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ABSTRACT

We report the discovery of a highly unusual cluster of stars at G0.12140.017 near the Arched
(thermal) Filaments, ~ 10" northeast of the Galactic center. H (1.65 um) and K’ (2.1 um) images are used
to estimate a distance to the cluster consistent with a Galactic center location. K’-band spectroscopy
reveals that the cluster contains 13 stars with Bry (2.166 um) emission: 12 of these stars also have He 1
(2.112/3 pm) emission, and two show fainter He 11 (2.189 um) emission. Based on a spectral comparison
with optically classified stars, we suggest the new emission stars are late WN stars. If the classification is
correct, the cluster contains ~ 14% of all known Galactic WN stars.

Observations of emission-line stars near G0.15—0.05, the “Pistol,” are also presented. There are four
stars near the Pistol which contain emission lines. Three of these stars differ spectroscopically from the
stars in the new cluster; one has a spectrum that is similar to the new cluster stars. Together with the
cluster stars, these newly discovered hot young stars provide evidence for recent star formation and the
stellar ionization of the thermal radio emission regions in the vicinity of the Galactic center.

Subject headings: Galaxy: center — infrared: stars —
open clusters and associations: individual (G0.121 +0.017) — stars: Wolf-Rayet

1. INTRODUCTION

Since the Galactic center (GC) is undetectable at visible
wavelengths as a result of interstellar extinction, investiga-
tions of the nearest galactic nucleus must rely extensively on
radio and infrared observations. Radio continuum maps
first revealed the unusual morphology of the regions known
as the Straight (nonthermal emission) and Arched (thermal
emission) Filaments at a projected distance ~ 30 pc from
the GC (Yusef-Zadeh, Morris, & Chance 1984; Morris &
Yusef-Zadeh 1985). The presence of magnetic fields, strong-
ly suggested by the. morphology, is supported by far-
infrared (FIR) polarization observations along the filaments
(Morris et al. 1992). Estimates suggest a magnetic strength
of at least 1 mG (Yusef-Zadeh & Morris 1987a, b).

The primary excitation mechanism of the GC arched fila-
ments is uncertain. It has been argued that the ionization is
the result of an interaction between the magnetic field and a
molecular cloud coincident with the filaments (Serabyn &
Giisten 1987; Morris & Yusef-Zadeh 1989). Alternatively, it
has been suggested that photoionization by hot stars is
responsible for the observed radio emission (e.g., Erickson
et al. 1991). Morris & Yusef-Zadeh (1989) argued that
photoionization by OB stars is unlikely on morphological
grounds, but their magnetohydrodynamic induced ioniza-
tion models fail to produce the observed infrared contin-
uum luminosity (Erickson et al. 1991).

In the past few years, advances in infrared array tech-
nology have greatly increased the spatial and spectral

! Stanford University, Applied Physics Department, Stanford, CA
94305.

2 NASA/Ames Research Center, MS 245-6, Moffett Field, CA 94035.

3 The SETI Institute.

4 University of California, Berkeley.

5 Deceased 1994 July 26, depriving us prematurely of a versatile and
capable astronomer and a good friend to many of us.—Editor.

¢ Anglo-Australian Observatory.

7 University of New South Wales, School of Physics, P.O. Box 1, 2033
Kensington, NSW, Australia.

750

resolution in the near-infrared (NIR), providing a powerful
tool to study the GC. Recent NIR observations of the
central few parsecs of the Galaxy revealed a compact (r ~ 1
pe) cluster of approximately a dozen hot stars, ~ 107 yr old
(Allen 1994; Krabbe et al. 1991; Allen, Hyland, & Hillier
1990), supporting the hypothesis that there has been a
recent episode of star formation in that region. However,
the central few parsecs are largely devoid of molecular gas
such that conventional star formation seems unlikely. It has
been suggested that the luminous stars there are the result
of the unique and tumultuous conditions in the area imme-
diately surrounding Sgr A* and unrelated to general star
formation in the vicinity of the GC (Morris 1993). The infall
time for stars =3 pc from the GC prohibits migration or
segregation toward the center as a possible explanation of
the origin of the stars, prompting Genzel, Hollenbach, &
Townes (1994) to speculate that stellar mergers could be
responsible for the production of the massive stars within
the central parsec. The discovery of similarly hot massive
stars near the Arched Filaments presented here suggests
that these explanations are insufficient.

Within the central 100 pc, but outside the central cavity,
the requisite large-scale structures associated with stellar
formation are certainly present: large molecular clouds
(Serabyn & Giisten 1987, 1991) and extended regions of
thermal radio emission (Yusef-Zadeh & Morris 1987a, b)
whose far-infrared spectrum is typical of H 1 regions
(Erickson et al. 1991). However, other indicators of star
formation, such as OH masers, are absent (Morris 1989). In
addition, the unusual filamentary morphology of the
ionized gas, atypical of galactic H 11 regions, argues against
star formation (Morris & Yusef-Zadeh 1989). To illustrate
the difficulty of forming stars in the region, consider that
extreme tidal forces imply a Jeans mass of ~10°-107 M
and increase the lower limit for the initial stellar mass to
~1 Mg (Morris 1993). The complexity of the region pre-
cludes simple explanations, and the hypothesis of recent or
ongoing star formation has not been universally accepted.
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Previous photometric observations of portions of the
Arched Filaments had proved insufficient to classify the
stars in the region owing to the uncertainties introduced by
crowding and variable extinction (Cotera et al. 1992).
Therefore, NIR spectral data were obtained in the H and K
bands, which contain several stellar emission and absorp-
tion lines useful in distinguishing hot stars from cool stars
(Hillier 1985; Allen et al. 1990; Hanson & Conti 1994). In
their study of the stellar cluster in the central parsec, Burton
and Allen (1992) used the He 1 (2.058 pm) emission line to
identify the hot young stars. We have applied this method,
using both the He 1 (2.058 um) and Bry (2.166 um) lines, to
investigate the existence of hot stars in the vicinity of the
Arched Filaments.

