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ABSTRACT

The bright WN4 star EZ CMa exhibits a 3.77 d periodicity in photometry, spectroscopy, and polarimetry, but the variations in the
measurements are not strictly phase-locked, exhibiting changes in reference times, amplitudes, and the shape of the variability
happening over times as short as a few weeks. Recently, 137 d of contiguous, variable photometry from BRITE-constellation was
interpreted as caused either by large-scale dense wind structures modulated by rotation, or by a fast-precessing binary having a
slightly shorter 3.626 d orbital period and a fast apsidal motion rate of 1315° yr~'. We aim at testing the latter hypothesis through
analysis of spectroscopy and focus on the NV A 4945 line. We derive an orbital solution for the system and reject the 3.626d
period to represent the variations in the radial velocities of EZ CMa. An orbital solution with an orbital period of 3.77d was
obtained but at the cost of an extremely high and thus improbable apsidal motion rate. Our best orbital solution yields a period
of 3.751 £ 0.001 d with no apsidal motion. We place our results in the context of other variability studies and system properties.
While we cannot fully reject the precessing binary model, we find that the corotating interaction region (CIR) hypothesis is
better supported by these and other data through qualitative models of CIRs.

Key words: techniques: spectroscopic —binaries: spectroscopic —stars: early-type —stars: individual: WR 6 —stars: rotation—
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1 INTRODUCTION

Classical Wolf-Rayet (WR) stars represent an evolved stage of
massive-star evolution, where the progenitor O stars must have a
mass greater than ~25Mg,. They have dense winds (with a mass-
loss rate M ~ 107> Mg yr~!) that have high terminal velocities
(Voo ~ 2000kms™") and are observed to lack hydrogen in their
spectra (see a review in Crowther 2007). These stars are classified
based on their abundances as nitrogen-rich (WN), carbon-rich (WC),
or oxygen-rich (WO). Recent analyses of Galactic WN and WC stars
showed that these stars are often found in binaries: about 56 per cent
of WN stars (Dsilva et al. 2022) and at least 72 percent of WC
stars (Dsilva et al. 2020). Amongst the WN binaries — or candidates
— the bright EZ CMa (EZ Canis Majoris = WR6, HD 50896)
WR star is an unusual test case: depending on the interpretation
of its variability, it could represent a rotating single or binary
star.

With V = 7.0 mag, WR6 is the 6th brightest WR star in the sky.
It is a hot, luminous WR star of the nitrogen sequence with subtype
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WN4b, where the ‘b’ indicates ‘broad-line’ (Smith, Shara & Moffat
1996). WR6 is surrounded by a prominent wind-swept ring nebula
S308, whose radial velocity (RV) along with its relatively large
separation from the Galactic plane and stellar proper motion, suggest
that WR6 is a runaway star, an interpretation somewhat tempered by
the enhanced warp and thickness of the Galactic disc in the outer
regions where EZ CMa is located (e.g. Gvaramadze 2020). Not being
an obvious WR + O binary, WR6 was often considered a prototype
single star. However, its strong variability soon became apparent,
making it less appropriate as such an object. Firmani et al. (1980) first
discovered a periodicity in the variations, with P = 3.763 &+ 0.002 d,
though with clear and strong epoch dependency, especially for the
amplitude and zero-point of its phased (mainly) spectral variability.
These authors claimed that the best explanation was in terms of a
runaway binary with a neutron star companion to the bright WR
component, which formed during the slingshot runaway process of
a supernova leading to the neutron star. However, X-ray data do
not support the presence of such a compact companion (Stevens &
Willis 1988; Pollock 1989; Oskinova et al. 2012; Huenemoerder
et al. 2015). Therefore, another process must have led to the runaway
status; for instance, the star is located higher than usual in the external
Galactic-plane warp and larger width, the neutron star went off flying
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in the opposite direction, or the star was catapulted out of a nearby
forming star cluster/association such as Cr 121.

Later, Robert et al. (1992) summarized the optical variability based
on repeated precision photometry, spectroscopy, and polarimetry. Of
particular interest was the photometry, mainly because of the large
number of observations on different time-scales, covering a decade
at that time. These photometric observations reported by Robert et al.
(1992) confirmed the strong epoch dependency from essentially no
variability at some epochs to a coherent 0.1 mag amplitude at others.
A Fourier analysis of the photometric amplitude led to two marginally
possible coherencies for P = 101 and 651 d, with the latter somewhat
more significant. The linear polarimetry revealed marginally possible
binary-orbit fits with epoch-dependent varying eccentricity but little
variation in w, the longitude of periastron. The circular-polarization
has not shown any clear variation, eliminating the possibility of a
rotating global strong magnetic field with cyclotron emission from
non-relativistic electrons, as seen in magnetic cataclysmic variables
(polars) with magnetic fields of megagauss strength (e.g. de la
Chevrotiere, St-Louis & Moffat 2012; Hubrig et al. 2016). This
result was later confirmed by de la Chevrotiere et al. (2013). The
spectroscopy showed little coherency among different lines and
between different epochs. The 3.77 d period examined by Morel,
St-Louis & Marchenko (1997) showed it to be consistent over large
data sets, even if the variability is epoch dependent. Overall, the only
viable explanations for the 3.77d period are a binary with a low-
mass companion (favoring a neutron star, although not supported in
some X-ray analyses) or a single rotating star with large-scale epoch-
dependent inhomogeneities. Also, pulsations are highly unlikely as
an explanation for the periodic behaviour of EZ CMa given the
coherence in the variability seen in other pulsating WR stars such as
WR 123 (Lefevre et al. 2005).

