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Abstract

This project seeks to incorporate an unused body of data from the Hubble Space Tele-
scope with observations of the Galactic center accumulated over the past decade using high
resolution imaging techniques at the Keck telescope in Hawaii. Using Hubble observations
provides a means of both corroborating the Keck observations and contributing data points
to portions where the Keck data set is lacking. An archival study of the central arcsecond
of the Milky Way galaxy was made using data from the Near Infrared Camera and Multi-
Object Spectrometer (NICMOS) for periods between June 1997 and July 2003. A variety
of artifacts present from NICMOS had to be corrected. This includes large regions of bad
pixels, adjusting for geometrical distortion due to the detector being non-normal to the focal
plane, and establishing a pixel scale. Mechanical shifts from the expansion of the dewar after
NICMOS installation created a pixel scale that varies over time. The scale is stable at 43.12
mas per pixel between 309 and 632 days after January 1, 1997. Because the data examined
includes images from periods of rapid instability, a closer examination of pixel scale needs
to be done. The alignment and orbital fitting technique described by Ghez et al. (2005)
was utilized despite the fact that the HST data did not align perfectly. Unpublished Keck
data from the past few years was included in the study, further emphasizing the value of
fitting orbits. The measurement of R0, the distance between ourselves and the center of the
Milky Way, was of primary importance. An orbit was calculated for S0-2, the star with the
shortest orbital period in our galaxy’s central stellar cluster. After ten years of observation,
about two thirds of S0-2’s orbit has been mapped out. The orbit calculation yielded the
value 7.9 ± 0.2 kpc for R0. The 3% error is an improvement compared to the generally
accepted value of 8.0 ± 0.5 kpc (Reid, 1993). This calculation bodes well. With further
observations of S0-2 and other fast moving stars, measuring the value of R0 to within 1%
error is feasible.

1 Introduction

After the discovery of active galactic nuclei, it was theorized that a dormant black hole may
lie at the center of a galaxy as common as our own. To explore this possibility, motions were
looked for in stars near the Galactic center. It was established that these stars were in fact
moving, and stars that appeared to be orbiting a central mass became apparent. In order to
find the mass of a black hole at the center, stellar orbits had to be examined for a long enough
period of time to constrain the problem. In 2005 Ghez et al. examined a total of seven stellar
orbits and measured the central mass at 3.7 ± 0.2M⊙(×106)[R0/(8kpc)]3 and constrained its
size to 10 AU, which is around 600 times its Schwarzschild radius. These measurements helped
eliminate alternative hypotheses to a super massive black hole (SMBH) residing at the center
of the Milky Way.

The SMBH is currently believed to be associated with the compact radio source SgrA*.
Several stars with identifiable orbits are found around SgrA*. The most important of these
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is S0-2, which has an orbital period of 14.5 years (Ghez et al., 2005). S0-2 has the exciting
possibility of being observed for one full orbital period within a lifetime. Data from a full
period, if the orbit is closed, would greatly assist the accuracy of measuring the mass, position,
and distance to the SMBH. A second important star, S0-16, has a highly eccentric orbit and
came into its closest approach of 45 AU near the central mass during the year 2000 (Ghez et
al., 2005). This has been an important factor in limiting the density of the central SMBH.

This project was most concerned with observing the orbit of S0-2 because of its short
orbital period. An alternative to waiting for observations over the next few years is to examine
images from the past. This is precisely the purpose for examining images from the Hubble
Space Telescope archives around the years 1997 to 1998. With information from space-based
observations, data points can be added to portions of the S0-2 orbit for times when Keck
telescope availability was limited. The Hubble images must be cleaned and calibrated for use
in a variety of projects. These projects include the search for variable stars in the vicinity of
the Galactic center, finding more information about the young stars in the central parsec, and
studying the SMBH associated with the radio source SgrA*.

Among the most important uses of these observations is the measurement of the distance
between ourselves and the center of the Milky Way, R0. This measurement can be made by
utilizing precise astrometry to find the proper motion of stars within the central parsec of
SgrA*. Stellar trajectories, combined with absolute velocities determined from spectroscopic
measurements, can be fitted for orbits about the central SMBH. The distance R0 is necessary
to determine the distances associated with angular separations in the sky and is one of the
parameters involved in finding orbits. With high resolution images and the prospect of observing
a full orbit for S0-2, it may be possible to measure R0 to within 1% accuracy.

