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ABSTRACT
We present spatially resolved spectra of the visual WR ] OB massive binaries WR 86, WR 146, and

WR 147, obtained with the Space Telescope Imaging Spectrograph on board the Hubble Space
Telescope. The systems are classiÐed as follows : WR 86\ WC 7 ] B0 III, WR 146 \ WC 6 ] O8 IÈIIf,
WR 147 \ WN 8 ] O5È7 IÈII(f ). Both WR 146 and WR 147 are known to have strong nonthermal
radio emission arising in a wind-wind collision shock zone between the WR and OB components. We
Ðnd that the spectra of their O companions show Ha proÐles in emission, indicative of large mass-loss
rates and consistent with the colliding-wind model. Our spectra indicate that the B component in WR 86
has a low mass-loss rate, which possibly explains the fact that WR 86, despite being a long-period
WR] OB binary, was not found to be a strong nonthermal radio emitter. Because of the small mass-
loss rate of the B-star component in WR 86, the wind collision region must be closer to the B star and
smaller in e†ective area, hence generating smaller amounts of nonthermal radio emission. Absolute mag-
nitudes for all the stars are estimated based on the spectral types of the components (based on the tables
by Schmidt-Kaler for OB stars and van der Hucht for WR stars) and compared with actual, observed
magnitude di†erences. While the derived luminosities for the WC 7 and B0 III stars in WR 86 are con-
sistent with the observed magnitude di†erence, we Ðnd a discrepancy of at least 1.5 mag between the
observed luminosities of the components in each of WR 146 and WR 147 and the absolute magnitudes
expected from their spectral types. In both cases, it looks as though either the WR components are
about 2 mag too bright for their spectral types or that the O components are about 2 mag too faint. We
discuss possible explanations for this apparent discrepancy.
Key words : binaries : visual È stars : early-type È stars : winds, outÑows È stars : Wolf-Rayet

1. INTRODUCTION

OB stars (which as a group include stars of spectral type
between O3 and B2) are the most massive main-sequence
objects. They are generally found in young clusters and
associations because their life spans are too short to carry
them far from their birthplaces. Consequently, they are
often subjected to considerable interstellar absorption.
Wolf-Rayet (WR) stars are believed to be the evolved
counterparts of at least some OB stars, and they mostly
correspond to a phase where the massive star has lost all its
external hydrogen envelope through stellar winds (Conti
1976). Wolf-Rayet stars generate intense stellar winds
reaching rates of yr~1 and terminal speedsM0 Z 10~5 M

_km s~1. The Wolf-Rayet photosphere arises, notv=Z 103
from the hydrostatic surface, but in the wind itself, which,
besides He lines, is dominated either by ions of nitrogen
(WN stars) or carbon and oxygen (WC stars). Hence the
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spectrum of a WR star is dominated by very broad lines of
He and heavier elements.

Current estimates indicate that at least D40% of WR
stars are in multiple systems (Mo†at 1995). The presence of
a companion can be suspected from a composite spectrum
showing OB absorption lines or from the apparent
““ dilution ÏÏ of the WR emission lines by extra continuum
emission (Smith, Shara, & Mo†at 1996). ConÐrmation of
multiplicity is usually based on radial velocity studies. Indi-
rect conÐrmation can also be made by the detection of
colliding-wind e†ects (e.g., Tuthill, Monnier, & Danchi
1999 ; Williams 1999). A small number of OB companions in
very long period (P[ 50 yr) systems have also been found
from speckle interferometry or direct imaging (Hartkopf et
al. 1993 ; Williams et al. 1997 ; Niemela et al. 1998). These
systems are particularly interesting because the absolute
magnitude of the WR component can be directly inferred
from that of its companion, assuming the two stars are at
the same distance.

In the IR and radio regimes, WR stars are dominated by
thermal, free-free emission from the dense, expanding
envelope. However, B40% of WR stars have been observed
to have a radio spectral energy distribution consistent with
nonthermal emission associated with synchrotron radiation
and high-energy phenomena. Eichler & Usov (1993) have
demonstrated how nonthermal radio emission could arise
from the collision between the outÑows from two early-type
stars in a binary system. As it turns out, binary systems are
overrepresented in the sample of nonthermal emitters,
which prompted van der Hucht (1992) to suggest that all
nonthermal WR emitters were actually in binary systems,
with the wind collision being responsible for the non-
thermal emission.
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The colliding-wind model has been strikingly conÐrmed
by radio observations of two nonthermal WR emitters
(Williams et al. 1997 ; Dougherty et al. 1996) conÐrmed to
be in binary systems with OB companions (Niemela et al.
1998). The nonthermal emission is found to be associated
with a distinct region whose photocenter is located on or
close to the line joining the W R star and its OB companion,
the WR star itself being associated with a thermal source.
However, not all WR] OB binaries are found to be non-
thermal emitters. Dougherty & Williams (2000) have noted
that WR ] OB systems form two distinct groups, with most
thermal emitters being in short-period systems, while the
nonthermal emitters are all in long-period systems with
large component separation. Since the nonthermal emission
arises locally, at the wind-wind collision front, one might
expect to observe nonthermal radio emission only from
widely separated WR] OB binaries, whose large collision
fronts are expected to be located well outside the extended
radio photosphere of the WR wind. In short-period binaries
the collision front occurs much deeper in the wind of the
WR star, in which case nonthermal radio emission is not
expected to be observed as the collision front lies inside the
WR radio photosphere.

More recently, the conjecture that all nonthermal emit-
ters are colliding-wind binaries has been put in doubt by
Wallace et al. (2000), who have failed to identify compan-
ions for eight WR stars with nonthermal radio emission
down to a mean projected separation of B20 AU. Since this
scale is within the distance of the radio photosphere, either
nonthermal radio emission in these stars arises farther out
in the wind itself (possibly generated by intrawind shocks),
or nonthermal radio emission does arise in colliding winds,
but the radio photosphere is much smaller than predicted. If
the latter hypothesis is correct though, all the apparently
single nonthermal radio emitters should have companions
on close orbits and should have been identiÐed as spectro-
scopic binaries. The single-star explanation remains to be
conÐrmed.

The colliding-wind model, however, is successful in
explaining nonthermal emission in long-period WR] OB
systems. But are all long-period systems nonthermal emit-
ters? So far, there is one exception to the rule : the long-
period WR] OB system WR 86. However, while WR 86 is
not strictly deÐned as a nonthermal emitter, its spectral
index is consistent with a ““ composite ÏÏ thermal/nonthermal
source ; i.e., it is consistent with weak nonthermal emission
(Dougherty & Williams 2000).

This paper presents spatially resolved STIS spectra of the
components in the visual WR] OB systems WR 86, WR
146, and WR 147. The observations and data reduction are
discussed in ° 2. Spectral classiÐcation of the components is
presented in ° 3. This allows us to estimate both the abso-
lute luminosity of the components and the mass-loss rates
of the OB stars. Results are discussed in the light of the
colliding-wind model in ° 4. We brieÑy summarize our Ðnd-
ings in ° 5.

