr (7128)
~~

ATFRFRIAAZ 5 EAEN, ARFEUMEMLER T, A
% SU(2) B (R RIS,

XH, FATER T 5T RN AR RS 7RSI
AR, PATHENS . A TR, R, XFERAEEARL SU(2)
AR, XARRRATEL LRSI Higgs il iz, TATMFTESR
&P BN R I :

qrur + qrdr + urqr + drqr (7.129)

BUONEA AL SU2) AR M, BATEEZRS 0 Bl v 1
P3390«

M@rPur + M\Gr®dr + Mg ®qr + Aadr®Pqr (7.130)

KEEATTIAREEFHE Ay, \a ML Higgs XWEK, FHEAN LS
seRRAE 1 BRI,
AL, XA, AR T AN B A B I BT I i

58 ALY R .3,

59 ) 4
BIJ5FE(7.120), & = ®* =
NHF(7.120), & = e® =

vth
V2
0

60 JoA s RUE A5 LN ( ) Hs

q>=<0

v+h

V2

u
d

) HIFRMIELL T do



0

ole = (,M), Hifif 3648 Higgs
V2

R ST

62 WoiRR(T.181), SN —FE,
SUPAREEBHR a;.

7.7

152 Chapter 7. tHE{EREIS

AVAE B/ IME L R IF Higgs 300, ALK&, #13dE HRETNE 5w
Higgs #E 1

Isospin  [EMbE

PUETHE SU(2) SHRRMEFT L SFIE R . B b K B A ARt
FRYE, TOIMAAHEAER L WAEGIN T R RR I 3358 304 = PR
PR SR R R, DRI U 4 R TR I AR AE T BT A R 38 BR 4z [
w2, XN SR E WA R E O B E. BT Noether & #,
SU(2) WFRIEZGH T — /AN ERE: [FAE. FAIES Bl &
HA R4 U(1) SRR

# Noether & BN T N FRPE (WA4.5.57, ZHEI715(4.56)) 153
2,

07
3
30/d :C(‘?(@O\II)&\IJ_O (7.131)

=Q

fi IREAE N R AR N AL

Ul T Y = (1+z’ai%+...)\lf (7.132)
TRETFPEDIEGN 6V =ia; GV, K a; NERERE FTRENMER
TCHERRT R T —ANspfE i, BUNE a; PAEEWAN 0 SB=AAN 0 1
PLREFRFEEA AL, il as =a3 =010 a1 #0, B a; =az =0
M as # 0. 2488, Bl a; #0,a0 # 0 H az # 0 FERATERER B —A5H
&, HEHSE ERSAERIT R =T EE M. sz, —3t
H =AML setERE, BA1YS SU2) ARgt——Xf R,

ZJR/AZR B RESHN (7R (7.45):

b, +p, = 107, 0MV
XFRLSFAEEN Q0 ZEFIKE, X HF—h i XER, A2

Qi = z‘%%\lf

T
Ve ag; Ve
) > \e

TEE Pauli FHFEHRA o3 XA, KUEXED (ve, e) KIPIA2)
AU, RA =3 MFEEAAHENBE. M2Eve 5 e MM
MNERIC o1 Moy MIAMED . 258, ATELE IR DURIED oy A&
TRATEA K, FATATCLEEE X ve Ml e, mASRBIFLA
[ XEWE[ET, REFE=DSERIT——XNKFEE, Hi
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— I ZH e H R — AR bR iR T R TS .
i =3 FTATE

(60

1 1
= 5”;[”@ — ieTe (7.134)

TR Qs(ve) = & K Qs(e) = —% #ralbmic Mk 1. Sadkisd, xt

()3 ()
() ()0

=_vle— %efue (7.135)

e

N —

FEE oy AR ARE, Wt Ioik R AR .

7.7.1 Labelling States {RICEFS
FE35TH, JAINA T Cartan AEMITHIMEE, B4 E RN
FEMTC. M BT IRATTENTE, AR R A BRI AR A, X
S B C A . S SU(2) WESAF L FER

(Ve) (7.136)

SU(2) AH— Cartan LT Js = Jos, ERAMAEAN +5 1 —5. (k&
F) T ’; Rk —E RTTHAERS, AR — 1. JKeeA g

AR T RLF bR, 7R B AR A0 B R R 2

IR ERER 7, AT LA RAL bR ic A TR ER . XL SHE
SU(2) —4eRRA . —RFLRMERTTHRZ 0%: J; = 0. FIkiX
Be A IR Cartan AEf8TT J3 AIEER 0 IARERS. M2, HTFHER,
W er, BA 0 RMI. XE5HCHHTIHAS 5550 BARRHESSH G
BERL, IR BN RAS S B AR, AW EA M A
S EAER

B, ARG Wi WE W IR FALE, AR SU(2) =

63 f g yich, F0 1K AR REN T
R = ER, K& SU(3) RN
1 <4

S T AN AR T HTFHREST S S
AR 1) J5L A



65

1
J3= 1|0
0

66 s 0 ¥ty e e B ) |

T errait, oA ITER W A At
5, L — B

68 A 7 L ik 2 . AT AT
FRTIE R T 1 5, (R B
N, MR EAARE (realization).

0
-1
0

Z ol g5 FE(3.121)H
Js o i BE R R HE BT

0

0]-

0

7.8
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Wi
wr = [ wr (7.137)
Wy

b SU(2) M =4eRRLH, i, Cartan &Mt J;3 H=AIEMAE:
+1,-1,0, FREMNFH Qz(WE) = 1,Q3(WE) = —1,Q3(Wy) = 0.
R Wy 5 Wo BT RIRALIE.

wi
PIVER, = [ Wi | MR 4R, Kb Js AR AR, X
Wy

RGN WE K5 RR

AT SRR, ARSI AR W . £
K&, E=AIEEs S Ao S, BLoW) UL, 1Xn]
PLE M 5 W LL oy NEERSBIEEIT: WH = o,W) = o3 W5 + 0o W5 +
osWi's WFARERITNERBENLEAEG: T =011 + 028 + v3€3. H
TABOGR SU?2) Lie RECPHITER, WH BRZRF— Lie AT
JEE. P, W AR AR R SU(2) fEH 5 Lie AL IR BT
€. Wl H SU(2) BTG IER T 8 & Lie REPHIGER (R
Frifsg . X — B UARE, SR ESRIMTAR . 151 R RIS 52 3
BRI, A IR RIS — 2o [8] b BT e AT A & O, X2k
BRI B e A RIOT . HATA L, BATHOGE T “AME” BZedk 21,
11 Minkowski 7% Ao 17175 HEAH 9G (R PFE—O% Py A e 2 Tl 50 1R A A 2R A
B BUkAT L, BRIUREE IR At A W B ROR AN A . X B
AR ZNE RS, BRI FEBER R -

MFEY e W, Wo, W) @ BB R R h DGR . SU(2) Lie
RACE =480, ROVEH=ANMEROTER, IFEA =R, IE
WREF T EE LM NSRS 2%, BATHAT O W i =4
i E LR SRS 207, RN =ES. R RN TR
JRIC, T A R AR RT3 ) = 4R TR

FER 4, BATPREHE “ SR BN FREE SU(3). BRATHE
BR, BEORALIRED R SU(3) AZEME, TT LA R 55 A A% )

PR .

SuU(3)Interactions  Su/(3) tHEVER

HIE— i ZEFA fermion A1 SU(2) THFII—FE, FATATLIZES
A fermion 5 R B AR SU(3) AR B H . XA AR
SR, MR EHEA 1 R IR T . SU(3) RHaHTsIAA 1
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(¥1 3 x 3 L IERREHA AR IEE, B

U =uut =1 dettd = 1. (7.138)
U AL Lie BER—FF, IRATRIGH S e e 2™
U = e Taba, (7.139)

Al SU(2) BT —FE™, ZRERIE ((7.138) ZR I BT ek

Th =Ty (7.140)
Tr (T4) =0 (7.141)

— XA T KRR, BOE—MERL T, HIF/A\AN33 x 34
ERELS Y, BN Gell-Mann HE[E:

010 0 —i 0 1 0 0
AM=1]1 00 X=1]i 0 0 As=1]0 -1 0

0 0 0 0 O 0 0

0 0 1 0 0 i 0 0 0
AM=1]0 0 0 =0 0 0 =10 0 1 (7.142)

1 00 —i 0 0 010

0 0 O 1100
Ar=10 0 —i d=—=1]0 1 0
7 1 8\/§

0 i 0 0 0 =2

ZHIAERIT Y Gell-Mann #HFEEIE Ty = LA AHBCR, #W1E Pauli
FEFES SU(2) BERIARRTTE™ MHCEE—FE . IXNEEI Lie fA%0H FRAH

(T4, 78] = ifABCTC, (7.143)
KRR A, B,C KRS FREGE 1 3] 8 fI4HE. fABC WA

SU(3) BEMZEREHL 0T SU2) BFELZ Levi-Civita £75 €550 X1
REOTUA BRI HT

%=1 (7.144)
fU4T — 156 _ 246 _ g257 _ ¢345 _ _ 367 _ % (7.145)
Fiss _ ot _ g (7.146)

L fpo AR BB T, KEP L
B A B,... BEEM 15 8 KA.

™2 (3.80) AR IR RO,
JEH 2 x 2 Pauli MFE4H .

™S ffy, SU(N) B N2 —1 4
ARG R RRTG IS B E R TR
#* (rank).

= %, WE.82)RURILEH

TS AR AR, (AT 52
HEFATE A H 51
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PN BIHS AT DAAR S 450 8 B FABC T Fa b e 2 i S 5o Bk 3k — A Jo B
Ho il

JABC _ _fBAC _ _CBA (7.147)

T — S RGBT S P B TR %
KT RAVET 2 RS SU(2) FAMF, BINEH L HN=ES

q1
Q=1q (7.148)

q3
[[ SU(2) MITEIE—FE, FAIG =FEEFRN R T 7 H e, £ —
AN AR

T A B
£ =1Q0,7"Q — QmQ (7.149)

3 SU3) AEZRIFIMATE + HAF AN 1 HET. 5K
6 BUF SU(2) BT, (HEAMARTHE S TR, BT AR S H s 1
REN KT TR (A,B,C,...)

LB 8 RAL R sEy MEIH =6
e

1 _
&L= —ZF(;“BFXﬁ + QD" —m)Q, (7.150)
e 1T GA MHERE FA, 23U

Fly = 0.G — 0sGYy — gf*PeGEGY (7.151)

Hp fABC SNRTTHIEAE RIT XS 5 7R B ST (3) B &5 4 5
4, D, XN

Dy = 0o +igT“GY (7.152)

Hoh To BT — a2 X SU(3) BERIAIG. FTULES], BT AR
JCRIN Bk R — AIX A, X B —THE S AR SU2) KIS TEAIZRLL.
7.8.1 Color &

FAF7. 70595 SU©2) BT, FATATLUE I Noether & HEM
SU(3) XFRYEFRF I P E . T ER A, XREANE 8 4

T Bz, Cartan ERE < S SPAERE, A EROR LA, (Rt AR R A A R e R
W, FRZKLT o SU(3) BERPIA Cartan TAERUE Ty B Lag, FEHE, A8

if A AR LA F AR 54 AN BN FiE AR X R TIX A Cartan
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T AR
1 0 0
Da=3110 —1 o MAMESRE +1. -1 f0.
0 0 0
10 0
MFH5As =5z 0 1 0 [, HAMEETN o0 Sl M
00 —2

Al HAER fermions BL = EA (£ Cartan 4 BT AAE
R RAIZE ), AT EAR W N ar AR EE « 1Ifehe:

1

1 1
4z — V& lo
< 22\/§>” v
0

¥
MITHE T8 (red)i= (+1, 51 ) WRIERA | 0 | BamADH

AL ) o
RABLE

I (EEE (blue):= ( 272f) [FFEHI 2R (green)f( ) hEs
LR PERRAES ARV R B T R F88: il =FhEnde—ig, Rp

—_ = =
<
<

PAMER B —DEREHS R, BN

1 1
1 1

BARELB T A I A T (a0 #F.

SELRMTFRAE SUQ) ETH, K4tk SU3) A G
T, KR TR LA T A B A EAR
T, 54, AEIE5E K T 7.7 4 W-Bosons 15 /% 1 HEf
S, U SU(3) BER (8 4E50) EBIR R TEH GY T 48

Wigik. RS T— L, THEE.

1 0
T8 FErEEse o] | 1] A
0 0
0
0]-
1
1 0
T psmix AL (o] |1
0 0
0
Miol-
1

80 TG 8 AMEMIE, BT
SU(3) BEIHEBE R R 8 4EM).
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8 A EmEREFH AR NS
S B R A A F
WHE AL T — KL,

158 Chapter 7. tHE{EREIS

SEBD .

Quark Description Evaiid
SRR EAE I B BE § RSO . MR BN S S AT
W, RAVEHE— KIS

Sl SUB) M=EE, HQ ¥x. —N_EHSEHEAFEZIE
Uy

RIFES 70, Bl EST: U= |u, [ ATHRIE SUB) AL, =
up

FABEL QQ MB AN Bl AT AT LUHIGH a2 3t S
£ QQ = Geqer HFFRIR c Fl c=1,9,b
o AN, % AT IAH E AR, %UﬁESW)%:$§o:
EAPIG—ATE (= A5 R—AZHE: g= ?
AR, 7L 25 B pE B M E 7, (adhT ¢ o
%%
o XIEAE, FiLHE —NE WA H — Dirac fEE#iiR, XXE—
L
A %ﬁ%uv-ig? s AR T A
~Aﬂﬁmziéﬁ
YT XS, FEEE] SU3) AEER Ek. A ATFORIRE, Ak
%%%SM)%ﬂﬁb%m,W%¥,%%E§%,ﬂ$%§%ﬁ%%
B TG boson MIRET. M4 SU3) MR T ER L.
BRIt 4b, fermion BRI SU(3) SHERME F AR, FX
R R 5

QmQ (7.153)

B AR EORL TR S RN 2 SU(3) AR, BT m T
frfEs3 . Z—HAPIRTGMIE 7T ARBIGEKFEERS T, NYEE
MFRRFEE. Flm, xF—AEFn, H=8E85N

U=|u | (7.154)

Horb ups ups ug ARRE—ANLE, HOEMGOR ESE, #AHEMR
(¥ i

HAbf e 5 Ky, BRETMRMT, AMEHE, WA EKRT
MG, BT MBS BRI AR (1)) MIGHEAER (SU(2))
KFZ, MRk Su(3) AZNES AR ONEBEIER (strong

interaction).
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The Interplay Between Fermions and Bosons Bosons

#1 Fermions [BJAY;FFk

TEIX— T RA TG E M AE S, SNAERAAE NHE—
AN, BAZEHRFER AN L e /K LR, HiE1m
W RE R K HE 1 k. X — 2RI S TR
AT I FRRE - AH ELAE R RAs B H &

FEL3ThE R3], JAIFRATE L BTN fermion , HIEHN 1 K
TN boson « ARHERIUIIESE fermion MR BT boson 1E )5 A AH
HAEFMIEEA . IUETRATT RS B EX AT UL AT 4 T

X—FMEECEA RN E IR H &R, KILT A A
BEANEHEBE 2 SRk B H & B RR M X R R 4 Rt
FRPE, TR ST I RE bR SN ATE s T e deon B o U 2 15
TEIER

B, WAV GBS AN G DOR R PR B H B R 3E, 1X
SRR A A T A EbE L AT AN 1 AR EAER .. BT
— e E IR, I ) A SRR AR O X BRI, AN A e
N1 AT . #id Noether SEH, FRATAEMEE—A P BN AR
MR —ANF T EE. BT U () SRR SRR R, AT

o NTHRB|—ANEIk U(1) AEMFAKFIIHE, RATFHE— NS
Aro BRI RS B H S IEFRR T R AR . U (1) R
FVFRATHLAT 2 SE )

o NTARB|—AEHIR SU(2) AAZRIRA% I H &, AT ZE =M%
Wi W W 2 hnks B H & IER R T 55 EAERH - SU(2)
X RRAE T R FRATT [E AT Jie A ~F AR

o NTHRA—AJHI SU3) AEBMHA%IH &, AR E/\AE
W GYLGY, .. BT B H IR IR TSR EAER . SU(3)
SRR R AT L SR

ANFEFN I T AR boson (HEN 1 IIkF) fidt. MBI
BARINT, B UQ) BEs A, . B[BANEN R W W- f Z
boson , M58 IT& 8 MR, 40 AN K SU(2) A1 SU(3) it
YretE .

BbAh, FRATEIL SU(2) XEFRIEZE IRk B H 2 A iR 2 00 i AASE
B AT TS NI R AR ) o FEANIE AT AT R P P 582 S0 v I o & 1 11
fif 7 %2 Higgs M. Tl INHAR A EIEN 1 . HIE 3
H—AHmEAEs (Higegs ) MAHBEAERRSEH . Eid SU(2) XK
PRI B R RSk, I Higgs E—MH AR BRI SAL R T, FRATTRE
3B B H B b i 75 ) BT R
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8.1

Summary Sk

AEPRET /%, ETHESEIL R NICR, HE%En T
HX R E-IEX R,

TEESLE T /P EARELL S, FATHA Klein-Gordon J7H#2 (i
bR AR T 12 3 7 ) BUEM X IR ) R, 19 235 4 1) Schrédinger
i, TR AR, S ROARESI R TTE ST A
a5 1

ZJaWe, AN T Dirac 55, XX THME T #4517
BB . RAMVIEEE M ROERE i) tnid, BMZAER. Wl
BHIZVIARE R —FpE RS IE T L AR GAE (f], K
) UALR i) 1. EREARIFI (fli) 2 DNEE RS
i — f FIRERIE, RARXANSEMMERZ |AP?. G RIRegER. ik
M&FEH eI SFEEMEXR EARMERREAERE —NEFW
AAERS KRBT R TIT M Z 1% F Ik 5 7 % 05 1 AT LA G 28 SR AE AR AR
HIREIT B 7E Dirac f5 1, Schrodinger J7#2H T+ &S AR [H]
WA N T —EKR, ATEH Dirac £55 REHHE—AFT A
BB )15 K A 1A F

Particle Theory Identifications  ¥SMZEIRIFIEIC

BT 5 A7 R AT DLFAERL T B MBS b A B2 e A TN
THRTHRNEE. Hsi 2R R8HAR T (1D F8R. fEEM)

T E — MFEAERTT, W(5.1)=.

1Klein—Gordon7 Dirac, Proca,
Maxwell Jjf



2 J(3.240), (3.244)FI%E5%.

P1
P2
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o HOmUb, XY E A ML AE RO AR A T 2

o ﬁé*ﬂ? i‘i =x;

fem

&b
® o

E =id,

° ﬁiﬂ% f/i = Z%Gijk(l‘jak — xkaj)
FE 10X LSRR R A N T8 7 i 2 i/, AT EATRKE B
KRB EERN TR —F .

8.2 Relativistic Energy-Momentum Relation #H¥i€¥EEE -5
EXR
6.2 HET T HE 0 3 iz s) 7 ——XKlein-Gordon J71#:

(80" +m2)® = 0,
FIIH 5 AR X B ok 2R3,

(8#8“ + m2)<I> = (8080 — 8181 + m2)<I>

() () () (1))

=(-E*+p*+m*)d =0 (8.1)

- E?=p%+m® HEH 4AREEE: ppt =m? (8.2)

X2 A A IR BEE-BIE X &R (energy-momentum rela-
tion). FXMNHTHIER T (5= 0) RI133] Einstein 3 % 1 EE T F2:

E?=m? - E = mc?

ForoR TR AT @ 5T k. BEHIEEAE T Poincaré BFEE
—A Casimir HFF p,p* WAREME (W(3.258)30) NATEH m? XFEH
FFgkARie T o pupt MR E R FREN )7, MHEd s, st
R HREEMENE, M lERE m = /B2 —p2. [, HAWEA]
DAFR AR AT 406,275 BT b B H i BLTHT R R B0 B0 E m2.

