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Massive	 O	 and	 Wolf-Rayet	 (WR)	 stars	 have	 dense,	
fast	 stellar	 winds.	 	 When	 appearing	 in	 binary	
systems,	colliding	wind	 interactions	 (CWIs)	 lead	to	a	
variety	of	multi-wavelength	and	cyclic	phenomena	in	
both	 continuum	and	wind	 lines	 that	 can	 be	 used	 to	
study	 the	 binary,	 stellar,	 and	 wind	 propeties.		
Forbidden	 lines	are	optically	 lines	 that	 form	at	 large	
radii	in	the	winds,	typically	where	the	wind	density	is	
comparable	 to	 the	 critical	 density,	 nc.	 	 The	 critical	
density	 is	 where	 collisional	 and	 radiative	 de-
excitation	 rates	 are	 equal.	 	 It	 is	 also	 where	 the	
emissivity	 transitions	 from	 linear	 in	 density,	 to	
quadratic.	

Ion λ
(µm) 

nc 
(104 cm-3) 

Ca IV 3.2 1200 

Ne II 12.8 65.0 

Ne III 15.6 12.6 

S IV 10.5 5.6 

O IV 32.6 5.2 

Ne V 14.3 4.6 

S III 18.7 2.1 

Si III 38.2 0.13 

Introduction

The	 focus	 here	 is	WR+OB	 binaries	 in	which	 the	WR	
component	 is	 solely	 responsible	 for	 the	 forbidden	
line	 formation,	 owing	 to	 a	 combination	 of	 being	 of	
higher	 density,	 higher	 ionization,	 and/or	 strongly	
non-solar	abundances	(such	as	Ne	enhancement).	

Line	emissivity:	

jν ∝
ne / nc

a+ bne / nc 	

This	ranges	from	jn	~	n	for	densities	above	critical	
(inner	wind),	to	to	jn	~	n

2	for	low	densities	(outer	
wind).	
	
Winding	Radius:	
rw
a
=

v∞
Ωorba 	

This	is	the	characteristic	distance	for	which	the	rate	
at	which	the	wind	moves	out	radially	equals	the	
angular	speed	of	the	orbit.			
	
• When	rw	is	large	compared	to	the	orbit	size,	the	
CWI	is	conical	on	the	scale	of	the	orbit.	

• When	rw	is	small,	spiral	curvature	begins	close	to	
the	companion	star.	
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elliptical orbit. A series of model runs with large eccentricities
greater than 0.9 retains double-peaked morphologies in the Ne and
S lines and shows some small deviations from flat-top in the Ca line
for a range of orbital phases. Although better signal-to-noise ratio
data at high spectral resolution is needed to measure the line shapes
more accurately, this preliminary application shows intriguing
potential.

3.2 Application to γ Velorum (WR 11)

Here, we apply our synthetic line profile approach to the case of
γ Vel consisting of a WC8 star with an O7.5 companion. Adopted
parameters for the WR wind and the orbit are given in Table 4.
This colliding wind system has been studied extensively. The star
and wind parameters come from de Marco et al. (2000), and the
orbital parameters come from the interferometric study by North
et al. (2007). Four forbidden lines were observed with ISO: [Ca IV],
[Ne II], [Ne III] and [S IV] (see Dessart et al. 2000 and Ignace et al.
2001). In contrast to WR 147, the orbital parameters are quite well
known, and so γ Vel constitutes a significant test case for our
modelling. We note that the adopted opening angle of β = 85◦ is
significantly larger than the value for an adiabatic shock at ≈45◦

(see equation 22) or a radiative shock at ≈35◦ (see Canto et al.
1996). We use this larger value based on the X-ray study by Henley,
Stevens & Pittard (2005).

There are a number of new issues that arise in the case of
γ Vel that are different from the wide binary WR 147, notably
that (i) the winding radius is comparable to the critical radii of the
observed forbidden lines and (ii) the critical radii of most lines are
only somewhat larger than the orbital semimajor (within a factor of
about 10) and for [Ca IV], the critical radius is nearly equal to the

Table 4. Wind and binary parameters for γ Vel.

