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‚ μ±ÉÖ¡·¥ 2019 £. �μ¡¥²¥¢¸± Ö ¶·¥³¨Ö ¶μ Ë¨§¨±¥ ¡Ò²  ¶·¨¸Ê¦¤¥´  §  ¶·μÖ¸-
´¥´¨¥ ®μ¸´μ¢ ´¨° ´ Ï¥£μ ¸μ¢·¥³¥´´μ£μ ¶μ´¨³ ´¨Ö ¨¸Éμ·¨¨ ‚¸¥²¥´´μ° μÉ 	μ²ÓÏμ£μ
¢§·Ò¢  ¤μ ´ Ï¨Ì ¤´¥°¯, ¢ Î ¸É´μ¸É¨, ¶μ²μ¢¨´  ¶·¥³¨¨ ¢·ÊÎ¥´  „¦. �¨¡²¸Ê §  ¥£μ
· ¡μÉÒ ¶μ Ë¨§¨Î¥¸±μ° ±μ¸³μ²μ£¨¨, ¶μ²μ¢¨´  ¶·¥³¨¨ ¶μ¤¥²¥´  ³¥¦¤Ê Œ.Œ °μ·μ³ ¨
„. Š¥²μ §  μÉ±·ÒÉ¨¥ ¶¥·¢μ° Ô±§μ¶² ´¥ÉÒ ¢¡²¨§¨ §¢¥§¤Ò ¸μ²´¥Î´μ£μ É¨¶ . ” ±É¨Î¥¸±¨
ÔÉμ μ§´ Î ¥É É ±¦¥ ¶·¨§´ ´¨¥ ¢ ¦´μ¸É¨ · ¡μÉ ¢ μ¡² ¸É¨ £· ¢¨É Í¨¨,  ¸É·μË¨§¨±¨ ¨
±μ¸³μ²μ£¨¨. �¡¸Ê¦¤ ¥É¸Ö ¶·¨³¥´¥´¨¥  ¸É·μ´μ³¨Î¥¸±¨Ì ´ ¡²Õ¤¥´¨° ƒ ² ±É¨Î¥¸±μ£μ
–¥´É·  ¤²Ö ¶μ²ÊÎ¥´¨Ö μ£· ´¨Î¥´¨° ´  £· ¢¨É Í¨μ´´μ¥ ¶μ²¥ ¢¡²¨§¨ ¸¢¥·Ì³ ¸¸¨¢´μ°
Î¥·´μ° ¤Ò·Ò. ‘μ ¢·¥³¥´ �ÓÕÉμ´  ¨§¢¥¸É´μ, ÎÉμ £· ¢¨É Í¨μ´´Ò° ¶μÉ¥´Í¨ ² ³μ¦´μ
μÍ¥´¨ÉÓ ¸ ¶μ³μÐÓÕ  ´ ²¨§  ¤¢¨¦¥´¨Ö ¶·μ¡´ÒÌ Î ¸É¨Í ¢ ÔÉμ³ ¶μ²¥. ‚ ´ ¸ÉμÖÐ¥¥
¢·¥³Ö ¨³¥ÕÉ¸Ö ¤¢  μ¸´μ¢´ÒÌ ³¥Éμ¤  ´ ¡²Õ¤¥´¨Ö ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö £· ¢¨É Í¨μ´´μ£μ
¶μÉ¥´Í¨ ²  ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ ¨ ¤μ± § É¥²Ó¸É¢  ´ ²¨Î¨Ö É ³ ¸¢¥·Ì³ ¸¸¨¢´μ°
Î¥·´μ° ¤Ò·Ò,   ¨³¥´´μ: ³μ´¨Éμ·¨´£ μ·¡¨É Ö·±¨Ì §¢¥§¤ ¢¡²¨§¨ ƒ ² ±É¨Î¥¸±μ£μ –¥´-
É·  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸ ³ÒÌ ¡μ²ÓÏ¨Ì É¥²¥¸±μ¶μ¢ ¸  ¤ ¶É¨¢´μ° μ¶É¨±μ° ¨ ¨§³¥·¥´¨¥
· §³¥·  ¨ Ëμ·³Ò É¥´¥° ¢μ±·Ê£ Î¥·´μ° ¤Ò·Ò, ÎÉμ ¤ ¥É  ²ÓÉ¥·´ É¨¢´ÊÕ ¢μ§³μ¦´μ¸ÉÓ
μÍ¥´¨ÉÓ ¶ · ³¥É·Ò Î¥·´μ° ¤Ò·Ò ¸ ¶μ³μÐÓÕ É¥²¥¸±μ¶  £μ·¨§μ´É  ¸μ¡ÒÉ¨°. ‚  ¶·¥²¥
2019 £. ±μ²² ¡μ· Í¨Ö ®’¥²¥¸±μ¶ £μ·¨§μ´É  ¸μ¡ÒÉ¨°¯ (The Event Horizon Telescope)
¸μμ¡Ð¨²  μ ¢μ¸¸É ´μ¢²¥´¨¨ Ö·±¨Ì ¸É·Ê±ÉÊ· ¢ μ±·¥¸É´μ¸É¨ ¸¢¥·Ì³ ¸¸¨¢´μ° Î¥·´μ°
¤Ò·Ò ¢ Í¥´É·¥ £ ² ±É¨±¨ Œ87. ‚ ´ Ï¨Ì · ¡μÉ Ì μ¡¸Ê¦¤ ²¨¸Ó ¢μ§³μ¦´μ¸É¨ ¶·μ-
¢¥·±¨ É¥μ·¨° £· ¢¨É Í¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¡²Õ¤¥´¨° Ö·±¨Ì §¢¥§¤ ¢ Í¥´É·¥ ƒ -
² ±É¨±¨. �¥¤ ¢´μ ±μ²² ¡μ· Í¨Ö LIGOÄVirgo ´¥ Éμ²Ó±μ μ¡´ ·Ê¦¨²  £· ¢¨É Í¨μ´´Ò¥
¢μ²´Ò ¨ ¤¢μ°´Ò¥ Î¥·´Ò¥ ¤Ò·Ò, ´μ ¨ μ¶·¥¤¥²¨²  ¢¥·Ì´¨° ¶·¥¤¥² ³ ¸¸Ò £· ¢¨Éμ´ :
mg < 1,2 · 10−22 Ô‚ [1]. �μ± § ´μ, ÎÉμ  ´ ²¨§ É· ¥±Éμ·¨° Ö·±¨Ì §¢¥§¤ ³μ¦¥É ¸
¸μ¶μ¸É ¢¨³μ° ÉμÎ´μ¸ÉÓÕ μ£· ´¨Î¨¢ ÉÓ ³ ¸¸Ê £· ¢¨Éμ´ . �¡¸Ê¦¤ ÕÉ¸Ö ¢μ§³μ¦´μ¸É¨
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± ± §´ Î¨É¥²Ó´μ£μ Ê²ÊÎÏ¥´¨Ö É¥±ÊÐ¨Ì μÍ¥´μ± ³ ¸¸Ò £· ¢¨Éμ´  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢
¶μ¸²¥¤ÊÕÐ¥³ ´ ¡²Õ¤¥´¨° Ö·±¨Ì §¢¥§¤ É¥²¥¸±μ¶ ³¨ Keck, VLT, GRAVITY, E-ELT
¨ TMT, É ± ¨ ¤μ¸É¨¦¥´¨Ö μÍ¥´±¨ ³ ¸¸Ò £· ¢¨Éμ´  mg < 5 · 10−23 Ô‚ [2]. ’ ±¦¥
μ¡¸Ê¦¤ ÕÉ¸Ö ´¥¤ ¢´¨¥ ·¥§Ê²ÓÉ ÉÒ ±μ²² ¡μ· Í¨° GRAVITY ¨ Keck ¶μ μÍ¥´±¥ £· -
¢¨É Í¨μ´´μ£μ ±· ¸´μ£μ ¸³¥Ð¥´¨Ö ¸¶¥±É·  §¢¥§¤Ò S2 ¢¡²¨§¨ ¶·μÌμ¤  ¶¥·¨Í¥´É·  ¥¥
μ·¡¨ÉÒ. �É¨ ¤ ´´Ò¥ ¶μ¤É¢¥·¤¨²¨ ¶·¥¤¸± § ´¨Ö μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ ¤²Ö
ƒ ² ±É¨Î¥¸±μ£μ –¥´É· . �μÔÉμ³Ê É ±μ°  ´ ²¨§ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ´ ¡²Õ¤¥´¨Ö Ö·-
±¨Ì §¢¥§¤ ¢¡²¨§¨ ƒ ² ±É¨Î¥¸±μ£μ –¥´É·  ± ± ¶μ²¥§´Ò° ³¥Éμ¤ ¶μ²ÊÎ¥´¨Ö μ£· ´¨Î¥´¨°
´  ¶ · ³¥É·Ò § ±μ´  £· ¢¨É Í¨¨, ¢ Î ¸É´μ¸É¨, ¤²Ö ¶·μ¢¥·±¨ μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó-
´μ¸É¨. �μ± § ´μ, ÎÉμ ¢ ¡Ê¤ÊÐ¥³ μÍ¥´±¨ ³ ¸¸Ò £· ¢¨Éμ´ , μ¶·¥¤¥²Ö¥³Ò¥ ¸ ¶μ³μÐÓÕ
 ´ ²¨§  ¸¢μ°¸É¢ É· ¥±Éμ·¨° Ö·±¨Ì §¢¥§¤, ¡Ê¤ÊÉ ²ÊÎÏ¥ ¨³¥ÕÐ¨Ì¸Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
μ£· ´¨Î¥´¨°, ¶μ²ÊÎ¥´´ÒÌ ¨§ ¤ ´´ÒÌ ´ ¡²Õ¤¥´¨° £· ¢¨É Í¨μ´´μ-¢μ²´μ¢ÒÌ ¸¨£´ ²μ¢
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨´É¥·Ë¥·μ³¥É·μ¢ LIGOÄVirgo. Š ± ¶μ± § ´μ ¢ · ¡μÉ¥ [3],  ´ ²μ-
£¨Î´μ ³μ¦´μ ¶μ²ÊÎ ÉÓ μ£· ´¨Î¥´¨Ö ´  ¶·¨²¨¢´μ° § ·Ö¤ ¤²Ö Î¥·´μ° ¤Ò·Ò. �´ ²¨§
· §³¥·  É¥´¥° ¢μ±·Ê£ ¸¢¥·Ì³ ¸¸¨¢´μ° Î¥·´μ° ¤Ò·Ò ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ (¨²¨/¨
¢ Í¥´É·¥ £ ² ±É¨±¨ M87), ´ ¡²Õ¤ ¥³ÒÌ ¸ ¶μ³μÐÓÕ É¥²¥¸±μ¶  £μ·¨§μ´É  ¸μ¡ÒÉ¨°,
É ±¦¥ μ£· ´¨Î¨¢ ¥É ¶ · ³¥É·Ò · §²¨Î´ÒÌ  ²ÓÉ¥·´ É¨¢´ÒÌ É¥μ·¨° £· ¢¨É Í¨¨ [4].

In October 2019, the Nobel prize in physics was awarded for clarifying ©the founda-
tions of our modern understanding of the history of the Universe from the Great Explosion
to the present dayª, in particular, half of the prize was given to J. Peebles for his work on
physical cosmology, and half of the prize was divided between M. Mayor and D. Queloz
for the discovery of the ˇrst exoplanet near a solar-type star. In fact, this also means
recognition of the importance of investigations in gravity, astrophysics and cosmology.
The application of astronomical observations of the Galactic Center to obtain restrictions
on the gravitational ˇeld near a supermassive black hole was discussed in this paper. Since
Newton's times, it has been known that the gravitational potential can be estimated from
the analysis of test body motions in this ˇeld. There are currently two main methods of
observation to study the gravitational potential in the Galactic Center to prove a presence
of a supermassive black hole there, namely, (a) monitoring orbits of bright stars near the
Galactic Center using the largest telescopes with adaptive optics; (b) measuring the size
and shape of shadows around the black hole that provides an alternative way to evaluate
the parameters of a black hole with the Event Horizon Telescope. In April 2019, the
Event Horizon Telescope collaboration reported the reconstruction of bright structures in
the vicinity of the supermassive black hole in the center of M87 galaxy. Earlier, we
discussed the opportunities to test theories of gravity with observations of bright stars at
the Galactic Center of the Galaxy. Recently, the LIGOÄVirgo collaboration not only did
it detect gravitational waves and binary black holes, but it also found the upper limit on
graviton mass mg < 1.2 · 10−22 eV [1]. We showed that the analysis of the trajectories
of bright stars could constrain graviton mass with a comparable accuracy.

