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What are Wolf-Rayet Stars ?

“Conti scenario”           cf. Conti 1976, Crowther 2007, Smartt 2009

mass, age, binarity, metallicity, rotation

 Minitial     MS                post-MS                             SN/remnant

                                                                           IIn
 >80M⦿  O3     WNH    LBV     WN     WC/WO    Ic/BH(GRB)
                                                                                       
 40-80M⦿ O5-4            LBV     WN     WC/WO      Ic/BH
                                                                                        
 25-40M⦿ O7-6            LBV                  WN           Ib/BH
                                                                        
                                              (binary)                  IIb/NS
 8-25M⦿   B1-O8                        RSG                    IIP/NS
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Importances of  Wolf-Rayet stars

▷ Limited (short) Life Time of ~ 0.5 Myr (~10% of total Life Time)

      ...... Clue to Age & Initial Mass Function 

   ▶ Cluster of WR/LBV/RSG/YHG/OB

      ...... Good tracer of massive-star formation in massive-star clusters
              (WR/O, WC/WN, LBV, BSG, YHG, RSG, ...)

   ▶ Isolated WR stars ... where were they formed ?

▷ Mass Loss with strong Stellar Wind (>10-5 M⦿/yr)

      ...... Evolution of massive stars

In spite of ~6000 expected number of WR in our Galaxy,
only ~500 WR have ever discovered.
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cf.  Crowther+ 2006;  Meynet & Maeder 2003
   9 M⦿   30.5 Myr
 25 M⦿     7.3 Myr
 40 M⦿     5.1 Myr
 60 M⦿     4.0 Myr
 85 M⦿     3.5 Myr
120 M⦿     3.1 Myr

fit:  log(t/Myr)=0.55{log(M/M⦿)-2.3}^2+0.45
   WR      ~0.4 Myr

       LBV      ~0.01 Myr ?

Cluster Age        LBV/WR/YHG/RSG            .  
< 2.5 Myr      all stars remain in main-seq

2.5-3.5 Myr  super-massive stars evolve into
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Galactic Center Clusters (~0.4°) 
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4.3. Relationship to Extragalactic Nuclear Populations

Other than for the Milky Way, nuclei that harbor black holes
and show no evidence of an AGN spectrum have stellar pop-
ulations consistent with formation in an ancient burst
(Magorrian et al. 1998). One must emphasize that black holes
are more difficult to detect in galaxies with active star forma-
tion, so the kinematic sample is biased.Within the Local Group,
the nuclei of M31 and M32 can be so characterized; while M32
may contain some fraction of few Gyr old stars, there is no
evidence of recent star formation in the M32 nucleus. The un-
usual star formation history in the GC may be related to bar-
induced feeding of gas into the central region and subsequent
star formation (Regan & Teuben 2003).
Our demonstration that the star formation history of the nu-

clear population is continuous has additional implications and
raises several questions. Has the black hole grown in mass
along with the stellar population, or was most of the mass of the
black hole in place, perhaps within a Gyr of the Galaxy’s for-
mation? Further, how can a galaxy with a bulge population well
demonstrated to be as old as the oldest globular clusters
(Ortolani et al. 1995; Kuijken & Rich 2002; Zoccali et al. 2003)
have formed at early times without simultaneously forming the
bulk of the stars currently seen in the nuclear population?
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model isochrone files. We acknowledge very useful discus-
sions with Mike Regan, Paco Najarro, Bob Blum, Laurant
Sjouwerman, and Jay Frogel. We also thank the Gemini North
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this paper. Support for this work was provided by NASA
through grants GO-07364.01-96A and AR-08751.02-A from
the Space Telescope Science Institute, which is operated
by AURA, Inc., under NASA contract NAS5-26555. Mark
Morris is supported by NSF through AST 99-88397. Work by
S. S. K. was supported by the Astrophysical Research Center
for the Structure and Evolution of the Cosmos (ARCSEC) of
the Korea Science and Engineering Foundation through the
Science Research Center program.
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Methodology of  WR stars search since 2000; 
  with Infrared

[1]  2MASS & Spitzer/GLIMPSE
      cf.  Mauerhan, Dyk, Morris 2011,AJ,142,40

☆ strong free-free emission in NIR-MIR (WN & WC)

☆ dust thermal emission in MIR (WCLd)

★ color-color : J-H vs H-Ks,  J-Ks vs Ks-[8.0],  [3.6]-[4.5] vs [3.6]-[8.0] 

[2]  NIR-NBF(CIV, HeII, ...)
      cf.  Shara+ 2011,arXiv,1106,21965; 2009,AJ,138,402

☆ strong line (HeII, CIV, ...) emission in NIR (WN & WC)

★ 6 [NBF] (K) system: [cont-1],[HeI],[CIV],[Brγ],[HeII],[cont-2] ... not simple!

