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AWhen-comedy-waking

A How GR started to be king

A LIGGQVirgo:BBHs BNSKilonovag GW 170817;
A GRAVITY, EHT and M87* images

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



R. Hooke proof that F1#r2
O2dzZf R SELJX FAY YSLI ¢




In a letter from Newton to Halley, June 20, 1686
bSgiu2y O2YLIX FAYSR GKI G KS
about it. Now Is not this very fine? Mathematicians

that find out, settle & and do all the business must content
themselves with being nothing but dry calculators & drudges
& and another that does nothing but pretend & grasp at all
things must carry away all the invention as well as

those who were to follow him as of those that went before

KAY deg



Outline of my talk

A Introduction

A Shadows for Kerr as a tool to evaluate BH
characteristics

A Shadows aroun&eissneiNordstrom BHs

A Observations of BH &grA and a tidaReissner
Nordstrom BH

A Bright star trajectories around BH at GC as a tool to
evaluate BH parameters and DM cluster

A Constraints on massive graviton theories
A Forecasts for graviton mass improvements
A Constraints on tidal charge

A Conclusions
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that are more concerned with the special
guestion, where things having physical or model
significance are tried out. The most important of
these questions which must be settled is, are
there gravitational waves? At the present there Is
no general agreement. The other things to be

mentioned are interesting but are of less crucial
aAIYATFTAOI yOS d¢




Fig. 2 Professor J. Synge delivering the opening lecture

followed by a short discussion, the session was adjourned and all participants were
transferred to Jablonna.

Jablonna is a small town about 20km from Warsaw. In XVIII century a famous
Polish aristocratic family of Poniatowski built there a summer palace and two adjacent
buildings with several rooms for their guests and servants. The Palace was surrounded
by a park of English style (Fig. 3).

The idea to organize cyclic international conferences on general relativity and grav-
itation slowly matured over the years after the Second World War. In 1953, to celebrate
the fiftieth anniversary of the special theory of relativity, an international conference

@ Springer



K. Thorne about the First Texas Symposium:

K.

Thor ne about the First Texas Symg
astrophysicists had come to Dallas to discuss quasars; they were not at all
interested in Kerr's esoteric mathematical topic. So, as Kerr got up to speak,
many slipped out of the lecture hall and into the foyer to argue with each other
about their favorite theories of quasars. Others, less polite, remained seated in
the hall and argued in whispers. Many of the rest catnapped in a fruitless effort
to remedy their sleep deficits from lateyht science. Only a handful of
relativists listened, with rapt attention.

This was more than Achilléd3apapetrouone of the world's leading
relativists, could stand. As Kerr finish@&papetrodemanded the

floor, stood up, and with deep feeling explained the importance of
Kerr's feat. HePapapetrovhad been trying for thirty years to find

such a solution of Einstein's equation, and had failed, as had many
other relativists. The astronomers and astrophysicists nodded politely,
and then, as the next speaker began to hold forth on a theory of
quasars, they refocused their attention, and the meeting picked up
pace. o0



AT. Gold (1963) : A[ The my
one to suggest that the relativists with their
sophisticated work are not only magnificent cultural
ornaments but might actually be useful to science!
Everyone is pleased: the relativists who feel they are
being appreciated and are experts in a field they hardly
knew existed, the astrophysicists for having enlarged
their domain, their empire, by the annexation of
another subject general relativity. It is all very
pleasing, so let us all hope that it is right. What a
shame it would be if we had to go and dismiss all the
rel ativists again. o



J. A. Wheeler:

In the fall of 1967, Vittorio Canutq administrativeheadof NA S A0 s
Goddardinstitute for SpaceStudies,invited me to a conferenceo
considerpossibleinterpretationsof the exciting new evidencejust
arriving from England on pulsars What were these pulsars?
Vibrating white dwarfs?RotatingneutronstarsAVhat?In my talk,
| arguedthatwe shouldconsiderthe possibility thatat the centerof
a pulsar is a gravitationally completely collapsed object |
remarkedhatonec o u | keepsayingi g r a v i tcampletelyn a |
collapsedo b | eweitandover One neededa shorterdescriptive
phrase i H oaboutblackh o | asRedsomeondn the audience
(As it turnedout, a pulsaris poweredby i me r a heytronstar,
not a black hole) Severalyearslater, Feynmancalledmy language
unfit for polite companywhenl tried to summarize¢heremarkable
simplicity of a blackhole by saying,in Alackholehasno hairo é
The black hole, it hasturnedout, showsonly threecharacteristics
to the outsideworld: Its mass,its electriccharge, andits angular
momentumor spin



