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1.4 Schrödingerπππ↵↵↵

[�õfJ…⌘Ï��*(πÑ–®π↵:

f = ma (1.71)

†�¶a1Ô'(œå@◊�õf = �rV≥ö⇥ ‘Ç⇤Q�*(πÑÍ1=S–®, f = mg, növ–®∂

�x(t), ẋ(t), Í�ÅÂSx(t = 0) åẋ(t = 0).

[�õfÑ�*IHb✏/»∆�õf⇥�e»∆�œ

H =
p
2

2m
+ V, (1.72)

–®π↵9ô:
dp

dt
= �@H

@x
,

dx

dt
=
@H

@p
(1.73)

íPÑ–®∂�1ˆ;tÑ®œp(t)åMnx(t)œ⇥ü⇡⌦˝ÔÂ∆nÂS�Çú�Àaˆp(0)åx(0)ÚÂ

Ñ›. ‘Ç⌦b–0Ñ(πÍ1=S–®�V (x) = �mgx. π◆å¡�ÔÂó0å[�õf�7Ñ”ú, v

-p(t) = mẋ(t).

∞(⌘ÏÂSÆ¬íPÑ–®∂�Å(‚˝peœ, �–®∂�⇢èˆÙÿ�. £HŸ�ÿ�uŒ¿H

7Ñƒãb� œPõfÑ�q;VK�Schrödinger⌧˙ÜTH, Ÿ1/↵bÑSchrödinger π↵:

i~@ 
@t

= Ĥ = (
p̂
2

2m
+ V̂ ) . (1.74)

Ÿ�π↵⇥(éP⌥å®œ‚˝p, ÍÅ&eó&Ñ¯îwShæ1ÔÂÜ.

(P⌥ha↵, Âπ↵Ñ�Ùb✏:

i~@ (x, t)
@t

= [
�~2
2m

d
2

dx2
+ V (x)] (x, t). (1.75)

( ÙzÙ⇡:

i~@ (r, t)
@t

= [
1

2m
(�i~r) · (�i~r) + V (r)] (r, t)

= [
�~2
2m

r2 + V (r)] (r, t).

(1.76)

Ÿ�π↵�œ9'‚Ñπ↵^8{<, E_‚‚‚®®®πππ↵↵↵. pf⌦↵É/⌘ÏüâÑOÆ⌃π↵, ÅË✏

Ñ/ ‚˝pÔÂ/�p.

Çú⌘ÏÂSÜ (x, 0), (vû_1ÂSÜhxi(0), hpi(0)), 1ÔÂB˙ (x, t), €�B˙hxi(t)åhpi(t). Â
�⌘Ï⇢↵0�Ÿõ��<èˆÙÑ��œxõfŸ˙Ñ”ú/åh�7Ñ⇥
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1.5 SeqÑÑÑ®®®∫∫∫⇢⇢⇢‡‡‡áááàààRRR���‡‡‡áááAAA

⌘ÏÂSíPÑ(zÙÑ‡á∆¶⌃⇤⇢(x, t)1‚˝pÑ!πŸ˙

⇢(x, t) =  ⇤(x, t) (x, t) = | (x, t)|2. (1.77)

Gæ(ˆˆ;�‚˝pÑ·≥R�� Z 1

�1
⇢(x, 0)dx = 1 (1.78)

ÇúSchrödinger π↵✏cnÑ�£HÂ�˚✏ˆ;Ñ‚˝p˝/nöÑ�˝îÂ·≥R��.

⌘Ïe¡�Ÿ�π.

⇤Q
d

dt

Z 1

�1
| (x, t)|2dx =

Z 1

�1

@

@t
| (x, t)|2dx (1.79)

)(B¸’⇡
@

@t
| (x, t)|2 =  ⇤ @ 

@t
+
@ ⇤

@t
 (1.80)

9nS-eq (1.75)åv�qmπ↵�⇤Q0V (x)/ûp�⌘Ïó0

@

@t
| (x, t)|2 =

i~
2m

( ⇤ @
2 

@x2
� @

2 ⇤

@x2
 )

=
@

@x
[
i~
2m

( ⇤ @ 

@x
� @ ⇤

@x
 )]

(1.81)

‡d
d

dt

Z 1

�1
| (x, t)|2dx =

i~
2m

( ⇤ @ 

@x
� @ ⇤

@x
 )|1�1 (1.82)

1é (x, t)(c�‡w‹⌅≈{ãéˆ�&⇡‡’R��� i⌃✏IÑ‚˝p˝/ÔÂR��Ñ �‡d

d

dt

Z 1

�1
| (x, t)|2dx = 0 (1.83)

Ÿ7⌘Ï1¡�ÜÔ⌃/8p�_1/SeqÑ„/R�Ñ.

⌘ÏäÂ⌦®∫®�03ÙzÙ.

