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ABSTRACT

We have carried out a pilot project to assess the feasibility of using radio, infrared, and X-ray emission to identify
young, massive stars located between 1 and 25 pc from the Galactic center. We first compared catalogs compiled from
the VLA, Chandra, and 2MASS. We identified two massive, young stars: the previously identified star that is associated
with the radio H 1 region H2 and a newly identified star that we refer to as CXOGC J174516.1—290315. The in-
frared spectra of both stars exhibit very strong Bry and He 1 lines and resemble those of massive supergiants that have
evolved off of the main sequence but not yet reached the Wolf-Rayet phase. We estimate that each star has a bolometric
luminosity 210° L. These two stars are also associated with bright mid-infrared sources from the MSX survey, al-
though the origin of this emission is uncertain. Likewise, the detection of these two sources in X-rays is surprising
because stars at similar evolutionary states are not uniformly bright X-ray sources. Therefore, we suggest that both stars
are in binary systems that contain either OB stars whose winds collide with those of the luminous supergiants or
compact objects that are accreting from the winds of the supergiants. We also identify X-ray emission from a nitrogen-
type Wolf-Rayet star and place upper limits on the X-ray luminosities of three more evolved, massive stars that
previously have been identified between 1 and 25 pc from Sgr A*. Finally, we briefly discuss the implications that future
searches for young stars will have for our understanding of the recent history of star formation near the Galactic center.

Subject headings: Galaxy: center — infrared: stars — radio continuum: stars — stars: emission-line, Be —

X-rays: stars

1. INTRODUCTION

In contrast to the Galactic bulge, the inner 300 pc of the Galaxy
is experiencing ongoing star formation. This is dramatically dis-
played by the 2 60 ultracompact H i1 regions in the giant molecular
cloud Sgr B2 (de Pree et al. 1998) and by three young, dense
clusters of massive stars (the Arches, the Quintuplet, and the cen-
tral parsec; e.g., Krabbe et al. 1995; Figer etal. 1999). The average
star formation rate is estimated to be ~0.02 M, yr~!, or ~1% of
the total Galactic value (Figer etal. 2004). About half of the recent
star formation can be accounted for by the three massive star clus-
ters mentioned above, but this implies that the sites of formation
for the other half of the young stars in the central 300 pc have not
yet been identified. One possibility is that star clusters less massive
than the Arches and Quintuplet (~10* M) have already begun to
dissipate and are difficult to identify against the dense background
of older stars near the Galactic center (Portegies-Zwart et al.
2002). Alternatively, a half-dozen relatively isolated H m re-
gions near the Galactic center have been associated with indi-
vidual young, massive stars (Cotera et al. 1999), which could
suggest that stars can also be formed in small associations. Our
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understanding of how stars form near the Galactic center would
be greatly helped by identifying more of the young stars ex-
pected to exist there.

We have carried out a radio survey at 8.4 GHz with the Very
Large Array (VLA)® of the region between 3’ and 10’ from the
supermassive black hole Sgr A* in order to identify counter-
parts to the ~2000 X-ray sources identified using the Chandra
X-Ray Observatory (Muno et al. 2003). The general properties
of the radio sources detected in this survey will be described
elsewhere. Here we report the properties of two radio and X-ray
sources that also had counterparts among the ~18,000 stars in
the same region from the Two Micron All Sky Survey (2MASS;
§ 2.1). We identify one, CXOGC J174516.1—290315, as a new
emission-line star located 10 pc in projection from the Galactic
center.'® The second is a previously identified luminous young
star associated with the radio H 1 region H2 (Yusef-Zadeh &
Morris 1987; Zhao et al. 1993; Figer 1995; Cotera et al. 1999).

We also present an assessment of whether X-ray and radio
surveys could be generally effective for identifying luminous
young stars (§ 2.2). We find X-ray emission from two of five
massive, emission-line stars that were previously identified
through infrared spectroscopy of stars located near H 1 regions
by Cotera et al. (1999) (H2 and a WN 6 star associated with
Sgr A-A) and provide updated positions for all five stars based
on the 2MASS catalog. We discuss the origin of the X-ray emis-
sion from the young stars in our sample and the implications

® The VLA is operated by the National Radio Astronomy Observatory,
which is a facility of the National Science Foundation, operated under coop-
erative agreement by Associated Universities, Inc.