A "The extent to which the Chinese records of guest stars remain of living
Interest to current astronomical research may be seen in the field of radio
astronomy, where during the past few years great additions to knowledge
have been made. The rapid upsurge of this new and powerful method of
study of the birth and death of stars....makes urgently necessary the
reduction of the information contained in the ancient and medieval Chines
texts to a form utilizable by modern astronomers in all lands. For this
purpose, however, collaboration between competent sinologists and
practical astronomers and radio astronomers is indispensable."

Joseph Needham, F.RSlistinguished historian
of Chinese Science (1959) in Vol. IMathematics and the Sciences of the
Heavens and Earth

AfiThe investigation of the remnant
historical records, both written and unwritten, will be one of the most
fascinating tasks awaiting the ne
Fritz Zwicky (1965)



Crab nebula (remnant of SN AD1054) in different bands




J.A.Wheeleri n AOur Universe: the known and
turn it on the Grab Nebula. There was no Crab Nebula a thousand years ago. At tt
time astronomy was at a low level in Europe. Not so in China. There astronomers
regularly swept the skies and recorded their observations. In July 1054 they
reported a new star. It grew in brightness from day to day. In a few days it out shol
every star in the firmament. Then it sank in brilliance, falling off in intensity from
week to week. At each date the nova, or supernova as we more appropriately call
could be compared with neighbor stars for brightness. Out of these comparisons
our Chinese coll eagues of |l ong ago o

The identification of old Chinese records with Crab Nebula has been done by J. J. L.
Duyvendak (1942). In 1052056 the Crab Nebula was observed for 21 months

(many Chinese records) . See also consequent discussion by N. U. Mayall and J.
Oort (1942).

The Crab nebula was identified with a radio source in 1963 and asyaséurce in
1964 and as a pulsar in 1968.

These Chinese observations helped to confirm observationally the BZadeky
hypothesis that neutron stars could be formed in supernova explosions.

Conclusions from Wheel er0s statement s:
action and a result could be centuries (or even Millennium) and at this period one
could think that the action was useless but it is not. Second a scientific knowledge
Is a result of activity of skillfull people working in different areas.
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Neutron stars (milestones)

E. Rutherford (1920): Prediction of neutron
J. Chadwick (1932): Neutron discovery

L. Landau (1932)fmdfl . 1. [ Qdzwl®lg f i dwv dzj 205 t6tsd
. 1. CS¢BBoadzje d Hte. (uvaAl, 2013)

W. Baade and F. Zwicky (1934): NSs are born in SN explosions
G. Gamow (1937): Discovery of mass limit for NSs in Newtonian approacl

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

A . He wi s h, J . Bell & (1968): Di sc
F. Pacini, T. Gold (1961969). Rotating neutron stars as pulsars



Germany) and Nuclotron Based Facility (NICA, Dubna, Russia
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FAIR, Facility for Antiproton and lon Research (Darmstadt,
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How does the strong force, which binds the particles comprising atomic
nuclei work- and where do their masses come from?

How does matter behave across the wide range of temperatures and
pressures found in the past and present Universe?

How did matter in the early Universe evolve and why does it look the way
It does today?

Where do the atomic elements come from?

How does the electromagnetic force, which binds atoms and molecules,
work under extreme conditions?

The search for signs of the phase transition between hadronic matter and
QGP;

Search for new phases of baryonic matter Study of basic properties of the
strong interaction vacuum and QCD symmetries

A The Universe in Laboratory



Rev. John Michell: Phil. Trans. R. Soc. London, 74, 3557 (1784).

VIL On the Means of 4 jba'vermg the Diftance, Magnitude, &c.

