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• When comedy was king

• How GR started to be king

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

• GRAVITY, EHT and M87* images 

• We consider shadows and trajectories of 
bright stars near the GC



R. Hooke proof that F ~1/r2 

could explain Kepler’s laws



In a letter from Newton to Halley, June 20, 1686 
Newton complained that  “he [Hooke] knew not how to go 
about it. Now is not this very fine? Mathematicians
that find out, settle & and do all the business must content 
themselves with being nothing but dry calculators & drudges 
& and another that does nothing but pretend & grasp at all 
things must carry away all the invention as well as
those who were to follow him as of those that went before 
him.” 



Outline of my talk

• Introduction 
• Shadows for Kerr as a tool to evaluate  BH 

characteristics
• Shadows around Reissner-Nordstrom BHs
• Observations of BH at Sgr A and a tidal Reissner-

Nordstrom BH
• Bright star trajectories around BH at GC as a tool to 

evaluate BH parameters and DM cluster
• Constraints on massive graviton theories
• Forecasts for graviton mass improvements 
• Constraints on tidal charge
• Conclusions
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• 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.”





K. Thorne  about the First Texas Symposium:

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.”



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) . See also consequent discussion by  N. U. Mayall and J. H. 

Oort (1942).

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 could 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  skillfull people working in different areas. 



Neutron stars (milestones) 

• E. Rutherford (1920): Prediction of neutron 

• J. Chadwick (1932): Neutron discovery

• L. Landau (1932): см. “Л.Д. Ландау и концепция нейтронных звёзд”, 

Д.Г. Яковлев и др. (УФН, 2013)

• W. Baade and F. Zwicky (1934): NSs are born in SN explosions

• G. Gamow (1937): Discovery of mass limit for NSs in Newtonian approach

• R. Oppenheimer and G. Volkoff (1939): Discovery of mass limit for NSs in 

GR

• A. Hewish,  J. Bell… (1968): Discovery of pulsars

• F. Pacini, T. Gold (1967-1969): Rotating neutron stars as pulsars



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



















Black holes in centers of galaxies

(L.Ho,ApJ 564,120 (2002))
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Mirages around Kerr black holes and 
retro-gravitational lenses

• 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) (479-489); astro-
ph/0411511)



























A.F. Zakharov & F. De Paolis, A.A. Nucita, G.Ingrosso, Astron. 

& Astrophys., 442, 795 (2005)







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 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













Interstellar







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) 

https://eventhorizontelescope.org/about
https://eventhorizontelescope.org/
https://www.youtube.com/watch?v=Dr20f19czeE
https://www.youtube.com/watch?v=S4JLkHFoJgo
https://www.youtube.com/watch?v=_GsTBTenBZY
https://www.youtube.com/watch?v=_QBQMT5vrJo
https://www.youtube.com/watch?v=lnJi0Jy692w


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).







Large telescopes, AO and bright 
stars in IR











The Royal Swedish Academy of Sciences has decided to award the 

Crafoord Prize in Astronomy 2012 to Reinhard Genzel, Max 

Planck Institute for Extraterrestrial Physics, Garching, Germany 

and Andrea Ghez, University of California, Los Angeles, USA, 

"for their observations of the stars orbiting the galactic centre, 

indicating the presence of a supermassive black hole".

The Dark Heart of the Milky Way

This year's Crafoord Prize Laureates have found the most reliable 

evidence to date that supermassive black holes really exist. For 

decades Reinhard Genzel and Andrea Ghez, with their research 

teams, have tracked stars around the centre of the Milky Way 

galaxy. Separately, they both arrived at the same conclusion: in our 

home galaxy resides a giant black hole called Sagittarius A*.

2012 Crafoord Prize in Astronomy Goes to Genzel & Ghez





The Crafoord Prize in Astronomy 2016 to Roy Kerr, University of 

Canterbury, Christchurch, New Zealand, and Roger 

Blandford, Stanford University, CA, USA,

“for fundamental work concerning rotating black holes and their 

astrophysical consequences”.



Reinhard Genzel, Prof. Dr.

