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George Chapline thinks that the collapse of the
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04 April 2005 black holes don't exist," he claims.
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a sufficiently massive star, when it dies, will collapse
under its own gravity to a single point.

But Einstein didn't believe in black holes, Chapline
argues. "Unfortunately"”, he adds, "he couldn't
articulate why." At the root of the problem is the
other revolutionary theory of twentieth-century
physics, which Einstein also helped to formulate:
quantum mechanics.

It's a near certainty In general relativity, there is
:l;(?sttblaCk holes don’t no such thing as a 'universal

) time' that makes clocks tick at
E;ae\:f)rregnececlt‘i\argll'xire National the same rate everyWhere'
Laboratory Instead, gravity makes clocks

run at different rates in
different places. But quantum mechanics, which
describes physical phenomena at infinitesimally small
scales, is meaningful only if time is universal; if not,
its equations make no sense.

This problem is particularly pressing at the boundary,
or event horizon, of a black hole. To a far-off
observer, time seems to stand still here. A spacecraft
falling into a black hole would seem, to someone
watching it from afar, to be stuck forever at the
event horizon, although the astronauts in the
spacecraft would feel as if they were continuing to
fall. "General relativity predicts that nothing happens
at the event horizon," says Chapline.

Quantum transitions

However, as long ago as 1975 quantum physicists
argued that strange things do happen at an event
horizon: matter governed by quantum laws becomes
hypersensitive to slight disturbances. "The result was
quickly forgotten," says Chapline, "because it didn't
agree with the prediction of general relativity. But
actually, it was absolutely correct."”

This strange behaviour, he says, is the signature of a
'quantum phase transition' of space-time. Chapline
argues that a star doesn't simply collapse to form a
black hole; instead, the space-time inside it becomes
filled with dark energy and this has some intriguing
gravitational effects.
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dark-energy

star, it HGM20 ,,,,,,,,,,,,,,,,,,,,,,

behaves much

like a black Kyoto, Japan
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gravity of

dark energy Click here for information on HGM2005
may cause

matter to bounce back out again.

If the dark-energy star is big enough, Chapline
predicts, any electrons bounced out will have been
converted to positrons, which then annihilate other
electrons in a burst of high-energy radiation.
Chapline says that this could explain the radiation
observed from the centre of our galaxy, previously
interpreted as the signature of a huge black hole.

He also thinks that the Universe could be filled with
'‘primordial' dark-energy stars. These are formed not
by stellar collapse but by fluctuations of space-time
itself, like blobs of liquid condensing spontaneously
out of a cooling gas. These, he suggests, could be
stuff that has the same gravitational effect as normal
matter, but cannot be seen: the elusive substance
known as dark matter.
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Rev. John Michell: Phil. Trans. R. Soc. London, 74, 3557 (1784).

VIL On the Mmm of d. jba'vermg the Diffance, Magnitude, &c.

of the Fired Stars, in conjéguence of the Diminution of the
Velocity of their Light, in cafe fueh a Diminution fbould be
Jound to take place in any of them, and fuch other Data_flould 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 Henry Cavendifh, E/Q F.R. S and A.S.

Read November 27, 1783.




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

if the femi-diamecter of
a fpheere of the {ame denfity with the fun were to exceed that of
the fun in the proportion of §oo to 1,

all light emitted from fuch a
body would be made to return towards it, by its ewn proper
gravity.




Black Hole Mass Scales with Galaxy Size
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Seyfert galaxies and I line

STIS Optical

STIS Ultraviolet STIS Optical

Seyfert Galaxy NGC 4151 HST « STIS « WFPC2
PRC97-18 « ST Scl OPO » June 9, 1997
B. Woodgate (GSFC), J. Hutchings (DAO) and NASA

Seyfert galaxies give us a
wonderful possibility of
direct observations of black
holes in their centers.

They often have a wide iron
Ka line in their spectre
which seems to arise in the
Innermost part of the
accretion disk close to the
event horizon.

Hubble image of Seyfert
galaxy NGC 4151 shown at
the left.
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XMM-EPIC observation of MCG-6-30-15: direct evidence for the
extraction of energy from a spinning black hole?

J6rn Wilms,'™ Christopher S. Reynolds,2’3T Mitchell C. Begelman,g”4 James Reeves,’
Silvano Molendi,°® Riidiger Staubert' and Eckhard Kendziorra'
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*Department of Astrophysical and Planetary Sciences, University of Colorado, Boulder, CO 80309, USA
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ABSTRACT

We present XMM-Newton European Photon Imaging Camera (EPIC) observations of the
bright Seyfert 1 galaxy MCG—-6-30-15, focusing on the broad FFe K« line at ~6keV and the
associated reflection continuum, which is believed to originate from the inner accretion disc.
We find these reflection features to be extremely broad and redshifted, indicating an origin in
the very central regions of the accretion disc. It seems likely that we have caught this source in
the ‘deep minimum’ state first observed by Iwasawa et al. The implied central concentration
of X-ray illumination is difficult to understand in any pure accretion disc model. We suggest
that we are witnessing the extraction and dissipation of rotational energy from a spinning
black hole by magnetic fields connecting the black hole or plunging region to the disc.

Key words: accretion, accretion discs — black hole physics — galaxies: individual:
MCG-6-30-15 — galaxies: Seyfert — X-rays: galaxies.
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Figure 1. (a) Ratio between data and model from fitting a power law to the
0.5—-11keV data. (b) Ratio from fitting a power law and the empirical warm
absorber model (see text). (¢) Deconvolved spectrum of the Fe Ka band,
showing the total LAOR model and the continuum with and without (dashed)
the reflection component for a model with reflection from an ionized disc.
For clarity, the data have been rebinned and only the single-event data
points are shown.
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RETRO-MACHOS: « IN THE SKY?

DANIEL E. Horz
Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106

AND

JouN 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 « 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 (3110 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 alignment: the (extended) source, observer,
and lens are colinear. The resulting image of the source, as lensed

by the black hole, is a ring. (The angles in this figure are greatly
exaggerated.)
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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).
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Fic. 3.— Solar retro-MACHO lightcurves: The apparent visual
magnitude, m, of the Sun, imaged in a 10 M, black hole at a dis-
tance of 0.01 pc. The different curves are for the black hole at an-
gular displacements from the ecliptic plane of 0, Rs /1 AU, and 1°
respectively (top to bottom).




