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ABSTRACT

We present deep 1.6 (H) and 2.2 um (K) images of the central parsec of the Galaxy at a resolution of 0”15.
Most of the flux in earlier seeing-limited images comes from about 340 unresolved stellar sources with
K-magnitudes <14. Most of the fainter stars in the central parsec are likely M- rather than K-giants. The
IRS 16 and 13 complexes are resolved into about 25 and six sources, a number of which are probably lumi-
nous hot stars. We confirm the presence of a blue near-infrared object (K = 13) at the position of the compact
radio source Sgr A*. The spatial centroid of the number distribution of compact sources is consistent with the
position of Sgr A* but not with a position in the IRS 16 complex. The stellar surface density is very well fitted
by an isothermal cluster model with a core radius of 0.15 + 0.05 pc. The central stellar density is close to
108 M, pc~3. Buildup of massive stars by collisional merging of lower mass stars and collisional disruption of
giant atmospheres are very probable processes in the central 0.2 pc.

Subject headings: galaxies: nuclei — Galaxy: center — infrared: stars

1. INTRODUCTION

The nature of the stellar cluster in the Galactic center has
been subject of many investigations (e.g., Bailey 1980; Allen
1987) ever since the first near-infrared mapping of Becklin &
Neugebauer (1968). Here we report initial results of 0715
resolution (6.2 x 1073 pc at 8.5 kpc) near-infrared images of
the central parsec which expand on Eckart et al. (1992). A more
detailed discussion is in preparation.

2. OBSERVATION AND DATA REDUCTION

We employed the new MPE infrared high-resolution
camera, SHARP (Hofmann et al. 1993), at the New Tech-
nology Telescope (NTT) of the European Southern Observa-
tory (ESO) in La Silla, Chile, for near-diffraction limited
imaging at H (1.6 um) and K (2.2 pym) of the central ~10”
radius region. The observations were carried out in 1992
March 22-25 (K) and 1992 August 11 (H). The image scale was
0705 pixel "1, and integration times were 0.3—1 s per frame. The
individual frames were dead pixel corrected, flat-fielded, and a
simple shift-and-add (SA) algorithm (e.g., Christou 1991) was
applied to seeing-selected images. The long-exposure seeing
was between 078 and 170 FWHM. The short-exposure seeing
varied between 073 and 0”5 FWHM, and the bright SA refer-
ence sources (IRS 7 or IRS 16NE) were dominated by a single,
bright speckle. Our field of view was always well within the
near infrared isoplanatic patch. Figure 1 (bottom right) shows
that the resulting co-added SA images consist of 0715 FWHM
diffraction-limited images of the objects on top of a seeing
background starting at the 30% peak intensity level. To
remove this seeing background the images were “ CLEANed”
with their extracted average SA reference point-spread func-
tion (IRS 7 or IRS 16NE) and/or a point-spread function of a
nearby reference star (usually 9 Sgr) using a Lucy algorithm
(Lucy 1974). The CLEANed images were then reconvolved
with a Gaussian of 0715 FWHM. Earlier speckle image recon-
struction using the Knox-Thompson method (Knox 1976) gave
very similar results (Eckart et al. 1992; see also Eckart &
Duhoux 1990). For the Galactic center (a crowded field of
compact sources with a flux range of >10?) and data taken
under excellent seeing conditions the nonlinear, flux-
conserving Lucy algorithm has proved to be straightforward

and successful in reaching high dynamic range and high spatial
resolution.

3. RESULTS AND DISCUSSION

Figure 1 shows a mosaic of K-band image reconstructions of
the central cluster. Figure 2 (Plate 3) is a false color representa-
tion of the same data. For the central part of the image (upper
right insets of Figs. 1 and 2) the total integration time is ~4 hr
(30,000 frames). With the exception of a source about 2” S of
the compact Sgr A* radio source the image agrees very well
with and significantly improves that of Eckart et al. (1992). Our
new data are also in good agreement with earlier observations
by DePoy & Sharp (1991: resolution of 079; enhanced 074) and
the 0701 resolution lunar occultation measurements by Simon
et al. (1990) and Simons, Hodapp, & Becklin (1990). The
faintest sources reliably detected have a K-band magnitude of
14, implying a dynamic range of more than 7 mag with respect
to IRS 7 (K = 6.8). The H-band image used for the H— K color
map in Figure 2 contains 4000 frames, has a resolution of 073
and a limiting magnitude of 15.

