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About citations

L. B. Okun said to young colleagues: “You have to prove that your studies are
known in the world. Let me know a number of citations at your papers”.

A few year ago at ITEP seminar, a ITEP researcher informed people that a
Nobel prize winner quoted his paper (and it was like a small sensation that
Nobel prize winners knew papers from researchers of our Institute), and |
decided to take a look how many Nobel prize winners quoted our paper and
recognized that V. L. Ginzburg, S. Weinberg, G. Smoot, A. Ghez and her co-
authors, R. Genzel and his co-authors. In particular, V. L. Ginzburg quoted my
book and our paper on gravitational microlensing in his last reviews on the
most interesting problems of physics and astrophysics.

| counted more than 30 citations on our papers from A. Ghez and R. Genzel
groups in their papers on trajectories of bright stars near the GC.
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Abstract

More than a century ago, Albert Einstein presented his general theory of gravitation
(GR) to the Prussian Academy of Sciences. One of the predictions of the theory is
that not only particles and objects with mass, but also the quanta of light, photons, are
tied to the curvature of space-time, and thus to gravity. There must be a critical
compactness, above which photons cannot escape. These are black holes (henceforth
BH). It took 50 years after the theory was announced before possible candidate
objects were identified by observational astronomy. And another 50 years have
passed, until we finally have in hand detailed and credible experimental evidence that
BHs of 10 to 10" times the mass of the Sun exist in the Universe. Three very
different experimental techniques., but all based on Michelson interferometry or
Fourier-inversion spatial interferometry have enabled the critical experimental
breakthroughs. It has now become possible to investigate the space-time structure in
the vicinity of the event horizons of BHs. We bniefly summarnze these interferometric
techniques, and discuss the spectacular recent improvements achieved with all three
techniques. Finally, we sketch where the path of exploration and inquiry may go on
in the next decades.
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ABSTRACT

Studying the orbital motion of stars around Sagittarius A* in the Galactic center provides a unigue opportunity t probe the gravitational
potential near the supermassive black hole at the heart of our Galaxy. Interferometric data obtained with the GRAVITY instrument at
the Wery Large Telescope Interferometer ( VLTI since 2006 has allowed us 1o achieve unprecedented precision in tracking the orbits
of these stars, GRAVITY data have been key to detecting the in-plane, prograde Schwarzschild precession of the orbit of the star 52
that is predicted by general relativity. By combining astrometric and spectroscopic data from muliple stars, including 52, 529, 538,
and 535 — for which we have data around their time of pericenter passage with GRAVITY — we can now strengthen the significance
of this detection o an approximately 10 confidence level. The prograde precession of 52's orbil provides valuable insights inia
the potential presence of an extended mass distribution surrounding Sagittarius A%, which could consist of a dynamically relaxed
stellar cusp comprising old stars and stellar remnants, along with a possible dark matter spike. Our analysis, based on two plausible
density profiles — 4 power-law and a Plummer profile — constrains the enclosed mass within the orbit of 52 to be consistent with zero,
establishing an upper limit of approximately 1200 M- with a 1o confidence level. This significantly improves our constraints on the
mass distribution in the Galactic center, Our upper limit is very close to the expected value from numerical simulations for a stellar

cusp in the Galactic center, leaving little room for a significant enhancement of dark matter density near Sagitiarius A%

Key words, black hole physics - gravitation

1. Introduction

Since 2016, the GRAVITY interferometer at ESO’s Very Large
Telescope (GRAVITY Collaboration 2017) has allowed us to
obtain astromeiric data with unprecedenied accuracy (reaching
in the best cases a ler uncertainty of 30 pas) of the S-stars orbit-
ing around Sagittarius A™ (Sgr A*) in the Galactic center (GC).
This has turned them into a powerful tool to investigate the grav-
itational potential near the supermassive black hole (SMBH) at
the center of our Galaxy, reaching distances from Sgr A* down
to about a thousand times its Schwarzschild radius (K5 ). Further-
more, astrometric and polarimetric observations of flares from
Sgr A* with GRAVITY have revealed that the mass inside the
fares’ radius of a few s is consistent with the black hole mass
measured from stellar orbits (GRAVITY Collaboration 2018b,
2023a). This, together with the radio-VLBI image of Sgr A%

* GRAVITY is developed in collaboration by MPE, LESIA of Paris
Ohbservatory/CNRS/Sorbonne Université/Univ, Paris Diderot, and 1IPAG
of Université Grenoble Alpes/CNRS, MPLA, Univ. of Cologne, CEN-
TRA — Centro de Astrofisica ¢ Gravitagiio, and ESOL

** Corresponding author; mbordoni@mpe .mpg . de
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(Event Horizon Telescope Collaboration 2022), confirms that
Ser A* is a SMBH beyond any reasonable doubt.

For the 82 star, due to its short orbital period of 16 vears
and its brightness (my = 14), astrometric data are available for
two complete orbital revolutions around Sgr A%, while spec-
troscopic data cover one and a half revolutions {Schisdel et al.
2002, Ghez et al. 2003, 2008; Gillessen et al. 2017). At the
pericenter, 52 reaches a distance of ~1400 Ry from the SMBH
with a speed of 7700kms™" =~ 0,026 ¢. Monitoring the star's
mation on the sky and radial velocity with GRAVITY and SIN-
FONI around the time of the pericenter passage in 2018, crucial
data were obtained in order o detect the first-order effects in
the posi-Newtonian (PN} expansion of general relativity (GR)
on its orbital motion. The first one is the gravitational red-
shift of spectral lines, which was detected together with the
transverse Doppler effect, predicted by special relativity, with
a =10 significance in GRAVITY Collaboration (2018a) and a
=5¢r significance in Do et al. (2019). GRAVITY Collaboration
(2019) improved the significance of the detection 1o =20, The
other effect is the prograde, in-plane precession of the orbit's
pericenter angle: namely, the Schwarzschild precession (SF). Tt
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corresponds to an advance of d¢squw = a:;’% per orbit, which
for S2 is equal to 12.1 arcmin per orbit in the prograde direction.
In GRAVITY Collaboration (2020), this effect was detected at
the 5o level, and improved in GRAVITY Collaboration (2022) to
=T by combining the data of S2 with data of the stars 529, 8§38,
and S55, which could be observed with GRAVITY around the
time of their pericenter passage and whose pericenter distances
are comparable to that of S2.

The Lense-Thirring effect, caused by the spin of the central
SMBH, appears at a 1.5PN order and gives both an addi-
tional contribution to the in-plane precession and a precession
of the orbital plane (Merritt et al. 2010). We define A;7 =

4y (Zn[%ﬁ)m’ which for §2 is equal to 0.11 arcminutes. Con-
sequently, the in-plane precession per orbit becomes dgge, =
O@s ehw — 2A L cos(i), while the precession per orbit of the orbital
plane is given by 6., = Arr, where y is the dimensionless
spin of the SMBH (with 0 < y < 1) and { is the angle between
the direction of the SMBH spin and that of the stellar orbital
angular momentum. The effect is thus at least 50 times smaller
than the SP, assuming a SMBH with maximum spin, and is out
of reach for current measurements. In order to measure the spin
of Sgr A*, we would need to observe a star with a pericenter
distance that is at least three times smaller than that of S2, given
the astrometric accuracy achievable with GRAVITY (Waisberg
et al. 2018; Capuzzo-Dolcetta & Sadun-Bordoni 2023).

Any extended mass distribution around Sgr A*, following
a spherically symmetric density profile, would add a retrograde
precession of the stellar orbits, counteracting the prograde SP
(GRAVITY Collaboration 2020, 2022). This mass distribution
is expected to be composed mainly of a dynamically relaxed
cusp of old stars and stellar remnants. Peebles (1972); Frank &
Rees (1976); Bahcall & Wolf (1976) first addressed the prob-
lem of the distribution of stars around a central massive BH.
Bahcall & Wolf (1976) found that a single-mass stellar popu-
lation around a central massive BH reaches a stationary density
distribution over the two-body relaxation timescale, which is a
power law, p(r) e r*, with slope s = —1.75. In the GC, the old
stellar population can be approximately represented by light stars
with masses around 1 M, and heavier stellar black holes with
masses around 10 M, (Alexander 2017). For such a population,
mass segregation occurs, where heavier objects tend to concen-
trate toward the center due to dynamical interactions with lighter
objects. The mass-segregation solution for the steady-state dis-
tribution of stars around a massive BH is derived in Alexander
& Hopman (2009). It has two branches, weak and strong segre-
gation, based on the dominance of heavier or lighter objects in
the scattering interactions. In the weak segregation branch, the
heavy objects settle into a power-law distribution with a slope of
—1.75, while the lighter objects exhibit a shallower profile with a
slope of —1.5, as was already heuristically derived in Bahcall &
Wolf (1977). Conversely, the strong segregation branch results
in steeper slopes and a larger difference between the light and
heavy masses. The heavy masses settle into a much steeper cusp
with —=2.75 < 5 < —2. while the light masses settle into a cusp
with =1.75 5 5 £ =1.5. Preto & Amaro-Seoane (2010) provided
a clear realization through N-body simulations of the strong
mass segregation solution, showing also that the stellar cusp
can develop on timescales that are much shorter than the relax-
ation time, which is shorter than the Hubble time for the GC
(Alexander & Hopman 2009; Genzel et al. 2010). In Linial &
Sari (2022), it is argued that weak segregation must exist interior
to a certain break radius, rg, where the massive population
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dominates the scattering, while for radii larger than rg the light
objects dominate the scattering and strong segregation occurs.

The existence of such a stellar cusp in the GC is also vali-
dated by the observational results of Gallego-Cano et al. (2018)
and Schidel et al. (2018) for the distribution of giant, subgiant,
and main-sequence stars within the central few parsecs. They
find that the density distribution of the light objects is shal-
lower than s = —1.5, being compatible with a power-law with
slope between —1.4 and —1.15. This is impossible in the steady
state, Bahcall & Wolf framework in order to maintain an equi-
librium distribution, but could be explained by a number of
factors, such as stellar collisions (Rose & MacLeod 2024), taking
into account the complex star formation history of the nuclear
star cluster (Baumgardt et al. 2018), or by diffusion in angular
momentum leading to tidal disruptions; namely, diffusion into
the loss cone (Zhang & Amaro-Seoane 2024). Red giant stars,
instead, do not show a cusp but a distribution that appears to
flatten toward the central ~0.3 pc (Buchholz et al. 2009; Do et al.
2009; Bartko et al. 2010; Gallego-Cano et al. 2018), possibly due
(o the stripping of red giant envelopes due to the interaction with
a star-forming disk (Amaro-Seoane & Chen 2014).

In addition to the stellar cusp, an intermediate-mass black
hole (IMBH) companion of Sgr A* could be present in the GC.
It has been shown that an IMBH enclosed within the orbit of
$2 can only have a mass of <10° M, (GRAVITY Collaboration
2023b; Will et al. 2023). Moreover, it was predicted by Gondolo
& Silk (1999) that dark matter particles could be accreted by the
SMBH to form a dense spike, increasing the dark matter den-
sity in the GC by up to ten orders of magnitude with respect
to the expected density in the case of a Navarro—Frenk-White
(NFW) profile. In this scenario, the spike could contribute to the
extended mass distribution around Sgr A*, while in the absence
of such a spike, the contribution of dark matter within the radial
range of the S-stars’ orbits would be negligible under an NFW
profile. The dark matter spike would also follow a power-law dis-
tribution, p(r) o r*, with slope =2.5 < 5 < =2.25 in the case of
a generalized NFW profile (Gondolo & Silk 1999; Shen et al.
2024). Another possibility that has been investigated is that dark
matter could exist in the form of an ultralight scalar field or a
massive vector field cloud that clusters around Sgr A* (Foschi
et al. 2023; GRAVITY Collaboration 2024), or as a compact
fermion ball supported by degeneracy pressure (Viollier et al.
1993; Argiielles et al. 2019; Becerra-Vergara et al. 2020).

Additionally, a deviation from general relativity, such as
the one introduced by massive gravity theories or f(R)-gravity,
could modify the gravitational potential through a Yukawa-like
correction in the Newtonian limit, adding an additional preces-
sion of the stellar orbits to the prograde SP and the retrograde
precession induced by an extended mass distribution (Hees et al.
2017; De Martino et al. 2021; Tan & Lu 2024; Jovanovic et al.
2024a,b). For the specific case of massive gravity, the additional
precession would be prograde and equal to gy = 1 VI — e:fvé-
(Jovanovi¢ et al, 2024a), where 1 = ;;”;; is the Compton wave-
length of the massive graviton, m, the mass of the graviton, and
i the reduced Planck constant. From the observed precession of
the S2 star, it is thus possible to derive a lower limit on A and
an upper limit on m,, as is done in Hees et al. (2017); Jovanovi¢
et al. (2024a,b).

In GRAVITY Collaboration (2022), the 1o~ upper limit on
any extended mass distributed within the orbit of 52 is found
to be =3000 M, assuming a Plummer density profile (Plummer
1911). In this paper, we use S-star data, including one more year
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orbit is consistently compatible with zero. We set a strong
upper limit of approximately 1200 M., with a le confidence
level, significantly improving upon the limits established in
GRAVITY Collaboration (2022). Our findings align with theo-
retical predictions for a dynamically relaxed stellar cusp in the
GO, composed of stars, brown dwarfs, white dwarfs, neutron
stars, and stellar black holes, according to numerical simula-
tiens using an updated version of the code developed in Zhang &
Amaro-Seoune (2024), This analysis predicts an enclosed mass
of approximately 1210 M. within S2's orbit. Given that our
upper limit is very close to this predicted value, we conclude
that we find no evidence for a significant dark matter spike in
the GC.

52 is currently moving toward the apocenter of its orbir,
which it will reach in 2026. We expect that GRAVITY data col-
lected in the coming years, combined with ERIS spectroscopy,
will further refine our constraints on the extended mass distri-
bution in the GC, as the mass distribution primarily influences
stellar orbits in the apocenter half (Heiiel et al. 2022). This will
allow us to refine the comparison with the theoretical predictions
for the stellar cusp, which is of fundamental importance in onder
to understand the distribution of the faint, old main-sequence
stars and subgiants in the GC. These stars are too faint to be
currently detected with GRAVITY, but their detection could be
in reach of fulure observations with the GRAVITY + upgrade at
the VLTT (GRAVITY+ Collaboration 2022) and the MICADO
instrument at the ELT (Davies et al. 2018). These stars could
potentially be in tighter orbits around Sgr A* and could allow
us to messure its spin and guadrupole moment, Furthermore,
the comparison between our observational constraints and the-
oretical predictions is also important to better understand the
distribution of compact objects in the GC and in galactic nuclei
in general. This could offer precious insights in view of the future
LISA mission (Amaro-Seoane et al. 2017), which will be able
to detect the inspirals of compact objects into SMBHs (EMRIs)
(Amaro-Seoane et al, 2007). In fact, the rate of EMRIs depends
strongly on the density distribution of compact remnants within
~10 mpe of the central SMBH (Preto & Amaro-Seoane 2010),
which corresponds to the apocenter distance of 52 for the GC.
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Black hole types

 Black holes with stellar masses 10 -- 102 M

Sun

e Massive black holes 102--10°M

Sun

* Supermassive black holes 10> - 10" M_

n



How to probe a black hole

Albert Einstein's theory of gravity, general relativity, predicts that the collapse of enough
mass can leave a self-sustaining gravitational field so strong that, inside a distance called
the event horizon, nothing can escape, not even light. But are black holes exactly the
inscrutable things general relativity predicts? Observers may now have the tools to find out.

