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About citations
L. B. Okun said to young colleagues: “You have to prove that your studies are 
known in the world. Let me  know a number of citations at your papers”.

A few year ago at ITEP seminar, a ITEP researcher informed people that  a 
Nobel prize winner quoted his paper (and it was like a small sensation that 
Nobel prize winners knew papers from researchers of our Institute), and I 
decided to take a look how many Nobel prize winners quoted our paper and 
recognized that V. L. Ginzburg, S. Weinberg, G. Smoot, A. Ghez and her co-
authors, R. Genzel and his co-authors. In particular, V. L. Ginzburg quoted my 
book and our paper  on gravitational microlensing  in his last reviews on the 
most interesting problems of physics and astrophysics.

 I counted more than 30 citations on our papers from A. Ghez and R. Genzel 
groups in their papers on trajectories of bright stars near the GC. 





References at Russian authors

Dexter J, Tchekhovskoy A (2020)

Babak S… (2017)

Shakura NI, Sunyaev RA (1973)

Jovanovic P,  Jovanovic Borka V., Borka D., 
Zakharov A. (2024)

Zakharov A. et al.  (2007)

 









Black hole types

• Black holes with stellar masses 10  -- 102 MSun   
         

• Massive black holes   102  -- 105 MSun 

• Supermassive black holes 105 – 1010  Msun   

    

    





Great success of relativistic 
astrophysics

    

    Three Nobel prizes in last  years (2017, 2019, 2020)

LIGO-Virgo: BBHs, BNS (kilonova) GW 170817;

GRAVITY, Keck and new tests of GR (gravitational 
redshift for S2 near its periapsis passage) 

The confirmation of relativistic precession for S2 
(GRAVITY)

Shadow reconstructions in M87* and Sgr A*

Young BHs discovered with JWST









Massive graviton theories
•  M. Fierz and W.Pauli-1939   
•   Zakharov; Veltman, van Dam – 1970
•  Vainshtein  - 1972 
• Boulware, Deser -- 1972
• Logunov, Mestvirishvili, Gershtein et al. 

(RTG)
• Visser – 1998 (review on such theories)
• Rubakov,  Tinyakov – 2008
• de Rham et al.—2011 -- 2016





Constraints on graviton mass from S2 
trajectory

•  AFZ,  D. Borka, P. Jovanovic, V. Borka Jovanovic gr-
qc:  1605.00913v;    JCAP (2016) :

• λg > 2900 AU = 4.3 x 1011 km with P=0.9  or

• mg < 2.9 x 10-21  eV =5.17 x 10-54 g

• Hees et al. PRL (2017) slightly improved our 
estimates with their new data mg < 1.6 x 10-21  eV  
(see discussion below)







In a recent paper GRAVITY 
collaboration quoted 8 our papers









Shadow reconstructions for M87* 
and Sgr A* are based on three 
pillars: Synchrotron radiation,  

VLBI concept, GR in a strong 
gravitational field 



I. Pomeranchuk, The maximum energy that primary cosmic ray electrons can have on the Earth's surface due to 
radiation in the Earth's magnetic field, J. Phys.  USSR,  2, 356 (1940)

 D. Ivanenko and I. Pomeranchuk, On the Maximal Energy Attainable in a Betatron, Phys. Rev. 65, 343 (1944)

 L.A. Artsimovich and I. Pomeranchuk, The maximum energy that primary cosmic ray electrons can have on the Earth's 
surface due to radiation in the Earth's magnetic field, J. Phys.  USSR,  2,  267 (1945)

 

Elder, F. R., Gurewitsch, A. M., Langmuir, R. V., & Pollock, H. C. Radiation from Electrons in a Synchrotron. Physical 
Review, 71(11), 829 (1947)

   In 1950 D. Ivanenko, A. A. Sokolov and I. Pomeranchuk were awarded the State prize of the second grade for works on 
synchrotron radiation, presented in book “Classical Field Theory”  

 



Synchrotron radiation plays a key role in many astrophysical 
objects (including BH’s and pulsars (Crab Nebula)) . In 1946 they 
predicted emission in radio band from solar corona. In May 1947 

they participated in Brazil expedition  



The Soviet expedition in Brazil for solar eclipse observations in 
20 May 1947 where S. E. Khaikin and B. M. Chikhachev 

discovered radio   emission from solar corona during the solar 
eclipse aboard the “Griboedov” ship



The idea of VLBI observation was introduced by L.  I. 
Matveenko (1929—2019) in 1960s and it was realized in Soviet – 
US joint radio observations  in 1970s. Matveenko proposed also a 
project of a ground – space interferometer. This idea was realized 
later by Japanese (HALCA, VSOP, 1997) and Russian 
Astronomers (Radioastron, 2011) . 



