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1. ¦e�Ý
(
3 2

2 0

)
Ú

(
5 2

−2 0

)

����Ú8�z��¥þ. ù
��¥þ��í? Á\±µØ.

2. (Constantinescu and Magyari, 1983, 1.1) Áí�SchwarzØ�ª

|〈u|v〉| ≤
√
〈u|u〉

√
〈v|v〉,

Ù¥|u〉Ú|v〉´Hilbert�mH¥�?¿ü�¥þ.

3. (Constantinescu and Magyari, 1983, 1.2) Áí�n�Ø�ª√
〈u+ v|u+ v〉 ≤

√
〈u|u〉+

√
〈v|v〉.

4. (ê7 et al., 1986, p.2, 1-1) �ψ1, ψ2�NX�ü��U¢y�G�, y�Xen«�5U\

i. ψA = ψ1 + eiδψ2,

ii. ψB = eiδ(ψ1 + ψ2),

iii. ψC = ψ1 + ψ2.

δ�¢�~ê. Á¯ψA, ψBÚψC´ÄL«�Ó��?

5. (ê7 et al., 1986, p.2, 1-12) �ψ1Úψ2´,�XÚ�ü�Å¼ê, C1ÚC2´~ê. y3�¤±e�¼ê

i. ψa = C1ψ1 + C2ψ
2
2 ,

ii. ψb = C2
1ψ1 + C2ψ2,

iii. ψc = eC1ψ1+C2ψ2 .

ù
¼ê´Ø´TXÚ�Å¼ê? ��o?

6. (Constantinescu and Magyari, 1983, 1.4) � S1 ´ Hilbert �m H ���f�m, S2 ´§���Ö�m. ?�¥þ |u〉 �±�¤§3ü�f�m
�ÝK�Ú, |u〉 = |uS1

〉+ |uS2
〉. ¦y, ÷v |uS1

〉 = PS1
|u〉 �ÝK�Î PS1

´Hermite�Î, �÷v�§ P 2
S1

= PS1
.
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7. (Constantinescu and Magyari, 1983, 1.9) ¦y, XJN��Î U ��¤ U = 1 + iεF �/ª, ª¥ ε ´��Ã¡��¢ê, K�Î F ´ Hermite

�Î.

8. (Constantinescu and Magyari, 1983, 1.10) Hermite �Î A ¡��½�Î, XJé?Û¥þ |u〉, k 〈u|A|u〉 ≥ 0. ¦y, �Î A = |a〉〈a| ´ Hermite

�½�Î.

9. (Constantinescu and Magyari, 1983, 1.15) �Ñ 3 ��Î A, B Ú C, Á^é´'X [A,C] Ú [B,C] L«é´'X [AB,C].

10. é�5�Î α, β, γ, y²,

αβγ =γβα

11. y²,

|A〉 〈B| = |B〉 〈A|

12. XJ ξ ´¢�5�Î, 
�é,�A½�m¥ |P 〉 k

ξm |P 〉 = 0,

ª¥ m ´��ê, y²

ξ |P 〉 = 0.

13. �Ä��¢�5�Î σ, §÷v�§

σ2 = 1,

@o, σ kü���� +1 � −1. y²?¿�m¥ |P 〉 U�L«�

|P 〉 =
1

2
(1 + σ) |P 〉+

1

2
(1− σ) |P 〉 .

¿�y, þªm>�ü�Ñ´ σ ���m¥, ©Oáu��� +1 � −1, ��§�Ø�".

14. (Constantinescu and Magyari, 1983, 1.20) XJ�Ñ�*	þ A �A��§ f(λ) = 0, ¦y f(A) = 0.

15. (Q>ó, 1998, Ex 4.1) � ξ � η �¢�5�Î, K 1
2 (ξη + ηξ) Ú 1

2i (ξη − ηξ) �´¢�5�Î. ddy², ?Û���Î α þ�©)� α+ + iα−,

α+ =
1

2
(α+ ᾱ), α− =

1

2i
(α− ᾱ),

Ù¥ ᾱ ��Î α ��Ý�Î. α+ � α− þ�¢�Î.

1 2 � (� 24 �)
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16. (Constantinescu and Magyari, 1983, 1.30) ¦y, ü��5�ÎAÚB��(�±�����Ïf), =A = Beiα�7�Ú¿©^�´

|〈u |A| v〉| = |〈u |B| v〉|

éu?�é�5Ã'�m¥|u〉Ú|v〉ÑU¤á.

17. é�Î α Ú β, � α �3_�Î α−1, c ´��ê, �´���þ, y²

(α− cβ)−1 = α−1 + cα−1βα−1 + c2α−1βα−1βα−1 + · · ·

18. ¼ê δ(x) d��ëþ x û½, ¿÷ve�^�:{ ∫∞
−∞ δ(x)dx = 1,

δ(x) = 0, �x 6= 0�.

y²e��§

δ(−x) =δ(x),

xδ(x) =0,

δ(ax) =a−1δ(x), (a > 0),

δ(x2 − a2) =
1

2
a−1{δ(x− a) + δ(x+ a)}, (a > 0),∫

δ(a− x)dxδ(x− b) =δ(a− b),

f(x)δ(x− a) =f(a)δ(x− a).

19. �*	þ�Î α, β ����©O� an, bn, 3?�� |P 〉 ¥, kÿ� α �� an, 2ÿ β � bn �VÇ� P (an, bn); 
kÿ β �� bn, 2ÿ α �

an �VÇ� P (bn, an). ¯: P (an, bn) = P (bn, an) �^�´�o?