8.3 The Quantum Formalism EFHFRIZIZERR
AU, PHEEHEARR, XEHESEHTHAN%? 5AF
R RN EAE —HAE RS, SRR AIE =R R
HIRER), FUHHREA AR Z A ARE A& S AF 0 5 AEFHAE TR 4E 1)



8.3 EF NFHIEEFHA 167

KEZEY, MARELHZANAMERE. i, 8 5ER B AL & H0
RHIAIETTRER

AAIE b H
. =~
~—~— ~—~
HAF AAEAH

Hrp, py 2 DRI

C eipﬂi
—H
— —i0,CePi®i = p,CePi®i (8.4)

HEGEE, W TEREN p, X FHERINKIEET 24080
BELAF p = —i0; WAL E. BEE AL o0 Bt REFH [FIRE A 202k 15 2

i0y® = E® (8.5)

AR AE R R — R RECT AR AR R R, IX SR R £ n]
DA LS, TRl SR BA TR HEAE BRI R O 1% RX L R 3R 4T i
TFo Bltn, ESEAMERECHTRIT (R, HR—4EH1)

1 o0 )
U= — dpW, e "P* 8.6
%/ﬂopp (8.6)

Horb, , RJEITREL KT RE 0 = 0161 +v282 +vs3€3 T 01,02, 030
T RGR YL, FRATHIIL TR AT AT 5 J5 15 2 0 5 2 2 Bom AN
. FATATEL, tetnid, HREEARES op, #HATREIT:

U=> c,®p, (8.7)

HE, —BeRE, — MNERFIARIE R B S — M EFR AR R E . R
HYWAFELTN 5, B [A, Bl = AB—BA = 0 i, A4 AT DLk 1] — 41 [ i
PRAN AT AAE B 2 o R THIE A IX AN % [C, D) # 0 — C'D # DC,
X C WEANRMEES O, H CU =¥, Hih ¢ RERAMME. W
R U FRE D MAIERE DY =dv, NF

CDVU =(Cd¥ = dCVU = dc¥
~—
BN d RR—14

DCY = DcV = cDV = ¢cdV = dc¥
—
R N H [8) HAEXT 5

4 3 8 A G R B0 SR A 5 2
R A i B AR S H L B AR B
k. BAHRE—H=A 020 k5
BICRIMATER, B (L, L] # 0.
AT & A 8, AL
AAEFRFRE SR E=AT L (R
ARSI L2, EEREN
MBS RS (L2, L;]) =0 M
SEA I —dE, B AMBKIEE M.
B YEHIRE T, A5 B R EH
G 7 6] 0 3

O YR, SRR IRAEM D, 17
A1 Fourier A4, K+ \/% &
SR
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s DC=CD &5 [C,D] #£0 FJE, BTiARHLESLR AR

(8.8)
TR U R T T e
st =N s > 4 ‘j‘t 7 3
Bl R T P R HR E B O fekit, Y EHEGEHEMAYERANE (state)™ ¥ |, il
LT e SRR EN AR W,
— A & AN s ] S NE AN E =N
8 Sk Uk A MRS AH U — W R IR B A S — T, 247, BEWAREE

5, ean, 1. KLV = ¢ ®p, + 05,5 AEREAHEHTETH

E\If = E(Cl(I)El =+ CQ(I)Ez) = ClElq)El =+ CQEQq)Ez 7é E(CI(I)EI + CQ‘PEz)
(8.9)

el WA A R (REEAMES) &M (superposition) JERKTIA—
AR B BRI, BFOARMERS T ZH L € L— A EEN S B
13 BV = B0, Rit, &F URERGEMAERLZ L DR? HAGERA
TEA RSN N EWEM AW ? B S SR A7

O e v R, B B BRATHE B FLREI 14(1) AR ] — A, A
M U(L) BV = G (i e 25 2=
S, = W (RIE 375 RS B AR BRI B 30
10 o A s LT N VA e [t B o vel = ¥
AR . 7, B RIE R 5 MEEO, v —
W71

PRUEIRRE S, SR ERE (7, ) HIRETT [O (2, 1) o b B A
JE. FEE UQ) BT U2 = 0Tl - ()W) = Ufeivciow = UTp
XAE R B R B iE Y (DA—2E1E T N0, U(a,t) R1E
[, @ + da] XTA] A & BRLF AR 25 22 . BRI, o SR AN 2 (] AR
(Fig, SEf

/ daV* (2, )V (2, 1) = 1 (8.10)

AR BRI EI A — A, PRI FE A A TR 4R B — AN KL T R R A E N
100% = 1.

DR EEPE FAM B R, U6 2B I8 pR 5T AH L A AR B K e T
Eent e B AR T : U = 1®p, + 2Pp, + -+« WHERIET /1%
R, WE ORESHERNRERE, ISR ARNEEAILE, &
ZiRONAIHE By MR O SREEAERE Op, K “ZE7 (LX)
16775

P(Ey) = ’ / da®}y (2,6)(z, 1) i

2R (MFEFHEA A WALS, REAMEAN E FAESIE op.
BENZERX A [, 2 + do] WEFK T LR |V (z, t)2dz.
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£ L mE T, ERE

P(E)) = / da®sy (2, 6)V(z, 1)

2

=\ /dx@*El (2,t)Pp, —i—/ala:(D*E1 (,t)(c2a®Ppy + -+ +)

=1 Wz mipr ik =0 FUAAERS R IEZS )

lex|?

(8.11)

FAUR), FTRAKE U (7, t) F B EAE R BRI

W (p,t) RRGIHNELT [p,p+ dp] XA HIREZIE .

X AR ] DU SR KRG LR, bl F— A E gt
AR ML ZFERNSSHIEMT SR T 2R e, HE
AN o
Expectation Value HEER(E

guitdy, MRS R T InBCr e . tean, Wi+
BRI R AN 2,4,1,3,3,6,3,1,4,5, A4 EHIE51E &

1
(1) = (2+4+1434+3+6+3+1+445) 75 =32

T 53— Fh GO AR AR SR AR R 45 R e i, 8BRS T
H

RPRE SPET PO PULE SE SO P
— i, RATATLLE

(z) = Zpiaji (8.12)
Hor p; FoRJL% . W —ANELL A A LR

(z) = / dwp(z)z (8.13)

Kb LHMENR, EETH¥EHYEE O WHBENE N

(0) = / B Ov (8.14)

2
= '/dm@%l(x,t)(q@& +CQCI)E2 + - )

2
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— R, R U %R O MALEREURTT, HiniaiBEAER . B,
SR O fERfEREA b, R0 BIOAAE, SRERAS S T AT
BAGIT, AT O SHPRT R AR R

/dga:\ll*i"\ll /d%\y*x\p /d%x\lf ) (8.15)

AL E LR

T HEE, T Klein-Gordon 77 F2HAEAE X R ARIE .

8.4 Schrédinger Equation  Schrédinger 512
Klein-Gordon 77 &6 ~FTH I fifk

P = e:tip,l,a:“ = e:l:ip'z
o, p,= (B, DT, RAFNzE GfeFEE:

= (0,0" + m?)®

= (0,0" + m?)e* P

= (Ppup’ +m?)et P =0

= (—=m*+m?)eFPm =0 v (8.16)

FATAT LB S B AN ] 7 2K

D= eiipu:v“ — P = ei(fEt+f'ﬁ)

P ISR S e B, B @ oc e B, A(8.2) AT A0

P2 +m? = “mQ ——&—1 —m\/——l—l

FEARHXHERIR [p] < m T, BIBFFEXN RO SN O R %,
Mz B R E MR Z ST, W DX REEEAT Taylor JEIT:

1 p?
E = 14+ -2 4.,
m<+2m2+ >

"
—+E~ m + —
~~  2m
BRE
il
T
P — (BT D) o g—imt Gif - F—i(p®/2m)t _ efimt(b(f’ t) (8.17)
N—————

=¢(,t)
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M |p] < m AT RIER R i K TRCFahfe, Rk o(z,t) MIRshARzE
ICT et 41 em ™o (Z, t) MENIRIRMH A\ Klein-Gordon J5 2RI 43°

(0u0" +m®)e™ "™ G(E,1) = (000" — ;0" + m*)e” " ¢(T, 1) = 0.

WA B2, Do (...) = e~ (—im + 9,)(...), HPfIEAMEL
SHEFAER R, RS

o—imt ((—im +0y)% + 0,0" + m2)¢(f7 t) =0,
ijﬂu%":?ﬁ e—imt’ %E%%K%E—Eo JH:;

= ((—im + 9,)? + VZ + m?)p(Z,t) = 0

(8.18)
7— (—m? —2imd; + (9;)* + V> + m?)p(Z,t) = 0.
5 =10
(0)°0(Z,1) = (0)* exp [ip- & — i(p*/2m)t]
P’ ? T p!
= <2m) exp [if- T — i(p°/2m)t] o ol (8.19)
555 I He
imO,p(&,t) = imdy exp [ip- T — i(p*/2m)t]
)
=m (;ﬂ) exp [ip- & — i(p®/2m)t] o p°. (8.20)
KR, 1E |p) < m KINBRT, 55 =T0n] 2%, RO
(—2im0; + V) p(&,t) = 0
= gi@t - zinv2> H(Z,t) =0
BREA(—2m
v2
— <i0t + Qm) o(Z,t) =0, (8.21)

X E AN Schrodinger 538, Fll A 2 T Sk M P B 5 54 1O R

AP ansatz A MRE BRI, BRAKEE AR ... LU0 Bethe-Ansatz, ' Bethe
AR AT, Y& EEAN N -

SFENCNAF IR, FX LR REM.

SENCFAH IR, B OIEiRRBY
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KH, Schrédinger THEEH AT

— (E— ﬁ >¢(f,t) =0

2m
~—
=3 fiE
-

p
— FE=_—.
2m

(8.22)

BEREER IR M RE B —B B X &,
Mz R ARE 5 B R T 5053 V R BtE oL, DRSS
RLT ) RE B AILZ B RE N4 RE -
P

—E=_—+V.
m

WA A IEIRTH V = —ka?. Schrodinger 77 Pl H FH T AR H
2R (BltnshEes - mehe VO—IRSEET B R, B

2
09, 1) = 5~ 9(.1)
=i
— i0up(T, t) = H(T,t). (8.23)

Dirac 7R HIARFIX AR IR A THRE R, Frfs 85 RAKN Pauli J512.

Schrédinger Equation with External Field B4M#RY Schrédinger 75
[

Ak, AT A HEEIEA R Klein-Gordon J7F2(7.43)3, HIH
REFER 0 AR SERENARE 1% Ot MEERRTTR,
M ERE R AEARRHE I L. RIS 45 RN

U 2 B}
<zat 5 (v - zaA) + qCID) O(Z,1) = 0 (8.24)

From Wave Equations to Particle Motion  MiBEENBETEZ!
R FAIEE]
NS ERR 7w i RN K=o 7Y% o = o 0 [T A0 17 R

Example: Free Particle fl: BHAIF

HHRL T (EAMB#I) Schrodinger 7772 (8.21) A — MR (Fx
NP TR A

P = (Bt D) (8.25)

TR TFRA R, X CERIREREN
SPRUE: BRI, CEIE.
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Bk

2
Z-atefi(Etfﬁ'i:‘) _ _Viefi(Etfﬁf)
2m
9
y peiBt—p-3) _ P —i(Bt—p- ) (8.26)
2m

Kb B RAMBFRERNE, E= L ((822)30). #AFRHLMEH
BN B A

U = Ae UBt—7"%) 4 pe—iE'tHF"-3) 4

WP U B R UNE R, DRI SR PR I8 pR B E S
iy, BUORFERLFAE 2 S B MEZE N 100% = 1. BTk sk EC fe IE
—H, EHUGE A RCR A S E A S (BRI
(wave-packet)) Kffid — N F S H HRL A

V(1) = [ EpA@e T, (.27)

Hh 25 A(p) NEEG AR . AR AR R e, ©
(1 A(p) MR im0 A -

Yewp = /d3pA(mei(ﬁ'f—Et) — /d3pwoei(ﬁ—§)2/402ei(ﬁ~i’—Et).

o p B
SR T AN 8. 1. FE SRR h 20 SR AR R T 3 S SR
SR, T A A B T 1 B PR B L

Example: Particle in aBox fil: EFHAYRIF
TS & T JEIAER 70 — MR R HIE — e . A%
PR rEN, B, SrARHaNE, SIMNIBERATLTTR, WER.2.
ToBRIRABEE B — 0 Bk R
0, O<ax<lL,

V— (8.28)
oo, HHE.

DRI b 75 2 B oK fif Schrodinger 77 7%
1
10,9 (&, t) = f%agw,t) + V(2)¥(z,t).

o BNV =0,0 <2 < L, MM E RT3 R H .
o BPILV = 0o, AAMILE LKA U(2,t) =0, MHTH2

OJUPARA — AT ) B AW -

B o8.1: H &k ER, Figure
by Inductiveload (Wikimedia
Commons) released under a
public domain license. URL:
https://upload.wikimedia.org/w
ikipedia/commons/4/49/Travelli
ng_Particle_Wavepacket.svg

V= V=0

V=0
0 L X

-

8.2: —HELMRHAP (B -
Figure by Benjamin D. Esham
(Wikimedia Commons) released
under a public domain licence.
URL: https://upload.wikimed
ia.org/wikipedia/commons/2/27/
Infinite_potential_well.svg,

Accessed: 4.5.2014


https://upload.wikimedia.org/wikipedia/commons/4/49/Travelling_Particle_Wavepacket.svg
https://upload.wikimedia.org/wikipedia/commons/4/49/Travelling_Particle_Wavepacket.svg
https://upload.wikimedia.org/wikipedia/commons/4/49/Travelling_Particle_Wavepacket.svg
https://upload.wikimedia.org/wikipedia/commons/2/27/Infinite_potential_well.svg
https://upload.wikimedia.org/wikipedia/commons/2/27/Infinite_potential_well.svg
https://upload.wikimedia.org/wikipedia/commons/2/27/Infinite_potential_well.svg

YO FRAMT sine = & (e —
e ' LK cosz = (e 4 e7),
XA R T WA cos z, sin z, €'
MR ERIF G, MR B.4.1.

12 g o e SR, TRLT
HE p, U = —i0, ¥ ALI K (K
A EALE SRR KD . TG HA
.

3 B THEAWELEN T HE n,
H Ay B WAGA n # R —A
filt
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TR, KT AT REAEH BN
K B HoRL T R B — B S N

U(z,t) = Ae PP ) 4 BemilBt+p )

= (C’ sin(p’- ¥) + D cos(p- i"))e_iEt,
M (8.22) AR RIS i RE E-BhE R R, EXEN:

E = o Ip] = v2m
U(z,t) = (C sin(vV2mEx) + D cos(V 2me))e_iEt (8.29)

1 FH 8 B BT T S M L2 AT AR I R4 Psi(0) = W(L) = 0. A Lk,
BT cos0 =1 #ii D = 0. WANEAH

szé%, n=1,2,3,... (8.30)
TR R SR I RN 3

O, (z,t) = Csin (%ﬂx) e~ iEnt, (8.31)
BEnE -

— @, (L,t) = Csin ( L) e "t = Osin(nr)e Frt =0 v

SESE

— @,(0,t) = Csin ( 0) e Fnt = Csin(0)e ¥t =0 v

AR A —ALHEL C = /2, TEERN (0 <z < L) KT 1M
FHN100% =1, MR AE.

L
P:/ dz @7 (z,6)0p (2, t) = 1
0
2 nw +iEt s (DT —iEt
P = / dx C sm(La;) sm(Lx)e

—02/ dx sin? )202 z_W]
0

2! 2
—>C—L v

fi#t(8.30) AR BN HORL T I RESL A

| TL27T2
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KT TR AAHORE R R T 0, 1L B LR o)
MR, SRR T N AT HK

TS n HXE AN, R &

Y5982 Schrodinger 7TFEMIff. SE&MRE A B, ... EHLH— 1%
asey

NHERERER RS, Flan, R OA—RD RSN

U(z,t) = \/gfbg(x,t) + \/gq)g(.%',t).

222

BT, MR B = B, = 20 (R0

BT A MRRS MIE SRS MR P(E = Ey) TR PRE
5 Ey XMIIAMES O, “HEE” LEXHENTT5:

22772 2

P(E =
( L22m

’/da:tl)z z,t)¥(z,t)
®y 5 U ESW DA ENTHI R 0.

(Dy, U /dm L END

R AT DUR AR AR A ) IR 28 H — P ROK i i 55
/dx O (z, )P (2, t) = dpr

B,

L L
2 _ _
/ dx P3P3(x,t) = / dz C'sin (Wz> e F O sin <37r1’) e 1Bt
L
2 3
= 02/0 dz sin (23;) sin (;a:> =0.

I RS SRR E = 27 RN

2

=)= /da:(I);(l‘,t)‘I’(xat)

- /da;cp;(x,t) <\/§<I>z(x,t)+\/§¢3(%t)> 2

~—_—

— /dz \/Eq);(x,t)(l)g(x,t)+\/§¢§(I7t)q’3(%t)

5T 1 = 100% MR A L.

15 N i 4 160 A2 R B R R 4
1.

16 5opr b, w,®,, f Hilbert %50
s, (¥, ®,) ELTEIIMRER.

1 ANHEFH 43 AR 4> 83 Wolframal-
pha 361545 R .



18 XA LAIM Schrodinger J5 2 H

T

o, N
0P = ——2®=Ho.
2m

2
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— <\/§>2 (8.33)

(8.31) R H: RERRRONRE R SLRF 00, HIAER, S Bty 7718
i =25 iARmES, FX

H®, = E,®,,. (8.34)

RERFATE M T REEAL
HUOMZRES IR R . TER
JR R AL A 1A il B A X
HE

3 2
U= /20y 4 /S s,
¢;2+V23

WSS AT AR L RS2

N .\ 3 2 3 2
HY =H ) ) = —FE,® ZFEs®s.
<\/; 2+\/; 3)( \/;2 1+\/;33

8.34)1

BRI SR N ZAIES R F R, ZAFH
BEAT (B E WA FH TSRS
AT, B, FRAT e EAME S L

ab
He

R RIS AR RIS R O MBS T, BN By #£ By B U FR
AR B IAIES . KT U TR RS , M A, FAAEsE:
(EA {@,) I —45e & 3.

T4 Al Dirac KW+ AMEHI Dirac 75, SHYTRAT
B T 12 O SRAEH

Dirac Notation Dirac &5

Dirac 7554, RERAHER (ket)9FR, ClF
2 (8.35)

B, —MEGPRPIREN @, KR THRIRERAMETT M Dirac /55
N

H|®,) = E,|®,).
A RATLUE SHRZESR (bra), 104E (U], & XA

(U]t = |w), (8.36)
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Ho 5 1 FoRJioKILHE, AIAE + RIHE. RN TA RN
R, ARZIERIARE SN

(12), [¥)) = (2||V¥).
T RERSH R ERNGER AN, ]/
(®||T) = c. (8.37)

M ¢ BN W) RASHOR TORALT () A ROMESIR, AR s
N @) ))2. R —A |O) RSB TFRT [, 2 + do] HIBER A

(z]|¥) = ¥ (z).

() RIJYRTTHAL R E. B, WK1 s AT [p,p + dp]
R RIEZ 20?7 F %A Dirac fF5 8RN

(pl|¥) = V(p).