Cof the Fixed Stars, in conjégumce of the Diminution of the
Velocity of their Light, in cafe fuch a Diminution fbould be
Jound to take place in any of them, and fuck other Data fhould be
procured from Obfervations, as- would be farther neceffary for
that Purpofe. By the Rev. John Michell, B. D. F. R. S.
In a Letter to chry Cavendih, Ejg F.R.S. and 4. 8.

Read November 27, 1783.



Rev. John Michell: Phil. Trans. R. Soc. London, 74, 35-57 (1784).

if the femi-diameter of
a {pheere of the fame denfity with the {un were to exceed that of
the fun in the proportion of 500 to 1,

all light emitted from fucha
body would be made to return towards it, by its ewn proper

gravity.
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George Chapline thinks that the collapse of the
massive stars, which was long believed to generate
black holes, actually leads to the formation of stars
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Black Holes or Gray Stars? That’s the Question:
Pseudo-Complex General Relativity

Peter O. Hess, W. Greiner, T. Schonenbach and G. Caspar

Abstract After a short review on attempts to extend General Relativity, pseudo-
complex variables are introduced. We restate the main properties of these variables.
The variational principle has to be modified in order to obtain a new theory. An
additional contribution appears, whose origin is a repulsive, dark energy. The general
formalism is presented. As examples, the Schwarzschild and the Kerr solutions are
discussed. It is shown that a collapsing mass inceasingly accumulates dark energy
until the collapse is stopped. Rather than a black hole, a gray star is formed. We
discuss a possible experimental verification, investigating the orbital frequency of a
particle in a circular orbit.

1 Introduction

General Relativity (GR) is a well accepted theory which has been verified by many
experimental measurements. One prediction of this theory is the existence of black
holes, which are formed once a very large mass suffers a gravitational collapse.
Astronomical observations seem to confirm this prediction, finding large mass con-
centrations in the center of most galaxies. These masses vary from several million
solar masses to up to several billion solar masses. However, a black hole implies the
appearance of an event horizon, below which an external observer cannot penetrate,
thus, excluding a part of space from observation. A black hole also implies a singu-
larity at its center. Both consequences from GR may be, from a philosophical point
of view, unacceptable and one would like to find a possibility to avoid them. A black
hole is an extreme object and one would not be surprised that GR has to be modified

Peter O. Hess (B<1)
Instituto de Ciencias Nucleares, UNAM, C.U., A.P. 70-543, 04510 México D.F., Mexico
e-mail: hess@nucleares.unam.mx

W. Greiner, G. Caspar and T. Schénenbach
FIAS, J. W.-Goethe University, Ruth-Moufang-Str. 1, 60438 Frankfurt am Main, Germany

W. Greiner (ed.), Exciting Interdisciplinary Physics, 313
FIAS Interdisciplinary Science Series, DOI: 10.1007/978-3-319-00047-3_26,
© Springer International Publishing Switzerland 2013
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ON A STATIONARY SYSTEM WITH SPHERICAL SYMMETRY
CONSISTING OF MANY GRAVITATING MASSES

By ALBERT EINSTEIN
(Received May 10, 1939)

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

1) ds® = —(1 + ;_r)‘ (dzi + dz} + dz3) + — art
*ar
it is noted that
AN
U = 2r
1+ i

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

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

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

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

922



936 ALBERT EINSTEIN

The following table gives u and 2r, for M = 1 as functions of ¢, (approximately):

a0 u 2ry
0. 1. ©
.05 .988 19.76
1 .948 9.48
15 97 6.56
2 1.13 5.65
.23 1.32 5.63
.25 1.82 7.40
.26 2.63 10.1
.268 @ @

When the cluster is contracted from an infinite diameter its mass decreases at
the most about 5%. This minimal mass will be reached when the diameter 2r,
isabout 9. The diameter can be further reduced down to about 5.6, but only by
adding enormous amounts of energy. It is not possible to compress the cluster
any more while preserving the chosen mass distribution. A further addition
of energy enlarges the diameter again. In this way the energy content, i.e. the
gravitating mass of the cluster, can be increased arbitrarily without destroying
the cluster. To each possible diameter there belong two clusters (when the
number of particles is given) which differ with respect to the particle velocity.

