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ˆ·±ÊÉ¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É, ˆ·±ÊÉ¸±, �μ¸¸¨Ö

–¥²ÓÕ ¤ ´´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö ±· É±¨° μ¡§μ· ¶·μÍ¥¸¸μ¢ ´  · §´ÒÌ ¸É ¤¨ÖÌ Ô¢μ²ÕÍ¨¨ ‚¸¥²¥´-
´μ°, ¢²¨ÖÕÐ¨Ì ´  ¸μ¢·¥³¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨ Î¨¸²  ´¥°É·¨´μ.

In this paper we give a brief review of processes at different stages of the Universe evolution leading
to today number density of neutrino.
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‚ ·¥§Ê²ÓÉ É¥ Ô¢μ²ÕÍ¨¨ ‚¸¥²¥´´μ° ¶μ¸²¥ 	μ²ÓÏμ£μ ¢§·Ò¢  ¢¸¥ ¶·μ¸É· ´¸É¢μ ¢μ±·Ê£
´ ¸ μ± § ²μ¸Ó § ¶μ²´¥´μ ·¥²¨±Éμ¢Ò³¨ ËμÉμ´ ³¨ ¨ ´¥°É·¨´μ. 	¥§³ ¸¸μ¢Ò¥ ·¥²¨±Éμ¢Ò¥
ËμÉμ´Ò ³μ£ÊÉ ¡ÒÉÓ ¶·¥±· ¸´μ μ¶¨¸ ´Ò ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö �² ´±  ¸μ ¸·¥¤´¥°
É¥³¶¥· ÉÊ·μ° μ±μ²μ Tγ = 2,7 Š. �¥É·Ê¤´μ μÍ¥´¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ É¥³¶¥· ÉÊ·Ê ·¥-
²¨±Éμ¢ÒÌ ´¥°É·¨´μ Tν = 1,95 Š (¸³. · §¤. 1). �¤´ ±μ, ± ± ³Ò §´ ¥³, ´¥°É·¨´μ μ¡² -
¤ ¥É ´¥´Ê²¥¢μ° ³ ¸¸μ°. ‘ ³μ¥ ÉÖ¦¥²μ¥ ´¥°É·¨´μ ¨³¥¥É ³ ¸¸Ê ´¥ ³¥´ÓÏ¥ 0,05 Ô‚2, ÎÉμ
§ ³¥É´μ ¶·¥¢ÒÏ ¥É ¥£μ ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·£¨Õ (3/2)kT 0

ν ∼ 2,5 · 10−4 Ô‚, ¸μμÉ¢¥É¸É¢Ê-
ÕÐÊÕ T 0

ν = 1,95 K. Š ± · ¸¶·¥¤¥²¥´Ò ¶μ Ô´¥·£¨¨ ·¥²¨±Éμ¢Ò¥ ´¥°É·¨´μ ¢ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö? �É¢¥É ´  ÔÉμÉ ¢μ¶·μ¸ ´¥ μÎ¥¢¨¤¥´, ÌμÉÖ, ±μ´¥Î´μ, Ê¦¥ ¤ ´ ¤·Ê£¨³¨ ¨¸¸²¥¤μ-
¢ É¥²Ö³¨ [1Ä4]. ‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ±· É±μ · ¸¸³μÉ·¨³ μ¸´μ¢´Ò¥ ÔÉ ¶Ò Í¨É¨·Ê¥³ÒÌ
¨¸¸²¥¤μ¢ ´¨°, ¶μ¶ÊÉ´μ ¢´¥¸Ö ¸¢μ° ¸±·μ³´Ò° ¢±² ¤, § ¶¨¸ ¢ ±¨´¥É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ ¤²Ö
³ ¸¸¨¢´ÒÌ ´¥°É·¨´μ.

‘É ÉÓÖ μ·£ ´¨§μ¢ ´  ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ · §¤. 1 ³Ò · ¸¸³μÉ·¨³ ¸É ¤¨Õ, ±μ£¤ 
´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´ Ìμ¤¨²¨¸Ó ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ · ¢´μ¢¥¸¨¨ ¸ ±¢ ·± ³¨,  ´-
É¨±¢ ·± ³¨, ²¥¶Éμ´ ³¨ ¨ ËμÉμ´ ³¨ (¶¥·¢¨Î´ Ö ±μ¸³¨Î¥¸± Ö ¶² §³ ). �Í¥´¨³ ³μ³¥´É
¢·¥³¥´¨ ¢ÒÌμ¤  ¨§ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö ¨ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ É¥³¶¥· ÉÊ·Ê ´¥°-
É·¨´μ. ’ ±¦¥ ¡Ê¤ÊÉ ¤ ´Ò μÍ¥´±¨ ¤²Ö Ëμ·³Ò ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ´¥°É·¨´μ ¢ ¶·¥¤¶μ-
²μ¦¥´¨¨ Éμ£μ, ÎÉμ ´¥°É·¨´μ ´ Ìμ¤¨²¨¸Ó ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ · ¢´μ¢¥¸¨¨. ‚ · §¤. 2 ³Ò
¨§¡ ¢¨³¸Ö μÉ ÔÉμ° £¨¶μÉ¥§Ò, · ¸¸³μÉ·¨³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö, ¶·¨-
¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ ¨Ì Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¨ ¤ ¤¨³ μÍ¥´±Ê ¤²Ö ¶μ¶· ¢±¨ ¢ Ëμ·³Ê ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ´¥°É·¨´μ §  ¸Î¥É ´¥· ¢´μ¢¥¸´ÒÌ ¶·μÍ¥¸¸μ¢.

