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PROLOGUE

The black holes of nature are the most perfect macroscopic objects there arein
the universe: the only elements in their construction are our concepts of space
and time. And since the general theory of relativity provides only a single
unique family of solutions for their descriptions, they are the simplest objects
as well.

The unique two-parameter family of solutions which describes the space-
time around black holes is the Kerr family discovered by Roy Patrick Kerr in
July, 1963. The two parameters are the mass of the black hole and the angular
momentum of the black hole. The static solution, with zero angular
momentum, was discovered .by Karl Schwarzschild in December, 1915. A
study of the black holes of nature is then a study of these solutions. It is to this
study that this book is devoted.



EPILOGUE

There is no excellent beauty that hath not some strangeness in the proportion.
Francis Bacon

Beauty is the proper conformity of the parts to one another and to the whole.
Werner Heisenberg

The author had occasion to ask Henry Moore how cne should view
sculptures: from afar or from near by. Moore’s response was that the greatest
sculptures can be viewed-—indeed, should be viewed—from all distances, since
new aspects of beauty will be revealed at every scale. Moore cited the
sculptures of Michelangelo as examples: from the excellence of their entire
proportion to the graceful delicacy of the fingernails. The mathematical
perfectness of the black holes of Nature is, similarly, revealed at every level by
some strangeness in the proportion in conformity of the parts to one another
and to the whole.



e Ya. B. Zeldovich: | dislike the no hair theorem



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 (gravitational
redshift for S2 near its periapsis passage)

EHT and M87* images

The confirmation of relativistic precession for S2
(GRAVITY)
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deduced the spinning hole’s “Kerr metric.” And in the early 1970s Stephen
Hawking and others deduced a set of laws that black holes must obey when
they swallow stars, collide and merge, and feel the tidal forces of other
objects.

Black holes surely do exist. Einstein’s relativistic laws insist that, when a
massive star exhausts the nuclear fuel that keeps it hot, then the star must
implode. In 1939, ]. Robert Oppenheimer and his student Hartland Snyder
used Einstein’s laws to discover that, if the implosion is precisely spherical,
the imploding star must create a black hole around itself, and then create a
singularity at the hole’s center, and then get swallowed into the singularity.
No matter is left behind. None whatsoever. The resulting black hole is made
entirely from warped space and time. Over the decades since 1939,
physicists using Einstein’s laws have shown that if the imploding star is
deformed and spinning, it will also produce a black hole. Computer
simulations reveal the full details.

Astronomers have seen compelling evidence for many black holes in our
universe. The most beautiful example is a massive black hole at the center of
our Milky Way galaxy. Andrea Ghez of UCLA, with a small group of
astronomers that she leads, has monitored the motions of stars around that
black hole (Figure 5.8). Along each orbit, the dots are the star’s position at
times separated by one year. | marked the black hole’s location by a white,
five-pointed symbol. From the stars’ observed motions, Ghez has deduced
the strength of the hole’s gravity. Its gravitational pull, at a fixed distance, is
4.1 million times greater than the Sun’s pull at that distance. This means the
black hole’s mass is 4.1 million times greater than the Sun'’s!

A
Fig 5.7. Black-hole scientists. Left to right: Karl Schwarzschild (1873-1916), Roy Kerr (1934~ ),
Stephen W. Hawking (1942~ ), J. Robert Oppenheimer (1904-1967), and Andrea Ghez (1965— ).

Figure 5.9 shows where this black hole is on the night sky in summer. It
is to the lower right of the constellation Sagittarius, the teapot, at the x
labeled “Galactic Center.”

A massive black hole inhabits the core of nearly every big galaxy in our
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ON A STATIONARY SYSTEM WITH SPHERICAL SYMMETRY
CONSISTING OF MANY GRAVITATING MASSES

By ALBErRT EINSTEIN
(Received May 10, 1939)

If one considers Schwarzschild’s solution of the static gravitational field of
spherical symmetry

. g s i
(1) ds® = _(1 + 2%) (da? + dz} + dzd) + | — 27 ) ar
Lo
it is noted that
—#— 2
i = T 2r
e
1+ 2r

vanishes for » = x/2. This means that a clock kept at this place would go at
the rate zero. Further it is easy to show that both light rays and material
particles take an infinitely long time (measured in ‘““‘codrdinate time’’) in order
to reach the point r = u/2 when originating from a point 7 > u/2. In this
sense the sphere r = u/2 constitutes a place where the field is singular. (u vepre-
sents the gravitating mass.)

There arises the question whether it is possible to build up a field containing
such singularities with the help of actual gravitating masses, or whether such
regions with vanishing g« do not exist in cases which have physical reality.
Schwarzschild himself investigated the gravitational field which is produced by
an incompressible liquid. He found that in this case, too, there appears a
region with vanishing g if only, with given density of the liquid, the radius of
the field-producing sphere is chosen large enough.

This argument, however, is not convincing; the concept of an incompressible
liquid is not compatible with relativity theory as elastic waves would have to
travel with infinite velocity. It would be necessary, therefore, to introduce a
compressible liquid whose equation of state excludes the possibility of sound
signals with a speed in excess of the velocity of light. But the treatment of any
such problem would be quite involved; besides, the choice of such an equation
of state would be arbitrary within wide limits, and one could not be sure that
thereby no assumptions have been made which contain physical impossibilities.

One is thus led to ask whether matter cannot be introduced in such a way
that questionable assumptions are excluded from the very beginning. In fact
this can be done by choosing, as the field-producing mass, a great number of

922
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The following table gives x and 2ro for M = 1 as functions of s (approximately):

oo " 2ry
0. 1. «©
.05 088 19.76
1 948 9.48
15 97 6.56
2 1.13 5.65
23 1.32 5.63
25 1.82 7.40
.26 2.63 10.1
.268 w© o«

When the cluster is contracted from an infinite diameter its mass decreases at
the most about 59%. This minimal mass will be reached when the diameter 2ry
isabout 9. The diameter can be further reduced down to about 5.6, but only by
adding enormous amounts of energy. It is not possible to compress the cluster
any more while preserving the chosen mass distribution. A further addition
of energy enlarges the diameter again. In this way the energy content, i.e. the
gravitating mass of the cluster, can be increased arbitrarily without destroying
the cluster. To each possible diameter there belong two clusters (when the
number of particles is given) which differ with respect to the particle velocity.

Of course, these paradoxical results are not represented by anything in physi-
cal nature. Only that branch belonging to smaller o values contains the cases
bearing some resemblance to real stars, and this branch only for diameter values
between e« and 9M.

The case of the cluster of the shell type, discussed earlier in this paper, behaves
quite similarly to this one, despite the different mass distribution. The shell
type cluster, however, does not contain a case with infinite x, given a finite M.

The essential result of this investigation is a clear understanding as to why the
“Schwarzschild singularities” do not exist in physical reality. Although the
theory given here treats only clusters whose particles move along circular paths
it does not seem to be subject to reasonable doubt that mote general cases will
have analogous results. The “Schwarzschild singularity” does not appear for
the reason that matter cannot be concentrated arbitrarily. And this is due to
the fact that otherwise the constituting particles would reach the velocity of
light.

This investigation arose out of discussions the author conducted with Professor
H. P. Robertson and with Drs. V. Bargmann and P. Bergmann on the mathe-
matical and physical significance of the Schwarzschild singularity. The problem
quite naturally leads to the question, answered by this paper in the negative,
as to whether physical models are capable of exhibiting such a singularity.

TrE INSTITUTE FOR ADVANCED STUDY
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In nature, mass is never sufficiently concentrated to permit a Schwarz-
schild singularity to occur in empty space. FEinstein investigated the
field of a system of many mass points, each of which is moving along a
circular path, r = const., under the influence of the field created by the
ensemble.’ If the axes of the circular paths are assumed to be oriented
at random, the whole system or cluster is spherieally symmetrie. The
purpose of the investigation was to find out whether the constituent
particles can be concentrated toward the center so strongly that the
total field exhibits a Schwarzschild singularity. The investigation
showed that even before the critical concentration of particles is reached,
some of the particles (those on the outside) begin to move with the
velocity of light, that is, along zero world lines. It is, therefore, im-
possible to concentrate the particles of the cluster to such a degree that
the field has a singularity. (The singularities connected with each indi-
vidual mass point are, of course, not considered.)

Einstein chose this example so that he would not have to consider
thermodynamical questions, or to introduce a pressure, for the particles
of his cluster do not undergo collisions, and their individual paths are
explicitly known. In this respect, Einstein’s cluster has properties
which are nowhere encountered in nature. Nevertheless, it appears
reasonable to believe that Einstein’s result can be extended to con-
glomerations of particles where the motions of the individual particles
are not artificially restricted as in Einstein's example.

The field of an electrically charged mass point. We shall now treat
a mass point which carries an electric charge. The electrostatic field
will be characterized by a scalar potential g, , which is a function of r.
The covariant components of the electromagnetic field are
fu =0 =¢Xs, ou=0 (13.26)
The components of the electromagnetic stress-energy tensor are

1 . )
M, = e [} 9 20 ¥ — Cravrils

__l lr_i g —p
My= S_IPHWFG -Sr(iﬁc)e '

My=0 e (13.27)
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Black holes in centers of galaxies

(L.Ho,ApJ 564,120 (2002))
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Abstract

Supermassive black holes (BHs) have been found in 87 galaxies by dynamical modeling of
spatially resolved kinematics. The Hubble Space Telescope revolutionized BH research by advancing
the subject from its proof-of- phase into itative studies of BH demographics. Most
influential was the discovery of a tight correlation between BH mass M, and the velocity dispersiono
of the bulge component of the host galaxy. Together with similar correlations with bulge luminosity
and mass, this led to the widespread belief that BHs and bulges coevolve by regulating each other’s
growth. Conclusions based on one set of correlations from M, ~ 10°° Mg in brightest cluster
ellipticals to M, ~ 10° M in the smallest galaxies dominated BH work for more than a decade.

New results are now replacing this simple story with a richer and more plausible picture in which
BHs correlate differently with different galaxy components. A reasonable aim is to use this progress
to refine our understanding of BH - galaxy coevolution. BHs with masses of 10° — 10° M, are found
in many bulgeless galaxies. Therefore, classical (elliptical-galaxy-like) bulges are not necessary for
BH formation. On the other hand, while they live in galaxy disks, BHs do not correlate with
galaxy disks. Also, any M, correlations with the properties of disk-grown pseudobulges and dark
matter halos are weak enough to imply no close coevolution.

The above and other correlations of host galaxy parameters with each other and with M, suggest
that there are four regimes of BH feedback. (1) Local, secular, episodic, and stochastic feeding
of small BHs in largely bulgeless galaxies involves too little energy to result in coevolution. (2)
Global feeding in major, wet galaxy mergers rapidly grows giant BHs in short-duration, quasar-like
events whose energy feedback does affect galaxy evolution. The resulting hosts are classical
bulges and coreless-rotating-disky ellipticals. (3} After these AGN phases and at the highest
galaxy masses, maintenance-mode BH feedback into X-ray-emitting gas has the primarily negative
effect of helping to keep baryons locked up in hot gas and thereby keeping galaxy formation from
going to completion. This happens in giant, core-nonrotating-boxy ellipticals. Their properties,
including their tight correlations between M, and core parameters, support the conclusion that
core ellipticals form by dissipationless major mergers. They inherit coevolution effects from smaller
progenitor galaxies. Also, (4) independent of any feedback physics, in BH growth modes (2) and (3),
the averaging that results from successive mergers plays a major role in decreasing the scatter in
M, correlations from the large values observed in bulgeless and pseudobulge galaxies to the small
values observed in giant elliptical galaxies.



Table 1 Mass measurements of supermassiv% black holes in our Galaxy, M 31, and M 32

Gala.xy D Te M. (MlowaMhigh) Tinfl Ty l‘inﬂfO', Reference
(Mpc) (km s™1) Mg) (arcsec) (arcsec)
1 @ 6 4 (5) ® @ ®
Galaxy 4 41(3.98—4.84) e6 0.0146 2868. Meyer et al. 2012
Galaxy 2 (3.9 -4.6 ) e6 0.0139 3013.  Yelda et al. 2011
Galaxy 0.00828 105 430( .94-4.66) 6 41.9  0.0146 2868. Genzel, Eisenhauer & Gillessen 2010
Galaxy 0.00828 105 4.30(3.94-4.66) 6 41.9 0.0146 2868.  Gillessen et al. 2009a
Galaxy 4.09(3.74-4.43) e 0.0148 2829. Gillessen et al. 2009b
Galaxy 4.25(3.44-4.79) e6 0.0139 3013.  Ghez et al. 2008
Galaxy 3 80(3 60-4.00) e6 0.0056 7478.  Ghez et al. 2005
Galaxy 7 (33 -4.1)e6 0.0075 5583. Ghez et al. 2003
Galaxy 8 (23 -54 )eb 0.0155 2702.  Schidel et al. 2002
Galaxy 1(1.3 -28)eb 0.113 371.  Chakrabarty & Saha 2001
Galaxy 3 1 (2.6 -3.6 ) e6 0.26  161.  Genzel et al. 2000
Galaxy 7 (25 -2.9)e6 0.39  107. Ghez et al. 1998
Galaxy 2 70(2 31-3.09) &6 0.39  107. Genzel et al. 1997
Galaxy 2 55(2 12-2.95) €6 0.39  107. Eckart & Genzel 1997
Galaxy 8 (2.5 -3.1 )b 2.4 17.4 Genzel et al. 1996
Galaxy 2 0 (0.9 -2.9 ) eb 49 8.5 Haller et al. 1996
Galaxy 29 (2.0 -39 ) e6 34 12.3 Krabbe et al. 1995
Galaxy 2. ef 5 8.4 Evans & de Zeeuw 1994
Galaxy 3. e6 5 84 Kent 1992
Galaxy 54 (3.9 -6.8 ) eb 15 2.8 Sellgren et al. 1990
M 31 0774 169 14(1.1-23)e8 575 0.053 109. Bender et al. 2005
M3l 1.0 e8 0.297 19.4 Peiris & Tremaine 2003
M31 6.1(3.6-8.7) 7 0.052 111. Bacon et al. 2001
M31 3.3 (1.5-4.5) e 0.297 194 Kormendy & Bender 1999
M31 6.0 (5.8-6.2) e7 0.297  19.4 Magorrian et al. 1998
M3l 9.5 (7T —10) e7 0.42 13.7 Emsellem & Combes 1997
M31 7.5 e7 0.56 10.3 Tremaine 1995
M3l 8.0 e7 0.42 13.7 Bacon et al. 1994
M3l 5 (4.5-5.6) e7 0.59 9.7 Richstone, Bower & Dressler 1990
M3l 3.8 (L1-11)e7 0.56 10.3 Kormendy 1988a
M3l 6 (3.4-7.8) e7 0.59 9.7 Dressler & Richstone 1988
M32 0.805 77 245(1.4-35)e6 046 0.052 876 van den Bosch & de Zeeuw 2010
M32 9(2.7-3.1) e 0.052  8.76 Verolme et al. 2002
M32 .5 (2.3-4.6) e6 0.052  8.76 Joseph et al. 2001
M32 2.4 (2.2-2.6) e 0.23 1.98 Magorrian et al. 1998
M32 9(3.1-4.7) 6 0.050  9.11 van der Marel et al. 1998a
M32 3.9 (3.3-4.5) eb 0.050  9.11 van der Marel et al. 1997a, 1997b
M32 3.2 (2.6-3.7) e6 0.23 1.98 Bender, Kormendy & Dehnen 1996
M 32 2.1(1.8-2.3) e6 0.34 1.34 Dehnen 1995
M32 2.1 ef 0.34 1.34 Qian et al. 1995
M32 2.1(1.7-24) e6 0.34 1.34 van der Marel et al. 1994a
M32 2.2 (0.8-3.5) e6 0.59 0.77 Richstone, Bower & Dressler 1990
M32 9.3 ef 0.59 0.77 Dressler & Richstone 1988
M32 7.5 (3.5-11.5) €6 0.76 0.60 Tonry 1987
M 32 5.8 e6 1.49 0.31 Tonry 1984

Lines based on HST spectroscopy are in red. Column 2 is the assumed distance. Column 3 is the stellar velocity dispersion inside
the “effective radius” that encompasses half of the light of the bulge. Column 4 is the measured BH mass with the one-sigma range
that includes 68 % of the probability in parentheses. Only the top four M, values for the Galaxy include distance uncertainties
in the error bars. Column 5 is the radius of the sphere of influence of the BH; the line that lists I'jpq contains the adopted M,.
Column 6 is the effective resolution of the spectroscopy, estimated as in Kormendy (2004). It is a radius that measures the blurring
effects of the telescope point-spread function or “PSF,” the slit width or aperture size, and the pixel size. The contribution of the
telescope is estimated by the dispersion Oxte] of @ Gaussian fitted to the core of the average radial brightness profile of the PSF. In
nartienlar the HST PAR hac a0 ~ 0028 fram a sinola_Canasian fit ta tha PAR madal in van der Maral da Zeanw & Riv (10072}
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SINFONI + NACO @ VLT (blue)
NIRC2 + OSIRIS @ Keck (red)
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(left) Orbits of individual stars near the Galactic center. (right) Orbit of star S2 around the BH
and associated radio source Sgr A* based on observations of its position from 1992 to 2012. Results
from the Ghez group using the Keck telescope and from the Genzel group using the Europen Very
Large Telescope (VLT) are combined. This figure is updated from Genzel, Eisenhauer & Gillessen
(2010) and is kindly provided by Reinhard Genzel.

These results establish the existence and mass of the central dark object beyond any reasonable
doubt. They also eliminate astrophysical plausible alternatives to a BH. These include brown dwarfs
and stellar remnants (e. g., Maoz 1995, 1998; Genzel et al. 1997, 2000; Ghez et al. 1998, 2005) and
even fermion balls (Ghez et al. 2005; GEG10). Boson balls (Torres et al. 2000; Schunck & Mielke
2003; Liebling & Palenzuela 2012) are harder to exclude; they are highly relativistic, they do not
have hard surfaces, and they are consistent with dynamical mass and size constraints. But a boson
ball is like the proverbial elephant in a tree: it is OK where it is, but how did it ever get there?
GEGI10 argue that boson balls are inconsistent with astrophysical constraints based on AGN
radiation. Also, the Soltan (1982) argument implies that at least most of the central dark mass
observed in galaxies grew by accretion in AGN phases, and this quickly makes highly relativistic
objects collapse into BHs. Finally (Fabian 2013), X-ray AGN observations imply that we see, in
some objects, material interior to the innermost stable circular orbit of a non-rotating BH; this
implies that these BHs are rotating rapidly and excludes boson balls as alternatives to all central
dark objects. Arguments against the most plausible BH alternatives — failed stars and dead stars —
are also made for other galaxies in Maoz (1995, 1998) and in Bender et al. (2005). Exotica such as
sterile neutrinos or dark matter WIMPs could still have detectable (small) effects, but we conclude
that they no longer threaten the conclusion that we are detecting supermassive black holes.