1. Trace the stars

Tracking the orbits of stars around the black hole in our
Galaxy's center can reveal whether the black hole warps
space and time exactly as general relativity predicts.

2. Take a picture

An image of a supermassive black hole holds clues to
whether, as general relativity predicts, it has an event
horizon rather than a surface, and mass and spin are

its sole properties.
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3. Catch the waves

When two small black holes spiral together, they radiate gravitational waves, which could reveal whether the supposed black
holes are instead material objects. The final black hole reverberates at frequencies and overtones that provide another test of
whether its only properties are mass and spin.
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(Great success of relativistic
astrophysics

Three Nobel prizes in last years (2017, 2019, 2020)
LIGO-Virgo: BBHs, BNS (kilonova) GW 170817;

GRAVITY, Keck and new tests of GR (gravitational
redshift for S2 near 1ts periapsis passage)

The confirmation of relativistic precession for S2
(GRAVITY)

Shadow reconstructions in M87* and Sgr A*

Young BHs discovered with JWST
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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-concept phase into quantitative 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 o the widespread belief that BHs and bulges coevolve by regulating each other’s
growth. Conclusions based on one set of correlations from M, ~ 10°° M in brightest cluster
ellipticals to M, ~ 10° M, in the llest 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

Galaxy D Oe M, (Miow, Miigh)  Tina . Tipa/o. Reference
(Mpc) (kms™) (Mg) (arcsec) (arcsec)
) @ 6 4 (5) @ M ©®
Galaxy 4 41(3 98-4.84) e6 0.0146 2868. Meyer et al. 2012
Galaxy 2 (3.9 -46 )eb 0.0139 3013. Yelda et al. 2011
Galaxy 0.00828 105 4 30(3 94-4.66) e6 41.9 0.0146 2868. Genzel, Eisenhauer & Gillessen 2010
Galaxy 0.00828 105 4.30(3.94-4.66) e6 41.9 0.0146 2868.  Gillessen et al. 2009a
Galaxy 4.09(3.74-4.43) e6 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 -41 )6 0.0075 5583.  Ghez et al. 2003
Galaxy 8 (2.3 -54 )eb 0.0155 2702.  Schodel et al. 2002
Galaxy 1 (1.3 -2.8 ) eb 0.113 371. Chakrabarty & Saha 2001
Galaxy 1 (26 -3.6 )eb 0.26  161.  Genzel et al. 2000
Galaxy 7 (25 -2.9 )b 0.39  107. Ghez et al. 1998
Galaxy 2 70(2 31-3.09) e6 0.39  107. Genzel et al. 1997
Galaxy 2 55(2 12-2.95) e6 0.39  107. Eckart & Genzel 1997
Galaxy 8 (25 -3.1 )eb 24 17.4  Genzel et al. 1996
Galaxy 0 (0.9 -2.9 ) eb 4.9 8.5 Haller et al. 1996
Galaxy 9 (2.0 -3.9 ) eb 3.4 12.3 Krabbe et al. 1995
Galaxy 2 e6 5 8.4 Evans & de Zeeuw 1994
Galaxy 3. eb 5 8.4 Kent 1992
Galaxy 54 (3.9 -6.8 )eb 15 2.8 Sellgren et al. 1990
M31 0.774 169 1.4(1.1-23)e8 5.75 0.053 109. Bender et al. 2005
M31 1.0 e8 0.297 19.4 Peiris & Tremaine 2003
M31 6.1 (3.6-8.7) e7 0.052 111. Bacon et al. 2001
M3l 3.3 (1.5-4.5) e7 0.297 194 Kormendy & Bender 1999
M31 6.0 (5.8-6.2) e7 0.297  19.4 Magorrian et al. 1998
M31 9.5 (7 - 10) €7 0.42 13.7 Emsellem & Combes 1997
M31 7.5 e7 0.56 10.3 Tremaine 1995
M31 8.0 e7 0.42 13.7 Bacon et al. 1994
M31 5 (4.5-5.6) €7 0.59 9.7 Richstone, Bower & Dressler 1990
M31 3.8 (1.1-11) e7 0.56 10.3 Kormendy 1988a
M31 .6 (3.4-7.8) e7 0.59 9.7 Dressler & Richstone 1988
M 32 0.805 7 2 45(1 4-35)e6 046 0.052 876 van den Bosch & de Zeeuw 2010
M 32 9 (2.7-3. 1) eb 0.052  8.76 Verolme et al. 2002
M32 3 5(2.3-4.6) e6 0.052  8.76 Joseph et al. 2001
M32 2.4 (2.2-2.6) e6 0.23 1.98 Magorrian et al. 1998
M 32 3.9 (3.1-4.7) 6 0.050  9.11 van der Marel et al. 1998a
M 32 3.9 (3.3-4.5) eb 0.050  9.11 wvan der Marel et al. 1997a, 1997b
M32 3.2 (2.6-3.7) e6 0.23 1.98 Bender, Kormendy & Dehnen 1996
M32 2.1(1.8-2.3) e6 0.34 1.34 Dehnen 1995
M 32 21 eb 0.34 1.34 Qian et al. 1995
M32 2.1(1.7-24) €6 0.34 1.34  van der Marel et al. 1994a
M 32 2.2 (0.8-3.5) e6 0.59 0.77 Richstone, Bower & Dressler 1990
M32 9.3 e6 0.59 0.77 Dressler & Richstone 1988
M 32 7.5 (3.5-11.5) e6 0.76 0.60 Tonry 1987
M32 5.8 eb 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 7,4 contains the adopted M,.
Column 6 is the effective resolution of the spect: py, 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 O] of a Gaussian fitted to the core of the average radial brightness profile of the PSF. In
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SINFONI + NACO @ VLT (blug)
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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 Ko 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.



Massive graviton theories
* M. Fierz and W.Pauli-1939

* Zakharov; Veltman, van Dam — 1970
* Vainshtein - 1972
* Boulware, Deser -- 1972

* Logunov, Mestvirishvili, Gershtein et al.
(RTG)

* Visser — 1998 (review on such theories)
* Rubakov, Tinyakov — 2008
* de Rham et al.—2011 -- 2016
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Abstract. Recently LIGO eollaboration discovered gravitational waves [1] predicted 100
vears ago by A. Finstein. Moreover, in the key paper reporting about the discovery, the
joint LIGO & VIRGO team presented an upper limit on graviton mass such as m, <
1.2 % 107%eV [1] (see also more details in another LIGO paper [2] dedieated to a data
analysis Lo 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 vielations of clas-
sical general relativity. We consider another opportunity to evaluate a graviton mass from
phenomenological consequences of massive gravity and show that an analysis of bright star
trajectories could bound graviton mass with a comparable aceuracy with accuracies reached
with gravitational wave interferometers and expected with forthcoming pulsar timing obser-
vations for gravitational wave detection. It gives an opportunity to treat observations of

{© 2016 1OP Publishing Ltd and Sissa Medislab srl doi: 10,1088 /1475-Th 16 -_h'Jlli,H:l.'\,'i]-i.'.




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=517x10>*g

* Hees et al. PRL (2017) slightly improved our
estimates with their new data m, < 1.6 x 10** eV

(see discussion below)
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Itis likely that the graviton is massless. More than fifty years ago Van Dom ond Veliman (VANDAM 1970 ), lwasaki ('WASAKI 1970 ), and Zokharev
[ZAKHAROV 1970 almost simullaneavsly showed thot in the linear approximation a theory with o finite gravilon mass does not approach GR s the moss
opproaches zero. Aftempts have been made to evade this "vDVZ discontinuity” by invoking modified gravity or nonlinear theory by De Rohm [DE-RHAM 2017
) and others. More recently, the analysis of gravitational wave dispersion has led to bounds that are largely independent of the underlying model, even if not the
strongest, We quote the best of these as our best limit.

Experimental limits have been set based on a Yukawa potential (YUKA), dispersion relation (DISP), or other modified gravity theories [MGRV).

The following conversions are useful: 1 eV = 1.783 x 10~* g = 1957 x 10-*m,; /¢ = (1973 x 107 m)x(1 e¥/m,).

VALUE (eV) DOCUMENT ID TECN COMMENT
<5x10°% ! ABBOTT 2019 DISP LGO Virgo calalog GWTC-1

* » We do not use the following data for averages, fits, limits, etc. » o
<32x107% 2 BERNUS 2020 YUKA Planefary ephemeris INPOP19a
<2x10°% 3 SHAO 2020 DISP Binary pulsar Galileon radicfion
<Tx107% 4 BERNUS 2019 YUKA Planefary ephemeris INPOP17b
<31x10® 5 MIAO 2019 DISP Binary pulsar orbital decay rate
<14x10°¥ 4 DESAl 2018 YUKA Gl cluster Abell 1689
<5x107% 7 GUPTA 2018 YUKA Using SPT-SZ
<3x10°% 7 GUPTA 2018 YUKA  Using Planck all-sky S
<13x107% 7 GUPTA 2018 YUKA Using redMaPPer SDSS-DR8
<B6x107% 8 RANA 2018 YUKA Weak lensing in massive clusters
<8x107% 9 RANA 2018 YUKA SZ effect in massive clusters
<10x107% 10 wiLL 2018 YUKA  Perihelion odvances of planets
<Tx10°% T ABBOTT 2017 DISP Combined dispersion limit from three BH mergers
<12x1072 1 ABBOTT 2016  DISP Combined dispersion limit from two BH mergers
<29x10°% ' ZAKHAROV 2016 YUKA 52 stor orbit
<5x107® 12 gRITO 2013 MGRV  Spinning black holes bounds
<fx10°% IGRUZINOV 2005  MGRV  Solor System observations
<Bx107% 14 CHOUDHURY 2004  YUKA Weak grovitafional lensing
<90x107H 'S GERSHTEN 2004  MGRY From ., volue assuming RTG
<8x107® 16,17 FINN 2002 DISP Binary pulsar orbital period decrease
<7Tx10% TAIMADGE 1988 YUKA Solar system planetory ostrometric data
<13x107® 18 GOIDHABER 1974 YUKA Rich clusters
<Tx10%® HARE 1973 YUKA Galaxy
<810 HARE 1973 YUKA  2ydecoy

! ABBOTT 2019 , ABBOTT 2017 , and ABBOTT 2016 limits ossume a dispersion relation for gravitational waves modified relative to GR.

2 BERMUS 2020 use the latest solution of the ephemeris INPOP (19a) in order o improve the constraint in BERNUS 2019 on the existence of o Yukawa suppression to
the Newtonian potential, genericalk iated fo o gravitons mass.

3 SHAO 2020 sets limit, 95% CL, based on non-observation of excess gravitational radiafion in 14 well-imed binary pulsars in the context of the cubic Galileon
model.

4 BERNUS 2019 use the planefary ephemeris INPOP 17b to consiraint the existence of a Yukawa suppression fo the Newlonian polential, generically associated fo a

gravitons mass.

5 MIAO 2019 90% CL limit s based on orbial period decay rates of & binary pulsars using a Bayesian prior uniform in graviion moss, Limit becomes < 5.2 x 102
&V for a prior uniform in In{m).

6 DESAI 2018 limit based on dynamical mass models of golaxy dluster Abell 1689.
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VALUE (eV) DOCUMENT ID TECN COMMENT

7 GUPTA 2018 oblains graviton mass limits using stacked clusters from 3 disparate surveys.

& RANA 2018 limit, 68% CL, obtained using weak lensing mass profiles out to the radius at which the cluster density falls to 200 times the critical density of the
Universe. Limit is based on the fractional change between Newtonian and Yukawa accelerations for the 50 most massive galaxy clusters in the Local Cluster
Substructure Survey. Limits for other CL's and other density cuts are also given.

°

RANA 2018 limit, 68% CL, obtained using mass measurements via the SZ effect out to the radius at which the cluster density falls fo 500 times the crifical density of
the Universe for 182 optically confirmed galaxy clusters in an Allacama Cosmology Telescope survey. Limits for other CL's and other density cuts are also given.

s

WILL 2018 limit from perihelion advances of the planets, notably Earth, Mars, and Saturn. Alternate analysis yields < 6 x 1022

ZAKHAROV 2016 constrains range of Yukawa gravity inferaction from S2 star orbit about black hole at Galactic center. The limit is < 2.9 x 1072 eV for d = 100.

]

BRITO 2013 explore massive graviton (spin-2) fluctuations around rotating black holes.

P

GRUZINOV 2005 uses the DGP model (DVAL 2000 ) showing that non-perturbative effects restore confinuity with Einstein's equotions as the gravifion mass
approaches zero, then bases his limit on Sclar System observations.

<

CHOUDHURY 2004 concludes from a study of weak-lensing data that masses heavier than about the inverse of 100 Mpc seem to be ruled out if the gravitation field
has the Yukawa form.

o

GERSHTEIN 2004 use non-Einstein field relativistic theory of gravity (RTG), with a massive graviton, to obtain the 5% CL mass limit implied by the value of £2,,, =
1.02 +0.02 current at the fime of publication.

=

FINN 2002 analyze the orbital decay rates of PSR B1913+16 and PSR B1534+12 with a possible graviton mass as a p The ined frequentist mass limit
is at 90%CL.

7 As of 2020, limits on dP/dt are now about 0.1% (see T. Damour, “Experimental tests of gravitational theory,” in this Review).

18 GOLDHABER 1974 establish this limit considering the binding of galactic clusters, corrected to Planck fig = 0.67.
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ABSTRACT

Aims. We investigate the presence of a Yukawa-like correction to Newtonian gravity at the Galactic Center, leading to a new upper limit on the
intensity of such a correction.

Methods. We performed a Markov chain Monte Carlo (MCMC) analysis using the astrometric and spectroscopic data of star 82 collected at the
Very Large Telescope by GRAVITY, NACO, and SINFONI instruments, covering the period from 1992 o 2022,

Results. The precision of the GRAVITY instrument allows us to derive the most stringent upper limit at the Galactic Center for the intensity of
the Yukawa contribution (ec ™) of lol < 0.003 for a scale length of 4 = 3- 10"* m (~ 200 AU). This is an improvement on all estimates obtained
in previous works by roughly one order of magnitude.

