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ABSTRACT

We report new precision measurements of the properties of our Galaxy’s supermassive black hole.
Based on astrometric (1995-2007) and radial velocity (2000-2007) measurements from the W. M. Keck
10-meter telescopes, a fully unconstrained Keplerian orbit for the short period star S0-2 provides values
for the distance (Rg) of 8.0 & 0.6 kpc, the enclosed mass (M) of 4.1 & 0.6 x 1061\1,‘”, and the black
hole’s radial velocity, which is consistent with zero with 30 km/s uncertainty. If the black hole is
assumed to be at rest with respect to the Galaxy (e.g., has no massive companion to induce motion),
we can further constrain the fit and obtain Ry = 8.4 £ 0.4 kpc and My, = 4.5 + 0.4 x 10°M,. More
complex models constrain the extended dark mass distribution to be less than 3-4 x 10° Mg, within 0.01
pe, ~100x higher than predictions from stellar and stellar remnant models. For all models, we identify
transient astrometric shifts from source confusion (up to 5x the astrometric error) and the assumptions
regarding the black hole’s radial motion as previously unrecognized limitations on orbital accuracy
and the usefulness of fainter stars. Future astrometric and RV observations will remedy these effects.
Our estimates of Rg and the Galaxy’s local rotation speed, which it is derived from combining Ry with
the apparent proper motion of Sgr A*, (0 = 229 + 18 km s~ '), are compatible with measurements
made using other methods. The increased black hole mass found in this study, compared to that
determined using projected mass estimators, implies a longer period for the innermost stable orbit,
longer resonant relaxation timescales for stars in the vicinity of the black hole and a better agreement
with the Mys-o relation.
Subject headings: black hole physics — Galaxy:center — Galaxy:kinematics and dynamics — in-

frared:stars — techniques:high angular resolution

1. INTRODUCTION

Ever since the discovery of fast moving (v > 1000 km
s7!) stars within 0.”3 (0.01 pc) of our Galaxy’s central
supermassive black hole (Eckart & Genzel 1997; Ghez et
al. 1998), the prospect of using stellar orbits to make pre-
cision measurements of the black hole’s mass (M) and
kinematics, the distance to the Galactic center (Rg) and,
more ambitiously, to measure post-Newtonian effects has
been anticipated (Jaroszynski 1998, 1999; Salim & Gould
1999; Fragile & Mathews 2000; Rubilar & Eckart 2001;
Weinberg, Milosavlejic & Ghez 2005; Zucker & Alexan-
der 2007; Kraniotis 2007; Will 2008). An accurate mea-
surement of the Galaxy’s central black hole mass is useful
for putting the Milky Way in context with other galax-
ies through the apparent relationship between the mass
of the central black hole and the velocity dispersion, o,
of the host galaxy (e.g., Ferrarese & Merrit 2000; Geb-
hardt et al. 2000; Tremaine et al. 2002). It can also
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be used as a test of this scaling, as the Milky Way has
the most convincing case for a supermassive black hole
of any galaxy used to define this relationship. Accurate
estimates of Ry impact a wide range of issues associated
with the mass and structure of the Milky Way, including
possible constraints on the shape of the dark matter halo
and the possibility that the Milky Way is a lopsided spi-
ral (e.g., Reid 1993; Olling & Merrifield 2000; Majewski
et al. 2006). Furthermore, if measured with sufficient ac-
curacy (~1%), the distance to the Galactic center could
influence the calibration of standard candles, such as RR
Lyrae stars, Cepheid variables and giants, used in es-
tablishing the extragalactic distance scale. In addition
to estimates of My, and Ry, precision measurements of
stellar kinematics offer the exciting possibility of detect-
ing deviations from a Keplerian orbit. This would allow
an exploration of a possible cluster of stellar remnants
surrounding the central black hole, suggested by Morris
(1993), Miralda-Escudé & Gould(2000), and Freitag et
al. (2006). Estimates for the mass of the remnant cluster
range from 10%—10° M, within a few tenths of a parsec of
the central black hole. Absence of such a remnant cluster
would be interesting in view of the hypothesis that the
inspiral of intermediate-mass black holes by dynamical
friction could deplete any centrally concentrated cluster
of remnants. Likewise, measurements of post-newtonian
effects would provide a test of general relativity, and, ul-
timately, could probe the spin of the central black hole.