KR95 was titled “Inward Bound — The Search for Supermassive Black Holes in Galactic Nuclei.”
HST has taken us essentially one order of magnitude inward in radius. A few other telescopes take us
closer. But mostly, we are still working at 10* to 10° Schwarzschild radii. In our Galaxy, we
have observed individual stars in to ~ 500 Schwarzschild radii. Only the velocity profiles of
relativistically broadened Fe Ke lines (e.g., Tanaka et al. 1995; Fabian 2013) probe radii that
are comparable to the Schwarzschild radius. So we are still inward bound. Joining up our
measurements made at thousands of rg with those probed by Fe Ko emission requires that we
robustly integrate into our story the rich and complicated details of AGN physics; that is, the
narrow- and broad—emission-line regions. That journey still has far to go.



R. Hooke’s “proof” that F ~1/r?
could explain Kepler’s laws, German Aerospace Center
(Robert Hooke Strasse, 7)
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THE COMPACT SOURCE AT THE GALACTIC CENTER

Martin J. Rees
Institute of Astronomy, Madingley Rd., Cambridge, U.K.

ABSTRACT

Various circumstantial argumgnts for (and against) the presence
of a massive black hole (< 5 x 10° M) are mentioned and assessed; in
particular, the upper limits to the lawle's mass based on considerations
of stellar disruption and swallowing are shown to be very uncertain.

If a massive black hole indeed lurks at the Galactic Center a compact
radio source resembling the one actually observed would be a natural
(indeed, almost inevitable) consequence of low-level accretion onto it.
Related processes could account for an ionizing flux up to ~ 10%: erg
s-1, and perhaps also for the observed et - e~ annihilation, but these
latter aspects of the model involve physical uncertainties (particularly
with regard to particle acceleration) which cannot be reliably quanti-
fied.

INTRODUCTION

Are there any phenomena at the Galactic Center which resemble -
in a muted form - those which we observe in external galaxies with
active nuclei? This question is interesting if we are aiming to
understand the data presented at this meeting. But it bears also on
the general interpretation of galactic nuclei - whether, in particular,
the Seyfert galaxies are just ordinary spirals undergoing a flaring
phase.

The conjecture that there might be a massive black hole at the
Galactic Center goes back at least 10 years~. The infra-red data from
the Berkeley group<»- and recombination line observations® have in the
last few years allowed us to rule out any mass above v 5 x 10° M,.
There is no straight dynamical evidence for a massive black hole - part
at least of the central mass concentration could take some more con-
ventional form (e.g. a star cluster), and in any case the observed gas
may be flowing outward?. But the present data on the IR emission and
on the unresolved radio source increasingly suggest that there is some
unique object right at the Center, even if much of the activity and
structure outside the central parsec can be accounted for in conven-
tional terms. Bailey6 has shown that, if IRS 16 were simply a star
cluster, then within a radius 0.1 pc the stars would be so closely
packed that runaway dynamical evolution would take < 10” yrs. Uhless
we are observing at a special epoch in the history of our Galactic
nucleus, this supports the idea that a massive central object may
already have formed, A further suggestive argument is based on the
conjecture that all normal galaxies pass intermittently through
Seyfert phases, A massive black hole could then exist as a relic of
earlier Seyfert-style outbursts, being "reactivated" whenever the
fuelling rate is boosted’. If a massive black hole is present in the
central region of our galaxy, then dynamical friction would cause it
to settle quickly into the true dynamical centre.

0094-243X/82/830166-1153.00 Copyright 1982 American Institute of Physics
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at relativistic energies by synchrotron absorption (unless coherent
emission allows them to cool more efficiently); the cross section for
annihilation would then be small

Relation to the nuclei of other galaxies

The distinctive pre-requisite for this type of quasi-stationary
radio soyrce is a low level of accretion (cf. eqn (10)). Qualit-
atively similarly behaviour may occurin other galactic nuclei. I would
conjecture that those cases which do not display rapid variability may
all be of this type, but that the variable nuclear components may
involve "jets"., The jets would be energised by extraction of the spin
enerq of the hole, coupled electromagnetically to the surrounding
torus 7.

I have benefitted from discussions with a number of colleagues,
and would particularly like to thank Mitch Begelman, Roger Blandford,
Bob Brown, Juhan Frank and Sterl Phinney. I am grateful also to

Guenter Riegler for the invitation to participate in the Galactic Center
conference.
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A. N. Kolmogorov, A.M. Obukhov, V. |. Tatarskii developed
mathematical foundations of AO (based on conversations with
Paul Hickson (University of British Columbia))




P. L. Kapitsa (1946): "A large number of the largest
engineering initiatives were born in our country. We
have almost never been able to develop them
ourselves... Often the reason for not using innovation is
that we usually underestimated our own and
overestimated foreign ones. Usually, organizational
shortcomings prevented our technical pioneer work
from developing and influencing the world technology.
Many of these shortcomings exist to this day, and one of
the main ones is the underestimation of their own and
overestimation of foreign forces.”




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
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The nucleus of our Galaxy
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Abstract

The subject of this review is the central 100 parsecs of our Galaxy, with a strong focus
on the central few parsecs. Observations of the electromagnetic spectrum over 13 orders
of magnitude in wavelength show a broad range of phenomena involving a number of
physical processes. We discuss the stellar and interstellar components, the importance
of magnetic and gravitational forces, the evidence for stellar formation and a central
massive black hole, and the origin and nature of ionization, outflows and interstellar
gas dynamics.

The density of stars is approximately proportional to B2 from Galactocentric radii
of a few tenths to more than one hundred parsecs, the central density perhaps being
more than 107 times as large as in the solar vicinity. On all scales one finds massive
stars that must have formed within the last 107 years. On scales > 10 pc there are a
number of compact x-ray sources, including a spectacular black hole candidate
exhibiting time variable, hard x-ray/y-ray emission and a twin radio jet. In the central
regions stellar collisions are probably frequent and may affect the stellar populations.

The Galactic nucleus contains a remarkable concentration of dense and excited
interstellar matter. The average density of gas and dust and the average thermal
pressures are 10°-10° times those found in the solar neighbourhood. A component of
very hot {10-10° K) gas may be the result of a few hundred supernova explosions that
occurred in the central 107 pe during the last 10°-10° years, The coronal gas escapes
the disk ag a Galactic wind, The region between 3 and 30 pe shows evidence for poloidal
magnetic fields out of the plane of the disk of the Galaxy, of strength 0. to a few
mGauss. A circum-nuclear disk or torus of dense molecular gas orbits the centre between
1.5 and 5 pc and probably is fed with gas from massive molecular clouds at R 2 10 pe.
The central parsec has a relatively low average gas density, but contains a number of
predominantly atomic and ionized streamers.

The luminosity of the central few parsecs appears 1o be dominated by a cluster of
hot stars, whose ultraviolet radiation and winds excite, photoionize and perturb the
gas streamers. These massive stars may be the produets of a small burst of star formation
that occurred a few million years ago when there may have been a much greater
nuclear concentration of interstellar gas than is presently observed. Alternatively, or
additionally, massive stars in the central core may form as the result of mergers of low
mass stars if the central stellar density in fact significantly exceeds 10" Mg pc™>.

0034-4885/94,/050417 + 63§59.50 © 1994 10P Publishing Ltd 417
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Figure 7. The principle of adaptive optics. A laser system is used to inake artificial guide stars
that sense the blurring in the Earth’s atmosphere. The images of the bright spots generated by
the laser [1] are used in a feedback loop to introduce fast deformations of a secondary mirror
[2] that effectively correct for the atmospheric turbulence in the science tinages [3].

The discovery of a compact object in the Galactic centre

One of the stars, labelled as S2 by Genzel's group (called So2 by the team led by Ghez), was
shown to have a very short orbiting period around Sgr A*, just under 16 years (Schodel et al.
2002, Ghez et al. 2003). For comparison, it takes over 200 million years for the Sun to complete
a full orbit around the Galactic centre. This star has a highly elliptical orbit with eccentricity ¢ =
0.88. Its pericentre distance from Sgr A* in the spring of 2002 was a mere 17 light hours, or
1,400 Ry, for a black hole of mass 4 x 10%Mg (see figure 8). The plane of the orbit has an
inclination of about 46° with respect to the plane of the sky.

The agreement between the data from the NTT/VLT and Keck telescopes was excellent. The
analysis of the combined data sets showed that the extended mass component (visible stars,
stellar remnants and, possibly, dark matter) within the orbit of Sz, gave a negligible
contribution to the estimation of the central mass (Ghezet al. 2008, Gillessen et al. 2009b). The
work of the two teams together established that the Galactic centre contains a highly
concentrated mass of ~4 million solar masses within the pericentre of Sz, i.e. within 125 AU.
This requires a minimum density of 5 x 10!*Mgpc=2. The mass centroid lies within +2
milliareseconds of the position of the compact radio source Sgr A*, which itself has an apparent
size of <1 AU (Shen et al. 2005, Bower et al. 2006, Doeleman et al. 2008) and lacks detectable
proper motion (Reid & Brunthaler, 2004).

A robust interpretation of these observations is that the compact object at the Galactic centre is
compatible with being a supermassive black hole. Further support for this conclusion comes
from the fact that near-infrared and X-ray flares are observed from the same position, which can
be naturally ascribed to variations in the accretion flow towards a massive black hole.
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Black Holes

Black holes are some of the most bizarre ob-
jects in the Universe, challenging the imagina-
tions of even the most creative scientists.
They are places where gravity trumps all other
forces in the Universe, pushing our under-
standing of physics to the limit. Even more
strangely, supermassive black holes seem to
play a key role in the formation of galaxies
and structures in the Universe.

Galactic Centre

Qver the last 15 years or so, an enormous
amount of work has gone into improving our
understanding of the closest supermassive
black hole — Sagittarius A* at the centre of
the Milky Way.

Technological progress, in particular in the
areas of adaptive optics and high angular reso-
lution with ground-based 8-metre-class tele-
scopes, has allowed impressive progress in
understanding supermassive black holes and
their surroundings. Key progress was made

in proving the very existence of a supermassive
black hole at the centre of the Milky Way, in
refining our knowledge of how matter falls into
black holes, and in identifying gas discs and
young stars in the immediate vicinity of the
black hole. The Galactic Centre was thus estab-
lished as the most important laboratory for

the study of supermassive black holes and their
surroundings.

But its potential for progress in fundamental
physics and astrophysics is far from being fully
exploited. The Galactic Centre remains the
best place to test general relativity directly in a
strong gravitational field. The E-ELT will enable
extremely accurate measurements of the po-
sitions of stars (at the 50-100 microarcsecond

level over fields of tens of arcseconds), as well
as radial velocity measurements with about

1 km/s precision, pushing our observations ever
closer to the black hole event horizon. Stars can
then be discovered at 100 Schwarzschild radii,
where orbital velocities approach a tenth of

the speed of light. This is more than ten times
closer than can be achieved with the current
generation of telescopes. Such stellar probes
will allow us to test the predicted relativistic
signals of black hole spin and the gravitational
redshift caused by the black hole, and even

to detect gravitational wave effects. Further out,
the dark matter distribution around the black
hole, predicted by cold dark matter cosmolo-
gies (ACDM), can be explored. The distance to
the Galactic Centre can be measured to 0.1%,
constraining in turn the size and shape of the
galactic halo and the Galaxy's local rotation
speed to unprecedented levels. Crucial pro-
gress in our understanding of the interaction of
the black hole with its surroundings will be
made. The puzzling stellar cusp around the
Galactic Centre, as well as the observed star
formation in the vicinity of the black hole will be
studied in detail for the first time.

S2 Orbit around SgrA™

Left: Very Large
Telescope (VLT)
observations have
revealed that the
supermassive black
hole closest to usis
located in the centre
of the Milky Way.

The Milky Way’s cen-
tral supermassive
black hole has been
weighed by meas-
uring the proper mo-
tions of stars In its
vicinity.
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Going beyond boundaries thanks to accurate
spatial information

K 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

Scale ~ 1 R 10 pas

J

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

Scale ~ 100 R 1 mas




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

The mass concentration at the Galactic Center

Recent advancements in infrared astronomy are allowing to test the
scale of the mass profile at the center of our galaxy down to tens of AU.
With the Keck 10 m telescope, the proper motion of several stars orbiting
the Galactic Center black hole have been monitored and almost entire
orbits, as for example that of the S2 star, have been measured allowing
an unprecedent description of the Galactic Center region. Measurements
of the amount of mass AM (< r) contained within a distance r from the
Galactic Center are continuously improved as more precise data are collected.
Recent observations (Ghez et al. (2003)) extend down to the periastron
distance (~ 3 =< 10~ * pc) of the S16 star and they correspond to a value
of the enclosed mass within ~ 3 x 10~ pc of ~ 3.67 x 10°% M,,. Several
authors have used these observations to model the Galactic Center mass
concentration. Here and in the following, we use the three component
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Figure 21: The same as in Figure 20 but for the S16-Sgr A* binary system.

In this case, the binary system orbital parameters were taken from Ghez et
al. (2005) assuming for the S16 mass a conservative value of ~ 10 M.
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Figure 32: Apoastron shift as a function of the DM radius Rpps for o = 0
and Mpyr ~ 2 x 10° M. Taking into account present day precision for the
apoastron shift measurements (about 10 mas) one can say that DM radii
Rpas in the range 8 x 107% — 1072 pc are not acceptable.
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D. Borka, P. Jovanovic, V. Borka Jovanovic and AFZ, PRD, 85,
124004 (2012).
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capabilities. They showed that the orbital precession can
oceur due 1o relativistic effects, resulting in a prograde
shift and due 1o a possible extended mass distribution,
producing a retrograde shift. Both prograde relativistic
and retrograde Newtonian periastron shifts will result in
rosette-shaped orbits. Weinberg et al. [12] discussed physi-
cal experiments achievable via the monitoring of stellar
dynamics near the massive black hole at the Galactic center
with a diffraction-limited, next-generation, extremely large
telescope. They demonstrated that the lowest order relativ-
istic effects, such as the prograde precession, will be
detectable if the astrometric precision becomes less than
0.5 mas.

In this paper we continue to investigate constraints on
the parameters of this class of gravity theories using S2-
like star orbits under the uncertainty of 10 mas. In Sec. 1T
the type of gravitational potential we use is given. In
Sec. 1T we present the S2-like star orbits, gravity parame-
ters, and angles of orbital precession, and also compare
theoretical results with observations. The main conclusions
are pointed out in Sec. IV.

II. THEORY

R" gravity belongs to power-law fourth-order theories of
gravity obtained by replacing the scalar curvature R with
S(R) = foR" in the gravity Lagrangian [1,2]. As a result, in
the weak field limit [13], the gravitational potential is
found to be [1.2

Dir) = —(‘;—'14[1 +(£)E}, (n

where r, is an arbitrary parameter, depending on the typi-
cal scale of the considered system, and S is a universal
parameter:

1202 =0 — 1 —+36n* + 12n° — 83n° + 50n + 1
6n® —4n+2 ’

B

(2)

This formula corresponds to a modification of the grav-
ity action in the form

A= fd*.c\/w_g'U"(RJ + L), (3)

where f(R) is a generic function of the Ricci scalar curva-
ture and L, is the standard matter Lagrangian.

For n =1 and 8 =0 the R" potential reduces to the
Newtonian one, as expected. Parameter B controls the
shape of the correction term and is related to n, which is
part of the gravity Lagrangian. Since it is the same for
all gravitating systems, as a consequence, 8 must be the
same for all of them and therefore it is a universal parame-
ter [2]. The parameter r,. is the scale length parameter, and
it is related to the boundary conditions and the mass of the
system [2].

PHYSICAL REVIEW D 85, 124004 (2012)
1I1. RESULTS
A. Orbits of S2-like stars and parameters of R" gravity

In order to study the effects of R" gravity on the motion
of S2, we performed two-body calculations of its orbit in
the R" potential [Eq. (1)] during two periods. We assumed
the following input parameters taken from the paper of
Zakharov et al. [10]: orbital eccentricity of the S$2-like star,
e = 0.87; major semiaxis a = 919 AU; mass of the S2-
like star, M, = 1My; mass of the central black hole,
Mpy = 3.4 X 10°M, (where My is the solar mass); and
orbital period of the S2-like star is 15 years. We calculated
the S2-like star orbit during two periods using Newtonian
and R" potentials. We also investigated the constraints on
the parameters 3 and r. for which the deviations between
the $2-like star orbits in the R" gravity potential [Eq. (1)]
and its Keplerian orbit will stay within the maximum
precision of the current instruments (about 10 mas), during
one orbital period.

In Fig. 1 we present the trajectory of the S2-like star
around a massive black hole in R" gravity (blue solid line)
and in Newtonian gravity (red dashed line) for r, =
100 AU and for the following nine values of parameter
B:0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.0475.
The black hole is assumed to be located at the coordinate
origin. We fix a value of parameter r, at 100 AU, because
this value corresponds to the maximal value of parameter g
in the parameter space (see Fig. 3), and vary values of
parameter 3. All nine orbits presented fulfill the request
that the R" orbit and the corresponding Newtonian orbit
differ by less than 10 mas (i.e. within the maximum pre-
cision of the current observations) during one orbital
period. We can see that if parameter 3 increases, the R”
orbit differs more from the corresponding Newtonian orbit
since the precession angle becomes larger. This indicates
that the value of 3 should be small, as inferred from Solar
System data [9] and in contrast to the value 8= 0.817
(obtained by [2], which gives excellent agreement between
theoretical and observed rotation curves). In the future,
with improvements in observational facilities, the preci-
sion on constraints on values of parameters 8 and r,. will
increase, as will the accuracy of the S2 orbit.

The corresponding distances between the S2-like star
and the black hole as a function of time for the same values
of parameters r. and B as in Fig. 1 are presented in Fig. 2.
There is an additional requirement on parameter space: the
period of the S2-like star orbit has to remain =
15 £ 0.2 yr. Like in the previous case, with increasing
observational accuracy of the period, the precision on
constraints on values of parameters B8 and 7. will also
increase.

