A&A 409, 217-233 (2003) Astr()nomy
DOI: 10.10510004-6361:20031048

© ESO 2003 Astrophysics

Radio emission models of colliding-wind binary systems

S. M. Dougherty, J. M. Pittard, L. Kasiart, R. F. Coke?, P. M. Williamg*, and H. M. Lloyc

1 National Research Council of Canada, Herzberg Institute for Astrophysics, Dominion Radio Astrophysical Observatory,
PO Box 248, Penticton, British Columbia V2A 6J9, Canada

2 Department of Physics and Astronomy, The University of Leeds, Woodhouse Lane, Leeds LS2 9JT, UK

3 Los Alamos National Laboratory, X-2 MS T-087, Los Alamos, NM 87545, USA

4 Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK

5 Blade Interactive Studios, 274 Deansgate, Manchester M3 4JB, UK

Received 25 April 2003 Accepted 7 July 2003

Abstract. We present calculations of the spatial and spectral distribution of the radio emission from a wid@B\dRIliding-

wind binary system based on high-resolution hydrodynamical simulations and solutions to the radiative transfer equation. We
account for both thermal and synchrotron radio emission, free-free absorption in both the unshocked stellar wind envelopes and
the shocked gas, synchrotron self-absorption, and the R&eict.€To calculate the synchrotron emission several simplifying
assumptions are adopted: the relativistic particle energy density is a simple fraction of the thermal particle energy density, in
equipartition with the magnetic energy density, and a power-law in energy. We also assume that the magnetic field is tangled
such that the resulting emission is isotropic. The applicability of these calculations to modelling radio images and spectra
of colliding-wind systems is demonstrated with models of the radio emission from the wideOBRinary WR 147. Its
synchrotron spectrum follows a power-law between 5 and 15 GHz but turns down to below this at lower and higher frequencies.
We find that while free-free opacity from the circum-binary stellar winds can potentially account for the low-frequency turnover,
models that also include a combination of synchrotron self-absorption and Reeihare favoured. We argue that the high-
frequency turn down is a consequence of inverse-Compton cooling. We present our resulting spectra and intensity distributions,
along with simulated MERLIN observations of these intensity distributions. From these we argue that the inclination of the
WR 147 system to the plane of the sky is low. We summarise by considering extensions of the current model that are important
for models of the emission from closer colliding wind binaries, in particular the dramatically varying radio emission of WR 140.
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1. Introduction Spatially resolved observations of the WBB binary sys-
tems WR 146 (Dougherty et al. 1996, 2000) and WR 147
Observations of early-type stars have revealed that they qRibran et al. 1989; Churchwell et al. 1992; Williams et al.
be sources of both thermal and synchrotron radio emissiqRg7: Niemela et al. 1998) have dramatically confirmed the
Thermal emission typically exhibits a brightness temperggy|jiding-wind binary (CWB) model in these objects. In both
ture ~10* K and a spectral index ~ +0.6 (S, « ") at WR 146 and WR 147 the thermal emission is coincident with
centimetre wavelengths, as expected from steady-state, radigly position of the WR star, while the synchrotron emission
symmetric winds (Wright & Barlow 1975). In contrast, synyrises between the binary components at a position consis-
chrotron emission is characterized by high brightness tempgint with the pressure balance of the two stellar winds. This
atures £10° K) and flat or negative radio spectral indices. Ingdel is supported further by the dramatic variations of the
addition to magnetic fields, synchrotron emission requ”ess%chrotron radio emission in the 7.9-year WEBB system
population of relativistic electrons, which are widely thoughiyr 140, which are clearly modulated by the binary orbit e.g.
to be accelerated in shocks. For single stars, shocks arise @ifiams et al. (1990a); White & Becker (1995).
to wind instabilities e.g. Lucy & White (1980), and propa-  gych results prompted van der Hucht et al. (1992) to sug-
gate through the wind, while for massive binary systems Sigsst a CWB origin for all synchrotron emission from WR stars,
tionary shocks arise where the winds of the two stars colligg \yhich there is now strong observational support (Dougherty
€.g. Eichler & Usov (1993). Magnetic field compression withig, \wjjjiams 2000). It is possible that this is also the case in
the shocked gas is another potential acceleration mechan'@[ﬂlpe stars with synchrotron radio emission, e.g. Cyg OB2 #5

(Jardine etal. 1996). (Contreras et al. 1997), though there remain several apparently
single stars that obviously do not fit a CWB interpretation.
Send gfprint requests toS. M. Dougherty, To date, modelling has been restricted to the radiometry

e-mail: sean.dougherty@nrc.gc.ca from such systems. At frequeneythe observed fluxg°®) is
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related to the thermal flux§{"), the synchrotron emission aris-speeds. This is reasonable given that the winds attain termi-
ing from the wind-wind collision regiong;’"), and the free- nal velocity at a small percentage of the radial distance from
free opacity ¢™) of the circum-system stellar wind envelope byhe stars to the wind collision region. Distortion of the colli-

i sion zone by orbital motion, most especially close to the shock
Sobs — Sth + Sfy"e T (1) . .. . .

v v apex, is negligible so axis-symmetry is also assumed. We use
It is typically assumed that the stellar wind envelope is rad?’R or solar abundances for the stellar winds, as appropriate.
ally symmetric and that the synchrotron emission arises frongich models have been successfully applied to the analyses of
point source at the stagnation point of the two stellar winds (s¥eray observations from CWBs (see Pittard & Corcoran 2002;
Williams et al. 1990a; Chapman et al. 1999; Skinner et al. 1999iftard et al. 2002 and references therein).

Monnier et al. 2002 for examples). In this manner, relatively Once a suitable hydrodynamic solution has been obtained,
simple analytical solutions to the radiative transfer equatidhe necessary information is read into our radiative transfer ray-
can be obtained. Although these models may successfully ti@cing code, and appropriate emission and absorptiofiicoe
cover the radiometry, a single-valued free-free opacity detéfents for each cell on the 2D grid are determined. A synthetic
mined along the line-of-sight to a point-like synchrotron emignage on the plane of the sky is then generated by solving the
sion region is an over-simplification, especially considering ttiadiative transfer equation along suitable lines of sight through
extended region of synchrotron emission observed from bdkte grid (see Appendix A for more details). The following sec-
WR 146 and WR 147. Furthermore, in a CWB the assumpti@igns detail the calculation of the emission and absorption prop-
of radial symmetry fails in the collision zone. erties for each hydrodynamic cell.

So far, no attempts have been made to construct synthetic
rgdi(_) im.ages ba;gd on more reali_stic qensity and temperatdr® harmal emission and absorption
distributions. This is surely imperative given the advent of spa-
tially resolved observations where direct comparison betwe€he thermal emissiors{) and absorptiono!") coefficients at a
models and observations may be expected to increase ourfigguency are given by Rybicki & Lightman (1979) as

derstanding qf this_ph(_enon_wenon. In making the first steps tg¥ _ gg 10738220 n T~ Y2 KT g )
ward addressing this situation, we have calculated the free-fr 192 5 /T
and synchrotron radio emission arising from an early-type f» = 3.7 ¥ 10°T2Z%nenyy (1 —€ )gff’ ®3)

nary system under various simplifying assumptions. Our aghereZ is the ionic chargeye andn; are electron and ion num-
proach extends and improves on previous work by includimgr densitiesT is the temperature of the gas, angis a ve-
the ability to simulate both the free-fra@dsynchrotron emis- |ocity averaged Gaunt factor (Hummer 1988). The densities
sion and absorption from the stellar winds and wind-wind codndn; are determined from the cell density, composition and
lision region based on 2D, axis-symmetric hydrodynamicahization, where the ionization is specified as a function of
simulations of the density and pressure distribution. Varioggll temperature. The appropriate ionization of the elemental
synchrotron cooling mechanisms can also be incorporatedspecies for a particular temperature regime is determined and
required. An arbitrary inclination angle for the line of sight cathe absorption and emission ¢beients are then evaluated for
be specified, and the radiative transfer equation is then soléggeral ionic charges.
to generate synthetic images and spectra. The accuracy of the “thermal” code was verified by using
The layout of the remainder of this paper is as follows. I8 simple spherically symmetric, isothermal stellar wind model
Sect. 2 we describe our model in more detail and in Sectwgh anr-2 radial density distribution. The resulting fluxes and

we perform a parameter study using a “standard” model pée-free opacities matched those derived from the analytical
a very wide CWB. We examine the influence of synchrotragkpressions given in Wright & Barlow (1975).

self-absorption and the Razirffect, which have not hitherto

received much attention, along with system inclination and bj- .

