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ABSTRACT
Apep is the brightest and most luminous non-thermal colliding-wind binary by over an order
of magnitude. It has been suggested from infrared observations that one of theWolf-Rayet stars
in Apep is launching an anisotropic wind. Here we present radio observations of Apep from
0.2 to 20GHz taken over 33 years. The spectrum reveals an extremely steep turnover in the
flux density at low frequencies, where the flux density decreases by two orders of magnitude
over only 325MHz of bandwidth. This exponential decline is best described by free-free
absorption, with a turnover frequency at 0.54± 0.01GHz. Above the turnover, the spectrum is
well described by a power-law and a high-frequency cut-off likely caused by inverse-Compton
cooling. The lightcurve of Apep shows significant variation over the observing period, with
Apep brightening by over 50mJy in a span of 25 years at 1.4GHz. Models that assume
spherical winds do not replicate all of the structure evident in the radio lightcurve. We derived
a model that allows one of the winds in the system to be anisotropic. This anisotropic model
recovers most of the structure of the lightcurve and is a significantly better statistical fit to
the data than the spherical wind model. We suggest such a result is independent support that
one of the Wolf-Rayet stars in Apep is launching an anisotropic wind. If the anisotropic wind
model is correct, we predict a ∼25% decrease of the 1.4GHz flux density of Apep over the
next five years.

Key words: stars: Wolf-Rayet – stars: individual (Apep)

1 INTRODUCTION

The luminous Wolf-Rayet (WR) stars represent the final evolution-
ary phase in the life of the most massive stars, before undergo-
ing a core-collapse supernova. WR stars are capable of launching
high-velocity, line-driven winds that carry significant mass loss, en-
riching the Galactic interstellar medium (Lamers et al. 1991). The
ephemeral WR phase of a star’s life only lasts ≈ 105 years (Meynet
& Maeder 2005).

Massive stars, with zero-age main-sequence masses over
20M� , preferentially occur in binaries with other massive stars
(e.g. Chini et al. 2012; de Mink et al. 2013; Sana et al. 2014). In
such systems, the stellar winds launched by the two stars can col-
lide and form a shock in the wind-collision region (WCR) of the
colliding-wind binary (CWB). A recently discovered example of a
CWB is Apep (Callingham et al. 2019), which is extremely bright at
radio frequencies. Callinghamet al. (2020) found that the two stars in
Apep are both WR stars. This is rare, as the WR phase of these stars
is short compared to their total lifetimes. One star is a carbon-rich
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WC8 type that launches a wind with a spectroscopic wind speed
of 2100± 200 km s−1 and a mass-loss rate of ≈ 10−4.5M� yr−1.
The second star is a nitrogen-rich WN4-6b type that launches a
wind with a spectroscopic wind speed of 3500± 100 km s−1 and a
mass-loss rate of ≈ 10−4.3M� yr−1 (Callingham et al. 2020). Most
CWB systems consist of a WR star and an OB star, which results in
a small wind momentum ratio as the WR stellar wind completely
dominates over the wind from the other star. With two WR stars
in the system in Apep, the momentum ratio is closer to equal, at
[ = 0.44±0.08 (Marcote et al. 2021), since both stars are launching
powerful winds.

Most CWB systems have a non-thermal flux density below
20mJy (Monnier et al. 2002; De Becker & Raucq 2013). Generally,
these low flux densities are explained by a combination of strong ab-
sorption, relativelyweak shocks, and a lack of strongmagnetic fields
(De Becker & Raucq 2013; Monnier et al. 2002). When Callingham
et al. (2019) identified Apep, it had a flux density of 166± 15mJy at
1.4GHz, which is over an order of magnitude brighter and more lu-
minous than all other CWB systems, making Apep the brightest and
most luminous non-thermal CWB ever discovered. It is not yet clear
why Apep is so radio bright. Possible explanations are that there
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is less absorption along our line of sight to the WCR, a stronger
momentum ratio, or that the magnetic field of the WCR in Apep is
significantly stronger than in other CWB systems (Callingham et al.
2019).

The emission at radio frequencies originates from the WCR.
It encodes the energetics of the stellar winds, orbital parameters of
the binary, and magnetic field properties of the system (Dougherty
et al. 2003; Pittard et al. 2006). The emission from the WCR is syn-
chrotron emission from high-energy electrons. Synchrotron radia-
tion is well described by a power-law at radio frequencies (Rybicki
& Lightman 1979). Most spectra of CWBs display a turnover at the
low frequencies due to an absorption mechanism. What absorption
mechanism is dominant depends on the properties of the system.
There are three possible mechanisms that could cause the turnover
at low frequencies. It is not yet clear which absorption mechanism
is most common in CWBs, partially because most CWBs are not
bright enough to study the spectrum of these sources in detail.

One of these absorption effects is synchrotron self-absorption
(SSA). SSA occurs when the high-energy electrons and the emitted
synchrotron photons have a large chance of interaction (Callingham
et al. 2015). The absorption cross-section for this interaction is
larger at lower frequencies, which results in a low-frequency cut-
off of the spectrum, with a spectral index of 2.5 or shallower. For
wide CWBs, the effect SSA would have on the spectrum should be
negligible (Dougherty et al. 2003).

Another possible absorption mechanism that could cause the
observed turnover at low frequencies is theTsytovich-Eidman-Razin
effect, hereafter referred to as the Razin effect (Hornby &Williams
1966). At low frequencies, the Razin effect suppresses the beaming
effect that boosts synchrotron radiation. The suppression leads to an
exponential cut-off as the frequency approaches theRazin frequency
(Rybicki & Lightman 1979), which depends on the electron density
and the inverse of the magnetic field (Dougherty et al. 2003). This
means that theRazin effect is relevant in systemswith a high electron
density or a weak magnetic field.

The spectral turnover in CWBs could also result from free-free
absorption (FFA), which is caused by ionized media surrounding
the synchrotron source absorbing the emitted radiation. The ionized
medium is more opaque at the lower frequencies and thus causes an
exponential turnover. FFA can cause an extremely steep turnover,
steeper than the turnover caused by SSA or the Razin effect. The
strength of this effect depends mainly on the amount of ionized
medium along the line of sight. In many systems, FFA is thought to
be the most likely mechanism causing the turnover (e.g. Pittard &
Dougherty 2006; Benaglia et al. 2020).

At the higher (>10 GHz) frequencies, these absorption mech-
anisms have very little effect. However, different cooling and aging
mechanisms can cause a deviation from a power-law, such as inverse
Compton (IC) cooling. IC cooling is a process where a photon scat-
ters off a high-energy electron and gains energy from the interaction.
This leads to an exponential cut-off in the spectrum of the source,
which depends on the electron and radiation density (Hornby &
Williams 1966).

Since Apep has such a high flux density, as opposed to other
radio-bright CWBs, we can conduct the most sensitive and broad-
band analysis of a CWB spectrum. With Apep, we have enough
signal-to-noise that we can statistically distinguish between the dif-
ferent absorptionmechanisms that could be causing a turnover at the
low frequencies, as well as find a possible signature of IC cooling
at the high frequencies.

