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�Ù?Ø·^|"{¤þ§·^y��ïÄ´lU,^cm©�"y�ÔnKòOersted£cd

A¤¢���^Æ�Ñu:§ù´Ï�§U,^cD´�«0�§áu^0���«§��þ§§´^

|�0�ÍÜ�(J§̂ 0�éE,!�:�ØX{§Ï�§éJ�²^5���"Oersted¢�KL

²§>6�U�)^|">6´>Ö$Ä��Ô§u´§Oersted¢�ò>y��^y�éX
å5§

§�«Ñ>�^k�Ó�Ônå
"Ïd§Oersted¢�3>^Æ¥äkÄ�
­�¿Â"�d§·�

k5�²>6�Vg§�e�!"

§17.1 >ÖÅð9ëY5�§

÷*þ§Ï~ò�+$Ä�>ÖÀ�ëY�6N§Ò�ò�+$Ä�Y©fÀ�ëY�6N�

�"ù�,´�«Cq§́ k^��"��5`§§�¦3��÷*�
�*��NÈ�¥7Lä�

v
õ�©fê£½>Öê¤"XþÙ¤ã£�>0�@�!¤§ù�^�¿Ø��§��ÑU÷v§Ï

d§<�S.þæ^ëYzCq§ò�+$Ä�Y©f½>ÖÀ�ëY�6N"

3£�Y6�§�­��ü�ÔnþÒ´�þ�Ý ρÚ�þ6�Ý j§

ρ = ρ(r, t), j = j(r, t). (17.1.1)

cö�Lü NÈS¤¹Y©f��þ§§´��Iþ|"�u�ö§Ù���ü �mÏLü ¡

È�6N�þ§Ù��K�ÛÜY6��Ý��§Ïd§§´��¥þ|§

ρ =
dm

dv
, j = |j| = dm

dtds
=

∂2m

∂t ∂s
. (17.1.2)

÷*þ§b½6Y��þÅð´Ün�"u´§36N¥?��¬NÈ§·�k

d

dt

∫
ρ(r, t) dv = −

∮
j(r, t) · ds, (17.1.3)

Ù¥§dv´NÈ�§ds´¡È�"w,§þª�>�L
ü �m¬S6N��þOþ"UÏþ�

½Â§þªm>�È©£��´ü �mSÏL¬L¡l¬S6Ñ¬	�6N�þ§\KÒ�§§Ò

C¤
ü �mSÏL¬L¡l¬	6\¬S�6N�þ"U�þÅð§§�,�þª�>��"|

^Gaussúª§·�k ∮
j · ds =

∫
∇ · jdv. (17.1.4)

· 2 ·
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ò��\ª(17.1.3)�m>§·��

d

dt

∫
ρ(r, t) dv = −

∫
∇ · j(r, t) dv. (17.1.5)

£�§¿5¿�
d

dt

∫
ρ(r, t) dv =

∫
∂

∂t
ρ(r, t) dv, (17.1.6)

·�k ∫ [
∂

∂t
ρ(r, t) +∇ · j(r, t)

]
dv = 0. (17.1.7)

þªé?¿NÈþ¤á§�,é¥N½¤á"y3§36N¥§±: r�¥%§?���»� δ��

¥§¿òþªA^�d�¥þ§·�k

1

V

∫ [
∂

∂t
ρ(r, t) +∇ · j(r, t)

]
dv = 0, (17.1.8)

Ù¥§V ��¥�NÈ§

V =
4π

3
δ3. (17.1.9)

�4�§�

lim
δ→0

1

V

∫ [
∂

∂t
ρ(r, t) +∇ · j(r, t)

]
dv = 0. (17.1.10)

5¿��È¼ê�ëY5§¿|^È©¥�½n§�

lim
δ→0

[
∂

∂t
ρ(rc, t) +∇ · j(rc, t)

]
= 0, (17.1.11)

Ù¥§rcD�¥NS,�:"w,§� δ → 0�§rc → r £�c§: rD�¥�¥%�¤§u´§·�

k
∂

∂t
ρ(r, t) +∇ · j(r, t) = 0. (17.1.12)

Ï~¡þª�6N�ëY5�§£continuity equation¤§§´6N�þÅð��N"

aX6Y§>Ö�6Äk>ÖÅð"Uþã��þ�Ý�>Ö�Ý§Y6�Ý�>6�Ý§

ρ =
dq

dv
, j = |j| = dq

dt ds
=

∂2q

∂t ∂s
. (17.1.13)

·�Ó�këY5�§§
∂

∂t
ρ+∇ · j = 0. (17.1.14)

ØÓ�´§ùp�>Ö�Ý ρ(r, t)���K§Ï�>Ök�K�">ÖÅð´>^y����Ä�5

Æ§́ MaxwellJÑ £>6�áØ�â£��¤"

éu­ð6Ä£steady current¤§~X�6>£direct current¤§>Ö�Ý ρ(r, t)�>6�Ý j(r, t)þ

Ø��mCz§

ρ = ρ(r), j = j(r). (17.1.15)

u´§
∂

∂t
ρ = 0, (17.1.16)
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±9

∇ · j = 0. (17.1.17)

ù`²§3­ð6Ä��¹e§>6�Ý�Ã
|§�é{`§>6�´4Ü�"

��5¿�´§3­ð6Ä��¹e§��/§

ρ(r) 6= 0. (17.1.18)

Ïd§3­ð6Ä��/e§�±k·��£static¤�>Ö©Ù"ù¿�X§��X�­ð>6§�

�k·>|©Ù§ ∮
E · dr = 0, (17.1.19)∮

E · ds =
1

ε0

∫
ρ(r)dv. (17.1.20)

d?k0�—-�N§7��§I�©«¦)"

d	§éu7á��N§3­ð6Ä��/e§>6÷vî0½Æ£Ohm’s law¤§

j = σE, (17.1.21)

Ù¥§σ��N�>�Ç"½ö§��[/§

j(r) = σE(r). (17.1.22)

ù`²§­ð6ÄØÓu·>²ï£electrostatic equilbrium¤§d��NS�±k·>|�©Ù§Ï

��NS�±k>6"

±þ?Ø`²§­ð>6�±�)·>|§ù´N´n)�",
§Oerstedtuy§§��±�

)·^|§äN�/XÛ§��e!©)"

§17.2 ^|

�l�Êc§ûðÔnÆ[Oersteduy§�7á>�Ïþ�6>�§�±�)^|§�ã17.2.1"

ã 17.2.1. cdA¢�

3cdA¢�¥§̂ �p�^Ñy3>6�^��m§��§<��uy§̂ �p�^��±Ñy3>

6�>6�m",
§du�6>o�/¤4Ü£ £́­ð>6���¤§Ø�3�á�>6�§Ïd§

ØÓu>Ö�m�·>�^§@p�3�á�:>Ö£=>Ö�¤§<��é�·^�p�^�äN
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/ªÒvk@oN´
"¦+Xd§²L�1{IÆö§AO´Biot!Savart!Ampère±9Laplace§

�ãå§<��´��
>6�>6�m^�p�^�êÆL�ª§

F12 =
µ0

4π

∮
1

∮
2

I2dl2 × (I1dl1 × r12)

r3
12

. (17.2.1)

þª¡�S�½Æ£Ampère law¤§§�L
ü��6>6��m��p�^§�ã17.2.2"ùp§F12

ã 17.2.2. S�½Æ

´1��>6�é1��>6���^å§�¡S�å£Ampère force¤"µ0´ISü �¥ý��

^�Ç£permeability¤,

µ0 = 4π × 10−7 N

A2
. (17.2.2)

,	§I1Ú I2©O´1�Ú1��>6��>6§r1Ú r2©O´1�Ú1��>6�¥�>6��

 ¥§r12 = r2 − r1§dl1L«÷X1��>6���È©£dl1 = dr1¤§dl2L«÷X1��>6

���È©£dl2 = dr2¤"<��¡ I1dl1Ú I2dl2�>6�§§�Ñ´¥þ§Ï�>6k��"N´

wÑ§ü>6��m��p�^E,´²��'Æ§�ØLy3>6�´¥þ§Ïd§�éu¥Ô½

Æ§y3å�L�ª�E,�õ"

N�þª¥ 1, 2��Ú§·�Ò��
1��>6�éé��>6���^å§

F21 =
µ0

4π

∮
1

∮
2

I1dl1 × (I2dl2 × r21)

r3
21

. (17.2.3)

�±y²§ü�>6���p�^÷vÚî1n½Æ§

F21 = −F12. (17.2.4)

Äk§5¿�

a× (b× c) = b(a · c)− c(a · b), (17.2.5)

·�k

dl1 × (dl2 × r21) = dl2(dl1 · r21)− r21(dl1 · dl2). (17.2.6)

q

dl1 = dr1, dl2 = dr2, (17.2.7)

þª�±��

dl1 × (dl2 × r21) = dr2(dr1 · r21)− r21(dr1 · dr2). (17.2.8)
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ù�§·�k
dl1 × (dl2 × r21)

r3
21

=
dr2(dr1 · r21)

r3
21

− r21(dr1 · dr2)

r3
21

. (17.2.9)

�Ä�

∇1

r
= − r

r3
, (17.2.10)

ù´²��'å�A5§·�k
r21

r3
21

= −∇1

1

r21

, (17.2.11)

ùp§∇1L«éCþ r1�FÝ§

∇1 = i
∂

∂x1

+ j
∂

∂y1

+ k
∂

∂z1

. (17.2.12)

u´§·��
dl1 × (dl2 × r21)

r3
21

= −dr2(dr1 · ∇1

1

r21

)− r21(dr1 · dr2)

r3
21

. (17.2.13)

ò��£�F21�L�ª§·�k

F21 = −µ0

4π
I1I2

∮
2

dr2

(∮
1

dr1 · ∇1

1

r21

)
− µ0

4π
I1I2

∮
1

∮
2

r21(dr1 · dr2)

r3
21

. (17.2.14)

5¿�

df = ∇f · dr = dr · ∇f, (17.2.15)

Ù¥§f = f(r) = f(x, y, z)§·�k

dr · ∇1

r
= d

1

r
. (17.2.16)

ù¿�X

dr1 · ∇1

1

r21

= d1

1

r21

, (17.2.17)

Ù¥§d1L«=éCþ r1��©§r2�±ØC"u´§·�k∮
1

dr1 · ∇1

1

r21

=

∮
1

d1

1

r21

= 0. (17.2.18)

ò��£�F21�L�ª§·��

F21 = −µ0

4π
I1I2

∮
1

∮
2

r21

r3
21

(dr1 · dr2). (17.2.19)

Ón��

F12 = −µ0

4π
I1I2

∮
1

∮
2

r12

r3
12

(dr1 · dr2). (17.2.20)

5¿�

r21 = −r12, (17.2.21)

=�

F21 = −F12. (17.2.22)
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3>ÖëY©Ù��¹e§¥Õå�±��

F12 =
1

4πε0

∫ ∫
ρ1(r1)dr1 ρ2(r2)dr2 r12

r3
12

, (17.2.23)

Ù¥§�
�B§·�¦^dr1Údr2L«NÈ�"ÏLÚ?>|§þª�±©)�

E(r) =
1

4πε0

∫
ρ2(r′)dr′

(r− r′)

|r− r′|3
, (17.2.24)

F12 =

∫
ρ1(r)drE(r). (17.2.25)

ùp§1�ªL«>Ö3�m¤-u�>|§1�ªL«©Ù3>|¥�>Ö¤É��^å"Ó�/§

S�å

F12 =
µ0

4π

∮
1

∮
2

I2dl2 × (I1dl1 × r12)

r3
12

(17.2.26)

��±ÏLÚ?^aArÝB
�©)§

B(r) =
µ0

4π

∫
I1(r′)dl′ × (r− r′)

|r− r′|3
, (17.2.27)

F12 =

∫
I2(r)dl×B(r), (17.2.28)

Ù¥§1�ªL«>6¤-u��m^|§¡�Biot-Savart½Æ§1�ªL«©Ù3^|¥�>6

¤É�å�^"�
BuPÁ§�±Ú?^|��dBÚå��dF§

B =

∫
dB, (17.2.29)

F =

∫
dF, (17.2.30)

Ù¥§

dB =
µ0

4π
I ′dl′ × r− r′

|r− r′|3
, (17.2.31)

dF = Idl×B. (17.2.32)

ùü���²~^uO�·^|�S�å"þ¡üª�·>|Ú¥Õå�O�úª´�q�§�O´

ùp¦^
�¦§@´Ï�>Ö�´Iþ§
>6�K´¥þ"

3ISü �¥§̂ aArÝ�ü ´T£Tesla§Ad.¤

1 T = 1 N/(A ·m). (17.2.33)

Ad.´��'���ü §3¢Só�¥§<��~~¦^,�ü ——pd£Gs§Gauss¤§

1 T = 104 Gs. (17.2.34)

pdù�ü ¿ØáuISü �§
´áupdü �"

e¡§·�kO�^|§k'>6Ú$Ä>Ö¤É�^å§·�3��¡��'�!p?1?Ø"
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ã 17.2.3. Ã����>6��m^|

~17.2.1. Xã17.2.3¤«§Ã��>�1k�6>6 I§ÁO�>�	^aArÝB��m©

Ù"

). ²w/§XÚk�Îé¡5§Ïd§·��±òÃ��>��� z¶§¿�±>6���

� z¶����"À��|:3�>�þ��ÝK��I�:§Xã17.2.3"ù�§ ¥ r?�^|�

��±��Xe/ª§

dB =
µ0

4π
(Idz ez)×

r

r3
, (17.2.35)

Ù¥§

r = z ez + ρ eρ. (17.2.36)

5¿�§3Î�IXe§n�Ä¥þ eρ, eϕ, ez´��8��mÃX§·��

(Idz ez)× r = (Idz ez)× (z ez + ρ eρ) = Iρdz eϕ. (17.2.37)

ù�§·�k

dB =
µ0

4π

Iρdz

(ρ2 + z2)3/2
eϕ =

µ0

4π

I

ρ

d(z/ρ)[
1 +

(
z
ρ

)2
]3/2

eϕ. (17.2.38)

�ã17.2.3§Ú^Y�α§·�k
z

ρ
= tanα, (17.2.39)

u´§
d(z/ρ)[

1 +
(
z
ρ

)2
]3/2

= cosα dα. (17.2.40)

ò��£^|��§�

dB =
µ0

4π

I

ρ
cosα dα eϕ. (17.2.41)

È©§�

B =
µ0

4π

I

ρ

∫ π/2

−π/2
cosα dα eϕ =

µ0

2π

I

ρ
eϕ. (17.2.42)

þª=^|3��	��m©Ù" �

~17.2.2. O�>6�3é¡¶þ�^|"Xã17.2.4§��7á���§�»�R§1k>6 I§

¦Ù¥%é¡¶þ�^aArÝB"
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ã 17.2.4. >6�3é¡¶þ�^|

). ±>6��é¡¥%��:§±é¡¶� z¶§ïáÎ�IX§�ã17.2.4"d�§é¡¶þ

?¿�:� ¥ r�L�

r = −R eρ + z ez. (17.2.43)

u´§é¡¶þ ¥ r?�^|�����

dB =
µ0

4π
(IRdϕ eϕ)× r

r3
. (17.2.44)

|^Ä¥ eρ, eϕ, ez���8�mÃ5§·��

dB =
µ0

4π

IR

(R2 + z2)3/2
(zeρ +Rez)dϕ

=
µ0

4π

IRz

(R2 + z2)3/2
eρdϕ+

µ0

4π

IR2

(R2 + z2)3/2
ezdϕ. (17.2.45)

È©§�

B =
µ0

4π

IRz

(R2 + z2)3/2

∫ 2π

0

eρdϕ+
µ0

4π

IR2

(R2 + z2)3/2
ez

∫ 2π

0

dϕ. (17.2.46)

du

eρ = i cosϕ+ j sinϕ, (17.2.47)

Ïd§ ∫ 2π

0

eρdϕ =

∫ 2π

0

(i cosϕ+ j sinϕ)dϕ

= i

∫ 2π

0

cosϕdϕ+ j

∫ 2π

0

sinϕdϕ

= 0. (17.2.48)

ù�§·�k

B =
µ0

2

IR2

(R2 + z2)3/2
ez. (17.2.49)

d=>6�é¡¶þ�^|" �

3>^Æ¥§>6�´��^ó4f£magnetic dipole¤§½Â

µ = IS = I(πR2en) = πR2Ien, (17.2.50)
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¡�>6��^ó4Ý£magnetic dipole moment¤"þª¥§>6���Ó¡È���÷vmÃÚ