nary separation. The application of our model to observatio%sz' Synchrotron emission

of WR 147 is described in Sect. 4. In Sect. 5 we summarize aphen non-relativistic particles are accelerated in a magnetic
note future directions. In Appendix A, the geometry of the rayreld, emission occurs at frequencies corresponding to harmon-
tracing technique for solving the radiative transfer equationiigs of the gyration frequency of the particle. This is known as

described. cyclotron emission, and most of the radiated power occurs at
the gyration frequency. On the other hand, if the particles are
2. Modelling the radio emission from CWBs relativistic, the emission blurs into a continuum rather than a

] o ) series of delta functions and emission may occur at a frequency
To calculate the radio emission from an early-type binary, Wgany orders of magnitude greater than the gyration frequency.

must first compute the structure of the wind-wind collisionfhe synchrotron emission from a single electronis (cf. Rybicki
This is most readily achieved through the use of a hydrodynaglughtman 1979)

ical code, and we use VH-1 (Blondin et al. 1990), a Lagrangian )

remap version of the piecewise-parabolic method e.g. Pittasg,) _ V3q°B S'VWF(V/V ) 4)

& Stevens (1997). In this paper we are concerned particularly me ¢

with wide systems, so it is assumed that the spherically symhereq is the particle chargds is the magnetic field strength,

metric stellar winds are accelerated instantaneously to termiaas the pitch angle of the particle relative to the direction of the
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B-field, m is the mass of the particle, alkdv/v.) is a dimen- As noted in Mioduszewski et al. (2001), there is some jus-

sionless function describing the total power spectrum of thification for such a relation between the energy densities: the

synchrotron emission, with; the frequency where the specthermal energy density is higher in the post-shock than in the

trum cuts df, given by pre-shock gas, and this is also where the magnetic field is likely
to be enhanced, and the particles accelerated to relativistic ener-

(5) gies. However, such arguments ultimately need to be replaced

4rmc by detailed physical processes. It is well established that the

Values for F(v/v;) are tabulated in Ginzburg & Syrovatskiishock acceleration of protons is verffieient, but how much

(1965). Throughout the remainder of this paper we assureergy is transferred to electrons in shocks is much less cer-

that sina = 1. The emissivity per unit volume from a mono+ain. We note that the relativistic electron energy is unlikely to

energetic distribution of electrons is then simply the product bé more than 5% of the total available shock energy, and could

Eg. (4) and the number density of the radiating particles.  conceivably be much less (Blandford & Eichler 1987; Ellison

In our model we suppose that the relativistic electrons akeReynolds 1991; Eichler & Usov 1993).

created by 1st-order Fermi acceleration at the shocks whereForp = 2,

the winds collide. For a strong shock with a compression ra-

tio of 4, test particle theory predicts that accelerated electrons Urel 9

will have an ene_rgy_distribution with a power-law index of 2° = m c2Iny ., ©)

(see references in Eichler & Usov 1993). Hence, the number of

relativistic electrons per unit volume with energies betwgenyhere we have assumed<ly < ymax andymax Specifies the
andy + dy is N(y)dy = Cy~Pdy, wherey is the Lorentz factor maximum energy of the relativistic electrons. Since it is as-
andp = 2. More recent nonlinear calculations yield a simisumed in Eq. (6) thagmax — o, the synchrotron emission ex-
lar energy spectrum for a wide range of shock parameters gehds to infinitely high frequencies with a spectrumi®S. In
Ellison & Eichler (1985). A useful discussion of shock acceteality the synchrotron flux will depart from this relationship at
eration can be found in Ellison & Reynolds (1991). frequencies neak, wherey, is the frequency of peak emission

For such a power-law distribution of electrons, the toté#lom a particle of energf = ymax&, given by (Rybicki &
synchrotron emission at frequeneyis given by (Rybicki & | jghtman 1979)

Lightman 1979)

3y?qBsina
Ve=—7T"—""

2
\/§q3CB p 19 p 1 N 3 YmaxdB
PO) = —A == (B, (B2 Ver T (10)
») = SeprD (4 " 12) (4 12) 4 mc
9 2rmoy\ P2 6) In CWBs we expectymax to be set by the balance between
3gB ’ energy gain by Fermi acceleration and various cooling pro-

: . . . .. cesses, which include inverse-Compton (hereafter IC) cooling,
wherel is the Gamma function. Equation (6) is only strictly : .

o L .’synchrotron decay, and ion-neutral wave damping. lon-neutral
valid in the synchrotron limit, when the frequency of emis;

sion is between approximately a few times the gyration frdamplng does not play a dominant role in CWBs (Eichler

quency ¢s) and v, (defined in Eq. (10)), but we restrict thisg Usov 1993), and is not discussed further here. The rele-

. S ; vant processes and timescales are discussed in the following
investigation to frequencies much greater thare.g. for our subsections
model of WR 1473 < 10* Hz at the shock apex. :
To evaluate Eq. (6), we must determine the appropriate
value for the normalization consta@t and the magnetic field 2.3. Synchrotron self-absorption

strengthB. Since our hydrodynamical simulations do not pro- . )
vide direct information on the magnetic field or relativistic pateé include synchrotron self-absorption (hereafter SSA) in our

ticle distribution, we follow the standard procedure in sudfodels. For a power-law distribution of particle energies, the
cases (e.g. Chevalier 1982; Mioduszewski et al. 2001): tfsorption cogicient for SSA is (Rybicki & Lightman 1979)
i_s,.to.assur.ne that the magn_etic energy dertﬂ;_ﬁyand the rela- ViR [ 3 D2

tivistic particle energy density e, are proportional to the ther-, - Vo9 ( q ) CRP+/2

mal particle internal energy density,. Then 8rm \ 2rm3c®

3p+12\ _(3p+22\ _
Ug = B?/81 = gUmn, (7) F( 12 )F( 12 )V (a2, (11)
Urel = fn(y)ymc’-dy = LrelUth, (8) where the symbols have their previously defined meanings.

where /g and _g“,e| are con_stants which are typically set t%_ 4. The Razin effect

around 1% (Mioduszewski et al. 2001), adg = 3P whereP

is the gas pressure and the adiabatic index/8fi5 assumed, When relativistic charges are surrounded by a plasma (as
as for an ideal gas. The common assumption of equipartitiopposed to existing in a vacuum), the beamirtea that
corresponds tdg = el = £. characterizes synchrotron radiation is suppressed. In essence,



220 S. M. Dougherty et al.: Radio emission models of colliding-wind binary systems

the refractive index of the medium reduces the Lorentz factéor highy, IC losses can be very rapid even in the widest sys-

of the charge to tems, as we show is the case for WR 147 in Sect. 4. IC cooling
will be an even more important consideration in closer CWBs

Y=Y (12) e.g. WR140 and shorter period systems, where it cputd
1+ Y222 ventthe acceleration of electrons to even fairly modest values

of v. In these first attempts at modelling the radio emission

from wide CWBs we have not included IC cooling explicitly

— a2 -

where the plagma "eq“?r?% = va n/;rm. Henc_e SYN"inthe code, but where relevant we discuss its impact on the re-
chrotron emission by relativistic charges in the medium is po,

) §C|Iting spectra e.g. Sects. 3.3 and 4. This will be treated more
sible only wheny” > 1, and a low frequency cutfooc- fully in Pittard et al. (in preparation).
curs. Quantitative details of this process, which is known as
the Tsytovitch-Eidman-Razinfiect, can be found in Hornby
& Williams (1966). The characteristic cutfofrequency is 2.6. Some simplifying assumptions

iven b T e L
9 y For simplicity in this first investigation, we assume that the

post-shock ion and electron temperatures equalize very rapidly.
While the equilibration timescale can be significant compared
with the flow timescale e.g. WR 140 — see Usov (1992); Zhekov
Since the emission decreases exponentially at frequencies pWkinner (2000), the exact situation is currently unclear with
compared withvg, and there is a noticeabléfect at frequen- the importance of possible electron heating mechanisms in
cies greater thamg, e.g. there is a 10% reduction in flux atollision-less shocks still being debated. We anticipate that
v = 10vg, we approximate this reduction by multiplying thesur simplification will have little bearing on the resulting ra-
synchrotron flux from our model by a factore’”. dio emission because the synchrotron emission from the wind-
collision zone dominates the thermal free-free emission. While
it may dfect the #iciency with which the accelerated electrons
are extracted from the thermal pool, this conjecture is impossi-
ble to test currently. Instead itstect is simply folded into the
The nature of the synchrotron spectrum is determined by thelue of/. Also, we assume that the gas is in ionization equi-
underlying relativistic particle energy distribution. The low andbrium, which is not most likely the case immediately post-
high energy cutfis in the energy distribution are particularlyshock, especially in wide systems. However, we believe that
important. At low energies, the relativistic particle distributiothis will not impact the results presented here since the bulk of
can be potentially fiected by coulombic collisions with ther-the emission from the shocked gas is synchrotron, not free-free
mal ions. However, at the densities and temperatures in #raission.

