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ˆ´¸É¨ÉÊÉ ±µ¸³¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ���, Œµ¸±¢ 

�. Œ. ‘´¨£¨·¥¢

� ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ ¨³. „. ‚. ‘±µ¡¥²ÓÍÒ´ 

Œƒ“, Œµ¸±¢ 

� ¸¸³ É·¨¢ ¥É¸Ö £¨¤·µ¤¨´ ³¨Î¥¸± Ö É¥µ·¨Ö ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö ¶·¨ ¢Ò-
¸µ±¨Ì Ô´¥·£¨ÖÌ. �·¨¢µ¤¨É¸Ö ±· É± Ö ¨¸Éµ·¨Î¥¸± Ö ¸¶· ¢±  µ · §¢¨É¨¨ ÔÉµ° É¥µ·¨¨, ´ Î¨´ Ö ¸
µ¸´µ¢µ¶µ² £ ÕÐ¨Ì ¨¤¥° ƒ¥°§¥´¡¥·£ , ”¥·³¨, ‹ ´¤ Ê, ¨ ¶·µ¸²¥¦¨¢ ¥É¸Ö É¥¸´ Ö ¸¢Ö§Ó ¥¥ µ¸´µ¢´ÒÌ
¨¤¥° ¸ ±µ´Í¥¶Í¨¥° ±¢ ·±-£²Õµ´´µ° ¶² §³Ò. �¡¸Ê¦¤ ÕÉ¸Ö ¢µ¶·µ¸Ò ¤¨ £´µ¸É¨±¨ ±¢ ·±-£²Õµ´´µ°
¶² §³Ò ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. �·¨¢µ¤ÖÉ¸Ö ¢µ§³µ¦´Ò¥ ¨´É¥·¶·¥É Í¨¨ µ¸µ¡¥´´µ¸É¥°,
´ ¡²Õ¤ ¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨³ ¸Éµ²±´µ¢¥´¨Ö³ Ö¤¥· ´  Ê¸±µ·¨É¥²ÖÌ
SPS ¨ RHIC, ¨ µ¡¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ´ ¡²Õ¤¥´¨Ö ¨ ¨¸¸²¥¤µ¢ ´¨Ö ¸¢µ°¸É¢ ±¢ ·±-£²Õµ´´µ°
¶² §³Ò ´  ±µ²² °¤¥·¥ LHC. �  µ¸´µ¢¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨ ¸Éµ²±´µ¢¥´¨° ´¥°É·µ´´ÒÌ
§¢¥§¤ ¨ Î¥·´ÒÌ ¤Ò· µ¡ÑÖ¸´ÖÕÉ¸Ö µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ¸³¨Î¥¸±¨Ì γ-¢¸¶²¥¸±µ¢.

We provide an overview of the hydrodynamic theory of multiple production processes at high
energies. The short historical excursus to this theory development from the fundamental conceptions
of Heisenberg, Fermi, Landau to the present-day status is given and the close connection between
its main ideas and quark-gluon plasma conception is traced. The problems of quark-gluon plasma
diagnostics in nucleus-nucleus interactions are discussed. We present the possible interpretations
of peculiarities being observed in ultrarelativistic nuclei collisions experiments at accelerators SPS
and RHIC and discuss the prospects for the observation and investigation of quark-gluon plasma
properties at collider LHC. The main features of cosmic γ-�ashes-up are explained in the framework
of hydrodynamic theory of collisions of neutron stars and black holes.

‚‚…„…�ˆ…

� Î ²µ ´µ¢µ£µ ÉÒ¸ÖÎ¥²¥É¨Ö ¸µ¢¶ ²µ ¸ Õ¡¨²¥Ö³¨ ´¥±µÉµ·ÒÌ  ¸¶¥±Éµ¢ ËÊ´-
¤ ³¥´É ²Ó´µ° Ë¨§¨±¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ µ¸´µ¢ ´¨¥³ ¤²Ö ¨¸¸²¥¤µ¢ ´¨° ´ 
Ê¸±µ·¨É¥²ÖÌ ¨ ¢  ¸É·µË¨§¨±¥. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ¡Ê¤¨²µ  ¢Éµ·µ¢ µÉ´µ¸¨-
É¥²Ó´µ ±· É±µ ¨§²µ¦¨ÉÓ É¥µ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ Ö¢²¥-
´¨ÖÌ, ±µÉµ·Ò¥ ¥Ð¥ 50Ä60 ²¥É ´ § ¤ ± § ²¨¸Ó Ë ´É §¨¥° ¢Ò¤ ÕÐ¨Ì¸Ö Ë¨§¨±µ¢
¢Éµ·µ° ¶µ²µ¢¨´Ò XX ¢¥±  Å ƒ¥°§¥´¡¥·£ , ”¥·³¨ ¨ ‹ ´¤ Ê. ‚ ¶µ¸²¥¤´¥¥
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¤¥¸ÖÉ¨²¥É¨¥ ¶·µ¨§µÏ¥² É ±¦¥ ´¥µ¦¨¤ ´´Ò° ¶µ¢µ·µÉ ¢  ¸É·µË¨§¨±¥. ‡ £ ¤µÎ-
´Ò¥ ±µ¸³¨Î¥¸±¨¥ γ-¢¸¶²¥¸±¨, ¢Ò§¢ ´´Ò¥, ´¥¸µ³´¥´´µ, ³ ±·µ¸±µ¶¨Î¥¸±¨³¨
É¥² ³¨ (¸ ³ ¸¸µ°, ¶·¥¢ÒÏ ÕÐ¥° ³ ¸¸Ê ‘µ²´Í  M�), É ±¦¥ ³µ£ÊÉ ¡ÒÉÓ ¨´-
É¥·¶·¥É¨·µ¢ ´Ò ´  µ¸´µ¢¥ ³¥Éµ¤¨±¨, · §¢¨Éµ° ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¸Éµ²±´µ¢¥´¨°
³¨±·µ¸±µ¶¨Î¥¸±¨Ì É¥² (¸³. · §¤. 9). „¥²µ ¶·¨´Ö²µ ¤ ¦¥ ´¥¸±µ²Ó±µ ±µ³¨Î¥-
¸±¨° µ¡µ·µÉ. �¸É·µË¨§¨±¨ § ¨³¸É¢µ¢ ²¨ (· §Ê³¥¥É¸Ö, ¡¥§ ¸¸Ò²µ±) ¨§ ³¨±·µ-
Ë¨§¨±¨ É¥·³¨´ Ë °e·¡µ² (ˇreball), ±µÉµ·Ò° ¨¸¶µ²Ó§µ¢ ²¸Ö ³´µ£µ ¤¥¸ÖÉ¨²¥É¨°
Éµ³Ê ´ § ¤ ¤²Ö ¨´É¥·¶·¥É Í¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í.

‚¸¥ µÉ³¥Î¥´´Ò¥ ¸µ¢¶ ¤¥´¨Ö, ´ ·Ö¤Ê ¸ ¢ ¦´µ¸ÉÓÕ µ¸´µ¢´ÒÌ ¶·µ¡²¥³, µ¡-
¸Ê¦¤ ¥³ÒÌ ¢ ¸É ÉÓ¥ (¸Éµ²±´µ¢¥´¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨ ¨µ´µ¢,   É ±¦¥
¨´É¥·¶·¥É Í¨Ö ¢µ§´¨±´µ¢¥´¨Ö γ-¢¸¶²¥¸±µ¢), ¶µ¸²Ê¦¨²¨ ¸É¨³Ê²µ³ ¤²Ö ´ ¶¨-
¸ ´¨Ö µ¡§µ· .

‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ³¥Éµ¤¨±¨ ¨¸¸²¥¤µ¢ ´¨° ³¨-
±·µÎ ¸É¨Í (Ê¸±µ·¨É¥²Ó´ Ö Ë¨§¨± ) ¨ ³ ±·µÉ¥² ( ¸É·µË¨§¨± ) ´ Î ²¨ ¡Ò¸É·µ
¸¡²¨¦ ÉÓ¸Ö.

1. ��…„‹�†…�ˆ… ƒ…‰‡…��…�ƒ� �� ˆ‘��‹œ‡�‚��ˆ�
ƒˆ„��„ˆ��ŒˆŠˆ „‹Ÿ ��ˆ‘��ˆŸ Œ��†…‘’‚…��›•

���–…‘‘�‚ (1936Ä1952)

� Î ²µ 30-Ì ££. XX ¢. µ§´ ³¥´µ¢ ²µ¸Ó ´¥¸±µ²Ó±¨³¨ ËÊ´¤ ³¥´É ²Ó´Ò³¨
µÉ±·ÒÉ¨Ö³¨, µ¶·¥¤¥²¨¢Ï¨³¨ · §¢¨É¨¥ Ö¤¥·´µ° Ë¨§¨±¨ ´  ³´µ£¨¥ ¤¥¸ÖÉ¨²¥-
É¨Ö. ŒÒ µ£· ´¨Î¨³¸Ö §¤¥¸Ó, ¶µ¦ ²Ê°, Éµ²Ó±µ ¤¢Ê³Ö Å µÉ±·ÒÉ¨¥³ ´¥°É·µ-
´  (1932) ¨ ·µ¦¤¥´¨¥³ ¢ µ¤´µ³  ±É¥ ³´µ£¨Ì Î ¸É¨Í (³´µ¦¥¸É¢¥´´Ò¥ ¶·µ-
Í¥¸¸Ò) [1,2]. ‘ÊÉÓ ¶·µ¡²¥³Ò Ö¸´ : µ¡´ ·Ê¦¨²¨¸Ó ´µ¢Ò¥ Ô²¥±É·µ´¥°É· ²Ó´Ò¥
Î ¸É¨ÍÒ (´¥°É·µ´Ò), ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ±µÉµ·ÒÌ µ¤´µ¢·¥³¥´´µ ·µ¦¤ ²µ¸Ó
´¥¸±µ²Ó±µ Î ¸É¨Í Å ¢ ¶·µÉ¨¢µ·¥Î¨¨ ¸ Ô²¥±É·µ¤¨´ ³¨±µ°, ¢ · ³± Ì ±µÉµ-
·µ° ¢§ ¨³µ¤¥°¸É¢¨e ¤¢ÊÌ Ô²¥±É·µ´µ¢ ¶·¨¢µ¤¨²µ ± µ¡· §µ¢ ´¨Õ Éµ²Ó±µ µ¤´µ£µ
ËµÉµ´ .

�¥·¢Ò³¨, ±Éµ ¶ÒÉ ²¸Ö · §·¥Ï¨ÉÓ ¶·µ¡²¥³Ê, ¡Ò²¨ 	µ·´ ¨ ˆ´Ë¥²Ó¤ [3].
�´¨ µ¶¨· ²¨¸Ó ´  ±² ¸¸¨Î¥¸±ÊÕ Ô²¥±É·µ¤¨´ ³¨±Ê Œ ±¸¢¥²² Ä‹µ·¥´Í , ¢
· ³± Ì ±µÉµ·µ° ¢µ§´¨± ¥É ¡¥¸±µ´¥Î´µ¥ §´ Î¥´¨¥ ³ ¸¸Ò Ô²¥±É·µ´ . �µÔÉµ³Ê
´  · ¸¸ÉµÖ´¨ÖÌ ³¥´ÓÏ¥ r0 ∼ e2/me ∼ 10−13 ¸³ (¶·¨ � = c = 1) ¸²¥¤Ê¥É ÊÎ¨-
ÉÒ¢ ÉÓ ±¢ ´Éµ¢ÊÕ Ë¨§¨±Ê. ‚ · ³± Ì É¥µ·¨¨ 	µ·´ Äˆ´Ë¥²Ó¤  Î ¸É¨ÍÒ Ö¢²Ö-
ÕÉ¸Ö µ¸µ¡Ò³¨ ÉµÎ± ³¨ Ô²¥±É·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°. Š·µ³¥ Éµ£µ, ±² ¸-
¸¨Î¥¸± Ö Ô²¥±É·µ¤¨´ ³¨±  ´¥ ³µ¦¥É µ¶¨¸ ÉÓ ³´µ¦¥¸É¢¥´´Ò¥ ¶·µÍ¥¸¸Ò.

‚ ¸¢Ö§¨ ¸ ¢µ§´¨±Ï¥° ¶·µ¡²¥³µ° ƒ¥°§¥´¡¥·£∗ [4] µ¡· É¨² ¢´¨³ ´¨¥ ´  Éµ,
ÎÉµ É¥µ·¨Õ 	µ·´ Äˆ´Ë¥²Ó¤  ¸²¥¤Ê¥É ³µ¤¨Ë¨Í¨·µ¢ ÉÓ: § ³¥´¨ÉÓ Ô²¥±É·µ´Ò

∗‚ 2001 £. µÉ³¥Î ²¨¸Ó ¸Éµ²¥É´¨¥ Õ¡¨²¥¨ ƒ¥°§¥´¡¥·£  ¨ ”¥·³¨.
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¨ ¶µ§¨É·µ´Ò ´  ¶·µÉµ´Ò ¨ ´¥°É·µ´Ò,   ËµÉµ´Ò Å ´  ³¥§µ´Ò, ¤µ¶Ê¸± Ö
¸ÊÐ¥¸É¢¥´´ÊÕ ´¥²¨´¥°´µ¸ÉÓ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö (³¥§µ´Ä³¥§µ´). �É  £¨¶µÉ¥§ 
µ¡ÑÖ¸´Ö²  µ¡· §µ¢ ´¨¥ ³´µ¦¥¸É¢  Î ¸É¨Í ¢ ¶·µÍ¥¸¸ Ì. �¤´ ±µ ¢ · ¸¶µ·Ö-
¦¥´¨¨ ƒ¥°§¥´¡¥·£  ´¥ ¡Ò²µ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¢§ ¨³µ¤¥°¸É¢¨¨
³¥§µ´µ¢, ¶µÔÉµ³Ê µ´ ¶µ  ´ ²µ£¨¨ ¸ β-· ¸¶ ¤µ³ ¤µ¶Ê¸É¨², ÎÉµ ² £· ´¦¨ ´
¢§ ¨³µ¤¥°¸É¢¨Ö ³¥§µ´µ¢ ¨³¥¥É Ëµ·³Ê

L = l−4

√√√√1 + l4

[(
dϕ

dt

)2

− (gradϕ)2
]
, (1)

£¤¥ l Å ±µ´¸É ´É , ¨³¥ÕÐ Ö · §³¥·´µ¸ÉÓ ¤²¨´Ò. �·¨ · ¸Î¥É Ì ƒ¥°§¥´¡¥·£

¶µ² £ ² l =
1

mπ
(mπ Å ³ ¸¸  ¶¨µ´ ). �É  ËÊ´±Í¨Ö ¨³¥¥É ¸²¥¤ÊÕÐ¨¥ µ¸µ¡¥´-

´µ¸É¨. …¸²¨ Ô´¥·£¨Ö ¸Éµ²±´µ¢¥´¨Ö ´¥¢¥²¨±  (E0 ∼ 1
l
, E0 Å ¶µ²´ Ö Ô´¥·£¨Ö

¢ ¸. Í. ³.), Éµ ¥¥ ³µ¦´µ · §²µ¦¨ÉÓ ¢ ·Ö¤ ¶µ ¸É¥¶¥´Ö³ l, Éµ£¤  ¢ ¶¥·¢µ³ ¶·¨-
¡²¨¦¥´¨¨ Ê· ¢´¥´¨Ö ¸É ´µ¢ÖÉ¸Ö ²¨´¥°´Ò³¨. ‚ ¸²ÊÎ ¥ ¦¥ ¡µ²ÓÏ¨Ì Ô´¥·£¨°(

E0 � 1
l

)
¸ÊÐ¥¸É¢¥´´Ò ´¥²¨´¥°´Ò¥ Î²¥´Ò, ¨ ¢¸Ö Ô´¥·£¨Ö ¶¥·¥Ìµ¤¨É ¢ ³ ¸¸Ê

³¥§µ´µ¢,   ¶µ²´ Ö ³´µ¦¥¸É¢¥´´µ¸ÉÓ

N ≈ E0

mπ
. (2)

‚ ¤ ²Ó´¥°Ï¥³ (¶µ¸²¥ ¢µ°´Ò) ƒ¥°§¥´¡¥·£ ´¥µ¤´µ±· É´µ ¢µ§¢· Ð ²¸Ö ± ¨¸-
¸²¥¤µ¢ ´¨Õ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢ [5Ä7], ¨ ¥£µ É¥µ·¨Ö ¶µ²ÊÎ¨²  ¶·µ¸ÉÊÕ
Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ. ‚ ´ Î ²Ó´Ò° ³µ³¥´É ¶µ¸²¥ ¸Éµ²±´µ¢¥´¨Ö ¢ ¸¨-
¸É¥³¥ Ê¸É ´ ¢²¨¢ ¥É¸Ö ¸É É¨¸É¨Î¥¸±µ¥ · ¢´µ¢¥¸¨¥ ¨ ´¥± Ö Ô´É·µ¶¨Ö, ±µÉµ· Ö
µ¶·¥¤¥²Ö¥É¸Ö §´ Î¥´¨¥³ E0. ˆ§-§  ¸¨²Ó´µ£µ ¤ ¢²¥´¨Ö ¨ ´¥²¨´¥°´µ¸É¨ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¸¨¸É¥³  · ¸Ï¨·Ö¥É¸Ö, Î¨¸²µ Î ¸É¨Í ¢µ§· ¸É ¥É ¨ ¤µ¸É¨£ ¥É ³ ±-
¸¨³ ²Ó´µ£µ §´ Î¥´¨Ö (2). �µ ¸ÊÐ¥¸É¢Ê, ¢ ¸¢µ¥° ³µ¤¥²¨ ƒ¥°§¥´¡¥·£ ¢¶¥·¢Ò¥
¢¢¥² ¤²Ö µ¶¨¸ ´¨Ö ³¨±·µ¸±µ¶¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ³¥Éµ¤Ò ³ ±·µ¸±µ¶¨Î¥¸±µ°
Ë¨§¨±¨ Å £¨¤·µ¤¨´ ³¨±Ê. ˆ ÌµÉÖ (± ± ÔÉµ ¡Ê¤¥É ¶µ± § ´µ ¤ ²¥¥) ±µ£¥·¥´É´ Ö
É¥µ·¨Ö ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢, ¶·¥¤²µ¦¥´´ Ö ƒ¥°§¥´¡¥·£µ³, ´¥ ¸µ£² ¸Ê-
¥É¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³, ¨¤¥Ö µ ¸¢Ö§¨ ³¥¦¤Ê ³¨±·µ- ¨ ³ ±·µ¸±µ¶¨Î¥¸±¨³¨ Ö¢²¥-
´¨Ö³¨ ¨³¥¥É £²Ê¡µ±¨° ¸³Ò¸². ŒÒ ¶·¨¢¥¤¥³ ¢ µ·¨£¨´ ²¥ ¶·µ·µÎ¥¸±µ¥ § ³¥Î -
´¨¥, § ¨³¸É¢µ¢ ´´µ¥ ¨§ ¸É ÉÓ¨ [5], µ ¸¢Ö§¨ ³¥¦¤Ê ³¨±·µ- ¨ ³ ±·µÖ¢²¥´¨Ö³¨:
®Es darf erwartet werden, dass in Zukunft die Begriffe der makroskopischen nicht-
linearen Physik erfolgreich auf die Beschreihung mikroskopischen Phéanomens
angewandet werden kéonnen¯. (®Œµ¦´µ µ¦¨¤ ÉÓ, ÎÉµ ³ ±·µ¸±µ¶¨Î¥¸± Ö ´¥-
²¨´¥°´ Ö Ë¨§¨±  ¡Ê¤¥É Ê¸¶¥Ï´µ ¨´É¥·¶·¥É¨·µ¢ ÉÓ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ ¶·µ-
Í¥¸¸Ò¯.)
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2. ��…„‹�†…�ˆ… ”…�Œˆ � ��ˆŒ…�…�ˆˆ
‘’�’ˆ‘’ˆ—…‘Š�‰ ”ˆ‡ˆŠˆ „‹Ÿ ��ˆ‘��ˆŸ

Œ��†…‘’‚…��›• ���–…‘‘�‚ (1950)

Š ¸µ¦ ²¥´¨Õ, ´¥¸³µÉ·Ö ´  ±· ¸µÉÊ ¨¤¥° ƒ¥°§¥´¡¥·£ , Ê¦¥ ± ´ Î ²Ê
50-Ì ££. ´ ³¥É¨²µ¸Ó ¶·µÉ¨¢µ·¥Î¨¥ ³¥¦¤Ê ¥£µ µ¸´µ¢´Ò³ ·¥§Ê²ÓÉ Éµ³ (2) ¨
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶µ²ÊÎ¥´´Ò³¨ ´  Ê¸±µ·¨É¥²ÖÌ, ¶µ¸É·µ¥´´ÒÌ
¢ Œµ¸±¢¥ ¨ 	¥·±²¨. Œ´µ¦¥¸É¢¥´´µ¸ÉÓ (2) µ± § ² ¸Ó ¸²¨Ï±µ³ ¡µ²ÓÏµ°, ¶µ-
ÔÉµ³Ê ¶µÖ¢¨²¨¸Ó ´µ¢Ò¥ ³µ¤¥²¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢. ‚ ÔÉµ³ · §¤¥²¥ ³Ò
±· É±µ µ¸É ´µ¢¨³¸Ö ´  É¥µ·¨¨, ¶·¥¤²µ¦¥´´µ° ”¥·³¨ [8Ä10].

“¦¥ ¢ ¶¥·¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¡µÉ Ì, ¶µ¸¢ÖÐ¥´´ÒÌ ³´µ¦¥¸É¢¥´´Ò³
¶·µÍ¥¸¸ ³ (¸³., ´ ¶·¨³¥·, [8]), ¡Ò²¨ ¶µ²ÊÎ¥´Ò Ê± § ´¨Ö ´  Éµ, ÎÉµ Ëµ·³Ê² 
(2) ¶·¥¤¸± §Ò¢ ¥É ¸²¨Ï±µ³ ¡µ²ÓÏÊÕ ³´µ¦¥¸É¢¥´´µ¸ÉÓ.

”¥·³¨ ¢ ¸¢µ¥° ³µ¤¥²¨ µ¸´µ¢Ò¢ ²¸Ö ´  ¤¢ÊÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¤µ¶ÊÐ¥-
´¨ÖÌ.

1. ‚Éµ·¨Î´Ò¥ Î ¸É¨ÍÒ ¶µ¸²¥ ¨Ì ·µ¦¤¥´¨Ö µ¡· §ÊÕÉ ¨¤¥ ²Ó´Ò° £ §. ‘²¥-
¤µ¢ É¥²Ó´µ, ¶µ¸²¥ ·µ¦¤¥´¨Ö µ´¨ ´¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ³¥¦¤Ê ¸µ¡µ° ¨ ´¥ ¢µ§-
´¨± ¥É ´¥²¨´¥°´µ¸É¨, ¶·¨¢µ¤ÖÐ¥° ± ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨ (2).

2. ‚ ¡µ²ÓÏ¥° Î ¸É¨ Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨° ¶·µÍ¥¸¸ · §¢¨¢ ¥É¸Ö ¢
²µ·¥´Í-¸¦ Éµ³ µ¡Ñ¥³¥ ¸ ¶·µ¤µ²Ó´Ò³ · ¸¸ÉµÖ´¨¥³

r‖ ≈ mπ

E0

�

mπc
≈ 1

E0
. (3)

‚ ³µ¤¥²¨, ¶·¥¤²µ¦¥´´µ° ”¥·³¨, ¢¸¥ ¤¥°¸É¢¨¥ · §¢µ· Î¨¢ ¥É¸Ö ¢ ¤¨¸±¥ ¸ · -

¤¨Ê¸µ³
1

mπ
¨ Éµ²Ð¨´µ°

1
E0

.

�µ¸±µ²Ó±Ê ¢ ¤ ´´µ° ³µ¤¥²¨ £ §, µ¡· §µ¢ ´´Ò° ¢ ¤¨¸±¥, ¨¤¥ ²¥´, Éµ ¶²µÉ-
´µ¸ÉÓ Ô´¥·£¨¨ £ §  ∼ T 4. ‘²¥¤µ¢ É¥²Ó´µ, E0 ∼ T 4V (V ∼ (m2

πE0)−1 Å
µ¡Ñ¥³, ¢ ±µÉµ·µ³ ±µ´Í¥´É·¨·Ê¥É¸Ö £ § ¢Éµ·¨Î´ÒÌ Î ¸É¨Í). ‚ ÔÉµ³ ¸²ÊÎ ¥
±µ´Í¥´É· Í¨Ö Î ¸É¨Í

n ∼ T 3 ∼ E
3/2
0 ,

  ¶µ²´µ¥ Î¨¸²µ Î ¸É¨Í

N ≈ nV ∼
(

E0

mπ

)1/2

, (4)

ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥, Î¥³ ¢ ³µ¤¥²¨ ƒ¥°§¥´¡¥·£ . � §´¨Í  µ¡ÑÖ¸´Ö¥É¸Ö,
¶·¥¦¤¥ ¢¸¥£µ, µÉ¸ÊÉ¸É¢¨¥³ ´¥²¨´¥°´µ¸É¨ (¢Ö§±µ¸É¨) ¢ ¨¤¥ ²Ó´µ³ £ §¥, ¨¸¶µ²Ó-
§µ¢ ´´µ³ ”¥·³¨ ¢ ± Î¥¸É¢¥ µ¸´µ¢´µ° Ëµ·³Ò ¢¥Ð¥¸É¢ . �¤´ ±µ ¸Éµ²Ó Ô±¸É·¥-
³¨¸É¸±µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ É ±¦¥ ¶·µÉ¨¢µ·¥Î¨²µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ · ¸¶·¥-
¤¥²¥´¨Ö³ ¶µ Ê£² ³ ¨ Ô´¥·£¨Ö³.
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3. ��…„‹�†…�ˆ… ‹��„�“ �� ˆ�’…���…’�–ˆˆ
Œ��†…‘’‚…��›• ���–…‘‘�‚ �� �‘��‚…

�…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ ƒˆ„��„ˆ��ŒˆŠˆ
ˆ Š�ˆ’ˆ—…‘Š�… ˆ‡‹�†…�ˆ… �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰

ƒˆ„��„ˆ��Œˆ—…‘Š�‰ ’…��ˆˆ (1952)∗

�¸´µ¢´ Ö ¨¤¥Ö É¥µ·¨¨ ‹ ´¤ Ê § ±²ÕÎ ¥É¸Ö ¢ ´¥±µÉµ·µ³ ®Ë¨§¨Î¥¸±µ³
Ê¸·¥¤´¥´¨¨¯ µ¸´µ¢´ÒÌ ¶µ¸ÉÊ² Éµ¢ ”¥·³¨ ¨ ƒ¥°§¥´¡¥·£ . �´ ¶·¥¤¶µ²µ¦¨²,
ÎÉµ ²µ·¥´Í-¸¦ ÉÒ° µ¡Ñ¥³, ¶·¥¤²µ¦¥´´Ò° ”¥·³¨ ¤²Ö µ¶¨¸ ´¨Ö ³´µ¦¥¸É¢¥´-
´ÒÌ ¶·µÍ¥¸¸µ¢, Ö¢²Ö¥É¸Ö ²¨ÏÓ ´ Î ²Ó´Ò³ ¸µ¸ÉµÖ´¨¥³ ¸¨¸É¥³Ò. ‚ ¤ ²Ó´¥°-
Ï¥³ ¸µ¢µ±Ê¶´µ¸ÉÓ Î ¸É¨Í ´¥ Ö¢²Ö¥É¸Ö ¸¢µ¡µ¤´Ò³ £ §µ³,   · §²¥É ¥É¸Ö ¢ ¸µ-
µÉ¢¥É¸É¢¨¨ ¸ § ±µ´ ³¨ ·¥²ÖÉ¨¢¨¸É¸±µ° £¨¤·µ¤¨´ ³¨±¨. �µ ¢ µÉ²¨Î¨¥ µÉ ƒ¥°-
§¥´¡¥·£  ‹ ´¤ Ê ¶µ² £ ², ÎÉµ ¢µ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸ Ì £¨¤·µ¤¨´ ³¨± 
· ¸¸³ É·¨¢ ¥É ¤¢¨¦¥´¨¥ ¨¤¥ ²Ó´µ° ¦¨¤±µ¸É¨, É. ¥. Ô´É·µ¶¨Ö ¥¥ µ¸É ¥É¸Ö ´¥¨§-
³¥´´µ°, ¶µÔÉµ³Ê ¸·¥¤´ÖÖ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¢Ò· ¦ ¥É¸Ö Ëµ·³Ê²µ° (4), ±µÉµ· Ö
¶·¨¡²¨§¨É¥²Ó´µ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

ˆ§²µ¦¨³ ¤ ²¥¥ ±· É±µ ±µ²¨Î¥¸É¢¥´´ÊÕ ¸Éµ·µ´Ê £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ-
·¨¨. “· ¢´¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ° £¨¤·µ¤¨´ ³¨±¨ ¨³¥ÕÉ ¢¨¤

∂Tik

∂xk
= 0. (5)

„µ¶Ê¸É¨³, ÎÉµ ¢Ö§±µ¸ÉÓ ·¥²ÖÉ¨¢¨¸É¸±µ° ¦¨¤±µ¸É¨ ¶·¥´¥¡·¥¦¨³µ ³ ² ,
Éµ£¤  ¤²Ö É¥´§µ·  ¶²µÉ´µ¸É¨ Ô´¥·£¨¨-¨³¶Ê²Ó¸  Tik ¶µ²ÊÎ¨³

Tik = ωuiuk − pgik, (6)

£¤¥ ω = ε + p Å É¥¶²µ¢ Ö ËÊ´±Í¨Ö ¥¤¨´¨ÍÒ µ¡Ñ¥³ ; ui Å 4-¸±µ·µ¸ÉÓ
(g11 = g22 = g33 = −1, g00 = 1); p Å ¤ ¢²¥´¨¥; ε Å ¶²µÉ´µ¸ÉÓ Ô´¥·-
£¨¨; ±µ³¶µ´¥´É  4-¸±µ·µ¸É¨ ui = vi(1 − v2)−1/2; v Å µ¡ÒÎ´ Ö ¸±µ·µ¸ÉÓ;
u0 = (1− v2)−1/2 Å ²µ·¥´Í-Ë ±Éµ· Ô²¥³¥´É  ¦¨¤±µ¸É¨. �¥Ï¥´¨¥ Ê· ¢´¥´¨°
(5) ¨ (6) § ¢¨¸¨É µÉ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö. �¡ÒÎ´µ ¶·¨´¨³ ÕÉ Ê· ¢´¥´¨¥,
¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¤¢¨¦¥´¨Õ ·¥²ÖÉ¨¢¨¸É¸±µ° ¦¨¤±µ¸É¨: p = ε/3. �·¥¨³ÊÐ¥-
¸É¢µ Ê· ¢´¥´¨Ö (6) ¸· ¢´¨É¥²Ó´µ ¸ ³¥Éµ¤¨±µ°, ¶·¥¤²µ¦¥´´µ° ƒ¥°§¥´¡¥·£µ³,
§ ±²ÕÎ ¥É¸Ö ¢ µÉ¸ÊÉ¸É¢¨¨ ¸¨²Ó´µ° ´¥²¨´¥°´µ¸É¨, ¶·¨¢µ¤ÖÐ¥° ± ·µ¦¤¥´¨Õ
´µ¢ÒÌ Î ¸É¨Í. �¤´ ±µ ¨¸¶µ²Ó§µ¢ ´¨¥ £¨¤·µ¤¨´ ³¨±¨ (¢ µÉ²¨Î¨¥ µÉ Ë¥·³¨-
¥¢¸±µ£µ ¶µ¤Ìµ¤ ) ¶·¨¢µ¤¨É ± ¶¥·¥· ¸¶·¥¤¥²¥´¨Õ µÉ´µ¸¨É¥²Ó´ÒÌ 4-¨³¶Ê²Ó¸µ¢
Î ¸É¨Í. � ¸±µ²Ó±µ ´ ³ ¨§¢¥¸É´µ, ·¥²ÖÉ¨¢¨¸É¸± Ö £¨¤·µ¤¨´ ³¨±  ¤²Ö µ¶¨-
¸ ´¨Ö Ô¢µ²ÕÍ¨¨ ³¨±·µµ¡Ñ¥±Éµ¢ ¨¸¶µ²Ó§µ¢ ´  ¢¶¥·¢Ò¥ ¢ ¤ ´´µ° É¥µ·¨¨ ¨
Ö¢²Ö¥É¸Ö Ö·±¨³ ¶µ¤É¢¥·¦¤¥´¨¥³ ¶·µÍ¨É¨·µ¢ ´´µ° · ´¥¥ ³Ò¸²¨ ƒ¥°§¥´¡¥·£ 
µ £²Ê¡µ±µ° ¢§ ¨³µ¸¢Ö§¨ ³¥¦¤Ê ³¨±·µ- ¨ ³ ±·µË¨§¨±µ° (¸³. É ±¦¥ · §¤. 9).