19 We note that CXOGC J174516.1—290315 was previously identified as a
candidate young stellar object (YSO) using data from the ISOGAL survey (Felli
et al. 2002). In their catalog, it is referred to as ISOGAL-P J174516.2—290315.
Our identification of the source suggests that the mid-infrared colors and fluxes
that they used to select YSOs also selects hot, post-main-sequence stars.
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TABLE 1
Basic PROPERTIES OF YOUNG STARS NEAR THE GALACTIC CENTER

X-Ray Counts

R. A. (J2000.0) Dect. (J2000.0) OFFSET
NAME (deg) (deg) (arcmin) J H K Net Background
X174516.1.......... 266.31744 —29.05434 5.9 11.49 £ 0.02 9.12 £ 0.03 7.89 £ 0.02 706 + 31 170 + 4
266.36924 —28.93472 5.0 14.3 11.26 + 0.03 9.22 £ 0.03 201 + 18 86 + 2
266.40761 —28.95448 32 15.6 £0.1 12.30 £ 0.08 10.30 £ 0.05 <17 52+1
266.41381 —28.88923 7.1 14.73 £+ 0.04 11.68 + 0.04 10.19 £ 0.05 <27 257 +7
266.46089 —28.98879 2.6 15.59 £+ 0.07 12.45 £+ 0.02 10.90 £ 0.03 52+ 12 80 + 2
266.46477 —29.00643 2.5 17.6 15.1 11.20 + 0.04 <19 S3+1

Notes.—Positions are accurate to 0”3. The offset is relative to Sgr A*. Uncertainties on the infrared magnitudes are provided where they are available from the

2MASS catalog.

that the detection of the new young, massive star has for under-
standing the star formation history near the Galactic center (§ 3).

2. OBSERVATIONS
2.1. Radio- and X-Ray-Selected Young Stars

We identified two young stars by comparing a catalog of
discrete sources compiled from VLA observations at 8.4 GHz
(3.6 cm; G. C. Bower et al. 2006, in preparation) to the Chandra
and 2MASS catalogs. The VLA observations were taken in the
B configuration during 2002 August. They were sensitive to
sources as faint as 250 pJy that were located between 5’ and 10
of Sgr A*, although the sensitivity declined to ~3 mJy within a
few arcminutes of Sgr A* because of the bright diffuse radio
emission there. The VLA observations identified 30 unresolved
sources and 55 extended sources. The positions of the unresolved
sources were accurate to 071.

We searched for X-ray counterparts using the catalog in
Muno et al. (2003). The positions of the X-ray sources in the
Chandra catalog are accurate to 0”3 at the aim point of
the observation (i.e., Sgr A*), but within 5'—10’ from Sgr A* the
average uncertainty was ~1”. Since most of the radio sources
were found at larger offsets, we searched for X-ray and radio
sources that were located within 1” in projection. We found two
matches between the unresolved radio sources and the X-ray
catalog within a radius of 1”. By adding random shifts to the
relative alignments of the two catalogs, we determined that one
of these matches was likely to be spurious. Within the extents of
the diffuse VLA sources, we find five X-ray counterparts, although
three or four should be random associations.

We then compared the locations of the seven X-ray sources
with the 2MASS catalog and found that two had infrared counter-
parts within 1”7 of the X-ray sources: CXOGC J174528.6—
285605, which is coincident with a previously identified young
star in the bright (=450 mJy at 8.4 GHz) extended radio nebula
H2 (Yusef-Zadeh & Morris 1987; Zhao et al. 1993; Figer 1995;
Cotera et al. 1999); and the new source CXOGC J174516.1—
290315 (X174516.1), which is associated witha 2.3 4+ 0.3 mJy
unresolved radio source. The chance that one of these radio and
X-ray sources randomly would have a 2MASS counterpart
within 1”7 is <15%; if we restrict ourselves to 2MASS sources
with K; < 10, the chance is <4%. The locations and JHK mag-
nitudes of the 2MASS counterparts are listed in Table 1, and
radio, infrared, and X-ray images of the sources are displayed in
Figures 1 and 2.

To determine the nature of the infrared counterparts, we ob-
tained low-resolution (R = 150) infrared spectra with SpeX at
the Infrared Telescope Facility (IRTF; Fig. 3; Rayner et al. 2003).
The spectra were taken on 2004 September 6 (UT). The weather

was clear, with 0”7 seeing at J. The acquisition and reduction
of the spectra was carried out as described in Burgasser et al.
(2004). To account for background emission, a spectrum was
extracted from an adjacent region along the slit that did not con-
tain obvious stellar sources and then subtracted from the source
spectrum. The flux values for the spectra were scaled to the
2MASS magnitudes using the filter and optical responses and
the atmospheric transmission in Cutri et al. (2003).

