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Abstract. It is in the ultraviolet-optical domain where the strongest known
emission lines arise in hot star winds. In the case of hot-star binaries, culminating
in the relatively common, strong-wind WR+O systems, similar line-emission is
seen in the cooling flows downstream from the highly compressed, X-ray emitting
heads of the bow shock regions produced when the two winds collide. Time-
resolved UV-optical spectroscopy of these flows around a complete orbit can
provide important constraints not only on the colliding wind process itself, but
also on the winds and the orbit. Spectroscopic wind-wind collision effects have
now been seen in every relatively close WR+0 system (P < 100d) that has been
adequately observed so far.

1. Introduction

Massive stars are notorious for their strong winds, which are also fast if the stars
are hot. In the case of single massive hot stars, the winds will collide first with
the ISM, then with each other as fast-wind phases catch up with preceeding
slower winds as the underlying star crosses the H-R diagram from cool back to
hot. These interactions often lead to the so-called ‘ring nebulae’, on scales of
the order of a parsec.

In the case of massive binaries containing hot stars (mainly O and WR
type), the winds can collide on a scale determined by the orbital separation:
10s of solar radii for the closest systems to 100s of AU for the widest observed
systems (see below). Among the possible combinations of different stellar types
in hot-star binaries, those systems containing a WR and an O star appear to
release the most energy in a shock zone created by wind-wind collision (WWC).
The effects are weaker and more difficult to quantify in O+O systems (e.g., Gies
1996), while WR+WR, systems are extremely rare, if any exist at all. Hence,
I will restrict the remaining part of this review to WR+O systems, for which
considerable interest has arisen in very recent years.

2. Evidence

Although not really ‘evidence’ per se, theoretical calculations show that WWC
shock cones should occur when two smooth, spherically symmetric hot-star
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winds collide (e.g., Stevens et al. 1992 for numerical work; Eichler & Usov
1993 for analytical work). In particular, these studies show that, while X-ray
temperatures can occur in the region of the bow shock head where the winds
collide ~ head-on, downstream from this rapid cooling can occur along a nearly
linear shock cone of half-opening angle © and angular extent A©. To within a
degree, the former can be expressed in terms of the ratio of the terminal wind
momentum transfer rates = (Mv)o/(Mvs)wr (or what turns out to be the
squared ratio of distances from the centre of each star to the stagnation point
between the stars, = (ro/rwr)?, © = 120°(1 — ?/5/4)n'/3. Note that for n=0
and 1 (extreme limits), © =0° and 90°, respectively, i.e., a pencil-sharp shock-
cone for highly dominating WR wind, to a contact surface defined by a plane
for equal winds. One also has A® =~ © for an adiabatic flow, while A® <« © for
efficient cooling (e.g., for close systems where the WWC zone density is high).

The real, hard evidence is in the observations. These can be sorted into
two classes: resolved and unresolved WWC zones. The former is the hard-
est evidence, and has been only seen in several rare cases so far: from (non-
thermal) radio images of the bow head region of two wide visual binaries WR 146,
WC6+0 (Dougherty et al. 1996) and WR 147, WN8+OB (Williams et al. 1997),
and in near-IR emission from dust in the 13.1-year WC7+4OB binary WR 137
(Marchenko, Moffat & Grosdidier 1999a and in these Proceedings). In all three
cases, the emitting regions are highly clumped.

As for unresolved evidence, there is plenty. This includes excess non-thermal
radio emission, variable X-ray emission, and variable IR emission from dust
forming in the WWC zone (see other reviews of colliding winds in these Pro-
ceedings). It also includes ezcess spectral-line emission and associated phase-
dependent line-profile variations (LPVs) arising downstream in the WWC zone.
This latter is the subject of this review.

3. Observations of WWC line emission: general

3.1. Lines versus continuum

It is useful to contrast what one can obtain from spectral lines versus continuum
emission arising in the WWC zone (unresolved). While non-thermal radio and
X-ray continuous emission is generated in the hot bow head, IR continuous
emission arises far downstream along the shock cone, from hot, clumped dust.
The dust has formed via ram compression of the gas and shielding from the
lethal UV radiation fields of the stars, aided by extreme clumping, as is now
indeed seen in WR 137.