Another important optical spectral study was later carried out by
Morel, St-Louis & Marchenko (1997); Morel et al. (1998), showing
a clear preference for rotating large-density structures in the wind of
the single star, likely stemming from hot and/or magnetic spots on
the stellar hydrostatic surface. These would then be identified with
corotating interaction regions (CIRs) arising from bright spots on
the stellar surface, as seen in essentially all O stars and modelled by
Cranmer & Owocki (1996). There is no obvious reason why a similar
phenomenon should not be seen among WR stars, despite their
hidden inner dense winds, thus reducing the frequency of detection,
but EZ CMa may be the clearest case. CIR modelling by Dessart &
Chesneau (2002) showed a good qualitative match with the dynamic
spectra observed by Morel, St-Louis & Marchenko (1997); Morel
et al. (1998) for EZ CMa, assuming there were several CIRs per
rotation, that were spaced out randomly in azimuth (Chené et al.
2011), such as seen with two other nitrogen-rich WR stars, namely
WR 1 (Chené & St-Louis 2010) and WR 134 (McCandliss et al.
1994; Aldoretta et al. 2016).

More recently, Schmutz & Koenigsberger (2019) and Koenigs-
berger & Schmutz (2020) revived the binary option in a new
proposed complex scenario of a massive third star causing an inner
binary to precess. The authors derived a synodic period of 3.626d,
an eccentricity of 0.102 £ 0.010, and an apsidal motion rate of
—15.6° orbit™! for the inner binary. This idea stemmed from the
best-ever optical light curve (LC) obtained so far for WR6, by one
of the BRITE nanosatellites over a non-stop 4.5 month-long period.
Although a more detailed analysis of this BRITE LC along with
simultaneous spectroscopy is pending (St-Louis et al., in prep.), a
preliminary report of these data was given in Moffat et al. (2018)
and St-Louis et al. (2020) in terms of CIRs. One can note that TESS
data are now also available, though they only cover a month at a
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time, which is not as complete as the BRITE light curves, despite the
higher precision and cadence of the former. Such longer data strings
are essential to deal with the epoch dependency.

In this paper, we analyse regular, repeated precision newly
acquired optical spectroscopy with the CHIRON spectrograph in
order to narrow down the possible scenario to explain EZ CMa’s
periodic variability. Section 2 presents our spectroscopic data set
and reduction process. The measurements of the line shapes and
variability are presented in Section 3. In Section 4, we derive an
orbital solution for the system accounting for apsidal motion through
the analysis of the RVs. We discuss our results in the context of other
observations of the star in Section 5, and conclude in Section 6.

2 OBSERVATIONS AND DATA REDUCTION

In order to test the binary hypothesis for the nature of EZ CMa,
an observational campaign was instigated with the CTIO 1.5-m
telescope and the CHIRON spectrograph (Tokovinin et al. 2013)
during the time period spanning from November 2020 to March
2021. Each observing run was designed to give a two-week long
observation set with one spectrum per night so that radial velocities
could be measured and such that the 3.77 d period had reasonable
phase coverage. As a result of these constraints and available
telescope time, a total of 54 spectra were collected over four epochs.
We define each section of data to represent one of these observing
runs, where Section 1 was between 2020 November 17-30, Section
2 was between 2020 December 07-19, Section 3 was between 2021
January 04-17, and Section 4 was between 2021 March 04—18.

Each observation consisted of a 400s exposure that provided a
spectrum with a signal-to-noise ratio of 150-200 in the continuum.
The resolving power is R ~ 28 000 across the spectrum. Beyond the
region of ~ 6500 A, the échelle orders no longer overlap resulting in
gaps in the wavelength coverage. Wavelength calibration was done
for each night through the pipeline process, which has been shown to
be stable across an entire observational night (Tokovinin et al. 2013).
The signal-to-noise peaks around 5500 A, and could vary by a factor
of a few across the chip. At the longest wavelengths near 8000 A, the
CHIRON throughput is only ~10 per cent of that at the peak.

As described in Tokovinin et al. (2013), the CHIRON spectrograph
is an optical high-resolution spectrometer designed for collecting
large amounts of data with a high stability and goal of measuring
radial velocities of bright stars. The spectral range for CHIRON
is fixed and covers 4550 to 8800 A. The data are run through a
pipeline reduction, recently described by Paredes et al. (2021), that
performs the bias and flat corrections, while providing a wavelength
solution with a precision below 1kms™'. We also used the ‘normal’
star HR 4468 (B9.5V) to fit the blaze function and remove it from
our observations, allowing for the data to be compared over multiple
échelle orders when needed, which was previously done for CHIRON
observations of hot stars with broad emission lines (Richardson et al.
2016, 2017). An example spectrum of EZ CMa is shown in Fig. 1.