In Fig. 3 we present the parameter space for R” gravity
under the constraint that, during one orbital period, S2-like
star orbits under R” gravity differ by less than & from their
orbits under Newtonian gravity for ten values of parameter
&: 0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008,
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The parameter space for R” gravity under the constraint that, during one orbital period, the 82-like star orbits

in R" gravity differ by less than & from the corresponding orbits in Newtonian gravity, for the following ten values of parameter &:
0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, 0.009, and 0".01.

The exact expression (7) is inappropriate for practical
applications. However, it can be easily approximated for
B=0and B =1 In the case of B =0 expansion in
Eq. (7) in Taylor’s series over B, up to first order, leads
to the following expression for the precession angle:

4o T —F - 1) _ 18BN — 1)
et et N

(8)

The above expression in the case of the S2-like star orbit
is presented in Fig. 9 as a blue dash-dotied line. Similarly,
the expansion of Eq. (7) in power series for 8 = 1 leads to
the following expression for the precession angle (red
dotted line in Fig. 9):

_ (B - NI - -1+

A
r.e"
_180°a(B - DWT—e2 — 1+ %) -
r.e’ :

One can expect that, in general, the precession angle
depends on the semimajor axis and eccentricity of the orbit
(see e.g. lorio and Ruggiero [17]), as well as on both

potential parameters B8 and ... This is indeed the case for
B = lin Eq.(9). But as it can be seen from formula (8), the
precession angle in the case when B is small (8= 0)
depends only on the eccentricity and the universal constant
B itself.

In order to test if the approximation from Eq. (8) is
satisfactory in the case of the S2-like star, we derived its
precession angle in two ways:

(i) analytically from the approximative formula (8),

(i1) numerically from the calculated orbits presented in

Fig. 8.

Comparison of the obtained precession angles by these
two methods is presented in Table I. As it can be seen
from this table, the approximative formula (8) can be used
for estimating the precession angle for all values of g
from Fig. 8.

The above analysis indicates that R gravity results in
the retrograde shift of the S2-like star orbit. Rubilar and
Eckart [ 11] showed that the orbital precession can be due to
relativistic effects, resulting in a prograde shift, or due to an
extended mass distribution, producing a retrograde shift.
We can conclude that the perturbing potential V(r) has an
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From an analysis of S2 orbit one can find signatures
of Yukawa gravity (JCAP, 2013)
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Figure 1. Comparisons between the orbit of S2 star in Newtonian gravity (red dashed line) and
Yukawa gravity during 10 orbital periods (blue solid line) for A = 2.59 x 10* AU. In the left panel
6 =+1/3, and in the right 6 = —1/3.

5. the reduced y? is minimized and the final values of initial positions and velocities are
obtained.

Finally, we kept the value of A which resulted with the smallest value of minimized reduced
X

In order to obtain some more general constraints on the parameters of Yukawa gravity,
we also varied both 6 and A and studied the simulated orbits of S2 star which give at least the
same or better fits than the Keplerian orbit. For each pair of these parameters the reduced
v? of the best fit is obtained and used for generating the x> maps over the A — § parameter
space. These maps are then used to study the confidence regions in A — § parameter space.

3 Results and discussion

The simulated orbits of S2 star around the central object in Yukawa gravity (blue solid line)
and in Newtonian gravity (red dashed line) for A = 2.59 x 10° AU and § = 11/3 (left panel)
and 6 = —1/3 (right panel) during 10 periods, are presented in Fig. 1. We can notice that
for § — —1/3 the precession has negative direction and when & — +1/3 the precession has
positive direction. Our analysis shows that the Yukawa gravity potential induces precession
of S2 star orbit in the same direction as General Relativity for § > 0 and for 4 < —1, and in
the opposite direction for —1 < § < 0 as in the case of extended mass distribution or in R
gravity [22].

We used these simulated orbits to fit the observed orbits of S2 star. The best fit (ac-
cording to NTT/VLT data) is obtained for the scale parameter: A — 2.59 x 10° AU, for
which even a significant strength of Yukawa interaction could be expected according to the
planetary and Lunar Laser Ranging constraints [32].

In Fig. 2 we presented two comparisons between the fitted orbits in Yukawa gravity
for & = +1/3 through the astrometric observations of S2 star by NTT/VLT alone (left) and
NTT/VLT+Keck combination (right). In order to combine NTT/VLT and Keck data sets,
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Figure 2. The fitted orbits in Yukawa gravity for 6 = +1/3 through the astrometric observations of
52 star (denoted by circles), obtained by NTT/VLT alone (left panel) and NTT/VLT+Keck (right
panel). The best fits are obtained for A = 2.59 x 10° AU and A = 3.03 x 10* AU, respectively.
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Figure 3. The comparisons between the observed (open circles with error bars) and fitted (solid
lines) coordinates of S2 star (top), as well as the corresponding O-C residuals (bottom). The left
panel shows the results for Aa and right panel for Ad in the case of NTT/VLT observations and
Yukawa gravity potential with 6 = +1/3 and A = 2.59 x 10* AU.

the position of the origin of Keck observations is first shifted by Az — 3.7 and Ay — 4.1 mas,
following the suggestion given in [39]. In the first case the best fit is obtained for A = 2.59x 10
AU, resulting with reduced y? = 1.54, and in the second case for A = 3.03 x 10° AU with
reduced x* = 3.24. As one can sce from these figures, in both cases there is a good agreement
between the theoretical orbits and observations, although the higher value of reduced x? in
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Figure 5. The comparisons between the observed (circles with error bars) and fitted (solid lines) radial
velocities of S2 star (top), as well as the corresponding O-C residuals (bottom). The left panel shows
the results in the case of NTT/VLT observations and Yukawa gravity potential with A = 2.59 x 10%
AU, while the right panel shows the results for NTT/VLT+Keck combined observations and for
Yukawa gravity potential with A = 3.03 x 10* AU. In both cases 6 = +1/3.

the second case indicates possibly larger positional difference between the two coordinate
systems, as also noted in [39]. These figures also show that the simulated orbits of S2 are not
closed in vicinity of apocenter, indicating a possible orbital precession.

In Figs. 3 and 4 we presented the comparisons between the observed and fitted coor-
dinates of 52 star and their O-C residuals in the case of NTT/VLT observations, as well as
NTT/VLT+Keck combined data set, respectively. One can notice that in both cases, O-C
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Figure 8. The same as in Fig. 7, but for the combined NTT/VLT+Keck observations.

residuals are higher in the first part of observing interval (up to the 12 mas) and much less in
its second part (less than 2 mas). Due to adopted merit function given by expression (2.7),
our fitting procedure assigned greater weight to these latter, more precise observations. Also,
the O-C residuals are larger in the case of the combined NTT/VLT+Keck observations most
likely due to the shift of the origin of the coordinate system, which was necessary in order to
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Observation of Gravitational Waves from a Binary Black Hole Merger
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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser [nterferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 1o 250 Hz with a peak gravitational-wave strain of 1.0 x 1072!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.14. The source lies at a luminosity distance of«l-]():,'ﬁ?, Mpe corresponding to a redshift z = 0,090,
In the source frame, the initial black hole masses are 3613 M, and 29"} M, and the final black hole mass is
63:4,M .. with 3,0:{,‘:M’,c’ radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct

detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett. 116.061102

1. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. stein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].

Also in 1916, Schwarzschild published a solution for the
field equations [4] that was later understood to describe a
black hole [5.6], and in 1963 Kerr generalized the solution
1o rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8-10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14-16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17-19], black hole mergers have not
previously been observed.

“Full author list given at the end of the article.
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The discovery of the binary pulsar system PSR B1913 16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.

Experiments to detect gravitational waves began with
Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of eryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-bascline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29-32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33-36].

A century after the fundamental predictions of Einstein
and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

Published by the American Physical Society
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic

gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

nonlinear dynamics of highly disturbed black holes.

I1. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

Hanford, Washington (H1) Livingston, Louisiana (L1)
T

1.0
0.5
0.0
0.5
-1.0

1.0
0.5
0.0
-0.5
1.0H

Strain (1072%)

— Numerical relativity -
Reconstructed (wavelet)
[ Reconstructed | 1

05F T T T
0.0
-0.5

— Numerical relativity d
Reconstructed (wavelet)
s Reconstructed

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (s) Time (s)

512
256
128
64
32

Frequency (Hz)

Normalized amplitude

FIG. 1. The gravitational-wave event GW 150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at (09:50:45 UTC. For visualization, all time series are filtered
with a 35-350 Hz bandpass filter to suppress large fluctuations outside the detectors™ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: HI strain. Top row, right: L1 strain.
GW 150914 arrived first at L1 and 6.9;85 ms later at H1: for a visual comparison, the HI data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto cach
detector in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW 150914 [37,38] confirmed to 99.9% by an independent calculation based on [ 15). Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subiracting the
filtered numerical relativity waveform from the filtered detector time series. Borfom row: A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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propagation time, the evenis have a combined signal-to-
noise ratio (SNR) of 24 [45].

Only the LIGO detectors were observing at the time of
GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg® (90%
credible region) [39.46].

The basic features of GW150914 point to it being
produced by the coalescence of two black holes—i.c.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz. where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, 1y and m», due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]
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where f and f are the observed frequency and its time
derivative and G and ¢ are the gravitational constant and
speed of light. Estimating f and f from the data in Fig. 1,
we obtain a chirp mass of M = 30M, implying that the
total mass M = iy + m; is Z70M, in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM /¢’ 2 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only =350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source paramelers.

ITI. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local i tal and envi I noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO
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FIG. 2. Top: E d gravitational strain amplitud

from GW150914 projected onto HI. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce, Bottont: The Keplerian
effective black hole separation in units of Schwarzschild radii
(Rg = 2GM/¢?) and the effective relative velocity given by the
post-Newtonian parameter v/c = (GMxzf/c*)'?, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, scparated by
L, =L, =L =4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is AL(f) = 8L, = &L, = h(r)L, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational
waves, the detectors include several enhancements to the
basic Michelson interferometer. First, cach arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20 W of laser input is increased to 700 W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes
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black hole system in general relativity [94]. A first
consistency check involves the mass and spin of the final
black hole. In general relativity, the end product of a black
hole binary coalescence is a Kerr black hole, which is fully
described by its mass and spin. For quasicircular inspirals,
these are predicted uniquely by Einstein’s equations as a
function of the masses and spins of the two progenitor
black holes. Using fitting formulas calibrated to numerical
relativity simulations [92], we verified that the remnant
mass and spin deduced from the early stage of the
coalescence and those inferred independently from the late
stage are consistent with each other, with no evidence for
disagreement from general relativity.

Within the post-Newtonian formalism, the phase of the
gravitational waveform during the inspiral can be expressed
as a power series in f1/3. The coefficients of this expansion
can be computed in general relativity. Thus, we can test for
consistency with general relativity [95,96] by allowing the
coefficients to deviate from the nominal values, and seeing
if the resulting waveform is consistent with the data. In this
second check [94] we place constraints on these deviations,
finding no evidence for violations of general relativity.

Finally, assuming a modified dispersion relation for
gravitational waves [97]. our observations constrain the
Compton wavelength of the graviton to be 4, > 10" km,
which could be interpreted as a bound on the graviton mass
m, < 1.2 x1072% eV/c?. This improves on Solar System
and binary pulsar bounds [98.99] by factors of a few and a
thousand, respectively, but does not improve on the model-
dependent bounds derived from the dynamics of Galaxy
clusters [100] and weak lensing observations [101]. In
summary, all three tests are consistent with the predictions
of general relativity in the strong-field regime of gravity.

GW150914 demonstrates the existence of stellar-mass
black holes more massive than =25M ., and establishes that
binary black holes can form in nature and merge within a
Hubble time. Binary black holes have been predicted to form
both in isolated binaries [102-104] and in dense environ-
ments by dynamical interactions [105-107]. The formation
of such massive black holes from stellar evolution requires
weak massive-star winds, which are possible in stellar
environments with metallicity lower than =1/2 the solar
value [108,109]. Farther astrophysical implications of this
binary black hole discovery are discussed in [110].

These observational results constrain the rate of stellar-
mass binary black hole mergers in the local universe. Using
several different models of the underlying binary black hole
mass distribution, we obtain rate estimates ranging from
2-400 Gpc"‘ yr~! in the comoving frame [111-113]. This
is consistent with a broad range of rate predictions as
reviewed in [114], with only the lowest event rates being
excluded.

Binary black hole systems at larger distances contribute
to a stochastic background of gravitational waves from the
superposition of unresolved systems. Predictions for such a

background are presented in [115]. If the signal from such a
population were detected. it would provide information
about the evolution of such binary systems over the history
of the universe.

VII. OUTLOOK

Further details about these results and associated data
releases are available at [116]. Analysis results for the
entire first observational period will be reported in future
publications. Efforts are under way to enhance significantly
the global gravitational-wave detector network [117].
These include further commissioning of the Advanced
LIGO detectors to reach design sensitivity, which will
allow detection of binaries like GW150914 with 3 times
higher SNR. Additionally. Advanced Virgo, KAGRA, and
a possible third LIGO detector in India [118] will extend
the network and significantly improve the position
reconstruction and parameter estimation of sources.

VIII. CONCLUSION

The LIGO detectors have observed gravitational waves
from the merger of two stellar-mass black holes. The
detected waveform matches the predictions of general
relativity for the inspiral and merger of a pair of black
holes and the ringdown of the resulting single black hole.
These observations demonstrate the existence of binary
stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of
a binary black hole merger.
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Tests of General Relativity with Binary Black Holes from the second LIGO-Virgo
Gravitational-Wave Transient Catalog

The LIGO Scientific Collaboration and the Virgo Collaboration
(compiled 29 October 2020)

Gravitational waves enable tests of general relativity in the highly dynamical and strong-field regime. Using
events detected by LIGO-Virgo up to 1 October 2019, we evaluate the consistency of the data with predictions
from the theory. We first establish that residuals from the best-fit waveform are consistent with detector noise,
and that the low- and high-frequency parts of the signals are in agreement. We then consider parametrized
modifications to the waveform by varying post-Newtonian and phenomenological coefficients, improving past
constraints by factors of ~2; we also find consistency with Kerr black holes when we specifically target signatures
of the spin-induced quadrupole moment. Looking for gravitational-wave dispersion, we tighten constraints on
Lorentz-violating coefficients by a factor of ~2.6 and bound the mass of the graviton to m, < 1.76 x 1072 eV/c?
with 90% credibility. We also analyze the properties of the merger remnants by measuring ringdown frequencies
and damping times, constraining fractional deviations away from the Kerr frequency to 8fan = 0.0303¢ for the
fundamental quadrupolar mode, and 8y, = 0.04*02] for the first overtone; additionally, we find no evidence
for postmerger echoes. Finally, we determine that our data are consistent with tensorial polarizations through a
template-independent method. When possible, we assess the validity of general relativity based on collections of
events analyzed jointly. We find no evidence for new physics beyond general relativity, for black hole mimickers,

or for any unaccounted systematics.

L. INTRODUCTION

General relativity (GR) remains our most accurate theory of
gravity, having withstood many experimental tests in the Solar
System [1] as well as binary pulsar [1, 2], cosmological [3, 4]
and gravitational-wave (GW) observations [5-15]. Many of
these tests probe regimes where gravitational fields are weak,
spacetime curvature is small, and characteristic velocities are
not comparable to the speed of light. Observations of compact
binary coalescences enable us to test GR in extreme environ-
ments of strong gravitational fields, large spacetime curvature,
and velocities comparable to the speed of light; high post-
Newtonian (PN) order calculations and numerical relativity
(NR) simulations are required to accurately model the emitted
GW signal [5, 6, 14, 15].

We report results from tests of GR on binary black hole
(BBH) signals using the second Gravitational-wave Transient
catalog (GWTC-2) [16]. The GWTC-2 catalog includes all
observations reported in the first catalog (GWTC-1) [17], cov-
ering the first (O1) and second (O2) observing runs, as well as
new events identified in the first half of the third observing run
(03a) of the Advanced LIGO and Advanced Virgo detectors
[16]. We focus on the most significant signals, requiring them

for the GW signal emitted by two coalescing compact objects.
Recent NR studies have begun to model astrophysically rele-
vant binary black hole mergers in beyond-GR theories [30-34]
and numerous advances have been made deriving the analyti-
cal equations of motion and gravitational waveforms in such
theories [35-48]. However, it is often unknown whether the
full theories are well-posed and a significant amount of work
is required before the results can be used in the context of GW
data analysis.

The approach taken here is therefore to (i) check the con-
sistency of GR predictions with the data, and (ii) introduce
parametrized modifications to GR waveforms in order to con-
strain the degree to which the deviations from the GR predic-
tions agree with the data. As in [15], the results in this paper
should be treated as observational constraints on deviations
from GR. Such limits are a quantitative indication of the degree
to which the data are described by GR but can also be rein-
terpreted in the context of a given modified theory of gravity
to produce constraints, subject to a number of assumptions
[7, 49]. Our analyses do not reveal any inconsistency with GR
and the results improve on the previous tests of GR using the
BBHs observed in O1 and O2 [5, 6, 8, 13-15].

The analyses performed in this paper can be broken down
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FIG. 11. 90% credible upper bounds on the absolute value of the mod-
ified dispersion relation parameter A,. The upper limits are derived
from the distributions in Fig. 12, treating the positive and negative
values of A, separately. Picoelectronvolts provide a convenient scale
because 1 peV ~ h x 250 Hz, where 250 Hz is close to the most sen-
sitive frequencies of the LIGO and Virgo instruments. Marker style
distinguishes the new GWTC-2 results from the previous GWTC-1
results in [15].

dispersion relations, we adopt the common phenomenological
modification to GR introduced in [185] and applied to LIGO
and Virgo data in [8, 15]:

E? = p*c* + Aopc”, ©)

where A, and e are phenomenological parameters, and GR is
recovered if A, = 0 for all @. To leading order, Eq. (6) may
encompass a variety of predictions from different extensions
to GR [7, 185-191]; this includes massive gravity for o = 0
and A, > 0, with a graviton mass m, = Acl,‘fzc'z [186]. As
in [15], we consider o values from O to 4 in steps of 0.5,
excluding @ = 2, which is degenerate with an overall time
delay. A nonzero A, manifests itself in the data as a frequency-
dependent dephasing of the GW signal, which builds up as
the wave propagates towards Earth and hence increases with
the source comoving distance, potentially enhancing weak GR
deviations.

