ODooddoooon O
filename=theorem090916a.tex (R. Okamoto, Kyushu Institute of Technology)
000000000008 00000000 100000000D0DOO0O00O000O000O00O0
gooooooooooodd

000000000000000000001900000 192300000000000
0000000000000000000000000000000,000000000
000000000000000000000000000000000000001925
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000

000000000000000000000000000000000000000
000000000000000000000000000000000000000 (0
0000)00000000000000000000000000000000000
000000000000000000000000(1,2,3,400000000000
0000000000

0(00)00000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000)MO0 [40 1120000

1 0o00ooooogoogd

gbogoggr7rgbbobouodabobobobbooooobobuoobobbooooboga
gooobboboduogbbboboobobubobboobobbobooooobo
gobouogbbobooobuobooobbbuoobobbuoobooouoooog o
000000000 000000@DO000000000000oOo000oooDoo
gbodgobdz00bboubbb23bbognoobuogboogoonoobboaogan
gbbbuooobobuoobbbbooobbooooobb iy

gdiyoogbuobdgobbbbbo
0000000 (0000000000000 (oooooooooo

00000v00000000000 (¥,¥,,--- DO00000000000000
000000000000000000000000000000000{c,,n =
1,2,--},{c,,n=1,2,--}000000000000000

v = 01\111 + 02\112 + o= ch\pn, (].].)



g

g

g

= U A G = Y, (1:2)

20000000000 O

0000 ¥(z,t)00000000000000000000000000000%
000 (z,z+dz0000000000000 |¥(z,t)|2dz000000000000
0000000000000000000000000000000000000
0000000000000000000000

/:"’ U ()0, ) = /:"’ Uz, 6)2da = 1. (1.3)

gboubobobibobodbdgbouobuoouoooooobobooooobbago
0000 (probability amplitude) 000 00D OO00O0000O0 (x)0000O
000000000000 (00000000 0complex conjugate) 0 000000
0000V z,t)0 ¥(z,)DOOOOOOOOOOOO0OO0

3000000 oooon)

00000000 ADDOODOOOOOO0OO0DO000 AOO0O00O0O

40 00000) O

oobo0dgz,000000p 0@MO000000O0ODOO0ODOODO0OODOOOO
goboogooobooo

T —x, (1.4)

h d
By —> — . 1.5
b 1 dx (15)

O000000O000000O000O00O00 canonical commutation relation 0 O
ogono

[2,0.] = ih, (1.6)
[z,2] = 0,

000000000000000 (commutation relation) 00 0 0O 0 00 commutator [
OoOoo0oOoooooooDoo
A,B] = AB - BA. (1.9)

googbogboileblrbolspobuopoooobobbbobobboodd1eb1.7d
8o uugooggooboboooboooooouoboobboounooboon
gbobbogobbbleboouooobubuooooobbooooooboo
oobooboobooobbbooboooobuoobboooooo«:r000boDbo



guobbooobobobuogogoobbglrygisbobogobooobobood
gbbboooboboboooobbboobbbooooobobn

gooobboobobobbobbuooodgogbobobooooobbobbbbg
0000000000000 0O00ODOU0000 (DOoDoooooooooogooo
googbbobuooooooboodoooboooobobon

gogsgguoooogogoooogn

goooobobgbbbbobboobobuooboobooobobbobboon
000000000 A0DDOO0O0O 6,0000

ADL 2. t) = a, ) @), (n=1,2,--). (1.10)

ggbbgooodgboooobobbouooooouoboobonobbouooann
A0DDO 20000000 ,00000000000000 ) x,t)DDODOO OO0
0000000000000000000 201G, 0000 «,00000000
godg

Uz, t) =Y C, P z,t), (1.11)
+oo
Uz, t)V(z, t)de = 1, (1.12)
+oo
/ O 2, 1) (2, )dz = Gy, (1.13)
|C,|? = 1. (1.14)

n

gbogouoobooobbbobuogboobboboobobooooobobon
0D00D0000000D0O00 A0O0O0O0OOOO

~ +o0 o
< WA|W >= / U o, ) AU (z, t)da. (1.15)
OO0 voooooooooooon

<TUIAT >=Y"|C,l?a,. (1.16)

00000000000 O|C,)f0dbde,00000000000000000O0
goobobbobobgoooobbddoooooooboboobooobbbbo
gbooboobobobboobuooobbooooooboobobbobobobboodan
guoboogodgoogdgod

el Uuubobbbooobboououbooboboooobogn

gogoobbooboobbobouoobobobbboouobooooobbbon
000000000 mO000000000000V=V(z,t)0O0ODO100000



g

gbogobbdgodbb,gbooobbooooogboobobboboooobn
goon

HY = ih— (1.17)

I
|
|
+
=
8

(1.18)

000000000000000000000000V =V(z)D00000 ¥(s,t)
0000200000 000¢00000T()00

Uz, t) = (a)T(1) (1.19)

00000000000000000000000000000000000000
(117)000000000 ¥(z,t)0000

v = in | 750 v
Hy@) _ %"
0w - T (1.20)

gbogoobbboodubdouobobbbobob¢tbgoonoooogo
gogbgbbbobboobdobuobbetb0bU00000L0Ob0DDLbO0OLDbO0
goboooobobbo poOO0On

aT(t)

m%%l: E

—T(t) = exp(—iFEt/h), (1.21)
U(z,t) = (x)exp(—iEt/h) = (x)exp(—iwt), (w= E/h) (1.22)
Hy(x) = E(x) (1.23)

oo, gbgggbobuobouoobobbuodgobboobbbooobob 1.230
0000000000 FODO0OD0O0O0¢(x)0000000000000000O0O
gbobuoogdobbugbbogboogubooooooobooboooobonon
gobouboobobuoobouooboboooogo20boobbbbbobbdan
gooobobbbbdoboooouoouduboobooboooobbobobobon
goggoao

mogobobboboobooboouooobobooobo
gogbuogbobuobobbooboboobbooobmugbooobbobobbon
guougoudgouogoooobbbboobodbbuobobgo20bobboon
goooobobobobbbbbbbbobbouuobboouooouoooooon
obooooobooboomoboboobbooooooobooobbn



2 000O00OO0ODOODOOO000onoO0n &

gobbobbouobooooououbobbboouogg bbb tggooog
O000000000000000[Y(x,t)]0000000000O0O0OO0OOOOOOO0O
guobbgogbobobuogobbbodgooobuoogboboboobboooban
gbogobuobodobbooobobbbuoboobboobbbaoboan

googgboobboobodtoouuoboooouoooboooooobbooboonbo
guobudgoooboggobbbbouobobobbboobbbbobboobbbbo
gobboboobogobobogbobbon