2. OBSERVATIONS

Long-slit spectroscopy of the stars WR 86, WR 146, and
WR 147 has been obtained with the STIS spectrograph on
board the Hubble Space Telescope. In each case, obser-
vations were carried out with the slit length oriented as
close as possible to the apparent position angle of the
binaries. Niemela et al. (1998) have estimated the position

angles to be P.A.\ 109¡ ^ 9¡, 21¡ ^ 4¡, and 350¡ ^ 2¡ for
WR 86, WR 146, and WR 147, respectively. The exact
orientation of the STIS slit depends on the orientation of
HST at the time of the observation ; hence the above P.A.Ïs
were used as scheduling constraints. Observations were
Ðnally carried out with and forP.A.\ 106¡.1, 18¡.8, 360¡.2,
WR 86, WR 146, and WR 147, respectively. In each case, the
orientation was such that the brightest component in the V
band appeared on the larger CCD column number. The
width of the slit is on the order of or larger than52] 0A.5
the separation between the components ; hence the small
di†erence (\13¡) between the orientation angle at the time
of observation and the P.A.Ïs of the systems has negligible
e†ects on the throughput.

The two stars in the WR 147 system are clearly resolved
by STIS ; we used standard IRAF aperture extraction to
obtain their spectra. On the other hand, the relatively broad
wings in the STIS point-spread function (PSF) resulted in
the WR 86 and WR 146 spectra being resolved, but with
signiÐcant blending (Fig. 1). To complicate matters, the
shape of the PSF was found to be dependent on the wave-
length to a level that signiÐcantly a†ects the spectral extrac-
tion of barely resolved sources such as those from WR 86
and WR 146 (but is of little consequence for clearly resolved
sources such as in WR 147). We performed a multidimen-
sional Ðt for each column on the CCD to extract a blended
double proÐle G(y) with the general shape7

G(y) \ A1 exp[
C(y [ y1)2

2p2
Dk ] A2 exp[

C(y [ y2)2
2p2

Dk
,

(1)

where y1 and y2 are the spatial locations of the stars along a
column, and A1 and A2 are the amplitudes of the proÐles
for each star. The shape of the stellar proÐles is governed by
the dispersion parameter p and the ““ peakiness ÏÏ parameter
k (which sets the relative strength of the PSF wings).
Because the mean dispersion p of the PSF is found to be
close to the pixel size, we resampled the proÐle over individ-
ual pixels from the continuous function G(y) usingy

i

G@(y
i
)\
P
yi~0.5

yi`0.5
G(y)dy , (2)

where are integers representing the CCD lines.y
iWe then used the assumption that the separation

between the stars should be constant and independent of
the wavelength. To determine the separation between the
stars, we Ðrst performed a Ðt of in the six-dimensionalG@(y

i
)

parameter space (y1, y2, p, k, A1, A2) and calculated the
separation *y between the stars from the mean values of
y2 [ y1 obtained from each CCD column. We then Ðxed
y2 \ y1 ] *y and performed a second (more robust) Ðt in
the Ðve-dimensional space (y1, p, k, A1, A2) for each CCD
column.

Using the derived values for *y and the STIS pixel size of
pixel~1, we estimate the separation along the slit0A.0507

between the components of WR 86, WR 146, and WR 147

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
7 The proÐle described by equation (1) is not a Gaussian, although is

does assumes the Gaussian form for the special case k \ 2. We used this
form for its simplicity and stability under the multidimensional Ðt. We did
attempt to use other simple mathematical forms to describe the PSF, e.g.,
Mo†at (1969) functions, only to obtain equivalent results in the spectral
extraction.
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FIG. 1.ÈResolution of the WR] O systems along the slit of the STIS
camera at 5600 The slit is oriented along the line joining the stars, withA� .
the OB star to the left and the WR star to the right on this Ðgure.

to be and0A.239^ 0A.006, 0.161 ^ 0A.005, 0A.624^ 0A.015,
respectively. The P.A. of the slit was always within 13¡ of
the line joining the two stars ; hence these values should be
reliable estimates of the component separations. Our values
for WR 146 and WR 147 are consistent with the separation
calculated from the WFPC2 image by Niemela et al. (1998).
For WR 86, our derived separation is outside of 1 p of the

range derived by Niemela et al., but well0A.286 ^ 0A.039
within the range cited in the Hipparcos0A.230^ 0A.013
catalog.

Results of the multidimensional Ðts conÐrm the existence
of a systematic variation in the PSF pattern with wave-

length (Fig. 2). The pattern also di†ers between WR 86 and
WR 146, despite the same spectral coverage, which suggests
that the shape of the PSF also depends on where the source
falls along the slit (the WR 86 and WR 146 systems have
been recorded on slightly di†erent CCD columns). This
raises the possibility that the PSF may be slightly di†erent
for each component in any one system, which may result in
some inaccuracies in the spectral extraction.

The two stellar components in both WR 86 and WR 146
were apparently separated reasonably well across most of
the spectral range. The only exception occurs at wave-
lengths close to the very bright WR emission line C IV j5808
(at which point the WR star is signiÐcantly brighter than
the OB star), where a small contamination of the WR Ñux
onto the OB companion spectrum apparently occurred.
This is clearly due to an imperfect PSF model. In particular,
the wings of the PSF showed evidence for a weak di†raction
pattern, which our model does not reproduce. This results
in some contamination of one spectrum by some light from
the other component. However, this contamination is
apparent only for the broad C IV emission line, because of
the large di†erence in the brightness of the WR and OB
components at that wavelength, and is negligible elsewhere
(below instrumental noise levels). Fortunately, this contami-
nated C IV emission from the WR component can be unam-
biguously identiÐed in the OB star spectra, whose spectrum
does not normally exhibit such a broad emission feature at
that wavelength. Because the spectra are generally well
separated and because contamination e†ects are relatively
small, we did not attempt to reÐne the PSF model further,
which would have required the use of extra parameters and
would have made the multidimensional Ðt much more diffi-
cult to perform.

The resolved spectra for all three stars are shown in
Figure 3. It turns out that the brightest component in the V
band in each pair is the Wolf-Rayet star, even though the
continuum emission from the OB star is actually larger in
WR 86 and WR 146 (the WR stars in these systems are
brighter in V because of their strong emission lines). Con-
tamination of the OB spectra by the very bright C IV j5812
line is very obvious in WR 146 (see Fig. 5). Examination of
the C IV j5812 contamination proÐle in the spectrum of the
O component shows that contamination becomes apparent
as the monochromatic intensity from the WR star reaches
B3 times that of the O companion. Since the relative WR
intensity is below that level over the remainder of the spec-
trum, we conclude that contamination e†ects must be negli-
gible over the remainder of the spectral range. Hence, any
feature observed elsewhere in the spectrum of the O star is
assumed to be intrinsic. In WR 86, the components are
further apart ; hence the extracted spectra are less suscep-
tible to contamination e†ects. Our extracted spectra of WR
86 show evidence for a weak contamination of the
CIVj5812 line and also possibly from C III j5696 (see Fig.
7). Both WR lines have monochromatic intensity reaching
B3 times that of the B-star continuum. Because these lines
are the brightest features in the WR component of WR 86,
and because they yield only weak contamination e†ects, we
conclude that no other WR features contaminates the B
spectrum signiÐcantly, and any other feature observed in
the B-star spectrum must be intrinsic.