Our choice !
★ 2 [NBF: CIV, HeII] + 1 [BBF: Ks] system ... so simple & effective !

      larger [CIV]/[Ks] for WCE,  larger [HeII]/[Ks] for WN & WC
      AKs from [NBF]/[Ks]
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The Astronomical Journal, 142:40 (29pp), 2011 August Mauerhan, Van Dyk, & Morris

Figure 10. Galactic distribution of WRs and selected WR-bearing clusters plotted over the Galactic model of Churchwell et al. (2009). New identifications are marked
as bold symbols. The figure axes are in units of kpc, with the location of the Sun at the origin. Dotted lines mark several values of constant Galactic longitude (l). The
GLIMPSE survey area encompasses | l | ! 65◦ on both sides of the Galactic center. The following clusters are listed clockwise from left with respect to the Sun:
Cas OB 5 (Negueruela 2003); the Quartet cluster (Messineo et al. 2009); G37.51−0.46 (this work; circled); G28.46 + 0.32 (Mauerhan et al. 2010c); W43 (Blum
et al. 1999); GLIMPSE20 (Messineo et al. 2009); [MFD2008] (Messineo et al. 2008); Sgr 1806−20 (Bibby et al. 2008); Quintuplet, Arches, and Central parsec of
the Galactic center; [DBS2003] 179 (Borissova et al. 2008); Westerlund 1 (Crowther et al. 2006); Danks 1 and 2 (Bica et al. 2004); GLIMPSE30 (Kurtev et al. 2007);
Trumpler 16 (Walborn 1973); NGC 3603 (Moffat 1983); and Westerlund 2 (Rauw et al. 2007). The Galactic center contains ≈20% of the known Galactic WRs.

is likely to be affected by significant scatter, which is certainly a
partial consequence of the distance uncertainties. Nonetheless,
an overall concentration toward major spiral arms can be seen,
while several regions of enhanced WR density also appear
to punctuate the longitudinal distribution. However, we stress
caution while interpreting Figures 10–12, since the coverage of
WR surveys is not evenly distributed across the Galactic plane.
Still, it is noteworthy that, although we (i.e., Hadfield et al. 2007;
Mauerhan et al. 2009, and this work) have sampled more of our
WR candidates from the side of the Galactic plane that is north

of the Galactic center (l = 10◦–65◦), we have experienced a
slightly, but significantly, higher WR return rate for the southern
side of the Galactic center. We attribute this to the Galactic
spiral arm distribution with respect to our line of sight through
the Galactic plane. For example, the Scutum–Centaurus Arm,
one of the two main Galactic arms illustrated in Figure 10,
and the Sagittarius Arm both run approximately parallel to
our line of sight between l ≈ 300◦–330◦ and l ≈ 280◦–295◦,
respectively. As a result of this, there is more spiral arm coverage
per unit longitude on the southern side of the Galactic center
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3-Filters Set: [2NBF(CIV&HeII)+BBF(Ks)]

miniTAO1.0m+ANIR
N207(CIV 2078), N187(HeII8-6+Paα 1875), Ks

★
GAO1.5m+GIRCS

N207(CIV 2078), N219(HeII10-7 2189), Ks

★
OAOWFC (planning)

N209(CIV 2078/CIII 2108), N218(HeII10-7 2189/Brγ 2166), Ks
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Online-only material: color figure