∗‚ 1952 £. ‹ ´¤ Ê ¸¤¥² ² ¤µ±² ¤, ±µÉµ·Ò° ¡Ò² µ¶Ê¡²¨±µ¢ ´ ¢ 1953 £. [11].
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„µ ¸¨Ì ¶µ· ³Ò ´¥ · ¸Ï¨Ë·µ¢Ò¢ ²¨ ¶·¨·µ¤Ê ¢Éµ·¨Î´ÒÌ Î ¸É¨Í, ÊÎ ¸É¢ÊÕ-
Ð¨Ì ¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ³ · §²¥É¥ ¨²¨ µ¡· §µ¢ ´¨¨ ¸É É¨¸É¨Î¥¸±µ° ¸¨¸É¥³Ò.
‚µ ¢·¥³¥´  ƒ¥°§¥´¡¥·£ , ”¥·³¨ ¨ ‹ ´¤ Ê ¨§ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î -
¸É¨Í ¡Ò²¨ ¨§¢¥¸É´Ò Éµ²Ó±µ  ¤·µ´Ò, ¨³¥ÕÐ¨¥ · §³¥·Ò, µÉ²¨Î´Ò¥ µÉ ´Ê²Ö, ÎÉµ
¶·¨¢µ¤¨²µ ± ¤µ¶µ²´¨É¥²Ó´Ò³ É·Ê¤´µ¸ÉÖ³ ¶·¨ ¨´É¥·¶·¥É Í¨¨ ³´µ¦¥¸É¢¥´´ÒÌ
¶·µÍ¥¸¸µ¢. �µÔÉµ³Ê ¨¸¸²¥¤µ¢ É¥²¨ ¢Ò¤¢¨£ ²¨ £¨¶µÉ¥§Ò µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ Éµ-
Î¥Î´ÒÌ  ¤·µ´µ¢, ±µÉµ·Ò¥ µ¡ÒÎ´µ ´ §Ò¢ ²¨ ±µ´¸É¨ÉÊ¥´É ³¨, ¨²¨ ¸É · ²¨¸Ó
µ¡Ìµ¤¨ÉÓ ÔÉµÉ ´¥¶·¨ÖÉ´Ò° ¢µ¶·µ¸. � §·¥Ï¥´¨¥ ÔÉµ° ¶·µ¡²¥³Ò ¸É ²µ ¢µ§-
³µ¦´Ò³ ¶µ¸²¥ Ëµ·³Ê²¨·µ¢ ´¨Ö £¨¶µÉ¥§Ò ±¢ ·±µ¢ (ƒ¥²²-Œ ´´ (1964) [12]),
¨ ´ Î¨´ Ö ¸ 1978 £. ¢¥Ð¥¸É¢µ, ÊÎ ¸É¢ÊÕÐ¥¥ ¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ³ · §²¥É¥,
¶µ²ÊÎ¨²µ ´ §¢ ´¨¥ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò [13]. �ÉµÉ É¥·³¨´ ³Ò ¡Ê¤¥³ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¢ ¤ ²Ó´¥°Ï¥³ ¨§²µ¦¥´¨¨.

�¥·¥°¤¥³ ¤ ²¥¥ ±  ´ ²¨§Ê Ô¢µ²ÕÍ¨¨ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¢ · ³± Ì
£¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨. “· ¢´¥´¨Ö (5), (6) µ¶¨¸Ò¢ ÕÉ ¶¥·¥´µ¸ Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ¢ ¨§µ²¨·µ¢ ´´µ° ¸¨¸É¥³¥, ¸¢µ¡µ¤´µ · ¸¶·µ¸É· ´ÖÕÐ¥°¸Ö ¢ ¢ ±ÊÊ³¥.
�µÔÉµ³Ê ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° µ¶·¥¤¥²Ö¥É¸Ö ¨¸±²ÕÎ¨-
É¥²Ó´µ ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨. ‚ ± Î¥¸É¢¥ É ±µ¢ÒÌ ‹ ´¤ Ê
¢Ò¡· ² ²µ·¥´Í-¸¦ ÉÒ° Í¨²¨´¤·, ¶·¥¤²µ¦¥´´Ò° ”¥·³¨. ‚µ ¢·¥³Ö £¨¤·µ¤¨´ -
³¨Î¥¸±µ° ¸É ¤¨¨ É¥³¶¥· ÉÊ·  T Ê³¥´ÓÏ ¥É¸Ö, ¨ ¥¸É¥¸É¢¥´´µ ¤µ¶Ê¸É¨ÉÓ, ÎÉµ
±µ£¤  É¥³¶¥· ÉÊ· 

T ≈ mπ, (7)

Éµ £¨¤·µ¤¨´ ³¨Î¥¸±µ¥ É¥Î¥´¨¥ § ± ´Î¨¢ ¥É¸Ö ¨ ´ Î¨´ ¥É¸Ö ¸¢µ¡µ¤´Ò° · §²¥É
¢Éµ·¨Î´ÒÌ Î ¸É¨Í (¢ µ¸´µ¢´µ³ ¶¨µ´µ¢, ¢µ§´¨±Ï¨Ì ¢ ·¥§Ê²ÓÉ É¥ ±µ´Ë °´-
³¥´É  ±¢ ·±µ¢ ¨ £²Õµ´µ¢). �  ¶ÊÉ¨ ¶µ²ÊÎ¥´¨Ö µ±µ´Î É¥²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢
´ Ìµ¤¨É¸Ö É·Ê¤´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨° (5), (6), ±µÉµ·µ¥ ‹ ´¤ Ê ¢ ¸¢µ¥° ¶¥·¢µ°
· ¡µÉ¥ [11] ¶µ²ÊÎ¨² ¢ ¢¥¸Ó³  £·Ê¡µ³ ¶·¨¡²¨¦¥´¨¨. ‚ ¤ ²Ó´¥°Ï¥³ • ² É´¨±µ¢
[14] ·¥Ï¨² ÔÉ¨ Ê· ¢´¥´¨Ö ¢ µ¤´µ³¥·´µ³ ¶·¨¡²¨¦¥´¨¨, ±µÉµ·µ¥ ¨³¥²µ ²¨ÏÓ
±µ¸¢¥´´µ¥ µÉ´µÏ¥´¨¥ ± ¨¸É¨´´µ³Ê ·¥Ï¥´¨Õ ·¥ ²Ó´µ° É·¥Ì³¥·´µ° § ¤ Î¨.

4. ‘���‘’�‚‹…�ˆ… �Š‘�…�ˆŒ…�’�‹œ�›• „���›• ˆ
ƒˆ„��„ˆ��Œˆ—…‘Š�‰ ’…��ˆˆ

’µÎ´µ¥ ·¥Ï¥´¨¥ É·¥Ì³¥·´ÒÌ Ê· ¢´¥´¨° ·¥²ÖÉ¨¢¨¸É¸±µ° £¨¤·µ¤¨´ ³¨±¨
¶·¨ Ë¥·³¨¥¢¸±¨Ì Ê¸²µ¢¨ÖÌ ¡Ò²µ ¶µ²ÊÎ¥´µ ¢ · ¡µÉ Ì [15, 16]. �¸µ¡¥´´µ¥
¢´¨³ ´¨¥ ¡Ò²µ µ¡· Ð¥´µ ´  ¢ÒÎ¨¸²¥´¨¥ ¶µ¶¥·¥Î´ÒÌ (¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ ²¨-
´¨¨ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö Î ¸É¨Í) · ¸¶·¥¤¥²¥´¨°. ˆ³¥´´µ ¢ · ³± Ì £¨-
¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨ ¡Ò²¨ ¶·¥¤¸± § ´Ò ¤¢¥ Ê´¨± ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨
³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢.

1. �µ¶¥·¥Î´Ò¥ ¨³¶Ê²Ó¸Ò ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ·¥²Ö-
É¨¢¨¸É¸±¨Ì ´Ê±²µ´µ¢ µÉ´µ¸¨É¥²Ó´µ ³ ²Ò ¨ ¶·¨ Ô´¥·£¨ÖÌ E0 ∼ 103 ƒÔ‚ · ¢´Ò
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  〈PT 〉 ¢Éµ·¨Î´ÒÌ Î ¸É¨Í (¶¨µ´µ¢
¨ ± µ´µ¢) µÉ Ô´¥·£¨¨ EL ¢ ². c. ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ´Ê±²µ´µ¢

�¨¸. 2. � ¸¶·¥¤¥²¥´¨Ö ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ ³ dN/dη ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¶·¨ ¸Éµ²±´µ-
¢¥´¨¨ ¤¢ÊÌ ¶·µÉµ´µ¢, s1/2 = E0 ∼ 540 (1) ¨ 53 ƒÔ‚ (2). ‘¶²µÏ´Ò¥ ±·¨¢Ò¥ Å
·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶µ £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨

¤²Ö ¶¨µ´µ¢ ∼ 0, 4 ƒÔ‚,   ¤²Ö ± µ´µ¢ ∼ 0, 6 ƒÔ‚. ‘²¥¤µ¢ É¥²Ó´µ, ¸·¥¤´¨° ¶µ-
¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ 〈PT 〉 ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸µ¢¶ ¤ ¥É ¸ ³ ¸¸µ° ¢Éµ·¨Î´µ°
Î ¸É¨ÍÒ (¸³. ·¨¸. 1).

2. ‡´ Î¥´¨¥ 〈PT 〉 µÎ¥´Ó ¸² ¡µ (¶·¨³¥·´µ ± ± E
1/5
0 ) ¢µ§· ¸É ¥É ¸ Ô´¥·-

£¨¥°. �  ·¨¸. 1 ¶·¥¤¸É ¢²¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ É¥µ·¥É¨Î¥¸±¨¥ ¤ ´´Ò¥ µ
¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì. �  ·¨¸. 2 ¨§µ¡· ¦¥´Ò Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö (· ¸-
¶·¥¤¥²¥´¨Ö ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ ³) ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¤²Ö Ô´¥·£¨° E0 ∼ 53 ¨
540 ƒÔ‚ [17].

‚¥¸Ó³  ¢ ¦´Ò³ ¶·¥¤¸± § ´¨¥³, ¸¤¥² ´´Ò³ ”¥°´¡¥·£µ³ ´  µ¸´µ¢¥ £¨¤·µ-
¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨, Ö¢²Ö¥É¸Ö ÊÉ¢¥·¦¤¥´¨¥, ÎÉµ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¡Ò¸É·ÒÌ
 ¤·µ´µ¢ (¢ Éµ³ Î¨¸²¥ ¨ ´¥°É·µ´µ¢) ¤µ²¦´Ò ·µ¦¤ ÉÓ¸Ö ²¥¶Éµ´Ò ¨ ËµÉµ´Ò [18].
�Éµ Ö¢²¥´¨¥ ¨³¥¥É ¶·µ¸Éµ° Ë¨§¨Î¥¸±¨° ¸³Ò¸²: ±¢ ·±-£²Õµ´´ Ö ¶² §³  ¸µ-
¸Éµ¨É ¨§ Ô²¥±É·µ§ ·Ö¦¥´´ÒÌ Î ¸É¨Í, ¶µÔÉµ³Ê ¶·¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¨ ¤µ²¦´Ò
·µ¦¤ ÉÓ¸Ö ²¥£±¨¥ ®Ô²¥±É·µ³ £´¨É´Ò¥¯ Î ¸É¨ÍÒ. �Éµ ¶·¥¤¸± § ´¨¥, µ¸É ¢Ï¥-
¥¸Ö ¢´ Î ²¥ ¶µÎÉ¨ ´¥§ ³¥Î¥´´Ò³, ¸É ²µ ¨£· ÉÓ ¢¶µ¸²¥¤¸É¢¨¨ µ¸´µ¢µ¶µ² £ Õ-
ÐÊÕ ·µ²Ó ¶·¨ ¨§ÊÎ¥´¨¨ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò (¸³. · §¤. 7).

’ ±¨³ µ¡· §µ³, £¨¤·µ¤¨´ ³¨Î¥¸± Ö É¥µ·¨Ö ¸Éµ²±´µ¢¥´¨° ¡Ò¸É·ÒÌ ´Ê±²µ-
´µ¢ ¶·¥¤¸± § ²  (  ´¥ Éµ²Ó±µ ¨´É¥·¶·¥É¨·µ¢ ² ) µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨
³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢.

�¤´ ±µ ¢¸¥ ¦¥ ¸¨ÉÊ Í¨Ö ´¥ ¡Ò²   ¡¸µ²ÕÉ´µ · ¤Ê¦´µ°.
1. „µ 80-Ì ££. ¨¸¸²¥¤µ¢ ²¨¸Ó, ¢ µ¸´µ¢´µ³, ¸Éµ²±´µ¢¥´¨Ö ´Ê±²µ´µ¢,   ´¥
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ÉÖ¦¥²ÒÌ Ö¤¥·.
2. „µ± § É¥²Ó¸É¢  ¸ÊÐ¥¸É¢µ¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¡Ò²¨ ´¥¤µ¸É -

ÉµÎ´µ Ê¡¥¤¨É¥²Ó´Ò. ‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¡Ò²µ ¸¢Ö§ ´µ ¸
µÉ¸ÊÉ¸É¢¨¥³ Ê¸±µ·¨É¥²¥° ÉÖ¦¥²ÒÌ ¨µ´µ¢. � §¤¥²Ò 7 ¨ 8 ¸É ÉÓ¨ ¶µ¸¢ÖÐ¥´Ò
ÔÉµ³Ê ¢µ¶·µ¸Ê.

5. ����‹…Œ› ƒˆ„��„ˆ��Œˆ—…‘Š�‰ ’…��ˆˆ
ƒ…‰‡…��…�ƒ�Ä‹��„�“

•µÉÖ £¨¤·µ¤¨´ ³¨Î¥¸± Ö É¥µ·¨Ö ¶·¥¤¸± § ²  ¨²¨ µ¡ÑÖ¸´¨²  µ¸´µ¢´Ò¥
Ì · ±É¥·¨¸É¨±¨ ³´µ¦¥¸É¢¥´´ÒÌ ¶·µÍ¥¸¸µ¢, ¢¸¥ ¦¥ µ¸É ² ¸Ó ´¥±µÉµ· Ö ´¥Ê¤µ-
¢²¥É¢µ·¥´´µ¸ÉÓ ¶·µ¨§¢µ²µ³ ¢Ò¡µ·  ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ
· §²¥É  ¢ Ëµ·³¥ ²µ·¥´Í-¸¦ Éµ£µ ¤¨¸±  [19,20].

‘ÊÉÓ ¢µ§· ¦¥´¨° ¸¢µ¤¨É¸Ö ± ¢µ§³µ¦´µ³Ê ¶·µÉ¨¢µ·¥Î¨Õ Éµ²Ð¨´Ò ¨§µ-
²¨·µ¢ ´´ÒÌ ¸²µ¥¢, ´  ±µÉµ·Ò¥ ³µ¦´µ · §¡¨ÉÓ ¶¥·¢¨Î´Ò° ¤¨¸±, ¶·¨´Í¨¶Ê
´¥µ¶·¥¤¥²¥´´µ¸É¨. �Éµ ¸¥·Ó¥§´µ¥ ¢µ§· ¦¥´¨¥ µ¸´µ¢Ò¢ ¥É¸Ö ´  ¤µ¶ÊÐ¥´¨¨
¢µ§³µ¦´µ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¢ · ³± Ì £¨¤·µ¤¨´ ³¨±¨  ¡¸µ²ÕÉ´µ ¨§µ²¨·µ¢ ´-
´ÒÌ ¸²µ¥¢ ¢¥Ð¥¸É¢ . � ¸¸³µÉ·¨³ ÔÉµ ¢µ§· ¦¥´¨¥ ¶µ¤·µ¡´¥¥. …¸²¨ n Å Î¨¸²µ
É ±¨Ì ¸²µ¥¢, Éµ µÎ¥¢¨¤´µ, ÎÉµ ¤²Ö ¢Ò¶µ²´¥´¨Ö ¶·¨´Í¨¶  ´¥µ¶·¥¤¥²¥´´µ¸É¨
¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö Ê¸²µ¢¨¥

n > 1. (8)

‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨, ± ± ¶µ± § ´µ ¢ ±´¨£¥ [21], Î¨¸²µ n Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ-
¢¨Õ

n2 ≈ 7, (9)

ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ¸µµÉ´µÏ¥´¨¥³ (8). �µ µÎ¥¢¨¤´µ, ÎÉµ ³ ²Ò° ®§ ¶ ¸ ¶·µÎ´µ-
¸É¨¯ ÔÉµ£µ ¸µµÉ´µÏ¥´¨Ö ´¥ ³µ¦¥É ¢Ò§¢ ÉÓ ¶µ²´µ£µ Ê¤µ¢²¥É¢µ·¥´¨Ö, ¶µÔÉµ³Ê
´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö (¸¦ ÉÒ° ¤¨¸±), ¢Ò¡· ´´Ò¥ ‹ ´¤ Ê, ³µ¦´µ ¸±µ·¥¥ ¶µ² -
£ ÉÓ ¶µ¸ÉÊ² Éµ³,   ´¥  ±¸¨µ³µ°. ˆ³¥´´µ ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¸É¨³Ê²¨·µ¢ ²µ
·¥²ÖÉ¨¢¨§ Í¨Õ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° ”¥·³¨Ä‹ ´¤ Ê (ÔÉµÉ ¶µ¤Ìµ¤ ¶µ¤·µ¡´µ · ¸-
¸³µÉ·¥´ ´¨¦¥).

6. �…‹Ÿ’ˆ‚ˆ‘’‘Šˆ-ˆ�‚��ˆ��’�›… ��—�‹œ�›… “‘‹�‚ˆŸ

� Î ²Ó´Ò¥ Ê¸²µ¢¨Ö 	Óé¥·±¥´  [22] ¤²Ö £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° (5)
¡Ò²¨ µ¸´µ¢ ´Ò ´  ¶·¥¤¶µ²µ¦¥´¨¨ o ¸ÊÐ¥¸É¢µ¢ ´¨¨ Í¥´É· ²Ó´µ£µ ¶² Éµ ¢
· ¸¶·¥¤¥²¥´¨¨ Î ¸É¨Í ¶µ ¡Ò¸É·µÉ¥ ¢ ´Ê±²µ´-´Ê±²µ´´ÒÌ, ´Ê±²µ´-Ö¤¥·´ÒÌ ¨
Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ. � ²¨Î¨¥ É ±µ£µ ¶² Éµ µ§´ Î ¥É, ÎÉµ Ô¢µ²Õ-
Í¨Ö ¸¨¸É¥³Ò ¢Ò£²Ö¤¨É µ¤¨´ ±µ¢µ ¢µ ¢¸¥Ì ¸¨¸É¥³ Ì µÉ¸Î¥É , ¢ ±µÉµ·ÒÌ µ¡· -
§µ¢ ¢Ï¨¥¸Ö ¢µ§¡Ê¦¤¥´´Ò¥ Ö¤·  ¸· §Ê ¶µ¸²¥ ¸Éµ²±´µ¢¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸µ-
¡µ° ²µ·¥´Í-¸¦ ÉÒ¥ ¤¨¸±¨, Ê¤ ²ÖÕÐ¨¥¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ
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µÉ ÉµÎ±¨ ¸Éµ²±´µ¢¥´¨Ö ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É . …¸²¨ ÔÉµÉ É¨¶ ¸¨³³¥É·¨¨ ¶·¥¤¶µ-
²µ¦¨ÉÓ ¢ ± Î¥¸É¢¥ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°, Éµ £¨¤·µ¤¨´ ³¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¸µ-
Ì· ´ÖÕÉ ¥£µ, ¶·¨¢µ¤Ö ± ¶·µ¸Éµ³Ê ¸±¥°²¨´£µ¢µ³Ê ·¥Ï¥´¨Õ∗. ‚ Î ¸É´µ¸É¨, ¤²Ö
Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨° ¡µ²ÓÏ¨Ì Ö¤¥· ¦¨¤±µ¸ÉÓ ¢¡²¨§¨ µ¸¨ ¸Éµ²±´µ¢¥´¨Ö
z · ¸Ï¨·Ö¥É¸Ö ¶·µ¤µ²Ó´µ ¨ µ¤´µ·µ¤´µ. �²¥³¥´ÉÒ ¦¨¤±µ¸É¨ ¶µ¸·¥¤¨´¥ ¤¢ÊÌ
· §²¥É ÕÐ¨Ì¸Ö ¤¨¸±µ¢ ¶µ±µÖÉ¸Ö, ¢ Éµ ¢·¥³Ö ± ± ´ Ìµ¤ÖÐ¨¥¸Ö ´  · ¸¸ÉµÖ´¨¨
z µÉ ¸·¥¤´¥° ÉµÎ±¨ ¤¢¨¦ÊÉ¸Ö ¸µ ¸±µ·µ¸ÉÓÕ z/t, £¤¥ ¢·¥³Ö t µÉ¸Î¨ÉÒ¢ ¥É¸Ö
µÉ ³µ³¥´É  ¸Éµ²±´µ¢¥´¨Ö. �É  ± ·É¨´  ³µ¤¨Ë¨Í¨·Ê¥É¸Ö ´  ¡µ²ÓÏ¨Ì ¶µ-
¶¥·¥Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ, ¸· ¢´¨³ÒÌ ¸ · ¤¨Ê¸µ³ Ö¤¥·, Å Éa±¨Ì · ¸¸ÉµÖ´¨ÖÌ,
¤µ ±µÉµ·ÒÌ ¤µÏ¥² Ë·µ´É ¢µ²´Ò · §·¥¦¥´¨Ö, ¤¢¨¦ÊÐ¥°¸Ö ¢´ÊÉ·Ó ¸µ ¸±µ-
·µ¸ÉÓÕ §¢Ê± . „²Ö ¡
µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ · ¸¸ÉµÖ´¨° ¦¨¤±µ¸ÉÓ · ¸Ï¨·Ö¥É¸Ö
· ¤¨ ²Ó´µ, µÌ² ¦¤ Ö¸Ó ¡Ò¸É·¥¥, Î¥³ ¦¨¤±µ¸ÉÓ, ´ Ìµ¤ÖÐ Ö¸Ö ¡²¨¦¥ ± µ¸¨
¸Éµ²±´µ¢¥´¨Ö.

’ ±¨³ µ¡· §µ³, ¢ ³µ¤¥²¨ 	Óé¥·±¥´  Ëµ·³¨·µ¢ ´¨¥ Î ¸É¨Í ¶·µ¨¸Ìµ¤¨É ´ 
£¨¶¥·¶µ¢¥·Ì´µ¸É¨ µ¤¨´ ±µ¢µ£µ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ τ =

√
t2 − z2,   ¢¸¥

É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ´¥ § ¢¨¸ÖÉ µÉ ¶·µ¸É· ´¸É¢¥´´µ° ¡Ò¸É·µÉÒ

y =
1
2

ln
t + z

t − z
. (10)

�·¨ ¸±¥°²¨´£µ¢µ³ §´ Î¥´¨¨ 4-¸±µ·µ¸É¨ ¦¨¤±µ¸É¨

uµ =
1
τ
{t, 0, 0, z} (11)

¨§ Ê· ¢´¥´¨° (5) µ¶·¥¤¥²Ö¥É¸Ö ¶²µÉ´µ¸ÉÓ Ô´É·µ¶¨¨

s(τ) =
s(τ0)τ0

τ
, (12)

£¤¥ τ0 Å ³µ³¥´É Ëµ·³¨·µ¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò. �·¨ ÔÉµ³ ´¥µ¡Ìµ-
¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ Éµ²Ó±µ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ Éµ¦¤¥¸É¢ 

ε + p = Ts, s =
dp

dT
, (13)

£¤¥ T Å É¥³¶¥· ÉÊ· . �¶·¥¤¥²¥´¨¥ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö É·¥¡Ê¥É¸Ö ¤²Ö ¢Ò-
Î¨¸²¥´¨Ö É¥³¶¥· ÉÊ·Ò. ‚ Î ¸É´µ¸É¨, ¤²Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö
¸µ¸ÉµÖ´¨Ö

p = ε/3, (14)

±µÉµ·µ¥, ± ± ¸²¥¤Ê¥É ¨§ ·¥Ï¥ÉµÎ´ÒÌ · ¸Î¥Éµ¢ (¸³., ´ ¶·¨³¥·, [23]), Ö¢²Ö¥É¸Ö
Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¶·¨ ¢Ò¸µ±¨Ì É¥³¶¥-
· ÉÊ· Ì T ≥ 2Tc (Tc Å É¥³¶¥· ÉÊ·  ±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ ),

∗�¥Ï¥´¨¥, ¨´¢ ·¨ ´É´µ¥ µÉ´µ¸¨É¥²Ó´µ ³ ¸ÏÉ ¡´ÒÌ ¶·¥µ¡· §µ¢ ´¨° (t → λt, z → λz).
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¶µ²ÊÎ¨³

T = T0

(τ0

τ

)1/3

. (15)

�¤´µ ¨§ § ³¥Î É¥²Ó´ÒÌ ¸¢µ°¸É¢ ¸±¥°²¨´£µ¢µ£µ ·¥Ï¥´¨Ö (12) Å ¸µÌ· ´¥-
´¨¥ Ô´É·µ¶¨¨ ´  ¥¤¨´¨ÍÊ ¡Ò¸É·µÉÒ ¢ ¶·µÍ¥¸¸¥ Ô¢µ²ÕÍ¨¨. ‚ ¸ ³µ³ ¤¥²¥, ¢
¸¨¸É¥³¥ µÉ¸Î¥É , ¢ ±µÉµ·µ° Ô²¥³¥´É ¦¨¤±µ¸É¨ ¶µ±µ¨É¸Ö,

d3x = d2x⊥τdy.

’µ£¤  Ô´É·µ¶¨Ö, ¸µ¤¥·¦ Ð Ö¸Ö ¢ ¨´É¥·¢ ²¥ dy µ±µ²µ y = 0, · ¢´ 

dS =
∫

s0d
3x = τs

∫
d2x⊥dy

¨
d

dτ

dS

dy
=

d

dτ
(τs)

∫
d2x⊥ = 0.

�ÉµÉ ·¥§Ê²ÓÉ É ¶µ§¢µ²Ö¥É µÍ¥´¨ÉÓ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨
¡Ò¸É·µÉ. …¸²¨ Ô´É·µ¶¨Ö ¸µÌ· ´Ö¥É¸Ö ¢µ ¢·¥³Ö £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ · ¸Ï¨-
·¥´¨Ö, Éµ Î¨¸²µ ¶¨µ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ (³´µ¦¥¸É¢¥´´µ¸ÉÓ ´  ¥¤¨´¨ÍÊ
¡Ò¸É·µÉÒ) ¶·µ¶µ·Í¨µ´ ²Ó´µ ¶²µÉ´µ¸É¨ Ô´É·µ¶¨¨. ˆ ´ µ¡µ·µÉ, §´ Ö ³´µ¦¥-
¸É¢¥´´µ¸ÉÓ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, ³µ¦´µ µÍ¥´¨ÉÓ ± ± ¶²µÉ´µ¸ÉÓ £²Õµ´µ¢ ¢
´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨, É ± ¨ ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ (É¥³¶¥· ÉÊ·Ê) ¸·¥¤Ò, µ¡· §µ-
¢ ¢Ï¥°¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¸Éµ²±´µ¢¥´¨Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· (¸³. · §¤. 8).

�  ·¨¸. 3 ¶µ± § ´Ò µ¸´µ¢´Ò¥ ÔÉ ¶Ò µ¡· §µ¢ ´¨Ö ¨ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ ³ É¥·¨¨ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ³ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨ ¢
¸±¥°²¨´£µ¢µ° £¨¤·µ¤¨´ ³¨±¥ (Ëµ·³¨·µ¢ ´¨¥ ¨ · ¸Ï¨·¥´¨¥ ±¢ ·±-£²Õµ´´µ°
¶² §³Ò, ±¢ ·±- ¤·µ´´Ò° Ë §µ¢Ò° ¶¥·¥Ìµ¤, · ¸Ï¨·¥´¨¥ ¨ · ¸¶ ¤  ¤·µ´´µ°
¦¨¤±µ¸É¨), µ¶·¥¤¥²¥´¨¥ ¢·¥³¥´´µ£µ ³ ¸ÏÉ ¡  ± ¦¤µ£µ ¨§ ±µÉµ·ÒÌ ¶·¥¤¸É -
¢²Ö¥É ¸µ¡µ° ¤µ¢µ²Ó´µ ¸²µ¦´ÊÕ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ § ¤ ÎÊ.