1E-mail: warwara.us@gmail.com
2‚ ¤ ´´μ° ¸É ÉÓ¥ ³Ò ¨¸¶μ²Ó§Ê¥³ ¸¨¸É¥³Ê ¥¤¨´¨ÍÒ, ¢ ±μÉμ·μ° � = c = 1.
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1. �…‰’�ˆ�� ‚ ’…�Œ�„ˆ��Œˆ—…‘Š�Œ ��‚��‚…‘ˆˆ

‘²¥¤ÊÖ ±´¨£¥ [5], ¶·¨¢¥¤¥³ μÍ¥´±Ê É¥³¶¥· ÉÊ·Ò ¨ ¢μ§· ¸É  ‚¸¥²¥´´μ° ¤²Ö ³μ³¥´É 
¢ÒÌμ¤  ´¥°É·¨´μ ¨§ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö. �  · ´´¥° ¸É ¤¨¨ Ô¢μ²ÕÍ¨¨ ‚¸¥-
²¥´´μ° ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ´ Ìμ¤¨²¨¸Ó ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ · ¢´μ¢¥¸¨¨ ¸ ¶² §-
³μ° ¨§ e±, p, n, γ.

�¥°É·¨´μ ÊÎ ¸É¢ÊÕÉ Éμ²Ó±μ ¢ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. �·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¸¥Î¥-
´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¶μ·Í¨μ´ ²Ó´Ò ±¢ ¤· ÉÊ Ë¥·³¨¥¢¸±μ° ±μ´¸É ´ÉÒ G2

F , μÉ¸Õ¤  ¤²Ö
¢¸¥Ì ¶·μÍ¥¸¸μ¢ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê

σν ∼ G2
F E2,

£¤¥ E Å Ì · ±É¥·´ Ö Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¸É ²±¨¢ ÕÐ¨Ì¸Ö
Î ¸É¨Í, E ∼ T ; GF Å ±μ´¸É ´É  ”¥·³¨. �²μÉ´μ¸ÉÓ Î¨¸²  Î ¸É¨Í ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±μ³
¶·¥¤¥²¥ n ∼ T 3. ’μ£¤  ¢·¥³Ö ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  ´¥°É·¨´μ ³μ¦´μ μÍ¥´¨ÉÓ ± ±

τν =
1

〈σνnv〉 ∼ 1
G2

F T 5
, (1)

£¤¥ v � 1 Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ ´¥°É·¨´μ ¨ Î ¸É¨Í, ¸ ±μÉμ·Ò³¨ ¶·μ¨¸Ìμ¤¨É ¸Éμ²±-
´μ¢¥´¨¥.

�¥°É·¨´μ § ¢¥¤μ³μ ¢Ò°¤ÊÉ ¨§ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö Éμ£¤ , ±μ£¤  ¢·¥³Ö ¸¢μ-
¡μ¤´μ£μ ¶·μ¡¥£  ´¥°É·¨´μ ¡Ê¤¥É ¶·¥¢ÒÏ ÉÓ Ì · ±É¥·´Ò° É¥³¶ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´μ°.
�Í¥´¨³ ÔÉμ ¢·¥³Ö, ¨¸Ìμ¤Ö ¨§ Ê· ¢´¥´¨Ö ”·¨¤³ ´ 

H2 ≡
(

ȧ

a

)2

=
8π

3
Gρ − κ

a2
, (2)

£¤¥ H Å ®±μ´¸É ´É ¯ • ¡¡² 1; a Å ³ ¸ÏÉ ¡´Ò° Ë ±Éμ·; G Å ±μ´¸É ´É  �ÓÕÉμ´ ;
ρ Å ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ¢μ ‚¸¥²¥´´μ°; κ Å ±·¨¢¨§´  ¶·μ¸É· ´¸É¢ . ‚ ¶·μ¸É· ´¸É¢¥´´μ-
¶²μ¸±μ° ³μ¤¥²¨ κ = 0. ‚ ± Î¥¸É¢¥ ρ ¸ μÎ¥´Ó Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ
¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í, ±μÉμ· Ö · ¢´  g∗(π2/30)T 4, £¤¥ g∗ Å
ÔËË¥±É¨¢´μ¥ Î¨¸²μ ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¡μ§μ´μ¢ ¨ Ë¥·³¨μ´μ¢. ‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ G =
M−2