We discussed opportunities to improve the current estimates of the graviton mass
with subsequent observations by Keck, VLT, GRAVITY, E-ELT and TMT, and thus
opportunities to reach a graviton mass constraint such low as mg < 5 · 10−23 eV [2]. We
also discussed the recent results of the GRAVITY and Keck collaboration on the estimation
of gravitational redshifts for S2 star near its pericenter passage. These results conˇrmed
predictions of General Relativity for the Galactic Center. Therefore, the analysis makes
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it possible to consider observations of bright stars near Galactic Center as a useful tool
to constrain parameters of gravity theories, in particular to test General Relativity. We
have shown that in the future graviton mass constraints found with analysis of trajectories
of bright stars will be better than the current estimates obtained from observations of
gravitational wave signals using LIGOÄVirgo interferometers. As shown in [3], similarly,
we could obtain limits on the tidal charge for the black hole. Analysis of the size and
shapes of shadows around the supermassive black hole at the Galactic Center (or/and at the
center of M87), observed with the Event Horizon Telescope, could constrain parameters
of various alternative theories of gravity, as it was discussed in [4].
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‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ¨¸¸²¥¤μ¢ ´¨Ö ¢ μ¡² ¸É¨ £· ¢¨É Í¨¨ ¨  ¸É·μË¨§¨±¨
¢Ò§Ò¢ ÕÉ ¡μ²ÓÏμ° ¨´É¥·¥¸ ± ± Ê É¥μ·¥É¨±μ¢, É ± ¨ Ê Ô±¸¶¥·¨³¥´É Éμ·μ¢.
’ ±, μ¡´ ·Ê¦¥´¨¥ ¢ 2015 £. £· ¢¨É Í¨μ´´ÒÌ ¢μ²´, ¤¢μ°´ÒÌ Î¥·´ÒÌ ¤Ò·,  
§ É¥³ 17  ¢£Ê¸É  2017 £. μÉ±·ÒÉ¨¥ ¸²¨¢ ÕÐ¨Ì¸Ö ´¥°É·μ´´ÒÌ §¢¥§¤, ¸μ¶·μ¢μ-
¦¤ ÕÐ¥¥¸Ö ¢¸¶ÒÏ±μ° ±¨²μ´μ¢μ°, ´ ¡²Õ¤ ¥³μ° ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ
Ô²¥±É·μ³ £´¨É´μ£μ ¨§²ÊÎ¥´¨Ö (μÉ £ ³³ - ¤μ μ¶É¨Î¥¸±μ£μ), ¶·¨¢¥²μ ± Éμ³Ê,
ÎÉμ ¢ 2017 £. μ¸´μ¢´ÒÌ ¸μ§¤ É¥²¥° £· ¢¨É Í¨μ´´μ-¢μ²´μ¢μ£μ ² §¥·´μ£μ ¨´-
É¥·Ë¥·μ³¥É·  LIGO ´ £· ¤¨²¨ �μ¡¥²¥¢¸±μ° ¶·¥³¨¥°. � ¢ 2019 £. �μ¡¥²¥¢-
¸± Ö ¶·¥³¨Ö ¡Ò²  ¶·¨¸Ê¦¤¥´  „¦. �¨¡²¸Ê §  É¥μ·¥É¨Î¥¸±¨¥ · ¡μÉÒ ¢ μ¡² -
¸É¨ Ë¨§¨Î¥¸±μ° ±μ¸³μ²μ£¨¨, ±μÉμ· Ö, ± ± ¨§¢¥¸É´μ, É¥¸´μ ¸¢Ö§ ´  ¸ É¥μ·¨¥°
£· ¢¨É Í¨¨ ∗, ¨ Œ.Œ °μ·Ê ¨ „.Š¥²μ §  μÉ±·ÒÉ¨¥ Ô±§μ¶² ´¥ÉÒ 51 �¥£ ¸  b

∗„¦.�¨¡²¸ ¢´¥¸ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ Í¥²Ò° ·Ö¤ ¢ ¦´ÒÌ ±μ¸³μ²μ£¨Î¥¸±¨Ì · ¡μÉ, ¢
Î ¸É´μ¸É¨, P. „¨±±¥, „¦.�¨¡²¸, �. �μ²² ¨ „. “¨²±¨´¸μ´ ¶¥·¢Ò³¨ ¶μ´Ö²¨ [5], ÎÉμ ´ ¡²Õ¤¥´¨Ö
�.�¥´§¨ ¸  ¨ �. ‚¨²Ó¸μ´  [6] ¶μ¤É¢¥·¦¤ ÕÉ ¶·¥¤¸± § ´¨Ö ³μ¤¥²¨ £μ·ÖÎ¥° ‚¸¥²¥´´μ° ƒ. ƒ ³μ¢ ,
¨ ¶μ¸²¥¤ÊÕÐ¨¥ · ¡μÉÒ „¦.�¨¡²¸  ¨³¥²¨ ·¥Ï ÕÐ¥¥ §´ Î¥´¨¥ ¢ ¶·¥¢· Ð¥´¨¨ ±μ¸³μ²μ£¨¨ ¨§
· §¤¥²  μ¶¨¸ É¥²Ó´μ° Ë¨²μ¸μË¨¨ ¢ · §¤¥² Ë¨§¨±¨ [9, 10]. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢¶¥·¢Ò¥
Ëμ´μ¢μ¥ ³¨±·μ¢μ²´μ¢μ¥ ¨§²ÊÎ¥´¨¥ ¡Ò²μ μ¡´ ·Ê¦¥´μ ¢ �Ê²±μ¢¸±μ° μ¡¸¥·¢ Éμ·¨¨ ¢ 1955 £.
’. �.˜³ μ´μ¢Ò³ [7, 8]. ‚ ¥£μ · ¡μÉ¥ ´¥ ¡Ò²μ μ¡ÑÖ¸´¥´¨Ö Éμ£μ, ÎÉμ ÔÉμ Ö¢²Ö¥É¸Ö ¶·¨§´ -
±μ³ £μ·ÖÎ¥° ³μ¤¥²¨ ‚¸¥²¥´´μ°. ‘· §Ê ¶μ¸²¥ ¶μ²ÊÎ¥´¨Ö ¸¢μ¥£μ ·¥§Ê²ÓÉ É  ˜³ μ´μ¢ μ¡· -
É¨²¸Ö ¸ ¢μ¶·μ¸ ³¨ μ ¢μ§³μ¦´μ° ¥£μ ¨´É¥·¶·¥É Í¨¨ ± ¸¢μ¨³ ·Ê±μ¢μ¤¨É¥²Ö³ ‘.�. • °±¨´Ê ¨
�. ‹.Š °¤ ´μ¢¸±μ³Ê,   É ±¦¥ ¨§¢¥¸É´μ³Ê ´Ò´¥ · ¤¨μ ¸É·μ´μ³Ê  ± ¤¥³¨±Ê 
. �.� ·¨°¸±μ³Ê.
�¤´ ±μ ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥ ÉμÉ Ë ±É, ÎÉμ ¶μ¸²¥ ¨³³¨£· Í¨¨ ƒ ³μ¢  ´  ‡ ¶ ¤ ¥£μ · -
¡μÉÒ ¶·¥¤¶μÎ¨É ²¨ ´¥ Í¨É¨·μ¢ ÉÓ ¢ ¸μ¢¥É¸±μ° ´ ÊÎ´μ° ²¨É¥· ÉÊ·¥. Š·μ³¥ Éμ£μ, ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ,
ÎÉμ ¢ 1950-¥ ££. • °±¨´ ¶μ¤¢¥·£ ²¸Ö ¢¥¸Ó³  ¸Ê·μ¢μ° ±·¨É¨±¥ Ë¨§¨± ³¨ ¨ Ë¨²μ¸μË ³¨ �± ¤¥³¨¨
´ Ê± ¨ ·Ö¤  ¢¥¤ÊÐ¨Ì Ê´¨¢¥·¸¨É¥Éμ¢ §  μÉ±²μ´¥´¨Ö ¢ ¸¢μ¨Ì ³¨·μ¢μ§§·¥´Î¥¸±¨Ì ¢§£²Ö¤ Ì μÉ ¤¨ -
²¥±É¨Î¥¸±μ£μ ³ É¥·¨ ²¨§³  ¨ ÔÉ¨ μÉ±²μ´¥´¨Ö ¶·μÖ¢¨²¨¸Ó ¢ ¢¥¸Ó³  Ê¤ Î´μ°, ´  ´ Ï ¢§£²Ö¤, ±´¨£¥
®Œ¥Ì ´¨± ¯ [11]. Š ¸μ¦ ²¥´¨Õ, ¢ Î¨¸²μ ±·¨É¨±μ¢ • °±¨´  ¢Ìμ¤¨² ¨ ¶·¥§¨¤¥´É �� ‘‘‘� ¨ ¤¨-
·¥±Éμ· ”ˆ�� ‘. ˆ. ‚ ¢¨²μ¢ (• °±¨´ · ¡μÉ ² ¢ ”ˆ�� ¢ ÔÉμ ¢·¥³Ö). �·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ
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¢ 1995 £. [15] ¶·¨ ¶·μ¢¥¤¥´¨¨ ¨§³¥·¥´¨° ¤μ¶¶²¥·μ¢¸±μ£μ ¸³¥Ð¥´¨Ö ¸¶¥±-
É· ²Ó´ÒÌ ²¨´¨° §¢¥§¤Ò, ¨³¥ÕÐ¥° Ô±§μ¶² ´¥ÉÊ (¶¥·¢ Ö Ô±§μ¶² ´¥É  ¡Ò²  μÉ-
±·ÒÉ  ¢¡²¨§¨ ¶Ê²Ó¸ ·  PSR 1257 + 12 [16] ∗∗). Šμ¸³¨Î¥¸±¨° É¥²¥¸±μ¶ ®•¥μ-
¶¸¯ (®Cheops¯) …¢·μ¶¥°¸±μ£μ ±μ¸³¨Î¥¸±μ£μ  £¥´É¸É¢  ¸ ·¥Ï ÕÐ¨³ ÊÎ ¸É¨¥³
Ï¢¥°Í ·¸±¨Ì ÊÎ¥´ÒÌ ¡Ò² ¢Ò¢¥¤¥´ ´  μ·¡¨ÉÊ ·μ¸¸¨°¸±μ° · ±¥Éμ°-´μ¸¨É¥²¥³
®‘μÕ§¯ ¸ ±μ¸³μ¤·μ³  ŠμÊ·μÊ ¢ ƒ¢¨ ´¥ (”· ´Í¨Ö) 17 ¤¥± ¡·Ö 2019 £. (É. ¥.
Î¥·¥§ ´¥¸±μ²Ó±μ ¤´¥° ¶μ¸²¥ ¶·μ¢¥¤¥´´μ° 10 ¤¥± ¡·Ö Í¥·¥³μ´¨¨ ¢·ÊÎ¥´¨Ö �μ-
¡¥²¥¢¸±μ° ¶·¥³¨¨ ¢ ‘Éμ±£μ²Ó³¥). ‘ ¶μ³μÐÓÕ ÔÉμ£μ É¥²¥¸±μ¶  ÊÎ¥´Ò³ Ê¤ ¸É¸Ö
μÍ¥´¨ÉÓ ¶²μÉ´μ¸ÉÓ ¡²¨¦ °Ï¨Ì Ô±§μ¶² ´¥É. Š· É±¨° μ¡§μ· ¨¸¸²¥¤μ¢ ´¨° ¢
μ¡² ¸É¨ ¶μ¨¸±  Ô±§μ¶² ´¥É, ¢ Î ¸É´μ¸É¨, ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £· ¢¨É Í¨μ´´μ£μ
³¨±·μ²¨´§¨·μ¢ ´¨Ö ¶·¨¢¥¤¥´ ¢ · ¡μÉ¥ [19], ¢ ±μÉμ·μ° μ¡¸Ê¦¤ ¥É¸Ö μÉ±·ÒÉ¨¥
¶¥·¢μ° Ô±§μ¶² ´¥ÉÒ ¢ ¤·Ê£μ° £ ² ±É¨±¥ (ÉÊ³ ´´μ¸É¨ �´¤·μ³¥¤Ò) ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ´ ¡²Õ¤¥´¨° ¶¨±¸¥²Ó´μ£μ ²¨´§¨·μ¢ ´¨Ö [20]. „¥É ²Ó´μ¥ μ¶¨¸ ´¨¥
· §²¨Î´ÒÌ ³¥Éμ¤μ¢ ¶μ¨¸±  Ô±§μ¶² ´¥É ¶·¨¢μ¤¨É¸Ö ¢ · ¡μÉ¥ [21].

