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Wolf-Rayet 星とは？

“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



Wolf-Rayet 星の重要性

▷ Limited (short) life time of ~ 5x105 yr (~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, YHG, ...)

▶ 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,
only ~500 WR have ever discovered in our Galaxy



Lifetime [H-b + He-b(~10%)]
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/RS            .  
< 2.5 Myr      all stars remain in main-seq

2.5-3.5 Myr  super-massive stars evolve into
 LBV/WR

3.5-5 Myr   40~60 M⦿ stars evolve into
 LBV/WR

     > 5 Myr  all LBV/WRs have become SN
               YHG/RSGs appear
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Evolution of Massive Stars

F. Martins et al.: The most massive stars in the Arches cluster 225

Table 3. Comparison between our results and the study of Najarro et al. (2004) for the five stars in common. For each star, the first row gives our
results, and the second one the results of Najarro et al. (2004). Only the main parameters are listed.

Star ST Teff log L
L!

log Ṁ√
f

v∞ He/H X(C) X(N)

[kK] [M! yr−1] [km s−1] (%) (%)
3 WN8–9h 29.6 6.10 –4.10 800 0.6 0.069 2.8

27.9 6.01 –4.17 840 0.5 0.020 1.7
4 WN7–8h 36.8 6.30 –3.85 1400 0.4 0.018 2.1

33.2 6.22 –4.07 1400 0.57 0.030 1.4
8 WN8–9h 32.9 6.10 –4.00 1000 1.0 0.023 1.6

30.9 6.27 –3.80 1100 0.67 0.020 1.6
10 O4–6If+ 32.2 5.95 –4.80 1600 0.1 0.170 0.4

30.7 6.27 –4.87 <1000 0.33 0.080 0.6
15 O4–6If+ 35.6 6.15 –4.60 2400 0.1 0.067 0.5

29.5 5.77 –4.54 <1000 0.33 0.150 0.6

4.2. Comparison to previous studies

The only attempt to derive quantitative properties of the Arches
massive stars is by Najarro et al. (2004). The authors focused
on five stars (F3, F4, F8, F10 and F15) and used a similar tech-
nique to determine the stellar and wind parameters. They relied
on Keck/NIRSPEC spectra with a high resolution (∼23 300) but
a narrower spectral coverage than our VLT/SINFONI data (only
four windows centered on He  2.058 µm, He  2.112 µm, Brγ
and N  2.247, 2.251 µm were observed).

The parameters derived in both the present study and the
analysis of Najarro et al. (2004) are summarized in Table 3.
Generally, there is a rather good agreement between both stud-
ies for the WN stars. Note in particular the similar luminosi-
ties, mass loss rates, terminal velocities and He and N abun-
dances. We find effective temperatures systematically higher (by
∼2000 K), but the difference is within the uncertainties (except
for star F4). The largest difference is found for the carbon abun-
dance, although, with one exception (star F3), the discrepancy is
only a factor of 2 or smaller. Here, we argue that Najarro et al.
(2004) did not cover the full spectral range around 2.07 µm to
observe the C  2.070−2.084 µm lines (see their Fig. 1), which
is included in our SINFONI spectra. We have consequently a
larger number of diagnostics and we are able to better derive the
C content.

The differences are larger for the two O4–6If+ stars. We
think the better quality of our spectra allows a better estimate
of the terminal velocity (the full width of Brγ is well ob-
served), the C and N content (we unambiguously detect the
C  2.070−2.084 µm lines and the N  2.247, 2.251 µm dou-
blet). The mass loss rates being similar, the wind densities are
not (due to the difference in v∞), which partly explains the dif-
ferent luminosities. The different effective temperatures, well
constrained by our well resolved He  and He  lines (especially
He  2.189 µm) complete this explanation.

5. HR diagram and cluster age

The stars analyzed in the present study are placed in the HR di-
agram in Fig. 2. The Geneva evolutionary tracks including ro-
tation from Meynet & Maeder (2005) are used to build the dia-
gram. Isochrones are also shown. As previously described, there
is a clear difference in the position of stars of different spectral
types. The WN7−9h stars (filled circles) are brighter than the
normal O supergiants. The extreme supergiants are intermedi-
ate. One can immediately conclude that the WN7−9h stars of
the Arches cluster are very massive stars: only the 120 M! evo-
lutionary track is able to reach luminosities higher than 106 L!.

Fig. 2. HR diagram of the Arches cluster. Filled symbols are the stars
analyzed in this work. The Geneva evolutionary tracks including rota-
tion from Meynet & Maeder (2005) are plotted, as well as isochrones.
For clarity, only the first ∼4 Myr of the tracks are plotted. The solid line
in the right upper part of the figure is the Humphreys-Davidson limit.
The typical error on the position of the stars is shown at the bottom left.