Furthermore, the flux density of a CWB is not expected to be
constant over time. The synchrotron flux density can vary with the

separation between the two stars, as can the strength of the absorp-
tion mechanisms (Dougherty et al. 2003). Since FFA is caused by
the absorption of the synchrotron emission by the ionized medium
along the line of sight to the WCR, the free-free opacity is expected
to change along the orbital period. Williams et al. (1990) derived
a model that describes the variation of the free-free optical depth
along the orbit of the WCR in a CWB, assuming the winds from
both of the stars are spherical. This model predicts significant flux
density variation along the orbit of a CWB system, allowing us to
derive orbital parameters of the system from monitoring the radio
flux density.

In Apep, Callingham et al. (2019) already identified signifi-
cant variability at 843MHz, with the flux density nearly doubling
in less than 20 years. Tracing such variability over a longer pe-
riod of time can help constrain the orbital elements of the system.
Han et al. (2020) determined the orbital elements of Apep based
on mid-infrared images taken by the Very Large Telescope (VLT).
They found that the system has an eccentric orbit, with a period of
∼125 years, and is currently close to apastron. Using radio monitor-
ing observations of Apep, we can independently test if the orbital
parameters derived from the infrared are consistent with what is
evident from the radio emission of the system.

The mid-infrared data also revealed Apep has a spiral dust
plume that is uniformly expanding (Callingham et al. 2019). Han
et al. (2020) determined, based on multiple epochs of VLT data,
that the dust plume is expanding at 910± 120 km s−1. This is signif-
icantly slower than the measured spectroscopic wind speed. Such a
discrepancy between the spectroscopic wind speed and the expan-
sion of the dust plume had not previously been observed in CWB
systems. Callinghamet al. (2019) suggested that the difference could
be caused by one of the stars launching an anisotropic wind, such
as a fast polar wind and a slow equatorial wind. This is possible
if the star is rotating at near-critical rotation speed, which would
make Apep a long gamma-ray burst progenitor (e.g. Woosley 1993;
Thompson 1994; MacFadyen & Woosley 1999; MacFadyen et al.
2001; Woosley & Heger 2006; Detmers et al. 2008). In this case,
the usual models for FFA using spherical winds, such as the model
by Williams et al. (1990), may not hold for this system.

To derive orbital parameters independent from the infrared,
determine the dominant absorptionmechanism, and to test if there is
any evidence of unique wind properties in Apep, we observed Apep
regularly from 2017 to 2021 using the Australia Telescope Compact
Array (ATCA) and the Giant Metrewave Radio Telescope (GMRT).
We also searched the ATCA archive to extend our dataset to 1994.
In Section 2, we will discuss our ATCA and GMRT observations,
and the archival data we used. Section 3 contains the modelling
routine that we developed to determine the best fits to the data.
In Section 4, we analyse the radio spectrum of Apep to determine
which absorption mechanism is dominant in the system. We also
look at the time variability of the flux density to determine whether
this iswell described by sphericalwinds or anisotropicwindmodels,
and if the orbital elements that best fit the data agree with the orbit
determined from the mid-infrared observations. In Section 5 these
results are discussed. The conclusions of this work are presented in
Section 6.

2 RADIO OBSERVATIONS AND DATA REDUCTION

Apep has been observed by several radio telescopes, including the
Australia Telescope Compact Array (ATCA), the Giant Metrewave
Radio Telescope (GMRT), the Molonglo Observatory Synthesis
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Radio modelling of Apep 3

Telescope (MOST), and the Australian Square Kilometre Array
Pathfinder (ASKAP). In this section, we present the details of the
observations and data reduction processes performed.

2.1 ATCA

From 2017 to 2021, Apep was regularly observed with the ATCA
(Project ID: C3267; PI: Callingham). Apepwas also serendipitously
observed by other ATCA observing programs, such as those sur-
veying the Galactic plane, providing ten archival observations from
1994 to 2016. The specifics of each ATCA observation are listed
in Table 1. We note that observations conducted before 2010 were
completed using the old 128MHz backend of the telescope, while
observations after 2010 use the 2GHz Compact Array Broadband
Backend (CABB; Wilson et al. 2011).

For the observations conducted in L-, C-and X-band post-
2016, the phase calibrator was targeted after 30 minutes on source.
During the K-band observations, the phase calibrator was targeted
after every 20 minutes on source, and after 50 minutes pointing
calibration was performed using the primary calibrator.

Most of the observations were conducted using the array in a
standard 6-km configuration, as can be seen in Table 1. However,
several observations were completed in a 750m configuration or a
1.5 km configuration. During the observations inMay 2017, antenna
CA01 was not available due to maintenance. During the observa-
tions in February 2021, there was an issue with a correlator block
which led to antenna CA03 being unusable for the second observed
frequency. During the observations in March 2021, antenna CA05
could not be used in L-band.

All data from the ATCA was reduced using CASA (v 5.7). In
L-band, between 25% and 55% of the data was flagged due to
radio frequency interference (RFI). In the other bands, less than 5%
was flagged. The flagging was done using the automatic flagging
algorithm tfcrop, as well as manually after inspection. Some of
the short baselines had to be flagged completely in L-band owing
to poor RFI conditions.

Each of the observations conducted post-2010 has a bandwidth
of 2GHz. The band was split into smaller frequency bins to allow
for more detailed spectral analysis. The L-band data was split into
18 bins with a width of 114MHz. The C-band was split into 7 bins,
each with a width of 292MHz. The X-band data was split into 4
bins with a width of 512MHz and the K-band was split into 2 bins
of 1024MHz per band. The width of the bins was chosen such
that the spectral information in each bin is approximately the same,
and to ensure each frequency bin traces roughly the same fractional
bandwidth.

Gain and bandpass calibration was performed on the entire
bandwidth for L-band, but per bin for the other bands. Most of
the observations from our observing campaign are calibrated on
PKSB1934-638, but the L-band data from 2017-05-11 is calibrated
on PKSB0823-500 and all K-band data is calibrated on PKSB1921-
293. Phase calibration on all epochs of our observing campaign was
performed using PMN J1534-5351. For the archival data, we used
the gain and phase calibrator included in the datasets, as listed in
Table 1.

First, gain, bandpass and leakage solutions were determined
using the flux density calibrator and a time interval of 60 s. These
solutions were transferred to the phase calibrator. The combined
solutions of the gain, bandpass, leakage and phase calibration were
then transferred to Apep. After transferring the solutions and more
flagging, the data was imaged using tclean with a robust param-
eter of 0.5. We then performed a phase self-calibration step using

the cleaned images as a model. This process of cleaning and self-
calibrating is repeated one more time, after which the final images
were made by cleaning until 5 times the theoretical noise level.

The total flux density of Apep in each image was determined
using Aegean (v 2.2.3) (Hancock et al. 2012, 2018) and BANE for
the background and noise estimation. BANE creates background
and noise images that can be used directly by Aegean. Aegean is
a source finding program that is designed to work efficiently on
large datasets. In this work, the flux density was measured using the
priorized fitting function, allowing the flux density to vary but not
the position of the source or the size of the beam. Many of these
observations have very elongated point spread functions, meaning
it was necessary to fix the location of the source as well as the shape
and the size of the beam.

The uncertainties on the flux densities were determined based
on the spread of amplitude values of the primary calibrator and the
local rms value returned by Aegean, combined in quadrature.

2.2 GMRT

Apep was observed with the uGMRT (project ID: 35_093; PI: Mar-
cote) at low frequencies: band 2, centred at 200 MHz, and band
4, centred at 650 MHz. All of our GMRT observations used the
same frequency configuration of a total bandwidth of 200 MHz di-
vided into 2048 channels, recording dual circular polarization. The
specifics of each observation are listed in Table 1. The source 3C 286
was used as amplitude calibrator and PMN J1603-4904 (also known
as 1600−48 in calibrator databases) as phase-referencing calibra-
tor source, in a phase-referencing cycle of 5 min on calibrator and
30 min on target.