^½K"�±y²£�e!¤§̂ ó4f�^|£�|¤�

B(r) =
µ0

4π

1

r3
[3(µ · er)er − µ]. (17.2.51)

þ~�(Jáu r ‖ µ��¹"

~17.2.3. Xã17.2.5¤«§ò��7á���¤������ £́a sermi-circular loop¤§Ù

¥§��l��»�R"���¥1k>6 I§¦��l�%P :þ�^aArÝB"

ã 17.2.5. Magnetic field in a sermi-circular loop

). Xã17.2.5§ò��l�%P À��I�:§ò����´��3xz²¡§¦�´���Ü

©�x¶²1"�e�{£´�>6��÷x¶��"dBiot-Savart½Æ§

B(r) =
µ0

4π

∫
Idr′ × r− r′

|r− r′|3
. (17.2.52)

éu��l�%P :§r = 0§u´§

B(P ) = −µ0

4π

∫
Idr′ × r′

|r′|3
. (17.2.53)

��£´©�nÜ©§3e���|´þ§

dr′ = dx i; r′ = x i−Rk; (17.2.54)

3¥m��lþ§

dr′ = Rdϕ eϕ; r′ = R eρ. (17.2.55)

3þ���|´þ§

dr′ = dx i; r′ = x i +Rk; (17.2.56)

ù�§·�k

B(P ) = −µ0I

4π

∫ 0

−∞

(dx i)× (x i−Rk)

(x2 +R2)3/2
− µ0I

4π

∫ π/2

−π/2

(Rdϕ eϕ)× (R eρ)

R3

−µ0I

4π

∫ −∞
0

(dx i)× (x i +Rk)

(x2 +R2)3/2

= −µ0IR

4π

∫ 0

−∞

dx

(x2 +R2)3/2
j− µ0

4π

I

R

∫ π/2

−π/2
dϕ j
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+
µ0IR

4π

∫ −∞
0

dx

(x2 +R2)3/2
j

= −µ0IR

4π

∫ +∞

−∞

dx

(x2 +R2)3/2
j− µ0

4π

I

R

∫ π/2

−π/2
dϕ j

= −µ0

4π

I

R

∫ +∞

−∞

d(x/R)

[1 + (x/R)2]3/2
j− µ0

4

I

R
j

= −µ0

2π

I

R
j− µ0

4

I

R
j

= −µ0

4π
(2 + π) j. (17.2.57)

�

§17.3 ¥þ³

3þ!§·�¦^
�>6� Idl§Ù¥§I´¤¢�>6rÝ§

I =
dq

dt
. (17.3.1)

w,§

j = |j| = dq

dtds
=

∂2q

∂t ∂s
=

dI

ds
. (17.3.2)

ù¿�X

dI = j · ds, (17.3.3)

½ö§

I =

∫
j · ds. (17.3.4)

ù`²§>6rÝÒ´>6�Ý�Ïþ§½ö`§>6�Ý´>6rÝ�Ïþ�Ý"ùp§·�®²

O\
>6���"

3,«¿Âþ§>6rÝ§�)>6���§P� I§�±w�>6���Ý§·�k

Idl = Idl, (17.3.5)

ù´Ï�dlo´²1u>6���§�Ò´²1u I"

Ò�>Ök�>Ö�Ý!¡>Ö�Ý!N>Ö�Ý��§>6�k�>6�Ý!¡>6�Ý!N

>6�Ý"�>6�ÝXþ§N>6�ÝÒ´Ï~¤¢�>6�Ý j"e��!§·�50�¡>6

�Ý"

§17.3.1 ¡>6�Ý

éu>63�4��>�6L��¹§·��±^¡>6�Ý5£�"Xã17.3.6¤«§���
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ã 17.3.6. >66L4��

���¬§ÙNÈ�∆v = ∆S′∆L"�>6����¡∆S′R�§�∆L>²1"·�½Â¡>6

�ÝKXeµ

K :=
I

∆l
. (17.3.6)

�Ò´`§¡>6�Ý���§�uÏL�>6��R��ü �Ýþ�>6rÝ§Ù��K�>6

����"þª�²~��

I = K∆l. (17.3.7)

3ã17.3.6¥§5¿�

∆S = ∆l∆L, ∆S′ = ∆l∆l′, (17.3.8)

·�k

j∆v = j∆S′∆L = I∆L = (K∆l)∆L = K(∆l∆L) = K∆S. (17.3.9)

�4�§�

jdv = KdS = IdL. (17.3.10)

ùÒ´N>6�!¡>6�!�>6��m���'X§3>^nØ¥²~¦^"

S�½Æ��±í2�¡>6ÚN>6��/§

F12 =
µ0

4π

∫
1

∫
2

K2ds2 × (K1ds1 × r12)

r3
12

, (17.3.11)

F12 =
µ0

4π

∫
1

∫
2

j2dv2 × (j1dv1 × r12)

r3
12

. (17.3.12)

�A/§̂ aArÝÚS�å©O�

B(r) =
µ0

4π

∫
K(r′)ds′ × (r− r′)

|r− r′|3
, (17.3.13)

B(r) =
µ0

4π

∫
j(r′)dv′ × (r− r′)

|r− r′|3
, (17.3.14)

F(r) =

∫
K(r)ds×B(r), (17.3.15)

F(r) =

∫
j(r)dv ×B(r). (17.3.16)
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~17.3.1. Ã���N²�1k½�¡>6§��þ!"�¡>6�Ý�K§¦�	�m�^a

ArÝB"

ã 17.3.7. Ã��>6²��^|

). Xã17.3.7¤«§?�²�þ�:���I�:O§�²��xz²¡§¿�>6��� z¶"

·�k

K = K k. (17.3.17)

�âBiot-Savart½Æ§�	P :?�^|�±��

B(r) = −µ0

4π

∫
K(r′)ds′ × (r′ − r)

|r′ − r|3
. (17.3.18)

-

r = x i + y j + z k,

r′ = x′ i + z′ k. (17.3.19)

·�k

r′ − r = (x′ − x)i− yj + (z′ − z)k. (17.3.20)

u´§

[K(r′)]× (r′ − r) = (Kk)× [(x′ − x)i− yj + (z′ − z)k]

= K[yi + (x′ − x)j]. (17.3.21)

ù�§·�Bk

B(r) = −µ0

4π
K

∫ +∞

−∞

∫ +∞

−∞
dx′dz′

yi + (x′ − x)j

[(x′ − x)2 + y2 + (z′ − z)2]3/2
. (17.3.22)
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-

z′ = z + ρ cosϕ, (17.3.23)

x′ = x+ ρ sinϕ, (17.3.24)

K^aArÝB�±L�

B(r) = −µ0

4π
K

∫ 2π

0

dϕ

∫ +∞

0

dρ ρ
yi + ρ sinϕj

[ρ2 + y2]3/2
. (17.3.25)

È�§�

B(r) =

{
− 1

2
µ0K i, y > 0;

+ 1
2
µ0K i, y < 0.

(17.3.26)

d=�N²�	�^|"

�~¥§ekÈ�dz′§½�§¿�§��±^uO�k�°Ý�N²��^|§~X§0 ≤ x′ ≤

b"d�§·�k

B(r) = −µ0

4π
K

∫ b

0

dx′
∫ +∞

−∞
dz′

yi + (x′ − x)j

[(x′ − x)2 + y2 + (z′ − z)2]3

= −µ0

2π
K

∫ b

0

dx′
yi + (x′ − x)j

(x′ − x)2 + y2

= −µ0

2π
K

[(
arctan

b− x
y

+ arctan
x

y

)
i +

1

2
ln

(
(b− x)2 + y2

x2 + y2

)
j

]
. (17.3.27)

�

3þ¡é z′�È©¥§·�|^
±e©)µ

1

(z′)2 + a2
=

1

(z′ − ia)(z′ + ia)
=

1

2ia

(
1

z′ − ia
− 1

z′ + ia

)
. (17.3.28)

lc¡ª(17.3.9)Ú(17.3.10)�í�5w§N>6�Ýâ´Ä��§¡>6�ÝÚ�>6�Ý´

N>6�Ýû)�(J"Ïd§3>^nØ�í�¥§  ±N>6�Ý��~f?1íü"·�e

¡�´ù��"

§17.3.2 ¥þ³

�[��§·>|E�±^Iþ³ϕL«§

E = −∇ϕ. (17.3.29)

ù´Ï�²��'ÆkL«§

r

r3
= −∇1

r
, (17.3.30)
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u´§

E(r) =
1

4πε0

∫
ρ(r′)dr′

r− r′

|r− r′|3

= − 1

4πε0

∫
ρ(r′)dr′∇ 1

|r− r′|

= −∇
[

1

4πε0

∫
dr′

ρ(r′)

|r− r′|

]
= −∇ϕ, (17.3.31)

Ù¥§dr′�LNÈ�£3Ø�Ø¬�/�§±�ÒØ2(²
¤§∇�LéCþ r� �§
ϕK�

´¤¢�Iþ³§

ϕ(r) =
1

4πε0

∫
dr′

ρ(r′)

|r− r′|
. (17.3.32)

�>|rÝ^Iþ³L«�§Iþ³k��~ê�Ø(½5§ù´Ï�

∇(ϕ+ c) = ∇ϕ, (17.3.33)

�ϕ′ = ϕ+ c�´XÚ�Iþ³§

E = −∇ϕ′. (17.3.34)

dÃ³�§<��±�âI�§ÀJÜ·�ëì:5(½~ê c"

éu·^|§̂ aArÝ�±^¤¢�¥þ³£vector potential¤5L«"�¤±Xd§E,´

Ï�²��'ÆkL«(17.3.30):

B(r) =
µ0

4π

∫
j(r′)dr′ × r− r′

|r− r′|3

= −µ0

4π

∫
j(r′)dr′ ×∇ 1

|r− r′|

= −µ0

4π

∫
dr′ j(r′)×∇ 1

|r− r′|
. (17.3.35)

�Ä�

∇× (ψf) = ψ∇× f +∇ψ × f , (17.3.36)

Ù¥§ψ = ψ(r)´Iþ|§f = f(r)´¥þ|§�Ò´

∇ψ × f = ∇× (ψf)− ψ∇× f , (17.3.37)

·�k

j(r′)×∇ 1

|r− r′|
= −∇×

(
j(r′)

|r− r′|

)
+

1

|r− r′|
∇ × j(r′). (17.3.38)

Ï�∇´éCþ r� �§¤±

∇× j(r′) = 0. (17.3.39)
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u´§

j(r′)×∇ 1

|r− r′|
= −∇×

(
j(r′)

|r− r′|

)
. (17.3.40)

ò��\^aArÝB�L�ª§�

B(r) =
µ0

4π

∫
dr′∇×

(
j(r′)

|r− r′|

)

= ∇×
[
µ0

4π

∫
dr′

j(r′)

|r− r′|

]
= ∇×A, (17.3.41)

Ù¥§A�´¤¢�¥þ³§

A(r) =
µ0

4π

∫
dr′

j(r′)

|r− r′|
. (17.3.42)

�X>|rÝ^Iþ³L«�kØ(½5§̂ aArÝ^¥þ³L«��kØ(½5"�ψ��

�Iþ|"5¿�FÝ�^Ý�"§

∇× (∇ψ) = 0, (17.3.43)

·�k

∇× [A +∇ψ] = ∇×A. (17.3.44)

´�§A′ = A +∇ψ�´��¥þ³§

B = ∇×A′. (17.3.45)

¥þ³�Ø(½Ý'Iþ³��§§k��Iþ|�FÝ�Ø(½5"ù«Ø(½5¿Ø�5�

³§<��±�âI�ÀJÜ·�^�5(½§§ù�Ü·�^�Ï~¢�5�£gauge¤"éu·^

|§Ï~ÀJ¤¢�¥Ô5�£Coulomb gauge¤5��¥þ³�Ø(½5§

∇ ·A = 0. (17.3.46)

ùo´�±¢y�µb½¥þ³A′Ø÷v¥Ô5�§

∇ ·A′ 6= 0. (17.3.47)

�C�

A = A′ +∇ψ, (17.3.48)

Ù¥§ψ´���½�Iþ|§u´§·�k

∇ ·A = ∇ ·A′ +∇2ψ. (17.3.49)

�¦A÷v¥Ô5�§�Lψ÷v

∇2ψ = −∇ ·A′ (17.3.50)
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=�"þª´��'uIþ|ψ�Ñt�§§ù`²§���þãÑt�§���)§¥þ|AÒU

÷v¥Ô5�
"'u5�§3ïá
Maxwell�§|±�§·���2ù§@p�±w�5���

��¿Â"ly�Ôn�*:5w§>^|´�«5�|§5�´>^|���á5§��·�­À"

e¡§·�5y²ª(17.3.42)¤5½�¥þ³÷v¥Ô5�"·�k

∇ ·A =
µ0

4π
∇ ·

[∫
dr′

j(r′)

|r− r′|

]

=
µ0

4π

∫
dr′∇ ·

[
j(r′)

|r− r′|

]
=

µ0

4π

∫
dr′ j(r′) · ∇ 1

|r− r′|
. (17.3.51)

Ù¥§·�|^
¥þ©Û�úª§

∇ · (ψf) = ψ∇ · f +∇ψ · f . (17.3.52)

5¿�

∇ 1

|r− r′|
= −∇′ 1

|r− r′|
, (17.3.53)

Ù¥§∇′�LéCþ r′� �§·�k

∇ ·A = −µ0

4π

∫
dr′ j(r′) · ∇′ 1

|r− r′|

= −µ0

4π

∫
dr′

{
∇′ ·

[
j(r′)

|r− r′|

]
− 1

|r− r′|
∇′ · j(r′)

}
, (17.3.54)

Ù¥§·�2g|^
¥þ©Ûúª(17.3.52)"éu­ð>6§dëY5�§§·�k

∇ · j(r) = 0. (17.3.55)

ù�§þã¥þ³Ò{z�Xe/ª
§

∇ ·A = −µ0

4π

∫
dr′∇′ ·

[
j(r′)

|r− r′|

]
. (17.3.56)

5¿§ùpNÈ©�È©«�7L�)¤k��>63S§�Ò´`§È©«��±TÐ�u>6©

Ù�«�§��±'>6©Ù�«��£CX��>6©Ù¤§�ØU'>6©Ù�«��"|^pd

úª§�±òdNÈ©z�L¡È©§

∇ ·A = −µ0

4π

∮
j(r′)

|r− r′|
· ds′. (17.3.57)

du¢S>6o´©Ù3k�«��§Ïd§·��±���CX��>6©Ù��m«��NÈ

©§¦�T«��L¡£pd­¡¤ u>6©Ù�>.�	">.�	§vk>6©Ù§>6�Ýg

,�"§��Ø�§fòèN§þª¥�­¡È©A�u""u´§·��

∇ ·A = 0. (17.3.58)
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ùÒ�¤
y²"

��§·�5¦¥þ³��©�§"·���§Iþ³÷vÑt�§§

∇2ϕ = − 1

ε0

ρ, (17.3.59)

Ù¥§ρ´>Ö�Ý"e¡§·�5y²§·^|�¥þ³�÷vÑt�§§

∇2A = −µ0 j, (17.3.60)

Ù¥§j´>6�Ý"þªÙ¢Ò´dn�Iþ|�Ñt�§|¤��§|"3���IXe§-

A(r) = A1(r) e1 +A2(r) e2 +A3(r) e3, (17.3.61)

j(r) = j1(r) e1 + j2(r) e2 + j3(r) e3, (17.3.62)

¿5¿�

∇2A = e1∇2A1 + e2∇2A2 + e3∇2A3. (17.3.63)

ª(17.3.60)z�Xe�d��§|§

∇2A1 = −µ0 j1, (17.3.64)

∇2A2 = −µ0 j2, (17.3.65)

∇2A3 = −µ0 j3. (17.3.66)

Iþ³ϕ½Â�

ϕ(r) =
1

4πε0

∫
dr′

ρ(r′)

|r− r′|
. (17.3.67)

§�,´Ñt�§(17.3.59))§d´��∫
dr′

(
− 1

4π
∇2 1

|r− r′|

)
ρ(r′) = ρ(r). (17.3.68)

½Â¼êK

K = K(r− r′) = K(r′ − r) = − 1

4π
∇2 1

|r− r′|
, (17.3.69)

§´��È©Ø§é?ÛëY¼ê ρ(r)§dÈ©ØÑk5�§∫
dr′K(r− r′) ρ(r′) = ρ(r). (17.3.70)

ù«a.�È©Ø§3Fourier?ê¥�ÑyL"éuëY¼ê f(t)§·�k∫ π

−π
dt′D(t− t′) f(t′) = f(t), t ∈ (−π, π), (17.3.71)