In each system, the slopes of the continua from the WR
stars and the OB companions, as well as the strength of the
interstellar absorption lines, are all consistent with equal
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FIG. 2.ÈDispersion parameter p and ““ peakiness ÏÏ parameter k of the stellar proÐles measured for the WR 86 (top) and WR 146 (bottom) systems. Values
are derived from a double-proÐle multidimensional Ðt at each column on the STIS CCD image. The point-spread function is clearly dependent on the
wavelength ; patterns also di†er signiÐcantly between systems. The Ðt also yields deblended spectra of the individual components (Figs. 3È6). Deblending is
reasonably good, except at wavelengths where the WR star becomes times brighter than the O star, at which point this model is not accurate enough toZ3
yield reliable deblended spectra (see text).

amounts of reddening. This supports the idea that the com-
ponents in each system are approximately at the same dis-
tance and most likely to be physically related. In both WR
146 and WR 147, we conÐrm that the WR (O) component is
to the south (north), consistent with the colliding-wind
interpretation of their radio maps (see Niemela et al. 1998).
For WR 86, the WR component is to the northwest and the
B component to the southeast.

We did not Ðnd any trace of background or ““ nebular ÏÏ
emission in the long-slit spectral images within the instru-
mental limits. Attempts have been made to extract spectra
at di†erent locations along the slit, but only the wings of the
PSF from the stellar components and other instrumental
features were detected. This lack of detection is signiÐcant
for WR 146 and WR 147, which are known to be colliding-
wind binaries. If there is any di†use emission in the optical
associated with the colliding-wind region, we estimate that
it must be weaker than 5] 10~15 ergs cm~2 s~1 A� ~1
arcsec~1.

Line identiÐcations for each of the WR and OB star com-
ponents are listed in Tables 1È6. The resolution of the STIS
spectra was B1.4 which is the accuracy in the centralA� ,
wavelength measurements. Estimated errors on equivalent

width measurements are listed individually. The errorWjon depends on the strength of the line and on whether itWjwas resolved or in a blend. We do not give the mean central
wavelengths of the lines in the WR stars, because the very
broad proÐles make the central wavelengths very unreliable
for line identiÐcation. Most of the bright WR lines are
actually blends of several di†erent lines ; the line identiÐca-
tion and rest wavelength given in the tables is for the tran-
sition which most probably contributes to the largest part
of the line emission.

3. SPECTRAL CLASSIFICATION

3.1. W R 86
This is the V \ 9th magnitude system HD 156327,

located at (J2000.0). Ita \ 17h18m23s.06, d \[34¡24@30A.6
was initially listed as a Wolf-Rayet binary with spectral type
WC 7 ] B0 V (Roberts 1962 ; Smith 1968) based on the
presence of H and He I absorption lines in the blue. It was
included in the Sixth Catalog of Galactic Wolf-Rayet stars
(van der Hucht et al. 1981) under the designation WR 86
and given a WC 7 ] abs spectral type, implying that
absorption lines could be intrinsic to the WR star, thus
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FIG. 3.ÈResolved STIS spectra of the WR 86, WR 146, and WR 147 systems (top to bottom, respectively). Contamination of the OB spectrum by the
brightest of the WR star features occurred in WR 86 and in WR 146 (C IV j5812 emission line) because the stars were only separated by B2 standard
deviations of the STIS point-spread function. Note the similar amounts of reddening and equivalent strengths of the interstellar absorption features for the
pairs of stars in each system. Line identiÐcation is provided in Figs. 4È9.

questioning its double star status. However, HD 156327
was known to be a close visual double with separation

(Je†ers, van de Bos, & Greeby 1963). The fact thato D 0A.2
Massey et al. (1981) failed to measure any radial velocity
variation ruled out the idea of a close OB companion,
strongly suggesting that the OB spectrum is associated with
the visual companion (see Mo†at et al. 1986). In any case,
the star continued to be referred to as a WC 7 ] abs
throughout the 1980s.

The double star status was conÐrmed with speckle obser-
vations by Hartkopf et al. (1993), who resolved the star into
two components with a separation. The components0A.237
were also clearly resolved by the WFPC2 camera on board
HST (Niemela et al. 1998). Based on scanned image tube
spectra of the pair, Niemela et al. suggested the companion
to be a B0 star (detection of O II, Si III, and Si IV) with a
luminosity class between I and III. The system is now listed
in the seventh catalog of Wolf-Rayet stars (van der Hucht
2001) as ““WC 7 (] B0 IIIÈI).ÏÏ

Our STIS spectra conÐrm that the WR component is of
subtype WC 7 (Fig. 4, with line equivalent widths listed in
Table 1). The ratio of the equivalent widths of the C IV

j5801 and C III j5696 lines is IV IIIlog Wj(C 5801)/log Wj(C5696)^ 0.16, which is consistent with subtype WC 7 in the
quantitative classiÐcation system of Crowther, De Marco,
& Barlow (1998).

For the O component (Fig. 5 ; Table 2), our spectra
conÐrm the B0 type, based on a comparison of the blue
spectrum with the atlas of Walborn & Fitzpatrick (1990).
We attempt to better constrain the luminosity class based
on the strength of the Hc absorption line, for which a cali-
bration with the absolute magnitude has been derived
by Millward & Walker (1985). We measure
W (Hc) \ 2.60^ 0.15 the uncertainty being largelyA� ,
attributable to the blend with O II j4349. Following the
Millward & Walker calibration, this corresponds to an ab-
solute magnitude According to theM

V
^[4.8 ^ 0.2.

B-star absolute magnitude calibration of Schmidt-Kaler
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FIG. 4.ÈLine identiÐcation for the WR star component in the WR 86
system. Because emission lines are very broad, most of the features identi-
Ðed here are actually blends of several di†erent lines. The identiÐcation is
for the main contributor to each feature. Equivalent widths are listed in
Table 1.

