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Fadeev N. G. P2-2004-48

Physical Nature of Lobachevsky Parallel Lines

and a New Inertial Frame Coordinate Transformation

The synchronous process of particle motion and light beams propagation has been

found to reveal the physical foundation for the V Euclidean postulate violation

and for the Lobachevsky parallel lines definition in the velocity space. The same

process was found to be also fruitful to solve in a new way the main difficulty in rela-

tivity — the problem of time synchronization for different space points [1].

The first obvious consequences of the new solution (simultaneity, proper time, in-

ertial frame coordinate transformation, invariant values, relativistic velocity summa-

tion law, and relativistic effects) are presented in this paper.

The investigation has been performed at the Laboratory of Particle Physics, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2004

Ôàäååâ Í. Ã. P2-2004-48

Ôèçè÷åñêèé ñìûñë ïàðàëëåëüíûõ Ëîáà÷åâñêîãî

è íîâîå ïðåîáðàçîâàíèå êîîðäèíàò èíåðöèàëüíûõ ñèñòåì

Îáíàðóæåíî, ÷òî ñèíõðîíèçèðîâàííûé ïðîöåññ äâèæåíèÿ ÷àñòèöû è ðàñ-

ïðîñòðàíåíèÿ ïó÷êîâ ñâåòà ÿâëÿåòñÿ ôèçè÷åñêîé îñíîâîé îòðèöàíèÿ V ïîñòóëà-

òà Åâêëèäà è ñóùåñòâîâàíèÿ ïàðàëëåëüíûõ Ëîáà÷åâñêîãî â ïðîñòðàíñòâå ñêîðî-

ñòåé. Ýòîò æå ïðîöåññ îêàçàëñÿ è íîâûì ñïîñîáîì ðåøåíèÿ îñíîâíîé òðóäíîñòè

ñïåöèàëüíîé òåîðèè îòíîñèòåëüíîñòè — çàäà÷è îïðåäåëåíèÿ âðåìåíè äëÿ «ñî-

áûòèé, êîòîðûå ïðîèñõîäÿò â ìåñòàõ, óäàëåííûõ îò ÷àñîâ» [1].

Ïðåäñòàâëåíû ïåðâûå î÷åâèäíûå ñëåäñòâèÿ íîâîãî ðåøåíèÿ (âêëþ÷àÿ ïîíÿ-

òèÿ îäíîâðåìåííîñòè, ñîáñòâåííîãî âðåìåíè, ïðåîáðàçîâàíèÿ êîîðäèíàò èíåð-

öèàëüíûõ ñèñòåì, èíâàðèàíòíûõ âåëè÷èí, ðåëÿòèâèñòñêîãî ñëîæåíèÿ ñêîðîñòåé

è ðåëÿòèâèñòñêèõ ýôôåêòîâ).

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè ôèçèêè ÷àñòèö ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004

Ïåðåâîä àâòîðà
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�·¨´ÖÉµ ¸Î¨É ÉÓ, ÎÉµ ·¥Ï¥´¨¥ ¶·µ¡²¥³Ò ¶ · ²²¥²Ó´ÒÌ ¶·Ö³ÒÌ § ¢¥·Ï¨-
²µ¸Ó ¸µ§¤ ´¨¥³ Ÿ. �µ° ¨, Š. ”. ƒ Ê¸¸µ³ ¨ �. ˆ. ‹µ¡ Î¥¢¸±¨³ ¶¥·¢µ° ´¥¥¢±²¨-
¤µ¢µ° £¥µ³¥É·¨¨, ¶µ²ÊÎ¨¢Ï¥° ´ §¢ ´¨¥ £¥µ³¥É·¨Ö ‹µ¡ Î¥¢¸±µ£µ. �µ  ´ ²µ£¨¨
¸ £¥µ³¥É·¨¥° ¸Ë¥·Ò ¥¥ ¨´É¥·¶·¥É¨·ÊÕÉ ± ± £¥µ³¥É·¨Õ, ±µÉµ· Ö ·¥ ²¨§Ê¥É¸Ö
´  ¸Ë¥·¥ ¸ ³´¨³Ò³ · ¤¨Ê¸µ³, ¶¸¥¢¤µ¸Ë¥·¥, ¸ ¶µ¸ÉµÖ´´µ° µÉ·¨Í É¥²Ó´µ° ±·¨-
¢¨§´µ°. �¸´µ¢ ´´ Ö ´  µÉ·¨Í ´¨¨ V ¶µ¸ÉÊ² É  …¢±²¨¤ , ± ¦ÊÐ Ö¸Ö ¶·µÉ¨¢µ-
·¥Î Ð¥° ¤¥°¸É¢¨É¥²Ó´µ¸É¨ £¥µ³¥É·¨Ö ‹µ¡ Î¥¢¸±µ£µ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ®Ö¢²Ö-
¥É¸Ö · ¡µÎ¨³ ¨´¸É·Ê³¥´Éµ³ ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°¯, ¨¸¶µ²Ó§Ê¥³Ò³ ¶·¨
µÉµ¡· ¦¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í ¢ ¶·µ¸É· ´¸É¢µ ¸±µ·µ-
¸É¥° [2]. �¤´ ±µ Ë¨§¨Î¥¸±µ¥ µ¡µ¸´µ¢ ´¨¥ µÉ·¨Í ´¨Ö V ¶µ¸ÉÊ² É  ¤µ ¸¨Ì ¶µ·
µÉ¸ÊÉ¸É¢Ê¥É. �µÔÉµ³Ê ¶·¨Î¨´ , ¢¸²¥¤¸É¢¨¥ ±µÉµ·µ° ¤¢¥ ´ ±²µ´ß´´Ò¥ ¢ ¶²µ¸-
±µ¸É¨ ¶·Ö³Ò¥ ´¥ ¶¥·¥¸¥± ÕÉ¸Ö, µ¸É ¥É¸Ö Î¨¸Éµ £¥µ³¥É·¨Î¥¸±µ° Å ±·¨¢¨§´ 
¶µ¢¥·Ì´µ¸É¨.

‘ÊÉÓ ¢µ¶·µ¸  ¸¢µ¤¨É¸Ö ± µÉÒ¸± ´¨Õ ¢ µ¡ÒÎ´µ³ ¶·µ¸É· ´¸É¢¥ Ö¢²¥´¨Ö,
£¥µ³¥É·¨Î¥¸±¨° µ¡· § ±µÉµ·µ£µ ¸µµÉ¢¥É¸É¢µ¢ ² ¡Ò ¶ · ²²¥²Ó´Ò³ ¶·Ö³Ò³ ‹µ-
¡ Î¥¢¸±µ£µ (��‹). �·¨³¥´¥´¨¥ ¶·µ¸É· ´¸É¢  ¸±µ·µ¸É¥° ¢ Ë¨§¨±¥ Î ¸É¨Í
¤ ¢´µ Ê± §Ò¢ ¥É ´  É ±µ¥ Ö¢²¥´¨¥, ÔÉµ ¶·µÍ¥¸¸ ¸¨´Ì·µ´¨§µ¢ ´´µ£µ ¤¢¨¦¥-
´¨Ö Î ¸É¨ÍÒ ¨ · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥É  ¢ ¢¨¤¥ ¶²µ¸±¨Ì ¨ ¸Ë¥·¨Î¥¸±¨Ì ¶ÊÎ±µ¢,
¢µ§¡Ê¦¤ ¥³ÒÌ ¶µ ¶·¨´Í¨¶Ê ƒÕ°£¥´¸ . …£µ µÉµ¡· ¦¥´¨¥ ¢ ¶·µ¸É· ´¸É¢µ ¸±µ-
·µ¸É¥° ¨ ¸µ§¤ ¥É ´  ¶²µ¸±µ¸É¨ £¥µ³¥É·¨Î¥¸±¨° µ¡· § ��‹. „ ´´Ò° ¶·µÍ¥¸¸
µÉ±·Ò¢ ¥É ¨ ´µ¢µ¥ ·¥Ï¥´¨¥ µ¸´µ¢´µ° É·Ê¤´µ¸É¨ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨-
É¥²Ó´µ¸É¨ (‘’�) Å § ¤ Î¨ µ¶·¥¤¥²¥´¨Ö ¢·¥³¥´¨ ®¤²Ö É¥Ì ¸µ¡ÒÉ¨°, ±µÉµ·Ò¥
¶·µ¨¸Ìµ¤ÖÉ ¢ ³¥¸É Ì, Ê¤ ²¥´´ÒÌ µÉ Î ¸µ¢¯ [1]. ‚ ÔÉµ° ¦¥ · ¡µÉ¥ ¡Ò² ¶·¥¤²µ-
¦¥´ ¨§¢¥¸É´Ò° ¸¶µ¸µ¡ ¸¨´Ì·µ´¨§ Í¨¨ Î ¸µ¢ ´  µ¸´µ¢¥ ¶·¨³¥´¥´¨Ö ¸¢¥Éµ¢ÒÌ
®¸¨£´ ²µ¢¯ , ¸²¥¤¸É¢¨¥³ ±µÉµ·µ£µ Ö¢¨²µ¸Ó ±µµ·¤¨´ É´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ-
·¥´Í .

®�·µ¸Éµ¥ ¸É·µ¥´¨¥ Ëµ·³Ê² ‹µ·¥´Í , Å µÉ³¥Î ² � Ê²¨, Å ¤¥² ¥É ¥¸É¥-
¸É¢¥´´Ò³ ¢µ¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ ¨Ì ¶µ²ÊÎ¥´¨Ö¯ ¨§ ¤·Ê£¨Ì, ®µ¡Ð¨Ì ¸µµ¡· ¦¥-
´¨° ¡¥§ É·¥¡µ¢ ´¨Ö ¨´¢ ·¨ ´É´µ¸É¨ ¨´É¥·¢ ² ¯ [3]. ˆ³¥²¨¸Ó ¢ ¢¨¤Ê É¥µ·¥É¨±µ-
£·Ê¶¶µ¢Ò¥ ³¥Éµ¤Ò, ´  µ¸´µ¢¥ ±µÉµ·ÒÌ µ± § ²µ¸Ó ¢µ§³µ¦´Ò³ ®¶µ²ÊÎ¨ÉÓ ²¨ÏÓ
¢´¥Ï´¨° ¢¨¤ Ëµ·³Ê² ¶·¥µ¡· §µ¢ ´¨Ö, ´µ ´¥ ¨Ì Ë¨§¨Î¥¸±µ¥ ¸µ¤¥·¦ ´¨¥¯ [3].
Š ³µÉ¨¢ ³ ¶µ¨¸±  ´µ¢ÒÌ ¸¶µ¸µ¡µ¢ ¶µ²ÊÎ¥´¨Ö Ëµ·³Ê² ¶·¥µ¡· §µ¢ ´¨Ö ³µ¦´µ
µÉ´¥¸É¨ ¨ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ, ¸²¥¤ÊÕÐ¨¥ ¨§ Ëµ·³Ê² ‹µ·¥´Í , ¶·¨·µ¤ 
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±µÉµ·ÒÌ (¤¨´ ³¨Î¥¸± Ö ¨²¨ ±¨´¥³ É¨Î¥¸± Ö) ¸ ¸ ³µ£µ ´ Î ²  ¡Ò²  ´¥µ¤´µ-
§´ Î´µ° ¨ ¤µ ¸¨Ì ¶µ· µÉ±·ÒÉµ°.

�µ¢µ¥ ·¥Ï¥´¨¥ ¢µ§´¨± ¥É ± ± ·¥§Ê²ÓÉ É ¶·¨³¥´¥´¨Ö ¶²µ¸±µ¶ · ²²¥²Ó-
´ÒÌ ¶ÊÎ±µ¢ ¸¢¥É , ´ ¶· ¢²¥´¨Ö · ¸¶·µ¸É· ´¥´¨Ö ±µÉµ·ÒÌ µ¶·¥¤¥²ÖÕÉ¸Ö ¸µ-
¸ÉµÖ´¨Ö³¨ ¤¢¨¦¥´¨Ö ¨²¨ ¶µ±µÖ Î ¸É¨ÍÒ ¢ ÉµÎ´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ ËÊ´±Í¨¥°
‹µ¡ Î¥¢¸±µ£µ, É. ¥. Ê£² ³¨ ¶ · ²²¥²Ó´µ¸É¨. ‘²¥¤¸É¢¨¥³ ¶µ¤Ìµ¤  Ö¢²ÖÕÉ¸Ö ± ±
Ëµ·³Ê²Ò ‹µ·¥´Í , É ± ¨ ´µ¢Ò¥ Ëµ·³Ê²Ò, ¸¢µ¡µ¤´Ò¥ µÉ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶ -
· ¤µ±¸µ¢,   É ±¦¥ ´µ¢µ¥ ¸µ¤¥·¦ ´¨¥ ´¥±µÉµ·ÒÌ Ê¸ÉµÖ¢Ï¨Ì¸Ö ¶µ´ÖÉ¨°, ´ -
¶·¨³¥·, É ±¨Ì ± ± µ¤´µ¢·¥³¥´´µ¸ÉÓ, ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö, ¸¶µ¸µ¡ ¢Ò· ¦¥´¨Ö
¶·¨´Í¨¶  ¶µ¸ÉµÖ´¸É¢  ¸±µ·µ¸É¨ ¸¢¥É  ¨ ¤·Ê£¨Ì. �µÔÉµ³Ê ³µ¦´µ ¶µ² £ ÉÓ,
ÎÉµ É¥µ·¨Ö ¶ · ²²¥²Ó´ÒÌ ¶·Ö³ÒÌ ¸´µ¢  ¢ÒÌµ¤¨É ´  µÎ¥·¥¤´µ° ÔÉ ¶ · §¢¨É¨Ö.
„ ´´ Ö · ¡µÉ  Ö¢²Ö¥É¸Ö · §¢¨É¨¥³ ¨¤¥°, ¨§²µ¦¥´´ÒÌ ¢ [4].

1. �‘��‚�›… ��‹�†…�ˆŸ ˆ ��…„��‘›‹Šˆ ��„•�„�

‚ · ¸¸Ê¦¤¥´¨ÖÌ, µÉ´µ¸ÖÐ¨Ì¸Ö ± ¸¢¥ÉÊ, µ£· ´¨Î¨³¸Ö § ±µ´ ³¨ ¥£µ ¶·Ö-
³µ²¨´¥°´µ£µ · ¸¶·µ¸É· ´¥´¨Ö (¡¥§ ÊÎ¥É  ¤¨Ë· ±Í¨¨), ´¥§ ¢¨¸¨³µ¸É¨ ¸¢¥Éµ-
¢ÒÌ ¶ÊÎ±µ¢ (¡¥§ ÊÎ¥É  ¨´É¥·Ë¥·¥´Í¨¨) ¨ ¶·¨³¥´¥´¨¥³ ¶·¨´Í¨¶  ƒÕ°£¥´¸ :
¢¸Ö± Ö ÉµÎ± , ±µÉµ·µ° ¤µ¸É¨£ ¸¢¥Éµ¢µ° Ë·µ´É, Ö¢²Ö¥É¸Ö Í¥´É·µ³ ¨¸¶Ê¸± ´¨Ö
¢Éµ·¨Î´ÒÌ ¸¢¥Éµ¢ÒÌ ¶µ²Ê¸Ë¥·; ¶µ¢¥·Ì´µ¸ÉÓ, µ£¨¡ ÕÐ Ö ÔÉ¨ ¶µ²Ê¸Ë¥·Ò, Ê± -
§Ò¢ ¥É ´  ´µ¢µ¥ ¶µ²µ¦¥´¨¥ ¸¢¥Éµ¢µ£µ Ë·µ´É . ‘Î¨É ¥³, ÎÉµ ¸±µ·µ¸ÉÓ ¸¢¥É 
´¥ § ¢¨¸¨É µÉ ´ ¶· ¢²¥´¨Ö ¥£µ · ¸¶·µ¸É· ´¥´¨Ö, ¨ ¡Ê¤¥³ ¶·¨³¥´ÖÉÓ É ±µ° ¦¥
¶²µ¸±µ¶ · ²²¥²Ó´Ò° ¶ÊÎµ±, ±µÉµ·Ò° ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö µ¡ÑÖ¸´¥´¨Ö § ±µ´µ¢
µÉ· ¦¥´¨Ö ¨ ¶·¥²µ³²¥´¨Ö ¸¢¥É .

‚ Ëµ·³Ê²¨·µ¢±¥ ¶·¨´Í¨¶  ƒÕ°£¥´¸  ¢Ò¤¥²¨³ ¶·¨¸ÊÉ¸É¢ÊÕÐ¨° ¢ ´¥³
´¥Ö¢´µ ¤µ¶µ²´¨É¥²Ó´Ò° ¸³Ò¸²,   ¨³¥´´µ: ³µ³¥´É ¨¸¶Ê¸± ´¨Ö ¢Éµ·¨Î´µ° ¶µ-
²Ê¸Ë¥·Ò ¨§ ÉµÎ±¨, ¢ ±µÉµ·ÊÕ ¶·¨Ï¥² ¸¢¥É (¸¢¥Éµ¢µ° Ë·µ´É), ³µ¦¥É ¡ÒÉÓ
¶·¨´ÖÉ §  ´ Î ²Ó´Ò° µÉ¸Î¥É ¢·¥³¥´¨ ¢ ÔÉµ° ÉµÎ±¥. „·Ê£¨³¨ ¸²µ¢ ³¨, ¢·¥³Ö ¢
¤ ´´µ° ÉµÎ±¥ ³µ¦´µ ¨§³¥·ÖÉÓ ¤²¨´µ° ¸¢¥Éµ¢µ£µ ²ÊÎ , ¢ÒÌµ¤ÖÐ¥£µ ¨§ ´¥¥ (¢
²Õ¡µ³ ´ ¶· ¢²¥´¨¨).

„²Ö · ¸¸Ê¦¤¥´¨° ¶µÉ·¥¡ÊÕÉ¸Ö ¤¢¥ ¨´¥·Í¨ ²Ó´Ò¥ ¸¨¸É¥³Ò µÉ¸Î¥É  Å ¶µ-
±µÖÐ Ö¸Ö ¨ ¤¢¨¦ÊÐ Ö¸Ö, ± ¦¤ Ö ¨§ ±µÉµ·ÒÌ ³µ¦¥É ¡ÒÉÓ ± ±-Éµ ¸¢Ö§ ´  ¸
³ É¥·¨ ²Ó´Ò³ É¥²µ³ (Î ¸É¨Í¥°). ‚ ± Î¥¸É¢¥ ³´µ¦¥¸É¢  ¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³
³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶µ´ÖÉ¨¥ ¶ÊÎ±  Î ¸É¨Í. „¢¨¦¥´¨¥ Î ¸É¨Í ¢ ¶ÊÎ±¥ ¸¢µ¡µ¤-
´µ¥ ¨ ¶·Ö³µ²¨´¥°´µ¥ ¸ ¶µ¸ÉµÖ´´µ° ¸±µ·µ¸ÉÓÕ.

