THE GALACTIC DISTRIBUTION OF WOLF-RAYET STARS *

B. Hidayatl, K. Supelli1 and K.A. van der Hucht2
lobservatorium Bosscha, Institut Teknology Bandung Indonesia
2Laboratorium voor Ruimte-onderzoek, Rijksuniversiteit Utrecht,
Nederland

ABSTRACT

On the basis of the most recent compilation of narrow-band photometry
and absolute visual magnitudes of Wolf-Rayet stars, and adopting a nor-
mal interstellar extinction law in all directions, the galactic distri-
bution of 132 of the 159 known galactic WR stars is presented and dis-
cussed.

The spiral structure is found to be more clearly pronounced than
in earlier studies. Furthermore we find an indication of two spiral arms
at r=4 and 6 kpc. There appears to be an asymmetry of the z-distribution
of single stars with respect to galactic longitude.

The location of the WC8.5 and WC9 stars between 4.5 and 9 kpc from
the galactic center is discussed in the context of Maeder's red super-
giant to WR star scenario.

I. INTRODUCTION

The galactic distribution of Wolf-Rayet stars has been studied in the
past two decades by Roberts (1962), Smith (1968c, 1973), Sim (1968),
Mikulasek (1969), Stenholm (1975), Moffat and Isserstedt (1980), and
Gomez et al. (1981). With the appearance of the Sixth Catalogue of Ga-
lactic Wolf-Rayet Stars by Van der Hucht et al. (1981, henceforth HCLS),
it became possible to re-examine the photometric distances of the 159
known galactic WR stars (80 WN stars, 71 WC stars, 3 WN+WC stars, 5 not
classified). In this paper we give a general view of the WR galactic
distribution.

II. DISTANCES

In Table I we present relevant data from HCLS and the resulting photo-
metric distances d and z, from respectively the Sun and the galactic
*Contributions from the Bosscha Observatory No. 68.
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plane, for 132 WR stars of which sufficient spectroscopic and photomet-
ric data are available. Magnitudes are in the narrow-band system of
Smith (1968b). The extinction is calculated with Ay = 4.1 Ep-y (Turner
and Smith, 1981). Magnitudes between parentheses are in Johnson's UBV
system, where Ay = 3.1 Eg_y has been used. Magnitudes between brackets
are photographic magnitudes.

So, we have assumed a normal extinction law toward all stars. An-
other assumption is the validity of the intrinsic parameters in Table
XV of HCLS, which are mainly based on the work of Turner and Smith (1981)
on WR stars in open clusters. Notably the assumption that stars of the
same subclass have similar intrinsic colours, is subject to criticism,
since binary studies show that stars of the same subclass may have dif-
ferent masses (Massey, 1981). But this fact may be limited to binary
systems. At the other hand, the three Carina Nebula WN7 stars should be
at the same distance d=2.7 kpc (Thé et al., 1980), but they are not, ac-
cording to our statistical approach. This could be caused by anomalous
extinction, or by different intrinsic colours of the individual stars
(WR22, WR24 and WR25). For statistical purposes, however, we have used
the available information in this straightforward manner.

24t

221

S0k d (kpc)

U single WR

L E binary WR

6 8 10 12 14 16 18 20 22 24 kpc

Fig. 1. The occeurrence of the WR stars versus their distances [rom Lhe
o
UM .
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In Figure 1 we present the count of WR stars as a function of heliocen-
tric distance d. Stenholm (1975), considering almost the same number of
stars, notes that the galactic WR stars may be completely known out to
a distance of 5 kpc, as can be concluded again from our Figure 1. The
recent discoveries in the infrared of the CRL-objects WR112 and WR118
(Allen et al., 1977) indicate that more relatively nearby WR (notably
WC8-9) stars may be hidden in and behind dust clouds within 5 kpc from
the Sun, awaiting discovery by future infrared surveys.