20. ���*	þ α kü������ α′1 Ú α′2, éA���m¥©O´ |α′1〉 Ú |α′2〉. 
�*	þ β kü���m¥ |β′1〉 Ú |β′2〉, ü«���kXe
'X

|α′1〉 =
1√
13
{2 |β′1〉+ 3 |β′2〉} , |α′2〉 =

1√
13
{3 |β′1〉 − 2 |β′2〉}

�ÿþ α ��� α′1, e2ÿþ β, ±�2ÿþ α, y²1�g�� α′1 �VÇ´
97
169 .

1 3 � (� 24 �)



x
¨
H
–þ
f
Ô
n

B

þfÔn 2020c¢G

21. (Q>ó, 1998, Ex 4.2) � F (x, p) ´ x Ú p ��¼ê, y²,

[p, F ] = − ∂

∂x
F, [x, F ] =

∂

∂p
F.

�¼ê´�F (x, p)�±Ðm¤

F (x, p) =

∞∑
m,n=0

Cmnx
mpn.

22. (Q>ó, 1998, Ex 4.3) ½Â�é´ª [A,B]+ ≡ 1
ih̄ (AB +BA). y²,

[AB,C] =A[B,C]+ − [A,C]+B,

[A,BC] =[A,B]+C −B[A,C]+.

23. (Q>ó, 1998, Ex 4.4) � A, B, C �¥þ�Î, A Ú B �IþÈÚ¥þÈ½Â�,

A ·B =
∑
n

AnBn, (A×B)γ =
∑
αβ

εαβγAαBβ ,

α, β, γ = x, y, z, εαβγ � Levi-Civita ÎÒ (ü�ÎÒ). Á�y,

A · (B ×C) = (A×B) ·C =
∑
αβγ

εαβγAαBβCγ ,

{A× (B ×C)}α = A · (BαC)− (A ·B)Cα,

{(A×B)×C}α = A · (BαC)−Aα(B ·C).

24. (Q>ó, 1998, Ex 4.5) � A � B �¥þ�Î, F �Iþ�Î. y²,

[F,A ·B] = [F,A] ·B +A · [F,B],

[F,A×B] = [F,A]×B +A× [F,B].

25. (Q>ó, 1998, Ex 4.6) � F ´d�I r �Äþ p �¤�Iþ�Î, l = r × p ´�Äþ�Î, y²,

[l, F ] =
∂

∂p
F × p− r × ∂

∂r
F.
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26. (Q>ó, 1998, Ex 4.7) y²,

p× l+ l× p = 2ih̄p,

(p× l− l× p) = [l2,p].

27. (Q>ó, 1998, Ex 4.8) y²,

l2 = r2p2 − (r · p)2 + ih̄r · p,

(l× p)2 = (p× l)2 = −(l× p) · (p× l) = l2p2,

− (p× l) · (l× p) = l2p2 + 4h̄2p2,

(l× p)× (l× p) = −ih̄lp2.

28. ²w�6uëþ λ ��Î A(λ) ��ê½Â�

dA(λ)

dλ
= lim
ε→0

A(λ+ ε)−A(λ)

ε
.

¦y,

d

dλ
(AB) =

dA

dλ
B +A

dB

dλ
,

d

dλ
(A−1) =−A−1 dA

dλ
A−1.

29. (Q>ó, 1998, Ex 2.4) ���gdâf�Ð� ψ(x, 0) = eip0x/h̄, ¦ ψ(x, t).

30. (Q>ó, 1998, Ex 2.5) ���gdâf�Ð� ψ(x, 0) = δ(x), ¦ |ψ(x, t)|2.

J«: |^Eëê α �2Â Gauss È©úª∫ +∞

−∞
e−αx

2

dx =

√
π

α
.

31. (Q>ó, 1998, Ex 2.6) ���gdâf�Ð� ψ(x, 0), y²3v
��m�,

ψ(x, t) =

√
m

h̄t
exp(−iπ/4) exp

(
imx2

2h̄t

)
ϕ
(mx
h̄t

)
,

1 5 � (� 24 �)
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ª¥

ϕ(k) =
1√
2π

∫ +∞

−∞
ψ(x, 0)e−ikxdx

´ ψ(x, 0) � Fourier C�.

J«: |^

lim
α→∞

√
α

π
eiπ/4e−iαx

2

= δ(x).

32. (Q>ó, 1998, Ex 2.7) ���gdâf�Ð�´�� Gauss Å�,

ψ(x, 0) = e
ip0x
h̄

1

(πα2)1/4
e−

x2

2a2 .

i. y²Ð©��, x = 0, p = p0 (ùp f L«Cþ f �²þ�),

∆x =

√
(x− x)2 =

α√
2
,

∆p =

√
(p− p)2 =

h̄√
2α
,

∆x∆p =
h̄

2
.

ii. O� t ���Å¼ê1

ψ(x, t) =

{√
π

(
α+

ih̄t

mα

)}−1/2

exp

{
ip0x

h̄

(
1− p0t

2mx
+

1

2

h̄

αp0

h̄t

mα2

x

α

)}
exp

{
− (x− p0t/t)

2

2α
(
1 + ih̄t

mα2

)} ,
|ψ(x, t)|2 =

1

√
π
(
α2 + h̄2t2

m2α2

)1/2
exp

{
− (x− p0t/m)2

α2 + h̄2t2

m2α2

}
,

dd

x(t) =
p0t

m
,

1�KùÚÜ©� exp
{

ip0
h̄

(
x− p0t

m

)}
.
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�²;âf'�. 