Excess line emission in the UV, optical and (near-)IR that is observed from
the WWC zone, must arise between the hot bow head and the cooler dust
forming region. The advantage of lines is that one has Doppler information,
that (unresolved) continuous emission does not offer. From this, we can deduce
geometrical parameters of the WWC collision process that cannot be done (as
easily and directly) from the continous emission. However, it should be noted
that the powerful diagnostic of X-ray line emission is starting to be exploited,
and nothing can really beat being able to resolve the WWC zone directly. The
latter will become possible once ultra-high resolution optical/IR interferometry
becomes a reality.
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Unfortunately though, excess line emission from the WWC zone often coin-
cides with similar line emission from the WR wind, which can vary in different
ways (e.g., Marchenko et al. 1997). These include orbital radial velocity (RV)
changes, disk eclipses, atmospheric eclipses, heating effects and gravitational dis-
tortions, all of which vary with orbital phase. The first three require relatively
high orbital inclination, :. To these effects, one can add corotating interactive
regions, clumps, variable global mass-loss rate and possibly other heretofore un-
recognized effects that can affect the line emission without being correlated with
orbital phase.

3.2. Emission versus absorption lines

Another interesting distinction to make is between emission- and absorption-
lines arising in WWC zones. As will be discussed below, emission excess from
WWC zones allows a global view at all orbital phases and any inclination. Most
cases are optically thin, so that the equivalent width of the excess emission (W)
remains ~ constant with phase. However, the profile shape can change as a
function of phase, allowing one to determine various parameters relating to the
geometry and flow speed (see below). On the other hand, absorption through
the WWC excess density requires back illumination, so its visibility is limited
to special phases, normally ~ 0.6 £0.1, i.e., just after passage of the O-star in
front for a circular orbit, and 7>90°-© (e.g., the optical work on V444 Cyg:
Marchenko et al. 1997).

3.3. Optical versus ultraviolet lines

Yet another distinction can be made between optical (including in principle
also near-IR lines) and UV lines. While the UV contains mostly resonance and
low-excitation lines formed in more remote areas, the optical generally contains
weaker, subordinate lines formed closer to the source. This makes the optical
more effective to trace the WWC zone globally in optically thin emission lines.
Furthermore, WWC effects can often be confused in the UV with selective wind
eclipses (e.g., St-Louis 1995). Most UV spectroscopy has been done using IUE,
hence of limited S/N (typically 20-30), in contrast with the optical, where S/N
reaching 300 and more can be obtained easily. On the other hand, the availability
of resonance lines in the UV allows one better to estimate the terminal velocities
of both stars (e.g., V444 Cyg: Shore & Brown 1988). Given all its advantages,
we will thus concentrate on optical observations in the rest of this review.

4. Observations of WWC line emission: optical

4.1. Case studies

Table 1 containes a list of 23 WR+O binaries in which the effects of WWC
have been sought and explicitly reported. It includes 18 Galactic, 3 LMC and 2
SMC systems. In the Galaxy, at least 10 more systems not included in Table 1
are within easy reach, while in the Magellanic Clouds (MCs), a programme is in
progress by Foellmi et al. (1999) to examine all known WN spectra in the SMC
and all known WNE spectra in the LMC for binaries; with subsequent study of
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Table 1.  WR+O binaries spectroscopically sought for WWC

star spectrum P(d) WWC? remarks references
WR9 WC4+07 14.3 strong 1
WR11  WC8+09 78.5 moderate 2,3
WR21  WN50+05 8.3 moderate 4,5
WR22  WN7ha+09 80.4 weak eclipsing 6,7
WR30a WO05+04 4.6 moderate 1
WR42 WC7+07V 7.9 strong 8
WR46  WN3bpec 0.3 (v. strong) WR+c? 9,10
WR48  WC6[+09.5]I] 18.3 v. strong 4,11,12
WR79 WC7+05-8 8.9 strong 4,8,13
WR113 WC8+08-9IV 29.7 strong (eclipsing) 14
WR 133 WN50+091 112.8 weak 15
WR137 WC7+0B 13.1yr no 16
WR 139 WN50+06 4.2 strong eclipsing 5,17,18
WR140 WC7+04-5 7.9yr e =0.85

