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This conference is devoted to A.D. Sakharov’ scientific heritage. 
When people discuss thermonuclear fusion  they often remind 
Sakharov – Tamm idea (the tokamak idea) for controlled 
thermonuclear fusion reactor. I think it is very nice practice to 
remember the names of giants when we stay on their shoulders (if 
we use and rephrase a famous Newton’s sentence). Now there are 
many public discussions about a benefits from fundamental 
research. Synchrotron radiation give us a nice example  since 
such a radiation actively uses  for technological  applications and 
it is a source of radiation near supermassive BH’s.  Therefore, 
this phenomenon is extremely important for both fundamental 
science and technology.
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Synchrotron radiation plays a key role in many 
astrophysical objects (including BH’s)  







The EHT shadow as BH logo



• The BlackHoleCam team (supported  by the 
European Research Council): “When forced to 
summarize the general theory of relativity in one 
sentence: Time and space and gravitation have no 
separate existence from matter.” Albert Einstein

• The Event Horizon Telescope  (supported by NSF):  
“Seeing the unseeable.” Sheperd S. Doeleman 

•



Outline of my talk

• Introduction 

• Shadows for Kerr as a tool to evaluate  BH 
characteristics

• Shadows around Reissner-Nordstrom BHs

• The first image of shadow at M87*

• Dependence of shadow size on charge

• Conclusions
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When Radioastron mission was under 
preparation N. S. Kardashev requested to 

analyse fundamental physics effects which could 
be observed with these facilities. 































AFZ et al., NA (2005): “No doubt that the rapid growth of 
observational facilities will give a chance to
measure the mirage shapes… using…  sub-mm VLBI array 
(Miyoshi, 2004)).” 







A.F. Zakharov & F. De Paolis, A.A. Nucita, G.Ingrosso, Astron. 
& Astrophys., 442, 795 (2005)



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 while knowing nothing of the 
theories…”







Unstable photon orbits but not shadows could 
exist for naked singularities with 1<Q2<9/8 ,
while in paper arxiv:1802.08060[astro-ph.HE], 
the authors presented an example of  naked 
singularities with a shadows.





Some time ago Bin-Nun (2010) discussed  an opportunity that the black 
hole at the Galactic Center is described by the tidal Reissner-- Nordstrom 
metric which may be admitted by the Randall--Sundrum II braneworld 
scenario. Bin-Nun suggested an  opportunity of evaluating the black hole 
metric analyzing (retro-)lensing of bright stars  around the black hole in 
the Galactic Center. Doeleman et al. (2008) evaluated a shadow size for 
the black hole at the Galactic Center.  Measurements of the shadow size 
around the black hole may help to evaluate parameters of black hole 
metric Zakharov et al (2005). We derive an analytic expression for the 
black hole shadow size as a function of charge for the tidal Reissner--
Nordstrom metric. We conclude that observational data concerning 
shadow size measurements are not consistent with significant negative 
charges, in particular, the significant negative charge Q/(4M2)=-1.6
(discussed by  Bin-Nun (2010) is practically  ruled out with a very 
probability (the charge is roughly speaking is beyond 9 σ confidence 
level, but a negative charge is beyond 3 σ confidence level).







“SPECTR-R” (Mission “RadioAstron”)
Main scientific tasks of  the mission –

syntheses of high-precision images of various Universe objects, its 
coordinates measurements and search their variability with the time. 
A fringe width of the system is 
up to 7 micro arc seconds.

Main characteristics of  the space radio telescope
Spectral band: 
• wavelength (cm) - 92;       18;       6.2;      1.19-1.63
• frequency (GHz) - 0.327;   1.66;    4.83;         18-26

Main organizations:
on scientific complex - Astro Space Center of Lebedev Physical Institute of 

Russian Academy of Science;
of  spacecraft - Lavochkin Research Production Association    of Russian Space 

Agency.

Planned launch date of the mission is 2007.

