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Outline of my talk

• Introduction 

• Compact stars (White Dwarfs, Neutron Stars are 
the first astronomical applications of quantum 
mechanics)

• Early development of GR and cosmology 
(Friedmann, Lemaitre, Gamow)

• Shadow from a theoretical concept to GR test

• Conclusions
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Steven Weinberg: “I am a physicist, not a historian, but 
over the years I have become increasingly fascinated by 
the history of science. It is an extraordinary story, one of 
the most interesting in human history.  Today’s research 
can be aided and illuminated by a knowledge of its past, 
and for some scientists knowledge of the history of 
science helps to motivate resent work.”



The founders of GR studies in Russia 







In 1940s G. Gamow proposed the hot Universe model, 
calculated primary nucleosynthesis and predicted an 

existence of CMB radiation. Gamow  was the youngest 
corresponding member of Soviet Academy of Sciences 
(from 1932 to 1938, restored posthumously in 1990).





Shmaonov described how, in the middle of the 1950s, he had been doing 
postgraduate research in the group of the well-known Soviet radio 
astronomers S. Khaikin and N. Kaidanovsky: he was measuring radio waves 
coming from space at a wavelength of 3.2 cm. Measurements were done with 
a horn antenna similar to that used many years later by Penzias and Wilson.  
Shmaonov carefully studied possible sources of noise. Of course, his 
instrument could not have been as sensitive as those with which the 
American astronomers worked in the 1960s. Results obtained by Shmaonov
were reported in 1957 in his PhD Thesis and published in a paper (Shmaonov
1957) in the Soviet journal Pribory i Tekhnika Eksperimenta (Instruments

and Experimental Methods)*. The conclusion of the measurements was: “The

absolute effective temperature of radiation background ... appears to be

4 ± 3 K.” Shmaonov emphasized the independence of the intensity of 
radiation on direction and time.” 

*Shmaonov, T., 1957, Method of absolute measurements of the effective 
temperature of radio emission with a low equivalent temperature [Методика 
абсолютных измерений эффективной температуры радиоизлучения с 
низкой эквивалентной температурой], Pribori i Tekhnika Experimenta (in 
Russia), 1, 83





Shmaonov in 1957 in Pulkovo





A typical version for an ignorance of Shmaonov’s 
discovery

No one knew an astronomical sense of his discovery 
in 1950s (including S. E. Khaikin)            

However, we have to keep in mind that dynamical 
models of Universe (Friedmann, Lemaitre, Gamow..) 
were banned due to Soviet Philosophy opinion on 
evolution of the Universe until  June 1963 when this 
ban was lifted.  In June 1963 Soviet Academy of 
Sciences changed  its point of view on allowed models 
for the Universe evolution since it celebrated 75th 

anniversary since  the Friedmann’s birthday.    
Therefore, we celebrate 60 years of Russian physical 
cosmology.



P. L. Kapitsa (1962, 1963) and Ya. B. Zeldovich 
(1963)  played a great role to remove the ban on 

dynamical models for the Universe



Pre-history of Black holes

• J. Michell,  published 1 January 1784, v. 74 (1784) 
Phil. Trans. R. Soc. – dark star concept

• GRG-0, Bern (1955), Pauli, Fock, Alexandrov

• GRG-1 (1957, Chapel Hill, NC, USA), Feynman, 
Bondi, Weber, Wheeler, De Witt, Bergmann --The 
start of GWs race

• GRG-3 (1962, Warsaw, Jablonna, Poland) 

• The First Texas Symposium (1963) – R. Kerr, A. 
Papapetrou, T. Gold



• P. Bergman (GRG1, 1957): “Now to the problems 
that are more concerned with the special 
question, where things having physical or model 
significance are tried out. The most important of 
these questions which must be settled is, are 
there gravitational waves? At the present there is 
no general agreement. The other things to be 
mentioned are interesting but are of less crucial 
significance.”



The authors of theoretical foundations for the models 
of  compact stars (E. Fermi and P. A. M. Dirac) 



The first applications of fermi-statistics for white dwarfs 
(R. H. Fowler (1926) and Ya. I. Frenkel (1928)) 



The first evaluations of mass limit for WDs (1929—
1934): E. Stoner & S. Chandrasekhar (V. A. 

Ambarzumyan’ proposal)



The first evaluations of mass limit for NSs (J. R. 
Oppenheimer & G. Volkoff, 1939)



Neutron and NS’s

J. Chadwick, Possible existence of neutron, Nature, 129(3252), p. 
312 (1932). 

W. Baade and F. Zwicky, Remarks on Supernovae and Cosmic 
Rays, Proc. Nat. Acad. Sc. May (1934) “We have tentatively 
suggest that the supernova represents the transition of an 
ordinary star.”



