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1 ÛÊê
ýÂµõÝû ��þÀ±� ø üØÆê�Ø��õ ö�õ¥-�Ìê

 ×þÂµõ �� üØÆê�Ø��õ  ö�õ¥-�Ìê
η =



















−1 1 1 1


















, (1.1)�� ,Àû¢üõ �¤ (xµ + dxµ) ø (xµ)  ¢�¢ýø¤ ø¢  ß��  ý�Ü¬�ê �î ds  ñ�Ï  ö�Þó� .¢�ªüõ ù¢�¢,¢�ªüõ ù¢�¢ Âþ¥  ý�Î��¤
ds2 = ηµνdx

µdxν = −(dx0)2 + (d~x)2. (2.1)ù�Ú÷ �¢¤ø�÷ �¤ ds �î üÎ¡  ÛþÀ±� ×þ  ´½� .x0 = ct ø À�û¢üõ Çþ�Þ÷ �¤ �Ìê  ý�µ¨�¤ �¨ �ûxi,¢¤�¢
xµ → x′

µ
= Λµ

νx
ν , det(Λ) 6= 0, (3.1) ×þÂµõ �� η  ×þÂµõ

η′µν = Λα
µΛβ

νηαβ, (4.1)2



,À��Ø÷ �ä �¤ ×þÂµõ �î À�µÆû üÎ¡  ��þÀ±� ¥� �µ¨¢ ö� ,ýÂµõÝû  ��þÀ±� .¢�ªüõ ÛþÀ±�
xµ → x′

µ
= Λµ

νx
ν ,

η → η′ = η. (5.1),À÷�ªüõ ù¢�¢ Âþ¥  ý�Î��¤ �� (5.1) ø (4.1)  ��¢�ãõ ¥� ýÂµõÝû  ��þÀ±� °��Â� ßþ� ��
ηµν = Λα

µΛβ
νηαβ . (6.1),Ý�Æþ�÷üõ Ýû Âþ¥  �¤�¬ �� �¤ (6.1)  ý�Î��¤ ýÀã�  ýù¢�Ôµ¨�  ý�Â�

η = ΛtηΛ, (7.1),´¨� Λ  ýù¢�ú÷�Â� Λt ö� ¤¢ �î
Λt µ

ν = Λµ
ν . (8.1)

ýÂµõÝû ��þÀ±� ý�û§�î 1-1 ��þÀ±� À�û¢ ö�È÷ .¢�ªüõ ù¢�¢ ds2E = d~x2�� ñ�Ï  ö�Þó� ,ü¨À�Üì�  ý�Ìê ¤¢ :1-1 ßþÂÞ�.´¨� SO(3)  ö�¤ø¢  ùøÂð ýÂµõÝû,Ýþ¤�¢ µ = ν = 0  ý�Â� (6.1)  ý�Î��¤ ¥�
−
(

Λ00)2 +
3
∑

i=1 (Λ0i )2 = −1. (9.1),ýÂµõÝû  ��þÀ±� ¤¢ Å�
(

Λ00)2 ≥ 1. (10.1)3



¤¢ ýÂµõÝû  ��þÀ±� Å� .(det Λ)2 = 1 �î Àþ¢ ¢�ªüõ üð¢�¨ �� (7.1)  ý�ó¢�ãõ ¥� ùø�ä ��,À÷�ªüõ ýÀ���Ö±Ï §�î ¤�ú� ¤¢ üØÆê�Ø��õ  ö�õ¥-�ÌêÅµ÷¤� ó  ý��ª�  ��þÀ±� ö�Þû ýÂµõÝû  ��þÀ±� ¥� �µ¨¢ ßþ� :Λ00 ≥ 1, det(Λ) = 1 .�ÂÑ÷ ¤¢ �¤ D = 1 + 1  ý�� ÷¢ ×þ üð¢�¨  ý�Â � ßõ ,á�®�õ ßþ�  À� þ�b �  ý�Â � .À� µÆû�ó¢�ãõ �¨ �� Ý�Æþ��� �¤ (6.1)  ý�ó¢�ãõ .¢�ªüõ ù¢�¢ η = −1,1  ×þÂµõ �� �î �Â�ðüõ,Ý�¨¤üõ
µ = ν = 0 : → −1 = −

(

Λ00)2 +
(

Λ10)2 , (11.1)










µ = 0, ν = 1
ν = 1, µ = 0 : → Λ00Λ01 = Λ10Λ11, (12.1)

µ = ν = 1 : → 1 = −
(

Λ01)2 +
(

Λ11)2 . (13.1):´ª�÷ Âþ¥  �¤�¬ �� ¢�ªüõ �¤ (13.1) ø (11.1)  ý�ó¢�ãõ ø¢  Û�
Λ00 = coshα Λ10 = sinhα,

Λ01 = sinhα′ Λ11 = coshα′,
(14.1)�î ¢�ªüõ �� Ü ã õ (12.1)  ý� ó¢� ã õ ¥� .À � µÆû ù��¡ñ¢  Â µ õ�¤� � ø¢ β′ ø β �� ßþ� � � � î�� ö� ¥� .´¨� ýÂµõ�¤�� ×þ  ùøÂð ×þ Àã� 1+ 1 ¤¢ Åµ÷¤�ó  ��þÀ±�  ùøÂð Å� .α′ = α,´ª�÷ ¢�ªüõ ý�α Âû  ý�¥� �� �î

coshα =
(1− β2)−1/2

,

sinhα = β
(1− β2)−1/2

, (15.1),´ª�÷ Âþ¥  �¤�¬ �� ¢�ªüõ �¤ Λ(β)

