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�·¥¤² £ ¥É¸Ö ³¥Éμ¤¨± , · §· ¡μÉ ´´ Ö Ê¸¨²¨Ö³¨ ±μ²² ¡μ· Í¨° LIGO, Virgo, Bo-
rexino, IceCube ¨ LVD, ±μÉμ· Ö ¡ §¨·Ê¥É¸Ö ´  ¸μ¢³¥¸É´μ³  ´ ²¨§¥ ¤ ´´ÒÌ ´¥°É·¨´´ÒÌ
¨ £· ¢¨É Í¨μ´´μ-¢μ²´μ¢ÒÌ ¤¥É¥±Éμ·μ¢, ·¥£¨¸É·¨·ÊÕÐ¨Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨§²ÊÎ¥´¨Ö,
¶· ±É¨Î¥¸±¨ ´¥ ¨¸± ¦¥´´Ò¥ ³¥¦§¢¥§¤´μ° ¸·¥¤μ° ¨ · ¸¶·μ¸É· ´ÖÕÐ¨¥¸Ö ¸ ¶μÎÉ¨ μ¤¨-
´ ±μ¢μ° ¸±μ·μ¸ÉÓÕ. ’ ±μ° ¶μ¤Ìμ¤ ± ¶·μ¡²¥³¥ ¶μ§¢μ²Ö¥É ¶μ¢Ò¸¨ÉÓ ¤μ¸Éμ¢¥·´μ¸ÉÓ
´ ¡²Õ¤¥´¨°, ·¥£¨¸É·¨·μ¢ ÉÓ 	¥§³μ²¢´Ò¥ ¸¢¥·Ì´μ¢Ò¥ ¨ ¨¸¸²¥¤μ¢ ÉÓ ¸¢μ°¸É¢  ¨ ³¥Ì -
´¨§³Ò £¥´¥· Í¨¨ £· ¢¨É Í¨μ´´ÒÌ ¢μ²´.

The proposed methodology, developed by LIGO, Virgo, Borexino, LVD, and IceCube
collaborations, is based on a joint analysis of data of neutrino and gravitational wave
detectors, which detect the respective radiations that are practically undistorted by the
interstellar medium and propagate with almost the same speed. This approach to the
problem allows one to increase the reliability of the observations, detect the so-called
©Silentª supernovae, and explore the properties and generation mechanisms of gravitational
waves.