∆x(t) =
α√
2

(
1 +

h̄2t2

m2α2

)1/2

≈ h̄t√
2mα

(t→∞).

�Ä��÷*âf, m = 1g, Ð©�� �O(� 1fm = 10−13cm, = ∆x(t = 0) = α/
√

2 = 10−13cm, O� t = 300, 000 c� ∆x(t) =? dd

\�±�Ñ�o(Ø?

33. (Q>ó, 1998, Ex 3.1) �âf?u��Ã��³²¥

V (x, y) =

{
0, 0 < x < a, 0 < y < b;

∞, Ù{«�.

¦âf�Uþ���Ú��Å¼ê. Xa = b, U?�{¿ÝXÛ?

34. (Q>ó, 1998, Ex 3.2) �âf��3Ý/^f¥$Ä, =

V (x, y, z) =

{
0, 0 < x < a, 0 < y < b, 0 < z < c;

∞, Ù{«�.

¦âf�Uþ���Ú��Å¼ê. Xa = b = c, ?ØU?�{¿Ý.

35. (Q>ó, 1998, Ex 3.3) �âf?u��Ã���³²¥,

V (x) =

{
0, 0 < x < a;

∞, Ù{«�.

y²?u½�ψn(x)�âf, x = a
2 ,

(x− x)2 =
a2

12

(
1− 6

n2π2

)
.

?Øn→∞��¹, ¿�²;åÆO�(J'�.

36. (Q>ó, 1998, Ex 3.4) �âf?u��Ã���³²¥,

V (x) =

{
0, |x| < a/2;

∞, Ù{«�.

?uÄ�(n = 1). ¦âf�Äþ©Ù.
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37. (Q>ó, 1998, Ex 3.5) �âf(UþE > 0)l�\�, -�e�³²

V (x) =

{
0, x > 0;

−V0, x < 0.

¦²9?���Xê.

38. (Q>ó, 1998, Ex 3.6) |^Hermiteõ�ª�4í'X, y²��fÅ¼ê÷ve�'X

xψn(x) =
1

α

{√
n

2
ψn−1(x) +

√
n+ 1

2
ψn+1(x)

}
,

x2ψn(x) =
1

2α2

{√
n(n− 1)ψn−2(x)

+ (2n+ 1)ψn(x) +
√

(n+ 1)(n+ 2)ψn+2(x)
}
,

Ù¥α =
√

mω
h̄ . ¿ddy², 3ψn�e, x = 0, V = En/2.

39. (Q>ó, 1998, Ex 3.7) ÓþK, |^Hermiteõ�ª�¦�úª, y²

d

dx
ψn(x) =α

{√
n

2
ψn−1(x)−

√
n+ 1

2
ψn+1(x)

}
,

d2

dx2
ψn(x) =

α2

2

{√
n(n− 1)ψn−2(x)− (2n+ 1)ψn(x)

+
√

(n+ 1)(n+ 2)ψn+2(x)
}
.

¿ddy², 3ψn�e, p = 0, T = p2/2m = En/2.

40. (Q>ó, 1998, Ex 3.8) ��f?uψn�e, O�

∆x =

√
(x− x)2, ∆p =

√
(p− p)2, ∆x∆p.

41. (Q>ó, 1998, Ex 3.9) Ö>q���f, É�	>|E��^,

V (x) =
1

2
mω2x2 − qEx,

¦Uþ���Ú��¼ê.

1 8 � (� 24 �)
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42. (Q>ó, 1998, Ex 3.10) ¦Øé¡³²

V (x) =


V1, x < 0,

0, 0 < x < a,

V2 x > a

¥âf�Uþ���.

43. (Q>ó, 1998, Ex 3.11) �âf3e�³²¥$Ä, ¦âfU?,

V (x) =

{
∞, x < 0,
1
2mω

2x2, x > 0.

44. (Q>ó, 1998, Ex 3.12) �âf?u�9Ã�p�³|¥

V (x) =


∞, x < 0,

−V0, 0 < x < a,

0, x > a.

¦âfUþ���, ±9���3�^åPU?�^�.

45. (Q>ó, 1998, Ex 4.9) ½Â»�Äþ�Î

pr =
1

2

(
1

r
r · p+ p · r 1

r

)
,

y²

i. p̄r = pr;

ii. pr = −ih̄
(
∂
∂r + 1

r

)
;

iii. [r, pr] = 1;

iv. p2
r = −h̄2

(
∂2

∂r2 + 2
r
∂
∂r

)
= −h̄2 1

r2
∂
∂r r

2 ∂
∂r ;

v. p2 = 1
r2 l

2 + p2
r.

46. (Q>ó, 1998, Ex 4.13) y²3lz����|l′z〉e, 〈l′z|lx|l′z〉 = 〈l′z|ly|l′z〉 = 0.

1 9 � (� 24 �)
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47. (Q>ó, 1998, Ex 4.14) �âf?uYlm(θ, ϕ)G�e, ¦(∆lx)2Ú(∆ly)2.