AT~ ER AR RMRE R, MBS 02 H— 20, Flin
/mth /WMxﬂwxoél (8.38)
[aview.oF = [ dpotp. 0.0 L1 (8.39)

LW Dirac 75 %R N

/mmwwz/mwmemzfmwwmwﬁl
(8.40)

/@WWW=/®WWWW@=/@@M@@$L
(8.41)

LT AR (p)(p| 5 |z) (x|, FMEROESVCNIREER
(projection operators)?'. ‘EATRHELF, BATAUEH TAK, 1521%
MR, Bl

|2) (=] ¥) = |z)¥(z),
~——

SFRAEH, T (2)

20 g 75 42 ) o B RO OO RE R A
100% = 1, B, KT HI30
BIEEMMBER N 100% = 1. #t
AEBE, BT IR MR AT 1

2 AT A G R TR, AT
e R AL ST ARE, e B S
iR 4N P2 =



22 % 5= B R TT (Bl
¥ = v1€1 + v2és + v3€3) AL,
JLBRA L

178 Chapter 8. EFhH%

S aMEEEoRA R, FTfEHERE—MER, MEAFHEEH
THREENAL R ZARTG . H(8.40) AT LI AN—DH AT

/dw (P]|z) (]| ¥) = (¥ (/dfflx><x|> ) = (B[I[¥) = 1. (3.42)
_,A_/
=I

RTATEC

1) = |w). (8.43)
(EFTZRIERASHG [0) HOE (][0) = 1, I AT [0) 4R
SRS, FiBLERN () RN 100% = 1. filtn, & zo oE—
AR BIZE 2o RIS R T HOREE S 1, W (wol|zo) = L. 1 HEAR
NERALERE, ERHALE R 1 AT IRIETIRE . LR

/ do |2)(z| = I, (8.44)
B IR A B S R

Z]muzf (8.45)

MONSEE M X R (completeness relations). —f&4 K |a) 72 {]i)}
T EA

[iyfla) = (illa) = s,
S 0 REM. FRREERR, B Y, i) = 1 o/
|la) = Z |i)(illa) = Z li)a;.

RATAE ML o) 22 {]0)} TRRRITA2, o FTUMONREIT 25 X T
HEE, RIS N

¥) = / de|a) (z]|T) = / dr |2) ().

=V (z), 25
8.3 1B HIHEMEA Dirac fF5 KRN
(0) = (¥|0|W).

I EE [ N A& R, Dirac £55&IE .
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Example: Particle in a Box, Again fil: EFHhidkiF, 4
2 JEET T R A I WAL T ) IRESKLFIRE R, FTfR4E R

N E = Ey = 200 {R R4 A7 XA Dirac %55 A7 L B Hy
For, MEN

o) = (5= 22| ( i) o)

=I

— [ = S50 ell) = [ de@3(o)¥(e)

n?m?

P@g:<E:mmp

B 5 8.5. 20 FI N J1 A e T VA I 2 RAR TR o

Spin BHE

AT 5. 114 B S BT 0 Bl —— . S5 T 1 e H AT 3kAT
HFELE. B, RO EFHFRE T Lorentz B . HIUHRE £t
L AR T F 8 Loventz B 1 FORHET RN R, KK, H
e o R 7 S LA B — 4925 0 5.1 175 5 b ) 1 RS AE FL T
BRAE MR B e MFAREIoR HHEIRT), EIREH S =0,
BRSO TR ROR A 1 e 0.

B8 (5,0) o, H “4EFE R 2R IR e A peoe o (S 3. 7.5

S== (8.46)

Hr o; N Pauli JEFF. KT B REFPIRACHE O, T ks B e 1F
5 O, B Sy MERIIEE FRRLT FIEESE 3 i, BHEKN 2
AR R Sy FoRERE y h &, S Tox z &

BAF Sy mERERA

Sgi;(g jg) (8.47)
1 0
v = (0) v_1 = (1> (8.48)

RN AGEE 3 L, -1 XEWRE e R R T I A el &, 7
o) 5 AR PAT B ). B iE L RN A FIERRIE T k. B e
B E e RAEE £ B — 1. 4547500, Bt SPUEMBEA LA, B
IFRIE B e AN A . A BT A I8 mT L B e I 25 G o A AR 1
Ji, M R E A SIS IR A2 Stern-Gerlach 5256 (LEIR.3).

=i
N
IS
=~
ot

e

8.3: Stern-Gerlach 5 E/R.
LI AE A RR T, I E IR
£ T B R A 2 T K A BE B E
H s B 5 R 5 s A A . —HOR T
S AN S, T & M
BB R, KRR N Y R
BRGP Ao SR SESG H LI 8 7 o s 25
Rk TR A WA G Ry IR, — R
WEHE L, A0 L. B KA
# N Theresa Knott (Wikimedia
Commons)distributed under
a CC BY-SA 3.0 license:
http://creativecommons.org/li
censes/by-sa/3.0/deed.en B
Bt:  https://upload.wikimedia.o
rg/wikipedia/commons/e/ee/Ster
n-Gerlach_experiment_svg.svg

OmB e R AR IR
Lorentz ## (4,0) Fmak (0, 1)
FoRE ($,0) @ (0, ) FRAEHN

Ho


http://creativecommons.org/ licenses/by-sa/3.0/deed.en
http://creativecommons.org/ licenses/by-sa/3.0/deed.en
https://upload.wikimedia.org/wikipedia/commons/e/ee/Stern-Gerlach_experiment_svg.svg
https://upload.wikimedia.org/wikipedia/commons/e/ee/Stern-Gerlach_experiment_svg.svg
https://upload.wikimedia.org/wikipedia/commons/e/ee/Stern-Gerlach_experiment_svg.svg
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e R 35— e R AE AR A7 PO AR . DU R0 o,y B 2 SY RIS
AR ARES L 8 1.

NHE AR T EIR R B R E AT mrm ((5.4)720 i,
HIRESRT (Bl z 280D KRR

S, = %ag = ( _0 ) (8.49)

1 0
AIEAN |3).= ) DK |—3).2

[es i I
N

AT 2 ®on 5 S, Ak —

e BT AERS B e, TR AT ZAE 2, B | X) = al3).4b]—3)-.
RHER RS . IR — KL TR 2 0, JF T uE” e
—5 WIERAr10, GFE S BT ARSI R b= 0,0 = 1, fEREZ
;;}zﬁ%;b SRR AR T T, RN a=b= 5, XEWHPFE RGN 5. J)E
WEKT B REAFDT A& (B, el S, #llE S, fmaRt
AT BV e L BT AR, AT S, = — 1 i
VA B
HIEHERE S, fEATEREERENE BN 2 48, o F k&
X, WL LR L OB R a,b YR SRR R L
IR LR, JUPAR L (R B
1)+ gl = ). =b. (8.50)

=0 =1

A=5lIX) =a

IR A = M EIIRERN —5 BHFN P__y = [b)?. WEHAD
TR, Bl 2 b, BRI ERES S, (EHTAK, S, MAEMER
K ((5.4)7):

) (8.51)

s(

IAE ISR +5, AHERS 3K |5)o= 2 (1 AR |=3)e= 5 (11)’

= O
S =

B S, = -4 W, TEH (D). 5 |- 1) B D | - b)e For:

De=—=( I3k +1-5% ) (852
S =

1 A
0 vl Pl

105 /T L AT TR 2 Stern-Gerlach S256:2%5 B 52 ik
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5= 5 ( Igke = 1=5 ) (8.53)

~ =

WEEE © S EIRERN - FMEEN

o310 = 31 (o5 (130 +1- 302 ) 4055 (15, - 1= 31 )

WPy ) = 13— P

PAEZ BT RIR . P S, = —5 MIRLTRIBRE, BT

1
X g = 1502 (8.56)
Bl a=1,b=0, I S, — —3 RN Ps__y — |4~ 92— 1.5

R S, = — L ORT, WEIE S, %R ME. ik
WA S, = —; SR

1
| X)) wormsits = |§>x- (8.57)

ZOFHEIE S, PRREACN —5 MIBERTERIRE (5. 1 15)2 ] — 3)-
JE&IT

1 1 1
Oammmns = I50e = 5150 +1—5):) (8.58)
S~~~ N S

e 1 0
2 1 0 1
TR Py = |(~3|X)[2 = 5. 45 L LI RTS8

o WHARPRLT (D) MARSAEE, WA 2 &, HEsig
S, = —35 WKLY, T JERL T PR N

Sl -

1
1X) o = |§>z- (8.59)



26 Richard P. Feynman,

Robert B.Leighton, and
Matthew Sands. The Feynman
Lectures on Physics, Volume 3.
Addison Wesley, 1st edition, 1
1971. ISBN 9780201021189

2TORATHC [ e BT RN R TR
VL AN M S B P
F i, Il = Jild; — Jjdi =
i€ijpJe # 0 — Jid; # JjJi. 2
AT R, HE e 1/2 WO R
SRINHRI R Ji = 5.

28Kronecker delta BR#L §;; 1 @ #
J IR0, i =5 A1, HiE AW
&B.5.5.

8.6
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o WIEEFRTHEN - 7RISR AREEIN +35:

1
z<§||X>z7'ﬂ‘rW%i?§)ﬁ =1 (8.60)

1
=51 X) imminm = 0 (8.61)

o WIS TMAN ¢ HERKIHF—FN S, =1, H—FK -1,
%UI%’;;H\:EF‘}EEE‘ S:v - _% E"J*ﬁ%fﬁ*ﬁ%ﬁ@%%ﬁ% |X>¢7I7ﬁﬂﬁr’hﬂ)§ =
|3)z-

o /EF I ERLF I ETE 2 708, TAEENS Az b il & 45
—FRFHN S, =1, FH—¥N S = -1 REEFE DL
WA S, = —1 Wk

KT X WAERFEE L CERFESEER M IACE) 7T Feynman 478
YRS =420,

Heisenberg’ s Uncertainty Principle Heisenberg Aifi
EERE

DAER AR BT A A W HIRHEZ — T . W BT A&, Xk
THIE 2 4 EMNESBIR O AR - 7EEE, X—EREET
JIERVR 2 M B EAEAE . BATATUAMET 8,8, # S, S, HERFEEIX—
5, BEaRUERA SN E e 2 o RJa 5« BT EAEN « S E)EXT 2
S EBATIE MR RAFEN .. XSRS NIRRT, BN 2 A
TeHHATI RS, RAMAT S, M— DRSS b, Wit o 751 8 T
MESE, RERAT S, WAMS L, S, M S, MAESHAR, &5
25 R A A

FRIGA UM —MARR: BN 2 7ES » DET RS
! RRRINE 2 J7 R E BER, #Re ik o 7 R E e R A AR,
RZIFR o X —E5XET 2 J71 o J7 AT y J7 R E et 2 —FE .

PR VF A3 B e 2 LA R s &, Bk B A B & 1l &
PRI T FERELE R B —FA(5.3), AT A EES K.

[pi, &5] = Pitj — &;p; = @by (8.62)

i EATH, SR BN o AT, S SBAT R o S Emn
W& 25 ARG A E o« em) G ul, FRATABEIRIN 2 4% 4 o 30 8 bL 115
F—7m b ESahE. dE, RAWAEIE 7 m AL E M) & E A
X o FAARNES, FrLllESh &R y EASTINAER « 708K
M

RN E &S BAE R TRATE, RZIVR, XEeEEAN
Heisenberg ~HERE. FFEMILREKEENANIERAR > ELZ
6], POAEAINS S FARNE. BiiE2Z, FAT O AR A
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BT, R ENIAR T, EATEANGE [F I 245 4 5 345 E -

EHSEA KA. &+ 758 FAH RO FRE 1) A BT/ Il & AT
teani, oz S TP A BOT IR Y, X —A oo AT
MRGEVH T/, TR E W 7. HIES NEE 2
KER X ABIER, UF2HEREIRZLKIUE Heisenberg AN & Ji
H, CEATERIER] T X A JE B A R

Comments on Interpretations ¥ JLELERRIITFIN

KRR R T AR S E AT, AT H Al F
FEA R R B, #i45RIM S, Feynman B R30 5 AR T HIA
Bz f15 e adE . B FHRTH IR A AR . £ AR
TR R o B b FIBER, FHEDR A o 2 b BITA AT REMIERAR BN &
BT EARIR AT B, (AW DA E T 545 RSN 11241 1F] . Freeman
Dyson &2 JFid 50 T BRARAR I (9 — A lles?

Dick Feynman [a3PFidfhi 1 7552 “ P& im” w
o “HTEETREMTRE”, il CEEEREDT R UME
g AR L BORRATHE, NEEE AR, FIEXERRIE
IR, AT BB RR B 7 PO “ARI . ” (H SRR
A B

B FEATTRER  — AR (R IR ARAR 2 B0 I B8 323D
& Bohm . BRI K SR Schrodinger J7FEHF I AL I ReSt.
J7 FR IS S R A A T AR, Hor— AN LR A & ) T )
Hamilton-Jacobi 77 8% CH NI, B INITRT AR N 5 & 808 A K
PESNARR), HE— BB S L AR AL AN AR R LS
FEE 77, FTLLEA Newton A MTTFE F = ma Ho IKAE Bohm &
B SR IR T 3UIE . $RFRAT A, Bohm R MITHE SR S5k
HEAEMXT IR BT I G AR . SR B TR 35 1 A e A 1

BN .

BSEEEIN
e Richard P. Feynman - The Feynman Lectures on Physics,
Vol. 33! Z& I NI G . &1 15K &
AL A S 2 A AR
e David J. Griffiths - Introduction to Quantum Mechan-
ics3312 AR G BA R R IEREM .

VUpeid: B RATfE I S RAE LR http://www.feynmanlectures.caltech.ed
u/III_toc.html,
FAEBRCR A RS, SR, S, BT, T, STHEE. SR MBS B
TR, =%,
b EMERREROR R4 2013,ISBN 9787547816387

2 G50 RGMTRAENS
A,

30 X 77 W % W 5% Richard
P. Feynman and Albert R.
Hibbs. Quantum Mechanics
and Path Integrals: Emended
Edition. Dover Publications,
emended editon edition, 7 2010.
ISBN 9780486477220
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32Richaurd P. Feynman, Robert
B. Leighton, and Matthew
Sands. The Feynman Lectures
on Physics, Volume 3. Addison
Wesley, 1st edition, 1 1971.
ISBN 9780201021189

33 David J. Griffiths.  Intro-
duction to Quantum Mechan-
ics. Pearson Prentice Hall,
2nd edition, 4 2004. ISBN
9780131118928
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%% J. J. Sakurai. Modern Quan- e J. J. Sakurai - Modern Quantum Mechanics3*"? & — 2%
tum Mechanaics. Addison Wes-
2 e FE A =, e eIl
ley, 1st edition, 9 fI‘IIl[O]*993. %1/]_:‘ ’ EAT/_E{/\ T %%ﬁ%ﬁ’]zﬁ’*ﬂ‘%ﬁx% o
ISBN 9780201539295 e Paul A. M. Dirac - Lectures on Quantum Mechanics?®'*/2&
35 . .
Paul A. M. D and Physics. » NN 1 N
o e e e BRI SR, — . REWE R, (HIN 24 H BRI RIRR
ectures on Quantum  Me-
chanics. Dover Publications, %, j‘\jl}ﬂiﬁ%%j} #ﬁ”ﬁﬁj\ﬁ/‘] Efﬂ%%ﬁﬂﬁ)ﬁ' ﬁ—\‘%&\j(o

1st edition, 3 2001. ISBN
9780486417134

e Dirac e e ITEAERE I S5 I %8 8.

8.8 Appendix: Interpretation of the Dirac Spinor Compo-
nents BfiR: Dirac hEESERIIERE

FHETROMFF, u,v &7 Dirac k3 LHY 5%, u,0 £
T EI R, Blde, u,up HWERMRRAG @SB E, — MM
up

ST ou AR =X I u,ue, B ou=
ug

H BT 8ATX Dirac BéE AP Weyl Jé & ISR L. &
MR FEREATA? NAZBEREATA? LA, Dirac igs B Weyl it &
AR, KB AR Pl
ez
o Dirac Jight o | \© | HIIPIA Weyl ekt xz. €r Hiid “RRIIK:
R
T SRR A RRREA R AR, SR TAEEAE,
QXS HLF 1T &
- xr #IREF- T (left-chiral electron).
- - (g R F-HT (right-chiral electron).
ERTHRFR THRE, B N o ‘ ‘
B AR bR EEATR AR R EA%0, BN EATANRE T RR AR ek
AL LRI 2R o IR IIANRIIAT S x, & RoREAT. BN EATF
o f%‘ﬂﬁ%%, K%jﬂ”%‘ifﬁl*/\ﬁﬁiinfﬁ, X— M JE R
Hbﬁ*@’i‘!&&ﬁﬁmﬁ@o Eﬂ~

1‘R%WWH%1M¥Hﬁ%ﬁT e g o 2 .
PRI R R R L s — 1, - BT i) Weyl Jie & A BRERE L (spin-up) K

1
A B AR AR L 5 BT 0
0
1

- T ( ) ) Weyl it 2FiABERT (spin-down) Kk

- At Weyl Jig s AXAGE A e b /R TR & .
TR miE S
S TLARE A FARBSRALAR AT B 7 A2 FFEMA FFHE2 AR
AR PR IX — BB e 2T FHERR 15 5567 (FACie), it

L2983 [E A LR T AR HE R B BN AR AR,
FZEIA ISBN N 9787111182948, THiZE [ h & A ISBN 4 9787111278771
D390k APEE ARCE B AT B A S B A B AR S R,

ISBN >}y 9787510035067 .

M. AR B R
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HE R EAER . A F TR WA, FIEAHEEER, A
FET. 7175 A I R

BATE SR T 1B — AR T #G B B I RORL T, 1T SORE T 4
A AR A R (AR AT SRR o ar SRR E SR BT A R T
MIAREE, MARAFEFRNE. BRATOTLLER, WM THT, X NAAR
kT A

o —NEFFMHME Ty, FMIE L, WH —e, BTWES.

o ~MHFFUMR-EFFHELT (x)° = xr, WHRLNE L, HiF
+e, WIRIFERAE TREDR . EFRFEA 2 RO SR % o X T
REFE R RA RURYE, (H2 BIPLTEN B AT R i k712 a1 55 77 s ok
MG . AFRP PSS RS

o HFETEp, [FALIE O, HAF —e.

o FFR-ZHFFHET(Er)=¢E, FNIEO, HAT +eo
DG, 20 10 T (B, FRATTSERR AT PR RS R (9 75 25 R 4R

P87 BFONARATER R AR, FRATSEPs bR A TR R A7 —
MBRMA UM EFMIERT, RIS ESFIRXREREN 4.

