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Abstract

We have imaged the 2.3-um v=2-0 CO bandhead at the Galactic Center
using a Fabry-Perot spectrometer coupled to an infrared camera (IRCAM) at the
3.8-m UK Infrared Telescope. Our observations cover 1.5x1.5 pc of the Galactic
Center centered on the IRS16/SgrA* complex. From our data, we have derived
maps of the (1) CO index, (2) velocity dispersion, and (3) rotational velocities
for both the faint diffuse and individual stars in the region. The CO absorption
declines from ~ 35% at = 1 pc from IRS16/SgrA* to ~ few percent at the very
center, which may be due to a change in stellar population, destruction of the
photospheric CO in the late-type giants at the Galactic Center, or contamination
of the CO absorption by some source such as continuum dust emission or CO in
emission filling in the absorption. Collisional stripping of the giant stars pri-
marily responsible for the CO absorption seems a likely explanation for the
decline in CO strength with projected radius from IRS16. The velocity disper-
sion of the diffuse light, consistent with that of the individual stars but not with
published gas velocities, peaks at ~ 150 km/s at the center and declines to ~ 100
km/s at a projected radius of ~ 1 pc. The stellar rotation curve, also inconsistent
with the gas measurements, has an amplitude of roughly 75 km/s and is slightly
skewed in the sense of higher velocities to the NE of center. Implications for
the mass distribution are discussed. The presence of a supermassive black hole

at the Galactic Center cannot be confirmed with this data, although if the stellar
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cluster follows an r'!8 density power law then the kinematic data presented here

supports previous claims of a large mass concentration at the Galactic Center.
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Chapter 1

Introduction

1.1 General Overview

Because of the huge column densities of dust and gas between the Earth
and the Galactic Center, only the shortest and longest wavelength radiation from
the Galactic Center reaches us. This light includes gamma rays, hard x-rays,

infrared, and radio waves — visible light is completely extinguished (A, = 30

mags = factor of 10'2). The infrared is particularly well-suited for studies of the

region, since the extinction is low (Ay ~ 3) and the infrared radiation effectively

traces the stars and different types of interstellar gas not observable at other
wavelengths. Early work on the Galactic Center at 2 pm (Becklin and Neu-
gebauer 1968, 1975; Allen et al. 1983) found an extended stellar cluster with
radial stellar density scaling as 17> between r ~ 0.05 to 100 pc (over three ord-
ers of magnitude in distance; for an assumed distance to the Galactic Center of
835 kpe, 1 pc = 24"). This is close to what would be expected for a fully
relaxed isothermal stellar cluster (r'2). Most of the 2-iim radiation arises from K

and M giant stars with effective surface temperatures of around 3000 to 4000 XK.



This star light peaks within a few arcseconds of IRS 16, a complex of infrared
sources whose rather blue color and lack of appreciable CO absorption (Hall et
al. 1982; McGinn et al. 1989) make it a unique object in the Galactic Center.
Because IRS 16 lies close to the peak of the diffuse near-IR emission and close
to the dynamical center, as determined by a high-resolution rotation curve based
on gas dynamics (Serabyn and Lacy 1985), it is widely thought to be at or near
the center of the Galaxy. Observations at 2.2 pm at modest angular resolution (
~ 1" e.g., Tollestrup, Capps, and Becklin 1986; Allen and Sanders 1986; Adams
et al. 1988) show it to have extended structure, but higher resolution images are
needed to better understand the individual sources comprising IRS 16. This
object also lies within about an arcsecond ( ~ 0.04 pc; Becklin et al. 1987) of the

peculiar compact radio source Sgr A*, which is suspected to be a black hole
(Brown 1982; Lo 1986). If a massive ( ~ 5 x 109 M,) black hole does exist in

the center of the Galaxy then the small transverse velocity of Sgr A* provides
for an unambiguous identification of Sgr A* with a radio-emitting corona around
the black hole (Backer and Sramek 1987). Lo (1986) notes that the radio lumi-
nosity of Sgr A* is too low to require accretion onto a massive black hole.
Nevertheless, the physical properties of Sgr A* make it a unique radio source in
the Galaxy — it is most like extragalactic nuclear compact radio sources and is

still the best candidate for a massive condensed object in the Galactic Center.



There is much additional evidence of unusual phenomena in the Galactic
Center near Sgr A*. A compact ( < 1.’5) hard (T ~ 102 K) X-ray source is
known in the central region (Watson et al. 1981) and this source is time-variable,
indicating that its flux must arise from a very localized region (Kawai et al.
1987; Genzel and Townes 1987). There is also a variable source of 511- keV
electron-positron annihilation line radiation within a few degrees of the Galactic

Center (e.g., Jacobson 1982). The narrow width of the line implies gas veloci-
ties < 700 km s'! and the time-variability implies a source size < 0.3 pc. There
is also a gamma-ray line at 1.8 MeV due to the decay of 2°Al to 2Mg seen
towards the Galactic Center (Mahoney et al. 1982, 1984). This line is thought to
arise from explosive nucleosynthesis or mass loss in giant stars. The flux in the
1.8-MeV line is consistent with the average strength of the 511-keV line. Gen-
zel and Townes (1987) note that if the two lines are physically connected and
arise within the central few parsecs, then they would imply that a large number
of novae/supernovae may have occurred over the past ~ 10° yrs or that an object
>5x 10° M, (Hillebrandt et al. 1987) may have exploded in the Galactic
Center. The explosion of such a massive object is quite speculative, however,

due to the large uncertainty in the distribution of 26Al in the Galactic Center.



The star formation rate in the center of the Galaxy is important in under-
standing whether much of the observed 2 pum light comes from recently formed
O stars which have evolved off of the main sequence to become luminous red
supergiants. Sellgren et al. (1987) conclude from a study of the spectra of six
late-type stars in the central 2 pc of the Galactic Center that only IRS 7 appears
to be a supergiant and the rest are late-M giant stars, The conclusion, although
clearly based on small number statistics, is that at least some recent star forma-
tion has taken place in the inner Galactic Center, although perhaps not a tremen-
dous amount (as would be indicated by a greater number density of supergiants).

Rieke and Lebofsky (1987) conclude that star formation may have taken piace

within this region over the past 10® yrs, based on the high luminosity of Galactic
Center stars (corrected for extinction) compared to bulge stars. The far-infrared
emission observed from the center is thought to arise from dust originally heated
by UV photons arising from a cluster of O and B stars centered on IRS 16 or

from a single central source. This far-IR emission suggests that star formation

may have taken place < 107 yrs ago (Genzel and Townes 1987). Yet there is no
evidence for star formation taking place now in the central 10 pc, and much of
the luminosity in this region could originate within ~ 0.1 pc from IRS 16 and

Sgr A* (Genzel and Townes 1987; Gatley et al. 1989). Basically the



characteristics of the infrared radiation from the inner Galaciic Center can be

described either by a central source or by current star formation.

In order to better understand the nature of the emission seen in the inner
regions of the Galactic Center, it is imperative to determine the mass distribution
in the central pc, so that the question of whether or not a central condensed
object exists there can be answered and the general dynamics of the region can
be better understood. One way to do this is to convert the 2-um light distribu-
tion into a mass distribution, assuming a constant mass-to-light ratio. Within the

core radius of the stellar cluster (which could be anywhere from 0.1 to 1 pc), the

enclosed mass appears to scale roughly as M(r) o 12 to r°, indicating a sharp rise
with increasing radius. But it would appear as though a large proportion of the
stellar population would have to be underluminous and heavier than average in
order to be able to reproduce the central mass distribution observed from gas
dynamics (explained below). Essentially the need to calibrate the M/L ratio and
to assume that it is constant with galactocentric radius make the direct light to

mass conversion difficult (Genzel and Townes 1987).



1.2 Studies of the Gas

An alternative method to study the mass distribution is through dynamical
measurements of the interstellar gas. Outside the central ~ 1.5 pc radius, the gas
is primarily molecular and forms a disk (the "molecular ring" or "neutral ring").
This molecular ring has been studied extensively in both spectral lines and the
dust continuum (Becklin et al. 1982; Genzel and Townes 1987). The gas in the
molecular ring orbits about the Galactic Center with a fairly uniform rotational
velocity of ~ 110 km/s (Serabyn et al. 1986; Gusten et al. 1987; Sutton et al.
1990). The molecular ring has been studied in a wide variety of lines, including
HCN (Gusten et al. 1987), CO (Liszt et al. 1983), CS (Gusten et al. 1987; Evans
1987), neutral oxygen (Lester et al. 1981; Genzel et al. 1982, 1984), molecular
hydrogen (Gatley et al. 1984), the hydrogen 21-cm line, and OH (Sandqvist
1987). Much of the inner edge of the molecular ring is ionized as is most of the
gas in the inner 1.5 pc (Sgr A West). A tremendous amount of ultraviolet

energy must be emanating from the center in order to account for this ionization:

greater than 10°! Lyman photons/s. Sgr A West is comprised of a number of

"o

different structures, in particular the "bar," "northern" and "eastern" arms, and
the "western arc" (Figs 1.1,1.2). Infall from the molecular ring may have pro-

duced these ionized streamers and filaments (e.g., Lo and Claussen 1983). The



molecular ring may be an accretion disk around the Galactic nucleus — it
appears to be fed by two giant molecular clouds which lie near the very center

(Ho et al. 1991; Sofue et al. 1991).

The ionized gas in the vicinity of the Galactic Center has also been studied
in a wide variety of lines. The primary contributors to the current understanding
of the kinematics of the region include [C II] at 158 um (Harris et al. 1985;
Lugten et al. 1986; Gusten et al. 1987), [Ne IIJ at 12.8 um (e.g., Lacy et al.
1980, 1991; Serabyn and Lacy 1985), and the H760. recombination line (Goss et
al. 1989). These lines have proved important in mapping the velocity structure
of the ionized gas streamers and ionized gas clouds within the central 1.5 pc and

in modeling the central mass distribution.