III. THE SPATIAL DISTRIBUTION

In Figure 2 we show the distribution of galactic WR stars projected on
the galactic plane using 21! and d from Table 1. The spiral structure
of this distribution is more clearly pronounced than in earlier studies,
which had less data available. We have placed the galactic center at

do = 10 kpc from the Sun. The Carina arm (280° < 2II < 3000) is most
clearly defined, extending to r = 13 kpc from the galactic center, as
well as the 8 kpc arm. There is an indication of a spiral arm at r =
6-7 kpc, and another arm at r = 4-5 kpc from the galactic center. The
Cygnus arm (50° < 2II < 80o) appears still rather short. The Perseus-
Cepheus arm (100° < 2II < 120°) seems also defined by WR stars, extend-
ing from r = 11 to 14 kpc from the galactic center.

240° 210° 180° 150° 120°

/?Am‘m/ I/

//

~"a

270°

w
[*]
O,

Fig. 2. Distribution of 132 galactic WR stars projected on the plane of
the Galaxy. New galactie coordinates are given at the periphery.
Distances from the galactic center are marked in kpe. The posi-—
tion of the galactic center is marked + G.S., at 10 kpe from
the Sun. The position of the Sun is marked + S.
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A clear asymmetry is present in the WR distribution between the
left hand and the right hand half of the picture, in spite of extensive
objective prism surveys over the whole galactic belt supposed to be com-
plete down to 15M.

The dearth zone in the anti-galactic-center direction (140° < oI <
2259), noted in earlier studies, is still present. Although Figure 2 sug-
gests that we should expect WR stars in all directions within r = 14 kpc,
the interstellar density distribution and spiral conditions have appar-
ently not been favourable to the formation of WR stars there. This in-
spite of the presence there of some OB stars (viz. Stenholm, 1975), H II
regions (viz., Georgelin et al., 1979) and Cepheids (Efremov et al.,
1981). Sparke and Dodd (1978) offer an explanation of this dearth zone
in terms of an effect predicted by the density-wave theory of spiral
structure. They hypothesize that the n = 2 ultraharmonic resonance dis-
rupts the Perseus arm at the point where it crosses 2II = 140°. The shock-
wave in the gas will be weakened in the region past ¢II = 140°, and will
trigger_less star formation. Another dearth zone is present between
300 < & < 50° in Aquila. In this direction is an obvious concentration
of reddening material (Lucke, 1978; Neckel and Klare, 1980).

IV. THE z-DISTRIBUTION

The distribution of the distances z from the galactic plane has been
studied before by Stenholm (1975) and Moffat and Isserstedt (1980). The
latter found in a sample of 56 WR stars, on the basis of photometry and
classification from Smith (1968a), that the mean absolute distance TET
is significantly larger for single stars than for binaries, suggesting
that at least some single WR stars may be runaway stars, following the
evolutionary scheme of Van den Heuvel (1976). With our sample of 132 WR
stars we are able to re-examine this matter.

In Figure 3 we present the (QII,z) distribution, using Table 1. We
note the following results, given in Table 2. These values of TET for
single WR stars are larger than those found by Moffat and Isserstedt,
who found the TET'value for the single WR stars to be coincident with
that of OB runaway stars, i.e. 130 pc. Our larger T;T'value for single
WR stars, anyhow, is not in contradiction with the hypothesis of Moffat
and Isserstedt that at least some single WR stars may be runaway stars.

Table 2. |z| of single and binary stars

WR stars z| (pc) + o
WN single: 54 stars 170 + 202
WC single: 57 stars 163 + 295
SB1 binaries: 5 stars 249 + 339
SB2 binaries: 14 stars 72 + 42
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Fig. 3. The distance z from the galactic plane versus the galactic
longitude 811 for the WR stars.

On the contrary, our higher value of TET-for single WR stars is in bet-
ter agreement with the kick-out velocities calculated by Sutantyo and
Dermawan (1981) for supernova explosions of WR binaries with masses
found by Massey (1981). It should be noted that massive X-ray binaries,
which are supposed to follow the same evolutionary scheme of Van den
Heuvel (1976) as mentioned before, have only TET = 72 + 65 pc (Sutantyo,
1981), considerably less than OB runaway stars and single WR stars, but
remarkably equal to that of SB2 WR binaries.

