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Abstract—Despite the fact that several alternative theories of gravity have been proposed, (many of them
have been suggested in the recent years) the general relativity (GR), created more than 100 years ago, is
still the best theory of gravity. Due to the great technological progress of observational and experimental
facilities currently there are opportunities to test gravity theories in a strong gravitational field limit. In 2005
we proposed lo use a shadow near the black hole at the Galactic Center (GC) as a GR test. We predicted
also that the shadow can be reconstructed from observations of bright structures near the black hole. Our
prediction concerning the shadow near the black hole at the Galactic Center has been confirmed since in
2022 the Event Horizon Telescope (EHT ) collaboration reconstructed the shadow from EHT observations

done in April 2017.
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1. INTRODUCTION

As it is known general relativity (GR) equations
were found by A. Einstein and D. Hilbert in Novem-

ber 1915 [1, 2]'. Slightly earlier, also in November
1915 Einstein explained the perihelion anomaly for
the Mercury orbit [6] (the problem was formulated by
U.J.J. Le Verrier in the mid of the XIX century). In
one of his GR paper D. Hilbert appreciated V. Freder-

icks ( Fréedericksz)? for useful communications.

Scientific knowledge about the universe in which
we live is extremely important (at least within the
framework of simplified models). The construction
of realistic mathematical models of the structure of

"E-mail: alex.fed.zakharov@gnail . com

' An intensive correspondence between these two great sci-
entists led to this wonderful discovery as it was discussed in
[3-5].

* Friedmann's interest in GR and cosmological problems re-
lated to this theory was initiated by VK. Fredericks, who
worked as an assistant to D. Hilbert in Géttingen during the
First World War and, came back to Russia in 1918. Freder-
icks was one of the from the pioneers of relativistic research in
Soviet Russia [7, 8]. Practically, Fredericks and Friedmann
established an outstanding relativity school in Petrograd
(Leningrad) and V.A. Fock, G.A. Gamov, D.D. Ivanenko,
A.D. Alexandrov belonged to this school. Frederics signif-
icantly contributed in liquid crystal physics and in particu-
lar, Frederics and his co-authors discovered a phenomenon
which is called now Freedericksz (Fredericks) transitions [9].

the Universe turned out to be possible only after
A. Einstein created the general theory of relativity
and built the first (static) model of the Universe [10].
Friedmann’s cosmological solutions, which he found
in 1922 and 1924, were of great importance [11, 12]
and these results are among the most outstanding
theoretical discoveries in physics [13, 14].

2. SOVIET INVESTIGATIONS
IN GRAVITATION AND COSMOLOGY

As is known, the first cosmological model of
the universe was proposed in the Einstein model,
but the first evolving cosmological model was pro-
posed by the Soviet mathematician and meteorol-
ogist AA. Friedmann [11, 12]  Socon aiter that