TABLE 1
RETRO-MACHQO BRIGHTNESSES OF THE SUN

ass  BH distance =0 B=R;/1AU pg=1° B=na/4 B=mn/2
) (pc) (perfect alignment)  (edge alignment) (max misalignment)

31.0 32.6 34 38 38
38.6 40.1 41 45 46
26.1 27.6 29 33 33
33.6 35.1 36 40 41
41.1 42.6 44 18 48




The full classification of geodesic types for Kerr metric is given by Zakharov (1986).

As it was shown in this paper, there are three photon geodesic types: capture, scattering
and critical curve which separates the first two sets. This classification fully depends
only on two parameters £ = L, /E and n = Q/E?, which are known as Chandrasekhar’s
constants (Chandrasekhar 1983). Here the Carter constant (Q is given by Carter (1968)
Q — pp+cos’ 0 [a® (m? — ?) + L2 /sin? 0] , (1)

where F = p; is the particle energy at infinity, L., = pys is z-component of its angular

momentum, m — p;p* is the particle mass. Therefore, since photons have m — 0
n=pa/FE° +cos’ 0 [—a® + £ /sin” 0] . (2)

The first integral for the equation of photon motion (isotropic geodesics) for a radial
coordinate in the Kerr metric is described by the following equation (Carter 1968;

Chandrasekhar 1983; Zakharov 1986, 1991a)

o (dr /dN)? — R(r),

where

R(r)=r*+ (a® =& —mr’ + 2[n + (£ — a)’]r — a’n, (3)

and p? = r? + a?cos?0,A = r* — 2r | a?,a = S/M?. The constants M and S are the
black hole mass and angular momentum, respectively. Eq. (3) is written in dimensionless

variables (all lengths are expressed in black hole mass units M).




[f we fix a black hole spin parameter a and consider a plane (£,7) and different types
of photon trajectories corresponding to (£, n), namely, a capture region, a scatter region
and the critical curve 1..:(§) separating the scatter and capture regions. The critical
curve is a set of (£,7) where the polynomial R(r) has a multiple root (a double root
for this case). Thus, the critical curve 7.(£) could be determined from the system (

Zakharov 1986, 1991a)

——(r) =0, (4)

for n > 0,r > r. = 1+ +/1—a? because by analysing of trajectories along the 6
coordinate we know that for 7 < 0 we have M = {(£,n)|n > —a?+2a|¢|-€%, —a < £ < a}
and for each point (£,7) € M photons will be captured. If instead n < 0 and (£, ) € M,

photons cannot have such constants of motion, corresponding to the forbidden region

(see, (Chandrasekhar 1983; Zakharov 1986) for details).




Scattering Scattering

_6 —4 -2
Forbidden Region Forbidden Region Forbidden Region

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.




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



Table 1. Dependence of 7(0) and mirage radii Reire = (n(0) 4+ a?)*/? on spins.

- 26.839 | 26.348 - 24.210 | 22.314




|
[oh}

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

spin ¢ = 0.5. Solid, dashed and dotted lines correspond to 8o = n/2,7/3 and /8, respectively.






found by Carter [9]

dx d
= &[T B
- 22+ o® —ad dx
Ct)f_@ia.[—A@ d:c—afﬁ
cse? 9
+Jf i ®)
where
0= Q+a’cos® ¥ — J?cot? ¥ (6)
R= o'+ (a® - -Q)a’ +(Q+(J —a)’)s
—a’Q, (7)

and ¢; is the initial value of the azimuthal coordinate of
the photon.

The roots of R represent inversion points in the ra-
dial motion. In gravitational lensing we consider photons
coming from infinity, grazing the black hole and going
back to infinity. For such trajectories there is only one
inversion point axq, representing the closest approach dis-
tance. The minimum allowed value of zy can be found
solving the equations R(x) = 0 and R'(x) = 0 simulta-
neously. However, in Kerr black hole, we do not have a
unique minimum closest approach z,,, but rather a con-
tinuous family of values which depend on the approach
trajectory followed by the photon. In particular, it is pos-
sible to establish a relation among the minimum closest
approach x,, and the corresponding values of the con-
stants of motion .J and @, that we shall indicate by .J,,
and Qy, (see e.g. Ref. [21])

_ 25, (2w, — 8) + a?(1 + 2x;,)

- a(l —2z,,)

23, [2a? — 2 (2m — 3/2)7]
a*(zy, — 1/2)?

i

®
Qm =

@

Ty, also represents the radius of the unstable circular
photon orbit. This radius is fixed to 3/2 when a = 0
(Schwarzschild black hole). In the case of Kerr black
holes, @, may vary between two limiting values x,
&y—, depending on the incoming direction of the pho-
ton. The two limiting values can be analytically obtained
solving the equation @Q,, = 0. To the third order in a,
they read [16]

2 0 3 4
= 27%& +0O(a*). (10)
For example, photons whose orbit lies on the equato-
rial plane may turn either in the same sense of the black
hole (prograde photons) or in the opposite sense (ret-
rograde photons). Prograde photons are allowed to get
closer to the black hole, with a minimum closest approach
given by x,,, while retrograde photons must stay far-
ther than x,, , in order to be deflected without falling

into the black hole. Photons whose orbit does not lie

3_2 4
$m:l:*2:Fﬂﬂ ga

R T DR

FIG. 2: The shadow of the black hole in the observer sky for
a — 0.1 and different values of the observer position #,. The
solid line is for ¥, = /2 (equatorial observer), the dashed
line is for ¥, = 7/4 and the dotted line is for ©#, = 0 (polar
abserver).

on the equatorial plane are characterized by intermedi-
ate values of z,,, with @,,, > 0. Thus xz,, can be used to
parametrize the family of unstable photon orbits allowed
in Kerr metric or, equivalently, the incoming direction of
the photon. The corresponding values of the constants
of motion are uniquely determined by Egs. (8) and (9).

Although exact expressions for @, + and @, are avail-
able, it is convenient to start with a perturbative expan-
sion ab initio in order to be prepared to face more com-
plicated quantities in the following [16]. Throughout our
treatment, only for x,, we need to push the expansion to
the third order, in order to obtain some quantities to the
second order in a.

