
An Evanescent Particle (1997). Pérez Celis, Argentine painter (1939–2008). Starting from the
bottom, this beautiful picture conveys the image of the linear combination (2.29), representing
a particle exiting from the intermediate screen in a two-slit experiment (Fig. 2.5). Both green
and brown components display a definite wave length, as befits a plane wave. Environment
effects become effective after traveling some distance, resulting in a classical, decohered, single
component. This picture belongs to the collection of Banco de la Nación Argentina, and is
reproduced with authorization from this institution and from Pérez Celis’ family



Appendix A
Solutions to Problems and Physical Constants

Solutions to Problems

Chapter 2

Problem 1. (1) ‰ D c1pjc1j2 C jc2j2
‰1 C c2pjc1j2 C jc2j2 ‰2 .

(2)
jc1j2

jc1j2 C jc2j2 .

Problem 2. (1) ‰3 D � c
p

1 � jcj2 ‰1 C 1
p

1 � jcj2 ‰2 .

(2) ‰ D .c1 C cc2/‰1 C c2

p
1 � jcj2‰3pjc1j2 C jc2j2 C c1c�c�

2 C c�
1 cc2

:

Problem 5. �i
„ Op
M

:

Problem 6. (1) �i„n Opn�1 : (2) �i„df

d Op .

Problem 8. (1) OR‰ D ‰ : (2) OR‰ D 0 :

Problem 9.
hi jpjj i
hi jxjj i D iM.Ei � Ej /

„ .

Problem 10.

result probability result probability

g1, f1 16/25 g1, f2 4/25
g2, f1 1/25 g2, f2 4/25
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Problem 11. .1/ P.4Kp/ D 1

6
P.Kp/ D 5

6
: .2/ hjKji D 3

2
Kp �K D

p
5

2
Kp:

(3)
1p
5

ϕ2 C 2p
5

ϕ3 .

Problem 12. �x � 10�19 m, �v � 10�19 m s�1.

Problem 13. (1) �EH=�E D O.10�25/ . (2) x D O.1010/ m.

Chapter 3

Problem 1. (1) 0; ˙p
2 . (2) ϕ˙p

2 D 1

2

0

@
1

0

0

1

A˙ 1p
2

0

@
0

1

0

1

AC 1

2

0

@
0

0

1

1

A ,

ϕ0 D 1p
2

0

@
1

0

0

1

A � 1p
2

0

@
0

0

1

1

A ; U D 1

2

0

@
1

p
2 1p

2 0 �p
2

1 �p
2 1

1

A :

Problem 2. (1) �˙ D ˙
p

a2 C c2 : (2) �˙ D ˙jaj
�

1 C c2

2a2
C � � �

�
:

(3) �˙ D ˙jcj
�

1 C a2

2c2
C � � �

�
:

Problem 3. h1j2i D h1j3i D h2j4i D h3j4i D 0 :

Problem 4. (1) �Q D .0:5; 0:5; �1/ ; �R D .0:5; �0:5; 1/ .

(2) Œ OQ; OR� D 0 : (3)

0

@
1=

p
2

1=
p

2

0

1

A ;

0

@
1=

p
2

�1=
p

2

0

1

A ;

0

@
0

0

1

1

A .

Problem 5. (1) ˙„
2

: (3) ϕˇ" D cos
ˇ

2

�
1

0

�
C sin

ˇ

2

�
0

1

�
;

ϕˇ# D � sin
ˇ

2

�
1

0

�
C cos

ˇ

2

�
0

1

�
:

Problem 7. (1) E D V0 C 7„
2

r
c

M
: (2) E D � b2

2c
C „

r
c

M

�
n C 1

2

�
.

Problem 8. (1) xc D p„=.Mc/1=4 : (2) 3„! .

Problem 9. (1)
2M!

„ hn C 2jx2jni D � 2

„M!
hn C 2jp2jni D

p
.n C 1/.n C 2/ ; and 0 otherwise. (3)

hnjKjni
hnjV jni D �hn ˙ 2jKjni

hn ˙ 2jV jni D 1 .
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Problem 10. Zero.

Problem 11. (1) ‰ D 1p
2

ϕ0 C 1p
2

ϕ1 : (2) h‰jxj‰i D 1p
2

xc ; h‰jpj‰i D
h‰j˘ j‰i D 0 .

Problem 13. cȧn D �icḃ.nC1/ D 1p
2

.

Chapter 4

Problem 2. (1) ϕn D
r

2

a
sin.knx/ .0 � x � a/ and ϕn D 0 otherwise.

kn D n =a ; En D „2k2
n=2M: (3) No.