The analysis makes use of a modified version of the IMR-
PuenoMPv2 waveform (checks for systematics using SEOB-
NRv4HM_ROM were presented in [15]). We use Eq. (3) of
[15] to compute the dephasing for a given A,. This expression
was derived in [185] by treating waves emitted at a given time
as particles that travel at the particle velocity v, = DPAJE as-
sociated with the wave’s instantaneous frequency. Different
dephasings can arise from different prescriptions, e.g., using
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FIG. 12. Violin plots of the full posteriors on the modified dispersion
relation parameter A, calculated from the GWTC-2 events (blue),
with the 90% credible interval around the median indicated. For
comparison, we also show the GWTC-1 previous measurement (gray),
reported in [15].

(see Sec. II and Table I).* Since we can take A, and my to be
universal parameters, results from different events can be easily
combined by multiplying the individual likelihoods. Although
we only discuss the overall combined results here, individual-
event posteriors are available in [53], as for other tests.

‘We show our results in Table VII and Figs. 11 and 12. Ta-
ble VII and Fig, 11 present constraints on the allowed amount
of dispersion through the 90%-credible upper limits on |A,|,
computed separately for A, > 0 and A, < 0. There is no-
ticeable improvement when combining GWTC-2 results with
respect to the previous result in [15]. This is the case for both
positive and negative amplitudes, meaning that we are more
tightly constraining these quantities closer to the nondispersive,
GR prediction (A, = 0). The average improvement in the
|A,| upper limits relative to [15] is a factor 2.6, although this
fluctuates slightly across @’s. Overall, this is consistent with
the factor of 4/31/7 ~ 2.1 naively expected from the increase
in the number of events analyzed.’

Upper limits on the A, parameters can be uncertain due
to the difficulty in accurately sampling the long tails of the
posteriors. To quantify this uncertainty, we follow a Bayesian
bootstrapping procedure [192], as done previously in [8, 15],
with 2000 bootstrap realisations for each value of @ and sign of
A,. We find that the average width of the 90%-credible interval
of the individual-event upper limits is a factor of 0.12 of the
reported upper limit itself, i.e., the average uncertainty in the
upper limit is 0.12. Out of all upper limits, 9 carry fractional
uncertainties larger than 0.5. The most uncertain upper limit
is that for GW190828_065509 and A4 < 0, with a fractional
uncertainty of 1.7.

Figure 12 shows the overall posterior obtained for negative



17

TABLE VII. Results for the modified dispersion analysis (Sec. VI). The table shows 90%-credible upper bounds on the graviton mass m, and
the absolute value of the modified dispersion relation parameter A,, as well as the GR quantiles Qgr. The < and > labels denote the upper

bound on |4,| when assuming A, < 0 and > 0, respectively, and A, = A, /eV> ™ is dir ionl Rows cc the GWTC-1 results from
[15] to the GWTC-2 results.
m, Aol Wosl 1Al sl Was| s sl 144
[10% "< > O < > Omk < > 0Om < < > Om < > O < > Ok < > Ox
ev/?]  [107%] [%] [107%] [%] [10°%] [%] [10%] [%] [107] [%] [10°] [%] [107] [%] [10'] [%]
GWTC-1 470 7.99339 79 1.17070 73 251121 70 6.96 3.70 86 5.05801 28 294366 25 201373 35 144234 34
GWTC-2 176 175 137 66 046 028 66 1.00052 79 335147 83 174243 31 1.08 217 17 0.76 1.57 12 0.64 0.88 25

and positive values of A,. The enhanced stringency of our
measurements relative to our previous GWTC-1 results is also
visible here, as seen in the smaller size of the blue violins
with respect to the gray, and the fact that the medians (blue
circles) are generally closer to the GR value. The latter is
also manifested in the GR quantiles Qgr = P(4, < 0) in
Table VII, which tend to be closer to 50% (Qgr = 50% implies
the distribution is centered on the GR value).

From our combined GWTC-2 data, we bound the graviton
mass to be m, < 1.76 x 107PeV/c?, with 90% credibility
(Table VII). This represents an improvement of a factor of
2.7 relative to [15]. The new measurement is 1.8 times more
stringent than the most recent Solar System bound of 3.16 x
1072 eV/c?, also with 90% credibility [193].

VII. REMNANT PROPERTIES
A. Ringdown

In GR, the remnant object resulting from the coalescence of
two astrophysical BHs is a perturbed Kerr BH. This remnant
BH will gradually relax to its Kerr stationary state by emitting
GWs corresponding to a specific set of characteristic quasi-
normal modes (QNMs), whose frequency f and damping time

7 depend solely on the BH mass M; and the dimensionless spin
Xr- This last stage of the coalescence is known as ringdown.
The description of the ringdown stage is based on the final
state conjecture [194—198] stating that the physical spectrum
of QNMs is exclusively determined by the final BH mass
and spin (the no-hair conjecture [161, 199-206]) and that the
Kerr solution is an attractor of BH spacetimes in astrophysical
scenarios.®

By analyzing the postmerger signal from a BBH coales-
cence independently of the preceding inspiral, we can verify
the final state conjecture, test the nature of the remnant ob-
ject (complementary to the searches for GW echoes discussed
in Sec. VIIB), and estimate directly the remnant mass and
spin assuming it is a Kerr BH—which, in turn, allows us to
test GR’s prediction for the energy and angular momentum
emitted during the coalescence (complementary to the IMR
consistency test discussed in Sec. IV B, and the postinspiral
parameters in Sec. V A). This set of analyses is referred to as
BH spectroscopy [122, 123, 210-219]. Unlike the IMR con-
sistency test, a ringdown-only analysis is not contaminated by
frequency mixing with other phases of the signal and it does
not require a large amount of SNR in the inspiral regime (the
lack of such SNR is why the IMR consistency test was unable
to be applied to GW190521 [82, 83], for instance).

The complex-valued GW waveform during ringdown can be
expressed as a superposition of damped sinusoids:

. S oS -1 27 frmnt — to)
mo—mm-ééé Femn cxp[ (1+z>f,,,,,]°""[ = ]-zsc.,,..w,ezs.m. @)

where z is the cosmological redshift, and the (£, m, n) indices
label the QNMs. The angular multipoles are denoted by £
and m, while n orders modes of a given (£, m) by decreasing
damping time. The frequency and the damping time for each
ringdown mode can be computed for a perturbed isolated BH
as a function of its mass M and spin y; [220-223]. For each
(£, m, n), there are in principle two associated frequencies and
damping times: those for a prograde mode, with sgn(fem,) =

6 In principle such frequencies and damping times would also depend on the
electric charge of the BH. H -, for hysically rel

P
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sgn(m), and those for a retrograde mode, with sgn(fem,) #
sgn(m)—retrograde modes are not expected to be relevant
[212], so we do not include them in Eq. (7). The frequency
and damping time of the +|m| mode are related to those of the
—|m| mode by femn = — fe-mn a0d Ty = Te—mn form # 0. The
complex amplitudes Az, characterize the excitation and the
phase of each ringdown mode at a reference time #,, which for
a BBH merger can be predicted from numerical simulations
[224-226]. In general, HAgmy is independent of HAp_s.

The angular dependence of the GW waveform is contained
in the spin-weighted spheroidal harmonics _3S ¢ (6, @, x5),
where 6, ¢ are the polar and azimuthal angles in a frame cen-
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Abstract. Recently LIGO collaboration discovered gravitational waves [1] predicted 100
vears ago by A. Einstein. Moreover, in the key paper reporting about the discovery, the
joint LIGO & VIRGO team presented an upper limit on graviton mass such as mg <
1.2 x 10722V [1] (see also more details in another LIGO paper [2] dedicated to a data
analysis to obtain such a small constraint on a graviton mass). Since the graviton mass limit
is so small the authors concluded that their observational data do not show violations of clas-
sical general relativity. We consider another opportunity to evaluate a graviton mass from
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modification of the Newtonian potential [5, 14]:

Vir) = - GM

T L+de_(5)} . (1.1)

where § is a universal constant. In our previous paper [35] we found constraints on parameters
of Yukawa gravity.

Will considered an opportunity to evaluate a graviton mass analyzing a time delay in
electromagnetic waves such as supernova or gamma-ray burst [5], moreover earlier he demon-
strated a possibility to constrain a graviton mass from from gravitational wave signal alone [4].

Pulsar timing may he used to evaluate a graviton mass [36]. In the paper it was
concluded that, with 90% probability, massless gravitons can be distinguished from gravitons
heavier than 3% 10722 e¥ (Compton wavelength A, — 4.1 x 1012 km), if bi-weekly observation
of 60 pulsars is performed for 5 years with a pulsar rms timing accuracy of 100 ns and if 10
year observation of 300 pulsars with 100 ns timing aceuracy would probe graviton masses
down to 3 x 1072 eV (Ag = 4.1 x 10" km). These conclusions are based on an analysis of
cross-correlation functions of gravitational wave background. An idea to use pulsar timing
for gravitational wave detection has heen proposed many years ago [37]. An analysis of
the cross-correlation function between pulsar timing residuals of pulsar pairs could give an
opportunity to detect gravitational waves [38, 39]. If a graviton has a mass it gives an
impact on cross-correlation functions [36]. However, as a first step people have to discover
stochastic GW signal and only after a detailed analysis of cross-correlation it could help to
put constraints on a graviton mass.

Here we show that our previous results concerning the constraints on parameters of
Yukawa gravity, presented in the paper [35], can be extended in the way that one could
also obtain a graviton mass bounds from the observations of trajectories of hright stars near
the Galactic Center. As it is shown below our estimate of a graviton mass is slightly greater
than the estimate obtained by the LIGO collaboration with the first detection of gravitational
waves from the binary black hole system. However, we would like to note that: a) our estimate
is consistent with the LIGO one; b) in principle, with analysis of trajectories of bright stars
near the Galactic Center one could obtain such a graviton mass estimate before the LIGO
report [1] about the discovery of gravitational waves and their estimate of a graviton mass;
¢) in the future our estimate may be improved with forthcoming ohservational facilities.

2 Graviton mass estimates from S2 star orbit

Two groups of observers are monitoring bright stars (including S2 one) to evaluate gravita-
tional potential at the Galactic Center [40-48]. Recently, the astrometric observations of §2
star [49] were used to evaluate parameters of black hole and to test and constrain several
models of modified gravity at mpe scales [50-54]. The simulations of the S2 star orbit around
the supermassive black hole at the Galactic Centre (GC) in Yukawa gravity [35] and their
comparisons with the NTT/VLT astrometric observations of S2 star [49] resulted with the
constraints on the range of Yukawa interaction A, which showed that A is most likely on
the order of several thousand astronomical units. However, it was not possible to obtain

the reliable constrains on the universal constant § because its values 0 < § < 1 were highly
correlatod ta X while the wvalnes & > 2 earreenandoed ta a nractically fived X ~ BNOO-AOON ATT
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Constraints on graviton mass from
S2 trajectory

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

* A,>2900 AU = 4.3 x 10! km with P=0.9 or
* M,<2.9x10% eV=5.17x10~*g

e Heesetal. PRL (2017) slightly improved our
estimates with their new datam, < 1.6 x 10! eV
(see discussion below)
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‘We demonstrate that short-period stars orbiting around the supermassive black hole in our Galactic
center can successfully be used to probe the gravitational theory in a strong regime. We use 19 years of
observations of the two best measured short-period stars orbiting our Galactic center to constrain a
hypothetical fifth force that arises in various scenarios motivated by the development of a unification theory
or in some models of dark matter and dark energy. No deviation from general relativity is reported and the
fifth force strength is restricted to an upper 95% confidence limit of |a| < 0.016 ata length scale of 4 = 150
astronomical units. We also derive a 95% confidence upper limit on a linear drift of the argument of
periastron of the short-period star SO-2 of |@gg| < 1.6 x 1073 rad/yr, which can be used to constrain
various gravitational and astrophysical theories. This analysis provides the first fully self-consistent test of
the gravitational theory using orbital dynamic in a strong gravitational regime, that of a supermassive black
hole. A sensitivity analysis for future measurements is also presented.

DOL: 10.1103/PhysRevLett.118.211101

The development of a quantum theory of gravitation or
of a unification theory generically predicts deviations from
general relativity (GR). In addition, observations requiring
the introduction of dark matter and dark energy also
challenge GR and the standard model of particle physics
[1] and are sometimes interpreted as a modification of
gravitational theory (see, e.g., Refs. [2,3]). It is thus
important to test the gravitational interaction with different
types of observations [4]. While GR is thoroughly tested in
the Solar System (see, e.g., Refs. [5-8]) and with binary
pulsars (see, e.g., Ref. [9]), observations of short-period
stars orbiting the supermassive black hole (SMBH) at the
center of our Galaxy allow one to probe gravity in a strong
field regime unexplored so far, as shown in Fig. 1 (see also
Refs. [10,11]). In this Letter, we report two results: (i) a
search for a fifth force around our Galactic center and (ii) a
constraint on the advance of the periastron of the short-
period star SO-2 that can be used to constrain various
gravitational and astrophysical theories in our Galactic
center. This analysis provides the first fully self-consistent
test of the gravitational theory using an orbital dynamic in a
strong gravitational regime around a SMBH. The con-
straints presented in this Letter, resulting from 20 yr of
observations, are therefore highly complementary with
Solar System or binary pulsar tests of gravitation and open
a new window to study gravitation.

One phenomenological framework widely used to search
for deviations from GR is the fifth force formalism [13-18],
which considers deviations from Newtonian gravity in
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which the gravitational potential takes the form of a
Yukawa potential

G

U:—M[l+ae*’“], (1)
r

with G the Newton’s constant, M the mass of the central
body, and » the distance to the central mass. This potential
is characterized by two parameters: a length 1 and a
strength of interaction a. A Yukawa potential appears in

several theoretical scenarios, such as unification theories
that predict new fundamental interactions with a massive
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FIG. 1. The gravitational potential probed by different tests of
gravitation against the mass of the central body that generates
gravity in these tests. Short-period stars, such as S0-2, around our
Galactic center explore a new region in this parameter space. The
figure is inspired by Ref. [12].

© 2017 American Physical Society
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stars are probing space-time in a higher potential and
around a central body much more massive than in the
other experiments. This is highlighted in the right panel of
Fig. 2, where 4 is expressed in terms of the gravitational
radius of the central body. Furthermore, short-period stars
probe the space-time around a SMBH, which is concep-
tually different from Solar System tests where the space-
time curvature is generated by weakly gravitating bodies.
Specifically, some nonperturbative effects may arise around
strongly gravitating bodies (see, e.g., Ref. [76]). In addi-
tion, in models of gravity exhibiting screening mecha-
nisms, deviations from GR may be screened in the Solar
System (see, e.g., Ref. [77]). In this context, searches for
alternative theories of gravitation in other environments are
important.

A specific theoretical model covered by the fifth force
framework is a massive graviton. In that context, we found
a 90% confidence limit A > 5000 A.U. for @« = 1, which
can be interpreted as a lower limit on the graviton’s
Compton wavelength 4, > 7.5 x 10! km or, equivalently,
as an upper bound on the graviton’s mass m, < 1.6 x
107! eV/c? (see also Ref. [36]). This constraint is one
order of magnitude less stringent than the recent bound
obtained by LIGO [78], which, nevertheless, does not apply
for all models predicting a fifth force.

From an empirical perspective, one of the effects
produced by a fifth force is a secular drift of the argument
of periastron @ [31,79]. Several theoretical scenarios
predict such an effect, which can be constrained by
observations. We produced a new orbital fit using a model
that includes seven global parameters (the SMBH GM, R,
and the positions and velocities of the SMBH) and seven
orbital parameters for each star, with the additional param-
eter being a linear drift of the argument of the periastron @.
As a result of our fit including the jackknife analysis, we
obtained an upper confidence limit on a linear drift of the
argument of periastron for SO-2 given by

|dgos| < 1.7 x 1072 rad/yr at 95% C.L. (3)

This limit is currently one order of magnitude larger
than the relativistic advance of the periastron @wggr =
6xGM [[Pc?a(l — )] = 1.6 x 107* rad/yr for S0-2 (with
a being the semimajor axis). Nevertheless, the limit from
Eq. (3) can be used to derive a preliminary constraint on
various theoretical scenarios (astrophysical or modified
gravity) that predict an advance of the periastron for
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FIG. 3. Statistical uncertainty on the fifth force strength o,

expected for various observational scenarios: the dashed green
(light) line corresponds to the data used in this analysis, the
continuous orange (light) line corresponds to data that will be
available by the end of 2018. The two red (dark) lines include 16
additional years of observations with two astrometric observa-
tions and one spectroscopic observation per year with the
following astrometric (spectroscopic) accuracy for an S0-2-like
star: current Keck accuracy, 0.5 mas (30 km/s); TMT-like
improved accuracy, 15 pas (5 km/s).

improve the current results. Figure 3 shows a sensitivity
analysis based on a Fisher matrix approach performed to
assess the improvement expected by observations with a
TMT-like telescope. We have simulated 16 additional years
of data for two scenarios: (i) a scenario where Keck
observations are used with an astrometric uncertainty of
0.16 mas, comparable to today’s performance, and (ii) a
scenario with an improved astrometric uncertainty of 0.015
mas, which corresponds to a TMT-like scenario. Extending
the time baseline by one SO-2 period improves the result by
a factor of 13, while an improved accuracy brings an
additional improvement of a factor of 5. In addition, the
discovery of new stars orbiting closer to the SMBH and
unbiased measurements of the known faint short-period star
S0-102 (P = 11.5 yr) [43] would improve this analysis.
In conclusion, we have used 19 yr of observations of
S0-2 and SO0-38 reported in Ref. [44] to constrain a
hypothetical fifth interaction around the SMBH in our
Galactic center. The constraints obtained in our analysis are
summarized in Fig. 2. Our results complement the ones
obtained in the Solar System since they are obtained in a
completely different and unexplored strong field regime.
We have shown that future observations—and especially
the next generation of telescopes—will improve our results
substantially. In addition, we have derived a limit on an
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Graviton mass estimate improvement forecast

Graviton Mass Estimates from Trajectories of Bright
Stars near the Galactic Center

We use a modification of the Newtonian potential corresponding to a
massive graviton case (Visser, 1998; Will, 1998, 2014):

Vir) = —(ﬂﬁg)r 1+ de (X) ._ (5)

where § is a universal constant (we put § = 1). In our previous studies we
found constraints on parameters of Yukawa gravity. As it was described in we
used observational data from NTT/VLT. If we wish to find a limiting value
for Ay, so that A > X\, with a probability P = 1—a (where we select o = 0.1)

7



Expectations to constrain the range of Yukawa gravity
with future observations

We assume that in future GR predictions about precession angles for
bright star orbits around the Galactic Center will be successfully confirmed,
therefore, for each star we have a constraint on A which can be obtained
from the condition for A, so that Yukawa gravity induces the same orbital
precession as GR. This constraint can be obtained directly from (11) and
(17), assuming that Ay = Apggr. In this way we obtain that:

(19)

A i 6c2(av/1 — e2)3
TV 6(1+6)GM

As it can be seen from the above expression, taking into account that 9 is

18



universal constant, the corresponding values of A in the case of all S-stars
depend only on the semi-major axes and eccentricities of their orbits. In
order to stay in accordance with (Zakharov et al., 2016), here we will also
assume that § = 1, in which case formula (19) reduces to:

i (a\/l—ifﬂ)3 N (a\/m)3
Ao\ sear S\ ems (20)

Using Kepler law we could write the previous equation in the following
form

W]

g B (21)
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Abstract  Asitwas pointed outrecently in Hees et al. (Phys
Rev Lert 118:211101, 2017), observations of stars near the
Galactic Center with current and future facilities provide
an unique tool to test general relativity (GR) and alterna-
tive theories of gravity in a strong gravitational field regime.
In particular, the authors showed that the Yukawa gravity
could be constrained with Keck and TMT observations. Some
time ago, Dadhich et al. (Phys Lett B 487:1, 2001) showed
that the Reissner-Nordstrém metric with a tidal charge is
naturally appeared in the framework of Randall-Sundrum
model with an extra dimension ({)3 is called tidal charge
and it could be negative in such an approach). Astrophys-
ical consequences of presence of black holes with a tidal
charge are considerered, in particular, geodesics and shad-
ows in Kerr-Newman braneworld metric are analyzed in
Schee and Stuchlik (Intern J Mod Phys D 18:983, 2009),
while profiles of emission lines generated by rings orbit-
ing braneworld Kerr black hole are considered in Schee and
Stuchlik (Gen Relat Grav 52:1795, 2009). Possible obser-
vational signatures of gravitational lensing in a presence of
the Reissner-Nordstrdm black hole with a tidal charge at the
Galactic Center are discussed in papers (Bin-Nun in Phys
Rev D 81:123011, 2010; Bin-Nun in Phys Rev D 82:064009,
2010; Bin-Nun in Class Quant Grav 28:114003, 2011). Here
we are following such an approach and we obtain analytical
expressions for orbital p ion for Reissner-Nordstrm—
de-Sitter solution in post-Newtonian approximation and dis-
cuss opportunities to constrain parameters of the metric from
observations of bright stars with current and future astromet-
ric abservational facilities such as VLT, Keck, GRAVITY,
E-ELT and TMT.

