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³µ´ ��¶²·�¸ ´�¹ � ¸°¶>º�»>��¼½¶²¸°¾¿º�¾ ¹ �°À �
e
¶>ÁmÂÃ�AÄ�¶²· À ¶²· ¹ Á°¸ ¹ ¸°¶>º���»>�Zº�¸ � ��Â ¹ À ·X��¸°¶>ºªÅ���»>Æ�ÇL¶8�°����¸°¾X���ZÈ
É ¹ ¸°¶>��·Ê���pÂÃ��¸°¶>��·

� � ¹ Æ�ÁAÇ
m~̇v = e

(

~E +
1

c
~v × ~B

)

.
Ë ¹ »>º�É�» ¹ ¸g�Ê¸°¾X�_Ä
��»>�
º�¶²¸C�

~v(t)
¹ ·XÆÌ¸°¾X�_¸ � ¹#Í �Zº�¸g� � �

~r(t)
����¸°¾X� ´�¹ � ¸°¶>º�»>���Î�
¾X�A¼Ï¸°¾ ¹ ¸Ð¸°¾X�ÑÅ���»>Æ�ÁÐ¶²Â ´ ��Ág� ¹

ºZ��·XÁ°¸ ¹ ·
¸�Æ � ¶D��¸e¸g� � ÂÒ��·¿¸°¾X�ªÄ
��»>��º�¶²¸H�_ÓL��¶²· À ´ � � ´ � � ¸°¶>��· ¹ »p¸g� ~E × ~B
���X� � ¸°¾X�Ôº ¹ Ág�

Ez = 0
Ç À ¶²Ä
� ¹ Á°Õ
��¸gº�¾

���½¸°¾X�Ô¸ � ¹#Í �Zº�¸g� � �Ö���@¸°¾X� ´�¹ � ¸°¶>º�»>� ¹ ·XÆÖÆ<¶>Ágº�ÉXÁ�Á�¸°¾X�ÃÆ<¶D×�� � ��·�¸ªº ¹ Ág�ZÁ����½¸°¾�¶>Á�º��<º�»>��¶>ÆÖÂÃ��¸°¶>��·!�Ø�|¶²· ¹ »²»²�
Ç|Ág¾X�A¼
�PÙ ´ »²¶>º�¶²¸°»²�Ø¸°¾ ¹ ¸]¸°¾X����·X� �°À � À ¹ ¶²·����|¸°¾X� ´�¹ � ¸°¶>º�»>��Ä ¹ ·�¶>Á°¾X�ZÁ]��· ¹ Ä
� � ¹ À ���
Ë'¾X����Ág�Ú¸°¾X�ÚºZ��� � Æ<¶²· ¹ ¸g�Ã� � ¹ ÂÃ�ØÁ°ÉXºg¾Û¸°¾ ¹ ¸�¸°¾X�ÚÂ ¹ À ·X��¸°¶>ºÚÅ���»>ÆÜÆ��PÅX·X�ZÁ�¸°¾X�

z Ý ¹ Ù<¶>ÁAÇ ~B = Bêz Þ ¸°¾X��·!Çq¸°¾X�ÂÃ��¸°¶>��· ¹ »>��· À ¸°¾X�
z Ý ¹ Ù<¶>Á½Ág� ´�¹ � ¹ ¸g�ZÁA�pß+¾X� � ��Â ¹ ¶²·�¶²· À ¸C¼'�ÔºZ��É ´ »>�ZÆàÆ<¶D×�� � ��·�¸°¶ ¹ »£�ZÈ�É ¹ ¸°¶>��·XÁ½Â ¹ �áÓâ�eÁg��»²Ä
�ZÆÐÓ��¶²·�¸ � ��Æ<ÉXº�¶²· À ¹ ºZ��Â ´ »>�PÙÐÄ
��»>��º�¶²¸H�
Ç

ζ := vx + ivy
Ç ¹ ·XÆ ¹ ºZ��Â ´ »>�PÙÐÅ���»>Æ�Ç

E := Ex + iEy
�

�@�!� �������X�+���äã å!æ�¡ç­g¬²¥�­�è�¬8«cé
³ ·`��»>�Zº�¸ � ¶>º½º�¶ � º�É�¶²¸'ºZ��·XÁ°¶>Á°¸°¶²· À ��� ¹ ºZ��¶²»�¼½¶²¸°¾ÃÁg��»D� Ý ¶²·XÆ<ÉXº�¸ ¹ ·XºZ� L

Ç ¹ � �ZÁ°¶>Á°¸g� �
¼½¶²¸°¾ � �ZÁ°¶>Ág¸ ¹ ·XºZ�

R
Ç ¹ ·XÆ ¹ º ¹�´�¹ º�¶²¸g� � ¼½¶²¸°¾Ãº ¹�´�¹ º�¶²¸ ¹ ·XºZ�

C
¶>Á Æ � ¶²Ä
��·ÃÓ
�ª¸°¾X�

�PÙ<¸g� � · ¹ »!Ä
��»²¸ ¹ À �
V (t)