3 MEASUREMENTS OF THE LINE SHAPES
AND VARIABILITY

The following regions of interest were investigated closely: for He 11
14861, NV A4945, Her A 5412, and He I1 A 6560, we constrained our
measurements to the regions 4820-4900, 4915-4965, 5350-5550,
and 6500-6620 A, respectively. The analysis involved the evaluations
of the standardized moments, where the equivalent width (EW) is
the zeroth moment, the radial velocity (RV) the first, the square of
line width the second, skewness (S) the third, and kurtosis (K) the
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Figure 1. An example spectrum from the first night of observation on 2020
November 17. The lines of interest (indicated by the red arrows from left to
right) are He 11 14861, NV 14945, He 11 A 5412, and He 11 1 6560. The inset
shows a zoom on the NV A 4945 line.d

fourth. The EWs were measured from

W_/FC‘FHA M
A= F 3

Cc

where F, is the normalized flux across the wavelength region of
interest and F. is the flux of the continuum spectrum across the line,
assumed to be equal to unity after normalization.

The S and K measurements were computed using the following
equations:

s=5, @)
I
and
K= % 3)
2
with
(i ="
Mn = ZT “)
and
- i Al

Zi L’
where /; is the intensity of the line at the wavelength A;. The skewness
and kurtosis measurements indicate changes in the line profiles.
Skewness measures the symmetry of a line, where a skewness of 0
indicates a symmetric line, and a positive or negative value indicates
that the line is leaning more towards the blue or red of the symmetric
normal distribution, although line wings on the red side of WR
wind-line profiles will often shift the zero-point to a positive value.
Kurtosis gives a measure of whether the normal distribution line is
heavy-tailed (K > 0) or light-tailed (K < 0). The resulting values for
the N'V 14945 line are provided in Table A1. We adopt A to calculate
the radial velocity. The statistical error of this measurement is our
reported error bar in Table A1, but we think this is a lower limit to
the actual error, which does not include any stochastic components
from the wind variability at the time of the observation.

4 TEST OF AN ORBITAL SOLUTION

An issue encountered when examining potential orbital variations
for EZ CMa is the extremely variable emission-line profiles of WR
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6. We here decided to restrict our radial velocity analysis to the sole
NV A 4945 line as the He 11 lines are formed at much larger radii than
the high-ionization NV line. Indeed, in the presence of additional
asymmetries in the wind, the lines with smaller formation radii have
a much better chance to sample the motion of the star itself rather
than of the wind asymmetries. For example, in the case of the bright
WR binary y? Vel, Richardson et al. (2017) showed that the semi-
amplitude of motion of the WR star is related to the upper energy
state of the atom/ion used in the measurement.

We tested the binary hypothesis through a fit of the radial velocities
of EZ CMa. We here explicitly assumed EZ CMa is the primary star
of the binary system, and proceeded in the fit of the RVs adopting the
formalism already used in previous studies (e.g. Rauw et al. 2016;
Rosu et al. 2020, 2022, 2023).

For each time of observation 7, we fit the RV data with the following
relation

RVp(?) = yp + Kp[cos(¢(t) + w(t)) + e cos w(t)], 6)

where yp, Kp, e, and w are the primary apparent systemic velocity,
the semi-amplitude of the primary RV curve, the eccentricity, and the
argument of periastron of the primary orbit, respectively. The true
anomaly ¢ is inferred from the eccentric anomaly, itself computed
through Kepler’s equation, which involves both e and the anomalistic
orbital period Py, of the system. We accounted for the apsidal motion
through the variation of @ with time following the relation

o(t) = wy + ot — Ty), (7

where @ is the apsidal motion rate and wy is the value of w at the
time of periastron passage Ty. The systemic velocity was adjusted so
as to minimize the sum of the residuals of the data about the curve
given by equation (6).

For the RVs, we adopted error bars four times larger than the error
bars quoted in Table Al, as we found that our derived error bars
were underestimated by a factor of ~4-5 as judged by the quality
of the fit. In this case, the error bars on the RVs amount to ~3—
4kms™!, values that are more coherent with the signal to noise ratio
and spectral resolution of the spectroscopic data.

In a first attempt to derive an orbital solution for the system,
we fixed the orbital period to the value of 3.626 d as suggested by
Schmutz & Koenigsberger (2019) while leaving all other parameters
(Ty, wo, e, Kp, and @) free. We scanned the 5D parameter space
but were unable to find any consistent solution as the RV data were
poorly adjusted with areduced x2 ~ 100. This result suggests that an
orbital period of 3.626d is not appropriate to describe the observed
RV variations.

We repeated the same exercise but fixing the orbital period to the
values of 3.77 d used by Morel, St-Louis & Marchenko (1997). The
best-fitting values of the adjustment are provided in the first column
in Table 1, and the best-fitting RV curve is plotted in orange in Fig. 2
together with the observational data and residuals of the fit. The value
of the apsidal motion rate we obtain seems unreasonably high for a
system where EZ CMa would be the more massive star. Indeed, this
would be two orders of magnitude higher than the values found for
massive O star binaries with similar periods in the LMC (Zasche
et al. 2020).

We therefore tested the hypothesis of no apsidal motion in the
system by fixing the apsidal motion rate to 0°yr~'. The best-fit
adjustment is shown in pink in Fig. 2 and the best-fitting values
are provided in the third column in Table 1. The best-fit adjustment
obtained in this way clearly fails to reproduce the data. This result
suggests that an orbital period of 3.77 d might not be adequate to
reproduce the data.
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Table 1. Best-fitting orbital parameters of EZ CMa obtained from the fit of the RV data.

