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High-resolution radio observations have revealed thatthermal radio emission in Wolf-Rayet
(WR) stars arises where the stellar wind of the WR star colidésthat of a binary companion.
These colliding-wind binary (CWB) systems offer an impottkioratory for investigating the
underlying physics of particle acceleration. Hydrodynambdels of the binary stellar winds and
the wind-collision region (WCR) that account for the evabutiof the electron energy spectrum,
largely due to inverse Compton cooling, are now availabladiBmetry and imaging obtained
with the VLA, MERLIN, EVN and VLBA provide essential consinas to these models. Models
of the radio emission from WR146 and WR147 are shown, thougbetliery wide systems do
not have defined orbits and hence lack a number of importadehmarameters. Multi-epoch
VLBI imaging of the archetype WR+O star binary WR140 throughast pf its 7.9-year orbit
has been used to define the orbit inclination, distance antlithinosity of the companion star to
enable the best constraints for any radio emitting CWB syshMadels of the spatial distribution
of relativistic electrons and ions, and the magnetic enegysity are used to model the radio
emission, and also to predict the high energy emission ayXandy-ray energies. It is clear
that high-energy facilities e.g. GLAST and VERITAS, will beportant for constraining particle
acceleration parameters such as the spectral index of #rgyeapectrum and the acceleration
efficiency of both ions and electrons, and in turn, identifijque models for the radio spectra.
This will be especially important in future attempts to mbte spectra of WR140 throughout
its complete orbit. A WCR origin for the synchrotron emissini®-type stars, the progenitors of
WR stars, is illustrated by observations of Cyg OB2 #9.
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1. Wind-collision regions and particle acceleration

Wolf-Rayet (WR) stars have dense stellar winds that are photo-ionizdtelstrong UV radi-
ation fields from the underlying WR star, giving rise to a free-free contimemission spectra, ob-
servable from IR to radio wavelengths. The brightness temperature @ftiigsion is~ 10* K, as
expected from a photo-ionized envelope in thermal equilibrium. The emisspantially optically
thick with a power-law spectrur®, [0 v¥, with a spectral indexq) typically ~ +0.7 between mid-
IR and radio frequencies e.g. [28]. However, a number of WR staes taalio emission properties
that differ from this typical picture: they exhibit high brightness tempeestér 10° — 10’ K), and
have flat or negative spectral indices, properties characteristiceftramal synchrotron emission
and high-energy phenomena in the stellar windi§][1, 2].

Spatially resolved observations of the WR+O binary systems WR [1471 [1&2i7'WR 146
[B. ] presented the first unequivocal confirmation that the syndn@mission did not arise within
the stellar wind of a single star, but at the location of the wind-collision regié8R) where the
stellar winds of two massive stars collide — the colliding-wind binary (CWB) rhifd¥ (Fig. [l).
This model is further supported by the dramatic variations of the synchroddio emission in the
7.9-year WR+O binary system WR 140, that are clearly modulated by theytmrtzit (c.f. Fig.[4).
A CWB origin for the synchrotron emission in WR stars was first proposd@8§]. This has now
been substantiated with over 90% of WR stars that exhibit non-thermal emidséwacteristics
being found to be either binary of having a “nearby” massive stellar campaesulting in a WCR
(.

Colliding-wind binary systems present an important laboratory for invesigthe underlying
physics of particle acceleration. In addition to the excellent modelling comtstiarovided from
high resolution VLBI imaging, radiometry and high energy observationsBEWfovide access to
higher mass, radiation and magnetic field densities than those found in supeemnants, which
have widely been used for this work.

