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July 19–20, 2003 April 21–22, 2003 July 22–23, and 2003
September 7–8. These data sets were collected and analyzed
similarly to the data sets obtained between 1995 and 1999 for this
project (see Ghez et al. 1998, 2000 for details). In summary, short
(texp ¼ 0:1 s) exposures were obtained in sets of"200, resulting
in a total of"7000 exposures per observing run. Each frame, with
a scale of 20:396 # 0:042 mas pixel$1 (see Appendix B) and a
corresponding field of view of 5B22 ;5B22, was sky-subtracted,
flat-fielded, bad-pixel–corrected, corrected for distortion effects,
and magnified by a factor of 2. In sets of 200, the frames were
shifted to the location of the brightest speckle of IRS 16C (K ¼
9:8 mag) and combined to create intermediate shift-and-add
(SAA) maps, which have point-spread functions (PSFs) that can
be described as containing a diffraction-limited core on top of a
seeing halo. These were then combined after applying a seeing
cut, which required that the seeing halo FWHM be less than
"$0B4 to 0B6, depending on the overall quality of the night.
Final SAA maps have PSFs composed of a diffraction-limited
core (! " 0B05), containing "4% of the radiation, on top of a
halo that has an FWHM of"0B4. In addition to averaging all the
data from each run to produce a final SAA map, these data were
divided into three subsets to construct ‘‘submaps,’’ which were
used to determine positional and brightness uncertainties.

3. DATA ANALYSIS AND RESULTS

3.1. Source Identification

Sources are identified using the same procedure described by
Ghez et al. (1998), with a few minor modifications. As in Ghez
et al. (1998), a ‘‘match filter’’ is applied to each image, by cross-
correlating the image with the core of its PSF, out to a radius of
0B06 (see Fig. 1). In a first pass at source identification, corre-
lation peaks larger than a threshold value are flagged as stars.
Once stars are identified, a second lower threshold value is used
to track these stars in images in which they were not identified
with the first threshold value; this second pass search is lim-
ited to within a specified radius of the predicted position. Posi-
tions of sources found in either the first or second pass search
are estimated on the basis of the correlation map peak, and only
sources that are identified in at least three epochs are included in
our final proper-motion sample. While in Ghez et al. (1998) the
predicted position for the second pass source search was simply
the position found in the first pass, here we use any kinematic
information available from the first pass to define this predicted
position. Two other modifications change only the values used
in the algorithm. We lowered the first pass threshold correlation
value for source identification from 0.7 to 0.5, which allows
fainter sources to be identified, and we have decreased the sec-
ond pass search area radius from 0B07 to the uncertainty in the
predicted position (with the constraint that it must be at least
0B01 and no more than 0B07), because of the increased number
of sources that are being tracked. Positions are now estimated
using Gaussian fits, as opposed to a simple centroiding algo-
rithm. The final modification requires that each source be de-
tected in all three submaps (see x 2); first and second pass sources
had submap correlation thresholds of 0.3 and 0.2, respectively.

Photometric values are estimated using two methods. First,
simple aperture photometry, as described in Ghez et al. (1998),
is applied to help track the sources through the data set. Sec-
ond, PSF fitting with StarFinder (Diolaiti et al. 2000) is imple-
mented, and these are the values (average and rms) reported in
Table 1. StarFinder and aperture photometry produce the same
results for bright (KP 15:2) sources, but for the fainter sources
the StarFinder results are somewhat fainter ("0.2 mag) and

more precise, because of the stellar confusion. In this study, the
zero points are established on the basis of Blum et al. (1996)
measurements of IRS 16C (K ¼ 9:83 mag), IRS 16NW (K ¼
10:03 mag), and IRS 16NE (K ¼ 9:00 mag), which results in
magnitudes that are "0.2 mag fainter than those reported in
Ghez et al. (1998), which relied on IRS 16NE only for a zero-
point estimate.
While many sources are identified and tracked over our entire

"500 ; 500 field of view, this study is limited to sourceswithin a ra-
dius of 0B4 of the infrared position for Sgr A* (see Appendix B);
the radius is set by the criterion that all stars with accelerations of
2 mas yr$2 or greater should reside within this region, assuming
a mass M of 3:7 ;106 M% (see x 4.1), or equivalently r2max ¼
GM=amin.
This procedure identifies 17 proper-motion sources (KP 16:8),

of which 10 are newly discovered in this study3 and all of
which are shown in Figure 1. The new sources are fainter than
the sources in this study that were previously published (Knewk
15:1mag), with only one exception (S0-8, which is located at the
largest projected separation). Among the original proper-motion
sample reported in Ghez et al. (1998), there are many other
sources comparably faint to the newly discovered proper-motion
sources, but at larger radii; the reason for this is that at the center
of the maps source confusion lowers the correlation values and
reduces the sensitivity to faint sources using our source identi-
fication technique. The new source detections are therefore a con-
sequence of our lower correlation thresholds, and, as can be seen
in Figure 1, these thresholds are still fairly conservative, since a

Fig. 1.—Central 100 ; 100 of the cross-correlation (or match filter) map for
the 2000 May data set. Of the 17 sources identified in this study by the criteria
described in x 3.1, 15 are seen in this map. The remaining two, marked with
crosses, are missed in this particular map because of confusion with a brighter
nearby source. An asterisk denotes the black hole’s dynamically determined
position (see x 3). The criteria used for source identification are still quite
conservative as there are several unlabeled peaks that appear to be real
sources, within 0B4 of Sgr A*.