48. (Q>ó, 1998, Ex 4.15) �âf?uψ = c1Y11 + c2Y20G�(®8�z, =|c1|2 + |c2|2 = 1). ¦

i. lz��Uÿþ�9²þ�;

ii. l2��Uÿþ�9�A�AÇ;

iii. lx��Uÿþ�9�A�AÇ.

49. (Q>ó, 1998, Ex 4.16) �áuU? E �n�{¿� ψ1, ψ2 Ú ψ3, *d�5Õá, �Ø��. Á|^§��¤�|*d��8��Å¼ê.

50. (Q>ó, 1998, Ex 4.17) �kÝ
 A, B, C, S �. y²§

det(AB) = detA · detB, det(S−1AS) = detA,

tr(AB) =tr(BA), tr(S−1AS) = trA,

tr(ABC) =tr(CAB) = tr(BCA).

detA L«�Ý
 A éA�1�ª��, trA �LÝ
 A �é����Ú.

51. (Q>ó, 1998, Ex 4.18) ?u³|V (r)¥�âf, 3�IL�¥ÙUþ���§L«¤{
− h̄2

2m
∇2 + V (r)

}
ψ(r) =Eψ(r),

Á3ÄþL�¥�Ñ�A�Uþ���§.

52. (Q>ó, 1998, Ex 5.1) �åÆþAØw¹t, H�NX�Hamiltonþ, y²

−h̄ d
2

dt2
A =[[A,H], H].

53. (Q>ó, 1998, Ex 5.2) �åÆþAØw¹t, y²3åP½�e

dA

dt
=0.

54. (Q>ó, 1998, Ex 5.3) Dx(a) = exp
(
−a ∂

∂x

)
= exp(−iapx/h̄)L«÷x��²£åla��Î. y²e�/ªÅ¼ê(BlochÅ¼ê)

ψ(x) =eikxφk(x), φk(x+ a) = φ(x),

´Dx(a)����, �A����e−ika.

1 10 � (� 24 �)
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55. (Q>ó, 1998, Ex 5.4) �|m′z〉L«mz����(����m′zh̄). y²

e−imxϕ/h̄e−imyθ/h̄ |m′z〉

´�Äþm÷�m(θ, ϕ)

mx sin θ cosϕ+my sin θ sinϕ+mz cos θ

����.

56. (Q>ó, 1998, Ex 5.5) �HamiltonþH = p2/2µ+ V (r), y²e�¦Ú5K∑
n

(En − Em) |xnm|2 =h̄2/2µ,

x´r���©þ,
∑
n´é��½�¦Ú, En´éAun��Uþ���, H |n〉 = En |n〉.

J«: O�[[H,x], x], ¦〈m|[[H,x], x]|m〉.

57. (Q>ó, 1998, Ex 5.6) �F (r,p)�Hermite�Î, y²3UþL�¥�¦Ú5K∑
n

(En − Em) |Fnk|2 =
1

2
〈k|[F, [H,F ]]|k〉 .

58. (Q>ó, 1998, Ex 6.1) |^úª

R =
m1r1 +m2r2

m1 +m2
,

r =r1 − r2,

M =m1 +m2,

µ =
m1m2

m1 +m2

y²e�'Xª

�éÄþ p =µṙ =
1

M
(m2p1 −m1p2),

oÄþ P =MṘ = p1 + p2,

o;��Äþ L =l1 + l2 = r1 × p1 + r2 × p2

1 11 � (� 24 �)
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=R× P + r × p,

oÄU T =
p2

1

2m1
+
p2

2

2m2
=
P 2

2M
+
p2

2µ
.

59. (Q>ó, 1998, Ex 6.2) ÓþK. ¦�IL�¥p, PÚL��ÎL«ª

p = −ih̄∇r, P = −ih̄∇R, L = R× P + r × p.

60. (Q>ó, 1998, Ex 6.3) |^��fU?úª, ?Øe�NX�UÌ

i. >fó�(positronium, �e+ − e−åPNX),

ii. µ�f(muonic atom),

iii. µfó�(muonium, �µ+ − µ−åPNX).

61. (Q>ó, 1998, Ex 6.4) é��fÄ�, O�∆x∆p.

62. (Q>ó, 1998, Ex 6.5) éu��fÄ�, ¦>f?u²;B«(r > 2a)(=E − V < 0)�AÇ.

63. (Q>ó, 1998, Ex 6.6) éua��f(Ö>ÖZe)�“�;�”(�nr = 0, =l = n− 1�;�), O�

i. ��A�»;

ii. ²þ�»;

iii. Þá∆r =
{〈
r2
〉
− 〈r〉2

}1/2

.

64. (Q>ó, 1998, Ex 6.7) �>Ö�Ze��fØâ,u)β−PC, Ø>ÖC¤(Z + 1)e. ¦PCc�fZ¥��K>f(1s;�þ�>f)3PC�E,

�±3#��f(Z + 1)�K;��AÇ.

65. (Q>ó, 1998, Ex 6.8) �w7á�f¥�d>f¤É�f¢(�fØ+÷�>f)��^CqL«�

V (r) =− e2

r
− λe

2a

r2
(0 < λ� 1),

a�Bohr�», þªm>12��¶-Coulomb³. ¦d>f�U?.

J«: -l(l + 1)− 2λ = l′(l′ + 1), )Ñ

l′ =− 1

2
+ (l + 1/2)

{
1− 8λ

(2l + 1)2

}1/2

.

1 12 � (� 24 �)
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66. (Q>ó, 1998, Ex 6.9) �âf?u¥%³V (r) = 1
2Kr

2 +Dl2, (K, D�~ê, K > 0), l�;��Äþ. ¦âfU?.