3 U000000000DDb00DDb0O0nD o

3.1 ODOOOooobooon

1.gbboooogn
000000000000 000000o0o0o0 V=V oooooooooOd
gbogougbboboobobouoooobbuoobboouooooboobbbo
gbobobboobobobooboooobobooobboooooboooaon
ggbobotoooobbuoobbouoboobobobooobobboobboboog
gbogbogugbobogoooobobbobuonoobboooobboooban
goon
0000000000 VY(z,t) D000 B(2,)D000000O0OOOOOOOOOO
gogooaobon

U(z,t) = |U(z,t))®@) (3.1)

guoboboboooggobboboobboobbboboboobbbougoobo
gbuogobobbboobdobbooooobbuouoob 200000400600
goon

U(z,t) = Wy(z,t)+ Uy(x,t)
— [ " + [y, )]0
—>|\If($,t)|2 = | ( t)|2+I\IJQ(x’t)F+2|\111(I7t)||\1}2(x’t)|COS[AQ(I7t)]7(3‘2>

v
v
00000000000000000000000 (e =cosf+isind)0 00000
00 Ad(z,t) D000 000000000000 0OOOOOODOOOOOOOO

101 (2, 8)] = [Wa(z, )] < [W(2, 1) < [[Wi(z, )] + [Wa(z, 1)]]” (3-4)

goodgaobogg



2.0000bb0boogobbboog2000000
gogobbuodgoobogooboououbiobuoouooobbobbiboogo
0000000V (x,t) 000000000000 0O0ODOOO
() 0000000000000 00000000000000O0000nooon
gbbogoobboblioogbobbooboboobbbooubbogoa
00000 2000000000000000¢((x00000000 V(x)ODOO
goboobbbobbooon

—5— 5 T V(@)¢(z) = Ey(z) (3.5)

gbdmodgbibboddtdz=cbooobuonoobobbooon

h2 d d a+e
d?j’x ate T oo |x —a— 5] E/ d:l:—/(kg V(z)y(z)dx (3.6)

O00000000V(x) D0 2x=e000000000000000000000OO
guodubbuoggegbbobougbbbdabobgd 200bboouogab
gobbuobooobooboooooboboobbooooboboooboo

i e

= 3.7
T le=are = | (3.7)

0000000000 100000000000000000000000000
000000000 O

(h)0000000000000000000001000000000000
00000000000000V(z)="Vd(z)(Vo:00)0000 0

R [dy dy
dx|;r ate — d$|x a—c| — —Vb@[)(d)dl’ (38>

2m

gboboobboboobobbob igobbobbuobooboboobbbobooboo
guoggoogboo
. 00ggbbbougoooooooon
000000 ¥(z,)0 0000000000000 00DOO0O00D00000AOO
gobobbooobbouoobuobooobobobboooobobbooboboo
gbuobbbbboooobouoooooouooobobboobbboboooobbn
0000000000 0000000000000MO0000000000On
ggbouggoboobobbobbbobooobuoobobboooobon
gobbodbgoudboooooooobboobobobooooboboobobbog
gbogbouboobooobobboobbond
4000000000000 O0O0OO0O [5,1]
MO00000000D00000000C00O0 (o000 00m<z<z, 000
O000¢t00000000000000 P(xy,29) 0

P(x1, 1) N/ (z,t)*dx (3.9)

6



Ooobooobood0oOND z0DOD0ODbOO0ODODbO0ObOO0O NODDOOODO
Oodb Moo obodooboboobobooboooobooboobbboDbDbo
0000000000000 O0ooooooooo

— N/ (z,1)|da. (3.10)

goooos3iogoogobboobooobooooogooooooobobooo
OO000NOOODDDOODODODDOOOOOOOoOoo39oboooboooooboon
O0o0Ooooboooobooobbboooooboobobbobooooooooooo
O000o0o0oaon

00000000000 ¥ (x,)D000O0O0O0ODO 0000000 20000000
000 (square-integrable, quadrutically integrable) 0 0 0000000000000
oo00obooo0o’oooob"ooooosioooobooboboooooooooo
00000000 ¥Y(e,t)DOODOODOOOOO0DOOOODOOOOOOOOO Y(a,t)
0000000000 DO0DbOO00DOO

U, (z,t) = VNU(z,t). (3.11)

ooooo0 v, () 0000000000000000O000OO

T2

[T o =1, Pleyw) = [0 P (3.12)

x1

000000000000 00000000000000000000000000
00000000 00O0O0O0oooooo
000000310000000000NODOOO¢t0D0D0O000DO0D0D0000
0000000 ¥(x,)0000000000000000000000000000
00000000000 »O0D0OO0O00D00000000 V(z)0O000

h* 92

L0
—%@\I/(x )+ V(x)V(z,t) = Zha\ll(x,t) (3.13)

0000000000000000 ¥,(2,4)0000 NOOODOOOOOO0O0O0 00
0000 (3.13)000000000000 ¥(z,¢)00 (3.13)0000 O0z0 +c000
0 —«c00000000" 000000 "0000000000000000

= 0. .14
ﬁ/ V(e )% = 0 (3.14)

o000 000000 "000000U0oooDoO Vv(x,y)DODOODODOOODOOO
gboboobodos3dudggbouoguoboooboouooooubobooooon

0 9 ov*(z,t) . oV (z,t)
go3.13gudbooougoouobooooooon
hQ 0 * * e *
—%@\D (x,t) + V(z)¥*(z,t) = —zha‘ll (x,1). (3.16)



O0000V(x)DOOO0OO0OO0OD0OO0O0O0OO0000O00O0V(x)OOD oooo 000
godboobbboobuobboobooouobobbooobuobbooon
gbogobboogoobogbbbobboboobbuogbbbbooobbbobn
godgoboa3.130oo3.16db bbb 3.1sdbobooogood

ih 0 oV (z,t) ov*(z, t)]

0
—|U(z,t)]? = ——=— |V (2, t)—"" — U(z,t
L L L e

(3.17)

gobobobbod

d [+ )
- \Ij 2 — / —\Ij 2
= Cw@oPde = [ ()

ih OV (z, t) OU* (1) Dr‘”

- l\ll*(x, t)T — U(z,t) e .(3.18)