Under the assumption that the gas follows circular orbits and the virial
theorem applies, then a mass of ~ 3 to 6 x 10° M, is inferred within the central
0.5 to 1.7 pc of IRS 16/Sgr A* (Crawford et al. 1985; Serabyn and Lacy 1985;
Genzel et al. 1985; Lugten et al. 1986). The existence of a broad-line region
with gas velocities ~ 1500 km/s FWHM within ~ 0.1 pc centered on IRS 16/Sgr
A* (Hall et al. 1982; Geballe et al. 1984) also could be interpreted as evidence

for a large mass concentration within this region. The problem with these



interpretations of the gas motions are that non-gravitational forces (such as mag-
netic forces, outflows from stellar winds, jets, shocks, and radiation pressure)
may affect the gas. For instance, there is evidence that the broad-line gas may
be outflowing (Geballe et al. 1984) and is not in ordered rotation or inflowing (as
might be expected for a single central source). Such problems may make the gas
a poor tracer of the central mass distribution, or at least highly suspect. It is
instructive to focus on measurements of the 12.8-um neon line as it has been

mapped in somewhat more detail than the other ionized radiation.

Centered roughly on Sgr A* is a ring of gas which closely approximates a
rotating circle viewed at an angle of approximately 70° to the line of sight (Sera-
byn and Lacy 1985; Genzel et al. 1985). Other clouds and streamers exist
within the ring with various velocities. Lacy et al. (1991) have imaged the cen-
tral 3x4 pc of the Galaxy in the [Ne H] 12.8 pum line with high spatial and spec-
tral resolution. Their neon distribution closely matches maps of the radio contin-
uum in the region, implying that the ionized neon and other ionized gas have
essentially the same spatial distribution and hence that the neon is a good tracer
of the overall gas dynamics in the central area. They find that a large fraction of
the ionized gas forms a spiral which can be modeled with circular orbits and an

approximately Keplerian rotation curve. Their data imply the existence of an ~



2x10° M, black hole at the Galactic Center. More theoretical work is needed io

fully understand all possible acceleration mechanisms for the ionized gas. But it
must be noted that one of the most popular mechanisms, a time-varying magnetic
field large enough to affect the flows, has difficulties. The highest estimates for
the magnitude of the magnetic field in the vicinity of the gas is about 10 mG.
These estimates come from measurements of the polarization of scattered light
from dust associated with the ionized gas (Aitken et al. 1986; Goss et al. 1989)
and the molecular gas in the neutral ring (Hildebrand et al. 1990). While a 10
mG field would affect the gas to some extent, it is not strong enough to control
the flows. The outer portions of the neutral ring show field strengths < 1 mG
(Killeen et al. 1990). Thus there is no indication of any magnetic field in the
Galactic Center strong enough to be responsible for the high gas velocities found

there.

1.3 Studies of the Stars: Stellar Kinematics and the Mass Distribution

One way around the kinematic problems associated with the gas motions is
to study the motions of stars in the central pc. The kinematics of stars should be
determined solely by gravitational forces. The enclosed mass as a function of

radius can then be determined through the virial theorem. A potential problem
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with the stellar kinematics is understanding the form of the stellar orbits and
whether there is a significant velocity anisotropy (and how this anisotropy scales
as a function of radius). The importance of this problem cannot be underes-
timated as it will critically affect the determination of whether the central mass is
a stellar cluster or a black hole. Essentially the stellar velocity distribution can
be analyzed in a straightforward manner as long as the stellar distribution func-
tion does not explicitly depend on angular momentum. Let us first concentrate

on the unresolved stellar light. In spherical polar coordinates the velocity disper-
sion may be decomposed into its three spatial components: 62 = 6.2 + 6% +

c¢2. If the transverse component G, is defined such that 6[2 = 0'62 + 0'¢2, then if

G is isotropic we have 62 = ¢’ = c¢2 and so 6,2 = 26,2 For an anisotropic

velocity ellipsoid, the first moment of the Boltzmann equation is:

2
—-d—(v(r)o Hn (r)_z_ﬁg,_ =-n (r)dJll =-n (r)G—Mz(r—)
dr r r dr r

where n(r) is the density of stars giving rise to the observed luminosity and M(r)
is the total mass inside radius r (not just the mass of the stars producing the

observed luminosity). This equation is discussed more fully in Chapter 3. One
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can determine if the observed surface brightness and o, as functions of radius are

consistent with a constant mass-to-light ratio (Binney 1981; Sargent 1987). An

"anisotropy parameter" (r) can be computed for the velocity ellipsoid:

2
pry=1-=+2%;

r

where B = O for an isotropic velocity distribution and B = 1 for purely radial

orbits.

McGinn et al. (1988) derive an anisotropy parameter 3 ~ O for the central
5 pc of the Galaxy, which greatly simplifies the orbital dynamics and makes the
stars quite tractable to use as mass tracers. This result comes from theoretical
models for B(r) derived using the tensor virial theorem (Binney 1981; Illingworth

1977). A knowledge of v /o and the ellipticity of the Galactic Center region

(which can be estimated from the 2 um light distribution) are required. As long
as B does not change with radius, the form of the mass distribution will remain
unchanged — only the amount of mass contained within different radii will scale

by a constant value.

In the case of studying the velocity dispersions of individual stars, it is use-

ful to employ a projected mass estimator (Bahcall and Tremaine 1981), where
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the enclosed mass is defined as:

C
M=m [Zvizri]

Here G is the usual gravitational c;)nstant, N is the number of stars over which
to sum, v; is the radial velocity of the ith star, and r; is its projected radius. The
value of C depends on the type of orbits assumed: C=32 for plunging (linear)
orbits, C=16 if the velocity distribution is isotropic, and C=32/3 for circular
orbits. For a self-gravitating system, the values of C double (Heisler et al.

1985). In either case the fractional statistical error is approximately 1.4/4/N.

Sellgren et al. (1987) find from a study of six late-type stars in the CO 2-0
bandhead at 2.3 um and an additional seven previously detected OH maser
sources (thought to be CH/IR stars; Winnberg et al. 1985) that the stellar
motions within the central 5 pc are dominated by dispersion, showing no rotation
or other systematic motion, and the stellar motions appear to be decoupled from
the gas velocities. The mass distribution derived from the stars is inconsistent

with that derived from the gas measurements: the stars do not favor a massive >
108 M,, central point source but are ccnsistent with a central stellar cluster. Due

to small number statistics, and hence large uncertainties in the mass as a function

of radius, it is concluded that more stars need to be observed in order to
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determine if there really is a significant disagreement between the mass distribu-

tions derived from the stellar vs. gas velocities.

Rieke and Rieke (RR; 1988) have measured stellar velocities for 43 stars
within 6.5 pc of the Galactic Center, including ~ 20 stars within the central pc.
In accord with Sellgren et al. (1987), they find that the stars and gas do not share
the same bulk motions, and in particular that the stars do not show an increase in
velocity interior to the molecular ring, as does the gas (e.g., Crawford et al.
1985). However, their results contradict those of Sellgren et al. (1987) in that
RR claim stellar velocity dispersion to be independent of radius from 0.36 pc to
6 pc. Their conclusion is that no unseen mass is required to explain the observa-

tions if the core radius of the stellar cluster is as small as ~ 0.1 pc, although if
the core radius is as large as ~ 0.6 pc, then an unseen mass of ~ 2 x 10° M,

could still be present. Two caveats should be mentioned. First, a 2.3 x 2.3 and
2.3 x 5 arcsec slit was used with an infrared spectrometer. In the crowded cen-
tral pc, it may not be possible to register accurately on individual stars. Second,
a fraction of the observed stars are likely young, luminous supergiants, which
may not trace out the gravitational potential as well as older, more dynamically

relaxed K and M giants.
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Sellgren et al. (1990) and McGinn et al. (1989) have observed the
integrated stellar light in the 2.3-um CO bandhead out to 5 pc from the Galactic
Center using apertures ranging from 2."7 to 20". For the faint stars represented
by this integrated light, it is found that velocity dispersion dominates at all posi-
tions (with an increasing gradient towards the center), but that beyond ~ 3 pc
rotation in the same sense as Galactic rotation becomes apparent (Winnberg et al.
1985; Habing et al. 1983). Within 15" (0.6 pc) of IRS16 the velocity dispersion
levels out at its peak value of ~ 125 km/s and within this region shows no
dependence with projected radius. Within this area rotation of the stellar cluster
is also found to be negligible. Further, within this 15" field the strength of the
CO absorption appears to decline (Fig 1.3). If real, this decrease in CO absorp-
tion towards the very center may have important implications for the nature of
the stellar cluster there. One intriguing explanation is that the diffuse stellar
light exhibits no CO absorption within the central 15", the observed absorption
being due to CO absorbing material at larger true radii projected along the line
of sight. There are many possible reasons for there being no CO within the cen-
tral 0.6 pc, including: (1) a cluster of sources with no CO absorption dominating
the light, (2) photodissociation of CO in the stellar atmospheres due to a central
ionizing source, (3) stellar collisions destroying the outer (CO absorbing)

envelopes of the stars, and (4) CO in emission filling in the absorption feature.
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Sellgren et al. (1990) conclude that the observations indicate that the ratio of
mass to 2-pm light appears to be increasing from ~ 4 pc to 0.6 pc of IRS16, but

if in fact the mass-to-light ratio is constant with radius then the stellar kinematics

indicate ~ 5.5x10° M, must be contained within the central 0.6 pc (see Fig 1.4).

Thus far no observations have conclusively demonstrated what the mass dis-
tribution in the central pc of the Galaxy is. The stellar light and gas measure-
ments are not fully convincing. While the stellar velocity measurements
(Sellgren et al. 1987; Sellgren et al. 1990) are consistent, they do not con-
clusively address what the true mass distribution is within this very innermost

region.