�
¹ ��ê]��»²��¶²· À ��·Ñëe¶ � ºg¾�¾X��×]ìíÁ]» ¹ ¼îÁAÇ ¹ �°À ÉX��¸°¾ ¹ ¸î¸°¾X��ºg¾ ¹ �°À ����·à¸°¾X�

º ¹�´�¹ º�¶²¸g� �
Q(t)

��É�»DÅX»²»>Á½¸°¾X��Ág�ZºZ��·XÆà� � Æ�� � Æ<¶D×�� � ��·�¸°¶ ¹ »|�ZÈ�É ¹ ¸°¶>��·

LQ̈(t) + RQ̇(t) +
1

C
Q(t) = V (t) .

Ó����£¶ � Ág¸�ºZ��·XÁ°¶>Æ�� �
V (t) ≡ 0

�`ïm��¸g� � ÂÔ¶²·X�á¸°¾X�Ôºg¾ ¹ �°À �
Q(t)

��� � ¸°¾X�`¶²·�¶²¸°¶ ¹ »'ºZ��·XÆ<¶²¸°¶>��·XÁ
Q(t = 0) = Q0

Ç
Q̇(t = 0) = I0

�pïm¶>Ágº � ¶²ÂÔ¶²· ¹ ¸g��¸°¾X��º ¹ Ág�ZÁî��� Á°Â ¹ »²» ¹ ·XÆÐ» ¹ �°À ��Æ ¹ Â ´ ¶²· À �

������ðq��"
ñò�!�²ó å!æ�¡ô­g¬²¥�­�è�¬8«pégé
ß+¾�¶>Á ´ � ��Ó�»>��ÂõºZ��·�¸°¶²·�ÉX�ZÁmß!É�¸g� � ¶ ¹ »q�<�N�<�

º���ïm��¸g� � ÂÔ¶²·X�î¸°¾X� � �ZÁ ´ ��·XÁg�
Q(t)

Æ<ÉX�+¸g� ¹ Á°¾X� � ¸pÄ
��»²¸ ¹ À � ´ É�»>Á���Ç
V (t) = Φδ(t)

Ç ¹ ÁgÁgÉ�ÂÔ¶²· À
Q(t < 0) ≡ 0

�
ßö�Ø��Ó�¸ ¹ ¶²·_¸°¾X�ªÁg��»²É�¸°¶>��·!Ç � ��¼ � ¶²¸g��¸°¾X��Ág�ZºZ��·XÆ_� � Æ�� � Æ<¶D×â� � ��·
¸°¶ ¹ » �ZÈ�É ¹ ¸°¶>��·_¶²·�¸g� ¹ Ág��¸÷���p¸C¼'�ÐºZ��É ´ »>�ZÆ
Å � Á°¸î� � Æ�� � �ZÈ
É ¹ ¸°¶>��·XÁ

Q̇(t) − I(t) = 0 , Lİ(t) + RI(t) +
1

C
Q(t) = Φδ(t) .



�X� � ¸°¶²ÂÃ�ZÁ
t > 0

Ç���·X� � �ZºZ�AÄ
� � Ám¸°¾X��¾X��ÂÃ� À ��·X�Z��ÉXÁe�ZÈ
É ¹ ¸°¶>��·XÁm¼½¶²¸°¾_ºZ� �°� �ZÁ ´ ��·XÆ<¶²· À Ág��»²É�¸°¶>��·XÁ÷Æ�� � ¶²Ä
�ZÆ
¹ ÓL��Ä
�����'�Ô¶²·
¸g� À�� ¹ ¸°¶²· À �AÄ
� � ¹ Á°Â ¹ »²»L¸°¶²ÂÃ�]¶²·
¸g� � Ä ¹ »8Ç

−ε ≤ t ≤ ε
�
ε ↓ 0

�pÁ°¾X�A¼Ì¸°¾ ¹ ¸@¸°¾X� ´ É�»>Ág�÷¶²·XÆ<ÉXºZ�ZÁ
¹ º�É �°� ��·�¸

I(t = 0+) = Φ/L
Ç<Ó�É�¸î·X�Ôº�¾ ¹ �°À ��Ç

Q(t = 0+) = 0
Ç�¼½¾�¶>ºg¾_Ág� � Ä
� ¹ Á½¶²·�¶²¸°¶ ¹ »öºZ��·XÆ<¶²¸°¶>��·XÁA�

Æ�� ³ À ��·X� � ¹ »�¸°¶²ÂÃ� Ý Æ�� ´ ��·XÆ���·
¸ ¹�´�´ »²¶>�ZÆ`Ä
��»²¸ ¹ À �+Â ¹ ��Óâ� � � ´ � �ZÁ���·�¸g�ZÆ ¹ Á ¹ »²¶²·X� ¹ � Á°É ´ � � ´ ��Ág¶²¸°¶>��·`��� ´ É�»>Ág�ZÁAÇ
V (t) =