To date, our observations have revealed ~22 hot stars
within the inner ~40 pc of the Galaxy and have provided
additional information on the emission-line stars in and
near the previously studied GC cluster of stars known as
AFGL 2004 (Glass, Moneti, & Moorwood 1990; Nagata et
al. 1990; Okuda et al. 1990; Moneti, Glass, & Moorwood
1994; Harris et al. 1994). Here we discuss a new cluster of
emission-line stars located at GO0.121+0.017, hereafter
referred to as the G0.12+40.02 cluster, the emission-line
stars near the radio emission region GO0.15—0.05, the
“Pistol ” (nomenclature from Yusef-Zadeh & Morris
1987a), and a few optically classified O and WN stars whose
spectra were obtained during these observations to aid in
the classification of the newly discovered stars. The obser-
vations and data reduction techniques are described in § 2;
the results of the observations are presented in § 3; an esti-
mate of the luminosity and associated UV flux is given in
§ 4; and our conclusions are presented in § 5.

2. OBSERVATIONS AND DATA REDUCTION

Observations were made at the Anglo-Australian
Observatory on 1992 July 13-14 and 1993 June 13-15 with
the facility Infrared Imaging Spectrometer IRIS which uti-
lizes a Rockwell 128 x 128 pixel HgCdTe (NICMOS II)
array. The 076 pixel ! scale was selected for all observa-
tions. The K’ band (central wavelength 2.1 yum; Wainscoat
& Cowie 1992) was used rather than the K (2.2 um) band
because it significantly lowers the thermal component of the
background (differences in the photometric measurements
of K and K’ are discussed in § 3.1). All data were linearized,
bias subtracted, flat-fielded, and sky-subtracted with the
astronomical software reduction package FIGARO.

The combined broadband J, H, and K’ image of the
region near the G0.12+0.02 cluster is presented in Figure 1
(Plate 15) overlain on the 20 cm radio map contours
(Morris & Yusef-Zadeh 1989). The figure is a mosaic of 32
images, 70" x 70” each, in J, H, and K’ which are combined
in a three-color composite. Additional J, H, and K’ images
were taken with the G0.12+0.02 cluster at several locations
on the array to reduce errors due to variations in pixel
responsivity. These broadband images of the cluster were
obtained during excellent seeing, resulting in a measured
FWHM of ~079. Photometry results for the cluster were
obtained using these images and IRAF/DAOPHOT. There
are ~400 stars in each 70” x 70" image at K’, which makes
precise magnitudes difficult to obtain because of crowding.
Our sensitivity for these observations was mg 2 9.5
because of saturation and my. < 16.0 because of crowding.

Spectroscopic observations of the G0.12+0.02 cluster
and the Pistol utilized data cubes, with axes «, J, and 1. The

data cubes were obtained by observing in spectral mode
with a 70" x 270 slit (resolution R ~ 250) at fixed right
ascension, while the telescope drifted in declination at a rate
of 36” hr~!. Spectral images of each source were extracted
from the data cubes by co-adding the desired «, 6 planes
(usually three planes centered on the emission wavelength)
and using adjacent planes, containing no emission-line fea-
tures, for sky continuum subtraction. The Bry emission
image of the G0.12+0.02 cluster is shown in Figure 2a
(Plate 16) with a schematic of the cluster given in Figure 2b.
The Bry image of the region surrounding the Pistol is
shown in Figure 3 (Plate 17). The emission-line images were
used to locate hot stars, which appear as strong compact
sources in the images.

The spectrum of an individual star can also be extracted
from the data cube by locating the star along the ¢ axis of
the cube and co-adding the a, 1 planes containing the star.
After the a, A plane has been extracted from the cube, the
rows in the plane which contain the star are extracted, and
the sky continuum is subtracted by using adjacent rows in
the plane that are free of stars. The spectral resolution for
this method is ~250. Spectra of several G0.12+0.02 cluster
stars and Pistol emission-line stars were obtained in this
way.

Higher resolution spectra of some individual stars were
taken by first placing the star at one end of a 21” x 075 slit,
R 2 350, then at the other end and subtracting one obser-
vation from the other. This results in a single image with the
star appearing as both a positive and negative feature. After
the image has been flat-fielded, the positive and negative
spectra of the star were extracted and differenced, improv-
ing the signal-to-noise ratio and removing night-sky lines
and sky continuum. The spectra of most of the G0.12+0.02
cluster stars, the bright compact source below the Pistol,
and optically classified stars were obtained by this method.

Spectra of main-sequence early G standards located near
the program sources were used for all flux calibrations
(Allen & Craig 1983). The flux calibration routine assumes
that the star radiates as a blackbody, and we used a tem-
perature of 5600 K for all G standards (Allen 1976b).