wind-collision regions of the wide systems considered in this One final assumption in our models is that the magnetic
paper this process is insignificant. The high energyftigale- field in the post-shock gas is highly tangled. Conveniently, this
termined at the point where the rate of energy gain balances #iilews us to treat the synchrotron emission and absorption as
rate of energy loss. Radiation losses due to synchrotron enigbtropic, and means that it is possible to use isotropic formulae
sion and IC scattering are in the same ratio as the magnetic figldtalculate the IC losses (Pittard et al., in preparation). While

n
VR = zoge. (13)

2.5. The low and high-energy cutoff in the relativistic
particle distribution

energy density to the photon energy density, the magnetic field from each star should be structured on large
scales, and toroidal in shape at the large distances considerec

Psync _ Us (14) in the models presented here (see Eichler & Usov 1993, and

Peompt ~ Upn references therein), one might expect finer-scale structure in the

post-shock flow. However, such details are beyond the scope of
As noted in Sect. 2.2, it is expected tiggis no more than 0.05, this paper.

which suggests thaPsync < Pcompt in the wide CWB sys-
tems under consideration, and IC cooling dominates over syn-
chrotron losses. 3. Parameter study

Electrons are rapidly at;celerat_ed to relativistic en.ergies§t1. A standard model
the shocks bounding the wind-collision zone, and attain an en-
ergy spectrum specified by = 2 andymax (Where the rate Our initial investigations have been based around a standard
of energy loss by IC cooling balances the rate of energy g@dwB model with the following parametersk\:/IWR = 2 X
from 1st order Fermi acceleration). They are then advect®@™> M, yrt, Mog = 2x 10°% My yrt, vewr = vewoB =
out of the shock and (foy < 10°) are dfectively frozen 2000 kms?!, D = 2 x 10*cm, andTying for both stars
into the post-shock flow (White 1985). If the characteristiof 20 kK. These wind values are typical of WR and OB stars.
flow time out of the system is shorter than the timescale féit a frequency = 5 GHz, the adopted binary separatibn
IC cooling, the dominant cooling process is adiabatic expais-approximately 18 the radius of therg = 1 surface of the
sion. This is the case for wide CWBs and lgywand since adi- WR wind. For inclination angles-0°, the lines of sight to
abatic cooling is treated by the hydrodynamic code, we assuthe wind-collision zone are then optically thin, permitting in-
that {g and e are spatially invariant in the post-shock flowvestigation of the resulting emission from the wind-collision
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Fig. 1. Spectra from our standard model withificlination — free-free
flux (dashed), synchrotron flux (dotted), and the total flux (solid). The
effect of free-free absorption on the synchrotron emission in this wide  zpo————+—+—+—+—+—++—+—+—+F++—+—+++++++F++++
system is only just evident below 300 MHz. The spectral index of the r 1
thermal spectrum i$0.6, and the optically thin part of the synchrotron
spectrum is-0.5. Neither the Razinféect nor SSA are treated in this
model.

region in the absence of strong free-free absorption from the 1o
circum-binary stellar wind envelope. We also assume solar |
abundances for the OB star and mass fractiins 0,Y = o 1
0.75,Z = 0.25 appropriate for a WC-type star, and an ion- § o ]
ization structure of K, He" and CNG*. We adoptr = 107 i ]
as our “canonical” value dflg/Uy, and place our model sys-
tem at a distance of 1.0 kpc. Maximum values of tempera- [
ture, density, and magnetic field occur at the shock apex and
for these input parameters we fifghaxy = 1.75 x 10° K, L
pmax = 9 x 107 genm® (nmax = 4 x 10° cm3), and ol
Bmax = 6 mG. ThoughB is an equipartition value, fields of i
this order at the location of the shock extrapolate to surface | =
fields on the OB star 0£30-300 G, using the magnetic field e 50 ° % 10

. . . . mas:1
structure given in Eichler & Usov (1993) and taking the typIfig.2. Intensity distributions of our standard model &tifclination

ical rotation speed of O-type stars to b8.1ow0 (CONt & % ¢ G117 (10p) and 22 GHz (bottom). Both images have the same
Ebbets 1977). Such surface fields are consistent with the fyi iy scale, highlighting the relative importance of the emission

observations of the fields in these types of stars (Donati et@m the wind-wind collision region and the stellar winds as frequency
2001, 2002). For all of the models presented in this paper \gies (see also Fig. 17). Though not shown, the emission extends to
fix ymax = 4000. Since we are using Eq. (6) to calculate thee panel boundaries. Neither the Razifeet nor SSA are included
synchrotron luminosity, fixingmax Only has a weak impact onin this calculation.
the constant€ ~ 1/In ymax.

The radiometry and intensity distributions obtained from
our standard model are shown in Figs. 1 and 2. In these ffé{ly ionised, isothermal stellar wind envelope with & radial
examples we only consider the impact of free-free absof#hsity distribution.
tion: SSA and the Razinfkect are examined in the next sec- Althoughwe have deliberately avoided modelling a specific
tion. Around 1 GHz the synchrotron emission from the windsystem in this first analysis, these initial results already bear
wind collision is comparable to the total free-free emissiogimilarities to observations e.g. WR 147 — see Sect. 4. The total
while at 22 GHz the emission is largely from the two stelldfux, the spectral shape, and the spatial intensity distribution are
winds. Below 1 GHz, the synchrotron emission dominates tRé&the correct order of magnitude and morphology.
total flux and the beginnings of a turnover seen-a00 MHz
in the synchrotron spectrum is due to free-free absorpti : 3 :
from the unshocked stellar winds. Above 300 MHz, the syr(‘:{I 2. Razin effect and Synchrotron Self-Absorption
chrotron spectrum is a power-law with a spectral index equal Figs. 3 and 4 the influence of the Raziffeet and SSA
to (1- p)/2 = —-0.5 for p = 2. The thermal spectrum is alsoon the synchrotron spectrum of our standard model is shown
a power-law with a spectral index ef0.6, as expected for a compared with the case where neither mechanism is active.
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comparable wheg ~ 1073, and SSA dominates whef 2
1072. Of course, we expect these values to fgedent for other
model systems.

For a given value of, a diferent value ofmaxwould afect
1 thevalue oC (Eqg. (9)) and hence the intrinsic synchrotron flux,
P(v) (Eg. (6)), although the synchrotron spectrum would still
extend to infinite frequency as a result of adopting Eq. (6). To
obtain a certain intrinsic flux, only the combinatié&f*/In ymax
is required to be a specific value afidndymax Can vary within
this constraint. However, sineg (Eq. (11)) andr (Eq. (13))
depend on dferent powers of and ynax this degeneracy
breaks down when SSA and the Razifieet are important.
; This means that the application of our model is dependent
000t n 10 w0 on the particular value ofmax assumed. Nevertheless, since
Frequency (GH2) Inymax Will vary by less than a factor of 4 for a reasonable
Fig. 3. The influence of the Razirfiect on synthetic synchrotron specfange ofymay, the strength of these absorption terms will not
tra using the standard model atificlination for various values of. change a great deal. In fact, @s « ¢?/Inymax i.€. almost the
The dfect of free-free absorption by the circum-binary stellar windame dependence as the intrinsic flux, its variation will be very
envelope is negligible, just visible at around 2800 MHz. No Razin  small. Asvg « %2, the relative strength of the Raziffect
(solid), = 10°° (dotted), 10* (dashed), 10 (dash-dotted). All spec- jg g|ightly more sensitive to our particular choiceyafay, but
tra are normalized to the 80 GHz synchrotron flux when no Razjfy h,gely so. Hence the curves in Figs. 3 and 4 are not strictly
effect is included. functions of onlyZ, as there is a slight implicit dependence
1 ONymax as well.

Figures 3 and 4 also demonstrate that the spectral shape
belies the underlying mechanism; the SSA spectra are power-
law, whereas the Razin dominated spectra decay exponentially.
Optically thick synchrotron emission actually has a power-law
spectrum with a slope of2.5, but we find that the spectral
slope in our calculations is+1. This diference reflects the fact
that the synchrotron emission in our models is always a mix-
ture of optically thick and thin emission. When the synchrotron
emission from the shock apex is optically thick, a substantial
amount of optically thin emission from the downstream flow
contributes to the total non-thermal emission.

o
o

Synchrotron flux (mJy)

o
o
=4
T
L

I
[
T

Synchrotron flux (mJy)

o
o
=
T
L

0.001 4 . .