EHT shadow reconstruction for M87* 
and Sgr A* observed in April 2017



For about 20 years we declared black 
holes (for theorists)  are dark spots 

(shadows) for observers and reported 
these ideas in many institutes located in 
different countries (Russia, Serbia, China, 

Bulgaria, Switzerland, Italy, Greece, 
Germany, USA, UK, India, Pakistan,  

Australia, Spain, France). These ideas 
were also reported at EHT meetings.



When our predictions concerning GC shadow were 
confirmed a majority of colleagues forgot them and did 
not mention them. Similarly, when I noted in a comment 
that an opportunity for GC shadow using Millimetron 
space – ground observations  was firstly discussed in our 
paper (2005),  three (!!!)  anonymous referees did not 
disprove a correctness of my statement but they reacted 
in a negative way and they simultaneously wrote that it 
was not modest and ethic to request an additional 
citation.







At the initial stage of development of GR and quantum mechanics 
gedanken(thought) experiments were very popular in a discussion of specific 
features of new theories. To discuss observations signatured of black holes J. 
M. Bardeen considered features of an existence of bright screen which  is 
located behind a Kerr black hole in the case of an observer is located in the 
equatorial plane. In these considerations it was assumed that photons emitted 
by a luminous screen do not interact  with a matter around a black hole. 

Clearly, this gedanken experiment looked rather 
artificial since first, there are no luminous screens 
behind astrophysical black holes, second, masses of 
black holes were estimated not precisely and a majority 
of astrophysical black holes were black holes with 
stellar masses but even now shadows around these black 
holes are too small to be detected, third, it was not clear 
how to detect a darkness or to distinguish it from a 
faintness.







Our proposal
In 2004-2005 we proposed a way to test GR predictions with 

Radioastron:

Since angular resolution of Radioastron  at 1.3 cm is around 8 uas 
and the size of darkness (shadow) could help us to evaluate a 
charge, while shape could help us to evaluate a spin (good!)

The shortest wavelength is 1.3 cm (it is too long to detect 
shadow)  (not good for Radioastron!)

So, we propose to test GR predictions about shape and size of BH 
images with observations.  Astronomy is dealing with images. 
Therefore, establishing the correspondence of theoretical 
image and reconstructed image using observational data is an 
aim for further observations.



AFZ et al., NA (2005): “In our old paper https://ui.adsabs.harvard.edu/.../2005New
A...10.../abstract

we wrote at the end "In spite of the difficulties of measuring the shapes of images 
near black holes is so attractive challenge to look at the ‘‘faces’’ of black holes 
because namely the mirages outline the ‘‘faces’’ and

correspond to fully general relativistic description of a region near black hole 
horizon without any assumption about a specific model for astrophysical processes 
around black holes (of course we assume that there are sources illuminating black 
hole surroundings). No doubt that the rapid growth of observational facilities will 
give a chance to measure the mirage shapes using not only RADIOASTRON 
facilities but  using also other instruments and spectral bands (for example, X-ray 
interferometer MAXIM (White, 2000; Cash et al., 2000) or sub-mm VLBI array 
(Miyoshi, 2004)). Astro Space Centre of Lebedev Physics Institute proposed 
except the RADIOASTRON mission and developed also space based 
interferometers (Millimetron and Sub-millimetron) for future observations in mm 
and sub-mm bands. These instruments could be used for the determination of 
shadow shapes.“

Therefore, the shadows may be reconstructed from ground or space -- ground 
VLBI observations in mm or sub-mm bands. EHT results confirmed these 
predictions.

https://ui.adsabs.harvard.edu/.../2005NewA...10.../abstract
https://ui.adsabs.harvard.edu/.../2005NewA...10.../abstract


Measuring the black hole parameters in the 
Galactic Center with Radioastron

• Let us consider an illumination of black holes. 
Then retro-photons  form caustics around 
black holes or mirages around black holes or 
boundaries around shadows.

