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ABSTRACT
We follow, using both optical spectroscopy and photometry, the ‘‘ textbook ’’ colliding-wind WR+O
binary WR 140 through and between the periastron passages of 1993 and 2001. An extensive collection of
high-quality spectra allows us to derive precise orbital elements for both components simultaneously. We
conﬁrm the extremely high eccentricity of the system, e ¼ 0:881  0:005, ﬁnd an excellent match of the newly
derived period to the previous estimates, P ¼ 2899:0  1:3 days, and improve the accuracy of the time of periastron passage, T0 ¼ HJD 2; 446; 147:4  3:7. Around periastron, at orbital phases   0:995 1:015, additional emission components appear on the tops of the broad Wolf-Rayet emission lines of relatively low
ionization potential. The phase-dependent behavior of these excess line emissions points to their origin in the
wind-wind collision zone, which allows us to place some limits on the orbital inclination of the system,
i ¼ 50  15 , and half-opening angle of the bow shock cone,  ¼ 40  15 . The relatively sudden appearance and disappearance of the extra emission components probably signify a rapid switch from an adiabatically to a radiatively dominated regime and back again. Multiyear UBV photometry provides one more
surprise: in 2001 at  ¼ 0:02 0:06, the system went through a series of rapid, eclipse-like events. Assuming
these events to be related to an episode of enhanced dust formation at periastron, we estimate the characteristic size of the dust grains to be a  0:07 lm.
Subject headings: binaries: spectroscopic — stars: early-type — stars: individual (WR 140) —
stars: Wolf-Rayet
On-line material: machine-readable tables
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1. INTRODUCTION

The long-period massive Wolf-Rayet (WR) binary HD
193793 (WR 140) is frequently considered a textbook example of the colliding-wind phenomenon. The binary consists
of a carbon-sequence Wolf-Rayet (WC7) star orbiting a
more massive and luminous O4-5 main-sequence companion. The system’s high eccentricity and rather favorable
inclination help to probe diﬀerent regions of the Wolf-Rayet
wind and, at the same time, the profound change of conditions in the wind-wind collision zone at the times of periastron passage. This change is mainly reﬂected in rapid
formation of dust clouds and can be detected as gigantic IR
outbursts occurring on a strictly periodic (once per orbit)
timescale (see Williams et al. 1990 for unresolved IR
photometry, and Monnier, Tuthill, & Danchi 2002 for
direct IR imaging).
The status of the system as a strong nonthermal, variable
radio source (Williams, van der Hucht, & Spoelstra 1994),
as well as an extremely bright (for a WR star) X-ray source
(Pollock, Haberl, & Corcoran 1995) makes WR 140 an ideal
laboratory for studying the properties of hot stellar winds
(White & Becker 1995). The almost perfectly phase-dependent behavior of the system in radio and X-rays is remarkable. Many times over the past decade, WR 140 has been
a target for long-term multiwavelength campaigns with
subsequent state-of-the-art modeling of the colliding-wind
phenomenon (see numerous reports in van der Hucht &
Williams 1995; Zhekov & Skinner 2000). In 1999–2002 we
intensiﬁed our large optical campaign in an attempt to follow the system with shorter time steps through the 2001
periastron passage. To our surprise, the ‘‘ clockwork ’’
behavior of WR 140 changed dramatically during its periastron passage in 2001. Below we report on this spectroscopic
and photometric monitoring and provide a brief interpretation of the results.
2. OBSERVATIONS

Our new data set consists of two parts. The ﬁrst part comprises high signal-to-noise ratio (S/N), moderate-to-high
resolution CCD (some RETICON as well) spectra collected
over the last two orbital cycles, 1986–2001. For revision of
the orbital parameters and to search for rapid spectral variability, we used the spectra obtained at six diﬀerent sites
(Table 1): Observatoire de Haute-Provence (OHP; France),
the Dominion Astrophysical Observatory (DAO; British
Columbia, Canada), the David Dunlap Observatory
(DDO; Ontario, Canada), the Mont Mégantic Observatory
(OMM; Québec, Canada), the Ritter Observatory (RO;
Ohio), and the San Pedro Martir Observatory (SPM; Baja
California, Mexico).
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All the spectra were initially processed using standard
IRAF2 tasks for bias subtraction, ﬂat-ﬁeld division, sky subtraction, spectrum extraction, and wavelength calibration.
We paid particular attention to the rectiﬁcation procedure,
selecting in every spectrum precisely the same relatively linefree regions and approximating the continuum shape by a
low-order polynomial. This allowed us to reach an acceptable d2% accuracy when measuring intensities of the emission features in the individual spectra. The achieved
accuracy was mainly limited by the extreme width of the
emission proﬁles in question, as well as by the scarcity of
line-free regions in the optical spectrum of WR 140.
The second part of the new data set includes long-term
UBV (Johnson) photometric observations obtained at two
sites:
1. The 60 cm telescope of the National Astronomical
Observatory Rozhen (Bulgaria) equipped with a singlechannel, photon-counting photometer (for additional
details see Panov, Altmann, & Seggewiss 2000; HD 193888
was used as the comparison and HD 193926 as the check
star), providing an average accuracy of 0.003–0.005 mag per
point, each point usually representing an average of 3–5
consecutive observations separated by intervals of a few
minutes. In the discussion we use the previously described
data from the 1991–1998 campaign, along with the newly
acquired photometry from 1999–2001 (Table 2; see also a
preliminary report in Panov & Dimitrov 2001).
2. The automatic 25 cm telescope in Arizona (Young
et al. 1991), delivering one data point per night and running
since 1992 September. Use of HD 192934 and HD 192985
as the check and comparison stars, respectively, provided a
precision of 0.008 mag in B and V and 0.009 mag in U over
the whole period of observations. In Table 2 we list the heliocentric Julian date of observations and the WR-comp
values in U, B, and V, starting from the Rozhen Observatory set and concluding with the automatic telescope data
(APT).