Parameter With apsidal motion Without apsidal motion
P, fixed P, free P, fixed P, free

Porp (d) 3.77 (fixed) 3.749 + 0.003 3.77 (fixed) 3751 £ 0.001
0.018 0.016 0.018
e 0.331790:5 0.340%0 015 0.302 £ 0.021 0.338%0015
Kp (kms™!) 34008 34.9707 29.9 £ 0.9 34.8+0.8
Ty (HID-2450000) 9177.57*00%  9177.79£0.05  9177.61 £0.04  9177.77°3%:
wo (°) —4.7+3% 19.6 £5.2 23445 17173
@ Cyr 207.2+103 —21.5+33 0 (fixed) 0 (fixed)
x2 28.113 26.669 42417 26.131
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Figure 2. Comparison between the measured RVs of EZ CMa (filled dots) with the orbital solutions (see Table 1). We note that the error bars plotted on the
RVs measurements are the ones quoted in Table A1 multiplied by four. The dark blue plain (resp. light blue dashed) line represents the fitted RV curve with
(resp. without) apsidal motion and Py, free. The orange plain (resp. pink dashed) line represents the fitted RV curve with (resp. without) apsidal motion and
Py, fixed to 3.77d.
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Figure 3. Confidence contours for the best-fit parameters obtained from the fit of the RV data of EZ CMa allowing for apsidal motion in the system and with
the orbital period a free parameter of the fit (see Column 2 of Table 1). The best-fit solution is shown in each panel by the black filled dot. The corresponding

1o confidence level is shown by the blue contour.

Given the strong dependence of the best-fit adjustment on the
orbital period and the fact that previous orbital period determinations
might not be accurate enough, we performed a last adjustment of the
RV data leaving the orbital period as an additional free parameter.
The projections of the 6D parameter space onto the 2D planes are
illustrated in Fig. 3. Our best-fit adjustment is plotted in dark blue in
Fig. 2 and the best-fitting values are provided in the second column
in Table 1. Compared to the adjustment with Py, = 3.77d, the x2
of the fit is not significantly better but our best-fit solution better
reproduces the data at later times.

Yet, the apsidal motion rate obtained in this way is slightly nega-
tive, meaning that we have a retrograde motion. This negative apsidal
motion cannot arise from the binary system alone and, if real, would
be produced by a third body orbiting the inner binary (Borkovits,
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Forgéacs-Dajka & Rappaport 2019). However, the uncertainties on
the apsidal motion are large, and the best-fitting value is compatible
with positive values, that is to say, with prograde apsidal motion,
or no apsidal motion. These results show a degeneracy between the
apsidal motion and orbital period, and we are therefore unable to
provide any strong determination of the apsidal motion rate in the
system.

To illustrate this degeneracy, we assumed that the system under-
goes no apsidal motion. We performed a last fit fixing the apsidal
motion rate to 0° yr~!. The best-fit solution is plotted in light blue in
Fig. 2 and overlaps perfectly with the dark blue curve; and the best-
fitting values are reported in the last column in Table 1. The quality
of the fit has not significantly changed compared to the previous
adjustment, as judged by its x.
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‘We conclude, from the analysis of the RVs of EZ CMa, that the
orbital periods of 3.626 and 3.77 d reported in the literature are not
appropriate to explain the observed variations in RVs. If EZ CMa
happened to belong to a binary system, we rather suggest an orbital
period of 3.751 4= 0.001 d to explain the variations of RVs. However,
we cannot confirm nor refute the apsidal motion hypothesis based
on the RVs analysed here, as our best-fit adjustment was compatible
with prograde, retrograde, and no apsidal motion.

5 DISCUSSION

Even if the binary hypothesis investigated in Section 4 could be a
reasonable explanation to the observed RV variations, other studies
and properties of EZ CMa make the binary hypothesis difficult to
accept. For instance, the star was modelled in the sample of Galactic
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WN stars by Hamann, Grifener & Liermann (2006), where the
emission lines are fully reproduced in strength without any dilution
from a second star, which argues against a bright companion. It was
also noted that the X-ray flux is stronger than expected for a single
WN star, but is also too weak for EZ CMa to be considered as a
high-mass X-ray binary within the usual Ly—Ly,-relation for single
O stars (Oskinova 2005). This means that the putative companion
should not be a black hole or a neutron star. Furthermore, the radio
spectrum is observed to be thermal (Dougherty & Williams 2000),
further supporting a single-star scenario. The models of Schmutz &
Koenigsberger (2019) are more suggestive of a low-mass non-
compact companion star, that due to its low luminosity, may not
provide enough light to dilute the optical emission lines.