! 10 w0 3.3. Effect of binary separation

Frequency (GHz)

Fig. 4. The afect of SSA on synthetic synchrotron spectra using thehe dramatic variations in the radio flux of the highly eccen-
standard model at’dnclination for various values af. The dfect of  tric WR+OB binary WR 140 point to the significance of binary
free-free absorption by the circum-binary stellar wind envelope is negeparation to the observed radio emission. In WR 140, the sep-
ligible, just visible at around 266800 MHz. No SSA (solid); = 10*  aration varies frora 2 AU at periastron te-28 AU at apastron,
(dotted), 108 (dashed), 1€ (dash-dotted). All spectra are normalizedy separation range over whichfidrent physical mechanisms
to the 80 GHz synchrotron flux when no SSA is included. determine the resulting synchrotron spectrum. In this section,
we perform calculations with varying binary separation to in-
Note that in the models Shown, free-free opacity is neg]ig\(ﬁstigate thef@ect on the intrinsic SynChrOtron |Umin05ity, and
ble and has little influence on the spectra. It is clear th@so how separatiorfizcts the relative importance of free-free
both the Razin fiect and SSA can be important in quencH2pacity, the Razinféect, and SSA on the spectrum. We also
ing the low-frequency spectrum, with the relative impact éfiscuss the impact of IC cooling as a function of separation.
these two mechanisms in these models being strongly depen-In Fig. 5 we show theféect of free-free opacity on the spec-
dent on the value of. For/ = 1074, the Razin fect is the tra resulting from varying the separation betweexn 2014 cm
dominant mechanism whereas for= 1073, SSA dominates. and 80x 10**cm, while the other parameters of our standard
From Egs. (11) and (13}, « ¢2 andvg « ¢~2 (for fixedne) model were unchanged. The radius of optical depth unity for
so we expect SSA to be increasingly important ascreases, the WR wind isx2 x 10"cm at 5 GHz. The increasing im-
with the Razin &ect becoming more important for decreagportance of free-free absorption as the separation decreases ic
ing ¢. For our standard model and reasonable valueg.gf clearly observed at the lower frequencies. As the stars move
we find that the Razinfect dominates the low-frequency abeloser together the wind-wind-collision region moves closer to
sorption wher < 1074, the Razin &ect and SSA are roughly both the WR star and the companion, and is surrounded by
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Fig. 5. The dfect of separation on synchrotron spectra using the stdfig. 7. The dfect of separation on the free-free opaaitithin the
dard model at Dinclination ands = 104, for D = 2,5,20, and wind-wind collision region, using the standard model atiriclina-
80 x 10 cm. Only the &ect of free-free opacity is included. tion and/ = 104, for D = 2,5, and 20x 10 cm. The intrinsic
synchrotron emission is shown (solid) along with the spectra of the
synchrotron emission emerging from the collision zone (dotted).
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Fig. 6. The dfect of separation on the synchrotron luminosity for a

power-law electron energy distribution in the optically thin regime.

Shown are the data points at four frequencies: 1.6 (solid), 5.0 (dottddg. 8. The fect of separation on the synchrotron emission using the

8.3 (dashed), 14.6 GHz (dot-dashed). The slope of this log-log pisandard model at°Ginclination and; = 107, for D = 20 x 10

is —1/2, as expected. (labelled “207), 5x 10* c¢m (*5”) and D = 2 x 10'* (“2"): the in-
trinsic synchrotron emission i.e. no Razin or SSA (solid); only Razin

pg‘ggct included (dashed); only SSA included (dotted). The intrinsic
synchrotron emission is shown to highlight thi#eet of separation

the synchrotron emission i.e. in the absence of the strong free-free

sorption, as seen in Fig. 5.

Frequency (GHz)

increasingly dense gas which increases the line-of-sight o
ity to the shock apex. For a stellar wind with ert radial den-
sity distribution it can be easily shown that the Iine-of-sighgg
opacity 7, at frequency through the wind isr o &-3y721,
where¢é is the impact parameter. Singex D for a given in-
clination, the turnover frequency for a constant opacity valwend-wind collision scales aB~* in the optically thin, adia-

isv o« D197, in excellent agreement with the spectra in Fig. Batic limit (Stevens et al. 1992).

With the parameters for our standard model, Fig. 5 also In Fig. 7 the dfect of free-free opacity from within the
reveals that the synchrotron luminosity increases as the sepecked gas is shown. As the binary separation is reduced the
aration decreases, due to the increased thermal energy dee-free opacity in the shocked region becomes increasingly
sity in the collision region. From Eq. (6), it can be deduceidhportant, as density increases. Note that shocked gas tem-
that the intrinsic synchrotron emission per unit voluR{e) «« perature is independent of separation. As before, the free-free
3*n®4y-1/2 for an electron power-law indep = 2, in the spectral turnovexD~1%7, in close agreement with the spectra
absence of SSA or the Raziffect. Since the post-shock denshown. In this case, in systems such as WR 140 with periaston
sity D=2 and the volume of the emitting region scaled¥s separation~3 x 103 cm, the free-free opacity of the shocked
the total synchrotron emission from the entire wind collisioplasma will have an impact of the spectrum bele¥0 GHz.
volumecxD~Y2y"1/2_ This is illustrated in Fig. 6. For compar-  The impact of changing separation on the importance of
ison, we note that the total intrinsic X-ray emission from théhe Razin &ect and SSA is shown in Fig. 8. The intrinsic
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DR the shock apex occurs in a higher density part of the stellar
wind envelope. The Razin turnover frequengyo n/B, and
asB « n2 (for fixed ¢), vg increases as?. Becausen o D2,

we find thatvg o« D71. With D = 2 x 10'® cm, our standard
model givesvyg = 1.3 GHz for emission at the shock apex.
Away from the shock apexg will be smaller. For our model

sol- N with D = 5x 10**cm,vg = 5 GHz. Both of these values are in
i ] excellent agreement with the frequency where the RaZate
[ ] causes afereductionin flux, as seenin Fig. 5. The opacity due
T 7] to SSA istssa ~ @,rog, Whererog is the distance between the

150

100

mas:2

shock apex and the OB star. Singgec D™*~2 androg « D

(see Eq. (15)), this leads t@sa o« D1, which is in excellent
agreement with the spectra shown in Fig. 5, where the SSA
‘ ‘ ‘ ‘ ‘ ] turnovers occur at approximately903.5, and 90 GHz for sep-
arations of 25 and 20x 10* cm respectively.

Also of interest is how the distribution of the synchrotron
emission is ffected by changing separation. This is shown in
100l N Fig. 9 for three diferent separations. In the middle and bottom
] images, the maximum intensity actually occurs to either side

I ] of the axis of symmetry, thisftset widening as the separation
T ] decreases. This is consistent with significant absorption along
I ] the line of sight to the shock apex, and slightly reduced ab-
£ 1 sorption to the positions of peak emission. In addition, a given
. . flux intensity from the wind collision is apparent out to greater
I ] off-axis distances as the separation decreases. This is due to
s ] combination of increased energy density in the collision zone

1501~ —

mas:2

] and the importance of absorption from the surrounding winds.

bttt ————H As mentioned in Sect. 2.5, IC scattering is an important

0| ] cooling mechanism for relativistic electrons. To estimate when
I ] IC cooling needs to be considered, we determine the minimum
I ] value ofy at which IC cooling can have arffect before the

1001~ § relativistic electrons adiabatically flow out of the system. The

distance from the OB companion to the shock apex is given by

| | =0, s)

I ] 1+nz

T § Here,n is the momentum ratio of the two stellar winds in the

I ] system and is the binary separation. For our standard model,
—sol- ] n = 0.1 androg/D = 0.24. Assuming a strong shock, and that

] the emission is concentrated near the shock apex withititan o

S Y S SN I, axis distance ofrog/2t, the characteristic flow timescale for
mes:1 gas istgow = 2nrog/v, where the post-shock velocity ig4,

Fig. 9. Intensity distributions at 1.6 GHz and thclination for an or- with v being the relevant pre-shock velocity of either the WR

bital separation of 20 (top), 5 (middle), andx210** cm (bottom), or OB stellar wind.

corresponding to angular separations of 133, 33 and 13.3 mas respec+or relativistic particles withy/c ~ 1, the rate of energy

tively. The crosses denote the positions of the stars, with the WR gis¢g through IC cooling is (Rybicki & Lightman 1979)
located at (0, 0). Each image has the same intensity scale and con-

tours. The contours were chosen to highlight the relative brightness

the stellar wind of the WR star and the emission from the collisior—
region. Though not shown, the emission extends to the boundaries %tf
the panels (see also Fig. 17).

mas:2
NI

O'T)/z L.