*e-mail: zakharov@itep.nu

1 Introduction

The Galactic Center is a very peculiar object. A couple of
different models have been suggested for it, including dense
cluster of stars [8], fermion ball [9], boson stars [10, 11], neu-
trino balls [12]. Later, some of these models have been con-
strained with subsequent observations [8]. However, as it was
found in computer simulations, sometimes differences for
alterative models may be very tiny as it was shown in paper
[13] where the authors discussed shadows for boson star and
black hole models. The most natural and generally accepted
model for the Galactic Center is a supermassive black hole
(see, e.g. recent reviews [ 14-17]). A natural way to evaluate
a gravitational potential is to analyze trajectories of photons
or test particles moving in the potential. Shapes of shad-
ows forming by photons moving around black holes were
discussed in [18-21] (see also [22]). Shadows (dark spots)
can not be detected but theoretical models could describe a
distribution of bright structures around these dark shadows.
Bright structures around shadows are being observing with an
improving accuracy of current and forthcoming VLBI facil-
ities in mm-band, including the Event Horizon Telescope
[24-27].

To create an adequate theoretical model for the Galactic
Center astronomers monitored trajectories of bright stars (or
clouds of hot gas) using the largest telescopes VLT and Keck
with adaptive optics facilities [28-34]. One could introduce a
distance between observational data for trajectories of bright
stars and their theoretical models. Practically, such a distance
is a measure of quality for a theoretical fit. To test different
theoretical models one of the most simple approach is to
compare apocenter (pericenter) shifts for theoretical fits and
observational data for trajectories. If an apocenter (pericen-
ter) shifts for a theoretical fit exceed apocenter (pericenter)

@ Springer
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ABSTRACT

The highly elliptical, 16-year-period orbit of the star 82 around the massive black hole candidate Sgr A* is a sensitive probe of the gravitational
field in the Galactic centre. Near pericentre at 120 AU = 1400 Schwarzschild radii. the star has an orbital speed of ~7650kms ", such that the
first-order effects of Special and General Relativity have now become detectable with current capabilities. Over the past 26 years, we have
monitored the radial velocity and motion on the sky of 82, mainly with the SINFONI and NACO adaptive optics instruments on the ESO Very
Large Telescope, and since 2016 and leading up to the pericentre approach in May 2018, with the four-telescope interferometric beam-combiner
instrument GRAVITY. From data up to and including pericentre, we robustly detect the combined gravitational redshift and relativistic transverse
Doppler effect for $2 of z = A1/A= 200 km s /c with different statistical analysis methods. When parameterising the post-Newtonian contribution

from these effects by a factor f, with f=0 and f=1 corresponding to the Newtonian and general relativistic limits, respectively, we find from

posterior fitting with different weighting schemes [ = 0.90 £ 0.09]y + 0.15),s. The 52 data are

Key words. Galaxy: center — gravitation — black hole physics

1. Introduction

General Relativity (GR) so far has passed all experimental tests
with flying colours (Einstein 1916; Will 2014). The most strin-
gent are (ests that employ solar mass pulsars in binary systems
(Kramer et al. 2006), and gravitational waves from 10 to 30 M
black hole in-spiral events (Abbott et al. 2016a,b,c). These tests
cover a wide range of field strengths and include the strong
curvature limit (Fig. A.2). At much lower field strength, Earth

* This paper is dedicated to Tal Alexander, who passed away about a

week before the pericentre approach of 82.

** GRAVITY is developed in a collaboration by the Max Planck
Institute  for extraterrestrial Physics, LESIA of Paris Observa-
tory/CNRS/Sorbonne Université¢/Univ. Paris Diderot and IPAG of Uni-
versité Grenoble Alpes/CNRS, the Max Planck Institute for Astronomy,
the University of Cologne, the CENTRA — Centro de Astrofisicae Grav-
itagdio, and the European Southern Observatory.
*** Corresponding author: F. Eisenhaver

e-mail: eisenhau@mpe.mpg.de

Article published by EDP Sciences

with pure N

laboratories probe planetary masses that are about a factor 10°
lower than the stellar mass scale. For massive black hole (MBH)
candidates with masses of 10°'" My, only indirect evidence
for GR eflects has been reported, such as relativistically broad-
ened, redshifted iron Ke line emission in nearby active galax-
ies (Tanaka et al. 1995; Fabian et al. 2000). The closest MBH is
at the centre of the Milky Way (R, ~8kpe, M, ~4 x 10° M),
and its Schwarzschild radius subtends the largest angle on the
sky of all known MBHs (Rs = 10 uas =~ 0.08 AU). It is coincident
with a very compact, variable X-ray, infrared, and radio source,
SgrA¥, which in turn is surrounded by a very dense cluster of
orbiling young and old stars. Radio and infrared observations
have provided detailed information on the distribution, kinemat-
ics, and physical properties of this nuclear star cluster and of
the hot, warm, and cold interstellar gas interspersed in it (cf.
Genzel et al. 2010; Morris et al. 2012; Falcke & Markofl 2013).
High-resolution near-infrared (NIR) speckle and adaptive optics
(AQ) assisted imaging and spectroscopy of the nuclear star clus-
ter over the past 26 years, mainly by two groups in Europe (the

L15, page 1 of 10
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Fig. 2. Summary of the observational results of monitoring the 82 — Sgr A* orbit from 1992 to 2018. Left: projected orbit of the star S2 on
the sky (J2000) relative to the position of the compact radio source Sgr A* (brown crossed square at the origin). Triangles and circles (and 1o
uncertainties) denote the position measurements with SHARP at the NTT and NACO at the VLT, colour-coded for time (colour bar on the right
side). All data points are corrected for the best-fit zero-point (xg. y) and drifts (. ¥,) of the coordinate system relative to Sgr A* (see Plewa et al.
2015). Green squares mark the GRAVITY measurements. The bottom right panel shows a zoom around pericentre in 2018. Top righr: radial
velocity of S2 as a function of time (squares: SINFONI/NACO at the VLT triangles: NIRC2 at Keck). 82 reached pericentre of its orbit at the end
of April 2002, and then again on May 19th, 2018 (MJD 58257.67). The data before 2017 are taken from Ghez et al. (2008), Boehle et al. (2016),
Chu et al. (2018), and Gillessen et al. (2017, 2009b). The 2017/2018 NACO/SINFONI and GRAVITY data are presented here for the first time.
The cyan curve shows the best-fitting S2 orbit to all these data. including the effects of General and Special Relativity.

and 26 additional spectroscopy epochs with SINFONI using the
25mas pix~! scale and the combined H + K-band grating with a
spectral resolution of R ~ 1500.

For more details on the data analysis of all three instruments,
we refer to Appendix A.

3. Results
3.1. Relativistic corrections

The left panel of Fig. 2 shows the combined single-telescope
and interferometric astrometry of the 1992-2018 sky-projected
orbital motion of §2, where the zero point is the position of the
central mass and of Sgr A*. All NACO points were corrected
for a zero-point offset and drift in RA/Dec, which are obtained
from the orbit fit. The bottom right panel zooms into the 2018
section of the orbit around pericentre measured with GRAVITY.
The zoom demonstrates the hundred-fold improvement of as-
rometry between SHARP in the 1990s (=4 mas precision) and
NACO in the 2000s (~0.5 mas) to GRAVITY in 2018 (as small
as ~30 pas). While the motion on the sky of S2 could be detected
with NACO over a month, the GRAVITY observations detect the

motion of the star from day (o day. The upper right panel of Fig. 2
displays the radial velocity measurements with SINFONI at the
VLT and NIRC?2 at Keck in the 1992-2018 period.

At pericentre Rpe;, S2 moves with a total space veloc-
ity of 7650kms™!, or g#=v/c=2.55% 1072, This means that
the first-order parameterised post-Newlonian correction terms
(PPN(1)), due to Special and General Relativity, beyond the or-
bital Doppler and Rgmer effects, are within reach of current
measurement precision, PPN(1) ~f° ~ (Rg [Roe) ~ 6.5 % 1074,
These terms can be parameterised spectroscopically as (e.g.
Misner et al. 1973; Alexander 2003; Zucker et al. 2006).
c= 2 B+ B+ B O, )
where the PPN(1); term By =By + Big, With B =84
=0.5, and f* = [Rs(1 + €)]/[2a(1 - )] =6.51 x 107 for $2. Here
a is the semi-major axis and ¢ is the eccentricity of the S2 orbit.
By, 5f3 is the Newtonian Doppler shift.

Equation (1) indicates that PPN(1), consists in equal terms
of the special relativistic transverse Doppler effect (B ) and
the general relativistic gravitational redshift (B, ). totalling
~200kms™" redshift at pericentre, while at apocentre, it amounts

L15. page 3 of 10
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Fig. 3. Residual velocity cAz = c(zgr = 2x) for the best fitting prior Ke-
plerian Ky (f=0, grey) and the same orbit with f=1 (red GRy;,).
Kpeior Was constructed from all 1992-2018 astrometric data with NACO
& GRAVITY and the SINFONI data between 2004 and 2016 (open
black circles). The 2017/2018 SINFONI data points (black circles with
cyan shading) can then be added to test if the spectroscopic data around
pericentre follow Ko or the GR i predicted from K. The new data
points near and up to pericentre, where the g* effects in radial velocity
are expected to be important, fall close to the predicted GRyy curve,
and exclude the Keplerian prior orbit.

to only 6kms~'. If the total orbital redshift z,, is separated
into a Newtonian/Kepler part zxg and a GR correction, one
can write Zi =2k + f (zgr — 2x), where f is zero for purely
Newtonian physics and unity for GR. In the following we
show the residuals Az=zgr —2x. The Keplerian part of the
orbit is at Az=0, and the PPN(1), corrections appear as an
excess.

3.2. Analysis with prior Kepler orbit

We define a prior orbit Ko by excluding those data for which
the PPN(1); corrections matter. For Kpror We use the entire
1992-2018 SHARP/NACO and GRAVITY data and the SIN-
FONI data from 2004 up to the end of 2016. We then obtained
Korior a8 described in Gillessen et al. (2017), which requires a si-
multancous fit of 13 parameters. The Rgmer delay is included
in the calculation. The resulting orbit is a modest update of
Gillessen et al. (2017). Using this as the prior orbit, we then
added the radial velocities from 2017 and 2018 (Fig. 3). The 26
residual 2017/2018 spectroscopic data relative to K[\rmr clearly
do not follow the best-fitting Keplerian orbit derived from all
previous 51 spectroscopic and 196 positions in the past 26 years
(grey line in Fig. 3), but instead follow the £ =1 (i.e. GR(Kior))
version of Kpior (red line in Fig. 3). This test is fair: GR-
corrections should only be detectable with our measurement er-
rors within £1 year of pericentre.

This a priori test demonsirates that the spectroscopic data
around the pericenter passage are inconsistent with Newtonian
dynamics and consistent with GR. However, both K. (¥2=21)
and GR (Ko (X,Q, =§) are poor fits to the data.

115, page 4 of 10

3.3. Posterior analysis

Because of the uncertainties in the parameters of Ky, in par-
ticular, in the strongly correlated mass and distance, a more
conservative approach is to determine the best-fit value of the
parameter f a posteriori, including all data and fitting for the op-
timum values of all parameters. In carrying out the fitting, it is
essential to realise that the inferred measurement uncertainties
are dominated by systematic effects, especially when evidence
from three or more very different measurement techniques is
combined (see Appendix A.6 for a more detailed discussion). In
particular the NACO measurements are subject to correlated sys-
tematic errors, for example from unrecognised confusion events
(Plewa & Sari 2018), which typically last for one year and are
comparable in size to the statistical errors. We therefore down-
sampled the NACO data into 100 bins with equal path lengths
along the projected orbit (Fig. 4, middle) and gave these data
in addition a lower weight of 0.5. Depending on exactly which
weighting or averaging scheme was chosen, the posterior anal-
ysis including all data between 1992 and 2018 yielded f values
between 0.85 and 1.09. With a weighting of 0.5 of the NACO
data, we find f=0.90 £ 0.09 (Fig. 4). GR ( f = 1) is favoured over
pure Newtonian physics (f =0) at the ~ 10 ¢ level.

The error on f is derived from the posterior probability
distributions (Fig. 4, bottom) of a Markov chain Monte Carlo
(MCMC) analysis. Fig. A.1 shows the full set of correlation plots
and probability distributions for the fit parameters. The distribu-
tions are compact and all parameters are well determined. The
best-fit values and uncertainties are given Table A.1.

The superb GRAVITY astrometry demonstrably improves
the quality of the fits and is crucial for overcoming the source
confusion between Sgr A* and 82 near pericentre. A minimal de-
tection of PPN(1), (Eq. (1)) is provided by a combination using
only NACO and SINFONI data (fyaco s sivront =0.71 +0.19,
3.6 ), but the inclusion of the GRAVITY data very significantly
improves the precision and significance of the fitted parameters:
the improvement reaches a factor of 2-3.

A still more demanding test is to search for any Keplerian
fit to all data and determine whether its goodness of fit s signifi-
cantly poorer than the goodness of fit of the best-fitting GR-orbit.
For linear models the formula presented in Andrae et al. (2010)
can be used to estimate the significance. However, the value for
the degrees of freedom (d.o.f.) is not well defined for non-linear
models (Andrae et al. 2010). In our case, we have two models
that only differ significantly over a very critical short time-span
given the uncertainties in the underlying data. We therefore used
the number of those data points as d.o.f. for which the two mod-
els predict significant differences. The difference in y° yields a
formal significance of 5 ¢ or greater in favour of the relativistic
model.

For further comments on a Bayesian analysis of our data, see
Appendix A9,

4. Discussion

We have reported the first direct detection of the PPN(1) gravita-
tional redshift parameter around the MBH in the Galactic centre
from a data set that extends up to and includes the pericen-
tre approach in May 2018. Three different analysis methods of
our data suggest that this detection favours the post-Newtonian
model with robust significance. Further improvement of our
results is expected as our monitoring continues post pericen-
tre. Still, there are reasons to be cautious about the signifi-
cance of these early results, mainly because of the systematic
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GRAVITY result about PN(1) correction
for gravitational redshift

 For orbital precession =0.94 + 0.09 (2018)
e R=8178 + 13stat. = 22sys. parsecs

e Mass =4.154 + 0.014*1076 solar masses
f=1.04+0.05

 Gravity Collaboration 2019, A&A, 625, L10
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Relativistic redshift of the star S0-2
orbiting the Galactic Center
supermassive black hole
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The general theory of relativity predicts that a star passing close to a supermassive
black hole should exhibit a relativistic redshift. In this study, we used observations of

We used a total of 45 astrometric positional
measurements (spanning 24 years) and 115 RVs
(18 years) Lo fit the orbit of S0-2. Of these, 11 are
new astrometric measurements of 50-2 from
2016 to 2018 and 28 are new RV measurements
from 2017 and 2018 (Fig. 1). Astromelric measure-
ments were oblained at the W. M. Keck Observ-
atory by using speckle imaging (a technique to
overcome hlurring from the atmosphere hy taking
very short exposures and combining the images
with software) from 1995-2005 and adaptive
optics (AO) imaging (12) from 2005-2018. RV mea-
surements were obtained from the W. M. Keck
Observatory, Gemini North Telescope, and Subaru
Telescope. All of our RV observations were taken
using AO. We supplement our observations
with previously reported RVs from Keck from
2000 (7) and the Very Large Telescope from
2003-2016 (8). This work includes data from
two imaging instruments and six spectroscopic
instruments (13).