P , £¤¥ MP Å ³ ¸¸  �² ´± , ¸μμÉ´μÏ¥´¨¥ (2) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

H−1 =
M∗

P

T 2
=

MP

1,66
√

g∗

1
T 2

, (3)

H−1 ³μ¦´μ ¸Î¨É ÉÓ Ì · ±É¥·´Ò³ É¥³¶μ³ · ¸Ï¨·¥´¨Ö ‚¸¥²¥´´μ°. ‘· ¢´¨¢ (1) ¨ (3),
¶μ²ÊÎ¨³, ÎÉμ ¶·¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· Ì ¢·¥³Ö ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  ´¥°É·¨´μ
¡Ò²μ ³¥´ÓÏ¥ Î¥³ H−1 ¨ ´¥°É·¨´μ ´ Ìμ¤¨²μ¸Ó ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ · ¢´μ¢¥¸¨¨ ¸ ¢¥Ð¥-
¸É¢μ³. �¥°É·¨´μ ¶¥·¥¸É ÕÉ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ (ÔÉμ ´ §Ò¢ ¥É¸Ö ®§ ± ²±μ°¯), ¥¸²¨

τν(T ) ∼ H−1(T ).

1�  ¸ ³μ³ ¤¥²¥ H ´¨± ± Ö ´¥ ±μ´¸É ´É ,   ËÊ´±Í¨Ö ¢·¥³¥´¨.
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ˆ§ (1) ¨ (3) ¸²¥¤Ê¥É, ÎÉμ ÔÉμ ¶·μ¨¸Ìμ¤¨É ¶·¨ É¥³¶¥· ÉÊ·¥

Tν,f ∼
(

1
G2

F M∗
P

)1/3

∼ 2−3 ŒÔ‚.

‚μ§· ¸É ‚¸¥²¥´´μ° ´  ³μ³¥´É § ± ²±¨ ´¥°É·¨´μ ¸μ¸É ¢²Ö²

tν,f ∼ 1
2H(Tν,f )

=
M∗

P

2T 2
ν,f

∼ 0,00992−0,07533 c.

’ ±¨³ μ¡· §μ³, ¢ ³μ³¥´É ¢·¥³¥´¨ tν,f ∼ 0,00992−0,07533 c ¶·¨ É¥³¶¥· ÉÊ·¥ ¶μ·Ö¤± 
Tν,f ∼ 2−3 ŒÔ‚ ´¥°É·¨´μ ¨¸¶ÒÉ ²¨ ¶μ¸²¥¤´¥¥ ¸Éμ²±´μ¢¥´¨¥ ¨ ¸ É¥Ì ¶μ· · ¸¶·μ¸É· -
´Ö²¨¸Ó ¢μ ‚¸¥²¥´´μ° ¸¢μ¡μ¤´μ. ‚ ÉμÉ ¶¥·¨μ¤ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·  ´¥°É·¨´μ ¨ ËμÉμ´μ¢
¡Ò²  μ¤¨´ ±μ¢μ°. ’¥³¶¥· ÉÊ·  ´¥°É·¨´´μ£μ £ §  ¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¡Ò · ¢´Ö² ¸Ó
É¥³¶¥· ÉÊ·¥ ·¥²¨±Éμ¢ÒÌ ËμÉμ´μ¢, ¥¸²¨ ¡Ò ¶μ¸²¥¤´¨¥ ´¥ ®¶μ¤μ£·¥²¨¸Ó¯ §  ¸Î¥É  ´´¨£¨-
²ÖÍ¨¨ e+e− → γγ, ±μ£¤  É¥³¶¥· ÉÊ·  ¢μ ‚¸¥²¥´´μ° μ¶Ê¸É¨² ¸Ó ´¨¦¥ ³ ¸¸Ò Ô²¥±É·μ´ 
(0,51 ŒÔ‚) ¨ Ô²¥±É·μ´-¶μ§¨É·μ´´Ò¥ ¶ ·Ò ¶·μ ´´¨£¨²¨·μ¢ ²¨ ¢ ËμÉμ´Ò. Šμ²¨Î¥¸É¢¥´´μ
ÔËË¥±É ¶μ¤μ£·¥¢  ËμÉμ´μ¢ §  ¸Î¥É  ´´¨£¨²ÖÍ¨¨ Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ ³μ¦´μ μ¶·¥¤¥-
²¨ÉÓ, ¶μ²Ó§ÊÖ¸Ó ¸μÌ· ´¥´¨¥³ Ô´É·μ¶¨¨ Ô²¥±É·μ´-ËμÉμ´´μ° ±μ³¶μ´¥´ÉÒ ¢ ¸μ¶ÊÉ¸É¢ÊÕÐ¥³
μ¡Ñ¥³¥:

g∗(T )a3T 3 = const, (4)

