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∇ · E = ρ/ε0, N1K

∇ · B = 0, N2K

∇× E = −∂B

∂t
, N3K

∇× B = µ0J + ε0µ0
∂E

∂t
. N4K

��2�:/ d�� �� �)�?��D� 2� � J = 0 �ρ = 0 ����� ������ ��%� �	
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∇ · E = ρe/ε0, N5K

∇ · B = µ0ρm, N6K

∇× E = −µ0Jm − ∂B

∂t
, N7K

∇× B = µ0Je + ε0µ0
∂E

∂t
. N8K

9
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∇ · Je +
∂ρe

∂t
= 0, N9K

;
� ���
�, 9) ���n�(t� 2��� -0 �� ���� ;
2� �

∇ · Jm +
∂ρm

∂t
= 0. N10K

�̀ 
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�⎧⎪⎨
⎪⎩

E → cB, cρe → ρm, cJe → Jm,

cB → −E, ρm → −cρe, Jm → −cJe,

N11K
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(
E′

cB′

)
=

(
cos θ sin θ

− sin θ cos θ

)(
E

cB

)
N12K

(
cρ′

e

ρ′
m

)
=

(
cos θ sin θ

− sin θ cos θ

)(
cρe

ρm

)
N13K

(
cJ′

e

J′
m

)
=

(
cos θ sin θ

− sin θ cos θ

)(
cJe

Jm

)
N14K

RS u�

( ∇ · E′

∇ · cB′

)
=

(
cos θ sin θ

− sin θ cos θ

)( ∇ · E
∇ · cB

)

=

(
cos θ sin θ

− sin θ cos θ

)(
ρe/ε0

cµ0ρm

)

=

(
ρ′

e/ε0

cµ0ρ
′
m

)
N15K
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u′ =
ε0
2

∣∣E′∣∣2 +
1

2µ0

∣∣B′∣∣2 =
ε0
2
|E|2 +

1

2µ0
|B|2 = u. N16K
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F = qe(E + v × B) + qm(B − v × E). N17K

�(D
 �;
��2��� N12K �̀ 
��/ ;� H/ F �� �"��

F ′ = q′e(E
′ + v × B′) + q′m(B′ − v × E′)

= qe(E + v × B) + qm(B − v × E). N18K
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mr̈ = qṙ× B =
µ0qqm
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ṙ × r. N27K
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J 2���"� '������

J := mr× ṙ − µ0qqm

4πr
r. N28K
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J̇ = mṙ× ṙ + mr× r̈− µ0qqm

4πr
ṙ +

µ0qqmṙ

4πr2
r

= r ×
(

µ0qqm

4πr3
ṙ × r

)
− µ0qqm

4πr
ṙ +

µ0qqmṙ

4πr2
r

=
µ0qqm

4πr3

(
ṙ r2 − r(r · ṙ)

)
− µ0qqm

4πr
ṙ +

µ0qqmṙ

4πr2
r = 0. N29K
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|µ0qqm|
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r · J = rJ cos θ = −µ0qqmr

4π
, ⇒ cos θ = −µ0qqm

4πJ
. N30K
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mr̈ = − µ0qqm
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µ0qqm
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r
)
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r‖ = (r · Ĵ)Ĵ N32K

r⊥ = r− r‖ = r− (r · Ĵ)Ĵ = Ĵ × (r× Ĵ). N33K

9
2�� �� ��(� �%Q �/

r⊥ = r sin θ, r‖ = r cos θ. N34K

 � ��� <2��O r⊥ � r‖ ;� �"I �� �?��D�

mr̈⊥ = − q2q2
m

16π2mr4
r⊥ N35K

mr̈‖ = − µ0qqm

4πmr3

(
J +

µ0qqm

4πr
r‖

)
. N36K

�� �H/ ��
��� ';
� &�D� RS �O �2T -� �	� 9���� ����� �2 r⊥ "�� �(��� ;�"I A�"s� �� �2 �2T -�#

'9�(� �
2"� �2 r⊥

mr̈⊥ = − q2q2
m sin4 θ

16π2mr4
⊥

r⊥ N37K

����� �P��� �9�(� ���=�
� (30K  � � 9�(� �F>�� *� "b Ĵ 2� �2 N28K �� �L��2 "��

J = m Ĵ · r× ṙ − µ0qqm

4πr
Ĵ · r
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= m ṙ · Ĵ× r + J cos2 θ N38K