Both stars exhibit prominent emission lines (Fig. 3). The
strong line emission between 1.8 and 2.0 ym cannot be resolved
into distinct lines in our low-resolution spectrum. The strongest
lines are probably from the Brackett series of H (Figer et al.
1999), but their equivalent widths cannot be measured because
it is not possible to determine the shape of the underlying con-
tinuum. We can resolve lines from the continuum at wavelengths
longer than 2.0 pym. In Table 2, we tentatively identify strong
lines from He 1 and H Bry and weaker lines that could be from
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Fic. 1.—Images of CXOGC J174516.1—290315 from the VLA at 3.6 cm,
the MSX survey at 15 pum, the 2MASS survey at 2.2 um (Kj), and Chandra,
integrated over the 2—8 keV bandpass. The star is indicated with the circle
and is detected as a point source in all of the images. The radio image is
displayed on a linear scale with minimum intensity of 0 mJy beam~' and
maximum of 3 mJy beam~'. The MSX and Chandra images are displayed using
logarithmic scales. The intensity at 15 pm is 33 Jy, and the 2—-8 keV flux is
5.6x 107" ergs cm™2 s~!. The 2MASS image is displayed using equalized
color histograms. The near-infrared sources have a magnitude of Ky = 7.9.
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Fic. 2.—Same as Fig. 1, but for H2. The radio image is displayed on a linear
scale with minimum intensity of 0 mJy beam™' and maximum of 50 mJy
beam™!. The remaining images are displayed using the same scalings as Fig. 1.
The radio emission is clearly extended, but it appears as a point source in the
mid-infrared, infrared, and X-ray. The intensity at 15 pm is 220 Jy. The near-

infrared sources have a magnitude of K; = 9.2. The X-ray source has a2—8 keV

flux of 1.7 x 107'% ergs cm 2 s~

C 1, N1, and/or Mg i1 (see Morris et al. 1996; Figer et al. 1999).
We measured the equivalent widths of the lines by modeling the
continuum between 2.1 and 2.4 um as a second-order polyno-
mial and the lines as Gaussians. The equivalent widths also are
listed in Table 2. The presence of strong H and He emission
lines indicates that both sources are hot, massive stars.

The radio continuum and infrared-line emission suggested
that there could be significant amounts of warm gas and dust
surrounding these young stars (e.g., Clark et al. 2003). We
searched for this in the mid-infrared, using version 2.3 of the
Midcourse Space Experiment (MSX ) Point Source Catalog (Egan
etal. 2003). X174516.1 and H2 are the only two sources detected
in the X-ray and 2MASS catalogs that also have a counterpart
within 175 in the MSX catalog. We find that there is a <15%
chance of finding one random association between the three
catalogs. H2 is coincident with MSX6C (G259.9845+00.0275
and has fluxes 0f 33, 134,220, and 490 Jy at 8.3, 12.1, 14.7, and
21.3 pm, respectively. X174516.1 is coincident with MSX6C
(G359.8590+00.0036 and has fluxes of 2, 14, 33, and 102 Jy at
8.3, 12.1, 14.7, and 21.3 um, respectively. The fluxes are ac-
curate to 5%, although the angular resolution of MSX was
~20", so the mid-infrared emission may represent a blend of
nearby stars.

As we describe in § 3, the strength of the X-ray emission from
these young stars is a bit surprising. Therefore, in order to de-
termine its origin, we determined the X-ray intensities, spectra,
and light curves for each star using the acis_extract routine
from Tools for X-ray Analysis (TARA)'" and CIAO, version 3.2.
The techniques are described in Muno et al. (2004), and the
dates and exposure times for the observations used are listed in
Muno et al. (2005). In brief, for each source we extracted source
events from within the 90% contour of the point-spread func-

"' Available at http://www.astro.psu.edu/xray/docs/ TARA /.