In summary, the mass distribution in the central pc of the Galaxy is still
controversial. McGinn et al. (1989) and Rieke and Rieke (1988) have essentially
ruled out a black hole dominating M(r) outside r = 1 pc, and so io see if there
really is a supermassive black hole at the Galactic Center one needs to firmly
establish M(r) for r < 1 pc. In order to attempt to resolve this debate, we have
mapped the stellar velocity distribution in the central pc of the Galaxy using a
Fabry-Perot spectrometer and an IR array camera. Such a system clearly avoids

the problem of accurate spatial registration on the stars in this region. There is
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also the ability to compare the kinematics of both the older (fainter) and younger
(brighter) stars in the central pc to see if the two populations reflect differently
on the mass distribution. Also the variation in depth of the CO bandhead
absorption indicates the spatial variation in stellar spectral type, important in
itself and which can help to empirically determine the variation in mass-to-light
ratio with radius. The observations presented here are important kinematically
for a number of reasons. The velocity dispersion of the diffuse light has been
obtained (which presumably arises from the older, unresolved K and M giants).
Also, the radial velocities of ~ 15 bright stars have been measured in the CO 2-0
bandhead within the central pc (and central 0.2 pc = 5") and compared with the
dispersion seen in the diffuse emission in order to search for evidence of a cen-

tral point mass.
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Chapter 2

Observations and Data Reduction

2.1 Description of Instrumentation and Data Collection

Observations of the CO bandhead at 2.30 um were obtained using the 3.8-
m United Kingdom Infrared Telescope (UKIRT) at Mauna Kea Observatory
(MKO) during the nights of 18-23 May 1989. The instrumentation consisted of
an infrared Fabry-Perot (F-P) spectrometer coupled to the facility IR array detec-
tor IRCAM. The F-P had a velocity resolution that varied from night to night
between 90-110 km/sec, which depended on how well the plates were aligned
using a lamp calibration procedure at the beginning of each night. The highest
velocity resolution obtained on one night was 88 km/sec, although the excellent
paralle]l alignment of the plates then produced ghost reflections within the F-P
and hence ghost images on the array. The tilt of the F-P with respect to the
IRCAM dewar window was adjusted so as to superimpose the worst ghost
image, due to IRS7, on the primary image of IRS7, but some ghost images at
about 1% the flux of the primary images remain in many of the frames. The
central wavelength transmitted by the F-P was varied by piezo-electrically chang-

ing the gap spacing between the etalon plates. Elimination of wavelengths from
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unwanted orders was achieved using a specially fabricated 0.75% CO blocking
filter centered on 2.30 um. While the F-P itself was kept at room-temperature,
the blocking filter was housed in the detector dewar, which was cooled to ~ 77K.
The detector IRCAM is a 58x62 InSb array sensitive from 1-5 um. At the time
of the observations, the detector had a dark-current of ~ 20 e-/sec and nominal

readout noise of ~ 400 e-. The plate scale used was 1."2/pixel.

The general strategy of data collection was similar from night to night. At
the beginning of each night, lamp calibration data was taken in order to deter-
mine the velocity resolution of the F-P. Either an Ar or Kr lamp was used with
kieenex taped to the lamp acting as a diffuser. The lamp data was also used to
calibrate the relationship between FPz and wavelength, to phase calibrate the
data (Fig 2.1), and to empirically determine the order spacing of the F-P. After
the lamp calibration was done, there was time before the Galactic Center rose to
take standard star measurements. Two main types of standards were observed: A
stars and G to M stars. The A stars were observed around the field of view as
an independent check on the spectral shape of the sky cubes and in order to
empirically determine the profile of the blocking filter. The G to M giant stars
provided a range of spectral types for use in constructing template stars of vary-

ing CO strength, ultimately for use in cross-correlating with the Galactic Center
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spectra. Also, since these stars have catalogued spectral types and known radial
velocity, they provided a check that these quantities could be derived accurately
from the observations. After the standards were observed, a "sky" cube was
taken, usually observed 60"E of the last standard star. These sky frames covered
the same range of FPz as the Galactic Center scans taken later in the night, and
were used to do sky subtraction (described further below). Next, the Galactic
Center was observed, with a typical F-P cube consisting of 18-20 frames (total
velocity coverage ~ 1000 km/sec). That the Galactic Center was above 2 air-
masses for ~ 5 hours each night allowed for typically 2 full data cubes to be
observed each night. Interspersed among the Galactic Center scans were scans
of a bright M supergiant, taken primarily in order to calibrate the F-P drift with
time and to get a quick handle on the atmospheric transparency. At the end of
the night, additional lamp calibration was done for use with the phase calibra-
tion, to check again on the F-P drift, and to ensure that the F-P ring structure

had not altered appreciably (for some reason) throughout the night.

Bias and Dark frames were taken periodically throughout the night. While
the measured dark current was quite low due to the low detector temperature
(50K), the readout noise was about a factor of two higher than expected (at 800

e- vs. the nominal 400 e-). The explanation for this problem appears to be that
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the electronics powering the dome motor were insufficiently shielded from the
IRCAM electronics. Unfortunately, since the read noise is random, it was

impossible to correct for this effect during the data reduction.

2.2 Data Reduction

2.2.1 General Image Reduction

This section describes how the raw Galactic Center images were ultimately
reduced into final spectra for analysis. First, all of the images were bias and
dark current subtracted. In the case of the GC observations, typically a dark
frame was obtained before and after each data cube, and an average dark was
subtracted from each frame in the cube (this also subtracted off the bias). Fixed
and intermittent bad pixels, and cosmic ray hits, were corrected in the individual
frames by interpolation. There were usually only about 25-30 bad pixels total in
each frame (e.g. < 1% of the total number of pixels), and they appeared to be

distributed randomly.

Flatfielding posed a unique problem for the data set. It was decided to use
"sky-flats" for flatfields, and in fact no domeflats were ever taken. This proved

to be a costly error, because the flats were taken at night, and turned out to be
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dominated by thermal emission from the F-P (which is kept warm on the UKIRT
optical bench; Fig 2.2). This thermal emission does not illuminate IRCAM uni-
formly, as one would like for a flatfield; rather, it is brighter by a factor of 2 at
the edge of the frames compared with the center. Perhaps this effect would have
been eliminated or mitigated by instead obtaining daytime "sky-flats," in which
case the sky emission might have dominated the F-P thermal emission. In any
event, because no reasonable flats exist for the data, and the telescope drift from
the beginning to end of a typical Galactic Center cube was at most 1 pixel
(=1."2), it was decided not to flatfield the data. In this way, although the abso-
lute flux level of each spectrum would only be known to 20-30%, the essential
parameters (CO strength, radial velocity, and velocity dispersion) could still be

derived within acceptable limits.

Sky subtraction was the trickiest part of the data reduction. The thermal
component due to the warm F-P dominated the flux in all the Galactic Center
frames. In order to obtain useful spectra of the faint diffuse light within the cen-
tral 5-10" of the Galactic Center, this thermal emission had to be subtracted care-
fully and completely. The emission due to the night sky, albeit small due to the
narrow effective bandwidth of the F-P, also had to be properly subtracted. In

order to perform the thermal subtraction, a median sky frame was created from



26

the frames in the sky cube taken at the beginning of each night. That is, all the
frames in the sky cube were normalized to a common modal value, and then the
median value at each pixel in the cube was extracted. The median sky frame
thus produced was then "normalized" to each dark-current-subtracted Galactic
Center frame, using the average value of three 5x5 pixel areas at the corners of
the frames. This method proved successful because the spatial structure of the
sky frames did not change substantially through the sky cube. In order to correct
for any residual sky left in the frames after the thermal subtraction, the average
value of two selected areas in all the frames (assumed to be devoid of any GC
emission) was forced to zero. These areas appeared to have no emission due to
individual or unresolved stars as seen in a K-band image of the region
(Rosenthal et al. 1988). In general, this "second order" sky subtraction had
almost a negligible effect on the faint flux in the images, but was nevertheless

performed for the aesthetic reason of wanting to force the areas of no flux to O.

The F-P thermal emission problem is due to scattered light from the warm
edge of the F-P falling on IRCAM. Because IRCAM is obviously seeing the
edge of the F-P, it is of interest to understand if the F-P is actually vignetting the
IRCAM field of view. The ratio of a bright star at the very corner of a frame

(within 5 pixels diagonally from the frame edge) to IRS7 was compared to the
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same ratio in the K-band image mentioned above. The ratio proved to be the
same to within 10%, and it was deemed that no actual vignetting was occurring.
This result proved consistent with other measurements using the same instrument
setup at UKIRT (UKIRT staff, private communications). However, because the
thermal emission is so large at the frame edges, and the edges of the frames is
where the diffuse flux from the Galactic Center is weakest, little useful informa-

tion could be obtained outside the central half of the array.

The finally processed Galactic Center frames were stacked into data cubes.
No frame registration was done since the telescope drift was so small from
beginning to end of any given data cube. Spectra were extracted using simple
box photometry of individual sources and areas of diffuse emission. The spectra
were corrected for the "system response" and photometric variability during the
cube scans by division by the spectrum of IRS16 taken from the same cube. All
the spectra then had to be corrected for the ~ 5% CO absorption present in
IRS16. It had been hoped that spectra of A stars (no CO absorption) could be
used for this correction, but most of the A stars were observed during conditions

of heavy cirrus and so were not useful for this purpose.

Once extracted from the cubes, individual spectra were corrected for F-P

drift by linear interpolation, although in general this F-P drift was found to be
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fairly random through the course of a night. For the duration of a single cube

scan (~ 1 hr), the drift amplitude was typically ~ 10 km/s. The V, ¢, for each of

the 4 cubes were pegged to IRS7 (-128 km/s), which was consistent with the
known radial velocities of other bright stars in the field. Spectra were multipli-
catively normalized to one another according to the average value of their
respective continua and then coadded. Error bars (+1 &) were determined from
the standard deviation of the 4 values (from 4 GC data cubes) comprising each
of the 18-20 points of each spectrum. In the final analysis, GRIDLS fits were
done to the spectra of each cube individually, and then the 4 final maps (CO
strength, velocity dispersion, rotation curve) were coadded. This is not unreason-
able since coadding 4 spectra will only increase the spectral S/N by a factor ~ 2,
since IRCAM was read-noise limited at the time of the observations. Thus,
acceptable fits could be performed on the individual spectra with the advantage
being that the 4 individual maps of each fit parameter could be compared for

consistency.

2.2.2 GRIDLS Fitting Routine

Once the final spectra were reduced from the original Fabry-Perot data

cubes, a chi-squared (X?) grid search technique was used to derive the following
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parameters: (1) percent CO strength relative to the bandhead continuum, (2)
radial velocity, and (3) velocity dispersion. Essentially the CO strength derives
from the depth of the absorption feature, the radial velocity from the velocity
shift of the bandhead, and the velocity dispersion from the broadening of the

bandhead.