67. (Q>ó, 1998, Ex 7.1) Ö>q�þ�M�âf3þ!	^|¥$Ä, HamiltonþL«�

H =
1

2M

(
P − q

c
A
)2

=
1

2
Mv2,

v =
1

M

(
P − q

c
A
)
,

�Ý�Îv�n�©þ÷vé´'Xª

v × v =ih̄
q

M2c
B.

b�B÷z¶��, ��Äâf3xy²¡¥�$Ä, Kk

[vx, vy] =
q

M2c
B.

�q > 0, -

Q =

√
M2c

h̄qB
vx, P =

√
M2c

h̄qB
vy,

K

[Q,P ] = 1/h̄,




H =
1

2
M(v2

x + v2
y) =

1

2
(Q2 + P 2)h̄ωc,

ª¥ωc = qB/Mc�cyclotron�ªÇ. þª���fHamiltonþ�q. dd¦ÑÙUþ���(LandauU?)

En = (n+ 1/2)h̄ωc.

68. (Q>ó, 1998, Ex 7.2) ¦�pR��þ!>|Ú^|¥��>âf�Uþ���.

J«: �>|÷y��E = (0, E , 0), ^|÷z��, ÀLandau5�, A = (−By, 0, 0), Kâf3xy²¡S$Ä�Hamiltonþ�

H =
1

2M

{(
Px +

qB

c
y

)2

+ P 2
y

}
− qEy.
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69. (Q>ó, 1998, Ex 8.1) )�e�¯K

i. 3σzL�¥, ¦σx����.

ii. ¦σzL��σxL��C�Ý
S.

iii. �y

SσxS
−1 =S

(
0 1

1 0

)
S−1 =

(
1 0

0 −1

)
.

70. (Q>ó, 1998, Ex 8.2) 3σzL�¥, ¦σ · n����, n = (sin θ cosϕ, sin θ sinϕ, cos θ)´� �(θ, ϕ)���ü ¥þ.

71. (Q>ó, 1998, Ex 8.3) 3sz���χ1/2(sz) =

(
1

0

)
e, ¦(∆sx)2Ú(∆sy)2.

72. (Q>ó, 1998, Ex 8.4) 3sz���χ1/2e, ¦σ ·n��Uÿþ�9�A�AÇ. e>f?uσ ·n = +1�g^�e, ¦σ�©þ��Uÿþ�9�A

�AÇ±9σ�²þ�

73. (Q>ó, 1998, Ex 8.5) y²

i. eiλσz = cosλ+ iσz sinλ (λ�~ê).

ii. eiσ·A = cosA+ iσ · n sinA, A = An, A�~¥þ, ���A, ���ü �þ�n

iii. y²Tr
(
eiσ·A

)
= 2 cosA, Tr�¦Ý
�é���Ú.

74. (Q>ó, 1998, Ex 8.6) y²eiλσzσxe
−iλσz = σx cos(2λ)− σy sin(2λ) (λ�~ê).

75. (Q>ó, 1998, Ex 8.7)>f�^Ý�Î�L«�µ = − e
2mc (l+2s). ^Ý�*ÿ�½Â�µ = 〈ljmj |µz|ljmj〉|mj=j = 〈ljj|µz|ljj〉, |ljmj〉´(l2, j2, jz)�

�Ó���. O�µ.

J«: µz = − e
2mc (jz + sz). |^ª

〈ljmj |σz|ljmj〉 =

{
mj/j, j = l + 1/2,

−mj/(j + 1), j = l − 1/2.

76. (Q>ó, 1998, Ex 8.8) dü���Óâf(g^þ�h̄/2)|¤�NX, �âfm�p�^L«�H = As1 · s2(Ø�Ä;�$Ä). Ð©��(t = 0)â

f1g^“�þ”(s1z = 1/2), âf2g^“�e”(s2z = −1/2). ¦��t(> 0)�,

i. âf1g^�þ�AÇ;
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ii. âf1Ú2�g^þ�þ�AÇ;

iii. og^S = 0Ú1�AÇ;

iv. s1Ús2�²þ�.

77. (Q>ó, 1998, Ex 8.9) �k��½�>f, É�÷x��þ!^|B��^, Hamiltonþ(Ø�Ä;�$Ä)L«�H = eB
mcsx = eBh̄

2mcσx. �t = 0�>

fg^“�þ”(sz = h̄/2), ¦t > 0�s�²þ�.

78. (Q>ó, 1998, Ex 8.10) �Äg^�h̄/2�âf, äk^Ýµ, 3=Ä^|B(t)¥$Ä. B(t) = (B1 cos(2ω0t), B1 sin(2ω0t), B0), ω0 = µB0/h̄. Hamil-

tonþL«�(σzL�)

H(t) =− µ ·B = −µσ ·B =

(
−µB0 −µB1e

2iω0t

−µB1e
−2iω0t µB0

)
,

¹�Hamiltonþäk±Ï5, H(τ) = H(0), τ = π/ω0.

i. rtw¤ëê, ¦H(t)�]�(instantaneous)���.

ii. �âfÐ�ψ(0) = ψ−(0). 3ý9Cqe(^|=Ä4ú), âfg^��±3ψ−(t)(�Ñψ+(t)�·Ü), ψ(t)�L«�

ψ(t) =a−(t) exp

(
−iE−t
h̄

)
ψ−(t),

�\¹�Schrödinger�§

ih̄
∂

∂t
ψ =Hψ,

¦)a−(t) = eiβ−(t), ?Ø²{�±Ï��� β−(τ).

iii. Ø�ý9Cq, ψ(t)��)AL«¤ψ(t) =

(
a(t)

b(t)

)
. �Ð��ψ(0) =

(
a0

b0

)
. ¦ψ(t).