2. Modelling of wind-collision regions

Models of the radio emission from these systems have been based lardrihtyrnsimplified
models, in order to maintain analytic solutions of the radiative transfer equakmay, models
based on 2-D hydrodynamical models of the density and pressure distnbin the stellar winds
and the WCR are available (Fig. 2), that lead to a description of both thegimpuand the spatial
distribution of the relativistic particles in the WCIR [6,]18]. In addition to the firee opacity
of the stellar winds, these models account for changes in the intrinsicreyrailuminosity and
the free-free and synchrotron absorption within the WCR. The modealsresthat the electrons
are shock accelerated by the standing shocks on either side of thetaistantinuity of the two
stellar winds. Other potential acceleration mechanisms, such as magnetineetion (e.g.[[12])
have been considered but it has been argued that, although such animsectlcould provide the
radio synchrotron luminaosity, reconnection may not provide sufficiemtgpdor the anticipated
flux of non-thermal X-ray emissiorf JL7]. At the shocks, the energyibistion of the relativistic
electrons is specified by a power law i.e(y) O y P. As the electrons advect downstream, the
spectrum evolves away from a simple power law as the electrons coolwgesthCompton (IC)
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Figure 1. Left: Overlay of a MERLIN 5-GHz image of WR147 (contours) an@.aum UKIRT image
(greyscale). The IR image of the WR star was aligned with trekg@osition of the thermal emission
in the southern radio component, assumed to be the ionis#ldrsivind of the WR star. The position
of the non-thermal emission region (the northern radio comept) is consistent with the location of ram
pressure balance between the winds of the WR star and theeBstyppanion revealed in the IR ima [27].
Right: 4.8-GHz EVN (greyscale) and 43-GHz VLA+PT (contguobservations of WR146. The crosses
denote the relative positions of the stars determined by fi§Fand assuming the peak of the southern
43-GHz component (thermal emission) is the WR star (frEh)[lEhe northern component is dominated
by synchrotron emission, even at 43 GHz c.f. FE|g. 3.
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Figure 2: Left: An example of the density distribution in a model of iMR147 CWB system. The WR star
is at (0,0) and the O-star companion is a2(¥ 10*° cm, 0). The WCR bounded by two standing shocks on
either side of the ram pressure balance surface of the tWarsténds is clearly visible. Right: Radio fluxes
from WR147 with model fits to both the total (solid symbols) ahd non-thermal emission component
(open symbols) based on the 2D-hydrodynamic models of the \&@Rstellar winds shown on the left

(from [fL8]).
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Figure 3: Left: Best-fit models of the radio emission from the WCR in WR14#&h synchrotron (dotted),
thermal (lower dot-dashed) and synchrotron+thermal (@a)sIThe thermal emission from the WR star wind
is the higher dot-dashed line. The solid line is the total.fRight: EVN 4.9-GHz observations of the WCR
in WR146 (greyscale) with a simulated EVN observation (cargpbased on the model shown on the left.
The crosses mark the relative location of the two stars (1[@11).

cooling. The non-thermal and magnetic energy densities are both norm@lizethe fraction of
the thermal energy density, with the normalization factors determined by fittimgdie®spectrum.
These models have been applied with some success to observations of {¥RLAY and WR146
(Fig.[3). The models of WR147 are not as well constrained by the avadakdeas those of WR146,
since the synchrotron emission does not dominate the total emission fronstemsgs in WR146.
However, in the latter system current models fail to accurately reproihgcepectrum at higher
frequencies, and the model WCR emission is more extended than obsgrtreel BVN [1§]. In
spite of these issues, the value of the modelling constraints posed by botdibeetry and the
VLBI imaging is clear.

3. WR140 - the particle acceleration laboratory

In spite of the success of reproducing both the spectra and the spatidlutisn of the radio
emission, the models of very wide systems such as WR146 and WR147 comamber of ill-
constrained, yet key parameters. These systems do not exhibit raltieity variations and so do
not have defined orbits. The inclination of the system to the line of sight isaymk and hence the
geometry of the system, particularly the stellar separation, is unknown.rGlggems with periods
of a few years present much better systems for WCR modelling since maihyparbmeters are
defined, and they maintain optically thin lines of sight to the WCR.

WR140 is the archetype CWB, with a WC7 star and an O4-5 star in a highly elliptiuia(e ~
0.88). Itis well known for the dramatic variations in its emission from near-lRittio wavelengths
(P8, [28], and also at X-ray energies during its 7.9-year ofbjt [I9 ). The WCR in WR140
experiences significant changes as the stellar separation varies hetie8U at periastron and
~ 30 AU at apastron. The observed radio emission increases by up to deos@f magnitude
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Figure 4: Left: 5-GHz VLA radiometry of WR 140 as a function of orbital e for orbit cycles between
1978-1985 (pentagons), 1985-1993 (squares), 1993-2@ahdkes), and 2000-2007 (circles). Open sym-
bols are from the VLA[B[26] and solid symbols from the WSKT],[28]. Right: A montage of 8.4-GHz
VLBA observations of WR 140 at three orbital phases showimgrtitation of the WCR as the orbit pro-
gresses . The deduced orbit is superimpoEed [5].

between periastron and a frequency-dependent peak betweehpmitbitas 0.65 and 0.85, followed
by a steep decline. This behaviour repeats from one orbit cycle to anetlggesting a particle
acceleration mechanism that is well-controlled by the orbit of the system{FFigRecent VLBI
observations have provided key constraints on a number of criticalnsysieameters, including
orbit inclination, distance, and luminosity of the O-star companion, and mak&4ad/khe ideal
system for modelling particle acceleration in a WCR.

3.1 Defining the orbit through VLBI observations

To establish the geometry of the WR140 binary system, particularly the orbiéhation
(i) and semi-major axisajj, but also the longitude of the ascending nof, (the system must
be resolved into a “visual” binary. This was achieved with the Infrargti€al Telescope Array
(I0TA) interferometer [[I}4], and together with the established orbit pater®LB], gives families
of possible solutions fori(Q,a). Until further interferometric observations are available, VLBI
observations of the WCR provide the only means currently to determine uyiqund hence&
anda, from the possible families of IOTA solutions.