Before the fitting was performed, bad spectral data points were replaced
with the average of the two adjacent points. A uniform error bar was used for
each spectrum, as the point-to-point scatter in each spectrum was fairly uniform
(i.e. each spectral data point had the same weight in the fit). The continuum
level (bandhead) was determined by computing the median value of the first 5
data points in each spectrum. Visual inspection as the fitting was performed
verified that this technique provided for a reasonable value of the continuum.
Also, both visual inspection of the fits and analysis of the final X? values for
each fit were used to determine the quality of the fits. Less than 4% of all the

fits were "bogus," in the sense of being totally unreasonable, and these were dis-

carded from the final maps and interpolated over.

The grid search algorithm (Bevington 1969) seeks to minimize X? for each

parameter separately. If the parameters are not independent of one another (i.e.
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the X? variation for one parameter is affected by the values of the other parame-

ters), then many iterations may be necessary to determine the minimum of XZ2.
In fact, for the fitting program used here this was not the case, with rarely more
than 5-10 iterations required to determine the best fit values for all three parame-
ters. As a second check on the independence of the parameters a number of
different runs of the fitting program were made using a variety of spectra and
initial starting values. To well within the errors, the final result (convergence)
was always the same. Also, the order in which the parameters were varied had
no effect on the final fit. These results help alleviate concerns that some of the
parameters (e.g. CO strength and velocity dispersion) may be correlated and
hence will not be determined correctly by this method. It should be noted that
any apparent weakening of the CO feature due to velocity dispersion is automati-

cally accounted for when the grid search is performed.

Briefly, the strategy of the grid search is first to increment a given parame-
ter by a specified amount in the direction that causes X2 to decrease. This pro-
cess is repeated until X? starts to increase. A parabola is fit to the last three

values of X2, and the minimum of X? (corresponding to the best fit value of the
parameter in question) is found by interpolation (Fig 2.3). As is evident in the

figure, we have:
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a(3)=a(2)+Aa=a(1)+24a,
X23)>XH2)<X(1)

The minimum of the parabola is:

N X'(3)-X@2 1
aj(mm)—aj(3) Aaj X2(3)-2X(2nX%(1) 2

The procedure is repeated for each remaining parameter and then iterated until
the decrease in X2 falls below a specified tolerance. The formal fitting errors (1

o) correspond to AX?=1.0 (Lampton et al. 1976). The Fabry-Perot spectra were
fit to template spectra produced from the coaddition of 5 scans of IRS7. This
coadded IRS7 spectrum was used as the fitting function by varying its (1) CO
strength (by adding a flat continuum), (2) velocity dispersion (by gaussian convo-

lution), and (3) radial velocity (by linear interpolation).
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Figure 22 The "bowl” distribution of the thermal emission due to the optics being
kept warm on the UKIRT optical bench. This is a summed frame from a "sky" cube.
Due to the thermal edge effects, our data could not be flat-fielded. This image shows
the 58x62 resolution of IRCAM, along with the most egregiously bad pixels (shown in
white).
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Figure 2.3 Parabolic interpolation to determine aj(min) for minimum X2 (from Bev-
ington 1969)
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Chapter 3

The Mass Distribution and Stellar Population

In this chapter, the fundamental results of the data reduction are described
with emphasis on understanding the stellar kinematics and stellar population in
the central 1.5 pc (~ 35") of the Galaxy. Imaging spectroscopy has enabled us
to map this region with moderately high spatial resolution, better positional
confidence, and with far more comrplete spatial coverage than was possible in

previous studies.

3.1 Individual Bright Stars

The ~ 15 individual bright stars present within the IRCAM field of view
show a velocity dispersion consistent with that observed in the faint diffuse stel-
lar light. It is difficult to cull meaningful rotational data from them since the
field of view is so limited, but it appears that their rotational velocities also

roughly agree with those of the faint unresolved stars.
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3.1.1 Radial Velocities

The measured radial velocities for our sample of stars in the central 3 pc of
the Galaxy agree with those published previously by Rieke and Rieke (1988).
These individual bright stars exhibit a velocity dispersion ~ 100 km/s, somewhat
less than the peak (~ 150 km/s) observed from the diffuse light. The apparent
discrepancy for IRS10 between this work and that of Rieke and Rieke (1988) is
due to the multiple nature of the source coupled with positional uncertainties

between the two studies. A comparison figure is presented in Table 3.1.

3.1.2 CO Strength

The CO strength of the individual bright stars varies between 0% (IRS 16
region) to 35%. As with the velocity dispersion, this is again consistent with
what is observed in the diffuse light, suggesting that the characteristics of the
bright and faint (unresolved) stars are similar. See Fig. 3.7 for a comparison of

the stars with the neighboring continuum.

In this kinematic analysis, we have not deprojected the stellar velocities, i.e.
it is the line-of-sight velocities at each projected radius that have been used in

the analysis. Deprojection can be accomplished by inverting the requisite Abel
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integrals (Binney 1982). Because the stellar density distribution weighs heavily
in these equations, it is when the projected radius is close to the true radius that
the integrals are of the most importance, i.e. deprojection should not have a
significant effect on the results presented here. Put another way, the first term

involving n(r) in eqn. 3d dominates over the other terms.

3.2 Unresolved Integrated Stellar Light

3.2.1 Rotation Curve

The rotation curve derived from the summed Fabry-Perot spectra is
presented in Fig 3.2. The velocities have been corrected to the local standard of
rest (LSR). The overall trend is similar to that first shown by McGinn et al.
(1989), with a mean amplitude ~ 75 km/s along the major axis. However, we
see a slightly skewed rotation curve with higher velocities (~ 80 km/s) NE of
IRS 16 and velocities ~ 70 km/s to the SW. In any event, there is clear evi-
dence of systematic stellar rotation well within the inner pc of the Galaxy. The
data has been symmetrized about IRS16, and to within the errors there is no
indication of any offset from IRS16 in regards to the cemier of the rotational

velocity distribution.



38

3.2.2 Velocity Dispersion

The velocity dispersion of the stars responsible for the faint diffuse light of
the central stellar cluster peaks at ~ 150 km/s and decreases with radius (see Fig
3.3). The dispersion clearly dominates the kinematics at small distances from
IRS16. Our peak measured o is slightly greater than that found by McGinn et
al. (1989), although we find higher values for the dispersion at larger radii. This
discrepancy is presumably due to differences between the fitting programs used
by McGinn et al. and by this project. By running a sample of their spectra
through our GRIDLS fitting code, we consistently derived velocity dispersions a
factor ~ 2 higher than is presented in their paper (with the exception of the
highest velocity dispersion data points). The detailed quantitative results are
presented in Table 3.2. Most likely the discrepancies are due to a difference in

computing the position of the continuum of the bandhead.

There appears to be some structure in our dispersion map beyond simple
radial symmetry, in the sense of pockets of higher and lower velocity dispersion

in some areas (i.e. 2-3¢ deviations from the surrounding areas).
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3.2.3 CO strength

Our CO strength map is presented in Fig 3.1. We confirm a decrease in
CO absorption towards the IRS16 complex, first noted by McGinn et al. (1989)
and Sellgren et al. (1990). The average strength at radii > 25" is ~ 30-35%, and
declines steadily to ~ 3-5% within 5" of IRS16/SgrA*. It is important to realize
that the CO strength can in general be better determined than either the disper-
sion or rotational velocity, since the latter two quantities depend mainly on the
spectral points across the bandhead itself while measurement of the CO strength
depends more on all the points in a given spectrum. Hence the measurement of
the CO strength is less sensitive to random noise in the spectra. Our CO map
appears to be radially symmetric to within the noise and spatial resolution of the
data. The importance of this result to understanding the stellar population at the

Galactic Center will be discussed in Section 3.4 below.

3.3 Stellar Kinematics and Mass Distribution

Our kinematic picture of the central 3 pc of the Galaxy is one in which the
motions of the stars are governed by both ordered (rotation) and random (velo-
city dispersion) components. The velocity dispersion dominates in this central

region. We find that the stellar velocities differ appreciably from those of the
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ionized and neutral gas, as noted by many previous studies (Sellgren et al. 1987,
Rieke and Rieke 1988; McGinn et al. 1989; Sellgren et al. 1990), again indicat-
ing different kinematics for the stars and gas. See Fig 3.10 for explicit com-
parisons. At this point, we proceed to derive the mass distribution in the central
3 pc using the equations of stellar hydrodynamics, along the same lines as used
by McGinn et al. (1989). It is important to note the following caveat however.
Neither the stars nor the gas will ever be the kinematic savior in the Galactic
Center in terms of definitively determining the central mass distribution. It is not
possible at present to rule out any of the following non-gravitational forces in
affecting the gas motions: magnetic forces (despite the arguments put forth in
Townes 1990), outflows from stellar winds, jets, shocks, and radiation pressure.
These additional forces can accelerate the gas, leading to an overestimate of the
mass distribution. No convincing arguments eliminating any of the above possi-
bilities has yet been put forth. For the case of the stars, many groups claim that
their motions should be virtually completely controlled by gravity, and hence that
the stars should be a much better probe of the enclosed mass distribution. In
order for this argument to work, a knowledge of the stellar orbits, i.e. the velo-
city anisotropy, is required. This parameter is difficult to ascertain for the Galac-
tic Center. The best estimate to date has been done by McGinn et al. (1989),