• (Zakharov, Nucita, DePaolis, Ingrosso,

• New Astronomy 10 (2005) 479; 
astro-ph/0411511)



















James Maxwell Bardeen passed away on June 20, 2022 
(Shadows +Kerr BHs as engines for quasars)



John Bardeen  (1908 -1991), the father of J. M. 
Bardeen. E. Wigner was  J. Bardeen’ supervisor











Figure 2. The Event Horizon Telescope is a global array of millimeter telescopes (see http://eventhorizontelescope.org/array) that aims to take the first pictures of black holes. (Courtesy of Dan Marrone/University of Arizona.)
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EHT team: “Similarly, for the EHT, the data we take only tells us only a piece of the story, as there 
are an infinite number of possible images that are perfectly consistent with the data we measure. 

But not all images are created equal— some look more like what we think of as images than 
others. To chose the best image, we essentially take all of the infinite images that explain our 
telescope measurements, and rank them by how reasonable they look.  We then choose the 

image (or set of images) that looks most reasonable. “









Zakharov, Universe, 2022; arxiv:2108.01533; charge constraint 
on M87* (for Sgr A* D=51.8±2.3 uas, 12.05.2022). For M87 

D=D_Sch (1±0.17)



Sgr A* shadow discovery by EHT 
(reported on May 12, 2022) 

Press Conferences around the world (Video 
Recordings): 

Garching, Germany - European Southern Observatory 
Madrid, Spain - Consejo Superior de Investigaciones Científicas 
México D.F., Mexico - Consejo Nacional de Ciencia y Tecnologí
a  

Rome, Italy - Istituto Nazionale di Astrofisica 
Santiago de Chile - ALMA Observatory 

Washington D.C., USA - National Science Foundation 
Tokyo, Japan - National Astronomical Observatory of Japan 

https://youtu.be/rIQLA6lo6R0
https://youtu.be/plXqkkmcr8s
https://youtu.be/-1m7NbkQpDk
https://youtu.be/-1m7NbkQpDk
https://youtu.be/FzjXpW0uqsw
https://youtu.be/1X3SdYfmmv4
https://youtu.be/4Ws0iPDSqI4
https://youtu.be/ZvvxaSHrGdo


For Sgr A* D=51.8±2.3 uas, (EHT 
collaboration, 12.05.2022)



A. F. Zakharov, Physics of Particle and Nuclei Lett. (2023) 



Circular photon orbits = Shadow existence

















Are we sure that there is SMBH in GC? 

If we select the best model from the finite number of 
opportunities SMBH may be chosen as the best option, 
however, it is very hard to prove that alternative models are 
excluded.   Usually, in physics, there is no theorem on the 
uniqueness of the model for the observed phenomena.   



Physics and Astronomy 

In contrast to experimental physics we cannot control all 
parameters in astronomical system. In astronomy we have an 
opportunity only to observe, therefore we have to point out 
what, where and when to observe in the sky.

Example. All astrophysical BHs are surrounded with bulk 
distribution of matter (dust, gas, DM and stellar clusters near 
SMBH). If uncertainties in shadow reconstruction due bulk 
matter distribution are around 10^{-6} there is no reason to 
consider shadow deviation at a level 10^{-7}.      







Comparison of these figures Alexeyev et. al (2024) [a=0, a=0.3, 
a=0.5, 0.9, 0.98] and Zakharov et al. (2005) [a=0, a=0.5, a=1.]



Concerns on Alexeyev et al. paper (2024) 

1. The conventional model for SMBH is describing by Kerr metric 
(even  electric charge is usually considered as negligible). No hair 
theorem for  BHs. There are no observational arguments to violate no 
hair theorem conditions.

2. “Quantum” black holes approach is applicable for microscopic 
objects  while shadows could observable only for SMBHs. Therefore, 
such  objects look like centaurs which do not exist in nature. The 
authors increased “quantum” parameters in 1044 times but they ignored 
natural astronomical factors such as bulk distribution of matter. 
Therefore, the authors from observable phenomena came back to 
thought experiments. «One step forward, two steps back».