3. RESULTS

3.1. Photometry

The photometric image of the regions surrounding the
Arched Filaments (Fig. 1) shows the G0.12+0.02 cluster,
located at R.A. (1950) 17°42™40%0, decl. —28°48'19". Table 1
gives the measured magnitudes of the stars within a 30"
radius of the center of the cluster. The average estimated
error for these magnitudes is +0.25, which is largely due to
crowding in the region. In Table 1 and in Figure 2b, the
numbered stars indicate those with emission-line features,
while letters indicate those without significant emission
lines whose position suggest a possible association with the
cluster.

The results of the photometry are presented in Figure 4,
where we have plotted K magnitudes versus H—K colors
for stars common to three of the GO0.12+0.02 cluster
images. To allow a comparison to published data, the mea-
sured K’ magnitudes have been adjusted to K magnitudes
for this figure using the equation from Wainscoat & Cowie
(1992) which relates K and K’, based on the central wave-
lengths of H (1.65 um), K (2.22 um), and K’ (2.11 ym) bands:

L
K = 557 (K'— 0.19H). 00}
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PLATE 15

g the arched filaments overlayed with the radio map (Morris & Yusef-Zadeh

r left and labeled with a green arrow.

F1G. 1.—Three-color JHK' broadband composite of the region surroundin

1989). The G0.12 + 0.02 cluster stars discussed in this paper are seen on the lowe

CoOTERA et al. (see 461, 751)
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FIG. 2—(a) Two-color composite of the cluster of emission stars produced by combining the continuum image with the image of the Bry emission. The |
white stars are those with Bry emission whose spectra are given in Figs. 6-7; the yellow stars have no Bry emission. (b) Schematic of cluster stars. Numbers
indicate stars with emission lines, letters identify stars with featureless spectra.

CoTERA et al. (see 461, 751)
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TABLE 1
PHOTOMETRY OF G0.12+0.02 CLUSTER STARS

Star K’ H-K’ J-K'
10.6 1.5 4.5
10.2 1.5 4.6
10.6 14 4.5
11.0 1.1 4.1

9.7 1.6 4.7
10.7 1.5 4.6
10.1 1.4 4.7
102 1.7 50
11.3 1.8 53
10.3 L5 4.9
11.0 1.7 52
10.7 20 5.8
10.2 1.9 6.0
10.6 14 44
10.7 14 43
114 1.5 4.6
11.5 1.7 5.1
10.3 0.3 1.3
10.8 14 5.6

To determine the location of the cluster along the line of
sight, we estimate the extinction from the reddening curves
of Catchpole, Whitelock, & Glass (1990) as shown in Figure
4. Catchpole et al. found that the extinction toward the GC
was Ay ~ 25-35; from Figure 4, the G0.12+0.02 cluster
falls within this range. As can be seen in Table 1 and Figure
4, at least one star within the 30" cluster radius (star F)
appears to be a foreground star.

For comparison, the stars from AFGL 2004 cluster are
also plotted in Figure 4 using the data of Moneti et al.
(1994). Glass et al. (1990) and Okuda et al. (1990) suggest
that AFGL 2004 is located in the Galactic center based on
the interstellar extinction derived from color determi-
nations and on the 10 um optical depth determined from
observations of silicate features. Although H — K values for
many of the stars in AFGL 2004 are considerably larger
than the G0.12 +0.02 cluster stars, the stars in both clusters

16/— A Cluster w/emissio
L A Cluster w/o emissi

SR | PR B | P 1 Ly |
0 1 2 3 4

FiG. 4—K vs. H—K for the G0.12+0.02 cluster region and the AFGL
2004 cluster. The curves show the expected location of the giant branch,
using 47 Tuc as a reference, for various values of the mean interstellar
extinction based on the analysis of Galactic center stars of Catchpole et al.
(1990). Triangles indicate the G0.12 +0.02 cluster stars; circles indicate the
value for the stars in the AFGL 2004 cluster. Filled triangles and circles are
emission-line stars. Crosses indicate field stars not associated with the
G0.12 +0.02 cluster. Error bars are given in the upper left corner.
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which exhibit K-band emission lines are located within the
same magnitude and H —K range. Thus, from an estimate
of visual extinction and the agreement of these values with
similar stars accepted as GC sources, the G0.12+0.02
cluster of emission stars is very likely located near the GC.

3.2. Spectroscopy

In the Bry emission image of the cluster (Fig. 2a), strong
emission is seen in highly compact objects, with confusion
only in the most crowded regions. We believe that the emis-
sion is stellar in origin. If the Bry emission were coming
instead from an H 11 region, assuming case B recombination
with 7, = 10* K and N, = 10* ¢cm~3, and correcting for
extinction in the Bry line flux, we predict a 6 cm flux of ~ 10
mlJy. Using our beam size to convert the predicted flux to
the flux measured at 6 cm using the Very Large Array
(VLA) with a 3”8 x 3”1 beam (Morris & Yusef-Zadeh 1989),
we predict a flux of ~ 100 mJy beam ~!. No 6 cm emission is
detected at the location of the cluster, although features of
50 mJy beam ~ ! are seen nearby.