3.5

Flux (10719 erg cm=2 s~ um~1)
O
o

1.6 1.8 2.0 2.2 2.4
Wavelength (um)

Fic. 3.—Infrared spectrum of the new emission-line star, taken with SpeX on
IRTF. The spectrum we obtained extends to shorter wavelengths, but the strong
absorption toward the Galactic center cut off the spectrum shortward of 1.7 ym.
The strong H, He, and Mg lines are reminiscent of Of and LBV stars in Morris
et al. (1996).

tion (PSF) and background events using annular regions that
excluded known point sources and discrete filamentary fea-
tures. We list the net and background X-ray counts from each
source in Table 1. These values supersede those in Muno et al.
(2003).

We then produced source and background spectra from the
event lists, computed the effective area using the CIAO tool mkarf,
and obtained the response functions tabulated by Townsley et al.
(2002a). The mean fluxes of the sources did not change during

TABLE 2
EmissioN LINES FROM TRANSITIONAL STARS

EW (A)
CENTROID
TRANSITION (pm) X174516.1 H2

He12s'S—2p'P0 ... 2.058 3341 50403
He 1 2p°P0—4s°S 2.115 1.8 £ 0.6 6.9 + 0.6

+He 1 3p'PO-4s'S

N m/C m 8—7 .o
Mg 1 5528,,—5p*P° ... 2.142 2.0+0.7 <1.9
H17-4 2.167 25+1 225+03

+He 1 7/3F°—4d°D
+He 1 3p'P'—4s'S..............

Note.—The spectra were taken with R = 150, so at 2 um the resolution is
~0.01 pm.
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TABLE 3
X-Ray SpPECTRA OF YOUNG STARS NEAR THE GALACTIC CENTER

Ny kT Fx Lx
Infrared ID (102 cm™?) (keV) Norm X/ v (ergs cm™2 s71) (ergs s71)
77415 12752 10732 %1074 11 /11 5.6x1071 1.4 x10%
. 6.0* ) 473 x10°° 5/4 1.7x10713 5x10%
X174516.1 v 47493 13101 1.5%03 %1074 50 /37 1.7x10714 1.9 x10%

Notes.—The fluxes and luminosities are quoted for the 0.5-8.0 keV band. However, as a result of the high extinction
toward the Galactic center, most of the observed flux is detected between 2 and 8 keV. The luminosities in this band are factors

of 2—4 below those in the table.

the first 85% of the exposures taken through 2003 June (Muno
etal. 2004; although see below), so we used summed spectra for
each source. We modeled the spectra using XSPEC (ver. 11.3.1;
Arnaud 1996), as a thermal plasma (Mewe et al. 1986) absorbed
by interstellar gas and dust. The free parameters in this model
were the column of interstellar gas (Vg sm), the plasma tem-
perature (k7) and normalization (proportional to the emission
measure Kpy = f neny dV). The optical depth of dust was set
to 7 = 0.485Ny/(10?? cm~2), and the halo area to 100 times
that of the PSF (Baganoff et al. 2003). The best-fit spectral pa-
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Fic. 4—X-ray spectra of the two bright X-ray sources, H2 and X174516.1.
The top panels display the spectra in detector counts as a function of energy, so
the shape of the source spectra are convolved with the detector response. The
bottom panels contain the differences between the data and the best-fit thermal
plasma models, divided by the Poisson uncertainties on the data points.

rameters and derived luminosities for the two detected sources
are listed in Table 3, and the spectra are displayed in Figure 4.

Finally, massive stars, particularly those in binaries, are often
variable X-ray sources. Therefore, we examined whether X-ray
light curves for H2 and X174516.1 were consistent with a con-
stant mean flux using Kolmogorov-Smirnov (K-S) and x? tests.
The photon flux from X174516.1 increased by a factor of 3,
from (3.1 £ 0.2) x 10~ photons cm~2 s~! between 1999 and
2003 to (7.8 £ 0.7) x 10~° photons cm™2 s~! during 2004 July.
The probability that this increase in flux resulted from a con-
stant flux was <2 x 10~7 under a x? test. We find no evidence
that the hardness of the spectrum varied during the outburst. We
defined a hardness ratio (4 — s)/(h + s), using s as the number of
counts in the 0.5-3.0 keV band and / as the counts in the 3.0—
8.0 keV band. The average hardness from 1999 through 2003
was 0.02 £ 0.06, while that during 2004 July was —0.01 £ 0.09,
so there is no evidence for spectral variations coincident with
the increase in flux. On shorter timescales, there appears to have
been a flare near or before the start of the observation on 2004
July 6, which decayed with a timescale of ~1 hr. During that
observation, the chance that the data were produced by a con-
stant flux was <0.3% according to a K-S test.