0000000000000 (x0000)00000000000000000000
0000000000000003.1800000000000000003.140000
0000 (3.10)0000000NO+¢0000000000000000000000
00000 ¥,(x,)000000000000000000000000000 3.130
000000[MO0000000000030000000000000000000
000000000000
000000MO000000000000000000000000000000
00000000000000000000000000000
()0000000000000000 (0000000 exp(ikes —iBt/h)00000
0000000000000000000000000 100000000000
0000000exp(ikz) D0 000000000000000000 p=hk000
0000000000000000000000000000000000000
000(0000000000000000000000000000000000
0000000000000000000000000000000000
00 0z0 400000 —cc0000000000,000000000 0000000
00z000000000000000 exp(iks)000000000000000
0000000000000 00000000000000p=Ak00007000
00000000000 exp(éks) 0000000000000000000000
000000000000000000000000000000000000000
000000020000000000000000000000000000000
000000 (00000C00*0000000(0000000000000000
00000000000000000000000000000000000000
0000000000000 exp(ikz)000000000000000000000
0000000000000 000000000000000000000000
00000000000000
(000000000 000000000001928000000 G.GamowdO 00O
000000000000000000000000000000000000 1
000000000000000000




gobouobobbboboobboooobbbuoobbooouooobobboooboo
gogbbobdob,ggobduuooobobboooobbbobbbon

3.2 UOO0000000O00ODO0oOO000On
0000000000000000000000000000000000
9Jz , Op
or "ot
0000000 j,000000000000000000000000000 0000
00 0000000000000 0000000000000000000000000
000O000000000000000000000000000000000000C0
00000000000000000

gboboooboobboooogobobbubbobuboguoobooboogobon
goooooboo P

0 (3.19)

P =" (z,t)¥(z,1) (3.20)

000000000000000U(x) 0000000000000 0000O00O0000
goboogobooooboogobooo

ov h? 020
h— = [—— = 1)U 21
OU* h? 92W*
—i = [—— U, 22
ih = [ T + Uz, t)¥*] (3.22)

003200000000¢t0000000 (3.21,32200000000000000
oP ov* ov

Zha = (ih 5 U4 U ZBE)
h? 92U \ s
= —[—% (9.T2 +U(:L’,t)\IJ ]\Ij_|_lIJ [—%w"i_[](xat)q}]
n? 0PV QPUr R o, 0V ov*
= Vo Y e Ve Vo (3.23)

O0000000000D00O00O0ODO probability current density DO OO0 00O 0000
gobooggd

: v OU v ou
ih OV 0V . h 0V ]

Jo(¥) = 5 W - =5 V=g Vs — 5 Y
h ov
= “Im[U*—
m m[ 63:]
L hov, «Dz . _Nho

gboggbbobbogubgbouobooobbuobboobuogbbbooboogoa
gobdoobobbbodbibboodgbibimodmgdgooboogogoooao




000000000000 200000000000 (—e)/J,000000000—-e00O
0000000000320 00 32300000000 ooooonooooooonoaan
o°P 0J.,
EjL@x N
o000 oooodooooogoooooogooonoon doao
ooodooooooooooooooboooooooooooooooooooggooo
Oodooogouoogoonon
goo0oooooooooooooooooooooooooooooooooonon
Doddoooooodoooooooooooooooooooooooooooon
Oo0oooooooooooooooooon

0 (3.25)

U(x,t) = Wy(x,t)+ Vy(x,t), (3.26)
AL L T
ih_ OUs O,

= () = [0y a; - a—;qJQ]. (3.28)

4 O0O0300000O000O0OO0U0OO0OObUOoOouOnDO
)

4.1 0OO0O0OO0OOOOOO0OOO

gogoobobbobobbuogboboggobbboboobboboboboboobobobn
gogdbdodgbbobbboobouoouoouobbboobbbbobboooobbon
00000 A0 00000 2000000000000000000 200000000

TU(z,t) = 2V (z,t). (4.29)
000 0000obobobo0 009, 000000000000000O0O
hoo
5, U (1) = (e, t 4.30
D:¥(2,1) = ~5-V(z,1) (4.30)

0000000000000 G=24,A:000000).

— 27

gbobooogobobooogbobobbobgoobon

goooo
000 A0D0O00O000DO00O0OO0O000O000000000000000000
gogbobduogbbooogob

v = Cl\Ijl + CQ\IIQ, (431)

oooow,y,.000000 ADDDOOOOOO000000000000000
gboogoooo
A(Cl\I/1+CQ\I/2):Cl(A\Ill)—FCQ(A\I/Q) (432)

goubgbobbboodguobodggoobbiodgbibogogdgobbbggdag

10



0oooo
000000 A, BOO A+ BO

(A+ B)U(x,t) = AU(x,t) + BU(x,t) (4.33)
000000000000A+B=B+A0000

00000000
00 c0000 AD0O cAD

(AU (x,t) = c(AU(x, 1)) (4.34)
0000000000 ¥(er,) 0000000000000 A¥(z,t) 0 c00000

000000000000
000000 A, B0O0O ABO

(AB)U(z,t) = A(BU(x,1)) (4.35)

00000000000000 ABOOOOO ¥(r,¢) 0000000000000
0000000000 BOOOOOOOOO0O0000000 BY(x,t)= y(z,t)00
D00 AD00O0D0O00000O00D00 Ay(z,)000000

0000000000000oO
AA = A% AAA = A3, .. (4.36)

gooobod

00000000000000000000000 ADOO f(A)000000000
000000000000000 2000 f(z)0000000 {c;n=0,1,2, --,00}
00000000000000

f@)=co+car+ca®+--- = i Cpx". (4.37)
n=0
000000 A0D0O f(A)D00O0OD0O00
FlA) =co+ clA+ A2+ ... = > A" (4.38)
O000000 ADDODOO
Aol A4 A4 =Y —A (4.39)
0DO00000

11



goooogod
gbboduododobibtdicommutatord oo

(A B = AB - BA. (4.40)

000000000000000000000000[0000000000000
000000)00000000 A, B0000000000000000000O0O
0D0000000000000000000000000000000000000
00000(A,B]#0)000004#00000000005,0000000

(2, ps] = iR (4.41)

0000000000000 00000000000000000000Y(z,t)0
gooooggoooo

(2, 0|V (2, t) = 2p, ¥V (x,t) — pp2V(z, 1), (4.42)
(1) = 2.0 (e 1) = LTV, (1.43)
1 T

X _hd _h hawxw

De(xV(2,t)) = ;%(x\lf(x,t)) = —‘I/(x t) + T 4.44)