Max Planck Institute for Extraterrestrial Physics, Garching

Curriculum Vitae

Born on March 24, 1952 in Bad Homburg v.d.H. Study of physics Bonn Univ., 

doctorate Max Planck Institute for Radioastronomy Bonn (1978), Postdoctoral 

Fellow, Harvard-Smithsonian Center for Astrophysics (1978-1980), Cambridge, MA, 

Associate Professor of Physics and Associate Research Astronomer, Space Sciences 

Laboratory, University of California, Berkeley (1981- 1985), Full Professor of 

Physics, University of California, Berkeley (1985-1986), Director and Scientific 

Member at the Max Planck Institute for Extraterrestrial Physics (since 1986), 

Honorary Professor Munich Univ. (since 1988), Full Professor of Physics University 

of California Berkeley (since 1999). 

http://www.mpg.de/151550/extraterrestrische_physik


American citizen. Born 1965 in 

New York City, NY, USA. Ph.D. 

1992 at California Institute of 

Technology, Pasadena, CA, USA. 

Professor at University of 

California, Los Angeles, CA, USA. 

http://www.astro.ucla.edu/~ghez/ghez9.jpg














The VLT, Very Large Telescope
4 european 8 m telescopes at Cerro Paranal in Chili

l/D @ 2 µm = 60 mas (600 a.u. or 0.003 pc)



Going beyond boundaries thanks to accurate
spatial information

• Bring the ultimate evidence that Sgr A* is a black hole: the mass is
contained in the Schwarzschild radius.

• Understand the nature of flares.
• Use the black hole as a tool to study general relativity in the strong field

regime

• Study relativistic effects on nearby stars
• Understand the nature of S stars and their distribution

Scale ~ 1 Rs 10 µas

Scale ~ 100 Rs 1 mas



MG15 New talk in BH2 -

14 мая, 23:17

Eisenhauer, Frank

eisenhau@mpe.mpg.de

Max Planck Institute for Extraterrestrial Physics, , Giessenbachstr.

Garching, 85748

Bavaria, Germany

Parallel session: BH2 - Theoretical and observational studies of astrophysical black holes 

type : Oral abstract

Title: The 2018 Peri-Passage of S2 - Testing General Relativity Near The Galactic Center Black Hole

Co-authors: GRAVITY 

Abstract: The Galactic Center offers the unique possibility to quantitatively test general relativity in the so-far unexplored 

regime close to a super-massive black hole. Here we present the current status of measuring post-Newtonian effects in the 

orbit of the star S2 during its peri-passage in May 2018. As the star approaches the black hole as close as 17 light hours and a

speed of almost 8000 km/s, we follow its orbit with infrared spectroscopy and interferometry at the ESO Very Large 

Telescope. The focus of the talk will be on the redshift measurements with SINFONI, and the deep interferometric imaging 

and astrometry with GRAVITY. This GRAVITY instrument, which we have developed specifically for the observations of the 

Galactic Center black hole and its orbiting stars, is now routinely achieving ~3milli-arcsec imaging interferometry, with a 

sensitivity several hundred times better than previous instruments, and an astrometric precision of few ten micro-

arcseconds, which corresponds to only few Schwarzschild radii of Galactic Center massive black hole.

https://e.mail.ru/compose?To=eisenhau@mpe.mpg.de


AFZ, A.A. Nucita, F. De Paolis, G. Ingrosso, PRD 76, 062001 
(2007)



























D. Borka,  P. Jovanovic,  V. Borka Jovanovic  and AFZ, PRD,  85, 
124004 (2012).







D. Borka, V. Borka Jovanovic, P. Jovanovic, AFZ

From an analysis of S2 orbit one can find signatures 
of Yukawa gravity (JCAP, 2013)











Massive graviton theories

• M. Fierz and W.Pauli-1939

• Zakharov; Veltman, van Dam – 1970

• Vainshtein - 1972

• Boulware, Deser -- 1972

• Logunov, Mestvirishvili, Gershtein et al.

