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• U�˚pcnÑi⌃✏I

9n (x, 0)ÑR���π◆¡�
1X

n=1

|cn|2 = 1 (2.20)

⌘ÏMb¡�Ü

 (x, t) =
X

cn n(x)e
�iEnt/~ (2.21)

/·≥õöπ↵Ñ„. )( n(x)Ñc§R�'�π◆¡� (x, t)_/·≥R��aˆÑ⇥

⌘ÏÿÔÂ°ó˝œ��<

hHi =
Z

a

0
 
⇤(x, t)H (x, t)dx =

X

n

|cn|2En (2.22)

œPõfü⌃⌥˙: |cn|2/Kœ˝œó0EnÑ‡á. ⌘Ï↵0Ÿ*‡á/R�Ñ⇥⌦bÑl✏c/fl°

sGÑ°ól✏. Ÿ*sG<�⇢èˆÙÿ��c/˝œàRÑh∞. F/1é/fl°sG�œ!KœÑ”

úv��ö¯�.

⌘Ïÿ⇢(�bf`œPõf⌃∫S˚Ñˆ⇡€�e®∫Ÿ*Óò.
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2.1.2 ÍÍÍ111íííPPP

�‡PÒøï-íPÑ–®˘‘, ⌘ÏevÍ1íP, V (x) = 0.

⌘Ï↵0íPÑ�+ˆõöπ↵�‡PÒøï-ÑíPÑπ↵�7

 
00(x) + k

2
 = 0 (2.23)

v-k ⌘
p
2mE/~. £HÉÑ„_ÔÂ/exp(ikx), exp(�ikx)�⇧cos(kx), sin(kx). dˆ⌘Ï⇢ È⌥p˝p

b✏.

 (x) = Ae
ikx +Be

�ikx (2.24)

Ÿ/1é∞(íP° ´¶_( PÑzÙ⇤Ù: ° £õ¸Ù˝ß˙∞ÑπLaˆÜ. ˘îÑ˝

œE = ~2k2/2m/fiÌÑ. ⌃œÿœ„:

 (x, t) = Ae
ikx�i

~2
k
2

2m t +Be
�ikx�i

~2
k
2

2m t (2.25)

⌘Ï↵˙eŸ1/�Ûå�ÊÑsb‚Ñ‡†. ‰k = ±
p
2mE/~, ⌦✏ÔÂô⇣

 k(x, t) = Ce
ikx�i

~k
2

2m t = Ce
i
p

~x�i!t =  k(x)e
�i!t (2.26)

v-(0∑⇤W✏s˚p = ~k,E = ~!, C/8p.

6�⌘Ï—∞Ÿ*‘ö�’„‡’R��:
Z 1

1
| k(x, t)|2dx = |C|2

Z 1

�1
dx (2.27)

ÇúÅR���£HC ! 0. ŸÙ�˘Í1íP���⌃œÿœ„��⇧Ùö�„ �/i⌃⌦ÔÂû∞Ñ

∂�. b�K�Í1íP° nö˝œ.

F/Ÿv�/Ù⌃ªÿœ„° (. ⌘ÏÔÂ(ÉÏeU��À‚˝p (x, 0), Œ�ó0õöπ↵Ñ�

,„ (x, t).

ãÇ, Çú�Àˆ;Ñ‚˝p:

 (x, 0) =
↵
1/2

(⇡)
1
4

e
�↵

2
x
2

2 , (2.28)

)(ÖÃˆÿb(1.26), ⌃vô⇣ k(x)Ñ‡†

 (x, 0) =
1p
2⇡~

Z
'(p)eipx/~dp (2.29)

˚pC´ô⇣1/
p
2⇡~,›¡Ü�IÑc§R�':

Z
 
⇤
k
(x) k0dx = �(p� p

0) (2.30)

�(p� p
0)/Dirac˝p. ⌘Ïÿ⇢fi0Ÿ*Óò.

‡†˚p'(p)1/⌘ÏÙÑ®œha‚˝p

'(p) =
1

⇡
1
4 (~↵) 1

2

e
� p

2

2↵2~2 (2.31)

·≥

i~@ (x, t)
@t

=
�~2
2m

d
2

dx2
 (x, t) (2.32)

Ñ⇢„1/

 (x, t) =
1

(2⇡~) 1
2

Z
'(p)ei

p

~x�i
E

~ t
dp. (2.33)
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ä(2.31)„e, ⌘Ï 

 (x, t) =
1

(2⇡~) 1
2

Z
1

⇡
1
4 (~↵) 1

2

e
� p

2

2↵2~2 +i
p

~x�i
p
2
t

2m~ dp. (2.34)

⌘Ï↵0p = 0Ñ‡áE�', Ÿπv�èˆÙÿ�.