PACS: 97.60.Bw; 95.55.Vj; 95.55.Ym; 29.40.Mc; 04.80.Nn; 29.85.Fj

„²Ö · ´´¥£μ μ¶μ¢¥Ð¥´¨Ö ´ ÊÎ´μ£μ ¸μμ¡Ð¥¸É¢  μ ¢¸¶ÒÏ±¥ ¸¢¥·Ì´μ¢μ° ¤¥-
É¥±Éμ·Ò ´¥°É·¨´μ Ê¦¥ ¡μ²¥¥ 10 ²¥É μ¡Ñ¥¤¨´¥´Ò ¢ ¸¨¸É¥³Ê SNEWS [6, 7].
„ ²Ó´¥°Ï¨³ · §¢¨É¨¥³ ¨¤¥¨ ³Ê²ÓÉ¨± ´ ²Ó´ÒÌ ´ ¡²Õ¤¥´¨° ¸É ² ¸μ¢³¥¸É´Ò°
 ´ ²¨§ ¤ ´´ÒÌ ´¥°É·¨´´ÒÌ ¨ £· ¢¨É Í¨μ´´μ-¢μ²´μ¢ÒÌ μ¡¸¥·¢ Éμ·¨°,  ±ÉÊ-
 ²Ó´μ¸ÉÓ ±μÉμ·μ£μ ¸¨²Ó´μ ¢Ò·μ¸²  ¶μ¸²¥ ¶¥·¢μ£μ ¶·Ö³μ£μ ¤¥É¥±É¨·μ¢ ´¨Ö
£· ¢¨É Í¨μ´´ÒÌ ¢μ²´ Ê¸É ´μ¢± ³¨ LIGO [2].
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‘μ¢³¥¸É´Ò°  ´ ²¨§ ¨³¥¥É ·Ö¤ ¶·¥¨³ÊÐ¥¸É¢. ‚μ-¶¥·¢ÒÌ, μ¡  É¨¶  ¨§²ÊÎ¥-
´¨Ö ¨³¥ÕÉ ¸Ìμ¤´Ò¥ ¸¢μ°¸É¢ : μ´¨ ¶·¥´¥¡·¥¦¨³μ ³ ²μ ¨¸± ¦ ÕÉ¸Ö ³¥¦§¢¥§¤-
´μ° ¸·¥¤μ° ¨ · ¸¶·μ¸É· ´ÖÕÉ¸Ö ¸ ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢μ° ¸±μ·μ¸ÉÓÕ, · ¢´μ°
¸±μ·μ¸É¨ ¸¢¥É . ’ ±¨³ μ¡· §μ³, £· ¢¨É Í¨μ´´Ò¥ ¢μ²´Ò ¨ ´¥°É·¨´μ ¢ ¸¢μ¨Ì
Ì · ±É¥·¨¸É¨± Ì ´¥¸ÊÉ Ë ±É¨Î¥¸±¨ ´¥¨§³¥´´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¶·μÍ¥¸¸ Ì,
¶·μ¨¸Ìμ¤ÖÐ¨Ì ¢´ÊÉ·¨ ³ ¸¸¨¢´ÒÌ §¢¥§¤ ´  ¶μ¸²¥¤´¨Ì ¸É ¤¨ÖÌ ¨Ì Ô¢μ²ÕÍ¨¨.
�¤´μ¢·¥³¥´´μ¸ÉÓ ¦¥ ¶·¨Ìμ¤  ¸¨£´ ²μ¢ μ¡¥¸¶¥Î¨¢ ¥É Î¥É±ÊÕ ¨¤¥´É¨Ë¨± Í¨Õ
É¨¶   ¸É·μË¨§¨Î¥¸±μ£μ ¸μ¡ÒÉ¨Ö, ¶·¨ ÔÉμ³ ´¥°É·¨´´μ¥ ¨§²ÊÎ¥´¨¥ ¢Ò¸ÉÊ¶ ¥É
¢ ± Î¥¸É¢¥ ³ ·±¥· . ‚μ-¢Éμ·ÒÌ, ·¥£¨¸É· Í¨Ö £· ¢¨É Í¨μ´´ÒÌ ¢μ²´ Ö¢²Ö¥É¸Ö
¶·¨´Í¨¶¨ ²Ó´μ ´μ¢Ò³ ³¥Éμ¤μ³ ¨§ÊÎ¥´¨Ö ¸¢¥·Ì´μ¢ÒÌ. ‚-É·¥ÉÓ¨Ì, μ¡  É¨¶ 
¨§²ÊÎ¥´¨Ö ¢μ§´¨± ÕÉ ¢ Ìμ¤¥ ¥¤¨´μ° Í¥¶¨ ¢§ ¨³μ¸¢Ö§ ´´ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·μ-
Í¥¸¸μ¢ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¢§ ¨³μ¤μ¶μ²´ÖÕÉ ¤·Ê£ ¤·Ê£ .
‚-Î¥É¢¥·ÉÒÌ, ¸μ¢³¥¸É´Ò°  ´ ²¨§ ¶μ§¢μ²Ö¥É ÊÉμÎ´¨ÉÓ ¸¢μ°¸É¢  £· ¢¨É Í¨μ´-
´ÒÌ ¢μ²´ ¨ ³¥Ì ´¨§³Ò ¨Ì £¥´¥· Í¨¨. ‚-¶ÖÉÒÌ, ÉμÉ ¦¥ ¸μ¢³¥¸É´Ò°  ´ ²¨§
§´ Î¨É¥²Ó´μ · ¸Ï¨·Ö¥É μ¡² ¸ÉÓ ´ ¡²Õ¤¥´¨° ¨ ¶μÉ¥´Í¨ ²Ó´μ ³μ¦¥É ¶μ§¢μ-
²¨ÉÓ ´ ¡²Õ¤ ÉÓ ¢¸¶ÒÏ±¨ ¸¢¥·Ì´μ¢ÒÌ ¢μ ¢¸¥° Œ¥¸É´μ° £·Ê¶¶¥ £ ² ±É¨±.