G. Lemaitre® showed that signs of an expanding

* At the beginning of XX century Lemaitre spent some time
in the UUSA and knew Slipher's results on positive redshiits
for distant galaxies [15] and perhaps this knowledge helped
Lemaitre to derive the cosmological expansion law which is
called now the Hubble law. As a recognition of the Lemaitre
contribution at the Thirtieth General Assembly of the In-
ternational Astronomical Union { Vienna, 2018 August 20—
31) astronomers suggested to rename the Hubble law as the
Hubble—Lemaitre law and it was accepted that “from now on
the expansion of the universe be referred to as the Hubble—
Lemaitre law™ [16]
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B eratee C. O. Anexceesa n ap. [1] obeympaercn BoamomHocTE OUEHKM CAMHOS M3 AHANW3A BOCCTAHOBRE-
HWA TeHell YepMbix AbIP, TEODETHHECKN PACCMOTPEHMLIX C MCNONLIOBAHNEN MOLENN MENOKANLHOR rPaBNTaLMK,
NPeANoMEHHON panee ANA ONUCAHMA €KBAMTOBLIX® “YepHbix Abip. OaHako no cyTv Aena B aToi pabore pacemor-
peusl kpyrossie dhoToHHee opbuTel, 3 TO, 4TO COOTEETCTEYIOLME NAPAMETPE ABMMEHNA ONPEEnAoT dopmy
W pasMep Tewed, AHANOrMUHO YepHeiM Asipam Keppa, octanocs vefokasanHeim. Hegokazannem & pabore [1]
OCTANOCE W YTEEPAAEHUE B TOM, YTO ANA SKBATOPUANEHOrO HABAIOAATENA PaIMep TEHW B HANPABNEHMM BPA-
WEHUA € KEIHTOBLIXS HEPHLIX ALIP OCTIETCA HEIIBUCUMBIM OT CANHA.
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Muoro ner mazan Gnuto nokazano [2]. uro ecam
MBI PACCMOTPHM KOHCTAHTEl JBHAEHHA IS KIACCHYE-
CKHX 4epHEIX THp Keppa, To ofmacTs 3axsata B ob-
JACTEL PACCESIHHS LIS (hOTOHOE PA3JEISeTes KOHCTAH-
Tammn asiwenns Jangpacexkapa (£,n), coorseTcTByIO-
mEME  KPYrosein hororasiM opbuTas. Tes cambi,
ana merpukn Keppa dopua n pasmep renn onpee-
JIAETCH ITHME KPHTHYECKHMH SHAMEHHSIMH DADAMETPOR
(kak 370 nokazano B pabore [3]). Kak m3sectio, B Ha-
CTOHINEE BPEMA OSC)’H(MET‘(‘SI BOZIMOAHOCTE BOCCTAHOB-
JIeHHS TeHedl B OKPecTHOCTH GIHAANIIINX CBEPXMACCHE-
HEIX 9ePHEIX JLIP, HE TOALKO A8 KIACCHYSCKHX Tep-
e Aup Keppa — HeoMmena, Ho B 418 HEKOTOPBIX HX
#«KBAHTOBRIX# 000GIIeHnil, XOTS B PAe cIyvYaes KBaH-
TOBEIE NONPABKH B COOTBETCTEYIONNX KosdduimenTax
CITHITKOM MAJLL, 9TOOR HX BIHAHHE Ha (QH3NYECKHEe
schherTH BEUIO OBHADYIKEHO (3TO OTMEMAIOT M ABTO-
pe patorw [1]). Ecan mumeerca BEHAY YHCTO TEOPeTH-

Gore [1], HO HAZO HMETE BEHAY, YTO €CJIH MBI TOBOPHM
06 acTPohHINIECKNY YePHBIX JBPAX, TO HeobXOIHMO
¥UECTE BJIHAHEE TAKHX (PAKTOPOE KAK IIPOCTPAHCTREH-
HOE pachpe/eleHie Macchl, BINSHHE [LIA3MeHHBIX 3¢-
heKTOB | T. II., NOCKOJILKY BIHSHHE 3THX (hakTopos cy-
MECTBEHHO NPEBBINACT OTIHYHe OPMEI H PAIMEpOB
Teneil 1S CIYUASE KIACCHUECKON HepHOil JMpH o ee
kpanToBOro obobmenna. B pafore [3] nokasano, aro
s KaaccHeckoll gepHoil aupel Keppa B cayuae mo-
MoMKEHNs HABTIOAATENS B SKBATOPHATEHON II0CKOCTH,
pasMep TeHH B HANPABICHHH BPAIEHHAS YepHoil Jbl-
PHI HE 3ABHCHT OT CIHHA YePHOIl APl ABTOpE pabo-
Tel [1] oTMedaoT, 9TO B PACCMOTPEHHEIX HMH OpHME-
pax pasmep TeHeil 115 «KBAHTOBOIO» 0OODIIEHHS Tep-
Hoit aupet Keppa ans mabmonareis B SKBATOPHAIL-
HOfl IVIOCKOCTH, TAKZKE He 3ABHCHT OT CIHHA, OIHAKO
OTCTASTCS! HEADKATAHHEIM, 9T0 H IPH JA0NOIHETEILHEX
napaseTpax [OG_}'I:.'IOB:leHHuX HCNIOIEZOBAHHEM MOIETH
HEIOKATLHON IPABHTALME), pasMepsl TeHeil B Hanpas-
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OGBegMHEHHBIA MHCTHTYT AAepHL. MCeonegosanmi, JyGxa
HauMoHaANBHER HCCIBA0BATENRCKMA LEHTD & KypuaToBCkMi MHCTMTYTS, Mockea