3. RESULTS

3.1. Spectroscopy
Good time coverage of the last two periastron passages
with high-quality spectral data allows us for the ﬁrst time to
provide a consistent, simultaneous orbital solution based on
the radial velocities (RVs) of both components. To secure
2 IRAF is distributed by the National Optical Astronomy Observatory,
operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

TABLE 1
Spectral Observations of WR 140

Observatory

Telescope

Dates

Number of
Spectra

OHP .........................
DAO.........................
DDO.........................
OMM .......................
RO............................
SPM..........................

1.5 m
1.2 m, 1.8 m
1.9 m
1.6 m
1.0 m
2.1 m

2000 Nov–2001 Aug
1986 Aug–1997 Jul
2001 Jan–2001 Mar
1986 Jan–2001 Feb
2001 Feb–2001 Apr
2000 Apr, 2001 Jun

16
24
7
90
3
2

Spectral
Coverage
(Å)

Spectral
Resolution
(Å pixel1)

S/N
(continuum)

5220–5990
5080–6140
5410–6060
4200–6580
5240–6240
3600–6900

0.22
0.48
0.62
0.44–0.66
1.56–1.62
0.18

340  120
340  90
260  100
290  160
110  10
300–400
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TABLE 2
UBV Photometry of WR 140 in 1991–2002
HJD2,400,000

WR-c V

WR-c B

TABLE 4
Orbital Elements of WR 140
WR-c U

Rozhen Observatory
51428.425........................
51447.347........................
51448.341........................
51452.328........................
51453.309........................
51454.318........................
51455.322........................
51700.536........................
51701.514........................
51702.510........................
51704.501........................

1.676
1.680
1.686
1.679
1.680
1.690
1.690
1.690
1.707
1.685
1.688

1.265
1.261
1.269
1.267
1.268
1.272
1.268
1.260
1.269
1.256
1.274

1297

1.373
1.364
1.378
1.376
1.380
1.386
1.382
1.385
1.390
1.361
1.392

Note.—Table 2 is published in its entirety in the electronic
edition of the Astrophysical Journal. A portion is shown here for
guidance regarding its form and content.

the highest possible precision, we used the deep and narrow
interstellar (IS) Na i absorption lines as ‘‘ ﬁducial marks ’’ to
tweak the RVs of WR 140 by co-aligning all the available
spectra based on this IS line pair. As an additional check we
also used the less prominent diﬀuse IS bands at 5780 and
5797 Å. This approach substantially reduced systematic differences between the various subsets of data, bringing them
down to DðRVÞd5 km s1. Then we constructed an average
spectrum of WR 140 using practically all newly acquired
spectra (omitting those at phases 0:00  0:02 around periastron passage; see below) and supplementing them by the
large collection of high-quality CCD spectra obtained at the
Mont Mégantic Observatory in 1989–1994 and described by
Hervieux (1995)—again neglecting those spectra close to
periastron.
We measured the RVs of the WR component by crosscorrelating individual spectra with the template in the range
of either 5360–5950 Å for the majority of the available data,
or 4280–4900 Å for a few spectra from the 1989–1994 Mont
Mégantic collection. RVs of the O star were obtained by
measuring centroids of the He ii 5412, O iii 5696, and He i
5876 Å absorptions (H, He ii 4542, and H in the bluegreen region) and averaging them with equal weights. Table
3 lists the heliocentric Julian dates along with the RVs ()
for the WR and O components, observatory by observa-

Element

WR

O

K (km s1) ...............................

82.0  2.3
0.154  0.007
assumed: 0.0
2899.0  1.3
0.881  0.005
6147.4  3.7
46.7  1.6

30.5  1.9
0.057  0.004
3.1  1.0
...
...
...
...

a sin i (1010 km) .......................
 .............................................
P (days)...................................
e ..............................................
T0 (HJD 2,440,000+) ..............
! .............................................