The orbit of  the mission :
apogee  - 310 000 - 370  000 km
perigee - 10 000 - 70 000 km
declination - 51.6 °
period variation - 7 - 10 days

Guarantied time of activity  - 5 years
Scientific payload mass  - 2100 kg
Pointing accuracy of radio telescope - 35"

RADIO INTERFEROMETER MUCH LARGER 
THE EARTH



• ERC Synergy Grant to image event horizon of black hole
• Was Einstein right? The European Research Council (ERC) has awarded 14 Million Euros to a team of 

European astrophysicists to construct the first accurate image of a black hole. The team will test the predictions 
of current theories of gravity, including Einstein's theory of General Relativity. The funding is provided in the 
form of a ‘Synergy Grant’, the largest and most competitive type of grant of the ERC.
Synergy grants are awarded by the ERC, on the basis of scientific excellence in an intricate andhighly 
competitive selection procedure. The grants have a maximum limit of 15 Million Euros and require the collaboration 
of 2-4 principal investigators. In the current selection round the ERC honoured 13 out of 449 funding proposal, which 
corresponds to a success rate of less than 3%. Proposals were submitted from all areas of European science. This is 
the first time an astrophysics proposal has been awarded.

Black holes
Black holes are notoriously elusive with a gravitational field so large that even light cannotescape their grip. The team 
plans to make an image of the event horizon – the border around a black hole which light can enter, but not leave.

“While most astrophysicists believe black holes exists, nobody has actually ever seen one”, says Heino Falcke, 
Professor in radio astronomy at Radboud University in Nijmegen and ASTRON, The Netherlands. “The technology is 
now advanced enough that we can actually image black holes and check if they truly exist as predicted: If there is no 
event horizon, there are no black holes”.

Measure the tiniest shadow
So, if black holes are black and are hard to catch on camera, where should one look? The scientists want to peer into 
the heart of our own Galaxy, which hosts a mysterious radio source, called Sagittarius A*. The object is known to 
have a mass of around 4 million times the mass of the Sun and is considered to be the central supermassive black 
hole of the Milky Way.
As gaseous matter is attracted towards the event horizon by the black hole’s gravitational attraction, strong radio 
emission is produced before the gas disappears. The event horizon should then cast a dark shadow on that bright 
emission. Given the huge distance to the centre of the Milky Way, the size of the shadow is equivalent to an apple on 
the moon seen from the earth.

However, by combining high-frequency radio telescopes around the world, in a technique called very long baseline 
interferometry, or VLBI, even such a tiny feature is in principle detectable. Falcke first proposed this experiment 15 
years ago and now an international effort is forming to build a global “Event Horizon Telescope” to realize it. Falcke 
is convinced: “With this grant from the ERC and the excellent expertise in Europe, we will be able to make it happen 
together with our international partners”.

•



• The BlackHoleCam network

Find more radio pulsars
In addition, the group wants to use the same radio telescopes to find and measure pulsars around the very 
same black hole. Pulsars are rapidly spinning neutron stars, which can be used as highly accurate natural 
clocks in space.
“A pulsar around a black hole would be extremely valuable”, explains Michael Kramer, managing director 
of the Max-Planck-Institut für Radioastronomie in Bonn. “They allow us to determine the deformation of 
space and time caused by black holes and measure their properties with unprecedented precision”. 
However, while radio pulsars are ubiquitous in our Milky Way, surprisingly none had been found in the 
centre of the Milky Way for decades. Only recently Kramer and his team found the very first radio pulsar 
around Sagittarius A*. “We suspect there are many more radio pulsars, and if they are there we will find 
them”, says Kramer.

Behaviour of light and matter
But how will scientists be really sure that there is a black hole in our Milky Way and not something else 
that behaves in a very similar way? To answer this question, the scientists will combine the information 
from the black hole shadow and from the motion of pulsars and stars around Sagittarius A* with 
detailed computer simulations of the behaviour of light and matter around black holes as predicted by 
theory.
We have made enormous progress in computational astrophysics in recent years”, states Luciano Rezzolla, 
Professor of theoretical astrophysics at the Goethe University in Frankfurt and leader of the gravitational-
wave modelling group at the Max-Planck-Institut für Gravitationsphysik in Potsdam.
“We can now calculate very precisely how space and time are warped by the immense gravitational fields 
of a black hole, and determine how light and matter propagate around black holes”, he remarks. “Einstein’s 
theory of General Relativity is the best theory of gravity we know, but it is not the only one. We will use 
these observations to find out if black holes, one of the most cherished astrophysical objects, exist or not. 
Finally, we have the opportunity to test gravity in a regime that until recently belonged to the realm of 
science fiction; it will be a turning point in modern science”, says Rezzolla.