&, po] U (2, t) = ih U (z, t). (4.45)
000 ¥(z,t) 00000000 0004410000000
00000000000 A, B,COODDOO0O

[A,BC] = [A, B]C + B[A, (). (4.46)

goodgo

0000000000
00000000 200000 A,B00000000000 A'=1/A,B'=1/B
D000000000000000000

1.000
1 1 1, 4 A1 1 .
LI 0 B | T S (L (4.47)
A B A B B A
godododdooooooboboooonoboooooooooboooood
1 1 1.1 ~ 1 1, - ~ 1
LA R R —(B—A)=. (4.48)
A B A B A B A B
2000 000000000000
1 1 1 .1 1 .1 1 - A~ 1
A B B A B A



2.000

1 1 |
S :-TO+BA A> (4.50)
A-B A A-B
000,i0000000000000001A=4A1=A00000000
N 1 -
E[L — TA
A
- 1@4 By+1B (4.51)
A A '
0D000000045100000 (A-B)00O0D0OO0O0O0D0O04.50000

goo

gbououugbdoboobouobbobbuooobbooouobobooboba
00000000000 000000000000000O0O0O 90310184000
gogoooboogno

4.2 OUOOOOOOOOOOOOOOOO

000000000 00000000000
00000 AD0D0ODO0ODOOO0 A'l000O0000000000000000
00000000000 ¥(x,t),®,(z,¢)00000

+o0 ~
/ U Alddr —

400 R *
/ @UN@JDDDDDDDD (4.52)

0000000 A0DDOOODOO ATDDDDDDDDTDDDDDDDD goon
gubgbooobobbgugoooobuboubbdoouobobboobobod

0(4.52)000000000000000000000O00O0OO0O0O0ODOLOOO0OO0O

OO00obo0oobooooDoooboDbDbODOOo0oO0OoOooboOooonP. M. Al DiracdOd O
0000000000 Dirac bracket, OO0 HPOOOOOOODOOOOOOO
gogubobboboogbooboobobboouobbbobbobboon
guobgggoogooobbobn

(v]Atje) = [(@[Ajw)|DD000DOD (4.53)

[Moooooooooooobobbobooooooboooooooboogon
0000000 (1, 1200000000000 000000ooooooooooo
guouogbouogbooboobbobobbbbooboobooobbbboooodan
gbobuogooobo,boggooboobboooobounooboooboga

+oo 400 ~

/ uﬁm@m::(/ U Addy 000000 20 (4.54)
(Atw|®) = (P|APD 0DOOO0 20 (4.55)
— (Atw| = (U4, (4.56)

13



“+00 N +oo
(/ U Atddr = / (AU)*®dz0 00D DO 30 (4.57)

(W|Af|®) = (Av|ep 00000 30 (4.58)
— (U|AT = (AU (4.59)

0000000000000 000000000000000000000000
000000000 A BOOOOOOODOOOOOODOOO

A

(AHF = A, (4.60)
(AB) = BFAT. (4.61)

googbgood
000 A0DDDOD0OO0ODO0OO0OOOO0O0O0000000000000

At = A (4.62)

gbobogobubbbbbooooboboboboodooobbuooooboaa
guobbbobboobboddoboobooooboobobooboogabbn
gobouogobooooggobboooo

(wlAte) = (v|A|), (4.63)
[(@lAlw)] = (w]Al®), (4.64)
( /j” O* (z, ) AUz, t)dr)* — [ T U, ) AD (2, 1) dor. (4.65)

ggtbgdboooooooobobobobobbobuooouoooobooooon
gooboobobobbobboogoubbooobogbooooooboooboon
000 ¢1(x),(x) 0000000000000 O0OO0OOOOOOOOOOO0ODO
gobobbbogooobuobubooboo

gooobzbDOO

—00

. /Z¢ﬂ@mh@Mx:/ Wi ()i (x)dz. (4.66)

—00

/O:o Vi (2)2 s (z)de = [/OO V3 ()2, (x)dx]* = /_O:o o ()t (z)da

D0O002'=20000
000000 p,=24000
o . hd
/007#1(%)[;@

Payde = 1 w302 Ly (@)
_ /”¢%xyiéﬁﬁﬁ¢x

NS —1 dx

14



= ) i@+ [T 2D
= 7 @)
H[?i} - ?i (4.67)

0000z - tooO0000wY(2),Y2(xr) - 00000000000000000OO
gbbouboobdoobbobuobuougodobooobbbbobobao

gdoov=oe0000 O
(U] A[w)]" = (U|Aw) (4.68)

000000000000 Al=4A0000000000000000000000
gooobbbbbbbboodgboobduggobbbooobbboobbooo
gdd

gbooobogobbobobooobboog

00000000 ADDOOO @,000000000 ¢,(x)0000000000
00000 Aft=A400

A

A¢n = an¢m (469)
__>J/ 2)Adn(z)dr — ‘/ii)¢;(x)an¢n(x)dx. (4.70)

0000 (470)0000,000000000000000O

[ (6r@)Aon@) de = a [~ 6 (@)on(w)dr (171)

O000000000004.71000 (470)00000000O0
a, = ap (4.72)

0000000000 000000000000000000000
O0D00000 0200000000000 A4,B00000

(cA)f = At (4.73)
(A+B)f = At 4+ Bt
(AB)t = BlAf (4.74)

goodggo

gboboobouoobobobooogon

15



g

00000000 ADOO0OO a,, 00000000000 ¢,(x) 00000000
gboobbuogguobboooobouoooobooobooog

Apn(2) = andn(z). (4.75)
gobooobboooobbdo e, 0000b0booobuono
| @ Avn@ye =a, [~ 6 (@)n(x)de (4.76)

gogboboobooogbboooobuoouoobobobbobboboan

/_O:O ¢t (v) Ag, (v)de = [/_O:o gb;(x)Aqum(x)dx]* - U_O:O " (2) A () da "

= |/ 0@ anom@yia] = an [~ 61, 0)60(0)dutd.TT)

—00

ogoogno -
(= am) [ 61 (@)0n(2)dz = 0. (4.78)
oooob2000000000000000a,#4,0000
| dn@)onlw)dz =0 (4.79)