A 24-epoch campaign of VLBA observations of WR140 was carried etwéen orbital phase
0.7 and 0.9[[5]. At each epoch, an arc of emission is observed, resgntitirbow-shaped mor-
phology expected for a WCR. This arc rotates from “pointing” NW to W asatttdét progresses.
The WCR emission is expected to wrap around the star with the lower wind momentiuenO
star. In this case, the rotation of the WCR as the orbit progresses impli¢sdi@istar moves from
the SE to close to due E of the WR star over the period of the VLBA obsergatidus, the direc-
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tion of the orbit is established. Secondly, the orbital inclination can beatkfrom the change in
the orientation of the WCR with orbital phase. Eatl®) family provides a unique set of position
angles for the projected line-of-centres as a function of orbital pfidge.givesi = 122 +5° and

Q = 353 £+ 3°, leading to a semi-major axis ef= 9.0+ 0.5 mas, and the first full definition of
orbit parameters foany CWB system. From optical spectroscopgini = 14.10+0.54 AU [[L3],
and so the VLBA orbit parameters require a distance.851 0.16 kpc. This distance is indepen-
dent of a calibration of stellar parameters e.g. absolute magnitude, and imptidsetiastar is a
supergiant.

3.2 Modelling the radio emission from WR140

With the geometry and stellar parameters in WR140 defined, models of the Wbt ther
constrained than in any other known CWB. In addition, observations dhdrenal X-ray emission
that arises from the shocked plasma in the WCR provide the best constraihis mass-loss rates
of the two winds as a function of the momentum ratjg,of the two winds. Any clumps in the
stellar wind flows are destroyed by the colliding-wind shocks and the pastksflow is smooth.
Thus, the thermal X-ray emission provides clumping-free mass-loss estifoatks two stars.

Models of the radio and X-ray emission at orbital phase 0.837 have leetoged[[1]7]. At
this orbital phase, non-thermal emission dominates the radio spectrum, argbsd estimate of
the characteristics of the relativistic electrons can be made[]Fig. 5 showséfesred fits to the
radiometry, with quite different values of relative wind-momentum. UnfortelgaVLBI arrays do
not currently have enough sensitivity to distinguish between these modalgthdetermining the
asymptotic shock opening angle, but the orbit geometry imposed by the mutfi+&hd| imaging
suggest the model with ~ 0.02 is most appropriate.

The models convincingly demonstrate that the turnover & GHz is due to free-free ab-
sorption in the winds, since models where the Razin effect dominates thedquweincy spectrum
place an unacceptably large fraction of the shock energy in non-thetewtons. The radio fits
also require electron spectra with< 2, i.e. the spectral index of the non-thermal electron energy
distribution is flatter than the canonical strong shock value ef 2 expected for diffusive shock
acceleration. A number of mechanisms could lead to such an ifidex [17].

3.3 Non-thermal high-energy emission in WR140

Definitive evidence for non-thermal X-ray ageray emission from CWBs does not yet exist,
but many of the unidentified EGRET sources appear correlated with pigmdaf massive stars
[ET]. Notably, WR140 is located in the outskirts of the positional error bfo3EG J2022+4317
and raises the possibility gfray emission from a CWB.

The population of relativistic electrons that give rise to the radio synama@mission are also
responsible for high energy IC and relativistic bremsstrahlung emissibas, Tnodel fits to the
radio data naturally provide an estimate of the high energy emission from phesesses. The
detailed treatment of the spatial dependence of the non-thermal electidioudiien and magnetic
field energy density are expected to produce more robust estimates @ #maission than pre-
viously available. In particular, the implied flat electron spegira 2, compared to almost all
previous models wittp = 2, has an important impact on the IC emission spectral index and the
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Figure 5: Left: Model fits to radio data of WR 140 at orbital phase 0.83%e Dbservations are the solid
circles. The wind-momentum ratio of the two winds is 0.22 ¢®lcA) and 0.02 (model B). Equally good
fits are possible from both radically different models. Righhe radio, and non-thermal X-ray ameray
emission determined from model B, together with the obskradio and X-ray data (from ASCA). The radio
model shown indicates the thermal free-free flux (displdyeldw the data points), thetrinsic synchrotron
flux before free-free absorption (displayed above the dabatg), and the observed emission. The model
IC (long dash), relativistic bremsstrahlung (short dagihy pion decay (dotted) emission components are
shown, along with the total emission (solid). The energgesof a number of satellite missions are shown.
The insert shows details of model fits to the ASCA thermal Xeata that is used to constrain the mass-loss
rate and momentum ratio of the winds (frolﬂ[l?]).

predicted X-ray ang-ray flux. In addition to the shock accelerated electrons, it is anticipatéd tha
ions will also be accelerated to relativistic energies, giving rise to the pliysi y-ray emission
from pion decay.