tory. To ﬁnd reliable orbital elements, we used in addition
to the data from Table 3, the measurements (for both components) described by Annuk (1995) along with the RVs of
the O component from Lamontagne et al. (1984), Conti et
al. (1984), Moﬀat et al. (1987), and Setia Gunawan et al.
(2001).
The combined data set (206 RV measurements for the
WR component and 280 estimates for the O star) was ﬁtted
using the algorithm of Bertiau & Grobben (1969). We have
assigned equal weights to all the ﬁtted data. Before combining the data from diﬀerent sites into a uniform system of
RVs, we found a preliminary solution treating each subset
separately, with the systemic velocities of the WR and O
components as free parameters. Then, each subset with a
signiﬁcant (>2 ) deviation of the systemic velocities was
shifted to conform with the DAO+OMM frame of reference, i.e., to match the most representative and uniform
subsets of data covering almost three orbital cycles. Application of an alternative ﬁtting procedure developed by one
of us gave similar results. The best ﬁt provides an average
precision of OC ðRVÞ ¼ 13:2 km s1, which exceeds the
accuracy of the individual measurements from Table 3.
However, this discrepancy must also allow for the lower
accuracy of the O-star measurements extracted from the literature, as well as the inhomogeneity of the data set.
We list the orbital parameters along with the corresponding errors in Table 4, and plot the data from Table 3 along
with the best orbital ﬁt in Figure 1. Within the errors, the

TABLE 3
Radial Velocities of the WR and O Components of WR 140

HJD2,400,000

Observatory

RV(WR)  
(km s1)

RV(O)  
(km s1)

46658.8106..............
47004.8665..............
47025.8566..............
47083.6879..............
47365.8505..............
47391.7946..............
48114.7750..............
48131.7955..............
48133.7368..............
48505.8792..............

DAO
...
...
...
...
...
...
...
...
...

10.6  5.4
14.3  5.3
13.0  7.8
13.1  3.8
10.1  7.4
12.3  4.8
5.2  3.3
12.1  6.2
9.1  4.7
22.8  6.6

16.3  6.4
0.1  6.8
8.8  11.2
26.7  6.5
1.3  7.9
2.4  5.6
6.1  4.5
7.4  4.4
4.9  2.5
10.2  28.0

Note.—Table 3 is published in its entirety in the electronic edition of
the Astrophysical Journal. A portion is shown here for guidance regarding
its form and content.

Fig. 1.—Orbits of the O (upper panel) and WR (lower panel) components of WR 140. Diﬀerent symbols depict: ﬁlled squares, DAO data; ﬁlled
circles, OMM data; open triangles, DDO data; open squares, OHP data, all
with corresponding  error bars.
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newly derived orbital period perfectly matches the estimate
of Williams et al. (1990), which was based on the repetitive
episodes of dust formation. Our value of the eccentricity is
slightly higher than that quoted in previous studies, but still
well within the uncertainties. The RV amplitudes of the WR
and O components also match well the earlier derived
values.
Searching for signs of spectral variability of the WR component, we ﬁnd the emission line proﬁles to be stable over
all orbital phases except the relatively brief period around
periastron passage,  ¼ 0:005  0:015. This phenomenon
was ﬁrst reported by Hervieux (1995). Only two lines, both
of low ionization potential, C iii 5696 and He i 5876, show
clear signs of variability. To highlight these rapid changes,
we ﬁrst create an overall mean WR proﬁle by collecting all
the available spectra (except those around periastron passage), shifting them by the orbital motion of the WR component and, ﬁnally, averaging them. Then we subtract the
mean, appropriately shifted spectrum from the individual
spectra in the WR frame, bin the diﬀerences to 0.01 (phases
0:01 <  < 0:99) or 0.005 (phases 0:00  0:01) phase bins
and plot the phase-binned diﬀerences in Figure 2. With
notable consistency in both lines, a broad extra emission
component appears on the blue side of the WR proﬁle at
  0:99, quickly migrates to the red side, and disappears at
  1:02. Comparing the spectra taken during two recent
periastron passages, we ﬁnd this phenomenon repeatable
and phase-locked. One may also note the line proﬁle

Fig. 2.—Rapid, phase-locked variability seen in the lines with low ionization potential. Phase-binned diﬀerences between the individual and
mean proﬁles are shown by solid lines. Dashed lines mark zero levels for
each bin.
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variations especially clearly seen in C iii at v  2500 km
s1 . They are probably linked to the diﬀerences in spectral
resolution of the various data subsets (note that the variability is limited to the relatively narrow spectral regions
corresponding to the steep ﬂanks of the emission lines).
However, in some cases the seemingly stochastic, rapid
(night-to-night) variability of the P Cygni absorption component contributes to the problem as well. It remains to be
seen whether this random variability is related to the
enhanced interaction between the stars during periastron
passage (note that it happens between phases 0.00 and 0.02).
3.2. Photometry
Our long-term, two-site UBV monitoring of WR 140 has
brought a surprise. To study the long-term variably of the
system, we merge the observations collected by the Rozhen
Observatory and APT by shifting the zero points of the former to match the average magnitudes of the APT measurements between HJD 2,450,000 and 2,451,800 (note that in
Table 2 we give the Rozhen data in their original form). We
plot the combined data set in Figure 3. During the 1993 periastron passage, Panov et al. (2000) detected only a shallow,
DV  0:03, broad minimum and interpreted this as related
to the episode of dust formation. The simultaneous 1993
APT photometry conﬁrmed the slight dimming of the star
after periastron passage, additionally pointing to a higher
photometric activity during this period of time; note the
higher scatter in the V measurements around HJD
2,449,200 (Fig. 3, upper panel). Most remarkably, the
behavior of the star changed radically during the 2001

Fig. 3.—Two-site UBV monitoring of WR 140: ﬁlled circles, APT in Arizona; open triangles, Rozhen Observatory. Arrows mark the 1993 and 2001
periastron passages. Orbital phases along with 2  error bars are plotted
in the lower section.
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periastron passage. We found a series of quasi-regular fadings starting 2.5 months after periastron passage and lasting 2.5 months (Fig. 3, lower panel). They rapidly develop
into a major fading event at   0:05, with a clearly
color-dependent amplitude that increases toward shorter
wavelengths.