Spectra of the G0.12+0.02 cluster stars are presented in
Figure 5, and the line fluxes for the emission stars are pre-
sented in Table 2. In the K band, 12 of the 13 cluster stars
with Bry (2.166 um) emission also have an emission line at
2.113 pm, with two possibly having the He 11(2.189 um) line
in emission. In their recent work on the spectral classi-
fication of OB stars, Hanson & Conti (1994) detect an N
(2.116 pm) in emission in several of the stars. At our
resolution, the measured line flux at 2.113 ym could be
enhanced by the N 11 line; however, we are unable to dis-
criminate between He 1 and N 11 because of line broaden-
ing, which is likely produced by stellar winds. As three of
the stars have the He 1 1.700 um line in addition to the He 11
line, and the observed line is at exactly the same wavelength
in the optically classified reference stars, we believe the line
to be the He 12.112/3 doublet line. In addition, it should be
noted that there are two more emission lines coincident
with the Bry 2.166 um line: He 1(7-4) and He 11 (14-8). For
the stars we have observed, the contribution by He 11 is
likely negligible based on the weak He 1 (10-7) 2.189 um
line. However, the He 1 (7-4) contribution may be signifi-
cant if the 2.113 um feature is due entirely to He1 as
opposed to N 11. In the H band, most of the emission-line
stars show the Brackett lines, with the 1.736 um H (10-4)
line clearly visible in all of the spectra. The K-band spectra
of cluster stars 6, A, and E (Figs. 5b and 5d) were extracted
from the data cube of the cluster; therefore, no H-band data
are presented, and the spectra are at a lower resolution than
the other stars. Star A has deep CO (2.298 um) band head
absorption features in conjunction with possible Bry emis-
sion, although at this resolution the Bry feature is <2 o.

After the 1992 discovery of the emission-line stars in the
GO0.12+0.02 cluster, the unusual nature of their K-band
emission and the lack of stars with similar spectra in the
literature prompted our observations of several optically
classified (van der Hucht et al. 1981) stars to aid in clas-
sifying the cluster stars. Since the time of our initial
observations, several groups have obtained H- and K-band
spectra of O supergiant and WN stars (e.g., Conti et al.
1995; Crowther 1995) at higher resolution than the spectra
presented here. The spectra of the optically classified stars
observed during this work are shown in Figure 6, and the
line fluxes are given in Table 3. In Figure 7, the spectra of a
typical cluster star, and an optically classified WN 9 star,
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WR 108, are presented. The similarity is striking. Both show
the Bry and He 1 (2.112/3 um) lines, the series of Brackett
lines in the H band, the He 1(1.700 pan) line at ~ 3 o, and no
He 1 (2.058 um line). The difference in the slopes of the
spectra is the result of extinction.

Recent work by Conti et al. (1995) shows that Of stars
have similar emission lines as WN 7 stars and the
G0.12+0.02 cluster stars. The Of stars have the Bry (2.166
um) and He N m (2.113 pm) in emission, and two of the
Of stars in Conti et al,, HD 16691 O4 If* and HD 190429
O4 If*, also have the He i (2.189 um) in emission. Addi-

tional Of stars in Conti et al. have the He 11 2.189 ym line in

absorption. Their spectra are at a higher resolution than
those of the G0.12+0.02 cluster stars, and the absorption
features they see would likely go undetected at our
resolution. One apparent difference in the Of spectra of
Conti et al. and the G0.12+0.02 cluster stars seems to be

the amount of line broadening. As seen from our spectra
(Fig. 6a), the emission lines of the Of?p star HD 148937 are
not resolved, whereas the cluster star emission lines are
resolved (see § 4.2). Although the Of stars have outflow
velocities equal to or exceeding the WN stars (Crowther,
Hillier, & Smith 1995), the widths of the detected emission
lines in WN and O stars are also sensitive to the effects of
the wind densities (e.g., Morris et al. 1993). The lower wind
densities in Of stars result in narrower emission lines, and
the higher wind densities in WN stars produce broader lines
(Morris 1995). Therefore, the broader lines which are seen in
the G0.12+0.02 cluster stars seem to recommend the WN
classification.

3.3. The Pistol and AFGL 2004

The Bry emission image of the region surrounding the
Pistol (Fig. 3) reveals fewer compact sources of strong line
emission than seen in the G0.12+0.02 cluster, but it does
show extended emission from the Pistol itself. A strong
compact emission source is apparent below the Pistol: we
denote this as source A. The spectrum of this probable star
is very similar to the spectrum of He 3—1191, a B[e] star (see
Fig. 8). Line fluxes of both stars are given in Table 3. The
only apparent K-band line is Bry. In the H band, both
source A and He 3-1191 show a strong emission line at
~1.69 um which is most likely the same line identified in
n Carinae by Allen, Jones, & Hyland (1985) as the 1.688 um
Fe 11 (z*Fy—c*F,) line. Additional iron lines in the spectrum
of n Carinae have a significantly smaller line flux and there-
fore are unlikely to be detected in our spectra. Another
possible identification of the 1.69 um line is He m (1.692
pum); however, no other H n lines are apparent in either star.

The two sources directly above the Pistol in Figure 3
correspond (from right to left) to stars 8 and 10 of Glass et
al. (1990). The spectra of these stars are presented in Figure
9, and their line fluxes are listed in Table 3. As can be seen,
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FiG. 7—H- and K-band spctra of a typical cluster emission star (No. 9) and WR 108 a type WN 9 star. In the K band, the He 1(2.112/3 um) and the Bry

(2.166 um) lines are clearly seen in emission.

these two stars differ from the G0.12+0.02 cluster stars in
the appearance of a strong He 1 2.058 um line and a much
weaker He 1 2.112/3 um line. The spectra of these stars are
similar to stars in the cluster of He 1 stars located in the
central parsec of the Galaxy (Krabbe et al. 1991). Specifi-
cally, the better studied AF star also has He 1 (2.058)/Bry
(2.166) > 1 (Najarro et al. 1994; Allen et al. 1990; Forrest et
al. 1987) and a relatively weak He 1 2.112/3 ym line. In
addition, in the upper left corner of Figure 3, there is
another emission-line star which has not been previously
identified: we denote this source as source B. This star (Fig.
9) appears to have a K-band emission spectrum similar to
the G0.12+0.02 cluster stars. The spectra of the AFGL
2004 emission stars and source B were extracted from the
data cube and are therefore at a lower resolution.