£¤¥ g∗(T ) Å ÔËË¥±É¨¢´μ¥ Î¨¸²μ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸É¥¶¥´¥° ¸¢μ¡μ¤Ò ¢ Ô²¥±É·μ´-ËμÉμ´´μ°
¶² §³¥. ‘· §Ê ¶μ¸²¥ § ± ²±¨ ´¥°É·¨´μ ¢ Ô´É·μ¶¨Õ Ô²¥±É·μ´-ËμÉμ´´μ° ¶² §³Ò ¤ ¢ ²¨
¢±² ¤ ËμÉμ´Ò, Ô²¥±É·μ´Ò ¨ ¶μ§¨É·μ´Ò, ÎÉμ ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê §´ Î¥´¨Õ:

g∗(Tν,f ) = 2 +
7
8
(2 + 2) =

11
2

.

�μ¸²¥ e+e−- ´´¨£¨²ÖÍ¨¨ ¢ Ô´É·μ¶¨Õ ¶² §³Ò ¢´μ¸ÖÉ ¢±² ¤ Éμ²Ó±μ ËμÉμ´Ò, ¨ μÉ´μÏ¥´¨¥
É¥³¶¥· ÉÊ· ËμÉμ´μ¢ ¨ ´¥°É·¨´μ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´Ò³:

Tγ,0

Tν,0
=

(
g∗(Tν,f )
g∗(T0)

)1/3

=
(

11
4

)1/3

� 1,401. (5)

‘²¥¤μ¢ É¥²Ó´μ, ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö É¥³¶¥· ÉÊ·  ´¥°É·¨´μ

Tν(t0) � 1,95 Š. (6)

ˆ¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ê ¤²Ö ¶²μÉ´μ¸É¨ Î¨¸²  Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í, ´ Ìμ¤¨³, ÎÉμ ¶·¨
¸μ¢·¥³¥´´μ³ §´ Î¥´¨¨ É¥³¶¥· ÉÊ·Ò ¶²μÉ´μ¸ÉÓ Î¨¸²  ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ± ¦¤μ£μ
É¨¶  ¸μ¸É ¢²Ö¥É

nν,0 =
3
4
· 2ζ(3)

π2
T 3

ν (t0) � 112 ¸³−3 � 8,6 · 10−22 Ô‚3. (7)
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”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ´¥°É·¨´μ. �μ¸±μ²Ó±Ê, ¸μ£² ¸´μ ´ Ï¥° £¨¶μÉ¥§¥, ¤μ § ± ²±¨
´¥°É·¨´μ ´ Ìμ¤¨²¨¸Ó ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³ · ¢´μ¢¥¸¨¨, Éμ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ´¥°-
É·¨´μ Å ÔÉμ ËÊ´±Í¨Ö ”¥·³¨Ä„¨· ± . 	μ²¥¥ Éμ£μ, ¢ ³μ³¥´É § ± ²±¨ Ì · ±É¥·´ Ö É¥³-
¶¥· ÉÊ·  Tν,f ∼ 2−3 ŒÔ‚ ¡Ò²  ³´μ£μ ¡μ²ÓÏ¥ ³ ¸¸Ò ¤ ¦¥ ¸ ³μ£μ ÉÖ¦¥²μ£μ ´¥°É·¨´μ
mh

ν ∼ 0,05 Ô‚, ÎÉμ μ§´ Î ¥É, ÎÉμ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢ ÉμÉ ³μ³¥´É tν,f ¸ μÎ¥´Ó
Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ (´  Ê·μ¢´¥ (mh

ν )2/T 2
ν,f ∼ 4 · 10−16) ¥¸ÉÓ

f(|p|) =
1

(2π)3
1

e|p|/Tν,f + 1
. (8)