J sin2 θ = J
(
1 − cos2 θ

)
= m (ṙ‖ + ṙ⊥) · Ĵ× r⊥

= m ṙ⊥ · Ĵ× r⊥

= m Ĵ · r⊥ × ṙ⊥. N39K

j, '9
���"� ���=�
� A · B × C = C · A × B  � �%&
� 2�

mr⊥ × ṙ⊥ = J sin2 θ N40K

�� �"� � � � �F ��� 4
 �̀ I �� ����� `
�� / r⊥ �� �F��� �̀ I 'r⊥ = ρρ̂ 9
"�1� Ĵ �2 z 2��H� "��

';
� ;�"I ;� ��Z J sin2 θ 9) ���
�� ���	/ � ;
� J
�(�� ρ−3 �� �� ���$�"�

m(ρ̈ − ρφ̇2) = − q2q2
m sin4 θ

16π2mρ3

mρ2φ̇ = J sin2 θ. N41K

����� �P��� �%&
�  � ��

mρ̈ +
sin4 θ

mρ3

(
q2q2

m

16π2
− J2

)
= 0. N42K

u := 1/ρ �� 
"D/ �� '9�(� ���=�
� �;
� E�
"� �$�"� �� �)�"�� �̀ \��� �̀ I 2� �� ���2 -� ��)  � ��
���

l;��� 9�)��> u2 = mφ̇/(J sin2 θ)  � ���=�
� �

ρ̇ = − u̇

u2
= −J sin2 θ

m

u̇

φ̇
= −J sin2 θ

m

du

dφ
N43K

ρ̈ = −J2 sin4 θ

m2

d2u

dφ2
. N44K

����� �P��� �)&
�  � ���=�
� ��

d2u

dφ2
+ u sin2 θ = 0 N45K

-0  � �

u = A cos[(φ − φ0) sin θ)]. N46K

2� �	
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�(� *� �s��� ��

�
0�� ;
� �� ���n�(t� �� ��LY4/ 2��rI
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J

θ

���n�(t� �� ��LY4/ 4
 2��rI 2� 2���4
 "���� ��  ��

ρ =
ρ0

cos[φ sin θ)]
, N47K

z = ρ cot θ. N48K

4/  � 2��;
�7��� �� �Fi�5 �� ��>"�� J 2���"� 2��� φ = π/(2 sin θ) �� � ���� �� �	
"�	?� 2��� ��Y�

'���
2 ���n�(t� �� ��LY

9�(� ���=�
� �2T �� �8"�� �� �1��
�,  � ��
��� ��/�> 2�

E =
1

2
mv2

0 =
1

2
m(ρ̇2 + ρ2φ̇2 + ż2)

=
1

2
m

(
ρ̇2

sin2 θ
+

J2 sin4 θ

m2ρ2

)
N49K

'�
0�� ;
� �� ρ̇ �% &
�  �

ρ̇2 = sin2 θ

(
v2
0 − J2 sin4 θ

m2ρ2

)
. N50K
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ρc =
J sin2 θ

mv0
. N51K

2�� � � �	
"�	?� 2�� � &� � � &	�� �� �Fi�5 &
"/4
�$� �� �2�� ��%� rc �̀ u � ���Fi�5 ρc � � "}�(��
4
�$� ���n�(t� 2��� �� �	
"�	?� 2��� �� ���� ������ �� ;
� &	�� ��?�� U� 
�"� ';
� ���n�(t�

';
� rc -���Fi�5 �(��� �?� ���

rc =
J sin θ

mv0
. N52K
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