170  weak equiv. e =0 19,20
WR 141 WN50+05 21.7 v. weak 21
WR 148 WN8h 4.3 moderate @ WR+4corB 22
WR 151 WN40+05V 2.1 strong eclipsing 23
WR155 WN60o+09 1.6 moderate  eclipsing 24
Br22 WC4+05-6 14.9 strong 1
Br31 WC4[+08I:] 3.0 moderate 1
Br32 WC4+06 1.9 moderate 1
AB5 WNo+0T7I: 19.3 v. strong eclipsing 25
AB8 WO04+07 16.6 strong 1

Ref.: 1 - Bartzakos (1998), 2 - St-Louis et al. (1993), 3 - Eversberg et al. (1998),
4 - St-Louis et al. (1996), 5 - Koenigsberger & Auer (1985), 6 - Raauw et al.
(1996), 7 - St-Louis (1995), 8 - Hill et al. (1999a), 9 - Niemela et al. (1995), 10
- Veen et al. (1995), 11 - Moffat & Seggewiss (1977), 12 - Hill et al. (1999b),
13 - Liithrs (1997), 14 - Antokhin & Moffat (1999), 15 - Bertrand (1995), 16 -
Moffat et al. (1999), 17 - Shore & Brown (1988), 18 - Marchenko et al. (1997),
19 - Hervieux (1995), 20 - Setia-Gunawan et al. (1995), 21 - Marchenko et al.
(1998), 22 - Marchenko et al. (1996), 23 - Lewis et al. (1993), 24 - Marchenko
et al. (1995), 25 - Moffat et al. (1998).

Note: The shorter period for WR 140 corresponds to a circular orbit with
component separation equal to the minimum separation of the observed highly
elliptical orbit, all else being equal.

WWC effects, as did Bartzakos for the WC/WO stars in both MCs. Later, we
will go after all the WNL stars to complete the LMC.

From Tablel, it is apparent that WWC LPVs are very common among
WR+O binaries, as long as the periods are not too long (P <100d). Main
trends emerging are threefold: (i) WWC effects tend to be stronger in WC + O
systems than in WN+-O systems; (i) WWC effects are strongest for intermediate
periods, in the range ~5-30d; and (%i) the WWC spectrum tends to be later
(cooler) in type than that of the WR star. The first is likely related to the
enhanced cooling due to higher ‘metal’ abundance in WC stars compared to
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WN stars. The second is more or less as predicted by Eichler & Usov (1993)
allowing for radiative braking in short-period systems, and the third may be
a consequence of the more rapid and effective cooling of the initially highly
compressed gas in the WWC bow head.

Also noted are WWC effects seen in O+O binaries (e.g., Gies 1996) as
well as LBV binaries (7 Car: Damineli et al. 1997 ; HD 5980 during eruption:
Moffat et al. 1998). The former are more subtle than in WR+O binaries,
due to the reduced wind density. 7 Car is in a complex environment and is
still being studied. During eruption in 1994, HD 5980 shows reduced WWC
effects compared to its pre-eruption state, probably because the eruptor in this
relatively short-period, elliptical system extended beyond the orbit of the (WR?)
companion to the LBV.

4.2. Analysis

Two approaches to understand the LPVs of WWCs present themselves: nu-
merical and analytic. The former involves hydrodynamical calculations of both
winds and their interaction. Such was applied to observations of the near-IR
He1 line at 1.08 y in five WR+O binary systems by Stevens & Howarth (1999).
While potentially more complete, this approach is difficult for fitting parameters
of the winds and the geometry of the interaction. While the results of Stevens
& Howarth are qualitatively interesting, they do not quantitatively fit the data
well. They also assume that the pre-collision winds are smooth, which is strongly
suspected not to be the case in virtually all hot-star winds (e.g., Eversberg et
al. 1998).

While much simpler and approximate, the analytical approach is never-
theless quite powerful, because it allows one to fit parameters and understand
better the underlying assumptions. One of the first attempts to deal with the
problem of WWCs was the work of Wallerstein et al. (1984) in the context of
symbiotic binaries. More recently, Lithrs (1997) has devised an analytic model
for the WWC zone in WR+O binaries, which I will elaborate on here (cf. also
Moffat 1998).