�.�.	μ£μ²Õ¡μ¢ ¢´¥¸ μ£·μ³´Ò° ¢±² ¤ ¢ · §¢¨É¨¥ ³ É¥³ É¨±¨ (¢ Î ¸É´μ-
¸É¨, ¢ É¥μ·¨Õ ¤¨´ ³¨Î¥¸±¨Ì ¸¨¸É¥³), ³ É¥³ É¨Î¥¸±μ° ¨ É¥μ·¥É¨Î¥¸±μ° Ë¨-
§¨±¨, μ¤´ ±μ É¥μ·¨Ö £· ¢¨É Í¨¨ (´¥¸³μÉ·Ö ´  Éμ, ÎÉμ ÔÉ  μ¡² ¸ÉÓ É¥μ·¥É¨Î¥-
¸±μ° Ë¨§¨±¨ ¤μ¸É ÉμÎ´μ ¸¨²Ó´μ ³ É¥³ É¨§¨·μ¢ ´ ), ¶μ-¢¨¤¨³μ³Ê, ´¥ ¶·¨´ ¤-

• °±¨´ ¡Ò² μ¤´¨³ ¨§ ¸ ³ÒÌ Ô·Ê¤¨·μ¢ ´´ÒÌ ¸μ¢¥É¸±¨Ì Ë¨§¨±μ¢,   ¨³Ö ƒ ³μ¢  ¡Ò²μ Ë ±É¨Î¥¸±¨
¶μ¤ § ¶·¥Éμ³, ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥·μÖÉ´Ò³, ÎÉμ • °±¨´, ¶μ´¨³ Ö ´ ÊÎ´ÊÕ §´ Î¨³μ¸ÉÓ ¶μ²ÊÎ¥´´ÒÌ
˜³ μ´μ¢Ò³ ·¥§Ê²ÓÉ Éμ¢ ¨ ¨§¡¥£ Ö § ¢¥¤μ³μ ´¥μ¡μ¸´μ¢ ´´μ° ¶μ²¨É¨§¨·μ¢ ´´μ° ±·¨É¨±¨ ¸¢μ¨Ì
±μ²²¥£, ¶·¥¤¶μÎ¥² ´¥ ¸μμ¡Ð ÉÓ ¸¢μ¥³Ê ÊÎ¥´¨±Ê, ÎÉμ Ë ±É¨Î¥¸±¨ ÔÉ¨ ´ ¡²Õ¤¥´¨Ö ¶μ¤É¢¥·¦¤ ÕÉ
³μ¤¥²Ó £μ·ÖÎ¥° ‚¸¥²¥´´μ° ƒ ³μ¢ . ‚ ÉμÉ ¶¥·¨μ¤ ¸Î¨É ²μ¸Ó, ± ± ÊÉ¢¥·¦¤ ¥É ¸μ¢¥É¸± Ö ±μ¸³μ²μ£¨Ö,
ÎÉμ ‚¸¥²¥´´ Ö ¡¥¸±μ´¥Î´  ¨ ¢μ ¢·¥³¥´¨, ¨ ¢ ¶·μ¸É· ´¸É¢¥, ¨ Éμ²Ó±μ É ± Ö ±μ´Í¥¶Í¨Ö ¸μμÉ¢¥É-
¸É¢Ê¥É £μ¸¶μ¤¸É¢μ¢ ¢Ï¥° Éμ£¤  ¢ ‘‘‘� Ë¨²μ¸μË¨¨ ¤¨ ²¥±É¨Î¥¸±μ£μ ³ É¥·¨ ²¨§³ , ¢ ¶·μÉ¨¢´μ³
¸²ÊÎ ¥ ÊÎ¥´Ò¥ ¶·¨§´ ¢ ²¨¸Ó ¶·¥¤¸É ¢¨É¥²Ö³¨ ¨¤¥ ²¨§³  [12,13], ¢ Î ¸É´μ¸É¨, μÉ´μ¸¨É¥²Ó´μ ±μ¸-
³μ²μ£¨Î¥¸±¨Ì ·¥Ï¥´¨° �.�.”·¨¤³ ´  ¢ 	μ²ÓÏμ° ¸μ¢¥É¸±μ° Ô´Í¨±²μ¶¥¤¨¨ ¡Ò²μ ¸± § ´μ, ÎÉμ
®±μ´¥Î´μ, ÔÉ¨ ·¥Ï¥´¨Ö [”·¨¤³ ´ ] ´¥¶· ¢μ³¥·´μ · ¸¸³ É·¨¢ ÉÓ ± ± μ¸´μ¢Ê ¤²Ö ³μ¤¥²¥° ¢¸¥°
‚¸¥²¥´´μ°¯ [14]. ’¥³ ¸ ³Ò³ ¸μ¢¥É¸± Ö ´ Ê±  Ë ±É¨Î¥¸±¨ μÉ¤ ¢ ²  ¶·¨μ·¨É¥É μÉ±·ÒÉ¨Ö · ¸Ï¨-
·ÖÕÐ¥°¸Ö ³μ¤¥²¨ ‚¸¥²¥´´μ° ”·¨¤³ ´ Äƒ ³μ¢  É ±¨³ § ·Ê¡¥¦´Ò³ ¨¸¸²¥¤μ¢ É¥²Ö³, ± ± ‹¥³¥É·,
�°´ÏÉ¥°´, ¤¥ ‘¨ÉÉ¥·, �¨¡²¸ ¨ ¤·.

∗∗ˆ¤¥Õ ¨¸¶μ²Ó§μ¢ ÉÓ É· ´§¨ÉÒ ¨ ¤μ¶¶²¥·μ¢¸±μ¥ ¸³¥Ð¥´¨¥ ¤²Ö μ¡´ ·Ê¦¥´¨Ö ¶² ´¥É ¢´¥
‘μ²´¥Î´μ° ¸¨¸É¥³Ò ¶·¥¤²μ¦¨² �ÉÉμ ‹Õ¤¢¨£μ¢¨Î ‘É·Ê¢¥ [17] ¢ Éμ ¢·¥³Ö, ±μ£¤  μ´ · ¡μÉ ² ¢
Š ²¨Ëμ·´¨°¸±μ³ Ê´¨¢¥·¸¨É¥É¥ ¢ 	¥·±²¨. ‘É·Ê¢¥ Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ § ³¥Î É¥²Ó´ÒÌ ¶·¥¤¸É ¢¨É¥-
²¥° ¸¥³Ó¨ ¡²¥¸ÉÖÐ¨Ì  ¸É·μ´μ³μ¢, · ¡μÉ ¢Ï¨Ì ¤μ ·¥¢μ²ÕÍ¨¨ 1917 £. ¢ �μ¸¸¨¨. �μ¸²¥ ·¥¢μ²ÕÍ¨¨
¨ ƒ· ¦¤ ´¸±μ° ¢μ°´Ò μ´ ¨³³¨£·¨·μ¢ ² ¢ ‘˜�, £¤¥ μÎ¥´Ó Ê¸¶¥Ï´μ § ´¨³ ²¸Ö  ¸É·μ´μ³¨¥°, ¢
Î ¸É´μ¸É¨, ¤μ²£μ¥ ¢·¥³Ö ¡Ò² £² ¢´Ò³ ·¥¤ ±Éμ·μ³ ®Astrophysical Journal¯ ¨ ¤¨·¥±Éμ·μ³ ‰¥·±-
¸±μ° μ¡¸¥·¢ Éμ·¨¨, ±Ê¤  ¶·¨£² ¸¨² ´  · ¡μÉÊ μ¤´μ£μ ¨§ ¸ ³ÒÌ §´ ³¥´¨ÉÒÌ  ¸É·μË¨§¨±μ¢ XX ¢.
‘. — ´¤· ¸¥± · . ‚ ¶·¥¤²μ¦¥´´μ³ ‘É·Ê¢¥ ¶μ¤Ìμ¤¥ ¶μ¨¸±  Ô±§μ¶² ´¥É ÊÎ¥É (´ÓÕÉμ´μ¢¸±μ°) £· -
¢¨É Í¨¨ Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ Ô²¥³¥´Éμ³ É¥μ·¥É¨Î¥¸±μ° ³μ¤¥²¨. ‚¶μ¸²¥¤¸É¢¨¨ Ê´¨¢¥·¸¨É¥É ¢ 	¥·±²¨
¸É ² μ¤´¨³ ¨§ ³¨·μ¢ÒÌ Í¥´É·μ¢, ¸¢Ö§ ´´ÒÌ ¸ μÉ±·ÒÉ¨¥³ ´μ¢ÒÌ Ô±§μ¶² ´¥É ¸ ¶μ³μÐÓÕ É· ´§¨Éμ¢
¨ ¨§³¥·¥´¨° ¤μ¶¶²¥·μ¢¸±¨Ì ¸³¥Ð¥´¨°, ¨ ²¨¤¥· ÔÉμ° £·Ê¶¶Ò  ¸É·μ´μ³μ¢ „¦.Œ ·¸¨ · ¸¸³ É·¨-
¢ ²¸Ö ± ± μ¤¨´ ¨§ ·¥ ²Ó´ÒÌ ± ´¤¨¤ Éμ¢ ´  ¶·¨¸Ê¦¤¥´¨¥ �μ¡¥²¥¢¸±μ° ¶·¥³¨¨ [18]. ‘²¥¤Ê¥É
μÉ³¥É¨ÉÓ, ÎÉμ ¢·¥³¥´´μ° ¨´É¥·¢ ² ³¥¦¤Ê ¢Ò¸± § ´´μ° ¨¤¥¥° ¨ ¥¥ ¶· ±É¨Î¥¸±μ° ·¥ ²¨§ Í¨¥°
³μ¦¥É ¡ÒÉÓ ¤μ¢μ²Ó´μ ¡μ²ÓÏ¨³ ¨ ¢ ¸²ÊÎ ¥ ¶μ¨¸±μ¢ Ô±§μ¶² ´¥É ¸μ¸É ¢²Ö¥É ¡μ²¥¥ 40 ²¥É.
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²¥¦ ²  ± Î¨¸²Ê ¥£μ μ¸´μ¢´ÒÌ ¨´É¥·¥¸μ¢. ’¥³ ´¥ ³¥´¥¥ ¢²¨Ö´¨¥ �.�. 	μ£μ²Õ-
¡μ¢  ´  · §¢¨É¨¥ ¨¸¸²¥¤μ¢ ´¨° ¢ μ¡² ¸É¨ £· ¢¨É Í¨¨,  ¸É·μË¨§¨±¨ ¨ ±μ¸³μ²μ-
£¨¨ ¡Ò²μ μÎ¥´Ó ¢¥²¨±μ, ¢ Î ¸É´μ¸É¨, μ´ ¡Ò² ¢ Î¨¸²¥ Î²¥´μ¢ ¶·¥§¨¤¨Ê³  (´ -
·Ö¤Ê ¸ ‚.�.�³¡ ·ÍÊ³Ö´μ³, ‚. 	. 	· £¨´¸±¨³, Ÿ. 	. ‡¥²Ó¤μ¢¨Î¥³, ….Œ. ‹¨Ë-
Ï¨Í¥³, �.�. ‹μ£Ê´μ¢Ò³, Œ.�.Œ ·±μ¢Ò³, ‹.ˆ. ‘¥¤μ¢Ò³, �.�. ‘μ±μ²μ¢Ò³
¨ ¤·.) ´  V ‚¸¥¸μÕ§´μ° £· ¢¨É Í¨μ´´μ° ±μ´Ë¥·¥´Í¨¨, μ·£ ´¨§μ¢ ´´μ° ¢
Œƒ“ ¢ 1981 £. [23]. �.�. 	μ£μ²Õ¡μ¢ ¶·¥¤¸¥¤ É¥²Ó¸É¢μ¢ ² ´  ¸¥¸¸¨¨, £¤¥
�.�. ‹μ£Ê´μ¢ ¶·¥¤¸É ¢¨² ·¥§Ê²ÓÉ ÉÒ · ¡μÉ ¥£μ £·Ê¶¶Ò ¶μ ¶·¥¤²μ¦¥´´μ° ¨³¨
·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ £· ¢¨É Í¨¨, ¢ ±μÉμ·μ° ¨³¥ÕÉ¸Ö ¤¢¥ ³¥É·¨±¨: Ëμ´μ-
¢ Ö ³¥É·¨±  Œ¨´±μ¢¸±μ£μ ¨ ³¥É·¨± , μ¶¨¸Ò¢ ÕÐ Ö £· ¢¨É Í¨μ´´μ¥ ¶μ²¥.
�μ ¶μ¢μ¤Ê ÔÉμ£μ ¤μ±² ¤  �.�. 	μ£μ²Õ¡μ¢ μÉ³¥É¨², ÎÉμ É ±μ£μ ·μ¤  É¥μ-
·¨Ö Å ®¢¸ÖÎ¥¸±μ£μ ·μ¤  μ¡¸Ê¦¤¥´¨Ö¯ [23]. ‚¶μ¸²¥¤¸É¢¨¨ ¢ · ³± Ì ¡¨-
³¥É·¨Î¥¸±μ° É¥μ·¨¨ £· ¢¨É Í¨¨ £·Ê¶¶  �.�. ‹μ£Ê´μ¢  · ¸¸³ É·¨¢ ²  ¢ ·¨-
 ´ÉÒ É¥μ·¨¨ ¸ ³ ¸¸¨¢´Ò³ £· ¢¨Éμ´μ³. ‘ 1983 £. �.�. 	μ£μ²Õ¡μ¢ (´ ·Ö¤Ê ¸
‚.�.�³¡ ·ÍÊ³Ö´μ³ ¨ Œ.�.Œ ·±μ¢Ò³) ¢Ìμ¤¨² ¢ ¸μ¸É ¢ ¶·¥§¨¤¨Ê³  ¸¥±Í¨¨
£· ¢¨É Í¨¨ �’‘ Œ¨´¨¸É¥·¸É¢  ¢Ò¸Ï¥£μ ¨ ¸·¥¤´¥£μ ¸¶¥Í¨ ²Ó´μ£μ μ¡· §μ¢ -
´¨Ö ‘‘‘�, ¶·¥§¨¤¨Ê³ ¢μ§£² ¢²Ö² �.�. ‹μ£Ê´μ¢. Š·μ³¥ Éμ£μ, �.�. 	μ£μ²Õ¡μ¢
¡Ò² μ¸´μ¢ É¥²¥³ ¨ £² ¢´Ò³ ·¥¤ ±Éμ·μ³ ¦Ê·´ ²  ®’¥μ·¥É¨Î¥¸± Ö ¨ ³ É¥³ -
É¨Î¥¸± Ö Ë¨§¨± ¯, ¢ ±μÉμ·μ³ ¶Ê¡²¨±μ¢ ²μ¸Ó ¤μ¢μ²Ó´μ ³´μ£μ · ¡μÉ ¶μ £· ¢¨-
É Í¨¨, ¢ Î ¸É´μ¸É¨ ¶μ É¥μ·¨¨ ³ ¸¸¨¢´μ° £· ¢¨É Í¨¨, ¢ ¶¥·¨μ¤, ±μ£¤  ¨´É¥·¥¸
± É ±¨³ É¥μ·¨Ö³ ¡Ò² ¤μ¢μ²Ó´μ ´¨§μ± ¢ ¸¨²Ê Éμ£μ, ÎÉμ ¢ 1970-Ì ££. ¡Ò² μ¡-
´ ·Ê¦¥´ ·Ö¤ ¶ Éμ²μ£¨° (¢ Éμ³ Î¨¸²¥ ¤ÊÌμ¢) Ê ÔÉμ£μ ±² ¸¸   ²ÓÉ¥·´ É¨¢´ÒÌ
É¥μ·¨° £· ¢¨É Í¨¨. �¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò É¥μ·¥É¨±¨
´ Ï²¨ ¢μ§³μ¦´μ¸ÉÓ ¶μ¸É·μ¥´¨Ö É¥μ·¨° ³ ¸¸¨¢´μ° £· ¢¨É Í¨¨ ¡¥§ ¤ÊÌμ¢ ¨
É ±¨¥ É¥μ·¨¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ±  ²ÓÉ¥·´ É¨¢´Ò¥ Ô°´ÏÉ¥°´μ¢¸±μ° μ¡Ð¥°
É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ [22].