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

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

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

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

THE INSTITUTE FOR ADVANCED STUDY
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Fig. 7— MACHO-96-BLG-5 lightcurves normalized to the unlensed flux of the lensed star. The MACHO
red and blue data are plotted in magenta and blue, respectively, and the CTIO data are shown in red. The
black curve is the parallax fit while the cyan curve is the best fit standard microlensing lightcurve. An
additional 4 years of data showing very little photometric variation are not shown.
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Black holes in centers of galaxies

(L.Ho,ApJ 564,120 (2002))
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Coevolution (Or Not) of

Supermassive Black Holes and Host Galaxies

John Kormendy* and Luis C. Ho?

!Department of Astronomy, University of Texas at Austin,
2515 Speedway C1400, Austin, TX 78712-1205; email: kormendy@astro.as.utexas.edu

2The Observatories of the Carnegie Institution for Science,
813 Santa Barbara Street, Pasadena, CA 91101; email: lho@obs.carnegiescience.edu

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 to the widespread belief that BHs and bulges coevolve by regulating each other’s
growth. Conclusions based on one set of correlations from M, ~ 10°® M in brightest cluster
ellipticals to M, ~ 10° M, in the smallest galaxies dominated BH work for more than a decade.

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

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




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

Galaxy D oe M, (Miow, Mhigh) Tinf 0« Tinn/o. Reference

(Mpc) (kms™?) (Mg) (arcsec) (arcsec)
1) @ 06 ©) (5) © M ©®
Galaxy 4 41(3 98-4.84) ef 0.0146 2868. Meyer et al. 2012
Galaxy 2 (3.9 -46) 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) €6 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)eb 0.0075 5583.  Ghez et al. 2003
Galaxy 3 8 (2.3 -5.4)eb 0.0155 2702.  Schdodel et al. 2002
Galaxy 2.1 (L3 -2.8 ) e6 0.113 371. Chakrabarty & Saha 2001
Galaxy 3 1 (2.6 -3.6 ) eb 0.26  161.  Genzel et al. 2000
Galaxy 7 (25 -2.9 )eb 0.39 107.  Ghez et al. 1998
Galaxy 2 70(2 31-3.09) e6 0.39  107.  Genzel et al. 1997
Galaxy 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 34 12.3 Krabbe et al. 1995
Galaxy 2 e6 5 8.4 Evans & de Zeeuw 1994
Galaxy 3 e6 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 575 0.053 109. Bender et al. 2005
M31 1 0 e8 0.297 19.4 Peiris & Tremaine 2003
M31 .1(3.6-8.7) e7 0.052 111. Bacon et al. 2001
M31 .3 (L.5-4.5) e7 0.297  19.4 Kormendy & Bender 1999
M31 .0 (5.8-6.2) e7 0.297  19.4 Magorrian et al. 1998
M31 5(7 —10)e7 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)e7 0.59 9.7 Richstone, Bower & Dressler 1990
M31 3.8 (L1-11) 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 W % 45(1 4-3.5) 96 046 0.052  8.76 van den Bosch & de Zeeuw 2010
M32 .9 (2.7-3.1) 0.052 8.76 Verolme et al. 2002
M32 .5 (2.3-4. 6) eﬁ 0.052 8.76 Joseph et al. 2001
M32 4 (2.2-2.6) e6 0.23 1.98 Magorrian et al. 1998
M 32 .9 (3.1-4.7) e6 0.050 9.11 van der Marel et al. 1998a
M32 .9 (3.3-4. 5) e6 0.050  9.11 van der Marel et al. 1997a, 1997b
M32 .2 (2.6-3.7) €6 0.23 1.98 Bender, Kormendy & Dehnen 1996
M32 1(1.8-2.3) e6 0.34 1.34 Dehnen 1995
M32 2 1 e6 0.34 1.34 Qian et al. 1995
M32 2.1 (1.7-24) e6 0.34 1.34 van der Marel et al. 1994a
M32 2.2 (0.8-3.5) e6 0.59 0.77 Richstone, Bower & Dressler 1990
M32 9.3 e6 0.59 0.77 Dressler & Richstone 1988
M32 7.5 (3.5-11.5) e6 0.76 0.60 Tonry 1987
M32 5.8 e6 1.49 0.31 Tonry 1984