The binary scenario suggested by Schmutz & Koenigsberger
(2019) and Koenigsberger & Schmutz (2020) was based entirely
on the 5-month long-time series of BRITE-Constellation photometry
originally reported by Moffat et al. (2018). If we assume that the
photometric signal is caused by eclipses from a companion-induced
shock, referring to the scenario hypothesized by Schmutz & Koenigs-
berger (2019), where emission from a wind—wind interaction region
undergoes eclipses by the WR star and by its putative companion,
then, even with the precession, this signal should always be present
as the inclination of the system should remain constant over time-
scales of decades. Robert et al. (1992) compiled a collection of light
curves of the star up to that date, and the photometry was non-variable
(within the errors on the data) in at least three observing runs in 1976,
1978 (Firmani et al. 1980), and 1986 (van Genderen, van der Hucht &
Steemers 1987; van der Hucht, van Genderen & Bakker 1990). It is
worth comparing that the typical scatter and errors in those data
runs are smaller than the amplitude of the photometry obtained by
BRITE-Constellation. Any precessing model of the binary should
also be able to explain a non-variable stellar flux at these epochs,
along with the various other shapes of the light curves shown in the
compilation of data by Robert et al. (1992).

Recently, EZ CMa was also considered to be a binary in the
multiplicity survey of Dsilva et al. (2022). This survey relied on cross-
correlation of individual epochs of spectroscopy against the average
for the star from their high-resolution spectra. The normalized
moments (skewness and kurtosis) of the NV A 4945 line are shown
as a function of the phase (computed using the orbital solution
without apsidal motion and Py, = 3.751d, see last Column in
Table 1) along with the RVs. These plots show a strong correlation
between the NV A4945 line’s RVs as measured with a flux-
weighted mean, the skewness of the line, and the kurtosis of the line
(Fig. 4). The phased variability of the line moments on the putative
orbit strongly suggests that the line’s intrinsic variations are the
cause of the apparent RV changes more than a binary companion.
We further show the correlations between the moments in Fig. 5,
which all have a Spearman rank-order correlation larger than 0.8.

These moment variations indicate intrinsic changes within the N'v
A 4945 line. If this line is variable due to a binary companion (e.g. to
a moving absorption line), then a secondary star could be the cause
of the observed changes. This would require a very hot and luminous
underlying star with an underlying N v A 4945 line. We note that even
the very bright and hot O4 1 star ¢ Puppis does not show any strong
enough NV 14945 absorption line (see the average high-resolution
CHIRON spectrum in Ramiaramanantsoa et al. 2018) to provide such
a variation, so any object causing the N vV A 4945 variability would
have to have an extremely hot temperature to cause these changes
in the spectrum of the WN4 star EZ CMa. Such a star should easily
be observable in a combined spectrum and cause diluted emission
lines.

MNRAS 527, 2198-2208 (2024)

$20Z 1snBny Zo uo Jasn AlsIaAlun 81e1S 89ssauua ] 1sed Aq |L080SE /861 2/2/.ZS/a191le/seluw/wod dno-olwapeoe//:sdiy Woll papeojumMo(]



2204 K. DG. Barclay et al.

0.44

Skewness
o
N

o
o

———y = I .
—80 r=-0.83 -804 r=0.80
e~ [ s B
— —100 = -1001 PR,
é e oot
£ -120 . ~120 S
1401 g | 1407 et
~1601 @ ~1601 1t -
i e
20 25 3.0 0.0 02 04
Kurtosis Skewness

Figure 5. Interdependence of the moments for the N v 14945 line of our
observations.

Many observational results presented both here and in the literature
call into question the binary hypothesis, including the correlation of
line moments with radial velocity, occasional non-variable photom-
etry in the past, and the result here that only the NV 14945 line
was able to be used for a binary orbital solution. One of the best
samples of precessing, massive binaries was presented in Zasche
et al. (2020), who analysed 162 binaries in the LMC with OGLE
photometry. While the putative binary period of EZ CMa is similar
to the periods shown in this sample, the apsidal period proposed by
Schmutz & Koenigsberger (2019) and Koenigsberger & Schmutz
(2020) is about two orders of magnitude shorter than most of the
massive binaries in the sample of Zasche et al. (2020), although one
outlier exists with similar parameters.

The fast apsidal motion rates derived for an orbital period of 3.77 d,
if real, raise several issues. Indeed, in such a case, the apsidal motion
cannot be considered as a small secular variation anymore, and the
orbital fit performed in this case is likely not relevant. With such a
large value for the apsidal motion rate, the remaining questions relate
to the tidal force dissipation in the binary. For late-type binaries in
young clusters, tidal forces cause circularization quickly, as shown
in e.g. Tassoul (1995), Rieutord & Zahn (1997), and Tassoul &
Tassoul (1997). While the exact time-scales and mechanisms are
debated in these papers, the time-scales are still seen to be short, and
would likely be only 103~ yr for a system with two massive stars
such as the expected types for WR6, which does not incorporate
potential changes due to the stellar structure of the WR star being
different from that of a (more centrally compressed) main-sequence
star.

The difficulties in the binary scenario suggest that we should
examine these data with an alternative hypothesis such as CIRs,
which were previously suggested for EZ CMa by Morel, St-Louis &
Marchenko (1997). CIRs have been long-observed in O stars (Mullan
1984), and are observed as propagating absorption features in
ultraviolet resonance lines (Kaper et al. 1999) and are ubiquitous
amongst the O stars (e.g. Howarth & Prinja 1989).

CIRs have been harder to detect and characterize for WR stars.
St-Louis et al. (2009) and Chené & St-Louis (2011) performed
optical spectroscopic surveys of WR stars to search for line profile
variability and test the strength of the variations for quantifying CIRs.
Prior to this, Morel, St-Louis & Marchenko (1997); Morel et al.
(1999) found EZ CMa and WR 134 to have line profile variations
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similar to that expected for CIRs. The surveys found several new
candidates for CIR-hosting WN stars, including WR 1 (Chené &
St-Louis 2010) and WR 110 (Chené et al. 2011), which also showed
photometric variations with the Microvariability and Oscillations of
STars (MOST) satellite.