Bnepsbie B03HMKHOBEHHE TeHW (TEMHOrOD NATHZ B OKPECTHOCTH WEPHOWN ObIpb)
BHAD PACCMOTREHD B MEICaeHHOM 3kcnepumenTe [keiinca Bapnsva g 1973 r. Tem we
MEHEE BOSMOMHOCTE ACTROHOMHHYECKHE HAGMICLEHKH TEHH NPH 3TOM He 00CY#1ANACE,
MOCKOIBKY €8 pasMep OblN CAHILKOM M3N AA BCEX H3BECTHRX OLUSHOK MACCe YBPHBX
.'lhlp H PHL’L’T(}HHIIﬁ A HHX. Kl.HJME-! TOro, II]JE!.EI'IUHLIIM!HHB EHP.-'-'[IIHH O HAAHYHH CBeTH-
ULEroEA 3KPana 33 depHoll apipoll puraadens HepeandcrHumsin. B 2005 r 8 wawed
palore GeN0 NpeAcKa3aHe, 4TO eclAH HaONKEaTh CEEPXMAcCCHBHYH Y4epHYW Obpy
B FAAdKTHYeCKOM ]JCHTPL‘ B MH.‘1J1IIML"I]JUEIGM HaH E}'ﬁMHHﬂHMCTPUHOM OHANA30HE, TO
YAACTCA OOHAPYAHTE TEMHOE NATHO (TeHb] pasMepoM [AHameTpomM) npumepso 50 yr-
NOBHIX MHEDOCEKVHL (MOCKONBKY, KAK YKAIERAETCA E TEKCTE UWTHRYEMOH CTATHH,
ry =5 MHKROYLIOBEY CERYHA ANR HEPHOR OPE B FANaKTHYECKOM WEHTPE, 8 paamep
TEHH 2{2?]""":’5.‘.1. Iro npeackazanne nogteepannoce 8 2022 v nocae obpaGorsd
HabIaeHHA FANAKTHYECKEro LedTpa koanabopaudn «Teleckon ropHsodta cobuTHAs
{conTEeTCTBYWME HaOmwneHHs Owan nposenend B 2007 r). Panee wamm Omnu
OOYHCHE BHAJNHMTHHECKHE COOTHOUWEHHE QA8 pazsMepd TeHH Kak Q43 HYEPHEX dED
PaliccHepa—HopacTpéma © SIEKTPHYECKHM SaPANOM. TAK H C MPHAHBHLIM 3aDAS0M.
KOTOPWE MOMET BOIHHKHYTE H3-33 HAAHYHA LONONHHTENBHOTS H3IMEpeHHA. Tem ca-
MEIM OKAZHBIECTCHA BOZMOMHLIM I:IFPEIHH'-IHTI:. ZEPH,EI,H {B TOM HHCE I'IPHJ1HEIHI:IE} AAan
Sgr A u MET*, Hexons W3 NOAYYEHHBX HaBIC0eHHA PasMepos TEHH B OKPECTHOCTH
3THX 06bewTos, OBCYMAARTCA BONPOCE 0 HANHYHH TEHEH B OKPECTHOCTAN TOJHX
CHHI'YIAPHOCTER B KPOTOBEY HOP.

The appearance of a shadow {a dark spot in the vicinity of a black hole) was
first considered in a thought experiment by James Bardeen in 1973, However,
the possibility of astronomical observations ol the shadow was not dizcussed by
him, since its size was too small jor all known estimates of black hole masses
and distances to them. In addition. Bardeen's assumption of a luminous screen
behind the black hole seemed unrealistic. In 2005, we predicted that il we observe
a supermassive black hole in the Galactic Center in the millimeter or submillimeter
range, we will be able to detect a dark spot (shadow) with a size (diameter)
of approximately 50 pas (since, as indicated in the text of the cited article.
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B nwawmell pabore 2005 roga Gruio npejckasado, 4To TeHL B OKPecTHOCTI
aepaoil  geipel B Danacrmaecwon  Henrpe  stomer OwTh  BoccTadoB/IeHA 1O
pesyanraras nabmo gennil rnofannuoll cueress PCIAB, onepupywomedl 5 s
CyBMILIHMETPOBOM JIHAA30He. DT0 Ope/IcKaiaHie CTalo pealkHocThio B 2022
rofy, Korja Tenn B okpec THocTH qepinx aep s Danagrmaeckoyn Henrpe o nenr pe
ranagrngn M8T (g 2019 rogy) Gnum soccranosiens no Aannms sabiogenndl
konnabopanmn Tenecwona Dopnsonra Cofmrnil (The Event Horizon Telescope)
M OATH PesyIBTATH NPHEEIN K HOABIEHNO0 OOJBIIOND KOJHNMeCTEA TeoPerTiHiecrux
paboT, B KOTOPEIX Paccy aTPHE ATHCE OF PAHIME HIA KAK HA ATLTE PHATHEHLE 3o e
FalaKTHIec KX eHTPoE, Tak I HA albTepHATHEHEE Teopun rpaspranmt. s
uepanix Jieip HIsapmmmnega, Keppa, Peficenepa — Hopperpema npnnensiiie
HapaMeTphl, COOTBETCTEYIONINe KpYyroBeid horoHneiy opburam, onpeensor
opMy I pasuMep TeHH, OJHAKD KAK NOKaiaHo B OPHBEIEHHON 2aMeTKe B CIyHas
HEKOTOPLIX METPHE BOZMOMKHO CY¥IIIeCTEOBAHNe KpPYroBex (poronubx opbur npi
TOM, MTO TEHH LI 9THX MeTpHk ne ofpasywren. B psjge nepasmnx pabor (s
rom umene s ooguoll ns pabor, onyBankosannmx B oy puate Hnessa s DA )
De3l0Kaz are/ LHO  YTEEPHCIARTCH 118 albTePHATHEHEIX MOJeJ el IalakTige cKix
HEHTPOB, YT0 HapaMerphl, cOOTBeTCTEYIONEe KPYToBeM (oronbem opbiran,
OIpeIensoT GopMy o pasMep TeHH.