Ù¥§D´¤¢�DirichletØ§

D(t− t′) = lim
n→+∞

1

π

sin
[(
n+ 1

2

)
(t− t′)

]
sin
[

1
2
(t− t′)

] . (17.3.72)
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ùaÈ©Ø3êÆÚÔnþÑ´é­��§§´Dirac£¦k?ó§§�£þfåÆ§��m�¤JÑ

¤¢Dirac δ¼ê£Dirac delta function¤��µ�Ä:"Dirac δ¼ê´êÆ!Ôn!±9ó§Æ¥

���2�ÆK§�Ã<´�§��@ý*?§ÓÆ�±�3ÆS&Ò�XÚ�¬2��§"·�6

�Ø+@oõ§
´òØÈ©KA^�ëY¼êA1(r)§¥þ³�1��©þ§·�k

−∇2A1 = −∇2

(
µ0

4π

∫
dr′

j1(r′)

|r− r′|

)

= µ0

∫
dr′

(
− 1

4π
∇2 1

|r− r′|

)
j1(r′)

= µ0

∫
dr′K(r− r′) j1(r′)

= µ0 j1(r). (17.3.73)

ùÒy²


∇2A1 = −µ0 j1(r). (17.3.74)

�Ò´`§A1÷vÑt�§"A2ÚA3´aq�"ù�§·�Òy�
·�¤I��(J"

lþ¡�üÌL§�±wÑ§Iþ³Ú¥þ³Ñ´��>^|�O�óä
Ú?�§��¿Øä

kÔn¿Â§�(�/`§§�ÑØ´Ôn¢3§�,Iþ³�·>å��õ���'§�<±é�

*�aú"��±5§�[�´ùow�——Iþ³Ú¥þ³==´êÆóä§8�´Bu>^|�

O�"��þ�­V8�c�§AharonovÚBohmÏL¢�âuy§Iþ³Ú¥þ³Ó>fNX�þ

f1���k'§Ônþ§·�7L«@�öþ´Ôn¢3§
Ø´êÆóä"ù�§<�ÒUC


éIþ³Ú¥þ³�w{"�dÓ�§dYangÚMills¤���5�|Ø���
¿v�uÐ§3|

Ø�Ä�âf+���
2��A^"o�§5�®²¤�ÔnÆ¥�Ä��Vg��§��·�@

ýÆS§��!¤ù��´ù�¡�Ð��£§¤¢�Ä´�"

§17.3.3 ^ó4f

^ó4f´>ó4f�éAÔ§3nØ�A^¥Ñé­�"7Ïþ�!¤Ú?�¥þ³§·�5

5?Ø^ó4f9Ù|©Ù"

�
é'§·�k£��eIþ³�õ4Ðm"�>Ö©Ù3�m,�¬«�§·�5�	�l

ù¬>Ö�/�þ�>|§¤¢�|´�"Xã17.3.8¤«§ïá�IX§P|:P � ¥� r§>

Ö�� ¥� r′§>Ö��NÈ�dτ ′"u´§P :�Iþ³�

ϕ(r) =
1

4πε0

∫
ρ(r′)dτ ′

1

|r− r′|
. (17.3.75)

éu�|§

r � r′. (17.3.76)
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ã 17.3.8. >ó4f

·�kTaylorÐm§

1

|r− r′|
=

1

r
+ (−r′) · ∇1

r
+ · · ·

=
1

r
+

r′ · r
r3

+ · · · (17.3.77)

ò��\Iþ³�L�ª§�

ϕ(r) =
1

4πε0

∫
ρ(r′)dτ ′

1

r
+

1

4πε0

∫
ρ(r′)dτ ′

r′ · r
r3

+ · · ·

=
1

4πε0

q

r
+

1

4πε0

p · r
r3

+ · · · , (17.3.78)

Ù¥§

q =

∫
ρ(r′) dτ ′, (17.3.79)

p =

∫
ρ(r′)r′ dτ ′. (17.3.80)

ùÒ´Iþ³�õ4Ðm§Ù¥ q´¤¢�>ü?f£electric monopole¤§p´¤¢�>ó4f

£electric dipole¤"ùp§·�=�3�ü?f§
�Ñ
o4f9�p?O�õ?f"3õ4Ð

m¥§>ü?fÙ¢Ò´XÚ�o>Ö"

�u>|§�LéIþ³�FÝ=�§

E = −∇ϕ = − 1

4πε0

∇1

r
− 1

4πε0

∇
(
p · r

r3

)
+ · · · , (17.3.81)

ùp§

∇1

r
= − r

r3
, (17.3.82)

∇
(
p · r

r3

)
= ∇

(
r−3(p1x+ p2y + p3z)

)
= (∇r−3)(p1x+ p2y + p3z) + r−3∇(p1x+ p2y + p3z)

= −3
r

r5
(p1x+ p2y + p3z) + r−3 p

= −3(p · r)r− p r2

r5
. (17.3.83)
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u´§·��

E =
1

4πε0

q

r3
r +

1

4πε0

3(p · r)r− p r2

r5
+ · · · . (17.3.84)

m>1��´>ü?f�>|§1��´>ó4f�>|"

Xã17.3.9 ¤«§����N��1k>6 I£�
{ü§·�ùp��Ä>6�§vk�Ä�

��/¤"dª(17.3.42) ��£òN>6����>6�¤§:P ?�¥þ³�

A(r) =
µ0

4π

∮
Idl′

1

|r− r′|
. (17.3.85)

ò�|�TaylorÐm(17.3.77)�\¥þ³�L�ª§¿�3��5?§�

ã 17.3.9. ^ó4f

A(r) =
µ0

4π

∮
Idl′

1

r
+
µ0

4π

∮
Idl′

r′ · r
r3

=
µ0

4π

qm
r

+
µ0

4π

I

r3

∮
(r′ · r)dl′, (17.3.86)

Ù¥§qm´¤¢�^ü4Ý£magnetic monopole¤§

qm =

∮
Idl′ = I

∮
dl′ = 0. (17.3.87)

>ü?Ò´>Ö§^ü4g,�Ò´^Ö"þª`²§3­ð>6��¹e§^ü4´Ø�3�"

3Maxwellïá�Maxwell�§|¥�Ø�3^ü4£∇·B = 0¤"Diraclé¡5�Ä§JÑ
^ü

4nØ§@�g,.¥AT�3^ü4f§,
§�8�U¼�¢��|±"

ù�§�3��5?§·�k

A(r) =
µ0

4π

I

r3

∮
(r · r′)dl′. (17.3.88)

5¿�dl′ = dr′§¿|^¥þ©Û¥�È©úª§∮
u dl =

∫
ds×∇u, (17.3.89)

·�k ∮
(r · r′)dl′ =

∫
ds′ × [∇′(r · r′)] =

∫
ds′ × r =

(∫
ds′
)
× r (17.3.90)

ò��\¥þ³�úª§�

A =
µ0

4π
m× r

r3
, (17.3.91)
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Ù¥§m¡�^ó4f½^ó4Ý§

m =

∫
Ids′ = I

∫
ds′ = IS. (17.3.92)

ª(17.3.91)Ò´^ó4f�¥þ³§§Ó>ó4f�Iþ³´aq�§

ϕ =
1

4πε0

p · r
r3
. (17.3.93)

�>6��²¡>6��§

S = S n, (17.3.94)

Ù¥§n´>6��ü {¥§Ù���>6��7��¤mÃÚ^'X"d�§̂ ó4Ý{z�

m = IS n. (17.3.95)

eéª(17.3.91)¦^Ý§·�Ò�±��^ó4f�^|§

B = ∇×A =
µ0

4π
∇×

(
m× r

r3

)
. (17.3.96)

|^¥þ©Û�úª§

∇× (f × g) = f(∇ · g)− g(∇ · f) + (g · ∇)f − (f · ∇)g, (17.3.97)

·�k

∇×
(
m× r

r3

)
= m

(
∇ · r

r3

)
− (m · ∇)

( r

r3

)
. (17.3.98)

ùp§

∇ · r
r3

= ∇ · (r−3 r)

= (∇r−3) · r + r−3(∇ · r)

= (−3r−5r) · r + 3r−3

= 0, r 6= 0; (17.3.99)

(m · ∇)
( r

r3

)
= (m · ∇)

[
r−3(x i + y j + z k)

]
= i(m · ∇)(x r−3) + j(m · ∇)(y r−3) + k(m · ∇)(z r−3)

= i
{
m · [∇(x r−3)]

}
+ j
{
m · [∇(y r−3)]

}
+ k

{
m · [∇(z r−3)]

}
= i

[
m ·

(
ir−3 − 3xr−5r

)]
+ j
[
m ·

(
jr−3 − 3yr−5r

)]
+ k

[
m ·

(
kr−3 − 3zr−5r

)]
= r−3 (im1 + jm2 + km3)− 3r−5(m · r) (ix+ j y + k z)

= r−3 m− 3r−5(m · r)r

=
m r2 − 3(m · r)r

r5
, r 6= 0. (17.3.100)
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ò§��£�ª§·��

∇×
(
m× r

r3

)
=

3(m · r)r−m r2

r5
. (17.3.101)

��§òþª�£ª(17.3.96)§·�Ò��
^ó4f�|©Ù§

B =
µ0

4π

3(m · r)r−m r2

r5
. (17.3.102)

§Ó>ó4f�|©Ù/ªþ����§

E =
1

4πε0

3(p · r)r− p r2

r5
. (17.3.103)

§17.3.4 Dirac δ¼ê ∗

c¡§3117.3.2�!§·�!�
Dirac δ¼ê"��!§·ò���ÐÚ�0�"3Ä:Ôn

ù���Ð?��§¥§§�Ò
^
"

��/§3����¹e§�´÷ve¡^��¼ê gþ�¡�Dirac δ¼ê§∫ b

a

f(x)g(x− c) = f(c), c ∈ (a, b), (17.3.104)

Ù¥§f(x)´«m [a, b]þ�ëY¼ê"ùp«m [a, b]��U� (a, b)§½ [a,+∞)§½ (a,+∞)§

½ (−∞, a)§½ (−∞, a]§½ (−∞,+∞)§��§��ù
«m�¹: c3SÜ=�"�Ò´`§�

�Dirac δ¼ê�½Â5�� ∫ b

a

f(x)δ(x− c) = f(c), c ∈ (a, b). (17.3.105)

c¡ùL�DirichletØD(t− t′)Ò´��Dirac δ¼ê���¢~§Ï~P�

D(t− t′) = δ(t− t′). (17.3.106)

��Dirac δ¼êkéõ�¢~§DirichletØD(t− t′)�´Ù¥���"~X§

lim
α→0+

1

π

α

α2 + x2
= δ(x), (17.3.107)

�´��"

n�Dirac δ¼ê½Â�

δ(r− c) = δ(x− c1) δ(y − c2) δ(z − c3), (17.3.108)

Ù¥§

r = x i + y j + z k, (17.3.109)

c = c1 i + c2 j + c3 k. (17.3.110)

w,§ ∫
f(r)δ(r− c) dr = f(c), (17.3.111)
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Ù¥§f(r)´ëY¼ê§: c uÈ©«��SÜ§drL«NÈ�"��Dirac δ¼ê�n��aq§

��~K��=�"þ¡ùL�È©ØK(r− r′)´n�Dirac δ¼ê���¢~§

K(r− r′) = δ(r− r′). (17.3.112)

��§Dirac δ¼ê´��aÈ©Ø��Ó5�"Diracò§Ä�Ñ5üÕ½Â���¼ê§́ 4L�

��"ù��Óá5�­�
§§3êÆ!Ôn±9ó§Æ¥äk2��A^"

Dirac´3ïÄþfåÆ�JÑDirac δ¼ê�"Äu δ¼ê§Diracïá
þfnØ�êÆµe§

ù«µe3Ônþ�~¤õ§Ï�nØ(J�¢���"δ¼ê§5N{²§�^��§X¼��§<

�<O§s�sm",
§�Xþã§Dirac�½Â.¾´�*�§²�5�§3êÆþ´Ø
î��§

¦+§��/3$§��/¤õ§�±`Ul<�§̄ ¯X¿"ØL§Ø+§õo3$§õoX¿§�

�Øî�§êÆ[o�´ÿÔ%¯§�%Øe§�wØe��§�5{IêÆ[SchwartzJÑ
©Ù

nØ£distribution theory¤§o�X�/òDirac δ¼ê3êÆþî�z
§ªu�%
§��ÿZ

¹
"Schwartzuy§DiracJÑ� δ¼ê¿Ø´ÊÏ¿Â�¼ê§
´�«©Ù§�ÏXd§Dirac

δ¼êy3��©Ù£distribution¤§½2Â¼ê£generalized function§ù´�éÆöå�¶i¤"

��y3§3ÔnÆ��Æ¥§�[Ä�þ�´�XDirac�*/Æ δ¼ê§�*/^ δ¼ê§Ï

�Schwartz�©ÙnØéÆÔn�<5`�k�
§Ò´êÆX�Æ)§���pc?½öïÄ)�

ãâUÆS§"�*/ÆSDirac δ ¼ê¿ØJ§·�ÒùoZ§��k�ùoZ§�±�kÄ:!

kÅ¬
2ÆSchwartz�©ÙnØ@�Ø´"

Ônþ§<�²~ùo¦^Dirac δ¼ê§

f(r) =

∫
δ(r′ − r)f(r′) dr′. (17.3.113)

·���§�m: r0?�:>Ö q-u�>|�

E(r) =
1

4πε0

q(r− r0)

|r− r0|3
. (17.3.114)

|^ª(17.3.113)§·�k
r− r0

|r− r0|3
=

∫
dr′ δ(r′ − r0)

r− r′

|r− r′|3
. (17.3.115)

u´§:>Ö q-u�>|�±��

E(r) =
1

4πε0

∫
dr′ qδ(r′ − r0)

r− r′

|r− r′|3
. (17.3.116)

ò��>ÖëY©Ù�/�>|�'§

E(r) =
1

4πε0

∫
dr′ ρ(r′)

r− r′

|r− r′|3
. (17.3.117)

Ù¥§ρ(r)´>Ö©Ù��Ý§N´ß�

qδ(r− r0) (17.3.118)
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Ò´�m: r0?�:>Ö q�>Ö©Ù�Ý§

ρ(r) = qδ(r− r0). (17.3.119)

e¡§·�5wwù�ß��Ün5µÄk§dª(17.3.113)´�§ù��>Ö©Ù�Ý�Ñ���m

�o>Ö� q§ ∫
qδ(r− r0) dr = q. (17.3.120)

Ùg§±È©ØK(r−r′)�¢~§·�5`²§ù��>Ö©Ù�Ý¤��>Ö�©Ù3: r0þ§3

Ù§�/�vk>Ö©Ù"� r 6= r′�§

K(r− r′) = − 1

4π
∇2 1

|r− r′|

= − 1

4π
∇ ·

(
∇ 1

|r− r′|

)

=
1

4π
∇ ·

(
r− r′

|r− r′|3

)
. (17.3.121)

lþ�!ª(17.3.99)§·���

∇ · r
r3

= 0, r 6= 0. (17.3.122)

ù¿�X

K(r− r′) = 0, r 6= r′. (17.3.123)

ù`²

ρ(r) = qδ(r− r0) = qK(r− r0) = 0, r 6= r0, (17.3.124)

=3: r0	§vk>Ö©Ù"Q,§Xþ¤ã§��m�o>þ� q§
3 r 6= r0?vk>Ö©Ù§

@o§o>Ö� qÒA��8¥3: r0þ"ù�´<�é:>Ö��*<�§Ïd§ò

ρ(r) = qδ(r− r0) (17.3.125)

w�´�m: r0þ:>Ö q�>Ö©Ù�Ý´�©Ün�"3>^Æ¥§<��´ùow�"éuü

 :>Ö§q = 1§u´§

ρ(r) = δ(r− r0). (17.3.126)

dd��§δ¼ê�±À�ü :>Ö�>Ö�Ý©Ù"Ón§N´wÑ§XJ�Ä�´�:¯K§@

o§δ¼ê��±À�ü �:��þ�Ý©Ù"�
�*/`² δ¼ê�ü:©Ù5§<�/�/

ò§��

δ(r) =

{
∞, r = 0;

0, r 6= 0.
(17.3.127)

∫
R3

δ(r) dr = 1. (17.3.128)
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�
n) δ¼ê�þãA5§·�±K(r)��¢~5`²�"Ù¢§c¡·�®²|^ª(17.3.123)

`²


δ(r) = 0, r 6= 0. (17.3.129)

Ùg§5¿�3 r = 0?§K(r)w,´uÑ�§·�k

δ(r) =∞, r = 0. (17.3.130)