‚Ò¤¥²¨³ ´¥±µÉµ·Ò¥ ¶µ²µ¦¥´¨Ö ¨§ ¶·¥¤¸É ¢²¥´¨Ö µ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ-
¸É¥°. ‚ ÔÉµ³ ¶·µ¸É· ´¸É¢¥ ¶µ¸ÉµÖ´´ Ö ‹µ¡ Î¥¢¸±µ£µ k · ¢´  ¸±µ·µ¸É¨ ¸¢¥É 
c (k = c), · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ÉµÎ± ³¨ (µÉ·¥§±¨) ¥¸ÉÓ ¡Ò¸É·µÉÒ ρ/c, ±µÉµ·Ò¥
µ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¸±µ·µ¸É¨ ¨ ¤²¨´  ±µÉµ·ÒÌ ¨§³¥·Ö-
¥É¸Ö ¢ ¥¤¨´¨Í Ì c. �µÔÉµ³Ê ¤²¨´  µÉ·¥§±  ρ/c Å ¢¥²¨Î¨´  ¡¥§· §³¥·´ Ö.
“£µ² ³¥¦¤Ê § ¤ ´´Ò³¨ ¢ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸ÉÖ³¨ Î ¸É¨Í · ¢¥´
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Ê£²Ê ³¥¦¤Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¡Ò¸É·µÉ ³¨ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°. �µ-
ÔÉµ³Ê µÉ´µ¸¨É¥²Ó´ Ö ¸±µ·µ¸ÉÓ Î ¸É¨Í µ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ ¨Ì ¡Ò¸É·µÉÒ ¨ ÉµÉ
¦¥ (¥¢±²¨¤µ¢) Ê£µ² [2].

‹Õ¡µ³Ê µÉ·¥§±Ê ρ/c ¸µµÉ¢¥É¸É¢Ê¥É Ê£µ² ¶ · ²²¥²Ó´µ¸É¨ Π(ρ/c), ¢¥²¨-
Î¨´  ±µÉµ·µ£µ § ¢¨¸¨É µÉ ¤²¨´Ò µÉ·¥§± . „ ´´ Ö § ¢¨¸¨³µ¸ÉÓ Ê¸É ´ ¢²¨¢ ¥É¸Ö
ËÊ´±Í¨¥° ‹µ¡ Î¥¢¸±µ£µ

θL ≡ Π(ρ/c) = 2 arctg e−ρ/c , (1)

µ¶·¥¤¥²ÖÕÐ¥° ¢¸¥ ¸¢µ¥µ¡· §¨¥ ¥£µ £¥µ³¥É·¨¨ (µ¡µ§´ Î¥´¨¥ ‹µ¡ Î¥¢¸±µ£µ
Π(ρ/c) § ³¥´¨³ ´  ¡µ²¥¥ ¸µ±· Ð¥´´µ¥ θL, ¢¢¨¤Ê Î ¸Éµ£µ ¥£µ Ê¶µÉ·¥¡²¥´¨Ö).
‘µµÉ´µÏ¥´¨¥ (1) ¢ÒÉ¥± ¥É ¨§ µ¶·¥¤¥²¥´¨Ö ¶ · ²²¥²Ó´ÒÌ ¶·Ö³ÒÌ ´  ¶²µ¸-
±µ¸É¨ ‹µ¡ Î¥¢¸±µ£µ. �µÔÉµ³Ê, §´ Ö ¤²¨´Ê µÉ·¥§±  ρ/c, ³µ¦´µ µÉÒ¸± ÉÓ ÔÉ¨
¶ · ²²¥²Ó´Ò¥.

„²Ö ÔÉµ£µ ´Ê¦´µ · ¸¸³ É·¨¢ ÉÓ ±µ´¥Î´Ò¥ ÉµÎ±¨ µÉ·¥§±  ρ/c ± ± § ¤ ´-
´Ò¥,   Ê£²Ò, ±µÉµ·Ò¥ ¶ · ²²¥²Ó´Ò¥ ¶·Ö³Ò¥ µ¡· §ÊÕÉ ¸ ´¨³, § ¤ ÉÓ ¢ ¸µµÉ¢¥É-
¸É¢¨¨ ¸ µ¶·¥¤¥²¥´¨¥³: µ¤¨´ ± ± θL, ¤·Ê£µ° ± ± π/2. ’µ£¤  ¤¢¥ ¶µ²Ê¶·Ö³Ò¥ ¢
µ¤´µ° ¶²µ¸±µ¸É¨, ¢ÒÌµ¤ÖÐ¨¥ ¨§ ±µ´¥Î´ÒÌ ÉµÎ¥± § ¤ ´´µ£µ µÉ·¥§±  ¢ ´ ¶· -
¢²¥´¨ÖÌ θL ¨ π/2 ± ´¥³Ê, ¸µµÉ¢¥É¸É¢¥´´µ, Ö¢²ÖÕÉ¸Ö ¶ · ²²¥²Ó´Ò³¨ ¶µ ‹µ¡ -
Î¥¢¸±µ³Ê, ± ± £µ¢µ·ÖÉ, ¢ µ¤´Ê ¸Éµ·µ´Ê. …¸²¨ ¶·µ¢¥¸É¨ ¥Ð¥ ¤¢¥ ¶µ²Ê¶·Ö³Ò¥ ¨§
É¥Ì ¦¥ ÉµÎ¥± ¨ ¢ É¥Ì ¦¥ ´ ¶· ¢²¥´¨ÖÌ, ´µ ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ ¶µ²Ê¶²µ¸±µ¸ÉÓ,
Éµ ¸´µ¢  ¶µ²ÊÎ¨³ ��‹, ´µ ¢ ¤·Ê£ÊÕ ¸Éµ·µ´Ê. �·Ö³µ°, ¢ÒÌµ¤ÖÐ¥° ¨§ ±µ´¥Î-
´µ° ÉµÎ±¨ µÉ·¥§±  ¶µ¤ Ê£²µ³ π/2 ¢ ¶·µÉ¨¢µ¶µ²µ¦´Ò¥ ¸Éµ·µ´Ò ¶²µ¸±µ¸É¨,
¶ · ²²¥²Ó´Ò ¤¢¥ ¶µ²Ê¶·Ö³Ò¥, ¢ÒÌµ¤ÖÐ¨¥ ¨§ ¤·Ê£µ° ÉµÎ±¨ µÉ·¥§±  ¶µ¤ Ê£²µ³
θL ¢ ÉÊ ¨ ¤·Ê£ÊÕ ¸Éµ·µ´Ò µÉ ´¥£µ. „ ´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸µµÉ¢¥É¸É¢Ê¥É ¸µ-
¤¥·¦ ´¨Õ ¶µ¸ÉÊ² É  ( ±¸¨µ³Ò) ‹µ¡ Î¥¢¸±µ£µ, µÉ·¨Í ÕÐ¥£µ ¥¤¨´¸É¢¥´´µ¸ÉÓ
¶ · ²²¥²Ó´µ°, ¸¢µ°¸É¢¥´´ÊÕ ¤²Ö ¥¢±²¨¤µ¢µ° ¶²µ¸±µ¸É¨.

Šµ´¥Î´Ò¥ ÉµÎ±¨ µÉ·¥§±  ρ/c ¸µµÉ¢¥É¸É¢ÊÕÉ ¢Ò¡µ·Ê ´ Î ²  ¸¨¸É¥³Ò µÉ-
¸Î¥É : ÉµÎ± , ¨§ ±µÉµ·µ° ¢ÒÌµ¤¨É ¶µ²Ê¶·Ö³ Ö ¶µ¤ Ê£²µ³ θL, ¸µµÉ¢¥É¸É¢Ê¥É
¸¨¸É¥³¥, µÉ´µ¸¨É¥²Ó´µ ±µÉµ·µ° Î ¸É¨Í  ¤¢¨¦¥É¸Ö,   ÉµÎ± , ¨§ ±µÉµ·µ° ¢Ò-
Ìµ¤¨É ¶µ²Ê¶·Ö³ Ö ¶µ¤ Ê£²µ³ π/2 Å ¸¨¸É¥³¥, ¢ ±µÉµ·µ° Î ¸É¨Í  ¶µ±µ¨É¸Ö.
„¥°¸É¢¨É¥²Ó´µ, ËÊ´±Í¨Õ (1) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¤·Ê£µ° ¨§¢¥¸É´µ° Ëµ·³¥,
¡µ²¥¥ Ê¤µ¡´µ° ¤²Ö ´ Ï¨Ì Í¥²¥°:

cos θL = th (ρ/c) . (2)

…¸²¨ µ¡· É¨ÉÓ¸Ö ± µ¶·¥¤¥²¥´¨Õ ±µµ·¤¨´ É �¥²ÓÉ· ³¨

β ≡ v/c = th(ρ/c) , (3)

¨¸¶µ²Ó§Ê¥³ÒÌ Ë¨§¨±¥ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¡Ò¸É·µÉÒ Î ¸É¨ÍÒ

ρ/c = 1/2 ln ((1 + β)/(1 − β)) (4)
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Î¥·¥§ ¢¥²¨Î¨´Ê ¥¥ ¸±µ·µ¸É¨ v, ¨ ¸· ¢´¨ÉÓ (2) ¨ (3), Éµ ¶µ²ÊÎ¨³

cos θL = v/c, (5)

É. ¥. ¸±µ·µ¸É¨ Î ¸É¨ÍÒ ¢ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥ ¸µµÉ¢¥É¸É¢Ê¥É ÉµÉ ¦¥ Ê£µ²
¶ · ²²¥²Ó´µ¸É¨, ÎÉµ ¨ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° ¤²Ö ¥¥ ¡Ò¸É·µÉÒ. „²Ö
µÉ·¨Í É¥²Ó´µ£µ  ·£Ê³¥´É  ËÊ´±Í¨¨ ‹µ¡ Î¥¢¸±µ£µ Ê£µ² ¶ · ²²¥²Ó´µ¸É¨ ¥¸ÉÓ
π − θL [2]. �ÉµÉ ¸²ÊÎ ° ¸µµÉ¢¥É¸É¢Ê¥É Éµ° ¦¥ ¸±µ·µ¸É¨, ´µ ¢ µ¡· É´µ³
´ ¶· ¢²¥´¨¨. „²Ö ¸¨¸É¥³Ò, ¢ ±µÉµ·µ° Î ¸É¨Í  ¶µ±µ¨É¸Ö (v = 0), Ê£µ² ¶ -
· ²²¥²Ó´µ¸É¨ ¥¸ÉÓ π/2,   · ¸¸ÉµÖ´¨¥ µÉ ÉµÎ±¨ ¤µ ¶·Ö³µ° · ¢´µ ´Ê²Õ (ÉµÎ± 
¶·¨´ ¤²¥¦¨É ¶·Ö³µ°, ¢ÒÌµ¤ÖÐ¥° ¶µ¤ Ê£²µ³ π/2 ± µÉ·¥§±Ê). „²¨´  µÉ·¥§± 
ρ/c ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¸µµÉ¢¥É¸É¢Ê¥É ¸±µ·µ¸É¨ −v/c ¤·Ê£µ° Î ¸É¨ÍÒ, ¤¢¨¦Ê-
Ð¥°¸Ö ¢ µ¡· É´µ³ ´ ¶· ¢²¥´¨¨ µÉ´µ¸¨É¥²Ó´µ ¶µ±µÖÐ¥°¸Ö.

�É¸Õ¤  § ³¥Î ¥³, ÎÉµ Ê£µ² ¶ · ²²¥²Ó´µ¸É¨ θL ³µ£ÊÉ µ¡· §µ¢ ÉÓ ²ÊÎ¨
¶²µ¸±µ£µ ¸¢¥Éµ¢µ£µ ¶ÊÎ±  ¸ ¶ÊÎ±µ³ Î ¸É¨Í, ¤¢¨¦ÊÐ¨Ì¸Ö ¸ ´¥±µÉµ·µ° ¶µ¸Éµ-
Ö´´µ° ¸±µ·µ¸ÉÓÕ. � ¶· ¢¨³ µ¸Ó X ´¥¶µ¤¢¨¦´µ° ¸¨¸É¥³Ò K ¶µ ¤¢¨¦¥´¨Õ
Î ¸É¨Í ¶ÊÎ± , ´ Î ²µ ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò O ¸µ¢³¥¸É¨³ ¸ ¶·µ¸É· ´¸É¢¥´-
´µ° ÉµÎ±µ°, ¢ ±µÉµ·µ° ´ ¶· ¢²¥´¨¥ µ¤´µ° ¨§ Î ¸É¨Í (´ ¶·¨³¥·, ¤¢¨¦ÊÐ¥°¸Ö
¶µ µ¸¨ X) ¶¥·¥¸¥± ¥É¸Ö ¸ ´ ¶· ¢²¥´¨¥³ µ¤´µ£µ ¨§ ¸¢¥Éµ¢ÒÌ ²ÊÎ¥° (¶µ¤ Ê£²µ³
θL ± µ¸¨ X),   µÉ¸Î¥É ¢·¥³¥´¨ ¢ O ¡Ê¤¥³ ¶·µ¨§¢µ¤¨ÉÓ µÉ ³µ³¥´É  ¶¥·¥¸¥Î¥-
´¨Ö ¢ ´¥° Î ¸É¨ÍÒ ¶ÊÎ±  ¨ ¸¢¥Éµ¢µ£µ ²ÊÎ . “Î¨ÉÒ¢ Ö, ÎÉµ ¸ ± ¦¤µ° Î ¸É¨Í¥°
³µ¦´µ ¸¢Ö§ ÉÓ ¤¢¨¦ÊÐÊÕ¸Ö ±µµ·¤¨´ É´ÊÕ ¸¨¸É¥³Ê Ks ¸ µ¸Ö³¨, ¶ · ²²¥²Ó-
´Ò³¨ K , § ³¥Î ¥³, ÎÉµ ¢Ò¡µ· ¸¨¸É¥³ µÉ¸Î¥É  K ¨ Ks ¸µ¢¶ ¤ ¥É ¸ É¥³,
±µÉµ·Ò° ¨¸¶µ²Ó§Ê¥É¸Ö ¢ § ¤ Î¥ µ ¶·¥µ¡· §µ¢ ´¨¨ ±µµ·¤¨´ É ¨´¥·Í¨ ²Ó´ÒÌ
¸¨¸É¥³.

�É³¥É¨³, ÎÉµ ¸µµÉ´µÏ¥´¨¥ (5) ¸µÌ· ´Ö¥É ¸¢µ° ¢¨¤ ¢ ²Õ¡µ° ¸¨¸É¥³¥ µÉ-
¸Î¥É  ¨, ¸²¥¤µ¢ É¥²Ó´µ, Ê¤µ¢²¥É¢µ·Ö¥É ¶·¨´Í¨¶Ê µÉ´µ¸¨É¥²Ó´µ¸É¨. �µ¸±µ²Ó±Ê
¶µ¸ÉµÖ´´ Ö ‹µ¡ Î¥¢¸±µ£µ k = c (¢¥²¨Î¨´  ¸±µ·µ¸É¨ ¸¢¥É  c ´¥ § ¢¨¸¨É µÉ ¸µ-
¸ÉµÖ´¨Ö ¸¨¸É¥³Ò, ¤¢¨¦¥É¸Ö µ´  ¨²¨ ¶µ±µ¨É¸Ö), Éµ ¤¥² ¥³ ¢Ò¢µ¤, ÎÉµ ËÊ´±Í¨Ö
‹µ¡ Î¥¢¸±µ£µ ¢Ò· ¦ ¥É ¶·¨´Í¨¶ ¶µ¸ÉµÖ´¸É¢  ¸±µ·µ¸É¨ ¸¢¥É .

2. ”ˆ‡ˆ—…‘Šˆ‰ ‘Œ›‘‹ ����‹‹…‹œ�›• ‹���—…‚‘Š�ƒ�

�·µ¤µ²¦¨³ · ¸¸³µÉ·¥´¨¥ ±µµ·¤¨´ É´ÒÌ ¸¨¸É¥³ K ¨ Ks ¸ µ¸Ö³¨ XY Z ¨
XsYsZs ¸µµÉ¢¥É¸É¢¥´´µ. ‘¨¸É¥³  Ks ¤¢¨¦¥É¸Ö µÉ´µ¸¨É¥²Ó´µ K ¸µ ¸±µ·µ¸ÉÓÕ
V ¢¤µ²Ó µ¸¨ X É ±, ÎÉµ µ¸¨ X ¨ Xs ¸µ¢¶ ¤ ÕÉ,   µ¸¨ Ys, Zs ¶ · ²²¥²Ó´Ò
µ¸Ö³ Y , Z. ‚ ³µ³¥´É ¢·¥³¥´¨, ±µ£¤  ´ Î ²  µ¡¥¨Ì ¸¨¸É¥³ ¸µ¢¶ ¤ ÕÉ, ¢ ÔÉÊ
¦¥ ÉµÎ±Ê O ¶·¨Ìµ¤¨É ®¡µ±µ¢µ°¯ ¸¢¥Éµ¢µ° Ë·µ´É, ²ÊÎ¨ ±µÉµ·µ£µ µ¡· §ÊÕÉ ¸
µ¸ÓÕ X ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¸±µ·µ¸É¨ V Ê£µ² ¶ · ²²¥²Ó´µ¸É¨ θL (¸³. ·¨¸. 1,  ),
  ´  µ¸Ó X ¶µ±µÖÐ¥°¸Ö ¸¨¸É¥³Ò ¶ ¤ ¥É ®¶·Ö³µ°¯ Ë·µ´É, ²ÊÎ¨ ±µÉµ·µ£µ
µ·Éµ£µ´ ²Ó´Ò µ¸¨ X (´  ·¨¸. 1,   ÔÉ¨ ²ÊÎ¨ µÉ¸ÊÉ¸É¢ÊÕÉ). „²Ö µ¶·¥¤¥²¥´´µ¸É¨
¶µ²µ¦¨³, ´ ¶·¨³¥·, ÎÉµ ¸¢¥Éµ¢Ò¥ ¶ÊÎ±¨ ¶ ¤ ÕÉ ¨§ ´¨¦´¥° ¶µ²Ê¶²µ¸±µ¸É¨
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�¨¸. 1.  ) �·µÍ¥¸¸ ¸¨´Ì·µ´¨§¨·µ¢ ´´µ£µ ¤¢¨¦¥´¨Ö Ks-¸¨¸É¥³Ò (V t) ¨ ®¡µ±µ¢µ£µ¯
¶²µ¸±µ£µ ¸¢¥Éµ¢µ£µ Ë·µ´É , ¢µ§¡Ê¦¤ ÕÐ¥£µ ¶µ ¶·¨´Í¨¶Ê ƒÕ°£¥´¸  · ¸¶·µ¸É· ´¥´¨¥
²ÊÎ¥° ct ¨ cts; ¡) ¶ · ²²¥²Ó´Ò¥ ‹µ¡ Î¥¢¸±µ£µ (¢ µ¤´Ê ¸Éµ·µ´Ê) ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ-
¸É¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¨´Ì·µ´¨§¨·µ¢ ´´µ³Ê ¤¢¨¦¥´¨Õ ct, cts ¨ V t

XY ¢ ¢¥·Ì´ÕÕ. ‚ ¢Ò¡· ´´µ° ÉµÎ±¥ O µ¡  Ë·µ´É  µ¤´µ¢·¥³¥´´µ ¢µ§¡Ê¦¤ ÕÉ
¶µ ¶·¨´Í¨¶Ê ƒÕ°£¥´¸  ¸¢¥Éµ¢ÊÕ ¶µ²Ê¸Ë¥·Ê, ³µ³¥´É · ¸¶·µ¸É· ´¥´¨Ö ±µÉµ·µ°
¥¸ÉÓ ´ Î ²Ó´µ¥ ¢·¥³Ö (t = 0) ¢ ¸¨¸É¥³¥ K .