EZ CMa has some similarities in terms of spectroscopic features
with another well-studied WR star with CIRs, namely WR 134
(Morel et al. 1999). For WR 134, Aldoretta et al. (2016) collected
four months of moderate-resolution spectroscopy for their analysis.
They examined the variability patterns and derived a 40-d lifetime
for the features. WR 134 has similar X-ray and optical properties
to EZ CMa, so it is reasonable to assume they have similar causes
for their variations. With EZ CMa, the coherence time of the cyclic
variations is about two weeks. While we can’t directly confirm this
with our data, the different variability patterns in each epoch do seem
to support this.

CIRsina WR wind could provide shock velocities up to 10° km s~
assuming energy conservation between thermal and kinetic energy.
These shock velocities are in the radial direction given the terminal
wind speeds of these stars, allowing the stars to also exhibit a fairly
hard X-ray flux, such as observed in EZ CMa (Oskinova et al. 2012;
Huenemoerder et al. 2015). This is a higher shock velocity than the
shocks from the clumps in the winds (~10? kms™' Lépine & Moffat
1999). Thus, CIRs can provide the needed properties to explain the
observed properties of EZ CMa. In fact, Oskinova et al. (2012) show
that the X-ray production for EZ CMa is difficult to reconcile with
a binary hypothesis and that the X-ray production is not necessarily
consistent with a normal wind and offers a slowly accelerated clump
as a potential source of the X-rays. These clumps could be part of
the base of the CIRs in the wind. Similar to EZ CMa, 40 per cent
of supposedly single WN stars show similar optical spectroscopic
variability (Chené & St-Louis 2011). Two O stars have been shown
to have CIRs in both ultraviolet and optical spectroscopy along with
high-precision optical photometry, namely & Per (Ramiaramanantsoa
et al. 2014) and ¢ Pup (Ramiaramanantsoa et al. 2018), which also
shows X-ray variations at the 10-20 per cent level (Nichols et al.
2021). It is worth noting that X-ray production in CIRs is not well
modelled and could cause excess emission or absorption, which may
depend on the source and geometry, so it is unclear how the X-rays
could relate to the CIRs without further modelling, which is beyond
the scope of this paper.

Modelling of the CIRs is beginning to be explored with multiple
observational techniques. Radio emission from CIRs may show
modulation (Ignace, St-Louis & Prinja 2020) and it is likely that
similar variability patterns could be observed with optical photome-
try, although a radio photosphere may lie outside the area, where the
CIRs form. Simplified numerical simulations based on the results of
Cranmer & Owocki (1996) and using Monte Carlo radiative transfer
predict the shape of light and polarization curves of winds that include
CIRs (Carlos-Leblanc et al. 2019).

For the current observations, the CIR models rely on a hot spot
or a pair of hot spots that are at an angle of 90° from each other
on the stellar surface acting as the source(s) of the large-scale
wind inhomogeneities that cause the CIR. The resulting patterns
of variability modulate with the underlying star with a period
independent of the distance from the star. The polarimetric variability
of EZ CMa was modelled in the context of CIRs by St-Louis,
Tremblay & Ignace (2018) using the analytical results of Ignace,
St-Louis & Proulx-Giraldeau (2015), and the models of St-Louis,
Tremblay & Ignace (2018) are the basis for our calculations. These
models are generally set up to have hot spots as drivers for the CIRs,
and were able to reproduce many epochs of polarimetric variability

1
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Figure 6. Left-hand panel: Section 1 (from 2020 November 17-30) of the data presented as a grey-scale dynamical spectrum with line profiles. The grey-scale
depicts the difference from the average profile in this section of data and are presented in the same order as the top panel. Right-hand panel: example grey-scale
and model line profiles based on the models of St-Louis, Tremblay & Ignace (2018) shown in the same manner.

by only changing the location of the footprint of the CIRs on the
stellar surface of the star as a function of epoch. In addition to
the success of the polarimetric variability, the study also produced
generic line profiles that could be used to examine spectroscopic
signatures of CIRs.

In Fig. 6, we present a graphical depiction of the line profiles
from Section 1 of our data from 2020 November 17-30, both
showing a montage of the line profiles as well as a grey-scale of
the difference from each spectrum and the average profile from that
section. A clear moving excess emission can be seen to propagate
around the rest velocity of the line with the 3.77 d period. A similar
result was obtained by Morel et al. (1998, see their fig. 4) for
this transition, although they also reported on several additional
lines. As a qualitative comparison, we also show a model of line
profile variability for two CIRs with the code developed by St-Louis,
Tremblay & Ignace (2018). The model looks out of phase compared
to our observations as it was not developed to fit these data, but
shows a qualitative similarity to the observed variations. This model
can illustrate several plausible similarities with the data, although a
full model of the system and its CIRs is beyond the scope of this
paper and should be done with a denser data set than we obtained.