Key words. gravitation — celestial mechanics — Galaxy: center

1. Introduction One way to address these inconsistencies between the-
ory and experiments is to directly modify GR. giving
rise to a plethora of possible extended theories of grav-
ity (ETG). In particular, a Yukawa-like interaction emerges
quite naturally in the weak field limit of several ETGs: for
instance, scalar-tensor-vector theories (Moffat 2006), massive
eravity theories (Wisser 1998; Hinterbichler 2012), theo-

General relativity (GR) is the most widely recognized theory
of gravity today. Its predictions have been extensively tested
on Solar System scales and using gravitational waves emission
by black holes (BHs) and binary pulsars (Will 2014, 2018a;
Nitz et al. 2021). Until now, no significant deviation from GR
C L L -, L.
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modification p(a) of Kepler's third law:

“_d _ M+ ﬂ(“)), (3.10)

T2 4(2m)3 M3,
where @ and T are the semi-major axis and the period of the planet’s orbit. In GR,
1= 0, while in models of modified gravity, p# can depart from unity in some regime
and acquire a non-trivial radius dependence, ;o = p(a). Comparing the ratio a® /72
of various planets provides a powerful way to test GR with the best bounds given
by comparison of the ratio for the Earth and the Moon (Talmadge et al., 1988).

Besides modifying Kepler’s third law and including fifth force effects, modifi-

cations of the standard Newtonian potential can lead to an additional precession
beyvond that expected from GR and the fifth forces. This implies that even theories
that do not involve any additional degrees of freedom or carry no fifth force effects
can still lead to an additional advance of the perihelion on top of GR’s expected pre-
cession. These effects are typically less constrained than the corrections to Kepler's
third law but should still be under control.

3.4.5 Black holes and stellar solutions

All of the constraints on planetary orbits within the solar system are also applicable
to the orbits of stars in the vicinity of black holes, including Sagittarius A*, with
S2-like stars orbiting the black hole within distances comparable to that in the solar
system as observed by the W.M. KECK observatory (Eckart and Genzel, 1996;
Ghez et al., 2005a,b; Gillessen et al., 2009; Meyer et al., 2012) leading to competitive
tests of modified gravity (Borka et al., 2012, 2013; Zakharov et al., 2016).

In parallel, the modification of the black hole solution itself in theories of modi-
fied gravity can be matched against its shadow as observed by the Event Horizon
Telescope (Akiyama et al., 2022a) and has already been used to constrain mod-
els of modified gravity (Akiyama et al., 2022b; Psaltis et ol., 2020; Shaikh, 2023;
Vagnozzi et al., 2022; Zakharov, 2022). The potential presence of hair, superradi-
ance and other effects modifying the black hole structure near the horizon could
provide competitive tests of modified gravity in the future.

In addition, modifications of gravity can affect the sequence of stars and struc-
ture of other astrophysical systems. The presence of additional degrees of freedom
that often go along with modified gravity, when equilibrated in a stellar core, can
drive new stellar instabilities which would manifest in mass gaps in black hole
populations (see Straight et al.,, 2020 for an example). Modified gravity effects
can also change the equilibrium structure of main sequence stars, modifying the
relation between their mass and luminosity (stars are typically brighter in theories
of gravity involving a Chameleon-like screened scalar field like in f(R)), an effect
which is then reflected in their radii and ages (Davis et al., 2012). Reviews on other
astrophysical tests of modified gravity can be found in Alves Batista et al. (2021);
Baker et al. (2021); Sakstein (2020).



Shadow reconstructions for M87*
and Sgr A* are based on three
pillars: Synchrotron radiation,

VLBI concept, GR in a strong
gravitational field



I. Pomeranchuk, The maximum energy that primary cosmic ray electrons can have on the Earth's surface due to
radiation in the Earth's magnetic field, J. Phys. USSR, 2, 356 (1940)
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In 1950 D. Ivanenko, A. A. Sokolov and I. Pomeranchuk were awarded the State prize of the second grade for works on
synchrotron radiation, presented in book “Classical Field Theory”



Synchrotron radiation plays a key role in many astrophysical
objects (including BH’s and pulsars (Crab Nebula)) . In 1946 they
predicted emission in radio band from solar corona. In May 1947

they participated in Brazil expedition




The Soviet expedition in Brazil for solar eclipse observations in
20 May 1947 where S. E. Khaikin and B. M. Chikhachev
discovered radio emission from solar corona during the solar
eclipse aboard the “Griboedov” ship
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The 1dea of VLBI observation was introduced by L. 1.
Matveenko (1929—2019) 1n 1960s and 1t was realized in Soviet —
US joint radio observations 1n 1970s. Matveenko proposed also a
project of a ground — space interferometer. This 1dea was realized
later by Japanese (HALCA, VSOP, 1997) and Russian
Astronomers (Radioastron, 2011) .




EHT shadow reconstruction for M87*
and Sgr A* observed in April 2017

April 7, 2017

50 pas =~ 10 0, O
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For about 20 years we declared black
holes (for theorists) are dark spots
(shadows) for observers and reported
these ideas in many institutes located in
different countries (Russia, Serbia, China,
Bulgaria, Switzerland, Italy, Greece,
Germany, USA, UK, India, Pakistan,
Australia, Spain, France). These ideas
were also reported at EHT meetings.



When our predictions concerning GC shadow were
confirmed a majority of colleagues forgot them and did
not mention them. Similarly, when | noted in a comment
that an opportunity for GC shadow using Millimetron
space — ground observations was firstly discussed in our
paper (2005), three (!!'!) anonymous referees did not
disprove a correctness of my statement but they reacted
in a negative way and they simultaneously wrote that it
was not modest and ethic to request an additional
citation.
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Abstract

General relativity (GR) passed many astronomical tests but in majority of them GR
predictions have been tested in a weak gravitational field approximation. Around 50
years ago a shadow was introduced by Bardeen as a purely theoretical concept but due
to an enormous progress in observational and computational facilities this theoretical
prediction has been confirmed and the most solid argument for an existence of

supermassive black holes in Sgr A* and M87* has been obtained.
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At the initial stage of development of GR and quantum mechanics
gedanken(thought) experiments were very popular in a discussion of specific
features of new theories. To discuss observations signatured of black holes J.
M. Bardeen considered features of an existence of bright screen which 1is
located behind a Kerr black hole in the case of an observer is located in the
equatorial plane. In these considerations it was assumed that photons emitted
by a luminous screen do not interact with a matter around a black hole.
Clearly, this gedanken experiment looked rather
artificial since first, there are no luminous screens
behind astrophysical black holes, second, masses of
black holes were estimated not precisely and a majority
of astrophysical black holes were black holes with
stellar masses but even now shadows around these black
holes are too small to be detected, third, 1t was not clear
how to detect a darkness or to distinguish 1t from a

faintness.
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Abstract

Recently, Holz and Wheeler (2002) [ApJ 578, 330] considered a very attracting possibility to detect retro-MACHOs,
i.e., retro-images of the Sun by a Schwarzschild black hole. In this paper, we discuss glories (mirages) formed near rap-
idly rotating Kerr black hole horizons and propose a procedure to measure masses and rotation parameters analyzing
these forms of mirages. In some sense that is a manifestation of gravitational lens eflect in the strong gravitational field
near black hole horizon and a generalization of the retro-gravitational lens phenomenon. We analyze the case of a Kerr
black hole rotating at arbitrary speed for some selected positions of a distant observer with respect to the equatorial
plane of a Kerr black hole. Some time ago Falcke, Melia, Agol (2000) [ApJ 528, L13S] suggested to search shadows
at the Galactic Center. In this paper, we present the boundaries for shadows. We also propose to use future radio inter-
ferometer RADIOASTRON facilities to measure shapes of mirages (glories) and to evaluate the black hole spin as a
function of the position angle of a distant observer.
® 2005 Elsevier B.V. All rights reserved.

PACS: 97.60.L: 04.70; 95.30.8; 04.20; 98.62.8

Keywords: Black hole physics; Gravitational lenses; Microlensing

1. Introduction

Recently Holz and Wheeler (2002) have sug-

Comesponding author. Tel:+7 095 129975 fax: +7 095 £ested that a Schwarzschild black hole may form
8839601, retro-images (called retro-MACHOs) if it is illumi-
E-mail address: zakharov@itep.ru (A.F. Zakharov), nated by the Sun. We analyze a rapidly rotating

1384-1076/S - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/].newast.2005.02.007
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Our proposal

In 2004-2005 we proposed a way to test GR predictions with
Radioastron:

Since angular resolution of Radioastron at 1.3 ¢cm 1s around 8 uas
and the size of darkness (shadow) could help us to evaluate a
charge, while shape could help us to evaluate a spin (good!)

The shortest wavelength 1s 1.3 cm (it 1s too long to detect
shadow) (not good for Radioastron!)

So, we propose to test GR predictions about shape and size of BH
images with observations. Astronomy is dealing with images.
Therefore, establishing the correspondence of theoretical
image and reconstructed 1image using observational data is an
aim for further observations.



AFZ et al., NA (2005): “In our old paper

we wrote at the end "In spite of the difficulties of measuring the shapes of images
near black holes is so attractive challenge to look at the “‘faces’” of black holes
because namely the mirages outline the ‘‘faces’” and

correspond to fully general relativistic description of a region near black hole
horizon without any assumption about a specific model for astrophysical processes
around black holes (of course we assume that there are sources illuminating black
hole surroundings). No doubt that the rapid growth of observational facilities will
give a chance to measure the mirage shapes using not only RADIOASTRON
facilities but using also other instruments and spectral bands (for example, X-ray
interferometer MAXIM (White, 2000; Cash et al., 2000) or sub-mm VLBI array
(Miyoshi, 2004)). Astro Space Centre of Lebedev Physics Institute proposed
except the RADIOASTRON mission and developed also space based
interferometers (Millimetron and Sub-millimetron) for future observations in mm
and sub-mm bands. These instruments could be used for the determination of
shadow shapes.

Therefore, the shadows may be reconstructed from ground or space -- ground
VLBI observations in mm or sub-mm bands. EHT results confirmed these
predictions.


https://ui.adsabs.harvard.edu/.../2005NewA...10.../abstract
https://ui.adsabs.harvard.edu/.../2005NewA...10.../abstract

Measuring the black hole parameters in the
Galactic Center with Radioastron

* Let us consider an illumination of black holes.
Then retro-photons form caustics around

black holes or mirages around black holes or
boundaries around shadows.

* (Zakharov, Nucita, DePaolis, Ingrosso,

* New Astronomy 10 (2005) 479;
astro-ph/0411511)
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Fig. 1. Different types for photon trajectories and spin parameters (@ = 1.,a = 0.5,a = 0.).

Critical curves separate capture and scatter regions. Here we show also the forbidden region

corresponding to constants of motion n < 0 and (£,n) € M as it was discussed in the text.
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THE GEODESICS IN THE KERR SPACE-TIME
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FIG. 34. The locus (¢,, n,) determining the constants of the motion for three-dimensional orbits

of constant radius described around a Kerr black-hole with a = 0.8. The unit of length along the
abscissa is M.
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FiG. 38. Theapparent shape of an extreme (@ = M) Kerr black-hole as seen by a distant observer
in the equatorial plane, if the black hole is in front of a source of illumination with an angular size
larger than that of the black hole. The unit of length along the coordinate axes « and f (defined in
equation (241) is M.

black hole from infinity, the apparent shape will be determined by
(@ B) = [& \/n(®)]. (242)



Fig. 2. Mirages around black hole for equatorial position of distant observer and different spin

parameters. The solid line, the dashed line and the dotted line correspond toa — 1,a — 0.5,a = 0

correspondingly



Fig. 3. Mirages around a black hole for the polar axis position of distant observer and different

spin parameters (¢ = 0,a = 0.5,a = 1). Smaller radii correspond to greater spin parameters.



Fig. 5. Mirages around black hole for different angular positions of a distant observer and the
spin ¢ = 1. Solid, long dashed, short dashed and dotted lines correspond to 6y = 7/2,7/3, 7 /6

and /&, respectively.
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Figure 6. The apparent shape of an extreme (a = m) Kerr black hole as seen by a distant
observer in the equatorial plane, if the black hole is in front of a source of illumination
with an angular size larger than that of the black hole.

is largest there and because of the gravitational focusing effects associated with
the bending of the rays toward the equatorial plane. Note that the radiation comes
out along the flat portion of the apparent boundary of the extreme black hole as
plotted in Figure 6.

D. Geometrical Optics

A detailed calculation of the brightness distribution coming from a source near a
Kerr black hole requires more of geometrical optics than the calculation of photon
trajectories. I will now review some techniques which are useful in making astro-
physical calculations in connection with black holes.

The fundamental principle can be expressed as the conservation of photon
density in phase space along each photon trajectory. A phase space element d>x d°p,
the product of a proper spatial volume element and a physical momentum-space
volume element in a local observer’s frame of reference, is a Lorentz invariant, so
the particular choice of local observer is arbitrary. The density N(x?, p(ﬁ)) is defined



James Maxwell Bardeen passed away on June 20, 2022
(Shadows +Kerr BHs as engines for quasars)




John Bardeen (1908 -1991), the father of J. M.
Bardeen. E. Wigner was J. Bardeen’ supervisor
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Abstract. Recently, Zakharov et al. (2005a) considered the possibility of evaluating
the spin parameter and the inclination angle for Kerr black holes in nearby galactic
centers by using future advanced astrometrical instruments. A similar approach
which uses the characteristic properties of gravitational retro-lensing images can
be followed to measure the charge of Reissner-Nordstrom black hole. Indeed, in
spite of the fact that their formation might be problematic, charged black holes
are objects of intensive investigations. From the theoretical point of view it is well-
known that a black hole is described by only three parameters, namely, its mass M,
angular momentum J and charge @Q. Therefore, it would be important to have a
method for measuring all these parameters, preferably by model independent way.
In this paper, we propose a procedure to measure the black hole charge by using
the size of the retro-lensing images that can be revealed by future astrometrical

missions. A discussion of the Kerr-Newmann black hole case is also offered.



A. F. Zakharov et al.: Measurements of black hole charge (RN)

Table 1. The fringe sizes (in micro arcseconds) for the standard and
advanced apogees Bua. (350 000 and 3 200 000 km, respectively).