� ¸¸³µÉ·¨³ ¢µ§¡Ê¦¤¥´¨Ö ¢ ÉµÎ± Ì µ¸¨ X µÉ ®¡µ±µ¢µ£µ¯ Ë·µ´É . �Ê¸ÉÓ
¨³¥¥³ ´¥±µÉµ·µ¥ ¸µ¡ÒÉ¨¥ (x > 0, t), É. ¥. ´¥±µÉµ·ÊÕ ÉµÎ±Ê ´  ¶µ²µ¦¨É¥²Ó´µ°
¶µ²Êµ¸¨ X ¢ ³µ³¥´É ¢·¥³¥´¨ t ´¥¶µ¤¢¨¦´µ° ¸¨¸É¥³Ò K (y = z = 0). ‡ 
¢·¥³Ö t · ¤¨Ê¸ ¶µ²Ê¸Ë¥·Ò ¸ Í¥´É·µ³ ¢ O ¸µ¸É ¢¨É ¢¥²¨Î¨´Ê ct. ‚ ²Õ¡ÊÕ
ÉµÎ±Ê ¶µ²Êµ¸¨ X ¶·¨Ìµ¤ÖÉ ¤¢  ¸¢¥Éµ¢ÒÌ ²ÊÎ : ²ÊÎ ¨§ Í¥´É·  O ¢Éµ·¨Î´µ°
¶µ²Ê¸Ë¥·Ò (§  ¢·¥³Ö x/c, É. ¥. Ô°´ÏÉ¥°´µ¢¸±¨° ®¸¨£´ ²¯) ¨ ²ÊÎ µÉ ®¡µ±µ¢µ£µ¯
Ë·µ´É .

‚ § ¤ ´´ÊÕ ÉµÎ±Ê x ²ÊÎ ¨§ ®¡µ±µ¢µ£µ¯ Ë·µ´É  ¢¸¥£¤  ¶·¨Ìµ¤¨É ¡Ò¸É·¥¥,
Î¥³ ²ÊÎ ¨§ Í¥´É·  O, É ± ± ± É·¥¡Ê¥³µ¥ ¢·¥³Ö tF ¤²Ö ´¥£µ ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê
(¸³. ·¨¸. 1,  )

ctF = x cos θL , tF = (x/c) cos θL = xV/c2 , (6)

¢¸¥£¤  ³¥´ÓÏÊÕ Î¥³ x/c. �Î¥¢¨¤´µ, tF ¥¸ÉÓ ¢·¥³Ö § ¶ §¤Ò¢ ´¨Ö ¶·¨Ìµ¤ 
¸¢¥Éµ¢µ£µ Ë·µ´É  ¢ ÉµÎ±Ê x ¶µ ¸· ¢´¥´¨Õ ¸ ¥£µ ¶·¨Ìµ¤µ³ ¢ ´ Î ²µ ±µµ·¤¨´ É
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O. ‘ ¶·¨Ìµ¤µ³ ¸¢¥Éµ¢µ£µ Ë·µ´É  ¢ ÉµÎ±Ê x ¨§ ´¥¥, ± ± ¨§ Í¥´É· , É ±¦¥
´ Î´¥É · ¸¶·µ¸É· ´ÖÉÓ¸Ö ¢Éµ·¨Î´ Ö ¶µ²Ê¸Ë¥·  ¨ ± § ¤ ´´µ³Ê ³µ³¥´ÉÊ t ¢·¥³Ö
¥¥ · ¸¶·µ¸É· ´¥´¨Ö ts ¸ ÊÎ¥Éµ³ § ¶ §¤Ò¢ ´¨Ö ¡Ê¤¥É µ¶·¥¤¥²ÖÉÓ¸Ö ¢Ò· ¦¥´¨¥³

cts = ct − ctF = ct − x cos θL = ct − xV/c, ts = t − xV/c2 , (7)

É. ¥. ¥¥ · ¤¨Ê¸ ¸µ¸É ¢¨É ¢¥²¨Î¨´Ê cts.
‚ ± Î¥¸É¢¥ ÉµÎ±¨ ´  µ¸¨ X ¢Ò¡¥·¥³ ÉµÎ±Ê x = V t, É¥³ ¸ ³Ò³ ¢Ò¡¥·¥³

¸µ¡ÒÉ¨¥ (x = V t, t), µ¶·¥¤¥²ÖÕÐ¥¥ ¶µ²µ¦¥´¨¥ ´ Î ²  Os ¸¨¸É¥³Ò Ks ¢
³µ³¥´É ¢·¥³¥´¨ t µÉ´µ¸¨É¥²Ó´µ K . ’µ£¤  ¢·¥³Ö tF ¶·¨Ìµ¤  Ë·µ´É  ¢ ÉµÎ±Ê
x = V t ¸µ¸É ¢¨É

ctF = V t cos θL = ct cos2 θL, (8)

¢¥²¨Î¨´Ê, ¢¸¥£¤  ³¥´ÓÏÊÕ Î¥³ t. �Éµ §´ Î¨É, ÎÉµ ¥Ð¥ ¤µ ¶·¨Ìµ¤  ¸¨¸É¥³Ò
Ks ¢ ÉµÎ±Ê x = V t ¨§ ´¥¥, ± ± ¨§ Í¥´É· , ¢ ³µ³¥´É ¢·¥³¥´¨ tF ´ Î´¥É
· ¸¶·µ¸É· ´ÖÉÓ¸Ö ¢Éµ·¨Î´ Ö ¶µ²Ê¸Ë¥·  ¨ ± ³µ³¥´ÉÊ t (±µ£¤  Ks ¸³¥¸É¨É¸Ö ¢
ÉµÎ±Ê x = V t) ¢·¥³Ö ¥¥ · ¸¶·µ¸É· ´¥´¨Ö ¨²¨ ¥¥ · ¤¨Ê¸ ¸µ£² ¸´µ (7) ¸µ¸É ¢¨É
¢¥²¨Î¨´Ê

cts = ct − ct cos2 θL = ct sin2 θL = ct(1 − V 2/c2) . (9)

Š ³µ³¥´ÉÊ ¢·¥³¥´¨ t ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ ¶µ²Ê¸Ë¥·Ò: ¨¸¶ÊÐ¥´´ÊÕ ¨§
ÉµÎ±¨ O ¢ ³µ³¥´É t = 0 ¸ · ¤¨Ê¸µ³ ct ¨ ¨§ § ¤ ´´µ° ÉµÎ±¨ x = V t (¨§ ´ Î ² 
±µµ·¤¨´ É Os) ¸ § ¶ §¤Ò¢ ´¨¥³ ´  ¢·¥³Ö tF , ¨³¥ÕÐÊÕ ³¥´ÓÏ¨° · ¤¨Ê¸ cts.
‚ ¢¥·Ì´¥° ¶µ²Ê¶²µ¸±µ¸É¨ XY µ´¨ µ¡· §ÊÕÉ ¤¢¥ ¸¢¥Éµ¢Ò¥ ¶µ²Êµ±·Ê¦´µ¸É¨ ¸
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Í¥´É· ³¨ ¨ · ¤¨Ê¸ ³¨ (¸³. ·¨¸. 1,  ).

‘¢¥Éµ¢Ò¥ ²ÊÎ¨ ¢Ò¤¥²¥´´ÒÌ ¶µ²Êµ±·Ê¦´µ¸É¥° ¨³¥ÕÉ ¸¢µ° £¥µ³¥É·¨Î¥¸±¨°
µ¡· § ´  ¶²µ¸±µ¸É¨ ‹µ¡ Î¥¢¸±µ£µ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°. �ÉµÉ µ¡· § ¢Ò-
£²Ö¤¨É É ±: ¨§ ±µ´¥Î´ÒÌ ÉµÎ¥± µÉ·¥§±  (¡Ò¸É·µÉÒ ρV /c) ¢ÒÌµ¤¨É ³´µ¦¥¸É¢µ
¶µ²Ê¶·Ö³ÒÌ ¢ ´ ¶· ¢²¥´¨ÖÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ´ ¶· ¢²¥´¨Ö³ ²ÊÎ¥° ¢ ¶µ²Ê-
µ±·Ê¦´µ¸ÉÖÌ (¡Ò¸É·µÉ  ¤²Ö ¸±µ·µ¸É¨ ¸¢¥É  (¸³. (4)) · ¢´  ¡¥¸±µ´¥Î´µ¸É¨).

Š ± µÉ³¥Î ²µ¸Ó, ¶ · ²²¥²Ó´Ò³¨ ¶µ ‹µ¡ Î¥¢¸±µ³Ê Ö¢²ÖÕÉ¸Ö É¥ ¤¢¥ ¶µ²Ê-
¶·Ö³Ò¥, ±µÉµ·Ò¥ ¢ÒÌµ¤ÖÉ ¨§ ±µ´¥Î´ÒÌ ÉµÎ¥± µÉ·¥§±  ρV /c ¶µ¤ Ê£² ³¨ θL

¨ π/2 ¸µµÉ¢¥É¸É¢¥´´µ. �µÔÉµ³Ê ¥¸²¨ ¨§ Í¥´É·  O (µÉ´µ¸¨É¥²Ó´µ ±µÉµ·µ£µ
¤¢¨¦¥É¸Ö Î ¸É¨Í ) ¶¥·¢µ° ¶µ²Êµ±·Ê¦´µ¸É¨ ´  ¶²µ¸±µ¸É¨ XY ¢Ò¡· ÉÓ ²ÊÎ ct
¶µ¤ Ê£²µ³ θL ± µ¸¨ X ,   ¨§ ¢Éµ·µ° ¶µ²Êµ±·Ê¦´µ¸É¨ ¸ Í¥´É·µ³ ¢ x = V t (¸µ-
¢¶ ¤ ÕÐ¨³ ¸ Os, £¤¥ Î ¸É¨Í  ¶µ±µ¨É¸Ö) ¢Ò¡· ÉÓ ²ÊÎ cts, ¶¥·¶¥´¤¨±Ê²Ö·´Ò°
± µ¸¨ X (¸³. ·¨¸. 1, a), Éµ ÔÉµ° ¶ ·¥ ²ÊÎ¥°, µÎ¥¢¨¤´µ, ¸µµÉ¢¥É¸É¢ÊÕÉ É ±¨¥
¡Ò¸É·µÉÒ ¨ Ê£²Ò ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°, ±µÉµ·Ò¥ ¢³¥¸É¥ ¸ µÉ·¥§±µ³ ρV /c
¶µ²´µ¸ÉÓÕ Ê¤µ¢²¥É¢µ·ÖÕÉ µ¶·¥¤¥²¥´¨Õ ��‹ ¢ µ¤´Ê ¸Éµ·µ´Ê (¸³. ·¨¸. 1, ¡).

‚ · ¸¸³ É·¨¢ ¥³µ° ¶²µ¸±µ¸É¨ XY ²ÊÎ¨ ct, cts ¨ µÉ·¥§µ± V t µ¡· §ÊÕÉ
£¥µ³¥É·¨Î¥¸±ÊÕ Ë¨£Ê·Ê ¢ ¢¨¤¥ ´¥§ ³±´ÊÉµ£µ ¶·Ö³µÊ£µ²Ó´µ£µ É·¥Ê£µ²Ó´¨±  ¸
£¨¶µÉ¥´Ê§µ° ct, ± É¥Éµ³ V t ¨ µÉ·¥§±µ³ cts, ¸µ¸É ¢²ÖÕÐ¨³ ²¨ÏÓ Î ¸ÉÓ ¤²¨´Ò
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�¨¸. 2.  ) �·µÍ¥¸¸ ¸¨´Ì·µ´¨§¨·µ¢ ´´µ£µ ¤¢¨¦¥´¨Ö Ks-¸¨¸É¥³Ò, ¤¢ÊÌ ®¶·Ö³ÒÌ¯ ¨
¤¢ÊÌ ®¡µ±µ¢ÒÌ¯ ¸¢¥Éµ¢ÒÌ Ë·µ´Éµ¢ (¤²Ö V > 0); ®¡µ±µ¢Ò¥¯ Ë·µ´ÉÒ ¢µ§¡Ê¦¤ ÕÉ ¤¢¥
¶ ·Ò ²ÊÎ¥° ct ¨ cts ¢ µ¡¥ ¸Éµ·µ´Ò ¶²µ¸±µ¸É¨; ¡) ��‹ ¢ µ¡¥ ¸Éµ·µ´Ò ¢ ¶·µ¸É· ´¸É¢¥
¸±µ·µ¸É¥°, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¨´Ì·µ´¨§¨·µ¢ ´´µ³Ê ¤¢¨¦¥´¨Õ ¶ · ²ÊÎ¥° ct, cts ¨ V t;
¢ ¨ £ Éµ ¦¥, ÎÉµ   ¨ ¡ ¸µµÉ¢¥É¸É¢¥´´µ, ´µ ¤²Ö V < 0

¤·Ê£µ£µ ± É¥É  Å ct sin θL (·¨¸. 1,  ), ¨ ¨Ì · §´µ¸ÉÓ ct(sin θL − sin2 θL) > 0,
¢¸¥£¤  ¶µ²µ¦¨É¥²Ó´ Ö ´  ³µ³¥´É t. ‘²¥¤µ¢ É¥²Ó´µ, ²ÊÎ¨ ct ¨ cts, ²¥¦ Ð¨¥

¢ µ¤´µ° ¶²µ¸±µ¸É¨ ¨ ´ ±²µ´¥´´Ò¥ ¤·Ê£ ± ¤·Ê£Ê, ¢ ²Õ¡µ° § ¤ ´´Ò° ³µ³¥´É
¢·¥³¥´¨ ´¥ ¶¥·¥¸¥± ÕÉ¸Ö, §´ Î¨É, ¶ · ²²¥²Ó´Ò ¶µ …¢±²¨¤Ê. Š ± ¸²¥¤Ê¥É ¨§
· ¸¸³µÉ·¥´´µ£µ, ¶·¨Î¨´µ° µÉ¸ÊÉ¸É¢¨Ö ¶¥·¥¸¥Î¥´¨Ö ²ÊÎ¥° Ö¢²Ö¥É¸Ö ¨Ì ¶µ¸²¥-
¤µ¢ É¥²Ó´µ¥ ¨¸¶Ê¸± ´¨¥ ¨§ · §´ÒÌ Í¥´É·µ¢ ¸ ¢·¥³¥´´µ° § ¤¥·¦±µ°. ’ ±¨³
µ¡· §µ³, ´  ²Õ¡µ° § ¤ ´´Ò° ³µ³¥´É ¢·¥³¥´¨ t ¸µ¸ÉµÖ´¨Ö · ¸¶·µ¸É· ´¥´¨Ö
µ¶·¥¤¥²¥´´µ° ¶ ·Ò ²ÊÎ¥° ct ¨ cts ¨ ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨ÍÒ V t Ö¢²ÖÕÉ¸Ö ¥¢±²¨-
¤µ¢Ò³ µ·¨£¨´ ²µ³ £¥µ³¥É·¨Î¥¸±µ£µ µ¡· §  ��‹ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°.
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�¨¸. 3. ‘Ì¥³  ¸¢¥Éµ¢ÒÌ ²ÊÎ¥°, ¢µ§¡Ê¦¤ ¥³ÒÌ ®¡µ±µ¢Ò³¨¯ Ë·µ´É ³¨, ¸¨´Ì·µ´¨§¨·µ-
¢ ´´Ò³¨ ¸ ¤¢¨¦¥´¨¥³ ¸¨¸É¥³Ò (V > 0 ¨/¨²¨ V < 0), ¨ Ö¢²ÖÕÐ¨Ì¸Ö ¥¢±²¨¤µ¢Ò³
µ·¨£¨´ ²µ³ £¥µ³¥É·¨Î¥¸±µ£µ µ¡· §  ��‹ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°

‘ÊÐ¥¸É¢µ¢ ´¨¥ ��‹ ¢ÒÉ¥± ¥É ¨§ µÉ·¨Í ´¨Ö V ¶µ¸ÉÊ² É  ¢ ¶·µ¸É· ´¸É¢¥
‹µ¡ Î¥¢¸±µ£µ. �µÔÉµ³Ê Ë¨§¨Î¥¸±¨³ µ¡µ¸´µ¢ ´¨¥³ µÉ·¨Í ´¨Ö V ¶µ¸ÉÊ² É 
¸²Ê¦¨É É  ¦¥ ¶·¨Î¨´  Å ¸¨´Ì·µ´¨§¨·µ¢ ´´µ¥ ¸ ¤¢¨¦¥´¨¥³ Î ¸É¨ÍÒ ¨¸¶Ê¸-
± ´¨¥ µ¶·¥¤¥²¥´´µ° ¶ ·Ò ¸¢¥Éµ¢ÒÌ ²ÊÎ¥° ¨§ · §´ÒÌ Í¥´É·µ¢ ¸ ¢·¥³¥´´µ°
§ ¤¥·¦±µ°.