The |z| - frequency distribution is given in Figure 4. We note the
following division: the stars around the galactic plane with a scale
height of z ® 75 pc, and scattered stars at various high z-values. The
latter group may contain runaway stars. We count 43 WR stars with [z[ =
150 pc, 25 of which are WN stars and 18 of which are WC stars. All sub-
classes except WC8 and WC8.5 stars are present beyond lz| = 150 pc, in-
cluding 44% of the known WC9 stars.

The stars in Figure 3 are clearly asymmetrically distributed with
respect to the galactic plane in the sense that more stars are found at
negative latitudes, (although the binaries are rather symmetrically dis-
tributed) and that there exists a concentration of stars at negative
latitudes in the fourth quadrant. This may be explained by tidal inter-
action during the prehistoric passage of the LMC and SMC (Fujimoto and
Sofue, 1977).
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Fig. 4. The |z| - frequency distribution of galactic WR stars.

V. THE DISTRIBUTION OF SUB-CLASSES

The distribution of WR stars over the spectral sub-classes is given in
Table XIV of HCLS. In Figure 2, we find more WC stars than WN stars in
the inner galactic regions, and vice versa more WN stars than WC stars
in the outer galactic regions. For 7 < r < 13 kpc the WN:WC ratio is
listed in Table 3.

Table 3. The WN:WC distribution

r(kpc) WN WC _wc
WN+WC
7-9 17 24 0.6
9-11 22 15 0.4
11-13 10 5 0.3

By considering the sub-classes of the individual stars in Figure 2, we
can make the following observations, confirming and elaborating on ear-
lier work by Gomez et ql. (1981):
-~ In some cases two or three stars of the same sub-class are found to-
gether: three WN5, three WN6 and two WC7 stars in Cygnus; three WN7
and four WC6 stars in Carina; two WC6 stars in Crux; and all WC8, WC8.5
and WC9 stars in the Norma-Scorpius-Sagittarius-Scutum direction. The
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latter sub-classes are absent in the Magellanic Clouds.

- Other sub-classes present in the inner regions of the Galaxy are all
WC types and all WN types, except WN5.

- The distribution of the sub-classes as a function of the galactocentric
distance r is given in Figure 5. Of course, this picture may be biased
by limited statistics, but for the time being it indicates that

WN4, WN4.5 and WN5 stars are found only beyond r = 7.5 kpc;
WN6, WN7, and WN8 stars are found already at r = 3 kpc and beyond;
WC8, WC8.5 and WC9 stars are found only within r = 10 kpc.

It may be that this distribution of sub-classes with r is related to the
metallicity gradient in the Galaxy. The fact that WN5 stars are found
only beyond r = 9.5 kpc, and that WC9 stars are found within r = 8.5 kpc
may indicate that WN5 stars can not evolve in to WC9 stars.

r
WN 3 - L . ; 10.9
WN4 dopop ' 9.8
WN45 L t L — 10.9
WN 5 P — 10.8
WN 6 ¢ ORI TR YTV T S 8.5
WN 7 — L ;‘ " 9.4
WN 8 . ‘ L e ——— — 8.0
WC 4 WO, .__.% 10.7
wC5 —_— Ly 10.0
wC 6 , e —u i 1.5
WC 7 . T 8.1
wC 8 iy 8.7
wCc8. 5 L — ] 6.3
wC 9 s u 7.5

1 1 1 1 1 1 1 A

2 4 6 8 10 12 14 16 18

GALACTOCENTRIC DISTANCE r ( kpc)