KAV T RO TRAR T RA T ek FH LA F R, EHMAGL
ZE P, Xkitit L A0, BRAAHHEGEmT,

Dirac Jie & A JL 90 5 3% PU Rk 7 BLEEAH G . H3R A B F A 4938
HIERF BN NE Divac FFENIAE. Dirac HIERIZSIHE, it
SRR T B S 2E T RE . HffoN Dlvac BER N R FRATTFR 2
SR SRBATHORL T (B [V AL, X 75 B FRAT TR B 5 R I W R 7

B8O A AR IS, X AV HZ5 8. Dirac A TUANE
YR MR, AR

%:(W) (8.63)

o fi38y, — (é) e=imt Fl 1y — ((1)) e—imt i AN AT TR

Vi = (_W) (8.64)
Vi
Hﬁﬁl] V], = (1> €+imt *D Vo = (O> e+imto
0 1

Dirac 7725 VFERATH AR T H EH Dirac it B2 LT Weyl
FEE R IR . ADLAE,  ARATT A I TR AT — A X LSRR FRAT
HHF NI B EFII2EF ( physical electron) FI4IRIFFEF

AR KT, Vel

38 o b — R LR IEEL. (EATiE
MR T S T AT L
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B9 350 R 2 ) 9 25 SE 4 (physical positron)3?,
T PR SRR RAF A 5 0§ = S

iyapy, BIE (¥1)° = oo, I * re E R LI T
(¥2)° = 1. o o SEHIER FIIHT

o Uy SEFTER LT

o Yo SEFTER T T

AT LR BB A AN E T (R &) AT CF
AW 7 8D e — MBI F o K B e I TR 23
R A EEPTHE K, T A TR AT R AR E A R,
UMM A F 556 U Ty 1 RT3 J35, 0B H o 20T ] B
XA o

TE R ISR AN R BATT ISR IR P B H 1 AR ™ % ) AR
griEe W EAATTA B BERTI [F AR AL 20— FE . BB TR RS, T
TE AR . BRI SU(2) 2L R AN . FRD I 750k
Ak, ®ATAE

YT = (XL) o< (u> (8.65)
§r u

IV xL = Er. Weyl i8R xp & RO EIINEL, M £
AR WA FALE . AMLantl, FRATHAIE | Dirac hgg R b
FIF Weyl Jie & 1E Lorentz #EZ)) T R&A—FFAZM) . B, FAVEHAE
ic T2 dE A LER . HaiEu, AT HT x WA SU(2) f8F5,
N oxr B SU(2) MESK—HB KA. ¢ WA TR, %8 SU(2)
A RAZE -

— R, BATH

pmERT = [ ] o [ (8.66)
XR v
40 w7 st I R H(6.13) %

S BE RS BB R e = FeATa] LLE I a7 LA 240

CHE o
s () < (2) e () - (2)
XR R u u

= VEIEH T
(8.67)

R YRIRATEATE SR I POl I 2] W B SR B b R 23 I i 47
PIRRL T BB N 517 R ALBE A0 22 T T A FAL e T 1! —HF
MIBRATRGE, AP IE H B A e 5T R e ) Be- 7 T i AT [R) (2 e 1
B4 TR R A o

Dirac J5 R B M &5 YR BATHL 7 40 ] BEAT I TR AL . P e B A1 25
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JEAE— A S AR MBL — A B e LT, SRS T AT I
AR ? 1 eftg — N AT T, TSN

el = (8.68)

1
0
0
0

MEIHAE Dirac HREMME, Fik, A THERERIREEL, AT
H Dirac J7 R R & Tt

1 1 -1
0 1 0 0 _
el = =z L = (t=0)—T(t=0)
0 0 0
(8.69)
TATVHETE Wy AUy GfeT B R AL
1 -1
_ 0 ) 0 )
Uy (t) — Ty (1) = e—imt _ gimt (8.70)
211 1
0 0

STt =0, XptRAFE, RHEL T BN, kint= 1 25,
eIz

1 —1 0
1{]o] _.- 0o . 0

- = el — s | =—i = —iel (8.71)
20 (11> |1 [ 1
0 0 0

KRR T — A AR LA FRT X BN TR, AR,
FRFEBRAFRT, RZINMR. N TRBETRENL, FRA10006
er, Ml er, XWHRBRMNIENTE—RRE K Dirac JEEFHEE . X IEH
FIRER.

WA AFERLT e, eg ARG 0, BIEALGE, 1M AL
A DMl =3 B . K 2 AU AT IR R G4, AN 2 Y]
(AL T FEANARERS o[RS @ AT LR ST B [0 358 A o AN < 1

BAVIAET] LG B Dirac JeEMFF5 2 0H11, FAERATE — 1k
VA (0 AR T GG B2 21 1) DU Ffoksr 7 H AT R PR EC R AR 1 B0 )1 2447 M. F
PERF AT e (e I R P A S8 T WL I, F—/NT, FiE
B EEAE R T A TS, ARNHRShTHFS.
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8.9 Appendix: Solving the Dirac Equation Bfi5: #% Dirac
hiE

Foe L —#, &A4e Dirac AREFH _HEETILHK u i v, &
PEETIH u Fr v LAY uy,up WILFTREMNAWNEE, £
RHEAHNRE )X LFHAERMNRE o BN u 47 ug AZXNEHEZ P
CEEERS S

Uy

AR F R RATEEFH AR B EAE R T Dirac . HAh
RS AN AL AT RN e s 83 3. B T HRATE L —
I, FRAESRIOFE T & 13418 Ikt 2 F 311X S

Dirac 7 FEN:
(i0, " —m)p =0 (8.72)

BAVE S HAP B, W U = we ™, Hp u 2— U0 ERE, KA
By, & 4 x4 . EfFIESH R, =458 p= 0, B8R AN
—ipz = —i(poxo — PT) = —ipoxo. IAEMFHIATA T AIHE T1F BN AHXS
WHESNEXR E = /[p2+m2, S5 po = E fl zy = t, WAEE
—ipr = —iEt = —i\/|p|2 + m2t = —imt. FEILAF A EF] Dirac FFEF:

(107" — m)ue” "™ =0

= (i(007° — Diryi) — m)ue™ "™ =0
—imt _ 0

— (i(—im)y° — m)ue

— (my? —m)u =0

_mcij_l ﬂu:o (8.73)
0 1
(23

_> =

TR B R 1 SBr EARRAIR 2 x 2 RBALRERE, FrlA uy A up
e, WATE BMEAVEBHFHBRE u = u PR RETT
2, HIFRATIHRE] T Dirac 7572 PN 2 S SL ) i

e imt (8.74)

(=N =
—_ O = O
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RATTLUEIL B & — veire FAEI TR, 18 15 % R T I5—e
AN U = veimt, 5 N\ 55215

(107" — m)ve'™ =0

— (=my" —m)v =0

()0
-1 -1 Vo
— (Vl V2> =0

—Vi1 — Vg

FATH AR B E K '™ B E, Hi 2 —vi = vo BI5RAMF. B

I PN E AL IR i«
1 0
- 0| . - 1| .
U, = et Wy = eimt (8.76)
-1 0
0 -1

8.10 Appendix: Dirac Spinors in Different Bases [f}i&: Dirac
NEENARRHE

fERikE B H =, Dirac Ig&E ¢ G2 MR , HEH . ZXARHE
A DL e e B — AR SR T TR XA AL P DUAT A3, 2
PO FAR R R AT AR N, SATECRT LUEIEAE o Ay, Z AR
1= N"'N BBOREHE L E -

0y, = 0,y N *N~, N"'Nop =9, yN~ " Ny, N~ Ny
T — N

=1 = =y, =Y
(8.77)

ATy LEFRAT T A v A Y B e Ry A B a3 Wyl Ho 17 2315 1
Dirac J7REFIR AR P 53 —Fhdt, Bebioy R 3 el# Dirac 2. £
ATH TG AL T PEEL Weyl 25, Dirac B H &

Lp =ixto"d,xn +i€L5"0,6r — mx | Er — mEh L (8.78)

BAAEN AR RN —WB 2R E T ARPSK R JATAT LA
P FEFE Y B i FER AR B — 4L B TN A i3, IR 2 MO iR g .

EERERAVEER I otmy WIRET, Hbom = (ml 0 )

0 mo
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TREATHAAR T BRI AR

(8.79)
TR I 7 b B 2
! 0
DM = Ty M = (’5“) (m Tg) (§L> = mx b€ + mERxe.-
R R
(8.80)

FATH AN IE— B R)E —ADRARE S B T, SR 552 R 1
Dirac Jie 523 54 5 AL b FAL R R T S AR

NTRBEATBANE DRI R R, BATH LR M =

1 ~1 1
oo m(o )Wﬁ%oﬁﬂu@ﬁﬁﬁNji
m 0 10 11
RS, AT
N (m O)N:M (8.81)
0 m
—_———
=M’
—1
o1 (- -1 0\ 1 (-1 1 0 1
m— —— =m
V2l 1 o 1)v2\1 1 10
(8.82)
FHRFATTHE AT LAAH B H 5587 E X Dirac e &
7 T -1 -1
Y My —d}N_J\jl ,MN_J\; )
— -1 —1
—QJ/_\LN J\{NN () (8.83)
Ew/ =M 7‘1"/
:'l/_]/M/w/

WG — FAEANE F MR Py = 1520 mak R 10 #

16 AR RPN, NONERIES R, (HRENRRPRA. W PONIEMER, BsUEf
W,

t
1/J/M/’L/)/ _ (wl)T,y(/)M/w/ _ (U) (m1 0 ) (U) _ (u’)Tmlu/ + (v’)ngv/,
v’ 0 mo v’
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B DRIEERAT T BAG HARRIG s HEFE

1 1 1 1 .50
1 -1/ \=1 1 '
0
1

2

1 1
55 X . (R ARALE [7) B 1( . il = NE RERRTFEARMESIE
HEA L2 ®EK Dirac JERHE, i, 2FSEXNE TR
1
s . MHZT, EFHET v BXAN, AFAMESHRA

4y Dirac Jig& ¢, = (XOL) i, A TAESME RGN ER

0
Dirac Jig& g = 5.
&R

FERXANFE T PR SAT S B

P = D (_1 1) (8.85)
8.10.1 Solutions of the Dirac Equation in the Mass Basis RE&ET Dirac
P} i)

FATAT LUK fig# o1 & T 1) Dirac 72
(i7,0" — m)T =0 (8.86)
B ¢ = ue™P*, ATLLRH
(Yup’* — m)ue™ T =0

= (yup" —m)u=0.

A, AT MRBE o = ve™ P i
(= —mve™” =0

— (—yup* —m)v = 0.
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RAETIERE P Mg, AT MR EAAR R PR, Ml p= 0.
FAMBEX AR FE 2 FrCAAT AT, ROV BE A By 2 R h A2 A
R, Fre AT BUER R S HATFT R —4. XIS HAT,
T pi =0, FrRAFATA

— ('yopo —m)u=0

— (=yp” —m)v = 0.

WEANEST po = E, FFHIEATHT M EATEATIF K (K(8.2)) #HK
AT RE-ZIE R R EFESEAPRAE E=/(p)2 + m? =m. W
FEFATRT M A L4 HAFERE N A vy = N~y N THEH 40 TR
Hoy Dirac 2P HIRHER . ZILH/E m FRITEREE D RAAE
W, DAk

(e

L34 Dirac IREHMO G0 BE0RE, RATTLHESL o KF
T — 7y AR o BT = BT 0:

0 0 U1 0
N = =0— Ug = 0
-2 0 U1 —2111
— = =0—v; =0.
0 O Vg 0

FATHT LAE BIERX A T B LR R T (B2 Dirac T FERIME)
AU R SH Ly EREERE, WG TR A EH T 0.
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MTTBATTAT LAV A 21 DY A2 A0 7 1

1 0
0 . 1 ,

V) = e~ = et (8.87)
0 0
0 0

A

0 0
0 0] .

Ul = et v = et (8.88)
1 0
0 1

(R B RPIKAE T I — R, TS R 1T

. ) U . 0 -
Y =ue PT 4+ v’ = ( 1) e 'PT 4 ( ) e're (8.89)
0 V1

It HARAT AT LU 4 X AL — A Lorentz ) B #HMAFER — SR
R, BLAN, S AR T A S AN S R AR BN

m d? , .
> \/; / - (e @ () 4 ) () )

(8.90)

4B Weyl HeRMIPIA D BAE
RIF A s






B BhE

FiE: AT W AERANBRFRZHEA AERRRE, F—ikik
UNE Y A R
KB HE TR AN

%&

Lo s E P AN

WA SRR BN 0,1/2,1 HlnEsh R K2 37

Fourier BH 5 Hk M. M EREIX 2 ¢ &) WL Fourier REH 2 HLF.

ZJE, BMNLSEIZEEF CHREUHESM NN Raff=ERm
EIRRLTF 0, X R 37 A A% B3 H BT L AR RE B X s S i AT

ZEHHEEERER, ERETHRIZO . TATSERTEM AR
MEE s, ISE PR A s E i E AR R E L
AT, X— B e THREERSGSRT, EXMRFTY
(RIS TRIJEE AL A ER )RR R WU 0, T A (I TR A A2 eh A AR P e
R TN AXNRRT, GRS B ERER LR, M Dirac
105 AT LIS A

{f1512),

XS FORABUTE RN, i) —UE, (f| AL, RIS
RIVFF S Al UUFHAR ELAR FA G 25008 Hy 5

~ ot gy
S(t,t;) = e o I

YFourier % #: 15 J5 19 148 15 I
FD. 1T T R
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RAXTMEA LR, IR HFERIT ORI XA W TR
R A LI 2 LRSI A HE T

FBURTT P R — AT DL RN R AN R R SR B i A . AR
GRS I LS, Stin BTSRRI, R AR A e
Kigi)o X T HARKART Lk, JAGE 8 I, HEE— ik ©—4
Moemet — v BB RE . KRB BT >t o 7 A0 IE o7 2R
IFS |eme) R, XMV BTE 1/2 WIZEMEK, JFHZE 4
T (| BT A HARTUE VIR e”et) FIERE 0.

AT V2 AR, AT BRI AR, R,
NI |emet) TFah, Hoi)—TEHE VI emet — 4 = eet, XHE
BIAR I IE B A0 — R R A AR 3 &

[FIREH, AT X ST RT AR AR B A AR LA P s s i . — Al
WX K B BAC T 5 R #E 4 1) Feynman . EIXAEFE—%K L,
B AWRAR T BT RR AN T

Field Theory Identifications YIRZIIAHIRIC

AR TU M PR BR 115 2 A0k B3 H 2 AR BT 237518 AU HEZE
. BARE| IR BRI, DR M H BT N
A, UHAZG.5) R Gk, NTHE, K(5.5)NES —iE:

[@(x), w(y)] = id(z —y) (9-1)

HAp iz &% E ©(y) N

oy
") = 5@y

Free Spin O Field Theory HEN 0 BB H1ZIEIC
CAPEENEARE RN BRIER”

——Pablo Picasso?

Mg BT B ——H B 0 Higls—— K, & HI7E Lorentz %

B R bR RO AR (FE3.7.475HES) . ATCSEAEC. 27 HEH 1 AH
XF I ke B H B2

L = %(a“@a#@ — m?®?) (9.3)

T HE ST R Klein-Gordon 712

(0,0" +m*)® =0 (9.4)

ViR LT RAZA(5.6) R
2ESCFAAIR, FC DR BR RS .
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I EZ R s E

0L )
A(Do®(x)) — D00 (x)) 2

m(x) =

(aQ)mwmqﬁwwgz%ﬂ@

Klein-Gordon 75 F2 1 — B I# AT LL'S Bl Fourier &3

/dkS Ska ) —zkz+b(k)eikm) (95)

SRR = R 2, WA SRR M LK

O(x) = /dk3 ! (a(k)e™ ™ + al (k)e'™™) (9.6)

(27)3 2wy

BN ¢ + ¢ = Re(c) + 4 - Im(c) + Re(c) — i - Im(c) = 2Re(c).

c ct
MAEEETTHE(9.1), BIANRIN 5T [@(z),n(y)] # 0 LS
Mo REHRE O(zx) M w(y) AR REOT BB HRF, FA—KE
BB B0 (34 2)(Tzy) = (Tzy)(3+ ). HHFE(9.6)7] LG EILE L
Fourier % a(k) M a(k)t RERF, KN etike WREGH, mEHLN
.

MITRR(9.1) AT LATHE i

la(k), o’ (K')] = (2)°6°(k — &) (9.7)
[a(k), a(k")] = 0 (9-8)
[af (k) a’ (k)] = 0 (9.9)

BEAR D a2 AT, TORBEAREN.: EffRHEGFALE? £
TR, SRR S EAAHER, AR R G, i
A Dirac AR5 bk 7. fE£7ied, HRTBRAH 2K PER R
Kiyo X — b, R 2EANIESR TR EEANFEN. i, E
& ETT BB a(k) A1 af (k) EHTAH 2R AR R B, T
LAFIIEE A A B B T o N TS EMINR, BATARE IR
AT,
—MrESRER B BRSPS AT R (4.40) 45 -

E:/fﬂm

Ny
81'0

60<I>

:/ﬁ%(%@2—;@@&@—nﬁ&)

SRS R, W CEEIRR B

3 A i TR 4 R A
HEER, DO A S KRR R
HR BT W A 20 9. G

L BT LB % Lewis H.Ryder
B 4.1 1, Quantum Field
Theory. Cambridge University
Press, 2nd edition, 6 1996. ISBN
9780521478114
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%((60@)2 T (8:9)2 + m2¢>2) (9.10)
8,,0"=08000—8,0;

W ITHE(9.6) RN TTHE(9.10), FFRIHXT Z KR (9.7) ~ (9.9) AF[15

E= %/dkf‘ (2;)3% (aT(k)a(k) +a(k)af(k))

/ ar ( (k)a (k)+;(27r)363(0)> 9.11)

(9. 7)ﬁ

R FATHI B A BL T, B PSR — IR T 75 R M. ﬁMTufﬁi
E I HUBIXA BRI AT, — S E AT TIRARIR R,

WS TE 75 KT HUORIL T — MR BRI B R . WX HL gk 4: mﬁ@m
A B2 BN S T, XA K AT AT Ve R A B R . AN IX LR R
AT RBOUEIE SN RE KRR, JFHBRINA RN ERRERZE.
DRI AN TIE 55 TR0 3 A 2 X 3 R

RS, SRER M AR G B WiE A, AT A B R
Fourier &% a(k) LK af (k) BIX 5 F5. AVER T

/k3

swila’ (k)a(k), a’ (k)]

wka (K)[a(k),a’ (k)]

(o' (k),aT (K")]=

f/
/dkdwka k)03 (k — k)

S wka (k") (9.12)
W7 D.2
IR 1
[H,a(k")] = —wia(k') (9.13)

B ER AR T R RGOS A R (8.3 . fEIX
AMEBLT, IR AERSRE, RIS B ERER R R 7) -
KRR MELR S, SRS E RSN AL R

H|?) = E|?) (9.14)

PLAE R B FF L5 B AA A 170 2 anI{ER TR RS/ ? kG ETE
—/) Fourier &R CERNHEFD) X T REAAEEMRM:

ﬁ(a(k’)|?>) - (a(k’)ﬁ + Ha(K) — a(k)H ) 17)

(H,a(k")]
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= a(K') H|?) +[H, a(k")]|?)
——
=E|7)
= (a)E + [, ak)])I?)
(atk) B = wwa(k))?)

9.13)

= (B — wi)a(k)[?) (9.15)

{II

Jr

8
HO
—~

[FEFEHL, X238 =4 Fourier R
Hal (K)|?) = (E + w)al (K')]?) (9.16)

EANZI TR BATEE] a(k)|?7) LB — DM AARE E—w: K
WAL THVIK, TATEX

72) = a(K)[?)

H|%) = (E - wp)[?2)
(9.15)%

ERES T ERIRCR MR DN EEE RS |0), KECH H|0) = 0|0>o
WARA of () ERTAEZEES (0), B ETMERETIERERT —
HARE oy KR

wiral(k)]0) (9.17)

W af () A A 2l R b T L RN wp (ORTE, 3
IHEE M H—ABE R K ORT | R of (1) 7R RS
W, BAEE T AR RIS AT . W of () R, BT
DA F AR K R T, B, of RONFEER. 5 ol (k) [
FEARI R, a(k) BORBREEK A A REEN wy BORLT, B7oA
OB RE G HERERG . N T BT, A3 AE TR A0

J%L
af(k)[0) = [11) (9.18)
al (k)| 1) = |2¢) (9.19)
a' (k') |2%) = 2k, 1) (9.20)

HRE TR

wka Ja(k).

E= /dk3



8 WA e R, B R
BN o BB R ) R G R PR A
AIROER V hRETHIRE A
WG, TR s BT
V — oo XAMEKR.

)t = (nil, BRBE (o)t =

a.