Even the less luminous WN7−9h stars are accounted for only by
the tracks with M > 60 M!. One concludes that in the Arches
cluster, the WN7−9h stars are the descendent of stars more mas-
sive than 60 M!. The position of the extreme early supergiants
(the O4-6If+ stars) overlaps with the position of the less lumi-
nous WN7−9h stars. It is thus likely that they are closely related
to them (see also the next sections).

From the position of the stars in the HR diagram, one can
attempt to estimate their age. For that, isochrones are indicated
in Fig. 2. The most luminous WN7−9h stars are 2−3 Myr old.
The O supergiants (with the exception of the O4-6If+ stars) seem
to span a slightly wider age range (2−4 Myr). There is how-
ever an overlap between the brightest supergiants and the faintest
WN7−9h stars. This suggests that on average the most massive
stars are slightly younger than less massive stars (in the mass
range 40−120 M!): one can clearly exclude an age of 3 Myr for
the most luminous WN7−9h stars, while some of the O super-
giants with L ∼ 105.8 L! could be ∼4 Myr old. This may be an in-
dication that the most massive stars formed at the end of the star

Arches cluster 
Martins+ 2006; Meynet&Meader 2005 

Humphreys-Davidson Limit



[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] 

    color-mag: Ks vs J-Ks   --> “redder”

rate: ~50% ?

merit:      no need of survey obs ..... J,H,Ks(2MASS), [3.6],[4.5],[5.8],[8.0](GLIMPSE)
demerit:  the stellar spectra of this wavelength are R-J, so not-easy to distinguish 
              affected by extinction (especially J)
              confusion in crowded area (Spitzer)
              not distinguishable from Be stars
              scattered by strong emission line components (especially CIV/CIII in Ks)

WR星探索の手法 (2000年以降；赤外線)
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[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!

rate: ~100% ?

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]

merit:      almost 100% rate ... completeness
              capable of not only picking candidates up, but also finding extinction
demerit:   need to make NBF and make imaging (survey) observations



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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我々の方針
まずは減光の大きい領域(クラスター)を深く探す
さらに、方法を確立した上で、領域を広げていく

WR(WN,WC), LBVの探索
---減光の大きい領域で探索したい---

観測の効率を上げるための最小限フィルターセットの設定

▶ 減光に有利な~2μmでの有効な輝線は？
--> CIV(2078);HeII10-7(2189);HeII8-6(1875@only Atacama)
▶ NBFでラインの強度測定（通常はON/OFF２枚セット）

--> ONのみ；OFFはKs(BBF)使用
▶ 減光量の推定（通常はJ,H,Ksのカラーより AKs）

--> N207/Ksから AKs 推定

NBF 選択の指針
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Key Line Emission 
for Selective Detection of Various kinds of Massive Stars 

star
absolute
K-mag

SN type
Ks

cont
1.83  2.17 
Paα  Brγ

2.19  2.06
HeII   HeI

2.11  2.08
CIII   CIV

WC -4 ~ -6 Ic ○ × ○ ◎

WN -5 ~ -6 Ib ○ × ○ ×
LBV/WNh -6 (II?) ○ ◎ ×  ○ ×
RSG/YHG -9 ~ -10 ? ○ ×/(○) × ×

O -4 ~ -6 - ○ △ × ×
MYSO ? - ○ ○ × ×
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N207: 2052-2092nm(peak=2072nm, width=40nm)
Ks: 1990-2310nm(peak=2150nm, width=320nm)
N187: 1871-1879nm(peak=1875nm, width=8nm)

Paα Filter of ANIR

simulation: blue @ 5640m, green @ 2600m
filter measurement: @ 77K
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結局、以下の各３枚 [2NBF(CIV&HeII)+1BBF(Ks)] セット

アタカマminiTAO+ANIR
N207(CIV2078), N187(HeII8-6+Paα 1875), Ks

ぐんまGIRCS
N207(CIV2078), N219(HeII10-7 2189), Ks

岡山OAOWFC(計画中)
N209(CIV2078/CIII2108), N218(HeII10-7 2189/Brγ2166), Ks

N187(HeII8-6+Paα 1875)については次の奥村講演参照
岡山OAOWFCについては次の次の高橋講演参照



Fig. 5.—Variation of AKs
/EH!Ks

. The solid lines are the least-squares fits to the data.

