Joogguogd

2007.10.1-2008.1.28 OO O O

0 0O

1 000000000
1.1 (00000)O0O000O000000 ... e e e e e
1.2 DOO0O0O0OO0O . e e s e
1.21 O0O00400000 ... e e
1.2.2 3000000 ... e
1.23 OO0000O0O00O0O ... s e
1.3 000000000000 .. e e e s
1.4 00000000 ... e e
1.6 O0O0O0OD00 ... e

2 00OO0OooOobooooboooo
21 00000 ..
22 0000000000000 .. e
221 0000D0O0O0O0OO0DOO0ODOO0O0O ... o s

0 O U e W NN =

222 000000000 ... oo
223 00000000000 ... o oo

3 O0O00ObOO0O0OoOooOOoboooooan

3.1
3.2
3.3
3.4
3.5

OOO0O0O0 .. e

OOO0O0O0O0O .. e
OO000000000000 .. ... o e

4 0000OO0O0OO0OOO0OOO00OO0

4.1
4.2

OO0O0O0O0 ... e
0000000 (@O0O0ooOooooog) .« .o oo

5 O0OOooOnO

5.1
5.2
5.3
5.4
9.5

I 0
gobogobooboobooboob-gooooog e oo
I
Coulomb OO0 O0O00OO0O0D0ODOOODODOOOOOO ... ... ...
I

6 O00OO0OOOOoOOoo

7 0OOO0OO0OO0O

7.1
7.2

oono

OO0000000MaxwellDOODOOOOOODOO ..o 0oL
O00000000 ... s

© © oo @

12
12
12
13
14
15

16
16
17

18
18
19
22
22
24

25



1

1.1

oooo,”000000o0o0”0000b0000 13,000, 1973

.oopoo,’oco0goo’ooo0oobooooooooOo,o0go, 2002

0000,”000000”000000000 10,000,1993(0000O0O)

.jgooogooggog,obopboooooo,0oooooogooo,0cooggypooobooog 17

goboobobooboobooob,oobog, 1969

J.D. Bjorken, and S.D. Drell, "Relativistic Quantum Mechanics”, McGraw-Hill, 1965

. J.D. Bjorken, and S.D. Drell, ”Relativistic Quantum Fields”, McGraw-Hill, 1965

guoooobogn

(COoDOO)oooooOooOoOoO

gooobooooobooboooboyobooboobbooooboooobobobbooDbooo
gobogboobooboobooboboboobobooooboboobobooboboobo
gbooooooo

gboboooooboooooooooboooobooobooooooooooboooDoooOooboonog
gbooboboboobooboboboobmoboboooooboboboooobooooog
goo

00o00d0o0o0oddooOododooooooDo0oooDo0o0ooo00 QU000 w, ODOOO0
Qu,, = wpty, (1.1)

gboboobobooooooooooooobooooobooooooooooboooobooooooon
obooooboooooobobooooobooooboobooooon

Q' =q (1.2)

obooobooobooobooobooooooboooobooobooboobooooobooooboobooon
gooooos3.0cobboooooooooooboobooooboooboobooooooOobo
gbobooboobooboooboooboooobooobooooboooooooboOobooobooo
obooooobooobooobooboobooboooooobobooooboooobooobooobooon
oboboboooooobobooobooboooboobooooooomuobooooooooboooon
oooobooboo0 FO0DO0O0ODO0O pO0DbDO0 z0O0O0O0O0ODOOOODOODOODOOO
gbboooboooboobooboooooooooboooooboobooboooboobooooobooon
On0OO000O0OOO0OO0OODOOODOOOO0 w, 000DODOOO0O00OO0 yO0OOOOOOOOO
ocooaeoOoObod0 w, 0OO0O0O00DOmMOOOO0OODODOOOO0ODOOOOODOOOOOOOOOO
gboomooooboooboooboooooon

Y(t,x) = Z () tp (%) (1.3)

oooooobon «, 0000



o. JobOoOO0oOooboooooobboooooboooooooooboooooboobooooboooOoobooo
0Q000000000 w, 00000000 w,, 00000000 w,0000 a,0000]an(t)]?
obobooomoooobooboobooboooooboo1go000o

> an =1.

n

Joooooooo QUOooo <Q>0
<Q> (1) :Z|an(t)|2wn:/dm/J*(x,t)Qz/z(x,t). (1.4)

googoooo

6. Jbobo0obOoboooboobooooboboobobobooboboooboboboobon
gbooboobooboobobooboon

L0 h?_,
Zh&w(tvx) - Hw(tax) - _2mv ’(/J(t7X) + V(t7x)w(t7x)' (15)
00¢+000000x000000000 p(t,x) O

p(t,X) = Qp*(t, X)d}(tvx) (16)

000000000 ¢t000o000¥(t,x)D0OO0DO0O0O0DU0O0O0O0U00O0O0O0oooOOoooooooo
gbooooooooooooobobobooboboo110o0boo0ooooboooobobobOoboOoboo
gobooboobobooboobboo11bbooboobboobooboboobboobooboo
gboboobOoboobooboboooooboooon

%—i—divj(t,x) =0, divj=V-j (1.7)

goo0opboooO0jooooogos3oooooooooo

P h * *
J= %(?/f V) — V™) (1.8)

00 1.1. 000000000000 (15 00000000000000O0 1.HOOoooOoOo

1.2 O0O0OOoOoodggd
1.2.1 0000400000

000 c00000000000000
c = 2.99792458 x 10'%cm /s (1.9)

goo0o0o FpO0O0O0OO0O0O0 00000 cOOODOOODOOODOOOODOOODOOODODOOOO
goog

E? — (pc)* = m2ct (1.10)
gobobob0o4000000000D400000DOO

P ="p) = (~,p) (111)

obooboooooboobOobobo40b00b000O0OO0OO0OO0DOOOODOODOOOOOOOOOODOOn
oooobob eOO0DbO0OO0D 4000000000000

' = (29, x) = (ct,x) (1.12)



000040000¢d%200000004000000000000000000000000O0O0O00O0OO
030000¢2x0000000000000

d*z = da'det dz?dx® = cdtd3z. (1.13)