K. Thorne  about the First Texas Symposium: “ The astronomers and 
astrophysicists had come to Dallas to discuss quasars; they were not at all 
interested in Kerr's esoteric mathematical topic. So, as Kerr got up to 
speak, many slipped out of the lecture hall and into the foyer to argue with 
each other about their favorite theories of quasars. Others, less polite, 
remained seated in the hall and argued in whispers. Many of the rest 
catnapped in a fruitless effort to remedy their sleep deficits from late-night 
science. Only a handful of relativists listened, with rapt attention.
This was more than Achilles Papapetrou, one of the world's leading
relativists, could stand. As Kerr finished Papapetrou demanded the
floor, stood up, and with deep feeling explained the importance of
Kerr's feat. He, Papapetrou, had been trying for thirty years to find
such a solution of Einstein's equation, and had failed, as had many
other relativists. The astronomers and astrophysicists nodded politely,
and then, as the next speaker began to hold forth on a theory of
quasars, they refocused their attention, and the meeting picked up
pace.”



• T. Gold (1963) : “[The mystery of the quasars] allows 
one to suggest that the relativists with their 
sophisticated work are not only magnificent cultural 
ornaments but might actually be useful to science! 
Everyone is pleased: the relativists who feel they are 
being appreciated and are experts in a field they hardly 
knew existed, the astrophysicists for having enlarged 
their domain, their empire, by the annexation of 
another subject general relativity. It is all very 
pleasing, so let us all hope that it is right. What a 
shame it would be if we had to go and dismiss all the 
relativists again.”



Thomas Gold: Pulsars are NSs!



J. A. Wheeler :
In the fall of 1967, Vittorio Canuto, administrative head of NASA’s Goddard

Institute for Space Studies, invited me to a conference to consider possible
interpretations of the exciting new evidence just arriving from England on
pulsars. What were these pulsars? Vibrating white dwarfs? Rotating
neutron stars? What? In my talk, I argued that we should consider the
possibility that at the center of a pulsar is a gravitationally completely
collapsed object. I remarked that one couldn’t keep saying “gravitationally
completely collapsed object” over and over. One needed a shorter
descriptive phrase. “How about black hole?” asked someone in the
audience. (As it turned out, a pulsar is powered by “merely” a neutron star,
not a black hole.) Several years later, Feynman called my language unfit
for polite company when I tried to summarize the remarkable simplicity
of a black hole by saying, “A black hole has no hair.” … The black hole, it
has turned out, shows only three characteristics to the outside world: Its
mass, its electric charge , and its angular momentum, or spin.



• "The extent to which the Chinese records of guest stars remain of living 
interest to current astronomical research may be seen in the field of radio-
astronomy, where during the past few years great additions to knowledge 
have been made. The rapid upsurge of this new and powerful method of 
study of the birth and death of stars....makes urgently necessary the 
reduction of the information contained in the ancient and medieval 
Chinese texts to a form utilizable by modern astronomers in all lands. For 
this purpose, however, collaboration between competent sinologists and 
practical astronomers and radio astronomers is indispensable." 
Joseph Needham, F.R.S. - distinguished historian 
of Chinese Science (1959) in Vol. III. Mathematics and the Sciences of the 
Heavens and Earth

• “The investigation of the remnants of supernovae and their relation to 
historical records, both written and unwritten, will be one of the most 
fascinating tasks awaiting the next generation of astronomers…”
Fritz Zwicky (1965)



Crab nebula (remnant of SN  AD1054) in different bands



J. A. Wheeler: in “Our Universe: the known and unknown”: “Take up the telescope and 
turn it on the Grab Nebula. There was no Crab Nebula a thousand years ago. At that 
time astronomy was at a low level in Europe. Not so in China. There astronomers 
regularly swept the skies and recorded their observations.  In July 1054 they reported a 
new star. It grew in brightness from day to day. In a few days it out shone every star in 
the firmament. Then it sank in brilliance, falling off in intensity from week to week. At 
each date the nova, or supernova as we more appropriately call it, could be compared 
with neighbor stars for brightness.  Out of these comparisons by our Chinese colleagues 
of long ago one has  today constructed a light curve. “



The identification of old Chinese records with Crab Nebula has 
been done by J. J. L. Duyvendak (1942). In 1054-1056 the Crab 

Nebula was observed for 21 months (many Chinese records)



NS’s were discovered as pulsars
A. Hewish, S. J. Bell,  J. D. H. Pilkington, P. F. Scott, R. A. Collins,

Observation of a Rapidly Pulsating Radio Source, Nature,  217, p. 709 (1968). 

NJT (2021): “She Changed Astronomy Forever.  He Won the Nobel Prize For It.”



The Crab nebula was identified with a radio source in 1963 and 
as a X-ray source in 1964 and as a  pulsar in 1968.

These Chinese observations helped to confirm observationally the 
Baade – Zwicky hypothesis that neutron stars could be formed 
in supernova explosions.

Conclusions from Wheeler’s statements: First, sometimes, a time 
distance between an action and  a result may be centuries (or 
even Millennium) and at this period one could think that the 
action was useless but it is not. Second a scientific knowledge 
is a result  of activity  of  skilful people working in different 
areas. 