⌃®œÔ⌃â, ⌘Ïó0

 (x, t) =
1q

( 1
↵
+ i~t↵

m
)⇡

1
4

e

� x
2
↵
2

2(1+ i~t↵2
m

)
. (2.35)

⇤QÉÑ!π, ÔÂ↵0‚˝pÑΩ¶(1 + ~2
↵

4
t
2

m
)1/2/(

p
2↵)èˆÙÿ', Ÿh�‚⇧(ic��¶'¶

:~↵/m.

Çúˆˆ;‚˝p/Ç↵b✏

 (x, 0) = Ae
�↵

2
x
2

2 +i
p0x

~ , (2.36)

⇢«ÖÀˆ⌃ÿb, ⌘ÏÔÂó˙

'(p) =
A

(2⇡~) 1
2

Z
e
�↵

2
x
2

2 +i
p0x

~ �i
px

~ dx

=
1

⇡
1
4 (~↵) 1

2

e
� (p�p0)2

2↵2~2 ,

(2.37)

h�®œÑ‡á⌃⇤:-√:p0ÑÿØ⌃⇤, �nö¶:~↵/
p
2. £HK�˚✏ˆ;Ñ‚˝p1/

 (x, t) = c

Z
e
� (p�p0)2

2↵2~2 e
i
p

~x�i
p
2

2m~ t
dp

=
1q

( 1
↵
+ i~t↵

m
)⇡

1
4

e

�
(x� p0t

m
)2↵

2

2(1+ i~t↵2
m

)
+

ip0
~ (x� p0t

m
) (2.38)

!π1/

| (x, t)|2 =
1q

( 1
↵2 + ~2t2↵2

m2 )⇡
1
2

e

�
(x� p0t

m
)2↵

2

(1+ ~2↵4t2

m2 )
. (2.39)

ÔÂ↵0‚⇧Ñ-√(Â�¶p0/m˚®. �ˆ‚⇧ÑΩ¶( 

�x =
1p
2

(1 + ~2↵4
t
2
/m

2)1/2

↵
⇡ 1p

2
~↵t/m (2.40)

ic, v�¶/~↵/m. Ÿ�«↵Ñp<!flÔÂ(⌘Ñ;u~0.
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2.1.3 ööö���ÓÓÓòòòÑÑÑ���,,,®®®∫∫∫

õöπ↵Ñö�„�⇧⌃ªÿœ„:

 (r, t) =  E(r)e
�i

E

~ t (2.41)

v- E(x)·≥�+ˆõöπ↵:

Ĥ E = E E (2.42)

⌘ÏMbG0Ü$Õ≈µ⇢íP´¶_( PzÙ⇤ÙÖåíPÍ1. M⇧⌦π↵Ñ„˘îE/⌃ÀÑ˝

ß��⇧E/fiÌÑ. M⇧˘îŸö˝œ↵íP‡’0æ‡w‹⌅�:_⇢ö�(Ä_⇢�,bound state),

�⇧�˘îÔÂû∞Ñ∂�.

˘‚˝pÑ�,ÅB⇢fiÌ�U<(nöÑxÍ /�Ñ E(x)). ,ÇÃÑ‚˝p˝⌥ E .

‡*.ŸÑö⌃⇢

1�Çú (x) = u(x) + iv(x)/Ĥ (x) = E (x)Ñ„�£H ⇤(x) = u(x)� iv(x)_/^éEÑ„⇥

¡�⇢

(� ~2
2m

 
00 + V (x) )⇤ = (E )⇤

� ~2
2m

 
⇤00 + V (x) ⇤ = E 

⇤
(2.43)

ŸÃ(0ÜV (x)/ûÑ.

2�Ĥ (x) = E (x);ÔÂ~0�ƒû„�@ Ñ„˝ÔÂh:⇣Ÿƒû„Ñø'‡†�å⌥' ⇥

¡�⇢Çú (x) = u(x) + iv(x)/„� ⇤(x) = u(x)� iv(x)_/„⇥ £H

Ĥ( ±  
⇤) = E( ±  

⇤) (2.44)

s u(x)�v(x)_/,Å<:EÑ„, _1/Ù (x) = u(x) + iv(x)/û„Ñ‡†⇥

3�˘�ÙíP�Çú 1å 2G:Ĥ = E Ñ^é�� ˝œEÑ„� ⇡ 1 
0
2 �  2 

0
1 = C�8p 

¡�⇢

 2[ 
00
1 +

2m

~2 (E � V ) 1] = 0

� 1[ 
00
2 +

2m

~2 (E � V ) 2] = 0
(2.45)

$*π↵¯œ�ó0

 1 
00
2 �  2 

00
1 = 0. (2.46)

ÔÂô⇣

( 1 
0
2 �  2 

0
1)

0 = 0. (2.47)

Ô⌃�⌘Ïó0

 1 
0
2 �  2 

0
1 = C. (2.48)

4�_⇢�ÅB‡w‹⌅|x| ! 1, ‚˝p  E(x) ! 0, h�íP´¶_( PÑzÙÃ⇥(Ë✏v

� (x) = Ce
ipx

~ Ñ:+: �⇧| (x)| =8p�‡d‡’R��)⇥

ö⌃⇢íP(�Ùƒ⇡ø:V (x)�‡Gπ -–®�ÇX(_⇢��⇡‡‡‡ÄÄÄvvv∞∞∞aaa.