‚ 2014 £. ¡Ò²  μ·£ ´¨§μ¢ ´  ³¥¦±μ²² ¡μ· Í¨μ´´ Ö · ¡μÎ Ö £·Ê¶¶ 
GWNU ¶μ ¶μ¨¸±Ê ±μ··¥²ÖÍ¨° ¢ ¤ ´´ÒÌ ¤¥É¥±Éμ·μ¢ £· ¢¨É Í¨μ´´ÒÌ ¢μ²´
¨ ´¥°É·¨´μ ¢ ¸μ¸É ¢¥ ±μ²² ¡μ· Í¨°: LIGO, Virgo, IceCube, Borexino, LVD.
‚  ¶·¥²¥ 2016 £. ± ÔÉμ° £·Ê¶¶¥ ¶·¨¸μ¥¤¨´¨²¸Ö KamLAND. „ ²Ó´¥°Ï¥¥ ¢μ-
¢²¥Î¥´¨¥ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ±· °´¥ ¦¥² É¥²Ó´μ, É ± ± ± Ê¢¥²¨Î¨¢ ¥É¸Ö
Ï ´¸ ´ ¡²Õ¤¥´¨Ö ¸¢¥·Ì´μ¢μ°, ¶·¨ ÔÉμ³ Ê³¥´ÓÏ ¥É¸Ö ¢¥·μÖÉ´μ¸ÉÓ μ¤´μ¢·¥-
³¥´´ÒÌ ¸²ÊÎ °´ÒÌ ´ ²μ¦¥´¨° ¸¨£´ ²μ¢, ¨ ¶μÖ¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¸³Ö£Î¨ÉÓ
±·¨É¥·¨¨ μÉ¡μ·  ¸μ¡ÒÉ¨° ¸ ¶μ³μÐÓÕ Ê¢¥²¨Î¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¢¸¥° ¸¥É¨
¨ · ¸Ï¨·¥´¨Ö ¤¨ ¶ §μ´  §´ Î¥´¨° ¶ · ³¥É·μ¢ ¶μ¨¸± .

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸¢¥·Ì´μ¢ÒÌ ¢ £ ² ±É¨±¥ Œ²¥Î´Ò° �ÊÉÓ ¨¸¶μ²Ó§Ê¥³Ò¥
¤¥É¥±Éμ·Ò ¤μ²¦´Ò ¡ÒÉÓ ¸¶μ¸μ¡´Ò ¨§³¥·ÖÉÓ £· ¢¨É Í¨μ´´Ò¥ ¢μ²´Ò ¸  ³-
¶²¨ÉÊ¤μ° 10−21Ä10−20 ƒÍ−1/2 ¨ ¨³¥ÉÓ ¶μ²μ¸Ê ·¥£¨¸É·¨·Ê¥³ÒÌ Î ¸ÉμÉ μÉ 10
¤μ 103 ƒÍ [1,5]. �·¥¤¶μÎÉ¨É¥²Ó´μ ¨³¥ÉÓ ³¨´¨³Ê³ ¤¢  £· ¢¨É Í¨μ´´ÒÌ ¤¥É¥±-
Éμ·  [2], · ¡μÉ ÕÐ¨Ì ¢ ·¥¦¨³¥ § ¶ §¤Ò¢ ÕÐ¨Ì ¸μ¢¶ ¤¥´¨°, ÎÉμ, ¢ ¸¢μÕ μÎ¥-
·¥¤Ó, ¸¨²Ó´μ ¶μ´¨¦ ¥É Ê·μ¢¥´Ó Ëμ´ . ‚¸¥ £· ¢¨É Í¨μ´´Ò¥ ¤¥É¥±Éμ·Ò ¤μ²¦´Ò
¡ÒÉÓ · §´¥¸¥´Ò ´  ¸μÉ´¨ ¨²¨ ÉÒ¸ÖÎ¨ ±¨²μ³¥É·μ¢, ÎÉμ¡Ò Ê³¥´ÓÏ¨ÉÓ ¢²¨Ö´¨¥
²μ± ²Ó´ÒÌ ¨¸ÉμÎ´¨±μ¢ ÏÊ³μ¢. �·¨ É·¥Ì ¨ ¡μ²¥¥ μ¤´μ¢·¥³¥´´μ · ¡μÉ ÕÐ¨Ì
£· ¢¨É Í¨μ´´μ-¢μ²´μ¢ÒÌ Ê¸É ´μ¢± Ì ¸É ´μ¢¨É¸Ö ¢μ§³μ¦´Ò³ ¢μ¸¸É ´ ¢²¨¢ ÉÓ
¶μ²μ¦¥´¨¥ ¨¸ÉμÎ´¨±  ¨§²ÊÎ¥´¨Ö ´  ´¥¡¥ ¸ ¶μ³μÐÓÕ ³¥Éμ¤  É·¨ ´£Ê²ÖÍ¨¨ [4].
�Éμ ¢ ¦´μ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö 	¥§³μ²¢´ÒÌ ¸¢¥·Ì´μ¢ÒÌ, É ± ± ± μ´¨ Î ¸É¨Î´μ
¨²¨ ¶μ²´μ¸ÉÓÕ ´¥ ´ ¡²Õ¤ ÕÉ¸Ö ¸ ¶μ³μÐÓÕ É¥²¥¸±μ¶μ¢, ·¥£¨¸É·¨·ÊÕÐ¨Ì
Ô²¥±É·μ³ £´¨É´μ¥ ¨§²ÊÎ¥´¨¥, ¨§-§  Éμ£μ, ÎÉμ ¸±·ÒÉÒ §  Ö¤·μ³ £ ² ±É¨±¨ ¨²¨
μ¡² ¸ÉÖ³¨ ¶²μÉ´ÒÌ ¶Ò²¥¢ÒÌ μ¡² ±μ¢.