III. THE SHADOW OF A KERR BLACK HOLE

The constants of motion .J and ) have an immediate
link to the position in the sky where the observer detects
the photon. In fact, we can define angular coordinates
(61,02) on the observer sky centered on the black hole
position. We choose the orientation of these coordinates
in such a way that the spin axis of the black hole is pro-
Jjected on the #s-axis (see Fig.2).

As shown in Ref. [21], photons detected by the ob-
server at angular coordinates (6;,6.) are characterized
by constants of motion given by

J=-01Dorv/1— p2,

Q= 03D%,, + (6 Dy, —a”).

(an
(12)




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 7 /8, respectively.
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A size of ~1Au for the radio source Sgr A* at the

centre of the Milky Way

Zhi-Qiang Shen', K. Y. Lo?, M.-C. Liang’, Paul T. P. Ho*® & J.-H. Zhao'

Although it is widely accepted that most galaxies have super-
massive black holes at their centres'™, concrete proof has proved
elusive. Sagittarius A* (Sgr A*)*, an extremely compact radio
source at the centre of our Galaxy, is the best candidate for
proof*”, because it is the closest. Previous very-long-baseline
interferometry observations (at 7mm wavelength) reported that
Sgr A* is ~2 astronomical units (AU) in size®, but this is still larger
than the ‘shadow’ (a remarkably dim inner region encircled by a
bright ring) that should arise from general relativistic effects near
the event horizon of the black hole®. Moreover, the measured size
is wavelength dependent"’. Here we report a radio image of Sgr A*
ata gth of 3.5 mm, d ing that its size is ~1Au.
When combined with the lower limit on its mass'", the lower limit
on the mass density is 6.5 X 10*'M pc™ (where M, is the solar
mass), which provides strong evidence that Sgr A* is a super-
massive black hole. The power-law relationship between wave-
length and intrinsic size (size o wavelength'®) explicitly rules
out explanations other than those emission models with stratified
structure, which predict a smaller emitting region observed at a

Past very-long-baseline interferometry (VLBI) observations'* of
Sgr A* have revealed an east—west elongated structure whose
apparent angular size at longer wavelengths is dominated by the
interstellar scattering angle, that is, By, = B4" A%, where 8, is the
observed size in milliarcseconds (mas) at wavelength A in cm, and
equals 9:;” at 1 cm. Thus, VLBI observations at shorter millimetre
wavelengths, where the intrinsic structure of Sgr A* could become
comparable to the pure scattering size, are expected to show
deviations of the observed size from the scattering law. This has
been demonstrated by the recent detection of the intrinsic size at
7 mm (ref. 8). On 20 November 2002, we successfully carried out an
observation of Sgr A* with the Very Long Baseline Array (VLBA) at
its shortest wavelength of 3.5mm (ref. 10). Our observation, with
the steadily improved performance of the VLBA system, has
produced the first (to our knowledge) high-resolution image of
Sgr A* madeat 3.5 mm (Fig. 1), which exhibits an elongated structure
too.

To yield a quantitative description of the observed structure,
we tried a model fitting procedure'” in which the amplitude

shorter radio wavelength. closure relation is applied. Ce d to the cor I VLBI
a - - - - - b - - -
sl
e 1 1
g
c
-
g
£ o0t ' ol ]
E
£ i
LR E
b 4
4F
\ o
4 2 0 -2 -4 1 L] =1
Right ascension (mas) Right ascension (mas)

Figure 1| High-resolution VLBI image of Sgr A* at 3.5 mm obtained with the
'VLBA on 20 November 2002. The observations were flexibly scheduled to
ensure good weather conditions at most sites, and the data were recorded at
the highest possible recording rate of 512 Mbit s ', Standard visibility
amplitude calibration including the elevation-dependent opacity correction
was done, and the final image was obtained after several iterations of the self-
calibration and cleaning procedures. The calibrated total flux density is

about 1.2 Jy. a, A uniformly weighted image with the restoring beam
(indicated at the lower left corner) of 1.13 mas X 0.32 mas at 9°. The peak
flux density is LO&lybumfl. Contour levels are drawn at 30 X (—1,1, 2,4,
8,16, 32); 30 = 17.5mJybeam ', b, A super-resolution image with a
circular beam of 0.20 mas from which an east-west elongated structure can
be seen (see Table 1). Note the different scales. The contour levels are the
same as that in a with the corresponding peak flux density of 1.01 Jy beam .

"Shanghai Astronomical Observatory, 80 Nandan Road, Shanghai 200030, China. “National Radio Astronomy Observatory, 520 Edgement Road, Charlottesville, Virginiz 22903,
USA. *Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125, USA. *Harvard-Smithsonian CfA, 60 Garden Street,
Cambridge, Massachusetts 02138, USA. *Institute of Astronomy & Astrophysics, Academia Sinica, PO Box 23-141, Taipei 106, Taiwan, China.

© 2005 Nature Publishing Group




Event-horizon-scale structure in the supermassive black hole

candidate at the Galactic Centre

Sheperd S. Doelemanl, Jonathan Weintroubz, Alan E. E. Rogersl, Richard Plambeck3, Robert Freund4,
Remo TilanusS’G, Per Fribergs, Lucy M. Ziurys4, James Moranz, Brian Coreyl, Ken H. Youngz, Daniel
Smythe', Michael Titus', Daniel P. Marrone”*, Roger J. Cappallo’, Douglas C.-J. Bock’, Geoffrey C.
Bower3, Richard Chamberlinlo, Gary R. Daviss, Thomas P. Krichbaum“, James Lamblz, Holly Maness
Arthur E. Niell!, Alan Roy“, Peter Strittmatter*, Daniel Werthimer'?, Alan R. Whi‘cneyl & David
Woody'?