WR 11a = γ Vel WC8+O7.5

Ṁ 9 × 10−6 M⊙ yr−1

v∞ 1550 km s−1

R∗ 3.2 R⊙
µe 4.5
Dcl 10
n0,e 7.8 × 1011 cm−3

ϵ 1/33

Orbitb

d 336 pc
P 78.53 d
a 1.2 au
e 0.334
i 65.◦5

Interaction region
ϕc

∗ 0.28
βd 85◦

rw 750 R∗ rad◦

rw/rc (Ca IV) 4.2
rw/rc (Ne II) 0.68
rw/rc (Ne III) 0.36
rw/rc (S IV) 0.13

ade Marco et al. (2000).
bNorth et al. (2007).
c T 0 = 50120.4 MJD and ISO data of γ Vel were
obtained on T = 50 220.9836 MJD, hence the O star
was at orbital phase 0.28.
dHenley et al. (2005).

separation of the stars at apastron. The three primary scalelengths
of the problem – rw, rorb and rc – are somewhat comparable for all
four lines of interest. As a result, the single greatest deficiency of
our model becomes potentially important, namely the treatment of
the bow shock head.

Our treatment of the shape of the bow shock interior to the in-
stantaneous position of the companion star is extremely rough. We
determine the stagnation point r0 based on equation (21). The emis-
sivity ‘cavity’ extends inwards in a conical fashion from the com-
panion star to the stagnation point. This is a gross misrepresentation
of the rounded shape that the bow shock should take. However, this
sector of the bow shock is the portion where the two winds inter-
sect most nearly head-on and which produces the observed X-ray
emissions (e.g. Skinner et al. 2001; Henley et al. 2005). This means
that the low-ionization states of calcium, neon and sulphur that con-
tribute to the IR forbidden line emissions simply will not exist in
this sector at all.

Fig. 8, left-hand side, shows synthetic emission profiles for all
four observed lines in a format similar to Fig. 7 for WR 147. The
model lines were Gaussian smoothed with %v/v∞ = 0.14 to sim-
ulate the resolution of ISO for the terminal speed of γ Vel’s wind.
The profiles are only moderately successful in reproducing the ob-
servations. Dessart et al. found that [S IV] was relatively flat-topped
in appearance, whereas the neon lines produce relatively symmetric
and triple-peaked profile shapes. Ignace et al. found that the cal-
cium line was quite asymmetric, with a strong blueshifted peak. It
is possible to reproduce the gross profile morphologies for calcium
and sulphur, but nothing like a triple-horned shape results for the
neon lines at any phase.

In order to match the profile shapes of the neon lines, an additional
dependence on radius or direction is required. Although our treat-
ment of the bow shock head is very approximate, its shortcomings
are not likely to suppress a three-horned morphology. Wolf-Rainer
Hamann (private communication) indicates that in the Potsdam
models of WR winds, the ionization balance is still not ‘frozen-
in’ for WC models even out to the edge of their computational grid
at 200R∗. An example of this can be seen in fig. 7 of Gräfener,
Koesterke & Hamann (2002) where at the lowest wind densities
in the model, ion fractions are still changing with radius. We thus
choose to introduce an additional scaling parameter associated with
varying ionization as given by

Q(r) ∝ (ne/n0,e)p, (34)

for some constant exponent p. Given that ne ∝ r−2, then Q ∝ r−2p.
The right-hand side of Fig. 8 shows model profiles with p = 2

for Ca3+, 1 for Ne2+, 2 for Ne1+ and 0 for S3+. Note that changing
p to increasingly positive values tends to move the line formation
deeper into the wind, because the line luminosity scales as

Lν ∝
!

jν(r,ϑ) Q(r) dV . (35)

In addition, the larger density in the compressed layer, by a factor of
4, tends to enhance recombination, and so for our models, we allow
p → p + 1 in the shocked layer. Comparisons to detailed radiative
transfer calculations, such as those of the Potsdam group or CMF-
GEN (Hillier & Miller 1999), are needed to assess the plausibility
of the selected p values. Although motivated by the ionization con-
siderations, Q(r) mainly acts as an additional weighting function to
shift the predominant region of line formation in radius.

Ultimately, our profile modelling still falls short of accurately
reproducing the observed emission lines. The [Ca IV] line does be-
come more extreme in its lopsided appearance for some phases.

c⃝ 2009 The Authors. Journal compilation c⃝ 2009 RAS, MNRAS 395, 962–972

968 R. Ignace, R. Bessey and C. S. Price

(iii) The total line luminosity derivation of equation (30) for the
conical interaction regions remains relevant for the spiral case. With
the assumption of constant solid angles, the proportions of the cavity
and compressed layer to a spherical shell are constant with radius.
This means that a spiral interaction region is simply a conical one
with radius-dependent phase lags. However, those curves require a
correction for the extension of the emission cavity down to the
stagnation point in regimes where that portion impacts the line
emission.