—¨¸²¥´´µ¥ ·¥Ï¥´¨¥ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° (5) ¤²Ö É·¥Ì³¥·´µ£µ
· ¸Ï¨·¥´¨Ö ¨¤¥ ²Ó´µ° Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ° ±¢ ·±-£²Õµ´´µ° ¦¨¤-
±µ¸É¨ ¶µ¤É¢¥·¦¤ ¥É ¶µ¤µ¡´µ¥ µ¶¨¸ ´¨¥ ¥¥ Ô¢µ²ÕÍ¨¨ [24]: Í¥´É· ²Ó´µ¥ ¶² Éµ
|y| < y0 − cs ln (τ/τ0) ¨ r < R0 − cs(τ − τ0), É. ¥. µ¡² ¸ÉÓ, ¤µ ±µÉµ·µ° ´¥ ¤µ-
Ï¥² Ë·µ´É ¢µ²´Ò · §·¥¦¥´¨Ö, µ¶¨¸Ò¢ ¥É¸Ö µ¤´µ³¥·´Ò³ ¸±¥°²¨´£-·¥Ï¥´¨¥³,
¥¸²¨ ¸±¥°²¨´£ § ¤ ¥É¸Ö ± ± ´ Î ²Ó´µ¥ Ê¸²µ¢¨¥ (y0 ¨ R0 Å ´ Î ²Ó´ Ö Ï¨·¨´ 
¶·µ¤µ²Ó´µ£µ ¨ ¶µ¶¥·¥Î´µ£µ ¶² Éµ ¸µµÉ¢¥É¸É¢¥´´µ, cs =

√
dp/dε Å ¸±µ·µ¸ÉÓ

§¢Ê± ). �¤´ ±µ ¢ ¸²ÊÎ ¥ Ëµ·³¨·µ¢ ´¨Ö ¤µ²£µ¦¨¢ÊÐ¥£µ (¸o ¢·¥³¥´¥³ ¦¨§´¨
≥ R0/cs) ¸µ¸ÉµÖ´¨Ö ¢ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨ ¶µ¶¥·¥Î´µ¥ · ¸Ï¨·¥´¨¥ ³µ-
¦¥É ¨£· ÉÓ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ´  ¡µ²¥¥ ¶µ§¤´¨Ì ¸É ¤¨ÖÌ  ¤·µ´¨§ Í¨¨ ¨ ®¢Ò-
³µ· ¦¨¢ ´¨Ö¯  ¤·µ´µ¢, ¨ ¥£µ ³µ¤¥²Ó´Ò° ÊÎ¥É Ö¢²Ö¥É¸Ö ¢¶µ²´¥  ±ÉÊ ²Ó´µ°
§ ¤ Î¥°.
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�¨¸. 3. ‘Ì¥³ É¨Î¥¸± Ö ± ·É¨´  µ¸´µ¢´ÒÌ
ÔÉ ¶µ¢ µ¡· §µ¢ ´¨Ö ¨ Ô¢µ²ÕÍ¨¨ ³ É¥·¨¨ ¢
·¥²ÖÉ¨¢¨¸É¸±µ³ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨ ¢
¸±¥°²¨´£µ¢µ° £¨¤·µ¤¨´ ³¨±¥: ¸µ¡¸É¢¥´´µ³Ê
¢·¥³¥´¨ τ0 ¸µµÉ¢¥É¸É¢Ê¥É ³µ³¥´É Ëµ·³¨·µ-
¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò; τp Å ´ Î ²µ
±¢ ·±-£²Õµ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  (¸³¥-
Ï ´´ Ö Ë § ); τh Å § ¢¥·Ï¥´¨¥ ¸³¥Ï ´-
´µ° Ë §Ò; τf Å · ¸¶ ¤  ¤·µ´´µ° ¦¨¤±µ¸É¨
(®¢Ò³µ· ¦¨¢ ´¨¥¯)

�¤´¨³ ¨§ · ¸¶·µ¸É· ´¥´´ÒÌ ³¥Éµ¤µ¢ ¶·¨¡²¨¦¥´´µ£µ ·¥Ï¥´¨Ö É·¥Ì³¥·-
´ÒÌ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° Ö¢²Ö¥É¸Ö Ê¸·¥¤´¥´¨¥ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
¢¥²¨Î¨´ ¶µ · ¤¨ ²Ó´µ³Ê (¤²Ö ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¨ [25]) ¨²¨ ¶µ¶¥·¥Î´µ³Ê
(¤²Ö Í¨²¨´¤·¨Î¥¸±µ° ¸¨³³¥É·¨¨ [26Ä30]) ´ ¶· ¢²¥´¨Ö³. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨³¥-
´¥´¨Ö ÔÉµ° ¶·µÍ¥¤Ê·Ò Ê· ¢´¥´¨Ö ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¸¢µ¤ÖÉ¸Ö ± µ¡Ò±-
´µ¢¥´´Ò³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨Ö³. �·¨ ÔÉµ³, ± ± ¶· ¢¨²µ, É¥·³µ¤¨-
´ ³¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¶µ² £ ÕÉ¸Ö µ¤´µ·µ¤´Ò³¨ ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨,
É. ¥. Ë ±É¨Î¥¸±¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ´¥±µÉµ·Ò¥ ¨Ì ¸·¥¤´¨¥ §´ Î¥´¨Ö, ÎÉµ ¤ ¥É ¢µ§-
³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ÉÓ É ±¨¥ ³µ¤¥²¨ ¤²Ö µÉ´µ¸¨É¥²Ó´µ ¶·µ¸Éµ£µ ¢ÒÎ¨¸²¥´¨Ö
¨´É¥£· ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨¨ (´ ¶·¨³¥·, ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´¨Ö
ËµÉµ´µ¢ ¨ ¤¨²¥¶Éµ´µ¢ ¨§ ¢¸¥£µ µ¡Ñ¥³  · ¸Ï¨·ÖÕÐ¥°¸Ö ³ É¥·¨¨,  ¤·µ´´ÒÌ
¸¶¥±É·µ¢, Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó ¦¥¸É±¨Ì ¶ ·Éµ´µ¢ ¢ ¸·¥¤¥).

7. �Š‘�…�ˆŒ…�’�‹œ�›… “Š�‡��ˆŸ ‚ CERN
�� ����‡�‚��ˆ… Š‚��Š-ƒ‹�����‰ �‹�‡Œ›

��ˆ ‘’�‹Š��‚…�ˆˆ �…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• �“Š‹���‚ ˆ Ÿ„…�

�  ¸¶¥Í¨ ²Ó´µ³ ¸¥³¨´ ·¥ ¢ CERN 10 Ë¥¢· ²Ö 2000 £. ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò
¢¥¸Ó³  Ê¡¥¤¨É¥²Ó´Ò¥ ¸¢¨¤¥É¥²Ó¸É¢  ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´µ¢µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨¨,
¢ ±µÉµ·µ³ ±¢ ·±¨, ¡Ê¤ÊÎ¨ ¸¢Ö§ ´´Ò³¨ ¢ µ¡ÒÎ´µ³ ¢¥Ð¥¸É¢¥ ¢ ¡µ²¥¥ ¸²µ¦´Ò¥
Î ¸É¨ÍÒ, É ±¨¥ ± ± ¶·µÉµ´Ò ¨ ´¥°É·µ´Ò, µ¸¢µ¡µ¦¤ ÕÉ¸Ö ¨ ³µ£ÊÉ ¤¢¨£ ÉÓ¸Ö
¸¢µ¡µ¤´µ ¶µ ¢¸¥³Ê µ¡Ñ¥³Ê. �É¨ ¸¢¨¤¥É¥²Ó¸É¢  Ö¢¨²¨¸Ó ·¥§Ê²ÓÉ Éµ³ ¸µ¢µ±Ê¶-
´µ¸É¨ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ ¸¥³¨ Ô±¸¶¥·¨³¥´É Ì ¶·µ£· ³³Ò ¶µ ÉÖ¦¥²Ò³
¨µ´ ³, ¶·µ¢µ¤¨³µ° ¢ CERN ¸ 1994 £. –¥²ÓÕ ÔÉµ° ¶·µ£· ³³Ò ¡Ò²µ ¸µ§¤ -
´¨¥ ¢ ·¥§Ê²ÓÉ É¥ ¸Éµ²±´µ¢¥´¨Ö ¨µ´µ¢ ¸¢¨´Í  µ£·µ³´ÒÌ ¶²µÉ´µ¸É¥° Ô´¥·£¨¨,
¶·¨ ±µÉµ·ÒÌ ³µ£²¨ ¡Ò · §·ÊÏ¨ÉÓ¸Ö ¸¨²Ò, ¸¢Ö§Ò¢ ÕÐ¨¥ ±¢ ·±¨. ˆµ´Ò ¸¢¨´Í 
Ê¸±µ·Ö²¨¸Ó ¤µ Ô´¥·£¨¨ 33 ’Ô‚ (¨²¨ 160 ƒÔ‚/´Ê±²µ´) ¢ ² ¡µ· Éµ·´µ° ¸¨¸É¥³¥
µÉ¸Î¥É  ¨ ¶µ¶ ¤ ²¨ ´  ³¨Ï¥´¨ ¸¥³¨ · §²¨Î´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤¥É¥±-
Éµ·µ¢, ±µÉµ·Ò¥ ¢±²ÕÎ ²¨ ¨§³¥·¥´¨¥ · §´ÒÌ  ¸¶¥±Éµ¢ ¸µÊ¤ ·¥´¨° Pb + Pb ¨
Pb + Au.
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�·¨¢¥¤¥³ ¶µ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ £·Ê¶¶ Ì NA44 [31Ä33],
NA45 [34Ä36], NA49 [37Ä39], NA50 [40Ä42], NA52 [43Ä45],
WA97/NA57 [46Ä48] ¨ WA98 [49Ä51], ´ ¨¡µ²¥¥ ¢ ¦´Ò¥ ¤ ´´Ò¥ ¨ ¨Ì ¢µ§-
³µ¦´Ò¥ ¨´É¥·¶·¥É Í¨¨.

7.1. ‘¶¥±É·Ò  ¤·µ´µ¢; ±µ²²¥±É¨¢´µ¥ ¶µ¶¥·¥Î´µ¥ ¤¢¨¦¥´¨¥. ˆ§-§  ¸¨²Ó-
´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ·µ¦¤¥´´Ò¥ ¢ ¶¥·¢µ´ Î ²Ó´µ³ ¸Éµ²±´µ¢¥´¨¨ Ö¤¥·  ¤·µ´Ò
´¥ ¸· §Ê ¶µ¶ ¤ ÕÉ ¢ ¤¥É¥±Éµ·: µ´¨ ¨¸¶ÒÉÒ¢ ÕÉ ³´µ¦¥¸É¢µ ¢Éµ·¨Î´ÒÌ ¶¥·¥-
· ¸¸¥Ö´¨°, ¶·¥¦¤¥ Î¥³ ¶µ±¨´ÊÉ Ë °e·¡µ². ‚ ·¥§Ê²ÓÉ É¥, ±µ£¤  µ´¨ ¶¥·¥¸É ÕÉ
¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ, · §³¥· ±µ´¥Î´µ£µ Ë °e·¡µ²  ¢µ ³´µ£µ · § (∼ 30 ÷ 50)
¶·¥¢ÒÏ ¥É · §³¥· ´ Î ²Ó´µ£µ. �ÉÊ ¨´Ëµ·³ Í¨Õ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ, ¨¸¶µ²Ó§ÊÖ
³¥Éµ¤ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ±µ··¥²ÖÍ¨° [52Ä55]. ‚ ÉµÎ±¥, £¤¥  ¤·µ´Ò Ê¦¥ ¸¢µ¡µ¤´Ò,
¨Ì Î¨¸²µ ¤µ¸É ÉµÎ´µ ¢¥²¨±µ,   ¨Ì ¨³¶Ê²Ó¸´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¥Ð¥ Ì· ´¨É
®¶ ³ÖÉÓ¯ µ · ´´¥° ¶²µÉ´µ° ¸É ¤¨¨ ¸Éµ²±´µ¢¥´¨Ö, ¨´Ëµ·³ Í¨Õ µ ±µÉµ·µ°
³µ¦´µ ¨§¢²¥ÎÓ ´  µ¸´µ¢¥ ±µ³¡¨´¨·µ¢ ´´µ£µ  ´ ²¨§  ±µ´¥Î´µ£µ  ¤·µ´´µ£µ
¸µ¸ÉµÖ´¨Ö. �ÉµÉ  ´ ²¨§ ¶µ± §Ò¢ ¥É [31Ä51], ÎÉµ ¢ ³µ³¥´É ®¢Ò³µ· ¦¨¢ ´¨Ö¯
(freez-out), É. ¥. ¢ ³µ³¥´É, ±µ£¤   ¤·µ´Ò ¶¥·¥¸É ÕÉ ¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ, Ë °e·-
¡µ² · ¸Ï¨·Ö¥É¸Ö ¸ µ£·µ³´µ° ¸±µ·µ¸ÉÓÕ, ¶·¥¢ÒÏ ÕÐ¥° 0,5 ¸, ¨ µÎ¥´Ó ¡²¨§µ±
± ¸µ¸ÉµÖ´¨Õ É¥·³ ²Ó´µ£µ · ¢´µ¢¥¸¨Ö ¸ É¥³¶¥· ÉÊ·µ° ¶µ·Ö¤±  100÷120 ŒÔ‚.

� ¶µ³´¨³, ÎÉµ ¢ É¥·³ ²Ó´ÒÌ ³µ¤¥²ÖÌ [56] ¸¶¥±É· ±µ´¥Î´ÒÌ  ¤·µ´µ¢ § -
¤ ¥É¸Ö ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ [57] É¥·³ ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨ ±µ²²¥±É¨¢´µ£µ
¤¢¨¦¥´¨Ö ¦¨¤±µ¸É¨, ¶µ¤Î¨´ÖÕÐ¥£µ¸Ö £¨¤·µ¤¨´ ³¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ (5):

E
d3N

d3P
=

∫
σ

f(x, P )Pµdσµ (16)

¸ ¨´¢ ·¨ ´É´µ° ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö 	µ§¥Ä�°´ÏÉ¥°´  ¤²Ö Î ¸É¨Í ¸ Í¥-
²Ò³ ¸¶¨´µ³ (ËÊ´±Í¨Ö ”¥·³¨Ä„¨· ±  ¤²Ö Î ¸É¨Í ¸ ¶µ²ÊÍ¥²Ò³ ¸¶¨´µ³ ¨ §´ -
±µ³ ®+¯ ¢ Ê· ¢´¥´¨¨ (17))

f(x, P ) =
gh

(2π)3

(
exp

(
−uµ(x)Pµ

T

)
− 1

)−1

, (17)

£¤¥ Pµ ¨ uµ Å 4-¨³¶Ê²Ó¸  ¤·µ´  ¨ ²µ± ²Ó´ Ö 4-¸±µ·µ¸ÉÓ ¦¨¤±µ¸É¨ ¸µµÉ-
¢¥É¸É¢¥´´µ; gh Å Î¨¸²µ  ¤·µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. ˆ´É¥£·¨·µ¢ ´¨¥ ¶·µ-
¢µ¤¨É¸Ö ¶µ £¨¶¥·¶µ¢¥·Ì´µ¸É¨ σ ¸ É¥³¶¥· ÉÊ·µ° · ¸¶ ¤   ¤·µ´´µ° ¦¨¤±µ¸É¨
(É ± ´ §Ò¢ ¥³µ° É¥³¶¥· ÉÊ·µ° ®¢Ò³µ· ¦¨¢ ´¨Ö¯) T = Tf .

‘· ¢´¥´¨¥ (16) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨³¶Ê²Ó¸´Ò³¨ ¸¶¥±É· ³¨  ¤·µ´µ¢
(·¨¸. 4) [32] ¨ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ ±µ²²¥±É¨¢´ÊÕ ¸±µ·µ¸ÉÓ ¨ É¥³¶¥· ÉÊ·Ê
®¢Ò³µ· ¦¨¢ ´¨Ö¯. �·¨ Ë¨±¸¨·µ¢ ´´µ° É¥³¶¥· ÉÊ·¥ Tf = 140 ŒÔ‚ ¢¥²¨-
Î¨´  ¸·¥¤´¥° ¶µ¶¥·¥Î´µ° ¸±µ·µ¸É¨ 〈vT 〉 = 0, 4 c ¨ 0, 27 c ¤²Ö Pb + Pb- ¨
S + S-¸Éµ²±´µ¢¥´¨° ¸µµÉ¢¥É¸É¢¥´´µ. ”¨É¨·µ¢ ´¨¥ µ¡´ ·Ê¦¨¢ ¥É  ´É¨±µ··¥-
²ÖÍ¨Õ ³¥¦¤Ê É¥³¶¥· ÉÊ·µ° Tf ¨ ³ ±¸¨³ ²Ó´µ° ¶µ¶¥·¥Î´µ° ¸±µ·µ¸ÉÓÕ. ‚
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�¨¸. 4. � ¸¶·¥¤¥²¥´¨Ö ¶µ ¶µ¶¥·¥Î´µ° ³ ¸¸¥ 1/mT dN/dmT (¶·µ¨§¢. ¥¤¨´¨ÍÒ) ¤²Ö
¶¨µ´µ¢, ± µ´µ¢ ¨ ¶·µÉµ´µ¢ (±·Ê¦±¨) ¢ ¸Éµ²±´µ¢¥´¨ÖÌ Pb + Pb (158 A · ƒÔ‚) (a) ¨
S + S (200 A · ƒÔ‚) (¡) ¢ ¸· ¢´¥´¨¨ ¸ ¢ÒÎ¨¸²¥´¨Ö³¨ ¢ É¥·³ ²Ó´µ° ³µ¤¥²¨. ‚ ¶¨µ´´ÒÌ
¸¶¥±É· Ì ÊÎ¨ÉÒ¢ ÕÉ¸Ö · ¸¶ ¤Ò ·¥§µ´ ´¸µ¢. „²Ö ± µ´µ¢ ¨ ¶·µÉµ´µ¢ ¢±² ¤ µÉ · ¸¶ ¤ 
·¥§µ´ ´¸µ¢ ¶·¥´¥¡·¥¦¨³µ ³ ²

¤¨ ¶ §µ´¥ É¥³¶¥· ÉÊ· 100 < Tf < 150 ŒÔ‚ µ¤¨´ ±µ¢µ Ìµ·µÏ¨ ¢¸¥ ¶µ¤£µ´±¨.
� ¡²Õ¤ ¥³Ò° ¢§·Ò¢ (¡µ²ÓÏ Ö ¸±µ·µ¸ÉÓ) ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¸¨²Ó´µ³ ¤ ¢²¥´¨¨
´  · ´´¥° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨ ¸¨¸É¥³Ò.

7.2. “¸¨²¥´¨¥ ¢ÒÌµ¤  ¸É· ´´ÒÌ Î ¸É¨Í. ’¥µ·¥É¨Î¥¸±¨°  ´ ²¨§ ¨§³¥-
·¥´´ÒÌ µÉ´µ¸¨É¥²Ó´ÒÌ ³´µ¦¥¸É¢¥´´µ¸É¥°  ¤·µ´µ¢ ¶µ± §Ò¢ ¥É, ÎÉµ µ´¨ ´ Ìµ-
¤¨²¨¸Ó ¢ ¸µ¸ÉµÖ´¨¨ Ì¨³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¶·¨ É¥³¶¥· ÉÊ·¥ ¶µ·Ö¤± 
170 ŒÔ‚, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¡µ²¥¥ · ´´¥° ¸É ¤¨¨ ¸Éµ²±´µ¢¥´¨Ö, ¶·¨ ±µÉµ-
·µ°  ¤·µ´Ò ¤µ²¦´Ò · ¸¶ ¤ ÉÓ¸Ö ´  ±¢ ·±¨ ¨ £²Õµ´Ò. � ¡²Õ¤ ¥³Ò¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ É¥³ ´¥ ³¥´¥¥ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ, ¶·¥¤¶µ² £ Ö, ÎÉµ ¶·¨
ÔÉµ° É¥³¶¥· ÉÊ·¥  ¤·µ´Ò ¡Ò²¨ µ¡· §µ¢ ´Ò ¢ ·¥§Ê²ÓÉ É¥ ¶·µÍ¥¸¸   ¤·µ´¨§ -
Í¨¨ ¨§ ¶·¥¤Ï¥¸É¢ÊÕÐ¥° ±¢ ·±-£²Õµ´´µ° ¸¨¸É¥³Ò. �µ¸²¥¤ÊÕÐ¨¥ ¢§ ¨³µ¤¥°-
¸É¢¨Ö  ¤·µ´µ¢, µ¡Ê¸²µ¢²¥´´Ò¥ ¤ ¢²¥´¨¥³, · ¸Ï¨·¥´¨¥³ ¨ µÌ² ¦¤¥´¨¥³ Ë °-
e·¡µ² , ´¥ ¸¨²Ó´µ ¨§³¥´ÖÕÉ µÉ´µ¸¨É¥²Ó´µ¥ ¸µ¤¥·¦ ´¨¥  ¤·µ´µ¢. ‚µÉ ¶µÎ¥³Ê
¶µ¸²¥ ÊÎ¥É  · ¸¶ ¤  ´¥¸É ¡¨²Ó´ÒÌ ·¥§µ´ ´¸µ¢ ±µ´¥Î´Ò¥ ¨§³¥·¥´¨Ö ³´µ¦¥-
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¸É¢¥´´µ¸É¨  ¤·µ´µ¢ ¸µµÉ¢¥É¸É¢ÊÕÉ ¸±µ·¥¥ Ê¸²µ¢¨Ö³ ±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ
¶¥·¥Ìµ¤ .

�·¨ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ, ± ± ¡Ò²µ ¶µ± § ´µ ¥Ð¥ ¤¢ ¤Í ÉÓ ²¥É ´ § ¤ [58,59], ¢Ò-
Ìµ¤ ¸É· ´´ÒÌ  ¤·µ´µ¢ ¸µµÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ³Ê §´ Î¥´¨Õ, É ±
± ± s-±¢ ·±µ¢ Ö ¸µ¸É ¢²ÖÕÐ Ö ¶² §³Ò ¡Ò¸É·µ ¶¥·¥Ìµ¤¨É ¢ ¸µ¸ÉµÖ´¨¥ Ì¨³¨Î¥-
¸±µ£µ · ¢´µ¢¥¸¨Ö ¢ ·¥§Ê²ÓÉ É¥ ¨´É¥´¸¨¢´ÒÌ £²Õµ´-£²Õµ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°
gg → ss̄, ¢ Éµ ¢·¥³Ö ± ± ¶·¨ ´¥´Ê²¥¢µ° ¡ ·¨µ´´µ° ¶²µÉ´µ¸É¨ ¶·µ¨¸Ìµ¤¨É ¸É -
É¨¸É¨Î¥¸±µ¥ ¶µ¤ ¢²¥´¨¥ ·µ¦¤¥´¨Ö ²¥£±¨Ì uū- ¨ dd̄-¶ · ¢¸²¥¤¸É¢¨¥ ¶·¨´Í¨¶ 
� Ê²¨. ‚ Ì¨³¨Î¥¸±¨ · ¢´µ¢¥¸´µ³  ¤·µ´´µ³ £ §¥ µÉ´µÏ¥´¨¥ ³´µ¦¥¸É¢¥´´µ-
¸É¨ ¸É· ´´ÒÌ ¨ ´¥¸É· ´´ÒÌ Î ¸É¨Í ¤µ²¦´µ µ¶·¥¤¥²ÖÉÓ¸Ö ²¨ÏÓ µÉ´µÏ¥´¨¥³
¨Ì ³ ¸¸, ´ ¶·¨³¥·, ± µ´Ò ¡Ê¤ÊÉ ®É¥·³ ²Ó´µ¯ ¶µ¤ ¢²¥´Ò ¶µ ¸· ¢´¥´¨Õ ¸ ¶¨-
µ´ ³¨ ¢ exp (mK/Tf)/ exp (mπ/Tf) · §, É. ¥. K±/π± 	 0, 2 ¶·¨ Tf 	 mπ.

ˆ§¡ÒÉµ± ¸É· ´´ÒÌ Î ¸É¨Í ¢ ¸Éµ²±´µ¢¥´¨¨ ÉÖ¦¥²ÒÌ Ö¤¥· ¶µ ¸· ¢´¥´¨Õ ¸
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨ ¸µÊ¤ ·¥´¨Ö³¨ ´ ¡²Õ¤ ²¸Ö ¢ ·Ö¤¥ Ô±¸¶¥-
·¨³¥´Éµ¢ ¢ CERN. ‚ µ¡Ð¥³, ¥¸²¨ ¶·µ¢¥¸É¨ ´µ·³¨·µ¢±Ê ´  Î¨¸²µ ´Ê±²µ´µ¢-
®ÊÎ ¸É´¨±µ¢¯, Éµ ÔÉµ Ê¸¨²¥´¨¥ ¸µµÉ¢¥É¸É¢Ê¥É Ë ±Éµ·Ê 2 (NA49), ´µ ¤²Ö  ¤·µ-
´µ¢, ¸µ¤¥·¦ Ð¨Ì ¡µ²¥¥ µ¤´µ£µ ¸É· ´´µ£µ ±¢ ·± , Ê¸¨²¥´¨¥ ¥Ð¥ ¡µ²ÓÏ¥
(WA97, NA49, NA50), ¢¶²µÉÓ ¤µ Ë ±Éµ·  15 ¢ ¸²ÊÎ ¥ Ω-£¨¶¥·µ´  ¨ ¥£µ
 ´É¨Î ¸É¨ÍÒ. �É³¥É¨³, ÎÉµ µÉ´µ¸¨É¥²Ó´µ¥ Ê¢¥²¨Î¥´¨¥ Ê¸¨²¥´¨Ö ¸ ·µ¸Éµ³
Î¨¸²  ¸É· ´´ÒÌ ±¢ ·±µ¢, ¢Ìµ¤ÖÐ¨Ì ¢ ¸µ¸É ¢  ¤·µ´ , É·Ê¤´µ µ¡ÑÖ¸´¨ÉÓ ¢ ³µ-
¤¥²ÖÌ  ¤·µ´´ÒÌ ¶¥·¥· ¸¸¥Ö´¨°, ¢ ±µÉµ·ÒÌ ·µ¦¤¥´¨¥ ¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢, ¸µ-
¤¥·¦ Ð¨Ì ¡µ²¥¥ µ¤´µ£µ ¸É· ´´µ£µ ±¢ ·± , ¶µ¤ ¢²¥´µ ¨Ì ¡µ²ÓÏµ° ³ ¸¸µ° ¨
³ ²Ò³ ¸¥Î¥´¨¥³. �±¸¶¥·¨³¥´É ²Ó´µ Ê¸¨²¥´¨¥ ¸É· ´´µ¸É¨ ¡Ò²µ µ¡´ ·Ê¦¥´µ
´¥ Éµ²Ó±µ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ Pb + Pb, ´µ É ±¦¥ ¨ ¢ Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ-
¢¥´¨ÖÌ ¸¥·Ò ¸ ´Ê±²µ´ ³¨ (NA35, WA85, WA95). �Éµ ¸µ£² ¸Ê¥É¸Ö ¸ µÍ¥´-
±µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ¢ÒÏ¥ ±·¨É¨Î¥¸±µ° ¢¥²¨Î¨´Ò 1 ƒÔ‚/Ë³3 ¤ ¦¥ ¤²Ö
ÔÉ¨Ì ¸Éµ²±´µ¢¥´¨°. �  ·¨¸. 5 ¶µ± § ´  ¤µ²Ö ¶µ²´µ°, ¢Ò¤¥²¥´´µ° ¢ Í¥´É· ²Ó-
´ÒÌ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ Ô´¥·£¨¨, ±µÉµ· Ö Ê´µ¸¨É¸Ö ¢¸¥³¨ ¸É· ´´Ò³¨
Î ¸É¨Í ³¨ (Ah + Ah = Si + Al, S + S ¨ Al + Al = Au + Au, Pb + Pb) [60].
‚¨¤´µ, ÎÉµ Ê¦¥ ¶·¨ Ô´¥·£¨ÖÌ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²µ-

�¨¸. 5. „µ²Ö ¶µ²´µ° Ô´¥·£¨¨, ¢Ò¤¥²Ö¥-
³µ° ¢ Í¥´É· ²Ó´ÒÌ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥-
´¨ÖÌ, ±µÉµ· Ö Ê´µ¸¨É¸Ö ¢¸¥³¨ ¸É· ´´Ò³¨
Î ¸É¨Í ³¨, ± ± ËÊ´±Í¨Ö ±¨´¥É¨Î¥¸±µ°
Ô´¥·£¨¨ ¢ ¸. Í. ³. ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²µ-
´µ¢. ’·¥Ê£µ²Ó´¨±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ´Ê±²µ´-
´Ê±²µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨Ö³; ±·Ê¦±¨ Å
¢§ ¨³µ¤¥°¸É¢¨Ö ²¥£±¨Ì Ö¤¥· (Ah + Ah =
Si+Al, S+S); ±¢ ¤· ÉÒ Å ¢§ ¨³µ¤¥°¸É¢¨Ö
ÉÖ¦¥²ÒÌ Ö¤¥· (Al+Al = Au+Au, Pb+Pb)
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´µ¢
√

s ≥ 2 ƒÔ‚ ¤µ²Ö Ê´µ¸¨³µ° ¸É· ´´Ò³¨ Î ¸É¨Í ³¨ Ô´¥·£¨¨ §´ Î¨É¥²Ó´µ
¢ÒÏ¥ ¢ Ö¤·µ-Ö¤¥·´ÒÌ, Î¥³ ¢ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.

7.3. ‘¶¥±É·Ò ²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢. ‚ µÉ²¨Î¨¥ µÉ  ¤·µ´µ¢ ²¥¶Éµ´Ò ¨
ËµÉµ´Ò ´¥ ¨¸¶ÒÉÒ¢ ÕÉ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ³µ£ÊÉ ¶µÎÉ¨ ¸¢µ¡µ¤´µ ·µ-
¦¤ ÉÓ¸Ö ¨ ¶µ±¨¤ ÉÓ Ö¤¥·´ÊÕ ³ É¥·¨Õ ´  ¶·µÉÖ¦¥´¨¨ ¢¸¥Ì ÔÉ ¶µ¢ ¥¥ Ô¢µ²Õ-
Í¨¨. �·¨ ÔÉµ³ ¸¶¥±É·Ò É¥¶²µ¢ÒÌ ËµÉµ´µ¢ ¨ ¶ · ²¥¶Éµ´µ¢ (¤¨²¥¶Éµ´µ¢) ¢¥¸Ó³ 
ÎÊ¢¸É¢¨É¥²Ó´Ò ± É¥³¶¥· ÉÊ·¥ ¸·¥¤Ò, ÎÉµ ¸µ§¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·¥´¨Ö ´ -
Î ²Ó´µ° É¥³¶¥· ÉÊ·Ò ¨ ¤·Ê£¨Ì É¥·³µ¤¨´ ³¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¸¨¸É¥³Ò.
�É  ¨¤¥Ö ²¥¶Éµ´´µ° ¨ ËµÉµ´´µ° ¤¨ £´µ¸É¨±¨ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¡Ò² 
¢¶¥·¢Ò¥ ¢Ò¤¢¨´ÊÉ  …. ‹. ”¥°´¡¥·£µ³ [61] ¨ § É¥³ · §¢¨É  ¢µ ³´µ£¨Ì · ¡µÉ Ì
([13,62Ä68] ¨ ¤·.).