The cores of most galaxies are thought to harbour supermassive black holes, which
power galactic nuclei by converting the gravitational energy of accreting matter
into radiation'. Sagittarius A*, the compact source of radio, infrared and X-ray
emission at the centre of the Milky Wayj, is the closest example of this
phenomenon, with an estimated black hole mass that is 4 million times that of the
Sun®’, A long-standing astronomical goal is to resolve structures in the innermost
accretion flow surrounding Sgr A* where strong gravitational fields will distort the
appearance of radiation emitted near the black hole. Radio observations at
wavelengths of 3.5 mm and 7 mm have detected intrinsic structure in Sgr A*, but

the spatial resolution of observations at these wavelengths is limited by interstellar

scattering4'7. Here we report observations at a wavelength of 1.3 mm that set a size

of 377 1y microarcseconds on the intrinsic diameter of Sgr A*. This is less than the
expected apparent size of the event horizon of the presumed black hole, suggesting
that the bulk of SgrA* emission may not be not centred on the black hole, but

arises in the surrounding accretion flow.
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Figure 2 Observed and intrinsic size of Sggr A* as a function of wavelength. Red
circles show major-axis observed sizes of Sgr A* from VLBI observations (all errors
30). Data from wavelengths of 6 cm to 7 mm are from ref. 13, data at 3.5 mm are from
ref. 7, and data at 1.3 mm are from the observations reported here. The solid line is the
best-fit A* scattering law from ref. 13, and is derived from measurements made at

A > 17 cm. Below this line, measurements of the intrinsic size of Sgr A* are dominated
by scattering effects, while measurements that fall above the line indicate intrinsic
structures that are larger than the scattering size (a ‘source-dominated’ regime). Green
points show derived major-axis intrinsic sizes from 2 cm < A < 1.3 mm and are fitted

with a A” power law (&= 1.44 £ 0.07, 16) shown as a dotted line. When the 1.3-mm

point is removed from the fit, the power-law exponent becomes ae=1.56 £ 0.11 (10).



Direct Measurements of Black Hole Charge

with Future Astrometrical Missions
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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.



In this paper we focus on the possibility to measure the black hole charge as well

and we present an analytical dependence of mirage size on the black hole charge. Indeed,
future space missions like Radioastron in radio band or MAXIM in X-ray band have
angular resolution close to the shadow size for massive black holes in the center of our

and nearby galaxies.

2. Basic Definitions and Equations

The expression for the Reissner - Nordstrom metric in natural units (G = ¢ = 1) has the

form

ds® = —(1 = 2M /r + Q*/r?)dt* + (1 — 2M /r + Q7 /r*) 1dr? + r*(d0® + sin’0de?). (1)




OR

B (i) = 05 W(rm,m) =0, (6)

as it was done, for example, by Chandrasekhar (1983) to solve similar problems.

Introducing the notation £2 = I, Q% — ¢, we obtain
R(r) = r* —Ir? + 2lr — qr. (")

The discriminant A of the polynomial R(r) has the form (as it was shown by Zakharov
(1991a,b, 1994a)):

A = 1613[17(1 — q) + 1(—8q¢> + 369 — 27) — 164°]. (8)
The polynomial R(r) thus has a multiple root if and only if
P21 — q) +1(—8¢% + 369 — 27) — 16¢”°] = 0. (9)

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

12(1 — q) +1(—8¢% + 36¢g — 27) — 164> — 0. (10)

If ¢ = 0, we obtain the well-known result for a Schwarzschild black hole (Misner,
Thorne and Wheeler 1973; Wald 1984; Lightman et al. 1975), I = 27, or L., — 3+/3. If
g = 1, then I = 16, or L., = 4, which also corresponds to numerical results given by
Young (1976).

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 Reissner - Nordstrom black hole, is determined by the equation (Zakharov 1991a,b,
1994a)

~ (8¢% —36g + 27) + /(8¢% — 36¢ + 27)2 + 64¢3(1 — q)

: 2(1 —q)

(11)




As it was explained by Zakharov et al. (2005a,b) this leads to the formation of shadows

described by the critical value of L. or, in other words, in the spherically symmetric
case, shadows are circles with radii L,,. Therefore, measuring the shadow size, one could

evaluate the black hole charge in black hole mass units M.

Fig.1. Shadow {mirage) sizes are shown for selected charges of black holes Q = 0 (solid line),
@ = 0.5 (short dashed line) and @ =1 (long dashed line).
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ABSTRACT

We present the results of 16 years of monitoring stellar orbits around the massive black hole in
center of the Milky Way using high resolution near-infrared techniques. This work refines our previous
analysis mainly by greatly improving the definition of the coordinate system, which reaches a long-
term astrometric accuracy of a2 300 pas, and by investigating in detail the individual systematic
error contributions. The combination of a long time baseline and the excellent astrometric accuracy
of adaptive optics data allow us to determine orbits of 28 stars, including the star S2, which has
completed a full revolution since our monitoring began. Our main results are: all stellar orbits are fit
extremely well by a single point mass potential to within the astrometric uncertainties, which are now
~2 6 better than in previous studies. The central object mass is (4.31 4 0.06]star +0.36|g,) x 10°M,
where the fractional statistical error of 1.5% is nearly independent from Ry and the main uncertainty
1s due to the uncertainty in Rp. Our current best estimate for the distance to the Galactic Center is
Ry = 8.3340.35 kpc. The dominant errors in this value is systematic. The mass scales with distance
as (3.95£0.06) x 105(Ry/8kpc)?'? M. The orientations of orbital angular momenta for stars in the
central arcsecond are random. We identify six of the stars with orbital solutions as late type stars, and
six early-type stars as members of the clockwise rotating disk system, as was previously proposed. We
constrain the extended dark mass enclosed between the pericenter and apocenter of S2 at less than
0.066, at the 99% confidence level, of the mass of Sgr A*. This is two orders of magnitudes larger
than what one would expect from other theoretical and observational estimates.

Subject headings: blackhole physics — astrometry — Galaxy: center — infrared: stars
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Fia. 1.— Finding chart of the S-star cluster. This ﬁgure is based on a natural guide star adaptive optics image obtained as part of

this study, using NACO at UT4 (Yepun) of the VLT on July 20, 2007 in the H-band. The original image with a FWHM of & 75 mas
was deconvolved with the Lucy-Richardson algorithm and beam restored with a Gaussian beam with FWHM = 2 pix—26.5mas. Stars as
faint as my = 19.2 (corresponding roughly to mgx = 17.7) are detected at the 3¢ level. Only stars that are unambiguously identified in
several images have designated names, ranging from S1 to S112. Blue labels indicate early-type stars, red labels late-type stars. Stars with
unknown spectral type are labelled in black. At the position of Sgr A* some light is seen, which could be either due to Sgr A* itself or due
to a faint, so far unrecognized star being confused with Sgr A*.