Š ±¨³ μ¡· §μ³ Ô¢μ²ÕÍ¨μ´¨·Ê¥É f(|p|) ¸μ ¢·¥³¥´¥³? —Éμ¡Ò μÉ¢¥É¨ÉÓ ´  ÔÉμÉ ¢μ-
¶·μ¸, ³μ¦´μ ¶·¨¢²¥ÎÓ ¸²¥¤ÊÕÐ¥¥ · ¸¸Ê¦¤¥´¨¥. �·¨ · ¸Ï¨·¥´¨¨ ‚¸¥²¥´´μ° ¸μ¶ÊÉ-
¸É¢ÊÕÐ¨° Ë §μ¢Ò° μ¡Ñ¥³ d3p d3x μ¸É ¥É¸Ö ¨´¢ ·¨ ´É´Ò³ ¨ ¸μ¢¶ ¤ ¥É ¸ Ë¨§¨Î¥¸±¨³
d3(p/a(t))d3(a(t)x). ’ ±¨³ μ¡· §μ³, ¥¸²¨ ¢ ± ±μ°-Éμ ³μ³¥´É ¢·¥³¥´¨ ti ËÊ´±Í¨Ö · ¸¶·¥-
¤¥²¥´¨Ö ´ ³ ¨§¢¥¸É´  ¨ · ¢´  fi(p), Éμ ¢ ²Õ¡μ° ¤·Ê£μ° ³μ³¥´É ¢·¥³¥´¨ μ´  μ¶·¥¤¥²Ö¥É¸Ö
Éμ²Ó±μ É¥³, ± ± ®±· ¸´¥ÕÉ¯ ¨³¶Ê²Ó¸Ò [5]:

f(p, t) = fi

(
a(t)
a(ti)

p
)

.

ˆÉ ±, ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ´¥°É·¨´μ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μ¶·¥¤¥²Ö¥É¸Ö Ê²ÓÉ· ·¥²ÖÉ¨-
¢¨¸É¸±¨³ ¶·¥¤¥²μ³ (8) ¸ § ³¥´μ° Tν,f → T eff

ν , £¤¥

T eff
ν = Tν,f

a(tν,f )
a(t0)

, (9)

´¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¸ ³μ¥ ÉÖ¦¥²μ¥ ·¥²¨±Éμ¢μ¥ ´¥°É·¨´μ ´¥·¥²ÖÉ¨¢¨¸É¸±μ¥.

2. �…‰’�ˆ�� ‚�… ’…�Œ�„ˆ��Œˆ—…‘Š�ƒ� ��‚��‚…‘ˆŸ

� ¸¸³μÉ·¨³ É¥¶¥·Ó, ± ± ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¶μ¶· ¢±¨ ± Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¶·¥-
¤¥²Ê (8), ´¥ ¶·¥¤¶μ² £ Ö É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö. „²Ö ÔÉμ£μ ³μ¦´μ · ¸¸³μÉ·¥ÉÓ
´¥· ¢´μ¢¥¸´μ¥ Ê· ¢´¥´¨¥ 	μ²ÓÍ³ ´ , ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É Ô¢μ²ÕÍ¨Õ ¢μ ¢·¥³¥´¨ ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ f = f(p,x) ¢ μ¤´μÎ ¸É¨Î´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ (x ¨ p Å
±μμ·¤¨´ É  ¨ ¨³¶Ê²Ó¸). �·¨ ¨§²μ¦¥´¨¨ ·¥§Ê²ÓÉ Éμ¢ ÔÉμ£μ · §¤¥²  ³Ò ¸²¥¤Ê¥³ · ¡μ-
É ³ [1Ä4].

‚ £ ³¨²ÓÉμ´μ¢μ° ³¥Ì ´¨±¥ Ê· ¢´¥´¨¥ 	μ²ÓÍ³ ´  § ¶¨¸Ò¢ ¥É¸Ö ¢ μ¡Ð¥³ ¢¨¤¥

L̂[f ] = Icoll[f ], (10)

£¤¥ Icoll Å μ¶¥· Éμ· ¸Éμ²±´μ¢¥´¨°, μ¶¨¸Ò¢ ÕÐ¨° ¸±μ·μ¸ÉÓ ¨§³¥´¥´¨Ö ËÊ´±Í¨¨ · ¸¶·¥-
¤¥²¥´¨Ö ¡² £μ¤ ·Ö ¸Éμ²±´μ¢¥´¨Ö³; L̂ Å ÔÉμ μ¶¥· Éμ· ‹¨Ê¢¨²²Ö. ‚ μÉ¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£μ
¶μ²Ö Î ¸É¨Í  ¤¢¨¦¥É¸Ö ¸ ¶μ¸ÉμÖ´´μ° ¸±μ·μ¸ÉÓÕ ¨ ³¥´ÖÕÉ¸Ö Éμ²Ó±μ ¥¥ ±μμ·¤¨´ ÉÒ r,
¶·¨ ÔÉμ³

L̂ =
∂

∂t
+ v∇x.
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…¸²¨ ¦¥ £ § ´ Ìμ¤¨É¸Ö ¢μ ¢´¥Ï´¥³ ¶μ²¥ U(r), ¤¥°¸É¢ÊÕÐ¥³ ´  ±μμ·¤¨´ ÉÒ Í¥´É·  ¨´¥·-
Í¨¨ Î ¸É¨ÍÒ, Éμ

L̂NR =
∂

∂t
+

p
m
· ∇x + F· ∇p, (11)

£¤¥ m Å ³ ¸¸  Î ¸É¨ÍÒ ¨ F = −∇U Å ¸¨² , ¤¥°¸É¢ÊÕÐ Ö ´  Î ¸É¨ÍÊ ¸μ ¸Éμ·μ´Ò
¶μ²Ö. ”μ·³Ê²  (11) μ¶·¥¤¥²Ö¥É ´¥·¥²ÖÉ¨¢¨¸É¸±¨° μ¶¥· Éμ· ‹¨Ê¢¨²²Ö ¢ Ë §μ¢μ³ ¶·μ-
¸É· ´¸É¢¥ [6].