Lines based on HST spectroscopy are in red. Column 2 is the assumed distance. Column 3 is the stellar velocity dispersion inside
the “effective radius” that encompasses half of the light of the bulge. Column 4 is the measured BH mass with the one-sigma range
that includes 68 % of the probability in parentheses. Only the top four M, values for the Galaxy include distance uncertainties
in the error bars. Column 5 is the radius of the sphere of influence of the BH; the line that lists 7,f contains the adopted M.
Column 6 is the effective resolution of the spectroscopy, estimated as in Kormendy (2004). It is a radius that measures the blurring
effects of the telescope point-spread function or “PSF,” the slit width or aperture size, and the pixel size. The contribution of the
telescope is estimated by the dispersion Ote] of a Gaussian fitted to the core of the average radial brightness profile of the PSF. In
sl Aha TIUTDAR had 245 o oo 0INAR Caviv & atwalu Caiatan Bt dntha DOIR vindal oo i das Maval s Tasevia 5 D (10075
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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 Ka 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 Ka 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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RETRO-MACHOS:  IN THE SKY?

DANIEL E. HoLz
Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106
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JOHN A. WHEELER

Department of Physics, Princeton University, Princeton, NJ 08544
Draft version September 20, 2004

ABSTRACT

Shine a flashlight on a black hole, and one is greeted with the return of a series of concentric rings
of light. For a point source of light, and for perfect alignment of the lens, source, and observer, the
rings are of infinite brightness (in the limit of geometric optics). In this manner, distant black holes can
be revealed through their reflection of light from the Sun. Such retro-MACHO events involve photons
leaving the Sun, making a 7 rotation about the black hole, and then returning to be detected at the
Earth. Our calculations show that, although the light return is quite small, it may nonetheless be
detectable for stellar-mass black holes at the edge of our solar system. For example, all (unobscured)
black holes of mass M or greater will be observable to a limiting magnitude m, at a distance given by:

0.02pc x {/100m=30)/25 (/10 Mg)2. Discovery of a Retro-MACHO offers a way to directly image the
presence of a black hole, and would be a stunning confirmation of strong-field general relativity.

Subject headings: gravitational lensing—black hole physics—relativity
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1.— Perfect alighment: the (extended) source, observer,
and lens are colinear. The resulting image of the source, as lensed
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F1a. 2.— Imperfect alignment: the source, observer, and lens
are not colinear. Pairs of images are produced, centered on the
source—observer—lens plane, on opposite sides of the lens (see inset).



Mirages around Kerr black holes and
retro-gravitational lenses

A Let us consider an illumination of black holes.
Then retrephotons form caustics around
black holes or mirages around black holes or
boundaries around shadows.

A (Zakharov, Nucita, DePaolis, Ingrosso,

A New Astronomyl0 (2005)X479-489); astrc
0h/0411511)
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THE GEODESICS IN THE KERR SPACE-TIME
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F1G. 34. The locus (&, ny) 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.



358 THE GEODESICS IN THE KERR SPACE-TIME

2?5.:38}1;%: ;ﬁ)pz;rent §fhape ofan extreme (a = M) Kerr black-hole as seen by a distant observer
largcr:gan lhz:t ol:‘ tal?eei;la::ll‘:ehblf‘:k hole is in front of a source of illumination with an angular siz¢
equation (241) is M. ole. The unit of length along the coordinate axes o and f (defined in

black hole from infinity, the apparent shape will be determined by
(% B) = [, /n(®)]. (242)
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Figure 6. The apparent 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.

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 dx 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
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Fig. 1. Different types for photon trajectories and spin parameters (a = 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.



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 diflerent

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



Fig. 4. Mirages around black hole for different angular positions of a distant observer and the

spin a = 0.5. Solid, dashed and dotted lines correspond to 8y = 7 /2,7 /3 and /8, respectively.



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 8y = /2, 7/3,7/6

and 7/8&, respectively.