3 We note that after this paper was submitted for publication, 6 of the 10 new
sources were also reported by Schödel et al. (2003).
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checked by carrying out a semi-independent fit in which the
central dark object’s location is treated as a common parame-
ter, but its mass is not. This fit is carried out with the three stars,
S0-2, S0-16, and S0-19, that yield meaningful independent mass
estimates (M=!M > 3), which are consistent to within 2 ", with
uncertainties of 0:2 ;106, 0:6 ;106, and 1:5 ;106 M!, respec-
tively. It therefore appears to be well justified to simultaneously
fit the data with a model in which the central dark object’s prop-
erties (M, rRA, rDEC, vRA, and vDEC) are common to all the stars.
Using an algorithm described by Salim & Gould (1999), we
solve for the orbital parameters simultaneously with the inclu-
sion of the central dark object’s linear motion on the plane of
the sky as a free parameter. Since S0-2, S0-16, and S0-19 are
the only stars that have any significant implications for the cen-
tral dark object’s properties, we divide the problem into two. A
three-star simultaneous fit with S0-2, S0-16, and S0-19 pro-
vides the orbital parameters for these three stars as well as the
central dark objects properties. The orbital parameters for each
of the remaining stars are obtained from a four-star simulta-
neous fit, which includes the star in question plus S0-2, S0-16,
and S0-19; this was done to appropriately include the effects of
the uncertainties in the central dark object’s parameters in es-
timates of the remaining stars’ orbital parameters. The resulting
#2
dof for all the simultaneous fits are comparable to 1, again sup-

porting the use of a point mass potential model.

3.3.2. Orbital Fit Results

Estimates of the central dark mass’ properties from the
three-star simultaneous fit are reported in Table 2. The central
dark mass is estimated to be 3:7("0:2) ; 106 R0= 8 kpcð Þ½ &3 M!.

While this is consistent with that inferred from the orbit of S0-2
alone (Ghez et al. 2003; Schödel et al. 2003), its uncertainty is a
factor of 3–4 times smaller due, primarily, to the longer time
baseline for the measurements, and, in part, to the additional
information offered by S0-16 and S0-19. This makes distance,
which is fixed in all the orbital analyses reported thus far, the
limiting uncertainty for the first time (see also Eisenhauer et al.
2003); the 0.5 kpc uncertainty in the Galactic center distance
(Reid 1993) contributes an additional 19% uncertainty in the es-
timated mass, beyond that reported in Table 2. Similarly to the
mass, the inferred center of attraction agrees well with the re-
sults from the analysis of S0-2’s orbit by Ghez et al. (2003). The
location is only modestly improved in the simultaneous fit, be-
cause the black hole’s proper motion is treated as an unknown
variable only in the multiple star orbit model, which increases
the formal uncertainties in the black hole’s location. The esti-
mate of the dark mass’s motion on the plane of the sky is the
first such estimate derived from orbital fits. While a single
star’s orbital trajectory can, in principle, constrain this motion,
in this solution it is primarily constrained by the closest ap-
proaches of S0-2, S0-16, and S0-19 and their span of periapse
passage times of 5 yr. The inferred proper motion of the dark
mass, with respect to the central stellar cluster, is 1:4 " 0:5 mas
yr'1, statistically consistent with no motion. Overall, simulta-
neously fitting the stellar orbital motion has allowed signifi-
cant improvements in the derivation of the central dark object’s
properties.

With the central parameters constrained simultaneously by
multiple stars, the precision with which each star’s orbital ele-
ments can be determined is also greatly improved compared to
that obtained from an independent orbit analysis. Table 3 lists
the parameters specific to the individual stars from the simul-
taneous fit. Over the course of this study (1995–2003), these
stars have either undergone periapse passage or are remarkably
close to periapse. The smallest periapse distance is achieved by
S0-16, which comes within 45 AU with a velocity of 12;000 "
2000 km s'1.

There are clear selection effects in this study that must be
understood and accounted for before the ensemble properties of
the sample can be studied. Since a star has to experience ac-
celeration in the plane of the sky of greater than 2 mas yr'2 to be
included in the orbital analysis, there is an observational bias
toward detecting stars in eccentric orbits at periapse, in spite of
the fact that a star spends most of its time away from periapse.
Stars experience their largest acceleration near periapse, at a pro-
jected distance that scales as q ¼ A(1' e). For a given semi-
major axis above)3200AU, this allows stars in highly eccentric
orbits to have detectable accelerations near their closest ap-
proach, while stars on low-eccentricity orbits will be below the
detection threshold in all parts of their orbits. Figure 3 quantifies

TABLE 2

Central Dark Mass Properties from Simultaneous
Orbital Fit to Multiple Stars

Parameter Estimated Value

Mass (106 R0= 8 kpcð Þ½ &3 M!) ............................................. 3.67 " 0.19

Position with respect to S0-2 in 2003.0 (mas):

! rRA ............................................................................... '36.5 " 1.6

! rDEC ............................................................................. '53.34 " 0.95

Proper motion relative to central cluster (mas yr'1):

VRA .................................................................................. 0.87 " 0.46

VDEC ................................................................................ 1.16 " 0.57

Fig. 2.—Astrometric positions and orbital fits for the seven stars that show
significant deviation from linear motion. The proper-motion measurements were
obtained between 1995 and 2003 at the Keck telescopes, have uncertainties that
are comparable to or smaller than the size of the points, and are plotted in the
reference frame in which the central dark mass is at rest. On the plane of the sky,
three of these stars showorbitalmotion in the clockwise direction (S0-1, S0-2, and
S0-16), and four of these stars have counterclockwise motion (S0-4, S0-5, S0-19,
and S0-20). Overlaid are the best-fitting simultaneous orbital solutions, which
assume that all the stars are orbiting the same central point mass. The orbital
solutions for the three stars that constrain the properties of the central dark object
are delineated by solid lines, and the joint orbital solutions for the remaining stars
are shown with dashed lines.
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≈4×106 M⦿ within 45 AU of dynamical center