In our paper published in 2005, it was predicted that the shadow of the Galactic
Center black hole could be reconstructed from observations by the global VLBI
system operating in the mm or submillimeter range. This prediction became re ality
in 2022 when the shadows of the Galactic Center black holes and the center of
MSET (in 2019 were reconstructed from observations by the Event Horizon Telescope
collaboration, and these results led to a large number of theoretical papers that
consider constraints on both alternative models of galactic centers and alternative
theories of gravity, For Schwarzschild, Kerr, Reissner-Nordstrom black holes, the
impact parameters corresponding to cireular photon orbits determine the shape and
size of liu‘ shadow, but as shown in the above note, in the case of some metrics, the
existence of circular photon orbits is possible, although shadows for these metrics
are not formed. A number of recent papers (including one of the articles published
in the journal PEPAN Letters) have asserted without proof that the parameters
corresponding to circular photon orbits determine the shape and size of the shadow.

1 Poesomme
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From Paradise Lost by A. A. Migdal

“...Some of us turned out to be more equal than others,
and our Western friends, regardless how hard they tried
to help us 1n 1solation, could do nothing with the laws of
a free market — 1f you are not present to explain and
defend your 1deas they will get stolen or simply 1gnored
and reinvented...”



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 23 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.

Keywords Black holes - Galactic center - Interferometry - GRAVITY
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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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06 asTope: Maxanwn Backinsears CaniH - A0KTOD HIHKO - MATEMATHYECKHE HAYK, NPOEccop, FNAEHEE HAYYHLIE COTYOHHK
OTgena PERRTHEMCTCHONM acTpodkar [oCyJapcTBEHHOND ACTROHOMMYECHOND HHCTHTYTA k. MK, LWrepubepra MY wm. M.B.
Nomonocosa. Onsra Cepreeasa Casima - A0KTOD M3MED- MATEMATHHECKHX HAYH, BEOYWHMA HAY-HER COTpyaHm Orgena

PERRTHEMCTCRDN AcTpodani [oCy JAPCTEEHHOND ACT DOHOMMYECKOND HHCTHTYTA us. MK, Wrepufepra MIY um. M.B.
JNowmonocosa.

Taru: sisauTelin (/search/tags/ Mags=3dHumelis) , TEODHA OTHOCHTENSHOCTH (/search/ tags/ Mags=TeOPHA OTHOCHTENLHCTH), TPABHTAMA
(fsearch/tags/tags=rpassaTayna), duanka {/search/ tags/ fags=geossa)

25 HorSpa 2015 roga MONONHAETCA POEHD
100 neT Co OHA BHCTYNEHHA AnsSepra
FiHwTedHa 8 Npycckok MocyaapcTBeHHOM
GufinMoTere C AoHNAN0M ~ Y paBHEHMA
rPABHTALMOHHOND NOMR=, B KOTOPOM OH J3an
KPACHBEHLIYIO MEOMETDHHECKYR)
WHTEPNPETALMK PAEHTALMOHHLL. CHAL.
CTathA noy TEM #E HalsaHuesM Guina
npuHATa K nesard 2 gexabpa 1915 roga.