Partners in Europe
The principal investigators will closely collaborate with a number of groups throughout Europe. Team 
members in the ERC grant are:
• Robert Laing from the European Southern Observatory (ESO) in Garching, European project scientist of 
ALMA, a new high-frequency radio telescope, that the team seeks to use for their purpose,
• Frank Eisenhauer from the Max-Planck-Institut für extraterrestrische Physik in Garching, principal 
investigator of the upcoming GRAVITY instrument for the ESO Very Large Telescope Interferometer, to 
precisely measure the motion of stars and infrared flares around the GalacticCentre black hole.
• Huib van Langevelde, director of the Joint Institute for VLBI in Europe (JIVE) and Professor of Galactic 
radio astronomy at the University of Leiden.



• The efforts of the Max-Planck-Institut für Radioastronomie will be 
conducted jointly with the VLBI group and the high-frequency radio 
astronomy groups at the institute and their directors Anton Zensus and Karl 
Menten.

The scientists also want to make use of the two major European millimeter 
radio observatories (NOEMA and the IRAM 30m telescope) operated by 
IRAM, a joint German/French/Spanish radio astronomy institute.

The BlackHoleCam team will closely collaborate with the Event Horizon 
Telescope project, ledby S. Doeleman (MIT Haystack Observatory, Boston



• The team led by three principal investigators 
(Heino Falcke, Radboud University Nijmegen 
and ASTRON, Michael Kramer, Max-Planck-
Institut für Radioastronomie, and Luciano 
Rezzolla, Goethe University in Frankfurt and 
Max-Planck-Institut für Gravitationsphysik) 
will combine several telescopes around the 
globe to peer into the heart of our own 
Galaxy, which hosts a mysterious radio source, 
called Sagittarius A*. It is considered to be the 
central super massive black hole.



• H. Falcke, S. Markoff, Toward the event 
horizon—the supermassive black hole in the 
Galactic Center, Classical and Quantum 
Gravity, 30, Issue 24,  244003 (2013)

• The review has quoted two our papers
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Schwarzschild black hole images: q=85 deg

• Redshift map
• Intensity map



Kerr black hole images (a=0.75): q=85 deg

• Redshift map
• Intensity map



Kerr black hole images (a=0.99): q=85 deg

• Redshift map
• Intensity map





Falcke, Melia, Agol



Shadows from Melia 



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. “











• On April 10th 2019, the Event Horizon Telescope (EHT) 
Collaboration presented its first results -- an image of the supermassive 
black hole in galaxy M87 -- in multiple simultaneous press conferences 
around the world. The official EHT press release appears on the home page
of this website. This page contains links to recorded press conferences, 
press releases from our partner institutions, and supporting materials 
published along with press releases. 

•
• Press conference recordings: 
• Brussels, hosted by the European Research Council (in English) 
• Santiago, hosted by the Joint ALMA Observatory (in Spanish and English) 
• Taipei, hosted by the Academia Sinica (in Chinese) 
• Tokyo, hosted by the National Astronomical Observatory of Japan (in 

Japanese) 
• Washington, hosted by the US National Science Foundation (in English) 



• The image shows a crescent-shaped, ring-like structure with a 
dark central region - the black hole's shadow.

• The black hole revealed is at the center of M87, about 55 
million light-years from Earth, with a mass 6.5 billion times 
that of the Sun.

• "This is the first direct visual evidence about black holes 
obtained by humans, confirming that Einstein's theory of 
general relativity still holds in extreme conditions," said Shen 
Zhiqiang, head of Shanghai Astronomical Observatory (SAO).







EHT results in brief
• First M87 Event Horizon Telescope Results. I. The Shadow of the 

Supermassive Black Hole, ApJL 875 L1.
• To image and study this phenomenon, we have assembled the Event Horizon 

Telescope, a global very long baseline interferometry array observing at a 
wavelength of 1.3 mm. This allows us to reconstruct event-horizon-scale images of 
the supermassive black hole candidate in the center of the giant elliptical galaxy 
M87. We have resolved the central compact radio source as an asymmetric bright 
emission ring with a diameter of 42±3 µas. derive a central mass of 
MBH=(6.5±0.7)×109MSun .