who conclude that the anisotropy parameter (B) is close to zero (i.e. the velocity
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distribution is isotropic). However, reanalysis of their spectra using our GRIDLS
fitting code indicates that their derived velocity dispersion averaged within the
central 50" of IRS16 is too low by a factor ~ 2. Using a reasonable value for
the ellipticity of the system (g€ ~ 0.3), and their value for the maximum projected
rotational velocity (~ 70 km/s), which is in agreement with our data, then implies
that in fact the system could be highly anisotropic (B ~ 0.5; Kormendy and
Illingworth 1982). If this is the case, then detailed modeling (beyond the scope
of this dissertation) will have to be performed in order to attempt to derive an
accurate picture of the Galactic Center mass distribution, and certainly to answer
the question of whether or not a supermassive black hole resides there. If
ordered, circularly rotating stellar orbits dominated in the central region then the
stars would be far more attractive as mass tracers, but the dominance of the stel-
lar velocity dispersion within the central 3 pc, which then requires a good
knowledge of the velocity anisotropy in order to tie the kinematics into the mass
model, makes the stars just as troublesome as the gas. The anisotropy will affect
the mass distribution derived for the stars just as external forces due to such
things as magnetic fields (Ch. 1) will affect the enclosed mass derived from the
gas kinematics. Which of these problems is more damaging still remains to be

seen.
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In addition to the star/gas interpretation problems, it should also be noted
that an additional problem persists for any model invoking a supermassive BH at
the Galactic Center. No bright infrared source coincides with SgrA*, the best
candidate for a BH in the region (Allen and Sanders 1986; Forrest et al. 1987,
Becklin et al. 1987; Rieke, Rieke, and Paul 1988, Tollestrup et al. 1990). One
would expect any supermassive BH in the Galactic Center to be feeding on the
copious gas in the vicinity and hence to be a strong infrared source. Rather
contrived models involving a SMBH in a quiescent state or with an unfavorable
orientation angle with respect to Earth-based observations need to be invoked to
explain the presence of such a black hole in the absence of an infrared-luminous
counterpart. Some recent studies claim to have detected a (possibly variable) IR
counterpart to Sgr A* at H (1.6 pm) and K (2.2 pm) (Eckart et al. 1992) and K
and L’ (3.8 um) (Herbst et al. 1993) from high spatial resolution imaging.
Eckart et al. obtained short exposures of the Galactic Center and then applied
Lucy deconvolution to the images, while Herbst et al. took relatively long expo-
sures and exploited the excellent seeing at the NASA IRTF. The results from
both studies are quite interesting in turning up IR emission in the vicinity of Sgr
A* not previously detected. Unfortunately, uncertainties in spatial registration,
including that due to the persistent problem of properly aligning the radio and

infrared astrometric grids, cause the nature of any possible IR emission from Sgr
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A* to still be debatable. Perhaps recent 1-um observations from the Hubble
Space Telescope will finally resolve this question (Lo et al. 1993, personal com-

munication).

We assume at present that =0, without more detailed modeling, and
proceed to derive a mass model using our kinematic data. The equations of stel-
lar hydrodynamics apply under the assumptions of a nearly collisionless, equili-
brium system of point particles, such as stars. They require a knowledge of the
mass and luminosity functions for the region, the velocity dispersion, and rota-
tional velocity. We assume radial (spherical) symmetry; if we define the velocity
dispersion in spherical coordinates, then we also assume og=0f. The equation of
interest (Binney 1982) begins with the first moment of the Boltzmann Equation

(egn. 3a):
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Again assuming isotropy (6,=Cg= ¢), we can rewrite eqn. 3a as (eqn. 3b):
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Under the assumption that =0 (above) we have (eqn. 3c):
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which can be rewritten as (eqn. 3d):

dinn(ry _ dinc}? vr(221:|

. ro?
O =" dnr " i o2

This is the form of the first moment of the Boltzmann equation which we have
use. Again, it assumes the anisotropy parameter §=0. This may in fact not be
the case, as shown by the v,y .,.,./<0>- € test (Kormendy and Illingworth 1982;
McGinn et al. 1989), using the same values as McGinn et al. (1989) (consistent
with our data) for v, ... (70 km/s), € (0.3), and the core radius of the central
stellar cluster (10"=0.4 pc), but a value for <6> a factor of ~ 1.5 higher (aver-
aged within 3 core radii of the center). This somewhat higher average value for
the peak velocity dispersion towards the center implies B may lie somewhere
between 0.0-0.5 (McGinn et al. 1989), but in the light of the uncertainties
involved, we will stay with B=0. As a mitigating factor to the simplifications

here, we do note that the estimated two-body relaxation time for the region, ~
10® yr, may be small compared to the age of the faint stars making up the faint
diffuse light (barring much recent, large-scale star formation). Thus it may not

be so unrealistic to assume that the stellar system is relaxed and that the velocity
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dispersion can be treated as roughly isotropic.

In computing M(r) from the above equation, we use n(r) « r'® (Becklin
and Neugebauer 1968; Allen, Hyland, and Jones 1983; McGinn et al. 1989).
We estimate do,/dr=-0.65 km/s/arcsec from our o(r) data. Since generally the
radial gradient in n(r) dominates in the computation of M(r) (vs. the gradients in
o, and v,, ), deprojection effects will not be considered. The velocity dispersion
and rotational velocity at each position have been radially averaged using our F-
P maps. A plot of our mass distribution is displayed in Fig 3.14, to be compared
with mass estimates using other techniques (Fig 3.10). As noted by McGinn et
al. (1989) and also seen from our data, the enclosed mass estimates using the gas
are quite similar to those using the stars, despite the kinematic differences

between the two (ordered rotation for the gas vs. dispersion in the stellar case).

In summary for the kinematics, we find that within a projected radius of 0.6
pc from IRS16 the mean velociiy dispersion is 150 £ 9 km/s and the mean V| o
is -10 * 18 km/s (Figs 3.2,3.3). These numbers are in good agreement with
those of Sellgren et al. (1990), whose corresponding published values are a mean

velocity dispersion of 125 + 5 km/s and a mean V, ¢, of -14 + 15 km/s. These

results must be considered in light of the possibility of little or no CO absorption
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within the central 0.6-0.8 pc due to stars. The velocity dispersion as a function

of radius (c,) is well fit (to within the errors) by a linear relationship. Under the
assumption that the mass-to-2-um-light ratio is independent of radius, and
assuming a stellar density dependence of r'!'®, then the results presented here

imply a mass interior to 0.6 pc of (8.0 + 2.6)x10° M, which is consistent with a

central mass of (5.5 + 1.5)x10° M,, found previously (Sellgren et al. 1990;

McGinn et al. 1989). This new mass estimate, derived from the diffuse emis-
sion, is higher by a factor ~ 2 than that derived from the individual stars, using
the projected mass estimator (Ch 1). The radial velocities for the individual stars
presented here are consistent with those found by Rieke and Rieke (1988) (Table

3.1).

Considering the errors on our M(r) values, uncertainty in the radial depen-
dence of the mass-to-light ratio of the stellar cluster, inability to determine the
value of the velocity anisotropy, and uncertainty in the value of the core radius
of the stellar cluster (. anywhere from 1"-20" from recent papers), it would
appear premature to make any statement concerning the existence of a central,
massive condensed object at the Galactic Center. The presence of ~ few x 10°

M,, within the central parsec provides circumstantial evidence for an increase in

the mass-to-2-lim-light ratio, possibly indicating a radial change in the stellar



47

population (discussed in more detail in Section 3.4 below). One possibility
would be an increase in the relative number density of dwarfs vs. giants,
although this is somewhat implausible on dynamical grounds. It seems that only
if it can be conclusively shown that (1) there is a substantial amount of mass (~
108 My) enciosed within a very small region (< 0.1 pc) and (2) the mass-to-light
ratio of the stellar cluster does not depend on radius, would it be reasonable to
suppose the existence of a SMBH at the Galactic Center. Additional possibilities
include low-mass stars and sub-stellar objects (dynamically unlikely) and a clus-
ter of stellar remnants, such as neutron stars. See Rees (1984) for a good flow

chart depiction of how to create a SMBH in a galactic nucleus.

The results presented here can be compared to published results for external
galaxies, notably M31, M32, and M82. The kinematic results for the Galactic
Center qualitatively match M31 and M32, although scaled down by a factor of
roughly 2 (maximum rotation velocity of ~ 80 km/s vs 150 km/s and peak velo-
city dispersion of ~ 150 km/s vs 250 km/s for the Galactic Center and M31/M32
respectively; Kormendy 1988; Dressler and Richstone 1988; Kormendy 1992).
These results may indicate a larger central mass for M31/M32. For the case of
MB82, recent CO 2.30-um bandhead observations of the central 7.5 pc (Gaffney

et al. 1992) reveal that the stellar and gas kinematics are decoupled (as is the
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case for the Galactic Center), and that the stars have a significantly higher velo-
city dispersion than the ionized gas within the same region (not true for the
Galactic Center). The conclusion for M82 is that the 2-um light interior to 7.5
pc arises from giant stars that represent a distinct stellar population from the sur-
rounding starburst. Gaffney et al. do not have enough data to display a rotation
curve, but find a peak velocity dispersion within the central 7.5 pc of ~ 100
km/s. MB82 is a "classic" starburst galaxy, while the presence of significant star
formation activty in the Galactic Center is still quite debatable. However, M82
is one of the few external galaxies to be studied kinematically using the 2.30-um

CO bandhead.

3.4 Nature of the Stellar Population

Our CO map clearly shows a decrease in CO absorption from ~ 35% at a
projected distance of 3 pc from IRS16 to ~ 3% at IRS16. This decrease has
been noted previously (McGinn et al. 1989; Sellgren et al. 1990), although we
have mapped the effect much more completely. Discrete bright sources in this
region showing weak or no CO absorption have been the subjects of previous
studies. These sources include IRS16NE, IRS1, 6,9,10, and 13 (see Neugebauer
et al. 1976; Hall et al. 1982; Storey and Allen 1983; Rieke, Rieke, and Paul

1989). It appears that both the diffuse stellar light and individual stellar sources
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show a marked decrease in CO absorption as the projected distance from IRS 16
becomes smaller. The question arises: what is a viable explanation for this

phenomenon?

Sellgren et al. (1990) describe an interesting model to explain the decrease
in CO absorption toward IRS 16, and we will briefly summarize it here. We are

able to constrain their model based on the more complete coverage of our data.