�¡Ð¨° ¢¨¤ ±μ¢ ·¨ ´É´μ£μ ·¥²ÖÉ¨¢¨¸É¸±μ£μ μ¶¥· Éμ·  ‹¨Ê¢¨²²Ö:

L̂ = pα ∂

∂xα
− Γα

βγpβpγ ∂

∂pα
, (12)

£¤¥ Γ Å ¸¨³¢μ² Š·¨¸ÉμËË¥²Ö. ‘ ¢Ò¸μ±μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨ ´ Ï  ‚¸¥²¥´´ Ö ¶·μ-
¸É· ´¸É¢¥´´μ μ¤´μ·μ¤´  ¨ ¨§μÉ·μ¶´  ´  ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨Ì ³ ¸ÏÉ ¡ Ì. ’ ± Ö ‚¸¥²¥´-
´ Ö μ¶¨¸Ò¢ ¥É¸Ö ³¥É·¨±μ° ”·¨¤³ ´ Ä�μ¡¥·É¸μ´ Ä“μ±¥·  (FRW) ¸ ±¢ ¤· Éμ³ ¨´É¥£· ² 
ds2 = dt2 − a2(t)γij dxi dxj , £¤¥ γij(x) Å ³¥É·¨Î¥¸±¨° É¥´§μ· É·¥Ì³¥·´μ£μ ¶·μ¸É· ´-
¸É¢ . „²Ö ¶·μ¸É· ´¸É¢¥´´μ μ¤´μ·μ¤´μ° ¨ ¨§μÉ·μ¶´μ° ‚¸¥²¥´´μ° ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö
¶²μÉ´μ¸É¨ ´¥ § ¢¨¸¨É μÉ ±μμ·¤¨´ É ¨ ¢¥±Éμ·  ¨³¶Ê²Ó¸ : f = f(|p|, t) = f(E, t).

�μ²ÊÎ¨³ ·¥²ÖÉ¨¢¨¸É¸±¨°  ´ ²μ£ Ê· ¢´¥´¨Ö 	μ²ÓÍ³ ´  ¤²Ö ¶·μ¸É· ´¸É¢¥´´μ μ¤´μ·μ¤-
´μ° ¨ ¨§μÉ·μ¶´μ° ‚¸¥²¥´´μ°. ‡ ¶¨Ï¥³ Ê· ¢´¥´¨¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¨³¢μ²μ¢ Š·¨¸ÉμË-
Ë¥²Ö:

Γμ
νλ =

gμσ

2
(∂νgλσ + ∂λgνσ − ∂σgνλ).

‚ ³¥É·¨±¥ FRW ´¥±μÉμ·Ò¥ ±μ³¶μ´¥´ÉÒ ¸¨³¢μ²μ¢ Š·¨¸ÉμËË¥²Ö § ´Ê²ÖÕÉ¸Ö: Γ0
00 = Γ0

0i =
Γi

00 = 0. �¥ ´Ê²¥¢Ò¥ ±μ³¶μ´¥´ÉÒ

Γi
0j =

ȧ

a
δi
j , Γ0

ij = aȧγij , Γi
jk =

γil

2
(∂jgkl + ∂kgjl − ∂lgjk).

‘ ÊÎ¥Éμ³ ÔÉ¨Ì ¸μμÉ´μÏ¥´¨° Ê· ¢´¥´¨¥ (12) ¨³¥¥É ¢¨¤

L̂[f(E, t)] = E
∂f

∂t
− ȧ

a
p2 ∂f

∂E
, (13)

¨²¨

L̂[f(p, t)] = E

(
∂f

∂t
− ȧ

a
p

∂f

∂p

)
. (14)

Š¨´¥É¨Î¥¸±μ¥ Ê· ¢´¥´¨¥ 	μ²ÓÍ³ ´  ¶·¥¤¸É ¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:
(

∂

∂t
− Hp

∂

∂p

)
f = Icoll. (15)

ˆ´É¥£· ² ¸Éμ²±´μ¢¥´¨Ö ¤²Ö ¤¢ÊÌÎ ¸É¨Î´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö 1 + 2 → 3 + 4 ³μ¦´μ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