The X-ray light curve from H2 has a ~=30% chance of being
produced by a constant mean flux under both tests. However, be-
cause the count rate from H2 is lower than that from X174516.1, we
cannot exclude the hypothesis that a flux variation with a factor
of <3 amplitude occurred between 1999 and 2004.

2.2. X-Ray Counterparts to Known Emission-Line Stars

After realizing that H2 had been previously identified as a
young star, we returned to previous searches for such stars to
determine if others were also strong X-ray sources. For the pur-
poses of this paper, we are interested in relatively isolated stars,'?
so we searched for X-ray counterparts to the four emission-line
stars (besides H2) in Cotera et al. (1999). We first compared the
locations and JHK magnitudes of the Cotera et al. (1999) stars to
the 2MASS catalog in order to refine their locations. We found
that the published positions of the stars disagreed with their
2MASS counterparts by 1”-3". Therefore, we report updated
positions and the JHK magnitudes of the emission-line stars in
Table 1. Using the updated positions, we found that one more of
the remaining four emission-line stars has an X-ray counterpart
in our Chandra image within the 0”5 uncertainty of the X-ray
catalog: the WN 6 star Sgr A-A.'? This star was not detected in
our radio and X-ray comparison (§ 2.1), because the infrared

12 The X-ray properties of the stars in the central parsec will be reported in a
future publication.

13 We note that the inaccurate positions in Cotera et al. (1999) led us to
report initially that none had counterparts (Muno et al. 2004).
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observations have resolved out the diffuse radio emission.
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Fic. 6.—Same as Fig. 1, but for the star associated with the radio nebula H8.
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TABLE 4
X-RAY AND BoLOMETRIC LUMINOSITIES OF TRANSITIONAL MASSIVE STARS

Lol Lx
Star Type (log[ergs s~17) (log[ergs s~ logLx / Lil References
X174516.1............... e 39.7 333 —6.4 1
A 39.5 33.1 —6.4 1

LBV 39.5 <31.0° <-8.5 2,3

LBV 40.1 34.8 —-5.3 2,4

LBVc 40.2 <32.0° <-82 L,5

06 f 39.2 33.0 —6.2 6

04.5 If* 39.7 31.1*° —8.6 7,8,9
HD 152408 08 Iafpe 39.4 <31.7° <-=7.7 7, 10
HD 151804 08 Iaf 39.7 31.9%° -7.8 7, 11, 12

Notes.—The bolometric luminosities for the two sources in this work are estimated by assuming values for the
extinction and the bolometric correction for each star, as described in the text. The X-ray luminosities are extrap-
olated from the observed values into the 0.5—8.0 keV band, except where indicated. The 0.5—8.0 keV luminosities of
massive stars are usually dominated by AT ~ 0.5 keV plasma that would be undetectable through the absorption
toward the Galactic center; at most 10% of Ly should be produced by hotter 1 keV plasma. Therefore, both luminosity
values are uncertain by roughly an order of magnitude.

? The luminosities are reported in the ROSAT 0.1-2.0 keV band for these sources. For direct comparison with the
other sources, one would want to use the 0.5-8.0 keV luminosity, which will in general be a factor of ~10 smaller.

® We derived an upper limit to the X-ray luminosity for the Pistol star using archival Chandra data, in the same
manner as we did for the other stars in our survey.

© We assumed that 0.01 counts s~! in the ROSAT PSPC equals 1 x 10~'3 ergs cm~2 s~!, which is appropriate for a
0.5 keV thermal plasma spectrum absorbed by 5 x 102 cm~2 of H (see, e.g., Berghéfer et al. 1996). The true correction
can vary by a factor of 4 for reasonable choices of the assumed absorption and temperature.

REererences.—(1) this work; (2) Humphreys & Davidson 1994; (3) Berghofer & Wendker 2000; (4) Seward et al.
2001; (5) Figer et al. 1999; (6) Nazé et al. 2004; (7) Morris et al. 1996; (8) Scuderi et al. 1998; (9) Voges et al. 1999;
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(10) Berghofer et al. 1996; (11) ROSAT PSPC Pointed Observations catalog; (12) Lamers & Leitherer 1993.

and X-ray sources are significantly offset from the nearby radio
H u region. We display images of Sgr A-A in Figure 5.