All data from the uGMRT were reduced using CASA (v 5.7)
following standard procedures and by using a pipeline adapted from
the CAsa Pipeline-cum-Toolkit for Upgrade GiantMetrewave Radio
Telescope data REduction (CAPTURE; Kale & Ishwara-Chandra
2021).

The data were first flagged both automatically and manually
to remove the RFI present in the band. We flagged all baselines
shorter than 7 k_ (i.e. excluding the baselines between all the core
uGMRT antennas) because of a known technical issue with the
GMRT Wideband Backend (GWB) system at the time of the ob-
servations. Gain and bandpass calibration was performed by using
the scans on 3C 286. The absolute flux density scale was set by
using the flux density predicted for 3C 286 by the standard Perley
& Butler (2013) model. A delay calibration was also conducted
using this source with a time interval of 60 s. Phase calibration
was performed on PMN J1603-4904, and the solutions were then
transferred to Apep. Further automatic flagging was performed and
then we split the data from Apep with a channel averaging of ten.
About 20–50% of the data at band 4 and ∼ 75% of the data at band
2 were flagged due to RFI. The final usable bandwidth at band 2
was 156 MHz, centred at 201 MHz. The significant amount of RFI
in the band 2 data originally caused complete flagging of the data
within the CASA pipeline. At this step we conducted a completely
manual flagging of these data in AIPS using the TVFLG and SPFLG
tasks to provide a completely RFI-free section of band 2.

All epochs were imaged using tclean in CASA with a robust
parameter of zero.We then performed a self-calibration and imaging
loop, using the cleaned images as a refined model for the next
iteration. We conducted four phase-only self-calibration steps with
decreasing integration times between 8 and 1 min, followed by one
amplitude-and-phase self-calibration step with a longer integration
time of 30 min. We repeated this cycle again until we obtained the
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Table 1. Summary of the observations used in this work. On 2019-09-11 Apep was observed in L-, C- and X-bands, and on 2019-09-12 in K-band. Since we
do not expect any noticeable variability on such short timescales, we will treat this as one epoch. The primary calibrator in the table is the one used for all
bands observed in that particular epoch except K-band. For K-band, PKS B1921-293 was used for all epochs. The observations above the horizontal line are
those taken with the old 128MHz backend of the ATCA, those below the line are with the new backend.

Epoch Telescope Array Band 2 Band 4 L-band C-band X-band K-band Primary calibrator

1994 Jan 10 ATCA 6A 4′ PKS B0823-500
1994 Jan 22 ATCA 6A 3′ PKS B0823-500
2004 Mar 21 ATCA 1.5A 90′ PKS B0823-500
2004 Mar 23 ATCA 1.5A 245′ PKS B1934-638
2004 May 05 ATCA 6C 570′ PKS B1934-638

2010 Dec 31 ATCA 6A 2′ PKS B1934-638
2011 Jan 27 ATCA 6A 29′ PKS B0823-500
2012 Jul 03 ATCA 750A 13′ PKS B1934-638
2013 Jan 27 ATCA 750C 12′ PKS B1934-638
2016 May 29 ATCA 750A 1′ PKS B1934-638
2017 May 11 ATCA 6A 180′ 120′ 120′ 197′ PKS B0823-500
2018 Oct 08 ATCA 6A 120′ 60′ 60′ PKS B1934-638
2018 Nov 24 uGMRT — 75′ 3C 286
2018 Nov 25 ATCA 6B 120′ 55′ 55′ PKS B1934-638
2019 Jan 30 uGMRT — 70′ 3C 286
2019 Mar 22 uGMRT — 50′ 3C 286
2019 Mar 23 uGMRT — 117′ 3C 286
2019 Mar 24 ATCA 6A 120′ 65′ 65′ PKS B1934-638
2019 Sep 11-12 ATCA 6C 120′ 67′ 67′ 108′ PKS B1934-638
2020 May 02 ATCA 6A 120′ 45′ 45′ PKS B1934-638
2021 Feb 17 ATCA 750C 60′ 60′ 109′ PKS B1934-638
2021 Mar 07 ATCA 6D 88′ 55′ 55′ PKS B1934-638
2021 Jun 28 ATCA 6B 122′ 132′ 132′ PKS B1934-638

final image of Apep. For band 4, this final calibrated dataset was
then split into 6 bins, to obtain the maximal amount of spectral
information. We used imfit to measure the flux density of Apep in
these images, where in all cases it remained as a point-like source.

2.3 Other radio data

2.3.1 Molonglo Observatory Synthesis Telescope

Between 1988 and 2006, Apep was observed on six occasions by
the Molonglo Observatory Synthesis Telescope at a frequency of
843MHz. These observationsweremostly conducted as a part of the
second epoch Molonglo Galactic plane Survey (MGPS2) (Murphy
et al. 2007). The flux densities were calculated from the MGPS2
calibrated images. This data was presented by Callingham et al.
(2019), who saw a significant variation over this time period. The
measured flux density increased from 85± 8mJy to 139± 5mJy in a
span of 18 years. During this monitoring, the increase in flux density
appeared to be linear. All flux densities reported by the MOST are
available in Appendix Table B1.

2.3.2 Rapid ASKAP Continuum survey (RACS)

In 2020, Apep was observed with the Australia Square Kilometre
Array Pathfinder (ASKAP) as a part of the Rapid ASKAP Contin-
uum Survey (RACS) (McConnell et al. 2020). In 2020, 903 images
of this survey were released. These images are all south of dec-
lination 𝛿 = +41◦ and have a bandwidth of 288MHz centred on
887.5MHz. Apep was observed as a part of this survey on 2020-04-
20, with an observed flux density of 170± 20mJy. This flux density
was calculated from the calibrated images of RACS using Aegean.

3 MODELLING ROUTINE

To determine which of the different emission and absorptionmodels
best fits the radio spectrum and the lightcurve of Apep we have im-
plemented a Bayesian inferencemodel fitting routine. Such a routine
also allows us to calculate the model parameters and uncertainties.
We apply a methodology similar to that presented by Callingham
et al. (2015).

Defining the data 𝑫 as a matrix containing the observed flux
densities at certain frequencies and times, and the parameter vector
𝜽 as the vector containing the values of the parameters and 𝑀 as
the model, we can use Bayes’ theorem

Pr(𝜽 |𝑫, 𝑀) = Pr(𝑫 |𝜽 , 𝑀) Pr(𝜽 |𝑀)
Pr(𝑫 |𝑀) , (1)

to determine Pr(𝜽 |𝑫, 𝑀), the posterior distribution of the model
parameters. The posterior distribution represents the updated belief
of the model parameters given the data. Pr(𝑫 |𝜽 , 𝑀) ≡ L(𝜽) is
the likelihood function. This is the likelihood of observing this
set of data given the model and parameters. Pr(𝜽 |𝑀) ≡ Π(𝜽) is
the prior information for a given model and Pr(𝑫 |𝑀) ≡ 𝑍 is the
Bayesian evidence, an indication of how well the model predicts
the observed data. We can assume that the data collected from the
different instruments used in this study are independent. Although
most of the data is from theATCA,we can again assume that the data
points in the same band are independent since the receivers have a
response that ensures that the different channels are independent.
We can also assume that the uncertainties on the measurements
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Table 2. Results of the spectral fitting to the data taken by the ATCA on 2019-03-24 and 2019-09-12 combined with the data from the uGMRT observations
on 2019-03-22 and 2019-03-23. 𝑆norm is a normalisation constant for the flux density, 𝛼 is the spectral index of the synchrotron emission, and 𝛽 is defined
according to 𝛼 = −(𝛽 − 1)/2. apeak,FFA, apeak,SSA and aRazin are the turnover frequencies caused by FFA, SSA, and the Razin effect, respectively. abreak,IC is
the break frequency caused by IC cooling. ln(Z) is the Bayesian evidence value of the fit.

