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2.3 Heisenberg πππ↵↵↵

(Heisenberg picture↵�õfœ⌦ŒHeisenberg π↵⇥cnÑœP�ó0ÑH

π↵îÂ�˘îÑœxõfπ↵�Ù�Ÿ/Ehrenfestö⌃Ñ”∫⇥

)([xi, Pi] = i~, ⌘Ïó0

dxi

dt
=

1

i~ [xi, H] = (Pi �
qAi

c
)/µ (2.37)

Ÿc/:∞®œ�c⇡®œÑs˚⇥Ù�œP�πHP = i~rÑcn⇥
⌘Ï�e∞˜⇧ = P � qA/c. )(P = i~rπ◆¡�

[⇧i,⇧j ] =
i~q
c
✏ijkBk (2.38)

Bk/¡�î:¶Ñk⌃œ. ✏/hÕ˘ œ.

Ÿ�˘◆s˚åh��é⌘ÏüâÑc⇡®œÑ˘◆s˚⇥�(° ‚œ:

ÑœPõf-�⇧ = P .) )(Ÿ�˘◆s˚�Â 

[⇧,�] = [P,�] = �i~r� (2.39)

⌘Ïe®¸⇧uŒÑH π↵. (1é⇧-AÔÂ>+ˆÙ�î†⌦@⇧/@t)

µ
d
2
~x

dt2
=

d⇧

dt
= q[ ~E +

1

2c
(
d~x

dt
⇥ ~B � ~B ⇥ d~x

dt
)] (2.40)

Ÿ�π↵c}1/(2.4). Ÿç!¡�c⇡œP�P = i~rÑcn.
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2.4 ⌫⌫⌫SSS˝̋̋ßßß

⇤Q5P⌅éG�¡: ~B� :zπ⌘ -�˝eÍÀ�vvzÙ–®. œx

5®õfJ…⌘Ï�5P◊Lorentzõ�\⌃–®�˝œÔÂ÷˚✏<�JÑ÷

≥é˝œ 1
2µv

2å¡::¶⇥
eBv

c
= µ

v
2

r
(2.41)

„˙

r =
µc

eB
v (2.42)

h�T = 2⇡r/v, ⌃ëá:!c =
eB
µc

:h:G�¡:�‚ø ~AÔ÷:

1. ~A =
1
2
~B⇥~r, sAx = � 1

2By,Ay =
Bx
2 , Az = 0 Ÿ/˘ƒ⇤, ·≥r · ~A =

0.

2. Ax = �By,Ay = Az = 0. Ÿ:Landauƒ⇤, _·≥r · ~A = 0

⌘Ï⇤QLandauƒ⇤, q = �e.

H =
1

2µ
[(Px � eB

c
y)

2
+ P

2
y + P

2
z ] (2.43)

⌃ªÿœ (x, y, z) =  (x, y)e
ikzz. zπ⌘ÏÀ�:Í1–®. Ez = ~2k2z/2µ. ‡

dô˙x� yπ⌘Ñ»∆�œ

Hxy =
1

2µ
[(Px � eB

c
y)

2
+ P

2
y ] (2.44)

vÄô:H. _ÔÂ§:⌘Ïv5P(åÙsbÖÑ–®⇥

˝œ,Åπ↵⇢

H E(x, y) = E E(x, y) (2.45)

;˝œÇú⇤Qzπ⌘®˝1/E + Ez.

1éH-° x,

[Px, H] = 0. (2.46)

ÔÂ õfœåh∆:(H,Px), væ

 E(x, y) = e
ikxx�(y), (2.47)

v-kx =
P 0

x
~ , P

0
x :P̂x,Å<. Ë✏v�/:∞®œÑ,Å<⇥e

ikxx_�/xπ

⌘:∞®œÑ,Å�⇥„e(2.45)

1

2µ
[(P

0
x � eB

c
y)

2 � ~2 d
2

dy2
]�(y) = E�(y) (2.48)

‰y0 =
cP 0

x
eB , π↵�:

� ~2
2µ
�
00
(y) +

1

2
µ!

2
c (y � y0)

2
�(y) = E�(y), (2.49)
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v-!c =
eB
µc:⇣/PÑ⌃hëá, c/œx⌃h–®Ñ⌃ëá�d:⇣/P

,Åπ↵�

• saπy0�P
0
x s

• 5PÑ˝ßEn = (n+
1
2 )~!c, n = 0, 1, 2, · · · . Ÿ1/W�Ñ⌫S˝ß⇥

• ,Å˝p

�n(y) = Nne
�↵2(y�y0)2

2 Hn(↵(y � y0)),↵ =

r
µ!c

~

• 1é E(x, y) = e
ikxx�n(y)�Ÿön,⇡EŸö�Äv¶1kxÑ÷<≥ö: �

�Ñkx, ⇣/P-√ÑMny0���F˝œ¯�⇥

• Â˚fl‡P'�Äv¶‡w�‡:kx�◊P6.

• ÂLx P�h�πL�£H

e
ikx(x+Lx) = e

ikx(x) ) kx =
2⇡

Lx
⇥ nx, nx = 0,±1,±2, · · ·

�ˆ�û˚flLy_ P, y0Ñ⇤Ù: 0 < y0 < Ly, ⌘Ïe↵↵LyÖ˝π≥

⇢⌘*y0? y0 =
ch

eBLx
⇥ nx, $*y0Ùîch/(eBLx), ‡d

N =
Ly

ch/eBLx
=

BLxLy

hc/e
(2.50)

Ÿ1Ÿ˙ÜLandau˝ßÑÄv¶. ÔÂô⇣

f =
BA

hc
e

, (2.51)

A:bÔ, � ⌘ hc
e :¡⇢œP. sÄv¶Ié;¡⇢dÂ¡⇢œP: ˚fl

ÔÂπ≥Ñ¡⇢œPp.

Figure 2.1: 5P˙�ÄvÑN*˙�‚˝p:✏˛: E0 =
1
2~!c,  0(x, y) =

�0(y) exp(ikxx).
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flœx˛œ˘‘�↵à ✏�⇥SE =
1
2~!c, ˘î�¶v0, ó˙5PfiÀJ

Ñr0, v`nbÔa = ⇡r
2
0 =

hc
2eB . (bÔ:AÑsbÖÔÂπ≥2f*œxhS�

Çú˝œGÿ0En, £HÔÂπ≥ÑœxhSp/f/(n + 1/2). �⌫S˝ßÑ

Äv¶¯Ó1à'Ü⇥


