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7
Concluding Remarks

SPECTRA of Wolf Rayet (WR) binaries at high frequencies, i.e., from UV down to mid-
infrared, are dominated by radiation from their photosphere. Only at lower frequencies

does the free-free radiation from their strong stellar wind show more influence. However, the
effects of colliding winds can readily be seen at UV and infrared wavelengths. Dust formed
around WR binaries as high density matter cools down after it flows away from the hostile
region where the winds collide, causing excess-infrared fluxes. The orbital motion of matter
in the region where the two winds collide is also suggested to be responsible for the variations
seen on the UV P-Cygni profiles of WR 140. Colliding winds give rise to radiation at radio
frequencies causing deviation from the thermal radio spectrum expected from stellar winds,
hence non-thermal radiation. It has also been shown that inhomogeneities in the winds of
WR 146 and WR 147 may cause stochastic variations on this non-thermal radiation, while
a probable third body in WR 146 may cause a sinusoidal variation different from the binary
period. These wind properties were used in a radio search for more massive binaries in Cygnus
OB2 association. I summarize the UV to radio studies of colliding winds from the previous
chapters in Sect. 7.1, and discuss the next step towards a better understanding in colliding
winds in WR binaries in Sect. 7.2.

7.1 General summary

We have seen that at optical and longer wavelengths, the flux density can be expressed as S� /
��, with � range from 0.7–1.5 (Chapter 2). This is consistent with the free-free emission by
plasma which is intermediate between optically thick, which will give �=2, and optically thin
(�=–0.1). The spectral indices deviates from the expected spectral index �=0.6 of spherically
symmetric, steady-state wind which density falls off according to the inverse-square of the
distance, r�2 (Wright & Barlow 1975). This may be due to several reasons: a time variable
wind, a-spherical structure, or variability in the outflow density or velocity, or a combination
of these causes. The WR+O binaries in the study seem to show a flattening of their spectra
with increasing wavelength, with a spectral index change typically at around the mid-IR. We
suggest that this is due to a significant contribution from the O star to the optical and near
infrared (NIR) spectra, while the long wavelength spectra are dominated by the WR wind.

Some WR stars show excessive infrared emission, characterized by a big hump. This
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164 CHAPTER 7 CONCLUDING REMARKS

excess emission has been related in various studies to dust formation. Compression of the
wind matter at around the colliding-wind zone ensures very high density plasma to form
which will cool down as it flows out along the colliding-wind cone. At distances of a few
thousand stellar radii, the high density matter will be cool enough to be able to condense and
form dust. All but one of the WR stars in Chapter 2 that show this infrared hump are binaries.
The one that is thought to be a single star, WR 95, however, showed increased radio emission,
which is consistent with binary picture. Could this star be a binary as well? In fact, Williams
and van der Hucht (2000) suggested that all dusty WR stars could be in a binary. This view
was challenged by Veen (2000) who claims that also single WC9 stars can produce dust as
they can provide the high density matter within their massive winds, which later can condense
into dust. So, the answer lies in detecting (the evidence of) the companions.

We learned in Chapter 3 that the large eccentricity of the binary system WR 140 led to
striking changes in the line of sight to the binary components. The changes of the shape of
the UV line profiles are confined to resonance lines of ions, and are phase dependent. We
concluded that selective wind eclipses of the O-star wind by the WC wind were observed in
the ultraviolet spectra of WR 140 (WC6+O4.5V), lending more support to the selective wind
eclipse concept. This seems to be the main cause of the UV spectral variations. However,
the line-profile changes suggest that the distribution of the eclipsing matter is not spherically
symmetric. This is where the colliding-wind effect sets in. The region where the winds of
the two stars collide is quite turbulent with a large velocity dispersion and compression of
matter in this region creates a higher plasma density. This colliding wind effect may occur in
combination with a possible common-envelope acceleration by the combined WC and O-star
radiation field.

Going further towards the radio end of the electromagnetic spectrum, we saw a completely
different picture. In Chapter 4 and 5, we see that the radio spectra of WR 146 and WR 147
show a deviation from the free-free emission of stellar wind. We have shown that their radio
spectra can be explained as a combination of thermal free-free emission and synchrotron
emission from relativistic particles. High resolution radio maps of these systems by various
authors suggest that the extra emission comes from the region where the colliding winds take
place. Thus, we confirm the analytic colliding-wind model proposed by Usov (1992) and
elaborated by Eichler and Usov (1993), mentioned in Chapter 1.