We scheduled our 2018 observations using
atool designed to maximize the sensitivity of
the experiment to the redshift signal (13). We

the Galactic Center star SO-2 to test this prediction. We combined existing sp p
and astrometric measurements from 1995-2017, which cover 50-2's 16-year orbit, with
measurements from March to September 2018, which cover three events during S0-2's
closest approach to the black hole. We detected a combination of special relativistic and

gravitational redshift, quantified using the redshift parameter T. Our result, ¥ = 0.88 £
0.17, is consistent with general relativity (Y = 1) and excludes a Newtonian model (' = 0)

with a statistical significance of 5a.

eneral relativity (GR) has been thoroughly

tested in weak gravitational fields in the

Solar System (1), with binary pulsars (2)

and with measurements of gravilational

waves from stellar-mass black hole binaries
(3, 4). Observations of short-period stars in our
Galactic Center (GC) (5-8) allow GR to be tested
ina different regime (9): the strong field near a
supermassive black hole (SMIBH) (10, I1). The
star S0-2 (also knawn as 52) has a 16-year orbit
around Sagittarius A* (Sgr A*), the SMBH at
the center of the Milky Way. In 2018 May, S0-2
reached its point of closest approach, at a dis-
tance of 120 astronomical units with a velocity
reaching 2.7% of the speed of light. Within a
G-month interval of that date, the star also passed
through its maximum and minimum veloeity {in
March and September, respectively) along the
line of sight, spanning 6000 km s™ in radial ve-
locity {RV) (Fig. 1). Here we present observa-
tions of all three events combined with data from
1995-2017 (Fig. 2).

During 2018, the close proximity of $0-2 to the
SMBH caused the relativistic redshift, which is
the combination of the transverse Doppler shift
from special relativity and the gravitational red-
shift from GR. This deviation from a Keplerian
orbit was predicted to reach 200 km s (Fig. 3)
and is detectable with current telescopes. The
GRAVITY collaboration (9) previously reparted
asimilar Qur nents are
complementary in the following ways: (i) We
toak a complete set of independent measure-
ments with three additional months of data,
doubling the time baseline for the year of closest
approach and including the third turning point
{RV minimum) in September 2018, (ii) We used
three different spectroscopic instruments in 2018,
enabling us Lo probe the presence of instrumen-
tal biases. (iii) To test for bias in the result, we
analyzed the systematic errors that may arise from
an experiment spanning more than 20 years. (iv)
We publicly released the stellar measurements
and the posterior probability distributions.

dicted that, given the existing data (1995-2017),
D pi at the RV maxi
and minimum in 2018 would provide the most
sensitivity and thus would be ideal for detecting
the relativistic redshift (Fig. 3). Although they are
less sensitive to the effect of the redshift, imaging
observations of the sky position of §0-2 in 2018
also slightly improve the measurement of the
relativistic redshift.

The RVs of $0-2 are measured by fitting a phys-
ical model (which includes properties of the star,
such as its effective temperature, surface gravity,
and rotational velocity in addition to RV) Lo its
observed spectrum (13). The same procedure is
applied to the new and archival observations; for
the latter, this spectroscopic method improves
the precision by a factor of 1.7 compared with
previous analyses (14, 15).

We also characterized additional sources of
uncertainties beyond the uneertainties in the
fitted model. (i) The wavelength solution, which
transforms locations on the detector to vacuum
wavelengths, was characterized by comparing
the observed wavelengths of atmospheric OH
emission lines in the spectra of S0-2 and in ob-
servations of blank sky to their known vacuum
wavelengths. This comparisan shows the uncer-
tainty of the wavelength solution of the spectro-
scopic instruments to be ~2 km s, with some
observations from 2002-2004 having lower accu-
racy between 2 and 26 ki 7. (i) Reexamination
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 =0.88 £0.17, Is consistent with general
relativity (f = 1) and excludes a Newtonian
model (f = 0) with a statistical significance of 5 o.
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ABSTRACT

Precise measurements of the S-stars orbiting SgrA* have set strong constraints on the nature of the
compact object at the centre of the Milky Way. The presence of a black hole in that region is well
established, but its neighboring environment is still an open debate. In that respect, the existence
of dark matter in that central region may be detectable due to its strong signatures on the orbits of
stars: the main effect is a Newtonian precession which will affect the overall pericentre shift of S2,
the latter being a target measurement of the GRAVITY instrument. The exact nature of this dark
matter (e.g., stellar dark remnants or diffuse dark matter) is unknown. This article assumes it to be
an scalar field of toroidal distribution, associated with ultra-light dark matter particles, surrounding
the Kerr black hole. Such a field is a form of "hair” expected in the context of superradiance, a
mechanism that extracts rotational energy from the black hole. Orbital signatures for the S2 star
are computed and shown to be detectable by GRAVITY. The scalar field can be constrained because
the variation of orbital elements depends both on the relative mass of the scalar field to the black
hole and on the field mass coupling parameter.

Key words: black hole physics — celestial mechanics — dark matter — gravitation —

Galaxy: centre — quasars: supermassive black holes

* Corresponding author, e-mail: meferreiraGitecnico, ulishoa.pt
+ Corresponding author, e-mail: pgarcia@ife.up.pt

BIISqE-8DIIE-S0UBAPE/SEIUL/ALCY d|

H

Fr

610z sequisidas zo uo Jasn Asisalun Jual] weyBbumoN Aq 9g¢£S5S/00EZZIS/SEIUW/CE0 L O 1 /IOPAD



4 The GRAVITY Collaboration

Results from nine (!) our papers were used

Table 2. Literature computing extensions/alternatives to GR effects in the orbits of the S-stars.

extension /alternative

results/comments

reference

charged non-rotating black holes
disived Totating Black Lol and plasiis
effects

fermion ball

boson "star”

Yukawa potential

Einstein-Maxwell-Dilaton-Axion gravity
Brans Dicke theory

SF(R) gravity

nonlocal gravity
scalar tensor gravity
F(R, ¢) gravity
hybrid gravity

R" gravity

quadratic Einstein-Gauss-Bonnet gravity

dark matter profiles (See Table 1 for dark

matter + black hole studies.)

scalar fields and ultralight dark matter

Upper limit to black hole charge from 52
precession upper limit.

upper limite from: black Hole s, dpi
and local magnetic field

Ruled out by Ghez et al. (2005) and
Gravity Collaboration et al. (2018a).
Effects much smaller than GR at S2 orbit,
only relevant at a few tens of Schwarzschild
radii.

Upper limits on potential parameters and
graviton mass from S2 precession upper
limit.

Tiffects smaller than 1073 of GR for 82,
need pulsars or inner stars for further tests.
Effects smaller than 10~* of GR for S2,
need pulsars or inner stars for further tests.
Effects smaller than 107* of GR for 52,
need pulsars or inner stars for further tests.

Precession compatible with observational
upper limit, of the order of GR prediction
Precession is 13x GR value, ruled out by
Hees et al. (2017).

Best fit. precession prediction for S2 is 20x
GR value, ruled out by Hees et al. (2017).
Best fit precession prediction too high,
ruled out by Hees et al. (2017).

When compared with Hees et al. (2017)
upper value, the GR value (n = 1) is re-
covered to < 1%, or smaller if extended
sansedisirbutionsave prosant.

Derive expressions for gravitational red-
shift in function of theory coupling pa-
rameters (scalar/matter & scalar/Gauss-
Bonnet invariant).

Dark matter mass required to explain TeV'
emission compatible with orbital upper
limits. Limits on spatial distribution of
non-annihilating dark matter.

Upper limits on scalar field mass (1%
of black hole) for particles of mass 4 x
10719 ev/e?

De Laurentis et al. (2018a), lorio (2012),
Zakharov (2018)
Zajacek et al. (2018)

Munyaneza & Viollier (2002)
Amaro-Seoane et al.

(2010),Boshkayev & Malafarina
(2019),Grould et al. (2017a)

Borka et al. (2013), Hees et al. (2017),
Zakharov et al, (2016), Zakharov et al.
(2018)

De Laurentis et al. (2018a)

De Laurentis et al. (2018a), Kalita (2018)

Capozziello et al. (2014),
De Laurentis et al. (2018a),
De Laurentis et al. (2018b), Kalita

(2018)
Dialektopoulos et al. (2019)

Borka Jovanovié et al. (2019)
Capozziello et al. (2014)
Borka et al. (2016)

Borka et al. (2012), Zakharov et al. (2014)

Hees et al. (2019)

de Paolis et al. (2011), Hall & Gondolo
(2006), Torio (2013), Lacroix
(2018),Zakharov et al. (2007)

Bar et al. (2019)

black holes. To study this possibility, we will analyse the so-
lutions to the Klein-Gordon equation in a Kerr space time.
We will follow the analytic results of Detweiler (1980) and

GoP =

then translate the scalar field solution in an effective gravi-

tational potential which can then be treated with the usual
perturbation analysis of Keplerian orbits. In this section we
will be using Planck units (h = ¢ = G = 1) unless otherwise

VoV = PY

ant derivative and

is the mass of the scalar field. The principle of least action
results in the Einstein-Klein-Gordon system of equations

garel

2

where Gqp is the Einstein tensor, Vo represents the covari-
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Relativistic precession of S2 (see the cover
page of the Bergman’s book)
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ABSTRACT

The star 82 orbiting the compact radio source Sgr A% is a precision probe of the gravit

ional field around the closest massive black hole (candidate).

Over the last 2.7 decades we have monitored the star's radial velocity and motion on the sky, mainly with the SINFONI and NACO adaptive optics
(AQ) instruments on the ESO VLT, and since 2017, with the four-telescope interferometric beam combiner instrument GRAVITY. In this Letter
we report the first detection of the General Relativity (GR) Schwarzschild Precession (SP) in 52's orbit. Owing to its highly elliptical orbit
(e = 0.88), 82's SP is mainly a Kink between the pre-and post-pericentre directions of motion =1 year around pericentre passage. relative to the
corresponding Kepier arbit. The superb 20172019 astrometry of GRAVITY defines the pericentre passage and outgoing direction. The incoming
direction is anchored by 118 NACO-AQ measurements of $2's position in the infrared reference frame, with an additional 75 direct measurements
of the $2-Sgr A* separation during bright states (“flares™) of Sgr A*. Our 14-parameter model fits for the distance, central mass, the position and
motion of the reference frame of the AQ astromeltry relative 1o the mass, the six parameters of the orbit, as well as a dimensionless parameler fsp
for the SP (fsp = 0 for Newton and 1 for GR). From data up to the end of 2019 we robustly detect the SP of 52, é¢ = 12" per orbital period.
From posterior fitting and MCMC Bayesian analysis with different weighting schemes and bootstrapping we find fsp = 1.10 + 0.19. The S2 data
are fully consistent with GR. Any extended mass inside S2's orbit cannot exceed =0.1% of the central mass. Any compact third mass inside the

central arcsecond must be less than about 1000 M.

Key words. black hole physics - Galaxy: nucleus — gravitation - relativi

1. Introduction

Testing GR and the massive biack hole paradigm. The the-
ory of General Relativity (GR) continues ta pass all experimental
tests with flying colours (Einstein 1916; Will 2014). High-
precision laboratory and Selar System experiments, and obser-
vations of solar-mass pulsars in binary systems (Kramer et al.
2006: Kramer 2016) have confirmed GR in the low-curvature
regime. Gravitational waves from several stellar mass, black
hole (sBH) candidate in-spirals with LIGO (Abbott et al. 2016)
have tested the strong-curvature limit.

General Relativity predicts black holes,
time  solutions

that is, space-
with a non-spinning or spinning central

* GRAVITY is developed in a collaboration by the Max Planck
Institute for extraterrestrial Physics, LESIA of Observatoire de
Paris/Université PSL/CNRS/Sorbonne Université/Université de Paris
and IPAG of Université Grenoble Alpes/CNRS, the Max Planck Insti-
tule for Astronomy, the University of Cologne, the CENTRA - Centro
de Astrofisica e Gravitagao, and the European Southern Observatory.
*+ Coresponding authors: R. Genzel, e-mail: genzel@mpe.mpg.de:
S. Gillessen, e-mail: ste@mpe.mpg.de: and A. Eckan, e-mail:
eckart@ph1.uni-koeln.de.
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singularity cloaked by a communication barrier, an event horizon
(cf. Schwarzschild 1916; Kerr 1965). The LIGO measurements
currently provide the best evidence that the compact in-spiralling
binaries are indeed merging sBHs, but see Cardoso & Pani
(2019).

Following the discovery of quasars (Schmidrt 1963), evidence
has been growing that most massive galaxies harbour a cen-
tral compact mass, perhaps in the form of a massive black hole
(MBH: 10°=10"" M,., Lynden-Bell & Rees 1971; Kormendy &
Ho 2013; McConnell & Ma 2013). Are these compact mass con-
centrations truly MBHs, as predicted by GR? Evidence in favour
comes from ivistically i iron Kar line
emission in nearby Seyfert galaxies (Tanaka et al. 1995; Fabian
et al. 2000), from stellar or gas motions very close to them
(e.g., Moran et al. 1999), and high resolution millimetre imaging
(Event Horizon Telescope Collaboration 2019).

The nearest MBH candidate is at the centre of the Milky Way
(Rg = 8kpe, M, = 4 x 10° M,.. Genzel et al. 2010; Ghez et al
2008). Tt is coincident with a very compact and variable X-ray,
infrared, and radio source, Sgr A*, which in trn is surrounded
by a very dense cluster of orbiting young and old stars. Radio and
infrared observations have provided detailed information on the

LS. page | of 14
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Detection of

Fig. C.1. Interpretation of our measurement in the plane of the PPN
parameters f and y. Our value for fsp and its uncertainty are represented
by the black line and grey band. The GR value fsp = 1 is the blue line,
and the Newtonian value fep = 0 is the green line. The best approxima-
tions to the orbits by PPN parameters are shown by the orange dotted
line. Assuming GR is a PPN theory, our measurement corresponds to
the white circle at the intersection point and the uncertainties are the
adjacent black thick lincs.

our constraint in the plane spanned by  and y. Because there is
no exact representation of the Keplerian orbit in the PPN formal-
ism, we instead seck the PPN orbit that most closely resembles
the Keplerian orbit. This depends on the eccentricity, and for $2,
we find yiep = ~0.78762 and g, = 0.42476. Changing fsp cor-
responds to moving along a line from (ykep,Bken) to (Yor, for)-
‘With this, we find 8 = 1.05 +0.11 and y = 1.18 + 0.34, and the
two are fully correlated.

A dix D: A B ey

Distributed mass component inside the orbit of S2. A.n

extended mass would create
preo:ssmn Our data stmngl_v constrain SI.Il:h a component. For
icity we use ions of the

extended mass. Using a Plummer (1911) profile with a scale
pammm nf O.Ban:sec (Mouawad et al. 2005) and fitting for

of that mass ing fop = 1
shuws that (0.00 + 0.10)% of the central mass could be in such
an extended configuration. Changing the radius parameter to 0.2
or 0.4 arcsec yields (—0.02 + 0.09)% or (0.01 + 0.11)%. Using
instead a power-law profile with logarithmic slope between —1.4
and —2 results in a mass estimate of (~0.03+0.07)%. Overall, we
estimate that for typical density profiles the extended mass com-
ponent cannot exceed 0.1%, or ~4000 M, (1¢ limits). For com-
parison, modelling of the star cluster suggests that the total stel-
lar content within the apocentre of S2 is <1000 My, and the mass
of stellar black holes within that radius is 80-340 M, (Fig. D.1,
cf. Genzel et al. 2010; Alexander 2017; Baumgardt et al. 2018).
‘We conclude that the expected stellar content within the $2 orbit
s too small to significantly affect the SP.

Merritt et al. (2010) investigated for which configurations the
Newtonian precession due to an extended mass component in the
form of i stellar mass obji ds the effects of spin
and quadrupole moment of the MBH. They addressed a range
of masses between 1 and 10° M,, in the central milli-parsec. The
above limits translate into a limit of =200 M, in that radial range.
Figure 1 of Merritt et al. (2010) shows that for 82 itself, our
limit on the extended mass would lead to perturbations almost
on par with the expected spin effects for a maximally spinning
MBH, giving some hope that the spin of SgrA* can eventu-
ally be detected from S2 despite its large orbital radius. Zhang
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Fig. D.1. Constraints on the enclosed mass in the central 10 pc of the
Galaxy. The blue crossed circle, the pink triangle, and the black crossed
rectangles are estimates of the enclosed mass within the S2 orbit, other
S-stars and the massive star discs (Paumard et al. 2006; Bartko et al.
2009; Yelda et al. 2014). The red filled circles, the red crossed rect-
angle, and red open triangles denote mass measurements from late-
type stars. Green triangles are mass estimates from rotating gas in
the circum-nuclear disc (see Genzel et al. 2010 for details). The filled
black rectangle comes from the clockwise loap-motions of synchrotron
near-infrared flares (GRAVITY Collaboration 2018b). The cyan dou-
ble arrow denotes current VLBI estimates of the 3mm size of SgrA*
(Imaun etal. 2019). The continuous magenta line shows the total mass

from all stars and stellar remnants (Alexander 2017). The grey line
marks the distribution of K < 18.5 sub-giants and dwarfs from Schodel
et al. (2018). The black dashed lines and the cyan line indicate the dis-
tribution of stellar black holes and neutron stars from theoretical sim-
ulations of Alexander (2017) and Baumgardt et al. (2018), which span
lunggofmnghlyafaﬂms Red, black and green upper limits denote
upper limits on giants, main-sequence B stars and K < 19 GRAVITY
sources. The Schwarzschild radius of a 4.26 x 10° M, black hole and
the innermost stable circular orbit radius for a non-spinning black hole
are given by red vertical lines. The pericentre radius of S2 is the dashed
vertical blue line and the sphere of influence of the black hole is given
by the vertical green line. The blue horizontal line denotes the 2¢- upper
limit of any extended mass around SgrA* obtained from the lack of
retrograde precession in the S2 orbit (see text).

& Torio (2017) cautioned, however, that already the Newto-
fmmSiS{Sl}lUZ (Meyer et al. 2012; Gillessen

e\.a.l 2017) might hide the spin’s signature. For stars on shorter

period orbits or with higher eccentricities, delecung the }ugh:r

order effects of the metric is easier; and stell

have a different observational signature than ﬂle effect of ﬂm

metric.