—Éµ¡Ò µÉÒ¸± ÉÓ ¥¢±²¨¤µ¢ µ·¨£¨´ ² £¥µ³¥É·¨Î¥¸±µ£µ µ¡· §  ��‹ ¢ ¤·Ê-
£ÊÕ ¸Éµ·µ´Ê, µÎ¥¢¨¤´µ, ´Ê¦´µ ¶µ¢Éµ·¨ÉÓ  ´ ²µ£¨Î´Ò¥ · ¸¸Ê¦¤¥´¨Ö ¤²Ö ¶²µ¸-
±µ£µ Ë·µ´É , ¶ ¤ ÕÐ¥£µ ¶µ¤ É¥³ ¦¥ Ê£²µ³ θL ± µ¸¨ X ¢ Éµ° ¦¥ ¶²µ¸±µ¸É¨,
´µ ¨§ ¢¥·Ì´¥° ¥¥ Î ¸É¨ ¢ ´¨¦´ÕÕ (¸³. ·¨¸. 2,  ). ’µ£¤  ²ÊÎ¨ ct ¨ cts ¡Ê¤ÊÉ
´ ¶· ¢²¥´Ò ¢ ¤·Ê£ÊÕ ¸Éµ·µ´Ê (¢ ´¨¦´ÕÕ ¶µ²Ê¶²µ¸±µ¸ÉÓ XY ) ¨ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¨³ ¡Ò¸É·µÉÒ (¶µ²Ê¶·Ö³Ò¥ ´  ¶²µ¸±µ¸É¨ ‹µ¡ Î¥¢¸±µ£µ) ¶ · ²²¥²Ó´Ò ¢
¤·Ê£ÊÕ ¸Éµ·µ´Ê (¸³. ·¨¸. 2, ¡).

…¢±²¨¤µ¢ µ·¨£¨´ ² ��‹ ´ °¤¥´ ¶µ±  ¤²Ö V > 0, É. ¥. ¤²Ö ¶µ²µ¦¨É¥²Ó-
´µ£µ  ·£Ê³¥´É  ËÊ´±Í¨¨ ‹µ¡ Î¥¢¸±µ£µ (±µ£¤  ¶²µ¸±¨¥ Ë·µ´ÉÒ ´ ¶· ¢²¥´Ò
¸²¥¢  ´ ¶· ¢µ). � ¶· ¢²ÖÖ ¶ÊÎµ± Î ¸É¨Í ¶·µÉ¨¢ µ¸¨ X ,   ¶²µ¸±¨¥ Ë·µ´ÉÒ
É ±, ÎÉµ¡Ò ¨Ì ²ÊÎ¨ ¶µ-¶·¥¦´¥³Ê ¸µ¸É ¢²Ö²¨ Ê£µ² θL ¸ ´ ¶· ¢²¥´¨¥³ ¤¢¨¦¥-
´¨Ö (¸¶· ¢  ´ ²¥¢µ, ¸³. ·¨¸. 2, ¢), ³µ¦´µ ¶·µ¢¥¸É¨ É¥ ¦¥ · ¸¸Ê¦¤¥´¨Ö ¨ ´ °É¨
¤¢  ´ ¡µ·  ²ÊÎ¥° ct ¨ cts, Ö¢²ÖÕÐ¨Ì¸Ö ¢³¥¸É¥ ¸ Î ¸É¨Í¥° ¶ÊÎ±  ¥¢±²¨¤µ-
¢Ò³ µ·¨£¨´ ²µ³ £¥µ³¥É·¨Î¥¸±µ£µ µ¡· §  ��‹ ¤²Ö µÉ·¨Í É¥²Ó´µ£µ  ·£Ê³¥´É 
(·¨¸. 2, £). �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´ ¶µ²´Ò° ´ ¡µ· ²ÊÎ¥° ct ¨ cts, ¨¸¶Ê¸± ´¨¥
±µÉµ·ÒÌ ¸¨´Ì·µ´¨§¨·µ¢ ´µ ¸ ¤¢¨¦¥´¨¥³ Î ¸É¨ÍÒ ¸µ ¸±µ·µ¸ÉÓÕ V > 0 ¨²¨
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V < 0, ¶·¨ ¨Ì µÉµ¡· ¦¥´¨¨ ¢ ¶·µ¸É· ´¸É¢µ ¸±µ·µ¸É¥° ¢µ§´¨± ÕÉ ´  ¶²µ¸±µ-
¸É¨ ¶·Ö³Ò¥, ¶ · ²²¥²Ó´Ò¥ ¶µ ‹µ¡ Î¥¢¸±µ³Ê.

ˆÉ ±, £¥µ³¥É·¨Î¥¸±¨° µ¡· § ��‹ ¥¸ÉÓ ·¥§Ê²ÓÉ É ³ É¥³ É¨Î¥¸±µ£µ µÉµ-
¡· ¦¥´¨Ö ¢ ¶·µ¸É· ´¸É¢µ ¸±µ·µ¸É¥° ¥¢±²¨¤µ¢  µ·¨£¨´ ² , ¶·µÍ¥¸¸  ¸¨´Ì·µ-
´¨§¨·µ¢ ´´µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¨ ¸¢¥É .

�É³¥É¨³, ÎÉµ ¶²µ¸±µ¸ÉÓ XY ¶ ¤¥´¨Ö ®¡µ±µ¢ÒÌ¯ ¨ ®¶·Ö³ÒÌ¯ Ë·µ´Éµ¢
¢Ò¡· ´  ¶·µ¨§¢µ²Ó´µ. ‚ ¸¨²Ê ¸¨³³¥É·¨¨ ¢¸¥  ´ ²µ£¨Î´Ò¥ · ¸¸Ê¦¤¥´¨Ö ³µ¦´µ
¶·µ¢¥¸É¨ ¤²Ö Ë·µ´Éµ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢ ²Õ¡µ° ¶²µ¸±µ¸É¨, ¶·µÌµ¤ÖÐ¥° Î¥·¥§
µ¸Ó X .

3. ��…����‡�‚��ˆ… x-, t-Š���„ˆ��’ ˆ Š��–…�–ˆŸ
‘‚…’�‚�ƒ� �”ˆ��

� ¶µ³´¨³, ÎÉµ Ê£²Ò ¶ ¤¥´¨Ö ¶ ·Ò ®¡µ±µ¢ÒÌ¯ Ë·µ´Éµ¢ ´  µ¸Ó X ´¥¶µ-
¤¢¨¦´µ° ¸¨¸É¥³Ò K µ¤´µ§´ Î´µ ¸¢Ö§ ´Ò ¸µ ¸±µ·µ¸ÉÓÕ V Î ¸É¨Í ¶ÊÎ± ,  
¸ Î ¸É¨Í¥° ¶ÊÎ±  ¸¢Ö§ ´  ¨´¥·Í¨ ²Ó´ Ö ¸¨¸É¥³  Ks. �  µ¸Ó X ¸¨¸É¥³Ò K
¶ ¤ ÕÉ ¸ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ¸Éµ·µ´ ¤¢  ®¶·Ö³ÒÌ¯ ¶²µ¸±¨Ì Ë·µ´É , ¸¢¥Éµ¢Ò¥
²ÊÎ¨ ±µÉµ·ÒÌ µ·Éµ£µ´ ²Ó´Ò ± µ¸¨ X . ‹ÊÎ¨ µÉ µ¡µ¨Ì ®¶·Ö³ÒÌ¯ Ë·µ´Éµ¢
µ¤´µ¢·¥³¥´´µ ¤µ¸É¨£ ÕÉ µ¸¨ X ¢ ³µ³¥´É ¢·¥³¥´¨, ±µ£¤  ¢ ÉµÎ±Ê O ¶·¨Ìµ-
¤¨É ¨ Î ¸É¨Í  (¸¨¸É¥³  Ks), ¨ ¶ ·  ®¡µ±µ¢ÒÌ¯ Ë·µ´Éµ¢. ‚¸¥ ÉµÎ±¨ µ¸¨ X
µ¤´µ¢·¥³¥´´µ ´ Î¨´ ÕÉ ®¸¢¥É¨ÉÓ¸Ö¯, É. ¥. ¨§ ± ¦¤µ° ¥¥ ÉµÎ±¨ ´ Î¨´ ÕÉ · ¸-
¶·µ¸É· ´ÖÉÓ¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ ¤¢¥ µ¤¨´ ±µ¢Ò¥ ¶µ²Ê¸Ë¥·Ò.
Œµ³¥´É · ¸¶·µ¸É· ´¥´¨Ö ÔÉ¨Ì ¸Ë¥· ³µ¦´µ ¶·¨´ÖÉÓ §  ´ Î ²Ó´Ò° µÉ¸Î¥É ¢·¥-
³¥´¨ t = 0, µ¡Ð¨° ¤²Ö ¢¸¥Ì ÉµÎ¥± ¸¨¸É¥³Ò K . �µÔÉµ³Ê ¢·¥³Ö, µ¶·¥¤¥²¥´´µ¥ ¸
¶µ³µÐÓÕ ®¶·Ö³ÒÌ¯ Ë·µ´Éµ¢, ³µ¦´µ ´ §¢ ÉÓ ¢·¥³¥´¥³ ¶µ±µÖÐ¥°¸Ö ¸¨¸É¥³Ò.
…¥ ¢·¥³Ö ³µ¦´µ ¨§³¥·ÖÉÓ ¤²¨´µ° ¸¢¥Éµ¢µ£µ ²ÊÎ  ct, ¨¸¶ÊÐ¥´´µ£µ ¨§ O ¶µ¤
Ê£²µ³ θL ± µ¸¨ X ¢ ´¥±µÉµ·µ° ¶²µ¸±µ¸É¨, ¶·µÌµ¤ÖÐ¥° Î¥·¥§ µ¸Ó X .

‚ ÉµÎ±¥ O ³µ³¥´É ¢µ§´¨±´µ¢¥´¨Ö ¢Éµ·¨Î´ÒÌ ¶µ²Ê¸Ë¥· µÉ µ¡µ¨Ì É¨¶µ¢
Ë·µ´Éµ¢ (®¶·Ö³ÒÌ¯ ¨ ®¡µ±µ¢ÒÌ¯) ¸µ¢¶ ¤ ¥É. ‚ ¤·Ê£¨¥ ÉµÎ±¨ µ¸¨ X ®¡µ±µ-
¢Ò¥¯ ²ÊÎ¨ ¢¸¥£¤  ¶·¨Ìµ¤ÖÉ ¸ § ¶ §¤Ò¢ ´¨¥³ ´  ¢·¥³Ö tF (¸³. (6)) ¶µ ¸· ¢´¥-
´¨Õ ¸ ¶·¨Ìµ¤µ³ ¢ ´¨Ì ®¶·Ö³ÒÌ¯ ²ÊÎ¥°. „²Ö § ¤ ´´µ£µ x ´ Î ²Ó´Ò° ³µ³¥´É
¨¸¶Ê¸± ´¨Ö ¶µ²Ê¸Ë¥·Ò ¨§ x (¸ ¶·¨Ìµ¤µ³ ¢ ´¥¥ ®¡µ±µ¢µ£µ¯ Ë·µ´É ) µ¶·¥¤¥-
²Ö¥É¸Ö Éµ²Ó±µ ¸±µ·µ¸ÉÓÕ V . ‡ ¤ ´´Ò³ ¢·¥³¥´¥³ t Ê¸É ´ ¢²¨¢ ¥É¸Ö ±µ´¥Î´Ò°
³µ³¥´É · ¸¶·µ¸É· ´¥´¨Ö ¢Éµ·¨Î´ÒÌ ¶µ²Ê¸Ë¥·, ¨¸¶ÊÐ¥´´ÒÌ ¨ ¨§ ´ Î ²  ±µ-
µ·¤¨´ É O, ¨ ¨§ ÉµÎ±¨ x. ‘²¥¤µ¢ É¥²Ó´µ, ± ¦¤µ° ÉµÎ±¥ µ¸¨ X ¸¨¸É¥³Ò K
¸µµÉ¢¥É¸É¢ÊÕÉ ¤¢  ³µ³¥´É  ¢·¥³¥´¨, ¨´ Î¥, ¢ ± ¦¤µ° ÉµÎ±¥ µ¸¨ X ³µ¦´µ
®Ê¸É ´µ¢¨ÉÓ¯ ¤¢µ¥ Î ¸µ¢, ®¶µ± §Ò¢ ÕÐ¨Ì¯ · §´µ¥ ¢·¥³Ö: µ¤´¨ Å ¢·¥³Ö t,
´ Î ²Ó´Ò° ³µ³¥´É ±µÉµ·µ£µ ¸µ¢¶ ¤ ¥É ¸ ¶·¨Ìµ¤µ³ ¢ ´¥¥ ®¶·Ö³µ£µ¯ ²ÊÎ , ¤·Ê-
£¨¥ Å ¢·¥³Ö ts = t − tF , ´ Î ²Ó´Ò° ³µ³¥´É ±µÉµ·µ£µ ¸µ¢¶ ¤ ¥É ¸ ¶·¨Ìµ¤µ³
¢ ´¥¥ ®¡µ±µ¢µ£µ¯ ²ÊÎ . �µÔÉµ³Ê ¶µ± § ´¨Ö Î ¸µ¢ · §´µ¥, ÌµÉÖ ¸ ³ Ìµ¤ µ¡µ¨Ì
Î ¸µ¢ Å · ¸¶·µ¸É· ´¥´¨¥ ¸¢¥Éµ¢ÒÌ ¸¨£´ ²µ¢ Å µ¤¨´ ±µ¢.
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„²Ö § ¤ ´´µ£µ ¸µ¡ÒÉ¨Ö (x, t) ¸³¥Ð¥´¨¥ ´ Î ²  ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò Os

µÉ´µ¸¨É¥²Ó´µ O ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê V t, ¶µÔÉµ³Ê ÉµÎ±  x ¢ ³µ³¥´É t ¨³¥¥É
µÉ´µ¸¨É¥²Ó´µ Os ±µµ·¤¨´ ÉÊ xs:

xs = x − V t = x − ct cos θL . (10)

‚·¥³Ö ts (¸³. (7)) ¶·¨ § ¤ ´´ÒÌ x ¨ t § ¢¨¸¨É Éµ²Ó±µ µÉ ¸±µ·µ¸É¨ V ¸¨¸É¥³Ò
Ks. �µÔÉµ³Ê ¢·¥³Ö ts, µ¶·¥¤¥²¥´´µ¥ ¢ ÉµÎ±¥ x ¢ ³µ³¥´É t ¢ K , ¢Ò¶µ²´Ö¥É
·µ²Ó ¶µ± § ´¨° Î ¸µ¢, ®· ¸¶µ²µ¦¥´´ÒÌ¯ ¢ ÉµÎ±¥ xs ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò
Ks.

„²Ö ¸µ¡ÒÉ¨Ö (x = V t, t) µÉ´µ¸¨É¥²Ó´ Ö ±µµ·¤¨´ É  xs = 0 ¸µ¢¶ ¤ ¥É ¸
Os,   ¢·¥³Ö ts (¸³. (9)) ¥¸ÉÓ ¶µ± § ´¨¥ Î ¸µ¢, ®Ê¸É ´µ¢²¥´´ÒÌ¯ ¢ Os ¨ ®¤¢¨-
¦ÊÐ¨Ì¸Ö¯ ¢³¥¸É¥ ¸ Ks, ¶·¨Î¥³ ¢·¥³Ö ts ¢¸¥£¤  ³¥´ÓÏ¥ t. �É¸Õ¤  ¤¥² ¥É¸Ö
¢Ò¢µ¤, ÎÉµ Ìµ¤ ¢·¥³¥´¨ ¢ ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³¥ ¤·Ê£µ°, Î¥³ ¢ ¶µ±µÖÐ¥°¸Ö,  
¨³¥´´µ § ³¥¤²¥´´Ò°. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨, ± ± ¶µ± § ´µ, Ìµ¤ ¢·¥³¥´¨ µ¤¨-
´ ±µ¢Ò°,   · §´¨Í  ¶µ± § ´¨° Î ¸µ¢ µ¡Ê¸²µ¢²¥´  § ¤¥·¦±µ° ´ Î ²  µÉ¸Î¥É 
®¤¢¨¦ÊÐ¨Ì¸Ö¯ Î ¸µ¢ µÉ´µ¸¨É¥²Ó´µ ¶µ±µÖÐ¨Ì¸Ö. �¥¸³µÉ·Ö ´  · §´¨ÍÊ ¶µ± -
§ ´¨° Î ¸µ¢, ¤¢  ´ ¡²Õ¤ É¥²Ö Ë ±É¨Î¥¸±¨ µ¤´µ¢·¥³¥´´µ ®¢¨¤ÖÉ¯ ¤¢¥ · §´Ò¥
¸¢¥Éµ¢Ò¥ ¸Ë¥·Ò: ¶µ±µÖÐ¨°¸Ö ´ ¡²Õ¤ É¥²Ó ¨§ ´ Î ²  ±µµ·¤¨´ É O ®¢¨¤¨É¯
¸Ë¥·Ê ¸ · ¤¨Ê¸µ³ ct (¢ ³µ³¥´É ¢·¥³¥´¨ t ¶µ ¸¢µ¨³ Î ¸ ³),   ¤¢¨¦ÊÐ¨°¸Ö
¨§ ´ Î ²  ±µµ·¤¨´ É Os ®¢¨¤¨É¯ ¸Ë¥·Ê ¸ ³¥´ÓÏ¨³ · ¤¨Ê¸µ³ cts (¢ ³µ³¥´É
¢·¥³¥´¨ ts ¶µ ¸¢µ¨³ ®¤¢¨¦ÊÐ¨³¸Ö¯ Î ¸ ³).

‚·¥³Ö ts, µÉ¸Î¨ÉÒ¢ ¥³µ¥ ¶µ Î ¸ ³, ®· ¸¶µ²µ¦¥´´Ò³¯ ¢ Os, ´ §Ò¢ ÕÉ
¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³ ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³Ò. ’ ± ± ± ±µµ·¤¨´ É´ÊÕ ¸¨¸É¥³Ê
Ks µ¡ÒÎ´µ ¸¢Ö§Ò¢ ÕÉ ¸ ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨Í¥° (´ ¶·¨³¥·, Î ¸É¨Í¥° ¶ÊÎ± ),
Éµ ¢·¥³Ö ts ¥¸ÉÓ ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö ÔÉµ° Î ¸É¨ÍÒ.

‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢·¥³Ö ts, µ¶·¥¤¥²¥´´µ¥ ¤²Ö Os, ´¥ Ö¢²Ö¥É¸Ö
µ¡Ð¨³ ¤²Ö ¢¸¥Ì ÉµÎ¥± µ¸¨ Xs. „¥°¸É¢¨É¥²Ó´µ, ¨§ (6) ¸²¥¤Ê¥É, ÎÉµ ´ Î ²Ó´Ò°
µÉ¸Î¥É ¢·¥³¥´¨, ¢µ§¡Ê¦¤ ¥³Ò° ®¡µ±µ¢Ò³¯ Ë·µ´Éµ³, · ¸¶·µ¸É· ´Ö¥É¸Ö ¢¤µ²Ó
µ¸¨ X ¸µ ¸±µ·µ¸ÉÓÕ vF :

vF ≡ x/tF = c/ cos θL = c2/V = c/β > c. (11)

�µÔÉµ³Ê ¶·¨ 0 < V < c ²Õ¡Ò¥ ¤¢  µ¤´µ¢·¥³¥´´Ò¥, ´µ · §´µ³¥¸É´Ò¥ ¸µ¡ÒÉ¨Ö
(x1, t) ¨ (x2, t) ¢ K ¢¸¥£¤  Ö¢²ÖÕÉ¸Ö ´¥µ¤´µ¢·¥³¥´´Ò³¨ ¢ Ks. �·¨ V → 0
(θL → π/2 ¤²Ö ®¡µ±µ¢ÒÌ¯ ¶ÊÎ±µ¢) ¸±µ·µ¸ÉÓ vF → ∞ ¸É·¥³¨É¸Ö ¡ÒÉÓ ³£´µ-
¢¥´´µ°,   ¢·¥³Ö ¢ Ks ts → t ¶·¨¡²¨¦ ¥É¸Ö ± ´ÓÕÉµ´µ¢¸±µ³Ê ( ¡¸µ²ÕÉ´µ³Ê)
¢·¥³¥´¨. �·¨ V = c (θL = 0) ¸µ¡¸É¢¥´´µ¥ ¢·¥³Ö ts = 0.

ˆÉ ±, ¸µ¡ÒÉ¨¥ (x, t) ¢ K-¸¨¸É¥³¥ µ¤´µ¢·¥³¥´´µ Ö¢²Ö¥É¸Ö ¸µ¡ÒÉ¨¥³ (xs, ts)
¢ ¸¨¸É¥³¥ Ks (¸³. (7) ¨ (10)). Šµµ·¤¨´ ÉÒ ¸µ¡ÒÉ¨Ö ¢ ¸¨¸É¥³ Ì K ¨ Ks

¸¢Ö§ ´Ò Ëµ·³Ê² ³¨ ¶ · ²²¥²Ó´µ£µ ¶¥·¥´µ¸ , ¢ ±µÉµ·ÒÌ V t = ct cos θL ¨
ctF = x cos θL Å ´ Î ²Ó´Ò¥ ±µµ·¤¨´ ÉÒ (¸¤¢¨£¨) ¸¨¸É¥³Ò Ks µÉ´µ¸¨É¥²Ó´µ
K .
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�¨¸. 4.  ) ˆ²²Õ¸É· Í¨Ö ± ¶·¥µ¡· §µ¢ ´¨Õ x- ¨ t-±µµ·¤¨´ É ¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³,
¢±²ÕÎ Ö ²µ·¥´Í-¶·¥µ¡· §µ¢ ´¨¥; ¡) Éµ ¦¥ ¸µ¡ÒÉ¨¥ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° (¢ ¶·¥¤-
¶µ²µ¦¥´¨¨, ÎÉµ ¢ ³µ³¥´É t ±µµ·¤¨´ É  x ¥¸ÉÓ ¶µ²µ¦¥´¨¥ Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¸µ
¸±µ·µ¸ÉÓÕ v = x/t)

�É³¥É¨³ ¸¨³³¥É·¨Õ ¢ µ¶·¥¤¥²¥´¨¨ ¢¥²¨Î¨´Ò ¸¤¢¨£µ¢ Î¥·¥§ ¶·µ¥±Í¨¨
§ ¤ ´´ÒÌ §´ Î¥´¨° x ¨ ct ´  ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·Ö³Ò¥: ¶µ²µ¦¥´¨¥ ´ Î ² 
±µµ·¤¨´ É Os ´  µ¸¨ X ¢ ³µ³¥´É ¢·¥³¥´¨ t (¸¤¢¨£ ¶µ µ¸¨ X) µ¶·¥¤¥²Ö¥É¸Ö
¶·µ¥±Í¨¥° ²ÊÎ  ct ´  µ¸Ó X ,   ¢·¥³Ö § ¶ §¤Ò¢ ´¨Ö ctF (¸¤¢¨£ ¶µ ²ÊÎÊ ct)
µ¶·¥¤¥²Ö¥É¸Ö ¶·µ¥±Í¨¥° ±µµ·¤¨´ ÉÒ x ´  ²ÊÎ ct (¸³. ·¨¸. 4).

ˆ¸¶µ²Ó§Ê¥³ µÉ³¥Î¥´´ÊÕ ¸¨³³¥É·¨Õ ¤²Ö ´ Ìµ¦¤¥´¨Ö ±µµ·¤¨´ É´µ£µ ¶·¥-
µ¡· §µ¢ ´¨Ö ‹µ·¥´Í . �¡µ§´ Î¨³ Î¥·¥§ O′ ÉµÎ±Ê ¶¥·¥¸¥Î¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕ-
Ð¨Ì ¶¥·¶¥´¤¨±Ê²Ö·µ¢, ¢Ò¶µ²´ÖÕÐ¨Ì ´Ê¦´µ¥ ¶·µ¥±É¨·µ¢ ´¨¥ (¸³. ·¨¸. 4, a).
’µ£¤  ¤²¨´  µÉ·¥§±  µÉ O′ ¤µ § ¤ ´´µ° ÉµÎ±¨ x ¥¸ÉÓ ¢¥²¨Î¨´ 

x′ = (x − ct cos θL)/ sin θL = (x − V t)/
√

1 − V 2/c2 , xs = x′ sin θL , (12)

¸µµÉ¢¥É¸É¢ÊÕÐ Ö ®ÏÉ·¨Ìµ¢ ´´µ°¯ ±µµ·¤¨´ É¥ x′. �´ ²µ£¨Î´µ ¤²¨´  µÉ·¥§± 
µÉ O′ ¤µ § ¤ ´´µ° ÉµÎ±¨ ct ¥¸ÉÓ

ct′ = (ct−x cos θL)/ sin θL = (ct−xV/c)/
√

1 − V 2/c2 , cts = ct′ sin θL , (13)

¢¥²¨Î¨´ , µ¶·¥¤¥²ÖÕÐ Ö ®ÏÉ·¨Ìµ¢ ´´µ¥¯ ¢·¥³Ö t′. �É¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ ´µ-
¢Ò¥ ¨ ®ÏÉ·¨Ìµ¢ ´´Ò¥¯ ±µµ·¤¨´ ÉÒ ¸¢Ö§ ´Ò ³¥¦¤Ê ¸µ¡µ° ± ± ¸µµÉ¢¥É¸É¢ÊÕ-
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Ð¨¥ ¶·µ¥±Í¨¨. ˆ§ ¢Ò¢µ¤  ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í  ¢¨¤´µ, ÎÉµ ÉµÎ±  O′, ¶·¨-
´¨³ ¥³ Ö §  ´ Î ²µ ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³Ò, ´¥ ¸µ¢¶ ¤ ¥É ¸ ´ Î ²µ³ ±µµ·¤¨´ É
Os §  ¨¸±²ÕÎ¥´¨¥³ µ¤´µ£µ ¸µ¡ÒÉ¨Ö (xs = x′ = 0). ‚¨¤´µ É ±¦¥, ÎÉµ µÉ·¥§µ±
O′x, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ±µµ·¤¨´ É¥ x′, ´¥ ¶ · ²²¥²¥´ µ¸¨ X , ¢¤µ²Ó ±µÉµ·µ°
¶·µ¨¸Ìµ¤¨É ¤¢¨¦¥´¨¥ ®ÏÉ·¨Ìµ¢ ´´µ°¯ ¸¨¸É¥³Ò. �µÔÉµ³Ê Ëµ·³Ê²Ò (12), (13)
´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ± ± ¨¸±µ³µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ±µµ·¤¨´ É ¨´¥·Í¨ ²Ó´ÒÌ
¸¨¸É¥³.

…¸²¨ ¸µ¥¤¨´¨ÉÓ ÉµÎ±¨ x ¨ ct (¶Ê´±É¨·´ Ö ²¨´¨Ö ´  ·¨¸. 4, a), Éµ ¤²¨´Ê
¶µ²ÊÎ¥´´µ£µ µÉ·¥§±  ³µ¦´µ ¢Ò· §¨ÉÓ Î¥·¥§ ®ÏÉ·¨Ìµ¢ ´´Ò¥¯ ¨ ®´¥ÏÉ·¨Ìµ-
¢ ´´Ò¥¯ ¢¥²¨Î¨´Ò:

l2 ≡ c2t2 + x2 − 2ctx cos θL = c2t′2 + x′2 + 2ct′x′ cos θL ≡ l′2 , (14)

¨²¨ ¢ ¢¨¤¥ l2 = s2
1 + s2

2 (¶ÊÉ¥³ ¤µ¡ ¢²¥´¨Ö ¢ ²¥¢µ° Î ¸É¨ (14) ±x2,   ¢
¶· ¢µ° Å ±x′2), ¨²¨ ¢ ¢¨¤¥ l2 = −s2

1 + s2
3 (¶ÊÉ¥³ ¤µ¡ ¢²¥´¨Ö ¢ ²¥¢µ° Î ¸É¨

(14) ±c2t2,   ¢ ¶· ¢µ° Å ±c2t′2), £¤¥

s2
1 = c2t2 − x2 = c2t′2 − x′2 = γ2(c2t2s − x2

s) , γ = 1/ sin θL , (15)

s2
2 = 2x(x − ct cos θL) = 2x′(x′ ± ct′ cos θL) ,

s2
3 = 2ct(ct − x cos θL) = 2ct′(ct′ ± x′ cos θL) . (16)

‘² £ ¥³µ¥ s2
1 ¨§¢¥¸É´µ ± ± ¨´¢ ·¨ ´É´Ò° ¨´É¥·¢ ². ‚¨¤´µ, ÎÉµ µ´ ¸µ¸É ¢²Ö¥É

Î ¸ÉÓ ¢¸¥° ¤²¨´Ò l2, ¨ ÔÉ  Î ¸ÉÓ µ¸É ¥É¸Ö ¶µ¸²¥ ¢§ ¨³´µ£µ ¸µ±· Ð¥´¨Ö ¤¢ÊÌ
· ¢´ÒÌ ¢¥²¨Î¨´ ¨²¨ s2

2, ¨²¨ s2
3 ¢ ¢Ò· ¦¥´¨ÖÌ ¤²Ö l2. ‘² £ ¥³Ò¥ s2

2 ¨ s2
3

³µ£ÊÉ µÉ²¨Î ÉÓ¸Ö §´ ± ³¨: (+) ¸µµÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±µ£¤  ÉµÎ±  O′ ´ Ìµ¤¨É¸Ö
¢´ÊÉ·¨ Ê£² , (Ä) Å ±µ£¤  µ´  ¢´¥ Ê£²  θL. „²Ö ¸µ¡ÒÉ¨Ö (x = V t, t) ¢¥²¨Î¨´ 
s2
2 · ¢´  ´Ê²Õ (É ± ± ± x′ = 0),   s2

3 = 2s2
1, ¶µÔÉµ³Ê l2 ≡ s2

1 ≡ l′2. Š ± · §
¤²Ö ÔÉµ£µ Î ¸É´µ£µ ¸²ÊÎ Ö µ¡ÒÎ´µ ¢Ò¢µ¤¨É¸Ö ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í  [6].

ˆ¸¶µ²Ó§ÊÖ ¸¢Ö§Ó (12), (13) ¢¥²¨Î¨´ xs ¨ ts ¸ ®ÏÉ·¨Ìµ¢ ´´Ò³¨¯ ±µµ·¤¨-
´ É ³¨, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¨§ ¢Ò· ¦¥´¨° (16) ¤²Ö s2

2 ¨ s2
3 Ëµ·³Ê²Ò µ¡· É´µ£µ

¶·¥µ¡· §µ¢ ´¨Ö ±µµ·¤¨´ É ¨§ Ks ¢ K:

x = γ2(xs + cts cos θL) = (xs + V ts)/(1 − V 2/c2) , (17)

ct = γ2(cts + xs cos θL) = (cts + V xs/c)/(1 − V 2/c2). (18)

—Éµ¡Ò Ê¡¥¤¨ÉÓ¸Ö ¢ ÔÉµ³, ¤µ¸É ÉµÎ´µ ·¥Ï¨ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨° (7) ¨ (10) µÉ-
´µ¸¨É¥²Ó´µ x ¨ ct. „²Ö ¢ÒÖ¸´¥´¨Ö £¥µ³¥É·¨Î¥¸±µ£µ ¸³Ò¸²  ¶µ¸²¥¤´¨Ì Ëµ·³Ê²
³µ¦´µ ¢´¥¸É¨ ³´µ¦¨É¥²Ó γ ¢ ¸±µ¡±¨ (Éµ£¤  ¸Ê³³  ¸² £ ¥³ÒÌ ¢ ¸±µ¡± Ì · ¢´ 
¤²¨´¥ ¶¥·¶¥´¤¨±Ê²Ö· , ¶·µ¥±É¨·ÊÕÐ¥£µ ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ±µµ·¤¨´ ÉÊ).

�·¥µ¡· §µ¢ ´¨Ö (7), (10) ¨ (17), (18) ¶µ²ÊÎ¥´Ò ¤²Ö ¸±µ·µ¸É¨ V > 0.
�Î¥¢¨¤´µ, ÎÉµ µÉ´µ¸¨É¥²Ó´µ ¸¨¸É¥³Ò K ¢µ§³µ¦´µ ¤¢¨¦¥´¨¥ ¤·Ê£µ° ¸¨¸É¥³Ò
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Ks (¸ Éµ° ¦¥ µ·¨¥´É Í¨¥° µ¸¥°), ´µ ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ³ ´ ¶· ¢²¥´¨¨, É. ¥.
V < 0 (´ ¶·¨³¥·, ¶¥·¥Ìµ¤ ¨§ C-¸¨¸É¥³Ò ¢ ² ¡µ· Éµ·´ÊÕ ¨²¨  ´É¨² ¡µ· -
Éµ·´ÊÕ ¸¨¸É¥³Ê). ‚ ÔÉµ³ ¸²ÊÎ ¥, ± ± µÉ³¥Î ²µ¸Ó, Ê£µ² ¶ · ²²¥²Ó´µ¸É¨ ¨³¥¥É
§´ Î¥´¨¥ π − θL, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ±µÉµ·Ò³ ®¡µ±µ¢Ò¥¯ ¶ÊÎ±¨ µ·¨¥´É¨·µ¢ ´Ò
µÉ´µ¸¨É¥²Ó´µ µ¸¨ X ¸¶· ¢  ´ ²¥¢µ (¸³. ·¨¸. 2, ¡). ‚ ¸¨²Ê ¸¨³³¥É·¨¨ ¢¸¥ · ¸-
¸Ê¦¤¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ¤²Ö V > 0, µ¸É ÕÉ¸Ö ¸¶· ¢¥¤²¨¢Ò³¨ ¨ ¤²Ö V < 0.
„²Ö ´ Ìµ¦¤¥´¨Ö ¸µ¡ÒÉ¨Ö (xs, ts) ¶µ § ¤ ´´µ³Ê ¸µ¡ÒÉ¨Õ (x, t) Ê¤µ¡´¥¥ ¢ ÔÉµ³
¸²ÊÎ ¥ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¶µ¸µ¡ µ¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ É Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
¶·µ¥±É¨·µ¢ ´¨¥. ’µ£¤  ¸ ÊÎ¥Éµ³ §´ ±  ¸±µ·µ¸É¨ V < 0, É. ¥. ¸ ÊÎ¥Éµ³ ´µ¢µ£µ
§´ Î¥´¨Ö Ê£²  ¶ · ²²¥²Ó´µ¸É¨, ´Ê¦´µ ¨§³¥´¨ÉÓ §´ ± ¢ Ëµ·³Ê² Ì (7), (10) ¨ ¢
Î¨¸²¨É¥²ÖÌ Ëµ·³Ê² (17), (18) µ¡· É´µ£µ ¶·¥µ¡· §µ¢ ´¨Ö.

‘ ¨§³¥´¥´¨¥³ §´ ±  ¸±µ·µ¸É¨ ¸¢Ö§Ò¢ ¥É¸Ö µ¡ÒÎ´µ µ¡· É´Ò° ¶¥·¥Ìµ¤ ¢
¶¥·¢µ´ Î ²Ó´ÊÕ ¸¨¸É¥³Ê. �µ²ÊÎ¥´´Ò¥ ¶·¥µ¡· §µ¢ ´¨Ö ´¥ ¶·µÉ¨¢µ·¥Î É ¤ ´-
´µ³Ê ¶µ²µ¦¥´¨Õ. „¥°¸É¢¨É¥²Ó´µ, ¸¨¸É¥³Ê K ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ¤¢¨¦Ê-
Ð¥°¸Ö ¸µ ¸±µ·µ¸ÉÓÕ −V ,   Ks Å ¶µ±µÖÐ¥°¸Ö. …¸²¨ ¶·¨ ÔÉµ³ ÊÎ¥¸ÉÓ ¸¢Ö§Ó
¸¢¥Éµ¢ÒÌ ¶ÊÎ±µ¢ ¸µ ¸±µ·µ¸ÉÖ³¨ ¢Ò¡· ´´ÒÌ ¸¨¸É¥³ Å ®¶·Ö³Ò¥¯ ¶ÊÎ±¨ ¸ ¶µ-
±µÖÐ¥°¸Ö Ks,   ®¡µ±µ¢Ò¥¯ ¶ÊÎ±¨ µ¡· É´µ£µ ´ ¶· ¢²¥´¨Ö ¸ ¤¢¨¦ÊÐ¥°¸Ö K , Å
Éµ ¸ ÊÎ¥Éµ³ ¨§³¥´¥´¨Ö §´ ±  ´  µ¡· É´Ò° ¶·¥µ¡· §µ¢ ´¨Ö (7), (10) ¸´µ¢  ¸µµÉ-
¢¥É¸É¢ÊÕÉ ¶¥·¥Ìµ¤Ê ¨§ ¶µ±µÖÐ¥°¸Ö ¢ ¤¢¨¦ÊÐÊÕ¸Ö ¸¨¸É¥³Ê,   ¶·¥µ¡· §µ¢ ´¨Ö
(17), (18) Å µ¡· É´µ³Ê ¶¥·¥Ìµ¤Ê (¸ ÊÎ¥Éµ³ ¨§³¥´¥´¨Ö §´ ±  ¢ Î¨¸²¨É¥²ÖÌ).