Our study in Chapter 4 suggested that WR 146 (WC6+OB) shows orbit-dependent flux-
density variation, i.e. flux density rise which is consistent with binary separation changes due
to orbital movements. The lightcurve of WR 146 presented us also with a surprise. A Fast
Fourier Transform analysis to the lightcurve, with the long-term flux-density rise subtracted,
results in a 3.4-yr sinusoidal variation. We suggest this to be due to the presence of a prob-
able third body, modulating the wind flow or the magnetic field of the WC or O stars. Sub-
tracting both the long-term flux-density rise and the sinusoidal variation from the lightcurve,
we obtained another variation which is fast (with a typical timescale in the order of weeks)
and stochastic. We suggest that this stochastic variation is caused by inhomogeneities in the
wind of the binary components. The clumps in the wind can cause both extra emission, i.e.,
when the high density clumps entered the colliding-wind region, and extra free-free absorp-
tion when the clumps are somewhere in the line-of-sight of the observer to the colliding-wind
region.

This stochastic variation is also seen in the binary system WR 147 (WN8(h)+OB, Chapter
5). Unlike WR 146, the radio lightcurve of WR 147 did not reveal any long-term flux-density
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variation which can be related to its binary period, expected to be in the order of a thousand
year. The stochastic flux-density variation, with a typical timescale of 60 days, is suggested
to be caused by inhomogeneities in the winds, and plasma outflow from the colliding-wind
region.

All the wind properties above were put into work in Chapter 6, for finding new massive
star binaries in the Cygnus OB2 association. Two by two degrees radio maps of the associ-
ation were obtained at 1400 and 350 MHz. These were compared to search for sources with
the characteristic thermal, stellar wind spectral indices. We also looked for coincidences of
sources with non-thermal spectral indices with optical/infrared objects, using various cata-
logues which comprise data from optical to radio wavelengths.

Thusfar we found one candidate colliding-wind binary which shows non-thermal radio
spectra and has a high likelihood to be identified with an O7 star. Follow-up observation at
5 and 8 GHz show that this object has a non-thermal spectral index at frequencies lower than
5 GHz, and a thermal spectral index at higher frequencies. We also suggested that, based
on their thermal spectral indices 9 unidentified sources may have a stellar origin. Clearly,
multi-frequency observations will be needed to confirm their origin.

7.2 Outlook for future studies

In the previous chapters, I have tried to find answers to the questions raised in Sect. 1.6. The
first question in Sect. 1.6, about the steady-state, spherically-symmetric wind, is answered.
At least, part of it. It has been shown that the wind is not smooth. From Chapter 3, there may
be a hint that the wind is probably a-spherical. The colliding-wind model of Eichler & Usov
(1993) is confirmed, and therefore we started to have a view on how the luminosity depends
on the binary geometry (second question in Sect. 1.6). But, we also see that modification to
the model is seriously needed, among others to include effect of inhomogeneities in the wind.
I still do not have any answer to the third question about whether all WR stars all reside in
binary system.

Along the way, further questions emerged. The structure of the colliding-wind region
is still poorly understood. And so are the cooling processes involved and the origin of the
magnetic field strength. These points to the importance of understanding the structure of both
the stellar winds and the non-thermal region. One step towards understanding the structure
of the wind and colliding-wind region is by obtaining as detailed as possible ’pictures’ of the
system. So, obviously we want to go to the highest possible resolution with the lowest possible
sensitivity. Higher resolution in the optical region should be able to resolve the binarity of
objects that are reasonably nearby.

7.2.1 Thermal emission

Better resolution and sensitivity in the infrared will allow us to take snapshots of the thermal
dust formed around WR stars. An interesting task will be to distinguish between dust formed
in binaries and that of single stars. The picture of the spiralling dust around WR 104 shown in
Fig. 1.1, can nicely be explained by binarity. This is especially useful to find binarity in stars
with continuous dust formation. Dust-forming stars that are thought to be single will also be
interesting to be studied, as by probing their dust, we should be able to deduce how the matter
is distributed around the star and how its density vary; we should be able to see the thermal
dust structure. An instrument which will be appropriate for this task is MIDI, the mid-infrared
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(10-20 micron) interferometry with the ESO VLT telescopes. Its angular resolution of 0 00: 02,
will allow us to see the details of the dust, and may even resolve the binary components.