Model 𝑆norm (mJy) 𝛼 𝛽 apeak,FFA (GHz) apeak,SSA (GHz) aRazin (GHz) abreak,IC (GHz) ln(Z)

FFA 353 ± 4 -0.73 ± 0.01 0.66 ± 0.02 94.52 ± 0.02

SSA 246 ± 2 -0.71 ± 0.01 2.42 ± 0.01 1.01 ± 0.02 3.94 ± 0.02

Razin 405 ± 2 -0.99 ± 0.01 1.39 ± 0.02 80.33 ± 0.02

FFA + IC 314 ± 4 -0.52 ± 0.01 0.54 ± 0.01 36 ± 2 186.72 ± 0.02

SSA + IC 236 ± 2 -0.52 ± 0.02 2.03 ± 0.02 0.89 ± 0.02 36 ± 2 103.51 ± 0.02

Razin + IC 405 ± 2 -0.99 ± 0.01 1.39 ± 0.02 (4.7 ± 0.3)×104 80.26 ± 0.09

(𝜎𝑛) are normally distributed. This means that we can define the
joint log likelihood function as

lnL(𝜽) = −1
2

∑︁
𝑛

[
(𝐷𝑛 − 𝑆a (a𝑛))2

𝜎2𝑛
+ ln(2𝜋𝜎2𝑛)

]
, (2)

where 𝐷𝑛 is the observed flux density at frequency a𝑛, and 𝑆a (a𝑛)
is the flux density predicted by themodel𝑀 with parameters 𝜽 at a𝑛.
This log likelihood function is then convolved with uniform priors
for each parameter, based on physical constraints. For example, flux
density can not be negative.

The most efficient way to maximize the likelihood of a model
is to use Markov chain Monte Carlo (MCMC) methods. We imple-
mented an affine-invariant ensemble sampler (Goodman & Weare
2010) using the Python package emcee (v 3.0.2) (Foreman-Mackey
et al. 2013). This means that the algorithm uses an ensemble of
“walkers” that is relatively insensitive to covariance between the
parameters. We used the simplex algorithm (Nelder & Mead 1965)
to direct the walkers to the maximum likelihood.

In Bayes’ theorem, Bayesian evidence is required to normalize
the posterior over the volume of the prior. This is defined by

𝑍 =

∫ ∫
...

∫
L(𝜽)Π(𝜽)𝑑𝜽 , (3)

where the dimensionality of the integration is equal to the number
of free parameters in the model. To calculate this value, we use
the algorithmMultiNest (v 3.10) (Feroz et al. 2013), which imple-
ments nested sampling. The algorithm initializes a number of points
uniformly sampling the prior space, and contracts the distribution
around points of high likelihood by discarding the points with the
lowest likelihood and re-initialising them randomly in the smaller
prior space. This is repeated until the region of maximum likelihood
is found.

To find the optimal set of parameters for a given model and
the data, we first initialise 100 emcee walkers and let them walk
for 1000 steps. We analyse the last 500 steps to find the best values
for the parameters and their uncertainties, accounting for a burn-in
phase. From these parameter estimations, we calculate a new prior
range forMultiNest. The lower and upper limits of this prior range
are set to 10% below and above the best parameter value from the
MCMC results.

To assess which model best describes the data, we consider
the difference in evidence values calculated by MultiNest. The

best-fitting model between two competing models that are a priori
equally likely to describe the data is evaluated by considering the
ratio of their evidence values. Expressed in log space, we write
this as Δ ln(𝑍) = ln(𝑍2) − ln(𝑍1). Using an updated version of the
Jefferys scale (e.g. Kass & Raftery 1995; Scaife & Heald 2012;
Callingham et al. 2015), Δ ln(𝑍) ≥ 3 is strong evidence that 𝑀2 is
significantly better at describing the data than 𝑀1. 1 < Δ ln(𝑍) < 3
is moderate evidence that 𝑀2 describes the data better than 𝑀2, and
0 ≤ Δ ln(𝑍) ≤ 1 is inconclusive.

4 RESULTS

4.1 Spectral modelling

Apep is extremely bright at radio frequencies when compared to
other CWBs, which allows us to conduct a sensitive spectral analy-
sis. As described in Section 2, each band of the ATCA observations
is split into bins with each roughly the same amount of spectral
information to give us the maximal amount of data points.

To study the full spectral energy distribution (SED) of Apep,
we combine the ATCA observations at L-, C- and X-band taken
on 2019-03-24 with the ATCA K-band observation from 2019-09-
12. While these observations are taken roughly six months apart,
combining them does not bias the analysis as there is no signifi-
cant variation in the K-band flux density across four years of our
monitoring observations. Combining the ATCA data with the flux
densities from the band 2 and 4 uGMRT data taken only days earlier
(2019-03-22 and 2019-03-23) results in the SED shown in Figure
1. The data shows an extremely steep turnover at the low frequen-
cies, where the spectrum drops from 143 ± 14mJy at 583MHz to
3.1±0.8mJy at 255MHz. The turnover can be potentially modelled
by several different absorption processes, as outlined in Section 1.
The absorption mechanisms considered here are free-free absorp-
tion, synchrotron self-absorption, and the Razin effect. The intrinsic
synchrotron emission of the system can be described by a standard
non-thermal power-law spectrum.

We can also safely neglect the contribution of thermal flux
density in the modelling of the radio spectrum because the thermal
emission from the stars is far below the measured flux density of
Apep at all of our observing frequencies. For example, the expected

MNRAS 000, 1–14 (2021)



6 S. Bloot et al.

1 10
Frequency (GHz)

1

10

100

Fl
ux

 d
en

sit
y 

(m
Jy

)

FFA     
SSA     
Razin     

1 10
Frequency (GHz)

8
4
0
4
8

Figure 1. The top plot shows a SED of the ATCA data from March and
September 2019 combined with the GMRT data from March 2019 in black.
The green line shows the best fit of the FFA model to the data. The purple
line shows the best fit of the SSA model and the blue line shows the best fit
of the Razin effect model. The bottom plot shows the residuals of each fit
plotted in the same colour. The vertical axis shows the 𝜒-value, defined as
the difference between the data and the model divided by the uncertainty on
the measurement.

thermal flux density can be calculated using

𝑆a,thermal = 23.2
( ¤𝑀
`v∞

)4/3
a2/3

𝐷2
𝛾2/3𝑔2/3𝑍4/3 Jy, (4)

where 𝑆a,thermal is the thermal flux density of a single star, assuming
a spherical wind structure. Any deviation from this structure should
decrease the flux density. ¤𝑀 is the mass-loss rate in M� yr−1, `
is the mean atomic weight, v∞ is the terminal wind velocity in
km s−1, a is in Hz, 𝐷 is the distance to the star, 𝛾 is the number of
free electrons per nucleon, 𝑔 is the Gaunt factor, and 𝑍 is the mean
ionic charge (Wright & Barlow 1975). Callingham et al. (2020)
found a mass-loss rate of 10−4.5M� yr−1 and a terminal wind
velocity of 3500 km s−1 for the WN star in Apep, and a distance
of ≈2 kpc to the system. Assuming a wind composition typical of
WN stars, 𝛾 = 1, 𝑔 = 1 and 𝑍 = 1 (Leitherer et al. 1997), we find
that across the observed frequency range, the thermal flux is always
less than 1mJy, far below the ≈30mJy measured for the system at
our highest frequencies. Furthermore, VLBI observations at 2GHz,
with a rms noise of 40 `Jy, did not detect any emission from the
stars themselves (Marcote et al. 2021).