’ ±¨³ µ¡· §µ³, ´¥¸³µÉ·Ö ´  · §´Ò° ¢¨¤ ¶·¥µ¡· §µ¢ ´¨° ¨§ K ¢ Ks ¨
¨§ Ks ¢ K , ²Õ¡ Ö ¨§ · ¸¸³ É·¨¢ ¥³ÒÌ ¸¨¸É¥³ ³µ¦¥É ¡ÒÉÓ ¶·¨´ÖÉ  ± ± ¶µ-
±µÖÐ Ö¸Ö,   ¤·Ê£ Ö Å ± ± ¤¢¨¦ÊÐ Ö¸Ö, ¨ ´ µ¡µ·µÉ. �¤´ ±µ · §´ Ö Ëµ·³ 
¶·¥µ¡· §µ¢ ´¨° Ê± §Ò¢ ¥É ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥  ¡¸µ²ÕÉ´µ° ¸¨¸É¥³Ò, ±µÉµ·ÊÕ
µ¡ÒÎ´µ ¸¢Ö§Ò¢ ÕÉ ¸ ´¥±µÉµ·µ° ´¥¶µ¤¢¨¦´µ° ¸·¥¤µ°, ´ §Ò¢ ¥³µ° ÔË¨·µ³.
‘²¥¤µ¢ É¥²Ó´µ, ¨³¥¥³ ¶·µÉ¨¢µ·¥Î¨¥ ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³  ¡¸µ²ÕÉ´µ° ¸¨¸É¥³Ò,
É. ¥. ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ´¥¶µ¤¢¨¦´µ° ¸·¥¤Ò Å ÔË¨· .

�¥Ï¥´¨¥ ¶·µÉ¨¢µ·¥Î¨Ö § ±²ÕÎ ¥É¸Ö ¢ ¤µ¶ÊÐ¥´¨¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢¥Éµ-
¢µ° ¸·¥¤Ò, ¤¢¨¦ÊÐ¥£µ¸Ö ÔË¨· . „¥°¸É¢¨É¥²Ó´µ, ¤²Ö Éµ£µ ÎÉµ¡Ò ¶·¨ ²Õ¡µ³
¢Ò¡µ·¥ ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò ¨³¥ÉÓ ¢µ§³µ¦´µ¸ÉÓ ¸¨´Ì·µ´¨§µ¢ ÉÓ ¤¢¨¦¥´¨¥
Î ¸É¨ÍÒ ¸ · ¸¶·µ¸É· ´¥´¨¥³ ¸¢¥Éµ¢ÒÌ ¶µÉµ±µ¢ (Ë·µ´Éµ¢) ´Ê¦´µ£µ ´ ¶· ¢²¥-
´¨Ö, ¸²¥¤Ê¥É ¤µ¶Ê¸É¨ÉÓ, ÎÉµ ¢¸¥ ¶·µ¸É· ´¸É¢µ § ¶µ²´¥´µ ¸¢¥Éµ¢Ò³¨ ¶µÉµ± ³¨
¢¸¥¢µ§³µ¦´ÒÌ ´ ¶· ¢²¥´¨°. ‘¢¥Éµ¢Ò¥ ¶ÊÎ±¨ µ¡· §ÊÕÉ ¸·¥¤Ê, ¨²¨ ¸¢¥Éµ¢µ°
®ÔË¨·¯, ±µÉµ·Ò° § ¶µ²´Ö¥É ®¶Ê¸Éµ¥¯ ¶·µ¸É· ´¸É¢µ ³¥¦¤Ê ³ É¥·¨ ²Ó´Ò³¨ É¥-
² ³¨.

‘µ¸ÉµÖ´¨¥ ¤¢¨¦¥´¨Ö ¨²¨ ¶µ±µÖ ³ É¥·¨ ²Ó´µ£µ É¥²  µÉ´µ¸¨É¥²Ó´µ ¨ ¸µµÉ-
¢¥É¸É¢Ê¥É ¸¢¥Éµ¢µ³Ê ¶ÊÎ±Ê, ´ ¶· ¢²¥´¨¥ · ¸¶·µ¸É· ´¥´¨Ö ±µÉµ·µ£µ ¸µ¢¶ ¤ ¥É
¸ Ê£²µ³ ¶ · ²²¥²Ó´µ¸É¨. �É´µ¸¨É¥²Ó´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö É¥² , É ±¨³ µ¡· §µ³,
Ô±¢¨¢ ²¥´É´  · ¢´µ¶· ¢´µ¸É¨ ´ ¶· ¢²¥´¨° · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ¢ÒÌ ¶ÊÎ-
±µ¢, ¸±µ·µ¸ÉÓ c ±µÉµ·ÒÌ ´¥ § ¢¨¸¨É µÉ ´ ¶· ¢²¥´¨Ö.

‘ÊÉÓ ¢µ¶·µ¸ , µÎ¥¢¨¤´µ, § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ µ¸µ¡ Ö ¸·¥¤ , ÔË¨·, ¸
±µÉµ·Ò³ ¸¢Ö§Ò¢ ²¨¸Ó ¶µ¶ÒÉ±¨ ¢¢¥¸É¨  ¡¸µ²ÕÉ´µ ¶µ±µÖÐÊÕ¸Ö ¸¨¸É¥³Ê, ¶·¥¤-
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�¨¸. 5.  ) ˆ²²Õ¸É· Í¨Ö ± ¶µÖ¢²¥´¨Õ ¸¤¢¨£  ∆y ¨§-§  · §´¨ÍÒ Ìµ¤  ¸¢¥Éµ¢ÒÌ ²ÊÎ¥°;
¡) Éµ ¦¥ ¸µ¡ÒÉ¨¥ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥° (¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢ ³µ³¥´É t ±µµ·¤¨-
´ ÉÒ x ¨ y ¥¸ÉÓ ¶µ²µ¦¥´¨¥ Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¸µ ¸±µ·µ¸ÉÓÕ, ±µ³¶µ´¥´ÉÒ ±µÉµ·µ°
¥¸ÉÓ vx = x/t, vy = y/t)

¸É ¢²Ö² ¸Ó ´¥¶µ¤¢¨¦´µ° ¸·¥¤µ°. �É¸ÊÉ¸É¢¨¥  ¡¸µ²ÕÉ´µ° ¸¨¸É¥³Ò ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É µ¡ µÉ¸ÊÉ¸É¢¨¨ ¶µ±µÖÐ¥£µ¸Ö ÔË¨· , ¨ ´¥ ¶·µÉ¨¢µ·¥Î¨É ¸ÊÐ¥¸É¢µ¢ ´¨Õ
¤¢¨¦ÊÐ¥°¸Ö ¸·¥¤Ò. ‘¢¥Éµ¢ÊÕ ¸·¥¤Ê, ¨²¨ ¸¢¥Éµ¢µ° ®ÔË¨·¯, É·Ê¤´µ µÉµ¦¤¥-
¸É¢¨ÉÓ ¸ ¶µ±µÖÐ¥°¸Ö ¸·¥¤µ°.

4. ��…����‡�‚��ˆ… y-, z-Š���„ˆ��’ ˆ ˆ�‚��ˆ��’›

�Ê¸ÉÓ ¨³¥¥³ ¸µ¡ÒÉ¨¥ (x, y, z = 0, t) ¢ K-¸¨¸É¥³¥. ‚Ò¡¥·¥³ ®¡µ±µ¢µ°¯
Ë·µ´É, ¶ ¤ ÕÐ¨° ´  µ¸Ó X ¢ ¶²µ¸±µ¸É¨ XY ¸µ ¸Éµ·µ´Ò § ¤ ´´µ° ÉµÎ±¨ (x, y)
(¸³. ·¨¸. 5). ‚Ò¤¥²¨³ ¨§ ´¥£µ ¤²Ö · ¸¸³µÉ·¥´¨Ö ¤¢  ²ÊÎ : ²ÊÎ, ¶·¨Ìµ¤ÖÐ¨° ¢
ÉµÎ±Ê (x, y = 0) ´  µ¸¨ X , ¨ ²ÊÎ, ¶·¨Ìµ¤ÖÐ¨° ¢ ÉµÎ±Ê (x, y) ´  ¶²µ¸±µ¸É¨ XY .
�Î¥¢¨¤´µ, ¢Éµ·µ° ²ÊÎ ¶·¨¤¥É ¢ § ¤ ´´ÊÕ ÉµÎ±Ê (x, y) ¶¥·¢Ò³ ¨ ¨§ ÔÉµ° ÉµÎ±¨,
¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶µ³ ƒÕ°£¥´¸ , ¡Ê¤¥É · ¸¶·µ¸É· ´ÖÉÓ¸Ö ¢Éµ·¨Î´ Ö
¶µ²Ê¸Ë¥· . ‹ÊÎ ÔÉµ° ¶µ²Ê¸Ë¥·Ò, ´ ¶· ¢²¥´´Ò° ¶µ ±· ÉÎ °Ï¥³Ê · ¸¸ÉµÖ´¨Õ ±
ÉµÎ±¥ (x, y = 0), ¡Ê¤¥É § ¶ §¤Ò¢ ÉÓ µÉ´µ¸¨É¥²Ó´µ ¢·¥³¥´¨ ¶·¨Ìµ¤  ®¡µ±µ¢µ£µ¯
²ÊÎ  ¢ ÉÊ ¦¥ ÉµÎ±Ê ´  ¢·¥³Ö ∆t, ±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É · §´µ¸É¨ Ìµ¤  ÔÉ¨Ì
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²ÊÎ¥°:
c∆t ≡ ∆y = y − y sin θL , (19)

£¤¥ y/c, y sin θL/c Å ¢·¥³Ö · ¸¶·µ¸É· ´¥´¨Ö ¸· ¢´¨¢ ¥³ÒÌ ²ÊÎ¥° ¤µ ÉµÎ±¨
(x, y = 0) µÉ ³µ³¥´É  ¶·¨Ìµ¤  (¢Éµ·µ£µ) ®¡µ±µ¢µ£µ¯ ²ÊÎ  ¢ ÉµÎ±Ê (x, y). Š ±
Ê¦¥ ¨§¢¥¸É´µ, ¸ ¶·¨Ìµ¤µ³ ®¡µ±µ¢µ£µ¯ ²ÊÎ  ¢ ÉµÎ±Ê (x, y = 0) ´ Î´¥É¸Ö µÉ¸Î¥É
¢·¥³¥´¨ ts ¶µ ®¤¢¨¦ÊÐ¨³¸Ö¯ Î ¸ ³ ¢ ÔÉµ° ÉµÎ±¥ ¨ § ±µ´Î¨É¸Ö ¢ § ¤ ´´Ò°
³µ³¥´É t, ±µ£¤  ±µµ·¤¨´ É  x ¡Ê¤¥É ¨³¥ÉÓ §´ Î¥´¨¥ xs µÉ´µ¸¨É¥²Ó´µ ´ Î ² 
±µµ·¤¨´ É Os. „²Ö Éµ£µ ÎÉµ¡Ò ´ Î ²Ó´Ò° µÉ¸Î¥É ¢·¥³¥´¨ ts ¡Ò² µ¡Ð¨³
(µ¤´¨³ ¨ É¥³ ¦¥) ¤²Ö xs ¨ ¤²Ö y-±µµ·¤¨´ ÉÒ ¢ Ks-¸¨¸É¥³¥, ´¥µ¡Ìµ¤¨³µ
¸¤¢¨´ÊÉÓ ´ Î ²µ Ks ¶µ µ¸¨ Y ´  ¢¥²¨Î¨´Ê ∆y. ‚ ÔÉµ³ ¸²ÊÎ ¥ ±µµ·¤¨´ É  y
§ ¤ ´´µ° ÉµÎ±¨ µÉ´µ¸¨É¥²Ó´µ Os ¡Ê¤¥É · ¢´  ys:

ys = y − ∆y = y sin θL = y
√

1 − V 2/c2 . (20)

�´ ²µ£¨Î´Ò¥ · ¸¸Ê¦¤¥´¨Ö ¤²Ö ¸µ¡ÒÉ¨Ö (x, y = 0, z, t) ¢ ¶²µ¸±µ¸É¨ XZ ¶·¨-
¢µ¤ÖÉ ± Éµ³Ê ¦¥ ·¥§Ê²ÓÉ ÉÊ ¤²Ö zs-±µµ·¤¨´ ÉÒ:

zs = z − ∆z = z sin θL = z
√

1 − V 2/c2. (21)

�¡· É´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¨§ Ks ¢ K ¶µ¶¥·¥Î´ÒÌ ±µµ·¤¨´ É µÎ¥¢¨¤´µ:

y = ys/ sin θL = ys/
√

1 − V 2/c2 , z = zs/ sin θL = zs/
√

1 − V 2/c2 . (22)

‘ ÊÎ¥Éµ³ ¶µ¸²¥¤´¨Ì Ëµ·³Ê² ¢Ò· ¦¥´¨¥ ¤²Ö ´¥¨´¢ ·¨ ´É´µ£µ ¨´É¥·¢ ²  (15)
¶·¨´¨³ ¥É ¢¨¤

c2t2 − x2 − y2 − z2 = γ2(c2t2s − x2
s − y2

s − z2
s) . (23)

’ ±¨³ µ¡· §µ³, ± ¦¤µ³Ê ¸µ¡ÒÉ¨Õ (x, y, z, t) ¢ K-¸¨¸É¥³¥ ¸ÊÐ¥¸É¢Ê¥É ®¶ -
· ²²¥²Ó´µ¥¯ ¸µ¡ÒÉ¨¥ (xs, ys, zs, ts) ¢ Ks-¸¨¸É¥³¥, ±µÉµ· Ö ¶ · ²²¥²Ó´µ ¸³¥-
Ð¥´  µÉ´µ¸¨É¥²Ó´µ K ¶µ ¢¸¥³ É·¥³ µ¸Ö³: ¢¤µ²Ó µ¸¨ X ¶µ ¶·¨Î¨´¥ ¥¥ ¤¢¨-
¦¥´¨Ö ¸ § ¤ ´´µ° ¸±µ·µ¸ÉÓÕ V ,   ¶µ µ¸Ö³ Y , Z ¢ ¸¨²Ê É·¥¡µ¢ ´¨Ö µ¤´µ-
¢·¥³¥´´µ¸É¨. ‘¤¢¨£ ¶µ ¢·¥³¥´¨ µ¡Ê¸²µ¢²¥´ § ¶ §¤Ò¢ ´¨¥³ ´Ê²¥¢µ£µ µÉ¸Î¥É 
®¤¢¨¦ÊÐ¨Ì¸Ö¯ Î ¸µ¢ µÉ´µ¸¨É¥²Ó´µ ¶µ±µÖÐ¨Ì¸Ö. „¢  ´ ¡µ·  ±µµ·¤¨´ É ¸¢Ö-
§ ´Ò ¸µµÉ´µÏ¥´¨¥³ (23).

�Î¥¢¨¤´µ, ÎÉµ ´µ¢µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ±µµ·¤¨´ É ¶·¨¢µ¤¨É ± Éµ³Ê ¦¥ § -
±µ´Ê ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥°, ± ± ¨ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í .

ˆ§¢¥¸É´µ, ÎÉµ ¶·¨ ¤µ¡ ¢²¥´¨¨ ¡¥¸±µ´¥Î´µ Ê¤ ²¥´´ÒÌ Ô²¥³¥´Éµ¢ ¥¢±²¨-
¤µ¢Ê ¶²µ¸±µ¸ÉÓ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¶·µ¥±É¨¢´ÊÕ. �µÔÉµ³Ê ± ¦¤Ò°
¶·µ¥±É¨¢´Ò° Ë ±É ³µ¦´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ´  ¶²µ¸±µ¸É¨ …¢±²¨¤ , ¥¸²¨ ³Ò-
¸²¨ÉÓ ¥¥ ¤µ¶µ²´¥´´µ° ¡¥¸±µ´¥Î´µ Ê¤ ²¥´´µ° ¶·Ö³µ° [5]. ”Ê´¤ ³¥´É ²Ó´Ò³
¶µ´ÖÉ¨¥³ ¶·µ¥±É¨¢´µ° £¥µ³¥É·¨¨ Ö¢²Ö¥É¸Ö ¶µ´ÖÉ¨¥ ¶·µ¥±É¨¢´µ£µ µÉµ¡· ¦¥-
´¨Ö, ±µÉµ·µ¥ · ¸¸³ É·¨¢ ¥É¸Ö ± ± µ¡µ¡Ð¥´¨¥ Í¥´É· ²Ó´µ£µ ¶·µ¥±É¨·µ¢ ´¨Ö.
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’µÎ±Ê O′ ´  ·¨¸. 4 ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± Í¥´É· ¶·µ¥±É¨·µ¢ ´¨Ö,   µ¸Ó
X ¨ ²ÊÎ ct ± ± ¶·µ¥±É¨¢´Ò¥ ¶·Ö³Ò¥. ’µ£¤  ÉµÎ±¨ x ¨ ct ´  ÔÉ¨Ì ¶·Ö³ÒÌ
³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± ¶·µ¥±É¨¢´Ò¥ ±µµ·¤¨´ ÉÒ. �·µ¥±É¨¢´Ò¥ µÉµ¡· -
¦¥´¨Ö Ê¸É ´ ¢²¨¢ ÕÉ ¢§ ¨³´µ-µ¤´µ§´ Î´µ¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê Ô²¥³¥´É ³¨
¤¢ÊÌ ³´µ£µµ¡· §¨° (µ¤´µ£µ, ¤¢ÊÌ ¨ É·¥Ì ¨§³¥·¥´¨°) ¨, ¢ Î ¸É´µ¸É¨, ³¥¦¤Ê
ÉµÎ± ³¨ ¤¢ÊÌ ¶·µ¥±É¨¢´ÒÌ ¶·Ö³ÒÌ. �¸´µ¢´Ò³ ¨´¢ ·¨ ´Éµ³ ¶·µ¥±É¨¢´ÒÌ
µÉµ¡· ¦¥´¨° Ö¢²Ö¥É¸Ö ¸²µ¦´µ¥ µÉ´µÏ¥´¨¥ Î¥ÉÒ·¥Ì ÉµÎ¥± (Ô²¥³¥´Éµ¢) ³´µ£µ-
µ¡· §¨° [5]:

(x1, x2, x3, x4) =
x3 − x1

x2 − x3
:

x4 − x1

x2 − x4
=

ct3 − ct1
ct2 − ct3

:
ct4 − ct1
ct2 − ct4

= (t1, t2, t3, t4).