00000000000 0O000000000000000000000000 {¢,(x);
n=12---}000000000000000000000OO0OCOOOOOOOO
HEN

/ & (2)bn(2)dz = b (6m - Kronecker 10000 0) (4.80)
00000000000

gbogbogogoboooaon

00000000 A0O0O0OOODOODOOOO ADODOOOOOOOODOOO
0000000000000 000000 (0000 oo0oooooooo0oOd
gubbbobodgbobbobbobobbobbobbobboboobbbdabobo
O (0000000000000 oooooooooooood ADOooooO
0000000000000D000000 ADDODOOODOOOOOOOO000
0000000000 OoOoOooooooooooolr

0000000000000000000000000000000000000
Yz) 0000000000000 {¢u(2);n=1,2,---}000000000000

() = cndu(2). (4.81)
000000000000000000000000000000

o= [ Gy (4.82)

16



0000000000 482)000481) 000000

Z/ dl’ ¢n( ) = /jo <Z gb;(x')gbn(x)) 77Z)($,)d513, (4.83)
000000000000 00000 ¢(z)000000000000
2O = §(z — ) (4.84)

000000000000000000000 {¢,(x);n=1,2,---} 000000
00000, completeness00 000000 O6(z)000000000000O00O00O0OO
Kronecker 00 0000000000 ODODODOOODODODOOODODOOODOOO

000000000000 000000000000000D A(x)DD0D00O0OO0
googbbobuogooboooogoo

1 if0<a
(@) {Oim>x. (4.85)

goobooouooboboboobboooao

_ db(z)

sy = O, (4.86)

000000000000000000000000000000000
Sz — 1) = % 7 explite — o hlak(= % [T ek ()

0O0O000000000000000

d(z) =0(—x), (4.88)
5(z) = 0 (x 4 0), (4.89)
/CX)5(x)dx —1, (4.90)
/_O:O d(x — xo) f(z)dx = f(xg). (4.91)

000 f(x)D00OD0O0O00O0O0OO

goobogbgbbodd

00200000 A, B0000000([A,B=000000A00000 «0000
000000 ¢0000

Ap(z) = ag(x) (4.92)
— AB¢(x) = BA¢(z) = Blag(x)] = aBo(z) (4.93)
— AlBo(x)] = alBé(x)). (4.94)



goo

Be(x) = i(x) (4.95)
oddooboooo4940000booobooooogn
Ay (x) = ay(x). (4.96)

0000049200 00000000000000000000¢(x)0 ¢(x)00OO
guogbuobbbobodn

W(x) = b(x), (b:00) (4.97)

Oo00ooOood4.964.970000
Aip(x) = Albg(x)]. (4.98)

ggbobobubiboboooobooooboobon

A

Ap(z) = A[Bo(x)] = BAd(x) = Blag(x)] = a[Bo(w)], (4.99)
Alpd(z)] = b[Ad()] = bag(x). (4.100)

0oooooooo

Bo(z) = bp(x). (4.101)
D0000DD0000ADODOO ¢(z)00A,BOOOOOO0ONOOOOOOO BO
000000000

00000000000 00ooooOo)

godgbuodgbbodogoobuoobouooooobboobuoooboboon
gotbdgouodbooubdbobougbooobo 200000000 oon
gbbobuobooodooobodbobououboobobbooobbodgbobo
gobbooobbooooobbbbobuooobbooobooobobbn

4.3 000000 0OODOODODOOODO0O o6

OO0000O0O0o0ooo0oooooooooboooobonoooonoooboooonogn
000000000000000000000000000 (self-adjoint operator) O O O
000oo0oooooooooors,e, 1]

lL.gbbboudgooggoobbooooboobugobbouobboooboboon
guobbobuodggobbobobouobooodbboooooooobobooobon
gogbobbogbobboboobodobobbbobbbbobbboboooboa
gbougbbooboboougobboboboobbbouodoooouogobbooggo

2.00gobboobbuoboooodooooooooobbbobboboboa
gboudboooobuoooobbbubooobdaboo
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g ubboogbuobgobbooobbbboooobooooboboobobooooo
gbooogbobbbooobooooo

4. 00d0bogbobbuogoboboobobboodbuooooboobooooboa
gbobbbooobbbouoooobooobobbbooog

s.uddubobuudoddoooobooouoooboobobbobboboboog
gbuoguooobooobbobbbbodgobon

6. dbogbobuogobooobbobuooobbooobuooooobbobo
gbuoodugobbbbbuooboouuobodooobobbbboobboon
gogbooobboobobobobobbobooboouooooobobnbbuobgda
gbobboggbbobobbbbbuobbobbuoobboooobobooobbbn
gboobbbodgogugooobbbboobobobuogooboooooobbon
googdg

000000000000 000000000000000000000000000
D00O0D0O00D0000 domain of definition0 00 000 000000000000 OO
00 ADDOOOO self-adjoint),A' = AD0DODODO0O00O0O0O000O0O0O00O0O0O0O0O
DA)0 DAHYO OO O0O00000000000000000000000000

5 004000000000000O00000000O &

5.1 DOOOOoOOO

00000000 A0DD0ODOD(ADOO0OODOOOAADOOOOO
AA=A—(A), (AA) = AA. (5.1)
00 ¢(z) 0000000 ADDOOO AAD standard deviation 0O 00000000 O

(A4 = ((A4)) = (A~ (4)*) = (£ —2(DH A+ (4))

= /+oo O (2) A% (x)da — (/+Oo ¢*(I)A@Z)(x)dx>2 . (5.2)

000000000000 00000000000000 ADDOOOO ¢, 000000
00000000 Y,(x), (n=1,2,--)000000000000000000000O0O
gboobobdgoboobdoboogboboboobbogoobbbuoooubbood

A () = antn(z). (5.3)
000000 (eigen state) 0000 ,00000000000000O

(AA); = (A%), — ((A))* = @, — (aa)* = 0. (5.4)
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Jddddodoooooooooooooboogogg
= ch¢n(x), (Z |cn|2 =1). (5.5)
dodooopoobouogggn

(AA) =3 fenl®an — (3 leal*an)” # 0. (5.6)

n n

5.2 JUU0oonoooooobon
gooooooooo

1.200000 A, BOODOOOOOODOOO,
2.0000000000000000000

godoo00oooooooooon
(A, B] £ 0 =iC (5.7)
o000ttt oououooouooboouoon

e WA B

(AA)(AB) =z 5[{C)] = (5.8)

gboodggbobbouogbobbobooooobubbobboboboobooobobobbn
godbboobdgoooobbodod

gogn
gbbbouoobooogbuobogobboobboood

[AA,AB] = [A,B] =iC (5.9)
gdddodoooooodgoo al]l:ll:ll:ll:ll:lDDaAA—iAB)¢(x)DDDDDDDDDDD
uap;/mAA—¢ABw@M%xzo (5.10)
ooooooooooooao
I(a) = /RQAA_¢AByM@rKaAA—¢ABw¢mwx
- /¢%@MAAD¢AEMAA—¢Am¢uux
- /ﬂﬁx{aQAA2-4aAAAB+waABAA+«ABFhm@¢r