4.1.1 Free-free absorption

Free-free absorption (FFA) is the absorption of radiation by an
external ionized screen relative to the emitting electrons. In this
case, the optical depth 𝜏FFA due to FFA can be described by (Mezger
& Henderson 1967)

𝜏FFA ≈ 8.24 × 10−2a−2.1𝑇−1.35
𝑒

∫
𝑛2𝑒d𝑙, (5)

where a is the frequency in GHz, 𝑇𝑒 is the electron temperature in
K, 𝑛𝑒 is the electron density in cm−3 and 𝑙 is the distance through
the source in pc. We can define a characteristic frequency apeak,FFA
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Figure 2. This figure is identical to Figure 1, except that here the combina-
tions with IC cooling are plotted. The ATCA and uGMRT data is plotted in
black. The green line shows the best fit for FFA combined with IC cooling.
The purple line is the best fit for SSA combined with IC cooling and the
blue line is the best fit for the Razin effect combined with IC cooling.

such that

𝜏FFA =

(
a

apeak,FFA

)−2.1
, (6)

where apeak,FFA is the frequency at which the optical depth is unity.
The resulting spectrum, including the synchrotron emission

power-law, is described by

𝑆a = 𝑆norm

(
a

apeak,FFA

)𝛼
𝑒−𝜏FFA , (7)

where 𝑆norm characterises the intrinsic synchrotron flux density.
This model predicts an exponential turnover at lower frequen-

cies. At frequencies higher than apeak,FFA, the spectrum approaches
a standard power-law.

The best fit of this model to the radio spectrum of Apep is
shown in Figure 1. The log of the Bayesian evidence value for this
model and the best-fitting parameters can be found in Table 2. This
model provides a good fit to the data in the middle of the con-
sidered frequency range, but at the higher frequencies it no longer
describes the data well. At frequencies below 1GHz, the model
underestimates the observed flux density of Apep.

4.1.2 Synchrotron self-absorption

Synchrotron self-absorption (SSA) is the process where a high-
energy electron emits a photon through synchrotron radiation, and
later in its orbit reabsorbs this photon. The cross-section of this
interaction is larger at lower frequencies. The optical depth of this
interaction can be described by

𝜏SSA =

(
a

apeak,SSA

)−(𝛽+4)/2
, (8)

where apeak,SSA is the frequency at which the source becomes
optically thick and 𝛼 = −(𝛽 − 1)/2 (Tingay & de Kool 2003). The
full spectrum produced by synchrotron emission with SSA included
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is modelled by

𝑆a = 𝑆norm

(
a

apeak,SSA

)−(𝛽−1)/2 (
1 − 𝑒−𝜏SSA

𝜏SSA

)
. (9)

The turnover caused by this effect is generally less steep than
the turnover caused by FFA, limited to a maximum slope of 2.5
(Kellermann & Pauliny-Toth 1969). The parameters for this model
fit are provided in Table 2. Figure 1 shows that although the SSA
model is a good fit formost of the optically-thin part of the spectrum,
it does not describe the data well at the high- or low-frequency end.
As can be seen from the figure and from the difference in evidence
values, the SSA model is a significantly worse fit to the data than
the FFA model.

4.1.3 Razin effect

TheRazin effect is a plasma effect that suppresses the beaming effect
that is needed for synchrotron emission below the Razin frequency
aRazin = 20 𝑛𝑒

𝐵
(Hornby & Williams 1966). The spectrum caused

by this effect can be described by

𝑆a = 𝑆norma
𝛼𝑒−aRazin/a . (10)

The best fit of this model to the data is shown by the blue line in
Figure 1. The parameters are listed in Table 2. This model describes
the data better than SSA, but not as well as FFA. It is the only model
that describes the high-frequency data somewhat accurately, but it
does not agree with the data at the low frequencies.

4.1.4 Inverse-Compton cooling

None of the models so far have described the entire spectrum well,
particularly at frequencies below 1GHz and above 10GHz. One
possible explanation for this is a high-frequency cut-off caused by
inverse-Compton (IC) cooling, which is not accounted for in the
standard models. IC scattering is a process where a photon scatters
off a moving electron, causing its energy to increase. The photon
is scattered to a higher frequency and the electron loses energy. IC
cooling often occurs in environments with a strong radiation field
(Kellermann & Pauliny-Toth 1969). Since Apep is a double WR
binary, it most likely has a strong radiation field and it is therefore
important to consider the effect of IC cooling on the spectrum.

According to Komissarov &Gubanov (1994), IC cooling leads
to a high-frequency exponential cut-off that can be modelled with a
break frequency abreak,IC. A spectrum with only IC cooling and no
absorption effects is given by

𝑆a = 𝑆norma
𝛼𝑒−a/abreak,IC . (11)

We combine IC cooling with FFA, SSA, and the Razin effect to see
if the deviation of the models from the data at the high frequencies
can be explained by this mechanism. The best-fitting parameters
for each of these models can be found in Table 2 as well as their
evidence values. Figure 2 shows the models that also include IC
cooling. From the evidence values and Figure 2 it is clear that the
addition of IC cooling to the FFA and SSA models substantially
improves the fit. The addition of IC cooling to the Razin effect does
not improve the fit as the break frequency appears unconstrained.

Based on the evidence values, the best-fitting model is FFA
combined with IC cooling. We discuss the implications of FFA
providing the best fit to the radio spectrum of Apep in Section 5.

Note that we also fit every possible combination of the absorp-
tion models to the data, such as FFA+SSA and FFA+Razin. The

Table 3. The model parameters derived from fitting both the spherical
winds and anisotropic wind models to the radio lightcurve of Apep. b is
a constant proportional to 𝑛2𝑒 (𝑎) , 𝑠 is the power-law index of the intrinsic
synchrotron variation, 𝑐 is the constant in Equation 17, and 𝜔wind is an angle
that represents the orientation of the slow wind.

Model Spherical winds Anisotropic wind

𝑆norm 200 ± 2 mJy 191 ± 2 mJy
𝛼 -0.65 ± 0.01 -0.66 ± 0.05
Period 142 ± 9 yr 116 ± 10 yr
Year of periastron passage 1966 ± 6 1926 ± 5
Eccentricity (𝑒) 0.71 ± 0.08 0.68 ± 0.09
Inclination (𝑖) ± 21 ± 6◦ -23 ± 6◦

Argument of periastron (𝜔) -8 ± 7 ◦ 16 ± 10◦

b 0.26 ± 0.04 14 ± 6
𝑠 -0.01 ± 0.01 -0.17 ± 0.07
𝑐 - 1.5 ± 0.7
Inclination of the wind (𝑖wind) - 22 ± 6◦

𝜔wind - -23 ± 10 ◦

ln(Z) 621.8 ± 0.1 644.6 ± 0.1

majority of these combinations did not accurately fit the data or
were significantly worse fits than FFA combined with IC cooling.
As such, we exclude considering combination absorption models
further.