00000000000 0000004=1,2,300000000000400000000000000
00000000 uv,-,(uy,=0,1,2,3)0000000400000 A* = (A, A") O B* = (B°, BY)
000000000000000000000000000000000000000000000000

A-B=AB" - A'B' - A’B? - A’B? (1.14)
00000000000000000000004000000000000000000000000
Ay = (Ao, Ay) = (A, = AY) (1.15)

gboooboobooobooboooboobobooooboooobooboboooboboOoooboOoboon

3
A-B=Y"A'B, = A°By + A'B, + A*B, + A°B; (1.16)

p=0

goooooooooooOooOOOOOOOO0O0 40 400009, 000000000 O0O0O0OOCOO

1 0 0 0
0 -1 0 0
L= = pHv 1.17
um 0 0 -1 o0 n ( )
0 O 0 -1
A-B= A"y, B =An"B, (1.18)

gbobobooobobobobooooboboboboooooobobobobobobooon
ooobooooboboooooboooobobouooboobooooo

1.2.2 3000000

oooooboooooooobooooooooooobooog &5,k,---=1423000000000000
00020000000 d'0000000000000d"00000000000D00000O0

da'l = of da® (1.19)
gbooboobobobooboobooboobon
(dz')? = (da*)? — a?1a?y = oy, (1.20)

oboooobooooooooon
ata=1— deta = £1 (1.21)

000000 dete=+100000000000 SO3)0000000O0
00 So3)00000000000000D0O00O0O0U0O000O00O00Oo00UO0UOOOoo
0000A#,00000000000000O0O0O00O0O0

aly =8y + AG7y, (1.22)

ajkajl = 0 — Aelk = —Aekl (1.23)



300000060000000003000000000001020000000000000A0 = Aw!,
gooono

AGYy = —AG? = db (1.24)
0 10
a(dd)’, =1+d0| -1 0 0 (1.25)
0 0 0
0
da(9) _
T 4? 0 0 |a() (1.26)

goooooono
cosf sinf 0

a0, =| —sinf cosf 0 (1.27)
0 0 1

000000400 (OO)00O0OU0OO0OO0O0OUOOO0ODOODOOUODOOOOUOOOOOOO

0 0

0 sind
a(9), = cosr s (1.28)

—sinf cos6
0 0

o O O =
_ o O O

oooad

1.2.3 000OO0OO0OOODOOO

gboboboboboobooooooooboooboooooboobobOobobob 40000000000
OoooooOooooooooboooOooooOooooo 2000000 de*r0DOOODODODOOODOO
0000 d/*00000000000000O0

dz'* = o', dz” (1.29)

gbobobobobooooooooooooooooooboooooooooooooOoooboOobOoobon
oooo

ds® = n,datds” (1.30)
ds® = ds”® — a"\na”, = (1.31)
a'na =n — deta = 1 (1.32)

000000 +1000000000000000OO0OO0ODOOOOOOOOO So(L,3)ooooo
ooo

oo 1.2.3.

looooboooooboobooooboboooboobooooobooboo

1. 0000000000000 dw=-Aw®, 0000000000

2. 000000000000000000000000000000000000000000000
(1.25), (1.26) 0 0000000000000000



. 0obobooboooboobobobib wbObOOOOOOOOOOO0ODbOODbDODOOoOObObOODO

ooad
coshw —sinhw 0 0
a(w)y = —sinhw coshw 0 O (1.33)
0 0 1 0
0 0 0 1

gboobooboooobobooooboobooooboobobobyo0oboboobooboooobobo

1 _ 1

0000000000000 000000040000p+000 400000 A*000000O00O0OO
0020000002 000000000000000000000O00 A*000 40000000000
gbooobooooboobooooboboooobooooonoo

tanhw = 3 = coshw =

ol

(1.34)

)

A v =8 0 0 [ A
At -3 v 0 0 Al v 1
e | = , | == vE— (1.35)
A 0 0 1 0 A c /1— 32
A3 0 0 0 1 A3
00000000 400000000 (l.16)0ooooon
1.3 UDUuooooooooo
00000oo0oooooooooooboo voooooooooo
P2
E=—4V 1.36
o T (1.36)
0000000000000 000(V=0)0000O0000o0o00o0oo0ooooooooooooo
o0o000O pO0O0O0OpOOOO
B\ 2
() = p? + m?c? (1.37)
c

gbooooobooboobobooooobooogoo
gobooboobooboooooooboooooooooboboooo0oobooobooobooboOooo
goboooooboooooan

0 - . h 0
- : J— i
E—hl/—mhat7 p’ =hk) — R (1.38)
oooobooobooboobobobobobooboooog
E 1_0 0
0 . .
bo =P c ot a0
- h o 0
~:—j:——7:' —_—
D; P " B m@:cj (1.39)
googod 5
P = ih—— = it (1.40)

oxH
00000000000000O0O0000000000O0O0oO0b0 000000000000 ooo0o Vv, 00

000002 000000000 )
5 (@Ve) =V (1.41)



0000000000000 (1.36) 0000000000000 00000000D00¥w(t,x)O0O0O0O
000000000000000O0 (1.5 000000000000 0000000O0O0O0OOoOO (1.37)
00000000000000000000000 ¢(t,x)D0OOOOOO

(m 0875) olt.x) = <:‘Laij)2¢(tvx) +m?c*$(t, ) (1.42)

0000000000000000000000000000000000 (Klein)JOOOO (Gordon)
oooobooboood
000000000000 (142)00000000 ¢,¢0000000000O0O0OOOOOOOO

/d3 *(t,%)900(t,x) — D™ (t,x)p(t, )] (1.43)
000000000000 (0000)000 4000000000 4,000000000000
Ju = 1" (0u0) — (00" ) ) (1.44)

oo 1.3.
000000000000O00o000(l44)0000000O0O0O0OODOOOUOODOOOOO

"5, =0 (1.45)

000000000000O0oUo0o (143)000000000000000O0O0O0OO0O0OOOO

d
S (.9)=0 (1.46)