Λ =







γ βγ,

βγ γ






, (16.1)
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ù¢�¢ Λ(β) � � �î ýÂµõÝû  ÛþÀ±� Ý�û¢ ö�È÷ �î ö�  ý�Â� .γ =
(1− β2)−1/2 ö� ¤¢ �î

x′  ÂÒ�÷  ´äÂ¨ u �î β = u/c �î Ý�û¢ ö�È÷ ´¨� üê�î ´¨� Åµ÷¤�ó  ÛþÀ±� ×þ ¢�ªüõ.´¨� x  ÂÒ�÷ �� ´±Æ÷��±�� ,x′  ù�ð´¨¢ ¤¢ x  ù�ð´¨¢  �bÀ±õ  ¢�¢ýø¤  ßµª�÷ �� �¤ °ÜÎõ ßþ� :2-1 ßþÂÞ�.¢�ªüõ ù¢�¢ dxµ = 0 �� x  ù�ð´¨¢  �bÀ±õ  ¢�¢ýø¤ :ý¤ø�¢�þ .À��îö�È÷ ø Àþ¤ø� ´¨¢ �� ýÀã� 1 + 3  ö�õ¥-�Ìê ¤¢ �¤ ýÂµõÝû  ��þÀ±� :3-1 ßþÂÞ�ÂÚþ¢  Âµõ�¤�� �¨ ø ��¡ Âµõ�¤�� ×þ �ó�bÆõ ßþ� ¤¢ .´¨� ýÂµõ�¤�� ¤�ú�  ùøÂð ×þ �î À�û¢.À�û¢üõ �¤ SO(3)  ý�ûö�¤ø¢� þ � µ þ¤� �  Û þÀ ± � ,ýÂ µ õÝû  ��þÀ ± � ¥� � µ¨¢ ß þ� ¥� ñ� · õ ×þ :Λ00 ≥ 1, det(Λ) = −1 .��� �î ´¨� üþ�Ìê  ü÷ø¤�ø
P =



















1
−1

−1
−1



















, (17.1),ÛþÀ±� ßþ� ¤¢ .¢�ªüõ ù¢�¢
x0 → x′

0
= x0,

xi → x′
i
= −xi, i = 1,2,3. (18.1).P2 = 1 À�û¢ ö�È÷ :4-1 ßþÂÞ�¤�ÂìÂ� (�) ø (�)  ý�û§�î  ß�� ×þ �� ×þ  ´ª�Ú÷ ×þ �î À�û¢ ö�È÷ :5-1 ßþÂÞ�.´¨�.Λ−1 = PΛtP �î À�û¢ ö�È÷ Àª�� (�)  §�î  �Ìä ×þ Λ Âð� :6-1 ßþÂÞ�.Pη = ηP = −1 :üþ�Þ÷ù�¤5



ü÷�õ¥  ü÷ø¤�ø  ÛþÀ±� ,ýÂµõÝû  ��þÀ±� ¥� �µ¨¢ ßþ� ¥� ñ�·õ ×þ :Λ00 ≤ 1, det(Λ) = −1 .��� �î ´¨�
T =



















−1 1 1 1


















, (19.1),ÛþÀ±� ßþ� ¤¢ .¢�ªüõ ù¢�¢
x0 → x′

0
= −x0,

xi → x′
i
= xi, i = 1,2,3. (20.1).T2 = 1 À�û¢ ö�È÷ :7-1 ßþÂÞ�¤�ÂìÂ� (�) ø (�)  ý�û§�î  ß�� ×þ �� ×þ  ´ª�Ú÷ ×þ �î À�û¢ ö�È÷ :8-1 ßþÂÞ�.´¨�.TΛtT = Λ−1 �î À�û¢ ö�È÷ Àª�� (�)  §�î  �Ìä ×þ Λ Âð� :9-1 ßþÂÞ�.[P, T ] = 0 À�û¢ ö�È÷ :10-1 ßþÂÞ�.´¨� PT  ÛþÀ±� ,ýÂµõÝû  ��þÀ±� ¥� �µ¨¢ ßþ� ¥� ñ�·õ ×þ :Λ00 ≤ 1, det(Λ) = 1 .�¤�ÂìÂ� (�) ø (�)  ý�û§�î  ß�� ×þ �� ×þ  ´ª�Ú÷ ×þ �î À�û¢ ö�È÷ :11-1 ßþÂÞ�.´¨�.(PT )2 = 1 À�û¢ ö�È÷ :12-1 ßþÂÞ�
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�û¤�Æ÷�� 2-1 ÛþÀ±�  ´½� Âð� ´¨� Λ  ÛþÀ±�  ´½� contravariant � þ �¢¤ø¢��  ¤�¢Â�¤�ú� ×þ Aµ  ´�Þî,xµ → x′µ = Λ−1µ
νx

ν

Aµ → A′µ(x) = Λµ
νA

µ(x). (21.1) üõ�Þ� ¤¢ .A′(x′) = A(x) ´¨� ÛÖµÆõ ��Êµ¿õ  ù�ð´¨¢ ¥� A  ´�Þî ö�� �î À��î ´ì¢×þ �¤ Aµ  ´�Þî ß� ��Ýû .À �ª� � � µª�¢ ��� � � µØ ÷ ß þ� � � À þ�üõ ß� þ� � ¤¢ � î ü þ� ûÓþÂã �,��Êµ¿õ  ÛþÀ±� ö�Þû  ´½� Âð� Ý�õ�÷üõ covariant �þ �¢¤øÝû  ¤�¢Â�¤�ú�
Aµ → A′

µ = Λ ν
µ Aν , (22.1),�� ßþ� ¤¢ �î

Λ ν
µ = ηµαΛα

βη
βν (23.1)

.Λ ν
µ = Λ−1µ

ν À�û¢ ö�È÷ :13-1 ßþÂÞ�×þ Aµ = ηµνA
ν ù� ðö� Àª� � �¢¤ø¢� �  ¤�¢Â �¤�ú� ×þ Aµ Âð� À �û¢ ö�È ÷ :14-1 ßþÂÞ �.´¨� �¢¤øÝû  ¤�¢Â�¤�ú�.´¨� �¢¤ø¢��  ¤�¢Â�¤�ú� ×þ uµ = dxµ/ds ´äÂ¨  ¤�¢Â�¤�ú� À�û¢ ö�È÷ :15-1 ßþÂÞ�,ü � ã þ À ª� � �¢¤ø� ÷ ��Ê µ¿ õ  Û þÀ ± �  ´½ � Â ð� Ý � õ� ÷ü õ Â ó� Ø ¨� × þ �¤ φ(x)  ´ � Þ î ¤�� ø ý¢����  ��¤£  ö�Ø¨  �Â� �î ´¨� ßþ� Â� Âê ¥ø¤��  ×þ��ê ¤¢ .φ(x) → φ′(x) = φ(x).À÷�Âó�Ø¨� Åµ÷¤�ó  ��þÀ±�  ´½� üØþÂµØó�Âó�Ø¨� ×þ xµ → x′µ = xµ + aµ  ñ�Öµ÷�  ÛþÀ±�  ´½� φ(x) Âð� À�û¢ ö�È÷ :16-1 ßþÂÞ�.´¨� a �ø���  ýù¤ø¢ �� �ø��µõ  â��� ×þ φ(x) ù�ð ö� Àª��7