2 The Importance of R0

R0 is an important marker for determining extragalactic distance scales as well as refining a
variety of measurements related to objects (called “standard candles”) that are commonly used
to determine distances to areas within the Milky Way. These objects are part of a hierarchy
referred to as the “cosmic distance ladder.” A broad review done by Mark J Reid (1993)
discussed R0 measurements since the 1970’s. The value of R0 has been estimated by observing
objects such as globular clusters and assuming that they are distributed uniformly about the
galaxy’s center point. More direct measurements, via proper motions of H2O masers in the
vicinity of the Galactic center or the proper motion of SgrA*, can be made by fitting observations
of a variety of objects to models which depend on the value of R0.

1 Many of these studies, which
include observations of standard candles, depend on luminosity measurements from objects like
variable stars, which are subject to a lot of unknown systematic errors. The errors are due to
unknown amounts of extinction along the line-of-sight as well as calibration values which have
yet to be agreed upon by the astronomical community. Reid’s statistical survey gives R0 as
8.0 ± 0.5 kpc, and separate values have ranged from 6.5 to 10 kpc.

Observing the trajectories of stars about the central supermassive black hole serve as a
direct measurement of R0 through the “orbital binary” technique (Eisenhauer et al., 2003).
Angular velocities from observing the proper motion of these stars can be combined with ab-
solute velocities derived from spectra in order to find an orbital solution. The orbital solution
uses the absolute velocity from spectra to find the distances associated with angular velocity,
giving a value to R0. The uncertainty of R0 is a limiting factor for some models and currently

1For a comprehensive survey of methods used to determine R0 see Reid, 1993: The Distance to the Center of

the Galaxy
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Table 1: Relevant Data from NICMOS Camera 1
Date Filter # of Images

1997 Jun 03 F145M 16
1997 Oct 27-28 F164N 8
1997 Oct 27-28 F166N 8
1997 Oct 27-28 F187N 8
1998 Mar 02 F145M 20
1998 Mar 05 F187N 12
1998 Mar 05 F190N 12
1998 Jul 08 F164N 6
1998 Jul 08 F166N 6
1998 Jul 14 F145M 20
1998 Sep 05 F145M 20
1998 Oct 11 F187N 12
1998 Oct 11 F190N 12
1998 Oct 20 F145M 20
2003 Jul 05 F145M 20

contributes to 19% of the error in estimating the central black hole’s mass. By measuring the
value of R0 to greater precision than is already known, ambiguities in stellar models and the
properties of the standard candles which were initially used to estimate R0 can be solved. This
makes R0 a valuable link in the cosmic distance ladder. Furthermore, R0 can move towards
becoming a standard unit of extragalactic scale, improving kinematic models of our galaxy and
further aiding the search for the Hubble constant, an even more uncertain yet fundamental
value for determining timescales within our universe.

3 Hubble Space Telescope Data

In general, telescopes on Earth are subject to “seeing,” an effect due to the scattering of light and
turbulence in the Earth’s atmosphere. The Hubble Space Telescope presents the opportunity to
take images without this obstacle. In particular, the Near Infrared Camera and Multi-Object
Spectrometer (NICMOS) instrument was installed onto the Hubble Space Telescope in 1997. It
is equipped to observe in wavelengths comparable to those used in Keck images of the Galactic
center. NICMOS has filters of varying bandwidth (narrow, medium, and wide) centered on
wavelengths between 1.1 to 2.4 microns. Wavelengths of interest include 1.45, 1.64, and 1.66
microns, close to the standardized H filter, and 1.87 and 1.90 microns, corresponding to a
K filter. Probing the Galactic center in the near-infrared is useful because light at shorter
wavelengths is less able to penetrate the amount of gas and dust obscuring it. Table 1 outlines
the data sets used from NICMOS Camera 1.

NICMOS Camera 1 has a field of view of 11 by 11 arcseconds with each pixel representing 43
mas of sky, about four times larger than the pixel scale for Keck data. Despite having larger pixel
sizes, images taken by the Hubble Space Telescope are diffraction limited; the ability to resolve
two point sources is limited by their diffraction patterns and not by aberrations introduced by
the atmosphere. The diffraction limit is proportional to λ/D, or the photon wavelength over
the diameter of the telescope aperture. The large diameter of the 10 meter Keck telescope in
Hawaii has a very small diffraction limit compared to NICMOS. With the use of adaptive optics
the Keck telescope is able to overcome the blurring effects of the atmosphere. The Hubble Space
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Telescope does not need such a large diameter, which is on the order of a few meters, in order
to obtain comparable resolving power because it is immune to the effects of seeing. So what
NICMOS Camera 1 lacks in pixel size is compensated for by image clarity. NICMOS Camera 2
and 3 had pixel scales on the order of 75 and 200 mas,2 respectively, making them less powerful
for observing the central stellar cluster. Only images from NICMOS Camera 1 were examined
in this study.