3.1. The Cluster Is Resolved into Individual Stars

The K-band emission from the central parsec is resolved
into individual stars and groups of stars. There is no convinc-
ing evidence for extended/diffuse 2 ym emission, or a bright
central cusp. Several examples of complex emission
structures—probably due to local crowding of stars—are
evident (e.g., the IRS 13 area and a 1”5 NS ridge south of
Sgr A*). Within the flux density calibration uncertainties (less
than 10% for our data) the speckle image with 340 compact
sources of K < 14 contains all the flux density reported in
earlier seeing-limited images (Fig. 3), two-thirds of it in the
brightest 29 sources (K < 10.5). Comparison of our speckle
and long exposure images shows that apparent diffuse emis-
sion in >1" resolution images is due to a combination of
smearing of faint sources and wings of the point-spread func-
tions of bright sources. The central IRS 16 complex now splits
up into about 25 sources. Lunar occultation observations
show that the brightest of these are likely single or multiple
stars (but not large clusters), as their sizes are less than 100 AU
(Simon et al. 1990; Simons et al. 1990). The extended ridge in
IRS 16SW-E found by other authors (DePoy & Sharp 1991;
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FIG. 1.—Left: Mosaic of K-band speckle image reconstructions of the central 20" x 20" of the Galaxy at a spatial resolution of 0715 FWHM centered on the
position of the compact radio source Sgr A* (cross). Boundaries of the mosaic are indicated by solid lines. Contour levels are 14.5, 12.5, 10.5, 8.5, 6.8 mag. Faint
sources within a radius of 1'5 of IRS 7 may be missing. Three different techniques were combined for registration of Sgr A*: (1) Positioning our K-band sources from
their observed offsets from IRS 7 and its known absolute position (Becklin et al. 1987). (2) Offsets of Sgr A* from IRS 7 were derived from recent radio maps showing
both Sgr A* and the ionized tail of IRS 7 (Yusef-Zadeh & Melia 1992). (3) Relative positions were obtained from a comparison of radio continuum and NIR
recombination line maps (Forrest et al. 1987; W. Forrest 1992, private communication; Krabbe et al. 1993). The average position from (1) — (3) and its estimated
systematic uncertainty (+072) are shown in Fig. 1 and agree well with other results (Tollestrup, Capps, & Becklin 1989; DePoy & Sharp 1991; Rosa et al. 1991;
Forrest et al. 1987; Rieke et al. 1989). Top right: K-band contour map of the central 674 x 6”4 of the Galactic center region centered on the position of the compact
radio source Sgr A* (cross). This most sensitive part of the image contains information of about 30,000 individual frames taken with integration times between 0.3
and 1.0s each. The spatial resolution is 0715 FWHM. Contour levels are 15, 14, ..., 9 mag. Bottom right : Raw shift-and-add image of a representative subset of 3000
K-band frames. Contour levels are 0.2%, 0.25%, 0.3%, 0.5%, 0.7%, 1%, 3%, 4%, 6%, 10%, 30%, 50%, 70%, 100% of the peak intensity of IRS 7 (K = 6.8).

Simon et al. 1990) is resolved into at least five stellar sources.
IRS 13 is resolved into a ~0”5 radius cluster with at least five
to 10 members.

3.2. Derived Properties of the Stellar Cluster

It is now possible to determine a core radius and a central
stellar density from the surface density distribution assuming
that stars emitting at 2 um sample the distribution of the entire
cluster. Since the Galactic center contains stars with very dif-
ferent intrinsic fluxes, this method is obviously preferable to
the evaluation of the infrared brightness distribution.

Centroid Position and Core Radius. With the possible excep-
tion of the IRS 13 complex, there is no compelling evidence for

subclustering in the field. The two-dimensional autocorrelation
function of the source positions shows no preferred scales other
than the radius of the cluster itself. The IRS 16 complex ~1”
east of Sgr A* appears to be a group of bright (K < 11) stars
and not the cusp of the cluster. The spatial median of the
source number distribution is 076 + 0”7 west and 173 + 170
south of Sgr A* (3 ¢ errors). This means that the position of the
cluster center could be Sgr A* but cannot be substantially
further east, in the IRS 16 complex. In contrast the centroid of
the 2 um flux density distribution is located on IRS 16.
However, for radii up to 10” flux-based estimates of the cen-
troid are biased by the high brightness of the IRS 16 sources.
On larger scales the flux distribution is significantly affected by
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FIG. 3.—Observed K-band flux density S, in Jy contained in circular apertures of radius r centered on the position of Sgr A* for both the speckle mosaic (solid line
histogram) and the long exposure mosaic (1" resolution, short dashed line). The long-dashed line shows a fit to previous data from Becklin & Neugebauer (1968, 1975)
as summarized in Bailey (1980) and indicated by thick vertical. Two-thirds of the 2 um continuum flux density in the central 20” x 20" is contained in the brightest 29
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F1G. 4—Surface density p in sources per (arcsec)® for all 340 stars with K < 14 in 073 wide annuli of radius r from the radio position of Sgr A* (histogram).
Representative error bars indicate the statistical (N'/?) uncertainties. Note that the data outside 10" have been corrected for incomplete area coverage and the
number of sources is small there. The resulting distribution is very well fitted by an isothermal stellar density distribution (dashed curve) with a core radius of3"8 (0.15

pc) and a central surface density of three sources per (arcsec)?.