.´¨� Âó�Ø¨� ×þ AµA
µ ù�ðö� Àª�� �¢¤ø¢��  ¤�¢Â�¤�ú� ×þ Aµ Âð� À�û¢ ö�È÷ :17-1 ßþÂÞ�.uµu
µ = 1 ù�ðö� Àª�� ´äÂ¨  ¤�¢Â�¤�ú� uµ Âð� À�û¢ ö�È÷ :18-1 ßþÂÞ�,xµ → x′µ = Λ−1µ

νx
ν  ÛþÀ±�  ´½� Âð� Ý�÷�¢üõ ø¢  ý�±�¤  ý�¢¤øÝû  ¤�Æ÷�� ×þ �¤ Fµν

Fµν → F ′

µν = Λ α
µ Λ β

ν Fαβ. (24.1),¢�ªüõ ÓþÂã� ���Èõ  ¤�Ï �� �¢¤ø¢��  ýø¢  ý�±�¤  ¤�Æ÷��
Gµν → G′µν = Λµ

αΛν
βG

αβ . (25.1)
.´¨� Âó�Ø¨� ×þ Fµ

µ = ηµνFνµ À�û¢ ö�È÷ :19-1 ßþÂÞ�
ηµαηνβFαβ ù�ðö� Àª�� �¢¤ø¢Ýû  ýø¢  ý�±�¤  ¤�Æ÷�� ×þ FµνÂð� À�û¢ ö�È÷ :20-1 ßþÂÞ�.´¨� �¢¤ø¢��  ýø¢  ý�±�¤  ¤�Æ÷�� ×þù�ðö� À�ª�� �¢¤ø¢��  ý�û ¤�¢Â�¤�ú� Bµ ø Aµ Âð� À�û¢ ö�È÷ :21-1 ßþÂÞ�.´¨� �¢¤ø¢��  ýø¢  ý�±�¤  ¤�Æ÷�� ×þ AµBν .1.´¨� Âó�Ø¨� ×þ AµBνFµν .2.´¨� �¢¤øÝû  ¤�¢Â�¤�ú� ×þ AµFµν .3

��õ ¤�¢Â�¤�ú� 3-1,ö� ¤¢ �î ¢�¢ Çþ�Þ÷ eiθ(t,~x)  â��� �� ¢�ªüõ �¤ ´¿�  ��õ ×þ
θ(t, ~x) = ωt− ~k.~x, (26.1)
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Âû  ö¢¥ °Æ�Â�  ý�Â � �¤ ö� ¢�ªüõ �î ´¨� ¢Àä ×þ ��õ ×þ  ¥� ê .´¨� ´¿�  ��õ  ¥� ê ´äÂ¨ �� ��õ  ý�û�ú±� �î Àþ¢ ¢�ªüõ üð¢�¨ �� .¢Â� ¤�î �� ��õ  ý�ú±�
vph =

ω
∣

∣

∣

~k
∣

∣

∣

, (27.1)�b ¡ ¤¢ �î ý¤�÷  ���õ�  ý�Â� ¥�ê  ´äÂ¨ .À�õ�÷üõ ¥�ê  ´äÂ¨ �¤ vph ø¤ ßþ� ¥� .À÷ø ¤üõ Ç�� ��.´¨� c À÷�ªüõ ÂÈµ�õÂþ¥  ý�Î��¤ �� �î kµ �î ¢�ªüõ ��Üãõ �� ßþ� ¥� .ÝþÂ�ðüõ üÆµ÷¤�ó  Âó�Ø¨�  ´�Þî ×þ �¤ ¥�ê,¢�ªüõ ÓþÂã�
kµ =

(

ω

c
,~k

)

, (28.1).φ = kµx
µ ø ´¨� �¢¤ø¢��  ¤�¢Â� ¤�ú� ×þÅ³¨ .´¨� �¢¤ø¢�� Åµ÷¤�ó  ��þÀ±�  ´½� ∂

∂xµ  ÂÚÜÞä �î À�û¢ ö�È÷ �Àµ�� :22-1 ßþÂÞ�×þ kµ �î À�û¢ ö�È ÷ (26.1)  ý� ó¢�ãõ  ×Þî � � ´¨� Â ó�Ø¨� ×þ θ  ¥� ê �î ö�  Âê � �.´¨� �¢¤ø¢��  ¤�¢Â�¤�ú�.Àþ¤ø� ´¨¢ �� �¤ ÂÜ�ø¢  Í��ø ¤ :23-1 ßþÂÞ�¤¢ ù¤£-��õ  ü÷�ðø¢  ý�þÂÑ÷ �� ´¨� �¢¤ø¢��  ¤�¢Â�¤�ú� ×þ (28.1) ý�ó¢�ãõ ¤¢ kµ �î ßþ� ý�¨ ¥� ø 1´¨� �¢¤ø¢��  ¤�¢Â�¤�ú� ×þ pµ = mdxµ

dτ  ý�÷�Ø�¤�ú� �¨ ×þ ¥� �î �Â� .´¨� Õê���.~p = h̄~k ø E = h̄ω ù¤£-��õ  ü÷�ðø¢  Õ±ÏÂ� ÂÚþ¢¢�ªüõ ùÀ�¹�¨ ù¤£  ö�Ø¨  ���¤�� ¤¢ �î ´¨� ùÄþø  ö�õ¥ τ
1
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ö¢¤�ð-ß�Üî ý�ó¢�ãõ 1-3-1üµ�±Æ÷  ýù¤£ ×þ  ý�Â� üÞµ÷��î  ��õ  ý�ó¢�ãõ ×þ Klein-Gordon ö¢¤�ð-ß�Üî  ý�ó¢�ãõ�î Ý�÷�¢üõ (2.1)  ÓþÂã� �� ���� �� ø pµ = mdxµ

dτ  ÓþÂã� ¥� .´¨�
ηµνp

µpν = −m2. (29.1) Çµ÷��î  ý�¿Æ÷ ¥� ù¢�Ôµ¨� �� .dτ2 = −ds2 �î À��î ���� ���  ý�ó¢�ãõ  ö¢¤ø� ´¨¢ �� ¤¢
pµ → −ih̄

∂

∂xµ
, (30.1)�� (29.1)  ý�ó¢�ãõ ,´¨� ýÂÚ�þ¢øÂª  üÞµ÷��î  ×�÷�Øõ ¤¢ ~p→ −ıh̄∇  ý�¿Æ÷ ¥� üÞ�Þã� �î,¢�ªüõ Â¹�õ öø¢¤�ð-ß�Üî  ý�ó¢�ãõ