Among the most important parameters of the colliding-wind model are the mass-loss rates
of the binary components. Most used methods to determine the mass-loss rates are the UV
P-Cygni line fitting and the flux density measurement in radio to long-IR wavelengths. In the
first method, the observed and synthetic spectra are compared, where the synthetic spectra
are calculated with an assumed wind velocity law. The second method uses Eq. 4.8, where
mass-loss rate is a function of flux density, wind velocity, distance of the source, and plasma
conditions. For WR and O stars which have high mass-loss rate, the most pronounced P-
Cygni profiles may be saturated or the ionization fraction (for the synthetic spectra) is not
known very well. These result in an unreliable mass-loss rates. The IR wavelengths have
the disadvantage that the flux may be contaminated by dust emission, and the radio data may
contain non-thermal emission. At sub-millimetre (sub-mm) wavelengths, the dust influence
has diminished and the non-thermal effect has not yet set in. Therefore, the best way to obtain
the information about mass-loss rate will be from sub-mm observation.

The Atacama Large Millimetre Array (ALMA) will be the ideal instrument for this pur-
pose: it can observe up to 1 THz, ensuring that we are far enough from non-thermal emission
in radio wavelengths, and far from the excess emission by dust in IR wavelengths. The sen-
sitivity, expected to be able to observe down to 60 �Jy in the continuum, will enable us to
observe very faint sources. Best of all, the angular resolution of 0 00: 01–0 00: 1 will allow us to
observe both components of the binary simultaneously in at least the wider binaries. With the
sensitivity of ALMA, we can expect to observe a typical WR star (with a mass-loss rate and
wind velocity of _M=10�5 M�, v1 = 2000 km/sec), to a distance of about 11 kpc at 1 THz or
up to 30 kpc for WR stars with higher mass-loss rate.

7.2.2 Colliding-wind structure

It is now confirmed by various studies that the non-thermal radio emission from WR binaries
is formed inbetween the binary components, as illustrated in the model of Eichler and Usov. It
has also been shown in Chapters 4 and 5, that for the non-thermal radio emission to be observ-
able at a certain frequency, it has to overcome the absorption by the radiophotosphere at that
frequency. Therefore WR binaries with wide separations, like WR 146 and WR 147, are best
suited to study the non-thermal structure. Long baseline interferometers like MERLIN and
the European VLBI Network (EVN) can already resolve the non-thermal emission. However
with Very Long Baseline Interferometry (VLBI) we will be able to resolve the structure into
more detail as illustrated by the result from our VLBI experiment on WR 146 (WC6+O8),
carried out in February 1997.

The main goal of the VLBI experiment was to outline the morphology of the non-thermal
emission. At 1.6 GHz, the thermal emission from the binary components is expected to be
below 1 mJy, i.e., below the detection limit of the experiment. Therefore we considered that
absolute position was not very important and, to gain more integration time on the WR binary
itself, we did not use the phase-referencing technique. Due to failures at some of the VLBI
stations, the sensitivity reached was lower than we had anticipated. However, we still obtained
a very encouraging result, as presented in Fig. 7.1.

The VLBI image clearly shows an extended structure, elongated in the East-West direc-
tion, approximately orthogonal to the line separating the two stars (resolved by the HST,
Niemela et al. 1998). The structure suggests a bow shape, expected from the region where the
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FIGURE 7.1— The colliding-wind structure of WR 146, observed by the EVN at 1.6 GHz. The peak
flux density is 10 mJy, and the 1� rms noise of the map is 0.35 mJy. The contour levels are –3, 3, 6,
9, 12, 15, 18, 21, 24 � �. The beam size is plotted on the lower left corner of the figure. Assuming a
distance of 1250 pc to the binary system and that the peak of the structure coincides with the region
where the two winds collided, we illustrated the expected positions of the binary components and their
radii of the 1.6 GHz radiophotospheres. The points along the colliding-wind cone denotes the time
needed by the relativistic particles from the bottom of the cone to flow out along the cone.
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winds of the binary components collide, i.e., where the ram-pressure of the winds are equal.
So far, it conforms to the predictions of the Usov’s (1992) colliding-wind model. However,
the image shows asymmetry: the brightness on the Southern part of the structure is steeper
than that to the North.