We analyzed the X-ray emission from each of the four stars in
the same manner as discussed in § 2.2 and list their properties in
Table 3. For the three nondetections from Cotera et al. (1999),
we computed limits on their count rates by extracting events from
the 2MASS positions (Table 1). The limits on their luminosities
for a 1 keV thermal plasma spectrum are 1 x 1032 ergs s~!, and
for a 0.5 keV plasma 2 x 103 ergs s~!. Images of the stars not
detected in X-rays are displayed in Figures 6, 7, and 8.

3. DISCUSSION

We have searched for X-ray emission from young stars lo-
cated between 3—23 pc in projection from Sgr A*, and we have
detected two of five known isolated, young stars (Cotera et al.
1999) and identified one new example. The stars that we de-
tected in our Chandra image are exceptional. The star associ-
ated with the Sgr A-A H 1 region is the only Wolf-Rayet star
(spectral type WN 6) in the sample of Cotera et al. (1999).
Nitrogen-rich Wolf-Rayet (WN) stars produce very fast winds
(v 2 1000 km s~ 1), which produce strong X-ray-emitting shocks.
About 75% of WN stars have Lx > 5 x 10°! ergs s~ (Wessolowski
1996), so the detection of the Sgr A-A WN 6 star is not surprising
(Table 3).

The two most luminous X-ray sources, X174516.1 and H2,
are the brightest infrared sources in Table 1. We compared their
spectra (Fig. 3) to those of the Pistol star (Figer et al. 1998) and
to the atlases of Morris et al. (1996) and Hanson et al. (1996).
Our low-resolution spectra cannot be used to classify stars with
the detail achievable with high-resolution optical spectra. How-
ever, the line emission from Bry, He 1, and Mg 1 in Figure 3
resembles that from the Pistol star and other B[e] supergiants,
Of stars, and luminous blue variables (LBVs). All of these spec-
tral types represent massive stars that have evolved off of the main
sequence but not yet reached the Wolf-Rayet phase, so the simi-

larities are understandable. For H2, our results match the con-
clusions of Figer (1995) and Cotera et al. (1999).

Our suggestion that these objects are B[e], Of, or LBV stars
suggests that they are unusually luminous. To confirm this, we
estimate the intrinsic colors and luminosities of X174516.1 and
H2 as follows. First, we assume that they lie near the Galactic
center (D = 8 kpc), because (1) the interstellar absorption col-
umns that we measure from their X-ray spectra (Table 3) are
quite similar to the value toward Sgr A* (N = 6 x 10?> cm™2),
and (2) if we ignore the heavily absorbed half of the Galaxy
more distant than 10 kpc, ~80% of the Galactic stellar mass
along this line of sight is located within +200 pc of the Galactic
center (Launhardt et al. 2002). The distance modulus is there-
fore 14.5. Second, we estimate the reddening using the rela-
tionship Ny/dy = 1.79 x 102! cm~2 from Predehl & Schmitt
(1995) and the extinction law from Moneti et al. (2001).
For X174516.1, taking Ny = (4.4 £ 0.3) x 10*2 cm 2, we find
Ay = 4.6 0.3, and Ax = 2.9 + 0.2. Its intrinsic color is
(H — K)y = —0.4 £ 0.1, and absolute Mx = —9.5 + 0.2. For
H2, Ny = (7.7 = 1.4)x 10> cm™2, we find 4y = 7.5 + 1.4,
and Ay = 4.8 £ 0.9. Its intrinsic color is (H — K,), = —0.6 £
0.5and Mx = —10.1 £ 0.9. In both cases, the colors are within
1 0 of (H—-K),=-0.3 =% 0.1, as expected for O supergiant
stars (Wegner 1994). However, the colors are inconsistent with
the (H — K), 2 0.8 infrared excesses seen from B[e] stars in the
Magellanic Clouds (Zickgraf et al. 1986). Therefore, we ten-
tatively classify X174516.1 and H2 as either Of or candidate
LBV stars.

