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The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in 
Physics 2020 to Roger Penrose, University of Oxford, UK, Reinhard Genzel, Max 
Planck Institute for Extraterrestrial Physics, Garching, Germany and University of 
California, Berkeley, USA, and Andrea Ghez, University of California, Los Angeles, 
USA.
With one half to Roger Penrose, University of Oxford, UK
“for the discovery that black hole formation is a robust prediction of the general 
theory of relativity”
and the other half jointly to
Reinhard Genzel, Max Pla nck Institute for Extraterrestrial Physics, Garching, 
Germany and University of California, Berkeley, USA, and Andrea Ghez, University 
of California, Los Angeles, USA
“for the discovery of a supermassive compact object at the centre of our galaxy”
Black holes and the Milky Way’s darkest secret
Three Laureates share this year’s Nobel Prize in Physics for their discoveries about one 
of the most exotic phenomena in the universe, the black hole. Roger Penrose showed 
that the general theory of relativity leads to the formation of black holes. Reinhard
Genzel and Andrea Ghez discovered that an invisible and extremely heavy object 
governs the orbits of stars at the centre of our galaxy. A supermassive black hole is the 
only currently known explanation.





“The discoveries of this year’s Laureates have broken 
new ground in the study of compact and supermassive 
objects. But these exotic objects still pose many 
questions that beg for answers and motivate future 
research. Not only questions about their inner structure, 
but also questions about how to test our theory of 
gravity under the extreme conditions in the 
immediate vicinity of a black hole”, says David 
Haviland, chair of the Nobel Committee for Physics.



Outline of my talk

• Nobel prize in Physics in 2020

• Introduction 

• 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

• Applications for current and forthcoming 
observations

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

• LIGO-Virgo: BBHs, BNS (kilonova) GW 170817;
• GRAVITY, Keck and new tests of GR 
• EHT and M87* images 
• We consider shadows and trajectories of bright stars 

near the GC as tools to test gravity theories
• The confirmation of relativistic precession for S2 

(GRAVITY)



• V. A. Sadovnichij (09.10.2020): “Теорема Пенроуза 
положила конец спорам о возможности реального 
существования черных дыр. Споры были окончены.”

• Penrose's theorem put an end to the debate about the 
possibility of the real existence of black holes. The disputes 
were over.

• The statement is correct only on the case if you could check 
the theorem’s conditions.
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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. 





Four woman against more than 200 men

















Black holes in centers of galaxies

(L.Ho,ApJ 564,120 (2002))
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R. Hooke proof that F ~1/r2 

could explain Kepler’s laws



A. N. Kolmogorov, A.M. Obukhov, V. I. Tatarskii developed 
mathematical foundations of AO (based on conversations with 

Paul Hickson (University of British Columbia)) 







In 2003, Nobel laureate Reinhard Genzel, right, posed with his mentor, Charles Townes, who won 
a Nobel Prize in Physics for invention of the laser. Townes, who died in 2015, and Genzel 

collaborated on some of the first observations of the galactic center, later shown by Genzel and 
Nobel co-winner Andrea Ghez to host a supermassive black hole. (2003 UC Berkeley photo) 

“Charlie Townes’ dream was to do this experiment we have done, already in the 1970s,” he said. 
“And he, in fact, did these fantastic, pioneering experiments. But (when he saw) the results, he 

knew he would never get to the galactic center, which was a real disappointment to him.”



Ch. H. Townes







Large telescopes, AO and bright 
stars in IR



Keck Telecopes 









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”.







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.



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

























• 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 of 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  gravitational redshift

• For orbital precession f=0.94 ± 0.09 (2018)

• R = 8178 ± 13stat. ± 22sys. parsecs 

• Mass = 4.154 ± 0.014*10^6 solar masses 
f = 1.04±0.05

• Gravity Collaboration 2019, A&A, 625, L10

•





Keck group: Do et al., Science 365, 664–
668 (2019) 16 August 2019 

• f= 0.88 ± 0.17, is consistent with general 
relativity (f = 1) and excludes a Newtonian 
model (f = 0) with a statistical significance of 5 σ. 





Results from nine (!)  our papers were used



Relativistic precession of S2 (see the cover 
page of the Bergman’s book)























The most  important conclusions
• C. Will (1986,1993):  “Was Einstein right?”
• T. Damour (1994): “Was Einstein 100% right?”
• C. Will(2020): “Is Einstein still right?”
• Taking into account all experiments  and observations 
• (including observations of bright stars  near 

BH@GC) at the moment  one could say “Einstein 
was 100% right” 

• It has been proven that 4*106 M☉ is located inside 40 
A.U. (Solar system size)

• We put several bricks in the Great Wall of knowledge 
about BH @ GC



• 2019: Observers operating largest telescopes 
with AO use our ideas to constrain parameters 
of alternative theories of gravity

• 2020: GRAVITY showed that precession of S2 
star follows GR predictions

• 2020: Keck constraints on fine structure 
constant



Main conclusions
• The gravity law  near the BH @ GC has to follow GR (at least 

at the first PN-approximation). It leads from S2 precession and 
gravitational redshift  the near pericenter passage

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

• The 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. The current graviton mass LIGO constraint will be 
outperformed with current GRAVITY observation (private 
comm.)

• The observers use our ideas to constrain parameters of 
alternative theories of gravity with observations of bright stars 
near GC



• Conclusions

• Studies of great mathematicians (Kolmogorov, Penrose…) could 
have a giant practical impact in physics and technology 

• 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)

• 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



Einstein prize recipients in 2021 (APS) 
Clifford Martin Will                    Saul Teukolsky 

University of Florida                Cornell and Caltech



The Albert Einstein Medal is an award      
presented by the Albert Einstein Society in Bern. 
First given in 1979, the award is presented to 
people for "scientific findings, works, or 
publications related to Albert Einstein each year.    
In 2019 C. M. Will got the medal.                                                                
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