Problem 3. E � .„�p/2=2M � „2=8Ma2 .

Problem 4. i� coth
�a

2
D k cot

ka

2
; � D

p
2M.V0 � E/=„;

k D p
2ME=„.

Problem 5.
X

k

Ek � a

2 

Z
Ekdk � Ekmax D „2k2

max=2M .

Problem 6. (1) �.E/ D a

 „

r
M

2E
: (2) 0.81 107 eV.

Problem 7. (1) � cot
ka

2
D �

k
.

Problem 8. 1 eps, 1 eps C 1 ops, 2 eps C 1 ops, 2 eps C 2 ops.

Problem 9. R D 0:030 ; T D 0:97 .

Problem 10. (1) xd � 1=� D 1:13 Å. (2) T D 1:7 � 10�15 .

Problem 11. lim
�a�1

T D 2E=V0

2E=V0 C M V0a2=„2
;

lim
�a�1

T D 16E

V0

�
1 � E

V0

�
exp

�
�2a

„
p

2M.V0 � E/

�
.

Problem 12. 3 10�3 Å.

Problem 13. (2) The lattice exerts forces on the electron.

(3) hkjpjki D „k

Z
jukj2dx � i„

Z
u�

k

duk

dx
dx .
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Problem 14.
1

Meff

D 1

M
� d 2

„2.df =dE/EDE0

, where f .E0/ D ˙1.

Problem 15. (1) � D
 

2„p
2 

a˛

!1=2

. (2) j‰j2 D ˛

„p
2 

expŒ�x2˛2=2„2�

(3) 0, „2=˛2. (4) 0, ˛2=4.

Chapter 5

Problem 1. O
�
1031

�
.

Problem 2.
„p
2

0

@
0 1 0

1 0 1

0 1 0

1

A �! „
0

@
1 0 0

0 0 0

0 0 �1

1

A :

Problem 4. i„J .

Problem 5. (1) h00jY20j00i D h11jY21j21i D h00jY11j11i D h00j˘ j10i D 0 .
(2) h10jY20j10i D 0:25 ; h00jY11j1.�1/i D �0:28 ; h00j˘ j00i D �h11j˘ j11i
D 1 :

Problem 7. (1) ϕsxD˙ 1
2

D 1p
2

�
1

˙1

�
; ϕsy D˙ 1

2
D 1p

2

�
1

˙i

�
:

(2) ˙„
2

;
1

2
: (3) OSx D „

2

�
0 i
�i 0

�
:

(4) ϕsxD˙ 1
2

D 1 ˙ i

2
ϕsy D 1

2
C 1 � i

2
ϕsyD� 1

2
.

Problem 8. (1)
1

2
.a C b/2 : (2)

1

2
.a2 C b2/ : (3) a2 .

Problem 9. (1)
„
2

; cos2 ˇ

2
; �„

2
; sin2 ˇ

2
: (2)

„
2

cos ˇ :

Problem 10. (1) ϕ 3
2

1
2

D �
r

2

5
Y20

�
1

0

�
C
r

3

5
Y21

�
0

1

�
;

ϕ 5
2

1
2

D
r

3

5
Y20

�
1

0

�
C
r

2

5
Y21

�
0

1

�
: (3) Yl l

�
1

0

�
; 1 .

Problem 11. Equation (7.12).
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Problem 12.
P

m1m2
c.j1m1; j2m2; jm/c.j1m1; j2m2; j 0m0/ D ıjj 0ımm0 ;P

j m c.j1m1; j2m2; jm/c.j1m0
1; j2m0

2; jm/ D ım1m0

1
ım2m0

2
.

Problem 13. ϕ 1
2 lj m D .�1/

1
2 Cl�j ϕl 1

2 j m.

Chapter 6

Problem 1. 2:5 � 10�3 eV.

Problem 2. (1) 1s 1
2
; 2s 1

2
; 2p 1

2
; 2p 3

2
; 3s 1

2
; 3p 1

2
; 3p 3

2
; 3d 3

2
; 3d 5

2
:

(2) 0s 1
2
; 1p 1

2
; 1p 3

2
; 2s 1

2
; 2d 3

2
; 2d 5

2
; 3p 1

2
; 3p 3

2
; 3f 5

2
; 3f 7

2
.

Problem 3. (1) .N C 1/.N C 2/ : (2)
„2

2
N.N C 3/ :

(3) EN lj D „!