4. DISCUSSION

4.1. Wind-Wind Interaction Eﬀects
We ﬁrst turn our attention to the rapid appearance of the
extra emission components on the tops of the low-ionization lines of C iii and He i around periastron. First detected
in 1993 (Hervieux 1995), the same eﬀect was observed in
2001, one orbital cycle later, in both the optical (this paper)
and the near-IR lines (Varricatt, Williams, & Ashok 2003).
All independent data sets show a blueshifted excess emission
arising shortly before periastron and rapidly shifting to the
red side of the underlying WR proﬁle at more advanced
phases. At least one other eccentric WR+O binary system,
 2 Vel, shows an extra emission component on top of its
C iii 5696 line, whose intensity also varies with orbital separation (St-Louis 1996). A few dozen high-quality spectra
taken during the critical orbital phases provide some
interesting details.
We measure the integrated ﬂuxes of the extra emission
features in each diﬀerence spectrum (individual proﬁle 
average proﬁle), normalize these ﬂuxes by the maximum
ﬂux observed in C iii, and plot them versus orbital phase
and normalized orbital separation in Figure 4. The latter is
calculated as d ¼ ½dðÞ  dmin =dmin , where d() is the
phase-dependent orbital separation and dmin is the separation at periastron,  ¼ 0. There is a sharp rise toward a
sharp peak in excess emission that occurs at phase 0.0013
after periastron for both lines, C iii 5696 Å and He i 5876 Å,
followed by a possibly slightly less steep decline. At its maximum, the extra emission component delivers 13% to the
line’s ﬂux of C iii and 8% of He i. The uncertainties of measurements of the ﬂuxes can be assessed by looking at the scatter of points at d > 1:5 in Figure 4. The scatter, frequently
negative, highlights the problems of the continuum rectiﬁcation in the 5500–6000 Å spectral region, where the broad,
intense lines of C iii, C iv, and He i create a single blend
(Fig. 5). Nevertheless, the amplitude of the peak at d ¼ 0
greatly exceeds the uncertainties. The rapid redshift of the
extra emission features hints at the origin of the emissions in
the wind-wind collision (WWC) zone, which is supposedly
located between the stars and wrapped around the O component (e.g., Stevens, Blondin, & Pollock 1992). Indeed,
using the orbital elements of WR 140, one can reproduce, if
only qualitatively, the observed shift: as the phase changes
between  ¼ 0:98 and 1.02, the O component quickly moves
behind the WR star (see Fig. 2 in Setia Gunawan et al.
2001). Hence, the RVs of the excess emission component,
emerging from the WWC zone downstream from the bow
shock head, reﬂect this orbital motion and show a quick
blue-to-red excursion.
In colliding wind systems, one expects the excess emission
to vary in position and shape over the course of an orbital
cycle. As shown by Lührs (1997; see also a similar approach
in Neutsch et al. 1981), it often assumes a double-peaked
proﬁle. The positions of the two peaks are predicted to vary
in a certain way with phase, depending mainly on the

Fig. 4.—Normalized ﬂux of the extra emission components in the C iii
line ( ﬁlled circles) and the He i line (open circles) are plotted vs. orbital
phase (upper axis) and normalized orbital separation d (lower axis). A d 1
dependence ﬁtted to the peak of the extra ﬂux is depicted by the solid line,
and a d 2 dependence is traced by the dashed line.

streaming velocity of material in the shock cone (vcone ),
the orbital inclination (i), the half-opening angle of the
shock cone (h), and the Coriolis-induced angular deviation
of the cone’s axis from the line joining the two stars (). In

Fig. 5.—Mean spectrum of WR 140 based on constant spectra avoiding
periastron passage. Bars at the top indicate the ranges of various WR emission lines. O-star photospheric absorption lines along with interstellar features are indicated. Continuum windows used for spectral rectiﬁcation are
shown by double vertical lines at the bottom.
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principle, this means one can learn much about the system
without detailed proﬁle ﬁtting. Depending on spectral resolution, and velocities and geometry of the shock cone, however, the double peaks might not be visible. Faced with this
situation, one can still derive some valuable estimates of the
colliding wind region by measuring the entire excess emission. Hill et al. (2000, 2002) have shown that the width and
position of the excess emission vary as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
FWex ¼ C1 þ 2vcone sin  1  sin2 i cos2 ð  Þ ;
RVex ¼ C2 þ vcone cos  sin i cosð  Þ ;