_ /¢ m -+M%MABﬂw@mx

(5.11)




O000I(e) 000000 (=000000000)a000 amiy0 000

Cmin = —& (5.12)
2((AA)?)
ggo
, ao  (C)?
0 Iamn) = ((AB)) = o
72 A2 (C)?
(AN(AB)) = (5.13)
00000000000 o
AA-AB > WA’QBM (5.14)
googono
00000000000000 (4 p,]=i)000000
AAx-Aprj%h (5.15)

0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
D00o0ooooooi()
D00O000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0D000000000000000000000000000000000000000
0000000000000000000000000000000000000

6 0050000000 &

00 [1,40000

7T 0060000000 &

lL.gbubougbobouogoooobobobbbobooogobboooobobouooon
gogbboooogubbboobbouoboodobbboobbbbooboggog
00000000000 [,400000000000000000O0OODOO0O0OO
godoboogobobbouooobboooobbob
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2.00b0bouboboogboobbbuoooobooobbbobbobobnobog g
gboogbbobobbbdobbobbbuoouobobdoobobadbooobon
00000000000000D00000000 A000000000000000O
gogobboobbboboobiobooobbbouoobboboodobbooog
O0000000000000000 A(=h/2r)0000

.utggubuooobobboooobboooobboobbbboobbooog
godguogobboooboboobooobuoobbbooooobuogooban
goon

4. 00bbobogbobdoboboooob bbb ooboobuooooboa
00000000)0oo0o000o0ooO0oooO0oooUoooooOooDooOoooo
00000000000 ¥(s,t) = ¢(z)exp(—iwt) D0 0000000 E(ODO0DO
000 w)000 00000 stationary state00 00000000

s.ubidubuubbobuobooboooobboobuobbobbobbobuo
000000000000 w000000000000000 Y, (x,t)=sin(kr—wt)
00000000 ¥_(2,t) =sin(kr+wt) 00000 sinkzrcoswt0O0O0O0O0O00OO
goudubugudgoboobobobuoobooobooaonbobuooooooao
gbodoobboobbbooooooobbobobbbooooooooon
0 |[4(2)|cos(wt) 0000000000000 D000000000000000000
guogooogd

8 U070 DOODDOD &

gbobouoobbouabobbuoboboooooboboooboobbobboobbn
gobbuobbuogoogbbobobboooobooo2bogbogooboobbobo
0000000000000 000000000000 0000000 (erbit)D 0000
gbogbubobbooooobobuobbooooooobbuobooobuoogoganon
gbbodoogbuooubobougobuooobbboobobbbooobobbo
gobouobobbbooobbbooboubbooooboooobobouoobooboo
gbobggobbooogobboouobobuoooobobououboouogooooboo
gbobbbboobobobuabuooobbouoobobooboboboogoobbog
goobbubdgobbooobuoooobboboobooobuoooboooooobobooboon
gooobobbuobbdobuaboo

ooobooobgboboobooobobbbbor0bbObOoOobbDbOObOOO
goguddggbbuogoobbboobobuobobbooobbbbuoogoubboo
gboboobbogbobbbbioddiwoooboobbboooobouoboboa
goodgdgbobbgbbobobbobodouoobbooooooobobboboon

gubbgobgboooboobbuoubooobodboobbooooboooaon
guouodbdbdugoduouooboobubgubbobouguobobobaobog
gobubouoobogbogobbbbbogubooobogbbboobobobaagd
goobubbobobbogbbodobboobobogboooboobobboboogon
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gobubogooobobboboobobbobobbboobboooouoobbonn
gbogbuodobooboobobbobbobobobobobooooboobobobb
guobgoboguogbbobobobobougooobivoobbobboooobbod
gododbboooooooooooob ooobouobbboobobob 20000000
goguboobodboguobbobbboobbobboobuoboboboobobbboooon
gbodgguguobouobbboooboodooooouoboooobbooobo
guobbogooogoogobibbgboodlb oo booboobooboooboooo
gobogobobooobobboobooooboobbobobobboooooo Mmoboooo
gobobodgbooooogooogbgboobnoboggoobooboonbobodgon

20000000000000000021, 22]

9 J00000DOO0DODOD0000DD000 o

00o0ooooooooooo U(x,y,z)00000000OCCODODODOOOOODO
O00000000000000000000N7, 8OODODOO0O0 U(x,y,2) 0000000
00000000000 ¢(rt) 000000000000 A(Ft) 00000000000
godbeqeuiubbbbbbubbb ppbbbbbOobobboO00oboboboDn
D0 A0D00000D0O0D0OO0OO0O00000000000000000000000000
godggudgoguboobgo

N 1 q

H = Q—(P——A)2+(J¢—H'B
m C
h* 1q
- T v-YAP - u-B 1
5 (V= Z A +qd—p (9.16)

oodbcOODOOOODOODOOOODODOOO BOOOOODDOODOO AODOO
B=VxAOOOOOODO

10 DO000000OO00O0DO00DOO000OOoO@WoooOo
[

gobdogobboogbobboboodooboobbbooobboboobbon
0000000000003 0000000000000000000O0O00O0O (0
0)000000000000o0oooo0oooooooooo

gbobogbbbboobuaggbbobbobboobobbobbuoobooooon
00000000 (00)0o0000000000D0oooooooooooooooo
00000000000000000 MO000oooooooo(o)0oooooon
0000 ((@0O0O)0000oo0oo0o0oooooooooooooooooooooon
gogbogbobuogodaboo

000000000000 00o0(00)00000ooO00o0ooooooooooo
gbogdgboobboooobobuobbbobbbbboobooboobooboo
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gbgobobobbgodoooooooooobobbboooobobboooooboboa
guogbogbooboggd

10,1 0OO0O0OO0OO0UOOOoooOooboobobouoobobon
gbbogboboougobooobbbliouoggooobooogd

1.0000000(@O000000
0000000 ¢>000000000000000000000 (basis){¢:(z),i =
1,2,---,n}00000000000000000000000000000000CO
n0000000000

1

O)(z) = icz@(ﬂﬁ) (10.1)