3. The authors discussed an invariance of shadow size in the rotation axis 
direction for Kerr metric and an equatorial observer (this property was proven 
in Zakharov et al. (NA, 2005)). The property was discussed for “quantum” 
rotational black holes without a proof.

4. For K-N BHs  circular photon orbits determine shadows but for 
generalizations of K-N these metrics these two categories are not equivalent. 
There are examples of  circular photon orbits without shadows and shadows 
without black holes. The authors did not prove that they really deal with 
shadows (not with circular photon orbits).

5. The authors did not mention that GC shadow was reconstructed by EHT as 
it was predicted by Zakharov et al. (NA, 2005)  in spite of the fact that 
predictions are realized extremely rarely (usually after observing a 
phenomenon, its interpretations appear).













[Anna Abalkina]... She was shocked to find that a PhD student had 
plagiarized two of her papers, copying large parts of the works. When 
she complained, the journal issued only a correction, saying that the 
author forgot to reference her work. (The student later gave up their 
degree after Abalkina applied pressure to their university.)



DM or SMBH in our GC?

MGM 16 (July 10, 2021): Saturday round table
https://www.youtube.com/watch?v=pxoq-H4cXqE

Subject: Nature of Galactic Center
Two alternatives: SMBH vs RAR model for DM
Two opponents: R. Genzel  vs  C. Arguelles
Genzel: «Any theoretical model must 

Schwarzschild precession for S2 orbit»

https://www.youtube.com/watch?v=pxoq-H4cXqE


An alternative potential for elliptical trajectories























Bertrand’s theorem

   There are only two central potentials where all 
bounded orbits are closed and elliptical (L&L, 
Mechanics; Arnold, 1989)

    UOH (r) = a r2 (a>0) (harmonic oscillator  
potential)

    and
     UN(r) = - k/r  (Newtonian potential) 







The smallest angle between apocenter and 
pericenter 

ΦHO=π/2 
ΦN=π
      If astronomers monitor  quasi-elliptical trajectories of stars with high 

eccentricities it is very easy to distinguish   UHO (r)  and UN(r) 
potentials since in the case of the RAR potential stars centers of ellipses should 
coincide with the Galactic Center while in the case of the Newtonian potential 
stars foci of the ellipses coincide with the Center. 
Orbital periods of stars moving in the harmonic oscillator potential are constant 
and they do not depend on semi-major axis. Even in the case if the Galactic 
Center position is not accurately known in respect to quasi-elliptical 
trajectories, a set of trajectories with high eccentricity clearly showed that the 
Newtonian potential is preferable and stars are moving around a common focus 
but not around a common center (Zakharov, arXiv:2108.09709, MNRAS 
Letters, 2022)

 

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210809709Z/arxiv:2108.09709




Trajectories of test bodies in the harmonic 
oscillator potential 









The Event Horizon Telescope 
Picture





Circular photon orbits and shadows

Canonical (Kerr – Newman) BHs: Existence of 
photon rings means  Shadow Existence.   

NS: It is possible an existence of photon rings  
without an existence of shadows.

For BH mimickers, “generalizations” of BHs and 
compact objects without event horizons 
relations between circular photon rings and 
shadows must be carefully analysed.



BHs, Naked Singularities (NSs), WHs

Canonical (Kerr – Newman) BHs: Existence of 
photon rings means  Shadow Existence.   

NS: It is possible an existence of photon rings  
without an existence of shadows.

WHs: For photons emitted only from Universe 1 
shadows could exist, while if they are emitted 
from Universe 2 shadows are disappeared.



Conclusion

As we predicted the shadow concept has been 
transformed from a purely theoretical  category  into 
an observable quantity which may be reconstructed 
from astronomical observations.   

Therefore, VLBI observations and image 
reconstructions for M87* and Sgr A* are in a 
remarkable agreement with an existence of 
supermassive black holes in centers of these galaxies.



Thanks for your kind attention!  









 1.  Fig.  From Alexeyev et al. (2024) with a proper attribution  
was presented in talk by Alexeyev in conference

https://indico.jinr.ru/event/4174/

and in talks by Zenin at conference

https://indico.quarks.ru/event/2024/timetable/#all.detailed
and

.

https://indico.jinr.ru/event/4174/
https://indico.quarks.ru/event/2024/timetable/#all.detailed
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