4 Difficulties Presented by NICMOS

After NICMOS was installed in 1997, the nitrogen-filled dewar underwent a mechanical shift
due to thermal expansion. The dewar pushed against the detectors, resulting in changes of
the pixel scale and focus. The new foci for cameras 1 and 2 were similar enough that a new
focus setting was found that was suitable for both cameras simultanesously.3 While focus was
not a problem associated with data from NICMOS Camera 1, determining the pixel scale and
correcting for different types of bad pixels were important.

4.1 Correcting the Plate Scale

The NICMOS Camera 1 detector was tilted with respect to the focal plane by a small amount.
This means that a slightly rectangular portion of the sky was projected onto each pixel. To
make each pixel represent a square patch of sky, a transformation can be applied using Drizzle,
developed by Fruchter and Hook (2002). The program is included in the dither package in
IRAF. The drizzle task applies a geometric transformation with coefficients determined by L.
Bergeron4 for NICMOS Camera 1. Drizzle preserves photometric accuracy by conserving total
flux. The coefficients file makes pixels of size 43.12 mas per pixel, which is accurate within
0.03% for images taken in late 1997 and all of 1998 (§5.4).

4.2 Correcting Bad Pixels

In addition to hot and cold pixels distributed throughout the detector chip, NICMOS images
have a few other types of aberrations. The first is a large region of bad pixels, fondly referred
to as “The Battleship” by the NICMOS Data Handbook §4.5.1 (Figure 1). When the dewar
expanded some of the anti-reflective coating chipped and fell onto the detector. This created a
bright region of pixels which was large enough to remain undetected as a bad region by the data
quality images associated with each data set. The battleship phenomenon is outside the region
of interest in most images, but is seen in the vicinity of the Galactic center in a few. It became
necessary to find a good way to eliminate the object using a bad pixel mask. The cosmicrays

task in IRAF offered a convenient way to select pixels for elimination and to create a bad pixel
mask. Using a threshold of 1.0, only pixels from the battleship phenomonon were selected and
a mask was created.

A second phenomenon occurs from detector shading corrections during the STScI calibration
process. A row of darkened pixels is produced, referred to as the “Erratic Middle Row”5 (Figure
1). The affected rows were identical for each image, so a bad pixel mask was created by marking
pixels only at Y = 128 and Y = 129. When the battleship phenomenon appeared in an area
near the Galactic center, a combined pixel mask containing both the battleship and erratic
middle row was used.

2NICMOS Instrument Handbook, §2.1
3http://www.stsci.edu/hst/nicmos/performance/focus
4Available at http://www.stsci.edu/hst/nicmos/performance/platescale/nic1 drizzle distort.dat
5NICMOS Data Handbook, §4.5.2
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Figure 1: A portion of one image where “The Battleship” (marked with an arrow) and “Erratic
Middle Row” are visible.

5 Data Analysis

5.1 Applying the Bad Pixel Mask

Bad pixels were identified before the drizzle task was applied to each image. Before the bad
pixel mask could be used, it had to be converted to the new square pixel format. The drizzle
process is made to preserve flux, so the values in each pixel in the new mask were calculated
by the amount that each old pixel overlapped the pixels on the new grid. The result is a bad
pixel mask containing flags in decimal form, as opposed to binary. This is not a format that
the C program combine6 can use. A threshold value of 0.45 was chosen to fix this problem. A
pixel value above the threshold was changed to a 1, indicating a bad pixel; anything below was
changed to a 0.

The final bad pixel mask was used during the combine process. Images from different
pointings were shifted and the overlapping regions averaged to create a mosaic of the Galactic
center. Bad pixels were omitted from the averaging process. In some cases, however, thin
dark lines are visible in the mosaics. This is due to the interpolation process used to calculate
pixel values after each image is shifted. The same interpolation is done for the bad pixel mask.
When sky subtraction is turned on to keep the background flat, the background value can still
be subtracted from pixels with a total bad pixel value that is small but nonzero. This artifact
occurred mostly for data sets that did not have very large dither steps between each exposure,
leading the bad pixel regions to overlap. Fortunately the dark lines are negligible for the purpose
of determining precise astrometry.

For every mosaic map three submaps were created using a smaller number of images. There
were a few exceptions; some data sets contained images in the F164N and F166N filters that
could not easily be arranged into submaps. Those data points, July 1998 in F164N and F166N,
were neglected from further analysis. Data from Oct 1997 contains only two submaps in the
F164N and F166N filters. The submaps were used to calculate errors in the positions of each

6Developed by B. Klein, A. Ghez, and S. Hornstein
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detected star. Data points from the October 1997 epoch have a less reliable error because more
than two submaps are necessary for calculating a reliable rms value for position.