FAIR, Facility for Antiproton and Ion Research (Darmstadt, 
Germany) and Nuclotron Based Facility (NICA,  Dubna, Russia) 

• How does the strong force, which binds the particles comprising atomic 
nuclei work - and where do their masses come from?

• How does matter behave across the wide range of temperatures and 
pressures found in the past and present Universe?

• How did matter in the early Universe evolve and why does it look the way 
it does today?

• Where do the atomic elements come from? 
• How does the electromagnetic force, which binds atoms and molecules, 

work under extreme conditions? 
• The search for signs of the phase transition between hadronic matter and 

QGP; 
• Search for new phases of baryonic matter Study of basic properties of the 

strong interaction vacuum and QCD symmetries

• The Universe in Laboratory



Pulsars and GWs 
Mikhail Sazhin                                                             
(1951—2023)  











“Gravity has not revealed all its secrets. Achievements 
of the general theory of relativity a century after its formulation” 

by M. Sazhin and O. Sazhina, Independent Newspaper, 
November 25, 2015

“Now astronomers know many such objects both in our Galaxy and 
in other galaxies. Also open supermassive black holes with masses 
ranging from several million solar masses to a billion solar masses. 
They “settled” in the centers of galaxies. So, in the center of our 
Milky Way Galaxy there is a black hole with a mass of 4 million 
solar masses. Now astronomers, using a giant telescope-
interferometer, are trying to measure the “shadow” of black holes in 
the center of our Galaxy, predicted by Russian physicist A. 
Zakharov. Such observations will allow us to measure  
characteristics of the “horizon” of a black hole.”





Black hole types

• Black holes with stellar masses 10  -- 102 MSun

• Massive black holes   102  -- 105 MSun 

• Supermassive black holes 105 – 1010 Msun   





61 years since the Jablonna Conference (GR3)
and 66 years since the Chapel Hill Conference (GR1) 





Leopold Infeld (20.08.1998 – 15.01.1968). He was one of the 
founders of JINR.



A. Einstein and L. Infeld in Princeton in 1930s 







Great success of relativistic 
astrophysics

Three Nobel prizes in last five 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*



2024 New Horizons in Physics from Breakthrough Prize 
Foundation for Promising Early-career researchers: Michael 

Johnson & Alex Lupsasca (EHT coll.)















Connection of GC puzzle and the Ginzburg’s 
problems

25. Black holes. Cosmic strings.

26. Quasars and galactic nuclei. Formation of 
galaxies.

27. The problem of dark matter (hidden mass) 
and its detection.

The Ginzburg’s review played a very important 
role for researchers to choose a problem for 
investigations.



Shadow reconstructions for M87* 
and Sgr A* are based on three 
pillars: Synchrotron radiation,  
VLBI concept, GR in a strong 

gravitational field 



Synchrotron radiation George A. 
Schott)







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”  



Professor Arsenij Alexandrovich Sokolov and professor 
Dmitrij Dmitrievich Ivanenko



Academician Lev Andreevich Artsimovich (the founder of the Atomic physics 
chair at Physical department of MSU, Academician secretary of the General 

Physics and Astronomy division  of the Soviet Acdemy of Sciences, the 
chairman of the National committee of physicists)



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





https://www.gazeta.ru/science/news/2022/06/15/17937578.shtml

• 15 июня 2022, 16:03 

• Сбылось предсказание российского ученого о загадочной тени 

• Борис Ганьжин

•
• Первое изображение сверхмассивной черной дыры в центре 

Млечного Пути, о получении которого в мае 2022 года сообщила
коллаборация Телескопа горизонта событий Event Horizon Telescope, 
послужило подтверждением предсказания ведущего научного 
сотрудника лаборатории физики плазмы и астрофизики ККТЭФ НИЦ 
«Курчатовский институт» Александра Захарова и его итальянских 
коллег, сделанного в 2005 году. Об этом «Газете.Ru» сообщили в НИЦ 
«Курчатовский институт».



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

(shadows) for observers





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/.../2005NewA...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."







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



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













Jourdain: “For more than forty years I have been 
speaking prose while knowing nothing of it,” (from 
“Bourgeois Gentleman or The Middle-Class 
Aristocrat “, J. B. Moliere)

We: “For many years we had speaking about BH’s in 
Randall --- Sundrum model or in (beyond) 
Horndesky theory (scalar-tensor one) while knowing 
nothing of the theories…”  (tidal charge or “charge” 
due to scalar-tensor  theories)



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.)

Published in: Dimitrios Psaltis; Feryal Özel; Physics Today 2018, 71, 70-71.
DOI: 10.1063/PT.3.3906
Copyright © 2018 American Institute of Physics





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 
Tecnología

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



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



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







The Event Horizon Telescope 
Picture



Conclusion

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!