A second massive object in the GC. The presence of an
intermediate mass black hole (IMBH) orbiting SgrA" inside
the orbit of S2 is by our
et al. (2010) explored a grid of three-body nmulaum ‘with an

LS, page 11 of 14



GRAVITY Collaboration: D of S ild Py
Appendix E: Detalls of the fit 1.115 40,2166 -0.2144
7000 ! :
Table E.1. Best-fit orbit parameters. 6000
i !
Parameter Value Fit MCMC  Unit E 4000
error error 3000
fsp 110 0.19 021 2000)
Jrs 1 Fixed Fixed 1000
M, 4.261 0.012 0.012 106 M, p
Ry 8246.7 93 93 pc 05 10 15 20
a 125.058 0.041 0.044 mas foe
e 0.884649  0.000066 0.000079 i :
i 134567 0033 0033 ° e dsibuton of the Schmarschi pamrcis e
w 66.263 0.031 0.030 °
Q 228171 0.031 0.031 i -
P 16.0455 0.0013  0.0013 yr 0.3796) 0
bperi 2018.37900 0.00016 0.00017 yr 0.3794 -
X0 -0.90 0.14 0.15 mas © 078 8
Yo 0.07 0.12 0.11 mas & oa7en g -08
vo 0080 0010 0010  masyr! % oor \ 5 1o \
Vo 0.0341 0.0096 0.0096 masyr = o _42) ;
vzo -1.6 1.4 1.4 kms™! 00784 o
Notes. The orbital parameters are to be interpreted as the osculating % U510 15 20 [ v T ¥ R
orbital The of periapsis w and the time of peri- for foe
centre passage fper are given for the epoch of last apocentre in 2010. - 08850
0.20| 0.8849|
In Table E.l we rcport the best-fitting parameters of our & 29 a4
14-parameter fit, together with the formal fit errors and the < ol o047 X
1o confidence intervals from the MCMC. The two approaches T ool Yosms
agree because our fit is well behaved. There is a single min- = 0.0 08845
imum for xz. and the posterior distribution is close to a —~0.08] 0.8844
14-dimensional Gaussian (Fig. E.3), with significant correla- —0.10| 08843
tions, however. Figure E.1 shows the posterior for fsp. 05 10 15 20 05 10 18 20
In Fig. E.2 we show selected correlation plots from the pos- fe for
terior distribution, which are worth discussing in the context of
fsp. The strongest correlation for fgp is with the pericentre time. 66.35 A0,
This is not surprising, given the discussion in Appendix B, where 20 3 _em
we showed that near pericentre the SP acts like a shift in time. = E3
The second strongest correlation for fsp is with the RA offset of 3625 . ‘i_"“ /
the coordinate system. This explains why including the NACO coml - = 24
flare data helps determining fsp: the flares essentially measure
the offset of the coordinate system. 56.15 =
The parameter fsp is also weakly correlated with the semi- 05 10 15 20 822 824 82 820
major axis & and it is anti-correlated with the eccentricity e of fer Rolkpe]
the orbit. The former can be understood in the following way: If iy 2, Selected lations from the 14-di ional pos-

the orbit were slightly larger on sky, a stronger precession term
would be required in order to achieve the same amount of kink
(in mas on sky) at pericentre. The latter is understood similarly:
A higher eccentricity leads to a narrower orbit figure, and hence
less of the precession term would be needed. Interestingly, fsp
is almost uncorrelated with the argument of periapsis @ (i.e. the
angle describing the orientation of the orbital ellipse in its plane),
despite that the SP changes exactly that parameter.

terior distribution as determined from MCMC modelling.

The ion b any two parameters for
our fit is the well known degeneracy between mass M, and dis-
tance Ry (Ghez et al. 2008; Gillessen et al. 2009a, 2017; Boehle
et al. 2016; GRAVITY Collaboration 2018a, 2019). The param-
eter fsp is only very weakly correlated with Rp.

cor
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Searching for space-time variations of the constants of Nature is a promising way to search for new
physics beyond general relativity and the standard model motivated by unification theories and models of
dark matter and dark energy. We propose a new way to search for a variation of the fine-structure constant
using measurements of late-type evolved giant stars from the S star cluster orbiting the supermassive black
hole in our Galactic Center. A measurement of the difference hetween distinct absorption lines (with
different sensitiviry to the fine structure constant) from a star leads to a direct estimate of a variation of the
fine structure constant between the star’s location and Earth. Using spectroscopic measurements of five

stars, we obtain a constraint on the relative variation of the fine structure constant below 10~

*. This is the

first time a varying constant of nature is searched for around a black hole and in a high gravitational
potential. This analysis shows new ways the monitoring of stars in the Galactic Center can be used to probe

fundamental phy

DOL: 10.1103/PhysRevLett. 124081101

The current understanding of our Universe is based on
the theory of general relativity (GR) and on the standard
model (SM} Df palea physlcs While both theories have
been ly 1, they are 110 break down
at a certain point. In particular, a breaking of the Einstein
equivalence principle is expected in various unification
scenarios [1,2], in higher dimensional theories [3], and by
some models of dark matter [4,5] and dark energy [6,7]. On
a more phjlusuph;c'd note, the “principle of ﬂbsence of
absolute structure” led to many devel of

of 1077 [14-16,19.20] or on harmonic variations of the
constants of nature [21]. A time variation of a has also been
searched for using measurements of quasar absorption
spectra [22] providing constraint on Aa/a at the level of
107° for a cosmological redshift up to z ~ 3. A variation of
a has also been constrained at the level of 10~ for z ~ 10°
using cosmic microwave background measurements [23]
and at a similar level for z~ 10'" by a big bang nucleo-
synthems analysxs [24]. Finally, a dependency of a on the

of physics where the constants of physws become dynami-
cal entities, explicitly breaking the equivalence principle
(see the discussion in section 2 of [8]).

One way 1o test the equivalence principle is to search
for space-time variations of the constants of nature such as
the fine structure constant e, the mass of fermions and the
quantum chromodynamics energy scale (see (9] for a
review of the tests of GR and [10] for a review of the
search for varying constants). Various experiments using
atomic clocks have provided stringent constraints on
linear drifts of the constants of nature at the level of
107" yr~! [11-18], on a dependency of the constanis
of nature to the Sun gravitational potential at the level

0031-9007/20/124(8)/081101(8)

081101-1

has also been searched for using
absorption lives from a white dwarf [25], Although many
searches for a variation of @ have been performed. the
question of its constancy around a black hole and around a
supermassive body remains totally open.

The motion of the short-period stars (S stars) orbiting
around the 4 x 10° M supermassive black hole (SMBH)
at the center of our Galaxy has been monitored for 25 years
by two experiments: one carried out at the Keck
Observatory [26-28] and the other with the New
Technology Telescope (NTT) and with the Very Large
Telescope (VLT) [29-31]. Recently, these measurements
have opened a new window to probe fundamental physics
around a SMBH. Measurements of the short-period star

© 2020 American Physical Society
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His lhely thaithe graviion o mazaless. Maore than fity years ago Wan Dam and Velman (VAN DAR TERO D, kaazah i IWASAK] 1870 ),
and Za harov (ZAKHARDY 1870 ) almosizimutaneously showed thatinthe linear approximation 2 theory with a {inde gravilon mass
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ABSTRACT

The motion data of the S-s
compact object of about 4 x 10°M,
nature of Sgr A+ has been uncritically

I Masch |

around the Galactic Centre gathered in the last 28 yr imply that Sgr Ax hosts a supermassive
. a result awarded with the Nobel Prize in Physics
dopted since the S-star orbi
§2 has served as a test of general relativity predictions such as the gra:

2020. A non-rotating black hole (BH)
agree with Schwarzschild geometry geodesics. The orbit of
itational redshift and the relativistic precession. The central

BH model is, however, challenged by the G2 post-peripassage motion and by the lack of observations on event-horizon-scale

distances robustly pointing to its univocal presence. We have recently shown that the S
s in the spacetime of a self-gravitating dark matter core-halo distribution of 56 keV-fermions. ‘darkinos’, w
This letter confirms and extends this concl
of the 17 best-resolved S-stars, thereby strengthening the alterr

by geodesi
also explains the outer halo Gals

TiC rotation curves

Key words: Elementary particles — Dark matter.

11 RODUCTION

The gravitational potential in the Galactic centre (GC) is dominated
by a supermassive compact object. Sagittarius A+ (Sgr A+), long
thought to be a massive black hole (BH) of =4 x 10° M., (Ghez
et al. 2005, 2008; Genzel, Eisenhaver & Gillessen 2010; Gravity
Collaboration 2018b). From the observational viewpoint, this infe
ence on the nature of Sgr A+ mainly comes from the nearly Kepleri
orbits of tens of stars belonging to the S-star cluster (Gillessen et al.
20094, 2017), whose motions are well described by geodesics in the
chwarzschild etime geomeltry. The most important S-cluster
member is 52 which, with an orbital period of about 16 yr and a
pericentre of about 1500 Schwarzschild radii, has the most compact
orbit around Sgr A=, The 52 orbit data have allowed 1o 1esl
relativity predictions such as the relativistic redshift (see e.g

. Gravily
Collaboration 2018a; Do et al. 2019) and precession (see e.p. Parsa
et al. 2017; Gravity Collaboration 2020). However, not every news

is good for the BH model; it is challenged by the G2 motion w
cannot be explained by any geodesics in the BH geometry (Plewa
et al. 2017; Gillessen et al. 2019), as well as by very scarce data
at event-horizon-scale distances from Sgr A=, robustly pointing 10
a univocal central BH presence (see e.g. Yuan & Narayan 2014;
Bouffard et al. 2019).

In view of the above, we have dived into the possibility of an
alternative nature for Sgr A based on the fermionic dark matier

2-mail: eduasbecerra@icranctorg (EAB-V): jorge ueda@iera.it (JAR)
ffiai@icrait (RR)

and G2 astrometry data are better fitted
ich
sion using the astrometry data

ative nature of Sgr As as a dense core of darkinos.

(DM} profile predicted by the Ruffini-Argiielles-Rueda (RAR}
model (Ruffini, Argiielles & Rueda 2015: Argiielles et al. 2018).
In the RAR model, the DM distribu n galaxies is obtained
from the general relativity field equations. assuming it as a self-
ing system of fermions at finite temperature in eqp

including a particle energy cut-off that gives to the configuration. a
finite size (see Argiielles et al. 2018, for more de! ). We hereafter
refer to these neutral, massive DM fermions as “darkinos’. The RAR
model leads to a dense core—diluted halo density profile in which the
darkinos are: (1) in a quantum degenerate regime within the nearly
uniform core, (2) followed by an intermediate quantum-classical
regime in the density fall-off and plateau phase. and (3) finally in a
Boltzmann regime in the outer halo that follows a power-law density
ending with a nearly exponential cul-off defining the galaxy border.
There is a bunch of 1y 1 of the hals

profile of darkinos derived from the RAR model. In Argiielles et al
(2018), it has been shown that it explains the rotation curves of the
Milky Way outer halo. In Argiielles et al. (2019}, this agreement
has been shown to apply as well (o other galaxy types ranging
from dwarfs to big ellipticals and galaxy clusters. These results have
further enticed attention on the darkinos microphysics, e.g. their self-
interactions (Argiielles et al. 2016: Yunis et al. 2020a) and interaction
with neutrinos (Penacchioni, Civitarese & Argiielles 2020) as well
as in their macroph e.g. their lensing properties (Gomez et al,
2016), their influence in the dynamics of hinari
2017), their halo formation and stability on cosmelogical tim
(Argiielles et al. 2020), and their role in the large- and small-s
structure formation (Yunis, Argiielles & Lopez Nacir 2020b).

© 2021 The Author(s)
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ABSTRACT

The motion of S-stars around the Galactic center implies that the central gravitational potential is dominated by a compact source,
Sagiarivs A* (Sgr A*), which has a mass of about 4 x 10° M. and is traditionally assumed to be a massive black hole (BH). The
explanation of the multiyear accurate astrometric data of the S2 star around Sgr A*, including the relativistic redshift that has recently
been verified, is particularly important for this hypothesis and for any alternative model. Another relevant object is G2, whose most
recent observational data challenge the scenario of a massive BH: its post-pericenter rad:al velocll) is lower than expected from a
Keplerian orbit around the putative massive BH. This scenario has traditionally been reconciled by introducing a drag force on G2 by
an accretion flow. As an alternative to the central BH scenario, we here demonsirate that the observed motion of both 52 and G2 is
explained in terms of the dense core — diluted halo fermionic dark matter (DM) profile, obtained from the fully relativistic Ruffini-
Arglielles-Rueda (RAR) model. It has previously been shown that for fermion masses 48-345keV, the RAR-DM profile accurately
fits the rotation curves of the Milky Way halo. We here show that the solely gravitational potential of such a DM profile for a fermion
mass of 56keV explains (1) all the available time-dependent data of the position (orbit) and line-of-sight radial velocity (redshift
function z) of 52, (2) the combination of the special and genmt relativistic redshift nmsumi for §2, (3) the currently available data
on the orhit and z of G2, and (4) its post-peri passage ion without introducing a drag force. For both objects, we find
that the RAR model fits the data better than the BH scenario: the mean of reduced chl-squar:s of the time-dependent orbit and z data
are (P)sirar = 3.1 and (F)sysq = 3.3 for §2 and W)G_u.\x = 20 and (,r)(,-._m. = 41 for G2. The fit of the corresponding z data
shows that while for 52 we find uxnpﬂrahle fits, that is. rm ~ 128 imd,r_m x 1.4, for G2 the RAR maodel alone can produce an
excellent fit of the data. that is, 7y, = 1.0and i7,, = 26. In addition. the critical mass for gravitational collapse of a degenerate

56 keV-fermion DM core into a BH is ~10° M... This result may provide the initial seed for the formation of the observed central

supermassive BH in active galaxies, such as M 87.

Key words. Galaxy: center - Galaxy: kinematics and dynamics -

1. Introduction

The monitoring of the motion of the so-called S-stars near the
Galactic center over the past decades has revealed that the gravi-
tational potential in which they move is dominated by a massive
compact source at the center. Sagittarius A* (Sgr A*: Gillessen
et al. 2009, 2017). The S-star dynamics implies a mass for
Sgr A* of x4.1 x 10° Mg, which s traditionally associated in the
literature with a massive black hole (BH: Gravity Collaboration
2018a; Ghez et al. 2008; Genzel et al. 2010).

Of the objects that move near and around Sgr A*, 52 and
G2 are the most interesting. The star §2 describes an elliptical
orbit that is focused on Sgr A* and has a period of 16.05yr
and the second closest pericenter of the S-stars, rys = 0.6mpe
(Gillessen et al. 2009, 2017). The S2 orbit constrains the Sgr A*

Article published by EDP Sciences

Galaxy: structure — dark matter — elementary particles

mass best, but its pericenter at ~ 1500 rs, from Sgr A* is too
far to univocally infer a putative massive BH of Schwarzschild
radius rs = 2GMpy /¢, where May is its mass.

The most recent measurements of the motion of G2 after the
peripassage around Sgr A* represent a further challenge for the
hypothesis of a massive BH. The G2 radial velocity is lower than
that from a Keplerian motion around the massive BH, which has
been reconciled by introducing the action of a drag force exerted
by an accretion flow (Plewa et al. 2017; Gillessen et al. 2019).

Qur aim here is to show that the dense core - diluted halo
DM density distribution of a general relativistic system of
56keV fermions, following the extended Ruffini-Argilelles-
Rueda (RAR) model (Argiielles et al. 2018, 2019a) instead
explains the orbits of S2 and G2 without invoking the
massive BH or a drag force. We use the most complete data of

A34, page 1 of 14
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the S2 orbit over the last 26 yr (Gillessen et al. 2017; Gravity
Collaboration 2018b), including the recent data released by Do
et al. (2019), and the four-year data of the G2 motion after its
pericenter passage (Gillessen et al. 2019).

2. Ruffini-Argiielles-Rueda model of dark matter

The Ruffini-Argiielles-Rueda (RAR) model equilibrium equa-
tions consist of the Einstein equations in spherical symmetry
for a perfect fluid energy-momentum tensor. Pressure and den-
sity are given by Fermi-Dirac statistics, and the closure rela-
tions are determined by the Klein and Tolman conditions of
thermodynamic equilibrium (Ruffini et al. 2015). The solution to
this system of equations leads to a continuous and novel dense
core — diluted halo DM profile from the center all the way to
the galactic halo (see Siutsou et al. 2015; Argiielles et al. 2016;
Mavromatos et al. 2017, for its applications). Similar core-halo
profiles with applications to fermionic DM were also obtained
in Bilic et al. (2002) and more recently in Chavanis et al. (2015)
from a statistical approach within Newtonian gravity.

The above corresponds to the original version of the RAR
model, with a unique family of density profile solutions that
behaves as p(r) o r* at large radial distances from the cen-
ter. This treatment was extended in Argtielles et al. (2018), by
introducing a cutoff in momentum space in the distribution fune-
tion (DF: i.e.. accounting for particle-escape effects) that allows
defining the galaxy border (see Appendix A). This extension of
the RAR model was successfully applied to explain the Milky
Way rotation curve, as shown in Fig. 1, implying a more general
dense core — diluted halo behavior for the DM distribution as
follows:

— A DM core with radius r. (defined at the first maximum
of the twice-peaked rotation curve), whose value is shown to
be inversely proportional to the particle mass m, in which the
density is nearly uniform. This central core is supported against
gravity by the fermion degeneracy pressure, and general rela-
tivistic effects are appreciable.

— Then, there is an intermediate region characterized by a
sharply decreasing density where quantum corrections are still
important, followed by an extended and diluted plateau. This
region extends until the halo scale-length r, is achieved (defined
at the second maximum of the rotation curve).

~ Finally, the DM density reaches a Boltzmann regime sup-
ported by thermal pressure with negligible general relativistic
effects, and shows a behavior p o ™ with n > 2 that is due
to the phase-space distribution cutof. This leads to a DM halo
bounded in radius (i.e, p = 0 occurs when the particle escape
energy approaches zero).

As was explicitly shown in Argiielles et al. (2019b,a, 2018),
this type of dense core - diluted halo density profile suggests that
the DM nught explain the mass of the dark compact object in
Sgr A* as well as the halo mass. It applies not only to the Milky
Way, but also to other galactic structures from dwarfs and ellip-
ticals to galaxy clusters (Argiielles et al. 2019a). Specifically.
a Milky Way analysis (Argiielles et al. 2018) has shown that
this DM profile can indeed explain the dynamics of the closest
S-cluster stars (including S2) around Sgr A*, all the way to the
halo rotation curve without changing the baryonic bulge-disk
components. The analysis of the S-stars was made through a sim-
plified circular velocity analysis in genera] relaivity, constrain-
ing the allowed fermion mass to nic” = 50-345 keV. We extend
this analysis by fully reconstructing the geodesic of the object in
full general relativity, and apply it to 2 and G2. Figure | shows

A34, page 2 of 14
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Fig. 1. Milky Way rotation curve and DM density profile from the
extended RAR model with a core mass of M, = M(r,) = 3.5 10° M,,.
Top: DM (black) and baryenic (bulge + disk) contribution to the rota-
tion eurve vy, (total in red). Bortom: DM density profile. The baryonic
model and the data are taken from Sofue (2013). The parameters of the
extended RAR model in this case are fermion mass me* = 56keV,
temperature parameter fy = 1.1977 x 10°°, degeneracy parameter
ty = 37.7656. and energy cutoff parameter W, = 66.3407. For the RAR
model fitting of the Milky Way. we follow Argiielles et al. (2018): see
also Appendix A.

the DM density profile and its contribution to the rotation curve
for the Milky Way for 56 keV DM fermions,

3. Orbit and radial velocity of $2 and G2

To obtain the S2 or G2 positions (orbit) and the correspond-
ing line-of-sight radial velocity (ie., the redshift function; see
Appendix B) at each time, we solved the equations of motion
for a test particle (see Appendix C) in the gravitational field pro-
duced by two possible scenarii that we describe below.