’ ±¦¥ ´Ê¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¶μ¸²¥¤´¨³  ¸¶¨· ´Éμ³ �.�. 	μ£μ²Õ¡μ¢  ´ 
Ë¨§¨Î¥¸±μ³ Ë ±Ê²ÓÉ¥É¥ Œƒ“ ¡Ò² ‚.�.Œ¥²Ó´¨±μ¢, ±μÉμ·Ò° ¸ 1988 £. ³´μ£μ
²¥É ¡Ò² ¶·¥§¨¤¥´Éμ³ ‚¸¥¸μÕ§´μ£μ (§ É¥³ Å �μ¸¸¨°¸±μ£μ) £· ¢¨É Í¨μ´´μ£μ
μ¡Ð¥¸É¢ . ‚.�.Œ¥²Ó´¨±μ¢ ¶·¨²μ¦¨² ³´μ£μ Ê¸¨²¨° ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢ �μ¸-
¸¨¨ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ £· ¢¨É Í¨¨ ¨ ¸¢Ö§ ´´ÒÌ ¸ ´¥° ±μ¸³μ²μ£¨¥° ¨  ¸É·μË¨-
§¨±μ° ¶·μ¢μ¤¨²¨¸Ó ¸ ÊÎ¥Éμ³ μ¸´μ¢´ÒÌ É¥´¤¥´Í¨° · §¢¨É¨Ö ³¨·μ¢μ° ´ Ê±¨.
‚Ò¡μ· £· ¢¨É Í¨¨ ¢ ± Î¥¸É¢¥ μ¸´μ¢´μ£μ μ¡Ñ¥±É  ¨¸¸²¥¤μ¢ ´¨° ¡Ò² ¸¤¥² ´
‚.�.Œ¥²Ó´¨±μ¢Ò³ ´¥ ¡¥§ ¢²¨Ö´¨Ö �.�. 	μ£μ²Õ¡μ¢  [23], ÎÉμ £μ¢μ·¨É μ Éμ³,
ÎÉμ μ´ ¸Î¨É ² ¢ ¦´μ° ÔÉÊ μ¡² ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨°.

2. ’…‘’› ’…��ˆ‰ ƒ��‚ˆ’�–ˆˆ
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�¡Ð Ö É¥μ·¨Ö μÉ´μ¸¨É¥²Ó´μ¸É¨ (�’�) ¡Ò²  ¸μ§¤ ´  �. �°´ÏÉ¥°´μ³ ¢
1915 £. ‘ ¶μ³μÐÓÕ ¸μ§¤ ´´μ° ¨³ É¥μ·¨¨ £· ¢¨É Í¨¨, μ¡μ¡Ð ÕÐ¥° ´ÓÕÉμ-
´μ¢¸±ÊÕ É¥μ·¨Õ, �°´ÏÉ¥°´ ¢ Éμ³ ¦¥ £μ¤Ê μ¡ÑÖ¸´¨² ´ °¤¥´´ÊÕ ¢ ¸¥·¥¤¨´¥
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XIX ¢. §´ ³¥´¨ÉÒ³ Ë· ´ÍÊ§¸±¨³  ¸É·μ´μ³μ³ †.‹¥¢¥·Ó¥  ´μ³ ²¨Õ, ¸¢Ö§ ´-
´ÊÕ ¸ μ·¡¨É ²Ó´μ° ¶·¥Í¥¸¸¨¥° Œ¥·±Ê·¨Ö. ‚ 1919 £. ¶·¥¤¸± § ´¨Ö �’� μ¡
μÉ±²μ´¥´¨¨ ²ÊÎ  ¸¢¥É  ¢¡²¨§¨ ¸μ²´¥Î´μ£μ ¤¨¸±  ¢μ ¢·¥³Ö ¸μ²´¥Î´μ£μ § É³¥-
´¨Ö ¡Ò²¨ ¶μ¤É¢¥·¦¤¥´Ò ¤ ´´Ò³¨ ´ ¡²Õ¤¥´¨° �¤¤¨´£Éμ´  ¨ „ °¸μ´ . �μ¸²¥
ÔÉμ£μ ¦Ê·´ ²¨¸ÉÒ ¢¸¥£μ ³¨·  ¸É ²¨ ¶¨¸ ÉÓ, ÎÉμ ³μ¤¥²Ó ‚¸¥²¥´´μ°, ¢ ±μÉμ·μ°
¤¥°¸É¢Ê¥É § ±μ´ ¢¸¥³¨·´μ£μ ÉÖ£μÉ¥´¨Ö �ÓÕÉμ´ , ¤μ²¦´  ¡ÒÉÓ § ³¥´¥´  ³μ-
¤¥²ÓÕ ‚¸¥²¥´´μ°, ¢ ±μÉμ·μ° ¤¥°¸É¢Ê¥É § ±μ´ £· ¢¨É Í¨¨ �°´ÏÉ¥°´ . Šμ£¤ 
£μ¢μ·ÖÉ μ ¶· ±É¨Î¥¸±μ° §´ Î¨³μ¸É¨ ÊÎ¥É  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶μ¶· ¢μ±, μ¡ÒÎ´μ
¢¸¶μ³¨´ ÕÉ ¶μ§¨Í¨μ´´Ò¥ ¸¨¸É¥³Ò GPS/ƒ‹���‘‘, ¢ ±μÉμ·ÒÌ ¢ ¸²ÊÎ ¥ μÉ¸ÊÉ-
¸É¢¨Ö ÊÎ¥É  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶μ¶· ¢μ± ¤²Ö Ìμ¤  Î ¸μ¢ ´  ¡μ·ÉÊ ±μ¸³¨Î¥¸±¨Ì
 ¶¶ · Éμ¢ μÏ¨¡±¨ μ¶·¥¤¥²¥´¨Ö £²μ¡ ²Ó´μ£μ ³¥¸Éμ¶μ²μ¦¥´¨Ö ¤μ¸É¨£ ²¨ ¡Ò
£¨£ ´É¸±¨Ì §´ Î¥´¨°, ¨, ¶μ ¸ÊÉ¨ ¤¥² , ¶μ¤μ¡´ Ö ¸¨¸É¥³  £²μ¡ ²Ó´μ£μ ¶μ§¨Í¨-
μ´¨·μ¢ ´¨Ö ¡Ò²  ¡Ò ¡¥¸¶μ²¥§´ .