79. (Q>ó, 1998, Ex 9.1) ��³²V (x)¥âf�Uþ����§�

Hψn(x) =

{
− h̄

2

2µ

d2

dx2
+ V (x)

}
ψn(x) = Enψn(x).

��3åP�, �Ä�UþE0(k�, E0 6= −∞)�ëì:, =E0 = 0, Kψ0(x)÷v{
− h̄

2

2µ

d2

dx2
+ V (x)

}
ψ0(x) =0.
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ψ0(x)Ã!:(>.:Ø	). �ÄXeUþ���§,

H−ψ0(x) =

{
− h̄

2

2µ

d2

dx2
+ V (x)

}
ψ0(x) = 0,

w,

V−(x) =
h̄2

2µ

ψ′′0 (x)

ψ0(x)
,

ÏdH−�±L«�

H− =
h̄2

2µ

{
− d2

dx2
+
ψ′′0 (x)

ψ0(x)

}
.

½Â�Î

A =

√
h̄2

2µ

{
d

dx
− ψ′0
ψ0

}
,

A+ =

√
h̄2

2µ

{
− d

dx
− ψ′0
ψ0

}
,

i. y²Aψ0 = 0;

ii. y²A+A = H−;

iii. y²AA+ −A+A = − h̄
2

µ

(
ψ′′0
ψ0

+
ψ′20
ψ2

0

)
, 


AA+ ≡ H+ =− h̄2

2µ

d2

dx2
+ V+(x),

V+(x) =− h̄2

2µ

ψ′′0
ψ0

+
h̄2

µ

ψ′20
ψ2

0

.

iv. ØH−�Ä�	, y²H+�H−����ke�'X

E(+)
n =E

(−)
n+1, n = 0, 1, 2, . . . .

v. ò±þ?ØA^u��f(�h̄ = m = ω = 1, ψ0(x) ∼ e−x2/2), O�ÑAÚA+.
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80. (Q>ó, 1998, Ex 9.2) éu��f�»��§, �h̄ = e = µ = 1,

χ′′l +

{
2

(
E +

1

r

)
− l(l + 1)

r2

}
χl =0

�U�¤

D(l)χl(r) =λlχl(r), λl = −2E,

D(l) =
d2

dr2
− l(l + 1)

r2
+

2

r
.

-

A+(l) =
d

dr
− l + 1

r
+

1

l + 1
,

A−(l) =
d

dr
+
l

r
− 1

l
, (l > 0).

y²

A−(l + 1)A+(l) =D(l)− 1

(l + 1)2
,

A+(l − 1)A−(l) =D(l)− 1

l2
, (l > 0).

±9

D(l)A+(l − 1)χl−1 =λl−1A+(l − 1)χl−1,

D(l)A−(l + 1)χl+1 =λl+1A−(l + 1)χl+1.

Ïd�²A+ÚA−�Î��^´¦�ÄþlO, ~1, ��±UþEØC.

81. (Q>ó, 1998, Ex 9.3) éun���Ó5��f, V (r) = 1
2µω

2r2, �h̄ = ω = µ = 1, »��§�

χ′′l +

{
2E − r2 − l(l + 1)

r2

}
χl = 0,

�±U�¤

D(l)χl(r) =λlχl(r),
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D(l) =
d2

dr2
− l(l + 1)

r2
− r2, λl = −2E.

-

A+(l) =
d

dr
− l + 1

r
+ r,

A−(l) =
d

dr
+
l

r
− r,

B+(l) =
d

dr
− l + 1

r
− r,

B−(l) =
d

dr
+
l

r
+ r,

y²

A−(l + 1)A+(l) =D(l) + (2l + 3),

A+(l − 1)A−(l) =D(l) + (2l − 1),

B−(l + 1)B+(l) =D(l)− (2l + 3),

B+(l − 1)B−(l) =D(l)− (2l − 1),

±9

D(l)A+(l − 1)χl−1 =(λl−1 + 2)A+(l − 1)χl−1,

D(l)A−(l + 1)χl+1 =(λl+1 − 2)A−(l + 1)χl+1,

D(l)B+(l − 1)χl−1 =(λl−1 − 2)B+(l − 1)χl−1,

D(l)B−(l + 1)χl+1 =(λl+1 + 2)B−(l + 1)χl+1.

dd�²�ÎA+(A−)��^´¦�ÄþlO(~)1, Uþ~(O)1, 
B+(B−)��^´¦lO(~)1, �UþO(~)1.

82. (Q>ó, 1998, Ex 9.4) �ü��Óâf�Äþj1 = j2 = j, ÍÜ¤o�ÄþJ ,

ψj2JM (1, 2) =
∑
m1m2

〈jm1jm2|JM〉ψjm1(1)ψjm2(2),

|^CGXê�é¡5, y²

P12ψj2JM =(−)2j−Jψj2JM .

ddy², ÃØBosef½Fermif, JÑ7L�óê.
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83. (Q>ó, 1998, Ex 9.5) ��f¥kü�d>f, ?uEnlU?þ, ULSÍÜ�Y, l1 + l2 = L, s1 + s2 = S, L+ S = J (o�Äþ). y²

i. L+ S7�óê.

ii. J = L+ S, . . . , |L− S|. �S = 0�J = L (ó). 
S = 1�, J = L+ 1, L, L− 1, J�±�Û, ��±�ó.