1. A central Schwarzschild massive BH. Gravity
Collaboration (2018b) reported a BH mass of Mgy =
4.1 % 10° M,, from the fit of the most recent measurements
of the position and velocity of $2. The more recent analysis by
Do et al. (2019) reported a BH mass of 3.975 x 10° M. These
works used a second-order post-Newtonian (2PN) model to
describe the object motion. In order to compare and contrast the
BH and the DM-RAR hypotheses on the same ground, that is,
using the same analysis method and treatment, we performed
our own fit of the data for the BH case using a full general
relativistic modeling by solving the equations of motion in the
Schwarzschild metric (see Appendix C). From our analysis of
S$2, we obtain model parameters that are very similar (but not



Progress in

Particle and
Nuclear Physics
PERGAMON Progress in Particle and Nuclear Physics 48 (2002) 291-300
http://www.clsevier.com/locate/npe

The Dynamics of Stars Near Sgr A* and Dark Matter at the Center
and in the Halo of the Galaxy

N. BILICt, F. MUNYANEZA, G. B. TUPPER and R. D. VIOLLIER}
Institute of Theoretical Physics and Astrophysics,
Depariment of Physics, University of Cape Town, Private Bag. Rondebasch 7701, South Africa
November 26, 2001

Abstract

After a discussion of the properties of degenerate fermion balls, we analyze the orbits of the star
S0-1, which has the smallest projected distance to Sgr A*, in the supermassive black hole as well as
in the fermion ball scenarios of the Galactic center. It is shown that both scenarios are consistent
with the data, as measured during the last six years by Genzel et al. and Ghez et al. We then
consider a self-gravitating ideal fermion gas at nonzero temperature as a model for the Galactic
halo. The Galactic halo of mass ~ 2 x 10'*M,, enclosed within a radius of ~ 200 kpc implies
the exists of a sup pact dark object at the Galactic center that is in hydrostatic
and thermal equilibrium with the halo. The central object has a maximal mass of ~ 2.3 x 10°Mg
within a minimal radius of ~ 18 mpc or ~ 21 light-days for fermion masses ~ 15 keV. We thus
conclude that both the supermassive compact dark object and the halo could be made of the same
weakly interacting ~ 15 keV particle.

1. Introduction
In the past, self- gnvﬂ.nhqg neutrino matter has been suggested as a model for quasars, with neutrino

masses in the 0.2keV < m < 0.5MeV range [1]. More recently, sup pact objects isti
of weakly interacting degenerate fermionic matter, with fermion masses in the 105 m/keV S 20 ranst
have been proposed (2, 3, 4, 5, 6] as an al ive to the sup ive black holes that are believed to

reside at the centers of many galaxies. -

So far the masses of ~ 20 supermassive compact dark objects at the galactic centers have been
measured (7]. The most massive compact dark object ever observed is located at the center of M87 in
the Virgo cluster, and it has a mass of ~ 3 x 10°M,, [8]. If we identify this object of maximal mass with
a degenerate fermion ball at the Oppenheimer-Volkoff (OV) limit [9], i.e., Moy = 0.54M§ m=2g~%/? ~
3 % 10°M, [4), where Mg, = (/hc/G, this allows us to fix the fermion mass to m =~ 15 keV for a spin
and particle-antiparticle degeneracy factor of g = 2. Such a relativistic object would have a radius of
Rov = 4.45Rs ~ 1.5 light-days, where Rs is the Schwarzschild radius of the mass Moy. It would thus
be virtually indistinguishable from a black hole of the same mass, as the closest stable orbit around a
black hole has a radius of 3 Rs anyway.

Near the lower end of the observed mass range is the compact dark object located at the Galactic
center [10] with a mass of M. =~ 2.6 x 10°My. Interpreting this object as a degenerate fermion ball
consisting of m ~ 15 keV and ¢ = 2 fermions, the radius is R. ~ 21 light-days ~ 7 x 10Rs [2], Rs
being the Schwarzschild radius of the mass M.. Such a nonrelativistic object is far from being a black

Permanent address: Rudjer Bogkovié Institute, P.O. Box 180, 10002 Zagreb, Croatia; Email: bilic@thphys.irb.hr
1Email: viollier@physci.uct.ac.za
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Figure 5: The density profile of the halo for 5y = 0 (dotted line) and for the six no-values discussed in
the text. Configurations with negative no ((1)-(3)) are depicted by the dashed and those with positive
7o ((1')-(3")) by the solid line.

For fixed N, there is a range of a where the Thomas-Fermi equation has multiple solutions. For
example, for N = 2x10'? and o = 4 x 10 we find six solutions, which we denote by (1), (2), (3), (3"), (2"),
and (1’) corresponding to the values 7o = -30.53, -25.35, -22.39, 29.28, 33.38, and 40.48, respectively. In
Fig. 5 we plot the density profiles. For negative central value 5, for which the degeneracy parameter is
negative everywhere, the system behaves basically as a Maxwell-Boltzmann isothermal sphere. Positive

values of the central degeneracy parameter ng are ch ized by a p d central core of mass
of about 2.5 x 10°Mp within a radius of about 20 mpc. The presence of the core is obviously due to
the degeneracy pressure. A similar structure was obtained in collisionless stellar sy deled as a

nonrelativistic Fermi gas [23].

Fig. 5 shows two important features. First, a galactic halo at a given temperature may or may
not have a central core depending whether the central degeneracy papameter 7, is positive or negative.
Second, the closer to zero 7o is, the smaller the radius at which the r~7 asymptotic behavior of the
density begins. The flattening of the Galactic rotation.curve begins in the range 1 < r/kpe S 10,
hence the solution (3') most likely describes the Galactic halo. This may be verified by calculating
the rotation curves in our model. We know already from our estimate (4) that our model yields the
correct asymptotic circular velocity of 220 km/s. In order to make a more realistic comparison with the
observed Galactic rotation curve, we must include two additional matter components: the bulge and
the disk. The bulge is modeled as a spherically symmetric matter distribution of the form [25]

—hasu

E-h [}
p(s) = ngdumv (12)

where s = (r/rg)' /4, ro is the effective radius of the bulge and 4 is a parameter. We adopt rp = 2.67
kpc and h yielding a bulge mass M;, = 1.5 x 10'°M, [26]. In Fig. 6 the mass of halo and bulge enclosed
within a given radius is plotted for various no. The data points, indicated by squares, are the mass
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ABSTRACT

We investigate the distribution of dark matter in galaxies by solving the equations of equi-
librium of a self-gravitating system of massive fermions (‘inos’) at selected temperatures
and degeneracy parameters within general relativity. Our most general solutions show, as a
function of the radius, a segregation of three physical regimes: (1) an inner core of almost
constant density governed by de ] tatistics: (2) an inter region with
a sharply decreasing density distribution followed by an extended plateau, implying quantum
corrections; (3) an asymptotic, p oc 7~ classical Boltzmann regime fulfilling. as an eigenvalue
problem, a fixed value of the flat rotation curves. This eigenvalue problem determines, for each
value of the central degeneracy parameter, the mass of the ino as well as the radius and mass
of the inner quantum core. Consequences of this alternative approach to the central and halo
regions of galaxies, ranging from dwarf to big spirals, for SgrA*, as well as for the existing

estimates of the ino mass, are outlined.

Key  words: methods:
structure —dark matter.

1 INTRODUCTION

The problem of identifying the masses and the fundamental inter-
actions of the dark matier particles is currently one of the most fun-
damental issues in physics and astrophysics. The first astrophysical
and cosmological constraints on the mass of the dark matter par-
ticle appeared in Cowsik & McClelland (1972), Weinberg (1972).
Gott etal. (1974), Lee & Weinberg (1977), and Tremaine & Gunn
(1979). As we will show, some inferences on the dark matter parti-
cle mass can be derived from general considerations based solely on
quantum statistics and gravitational interactions on galaxy scales.
An important open issue in astrophysics is the description of the
dark matter in terms of collisionless massive particles. Attempis
have been presented to put constraints on its phase-space density
by knowing its evolution from the cosmological decoupling until
the approximate time of virialization of a dark matter halo. Phe-
nomenological attempts have been proposed in the past in terms
of Maxwellian-like, Fermi-Dirac-like or Bose-Einstein-like dis-
tribution functions. Since the 80's all the way up to the present.
the problem of modelling the distribution of dark matter in terms
of self-gravitating quantum particles has been extensively studied
and contrasted against galactic observables. In Ruffini & Stella
(1983), Viollier, Trantmann & Tupper (1993), Chavanis & Som-
meria (1998), Bilic et al. (2002), Chavanis (2002a), Boyanovsky,
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de Vega & Sanchez (2008). Argiielles et al. (2013), Ruffini et al.
(2013), Destri, de Vega & Sanchez (2013). Argiielles & Ruffini
(2014), Argiielles etal. (2014), de Vega, Salucci & Sanchez (2014),
Siutsou, Argiielles & Ruffini (2015), and references therein, this
problem was studied by considering Fermi-Dirac statistics in dif-
ferent regimes, from the fully degenerate to the dilute one, and for
different fermion masses going from few eV to keV. Instead. in Sin
(1994), Hu, Barkana & Gruzinov (2000), Bohmer & Harko (2007),
Boyanovsky et al. (2008), Spivey, Musielak & Fry (2013), and
Harko (2014) the same problem was analysed in terms of Bose—
Einstein condensates with particle masses from 10-* eV up to
few eV.

Attempis of studying galactic structures in terms of fundamental
physical principles such as thermodynamics and statistical physics,
has been long considered (e.g. Binney & Tremaine 2008) since
galaxies present many quasi-universal self-organized properties
such as: the constant mean surface density at one-halo scalelength
for luminous and dark matter (Gentile et al. 2009): the Fundamental
Plane of galaxies (Djorgovski & Davis 1987: Jorgensen, Franx &
Kjaergaard 1996); or the fact that dark matter haloes can be well
fitted by many different but similar profiles that resemble isother-
mal equilibrium spheres (e.g. de Blok et al. 2008; Chemin, de Blok
& Mamon 2011: de Vega et al. 2014). Within the statistical and
thermodynamical approach, the most subtle problem is the one of
understanding the complex processes of relaxation which take place
before a galactic halo enters in the steady states we observe. In the
context of this paper, we will deal only with the (quasi) relaxed
states of galaxies, and do not worry about the previous relaxation

© 2015 The Authors
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Figure L. Mass density (left-hand panel). degeneracy parameter (central panel), and rotation velocity curves {right-hand panel) for specific ino masses m and

central Ay fulfilling the

(8). The density solutions are contrasted with a Boltzmannian isothermal sphere with the same

halo properties. All the configurations, for any value of ¢ and corresponding /. converge for 2 n, to the classical Boltzmannian isothermal distribution. It

is clear how the Boltzmann distribution, is as it should be, independent of m. Interestingly, when the value M (r < 1072 pe) ~10°M

(ie. m~ 10 keVict) is

chosen as the one of more astrophysical interest, the onset of the classical Boltzmann regime takes place at distances of r 2 few 107 pe. in consistency with
the observed cored nature of the innermost resolved regions in spiral galaxies as analysed in {de Blok et al. 2008).

8 T T

Quantum coros' ——
Tk 4

(AeMoore

Figure 2. The less degenerate quantum cores in agreement with the halo
observables (8) corresponds to #y = 10 (Ag ~ 3I;). These cores are the ones
which achieve the largest sizes, of order ~10' pe. and implying the lowest
ino masses in the sub-keV region.

Table 1. Core properties for different equilibrium configurations fulfilling
ihe halo parameters (8) of spiral galaxies.

considered in (Tremaine & Gunn 1979) for a Maxwellian distribu-
tion. [nterestingly. as can be seen from Fig. 1, the less degenerate
quantum cores in agreement with the halo observables (8). are the
ones with the largest sizes, of the order of halo-distance-scales. In
this limit, the fermion mass acquires a sub-keV minimum value
which is larger, but comparable, than the corresponding sub-keV
bound in (Tremaine & Gunn 1979), for the same halo observables.
Indeed, their formula gives a lower limit m 2 0.05 keVic® when
using the proper value for the King radius, . =~ 8.5 kpe, as obtained
from & = /25w, and py = 2.5 x 1072 Mg pe ', which are the

d values to the Bol density profile of Fig. 1. This
small difference is formally understood by the following fact: while
their conclusions are reached by adopting the maximum phase-
space density, O, ~ pim “o, . at the centre of a halo described
by a Maxwellian distnibution; in our model the maximum phase-
space density is reached at the centre of the dense quantum core de-
scribed by Fermi-Dirac statistics, Q¢,,, ~ pim *o, (where lower
and upper index ¢ reads for the central core). An entire new family of
solutions exists for larger values of central phase-space occupation
numbers, always in agreement with the halo observables (see Fig. 1).
Now, since these phase-space values, by the Liouville's theorem,
can never exceed the maximum primordial phase-space density at
ing, Q.. we have Q" < QU . Then, considering that

o m(keVichy re (pe) M Mg)  velkms™') 8
11 0420 33 x 10! 8.5 x 10% 33 % 10? 21
25 4323 25x 1070 14107 49 % 107 55
30 10.540 40x107°  27x 10 5.4 x 10° 6.7
40 64450 10x107° 89 x10* 6.2 x 107 8.9
84 20x 107 93x107  12x10° 75x 100 144
985 32x10° 32x107% 72x10°%  98x10° 214

as well as the numerical implications of By and @y, they are given
at the end of this section.

‘We define the core mass, the circular velocity at r., and the core
degeneracy as M. = M(r.). v. = v(r.) and 8, = 0(r, ), respectively.
In Table 1. we show the core properties of the equilibrium con-
figurations in spiral galaxies, for a wide range of (85, m). For any
selected value of ¢, we obtain the correspondent ino mass m to
fulfil the halo properties (8), after the above eigenvalue problem of
Bo is solved.

It is clear from Table | and Fig. | that the mass of the core M, is
strongly dependent on the ino mass, and that the maximum space-
density in the core is considerably larger than the maximum value

all our quantum solutions satisfy Q5 > Q" . it directly implies
larger values of our ino mass with respect to the Tremaine and Gunn
limit. N hel as we have ively shown above, e.g. for
the case of typical spiral galaxies, the two limits become compara-
ble for our less (B9 = 10) q cores in

with the used halo observables (8).

In the case of a typical spiral galaxy, for an ino mass of
m ~ 10 keV/e?, and a lemperature parameler B, ~ 1077, obtained
from the observed halo rotation velocity vy, the de Broglie wave-
length Ay is higher than the interparticle mean-distance in the core
I.. see Fig. 2, safely justifying the quantum-statistical treatment
applied here.

If we turn to the issue of an alternative interpretation to the black
hole on SgrA®, we conclude that a compact degenerate core mass
M. ~ 4 % 10° M is definitely possible corresponding to an ino of
m ~ 10 keV/c? (see Table 1). However, the core radius of our con-
figuration is larger by a factor of ~10° than the one obtained with
the closest observed star to Sgr A*, i.e. the S2 star (Gillessen et al.
2009). Nevertheless, for an ino mass of m ~ 10 keV/e? (8, = 30),
the very low temperature of the dense quantum core is already a
small fraction of the Fermi energy (i.e. Ap > (), where additional

MNRAS 451, 622628 (2015)
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Bertrand’s theorem

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

Ugy (1) = ar? (a>0) (harmonic oscillator
potential)

and
Uy(r) = - k/r (Newtonian potential)
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8: Investigation of motion in a central field

r
Tmin Fmax

Figure 31 Graph of the effective potential energy

ie. F = 0. Therefore, the velocity of the moving point, in general, is not equal
to zero since ¢ # 0 for M +# 0.
The inequality V' (r) < E gives one or several annular regions in the plane:
Osrminsrsrmaxsm'

IF0 < Fpin < Fmax < 0, then the motion is bounded and takes place inside
the ring between the circles of radius r,,, and rpg,.

Pericenter

Figure 32 Orbit of a point in a central field

The shape of an orbit is shown in Figure 32. The angle ¢ varies mono-
tonically while r oscillates periodically between r,,, and r,,,. The points
where r = r,, are called pericentral, and where r = r_,,, apocentral (if the
center is the earth—perigee and apogee; if it is the sun—perihelion and
aphelion; if it is the moon—perilune and apolune).

Each of the rays leading from the center to the apocenter or to the peri-
center is an axis of symmetry of the orbit.

In general, the orbit is not closed: the angle between the successive
pericenters and apocenters is given by the integral

o= f'ﬂ-" Mjr?dr
rmin / 2(E — V(1))
The angle between two successive pericenters is twice as big.

35




The smallest angle between apocenter and
pericenter
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If astronomers monitor quasi-elliptical trajectories of stars with high

eccentricities it is very easy to distinguish Ugy () and Uy(r)

potentials since in the case of the RAR potential stars centers of ellipses
should coincide with the Galactic Center while in the case of the
Newtonian potential stars foci of the ellipses coincide with the Center.
Orbital periods of stars moving in the harmonic oscillator potential are
constant and they do not depend on semi-major axis. Even in the case if the
Galactic Center position is not accurately known in respect to quasi-
elliptical trajectories, a set of trajectories with high eccentricity clearly
showed that the Newtonian potential is preferable and stars are moving
around a common focus but not around a common center (Zakharov, 2021)



The most 1mportant 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*10° M, is located inside 40
A.U. (Solar system size)

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



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

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

e 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

If an accuracy of the observations will be improved one should
not need to observe entire quasi-elliptical orbit to test
gravitational potential

Constraints of tidal charge have been obtained
The harmonic oscillator potential Uy, (r) is not suitable for GC



» Thanks for your kind attention!