The Sellgren et al. (1990) model claims that there may be no CO absorption
feature within a true distance of 0.6 pc of IRS16, with the CO absorption
observed interior to that radius arising as a projection effect, from CO absorbing
material at larger true distances along the line of sight. This would mean that
there is no velocity dispersion information within this 0.6 pc region. Proposed
explanations for the lack of CO in the central parsec are (1) photodissociation of
the CO in the atmospheres of the late-type stars by the ambient UV radiation
field, (2) destruction of the late-type star atmospheres by collisions, and (3) a
population of sources within the central pc showing no CO absorption which
serve to "wash out" the CO feature displayed by an old stellar population within

the same region. We briefly describe these three possibilities below.
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For the case of photodissociation, the most basic model involves a central
source of UV radiation producing Ly o and Ly  photons which dissociate the
CO in the stellar photospheres, but not the hydrogen, which could produce an as
yet unobserved additional component to the 2-pum light via the formation of HII
regions. Simple calculations show that the observed UV luminosity within the
central 0.6 pc of the Galactic Center is too low by a factor ~ 20. Following the

arguments put forth in Seligren et al. (1990), from Allen (1973), the photospheric
column density of CO in a typical M giant is ~ 3x10% cm?. The timescale for

recombination of the stellar CO is ~ 9x10% s based on observations of a late-M

Mira variable (Hinkle et al. 1982). Thus from simple inverse square law con-

siderations a flux of ~ 10°3 Lyman (c.,8) photons s’!

is required to maintain the
dissociation of the M giant photospheric CO at a distance of 0.6 pc (from Fig
3.11 it appears from this data that the CO is dropping off starting somewhat

further out, at ~ 0.8 pc, but a figure of 0.6 pc will be used here as a conservative

estimate). If all the observed luminosity of the Galactic Center is converted to
Lyman photons, that is 3x10” L, (Becklin et al. 1982) becomes 7x10°! Ly a
photons s7!, it is clear that the ambient UV field of the Galactic Center is not

enough to keep the stellar CO depleted enough to explain these observations.

The above calculation holds whether the UV photons arise from a single central
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source or from a cluster of sources, such as an OB association. Nevertheless, the
modeling is complex and more work is needed. In particular, the spatial distri-
bution and actual dissociation mechanisms for molecules in stellar atmospheres is

poorly understood.

It has been predicted by Lacy, Townes, and Hollenbach (1982) and Phinney
(1989) that for a central velocity dispersion = 150 km/s roughly half the giant
stars will have their outer envelopes stripped at 0.6 pc and the majority of giants

will be stripped interior to that radius.

The above conclusion derives from the fact that when gravitational focusing
is taken into account, the rate at which a star of mass M passes within a distance
d of stars of mass m, from a population of density n*, is (Phinney 1989) (eqn.

3e):

*
(o)

For tidal captures between pairs of main sequence stars, d < 2R* so the stars
should merge. If n* is approximated as a singular isothermal sphere, then the
stellar density and timescale for main sequence star merging are given by (eqns.

3f,g):
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2
o _ 5 3. 2. 2
p= 3 2x10°Mpcog, Toc

1 1
tm) ~ 2.5x10'yr

o 2
u (140.070,,2)

r
pc

Stars which survive to the giant phase are most likely to be stripped when they
are largest, when they are at the end of the giant branch (R ~ 100R;). The pro-
bability of stripping during the giant phase is ~ 0.136%r,2. Thus stellar colli-
sions could clearly account for a large reduction in CO absorption. In fact, most
turn-off main sequence stars will undergo direct collisions, most likely resulting
in mergers (Phinney 1989; Lee and Nelson 1988; Begelman and Rees 1978;
Sanders 1970; Colgate 1967). The blue colors of IRS16 indicate that it may be
the product of mergers, where stars have coalesced to produce more massive
stars and perhaps where the inner stellar cores have become exposed. If the
giants are responsible for the majority of the 2-um light in the region, then the
stripping must leave their 2-im luminosity essentially unchanged. Loss of the
outer photosphere will make a giant star smaller, requiring its effective surface
temperature to increase in order to keep its luminosity constant. More theoretical
work is needed to better understand if the required temperature increase, perhaps

by up to a factor of 2, is plausible.
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The third possibility for a lack of CO is an abrupt change in the stellar
population at ~ 0.6 pc from IRS16. As for the above "CO destruction”" models,
n(r) e« r~'® for the 2-um sources outside a specified core radius (0.05 pc in this
case); however, the number density of CO absorbing 2-yim objects is governed
by the same power law only for radii from 0.4-0.8 pc from IRS16. The idea
behind the stellar population change is that interior to 0.6 pc, there is a cluster of
stars with little or no intrinsic CO absorption (hence no CO destruction mechan-
ism required). This model is attractive in light of the possible problems with
photodissociation/stellar collisions, but there are some potential problems as well.
First, this scenario probably requires recent star formation at the Galactic Center.
While IRS7, a supergiant, exists in close proximity to IRS16 and is indication of
at least some recent star formation, there is very little gas at the very center from
which to form new stars. That hot, young stars with weak or no CO absorption
exist in large numbers at the Galactic Center is controversial. Second, a central
velocity dispersion of ~ 150 km/s will not allow for a clear boundary between
different stellar populations for any extended timescale. Third, the radial light
profile is smooth over the 0.6 pc boundary, which requires somewhat contrived

explanations should the stellar type change abruptly at this radius.
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In order to better quantify the change in CO strength as a function of
radius, elliptical isophotes were fit to the continuum emission from our CO map,
after the central cluster of weakly-absorbing CO sources was removed (i.e. the
IRS16/IRS1 complex). The fitting was performed using the IRAF STSDAS
"ellipse" fitting routine. The image is measured using an iterative method
(Jedrzejewski 1987), where initial starting parameters are specified: the semi-
major axis length, the (x,y) axis center, the ellipticity, and the semi-major axis
position angle. Using the initial values, the image is sampled along a first-guess
elliptical path, and a least-squares fitting algorithm which considers the local
image gradient provides corrections to successive fits. The process is repeated

until the error in the fit is below a specified rms residual of the CO intensity.

Because the "ellipse” routine was designed specifically for use in fitting
galaxy isophotes, where the brightness distribution increases towards the nucleus,
our CO map was intensity-inverted in order to make the routine work as
designed (since the CO map decreases in intensity towards the center). The best
fit yielded marginally elliptical isophotes (ellipticity 0.95 £ 0.05), centered on
IRS16, with position angle of 0 + 4 degrees. There was no evidence for any fit
along the major axis of the Galaxy (PA ~ 135 degrees). This result lends

credence to models involving spherically symmetric causes for the CO loss, such



55

as UV photoionization of the stellar atmospheres and/or stellar collisions, but not
a change in stellar population with radius. A change in stellar population should
be detected along the stars of the Galaxy major axis (which is discernable at 2
pm despite patchy extinction in the region). Thus it is improbable that a change
in stellar population is responsible in large part for the CO decrease within the
central 0.6-0.8 pc of the Galaxy, when the elliptical isophotes and stellar mixing
problems (mentioned above) are considered. This effect needs to be confirmed

with higher spatial resolution CO mapping.

An additional possibility for the lack of observed CO is that the CO absorp-
tion is being filled in by CO in emission at 2.3 um. Since the decrease in CO is
fairly symmetric about IRS16, the CO in emission would also have to be fairly
symmetric. While this is possible, it must be noted that CO v=2-0 in emission
requires unusual physical conditions and is rare observationally: densities ~
10'%cm® and temperatures ~ 3000 K are required. Examples of CO v=2-0 in
emission include some protostellar objects, such as the Becklin-Neugebauer (BN)

Object, and the nucleus of the Seyfert galaxy NGC1068.



Table 3.1 Radial Velocities (km/s) of Individual Sources in the Central 1.5x1.5 pc of

the Galaxy -

Source  This Work Rieke and Rieke (1988)
IRS1 +55+23 +35

IRSS +90+30 -

IRS7 -128 (fixed) -128

IRS9 +17+£27 -

IRS10 -82+34 -156 (10E)

IRS11 -18+12 -10

IRS12  -35+9 -24 (12N); +73 (125)
IRS13 - -

IRS14  +9+13 +4

IRS15  -18+30 -32

IRS16 - -

IRS17  +62+12 +77

IRS18  +2424 +25

IRS19  +49+16 +34

56
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Table 32 Measured Velocity Dispersions (km/s) from McGinn et al. (1989) vs. This
Work Using Data from McGinn et al. (1989); all positions are from UKIRT F-P data
at 120 km/s and 20" resolution, with positions #01-10 from 1985 and 11-13 from 1986
data

Position Velocity Dispersion  Velocity Dispersion
{McGinn et al.) (McGinn et al.) (This Work)
01) 23" SW of IRS16 149+ 7 197 £ 30
02) 34" SW 96 * 13 172 + 34
03) 45" SW 82+ 12 142 + 34
04) 68" SW 68 = 16 170 £ 29
05) 85" SW 85+ 15 154 + 31
06) 23" NE 83+ 19 103 = 40
07) 34" NE 79 + 09 132 + 37
08) 45" NE 64 + 12 127+ 35
09) 68" NE 43+ 17 100 + 40
10) 85" NE 49 £+ 17 169 + 36
11) 9" SW 123+ 11 233 x40
12) 16" SW 102+ 9 190 + 36

13) 23" SW 1497 211 £ 32
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Figure 3.1 Map of CO strength for central 1.5 pc (~ 35") of the Galaxy. The CO
strength declines from ~ 35% in the outermost regions to ~ few % in the vicinity of
IRS16. The map is binned 4x4 pixels (for an effective spatial resolution of 4."8) and
double-sampled. The constant grey region in the vicinity of IRS16 has a CO strength
value € 3% and therefore provides no data for the rotation and velocity dispersion
maps.



Figure 3.2 Map of rotational velocities for the central 1.5 pc of the Galaxy. The rota-
tion curve is fairly symmetric with an amplitude ~ 70 km/s, skewed somewhat with
higher rotational velocities to the NE of IRS16/Sgr A*. The standard FP phase and
heliocentric corrections have been made, and the map has been absolute velocity cali-
brated with respect to IRS7. The map is binned to 4."8 spatial resolution and is
double-sampled.
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Figure 3.3 Map of velocity dispersion in the central 1.5 pc of the Galaxy. The velo-
city dispersion of the diffuse stellar light runs from ~ 50 km/s in the outer regions to a
peak of ~ 150 km/s in the vicinity of the IRS16/Sgr A* complex. The map is binned
4x4 pixels (effective spatial resolution 4."8) and double-sampled.