�Ò´`§δ(r)3 r = 0Ø´k��"��§dþþ�!�ª(17.3.70)§� ρ(r) = 1§�±wÑ δ(r)�

÷v1�ª(17.3.128)",
§e¡§·��¿|^K(r)�Ñ δ(r)÷v(17.3.128)�����y²§Ï

�§�·>|�pd½Æk'"·�k∫
R3

K(r) d r = − 1

4π

∫
R3

∇2 1

r
dr

= − 1

4π

∫
R3

∇ ·
(
∇1

r

)
dr

=
1

4π

∫
R3

∇ ·
( r

r3

)
dr

= lim
R→+∞

1

4π

∫
B(R)

∇ ·
( r

r3

)
dr, (17.3.131)

Ù¥§B(R)´��±�I�:�¥%§�»�R�¥"|^pdúª§þªm>�È©�±z�L

¡È©§� ∫
B(R)

∇ ·
( r

r3

)
dr =

∮
S

r

r3
· ds, (17.3.132)

Ù¥§S´¥B(R)�L¡"3¥�IXe§¡È����

ds = r2 sin θdθdϕ er, (17.3.133)

u´§ ∫
B(R)

∇ ·
( r

r3

)
dr =

∫ 2π

0

dϕ

∫ π

0

dθ sin θ
[ r
r3
·
(
r2 er

)]
r=R

=

∫ 2π

0

dϕ

∫ π

0

dθ sin θ

= 4π. (17.3.134)

ò��£ª(17.3.131)§� ∫
R3

K(r) d r = 1. (17.3.135)

N´wÑ§ù�(JÙ¢Ò´'u�I�:?ü :>Ö£ q = 1¤�pd½Æ§∮
1

4πε0

r

r3
· ds =

1

ε0

. (17.3.136)
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3���/e§δ¼ê�ü:©Ù5Ly�

δ(x) =

{
∞, x = 0

0, x 6= 0.
(17.3.137)

∫ +∞

−∞
δ(x) dx = 1. (17.3.138)

~X§�Ý� l�[\§�þ� 1§�Ýþ!§=

ρl(x) =

{
1/l, |x| ≤ l/2;

0, |x| > l/2.
(17.3.139)

5¿§·�ok ∫ l/2

−l/2
ρl(x) dx ≡ 1, (17.3.140)

u´§·��

lim
l→0

ρl(x) =

{
∞, x = 0

0, x 6= 0,
(17.3.141)

lim
l→0

∫ l/2

−l/2
ρl(x) dx = 1. (17.3.142)

ù`²§´��:©Ù§�

lim
l→0

ρl(x) = δ(x). (17.3.143)

=ü �þ�\§��Ýªu"�§Ù�Ý= δ¼ê"

2Xc¡ÞÑ�~f§

fα(x) =
1

π

α

α2 + x2
, α > 0. (17.3.144)

N´��§ ∫ +∞

−∞
fα(x) dx ≡ 1. (17.3.145)

Ïd§·�k

lim
α→0

fα(x) =

{
∞, x = 0

0, x 6= 0,
(17.3.146)

lim
α→0

∫ +∞

−∞
fα(x) dx = 1. (17.3.147)

��§§�´��:©Ù§�

lim
α→0

fα(x) = δ(x). (17.3.148)

2X

fσ(x) =
1√
2πσ

exp(−x2/2σ), σ > 0. (17.3.149)

N´�� ∫ +∞

−∞
fσ(x) dx ≡ 1. (17.3.150)
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ù�§·�k

lim
σ→0

fσ(x) =

{
∞, x = 0

0, x 6= 0,
(17.3.151)

lim
σ→0

∫ +∞

−∞
fσ(x) dx = 1. (17.3.152)

��§§�´��:©Ù§�

lim
σ→0

fσ(x) = δ(x). (17.3.153)

±þù
Ñ´�� δ¼ê�¢~§§�Ñ´,«S��4�"

y3§4·�5�	Heaviside¼ê£Heaviside function§Heaviside§=I>íó§�¤§

H(x) =

{
1, x > 0

0, x < 0.
(17.3.154)

§3:x = 0��Ø­�§�±�B�"́ �Ù�êk5�§

H ′(x) =

{
∞, x = 0

0, x 6= 0,
(17.3.155)

∫ +∞

−∞
H ′(x) dx =

∫ +∞

−∞
dH(x) = 1. (17.3.156)

��§§�´��:©Ù§�

H ′(x) = δ(x). (17.3.157)

d~L²§z��©ãëY��¼ê�1�amä:§�¦��§þ��)��~ê�� δ¼ê§Ù

�ê�Tmä:��Ý"~X§

f(x) =

{
f1(x), x > 0

f2(x), x < 0

= H(x)f1(x) + [1−H(x)]f2(x), (17.3.158)

Ù�ê�

f ′(x) = hδ(x) +

{
f ′1(x), x > 0

f ′2(x), x < 0

= hδ(x) +H(x)f ′1(x) + [1−H(x)]f ′2(x), (17.3.159)

Ù¥§h��Ý§

h = f1(0)− f2(0). (17.3.160)

ü:©Ù5(17.3.137)Ú(17.3.138)��w� δ¼ê�½Â§ù´Ï�§éu?ÛëY¼ê f(x)§

Ñk

f(x) δ(x) = f(0) δ(x) =

{
f(0) · ∞, x = 0

0, x 6= 0,
(17.3.161)



§17.3 ¥þ³ 29

� ∫ +∞

−∞
f(x) δ(x)dx = f(0)

∫ +∞

−∞
δ(x)dx = f(0). (17.3.162)

�c¡�½Â��"

XJü:©ÙØ´ u�:§
´ u:x = a§K�A� δ¼ê�

δ(x− a) =

{
∞, x = a;

0, x 6= a.
(17.3.163)

∫ +∞

−∞
δ(x− a) dx = 1. (17.3.164)

,	§

f(x)δ(x− a) = f(a)δ(x− a), (17.3.165)∫ +∞

−∞
f(x) δ(x− a)dx = f(a). (17.3.166)

~17.3.2. O�È©

(a)

∫ +∞

−∞
x3 δ(x− 2)dx (b)

∫ +∞

0

x3 δ(x− 2)dx (c)

∫ 2.5

0.3

x3 δ(x− 2)dx

(d)

∫ 0

−∞
x3 δ(x− 2)dx (e)

∫ +∞

3

x3 δ(x− 2)dx (f)

∫ 1

0

x3 δ(x− 2)dx

).

(a)

∫ +∞

−∞
x3 δ(x− 2)dx = x3

∣∣∣
x=2

= 23 = 8. (17.3.167)

(b)

∫ +∞

0

x3 δ(x− 2)dx = x3
∣∣∣
x=2

= 23 = 8. (17.3.168)

(c)

∫ 2.5

0.3

x3 δ(x− 2)dx = x3
∣∣∣
x=2

= 23 = 8. (17.3.169)

(d)

∫ 0

−∞
x3 δ(x− 2)dx = 0. (17.3.170)

(e)

∫ +∞

3

x3 δ(x− 2)dx = 0. (17.3.171)

(f)

∫ 1

0

x3 δ(x− 2)dx = 0. (17.3.172)

�/(a)!(b)!(c)§(J�� 8§Ï�È©«mÑ�¹:x = 2¶�/(d)!(e)!(f)§(J�� 0§Ï�

È©«mÑØ�¹:x = 2" �

~17.3.3. O�È© ∫ +∞

−∞
f(x) δ(kx)dx, k 6= 0. (17.3.173)
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). -

y = kx. (17.3.174)

XJ k > 0§K ∫ +∞

−∞
f(x) δ(kx)dx =

1

k

∫ +∞

−∞
f(y/k) δ(y)dy

=
1

k
f(0). (17.3.175)

XJ k < 0§K ∫ +∞

−∞
f(x) δ(kx)dx =

1

k

∫ −∞
+∞

f(y/k) δ(y)dy

= −1

k

∫ +∞

−∞
f(y/k) δ(y)dy

= −1

k
f(0). (17.3.176)

éÜ�ö§� ∫ +∞

−∞
f(x) δ(kx)dx =

1

|k|
f(0). (17.3.177)

�

~17.3.4. O�È© ∫
V

(r2 + 2)∇ ·
( r

r3

)
dr,

Ù¥V ´��±�:�¥%�»�R�¥"

). 5¿�

− 1

4π
∇2 1

r
= δ(r), (17.3.178)

±9

∇1

r
= − r

r3
, (17.3.179)

·�k ∫
V

(r2 + 2)∇ ·
( r

r3

)
dr =

∫
V

(r2 + 2)4πδ(r)dr

=
(
02 + 2

)
4π

= 8π. (17.3.180)

�

� δ¼êù��2Â¼ê§ÙÄ�õU´�È©Ø¿^uÈ©"XJü�È©Ø^uÈ©�§Ù

�^�J���Ó§@o§·�AT@�§�´���"Äuù��w{§·��±½Âü�2Â¼

ê���µXJéu?¿�ëY¼ê f(x)§±e��ªþ¤á§∫
D1(x)f(x)dx =

∫
D2(x)f(x)dx, (17.3.181)
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@o§2Â¼êD1(x)ÚD2(x)��§

D1(x) = D2(x). (17.3.182)

Uìù�½Â§·�k

δ(kx) =
1

|k|
δ(x), (17.3.183)

AO/§

δ(−x) = δ(x), (17.3.184)

= δ¼ê´ó¼ê"·��k

f(x)δ(x) = f(0)δ(x), (17.3.185)

AO/§

xδ(x) = 0. (17.3.186)

��2Â¼ê§δ¼ê��±¦�"δ¼ê��êP�

δ′(x), (17.3.187)

Ù�½Â´ ∫ +∞

−∞
f(x)δ′(x)dx = −

∫ +∞

−∞
f ′(x)δ(x)dx = −f ′(0), (17.3.188)

Ù¥§f(x)´?¿��3:x = 0NCëY���¼ê"'uù�½Â§·��±^©ÜÈ©5n

)µ ∫ +∞

−∞
f(x)δ′(x)dx =

∫ +∞

−∞
f(x) dδ(x)

= f(x)δ(x)
∣∣∣+∞
−∞
−
∫ +∞

−∞
f ′(x)δ(x)dx

= 0− f ′(0)

= −f ′(0). (17.3.189)

ÓÊÏ¼ê��§δ¼ê����êÒ´���ê��ê§P�

δ′′(x). (17.3.190)

·�k ∫ +∞

−∞
f(x)δ′′(x)dx = −

∫ +∞

−∞
f ′(x) δ′(x)dx

=

∫ +∞

−∞
f ′′(x) δ(x)dx

= f ′′(0). (17.3.191)
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ù��±w�´üg©ÜÈ©�(J"|^8B{§�±wÑ§δ¼ê�±k?¿���ê§PÙn�

ê�

δ(n)(x). (17.3.192)

��È©Ø§ÙÈ©�JXe§∫ +∞

−∞
f(x)δ(n)(x)dx = (−)nf (n)(0). (17.3.193)

ù��u�
ng©ÜÈ©"d	§ÖöØJy²

δ′(−x) = −δ′(x), (17.3.194)

δ(n)(−x) = (−)nδ(n)(x). (17.3.195)

Dirac δ¼ê�kéõÙ§�­�5�§~XLaplaceC�!FourierC�§��§3ò5��U�

§p¬0��§��§6�^ØX§�!��m§·�Ò�d��§Ø�í��
"

y3§4·�£�>^|"XJ�m¥kõ�:>Ö§~X§q1, · · · , qn§�§�©O u: r1, · · · , rn§

@o§§�3�m-u�>|�

E(r) =
1

4πε0

n∑
i=1

qi(r− ri)

|r− ri|3
. (17.3.196)

Óü�:>Ö��/��§$^ δ¼ê§þª�±��

E(r) =
1

4πε0

n∑
i=1

∫
dr′qiδ(r

′ − ri)
r− r′

|r− r′|3

=
1

4πε0

∫
dr′
[

n∑
i=1

qiδ(r
′ − ri)

]
r− r′

|r− r′|3

=
1

4πε0

∫
dr′ρ(r′)

r− r′

|r− r′|3
, (17.3.197)

Ù¥§ρ(r)´:>Ö| q1, · · · , qn�>Ö�Ý§§´��:>Ö�>Ö�Ý�Ú§

ρ(r) =
n∑
i=1

qiδ(r− ri). (17.3.198)

�±wÑ§$^Dirac δ¼ê§lÑ©Ù�>ÖÚëY©Ù�>Ö3/ªþ¼�
Ú�µ§��

>|Ñ´

E(r) =
1

4πε0

∫
dr′ ρ(r′)

r− r′

|r− r′|3
, (17.3.199)

§�>³Ñ´

ϕ(r) =
1

4πε0

∫
dr′ ρ(r′)

1

|r− r′|3
. (17.3.200)

§��·>³UÑ´

U =
1

2

∫
dr ρ(r)ϕ(r). (17.3.201)
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§�¤É�¥ÕåÑ´

F =

∫
dr ρ(r)E(r). (17.3.202)

Ú��/ªBu<�3nØþé§�?1Ú��?n"

c¡§·�b½
:>Ö·�3�m,�:§XJ:>Ö´$Ä�§KÙ ¥ò�mCz§=

r = r(t), (17.3.203)

d�§:>Ö�>Ö©Ù�Ý½��m§A��

ρ(r, t) = qδ[r− r′(t)]. (17.3.204)

XJ´>Ö|§K�

ρ(r, t) =
∑
i

qiδ[r− ri(t)]. (17.3.205)

$Ä�:>Ö�¬�)>6"�:>Ö q3�� t� ¥Ú�Ý©O� r(t)Úv(t)§KÙN>6

�Ý�

j(r, t) = ρ(r, t)v(t) = qδ[r− r′(t)]v(t). (17.3.206)

XJ´�|:>Ö§Ko>6�Ý���:>Ö�>6�Ý�Ú§

j(r, t) =
n∑
i=1

qiδ[r− ri(t)]vi(t). (17.3.207)

o
ó�§Ú^Dirac δ¼ê§lÑ©ÙÚëY©Ù�>Ö�±^Ú��/ª?1nØ?n§ù

�>^nØ�Ö�!í�!±9ü��5
4���B"l�*5w§>ÖÑ´lÑ�§ëYz==

´�«�.Cq§ù�`²lÑ©ÙÚëY©Ù�>ÖATkÚ���ª§Dirac δ¼ê�Ð÷v


ù�I¦"

§17.4 ^|�Gauss½ÆÚAmpère�´½Æ

l17.3.2�!§·���·>|�±^Iþ³L«§·^|�±^¥þ³L«§

E = −∇ϕ, (17.4.1)

B = ∇×A. (17.4.2)

d1�ª§·�k

∇×E = −∇× (∇ϕ), (17.4.3)

5¿�FÝ�^Ý�"§�

∇×E = 0. (17.4.4)

Ônþ§¡^Ý�"�|�Ã^|£irrotational field¤"Ïd§·>|´��Ã^|"q§

∇ ·E = −∇ · (∇ϕ) = −∇2ϕ. (17.4.5)
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�Ä�Iþ³÷vÑt�§§

∇2ϕ = − 1

ε0

ρ, (17.4.6)

Ù¥§ρ�>Ö�Ý§·�k

∇ ·E =
1

ε0

ρ. (17.4.7)

��§·>|�ÑÝ��Ø�""

o
ó�§éu·>|§·�k

∇×E = 0, ∇ ·E =
1

ε0

ρ. (17.4.8)

§´·>|÷v�ü�Ä� �©�§"é§�È©§¿$^StokesúªÚGaussúª§�∮
E · dl = 0,

∮
E · ds =

1

ε0

Q, (17.4.9)

Ù¥§Q�pd­¡S¤�¹�o>þ"ù´·>|¤÷v�ü�Ä�È©�§§Ù¥§1���ª

Ò´�[®²Ù��pd½Æ"

·���§pd½Æ�,´��È©�§§�3ké¡5��¹e§§´´u¦)�§l§U


éN´/¦�XÚ�>|rÝE"ù´��¦)·>|�{´{�"aq��¹3·^|e�´�3

�§@Ò´S��´½Æ§·�e¡Ò5ù§"�{Óþ¡?n·>|�L§´²1�§@p´l·

>|�Iþ³L«Ñu5üÌ��nØ�§ùp��·^|�¥þ³L«=�"

dª(17.4.2)§·�k

∇×B = ∇× (∇×A). (17.4.10)

l¥þ©Û§k

∇× (∇×A) = ∇(∇ ·A)−∇2A. (17.4.11)

u´§

∇×B = ∇(∇ ·A)−∇2A. (17.4.12)

�¥Ô5�§

∇ ·A = 0, (17.4.13)