Tremendous observational progress has been made over
the last decade towards obtaining accurate estimates of
the orbital parameters of the fast moving stars at the
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Fic. 12.— Correlation of the estimated black hole’s distance and line-of-sight velocity (V-) from our 13 parameter model fit. V.
dominates the uncertainties in Rg and consequently Myy. Priors on V. can reduce the uncertainties in Rg by a factor of two. All previous
studies have set V. to zero, which implicitly assumes that there are no massive companions to our Galaxy’s central supermassive black hole

and that the local standard of rest is perfectly known.

4.2. Point Mass Plus Extended Mass Distribution
Analysis

Limits on an extended mass distribution within S0-
2's orbit are derived by assuming that the gravitational
potential consists of a point mass and an extended mass
distribution, and allowing for a Newtonian precession of
the orbits (see, e.g., Rubilar & Eckart 2001). In order
to do this, we use the orbit fitting procedure described
in Weinberg et al. (2005), and adopt an extended mass
distribution that has a power-law density profile p(r) =
po(r/ro)~ 7. This introduces two additional parameters
to the model: the normalization of the profile and its
slope 7. The total enclosed mass is then given by

3—v
M(< 7) = Mpy + Max(< 70) (r—’o) .,

where we quote values for the normalization My (< 1)
at ro = 0.01 pc, corresponding to the characteristic scale
of the orbit. Figure 13 shows the constraint on My (<

0.01 pc) and v from a fit to the astrometric and radial
velocity measurements for S0-2. The 99.7% confidence
upper-bound on the extended mass is My (< 0.01 pc) =~
3 —4 x 10°M, and has only a weak dependence on 7.
Mouawad et al. (2005) report a similar upper-bound
on the extended mass in fits to the orbit of S0-2. Their
analysis differs only slightly from that presented here in
that it forces the focus to be at the inferred radio posi-
tion of Sgr A*, assumes a Plummer model mass distri-
bution, and is based on data presented in Eisenhauer et
al. (2003). Similarly, Zakharov et al. (2007) use an or-
der of magnitude analysis to show that if the total mass
of the extended matter enclosed within the S0-2 orbit
is 2 10°M,, then it would produce a detectable apoc-
enter shift A¢ 2 10 mas (see also § 3.2 in Weinberg et
al. 2005). Hall & Gondolo (2006) fit the total measured
mass concentration M (< r) given in Ghez et al. (2005)
assuming a power-law density profile and obtain an up-

per bound of ~ 10° M, between 0.001 — 1 pc.
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The Galactic Center massive black hole and nuclear star cluster

Reinhard Genzel,” Frank Eisenhauer, and Stefan Gillessen
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The Galactic Center is an excellent laboratory for studying phenomena and physical processes that
may be occurring in many other galactic nuclei. The center of our Milky Way is by far the closest
galactic nucleus, and observations with exquisite resolution and sensitivity cover 18 orders of
magnitude in energy of electromagnetic radiation. Theoretical simulations have become increasingly
more powerful in explaining these meast This review summarizes the recent progress in
observational and theoretical work on the central parsec, with a strong emphasis on the current
empirical evidence for a central massive black hole and on the processes in the surrounding dense
nuclear star cluster. Current evidence is presented, from the analysis of the orbits of more than two
dozen stars and from the measurements of the size and motion of the central compact radio source,
Sgr A*, that this radio source must be a massive black hole of about 4.4 X 10°M, beyond any
reasonable doubt. What is known about the structure and evolution of the dense nuclear star cluster
surrounding this black hole is reported, including the astounding fact that stars have been forming in
the vicinity of Sgr A* recently, apparently with a top-heavy stellar-mass function. A dense
concentration of fainter stars centered in the immediate vicinity of the massive black hole are
discussed, three of which have orbital peri-bothroi of less than one light day. This “S-star cluster™
appears to consist mainly of young early-type stars, in contrast to the predicted properties of an
equilibrium “stellar cusp™ around a black hole. This constitutes a remarkable and presently not fully
understood “paradox of youth.” What is known about the emission properties of the accreting gas
onto Sgr A* is also summarized and how this emission is beginning to delineate the physical
properties in the hot accretion zone around the event horizon.
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Rev. John Michell: Phil. Trans. R. Soc. London, 74, 3557 (1784).