(24)
‚¥²¨Î¨´  ¸²µ¦´µ£µ µÉ´µÏ¥´¨Ö ´¥ § ¢¨¸¨É µÉ ¢Ò¡µ·  ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò ¨
µ¶·¥¤¥²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ · ¸¶µ²µ¦¥´¨¥³ ¢Ò¡· ´´ÒÌ ÉµÎ¥± [5]. ‘µ£² ¸´µ
µ¸´µ¢´µ° É¥µ·¥³¥ ¶·µ¥±É¨¢´µ° £¥µ³¥É·¨¨ (É¥µ·¥³¥ ˜É Ê¤É ) ¶·µ¥±É¨¢´µ¥
¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ¤¢Ê³Ö ¶·Ö³Ò³¨ µ¶·¥¤¥²Ö¥É¸Ö § ¤ ´¨¥³ É·¥Ì ¶ · ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨Ì ÉµÎ¥±. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö ²Õ¡µ£µ § ¤ ´´µ£µ x ¨§ (24) ³µ¦´µ
µ¶·¥¤¥²¨ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ t, ¨ ´ µ¡µ·µÉ. � ¸¸³µÉ·¨³ ¤¢  ¶·µ¸ÉÒÌ ¸²ÊÎ Ö.

1. ‡ ¤ ´Ò É·¨ ¸µ¡ÒÉ¨Ö: (x1 = 0, t1 = 0), (x2 = V t, t2 = t), (x4 = ∞,
t4 = ∞). ’µ£¤  (24) ¥¸ÉÓ [5]

(x1, x2, x3,∞) =
x3 − x1

x2 − x3
=

t3 − t1
t2 − t3

= (t1, t2, t3,∞), (25)

¨ ¤²Ö ²Õ¡µ£µ x3 (¨²¨ t3) ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ t3 (¨²¨ x3) ¥¸ÉÓ

t3 = x3t2/x2 = x3/V , x3 = V t3 . (26)

�ÉµÉ ·¥§Ê²ÓÉ É ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ¥±Í¨¨ µ¸¨ X ´  ²ÊÎ ct (¨ ´ µ¡µ·µÉ) ¶µ¤ ¶·Ö-
³Ò³ Ê£²µ³ ¨§ Í¥´É· , · ¸¶µ²µ¦¥´´µ£µ ´  ¡¥¸±µ´¥Î´µ¸É¨,  ´ ²µ£¨Î´µ ®¶·Ö-
³Ò³¯ ¶ÊÎ± ³ ¤²Ö K-¸¨¸É¥³Ò.

2. ‡ ¤ ´Ò É·¨ ¸µ¡ÒÉ¨Ö : (x1 = 0, t1 = 0), (x2 = x, t2 = x cos θL/c),
(x4 = ∞, t4 = ∞). ’ ±¨³ ¦¥ µ¡· §µ³ ´ Ìµ¤¨³

t3 = x3cos θL/c, x3 = ct3/cos θL . (27)

�ÉµÉ ·¥§Ê²ÓÉ É ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ¥±Í¨Ö³ ¶·Ö³ÒÌ ¨§ Í¥´É·  ´  ¡¥¸±µ´¥Î´µ¸É¨
¶µ¤ Ê£²µ³, µÉ²¨Î ÕÐ¨³¸Ö ´  π/2 µÉ ´ ¶· ¢²¥´¨Ö ®¡µ±µ¢µ£µ¯ ¶ÊÎ±  ¤²Ö Ks-
¸¨¸É¥³Ò.

‘· ¢´¨¢ Ö (7), (10) ¨ (26), (27), ³µ¦´µ § ³¥É¨ÉÓ, ÎÉµ ¶·µ¥±É¨¢´Ò¥ µÉµ-
¡· ¦¥´¨Ö ¶µ§¢µ²ÖÕÉ µ¶·¥¤¥²¨ÉÓ §´ Î¥´¨Ö ¸¤¢¨£µ¢ ¢ ±µµ·¤¨´ É´ÒÌ ¶·¥µ¡· -
§µ¢ ´¨ÖÌ. „·Ê£¨¥ ¸²ÊÎ ¨ É·¥¡ÊÕÉ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨°.

‘µµÉ´µÏ¥´¨¥ (24) § ¶¨Ï¥³ ¢ ¢¨¤¥

(x1, x2, x3, x4)
(t1, t2, t3, t4)

=
βx31

βx23
:

βx41

βx24
= 1 , βxik =

xi − xk

c(ti − tk)
, (28)
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¨ ¥¸²¨ ¤²Ö ± ¦¤µ° ¶ ·Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ÉµÎ¥± (¸µ¡ÒÉ¨°) (xi, ti) ¢ (28)
¶µ¤¸É ¢¨³ ¨Ì ¢Ò· ¦¥´¨Ö Î¥·¥§ ±µµ·¤¨´ ÉÒ ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³Ò (17), (18),
Éµ ¶µ²ÊÎ¨³

βxik =
β′

xik + V/c

1 + β′
xikV/c

, β′
xik =

xsi − xsk

c(tsi − tsk)
. (29)

…¸²¨ ¢ ¢Ò· ¦¥´¨¥ (28) ¢³¥¸Éµ x-±µµ·¤¨´ É ÉµÎ¥± ¶µ¤¸É ¢¨ÉÓ y- ¨ z-±µµ·¤¨´ ÉÒ,
Éµ É ±¨³ ¦¥ µ¡· §µ³, ¨¸¶µ²Ó§ÊÖ ¥Ð¥ (22), ³µ¦´µ ´ °É¨  ´ ²µ£¨Î´Ò¥ ¸µµÉ´µ-
Ï¥´¨Ö ¤²Ö ¤ ´´ÒÌ ±µµ·¤¨´ É ¢Ò¡· ´´ÒÌ ÉµÎ¥±:

βyik =
yi − yk

c(ti − tk)
=

β′
yik

√
1 − V 2/c2

1 + β′
xikV/c

, β′
yik =

ysi − tsk

c(tsi − tsk)
, (30)

βzik =
zi − zk

c(ti − tk)
=

β′
zik

√
1 − V 2/c2

1 + β′
xikV/c

, β′
zik =

zsi − tsk

c(tsi − tsk)
. (31)

�µ²ÊÎ¥´´Ò¥ ¸µµÉ´µÏ¥´¨Ö ¨§¢¥¸É´Ò ± ± ·¥²ÖÉ¨¢¨¸É¸±¨° § ±µ´ ¸²µ¦¥´¨Ö
¸±µ·µ¸É¥°.

’ ±¨³ µ¡· §µ³, ¢³¥¸Éµ ¨´É¥·¢ ²  (23) ¸ÊÐ¥¸É¢Ê¥É ¨§¢¥¸É´Ò° ¨´¢ ·¨ ´É
(24), ¸µ£² ¸´µ ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ¶·µ¸É· ´¸É¢¥´´Ò³¨ ±µµ·¤¨´ -
É ³¨ ¨ ¢·¥³¥´¥³ Ê¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ Ê¸²µ¢¨¨ § ¤ ´¨Ö É·¥Ì ¸µ¡ÒÉ¨°. ˆ´É¥·-
¢ ² (23), µ¶·¥¤¥²Ö¥³Ò° ¶ ·µ° ¸µ¡ÒÉ¨°, µÎ¥¢¨¤´µ, ÔÉµ³Ê Ê¸²µ¢¨Õ ´¥ Ê¤µ¢²¥-
É¢µ·Ö¥É.

5. �…‹Ÿ’ˆ‚ˆ‘’‘Šˆ… �””…Š’› ˆ ‚�‹��‚�… “��‚�…�ˆ…

�Ê¸ÉÓ ¨³¥¥³ ¤¢  ¸µ¡ÒÉ¨Ö (x1, t1) ¨ (x2, t2) ¢ K-¸¨¸É¥³¥ ¨ ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¨³ ¸µ¡ÒÉ¨Ö (xs1, ts1) ¨ (xs2, ts2) ¢ Ks-¸¨¸É¥³¥. �  µ¸´µ¢¥ ´µ¢ÒÌ ¶·¥-
µ¡· §µ¢ ´¨° (V > 0) ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤²Ö ¸³¥Ð¥´´ÒÌ ±µµ·¤¨´ É

∆xs = ∆x − c∆t cos θL , c∆ts = c∆t − ∆x cos θL (32)

¨ ¤²Ö ´¥¸³¥Ð¥´´ÒÌ ±µµ·¤¨´ É

∆x = γ2(∆xs + c∆ts cos θL) , c∆t = γ2(c∆ts + ∆xs cos θL) , (33)

£¤¥ ∆xs = xs2−xs1, ∆ts = ts2− ts1 ¨ ∆x = x2−x1, ∆t = t2− t1. � ¶µ³´¨³
É ±¦¥ ¸¢Ö§Ó ®ÏÉ·¨Ìµ¢ ´´ÒÌ¯ ¨ ¸³¥Ð¥´´ÒÌ ¢¥²¨Î¨´ (¸³. (12), (13)):

∆x′ = γ∆xs , c∆t′ = cγ∆ts . (34)

�Ê¸ÉÓ ∆x ¥¸ÉÓ ¤²¨´  ¶µ±µÖÐ¥£µ¸Ö ¸É¥·¦´Ö, É. ¥. x1 ¨ x2 Å ±µµ·¤¨´ ÉÒ
¥£µ ±µ´Íµ¢ ¢ ¸¨¸É¥³¥ K . ‚ ¤¢¨¦ÊÐ¥°¸Ö Ks-¸¨¸É¥³¥ ¤²¨´µ° ¸É¥·¦´Ö ´ §Ò-
¢ ÕÉ · §´µ¸ÉÓ ±µµ·¤¨´ É ¥£µ ±µ´Íµ¢ ∆xs, ´ °¤¥´´ÒÌ ¢ µ¤¨´ ¨ ÉµÉ ¦¥ ³µ³¥´É
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�¨¸. 6. ˆ²²Õ¸É· Í¨Ö ± ¸µ±· Ð¥´¨Õ ¤²¨´Ò ¨ ¢·¥³¥´¨:  ) ¤¢  µ¤´µ¢·¥³¥´´ÒÌ ¸µ¡ÒÉ¨Ö
∆ts = 0 ¢ ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³¥; ¡) ¤¢  ¸µ¡ÒÉ¨Ö ¢ µ¤´µ³ ¨ Éµ³ ¦¥ ³¥¸É¥ ∆xs = 0 ¢
¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³¥

¢·¥³¥´¨ ∆ts = 0 (¶µ µ¶·¥¤¥²¥´¨Õ). ‘µ£² ¸´µ µ¶·¥¤¥²¥´¨Õ ¨§ ¶¥·¢µ° Ëµ·-
³Ê²Ò (33) (¨ ¨¸¶µ²Ó§ÊÖ (34) ¤²Ö ®ÏÉ·¨Ìµ¢ ´´ÒÌ¯ ¢¥²¨Î¨´) ¸²¥¤Ê¥É, ÎÉµ ¤²¨´ 
¸É¥·¦´Ö ±µ·µÎ¥, Î¥³ ¤²¨´ , ¢Ò· ¦¥´´ Ö Î¥·¥§ ®ÏÉ·¨Ìµ¢ ´´Ò¥¯ ±µµ·¤¨´ ÉÒ:

∆x = γ2∆xs = γ∆x′ . (35)

�µ, ± ± ¢¨¤´µ ¨§ ¢Éµ·µ° Ëµ·³Ê²Ò (32), Ê¸²µ¢¨¥ ∆ts = 0, ¢ÒÉ¥± ÕÐ¥¥ ¨§
µ¶·¥¤¥²¥´¨Ö ¤²¨´Ò, ¶·¨¢µ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê:

c∆t = ∆x cos θL ≡ c∆tF , (36)

É. ¥. ∆t �= 0, t1 �= t2 (∆tF Å · §´µ¸ÉÓ ¢·¥³¥´¨ § ¤¥·¦±¨ ¢ x1 ¨ x2). �Éµ
§´ Î¨É, ÎÉµ ¤¢¨¦ÊÐ Ö¸Ö ¸¨¸É¥³  Ks, ´ Ìµ¤Ö¸Ó ¢ ¤¢ÊÌ · §´ÒÌ ÉµÎ± Ì V t1 ¨
V t2 (µÉ´µ¸¨É¥²Ó´µ ±µÉµ·ÒÌ ±µ´ÍÒ ¸É¥·¦´Ö ¨³¥ÕÉ ±µµ·¤¨´ ÉÒ xs1 ¨ xs2),
¨³¥¥É µ¤¨´ ±µ¢Ò¥ ¶µ± § ´¨Ö Î ¸µ¢ ts1 = ts2, ®Ê¸É ´µ¢²¥´´ÒÌ¯ ´  ±µ´Í Ì
¸É¥·¦´Ö (¸³. ·¨¸. 6, a). ‘²¥¤µ¢ É¥²Ó´µ, ±µµ·¤¨´ ÉÒ xs1 ¨ xs2 ¨§³¥·¥´Ò ¨§
¤¢ÊÌ ¸³¥Ð¥´´ÒÌ ¶µ²µ¦¥´¨° ¸¨¸É¥³Ò Ks.

“¸²µ¢¨¥ µ¤´µ¢·¥³¥´´µ¸É¨ ∆ts = 0, É·¥¡Ê¥³µ¥ ¤²Ö ¨§³¥·¥´¨Ö ¤²¨´Ò
¸É¥·¦´Ö ¢ Ks ¨ ¶·¨¢µ¤ÖÐ¥¥ ± (36), Ö¢²Ö¥É¸Ö É ±¦¥ ¢Ò· ¦¥´¨¥³ ¢µ²´µ¢µ£µ
Ì · ±É¥·  · ¸¶·µ¸É· ´¥´¨Ö ¢¤µ²Ó µ¸¨ X ´ Î ²Ó´µ£µ µÉ¸Î¥É  ¢·¥³¥´¨ ¸µ ¸±µ-
·µ¸ÉÓÕ vF (11). ‚µ²´µ¢µ° Ì · ±É¥· ¤¢¨¦¥´¨Ö ´¥±µÉµ·µ£µ ¢µ§³ÊÐ¥´¨Ö ¶·µ-
Ö¢²Ö¥É¸Ö ¢ Éµ³, ÎÉµ §´ Î¥´¨¥ ËÊ´±Í¨¨ ψ = ψ(x, t), ¨§µ¡· ¦ ÕÐ¥° ¤ ´´µ¥
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¢µ§³ÊÐ¥´¨¥ ¢ ´¥±µÉµ·µ° ÉµÎ±¥ (x, t), ¶µ¢Éµ·Ö¥É¸Ö ¢ ¡µ²¥¥ Ê¤ ²¥´´µ° ÉµÎ±¥
(x+dx, t+dt) [7]. …¸²¨ ¢·¥³Ö ts ¶·¨´ÖÉÓ ± ±  ·£Ê³¥´É ËÊ´±Í¨¨ ψ(t−xV/c2),
Éµ §´ Î¥´¨¥ ËÊ´±Í¨¨ ψ ¶µ¢Éµ·¨É¸Ö ¶·¨ Ê¸²µ¢¨¨

t − xV/c2 = (t + ∆t) − (x + ∆x)V/c2 ⇒ c∆t = (37)

= ∆x cos θL ⇒ ∆x/∆t = c/β ≡ vF ,

  ¨³¥´´µ ¢µ§³ÊÐ¥´¨¥, ±µÉµ·µ¥ ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¥¸ÉÓ ´ Î ²Ó´Ò° ³µ³¥´É ¢µ§-
¡Ê¦¤¥´¨Ö ¶µ²Ê¸Ë¥·Ò, · ¸¶·µ¸É· ´Ö¥É¸Ö ¸ ±µ´¥Î´µ° ¸±µ·µ¸ÉÓÕ vF > c. ‚Ò-
¡· ´´Ò°  ·£Ê³¥´É ËÊ´±Í¨¨ ψ ¶·¨¢µ¤¨É [7] ± ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê Ê· ¢´¥´¨Õ,
µ¶¨¸Ò¢ ÕÐ¥³Ê ÔÉµ ¢µ²´µ¢µ¥ ¤¢¨¦¥´¨¥ ¢ ¢¨¤¥

1
c2

∂2ψ

∂t2
=

1
β2

∂2ψ

∂x2
. (38)

�·¨ β = 1 (¨²¨ vF = c) µ´µ ¸µ¢¶ ¤ ¥É ¸ ¨§¢¥¸É´Ò³ Ê· ¢´¥´¨¥³ ¤²Ö ¸¢¥É  ¨
ψ = ψ(t ± x/c). �·¨ β = 0 (¨²¨ vF = ∞, ±µ£¤  ®¡µ±µ¢µ°¯ Ë·µ´É ¸µ¢¶ ¤ ¥É
¸ ®¶·Ö³Ò³¯ ¶ÊÎ±µ³) ËÊ´±Í¨Ö ψ ´¥ § ¢¨¸¨É µÉ x ¨ ´ Î ²Ó´Ò° µÉ¸Î¥É ¢·¥³¥´¨
µ¤¨´ ±µ¢ ¤²Ö ¢¸¥Ì ÉµÎ¥± µ¸¨ X (´ÓÕÉµ´µ¢¸±µ¥ ¢·¥³Ö): ψ = ψ(t).

ˆ§ ¶¥·¢µ£µ Ê· ¢´¥´¨Ö (32) ¢¨¤´µ, ÎÉµ ¤²¨´  ¸É¥·¦´Ö µ¤¨´ ±µ¢ Ö ¤²Ö
µ¡¥¨Ì ¸¨¸É¥³ ∆xs = ∆x, ¥¸²¨ ¨§³¥·ÖÉÓ ¤¢  ¸µ¡ÒÉ¨Ö (x1, t) ¨ (x2, t) ¢ K-
¸¨¸É¥³¥ ¶·¨ ∆t = 0. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨§³¥·¥´¨¥ ±µµ·¤¨´ É xs1 ¨ xs2 ¢
Ks-¸¨¸É¥³¥ ¶·µ¨§¢µ¤¨É¸Ö ¢ · §´Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨ ts1 ¨ ts2, ´µ ¨§ µ¤-
´µ£µ ¶µ²µ¦¥´¨Ö V t ¸¨¸É¥³Ò Ks. Œµ¦´µ ¢Ò¡· ÉÓ ts1 = −ts2, ¤²Ö ±µÉµ·ÒÌ
ct = (x1 + ∆x/2) cos θL. „ ´´Ò° ³µ³¥´É ¢·¥³¥´¨ t ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ¥±Í¨¨
¸·¥¤´¥° ÉµÎ±¨ ¸É¥·¦´Ö ´  ²ÊÎ ct (¶Ê´±É¨·´ Ö ²¨´¨Ö ´  ·¨¸. 6, a).