spatially variable extinction, caused by the circumnuclear gas
ring west of Sgr A* (Gatley et al 1989; Genzel 1989). We there-
fore regard the determination of a centroid from the number
distribution in the densest part of the cluster as more reliable.
The resulting stellar surface density distribution (Fig. 4) is very
well fitted by an isothermal cluster model of core radius 3'8
+ 173 (0.15 + 0.05 pc) and central surface density three sources
per arcsec®. A smaller core radius is only possible if there is a
several arcsec diameter central region of large NIR extinction
(see § 3.4).

The r~ 18 volume density power law previously determined
from the surface brightness distribution (e.g., Bailey 1980) does
not fit the data inside of a few arcseconds. Varying the assumed
centroid position anywhere from 175 SW of Sgr A* (the formal
centroid) to 17 E of Sgr A*, or choosing a cutoff at K = 13
instead of 14 varies the derived core radius over the range from
0.1 to 0.2 pc and the central surface density from 2 to 3.3
sources per arcsec2. The brightest sources (K < 11) perhaps
have a slightly smaller core radius (0.1 pc) than the fainter
sources (0.17-0.25 pc). With a core radius of r, = 0.15 £ 0.05
pc and a line-of-sight central velocity dispersion ¢, = 100 + 25
km s~ ! (e.g., Sellgren et al. 1990) the central density of the
cluster becomes p, = 962/4nGr3 = 10725 M pc™ >, with a
core mass of My(ro) = 10>7%£93 M.

Sgr A* itself appears to be located in a 2” diameter region of
high source density that is itself void of bright stars yet sur-
rounded by them. It is not clear whether the lack of bright stars
near Sgr A* signifies an actual lack of those stars, or local
extinction, as proposed by Zylka, Mezger, & Lesch (1992). The
presence of this “ring” of bright sources around Sgr A* sub-
stantially weakens the argument (e.g., Ozernoy 1987; Sanders
1992) that Sgr A* cannot be a very massive object because it is
displaced from the apparent centroid of the mass (assumed to
be IRS 16).

H—K Colors. Most of the IRS 16 complex are relatively
blue as shown in our H — K color image of the central 64 and
0”3 resolution (Fig. 2, bottom right). Their dereddened 1.6-2.2
um spectra follow the A~ 2 Rayleigh-Jeans law. Several sources
(IRS 1W, 13, 21, 29) are significantly redder (see also DePoy &
Sharp 1991). These red colors may be due to local extinction by

source colors across IRS 16SW clearly explain the color gra-
dient noted by DePoy & Sharp (1991).

Blue Supergiants and Red Giants. Figure 2 confirms previous
results that the central few arcseconds contain ~20 hot stars
dominating the 1-2 um flux density. Given their K-magnitudes
(<10.8) these stars must be fairly luminous (L > 10° L) and
probably short-lived. Several of them exhibit strong and broad
Bry, Bra, and He 1 line emission indicative of dense, fast winds
(Forrest et al. 1987; AHen, Hyland, & Hillier 1990; Geballe et
al. 1991; Krabbe et al. 1991, 1993). They may be T > 30,000 K
blue supergiants or Wolf-Rayet stars with masses >30 M.

Becklin & Neugebauer (1986) assumed that most of the 2 ym
continuum emission is due to K5-giants of about 4000 K color
temperature. However, K-giants would have K = 14 in the
Galactic center while most of the fainter sources in the speckle
image have K ~ 11-13. Most of the late-type stars in the
central parsec are thus more likely M-giants [K(M3) = 12.5,
K(M5) = 10.8] of surface temperature =3000 K, consistent
with the 2 um CO bandhead spectroscopy of the brightest
late-type stars by Sellgren et al. (1987) and Lebofsky, Rieke, &
Tokunaga (1982). The higher color temperature derived from
large beam near-infrared flux densities may be heavily influ-
enced by the luminous early-type stars discussed above. The
lack of CO bandhead absorption toward the central 10”
reported by Sellgren et al. (1990) is then a likely consequence of
the extra flux of these bright, hot, and massive stars.

3.3. Star Formation and Evolution of the Central Cluster

What are the hot stars in the central parsec and how have
they formed? The first possibility is gravitational contraction
of dense interstellar clouds possibly aided by collisions and
shock compression of clouds. However, at present there is no
compelling evidence for self-gravitating gas clouds in the
central few parsecs (e.g., Jackson et al. 1993). Perhaps the
amount of very dense gas in the innermost region was much
greater in the past than it is now, and star formation may be
time dependent (e.g., Ricke & Lebofsky 1982).