The Liihrs’ model first assumes optically thin, isotropic line emission from
a section of an idealized, uniform, geometrically thin cone. The plausibility of
such a cone is supported by hydrodynamic calculations of WWC for WR+O
systems and illustrated, e.g., in Fig. 1 of Kallrath (1991), where the wall of the
shock cone is nearly linear beyond the bow head. An exact form for the cone
is given by Canté et al. (1996); however, such a function will only complicate
matters here, making the cone line-emission function non-integrable in closed
form. The Lithrs’ model is applied to a circular orbit (for an elliptical orbit,
cf. Moffat et al. 1998) of inclination i. The cone opening half-angle is © (as
in the Eichler/Usov model) and the flow speed along the cone away from its
hypothetical apex is designated by a constant value vstym. In principle, different
lines would be formed at different positions downstream along the cone: lines of
high ionization formed closer to the source are expected to have slightly larger
O and slightly smaller vg, than lines of lower ionization. For a given line
transition, the emission is assumed to be uniform around the girth of the cone
over the finite region where the line is formed.

Basically, the Liihrs’ model leads to a double-peaked emission-line profile,
with cusps at the outer extremes and whose form changes with orbital phase for
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a given orbital inclination. This is not surprising in view of the even simpler
well-known result for the simple case of a thin, symmetric, uniformly ezpanding
and emitting ring (¢f. Moffat 1998). Even a uniformly rotating such ring gives
the same type of line profile, with cusps at its two edges. The separation of
the cusps corresponds to twice the expansion or rotation velocity, respectively,
of the ring. Assumed to be optically thin, the Liihrs’ excess line emission flux
remains constant with phase, as long as the emitting cone is not eclipsed. The
excess emission can be simply characterized by its mean radial velocity (RV)
and width (velocity separation between the cusps):

RV = vgtrm cos O sini cos(p — d¢),

2v, = 2Vgyrm SiN @\/1 — sin? 4 cos2(¢ — 6¢),

where ¢ is the orbital phase (WR star in front when zero) and d¢ is the phase
shift caused by the Coriolis effect of the binary motion. Note that for large
values of §¢, the emission from the cone surface will no longer by symmetric;
it will be enhanced on the side closer to the WR star (e.g., Stevens & Howarth
1999). However, it will be neglected here, assuming small values of d¢. Note
also the 90° + d¢ phase lag of the shock cone mean emission RV compared to
the orbit of the WR star, vo,(WR) = V, + Kwr sin ¢.

Of course, we never actually see sharp cusps, even at high spectral resolu-
tion. The model therefore needs modification. One way to do this might be to
replace the assumed constant streaming velocity by a distribution that allows
for the turbulent nature of the WWC zone, as seen in numerical simulations.
If this were isotropic, one could simply convolve the resulting line profile with
a gaussian, whose width corresponds to the turbulent velocity. However, the
velocity dispersion may in fact not be isotropic, as seen in stellar winds them-
selves, where the velocity dispersion is greater in the radial direction where the
driving force occurs, than the azimuthal direction (Lépine & Moffat 1999). If
the same holds in WWC zones, the disperion may be greater outwards along the
cone surface than perdendicular to it.

However, instead of this approach, Liithrs modified his model to allow for
finite width of the cone. To do this, he assumed that the © - dependence of the
WWC emission follows a parabolic law in cos ©, starting at zero at the inner
(©1) and outer (O2) edges of the cone and peaking at cos © halfway between
these two limits. This does indeed reduce the cusps to finite levels. Examples
of Liihrs’ model profiles for different 7 and © as a function of orbital phase are
illustrated in Moffat (1996).

Besides not including turbulent broadening, the modified Liihrs’ model also
does not allow for three other factors: (i) Sudden braking of the WR wind
(Gayley et al. 1997) by the opposing radiation field of the O-star companion
as the metal-rich WR wind approaches it. This effect will increase the cone
opening angle © and tend to prevent crashing of the WR. wind onto the O-star
surface, for which there is little evidence in any case; (ii) The missing ‘wedge’ of
the WR wind which is displaced by the shock cone and the O-star wind interior
to it. Stevens & Howarth (1999) attempted to model this latter factor, although
with limited quantitative success. Possibly this factor is relatively small and can
be mathematically ‘absorbed’ into the Liihrs’ cone emission function; and (iii)
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Asymmetry of the WWC profile, caused by Coriolis bending of the shock cone
axis as a result of finite orbital motion relative to the wind. The side of the cone
closest to the WR star is expected to emit more strongly as a result of higher
density.