• In many AGNs, collimated relativistic plasma jets (Bridle & Perley 1984; Zensus 
1997) launched by the central black hole contribute to the observed emission. These 
jets may be powered either by magnetic fields threading the event horizon,

• extracting the rotational energy from the black hole (Blandford & Znajek 1977), or 
from the accretion flow (Blandford & Payne 1982). The near-horizon emission 
from low-luminosity active galactic nuclei (LLAGNs; Ho 1999) is produced by

• synchrotron radiation that peaks from the radio through the far infrared. This 
emission may be produced either in the accretion flow (Narayan et al. 1995), the jet 
(Falcke et al. 1993), or both (Yuan et al. 2002).



EHT results in brief
• We have to squeeze 
1) Efforts of several hundreds people for two year in 0.5 hour
and
2)  five petabytes (5242880 Gb) information into around 20kb 

image  (it was the goal of these intensive studies) therefore 
one has around 2.5* 1011 “compression” of information



• When viewed from infinity, a nonrotating Schwarzschild (1916) black hole 
has a photon capture impact parameter Rc = (27)1/2 rg, where rg =GM/ c 2 is 
the characteristic length scale of a black hole. The photon capture radius is 
larger than the Schwarzschild radius RS that marks the event horizon of a 
nonrotating black hole, RS ≡ 2 rg. Photons approaching the black hole with 
an impact parameter b< Rc are captured and plunge into the black hole; 
photons with b> Rc escape to infinity; photons with b=Rc are captured on 
an unstable circular orbit and produce what is commonly referred to as the 
lensed “photon ring.” In the Kerr metric, which describes black holes with 
spin angular momentum, Rc consists of two parameters (α,β) and changes 
with the ray’s orientation relative to the angular-momentum vector, and the 
black hole’s cross section is not necessarily circular (Bardeen, 1973).



• Started in 2009 (Doeleman et al. 2009), the EHT began  a program to address these 
challenges by increasing array sensitivity.  

• Parallel efforts to support infrastructure upgrades at additional VLBI sites, 
including the Atacama Large Millimeter/submillimeter Array (ALMA) and the 
Atacama Pathfinder Experiment telescope (APEX) in Chile, the Large Millimeter 
Telescope Alfonso Serrano (LMT) in Mexico, the IRAM 30m telescope on Pico 
Veleta (PV) in Spain, the Submillimeter Telescope Observatory in Arizona (SMT), 
the James Clerk Maxwell Telescope (JCMT) and the Submillimeter Array (SMA) in 
Hawai’I  and the South Pole Telescope (SPT) in Antarctica  extended the range of 
EHT baselines and coverage, and the overall collecting area of the array. These 
developments increased the sensitivity of the EHT by a factor of ∼30 over early 
experiments that confirmed horizon-scale structures in M87* and Sgr A* 
(Doeleman et al. 2008, 2012; Akiyama et al. 2015; Johnson et al.2015; Fish et al. 
2016; Lu et al. 2018). For the observations at a wavelength of 1.3 mm presented 
here, the EHT collaboration fielded a global VLBI array of eight stations over six 
geographical locations. 

• Baseline lengths ranged from 160 m to 10,700 km toward M87*, resulting in an 
array with a theoretical diffraction-limit resolution of ∼25 µas. 













Observations, Correlation, and Calibration

• The EHT observed M87* on 2017 April 5, 6, 10, and 11 with the EHT. Weather was 
uniformly good to excellent with nightly median zenith atmospheric opacities at 
230 GHz ranging from 0.03 to 0.28 over the different locations. The observations 
were scheduled as a series of scans of three to seven minutes in duration.

• The number of scans obtained on M87* per night ranged from 7 (April 10) to 25 
(April 6) as a result of different observing schedules.

• Correlation of the data was carried out using a software correlator  at the MIT 
Haystack Observatory and at the Max-Planck-Institut für Radioastronomie, each 
handling one of the two frequency bands. Differences between the two independent 
correlators were shown to be negligible through the exchange of a few identical 
scans for cross comparison.





Thompson et al. (2017)





• Figure 2 shows the (u, v) coverage and calibrated visibility amplitudes of 
M87* for April 11. The visibility amplitudes resemble those of a thin ring 
(i.e., a Bessel function J0; see Figure 10.12 in Thompson et al. 2017). Such 
a ring model with diameter 46 µas has a first null at 3.4 Gλ, matching the 
minimum in observed flux density and is consistent with a reduced flux 
density on the longest Hawai’i–Spain baseline (JCMT/SMA-PV) near        
8 Gλ. This particular ring model, shown with a dashed line in the bottom 
panel of Figure 2, is only illustrative and does not fit all features in the data.