Bas(km)\A(em) 92 18 62 1.35
3.5 % 10° 540 106 37 8
3.2 x 10° 59 12 4 0.9

4. The space RADIOASTRON interferometer

The space-based radio telescope RADIOASTRON' is planned
10 be launched within few next years>. This space-based 10-m
radio telescope will be used for space — ground VLBI observa-
tions. The measurements will have extremely high angular res-
olutions, namely about 1-10 uas (in particular about 8 pas at
the shortest wavelength of 1.35 cm and a standard orbit®, and
could be about 0.9 pas for the high orbit configuration at the
same wavelength, Four wave bands will be used correspond-
ingtod = 1.35cm, A = 6.2cm, 2 = 18 cm, A = 92 cm (see
Table 1). A detailed calculation of the high-apogee evolving or-
bits (By.x) can be done, once the exact launch time is known.

After several years of observations, it should be possible to
move the spacecraft to a much higher orbit (with apogee ra-
dius about 3.2 million km), by additional spacecraft maneuver-
ing using the gravitational force of the Moon. The fringe sizes
(in pas) for the apogee of the above-mentioned orbit and for all
RADIOASTRON wavelengths are given in Table 1.

By comparing Figs. 1, 2 and Table 1, one can see that there
are non-negligible chances to observe such mirages around the
black hole at the Galactic Center and in nearby AGNs and mi-
croquasars in the radio-band using RADIOASTRON facilities.

We also mention that this high resolution in radio band
will be achieved also by Japanese VLBI project VERA (VLBI
Exploration of Radio Astrometry), since the angular resolution
aimed at will be at the 10 pas level (Sawad-Satoh 2000; Honma
2001). Therefore, the only problem left is to have a powerful
enough radio source to illuminate a black hole in order to have
retro-lensing images detectable by such radio VL.BI telescopes
as RADIOASTRON or VERA.

! See web-site http://www.asc.rssi.ru/radioastron/ for
more information.

% This project was proposed by the Astro Space Center (ASC) of
Lebedev Physical Institute of the Russian Academy of Sciences (RAS)
in collaboration with other institutions of RAS and RosAviaKosmos.
Scientists from 20 countries are developing the scientific payload for
the satellite by providing by ground-based support to the mission.

* The satellite orbit will have high apogee, and its rotation period
around Earth will be 9.5 days, which evolves as a result of the weak
gravitational perturbations from the Moon and the Sun. The perigee
has been planned to be between 10* and 7 x 10* kin and the apogee
between 310 and 390 thousand kilometers. The basic orbit parameters
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Fig. 1. Shadow (mirage) sizes are shown for selected charges of black
holes @ = 0 (solid line), Q = 0.5 (short dashed line), and @ = 1 (long
dashed line).

1

q

0.2 0.4 0.6 0.8 1

Fig. 2. The mirage radius ! is shown as a function of the black hole
charge g (I and g are given in units of M).

5. Searches for mirages near Sgr A”
with RADIOASTRON

Radio, near-infrared, and X-ray spectral band observations are
developing very rapidly (Lo et al. 1998, 1999; Genzel et al.
2003: Ghez et al. 2004; Baganoff et al. 2001, 2003; Bower et al.
2002, 2003; Narayan 2003; Bower et al. 2004)%, and it is known
that Sgr A* harbors the closest massive black hole with mass
estimated to be 4.07 x 10° Mg (Bower et al. 2004; Melia &
Falcke 2001; Ghez et al. 2003; Schodel et al. 2003).
Following the idea of Falcke et al. (2000) and of Zakharov
et al. (2005a,b,c,d) we propose to use the VLBI technique to
observe mirages around massive black holes and, in particu-
lar, towards the black hole at Galactic Center. To evaluate the
shadow shape Falcke et al. (2000) used the ray-tracing tech-
nique. The boundaries of the shadows are black hole mirages.

will be the following: the orbital period is P = 9.5 days. the semi-
major axis is @ = 189000 km, the eccentricity is e = 0.853, the perigee
1s H = 29000 km.

+ An interesting idea to use radio pulsars to investigate the region
nearby black hole horizon was proposed recently by Pfahl & Loeb
(2003).
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Constraints on a charge in the Reissner-Nordstrom metric for the black hole
at the Galactic Center
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Using an algebraic condition of vanishing discriminant for multiple roots of fourth-degree polynomials,
we derive an analytical expression of a shadow size as a function of a charge in the Reissner-Nordstrim
(RN) metric [1,2]. We consider shadows for negative tidal charges and charges corresponding to naked
singularities g = Q2/M? > 1, where Q and M are black hole charge and mass, respectively, with the
derived expression. An introduction of a negative tidal charge g can describe black hole solutions in
theories with extra dimensions, so following the approach we consider an opportunity to extend the RN
metric to negative Q?, while for the standard RN metric Q7 is always non-negative. We found that for
g > 9/8, black hole shadows disappear. Significant tidal charges ¢ = —6.4 (suggested by Bin-Nun [3-5])
arc not consistent with observations of a minimal spot size at the Galactic Center observed in mm-band;
moreover, these observations d that a Rei Nordstrém black hole with a significant charge
g~ 1 provides a better fit of recent observational data for the black hole at the Galactic Center in

comparison with the Schwarzschild black hole.

DOL: 10.1103/PhysRevD.90.062007

L INTRODUCTION

Soon after the discovery of general relativity (GR), the
first solutions corresponding to spherical symmeltric black
holes were found [1,2,6]; however, initially people were
rather sceptical about possible astronomical applications of
the solutions corresponding to black holes 7] (see also, for
instance, one of the first textbooks on GR [8]). Even after
an introduction to the black hole concept by Wheeler [9]
(he used the term in his public lecture in 1967 [10]), we did
not know too many examples where we really need GR
models with strong gravitational fields that arise near black
hole horizons to explain observational data. The cases
where we need strong field approximation are very impor-
tant since they give an opportunity to check GR predictions
in a strong field limit; therefore, one could significantly
constrain alternative theories of gravity.

One of the most important options to test gravity in
the strong ficld approximation is analysis of relativistic line
shape as it was shown in [1 1], with assumptions that a line
emission is originated at a circular ring area of a flat
accretion disk. Later on, such signatures of the Fe Ka line
have been found in the active galaxy MCG-6-30-15 [12].
Analyzing the spectral line shape, the authors concluded
the emission region is so close to the black hole horizon that
one has to use Kerr metric approximation [13] to fit
observational data [12]. Results of simulations of iron
Ka line formation are given in [14,15] (where we used our

“zakharov@itep.ru
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approach [16]); see also [ 17] for a more recent review of the
subject.

Now there are two basic observational techniques to
investigate a gravitational potential at the Galactic Center,
namely, (a) monitoring the orbits of bright stars near the
Galactic Center to reconstruct a gravitational potential [18]
(see also a discussion aboul an opportunity to evaluate
black hole dark matter parameters in [19] and an oppor-
tunity to constrain some class of an alternative theory of
gravity [20]) and (b) measuring in mm band, with VLBI
technique, the size and shape of shadows around the black
hole, giving an alternative possibility to evaluate black hole
parameters. The formation of retro-lensing images (also
known as mirages, shadows, or *“faces™ in the literature) due
to the strong gravitational field effects nearby black holes
has been investigated by several authors [21-24].

Theories with extra dimensions admit astrophysical
objects (supermassive black holes in particular) which
are rather different from standard ones. Tests have been
proposed when it would be possible to discover signatures
of extra dimensions in supermassive black holes since the
gravitational field may be different from the standard one in
the GR approach. So, gravitational lensing features are
different for alternative gravity theories with extra dimen-
sions and general relativity.

Recently, Bin-Nun [3-5] discussed the possibility that
the black hole at the Galactic Center is described by the
tidal Reissner-Nordstrom metric which may be admitted by
the Randall-Sundrum II braneworld scenario [25]. Bin-Nun
suggesied an opportunity of evaluating the black hole

© 2014 American Physical Society
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Expressing the polynomials p;(1 < k < 6) in terms of the
polynomials 5;(1 <k <4) and using Newton's equations
I

21
Dis(sy, 82, 83.84) = 2 6!

-6 21(1+ 2q)
= 168[12(1 — q) + I(—8¢> + 36q — 27) — 164°).

The polynomial R(r) thus has a multiple root if and only if

BIP(1 = q) + 1(-8¢% + 36 - 27) — 164°| = 0. (23)
Excluding the case [ = 0, which corresponds to a multiple
root at r =0, we find that the polynomial R(r) has a
multiple root for » > r, if and only if

P(l=g)+(—8¢* +36g=27) = 16¢° =0.  (24)
If ¢ = 0, we obtain the well-known result for a Schwarzs-
child black hole [38,39,49], I, = 27, or &, = 31/3 [where
Iy is the positive root of Eq. (24)]. If ¢ = 1, then / = 16, or
& = 4, which also corresponds to numerical results given
in paper [50]. The photon capture cross section for an
extreme charged black hole turns out to be considerably
smaller than the capture cross section of a Schwarzschild
black hole. The critical value of the impact parameter,
characterizing the capture cross section for a RN black
hole, is determined by the equation

(8¢> ~36q +27) + YDy

20-¢) &%)

e =

where D =(8¢°-36g127)* +64g°(1-¢) =—-512(g —%)3.
It is clear from the last relation that there are circular
unstable photon orbits only for g < § (see also resulis in
[37] about the same critical value). Substituting Eq. (25)
into the expression for the coefficients of the polynomial
R(r) it is easy to calculate the radius of the unstable circular
photon orbit (which is the same as the minimum periastron

PHYSICAL REVIEW D 90, 062007 (2014)
we calculate the polynomials and discriminant of the
family X,.X,.X;.X, in roots of the polynomial R(r):
we obtain

p=85=0, P2 =-12s,, Py = 3s3,

Py =253 —dsy, Ps = —55353,

P = =253 + 353 + 65452, (21)
where 53 = 0,5, = 1,53 = =2, 54 = —ql, corresponding

to the polynomial R(r) in Eq. (8). The discriminant Dis of
the polynomial R(r) has the form

2 -6l
-6l 20(1 +2q)
2(l+2q) —102
102 2P(1+6+3q)

(22

I
distance). The orbit of a photon moving from infinity with
the critical impact parameter, determined in accordance
with Eq. (25) spirals into circular orbit. To find a radius of
photon unstable orbit we will solve Eq. (7) substituting /.,
in the relation. From trigonometric formula for roots of
cubic equation we have

[} a
Fi = 2“%(:033, (26)
where
10
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FIG. 1. Shadow (mirage) radius (solid line) and radius of the

last circular unstable photon orbit (dot-dashed line) in M units as
a function of g. The critical value g = 9/8 is shown with dashed
vertical line.
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Figure 2. The Event Horizon Telescope is a global array of millimeter telescopes (see http.//eventhorizontelescope.org/array) that aims to take the first pictures of black holes. (Courtesy of Dan Marrone/University of Arizona.)
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EHT team: “Similarly, for the EHT, the data we take only tells us only a piece of the story, as there
are an infinite number of possible images that are perfectly consistent with the data we measure.
But not all images are created equal— some look more like what we think of as images than
others. To chose the best image, we essentially take all of the infinite images that explain our
telescope measurements, and rank them by how reasonable they look. We then choose the
image (or set of images) that looks most reasonable. “

Measurements

Infinite Number
of Possibilities
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e Kore - Bordoen (= 0.25) — Haywaud (= 0.75)
7] — KN(g=023)  Bardeen (gm = 0.75) ~=~ Sen (jm =0.25)
= KN (7 = 0.93) Hayward (T=0.25) == Sen (gm = 1:25)

normalized physical charge

FIG. 2.

a

Left: shadow radii 7y, for various spherically symmetric black-hole solutions, as well as for the INW and RN naked

singularities (marked with an asterisk), as a function of the physical charge normalized to its maximum value. The gray/red shaded
regions refer to the areas that are 1-o consistent/inconsistent with the 2017 EHT observations and highlight that the latter set constraints
on the physical charges (see also Fig. 3 for the EMd-2 black hole). Right: shadow areal radii r, 4 as a function of the dimensionless spin
a for four families of black-hole solutions when viewed on the equatorial plane (i = z/2). Also in this case, the observations restrict the
ranges of the physical charges of the Kerr-Newman and the Sen black holes (see also Fig. 3).

independent charges—can also produce shadow radii that are
incompatible with the EHT observations; we will discuss this
further below. The two EMd black-hole solutions (1 and 2)
correspond to fundamentally different field contents, as
discussed in [70].

We report in the right panel of Fig. 2 the shadow
areal radius rg, , for a number of stationary black holes,
such as Kerr [72], Kerr-Newman (KN) [73], Sen [74],
and the rotating versions of the Bardeen and Hayward
black holes [75]. The data refers to an observer
inclination angle of i= /2, and we find that the
variation in the shadow size with spin at higher
inclinations (of up to i=x/100) is at most about
7.1% (for i = x/2, this is 5%): of course, at zero-spin
the shadow size does not change with inclination. The
shadow areal radii are shown as a function of the
dimensionless spin of the black hole a :=J/M?, where
Jis its angular and for rep ive values
of the additional parameters that characterize the solu-
tions. Note that—similar to the angular momentum for a
Kerr black hole—the role of an electric charge or the
presence of a de Sitter core (as in the case of the
Hayward black holes) is to reduce the apparent size of
the shadow. Furthermore, on increasing the spin para-
meter. we recover the typical trend that the shadow
becomes increasingly noncircular, as encoded, e.g.. in
the distortion parameter &g, defined in [57.83] (see
Appendix). Also in this case, while the regular rotating
Bardeen and Hayward solutions are compatible with the
present constraints set by the 2017 EHT observations,
the Kerr-Newman and Sen families of black holes can
produce shadow areal radii that lie outside of the l-o
region allowed by the observations.