TABLE 1

LINE IDENTIFICATIONS IN THE SPECTRUM OF THE

WR COMPONENT OF WR 86

jlab Wj
ID (A� ) (A� )

He II . . . . . . . . . . . 4338.7 [25.0 ^ 5.0
C IV . . . . . . . . . . . 4441.5 [31.9 ^ 0.5
He II . . . . . . . . . . . 4541.6 [15.0 ^ 5.0
O III/O V . . . . . . 5592.2/5597.9 [31.8 ^ 2.0
C III . . . . . . . . . . . 5695.9 [205. ^ 15.
C IV . . . . . . . . . . . 5801.3/5812.0 [295. ^ 15.
He I . . . . . . . . . . . 5875.6 [50.0 ^ 5.0
He II . . . . . . . . . . . 6406.4 [13.0 ^ 3.0
He II . . . . . . . . . . . 6560.0 [85.0 ^ 10.
C III . . . . . . . . . . . 6744.4 [120. ^ 10.

TABLE 2

LINE IDENTIFICATIONS IN THE SPECTRUM OF THE

OB COMPONENT OF WR 86

jlab jobs Wj
ID (A� ) (A� ) (A� )

Hc . . . . . . . . . . . . . . 4340.5 4341.7 2.30^ 0.20
O II . . . . . . . . . . . . . 4349.4 4349.0 0.70^ 0.20
He I . . . . . . . . . . . . 4387.9 4389.2 0.55^ 0.05
O II . . . . . . . . . . . . . 4414.9 4417.3 0.35^ 0.05
O II . . . . . . . . . . . . . 4448.3 4449.3 0.20^ 0.05
He I . . . . . . . . . . . . 4471.5 4472.4 1.00^ 0.10
Mg III . . . . . . . . . . 4479.0 4482.1 0.15^ 0.05
N II . . . . . . . . . . . . . 4530.4 4530.7 0.15^ 0.05
Si III . . . . . . . . . . . . 4553.9 4554.2 0.35^ 0.05
Si III . . . . . . . . . . . . 4567.8 4569.1 0.30^ 0.05
Si III . . . . . . . . . . . . 5739.7 5741.6 0.30^ 0.05
He I . . . . . . . . . . . . 5875.6 5877.2 0.70^ 0.05
Ha . . . . . . . . . . . . . . 6561.9 6564.8 2.00^ 0.05
He I/He II . . . . . . 6678.1/6683.2 6679.8 0.80^ 0.05

FIG. 5.ÈLine identiÐcation for the B star component in the WR 86
system. Contamination from the WR star is noted, along with the principal
interstellar absorption features. Equivalent widths are listed in Table 2.
The feature noted ““WR (C IV) ÏÏ is an instrumental contamination of the
light from the WR component.

(1982, hereafter SK82), this makes the star a B0 giant
of class III. Since the WFPC2 photometry shows the two
stars to have the same (within the ^0.09 observationalM

Verrors), then the WR component is also estimated to have
This value is largely consistent with theM

V
^[4.8 ^ 0.2.

range of values quoted by van der Hucht (2001) for WC 7
stars.

Luminosity classes of early-B stars can also be estimated
from the ratio of Si III j5740 and He I j5876. Comparison
with the yellow-red atlas of Walborn (1980) shows the spec-
trum to be generally consistent with luminosity class III.
While we can deÐnitely rule out a class I for this object, it is
not possible to rule out spectral class II on the basis of the
Si III j5740/He I j5876 ratio. However, because the Ha line
shows no trace of overlying wind emission (which occurs in
most early-B stars with luminosity class IÈII), we classify
this system as WC 7 ] B0 III.

3.2. W R 146
This star, located at a \ 20h35m47s.09, d \ ]41¡22@44A.7

(J2000.0), was initially classiÐed as WC 6 by Roberts (1962)
and as WC 5 by Smith (1968). It was listed as a WC 4 in the
Sixth Catalog of Galactic Wolf-Rayet Stars (van der Hucht
et al. 1981). Improved measurements of the line ratios led
Smith, Shara, & Mo†at (1990) to reclassify the WR star as
WC 6.

Dougherty et al. (1996) observed the star at 1.6 and 2.5
GHz with the MERLIN array and resolved the source into
two components, a thermal source and a nonthermal
source, separated by 116 ^ 14 mas. They attributed the
thermal source to the WR star and the nonthermal source
to a colliding-wind region between the WR star and an OB
companion. Dougherty et al. (1996) also found weak
hydrogen absorption lines (Hd, Hc) in an unresolved
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blue spectrum of WR 146, which they attributed to the
unresolved companion.

Optical WFPC2 images from HST clearly resolved the
object into two components separated by 168A ^ 31A and
with very similar colors (Niemela et al. 1998). An overlap of
the optical images and radio maps showed the nonthermal
source to be located between the optical components, con-
Ðrming the colliding-wind binary hypothesis. Assuming
that the relative location of the nonthermal source matches
the head of the bow shock, it is possible to calculate the
ratio of the wind momentum Ñuxes. For WR 146, Niemela
et al. obtained a ratio Giveng 4 (M0 v=)OB/(M0 v=)WR D 0.1.
the large mass-loss rate expected from the WC 6 star, this
requires the companion to have a relatively large mass-loss
rate also. Based on the momentum ratio and on the relative
colors of the components, Niemela et al. suggested the com-
panion to be O6ÈO5 VÈIII.

More recently, Dougherty, Williams, & Pollacco (2000)
obtained a 3800È4500 spectrum of WR 146 at the 4 mA�
William Herschel Telescope (WHT). Though blended with
emission lines from the WR star, the relatively narrow
absorption lines from the O companion were clearly identi-
Ðed. Their j4541 He II/j4471 He I equivalent width ratio
(the principal diagnostic of the O-type sequence) indicated a
spectral type O8. Though several features were also sugges-
tive of a high luminosity class, they did not assign a lumi-
nosity class due to a lack of the main luminosity diagnostic
lines in their spectrum. The system is now listed as WC
6 ] O8 in the seventh catalog of Wolf-Rayet stars (van der
Hucht 2001).

Our STIS spectra of the WR component (Fig. 6 ; Table 3)
conÐrms the WC 6 classiÐcation. We measure a line equiva-
lent width ratio IV III 5696)^ 1.03,log Wj(C 5801)/log Wj(Cconsistent with subtype WC 6 in the quantitative classi-
Ðcation system of Crowther et al. (1998). The lines in this
star are especially broad, indicating a large wind terminal

FIG. 6.ÈLine identiÐcation for the WR star component in the WR 146
system. Because emission lines are very broad, most of the features identi-
Ðed here are actually blends of several di†erent lines. The identiÐcation is
for the main contributor to each feature. Equivalent widths are listed in
Table 3.

TABLE 3

LINE IDENTIFICATIONS IN THE SPECTRUM OF THE

WR COMPONENT OF WR 146

jlab Wj
ID (A� ) (A� )

O III/O V . . . . . . 5592.2/5597.9 [22.0 ^ 3.0
C III . . . . . . . . . . . 5695.9 [55.0 ^ 8.0
C IV . . . . . . . . . . . 5801.3/5812.0 [600. ^ 35.
He I . . . . . . . . . . . 5875.6 [140. ^ 35.
He II . . . . . . . . . . . 6406.4 [15.0 ^ 3.0
He II . . . . . . . . . . . 6560.0 [165. ^ 10.
C III . . . . . . . . . . . 6744.4 [200. ^ 15.

velocity km s~1 as measured by Eenens &(v=^ 2900
Williams 1994).