000000000000 U0o0o0o0ooo0U (1L.yoooooooooo

goboobobobooboobooooooobooobooboooboooobooooooooboon
gboboooocobooboooobooooboobooboobooboobooboobobooboboobooobooooo
oobooboooboooobOooboooobooooboooooooooooboooooooobooooooon
gboobooooooooooooooooooooooboobobobobobOobOobobobob oo
gobooboboooooboooobobooboobobooooooboobooboooooboooobooon
gboboobOoboooooboooobooboooooboooo

1.4 00000000

gboboubogoboobooboboboboboooboboboboboooobobaoboooa
gboooboooobobbobooboboboobobobobobooobobobooobobon
gobooboboooooobooooooobooboobooooooboOoobobooboOoooboooooon
0000000000 000000O0U0Oo0oU0oOo0oooUooUoooooooU (birac)0OO0O
gboooooogbooboboboboooobbobobobobooooboobobonooooo
gboboobobboboopoobooboboboooboooooboboboboobooobobobon
oooooooooobooooobooooooooooboOoooooDOooooooOo0 NOOOODODOOo

Y(t,x) = , ) (1.47)



gbobobooboooooobobbobobobobobooooooobLobobOobobobUobo
o0 i1oooboboobooboboobo0obbooobooboboobooboboobooboboobg
000000000000000004000 NO NOOOO o/,5j=1,2,30 400000000000
U0midooooobbbbooooon

%%:goﬂ%d;(t,x)ercﬂw(t,x) (1.48)
gogboooboboboooobobbuooobooobbooboobDbooobboobOoboo
goboboboobboooboobobooboooboobboobuoobbooboobbooboo

ooooo
ih 0\° ho. 9 h o, 0
2 — R N Ak 2
<08t> v <ia8xj+mcﬁ> <ia 8xk+mcﬁ>w

2
<h 0 ) W+ m2cip. (1.49)

1 OxI

00000000000000000000 o0 B000000000000000000 100000
good
ok +afal =267 (1.50)

a4+ pal =0, g% =1. (1.51)

gboboboboboboboboboooooboooooboooooooboooooboooboooboobOoobOon
000000000000 o/,000000000000000

ot = o, gt =3 (1.52)
00 1.4.1. 00 8,«'00000000000000OO
1. 0000 +1000 —-10 (0000(1.50)0 j=k0000, (1.51)0 200000000)

2. 000000000 0000

Tra' = Tr3 =0 (1.53)

(00D00(1.51) 0100000 0000000000000000000000 cyclic0000
00000000000000&00000000000)

00000000000 B,/ 00000 (N=00)0000000000000000
0000000000 N=200000000000 1/20000000000000000000

00
1 —i 1
R ST O ° . (1.54)
10 i 0 0 -1

0000000000000000000 20010000003,/ 000000000020 200
ubodgbooboobobbooboobobobobobbobooboobooboobobboboa

N=200000000000000O00DOO0OOODO0ODOOON >40000000D00O0O
N=400000O0000O0O000OOOO0DOODOOO

) 0 o’ 1 0
aJ:<Uj 0>7 ﬁ:(o _1)7 (1.55)

obooooboooooooboooooon
oboooobo4000000000DOO

p(t,x) = PTy (1.56)



oo 1.4.2.
obooooOooooooboooooooooon

3] 3]
_ T _— Tk —
8t(¢ d))—'—&zk (cw o w) 0 (1.57)
Jodooobobooooooooooooo40b0000ooO
0,4t = (1.58)

000D0000000000000000 000 4°000000000000000000000000
ooooooo jco

=y, =y, = (055050 (1.59)

1.5 00Oo0odog

m=000000000000000000000002020000000000000000000
gbooobo2000000000b00000O00DbO00O0O0OO0bOOOOObOObO0O0On

maw(t,x) he . 0

G = 0 (%) = oTp () (1.60)

00 1.5.
1. 000000000000000000000000000
oloh = 7% 4 jeikl gl (o)t = o7 (1.61)
000 J¥Oo000000nnooono

e =41 (1.62)

2. 00000000000000D0 (1.52)0(1.50) 00 (1.51)0000000OOOO

2 ODbObObooooduuoooood
21 0OO0O0OO
00 «/,40000000000000000~0000000000D00000DO0O0O0O0OO0
A0 =3, N — (2.1)
0000A4°0000000000000+ 0000000000000000000

A0t = 40 A (2.2)

000000~ 0000000000002000000000000000500000000000
0000000 -1000000000 (1.17)oU0o0oo0o g 0000000000000

VA A+t =2 (2.3)
0000000000000000000000000

(#ihd), — me)(t, x) = 0 (2.4)



000000000000
7" =ir%yly%y? (2.5)
0000000000000000000004+0000000
YA+t =0, 1=0,1,23 ()’ =1 (2.6)

D0000D000D000DD0000000000N0N0N0N0N0N0NNN0N0NN0N0N0N0N0N0N0N0N0000nn
0000000000000
T =UMhpU (2.7)

oboooooooooooobobooobooboon

1 0 ; 0 ol 0 1
bp = ’ 1 - ; 5 ) = 172733 > = 2.8
Ybp ( 0 —1 ) Top ( el 0 ) J Y < 10 > (2.8)

00000000 (23)00000002020000000000000000000O0OO0OOOO
oboocooOoboooobooooon

1 2 3
1 o 0 9 o 0 3 o 0
— , — R e 2.9
0 I 0 —il I 0
pl = ) ? = . ' ; = (210)
I 0 il 0 0 -1

Yop =0 vhp=ip’c’,  PBpp=p’, aphp=p'ol (2.11)

22 JUddoUooooooobob
221 0O00O0OOOOOOCOOOODOOOOO

ooboboooooooboooboooobooOooobooooobooobooobooobooooobooobooaon
goooboobooboboboboboboboobooboboooboobobUobOobOobOoDbOoDbOoDbOoD
oo