4. DISCUSSION

4.1. Spectral Classification

From a comparison of H- and K-band emission lines in
the GO0.12+0.02 cluster stars with optically classified stars
(ie, Figs. 7 and 8), a spectral identification of WN 8-
WN 9 seems plausible; however, based on the recent work

of Conti et al. (1995) a classification as Of cannot be dis-
counted. The spectra of the remaining O stars taken during
our observations do not show helium emission lines, and
most do not show hydrogen emission lines (Cotera 1995).
Hanson & Conti (1994) have studied the emission and
absorption lines of main-sequence O and B stars; in most of
their spectra, the He 1 and Bry lines are seen in absorption.
Only one of their stars, an O7.5 Ille star (HD 155806), has
both He 1 2.058 um and Bry in emission; however, the two
emission lines are of approximately equal strength, and the
He 1(2.112/3 um) line of the G0.12 + 0.02 cluster stars is not
apparent.

The spectra of the G0.12 +0.02 cluster stars do not corre-
spond well to the type BO—Ofpe/WN 9 emission-line stars
observed in the Large Magellanic Cloud (LMC) by Mc-
Gregor et al. (1988b). In these LMC stars, whenever the
He 1(2.112/3 um) line is detected, the He 1(2.058 um) line is
also present, usually with a greater line flux. From compari-
son with the LMC data, however, the two emission-line
stars in the AFGL 2004 cluster (numbers 8 and 10) appear
to be Ofpe/WN 9 stars, the classification given to the AF
star based on both line ratios and detailed stellar model fits
(Allen et al. 1990; Najarro et al. 1994). The spectrum of

| Pistol Source A

| Pistol Source A 47

6| He 3-1191
Ble]

Flux (1077 W ecm™%um™)

Fe II
[ | | [ HI

L He 3-1191
B(e]

1.50 1.60 1.70 1.80

2.00 2.10 2.20 2.30 2.40
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FiG. 8—Spectra in the H and K band of the compact source near the Pistol, source A, and He 3-1191, a type B[e] star
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FiG. 9—The K-band spectra of AFGL 2004 cluster stars 8 and 10
(nomenclature from Glass et al. 1990), and Pistol source B. The He 1 emis-
sion in number 10 has been previously identified by Moneti et al. (1992);
the Bry emission and the spectrum of number 8 are new. The ratio of He 1
to Bry is similar to emission stars in Sgr A West.

Pistol source A corresponds best to He 3-1191 (§ 3.3, Fig.
8). He 3-1191 has been classified (Allen 1976a) as a B[e]
star, although it has also been suggested that He 3-1191is a
proto-planetary nebula with the circumstellar disk seen
edge on (Le Bertre et al. 1989). Comparison of the H- and
K-band spectra of Pistol source A and the B[e] stars GG
Car and AG Car (Cotera 1995; McGregor, Hyland, &
Hillier 1988a) suggests that a preliminary B[e] classification
is correct.

Caution should be exercised when using the He 1 2.058
um line, or the lack thereof, in the classification and com-
parison of stars. The 2.058 um line is coincident with a
telluric absorption line, and atmospheric corrections are
not always adequate. This is clearly the case in several of
the spectra presented here, especially the spectra of the
AFGL 2004 stars 8 and 10. In general, in spectra in which
there is a deep telluric absorption feature at 2.01 um, the
2.058 um line identification and flux should be treated with
skepticism.

42. The G0.12+0.02 Emission Stars as WN Stars

Since hydrogen is present in all of the new stars, it is
unlikely that they are early WN stars (WN 2-5) or WC
stars, both of which are thought to have little if any remain-
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ing hydrogen. On the other hand, the new stars do not seem
to be main-sequence O stars, since the O stars do not have
strong Bry emission in conjunction with helium emission
(Hanson & Conti 1994; Conti et al. 1993). As noted above,
the Of supergiants do sometimes have both the He 12.112/3
and the He 1 2.189 um emission lines, and the newly dis-
covered G0.12+0.02 cluster stars could be of this type. The
spectroscopic evidence that the G0.12+0.02 cluster stars
and Pistol source B are late WN stars (WNL) and the
AFGL 2004 stars are Ofpe/WN 9 is therefore plausible, but
not definitive in light of the possibility of an Of classi-
fication and the current incompleteness of NIR spectra of
optically classified stars. If the G0.12 +0.02 cluster stars are
indeed WN stars, then this is an extremely unusual group of
stars. There are ~ 72 known galactic WN stars (Conti 1987),
and an additional ~ 13 such stars in a single cluster is unex-
pected. An Of classification would make the cluster less
startling in this respect and would therefore be a much more
comfortable classification.