„²Ö ¶μ¨¸±  ±μ··¥²ÖÍ¨° ¢Ò¡¨· ÕÉ μ¤´Ê ¨§ ¤¢ÊÌ ¸É· É¥£¨°. ˆÌ ¡²μ±-¸Ì¥³Ò
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1 ¨ 2. �´¨ ¸É·μÖÉ¸Ö ¨¸Ìμ¤Ö ¨§ ¶·¨´Í¨¶  ³ ±¸¨³ ²Ó´μ°
³μ¤¥²Ó´μ° ´¥§ ¢¨¸¨³μ¸É¨. Š ¦¤ Ö ¨§ ¸É· É¥£¨° ¥¸ÉÓ ±μ´¸¥´¸Ê¸ ³¥¦¤Ê ÉμÎ-
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�¨¸. 1. ‘É· É¥£¨Ö ³μ¤¥²Ó´μ-´¥§ ¢¨¸¨³μ£μ ¶μ¨¸±  (¢ ·¨ ´É 1)

´μ¸ÉÓÕ ¶μ²ÊÎ ¥³μ£μ ·¥§Ê²ÓÉ É  ¨ ¢ÒÎ¨¸²¨É¥²Ó´Ò³¨ § É· É ³¨. ’μÎ´μ¸ÉÓ ¦¥
μ¶·¥¤¥²Ö¥É¸Ö Ê·μ¢´¥³ ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨°, ±μÉμ·Ò¥ ¢μ§´¨± ÕÉ ± ± ¢ ± ¦-
¤μ³ μÉ¤¥²Ó´μ³ ¤¥É¥±Éμ·¥, É ± ¨ ³¥¦¤Ê ¤¥É¥±Éμ· ³¨. ‘μμÉ¢¥É¸É¢¥´´μ, ¢¢μ¤ÖÉ
¶μ´ÖÉ¨¥ Î ¸ÉμÉÒ ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° ¨²¨ False Alarm Rate (FAR, R). �·¨
 ´ ²¨§¥ ¤ ´´ÒÌ ±μ´±·¥É´μ£μ ¤¥É¥±Éμ·  Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° ¥¸ÉÓ
±μ²¨Î¥¸É¢μ ¸²ÊÎ °´ÒÌ ´ ²μ¦¥´¨° Ëμ´  ¢ÒÏ¥ ¶μ·μ£  ·¥£¨¸É· Í¨¨ ¶μ²¥§´μ£μ
¸¨£´ ²  ¢ § ¤ ´´μ³ ¨´É¥·¢ ²¥ ¢·¥³¥´¨. „²Ö μÍ¥´±¨ ¸ÉμÌ ¸É¨Î¥¸±¨Ì ±μ··¥-
²ÖÍ¨° Ëμ´  ³¥¦¤Ê ¤¥É¥±Éμ· ³¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¸μ¢³¥¸É´ Ö Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ
¸μ¢¶ ¤¥´¨° R¸μ¢³, μ¶·¥¤¥²Ö¥³ Ö ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ°:

R¸μ¢³ =
N∏

i=1

Ri(2t¸μ¢¶)N−1, (1)
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£¤¥ Ri Å Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° ¢ i-³ ¤¥É¥±Éμ·¥; t¸μ¢¶ Å ¢·¥³¥´´μ°
¨´É¥·¢ ², ¢ ±μÉμ·μ³ ¶·μ¨¸Ìμ¤ÖÉ ¸μ¢¶ ¤¥´¨Ö ´¥°É·¨´´μ£μ ¨ £· ¢¨É Í¨μ´´μ-
¢μ²´μ¢μ£μ ¸¨£´ ²μ¢. Œ´μ¦¨É¥²Ó 2 ¶¥·¥¤ t¸μ¢¶ ¢μ§´¨± ¥É, É ± ± ± ¶·¥¤¢ ·¨-
É¥²Ó´μ ´¥¨§¢¥¸É´μ, ± ±μ¥ ¨§ ¤¢ÊÌ ¨§²ÊÎ¥´¨° · ´ÓÏ¥ ¤μ¸É¨£²μ ´ ¡²Õ¤ É¥²Ö.

�  ·¨¸. 1 ¤ ´  μÎ¥´Ó ¶·μ¸É Ö ³¥Éμ¤¨±  ¶μ¨¸±  ±μ··¥²ÖÍ¨°. „²Ö ²Õ¡μ£μ
´ ¡μ·  ¤¥É¥±Éμ·μ¢, ´ §Ò¢ ¥³μ£μ ¶μ¤¸¥ÉÓÕ, ¸μ¢³¥¸É´ Ö Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ ¸μ-
¢¶ ¤¥´¨° Ë¨±¸¨·Ê¥É¸Ö μ¤¨´ · § ¨ ¡μ²ÓÏ¥ ´¥ ³¥´Ö¥É¸Ö ¢ Ìμ¤¥  ´ ²¨§ . ’ ±¨³
μ¡· §μ³, Ê·μ¢¥´Ó ÉμÎ´μ¸É¨ § ¤ ´ a priori ¨§ É¥Ì ¨²¨ ¨´ÒÌ μ¡Ð¨Ì ¸μμ¡· ¦¥-
´¨°. �¥¤μ¸É É± ³¨ ³¥Éμ¤¨±¨ Ö¢²ÖÕÉ¸Ö ¶μ²ÊÎ¥´¨¥ ·¥§Ê²ÓÉ É  ¸ Ö¢´μ § ¢ÒÏ¥´-
´μ° ¶μ£·¥Ï´μ¸ÉÓÕ ¨ ¨¸±Ê¸¸É¢¥´´μ¥ ¶μ´¨¦¥´¨¥ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¸¥É¨. ‡ Éμ
¤ ´´ Ö ¸É· É¥£¨Ö É·¥¡Ê¥É ³ ²ÒÌ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢, μ´  ¡Ò¸É· Ö ¨ ¤μ-
¶Ê¸± ¥É Ê²ÊÎÏ¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¶ÊÉe³ ¢ ·Ó¨·μ¢ ´¨Ö Ë¨±¸¨·μ¢ ´´μ° ÉμÎ´μ¸É¨
¨ ¶μ¢Éμ·´μ£μ  ´ ²¨§ .

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´  Ê¸²μ¦´e´´ Ö ¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¢μ° ³¥Éμ¤¨± ,
¢ · ³± Ì ±μÉμ·μ° ¸μ¢³¥¸É´ Ö Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° Ë¨±¸¨·Ê¥É¸Ö
É ±¦¥ μ¤¨´ · §, ´μ ¸· §Ê ¤²Ö ¢¸¥° · ¸¸³ É·¨¢ ¥³μ° ¸¥É¨, ¨ ¸²Ê¦¨É ²¨ÏÓ ± ±
μ·¨¥´É¨· ¶·¨ ¢Ò¡μ·¥ ±·¨É¥·¨¥¢ μÉ¡μ·  ¸μ¡ÒÉ¨°. „ ²¥¥  ±±Ê· É´μ · ¸¸Î¨ÉÒ-
¢ ¥É¸Ö Ëμ´.