Stellar orbits in the Galactic Center

2002 2003 2004 2005 2006 2007 2008
Year

Fig. 13.— Top: The S2 orbital data plotted in the combined
coordinate system and fitted with a Keplerian model in which the
velocity of the central point mass and its position were free fit pa-
rameters. The non-zero velocity of the central point mass is the
reason why the orbit figure does not close exactly in the overlap
region 1992/2008 close to apocenter. The fitted position of the
central point mass is indicated by the elongated dot inside the or-
bit near the origin; its shape is determined from the uncertainty
in the position and the fitted velocity, which leads to the elonga-
tion. Bottom: The measured radial velocities of 52 and the radial
velocity as calculated from the orbit fit.

R, from S2 data

i

5 10 20
scaling factor for 2002 errors

Fra. 14.— TFitted value of Rg for various scaling factors of the
52 2002 data, using a fit with the coordinate system priors. The
factor by which the 2002 astrometric errors of the S2 data is scaled
up strongly influences the distance. The mean factor determined
in Figure 9 is &= 7, corresponding to R =~ 8.1kpe.

3.98 x 10° M, (Ry/8kpo)*™ (incl. 2002)
4.08 x 10° M, (Ro/8kpe)' * (exal.

10
Ry tkpe)

FiG. 15.— Contour plot of x? as function of Rg and central point
mass. The two parameters are strongly correlated. The contours
are generated from the S2 data including the 2002 data; fitting
at each point all other parameters both of the potential and the
orbital elements. The black dots indicate the position and errors of
the best fit values of the mass for the respective distance; the blue
line is a power law fit to these points; the corresponding function is
given in the upper row of the text box. The central point is chosen
at the best fitting distance. The red points and the red dashed
line are the respective data and fit for the S2 data excluding the
2002 data; the fit is reported in the lower row of the text box.
The contour levels are drawn at confidence levels corresponding to
1o, 30, 5o, To, 9o.




In the last years intensive searches for dark matter (DM), especially its
non-baryonic component, both in galactic halos and at galaxy centers have
been undertaken (see for example Bertone et al. (2005,2005a) for recent
results). It is generally accepted that the most promising candidate for the
DM non-baryonic component is neutralino. In this case, the ~-flux from
galactic halos (and from our Galactic halo in particular) could be explained
by neutralino annihilation (Gurevich et al. 1997 ,Bergstrom et al. 1998,
Tasitsiomi et al. 2002, Stoehr et al. 2003, Prada et al. 2004,Profumo et al.
2005, Mambrini et al. 2005). Since ~-rays are detected not only from high
galactic latitude, but also from the Galactic Center, there is a wide spread
hypothesis (see, Evans (2004) for a discussion) that a DM concentration
might be present at the Galactic Center. In this case the Galactic Center
could be a strong source of y-rays and neutrinos (Bouquet 1989, Stecker
1988, Berezinsky et al. 1994, Bergstrom et al. 1998, Bertone et al. 2004,
Gnedin et al. 2004,Bergstrom et al. 2005, Horns 2005, Bertone et al. 2005)
due to DM annihilation. Since it is also expected that DM forms spikes at
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galaxy centers (Gondolo & Silk 1999, Ullio et al. 2001, Merritt et al. 2003)
the ~-ray flux from the Galactic Center should increase significantly in that
case.

At the same time, progress in monitoring bright stars near the Galactic
Center have been reached recently (Genzel et al. 2003,Ghez et al. 2003,
Ghez et al. 2005). The astrometric limit for bright stellar sources near
the Galactic Center with 10 meter telescopes is today 061p ~ 1 mas and
the Next Generation Large Telescope (NGLT) will be able to improve this
number at least down to 4630 ~ 0.5 mas (Weinberg et al. 2005) or even
to 0030 ~ 0.1 mas (Weinberg et al. 2005) in the K-band. Therefore, it
will be possible to measure the proper motion for about ~ 100 stars with
astrometric errors several times smaller than errors in current observations.

The aim of this talk is to constrain the parameters of the DM distribution
possible present around the Galactic Center by considering the induced
apoastron shift due to the presence of this DM sphere and either available
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data obtained with the present generation of telescopes (the so called
conservative limit) and also expectations from future NGLT observations
or with other advanced observational facilities.
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Celestial mechanics of S2 like stars for BH+cluster (A.A.
Nucita, F. De Paolis, G. Ingrosso, A. Qadir, AFZ, PASP,
v. 119, p. 349 (2007))

GR predicts that orbits about a massive central body suffer periastron
shifts yielding rosette shapes. However, the classical perturbing effects of
other objects on inner orbits give an opposite shift. Since the periastron
advance depends strongly on the compactness of the central body, the
detection of such an effect may give information about the nature of the
central body itself. This would apply for stars orbiting close to the GC,
where there is a “dark object”, the black hole hypothesis being the most
natural explanation of the observational data. A cluster of stars in the
vicinity of the GC (at a distance < 1 arcsec) has been monitored by ESO
and Keck teams for several years.
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For a test particle orbiting a Schwarzschild black hole of mass Mgy, the
periastron shift is given by (see e.g. Weinberg, 1972)

6rGMpy o 3(18 + e\ G2 M2 (9)
d(1 — e?)c? 2] — )2t °

A¢S i

d and e being the semi-major axis and eccentricity of the test particle orbit,
respectively. For a rotating black hole with spin parameter a = |a|] =
J/GMpy, the space-time is described by the Kerr metric and, in the most
favorable case of equatorial plane motion ((a,v) = 0), the shift is given by
(Boyer and Price (1965))

8awﬂlégG3/2 3a’mrG?

10
d3/2(1 — e2)3/2¢3 + d2(1 — e2)2ct (10)

AP ~ Adgs +

which reduces to eq. (9) for a — 0. In the more general case, a.v # 0, the
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expected periastron shift has to be evaluated numerically.