Figure 3.7 Contour map of CO strength for the central 1.5 pc of the Galaxy overlaid
on a K-band map of the region (Rosenthal et al. 1988). IRS7 is the only point source

left in the image (for spatial registration purposes). Contours are spaced every 2.5% in
CO strength.




Figure 3.8 Contour map of rotational velocities for the central 1.5 pc of the Galaxy
overlaid on a K-band image of the region. Contours are spaced every 25 km/s.
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Figure 3.9 Contour map of velocity dispersion for the central 1.5 pc of the Galaxy
overlaid on a K-band image of the region. Contours are spaced every 25 km/s.
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Chapter 4

Summary and Future Prospects

This dissertation describes observations of the CO 2.3-um bandhead at the
Galactic Center in order to better understand the nature of the stellar population
and stellar kinematics of the region. The purpose of this chapter is to summarize
the preceding three and note current prospects for future observational and

theoretical work along the same lines.

4.1 The Stellar Population

The CO absorption strength can be well determined since it is calculated
based on the total number of points in a given spectrum, as opposed to the
kinematic quantities which depend primarily on the spectral points across the CO
bandhead itself. Binning the data to 4."8 resolution has allowed for the most

favorable trade-off between spatial resolution and S/N.

The decrease in apparent Galactic Center CO absorption from ~ 35% at
projected distances 2 1 pc from IRS16/Sgr A* to ~ 3-5% in the immediate vicin-

ity of the IRS16/Sgr A* complex has important ramifications for the nature of
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the stellar population. This decrease has been noted previously (McGinn et al.
1989; Sellgren et al. 1990), although with less complete mapping and often
poorer spatial resolution. Both the discrete sources and the diffuse stellar light
show a decrease in CO absorption with decreasing projected distance from

IRS16/Sgr A*.

A model to explain the observed decrease in CO absorption towards
IRS16/Sgr A* has been proposed by Sellgren et al. (1990), and we are able to
better constrain this model based on the more complete spatial coverage of our
data. According to the Sellgren et al. model, there may be no CO absorption
feature within a true distance of 0.6 pc of IRS16, with the observed CO absorp-
tion inside that radius being due to a projection effect, from CO absorbing
material at larger true distances along the line of sight. Such a lack of CO in the
central parsec of the Galaxy could be due to one or more of the following, as
previously described in Chapter 3: (1) UV photons from the ambient radiation
field dissociating the CO in the atmospheres of the late-type stars, (2) stellar col-
lisions destroying the outer atmospheres of the late-type stars, (3) a population of
sources within the central parsec which show no CO absorption and serve to
dilute the CO feature displayed by an older stellar population within the same
region, and (4) CO in emission and/or dust continuum emission diluting/filling in

the CO absorption. Our new data indicate that the CO absorption is declining in
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a spherically symmetric distribution. Even higher spatial resolution CO index
images are needed to confirm this effect, but if true then it lends credence to
models involving stellar collisions and/or UV photodissociation destroying the
stellar photospheric CO. UV photodissociation and stellar collisions would be
expected to create a more radially symmetric gradient in the CO strength. If,
however, the stellar population is changing on a pc-scale in the Galactic nucleus,
then it will be important to observe the effect more thoroughly as we currently
cannot make these types of observations on this scale in any other galaxy (the
nucleus of the nearest galaxy, M31, is roughly 70x further away than the Galac-
tic Center). A better understanding of such a stellar population change will help
both to elucidate the physical processes occurring at the centers of "normal” (e.g.
similar to the Galactic Center) and "abnormal" (e.g. starburst) galaxies and to

better interpret evidence for SMBHs in external galaxies.

4.2 Stellar Kinematics

4.2.1 Individual Bright Stars

The ~ 15 individual bright stars within our Galactic Center field of view show a
velocity dispersion consistent with that of the diffuse stellar light, in agreement

with earlier studies (e.g. Rieke and Rieke 1988). While clearly based on small
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number statistics, the rotational data also agrees with that seen in the diffuse

light.

4.2.2 Diffuse Stellar Light

For the stars comprising the faint diffuse light, we observe clear rotation with a
mean amplitude of 75 km/s along the major axis. The rotation curve appears to
be skewed slightly in the direction northeast of IRS16/SgrA*. The velocity
dispersion of the faint stars peaks at ~ 150 km/s and decreases with projected
radius. The velocity dispersion dominates the kinematics at small distances from
IRS16. We find a somewhat larger peak value in the velocity dispersion and in

general higher values at larger radii than found by Sellgren et al. (1990).

4.3 The Mass Distribution

Our kinematic picture of the central 1.5 pc of the Galaxy is one on which the
motions of the stars are governed by ordered (rotation) and random (velocity
dispersion) components, with the velocity dispersion dominating in this central
region. The stellar velocities differ considerably from those of the ionized and
neutral gas, as noted by previous observers (e.g. Sellgren et al. 1990). Under the
assumption that the velocity anisotropy parameter (B) is zero, we have derived

the mass distribution in the central 1.5x1.5 pc of the Galaxy using the equation
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of stellar hydrodynamics. Considering the errors in our M(r) values, uncertainty
in the radial dependence of the mass-to-light ratio of the stellar cluster, the ina-
bility to conclusively determine the value of the velocity anisotropy, and uncer-

tainty in the value of the core radius of the stellar cluster, it is not possible to
conclusively prove or disprove the existence of a SMBH (~ few x 10° M) at
the Galactic Center. Only if it can be clearly shown that: (1) there is a substan-
tial amount of mass (= 10° M) enclosed within a very small region (< 0.1 pc)

and (2) the mass-to-light ratio of the stellar cluster is independent of radius will
it become plausible to infer the existence of a SMBH at the Galactic Center.
Future observations will hopefully be able to unravel this mystery, although the
problems associated with inferring the Galactic Center mass distribution from

either gas or stellar kinematics will not easily go away.

4.4 Future Prospects

As with any observational project, it is always easy in hindsight to suggest
ways in which to do it better — this project is no different, and that is the pur-

pose of this section.

Observationally, it should prove worthwhile to pursue both the questions of

the nature of the stellar population and the stellar kinematics and mass
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distribution. Both questions can be better addressed with higher spatial resolu-
tion (and of course S/N) data, in particular by a better determination of the stel-
lar types within the central ~ 10" of the Galactic Center. Higher spatial resolu-
tion data will more clearly define the region of CO weakening as a function of
distance from IRS16 and whether it is better described by spherical symmetry or
a stellar distribution along the major axis of the Galaxy. Better angular resolu-
tion would also help with kinematic modeling in trying to determine if there is a
pocket of high stellar velocity dispersion very close to the IRS16/SgrA* com-
plex. Clearly, it would be of less use if in fact the stars in the very central
region have no CO in their atmospheres. Better spectral (velocity) resolution is
not particularly necessary for the CO mapping, but might be worthwhile in order
to more accurately determine the smaller velocity dispersions for a more com-
plete kinematic picture. More complete mapping of the kinematics and CO
index over a larger field of view would also be useful, particularly to see if the
decrease in CO absorption is confined only to the very innermost region and to
trace the functional form of the rotation curve and velocity dispersion with

radius.

The central goal of this project was to search for evidence of a supermas-
sive black hole at the Galactic Center by observing stellar kinematics. Due to

problems associated with the interpretation of the CO absorption and the rather



105

low stellar velocity dispersion observed at thé Galactic Center, this method has
resulted in an inclusive result. Ultimately, the general method seems better
suited to SMBH searches in external galaxies, where often the observed stellar
velocities are higher at larger projected radii and the kinematic interpretations are
less complicated (e.g. Kormendy 1992, personal communication; Kormendy
1988; Dressler and Richstone 1988; Tonry 1987). For example, in the case of
M31 (Kormendy 1992), nearly circular stellar orbits peaking at ~ 250 km/s (~ 2x
that seen in the Galactic Center) at projected distances nearly a factor of 10
times further from the dynamical center of the galaxy, compared to the Galactic
Center, lead to easier modeling of the M31 central mass distribution, with virtu-
ally no concerns about the velocity anisotropy. In terms of gas kinematics, for
both the Galactic Center and external galaxies, further modeling is still required

to solidify any mass distribution interpretations.

While the observations presented in this dissertation were obtained using an
imaging Fabry-Perot system, other types of instrumentation have advantages.
For instance, an imaging FTS system under development at CFHT (Simons
1992, CFHT Newsletter) and NSFCAM coupled with the facility CVF at the
IRTF should be able to achieve higher spatial resolution than was possible at
UKIRT. Further, the imaging CVF system at IRTF will have a much higher

throughput than the F-P system (~ 1% vs 0.03% spectral resolution), while the
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loss of spectral resolution will not be a serious problem for CO index mapping.
Slit spectroscopy, while possibly introducing some positional uncertainties, also
does not have some of the calibration problems inherent with F-P, FTS, and
CVF setups. In particular, the new echelle spectrometer at the IRTF (Tokunaga
et al. 1992, IRTF Newsletter) will allow for very high velocity resolution for

future kinematic studies.

Larger ground-based telescopes, such as the Keck and JNLT, will permit
more efficient data collection allowing for higher S/N observations and larger
regions of the Galactic Center to be mapped. One exciting prospect for much
higher spatial resolution mapping is the NICMOS (near infrared camera, multi-
object spectrograph) to be flown aboard the Hubble Space Telescope (HST).
This instrument should achieve an angular resolution down to the diffraction
limit of the 2.4-m telescope (~ 0."23 at 2.2 pm). Unfortunately, budget con-
straints seem to be jeopardizing the MOS part of the instrument; it is scheduled

to be placed on HST sometime in 1997.