For the OB component (Fig. 7 ; Table 4) we measure a
line ratio He II j4541/He I j4471 \ 0.39, which is consistent
with a spectral type O9 in the system of Conti & Alschuler

FIG. 7.ÈLine identiÐcation for the O-star component in the WR 146
system. Contamination from the WR star is noted, along with the principal
interstellar absorption features. Equivalent widths are listed in Table 4.
The feature noted ““ C IV (WR) ÏÏ is an instrumental contamination of the
light from the WR component.

TABLE 4

LINE IDENTIFICATIONS IN THE SPECTRUM OF THE OB COMPONENT

OF WR 146

jlab jobs Wj
ID (A� ) (A� ) (A� )

Hc . . . . . . . . . . . . . . 4340.5 4339.6 1.50 ^ 0.10
He I . . . . . . . . . . . . 4387.9 4388.7 0.20 ^ 0.05
He I . . . . . . . . . . . . 4471.5 4470.0 0.80 ^ 0.05
He II . . . . . . . . . . . 4541.5 4540.3 0.40 ^ 0.05
C III . . . . . . . . . . . . 5695.9 5695.1 [0.65 ^ 0.05
C IV . . . . . . . . . . . . 5811.9 5811.2 0.22 ^ 0.05
He I . . . . . . . . . . . . 5875.6 5874.8 1.0 ^ 0.10
Ha . . . . . . . . . . . . . . 6561.9 6568.3 [4.85 ^ 0.25
He I/He II . . . . . . 6678.1/6683.2 6678.3 0.15 ^ 0.05
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(1971) and Conti (1973). The He I j4471 line does look
signiÐcantly broader than He II, which may be due to noise
but could also result from blending of the He I j4471 with
some other unidentiÐed line. On close examination, the He I

j4471 proÐle in the B0 III component of WR 86 does look
asymmetric, with the blue side of the line being unusually
extended. If this is due to some unidentiÐed IS absorption
feature (we do indeed see a shallow absorption trough at the
same wavelength in the WR spectrum, which could also be
the signature of this IS feature ; see Fig. 6), then the EW of
this line is most likely to be overestimated in WR 146. We
consider the He I j4388 line, and note that it is clearly
weaker than He II j4540 ; the spectral atlas of Walborn &
Fitzpatrick (1990) shows that this generally does not occur
in O9 type stars where both lines have about the same EW.
It is, however, consistent with spectral type O8, and we thus
also adopt this classiÐcation for the O star in WR 146.

The main luminosity diagnostic for O8ÈO9 stars is the
increase in the strength of the Si IV jj4089, 4116 at higher
luminosities and the change in N III jj4634, 4640 and He II

j4686 from absorption to emission (Walborn & Fitzpatrick
1990). While the WHT spectrum of Dougherty et al.
included both Si IV lines, they were found to be blended
with the Hd line. Unfortunately, neither the STIS nor the
WHT spectrum covers the He II j4686 region. However, we
note the presence of a weak emission feature centered on
j5696 which we attribute to C III line emission. Both the
C III j5696 and Ha lines have been shown by Walborn
(1980) to behave like N III jj 4634, 4640 and He II j4686,
respectively.

The Ha proÐle in the O star component shows a narrow
but relatively shallow absorption trough Ñanked by rela-
tively broad wings. The Ha line in the O star is coincident
with the He II j6560 complex in the Wolf-Rayet star, which
raises the possibility of contamination into the O spectrum,
which would explain the broad wings. However, we argue
that the broad Ha emission proÐle is intrinsic to the O star :
(1) the intensity of the He II j6560 complex relative to the O
star continuum is comparable to that of the broad shoulder
in the C IV j5812 complex (between jj5850 and 5950), and
we see no obvious contamination of the O star spectrum by
the latter ; (2) the Ha proÐle in the B0 component in WR 86
does not show any broad wings, while it was more prone to
being contaminated by the more intense He II j6560
complex from its WR component ; (3) the centroid of the Ha
absorption trough is 6.4 larger than the measured labA�
value, which suggests that the central trough is being dis-
torted as the line is Ðlled up with Ha in emission, and (4) the
overall shape of the Ha proÐle is very similar to that of
other OIf stars (e.g., Cygnus OB No. 7 and HD 210839 ; see
Fig. 6 in Herrero, Puls, & Villamariz 2000), including both
the central narrow absorption and the broad emission
wings.

The behavior of C III j5696 and Ha in the O component
of WR 146 clearly rules out any luminosity class fainter
than II. Because the Ha line is not found to be strongly in
emission, as in O8 I stars, a spectral type O8 II is the most
reasonable classiÐcation. A secondary indicator for the
luminosity class is the ratio He I j4388 / He I j4471, which
correlates with the mass-loss rate. Our spectrum yields He I

j4388/He I j4471 \ 0.2, which suggests that the star is Of.
The weakness of Hc is also consistent with large(Wj \ 1.5)
intrinsic luminosity ; the Millward & Walker (1985)
relationship suggests which, for O8, is consistentM

V
Z [6

with luminosity class IÈII (SK82). From these lines of evi-
dence, we classify this system as WC 6] O8 IÈIIf.

3.3. W R 147
This star, located at a \ 20h36m43s.65, d \ ]40¡21@07A.3

(J2000.0), was resolved into a double radio source with a
thermal lobe and a nonthermal lobe by Churchwell et al.
(1992). Williams (1995) hypothesized that the nonthermal
lobe was the result of a colliding-wind interaction with an
unseen companion. The companion was Ðrst identiÐed as a
faint component in an IR image of WR 147 (Williams et al.
1997), and conÐrmed in the optical by HST WFPC2 obser-
vations (Niemela et al. 1998). Based on the relative K mag-
nitude between the WN 8 star and the IR companion (KOBand, assuming the WN 8 star to[KWR \ 3.04^ 0.09),
have an absolute magnitude Williams et al.M

K
B [6,

claimed the OB companion to be consistent with a spectral
type B0.5 V. In the optical the magnitude di†erence between
the two components is observed to be VOB[VWR \ 2.16

which is too small for a B0.5 V companion, and^ 0.09,
Niemela et al. (1998) proposed that the star is of earlier type.

Our STIS data for the WR component in WR 147 (Fig. 8 ;
Table 5) show a spectrum typical of a WN 8 star, with a
relatively strong P Cygni proÐle in He I j5876. Also present
are the weak He II jj6311, 6406, and 6527 linesÈall with P
Cygni proÐles. Weak N II jj5680, 5686 lines are also
detected, consistent with a late-type WN star.