	²¨¦ °Ï Ö ¸¢¥·Ì³ ¸¸¨¢´ Ö Î¥·´ Ö ¤Ò·  · ¸¶μ²μ¦¥´  ¢ Í¥´É·¥ ´ Ï¥°
ƒ ² ±É¨±¨, ¶μÔÉμ³Ê ÔÉμÉ μ¡Ñ¥±É μÎ¥´Ó ¶·¨¢²¥± É¥²¥´ ¤²Ö ´ ¡²Õ¤¥´¨°. �¸É·μ-
´μ³Ò ´ ¡²Õ¤ ÕÉ ƒ ² ±É¨Î¥¸±¨° –¥´É· ¢ · §²¨Î´ÒÌ ¸¶¥±É· ²Ó´ÒÌ ¤¨ ¶ §μ-
´ Ì, ¢±²ÕÎ Ö £ ³³ -, ·¥´É£¥´μ¢¸±¨°, ¨´Ë· ±· ¸´Ò°, μ¶É¨Î¥¸±¨° ¨ · ¤¨μ¤¨-
 ¶ §μ´Ò. „²Ö μÍ¥´±¨ ¶ · ³¥É·μ¢ £· ¢¨É Í¨μ´´μ£μ ¶μÉ¥´Í¨ ²  ¢ ƒ ² ±É¨Î¥-
¸±μ³ –¥´É·¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ± Î¥¸É¢¥ ¶·μ¡´ÒÌ Î ¸É¨Í ËμÉμ´Ò (¢ ÔÉμ³ ¸²ÊÎ ¥
 ´ ²¨§¨·ÊÕÉ¸Ö · §³¥· ¨ Ëμ·³  É¥´¨ ¢ μ±·¥¸É´μ¸É¨ ƒ ² ±É¨Î¥¸±μ£μ –¥´É· )
¨²¨ Ö·±¨¥ §¢¥§¤Ò, ±μÉμ·Ò¥ ¤¢¨¦ÊÉ¸Ö ¢ μ±·¥¸É´μ¸É¨ Î¥·´μ° ¤Ò·Ò. �¥¸³μÉ·Ö
´  Éμ, ÎÉμ ¶·¥¤¸± § ´¨Ö �’� ¶μ¤É¢¥·¦¤¥´Ò ·¥§Ê²ÓÉ É ³¨ ³´μ£¨Ì ´ ¡²Õ¤¥-
´¨° ¨ Ô±¸¶¥·¨³¥´Éμ¢ (¢ Î ¸É´μ¸É¨, ¤²Ö £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö ¢ μ±·¥¸É´μ¸É¨
Î¥·´μ° ¤Ò·Ò ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ ±μ²² ¡μ· Í¨Ö GRAVITY ¶μ¤É¢¥·¤¨² 
¶·¥¤¸± § ´¨Ö �’� μ £· ¢¨É Í¨μ´´μ³ ±· ¸´μ³ ¸³¥Ð¥´¨¨ ¸¶¥±É·  §¢¥§¤Ò S2
¢¡²¨§¨ ¶·μÌμ¤  ¶¥·¨Í¥´É·  18 ³ Ö 2018 £. [24,25] ¨ ÔÉ¨ ¢Ò¢μ¤Ò ¸μ£² ¸ÊÕÉ¸Ö
¸ ·¥§Ê²ÓÉ É ³¨ ´ ¡²Õ¤¥´¨°, ¶·¥¤¸É ¢²¥´´Ò³¨ £·Ê¶¶μ° Keck [26]), ¢ ¡μ²ÓÏ¥°
Î ¸É¨ É¥μ·¥É¨Î¥¸±¨Ì ³μ¤¥²¥° ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ ¸² ¡Ò¥ (¶μ¸É´ÓÕÉμ´μ¢-
¸±¨¥) ¶μ¶· ¢±¨ �’� ¨ Éμ²Ó±μ ¢¡²¨§¨ É ±¨Ì μ¡Ñ¥±Éμ¢, ± ± ´¥°É·μ´´Ò¥ §¢¥§¤Ò
¨ Î¥·´Ò¥ ¤Ò·Ò, ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¶μ¶· ¢±¨ ³μ£ÊÉ ´¥ Ö¢²ÖÉÓ¸Ö ³ ²Ò³¨. �μ ÔÉμ°
¶·¨Î¨´¥ ¤²Ö ¶·μ¢¥·±¨ ¶·¥¤¸± § ´¨° �’� ¢ ¸¨²Ó´ÒÌ £· ¢¨É Í¨μ´´ÒÌ ¶μ²ÖÌ
· ¸¸³ É·¨¢ ÕÉ¸Ö Ë¨§¨Î¥¸±¨¥ ¶·μÍ¥¸¸Ò ¢ μ±·¥¸É´μ¸É¨ Î¥·´ÒÌ ¤Ò·.

‚ ´ Î ²¥ XXI ¢. μ¡¸Ê¦¤ ²¨¸Ó  ¸É·μË¨§¨Î¥¸±¨¥ § ¤ Î¨ ¤²Ö ¶μ¤£μÉ ¢²¨-
¢ ¥³μ£μ ± § ¶Ê¸±Ê ±μ¸³¨Î¥¸±μ£μ É¥²¥¸±μ¶  ®� ¤¨μ ¸É·μ´¯, ±μÉμ·Ò° ¤μ²¦¥´
¡Ò² ¶·μ¢μ¤¨ÉÓ ´ ¡²Õ¤¥´¨Ö ¸μ¢³¥¸É´μ ¸ ´ §¥³´Ò³¨ É¥²¥¸±μ¶ ³¨. “£²μ¢μ¥ · §-
·¥Ï¥´¨¥ É ±μ£μ ¨´É¥·Ë¥·μ³¥É·  ®‡¥³²ÖÄ±μ¸³μ¸¯ ³μ£²μ ¸μ¸É ¢²ÖÉÓ ¶μ·Ö¤± 
7 Ê£²μ¢ÒÌ ³¨±·μ¸¥±Ê´¤ ´  ´ ¨¡μ²¥¥ ±μ·μÉ±μ° ¤²¨´¥ ¢μ²´Ò 1,3 ¸³. Œ ¸¸ 
Î¥·´μ° ¤Ò·Ò ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ Å ¶μ·Ö¤±  4 · 106M�,   · ¸¸ÉμÖ´¨¥
¤μ ´¥¥ Å ¶μ·Ö¤±  8 ±¶±, É¥³ ¸ ³Ò³ Ê£²μ¢μ° · §³¥· · ¤¨Ê¸  ˜¢ ·ÍÏ¨²Ó¤ 
RS ≈ 10 μas (³¨±·μ ·±¸¥±Ê´¤), ÎÉμ ¸μ¶μ¸É ¢¨³μ ¸ Ê£²μ¢Ò³ · §·¥Ï¥´¨¥³
¨´É¥·Ë¥·μ³¥É· . Š § ²μ¸Ó ¡Ò, ³μ¦´μ μ¡¸Ê¤¨ÉÓ ¶·μÖ¢²¥´¨Ö �’�, ±μÉμ·Ò¥
³μ¦´μ ¡Ò²μ ¡Ò μ¡´ ·Ê¦¨ÉÓ. �·¨ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ ËμÉμ´Ò Éμ²Ó±μ ¨¸-
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±·¨¢²ÖÕÉ¸Ö £· ¢¨É Í¨μ´´Ò³ ¶μ²¥³ Î¥·´μ° ¤Ò·Ò, ´μ ´¥ · ¸¸¥¨¢ ÕÉ¸Ö ¢¡²¨§¨
¥¥ μ±·¥¸É´μ¸É¨, ¢ · ¡μÉ¥ [27] μ¶¨¸ ´Ò · §³¥· ¨ Ëμ·³  É¥´¨ (É. ¥. É¥³´μ°
μ¡² ¸É¨ ¤²Ö Ê¤ ²¥´´μ£μ ´ ¡²Õ¤ É¥²Ö) ¨ ¶μ± § ´μ, ÎÉμ ¥¸²¨ Ê¤ ²¥´´Ò° ´ ¡²Õ-
¤ É¥²Ó ´ Ìμ¤¨É¸Ö ¢ Ô±¢ Éμ·¨ ²Ó´μ° ¶²μ¸±μ¸É¨, Éμ ³ ±¸¨³ ²Ó´μ¥ ±·¨É¨Î¥¸±μ¥
§´ Î¥´¨¥ ¶·¨Í¥²Ó´μ£μ ¶ · ³¥É· , ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ É¥´¨ |βmax| ¢ ´ ¶· ¢²¥-
´¨¨ z (±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É ¸ μ¸ÓÕ ¢· Ð¥´¨Ö Î¥·´μ° ¤Ò·Ò), ¥¸ÉÓ

√
27 (¢ ¥¤¨-

´¨Í Ì GM/c2), ¢ Éμ ¢·¥³Ö ± ± ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ βmax §´ Î¥´¨¥ ¶·¨Í¥²Ó´μ£μ
¶ · ³¥É·  ¢ ¶¥·¶¥´¤¨±Ê²Ö·´μ³ ´ ¶· ¢²¥´¨¨ μ¸¨ ¢· Ð¥´¨Ö ¥¸ÉÓ αmax = 2a
(a Å ´μ·³ ²¨§μ¢ ´´μ¥ ´  ³ ¸¸Ê §´ Î¥´¨¥ ¸¶¨´  Î¥·´μ° ¤Ò·Ò), ¢ ¤ ´´ÒÌ
μ¡μ§´ Î¥´¨ÖÌ ËÊ´±Í¨Ö β(α) μ¶·¥¤¥²Ö¥É ±·¨É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶·¨Í¥²Ó´ÒÌ
¶ · ³¥É·μ¢, · §¤¥²ÖÕÐ¨Ì § Ì¢ É ¨ · ¸¸¥Ö´¨¥ ËμÉμ´μ¢. �Éμ μ§´ Î ¥É, ÎÉμ ¤²Ö
´ ¡²Õ¤ É¥²Ö ¢ Ô±¢ Éμ·¨ ²Ó´μ° ¶²μ¸±μ¸É¨ §´ Î¥´¨¥ |βmax| μ¤´μ ¨ Éμ ¦¥ (´¥ § -
¢¨¸¨É μÉ §´ Î¥´¨Ö ¸¶¨´ ), É¥´Ó ¤¥Ëμ·³¨·μ¢ ´  ¢ ´ ¶· ¢²¥´¨¨, ¶ · ²²¥²Ó´μ³
Ô±¢ Éμ·¨ ²Ó´μ° ¶²μ¸±μ¸É¨,   ÔÉ  ¤¥Ëμ·³ Í¨Ö § ¢¨¸¨É μÉ ¸¶¨´  a. ’¥³ ¸ ³Ò³
· §³¥· É¥´¨ ¤²Ö Î¥·´μ° ¤Ò·Ò ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ Å ¶μ·Ö¤±  50 μas,
¨, ¢ ¶·¨´Í¨¶¥, ¸É·Ê±ÉÊ·Ò ¸ É ±¨³ · §³¥·μ³ ³μ£²¨ ¡Ò ´ ¡²Õ¤ ÉÓ¸Ö ¸ ¶μ³μ-
ÐÓÕ ®� ¤¨μ ¸É·μ´ ¯. �¤´ ±μ ¢¶μ¸²¥¤¸É¢¨¨ ¢ÒÖ¸´¨²μ¸Ó, ÎÉμ, ¶μ-¢¨¤¨³μ³Ê,
Ëμ·³  ¨§μ¡· ¦¥´¨Ö · §³Ò¢ ¥É¸Ö ¢ ¸¨²Ê · ¸¸¥Ö´¨Ö ËμÉμ´μ¢ ´  Ô²¥±É·μ´ Ì
¤²Ö ¸ ´É¨³¥É·μ¢μ£μ ¤¨ ¶ §μ´  ¨ ¤²Ö μ¡´ ·Ê¦¥´¨Ö É¥´¨ ´¥μ¡Ìμ¤¨³μ ¶¥·¥°É¨
± ³¨²²¨³¥É·μ¢μ³Ê ¨ ¸Ê¡³¨²²¨³¥É·μ¢μ³Ê ¤¨ ¶ §μ´Ê ¤²¨´ ¢μ²´, É. ¥. ± ¤²¨-
´ ³ ¢μ²´, ±μÉμ·Ò¥ ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ¶·μ¥±É¨·Ê¥³μ³ ±μ¸³¨Î¥¸±μ³
¨´É¥·Ë¥·μ³¥É·¥ ®Œ¨²²¨³¥É·μ´¯, ± ± μÉ³¥Î ²μ¸Ó ¢ · ¡μÉ¥ [27]. M¥¦¤Ê´ ·μ¤-
´ Ö £²μ¡ ²Ó´ Ö ¸¥ÉÓ É¥²¥¸±μ¶μ¢, ¨¸¶μ²Ó§ÊÕÐ¨Ì ¢ Éμ³ Î¨¸²¥ ³¨²²¨³¥É·μ¢Ò°
¤¨ ¶ §μ´ ¤²¨´ ¢μ²´, ¨²¨ É ± ´ §Ò¢ ¥³Ò° É¥²¥¸±μ¶ £μ·¨§μ´É  ¸μ¡ÒÉ¨° (The
Event Horizon Telescope), · ¡μÉ ÕÐ¨° ± ± £¨£ ´É¸±¨° ¨´É¥·Ë¥·μ³¥É·, · §³¥-
·μ³ ¸ ‡¥³²Õ, ¶·μ¢μ¤¨É ´ ¡²Õ¤¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö Ö·±¨Ì ¶ÖÉ¥´ ¢ μ±·¥¸É´μ¸É¨
ƒ ² ±É¨Î¥¸±μ£μ –¥´É· , ¨ ¶μ ÔÉμ³Ê · ¸¶·¥¤¥²¥´¨Õ  ¸É·μ´μ³Ò μ¶·¥¤¥²ÖÕÉ
¶ · ³¥É·Ò Î¥·´μ° ¤Ò·Ò ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ ¨ μ£· ´¨Î¥´¨Ö ´   ²ÓÉ¥·´ -
É¨¢´Ò¥ É¥μ·¨¨ £· ¢¨É Í¨¨. ‚  ¶·¥²¥ 2019 £. ÔÉ  £·Ê¶¶  ¸μμ¡Ð¨²  μ ¶μ²ÊÎ¥´¨¨
¶¥·¢μ£μ ¨§μ¡· ¦¥´¨Ö ¸¢¥·Ì³ ¸¸¨¢´μ° Î¥·´μ° ¤Ò·Ò ¢ Í¥´É·¥ £ ² ±É¨±¨ Œ87,
±μÉμ· Ö ´ Ìμ¤¨É¸Ö ´  · ¸¸ÉμÖ´¨¨ ¶μ·Ö¤±  17 Œ¶± μÉ ´ ¸, ³ ¸¸  Î¥·´μ° ¤Ò·Ò
¢ ¥¥ Í¥´É·¥ 6,5 · 109M� (´ ¡²Õ¤¥´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ´  ¤²¨´¥ ¢μ²´Ò 1,3 ³³
¢  ¶·¥²¥ 2017 £.). � §³¥· É¥´¨ ¤²Ö ÔÉμ° Î¥·´μ° ¤Ò·Ò Å ¶μ·Ö¤±  42 μas [28],
É. ¥. Î¥·´ Ö ¤Ò·  ¢ Í¥´É·¥ £ ² ±É¨±¨ Œ87 ¡μ²¥¥ ³ ¸¸¨¢´  ¨ · ¸¶μ²μ¦¥´  §´ -
Î¨É¥²Ó´μ ¤ ²ÓÏ¥ ¶μ ¸· ¢´¥´¨Õ ¸ ƒ ² ±É¨Î¥¸±¨³ –¥´É·μ³, μ¤´ ±μ · §³¥·Ò
¨Ì É¥´¥° ¡²¨§±¨ (¸¨ÉÊ Í¨Ö ¢ ´¥±μÉμ·μ³ ¸³Ò¸²¥ ¶μÌμ¦  ´  Éμ, ÎÉμ Ê£²μ¢Ò¥
· §³¥·Ò ‘μ²´Í  ¨ ‹Ê´Ò, ¢¨¤¨³Ò¥ ¸ ‡¥³²¨, ¢¥¸Ó³  ¡²¨§±¨).