�
˛N lj

16
C 3

2

�
, where ˛N lj D 0.0s 1

2
/; 10.1p 3

2
/; 20.1p 1

2
/;

27.2d 5
2
/; 37.2d 3

2
/; 37.2s 1

2
/; 39.3f 7

2
/; 53.3f 5

2
/; 53.3p 3

2
/; 59.3f 1

2
/ :

(4) l D N ; j D N C 1

2
.

Problem 4. ϕn D 1p
2 a

1

r
sin

n r

a
; En D 1

2M

�„n 

a

�2

:

Problem 5. r
.nr D1;lD0/
max D 5:2a0; h200jr j200i D 6a0; r

.nr D0;lD1/
max D 4a0;

h21mljr j21mli D 5a0 .

Problem 7. (1)
R

h100jr j100i D 1:5 � 10�5 .H/ ;

R

h100jr j100i D 7:3 � 10�3 .Pb/ : (2)
R

h100jr j100i D 3:1 � 10�3 .H/ ;

R

h100jr j100i D 1:5 .Pb/ .

Problem 8. r2 ! s ; ϕ.r2/ ! s1=4	.s/ ; l.l C 1/ ! 1

4
l.l C 1/ � 3

16
;

1

4
E ! e2=4 
0 ;

1

8
M!2 ! �E :

Problem 9. EsD0 D �3

4
a„2 ; EsD1 D 1

4
a„2 .

Problem 10. .1/ �BBz: .2/
3

2
�so„2: .3/

1

2
�so„2.9 C 2q C q2/1=2:
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Problem 11. jr D jAj2„k=r2M ; flux(d˝/ D jAj2„kd˝=M .

Problem 12. (1) ˇ� D �1 C ak� cot ak� I k� D 1
„
p

2M V0.

(2) ˇC D sin ı0=.ak cos ı0 C sin ı0/ I k D 1
„
p

2ME.
(3) tan ı0 D ka .1 � tan ak�=ak�/. (4) 
.�/ D a2 .1 � tan ak�=ak�/2.

(5) 
 D 4  a2 .1 � tan ak�=ak�/2.

Problem 13. (1) V D V.�/ ; � 	 p
x2 C y2 ; 	 	 tan�1.y=x/ :

(2)
1

2M

�
Op2
x C Op2

y

	
D � „2

2M

�
@2

@�2
C 1

�

@

@�
C 1

�2

@2

@φ2

�
; Eml

D E�ml
:

(3) En D „!.n C 1/ ; n C 1 ; n D 0; 1; 2; : : : .

Problem 14. (1) !ph D !cl D „=Ma2
0n3 .

(2) Bohr correspondence principle (Sect. 15.3.2).

Chapter 7

Problem 1. (1)
1

2xc

p
2 

exp

�
� x2

2x2
c

��
1 C x2

x2
c

�
; xc

p
2 ; 0:10 :

(2)
1

xc

p
2 

exp

�
� x2

2x2
c

�
; xc ; 0:16 .

(3)
1

x3
c

p
2 

exp

�
� x2

2x2
c

�
x2 ; xc

p
3 ; 0:0021 :

Problem 2. (1) ϕC D 1p
2



ϕ100.1/ϕ21ml

.2/ C ϕ100.2/ϕ21ml
.1/
�
¦sD0 ;

ϕ� D 1p
2



ϕ100.1/ϕ21ml

.2/ � ϕ100.2/ϕ21ml
.1/
�
¦sD1;ms : (2) EC > E� :

Problem 3. J D 0; 2; 4 :

Problem 4. (1) s. (2) a. (3) s. (4) a. (5) s.

Problem 5. J even.

Problem 6. (1) 3=2; 1=2 : (2) 1=2 :

Problem 8.
1

2
C ;

3

2
� ;

1

2
�;

5

2
C ;

7

2
� ;

1

2
� :

Problem 9. (1) 3:8= � 0:26=4:8 (�p). (2) �1:9=0:64= � 1:9 (�p).
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Problem 10. (1) 1 10�3. (2) 2 10�1. (3) 4 10�3.

Problem 11. n.
/ D M


 „2
; CV D 2nFkB

T

TF
:

Problem 12. 1/3; 1/2; 3/5.

Problem 13. (1) 5:9 � 103 Å. (2) Red.

Problem 14. (1) �  2

12
.kBT /2 =
F. (2) �1:7 � 10�4 eV.

Problem 15. Constant.

Problem 16. qaa C qbb ; �qac ; qbc .

Chapter 8

Problem 1. (1) Equation (8.10).

(2) c
.2/

p¤n
D 1

E
.0/
n � E

.0/
p

2

4
X

q¤n

c.1/
q hϕ.0/

p jV jϕ.0/
q i � E.1/

n c.1/
p

3

5 ;

c.2/
n D �1

2

X

p¤n

jc.1/
p j2 .