To further explore the constraints on the excluded
regions for the Einstein-Maxwell-dilaton 2 and the Sen
black holes, we report in Fig. 3 the relevant ranges for these
two solutions. The Einstein-Maxwell-dilaton 2 black holes
are nonrotating but have two physical charges expressed by
the coefficients 0 < g, < v2 and 0 < g,, < v2, while the
Sen black holes spin (@) and have an additional electro-
magnetic charge g,,. Also in this case, the gray/red shaded
regions refer to the areas that are consistent/inconsistent
with the 2017 EHT observations. The figure shows rather
easily that for these two black-hole families there are large

" N excluded
o Tegion
- allowed region
[) |
02 04 [T 10 12 14
Gm
FIG. 3. Constraints set by the 2017 EHT observations on the

nonrotating Einstein-Maxwell-dilaton 2 and on the rotating Sen
black holes. Also in this case, the gray/red shaded regions refer to
the areas that are 1-o con nt/inconsistent with the 2017 EHT
observations).
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Zakharov, Universe, 2022; arxiv:2108.01533; charge constraint
on M87* (for Sgr A* D=51.8+2.3 uas, 12.05.2022). For M87
D=D_Sch (1+0.17)
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Sgr A* shadow discovery by EHT
(reported on May 12, 2022)

Press Conferences around the world (Video
Recordings):
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collaboration, 12.05.2022)
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Shadow radius in M units, Sgr A*
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Fig. 1. Shadow radius (solid curve) and radius of the last circular unstable photon orbit (dashed-and-dotted curve) in units M as
a function ¢. Following work [30], we believe that Oy, sgea+ = (51.8 £ 2.3) pas at a confidence level of 68%. The horizontal dashed
lines correspond to the restrictions on the size of the radius in units M . Accordingly, red vertical stripes for g are inconsistent with
these estimates of the size of the shadow in the HC.
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Abstract—In our paper published in 2005, it was predicted that the shadow near the Galactic Center (GC)
black hole could be reconstructed from results of observations of the global VLBI system operating in the mil-
limeter or submillimeter range. This prediction became reality in 2022, when shadows near black holes in the
GC and the center of the galaxy M87 (in 2019) were reconstructed from data of observations of the Event
Horizon Telescope collaboration, and these results led to the appearance of a large number of theoretical
papers that considered constraints on both alternative models of galactic centers and alternative theories of
gravity. For Schwarzschild, Kerr, and Reissner—Nordstrom black holes, the impact parameters correspond-
ing to circular photon orbits determine the shadow shape and size: however, as was shown in the abovemen-
tioned paper. in the cases of some metrics, the existence of circular photon orbits is possible, though shadows
for these metrics are not formed. A number of recent papers (including one published in the journal PEPAN
Letters) have put forth, without evidence, alternative models of galactic centers in which parameters corre-
sponding to circular photon orbits determine the shadow shape and size.

DOT: 10.1134/51547477125700177

1. INTRODUCTION

General Relativity (GR), propaosed in 1915 by Ein-
stein, is still the best theory of gravity, notwithstanding
the many alternative theories that have been consid-
ered (many of which were proposed recently). Ini-
tially, the GR predictions were tested in a weak gravi-
tational field limit, but recently it has become possible
to test GR in strong gravitational fields. A detailed dis-
cussion of the experimental testing of GR effects in the
vicinity of astrophysical black holes is given in [1].

In 1973, James Bardeen discussed a thought exper-
iment in which it is assumed that there is a luminous
screen behind the black hole [2]. In this case, the
observer would see a small dark spot (shadow) against
the background of the screen. For a long time, this
model had no application to astrophysical black holes,
since there is no bright screen behind the black hole in
astronomy, and also for a long time, the stellar-mass
black holes in our Galaxy were predominantly consid-
ered, for which the shadow size is about a million
timec cmaller than the cize ofthe chadow in the (ralac-

20 years ago and found to be quite accurate, the
authors of [3] predicted the possibility of reconstruct-
ing the shadow in the GC using a ground-based or
Earth—space interferometer operating in the millime-
ter or submillimeter range (in this work, the capabili-
ties of the Millimetron interferometer were also men-
tioned for the first time for solving such problems).
This prediction, made in [3], came true in May 2022,
when the Event Horizon Telescope (EHT) collabora-
tion presented the results of the reconstruction of a
shadow of our GC (the shadow of supermassive black
hole in M87 was reconstructed in 2019). The predic-
tion of the possibility of detecting a shadow in the GC
is well known in the world, so, in a recent work by
famous Indian and Japanese experts for the theory of
gravity [4], it is noted that the idea of reconstructing a
shadow of a black hole in the center of Galaxy using
global interferometers operating in the millimeter
wavelength range was originally put forward in
[3].These reconstructions were based on EHT obser-
vations conducted in 2017 thus. the analvsis of ohser=



572
R(r)

20F | )
1.8} []]

B F |
i |

1.2f / /
1.0} I;.' /
0.8} /

0.6 F = 3

AR ;/

—06F |
—08F |
—1.0}F |
_I-Z II 1 1

0.6 0.8 1O 1.2

Ejgi / /// \/

/
—0.2f /
—0.4f

L 1 L y
14 1.6 1.8 20 22 24 26

’
Fig. 3. The red curve corresponds 1o the case ol the
extremal Reissner—Nordstrim metric (g = 1) and the lim-
iting value of the impact parameter £ = 16 (L = 4). The
light purple curve corresponds to the superextreme Reiss—
ner—MNordstrom metric (g = 1.0625) and the critical value
of the impact parameter corresponding to the unstable cir-
cular photon orbit £ = 14,922, The blue curve corresponds
to  the superextreme Reissner—Nordstrom  metric
(g = 1.0625) and to the value of the impact parameter
greater than the critical value of the impact parameter
§ = 16. The green curve corresponds to the superextreme
Reissner—Nordstrom metric (g = 1.0625) and to the value
of the impact parameter smaller than the critical value of
the impact parameter § = 14.5.

6. EXAMPLE OF CIRCULAR PHOTON ORBITS
IN THE ABSENCE OF SHADOWS FOR NAKED
REISSNER—NORDSTROM SINGULARITIES

Thus, it can be noted that, at spin values g <1,
black holes have shadows, while for | < ¢ < 9/8 there
are no shadows, but there are circular photon orbits,
and at g > 9/8 there are neither circular photon orbits
nor shadows. Thus, there is a structural instability in
the sense discussed in the works of Poincaré—Pontry-
agin—Andronov—Anosov and other authors. The need
to study structural stability has been noted, e.g., by
R. Thom and V.1. Arnold in many of their works (see
[29—32] and references therein). In the case of dis-
cussing the presence of shadows of the Reissner—
Nordstrom black hole, there is a structural instability
in the vicinity of the value g = 1, since with any small
change in the parameters, the properties of the system
change qualitatively (in our case, this is the availability
of shadows near black holes), because at values of the
limiting charge ¢ = 1 — € there are shadows, while at

ZAKHAROV

g = 1 + € shadows disappear; i.e., the shadows disap-
pear at supercritical charge values, as does the Reiss-
ner—Nordstrom black hole horizon.

The right-hand side of Eq. (22) is shown for some
values of parameters in Fig. 3. Namely, the red curve
describes the case of the extremal Reissner—Nord-
strém metric (g = 1) and the limiting value of a square
of the impact parameter & = 16) (L = 4) (in this case,
a photon, moving from infinity to the naked singularity,
asymptotically approaches the limiting circular photon
orbit); the magenta curve corresponds to the superex-
tremal Reissner—Nordstrom metric (g = 1.0625) and
the critical value of a square of the impact parameter
corresponding to an unstable circular photon orbit
£ =14.922 (in this case, a photon, moving from infin-
ity to the naked singularity, asymptotically approaches
the limiting circular photon orbit); the blue curve cor-
responds to the superextremal Reissner—NordstrGm
metric (g =1.0625) and the value of a square of the
impact parameter greater than the critical value of the
impact parameter & = 16 (in this case, after approach-
ing the naked singularity, a photon moves away from
it, and, as can be seen from the figure, the turning
point is approximately at » = 2.3); the green curve
corresponds to the superextreme Reissner—Nord-
strém metric (g = 1.0625) and to a value of the impact
parameter smaller than the critical value of a square of
the impact parameter (in this case, after approaching
the naked singularity, the photon moves away from it,
and, as can be seen from the figure, the turning point
is approximately at » = 1); thus, no shadow is formed
for the superextreme Reissner—Nordstrom metric
(g = 1.0625) (as well as for other values of the param-
eterl <g < 9/8), For g > 1 in the vicinity of the naked
singularity, there are neither circular photon orbits nor
shadows.

However, the above example does not allow us to
assert that black holes have shadows, while naked sin-
gularities do not have them, since the authors of [33]
showed that there may be shadows in the vicinity of
naked singularities.

CONCLUSIONS

Following J. Wheeler and S. Chandrasekhar, it
seems natural to consider that the most general solu-
tion of the black-hole type for astrophysical applica-
tions is determined by the Kerr—Newman metric,
while their various generalizations or alternatives, at
least for now, are mainly of importance for theoretical
research and will take unlikely a dominant position for
interpretation of observational data in the near future.
As noted earlier for the Schwarzschild, Kerr, and
Reissner—Nordstrom black holes, the impact param-
eters corresponding to circular photon orbits indeed
separate the regions of photon capture and their scat-
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Abstract—In 2005 Zakharov et al. predicted an opportunity to reconstruct a shadow in Sgr A* with ground
based or space—ground interferomeler acting in mm or sub-mm band (the Millimetron was mentioned
for such needs). The prediction was confirmed in May 2022 since the Event Horizon Telescope (EHT)
Collaboration presented results of a shadow reconstruction for our Galactic Center (the shadow around the
supermassive black hole in M87 was reconstructed in 2019). These reconstructions were based on EHT
observations done in 2017, In 2005 Zakharov et al, also derived analytical expressions for shadow size
as a function of charge for Reissner—Nordstrom metric and later these results were generalized for a tidal
charge case. We discuss opportunities to evaluate parameters of alternative theories of gravity with shadow
size estimates done by the EHT Collaboration, in particular, a tidal charge could be estimated from these
observations. We also discuss opportunities to use Millimetron facilities for shadow reconstructions in
MB7* and Sgr A*. Inour recent studies we discuss shadow formations for cases where naked singularities,
wormholes or more exotic models substitute conventional black holes in galactic centers.
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1. INTRODUCTION. ON SHOULDERS
OF GIANTS

One of the most famous theorists Steven Wein-
berg wrote several years ago [1]: “I am a physicist,
not a historian, but over the years | have become
increasingly Tascinated by the history of science. It
is an extraordinary story, one of the most interesting
in human history. It is also a story in which scientists
like myself have a personal stake. Today’s research
can be aided and illuminated by a knowledge of its
past, and for some scientists knowledge of the history
of science helps to motivate present work. We hope
that our research may turn out to be a part, however
small, of the grand historical tradition of natural sci-
ence.” | believe that these sentences reflect feelings
of many other researchers even in the cases if they
are not so famous and they are not authors of the
Standard Model.

Very oiten it is very hard to recognize the au-
thor name when we mention a theorem, definition or
principle. As a well-known example is the follow-
ing one. People mention Columbus who discovered
America but it is not named Columbia. Famous Rus-
sian mathematician V.I. Arnold formulated a principle
which was generalized by M. Berry and as a result
Arnold noted [2] that “Prof. M. Berry once formulated
the following two principles: The Arnold Principle: If

"National ~ Research  Center—"Kurchatov
nSs R

ey T H st

Institute™,

a nolion bears a personal name, then this name is not
the name of the discoverer. The Berry Principle: The
Arnold Principle is applicable to itself.”

Currently the phrase “on the shoulders of giants”
is associated with the book which is a compilation
of works edited and with commentary by Stephen
Hawking [3]; however, more often people reminded
the following letter of I. Newton to R. Hooke [4]: “IT ]
have seen further it is by standing on the shoulders of
Giants”. The letter was signed such as “Your humble
Servant Is. Newton™ while the correspondence was
sent to “For his honoured Friend Mr Robert Hooke™.
Commenting this famous phrase V. Arnold noted that
R. Hooke was rather small, while I. Newton was tall.
Very similar ideas were expressed much earlier, really
John of Salisbury wrote in 1159 in Mefalogicon 5]
“Bernard of Charlres used to say that we are like
dwaris sitting on the shoulders of giants so that we
are able to see more and further than they, not indeed
by reason of the sharpness of our own vision or the
height ol our bodies, but because we are lifted up
on high and raised aloft by the greatness of giants.”
I. Newton knew claims of a famous British monk
and he slightly re-phrased similar ideas. Perhaps,
it would be reasonable to remind relations between
these two great scientists (Robert Hooke and Isaac
Newton). Initially, they have rather iriendly conver-
sations concerning different problems [6]. On Jan-

uary 6, 1680 R. Hooke wrote a letter to . Newton
where he aceiimed that attraction ie invercaly Bramar—
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Fig. 3. Graph of the function B~2 (#) for different g, namely for the green curve g = 0.9, for the black curve g = 1, for the blue
curve g = 1.0625, for the red curve g = 1.125 and for the violet curve g = 1.2, From inspection of the curves we conclude that
there are shadows for Reissner—Nordstrom metrics with ¢ < 1, there are photon circular orbits (but shadows do not exist ) for
1 = ¢ < 9/8 while for ¢ = 9/8 there are no shadows or circular photon orbits in the vicinity of such a naked singularity.

Thus, it can be noted that for charge values g <
1 black holes have shadows, while for 1 < ¢ < 9/8
(there are no shadows, but there are circular photon
orbits), and for ¢ > 9/8 there are neither circular
photon orbits nor shadows. Thus, there is structural
instability in the sense discussed in the works of
Poincaré—Pontryagin—Andronov—Anosov and other
authors. The need to study structural stability was
written about in many of their works by, for example,
R. Thom and V.I. Arnold (see [72—75] and references
in these works). In the case of discussing the pres-
ence of shadows of the Reissner—Nordstréom black
hole, there is a structural instability in the vicinity of
the value ¢ = 1, since with any small change in the
parameters, the properties of the system qualitatively
change (in our case, this is the presence of shadows
in the vicinity of black holes), since at the values of
the limiting charge ¢ = 1 — ¢ there are shadows, while
at ¢ = 1 + e the shadows disappear, i.e. the shadows
disappear at supercritical values of charge, as does the
horizon of the Reissner—Nordstrém black hole,

However, the above example does not allow us to
assert that black holes have shadows, while naked

singularities do not, since the authors of [76] showed
that there may be shadows in the vicinity of naked
singularities.

8. SHADOWS FFOR PERTURBED KERR
BLACK HOLES

In this section we describe a sketch for a proof that
in some cases conditions for circular photon orbits
determine shadows as it was done for Kerr metric
in [55]. We consider small perturbations of the Kerr
metric §,,, that could arise as a result of considering
alternative theories of gravity. Moreover, we assume
that when considering geodesics in such metrics it
is possible to apply Carter’s approach, in which the
Hamilton—Jacobi equation allows separation of vari-
ables. In this case, it is necessary to introduce Chan-
drasekhar constants of motion for photons (£, ) and
therefore, for radial motion we have the following

equation
diN? L
(%) ="G.cn. (50)
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Abstract

General Relativity (GR) was ereated in November 1915 and since its creation and up to now this
theory has undergone many tests. The first realistic cosmological models were proposed in the works of
Friedman, written in the 1920s. For a long time Friedman’s cosmological works were actually banned
in Soviet Union due to philosophical reasons, since the models where the birth and evolution of the
Universe oceurs were considered ideologically unacceptable. Due to great achievements in relativity
and cosmology and due to increasing interest to these branches of of science in last decades we recall a
development of relativistic astrophysics and contribution of Russian researchers in these studies. Since
one of the world leaders in physical cosmology A. A. Friedman passed away in September 1925, it
is reasonable to outline the main achievements of physical cosmology over the past 100 vears. We
discuss also observational and theoretical achievements in confirmations of relativistic observational
predictions for black holes, including the closest supermassive black hole in our Galactic Center. We
ontline an evolution of black hole shadow from the purely theoretical concept to observable quantities
for supermassive black holes in Sgr A* and M8T7*.