4.2 Temporal modelling

The results of the spectral modelling are derived from one epoch of
observation. However, we have observations of Apep that span 27
yearswith theATCA.Combining thiswith the observations taken by
the Molonglo Observatory Synthesis Telescope (Callingham et al.
2019) and ASKAP (McConnell et al. 2020) provides us with a
comprehensive picture of how Apep’s flux density has varied over
the last 33 years.

We apply an FFAmodel to describe the observed time variabil-
ity of the flux density because we know from our spectral modelling
that the spectrum of Apep is well described by a combination of
FFA and IC cooling. Note we exclude the impact of IC cooling in
our temporal modelling since IC cooling only impacts the spectrum
of Apep at frequencies higher than 5GHz. As we are only looking at
the variation between 800MHz and 3.2GHz, we can safely neglect
IC cooling in the temporal modelling. Note that limiting the mod-
elling to data below 3.2GHz will cause some discrepancy between
the spectral index derived by the spectral and temporal modelling.

4.2.1 Spherical winds model

Assuming that the stellar winds from the two WR stars are both
spherical, the variation in the free-free optical depth with time can
be described by the model derived by Williams et al. (1990).

Assuming a spherical wind with 𝑛𝑒 ∝ 𝑑−2 (e.g. Waters et al.
1988), where 𝑑 is the distance from the source of the wind di-
vided by the semi-major axis, the free-free optical depth is given by
Equation 5. The optical depth can be written as

𝜏FFA = 𝐶FFA𝑎
−1

∫
𝑑−4d𝑠, (12)

MNRAS 000, 1–14 (2021)



8 S. Bloot et al.

1960 1980 2000 2020 2040 2060 2080 2100
Time (yr)

0

25

50

75

100

125

150

175

Fl
ux

 d
en

sit
y 

(m
Jy

)

843 MHz
1.4 GHz
2.3 GHz

1960 1980 2000 2020 2040 2060 2080 2100
Time (yr)

4

0

4

Figure 3. The best fit of the spherical wind model to the data with the prior
range of the fit set to the orbital elements and associated uncertainties found
in the infrared by Han et al. (2020). The top plot shows the variation of the
flux density of three frequencies over time. The red line and points describe
the modelled lightcurve and the data at 843MHz. The dark purple and blue
lines represent the model and data at 1.4GHz and at 2.3GHz, respectively.
The bottom plot shows 𝜒, the residuals of the fit divided by the uncertainty
on the measurements. Note that the most recent red data point is from RACS
at 887MHz.

where𝐶FFA is defined as𝐶FFA = b

(
a
aref

)−2.1
(Kennedy et al. 2010).

We use aref=1.38GHz in this work. b is a constant proportional to
𝑛2𝑒 (𝑎). The integral of Equation 12 is evaluated in AppendixA1.
The solution of this integral combined with Equation 12 gives us
an expression for how the FFA optical depth varies in terms of the
orbital parameters of the system. Namely,

𝜏FFA ( 𝑓 , a) = 𝐶FFA
sec(𝑖)

2Δ𝑟3cos3 (𝜔 + 𝑓 )

[
sin(𝜔 + 𝑓 )cos(𝜔 + 𝑓 )tan(𝑖)+

1 + tan2 (𝑖)
√
Δ

arctan

(
−
√
Δ

tan(𝜔 + 𝑓 )tan(𝑖)

) ]
,

(13)

where 𝑖 is the inclination, 𝑟 is the separation between the dominant
WR star and the WCR normalised by the semi-major axis, 𝜔 is the
argument of periastron, 𝑓 is the true anomaly, and Δ = 1+ tan2 (𝜔 +
𝑓 ) + tan2 (𝑖).
Along with this expression of the orbital variation of optical

depth, we need to combine it with how the orbital variation of
intrinsic synchrotron flux density to accurately model the lightcurve
ofApep. Dougherty et al. (2003) found that the intrinsic synchrotron
emission should vary over time as

𝑆a (𝑑) = 𝑆a (𝑎)𝑑−𝑠 , (14)

where 𝑆a (𝑎) is the intrinsic synchrotron emission when the separa-
tion between the WCR and the dominant WR star is equal to 𝑎, and
𝑠 is a power-law index. Dougherty et al. (2003) suggest 𝑠 should be
−0.5 to describe the non-thermal flux density of the WCR for most
CWB systems.

Combining Equations 7, 13, and 14, how the flux density of
Apep varies as a function of time and frequency is completely given
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Figure 4. The best fit of the anisotropic windmodel to the data with the prior
range based on the orbital elements and associated uncertainties found by
Han et al. (2020). The top plot shows the flux density over time. The red line
and points describe the modelled lightcurve and the data, both at 843MHz.
The dark purple line shows the model and the data at 1.4GHz and the blue
line shows the model and the data at 2.3GHz. The bottom plot shows 𝜒, the
residuals of the fit divided by the uncertainty on the measurements. Note
that the most recent red data point is from RACS at 887MHz.

by

𝑆(a, 𝑓 ) = 𝑆norm

(
a

aref

)𝛼
𝑒−𝜏FFA ( 𝑓 ,a)𝑑−𝑠 . (15)

We fit this model to the data between 800MHz and 3.2GHz
from all epochs.We exclude theATCAobservations fromMay 2016
due to poor image quality caused by the extremely short observation
time.

First, as a test of the orbital parameters derived from the in-
frared data on the system, we set the prior limits to the orbital
elements and associated uncertainties derived by Han et al. (2020).
The best fit with these priors is shown in Figure 3. The parameters
and uncertainties are shown in Table 3. The log of the evidence value
for this fit is 621.8 ± 0.1. Although this model reproduces some of
the structure, it does not describe all of the observed features of the
lightcurve, as can be seen from the residuals. In particular, it does
not trace the shape of the data at 1.4GHz, especially the decrease
in flux density we observe in the last five years.

To test whether the spherical wind model fit could be improved
without being limited by the Han et al. (2020) priors, we fit the same
model again with wide prior ranges, only limited by the physical
limits of the orbital parameters. The best fit of this model using the
wider prior range has a higher ln(Z) value than the model with the
prior range based on Han et al. (2020) and replicates most of the
observed variation. However, the fit requires a period of ∼40 years
and an eccentricity of ∼0.05. This is in direct conflict with the mea-
surements in mid-infrared by Han et al. (2020), which show that the
morphology of the dust spiral requires a high eccentricity of ∼0.7
and an orbital period of∼100 yr.Anorbitwith an eccentricity of 0.05
is therefore only possible if there is a third object in the system caus-
ing the wind collision. However, very long baseline interferometry
(VLBI) imaging byMarcote et al. (2021) shows that theWCR is best
described as occurring between two WR stars and in the location
we would expect based on the momentum ratio of those two stars.
The position of the two WR stars derived from the VLBI position
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is consistent with that derived from the infrared. Furthermore, there
is no evidence of a third companion in the optical or near-infrared
spectrum (Callingham et al. 2020). We consider the presence of a
third object causing the WCR implausible. Therefore, we conclude
that the standard spherical wind model from Williams et al. (1990)
does not reproduce all of the structure in Apep’s radio lightcurve,
especially if we want the orbital parameters to be consistent with
what has been derived from infrared and VLBI observations.