TABLE 1

The Wavelength Dependence of the Interstellar Extinction

Ratio of Extinctions IRSF vdHa RL85b CCM89c Hed,e Indebetouwd,f

AKs
/EH!Ks

......................... 1.44 " 0.01 1.58 . . . 1.83 . . . 1.82

AK /EH!K .......................... . . . 1.33 1.78 1.63 1.68 . . .
AKs

/EJ!Ks
......................... 0.494 " 0.006 0.55 . . . 0.73 . . . 0.67

AK /EJ!K ........................... . . . 0.49 0.66 0.68 0.63 . . .
AH /EJ!H ........................... 1.42 " 0.02 1.38 1.64 1.88 1.61 1.63

AH /AJ ............................... 0.573 " 0.009 0.58 0.62 0.65 0.62 0.62
AKs

/AJ .............................. 0.331 " 0.004 0.36 . . . 0.42 . . . 0.40

AK /AJ ............................... . . . 0.33 0.40 0.40 0.39 . . .
! ....................................... 1.99 " 0.02 1.80 1.54 1.61 1.73 1.65

a Calculated from the theoretical curve; van de Hulst (1946).
b Observations toward the GC; Rieke & Lebofsky (1985).
c Analytic formula derived from RL85 results; Cardelli et al. (1989).
d Averaged ratios derived from observations toward many lines of sight.
e He et al. (1995).
f Indebetouw et al. (2005).

Nishiyama+ 2006; 2008
mean effective wavelengths:  J=1.25, H=1.64, Ks=2.14 micron
The power-law approximation for 1.2-2.2 micron is excellent ! 

AV : AJ : AH : AKs = 1.000 : 0.188 : 0.108 : 0.062    >  AKs /AV ~ 1/16 !

Extinction Law
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(A color version of this figure is available in the online journal.)
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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
HST/NICMOS Paα survey image

~50% are stars in clusters; ~50% are isolated (inter-cluster) stars
extinction law from Nishiyama+ 2006
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Galactic Center cluster
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1 ARCMIN (~2.3 PC.)

G0.10+0.02 (WN8-9h)                                      

                                    #11 (WN8-9h) 

        #12 (WN8-9h)                                    

Figure 8. HST/NICMOS Pα survey image from Wang et al. (2010) of theArches cluster region and nearby WNh stars. The marked stars 11 and 12 arenew discoveries with the exception of G0.10+0.02, which was reported in Coteraet al. (1999). The surrounding stars all lie within 1–2 pc, in projection, of thecluster (beyond the tidal radius of ≈1 pc), and they may have escaped from it.North is up and east is to the left in this image.

of WR winds (see Crowther 2007 and references therein for
the following discussion). For WN stars, the higher wind
density that results from increased metallicity leads to more
efficient atomic recombination from high-ionization stages (e.g.,
N5+) to lower ions (e.g., N3+), which effectively increases
the trend toward later spectral types. Alternatively, decreased
recombination efficiency and reduced nitrogen content at lower
metallicity result in a trend toward earlier WN subtypes. For WC
stars in high-metallicity environments, higher wind densities
lead to an increased emission strength of C iii with respect to
C iv. Since WCL and WCE stars are classified as such based
upon the relative strengths of C iii and C iv emission lines, WC
stars in environments with Z ! Z" will tend to manifest as WCL
subtypes (C iii stronger than C iv). Although this effect was
originally suggested by Crowther et al. (2002) to be an important
factor for the optical classification of WC stars (specifically for
C iii at λ5696 Å), the effect of elevated C iii relative to C iv for
increasing wind density is likely to be mirrored in the infrared
spectrum of WC stars as well. Thus, the dominance of WNL and
WCL stars over WNE and WCE stars in the GCR is a natural
consequence of the fact that the metallicity of the region is at
least solar (e.g., see Davies et al. 2009 and references therein),
if not supersolar (Cunha et al. 2007; Najarro et al. 2009).

6.2. Rogue Massive Stars from the Arches
and Quintuplet Clusters

Figures 8 and 9 show the distribution of “isolated” massive
stars very near the Arches and Quintuplet clusters. For the
Arches, there are three WNh stars that lie within ≈2 pc, in
projection, of the cluster. The magnitudes and spectral types
of these outer WNh stars are very similar to the brightest
Arches members, some of which have estimated initial masses
above 100 M" (Figer & Kim 2002). Based on the spectral
similarities and the close spatial proximity, we suggest that
the three massive stars surrounding the Arches cluster are
coeval with the system. The main uncertainty is with regard

G0.120-0.048 (LBV)

                           

X174617.0 (OIf+)                  

                 #17 (WN5b)                       

1 ARCMIN (~2.3 PC.)

  