P(z) = ¢'(a') = S(a)p(z), a2’ =ax (2.12)
00000000000

P(x) =S Y @), w=ala (2.13)
000000000000000 S000000000000

Sa™) =1[8(a)] ' =5"(a) (2.14)

oboboooboobooooobobooooobobobooboOoboooooonoo

0 oz’ 0 , 0
X P T (2.15)

0 0
(’y“ih@ —me)p(z) =0 — (’y“ihaxm —me)y'(z) =0 (2.16)
000 S'(«)00000
"t = § () S(a) (217)

0000000000 a#, =64, +Awt, 0000000000000 00000000000000
0, 00000

Sm):l—iawAwW, Oy = —0Oup (2.18)

10



(217)000000000
2i(6" a8 — 6" g%a) = [V, 0agl (2.19)

O0oooooon )
1
Opv = 5[’7;“71/] (2'20)

oo 2.2.1.
1. (2200000000219 0000000000000

2. 000000000000 O0DOO0DOOOODOOOOODOODOOOOOOOOOOOODn

j a0 ; 0 —ig)
ojk = 07" = €j ( 0 o 00j = —0% = i 0 (2.21)

222 000000000

1200000000000000000000000000 wOOODOO alw)DOODOOOOODO
do=Awly=—-Aw!2 00000

a(w + dw) = a(dw) - a(w) (2.22)
S(a(w + dw)) = S(a(dw)) - S(a(w)) (2.23)
dS(a(w)) i
T = 50’125(&(&0)) (224)
(012)? = +1 — S(a(w)) = exp(;algw> = cosg +i012 sing (2.25)

1200000000000000 (DO00)00OOO 3000 SsO0000
ngh% (2.26)
0od 120000 27000000 DODODO0OOOOODODOOO0OOOO0ODODODODOOOOOODOODODOO
S(w=2m) =cosm = —1 (2.27)

boboob4r00C0CO00O0O0DOODOOOOOOOOOCOOOODODOOOOOOOOODOODOOOOn
oooobooooo

Y(r,0,¢0 +2m) = S(w = 2m)(r,0,¢) = —(r, 0, ¢) (2.28)
000000000 00000010000000000 dw=-Aw% =A20000
dS(a(w 7
% = —50'015(&((4})) (229)
(001)* = -1 — S(a(w)) = exp< - ;001w> = cosh% - z'omsinhg (2.30)

0000000000000000000000000 00,/20000000000000000 S(a(w))
000000000000000000000

0000000000000000000 (24)0000000000000000000000000
00000000000000000000000000000000000000000000000
nfululufulals

11



223 0O00O0O0OO0OO0ODOOOO

oboobooooooobobo4040000000000000000O000O00O0DOODOOOOO
goboooobooboboobobobooobooobooooooooooooobooOoobOobobDOooDOoODO
ubooobooobooboboobooboobobobOoboobOobobOobOobOobOobOobOobOoobooobooon
00000000000000A0000000000000000000000D0D0DOO0D000400
OoooDoo0O0ypODOOOOODOOOODOO

1; = wTVO = (¢T7¢;7¢§7¢Z)70 = (’(/flka’(/];v _1/}2:7 —Mf) (231)

goboboooboobooboobobobooobooboobUobDbobODooboUbobobobnDoobg
ggodooooood
ol =0 ol = —00, Ogt A0 = (2.32)
Jk k> 07 05> Y O Opy .

000 (00000)0000000 S000000000000000
798140 = 51 (2.33)
D00000¢00000000000000000000000000
P (@) = (@) = T (2) ST = 9T (2)y 5™ = (a) 5™ (2.34)

000000000 40000000¢ 0000040000000« 000000000000000
obobobobooboobooboobooooboobooboobooboobooooooooooooobooboan
gbooooooooooooooooboo wOooboywobooboobboooboobbobobooo
4000000000000 OO0ODOOO0ODOOO0ODOO0O0ODOO0ODOOOOOOO0ObOOODOOOODOOD
OO0 v,y 02000000020000000000000000000000DO 1,2,---000000
obobooooooooooooooobOooonoooboooooboooboooob 200000000000
oooo400000 A+BH,...0000000OCOOOODODOO

Yy & A-B 0000,
iy, & A DOO0OO0OO,
Yy Y. & AMBY 0000 (2.35)

000000000000 0000000000000000000000000y 090000000
000000000000000000000D000000000000y 0000009 0000000
oooooboooog
ubooobooboobooboooboobooooboobooooboboooboboobOOoboOoooOoboOoon
oobooboooboboooobooobobOooboobooooooooboooboooboooooooooon
gbooooobooooobobooboooooboo

Spirac = [ ' B(@) (03, — me)b(a) (2.36)

000000000« 000000000000000000000000000000000000O0
gbooooboooboooaoo

Y=Y =, Yo =e T (2.37)
Spirac — Spiraec = /d4x ¢ () (ihd " — me) Y (z) = Spirac (2.38)

gboboobooboooobobooooboboooooboooobooboooobOobooooono

(X)) = 0 (239)

12



3 dudobbobuooouoobbogogad

3.1 00O
o

ooooobo400D00000DO00O00 EFODOODOOpOOOODOODODOOOOODODOO)=1,---,40
oooooo

ih

E2 :p202 +m2c4,

(3.2)

Et  p-x
h h )

w(t,x):w(p)exp<—z+z
00000000 w(p)DOOOOOOOOOOOOOODOO0OOOOUOOOODOOOUOOOUOOOOOO
ooodoboobooboobooboobooboboboobDoobDUooboobooboobooo
goooooo

1 0
0 -2 1 cme?
vh=l e R e (3.3)
0 i 0 ]
ooooooo L
0 0
0 me? 0 - me2
,lp3: ) el = t, ,(/14 — 0 ez =t (34)
0 1 ]
r r —ie, m<2 +1 r=1,2
P () = w"(p = 0)e " Y, erz{ sy (3.5)

00000 (0)00oO0oOoO0O0O00U0bOOOO0O000D0OOOO0O0OO0O3000O0O0O0O0OO S, O
(226)J00000000O0O0OOO0OOOOOOOOO

_ o0
ok =em x| (3.6)

ooooooboo40b000b00obooboooo 30non

h
wh, w3, SZ:+§, w? wt, 8, =— (3.7)