The model line profile used for Fig. 6 follows the outline of Section
5 of St-Louis, Tremblay & Ignace (2018) for the calculation of
recombination emission lines from a wind with a CIR. The approach
uses the Sobolev approximation for the line formation (e.g. Lamers &
Cassinelli 1999), where the emissivity for recombination scales as the
square of density. The emissivity also involves a function (v/v)*

for v the wind velocity and « a user-supplied exponent to shift
the line emission to larger velocities, helping the profile to match
the observed line width better. Then two models are calculated for
the line profile variations, each with a single CIR but at different
azimuthal locations on the equator. Those results are averaged to
obtain the results shown in Fig. 6. Since the observed NV 14945
variations in the profile do not reach v, due to the high ionization
of this line, we scaled the velocities by a factor of 3 in this depiction.
The azimuthal separation of the two CIRs is about 90° (following
St-Louis, Tremblay & Ignace 2018), and the half-opening angles are
30° each, so in the model the two CIRs nowhere physically intersect.
Thus, the averaging of the results from the separate models for the
individual CIRs is a reasonable approximation for the pattern of line
profile modulations with rotational phase.

The model shown in the grey-scales (Fig. 6) produces variations in
the moments that are of similar amplitude or shape as the measured
moments from our data. However, the line profiles of the CIR model
are narrower than that of the WR star due to the method by which
the simplified profile is calculated. We measured the normalized
moments of the model profiles in the same manner as our data. We
found that the observed variations are similar in both amplitude and
shape as that of the model.

We do caution that these line profiles were calculated with
some assumptions that could make this a difficult comparison to
ultraviolet resonance lines formed by CIRs, where the observational
and modelled effect is a ‘banana’ shape in the dynamical spectra
(e.g. Cranmer & Owocki 1996). In particular, optical recombination
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lines are sensitive to the squared density in the wind rather than
the velocity gradients that drive the observed ‘banana’ shape for the
P Cygni absorption profiles of ultraviolet resonance lines. These line
profiles do not take into account the non-monotonic velocity gradient
effects, but are presumably a realistic first step towards understanding
the CIR effects.

Of note, we also consider if this pattern can be caused by binarity,
but we caution that for binarity, the time-scale must be on the orbital
period strictly, whereas rotation will have a cadence that depends on
the rotation period and number of spots. The changes in the variability
pattern are thus hard to reconcile with binarity. Further, the WR wind
is spherical up to the stagnation point, which is likely close to the
companion for a system like EZ CMa. If we are looking at a line
that forms at the inner wind of the WR star, such as NV, then the
companion might reside at a position similar to where the WR wind
reaches its terminal speed. The spiral trail effects could then influence
line wings and could begin to constrain viewing inclination combined
with the CIR opening angle. This has been explored in a paper on
forbidden lines for WR binaries (Ignace, Bessey & Price 2009),
which is a different scale of the problem, but has all relevant issues
covered. Finally, our CIRs are mostly conical with little spirality in
the region of line formation, especially for N v. Thus, spiral patterns
in the dynamical spectra do not imply a spiral pattern in the spatial
structure, as it is a fully 3D problem with spherical trig considerations
to map from spatial to observed radial velocity.

6 CONCLUSION

Our spectroscopic campaign on EZ CMa aimed at testing the
hypothesis that the photometric variations observed with the BRITE-
Constellation nanosatellites are caused by a fast precession in a close
binary system. We focused our analysis on the sole NV A 4945 line
and fitted the radial velocities of EZ CMa explicitly accounting for
apsidal motion in the system.

We concluded that the orbital period of 3.626d proposed by
Schmutz & Koenigsberger (2019) is not appropriate to describe
the observed RV variations. We did find an orbital solution with
the period of 3.77 d used by Morel, St-Louis & Marchenko (1997),
but at the cost of an extremely fast apsidal motion of 207.2° yr—!,
unreasonably high for a system where EZ CMa would be the more
massive star. We rather suggest an orbital period of 3.751 4 0.001d
to explain the observed variations in RVs, if EZ CMa would appear to
belong to a binary system. Our best-fit orbital solution is compatible
with no apsidal motion, which means that we cannot confirm nor deny
the hypothesis of precession of the orbit based on the present analysis
only.

In addition, the radial velocity changes alone are not enough
to consider the system to be a binary. The system had periods
of non-variable photometry, no emission line dilution, and any
companion that might be causing the changes in the N v 1 4945 line
profile should lead to a luminosity of the companion that would be
detectable by our spectroscopy or by past campaigns. The proposed
companion from the analyses of Schmutz & Koenigsberger (2019)
and Koenigsberger & Schmutz (2020) is a late B star with 3-5 M,
which should have a luminosity of ~300 L, well below the nominal
detection limits. However, if the star did have a N v A 4945 absorption
line that could explain the skewness and kurtosis variations in this
line, it should be closer to that of a mid-O dwarf and would be easily
detectable for the existing spectroscopy of EZ CMa given the similar
luminosities of these two types of stars.

Instead of the binary system hypothesis, we suggest that EZ CMa
is a single WR star with strong co-rotating interaction regions. Such
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a system is also seen in the well-studied WR star WR 134 (e.g.
Aldoretta et al. 2016) and represents a simpler interpretation of all
available observations. It would be prudent to have a dedicated,
high-precision, high-cadence time series of spectroscopy along with
photometry and polarimetry in the future to model the CIRs to
definitely confirm or refute the binary hypothesis.
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Table A1, Measurements of the moments for the N v A 4945 line.