�

∇×B = −∇2A. (17.4.14)

5¿�§¥þ³÷vÑt�§§

∇2A = −µ0j, (17.4.15)

Ù¥§j´>6�Ý§·����

∇×B = µ0j. (17.4.16)

ù´^|�^Ý§§��Ø�"",��¡§éB�ÑÝ§·�k

∇ ·B = ∇ · (∇×A). (17.4.17)
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du^Ý�ÑÝð�"§Ïd§

∇ ·B = 0. (17.4.18)

Ônþ§ÑÝ�"�|¡�Ã
|£solenoidal field¤"��§·^|´��Ã
|"c®�Ñ§·>

|�ÑÝØ�"§Ïd§§´k
|§§�
Ò´>Ö§�Ò´>ü?"·^|Q,´��Ã
|§§

Ò´vk^Ö�§�Ò´Ø�3^ü4�"

o
ó�§·^|÷vü�Xe� �©�§§

∇×B = µ0j, ∇ ·B = 0. (17.4.19)

d��§|(17.4.8)�éA§AO/§·>|´Ã^k
|§·^|´k^Ã
|"

éþüªÈ©§¿|^StokesúªÚGaussúª§�∮
B · dl = µ0I,

∮
B · ds = 0. (17.4.20)

ù´·^|�ü�È©�§§§�·>|��§|(17.4.9)éA"þ¡�1�ª¡�Ampère�´½Æ

£Ampère circuital law¤§Ù¥� I�BL�´�>6§>6����´���mÃÚ^'X£right-

hand-screw relation¤"

�XÚäk�Îé¡5Ú²¡²£é¡5�§|^Ampère�´½ÆO�^|4��B"

~17.4.1. Ã��1k>6��N��£~17.2.1¤äk�Îé¡5§é¡¶=�N��g�"±

�N��� z¶§±>6��� z¶��§�±ïá��Î�IX"3Î�IX�4�I²¡þ§�

��±�I�:�¥%��±§�»� ρ"w,§�±�:þ�^|����§����g?��I

¥þ eϕ"�d�±�S��´§UìS��´½Æ§·�k∮
B · dl = µ0I, (17.4.21)

Ù¥§I´��þÖ1�>6"�>�£´È©N´�Ñ§∮
B · dl =

∮
(Beϕ) · (eϕdl) =

∮
B dl = 2πρB. (17.4.22)

dd§·��

B =
µ0

2π

I

ρ
. (17.4.23)

��§Nþ��§·��

B =
µ0

2π

I

ρ
eϕ. (17.4.24)

d�~17.2.1¤�(J��§�y3�)�§�{�'@p���O�{{ü�õ§ùÒ´��oÔ

nþUÐï�§!)�§
"

~17.4.2. Ã���Î�N§�»�R§1k>6 I§>6÷î�¡þ!©Ù§¦Ù^|©Ù"X

Úäk�Îé¡5"±�Î�N�¥%¶� z¶§±>6��� z¶��§ïá��Î�IX"Óþ
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~§34�I²¡þ§���±�I�:�¥%��±§�»� ρ"�±�:þ�^|����§�

���g?��I¥þ eϕ"�d�±�S��´§UìS��´½Æ§·�k∮
B · dl = µ0Iin, (17.4.25)

Ù¥§Iin�BL�´�>6"� ρ < R�§

Iin =
πρ

2

πR2
I =

ρ2

R2
I. (17.4.26)

� ρ ≥ R�§

Iin = I. (17.4.27)

�>�£´È©� ∮
B · dl = 2πρB. (17.4.28)

d´§·��

B =

{ µ0

2π
ρ I
R2 , ρ < R

µ0

2π
I
ρ
, ρ ≥ R.

(17.4.29)

O\��§·��

B =

{ µ0

2π
ρ I
R2 eϕ, ρ < R

µ0

2π
I
ρ
eϕ, ρ ≥ R.

(17.4.30)

~17.4.3. Xã17.4.10¤«§Ã���N²�§ uxy²¡§1kþ!>6§¡>6�Ý�K =

K ex£ë�~17.3.1§@p²� u zx²¡§>6��÷ z¶��¤"

ã 17.4.10. >6²�

UìBiot-Savart½Æ§^|�>6R�§Ïd§BØ¬kx©þ"ò¡>6²1ux¶�©�§

���²1ux¶���>6§|^��>6�(J§¿�Ä�÷²¡ y¶���²£ØC5§N´

��§B�Ø¬k z©þ£üýé¡��>6��^| z©þ�p-�¤"ù�§B�k y©þ§¿�

w,3²�þýB = −B ey§3²�eýB = B ey"Xã17.4.10¤«§R�ux¶�Ý/S�£

´§¦�þeé¡/äª3²�üý"UìS��´½Æ§·�k∮
B · dl = µ0I, (17.4.31)

Ù¥§I´BLS�£´�>6,

I = K l. (17.4.32)
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�uS�£´È©§w,§ ∮
B · dl = 2Bl. (17.4.33)

ù`²

B =
1

2
µ0K. (17.4.34)

��§O\��§·��

B =

{
− 1

2
µ0K ey, z > 0

1
2
µ0K ey, z < 0.

(17.4.35)

d(J�~17.3.1��"

~17.4.4. Xã17.4.11¤«§Ã��Ú�+1k>6 I§Ú�é�§?Ø>6-u�^|"

ã 17.4.11. Ã��16Ú�+ ã 17.4.12. Ã��16�Î�

ã 17.4.13. Ã��16Ú�+ ã 17.4.14. Ã��16�Î�

duÚ�é�8§<�Ï~òÙ�.z�Ã��16�Î�§Xã17.4.12¤«"�.z�§>6

Ó�Î��¥%¶��R�§3Ú�+��/§>6�Ú�+¥%¶A�R��¿Ø��R�"ù«

Cq�Ø��±^ã17.4.13\±`²§Ù¥§S��´´��±¥%¶�é¡¶����±§�»

� s§ u�	"316�Î���/§>6Ó�Î��¥%¶��R�§vk?Û>6B�S��

´§Ïd§ ∮
B · dl = Bϕ(2πs) = 0. (17.4.36)
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æ^Î�IX§ù¿�X�Î�	÷ eϕ��vk^|",
§XJ´16Ú�+§Kk>6 IBLS

��´§Ïd§ ∮
B · dl 6= 0. (17.4.37)

ù¿�XÚ�+	÷ eϕ���3^|"e¡·�ò¬w�§Ú�+S�^|�7��Ý¡�'§Ï

d§37��Ýép��¹e§Ú�+S�^|ér"�'
ó§Ú�+	÷ eϕ���^|éf§�

±Ñ�§d�§�.¤á"

316�Î���/§fâ·�®²w�§§3�	÷ eϕ��vk^|§Ó���{§éN´w

Ñ§§3�S÷ eϕ���Ø¬k^|"�u÷ eρ���^|§��5¿�þek�üé¡5§�6�

þe�§÷ eρ���^|A�±ØC§��6�þe�>6��
§�^|�AT��§�k÷ eρ�

��^|�"�§âUÓ�÷vùü��¦"ù`²§316�Î���/§÷ eρ����Ø�3^

|"Ã��16�Î�-u�^|�U�� ez§�Ò´�¥%é¡¶²1"

e¡·�5`²§ù«²1u¥%é¡¶�^|��3u�S§3�	§ù«²1|ð�u""

�d§Xã17.4.14§3��ÏL¥%é¡¶�²¡þ§���Ý/S�£´ 1§Ù¥ü>²1u¥%

é¡¶",	ü>KR�u¥%é¡¶§·�k∮
B · dl = [B(a)−B(b)]L = 0, (17.4.38)

Ù¥§a, bXã17.4.14¤«§́ ²1u¥%é¡¶�ü>©O�¥%é¡¶�ål§LK´ùü>�

�Ý"ù�§·�k

B(a) = B(b), (17.4.39)

=�	�^|�§���ålÃ'"�4� b→ +∞§�

B(a) = B(+∞). (17.4.40)

lÔnþw§l
Ã��?�^|AT�"§�

B(+∞) = 0. (17.4.41)

ù%¹X

B(a) = 0, a > R, (17.4.42)

Ù¥§R´�Î���»"ù�§·�Ò�¤
y²"

��§·��LO��S÷ ez���^|§@ÒéN´
§Xã17.4.14¤«§�S�£´ 2§§

´��äª3�Î�S	�Ý/§Óþ¡�S�£´ 1§§ u��ÏL¥%é¡¶�²¡þ§¿�

ü>²1u¥%é¡¶§,ü>KR�u¥%é¡¶"·�k∮
B · dl = BL = µ0nIL, (17.4.43)

Ù¥§n´ü �ÝS7��*ê"d´��§

B = µ0nI. (17.4.44)
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ù�§3�.Cqe§·��

B =

{
µ0nI ez, inside the solenoid

0, outside the solenoid.
(17.4.45)

ùÒ´16Ú�+�^|©Ù"

~17.4.5. Xã17.4.15¤«§ò16Ú�+üÞ��§/XÓ�½¡��£dounut¤§¡��¡

£toroid¤"�����¡þ��þ!�87k��N*§z���1k>6 I§Á?Ø16��¡�

^|©Ù"

ã 17.4.15. 16��¡ ã 17.4.16. 16��¡�î�¡

�ã17.4.16§���¡�î�¡"3ã¥�ü�Ó%�±�m§?����§�Ó%§�»� r�

�±�S�£´§·�k ∮
B · dl = Bϕ(2πr) = µ0NI, (17.4.46)

Ù¥§Bϕ´^|÷�±�7���©þ"u´§�

Bϕ = µ0

N

2πr
I. (17.4.47)

O\��±9��¡�S	§·�k

B =

{
µ0

N
2πr
I eϕ, inside the toroid

0, outside the toroid.
(17.4.48)

ùÒ´16��¡�^|©Ù"

§17.5 ¥þ³�O� ∗

¥þ³'Iþ³E,§O���(J�
"�!§·�5?ØA�~f§��¡§J,é¥þ³

�aú§,��¡§���U�§§AO´þfåÆ§ÑÖ"

Äk§4·��	16Ã���N²�"eò²�À�xz²¡§¿ò>6��À�x¶���§

=K = K ex§Kd~17.3.1 ´�§

B =

{
1
2
µ0K ez, y > 0

− 1
2
µ0K ez, y < 0.

(17.5.1)
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d	§dª(17.3.42) ��£òN>6���¡>6�¤§XÚ�¥þ³�

A(r) =
µ0

4π

∫
Kds′

1

|r− r′|
=

[
µ0

4π

∫
Kds′

1

|r− r′|

]
ex. (17.5.2)

ù`²¥þ³���[�²1ux¶§=

A(r) = A(x, y, z) ex. (17.5.3)

w,§�÷Xx¶£²1>6��¤²£�§XÚ´ØC�¶�÷X z¶£R�u>6��¤²£�§

XÚ�´ØC�"dd��§XÚ¥þ³�x, zÃ'§·�k

A(r) = A(y) ex. (17.5.4)

�
äN/¦ÑA(y)§�,�±¦^ª(17.5.2)§,
§�Ä�®²��
^aArÝB§·�

��¿|^A,B�'X5¦A§

B = ∇×A. (17.5.5)

È©§� ∮
A · dl =

∫
B · ds. (17.5.6)

y3§3xy²¡þ�o:µ(0, 0)§(x, 0)§(x, y)§(0, y)§��Ý/§Ù��� z¶��"òþª

A^�dÝ/§5¿�¥þ³A�x¶²1§÷S�£´�È©�k²1ux¶�ü>k�z§²1

u y¶�ü>vk�z§·��

A(0)x−A(y)x = Bxy. (17.5.7)

ù`²

A(y) = A(0)−By. (17.5.8)

ù�§·�Bk

A(r) = [A(0)−By] ex = −By ex +A(0)ex. (17.5.9)

Ï�~¥þ�^Ýð�u"§¤±·��±rþª¥m>�1��5�K£�5�C��K§¤"u

´§·��

A(r) = −By ex. (17.5.10)

��[/§·�k

A(r) =

{
− 1

2
µ0Ky ex, y > 0

1
2
µ0Ky ex, y < 0.

(17.5.11)

ùÒ´XÚ�¥þ³"���Ñ�´§¦+^aArÝ3�L>6²��´a��§ØëY�§�´

¥þ³3�L>6²��(´ëY�"

ÖöN´�y

B = ∇×A, ∇ ·A = 0. (17.5.12)



§17.5 ¥þ³�O�∗ 41

l�¯K�(J§N´��§��m¥�3��÷ z¶�þ!^|�§B = Bez§XÚ�¥þ³

�±��

A = −By ex. (17.5.13)

ùÒ´¤¢�K�5�£Landau gauge¤§§3þfåÆ¥ò�k^?"

Ùg§4·�5¦c¡~17.4.2¥>6�)�¥þ³"dª(17.3.42) §XÚ�¥þ³�

A(r) =
µ0

4π

∫
jdr′

1

|r− r′|
=

[
µ0

4π

∫
jdr′

1

|r− r′|

]
ez, (17.5.14)

Ù¥§j´N>6�Ý§

j = j ez =
I

πR2
ez. (17.5.15)

dd��§XÚ�¥þ³²1u z¶£XÚ�¥%é¡¶¤§�Ò´`§

A(r) = A(ρ, ϕ, z) ez. (17.5.16)

N´wÑ§�÷ z¶²1£Ä�§XÚ�±ØC£XÚäk÷>6���²£é¡5¤¶�7 z¶�½

¶^=�§XÚ��±ØC£XÚäk7 z¶�^=é¡5¤"ù%¹X

A(r) = A(ρ) ez. (17.5.17)

�¦A(ρ)§Óc§·�òUY¦^A,B�'X§∮
A · dl =

∫
B · ds. (17.5.18)

3 z, ρ²¡þ�o:µ(0, 0)§(z, 0)§(z, ρ)§(0, ρ)§ò§�ë¤��Ý/§���� eϕ"rþªA

^�dÝ/§5¿�A²1u ez§B²1u eϕ§·�k

A(0)z −A(ρ)z =

∫
B dzdρ =

{
µ0

4π
ρ2 I
R2 z, ρ < R

µ0

4π
I
[
1 + 2 ln

(
ρ
R

)]
z, ρ > R,

(17.5.19)

Ù¥§·�|^
ª(17.4.29)"dd��

A(ρ) = A(0)−
{

µ0

4π
ρ2 I
R2 , ρ < R

µ0

4π
I
[
1 + 2 ln

(
ρ
R

)]
, ρ > R,

(17.5.20)

½ö§

A = A(0)ez −
{

µ0

4π
ρ2 I
R2 ez, ρ < R

µ0

4π
I
[
1 + 2 ln

(
ρ
R

)]
ez, ρ > R.

(17.5.21)

m>1��§��~¥þ§�±5�K§ù�§·��

A =

{
−µ0

4π
ρ2 I
R2 ez, ρ < R

−µ0

4π
I
[
1 + 2 ln

(
ρ
R

)]
ez, ρ > R.

(17.5.22)

3Î�IXe§P

A = Aρeρ +Aϕeϕ +Azez. (17.5.23)
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|^Î�IXeÑÝÚ^Ýúª§

∇ ·A =
1

ρ

∂

∂ρ
(ρAρ) +

1

ρ

∂

∂ϕ
(Aϕ) +

∂

∂z
(Az), (17.5.24)

∇×A =
1

ρ

∣∣∣∣∣∣∣∣
eρ ρeϕ ez
∂
∂ρ

∂
∂ϕ

∂
∂z

Aρ ρAϕ Az

∣∣∣∣∣∣∣∣ , (17.5.25)

ÖöN´�y

B = ∇×A, ∇ ·A = 0. (17.5.26)

2g§·�5?Ø~(17.4.1)"Óc~�?Ø§́ �

A(r) = A(ρ) ez. (17.5.27)

3 z, ρ²¡þ�o:µ(0, 1)§(z, 1)§(z, ρ)§(0, ρ)§ò§�ë¤��Ý/§���� eϕ"òd

Ý/§��S�£´§A^�A,B�'X§∮
A · dl =

∫
B · ds, (17.5.28)

Ó�§5¿�A²1u ez§B²1u eϕ§·�k

A(1)z −A(ρ)z =

∫
B dzdρ =

µ0

2π
I ln ρ z, (17.5.29)

Ù¥§·�|^
ª(17.4.24)"dd��

A(ρ) = A(1)− µ0

2π
I ln ρ. (17.5.30)

5�K~ê��§·��

A = −µ0

2π
I ln ρ ez. (17.5.31)

|^Î�IXeÑÝÚ^Ýúª§ÖöN´�y

B = ∇×A, ∇ ·A = 0. (17.5.32)

3d§·��¿�Ñ§c¡·�� z, ρ²¡þ�o:µ(0, 1)§(z, 1)§(z, ρ)§(0, ρ)§ë¤��

Ý/§
Ø�o:µ(0, 0)§(z, 0)§(z, ρ)§(0, ρ)§ë¤��Ý/§́ Ï��ö^Ïþp¬¹kÈ©§∫ ρ

0

1

ρ
dρ, (17.5.33)

[ò��uÑ§́ Ø��"ù«�¹aqu·>|¥�>Ã��²���¹§3@p§

E =

{
1
2
σ
ε0
k, z > 0

− 1
2
σ
ε0
k, z < 0.