We estimate the bolometric luminosities of these stars by
assuming that they have temperatures comparable to those of
the Pistol star and other hot, massive stars in transition, 7' =
1.5 x 10* K (Morris et al. 1996; Figer et al. 1998; Clark et al.
2003). The bolometric corrections to the absolute K, magni-
tudes will then be given by BCx = —7.11log T + 28.8 (Blum
etal. 1995), so that BCx < —0.9. Therefore, we find upper limits



No. 1, 2006

on the bolometric magnitudes for X174516.1 of My, < —10.2,
and for H2 of M, < 10.1. We converted these to lower limits
on the luminosities (listed in Table 4), and find for X174516.1
that Ly > 10%! Lo, and for H2 that Ly, > 10°° L. Their true
luminosities may be significantly higher. For example, assum-
ing T = 30,000 K, as would be appropriate for an Of star, the

bolometric luminosity would be a factor of 7 higher.

3.1. Radio, Mid-Infrared, and X-Ray Emission

Although X174516.1 and H2 are very luminous stars, it is
nonetheless surprising that they are so bright in the radio, mid-
infrared, and X-rays. Free-free emission in the winds of mas-
sive, evolving stars should make them millijansky radio sources
from the distance to the Galactic center (e.g., Scuderi et al.
1998; Duncan & White 2002). The pointlike radio source con-
sistent with X174516.1 is consistent with a stellar wind. We can
estimate the required mass-loss rate by inverting equation (4) in
Scuderi et al. (1998):

HeVoo —1
02 kms T oY

3/4
M=2x10"" (S,,d]fpculj)o‘(?HZTf'l) !
If we assume the electron temperature in units of 10* K is
T, = 1, the mean atomic weight per free electron is p, = 1.3,
and the terminal velocity of the wind is vy, = 200 km 5™, as
appropriate for an LBV (e.g., P Cygin Scuderi et al. 1998), then
Sg.acHz = 2.3 mly implies M=2x10"° M yr’l. This is
similar to the mass-loss rates observed for LBVs (see also, e.g.,
Clark et al. 2003). A higher velocity of vy ~ 1000 km s~ !,
as appropriate for an Of star, would imply a mass-loss rate
>10-% M, yr~!. This rate is much higher than is typically seen
in Of stars (Scuderi et al. 1998). However, since we have not
measured the radio spectral index of X174516.1, it is possible
that most of the flux is nonthermal, and the above mass-loss
rates are upper limits. To determine the nature of the radio emis-
sion from X174516.1, either the radio spectral index must be
measured or the mass-loss rate must be obtained from a high-
resolution infrared spectrum.

The radio flux of the extended nebula around H2 is orders
of magnitude too bright to be produced by its stellar wind. Zhao
etal. (1993) model it as an unusually dense (7, ~ 103 cm™3)Hu
region illuminated by a Lyman continuum flux equivalent to
that of an O7 zero-age main-sequence star.

The detection of both stars in the MSX mid-infrared survey
demonstrates that they are surrounded by warm gas and dust.
Egan et al. (2002) and Clark et al. (2003) have identified dusty
ring nebulae around several known and candidate LBV stars
and hypothesize that they were produced by past episodes of
rapid mass loss. Surprisingly, the mid-infrared counterparts to
our Galactic center stars are 210 and 100 times more luminous
at 14.7 and 21.3 pm, respectively, than the nebulae around the
other candidate LBVs. Therefore, we suspect that the mid-
infrared flux near X174516.1 and H2 either represents inter-
stellar dust or is the unresolved emission from several massive,
dusty stars. Observations with the Spitzer Space Telescope
should resolve this issue.

The detection of X174516.1 and H2 with Chandra is partic-
ularly intriguing because Of and LBV stars are not always bright
X-ray sources. In Table 4, we tabulate the values of Lx/Ly for
several of the massive stars listed in Morris et al. (1996) and
Figer et al. (1999).

The measurements of Ly were taken with instruments sen-
sitive to different energy ranges, so some caution should be used
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in comparing the results, as described in the notes to the table. In
general, we have extrapolated the fluxes using conservative as-
sumptions that serve to lessen the dispersion in Lx/Ly, . There-
fore, we expect that the range in these values is not caused by
selection effects but represents intrinsic differences in the effi-
ciency of X-ray production in these sources. We find that there
is at least a factor of 3000 range in the values and that the scatter
is not correlated with spectral type. The LBV 7 Car and the O6
star HD 108 lie near the X-ray—bright end of the distribution
with Lyx/Lyo = —5.3 and —6.2, respectively. The LBV P Cyg
and the O4.5 If star HD 190429 lie at the faint end, with
Lx/Lpo < —8.5.