200 Chapter 9. EFi%it

WX FEFAE AR |2k, ko) RIS B R ANE? S5 RN %2
E = 2wy, +wg,

FEPIANRERN wi, A DREEN wy, MR TIIRER AT, L, L

N(k) = a'(k)a(k) (9.21)

JERL TR, A2 N (k). e TRIUHE R b RORL T
HH

N(E)|ng,nyy ... ) = ng|ng,nk, ...). (9.22)

X, REESAT AT BLS

FE = /dk3 (271r)3WkN(k)

BEAh, VEEEIA B R SR S R T AR ARS8, XTI RS,
P ARG AR T SR, Eeange Iy

E = wpN(k).
k

X5 KRBT

[a(k),a (K')] = Op.pr (9.23)
ERETFTHRMEGET %8, B2 MRS e, Wik
HAEAFER— (kK. |k K, .) =1, FNEET 100% = 1 FIBEREA
Mo WRH—AME of (k) XFEREFEREL R L, FifSHr4 RN
BA—E& 1, Fals R

al(k)|ng) = Clng + 1) (9.24)
Hohng, ZIERN k RFEL C BFEANFE. LRBUE KIS 510

(at(B)[ni))t = (Clng + 1))
— (nila(k) = (ny, +1|C" (9.25)
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e AES

(ngla(k) a® (k) |ng) = (ng+1] CTC |np+1) = CTC (ny + 1|y +1) (9.26)
H/_/H/_/ A = - %/_/
Ji#(9.25) HH(9.24) M HT A S =1

BE BB 5ok & (JRE(9.23)) BN

(nila(k)a’ (k)i = (el (- al(k)a(k)  + dep )l

~—~
=N(k),JL(9.21)xk =1
J7FE(9.22)
= ] (1) ) = (ng + 1) (|
—— ——
AN A RS =1
(9.27)
SEATFE(9.26)F1(9.27) 15 3
C'lC=np+1—-C=vn, +1 (9.28)
NIEE]
at (k)|ng) = Vg + Lng + 1) (9.29)
[FIFER D IR A 13
a(k)|ne) = /nklne — 1) (9.30)

I T I, B, WRAERTH RS R — MR KA
fEa? 52 e PR FIEE AT WHTREH 2= 4 — R
FamAEE SFER? 55, SFERMICRAEEY, AfX—AREE
H—BIRANEXANER 2 54 2 0EW K. Richard Feymann t14 A
FEMIIA AR, B/ —F BV FRA TG T Bh

EPAIREE = B S /NG 2 €2 /S a e o LT K tiol o N 1T b e T K e
T, Wb IRE AR AT ? EART A A T E” wt
ZFE, BB LIRS T 5% 5] — R SE PRI TS

% BATHRACE A REH KB LE — TR A AFE I ARG, A R KA
FEE| — M E2HE R (0), WITTE(9.30) 7532

a(k)|0) = V0|0, — 1) =0 (9.31)

RS A R, B O EIRR B

1OFeynrnan ) Nobel Y (De-
cember11,1965)



M Divac 7R LT 1L(8.9)%,

X5 k7 Klein-Gordon J5 23t
FEARLL

9.3
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B, R

a(k')|1k) = VO|1g, 00 — 1pr) =0 (9.32)

HHIE AT, A SRR AT a(K) FER B — DA ESE K R G R
Flan |k)) b, S5 5HKERE 0. A B AR EAF HILAEY I Fourier
JEITH, XA Fourier EIFELE T 0T A Al Resh & A7 (BRFD ,
AL M ix eI E B —NME k) BIA R B, R —MEKER 2 S8
AR 0 SR X — B AERA T B HE 70 R A8 A LA A fige 2
e EHEN

FETT AR FOAR TLAF R 2 6, BATSeR T AEF B e 1/2 MEJE 1
M E 137

Free Spin 1 Theory HJbE 1 HIEHIBEIS

fE6.3 WM T HIE § B lhmNEsh )i —Dirac J7fE:
(9,0 —m)¥ =0

Dirac /7 FEH— Mg v LS s gt

=Ut 4

N———

(9.33)

S AR, ZEARRTEE, FN6.35RY] Lorentz AZ2HIHIA%
MIHBEFELN AR § 7. SR ERS K

(p)e ™" +df(p)un(p)e™ ") (9.34)

PURIXFE, di(p) ATRAEAERFE T —NRKT . WRIEMmP e ma N
dr(p) = FBORME, BN ol (p) I ¢ (p) HEKKLT . ¥4 Fourier Ry
%20 di(p) MiHE d,(p), 15 bF A MURIERE: dl(p) P24 d.(p)
K.

6.3 T T fEFfE Dirac /7 F%:

(10" Wy, +m¥) =0
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e Z \/E/ ﬁ% () et + dr (p)or (p)e "

)

(9.35)
=0t 4 U
Hr uy ug,v1,00 RAEESHE R TN “eEILK. 12 P10t S BT HIESER (b =
0) FHIEERR, (EESH R THE
R AT LOE S S R 2 R N e
IR MES R R 2.
1 0
E+m 0 E+m 1
Uy = U = . (936)
2m p3 2m p1—1ip2
E+m E+m
p1tip2 —p3
E+m E+m
P1—1ip2 P3
E+m E+m
E+m —p3 E+m p1tip2
v = + E4m Vg = + Egm (937)
2m 0 2m 1
1 0

EIE 5 H HI7 8IS H AR R S AR AR S B AL, (A — AN
FIARFE. BarLUE hbr e BRI 5 X RIEAER T A § . £
Za)J R (R Dirac J5f) KEEMEHRE o PR, T db P2 ok
T FAMSXAMTE AN § HnEiE, 2530 TR

R UNGE-LY 8 &% SRl 82p
L yr R e e, WA
B IR AR T R R 1

o (a), 7 (y)]
= Q(z)7m(y) — m(y)@(z) = id(z —
Y)-

Hw/cTc—de

XK BT R E R . KRN ERN RS, EvEE—
ANASHER AT LUK I (3 AR B AR B AR, 39 v AR T AR P A g
REFEEN . MARERE AR, X BRI S EEA LA A0, EnRH
R 315 K FEHKEA:

{@(z),7(y)} = ®(x)7(y) + 7(y)@(z) = id(z — y)

O AT SR 7 AR AR R SR RS — TR A T I, T i
R T
RAE EEREMAETS, M TR A BE R, flan's

15 R KT AR IA10(9.9) 38, (B
R RA BT B THS T[] —
{:}

{c!(k), ' (K} =0
ARt

{c'(k), ¢ (k)} = (k)el (k) + ¢ (k)e! (k) = 2T (k)e! (k) = 0



16 31 F EiEN 0 B9, XERERGTTRER
RS NG, O BRI T X%
BT [T (k), ct (k)] = cT (k)ct (k) —
cFk)efk)y =0
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=cl(k)cT(k) =0 (9.38)

AMERIM~EBEFHERBRMERERE 0! 10 XRWREARE LM
MR ERE 5 K7 XHEEAR Pauli THEERE.

HAt i Fourier FREUR R 5ok £ 0] LU ML HE S 8 ) St 5 5%
ESCER

{en(p), ek} = 6rs6(p = 1)

(9.39)
{d(p),dl(p)} = 6,:s6(p — p')

FABTTREMAHAHET 0. K, XLERHE E—THKE 0 MR
HAMFERIMERT . ©A 7 AR IORL T, AN (R R e A ) (8 S 454 FH 7 4
MIZRE 0. EIE 5 H IR a5 ieE v] DU E e 0 1) dibs 23 A
A7 A5 2

H2, = / Br(—iTy0 — mI) (9.40)
B0 ] Fourier REUKFR

At =Y [ @y (chertp) + dLp)d (o) comst) (0.1
KEEHIURE T DU KT, R, AT E .

9.4 Free Spin 1 Theory HIiE | HEH1IZIEIC
AT SEH T HIE 1 AHBMNIE R

Proca J7f&:
m? AP = %ag(a”AP ) (9.42)
ERBAE R 0 e, BN

d3k/’ —ikx i ikx
A, = / W(er,u(k)ar(k)e +eru(k)al(k)e) (0.43)
A= AL+ AL (9.44)
K e (k) REKE, WHREEE. T A 105, 7oL
X5 AR R 51, RS o, of FIETE 0 F370 RECEAMFK
P

9.5 Interacting Field Theory {HE{EB1HIC

T HEAE BRI B AR AR . A RRAS B H & DA AE
SeHiF A, Eid Lorentz XARME S MR FRIE S H . 280K, A5
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BHIE 5 BSLREARE 1 S AR, "B hosk 8 H 24
w CFfE(7.17)

fDirac+Extra—Tcrm = 77771@\1’ + qu')’#aulp —+ QAM\II"}/M\I’ (945)
FH Ab T 5 A A i

H= / d*xT

0¥
= [ & v —
/ x(a(aoxp) % 3)
——

Wy

= /dgx(ilil’yo@olll +mUW — iUy, 0" U — gAMiW“‘I’)
——
Y090 —":0;

= /d?’x(m\II\I’+i\i/fyi6i\P)—/d3x(gAu\iw“\I/)

:H% =—Hy

free

= HP,, + H 9.46
free

9.5.1 Scatter Amplitudes BIGHRIG

THEBIEN p1,pa, .. oo B 0 DRETFISEASNIIEN 1,99, ., o
FIEE . SIEATREAFRM o' MRTFHIME, 22 FHEHEARIRZ
—o WERIMEM Dirac 55 N:

<q17q25'"aqn'|‘§|plap25"'ap7l> (947)

Hf S MR RO . T S X — S AR fE
ERHERRE R A, W% ¢, BB TAEAE T 2R 0 Ay, TOZER
HAEFJEH ¢ W%, (RASRFERD $oR T AR TR E o)

FREBKRT: BEFHemMiiRE T8 GefE 7)) msEik?
9.5.2 Time Evolution of States  ZS#4ASENEL

N TR, S BIREE AT —J7 1 i R PR AT ido 4
t, AR RGNS EGE. 2R, Hie o HamEE

HYoo = %/d%((&)@f + (0;®)* + m<1>2) (9.48)
e L
HE, = / Br(mU + iTy,0' D) (9.49)

LT AR s R 3 — 1

1A AR X 5
LETER



Y mkw 2(t) = Ul =
t)]7(t"))

20 JAIES. 14 RO AR i i i —
e

g (1= 1nt
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FIEE “REREAT” SR IPIMEIR, TS H
i0|?(t)) = H[?()) (9-50)
RWRE TR P AT WX — TR, AT BUE SCH N (i

ANEAC AT U(t), BRI R N ZI R T S E 5 — 2. AT
{8, FATATHIGEN 2] ¢ =0, TRAY

17(t)) = U(t)[7(0)) (9.51)
RANFTFE(9.50)H
i0pU(1)[7(0)) = HU(t)[?(0)) (9.52)

X REAMERE 2(0)) B, DAR20

iU (t) = HU(t) (9.53)
AT AR 3138 A

U(t) = et Jo dwoH (9.54)
AWNEIEIE AT

i00U(t) = HU(E) — idge " Jo ol — [re=ilo dwoH
N Z(_ZH)e—lfOt dxoH — He—i fot dxoH

Ly He—tlydeoH _ pro—i[jdeoH s (9.55)

SR TENE AR [2()), TRBMARS AR, —fekil, il
& IR A A

(F(1)IOli(1)), (9.56)
Horh O BRI, |i(t)) BAIAS, (f(t)] AR WA B TFELE U FTER
A, MERNASE . X —MHE YT E LY RN Schrodinger
Bx, MK IR EARRN L.
K B A R R, SR

{F(0)ed" (H)OU(t)]i(0)) (9.57)

336 B — AN F L AR FRAT AT DA A AR O $ 8 Ut (1) OU(t)
(R B I RIS AL, 110 22 RARAN S I o IXAHTL R Pk Heisenberg
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A
=

NP ANEA AR EE AR A A ST . e ]
DL R P e R MR LA e R A (J5R2(9.46)

H = Hoe + Hy (9.58)
X IR R A EIR RS b E AR Hy B, TR E AT RE

Hiree 220 XABIGARFEA M, PUAER —WA T B B3Ze A
ZERAAT LM UA A . XMW A VOB EERSR. AMIERSRT,
BTS2

()1 = U li(t)s (9.59)

H Upeo = et Jo dwoHiee | $obr § FoR Schrédinger %45, MElEE
TR s, BB S PR 5.
BT FE(9.59) 5 (9.50) A FF T2 A BAR 22 5 S AL T 2

idoli(t))s = Hli(t))s
— 100Usree|i(t)) 1 = HUseeli(t)) 1
— ige ™ Jo AroHee () = (Hieo + Hyp)e™ o dmoHielit))
@WﬂL o Jo droHieee 3y i(t))

= (Hrese + Hy)e™*Ja dootliei(1))
— e~ o deoHiee g i(#)) p = Hye™"Jo deoHimee (1))
= i00]i(1)) g = o o oMt Hye i deole i)

=H "™ AR FI L 50 AR ELAF F v g

s idoli(H)r = HIMli() (9.60)

S, U BTSN AL S B b A BRI R A R H P TRE . X
— TR REL R 5 R AE e B Ve T (B
PULE [ B e D B AT

(FEn)|8(tr t)]its)) 7 (9.61)

BRE S(ty ti) ¥ t; BERUIHIZS |i(t)) ZBHN tp BIZIBERDS (O (ty)). —
R, REDR—MERR T, M2Zra g rgEn. kid
S ST LE 3 0T AE TaE//EE S SV U P R (P S s RS Uik s
s R FAEM PO E 24, FELIESME T RefFE. X—
MTEVEANHA AT S ERAEI T .

HARRSE, S ¥ MIEZHN— RIIRS LS. A

22 PR BT I S

2 Sk —gp R R Schrodinger
LR MOL. WILRH i) =
Ut i) s R |i(t))s. IR
PR Utcoor VER Usreeld] oo = 1o
HIELHAS i(t) s = Uree|i(t)) 1o X
— R R AN TR (9.50) .
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AT R T W () AR W, FEH EORFER ty, A
B () MBHURIF.

S(ty.t:)i(t:) => S lf®) (9.62)
I S%

FEF (f(t)], RA—IEE 0

) Zf: Splf ) = Sp (FWOIFE) = Spibrp = Spri

L@ﬂlﬁthﬁmﬁ%*mﬂ
(9.63)

ToRIE R AR [Spl?
PUEVERBUN SR So T — H A, 1 0BT S I TR L

25 W1 R(9.60). NSRS IRELR Fy 525
f1140Ws “int”, BAIELA6 A28 S0
i
— 10| W (b)) = HP|T(1)); (9.64)
M T1E9.62), EXRATHYISMER S BE N
— 10,8, t)|i(t:)) 1 = HiSli(t:) s
\—’),i(ats(t: ti)|i(ts))r + iS(t: t:) 8yi(ti))r = HiSi(t;))r
L , N——
e 2kt =0, BN i(t;)) AR
XAMEREVISIER, T2
i0,5(t,t;) = H; S (9.65)
26 ﬁtﬁ&ﬂ']@m@%ﬁﬁﬁmi % 4 i 26
Bk, BOBE T4tk
St t;) = e (9.66)

EHRBEER. 8 Hp R B3R, Eﬁ?%?ﬂ?ﬁﬁ‘ S(t,t;), ¥
HAEM B B R AR AR HUNIRIE. AT X B A VAR
fift NPERCE ERICHERE A, WA ZIATBON ¢ = —co, RERZI
FIHUN t = oo. IXAEMUEE S T BCH PR IR KIS ROtk . Lhinist, ek 1
MU s h, RpE AR A AR “RLRE” KBTS 10724 PO, 55 CRE
7 J5 210724 PO A RARNR, OO AR RDEAERREE L ORI ) U
HUAAROK AT LA Bl G I R ), R RE— o, I 45 Rt R A LA
JH e 445 m A -

9.5.3 Dyson Series Dyson #R#4
7 R BAL RS et — T BUR R 48 EOR 4 oV M SR i, 3RAHE B B IT L Taylor 2

1+e+ 2+ 35+ 5 +.. 2T



9.5 HHE{FA7IC 209

(=00, 00) = ¢~ A HIW)

=1 fi/ dt Hr(ty)

_ % </°; dtlHI(tl)) </°; dtgHI(tQ)) 4o

(9.67)

XN Dyson R FERE =T, Hi(t) 5 Hr(ta) AZEUE LA
MTHEROER . FrUSARIER RSERT SRR ER TR, 2
I TRV 52 J SRR A o B AR I 42 B [B] WU AR A T R ok
Y, Jel Hi(t=5s), W& Hi(t=2s) (EHTRFEREARE XN £
ERGH R, ot <t

([ o) ([ )

ﬁﬁﬂ:_,l t2 < tl HTJ_IJ_I\IJ%‘

([ ) ([ onc)

DNBETT E S R A K 2 N 54T T

_ A)B(t2) #H ti>ty
T{A(z)B(y)} = BltA) E <t (9.68)

TRBBIEITER

S(00, —00) = 1 fi/ dt Hy(t,)

S (0)
S(1)
1 oo oo
= —2!T{</ dtlH[(t1)> (/ dtzH](tz))}-i-...
S(2)
(9.69)
B 5 R ATEA®
$(0, —o0) :; (‘n? /m ity /m dts /m dty THy (6 Hi (1) . Hy (L)
=> 5 (9.70)
n=0
X MO TSR, B Hy S N TS S AR *% WI7F(9.46), Fooh R R

€o

MR GHE, B Hp o go WERBMAEIEA T, XM EN—

SIRSCFRA R, BB



29 [ oty A4y A RUTEFF 450 1

30 Rwm g W h TGS
FH.

31 Tfi 1 B T RER AL |

32 WAt MBI R R
W, BH MR R O T
F£(9.33) % X

9.5.4
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FREHBEIHE ISP o (Hf)? < g2, TN TFH—I SO « go
TR IOTER T N N T R E R RS, THE BRI AT LI
AR 7. BRI IS B S IR T S S R YE

SRR — R IRYZ, FEMIATEITNNAREBEH. P2
Wick s€ 3, R 9 I RARL R N EREXS 7 T IH G TR
THEIXLES 57, 53 A0 Feynman 81 . REL, AT
BRI 1820, BT DATRATING ZH0E B . Bl X s gk b JBOGEI 1
AL H B0 AR HE R, 30

Evaluating the Series  i1E4RE

[l FATHLERIBIF: AR ATE 3 5 TERE ATE 0 HIAR AR
e AHEAE IS Sy (O7F2(9.46))

H; = —/d3mgAH\I17”\I/

wn bR, BATERARE 2R A P KR T
P — DU FLI,  BHESE THEAR AT

§0) _ g (9.71)
5B T 4 N Eh

S = /_ y dtH; = ig /_ h d*z A, Uy (9.72)
XA LA AR (9.33) A1(9.44) 5 A

S — g /jo Fa(AF + AT+ T AT L) (9.73)

A LLEH, 5 IsEbRSA 8 Ui, H G —I S%l) EHTH—1HE
FHR—NEBETFHRNETE let(pr), e (p2)) &

ig /Oo d*z AU UT et (1), e (p2))
Ut AT B R B3R K2 BT RO e [T RO

Ut o /d3pcr(p)e_im
B% ¢ (p) = ¢ (p2) — T4k, LT SATEHESIX—FH K, BERERE
¥ 0, BRIXEETPTE KRB A B IEAFAET AR . TRERM
YER 45 R =2

UFlet (p1),e™ (p2)) o e 27|e™, 0)
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FFERD, 1EF Ot TARER
UFe™ P27t (p1),0) oc e”P2%e 1|0, 0)

R AR HES SHAFRRM . &5 AT FRTAR, PERE
HERIET .

SETERVL, X —IU A — AN K G TE& (| B IRIEA sk

(f15V10) = (e |SV e (p1), e (p2)) (9.74)

= / d*az (| Zconstant(k:)\fyk>e_m(m+p2_k)
oo -

= /°° d4chonstant(k) (i | |ye) e~ 1@ Prtp2—k)
- k S
= /00 d*z constant (k" )e i (P1+r2—k)
X o B4 FEL delta BREL 5(p1 +p2 — k), EARK T IESFEEMAS, %L
B ok E . WS e 'R T, BEhE AT MEE A .