9nSchrödinger π↵åÉÑ�qmπ↵�$π�ˆ÷�qm, vË✏0V/û˝p :

i~@ 
@t

= (
�~2
2m

r2 + V ) (1.84)

å

�i~@ 
⇤

@t
= (

�~2
2m

r2 + V ) ⇤
. (1.85)

ó0

i~ @
@t

( ⇤ ) = � ~2
2m

( ⇤r2 � r2 ⇤). (1.86)

)(l✏

r · ( ⇤r ) = r ⇤ ·r + ⇤r2 , (1.87)

⌘Ïó0

i~ @
@t

( ⇤ ) = � ~2
2m

r · ( ⇤r � r ⇤), (1.88)

_1/
@

@t
⇢(r, t) =

i~
2m

r · ( ⇤r � r ⇤). (1.89)
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⌘ÏeöI�*‚œ

j(r, t) = � i~
2m

( ⇤r � r ⇤)

=
1

2m
( ⇤

p̂ � p̂ ⇤)

=
1

2
( ⇤

v̂ � v̂ ⇤),

(1.90)

v-v̂ ⌘ p̂/m, /íPÑ�¶ó&. é/Eq.(1.89)ÔÂô⇣

@

@t
⇢(r, t) = �r · j. (1.91)

⌘Ïfi∆�↵ASÑfiÌ'π↵:

@

@t
⇢

f
(r, t) = �r · (⇢

f
v). (1.92)

v-⇢
f
/ASÑ(⌃P)∆¶, ⇢

f
v /Aœ∆¶: UMˆÙ⇢«UMbÔÑASÑ (⌃P)pÓ).

Ë✏0ASÑ∆¶�íPÑ‡á∆¶{<, jÑœx˘îc/‡‡‡ááá∆∆∆¶¶¶������¶¶¶ÑÑÑXXXÔÔÔ, ⌘Ï—∞ Eq.

(1.91)œÑc/‡áÑfiÌ', �⇧Ù/‡áàRÑÆ¬hæ✏. j(r, t):UMˆÙ⇢«UMbÔÑ‡á.

Çú⌘Ï⇤Q�*�ÌzÙ⌧ÖÑ‡áèˆÙÑÿ�, Ÿ�i⌃✏IÔÂ↵óÙ⇧Z. )(ÿØö⌃,

d

dt

Z

⌧

⇢d⌧ = �
I

S

j · dS, (1.93)

ŸÃS/⇧Ù⌧Ñhb, dS /‚œbC. ⌦✏h�, íP˙∞(zÙ⌧ÖÑ‡áÑˆÙÿ�á ÷≥éíP‡á

A∆¶(zÙhbÑÔ⌃, _1/AeA˙KÓ. Ÿ/‡áàRπ↵ÑÔ⌃b✏.

SzÙ⌧ãé‡w'�st*zÙ�⇧ÙÉÑhb1( ‡w‹⌅�‚˝p(‡w‹⌅ãéˆ�é/

Eq.(1.93)ÿ⇣
d

dt

Z

1
⇢d⌧ = 0 (1.94)

⌘Ïó0Üfl�Ù≈µ�7Ñ”∫⇢Seq ›¡R���ÿ.

⌃ê�↵jÑœ≤/  Ñ. 9n‡áàRπ↵(1.91), ⇤Q0(dÙzÙ, [⇢] = 1/Ld, π◆ó0[j] = L

TLd =
1

TLd�1 . 1éL
d�1h:�IÑbÔ, dœ≤cÕ ÜÉÑi⌃✏I: UMˆÙ⇢«UM*bÑ‡á. ˘é�Ù

≈µ, [j] = 1/T , ûE⌦1/UMˆÙ⇢«�π(�ÙzÙÑ*b)Ñ‡á.

ÇúíP&5wq, ⌘Ï1ÔÂ9n‡áA∆¶e°ó5A∆¶. Gæ N*�7ÑíP, �7Ñ‚˝p

–®. £H9n‡áÑöI, UMˆÙ⇢«UM*bÑíPp1/N j, 5A∆¶1/Nqj. ÔÂ§:�*íP

&eÑ5A∆¶1/ qj.

⇤Q�*íPÑsGMnhxi. 1é‚˝pèˆÙ��sGMn_⇢ÿ�⇥ndÔÂöööIII���¶¶¶

v =
dhxi
dt

=

Z
x
@

@t
⇢dx =

i~
2m

Z
x
@

@x
( ⇤ @ 

@x
� @ ⇤

@x
 )dx (1.95)

⌦✏)(Ü(1.88). ⌃ËÔ⌃�v⇤QÑ‘c8‚˝p’(‡w‹⌅:ˆ�&⇡‡’R�� �ó0

v = � i~
2m

Z
( ⇤ @ 

@x
� @ ⇤

@x
 )dx (1.96)

˘��yç\�!⌃ËÔ⌃�ó

v =
�i~
m

Z
( ⇤ @ 

@x
)dx =

hpi
m

. (1.97)

⌘Ï↵0Ÿ7öIÑ�¶1/®œ��<dÂ(œ⇥ ŸŒ�¶å®œÑs˚Ñ“¶Ÿ˙Ü®œó&. (Ë

✏⇢(œ*¨Ù�˝ �*®œ��<� ÉŸ˙�*�¶).
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˚✏�*‚˝p (r, t) ˝ÔÂô⇣

| (r, t)| exp[i↵(r, t)] =
p
⇢(r, t) exp[i↵(r, t)].

v-↵(r, t)/¯M.

⌘Ïe°óv‡áA∆¶. (–�ˆ;, ‚˝p(–�MnrÑ÷<ÔÂô⇣  = | |ei↵(r). é/

j(r) = � i~
2m

{| |e�i↵[(r| |)ei↵ + ir↵ei↵| |]� | |ei↵[(r| |)e�i↵ � ir↵e�i↵| |]}

= | |2 ~
m
r↵.

(1.98)

⌘Ï↵0, íP(zÙ–⌅Ñ‡áA∆¶/1v‚˝p¯MÑØ¶≥öÑ! ‚‚‚˝̋̋pppÑÑÑ¯̄̄MMM(((œœœPPPõõõfffÃÃÃwww   

ÕÕÕÅÅÅÑÑÑiii⌃⌃⌃✏✏✏III.