IC: 3r r_z’ (16)

1 This is true in the wider systems, but in close systems strong ab-
sorption along the line of sight to the shock apex can create flux max-
a to either side of the shock apex, as shown in Fig. 9. However, in

. . i
synchrotron spectrum is shown in order that the dramatic %rﬂ'ch cases a substantial proportion of the mass flux (relativistic elec-

fects of the free-free opacity of both the unshocked circumap, fiux) through these regions will have passed through (originated

binary stellar winds and the shocked gas, clea_rly seen in Figsnpthe shock at some non-negligibléf-axis distance. Therefore,
and 7, are removed. As expected, the attenuation from both pf@- following argument should be good to first order, even in close

cesses is more pronounced as the separation decreases systems.
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whereL, is the stellar luminosity and is the distance of the o
shock from the star. Since the relative momentum fluxes of the M e
WR and OB stellar winds normally cause the collision zone 130
to be closer to the OB star, which is generally also the more o
luminous star in the binary,. andr should be evaluated for s 30 —
the OB star. From Eqg. (16), the timescale for 50% energy loss | % -
through IC scattering is

0.1

Synchrotron flu!

2,2
3mMeCrag

17 o0/
oT L*)’ ( )

IC =

where we have assumed that to first order the average distance |
of the relativistic electrons from the source of UV photons dur-
ing this time isrog. If the distance from OB star (the dominant - . " e
source of UV photons) to the relativistic electrons is such that Frequency (GH2)

an electron of energymec? loses 50% of its energy through

IC cooling during the flow time, thefiow = tic when

Fig. 10. The dfect of free-free opacity as a function of inclination an-
gle on the synchrotron spectra of the standard model gvith107%.
The inclination angle of the axis of symmetry to the plane of the sky

207L. :
fog = L’;ﬂow (18) for the various spectra is shown. Dashed lines indicate 0° (i.e.
3mecv WR star in front), the solid liné = 0° (i.e. quadrature), and dotted
or alternatively, when linesi > 0° (i.e. OB star in front).
3mecuros : L .
Yiow = —5 (19) frequencies, where the free-free opacity is highest for a given
TLx

path length through the circum-binary envelopg ¢ v=21).
If we assume further that the luminosity of the OB star i&t an inclination anglé = 0°, the lines-of-sight are perpendic-
L. = 10°L,, then from Eq. (19) we fing: ~ 500 for our ularto the axis of symmetry of the model;iat —90° they pass
standard model, which from Eg. (10) gives a characteristic frigrst through the WR-star wind; and at +90° they pass first
quencyve ~ 6 GHz forB = 6 mG. Hence, for our standardthrough the OB-star wind. The asymptotic half-opening angle
model, the above order of magnitude estimate suggests thiathe WR-shock cone is 72so wheni > 18, lines of sight
IC cooling starts to have arffect on the relativistic electronsinto the system can impinge the shocked region without first
with v > ynow. IN practice, this is likely to represent a loweipassing through unshocked circum-binary gas.
limit. Firstly, it has been derived for electrons accelerated at The dfects of changing free-free opacity with inclination
the symmetry axis and which then flow to a distancergg/2 are clear. The size of the optically thick region of the circumbi-
from the symmetry axis. Electrons accelerated somewffiat mary nebula goes as®’ for anr=2 radial density gradient,
axis will, of course, take less time thag, to reach this i-axis and so as frequency increases the opacity is reduced along any
distance. Moreover, the average distance to the OB star willgigen line-of-sight. In our standard model, it is evident that
greater thampg. Therefore, we expect that IC cooling has onlyhe cirumbinary nebula is optically thin above a few GHz. The
a significant &ect fory greater than a few timeg. For our largest free-free attenuation occurs when the line of sight to the
standard model, electrons with ~ 3yqew result in emission wind-wind collision region passes closest to the WR star i.e. at
with a characteristic frequency 860 GHz. i = —90°. As the inclination angle increases, the line of sight
This estimate suggests that IC cooling is an important cgmasses through less dense regions of the WR star and the opac-
sideration inall systems, regardless of binary separation, fityy is reduced, resulting in higher observed synchrotron flux.
sufficiently high frequencies (ar). However, it is clearly most Fori = 0° the lines of sight to the wind-wind collision region
significant in shorter period systems, singgy o« D and pass largely through the outer regions of the WR star envelope
ve o« y?B o D (assumingB o« 1/D). Models with IC cool- and the low free-free opacity of the wind-wind collision region.
ing included explicitly will be investigated in Pittard et al. (inFori > 0°, the region of the wind-wind collision zone occulted
preparation). by the optically thick surface of the OB-star wind moves gradu-
ally toward the shock apex ascreases (cf. Fig. 11). This, and
the fact that the lines of sight to the shock apex pass through
the dense inner regions of the OB-star wind, is the cause of
We now examine theffect on the observable synchrotron spec¢he increasing absorption at low frequencies with increasing
trum of changing the inclination of the axis of symmetry (th&he flux wheni = +90° is always greater than the flux when
line of centres) to the line of sight using our standard modél= —90° since the optical depth unity surface of the WR wind
This is shown in Fig. 10, where only thefect of the free- is always larger than that of the OB-star wind owing to the
free opacity of the circum-binary stellar wind envelope is bdtigher density of the WR wind.
ing considered. Since our model is axis-symmetric, changing The dfect of inclination on the resulting intensity distribu-
only the inclination coverany orientation of the system rela-tion is demonstrated in Fig. 11, where the line-of-sight passes
tive to the observer. The largedtects are seen at the lowestlown the shock cone, and the OB-star wind absorbs flux from

3.4. Effect of inclination angle
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| Fig. 12. The efect of SSA on the spectrum of the emission emerging

+ 1 from the shocked region as a function of inclination angle for the stan-

I ] dard model withv = 104, The inclination angle of the axis of sym-

ol - metry to the plane of the sky for the various spectra is shown. Dashed
I 1 lines indicatei < 0° (i.e. WR star in front), the solid liné = 0°

(i.e. quadrature), and dotted lines- 0° (i.e. OB star in front). The

dot-dashed line is the intrinsic synchrotron emission from the shocked

gas, which is independent of inclination, plotted for reference.

mas:2

SSA is dependent on the path length through the shocked gas,
] and inclination angle influences itfect on the low frequency
7 synchrotron spectrum. This is shown in Fig. 12, where the in-

|
T

] trinsic synchrotron spectrum is shown. Examining the intrinsic
+

50—

] spectrum eliminates thdfect of the large changes in free-free

. opacity with inclination angle, as seen in Fig. 10. The depen-
1 dence of SSA on the inclination angle is clearly a function
of the path length through the shocked envelope, particularly
the highest density (shock apex region) part of the shocked
gas. Thus at high angles, this path length is small and the im-
L pact of SSA on the spectrum is lowest, whereas at quadrature
e - o * e the lines-of-sight through the shock apex region are at maxi-
_ ) o ) mum length and the impact of SSA on the spectrum is highest.
Fig. 11. The 1.6-GHz intensity distribution for a model wih =, o\ ‘the fiect is not as dramatic a function of inclination

5x 10 cm at+60’ (top), +30° (middle), and-30" (bottom) incli- angle as theféect of varying free-free opacity with inclination
nation. At positive angles the OB star is closer to the observer thang ying pacity

the WR star. The crosses denote the position of the stars, with i )

WR star at (0, 0). Each image has the same intensity greyscale and\When the Razinféect, SSA, and free-free opacity are con-
contour intervals (also used in the middle panel of Fig. 9, showirggdered together in our models it is important to bear in mind
the O case). The optically thick part of the OB-star wind is the obvithat both the Razin and SSA are functiong dee Sect. 3.2).
ous “hole” (top panel), below which the synchrotron emission is seeis an example, whefi= 104, the Razin fect is so dominant
surrounded by the free-free emission, largely from the WR wind. ARat the spectrum is influenced little by changes in the incli-

inclination decreases, the hole becomes less pronounced and the §4fion angle. The changes that do occur are due mostly to the
chrotron intensity increases as the line-of-sight opacity through tEﬁanging free-free opacity.