• Visser – 1998 (review on such theories)

• Rubakov,  Tinyakov – 2008

• DeRham --2016



Massive graviton theories 
(constraints)

• Sazhin (1978) GW’s could be 
detected with pulsar timing

• Lee et al. (2010) array of pulsars and 
timing 60 pulsars – 5 years with 
accuracy 100 ns -- λg > 4 x 1012 km 

•























May 4, 2016 -- The Gruber Foundation has announced the award 
of the 2016 Gruber Cosmology Prize to LIGO's Ronald W.P. Drever 
(Caltech), Kip S. Thorne (Caltech), and Rainer Weiss (MIT) for the 

detection of gravitational waves.

http://gruber.yale.edu/cosmology/press/2016-gruber-cosmology-prize-press-release


• Yuri Milner, a Russian Internet entrepreneur and 
philanthropist, announced that he was giving $3 
million to the gravitational-wave discoverers. The 
award is a special addition to the $3 million 
Breakthrough Prizes in Fundamental Physics he 
awards every fall. The three ringleaders of the 
gravitational-wave experiment, known as LIGO, 
Ronald P. Drever and Kip. S. Thorne of the California 
Institute of Technology, and Rainer Weiss of the 
Massachusetts Institute of Technology, will split $1 
million. The other $2 million will be split among 
1,012 scientists who were authors of the article in 
Physical Review Letters, or who made major 
contributions to the study of gravitational waves.

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102




• On June 2, 2017 LIGO  (Abbott et al. PRL 118, 21101 
(2017)) reported about the discovery of the third 
GW event from merging the BHs with 31 and 19 
solar masses at redshift z=0.19

• mg < 7.7 x 10-23 eV













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)



Impact on our studies
Claudia de Rham, J. Tate Deskins, Andrew J. Tolley, Shuang-

Yong Zhou, Graviton Mass Bounds, Reviews in Modern 

Physics 89, 0250004 (2017).

A. Hees, T. Do, A. M. Ghez, G. D. Martinez, S. Naoz, E. E. 

Becklin, A. Boehle, S. Chappell, D. Chu, A. Dehghanfar, K. 

Kosmo, J. R. Lu, K. Matthews, M. R. Morris, S. Sakai, R. 

Schodel, and G. Witze, Testing General Relativity with stellar 

orbits around the supermassive black hole in our Galactic 

center, arXiv:1705.07902v1 [astro-ph.GA], PRL 118, 

211101.

A couple of our papers have been quoted in the second paper.











Graviton mass estimate improvement forecast 



















































































GRAVITY result about PN(1) correction

• For orbital precession f=0.94 ± 0.09

• For gravitational redshift f=0.9 ± 0.1 (stat) ±
0.15 (sys)

• σ = 3 * 10-5 as





Main conclusions

• We found graviton mass constraints which are 
comparable with LIGO’s ones

• Observers working with largest telescopes 
with AO (Keck, VLT, GRAVITY, TMT, E-ELT) 
follow our ideas to improve current graviton 
mass constraints with current and 
forthcoming facilities



• Conclusions

• VLBI systems in mm and sub-mm bands could detect mirages (“faces”) 
around black holes (for BH@ GC in particular) (see, EHT pictures for 
M87*)

• Shapes of images give an important information about BH parameters
• Trajectories of bright stars or bright spots around  massive BHs are 

very important tool for an evaluation of  BH parameters
• Trajectories of bright stars or bright spots around  massive BHs can be 

used to obtain constraints on alternative theories of gravity (f(R) 
theory, for instance)

• A significant tidal charge of the BH at GC is excluded by  observations , 
but there signatures of extreme RN charge (perhaps non-electric one)

• Constraints on  Yukawa potential has been found
• Constraints of graviton mass have been obtained (they are consistent 

with LIGO ones)
• Perspectives to improve the current graviton mass estimates with  

future observations (VLT, Keck, GRAVITY, E-ELT, TMT) are discussed
• Constraints of tidal charge have been obtained
• The EHT  team  will release a new image of the SMBH@GC shortly.      

Stay tuned!



• Thanks for your kind attention!
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