’ ±¨³ μ¡· §μ³, ¥¸²¨ ¤²Ö É¥μ·¥É¨±  Î¥·´ Ö ¤Ò·  Å ÔÉμ μ¶·¥¤¥²¥´´ Ö ³¥-
É·¨± , ±μÉμ· Ö Ö¢²Ö¥É¸Ö ¢ ±ÊÊ³´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° �°´ÏÉ¥°´  ¸ μ¶·¥-
¤¥²¥´´Ò³¨ ¸¢μ°¸É¢ ³¨, Éμ ¤²Ö ´ ¡²Õ¤ É¥²Ö, ± ± ¶μ± § ´μ ¢ · ¡μÉ¥ [27], Î¥·-
´ Ö ¤Ò·  Å ÔÉμ É¥³´μ¥ ¶ÖÉ´μ ¨²¨, ¨´Ò³¨ ¸²μ¢ ³¨, É¥´Ó, ¶μ · §³¥· ³ ¨
Ëμ·³¥ ±μÉμ·μ° ³μ¦´μ μ¶·¥¤¥²¨ÉÓ É ±¨¥ ¥¥ ¶ · ³¥É·Ò, ± ± ¸¶¨´ ¨ ¶μ§¨Í¨-
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μ´´Ò° Ê£μ², Ì · ±É¥·¨§ÊÕÐ¨° ¶μ²μ¦¥´¨¥ Ê¤ ²¥´´μ£μ ´ ¡²Õ¤ É¥²Ö. ƒμ¢μ·Ö
¡μ²¥¥ ÉμÎ´μ, ¶μ ´ ¡²Õ¤¥´¨Ö³ · ¸¶·¥¤¥²¥´¨Ö Ö·±¨Ì ¸É·Ê±ÉÊ· ¢ μ±·¥¸É´μ¸É¨
Î¥·´μ° ¤Ò·Ò ¢μ¸¶·μ¨§¢μ¤ÖÉ¸Ö Ëμ·³  ¨ · §³¥· É¥´¨, ¶μ¸±μ²Ó±Ê ¶·¨  ¸É·μ´μ-
³¨Î¥¸±¨Ì ´ ¡²Õ¤¥´¨ÖÌ É·Ê¤´μ · §²¨Î¨ÉÓ É¥³´ÊÕ μ¡² ¸ÉÓ ¨ μ¡² ¸ÉÓ ¸ ÉÊ¸±²Ò³
· ¸¶·¥¤¥²¥´¨¥³ ¸¢¥É¨³μ¸É¨.

‚ · ¡μÉ¥ [29] ¶μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö ¤²Ö μ¶·¥¤¥²¥´¨Ö · §³¥·  É¥´¨ Î¥·´μ°
¤Ò·Ò É¨¶  �¥°¸´¥· Ä�μ·¤¸É·¥³ , ¨, ÌμÉÖ ¢μ§´¨±´μ¢¥´¨¥ ¸ÊÐ¥¸É¢¥´´μ£μ Ô²¥±-
É·¨Î¥¸±μ£μ § ·Ö¤  ¢  ¸É·μË¨§¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ ³ ²μ¢¥·μÖÉ´μ, ¢ ¸± ²Ö·´μ-
É¥´§μ·´ÒÌ É¥μ·¨ÖÌ É¨¶  •μ·´¤¥¸±¨ ¢μ§´¨± ÕÉ ·¥Ï¥´¨Ö É¨¶  �¥°¸´¥· Ä�μ·¤-
¸É·¥³ , ¢ ±μÉμ·ÒÌ ¶ · ³¥É·, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° § ·Ö¤Ê, μÉ· ¦ ¥É ¢§ ¨³μ¤¥°-
¸É¢¨¥ ¸± ²Ö·´μ° ¨ É¥´§μ·´μ° ±μ³¶μ´¥´É ¶μ²Ö ¨  ¶·¨μ·´ÒÌ μ£· ´¨Î¥´¨° ´ 
§´ Î¥´¨¥ ÔÉμ£μ ¶ · ³¥É·  ´¥É. Š·μ³¥ Éμ£μ, ¢ É¥μ·¨¨ £· ¢¨É Í¨¨ ¸ ¤μ¶μ²-
´¨É¥²Ó´Ò³¨ ¨§³¥·¥´¨Ö³¨ ¶μÖ¢²ÖÕÉ¸Ö ·¥Ï¥´¨Ö É¨¶  �¥°¸´¥· Ä�μ·¤¸É·¥³  ¸
¶·¨²¨¢´Ò³ § ·Ö¤μ³. ‚ · ¡μÉ Ì [30, 31] ¶μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö
¤²Ö · §³¥·  É¥´¨ Î¥·´μ° ¤Ò·Ò É¨¶  �¥°¸´¥· Ä�μ·¤¸É·¥³  ¸ ¶·¨²¨¢´Ò³ § ·Ö-
¤μ³ (±μÉμ·Ò° ³μ¦¥É Ì · ±É¥·¨§μ¢ ÉÓ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¨§³¥·¥´¨Ö). �  μ¸´μ¢¥
´ ¡²Õ¤¥´¨° ³μ¦´μ μ¶·¥¤¥²¨ÉÓ μ£· ´¨Î¥´¨Ö ´  ¢¥²¨Î¨´Ê ¶·¨²¨¢´μ£μ § ·Ö¤  ¨
¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶·μ¸É· ´¸É¢¥´´ÒÌ ¨§³¥·¥´¨°, ±μÉμ·Ò¥ ³μ£ÊÉ
¢²¨ÖÉÓ ´  · §³¥· É¥´¨.