VEAETHSER SR, R B IR M A N (R 3 22 9 AR 2

FER BB SQ) BTk 0, AT KA A5 Th AAELE R
T WA HEBUL eI, MmN ERT [y, et),
— LTIy 0, HARTUNEE 0.

THFEAE S5 S FBURTIFHIEE =T,

g _ —%T { </_Oo d%ljfj(:cl)) (/_O; d4x2%”1($2)>}
:—21!T{ (/_ 219 A, (1) B (1 )y W(:vl))
( /_ O:O d4;vggAu(x2)\I!(x2)7“‘I’(x2)) } (9.75)

o g by e AR W A Wiick 58 B 5 90 & F I IE LR AR A, it
N{Yo IERUF MKW BT 7= A AP Ao, K A WS4 B
u, N{aa'a'a} = atalaa. ZHIRUL, RAHF—THZ

2,9 //d4x1d4x2N (xl) (1) [Ap )A#(xg)]\il(xg)’y“\ll(xg)}

Hor 57T i A, R SR L SO TAR R T34 (A (1), Ap(22)] =

iDy (71 — 22)o %?FiiﬁlﬁFAEféUifr%Iﬁ N —A U, U S HAFH
E%ﬁzﬁ BUE R 8 b — . AR FKIE B S BT AR T
,ﬂumﬁhﬁﬁ$*ﬁ%%ﬁﬁﬁ,MT%m:

Kl 9.1: iI#E eTe™ — v K Feyn-
man

3o~ 4BE (po = BEEE, %
E# A BRI E p) 5 et 0
A-ENELH, BHETIT vA-Fhik:
p1+p2 —k = 0. B HHEED. 2t
WIfRFE, H S(p1 + pa — k) = 0.

3T R BT Wk b R
SRR 2 . W R
BE OBESHERALE A =
(0|T{® ()@ (y) }|0), BIAILA
BlE—A y BRTF, BT o it
A FL K, XL E S NS T
iA=<m@“ww&*mmmu@
SR EAE A IR E] A =
*Bfﬁkfﬂ*w Bt 9 b
FER ik s ISR A
HEMARTEAER, ek T ik
Hr R A S

3% ) SR T T I o TR
B {22 g — 5




36 g R TR E . HE T RSN
WA SR SRR T g F T

T AT

9.2: I ete”™ — v = ete™
) Feynman
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—%92 / / d*o1d* 20 (21) 0 (21)Dy(21 — 22) U (22) T F (22)]e ™, e7)

(9.76)

XA LA EE AR o DA«

o WIAPHIPINKLTAE wo A U (22) U (22) WK

o ZJEMERETAE my KA “HRT 6T, RIGTARRRR] 2y K

o Wi U (21)V (z1) FHRT oy K/ AE—AE T —ANERT.
X — TR DB R ete — etem HIMERIE, b NGB 5
RT3 & R T LASE AR, (H B R ORFE . B A e 0 A R
AR A RS B e 2 A REST HE 0 .

THAE A4S B PR X SR A M8 W] DL ELHAE S5 A i AR 56, R e
EHEEBCR T SLie vl & & BUEk .

AREMBIBEARTUHTHESETFHR T EELER. 2%
H 118 B A B A T T R I ON AR EL AR R A R, TS X PR A
WATRLR . AT, &3 SU(3) BT R 5 25 A0 1 FH 30,
X—BBIFARRAR, FOEA LGS E0L R, DETEH
PH R MU EREFEERT 1, SO TR I, AR 2
EHT LT AR X — W B2 SR N B BB )5, (EIX ]
FRP RSB A E TR, B T AR TE

Further Reading Tips it—EA BTN

e Robert D. Klauber - {&iZ F1%#i£ (Student Friendly Quan-
tum Field Theory) 33{E A K2 mif & THRFREM. BT
A EATHIN S BUEHYS, RUONPES G AE R VE 2 I 8] 2% [R 1 7 o) &
TR A R

e Francis Halzen, Alan D. Martin - Ex 5% F: RN FH
EZ5i$ (Quarks and Leptons: An Introductory Course
in Modern Particle Physics) 39— AR ETNHAEFH LI
ST R AE A

e Anthony Zee - REFMETFHIL (Quantum Field Theory
in a Nutshell) @& ZMAIT OMIRIA . G E T KK,
VI EARER A . SR e B B0, IAH 45
HAF— 3L,

e Franz Mandl, Graham Shaw - EF1%i£ (Quantum Field
Theory) &% 2155, HAHEAEAHBEIRMAERE S.

e Michele Maggiore - EF7RIMKF5| (A Modern Introduc-
tion to Quantum Field Theory) *2& —AWIFH S HEE, &
HIR TR RS

e Ian J. R. Aitchison and Anthony J. G. Hey - R F3E%
BIMSEZiIL (Gauge Theories in Particle Physics) *3F¥H 14
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Wit R T A 1 AR .

Appendix: Most General Solution of the Klein-Gordon
Equation Klein-Gordon FiEf)—RgHE

AHEAFE] Klein-Gordon JHFEMI—ANEE: P13k RIS 2 7772
(I)(.’E) — aei(pw—Et) _ e—ip“x“
e SCARE o 2 5 2 (8.2) AT

E? =% +m? — pupt = m?

v (9.77)
HTHESF RS X, RPN S A m R AR, Hif,

@T(@ — gfe—ipz—Et) _ Toipuz

W HFERIE. KDL Bkt Sin, vUERELM. —REHirE
AIREMRIS B INTEH, JRAI'S NI Fourier EFF44

HER o= alp), PR p G DX RAFKIFEARA T, KA AE—
TR A& 45 E AL R o

PSR, BT ki = B RUR ko = w = £ HHHA B RERAM
i, HTRANMER AR A =1, %‘HLE/\JCEPE’B{%E%? EZN
MR A5 bR R B R [N, 465 ke = kot IR, T
rE ] LUS

2(0) = [ (a0 + T (e

HERIHAETA Klein-Gordon /7 F2 FIFERIE FH T-Hiik B AR, BRI 2
“BR%E” & ("mass-shell" condition)

pupt = Kkt =m? = k2 — k2 = m? = k2 = m? (9.78)

Mosm R 2 BT MK .
OB, X R MM OR E
M % f: [ dkeite— ik’ =
J dkeihe—a) — 2mé(z —z')s T
2 2 FTEH L.
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HA W R FGERA R A SR R R-s R X R PR O5FE(8.2)). 8
AN delta 73 AR HEBR AR ONESERIRD AR5, X — 2%
EmR AR

q)(x)physical = / (gf_;l 271’5( 2) (a(k)e—i(km) —I—CLT(k)ei(kgC))

bRtz bh, WA ERMAYELE S, JRE AN Ca kR, HllaeE%
AR RELELTRES. FIH Heavside KL 0(ko) (ko < 0 A
0, ko>0MK 1 APHIE—LRMPANTTHE. TR

@(f)physical = / (271T)3 5(k2 _ m2)9(/€0) (a(k)efi(km) e aT(k)ei(kz))

]S

S AT A E Oy

dk*0(k? — m2)0(ko) = dk*S(k2 —k> — m?)0(ko)
& A —w?
= dk*s (k3 — w})0(ko)
» dk45<(k0 — ) (ko + wk))e(ko)

b 5 (50h0 = ) + 80k + ) (ko)

RS (f (2) =3, |i<ai>| Herba MK E R BF(a)=0
d.

1
= dk* —68(ky —w
N~~~ 2]€Q ( 0 k)
KNGS (ko+wi ) B EAE ko >0 7K AN 0

1
= dk®dko 5 —3(ko — wi)

= dk°— .
o (9.79)
XfkoBo)

A9 B35 R VL AF Klein-Gordon /7 #2 — ¢ fif

o(z) = / dkgm (a(k) —ilka) 4 g (k)ei(’“)) (9.80)



#3) V R FI Schrodinger 72 ((8.23)50:

RERILRT 3 52N 2 IR, TRAT B B RS )
HAE XTI ] A S BOE /& Newton 2F @ (L8 JZERZ —) HE
K.

FFEEFF O BN ((8.14)70):

(0) = / Bz Ov

d V2

B AR XTI ] B 3 2O -

d A _ 3 d * A *
%(O)—/dx(<dtlll >0w+xp

MK EFHAE L0 =0, BIMEE O =p=—iV #Ot). KATEF

D)



L #4.5% i Noether & F iR ~F
fERR ORI B AL A T (R
S, EEIEREHS B h.

2 A iER, EE v = La(t) =
B(t) R AERI AE L, [
M, MEE o = L La(t) = #(¢)
JEHE (T 1AL
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H Schrodinger 772K EH 5 b A3 ek 508 H LB I [A] 1 5 200

= /d% ((—1\1/1{) oV + 00 (1}1\1/))

= %/d%((-xp*ﬂ)@xp +U*O(H))
= %/di”x\y*[@,H]xy

~Ljo.m) (101
AR E XN Ehrenfest . K, HEO=p, H=L +V:

95) = < 1o, H)

:1<m£;+w>

-2
1@:§g+va
——

= (V)

_ l/di”x\p*[ﬁ, V]w
(3

1 1
= f/d?’ﬂclll*pV\Il — 7/d3x\1/ VU
1

1 1
= ;/d?’x‘ll*(—iV)V\I/ - g/czi”x\y*V(—N)\If

= / B2 U*(VV)T / BV VYV + / ARV ARVAVA
v

R
/ d3rU(

= (F) (10.2)

b SR B ) BT I T £ S A T RS RE R (R )
fi, X1EZ Newton EBZER' . B ITHEEWRFZ s . [k
EXANKT A A NS R S MR E R, (EH TR
TIETTRERI A S R EAR I - € XMER Y ELERIE prar = mo, Newton
BOEEUERN Lpna = Smo, PRI E AR 55450 /1y
LU A BRI I R 42, 2R BTG

2

d

XA TR IR RS SIIE © = 2(t). T EA - DRTE
)5 T5 T
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Relativistic Mechanics BYHEH%

Fiks B H AR M 7 RE IS EA S AR — R il — A
KLF Bl BN i e A 2 R IR 1 7 F2 A2 A 38 40 UM/ IME
M. HaFrh LY ENAUE Lorentz A2# R AR, A
G RS B 2 AN A

TERE SCAERTE A — AN IR Lorentz A& : B2 EFE (FE2.171
HES

(ds)? = (cdr)? = (cdt)* — (dz)? — (dy)? — (dz)? (10.4)

Horpor ZEAR (2.2, (ds)? KPR ERZALE, BT biiy
AR AME, I B L B i i

S = /CdT, HhCREH, dr = %\/(cdt)2 — (dz)? — (dy)? — (dz)?

(10.5)
IEMEBN 4R C = —mce?, BIFRATEAE
S = —mCQ/dT (10.6)

Uk /IME -

AW, REE 4.

dr = —/{edl)? — (dr)? = i\/ (cdt)? (1 - cg‘éflz;)

1 1 /dz\> \/7
e -2\ <®Wi-= .
c <Cdt) c2 (dt at c? ( 0 7)
e Z g B gk F

HAN(10.6) AT

S/ch\/ljcht (10.8)
c2 '
N— —
=L

BUARTARAE, IR £ NRRBL- ks B H O R (4.7) 3R AT 15 2 48

S B/ IME R 2
oL d (0L
% " dl (a)

0 ) 2\ d o , 02

I
o

0




S osrhp bwEmm R —v(x) Wik
V(z), RN TR 2 LR
Noether fz S5 A RN, 3
A +V (2).

4Taylor ARKIEA WIHFE B.3.

10.2
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RIERMMIE T BB T IEsh 2. HRFE/A V(e) Figs),
JUFE RS B H B ep BB Re st vl A 173

1-= —V(x) (10.10)

d ma av
—|—|=—-——7-=F 10.11
dt( /1_¢b2) x (10.11)

FERAIRMMEHR ¢ < c ZF /1- & ~ 1, T2 E{ty Newton
#F o ((10.3)) K.

The Lagrangian of Non-Relativistic Mechanics  JE#E%d
iEHZERRIBEARE

b S R A B H B AR AR R AR IR R B AT AR AR AR iR,
FRAHH R R PR A WL 7T B /N TSI : & < . HIATAA Taylor

N
—mc? 1—:—m8(1—-h”>. (10.12)
fE & < c KINRBR TR LLZEE &/c Bmbi/ e, TRpks B HEN:
1

L=—mc*+ ima's2 —V(z) (10.13)

AUt , Sk B H B —me?® KRBT I2 s REBCA R, Ak
AEARRT R T £ RS B H

L=-mi°—V(x) (10.14)

eI A%E, B V(e) = 0 MEET, £ = jmd® ER45.175
Noether 73 3t P fE & FT S B H . H8(10.14) K H I H &
7 N BRKAL- PR B H 52 (4.7) AT 43«
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— —%V(m) - %(mm) =0
0
— ﬁ(mm) = —%V(x) (10.15)

K IEREARFEF KT HE Newton 25 EH(10.3)5s






HTEOAE TN TE NS R E R T — JEF X Maxwell 77
2 (D (7.22)3:

0, (07 AP — 0PA”) = J, (11.1)
I Fapg sk L ek B S T R R
0, FoP = J° (11.2)

7161 FH T J, N Noether Vi, Bl 8,J7 = 0. 1X—=pE 3R % 0 B
W . R E Foe R RFRIKE (F7P = —Fr7), XA LA
ENR For = 97Ar — 0r A7 HEER M, Kk For W 6 Mo &,
Hrp=A2

FO=9'A" -9 A (11.3)
FEPZAR

FI =0 Al — A" = (5,0}, — 6,6)0°A™ = Mo A™ (11.4)
8587, — 0% 67 =etdk Rt S Sy 5

e YL RYA e i N ATRWSE

DA — A" = E! (11.5)
cIkyi AF = Bt (11.6)

Dk
FoP = (87 AP — 9P A%).



2(11.2) R Bk N UL A E
T p=0,1,2,3 — TR,

etk B = (V x B)T, R iR
[l B o b LI A e IS 5L (nabla B
T YRR

4 P4 Levi-Civita %5 e#VP7
s UL B 5.5

5 WM REDB.5.4.

222 Chapter 11. BEi/ 3%

PRl

FO=F' (11.7)
Fii = likektmpt gm — _ ik gk (11.8)

B AEFFIR Maxwell J5 242 H BT 5N :
0o FP7 = 9o F"° — o FP* = J° (11.9)
R EAESE (p - 0) B

OF" — opF* = B + €M Op B = J;
- E+VxB=J (11.10)

XTI gy E (p=0 70ED:

-
8o F°° —0y, F°F = g FM = g Bt ="

=0,1LFr75E X (11.7)5%
V. B =Jo (1111

XEAEFF IR Maxwell 77 FELAAE TR S5 B B X

The Homogeneous Maxwell Equations 7% Maxwell
Hizd

UM (dual) FERBEEKE FP Y9 P4 Levi-Civita 7 5415 HREK
i

FH = ehveo peo (11.12)

MR BE AT AT, PR SRR RAREKRE (Ll ever) 4i5F )5
MFHONE, A

OF™ = 0,677 (0, A, — D,Ay) = 0 (11.13)

XS5BT A AR R T T . ISR RR AR5 PN SO FR R B
A TR DU(11.13) 3 FE 5 N B8 — TRl

1
0,05 Ay = 3 (70,05 Ay + 70,0, A,)

lﬁﬂﬁuy 9&% Aaﬁul/ = Aaﬂup" M, v %4X¢X#$$}E*%i g&% Bpo-'r] = _Bo'p'r]67 125
Je— Xt IR AR bR . — XX FRAE bR S AR TR AR 4R I A R A% (HIFTS Tk EAEBA 0):

B — —
Cof = A B s =0,
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1
= (770,00 Ay + €700, A,)
e E Y7
1
= (770,04 — 770, 0,4,) =0/
HVPT = TVP 9,0, =0,0,
(11.14)
FIHA 3 S I e ER . R4S
D F* =0 (11.15)

FRATFR Maxwell 5724H (homogeneous Maxwell equations). M
et R LB I kR P e S PSSR E 5
Bisn B Forta, e v =0 XR I L

0=a,F"
= 9, H0PT e

= 806\00//)1Fp6 —(%EiOPUFpa
=0
\:// _aieinijk
€'0P7 =0 %} F p=08o=0
— 8i60iijjk
781_ EOijkEij Bé

Ny’ NI
11.8)4

( —=92§i¢

= —20;04B* = —20;B°
=9;B' =0, AL S *R: V- B=0 (11.16)
ZEE sy E: v =1 XN TR LS

VxE+8B=0 (11.17)

XFEFFIR Maxwell J7 FE4LAE R A U b 1% WA .

The Lorentz Force Lorentz /3

FIH E—BFHAETFIFE5ER IR (Ehrenfest E#) 7]
DAHE S H 25 441 Lorentz J1Aa30. L WG Iz sh AR XS M H
TCEBERIRLF, H Schrodinger J7 FEAL & HBEARIAR AT ((8.24)5) 7

m

0,0 = (21 (5 — qA)? + q<I>> o (11.18)

=H

X Z RSB RN T = 5— gA, W RGN E BN

6 FRKE v =0,1,2,3 AT
H R R4

T ZA N S A A & 1Y Klein-
Gordon S5 H, 7RE1, M 5HE
1 R Gl BamEiE o
HOHE T IR B L S i . R
S R R S P SR S A B
f] Lorentz Xk 5 HITE xR o

8 xAE YKH Noether EH: %
G5 1 - AR A8 % L 7 1 o) B

L __
9¢ = I



9 (Newton #BRF) BhHEKR LAR
RS : p = mo.

=

=
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1 =
H=_—|lI] + ¢®
2m

A rgEE, FEES E-SHFARERE, saes22Ee(10.1) X4
o BRI B K BT I R S, DRI S o B 35 X s ] £ i

e
d, A 1 90

10 = o) + ()

- i) = (im0,

S ity = L S i+ gol) + (20
o S0y = I, o) + 3 (0 g+
=(qV®)

BJE— i (I, q®) Mo SRR T B2k [p, V] HHES (4 (4, 3] =

0. BEFORIH (O 0], EA%TE, FASSE I ZIaAK 5

[T, 1] i (8% dx; AN (11.19)

a
—€kem dxg Am

R T A E X B =V x A FIRFRER. BT RO E XN 0 =
Ii/m, .

=(E),W(11.5)5

<y

<ﬁ> = FLorentz = _q(< X §> + <E>) (1120)

nb WIS 8 A s NG ER R 77 R D berei A s AR I AR R 7R U

11.3 Coulomb Potential Coulomb #

SRR R M H B W BRI, AR — B AT
B, R TR S AT PN B AR AT SR R . I B EAT VB AR ik
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CRERLA% B H AR, AR T J5 34L& M B A R . R
EEHMER XTI TS A 1, EY9, A = 0, XFKN Lorentz #i
o FHE — R A AEFT IR Maxcwell J5 BE4LRIEN:

0y (07 AP — DP A% = 0,0° AP = J° (11.21)

RS FEE O, L A R S T AR AR RO FR AT o SRARSMESIX IR (TE
U, B Jp=0) HIHEEE, SMBIXIEK Maxwell 77 FE4 047

0,07 AP = 900" AP — 90" AP = 0. (11.22)

FIEBIRGEFFES (AP = 00+ XIFRET, DI R BR AR R
RFEFT LRSS T 0, ZAMIFE U2, k5.