3.2 0O0O0OO

000 (00«4~ 000000 —»0O0000000O0OD0 (OO0 «» 000000 0000000000
00000000 ¢(z)00000o

P'(a') = S(w(—v))¢(x) (3-8)
exp(fierm?gt) = exp(—ieTp“;/H) (3.9)
S(w(—v)) = e~ Bwo0r tanhw = —% (3.10)
P'(x)) = w"(p)e p“;m’ on = —iat = —iplo! (3.11)

13



w (p) = e~ F701y" (p = 0)

= (cosh % — alsinh ";)wT(p =0)

1 0 0 —tanh ¢
— cosh w 0 1 —tanh 3 0
2 0 —tanh § 1 0
—tanh 2 0 0 1
xw" (p = 0) (3.12)
_ tanh mEyAE
_tanh% = e — = Vo === P (3.13)
14+ V1 —tanh“w m‘*‘mc +me
2
mu me
= —, F=———— = mc?)2 + (pc)? 3.14
R s = VP ) (.14
w coshw +1 \/E—I—mc2
h— = = 3.15
oy \/ 2 Ime? (3.15)
gooooooooooooooo
YT () = w" (p)e e /M) (3.16)
gooooooooooooooooooooooboo
(P — eme)w™(p) =0, @' (p)(puy" — erme) =0 (3.17)

ooooboooobooooboboooobOoobooboobooboooboboooboooooboobooonoo

/
-7

w (p)wr (p) = i€ (318)

000y 0000000000000000000000000000000000000000000
gboooooooboboooobOooboobooboooboobooooooobOoobooooooooDn
goboooobobobooooboooooboboooog

(w ()0 (erP) = by (3.19)

gooobooboooobobobooog pr0b0DooobobboobDobbobob0 40000D0ObOOOO
gboooboooboobgooobooo

> erwl (P)W5(P) = dap (3.20)

r=1

0000000000000000000000000000000000 p=00000000000
0000 (3.3)-(34)000000000000000 S(wp)0000 Swp) 00000 p£000
000000000000000000000000 §-5'=100000000000000000

3.3 Ouggnd

00000 P, OO0
PPy = P, (3.21)

0000000000000000000000000
(P = me)(pun™ +me) = (puy* — me)(py" + me) = p* — (me)* = 0 (3.22)
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(£puy" + me)(£p ™ + me) = (puy*)? £ 2puyme + (me)?

= p? £ 2p,y"me + (me)? = 2me (£p, " + me) (3.23)

O0000000O000O00O00O0D040000 p» 00000000000 O0ODOOOO0OO As(p) (A+(p))
00 (0)00o0OU0oo0o0ooooOoUooooo

_ Epu At +me

A+ (p) e

(3.24)

0000000 000000000000 %% 000000000000 400000000 s# =
(0,0,0,1) 00000000000000000000 p*=(E/¢0,0,00000000000000000
00000000000000000400000000000000

stp, =0 (3.25)
0000s#000400000000000000000000O0O0OO ¥(s)00000OO0O0OO

l+o. _ 147"y 1495937°

2 2 2

1 Eyuy®
— = 7—1— 75; ,Y[,L’y = E(S>7

stp, =0 (3.26)

3.4 0OUOggoO

oooooo %DDDfeDDDDDDDDDDDD ed00OO0O0ODOOO0OOODOODOOOODOOO
gboooboboooboobooooboooon

me ~ 0.51099906(15)MeV /c? (3.27)

gdoooboooooobobooooboobbobo0o0o0oooooooooboooooooooobooDonoig2g
obooobobooobooboooooboboooobooobooooobooooboooobooboooooboon
Ood0dm.00000000D0O FOODOO pODOOO

E? =p?® + m?ct (3.28)

go0oboooooooooboo0ooooo0ooooDO0oooDOoO0o0 pODOOODOOOO0 EFOOO
bobooobooooobooboooobooboooboobooooobOoboooooboooo

p2c? + m2ct, E = —\/p?c2 + m2c* (3.29)

bbooboobooobooboooobooobooooobooooboboooooboooon
03.100000000000000000000000DO3.2)0(3.3)0(34) 00000000000
ooooboooboooooooboooobooobooobooboooooboooboboOooobooOoooboobooooOon
gooooooooooooooboboobobooboboobooooobooooboooDooobDOoDbOoDbo
goboooooooboboooobooboboooooooboooobooobDOoobDbOobbooooboDooDo
gobooooooboobobooobOoobooooooooboooooobooobooooboooDn
oobooobOooboooooboooboooooboooboooobooobobooobooooooobooon
gooooooooooooooooboobooboboboobobooboboooobooooobooobDOoDbOoDbo
gobooboooooboooobooooboooboooboooooobobooobOoooboooooDooDbo
goooboooobobooooboooooboooobooboooooboooboooboOobooobooono
O000pbo0o0O00193000000000ooobotddbhele00ODO0OO0ODOOOOOODOODO
goboobboobooboooooooooooboooobooooboooobooobobobooobbooboobooboooon
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00000000000000 1/200000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000O0O0
00000000000000000000000000000000000000000000000
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000000000000000000000000000000000000000000000000
0000000000000 p000000 E=—/p22+m2i000 —e0000000000000
00000 —p000000 E=+/p?2+m2c* 0000 +e0000000000000000000
0000000000000000000000M0O00000000000000000000000
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0000000000000 ¢000000000000 S, 00000000000000000000
00000000000000000000000000000000000000000000000
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00000000000000000000000000000000000000000000000
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3.5 00OO0OO0OO0bOOo0obOoon

gbooobOooboobOoboobooboboobobobobobobOobobooboobOoboboOoboon
oooocooooooooooooooooooooogoooooooDoooooooogooboooo
oooooooobooboooobooobooboooboooobooobooobboooboDooDbDOooboboobo
gboboobobooobooboooboobobooooobooooboboooobobooboOoooboooonoo
ooboobooboobooooboobooOoooooobooooooobooobooooobooobooooon
oobooooooobooobboooboboooboooobobooboooobooooboooooooooboobooon
00 Minimal interaction 00 0000000000000 e>0000000000000DO0O00OOOO
O0000000OO0O0000CoOO0OD0 e QOOOOOOODOODOODOOOOODQOODOOOOO
O000DO0O000DoO000oOOo0o00DbDO Q=-1000000000 Minimal interaction O