(17.5.34)

3¦Iþ³�§d?ØU�Ï~�@�§�Ã��:�ëì:§
7L� z = 0�ëì:§ÄKÒu

Ñ
§ ∫ z

∞

1

2

σ

ε0

dz. (17.5.35)
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üö�'§��uÏL­#5�§�K
��~êÃ¡�§ØK�Ôn(J"

��§·�5?ØÃ��Ú�+§=~17.4.4"l÷ z¶�²£é¡5Ú7 z¶�^=é¡5§́

�

A = A(ρ) eϕ. (17.5.36)

3 ρ, ϕ²¡S���±4: (0, 0)��:§�»� ρ��±§�Ù��� ez"òd�±��S�£´§

^uA,B §́ �

A =

{ µ0nI
2
ρ eϕ, ρ < R

−µ0nI
2

R2

ρ
eϕ, ρ > R.

(17.5.37)

§17.6 ^|é>6��^å

317.2!§·�òS�½Æ
¤
üÜ©§��
úª(17.2.27)Úúª(17.2.28)§Ù¥úª(17.2.27)

=Biot-Savart½Æ§§£�>6¤-u�^|§·�3c¡A!®²�[?ØL
"y3§·�5?

Øúª(17.2.28)§§£��´>63	^|¥¤É��^å§¤¢S�å£Ampère force¤´�§Ù

���

dF = Idl×B, (17.6.1)

ùp§·�Ñ�
eI 1, 2�"̂ d��§·��±O��«/G�16£´3	^|¥¤aÉ��

åÚåÝ"e¡§·�5wA�~f"

§17.6.1 ²116��m��p�^

ã 17.6.17. ²116��m��p�^

Xã17.6.17¤«§�ü16�N��m�ål� d§>6©O� I1Ú I2"��>6 I13�m-

u�^|B�

B =
µ0

2π

I1

ρ
eϕ, (17.6.2)

Ù¥§·�¦^
Î�IX§§±��>6 I1� z¶"Uìª(17.6.1)§��>6 I2¤ÉS�å��

��

dF = I2d(lez)×
(
µ0

2π

I1

d
eϕ

)
= −µ0

2π

I1I2

d
dl eρ. (17.6.3)

d´��§��>6 I2ü �Ýþ¤É�S�å�

f =
dF

dl
= −µ0

2π

I1I2

d
eρ. (17.6.4)
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þªL²§�>6 I2�>6 I1Ó��§f� eρ����§=��>6 I2¤É�S�å��>6 I1§

��§d���>6 I2���>6 I1¤áÚ§��>6 I2¤É�S�å�áÚå¶��§�>6 I2�

>6 I1���§��>6 I2���>6 I1¤ü½§��>6 I2¤É�S�å�ü½å"

Ó��O�L²§�>6 I1�>6 I2Ó��§��>6 I1���>6 I2¤áÚ§��>6 I1¤

É�S�å�áÚå¶�>6 I1�>6 I2���§��>6 I1���>6 I2¤ü½§��>6 I1¤

É�S�å�ü½å"

o
ó�§�ü²1��¤1>6Ó��§üö�páÚ¶¤1>6���§üö�pü½"

§17.6.2 Ý/16��3þ!^|¥¤É�åÝ

Xã17.6.18¤«§��Ý/�N��?3þ!	^|¥§���1k>6 I§	^|^aArÝ

�B"

ã 17.6.18. þ!^|¥�Ý/16��

���Ñ�´§3?Ø16���§��Ñb½16��´f5�§Ø¬C/§ù´�¢SA^

����"Ïd§låÆþw§16��Ò´��fN"·���§fN�$Ä�±©)��%�²

Ä�7�%�=Ä"�%�²Ä�du�:�²£§ÙÄåÆdfN¤É�Üåû½"�u7�%�

=Ä§ÙÄåÆKdfN¤É�åÝû½"�ÏXd§3?Ø16���§·�Q�O�§¤É�Ü

å§q�O�§¤É�åÝ§Ù¥§åÝc�­�§ù´Ï�§3¢SA^¥§~X§>ÄÅ!u>Å!

>6O§��§<�o´416���7�%�½¶=Ä"

£�Ý/16��§§3þ!	^|¥¤É�Üå�"µXã17.6.18§le>m©§©OO��

>¤É�S�å§,�¦Ú§·�k

F = Ia×B + Ib×B + I(−a)×B + I(−b)×B = 0. (17.6.5)

3þ!	^|¥§Ý/16��¤É�åÝ��Ø�""Óþ§le>m©§�éu�%O§©

OO��>¤É�åÝ§,�¦Ú§·�k

M =

(
−b

2

)
× (Ia×B) +

a

2
× (Ib×B)

+
b

2
× [I(−a)×B] +

(
−a

2

)
× [I(−b)×B]
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= I [−b× (a×B) + a× (b×B)] . (17.6.6)

5¿�

b× (a×B) = a(b ·B)−B(b · a),

a× (b×B) = b(a ·B)−B(a · b),

(17.6.7)

·�k

−b× (a×B) + a× (b×B) = −a(b ·B) + b(a ·B) = (a× b)×B. (17.6.8)

|^Jacobið�ª§

a× (b×B) + b× (B× a) + B× (a× b) = 0, (17.6.9)

�U���Ó�(J§

a× (b×B)− b× (a×B) = −B× (a× b) = (a× b)×B. (17.6.10)

ò��\åÝM�L�ª§·��

M = I(a× b)×B = µ×B, (17.6.11)

Ù¥§µ�Ý/16���^ó4Ý§

µ = IS = I(a× b). (17.6.12)

c®�Ñ§Ý/16��38c�Ä��/eb½�fN§Ïd§Ù¡ÈS���´�½ØC�"

q^|���Ú��þØC§Ïd§åÝ���ò��^ó4fµ�^|B�Y� θ���
UC§

�§þÃ'"ù%¹XXÚ�k��gdÝ§¿��´���Cþ§Ïd§Ù$Ä�½¶=Ä�d§


 θ=Ù=�"w,§=¶���� θO����"Ø�ò=¶À�Î�IX� z¶§ù�§·�Bk

M = −µB sin θ ez. (17.6.13)

þªm>�¤±ÑyKÒ§́ Ï�åÝMo´¦ θ~�§�ã17.6.19 Ú17.6.20"

·���§	å�õ���

d̄w =
∑
i

fi · dri =
∑
i

fi · vi dt, (17.6.14)

Ù¥§fi´�^3XÚþ��«	å"éufN�½:=Ä§·�k

vi = ω × ri, (17.6.15)
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ã 17.6.19. Ý/16��3þ!^|¥¤É�åÝ ã 17.6.20. cã�ÝK

Ù¥§ω�fN���Ý"u´§éufN�½:=Ä§õ���±��

d̄w =
∑
i

fi · (ω × ri) dt

=
∑
i

ω · (ri × fi) dt

= ω ·
(∑

i

ri × fi

)
dt

= ω ·Mext dt

= Mext · ω dt.

Ù¥§Mext´	å�oåÝ§

Mext =
∑
i

ri × fi. (17.6.16)

éu8c�Ä��/§w,k

Mext = M (17.6.17)

ω = θ̇ ez. (17.6.18)

X´§·�k

d̄w = M · ω dt = −µB sin θ dθ. (17.6.19)

È�§�

w = −
∫ θ

θ0

µB sin θ dθ = µB cos θ − µB cos θ0. (17.6.20)

��§åÝM¤��õ��©:�Ý θ0Úª:�Ý θk'§�L§Ã'"Ïd§åÝMD´���

ÅåÝ§XÚäkÅ�³UU§

U = −w = −µB cos θ + µB cos θ0 = −µ ·B + µB cos θ0. (17.6.21)

e� θ0 = π/2��³U�ëì:§K³UU�{z�

U = −µ ·B. (17.6.22)
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dd��§�^ó4Ýµ�	^|B²1�§Ý/16��³U�$¶�^ó4Ýµ�	^|B�

²1�§Ý/16��³U�p"

ù«�¹Ó?3þ!	>|¥�ü�:>Ö´aq�§ùü�:>Ö>þ��!ÎÒ��!¿�

�±ålØC"3@p§·�k

M = p×E, (17.6.23)

U = −p ·E, (17.6.24)

Ù¥§p´ü��:>Ö�>ó4Ý"

§17.6.3 ��16��3þ!^|¥¤É�åÝ

Ý/16���ù
(JÑ�±í2����16��"

Äk§3þ!	^|¥§���16��¤É�Üå½�"µ

F =

∮
Idl×B = I

(∮
dl

)
×B = 0, (17.6.25)

ù´Ï� ∮
dl = 0. (17.6.26)

Ùg§XÚ�åÝ�

M =

∮
r× (Idl×B)

= I

∮
r× (dl×B)

= I

∮
[dl(r ·B)−B(r · dl)]

= I

∮
(r ·B) dl− IB

∮
r · dl. (17.6.27)

5¿�dl = dr§·�k ∮
r · dl =

∮
r · dr =

1

2

∮
dr2 = 0. (17.6.28)

ò��\åÝ�L�ª§�

M = I

∮
(r ·B) dl. (17.6.29)

|^¥þ©Û¥�È©C�úª§ ∮
u dl =

∫
ds×∇u, (17.6.30)

·�k

M = I

∫
ds×∇(r ·B). (17.6.31)

N´��§

∇(r ·B) = B. (17.6.32)
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u´§·��

M = I

∫
ds×B = I

(∫
ds

)
×B = IS×B = µ×B, (17.6.33)

Ù¥§S´16���¡È¥þ§µ = IS´16���^ó4Ý"

��¿£�§Uc¡�b½§���16��E´fN§ØC/§KÓÝ/16������§·

�Ek

U = −µ ·B. (17.6.34)

d=��16��3þ!	^|¥�Å�³U"

§17.6.4 ^ó4f3	^|¥¤É�åÚåÝ

þ�!§·��Ä�16��Ú�þÉÒ�ü�:>ÖÑ´�º��fN§¿�¤?�	|�þ

!|"��!§·��Ä�º�£���!�«�¤�16��Ú>Ö©Ù3	|¥¤É�å±9å

Ý��¹§cöX��f¥>f�;�>6£UBohr�.¤§�öX��f¥>Ö©Ù"§�¤?�

	|�Ø2�¦�þ!|§�±k�mCz"ù«�¹3þfåÆ!ÚOÔn!�fÔn!ØÔn±

9và�Ôn¥Ñk2��A^"

Äk§·��Ä	>|¥©Ù3�«�S�>Ö"��«�ΩS>Ö�Ý� ρ(r)§	>|�E(r)"

·�k

F =

∫
Ω

ρ(r)E(r) dr, (17.6.35)

Ù¥§F´�«�>Ö¤É�o¥Ôå"du3·�¤�	�XÚ�¥§>Ö¤Ó�«�é�§Ïd§

·��±é	>|�TaylroÐm"�
�B§·�ò�I�:À3�«��¥"ù�§·�k

Ei(r) = Ei(0) + (r · ∇)Ei(0) + · · · , (17.6.36)

Ù¥§Ei´>|E(r)�1 i����I©þ£ i = 1, 2, 3¤§

E(r) = iE1(r) + jE2(r) + kE3(r). (17.6.37)

ù�TaylorÐm§�±��Xe�¥þ/ª§

E(r) = E(0) + (r · ∇)E(0) + · · · . (17.6.38)

ò��\¥ÕåF�L�ª§�

F =

∫
Ω

ρ(r)E(0) dr +

∫
Ω

ρ(r)(r · ∇)E(0) dr + · · · . (17.6.39)



§17.6 ^|é>6��^å 49

5¿� ∫
Ω

ρ(r)E(0) dr =

[∫
Ω

ρ(r) dr

]
E(0)

= QE(0), (17.6.40)∫
Ω

ρ(r)(r · ∇)E(0) dr =

∫
Ω

[
ρ(r)r · ∇

]
E(0) dr

=

{[∫
Ω

ρ(r)rdr

]
· ∇
}
E(0)

= (p · ∇)E(0), (17.6.41)

Ù¥§Q´�«�>Ö�o>þ§p�«�>Ö�>ó4Ý§

Q =

∫
Ω

ρ(r), (17.6.42)

p =

∫
Ω

ρ(r)r dr. (17.6.43)

·�k

F = QE(0) + (p · ∇)E(0) + · · · . (17.6.44)

þªm>�1��´>ü?f¤É�¥Õå§1��´>ó4f¤É�¥Õå§�¡�Ñ��´p�

õ?f¤É�¥Õå"

�«�>Ö¤É�åÝ�

M =

∫
r× [ρ(r)E(r)] dr. (17.6.45)

�\ª(17.6.38)§�

M =

∫
r× [ρ(r)E(0)] dr + · · · . (17.6.46)

ùp§ÓåF��§·���3��5?"�n§�

M =

[∫
ρ(r)rdr

]
×E(0) + · · ·

= p×E(0) + · · · . (17.6.47)

þªm>�1��´>ó4f¤É�åÝ§�¡�Ñ��´p�õ?f¤É�åÝ"

o
ó�§�«�>ó4f3	>|¥¤É�åÚåÝ�§

f = (p · ∇)E, (17.6.48)

τ = p×E, (17.6.49)

Ù¥§E�>ó4f¤3 �?�	>|£3þ¡�í�¥§>ó4f u�I�:¤"

|^¥þ©Û�úª§

∇(f · g) = f × (∇× g) + (f · ∇)g + g × (∇× f) + (g · ∇)f , (17.6.50)
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¿5¿�p�~¥þ§·��

∇(p ·E) = p× (∇×E) + (p · ∇)E. (17.6.51)

q§

∇×E = 0, (17.6.52)

·�k

∇(p ·E) = (p · ∇)E. (17.6.53)

u´§å f¤��õ�

d̄w = f · dr = [(p · ∇)E] · dr = [∇(p ·E)] · dr = d(p ·E). (17.6.54)

d´��§f��Åå§Ù³U���

du = −d̄w = d(−p ·E). (17.6.55)

ù`²>ó4f3	>|¥�³Uu���Xe/ª§

u = −p ·E. (17.6.56)

ù�(J��±ÏL�«�>Ö3	>|¥�·>³U
��§

U =

∫
Ω

ρ(r)ϕ(r) dr, (17.6.57)

Ù¥§ϕ�	>|�>³"Óc§é>³ϕ�TaylorÐm§

ϕ(r) = ϕ(0) + r · ∇ϕ(0) + · · ·

= ϕ(0)− r ·E(0) + · · · , (17.6.58)

¿�\³UU�L�ª§�

U =

∫
Ω

ρ(r)ϕ(0) dr−
∫

Ω

ρ(r)[r ·E(0)] dr + · · ·

=

[∫
Ω

ρ(r) dr

]
ϕ(0)−

[∫
Ω

ρ(r)r dr

]
·E(0) + · · ·

= Qϕ(0) + [−p ·E(0)] + · · · . (17.6.59)

þªm>�1���>ü?f3	>|¥·>³U§1���>ó4f3	>|¥·>³U§�Ñ�

��p?õ?f3	>|¥·>³U"ù�§·�Ò2gy�
ª(17.6.56)"Ù¢§k
ù�¦��

·>³U§¦>ó4f¤É�å��N´§

f = −∇u = ∇(p ·E) = (p · ∇)E. (17.6.60)
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nþ¤ã§�«�>Ö�ó4f3	>|¥�³U±9¤É�åÚåÝ©O�

u = −p ·E, (17.6.61)

f = (p · ∇)E, (17.6.62)

τ = p×E. (17.6.63)

e¡§·�5?Ø�º�16��3	^|¥��/"'uÉå§·�k

F =

∮
Idl×B. (17.6.64)

Óu>|��¹§·��TaylorÐm§

B(r) = B(0) + (r · ∇)B(0) + · · · , (17.6.65)

¿ò§�\þãå�L�ª§�

F =

∮
Idl×B(0) +

∮
Idl× [(r · ∇)B(0)] + · · ·

=

∮
Idl× [(r · ∇)B(0)] + · · · . (17.6.66)