Our WR 147 spectrum in the blue regime is of very poor
quality and is not shown in this paper. Because of the con-
siderable interstellar reddening, the WR 147 system is
several magnitudes fainter in the blue, and our HST STIS
exposures were not programmed appropriately for this rela-
tively faint target. Hence it is not possible to obtain a
precise, reliable spectral type for the O component, since
classiÐcation of OB stars is largely based of the ratio of
He I and He II lines in the blue. However, our spectrum
shows a very weak He I j5876 line, while He I j6678 is too
weak to even be detected (Fig. 9, Table 6). Since He I is
very strong in late-O stars and early-B stars (type B2 being
where He I reaches a maximum; see Walborn &
Fitzpatrick 1990), this suggests that this star is either
earlier than O8 or midÈlate B. Because He becomes

FIG. 8.ÈLine identiÐcation for the WR star component in the WR 147
system. Because emission lines are very broad, most of the features identi-
Ðed here are actually blends of several di†erent lines. The identiÐcation is
for the main contributor to each feature. Equivalent widths are listed in
Table 5.
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TABLE 5

LINE IDENTIFICATIONS IN THE SPECTRUM OF THE

WR COMPONENT OF WR 147

jlab Wj
ID (A� ) (A� )

N II . . . . . . . . . . . . . 5679.6 [6.0^ 1.0
N IV . . . . . . . . . . . . 5736.9 [5.8^ 1.0
C IV . . . . . . . . . . . . 5801.3/5812.0 [0.8^ 0.2
He I . . . . . . . . . . . . 5875.6 [35.0^ 1.0
He II . . . . . . . . . . . 6310.8 [0.6^ 0.2
N IV . . . . . . . . . . . . 6380.7 [0.8^ 0.2
He II . . . . . . . . . . . 6406.4 [0.9^ 0.2
N III . . . . . . . . . . . . 6467.0/6478.7 [3.2^ 0.3
He II . . . . . . . . . . . 6527.1 [1.0^ 0.1
He II . . . . . . . . . . . 6560.0 [45.0^ 1.5
He I/He II . . . . . . 6678.1/6683.2 [30.0^ 1.5

doubly ionized in early-O stars, we can also exclude a spec-
tral type earlier than O5. Furthermore, the presence of high-
ionization C IV lines unambiguously rules out any spectral
type B or later. These lines of evidence suggests that our star
can only be in the range O5ÈO7. An O5ÈO7 spectral type is
consistent with the relatively strong C IV jj5801, 5812 lines,
which are strongest in this spectral range (Walborn 1980).
Because we lack a clear line ratio and because there is con-
siderable scatter among O stars in the equivalent widths of
single species, it is, however, not possible to constrain the
spectral type further. Due to the lack of other objective
classiÐcation criteria, the O5ÈO7 assignment must be
regarded as tentative.

The Ha region shows a very shallow absorption trough,

FIG. 9.ÈLine identiÐcation for the O star component in the WR 147
system. Well-deÐned intrinsic and interstellar absorption features are
noted. Equivalent widths are listed in Table 6.

TABLE 6

LINE IDENTIFICATIONS IN THE SPECTRUM OF THE

OB COMPONENT OF WR 147

jlab jobs Wj
ID (A� ) (A� ) (A� )

C IV . . . . . . 5801.3 5802.5 0.40^ 0.10
C IV . . . . . . 5811.9 5812.5 0.35^ 0.10
He I . . . . . . 5875.6 5875.9 0.45^ 0.10
Ha . . . . . . . 6561.9 6570.8 [4.05^ 0.05

Ñanked by broad emission wings, very similar to the proÐle
observed in the O8 component in WR 146. The broad emis-
sion wings cannot be explained by contamination from the
WN 8 star, since the two components are well resolved by
STIS and any (very weak) component arising in the very
broad wing of the STIS PSF from the WN 8 star should be
subtracted out with the background in the aperture extrac-
tion procedure. Furthermore, the centroid of the observed
absorption trough is 8.9 over the Ha laboratory wave-A�
length ; this suggests that the line proÐle is signiÐcantly dis-
torted as it is Ðlled up with Ha emission arising in the wind.
Finally, the overall shape of the Ha proÐle is very similar to
that of other O If stars (e.g., Cygnus OB 7 and HD 210839,
Herrero et al. 2000).

This Ha emission suggests a substantial mass-loss rate,
which would imply that the star is a supergiant in the Of
category. However, C III j5696 is not clearly in emission ;
this is more consistent with stars in the (f ) category, which
show a Ðlling in of He II j4686, but no strong emission lines.
It is therefore not possible at this point to clearly distinguish
between spectral class Ia, Iab, Ib, or II, but luminosity
classes IIIÈV can be excluded. We tentatively classify this
star as O5È7 IÈII(f ).

4. DISCUSSION

4.1. On the Absolute Magnitudes of the Components
Absolute magnitudes (in the narrowband photo-M

vmetric system deÐned by Westerlund 1966) have been esti-
mated for Galactic WR stars on the basis of cluster and
association membership (van der Hucht 2001, hereafter
vdH01). The narrowband v is used because it avoids the
brightest optical emission lines of WR stars. The distances
of clusters and associations derived by & Sten-Lu� ndstrom
holm (1984) are used. The mean absolute magnitudes M

vfor WC 7, WC 6, and WN 8 stars are [3.5, andM
v
^[4.5,

[5.5, respectively, with a standard deviation of mag.[1.0
The absolute magnitudes of the OB stars can beM

Vestimated based on their spectral classiÐcation, using the
relationships deÐned by SK82. While the v and V bands are
not exactly the same, a comparison between V and v for a
number of WR and OB stars shows that o v[V o [ 0.3
(Westerlund 1966 ; see also Turner 1982). While the value of
v[V for any given WR star will be dependent on the
strength of the optical lines, we can assume that M

v
DM

Vto within less than half a magnitude.
We thus compare the di†erence in absolute magnitudes

as determined from the spectral types with the measured
di†erence in V derived using the WFPC2 images of these
systems by Niemela et al. (1988). For the WR 86 system, the
WC 7 star is expected be in the range [5.5\M

V
\[3.5,

and SK82 quotes a value of for a B0 III star.M
V

^ [5.1
The two estimates are thus consistent with each other, since
the observed di†erence in V magnitude for this system is
VWR[V

B
\ 0.02^ 0.18.

For the WR 146 system, the WC 6 star is expected to be
in the range while SK82 quotes a[4.5\ M

V
\ [2.5,

mean value of for O8 IÈII stars. The observedM
V

^[6.25
magnitude di†erence is there isVWR [V

B
\[0.24 ^ 0.08 ;

thus a discrepancy of at least 2 mag between the observed
magnitude di†erence and that inferred from the spectral
types. The two stars are deÐnitely companions, as evidenced
by the conÐrmation of a colliding-wind region between
the two components. The discrepancy thus cannot be
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attributed to a chance alignment of two stars at di†erent
distances. If we assume that the O8 star is actually a main-
sequence object (unlikely because of the Ha line in
emission), we get from SK82, which still yieldsM

V
\ [5.15

a di†erence of at least 1 mag. This means either that the WR
star is too bright for its spectral type or, alternately, that the
O star is too faint. An intriguing comparison can be made
between WR 146 and WR 86: both systems have com-
ponents of approximately the same magnitude, but the WC
5 star in WR 146 is expected to be intrinsically fainter than
the WC 7 star in WR 86, while the O8 IÈII star in WR 146 is
expected to be intrinsically brighter than the B0 III star in
WR 86.