� ¸¸³µÉ·¨³ ¢ Ks ¤¢  ¸µ¡ÒÉ¨Ö ¢ µ¤´µ³ ¨ Éµ³ ¦¥ ³¥¸É¥ ∆xs = 0 ¨ · §²¨-
Î ÕÐ¨Ì¸Ö ¨´É¥·¢ ²µ³ ¢·¥³¥´¨ ∆ts = ts2−ts1. ’µ£¤  ¤²¨É¥²Ó´µ¸ÉÓ ¨´É¥·¢ ² 
¢·¥³¥´¨ ¢ K-¸¨¸É¥³¥ ¸²¥¤Ê¥É ¨§ ¢Éµ·µ° Ëµ·³Ê²Ò (33):

∆t = γ2∆ts = γ∆t′ , (39)

É. ¥. ¤²¨É¥²Ó´µ¸ÉÓ ¨´É¥·¢ ²  ¢·¥³¥´¨ ¢ Ks ³¥´ÓÏ¥, Î¥³ ¤²¨É¥²Ó´µ¸ÉÓ, ¢Ò· -
¦¥´´ Ö Î¥·¥§ ®ÏÉ·¨Ìµ¢ ´´Ò¥¯ ±µµ·¤¨´ ÉÒ. �µ, ± ± ÔÉµ ¢¨¤´µ ¨§ ¶¥·¢µ° Ëµ·-
³Ê²Ò (32), Ê¸²µ¢¨¥ ∆xs = 0 ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ∆x = c∆t cos θL = V ∆t,
É. ¥. ∆x �= 0, x1 �= x2 ¢ K-¸¨¸É¥³¥. �Éµ §´ Î¨É, ÎÉµ ¤¢¨¦ÊÐ Ö¸Ö ¸¨¸É¥³  Ks

¶·µÌµ¤¨É Î¥·¥§ ¤¢¥ · §´Ò¥ ÉµÎ±¨ V t1 ¨ V t2, µÉ´µ¸¨É¥²Ó´µ ±µÉµ·ÒÌ ÉµÎ±¨ x1

¨ x2 ¨³¥ÕÉ µ¤´Ê ¨ ÉÊ ¦¥ ±µµ·¤¨´ ÉÊ xs1 = xs2 (¸³. ·¨¸. 6, ¡). ‘²¥¤µ¢ É¥²Ó´µ,
³µ³¥´ÉÒ ¢·¥³¥´¨ ts1 ¨ ts2 ¨§³¥·¥´Ò ¨§ ¤¢ÊÌ ¸³¥Ð¥´´ÒÌ ¶µ²µ¦¥´¨° ¸¨¸É¥³Ò
Ks ¸ ¢¥²¨Î¨´µ° ¸³¥Ð¥´¨Ö ∆x = V ∆t. Š ± ¢¨¤´µ ¨§ (36), · §´µ¸ÉÓ ¢·¥³¥´¨
§ ¤¥·¦±¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¥¸ÉÓ ∆tF = ∆t cos2 θL, ¶µÔÉµ³Ê ¤²¨É¥²Ó´µ¸ÉÓ ¢ Ks

¸µ¸É ¢²Ö¥É ∆ts = ∆t − ∆tF , ÎÉµ ¸µ¢¶ ¤ ¥É ¸ (39).
ˆ§ ¢Éµ·µ£µ Ê· ¢´¥´¨Ö (32) ¢¨¤´µ, ÎÉµ ¤²¨É¥²Ó´µ¸ÉÓ ¢·¥³¥´¨ µ¤¨´ ±µ¢ Ö

∆ts = ∆t ¤²Ö µ¡¥¨Ì ¸¨¸É¥³, ¥¸²¨ ¨§³¥·ÖÉÓ ¤¢  ¸µ¡ÒÉ¨Ö (x, t1) ¨ (x, t2)
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¢ K-¸¨¸É¥³¥ ¶·¨ ∆x = 0. ‡¤¥¸Ó ¨§³¥·¥´¨¥ ³µ³¥´Éµ¢ ¢·¥³¥´¨ ts1 ¨ ts2
¶·µ¨§¢µ¤¨É¸Ö É ±¦¥ ¨§ ¤¢ÊÌ ¶µ²µ¦¥´¨° ¸¨¸É¥³Ò Ks, µÉ´µ¸¨É¥²Ó´µ ±µÉµ·ÒÌ
ÉµÎ±  x ¨³¥¥É ±µµ·¤¨´ ÉÒ xs1 ¨ xs2, ´µ · §´µ¸ÉÓ ¢·¥³¥´¨ § ¤¥·¦±¨ ¢ ÔÉµ³
¸²ÊÎ ¥ ¥¸ÉÓ ∆tF = 0. Œµ¦´µ ¢Ò¡· ÉÓ xs1 = −xs2, ¤²Ö ±µÉµ·ÒÌ x = V (t1 +
∆t/2) = c(t1 + ∆t/2) cos θL. �É  ÉµÎ±  x ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ¥±Í¨¨ ¸·¥¤´¥°
ÉµÎ±¨ ¨´É¥·¢ ²  c∆t ´  µ¸Ó X (¶Ê´±É¨·´ Ö ²¨´¨Ö ´  ·¨¸. 6, ¡).

’ ±¨³ µ¡· §µ³, ¨§³¥´¥´¨¥ ¤²¨´Ò ¸É¥·¦´Ö ¨ ¢·¥³¥´´µ£µ ¶·µ³¥¦ÊÉ±  ¢
¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³¥ µ¡Ê¸²µ¢²¥´µ ¸¤¢¨£ ³¨ ´ Î ²  µÉ¸Î¥É  ±µµ·¤¨´ É ¨ ¢·¥-
³¥´¨.

6. ‹��…�–-��…����‡�‚��ˆ… ��…�ƒˆˆ-ˆŒ�“‹œ‘�

�·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í  ¤²Ö 4-¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´ 
µ¸´µ¢¥ ·¥²ÖÉ¨¢¨¸É¸±µ£µ § ±µ´  ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥°, ±µÉµ·Ò°, ¢ ¸¢µÕ µÎ¥-
·¥¤Ó, ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ´¥ Éµ²Ó±µ ¨§ ±µµ·¤¨´ É´ÒÌ ¶·¥µ¡· §µ¢ ´¨°, ´µ, ± ±
¨§¢¥¸É´µ, ¨ ¨§ ¸¢µ°¸É¢   ¤¤¨É¨¢´µ¸É¨ ¡Ò¸É·µÉ:

ρ′ = ρ − ρo , ρ = ρ′ + ρo , (40)

£¤¥ ρ′ ¥¸ÉÓ ¡Ò¸É·µÉ  Î ¸É¨ÍÒ ¢ ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³¥ Ks, ρ Å ¢ ¶µ±µÖÐ¥°¸Ö
K-¸¨¸É¥³¥, ¨ ρo Ö¢²Ö¥É¸Ö ¡Ò¸É·µÉµ°, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¸±µ·µ¸É¨ ¤¢¨¦ÊÐ¥°¸Ö
¸¨¸É¥³Ò: thρo = βo = V/c (¢¸¥ ¡Ò¸É·µÉÒ ¢ ¥¤¨´¨Í Ì c = 1). �µÔÉµ³Ê β′ =
thρ′ ¨ β = thρ ¥¸ÉÓ ¸±µ·µ¸É¨ Î ¸É¨ÍÒ ¢ Ks- ¨ K-¸¨¸É¥³ Ì ¸µµÉ¢¥É¸É¢¥´´µ.
ƒ¨¶¥·¡µ²¨Î¥¸±¨¥ É ´£¥´¸Ò µÉ (40) ¶·¨¢µ¤ÖÉ ± ·¥²ÖÉ¨¢¨¸É¸±µ³Ê ¸²µ¦¥´¨Õ
¸±µ·µ¸É¥°:

th ρ′ = (th ρ − th ρo)/(1 − th ρth ρo),
th ρ = (th ρ′ + th ρo)/(1 + th ρ′th ρo).

(41)

‘±µ·µ¸ÉÓ β = th ρ = (m sh ρ)/(m chρ) = P/E, ¢Ò· ¦¥´´ Ö Î¥·¥§
4-¨³¶Ê²Ó¸ Î ¸É¨ÍÒ, £¤¥ m Å ³ ¸¸ , P = m shρ = mβ/

√
1 − β2 Å ¨³¶Ê²Ó¸,

E = mchρ = m/
√

1 − β2 Å Ô´¥·£¨Ö, ¶·¥µ¡· §Ê¥É¸Ö ¸µ£² ¸´µ (41). �µÔÉµ³Ê,
§´ Ö É ´£¥´¸Ò ¡Ò¸É·µÉ, ³µ¦´µ ´ °É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¨´Ê¸Ò ¨ ±µ¸¨´Ê¸Ò.
�·µÐ¥ ¨Ì ´ °É¨ ´¥¶µ¸·¥¤¸É¢¥´´µ ¤²Ö (40). „²Ö ¶¥·¢µ£µ Ê· ¢´¥´¨Ö (40) ¨³¥¥³

sh ρ′ = shρ chρo − chρ sh ρo, chρ′ = chρ chρo − sh ρ sh ρo . (42)

“³´µ¦ Ö ÔÉ¨ ¸µµÉ´µÏ¥´¨Ö ´  m ¨ ÊÎ¨ÉÒ¢ Ö µ¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨-¨³¶Ê²Ó¸ ,
´ Ìµ¤¨³ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í :

P ′ = (P − βoE)/
√

1 − β2
o , E′ = (E − βoP )/

√
1 − β2

o . (43)
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�¡· É´µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ´ Ìµ¤¨É¸Ö É ±¨³ ¦¥ µ¡· §µ³ ¨§ ¢Éµ·µ£µ Ê· ¢´¥´¨Ö
(40). ‚ µ¡Ð¥³ ¸²ÊÎ ¥, ±µ£¤  ´ ¶· ¢²¥´¨¥ ¸±µ·µ¸É¨ Î ¸É¨ÍÒ β ´¥ ¸µ¢¶ ¤ ¥É
¸ ´ ¶· ¢²¥´¨¥³ ¤¢¨¦¥´¨Ö ¸¨¸É¥³Ò, ¢ (40), µÎ¥¢¨¤´µ, ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê ¥¥
¶·µ¤µ²Ó´Ò¥ ¡Ò¸É·µÉÒ,   ¢ (43) Å ¶·µ¤µ²Ó´Ò¥ ¨³¶Ê²Ó¸Ò.

ˆÉ ±, É·¥¡µ¢ ´¨¥ ± ¸±µ·µ¸É¨, ¢Ò· ¦¥´´µ° Î¥·¥§ Ô´¥·£¨Õ ¨ ¨³¶Ê²Ó¸
Î ¸É¨ÍÒ, ¸²¥¤µ¢ ÉÓ ·¥²ÖÉ¨¢¨¸É¸±µ³Ê § ±µ´Ê ¶·¥µ¡· §µ¢ ´¨Ö ¸±µ·µ¸É¥° ³µ-
¦¥É ¸²Ê¦¨ÉÓ ±·¨É¥·¨¥³ ¨Ì µ¶·¥¤¥²¥´¨Ö. �·¨´ÖÉµ¥ µ¶·¥¤¥²¥´¨¥ Ô´¥·£¨¨-
¨³¶Ê²Ó¸  Ê¤µ¢²¥É¢µ·Ö¥É ÔÉµ³Ê ±·¨É¥·¨Õ, ¶µÔÉµ³Ê ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í 
¤²Ö 4-¨³¶Ê²Ó¸  Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ § ±µ´  ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥° ¨ ¢Ò¶µ²´Ö-
¥É¸Ö ¢ · ³± Ì ¶µ¤Ìµ¤ .

‡�Š‹�—…�ˆ…

• �¡´ ·Ê¦¥´µ, ÎÉµ £¥µ³¥É·¨Î¥¸±¨° µ¡· § ��‹ ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°
¥¸ÉÓ ·¥§Ê²ÓÉ É ³ É¥³ É¨Î¥¸±µ£µ µÉµ¡· ¦¥´¨Ö ¶·µÍ¥¸¸  ¸¨´Ì·µ´¨§¨·µ¢ ´´µ£µ
¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¨ ¶ÊÎ±µ¢ ¸¢¥É  ¢ ¥¢±²¨¤µ¢µ³ ¶·µ¸É· ´¸É¢¥.

• “¸É ´µ¢²¥´µ, ÎÉµ ¢·¥³Ö § ¤¥·¦±¨ ¢ ¶µ¸²¥¤µ¢ É¥²Ó´µ³ ¨¸¶Ê¸± ´¨¨ ¤¢ÊÌ
¸¢¥Éµ¢ÒÌ ¶µ²Ê¸Ë¥· ¶µ ¶·¨´Í¨¶Ê ƒÕ°£¥´¸  ¨§ Í¥´É·µ¢, Î¥·¥§ ±µÉµ·Ò¥ ¶·µÌµ-
¤¨É Î ¸É¨Í , ¥¸ÉÓ Ë¨§¨Î¥¸±µ¥ µ¡µ¸´µ¢ ´¨¥ µÉ·¨Í ´¨Ö V ¶µ¸ÉÊ² É  ¨ µ¶·¥¤¥-
²¥´¨Ö ¶ · ²²¥²Ó´ÒÌ ¶µ ‹µ¡ Î¥¢¸±µ³Ê ¢ ¶·µ¸É· ´¸É¢¥ ¸±µ·µ¸É¥°.

• �¡´ ·Ê¦¥´µ, ÎÉµ ¸¨´Ì·µ´¨§ Í¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ ¨ ¶ÊÎ±µ¢ ¸¢¥É ,
´ ¶· ¢²¥´´ÒÌ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ËÊ´±Í¨¥° ‹µ¡ Î¥¢¸±µ£µ, Ö¢²Ö¥É¸Ö ´µ¢Ò³ ³¥-
Éµ¤µ³ ¸¨´Ì·µ´¨§ Í¨¨ ¸µ¡ÒÉ¨°, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ · §²¨Î´ÒÌ ÉµÎ± Ì ¶·µ¸É· ´-
¸É¢ . ‘Ëµ·³Ê²¨·µ¢ ´µ ´µ¢µ¥ ¸µ¤¥·¦ ´¨¥ ¶µ´ÖÉ¨° µ¤´µ¢·¥³¥´´µ¸É¨, µ¡Ð¥£µ
¢·¥³¥´¨ ¨ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨.

• �µ²ÊÎ¥´µ ´µ¢µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ±µµ·¤¨´ É ¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³, ¨§
±µÉµ·µ£µ ¸²¥¤Ê¥É ·¥²ÖÉ¨¢¨¸É¸±¨° § ±µ´ ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥° ¨ ¸ÊÐ¥¸É¢µ¢ ´¨¥
¸¢¥Éµ¢µ° ¸·¥¤Ò Å ¤¢¨¦ÊÐ¥£µ¸Ö ÔË¨· .

• �µ± § ´µ, ÎÉµ ËÊ´±Í¨Ö ‹µ¡ Î¥¢¸±µ£µ ¢Ò· ¦ ¥É ¨ ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó-
´µ¸É¨, ¨ ¶·¨´Í¨¶ ¶µ¸ÉµÖ´¸É¢  ¸±µ·µ¸É¨ ¸¢¥É : µÉ´µ¸¨É¥²Ó´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö
É¥²  Ô±¢¨¢ ²¥´É´  · ¢´µ¶· ¢´µ¸É¨ ´ ¶· ¢²¥´¨° · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ¢ÒÌ
¶ÊÎ±µ¢.

• �µ± § ´µ, ÎÉµ ´ Î ²Ó´Ò° ³µ³¥´É µÉ¸Î¥É  ¢·¥³¥´¨ ¤²Ö ¤¢¨¦ÊÐ¥°¸Ö ¸¨-
¸É¥³Ò · ¸¶·µ¸É· ´Ö¥É¸Ö ¢ ´ ¶· ¢²¥´¨¨ ¥¥ ¤¢¨¦¥´¨Ö ¸ ±µ´¥Î´µ° ¸±µ·µ¸ÉÓÕ,
¡µ²ÓÏ¥° ¸±µ·µ¸É¨ ¸¢¥É .

• �µ± § ´µ, ÎÉµ ¶·¨·µ¤  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éµ¢ § ±²ÕÎ ¥É¸Ö ¢ ¸¤¢¨£ Ì
´ Î ²  µÉ¸Î¥É  ±µµ·¤¨´ É ¨ ¢·¥³¥´¨ ¤²Ö ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³Ò ¨ ÎÉµ ¢µ§³µ¦´Ò
¤·Ê£¨¥ Ê¸²µ¢¨Ö ¨§³¥·¥´¨Ö, ¶·¨ ±µÉµ·ÒÌ ÔÉ¨ ÔËË¥±ÉÒ µÉ¸ÊÉ¸É¢ÊÕÉ.

• �µ± § ´µ, ÎÉµ ¶·¥µ¡· §µ¢ ´¨¥ ‹µ·¥´Í  ¤²Ö 4-¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢Ò¶µ²-
´Ö¥É¸Ö ¢ · ³± Ì ¶µ¤Ìµ¤ .
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• �·¥¤²µ¦¥´ ¨§¢¥¸É´Ò° ¢ ¶·µ¥±É¨¢´µ° £¥µ³¥É·¨¨ ¨´¢ ·¨ ´É ¸²µ¦´µ£µ
µÉ´µÏ¥´¨Ö Î¥ÉÒ·¥Ì ÉµÎ¥± ¨ ´µ¢µ¥ ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö.

�¢Éµ· ¢Ò· ¦ ¥É ¡² £µ¤ ·´µ¸ÉÓ �. �. —¥¶² ±µ¢Ê ¨ �. ‚. �µ£ Î¥¢¸±µ³Ê § 
¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö ¨ ¶µ³µÐÓ ¢ · ¡µÉ¥.
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