Perhaps the greatest increase in sensitivity for future CO observations of the
Galactic Center will come from the rapid advances being made in IR detector
technology. The data presented here were obtained using a 58x62 InSb array

with an effective readnoise of 800 e- and dark current of 10-20 e-/s (the chip
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was cooled to lower this figure, the tradeoff being somewhat decreased sensi-
tivity). The newest generation of IR arrays (both InSb and HgCdTe) are 2
512x512 with readnoise < 50 e- and dark currents as low as ~ 10 e-/s at nominal
operating temperature (Hodapp 1991, personal communication). Such IR arrays
will be more widely accessible and will provide the capability for much larger
area, high S/N, and high spatial resolution mapping of the kinematics and CO at

the very center of the Galaxy.

Finally, an additional very important set of observations will be H (1.6 um)
and K (2.2 pm) mapping of the Galactic Center in order to study the stellar
luminosity function in more detail. High angular resolution, deep images taken
from a site such as Mauna Kea will provide near-infrared photometric data on
thousands of stars. The derived dereddened K-band luminosity function will
help to constrain models trying to explain the disappearance of the CO feature at
the Galactic Center. It will shed light on the current and recent rate of star for-
mation in the area, which has important implications for the possible presence of
a population of Wolf-Rayet stars near the IRS16 complex (invoked to explain
recent lunar occultation observations). Wolf-Rayet stars are a class of extreme

Population I stars which are young, hot, luminous, typically > 40 M,,, and are

undergoing mass loss with associated stellar winds of thousands of km/s. They

appear to be a post-main sequence evolutionary phase of young O/B stars, and
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are comparatively rare in the Galaxy. Yet the presence of this class of stars at
the very center of the Galaxy helps to explain the rather blue colors of IRS16,
the fact that its components appear to be stellar in nature, and the broad (~ 1500
km/s) Hel 2.06 pm line observed near the complex, characteristic of W-R stars.
W-R stars are also invoked to explain characteristics of starburst activity in

external galaxies.

4.5 Conclusion

While sources at the Galactic Center have been observed for 25 years, the
study of such basic aspects of the region as its mass distribution and stellar
population are still in their infancy. It is hoped that this work has shed neces-
sary light on the problems and rewards of studying these aspects of the Galactic
Center. It is only through a thorough understanding of the center of our Galaxy

that we can hope to achieve better understandings of the nuclei of all galaxies.



109

References

Adams, D.J., Becklin, E.E., Jameson, R.F., Longmore, A.J., Sandqvist, Aa., and
Valentijn, E. 1988, ApJL, 327, 65

Allen, C.W. 1973, Astrophysical Quantities (Athlone: London), p. 213

Allen, D.A., Hyland, A.R., and Jones, T.J. 1983, MNRAS, 204, 1145

Allen, D.A., and Sanders, R.H. 1986, Nature, 319, 191

Backer, D.C., and Sramek, R.A. 1987, In The Galactic Center: Proceedings of
the Symposium Honoring C.H. Townes, ed. D.C. Backer (American Institute of
Physics, New York), p. 163

Becklin, E.E., Gatley, 1., Werner, M.W. 1982, ApJ, 258, 134

Becklin, E.E., and Neugebauer, G. 1975, ApJL, 200, L71

Becklin, E.E., and Neugebauer, G. 1968, ApJ, 151, 145

Becklin, E.E., Dinerstein, H., Gatley, I., Werner, M.W., and Jones, B. 1987, In
The Galactic Center: Proceedings of the Symposium Honoring C.H. Townes, ed.
D.C. Backer (American Institute of Physics, New York), p.162.

Begelman, M.C., and Rees, M.J. 1978, MNRAS, 185, 847

Bevington, P.R. 1969, Data Reduction and Error Analysis for the Physical Sci-
ences (McGraw-Hill, New York).

Binney, J. 1982, In Morphology and Dynamics of Galaxies, ed. L. Martinet and
M. Mayor (Geneva Obs., Sauverny, Switzerland), p. 3

Binney, J. 1981. In The Structure and Evolution of Normal Galaxies, eds.
S.M. Fall, D. Lynden-Bell (Cambridge Univ. Press, Cambridge), p. 55

Brown, R.L. 1982, ApJ, 262, 110

Colgate, S.A. 1967, ApJ, 150, 163



110

Crawford, M.K., Genzel, R., Harris, A.L, Jaffe, D.T., Lacy, J.H., et al. 1985,
Nature, 315, 467

Dressler, A., and Richstone, D.O. 1988, ApJ, 324, 701

Eckart, A., Genzel, R., Krabbe, A., Hofmann, R., van der Werf, P.P., and
Drapatz,S. 1992, Nature, 355, 526

Forrest, W.J., Shure, M.A., Pipher, J.L., and Woodward, C.E. 1987, In The
Galactic Center, ed. D.C. Backer (AIP, New York), p. 153

Gaffney, N.I, Lester, D.F., and Telesco, C.M. 1992, preprint

Gatley, I., Joyce, R., Fowler, A., DePoy, D., and Probst, R. 1989, In IAU Sym-
posium No. 136: The Center of the Galaxy, ed. M. Morris, p. 361

Geballe, T.R., Krisciunas, K.L., Lee, T.J., Gatley, 1., Wade, R., et al. 1984, ApJ,
284, 118

Genzel, R., and Townes, C.H. 1987, ARAA, 25, 377
Genzel, R., Watson, D.M., Crawford, M.K., Townes, CH. 1985, ApJ, 297, 766

Gusten, R., Genzel, R., Wright, M.C.H., Jaffe, D.T., Stutzki, J., and Harris, A.L
1987, ApJ, 318, 124

Habing, H.J., Olnon, F.M., Winnberg, A., Matthews, H.E., and Baud, B. 1983,
AA, 128, 230

Hall, D.N.B., Kleinmann, S.G., and Scoville, N.Z. 1982, ApJL, 260, L63
Herbst, T.M., Beckwith, S.V.W_, and Shure, M. 1993, ApJL, 411, L21
Hillebrandt, W., Thielemann, F.K., Langer, N. 1987, Apl, 321, 761
Hinkle, K.H., Hall, D.N.B., and Ridgway, S.T. 1982, ApJ, 252, 697

Ho, P.T.P, Ho, L.C., Szczepanski, J.C., Jackson, J.M., Armstrong, J.T., and Bar-
rett, A.H. 1991, Nature, 350, 309



111

Illingworth, G. 1977, AplL, 218, 143

Jacobson, A.S. 1982, In The Galactic Center: AIP Conf. Proc. No. 83, eds. G.R.
Riegler and R.D. Blandford (American Institute of Physics, New York), p. 123

Jedrzejewski, R. 1987, MNRAS, 226, 747

Kawai, N., Fenimore, E.E., Middleditch, J., Cruddace, R., Fritz, G., Snyder, W.,
and Ulmer, M. 1988, ApJ, 330, 130

Kormendy, J. 1992, preprint

Kormendy, J. 1988, ApJ, 325, 128

Kormendy, J. 1988, ApJ, 335, 40

Kormendy, J., and Illingworth, G. 1982, AplJ, 256, 460

Lacy, J.H., Achtermann, J.M., and Serabyn, E. 1991, ApJL, 380, L71
Lacy, J.H., Townes, C.H., and Hollenbach, D.J. 1982, ApJ, 262, 120
Lampton, M., Margon, B., and Bowyer, S. 1976, ApJ, 208, 177

Lee, HM., and Nelson, L.A. 1988, ApJ, 334, 688

Lo, K.Y. 1986, Science, 233, 1394

Lo, K.Y., and Claussen, M.J. 1983, Nature, 306, 647

Lugten, J.B., Genzel, R., Crawford, M.K., and Townes, C.H. 1986, ApJ, 306,
691

Mahoney, W.A., Ling, J.C., Wheaton, W.A., and Jacobson, A.S. 1984, Apl,
286, 578

Mahoney, W.A., Ling, J.C., Jacobson, A.S., Lingenfelter, R.E. 1982, ApJ, 262,
742



112

McGinn, M.T., Sellgren, K., Becklin, E.E., Hall, D.N.B. 1989, ApJ, 338, 824

Neugebauer, G., Becklin, E.E., Beckwith, S., Matthews, K., and Wynn-Williams,
C.G. 1976, AplL, 205, L139

Phinney, E.S. 1989, In The Center of the Galaxy: IAU Symp. 136, ed. M.
Morris (Kluwer, Dordrecht), p. 543

Rees, M.J. 1984, ARAA, 22, 471

Rieke, G.H., and Lebofsky, M.J. 1987, In The Galactic Center: Proceedings of
the Symposium Honoring C.H. Townes, ed. D.C. Backer (American Institute of
Physics, New York), p. 91

Rieke, G.H., and Rieke, M.J. 1988, ApJL, 330, L33

Rieke, G.H., Rieke, M.J., and Paul, A.E. 1989, AplJ, 336, 752

Sanders, R.H. 1970, ApJ, 162, 791

Sargent, W.L.W. 1987, In The Galactic Center, ed. D.C. Backer (AIP, New
York), p. 62

Serabyn, E., Gusten, R., Wink, J.E., Walmsley, C.M., Zykla, R. 1986, AA, 169,
85

Serabyn, E., and Lacy, J.H. 1985, ApJ, 293, 445

Sellgren, K., Hall, D.N.B., Kleinmann, S.G., and Scoville, N.Z. 1987, AplJ, 317,
881

Sellgren, K., McGinn, M.T., Becklin, E.E., and Hall, D.N.B. 1990, ApJ, 359,
112

Sofue, Y., Reich, W., and Reich, P. 1989, ApJL, 341, L47
Storey, J.W.V,, and Allen, D.A. 1983, MNRAS, 204, 1153

Sutton, E.C., Danchi, W.C., Jaminet, P.A., and Masson, C.R. 1990, ApJ, 384,



113

503

Tollestrup, E.V., Capps, R.-W., and Becklin, E.E. 1989, Al, 98, 204

Tollestrup, E., Capps, R.W., and Becklin, E.E. 1986, BAAS, 18, 640

Tonry, J.L. 1987, Apl, 322, 632

Townes, C.H. 1990, In The Galactic Center (U. Arizona, Tucson), p. 188
Watson, M.G., Willingale, R., Grindlay, J.E., and Hertz, P. 1981, ApJ, 250, 142

Winnberg, A., Baud, B., Matthews, H.E., Habing, H.J., and Olnon, FM. 1985,
AplL, 291, 145