(2 −m2)φ = 0. (31.1),´¨� ýÂ±õ��¢ ö�Þû 2 = ηµν∂µ∂ν  ÂðÛÞä ö� ¤¢ �î
2 = −∂20 + ~∂2, (32.1)ö�Þû ö¢¤�ð-ß�Üî  ý�ó¢�ãõ �î Ý����üõ (31.1)  ý�ó¢�ãõ ¥� .´¨� üÞµ÷��î  ��õ  â��� φ ø.´¨� ×�¨�î  ��õ  ý�ó¢�ãõ�� �¤ ��õ �µÆ� ×þ  ùøÂð  ´äÂ¨ :24-1 ßþÂÞ�

vg =
dω

dk
, (33.1).À�îüõ ýø¤ü� �û´äÂ¨  üµ�±Æ÷  âÞ�  ý�Î��¤ ¥� vg �î À�û¢ ö�È÷ .Ý��îüõ ÓþÂã�Å³¨ .ω =

√

k2 +m2/h̄2 ö¢¤�ð-ß�Üî  ´¿�  ��õ  ý�Â� �î À�û¢ ö�È÷ :25-1 ßþÂÞ�¥�ê  ´äÂ¨  ýù¤��¤¢ .´¨� ö�  Â�Ñ÷  ýù¤£  ´äÂ¨ ö�Þû ��õ ßþ�  ùøÂð  ´äÂ¨ �î À�û¢ ö�È÷?À�þ�Ú� À�÷���üõ ��:Åµ÷¤�ó  ��þÀ±�  Âþ¥ ö¢¤�ð-ß�Üî  ý�ó¢�ãõ  üþ�¢¤øÝû :26-1 ßþÂÞ�10



×þ Λ ö� ¤¢ �î φ(Λx) ù�ðö� Àª�� ö¢¤�ð-ß�Üî  ý�ó¢�ãõ ¥� üÜ� φ(x) Âð� �î À�û¢ ö�È÷ .�.´¨� �ó¢�ãõ ¥� üÜ� Ýû ´¨� ýÂµõÝû  ÛþÀ±�´Æû ü���� �þ� ?À�µÆû Âó�Ø¨� ýÂµõÝû  ý�ûÛþÀ±�  ´½� �ó¢�ãõ ßþ�  ý�û����  ��Þ� �þ� .�×þ À÷���üõ �ó¢�ãõ ßþ�  ���� �þ� ?Àª�±÷ �¢¤ø�÷ �µþ¤��  ´½� �õ� Àª�� üÆµ÷¤�ó  Âó�Ø¨� �î?Àª�� ¤�¢Â�¤�ú� ýùø�î ×þ ¤¢ üØþÂµØó�  ö�À�õ �î §���  ý�ó¢�ãõ  ý�Â� �¤ (.�) ø (.�)  ý�û´ÞÆì .�.Àþ¤ø��� üó�·õ ´ÞÆì Âû ¤¢ ø À��î ¤�ÂØ� À�îüõ Ó�¬�� �¤ ýøÂî :���� Û·õ ý¤�¢Â�¤�ú�  ö�À�õ ×þ .¢ø¤üõ ¤�î �� � �ãõ ø¢ ¤¢ ¤�¢Â � ¤�ú� ö�� ý�ù��ø �î À��î ´ì¢�õ� .À�îüõ ù¢¤ø�Â� �¤ Aµ(Λx) = (ΛA)µ(x)  ¯Âª �î ´¨� üµ�Þî Aµ(x)  ý�¢¤ø¢��  ¤�¢Â�¤�ú�¥� ��Êµ¿õ  ÛþÀ±�  ´½� ø À�µÆ�÷ ö�À�õ �î À�µÆû Ýû ´äÂ¨  ¤�¢Â�¤�ú�  Û·õ üþ�û¤�¢Â�¤�ú�.À��îüõ ýøÂ�� Aµ → A′µ = Λµ
νA

ν  ÛþÀ±�  ýùÀä�ì ¥� ÂÚþ¢  ù�ð´¨¢ �� üû�ð´¨¢

11



2 ÛÊê
×�õ��þ¢øÂµØó�

´¨¢ �� �¤ ñ�Æî�õ  ×�õ��þ¢øÂµØó�  ý�þÂÑ÷  üÆµ÷¤�ó  ý�¢¤øÝû  ýÀ�� ñ�õÂê ÛÊê ßþ� ¤¢ö�È÷ �õ� À÷¢�� ùÀª �µª�÷ ý��Ü�ó�ð  ù�ðÀþ¢ �� À�� Âû ñ�Æî�õ  Í��ø ¤ �î Àþ¤ø��� ¢�þ �� .Ýþ¤ø�üõ.´¨� üØþ ´¿ó  ý�û���¤��  ��Þ� ¤¢ üÆ�Ï��çõøÂµØó�  ���õ�  ¤�Èµ÷�  ´äÂ¨ �î À÷¢�¢üõ¥� .´¨� ¤�ð¥�¨ ü�ªø¤ �� «�¡  ´�±Æ÷  ý�þÂÑ÷ �� �õ� À÷��¡üÞ÷ �Ü�ó�ð  ´�±Æ÷ �� �î ý�ùÀû�Èõ.Àþ¢ �¤�Øª� ×�õ��þ¢øÂµØó�  ß�÷��ì ¤¢ ¢�È� Àþ�� �¤ üÆµ÷¤�ó  üþ�¢¤øÝû ø¤ ßþ��î ö�ÆØ�  ×�õ��þ¢øÂµØó�  ��µî ¥� 12 ø 11  ý�ûÛÊê ¤¢ À�÷���üõ �¤ ÛÊê ßþ�  °ó�Îõ.À����� ¢�ªüõ Åþ¤À� Àª¤�  ü¨��ª¤�î  âÎÖõ ¤¢ �f �Þãõý��÷�Þ�� ��þÀ±� ø Û�Æ÷�µ� ¤�ú� 1-2ù¢¤ø� ´¨¢ �� ý¤�¢Â� ø Âó�Ø¨�  ý�ûÛ�Æ÷�µ�  °Æ�Â� �¤ ×�õ��þ¢øÂµØó�  ß�÷��ì Ç¿� ßþ� ¤¢ø ¢�ªüõ �þ�¤� ý��Ü�ó�ð  ù�ðÀþ¢ ¤¢ Ç¿� ßþ�  °ó�Îõ .Ýû¢üõ ¼�®�� �¤ ý��÷�Þ��  ��þÀ±� øý�ûö�¤ø¢) ý��Ü � ó�ð  ��þÀ± � � � Ýû ¤�¢Â � � þ Â ó�Ø¨�  ýù��ø .¢¤�À ÷ «�¡  ´�±Æ÷ � � üÏ�± �¤�.¢¤�¢ ù¤�ª� (SO(3)  ùøÂð ö�Þû �þ ü¨À�Üì�  ý�Ìê12