�¤´ ±µ ¤²Ö ´ ¤¥¦´µ° ¤¨ £´µ¸É¨±¨ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ´¥µ¡Ìµ¤¨³µ
¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ É¥¶²µ¢Ò¥ ¤¨²¥¶Éµ´Ò ¨ ËµÉµ´Ò ´  Ëµ´¥ · ¸¶ ¤µ¢ ·¥§µ-
´ ´¸µ¢, ´¥±µ··¥²¨·µ¢ ´´µ£µ · ¸¶ ¤   ¤·µ´µ¢ ¨ ¦¥¸É±¨Ì Š•„-¶·µÍ¥¸¸µ¢ ¢
´¥±µÉµ·µ³ ®µ±´¥¯ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¸¶¥±É·  ¤¨²¥¶Éµ´µ¢ ¨ ¶µ¶¥·¥Î´ÒÌ ¨³-
¶Ê²Ó¸µ¢ ËµÉµ´µ¢. ‚ µ¡² ¸É¨ ³ ²ÒÌ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ËµÉµ´µ¢ qT ¨
´¥¡µ²ÓÏ¨Ì ³ ¸¸ ¤¨²¥¶Éµ´µ¢ M ≤ 0, 5 ƒÔ‚/¸2 ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¤ ÕÉ · ¸-
¶ ¤Ò π0, η, ω É¨¶  π0, η → l+l−γ, ω → l+l−π0. �  ¶µ§¤´¨Ì ¸É ¤¨ÖÌ Ô¢µ-
²ÕÍ¨¨  ¤·µ´´µ° ¸¨¸É¥³Ò ¨³¥¥É ³¥¸Éµ ¶·Ö³µ° · ¸¶ ¤ ·¥§µ´ ´¸µ¢ ρ0, ω, φ,
ψ ´  ¶ ·Ò l+l−, ¤ ÕÐ¨° ¢±² ¤ ¢ µ¡² ¸ÉÓ ³ ¸¸ ¤¨²¥¶Éµ´µ¢, ¡²¨§±¨° ± ³ ¸¸¥
·¥§µ´ ´¸ . 	µ²ÓÏµ° ¢±² ¤ ¢ ¸¶¥±É· ËµÉµ´µ¢ ¤ ¥É Ô²¥±É·µ³ £´¨É´Ò° · ¸¶ ¤
´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢ π0 → γγ, ¢ Éµ ¢·¥³Ö ± ± ¢²¨Ö´¨¥ ´¥±µ··¥²¨·µ¢ ´-
´µ£µ · ¸¶ ¤  ¶¨µ´µ¢ ¨ ± µ´µ¢ π±, K± → µ± + ν(ν̄) ´  ¸¶¥±É· ¤¨²¥¶Éµ´µ¢
¡Ê¤¥É ¸ÊÐ¥¸É¢¥´´Ò³ Éµ²Ó±µ ¶·¨ µÎ¥´Ó ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ ³´µ¦¥¸É¢¥´´µ-
¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ ¸Éµ²±´µ¢¥´¨¨ ÉÖ¦¥²ÒÌ Ö¤¥· ¶·¨ Ô´¥·£¨ÖÌ RHIC ¨
µ¸µ¡¥´´µ LHC. � ¸¶ ¤ Î ·³¨·µ¢ ´´ÒÌ  ¤·µ´µ¢ DD̄ → l+l− (  ¶·¨ Ô´¥·-
£¨ÖÌ ±µ²² °¤¥·µ¢ ¨ BB̄) ¤ ¥É µ¸´µ¢´µ° ¢±² ¤ ¢ ¶·µ³¥¦ÊÉµÎ´ÊÕ µ¡² ¸ÉÓ ³ ¸¸
¸¶¥±É·  ¤¨²¥¶Éµ´µ¢ 1, 5 ≤ M ≤ 2, 5 ƒÔ‚/¸2. ˆ ´ ±µ´¥Í, ¶·µÍ¥¸¸Ò ´ Î ²Ó´µ£µ
¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö É¨¶  qg → qγ, qq̄ → gγ ¨ ·µ¦¤¥´¨¥ ¶ · „·¥²² ÄŸ´ 
qq̄ → l+l−, ¶·µ¨¸Ìµ¤ÖÐ¨¥ ´  ¸ ³µ° · ´´¥° ¸É ¤¨¨ ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´ÒÌ
¦¥¸É±¨Ì ´Ê±²µ´-´Ê±²µ´´ÒÌ · ¸¸¥Ö´¨°, ¤µ³¨´¨·ÊÕÉ ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì qT

ËµÉµ´µ¢ ¨ M ≥ 4 ƒÔ‚/¸2 ¤¨²¥¶Éµ´µ¢ ¸µµÉ¢¥É¸É¢¥´´µ.
ƒ·Ê¶¶a NA45 ¢ ¸Éµ²±´µ¢¥´¨¨ Pb + Au ´ ¡²Õ¤ ²  ¶·¥¢ÒÏ¥´¨¥ ¢ÒÌµ¤ 

e+e−-¶ · ¢ µ¡² ¸É¨ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ 250 ≤ M ≤ 700 ŒÔ‚/c2 ¶µÎÉ¨ ¢ É·¨
· §  ¶µ ¸· ¢´¥´¨Õ ¸ µ¦¨¤ ¥³Ò³ §´ Î¥´¨¥³ µÉ ¨§¢¥¸É´ÒÌ ´¥É¥¶²µ¢ÒÌ ¨¸ÉµÎ-
´¨±µ¢, ¤ ÕÐ¨Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¢  ¤·µ´- ¤·µ´´Ò¥ ¨  ¤·µ´-Ö¤¥·´Ò¥
¸µÊ¤ ·¥´¨Ö. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 6 ¶µ± § ´ ¸¶¥±É· ³ ¸¸ Ô²¥±É·µ´-
¶µ§¨É·µ´´ÒÌ ¶ · ¢ ¸Éµ²±´µ¢¥´¨¨ Pb + Au ¶·¨ 158 ƒÔ‚/´Ê±²µ´ (Ô±¸¶¥·¨³¥´É
CERES) ¢ ¸· ¢´¥´¨¨ ¸ · §²¨Î´Ò³¨ ¢±² ¤ ³¨ µÉ  ¤·µ´´ÒÌ · ¸¶ ¤µ¢ [34]. ˆ´-
É¥·¥¸´Ò³ Ë ±Éµ³ ¶·¨ ÔÉµ³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ·µ¸É ³´µ¦¥¸É¢¥´´µ¸É¨ e+e−-
¶ · ¸ Ê¢¥²¨Î¥´¨¥³ ¶µ²´µ° ³´µ¦¥¸É¢¥´´µ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í dN±/dy
¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¡²¨¦¥ ± ±¢ ¤· É¨Î´µ° § ¢¨¸¨³µ¸É¨, ¸µ£² ¸ÊÕ-



ƒˆ„��„ˆ��Œˆ—…‘Š�Ÿ ˆ�’…���…’�–ˆŸ ‚‡�ˆŒ�„…‰‘’‚ˆŸ 157

�¨¸. 6. ‘¶¥±É· ³ ¸¸ e+e−-¶ · ¢ ¸Éµ²±´µ¢¥´¨¨ Pb + Au (158 A · ƒÔ‚) [34], ´µ·³¨-
·µ¢ ´´Ò° ´  ´ ¡²Õ¤ ¥³ÊÕ ¶²µÉ´µ¸ÉÓ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶µ ¡Ò¸É·µÉ¥. ‘É É¨¸É¨Î¥-
¸±¨¥ µÏ¨¡±¨ ¶µ± § ´Ò ¢ ¢¨¤¥ ¢¥·É¨± ²Ó´ÒÌ ¨ £µ·¨§µ´É ²Ó´ÒÌ µÉ·¥§±µ¢. ‘¨¸É¥³ É¨-
Î¥¸±¨¥ µÏ¨¡±¨ ¶·¨¢¥¤¥´Ò µÉ¤¥²Ó´µ ¢ ±¢ ¤· É´ÒÌ ¸±µ¡± Ì. †¨·´ Ö ²¨´¨Ö Å ¢±² ¤
µÉ ¢¸¥Ì  ¤·µ´´ÒÌ ·¥ ±Í¨°, ¶¥·¥³ ¸ÏÉ ¡¨·µ¢ ´´Ò° µÉ pA-¸Éµ²±´µ¢¥´¨°. ’ ±¦¥ ¶µ± -
§ ´Ò ¢±² ¤Ò µÉ µÉ¤¥²Ó´ÒÌ ± ´ ²µ¢

Ð¥°¸Ö ¸ ³¥Ì ´¨§³µ³ É¥¶²µ¢µ° · ¤¨ Í¨¨ ¨§ £µ·ÖÎ¥° ±¢ ·±µ¢µ° (£²Õµ´´µ°)
¨²¨  ¤·µ´´µ° ³ É¥·¨¨ (¨´É¥´¸¨¢´µ¸ÉÓ  ´´¨£¨²ÖÍ¨¨ ¶·µ¶µ·Í¨µ´ ²Ó´  Î¨¸²Ê
¶ · Î ¸É¨Í Ä ´É¨Î ¸É¨Í  [69]), Î¥³ ± ²¨´¥°´µ°, ±µÉµ· Ö µ¦¨¤ ¥É¸Ö ¢ ·¥§Ê²Ó-
É É¥  ¤·µ´´ÒÌ · ¸¶ ¤µ¢.

�¤´ ±µ ÊÎ¥É ³µ¤¨Ë¨± Í¨¨ ¸¢µ°¸É¢ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ ¶²µÉ´µ° ¸·¥¤¥
(¶ ¤¥´¨¥ ³ ¸¸Ò ¨ Ê¢¥²¨Î¥´¨¥ Ï¨·¨´Ò · ¸¶ ¤  ¸ ·µ¸Éµ³ ¶²µÉ´µ¸É¨ ¡ ·¨µ´´µ£µ
§ ·Ö¤  ¨ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò, ¸¢Ö§ ´´µ¥ ¸ Î ¸É¨Î´Ò³ ¢µ¸¸É ´µ¢²¥´¨¥³
±¨· ²Ó´µ° ¸¨³³¥É·¨¨ [70, 71]) ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ ¸¶¥±É· e+e−-¶ · ¢ Ö¤·µ-
Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¡¥§ ¶·¨¢²¥Î¥´¨Ö ³¥Ì ´¨§³  É¥¶²µ¢µ° · ¤¨ Í¨¨ [72].

®�·Ö³µ¥¯ ´ ¡²Õ¤¥´¨¥ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¡Ò²µ ¡Ò ¢µ§³µ¦´µ Î¥-
·¥§ Ô²¥±É·µ³ £´¨É´µ¥ ¨§²ÊÎ¥´¨¥ ±¢ ·±µ¢ ¢µ ¢·¥³Ö £µ·ÖÎ¥° ´ Î ²Ó´µ° ¸É ¤¨¨.
�µ¨¸±¨ É ±µ£µ ¨§²ÊÎ¥´¨Ö § É·Ê¤´¥´Ò ¨§-§  ¡µ²ÓÏµ£µ Ëµ´  µÉ ¤·Ê£¨Ì ¨¸ÉµÎ-
´¨±µ¢. ‚ Ô±¸¶¥·¨³¥´É¥ CERES [73] (S + Au) ¢ ¤¨ ¶ §µ´¥ 0, 4 ≤ qT ≤ 2 ƒÔ‚/¸
¨ ¢ Ô±¸¶¥·¨³¥´É¥ HELIOS-2 [74] (CO + W, S + W) ¢ ¤¨ ¶ §µ´¥ 0, 1 ≤ qT ≤
1, 5 ƒÔ‚/¸ ´¥ ´ ¡²Õ¤ ²µ¸Ó ¨§¡ÒÉ±  ËµÉµ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ µ¦¨¤ ¥³Ò³ §´ Î¥-
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´¨¥³ µÉ  ¤·µ´´ÒÌ · ¸¶ ¤µ¢ ´  Ê·µ¢´¥ 10 % ¸¨¸É¥³ É¨Î¥¸±µ° µÏ¨¡±¨. ‘² ¡Ò°
¨§¡ÒÉµ± ËµÉµ´µ¢ (´¥ ¡µ²¥¥ 5 %) ¢ µ¡² ¸É¨ 0, 5 ≤ qT ≤ 2, 5 ƒÔ‚/¸ ´ Ìµ¤¨É¸Ö
¢ ¶·¥¤¥² Ì ∼ 5 % ¸¨¸É¥³ É¨Î¥¸±µ° µÏ¨¡±¨ (¢ Ô±¸¶¥·¨³¥´É¥ WA80 [49, 75]
(S + Au)). �·¨ ÔÉµ³ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ËµÉµ´µ¢ · ¸É¥É ²¨´¥°´µ ¸ ¶µ²´µ° ³´µ-
¦¥¸É¢¥´´µ¸ÉÓÕ, ÎÉµ ¢¶µ²´¥ ¸µ£² ¸Ê¥É¸Ö ¸µ ¸É ´¤ ·É´Ò³ ³¥Ì ´¨§³µ³  ¤·µ´-
´ÒÌ · ¸¶ ¤µ¢.

7.4. �µ¤ ¢²¥´¨¥ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢. �·¥¤¸± §Ò¢ ¥³µ¥ ¶µ¤ ¢²¥´¨¥ ¢Ò-
Ìµ¤  ψ-·¥§µ´ ´¸µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¢ ¸²ÊÎ ¥ Ëµ·-
³¨·µ¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¶¥·¢µ´ Î ²Ó´µ ¡Ò²µ µ¸´µ¢ ´µ ´  ¶·µ¸Éµ°
¨ ±· ¸¨¢µ° ¨¤¥¥: ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ cc̄-¶ ·Ò ´¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ, ±µ£¤ 
¤²¨´  Í¢¥Éµ¢µ° Ô±· ´¨·µ¢±¨ ¢ ¶² §³¥ rD ³¥´ÓÏ¥, Î¥³ · ¤¨Ê¸ ¸¢Ö§ ´´µ£µ ¸µ-
¸ÉµÖ´¨Ö 〈r2

ψ〉1/2 [76, 77]. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö Ï¨·µ±µ · ¸¸³ É·¨¢ ¥É¸Ö É ±¦¥
¤¨´ ³¨Î¥¸±¨° ³¥Ì ´¨§³ ¤¨¸¸µÍ¨ Í¨¨ ±¢ ·±µ´¨¥¢ ¢ ·¥§Ê²ÓÉ É¥ ¨Ì ¸Éµ²±´µ¢¥-
´¨° ¸ ¸µ¶ÊÉ¸É¢ÊÕÐ¨³¨ (É. ¥. ¤¢¨¦ÊÐ¨³¨¸Ö ¸ É ±µ° ¦¥ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉµ°)
£²Õµ´ ³¨ [78Ä80]. ‘¥Î¥´¨¥ · ¸Ð¥¶²¥´¨Ö Î ·³µ´¨Ö (¸ Ô´¥·£¨¥° ¸¢Ö§¨ εψ) £²Õ-
µ´µ³ ¸ ¨³¶Ê²Ó¸µ³ Pg ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° [78]

σgψ(Pg) =
2π

3

(
32
3

)2 (
mc

εψ

)1/2 1
m2

c

(Pg/εψ − 1)3/2

(Pg/εψ)5
, (18)

£¤¥ mc Å ³ ¸¸  c-±¢ ·± . • · ±É¥·´ Ö ¶¥·¥¤ Î  ¨³¶Ê²Ó¸  ¢ ¸²ÊÎ ¥ ¤¨¸¸µÍ¨-
 Í¨¨ ¢ ±¢ ·±-£²Õµ´´µ° ¶² §³¥ ¶·¨ É¥³¶¥· ÉÊ·¥ T ¶·¨³¥·´µ · ¢´  ¸·¥¤´¥³Ê
¨³¶Ê²Ó¸Ê ®É¥¶²µ¢µ£µ¯ £²Õµ´  〈Pg〉T 	 3T , ¨ Ê¦¥ ¤²Ö T = 200 ŒÔ‚ ¶µ²Ê-
Î¨³ 〈Pg〉T 	 0, 6 ƒÔ‚ Å ¶µ·Ö¤±  Ô´¥·£¨¨ ¸¢Ö§¨ J/ψ, εJ/ψ 	 0, 64 ƒÔ‚, ÎÉµ
¤µ¸É ÉµÎ´µ ¤²Ö · ¸Ð¥¶²¥´¨Ö ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚  ¤·µ´´µ³ £ §¥ ¶·¨ É¥³-
¶¥· ÉÊ·¥ T ¸·¥¤´¨° ¨³¶Ê²Ó¸  ¤·µ´  〈Ph〉T 	 3T ,   · ¸¶·¥¤¥²¥´¨¥ ®¦¥¸É±¨Ì¯
£²Õµ´µ¢ ¢ ¶¨µ´¥ (x = Pg/Ph → 1) ¨³¥¥É ¢¨¤ g(x) = 0, 5(1−x)3, É. ¥. ¸·¥¤´¨°
¨³¶Ê²Ó¸ ¸¢Ö§ ´´µ£µ £²Õµ´  ¸µ¸É ¢²Ö¥É 〈Pg〉h 	 〈Ph〉T /5 	 3T/5, ÎÉµ ´¥¤µ-
¸É ÉµÎ´µ ¤²Ö ¤¨¸¸µÍ¨ Í¨¨ J/ψ ¶·¨ T ≤ 1 ƒÔ‚. ‚ Éµ ¦¥ ¢·¥³Ö ´¥¡µ²ÓÏµ¥
§´ Î¥´¨¥ Ô´¥·£¨¨ ¸¢Ö§¨ ψ′-·¥§µ´ ´¸  εψ′ = 0, 06 ƒÔ‚ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ µ´
³µ¦¥É · ¸¶ ¤ ÉÓ¸Ö ± ± ¢ ¶ ·Éµ´´µ°, É ± ¨ ¢  ¤·µ´´µ° ®£µ·ÖÎ¥°¯ ³ É¥·¨¨.

�µ³¨³µ ¤¨¸¸µÍ¨ Í¨¨ ¢ ±¢ ·±-£²Õµ´´µ° ¶² §³¥ ¨²¨  ¤·µ´´µ³ £ §¥ ¢ ¦-
´Ò³ ³¥Ì ´¨§³µ³ ¶µ¤ ¢²¥´¨Ö ¢ÒÌµ¤  ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ Ö¢²Ö¥É¸Ö ¶·¥¤·¥-
§µ´ ´¸´µ¥ ¶µ£²µÐ¥´¨¥ ¢ ®Ìµ²µ¤´µ°¯ Ö¤¥·´µ° ³ É¥·¨¨, ±µÉµ·µ¥ ¤µ²¦´µ ¶·µ-
Ö¢²ÖÉÓ¸Ö Ê¦¥ ¢  ¤·µ´-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ [81,82].
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„ ´´Ò¥ ¶µ ·µ¦¤¥´¨Õ J/ψ-·¥§µ´ ´¸µ¢ (¨¤¥´É¨Ë¨Í¨·Ê¥³ÒÌ ± ± ¶¨±¨ ¢
¸¶¥±É·¥ ¶µ ÔËË¥±É¨¢´µ° ³ ¸¸¥ µ+µ−-¶ ·) ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¶·¨ Ô´¥·£¨¨ CERNÄSPS 200 ƒÔ‚/´Ê±²µ´ ¸µ£² ¸ÊÕÉ¸Ö ¸µ ¸É ´¤ ·É´Ò³ ¸Í¥´ -
·¨¥³ ¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö ¢ ®Ìµ²µ¤´µ³¯ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ¢¶²µÉÓ
¤µ ¸µÊ¤ ·¥´¨° S + U (NA38 [83Ä85]); µ¤´ ±µ ¢ ¸µÊ¤ ·¥´¨ÖÌ Pb + Pb ¶·¨
Ô´¥·£¨¨ 158 ƒÔ‚/´Ê±²µ´ ¡Ò²µ § Ë¨±¸¨·µ¢ ´µ [86]  ´µ³ ²Ó´µ ¸¨²Ó´µ¥ ¶µ£²µ-
Ð¥´¨¥ J/ψ (¢ ¶·¥¤¥² Ì 10 ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨° µÉ ¸É ´¤ ·É´µ£µ ¸Í¥´ -
·¨Ö), ±µÉµ·µ¥ Ê¸¨²¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ ¸·¥¤´¥£µ · ¸¸ÉµÖ´¨Ö, ¶·µÌµ¤¨³µ£µ ¶ ·µ°
cc̄ ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥, ¨ ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´µ ± ± ·¥§Ê²ÓÉ É Ëµ·-
³¨·µ¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò [87Ä89]. ‡ ³¥É¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó-
´ Ö ´µ·³¨·µ¢±  ¢ÒÌµ¤  Î ·³µ´¨¥¢ ¶·µ¢µ¤¨² ¸Ó ´  ¸¥Î¥´¨¥ ®´¥¶µ¤ ¢²Ö¥³µ£µ¯
¶·µÍ¥¸¸  Å ·µ¦¤¥´¨Ö ¦¥¸É±¨Ì ³Õµ´´ÒÌ ¶ · „·¥²²aÄŸ´  (qq̄ → µ+µ−), ±µ-
Éµ·µ¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ Î¨¸²Ê ¡¨´ ·´ÒÌ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸Ê¡¸Éµ²±´µ¢¥´¨°
¢ Ö¤·µ-Ö¤¥·´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨, σAB→ψ/σDY

AB ¨ σDY
AB = A · BσDY

NN . ‚ Éµ ¦¥
¢·¥³Ö ® ´µ³ ²Ó´µ¥¯ ¶µ£²µÐ¥´¨¥ ψ′-·¥§µ´ ´¸  ´ ¡²Õ¤ ¥É¸Ö Ê¦¥ ¢ ¸Éµ²±´µ¢¥-
´¨ÖÌ S + U ¨ Ê¸¨²¨¢ ¥É¸Ö ¢ ¸µÊ¤ ·¥´¨ÖÌ Pb + Pb.

	² £µ¤ ·Ö ¡µ²ÓÏµ° ¸É É¨¸É¨±¥ ¤ ´´Ò¥, ¸µ¡· ´´Ò¥ £·Ê¶¶µ° NA50 ¢ É¥-
Î¥´¨¥ ¸¥ ´¸µ¢ 1996 £., ¶µ§¢µ²¨²¨ ¶·µ¢¥¸É¨ ¢´ÊÉ·¥´´ÕÕ ¶·µ¢¥·±Ê ¶µ¢¥¤¥´¨Ö
¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö J/ψ ¢ § ¢¨¸¨³µ¸É¨ µÉ É¨¶  ¸Éµ²±´µ¢¥´¨°, ±² ¸¸¨Ë¨Í¨·µ-
¢ ´´ÒÌ ¶µ Í¥´É· ²Ó´µ¸É¨ µÉ ¸ ³ÒÌ ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¤µ ¸ ³ÒÌ Í¥´É· ²Ó´ÒÌ.
‚ ÔÉ¨Ì ¨§³¥·¥´¨ÖÌ, ±µÉµ·Ò¥ ¸¢µ¡µ¤´Ò µÉ ³´µ£¨Ì ´¥µ¤´µ§´ Î´µ¸É¥°, ¸ÊÐ¥-
¸É¢ÊÕÐ¨Ì ¶·¨ ¸· ¢´¥´¨¨ ¸µ ¸Éµ²±´µ¢¥´¨Ö³¨ · §²¨Î´ÒÌ ¨µ´µ¢, ´ ¡²Õ¤ ¥É¸Ö
µÎ¥´Ó ·¥§±µ¥ ¨§³¥´¥´¨¥ § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö J/ψ µÉ ¶·¨Í¥²Ó´µ£µ
¶ · ³¥É·  ¢¡²¨§¨ §´ Î¥´¨Ö 8,5 Ë³. ‚ Éµ ¢·¥³Ö ± ± ¡µ²¥¥ ¶¥·¨Ë¥·¨Î¥¸±¨¥

�¨¸. 7. ®�´µ³ ²Ó´µ¥ J/ψ-¶µ¤ ¢²¥´¨¥¯ ± ± ËÊ´±Í¨Ö ´ Î ²Ó´µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨
ε [42]
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�¨¸. 8. �É´µÏ¥´¨¥ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö J/ψ ±
¸¥Î¥´¨Õ ·µ¦¤¥´¨Ö ¶ · „·¥²²aÄŸ´  ± ± ËÊ´±-
Í¨Ö ¨§³¥·¥´´µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ET ¢
¸· ¢´¥´¨¨ ¸ · §²¨Î´Ò³¨ ³µ¤¥²Ö³¨ [90Ä93]

¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ£² ¸ÊÕÉ¸Ö ¸ ±·¨-
¢µ°, µ¸´µ¢ ´´µ° ´  ± ·É¨´¥ ¶µ-
£²µÐ¥´¨Ö, ±µÉµ· Ö Ìµ·µÏµ µ¶¨-
¸Ò¢ ¥É ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¸ ¡µ-
²¥¥ ²¥£±¨³¨ Ö¤· ³¨, ¢ Í¥´É· ²Ó-
´ÒÌ ¸µ¡ÒÉ¨ÖÌ ¶·µÖ¢²Ö¥É¸Ö ¤µ-
¶µ²´¨É¥²Ó´µ¥ ¸¨²Ó´µ¥  ´µ³ ²Ó-
´µ¥ ¶µ¤ ¢²¥´¨¥. �  ·¨¸. 7, 8 [42]
¶·¨¢¥¤¥´Ò ¢ÒÌµ¤Ò J/ψ ³¥§µ-
´µ¢ ± ± ËÊ´±Í¨Ö Í¥´É· ²Ó´µ-
¸É¨ ¸Éµ²±´µ¢¥´¨°. –¥´É· ²Ó´µ¸ÉÓ
¸Éµ²±´µ¢¥´¨° µ¶·¥¤¥²Ö² ¸Ó ¶µ ±µ-
²¨Î¥¸É¢Ê ¢Ò¸¢µ¡µ¦¤ ¥³µ° ¶µ¶¥-
·¥Î´µ° Ô´¥·£¨¨ ET , Î¥·¥§ ±µ-
Éµ·ÊÕ, ¨¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê 	Óé¥·-
±¥´ , ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¶²µÉ-
´µ¸ÉÓ Ô´¥·£¨¨. „²Ö µ¡ÑÖ¸´¥´¨Ö
Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³µ£µ
¶µ¤ ¢²¥´¨Ö J/ψ ¡Ò²µ ¶µ¸É·µ-
¥´µ ´¥¸±µ²Ó±µ µ¡ÒÎ´ÒÌ  ¤·µ´´ÒÌ
³µ¤¥²¥°, ´¥ ¢±²ÕÎ ÕÐ¨Ì Ë §µ-
¢Ò° ¶¥·¥Ìµ¤ ± ¶ ·Éµ´´µ° ³ É¥-

·¨¨ [90Ä93]. Œµ¦´µ ¸± § ÉÓ, ÎÉµ ´¨ µ¤´  ¨§ ´¨Ì ´¥ ¸¶µ¸µ¡´  µ¶¨¸ ÉÓ µ¤-
´µ¢·¥³¥´´µ ¤¥É ²Ó´µ¥ ¶µ¢¥¤¥´¨¥  ´µ³ ²Ó´µ£µ ¶µ¤ ¢²¥´¨Ö, ´ ¡²Õ¤ ¥³µ£µ ¢
Pb + Pb-¸Éµ²±´µ¢¥´¨ÖÌ, ¨ ®´µ·³ ²Ó´µ¥¯ ¶µ¤ ¢²¥´¨¥, ´ ¡²Õ¤ ¥³µ¥ ¤²Ö ¡µ²¥¥
²¥£±¨Ì Ö¤¥·.

7.5. �¥±µÉµ·Ò¥ ¨Éµ£¨. Š ·É¨´  ±¢ ·±-£²Õµ´´µ° ¶² §³Ò µÎ¥´Ó ¶µÌµ¦  ´ 
£µ²µ¢µ²µ³±Ê ¶µ ¸µ¡¨· ´¨Õ ³µ§ ¨±¨. „ ´´ÒÌ ²Õ¡µ£µ Ô±¸¶¥·¨³¥´É  ´¥¤µ¸É -
ÉµÎ´µ, ÎÉµ¡Ò µ¡¥¸¶¥Î¨ÉÓ ¶µ²´ÊÕ ± ·É¨´Ê, ´µ ±µ³¡¨´¨·µ¢ ´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¢¸¥Ì Ô±¸¶¥·¨³¥´Éµ¢ ¸µ£² ¸ÊÕÉ¸Ö ¸ ±µ´Í¥¶Í¨¥° µ¡· §µ¢ ´¨Ö ±¢ ·±-£²Õµ´´µ°
¶² §³Ò, ¢ Éµ ¢·¥³Ö ± ± ¶µ¶ÒÉ±¨ µ¡ÑÖ¸´¨ÉÓ ¢¸Õ ¸µ¢µ±Ê¶´µ¸ÉÓ ¤ ´´ÒÌ ¢ · ³± Ì
Ìµ·µÏµ ¨§¢¥¸É´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ³¥¦¤Ê Î ¸É¨Í ³¨ É¥·¶ÖÉ ´¥Ê¤ ÎÊ. •µÉÖ ¢¸¥
¤µ± § É¥²Ó¸É¢  ±µ¸¢¥´´Ò ¨ ´¥µ¤´µ§´ Î´Ò, É¥³ ´¥ ³¥´¥¥ ³µ¦´µ ¸Î¨É ÉÓ, ÎÉµ
³Ò ¨³¥¥³ ¤¥²µ ¸ ´µ¢Ò³ ¸µ¸ÉµÖ´¨¥³ ³ É¥·¨¨, ¢ ±µÉµ·µ³ ±¢ ·±¨ ¨ £²Õµ´Ò
´¥ ¸¢Ö§ ´Ò. �Éµ ¸µ¸ÉµÖ´¨¥ ³ É¥·¨¨, ´¥ ´ ¡²Õ¤ ¢Ï¥¥¸Ö · ´¥¥, ¶·¨ ¶²µÉ´µ-
¸É¨ Ô´¥·£¨¨ ´  ¶µ·Ö¤µ± ¢ÒÏ¥, Î¥³ ¢´ÊÉ·¨  Éµ³´µ£µ Ö¤· , ¡²¨§±µ ± Ê¸²µ¢¨Ö³,
¸ÊÐ¥¸É¢µ¢ ¢Ï¨³ ¢ ¶¥·¢Ò¥ ³¨±·µ¸¥±Ê´¤Ò 	µ²ÓÏµ£µ ¢§·Ò¢ .

�µ¤¢µ¤Ö ¨Éµ£¨, Ê¸²µ¢´µ Ô¢µ²ÕÍ¨Õ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ³µ¦´µ
· §¡¨ÉÓ ´  ¸²¥¤ÊÕÐ¨¥ ÔÉ ¶Ò.

1. „¢  ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤·  ¢Ò¸¢µ¡µ¦¤ ÕÉ Ô´¥·£¨Õ ¢ §µ´¥ ·¥ ±Í¨¨. �É 
Ô´¥·£¨Ö ¸ÊÐ¥¸É¢Ê¥É ±µ·µÉ±µ¥ ¢·¥³Ö ¢ ¢¨¤¥ ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ¸¨²Ó´µ ¢§ ¨-
³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ°.
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2. �Éµ · ´´¥¥ ¶²µÉ´µ¥ ¸µ¸ÉµÖ´¨¥ ¨³¥¥É ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ 3Ä4 ƒÔ‚/Ë³3,
ÎÉµ Ô±¢¨¢ ²¥´É´µ É¥³¶¥· ÉÊ·¥ ∼ 240 ŒÔ‚. �·¨ É ±¨Ì Ê¸²µ¢¨ÖÌ ¶µ¤ ¢²Ö¥É¸Ö
Î¨¸²µ J/ψ, Ê¢¥²¨Î¨¢ ¥É¸Ö ¸É· ´´µ¸ÉÓ, ¨ Ë °e·¡µ² ´ Î¨´ ¥É · ¸Ï¨·ÖÉÓ¸Ö ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨Ö³¨ £¨¤·µ¤¨´ ³¨±¨.

3. ®Š¢ ·±-£²Õµ´´ Ö ¶² §³ ¯ µÌ² ¦¤ ¥É¸Ö ¨ ¸É ´µ¢¨É¸Ö ¡µ²¥¥ · §·¥-
¦¥´´µ°.

4. �·¨ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ∼ 1 ƒÔ‚/Ë³3 (É¥³¶¥· ÉÊ·  170Ä180 ŒÔ‚)
±¢ ·±¨ ¨ £²Õµ´Ò ¶·¥¢· Ð ÕÉ¸Ö ¢  ¤·µ´Ò ¨ ±µ´¥Î´Ò¥ µÉ´µ¸¨É¥²Ó´Ò¥ ³´µ-
¦¥¸É¢¥´´µ¸É¨ Î ¸É¨Í ®§ ³µ· ¦¨¢ ÕÉ¸Ö¯.