L 0 L 0
puzzh@ HpﬂfeA#:zh@feA# (3.30)
000 Minimal interaction 00000000000 OOOODOO OOOO

{’y“ihaiﬂ - mc]q/; =0— {#‘(ih(,ﬁu —ed,) — mc} =0 (3.31)

o0oo0ooo0oO0ooo0ob0b0000 A, 00000000000000000O000O00O00000 QO
gbooboobooboon
[ih(@u—iegflu)'y“—mc}w(x)zo (3.32)

goooooboooboooooboooboogo bbb boobuoobbuoo
oo oo oo oooooooo
000 cCcoood

Y = Oyt = Cy Typ* (3.33)

*00000000000000000O0O0000O0O0O0000bOOOO000
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0000000000000000000000 4=y 000 (7 000000000000000
oboboobOoboooooboooobooboooooboooooaon

ih(9, + i?A#)’y” —me|y(z) =0 (3.34)

0000(3.32)00000 0 (333)0000000000000O000O0OUO0O0O0UO0OOOUOOO
goooooooooooooooooooooOoOooDoDo copoooooooOoOoDooOooooog

CIyHC = —4HT (3.35)
D000 CcOO0D000000DO000DO0Ono
ctc =1 (3.36)

goo0ooooOooobo cooooOoOooooU0oooo0OooDoooUooooDOoUooDooDOooboooDo
oo

0 0 0 -1
0 0 1 0
C =iy?y0 = 3.37
vy 0 10 o (3.37)
1 0 0 0
oooooon
00 3.5.

1. 0obobgooooboboooobooobobobooobobooboobooooboboobo
ooo

e =—yptc! (3.38)

2.00000000000C0O0O00DbOOO0OOO0OO0ObOOO0OOObOOOOOOObOOOOODObOn

G5 = T, (3.39)
P s = +T T, (3.40)
Tyt s =~ Ty Ty (3.41)
Vs = T, (3.42)

4 0O0O000O0O0OO0OO0OOOO0O0

4.1 000000

gboboobobooboobobooobooboooobooboonoo

L 0 L 0
Py = zhw —pyt+ed, = ZTLW +eA, (4.1)

gbboobOobooooboboooooboooooboobobobooboOobooon

v (i1 O L0
g “(zhaxu +ed,) (Zh@ +ed,) — (me)*|¢ =0 (4.2)

gbobooboooboooobOoboooobobooonog
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obdboooooooooooooooboobbooonbO boobooboobooboooboooon

['y” (zh% +ed,) — mc]w =0 (4.3)

oooobooooboboooooboooon

iy O L 0
[7 (zh% +ed,) + mc] [fy” (zh@ +ed,) — mc]w =0 (4.4)
goooogan
VA =t —iot” (4.5)
gooon
v 9 : 9 2
[g u(zhaxy +€eA,) (zh@ +eA,) — (me)
Ciov(in 2 o) (it ea)|w =0 (4.6)
Oxv v Oxt a

gboooboobooboboboboobooboooboon

s O L, 0 ot 0 L 0
—ic H(zhw+eAy) (zh@JreA#) = —i— [mavareA”’ma;qureA“

Ve 0A 0A, 1,
5 (ieh) (6365 - 8ch> = 56710’ o 9 (4.7)

Q

= —1

booooo0oooboooooo4000 2000000000000000 F, 000000

0A 0A
F,=—t_—" 4.
" oxv  Oxt (4.8)
00000 1/2000000000000000000O0O0O00OOO
gt (z?’zi +eA )(zhi +eA,) — (me)® + 1ehcf””F P=0 (4.9)
OoxV v OxH H 2 v
oo oobobbbbodoooouobbbbuoouooobbbbooo
42 0000000 (COOOOOOOOO0)
goooo
it %) = ue R, u<x>=<¢> (4.10)
X
E+ed\? 1 ®
{( —;e) —(p+eA)2—(mc)2+2eh0”“F,j4u:O, AO:; (4.11)
ooocoooo w
W = E — mc? (4.12)
goooooo
W < mc?, W+ e® < mc? (4.13)
2
2m (W +ed) + w — (p+eA) — %th”“FW u=0 (4.14)
c
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(W+ed)DOODOO (W+e<I>)2DDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

A)? h
W~ % e — :—ma”“Fyﬂ u (4.15)

O000000o0o00oOoO0o00oO00bOO00oODOOoU0oOOo0ODoOO e 0 (221)0000000O0O
000000000000 000D0000000000D0D000000D0 R, 0000000 ¢% 000
0D ¢0000 xOODOOODODOODOOODODOOD Fpr0DOOODOO 00000 ¢000O000OO
xoooooooooooooooobooooobooooooooooobooooobooooooboDbo
gboooobooobooooobooboo

ik L gk l i Ak
O’ij] = €5klO FI¥ =20 EljkajA

= —20le;,0;,AF = =20 (rotA)' = —20' B! (4.16)
A)? h ..