The expected periastron shifts (mas/revolution), A¢ (as seen from the
center) and A¢p (as seen from Earth at the distance Ry ~ 8 kpc from
the GC), for the Schwarzschild and the extreme Kerr black holes, for the
S2 and S16 stars turn out to be A¢°? = 6.3329 x 10° and 6.4410 x 10°
and A¢P? = 0.661 and 0.672 respectively, and A¢~!¢ = 1.6428 x 10° and
1.6881 x 10% and Ag2!% = 3.307 and 3.399 respectively. Recall that

Aop =T D nge (11)

Notice that the differences between the periastron shifts for the
Schwarzschild and the maximally rotating Kerr black hole is at most 0.01
mas for the S2 star and 0.009 mas for the S16 star. In order to make these
measurements with the required accuracy, one needs to know the S2 orbit
with a precision of at least 10 puas.
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The star cluster surrounding the central black hole in the GC could be
sizable. At least 17 members have been observed within 15 mpc up to now
(Ghez et al. (2005)). However, the cluster mass and density distribution,
that is to say its mass and core radius, is still unknown. The presence of
this cluster affects the periastron shift of stars orbiting the central black
hole. The periastron advance depends strongly on the mass density profile
and especially on the central density and typical length scale.

We model the stellar cluster by a Plummer model density profile (Binney
& Tremaine (1987))

pcr(r) = pof(r), with flr) =
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where the cluster central density pg is given by

Mcr

fORCL Arr?f(r) dr j

P (13)

Rep and Moy, being the cluster radius and mass, respectively. According
to dynamical observations towards the GC, we require that the total mass
M(r) = Mgy + Mcp(r) contained within r ~ 5 x 1072 pc is M ~
3.67 x 10° M. Useful information is provided by the cluster mass fraction,
Acr = Mcrp /M, and its complement, Ay = 1 — Acr. As one can see,
the requirement given in eq. (13) implies that M (r) — Mgy for r — 0.
The total mass density profile p(r) is given by

p(r) = AparM&P () + pof(r) (14)
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and the mass contained within 7 is

M(r) = AggM + /r47rr’2p0f(r’) dr’ . (15)
0

According to GR, the motion of a test particle can be fully described
by solving the geodesic equations. Under the assumption that the matter
distribution is static and pressureless, the equation of motion of the test
particle becomes (see e.g. Weinberg 1972))

d
d_: ~ —V(®y +20%) + 4v(v- V)Oy — v*VPy . (16)

For the S2 star, d and ¢ given in the literature are 919 AU and 0.87
respectively. They yield the orbits of the S2 star for different values of the
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black hole mass fraction Aggy shown in Figure 20. The Plummer model
parameters are o = 5, core radius 7. >~ 5.8 mpc. Note that in the case
of Ay = 1, the expected (prograde) periastron shift is that given by eq.
(9), while the presence of the stellar cluster leads to a retrograde periastron
shift. For comparison, the expected periastron shift for the S16 star is
given in Figure 31. In the latter case, the binary system orbital parameters
were taken from Schodel et al. (2003)) assuming also for the S16 mass a
conservative value of >~ 10 M.
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Figure 20: Post Newtonian orbits for different values of the black hole
mass fraction A\gy are shown for the S2 star (upper panels). Here, we
have assumed that the Galactic central black hole is surrounded by a stellar
cluster whose density profile follows a Plummer model with @ = 5 and a
core radius 7. >~ 5.8 mpc. The periastron shift values in each panel is given
in arcseconds.
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Figure 21: The same as in Figure 20 but for the S16-Sgr A* binary system.
In this case, the binary system orbital parameters were taken from Ghez et
al. (2005) assuming for the S16 mass a conservative value of ~ 10 Mg,
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The mass concentration at the Galactic Center

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



model for the central region of our galaxy based on estimates of enclosed
mass given by Ghez et al (2003, 2005) recently proposed by Hall and
Gondolo (2006). This model is constituted by the central black hole, the
central stellar cluster and the DM sphere (made of WIMPs), i.e.

M(<r)= Mgy + M. (<r)+ Mprpu(<r), (17)

where Mpy i1s the mass of the central black hole Sagittarius A*. For the
central stellar cluster, the empirical mass profile is

M i<y =

/

1.6
M, (RL*) : T % fi

(18)

5 10
M* (R_*) : T > R*

\

with a total stellar mass M, = 0.88 x 10° My, and a size R, = 0.3878 pc.
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As far as the mass profile of the DM concentration is concerned, Hall &
Gondolo (2006) have assumed a mass distribution of the form

Mpu(<r) =1

3—a
) : r < Rpum
(19)

Mpar, r > Rpum

Mpyr and Rpps being the total amount of DM in the form of WIMPs and
the radius of the spherical mass distribution, respectively.

Hall and Gondolo (2006) discussed limits on DM mass around the black
hole at the Galactic Center. It is clear that present observations of stars
around the Galactic Center do not exclude the existence of a DM sphere
with mass ~ 4 x 106ZVI@, well contained within the orbits of the known
stars, if its radius Rpys is < 2 x 1074 pc (the periastron distance of the
S16 star in the more recent analysis (Ghez et al. 2005)). However, if one
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considers a DM sphere with larger radius, the corresponding upper value for
Mp s decreases (although it tends again to increase for extremely extended
DM configurations with Rpys > 10 pc). In the following, we will assume
for definiteness a DM mass Mpp;s ~ 2 X 1O5M@, that is the upper value for
the DM sphere (Hall & Gondolo (2006)) within an acceptable confidence
level in the range 1072 — 1072 pc for Rpas. As it will be clear in the
following, we emphasize that even a such small value for the DM mass
(that is about only 5% of the standard estimate 3.67 &= 0.19 x 10° M, for
the dark mass at the Galactic Center (Ghez et al. 2005)) may give some
observational signatures.

Evaluating the S2 apoastron shift ! as a function of Rpjys, one can
further constrain the DM sphere radius since even now we can say that
there is no evidence for negative apoastron shift for the S2 star orbit at the

'We want to note that the periastron and apoastron shifts A& as seen from the orbit center have the
same value whereas they have different values as seen from Earth (see Eq. (23)). When we are comparing
our results with orbit reconstruction from observations we refer to the apoastron shift as seen from Earth.
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level of about 10 mas (Genzel et al. 2003). In addition, since at present
the precision of the S2 orbit reconstruction is about 1 mas, we can say
that even without future upgrades of the observational facilities and simply
monitoring the S2 orbit, it will be possible within about 15 years to get
much more severe constraints on Rpyy.