5. �·¨ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ∼ 50 ƒÔ‚/Ë³3 (É¥³¶¥· ÉÊ·  100Ä120 ŒÔ‚)
 ¤·µ´Ò ¶¥·¥¸É ÕÉ ¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ. ‚ ÔÉµ° ÉµÎ±¥ ±µ²²¥±É¨¢´ Ö ¸±µ·µ¸ÉÓ
· ¸Ï¨·¥´¨Ö Ë °e·¡µ²  ¸µ¸É ¢²Ö¥É ∼ 0, 5 c.

8. �…�‘�…Š’ˆ‚› ���‹�„…�ˆŸ ˆ ˆ‡“—…�ˆŸ
Š‚��Š-ƒ‹�����‰ �‹�‡Œ› �� “‘Š��ˆ’…‹Ÿ• ’Ÿ†…‹›•

ˆ���‚ ��‚�ƒ� ��Š�‹…�ˆŸ (RHIC, LHC)

�¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´Éµ¢ ¢ CERN ¤ ÕÉ Éµ²Ó±µ ¶¥·¢Ò¥ Ê± § ´¨Ö ´  µ¡· -
§µ¢ ´¨¥ ±¢ ·±-£²Õµ´´µ° ³ É¥·¨¨ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ. ‚¸¥ µ¸É ²Ó-
´Ò¥ ®±Ê¸±¨ ³µ§ ¨±¨¯, É. ¥. ¸¢µ°¸É¢  ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¶·¨ ´¨§±¨Ì ¨
¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì, ³µ¦´µ ¡Ê¤¥É ¨§ÊÎ ÉÓ ´  Ê¸±µ·¨É¥²ÖÌ RHIC ¨ LHC.
�¥·¢Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ 	·Ê±Ì¥°¢¥´¸±µ° ´ Í¨µ´ ²Ó´µ° ² ¡µ· Éµ·¨¨
(BNL) ±µ²² ¡µ· Í¨Ö³¨ STAR, PHENIX, PHOBOS ¨ BRAMS ¨ ¶·¥¤¸É ¢²¥´-
´Ò¥ ´  ±µ´Ë¥·¥´Í¨¨ ®Quark Matter 2001¯ [94], ¶µ¤É¢¥·¦¤ ÕÉ ®± ·É¨´Ê¯
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸ µ¡· §µ¢ ´¨¥³ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ´  · ´-
´¥° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨.

8.1. ƒ²µ¡ ²Ó´Ò¥ µ£· ´¨Î¥´¨Ö ´  ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö. � Î ²Ó´ Ö ¶²µÉ-
´µ¸ÉÓ ³ É¥·¨¨ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ µÍ¥´±µ° 	Óé¥·±¥´  [22] µ¶·¥¤¥²Ö¥É¸Ö Î¥-
·¥§ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶µ ¡Ò¸É·µÉ¥. �¥·¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ±µ²² ¡µ· Í¨¨
PHOBOS [95, 96] (·¨¸. 9) ¶µ± §Ò¢ ÕÉ, ÎÉµ § ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨ · ¸¶·¥-

¤¥²¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶µ ¶¸¥¢¤µ¡Ò¸É·µÉ¥
dNch

dηNpart
, ´µ·³¨·µ¢ ´´µ£µ

´  Î¨¸²µ ´Ê±²µ´µ¢-ÊÎ ¸É´¨±µ¢∗ Npart, ¸¨²Ó´µ µÉ²¨Î ¥É¸Ö µÉ p + p- ¨ p +
p̄-¸µÊ¤ ·¥´¨°. ‚¨¤´µ, ÎÉµ ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ ¢ Í¥´É· ²Ó´ÒÌ
Au + Au-¸µÊ¤ ·¥´¨ÖÌ ·µ¦¤ ¥É¸Ö ¶µÎÉ¨ ´  50 % ¡µ²ÓÏ¥ Î ¸É¨Í, ¶·¨Ìµ¤ÖÐ¨Ì¸Ö
´  µ¤¨´ ¡ ·¨µ´-ÊÎ ¸É´¨±, Î¥³ ¢ p + p-¸µÊ¤ ·¥´¨ÖÌ ¶·¨ µ¤¨´ ±µ¢µ° Ô´¥·£¨¨
´  µ¤¨´ ¡ ·¨µ´. Š·¨¢ Ö ´  ·¨¸. 9 Å ¶·¥¤¸± § ´¨¥ ¤¢ÊÌ±µ³¶µ´¥´É´µ° ³µ¤¥²¨

∗�Ê±²µ´Ò-ÊÎ ¸É´¨±¨ Å ´Ê±²µ´Ò, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨¥ ´¥Ê¶·Ê£µ ¨, §´ Î¨É, ÊÎ ¸É¢ÊÕÐ¨¥ ¢
¸Éµ²±´µ¢¥´¨¨; µ¸É ²Ó´Ò¥ ´Ê±²µ´Ò Å ¸¶¥±É Éµ·Ò Å ´¥ ÊÎ ¸É¢ÊÕÉ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨ ¨ ¤¢¨¦ÊÉ¸Ö
¢ ´ ¶· ¢²¥´¨¨ ¶ÊÎ± .
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�¨¸. 9. ˆ§³¥·¥´´ Ö ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ´ 
¥¤¨´¨ÍÊ ¶¸¥¢¤µ¡Ò¸É·µÉÒ, ´µ·³¨·µ¢ ´´ Ö
´  Î¨¸²µ ¶ ·, ¶·¨´¨³ ÕÐ¨Ì ÊÎ ¸É¨¥ ¢µ
¢§ ¨³µ¤¥°¸É¢¨¨, ¤²Ö Í¥´É· ²Ó´ÒÌ Au + Au-
¸Éµ²±´µ¢¥´¨° (PHOBOS) (•) [95, 96]. ‘¨-
¸É¥³ É¨Î¥¸±¨¥ µÏ¨¡±¨ ¶µ± § ´Ò ¢ ¢¨¤¥
§ ÏÉ·¨Ìµ¢ ´´ÒÌ ¶·Ö³µÊ£µ²Ó´¨±µ¢. �·¨¢¥-
¤¥´Ò É ±¦¥ ¤ ´´Ò¥ Pb + Pb (CERN SPS)
(◦), ³µ¤¥²¨·µ¢ ´¨¥ ¢ HIJING [97] (�) ¨ ¶ -
· ³¥É·¨§ Í¨Ö pp̄-¤ ´´ÒÌ (� Å UA5; � Å
CDF)

HIJING [97] Å Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ÔÉ¨³ ·¥§Ê²ÓÉ Éµ³. �¤´ ±µ, ± ± ¶µ± § ´µ
´  ·¨¸. 10, ¤·Ê£ Ö ³µ¤¥²Ó (EKRT [98]) ¤ ¥É É ±µ¥ ¦¥ ¶·¥¤¸± § ´¨¥ ¤²Ö ³´µ¦¥-
¸É¢¥´´µ¸É¨, ÎÉµ ¨ HIJING ¤²Ö Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨°. ‚ · ¡µÉ¥ [97] ¡Ò²µ
¸¤¥² ´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ § ¢¨¸¨³µ¸ÉÓ µÉ Í¥´É· ²Ó´µ¸É¨ (µÉ Npart) ÔÉµ°

�¨¸. 10. �µ·³¨·µ¢ ´´ Ö ¶²µÉ´µ¸ÉÓ Î ¸É¨Í ´ 
¥¤¨´¨ÍÊ ¶¸¥¢¤µ¡Ò¸É·µÉÒ (�, � Å PHOBOS;
• Å PHENIX) [99] dNch/dη|η|<1/(0,5Npart) ± ±
ËÊ´±Í¨Ö Î¨¸²  ´Ê±²µ´µ¢-ÊÎ ¸É´¨±µ¢ Npart (Í¥´É-
· ²Ó´µ¸É¨) ¢ ¸· ¢´¥´¨¨ ¸ ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥-
²¥°: HIJING (¦¨·´ Ö ±·¨¢ Ö) ¨ EKRT [98] (Éµ´-
± Ö ±·¨¢ Ö); ◦ Å pp̄

´ ¡²Õ¤ ¥³µ° ³µ¦¥É ¶µ§¢µ²¨ÉÓ
ÊÉµÎ´¨ÉÓ ³µ¤¥²¨ ´ Î ²Ó´ÒÌ
Ê¸²µ¢¨°. •µÉÖ ´¨ µ¤´  ¨§
´¨Ì ´¥ ¸µ£² ¸Ê¥É¸Ö ±µ²¨Î¥-
¸É¢¥´´µ ¸ ´µ¢Ò³¨ ¤ ´´Ò³¨
(PHENIX ¨ PHOBOS) [99], É¥³
´¥ ³¥´¥¥ ¤¢ÊÌ±µ³¶µ´¥´É´ Ö
³µ¤¥²Ó HIJING ²ÊÎÏ¥ µ¶¨¸Ò-
¢ ¥É § ¢¨¸¨³µ¸ÉÓ µÉ Í¥´É· ²Ó-
´µ¸É¨ ³´µ¦¥¸É¢¥´´µ¸É¨, ´µ·-
³¨·µ¢ ´´µ° ´  Npart. � ¡²Õ-
¤ ¥³Ò° ·µ¸É ³´µ¦¥¸É¢¥´´µ-
¸É¨ ¸ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨
¨ Î¨¸²  ´Ê±²µ´µ¢-ÊÎ ¸É´¨±µ¢
Npart ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸± § -
´¨Õ µ¡¨²Ó´µ£µ ·µ¦¤¥´¨Ö ³¨-
´¨-¸É·Ê° ¶·¨ Ô´¥·£¨ÖÌ RHIC,
ÎÉµ Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ´¥µ¡-
Ìµ¤¨³ÒÌ, ´µ ´¥¤µ¸É ÉµÎ´ÒÌ
Ê¸²µ¢¨° µ¡· §µ¢ ´¨Ö ¶²µÉ´µ°
£²Õµ´´µ° ¶² §³Ò ¢ A + A-¸µ-
Ê¤ ·¥´¨ÖÌ.

‚ HIJING ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¨´¢ ·¨ ´É´µ¥ · ¸¶·¥¤¥²¥´¨¥  ¤·µ´µ¢, µ¡· -
§µ¢ ´´ÒÌ ¢ ·¥ ±Í¨¨ A + B → h + X ¸ ¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·µ³ b, ³µ¦´µ
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Ê¸²µ¢´µ · §¤¥²¨ÉÓ ´  Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ ³Ö£±ÊÕ (∼ A1) ¨ ¶¥·ÉÊ·¡ É¨¢´ÊÕ,
¢ÒÎ¨¸²Ö¥³ÊÕ ¢ Š•„ ¦¥¸É±ÊÕ (∼ A4/3) ±µ³¶µ´¥´ÉÒ:

E
d3NAB(b)

d3P
= Npart(b)

d3Nsoft(b)
dyd2PT

+ Ncoll(b)
1

σpp
in

d3σhard(b)
dyd2PT

, (19)

£¤¥ Npart(b) Å Î¨¸²µ ´Ê±²µ´µ¢-ÊÎ ¸É´¨±µ¢ ¶·¨ ¤ ´´µ³ ¶·¨Í¥²Ó´µ³ ¶ · -
³¥É·¥ b ¨ Ncoll(b) = σpp

in TAB(b) Å Î¨¸²µ ¡¨´ ·´ÒÌ NN -¸Éµ²±´µ¢¥´¨°.
ƒ¥µ³¥É·¨Ö ¦¥¸É±µ£µ ¸Éµ²±´µ¢¥´¨Ö ¤¢ÊÌ Ö¤¥· µ¶·¥¤¥²Ö¥É¸Ö ¸É ´¤ ·É´Ò³ · ¸-
¶·¥¤¥²¥´¨¥³ Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ‚Ê¤¸ Ä‘ ±¸µ´  ρA(r, z) [100]:

TAB(b) =
∫

d2rTA(r)TB(r − b), TA(r) =
∫

dzρA(r, z). (20)

‚ ³µ¤¥²¨ EKRT ¸Î¨É ¥É¸Ö, ÎÉµ ¢¸Ö ¶·µ¨§¢µ¤¨³ Ö Ô´É·µ¶¨Ö (³´µ¦¥¸É¢¥´-
´µ¸ÉÓ) ¶·¨ Ô´¥·£¨ÖÌ RHIC µ¡Ê¸²µ¢²¥´  ¦¥¸É±µ° ±µ³¶µ´¥´Éµ°, É. ¥. dNsoft �
dNhard ¢ Ê· ¢´¥´¨¨ (19). �¤´ ±µ ¦¥¸É± Ö ±µ³¶µ´¥´É  µ¡·¥§ ¥É¸Ö ´  ³ ¸-
ÏÉ ¡¥ P0, ±µÉµ·Ò° § ¢¨¸¨É µÉ A (¨, ¸²¥¤µ¢ É¥²Ó´µ, Npart),   É ±¦¥ µÉ

√
s,

¥¸²¨ ¨¸Ìµ¤¨ÉÓ ¨§ ¶·¥¤¶µ²µ¦¥´¨Ö, ÎÉµ ¶·µ¶µ·Í¨µ´ ²Ó´µ¥ TAB(b) Î¨¸²µ £²Õµ-
´µ¢ ¸ PT > P0 ·µ¦¤ ¥É¸Ö Éµ²Ó±µ ¢ ®· §·¥Ï¥´´µ°¯ µ¡² ¸É¨ ±µ´¥Î´µ° ¶²µÐ ¤¨
π/P 2

0 . �ÉµÉ ³ ¸ÏÉ ¡ Psat, ¶·¨ ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É ´ ¸ÒÐ¥´¨¥, ´ Ìµ¤¨É¸Ö
¨§ Ê· ¢´¥´¨Ö

dNg

dy
=

Ncoll(b = 0)
σpp

in

∞∫
P0

d2PT
d3σA+A→g

hard

dyd2PT
= βP 2

0 R2, (21)

£¤¥ R Å · ¤¨Ê¸ Ö¤· . �·¨ β = 1

P0(
√

s, A) ≡ Psat 	 0,2A0,13(
√

s)0,19, (22)

ÎÉµ ¶·¨¢µ¤¨É ± ¶²µ¸±µ³Ê · ¸¶·¥¤¥²¥´¨Õ ³´µ¦¥¸É¢¥´´µ¸É¨

dNg

dyNpart
∼ A∼0, (23)

´¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³Ê ´Ò´¥Ï´¨³ ¤ ´´Ò³ RHIC.
�²ÓÉ¥·´ É¨¢´ Ö (É ± ´ §Ò¢ ¥³ Ö ³µ¤¥²Ó ´ Î ²Ó´µ£µ ´ ¸ÒÐ¥´¨Ö) ³µ¤¥²Ó

KN ¡Ò²  ¶·¥¤²µ¦¥´  ¢ · ¡µÉ¥ [101] ¨¸Ìµ¤Ö ¨§ ´¥²¨´¥°´µ£µ Š•„ Ô¢µ²ÕÍ¨-
µ´´µ£µ Ê· ¢´¥´¨Ö [102]. ‚ ÔÉµ° ³µ¤¥²¨ Ö¤¥·´ÒÌ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° Î¨¸²µ
¸¢µ¡µ¤´ÒÌ ·¥ ²Ó´ÒÌ £²Õµ´µ¢ ¶·µ¶µ·Í¨µ´ ²Ó´µ Î¨¸²Ê ¢¨·ÉÊ ²Ó´ÒÌ £²Õµ´µ¢,
ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨ ´  ³ ¸ÏÉ ¡¥ P0, É. ¥.

dNg

dy
= fNpartxG(x, P0), (24)
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£¤¥ G(x, P0) Å ¸É·Ê±ÉÊ·´ Ö ËÊ´±Í¨Ö £²Õµ´µ¢ ¢ ´Ê±²µ´¥,   Ë ±Éµ· f ∼ 1,2.

‚ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ xG(x, Q) ∼ ln
Q

Λ
(Λ Å ³ ¸ÏÉ ¡´Ò° ¶ · ³¥É· ¢ Š•„)

¢ · ¡µÉ¥ [101] Ê¤ ²µ¸Ó ¶µ²ÊÎ¨ÉÓ § ¢¨¸¨³µ¸ÉÓ ³´µ¦¥¸É¢¥´´µ¸É¨ µÉ Npart, ´ 
Ê¤¨¢²¥´¨¥ µÎ¥´Ó ¡²¨§±ÊÕ ± ´ ¡²Õ¤ ¥³Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³, ¶·¨-
¢¥¤¥´´Ò³ ´  ·¨¸. 10. �¤´ ±µ ¸Éµ¨É µÉ³¥É¨ÉÓ, ÎÉµ x-§ ¢¨¸¨³µ¸ÉÓ  ´§ Í  KN
¤²Ö xG(x, Q2) ¶·¨ Q ∼ 1 ƒÔ‚/¸ ¶²µÌµ ¸µ£² ¸Ê¥É¸Ö ¸ ¤ ´´Ò³¨ HERA ¶µ
£²Ê¡µ±µ´¥Ê¶·Ê£µ³Ê ep-· ¸¸¥Ö´¨Õ.

’ ±¨³ µ¡· §µ³, ¨§ £²µ¡ ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨ ¨Ì § ¢¨-
¸¨³µ¸É¨ µÉ Í¥´É· ²Ó´µ¸É¨ ¸²¥¤Ê¥É, ÎÉµ ´ Î ²Ó´ Ö ¶²µÉ´µ¸ÉÓ £²Õµ´µ¢ ¶µ ¡Ò-
¸É·µÉ¥ ³µ¦¥É ¡ÒÉÓ ¢ ¶·¥¤¥² Ì 200 (HIJING)÷1000 (EKRT). �Éµ ¸µµÉ¢¥É¸É¢Ê¥É
¶²µÉ´µ¸É¨ £²Õµ´µ¢

ρg(τ) =
dNg

dy

1
τπR2

∼ 10 ÷ 50/Ë³3 (25)

¸µ ¢·¥³¥´¥³ Ëµ·³¨·µ¢ ´¨Ö τ = 1/P0 = 0,1Ä0,2 Ë³/¸.
„·Ê£¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ´ ¡²Õ¤ ¥³Ò¥, ¢ Î ¸É´µ¸É¨, ¶µ¤ ¢²¥´¨¥ ²¨¤¨-

·ÊÕÐ¨Ì Î ¸É¨Í ¢ ¸É·Ê¥ (jet quenching), ¶µ¤É¢¥·¦¤ ÕÉ, ÎÉµ ¶·¨ Ô´¥·£¨ÖÌ RHIC
³µ¦¥É µ¡· §µ¢Ò¢ ÉÓ¸Ö µÎ¥´Ó ¶²µÉ´ Ö £²Õµ´´ Ö ¶² §³  ¤ ¦¥ ¢ ² ¡µ· Éµ·´ÒÌ
Ê¸²µ¢¨ÖÌ.

8.2. �µ¶¥·¥Î´ Ö Ô´¥·£¨Ö. ˆ§³¥·¥´¨¥ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ET ¤ ¥É ¨´-
Ëµ·³ Í¨Õ, ¸Ìµ¤´ÊÕ ¸ ¶µ²ÊÎ¥´´µ° ¶·¨ ¨§³¥·¥´¨¨ ³´µ¦¥¸É¢¥´´µ¸É¨. �¤´ ±µ
¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö ET ÎÊ¢¸É¢¨É¥²Ó´  ± ¨³¶Ê²Ó¸´Ò³ ¸¶¥±É· ³ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í, ÎÉµ ¶µ§¢µ²Ö¥É É ±¦¥ µ¶·¥¤¥²¨ÉÓ ¸·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ 〈PT 〉,
´ Î ²Ó´ÊÕ ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨, ¨¸¶µ²Ó§ÊÖ Ëµ·³Ê²Ê 	Óé¥·±¥´ 

ε =
dET

dy

1
πR2τ

, (26)

¨ ¢²¨Ö´¨¥ ¶·µ¤µ²Ó´µ£µ ¤¢¨¦¥´¨Ö (· ¡µÉÊ pdV ) ´  Ô¢µ²ÕÍ¨Õ ¸¨¸É¥³Ò.
„ ´´Ò¥ ±µ²² ¡µ· Í¨¨ PHENIX [99] ¤²Ö ¢Ò¸¢µ¡µ¦¤ ¥³µ° ¶µ¶¥·¥Î´µ°

Ô´¥·£¨¨ (dET )/(dNch), ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´Éµ³ WA98 ¢ CERN (·¨¸. 11)
¤¥³µ´¸É·¨·ÊÕÉ Ê¤¨¢¨É¥²Ó´Ò° ·¥§Ê²ÓÉ É: (dET )/(dNch) 	 0, 8 ƒÔ‚ ¨ ¶µÎÉ¨
´¥ § ¢¨¸¨É µÉ Npart (Í¥´É· ²Ó´µ¸É¨),   É ±¦¥ µÉ

√
s ¢ ¶·¥¤¥² Ì ¨§³¥´¥´¨Ö√

s µÉ 20 ¤µ 130 ƒÔ‚ ´  ´Ê±²µ´! HIJING ¶·¥¤¸± §Ò¢ ¥É ´¥¡µ²ÓÏµ¥ Ê¢¥²¨Î¥-
´¨¥ (dET )/(dNch) µÉ 0,8 ¤µ 0,9 ƒÔ‚ ¶·¨ ¶¥·¥Ìµ¤¥ µÉ Ô´¥·£¨¨ SPS ± Ô´¥·£¨¨
RHIC ¢¸²¥¤¸É¢¨¥ Ê¢¥²¨Î¥´¨Ö Î¨¸²  ³¨´¨-¸É·Ê°. ‚ ³µ¤¥²¨ EKRT ÔÉ  ¢¥²¨Î¨´ 
¶·¨³¥·´µ ¢ É·¨ · §  ¡µ²ÓÏ¥ ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨, É¥³ ´¥ ³¥´¥¥ ³µ¤¥²Ó
µ¸É ¥É¸Ö · ¡µÉ ÕÐ¥°, É ± ± ± ¶·¨ ¸µÌ· ´¥´¨¨ Ô´É·µ¶¨¨ ¶² §³  ¸µ¢¥·Ï ¥É
µ£·µ³´ÊÕ · ¡µÉÊ pdV ¨§-§  ¶·µ¤µ²Ó´µ£µ · ¸Ï¨·¥´¨Ö. ‚ (1+1)-£¨¤·µ¤¨´ ³¨±¥
Ô´¥·£¨Ö ´  Î ¸É¨ÍÊ ε/ρ 	 2,7 T Ê³¥´ÓÏ ¥É¸Ö ¶·¨ · ¸Ï¨·¥´¨¨ ¨ µÌ² ¦¤¥´¨¨
¸¨¸É¥³Ò (T ∼ 1/τ1/3). …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¶·¨ ¢¸¥Ì Ô´¥·£¨ÖÌ ¨ ¶·¨Í¥²Ó-
´ÒÌ ¶ · ³¥É· Ì ¢Ò³µ· ¦¨¢ ´¨¥ ¶·µ¨¸Ìµ¤¨É ´  Ë¨±¸¨·µ¢ ´´µ° ¨§µÉ¥·³¥, Éµ
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�¨¸. 11. �·¥¤¢ ·¨É¥²Ó´Ò¥ ¤ ´´Ò¥ PHENIX
(É¥³´Ò¥ ±·Ê¦±¨) ¨ ¤ ´´Ò¥ WA98 (c¢¥É-
²Ò¥ ±·Ê¦±¨) ¤²Ö ¢Ò¸¢µ¡µ¦¤ ¥³µ° ¶µ¶¥·¥Î-
´µ° Ô´¥·£¨¨ dET /dNch ± ± ËÊ´±Í¨¨ Î¨¸² 
´Ê±²µ´µ¢-ÊÎ ¸É´¨±µ¢ Npart [99]

Ô´¥·£¨Ö ´  Î ¸É¨ÍÊ ¡Ê¤¥É ¢¸¥£¤ 
µ¤´  ¨ É  ¦¥. „²Ö RHIC, ± ±
¶µ± §Ò¢ ÕÉ · ¸Î¥ÉÒ, Ê³¥´ÓÏ¥´¨¥
¶µ¶¥·¥Î´µ° ±µ´¥Î´µ° Ô´¥·£¨¨ ¶µ
¸· ¢´¥´¨Õ ¸ ´ Î ²Ó´µ° ± ± · § ¨
¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ∼ 3. � ¡²Õ-
¤ ¥³Ò° ®´Ê²Ó-ÔËË¥±É¯ ¢ · ¸¶·¥-
¤¥²¥´¨¨ (dET )/(dNch) µÎ¥´Ó ¨´-
É¥·¥¸¥´, É ± ± ± ¥£µ µÎ¥´Ó É·Ê¤´µ
¶µ²ÊÎ¨ÉÓ ¢ É· ´¸¶µ·É´ÒÌ É¥µ·¨ÖÌ
¸ ±µ´¥Î´Ò³ ¶¥·ÉÊ·¡ É¨¢´Ò³ ¢·¥-
³¥´¥³ ·¥² ±¸ Í¨¨.

�¤¨´ ¨§ ¨´É¥·¥¸´¥°Ï¨Ì ¢µ-
¶·µ¸µ¢ Å ÔÉµ ¶²µÉ´µ¸ÉÓ Ô´¥·-
£¨¨, ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ ¤µ¸É¨£-
´ÊÉ  ´  Ê¸±µ·¨É¥²¥ RHIC. �²µÉ-
´µ¸ÉÓ Ô´¥·£¨¨, µÍ¥´¥´´ Ö ¸ ¶µ³µ-
ÐÓÕ Ëµ·³Ê²Ò 	Óé¥·±¥´  (26), ¨¸-
Ìµ¤Ö ¨§ ¤ ´´ÒÌ £·Ê¶¶Ò NA49, ¸µ-
¸É ¢²Ö¥É εB = 3,2 ƒÔ‚/Ë³3 ¤²Ö
SPS. „²Ö RHIC ÔÉ  µÍ¥´±  ¶·¨¢µ-
¤¨É ± 70 %-´µ³Ê Ê¢¥²¨Î¥´¨Õ ¶²µÉ-
´µ¸É¨ Ô´¥·£¨¨. •µÉÖ ¸Éµ¨É µÉ³¥-
É¨ÉÓ, ÎÉµ ¢ ³µ¤¥²ÖÌ, µ¸´µ¢ ´´ÒÌ ´  ¶ ·Éµ´´µ³ ´ ¸ÒÐ¥´¨¨, ³µ¦¥É ¡ÒÉÓ ¶µ²Ê-
Î¥´  §´ Î¨É¥²Ó´µ ¡µ²ÓÏ Ö ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ 16÷20 ƒÔ‚/Ë³3, É ± ± ± ¢ ÔÉ¨Ì
³µ¤¥²ÖÌ ¢·¥³Ö Ëµ·³¨·µ¢ ´¨Ö µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ ¨³¶Ê²Ó¸Ê µ¡·¥§ ´¨Ö
P0: τ ∼ 1/P0 ∼ 0,1 ÷ 0,2 Ë³/c (¢ Ëµ·³Ê²¥ 	Óé¥·±¥´  ¢·¥³Ö Ëµ·³¨·µ¢ ´¨Ö Å
´¥¤µ¸É ÉµÎ´µ Ìµ·µÏµ µ¶·¥¤¥²¥´´ Ö ¢¥²¨Î¨´ ). Ÿ¸´µ, ÎÉµ ´¥µ¡Ìµ¤¨³Ò ¤ ²Ó-
´¥°Ï¨¥ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö, ÎÉµ¡Ò Ê³¥´ÓÏ¨ÉÓ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢
±µ´Í¥¶Í¨¨ ´ Î ²Ó´µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨.

8.3. �µ£ Ï¥´¨¥ ¸É·Ê° (jet quenching). �¤¨´ ¨§ ¶·¨§´ ±µ¢ µ¡· §µ¢ -
´¨Ö ¶²µÉ´µ° ³ É¥·¨¨ Å ÔÉµ ¶µ£ Ï¥´¨¥ ¸É·Ê° [103Ä105] (Ê³¥´ÓÏ¥´¨¥ ¨Ì
Î¨¸²  ¨ ¶µ¤ ¢²¥´¨¥  ¤·µ´µ¢ ¸ ¡µ²ÓÏ¨³¨ PT ) ¢¸²¥¤¸É¢¨¥ ¶µÉ¥·Ó Ô´¥·£¨¨
¸É·Ê° ¢ ¸·¥¤¥. �¤´ ±µ ¶µ¨¸± ÔÉµ£µ ÔËË¥±É  ¶·¨ Ô´¥·£¨ÖÌ SPS ±µ²² ¡µ· -
Í¨¥° WA98 ¶·¨¢¥² ± ¶·µÉ¨¢µ¶µ²µ¦´µ³Ê ·¥§Ê²ÓÉ ÉÊ. „ ¦¥ Ê³¥·¥´´Ò¥ ¶µ-
É¥·¨ dE/dx = 0,2 ƒÔ‚/Ë³ ¶µ²´µ¸ÉÓÕ ¨¸±²ÕÎ ÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ [106]. „¥²µ ¢ Éµ³, ÎÉµ ¶·¨ ´¥ ¸²¨Ï±µ³ ¡µ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ³´µ-
¦¥¸É¢¥´´µ¥ Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨¢µ¤¨É ± Ì µÉ¨§ -
Í¨¨ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ¨ Ê¢¥²¨Î¨¢ ¥É ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ · ¸¸¥Ö´´ÒÌ
¶ ·Éµ´µ¢

〈P 2
T 〉 = P 2

T0 + A1/3δP 2
T . (27)
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�¨¸. 12. ” ±Éµ· ¶µ¤ ¢²¥´¨Ö ¤²Ö § ·Ö¦¥´´ÒÌ  ¤·µ´µ¢ ¢ Í¥´É· ²Ó´ÒÌ Au + Au-
¸Éµ²±´µ¢¥´¨ÖÌ RHIC (STAR) [107]

�Éµ É ± ´ §Ò¢ ¥³Ò° ÔËË¥±É Š·µ´¨´a, Ìµ·µÏµ ¨§ÊÎ¥´´Ò° ¢ p + A-·¥ ±Í¨ÖÌ
¢¶²µÉÓ ¤µ Ô´¥·£¨¨ 800 ƒÔ‚. �Î¥´Ó ·¥§±µ¥ ¶ ¤¥´¨¥ ¸¶¥±É·  ¸ ·µ¸Éµ³ PT

¶·¨¢µ¤¨É ± Î·¥§¢ÒÎ °´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö  ¤·µ´µ¢ ¶µ PT ±
´¥¡µ²ÓÏµ³Ê Ê¢¥²¨Î¥´¨Õ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸ . ‚ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ´ -
¡²Õ¤ ¥³µ³Ê Ê¸¨²¥´¨Õ (Ë ±Éµ· ∼ 2 ¨ ¡µ²¥¥) ¶¨µ´µ¢ ¸ ¡µ²ÓÏ¨³¨ PT ¶·¨
Ô´¥·£¨ÖÌ SPS ¢ ±µ²² ¡µ· Í¨ÖÌ STAR [107] ¨ PHENIX [108] ¶·¨ Ô´¥·£¨ÖÌ
RHIC ¡Ò²µ § Ë¨±¸¨·µ¢ ´µ ¶µ¤ ¢²¥´¨¥  ¤·µ´µ¢ ¸ PT > 2 ƒÔ‚/¸. ˆ§ ·¨¸. 12
¢¨¤´µ, ÎÉµ, ± ± ¨ ´  Ê¸±µ·¨É¥²¥ SPS, ¤²Ö PT < 2 ƒÔ‚/¸ ´ ¡²Õ¤ ¥É¸Ö É¥´¤¥´Í¨Ö
± ·µ¸ÉÊ, µ¡Ê¸²µ¢²¥´´ Ö ¶µ¸É¥¶¥´´Ò³ ¶¥·¥Ìµ¤µ³ µÉ ¸±¥°²¨´£  ¶µ Npart ± ¡¨-
´ ·´µ³Ê ¸±¥°²¨´£Ê. �¤´ ±µ ¤²Ö PT > 2 ƒÔ‚/¸ µÉ´µÏ¥´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í
π± + K± + p± ´ Î¨´ ¥É Ê³¥´ÓÏ ÉÓ¸Ö, ¤µ¸É¨£ Ö ∼ 0, 5 ¶·¨ PT = 4 ƒÔ‚/¸.