ù´Ï�^ü4f´Ø�3�§∮
Idl×B(0) =

(∮
Idl

)
×B(0) = 0. (17.6.67)

�uÐmª¥�ó4�§ÿI�\�n§·�k

dl× [(r · ∇)B(0)]

= (i dx+ j dy + k dz)× {(r · ∇)[iB1(0) + jB2(0) + kB3(0)]}

= (i dx+ j dy + k dz)× [i (r · ∇)B1(0) + j (r · ∇)B2(0) + k (r · ∇)B3(0)]

= (i dx+ jdy + kdz)× {i [r · ∇B1(0)] + j [r · ∇B2(0)] + k [r · ∇B3(0)]}

= i {[r · ∇B3(0)]dy − [r · ∇B2(0)]dz}

+ j {[r · ∇B1(0)]dz − [r · ∇B3(0)]dx}

+ k {[r · ∇B2(0)]dx− [r · ∇B1(0)]dy} . (17.6.68)

ò��\åF�L�ª§�

F = i I

∮
[r · ∇B3(0)]dy − [r · ∇B2(0)]dz

+ j I

∮
[r · ∇B1(0)]dz − [r · ∇B3(0)]dx

+ k I

∮
[r · ∇B2(0)]dx− [r · ∇B1(0)]dy + · · · . (17.6.69)
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e¡§·�©OO�þªm>�n�È©"

Äk§éu1��È©§|^Stokesúª§·�k∮
[r · ∇B3(0)]dy − [r · ∇B2(0)]dz

= −
∫ [

∂

∂y
B2(0) +

∂

∂z
B3(0)

]
dydz

+

∫
∂

∂x
B2(0) dzdx+

∂

∂x
B3(0) dxdy. (17.6.70)

5¿�

∇ ·B =
∂

∂x
B1 +

∂

∂y
B2 +

∂

∂z
B3 = 0, (17.6.71)

·�k

∂

∂y
B2(0) +

∂

∂z
B3(0) = − ∂

∂x
B1(0). (17.6.72)

ò��£1��È©�L�ª§�∮
[r · ∇B3(0)]dy − [r · ∇B2(0)]dz

=

∫
∂

∂x
B1(0) dydz +

∂

∂x
B2(0) dzdx+

∂

∂x
B3(0) dxdy

=
∂

∂x
B1(0)

∫
dydz +

∂

∂x
B2(0)

∫
dzdx+

∂

∂x
B3(0)

∫
dxdy. (17.6.73)

5¿�

ds = i dydz + j dzdx+ kdxdy = i ds1 + jds2 + kds3, (17.6.74)

·�k ∫
dydz = s1,

∫
dzdx = s2,

∫
dxdy = s3. (17.6.75)

ò��£1��È©�L�ª§�∮
[r · ∇B3(0)]dy − [r · ∇B2(0)]dz = s1

∂

∂x
B1(0) + s2

∂

∂x
B2(0) + s3

∂

∂x
B3(0). (17.6.76)

�Ä� s1, s2, s3Ñ´~þ§þª�±U��∮
[r · ∇B3(0)]dy − [r · ∇B2(0)]dz

=
∂

∂x
(s1B1)

∣∣∣∣
r=0

+
∂

∂x
(s2B2)

∣∣∣∣
r=0

+
∂

∂x
(s3B3)

∣∣∣∣
r=0

=
∂

∂x
(s ·B)

∣∣∣∣
r=0

, (17.6.77)

Ù¥§s´�º�16���¡È¥þ"
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Ùg§éu1��È©§·�k∮
[r · ∇B1(0)]dz − [r · ∇B3(0)]dx

= −
∫ [

∂

∂x
B1(0) +

∂

∂z
B3(0)

]
dzdx+

∫
∂

∂y
B3(0) dxdy +

∂

∂y
B1(0) dydz

=

∫
∂

∂y
B1(0) dydz +

∂

∂y
B2(0) dzdx+

∂

∂y
B3(0) dxdy

=
∂

∂y
(s ·B)

∣∣∣∣
r=0

. (17.6.78)

��§éu1n�È©§·�k∮
[r · ∇B2(0)]dx− [r · ∇B1(0)]dy

= −
∫ [

∂

∂x
B1(0) +

∂

∂y
B2(0)

]
dxdy +

∫
∂

∂z
B1(0) dydz +

∂

∂z
B2(0) dzdx

=

∫
∂

∂z
B1(0) dydz +

∂

∂z
B2(0) dzdx+

∂

∂z
B3(0) dxdy

=
∂

∂z
(s ·B)

∣∣∣∣
r=0

. (17.6.79)

y3§òùn�È©�\åF�L�ª§�

F = i I
∂

∂x
(s ·B)

∣∣∣∣
r=0

+ j I
∂

∂y
(s ·B)

∣∣∣∣
r=0

+ k I
∂

∂z
(s ·B)

∣∣∣∣
r=0

+ · · ·

= i
∂

∂x
(Is ·B)

∣∣∣∣
r=0

+ j
∂

∂y
(Is ·B)

∣∣∣∣
r=0

+ k
∂

∂z
(Is ·B)

∣∣∣∣
r=0

+ · · ·

= i
∂

∂x
(µ ·B)

∣∣∣∣
r=0

+ j
∂

∂y
(µ ·B)

∣∣∣∣
r=0

+ k
∂

∂z
(µ ·B)

∣∣∣∣
r=0

+ · · ·

= ∇(µ ·B)
∣∣∣
r=0

+ · · · , (17.6.80)

Ù¥§µ��º�16���^ó4Ý§

µ = Is. (17.6.81)

þªm>1��=^ó4f3	^|¥¤É��^å§

f = ∇(µ ·B). (17.6.82)

dåk³

u = −µ ·B. (17.6.83)

|^¥þ©Ûúª(17.6.50)§·�k

f = −∇u = (µ · ∇)B. (17.6.84)
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��§�º�16��3	|¥¤aÉ�åÝ�

M =

∮
r× (Idl×B) (17.6.85)

ò^aArÝB�TaylorÐª(17.6.65)�\þª§�

M =

∮
r× [Idl×B(0)] + · · · . (17.6.86)

þªm>�1����5�§Ù§´p��"d�5��duþ!	^|¥�16��¤aÉ�å

Ý§·�®²3c��!?ØL§r@p�(J��L5=�"·�k

M = µ×B(0) + · · · , (17.6.87)

Ù¥§µ=�º�16���^ó4Ý"þªL²§�º�16���^ó4f3	^|¥¤É�å

Ý�

τ = µ×B, (17.6.88)

Ù¥§B�^ó4f �?�^aArÝ"

nþ¤ã§éu	^|¥��º�16��§·�k

u = −µ ·B, (17.6.89)

f = (µ · ∇)B, (17.6.90)

τ = µ×B. (17.6.91)

§�3/ªþ�ª(17.6.61) - (17.6.63)����"

§17.7 ^|é>Ö��^å

§17.7.1 âÔ[å

�k��:>Ö§Uì17.3.4�!§Ù>Ö�>6�Ý©O�

ρ(r, t) = qδ[r− r′(t)]. (17.7.1)

j(r, t) = qδ[r− r′(t)]v(t), (17.7.2)

Ù¥§q�:>Ö¤���>þ§r′Úv©O�:>Ö� �Ú�Ý"

XJd:>Ö?u·>|E¥§KÙ¤É�¥Ôå�

f =

∫
ρ(r, t)drE(r) =

∫
dr qδ[r− r′(t)]E(r) = qE(r′). (17.7.3)

ù��,´�[Ù��(J"

XJd:>Ö?u·^|B¥§KÙ¤É�S�å�

f =

∫
j(r, t)dr×B(r) =

∫
dr qδ[r− r′(t)]v(t)×B(r) = qv ×B(r′). (17.7.4)
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:>Ö¤É�S�åq¡âÔ[å£Lorentz force¤"âÔ[å�A:´[Ø�õ§ù´Ï�

d̄w = f · dr = f · vdt = (qv ×B) · vdt = 0. (17.7.5)

XJ�m¥Q�3·>|§q�3·^|§@o§�âå�¥þ5�§:>Ö¤aÉ��|åA

�þã¥ÔåÚS�å�Ú§

f = qE(r) + qv ×B(r). (17.7.6)

ùp§·�®ò:>Ö� �UP� r
"då½¡âÔ[å§§´2Â�âÔ[å§c¡@�§=

ª(17.7.4)¤£��âÔ[å§́ dÂ�âÔ[å§�´�Ð�âÔ[å"±�§·��¬òâÔ[å

í2�Ä�¹��>^|§@´�2¿Â�Ô[å§�Ò´>ÄåÆ¥¤^�����âÔ[å
§

f = qE(r, t) + qv ×B(r, t). (17.7.7)

�d�A§¡

ρ(r, t)E(r, t) + j(r, t)×B(r, t) (17.7.8)

�âÔ[å�Ý§¿¡

ρ(r, t)E(r, t)dr + j(r, t)×B(r, t)dr (17.7.9)

�âÔ[å��"þãü�úªQ·^ulÑ©Ù�>Ö§�·^uëY©Ù�>Ö"

§17.7.2 £^$Ä

y3§4·�£�·|§:>Ö¤É�âÔ[å�

f = qE + qv ×B. (17.7.10)

�:>Ö��þ�m§UìÚîåÆ§Ù$Ä�§�

ma = qE + qv ×B, (17.7.11)

Ù¥§a´:>Ö��\�Ý"

XJvk^|§K

ma = qE. (17.7.12)

��§:>Ö3·>|¥ò�\�$Ä"XJ·>|�´þ!�§K:>Ö�½�\�$Ä§D��

�\�$Ä"Ø+þ!�Ä§·>åÑ´�Åå§ù´Ï�õ��´�����©§

d̄w = f · dr = qE · dr = −q(−E · dr) = −qdϕ = −d(qϕ), (17.7.13)

Ù¥§ϕ = ϕ(r)´·>|�Iþ³"

þªL²§U = qϕ(r)Ò´:>Ö�Å�³U"dd��§·>åØÓuâÔ[å§·>å�±

é:>Ö�õ§
�¤��õ�

∆w = −[U(rf )− U(ri)] = −q[ϕ(rf )− ϕ(ri)], (17.7.14)
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Ù¥§ri�:>Ö�å© �§rf�:>Ö�ª: �"

XJvk>|§K

ma = qv ×B. (17.7.15)

d�§:>Ö�$Ä��dâÔ[å|�"duâÔ[åØ�õ§Ïd§�ìõU�n§:>Ö�Ä

Uò´Åð�§

dT =d̄w = 0. (17.7.16)

ùÒ´`§3·^|¥§:>Ö�$Ä�Çò�±ØC"�,�Ç�±ØC§�\�ÝE,´�3

�§Ø�"§Ïd§:>Ö�\�Ý7½5
u�Ý���UC"�ó�§âÔ[å3Ônþ==å

UC�>âf�Ý����^§§P¦âf=�§¤¢^ =£magnetic deflection¤´�"ù« 

=§3�½^�e§�±ò�>âf�å3�m¥�,��«��S§/¤¤¢�^B4£magnetic

confinement¤"÷kê�£Tokamak¤Ò´|^ù«^B45¢y9ØàC�"

�n)^ =Ú^B4§�L�Äþ!^|=�"d�§�§(17.7.15)�±��

m
dv

dt
= qv ×B. (17.7.17)

����IX§¦� z¶����^aArÝB�����§=B = B k§Kþã$Ä�§�±©)

�®e/ª§

dvx
dt

=
qB

m
vy, (17.7.18)

dvy
dt

= −qB
m
vx, (17.7.19)

dvz
dt

= 0, (17.7.20)

Ù¥§vx, vy, vz´�Ý�n��I©þ"ò1���§é�m t¦�§¿�\1���§§�

d2vx
dt2

= −
(
qB

m

)2

vx. (17.7.21)

-

ω =
|q|B
m

> 0, (17.7.22)

Kþ�§�)�

vx = v0 cos(ωt+ ϕ0), (17.7.23)

Ù¥§v0Úϕ0´ü�~ê§v0��Ì§ϕ0�Ð �"òd)�\��§|�1���§§�

vy = −v0 sgn(q) sin(ωt+ ϕ0), (17.7.24)

Ù¥§sgn´ÎÒ¼ê§

sgn(x) =

{
1, x > 0

−1, x < 0.
(17.7.25)
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1n�$Ä�§é²T§Ù)�

vz = c, (17.7.26)

Ù¥§c´��~ê"ù�§·�Ò��
�>âf3þ!^|¥��Ý§

vx = v0 cos(ωt+ ϕ0), (17.7.27)

vy = −v0 sgn(q) sin(ωt+ ϕ0), (17.7.28)

vz = c. (17.7.29)

Ù¥§v0, ϕ0, cd�>âf�Ð©�Ýû½"2È�g§·�Ò��
�>âf3þ!^|¥�;,§

x(t) = R sin(ωt+ ϕ0) + x0, (17.7.30)

y(t) = R sgn(q) cos(ωt+ ϕ0) + y0, (17.7.31)

z(t) = ct+ z0, (17.7.32)

Ù¥§x0, y0, z0´~ê§d�>âf�Ð© �û½§

R =
v0

ω
. (17.7.33)

N´wÑ§

(x− x0)2 + (y − y0)2 = R2. (17.7.34)

d´��§� c = 0�§�>âfò3���xy²¡²1�²¡S�±Ï5�±£circle¤$Ä¶

� c 6= 0�§�>âfò3�m��ÎÚ�£helix¤$Ä"l�ö§·�w�
âÔ[å� =�^§

lcö§·�?�Úw�
âÔ[å�B4�^"

^BJ�é§ùp¤Ú?���Ç§

ω =
|q|B
m

, (17.7.35)

k����£^ªÇ£cyclotron frequency¤§Ú?��»§

R =
v

ω
, (17.7.36)

���£^�»£cyclotron radius¤"���Ñ�´§£^ªÇ�£^�»Ã'§�ödâf�Äþ

û½§

R =
p

qB
, (17.7.37)


cöK�âfÄþÃ'"̄ ¢þ§<�  |^ù�:5ÿþ�>âf�Äþ§

p = qBR. (17.7.38)

ò�>âfx\^|®��«�§ÿþâf�;��»§ÏLþªÒU¼�âf�Äþ"éuÄ�â

f§ù´(½Äþ�IO�{"
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§17.7.3 Ó=�$Ä

y3§4·�5�Ä��E,�:��¹"Xã17.7.21¤«§�Ø·^|�	§�m¥��3·

>|§§��pR�§��÷x¶��§��÷ z¶��§=

B = B i, E = E k. (17.7.39)

ã 17.7.21. Ó=�$Ä

�3Ð©�� t = 0§ò���>âfl�I�:±Ð�Ýv0 = 0º�§·�5�	T�>âf

�$Ä;,"�
�B§±e�âf��> q > 0"

Äk§fm©�§âf�Ý�"§âÔ[åg,��"§âf�É>|·>å��^§

fE = qE = qE k. (17.7.40)

d�§·>å���þ§âf�þ\�"�X§âfÒ¼�
�þ��Ý§�dÓ�§§�aÉ�
^

|�âÔ[å§

fB = qv ×B = qvB j, (17.7.41)

âÔ[å���m"u´§âÔ[åò�>âf =§¦��m$Ä"üö(Ü§��âf�º��

ØÈ§§ò��mþ$Ä"d�§§Øä/¼�>|\�§�Ý�5��§âÔ[å�Ó���O�§

âf�Ò� =��5�x³§D���âfl�p:� =��me$Ä��"âf�e�$Ä�

=�>|�·>å:{§âf�e��ÝÓ�~�"âfÒù�UY�me�$ÄX§���e��

Ý�ª�·>å~�"§u´§âfÒ��·�3 y¶þ�: a
"Óc§§q�±­#m©§UY 

=�m$Ä§�: b§�: c§X´Ì�§ EØ®"ù
�,´½5�©Û§e¡·�5?1½þ�

O�"

l½5©Û§·���§�>âf=3 yz²¡þ$Ä§

x = 0, y = y(t), z = z(t). (17.7.42)

�A/§âf��Ý±9\�Ý�

v = ẏ j + żk, (17.7.43)

a = ÿ j + z̈k. (17.7.44)
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u´§âfaÉ��|å�

f = qE + qv ×B = qBż j + (qE − qBẏ)k. (17.7.45)

UìÚî1�½Æ§·�k

mÿ = qBż, (17.7.46)

mz̈ = qE − qBẏ, (17.7.47)

Ù¥§m´�>âf��þ"-

ω =
qB

m
> 0, (17.7.48)

Kþã�§|���

ÿ = ωż, (17.7.49)

z̈ = −ω
(
ẏ − E

B

)
. (17.7.50)

ò1���§é�m t¦�§�
d3y

dt3
= ωz̈. (17.7.51)

ò1���§�\d�§�m>§�

d3y

dt3
= −ω2

(
ẏ − E

B

)
. (17.7.52)

-

ψ = ẏ − E

B
, (17.7.53)

Kþ�§z�

ψ̈ = −ω2ψ. (17.7.54)

X¤±�§d�§�Ï)�

ψ = A cos(ωt+ ϕ), (17.7.55)

Ù¥§A,ϕ´ü��½�~ê"ò��£ª(17.7.53)§�

ẏ = A cos(ωt+ ϕ) +
E

B
. (17.7.56)

È�§�

y = R sin(ωt+ ϕ) +
E

B
t+ c1, (17.7.57)

Ù¥§R = A/ω�±�OA���½�~ê"ò��\ª(17.7.49)§�

ż = −Rω sin(ωt+ ϕ). (17.7.58)

È�§�

z = R cos(ωt+ ϕ) + c2. (17.7.59)
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ù�§·�Ò��
�>âf$Ä�§�Ï)§

y = R sin(ωt+ ϕ) +
E

B
t+ c1, (17.7.60)

z = R cos(ωt+ ϕ) + c2. (17.7.61)

�\Ð�^�§

y(0) = 0, z(0) = 0, ẏ(0) = 0, ż(0) = 0, (17.7.62)

�

R sinϕ+ c1 = 0, (17.7.63)

R cosϕ+ c2 = 0, (17.7.64)

Rω cosϕ+
E

B
= 0, (17.7.65)

Rω sinϕ = 0. (17.7.66)

)�§�

R =
E

ωB
, ϕ = π, c1 = 0, c2 =

E

ωB
. (17.7.67)

ù�§·�Ò��
XÚ�½)§

y = − E

ωB
sin(ωt) +

E

B
t, (17.7.68)

z = − E

ωB
cos(ωt) +

E

ωB
. (17.7.69)

§Ò´�>âf�;��§"�
w�;��AÛ5�§4·�-

u =
E

B
, ρ =

E

ωB
, (17.7.70)

,�|^

sin2(ωt) + cos2(ωt) = 1, (17.7.71)

���u¼êÚ{u¼ê§�

(y − ut)2 + (z − ρ)2 = ρ2. (17.7.72)

w,§§´ yz²¡þ���»� ρ��§ØLÙ�% (ut, ρ)Ø´�½:§
´÷X y¶±�Ýu�!