ð1Þ
ð2Þ

where C1 and C2 are simple constants, and phase  ¼ 0:0
has the Wolf-Rayet star in front.
Unlike the cases for WR 42, WR 48, and WR 79
described by Hill et al. (2000, 2002), we face additional complications here. The orbit is not circular, and we do not have
full phase coverage. The ﬁrst complication is overcome by
ﬁtting versus true anomaly in the orbit rather than phase.
The second complication is not as bad as it appears at ﬁrst,
since the very limited phase over which excess emission
is measurable corresponds to about 150 degrees of true
anomaly.
Using equations (1) and (2), we have ﬁtted the measurements of the width and position of the excess emission
shown in Figure 2. Details of the ﬁtting technique can be
found in Hill et al. (2000). Reasonable ﬁts are obtained for a
very wide range of parameters, but some limits can be
derived by making a few reasonable assumptions. For
example, we can require that velocity of the gas streaming
along the bow shock cone, vcone , not exceed the terminal
velocity of the WR wind, v1 . Eenens & Williams (1994) ﬁnd
2900 km s1 for v1 for the WR star component of WR 140.
Another possible constraint can be obtained by assuming
that turbulence in the shock cone contributes to the constant C1 . Hill et al. (2002) found that numbers of the order
of 200–500 km s1 were appropriate for WR 42, WR 48,
and WR 79 in this respect. Using these constraints, we
obtain vcone ¼ 2300  500 km s1 , i ¼ 50  15 ,  ¼ 40 
15 , and  ¼ 40  20 . A ﬁt using these parameters
is shown in Figure 6. Applying the approach of Cantó,
Raga, & Wilkin (1996), we ﬁnd that  ¼ 40 leads to
_ ðOÞv1 ðOÞ=½M
_ ðWRÞv1 ðWRÞ ¼ 0:045, in a fair agree½M
ment with 0.028, the estimate of Williams et al. (1990); here
_ and v1 are the mass-loss rates and the terminal wind
M
velocities of the WR and O components.
An even more intriguing feature is the extremely rapid
rise and fall of the extra emission component. In general, for
such a wide, long-period binary the WWC zone can be
treated as adiabatic even at periastron (Stevens et al. 1992).
Assuming the WWC excess emission detected in the C iii
and He i lines to be optically thin (a reasonable assumption
for a subordinate line formed at 100RWR), we can expect
to see a d 1 rise/fall of the emissivity (Usov 1992; Stevens
et al. 1992). In the case of WR 140, the emission grows and
falls oﬀ much more quickly, approximately as d 2 (Fig. 4).
This may signify that the WWC zone experiences a rapid
transition from an adiabatically governed state at large
orbital separations to a radiatively driven emissivity around
periastron passage, when the hot, cooling, compacted
WWC gas boosts the emission measure of the zone. The
quick growth of density in the WWC zone may greatly facil-

Fig. 6.—Upper panel: Fit to the FWHM of the excess emission (combined proﬁles of C iii and He i lines). Lower panel: Fit to the radial velocity
of the excess emission with corresponding  error bars.

itate dust production, which regularly happens right after
periastron passage, i.e., at phase 0.02–0.03. This small delay
is likely linked to the travel time of the WR wind to where
the dust is formed (Williams et al. 1990). The asymmetry in
the rise/fall of the emission may arise when the orbital and
free-ﬂow timescales became compatible, which happens
during periastron passage. Inability of the WWC zone to
adjust to the rapidly changing boundary conditions causes a
lag in the directly observable response (i.e., the fall-oﬀ rate
of the extra emissivity) from the WWC zone. Indeed, hydrodynamical simulations (Walder & Folini 2003) clearly show
a time delay in the reaction of the geometry of the WWC
zone to the rapidly changing orbital separation.
The phase shift of maximum excess emission to 0.0013
after periastron corresponds to 3.7 days, which is the same
order as the uncertainty in T0 (3.7 days). Nevertheless, a
minimum delay (assuming a constant-velocity wind; for a
more realistic  expansion law, this delay will be larger)
close to 1 day is expected due to the ﬁnite travel time of the
WR wind material (which forms the excess C iii and He i
emission lines) from the WR star (which determines the
orbit) to the stagnation point in the WWC zone. This minimum may actually apply to the real delay if the winds are
highly clumped. Otherwise, for a smooth, adiabatic wind,
the time of maximum excess line emission will occur at
about an orbital separation, i.e., að1  eÞ at periastron, farther downstream along the shock cone (Folini & Walder
2002), i.e., with a total delay of 2 days after periastron.
4.2. Anisotropy of the WR Wind?
There is at least one alternative interpretation of the extra
emission phenomenon. Analyzing the results of long-term,
multiwavelength monitoring of the radio ﬂux, White &
Becker (1995) came to the conclusion that the wind of the
WR component could be highly anisotropic, with its massloss conﬁned mainly to its equatorial plane, which does not
coincide with the orbital plane (see, however, the criticism
of the model by Pollock et al. 2002). This plane is oriented in
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such a way that the O star crosses it at   0:7 and 0.0. The
ﬁrst passage should not result in any enhancement of the
emissivity of the subordinate lines in the optical because of
the large separation of the components, while the passage
happening around periastron may lead to the rapid growth
of emissivity when the luminous, hot O star plunges into the
densest part of the ﬂattened WR wind. This point was reiterated by Zhekov & Skinner (2000) who, comparing the
results of hydrodynamic modeling of the colliding winds in
WR 140 to the observed X-ray spectra, found that near periastron the ﬁtted results can be signiﬁcantly improved by
introducing an extra absorption, well above that expected
from the winds and interstellar medium. This may signify
the presence of a ﬂattened, disklike structure tilted relatively
to the orbital plane.
We address this hypothesis by trying to reproduce the
behavior of the intrinsic linear polarization in an eccentric
WR+O binary in which the WR component may have an
equatorially enhanced wind. Previous long-term optical
polarimetric monitoring (Whitney et al. 1988) shows a
small, 0.1%, but signiﬁcant decrease of polarization over
the 2 years after periastron passage. However, the (linear)
polarization spectrum of the system appears to be featureless (Schulte-Ladbeck 1994;3 Harries, Hillier, & Howarth
1998), i.e., bearing no signs of the possible ﬂattening of the
WR wind.
We developed a polarimetric model to simulate the polarization caused by electron scattering in the wind of the WR
star. Assuming a rotationally enhanced mass-loss rate, we
reproduced a disklike wind resembling the one proposed by
White & Becker (1995). We calculate the net polarization as
the sum of a constant contribution from the WR star illuminating its own anisotropic wind, and the O star producing a
variable phase-locked component as it orbits around the
WR star and illuminates diﬀerent parts of the inhomogeneous WR wind. This model does not take into account the
wavelength-dependent interstellar component that is to be
added to the net polarization.
We used a Monte Carlo method to evaluate the integrals
describing the polarization in the linear Stokes parameters
Q and U as a function of the binary light curve phase
(Robert et al. 1990) that we adapted to take into account an
eccentric orbit. These integrals assume an optically thin
wind corotating in the frame of the binary and are usually
referred to as BME approximations (see Brown, McLean, &
Emslie 1978).
Each integration is carried out in a spherical region
around the WR star, and each point is chosen using a Sobol
quasi-random number sequence in three dimensions with a
word length of 30 bits. The anisotropy is introduced by
assuming the rotationally enhanced mass-loss rate from
Friend & Abbott (1986), which is frequently used in evolutionary models (Maeder & Meynet 2000):