(iv) When the wrapping radius is relatively small, the profile
shape tends to deviate less from a flat-topped appearance, for most
viewing inclinations.

(v) The compressed layer leads to line emission being sensitive
to the outer spiral shape even when the wrapping radius is somewhat
large.

The last point is interesting, and highlighted in Fig. 5 which
also provides a test of our code for general orbits against the semi-
analytic case of a conical bow shock. The figure is organized in four
columns. From bottom to top, the viewing inclination ranges from
pole-on to edge-on through angles of i = 0, 2, 10, 30, 45, 60, 80,
88 and 90◦. From left- to right-hand side for the first three columns,
the orbital period is 1, 100 and 10 000 yr. Profiles in the far right
column are for the purely conical CWIR described in the previous
section. The orbits are taken as circular, with rorb = 0.001rc so
that the CWIR exists essentially everywhere. The profile shapes
have not been Gaussian smoothed. The bow shock has β = 40◦

Figure 5. Shown are a series of model calculations to illustrate the range
of profile shapes that result as a function of bow shock parameters, viewing
perspective, and orbital parameters. The first three columns are for orbital
periods of 1, 100 and 10 000 yr, respectively. The fourth column is for
a strictly conical bow shock (essentially an infinite orbital period, as in
Fig. 3). From top to bottom panels, the viewing inclination is i = 0◦, 2◦,
10◦, 30◦, 45◦, 60◦, 80◦, 88◦ and 90◦. The orbits are circular (e = 0). Notably,
the profile shape is sensitive to the spiral structure, a reflection of the orbital
motion, even for rather long orbital periods of a century; the effectively
conical bow shock limit is not achieved until a period of about 10 millennia.

and the compressed layer has β
′ = 45◦ in each instance. Note that

the vertical scales (not shown) are the same within a row but vary
between rows.

For the longest period case, the profiles in the third column match
those of the strict conical bow shock case in the fourth column. What
is surprising is that models with P = 100 yr for which the wrapping
radius is larger than the critical radius by two orders of magnitude
deviate from the expectations of the conical bow shock case. The
reason is that the emission in the compressed zone is very large.
The factor of 4 increase in density combined with the density square
emissivity dependence in the outer wind along with the narrowness
of the zone leads to relatively ‘spikey’ features in velocity that
appear in the line profile. Of course with instrumental smearing, the
significance of these features will be substantially reduced. Also
note that since the geometry is fixed, all the profiles should have the
same flux, which we have confirmed.

It is clear that diverse profiles can result. Even for the highly con-
trolled examples of Fig. 5, and with some instrumental smoothing,
profiles can be largely symmetric or strikingly not so; they may
have two peaks, three peaks or possibly four; and some profiles can
be nearly flat-topped in shape, or have flat-toped segments.

It is difficult to explore the parameter space exhaustively owing to
the large number of free parameters, namely i, β, rc/a, rc/rw, ϕp and
ϕ∗ plus the orbit direction, so a limited selection of illustrative results
is shown in Fig. 6. These have been convolved with a Gaussian of
HWHM δ v/v∞ = 0.1. Each panel is labelled. The two longer panels
at right-hand side are for pole-on and edge-on viewing inclinations
in which the semimajor axis takes values of a/rc = 0.01, 0.1, 1.0,
five profiles for each case from bottom to top. The orbits are circular,
and there are five opening angles β = 30◦, 40◦, 50◦, 60◦ and 70◦.
The orbital period is 1 yr γ Vel.

Figure 6. A selection of profile shapes as various individual orbital param-
eters are varied. Labels indicate control parameters. Each profile is plotted
against normalized velocity shift, as in previous figures. Profiles are ver-
tically offset for better display of profile shape effects. Specific parameter
values are described in the text.
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Left:  Idealized forbidden emission 
line profiles for a circular orbit.  
Column 1 for a 1 year orbit; Column 
2 for 100 years; Column 3 for 10,000 
years; Column 4 for a stationary 
binary with a strictly conical CWI.  
From top to bottom, the viewing 
inclination is 0, 2, 10, 30, 45, 60, 88, 
and 90 degrees. 

Right:  Model profile shapes with 
orbital variations for the 
indicated forbidden lines using 
parameters for the binary γ Vel 
(see table at top).  The dashed line 
is close to an orbital phase in 
which the system was observed 
with ISO. 

Left:  Model CWIs for an eccentric binary for 
3 different opening angles of the spiral. Dark 
and light blue demarcate the postshock 
“sheath” zone. 
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