„¢¥ £·Ê¶¶Ò  ¸É·μ´μ³μ¢ ¶·μ¢μ¤ÖÉ ´ ¡²Õ¤¥´¨Ö ¢ ¨´Ë· ±· ¸´μ³ ¤¨ ¶ -
§μ´¥ Ö·±¨Ì §¢¥§¤ ¢¡²¨§¨ ƒ ² ±É¨Î¥¸±μ£μ –¥´É·  ¸ ¶μ³μÐÓÕ ±·Ê¶´¥°Ï¨Ì
É¥²¥¸±μ¶μ¢, μ¸´ Ð¥´´ÒÌ  ¤ ¶É¨¢´μ° μ¶É¨±μ°. �¤´  £·Ê¶¶  ¢μ £² ¢¥ ¸ �´-
¤·¥  ƒ¥Í (‘˜�) ¨¸¶μ²Ó§Ê¥É ¤¢  É¥²¥¸±μ¶  Keck ¤¨ ³¥É·μ³ 10 ³, ´ Ìμ¤Ö-
Ð¨Ì¸Ö ´  ƒ ¢ °ÖÌ, ¤·Ê£ Ö £·Ê¶¶  ¶μ¤ ·Ê±μ¢μ¤¸É¢μ³ � °´¥·  ƒ¥´Í¥²Ö (ƒ¥·-
³ ´¨Ö) ¨¸¶μ²Ó§Ê¥É Î¥ÉÒ·¥ É¥²¥¸±μ¶  VLT ¤¨ ³¥É·μ³ 8 ³, ¶μ¸É·μ¥´´ÒÌ ´ 
¢Ò¸μ±μ£μ·´μ³ ¶² Éμ ¢ —¨²¨ (¢ ¶μ¸²¥¤´¨¥ £μ¤Ò ¢¸ÉÊ¶¨² ¢ ¸É·μ° ¨´É¥·Ë¥-
·μ³¥É· GRAVITY, ¸μ¸ÉμÖÐ¨° ¨§ É¥²¥¸±μ¶μ¢ VLT). �Ê±μ¢μ¤¨É¥²Ó £·Ê¶¶Ò
GRAVITY Å ”· ´± �°§¥´Ì ÊÔ·. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì £·Ê¶¶ (Keck ¨ VLTÄ
GRAVITY) Ö¢²ÖÕÉ¸Ö ´¥ ¶·μÉ¨¢μ·¥Î Ð¨³¨ ¤·Ê£ ¤·Ê£Ê,   ¢§ ¨³μ¤μ¶μ²´ÖÕ-
Ð¨³¨. � ¡²Õ¤¥´¨Ö ¶μ± § ²¨, ÎÉμ §¢¥§¤Ò ¤¢¨¦ÊÉ¸Ö ¶μ μ·¡¨É ³, ¡²¨§±¨³ ±
Ô²²¨¶É¨Î¥¸±¨³, É ±¨³ μ¡· §μ³, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¤¢¨¦¥´¨Ö ÔÉ¨Ì
§¢¥§¤ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¶μÉ¥´Í¨ ²μ³ ÉμÎ¥Î´μ° ³ ¸¸Ò μ±μ²μ
4 ³²´ ¸μ²´¥Î´ÒÌ ³ ¸¸. ƒ ² ±É¨Î¥¸±¨° –¥´É· ´ Ìμ¤¨É¸Ö ´  · ¸¸ÉμÖ´¨¨ ¶·¨-
³¥·´μ 8 ±¶± μÉ ‘μ²´Í  (´ ¨¡μ²¥¥ ÉμÎ´Ò¥ ´  ´ ¸ÉμÖÐ¨° ¤¥´Ó ¨§³¥·¥´¨Ö ÔÉμ£μ
· ¸¸ÉμÖ´¨Ö R0 = (8178± 13stat ± 22syst) ¶± ¶·¨¢¥¤¥´Ò ¢ · ¡μÉ¥ [25]). �¤´¨³
¨§ ´ ¨¡μ²¥¥ ¨´É¥·¥¸´ÒÌ μ¡Ñ¥±Éμ¢ ¤²Ö μÍ¥´±¨ £· ¢¨É Í¨μ´´μ£μ ¶μÉ¥´Í¨ ²  ¢
Í¥´É·¥ ƒ ² ±É¨±¨ Ö¢²Ö¥É¸Ö §¢¥§¤  S2. �·¡¨É  ÔÉμ° §¢¥§¤Ò ¨³¥¥É Ô±¸Í¥´É·¨-
¸¨É¥É e = 0,88, ¶¥·¨μ¤ μ¡· Ð¥´¨Ö T = 16 ²¥É, μ¦¨¤ ¥³ Ö ¢¨¤¨³ Ö ·¥²ÖÉ¨-
¢¨¸É¸± Ö ¶·¥Í¥¸¸¨Ö ¥¥ μ·¡¨ÉÒ ¸μ¸É ¢²Ö¥É μ±μ²μ 0,83 μas ¢ ¶·¥¤¶μ²μ¦¥´¨¨,
ÎÉμ μ¡Ñ¥³´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³ ¸¸, É ±¨¥ ± ± §¢¥§¤´μ¥ ¸±μ¶²¥´¨¥ ¨²¨ É¥³´ Ö
³ É¥·¨Ö ¢¡²¨§¨ Í¥´É·  ƒ ² ±É¨±¨, ´¥ μ± §Ò¢ ÕÉ ¸ÊÐ¥¸É¢¥´´μ£μ ¢²¨Ö´¨Ö ´ 
·¥²ÖÉ¨¢¨¸É¸±ÊÕ ¶·¥Í¥¸¸¨Õ ¥¥ μ·¡¨ÉÒ. �ÉμÉ ÔËË¥±É ¶μ¤μ¡¥´ μ·¡¨É ²Ó´μ°
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¶·¥Í¥¸¸¨¨ Œ¥·±Ê·¨Ö ¶·¨ ¥£μ ¤¢¨¦¥´¨¨ ¢μ±·Ê£ ‘μ²´Í . Š ± ¶μ± § ´μ ¢ · -
¡μÉ¥ [32],  ´ ²¨§ É· ¥±Éμ·¨¨ §¢¥§¤Ò S2 ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¤²Ö μÍ¥´±¨
¸¶¨´  Î¥·´μ° ¤Ò·Ò ¨ ¶ · ³¥É·μ¢ §¢¥§¤´μ£μ ¸±μ¶²¥´¨Ö,   É ±¦¥ ±μ´Í¥´É· Í¨¨
É¥³´μ° ³ É¥·¨¨ ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥. �¥¸³μÉ·Ö ´  ¡μ²ÓÏ¨¥ Ê¸¨²¨Ö, ¶·μ-
£·¥¸¸ ¢ ·¥Ï¥´¨¨ ¶·μ¡²¥³ É¥³´μ° ³ É¥·¨¨ (dark matter) ¨ É¥³´μ° Ô´¥·£¨¨ (dark
energy) μÎ¥´Ó ³¥¤²¥´´Ò°, ¶μÔÉμ³Ê ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò ¡Ò²¨ ¶·¥¤²μ¦¥´Ò · §-
²¨Î´Ò¥  ²ÓÉ¥·´ É¨¢´Ò¥ É¥μ·¨¨ £· ¢¨É Í¨¨. ‚ ÔÉ¨Ì É¥μ·¨ÖÌ Ë¥´μ³¥´Ò É¥³-
´μ° ³ É¥·¨¨ ¨ É¥³´μ° Ô´¥·£¨¨ μ¡ÑÖ¸´ÖÕÉ¸Ö μÉ²¨Î¨¥³ É¥μ·¨¨ £· ¢¨É Í¨¨
μÉ ±² ¸¸¨Î¥¸±μ° Ô°´ÏÉ¥°´μ¢¸±μ°. �¥±μÉμ·μ¥ ¢·¥³Ö ´ § ¤ ¡Ò²μ ¶·¥¤²μ¦¥´μ
μ¡μ¡Ð¥´¨¥ �’�, ¢ ±μÉμ·μ° ·μ²Ó ² £· ´¦¨ ´  ƒ¨²Ó¡¥·É Ä�°´ÏÉ¥°´  R ¢Ò-
¶μ²´Ö¥É ËÊ´±Í¨Ö f(R) = Rn. ‚ · ³± Ì ÔÉμ° É¥μ·¨¨ ¶·¨ n, ¸ÊÐ¥¸É¢¥´´μ
μÉ²¨Î´μ³ μÉ 1, μ± §Ò¢ ¥É¸Ö, ¢μ§³μ¦´μ μ¡ÑÖ¸´¨ÉÓ Ì · ±É¥· ±·¨¢ÒÌ ¢· Ð¥´¨Ö
¸¶¨· ²Ó´ÒÌ £ ² ±É¨± ¨ Ê¸±μ·ÖÕÐ¥¥¸Ö · ¸Ï¨·¥´¨¥ ‚¸¥²¥´´μ°, μ¤´ ±μ ¶μ ¤ ´-
´Ò³ ¤¢¨¦¥´¨Ö ¶² ´¥É ¢ ‘μ²´¥Î´μ° ¸¨¸É¥³¥ [33] ¨ ¤ ´´Ò³ ¤¢¨¦¥´¨Ö §¢¥§¤Ò
¢ μ±·¥¸É´μ¸É¨ ƒ ² ±É¨Î¥¸±μ£μ –¥´É·  [34] ¸²¥¤Ê¥É § ±²ÕÎ¨ÉÓ, ÎÉμ n ≈ 1 (É -
±¨³ μ¡· §μ³, É ± Ö É¥μ·¨Ö £· ¢¨É Í¨¨ ¤μ²¦´  ¡ÒÉÓ ¢¥¸Ó³  ¡²¨§±  ± �’�).
�´ ²¨§ ¸¢μ°¸É¢ É· ¥±Éμ·¨¨ ¤¢¨¦¥´¨Ö §¢¥§¤Ò S2 ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ μ£· ´¨-
Î¥´¨Ö ´  ¶ · ³¥É·Ò  ²ÓÉ¥·´ É¨¢´ÒÌ É¥μ·¨° £· ¢¨É Í¨¨, É ±¨Ì ± ± É¥μ·¨Ö
Rn-£· ¢¨É Í¨¨ ¨²¨ ¶μÉ¥´Í¨ ² 
± ¢Ò, ¶μ¸±μ²Ó±Ê ³´μ£¨¥ ¢ ·¨ ´ÉÒ  ²ÓÉ¥·-
´ É¨¢´ÒÌ É¥μ·¨° £· ¢¨É Í¨¨ ¨³¥ÕÉ ¶μÉ¥´Í¨ ² 
± ¢Ò ¢ ± Î¥¸É¢¥ ¶·¥¤¥²  ¢
¸²ÊÎ ¥ ¸² ¡μ£μ £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö. ‚ · ¡μÉ¥ [35] ´ ³¨ ¶μ²ÊÎ¥´Ò μ£· -
´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  
± ¢Ò, ¨¸Ìμ¤Ö ¨§ ¤ ´´ÒÌ ´ ¡²Õ¤¥´¨°
É· ¥±Éμ·¨¨ ¤¢¨¦¥´¨Ö §¢¥§¤Ò S2. ’ ±¨³ μ¡· §μ³, Î¥·´ Ö ¤Ò·  Ö¢²Ö¥É¸Ö ¶·¨-
·μ¤´μ° ² ¡μ· Éμ·¨¥° ¤²Ö ¶·μ¢¥·±¨ �’� ¨ ¤·Ê£¨Ì É¥μ·¨° £· ¢¨É Í¨¨ ¢ ¸¨²Ó-
´ÒÌ £· ¢¨É Í¨μ´´ÒÌ ¶μ²ÖÌ. Š ± ¶μ± § ´μ ¢ ´ Ï¨Ì · ¡μÉ Ì, ¶ · ³¥É·Ò ÔÉ¨Ì
É¥μ·¨° ³μ£ÊÉ ¡ÒÉÓ ÔËË¥±É¨¢´μ μ£· ´¨Î¥´Ò ´ ¡²Õ¤¥´¨Ö³¨ ƒ ² ±É¨Î¥¸±μ£μ
–¥´É· . ŒÒ · ¸¸³μÉ·¥²¨ ´¥±μÉμ·Ò¥  ²ÓÉ¥·´ É¨¢´Ò¥ É¥μ·¨¨ £· ¢¨É Í¨¨, £¤¥
¨Ì ¶ · ³¥É·Ò μ£· ´¨Î¥´Ò ¸ ¶μ³μÐÓÕ É ±¨Ì ´ ¡²Õ¤¥´¨°, ¢ Î ¸É´μ¸É¨ É¥μ·¨Õ
³ ¸¸¨¢´μ° £· ¢¨É Í¨¨ (£¤¥ £· ¢¨Éμ´ ¨³¥¥É ´¥´Ê²¥¢ÊÕ ³ ¸¸Ê). �ÉμÉ ¢ ·¨ ´É
 ²ÓÉ¥·´ É¨¢´μ° É¥μ·¨¨ μ¡Ê¸²μ¢²¥´ É¥³, ÎÉμ, ¸ μ¤´μ° ¸Éμ·μ´Ò, ´ ¡²Õ¤ ¥É¸Ö
§´ Î¨É¥²Ó´ Ö  ±É¨¢´μ¸ÉÓ ¢ ÔÉμ° μ¡² ¸É¨ ¨ ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò É¥μ·¥É¨±¨ ¶·μ-
¤¥³μ´¸É·¨·μ¢ ²¨ ¢μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö É ±μ° É¥μ·¨¨ ¡¥§ ¤ÊÌμ¢, ¸ ¤·Ê£μ°
¸Éμ·μ´Ò, ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ±μ²² ¡μ· Í¨Ö LIGOÄVirgo ¢ · ¡μÉ¥ [1], ¢ ±μÉμ-
·μ° μ¡¸Ê¦¤ ²μ¸Ó μÉ±·ÒÉ¨¥ £· ¢¨É Í¨μ´´ÒÌ ¢μ²´ μÉ ¸²¨¢ ÕÐ¨Ì¸Ö ¤¢ÊÌ Î¥·-
´ÒÌ ¤Ò·, ¶·¥¤¸É ¢¨²  ¢¥·Ì´¨° ¶·¥¤¥² ³ ¸¸Ò £· ¢¨Éμ´ : mg < 1,2 · 10−22 Ô‚
(μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ê £· ¢¨Éμ´  μ¡¸Ê¦¤ ²¨¸Ó ¨ ¢ ·Ö¤¥ ¶μ¸²¥¤ÊÕÐ¨Ì · -
¡μÉ ÔÉμ° ±μ²² ¡μ· Í¨¨, ¢ Î ¸É´μ¸É¨, ¢ ·¥§Ê²ÓÉ É¥ μ¡· ¡μÉ±¨ ¤ ´´ÒÌ ¸μ¡ÒÉ¨Ö
GW170104 ±μ²² ¡μ· Í¨Ö LIGOÄVirgo ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ¨²  μÍ¥´±Ê ³ ¸¸Ò
£· ¢¨Éμ´ : mg < 7,7·10−23 Ô‚ [36]). ’ ±¨³ μ¡· §μ³,  ¢Éμ·Ò ¶·¨Ï²¨ ± ¢Ò¢μ¤Ê,
ÎÉμ ¤ ´´Ò¥ ¨Ì ´ ¡²Õ¤¥´¨° ´¥ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ §´ Î¨É¥²Ó´μ³ μÉ±²μ´¥´¨¨ μÉ
±² ¸¸¨Î¥¸±μ° �’�. ‚ · ¡μÉ¥ [37] ³Ò ¶μ± § ²¨, ÎÉμ ´  μ¸´μ¢¥ ¤ ´´ÒÌ ´ ¡²Õ-
¤¥´¨° É· ¥±Éμ·¨¨ §¢¥§¤Ò S2 ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê ³ ¸¸Ò £· ¢¨Éμ´ , É ±ÊÕ
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± ± mg < 2,9 · 10−21 Ô‚. �¥¤ ¢´μ £·Ê¶¶   ³¥·¨± ´¸±¨Ì  ¸É·μ´μ³μ¢, ¨¸¶μ²Ó-
§ÊÖ ¶·¥¤²μ¦¥´´Ò° ¢ ´ Ï¥° · ¡μÉ¥ ¶μ¤Ìμ¤ ¨ ¤ ´´Ò¥ ¸μ¡¸É¢¥´´ÒÌ ´ ¡²Õ¤¥´¨°
§¢¥§¤Ò S2 ´  É¥²¥¸±μ¶ Ì Keck, Ê²ÊÎÏ¨²¨ ´ ÏÊ μÍ¥´±Ê ¨ ¶μ²ÊÎ¨²¨ ¢¥·Ì´ÕÕ
μÍ¥´±Ê ³ ¸¸Ò £· ¢¨Éμ´  mg < 1,6 · 10−21 Ô‚ [38]. ’¥³ ¸ ³Ò³ ¶μ± § ´μ, ÎÉμ
 ´ ²¨§ É· ¥±Éμ·¨° Ö·±¨Ì §¢¥§¤ ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ³ ¸¸Ê £· ¢¨Éμ´  ¸ ¸μ¶μ¸É -
¢¨³μ° ÉμÎ´μ¸ÉÓÕ ¶μ ¸· ¢´¥´¨Õ ¸ ¶μ¤Ìμ¤μ³, ¨¸¶μ²Ó§Ê¥³Ò³ ¢ £· ¢¨É Í¨μ´´μ-
¢μ²´μ¢ÒÌ ´ ¡²Õ¤¥´¨ÖÌ, ¨ μÍ¥´±¨, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ ÔÉ¨Ì ¤¢ÊÌ ¶μ¤Ìμ-
¤μ¢, ´¥¶·μÉ¨¢μ·¥Î¨¢Ò. �μÔÉμ³Ê É ±μ°  ´ ²¨§ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ´ ¡²Õ-
¤¥´¨Ö Ö·±¨Ì §¢¥§¤ ¢¡²¨§¨ Í¥´É·  ƒ ² ±É¨±¨ ± ± ¢¥¸Ó³  ¶μ²¥§´Ò° ³¥Éμ¤ ¤²Ö
¶μ²ÊÎ¥´¨Ö μ£· ´¨Î¥´¨° ´  ËÊ´¤ ³¥´É ²Ó´Ò° § ±μ´ £· ¢¨É Í¨¨. ‚ · ¡μÉ¥ [2]
³Ò ¶μ± § ²¨, ÎÉμ ¢ ¡Ê¤ÊÐ¥³ μÍ¥´±¨ ³ ¸¸Ò £· ¢¨Éμ´ , ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ
 ´ ²¨§  ¸¢μ°¸É¢ É· ¥±Éμ·¨° Ö·±¨Ì §¢¥§¤, ¡Ê¤ÊÉ ²ÊÎÏ¥, Î¥³ É¥±ÊÐ¨¥ μÍ¥´±¨
±μ²² ¡μ· Í¨¨ LIGOÄVirgo. ‚ ´¥¤ ¢´¥° ¸É ÉÓ¥ ±μ²² ¡μ· Í¨¨ GRAVITY [39]
μ¡¸Ê¦¤ ÕÉ¸Ö ¶·¥¤²μ¦¥´´Ò¥ ´ ³¨ ¶μ¤Ìμ¤Ò ¤²Ö μÍ¥´±¨ ¶ · ³¥É·μ¢  ²ÓÉ¥·´ -
É¨¢´ÒÌ É¥μ·¨° £· ¢¨É Í¨¨ ¸ ¶μ³μÐÓÕ ´ ¡²Õ¤¥´¨° Ö·±¨Ì §¢¥§¤ ¢ μ±·¥¸É´μ¸É¨
ƒ ² ±É¨Î¥¸±μ£μ –¥´É· . ‚ · ¡μÉ¥ [3] ¶μ²ÊÎ¥´Ò ¸É·μ£¨¥ μ£· ´¨Î¥´¨Ö ´  §´ -
Î¥´¨¥ ¶·¨²¨¢´μ£μ § ·Ö¤  ¢ ³¥É·¨±¥ �¥°¸´¥· Ä�μ·¤¸É·¥³ , μ¸´μ¢ ´´Ò¥ ´ 
¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ ´ ¡²Õ¤¥´¨° É· ¥±Éμ·¨¨ §¢¥§¤Ò S2,   É ±¦¥ ¶·¨¢¥¤¥´Ò
¶¥·¸¶¥±É¨¢Ò Ê²ÊÎÏ¥´¨Ö μÍ¥´μ± ¶·¨²¨¢´μ£μ § ·Ö¤  (É¥³ ¸ ³Ò³ μ£· ´¨Î¥´¨Ö
´  ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤μ¶μ²´¨É¥²Ó´μ£μ ¶·μ¸É· ´¸É¢¥´´μ£μ ¨§³¥·¥´¨Ö ¢ ³μ¤¥²¨
�Ô´¤ ²²Ä‘Ê´¤·Ê³ ) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤ ´´ÒÌ ´ ¡²Õ¤¥´¨° É¥²¥¸±μ¶μ¢ Keck,
¨´É¥·Ë¥·μ³¥É·  GRAVITY, ¨¸¶μ²Ó§ÊÕÐ¥£μ É¥²¥¸±μ¶Ò VLT,   É ±¦¥ £¨£ ´É-
¸±¨Ì É¥²¥¸±μ¶μ¢ ¸²¥¤ÊÕÐ¥£μ ¶μ±μ²¥´¨Ö, É ±¨Ì ± ± …¢·μ¶¥°¸±¨° ¶·¥¤¥²Ó´μ
¡μ²ÓÏμ° É¥²¥¸±μ¶ (E-ELT) c ¤¨ ³¥É·μ³ §¥·± ²  39 ³ (±μÉμ·Ò° ¸μμ·Ê¦ ¥É¸Ö
¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ —¨²¨) ¨  ³¥·¨± ´μ-±¨É °¸±μ-Ö¶μ´¸±¨° É¥²¥¸±μ¶ TMT c
¤¨ ³¥É·μ³ §¥·± ²  30 ³, ±μÉμ·Ò° ¡Ê¤¥É ¶μ¸É·μ¥´ ´  ƒ ¢ °ÖÌ. ‚ · ¡μÉ¥ [4]
¶μ± § ´μ, ÎÉμ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ μÍ¥´μ± · §³¥·  É¥´¥° ¢μ±·Ê£ ¸¢¥·Ì³ ¸¸¨¢´μ°
Î¥·´μ° ¤Ò·Ò ¢ ƒ ² ±É¨Î¥¸±μ³ –¥´É·¥ (¨/¨²¨ ¢ Í¥´É·¥ £ ² ±É¨±¨ Œ87) ³μ¦´μ
¶μ²ÊÎ¨ÉÓ μ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò · §²¨Î´ÒÌ  ²ÓÉ¥·´ É¨¢´ÒÌ É¥μ·¨° £· -
¢¨É Í¨¨.