¥� ü�ãþ ñ�Æî�õ  Å�Ï��çõøÂµØó�  ö�÷�ì ¤�ú� ¥� ßðÝû  ö�÷�ì ø¢ ¥�
∇. ~B = 0, (1.2)

∇× ~E + ∂t
~B = 0, (2.2)

~A  ý¤�¢Â�  Û�Æ÷�µ� ø φ  Âó�Ø¨�  Û�Æ÷�µ�  °Æ�Â� ¢�ªüõ �¤ ~B ø ~E  ý�ûö�À�õ �î Àþ¢ ¢�ªüõ,´ª�÷
~E = −∇φ− ∂t

~A, (3.2)
~B = ∇× ~A. (4.2)¤¢ .Àû¢üÞ÷ ´¨¢ �� �µØþ  ¤�Ï �� �¤ ~A ø φ  Û�Æ÷�µ� ¤�ú� ,(~E, ~B) �î Àþ¢ ¢�ªüõ ���  Í��ø ¤ ¥��¤ ~B ø ~E ö�Þû �î ´¡�¨ �¤ ýÀþÀ�  ý�ûÛ�Æ÷�µ� ~A ø φ ¥� ¢�ªüõ ψ  ù��¡ñ¢  â��� Âû  Â�Ñ÷ âì�ø,À�ûÀ�
~A → ~A′ = ~A+ ∇ψ, (5.2)
φ → φ′ = φ− ∂tφ. (6.2)ßþ� �� . ~A ø φ �î À÷�ªüõ Â¹�õ ~B ø ~E ö�Þû �� (4.2) ø (3.2)  Í��ø ¤ ¥� ~A′ ø φ′ ÂÚþ¢  �¤�±ä ��.À�þ�ðüõ ý��÷�Þ��  ý¢�¥� üðÄþøÛ�Æ÷�µ� ¤�¢Â�¤�ú� 1-1-2 ý�û�Ôó�b õ �î À÷¥�¨üõ �¢¤ø¢��  ¤�¢Â� ¤�ú� ×þ ~A ø φ  Û�Æ÷�µ� ¤�ú� �î Ý�û¢üõ ö�È÷ �� ßþ� ¤¢�� ö�

Aµ = (φ, ~A), (7.2).À÷�ª üõ ù¢�¢13



Åµ÷¤�ó  ýøÂ�÷  ö�÷�ì �î À��î ���� �Àµ��
~F = q

(

~E + ~v × ~B
)

, (8.2),ý�Â÷� ø ¤�î  ö�÷�ì ø
d

dt
E = q~v. ~E, (9.2),À÷�ªüõ ù¢�¢ Âþ¥  �¤�¬ �� Û�Æ÷�µ� ¤�ú�  °Æ�Â�

d

dt
~p = q

[

−∇
(

φ− ~v. ~A
)

− (∂t + ~v.∇) ~A
]

,

d

dt
E = −q(~v.∇ + ∂t)φ+ q

(

∂tφ− ~v.∂t
~A
)

. (10.2) ýùÀä�ì ¥� ñø�  ýø�Æ�  ö¢¤ø� ´¨¢ ��  ý�Â�
~A× ( ~B × ~C) = ~B( ~A. ~B) − ~C( ~A. ~B) Í��ø ¤ .��ù¢Âî Ýî ø �ê�®� �¤ ∂tφ ¤� � ×þ Ýû �ø¢  ýø�Æ�  ´¨�¤  ´Þ¨ ¤¢ .��ù¢Âî ù¢�Ô µ¨�,q  ¤�¢¤��  ýù¤£  ýùÄþøö�õ¥  °Æ�Â� ¢�ªüõ �¤ (10.2)

dτ = γ−1dt (11.2),ù¤£  ´äÂ¨  ¤�¢Â�¤�ú� ø
uµ =

dxµ

dτ
= (γ, γ~v), (12.2),´ª�÷ Âþ¥  �¤�¬ ��

d

dτ
~p = q

[

−∇
(

u0φ− ~u. ~A
)

− uµ∂µ
~A
]

,

d

dτ
E = −quµ∂µφ+ q

(

u0∂0φ− ~u.∂0 ~A) . (13.2).∂µ = (∂0,∇) ö� ¤¢ �î14



pµ = (E , ~p) ü�ãþ �÷�Ø�  ý�¢¤ø¢��  ¤�¢Â�¤�ú�  ý�û�Ôó�bõ E  ý�Â÷� ø ~p  ¤�¢Â� �¨ �î �� ö� ¥�¤¢ �ÜÞ� ß�óø� ¥� ¢¥�¨üõ �¤ ∂µ = (−∂0,∇)  ý�¢¤ø¢��  ¤�¢Â�¤�ú�  üþ�Ìê  ´ÞÆì Ýû ∇ ø À�µÆû¤�¢Â�¤�ú� ×þ  ý�û�Ôó�b õ ~A ø φ  Û�Æ÷�µ � ¤�ú� �î ¢�ªüõ ��Üãõ ñø�  ýø�Æ�  ´¨�¤  ´Þ¨�î ö� �� ���� �� �f ·õ .¢�ªüõ À�þ�b� ���  ýø�Æ� ø¢ ¤¢ ÂÚþ¢  ��Þ� �� ���� �� ùÀû�Èõ ßþ� .À�µÆû ´ÞÆì ~p ö��Ýû ~A �î Àþ�ðüõ ñø�  ýø�Æ� ¤¢ �ÜÞ� ß�õø¢ ´¨� üÆµ÷¤�ó  Âó�Ø¨� ×þ uµ∂µ.¢¥�¨üõ �¤ ¤�¢Â�¤�ú� ×þ  üþ�Ìê Û�Æ÷�µ�  ¤�¢Â�¤�ú�  °Æ�Â� �¤ ý�Â÷� ø ¤�î ø Åµ÷¤�ó  ýøÂ�÷  ö�÷�ì ø¢ Âû ¢�ªüõ ö�þ�� ¤¢,¢�¢ Âþ¥  �¤�¬ �� Aµ = (φ, ~A)