Problem 2. (1) E
.1/
1 D E

.1/
2 D 0 ; E

.1/
3 D 2c :

(2) E
.2/
1 D �E

.2/
2 D jcj2

3
; E

.2/
3 D 0 :

(3) ϕ.1/
1 D c

3
ϕ.0/

2 ; ϕ.1/
2 D �c

3
ϕ.0/

1 ; ϕ.1/
3 D 0 :

(4) ϕ.2/
1 D �jcj2

18
ϕ.0/

1 ; ϕ.2/
2 D �jcj2

18
ϕ.0/

2 ; ϕ.2/
3 D 0 :

(5) E˙ D 7

2
˙ 3

2

r

1 C 4jcj2
9

� 7

2
˙ jcj2

3
; E3 D �1 C 2c .

Problem 3. (1) E
.1/
0 D 0 ; E

.2/
0 D � k2

2M!2
:

(2) E
.1/
0 D bx2

c

4
; E

.2/
0 D � b2x2

c

16M!2
.

Problem 4. (1) E
.1/
0 D � 3

32M

�„!

c

�2

: (2) 10�8 .
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Problem 5. ‰n D
2

41 � 1

2

X

p¤n

jhϕ.0/
p jV jϕ.0/

n ij2
.E

.0/
n � E

.0/
p /2

3

5ϕ.0/
n

C
X

p¤n

hϕ.0/
p jV jϕ.0/

n i
E

.0/
n C hϕ.0/

n jV jϕ.0/
n i � E

.0/
p

ϕ.0/
p C

X

p;q.¤n/

hϕ.0/
p jV jϕ.0/

q ihϕ0
q jV jϕ.0/

n i
.E

.0/
n � E

.0/
p /.E

.0/
n � E

.0/
q /

ϕ.0/
p .

Problem 7.

(1) hH i D „!

4

"
M

M � C M �

M
� 3

8

„!

Mc2

�
M �

M

�2

C 15

32

� „!

Mc2

�2 �
M �

M

�3

C � � �
#

:

(2) 1 D
�

M �

M

�2

� 3

4

„!

Mc2

�
M �

M

�3

C 45

32

� „!

Mc2

�2 �
M �

M

�4

C � � � :

(3)
M �

M
D 1 C 3

8

„!

Mc2
� 45

128

� „!

Mc2

�2

C � � � :

(4) hH i D „!

2

"

1 � 3

16

„!

Mc2
C 3

16

� „!

Mc2

�2

C � � �
#

.

Problem 8.
�
1s2p ˙

ˇ
ˇ
ˇ̌ e2

4 
0r

ˇ
ˇ
ˇ̌ 1s2p˙



D �.0:98 ˙ 0:08/EH :

Problem 9.

hH iZ Z� hH iZ� exp

He 5:50 1.69 5:69 5:81

LiC 14:25 2.69 14:44 14:49

BeCC 27:00 3.69 27:19 27:21

Problem 10. �E D 3„!

4

�
xc

R0

�4

l.l C 1/ � „!

2

�
xc

R0

�6

l2.l C 1/2 .

Problem 11. (1) 
0 D �8:75 10�4 eV ; R0 D 2:87 Å :

(2) „! D 4:0 10�3 eV. (3)
„2

2� R2
0

D 1:29 10�4 eV.

Problem 12. E˙.m D 0/ D E
.0/
nD2 ˙ 3eEza0 ; E.m D ˙1/ D E

.0/
nD2 :

Problem 13. (1) H D 1

2M

X

��

h�jp2j�iaC
� a�

C g

2

X

��

h�jx2j�i
X

�

aC
� aC

� a�a� � g

2

X

����

h�jxj�ih�jxj�iaC
� aC

� a�a�:

(2) HH D „!H

X

�

�
aC

� a� C 1

2

�
I V 0 D �g

2

 
X

��

h�jxj�iaC
� a�

!2

I
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!H D
r

Ng

M
. (3) HRPA D „!H�C� � g

2
hN C 1jxjN i2 .�C C �/2 I

�C D aC
N C1aN I !RPA D 0. (4) Translational invariance.

Chapter 9

Problem 1. 0:50 � 0:40 sin.3 2„t=2Ma2/ :

Problem 2.
dh‰jpj‰i

dt
D �

�
‰

ˇ
ˇ
ˇ
ˇ
dV

dx

ˇ
ˇ
ˇ
ˇ‰



.