Fig. B shows a predicted high-energy spectrum for WR{4p [17]. ICsarisdominates at
energies below 50 GeV while pion decay emission is evident above thisyeffdrg nature of the
high-energy spectrum is strongly dependent on a number of keynpiexpef the shock acceleration
in the WCR. As examples, the cutoff in the IC and pion decay emission is depgmdspectively,
on the maximum electron and ion energies that can be attained at the shiztkgh& luminosity of
the IC and pion decay emission are both dependent on the efficiencetbeland ion acceleration
at the shocks. Indeed, it has already been possible to rule outlseeetals of the radio data based
on the lack of a detection of WR140 by INTEGRAL. It is clear that obsowa with high-energy
emission satellites such as GLAST, AGILE, and Suzuka, and grouretiffasilities like VERITAS
or MAGIC will provide additional constraints on the shock acceleratiorcgss, particularly the
acceleration efficiency for ions and electrons, and the spectral indéhe cnon-thermal energy
spectrum,p. In turn, these will enable the identification of unique model fits to the radiotspe
This will be especially important for successful modelling of the spectraRL¥WD throughout its
complete orbit cycle.

4. And what of O-type stars?

Now that the source of synchrotron radio emission, and potentially nom#ié&-ray andy-
ray emission, in WR stars has been established as a WCR, it raises the possiaityexplaining
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Figure 6: Left: 5-GHz flux of Cyg OB2 #9, modulated by a 2.35-year peribdsed on a preliminary
reduction of archive VLA data. Phase 0.0 was arbitrarilyagetadio maximum (S. van Loo, priv. comm.).
Right: An 8.4-GHz VLBA observation of Cyg OB2 #9. A bow-shap&/CR is clearly resolved.

synchrotron emission in O-type stars, the progenitors of WR stars. Qgrtairthe ~ 40% of
all radio detected O-stars that exhibit non-thermal radio emission, 60%stablished binary or
multiple systems[J24], and a WCR origin for the emission seems certainly plausible.

Alternative mechanisms have been advanced to explain the non-thermaibannis®-type
stars. Wind-driven instability shocks e.g] [3], have been demonstratesltimo weak in the outer
regions of the wind to produce the necessary relativistic electrons if totrais are trapped by
such shocks and cannot be re-accelerdtdd [25]. Magnetic confibefitae wind plasma has been
invoked to explain the hard X-ray properties of the massive stars in then ©hister, with the
presence of non-thermal radio emission cited as supporting evideficél@&ever, it is certainly
clear from high-precision VLBI astrometry that at leastdh Orionis A the non-thermal radio
emission isotassociated with the massive O-type star, but a nearby pre-main sectanf].
Clearly, VLBI astrometry is an essential tool in determining the precise locafitive non-thermal
emission relative to the stars, most especially when many of the associatistewBnd non-
thermal emission were established initially from relatively low resolution radio iingagarried
out with VLA.

The observational support for the CWB model among O-type stars is risinthe case of
Cyg OB2 #5, a 6.6-day binary O6+06 star system, the synchrotron emissginates from a
WCR between the O-star binary and a B-type stad.9 arcseconds distarf] [4]. However, there
remain several O-type stars that exhibit the characteristics of non-thexdia emission where a
CWB origin for the emission is challenged by the lack of evidence of a compatér. In Cyg
OB2 #9, there is no spectroscopic evidence of a binary system, yesaafithe radio emission
from the system shows that the emission is clearly modulated with a 2.35-yéad (€ig. [6),
similar to the behaviour observed in WR140. If Cyg OB2 #9 is indeed a bittergecondary must
be less luminous than the primary (otherwise it would have been detected inl gptictra) and
consequently will have a weaker wind. In that case, a putative WCHdbewow-shaped. VLBA
observations of this system reveal that this is indeed the casd](Fig.ifjingcstrongly towards a
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WCR origin for the emission. The challenge of finding the companion (or coiops) that give
rise to this WCR remains.

5. Summary

High-resolution radio observations have demonstrated that non-thexdialemission in WR
stars arises where the wind of the WR star collides with that of a massive staitgranion. There
is now evidence to suggest that non-thermal emission in O-type starspiienitors to WR stars,
may also arise from wind collision. In conjunction with hydrodynamic models eMICR, ra-
diometry and high-resolution VLBI imaging are being used to constrain thelgaacceleration
process, particularly the electron spectrum and the efficiency of thedemation process. These
models can be used to predict the high-energy emission from the WCR. Wittdteat of high
energy facilities such as GLAST, AGILE, Suzuka, MAGIC, and VER&At will be possible to
place further constraints on the acceleration process, which will be inmpéotasuccessful models
of the dramatic variations of the emission observed in systems such as WR140.
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