Table 5, which presented the total number of known Wolf-Rayet (WR) stars in the Galactic center region (GCR) and their spectral
subtype distribution, did not fully account for all WRs identified in the literature. Several table entries were incorrect by a small
amount. The corrected list of WR subtypes is presented in the new Table 5 below. The corrections are as follows. The total number of
“isolated” early-nitrogen-type WR (WNE) stars is 5. As a result, Figure 7 has been corrected to include the WNE source previously
missing from Table 5. The total number of late-carbon-type WR (WCL) stars in the Quintuplet cluster is 14 stars. In the Arches cluster,
the total number of WNL stars is 13, according to Martins et al. (2008). We note that the three WNL stars 11, 12, and G0.10+0.02 in
the field surrounding the Arches cluster, shown in Figure 8, are included in the “isolated” WNL group of Table 5, even though they
might have originated within the Arches cluster. As a result of the above changes, the total number of WRs in the GCR is 92. The
relative fractions of WR subtypes in Table 5 have also been slightly modified as a result of these changes. Finally, Figure 10 of the
published article incorrectly marked the O supergiant stars 13 of this work and H2 from Cotera et al. (1999) as WN stars. They are
labeled properly in the corrected Figure 10 below. The overall conclusions of the article remain unchanged.

Figure 7. Observed line strength (F187N/F190N ) vs. Ks-band SIRIUS magnitude for unidentified candidate Pα-excess sources (crosses) and for confirmed massive
stars. The brightest known sources (Ks ! 8 mag), which are saturated in the SIRIUS catalog, were plotted using their 2MASS photometry. The figure includes objects
from the Arches, Quintuplet, and Central Parsec clusters, and from the GCR field. Stars are marked according to their approximate spectral type, defined in the legend
at the upper right of the figure. The brightness distribution of unidentified sources suggests that the sample of WN types in the survey might be near completion.

Table 5
Distribution of WR Subtypes in the GCR

Group WNE WNL WCE WCL WRtot WC/WN WCL/WC WC/WRtot References

GCR “Isolated” 3 15 0 10 28 0.56 1.00 0.36 1, 2, 3, 4, 5, 6, 12
Arches 0 13 0 0 13 n/a 0.00 0.00 7, 11
Quintuplet 1 5 0 14 20 2.33 1.00 0.70 2, 4, 8, 9
Central 1 17 1 12 31 0.72 0.92 0.42 10
GCR total 5 50 1 36 92 0.67 0.97 0.40 · · ·

Notes. Note that Stars 11, 12, and G0.10 + 0.02, shown in Figure 8 of the published article, have been designated as “isolated” stars for this table, even
though they are likely to be associated with the Arches cluster.
References. (1) This work; (2) Mauerhan et al. 2010b; (3) Cotera et al. 1999; (4) Homeier et al. 2003; (5) Muno et al. 2006; (6) Mikles et al. 2006;
(7) Figer et al. 2002; (8) Liermann et al. 2009; (9) Figer et al. 1999; (10) Paumard et al. 2006; (11) Martins et al. 2008; (12) Hyodo et al. 2008.

1

Expected stars from Paα survey

WNL & WCL (BSG) ... many
WNE & LBV ... small number but precious!

WCE ... with N207
YHG & RSG ... ??

Ks = 13 mag

Paα  Mauerhan+ 2010

(1% filter ~ 20nm)

1876nm: Paα, HeII(8-6), HeII(6-5)
WN/WC: strong(broad) HeII, but weak Paα

LBV: no HeII, but strong(narrow) Paα
=> 1876 feature is due to HeII, not Paα for WR
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Ks: 1990-2310nm(peak=2150nm, width=320nm)
N207: 2052-2092nm(peak=2072nm, width=40nm)
N187: 1871-1879nm(peak=1875nm, width=8nm)

Paα Filter of ANIR

simulation: blue @ 5640m, green @ 2600m
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Atmospheric Transmittance in Paα Filter Range
average transmittance (1871-1879nm) = 

0.70 (0.1mm),  0.54 (0.3mm),  0.39 (0.6mm),  0.25 (1.2mm),  0.13 (2.5mm)
PWV @ TAO site:  best < 0.1mm;  nominal 0.3-0.6mm;  worse > 1mm
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N187/Ks Estimation
calculations for Quintuplet

N187:  center=1875 nm, width=8nm (100%)
Ks:  center=2150 nm, width=320nm (100%)

[1]  “normal star”: λ^(-4) spectrum
N187/Ks = 0.043

[2]  extinction AKs: λ^(-2.0) law  ◀  N207/Ks
A187/A215 = α187 = (1875/2150)^(-2.0) = 1.315

∴   (I187/I215)obs = (I187/I215)int×10^{−A215×(α187 −1)/2.5} 
= (I187/I215)int×10^{−A215×0.126}