• EHT team explored two classes of algorithms for reconstructing images 
from EHT data. The first class of algorithms is the traditional CLEAN 
approach used in radio interferometry (e.g., Högbom 1974; Clark 1980). 
CLEAN is an inverse-modeling approach that deconvolves the 
interferometer point-spread function from the Fourier-transformed 
visibilities.When applying CLEAN, it is necessary to iteratively self-
calibrate the data between rounds of imaging to solve for time-variable 
phase and amplitude errors in the data.

• The second class of algorithms is the so-called regularized maximum 
likelihood (RML; e.g., Narayan & Nityananda 1986; Wiaux et al. 2009; 
Thiébaut 2013). RML is a forward-modeling approach that searches for an 
image that is not only consistent with the observed data but also favors 
specified image properties (e.g., smoothness or compactness). As with 
CLEAN, RML methods typically iterate between imaging and self-
calibration, although they can also be used to image directly on robust 
closure quantities immune to station-based calibration errors. RML 
methods have been extensively developed for the EHT (e.g., Honma et al. 
2014; Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018).



• There are two major challenges in reconstructing images from EHT data. 
First, EHT baselines sample a limited range of spatial frequencies, 
corresponding to angular scales between 25 and 160 µas. Because the (u, v) 
plane is only sparsely sampled (Figure 2), the inverse problem is under-
constrained. Second, the measured visibilities lack absolute phase 
calibration and can have large amplitude calibration uncertainties.

• To address these challenges, imaging algorithms incorporate additional 
assumptions and constraints that are designed to produce images that are 
physically plausible (e.g., positive and compact) or conservative (e.g., 
smooth), while remaining consistent with the data. (Similarly, for a linear 
incorrect problem an assumption about monotone behavior of an unknown 
function reduces an original problem to correct one).  



• Every imaging algorithm has a variety of free parameters that can 
significantly affect the final image.  The EHT team adopted a two stage 
imaging approach to control and evaluate biases in the reconstructions from 
our choices of these parameters. In the first stage, four teams worked 
independently to reconstruct the first EHT images of M87* using an early 
engineering data release. The teams worked without interaction to 
minimize shared bias, yet each produced an image with a similar prominent 
feature: a ring of diameter ∼38–44 µas with enhanced brightness to the 
south.





• In the second imaging stage, we developed three imaging pipelines, each 
using a different software package and associated methodology. Each 
pipeline surveyed a range of imaging parameters, producing between ∼ 103 

and 104 images from different parameter combinations. We determined a 
“Top-Set” of parameter combinations that both produced images of M87* 
that were consistent with the observed data and that reconstructed accurate 
images from synthetic data sets corresponding to four known geometric 
models (ring, crescent, filled disk, and asymmetric double source). For all 
pipelines, the Top-Set images showed an asymmetric ring with a diameter 
of ∼40 µas, with differences arising primarily in the effective angular 
resolutions achieved by different methods.





• For each pipeline, we determined the single combination of fiducial 
imaging parameters out of the Top-Set that performed best across all the 
synthetic data sets and for each associated imaging methodology (see 
Figure 11 in Paper IV). Because the  angular resolutions of the 
reconstructed images vary among the pipelines, we blurred each image 
with a circular Gaussian to a common, conservative angular resolution of 
20 µas. The top part of Figure 3 shows an image of M87* on April 11 
obtained by averaging the three pipelines’ blurred fiducial images. The 
image is dominated by a ring with an asymmetric azimuthal profile that is 
oriented at a position angle ∼170° east of north. Although the measured 
position angle increases by ∼20° between the first two days and the last 
two days, the image features are broadly consistent across the different 
imaging methods and across all four observing days.

