We argued in Chapter 5 (Sect. 5.4.1) that inhomogeneities will result in a more extended
interaction region. When a clumpy WR wind collides with a smooth OB star wind, the dense
clumps will penetrate further into the OB wind than a smooth wind would do, so that the
interaction region extends further towards the OB star. This could be the effect that is shown
by the North-South asymmetry, where the Northern emission, close to the OB star, seems to
be more extended. We have also argued in Chapter 4 (Sect. 4.6.2) that there may be a third
component in the WR 146 binary system, which could be responsible in giving the East-West
asymmetry. Based on the high luminosity of the system to have come from a WC6 and an O8
stars, Dougherty et al. (2000), suggested the O8 component to be either a high luminosity O8
star or an O8+WC binary system. However, the asymmetries may simply be a result of the
inclination observers line-of-sight to the plane of the cone. Or it may be a result of a-spherical
winds of the binary components. A more detailed image and modelling will be required to
confirm which of these effects may be involved.

We have put in Fig. 7.1 the expected position and the radiophotospheres of the binary
components, taking a distance of 1250 pc to the system as an assumption. We plotted the
wind-collision zone as well. We note that this is all hypothetical, as the observation is not
phase referenced. However, we would like to point a few things. If all the assumptions were
correct, the radiophotosphere of the OB star extends slightly into the non-thermal emission.
This may explain the curvature in the lowest contours.

We have also plotted along the wind-collision line points the estimated time it takes for
the relativistic particles to flow out of the colliding-wind zone, assuming a velocity equal to
the WR wind velocity. The flow time is defined by Eichler & Usov (1993) as rOB=v1(WR),
where rOB is the distance of the OB star to non-thermal emission, and v1(WR) is the terminal
velocity of the WR wind. As matter flows along the cone away from the dense region, the
density will fall followed by a decrease of temperature. The magnetic fields will also be
weaker as the particle go further away from the most violent part of the collision. This resulted
in a lower energy of the relativistic particle (adiabatic cooling), which explains the steep
decrease of the non-thermal emission. As argued in Chapter 4, other losses are insignificant.

Dougherty & Williams (2000b) raised the question of whether massive star companions
are required to produce non-thermal emission in Wolf-Rayet stars. They argued that because
the non-thermal emission has to overcome absorption by the radiophotosphere, it may not be
possible to observe the emission in short period systems. Short period systems have narrower
separation. This means that when the two winds collide, they still have very high densities,
resulting in a higher non-thermal luminosity. Unfortunately, this will be absorbed by the
opaque winds. However, as the size of the radiophotosphere falls off as ��2=3, this will be
much smaller at higher frequencies, allowing the non-thermal emission to escape. Therefore,
sensitive VLBI imaging at 15 GHz will be an ideal way to probe the non-thermal emission
from close binaries, as we would observe both the thermal and the non-thermal emission, as
illustrated in Fig 7.2.

There is however a possible complication. At a smaller separation, the density of matter
may be high enough for Razin-Tsytovich effect to take place. If this is the case, the non-
thermal emission will be suppressed further, and we may not be able to see this at all. The
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FIGURE 7.2— Spectral energy distributions of WR binaries. ST (....) is the thermal flux density, SNT

(– . – .) is the non-thermal flux density, and solid line is for the total flux density. In narrow binaries,
the wind density at the colliding-wind region is higher than in wide binaries, resulting in a higher non-
thermal flux density. As the radiophotosphere is smaller at high frequencies, the non-thermal emission
may be able to overcome free-free absorption by the dense thermal wind. Sensitive VLBI imaging at
15 GHz will allow us to observe both the thermal and the non-thermal emission.

frequency where Razin-Tsytovich suppression come into effect depends on the density of the
matter and the inverse of magnetic field:

�R / ne
B
: (7.1)

The wind density varies, approximately, according to ne /r�2, and, following Eichler and
Usov (1993), the magnetic field is assumed to vary according to B/r�1. Hence, going closer
toward the stellar surface means that the Razin-Tsytovich effect might become more impor-
tant. Therefore the high-frequency VLBI experiment will also be interesting to test the im-
portance of Razin-Tsytovich suppression in colliding-wind binaries.
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