∫

dt̄ V (t̄)δ(t−t̄)
Ç#¼½¾X� � �

δ(t)
Æ���·X��¸g�ZÁ|ï÷¶ � ¹ º�ìíÁ|Æ���»²¸ ¹ ��É�·Xº�¸°¶>��·!�p�
¾X�A¼Û¸°¾ ¹ ¸ö¸°¾X� À ��·X� � ¹ »�Ág��»²É�¸°¶>��·

��� � ¸°¾X��º�¾ ¹ �°À ��¶²·à¸°¾X��»²¶²ÂÔ¶²¸÷���£¼'� ¹ Õ�Æ ¹ Â ´ ¶²· À ¶>Á À ¶²Ä
��·àÓ��

Q(t) =

∞
∫

−∞

dt̄ χ(t − t̄)V (t̄)
¼½¾X� � �

χ(t) = Θ(t)e−γt/2 sin (ωrt)

ωrL
,

¼½¶²¸°¾ÑÁ°É�¶²¸ ¹ Ó�»²�Ðºg¾X��Ág��·
γ
¹ ·XÆ

ωr
Ç ¹ ·XÆ

Θ(t)
Æ���·X��¸g�ZÁ½¸°¾X���m� ¹ Ä�¶>Á°¶>Æ���Á°¸g� ´ ��É�·Xº�¸°¶>��·!Ç

Θ(t) =

{

1
�T� �

t ≥ 0
Ç

0
��»>Á����

� ��ÉÚÂ ¹ �Ú��¶²¸°¾X� �+� ��»²�á��·Ð¸°¾X�÷ÁgÉ ´ � � ´ ��Á°¶²¸°¶>��· ´ � ¶²·Xº�¶ ´ »>� ¹ ·XÆÚÉXÁ��]¸°¾X� ´ � ��Ä�¶>��ÉXÁ@ºZ��·XÁg¶>Æ�� � ¹ ¸°¶>��·XÁî� � ´ � ��Ä
�
¸°¾X� � ��» ¹ ¸°¶>��·ÑÓ���Æ<¶ � �Zº�¸]ÁgÉ�ÓXÁ°¸°¶²¸°É�¸°¶>��·!�

��� � � � �T� � Â ¹ ����É � ¶>� � ¸ � ¹ ·XÁ°��� � Â ���
χ(t)

Ç�ºZ��·
Ä
��·�¸°¶>��·
χω =

∫

∞

−∞
χ(t) eiωt dt

Ç ¹ ·XÆ Æ���¸g� � ÂÔ¶²·X�Ü¸°¾X�
� � �ZÈ
ÉX��·Xº�� Ý Æ�� ´ ��·XÆ���·�¸ÐºZ��Â ´ »>�PÙçÁ°ÉXÁgºZ� ´ ¸°¶²Ó�¶²»²¶²¸C�

χω
���@�Û¸°¾X�ÑºZ��·�Ä
��»²É�¸°¶>��·o¸°¾X�Z� � ��ÂàÇ+¸°¾X�Ñº�¾ ¹ �°À � � � ÝÁ ´ ��·XÁ��]¶²·Ø¸°¾X�÷� � �ZÈ
ÉX��·Xº��áÆ���Â ¹ ¶²·�¶>Á � ��» ¹ ¸g�ZÆÐ¸g��¸°¾X�e�PÙ<¸g� � · ¹ »�Æ � ¶²Ä
¶²· À Ó��

Qω = χωVω
�c�
¾X�A¼o¸°¾ ¹ ¸

χωÂ ¹ �ÃÓâ�]��Ó�¸ ¹ ¶²·X�ZÆØÂ�ÉXº�¾à� ¹ Á°¶>� � Ó�� ¹ �X��É � ¶>� � ¸ � ¹ ·XÁ4�T� � ÂÎ���!¸°¾X�mÆ<¶D×â� � ��·
¸°¶ ¹ »!�ZÈ�É ¹ ¸°¶>��·!� ïe��¸g� � ÂÔ¶²·X�m¸°¾X�
� � ¹ » ´�¹ � ¸

χ′

ω

¹ ·XÆà¶²Â ¹ À ¶²· ¹ � � ´�¹ � ¸
χ′′

ω

���
χω = χ′

ω + iχ′′

ω

¹ ·XÆàÁ°¾X�A¼ ¸°¾ ¹ ¸

χ′

ω =

∞
∫

−∞

χ(t) cos(ωt)dt , χ′′

ω =

∞
∫

−∞

χ(t) sin(ωt)dt .