 ~ (I187/I215)int×10^{−2.72×0.126} ~ 0.45 (I187/I215)int   for A215=2.72
~ 0.043x0.45 ~ 0.0195

[3]  atmospheric transmittance near 1875nm
~ 0.25-0.54 for PWV=1.2-0.3mm 

N187/Ks ~ 0.0195x(0.25-0.54) ~ 0.0048-0.0105

measurements in Quintuplet
“normal stars”:  ~0.0063

A215=2.72 mag  &  AT=0.32 (PWV=0.8mm)
WR & LBV:  0.010~0.020  (excess relative to “normal stars”; x2-4)
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CIV/Ks imaging of 3 Galactic Center clusters (5’x5’)
Detection of known and candidates WR

39’ x 15’ = 91 x 35 pc

Mauerhan+ 2010;  Wang+ 2010
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Fig. 3. Image of the collapsed grand mosaic cube. Open circles mark
the detected sources with their running number in this “LHO” catalog.
Circle radii correspond to the extraction radius for the object spectra.

well-determined positions of foreground stars from the USNO-
B catalog (Monet et al. 2003) are used to construct the map-
ping between the pixel positions and the celestial coordinates.
An overlay image with coordinates is shown in Fig. 4.

Table 2 lists all 160 extracted sources. Column 1 gives the
running number in this “LHO” catalog, followed by the coordi-
nates in Cols. 2 and 3. The SIMBAD database was employed to
find possible cross-identifications (see Col. 7).

Lang et al. (2005) report that for their radio sources QR 1,
QR 2, and QR 3 no counterparts are found in the near-IR. This
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Fig. 4. Detected sources in the Quintuplet cluster as overlay on a detail
of the HST composite image (compare Fig. 3 for object identification;
figures not to scale).

led these authors to discuss the possibility that the sources are
ultracompact H  regions with ongoing star formation. We con-
firm the absence of K-band counterparts for these radio sources
in our data.

3.2. Spectral classification

Classification of OB stars was performed according to Hanson
et al. (1996, 2005) and Morris et al. (1996), concentrating on the
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No. 1, 2010 DISCOVERY OF A LUMINOUS BLUE VARIABLE WITH AN EJECTION NEBULA L35

Table 2
Spectral Lines Detected in LBV G0.120−0.048

Ion Transition λ λobs Wλ

(l–u) (µm) (µm) (
◦
A)

He i 6p3P –4s3S 2.043 2.042 1.0
+[Fe ii]? a4P5/2–a2P3/2 2.047 · · · · · ·
He i 2s1S–2p1P 0 2.058 2.057 1.7
Fe ii z4F3/2–c4F3/2 2.089 2.087 1.5
He i 3p3P –4s3S + 3p1P –4s1S 2.112 2.112 −0.4
[Fe ii] a2P3/2–a4P3/2 2.134 2.134 0.3
Mg ii 5s2S1/2–5p2P3/2 2.137 2.138 1.2
Mg ii 5s2S1/2–5p2P1/2 2.144 2.144 1.0
He i 4p3P –7s3S 2.150 2.149 0.3
H i 4–7 2.167 2.168 6.2
Na i 4p2P 0

3/2–4s2S1/2 2.206 2.208 3.7
Na i 4p2P 0

1/2–4s2S1/2 2.209 2.211 2.2

Notes. Line centers were adopted from Morris et al. (1996). Errors in equivalent

width (EW) are ≈0.1–0.2
◦
A. Negative values of EW are assigned to absorption

lines; all other lines are in emission.

the Pistol Star, and qF362, respectively. Thus, the bolometric
luminosities of LBV G0.120−0.048 and the Pistol Star are
Lbol = 106.6 L$ and Lbol = 106.5 L$, respectively. The
derived luminosity for qF362 is higher, withLbol = 106.9 L$.
However, Najarro et al. (2009) derived stellar luminosities for
the Pistol Star and qF362 that are significantly lower than
the values presented here, deriving Lbol ≈ 106.2 L$ for both
stars. Their analysis is based on the detailed modeling of the
near-infrared spectra of these stars, which probably resulted in
more accurate results than our photometry-based calculations.
Admittedly, our assumption of a universal bolometric correction
and intrinsic color for LBVs is crude, and may have led
to a significant error in our derived bolometric luminosities.
Currently, the only inference we can make with confidence
is that the relative MKs

values reflect relative Ks luminosities.
Photometric monitoring of flux and color changes, in tandem
with spectroscopic monitoring and modeling of the spectra, is
necessary to elucidate the relationship between intrinsic infrared
brightness, color, and bolometric luminosity.