Icoll =
1

2E1

∑
¶·μÍ¥¸¸Ò

∫
d3p2

2E2(2π)3
d3p3

2E3(2π)3
d3p4

2E4(2π)3
×

× (2π)4δ(4)(p1 + p2 − p3 − p4)F (f1, f2, f3, f4)S|M12→34|2, (16)
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£¤¥ F = f3f4(1−f1)(1−f2)−f1f2(1−f3)(1−f4), f3f4 Å ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ ¨³-
¶Ê²Ó¸ ³ ¢ÒÌμ¤ÖÐ¨Ì Î ¸É¨Í,   f1f2 Å ¢Ìμ¤ÖÐ¨Ì, (1− f1) . . . Å ³´μ¦¨É¥²¨, ¸¢Ö§ ´´Ò¥ ¸μ
¸É É¨¸É¨±μ° ”¥·³¨Ä„¨· ± ; |M12→34|2 ¥¸ÉÓ ±¢ ¤· É  ³¶²¨ÉÊ¤Ò ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö,
¶·μ¸Ê³³¨·μ¢ ´´Ò° ¶μ ¸¶¨´ ³ ¢¸¥Ì Î ¸É¨Í, ±·μ³¥ ¶¥·¢μ°; S Å Ë ±Éμ· ¸¨³³¥É·¨§ Í¨¨,
±μÉμ·Ò° · ¢¥´ 1/2! ¤²Ö ± ¦¤μ° ¶ ·Ò μ¤¨´ ±μ¢ÒÌ Î ¸É¨Í ¢ ´ Î ²Ó´μ³ ¨²¨ ±μ´¥Î´μ³
¸μ¸ÉμÖ´¨ÖÌ ¨ 2! ¤²Ö ¤¢ÊÌ μ¤¨´ ±μ¢ÒÌ Î ¸É¨Í ¢ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ [1].

�¥É·Ê¤´μ Ê¢¨¤¥ÉÓ, ÎÉμ · ¢´μ¢¥¸´ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö

feq =
1

exp
[
E − μ(t)

T (t)

]
± 1

(17)

μ¡´Ê²Ö¥É ¶· ¢ÊÕ Î ¸ÉÓ Ê· ¢´¥´¨Ö (15), ¥¸²¨ Ṫ /T = −H ¨ μ ∼ T (t). � §Ê³¥¥É¸Ö, ¢
¤ ´´μ³ ¸²ÊÎ ¥ · ¢´μ¢¥¸´ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö feq ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ËÊ´±Í¨Õ
· ¸¶·¥¤¥²¥´¨Ö ”¥·³¨Ä„¨· ±  ¨²¨ 	μ§¥Ä�°´ÏÉ¥°´ , £¤¥ μ Å ÔÉμ Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ²
Î ¸É¨Í.

’ ±¨³ μ¡· §μ³, μÉ²¨Î¨¥ μÉ ´Ê²Ö ¶· ¢μ° Î ¸É¨ (15) ¸μμÉ¢¥É¸É¢Ê¥É ´¥· ¢´μ¢¥¸´μ° ËÊ´±-
Í¨¨ · ¸¶·¥¤¥²¥´¨Ö. „²Ö Éμ£μ ÎÉμ¡Ò ·¥Ï¨ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨° (15), ´¥μ¡Ìμ¤¨³μ Ê¸É -
´μ¢¨ÉÓ ´ Î ²Ó´Ò¥ §´ Î¥´¨Ö. ‚ ± Î¥¸É¢¥ É ±μ¢ÒÌ · §Ê³´μ ¢§ÖÉÓ · ¢´μ¢¥¸´Ò¥ ËÊ´±Í¨¨
· ¸¶·¥¤¥²¥´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸É ¤¨¨ · ¢´μ¢¥¸¨Ö ´¥°É·¨´μ ¸ ¶² §³μ°. Š·μ³¥ Éμ£μ,
´Ê¦´μ ¢ÒÎ¨¸²¨ÉÓ ¤²Ö ± ¦¤μ£μ ¶·μÍ¥¸¸ , ¢ ±μÉμ·μ³ ÊÎ ¸É¢Ê¥É ( ´É¨)´¥°É·¨´μ, ±¢ ¤· ÉÒ
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ |M12→34|2. ‚ · ¡μÉ¥ [1] ÔÉμ ¡Ò²μ ¶·μ¤¥² ´μ,
μ¤´ ±μ ¤²Ö Ë²¥°¢μ·´ÒÌ ´¥°É·¨´μ. ‚ ´ ¸ÉμÖÐ¥° ¸É ÉÓ¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
|M12→34|2 ¤²Ö ³ ¸¸μ¢ÒÌ ¸μ¸ÉμÖ´¨° ´¥°É·¨´μ, ÎÉμ ¶·¥¤¸É ¢²Ö¥É¸Ö ¡μ²¥¥  ¤¥±¢ É´Ò³ ¤ ´-
´μ° § ¤ Î¥. ‚ É ¡²¨Í¥ ¶·¥¤¸É ¢²¥´Ò ±¢ ¤· ÉÒ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤²Ö ¶·μÍ¥¸¸μ¢ ¸
³ ¸¸¨¢´Ò³¨ ´¥°É·¨´μ.