Figure 9. HST/NICMOS Pα survey image of the Sickle region from Wang et al.(2010), which contains the Quintuplet cluster and nearby isolated massive stars,including the O6If+ X-ray source X174517.0 from Mauerhan et al. (2007), theLBV G0.120−0.048 from Mauerhan et al. (2010b), and the new WN5b star17 of this work. All of the unmarked point sources are known massive starsspectroscopically identified in Figer et al. (1999c). North is up and east is to theleft in this image.

to their current kinematical state. One might expect that mass
segregation via dynamical friction should concentrate massive
stars like these toward the cluster center. However, higher order
processes occurring at the cluster center might result in an
alternative effect. Indeed, the Arches cluster is the most dense
system known in the Galaxy (3 × 105 M" pc−3; Figer et al.
1999a). As such, the central region of this cluster must be
the site of frequent gravitational encounters between massive
stars and binaries, including binary captures, disruptions, and
exchanges. Through such interactions, one might expect a few
massive stars to be gravitationally “kicked” from time to time
beyond the tidal radius, which is ≈1 pc for the Arches and
Quintuplet (Portegies Zwart et al. 2002). This could be the case
for stars 11 and 12 of this work, and G0.10+0.02 from Cotera
et al. (1999), all of which lie well beyond the Arches cluster’s
tidal radius. Given that the internal velocity dispersion of the
Arches cluster is ∼10 km s−1 (Figer & Kim 2002), a massive
star would not require an unusually large gravitational “kick”
to escape the cluster. Alternatively, one or more of these stars
could have formed at the same time and from the same cloud
as the main cluster but never became bound to the system. If
this is the case then the stars could simply be following a path
that is in tandem with that of the cluster, without orbiting the
cluster center. These possibilities may also be applicable to
the massive stars surrounding the Quintuplet cluster. Mauerhan
et al. (2007) suggested that the O6If+ X-ray source CXOGC
J174617.0−285131, a suspected colliding-wind binary, may
have originated in the Quintuplet, while the same might be
true for the nearby LBV G0.120−0.048 (Mauerhan et al.
2010a).

Observationally distinguishing between the various possible
origins of the stars surrounding the Arches and Quintuplet
clusters would be very difficult using radial velocities alone,
since both ejected stars and comoving stars that were never
bound to the clusters would exhibit similar radial velocities,
perhaps differing on the order of only 10 km s−1. Proper
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Fig. 2. Flux-calibrated K-band spectrum of an M star (LHO 4). Identifications for the telluric OH lines are from Rousselot et al. (2000). The
prominent molecular absorption bands are produced by CO. Their identifications are based on Gorlova et al. (2006) and Wallace & Hinkle (1997).
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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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Figure 11. AF190N distribution of the adopted extinction map.

extinction and the uncertainty in the photometry. Nevertheless, the
components show distinct characteristics in their magnitude distri-
butions, as shown in Fig. 12. The magnitude distributions of the
‘foreground’ and ‘background’ components peak at ∼17th mag-
nitude, which is mostly due to the decreasing detection fraction
towards the fainter end. In contrast, the distribution of the ‘GC’
component peaks at 15.80 ± 0.01, which is far too bright to be due
to the source detection limit variation (as demonstrated in Fig. 12b).
We fit a Gaussian distribution to this peak and obtain a width of
0.67 mag, which cannot be explained by the photometric uncertain-
ties of the sources within this magnitude range (δmF190N ∼ 0.04).
For a prominent old stellar population (>2 Gyr) as expected in the
GC, the most probable explanation for the peak is the presence of the
RC stars, which represent a concentration in the colour magnitude
diagram (Grocholski & Sarajedini 2002).

Here we check how this RC explanation is consistent with the
peak of the 1.9 µm magnitude distribution of the GC stars, depend-
ing on the specific extinction law assumed (see also Section 3.4).
The Padova stellar evolutionary tracks show that the RC peak is lo-
cated at MF190N = −1.55 for a 2 Gyr old stellar population with the
solar metallicity. We adopted the same distance modulus, 14.52 ±
0.04, as used by Schödel et al. (2010). The typical extinction towards
the GC in F190N is 2.92 ± 0.01, as obtained in Section 4, assuming
the extinction law of Nishiyama et al. (2009). Fig. 13 compares the
model and observed magnitude distributions. The RC peak loca-
tions of the model (15.89 ± 0.44) and observations are consistent
with each other. In contrast, the RC peak locations predicted from
assuming other extinction laws seem to be less consistent with the
observed one (16.74 ± 0.51, Rieke 1999; 15.63 ± 0.41, Schödel
et al. 2010; 15.16 ± 0.35, Gosling et al. 2009). The uncertainties
in the peak location of these models are derived from equation (3)
by using 1 per cent systematic error of the F187N-to-F190N flux
ratio (see Section 3.3). Therefore, we can see that the Nishiyama’s
extinction law best matches our data.