One key result of the present study is the very high stellar
density (10’-108 My pc™?) in the core. This environment
allows a second possibility for the formation of the hot,
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(Lee 1987, 1990). The time between collisions/merging of two
solar mass stars in such an environment is a few 10° yr, and the
overall collision rate is in excess of 10~* yr~! (Phinney 1989).
Calculations including mergers and stellar evolution for such
parameters suggest that collisional processes could be an
attractive mechanism for explaining the presence of about 10
to 10% stars with masses greater than 10 M (Lee 1987). Con-
sistent with this hypothesis, all of the hot He 1 emission-line
stars discovered so far by Krabbe et al. (1991, 1993) are located
in the dense part of the cluster at r < 0.5 pc. If collisional
processes create massive stars it would appear almost inevita-
ble that eventually a massive central black hole forms.
However, that process may be prevented if stellar winds and
supernovae remove sufficient mass, as could be indicated by
the winds of the He 1 stars. Note that the lack of a stellar cusp
in the Galactic center does not exclude the presence of a
massive black hole if collisional effects are important (Murphy,
Cohn, & Durisen 1988).

An alternative possibility is that the identification of the hot
stars as massive post—main-sequence stars is not correct.
Morris (1993) argues that the hot stars could be ~10 M
black holes surrounded by an atmosphere acquired in colli-
sions with red giants. However, the proposed compact cluster
of a few 10° 10 M, black holes would probably be unstable to
formation of a single massive black hole (Goodman & Lee
1989). Clearly a detailed calculation is needed to test whether
the atmosphere of a 10 M, black hole would mimic a He-rich,
symmetric wind of expansion velocity 500-1000 km s~ ! and
P Cygni absorption features as seen in the Galactic center
He 1 emission-line stars (Geballe et al. 1991; Krabbe et al.
1993). The spectral characteristics of the brightest He 1 star (the
AF star, Fig. 1) are in fact remarkably similar to those of other
He 1 stars in the Galaxy, including a star recently found in the
so called “quintuplet” cluster (Okuda et al. 1990), about 10’
(25 pc) north of Sgr A* (Moneti, Glass, & Moorwood 1991;
Krenz et al. 1993).

3.4. Sagittarius A*

In agreement with Eckart et al. (1992), we find a K ~ 13
source centered within 0715 of the best Sgr A* position that is

ECKART ET AL.

already evident in subsets of the raw SA data (Fig. 1). The
source either has a ~ 0”5 east-west size or it is multiple with its
western component closest to Sgr A*. From the absolute posi-
tion of Sgr A* (R.A. = 17"42™29:316, Decl. = —28°59'1838
[1950], Rosa et al. 1992), we derive the absolute position for
the western infrared source as R.A. = 17742™293306 (+0%015),
Decl. = —28°59'18"45 (+072) (1950). It appears to be part of a
1”5 emission ridge (P.A. ~ —20°). Integrating over 0°5 it has
K=12+05 and H =139 + 0.5. With A, =34 and 4, =
54 (Rieke, Ricke, & Paul 1989) it has a blue color
(H—K = 0.0) similar to other hot sources in the field (Fig. 2,
bottom right). The luminosity of the Sgr A* source then is
1-5 x 10% (T./35,000 K)* Lo, not including possible local
extinction. An identification of the new source as the NIR
counterpart of Sgr A* can only be tentative at present, as
spectroscopic, polarimetric, and proper motion studies are
required. The probability of a chance alignment in the crowded
central few arcsecs is between 4% and 20%. The submillimeter
excess at the position of Sgr A* (Zylka et al. 1992; Serabyn,
Carlstrom, & Scoville 1992) could imply a large amount of
extinction (4, =~ 1000) toward the central arcsecond if most of
the flux is thermal. This could explain the apparent void of
bright sources in which Sgr A* is located. The blue color then
implies either that the K-band counterpart of Sgr A* is a
chance alignment, hot foreground cluster member, or the scat-
tered radiation from a hot accretion disk around Sgr A*. Alter-
natively the submillimeter excess may be due to a compact
(~10'? c¢m) nonthermal component that is self-absorbed at
cm- and mm-wavelengths.

We thank W. Forrest for communicating offsets between
near-infrared sources and Sgr A*, H. Zinnecker and M. R.
Rosa for communicating their high-quality K-band image
prior to publication, and A. Harris, P. Mezger, M. Morris, and
J. Lacy for helpful comments. Professor H. van der Laan gen-
erously supported the observations with the SHARP camera at
the NTT. P. Duhoux wrote a large fraction of the SHARP
software.
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