Examination of Figures 5 and 6 reveals that there is sig-
nificant line broadening in the Bry line in both the
G0.12+0.02 cluster stars and the WN stars, presumably
due to stellar winds. Unbroadened lines in other observed
sources imply an instruinent FWHM velocity resolution of
~500 km s~ 1. To find the outflow velocities of the stars, we
estimate the full width zero intensity (FWZI) line width in
several of the stars and assume v, ~ vgwz/2. This tech-
nique may significantly underestimate the actual v, as pos-
sible low level wings in the line profile were not taken into
account. We find that v, ~ 800-1200 kin s™! in the
G0.12+0.02 cluster stars and v, ~ 900-1100 km s~ for
the optically classified WN stars WR 40, WR 82, and WR
108 (see Table 4) to +200 km s~ . Hamann, Koesterke, &
Wessolowski (1993) found v, ~ 900-1100 km s~ for the
same WN stars using a velocity resolution of =85 km s~ !
and v, determined from the bases of helium line profiles
rather than hydrogen lines.

Assuming that the measured flux at 2.166 uym is due
entirely to Bry, an estimate of the mass-loss rate can be
made by using the measured Bry line flux, F(Bry), the
derived velocities, and the analysis of Simon et al. (1981,
1983) and McGregor et al. (1988a). They assume that the
line emission is formed in a spherically symmetric, optically
thick, isothermal, ionized flow. Simon et al. (1983) assume a
velocity law, v(r) = v (r/r,)", where v, is the velocity at the
stellar surface and, for this analysis, = 1. Using the equa-
tion for F(Bry) in McGregor et al. (1988a) and the velocity
relation from Simon et al. (1983), we find

R

. R 0.5 —-0.5
M o F(BW)DZU?:;S(R—*) (I_Zi) Moyr™, (2

where R, is the stellar radius, R,, is the radius at which
v=v,, and D is the distance to the star in kiloparsecs,
assumed for the GC to be 8.0 kpc (Reid 1993). F(Bry), given
in Tables 2 and 3, is corrected for extinction assuming
Ax/Ay = 0.11 (Rieke & Lebofsky 1985) and A4, = 30 for the
Galactic center. The derived luminosity (see § 4.3) is used to
estimate the stellar radius from L =4aRZoT* with
T = 30,000 K for the cluster stars.

If we assume that (R,/R,) is constant for WNL stars, we
can use the above equation, the published mass-loss values
for the observed optically classified stars, and our measured
values of F(Bry) to estimate the mass loss for the cluster
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TABLE 4
LUMINOSITIES OF OPTICALLY CLASSIFIED STARS
Star Type D (kpc)*  A,° T log L/L,*> logM* o, (kms™!'* logL/L,®> logM® v, (kms™)®
WR40....... WN 8 25 1.56 31000 53 —42 1000 53 -4 1100
WR 82....... WN 8 5.5 439 32400 54 —43 1100 53 —49 1100
WR 108...... WN 9 35 4.14 30900 58 —45 900 59 -4 900

* Hamman et al. 1993.
® Derived from our measurements.

stars. To investigate the effectiveness of this analysis tech-
nique, we first estimated the mass-loss rate for the optically
classified WN stars WR 40, WR 82, and WR 108; the results
are presented in Table 4. We found that our technique
reproduces the mass loss as determined by Hamann et al.
(1993) to within a factor of 2. For the G0.12+0.02 cluster
emission-line stars, we determine a mass-loss rate of
9x107® to 2x107* My yr~'. For comparison to
another GC star, Najarro et al. (1994) found the mass loss
for the AF star, an Ofpe/WN 9 star, to be 6.0 x 1073 to
95x 107> Mgyr L.

4.3. Stellar Parameters

The primary difficulty in estimating the stellar param-
eters of the new stars is the lack of valid detailed models for
the infrared spectra of W-R stars. The only model currently
available is that of Najarro et al. (1994), which uses the He 1
(2.058 um) and Bry emission line flux, the K-band flux, and
the He 1(2.058 um) line profile as constraints. Najarro et al.
find that the He 1(2.058 um) line, the 2! P-21S transition, is
sensitive to the stellar luminosity and the optical depth of
the He 1 (584 A) line, the 2! P-11S transition. For a star of
fixed R = 60 R, when the luminosity becomes sufficient to
ionize helium, the optical depth for the He 1 (584 A) line is
large so almost every recombination to the 2! P level results
in the emission of a He 1 (2.058 um) photon. As the lumi-
nosity increases further, the He1 (2.05 um) line flux
increases, reaching a maximum at the point at which the
optical depth of the He 1(584 A) line begins to decrease (the
amount of He 1is reduced; Najarro et al. 1994). If the lumi-
nosity increases beyond this value, the He 1 (2.058 um) line
flux decreases rapidly. This could explain in part the pres-
ence of the He 1 (2.058 um) line in the Ofpe/WN 9 stars,
which have log L/Ly ~ 5.6 (McGregor, Hillier, & Hyland
1988b) and the apparent lack of that line in WR 108, a WN
9 star with log L/Ly ~ 5.8 (Hamann et al. 1993, Fig. 7).
However, as seen in Figure 6b, the He 1 (2.058 um) line is
strong in the WN 8-WN 6 stars, but WN 8-WN 6 stars
have a luminosity range of L/L ~ 5.1-5.8 (Hamann et al.
1993). Clearly, the investigation of these stars based on their
K-band spectra needs further work.