For the WR 147 system, the WN 8 star is expected to be
in the range From SK82 we get a[6.5\ M

V
\ [4.5.

range of values for O5È7 stars with[5.90\M
V

\[6.25
luminosity classes IÈIII. The observed magnitude di†erence
is Again, we Ðnd that the WRVWR [ V

B
\ [2.16^ 0.12.

component is too bright for its spectral type by at least 1.5
mag or, alternately, that the O star is too faint by at least 1.5
mag. To be consistent with the expected magnitude of a
WN 8 star, the O star would have to be fainter than M

V
B

[4.4, which, in the SK82 tables, is only consistent with
stars of type B0 or later. A spectral type of B is clearly ruled
out by our STIS spectra.

Recently, absolute magnitudes of OB stars were reeva-
luated based on data by Hipparcos (Wegner 2000, hereafter
W00). The values of for giant and supergiant OB starsM

Vderived by W00 turn out to be fainter than the SK82 values
by about 2 mag. Under the W00 system, the absolute mag-
nitudes of WR 146 and WR 147 as estimated from the
spectral types would be consistent with the observed magni-
tudes. Although the agreement is suggestive, one has to be
concerned about the possible e†ects of the revised fromM

Vthe W00 system on the distance to Galactic clusters and
associations and hence on the absolute magnitudes derived
by vdH01. One also has to consider the relatively large
scatter in the absolute magnitudes of individual OB stars as
derived from Hipparcos parallaxes. For O7ÈB0 stars, the
scatter can be as large as ^1 mag. There may also be sys-
tematic e†ects on parallax estimates of the OB star Hip-
parcos sample, especially since most of the OB stars are
beyond 200 pc. Hence, the values derived from W00 must
be used with caution.

Some of the discrepancy may arise because of the uncer-
tainty in the determination of the spectral type of the OB
components. In particular, the main criterion used in the
determination of the luminosity class was the apparent
Ðlling in of the Ha line, which suggests high mass-loss rates
in WR 146 and WR 147. However, both WR 146 and WR
147 are systems with colliding winds. If Ha emission arises
in the shock front, this could Ðll up the Ha absorption line
in the spectra of the OB companions, mimicking the e†ect
of intense mass loss. If Ha emission arises near the head of
the bow shock front, which is relatively close to the O star
in both WR 146 and WR 147, then we would not be able to
resolve them from the O star in the STIS data presented
here, and this might explain the apparent Ðlling in of the
emission lines. On the other hand, if Ha emission were to
arise downwind from the head of the bow shock, at some
relatively large distance from both the WR and O com-
ponents, then any extra Ha emission would appear as a
di†use component on the STIS data, which would not be
strong enough (as we have shown from the lack of any

detected di†use emission ; see ° 2) to account for the appar-
ent Ðlling in of the emission lines.

4.2. On the Binary Status and the W ind Collision
The WR 146 and WR 147 systems exhibit strong non-

thermal radio components. It has been found that the non-
thermal emission occurs between the two stellar
components, somewhat closer to the OB star (Dougherty et
al. 1996 ; Williams et al. 1997). In the framework of the
colliding-wind model developed by Eichler & Usov (1993),
the shock front forms at a distance from the OBrOB (rWR )
(WR) component. Given the distanceD\ rOB] rWRbetween the two stars, then

rOB\ g1@2
1 ] g1@2 D , (3)

where is the wind momentum ratio.g 4 (M0 v=)OB/(M0 v=)WRThe ratio is dimensionless and independent of therOB/Dprojection of the system on the plane of the sky and thus
can be measured directly from imaging.

For WR 146 and WR 147, and 0.14, respec-rOB/D^ 0.25
tively, as measured directly from the combined radio maps
and HST WFPC2 images (Niemela et al. 1998). These yield
estimated values of g \ 0.10 and g \ 0.028 for WR 146 and
WR 147, respectively. From the spectral types, we estimate
that the O components in WR 146 and WR 147 have mass-
loss rates yr~1 (see Herrero et al. 2000).M0 O D 1 10~5 M

_If we assume a typical terminal velocity km s~1v= B 2000
for the O stars (see Prinja, Barlow, & Howarth 1990), we
can estimate the mass-loss rate of the WR components and
check for consistency. For WR 146, taking kmv=\ 2900
s~1 as the terminal velocity of the WC 6 star, this yields a
mass-loss rate 10~5 yr~1. This value isM0 WR D 6.9 M

_consistent with the mass-loss rate value of M0 WR\3.0^1.5
10~5 derived from the radio emission of the WR star by
Dougherty et al. (1996). For WR 147, however, taking

km s~1 as the terminal velocity of the WN 8 starv=\ 1100
(from Eenens & Williams 1994), one gets M0 WR D 6.5
] 10~4 yr~1, which is an order of magnitude largerM

_than the mass-loss rate value of 10~5 estimatedM0 WR \4.6
from the radio emission by Williams et al. (1997).

For WR 147, Williams et al. (1997) have deduced a dis-
tance of B630 pc by comparing infrared photometry of WR
147 and WR 105, the latter being another WN 8 star
suspected to be in the Sgr OB1 association, whose distance
is known. It is from this estimated distance and from VLA
measurements of the radio Ñux that Williams et al. (1997)
have estimated the mass-loss rate in the WR component of
WR 147 to be 4.2 ^ 0.2 10~5 yr~1. The disagreementM

_with our estimated value can be resolved in two ways : (1)
we have overestimated by at least 1 order of magnitude,M0 Oin which case the OB component in WR 147 is unlikely to
be an O supergiant, or (2) WR 147 is more distant than
estimated by Williams et al. (1997), i.e., at least 1 kpc away.
If the latter interpretation is true, then there exist signiÐcant
di†erences between the spectral energy distributions of WR
105 and WR 147. The former interpretation is more likely
to be true, which means that we have overestimated the
mass-loss rate of the O component because of an inaccurate
assessment of the spectral type and luminosity class. The
key element here is the observation of the Ðlling in of the Ha
proÐle, which does suggest a high mass-loss rate and lumi-
nosity. Clearly, a resolved spectrum of the OB component
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in WR 147 spanning the whole optical range is required to
resolve this issue. Such an observation will have to be per-
formed with the Hubble Space Telescope or with similar
high spatial resolution from the ground.