0oon
| 6@z =5, (000D D), (10.2)
” oi(x)gi(2)=6(x—2) (00D DO0ODOOODO) (10.3)

0000000000 ¢(x000000 (e1,¢0,-+7,¢,)'0 100000000

&1

) e | |, (10.4)
Cn
0000000000000
Yolal*=1 (10.5)
=1

googdgod
200000000 (@Ooo0)
0000000 A0DOOOO0 o(z) 0000000000 p(x)00000O0O

Ag(x) = o(w). (10.6)
MO0 ADDDOODOOO0OO0O0O0O00DO00000000000000 ADOO
(basis){¢:(z),i=1,2,---,n} 000000000

/ 65 (2)Ad; (z)dx = Aj; (10.7)
0000000000 ADOD {4;4,4,j=1,2,---,n}0 100000000
All A12 Aln
Ao | Mmoo A (10.8)
A A e A

24



3.00000000000000000000000000000000000
00 A(=A; , nxn)000000 (Hermite) 0000000000000

Ajj = A%, (complex conjuge, 0 O0O0) (10.9)
godoobooooooogg
A=A" (t1dageer00 000 O0DODN)) (10.10)

godgobboobboboodbbouooobuobuooooobooboboon
goog

A = U¢ VA (x dx} /d)] &t (x)da (10.11)
— /@xA@xmr (10.12)
— A4y (10.13)

000000000000000000000

4.00000000000000
000000000000000000000000 (4;=A4,000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000000000000000000000000000000 A
0i000000 AO00000«,00000

S Ajpca=Nxy (4,5=0,1,2,---,n). (10.14)

0(10.14) 0000000 0o ooouoooooog

R M%_Azmy (10.15)
Jik=1 g k=1
0 (1015 000000000000
j,k=1 j,k=1
0(1016)000 = > zj-Agy-xpy = D Tpe - Aje - x5,

jk=1 k=1

- &E:MMQ (10.17)
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0 (10.16), (10.17) 0 O

()‘i_)\;‘k)z:‘xji’Q:O (10.18)
j=1
oo oo oo boDoogooo oo
00000000, |#:?#00000000

N=XN (\:00) 0 (0OoOoOo) (10.19)

s.0uudunoouogobobod

gbgboogbbooboouaobodgd

~

Hy(z) = Ev(z) (10.20)

dodooooogno (10.1)DDDDDD
Hi;@mnzmiq@my (10.21)
j= j=
goooodgd (b:-‘(x)DDDDDDDDD
i:Hijcj:Eci, 1=1,2,---,n (10.22)
j=1

00000 (e1,00,--7,6¢,)000000000000000000O0O0ODOOOOOO
gboggboogoooogd

Hy Hyy --- Hyy, C1 &1
. Hyy Hyy -+ Hyy, c c
Ay@)=Ev@) e | 2 TN T =E| ] (10.23)
Hnl Hn2 e H’rm Cp Cp

D0D00000101000000000000000000000000
Hy = / & () Ho;(z)dx (10.24)

000000000000 (1022)00000 (i =c=---=¢,=0000000
O0000ooooooo ( ?ZlHijcj—Eci:O)DDDDDDDDDDDDDDD
goooobon

|H,; — E;;| = 0, (10.25)
Hll_E H12 Hln
Hon Hy =B - Hon =0. (10.26)
Hp Hy o Hy—E
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0000000000000 (¢

00
Hy, Hy --- Hy, Cik
Hyy(x) = Exiby(z) < H:ZI H:m H.Qn C?k
Hy Hey - Ho | | ow

0000 0000000 (k=1,

gboogo
LOoogoobobogooboo

O00000000000000000000000000 {ek(z),k
gbooduooooubooooboboooobobuoooobaoon

0,0, 0000000000000000000
000000000000 (105)00000000000000, 0000000

0000000000000 000000n) 0000000000000 {Ek =
,2,---,n}0000000000 000000 EOD000OO0OOODOOOOOO

(10.27)

2,---,n)0 0000000000000 0O0O0O0O0O0O
gboobogbobobooobboboboobogboobooboobobboobobda

T) = z": dror()
k=1

)0

(10.28)

gobg0bbbooggbbbbobobbbbuobobbbooooobn
gbbbouodobouooobbbooobobbobobobbbboouoood:

pi(z) =

Uki =

ZUkﬂPk s 2—1,2,~'-

/‘Pk )@i(w

0 (10.)D000o10.2800000000

()

guobobbobbgoooo

= ZCZ ZUm or(z

n
i=1
n

= Z zf:Ulel ng )

o
—_

dyp = Z Ukici

=1

googboooogobboooobobo

doldel> =1
k=1

27

7”)7

(10.29)

(10.30)

(10.31)

(10.32)

(10.33)

(10.34)



00000000000000000000000 (c1,c,--+,c), (dy, day -, dp)t O
000000000000000000 {Uy,4,j=1,2,---,n}00000000000

Ut = vut=I0(:0000), (10.35)
Y UiU = Y UpUj, =655, (1,5 =1,2,---,n). (10.36)
k=1 k=1

gbuodouogobouoogbooubooboobboobbbooboboboboobbo
goobboobobbboobobbboooonoo

Ay = / i (@) A (v)da (10.37)
kk’/ kk’
= > UiiAwUy, (10.39)
kk'
= (UTAD),;. (10.40)

10.2 0OOO0O0OOOOOO0O0OO
10.2.1 OOOdOooodn

1.(000000000O000000000O0O00O0O0O0000DOO0O00OO0OOO
2000000000000 (—o<z<o0)
.u0tuuuoob20u00boooobbbdz0ddoooobb:-0oooggg

Yo (6, ¢)

T 27w
/ / Y7 (6, 6) Yo (6, &) sin 0d0dd = 8716, (10.41)
0 0
40000000000 -1<z<10000000000000
@) P () d = S — 10.42
[1 () P (x)dz = Y (10.42)

11 000000000000 &

gogobgobooobbboooobboooobobouobbboboooobobaa
gbobboboobdgobooubobooouogbobbbooobbbbooooon