84. (Q>ó, 1998, Ex 9.6) �����ü��ÄþÍÜ¤�Äþ�"��, ψjj00. y²j1z = −j2z = j, j − 1, . . . ,−j�AÇ��, =1/(2j + 1).

J«: |^〈jmj −m|00〉 = (−)j−m/
√

2j + 1.

85. (Q>ó, 1998, Ex 9.7) �j1 + j2 = J , 3|j1j2jm〉�e, y²

〈j1x〉 = 〈j1y〉 = 〈j2x〉 = 〈j2y〉 = 0,

〈j1z〉 =m
j(j + 1) + j1(j1 + 1)− j2(j2 + 1)

2j(j + 1)
,

〈j2z〉 =m
j(j + 1) + j2(j2 + 1)− j1(j1 + 1)

2j(j + 1)

=m− 〈j1z〉 .

86. (Q>ó, 1998, Ex 9.8) 3(l2, lz)L�(±|lm〉�Ä¥)¥, l = 1�f�m��ê�n. ¦lx3dn��m¥�Ý
L«. 2|^Ý
�{¦Ñlx���

�Ú���.

J«: |^úª(Q>ó, 1998, pp.250-251, Eq. (26))

〈jm+ 1|j+|jm〉 =
√

(j +m+ 1)(j −m)

=
√
j(j + 1)−m(m+ 1),

〈jm− 1|j−|jm〉 =
√

(j −m+ 1)(j +m)

=
√
j(j + 1)−m(m− 1),

〈jm+ 1|jx|jm〉 =
1

2

√
(j +m+ 1)(j −m),

〈jm− 1|jx|jm〉 =
1

2

√
(j −m+ 1)(j +m),

〈jm+ 1|jy|jm〉 =− i

2

√
(j +m+ 1)(j −m),

〈jm− 1|jy|jm〉 =
i

2

√
(j −m+ 1)(j +m).

¦lx�Ý
L«.
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87. (Q>ó, 1998, Ex 10.1) ��{��f�HamiltonþL«�H = H0 +H ′,

H0 =− h̄2

2µ

d2

dx2
+

1

2
µω2x2,

H ′ =βx3, (β�¢~ê).

^�6Ø¦ÙUþ���(O(��?Cq)Ú��¼ê(O(��?Cq).

88. (Q>ó, 1998, Ex 10.2) �ÄÍÜ��f, H = H0 +H ′,

H0 =− h̄2

2µ

(
∂2

∂x2
1

+
∂2

∂x2
2

)
+

1

2
µω2(x2

1 + x2
2),

H ′ =− λx1x2, (λ�¢~ê, �xÍÜrÝ).

i. ¦ÑH0����9U?{¿Ý.

ii. ±1�-u��~, ^{¿�6ØO�H ′éU?�K�(�?Cq).

iii. î�¦)H����, ¿��6ØO�(J'�, ?1?Ø.

J«: ��IC�, -x1 = 1√
2
(ξ + η), x2 = 1√

2
(ξ − η), KH�z�ü�Õá���f, ξÚη�Ù{��I.

89. (Q>ó, 1998, Ex 10.3) ��Ã��³²(0 < x < a)¥�âf, É��6H ′�^

H ′(x) =

{
2λx/a, 0 < x < a/2,

2λ(1− x/a), a/2 < x < a.

¦Ä�Uþ��??�.

90. (Q>ó, 1998, Ex 10.4) ¢S�fØØ´��:>Ö, §äk�½��, �CqÀ��»�R�þ!©Ù¥N. §�)�>³�

φ(r) =

 Ze
R

(
3
2 −

1
2
r2

R2

)
, r < R,

Ze
r , r > R.

,

Ze�Ø>Ö. Ár�:>Ö�Aw¤�6,

H ′ =

 −ZeR
(

3
2 −

1
2
r2

R2

)
+ Ze

r , r < R,

0, r > R.
,

O��f�1sU?��?�6?�.
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91. (Q>ó, 1998, Ex 10.5) ���f?un = 3U?. ¦§�Stark©�. (ò�f�u	>|¥, §u��1Ì�¬u)©�, d=Stark©�).

92. (Q>ó, 1998, Ex 10.6) �H = H0 +H ′,

H0 =

(
E

(0)
1 0

0 E
(0)
2

)
, H ′ =

(
a b

b a

)
, (a, b�¢ê).

^�6Ø¦U??�(O(��?Cq), ¿�î�)(rHÝ
é�z)'�.

93. (Q>ó, 1998, Ex 10.7) éu����f, �Ä�Á&Å¼ê/ª�e−λx
2

, λ�ëê. ^C©{¦Ä�Uþ, ¿�î�)'�.

94. (Q>ó, 1998, Ex 10.8) éu���f, H = − h̄2

2m
d2

dx2 + λx4. �Á&Å¼ê�

ψ0(x) =

√
α

π1/4
e−α

2x2/2

(���fÄ�Å¼ê/ª�Ó), α�ëê. ^C©{¦Ä�Uþ.