4. DISCUSSION

4.1. Variability of LBV G0.120−0.048

LBV G0.120−0.048 is a variable star, identified as such by
Glass et al. (2001, 2002), who monitored the central 24′ × 24′

of the Galaxy in a K-band photometric campaign between
1994 and 1997, with about four individual observations per
year. LBV G0.120−0.048, the Pistol Star, and qF362 were all
detected as large-amplitude variables in this survey, cataloged
with the respective designations 10-1, 13-4, and 13-6. The
light curves of these three stars are presented in Figure 3;
the data for the Pistol Star and qF362 were first presented
in Glass et al. (1999). LBV G0.120−0.048 appears to have
undergone an overall decrease in brightness by ≈1 mag between
1994 and 1997, but also showed signs of significant intra-
month variability (≈0.35 mag) during 1994. During the same
4 year time span, Pistol Star’s variations were also significant
(±0.5 mag or so) but less extreme than LBV G0.120−0.048,
while the magnitudes of qF362’s variations are similar to those
of LBV G0.120−0.048. The time-averaged brightness and the
variability amplitude of LBV G0.120−0.048 exceed that of
the Pistol Star and qF362, which have K-band magnitudes

Figure 3. K-band light curves for LBV G0.120−0.048, the Pistol Star, and
qF362. Photometric uncertainties are 0.1 mag, as derived using the nightly
standard deviations in magnitude for standard stars used in Glass et al. (1999,
2001, 2002). The data for LBV G0.120−0.048 extend between 1994 May 19
and 1997 September 15, but are presented in Julian days for the figure.
(A color version of this figure is available in the online journal.)

and standard deviations of 6.86 (0.41), 7.38 (0.15), and 7.43
(0.26) mag, respectively. The fact that LBV G0.120−0.048 has
a larger average brightness than the Pistol Star, while suffering
more extinction (see Section 3.2), implies that it was more
intrinsically more luminous in the infrared than the Pistol star
throughout the duration of the Glass et al. (2001, 2002) survey.
However, during the later 2MASS observation, which occurred
on JD2451825.4954 (2000 October 17), the infrared luminosity
of LBV G0.120−0.048 and the Pistol Star were more-or-less
equivalent, while that of LBV qF362 exceeded both of them,
as indicated by the analysis in Section 3.2. Without color or
spectroscopic information to accompany the flux changes in
Figure 3 it is not possible to determine whether the variations
reflect a change in the total bolometric luminosity of these stars,
as appears to be the case for the LBV AG Car, or changes in
spectral morphology at constant bolometric luminosity (e.g.,
see Groh et al. 2009 and references therein). Alternatively,
infrared photometric variability may occur as a result of the
variable free–free component induced by a changing mass-
loss rate. Again, we are in need of simultaneous photometric
and spectroscopic monitoring to discriminate between potential
causes for the brightness variations observed from these stars.

4.2. The Nebular Shell of LBV G0.120−0.048

The shell of Pα emission surrounding LBV G0.120−0.048
is remarkably circular (presumably spherical), relative to the
elongated morphology of the Pistol Nebula. We found no ob-
vious counterpart to the shell of LBV G0.120−0.048 in the
Spitzer/Infrared Array Camera mid-infrared images of the re-
gion, which contrasts with the Pistol Nebula, which is bright
at mid-infrared wavelengths. Thus, it is unlikely that the shell
surrounding LBV G0.120−0.048 is illuminated interstellar ma-
terial, unrelated to the central LBV. Rather, the nebula appears to
have been ejected from LBV G0.120−0.048. This would not be
surprising, since the Pistol Nebula and the nebulae surrounding
other LBVs, such as η Carina, exhibit unambiguous kinemat-
ical evidence for ejection (e.g., see Figer et al. 1999b; Currie
et al. 1996). The ≈200′′ angular radius of the shell surround-
ing LBV G0.120−0.048 implies a physical radius of ≈0.8 pc.
The average expansion velocity of the 10 LBV ejection nebulae,
summarized in Table 6 of Figer et al. (1999b), is ≈100 km s−1,
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