Moreover, observational facilities will allow in the next future to
monitor faint infrared objects at the astrometric precision of about 10
pas (Eisenhauer et al. 2005) and, in this case, previous estimates will be
sensibly improved since it is naturally expected to monitor eccentric orbits
for faint infrared stars closer to the Galactic Center with respect to the S2
star.

In Fig. 30, the mass profile M (< r) (Ghez et al. 2003) obtained by
using observations of stars nearby the Galactic Center is shown (solid line).
The dotted line represents the stellar mass profile as given in Eq. (18), while
the dashed lines are for DM spheres with mass Mpys ~ 2 x 10° Mg, and
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Apoastron Shift Constraints

According to GR, the motion of a test particle can be fully described
by solving the geodesic equations. Under the assumption that the matter
distribution is static and pressureless, the equations of motion at the
first post-Newtonian (PN) approximation become (see e.g. (Fock 1961,
Weinberg 1972, Rubilar & Eckart 2001))

d
d_‘; ~ —V (D + 28%) + dv(v- V)By — 2 VB . (21)

We note that the PN-approximation is the first relativistic correction from
which the apoastron advance phenomenon arises. In the case of the S2
star, the apoastron shift as seen from Earth (from Eq. (23)) due to the
presence of a central black hole is about 1 mas, therefore not directly
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detectable at present since the available precision in the apoastron shift
is about 10 mas (but it will become about 1 mas in 10-15 years even
without considering possible technological improvements). It is also evident
that higher order relativistic corrections to the S2 apoastron shift are even
smaller and therefore may be neglected at present, although they may
become important in the future.

As it will be discussed below, the Newtonian effect due to the existence
of a sufficiently extended DM sphere around the black hole may cause a
apoastron shift in the opposite direction with respect to the relativistic
advance due to the black hole. Therefore, we have considered the two
effects comparing only the leading terms.

For the DM distribution at the Galactic Center we follow Eq. (19)
as done in Hall & Gondolo (2006). Clearly, if in the future faint infrared
stars (or spots) closer to the black hole with respect to the S2 star will be
monitored (Eisenhauer, (2005)), this simplified model might well not hold
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and higher order relativistic corrections may become necessary.

For a spherically symmetric mass distribution (such as that described
above) and for a gravitational potential given by Eq. (20), Eq. (21) may be
rewritten in the form (see for details Rubilar & Eckart (2001))

dv.  GM(r) [(1+4@N+02) r_M] , (22)

dt rs c2 c2 c?

r and v being the vector radius of the test particle with respect to the center
of the stellar cluster and the velocity vector, respectively. Once the initial
conditions for the star distance and velocity are given, the rosetta shaped
orbit followed by a test particle can be found by numerically solving the set
of ordinary differential equations in eq. (22).

In Fig. 20, as an example, assuming that the test particle orbiting the
Galactic Center region is the S2 star, we show the Post Newtonian orbits
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obtained by the black hole only, the black hole plus the stellar cluster and
the contribution of two different DM mass density profiles. In each case the
S2 orbit apoastron shift is given. As one can see, for selected parameters
for DM and stellar cluster masses and radii the effect of the stellar cluster
Is almost negligible while the effect of the DM distribution is crucial since it
enormously overcome the shift due to the relativistic precession. Moreover,
as expected, its contribution is opposite in sign with respect to that of the

black hole (Nucita et al. (2007)).

We note that the expected apoastron (or, equivalently, periastron) shifts
(mas/revolution), A® (as seen from the center) and the corresponding
values Agb% as seen from Earth (at the distance Ry ~ 8 kpc from the GC)

are related by

B d(lR—iOe)ACD, (23)

where with the sign £ are indicated the shift angles of the apoastron (-+)
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and periastron (-), respectively. The S2 star semi-major axis and eccentricity
are d =919 AU and e = 0.87 (Ghez et al. 2005).

In Fig. 32, the S2 apoastron shift as a function of the DM distribution
size Rpas is given for « = 0 and Mpy ~ 2 x 10° M. Taking into
account that the present day precision for the apoastron shift measurements
is of about 10 mas, one can say that the S2 apoastron shift cannot be
larger than 10 mas. Therefore, any DM configuration that gives a total
S2 apoastron shift larger than 10 mas (in the opposite direction due to the
DM sphere) is excluded. The same analysis is shown in Figs. 33 and 34
for two different values of the DM mass distribution slope, i.e. @ = 1 and
a = 2, respectively. In any case, we have calculated the apoastron shift for
the S2 star orbit assuming a total DM mass Mpjy; ~ 2 x 10° M. As one
can see by inspecting Figs. 32-34, the upper limit of about 10 mas on the
S2 apoastron shift may allow to conclude that DM radii in the range about
1072 — 1072 pc are excluded by present observations.
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We notice that the results of the present analysis allows to further
constrain the results (Hall and Gondolo 2006) who have concluded that if
the DM sphere radius is in the range 1072 — 1 pc, configurations with DM
mass up to Mpyr — 2 x 10° My, are acceptable. The present analysis shows
that DM configurations of the same mass are acceptable only for Rps out
the range between 1072 — 1072 pc, almost irrespectively of the o value.
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Figure 28: An allowed region for DM distribution from S2 like star
trajectories near the Black Hole at the Galactic Center (Hall and Gondolo
(2006)).
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Figure 29: An allowed region for DM distribution from S2 like star
trajectories near the Black Hole at the Galactic Center (Hall and Gondolo
(2006).
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Figure 31: PN-orbits for different mass configurations at the Galactic
Center. The S2 star has been considered as a test particle and its apoastron
shift is indicated in each panel as A® (in arcsec). The top-left panel
shows the central black hole contribution to the S2 shift that amounts to
about 580 arcsec. The top-right panels shows the combined contribution
of the black hole and the stellar cluster (taken following eq. 18) to the
S2 apoastron shift. In the two bottom panels the contribution due to two
different DM mass-density profiles is added (as derived in eq. 19). We
assume that DM mass Mpr ~ 2 x 10° Mg,
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Figure 32: Apoastron shift as a function of the DM radius Rpps for « =0
and Mpar ~ 2 x 10° Mg. Taking into account present day precision for the