Š¢ ¤· ÉÒ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤²Ö ¶·μÍ¥¸¸μ¢ ¸ ³ ¸¸¨¢´Ò³¨ ´¥°É·¨´μ, £¤¥ gij
L = VeiV

∗
ej +

δij(2 sin2 θW − 1) ¨ gij
R = 2δij sin2 θW (Vαi Å Ê´¨É ·´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö)

�·μÍ¥¸¸ 2−5G−2
F S|M12→34 |2

νi + ν̄i → νi + ν̄i 4(p1 · p4)(p2 · p3)

νi + ν̄i → νj + ν̄j (p1 · p4)(p2 · p3)

νi + ν̄j → νi + ν̄j (p1 · p4)(p2 · p3)

νi + νi → νi + νi 2(p1 · p2)(p3 · p4)

νi + νj → νi + νj (p1 · p2)(p3 · p4)

νi + ν̄i → e+ + e− 4[(gii
L )2(p1 · p4)(p2 · p3) + (gii

R)2(p1 · p3)(p2 · p4) + (gii
L)(gii

R)m2
e(p1 · p2)]

νi + e− → νj + e− 4[(gij
L )2(p1 · p2)(p3 · p4) + (gij

R )2(p1 · p4)(p2 · p3) + gij
L gij

R m2
e(p1 · p3)]

νi + e+ → νj + e+ 4[(gij
R )2(p1 · p2)(p3 · p4) + (gij

L )2(p1 · p4)(p2 · p3) − gij
L gij

R m2
e(p1 · p3)]

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ [1Ä4] (¢ ¶·¥¤¶μ²μ¦¥´¨¨ Ë²¥°¢μ·´ÒÌ ´¥°É·¨´μ να)
¤ ÕÉ μÉ´μÏ¥´¨¥ É¥³¶¥· ÉÊ· ËμÉμ´μ¢ ¨ ´¥°É·¨´μ ¶μ¸²¥ ¶μ²´μ°  ´´¨£¨²ÖÍ¨¨ e+e−-¶ · Å
1,39905, ÎÉμ ¸²¥¤Ê¥É ¸· ¢´¨ÉÓ ¸ μ¦¨¤ ´¨¥³ 1,401 (¸³. Ê· ¢´¥´¨¥ (5)). ’ ±¨³ μ¡· §μ³,
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ÊÎ¥É ´¥· ¢´μ¢¥¸´ÒÌ ¶·μÍ¥¸¸μ¢ ¤ ¥É ¶μ¶· ¢±Ê ´  Ê·μ¢´¥ 10−3. �·¥¤¸É ¢²Ö¥É¸Ö ¨´É¥·¥¸-
´Ò³ ¶μ¢Éμ·¨ÉÓ Î¨¸²¥´´Ò° · ¸Î¥É ¸ ÊÎ¥Éμ³ ±¢ ¤· Éμ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¤²Ö ¶·μÍ¥¸¸μ¢
¸ ³ ¸¸¨¢´Ò³¨ ´¥°É·¨´μ (¸³. É ¡²¨ÍÊ).

‡�Š‹�—…�ˆ…

‚ § ±²ÕÎ¥´¨¥ ³´¥ ¡Ò ÌμÉ¥²μ¸Ó ¢Ò· §¨ÉÓ μ¸μ¡ÊÕ ¡² £μ¤ ·´μ¸ÉÓ „. ‚.� Ê³μ¢Ê § 
¶μ¸É ´μ¢±Ê § ¤ Î¨, ¶μ³μÐÓ ¨ ¢μ§³μ¦´μ¸ÉÓ ´ ¶¨¸ ´¨Ö ¤ ´´μ° · ¡μÉÒ ¢ ‹Ÿ� �ˆŸˆ.
’ ±¦¥ ³´¥ ¶·¨ÖÉ´μ ¶μ¡² £μ¤ ·¨ÉÓ Ëμ´¤ ´¥±μ³³¥·Î¥¸±¨Ì ¶·μ£· ³³ ®„¨´ ¸É¨Ö¯ ¢μ £² ¢¥
¸ „. 	. ‡¨³¨´Ò³ §  ¶·¥¤μ¸É ¢²¥´¨¥ ¸É¨¶¥´¤¨¨ (2011 £.).
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