Theoretical Modeling

• The appearance of M87* has been modeled successfully using GRMHD 
simulations, which describe a turbulent, hot, magnetized disk orbiting a 
Kerr black hole. They naturally produce a powerful jet and can explain the 
broadband spectral energy distribution observed in LLAGNs. At a 
wavelength of 1.3 mm, and as observed here, the simulations also predict a 
shadow and an asymmetric emission ring. To explore this scenario in great 
detail, we have built a library of synthetic images (Image Library) 
describing magnetized accretion flows onto black holes in GR. The images 
themselves are produced from a library of simulations (Simulation Library) 
collecting the results of four codes solving the equations of GRMHD 
(Gammie et al. 2003; Sa ̧dowski et al. 2014; Porth et al. 2017; Liska et al. 
2018). The elements of the Simulation Library have been coupled to three 
different general-relativistic ray-tracing and radiative-transfer codes 
(GRRT, Bronzwaer et al. 2018; Mościbrodzka & Gammie 2018; Z. Younsi 
et al. 2019, in preparation).



• A typical GRMHD simulation in the library is characterized by two 
parameters: the dimensionless spin a*=Jc2/(GM2), where J and M are, 
respectively, the spin angular momentum and mass of the black hole, and φ 
is power of the  magnetic flux over the mass flux event horizon                   
(ϕ=Φ / (M˙c2)).



• These two parameters allow us to describe accretion disks that are either 
prograde (a* > 0) or retrograde (a*<0) with respect to the black hole spin 
axis, and whose accretion flows are either “SANE” (from “Standard and 
Normal Evolution,” Narayan et al. 2012) with ϕ∼1, or “MAD” (from 
“Magnetically Arrested Disk,” Narayan et al. 2003) with ϕ ∼15. 

• Varying a* and ϕ , the EHTteam have performed 43 high-resolution, three-
dimensional and long-term simulations covering well the physical 
properties of magnetized accretion flows onto Kerr black holes. 



• Because the photons at 1.3mm wavelength observed by the EHT are believed to be 
produced by synchrotron emission,  whose absorption and emission coefficients 
depend on the electron distribution function, we consider the plasma to be 
composed of electrons and ions that have the same temperature in the magnetically 
dominated regions of the flow (funnel), but have a substantially different 
temperature in the gas dominated regions (disk midplane). In particular, we 
consider the plasma to be composed of nonrelativistic ions with temperature Ti and 
relativistic electrons with temperature Te . A simple prescription for the ratio of the 
temperatures of the two species can then be imposed in terms of a single parameter 
(Mościbrodzka et al. 2016), such that the bulk of the emission comes either from 
weakly magnetized (small Rhigh , Te =Ti / Rhigh ) or strongly magnetized (large Rhigh , 
Te =Ti ) regions. In SANE models, the disk (jet) is weakly (strongly) magnetized, so 
that low (high) Rhigh models produce most of the emission in the disk (jet). MAD 
models, there are strongly magnetized regions everywhere and the emission is 
mostly from the disk midplane. While this prescription is not the only one possible, 
it has the advantage of being simple, sufficiently generic, and robust.



• Since each GRMHD simulation can be used to describe several different 
physical scenarios by changing the prescribed electron distribution 
function, we have used the Simulation Library to generate more than 420 
different physical scenarios. Each scenario  is then used to generate 
hundreds of snapshots at different times in the simulation leading to more 
than 62,000 objects in the Image Library. 

• As an example, the top row of Figure 4 shows three GRMHD model 
snapshots from the Image Library with different spins and flow type, which 
fitted closure phases and amplitudes of the April 11 data best.

• In Fig. 4  (bottom): the same theoretical models, processed through a VLBI 
simulation pipeline with the same schedule, telescope characteristics,  and 
weather parameters as in the April 11 run and imaged in the same way as 
Figure 3. Note that although the fit to the observations is equally good in 
the three cases, they refer to radically different physical scenarios; this 
highlights that a single good fit does not imply that a model is preferred 
over others





Basic Statements
• First, the observed image is consistent with the hypothesis that it is produced by a 

magnetized accretion flow orbiting within a few rg of the event horizon of a Kerr 
black hole. The asymmetric ring is produced by a combination of strong 
gravitational lensing and relativistic beaming, while the central flux depression is 
the observational signature of the black hole shadow. 

• Second, the north–south asymmetry in the emission ring is controlled by the black 
hole spin and can be used to deduce its orientation. The north–south asymmetry is 
consistent with models in which the black hole spin is pointing away from Earth 
and inconsistent with models in which the spin points toward Earth.