4.2.2 Anisotropic wind model

The failure of the standard spherical wind model to replicate all
of the observed features in the radio lightcurve of Apep suggests
we need to develop a more sophisticated model. As mentioned in
Section 1, there is evidence from the infrared that one of the WR
stars may be launching an anisotropic wind. Therefore, we attempt
to build this feature into the model for the radio lightcurve.

To model the anisotropic wind from one of the WR stars in
Apep, we start from Equation 5 and rewrite it using 𝑑2 = 𝑅2 + 𝑧2,
where 𝑅 is the component of 𝑑 that lays in the plane of the sky and
𝑧 is the component of 𝑑 that lies orthogonal to 𝑅, both in units of
the semi-major axis. We can now integrate over 𝑧 along the line of
sight to the source, as shown in the Appendix FigureA2.

In a system with an anisotropic wind, the wind density cannot
be described with 𝑛𝑒 ∝ 𝑑−2 as before. Instead, we model the slow
equatorial wind with a vertical Gaussian distribution (e.g. Carciofi
& Bjorkman 2006; Bjorkman 1997):

𝑛𝑒 (𝑅′, 𝑧′) = 𝑛𝑒 (𝑎, 0)
(
𝑅′)−3.5 exp (

− 𝑧′2

2𝐻2 (𝑅′)

)
, (16)

where 𝑅′ is the component of the position vector that lies in the
plane of the slow wind, in units of the semi-major axis. 𝑧′ is the
component of the position vector orthogonal to 𝑅′, also in units of
the semi-major axis. 𝐻 (𝑅′) is the scale height of the wind, defined
by

𝐻 (𝑅′) = v𝑠
v𝑐

𝑅′3/2,

where v𝑠 is the isothermal sound speed and v𝑐 is the critical speed
of the star. We can write this as

𝑛𝑒 (𝑅′, 𝑧′) = 𝑛𝑒 (𝑎, 0)
(
𝑅′)−3.5 exp (

−𝑐 𝑧′2

𝑅′3

)
, (17)

where 𝑐 = 12

(
v𝑐
v𝑠

)2
.

We combine Equation 5 and 17 to calculate the free-free optical
depth. We set the lower limit of the integral to the 𝑧-coordinate of
the WCR and the upper limit to infinity. The full derivation of this
model is included in AppendixA2.

We fit this model to the data, again using the prior range based
on the orbital elements by Han et al. (2020). We find that this
model describes the data at 1.4GHz better than the spherical model,
as can be seen in Figure 4. The parameters of the model with an
anisotropic wind are shown in Table 3. The orbital elements are in
agreement with those found by Han et al. (2020), at least within the
quoted uncertainties. The Bayesian evidence value of this model
is significantly higher than that of the model with spherical winds.
The fit to the data at 843MHz and 2.3GHz is not a significant
improvement over the spherical winds model. However, it captures
the decrease in flux density at 1.4GHz observed since 2017. We
note that we also get an identical fit if we do not set the prior range
to that derived by Han et al. (2020).

5 DISCUSSION

5.1 Spectral analysis

We find that the model that best describes the 0.2 to 20GHz spec-
trum of Apep is synchrotron emission with a spectral index of
−0.52 ± 0.02, combined with FFA and IC cooling. If IC cooling is
not included in the model, the spectral index is overestimated, as
can be seen in Table 2. A spectral index of ∼ −0.5 indicates that the
power-law index of the energy distribution of the electrons is 𝑝 ≈ 2.
This agrees with test particle theory, which predicts 𝑝 = 2 for a
strong shock with a compression ratio of 4 (e.g. Axford et al. 1977;
Bell 1978; Blandford & Ostriker 1978). Most non-thermal CWBs
have a spectral index between −0.3 and −0.8 (De Becker & Raucq
2013, and references therein), so a spectral index of −0.52 is not un-
usual. We also find the FFA turnover frequency is 0.54± 0.01GHz.
This is similar to the FFA turnover frequency in the periodic dust-
producer WR140, which Benaglia et al. (2020) found to be around
0.6GHz.

We can statistically conclude that the low-frequency turnover
in the spectrum of Apep is not caused by SSA or the Razin effect,
as shown in Section 4.1. With FFA causing the turnover in the radio
spectrum of Apep, we can put limits on the emission measure and
electron density of the ionised, absorbing media.

We assume that the temperature of the ionised electrons is
at least as hot as the photosphere of a WR star 𝑇𝑒 = 104 K (e.g.
Crowther 2007). This is standard practice in assessing the emis-
sion measure of supernova remnants (Callingham et al. 2016). An
estimate of the emission measure (EM) is therefore given by:

EM =

∫
𝑛2𝑒d𝑙 =

a2.1peak,FFA𝑇
1.35
𝑒

8.24 × 10−2
≈ (8.4±0.2) ×105pc cm−6. (18)

As far as we are aware, constraints on the emission measure
have not been placed in CWB literature. To provide a comparison,
we consider SN 1987A, which has an emission measure that is
an order of magnitude smaller than the value we find for Apep
(Callingham et al. 2016). The difference in emission measures is
expected, since the photosphere of the WR stars also needs to be
considered in Apep.

A radio photon emitted from the shock region will have an
equivalent path length 𝑙 that is roughly equal to the Strömgen radius,
which is ≈1 pc for a WR star (Vamvatira-Nakou et al. 2016). If we
assume the ionized material is in a slab with a uniform density
with the filling factor 𝑓 =1, we find a value of the electron density
𝑛𝑒 =

√︁
EM/ 𝑓 𝑙 ≈ 900 cm−3. This is again an order of magnitude

larger than the value found by Callingham et al. (2016). As the
electron temperature can be higher than the value we assume here,
this is a lower limit.

As mentioned above, we show that IC cooling is needed to
describe the entire spectrum of Apep. The characteristic break fre-
quency we find is abreak,IC=36±2GHz. The impact of IC cooling
on the spectrum depends on the strength of the radiation field in the
system. Since IC cooling is impacting a relatively low frequency,
this implies a strong radiation field for a CWB (Kellermann &
Pauliny-Toth 1969). This is not unexpected, as there are two WR
stars present in Apep.

5.2 Temporal analysis

The flux density of Apep shows significant variation over time at the
low frequencies. At the high frequencies, the flux density remains
approximately constant over a 10-year period. The low-frequency
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variation can be explained with the variation of free-free absorption
as the WCR moves through the winds launched by the WR stars.
Spherically symmetric winds cannot replicate all of the structure
we see in the lightcurve of Apep, as shown in Section 5.2. Although
it can explain certain features, it does not explain the decrease in
the flux density at 1.4GHz we observe in our targeted observing
campaign from 2017 to 2021. The spherical winds model also con-
sistently overestimates the flux density at 2.3GHz and underesti-
mates the flux density at 843MHz. While a model with a very short
period and zero eccentricity can fit the lightcurve, such a model is
discounted as there is no evidence for a third body in the system
from the infrared, optical, or VLBI observations of Apep. Although
it is possible to describe some general structures in the lightcurve
using the spherical wind model, it is a poor fit.