Keywords: Foundations of GR, Cosmology, Supermassive black holes, Galactic Center, M&T¥,
Synchrotron radiation, VLBI observations

1. 110 years of success of GR development

General relativity (GR) was developed by A. Einstein after intensive conversations with
D. Hilbert in November 1915 [1-5]. In spite of difficulties to create a consistent quantum
gravity in numerous attempts done by different authors [6-11] classical GR passed all possible
tests at different scales.

In 1917 a truly revolutionary event in cosmological studies has taken place since the Universe
started to be a subject for studies not only by philosophers but also by physicists as well [12].
In this year A. Einstein obtained the first cosmological model of static Universe based on his
theory of relativity [13]. In this paper Einstein assumed that the spatial distribution of matter
in the Universe is uniformly isotropic and homogeneous (now it is called the cosmological
principle). Many consequent researchers used the principle in their studies after him. Later,
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metric. Then, we obtain from Eq. (1)

2 2 2
Alr) (j—j\) - A7) (:—;) +r (i—f) =10, (2)

since ) s
dt E
Y = 2 1 (3)
A A2(r)
we obtain . . )
dr E L
— ] = - — | Alr 4
() (i =7) 40 W
or
dar\? (1 B\ A 5)
dx) T \A(r) 2} B2 '
where b = L/E. Therefore, the photon motion can only in regions where
1 b
> —= §
Alr) = 2 ©)
or g
Br) < 5, ™

where B(r) = A(r)/r?. If we define function A(r) = 1 —2/r for v > 3, while A(r) = r?/27 for
r < 3 (therefore, B(r) = (1 —2/r)/r* for r >3 and B(r) = 1/27 for r < 3 . As we noted above
we could compare Eq. (6) from Friedman paper [22| and Eqgs. (4) or (5) and our Fig. 1 with
Figure in [22]. It is not strange since in both papers the authors were searching regions where
some functions are positive.

If we conduct a thought experiment like Rutherford’s experiment on the scattering of pho-
tons by a Schwarzschild black hole, we will not be able, even in principle, to distingnish the
metric of a black hole from a metric where the function A(r) is replaced by a modified one in
the interval 2 < » < 3. Similarly, if we use bound orbits to test the black hole metric, the
Schwarzschild metric will be indistinguishable from the modified metric considered above and
done in Eq. (), since the probe body tests gravity only in the range of radial coordinate peri-
apsis to apoapsis but in this region the metric in Eq. () coincides with Schwarzschild one, We
have considered only two ways to test the metric of a compact object, but even when consider-
ing other approaches there are limitations to the inference that the processing of ohservations
leads to the conclusion that there is a Schwarzschild and/or Kerr black hole. It is probably
more correct in this case to say that this black hole model describes the observational data best
among the alternatives considered.

9. Conclusions

In this article we recalled some fragments of the development of physics and astronomy in
Russia, not all of them are well known even to specialists. The remarkable words of S. Weinberg
about the history of physics come to mind. At the end of his life this famous scientist worked
in GR and astrononiy and wrote several outstanding books on these subjects [244-247|. In one
of his last popular book Weinberg emphasized an importance of history of science and wrote:"l
am a physicist, not a historian, but over the years [ have become increasingly fascinated by the

16
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Figure 1. Blue curve represents (1 — 2/r)/r? for all v. Function B(r) corresponds to the blue curve
for v > 3 and corresponds to the black horizontal straight line B(r) = 1/27 for r < 3. Red horizontal
straight line b = 5.063 (B(r) = 0.039) corresponds to capture of photon, the green horizontal straight
line b = 6 (B(r) = 0.028 for r = 4.4) corresponds to the case when photon moves from infinity toward
the until r ~ 4.4, at this point photon turns and moves to infinity again. Critical impact parameter
b = 3v/3 separates scatter and capture regions for the impact parameters. It is the same as for the
Schwarzschild metric.

history of science. It is an extraordinary story, one of the most interesting in human history.
It is also a story in which scientists like myself have a personal stake. Today’s research can
be aided and illuminated by a knowledge of its past, and for some scientists knowledge of the
history of science helps to motivate present work™ [248].

Unfortunately, in Russia the achievements of domestic scientists were sometimes hushed
up, thereby giving additional bonuses to foreign scientists. In this context, one can recall the
underestimation of the importance of Friedman’s work on cosmology, since Soviet philosophers
and ideologists insisted that the Universe is infinite in time and space. On May 2, 1946, P.
L. Kapitsa wrote a letter to Stalin, asking for support for the publication of Gumilevsky's
book "Russian Engineers”, in particular, Kapitsa wrote [249] "it is clear from Gumilevsky’s
book that a large number of the largest engineering initiatives were born in our country, we
ourselves were almost unable to develop them, often often the failure to use innovation is that

17
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Figure 2. Blue curve presents function A(r) for the Schwarzschild, while red curve corresponds to
our modified A(r). These red and blue curves are different only for » < 3.

we usually underestimated our own and overestimated foreign.. Many of the organizational
shortcomings still exist today, and one of the main ones is the underestimation of one’s own and
overestimation of foreign forces....After all, excessive modesty is an even greater disadvantage
than excessive self-confidence...We will do this successfully [to develop national technology|
only when we believe in the talent of our scientist and engineer...” A number of measures
were taken that led to the acceleration of the country’s technological development, the social
status of scientists was raised, but such ugly campaigns as the fight against syvcophancy and
cosmopolitanism also arose. Perhaps Kapitsa’s letter to Stalin influenced his determination to
begin the fight against servility to the West. Soviet writer and poet K. M. Simonov recalled that
one at the meeting with writers Stalin said: "There is an issue which is very important which
writers need to be interested in. This is the theme of Soviet patriotism. If we take our average
intclligentsia, scientific intelligentsia, professors, doctors, they have not developed a sufficient
sense of conscientious patriotism. They have an unjustified admiration for foreign culture.
They all feel like minors, not one hundred percent, they are used to considering themselves in
the position of eternal students... First the Germans, then the French, there was admiration
for foreigner” [250].

As an example of the disgusting campaign to combat cosmopolitanism and servility in 1940s

18



Are we sure that there 1s SMBH 1n GC?

If we select the best model from the finite number of
opportunities SMBH may be chosen as the best option,
however, 1t 1s very hard to prove that alternative models are
excluded. Usually, in physics, there is no theorem on the
uniqueness of the model for the observed phenomena.



Physics and Astronomy

In contrast to experimental physics we cannot control all
parameters 1n astronomical system. In astronomy we have an
opportunity only to observe, therefore we have to point out
what, where and when to observe in the sky.

Example. All astrophysical BHs are surrounded with bulk
distribution of matter (dust, gas, DM and stellar clusters near
SMBH). If uncertainties in shadow reconstruction due bulk
matter distribution are around 10™{-6} there 1s no reason to
consider shadow deviation at a level 10™{-7}.
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omeii ypasrenno Tonuena — Onnenrefivepa — Bonkosa
18], Mt BBOTIM HOBHE nepeMennue o = & u J = [,
(OTOPLIE ABIAIOTCH MOJEIEHO- HESABICHMBIMI.

Heofixoaumo OTMETHTE, YTO B KAMECTBE NPHMEpOR

(Bl HCIOUIBIYEM 3HadeHns kosdqdmmentos w3 [4]. Ta-
oM oBpazonM, noayuensl Haobpamenna Tenedt "0 gua

512

M = 1Y u paznuuELIX 3naMenni a 1us MeTpukn Keppa
H ee paciHpenns, onpegetenisie B [18] (B cransipron
mone £ = 1/3), cu. pre. 2. ¥roa WIOCKOCTH BPANIEHHSA
pagen #; = /2. 3ameTuM JBe OCHOBHEIE 0COGSHHOCTH:
BO-IIEPEBIX, TeHb CMEIIASTCS 0T OCH CHMMETPHH ¢ VBe-
JIHIEHHEM @ H, BO-BTOPLIX, TeHL CTAHOBHTCH ACHMMET-
PHYHOI BA0L HANPABIEHHA T 18 GOIBLIIHY 3HAYEHHI
a. Ofe ocobernocT HedesaoT npi a — (), Korga Kpyr-
naf TeHb A8 MeTpikn Hsapmmmieia soccTanaBTHEA-
erca. Taise 3ameTny, wro npu yrae 8y = 7,2 pasuep

1) MNockonsey & peansaos coyaae M = 1004 adhbext meueza-
eT, kaKk DEno yrazano Bo Beegesmmn.

Fig. 2. Mirages around black hole for equatorial position of
distant observer and different spin parameters. Solid line,
dashed line and dotted lines correspond to g = 1, e =0.5, ¢ =10,
respectively.
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Fig. 3. Mirages around a black hole for the polar position of
distant observer and different spin parameters (@ =0, a =05,
o= 1), Smaller radii correspond to greater spin parameters,

4. Polar axis observer case

If the observer is located along the polar axis we
have fy =0 and from Eq. (6), we obtain

Bl = (D) +a® — ()", (9)

A Zakharov ef al. | New Astronomy J0 (2005 | 476480

or

Fa) + o = 1 (0) + &

Thus, mirages around Kerr black hole
cles and even for this case in princi
eviluate the black hole spin (if the blz
is known) taking into account that rad
cles weakly depend on the black hole
ter. However, one should mention th
small difference between radii for di
even in the future it is unlikely to be ab
black hole spins in this way (see Tabl

5. General case for the angular positic
observer

Let us consider different values fo
positions of a distant observer =
w8 for the spin parameter a = 0.5
#=mn2, w3, o4 and w6 for a=1. (F
these figures one can see that angu
ol a distant observer could be evalua
mirage shapes only for rapidly rotatin
(e ~ 1), but there are no chances to
angles for slowly rotating black h
even for a = 0.5 the mirage shape d
too small to be distinguishable by |
Indeed, mirage shapes weakly depen
server angle position for moderate bl
parameters.

6. Projected parameters of the space
RADIOASTRON interferometer

During this decade the space ra
RADIOASTRON will be launched.
was initiated by Astro Space Cent
Lebedev Physical Institute of Russi
of Sciences (RAS) in collaboratior
institutions of RAS and RosAviaKc
tists from 20 countries develop the s
load for the satellite and will provi
base support of the mission. The pre
proved by RAS and RosAviaKos
smoothly developing. This space ba
radio telescope will be used for :
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Comparison of these figures Alexeyev et. al (2024) [a=0, a=0.3,
a=0.5, 0.9, 0.98] and Zakharov et al. (2005) [a=0, a=0.5, a=1.]



Concerns on Alexeyev et al. paper (2024)

1. The conventional model for SMBH is describing by Kerr metric
(even electric charge 1s usually considered as negligible). No hair
theorem for BHs. There are no observational arguments to violate no
hair theorem conditions.

2. “Quantum” black holes approach 1s applicable for microscopic
objects while shadows could observable only for SMBHs. Therefore,
such objects look like centaurs which do not exist in nature. The
authors increased “quantum” parameters in 10* times but they ignored
natural astronomical factors such as bulk distribution of matter.
Therefore, the authors from observable phenomena came back to
thought experiments. «One step forward, two steps backy.



3. The authors discussed an invariance of shadow size in the rotation axis
direction for Kerr metric and an equatorial observer (this property was proven
in Zakharov et al. (NA, 2005)). The property was discussed for “quantum”
rotational black holes without a proof.

4. For K-N BHs circular photon orbits determine shadows but for
generalizations of K-N these metrics these two categories are not equivalent.
There are examples of circular photon orbits without shadows and shadows
without black holes. The authors did not prove that they really deal with
shadows (not with circular photon orbits).

5. The authors did not mention that GC shadow was reconstructed by EHT as
it was predicted by Zakharov et al. (NA, 2005) 1n spite of the fact that
predictions are realized extremely rarely (usually after observing a
phenomenon, its interpretations appear).
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COMMENT ON THE ARTICLE "NON-LOCAL GRAVITATIONAL
CORRECTIONS IN BLACK HOLE SHADOW IMAGES” BY S. O.
ALEXEYEV ET AL.

Alexander F. Zakharov **

a National B

h Center — "Kurchatow Insti

", Moscow

b Bogoliubov Laboratory of Theoretical Physics, JINR, 141980 Dubna, Russia

Recently Alexeyev et al. published paper (J. Theor.

Exper. Phys. wv. 165, N 4, p. 508 in Russian;

arXiv:2404.16079 [gr-qc], the reference is given also in [1]). In the paper the authors discussed an oppor-
tunity of estimating spins from the analysis of the shadow reconstruction of black holes, thearetically considered
using the nonlocal gravity model proposed earlier for the description of "quantum” black holes. However, in

essence, this paper considered cireular photon erbits, and the fact that the e p

4 -
g motion

determine the shape and size of shadows, similarly to Kerr black holes, remained unproven. It is also remained
unproven the statement that for an equatorial observer the shadow size in the direction of rotation of "quantum”
black holes remains independent of spin. A long time ago the shadow property was established for the Kerr

black hole case.

Many years ago it was shown |2 that if we consider
the constants of motion for classical Kerr black holes,
the capture region and the scattering region for pho-
tons are separated by the Chandrasekar constants of
motion (£.1) corresponding to circular photon orbits.
Thus, for the Kerr metric, the shape and size of the
shadow is determined by these critical parameter val-
ues (as shown in [3]). As is known, the possibility of
shadow reconstruction in the neighborhood of the near-
est supermassive black holes is currently under discus-
sion, not only for classical Kerr-Newman black holes,
but also for some of their "quantum” generalizations,
although in some cases quantum corrections are used
to recover shadows in the vicinity of the nearest super-
massive black holes. in some cases quantum corrections
in the corresponding coefficients are too small for their
influence on the physical effects to be detected (this is
also noted by the authors of the paper [1]).

If we mean a purely theoretical discussion, we can
analyze the differences of shadows for the classical Kerr
black hole and its "quantum” generalization. considered
in the work of [1], but it is necessary to keep in mind
that if we speak about astrophysical black holes, it is
necessary to take into account the influence of such fac-
tors as the spatial mass distribution, the influence of
plasma effects, etc.. since the influence of these factors
significantly exceeds the difference in the shape and size
of shadows for the cases of a classical black hole and its
quantum generalization. In paper [3] it is shown that

for a classical Kerr black hole in the case of the ob-
server’s position in the equatorial plane, the size of the
shadow in the direction of the black hole’s rotation does
not depend on the spin of the black hole. The authors
of the paper [1] note that in the examples considered
by them the size of shadows for the "quantum™ gener-
alization of the Kerr black hole for an observer in the
equatorial plane is also independent of spin, however it
remains unproven that for additional parameters (due
to the use of the model of nonlocal gravitation), the
sizes of shadows in the rotation direction for the con-
sidered "quantum” generalization of the Kerr black hole
for an observer in the equatorial plane, do not depend
on spin.