• Third, adopting an inclination of 17° between the approaching jet and the line of 
sight (Walker et al. 2018), the west orientation of the jet, and a corotating disk 
model, matter in the bottom part of the image is moving toward the observer 
(clockwise rotation as seen from Earth). Finally, models with a*= 0 are disfavored 
by the very conservative observational requirement that the jet power be     
Pjet > 1042 erg s−1 .



Model Comparison and Parameter 
Estimation



• The best-fit models for the asymmetric emission ring have diameters of 
43±0.9 µas and fractional widths relative to the diameter of <0.5.

• We model the crescent angular diameter d in terms of the gravitational 
radius and distance, θg =GM/ (c2 D), as d = αθg where α is a function of 
spin, inclination, and Rhigh (9.6 <α<10.4] corresponds to emission from the 
lensed photon ring only). We calibrate α by fitting the geometric crescent 
models to a large number of visibility data generated from the Image 
Library. We can also fit the model visibilities generated from the Image 
Library to the M87* data, which allows us to measure θg directly.
Combining results from all methods, we measure emission region 
diameters of 42±3 μas, angular sizes of the gravitational radius θg=3.8±0.4 
μas, and scaling factors in the range α=10.7–11.5, with associated errors of 
∼10%. For the distance of 16.8±0.8 Mpc adopted here, the black hole mass 
is M=(6.5±0.7)×109M_sun; the systematic error refers to the 68% 
confidence level and is much larger than the statistical error of 
0.2×109M_sun.



• It is difficult to rule out alternatives to black holes in GR, because a shadow 
can be produced by any compact object with a spacetime characterized by 
unstable circular photon orbits (Mizuno et al. 2018). Indeed, while the Kerr 
metric remains a solution in some alternative theories of gravity (Barausse 
& Sotiriou 2008; Psaltis et al. 2008), non-Kerr black hole solutions do exist 
in a variety of such modified theories (Berti et al. 2015). Furthermore, 
exotic alternatives to black holes, such as naked singularities (Shaikh et al. 
2019), boson stars (Kaup 1968; Liebling & Palenzuela 2012), and 
gravastars (Mazur & Mottola 2004; Chirenti & Rezzolla 2007), are 
admissible solutions within GR and provide concrete, albeit  contrived, 
models.  Some of such exotic compact objects can already be shown to be 
incompatible with our observations given our maximum mass prior



POWEHI
• It's been christened Powehi -- a Hawaiian phrase referring to an "embellished dark 

source of unending creation.“ (украшенный темный источник бесконечного 
творения)

• The responsibility of finding it a name fell to Larry Kimura, a Hawaiian language 
professor at the University of Hawaii at Hilo, who was approached by astronomers 
involved with the project. Two of the eight telescopes used to capture the 
photograph are located in Hawaii.

• It puts together two terms from the chant: Po, meaning profound dark source of 
unending creation, and wehi (or wehiwehi) which is one of the several ways that po 
is described in the chant. 

• To have the privilege of giving a Hawaiian name to the very first scientific 
confirmation of a black hole is very meaningful to me and my Hawaiian lineage 
that comes from po," he added. "I hope we are able to continue naming future black 
holes from Hawaii astronomy according to the Kumulipo.

• https://edition.cnn.com/2019/04/12/world/black-hole-name-powehi-scli-
intl/index.html
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Sgr A* & Shadow

• Another primary EHT source, Sgr A*, has a precisely  measured mass three 
orders of magnitude smaller than that of M87*, with dynamical timescales 
of minutes instead of days. Observing the shadow of Sgr A* will require 
accounting for this variability and mitigation of scattering effects caused by 
the interstellar medium (Johnson 2016; Lu et al. 2016; Bouman et al. 
2018).



• Conclusions
• GR predicted a structure of darkness, while in observations 

one sees a distribution of brightness.
• EHT team showed that shapes and sizes of shadow weakly 

depend on assumptions about accretion flows.
• AZ (2004-2019):VLBI systems in mm and sub-mm bands  

could detect mirages (“faces”) around supermassive black 
holes (for BH@ M87 and BH@GC in particular).

• VLBI systems in mm band  detected a shadow around 
supermassive black hole  for BH@ M87 .

• Shapes of images give an important information about BH 
parameters (including their charge).

• A significant tidal charge of the BH at GC is excluded by  
observations.

• We hope the EHT  team  will release a new image of the 
SMBH@GC shortly at 1.3 mm wavelength shortly.    



• Thanks for your kind attention!

•