‚Ò¡μ· Ê¸²μ¢¨° μÉ¡μ·  ¶·μ¨¸Ìμ¤¨É ¨É¥· Í¨μ´´μ. �  ¶¥·¢μ³ Ï £¥ ¨§ ¸μ-
¢³¥¸É´μ° Î ¸ÉμÉÒ ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° ´  μ¸´μ¢¥ Ëμ·³Ê²Ò (1) ¨ ±μ²¨Î¥-
¸É¢  ´¥°É·¨´´ÒÌ ¨ £· ¢¨É Í¨μ´´μ-¢μ²´μ¢ÒÌ ¤¥É¥±Éμ·μ¢ ¢ ¸¥É¨ μÍ¥´¨¢ ¥É¸Ö
¤²Ö ± ¦¤μ° ¨§ Ê¸É ´μ¢μ± μ·¨¥´É¨·μ¢μÎ´ Ö Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° Ri.
‡ É¥³ ¢Ò¡¨· ÕÉ¸Ö ¨ ¶·¨³¥´ÖÕÉ¸Ö ¶¥·¢¨Î´Ò¥ ±·¨É¥·¨¨ μÉ¡μ· . �μ¸²¥ ¶μ²Ê-
Î¥´´Ò° ´ ¡μ· ¸μ¡ÒÉ¨° ¸μ·É¨·Ê¥É¸Ö, ¶·¨Îe³ ¢Ò¤¥²ÖÕÉ¸Ö ¢¸¥¢μ§³μ¦´Ò¥ ¸μ¡Ò-
É¨Ö ¨²¨ £·Ê¶¶Ò (±² ¸É¥·Ò) ¸μ¡ÒÉ¨° ¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¤²Ö ´¨Ì ¶μ μ¶·¥¤¥²e´´μ°
¶·μÍ¥¤Ê·¥ Î ¸ÉμÉ  ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨° Rk

ji, £¤¥ j Å ´μ³¥· ¸μ¡ÒÉ¨Ö ¨²¨
±² ¸É¥· , i Å ´μ³¥· ¤¥É¥±Éμ· ,   k Å Ï £ ¨É¥· Í¨μ´´μ£μ ¶·μÍ¥¸¸ . ‘· ¢-
´¨¢ Ö Ri ¨ Rk

ji, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤Ò μ ¤ ²Ó´¥°Ï¥° ¶μ¤¸É·μ°±¥ ±·¨É¥·¨¥¢
μÉ¡μ· . �μ¤·μ¡´Ò¥ μ¶¨¸ ´¨Ö ¸É ´¤ ·É´ÒÌ ¶·μÍ¥¤Ê· μÉ¡μ·  ¸μ¡ÒÉ¨° ¨ ¢ÒÎ¨-
¸²¥´¨Ö Rk

ji ¤²Ö £· ¢¨É Í¨μ´´μ-¢μ²´μ¢ÒÌ ¤¥É¥±Éμ·μ¢ ³μ¦´μ ´ °É¨ ¢ [4,8,9],  
¤²Ö ´¥°É·¨´´ÒÌ ¤¥É¥±Éμ·μ¢ Å ¢ [3] ¨ [10].

Š ± Éμ²Ó±μ ´ ¡μ· ±·¨É¥·¨¥¢ μÉ¡μ·  Ë¨±¸¨·Ê¥É¸Ö, Ê·μ¢¥´Ó Ëμ´  μÍ¥´¨-
¢ ¥É¸Ö ¶ÊÉ¥³ ³´μ£μ±· É´μ£μ (∼ 10 000 · §) ¶μ¨¸±  ±μ··¥²ÖÍ¨° ¢ ¤ ´´ÒÌ,
±μÉμ·Ò¥ ± ¦¤Ò° · § ¸³¥Ð ÕÉ¸Ö ¢μ ¢·¥³¥´¨ ¤·Ê£ μÉ´μ¸¨É¥²Ó´μ ¤·Ê£ , ¶·¨-
Î¥³ ¢¥²¨Î¨´  ÔÉμ£μ ¢·¥³¥´´μ£μ ¸¤¢¨£  ³¨´¨³Ê³ ´  ¶μ·Ö¤μ± ¤μ²¦´  ¡ÒÉÓ
¡μ²ÓÏ¥ § ¤ ´´μ£μ ¨´É¥·¢ ²  ¸μ¢¶ ¤¥´¨° t¸μ¢¶ ´¥°É·¨´´μ£μ ¨ £· ¢¨É Í¨μ´´μ-
¢μ²´μ¢μ£μ ¸¨£´ ²μ¢.