Pomgenne obwen Teopsm
oTHocHTENEHOCTH (OTO) He cTano G
BOIMOMHERM 083 MATEMATHHECKOID
ANMADATA HCKDHBREHHOH [HEIBKIHA0E0M)
FEOMETDHH - MADHA YOHMMHA MHOMHX
MATEMATHHOE TOMD Bpemers. M TouHO Tak
WE HAYHHOE MOHMMaHHE HHIHHECHOH CYTH
AENEHHH G600 PEYALTATOM paboTL
MHOHXE DHIMMOE. IHHIWITEHH CMOr COSpaTs
BOE BOEAWHD W CChOpMyNHMPOEaTE TEOPHKD,
HOTOPAA N0 NPOWSCTERH BEKA HE TONLKD HE
YTPaTHna CEOel aKTYANLHOCTH, HO MPOMH0
BOWNA B TEXHONOTHID, NPEHgE BOETD
HOCMMYECHYH, M NOPOSMAE MHOHMECTED
HEYHHLIX HAMPARNEHMA, B TOM YHCHE
HOCMOAOMMID - HayHy 0 BoeneH o,

3mLm OTHOCHTEALHOCTH

AnsBepT IMHLTEHH NPOBOIMT Newupsa. $oto 1921 roga

OgHamge pogHBusce, mobas dwiEvyeckan

TEOPHA MPOXGAHT HECHOALKS CTAGHA
pazemTHA. CHa4ana oHa BCEenD AMlL O4HA M3 MHOMH gpyTHx. Byay-m xopowo ofoCHOBAHA MAaTEMaTHHECKH, DHA BCTYNAET B
HOHKYDEHUMI C ADYIHMH TEDDHAMMK. M TONEKD TE M2 HWX, KOTOPLE HAXDGAT CHAHANE OOHO HAGNKGATENLHOE HIH
SHCMNEPHMEHTANEHOE NOATEEPHAEHHE, A NOTOM SlLE M S148, CTAHOERTCR MHEHECTIOCOGHLIMH Ha (HOHE BOBX OCTAMLHEDN. CO3gaTend
M IAUPMTHHEM TOM HAM MHOW TEOPHM MOCTOAHHO MILYT ANA HEE NOATEERHASHWA, CTAPARCE COBMECTHTE © GaHHBIMH IKCNENHMEHTOR,
W MNEPESAT CEOH YOEMAEHHOCTE MONOObLIM KOSIET3M.

Tﬂ;reupnawmnpuq-upnsuaamgpannhmm wnmﬂmwmmammﬁmﬂimuwmwxnﬂaua
TEXHOAOrHHECKHH yPoBeHE. TE0pHA, A0WESWAR 40 ITOH NOCASGHEN CTAgHHM ~3B0MOUHH= W CTaEWan socTpefosanHoH
TEXHOAOHEN, NOATEENHAASTCR THCRSAMM SRESHEEHEI DYTHHHLIX W OGLAEHHL HAMEPEHHN. Tarkan TeopHA Gonbwe He TpebyeT
ANONOrETOR W CTAHOBWTCR HEBOCNPHMMYMEA K NONHTHAM 82 HMCNPOSSPrHyTh. HMEDMWY He NPWAST B MON0EY BECTH JHCRYCOHM
MPOTHE TEOPHH INEKTPOMArHETHIMA MAKCBEANA, NOCKONBRY MOPALEAR NAMNOHKA H APYTHE paG0Ta0WME GLITOBLIE INEHTDHYECKHE:
MpHS0PG! ZMYMIAKT S8 WCTHHHOCTE TYHLIE BCAKKE YYEHHX-aNonoreTos.

Taw 1 OTO ycnelwso npeoaonena BCe CTAAMKM DAISHTHA W CTana obWenpHIHaHHoR. 3T0 CAYHMNOCE NOCAE TOMD, HaK 82 RS0k
CTANW BOCTPeS0BaHL B KOCMMHYETHHYE HABMIALHMOHHLIN TEXHOMOMHAX.

TEeopHA OTHOCHTENEHOCTH HE CTANA HOHEYHBIM MYHKTOM PAZEWTHA (hHIMKH. [POgEMOHCTDHPOBAE NPOPLE B MOHMMAHWK NDHPOIL,

S S




Hacnegwe QTO

OAHMM 13 NPHIHARHBX MEPOBLIX UBHTPOE HIVeHMA OTO W KOCMOonoried cTan [ocyJapcTBeHHbH ACTPOHOMHECHKHA HHCTHTYT i,
N.K. WrepHbepra MOCKOBCKOND MOCy JApCTBEHHOND YHHBEDCHTETA M. M.B. Nomoxocosa (FAMLL MITY). 310 CBAIAHO NPpemAE BCETo
¢ churypoi adagesisa AH COCP Rropa 3ebdo0HyYa, YIEHOrD HEODMHHOBEHHSH 3PYAHLHM, PAIHOMAAHOBOCTH NMHOHEPCKHE pasoT |
BNED‘-I-E.ﬁLIJE‘F‘EI HHTESMEK T SN0 D Y OEHA. HE = KM C7T0 HAZMEAAH MHOTOYHOAEHHER YHEHHEF K KDAANETH - BseCTe © Bratanues
MHatyprom 1 Hockdom LWKNoBCKMM OpraHnz0Bany 06 bedMHeHHEH aCTPOhHIMHECKHH CEMMHAD, KOTOPLIH B TEHEHKE
ANHMTENBEHOrD BPEMEHK Ghl MECTOM NEPECEYEHHA H QHCKYCOHH BOoEX HHTepecoBaBwsxca OTO M KoCMONOrHeN.