d

dτ
pν = quµFνµ, (14.2)ö� ¤¢ �î

Fµν = ∂µAν − ∂µAν , (15.2).´¨� �¢¤ø¢Ýû  ¤�Æ÷�� ×þ Fµν �î À�û¢ ö�È÷ :1-2 ßþÂÞ� .´¨�.´¨� �¢¤ø�÷ �÷�Þ�� Fµν �î À�û¢ ö�È÷ :2-2 ßþÂÞ�.À��î ��Æ� ~B ø ~E  ý�ûö�À�õ  °Æ�Â� �¤ F  ý�û�þ�¤¢ :3-2 ßþÂÞ�ö� ¤¢ �î ¢�ªüõ ù¢�¢ ∂µF
µν = jν �� ñ�Æî�õ  ßðÝû�÷  ö�÷�ì ø¢ À�û¢ ö�È÷ :4-2 ßþÂÞ�

jν = (ρ,~j), (16.2)ü�ãþ ´¨� �µÆþ�� üØþÂµØó�  ¤�� �î À�û¢ ö�È÷ �� ßþ� ¥� .´¨� ö�þÂ�  ¤�¢Â� ¤�ú�
∂µj

µ = 0. (17.2)´¨¢ �� �¤ q  ¤�� �� ¤�¢¤��  ýù¤£ ×þ ¥� üª�÷  üÆ�Ï��çõ ø üØþÂµØó�  ý�ûö�À�õ :5-2 ßþÂÞ�.Àþ¤ø�.ÀþÂ�Ú� ¤�î �� �¤ Åµ÷¤�ó  ��þÀ±� ø À�Æþ��� ù¤£  ö�Ø¨  ù�ð´¨¢ ¤¢ �¤ F :üþ�Þ÷ù�¤15



§�õ�� ýø¤Ç�� 2-2 ö�Þõ  ´ú� �î Ý����üõ Ý��î ù�Ú÷ À�îüõ ´îÂ� üÆ�Ï��çõøÂµØó�  ö�À�õ ¤¢ �î öøÂµØó� ×þ �� Âð�ø¢  ö�Þõ  Ç�îÝûÂ� ¥� üª�÷ ùÀþÀ� ßþ� ¥� üÈ¿� .À�îüõ Â��ç� °�Âõ ö�  üÆ�Ï��çõ  ü±Îì ø¢¤¢ .´¨� üØþÂµØó�  ö�À�õ �� ö�  Ç�îÝûÂ� ¥� üª�÷ ÂÚþ¢  Ç¿� ø ´¨� üÆ�Ï��çõ  ö�À�õ �� ü±Îì�¤ ßÞþ¥  ¤�¹�ú��÷  Â�� üÆ�Ï��çõ  ö�À�õ �� öøÂµØó�  ü±Îìø¢  ö�Þõ  Ç�îÝûÂ� üÞµ÷��î  ×�÷�Øõ ñ�¨ ¥� ö�µ¨�¢ .Àû¢üõ �¤ ¤�Àõ-ß�³¨�  Ç�îÝûÂ� üØþÂµØó�  ö�À�õ �� ö�  Ç�îÝûÂ� ø Àû¢üõ ö�Þõ .À÷¢�¢ ¢�ú÷Ç�� �¤ öøÂµØó�  ß�³¨�  ýùÀþ� Goudsmith ø Uhlenbeck �î Àª ¥�è� 1926,¢�ªüõ ù¢�¢ Âþ¥  ý�Î��¤ �� ö� ß�³¨�  °Æ�Â� öøÂµØó�  ü±Îìø¢
~µ =

ge2mc~s, (18.2).¢¤ø� ´¨¢ �� ù�ðÇþ�õ¥� ¥� Àþ�� �¤ ©¤�ÀÖõ �î ´¨� üµ��� g �î
~B  üÆ�Ï��çõ  ö�À�õ ø ~E  üØþÂµØó�  ö�À�õ ×þ ¤¢ ~v  ´äÂ¨ �� ü÷øÂµØó� �î À��î Âê�� ü�¤�¡  ö�À�õ �� ü±Îìø¢  ö�Þõ  Ç�îÝûÂ� ,öøÂµØó�  ö�Ø¨  ù�Úµ¨¢ ¤¢ .À�î ´îÂ�

(

d~s

dt

)

restframe
= ~µ× ~B′, (19.2) ý�ûö�À �õ  °Æ�Â � öøÂ µØ ó�  ö�Ø¨  ù�Ú µ¨¢ ¤¢ üÆ�Ï� � ç õ  ö�À � õ ü�ã þ ~B′ .¢�ªüõ ù¢�¢,¢�ª üõ ù¢�¢ Âþ¥  ý�Î��¤ �� ,üµ�±Æ÷  Â�è  À� ¤¢ �µ±ó� , ~B ø ~E  üÆ�Ï��çõ ø üØþÂµØó�

~B′ = ~B −
~v

c
× ~E. (20.2)

.Àþ¤ø� ´¨¢ �� �¤ (20.2)  ý�Î��¤ :6-2 ßþÂÞ�� � üÆ �Ï� � ç õ  ü ±Î ìø¢  ö� Þ õ  Ç� îÝûÂ � � î À þ¢ ¢�ªüõ (20.2) ø (19.2)  Í ��ø ¤ ¥�16



,¢�ªüõ ù¢�¢ Âþ¥  Û�Æ÷�µ� �� üÆ�Ï��çõ ø üØþÂµØó�  ý�ûö�À�õ
U = ~µ.

(

~B −
~v

c
× ~E

)

. (21.2)
.Àþ¤ø� ´¨¢ �� �¤ (21.2)  ý�Î��¤ :7-2 ßþÂÞ��� üØþÂµØó�  ö�À�õ �¹�µ÷ ¤¢ .¢�ªüõ ù¢�¢ V (r)  Û�Æ÷�µ� ×þ �� üØþÂµØó�  ö�À�õ Ý�� ×þ ¤¢
~E = −

~r

r

dV

dr
, (22.2)ù¢�¢ Â þ¥  ý�Î��¤ � � Ý �� ×þ ¤¢ öøÂµØ ó�  ß�³¨�  Ç�îÝûÂ �  Û�Æ÷� µ � �� ßþ� ¥� .¢�ªüõ ù¢�¢,¢�ªüõ