…Ð¥ ¡µ²ÓÏ¥¥ ¶µ¤ ¢²¥´¨¥ ¡Ò²µ § Ë¨±¸¨·µ¢ ´µ ¤²Ö ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢ ¢
Ô±¸¶¥·¨³¥´É¥ PHENIX [108]. �·¨Î¥³ ¢ ÔÉµ³ Ô±¸¶¥·¨³¥´É¥ ¡Ò²µ ¶·µ¢¥·¥´µ,
ÎÉµ ¶µ¤ ¢²¥´¨¥ ¨³¥¥É ³¥¸Éµ ¤²Ö Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨° ¨ µÉ¸ÊÉ¸É¢Ê¥É ¤²Ö
¶¥·¨Ë¥·¨Î¥¸±¨Ì. ˆ§ ·¨¸. 13 ¢¨¤´µ, ÎÉµ ¶·¨ ¶µ¶¥·¥Î´µ³ ¨³¶Ê²Ó¸¥ 3 ƒÔ‚/¸
Î¨¸²µ ¶¨µ´µ¢ Ê³¥´ÓÏ ¥É¸Ö ¶µÎÉ¨ ¢ É·¨ · § . „ ´´Ò¥ ¶·¥¤¸É ¢²¥´Ò ´¥ µÉ´µ-
¸¨É¥²Ó´µ pp-¤ ´´ÒÌ (!), Ô±¸É· ¶µ²¨·µ¢ ´´ÒÌ ¤µ 130 ƒÔ‚,   µÉ´µ¸¨É¥²Ó´µ ¶¥-
·¨Ë¥·¨Î¥¸±¨Ì ¸Éµ²±´µ¢¥´¨°, ¢ ±µÉµ·ÒÌ ¸·¥¤´¥¥ Î¨¸²µ ´Ê±²µ´µ¢-ÊÎ ¸É´¨±µ¢
¨ Î¨¸²µ ¡¨´ ·´ÒÌ ¸Éµ²±´µ¢¥´¨° ≈ 20, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö Í¥´É· ²Ó´ÒÌ ¸Éµ²±-
´µ¢¥´¨° Npart 	 360, Ncoll ≈ 857. •µÉÖ ¸¨¸É¥³ É¨Î¥¸±¨¥ µÏ¨¡±¨ ¥Ð¥ ³´µ£µ
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¡µ²ÓÏ¥ ¸É É¨¸É¨Î¥¸±¨Ì, ±µ³¡¨´¨·µ¢ ´´ Ö ¨´Ëµ·³ Í¨Ö µÉ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ
Ô±¸¶¥·¨³¥´Éµ¢ (·¨¸. 12, 13) Ö¢´µ Ê± §Ò¢ ¥É ´  ÎÉµ-Éµ ´µ¢µ¥, µ¡´ ·Ê¦¥´´µ¥ ¢
A + A-¸µÊ¤ ·¥´¨ÖÌ ´  Ê¸±µ·¨É¥²¥ RHIC.

�¨¸. 13. �É´µÏ¥´¨¥ Î¨¸e² ´¥°É· ²Ó´ÒÌ π0-³¥-
§µ´µ¢, ·µ¦¤¥´´ÒÌ ¢ Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ
¨ ·µ¦¤¥´´ÒÌ ¢ ¶¥·¨Ë¥·¨Î¥¸±¨Ì, ´µ·³¨·µ¢ ´´µ¥
´  Î¨¸²µ ¡¨´ ·´ÒÌ ¸Éµ²±´µ¢¥´¨° Ncoll = 857,
19 ¸µµÉ¢¥É¸É¢¥´´µ. ‚ µÉ²¨Î¨¥ µÉ ÔËË¥±É  Š·µ-
´¨´a (Ê¸¨²¥´¨Ö ¢ÒÌµ¤   ¤·µ´µ¢ ´  SPS) ´  RHIC
 ¤·µ´Ò ¸ ¡µ²ÓÏ¨³¨ PT ¶µ¤ ¢²¥´Ò ¨§-§  ¶µÉ¥·Ó
Ô´¥·£¨¨ ¢ ¸·¥¤¥

‚µ§³µ¦´µ, ÎÉµ ÔÉµ µÉ±·Ò-
É¨¥ ¤ ¦¥ ¡µ²¥¥ ¨´É·¨£ÊÕÐ¥,
Î¥³ §´ ³¥´¨Éµ¥ ¶µ¤ ¢²¥´¨¥
J/ψ, ´ ¡²Õ¤ ¢Ï¥¥¸Ö · ´¥¥
£·Ê¶¶µ° NA50 [42], ¢¢¨¤Ê Éµ-
£µ, ÎÉµ ¶µ¤ ¢²¥´¨¥ J/ψ ¡Ò²µ
¢¨¤´µ É ±¦¥ ¨ ¢ p+A-¸µÊ¤ -
·¥´¨ÖÌ. Œ¥Ì ´¨§³ ¶µ¤ ¢²¥-
´¨Ö ¢ Ìµ²µ¤´µ° Ö¤¥·´µ° ³ -
É¥·¨¨ ¡Ò² ´ §¢ ´ ®´µ·³ ²Ó-
´Ò³¯,   Ê¸¨²¥´¨¥ ÔÉµ£µ ¶µ¤ ¢-
²¥´¨Ö ¢ Pb + Pb-¸Éµ²±´µ¢¥-
´¨ÖÌ ¸É ²¨ ´ §Ò¢ ÉÓ ® ´µ³ ²Ó-
´Ò³¯ ¨§-§  Éµ£µ, ÎÉµ µ´µ ¡µ²Ó-
Ï¥, Î¥³ ´µ·³ ²Ó´µ¥, Ô±¸É· -
¶µ²¨·µ¢ ´´µ¥ ¤²Ö ¸µÊ¤ ·¥´¨°
A + A. �¥ ¨¸±²ÕÎ¥´ , µ¤´ -
±µ, ¢µ§³µ¦´µ¸ÉÓ, ± ± ¡Ò²µ ´¥-
¤ ¢´µ ¶µ± § ´µ ¢ [109], ÎÉµ
ÊÎ¥É · ¤¨ Í¨µ´´ÒÌ Ô´¥·£¥É¨-
Î¥¸±¨Ì ¶µÉ¥·Ó cc̄-¶ · ¢ Ìµ-
²µ¤´µ° ³ É¥·¨¨ ³µ¦¥É ¶·¨-
¢¥¸É¨ ± ´¥²¨´¥°´µ³Ê Ê¸¨²¥-
´¨Õ J/ψ-¶µ¤ ¢²¥´¨Ö §  ¸Î¥É
Ê³¥´ÓÏ¥´¨Ö ¢¥·µÖÉ´µ¸É¨ ¨Ì
Ëµ·³¨·µ¢ ´¨Ö. �¥§±µ¥ ¨§³¥-
´¥´¨¥ ¢ ¶µ¢¥¤¥´¨¨ ¢ÒÌµ¤ 
J/ψ ¶·¨ ET ∼ 100 ƒÔ‚ ³µ¦¥É
¡ÒÉÓ µ¡ÑÖ¸´¥´µ [110] É ±¦¥ ±µ³¡¨´ Í¨¥° ´¥¡µ²ÓÏµ£µ Ê³¥´ÓÏ¥´¨Ö  ¤·µ´´ÒÌ
¶µ¶¥·¥Î´ÒÌ Ô´¥·£¨° ¢ ¸µ¡ÒÉ¨ÖÌ ¸ ·µ¦¤¥´¨¥³ J/ψ ´ ·Ö¤Ê ¸ ·¥§±¨³ Ê³¥´ÓÏ¥-
´¨¥³ ET -· ¸¶·¥¤¥²¥´¨Ö ¢ ÔÉµ° µ¡² ¸É¨. �Éµ µ§´ Î ¥É, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É ´ ¸Éµ-
ÖÉ¥²Ó´ Ö ´¥µ¡Ìµ¤¨³µ¸ÉÓ Ê²ÊÎÏ¥´¨Ö É¥µ·¨¨ ®´µ·³ ²Ó´µ£µ¯ ¶·µÍ¥¸¸ , ¸¢Ö§ ´-
´µ£µ ¸ · ¸¶·µ¸É· ´¥´¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢ Ö¤·¥.

‘Éµ¨É É ±¦¥ µ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  µ¤´Ê ¸ÊÐ¥¸É¢¥´´ÊÕ · §´¨ÍÊ ¢ ÔÉ¨Ì
´µ¢ÒÌ ÔËË¥±É Ì Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°: ®´µ·³ ²Ó´ Ö¯ ¨ ® ´µ³ ²Ó-
´ Ö¯ J/ψ-±µ³¶µ´¥´ÉÒ ¤¥°¸É¢ÊÕÉ ¢ µ¤´µ³ ´ ¶· ¢²¥´¨¨. ‚ ¸²ÊÎ ¥ ¦¥ ¶µ£ -
Ï¥´¨Ö ¸É·Ê° ®´µ·³ ²Ó´Ò°¯ ÔËË¥±É Š·µ´¨´a ¤¥°¸É¢Ê¥É ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ³
´ ¶· ¢²¥´¨¨ ¶µ µÉ´µÏ¥´¨Õ ± ® ´µ³ ²Ó´µ³Ê¯ ´µ¢µ³Ê ¶µ¤ ¢²¥´¨Õ ¢Ò¸µ±µ-
Ô´¥·£¨Î´ÒÌ Î ¸É¨Í ¢ ¸É·Ê¥ ¨§-§  ¶µÉ¥·Ó Ô´¥·£¨¨ ¢ ¸·¥¤¥ [103, 104, 111Ä115].
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‘ÊÐ¥¸É¢ÊÕÉ, ±µ´¥Î´µ, ¨ ¤·Ê£¨¥ ®´µ·³ ²Ó´Ò¥¯ ÔËË¥±ÉÒ (´ ¶·¨³¥·, £²Õµ´´ Ö
Ô±· ´¨·µ¢± ), ±µÉµ·Ò¥ É ±¦¥ ³µ£ÊÉ ¶µ¤ ¢²ÖÉÓ Î ¸É¨ÍÒ ¸ ¡µ²ÓÏ¨³¨ ¶µ¶¥-
·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨. �µÔÉµ³Ê ¤²Ö ¢ÒÖ¢²¥´¨Ö ¢¸¥Ì ®´µ·³ ²Ó´ÒÌ¯ ±µ³¶µ´¥´É
´¥µ¡Ìµ¤¨³Ò ¤¥É ²Ó´Ò¥ ¸¨¸É¥³ É¨Î¥¸±¨¥ ¨§³¥·¥´¨Ö ¤²Ö p+A-¸µÊ¤ ·¥´¨° ¶·¨
Ô´¥·£¨ÖÌ RHIC, ± ± ÔÉµ ¡Ò²µ ¸¤¥² ´µ ´  Ê¸±µ·¨É¥²¥ SPS. � ¤µ § ³¥É¨ÉÓ, ÎÉµ
®´µ·³ ²Ó´Ò¥¯ ±µ³¶µ´¥´ÉÒ ¤¨´ ³¨±¨ Å ´¥ ¶·µ¸Éµ Ëµ´,   ËÊ´¤ ³¥´É ²Ó-
´ Ö ¨´É¥·¥¸´¥°Ï Ö ³´µ£µÎ ¸É¨Î´ Ö Š•„-Ë¨§¨± , ¸ ³  ¶µ ¸¥¡¥ É·¥¡ÊÕÐ Ö
¶·¨¸É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö.

8.4. �²²¨¶É¨Î¥¸± Ö  ´¨§µÉ·µ¶¨Ö. „²Ö ´¥Í¥´É· ²Ó´ÒÌ ¨µ´-¨µ´´ÒÌ ¸µ-
Ê¤ ·¥´¨° ´ Î ²Ó´ Ö µ¡² ¸ÉÓ ¶¥·¥±·ÒÉ¨Ö Ê¦¥ ´¥ ¨§µÉ·µ¶´  ¢ ¶µ¶¥·¥Î´µ° ¶²µ¸-

�¨¸. 14. �·µ¨´É¥£·¨·µ¢ ´´Ò° ¶µ PT ±µÔË-
Ë¨Í¨¥´É Ô²²¨¶É¨Î¥¸±µ°  ´¨§µÉ·µ¶¨¨ v2 ± ±
ËÊ´±Í¨Ö Í¥´É· ²Ó´µ¸É¨ (STAR) [121]. Š·¨-
¢Ò¥ Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶µ £¨¤·µ¤¨´ ³¨-
Î¥¸±µ° É¥µ·¨¨ ¸ · §²¨Î´Ò³¨ ¶·µË¨²Ö³¨ ´ -
Î ²Ó´µ° ¶²µÉ´µ¸É¨ [122]

±µ¸É¨ (¡²¨§±  ± Ëµ·³¥ ³¨´¤ ²Ó-
´µ£µ µ·¥Ì ). ’¥³ ´¥ ³¥´¥¥ ¢ ± ¦-
¤µ° ÉµÎ±¥ r ´ Î ²Ó´µ¥ · ¸¶·¥¤¥-
²¥´¨¥ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó-
¸Ê ¨§µÉ·µ¶´µ, ¨ ¥¸²¨ ³ É¥·¨Ö
· ¸Ï¨·Ö¥É¸Ö ¸¢µ¡µ¤´µ, ¡¥§ ¢§ ¨-
³µ¤¥°¸É¢¨Ö, Éµ PT -· ¸¶·¥¤¥²¥´¨¥
µ¸É ¥É¸Ö ¨§µÉ·µ¶´Ò³, ¢ Éµ ¢·¥³Ö
± ± ´ Î ²Ó´ Ö ¶·µ¸É· ´¸É¢¥´´ Ö
¤¥Ëµ·³ Í¨Ö ¢ ±µ´Í¥ ±µ´Íµ¢ ¨¸-
Î¥§ ¥É. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¥¸²¨
µ¡· §µ¢ ´´ Ö ³ É¥·¨Ö ¡Ò¸É·µ
É¥·³ ²¨§Ê¥É¸Ö, Éµ ¨§´ Î ²Ó´ Ö ¤¥-
Ëµ·³ Í¨Ö ¶·¨¢µ¤¨É ± £· ¤¨¥´ÉÊ
¤ ¢²¥´¨Ö. �Éµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó,
¢Ò§Ò¢ ¥É ¡µ²¥¥ ¸¨²Ó´µ¥ ±µ²²¥±-
É¨¢´µ¥ ¤¢¨¦¥´¨¥ ¢ ±· ÉÎ °Ï¥³
´ ¶· ¢²¥´¨¨ (É. ¥. ¢ ¶²µ¸±µ¸É¨
·¥ ±Í¨¨), Î¥³ ¢ ´ ¨¡µ²ÓÏ¥³ ´ -
¶· ¢²¥´¨¨ (É. ¥. ¶¥·¶¥´¤¨±Ê²Ö·-
´µ ¶²µ¸±µ¸É¨ ·¥ ±Í¨¨) [116],
  PT -· ¸¶·¥¤¥²¥´¨¥ ¸É ´µ¢¨É¸Ö
 ´¨§µÉ·µ¶´Ò³. �Éµ Ö¢²¥´¨¥ ´ -

§Ò¢ ¥É¸Ö Ô²²¨¶É¨Î¥¸±¨³ ¶µÉµ±µ³ ¨ ±µ²¨Î¥¸É¢¥´´µ Ì · ±É¥·¨§Ê¥É¸Ö §´ -
Î¥´¨¥³ ¢Éµ·µ£µ ±µÔËË¨Í¨¥´É  v2 ¢  §¨³ÊÉ ²Ó´µ³ ËÊ·Ó¥-· §²µ¦¥´¨¨
PT -¸¶¥±É·  [117]:

v2 =

π∫
−π

dφ cos (2φ)
d2σ

dP 2
T dφ

π∫
−π

dφ d2σ/dP 2
T dφ

. (28)

ˆ§-§  ¡µ²¥¥ ¸¨²Ó´µ£µ ±µ²²¥±É¨¢´µ£µ ¤¢¨¦¥´¨Ö ¢ ±· ÉÎ °Ï¥³ ´ ¶· ¢²¥´¨¨
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¶·µ¸É· ´¸É¢¥´´ Ö ¤¥Ëµ·³ Í¨Ö ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ Ê³¥´ÓÏ ¥É¸Ö. Šµ£¤  ¶·µ-
¸É· ´¸É¢¥´´ Ö ¤¥Ëµ·³ Í¨Ö ¨  ´¨§µÉ·µ¶´Ò° £· ¤¨¥´É ¤ ¢²¥´¨Ö ¨¸Î¥§ ÕÉ, Éµ
±µÔËË¨Í¨¥´É Ô²²¨¶É¨Î¥¸±µ°  ´¨§µÉ·µ¶¨¨ v2 ¶¥·¥¸É ¥É · ¸É¨. —¥³ ¢ÒÏ¥ ´ -
Î ²Ó´ Ö ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨, É¥³ ¡µ²ÓÏ¥ ¢·¥³Ö ¦¨§´¨ Ë °e·¡µ²  ¤µ  ¤·µ´¨§ -
Í¨¨ ¨ ¢Ò³µ· ¦¨¢ ´¨Ö, É. ¥. ´ ¸ÒÐ¥´¨¥ ±µÔËË¨Í¨¥´É  Ô²²¨¶É¨Î¥¸±µ°  ´¨§µ-
É·µ¶¨¨ ¶·µ¨¸Ìµ¤¨É ´  ¡µ²¥¥ · ´´¥° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨. �µÔÉµ³Ê ¥£µ §´ Î¥´¨¥,
µ¶·¥¤¥²Ö¥³µ¥ ¶µ ¸¶¥±É·Ê ³Ö£±¨Ì Î ¸É¨Í ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨, Ì · ±É¥·¨§Ê¥É
¸¢µ°¸É¢  · ´´¥° £µ·ÖÎ¥° ³ É¥·¨¨ [118].

Œµ¤¥²¨·µ¢ ´¨¥ ¢ · ³± Ì ±¨´¥É¨Î¥¸±µ° É¥µ·¨¨ [119] ¶µ± §Ò¢ ¥É, ÎÉµ
¨³¶Ê²Ó¸´µ-¶·µ¸É· ´¸É¢¥´´Ò° µÉ±²¨± ´  ´ Î ²Ó´ÊÕ ¶·µ¸É· ´¸É¢¥´´ÊÕ ¤¥Ëµ·-
³ Í¨Õ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ¸¨²Ò ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ±µ´¸É¨ÉÊ¥´É ³¨
¢´µ¢Ó µ¡· §µ¢ ¢Ï¥°¸Ö ³ É¥·¨¨. �·¨ Ë¨±¸¨·µ¢ ´´µ° ¶·µ¸É· ´¸É¢¥´´µ° ¤¥-
Ëµ·³ Í¨¨ ´ ¨¡µ²ÓÏ¨¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´É  v2 ¶µ²ÊÎ ÕÉ¸Ö ¤²Ö ¸¨¸É¥³
¸ É ±¨³ ¸¨²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³, ÎÉµ µ´¨ É¥·³ ²¨§ÊÕÉ¸Ö µÎ¥´Ó ¡Ò¸É·µ ´ 
¢·¥³¥´´µ³ ³ ¸ÏÉ ¡¥, Ì · ±É¥·¨§ÊÕÐ¥³ ¤¨´ ³¨±Ê ¦¨¤±µ¸É¨. �ÉµÉ ³ ±¸¨³ ²Ó-
´Ò° µÉ±²¨± ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ ¶ÊÉ¥³ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (5) ¨¤¥ ²Ó´µ°
(¡¥§ ¢Ö§±µ¸É¨) £¨¤·µ¤¨´ ³¨±¨ [116, 120]. ˆ§ ·¨¸. 14, 15 [121] ¢¨¤´µ, ÎÉµ ´ 
RHIC ¤µ¸É¨£ ¥É¸Ö ¢¥·Ì´¨° ¶·¥¤¥² §´ Î¥´¨° ±µÔËË¨Í¨¥´É  Ô²²¨¶É¨Î¥¸±µ°
 ´¨§µÉ·µ¶¨¨ v2 ¤²Ö ¶µ²ÊÍ¥´É· ²Ó´ÒÌ Au + Au-¸µÊ¤ ·¥´¨° ¨ ³ ²ÒÌ PT , ÎÉµ
Ê± §Ò¢ ¥É ´  µÎ¥´Ó ¡Ò¸É·ÊÕ É¥·³ ²¨§ Í¨Õ ´  ¢·¥³¥´´µ³ ³ ¸ÏÉ ¡¥ ¶µ·Ö¤± 
0,5 Ë³/¸ [120]. „²Ö ¡µ²ÓÏ¨Ì §´ Î¥´¨° ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É·  b > 7 Ë³ ¨
¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ PT > 1, 5 ÷ 2 ƒÔ‚/¸ ¨§³¥·¥´´µ¥ §´ Î¥´¨¥ v2 ³¥´ÓÏ¥
£¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¶·¥¤¸± § ´¨Ö [122]. �Éµ £µ¢µ·¨É µ ³¥´¥¥ ÔËË¥±É¨¢´µ°
É¥·³ ²¨§ Í¨¨ ¢ ³ ²µ³ µ¡Ñ¥³¥ ¨ ¶·¨ ¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì. ˆ§
£¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° É ±¦¥ ¸²¥¤Ê¥É, ÎÉµ ¤²Ö ¸µ£² ¸µ¢ ´¨Ö ¶·¥¤-

�¨¸. 15. � ¸ÒÐ¥´¨¥ ±µÔËË¨Í¨¥´É  Ô²²¨¶É¨Î¥¸±µ°  ´¨§µÉ·µ¶¨¨, ´ ¡²Õ¤ ¢Ï¥¥¸Ö ±µ²-
² ¡µ· Í¨¥° STAR [121]. Š·¨¢Ò¥ Å Ô±¸É· ¶µ²ÖÍ¨Ö £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨°
¢ µ¡² ¸ÉÓ ¡µ²ÓÏ¨Ì PT [120]
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¸± § ´¨° É¥µ·¨¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ´¥µ¡Ìµ¤¨³  É¥·³ ²¨§ Í¨Ö ¶·¨
¶²µÉ´µ¸ÉÖÌ Ô´¥·£¨¨ ¢ÒÏ¥ ±·¨É¨Î¥¸±µ° εc [120, 122]. �·¨ É ±¨Ì ¶²µÉ´µ¸ÉÖÌ
Ê¦¥ ³µ¦´µ £µ¢µ·¨ÉÓ µ¡ µ¡· §µ¢ ´¨¨ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¢ Au + Au-
¸Éµ²±´µ¢¥´¨ÖÌ ´  Ê¸±µ·¨É¥²¥ RHIC.

�É±²µ´¥´¨¥  §¨³ÊÉ ²Ó´µ°  ¸¨³³¥É·¨¨ (v2) µÉ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¶µ-
¢¥¤¥´¨Ö ¶·¨ ¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì PT µ¡Ê¸²µ¢²¥´µ ± ± ´¥¶·¨³¥-
´¨³µ¸ÉÓÕ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ¶·¨ É ±¨Ì ¨³¶Ê²Ó¸ Ì Î ¸É¨Í, É ± ¨
±µ´¥Î´Ò³¨ Ô´¥·£¥É¨Î¥¸±¨³¨ ¶µÉ¥·Ö³¨ ¶ ·Éµ´µ¢ ¢ ¶² §³¥. Š ± ¶µ± § ´µ ¢
¤¥É ²ÖÌ ¢ · ¡µÉ¥ [111], Ì · ±É¥· ´ ¸ÒÐ¥´¨Ö ±µÔËË¨Í¨¥´É  Ô²²¨¶É¨Î¥¸±µ°
 ´¨§µÉ·µ¶¨¨ v2 µ¶·¥¤¥²Ö¥É¸Ö Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸ÉÓÕ ¶µÉ¥·Ó Ô´¥·£¨¨
£²Õµ´µ¢ ¢ ¸·¥¤¥ ¨ £¥µ³¥É·¨¥° ¶²µÉ´µ¸É¨ ¶² §³¥´´µ° ¸¨¸É¥³Ò ¶·¨ ±µ´¥Î´ÒÌ
¶·¨Í¥²Ó´ÒÌ ¶ · ³¥É· Ì. ‘²¥¤µ¢ É¥²Ó´µ, ÔÉµ ¤ ¥É Éµ³µ£· Ë¨Î¥¸±ÊÕ ¨´Ëµ·-
³ Í¨Õ µ ¶·µË¨²¥ ¶²µÉ´µ¸É¨ ¨ ¥£µ Ô¢µ²ÕÍ¨¨ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ.

8.5. �¥·¢Ò¥ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ¢Ò¢µ¤Ò ´  µ¸´µ¢¥ ¤ ´´ÒÌ RHIC. …¸²¨
¤ ²Ó´¥°Ï¨¥ ¨§³¥·¥´¨Ö ¨ É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ¤É¢¥·¤ÖÉ ¶µ¤ ¢²¥´¨e
²¨¤¨·ÊÕÐ¨Ì Î ¸É¨Í ¢ ¸É·Ê¥, Éµ ÔÉµ ¡Ê¤¥É, ¶µ¦ ²Ê°, µ¤´¨³ ¨§ ¶¥·¢ÒÌ Ê± § ´¨°
´  ¢µ§³µ¦´µ¸ÉÓ µ¡· §µ¢ ´¨Ö ¸¢¥·Ì¶²µÉ´µ° ¶ ·Éµ´´µ° ³ É¥·¨¨ (¸ ¶²µÉ´µ¸ÉÓÕ
¢ 100 · § ¢ÒÏ¥, Î¥³ ¢ Ìµ²µ¤´µ³ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥) ´  Ê¸±µ·¨É¥²¥ RHIC.
	µ²¥¥ ¤¥É ²Ó´Ò°  ´ ²¨§ ¸µ¸É ¢ , Ëµ·³Ò ¨  §¨³ÊÉ ²Ó´µ£µ ¨³¶Ê²Ó¸´µ£µ ¸¶¥±-
É·  Î ¸É¨Í ¸ ¡µ²ÓÏ¨³¨ PT ¶·¥¤¸É ¢²Ö¥É¸Ö µ¤´¨³ ¨§ ´ ¨¡µ²¥¥ ¨´É·¨£ÊÕÐ¨Ì
¤¨ £´µ¸É¨Î¥¸±¨Ì  ¸¶¥±Éµ¢ Ô¢µ²ÕÍ¨¨ £²Õµ´´µ° ¸¨¸É¥³Ò, µ¡· §µ¢ ´´µ° ¶·¨
Ô´¥·£¨ÖÌ RHIC. �¤´ ±µ ¥Ð¥ · ´µ £µ¢µ·¨ÉÓ µ¡µ ¢¸¥Ì ¸¢µ°¸É¢ Ì ÔÉµ° Î·¥§-
¢ÒÎ °´µ ¶²µÉ´µ° Ëµ·³Ò ³ É¥·¨¨. ‘ÊÐ¥¸É¢Ê¥É ¥Ð¥ ³´µ£µ ±Ê¸±µ¢ ³µ§ ¨±¨,
±µÉµ·Ò¥ É·Ê¤´µ ¶µ¤µ£´ ÉÓ ¶µ¤ ¥¤¨´Ò° ¸Í¥´ ·¨°. �¥§ ¢¨¸¨³µ¸ÉÓ µÉ Ô´¥·£¨¨
¶ÊÎ±  ¨ Í¥´É· ²Ó´µ¸É¨ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨, ¶·¨Ìµ¤ÖÐ¥°¸Ö ´  µ¤´Ê § ·Ö¦¥´-
´ÊÕ Î ¸É¨ÍÊ, Å µ¤¨´ ¨§ ´¨Ì. „·Ê£ Ö § £ ¤±  Å  ´µ³ ²Ó´µ¥ ¡ ·¨µ´´µ¥ Î¨¸²µ
¢ Í¥´É· ²Ó´µ° ¡Ò¸É·µÉ´µ° µ¡² ¸É¨ ¨ ¶·¨ ¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì.
� ±µ´¥Í, ¢¥¸Ó³  µ§ ¤ Î¨¢ ÕÉ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶¨µ´´µ° ¨´É¥·Ë¥-
·µ³¥É·¨¨: ´¥§ ¢¨¸¨³µcÉÓ µÉ Ô´¥·£¨¨ ¶ÊÎ± . ’ ±¨³ µ¡· §µ³, ´  RHIC µÉ±·Ò¢ -
¥É¸Ö ´µ¢ Ö £² ¢  ¢ ¨¸¸²¥¤µ¢ ´¨¨ Ë¨§¨±¨ Ê²ÓÉ· ¶²µÉ´µ° ³ É¥·¨¨ ¨ ¤¨´ ³¨±¨
Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·.

8.6. ”¨§¨±  ÉÖ¦¥²ÒÌ ¨µ´µ¢ ´  LHC. �·¨ Ô´¥·£¨ÖÌ LHC (
√

s =
6 TÔ‚/´Ê±²µ´ [123]) µ¦¨¤ ¥É¸Ö ¤µ¸É¨¦¥´¨¥ ¥Ð¥ ¡µ²¥¥ ¢Ò¸µ±¨Ì, ¶µ ¸· ¢´¥-
´¨Õ ¸ RHIC, ¶²µÉ´µ¸É¥° (dN/dy 	 3000 ÷ 8000) ¨ É¥³¶¥· ÉÊ· (T0 ∼ 1 ƒÔ‚)
¤²Ö ¸µÊ¤ ·¥´¨° Pb + Pb. �É¨ ¢Ò¸µ±¨¥ É¥³¶¥· ÉÊ·Ò ¨ ¡µ²ÓÏµ¥ ¢·¥³Ö ¦¨§´¨
¶ ·Éµ´´µ° ³ É¥·¨¨ ¤µ  ¤·µ´¨§ Í¨¨ ¶µ§¢µ²ÖÕÉ ´ ¤¥ÖÉÓ¸Ö ´  ´ ¡²Õ¤¥´¨¥ ¶·Ö-
³ÒÌ ËµÉµ´µ¢ ¨ ¤¨²¥¶Éµ´µ¢ ¨§ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò, ÎÉµ Ö¢²Ö¥É¸Ö µ¤´µ°
¨§ µ¸´µ¢´ÒÌ § ¤ Î Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¶µ ¸Éµ²±´µ¢¥´¨Ö³ ÉÖ¦¥²ÒÌ ¨µ´µ¢
¢ Ô±¸¶¥·¨³¥´É¥ ALICE [124]. Š·µ³¥ Éµ£µ, ¶·¨ É ±¨Ì ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì
¶µ³¨³µ ¶µ¤ ¢²¥´¨Ö ¸¨¸É¥³ (cc̄) µ¦¨¤ ¥É¸Ö ¶µ¤µ¡´Ò° ÔËË¥±É ¤²Ö ¡µ²¥¥ ÉÖ-
¦¥²ÒÌ ¸¨¸É¥³ (bb̄). �·¨ ÔÉµ³ ¸É¥¶¥´¨ ¶µ¤ ¢²¥´¨Ö Υ-, Υ′- ¨ Υ′′-·¥§µ´ ´¸µ¢,
¨³¥ÕÐ¨Ì · §´Ò¥ · ¤¨Ê¸Ò ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ Ô´¥·£¨Õ ¸¢Ö§¨, ¡Ê¤ÊÉ · §-
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²¨Î ÉÓ¸Ö. �¥£¨¸É· Í¨Ö ¶µ¤ ¢²¥´¨Ö Υ-·¥§µ´ ´¸µ¢ ¢ ¶²µÉ´µ° ³ É¥·¨¨ Ö¢²Ö¥É¸Ö
µ¤´µ° ¨§ µ¸´µ¢´ÒÌ § ¤ Î Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¶µ ¸Éµ²±´µ¢¥´¨Õ ÉÖ¦¥²ÒÌ
¨µ´µ¢ Ê¦¥ ¢ Ô±¸¶¥·¨³¥´É¥ CMS [125].