‚¸Ö ³¥Éμ¤¨±  ¶μ¨¸±  ±μ··¥²ÖÍ¨° ¶·μ¢¥·Ö¥É¸Ö ´   ·Ì¨¢´ÒÌ ¤ ´´ÒÌ, ¸μ-
¡· ´´ÒÌ ¢ ¶¥·¨μ¤ ¸ 2005 ¶μ 2014 £. ’ ±¦¥ ¤²Ö ¶·μ¢¥·±¨ ³¥Éμ¤¨±¨ ¨ μÍ¥´±¨
ÔËË¥±É¨¢´μ¸É¨ ¶μ¨¸±  ¢Ò¶μ²´Ö¥É¸Ö ³μ¤¥²¨·μ¢ ´¨¥ ¸¨£´ ²μ¢ ¢ ¤¥É¥±Éμ· Ì
μÉ ¢¸¶ÒÏ¥± ¸¢¥·Ì´μ¢ÒÌ. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¢¸É ¢²ÖÕÉ¸Ö ¢ ·¥ ²Ó´Ò¥
¤ ´´Ò¥,   § É¥³ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö  ´ ²¨§. „²Ö ²ÊÎÏ¥£μ ¶μ´¨³ ´¨Ö ¢μ§³μ¦´μ-
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¸É¥° ´μ¢μ° ³¥Éμ¤¨±¨ ¶μ¨¸±  ¨ ´ ¡²Õ¤¥´¨Ö ¢¸¶ÒÏ¥± ¸¢¥·Ì´μ¢ÒÌ ¶² ´¨·Ê¥É¸Ö
¶μ²ÊÎ¨ÉÓ £· Ë¨±¨ § ¢¨¸¨³μ¸É¨ ÔËË¥±É¨¢´μ¸É¨ μÉ · ¸¸ÉμÖ´¨Ö ¤μ ¸¢¥·Ì´μ-
¢μ° ¨ μÉ ±μ²¨Î¥¸É¢  Ê¸É ´μ¢μ± ¢ ¸¥É¨ ´ ¡²Õ¤¥´¨Ö. �¤´ ±μ ÔËË¥±É¨¢´μ¸ÉÓ
³μ¤¥²Ó´μ-§ ¢¨¸¨³ , É ± ÎÉμ ¥¥ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ²¨ÏÓ ± ± μÍ¥´±Ê ¨²¨
μ·¨¥´É¨·, ´μ ´¥ ± ± ¸É·μ£¨° ·¥§Ê²ÓÉ É.

Œμ¤¥²¨·μ¢ ´¨¥ É·¥¡Ê¥É ¢Ò¡μ·  ± ±¨Ì-²¨¡μ μ¶μ·´ÒÌ É¥μ·¨°. „²Ö μ¶¨-
¸ ´¨Ö ´¥°É·¨´´μ£μ ¨§²ÊÎ¥´¨Ö ·¥Ï¥´μ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐ¨¥ ¨¤¥¨ ¨
³μ¤¥²¨. ‚μ-¶¥·¢ÒÌ, ¢μ¸¶·μ¨§¢¥¸É¨ ¢¸¶ÒÏ±Ê ¸¢¥·Ì´μ¢μ° SN1987A, ¢§Ö¢ μ¸´μ¢-
´Ò¥ ¶ · ³¥É·Ò ¨ ¶·μÍ¥¤Ê·Ê ¢ÒÎ¨¸²¥´¨Ö ¶μÉμ±  ´¥°É·¨´μ ¨§  ´ ²¨§  [11].
‚μ-¢Éμ·ÒÌ, · ¸¸³μÉ·¥ÉÓ Lawrence Livermore ³μ¤¥²Ó [12] ¸ ¶ · ³¥É· ³¨, ¡²¨§-
±¨³¨ ± Ì · ±É¥·¨¸É¨± ³ SN1987A. �Éμ Ê¸ÉμÖ¢Ï Ö¸Ö μ¶μ·´ Ö ³μ¤¥²Ó, ÌμÉÖ ¨
Ö¢´μ Ê¸É ·¥¢Ï Ö. ‚-É·¥ÉÓ¨Ì, ¶μ²ÊÎ¨ÉÓ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ±μ´¸¥·¢ É¨¢´μ° (¶¥¸¸¨-
³¨¸É¨Î¥¸±μ°) ³μ¤¥²¨ [13], ±μÉμ· Ö ¶·¥¤¸± §Ò¢ ¥É ³¨´¨³ ²Ó´Ò° ´¥°É·¨´´Ò°
¶μÉμ±. ˆ, ¢-Î¥É¢¥·ÉÒÌ, ¨¸¶μ²Ó§μ¢ ÉÓ μ¶É¨³¨¸É¨Î¥¸±ÊÕ ³μ¤¥²Ó [14], ¤ ÕÐÊÕ
§´ Î¨É¥²Ó´Ò° ´¥°É·¨´´Ò° ¶μÉμ± ¨ ¢μ§· ¸É ÕÐÊÕ ¸μ ¢·¥³¥´¥³ Ô´¥·£¨Õ. „²Ö
μ¶¨¸ ´¨Ö ¢μ§´¨±´μ¢¥´¨Ö £· ¢¨É Í¨μ´´ÒÌ ¢μ²´ ¡Ê¤¥É ¢Ò¡· ´μ ´¥¸±μ²Ó±μ ³μ-
¤¥²¥°, Ê± § ´´ÒÌ ¢ [1].