Ha cemyHape BLICTYNANM MIBECTHEIE YHEHLIE CO BCEMD MHPa - ADCTATOMHO YNOMAHY TE TAHWE BLIJANWMECA COBETCHHE YHEHEE, HaK
Anapen Caxapos, Mropes Hoeusoe, AHaTonMi Yepenawyy, a Taswe apySesmeix yyesex: Kun Tops, Ctueed Xokwdr, dsoH
¥inep... Ha Hew GeAW BNEpakIE JONHEHR Knacck4eckke paboTe Husonaa Wakype v Fawwga CsoHAesa, B HOTOREX GeN
OBBACHEH PEHOMEH PEHTTEHOBCKME HCTOMHHKOE HANYYEHWA B HaWweH [anakTHre, Ha 3TOM CEMHHAPE C HANMKEHHEM CROMK paboT
BHICTYTIANH OCHOBONONOHHWKN TEOpsK paHHen BoenenHon AHgpen Munae, Banepui PyBakos M Anerced CTapoduHCKHiA, Ha 3Tom
LM Ha e AMNepanlie CrAaleHe OTERRITHE HHBOTROMNHH PENHKTOA0ND HANYYERKHA, KOTOROE CORE KA CORETCRMHA CMY THHE
“PeauKT~ (aBTOpsl M. CTpykoa, A, Bploxanos, J. CRyNaNEE, MHCTHTYT KOCMBecKny Mochegobaimi AH CCCP, M M. CamiH, FAMLL
LR

OaHo M3 BasHBEX Npegcrazadki OTO - CYWecTEOBaHME YEepHBX AkID, OGLEHTOR C MPABHMTALMOHHBIM NOMEM TAKOH CHARL, Y4TO Jame
CHET HE MOMET NOKMHYTE WX, OTHPLITHE YEQHLLE AP - TOME IACAYra COBSTCHHE yHeHuy. Ewe e TO-x rogax npownoro sexa
HOANEKTHE acTpoHomose (B. Moteie, P. CoHAse, A. Yepenaugyr] HaMepsnH Maccy ABCHHOW CHCTeMEl B Co3Be3aWH flebean, macca
HEBMAMMON KOMNOHEHTH NOKA340a, YT0 0Ha RENAETCA YepHOH ALIPoH. 3TOT pe3ynsTaT Tamwe Gbll JONCHEH ENEPELIE HA CeMMHApe
Jensgoarra.

CElYac aCTPOHOMEM MIBSCTHD MHOMD TAaHME OGBEKToR 1M B HAWEH [anasTuse, M B gpyrue ranawtusax, OTHReITEI TaKHE
CHEPXMACCHEHBIE YEPHBIE QHPH C MACCAMH OT HECHONBKHY MHANHOHOE Mace CONHUA 0 MMAAHAPAA Macs ConHua, OHi
“MNOCEAHAHCE= B LUSHTPAX FANakTHr, Tak, B UeHTpe Hawer FanakTHEW MAaesuHpi NyTe cyWSCcTRYET YEPHAR AbIPa C MACCOM 4 MAH
CONHEYHBIX MACC, CEHYAC ACTPOHOMB! € MOMOLLBI) THIAHTCHOND TENECKONE-HMHTEPPEPOMETRA NBITAKTCA HAMERHTD = TEHb= YepHOH
Abipel B USHTEE HAWER FaasrTHRK, NPeIcKasaiHHY0 POCCHncrmM hankom A, Jaxapoibis, TARME HEDMOACHWA NOIBCAAT HIMEDHTE
HAPAKTEPHCTHRM = FOPHIOHTA= YEPHOH AbIPb.
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Abstract The general theory of relativity predicts the rel-
ativistic effect in the orbital motions of S-stars which are
orbiting around our Milky-way Galactic Center. The post-
Newtonian or higher-order approximated Schwarzschild
black hole models have been used by GRAVITY and UCLA
Galactic Center groups to carefully investigate the 52 star’s
periastron precession. In this paper, we investigate the scalar
field effect on the orbital dynamics of S2 star. Hence, we con-
sider a spacetime, namely Janis-Newman-Winicour (JNW)
spacetime which is seeded by a minimally coupled, mass-less
scalar field. The novel feature of this spacetime is that one
can retain the Schwarzschild spacetime from JNW space-
time considering zero scalar charge. We constrain the scalar
charge of INW spacetime by best fitting the astrometric data
of 52 star using the Monte-Carlo-Markov-Chain (MCMC)
technique assuming the charge to be positive. Our best-fitted
result implies that similar to the Schwarzschild black hole
spacetime, the JNW naked singularity spacetime with an
appropriate scalar charge also offers a satisfactory fitting to
the observed data for 52 star. Therefore, the INW naked sin-
gularity could be a contender for explaining the nature of Sgr
A* through the orbital motions of the 52 star.
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1 Introduction