While WR 86 does show evidence for some nonthermal
emission, it is listed by Dougherty & Williams (2000) as
having a ““ composite ÏÏ spectral energy distribution (as com-
pared with a ““ nonthermal ÏÏ spectral energy distribution for
WR 146 and WR 147, and a ““ thermal ÏÏ energy distribution
for suspected single WR stars). We believe that the fact that
this star has only a weak component of nonthermal emis-
sion can be explained by the smaller mass-loss rate from the
B component. While late-Of stars typically have derived
mass-loss rates yr~1, a star of spectral typeM0 D 10~5 M

_B0 III like the companion to WR 86 is expected to have a
mass-loss rate D10~7 yr~1 or about 2 orders of magni-M

_tude smaller than Of stars (e.g., Runacres & Blomme 1996).
Assuming for the B0 III star to be of the same order ofV=magnitude as for the supergiant O stars in WR 146 and WR
147, this means that the wind momentum from the B0 III
star must be 2 orders of magnitude smaller and therOB,distance from the OB star to the wind collision front, is
expected to be 1 order of magnitude smaller for the WR 86
system than it is for WR 146 and WR 147. This means that
the WR 86 shock front is formed much closer to the OB
component and most likely wraps around the OB com-
ponent with a much smaller opening angle. Hence, the total
volume where nonthermal emission occurs should be sig-
niÐcantly smaller, which accounts for the weaker non-
thermal emission. This hypothesis can be tested by imaging
the WR 86 system in the IR/radio at very high spatial
resolution and locating the source of the weak nonthermal
emission. We predict that the nonthermal emission occurs
very close (a few milliarcseconds) to the OB component,
where rOB/DD 0.01.

It has been suggested by Dougherty et al. (2000) that
some apparent discrepancies in the luminosities of the com-
ponents in WR 146 might be resolved if the O8 companion
was itself a WR ] O binary. Likewise, Setia Gunawan et al.
(2000) have interpreted the observed 3.38 yr period in the
1.4 GHz radio emission as evidence for a third component
in the system orbiting the O8 star. Our resolved spectra of
WR 146 shows no clear evidence for a third component. It
is true that the C IV emission feature in the O8 star spec-
trum, which we marked as contaminated light from the WC
6 star, does look signiÐcantly di†erent from the actual C IV

proÐle in the WC 6 spectrum, and thus one may argue that
the so-called ““ contaminated light ÏÏ could actually be the
signature of another WR star orbiting the O8 component.
We note, however, that (1) the fact that the PSF is strongly
dependent on the wavelength most likely introduces a
dependency on wavelength for the amount of contaminated
light, which can distort the C IV proÐle on the O8 star, and
(2) the extracted spectra being the result of a multidimen-
sional Ðt of the whole double PSF proÐle, we do not neces-
sarily expect the contamination to add up in a strictly linear
fashion (i.e., e†ects may be nonlinear), which means that a
disproportionately strong contamination could occur at the
point where the C IV line is brightest, hence distorting the
C IV proÐle in the O8 star spectrum. We therefore
conclude that there is no evidence for another WR star
orbiting the O8 star component on a tighter orbit. We can
safely rule out the presence of any unresolved WR star,
except for one that would be signiÐcantly fainter (at least

1 mag) than the resolved WC 6 component. Unless the WC
6 is unusually bright for its spectral type, this leaves only a
relatively faint WR star of spectral type WC 3ÈWC 4 or
WN 2ÈWN 3 (see van der Hucht 2001) as a possible (but
unlikely) candidate. If the O8 star is an unresolved double,
it is more likely to be an OB] OB system.

5. SUMMARY

We brieÑy summarize our Ðndings as follows :

1. We have obtained resolved spectra of the components
in the close visual binary systems WR 86, WR 146, and WR
147. WR 86 is classiÐed as WC 7] B0 III, with the WR
component to the northwest and the B component to the
southeast. WR 146 is classiÐed as WC 6 ] O8 IÈIIf, with
the WR component to the south and the O component to
the north. WR 147 is classiÐed as WN 8 ] O5È7 IÈII(f ),
with the WR component to the south and the O component
to the north. The relative location of the WR and O
components in the WR 146 and WR 147 systems is
consistent with the colliding-wind interpretation of their
radio maps.

2. Absolute magnitudes of the OB stars have beenM
Vderived, based on the spectral typeÈmagnitude relationship

of SK82 and compared with the estimated absolute magni-
tudes of the Wolf-Rayet stars (from van der HuchtM

v2001). While the values are consistent for the WR 86 system,
we Ðnd a signiÐcant discrepancy in the WR 146 and WR
147 systems. For WR 146 it looks as if the WC 6 star is at
least 2 mag brighter than expected (or the O8 IÈIIf star is at
least 2 mag fainter than expected). For WR 147 the WN 8
star appears to be at least 1.5 mag brighter than expected
[or the O5È7 IÈII(f ) star is fainter than expected].

3. From the spectral types, we estimate that the O com-
ponents in WR 146 and WR 147 have mass-loss rates

yr~1. These values can be compared withM0
O

D 10~5 M
_the estimated values for the WR component mass-loss rate

which are linked to through the conÐguration ofM0 WR , M0 Othe colliding-wind systems. While the estimated value of M0 Ofor WR 146 is consistent with our value of forM0 WR , M0 OWR 147 is an order of magnitude too large. This most likely
indicates that our spectral classiÐcation is inaccurate,
although it could also mean that current estimates of the
distance to WR 147 are too low. A more accurate spectral
classiÐcation for WR 147 is required to resolve the discrep-
ancy, which will require new resolved spectroscopic obser-
vations of the OB component in WR 147.

4. From the spectral type, we estimate the B component
in WR 86 to have yr~1. The relativelyM0 D 10~7 M

_smaller mass-loss rate in the OB component in WR 86 must
result in the colliding-wind region being much smaller in
volume and located much closer to the B star. Hence the
amount of nonthermal emission arising in the shock cone is
expected to be much smaller. The reduced mass-loss rate
from the B star and smaller volume of the resulting shock
cone explains why WR 86 is found to be a weak nonthermal
emitter, while WR 146 and WR 147 are known strong non-
thermal emitters.

5. In none of the systems did we observe any trace of
di†use emission down to the instrumental limit. If there is
any di†use emission in the optical associated with the
colliding-wind interface, it must be weaker than 5] 10~15
ergs cm~2 s~1 arcsec~1.A� ~1
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Overall, we feel that the classiÐcation of OB stars, espe-
cially the determination of luminosity classes, is a difficult
and nontrivial task. The main reason for this is the lack of
availability of a uniform sequence of digital spectra span-
ning the whole spectral range from blue to red. Existing

atlases, while useful, are sometimes fragmentary, and most
are based on photographic spectra. Publication of a com-
prehensive atlas of digital spectra for OB stars based on
CCD observations and covering the whole optical range
from D4000È7000 would be very beneÐcial to this Ðeld.A�
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