0:43
1
_
_
;
ð3Þ
M ð; Þ ¼ M ð ¼ 0Þ
1   sin 

the principle of mass conservation at every point in the
accelerated wind by assuming a -type velocity law with
 ¼ 1:0. We use a simplifying assumption that the WR wind
consists exclusively of ionized helium, thus following the
prescriptions of Moﬀat & Marchenko (1993) for a typical
WNE star with R ¼ 3 R . Although this might not be
directly applicable to the case of a WC star like WR 140, we
use the simpliﬁed radial distribution of electron density as a
ﬁrst-order approximation. We expect any discrepancy only
at the outer regions of the wind, where the contribution to
the total polarization is minimal.
The orbital parameters for the model are taken from
Table 4. We adopt an orbital inclination of i ¼ 60 , resulting from the best ﬁt of Williams et al. (1990) to the X-ray–
absorbing column density. This value is comparable to our
estimate derived from the ﬁts to the extra emission components (see above). We also account for the diﬀerence in luminosity of the WR and O components (Williams et al. 1990).
_ ð ¼ 0Þ] and the terThe mass-loss rate at the poles [i.e., M
minal velocity of the wind of the WR star were taken from
Zhekov & Skinner (2000, their model A). Although our
model can take into account the ﬁnite size of the stars, we
have neglected this eﬀect, since the considered orbital separations are much larger than the sizes of the stars. We have
also neglected light attenuations caused by any kind of
eclipse-like phenomena, since their amplitude is relatively
low (see Panov, Altmann, & Seggewiss 2000 and this paper)
and would not signiﬁcantly aﬀect our results.
With this model, we performed three types of simulations
in order to determine the eﬀect of a ﬂattened wind on the
observed polarization. We started from a standard case of a
spherically symmetric wind with  ¼ 0. The result of this
ﬁrst model (model 1) is presented in Figure 7.
Then, we simulated the case of a disklike wind by applying  ¼ 0:95 (model 2). This resulted in a density ratio

where  is the ratio of the rotational velocity at the equator
to the critical breakup velocity and  is the latitude measured from the pole. The electron density is calculated using

Fig. 7.—Simulated polarization as a function of orbital phase for the
binary WR 140. The top panel shows the case of a spherically symmetric
wind; the middle and bottom panels present the case of a rotationally ﬂattened WR wind with an equator-to-pole density ratio of 3.6 and an orientation for the wind’s equatorial plane corresponding to the model proposed
by White & Becker (1995). In the middle panel, the initial orientation of the
equatorial plane of the WR wind is coplanar with the orbital plane; in
the bottom panel, the equatorial plane is initially oriented in the plane of
the sky (see text for more details).