After the discovery of any physical (or astronomi-
cal) phenomenon, there is also its theoretical explana-
tion, but very often theoretical predictions are not real-
ized in experiments or astronomical observations. are
realized in experiments or astronomical observations,
so it is useful to recall that the the idea to use ground-
based and ground-based space-based VLBI operating
in the millimeter or submillimeter range to reconstruct
the shadow in the vicinity of the Galactic center was
proposed in [3] (which can naturally be generalized to
other supermassive black holes, such as the black hole
at the center of the galaxy M87). The possibility of re-
constructing the shadow of a black hole at the Galactic
Center using global ground-space (and ground-based)
interferometers operating in the mm band was firstly
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Publishing nightmare: a researcher’s quest to keep
his own work from being plagiarized

Ascientist reviewing a study spotted figures that looked identical to his own, leading to a frustrating campaign

to prevent its publication.

By Dan Garisto

When bioinformatician Sam Payne was asked to review a manuscript on a topic relevant to his own work, he agreed -
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07,09,2024, 18:02 Publishing nightmare: a researcher's quest to keep his own work from being plagiarized
When bioinformatician Sam Payne was asked to review a manuscript on a topic relevant to his own work, he agreed —

not anticipating just how relevant it would be.

The manuscript, which was sent to Payne in March, was about a study on the effect of cell sample sizes for protein
analysis. “limmediately recognized it,” says Payne, who is at Brigham Young University in Provo, Utah. The text, he
says, was similar to that of a papert he'd authored three years earlier, but the most striking feature was the plots:
several were identical down to the last data point. He fired off an e-mail to the journal, BioSystems, which promptly

rejected the manuscript.

InJuly, Payne discovered that the manuscript had been published?in the journal Proteomics, and he alerted the
editors. On 15 August, the journal retracted the paper. An accompanying statement cited “major unattributed overlap
between the figures” init and Payne’s work. In response to questions from Nature, a spokesperson for Wiley, which
publishes Proteomics, said, “This paper was simultaneously submitted to multiple journals and included plagiarized
images.”

The retraction statement also stated that four of the authors said they “did not
participate in the writing and submission of the article and gave no consent for
publication”, and that the fifth author did not respond. However, Nature’s news team
found links between several of the authors and International Publisher, a paper mill
based in Moscow. Neither the authors nor International Publisher responded to Nature'’s

requests for comment.

https:dhwaww.nature.comiartidles/d4 1 586-024=02554-8 3N
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AVERY CLOSE MATCH

The figure on the left appears in a paper published in 2021 by bioinformatician
Sam Payne and his co-authors. The figure on the right appears in a paper
published in the journal Proteomics in May 2024 by other authors. The Proteomics
paper was retracted in August.

Fig. 1a Boekwig et al. 2021 Fig. 3a Popova et al. 2024
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Source: Ref. 1 and Ref. 2

When, months later, he discovered the Proteomics paper, he posted a follow-up. “Well. It REALLY happened” —the

paper that he had been asked to review had been published. Two weeks later, Proteomics retracted the paper, citing

hitp:/fwww,nature,com/articles/dd 1 586-024-02554-8 51






[Anna Abalkina]... She was shocked to find that a PhD student had
plagiarized two of her papers, copying large parts of the works. When
she complained, the journal issued only a correction, saying that the
author forgot to reference her work. (The student later gave up their
degree after Abalkina applied pressure to their university.)



DM or SMBH in our GC?

MGM 16 (July 10, 2021): Saturday round table

Subject: Nature of Galactic Center
Two alternatives: SMBH vs RAR model for DM
Two opponents: R. Genzel vs C. Arguelles

Genzel: «Any theoretical model must
Schwarzschild precession for S2 orbit»


https://www.youtube.com/watch?v=pxoq-H4cXqE
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An alternative potential for elliptica
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Hinting a dark matter nature of Sgr A* via the S-stars
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ABSTRACT

The motion data of the S-stars around the Galactic Centre gathered in the last 28 yr imply that Sgr A% hosts a supermassive
compact object of about 4 x 10°M, a result awarded with the Nobel Prize in Physics 2020. A non-rotating black hole (BH}

nature of Sgr As has been uncritically adopted since the S-star orbits agree with Schwarzschild geometry geodesi

The orbit of

52 has served as a test of general relativity predictions such as the gravitational redshift and the relativistic precession. The central
BH maodel 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 S2 and G2 astrometry data are better fitted
by geodesics in the spacetime of a self-gravitating dark matter core—halo distribution of 56 keV-fermions, ‘darkinos’, which
also explains the outer halo Galactic rotation curves. This letter confirms and extends this conclusion using the astrometry data
of the 17 best-resolved S-stars, thereby strengthening the alternative nature of Sgr A+ as a dense core of darkinos.

Key words: Elementary particles — Dark matter.

1 INTRODUCTION

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 infer-
ence on the nature of Sgr A= mainly comes from the nearly Keplerian
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
Schwarzschild spacetime geometry. 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 S2 orbit data have allowed to test general
relativity predictions such as the relativistic redshifl (see e.g. Gravity
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 which
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 to
a univocal central BH presence (see e.g. Yuan & Narayan 2014;
BoufTard 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 matter

mail: eduarbecerra@ics org (EAB-V): jorge. a@icrait (JAR):

(DM) profile predicted by the Ruffini-Argiielles-Rueda (RAR}
model (Ruffini, Argiielles & Rueda 2015; Argiielles et al. 2018)

In the RAR model, the DM distribution in galaxies is obtained
from the general relativity field equations, assuming it as a self-
gravitating system of fermions at finite temperature in equilibrium
and distributed in phase space according to the Fermi-Dirac statistics
including a particle energy cut-off that gives to the configuration, a
finite size (see Argiielles et al. 2018, for more details). We hereafter
refer to these neutral, massive DM fermions as ‘darkinos’. The RAR
model leads to a dense core—diluied 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 cut-off defining the galaxy border.
There is a bunch of physical conseq of the ¢ hale

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 to 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 etal. 2016: Yunis et al. 2020a) and interaction
with neutrinos (Penacchioni, Civitarese & Argiielles 2020) as well
as in their macrophysics, e.g. their lensing properties (Gomez et al.
2016), their influence in the dynamics of binaries (Gomez & Rueda
2017), their halo formation and stability on cosmological time-scales
(Argiielles et al. 2020), and their role in the large- and small-scale
structure formation (Yunis, Argiielles & Lépez Nacir 2020b).
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Astronomy & Space \ Astronomy
What if the black hole at the center of the Milky Way is
actually a mass of dark matter?

REPORT
by Bob Yirka , Phys.org [ aeroe}

Credit: CCO Public Domain

A team of researchers at the International Center for Relativistic Astrophysics has found evidence
that suggests Sagittarius A* is not a massive black hole but is instead a mass of dark matter. In
their paper published in the journal Monthiy Notices of the Royal Astronomical Society: Letters, the
group describes the evidence they found and how it has stood up to testing.

https://phys.org/news/2021-06-black-hole-center-milky-mass.amp
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The Center of the Milky Way Might Not Be a
Black Hole After All

Well, that would change some things.

// BY CAROLINE DELBERT JUN 16, 2021

PAKIN SONGMOR | GETTY IMAGES

« The center of the Milky Way could be dark matter instead of a supermassive black hole,
according to a new study.

» The study is based on observations of the objects that orbit closest to the center.

« Ifit's true, this could help explain how supermassive black holes originate.

What if the center of our galaxy isn’t a supermassive black hole after all, but

instead, a massive amount of dark matter? That would flip our long-held
understanding of the Milky Way, but in a new study, scientists from Italy,
Argentina, and Colombia say the evidence stacks up.

= You think space is badass. So do we. Let’s explore it together.

The idea of a supermassive black hole at the center of the Milky Way is well-
established, based partly on the orbit of specific stars like S0-2. Scientists study

tp pace/a36530817/the-center-of-the-milky-way-might-not-be-a-black-hole-after-all/ 119
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Space
The black hole at the centre of the Milky Way
may be something even more mysterious,
scientists say

The centre of our galaxy could be a cluster of dark matter, not a supermassive black hole

Adam Smith | Wednesday 02 June 202110:22

00@®

(Getty Images)

Leer en Espafiol

https:/iwww.i co.uk/space/black-hole-milky-way-galaxy-dark-matter-darkino-b1858079.htmI?amp 18
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The online newsletter of the National Institute of Astrophysics

NOT A SINGULARITY BUT A THICKNESS OF DARK MATTER

Black hole in the center of the Milky Way? There are
those who say no

A new theory offers an alternative explanation to the nature of Sgr A *, the supermassive compact object at
the center of our galaxy: while the commonly accepted hypothesis is that it is a black hole, a study led by
IcraNet researchers and published in May on Mnras Letters shows that they could be "darkinos” - particles of
dark matter - in high concentration. Media Inaf interviewed one of the authors of the article, astrophysicist
Jorge Armando Rueda Herndndez

& Marco Malaspina i 06/15/2021 t ndivic

‘What if there is no singularity at the center of the
Milky Way? What if our galaxy's heart of darkness.
actually hides not a supermassive black hole - as
most astrophy:
eration of dark matter ? The hypothesis, illustrated
inastudy published at the end of May in Mnras
Letters, may seem out of time: perhaps the Nobel

sts believe - but a dense agglom-

Prize was awarded just last year to Reinhard
Genzel and Andrea Ghez precisely for the discov-
ery of Sagittarius A *, home of the black hole of
four million solar masses that resides right in the
center of our galaxy? On closer inspection, how-
ever, the reasons for the Nobel Prize to Genzel and
Ghez do not speak of black hole , but more broadly
of the compact object supermassive ( supermas-
sive compact object ). What other object - more or

Jorge Armando Rueda Herndndez, astrophysicist at IcraNet,
~ co-author of the study published May 20 in Monthly Notices
less compact - could we ever deal with? of the Royal Astronomical Society: Letters

According to the authors of the article published in Mnras Letters, it could be a condensate of darkinos - parti-
cles of dark matter, in fact. And it is a scenaria that would not only concern the Milky Way, but many other gal-
axies. Among the authors of the study, led by EA Becerra-Vergara of Icralet , there is a Colombian astrophysi-
cist - he is originally fram Bucaramanga - in Italy for the past fifteen years: he arrived in 2006 for a doctorate in

relativistic astrophysics at Sapienza, then also become a professor at iCraNet, first in Rome and now at the

University of Ferrara. His name is Jorge do Rueda dez, we i d him.

ia.inaf. buchinerd
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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,
Sagittarius 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 radial velocity 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 demonstrate that the observed motion of both S2 and G2 is
explained in terms of the dense core — diluied halo fermionic dark matter (DM) profile, obtained from the fully relativistic Ruffini-
Argiielles-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 S2, (2) the combination of the special and general relativistic redshift measured for 52, (3) the currently available data
on the orbit and z of G2, and (4) its post-pericenter passage deceleration 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 chi-squares of the time-dependent orbit and ; data
are (Parar = 3.1 and (Phsapn = 3.3 for S2 and {P)garar = 20 and {P)grss = 41 for G2. The fit of the corresponding z data
shows that while for S2 we find comparable fits, that is, 7,5 = 1.28 and i, = 1.04, for G2 the RAR model alone can produice an
excellent fit of the data, that is, ,‘rm ~ 1.0 and jT:BH = 26. In addition, the critical mass for gravitational collapse of a degenerate
56keV-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 — Galaxy: structure — dark matter - elementary particles

1. Introduction

The menitoring 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 24.1 x 10° M,,, which is 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*, S2 and
G2 are the most interesting. The star S2 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, r s = 0.6mpc
(Gillessen et al. 2009, 2017). The S2 orbit constrains the Sgr A*

Article published by EDP Sciences

mass best, but its pericenter at ~ 1500 rs, from Sgr A* is too
far to univocally infer a putative massive BH of Schwarzschild
radius req, = 2GMgy/c?, where Mgy 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).

Our 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-Argiielles-
Rueda (RAR) model (Argiielles et al. 2018, 2019a) instead
explains the orbits of S$2 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) oc 1% at large radial distances from the cen-
ter. This treatment was extended in Argiielles et al. (2018), by
introducing a cutoff in momentum space in the distribution func-
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 mi, 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 ry, 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 might 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 general relativity, constrain-
ing the allowed fermion mass to me? = 50-345 keV. We extend
this analysis by fully reconstructing the geodesic of the object in
full general relativity, and apply it to S2 and G2. Figure | shows
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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 x 10P M.
Top: DM (black) and baryonic (bulge + disk) contribution to the rota-
tion curve vy (total in red). Bottom: 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 By = 1.1977 x 10, degeneracy parameler
oy = 37.7656. and energy cutofl 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 S2 and G2

To obtain the S2 or G2 positions (orbit) and the correspond-
ing line-of-sight radial velocity (i.e., 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 wo possible scenarii that we describe below.

I. A central Schwarzschild massive BH. Gravity
Collaboration (2018b) reported a BH mass of Myy =
4.1 % 10° M from the fit of the most recent measurements
of the position and velocity of S2. The more recent analysis by
Do et al. (2019) reported a BH mass of 3.975 x 10° My, 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
§2, we obtain model parameters that are very similar (but not
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Abstract

After a di ion of the properties of d fermion balls, we analyze the orbits of the star
50-1, 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 ofa i t 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 108Mp
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-gravitating neutrino matter has been suggested as a model for quasars, with neutrino
masses in the 0.2keV < m < 0.5MeV range [1]. More recently, supermassive compact objects consisting
of weakly interacting degenerate fermionic matter, with fermion masses in the 10 S m/keV < 20 range,
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°Mp, [8]. If we identify this object of maximal mass with
a degenerate fermion ball at the Oppenheimer-Volkoff (OV) limit [9], i.e., Moy = 0.54 Mg m~—2g~Y/? ~
3 x 10°Mg [4), where Mpy = \/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
Rgv = 4.45Rs ~ 1.5 light-days, where Rg is the Schwarzschild radius of the mass Mgy. 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°Mj. Interpreting this object as a degenerate fermion ball
consisting of m = 15 keV and g = 2 fermions, the radius is R. ~ 21 light-days ~ 7 x 10*Rs [2], Rs
being the Schwarzschild radius of the mass M. Such a nonrelativistic object is far from being a black
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Figure 5: The density profile of the halo for ny = 0 (dotted line) and for the six ng-values discussed in
the text. Configurations with negative ng ((1)-(3)) are depicted by the dashed and those with positive
0 ((1')-(3')) by the solid line.