The luminosities of the stars are estimated from the mea-
sured continuum flux density, F(4) (W cm~ 2 um™!) by
averaging the results from both 2.2 ym and 1.65 um,
assuming the blackbody relation

47’

L= F(ADD2)\5e™ kT;“ ¢ (hc)/AKT esg
=15 (AD*Ae The [e -1]. 3

Taking A, = 30 + 5 for the GC stars, as indicated in Figure
4, and using A,/A4, =0.11 and Ay/A, = 0.16 (Rieke &
Lebofsky 1985), we estimate tx ~ 3.1 and t; ~ 4.8. To test
the accuracy of this technique, we have applied the same

technique to the luminosities of WR 108 (WN 9), WR 40
(WN 8), and WR 82 (WN 8) using our values for the contin-
uum flux, and the derived distance, interstellar extinction,
and temperatures of Hamann et al. (1993). We compare
these luminosities with those in Hamann et al. which were
calculated using their derived absolute visual magnitude
and an assumed mass-luminosity relationship (Table 4).
There is good agreement. _

Assuming that the G0.12+0.02 cluster stars and Pistol
source B are type WN 9, the AFGL 2004 stars 8 and 10 are
type Ofpe/WN 9, and the Pistol source is a type B[e], we
take the effective temperatures to be 30,000 K, 25,000 K,
and 20,000 K, respectively (Najarro et al. 1994; Hamann et
al. 1993; McGregor et al. 1988b; Dachs, Engels, & Kiehling
1988). If the G0.12+0.02 cluster stars are Of stars, T
would be ~40,000 K and the corresponding luminosities
would be greater. For the assumed spectral type of WN 9,
the derived luminosities of the individual GO0.12+0.02
cluster stars fall in the range log L/L; ~ 5.7-6.8. Although
these estimated luminosities are larger than optically
studied WNL stars, which have log L/Ly ~ 4.9-5.9
(Hamann et al. 1993), they are within the range of values for
WNL model stars which have an initial mass 260 Mg
(Maeder 1990). The luminosities of the AFGL 2004 stars are
log L/L ~ 4.3-4.5, smaller than the derived luminosity of
the AF star log L/L, ~ 5.2-5.5 (Najarro et al. 1994). The
luminosity of Pistol source A is log L/Ls ~ 7.0, and source
Bislog L/Ly ~ 6.6.

The stars must be young, no older than ~ 107 yr (Chiosi
& Maeder 1986), although stellar lifetimes, and the lifetime
of the W-R phase, may be increased slightly as a result of
metallicity effects (Maeder 1991). The fact that the
GO0.12+0.02 cluster emission stars appear to be in a
common evolutionary state, rather than representing a
broad range of W-R evolution, suggests at least three sce-
narios. (1) The cluster stars were formed at various times
with various masses and have coincidently evolved to the
same shortlived evolutionary state at the same time. This
seems highly improbable. (2) The cluster was formed during
a single short burst of star formation, and their initial
masses were similar such that they have evolved at a similar
rate. The lifetimes of massive WN stars are believed to be
~3 x 10° yr (Maeder 1991), requiring an extremely short
period of star formation. W-R models suggest an initial
mass range of 60-120 M for our derived stellar lumi-
nosities (Chiosi & Maeder 1986). This has not been seen
elsewhere in the galaxy, although strange and Galactically
unique objects seem to be the rule rather than the exception
in the GC. The near-simultaneous formation of a tight
group of such massive stars seems questionable. (3) The
stars were formed at various times but evolved quickly to
the WN 8-9 stage, which is a longer lived phase than pre-
viously considered, contrary to theoretical models (e.g.,
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Chiosi & Maeder 1986). The current canonical model for
Wolf-Rayet stars suggests that the second hypothesis is the
most likely, but none of the scenarios are completely satis-
factory. If the cluster stars are Of stars, the possibility of
scenario (2) being the correct one is enhanced, as the time
spent in the Of phase is much greater.

A lower limit for the total mass of the cluster can be
derived from dynamical considerations. In order for the
stars to withstand the tidal disruption forces from the mass
within the Galactic center, the following must hold:

m 2M
;luster 3GC . (4)
T Cluster RGC
Assuming Mgc ~ 108 M (Genzel et al. 1994), a projected
distance Rgc ~ 25 pc, and 7., ~ 0.6 pc (15” at 8.0 pc), the
total mass of the cluster must be at least 2400 M . Under
the assumption that the initial masses of the observed
emission-line stars in the cluster are ~60 M each,
together they would account for ~800 M, which leaves a
significant amount of mass required to maintain the cluster
against tidal disruption. Additional stars are apparent in
broadband images of the cluster (Fig. 1), and from gravita-
tional considerations they are required, suggesting that
additional massive stars are likely to be present.