� ·Ö¤Ê ¸ ¶µ¤ ¢²¥´¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ µ¤´¨³ ¨§ ¶·µÍ¥¸¸µ¢, ±µÉµ·Ò°
³µ£ ¡Ò ¤ ÉÓ ¨´Ëµ·³ Í¨Õ µ ¸ ³ÒÌ · ´´¨Ì ¸É ¤¨ÖÌ Ô¢µ²ÕÍ¨¨ ¸¢¥·Ì¶²µÉ´µ°
³ É¥·¨¨, Ö¢²Ö¥É¸Ö ¶·µÌµ¦¤¥´¨¥ ¦¥¸É±¨Ì ¸É·Ê° Í¢¥Éµ§ ·Ö¦¥´´ÒÌ ¶ ·Éµ´µ¢
Î¥·¥§ ÔÉÊ ¸·¥¤Ê. � ·  ¸É·Ê° ·µ¦¤ ¥É¸Ö ¢ ¸ ³µ³ ´ Î ²¥ ¶·µÍ¥¸¸  ¸µÊ¤ ·¥-
´¨Ö (τform ∼ 1/PT ≤ 0,01 Ë³/¸) ¢ ·¥§Ê²ÓÉ É¥ ¦¥¸É±µ£µ ´Ê±²µ´-´Ê±²µ´´µ£µ
(¶ ·Éµ´-¶ ·Éµ´´µ£µ) · ¸¸¥Ö´¨Ö. ’ ±¨¥ ¸É·Ê¨ ¶·µÌµ¤ÖÉ Î¥·¥§ ¶²µÉ´ÊÕ ¶ ·-
Éµ´´ÊÕ ³ É¥·¨Õ, Ëµ·³¨·ÊÕÐÊÕ¸Ö ¨§ ¸¨¸É¥³Ò ³¨´¨¸É·Ê° ¢ É¥Î¥´¨¥ ¡µ²Ó-
Ï¥£µ ³ ¸ÏÉ ¡  ¢·¥³¥´¨ (≥ 0,1 Ë³/¸) [126Ä131], ¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ ±µ´¸É¨-
ÉÊ¥´É ³¨ ¸·¥¤Ò, ¨§³¥´ÖÖ ¢ ·¥§Ê²ÓÉ É¥ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¶¥·¥· ¸¸¥Ö´¨° ¸¢µ¨
¶¥·¢µ´ Î ²Ó´Ò¥ ¸¢µ°¸É¢ .

�±ÉÊ ²Ó´µ° § ¤ Î¥° ¶·¥¤¸É ¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ³¥Ì ´¨§³µ¢ ¶µÉ¥·Ó Ô´¥·-
£¨¨ ¶ ·Éµ´µ¢ ¢ ¶²µÉ´µ° Š•„-³ É¥·¨¨ [132]. “¡Ò²Ó Ô´¥·£¨¨ ¶ ·Éµ´µ¢ ³µ¦´µ
· §¤¥²¨ÉÓ ´ : 1) · ¤¨ Í¨µ´´Ò¥ ¶µÉ¥·¨, ¸¢Ö§ ´´Ò¥ ¸ ¨¸¶Ê¸± ´¨¥³ ®Éµ·³µ§-
´ÒÌ¯ £²Õµ´µ¢ [103Ä105, 132Ä137], 2) ¸Éµ²±´µ¢¨É¥²Ó´Ò¥ ¶µÉ¥·¨, µ¡Ê¸²µ¢²¥´-
´Ò¥ Ê¶·Ê£¨³ ¶¥·¥· ¸¸¥Ö´¨¥³ [138Ä141]. �µ¸±µ²Ó±Ê ¨´É¥´¸¨¢´µ¸ÉÓ ¶¥·¥· ¸-
¸¥Ö´¨Ö Ö¢²Ö¥É¸Ö ¢µ§· ¸É ÕÐ¥° ËÊ´±Í¨¥° É¥³¶¥· ÉÊ·Ò (¶²µÉ´µ¸É¨ Ô´¥·£¨¨),
Ëµ·³¨·µ¢ ´¨¥ ¸¢¥·Ì¶²µÉ´µ° ¨ ®£µ·ÖÎ¥°¯ ¶ ·Éµ´´µ° ³ É¥·¨¨ ¢ ¸Éµ²±´µ¢¥´¨¨
ÉÖ¦¥²ÒÌ ¨µ´µ¢ (¸ µÍ¥´±µ° ´ Î ²Ó´µ° É¥³¶¥· ÉÊ·Ò T0 ∼ 1 ƒÔ‚ ´  LHC [142])
¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ ± £µ· §¤µ ¡
µ²ÓÏ¨³ ¶µÉ¥·Ö³ Ô´¥·£¨¨ ¦¥¸É±¨Ì ¶ ·Éµ´µ¢
¶µ ¸· ¢´¥´¨Õ ¸µ ¸²ÊÎ ¥³ ®Ìµ²µ¤´µ°¯ Ö¤¥·´µ° ³ É¥·¨¨ ¨²¨  ¤·µ´´µ£µ £ § 
¸ T ≤ 0,2 ƒÔ‚. ‚ Î ¸É´µ¸É¨, ¨´É¥·¥¸´Ò³ ¶·¥¤¸± § ´¨¥³, ¸¢Ö§ ´´Ò³ ¸ ±µ£¥-
·¥´É´µ° ¶·¨·µ¤µ° ¨´¤ÊÍ¨·µ¢ ´´µ£µ Š•„-¸·¥¤µ° ¨§²ÊÎ¥´¨Ö, ¶·¥¤¸É ¢²Ö¥É¸Ö
§ ¢¨¸¨³µ¸ÉÓ ¶µÉ¥·Ó Ô´¥·£¨¨ ´  ¥¤¨´¨ÍÊ ¤²¨´Ò dE/dx µÉ ¶µ²´µ£µ ¶·µ°¤¥´-
´µ£µ ¢ ¶²µÉ´µ° ³ É¥·¨¨ · ¸¸ÉµÖ´¨Ö L,   É ±¦¥ ´¥É·¨¢¨ ²Ó´ Ö Ô´¥·£¥É¨Î¥¸± Ö
§ ¢¨¸¨³µ¸ÉÓ ÔËË¥±É  [134,135]. �±¸¶¥·¨³¥´É ²Ó´µ¥ ¨§ÊÎ¥´¨¥ L-§ ¢¨¸¨³µ¸É¨
¶µÉ¥·Ó Ô´¥·£¨¨ ³µ¦¥É ¡ÒÉÓ ¸¤¥² ´µ ¢ · §²¨Î´ÒÌ ¡¨´ Ì ¶ · ³¥É·  Ê¤ ·  Ö¤·µ-
Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, µ¶·¥¤¥²ÖÕÐ¥£µ ÔËË¥±É¨¢´Ò° µ¡Ñ¥³ ¶²µÉ´µ° µ¡² -
¸É¨ ´ Î ²Ó´µ£µ ¶¥·¥±·ÒÉ¨Ö Ö¤¥· [143].

�¡¸Ê¦¤ Ö ¢µ¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ´ ¡²Õ¤¥´¨Ö ¢ÒÏ¥-
Ê¶µ³Ö´ÊÉÒÌ ÔËË¥±Éµ¢, ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶µÉ¥·¨ Ô´¥·£¨¨ (£² ¢´Ò³ µ¡· -
§µ³, £²Õµ´´ÒÌ ¸É·Ê°) ³µ£ÊÉ ¶·¨¢µ¤¨ÉÓ ± ¶µ¤ ¢²¥´¨Õ ¢ÒÌµ¤  ¶ · ¦¥¸É±¨Ì
 ¤·µ´´ÒÌ ¸É·Ê° [104,141] ¨ ¦¥¸É±¨Ì  ¤·µ´µ¢ [103],   ¶µÉ¥·¨ Ô´¥·£¨° ¸É·Ê°,
¨´¨Í¨¨·µ¢ ´´ÒÌ ¶·¥¨³ÊÐ¥¸É¢¥´´µ ®²¥£±¨³¨¯ u- ¨ d-±¢ ·± ³¨, µ¡Ê¸²µ¢²¨-
¢ ÕÉ ¢ ¶·µÍ¥¸¸ Ì ®Z + ¸É·ÊÖ¯ [144] ¨ ®γ + ¸É·ÊÖ¯ [145] · §´¨ÍÊ ³¥¦¤Ê
¸·¥¤´¨³ §´ Î¥´¨¥³ ¨§³¥·¥´´µ° Ô´¥·£¨¨ ¸É·Ê¨ ¨ ¸·¥¤´¥° ¢¥²¨Î¨´µ° ³µ¤Ê²Ö
¨³¶Ê²Ó¸  (¡²¨§±µ£µ ± ´ Î ²Ó´µ° Ô´¥·£¨¨ ¸É·Ê¨) ²¥ÉÖÐ¨Ì ¢ ¶·µÉ¨¢µ¶µ²µ¦-
´µ³ ´ ¶· ¢²¥´¨¨ Z-¡µ§µ´  ¨ ËµÉµ´  ¸µµÉ¢¥É¸É¢¥´´µ. ‚ Éµ ¦¥ ¢·¥³Ö ¸¶¥±É·
³Õµ´´ÒÌ ¶ · ¡µ²ÓÏ¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ µÉ ¶µ²Ê²¥¶Éµ´´µ£µ · ¸¶ ¤  B- ¨
D-³¥§µ´µ¢ ÎÊ¢¸É¢¨É¥²¥´ ± ¶¥·¥· ¸¸¥Ö´¨Õ ÉÖ¦¥²ÒÌ b- ¨ c-±¢ ·±µ¢ [146Ä149].
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’ ±¨³ µ¡· §µ³, ³µ¦´µ ¶µ² £ ÉÓ, ÎÉµ ¨¸¸²¥¤µ¢ ´¨¥ ·µ¦¤¥´¨Ö ¤¨³Õµ´µ¢ ¢ ±µ³-
¡¨´ Í¨¨ ¸µ ¸É·ÊÖ³¨ ¸ ¡µ²ÓÏ¨³¨ PT ³µ£ÊÉ ¤ ÉÓ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ [150] µ¡
ÔËË¥±É Ì, ¨´¤ÊÍ¨·µ¢ ´´ÒÌ ¶²µÉ´µ° ¸·¥¤µ° ¤²Ö ²¥£±¨Ì ¨ ÉÖ¦¥²ÒÌ ±¢ ·±µ¢ ¢
¸Éµ²±´µ¢¥´¨¨ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ´  LHC.

9. ƒˆ„��„ˆ��Œˆ—…‘Š�Ÿ ’…��ˆŸ
Š�‘Œˆ—…‘Šˆ• γ-‚‘�‹…‘Š�‚

‚ ±µ´Í¥ 60-Ì ££. ¢ ±µ¸³¨Î¥¸±µ³ ¶·µ¸É· ´¸É¢¥ ËÊ´±Í¨µ´¨·µ¢ ²   ³¥·¨-
± ´¸± Ö ¸¨¸É¥³  Î¥ÉÒ·¥Ì ¸¶ÊÉ´¨±µ¢ VELA. ‘¨¸É¥³  VELA ¡Ò²  ¶·¥¤´ §´ -
Î¥´  ¤²Ö ·¥£¨¸É· Í¨¨ ¢§·Ò¢µ¢ ¢  É³µ¸Ë¥·¥ ¸µ¢¥É¸±¨Ì  Éµ³´ÒÌ ¡µ³¡ (´ ¶µ³-
´¨³, ÎÉµ ¤µ£µ¢µ· ¸ ‘˜� µ § ¶·¥Ð¥´¨¨  Éµ³´ÒÌ ¢§·Ò¢µ¢ ¢  É³µ¸Ë¥·¥ ¡Ò²
§ ±²ÕÎ¥´ ¢ ÔÉµ ¢·¥³Ö). �Éµ³´ÒÌ ¢§·Ò¢µ¢ ¸¨¸É¥³  VELA ´¥ § ·¥£¨¸É·¨·µ-
¢ ² , µ¤´ ±µ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¸µ¢¥·Ï¥´´µ ´µ¢µ¥ ¤²Ö  ¸É·µË¨§¨±¨ Ö¢²¥´¨¥:
¶·¨³¥·´µ ¸ Î ¸ÉµÉµ° µ¤¨´ ¸²ÊÎ ° ¢ ¸ÊÉ±¨ µ¤´µ¢·¥³¥´´µ ¶·¨¡µ·Ò ´  ¢¸¥Ì
Î¥ÉÒ·¥Ì ¸¶ÊÉ´¨± Ì ·¥£¨¸É·¨·µ¢ ²¨ ¢¸¶²¥¸±¨ γ-²ÊÎ¥° ¸ Ô´¥·£¨¥° ËµÉµ´µ¢
Eγ ∼ 1 ŒÔ‚ [151]. �µ¸±µ²Ó±Ê ¸¶ÊÉ´¨±¨ ¡Ò²¨ · §´¥¸¥´Ò ´  · ¸¸ÉµÖ´¨¥
≥ 104 ±³, Éµ µÎ¥¢¨¤´µ, ÎÉµ ÔÉ¨ ¢¸¶²¥¸±¨ ´¥ ¡Ò²¨ ¸¢Ö§ ´Ò ¸ §¥³´Ò³¨ Ö¢²¥-
´¨Ö³¨.

Š ¸µ¦ ²¥´¨Õ, µ¶·¥¤¥²¥´¨¥ ´ ¶· ¢²¥´¨Ö ¢¸¶²¥¸±µ¢, ±µÉµ·µ¥ ³µ¦´µ ¡Ò²µ
µÍ¥´¨ÉÓ ¢¥¸Ó³  £·Ê¡µ, ¸¢¨¤¥É¥²Ó¸É¢µ¢ ²o ²¨ÏÓ µ Éµ³, ÎÉµ ¨¸ÉµÎ´¨±µ³ ¢¸¶²¥-
¸±µ¢ ´¥ ³µ£²µ ¡ÒÉÓ É ±¦¥ ¨ ‘µ²´Í¥. �µÔÉµ³Ê ¢µ§´¨±²¨ ¤¢  ¨´É¥·¥¸´¥°Ï¨Ì
¢µ¶·µ¸ : £¤¥ ¢µ§´¨± ÕÉ ÔÉ¨ ¢¸¶²¥¸±¨ ¨ ± ±µ¢ ³¥Ì ´¨§³ ¨Ì ·µ¦¤¥´¨Ö? � ´¥-
É·¨¢¨ ²Ó´µ¸É¨ ¶µ¸²¥¤´¥£µ ¢µ¶·µ¸  ¸¢¨¤¥É¥²Ó¸É¢µ¢ ²  Ô´¥·£¨Ö ËµÉµ´µ¢ ¢µ
¢¸¶²¥¸± Ì (0,5Ä1 ŒÔ‚). �¡ÒÎ´ Ö Ô´¥·£¨Ö ¨§²ÊÎ¥´¨Ö ±µ¸³¨Î¥¸±¨Ì µ¡Ñ¥±Éµ¢
¡Ò²  ´  ´¥¸±µ²Ó±µ ¶µ·Ö¤±µ¢ ³¥´ÓÏ¥. �µÔÉµ³Ê, ¥¸É¥¸É¢¥´´µ, ¢µ§´¨±²µ ³´µ-
¦¥¸É¢µ £¨¶µÉ¥§ µ¡ ¨¸ÉµÎ´¨± Ì ¨ ³¥Ì ´¨§³¥ ¢µ§´¨±´µ¢¥´¨Ö ¢¸¶²¥¸±µ¢. …Ð¥
¸µ¢¸¥³ ´¥¤ ¢´µ ¨´É¥´¸¨¢´µ ¤¨¸±ÊÉ¨·µ¢ ²¨¸Ó É·¨ ¢µ§³µ¦´Òe £¨¶µÉ¥§Ò ³¥-
¸É  ·µ¦¤¥´¨Ö ¢¸¶²¥¸±µ¢: 1) Cµ²´¥Î´ Ö ¸¨¸É¥³  (· ¸¸ÉµÖ´¨¥ R ≤ 1015 ¸³);
2) ´ Ï  ƒ ² ±É¨±  (R ≤ 1022 ¸³); 3) £· ´¨ÍÒ ´ Ï¥° Œ¥É £ ² ±É¨±¨ (R ∼
1028 ¸³) (¸³., ´ ¶·¨³¥·, [152]). �¶·¥¤¥²¥´´ÊÕ Ö¸´µ¸ÉÓ ¢´¥¸²µ ¸µ§¤ ´¨¥ ´µ-
¢ÒÌ ¶·¨¡µ·µ¢, ¶·¥¤´ §´ Î¥´´ÒÌ ¸¶¥Í¨ ²Ó´µ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö γ-¢¸¶²¥¸±µ¢.
‚µ-¶¥·¢ÒÌ, ¸²¥¤Ê¥É ´ §¢ ÉÓ  ³¥·¨± ´¸±¨° ¶·¨¡µ· BATSE (Burst and Tran-
sient Search Experiment), ·¥£¨¸É·¨·ÊÕÐ¨° ËµÉµ´Ò ¸ Ô´¥·£¨Ö³¨ ¢ ¤¨ ¶ §µ´¥
30 ÷ 500 ±Ô‚. Œ¨´¨³ ²Ó´ Ö Ô´¥·£¨Ö ¢¸¶²¥¸± , ·¥£¨¸É·¨·Ê¥³ Ö ÔÉ¨³ ¶·¨¡µ-
·µ³, Etγ ≥ 10−7 Ô·£ · ¸³−2. ‘·¥¤´¨° É¥³¶ ·¥£¨¸É· Í¨¨ ¸µ¸É ¢²Ö² ¶·¨³¥·´µ
µ¤´µ ¸µ¡ÒÉ¨¥ ¢ ¤¥´Ó.

‚ 1996 £. ¡Ò² É ±¦¥ § ¶ÊÐ¥´ ¨É ²µ-£µ²² ´¤¸±¨° ¸¶ÊÉ´¨± BeppoSAX, µ¸µ-
¡¥´´µ¸ÉÓÕ ±µÉµ·µ£µ ¡Ò²µ ¨§ÊÎ¥´¨¥ ¢¸¶²¥¸±µ¢ ¸ ³ ²µ° Ô´¥·£¨¥°, ¶µ§¢µ²Ö¢Ï¨°
¶µ ±· ¸´µ³Ê ¸³¥Ð¥´¨Õ µ¶·¥¤¥²ÖÉÓ ¢ ¦´¥°Ï¨° ¶ · ³¥É· Å · ¸¸ÉµÖ´¨¥ ¤µ
¨¸ÉµÎ´¨±µ¢ ¢¸¶²¥¸±µ¢. ‚ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¶µ¸²¥¸¢¥Î¥-
´¨Ö (®afterglow¯) ¢¸¶²¥¸±µ¢. �± § ²µ¸Ó, ÎÉµ ±· ¸´µ¥ ¸³¥Ð¥´¨¥ ¶µ¸²¥¸¢¥Î¥´¨Ö



ƒˆ„��„ˆ��Œˆ—…‘Š�Ÿ ˆ�’…���…’�–ˆŸ ‚‡�ˆŒ�„…‰‘’‚ˆŸ 173

¢¸¶²¥¸±µ¢ Z ∼ 1, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢µ¢ ²µ µ¡ ¨Ì ±µ¸³¨Î¥¸±µ³ ¶·µ¨¸Ìµ¦¤¥-
´¨¨ ¨ ¸·¥¤´¥³ · ¸¸ÉµÖ´¨¨ µÉ ‘µ²´¥Î´µ° ¸¨¸É¥³Ò ¤µ ¨¸ÉµÎ´¨±µ¢ γ-¢¸¶²¥¸±µ¢
Rγ ∼ 1028 ¸³ [153].

� ¶µ³´¨³, ÎÉµ ±· ¸´µ¥ ¸³¥Ð¥´¨¥ Z = (λ1 − λ0)/λ0 ≈ H0R/c, £¤¥ λ0,
λ1 Å ¤²¨´  ¢µ²´Ò ²¨´¨¨ ¨§²ÊÎ¥´¨Ö ¢ µ¡Ñ¥±É¥ ¨ ¤²¨´  ¢µ²´Ò, ·¥£¨¸É·¨·Ê¥³ Ö
¶·¨¡µ·µ³; H0 ∼ 10−17 ¸ Å ¶µ¸ÉµÖ´´ Ö • ¡¡²  ¢ ´ ÏÊ Ô¶µÌÊ.

�µ¸²¥¸¢¥Î¥´¨Ö ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ²¨¸Ó µÉ ¢¸¶²¥¸±µ¢ Ô´¥·£¨¥° ±¢ ´Éµ¢.
…¸²¨ Ô´¥·£¨Ö ±¢ ´Éµ¢ Eγ ¢µ ¢¸¶²¥¸± Ì ¡Ò²  ∼ 1 ŒÔ‚, Éµ ¢ ¶µ¸²¥¸¢¥Î¥´¨ÖÌ ¨Ì
Ô´¥·£¨Ö ¡Ò²  ∼ 1 Ô‚, ÎÉµ ¶µ§¢µ²Ö²µ ¨§³¥·¨ÉÓ ±· ¸´µ¥ ¸³¥Ð¥´¨¥ Z ²¨´¥°´µ£µ
¸¶¥±É· ,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ · ¸¸ÉµÖ´¨¥ ¤µ ¨¸ÉµÎ´¨±µ¢ ¢¸¶²¥¸±µ¢. ’ ±, ¸¶ÊÉ-
´¨± BeppoSAX § ·¥£¨¸É·¨·µ¢ ² ¢ µÉ´µ¸¨É¥²Ó´µ ³Ö£±¨Ì ¤¨ ¶ §µ´ Ì ¶µ¸²¥¸¢¥-
Î¥´¨Ö ¢ 14 ¢¸¶²¥¸± Ì ¨§ 17. ‚ µ¶É¨Î¥¸±µ³ ¤¨ ¶ §µ´¥ ¶µ¸²¥¸¢¥Î¥´¨Ö ¡Ò²¨
µ¡´ ·Ê¦¥´Ò ¢ 9 ¨§ 14 (GRB970228, GRB970508, GRB971214, GRB980326,
GRB980329, GRB980519, GRB980613, GRB980103, GRB990123). �¡µ§´ Î¥-
´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÉ ¤ É¨·µ¢±¥ µ¡´ ·Ê¦¥´¨Ö ¢¸¶²¥¸±µ¢. � ¶·¨³¥·, ¶µ¸²¥¤´¨°
¡Ò² µ¡´ ·Ê¦¥´ 23 Ö´¢ ·Ö 1999 £.

�µ¤¢¥¤¥³ ´¥±µÉµ·Ò¥ ´ ¡²Õ¤ É¥²Ó´Ò¥ ¨Éµ£¨ ¨¸¸²¥¤µ¢ ´¨Ö ¢¸¶²¥¸±µ¢:
1) ¢·¥³Ö ¢¸¶²¥¸±µ¢ ∼ 1 ÷ 10 ¸;
2) ¶µ²´µ¥ Ô´¥·£µ¢Ò¤¥²¥´¨¥ Etγ ¢ ¶·¨¡µ·¥, ·¥£¨¸É·¨·ÊÕÐ¥³ ¢¸¶²¥¸±¨,

10−7 ÷ 10−5 Ô·£ · ¸³−2;
3) ¸·¥¤´ÖÖ Ô´¥·£¨Ö γ-±¢ ´Éµ¢ Eγ ∼ 0, 5 ŒÔ‚;
4) ¢¸¶²¥¸±¨ ¢µ§´¨± ÕÉ, ¢ µ¸´µ¢´µ³, ´  ±µ¸³¨Î¥¸±¨Ì · ¸¸ÉµÖ´¨ÖÌ.
…¸²¨ ¶·¨´ÖÉÓ ÔÉ¨ ¢Ò¢µ¤Ò, Éµ ²¥£±µ µÍ¥´¨ÉÓ ¶µ²´ÊÕ Ô´¥·£¨Õ E0γ ¢¸¶²¥-

¸±µ¢ ¢ ¨Ì ¨¸ÉµÎ´¨± Ì:

E0γ ≈ 4πEtγR2
γ ≈ 1051 ÷ 1052 Ô·£. (29)

�¤´ ±µ É·Ê¤´µ ¤µ¶Ê¸É¨ÉÓ, ÎÉµ Ô´¥·£¨Ö, ¢Ò· ¦¥´´ Ö ¸µµÉ´µÏ¥´¨¥³ (29),
¥¸ÉÓ ¶µ²´ Ö Ô´¥·£¨Ö ¢¸¶²¥¸±µ¢. ‘ÊÉÓ ¶·µ¡²¥³Ò § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ¶µ± 
´¥ ¸ÊÐ¥¸É¢Ê¥É ³¥Ì ´¨§³  ¢µ§´¨±´µ¢¥´¨Ö ¨§µ²¨·µ¢ ´´µ° £·Ê¶¶Ò ´¥°É· ²Ó´ÒÌ
Î ¸É¨Í Å ËµÉµ´µ¢. �¡ÒÎ´µ ËµÉµ´Ò ¢µ§´¨± ÕÉ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ § ·Ö¦¥´-
´ÒÌ Ô²¥±É·µ´µ¢ ¨(¨²¨) ¶·µÉµ´µ¢. ‚ ±µ¸³¨Î¥¸±¨Ì µ¡Ñ¥±É Ì µ¡ÒÎ´µ ¨¸ÉµÎ-
´¨±µ³ ËµÉµ´µ¢ Ö¢²ÖÕÉ¸Ö ¸Éµ²±´µ¢¥´¨Ö Ô²¥±É·µ´µ¢ ¨(¨²¨) ¶µ§¨É·µ´µ¢ (¨§-§ 
· §´¨ÍÒ ³ ¸¸ ²¥¶Éµ´µ¢ ¨ ¶·µÉµ´µ¢,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ ¸¥Î¥´¨° ee ¨ ep).
…¸²¨ ¤µ¶Ê¸É¨ÉÓ, ÎÉµ γ-¢¸¶²¥¸±¨ ¢µ§´¨± ÕÉ ¢ ¶·µÍ¥¸¸¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ
· ¸Ï¨·¥´¨Ö, Éµ ¨§-§  ¸ÊÐ¥¸É¢µ¢ ´¨Ö ²µ± ²Ó´µ£µ · ¢´µ¢¥¸¨Ö Ô´¥·£¨¨ ËµÉµ´µ¢
¨ Ô²¥±É·µ´µ¢ ¶·¨³¥·´µ · ¢´Ò. �¤´ ±µ ±µ¸³¨Î¥¸±¨¥ É¥²  Ô²¥±É·µ´¥°É· ²Ó´Ò,
¶µÔÉµ³Ê Î¨¸²  Ô²¥±É·µ´µ¢ ¨ ¶·µÉµ´µ¢ É ±¦¥ ¶·¨³¥·´µ µ¤¨´ ±µ¢Ò. �µÔÉµ³Ê
¶µ²´ Ö Ô´¥·£¨Ö ¢¸¶²¥¸±µ¢ (²¥¶Éµ´Ò, ¡ ·¨µ´Ò ¨ ËµÉµ´Ò) ∼ 1054 ÷ 1055 Ô·£.
� ÔÉµ Î¨¸²µ ¨³¥¥É ®´¥¸±µ²Ó±µ ³¨¸É¨Î¥¸±¨°¯ Ì · ±É¥·: µ´µ ¶·¨³¥·´µ ¸µµÉ-
¢¥É¸É¢Ê¥É ³ ¸¸¥ §¢¥§¤ £² ¢´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ (´ ¶·¨³¥·, ³ ¸¸  ‘µ²´Í 
M� ∼ 1033 £, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö Ô´¥·£¨Ö ≈ 1054 Ô·£). � §Ê³¥¥É¸Ö, ¶·¨ ¸Éµ²±-
´µ¢¥´¨¨ ¤¢ÊÌ µ¡ÒÎ´ÒÌ §¢¥§¤ ¨ ¤ ¦¥ ¶·¨ ¢¸¶ÒÏ±¥ ¸¢¥·Ì´µ¢ÒÌ ´¥ ¢µ§´¨± ÕÉ
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�¨¸. 16. ‘Ì¥³  Ô¢µ²ÕÍ¨¨ Ë °e·¡µ²  ¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨ ¸Éµ²±´µ¢¥´¨° ´¥°-
É·µ´´ÒÌ §¢¥§¤ ¨ Î¥·´ÒÌ ¤Ò·: a) ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥, Ì · ±É¥·¨§Ê¥³µ¥ £²µ¡ ²Ó´Ò³
· ¢´µ¢¥¸¨¥³ (É¥³¶¥· ÉÊ·  ¶µ¸ÉµÖ´´  ¢µ ¢¸¥³ µ¡Ñ¥³¥); ¡) £¨¤·µ¤¨´ ³¨Î¥¸±µ¥ · ¸Ï¨-
·¥´¨¥ ¶·¨ ²µ± ²Ó´µ³ · ¢´µ¢¥¸¨¨ (É¥³¶¥· ÉÊ·  Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ · §³¥·µ¢);
¢) ¸¢µ¡µ¤´Ò° · §²¥É (É¥³¶¥· ÉÊ·  ∼ 0, 5−1 ŒÔ‚)

¸µ¡ÒÉ¨Ö,  ´ ²µ£¨Î´Ò¥ ¶µÖ¢²¥´¨Õ γ-¢¸¶²¥¸±µ¢. �µÔÉµ³Ê ¥¸É¥¸É¢¥´´µ ¤µ¶Ê-
¸É¨ÉÓ, ÎÉµ µ´¨ ¢µ§´¨± ÕÉ ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¤¢ÊÌ ±µ³¶ ±É´ÒÌ §¢¥§¤: Î¥·´ÒÌ
¤Ò· ¨²¨ ´¥°É·µ´´ÒÌ §¢¥§¤.