VIL On the Means of d fcovermg the Diftance, Magnitude, &c.
of the Fived Stars, in conﬁ’gumce of the Diminution of the
Velocity of their Light, in cafe fuch a Diminution Should 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 Henry Cavendifh, Ejg 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 {pheere of the fame denfity with the {un were to exceed that of
the fun in the proportion of goo to 1,

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

gravity.



Black hole history (I)

1783 : The Reverend John Michell (invisible sphere)

1798,1799 : P.S. Laplace (Exposition du Systeme du Monde Part I, p.
305, Allgemeine Geographifche Ephemeriden, 4, S.1, 1799)

1915 : K. Schwarzschild

1928 : Ya.l Frenkel (EOS for degenerate electron Fermi-gas with
arbitrary relativistic degree and typical WD masses)

1930 : E. Stoner (the upper limit for masses of white dwarfs for
uniform mass distribution)

1931 : S. Chandrasekhar (the upper limit for masses of white dwarfs
for polytrope mass distribution)

1932 : E. Stoner (EOS for degenerate electron Fermi-gas with
arbitrary relativistic degree); Landau (the correct number for the
upper limit for masses of white dwarfs for polytrope mass distribution)

1934, 1935 : S. Chandrasekhar (the upper limit for masses of white
dwarfs for arbitrary relativistic degree)

1935 : A.Eddington (rejections of the upper limit for WDs)

1939 : R.Oppenheimer & G.Volkoff (the upper limit for NSs and the GR
approach)

1939 : R.Oppenheimer & R.Snyder (the collapse of pressureless stars
and the GR approach)



Black hole history (II)

1939: Einstein considered a possibility “to create a field having
Schwarzschild singularity by gravitating masses”;

Einstein (1939): “The main result of this investigation is a clear
understanding that Schwarzschild singularities do not exists in real
conditions”;

1942: Bergmann:” In reality, mass has no possibility to concentrate

by the following way that the Schwarzschild singular surface would
be in vacuum”

1958 : D. Finkelstein & 1960 M.Kruskal (causal structure of
Schwarzschild metric)

1962 : R. Feynman “Lectures on gravitation” (“it would be interesting
to investigate dust collapse” (23 years later OS paper!)

1967 : J.A. Wheeler: black holes predicted
to result from “continued gravitational
collapse of over-compact masses” (the
birth of the BH concept)
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Black holes in centers of galaxies

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


I:/alexander/Alex-ppt/belgrade_03/observatory/ho1.ps
I:/alexander/Alex-ppt/belgrade_03/observatory/ho2.ps

TABLE 1: GALAXIES WITH BLACK HOLE MASSES

Galaxy Hubble T  Spectral cz D Ref. Mgu Method  Ref.
Name Type Class (km s™1) (Mpc) (Mg)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