3 The results can be accessed at: http://www.sal.wisc.edu/HPOL/gif/
WR140.gif and www.sal.wisc.edu/HPOL/tgts/WR140.html.
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between the equator and the poles of 3.6. We introduced a
rectangular system of coordinates with the X-axis pointing
to the observer and the Y-axis going along the orbital plane
(note the similarity of our approach to the scheme introduced by Brown et al. 1982). We oriented the orbital plane
at the i ¼ 60 angle measured in the X0Z plane from the
Z-axis. Initially, the equatorial plane of the WR wind (hereafter ‘‘ the disk ’’) was made coplanar with the orbital plane.
We aimed to reproduce the conﬁguration suggested by
White & Becker (1995), in which the O star crosses the highdensity parts of the WR disk at orbital phases 0 and 0.7.
This requires a rotation of the WR disk by 106 in the Y0Z
plane.
For the third case (model 3), we have chosen a pole-on
initial orientation of the ﬂattened WR wind with  ¼ 0:95,
with subsequent rotation of the disk in the X0Y plane by
52=5. This allows the O star to cross the disk at  ¼ 0:7. This
conﬁguration seems to be less likely to occur than the previous model. Defending our choice, we note that, considering an extremely high eccentricity, the tidally induced
synchronization of the orbital motion and axial rotation
(Zahn 1977) seems not to have much inﬂuenced the initial
orbit and rotation of the components of WR 140. This may
be a natural consequence of the long orbital period, as synchronization is proven to be eﬃcient in systems with Pd250
days (De Medeiros, Da Silva, & Maia 2002). On the other
hand, there is no reason to expect coplanarity of the rotational and orbital planes in an asynchronous eccentric
binary (Stawikowski & Glebocki 1994). Note also that any
deviation from the initially imposed pole-on orientation
of the disk would lead to a rapid increase of the intrinsic
polarization component, similar to model 2.
As expected for all cases, the amplitude of the polarimetric variability is very low (Fig. 7) and probably below or
close to the limits of detection in the previous studies. However, the constant, wavelength-independent contribution
from the WR star to the polarization in model 2 (about 3%)
seems to be much too high and would have been detected by
Schulte-Ladbeck (1994) and Harries et al. (1998) in the spectropolarimetric data even if no variability was discovered.
This is a potential serious drawback for the model of an
equatorially enhanced wind. However, the problem could
be resolved if one accepts the conﬁguration of model 3, no
matter how unlikely seems the requirement that the WR
disk be almost perpendicular to the orbital plane.
4.3. Photometric Variability
Now we turn to the photometric behavior of the system
during periastron passage in 2001. If either of the stars, WR
or O, is responsible for the seemingly periodic episodes of
fadings, then, considering the amplitudes of the changes,
one might expect that such drastic variability in the continuum light (noting that the emission lines contribute 16%
of the ﬂux in V ) should be accompanied by detectable line
proﬁle variability. We already mentioned that any variability of the WR emissions subsides at  > 0:015, i.e., long
before the main fading episode (Fig. 3, lower panel). The
contemporaneous O star proﬁles show no detectable
changes either. To demonstrate this, we plot the individual
O-star proﬁles in Figure 8 using the corresponding average
proﬁles of He ii 5412 and He i 5876 as a rough guideline.
These averages were constructed from all the available spectra, including the lower resolution spectra from the OMM
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Fig. 8.—Individual absorption line proﬁles of the O star (solid lines) and
the corresponding average absorption proﬁles (dashed lines) sorted with
increasing orbital phase.

collection. Hence, the overall average proﬁles look shallower than the spectra from the sequences obtained at OHP
and DDO. Allowing for this, we see that the O-star proﬁles
do not change signiﬁcantly with phase.
An alternative explanation relates the fading episodes to
the dust formation phenomenon. The system is famous for
its repetitive IR outbursts happening during periastron passage. The steeply rising, then slowly fading IR ﬂux was
linked to the formation of the hot, radiating dust cloud
emerging from the WWC zone (Williams et al. 1990). The
diﬀraction-limited 2.2 lm images from the Keck I telescope
captured the dust cloud formed during the 2001 periastron
passage (Monnier, Tuthill, & Danchi 2002). The images
show a dust plume that slowly recedes from the system. In
addition to the plume, there are a handful of bright clumps.
They were reidentiﬁed in the images taken at the William
Herschell Telescope a few months later (P. Williams 2002,
private communication), thus giving additional weight to all
the ﬁne details seen in the Keck images. The behavior of the
H ﬂux (Williams et al. 1990) indicates that dust formation
starts at   0:00 and proceeds with an increasing pace at
least until   0:03. Considering the proper motions of the
dust clumps (see Fig. 1 from Monnier et al. 2002), there is a
high probability that some dust patches have caused the
eclipsing-like behavior of the system in the optical. If true,
then WR 140 can be added to the short list of WR stars in
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which freshly formed dust causes deep, relatively longlasting eclipses (Crowther 1997; Veen et al. 1998; Kato et al.
2002). The very presence of small-scale structures in the
winds prior to entrance into the WWC zone facilitates the
dust formation by destabilizing the WWC zone and triggering fast radiative cooling (Walder & Folini 2002). We have
already noted that the rapid appearance of the extra emission components in low-ionization lines favors radiative
cooling as a cause. Thus, it is reasonable to expect that the
freshly formed dust cloud could be broken (eventually or
initially) into multiple clumps during the unstable cooling
process. One cannot exclude the possibility that the numerous instabilities arising in the WWC interface (Stevens et al.
1992) could produce quasi-periodic spatial structures in the
emerging cloud. Another possibility is clumps in the winds
entering the collision zone. As a result of either, we may be
observing a series of eclipse-like events (compare to Fig. 3)
caused by a structured cloud crossing the line of sight. Note
that the possible fragmentation of the WWC zone into
layers (clumps?) of relatively cold, compressed gas not only
creates the necessary conditions for dust formation
(Cherchneﬀ et al. 2000), but shields the newly formed dust
from the harsh radiation ﬁeld of the O and WR stars (Folini
& Walder 2002).
We prefer to interpret the 2001 variability patterns as
arising from the line-of-sight passage of freshly formed
clouds of dust. The growth of variable amplitude toward
the U band lends some additional support to this interpretation. Indeed, putting all the available UBV observations on
the (BV ) versus (UB) plane (Fig. 9), one can see that
after entering the interval of rapid photometric variability,
the star approximately follows the appropriate IS reddening
line (cf. van der Hucht 2001 for the corresponding values).
We assume that the intervening dust cloud is distant enough
(d > 102 AU at  > 0:03) to occult both components. We
select all the UBV data obtained during the period of rapid