U = −
ge2mc~s. ~B +

ge2m2c2~s.~L1r dVdr . (23.2)
.Àþ¤ø� ´¨¢ �� �¤ (23.2)  ý�Î��¤ :8-2 ßþÂÞ�� � �î ¤�Àõ-ß�³¨�  Ýú¨ �õ� Àû¢üõ �¤ ßÞþ¥  ¤�¹�ú�� ÷  Â �� ñø�  ý�ÜÞ� Àª�� g = 2 Âð�.Àþ�üõ ´¨¢ �� ö�  ü�Â¹�  ¤�ÀÖõ  Â��Â� ø¢ ¢�ªüõ ù¢�¢ �ø¢  ý�ÜÞ�.¢�ªüõ éÂÏÂ� üµ¨¤¢ �� üµ�±Æ÷  ¤��� ßµêÂð ÂÑ÷ ¤¢ �� ñ�Øª� ßþ� �î ¢�¢ ö�È÷ §�õ�� 1927 ¤¢ üÆµ ÷¤� ó  ý�¢¤øÝû  ÛØª Àþ� � �À µ �� Ç�îÝûÂ � ßþ�  ´¨¤¢  ÛØª  ö¢¤ø� ´¨¢ � �  ý�Â �ö�  ý�Â� ø ßþÂÞ� ×þ  ö���ä �� ¤�î ßþ�  ��¹÷� ¥� Ç�� .Ýþ¤ø�üõ ´¨¢ �� �¤ (19.2)  ý�ó¢�ãõ ÛþÀ±�  ý�¢¤øÝû  ÛØª ,Ý�ÞúÔ� Âµú� �¤ ÛþÀ±� ×þ  ´½� �Î��¤ ×þ  ý¥�¨ �¢¤øÝû  ��úÔõ �îÂû ¤¢ ��¡ ö�� ¢¤�¡üõ ¢¤¢ � � üÜ�¡ üþ�ú ÷  ý�¹�µ ÷ .�¤ø�üõ ´¨¢ �� �¤ ö�¤ø¢  ´½� ��¡.¢�¢ Àû��¡ �¤ üû��¡ñ¢  ý�µ¨�¤ù¢�¢ Âþ¥  ý�Î��¤ �� x̂  ¤�½õ  ý�µ¨�¤ ¤¢ ��¡  ÛþÀ±� �î Ý�îüõ ý¤ø�¢�þ �Àµ�� ¤�î ßþ�  ý�Â�17



,¢�ªüõ
t′ = γt− γβx, (24.2)
x′ = γx− γβt, (25.2)
y′ = y, (26.2)
z′ = z. (27.2) ý�Ôó�b õ x ÂÚþ¢  �¤�±ä �� .´Æ�÷ ~β  ��¡  ¤�¢Â� .´ú� ¤¢ �Øþ  ¤�¢Â� ×þ �� ý��� x̂ âì�ø ¤¢��½�®�� ßþ� �� .¢�ªüõ ù¢�¢ β̂  ý�Øþ  ¤�¢Â� �� �î ´¨� ��¡  ´ú�  ý�µ¨�¤ ¤¢ ~x  ö�Øõ  ¤�¢Â�,¢¤ø� ´¨¢ �� üð¢�¨ �� �¤ (25.2) ø (24.2)  Í��ø ¤ ( ö�¤ø¢  ´½�)  ý�¢¤øÝû  ÛØª ¢�ªüõ
t′ = γt− γ~β.~x,

β̂.~x = γβ̂.~x− γβt. (28.2)¢�ªüõ �¤ �û�Ôó�bõ ßþ� .À�µÆû ��¡  ´ú� Â� ¢�Þä  ý�½Ô¬ ¤¢ ~x  ö�Øõ  ¤�¢Â�  ý�û�Ôó�bõ z ø yÀ�þ�ðüõ �ú�� (27.2) ø (26.2)  ��¢�ãõ °��Â� ßþ� �� .´ª�÷ β̂× ~x  ¤�¢Â�  ý�û�Ôó�bõ  °Æ� Â� ÛØª �� �¤ (27.2) ø (26.2)  ��¢�ãõ ¢�ªüõ Å� .´¨� �¢¤ø�÷ ��¡  ´½� β̂ × ~x  ¤�¢Â� �î,´ª�÷ Âþ¥  ý�¢¤øÝû
β̂ × ~x′ = β̂ × ~x. (29.2),´ª�÷ Âþ¥  ÛØª �� ¢�ªüõ �¤ (29.2) ø (28.2)  ��¢�ãõ

t′ = γt− γ~β.~x,

~x′ = ~x+
γ − 1
β2 (~β.~x)~β − γ~βt. (30.2)ø ´¨� ùÀª �µª�÷ SO(3)  ö�¤ø¢  ùøÂð  ý�ûÂó�Ø¨� ø �û¤�¢Â�  °Æ�Â� �ú�� �Î��¤ ßþ� �î À����üõ.´¨� �¢¤øÝû ��ãõ ßþ� ��18



.Àþ¤ø� ´¨¢ �� �¤ (30.2)  ý�Î��¤ :9-2 ßþÂÞ�ü�þ�ðý�� Àþ�� �Àµ�� (19.2)  ý�ó¢�ãõ  üÆµ÷¤�ó  ý�¢¤øÝû  ÛØª  ö¢¤ø� ´¨¢ ��  ý�Â�� � �¤ ~s Å� .´¨� ¤�¢Â �¤� ú� ×þ ¤�¢Â � �¨ ×þ  ý�Â � ß þ� ðý�� ßþÂ �üã � ±Ï .Ý � �� � � ~s  ý�Â � ý�Ôó�bõ öøÂµØó�  ö�Ø¨  ù�ð´¨¢ ¤¢ �î ´¨� ý¤�¢Â�¤�ú� Sµ .Ý��îüõ ßþ�ðý�� Sµ  ¤�¢Â�¤�ú�,Àª�� ~s  ý�û�Ôó�bõ ö�Þû Ýû ©�üþ�Ìê  ý�û�Ôó�bõ ø Àª�� ÂÔ¬ ö� �ÂÔ¬
S′0 = 0, ~S′ = ~s. (31.2)ýÂÚþ¢  ´¿ó  ù�ð´¨¢ Âû ¤¢ �î Àþ¢ ¢�ªüõ (30.2)  ý�ó¢�ãõ  ×Þî �� ø �� ßþ� ¥�

S0 = ~β.~S. (32.2)
�î À�û¢ ö�È÷ :10-2 ßþÂÞ�

~S = ~s+
γ2

γ + 1(~β.~s)~β. (33.2)?ÀþÂ�ðüõ ý��¹�µ÷ �� �ó¢�ãõ ßþ� ¥�
t  ý�� �� Å� ´¨� ùÀª �µª�÷ öøÂµØó�  ö�Ø¨  ù�ð´¨¢ ¤¢ (19.2)  ý�ó¢�ãõ �î �� ö� ¥�üÆµ÷¤�ó  ý�¢¤ø�÷ ×þ �Ìì ¥� �î ´ª�Áð �¤ ùÄþø  ö�õ¥ ü�ãþ τ ¢�ªüõ �ó¢�ãõ ßþ�  ²�  ´Þ¨ ¤¢.Ý��î �À�� �¤ (19.2)  ý�ó¢�ãõ  ´¨�¤  ´Þ¨ ¤¢ Ç�îÝûÂ�  ý�¢¤øÝû  ÛØª Àþ�� ��� .´¨� ´Þ¨  ßµ¡�¨  ý�Â� �î üþ�û¤�Æ÷�� �ú�� âì�ø ¤¢ .Ýþ¤�ÁÚ� Fµν Àþ�� ~B′  ý�� �� �î ´¨� ¼®�ø ´Þ¨ ö�� .uµ ´äÂ¨  ¤�¢Â�¤�ú� ø Sµ ,Fµν ¥� À��¤�±ä Ýþ¤�¢ ´¨¢ ¤¢ (19.2)  ý�ó¢�ãõ  ´¨�¤ßþ� �� ¢�È� �î üþ�¢¤ø¢��  ¤�¢Â�¤�ú� Âû Ý�Æþ�÷üõ dSµ/dτ  �¤�¬ �� �¤ (19.2)  ý�ó¢�ãõ  ²�ø Sµ  °Æ�Â� Ç�îÝûÂ�  ý�ÜÞ� �î Ý��îüõÂê �úµ�õ .´êÂð ÂÑ÷ ¤¢ Àþ�� �¤ ´¡�¨ �û¤�Æ÷��,¢¤�¢ ¢��ø ´¨¢ ßþ� ¥� �ÜÞ� �¨ �ú�� .Àª�� üÎ¡ Fµν

FµνSν , SλF
λνuνu

µ, Sβ
duβ

dτ
uµ. (34.2)19



,¥� À��¤�±ä ÂÚþ¢  ¥�¹õ  ý�ÜÞ� ø¢ :11-2 ßþÂÞ�
FµνuνSλu

λ, uλF
λνuνS

µ. (35.2).À�µÆû ÂÔ¬ �� À½µõ �ÜÞ� ø¢ ßþ� À�û¢ À�û¢ ö�È÷Â� �ÜÞ� ßþ� �î À�û¢ ö�È÷ .´¨� SλF
λνuν

duµ

dτ ÂÚþ¢  ¥�¹õ  ý�ÜÞ� ×þ :12-2 ßþÂÞ�.´¨� �ø¢  ý�±�Âõ ¥� F  °Æ�,Àª�� �¤�¬ ßþ� �� À÷���üõ (19.2)  ý�ó¢�ãõ  ý�¢¤øÝû  ÛØª ßþÂ� üÜî Å�
dSµ

dτ
= A1FµνSν +A2SλF

λνuνu
µ +A3Sβ

duβ

dτ
uµ. (36.2)ßþ� üµ�±Æ÷  Â�è  À� ¤¢ �î ¢¤ø� ´¨¢ �� ¯Âª ßþ� ¥� Àþ�� �¤ �ó¢�ãõ ßþ� ¤¢ A3 ø A2 ,A1  °þ�Â®Ý��îüõ ´ì¢ üµ�±Æ÷  Â�è  À�  ü¨¤Â� ¥� Ç�� �õ� .¢�ª Â¹�õ (19.2)  ý�ó¢�ãõ ö�Þû �� �ó¢�ãõ�î ¢�ªüõ ��Üãõ �� ßþ� ¥� .uµS

µ = 0Å� S′0 = 0 öøÂµØó�  ö�Ø¨  ù�ð´¨¢ ¤¢ ö�� �î
uµ
dSµ

dτ
+
duµ

dτ
Sµ = 0. (37.2)�î ¢�ªüõ ��Üãõ (36.2)  ý�ó¢�ãõ ¥� ,¢�½�� ßþ�  ×Þî ��

(A1 −A2)uµF
µνSν + (1+A3)Sµ

duµ

dτ
= 0. (38.2),Å�

A1 = A2, A3 = −1, (39.2) ¤�Ì� ¤¢ �� ø üÆ�Ï��çõøÂµØó�  ý�ûøÂ�÷  ���è ¤¢ �� �È�Þû Àþ�� (37.2)  ýø�Æ� �î �Â�.Àª�� ´¨¤¢ À�þ�üõ üÆ�Ï��çõøÂµØó�  Ç�îÝûÂ� ¥� �î üþ�û ö� �� �� üþ�ûøÂ�÷.A1 = ge/2mc �î À�û¢ ö�È÷ üµ�±Æ÷  Â�è  À�  ßµêÂð ÂÑ÷ ¤¢ �� :13-2 ßþÂÞ�20



 ý�ûøÂ�÷  ���è ¤¢ �î À�û¢ ö�È÷ (14.2)  ´îÂ�  ý�ó¢�ãõ ¥� ù¢�Ôµ¨� �� :14-2 ßþÂÞ�,üÆ�Ï��çõøÂµØó�  Â�è
dSµ

dτ
=

e

mc

[

g2FµνSν +
1
c2 ( g2 − 1)uµ

(

SλF
λνuν

)

]

. (40.2),¢�ªüõ ù¢�¨ Âþ¥  ÛØª �� ���  ý�ó¢�ãõ g = 2  Âê ��
dSµ

dτ
=

ge2mcFµνSν , (41.2)�þ ø
dS0
dτ

=
ge2mc ~E.~S,

d~S

dτ
=

ge2mc (S0 ~E − ~B × ~S
)

. (42.2)�î Àþ¢ ¢�ªüõ (33.2) ø (32.2)  ��¢�ãõ ¥� ß���Ýû
~S = ~s+

12(~v.~s)~v + O(v3),
S0 = ~v.~s+ O(v3). (43.2)

�î À�û¢ ö�È÷ ���  ��¢�ãõ ø (14.2)  ´îÂ�  ý�ó¢�ãõ ¥� ù¢�Ôµ¨� �� :15-2 ßþÂÞ�
d~s

dτ
= ~µ×

(

~B −
12~v × ~E

)

+ O(v3). (44.2)�� üµ¨¤¢ �� ¤�Àõ-ß�³¨�  Ç�îÝûÂ� ø ßÞþ¥  ¤�¹�ú��÷  Â�� ø¢ Âû g = 2  Âê �� °��Â� ßþ� ��.À�þ�üõ ´¨¢
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