4.3. Results

Best results from applying the Lithrs’ model so far have been obtained by Hill et
al. (1999a,b; and these Proceedings) for the two WC7+mid-O binaries WR 42
(P=7.9d) and WR79 (P =8.9d). In particular and especially in WC stars, the
C 111 5696 line is most sensitive to density enhancements. This explains both the
relatively large excess seen in this line (superposed on the relatively constant WR
wind emission of the same transition), behaving at least qualitatively according
to the Lithrs’ model, as illustrated in Hill et al. (1999a,b; these Proceedings) and
St-Louis et al. (1996), both before and after extraction. Note how the excess
emission exhibits its maximum redshift just after phase zero in both systems,
when the O-star passes behind and the shock cone is pointing away from the
observer. Of interest also is the small-scale variability of the WWC excess part
of the profile, especially evident when comparing spectra at the same phase but
different epochs. This is probably caused by the expected strong turbulence
within the shock cone. The strong underlying WR emission in this line is also
known to be highly variable in single WC stars, but at a relatively lower level
than one appears to be seeing in the excess cone emission.

While one sees the clear (but variable) signature of double peaks in the
excess emission in the broader-line star WR 79, such is much less obvious in
WR42. After fitting the Liithrs’ model, it appears that this is likely due to a
combination of the greater proximity of the double peaks in WR 42 with tur-
bulence and instrumental resolution. This may become more evident in new
high-resolution spectral data recently obtained for these two stars by Liihrs &
Moffat (1999). Variations in width of the WWC excess emission as expected
from the Liithrs’ model also prevail, but are not so obvious upon visual inspec-
tion, especially for WR 42, which has very low orbital inclination and small cone
opening angle. The resulting fits to the WWC excess (e.g., Fig. 1 of Hill et al.,
these Proceedings) appear to be quite good for WR 42, with no obvious sys-
tematic deviations at different phases. However for WR 79, there may be some
lingering asymmetries not allowed for by the Liihrs’ model, e.g., excess emission
in the blue peak around phases 0.3-0.6 (the O-type star passes in front at phase
0.5). This might be the result of any of the shortcomings of the simple Liihrs’
model, as noted above.

The low values of the orbital inclination found for WR 42 (23 +6°) and
WRT79 (33 £2° ¢f. 28° from Lithrs 1997) by this technique are in fair agreement
with other techniques. Values from polarisation, photometry and adopting a
mass for the O-companion based on its spectral type (St-Louis et al. 1988;
Lamontagne et al. 1996) are (44°, 40°, 38°) for WR 42 and (45°, 34°, 34°) for
WR 79, with estimated uncertainties of several degrees in each case. A mean
inclination of 36° in each case converts the low values observed from the orbit of
M sin® i to reasonable masses (~ 10 and 25 M, for the WR and O components,
respectively).

In another study, Bartzakos (1998; see also Bartzakos et al. 1999) has
completed a systematic search for binaries among all WC/WO stars in the
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Magellanic Clouds (MCs) resulting in only three WC4+O short-period bina-
ries in the LMC and one WO4+0 in the SMC. The WWC effects in these are
compared to those seen in the similar Galactic binaries WR9 (WC4+0) and
WR 30a (WO5+0). WWC effects are studied in all six systems, with the fol-
lowing results: Very strong WWC Lihrs-type effects are seen at C111 5696 in
the intermediate period systems Br22 and WR9 (P ~ 15d), while the total
C 111 5696 remains extremely weak in the very short-period systems Br 31, Br 32,
WR30a (P ~2-4d) and the intermediate period system AB8 (P =16.6d) in
the SMC. Remarkably, the underlying WR. subtypes in Br 22 and WR 9 change
from WC6 and WC5, respectively, to WC4 in both cases, due to the previ-
ously unrecognized confusion of the key classification C111 5696 line from the
WR wind with the WWC source. This makes all the WC types in the LMC
identical: WC4. One other (single) WC/WO star in the LMC is WO4, i.e.,
very similar to WC4 with enhancement of O-lines, while the SMC star (AB8)
is WO4+0.