Fig. 9.—System’s color variations. Open circles show the system in ‘‘ quiescence ’’; ﬁlled squares mark the period of rapid photometric variability,
HJD 2,452,000–2,452,100. The dashed line, displaced vertically by an arbitrary amount, follows the IS reddening line for WR 140. The arrow shows
the increased intrinsic reddening trend during the 2001 event.
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photometric variability, i.e., at  ¼ 0:020 0:055, and
assume that the variations are caused by the occulting
clouds of mono-size amorphous carbon particles. Amorphous carbon is considered as a main constituent of the WR
dust (Williams et al. 1987, 1990; Zubko 1998; Marchenko et
al. 2002). To estimate the characteristic size of the dust particles, a, we calculate the weighted dust absorption coeﬃcients Qabs ð ; aÞ using Mie theory (Bohren & Huﬀman
1998) and optical constants for amorphous carbon (Zubko
et al. 1996). The weights are calculated as W ð Þ ¼
Tð ÞF ð Þ, where Tð Þ is the transparency of the corresponding ﬁlter (U, B, or V ) and F ð Þ is the energy distribution of WR 140 in the optical (Kuhi 1966). We link the
observed photometric variability to changes of the circumstellar extinction Að Þ and use the fact that Að Þ is directly
proportional to Qabs (Spitzer 1978). Thus, the directly
observable ratios of AðUÞ=AðV Þ and AðBÞ=AðV Þ (94 ratios
in total) can be compared to the calculated ratios of
QðU; aÞ=QðV ; aÞ and QðB; aÞ=QðV ; aÞ, respectively, keeping the size a as the only parameter of the least-squares ﬁt.
Searching for a 2 minimum in the range of a ¼ 0:0001–5.0
lm, we ﬁnd a unique solution at a ¼ 0:069þ0:002
0:001 lm (95%
conﬁdence interval) with 2 ¼ 243 (93 degrees of freedom).
The derived value of a, although somewhat lower than the
recent estimates of particle sizes in the dust-forming WR
stars WR 112 and WR 118, a ¼ 0:4–1.0 lm (Chiar & Tielens
2001; Yudin et al. 2001; Marchenko et al. 2002), nevertheless points to a relatively large characteristic size of the particles, quite comparable to the sizes of presolar graphite
spherules (e.g., Croat et al. 2002).
5. CONCLUSIONS

1. A new set of high-quality spectra taken during the 2001
periastron passage, combined with a complete set of other
spectra over the whole orbit, allows us to obtain precise
orbital elements for both components of WR 140 simultaneously and conﬁrm the extremely high eccentricity,
e ¼ 0:881  0:005, among the highest known for massive
binary systems. Assuming the orbital inclination of i ¼ 60 ,
we ﬁnd MðWRÞ ¼ 19 M , MðOÞ ¼ 50 M , a ¼ 16:3 AU,
and að1  eÞ ¼ 1:94 AU.
2. The rapid rise and subsequent disappearance of an
additional emission component in the low-ionization lines
in the optical may signify that the wind-wind collision zone
is governed by radiative processes during periastron passage. This would greatly facilitate the formation of dust.
Application of the formalism of Lührs (1997) enables us to
place some limits on the orbital inclination of the system,
i ¼ 50  15 , and half-opening angle of the bow shock
cone,  ¼ 40  15 .
3. It seems unlikely that the WR wind is highly ﬂattened,
since such ﬂattening should result in a constant wavelengthindependent 3% component of the intrinsic polarization.
Such a large signal should have been found in previous spectropolarimetric studies. The intrinsic polarization could be
minimized by requiring a speciﬁc orientation of the ﬂattened
wind. However, this leads to a rather unlikely conﬁguration,
with the disk placed almost perpendicular to the orbital
plane. Around periastron, the amplitude of the variable,
phase-locked component of polarization is predicted to be
about 0.1% (even slightly higher in the case of a ﬂattened
wind). This variable component should be detectable with a
moderate-size telescope and a broadband photopolarimeter.
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4. We interpret the series of occultation-like events at
 ¼ 0:02–0.06 as caused by freshly formed dust clouds. This
allows us to estimate a characteristic size of the amorphous
dust grains, a  0:07 lm.
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