Observation date (HID) RV (kms™!) Skewness Kurtosis

2459171.7721 — 15548 + 0.37 —0.045 £ 0.036 2.79 £ 0.10
2459172.7597 — 14447 + 0.41 0.061 + 0.035 2.65 +0.10
2459173.8727 —89.76 £ 0.570 0.170 + 0.029 2.22 +£0.09
2459174.7644 —138.10 £+ 0.64 0.015 + 0.019 2,61 +0.05
2459175.7938 — 14536 + 049 —0.022 £ 0.028 2.67 +0.08
2459176.8036 —157.38 £ 0.55 —0.022 + 0.024 2.87 +0.07
2459178.7516 —146.75 + 0.51 —0.005 £ 0.025 2.67 +0.07
2459179.8136 —131.98 £ 046 0.041 £ 0.033 2.56 £ 0.10
2459180.7236 — 14391 + 0.53 —0.054 £ 0.025 2.84 +0.07
2459181.7758 —98.43 + 0.590 0.128 + 0.025 2.46 +0.07
2459182.7861 — 158.06 + 0.56 —0.088 £ 0.021 2.77 £ 0.06
2459183.7926 — 14343 + 049 0.069 + 0.029 2.61 +0.08
2459184.8136 —105.60 + 0.53 0.198 + 0.030 2.27 £ 0.09
2459191.7682 — 14397 £+ 0.52 0.041 + 0.027 2.74 +0.08
2459192.7714 —92.25 £+ 0.470 0.374 + 0.039 1.91 £0.12
2459193.7741 —152.55 £ 0.57 —0.009 £ 0.021 2.71 £0.05
2459194.6586 —140.74 + 0.46 0.081 + 0.028 2.87 +0.08
2459195.7780 —121.94 £ 0.51 0.160 £ 0.032 247 +£0.09
2459196.7470 —109.39 £+ 0.53 0.243 + 0.030 2.33 +0.09
2459197.7327 —168.33 + 0.51 —0.118 £+ 0.022 2.81 +0.06
2459198.6975 —141.86 £+ 0.50 —0.021 £ 0.027 2.69 +0.08
2459199.7483 —94.41 + 0.550 0.317 + 0.033 2.11 £0.10
2459200.7617 —131.47 + 0.58 0.123 + 0.024 2.57 +0.07
2459201.7040 —161.73 + 042 —0.126 £ 0.027 2.82 £ 0.07
2459202.7124 —120.99 + 0.57 0.034 + 0.025 2.68 +£0.07
2459203.5833 —103.88 £+ 045 0.212 + 0.035 2.36 £ 0.10
2459219.7010 —128.54 £+ 0.54 0.005 + 0.023 2.69 +0.06
2459220.6677 —151.99 £ 048 —0.036 £ 0.025 2.81 £0.07
2459221.6715 —124.84 £+ 0.55 —0.059 + 0.024 2.76 =+ 0.07
2459222.6851 —74.13 £+ 0.620 0.255 + 0.027 2.12 +0.08
2459223.6970 —136.80 £ 0.59 —0.012 £ 0.021 2.72 +0.06
2459224.6308 —156.37 + 041 0.048 + 0.031 2.78 £ 0.09
2459225.6850 —118.59 + 045 0.223 + 0.037 236 +0.11
2459226.6388 —85.44 £ 0.550 0.126 + 0.028 2.48 +0.08
2459227.6515 —149.83 + 0.53 —0.051 £ 0.023 2.75 £ 0.06
2459228.7566 —146.75 £ 0.41 0.061 + 0.034 2.75 £0.10
2459229.6796 —89.49 + 0.490 0.359 + 0.038 1.99 +£0.12
2459230.6632 —117.05 £+ 0.63 0.156 + 0.023 2.54 £ 0.06
2459230.6680 —117.29 £ 0.55 0.154 + 0.026 2.52 +0.07
2459231.5847 —137.42 + 0.62 —0.029 £ 0.020 2.69 £+ 0.05
2459232.6535 —129.52 £+ 0.55 —0.013 £ 0.024 2.67 +0.07
2459282.5630 —70.13 £ 0.560 0.130 + 0.025 2.50 = 0.07
2459283.4950 —126.62 £+ 0.56 0.021 + 0.023 2.73 +0.07
2459284.6465 —154.77 + 0.50 —0.030 £ 0.023 2.77 £ 0.06
2459285.6174 —126.44 £+ 0.58 0.057 + 0.024 2.73 +0.07
2459286.6896 —86.44 £+ 0.560 0.226 + 0.029 2.27 £0.09
2459287.5751 —134.70 £+ 0.60 0.060 + 0.021 2.77 +0.06
2459288.5935 —142.87 + 0.54 —0.142 £ 0.021 2.86 = 0.06
2459290.6284 —101.78 £+ 0.52 0.169 + 0.029 2.49 +0.08
2459291.6186 —147.16 + 0.57 0.044 + 0.021 2.76 = 0.06
2459292.5639 —127.74 £ 0.52 —0.035 £ 0.023 2.74 £ 0.06
2459294.5478 —115.13 + 0.55 0.234 + 0.028 247 +0.08
2459295.5774 —137.96 £+ 0.66 0.083 + 0.019 2.68 +0.05
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