apoastron shift measurements (about 10 mas) one can say that DM radii
Rpas in the range 8 x 107% — 1072 pc are not acceptable.
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Figure 33: The same as in Fig. 32 for « = 1 and Mpyr ~ 2 x 10° M. As
in the previous case one can say that the S2 apoastron shift put severe limits
on the DM mass radii that are not acceptable in the range 9 x 10~% — 102
pC.
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Figure 34: The same as in Fig. 32 for « = 2 and Mpy ~ 2 x 10°
Mg. As in the previous case one can say that the upper limit to the S2
apoastron shift allows to constrain the DM radius to be out the range
L 109 = 1.0 = 107 po
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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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Fig. 4.— MACHO-98-BLG-6 lightcurve closeup with lightcurves normalized to the unlensed flux of the

lensed star. The MACHO red and blue data are plotted in magenta and blue, respectively, the CTIO data are
shown in red, and the MPS data are shown in green. The black curve is the parallax fit while the cyan curve
is the best fit standard microlensing lightcurve. The gap in the MACHO red data during the day 2280-2650
interval is due to a CCD failure. An additional year of data showing no photometric variation is not shown.
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Fig. 11.— The mass vs. distance relations (solid curves) for our candidate black hole lenses are shown along
with the likelihood functions (long dashed curves) computed assuming a standard model for the Galactic
phase space distribution. The source star 1s assumed to reside in the bulge for both events. The implied best
fit masses are M = 6 7'M, for the MACHO-96-BLG-5 lensand M = 6 7 M, for the MACHO-98-BLG-
6. The 95% confidence level lower limits on the masses are 1.6Mg, and 0.94Mg, respectively. The short
dashed curves delineate the portion of the likelihood functions that is allowed when the lens is assumed to
be a main sequence star. The ratio of the area below this portion to the entire area below the likelihood curve
gives a probability that a lens is a main sequence star. For MACHO-96-BLG-5, the upper limit on the lens
brightness is very stringent because of the HST images, and a main sequence lens is ruled out.



Table 7.

Mass & Magnitude Estimates for the MACHO Microlensing Parallax Events

B M/Mg  Mys/Mg  Dg_ms  sepMS V. AL, AV, ABy,, AU,
104-C B i 0.74 2.7kpc  40mas 17.3 3.5 35 3.5 3.2
96-BLG-5 677 - - - - - - g -
96-BLG-12 1.3% 7 0.75 20kpec  28mas  18.0 2.1 2.2 2.2 2.3
98-BLG-6  2.57% 7 0.88 5.7kpe 5mas  20.1 2.2 1.9 1.6 1.1
99-BLG-1  0.7F = 0.40 1.7kpc ~ 17mas 18.9 1.8 3.2 3.6 3.9
99-BLG-8  1.2%) ¢ 1.2 1.6kpc  25mas 16.3 1.3 0.7 -03 -1.1

Note. — These are the parameters of the “most likely” main sequence star lenses for our best microlensing parallax
events. For MACHO-96-BLG-5, a main sequence lens is ruled out.
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ABSTRACT

We attempt to identify all microlensing parallax events for which the parallax fit improves Ay? > 100 relative to a
standard microlensing model. We outline a procedure to identify three types of discrete degeneracies (including a new
one that we dub the “ecliptic degeneracy”) and find many new degenerate solutions in 16 previously published and
six unpublished events. Only four events have one unique solution, and the other 18 events have a total of 44 solu-
tions. OQur sample includes three previously identified black hole (BH ) candidates. We consider the newly discovered
degenerate solutions and determine the relative likelihood that each of these is a BH. We find that the lens of event
MACHO-99-BLG-22 is a strong BH candidate (78%), event MACHO-96-BLG-5 is a marginal BH candidate (37%),
and MACHO-98-BLG-6 is a weak BH candidate (2.2%). The lens of event OGLE-2003-BLG-84 may be a Jupiter-
mass free-floating planet candidate based on a weak 3 o detection of finite-source effects. We find that event MACHO-
179-A is a brown dwarf candidate within ~100 pc of the Sun, mostly due to its very small projected Einstein radius,
g = 0.23 £ 0.05 AU. As expected, these microlensing parallax events are biased toward lenses that are heavier
and closer than average. These events were examined for xallarap (or binary-source motion), which can mimic
parallax. We find that 23% of these events are strongly affected by xallarap.
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Conclusion

Scientific Questions

subdivided into topics where important progress can be expected in the
Cosmic Vision 2015-2025 timeframe

3.What are the fundamental physical laws of the Universe?
3.3 Matter under extreme conditions

Probe gravity theory in the very strong field environment of black holes and
other compact objects, and the state of matter at supra-nuclear energies in
neutron stars

4.How did the Universe originate and what is it made of?

4.2 The Universe taking shape

Find the very first gravitationally-bound structures that were assembled in
the Universe — precursors to today’s galaxies, groups and clusters of galaxies
- and trace their evolution to the current epoch

4.3 The evolving violent Universe

Trace the formation and evolution of the supermassive black holes at galaxy
centres — in relation to galaxy and star formation — and trace the life cycles of
matter in the Universe along its history
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XMM-Newton observations of
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Understanding the spectral behaviour



—
-
(]
~
~—~
9
=
(]
<+ g
=

S0
£y1suaquy aur]




Spin axis
S

A

Ergosphere

Horizon

Static Limit




FARIRE

hEAFRALE
bhx RhHEF

Prof. Alexander Zakharov

Institute of Theoretical and Experimental Physics,
Moscow, Russia

Measuring Parameters of
Supermassive Black Holes with
Present and Future Space Missions

of ®©: 20054 10 A 20 B (2 HwW), T4+ 3:30
tos: ERKFEFA-FTH 2907 (KA LE2NT)

3R 3 B







The next step : Constellatlon X
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Reynolds et al

Analysis of iron line variability (from
orbital motion of disk & reverberaﬁm
effects) allows to to separate effects of
= Accretion disk physics |
= Spacetime geomeftry
Requires superior collecting area of |
Constellation-X |