OB wind decreases. When the WR star is closer to the obséraed)( In Eig. 13 we show how the thermal component varies with
the optically thick part of the WR-star wind obscures the lower part of 9. P

synchrotron emission region. mcli_nation an_gle in our standard model. The obser\_/ed_free_-free
flux is essentially constant throughout the range of inclinations,
except wheri approaches-90° and +90°. At these extreme

its far side. Absorption by the optically thick region of thénclinations, the optically thick parts of, respectively, the WR

OB-star wind is distinctly apparent. Clearly the inclination arand OB star winds absorb the free-free emission arising from

gle of a given source can have a lardieet on the resulting the bulk of the stellar wind of the other star and from the wind-

flux and the spatial intensity distribution. wind collision region (a relatively small contribution to the total

The Razin éect only dfects the generation of synchrotrorthermal emission (Stevens 1995)), producing a decrease in ther-
photons and is independent of inclination. On the other hamdal flux. The free-free flux at= —90° is slightly higher than

mas:2
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. . . L Fig. 14. The synchrotron spectrum of WR 147 as deduced by several
F'g' 13.The change in thermfil flux as4a function of inclination anglguthors — solid squares (two separate estimates from the same obser-
uss(;:g ﬂ;e ggetltr:e %argngdeémmgot_lggslhigown are curves for 1.6 vational data by Skinner et al. 1999), solid pentagons (Setia Gunawan
( ).5¢( ) ( ): et al. 2001), open circles (fluxes from Churchwell et al. 1992

and Contreras & Rodyuez 1999). The flux at both 22 and 43 GHz

ati = +90°, consistent with the higher density of the WR staf highly uncertain, with the latter estimated from a long extrapola-
wind ' tion of a power-law fit to the lower frequency “thermal” data points

to be~2 mJy (Skinner et al. 1999; Setia Gunawan et al. 2001). Both
high frequency points suggest a high frequency turn down. The lines

4. Modelling the radio emission from WR 147 are theoretical spectra from models where only free-free absorption in
the circum-binary stellar wind envelope is attenuating the synchrotron
Having explored how the radio flux varies with separation arghission. Models for various inclination angles are shown:3y,
inclination in the previous section, we now turn our attention te60 and-85° (corresponding tg = 6.92, 7.23,8.08, and 134x 1073
the modelling of a specific system. WR 147 is notable for beespectively). The Omodel is denoted by the solid line.
ing among the brightest WR stars at radio frequencies, and for
being one of two systems in which the thermal and synchrotron
emission are observed to arise from two spatially resolvachumber of factors that include analysis techniques, resolution
regions e.g. Williams et al. (1997, and references thereimjtects, the assumed thermal contribution, and possibly tempo-
Furthermore, it is one of a handful of WH®B binary systems ral variations. Though Churchwell et al. (1992) report varia-
where the two stars are spatially resolved (Williams et al. 199igns in radio flux approaching 50%, subsequent reanalysis of
Niemela et al. 1998). These observations suggest a very wille same data by Setia Gunawan et al. (2001) suggests that any
system with a projected separatibrcos i = 0.635+ 0.020’. variations are much smaller15%) and are long-term, with
At the estimated distance 0f0.65 kpc (Churchwell et al. little power on time scales of days. Skinner et al. (1999) com-
1992; Morris et al. 2000) this corresponds to a separatipieted their observations of WR 147 within a couple of days,
D ~ 415/ cosi AU. This relationship betweeb andi repre- and their repeated observation at 1.4 GHz showed no variation.
sents an important constraint for any models of the system. Th@s suggests that, at the very least, their observed spectrum is
inclination angle is unknown so we investigate models for seivee of temporal variations. In addition, it is clear there are dif-
eral diferent values which requiresttirent values of the phys-ficulties in determining the component fluxes when the sources
ical separatiorD), to maintain the observed angular separatioare spatially resolved cf. Table 1 in Skinner et al. (1999) and
This leads to dferent sets of physical parameters, includingable 3 in Churchwell et al. (1992).
the normalisation constatit to fit the observed spectrum. These diferences form the fundamental reason for conflict-
ing conclusions about the nature of the underlying electron
energy spectrum in the current literature. While both Skinner
et al. (1999) and Setia Gunawan et al. (2001) note that a free-
The radio spectrum of WR 147 is perhaps the best obsenfezk absorbed synchrotron power-law model is a poor fit to the
of all massive binary systems, with radiometry extendindata, Setia Gunawan et al. (2001) argue that the deficit in the
from 353 MHz to 42.9 GHz. Reviewing the literature, it i-observed flux above 15 GHz is due to a high energy limit to
immediately apparent that fiérences in excess of 50% exthe electron acceleration. In contrast, Skinner et al. (1999) ar-
ist in the derived synchrotron flux at some frequencies (afue that the spectrum is best fit bynmno-energeticelativistic
Fig. 14), giving rise to uncertainty in the position of the low freelectron distribution. At high frequencies, the spectrum from
quency turnover. Skinner et al. (1999) estimate that at 5 GKuch a distribution falls  asP(v) « v¥2e™. This fits the 15
the synchrotron flux $s guz) is greater than the synchrotrorand 22 GHz data very well, but the flux at these frequencies are
flux at 1.4 GHz, whereas Setia Gunawan et al. (2001) estimatest uncertain. Furthermore, the fit of a mono-energetic elec-
thatS; 4 cHz > Ss eHz These dferences may be attributed taron distribution spectrum to the high frequency fluxes depends

4.1. Modelling the radio spectrum of WR 147
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also on the position of the low frequency turnover which, a&R wind®, but not at 0 or inclinations angles for which the
already noted, is uncertain. How such an electron distributiines-of-sight to the shock apex pass through the densest parts
results from a shock acceleration is unclear. of the WR wind i.e.—85°. The models do not fit the 1.4 GHz

Using our model, we attempt to model the spectrum Jpxes particularly well. Setia Gunawan et al. (2001) arrived at

WR 147 assuming a power-law electron energy distributiofs different conclusion: that free-free absorption alone was suf-
For the stellar wind parameters we addftyne = ficient to account for the turnover, based on results from a syn-

105 Mg YL, veowns = 950km s, vwos = 1000kms? and chrotron point-source model. We attribute ouitelient conclu-
a windomom,er:um ratiop = 0 02’ (gittard et al. 2002). The sion to the extended nature of the region of shocked material in

last is toward the higher end of reasonable estimates, and sifugmodel; although the line-of-sight to the shock apex may be

it gives Mog = 3.8 x 107 M, yr-! favours a companion of optically thick, lines-of-sight to the outer regions of the wind-

spectral type around late-O or early-B supergiant. Such pind-collision region may remain optically thin. Maximum
e-free absorption of the low frequency synchrotron emission

rameters are consistent with the estimated B0.5 by WiIIiarH? PER ; o
et al. (1997) based on an uncertain luminosity estimate, afcfurs around inclination angles 660°. For still lower incli-

the more recent 05-7 deduced from HST STIS spectrosc ion angles, the observed flux is higher despite increased at-
(Lepine et al. 2001). The composition of the WNS8 stellar winfnuation to the shock apex. This is because increfseatls

is taken from Morris et al. (2000), giving = 0.09,Y = 0.89 to synchrotron emission further from the shock apex. The only

andZ = 0.016. The wind temperature for both stellar windfanner in which free-free opacigionecould produce a suf-

was assumed to be 10 kK, and the dominant ionization stafilently strong low-frequency turnover would be if the size of
were H, He* and CNG*. The thermal flux is only weakly de- the synchrotron emission region were reduced, such that the

pendent on the assumed wind temperature (through the cdlsater attenuation near t_he.shock apex became more s.|gn|f|-
factor), if the ionization state is fixed. cant to the observable emission. Such a reduction in the size of

i the emission region could be mimicked in an ad hoc fashion in
~ Values of¢ are estimated for each of our models by matchyy,r model by evolving away from the shock apex. Certainly,
ing the model to the mean of the “observed” synchrotrogy the shocks become more oblique moving away from the
4.86 GHz fluxes, which we take to be.14- 0.3 mJy. We then spock apex, the particle injection and acceleratifiitiency
determine the spectrum between 0.2 and 80 GHz assuming {Big,wered (Ellison et al. 1995, 1996). The energy spectrum is
constant value of. As the inclination of the model increasesg|g evolving since IC cooling is ongoing as the electrons ad-
the binary separatioD has to increase in order to satisfy thg,qqt away, though this predominanti§ects the higher energy

observed constraint dncosi, forcing the need to increagdo  gectrons, and coulombic cooling may be more important for
maintain the 5 to 15 GHz flux level. the lower energy electrons.