For fixed N, there is a range of a where the Th Fermi ion has multiple soluti For
example, for N = 2x10'? and & = 4 x 10° we find six solutions, wluchwedenule by (1), (2), (3), (3"), (2"),
and (1') corresponding to the values ng = -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 no, 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 characterized by a pronounced central core of mass
of about 2.5 x 10°Mg 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 deled as a
nonrelativistic Fermi gas [23].

Fig. 5 shows two imporv.mt features. First, a galactic halo at a given temperature may or may
not have a central core dependi hether the central d acy papameter 1o is positive or negative.
Second, the closer to zero ng is, the smaller the radius at. which the r=? asymptotic behavmr of the
density begins. The flattening of the Galactic rotation. curve begins in the range 1 S r/kpe < 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]

e=ho e~hau
)= 5 fdum, (12)

where s = (r/ro)'/4, ro is the effective radius of the bulge and h is a parameter. We adopt ro = 2.67
kpc and h yielding a bulge mass M, = 1.5 x 10'°Mj, [26]. In Fig. 6 the mass of halo and bulge enclosed
within a given radius is plotted for various 7. The data points, indicated by squares, are the mass



MonthlyNotices

MNRAS 451, 622-628 (2015)

On the core-halo distribution of dark matter in galaxies

R. Ruffini,'** C. R. Argiiclles”* and J. A. Rueda'-**

' Dipartimento di Fisica and ICRA, Sapienza Universita di Roma, Piazzale Aldo Moro 5, 100185 Rome, Italy
ICRANe, Piazza della Repubblica 10, 1-65122 Pescara, Italy

Accepted 2015 May 4, Received 2015 April 30: in original form 2015 March 31

doi:10.1093/mnras/stv1016

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 degenerate quantum statistics; (2) an intermediate region with
a sharply decreasing density distribution followed by an extended plateau, implying quantum
corrections; (3) an asymptotic, p oc r~ classical Boltzmann regime fulfilling, s 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 matter 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 et al. (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 imy open issue in physics is the iption of the
dark matter in terms of collisionless massive particles. Attempts
have been presented to put constraints on its phase-space density
by knowing its evolution from the cosmological deconpling 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-

numerical - galaxies:

haloes — galaxies:  nuclei —galaxies:

de Vega & Sanchez (2008), Argiielles et al. (2013), Ruffini et al.
(2013), Destri, de Vega & Sanchez (2013), Argiielles & Ruffini
(2014), Argtielles et al. (2014, de Vega, Salucci & Sanchez (2014),
Siutsou, Argielles & 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. [nstead, 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.

Attempls 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 i s and dark matter (Gentile et al. 2009): the Fundamental

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, Trautmann & Tupper (1993), Chavanis & Som-
meria (1998), Bilic et al. (2002), Chavanis (2002a), Boyanovsky,

*E-mail: ruffini@icrait (RR); carlos.arguelles@icranetorg (CRA);
jorge rueda@icra.it (JAR)

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

Published by Oxford University Press on behalf of the Royal Astronomical Society

LZ0Z AInr €1 U0 1sanb AQ 2.2 GPELIZZY/ L/ LS P/AIDINIE/SRIUWW0D dNo OILUapede// SN Woly papeojumoq



Core-halo distribution of dark matter 625

wiE

r// ;o S

S

ripc)

10* 10° 1\;" 1:1" |;1° I(ll' 1:7’ n".k' u.w‘ 1:1' 10* 104 10% ||;" ﬂ;" |‘v° 1:1‘ 1|Iz‘ 15‘ 1;‘ n‘:‘ 10°
ripe)

n‘:u" 1|;" ﬂ‘f‘ 1|Ir‘ nlf’ n‘:' 1:1' 1::’ 1;1‘ 1;1' 10*
ripe)

Figure 1. Mass density (lefi-hand panel). degeneracy parameter (central panel), and rotation velocity curves (right-hand panel) for specific ino masses m and
central degeneracies 6 fulfilling the observational constraints (8). The density solutions are contrasted with a Boltzmannian isothermal sphere with the same

halo propertics. All the configurations, for any value of 8¢ and corresponding . converge for r 2 n, to the classical

isothermal distri It

is clear how the Bolzmann distribution, is as it should be, independent of nn. Inierestingly, when the value M, (r < 1072 pe) ~106 Mg, tie. m ~ 10 keV/e?) is
chosen as the one of more astrophysical interest, the onset of the classical Boltzmann regime takes place at distances of r 2 few 10 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 cores ——
Tr 4

(2aMeors

considered in (Tremaine & Gunn 1979) for a Maxwellian distribu-
tion. Interestingly, 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 ble. than the ct ing sub-keV
bound in (Tremaine & Gunn 1979), for the same halo observables.
Indeed, their formula gives a lower limit m & 0.05 keV/c® when
using the proper value for the King radius, ri; 8.5 kpc, as obtained
from o = 4/Z/5v, and py = 2.5 x 1072 Mg pe*, which are the
associated values to the Boltzmannian density profile of Fig. 1. This
small difference is formally understood by the following fact: while

Figure 2. The less degenerate quantum cores in agreement with the halo
observables (8) corresponds to 8 = 10 (Ag ~ 3/;). 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
the halo parameters (8) of spiral galaxies.

By mkeVich) e (p) M{Mg)  vekmshy 6
11 0420 33x 10" 85x10° 33 x 107 21
25 4323 25x 107 14 x107 49 % 10° 55
30 10.540 40x 1072 27 %108 54 % 102 67
40 64.450 10x107% 89 x 10¢ 6.2 x 107 89
584 20x10°  93x 107 12x10? 75 x 100 144
985 32x106 32x10% 72x107%  98x10° 214

as well as the numerical implications of f, and 8, 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 0. = 6(r. ), respectively.
In Table 1, we show the core properties of the equilibrium con-
figurations in spiral galaxies. for a wide range of (8, 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
Ao is solved.

It is clear from Table 1 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

their Jusi are reached by adopting the maximum phase-
space density, Qf, ~ phm o, . at the centre of a halo described
by a Maxwellian distribution; in our model the maximum phase-
space density is reached at the centre of the dense quantum core de-
scribed by Fermi-Dirac statistics, Q5,,, ~ p[‘,m"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
bers, always in 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
decoupling, Q8,., we have Q"¢ < Q¢_ . Then, considering that
all our quantum solutions satisfy Q% > QU it directly implies
larger values of our ino mass with respect to the Tremaine and Gunn
limit. Nevertheless, as we have quantitatively shown above, e.g. for
the case of typical spiral galaxies, the two limits become compara-
ble for our less @, = 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/c?, and a temperature parameter 8, ~ 107, obtained
from the observed halo rotation velocity vy, the de Broglie wave-
length Ag is higher than the interparticle mean-distance in the core
1., 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° Mg is definitely possible corresponding to an ino of
m ~ 10 keV/e? (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/ic® (¢, = 30).
the very low of the dense core is already a
small fraction of the Fermi energy (i.e. ip > [), where additional

MNRAS 451, 622-628 (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)

U,,(r) = ar?(a>0) (harmonic oscillator
potential)

and
U,(r) = - k/r (Newtonian potential)
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8: Investigation of motion in a central ficld
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Figure 31  Graph of the effective potential energy

ie.. 7 = 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:
0 < Fpin S7 < ray < 0.

If 0 < #pin < Fmax < 0, then the motion is bounded and takes place inside
the ring between the circles of radius r,;, and rp,,.

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

® = J"'““ M/rtdr )
roin v/ 2(E — V(r)
The angle between two successive pericenters is twice as big.

35




The smallest angle between apocenter and
pericenter

D, ,~1/2
D,~m

If astronomers monitor quasi-elliptical trajectories of stars with high

eccentricities it is very easy to distinguish U, (r) 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 potentlal 1s preferable and stars are moving around a common focus
but not around a common center (Zakharov, , MNRAS
Letters, 2022)
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ABSTRACT

Two groups of astronomers used the large telescopes Keck and VLT for decades to observe trajectories of bright stars near
the Galactic Centre. Based on results of their observations, the astronomers concluded that trajectories of the stars are roughly
elliptical and foci of the orbits are approximately coincide with the Galactic Centre position. In a last few years, a self-gravitating
dark matter core-halo distribution was suggested by Ruffini, Argiiclles, Rueda (RAR) and this model was actively used in
consequent studies. In particular, recently it has been claimed that the RAR-model provides a better fit of trajectories of bright
stars in comparison o the conventional model with a supermassive black hole. The dark matter distribution with a dense core
having a constant density as it was suggested in the RAR-model leaves trajectories of stars elliptical like in Kepler's two-body
problem. However, in this case not the foci of the ellipses coincide with the Galactic Centre but their centres while the orbital
periods do not depend on semi-major axes. These properties are not consistent with the observational data for trajectories of
bright stars.

Key words: Cosmology: dark matter—Black hole physics - Galaxy:centre - Galaxy:halo — Galaxies: quasars: supermassive
black holes.

the last year, Gravity Collaboration et al. (2020) reported a discovery

1 ANTRODUCTION of relativistic {Schwarzschild) precession for 52 star orbit.

For decades, astronomers observed bright stars which are moving
very closely to the Galactic Centre. Analysing trajectories of these
stars, one can deduce the functional form of the gravitational potential
there. Observations of Keck and GRAVITY (VLT) groups showed
that in the first approximation, the stars are moving along elliptical
orbits and foci of these orbits are roughly coinciding with the Galactic
Centre (Ghez et al. 2003, 2005, 2008; Gillessen et al. 2009a; Genzel,
Eisenhaver & Gillessen 2010; Ciurlo et al. 2020). 1f we apply
the simplest approach based on laws of classical mechanics, we
could follow the Newton’s derivation of the gravitational potential

from the Kepler's laws (Kopeikin, Efroimsky & Kaplan 2011).

If there is a supermassive black hole along with a bulk distribution
of ordinary matter forming a stellar cluster and a dark matter inside
the orbits of bright stars, the bulk distribution of matter causes
precession of the stellar orbits in the direction which is opposite
to that caused by relativistic effects of the black hole (Rubilar et al.
2001; Nucita, De Paolis, Ingrosso et al. 2007; Zakharov et al. 2007).

Observational data for trajectories of bright stars can be used
to test predictions of general relativity and to constrain parameters
of alternative theories of gravity such as fiR) (Borka et al. 2012),
Yukawa potential (Borka et al. 2013), theories with massive graviton

(Zakharov et al. 2016, 2018; Hees et al. 2017), black holes with a tidal
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Trajectories of test bodies in the harmonic
oscillator potential
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Circular photon orbits and shadows

Canonical (Kerr — Newman) BHs: Existence of
photon rings means Shadow Existence.

NS: It 1s possible an existence of photon rings
without an existence of shadows.

For BH mimickers, “generalizations” of BHs and
compact objects without event horizons
relations between circular photon rings and
shadows must be carefully analysed.



BHs, Naked Singularities (NSs), WHs

Canonical (Kerr — Newman) BHs: Existence of
photon rings means Shadow Existence.

NS: It 1s possible an existence of photon rings
without an existence of shadows.

WHs: For photons emitted only from Universe 1
shadows could exist, while 1f they are emitted
from Universe 2 shadows are disappeared.



Conclusion

As we predicted the shadow concept has been
transformed from a purely theoretical category into
an observable quantity which may be reconstructed
from astronomical observations.

Therefore, VLBI observations and image
reconstructions for M87* and Sgr A* are in a
remarkable agreement with an existence of
supermassive black holes 1n centers of these galaxies.



Thanks for your kind attention!
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Figure 13. Inset: paint-swatch aceretion disk with inner and outer radii r = 9.26M and
r = 18.70M before being placed around a black hole. Body: this paint-swatch disk,
now in the equatorial plane around a black hole with a/M = 0.999, as viewed by a
camera at 7. = 74.IM and 8. = 1.511 (86.56"), ignoring frequency shifts, associated
colour and brightness changes, and lens flare. (Figure from The Science of Interstellar
[40], used by permission of W, W, Norton & Company, Ine, and created by our Double
Negative team, ™ & © Warner Bros. Entertainment Inc. (s15)). This image may be used
under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 3.0
(CC BY-NC-ND 3.0) license. Any further distribution of these images must maintain
attribution to the author(s) and the title of the work, journal citation and DOIL. You may
not use the images for commercial purposes and if you remix, transform or build upon the
images, you may not distribute the modified images.

itself. This entire image comes from light rays emitted by the disk’s bottom face: the wide
bottom portion of the image, from rays that originate behind the hole, and travel under the
hole and back upward to the camera; the narrow top portion, from rays that originate on the
disk’s front underside and travel under the hole, upward on its back side, over its top, and
down to the camera—making one full loop around the hole.

There is a third disk image whose bottom portion is barely visible near the shadow’s
edge. That third image consists of light emitted from the disk’s top face, that travels around
the hole once for the visible bottom part of the image, and one and a half times for the
unresolved top part of the image.

In the remainder of this section 4 we deal with a moderately realistic accretion disk—but
a disk created for Interstellar by Double Negative artists rather than created by solving
astrophysical equations such as [32]. In appendix A.6 we give some details of how this and
other Double Negative accretion disk images were created. This artists™ Interstellar disk was
chosen to be very anemic compared to the disks that astronomers see around black holes and
that astrophysicists model—so the humans who travel near it will not get fried by x-rays and
gamma-rays. It is physically thin and marginally optically thick and lies in the black hole’s
equatorial plane. It is not currently accreting onto the black hole, and it has cooled to a
position-independent temperature 7' = 4500 K, at which it emits a black-body spectrum.

Figure 14 shows an image of this artists” disk, generated with a gravitational lensing
geometry and computational procedure identical to those for our paint-swatch disk, figure 13
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Fig. 2 (online colour at: www.fp-journal.org) The same as in Fig. 1 but for a highly inclined disk with i = 75°.

asymmetric (see Fig. 3). If the line emission is originating at larger distances from the BH, the red peak of
the line becomes brighter and line profile narrower and more symmetric. In majority of AGN, where the
broad Fe Ka line is observed', its profile is more similar to the modeled profile as obtained under assump-
tion that the line emitters are located close to the central BH. Therefore, comparisons between the observed
and modeled Fe Ka line profiles can bring us some essential information about strong gravitational field
in vicinity of central supermassive BH of AGN.

! Note here that in some AGN only the narrow Fe Ka line is observed, but it is supposed to be emitted in the disk corona that
is located farther from the disk, and therefore, these relativistic effects cannot be detected in the line profile

www.fp-journal.org © 2008 WILEY-VCH Vrlag GmbH & Co. KGaA, Weinhcim
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1. Fig. From Alexeyev et al. (2024) with a proper attribution
was presented in talk by Alexeyev in conference

and 1n talks by Zenin at conference

and
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