Fig. 5. The WR sub-classes versus their location in galactocentric dis-—
tances r. Vertical bars above the horizontal bars indicate indi-
vidual stars. Vertical bars of double or triple length above the
horizontal bars indicate two or three stars with the same r. Bars
extending below the horizontal bars indicate WR+0 binaries. Ar-
rows indicate the two WN + WC objects.
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In Table 4 we list the occurrence of the WR sub-classes in open
cluster or associations, and in H II regions. The correlations with open
clusters or associations is taken from HCLS, and concerns 25 WN stars
and 14 WC stars. Of these stars it are notably the WN4.5, WN5, WN7 and
WC7 stars which have a preference to be located in young stellar groups.
The correlation with H II regions is from Chu (1980, private communica-
tion) who found that 101 WR stars (i.e. 64%) are associable with H II
regions. Among these are 51 WN stars, 47 WC stars and 3 WN+WC stars. 15
of these H II regions are ring shaped (Chu, 1981; Heckathorn et al.,
1981). Table 4 shows that, although almost all sub-classes do occur in
H II regions, there is a preference for the later sub--classes.

Table 4. Distribution of WR sub-classes in stellar groups and H I1

regions.
Total number | Fraction correlated | Fraction correlated
WR subclass in Galaxy with open clusters with H II regions
or associations
WN2 1 1.0 0.0
3 5 0.0 0.60
4 13 0.15 0.77
4.5 6 0.50 0.50
5 8 0.50 0.75
6 18 0.33 0.72
7 16 0.44 0.38
8 10 0.10 0.80
9 1 0.0 1.00
Subtotal WN 80 0.31 0.64
wC4 6 0.17 0.67
5 13 0.23 0.69
6 15 0.13 0.67
7 10 0.40 0.80
8 8 0.13 0.38
8.5 6 0.17 0.50
9 12 0.17 0.83
Subtotal WC n 0.20 0.66
WN + WC 3 1.0 1.0
unclassifiedWR 5 0.0 0.0
‘TOTAL 159 0.26 0.64

VI. WR SUB-CLASSES AND EVOLUTION

Gomez et al. (1981) suggest evolutionary relationships between certain
WR subclasses, because of their location. These are difficult to prove
without further knowledge, e.g. of the masses of the individual stars,
most of which are not binaries. We discuss here only two sub-classes,

the WC8.5 and WC9 stars, which are clearly concentrated in the region

toward the galactic center between r = 4.5 and r = 9 kpc, and are all

single stars.

Maeder (1981c) discusses eight possible scenarios of O star to WR

star evolution and warns against the myth of the uniqueness of any of
them. He emphasizes that the relative importance of the various scenarios
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changes very much with distance from the galactic center, or location in
LMC and SMC, and thus with metallicity. One of these eight scenarios,
presented first by Maeder et al. (1980) and elaborated on by Maeder
(1981a,b,c), produces WR stars as post-red supergiants (PRS scenario).
Maeder et al. (1980) note that the ratio of the number of red supergiants
over that of WR stars increases rapidly with galactocentric distance r,
while the sum of the number of WR stars plus that of red supergiants over
the number of blue supergiants is almost constant with galactocentric dis-
tance r. Maeder's PRS scenario is apparently more favourable for WC stars
than for WN stars, as can be judged from Table 3.

Within the solar circle we find all the known WC8.5 and WCY9 stars.
If these stars (all single) are candidates to have followed Maeder's red
supergiant to WR scenario, we might want to look for a relic of their
past. All WC8.5 and WC9 stars are known to have dust shells around them,
located at radii of about 80 AU (viz. Cohen, 1975; Cohen et al., 1975; and
Allen et al. (1981) for WR 104 (= Ve2-45)). It has never been explained
why only these subtypes display dust shells, and the other subtypes do
not. Red supergiants are also known to have dust shells, relatively close
to these stars. It is conceivable that the dust shells around massive
red supergiants may survive while these stars evolve to the WR phase,
gradually being expelled to larger dust shell radii. Consequently, the
presence of dust shells around WC8.5 and WCY9 stars may indicate that
Maeder's red supergiant to WR star evolutionary scenario is valid for
WC8.5 and WC9 stars.
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