95. (Q>ó, 1998, Ex 10.9) ��fÄ�Á&Å¼ê��e−λ(r/a)2

, a = h̄2/µe2 (Bohr�»), λ�ëê. ^C©{¦Ä�Uþ, ¿�î�)'�.

96. (Q>ó, 1998, Ex 10.10) �3�Ø¥��f�¥f��p�^L«¤V (r) = −Ae−r/a (A = 32MeV, a = 2.2 × 10−15m). ��f�¥f�é$Ä

Å¼ê/ª��e−λr/2a, λ�C©ëê. ^C©{O��Ø�Ä�Uþ.

97. (Q>ó, 1998, Ex 10.11) ?Ø��FermiíN

i. �>f��3>��L��µ¥, üâfU?deª�Ñ,

E(n) =
π2h̄2

2mL2
n2, n2 = n2

1 + n2
2, nx, ny = 1, 2, . . . ,

3�þfê(n� 1)e, (n, n+ dn)¥�þf�ê8(O9g^�)�dN = πndn. O���ÝdN/dE.

ii. ¦FermiUþEfÚUþ²þ�Eav.

98. (Q>ó, 1998, p.222, öS 1) y²

(σ ·A)(σ ·B) = A ·B + iσ · (A×B),

Ù¥AÚB´�σé´�?Ûü�¥þ. |^dªy²

(σ · p)2 =p2,

(σ · l)2 =l2 − σ · l,

ùppÚl©O�ÄþÚ;��Äþ.
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99. (Q>ó, 1998, p.222, öS 2) ��ÎA�σé´, y²

σ(σ ·A)−A = A− (A · σ)σ = iA× σ.

100. (Q>ó, 1998, p.223, öS 3) -σ± = 1
2 (σx ± iσy). 3PauliL�¥

σ+ =

(
0 1

0 0

)
, σ− =

(
0 0

1 0

)
.

^Ý
¦{y²

σxα =β, αxβ = α, σyα = iβ, σyβ = −iα,

σ+α =0, σ+β = α, σ−α = β, σ−β = 0,

Ù¥αÚβ©O´σz�A��+1Ú−1����.

101. (Q>ó, 1998, p.161, g�K 1) �NXkü�âf, z�âf�?un�üâf�ϕ1, ϕ2Úϕ3¥�?Û��. Á¦NX�U��ê8, ©n«�¹

?Ø,

i. ü��ÓBosef;

ii. ü��ÓFermif;

iii. ü��«©âf.

102. (Q>ó, 1998, p.161, g�K 2) �NXk3�âf|¤, z�âf�?un�üâf�ϕ1, ϕ2Úϕ3¥�?Û��. ©ÛNX�U��ê8, ©n«

�¹,

i. ØO9Å¼ê���é¡5;

ii. �¦Å¼êéu��´�é¡�;

iii. �¦Å¼êéu��´é¡�.

Á¯(ii)�é¡�Ú(iii)é¡��oê´õ�? �(i)�(J´Ä�Ó? éd�Ñ`².

103. (�7â, 2014, Ex.3-6) y²?Û�� Hermite Ý
ÑU���N�Ý
é�z.

104. y²±e½n

i. ��*	þξé´��5�Î, 7½��ξ�?¿¼êé´.
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ii. �5�ÎXJ�é´�*	þ��8�¥�z���*	þ�é´, K§´ù
�*	þ�¼ê.

iii. Xk��*	þξ9��5�Îg, XJ�ξé´�?¿�5�Î��gé´, @o, gÒ´ξ�¼ê.

105. éu4�ü�, �kõ��a? �Ñz�a�¤k��.

106. (Ü[� et al., 2005, Ex 9.9) ü�Ã�p�^�âf, �þÑ�m, ?u��Ã���³²¥, ³²°Ý�2a, 3²¥³�", ²	³Ã¡�.

i. ¦XÚo��$U?�Uþ�´õ�;

ii. ¦ù
U?�{¿Ý. XJùü�âf

(a) ´�Óâf, g^� 1
2 ;

(b) Ø´�Óâf, g^� 1
2 ;

(c) ´�Óâf, g^�1.

107. (Q>ó, 1998, p.238, öS 1) -P12 = 1
2 (1 + σ1 · σ2).

i. y²P 2
12 = 1;

ii. y² P12 = S2 − 1.

¿ddy²P12χSMS
= (−1)S+1χSMS

, P12kÛÔn¿Â?

108. (Q>ó, 1998, p.238, öS 2) -P3 = 1
4 (1 + 3σ1 · σ2), P1 = 1

4 (1 − σ1 · σ2) = 1
2 (1 − P12). y²P3χ1MS

= χ1MS
, P3χ00 = 0, P1χ1MS

= 0,

P1χ00 = χ00.

109. (Q>ó, 1998, p.238, öS 3) |^

S2 =
h̄2

2
(3 + σ1 · σ2),

y² χSMS
�´σ1 · σ2����, =

σ1 · σ2χ1MS
=χ1MS

σ1 · σ2χ00 =− 3χ00

110. (Constantinescu and Magyari, 1983, 3.2) � u Ú v ´ü��*ÿþ�Î, P u �ÿþ²þ�� 〈u〉, ½Âe�þ� �

∆u =
√
〈u2〉 − 〈u〉2

∆v =
√
〈v2〉 − 〈v〉2
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∆u∆v ≥ 1

2
h̄ |〈w〉| ,

Ù¥

w = − i
h̄

(uv − vu).
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