’ ± Ö ¨¤¥Ö ¡Ò²  ¢Ò¸± § ´  ¢ · ¡µÉ Ì [154Ä156]. ‚ ´¨Ì ± Î¥¸É¢¥´´µ ¡Ò²¨
· ¸¸³µÉ·¥´Ò ¥¥ ¸²¥¤¸É¢¨Ö, ±µÉµ·Ò¥ ¸µ£² ¸µ¢Ò¢ ²¨¸Ó ¸ ´ ¡²Õ¤ É¥²Ó´Ò³¨ ¤ ´-
´Ò³¨. �·¨ ÔÉµ³ µ¡Ñ¥±É, ¢µ§´¨± ÕÐ¨° ¶·¨ ¸Éµ²±´µ¢¥´¨¨, ¡Ò² ´ §¢ ´ Ë °-
e·¡µ²µ³ (ˇreball) ¡¥§ ¸¸Ò²µ± ´  ± ±¨¥-²¨¡µ ¨¸ÉµÎ´¨±¨. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨
¦¥ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ¨²¥É¨° Éµ³Ê ´ § ¤ ÔÉµÉ É¥·³¨´ ¡Ò² ¢¢¥¤¥´ Šµ±µ´¨ [157]
¢ · ³± Ì £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ³µ¤¥²¥° ¢§ ¨³µ¤¥°¸É¢¨Ö ¡Ò¸É·ÒÌ ´Ê±²µ´µ¢ ¨
Ö¤¥·. �Éµ § ³¥Î ´¨¥  ¡¸µ²ÕÉ´µ ´¥ ¸¢Ö§ ´µ ¸ ¶·¨µ·¨É¥É´Ò³¨ ¨§Ò¸± ´¨Ö³¨.
�´µ ¨³¥¥É Í¥²ÓÕ ¶µ¤Î¥·±´ÊÉÓ ¶·¨¢¥¤¥´´ÊÕ · ´¥¥ ³Ò¸²Ó ƒ¥°§¥´¡¥·£  µ É¥¸´µ°
¸¢Ö§¨ ³¥¦¤Ê ³¨±·µ- ¨ ³ ±·µË¨§¨±µ°. ‚ ¤ ´´µ³ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¡Ò-
¸É·ÒÌ Î ¸É¨Í ¸ · §³¥· ³¨ ≈ 10−13 ¸³ ¨´É¥·¶·¥É¨·µ¢ ²µ¸Ó ³¥Éµ¤ ³¨, ¢¥¸Ó³ 
¸Ìµ¤´Ò³¨ ¸ ¨´É¥·¶·¥É Í¨¥° ¢§ ¨³µ¤¥°¸É¢¨° (¸Éµ²±´µ¢¥´¨°) §¢¥§¤ ¸ · §³¥-
· ³¨ ≈ 106 ¸³. �µ¤Î¥·±´¥³, ÎÉµ ·¥ÎÓ ¨¤¥É ´¥ Éµ²Ó±µ µ É·¨¢¨ ²Ó´µ³ ¨¸¶µ²Ó-
§µ¢ ´¨¨ ³¥Éµ¤µ¢ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ´µ ¨ µ¡  ´ ²µ£¨¨ (Éµ¦¤¥¸É¢¥) Ë¨§¨Î¥¸±¨Ì
¶·µÍ¥¸¸µ¢, ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ³¨±·µ- ¨ ³ ±·µË¨§¨±¥.

�¥·¥°¤¥³ ¤ ²¥¥ ± ±µ´±·¥É´Ò³ µÍ¥´± ³ Ì · ±É¥·¨¸É¨± γ-¢¸¶²¥¸±µ¢ ´ 
µ¸´µ¢¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨ ¸Éµ²±´µ¢¥´¨° ´¥°É·µ´´ÒÌ §¢¥§¤ ¨ Î¥·-
´ÒÌ ¤Ò· [158]. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ µ¸´µ¢´µ° ¨¤¥¥° £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨
¶·µÍ¥¸¸ ¢µ§´¨±´µ¢¥´¨Ö ¢¸¶²¥¸±µ¢ · §¤¥²Ö¥É¸Ö ´  É·¨ ¸É ¤¨¨ (·¨¸. 16). � 
¶¥·¢µ° ¸É ¤¨¨ ¢µ§´¨± ¥É ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ Å Ë °e·¡µ² Å ¸ · §³¥· ³¨
r0 ∼ 106 ¸³, Ì · ±É¥·¨§Ê¥³µ¥ £²µ¡ ²Ó´Ò³ · ¢´µ¢¥¸¨¥³. �  ¢Éµ·µ° ¸É ¤¨¨
¶·µ¨¸Ìµ¤¨É £¨¤·µ¤¨´ ³¨Î¥¸±µ¥ · ¸Ï¨·¥´¨¥ ¨ · ¢´µ¢¥¸¨¥ ¨³¥¥É ²µ± ²Ó´Ò°
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Ì · ±É¥·, ±µÉµ·Ò° § ± ´Î¨¢ ¥É¸Ö ¢³¥¸É¥ ¸ µ¸´µ¢´µ° ·¥ ±Í¨¥°, ¶·µ¨¸Ìµ¤ÖÐ¥°
¢ Ë °e·¡µ²¥. „²Ö Ë °e·¡µ² , ¸µ¸ÉµÖÐ¥£µ ¨§ Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢, ÔÉµ
·¥ ±Í¨Ö

e+ + e− ↔ 2γ. (30)

�¸´µ¢´Ò³ ¤µ¶ÊÐ¥´¨¥³ ¤ ²Ó´¥°Ï¨Ì · ¸Î¥Éµ¢ Ö¢²Ö¥É¸Ö ¶·¥¤¶µ²µ¦¥´¨¥ µ ¸Ë¥-
·¨Î´µ¸É¨ Ë °e·¡µ²  ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨. ƒ² ¢´µ¥ µ¶· ¢¤ ´¨¥ ÔÉµ° £¨-
¶µÉ¥§Ò Å Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.
�  ¢Éµ·µ° ¸É ¤¨¨ (£¨¤·µ¤¨´ ³¨Î¥¸±µ¥ · ¸Ï¨·¥´¨¥) ·¥ ²¨§Ê¥É¸Ö ¸Ë¥·¨Î¥¸±¨°
· §²¥É, ±µÉµ·Ò° Ì · ±É¥·¨§Ê¥É¸Ö ·¥ ±Í¨¥° (30). Šµ£¤  Ô´¥·£¨Ö ²¥¶Éµ´µ¢ ¨
ËµÉµ´µ¢ ¶·¨¡²¨¦ ¥É¸Ö ± §´ Î¥´¨Õ 0,5 ŒÔ‚, ·¥ ±Í¨Ö (30) ¶·¥±· Ð ¥É¸Ö ¨ ´ -
Î¨´ ¥É¸Ö ¸¢µ¡µ¤´Ò° · §²¥É ËµÉµ´µ¢, ±µÉµ·Ò¥ ·¥£¨¸É·¨·ÊÕÉ¸Ö ´ ¡²Õ¤ É¥²Ö³¨
¢ Ëµ·³¥ ¢¸¶²¥¸±µ¢.

� ¸¸³µÉ·¨³ ±µ²¨Î¥¸É¢¥´´µ ¢Éµ·ÊÕ ¸É ¤¨Õ. � ¶·¨³¥·, ¤²Ö ¸Éµ²±´µ¢¥´¨Ö
´¥°É·µ´´ÒÌ §¢¥§¤ µ¸´µ¢´Ò¥ ·¥ ±Í¨¨:

n + n → p + n + e− + ν,

e− + p → e− + p + γ, (31)

γ + γ → e+ + e−,

n Å ´¥°É·µ´; ν Å ´¥°É·¨´µ; γ Å ËµÉµ´. ˆ§³¥´¥´¨¥ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ε ´ 
¢Éµ·µ° ¸É ¤¨¨ µ¶¨¸Ò¢ ¥É¸Ö £¨¤·µ¤¨´ ³¨Î¥¸±¨³¨ Ê· ¢´¥´¨Ö³¨ [156,159,160]

∂ε

∂η
+

∂

∂r
(4Γ2ε) +

8
r
Γ2ε = 0,

∂

∂η

( ε

Γ2

)
+

∂ε

∂r
+

4ε

r
= 0,

(32)

ε Å ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨; η = t−r. ‚ ´ Î ²Ó´µ¥ ¢·¥³Ö t = 0: · ¤¨Ê¸ Ë °e·¡µ² 
r = r0; T = T0; ε0 ≈ (kT0/�c)4; Γ = 1.

„²Ö ¶·µ¸É¥°Ï¥£µ  ¢Éµ³µ¤¥²Ó´µ£µ ·¥Ï¥´¨Ö

Γ =
r

r0
,

ε = ε0

(r0

r

)4

, (33)

r0 = 106 ¸³, ε0 = 1033 Ô·£ · ¸³−3.

‚µ ¢·¥³Ö £¨¤·µ¤¨´ ³¨Î¥¸±µ° ¸É ¤¨¨ µ¸´µ¢´ Ö ·¥ ±Í¨Ö e+ + e− ↔ 2γ.
�É  ¸É ¤¨Ö § ± ´Î¨¢ ¥É¸Ö, ±µ£¤  ¸¥Î¥´¨¥ ÔÉµ° ·¥ ±Í¨¨ ¸É·¥³¨É¸Ö ± ´Ê²Õ.
� ¶·¨³¥·, ¥¸²¨ Eγ → mec

2, Éµ ¸¥Î¥´¨¥ σ2γ→e+e− → 6/16δσt (£¤¥ δ =(
1 − (m2

ec
4)/E2

γ

)1/2
; σt Å Éµ³¶¸µ´µ¢¸±µ¥ ¸¥Î¥´¨¥). �µÔÉµ³Ê ¶·¨ Eγ → mec

2
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£¨¤·µ¤¨´ ³¨Î¥¸± Ö ¸É ¤¨Ö § ± ´Î¨¢ ¥É¸Ö,   ¸²¥¤µ¢ É¥²Ó´µ, ¨ Ô´¥·£¨Ö ËµÉµ-
´µ¢ ¢µ ¢¸¶²¥¸± Ì ¸É·¥³¨É¸Ö ± §´ Î¥´¨Õ 0,5 ŒÔ‚, ¨Ì µ¸´µ¢´ Ö ´ ¡²Õ¤ ¥³ Ö
Ì · ±É¥·¨¸É¨±  µ¡ÑÖ¸´Ö¥É¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ ³ ¸¸Ò Ô²¥±É·µ´ .

�  µ¸´µ¢¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ¡Ò² É ±¦¥ ¨´É¥·¶·¥É¨·µ¢ ´ Ô´¥·-
£¥É¨Î¥¸±¨° ¸¶¥±É· ËµÉµ´µ¢ ¢µ ¢¸¶²¥¸± Ì ¨ ¥£µ ¤²¨É¥²Ó´µ¸ÉÓ [158]. �É-
³¥É¨³ ¸´µ¢ , ÎÉµ ¸µ¢¶ ¤¥´¨¥ ¸·¥¤´¨Ì Î¨¸²¥´´ÒÌ §´ Î¥´¨° Ì · ±É¥·¨¸É¨±
γ-¢¸¶²¥¸±µ¢, ¢ÒÎ¨¸²¥´´ÒÌ ´  µ¸´µ¢¥ £¨¤·µ¤¨´ ³¨Î¥¸±µ° É¥µ·¨¨ ¶·¨ ¨¸¶µ²Ó-
§µ¢ ´¨¨ Î¨¸²¥´´ÒÌ §´ Î¥´¨° ²¨ÏÓ ¤¢ÊÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶ · ³¥É·µ¢: ³ ¸¸Ò
Ô²¥±É·µ´µ¢ ¨ ³ ¸¸Ò §¢¥§¤, Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ Ê± § ´¨¥³ ¢ ¶µ²Ó§Ê É¥µ·¨¨ ¸
µ¤´¨³ ¸¢µ¡µ¤´Ò³ ¶ · ³¥É·µ³ (µ¡Ñ¥³µ³).

‚ § ±²ÕÎ¥´¨¥ ¸¤¥² ¥³ µ¤´µ § ³¥Î ´¨¥. �¶·¥¤¥²¥´¨¥ · ¸¸ÉµÖ´¨Ö Î¥·¥§ Z
¨ Ô´¥·£¨¨ ¢¸¶²¥¸±µ¢ ¢ ¶·¨¡µ· Ì ³µ¦¥É ¶µ§¢µ²¨ÉÓ · §· ¡µÉ ÉÓ ´µ¢Ò° ¶µ¤Ìµ¤
± ¤µ± § É¥²Ó¸É¢Ê ¸ÊÐ¥¸É¢µ¢ ´¨Ö Î¥·´ÒÌ ¤Ò·. …¸²¨ ¶µ²´ Ö Ô´¥·£¨Ö ¢¸¶²¥-
¸±  Et ≥ 1055 Ô·£, Éµ ¶µ¤µ¡´Ò¥ ¢¸¶²¥¸±¨ ³µ£ÊÉ ¡ÒÉÓ µ¡· §µ¢ ´Ò ²¨ÏÓ ¶·¨
¸Éµ²±´µ¢¥´¨¨ Î¥·´ÒÌ ¤Ò·. � ¶·¨³¥·, ¤²Ö ¢¸¶²¥¸±  GRB990123 ¶µ²´ Ö ³ ¸¸ 
(Ô´¥·£¨Ö ¶µ±µÖ) ¢¸¶²¥¸±  ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ²  ³ ¸¸Ê ‘µ²´Í  [153]; É ±µ°
ÔËË¥±É É·Ê¤´µ µ¡ÑÖ¸´¨ÉÓ, ´¥ ¤µ¶Ê¸± Ö, ÎÉµ µ¤¨´ ¨§ ±µ³¶ ±É´ÒÌ µ¡Ñ¥±Éµ¢
Ö¢²Ö¥É¸Ö Î¥·´µ° ¤Ò·µ°.

‡�Š‹�—…�ˆ…

‚¸É·¥Î¥´´ Ö ¢´ Î ²¥ ¡¥§ µ¸µ¡µ£µ Ô´ÉÊ§¨ §³  ¨¤¥Ö £¨¤·µ¤¨´ ³¨Î¥¸±µ£µ
µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö ´ Ìµ¤¨É ¸¥°Î ¸ ¢¸¥ ¡µ²ÓÏ¥¥
¶·¨§´ ´¨¥ ¨ ¶·¨³¥´¥´¨¥ ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ¢ µ¸µ¡¥´´µ¸É¨ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¢µ§³µ¦´µ¸ÉÖ³¨, ±µÉµ·Ò¥ µÉ±·Ò¢ ÕÉ¸Ö ´  ´µ¢µ³ ¶µ±µ²¥-
´¨¨ Ê¸±µ·¨É¥²¥° ÉÖ¦¥²ÒÌ ¨µ´µ¢ (SPS, RHIC, LHC). �¸µ¡¥´´µ¸ÉÓÕ, µÉ²¨Î Õ-
Ð¥° ¸Éµ²±´µ¢¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
 ¤·µ´- ¤·µ´´ÒÌ ¸µÊ¤ ·¥´¨°, Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ £¥´¥· Í¨¨ ¸¢¥·Ì¶²µÉ´µ°
³ É¥·¨¨ ¢ µ¡Ñ¥³ Ì, ±µÉµ·Ò¥ ¶µ µÉ´µÏ¥´¨Õ ± Ì · ±É¥·´Ò³  ¤·µ´´Ò³ ³ ¸ÏÉ -
¡ ³ Ö¢²ÖÕÉ¸Ö ±¢ §¨³ ±·µ¸±µ¶¨Î¥¸±¨³¨, ÎÉµ, ± ± µÉ³¥Î ²µ¸Ó ¢ ´ Î ²¥ ¸É ÉÓ¨,
¥¸²¨ ¸²¥¤µ¢ ÉÓ ¨¤¥Ö³ ƒ¥°§¥´¡¥·£ , ”¥·³¨ ¨ ‹ ´¤ Ê, µÉ±·Ò¢ ¥É ¶·¨´Í¨¶¨-
 ²Ó´Ò° ¶ÊÉÓ ¤²Ö ¶·¨³¥´¥´¨Ö É¥·³µ¤¨´ ³¨±¨ ¨ £¨¤·µ¤¨´ ³¨±¨ ¶·¨ µ¶¨¸ -
´¨¨ ¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°. Š·µ³¥ Éµ£µ, £µ¢µ·Ö µ ¸µÊ¤ ·¥´¨¨ Ö¤¥·, ¸²¥¤Ê¥É
µÉ³¥É¨ÉÓ, ÎÉµ ¶µ³¨³µ ¶·µ¸Éµ£µ Ê¢¥²¨Î¥´¨Ö Ô´¥·£¨¨ ¸¨¸É¥³Ò Ê¢¥²¨Î¨¢ ¥É¸Ö
ÔËË¥±É¨¢´µ¸ÉÓ ¤¨¸¸¨¶ Í¨¨. �·¨ ÔÉµ³ ¶·¥¦¤¥ ¢¸¥£µ ¢µ§´¨± ¥É ¢µ¶·µ¸ µ ¸ -
³µ° ¢µ§³µ¦´µ¸É¨ ¤µ¸É¨¦¥´¨Ö ¸¨¸É¥³µ° ¢Éµ·¨Î´ÒÌ ±¢ ·±µ¢ ¨ £²Õµ´µ¢, £¥-
´¥·¨·Ê¥³ÒÌ ¢ ¶·µÍ¥¸¸¥ ¸µÊ¤ ·¥´¨Ö Ö¤¥·, · ¢´µ¢¥¸´µ£µ (¸ ÉµÎ±¨ §·¥´¨Ö É¥·-
³µ¤¨´ ³¨±¨) ¸µ¸ÉµÖ´¨Ö. �É¢¥É ´  ÔÉµÉ ¢µ¶·µ¸ ¤µ²¦´  ¤ ÉÓ ±¨´¥É¨Î¥¸± Ö
É¥µ·¨Ö ±¢ ·±-£²Õµ´´µ° ³ É¥·¨¨, ¶µ¸É·µ¥´´ Ö ¸ ÊÎ¥Éµ³ ¸¶¥Í¨Ë¨±¨ ¥¥ Ëµ·-
³¨·µ¢ ´¨Ö ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ‚ ¶·¨´Í¨¶¥, µ´ ³µ¦¥É ¡ÒÉÓ
¶µ²ÊÎ¥´ ¨ ¢ · ³± Ì ³¨±·µ¸±µ¶¨Î¥¸±¨Ì ³µ¤¥²¥° Œµ´É¥-Š ·²µ (É. ´. ®£¥´¥· -



ƒˆ„��„ˆ��Œˆ—…‘Š�Ÿ ˆ�’…���…’�–ˆŸ ‚‡�ˆŒ�„…‰‘’‚ˆŸ 177

Éµ·µ¢ ¸µ¡ÒÉ¨°¯), µ¸´µ¢ ´´ÒÌ ²¨¡µ ´  ¶¥·ÉÊ·¡ É¨¢´ÒÌ · ¸Î¥É Ì ¶ ·Éµ´´ÒÌ
± ¸± ¤µ¢ (HIJING [112], PCM [126, 127]), ²¨¡µ ´  ¸É·Ê´´µ° Ë¥´µ³¥´µ²µ£¨¨
(FRITIOF [161], VENUS [162], QGSM [163] ¨ ¤·.). ’ ±, ± ¸± ¤´Ò¥ ³µ¤¥²¨
¶·¥¤¸± §Ò¢ ÕÉ ¤µ¸É ÉµÎ´µ ¡Ò¸É·ÊÕ É¥·³ ²¨§ Í¨Õ £²Õµ´´µ° ³ É¥·¨¨ ¢ Í¥´-
É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ ¢ ¸µÊ¤ ·¥´¨¨ ÉÖ¦¥²ÒÌ Ö¤¥·, µ¡Ê¸²µ¢²¥´´ÊÕ ±µ³¡¨-
´ Í¨¥° ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ¶ ·Éµ´-¶ ·Éµ´´ÒÌ · ¸¸¥Ö´¨° ¨ £²Õµ´´µ° · ¤¨ Í¨¥°
¶ ·Éµ´µ¢: ¶·¥¤¸± §Ò¢ ¥³µ¥ ¢·¥³Ö É¥·³ ²¨§ Í¨¨ τeq ¸µ¸É ¢²Ö¥É 0,5 ÷ 1 Ë³/¸
¤²Ö RHIC (ÎÉµ ¢¶µ²´¥ ¸µ£² ¸Ê¥É¸Ö ¸ ¶¥·¢Ò³¨ ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ (¸³. · §¤. 8)) ¨ 0,1 ÷ 0, 5 Ë³/¸ ¤²Ö LHC [126,127].

�·¨´Í¨¶¨ ²Ó´ Ö É·Ê¤´µ¸ÉÓ ¢ ¤¥É¥±É¨·µ¢ ´¨¨ £µ·ÖÎ¥° ±¢ ·±-£²Õµ´´µ°
³ É¥·¨¨ ¸¢Ö§ ´  ¸ É¥³, ÎÉµ É¥·³ ²¨§µ¢ ´´ Ö ¸¨¸É¥³ , Ô¢µ²ÕÍ¨µ´¨·ÊÖ ¢µ ¢·¥-
³¥´¨, ®´¥ ¶µ³´¨É¯ µ ¸¢µ¥³ ¶·¥¤Ò¤ÊÐ¥³ Ë §µ¢µ³ ¸µ¸ÉµÖ´¨¨. 	Ò² ¶·¥¤²µ¦¥´
·Ö¤ É¥¸Éµ¢ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ Ö¤¥·´µ° ³ É¥·¨¨, ´ Ìµ-
¤ÖÐ¥°¸Ö ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ: ¶µ¢ÒÏ¥´´Ò° ¢ÒÌµ¤ ¤¨²¥¶Éµ´µ¢ ´¥¡µ²Ó-
Ï¨Ì ³ ¸¸, Ê¸¨²¥´¨¥ ·µ¦¤¥´¨Ö ¸É· ´´ÒÌ Î ¸É¨Í, ¶µ¤ ¢²¥´¨¥ ¢ÒÌµ¤  ÉÖ¦¥²ÒÌ
±¢ ·±µ´¨¥¢, ¨§³¥´¥´¨¥ Ì · ±É¥·¨¸É¨± ¦¥¸É±¨Ì ¸É·Ê° ¨ É. ¤. �  Ê¸±µ·¨É¥²¥
SPS ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¶¥·¢Ò¥ Ê± § ´¨Ö ´  µ¡· §µ¢ ´¨¥ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò
¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ: ¡µ²ÓÏ Ö ¸±µ·µ¸ÉÓ · ¸Ï¨·¥´¨Ö Ë °e·¡µ²  ¢ ³µ-
³¥´É ¢Ò³µ· ¦¨¢ ´¨Ö (¡µ²ÓÏµ¥ ¤ ¢²¥´¨¥), Ê¸¨²¥´¨¥ ¢ÒÌµ¤  ¸É· ´´ÒÌ Î ¸É¨Í,
®¨§¡ÒÉµ±¯ ¤¨²¥¶Éµ´µ¢ ´¥¡µ²ÓÏ¨Ì ³ ¸¸, ¶µ¤ ¢²¥´¨¥ ¢ÒÌµ¤  ψ-·¥§µ´ ´¸µ¢,
Ê¢¥²¨Î¨¢ ÕÐ¥¥¸Ö ¸ ·µ¸Éµ³ Í¥´É· ²Ó´µ¸É¨. �¥·¢Ò¥ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ ¤ ´´Ò¥,
´ ¡²Õ¤ ¢Ï¨¥¸Ö ¢ BNL: ¶µ¤ ¢²¥´¨¥ ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ Î ¸É¨Í ¢ ¸É·Ê¥, ¨§³¥-
·¥´¨¥ ±µÔËË¨Í¨¥´É  Ô²²¨¶É¨Î¥¸±µ°  ´¨§µÉ·µ¶¨¨, ¨§³¥·¥´¨¥ ³´µ¦¥¸É¢¥´´µ-
¸É¨ Î ¸É¨Í ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ (¸ ¶µ¸²¥¤ÊÕÐ¥° µÍ¥´±µ° ´ Î ²Ó´µ° ¶²µÉ-
´µ¸É¨), ¥Ð¥ ¡µ²ÓÏ¥ ¶µ¤É¢¥·¦¤ ÕÉ ± ·É¨´Ê Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¸
µ¡· §µ¢ ´¨¥³ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò.

’ ±¨³ µ¡· §µ³, ±µ´Í¥¶Í¨Ö ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¢ ¸µÎ¥É ´¨¨ ¸ £¨¤·µ-
¤¨´ ³¨Î¥¸±¨³ µ¶¨¸ ´¨¥³ Ô¢µ²ÕÍ¨¨ ¶µ§¢µ²Ö¥É ®³¨´¨³ ²Ó´Ò³¯ µ¡· §µ³ µ¶¨-
¸ ÉÓ ¢¸Õ ¨³¥ÕÐÊÕ¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¢ Éµ ¢·¥³Ö
± ±, µ¸É ¢ Ö¸Ó ¢ · ³± Ì ®É· ¤¨Í¨µ´´µ° Ë¨§¨±¨¯, É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ´¥¶·µÉ¨¢µ-
·¥Î¨¢ÊÕ ± ·É¨´Ê Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¸¢¥·Ì¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

„ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ´  Ê¸±µ·¨É¥²¥ RHIC ¨ ¢ µ¸µ¡¥´´µ¸É¨ ´  LHC
¢ ¸µÎ¥É ´¨¨ ¸ · §¢¨É¨¥³ ³µ¤¥²¥° ¨ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥³ É¥µ·¨¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö Ìµ²µ¤´µ° Ö¤¥·´µ° ³ É¥·¨¨ ¶µ§¢µ²ÖÉ ¶µ²ÊÎ¨ÉÓ µ¡Ï¨·´ÊÕ ¨´Ëµ·³ Í¨Õ µ
¸¢µ°¸É¢ Ì ÔÉµ£µ ´µ¢µ£µ ¸¢¥·Ì¶²µÉ´µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨¨ Å ±¢ ·±-£²Õµ´´µ°
¶² §³Ò.

‚ ÔÉµ° ¸¢Ö§¨ ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢¥¸Ó³  ¶¥·¸¶¥±É¨¢´Ò³ ¶·¥¤¸É ¢²Ö-
¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ ®¦¥¸É±¨Ì¯ É¥¸Éµ¢ ¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨, ´¥¸ÊÐ¨Ì ¨´-
Ëµ·³ Í¨Õ µ ¸ ³ÒÌ · ´´¨Ì ¸É ¤¨ÖÌ ¥¥ Ô¢µ²ÕÍ¨¨. � ·Ö¤Ê ¸ ¶µ¤ ¢²¥´¨¥³
ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ ψ ¨ Υ, ¶·¨³¥·µ³ É ±µ£µ É¥¸É  Ö¢²Ö¥É¸Ö ¶·µÌµ¦¤¥´¨¥
Î¥·¥§ ¸·¥¤Ê ¦¥¸É±¨Ì ¸É·Ê°, ±µÉµ·Ò¥ ·µ¦¤ ÕÉ¸Ö ¢ ¸ ³µ³ ´ Î ²¥ ¶·µÍ¥¸¸  ¸µ-
Ê¤ ·¥´¨Ö ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´ÒÌ ¦¥¸É±¨Ì ´Ê±²µ´-´Ê±²µ´´ÒÌ · ¸¸¥Ö´¨°. �É¨
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¸É·Ê¨ ¶·µÌµ¤ÖÉ Î¥·¥§ ¶²µÉ´ÊÕ ³ É¥·¨Õ ¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ ¥¥ ¸µ¶ÊÉ¸É¢ÊÕ-
Ð¨³¨ ±µ´¸É¨ÉÊ¥´É ³¨, ÎÉµ ¶·¨¢µ¤¨É ± ·Ö¤Ê ¨´É¥·¥¸´ÒÌ ÔËË¥±Éµ¢: ¸Éµ²±´µ-
¢¨É¥²Ó´Ò³ ¨ · ¤¨ Í¨µ´´Ò³ ¶µÉ¥·Ö³ Ô´¥·£¨¨ ¸É·Ê¨, ¶µ¤ ¢²¥´¨Õ ¢ÒÌµ¤  ¶ ·
¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¸É·Ê° ¨ Ê¢¥²¨Î¥´¨Õ ¢ÒÌµ¤  ³µ´µ¸É·Ê°, ´¥±µ³¶² ´ ·´µ-
¸É¨ ¨³¶Ê²Ó¸  ¶ ·Ò ¸É·Ê°. �¥Ï¥´¨¥ ¶·µ¡²¥³Ò ¨¤¥´É¨Ë¨± Í¨¨ [164] ¦¥¸É±¨Ì
Š•„-¸É·Ê° ´  Ëµ´¥ ®²µ¦´ÒÌ¯ ¸É·Ê° Å ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨° ¶µÉµ± 
¶µ¶¥·¥Î´µ° Ô´¥·£¨¨, µ¡Ê¸²µ¢²¥´´ÒÌ µ£·µ³´µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¢Éµ·¨Î´ÒÌ
Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨, ¤¥² ¥É, É ±¨³ µ¡· §µ³, ¢µ§³µ¦´Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥ Ì · ±-
É¥·¨¸É¨± ¸É·Ê° ¤²Ö ¨§ÊÎ¥´¨Ö Ê¸²µ¢¨° Ëµ·³¨·µ¢ ´¨Ö ¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨
´  RHIC ¨ LHC.

ƒ¨¤·µ¤¨´ ³¨Î¥¸±¨° ¶µ¤Ìµ¤ µ± §Ò¢ ¥É¸Ö ÔËË¥±É¨¢´Ò³ ´¥ Éµ²Ó±µ ¢ ³¨-
±·µË¨§¨±¥ ¤²Ö Î ¸É¨Í-µ¡Ñ¥±Éµ¢ ¸ · §³¥· ³¨ ∼ 10−13 ¸³, ´µ ¨ ¢ ³ ±·µË¨-
§¨±¥ ¤²Ö µ¡Ñ¥±Éµ¢ ¸ · §³¥· ³¨ ∼ 106 ¸³, µÉ· ¦ Ö É¥³ ¸ ³Ò³ É¥¸´ÊÕ ¸¢Ö§Ó
(Éµ¦¤¥¸É¢¥´´µ¸ÉÓ) Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢. ƒ¨¤·µ¤¨´ ³¨Î¥¸± Ö É¥µ·¨Ö ¶µ§¢µ-
²Ö¥É Ê¸¶¥Ï´µ µ¡ÑÖ¸´¨ÉÓ µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ¸³¨Î¥¸±¨Ì γ-¢¸¶²¥¸±µ¢,
¢ Î ¸É´µ¸É¨ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ËµÉµ´µ¢ ¢µ ¢¸¶²¥¸± Ì ¨ ¥£µ ¤²¨É¥²Ó-
´µ¸ÉÓ, ¨¸¶µ²Ó§ÊÖ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ²¨ÏÓ ¤¢ÊÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶ · ³¥-
É·µ¢: ³ ¸¸Ò Ô²¥±É·µ´  ¨ ³ ¸¸Ò §¢¥§¤, ÎÉµ Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ Ê± § ´¨¥³ ¢ ¶µ²Ó§Ê
É¥µ·¨¨ ¸ µ¤´¨³ ¸¢µ¡µ¤´Ò³ ¶ · ³¥É·µ³ (µ¡Ñ¥³µ³).

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¡² £µ¤ ·´µ¸ÉÓ ˆ. �. ‹µÌÉ¨´Ê ¨ ‹. ˆ. ‘ ·ÒÎ¥¢µ° §  µ¡-
¸Ê¦¤¥´¨Ö ¨ ¶µ²¥§´Ò¥ ±µ³³¥´É ·¨¨,   É ±¦¥ �. �. Š ·¶¨´¸±µ° §  µ£·µ³´ÊÕ
¶µ³µÐÓ ¢ ¶µ¤£µÉµ¢±¥ ·Ê±µ¶¨¸¨ ± ¶¥Î É¨.
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