�
Õ
��¸gºg¾
χ′

ω

¹ ·XÆ
χ′′

ω

¹ Á ¹ ��É�·Xº�¸°¶>��·����£� � �ZÈ�ÉX��·Xº��
ω
�

�H�Øïm��¸g� � ÂÔ¶²·X��¸°¾X��º�É �°� ��·
¸
I(t)

�T� � ¾ ¹ � ÂÃ��·�¶>º�Æ � ¶²Ä�¶²· À Ç
V (t) = Re(Vωe−iωt)

�½Ë ¹ »>º�É�» ¹ ¸g��¸°¾X��Æ<¶>Á�Á°¶ ´�¹ ¸g�ZÆ
´ ��¼'� � ���q¸°¾X��º�¶ � º�É�¶²¸ ¹ ·XÆàÁg¸ ¹ ¸g��¶²¸gÁîºZ��·�·X�Zº�¸°¶>��·Ñ¸g�

χ′′

ω

�
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ß+¾X����»>�Zº�¸ � ��Á°¸ ¹ ¸°¶>º�¶²·�¸g� � ¹ º�¸°¶>��·���·X� �°À �Ð��� ¹ ºZ��·
¸°¶²·�ÉX��ÉXÁmºg¾ ¹ �°À ��Æ<¶>Á°¸ � ¶²Ó�É�¸°¶>��·àÂ ¹ �ØÓâ��º ¹ »>º�É�» ¹ ¸g�ZÆ ¹ Á ¹ Æ���É�Ó�»>�
Ä
��»²É�ÂÃ��¶²·
¸g� À�� ¹ »8Ç

U =
1

2

∫

d3~xd3~y
ρ(~x)ρ(~y)

|~x − ~y|
.

¹ � ³ �°À ÉX��¸°¾ ¹ ¸á¸°¾�¶>Áá�PÙ ´ � �ZÁgÁ°¶>��· ¶>Áá¸°¾X� ´ � � ´ � �ÚÀ ��·X� � ¹ »²¶	
 ¹ ¸°¶>��·Ì���e¸°¾X�à¼@��»²» Ý Õ
·X��¼½·ô¶²·
¸g� � ¹ º�¸°¶>��·Ì��·X� �°À �
Q1Q2/r

���|¸C¼'� ´ ��¶²·�¸÷ºg¾ ¹ �°À �ZÁ
Q1, Q2

Á�� ´�¹ � ¹ ¸g�ZÆ�Ó�� ¹ Æ<¶>Á°¸ ¹ ·XºZ�
r
�

Ó���� Ä ¹ »²É ¹ ¸g�Ñ¸°¾X�à¶²·
¸g� À�� ¹ »m�PÙ ´ � �ZÁgÁ°¶>��· �T� � ¸°¾X�Ñºg¾ ¹ �°À ¶²· À ��·X� �°À �
U
�T� � ¸°¾X�àº ¹ Ág����� ¹ ¾X��ÂÃ� À ��·X�Z��ÉXÁ°»²�

ºg¾ ¹ �°À �ZÆªÁ ´ ¾X� � �c��� � ¹ Æ<¶²ÉXÁ
R
¹ ·XÆ�¸g��¸ ¹ »�ºg¾ ¹ �°À �

Q
� � � � �T� � Â Å � Ág¸!¸°¾X�

~y Ý ¶²·�¸g� À�� ¹ »���� � Å�Ù<�ZÆ ~x
¶²·
¸ � �
Æ<ÉXº�¶²· À

Á ´ ¾X� � ¶>º ¹ »mºZ��� � Æ<¶²· ¹ ¸g�ZÁØ¼½¾X� � �Ñ¸°¾X��Æ<¶ � �Zº�¸°¶>��·Ì����¸°¾X��·X� � ¸°¾ ´ ��»>��¶>Á ¹ »²¶ À ·X�ZÆô¼½¶²¸°¾ô¸°¾X�
~x Ý ¹ Ù<¶>ÁA� ß+¾X�

¶²·�¸g� À�� ¹ ¸°¶>��·ç��Ä
� � ¸°¾X� ´ ��» ¹ � ¹ · À »>�
ϑ = ∠(~x, ~y)

¶>ÁÔ��»>��ÂÃ��·
¸ ¹ � �
Ç'¶D�
ϑ
¶>ÁÔ��»²¶²ÂÔ¶²· ¹ ¸g�ZÆ ¶²· � ¹ Ä
� � ���m¸°¾X�

Æ<¶>Á°¸ ¹ ·XºZ�
s = |~x − ~y| =

√

x2 + y2 − 2xy cos ϑ
�
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