82
A
=€ np (11.24)

r

Hr et FRIENFH 4-ME, C, D XnEH. W A ELTFTEENE,
D=0, A" )0 2 EHINEAK Coulomb #:

A0 —p = g = ﬁ, (11.25)
T T

Horh Z NBHL e i (RRTHAD. BT R TREASE TR, i
W C 5N Ze BB FRAERBIRUASBENT HLfr &1 A8 i i AR AR

Further Reading Tips  iEEIY

e Richard P. Feynman - The Feynman Lectures on Physics
Volume 2'3% AR B S22 T1HH
e David J. Griffiths - Introduction to Electrodynamics'**/&

VAN BN S AT AT T

2FESC NS S AN LN RE IR, FXOEIE,

SRR MR R R E R G http://www.feynmanlectures.caltech.ed
u/II_toc.html.
AR RA: B S, R, B0, T, BT8R RSB B
TR, =545,
g BRRERAR AR 4 2013,ISBN 9787547816370,

AR E A AU T R R B R ED A A R A
EIAR ISBN N 9787506272896, TiFi<E M H A ISBN Jy 9787111444046.

L0 LLAIE W3 — B 4% 1 A1 P
(B, AT 23 WL E 772 30k

Mo T B 3y, 2 FRW
ThEIRLE Sh, BT HERASKR 0, ¢
B 0:0'47 = D(rAr) +
2 slinO% (Sine%) +
Ly DAL MRS AR
Ve e B ER AR -2y, [ B
B GUESREEED H2%.

120 5 FRROH AL, 904 =
6¢A:0.

13Richaurd P. Feynman, Robert
B. Leighton, and Matthew
Sands. The Feynman Lectures
on Physics: Volume 2. Addison-
Wesley, 1st edition, 2 1977.
ISBN 9780201021172

Mpavid J. Griffiths. Intro-
duction to Electrodynamics.
Addison-Wesley, 4th edition, 10
2012. ISBN 9780321856562


http://www.feynmanlectures.caltech.edu/II_toc.html
http://www.feynmanlectures.caltech.edu/II_toc.html




EFAE, BATRELWS] HZELRP Lty GHRE) 9=
AL TAARBEFHRRFAZ —, AFERMEEEIT X5k
A FriNIR .

ARG /)8 /2 Einstein )] X4#H312 (general relativity).
JTAR R B A AR 5] AR B M i S5 R PR /e B U I A )l 3R,
AR TR R S T/ R R IE S . ReE S I ERMIX —HHESL
[] Einstein 3% /7 PR :

G = 87GT,. (12.1)

S MR M) Binstein K& G, AMZREE-ZSNEKET,,,
G 723 IIHHL.

AR —5171 = M2l 48 T 88T, Einstein 277721
ERIEES 2. EASH? B, ftR-s)ETELREZENYHEE
Rz —, XA LA M3 S E S (IR, 7R = hy)
BERUERAE T 2 1P R AR e AR o BRI, K BN 2% (3 SOV g AR B 1
W, BeE SR E RS TIER, X R RN (4.36K):

T, = 0. (12.2)

TR T # R R B TR, e SURX I BB R AR . 3
Mg R kT R EZE—M, BT IR AEEE. &
B2, AT I, 25 il 22 T o B P TR LS 1 B 22 R PR R AN TR R i P A
iy 2 [ B i ke 2 AR

Uoge Bk 5 T R B B
B M E, W4.365K.

2100 447, Einstein 253 KM 6 4
ST RBIERFR. 100 45,
IR EZ T, HRNS
I B B

S B oMk R E MM G
# Minkowski FE ¥l n*Y =

1 0 0 0
0o -1 0 0
f Eu
0 0 -1 0
0 0 -1

B 12,1 45 70 5 B A
4 I



YEoera,, =o.

S Wik BRI EATAE uo, X
SN E PR IR 2 —, FA

Ty Wik,

O x—iik it TR, RN
ST LRI AR, A
it .

T — Rl BEML NS 15

8 Albert Einstein. The founda-
tion of the general theory of rel-
ativity. 1916

228 Chapter 12. 5|3

PUERLRE “ 7 Einstein #7782 T, KN BEICE R 3 5k 8 X0 TH Y
HA—/: Einstein K& G, XEHA Einstein 5KEZER g, K
—Br. ZHr S mHh i TRV R . AE IR, HE
g AR R E N R R T, A

48 =

Ty =CGpy, HWO'T,, =0— "G, =0. (12.3)
Einstein K& & “PrikE®, EHFRFEER,

Einstein 5K &i#id Ricci K& R, Ricci brf R (R Ricei 5KE K]
#: R=RY) MEMIKE g,, & X:

1

G,u,l/ = Ruu - ERQMV' (124)
Hrb Ricei 5KEH Christoffel £F5 T, & 3

Rap = 0,0, — 910, + 0 T3, — 5T, (12.5)
Herp Christoffel £ 5itid TR R E X

1

agca agcb agab 1
Fd — Zg¢d — = —g* ca aYeb—UcYab)- 12.
ab = 29 (61}” + dr®  Oz° 27 (O69cat0ager=0cGap)- (12.6)

Er T 2RI, XM BMER T SRS TR SRR
AT FE P ARAE 25 M 2 TR AT Dy B E IR g i 25 il i A
A, B Wi, WRTE A, B Z MRS ERER? 25 5 55 R AR IS 25 il it
P R A B LR AT (FONKERRZD) 1230, Bscantt GIERIRG). XA,
YREFREI A T, 5B PIARYE Einstein 777 F21HEES Christoffel
5, MIMASE]E B AL 8124512 (geodesic equation):

d?a* A dat da”
dt? modt dt

—0. (12.7)
T b 28 52 7 L B A s ] e il e R S R i £k
HiMSE, Einstein ¥ Christoffel £S5 MAES] 113%7:

e Wk, W CEED A EAAIEEE, I T
R XTSI AR, AR a5 .

— Albert Einstein®
M12. 7 REFR AR Einstein FTVLI), £ ey, =0, T 2L 5 FRIBAE A

A2z
dt?

=0. (12.8)

IR BEEWHEEARERRE, WELNTFEHFH Lanbda



229

TIREIfE R — R EH L.
Bl A 5 A B SR M S AR . P BN K SRR
FT 20E 3

f'(a) = lim

h—0

i@ij%:lﬁﬁ. (12.9)

B TR f ERAANE SE . S A RS T AME T B S
FEfRT . ] 12.2, SRR LLEERT EAFM BERHRA RN ZEE, E
FEA R4S BB AT B R IR 22110 ok 25 25 2% (R s I 52 2 B AT 35 3k
TR LAEEAT PR, B — A PR R S — AN mE AL E, e B LLE
Bhile

L5l = (8] R S AR N EE S8 (covariant derivative)!:

Dyv® = 0pv® 4+ T, 0°. (12.10)
BRI, 25 e 2 e 75 R T K 0 S iy B AR S

Op — Dy =0, +1'%,.. (12.11)
XARAR A, W7.1820, FRATFESEAT A b, AE 0 sA e 1 W
REIHER R U (1) AEREER S AlE 1 K aRERIME. X8
A LU A

8, — Dy =0, +ieA,. (12.12)

HEERARRANEEAETS, €T T IEMR R, S9MLENK
IEYACES S

Oy = Dy=0,+ig W, . (12.13)
~
=W;<7z
SEAH HAE 2 -
0, =D, =09,+ig G, . (12.14)
~—
=7°G¢<

g L& XA, E51 B GHAM AR A E 1. 3
MR LA I #R A2 H 7 B HA 1Y, #04s M BER LRSI TS - 1) X
X R AR PR, PO A b BRORL TV I € IS 8, BOA MR
e

SEORRRE RS B AT B AR T Se 36 REAR I 51 75 5 HoAth J) 22 18] i) AH ELAE
e FEAKLF IR 51 JRAN, Toikilla. B2 7 a9l 7, R &R,

O bR b, s LA R AR AT B A
R, 3.1, R T
R REFE (8 Euclidean %F1A]).
I, W b Rk L7 — A A
PR AR, IR B TE IR A BRI
P A R SR A b 22 0

B 12.2: AT B G LS B
3k, FATH R AL FBRL ATk
DA

10 3% HLfY Christoffel 755 re,. s
WO R, FONENTR T ik
7 R 4 A5
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x
B E R =AM |y | RIR DR E . BATRHARIER

z
B, Uk BT Ak REAEIRER B =R .
BB TIRNREN o TTRGE T 2T, AR y T =

0
AU 2 Jile B, &= | 4| Z—MER y BT RRR.
0
R [B) AT AAE N
Vg Wy Vg + Wy
7= Vy w = Wy — UT+uw= vy + Wy (Al)
'UZ wz vz + wz
AT ARH IR
Vg Wy
T-w= o, | |wy | =vews +vywy +vw,0 (A.2)
Vz W

FL AR D (= b8 MARKE, HARERAR: b5
M (scalar product). THHRES H & HIARERT] LIS 2 HACE

K P (7) = VT (A.3)
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Eki:lﬂ_fﬂﬁ c1 =coy =c3 =0,

KU TR AT — AN R EA

RERIE R HAD R BRI EA G
B 1@+ cob+csc =0 WIEEMR
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HERIEACHE AN USE—, HESaEk, Eh—1NKE.
B, fE—AEEEKEE T, KR P ANEEE H E—ig:

T
Pl (A4)
H

BNBHIERATHEAATAE —i, ERXERZ2LEL, MHERAR -
KA, PUAAEERR AR —BIAME R R R EAUNGZ
MM LR DR E, ERAR SRR S EARR . SR X Ak
R ESEEMESEEREARN. 535, R ESEUMKK
AR AR A G, S A B R BRI G A .

MIETTEG, BATR 2 AL B R E 0 ARH T RN —
K. RAENREERE, WRAMER TRAE ¢ - ¢ = Mo, MH{E
K o — o = Mo FR BB RE . SR AN R A 1

%IEqﬂ%%ﬁl‘]#%ééﬁﬂﬁﬂﬁﬂ‘%ﬁ% BIAE - LR EE—'BRAE—
XS, EAPRBRRE, H—ERAR L MEEA N LA
. %‘fﬁﬁ?@ﬁi@ﬁ'—?%ﬁﬁ%‘]ﬁ&%%mo

Basis Vectors %k

FATAT LA 5] N FE SR T — BRI e VAL AR il B oy IR g . 3
Re—HEMMZHKE AN 2MRE, ZgERMNFTE=AER, N
TR e 2 # AR R B H A RFIE, —/NMRRIERE:

1 0 0
=10, é=|[1|, é=]0 (A.5)
0 0 1
R E =R 0 MR IR R H
Vg
U= vy | = v1€1+v2€2+v3€3 =v1 | 0 | +v2 +v3 o A 6)
v,
v1, V2,03 =N 0 R EES RS TR

AT B R &30 LA IS i @ = 0] + 4, + 0¢3. KR T —

LR AR, BIMRRIOAIEE.
2R R PN ER RS — 5 R SR IR B R
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AN FIRE I IR e A

1 1 0
P = | =10 (A7)
1 \/i ’ 2 \/§ ’ 3 ° .
0 0 1

FEXRHIE TR E o BERESA RAFE:

1 1 0
y 1 1
W =2V2e1 -2V s+ 05 =2vV2— | 1| -2v2—= | -1 | = | 4
1 2 3 N NG
0 0 0
(A.8)

MR & FIERTEER T2 &5

2v2
W= -2v2
0

EHAREARRMRE, 10— MR R, W 25
MAHR ZR TR ) SR o FE— AT e (R AR R R AR .

Change of Coordinate Systems 4553k

AR, BATAT LA A R AN [ A RS AR B R . TS ANIA]
A FR 27T ARSI P PN REAS AL O 52, Bl (LB — AR
I —EHER MM S E . XA Z AR R A7 T @RS
ZREIITTE, ARBRATEGE XA AAER R A SR AT 2 AR —RER . IXFER
WA o My WA X 7. BB RS RTh RAE RN EM R E ¢
i

Vg
MRFE AN MEEBINNRKRE 0= | o, [, RATREET =FKEL
Uz

sin(¢), cos(¢) M tan(g) = SO SfeitHliH - AWEH BN 7 =
Vgt
oy |+ WEAL B

Vyr

SYRE: TEBEANPHSRA BARF R U L AMER S, XA U HERE Y .

K AL REEHDAFRKBIRRT
AR . A IE.
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T v, vy BIRFR, H

cos(¢) = v:i’ ~ = vy = (v, + a) cos(9)
LA

tan(p) = % — a = v, tan(¢).
S

Uy = (Vg + vy tan(g)) cos(¢) = (vm + vy (s;r;((g) cos(¢)

= v, cos(¢) + vy sin(e).

ALK, FIH

Y L
cos(¢) = oy D — vy Y oos(d) b
A
Uy

tan(¢) =

b=wvyt
vyr—&—b% Uy tan(g)

TR sin?(¢) 4 cos?(¢) = 1 T H

. ‘ o s sin(¢)
son(a) (e oS(0) + vysin(9))

M = VU, COS — v, Sin
os(g) = " eos(9) — v sin(9)

Uy = Uy——— — Uy tan(g) = vy,

v Y cos(9)
B sin?(¢) 4 cos?(¢)
T cos(9)

— vy sin(¢) — vy
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WA vy = —vgsin(@) + vy, cos(h)o
FATRERE ] — e e R R Rk«

Vg cos(¢) sin(¢p) 0\ [y
vy | = Ro()0 = [ —sin(¢) cos(¢) 0] | vy
Vyr 0 0 1 Vz

(A.9)
cos(p) vy + sin(P)vy,

—sin(@)vy + cos(¢)v,

Uz

REAERE R — AT 5 AR BRI R E AR, (193] 1 ek m R g . iz wipr
BN, WY 2 B Y& vz X T A FEOEE T 52 . FERE R. ()
IR T — A5t 2 WS T L ¢ HIERS .

A.3 Matrix Multiplication %BB%3fix%

GO FEE I FE PR AR T R — ORI faT Al R 3R A LU At
TaRA. WK DNREFE M DI =ATHIFERE (A 3 x 1,
Wb B AR A AT A MO R R SRR 1) — PR IR 1 L. B

Wy
Top = (Ua: vy Uz) wy | = vews +vywy +v.wz, (A10)

W

Hor T AORECE, RATRRS, SIRRAT. o o -4 117 351
FORERE . KRR [ A B AR L K 1 AT 3R 81 (R R i

SRACKET s A A 1 3R A At e T R R — AT SR A T A 0 5
=5, A2, TSRS

2 3 0 1
M = N =
1 0 4 8
2 3 0 1 2-0+3-4 2-14+3-8 12 26
MN: = =
1 0 4 8 1-0+0-4 1-140-8 0 1

(A.11)

I ZFEATIRT AL T B o JE R AN ERE RIS AR 5 (1, B — ok
U MN £ NM.

YRR YRR, AR ARSIME - AFELENRA, LHRESEERAZER
B

_ B _
by, E
b2 b 3
|alz O
| A 4
Al )

Z1 %) E (EX] %ﬁ "? ﬂ
T AE AT 5L %;" W] iﬂl
R LR AL Y CRAR NPT S

a1,1b1,2 + a1,2b22, W
HE% c3,3 = az,1b1,3 + a3 2b2 3.
— M ey = aikbe,; =
a;1b1; + a;2b2; + ... Fig-
ure by Olivier Perrin (Bilou
Wikimedia Commons) released
under a CC BY-SA 3.0 licence:

http://creativecommons.or
g/licenses/by-sa/3.0/deed.en.
URL: http://commons.wiki
media.org/wiki/File:Matrix_m
ultiplication_diagram_2.svg,
Accessed: 28.1.2015
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Left Handed Ceordinates Right Handed Coordinates

Bl A3 AT AR R AL T &
#* &R. Figure by Primalshell
(Wikimedia Commons) released
under a CC-BY-SA-3.0 licence:

http://creativecommons.or
g/licenses/by-sa/3.0/deed.en.
URL: http://commons.wikime
dia.org/wiki/File:3D_Cartesi
an_Coodinate_Handedness. jpg,
Accessed: 1.12.2014

Ad

A.5

242 Chapter A. X2{E

Scalars {72

R MERERREE L, MANRERERE RN T g Wss
1M S # AR F . X E KT LUME PR R E L FriEax) T2 sg
HHMFEN R, XARRERMERG - NI EhrE, HARENS
— A EE AL (ERENTN TARBPWEE & HA—F . /BN
XFEE, AR ERIPR RN T 2R g8 2R AR . XE T, REM
KESHESH SR EREEM X —F50, SR M2 M sih & -
AU AR R . RENKEERAERE TrA%E, BT
WAVEREBERE R G RER A

Right-handed and Left-handed Coordinate Systems 7
F/AFLFR

LIRATRG DG E RS, RATERIN T E AT A4 5 1 SCHS 2 AH
[F)e Tdse b, ATAE PR RERESE, BATIX 2K IH A8 i 46 pEofe
AR R, HIARREERS) 7. P WEHE R —MESE TITENA T
AFRFR, T — NIRRT TR &R

TAVVER AT RGN E TR FSL L, XHERTE R
I BRI R ARG . X UL, A5 F R T R i N AR A
BX#R°

U1 —U1
vo | =7 | —v2 | (A12)
U3 —U3

LS BT 4 B T AR RR AR S — > o AT S5 TR X RAR AR A E AR
T (parity transformation). FATATELAH T 77 2R E R — A FHK
AR 4

-1 0 0 U1 —v1
T—ov=Pi=|0 -1 0 vo | = —va | o (A.13)
0 0 -1 V3 —v3

SEEME: JFUCIX A H ISR — M HXT R AR AT, TARBIR . 98, X
S 2 18] R 2 — ANl
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B.1 Product Rule ERR%E

S J 2
@) = (L) g+ 50 (U = g 1 @)
A ELH S A
% [f(z)g(z)] = ’lg% fla+h)g(x +hh) — [(@)g(z)
g B @ g+ 1) = f(@ + h)g(@)] + [ (x + )g(x) — f(2)g(x)
h—0 h
— i (o ) QNI ) Tt ) 2 ()
= f(2)g (x) + g(x)'(x)

B.2 Integration by Parts &85

i, Peter Lax #7437 T3¢ 8 FE 5Bl 222 B, HARPRAEN Caf
REARHAZ) FABSE AT A ZRIFR A Lax [\ “3K

INAN 3 »
{ﬁT I ﬁﬁl}*ﬂ%o 1 IEHTEE www.math.stackexchange
- Willie Wrong?! -com R LAY,
MSAT B 28R P LA B AT B — AN B F B KA e 2 — 2 R(B)R, HR R R

[P R (z) = h(b) — h(a)-

AR5
Uk ELRN ORI, ST IR M 3AE SO SO e T L, O A R 2
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/ab o = (F()gle) = /abda: (dﬁgﬁ)) g(w)+/abdxf(x) (d?;))

=f(x)g(x)]},

(B.2)
i, 5l
A%xCﬂ?)mm=f@muM—Lﬂuﬂ@<%gﬁo 6.3

AT ER, ZANTFBURRA M. EEZEERAE, B o =

Bo AR AT T B4 Rtk —00,b = oo, HF — VI BT F5 mAER N RS, 10 FLI N E f(:c)g(x)|f; =
T, MR THEAR M5 — A2 0
B o 4B A B °

B.3 The Taylor Series Taylor £&%§
Taylor ZHEIRATRERGAT AR TE 75 B vl Sk R 3805 im0 10

Fl) = (@) + (@~ ) (a) + 5 (0 — )" () + ... (B.4)

o — IR ATRE I ERRFE L R B R BUL A XFTLLAIK, Biltn,
B el® = cos(z) + isin(x).

o 7y, EEAE RSB R BAER ST R ME . 2 T
JRBEIFATA] LAg 25 B i, AFHE RIS 2 0, XA abe

RK it FATE R KA f(x) 75 y BIARE— iy + Ay W1HE,
R B R AR T .