Problem 3. cy" D 1 � ip
2

cos

�
1

2
!Lt C  

4

�
.

Problem 4. Un.t; 0/ D cos
!Lt

2
I C i sin

!Lt

2
n � � .

Problem 5. 0.36, 0.50, 0:13 :

Problem 6. P
.1/

"!# D !02

.! � !L/2
sin2

�
1

2
t.! � !L/

�
.

Problem 7.

(1) c0!1 D � ivV0

„xc

r
2

 
exp

�
� „!

4M v2

�Z t2

t1

t exp

"

� v2

x2
c

�
t � i

„!

2M v2

�2
#

dt :

(2) jc0!1j2 D V0

2M v4
exp

�
� „!

2M v2

�
.

Problem 8.

(1) ‰.t/ D cos �0 exp

�
� iV0 sin.!t/

4„!

�
¦1

0 C sin �0 exp

�
i3V0 sin.!t/

4„!

�
¦0

0 .

(2) ‰.t/ D exp

�
� iV0 sin.!t/

4„!

�
ϕB0

.

Problem 9. P0!1 D 2

�
Kxc

„!

�2

sin2 !t

2
:

Problem 10.

(1) c
.2/

k D 1

„2

X

j

hkjV jj ihj jV jii
�

1

!ki !kj

C exp.i!ki t/

!ki !j i

C exp.i!kj t/

!kj !ij

�
:

(2) P0!2 D 2

�
Kxc

„!

�4

sin4 !t

2
.
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Problem 11. (1) 0.5 and 0:5 � 10�7. (2) 2 � 10�2.

Problem 12.

ˇ
ˇ
ˇ
ˇ
h210jrj100i
h310jrj100i

ˇ
ˇ
ˇ
ˇ

2

D 6:3 ;
P.100 ! 210/

P.100 ! 310/
D 3:8 .

Problem 13. (1)
P.310 ! 200/

P.310 ! 100/
D 0:13 : (2) 1:1 � 10�8 s. (3) 4 � 10�7 eV.

Problem 14. (1) hn; n � 1jjQ1jjn � 1; n � 2i D �a0 n3=
p

2 :

(2) �.n; n � 1 ! n � 1; n � 2/ D 6n4„=˛5Mc2 :

(3)
�.n; n � 1 ! n � 1; n � 2/

�.2; 1 ! 1; 0/
D 7n4.

Chapter 10

Problem 1. (1) j.2j C 1/ � j.2j C 1/ : (2)

�
j C 1

2

�
�
�

j C 1

2

�
:

(3) Ea D �g

�
j C 1

2

�
; Eb D 0 .

Problem 2. (1) h0jHtbj0iA D ˝
2

D �g
˝2

4

�
1 C 2

˝

�
. (2) I D h2

2g
.

(3) �EA D ˝
2

D g ˝ .

Problem 3. (1) Ep D g˝

2
I V 2

p D A 

˝
I � D g

p
A .˝ � A / I

� D g

�
A  � ˝

2

�
.

(2) h0jHtbj0iA D ˝
2

D �g
˝2

4
I I D h2

2g
I �EA D ˝

2
D g ˝ .

(3) The BCS approximation is only correct to leading order in ˝�1.

Problem 4. P C D P
p>0

h
UpVp.1 � ˛p˛�p/ C U 2
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Chapter 13

Problem 1.

ϕB0
ϕB1

ϕB2
ϕB3OSz.1/ OSz.2/ 1 1 �1 �1

OSx.1/ OSx.2/ 1 �1 1 �1

Problem 2. 1; 0;
1

2
;

3

8
;

1

8
;

1

4
.

Problem 3. OSz
�
ϕB1

�
; OSx

�
ϕB2

�
; OSy

�
ϕB3

�
:

Problem 4. UH .

Problem 8. Alice’s transformations yield a unique Bell state.

Problem 9.

fi ci0 ci4 ci8 ci12

1 1 1 1 1
2 1 i �1 �i
4 1 �1 1 �1

8 1 �i �1 i

Chapter 14

Problem 1. L� D 0:2 m.

Problem 4.

(1) O� D 1

2

�
1 C cos ˇ expŒ�i	� sin ˇ

expŒi	� sin ˇ 1 � cos ˇ

�

(2) hSxi D „
2

sin ˇ cos 	; hSyi D „
2

sin ˇ sin 	; hSzi D „
2

cos ˇ.

Problem 5.

(1) O� D 1

2

�
1 0
0 1

�

(2) hSxi D hSyi D hSzi D 0:

Problem 6. �x D
s

„
M!

�
1

2
C kBT

„!

�
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