To fit the thermal flux with our chosen value & we Models that include the influence of both SSA and the
require the winds to be clumped. This has some precedeaRézin dfect in addition to free-free absorption are more suc-
Morris et al. (2000) note that the observed thermal flux incessful in fitting the low-frequency data. In Sect. 3, both these
plies thatM ~ 7.5x 105 M, yr ! if the wind is assumed effects were shown to be significant, depending on the value
non-clumpy, but find that models with a homogeneous wirgf £, and it seems unrealistic to exclude such fundamental
cannot match the IR helium-line profiles observed Wwl®. processes from our models. The resulting spectra are shown
Their derived volume-filling factor of ~ 0.1 implies an actual in Fig. 15. As before, values af have been chosen for the
mass-loss ratél ~ 2.4 x 10° M, yr. We have therefore different models based on matching the 5-GHz data point,
multiplied e anda'™ from Egs. (1) and (2) by a factoyf to and are~1%, similar to the values used in models of SNR
simulate clumping in the cool stellar winds. We assume th@if. Mioduszewski et al. 2001) and of an order of magnitude
both the WR and O-star winds are clumped by the same faxpected for shock-accelerated electrons (see Sect. 2.2). As in
tor. Also, it is assumed that the clumps are destroyed as thig case of free-free opacity alone, as the separation increases
pass through the shocks into the wind collision zone, and thegeincreases and the amount of emission arising far from the
fore do not increase the free-free emission from this region. \3f&ock apex increases. Thus the low-frequency turnover from
adoptf = 0.1342 to ensure that the thermal flux at 22 GHz resptically thin to optically thick emission moves to lower fre-
mains less than the total flux. guencies with increasing separation. Th&eatence between

Figure 14 demonstrates that the low-frequency turnovie spectra for _positive and n_egative inclinations_ of the same
could potentially be accounted for in our models by free-frédSolute value is due to thefiitirent free-free opacity through
opacity of the circum-binary stellar wind at intermediate inclith® OB-star wind as opposed to the WR-star wind. The values

nation angles, with the line of sight into the system through ti9& density, equipartition field, and peak temperature near the

shock apex for the models shown in Fig. 15 are givenin Table 1.
In Fig. 16 the resulting total, synchrotron and thermal spec-
2 Interestingly, this implies that the mass-loss rate of the equii@ from one of our models (= 0, and including SSA, the

lent homogeneous wind 1 = Maeua/ /T = 5.5x 10°M, yrt. Razin efect and free-free absorption) is shown against the

While this is below the observationally deduced value using a single

star model, it is consistent with the 438% enhancement i8, ex- 3 Dougherty et al. (2003) erroneously report a fit to the low-

pected from a binary with a wind momentum ratic= 0.1 (Stevens frequency spectrum of WR 147 using only free-free absorption. Their

1995). fit was attained using SSA, in addition to free-free absorption.
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Fig. 15. Model synchrotron spectra when SSA, the Rafiiea and Fig.16. The spectrum of WR 147. The synchrotron data are those
free-free absorption in the circum-binary stellar wind envelope are ishown in Figs. 14 and 15 and represented by solid data points. The
cluded, for various inclination angles: 0 (solid)30 (dotted), and-60 total flux as deduced by the same authors are represented by the
(dashed), with corresponding values/og (7.03,7.32,8.12) x 103,  hollow data points. The lines are the total (solid), thermal (dotted)
The data points are those shown in Fig. 14. and synchrotron (dot-dashed) spectra of thee 0° models with

¢ = 7.03x 1073, where SSA, Razin and free-free absorption are in-

Table 1. Values of density, equipartition field, and peak temperatuFéUded in the radiative transfer calculations. The volume-filling factor
near the shock apex for the models shown in Fig. 15. = 0.134. Models at-30° and—-30° are also consistent with the data.

Inclination o 300 60
D x 105 cm 6.21 7.17 12.4 . L .

_ stellar wind. However, it is well-established that the stellar
N(WR)x 10 cm™ 1.8 135 045 winds of WR stars have radio continuum spectra with spectral
N(OB)x 10*cm3 33 25 0.83 indices+0.6 — +0.8 e.g. Williams et al. (1990b); Leitherer
B! mG 41 36 22 & Robert (1991), and spectral indices _Iess tharD.6 are not
% 10° 203 732 812 _exp_ected from stellar winds alone. _Th!s suggests that spectral

indices less thar-0.6 are a strong indicator of the presence

Tmax (WR) K 24x10 of a synchrotron component. This is especially useful in those
Tmax (OB) K 1.4 x 107 cases e.g. WR 86, where the synchrotron and thermal emission

egions are not resolved as separate components, yet a contin-
uum spectrum with a low spectral index can be observed.

We are unwilling to draw much of a conclusion re-

lated to inclination angle from these models of the spectrum
observed spectra. Though this is not the best fit to the datedifWR 147. For models with wider separations i.e. higher in-
a formal sense, our model fits the data reasonably well givdimations, the 1.4 GHz data is overestimated substantially,
the approximations and assumptions which it contains. In tiwaich hints at an inclination angle somewhere betweearl
model shown in Fig. 16, the total flux in the 5 to 8 GHz rang&0-40°. The high end of this estimate is consistent with the
is underestimated, and the synchrotron emission does not tpoorly constrained inclination estimates from Williams et al.
down somewhere around 10 to 20 GHz to account for the d4997) and Contreras & Rodjiez (1999). However, any con-
served high frequency data. We could account for the shortfallision related to inclination angle drawn from fitting the spec-
in the 5-8 GHz total flux by increasing the thermal emissiofrum has to be tempered due to the heavy reliance on the accu-
by a few mJy. This could be achieved by simply increasirrgcy of the 1.4 GHz data points, and the poor precision of the
M /. in the stellar winds. However, this would require that th852 MHz data point.
synchrotron emission at frequencies higher thd® GHz be Another striking feature of Figs. 14-16 is our inability
lower than in the current models, which may well be the casetdf generate a high-frequency turnover somewhere around 10
IC cooling of the highest energy electrons is taken into accoutd, 20 GHz, as suggested by the data points. This is a con-
as explained below. sequence of using Eg. (6) to describe the synchrotron power,
Figure 16 lends considerable support to the suggestiohere it is assumed thatna is infinite. IC cooling first de-

that WR stars with continuum spectra of spectral index lesmines the maximum energy that can be achieved by the ac-
than+0.6 are synchrotron emitters e.g. Dougherty & Williamseleration processes. As the relativistic electrons are advected
(2000). The total flux spectrum as shown in Fig. 16 could be &tvay from the acceleration site by the flow, the highest energy
with a power-law spectrum of spectral index-0£0.3, which particles s&fer crippling losses from IC cooling as this is no
could be interpreted as arising from a partially optically thiclonger balanced by mechanisms supplying rapid energy gain.

! The B-field at the shock apex is approximately the same in both tlr1
shocked WR and OB regions.



230 S. M. Dougherty et al.: Radio emission models of colliding-wind binary systems

Henceymax Will have a finite value. For WR 147, the rate ofpanels) convolved with the interferometer beam and the emis-
energy gain by 1st-order Fermi acceleration is equal to the raten from the OB star is then ficiently dispersed that it is no

of energy loss by IC cooling when = ymax ~ 10°. From longer visible.

Eqg. (16), electrons withy = 10° are cooled toynow ~ 400 One of our hopes in examining the simulated images was
within a time tjow Whenr =~ rog andL. = 10°L,. The to help constrain the inclination angle. The observations shown
high frequency turn down seen in the observational data @§-Fig. 17 are for an inclination of°0 At an inclination an-
curs at~10-20 GHz, which forB ~ 3 mG suggestg ~ 1200, gle of 30, the synchrotron emission is spread out over a much
which is within a factor of a few of the value estimated abovgarger area and has a much lower surface brightness than in the
Thus, we conclude that the high frequency turn down is @hservations foi = 0°, and shown in Williams et al. (1997).
expected consequence of IC cooling. This break in the exs from the spectral modelling, this leads us to believe that
ergy spectrum of the relativistic electrons will produce a cothe inclination of the system is quite low, betweénamd 30.
responding break in the spectrum of the IC photons. For refehis is contrary to the conclusions of Pittard et al. (2002) where
tivistic particles, the final energ¥g¢) of an IC photon is related |arger inclination angles were required to recover the extended
to its initial energy E;) by Er = ?E;. For an OB-type star, X-ray emission. However, an alternative explanation for this is
the stellar photon distribution peak occur&0 eV. This im- that the stellar X-ray emission is extended on larger scales than
plies that the IC photons resulting from scatteririjedectrons previously thought (see Skinner et al. 2002).

with y ~ 10 or greater will have energies in excess of 10 MeV

— the hard X-ray and gamma ray regimes. Such high energy

photon production in CWBs has been examined by other &i-Summary and future directions

thors e.g. Benaglia & Romero (2003, and references therein).