Other strong lines in all six WCE/WO binaries show WWC effects. The
clearest case is for the doublet C1v 5802/12, where the WWC Liihrs’ effects
are seen despite the (nevertheless relatively small) smearing effect of the line
doublet. However, formal fits to the Liihrs’ model profiles are not as satisfactory
for C1v or for Cii1, as in the case of WR42 and WR79. This may be due
to the (necessarily) somewhat inferior quality of the MC data, combined with
degeneracies in fitting.

Of special interest are WWC effects in elliptical orbits. In particular, three
such WR+O systems have been studied so far in the context of WWC excess
emission. The advantage is, despite the increase in complexity, that one can in
principle probe the wind interactions at different separations in the same system.
In the very long period (P = 7.94 yr) system WR 140 (Williams et al. 1987,
1990), the eccentricity is so large (e =0.85) that one sees WWC line excess
emission only close to periastron passage (Hervieux 1995), although heating
effects may also play a role (Marchenko et al. 1999b). In the 78.5d, e=0.33
system 2 Velorum, the C 111 5696 excess increases in strength around periastron
passage and may show effects of crashing of the WR wind onto the O-star (e.g.,
Eversberg et al. 1999). In the 19.3d, e=0.27, massive, eclipsing SMC binary
HD 5980, WWC effects appear to be spectacular (Moffat et al. 1998) in the
more quiescent state before one of its components erupted as an LBV in 1994.
This may be due to the fact that both stars before the eruption had winds of
similar strength, maximizing the effects of WWC.

5. Conclusions

Three main conclusions emerge from this work so far:

e WWC - LPVs appear to be universal in WR-+0 systems with short to moderate
periods below =~ 100d. They are, however, often difficult to disentangle from
other effects for high inclination and very short-period systems.

e WWC line effects can be used as a tool to probe three phenomena: (1) the orbit
(2); (2) the winds of the two stars 7(0),d¢ — (Mvso)o/(MVso)WR; Vorb/Vwind;
(3) the collision process itself (vstrm, AO).

e WWC effects may hinder (possibly even prevent) Roche-lobe overflow or wind
accretion in most WR+O and O+O binaries. This is less certain in bloated

https://doi.org/10.1017/50074180900205548 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900205548

286 Anthony F.J. Moffat

LBV /RSG+O systems, which probably preceed most WR+O binaries, although
WWC must ultimately be accounted for there.

Several obvious avenues remain to be exploited in the context of this review:
e Attempt to trace the shock cone from excess WWC emission in lines of different
ionization potential, thus formed at different places along the shock cone.
o Explore the expected rich line spectrum and its phase-dependent variation in
the far-UV and X-ray domains. The latter will arise closest to the extremely
hot bow shock head.
e Attempt to predict the WWC line excess spectrum on the basis of hydrody-
namical + radiative models of the WWC process, allowing for the clumpy nature
of the winds even before WWC (e.g., Walder, these Proceedings).
o Resolve the WWC zones directly using stellar interferometry. Although not
in the true spirit of this spectroscopic review, this will be the ultimate way to
explore WWCs, thus testing all the spectral work that came before it. Even
for the closest system, 42 Velorum at d =258 pc (van der Hucht et al. 1997),
the mean orbital separation is ~ 5 mas, so one will need sub-mas resolution to
resolve the WWC zone. This may be possible from the ground in the next few
years, but ‘more likely from space in some 10 years (using SIM, GAIA).
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Discussion

Canté: We have obtained an exact analytic solution (see ApJ 469, 729, 1996) for the
shape, mass surface density and velocity along the shell that is formed in the collision
of two isotropic stellar winds. The solution is very simple and can be used to obtain
the observational characteristics of such interaction. The energetics and momentum
distributions of the bow-shocks are given in: B. Reipurth & L. Bertout (eds), Herbig-
Haro Flows and the Birth of Low Mass Stars, p. 343.

Owocki: Are any of the systems you’ve discussed close-enough in separation for radiative
braking effects to be important?

Moffat: Almost certainly, but we cannot separate a priori a higher n system with no
braking from a lower 7 system with braking. We need more information to do it, e.g.,
Voo and M of both stars obtained from other considerations.
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