(@◆Äv/⌥$*��Â⌦ ��7Ñ‚˝p^é��*˝ßE.)

¡�⇢ Gæ $*_⇢� 1, 2Äv� 1é |x| ! 1, ! 0, 9nMbö⌃3�‡w‹⌅8p≈:ˆ�

 1 
0
2 =  2 

0
1 (2.49)
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1/Ù
 
0
1

 1
=
 
0
2

 2
(2.50)

$πÔ⌃

ln 1 = ln 2 + C (2.51)

C/8p. ‡d  1 = e
C
 2. Ù� 1� 2/���777ÑÑÑ(¯Ó8p‡P)‚˝p⇥ ⇤Q0 1, 2˝ R���

 |eC | = 1, sC/�*ØZp�Ÿ˙�*˙öÑ¯M.

5��,≈µ↵, ÇúV (x)fiÌ��

V (x) =

8
<

:
V1 x < a

V2 x > a

��fiÌ�FV2 � V1 P (2.52)

⇡ (x)� 0(x)˝fiÌ⇥

Figure 2.2: V (x) �fiÌ�F/Û√ P.

¡�⇢
d
2

dx2
 (x) = �2m

~2 [E � V (x)] (x) (2.53)

(a⌅Ô⌃

 
0(a+ ")�  

0(a� ") = �2m

~2 lim
"!0

Z
a+"

a�"

dx[E � V (x)] (x) (2.54)

1éE�V (x) P'�@ÂÔ⌃

lim
"!0

Z
a+"

a�"

dx[E � V (x)] (x) = lim
"!0

E (a)2"� lim
"!0

[V2( (a+)"+ V1 (a�)"] ! 0 (2.55)

ŸÃ⌘Ï)(ÜÔ⌃ÑbÔ„ ⇥ @Â

 
0(a+ 0+) =  

0(a� 0+) (2.56)

s 0/fiÌÑ�aˆ/V (x) P⇥

®∫⇢

1. V (x) P:fl� � 0fiÌ�

2. ÇúV (x) (x = a⌅—�‡w'Û√�=°" ! 0 Õ6ÔÂ¸Ù2.55 -Ûπ�Iéˆ� Œ��ó 0Ô

Â�fiÌ�
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6�⇤Qø˝˝p/vÑV (x) = V (�x). Çú 1(x)/Ĥ = E Ñ„�£H 1(�x)_/,Å<:EÑ„⇥

¡�⇢

� ~2
2m

d
2

dx2
 (x) + V (x) (x) = E (x) (2.57)

(x ! �xˆ

� ~2
2m

d
2

dx2
! � ~2

2m

d
2

d(�x)2
= � ~2

2m

d
2

dx2
(2.58)

‰x ! �x�ö�õöπ↵ÿ:⇢

� ~2
2m

d
2

d(�x)2
 (�x) + V (�x) (�x) = E (�x) (2.59)

� ~2
2m

d
2

dx2
 (�x) + V (x) (�x) = E (�x) (2.60)

ÕÕÕÅÅÅ®®®∫∫∫⇢⇢⇢ ˘é�Ù_⇢�Ñ„�⇡ (x) = C (�x). (⇤Q (�x) = C (�(�x)), s (x) = C
2
 (x), @

Â

C
2 = 1 (2.61)

Í $ÕÔ˝⇢ C = 1�C = �1, ⌃+:vvváááåGGGááá$Õ≈µ:

Â (x) =  (�x)�vá‚˝p�Â (x) = � (�x):Gá‚˝p⇥

1/Ù⇢���ÙÙÙvvvøøøV (x) = V (�x)↵↵↵���___⇢⇢⇢���„„„///   nnnöööáááÑÑÑ⇥

Ù�⇢ (V (x) = V (�x)aˆ↵�˘é˝œ:EÑ„�Çú�/_⇢���,⇢X(Äv⇥dˆ

„ (x)��ö nöÑá�F/;ÔÂô⇣ á„Ñ‡†⇥

‘Ç⇢Í1íPV (x) = V (�x) = 0,  (x) = A exp(±ipx/~)1/˝œE = p
2
/2mÑ$*„�˝

/cos(px/~) �sin(px/~)Ñ‡†⇥