Figure 2: Image of main map from June 1997, with 50 degree position angle. PSF stars are
labeled.

5.2 Determining Stellar Positions

Stars in the field were identified using the Starfinder program in IDL, developed by Emiliano
Diolaiti and continually updated by Diolaiti, S. Hornstein, and J. R. Lu. Starfinder searches for
stars using a point spread function (PSF) determined from a few sources selected by the user.
For the F145M images, which contained little to no saturation, 16C, 16NE, 16NW, and IRS7
were chosen as PSF stars. Filters containing saturation (F164N, F166N) or sources obscured
by the thermal emission of gas and dust (F187N, F190N) used 6E and 14NE in addition to the
other PSF stars (Figure 2). A saturation threshold was set at 200 counts. Above this level it
was guessed that the detector may experience a non-linear response to photon flux.

Because Starfinder is idealized to work with ground based telescopes, many of the scripts
typically used on Keck data had to be modified. Each time a PSF function was created, a
circular mask and a minimum threshold for inclusion into the PSF was applied. Contrary to
typical treatment of ground based images, no smoothing was applied to the PSF halo. After
each Starfinder pass the circular mask radius was widened and the extraction threshold lowered.
A total of three passes were made to extract the PSF. Determining appropriate values for
the circular mask radius and extraction threshold was greatly aided by Tiny Tim, a program
developed by STScI to simulate the PSF’s for the Hubble Space Telescope. Figures 3 and 4
compare one of the best PSF’s extracted by Starfinder with a PSF simulated by TinyTim. In
general the PSF’s from F145M data were qualitatively better because this filter was the one
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Figure 3: Point spread function extracted
from June 1997 data in F145M filter. Cir-
cular mask radius is 1.9′′.

Figure 4: Point spread function simulated
by TinyTim for an O6 type star in the
F145M filter. Image boxsize is 4.3′′ pixels.

used primarily for determining appropriate values for the circular mask radius and extraction
threshold.

The final run of Starfinder detected stars in two passes using a correlation threshold of 0.9
for main maps and 0.8 for submaps. The number of stars detected in the field ranged from
around 1000 to 1500. The photometric output from Starfinder was calibrated using known
magnitudes for the certain stars in the H and K filters, corresponding to the F145M through
F164N and F187N through F190N filters, respectively. Take note that these magnitudes are by
no means absolute. They are only necessary for identifying stars in the align process and are
acceptable for the scope of this project.

5.3 Examining Proper Motions

The HST data sets were aligned with Keck data from 1995 to 2005. Star positions were aligned
based on their stellar magnitudes. Unfortunately alignment failed for data in the F187N and
F190N filters; data points in those filters had to be thrown out due to time constraints. The
rest of the maps were aligned using the procedures outlined in Ghez et al. (2005). The motions
of stars were minimized, excluding stars within 0.5′′ of SgrA*. The July 1999 map from Keck
was used as the reference image. Estimations for velocities and orbits were used to label sources
near the center, making the alignment matching process more accurate.

Figure 5 shows the central arcsecond of the field of interest. Most of the HST data points
are from 1998 and do not appear to be in perfect correlation with the proper motions traced by
the Keck data points. The small group of 1998 points that appear out of line with data from
other years contains information from both HST and Keck. Most likely, the Keck points were
dragged away from their correct positions when the largely offset HST set was incorporated
into the alignment process. The HST data points from 2003 did not correlate with other stars
in the field and appears offset from other sources. In these cases, the HST point was identified
as a separate source and does not factor into the fitting of orbits for any particular star.

5.4 Problems Present in NICMOS Plate Scale

From the mysterious offsets between HST and Keck data present in Figure 5, it appears that
something is wrong with the NICMOS plate scale. A constant pixel scale of 43.1 mas was
assumed in calculating the stellar offsets in arcseconds from 16C. However, due to the expansion
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Figure 5: Central arcsecond of Galactic center after aligning all HST and Keck data. S0-2 has
the orbit that is nearest to completion.

of the dewar after NICMOS was installed, the plate scale for NICMOS Camera 1 is not constant
over time (Figure 6).