4.4. Ionization of the Arched Filaments
44.1. EI and E2 Filaments

Assuming that the G0.12 4 0.02 cluster emission-line stars
have T¢ ~ 30,000 K, their total luminosity is log L/Lg ~
7.4. This estimate, however, does not take into account the
luminosity from stars in the cluster which do not show
emission lines, such as G0.12+0.02 cluster star E. Although
our images are confusion limited, we can distinguish at least
17 stars within the ~30" (1.2 pc) diameter of the
GO0.12+0.02 cluster, only 13 of which have helium and/or
hydrogen emission lines. As main-sequence OB stars do not
have significant emission lines in the H and K bands (e.g.,
Fig. 6a; Hanson & Conti 1994), the remainder of the cluster
stars could be of this type, thereby increasing the total lumi-
nosity of the cluster. Using the total luminosity of the
GO0.12+0.02 cluster emission-line stars and the LTE stellar
atmosphere models of Kurucz (1979) assuming a tem-
perature of T, = 30,000 K, the cluster stars would produce
Np,. ~2 % 10°° s7! ionizing photons. From numerical
integration of the blackbody function, we calculate Ny, ~
5 x 10°° s~ ! ionizing photons from the cluster emission-
line stars at the assumed temperature. Neither the LTE
assumption nor the blackbody assumption is a particularly
good assumption for massive stars, so the calculated values
should be treated cautiously. Based on the Sofue et al.
(1986) single-dish radio map, the total radio emission at 43
GHz is 18 Jy for the region including the E1 and E2 fila-
ments, which corresponds to Ny, ~ 2 x 10°° s™! required
to maintain the ionization of these regions. Thus, under the
more conservative value of Ny . from the cluster emission-
line stars, if all the ionizing photons produced by the cluster
were absorbed in the E1 and E2 filaments, they would be
just sufficient to ionize the entire region. However, geo-
metrical dilution and local extinction have not been taken
into account. If the cluster emission stars are Of stars, T
would be much larger, and the corresponding total ionizing
radiation would be greater. The cluster emission stars are
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therefore likely to be a significant source of ionization for
the E1 and E2 filaments, but not the only source.

Assuming that W-R/O in the neighborhood of the
GO0.12+0.02 cluster is similar to a galactic OB association,
~0.15 (Maeder 1991; Leitherer 1991), there would be
approximately 80 O stars near the cluster which could
provide additional ionizating radiation. The unusual nature
of the cluster suggests, however, W-R/O will not be typical.
The assumed W-R/O requires a normal distribution of
stars, although it has been suggested (Morris 1993) that the
initial mass function (IMF) of the GC is skewed toward the
formation of massive stars owing to the high critical den-
sities required for gravitationally bound clouds in the GC
(Giisten & Downes 1980). Erickson et al. (1991) have sug-
gested that ~50 ZAMS O stars distributed along the E2
filament could produce the required UV ionizing radiation.
The existence of any additional O stars will be difficult to
verify, as their absorption and emission lines have a much
lower signal-to-noise ratio than lines observed to date, and
photometric techniques are not able to unambiguously
identify these stars.

4.4.2. The Pistol

Morphologically and energetically, it is likely that Pistol
source A is responsible for the ionization of the Pistol. The
position of the source corresponds with a peak in the radio
emission and the derived luminosity, log (L/Ly) ~ 7.0
(using our preliminary classification of the star as B[e] with
T ~ 20,000 K), suggests that it dominates the energetics in
that area. The extremely large luminosity, in conjunction
with a slightly enhanced spatial extent in the Bry image
relative to the emission-line stars in AFGL 2004 (see Fig. 3),
suggests that the source may contain more than one star,
although broadband images show a spherically symmetric
source. From the radio map at 6 cm (Yusef-Zadeh & Morris
1987a), the Pistol has a strength of 0.48 Jy, which converts
to Np,. ~ 7.5 x 10*8 s~1. Using a numerical integration of
the blackbody function, Pistol Source A could produce
Ny, ~4 x 10° s7! based on its continuum luminosity.
Comparison of the blackbody function and stellar atmo-
sphere models indicates that the blackbody assumption
overestimates the ionizing radiation below T, ~ 31,000 K
by at least an order of magnitude (Panagia 1973). However,
the B[e] spectrum is believed to be produced in the
envelope of a star which, although usually a main-sequence
B star, is not limited to the main-sequence or B-type stars
(Underhill & Doazen 1982). Thus, although source A is
spectroscopically similar to B[e] stars, the central ionizing
source could be much hotter than 20,000 K or be the result
of multiple stars. From the ability of source A to provide
sufficient ionizing radiation at its minimum temperature, we
believe Pistol source A is very likely responsible for the
ionization of the Pistol. This is in agreement with the
finding of Harris et al. (1994), who suggest that the stars
near the Pistol are sufficient to ionize the Pistol and pos-
sibly G0.18 —0.04, the “ Sickle.”

5. CONCLUSIONS

The discovery of hot emission-line stars near the Arched
Filaments and the Pistol is the first direct evidence that
stellar sources could ionize these regions. The G0.12+0.02
cluster of stars, along with the stars near the Pistol, have
been shown to be plausible sources of at least partial ioniza-
tion for their respective radio emission regions. The remain-
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ing filaments, E1, W1, and W2, have yet to be investigated
for the presence of emission-line stars, but additional
emission-line stars have been located near Sgr A East and in
between Sgr A and the Arched Filaments (Cotera 1995), and
the possibility remains of more emission stars in or near the
other filaments. Therefore, the evidence points to at least
partial stellar ionization of the thermal emission regions
near the Galactic center.

The newly discovered stars are highly unusual objects.
Like the cluster of stars within the central parsec of the
Galaxy, they are extremely luminous and massive stars. If
the G0.12+0.02 cluster of stars are type WN 8-9, and the
AFGL 2004 emission stars are Ofpe/WN 9, they are young
stars, Ticeume < 107 yr, supporting a hypothesis of recent
star formation in the GC. In addition, if the G0.12+0.02
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cluster stars are in fact WN stars, they represent ~ 14% of
all known galactic WN stars (Hamann et al. 1993). Improv-
ing our understanding of their formation in the unique con-
ditions of the Galactic center should lead to a better grasp
of the energetics in that region of the galaxy and possibly
the nature of W-R stars.
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