X174516.1 and H2 lie at the high end of the scatter in Lx /Ly,
in Table 4, which raises the question of why they are so bright in
X-rays. There are several possible explanations. One is that the
X-ray-emitting shocks form at varying optical depths within the
winds of massive stars, so that in some cases the X-ray emission
is absorbed before it can reach the observer. This has been
proposed to explain why carbon-type W-R stars are faint X-ray
sources, whereas nitrogen-type W-R stars are bright in X-rays
(Oskinova et al. 2003). However, changes in the optical depth
of the wind from X174516.1 are unlikely to explain the X-ray
flare observed in 2004 July (§ 2.1). Alternatively, the X-rays
from X174516.1 and H2 could be produced when their winds
collide with those of fainter companions. For instance, it has
been proposed that the high X-ray luminosity of 7 Car is pro-
duced because it is a binary and one of the components has a
fast, v ~ 1000 km s~ !, wind that collides with the slow, dense
wind of its companion (Seward et al. 2001). Finally, these stars
could have black hole or neutron star companions that produce
X-rays as they accrete from the wind of the supergiant. This
would make X174516.1 and H2 analogous to faint high-mass
X-ray binaries such as 1A 0535+26 and X Per, which have similar
X-ray spectra and luminosities (Di Salvo et al. 1998; Orlandini
et al. 2004) and exhibit prominent He 1 and Bry emission in their
spectra (Hanson et al. 1996). Both colliding-wind binaries and
accreting compact objects exhibit X-ray flares similar to that
seen from X174516.1. Further high-resolution spectroscopic
observations will allow us to model the winds from X174516.1
and H2 and to search for evidence for binary companions.

Given the scatter in Lx/Ly,) in Table 4, it is not surprising that
we did not detect X-ray emission from the remaining three stars
from Cotera et al. (1999). The spectra from Cotera et al. (1999)
suggest that these stars are all in similar evolutionary states to
X174516.1 and H2. If we make similar assumptions to compute
their Ly}, we find that the remaining stars are only a factor of a
few less luminous than X174516.1 and H2. However, if we as-
sume that they are producing X-rays with characteristic tem-
peratures of <0.5 keV, then most of the X-ray emission would
be undetectable through the absorption toward the Galactic center,
and from the upper limits in § 2.1 we find log (Lx/Lyo) < —6.
These limits are not particularly interesting in the context of
X-ray emission from massive stars. Nonetheless, we can con-
fidently state that these stars are at least an order of magnitude
fainter than X174516.1 and H2 in the observable 2—8 keV
band (Table 1), which highlights the oddity of the latter two
sources.

3.2. Implications for Star Formation

Hot, post-main-sequence Wolf-Rayet, B[e], Of, and LBV stars
similar to those in Table 1 are thought to have initial masses
of M 2 35 M, (Zickgraf et al. 1986; Figer et al. 1998) and ages
of only a few million years. As a result, such stars are excellent
tracers of recent star formation.
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Surprisingly, unlike the Pistol star and the massive stars in the
central parsec around Sgr A* (Figer et al. 1998; Paumard et al.
2003), none of the stars in Table 1 is associated with any known
young star cluster. However, clusters less massive than the
Arches and Quintuplet would be difficult to identify against the
dense background of stars in the Galactic center using previous
wide-field infrared surveys like 2MASS (Portegies-Zwart et al.
2002). Therefore, it is important to carry out photometric and
narrow-line surveys to search for other young stars in the vicinity of
H2 and X174516.1, to establish whether they are in fact isolated.

If they are isolated, then there are two possible explanations.
First, it has been suggested that the young stars in the central
parsec are the remnants of a cluster that was formed ~10 pc
from Sgr A* and settled into the Galactic center (Gerhard 2001);
stars like H2 and X174516.1 could have been stripped from this
hypothetical cluster. If this is the case, then hundreds of other
young stars still await discovery in the central 10 pc around Sgr A*
(e.g., Portegies Zwart et al. 2003; Kim & Morris 2003). Alterna-
tively, these massive, young stars may well have formed in isola-
tion, as has been proposed by Cotera et al. (1999). This hypothesis
would imply that stars form in associations that have masses
ranging from 100 to 10* M. Such a conclusion would be sur-

prising, since the high turbulent velocities of molecular clouds, the
large tidal forces produced by Sgr A* and the surrounding stellar
cusp, and possibly milligauss magnetic fields concentrated near the
Galactic center by infalling material should collude to make the
Jeans mass closer to the upper end of this range (Morris 1993).
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