Fig. 14 further compares the GC F190N magnitude contours with
stellar evolution tracks, which are obtained from Girardi et al. (2000)
for masses in the range of 0.15–7 M# and from Bressan et al. (1993)
and Fagotto et al. (1994a,b) for 9–120 M#. In the calculation of the
F190N magnitude contours, we have used the line-blanketed stellar
atmosphere spectra from ATLAS9 model (Castelli et al. 1997, and
references therein). It is clear that the majority of the GC sources
with the limiting magnitudes as discussed in Section 3.2 should be
mostly evolved low-mass stars, although a significant population

can be MS stars with masses ! 5 (or typically 7) M# (i.e. stellar
type earlier than B5 or B3).

The ‘background’ and ‘foreground’ components mostly repre-
sent the integrated stellar populations along the line of sight in the
field. With even larger extinctions and distances than the GC stars,
‘background’ stars should also be mostly evolved (hence intrinsi-
cally bright) stars. In comparison, the ‘foreground’ component is
likely a mixture of MS and more evolved stars. In particular, the
‘foreground’ distribution shows a knee structure between 15th and
16th mag, which is on the fainter side of the RC peak. The fainter
stars in this structure should mostly be MS and/or subgiants in the
foreground Galactic disc.

Our Paschen α candidate catalogue is also contaminated by fore-
ground sources. It is difficult to estimate this contribution based on
our data alone. The follow-up spectroscopic observations (Mauer-
han et al. 2010c) have shown that two of the 20 confirmed emission
line sources appear to be the foreground of the GC. These two
sources (stellar type O4-6I and B0I-2I) all have low extinction (AK

∼ 1) and show several He I (2.122 µm, 4S–3P) and H I (2.166 µm,
Brγ ) lines; an apparent 1.87µm intensity excess could then be due
to the He I 4F–3D transitions or to the Paschen α line. Our catalogue
is further contaminated by non-emission-line foreground stars. For
such a star with a smaller line-of-sight extinction than what is as-
sumed for GC stars, the Paschen α emission excess can be slightly
overestimated. In the extreme case of no extinction, r ∼ 1.015, in-
stead of 0.942 for AKs ∼ 2.22 (equation 3). This small overestima-
tion can lead to additional spurious identifications: about 2 and 83
for Ns = 4.5 and 3.5, accounting for the photometric uncertainties
of the sources with r > 1, i.e. AKs < 0.44.

To further investigate the line-of-sight locations of our Paschen
α emission sources, we also use 2MASS and SIRIUS catalogues
(Skrutskie et al. 2006; Nishiyama et al. 2006) to identify foreground
stars which are assumed to have mH − mK < 1 or AKs < 1.5. We first
search for the counterparts of our Paschen α emitting sources from
the SIRIUS catalogue with both mH and mK measurements. The
2MASS catalogue is used as a supplementary. The stars within the
three large clusters do not have reliable photometry in the 2MASS
and SIRIUS catalogues due to low angular resolutions of these
surveys; however, the clusters have been studied in depth elsewhere
(e.g. Figer, McLean & Morris 1999a; Figer et al. 2002; Paumard
et al. 2006). In the field regions, we find that 2 and 8 Paschen
α candidates are likely foreground stars (H-K < 1) based on the
2MASS and SIRIUS catalogues, respectively. The two 2MASS
sources have been studied in Mauerhan et al. (2010c), as discussed
above, and are in fact emission line stars. Therefore, although the
eight stars with counterparts in the SIRIUS catalogue are likely to
be in the foreground of the GC, we can not exclude the possibility
that they are still evolved massive stars in the Galactic disc. Further
spectroscopic observations are needed to identify their origin.

Our survey identifies almost all of the GC massive stars with
strong line emission found in previous studies. We include in Table 3
spectroscopically identified counterparts of our Paschen α emitting
sources, both in the three clusters and in the field regions. In Table 5,
we compare our detections with the stars that have been identified
spectroscopically in individual clusters or nearby. We assume that
massive stars within 3rc (see Table 5) are cluster members. Our
Paschen α detections (Table 5) recover all 14 sources having the
largest equivalent widths of Paschen α line in Figer et al. (2002),
either WNL (WN7-9) or OIf+ (Martins et al. 2008). The other
massive stars, which are still on or just leaving the MS, tend to show
featureless spectra or even absorption lines and are not detected
as Paschen α emitting sources. In the Quintuplet, we missed six
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extinction law from Nishiyama+ 2006
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