The idea of reconstructing the shadow of a black hole in
the Galactic Center using global interferometers operating
in the millimeter wavelength was initially suggested in [1].
Recently, the Event Horizon Telescope collaboration has
announced a major breakthrough in the imaging of an ultra-
compact object at the centre of our Galaxy [2-7]. A bright
emission ring around a core brightness depression in VLBI
horizon-scale images of Sgr A®, with the latter linked to
the shadow of black hole. The shadow boundary of the Sgr
A* marks the visual image of the photon region and differ-
entiates capture orbits from scattering orbits on the plane
of a distant observer. The radius of the bright ring can be
used as an approximation for the black hole shadow radius
under specific conditions and after proper calibration, with
little reliance on the details of the surrounding accretion flux.
While there is strong evidence that there is a high concen-
tration of mass in the center of our Milky Way Galaxy, the
question of whether or not it is a black hole is still open. They
have considered various alternatives such as naked singulari-
ties and regular black holes. They favorably acknowledge that
the naked singularity with a photon sphere Joshi-Malafarina-
Narayan (JMN-1) naked singularity could be the best black
hole mimicker [7]. The central object and its nature remain
mysterious. This is because just like a black hole case, the
JMN-1 naked singularity would create a similar shadow, and
therefore it is very difficult to distinguish between the two.
Therefore, in this paper, we study the relativistic orbits of
stars that are orbiting around our own Galactic Center.
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Black hole types

 Black holes with stellar masses 10 -- 102 M

Sun

e Massive black holes 10?%?--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.
_—

Supermassive ——
black hole l

Distorted image

/ é o } of glowing gas
‘- ' Shadow of

: ‘

black hole

Closely i oy
orbiting |
star Precessing orbit

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.

Ring down

Inspiraling black holes Merger
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(Great success of relativistic
astrophysics

Three Nobel prizes 1n last five years (2017, 2019,
2020)

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

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

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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(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.
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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=5.17x10>*g

* Hees et al. PRL (2017) slightly improved our
estimates with their new datam, < 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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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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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)

D. Ivanenko and I. Pomeranchuk, On the Maximal Energy Attainable in a Betatron, Phys. Rev. 65, 343 (1944)

L.A. Artsimovich and |. 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, 267 (1945)

Elder, F. R., Gurewitsch, A. M., Langmuir, R. V., & Pollock, H. C. Radiation from Electrons in a Synchrotron. Physical
Review, 71(11), 829 (1947)

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 i1dea of VLBI observation was introduced by L. 1.
Matveenko (1929—2019) in 1960s and it was realized in Soviet
— US joint radio observations in 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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MoaTBEpXAeHO NpeacKka3anue yyeHoro HALL
"KypyaToBCKHI HHCTUTYT" 0 CYLLLECTBOBAHNM
"TeHH" B LeHTpe Haweil FanakTHKK

15.06.2022  MPECC-LIEHTP HUL| "KYPYATOBCKUIA UHCTUTYT’

B 2005 ropy uank-TeopeTvk AneKcaHap 3axapoB W €ro COaBTOPbl MPEANOKMAK C NOMOLbIO HabnioaeHui
NOATBEPAUTL MPUCYTCTBME CBEPXMACCHBHOM uepHOi fgbipbl B LleHTpe Hawei lanakTuku W npoBepuTh
npeackasaHua OOWEA TEOpUM OTHOCUTENBHOCTU B CUALHOM TPABUTALMOHHOM none. A. 3axapoB W ero
WTanbAHCKME KOANErn NpeanonoXvnM, YTo B CyYae HanMuns YepHoil Abipbl B anakTuyeckom Lentpe (L)
Habniofateny B Hanpasnexuu Ha TLl yBUAAT TeHb pasmepom nopagka 52 mukpoapkcekyHd. Pabota 6bina
ony6nukoeaHa B xypHane New Astronomy. &