2 a4
T AR ERATEM a th 5 % TS
16 @ QbHOE. T AR 75 SR Fly+Ay) = F) +(y+Ay—y) f' () +- - = Fy)+Ayf (y)+... (B.5)
y IR RREE [ 2y + Ay &b
sy T R, IR y ALRBOREIR, RATREAEIIAE y + Ay LHIERL
a = Yo

. STFEFPBIBPAYy = ¢ — 0 FIRBN, RER) 22 &0 DY E
Taylor L RI— (th) TikFER

Af=fly+e)—Fy) = F)+ef W)+ —fly) = ef'(y+. . (B.6)

~0t Te2~0
EARTR_REAHNSE TR —, BHaEE AR 5 A E # A
SRR HE K . B E B

/ dt f'(t) = f(z) = f(a) = f(2) =f(a)+/ de f'(t).  (B.7)
LR SR WU 2 AR ST AE f1(8) HTEAN—A 1 1f7(¢), F

W ROCHR, EEE. FI(B.3)RER ¢'(t) = 1 ftsit. 2B s S8 [0 v'u = vul’ —
[P vu!, AU TR 5 U Sy KRR o (1) = 1 W f(2),

2. AR, DEIE.
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AT H ¢ =0 K f =u. RIF

T b
ﬂ@:fWH/‘&f@:waﬂﬁﬁwﬁ*/dwwfﬁﬁ (B.8)

a

IAERI IR g(t) 2. RATHATRAIE ¢/'(t) =1, HEEFLHZ
AN BRBU) PR R IZA: X TAE R ¢ BB g = t+c HWHR ¢/(t) = 1
WAVEI g =t — 2, BRGEF EFRIITUE —o AERBATE R co T
RS I AT LS 1

g0 fB)]g = =) f (O] = (& —2) f(x) = (a—2)f(a) = (z—a)f(a)

Mt EEAS AT BUAE S AR

‘ﬂ/aﬁﬁi;ﬁiﬁﬁzz‘;@‘”fiﬁﬂ —/wdt(—;@—¢f)fmw
R e A .

320 5T R ] B f) 2 %

1 2 ¢ A 2 1 1 2 ¢
@02 = =5 (=2 @) + 5 (@ — a2 (a)-

@) = @)+ =) f @)+ 5= @)+ [ e a—0? (0.
(B.11)

] AR SR f e — T B AR 2y, (BRI % R EL A A IR 2 B
Taylor ZHAT LLFIAIRAN S ¥ 5 KA

Zf z—a)

f(O) T —a fD(a)(z—a)t  fP(a)(z—a)? .
(g )+ )(m ) (g )? (B.12)

@) (a)(z — a)?

- g! -

Hre f) RRE B9 n VS8 Biltn £ = f7, ol AR 0 KT, B

S FRMATE ¢ WL, RATER
WBLBE S A, EISRERE R
B ART . I M ¢ BN
THEI—AMTRENET £(z) AR,
T f () ¥ 2 RN L ILTE S5 U

TR = = (x —t) Xt BB S
WS v=—(z—t)2+d B
S d BUEE.
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nl=1-2-3.. . n. k¥ n=5F5=5-4-3-2.1=120,21=2-1=2,
PLECE X OV = 1. HEGE T —THIE-.

Series &

b RIS AL TS A T SRR AN AR AR
HUREA A 5T SR — L8 /N T A LA B B

Important Series JLNEERFEL
AN b= BRATT 2 B AT T 55 T AU R HOET T DL R T

o AR EZ BT I TEEERE e” . ERRBIRIT ] LA
E5H:

=3 ﬁ (B.13)

B T HREER B B FREETEHS: () = Ha=07HA
Taylor 280, FIH €° =1, fE1FRFEE %) Taylor 2% ((B.12)20:

e 1) L
n=0 n=0

XAGHAB T LA e fE e

FANEATC TS AT EZ R U sin(z) AT cos(z). FIA (sin(z)) =
cos(x), (cos(z)) = —sin(x), cos(0) =1 LK sin(0) =0, A LAHERS 4]
2R B E

sin(z) = T;) sin'™( 7)1('99 ) ]
BT sin(0) = 0, #AMEL n THONE, HILA DCRSRMDIT: HEE
£l

Zn = Z(2n +1)+ Z(Qn)
n=0

n=0 n=0 (B15)
1+24+3+4454+6...=14+3+5--+24+44+6+...

SRR —ANAEM R f(2) = exp(—1/22), BERLL FREF) LEH T
HHE
AR K—Fh
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B sin(ax) FIRAIFZTTHR

2L sin Y 0) (@ — 0)27F SN sin® (0) (@ — 0)2"
(2n + 1)! (2n)!
=0 (B.16)

sin(z) =

n=0 n=0

_ i sin" ) (0) (z — 0)2 1
= (2n+1)!

sin(z) FI4 BN S5, sin®) R sin(z) (RETRERTS), H
T sin(0) = 0 FrLAUEE —HUNE . sin(z) A H FEE cos(z), B
EArgem g . A

sin(z)® = cos(z)
sin(z)® = cos/(x) = —sin(z)
sin(z)® = —sin’(x) = — cos(x) (B.17)
sin(z)® = —cos’(z) = sin(z)
sin(z)® = sin’(x) = cos(z)
PR sin@® D) (2) = (=1)" cos(z), VRATLUBHAE B B n M5 NIRAES . i ’
BEKE (B.16) Ak 5 1 in(e)®) —sin(a)@ O+D

= (=1)° cos(z)

2 Gin(n+1) () ( — 0)2n+L |
sin(x) = Z s ( )(.’E ) = Cos(z),sin(m)(‘s)

n=0 (2n +1)! — sin(z)® 1D
= (=1)™ cos(0)(x — 0)2"+1 = (~1)" cos(x)
- nz:% (2n + 1)! (B.18) = — cos(z)
_ i (=" (x)*+!
CO?;)/-/Zl o (2n +1)!

XA sin(x) 1) Taylor 2%, tHAILAMER sin(x) 1€ L U, &
fi1mT BATS 2

X 1\n T 2n
cos(z) =y (1()%()3 (B.19)
n=0

HAHM SHEBIELLT sin(0) = 0.

B.4.2 Splitting Sums $3343RFN

E AR R T AN E R RS ARJLERATH T dE A
By

Zn = Z(Qn +1)+ 2(271)

n=0 n=0 (BQO)
1+2+3+4+546...=1434+5---4+24+44+6+...
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ﬁ%i%%ﬁaﬂ]_fW%Eﬁj‘ﬁﬂﬁﬁﬁﬁkﬂ%iﬁﬂﬁﬁlﬁ 2n SR T 2n+1
R LRI E R T RRAH, EIETTUEES
/\W? AR AR i (IR BN B RO R B

n=0 ’
> ()2t (B.21)

+Z 2n+1

)EH (lx)Z _ 12nx2n %n i2n — (12)n _ (71)n %E}Fo %9#&%‘%’% iQnJrl _
i-i2n =i(-1)". HtH

n=0 ’
- oo ( 2n+1
_HZ:O S Z 2n + 1

0o B.22

<—1>"<x>2" () 22

=2 gy Z @n+ 1)

n=0 ’ n=0 ’

=cos(z) W(B.19)x\ =sin(z) WL(B.18)3

=cos(x) + isin(x)

Einstein’s Sum Convention Einstein 3KF1£97E

PIE & H AR, ZRERRIKMT ¥ ZIRGTAR—FH.
PLBEIEANEEE A BN T —ANZI%E, ™Y Einstein SRFIZ5%E . HRIEXAZ 2
Y — MRS LT S WK, WiE EHE n, BAEwRE
— BRI R A S . B

anGp = Z anbp o (B.23)
HoAt e 4+

anbnem = Z anbncm o (B.24)

A bnCm = Zambncmo (B.25)
{HE

nbm # Y by (B.26)
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BT &5 # me S VRO SE BRI (5 BB AT (free index), T
£ BRI (64T (dummy index). ELfRJEE &7F F—3
e

1E anbpem = 5. anbpcy, —BIH, n BMEFRFR, 11 m & B Hfebr. X
T ambnem = 3 ambncos $5HE m R n & .

Index Notation }giFic=S

Dummy Indices HHEHR
—EEERBIN A, AR R A R K on
HBN b, T AEMASE?, Bl n CEBELE 4T

anbncm = apbicy,, = Zanbncm = Z arbrCm o (B.27)
n k

H i, HHIERAAR A B E G S K om 5 E ¢ SIERKX
A, BIONER S — it L AU AR B 8 AR X Ul 2 A 1k
SERUUT anbpey ZFEHITUN, B/ ER AT A B hfgts m K0k
K, AR ERAHE B . RATRE AT

Fi = eijka]—bko (B28)
KEERT RN ey, WHEZMER, RINETAAREE, 2L

SAPMIE. XEIRATEEN ejpaby (FGHR j,k BB EM G, FNEN
WHIHET . B0 5 — s k= 2 P euoaub, MZATHITAR

—HE TSk BN AEERS T, RAIARER L E G 0 — me

Emuzaubs, IAIXFER)E E A8 il
Fi = 6nfLuzaubzc (B29)

FAE AR AIE R RSA FIEE 1, PUOVIRIIEAR F B @ Sk
BE AR E SR U ERATE S B e — 5,
LS R FA A RE 25 SRR EE AR 7Y

Objects with more than One Index FZ/MEIREIFISR

AL AT LR R IS Z M BAR I R A AN TR AR 1 B SR 52 R
1o BN ERR T URRA 1A B R AR — 47T 5 ZAMBARARER B — 1. 1]
n

My M
M= ("1 TR, (B.30)
M21 M22

X+ My BERTEH 1T 5,

O SO BN — N RRR SR —
Efahr. B, FATTLOKS ¢ — 5
ERGES & — po WN p XPEOF
- RHRbR RSN 0 InE 3, i 4 X
FEIZ DRE bR N 1 ngl 3.
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A AR 7T LA 0S5 ARSI . PN HERE R SR A2

MN = (MN);; = My N (B.31)

TE IR (MN) B4 47 j FIRIoeE, "L M R i AT
N B 5 FIMTRER]. f8bs & BT IR, RE—ADBREHIRM. H
B RATSE— DR RRABE Z s (k&) ERXAFH, HA—K
A T, ME— B AN AE N T L TR e F .

Symmetric and Antisymmetric Indices 33%i/ RXIFrIEHR

—ANEPERAR N RRI TR, H M = Myo X T ZHERR B
My = May, —XFRFERERIS7 00~

93 (B.32)
3 17 '

—NEFER AR A R 2 RXTFREY (totally antisymmetric), # M;; =
—Mj; ST &, § oL, — AR

03 (B.33)
-3 0 '

ERMMICHE SR, XREEN My = —My, X34 My, =0 oL, X
T Moy h—H.

Antisymmetric x Symmetric Sums X3¥RF1 R3S FRKFN

— NS YIRA DI 5 A R 8 AR XS FR R 58 AR )
W B ISR SR AN, 45 RN E.

Zai]‘bi]’ =0 (B34)
ij

%ﬁ Ai5 = —Qj; *n bij = bji Xﬂ'ﬂ:é%{g i,j EE_TLc iz/l\éﬁllk\;ﬁﬁ'fﬁi%%ﬁ
K HH

Zaijbij = % (Z ai;bi; + Zaijbij) (B.35)
ij ij ij

iRz mfEReL Y, FATREE PRI R E a4 ¢ — 5 K j — i X
X8 = I

— Zaijbij = % (Z aijbij + Zaﬁbﬁ) (B36)
ij ij ij
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SRIGHRIF by BORTRRIERN a;; BIRGFRME, KBRS D ) fabs, 19
310 10 g s e a5 — AT 4R X
BT ZLSE BT SRS E 3 I e

1
- Z a;jbij = 3 Zaijbij + Z aji by
i ij iy

~~
=i =bi; (B.37)

1
= 5 Zaijbij — Zaijbij =0
ij 7
B.5.5 Two Important Symbols M EERFS

Ho A RPAAERE . HERHIE TN

1= (1 O) . (B.38)
0 1

AN RE R FE AR IC 5 R ARIE B R Kronecker 375 6,5, ST M 4EfE AR AT
TaE X

5i; = (B.39)
0 i#]

Kronecker ff 52X FRIT, A 65 = dji0
;ﬁ:/l\}% Levi-Civita 'lqu‘% €ijk> E:éﬁ?m?ﬁﬁi

1 (ivj):(laz)
0N (B.40)

e — (0 1) (B.41)
1

ZYET I Levi-Civita £75 &

o

1 (4,5, k) = (1,2,3),(2,3,1),(3,1,2)
€ijk =0 1= 8 =kBj=1 (B.42)

-1 (i,4,k) = (1,3,2),(3,2,1),(2,1,3)
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XU 4
1 45,5, k, D) R(L,2,3,4) (1048 B 4
ijht = § —1 (i, §,k, D)R(1,2,3,4) (755 B 45 (B.43)
0 HAth

flhn (1,2,4,3) 1 (2,1,4,3) sianl2 (1,2,3,4) FI#EEHR T —
AUBE R R TH.

Levi-Civita 5 &2 RFRI): RIEE L, SEHRNDERN, &8
’Z Mg

€ijk = —€jik> €ijk = —€ikj E N E st €ij = €jio
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A A P 2 PEACE T B T LUKIR f A TH 55, R I AR AR AR T 4
XA A [T

Basic Transformations E4 3k
FEFERY S AR E SN

M* _ Mikl Mik2
ij " « )
M21 M22

BRSO A

FEFERVEEE T SO ML = My, FIFERETE RN

M- M- M- M.
M — 11 2| M;‘g _ 11 21 7
My Mao Mis Moo

(C.2)

HIA B A R ROAT 551 I JERERISRIAMECE (MN)T # MTNT, Tk
(MN)T = NTMT, BISRRF B 7 2R SRR, KRR S A

HEIE B «

MN = (MN)ZJ = ikaj
T
(MN)" = ((MN)y;)" = (MN)j; = (M Nij)"
(M Nij)" = MjN = MgiNje = NjMy; = NTMT,

(C.3)

Vg% s =a+ib (ah 2 WS,
b NREES, a,b BINSEHD R ILHT
N z* =a —ib.
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Hrh i g — SR T HMERIER TR IC S, Ze M R 047 3R DLAS )45 R
5. AT MyNjx 5 NjMy, T2, 538 B 9 e AR R ) 47 9f
LA M RE M FI R, X Re A RE TR ie/E NT MT.

HERAETRARICL S NI A & UG AT 5 A, B0 My, Ny, =
Njp My, BAE My 5 Nj RREET.

Matrix Exponential Function fEPSE1EE]

A &3 TR B REOE 0, I RT e SCRRE ) 4 2500k 25
eM, Hi M AEEITIE:
oM — Z E (C.4)

n!
n=0

WIER, — M eMelN £ eMAN, eMeN — M+N M HAYY MN = NM.

Determinants 351zt

FFEAT H S AR B, ERM AR i, &R
AAEE, MZHERE Y2, XA G B AIE A R A, B AR — A
A A .

3 x 3 HFEMIATHIN det(A) ATELA Levi-Civita £ 5 5 X :

3 3 3
det(A4) = Zzzéijkz‘luz‘lzjflsk, (C.5)
n x n FEFERAT FI 8w SR
det(A) = Z Z Z €irig...in A1iy A2iy - .- Ani,, . (C.6)
ir=lis=1  in=1
f: 2 x 2 FHRERAT 5]
3 1
det(A) = det =3-2)—(b-1)=1
et(A) e<52) (3-2)—(5-1)

— B 3 x 3 FEFERIAT I

ay az as
det | by by bz | = ai(bacg—bsca) —az(bicz—bscr)+asz(bica—bacy).
C1 Co C3

(C.7)
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Eigenvalues and Eigenvectors A HESAIRE

AAEAR -5 AL [ A P B 27 R AR FH R 2 AR &« AR M)
FAIEE A SHAEFE 0 2

Mo = M. (C.8)

EXPMERR R R 0, XEWRE 0 AR M s R SRR
RIEVEEL N e B AL EX BN — DAL AL E S AL A&
M REA RER, TS BN — AR E A .

ANAE 17 B 5 B (M T AR T AL e, AT P e AR o il e
B, TR FE B A AL ) 558 S e i o

Diagonalization gk

AP AEAG 5 AR [ 8 m] DUEEREXT M4, X aefafeit 5, JF BAY
B R AR B R . T DUE MR TR AL IRERE M RES vt
TR

M = N"'DN, (C.9)

ForpsERE N ot M RAAEREA R, FRE D LD M RIAAEE DX 7T
X R «

My, M MO 1 {x 0
Sl NS N = (171,172) ! (771, 172).
My My 0 A 0 Ao

3 g, A M = NTIMN
BRI, MR M {ERA
FREF M. RIS A 1 2
SR T LA 3 — A Al 2 4
M TEZAER R R (£
SERE,
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Fourier i

Fourier 22 # ) AR THE — MER M BAZ I —HER KR E (61, €3, €3)

URTT!, E = 4ERR RS 8] i WK 2R R 30

1 0 0
e1=10], eéa=11|, é=10 (D.1)
0 0 1

ERZHERE 0 W DHZIX IR RTT N

V1 1 0 0
T=|wy | =viéi+v2é3+uvses =v1 |0 | +uv2 [1]+vs| 0| (D.2)
V3 0 0 1

{4 L P RO 2 B MR LU T2, % T P M R MOk U R TR
SRR sin(ka) I cos(ka), ARV AT2 8 B0 SO TT LA 'S Aot R IR R?

fa) = (ay cos(kz) + by sin(kx)) (D.3)

k=0

LRTRH VRN HZ WM Al

2NN SRR Y, RBCRET LR, R RENTRE N RET M PHTER.
X T ARSI B B e T AR A R B (] o AN Y )™ SR B2 IR A ST I
BR SR (R SAUL 5 A A 1% AT /N Sk~ Bz B R AR 2 /D, i,
PRAT LM [ B — FEE WA e Bomke ke, 77T BLxT B o SUPR B

STEHELl i PRI, BARH R T B EORIA R 5. VRN A7) A3 AR R — A&
Bep ) BIEE CET RSB E WL AN IR R E)—FE
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H ap A by N FREL

ER R BB UHZER e 1 e J@IF, (HRX
I SRAN S AR S A

f(x) = /00 dk(are™™ + bye ™) (D.4)
0
ATt n] DAL U5 Rk
f@) = [ dupet (D.5)

JETF R fr TTLAS R f(k), JLHARA f(2) M EITAE S,

5 PHHEE
BB ESR, 6 0 SR BERL R I VEFI AT Kroneckerd 74
B SIERAPF R, 2400, %k
3

Z aibj = albj + agb]’ + agbj (Dﬁ)

i=1

PUAEBATAESE SR AN 5 IR A K, AT LAA A Kroneckerd 1175
b9ir XFEAFE
3
Z (52iaibj = 521a1bj + 522(12[)]' + (5230,3[)]' = azbj (D7)

=1

BE KR TR N
3
/ 5ika,ibj = akbj (D.S)
1=3
5 ATREL 6(x —y) B FUE s
/ﬁ@ﬂwﬂm—y)=f@) (D.9)

F1 Kronecherd 7536 2L, 6 AR EBNFI S RERIVHE 7 —30 6,
13 Ay LLIE I AR AL M

8%—
8$j

= 0;j (D.10)

;EH*T, Gy SEbR Bt R SRFMAR IR R, >, iR k £ [ dk DAY E
£S5

5Kroneckerd 155 % XL B.5.5

SA) z =y —X0, B, [dzf(x)é(z—2) = f(2).
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HEH

of (i)
Of(x;)

:5($i—l‘j) (Dll)

AR R 3 AR ANRE S — MIER], W SRR Rt w] LA
AR A SRR T KT 6 AT R BOE AT IR 2 AT LA,
ERL R H SR A FEEE R THARmew 7. kb, X
72 Dirac 551 NI — R #9757 3.
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