‡�Š‹�—…�ˆ…

ˆ§¢¥¸É´μ, ÎÉμ ¢ ¦´¥°Ï¥° Î ¸É¨Í¥° ¢ É¥μ·¨¨ £· ¢¨É Í¨¨ Ö¢²Ö¥É¸Ö £· -
¢¨Éμ´ ¨ ¢ �’� μ´ ¡¥§³ ¸¸μ¢Ò°. ‚ ¶μ¸²¥¤´¥¥ ¢·¥³Ö μ¡¸Ê¦¤ ÕÉ¸Ö É¥μ·¨¨
£· ¢¨É Í¨¨, ¢ ±μÉμ·ÒÌ £· ¢¨Éμ´ ³μ¦¥É ¡ÒÉÓ ³ ¸¸¨¢´Ò³, ¨ · ¸¸³ É·¨¢ ÕÉ¸Ö
· §²¨Î´Ò¥ ¸¶μ¸μ¡Ò μÍ¥´±¨ ¥£μ ³ ¸¸Ò. ’ ±, ¢ ¶¥·¢μ° ¶Ê¡²¨± Í¨¨ ³¥¦¤Ê´ -
·μ¤´μ° ±μ²² ¡μ· Í¨¨ LIGOÄVirgo £μ¢μ·¨²μ¸Ó μ¡ μÉ±·ÒÉ¨¨ £· ¢¨É Í¨μ´´ÒÌ
¢μ²´ (§  ÎÉμ ¢¥¤ÊÐ¨¥ ÊÎ¥´Ò¥ ÔÉμ° ±μ²² ¡μ· Í¨¨ ¶μ²ÊÎ¨²¨ �μ¡¥²¥¢¸±ÊÕ ¶·¥-
³¨Õ ¶μ Ë¨§¨±¥ ¢ 2017 £.),   É ±¦¥ ¸μμ¡Ð ²μ¸Ó μ ¶μ²ÊÎ¥´¨¨ μ£· ´¨Î¥´¨Ö
´  ³ ¸¸Ê £· ¢¨Éμ´  ´  Ê·μ¢´¥ 1,2 · 10−22 Ô‚. ‚ · ¡μÉ¥ [37] ¶μ± § ´μ, ÎÉμ
¤ ´´Ò¥ ´ ¡²Õ¤¥´¨° ¤¢¨¦¥´¨Ö Ö·±μ° §¢¥§¤Ò S2 ¢ μ±·¥¸É´μ¸É¨ ƒ ² ±É¨Î¥¸±μ£μ
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–¥´É·  ±·Ê¶´¥°Ï¨³¨ É¥²¥¸±μ¶ ³¨ Keck ¨ VLT (GRAVITY) ¶μ§¢μ²ÖÕÉ ¸
¸μ¶μ¸É ¢¨³μ° ÉμÎ´μ¸ÉÓÕ μ£· ´¨Î¨ÉÓ ³ ¸¸Ê £· ¢¨Éμ´ ,   ¨³¥´´μ ´  Ê·μ¢´¥
2,9 · 10−21 Ô‚. ‚ · ¡μÉ¥ [2] ¶μ± § ´μ, ÎÉμ ¤ ²Ó´¥°Ï¨¥ ÉμÎ´Ò¥ ´ ¡²Õ¤¥´¨Ö
É· ¥±Éμ·¨° ¤¢¨¦¥´¨Ö Ö·±¨Ì §¢¥§¤ ¶μ§¢μ²ÖÉ Ê²ÊÎÏ¨ÉÓ É¥±ÊÐÊÕ μÍ¥´±Ê ³ ¸¸Ò
£· ¢¨Éμ´ , ¶μ²ÊÎ¥´´ÊÕ ´  μ¸´μ¢¥  ´ ²¨§  £· ¢¨É Í¨μ´´μ-¢μ²´μ¢μ£μ ¸¨£´ ² 
±μ²² ¡μ· Í¨¨ LIGOÄVirgo. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ÔÉ¨ ¶·¥¤¸± § ´¨Ö ¶μ¤É¢¥·-
¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ É ³¨ ´ ¡²Õ¤¥´¨° £·Ê¶¶Ò GRAVITY, · ¡μÉ ÕÐ¥° ´  ±·Ê¶-
´¥°Ï¨Ì ¥¢·μ¶¥°¸±¨Ì É¥²¥¸±μ¶ Ì ¢ —¨²¨, ¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ´ Ï¨ ¶μ¤Ìμ¤Ò ¤²Ö
μÍ¥´±¨ ¶ · ³¥É·μ¢  ²ÓÉ¥·´ É¨¢´ÒÌ É¥μ·¨° £· ¢¨É Í¨¨ ¶·¨ μ¡· ¡μÉ±¥ ¤ ´´ÒÌ
¶μ¸²¥¤´¨Ì ´ ¡²Õ¤¥´¨° ¤¢¨¦¥´¨Ö Ö·±¨Ì §¢¥§¤ £·Ê¶¶ ³¨ Keck ¨ VLT (GRAV-
ITY). ‚ 2019 £. μÍ¥´±¨ ³ ¸¸Ò £· ¢¨Éμ´  [37] ´ ·Ö¤Ê ¸ μÍ¥´± ³¨ ±μ²² ¡μ· Í¨¨
LIGOÄVirgo ¢±²ÕÎ¥´Ò ¢ · §¤¥² (¢ ±μÉμ·μ³ ¶·¨¢μ¤ÖÉ¸Ö μÍ¥´±¨ ³ ¸¸Ò £· ¢¨-
Éμ´ ) ¥¦¥£μ¤´μ£μ μ¡§μ·  ¶μ Ë¨§¨±¥ Î ¸É¨Í, ¶μ¤£μÉμ¢²¥´´μ£μ Particle Data
Group [40].

�² £μ¤ ·´μ¸É¨. �¢Éμ· ¶·¨´μ¸¨É ¡² £μ¤ ·´μ¸ÉÓ μ·£ ´¨§ Í¨μ´´μ³Ê ±μ³¨-
É¥ÉÊ ±μ´Ë¥·¥´Í¨¨, ¶μ¸¢ÖÐ¥´´μ° 110-²¥É¨Õ �.�. 	μ£μ²Õ¡μ¢ , §  ¶·¨£² Ï¥-
´¨¥ ¶·¨´ÖÉÓ ¢ ´¥° ÊÎ ¸É¨¥.
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