An additional point is that sinceyde 32, the higher energy In this first paper we have modelled the thermal and syn-
electrons cool most rapidly. This causes the electron distristirotron emission from early-type binary systems with a strong
tion to “bunch_up” neaysow, and may he|p to exp|ain Why aWind-Wind collision. We have used appropriate Slmpllfylng as-

mono-energetic fit works well. A model with an evolving valu§umptions to make this initial investigation tractable. In par-
of y will be explored by Pittard et al. (in preparation). ticular, we have generated models of wide systems without

considering IC cooling, and have assumed that the relativistic

particle energy distribution is a power-law up to infinite ener-
4.2. Modelling the MERLIN images of WR 147 gies and is spatially invariant throughout the shocked gas. We

have also assumed that the magnetic field is highly tangled so
The spatial distributions of radio emission at both #hat the synchrotron emission is isotropic.
and 1.6 GHz from the model in Fig. 16 are shown in the top e have demonstrated the importance of considering ex-
panels of Fig. 17. At 5 GHz the peak intensity of thermal emiganded emission and absorption regions, as opposed to treating
sion from the WR stellar wind and the synchrotron emissiqfese in a point-like manner as in previous work. We have also
from the collision region are similar, and the OB-star compagemonstrated the importance of synchrotron self-absorption,
ion is Clearly visible. At 1.6 GHz the SynChrOtron emission |§']e Razin ﬁ‘ect, and the free-free Opacity of the shocked gas
much brighter than the WR star stellar wind, and the OB-stgf these systems. With our rather simple model we have been
wind is barely visible. able to model both the spectrum and the spatial distribution of

To appreciate how these model intensity distributions cogdio emission from WR 147 remarkably well. However, our

pare with the MERLIN observations shown in Williams et alsimple model fails to address the apparent high frequency cut-
(1997), we used the AIPS subroutine UVCON to genera® in the synchrotron spectrum, due to the current lack of a
visibilities appropriate for a MERLIN “observation” of ourhigh energy cutfi in the relativistic electron energy distribu-
models. In addition to the array co-ordinates, system noiéen. We note that this cuffy which suggests a characteristic
estimates were included in the calculation by including the palue ofy ~ 1200, can be naturally explained by IC cooling.
formance characteristics of the MERLIN telescopes e.g. an- Clearly if we are to realistically model the observed ra-
tenna diciencies, system temperatures etc. The resulting vidie emission from CWBs we will need to calculate the evolu-
ibilities were then imaged and deconvolved using the sarien of the relativistic particle energy spectrum as the particles
procedure as in Williams et al. (1997), giving the “simulatedre advected downstream. This scenario will be addressed in a
observations shown in the lower panels of Fig. 17. The remaflilow-up paper (Pittard et al. , in preparation) where we plan to
able similarity between these images and the observations pnéroduce a finite maximum energy for the relativistic particles
sented in Williams et al. (1997) is striking. However, here thend allow this to change along the shock front, as expected for
5-GHz peak intensity of the collision region is a little lowewariable IC cooling by photons from the OB star. The inclusion
than that of the WR stellar wind, and the WR star is a littlef IC cooling will enable the calculation of the evolution of
too bright at 1.6 GHz. The WR star also appears to be a littlee energy spectrum of the relativistic particles downstream of
more compact than shown in Williams et al. (1997), but we ate shock acceleration region. Similarly théeet of Coulomb
tribute these minor dierences to our simple spherical, isotheicooling on the lower energy relativistic particles will be in-
mal model of the stellar winds. Note that the OB star is nobrporated. The emission spectrum of mono-energetic particles
visible in the simulated observations. This is because the alan then be convolved with the energy spectrum of the particles
servations are essentially the intensity distribution (the upperdetermine the total emission.
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Fig. 17. Intensity distributions at 4.8 (left) and 1.6 GHz (right) of our WR 147 model°an6lination. The top panels are the model intensity
distributions at each frequency. The greyscale and contour range are the same in both images. The stellar wind of the OB-star companion is
visible, particularly at 5 GHz, along with the WR star wind and the wind-wind collision region. The large contour range was used to show
that the stellar wind of both stars extends far beyond the greyscale range. The lower images are simulated MERLIN observations generated
using the model intensity distributions shown at the top, and the samedistribution and beam sizes as Williams et al. (1997). The beams

are circular, of diameter 57 and 175 mas at 5 and 1.6 GHz respectively. The contour levels at the two frequencies are also the same as those
in Williams et al. (1997). The similarities to the observations of Williams et al. (1997) is striking, most particularly the emission from the
wind-collision region.

With these additional mechanisms it will be possible tare varying dramatically throughout the 7.9-yr orbit. At the
investigate the high frequency cuffosuch as that apparentvery least, thesefiects, along with radiative shock cooling,
in WR 147, and to more accurately model the low frequencyeed to be considered in any realistic model of WR 140.
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Line of Sight

Appendix A: Radiative transfer scheme
The emergent intensity; of the radiation field from an in- z
crementAs of path length through an emitting and absorbing
medium, in the absence of scattering, is given by r

& B j@
li = lige ™S+ = (1—e™49), (A1)

aj

assuming the absorptiom and emissiorg; codficients are
piecewise constant, arid= 1...n. Starting withl;, and ap-
plying this scheme to each increment of path length in turn, we
can derive the emergent intensltyalong the line of sight. In
general, the increment of path lengtl need not be constant, Plane of the Sky
as long as the emission and absorptionfitoients are constant

within a givenAs.

This scheme forms the basis of the radiative transfer codeg; . ic\,
used in this paper. Images are derived by calculating the emer-
gent intensity on a number of lines of sight which pass through
a grid of emission and absorption ¢heients defined in axis-
symmetric, cylindrical polar coordinates. The geometry of the
problem is shown in Fig. A.1. It is assumed, without any loss
of generality, that the line of sight which passes through the ’
origin of the coordinates on the model grid also passes through
the origin of the coordinates on the plane of the sky, and thatPlan view
the projection of the line of sight onto planes of constarg

parallel to the lings = 0. Line of sight
The cellj, k on the model grid is bounded by u qr)
fffffffffffffffffffff =0

(j-DAr<r< jAarand k-1)Az<z< kAz (A.2) z axis

Equatorial plane

whereAr andAzare, respectively, the width and height of aceﬁig.A.l. Geometry for solving a line of sight through a grid in cylin-
in ther, zplane. The grid consists ®f; cells in ther direction drical polar coordinates.

by N, cells in thez direction. The domain covered by the grid

is therefore

(A3) The value of¢y can be used to determine the indicésk)

of the first grid cell which encounters the line of sight, using
whereR = N;Ar andZ = N,Az Thez axis of this grid is Eds. (A.2), (A.4), and (A.5). The indices of the next cell are
inclined at an anglé to the plane of the sky, on which wedetermined from the minimum ef; and¢,, which are the val-
define a co-ordinate systeumw. A line of sight through the grid ues of¢ corresponding to the boundaries with the next cells in
is therefore defined by, v andé. All lines of sight are normal ther andz directions respectively. The path length through the

r<R0<z<Z

to theu, v plane. current cell is then given by
It is convenient to define a point along a line of sight in

terms of its azimuthal anglg in the frame of the grid of emis- ——( 1 1
sion and absorption cﬁ"e:gi]éats. The co-ordinategs on this gridAS =uvl+ tar?@(tan¢l B tanqﬁo) (A7)
of the pointg along the line of sightl, v, 6 are given by

u whereg; is the point at which the line of sight crosses the next
r= sing (A-4)  cell boundary.

" tang For a given line of sight, we now have the grid indices of

= o " Ytang’ (A-5)  the first cell which encounters the line, the indices of the next

_ _ _ _ ~cell, and the path length in the current cell. Having obtained
The point, ¢o, at which the line of sight enters the grid ishe emission and absorption ¢beients from the appropriate
given by grid cell, we can update the intensity on the given line of sight
u u using Eqg. (A.1). This process is repeated for a line of sight until
H i1 —1 H . . . . .
$o = mln{sm 7 tan (—; Sln@)}' (A.6) itleavesthe grid (i.e.if > N, or j > N,).
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