"MoHATHe "yepHan fbipa’ ANA TEOPETHKA U HAGMIOZATENd OTMYAETCA, ~ MOACHAET BELYILHA HayuHbIl COTPYAHHK
na6opatopuu Guankn nnasmbl u acTpoduanku HUL "KypyaToBckuit nHCTUTYT" Anekcaap 3axapoe (B 2005 T. -
coTpyaHuKk UTAD). - [na TeopeTuka YepHas Abipa = aT0 OMPERENEHHAA METPHKE, OMHCbIBAKOLAA NPOCTPAHCTBO-



15 nwoHa 2022, 16:03

Cbbinocb NpeacKazaHue POCCUUCKOro y4eHOro o 3arago4yHoin TeHU

[MepBoe n3obparkeHne cBepPXMaCCMBHOM YEPHOM Ablpbl B LEHTPE
ManeyHoro yTn, o nonyvyeHnn Kotoporo B mae 2022 roaa

Konnabopauma Teneckona ropmsoHTa cobbiTuit Event Horizon Telescope,
NOCNYXWNNI0 NOATBEPKAEHNEM NPEeACcKAa3aHMA BeAyLLEero Hay4yHoro
COTpYyAHMKa nabopatopun pm3nkum naasmol n actpodmnankm KKTI3O HUL
«KypuyaTOBCKUN MHCTUTYT» ANleKcaHapa 3axapoBa N ero UTaabAHCKUX
Konner, caenaHHoro B 2005 roay. O6 atom «lasete.Ru» coobwmnam 8 HAL
«KypuyaTOBCKUN UHCTUTYT®.


https://www.gazeta.ru/science/news/2022/06/15/17937578.shtml
https://www.gazeta.ru/gazeta/authors/boris_ganzhin.shtml
https://www.gazeta.ru/science/2022/05/12/14846894.shtml

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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Shadows near supermassive black holes: From a
theoretical concept to GR test

Alexander F. Zakharov

https://doi.org/10.1142/50218271823400047 | Cited by: 1 (Source: Crossref)

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.



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 it 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 1s 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

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

797

-6

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
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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).



PHYSICAL REVIEW D 90, 062007 (2014)

Constraints on a charge in the Reissner-Nordstrom metric for the black hole
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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
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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
8l o
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q
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):

Garching, Germany -
Madrid, Spain -
México D.F., Mexico -

Rome, Italy -
Santiago de Chile -

Washington D.C., USA -
Tokyo, Japan -


https://youtu.be/rIQLA6lo6R0
https://youtu.be/plXqkkmcr8s
https://youtu.be/-1m7NbkQpDk
https://youtu.be/FzjXpW0uqsw
https://youtu.be/1X3SdYfmmv4
https://youtu.be/4Ws0iPDSqI4
https://youtu.be/ZvvxaSHrGdo

For Sgr A* D=51.8%+2.3 uas, (EHT
collaboration, 12.05.2022)
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Shadow radius in M units, Sgr A*

2
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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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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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Kerr
=0, f=d

Examplie |

0=0.0318, f=0.0318

Example 3

01680, fla-02540

Example 2

@=0.0849. B=-0.1373

Example 4

@=d, 32, p=-1.048

e, 2. Mpodmnmn TeHn YepHoR ALIPE NPY PAZAWYHLIX @ ANA CAYHEA METPUEM Keppa n paznudHbx hMKCnpoBaHHEE: NGNeR npu
YENE MAKNOM3 NAOCKOCTH Bpawenna By = 7 /2

4. MOJAEJIMPOBAHUE TEHU YEPHOI
AbIPHI 1J181 METPHUKH (19)

IMocne HECKONBKAX NpelBapHTeILHEIX 3aMedanmd
1OMCHD HPHCTYIHTE K PACUeTy 3aBHCHMOCTH pasMe-
a Tenn or o u 3. [Ipamenss rpaBHTALHOHHBE 1I0-
IPABKH K METPHKE CTAGHILHON 3Be3ALI, VAOBIETBORS-
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
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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 is 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 back».



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) in 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 1ssued 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.)
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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 1n 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

21
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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


https://indico.jinr.ru/event/4174/
https://indico.quarks.ru/event/2024/timetable/#all.detailed
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