3C 120 (Mrk 1506) SO: -1.0 S1 9896 137.8 1 2.3 %107 R 1
3C 390.3 (VII w 838) E? -50 S1 16818 241.2 1 3.4 x108 R 1
Ark 120 (Mrk 1095) S0/a 0.0 S1 9682 134.6 1 1.84x 108 R 1
Arp 102B E0 -50 L1.8 7245 99.7 1 2.2 x108 G 2
Circinus Sh: 3.0 S2 449 4.0 2 1.3 x10° M 3
Fairall 9 S? e 81 14095 199.8 1 8.0 x107 R 1
IC 342 SABed 6.0 H 31 1.8 3 <5.0 x10° S 4
IC 1459 E3 -5.0 L2 1691 29.2 4 3.7 x108 G 5
IC 4329A S0+ -1.0 S1 4813 65.5 1 5.0 x10° R 1
Milky Way She 3.0 .- vee 0008 5 2.95x10° S 6
Mrk 79 (UGC 3973) SBb 3.0 S15 6652 91.3 1 5.2 x107 R 1
Mrk 110 Pair? e 81 10580 147.7 1 5.6 x10° R 1
Mrk 279 (UGC 8823) SO -1.0 S1.5 9129 126.6 1 4.2 x107 R 1
Mrk 335 S0/a 0.0 S1.0 7730 106.6 1 6.3 x10° R 7
Mrk 509 comp e 81 10312 143.8 1 5.78 %107 R 1
Mrk 590 (NGC 863) Sa: 1.0 S1.2 7910 109.2 1 1.78 x 107 R 1
Mrk 817 (UGC 9412) S? o SL5 9430 131.0 1 4.4 x107 R 1
NGC 205 (M110) dE5 50 A 241 0.74 6 <9.3 x10* S 8
NGC 221 (M32) E2 6.0 A -145 0.81 4 3.9 x10° S 9
NGC 224 (M31) Sh 30 A -300 0.76 4 3.3 x107 S 10
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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 is assumed to reside in the bulge for both events. The implied best
fit masses ate M = 6 '*_130.\,-1(.:.] for the MACHO-96-BLG-5 lensand M = 6 i';_\, @ for the MACHO-98-BLG-
6. The 95% confidence level lower limits on the masses are 1.6M, 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.
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SYSTEMATIC ANALYSIS OF 22 MICROLENSING PARALLAX CANDIDATES

1 2 4
SHawN PoINDEXTER, CRISTINA AFoNSO,” Davip P. BENNETT,3 Jean-Francors GLICENSTEIN,

ANDREW GOULD,1 MicHat. K. SZYMAI\,JSKI,S AND ANDRZEJ UDALSKI®
Received 2005 June 10, accepted 2005 July 15

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 & 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,
7 = 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.



Black holes in galaxy centers

Black Hole Mass Scales with Galaxy Size
Black Hole Mass

Many galaxies are assumed
to have the black holes in
their centers.

The black hole masses vary
from million to dozens of
billion Solar mass.




Sevfert galaxies and Ko line

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 spectra, which
seems to arise in the

S35 O innermost part of the

accretion disk close to the

event horizon.

Hubble image of Seyfert
galaxy NGC 4151 shown at
STIS Optical the Ieft.

Seyfert Galaxy NGC 4151 HST « STIS « WFPC2

PRC97-18 « ST Scl OPO « June 9, 1997
B. Woodgate (GSFC), J. Hutchings (DAO) and NASA
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Fe Ko line origin

Ka (6.4 keV) analogous to La in hydrogen,
electron transition to the lowest level

excitation by electronic shock

hv > 7.1 keV neutral iron
photoionization and recombination

Fe XXV, XXVI - 6.9 keV hydrogen-like Fe



Emission lines in Seyfert galaxies

OVill 0.653 keV Fel 0.7- 0.8 keV
NelIX 0.915 keV NeX 1.02 keV
Fel 1.03-1.25keV Mg Xl 1.34 keV
Mg XIl 1.47 keV Si XIllIl 1.85 keV
Si XIV 2.0 keV SXIV 2.35 keV
S XV 2.45 keV S XVI 2.62 keV
Ar XVII 3.10 keV Ar XVIII 3.30 keV
Fe | — Fe XVI 6.4 keV
Fe XVII - Fe XXIIl 6.5 keV
Fe XXV 6.68 keV K (X
Fe XXVI 6.96 keV

Turner, George, Nandra, Mushotzky
ApJSS, 113, 23, 1997, November

We find a 6.4 keV emission line in 72% of the sample (18 of 25 sources) at the 99% confidence level.
The 5 -7 keV regime is dominated by emission from neutral iron (< Fe XVI).