‚ § ±²ÕÎ¥´¨¥ ¸Éμ¨É μÉ³¥É¨ÉÓ, ÎÉμ ¢Ò¤¢¨´ÊÉ Ö ³¥Éμ¤μ²μ£¨Ö ¶μ¨¸±  ¨ ¨¸-
¸²¥¤μ¢ ´¨Ö ¢¸¶ÒÏ¥± ¸¢¥·Ì´μ¢ÒÌ ¤μ¸É ÉμÎ´μ ¶·μ¸É , ´μ ± Î¥¸É¢μ ·¥§Ê²ÓÉ Éμ¢
¸¨²Ó´μ § ¢¨¸¨É μÉ ±μ²¨Î¥¸É¢  ¤¥É¥±Éμ·μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¸μ¢³¥¸É´μ³  ´ -
²¨§¥, ¨ ¶·μ¤μ²¦¨É¥²Ó´μ¸É¨ ¨Ì μ¤´μ¢·¥³¥´´μ° · ¡μÉÒ. �μÔÉμ³Ê · ¸Ï¨·¥´¨¥
¸¥É¨ ¤¥É¥±Éμ·μ¢ ¥¸ÉÓ ±²ÕÎ ± Ê¸¶¥ÌÊ ¢ ¨§ÊÎ¥´¨¨ ¸¢¥·Ì´μ¢ÒÌ ¨ £· ¢¨É Í¨μ´-
´ÒÌ ¢μ²´.

�² £μ¤ ·´μ¸É¨. �¢Éμ· ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ μ·£ ´¨§ Éμ· ³ ±μ´Ë¥·¥´-
Í¨¨ §  ¨´É¥·¥¸´μ¥ ¨ Ìμ·μÏμ μ·£ ´¨§μ¢ ´´μ¥ ³¥·μ¶·¨ÖÉ¨¥ ¨ ¢μ§³μ¦´μ¸ÉÓ
¢Ò¸ÉÊ¶¨ÉÓ ´  ´¥³. �´ É ±¦¥ ¶·¨§´ É¥²¥´ ¸¢μ¥³Ê ´ ÊÎ´μ³Ê ·Ê±μ¢μ¤¨É¥²Õ
�²¥±¸ ´¤·Ê ‘¥·£¥¥¢¨ÎÊ —¥¶Ê·´μ¢Ê (�ˆˆŸ” Œƒ“) ¨ ±μ²²¥£ ³ ¶μ ³¥¦±μ-
²² ¡μ· Í¨μ´´μ° · ¡μÎ¥° £·Ê¶¶¥ GWNU,   ¨³¥´´μ: Lutz Koepke (Œ °´Í-
¸±¨° Ê´¨¢¥·¸¨É¥É), Erik Katsavounidis (MIT), Giulia Pagliaroli (INFN LNGS),
Viviana Fafone (Universit
a di Roma Tor Vergata ¨ INFN), Virginia Re (Uni-
versit
a di Roma Tor Vergata ¨ INFN), Christian Ott (Caltech), Gemma Testera
(INFN, ƒ¥´ÊÖ), Carlo Vigorito (INFN, ’Ê·¨´), Walter Fulgione (INFN, ’Ê·¨´),
Kate Scholberg (“´¨¢¥·¸¨É¥É „ÓÕ± ) ¨ ¢ μ¸μ¡¥´´μ¸É¨ Claudio Casentini (Uni-
versit
a di Roma Tor Vergata ¨ INFN).
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