11,1 Jobgoogboaon

gobobougbobbooogbbogbobobbooboobbuoogbobobooon
goubobogbbogoboboobbboobboobbobobobbboouog
gbobbogbbodbuogoobobbooobbobooooobobobuogbbonb o
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gboddoouooogooouoobboouoobbbooboooobooboob ™
guobbboboboboogogboboobbbbouoboobbouabobboobon
gogoodgoogd

gogbbbogoogbooogo
gbbouoggobuooooobubodaoo

% = dt/ (x,t)xV(z,t)d
+o0 *
= / EN/a(x t) (x,t) dx—I—/ 8\11(%9; t)da:
iR e 9 () L 1C)
_ _%55/; -—ggr—mWWJ)—W(%ﬂx—zgr—}mf(“1>

gugodobbogbobbuooobooobbobboooobaooon
too 90U (1)

(000 10000) = Lmax Sz, ) da
B oV*(x,t) oo oo OU*(z,t) 0O
= [T‘r\l}('x?t)]foo —/_Oo o a—x[i“lf(%t)]df
400 2
_ —[\Il*(x,t)aqjégx’t)ﬁg + [T, t)aa—[m@ D)dz
- /+°° O ()220, ) + 2 g (11.2)
—00 ’ 8317 ' 81'2 ’
000000000000000000000000000000000000 11.10
0Oooooo o
d oy _ Do) (o RO
%<$> T (px = Zal’) (11'3)

ggobggboboogbobobobobboouoogbbooobbooboogoo

gogboboooobobouoooon
gboduoogbbouoobbbbuoobooobon

%%>: ﬁ/ U (z m@wd
B e,
- /_f{%[—%aa—;“ﬂ‘“ >?%ﬁ’”
+qf*(x,t)%[—%§—22 + U (e, ) e
_ /:” ‘I/*(x,t)[—g—g]\lf(x,t)dx
S8 ey = (114
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00000000000 00 (=0000000 0000000000 0OOOO
gbbooobboooobbobobooobbuoouboboouooooobobobn
goooobbbobbobbbboggubgoboonoboobobbobad
0000000000000 Ehrenfest’s theorem) 0 0 00

11.2 0O00oogd

goboogooboobbbbuoobbbbbobobooobooouobboo
gobbobogobobdgobogbogbuodgoobbouooboboboobooboo
gouoobobogbbobboodgouoboooubooooboobobobnboooog
gooduoboodgbbuoooooubbobouoobobbobbbbbbobood
gooobuogbgbbubbbboooobooobobboooooubbobobo
gbooubbboooobbbboobbbbobdubogn

000000000000 00000000 wave packet) 0000000000 100
guobouobooobgouoobobobobibooooooooboon

Up(2,t) = c(k)eltke=t) (11.5)

0000000 ¢k) 000000000000 000000000O0O00DO0OD kKOO0
U0 wOO hw:h2k2/(2m)DmDDDDDDDDDDDDDDDDD kO0oDoooon
OoOoobooooskbboObboO0nsgnobooon

@(x,w::!/lxkyf%w—wﬂdk (11.6)

googgoobgoogo
O0000¢t=00000x=000000000000000000000 Rky = po

guodbooooobbooouoooooboo
2

U(z,0) = 141(3,><p(—29€—a2 + ikyx) (11.7)

000000000000 P=¥(r,0)))0000000 S, 000000
2

2, (11.8)

a2

P o= [¥(x,0)* = |A]* exp(
Bk,
m

000000000 |z|~e000000OCOOOOODOODO REKLODODDOODOOOODDO
gbooboboobdllebbon

S. = |AP (11.9)

W(x,O)::L/}xk)edek (11.10)
0000000000000000C

1 ke, A x? ,
clk) = E/\I/(a:,())e ke dy = E/exp{—ﬁ +i(ko — k)z}dx

_ % exp{—%aQ(k — ko)?} (11.11)
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O00b000000d0t=000000 Av=~a000000O0O0DODODODOO KO
0000 k=k0000 Ak~1/a00000000000000DOOOOOO11.1100
gob11iedbggdoog

aA [Fee 1, 5 . _ht
U(x,t) = NN exp{ 5 (k — ko)* + ikx Zka +dk
_ A exp{—xQ — 2ia?kox + i(MAZ )t} (11.12)
L+ ()t 202(1+igzt)
AP (¢~ Hagy?
wanp = — A0 o @ 11.13

D00000¢#£000000000000000000000000000000000
0 Oket/m0 000000000 Oue = fike/m O 00 00 group velocity 00 000 0 00
00000000000000000¢=0000e0000¢t0000 a{l+(ht/ma?)?}/?
0000000000000

000000000000 000000000000000000000000000
000000000000000000000000000

1.00000000000000000m=0,9%x10"3%g, a~ 10" "m0 000000
00000000000000¢t=1s0000

ht 1.05 x 10~**joule - s2
ma? 0.9 x 10=3%g x (10~15m)?
~ 1074 (11.14)

/ ht ht
2 ) =~ 39 .
ay/1+ (ma2) a(mcﬂ) 10*"m (11.15)

000000000 (0150000 =09 x10*m00000000000!' 0000
gboboboogobobobdilsguogbbbbobuoooboobobuogoonog
00 107%00000000000000

ht ht
— V2 xa(—) ~ 10% :
ay/1+ (ma2) a(ma2) 10*m (11.16)

ggobdbbbboogobobbbboduoobbbouobobobooobDbo
2.0000000000000000000 M m =1.67x10"%kg, a~10"Pmd 00
godobodooobouoooboobbot=1s0ugn

l

hto 1.05 x 10~**joule - s2
ma®  1.67 x 10~27kg x (10~10m)?
~ 0.59 x 10", (11.17)

ht ht
— )2 =~ — )=~ 0. 3 .
a“1+(ma2) a(maQ) 0.59 x 10°m (11.18)
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gbobogbdbogdeoombogubooouoooobobooboboban
0000000000000 0000000000000000000m O 107%0
godobotbooogoogobobobobbobbobouooooboooboboooog
0000000000000 00(CoO0o0D0ooO0D0o0oooooooooooog
ggogoubbooooobuoodoboboobbuobooobooooboboon
EREREREE

3.00001000000000000000m =10"%g, e~ 102m0000000
gbboud¢t=1s0000

ht  1.05 x 107*'joule - s
ma?2  10~3kg x (10~2m)?
~ 1077, (11.19)

Q

At
14 (e
a +(ma2)

gbooblgboggboboboboooobbobugbliobooooouooobbon
gguoobobodgbogououbobobobbboooobobboobbobboo
0000000 me*0000000ARO0DOO0O0O0O0OOOOODOOOOOOOODOO
godbbouobodaoon

a (11.20)

11.3 00d0oobootooooooooobbobooooboobooor

gbobbodoobboboboboooobooouooooooooboboobobaa
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