The coefficients used by Drizzle (§4.1) were determined between days 309 to 632. This is a
time when the pixel scale was predominantly stable, staying within 0.03% of 43.12 mas. The
majority of the 1998 HST data falls within this region, but the pixel scales for June 1997 and
2003 may be incorrect. The Drizzle coefficients are suitable for transforming the rectangular
pixels into square ones as long as the X scale to Y scale ratio has not changed.7 The ratio does
indeed remain constant (1.004± 0.0004%) for observations up until 1999. While the pixel scale
created by the Drizzle transformation may be incorrect, the pixels are being made square at
least for data up to 1999. This fact may explain why none of the sources from the 2003 HST
data match with the Keck data. It is possible that the incorrect transformation is being applied
to the NICMOS images from 2003.

Nonetheless, data points from 1998 did not correlate well with the Keck data despite the
fact that the pixel scale is supposedly well known. Figure 7 illustrates the relation between
stellar magnitude and positional differences between two images from a well-matched set of
data. Figure 8 shows the same relation for data aligned between the HST and Keck data set.
The positional differences shown in Figure 8 are significantly high for bright stars that should
not be difficult to match during alignment. These discrepancies cannot be explained by the
star matching process, which is based on stellar magnitudes. The majority of the Keck data

7http://www.stsci.edu/hst/nicmos/performance/platescale/nic1 drizzle distort.dat
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Figure 6: Mean pixel scale for NICMOS Camera 1 over time. The zero point on the horizontal
axis represents January 1, 1997. Days 309 to 632 were used to determine appropriate pixel
scales.

Figure 7: Difference between stellar posi-
tions with respect to magnitude. Compar-
ison is between main map and submap for
March 1998 NICMOS data (F145M).

Figure 8: Difference between stellar po-
sitions with respect to magnitude. Com-
parison is between October 1998 Keck and
NICMOS data (F145M).

is in the K filter, while the NICMOS filters used during alignment corresponded better with
the H filter. To account for the difference between magnitudes, stars where matched based on
the value obtained by averaging the two magnitudes for 16C. Judging from its variability over
time, a more detailed analysis of the NICMOS Camera 1 plate scale is necessary to resolve this
problem.

6 Results

Despite the discrepancies in the pixel scale for the HST data set, an orbital fit for S0-2 will be
valuable. This star has the shortest orbital period in the Galactic stellar cluster, on the order of
15 years. In addition to the data points provided by NICMOS for 1997 and 1998, Keck images
from the past two years have not been incorporated into a measurement for R0. These facts
make the process of fitting an orbit to S0-2 worthwhile.

With data ranging from 1995 to 2005, observation for a full period of S0-2’s orbit is nearly
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complete. This star is optimal for calculating R0 because it is easily detected and has been
observed spectroscopically on several occasions. Spectroscopic observations are necessary for
computing the velocity of the star along the line-of-sight via Doppler shift. The absolute velocity
(km/s) determines the distance scales associated with the angular velocities observed through
proper motion (Eisenhauer et al., 2003). The distance to the orbit determines the distance
correlated with angular separation, making R0 an essential parameter for finding an orbit. It
can be left free during the fitting process to find the best value.

The orbital fitting program is the same one used by Ghez et al. (2005) and applies Kepler’s
laws in order to find the best possible values for the trajectory of S0-2. Absolute velocities
help compute orbits that sweep out equal areas in equal time and contribute to finding the
inclination angle for the plane of motion against the plane normal to the line-of-sight. The fit
included 20 free parameters with the mass, location, and distance to the SMBH being the values
of key interest.

The orbital fitting program obtained the value R0 = 7.9± 0.2 kpc. The agreement with the
generally accepted value of 8 kpc further supports the validity of this measurement. The mass for
the SMBH determined by this run of the orbital fitting program yielded M = 3.8±0.2M⊙(106).
This value also agrees well with the value determined by Ghez et al. in 2005.

7 Conclusion

The final value for R0, 7.9 ± 0.2 kpc, gives an indication of the accuracy that can be achieved
with the orbital fitting method. Despite pixel scale problems, a reasonable value for R0 was
found within 3% error. With further examination of the NICMOS Camera 1 pixel scale and
the prospect of observing S0-2 for one full period, determining R0 to within 1% is feasible.

In the future an adjustable pixel scale can be applied to scripts used for manipulating HST
data. This will increase the usefulness and accuracy of images that lie outside the range of dates
used to correct the distortion in NICMOS Camera 1. Finally, Starfinder’s accuracy has not been
fully examined on this data. The best PSF extraction parameters were determined using data
in F145M. PSF’s for other filters often lacked portions of halo. Halo artifacts, if not properly
included in the point spread function, may have been confused for points sources, leading to
confusion during the alignment process. A closer look at the results of Starfinder for filters
other than F145M is necessary to resolve this problem. If these alterations are incorporated
into the data analysis, the full body of NICMOS data available to the project will become more
useful for the measurement of R0.
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