���$Ä"y3£Þ2wâf�;��§(17.7.68)Ú(17.7.69)Ò²x
§�5§âf�$Ä´ü�

$Ä�Ü¤µ��´7�%�!��±$Ä§��Ý�ω¶��´�%�!���$Ä§��Ý�u"

�*þ§·��±òù�Ü¤$ÄéA����Ó£wheel¤÷���!�ÃwEÄµ�ÓÓ��²£

�Ý�u§7Ó��=��ω"UìÃwEÄ£XEÄ¤��¦§�Ó��»� r = u/ω"5¿��

±(17.7.72)��»� ρ§§TÐ�u�Ó��» r§Ïd§�>âf�Ð�±éA��Ó>÷£rim¤

þ��:§§��Ó�EÄ
$Ä"��Ó÷���!�ÃwEÄ�§Ù>÷þ�?¿�:¤�)
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�;,3AÛþ¢�Ó=�£cycloid¤"ùÒ´<�ò�>âf�þã$Ä¡�Ó=�$Ä£cycloid

motion¤��Ï"

Öö�ØJwÑ§��>âf�Ð�ÝØ�"§�E÷ yz²¡�§�Ò´�Ð�÷vXe^�

�§

y(0) = 0, z(0) = 0; ẏ(0) 6= 0, ż(0) 6= 0, (17.7.73)

�>âfE,�U3 yz²¡S�²¡$Ä§ª(17.7.60)Ú(17.7.61)E´XÚ�Ï)"ò�I�:

3 yz²¡S�·��²£§Ï)o�±��Xe�/ª§

y = R sin(ωt+ ϕ) +
E

B
t, (17.7.74)

z = R cos(ωt+ ϕ) +R. (17.7.75)

Óc§-

u =
E

B
, (17.7.76)

K·�k

y = R sin(ωt+ ϕ) + ut, (17.7.77)

z = R cos(ωt+ ϕ) +R. (17.7.78)

XJ���u¼êÚ{u¼ê§K

(y − ut)2 + (z −R)2 = R2. (17.7.79)

N´wÑ§âf�$ÄEÎ´ü�$Ä�Ü¤µ��´7�%�!��±$Ä§��Ý�ω¶��´�

%�!���$Ä§��Ý�u"e�òd$ÄéA��Ó÷���!�ÃwEÄ§�Ó��» rA

T�u/ω§= r = u/ω§Xc¤ã§ù´ÃwEÄ£XEÄ¤��¦"�´§y3�±(17.7.79)��

»RØ�½U
÷v^�R = r§Ïd§âfy3�U u�Ó>÷�S§�R < r�¶��U u

�Ó>÷�	§�R > r�"��Ó÷���!�ÃwEÄ��§>÷�S�:¤�)�;,¢� 

á�Ó=�£curtate cycloid¤§>÷�	�:¤�)�;,¢� ��Ó=�£prolate cycloid¤§c

¡@«TÐ u>÷�þ�:¤�)�;,K¢��5Ó=�£normal cycloid¤§ùn«Ó=��

/G§�ã17.7.22"

ã 17.7.22. n«Ó=�
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o
ó�§3����¹e§�>âf�;��±´�5�Ó=�§��±´ á�Ó=�§�

�±´ ��Ó=�§§�6uâf�Ð©^�"

^B�Ñ§ùpÑy
��!���$Ä§Ï
§��·�l³|ÑC���Ý5�	�eþ¡

Ñy�@
Ó=�$Ä"

�Ä�ùpÑy�!���$Ä´÷ y¶�§·�P

u = u j =
E

B
j. (17.7.80)

ò8c¤¦^�.5ëìXP�S§¿�S′X§¦�§�éuSX��Ý�u"

��>âf�éuS′X��Ý�v′§Kâf3SX��Ý�

v = u + v′. (17.7.81)

3SX§âf�ÄåÆ�§´

m
dv

dt
= q(E + v ×B). (17.7.82)

òª(17.7.81)�\§�

m
d

dt
(v′ + u) = q

[
E + (v′ + u)×B

]
(17.7.83)

5¿�
du

dt
= 0, (17.7.84)

¿�

E = −u×B, (17.7.85)

·�k

m
dv′

dt
= qv′ ×B. (17.7.86)

ù�´âf3S′X¥�ÄåÆ�§"lþ�!��§3S′¥§âf�;�½´�ÎÚ�£helix¤§½

´�±£circle¤"�ÎÚ�´�m$Ä§�±´²¡$Ä"�âf��±$Ä�§d�±�½ u yz²

¡§Ï�^|B²1ux¶§
�±;�o´R�u^|�"qÏ�S′X÷ y¶$Ä§¤±§�âf

3S′X�²¡�±$Ä�§3SXw5§âf�$Ä�ò´��²¡$Ä§
�´��EÜ²¡$

Äµ̂ =\²£"�·�c¡¤��(Ø��"

²w/§̂ =$Ä���ÝωA�S′X¥âf�£^ªÇ§ω = qB/m§²£��Çg,´u =

E/B"�S′X¥âf�£^�»�R§þ!�®�Ñ§�>âf3^|¥�£^�»�£^ªÇÃ

'§§´��Õáu£^ªÇ�þ§Ïd"ùn�þ§ω, u,R§§��m�'XØ´��(½�§


´�3n«�U5µ1. R < u/ω§2. R = u/ω§3. R > u/ω§ù�ûuâf�Äþ½�Ý§Ï

�R = p′/qB = v′/ω ≥ 0"Ïd§��>âf3S′X�²¡�±$Ä�§3SXw5§âf$Ä¤

�)�;,½kn«�U5µ

1. �R < u/ω�§;,�curtate cycloid"AO/§�R = 0�§;,òz���"
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2. �R = u/ω�§;,�normal cycloid"

3. �R > u/ω�§;,�prolate cycloid"

ùp§·�l,	��ý¡w�
;�©a�Ôn�Ï"

XJ�>âf3S′X��ÎÚ�$Ä§Kâf3SX�EÜ$Äò��E,§§´���m$

Ä§�±À� yz²¡þ�cycloid motion2\÷x¶�!���$Ä"

éu�pR��þ!·>|Úþ!·^|
ó§�>âf�$Ä/�Ò�kùoõ
"ù´Ï

�§·�o�±À��IX¦�

E = E k, B = B i, (17.7.87)

¿�?�Ú�

u =
E

B
j, (17.7.88)

��IC�§¦�3S′X¥==�3·^|
����·>|§l
âf�$Ä�§z�

m
dv′

dt
= qv′ ×B. (17.7.89)

3S′X¥§âf�$Ä´���Ù�§§�o´�ÎÚ�$Ä§�o´�±$Ä"ù�§ÏL�IC

�§·�ÒòE,�$Ä©)��
{ü�$Ä
"ù´�IC��¯õÐ?��"

���Ñ§SXÚS′X´Ø�d�§=üX�$Ä�§Ø÷v³|Ñ�d5�n§ù´Ï�âÔ

[åvkØC5§3³|ÑC�eòu)Cz"ùp´3²;¿Âþ?Ø�>âf�$Ä§�,�´

�«Cq§î�/`§�>âf3>^|e�$ÄAT^dÂ�éØ?Øâ1"

§17.7.4 ¿��A

Xã17.7.23¤«§ò�¬�N²��3^|�¥§¿�4§�^|R�"�>6 I6L�N²�

�§3²1u>6���üýA, A′�m¬�)��>³�U"ù«y���¿��A£Hall effect¤"

ã 17.7.23. ¿��A

¢�L²§�^|Ø�r�§î�>³�U�>6rÝ I±9^aArÝB¤�'§�²�þ

Ý d¤�'§=

U = K
IB

d
, (17.7.90)

Ù¥§XêK´��~ê§¡�¿�Xê£Hall coefficient¤"
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¿��A�±^âÔ[å5`²"Uì8c>6���§âÔ[åò��²��þý§

dfL = Idl×B, (17.7.91)

ù¦��N¥�±£Ä�>Ö£�¡16f§carrier¤ò�þ =£Ä§§���¬��¿8¥3²

��þý¡"du�N��´>¥5�§Ïd§²��eý¡7,8¥
�þ�ÉÒ>Ö"ù�§Ò

¬3²��þeü�ý¡�mïá��î�>|"XJ16f�>Ö q > 0§Kþý��>§eý�

K>§>|���lþ��e¶��§XJ16f�>Ö q < 0§Kþý�K>§eý��>§>|�

��le��þ§�ã17.7.24"·��ØJwÑ§Ø+î�>|E���XÛ§§�5�¥Õå§

ã 17.7.24. 16f�î�£Ä

fc = qE, (17.7.92)

o´lþ��e§�Ð-|âÔ[å"3fm©��ÿ§üý8¥�>Öÿ�§î�>|�f§§�

)�¥Õåg,��f§ØU|áâÔ[å§16f�¬Øä/�²�þý¡8¥"�XüýÈ\�

>ÖO\§î�>|Or§§�)�¥Õå��Or§���¥Õå�uâÔ[å§16fÒ¬�²

�þý¡8¥§ù«8¥qÓ�O�
î�>|"u´§N´wÑ§XÚ�ª7,���«²ï§3

d²ï�e§̂ |�âÔ[å�î�>|�¥Õå����§����§=

qE = −qvd ×B, (17.7.93)

Ù¥§vd´16f�½��Ý£�¡££�Ý§drift velocity¤þªL²§3XÚ��²ï�§î�

>|�^|�'X�

E = −vd ×B. (17.7.94)

î�>|�¡¿�>|£Hall electric field¤§e¡§·�r§P�EH§ù�§·�k

EH = −vd ×B. (17.7.95)

ù´¿��A�Ä��§"

w,§î�>ØUd¿�>|û½§

U = EHb = vdBb, (17.7.96)
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Ù¥§b´�N²��î�°Ý"

�16fN�Ý�n§K>6 I�L�

I = qn(bdvd) = (qnvd)bd = bdnqvd. (17.7.97)

lþª)Ñ££�Ý§�

vd =
I

bdnq
. (17.7.98)

ò��\ª(17.7.96)§�

U =
1

nq

IB

d
. (17.7.99)

ù�§·�Ò)º
¢�(J(17.7.90)§¿¦�
¿�Xê§

K =
1

nq
. (17.7.100)

þªL²§K�16f�N�Ý¤�'§ÏdÏLÿþ¿�Xê§�±(½�NS16f�N�Ý"

��NS16f�N�Ý�'7á��§Ïd§��N�¿�Xê�'7á���õ",	§��N

S16f�N�ÝéN´É�§Ý!,�±9Ù§Ï��K�§Ïd§¿�Xê�ïÄ��N16f

�CzJø
­���{"

d	§Xþ¤ã§¿�>|����16f¤�>Ö��Kk'§Ïd§��±^¿��A5�

ä�Ná�S16f¤�>Ö�a.§~X§�,��N©� p.��NÚn.��N§p.��N

¥16f��Ç§��>§n.��N¥16f�>f§�K>"Ïd§ÏLÿþ¿�>|§ÒU�O

�¬äN��,��Ná��.áu@«a."

'u¿��A§Ø
�~>�£normal conductivity¤σxx�	§

σxx =
jx
Ex

, (17.7.101)

§£�p��>6�p�>|�m�'X§��½Â¿�>�£Hall conductivity¤§

σxy =
jx
EH

. (17.7.102)

5¿�

jx =
I

bd
= nqvd, EH = vdB, (17.7.103)

·�k

σxy =
nq

B
. (17.7.104)

��§¿�>��	^|¤�'"g,§��±½Â¿�>{£Hall resistance¤§

RH =
U

I
=

1

nq

B

d
. (17.7.105)

c¡�9�Ñ´n�á�"éu��á�§~X§pn(¥��.�§¿�>{���

RH =
U

I
=
U

jb
=
EH

j
=

1

σxy
, (17.7.106)
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Ù¥§j´¡>6�Ý"1980c§Klaus von Klitzen3��á�¥uy
�êþf¿��A£integral

quantized Hall effect¤"d�§3RH −B­�¥Ñy
éõ�²�§�ã17.7.25§

RH =
h

ne2
, n = 2, 3, · · · , (17.7.107)

Ù¥§h´ÊK�~ê£Planck constant¤§e´>f�>þ�ýé�"

ã 17.7.25. �êþf¿��A

�êþf¿��Akéõ^å§~X§(½°[(�~ê£fine structure constant¤§§´þf

>ÄåÆ¥���­�~ê"2X§�IO>{§y3ISþ®òXe�von Klitzen constant��

IO�>{ü §

h

e2
= 25812.807572(95) Ω. (17.7.108)

�5§31982c§D. C. Tsui�<�uy
©êþf¿��A£fractional quantized Hall effect¤"

§17.8 $Ä>Ö�>^| ∗

éu$Ä�:>Ö q§Xc¤ã§Ù>Ö�>6�Ý©O�

ρ(r, t) = qδ[r− r′(t)], (17.8.1)

j(r, t) = qδ[r− r′(t)]v(t). (17.8.2)

|^|úª

E =
1

4πε0

∫
ρ(r′′, t)dr′′

r− r′′

|r− r′′|3
, (17.8.3)

B =
µ0

4

∫
j(r′′, t)dr′′ × r− r′′

|r− r′′|3
, (17.8.4)
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·�k

E =
1

4πε0

∫
dr′′ qδ[r′′ − r′(t)]

r− r′′

|r− r′′|3
,

=
1

4πε0

q
r− r′(t)

|r− r′(t)|3
, (17.8.5)

±9

B =
µ0

4

∫
dr′′ qδ[r′′ − r′(t)]v(t)× r− r′′

|r− r′′|3
,

=
µ0

4π
qv(t)× r− r′(t)

|r− r′|3
. (17.8.6)

o�§·�k

E =
1

4πε0

q
r− r′(t)

|r− r′(t)|3
, (17.8.7)

B =
µ0

4π
qv(t)× r− r′(t)

|r− r′|3
. (17.8.8)

ùÒ´$Ä>Ö¤-u�>^|§ØL§ùü�|úª�UA^u²;�/§= v � c��/"3p

��/e§úª(17.8.3)Úúª(17.8.4)þØ¤á§I�^�éØ��Aúªâ1"�±�kÅ¬2`

j"