W~ | PEAS oy il (4.17)

2m 2m

ooooogoo )
B =rotA, A= iB X X (4.18)
(p+eA)? ~p® +e(pA + Ap) (4.19)
(PA+Ap)=p- Bxx)=B:-(xxp)=B-L (4.20)
sngﬂ (4.21)
p? 1

~|—+—e(L+2S)-B|¢= 4.22
W ¢ 2m—s—Zme( +2S)-Bl¢p =0 (4.22)

oobooooooocobooobooobooobOOooobooooOoooooooOooobooooooooooogo
ooboobooobobboobooobooboobobooobooooobooobobo0ooboboobooDboOoDO
00 1/200000000000000000000000000O00O0OOOUOOUOOOOODOOO
uboboooobooboegbOOOoOOOObOODODOOOOOODOOOOOOOOOOODOOOOOOO
ob0oobO0bo0o0ooOobobb 00 gO0000D0O0O0O0O0DO0000 g-00 g0 20000

pim il € ggiz ©

7. =2 4.2
2m 2m QmS 9 g (4.23)

5 Uuuon
5.1 U0o0oobboobouooobbbuoooon

000000 40000000000000000000
E=-V®P-A, B=VxA (5.1)

oooobOoboooboo 400000000

A#:(iaA% (b:q)(’f‘), A=0 (52)
c
H=dpc+pme? —ed=Hy+V, V=—ed (5.3)
goobobooooooooo
o me2 +V aipic
Hy = ploip/c+ pdmc?, H= o 5.4
o=palpctp vipie  —m 4V (5.4)
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000o0000oO0o0000oO0000oO0000OO0U0O0O0O0O0 (O00OD0)000O0oU0ODO0OOo
00000000 V(r)OOOUOOOoOOLOooooo

L=xxp, [LV({@)]=0 (5.5)

000000000000000000000000000000000000000000000000
0ooo0o0oO0o0o0oo
h
J=L+go, [JH=0 (5.6)
0051 000000000000000000000000000
1. 00000000000000000000 [, H)00000

2. 000000000000000O0O0000UOO0O0O0O0O0UOO0OO0000 ok, k1=1,2,30 (3.6)
0000000000000000000000000000000000 /00000000

Okl = ekle'j (5.7)
0000000000000 [¢f,H)00000

o0o0obO0o0o00o0ooooooooooooooooooODObobO0O0D Hy=FEyOOOODOD J=L+S
oboooboobooooobobooobooboboobooboboooooboboooobooon

V(20 —x) = Py (2, x) (5.8)

(0 P A (1 0
() (1) en) e

gboooooooobooooooboobooboobOoobooooooboooooOooooooooo
obooooooooooon

J(@)=J(x),  J:e)=T.(x),  P(¢)=—-Px) (5.10)

5.2 U0O0OobObObOOoOooobbbOooU-40obbobooo

gbooooOobooooobooon

o _ g2 g2 g2 2| L 9 . 0\ 1 &
L2 = L2+ 1241 =—h [ﬁn@@@ sinf )+ =g | (5.11)
0
= —th—. 12
L, zh&b (5.12)
L2 (0,9) = W2+ 1)Y,"(0,9),
L.Y™(0,¢) = hmY,™(0,0) (5.13)

20 +1(1— |ml)!

m — m imaeo
Y, (6, ¢) e(l,m) pp 7(l+|m|)!Pl (cosB)e (5.14)
(_1)m7 m>0a
I,m) = 5.15
etm) = {7 20 (5.15)
go0oooooocoooooooooooooono
J=L+S (5.16)
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goboobobooooooboboooobooobooboobooooobooooboobobooboOoooDbo
oob0o0ooobOooboooobOoobooobooboooboooooooboooboooboooboooooooDn
oo 1/2DDDDDDDZ>ODDDDDDDDDDDDDDl+%Dl—%DDDDDDDDDDDDD

l®;=(l+;>@<l—;> (5.17)

gbobodl/=0000000000D0O0ODOODO0ODODOOODOODOOOODOODOODOODOOn
0j=1/2000000

obooob 0000000000000 O0000O0O0bOO0OO0O0O0O0bOOO0OOO0bO0O000n
ub 00b000oao0oan

1 v} . 1
¢l+;,l+;Yllx<0>< . >¢§J;) i=l+g (5.18)

ooooooOoOo0oO00O0 Jo=L_+S5_000000000000000ROO 000000000
obooobOobooooboboooooboooooooDn

J_¢ij. =h\ (G +3:) G+ 1 — =) s (5.19)

LY =hy/(+m)(+1-m)Y" ! (5.20)

()01

000 5, 0000000 (5.18)0 J_DDDDDDDDJ':Z+%D 000 RO0DODOOO0DOOOOO
ooooo

’ 1 <J_)¢ 1 (L_+S_)le 1
1 1 = _— 1 1 =
3=z A+ 1\ h ) A h ! 0
1 L_ 1 0
—vy} Y}
1

_ 1 0 1 Vary! Tt
2z+1<\/27ylllx<o>+yllx<1>>:\/m< Y/l ) >:22)

gooobog 000 l—%DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
O l+%DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD z O
EII:Il—i—%DDDDD[I[I[I[I[IDEIDDD DDDDDDZ—%DDDDDDDDDDDDDDD

1 - I l 0
wies= (1) (1)

- L N R B (5.23)
VAT —vayy ) TP 2 '
00000 !+40000000000:0000000000000 (518)0000 00000 11—}
0000000000, 0000000000000 (523)00000000000000000000

oooo J_=L_+S5_000000000000000000000000000O

Y m—}
j=l+=, 1>0 (L[ VI 5.24
=ity 120, ¢ =7 : mid (5.24)

J \/j—ij_l

2

b

Nl

1
S T YL
’ 2(5+1) —./j+1+ij+%2
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oo 5.2.
00000 (5.18)0 (5.23) 0000000000000 UDOUOOUOOOOOOOUOUDUDOOOOOO

gboooboooboobooobooboo ¢§.’ﬂ2DDDDDDDDDDDDDDDDDDDDDDDD

I = i+ )R (5.26)
1.6 = mho't) (5.27)
27
/ do / df sin GQS;am),T ) = 6 b, @0 = (5.28)
Lk¢(i) _ [J2 . (721)201@016} ¢§j2

n? {j(j +1) -1 +1) - ﬂ 5

= B2+ rK)p\) (5.29)
—(l+1)=—(i+ 1L =14+ 1
p{ TUFD= ?+2)? i (5.30)

0000000000000000D0D00D0D0DDOODODDOODDDOO */r 00000000000
gbooobooboboboobooboobooboobobobooboo

[Lj,l'] [jlm Ly ] (—ih)ejlkxl, [Uj,ak]:%ejklal’

0o0o0o0ooo
gk ok h . xk
J _ J .k B P R
[J, r}_r[L’x}+2[U’U]r

oF h hz
_ )itk 9kl AT 31
r(z)e @+ 5 2e 5 (5.31)
gboboobOoboooobobooooboooooobooonoo
okok k ok
O’:L' + O':,C + +
P = Wi+ D) —el, LT d = At (5.32)

DDDDDDDDDDzDDD$mDDDDDDDD¢ﬁhj@QDDDDDDDDDD%iDDDD
00000000000000000000000000000000000000000000000
0oo

Pol) = (-1 2gl) Pl = (<1760 (5.33)
000 £ 00000000000 000000

X — —X, pP— —Pp, L=xxp—+L (5.34)

D000DD00000D000000000000000000D0
k .k k ..k

ok ok, T 7 (5.35)
T T

DDD[I[I[I"?IC[IDDDDDDDDDDDDDDDDDDDDDDDD

k., .k

g'xr

T gl =gl (5.36)
000000000000000000000 m=—j0000000 J.O00000000 20000
000000000000000000000000000 »mO0000000000000000000
Udm=—j0oooooobobbbbbbbbboogoooa GQODDDDDDDDDDDéZ:l
0000000000

k{Ek

— g
o = <z>J e B = 05 (5.37)
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5.3 UUodOobobooooboboogo

iGY (+) 1G5 (=)

E 45 o E )
i + O,

UHINCD R SHPCY)

pl rn o | = (=i | Cm
Ft (_ Fr (_ )
+ b +

GF 4= GF 4)
pl 7 %m | = a7 e
E 4 1) B )

Pw;’m(‘xO?X) = (_1)l¢§7rL(x0’ _X)

dafabt = vk + iUk(a X b)k

ok Ul(El oM™ k k O'l{L'l

0P = —————0op :TT(xkpk—i—iak(xxp)k)
I} 1.0

Jkpk (T)Q%‘m _ ﬂ(ﬁra +i0kLk)f(r)¢§m

r 72 r

i or
1.0 h 8
_ UT;;(?TE —in(l+ H))@@m
h o 1.0
_ (?E@ —in(1 + n)%) U;E
B | mE+V atpte
Ew—H'(/J_ ( o,kpkc _m02+V )w

gobobooooboooobooboooon

(8= me? = V)Giy(r) = (=g + 2 A0 e

(B-+me = V)E0) = (958 4 Sy () e

54 CoulombUOOOOOO0OOOOOOODOODODOO

Ze? Zaohe
V = — @ = — = —
(r) c®(r) dmeqr T
~ L
4= 37

booobobooooboobooobooboooobobooboo yOobOoooo

Gii(r) =r"(ao + arr +---),

Fij(r) =" (b + byr +---)
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00000000 (470 (5.48) 00000000 0OUDOOOD v,/ 0D00000O0ODOOOOOOODO
Zaag = —(y — K)bo, Zaby = (v + K)ag (5.53)

g #0,foA000000000000

v =K? = (Za)? (5.54)
1
gooo0ooooooooooooooooooooooo
(E —mc*)Gy;(r) =~ —hch#q(r),
dG.
(E—|—m02)Flj(r) ~ hc%(r),
r— 00 (5.56)
F, 000000
2 .
(m2c* — E*)Gy;(r) ~ (hc)z%, 7 — 00 (5.57)
m2c2 — (E2/c)2

A= (5.58)

h
000 " 0000000000000 0000000000000D0D0D0D00000000N0NoNooon
bobooboboobooboooood

G, F~e (5.59)
Fy; A mc?2 — F
lim, g = =y [ 5.60
i * Gy E/c+ mc mec2+ E (5.60)
Gij(r) = r7e M wy (5.61)
) o
Fiy(r) = “Herme Ay (5.62)

oboooboboooooboooobooboooooboooooaon

T =2\ (5.63)
dwn =z L4+ Awy) =0 (5.64)
dx 2 7 ! 2/~ '
dw wy, — w 1
T; 1 5 2 + E((Vﬁ H)wz +Bw1) =0 (5.65)
Zalh ZaMh
A= ———— B= ——— .
E/c+mc’ E/c—mc (5.66)
wy = Z anpx” Wy = Z b,z (5.67)
n=0 n=0
1
na, — Q(an_l —bp_1)+ (v+K)a, + Ab, =0 (5.68)
1
nb,, + §(an,1 —bp-1)+ (y—K)bp — Ba, =0 (5.69)
o0o0ooooon
an b,

n+A+~v—k n—B4y+r
Cn n—1+v+(A-B)/2 n—-1+4a

Cno1 n(n + 2v) T nn—1+40)

(5.71)

24



gboboobobooooobooooboboooobooooboboooonog

Cn n—1+a
= 5.72
Cn—1 n(n—140) (572)
gooobobbbbooooobobbbbooooooooboobo
1 a ala+1)
il W = 1 Fi(abiz) =1 AT
cozcz hiabie) =1+ et o+
= T(a+n)T(b
= Y T g (5.73)
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= nll'(a)l'(b+n)
goooobobobbddd n—oo U )
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P (5.74)

gbooboobooboobgbooobboobooboobooboobuobb «.0000OOOOd

oo

(oo}
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n=0

n=0
d

- x1—<A+w—H>(mAﬂ—%Fl(a;b; w)) (5.75)

dx
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n=0 n=0

d
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Oo0oooooood 1 1
n n T 27

LN, e 1 . 5.77
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0000G,,F,; 0000000000000000000000
Gij, Fij ~ e (5.78)

gbobobobobobooooooooboboboboboboooobobobobobobon
gbogbooboobooobooobobbobbobooboobooboobooobo

5.5 DUOOooboboboOooon
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Wt a=0,c cn #0,em1 =0, 1 =01, (5.79)
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b -y Lo _ 5.80
nETeTETI T Ty 7T ( me + E m02E> (5.80)
2
B=——"C (5.81)
Za
1+(n’+fy)
1
v=/G+ 5 (zay (5.2
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m02
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1 Za
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_ oo, t (5.86)
n= <y 7007 2 = .7 = n 2 .
O000<LI<n—-10000000000
1 (Za)? (Za)? | 1 3
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