Since spherically symmetric winds cannot reproduce the
lightcurve completely, we developed a model that has an anisotropic
wind. In this model, the wind from one of the WR stars is described
by a vertical Gaussian, which is able to fit the data significantly
better than the spherical winds model, with a difference in the log
of the Bayesian evidence values of ∼22.

The lightcurve of Apep is not symmetric around the peak we
observe around 2017, which implies that the slow wind and the
orbit of the WCR are not aligned. The parameters of the anisotropic
model show this as well. If the anisotropic wind is driven by near-
critical rotation of the WR star, this means that the rotation axis
of the star and the orbital axis of the system are not aligned. We
can also break the degeneracy in the inclination of the orbit with
the anisotropic model because of the misalignment between the
orbit and the slow wind. Although it is possible to fit a model to
the data with a positive inclination of the orbit to the data, such a
model would require an inclination of the wind of ∼70◦. This is not
possible, since we measure a fast wind along the line of sight and a
slower wind in the plane of the sky. The slow wind therefore needs
to be at least close to the plane of the sky, and cannot be almost
perpendicular to it.

The best-fitting parameters of the anisotropicwindmodel agree
with the orbital parameters found by fitting the infrared data (Han
et al. 2020). With the spherical wind model, it is not possible to find
a solution that describes all of the structure in the radio lightcurve
while also being consistent with the orbital elements derived from
the infrared observations. Therefore, we suggest that our modelling
of the radio lightcurve of Apep shows that there is evidence in the
radio lightcurve for an anisotropic wind launched by one of the WR
stars in Apep. If this model is correct, we predict a ∼25% decrease
in the flux density at 1.4GHz over the next 5 years. By 2035, it
will be completely obscured at the low frequencies. Callingham
et al. (2019) already suggested that Apep could have an anisotropic
wind structure based on mid-infrared observations. We also inde-
pendently suggest that there is evidence from the radio lightcurve
that Apep has an anisotropic wind structure.

The parameters of the best fit of the anisotropic model show
that the density of the wind is reasonably high. If Apep had a
spherical wind instead, with the same density, it would be almost
completely obscured at the low frequencies. This could possibly
explain why Apep is so bright for a CWB, as it is less obscured than
other CWBs that do have spherical winds.

Finally, we note that a potential different explanation for the
variation we see in the lightcurve of Apep is “micro-variability”
caused by variable shock conditions in the WCR. Setia Gunawan
et al. (2000) find evidence of micro-variability in the lightcurve of
WR146. They explain this varibaility as being caused by clumps
entering theWCR,which result in variations in the FFA opacity. The

effects they observe cause at most 10mJy of variation. We observe
a variability on the order of 50mJy at 1.4GHz. Furthermore, Setia
Gunawan et al. (2000) state that micro-variability could be caused
by irregularities in the mass inflow. These irregularities change the
non-thermal synchrotron emission, which has to result in a variation
of the entire spectrum. However, we see no significant flux density
variation at 5.5, 9, or 20GHz, so it is unlikely that the variation we
observe is caused by micro-variability.

6 CONCLUSIONS

Wehave analysed radio data on the brightest andmost luminous non-
thermal emitting CWB Apep. The data span from 0.2 to 20GHz
and a time baseline of 27 years at 1.4GHz.

Our study of the radio spectrum of Apep has revealed that
the emission is best described by synchrotron emission combined
with FFA and inverse-Compton cooling. The spectral index of
the synchrotron emission is consistent with other non-thermal
emitting CWBs at -0.52±0.02. The FFA turnover frequency is
0.54±0.01GHz, which leads to a rough estimate that the electron
density 𝑛𝑒 & 900 cm−3. The characteristic IC cooling frequency is
36± 2GHz. This indicates that there is a strong radiation field in
Apep, consistent with Apep being composed of two WR stars.

Radio monitoring observations of Apep over a 33-year period
show that the flux density of Apep is not constant. The time vari-
ability of the flux density of Apep can be modelled as variation in
the optical depth of free-free absorption as theWCRmoves through
the winds of the binary. A model with spherical winds, such as that
developed by Williams et al. (1990), describes some but not all of
the structure visible in the lightcurve. The spherical winds model
consistently overestimates the flux density at 2.3GHz and underes-
timates it at 843MHz. Furthermore, it does not predict the decrease
in flux density at 1.4GHz that we observe in our targeted observing
campaign since 2017.

We develop an anisotropic wind model that is better able to
replicate the radio lightcurve of Apep. This model can recreate the
asymmetry in the lightcurve because the slow wind and the orbit
are not aligned. This implies that the rotation axis of the WR star
launching the anisotropic wind and the orbital axis of the system are
not aligned. The anisotropic mass-loss model also derives orbital
elements that are consistent with those derived from dust plume and
binary detected in mid-infrared data (Han et al. 2020). We believe
this is a significant result since this provides independent evidence
of anisotropic mass-loss first suggested by infrared data on Apep.
If our anisotropic mass-loss model is correct, we predict a ∼25%
decrease in the flux density at 1.4GHz over the next 5 years. This
model also suggests that one of the reasons Apep is so radio bright
is because the amount of FFA occurring is relatively low compared
to other CWBs.

The model for the anisotropic wind we developed in this work
is a first look at attempting to explain radio variation with non-
spherical winds in a CWB. There are several assumptions in the
model that could be changed if there is sufficient evidence to justify
the change. For example, the power-law component of the density
distribution of the slow wind is assumed to have an index of -3.5,
but could take another value. However, changing this index does
not seem to have a strong impact on the results from our tests.
Furthermore, the model could also be improved by adding a fast
polar wind. We ignored the fast polar wind in our model because
it has a very low density compared to the slow equatorial wind.
This implies the impact of FFA in that region should be minimal.
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However, in more sophisticated models this will have to be taken
into account and likely will mean higher frequency data (&5GHz)
would see variation as theWCR enters and exits the fast polar wind.

Finally, if the optical depth at the shock region is indeed chang-
ing as much as our model suggests, there should be variation in the
X-ray emission as well. A monitoring campaign of Apep at these X-
ray frequencies would also be an independent test of our anisotropic
wind model.
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APPENDIX A: TIME VARIABILITY OF FREE-FREE
ABSORPTION

The free-free opacity is not constant over the orbit of the system.
It depends on the amount of ionized medium between the source
and the observer. In most CWBs, the two winds launched by the
stars in the binary are both spherical. However, it has been theorised
that one of the WR stars in Apep is launching an asymmetric wind.
The derivation of the variation of optical depth for both models is
presented in this appendix.

A1 Spherical winds model

A model for the general spherical winds case was derived by
Williams et al. (1990). This model assumes that the winds are
spherical, and that one of the stellar winds is dominating over the
other.

Following Williams et al. (1990), we start with the standard
free-free opacity, here given by Equation 5 in the main text, namely

𝜏FFA ≈ 8.24 × 10−2a−2.1𝑇−1.35
𝑒

∫
𝑛2𝑒d𝑙,

where, as before, a is the frequency in GHz, 𝑇𝑒 is the electron
temperature in K, which we assume to be constant along the orbit,
𝑛𝑒 is the electron density in cm−3 and 𝑙 is the distance through the
source in pc. As stated before, we assume that the situation at the
location of the WCR is dominated by the wind of one of the WR
stars. The geometry of the system is shown in Figure A1.

The WR stars are always more than 40 𝑅∗ apart, which means
that the electron density in the wind 𝑛𝑒 ∝ 𝑑−2 (e.g. Waters et al.
1988). We can write 𝑛2𝑒 (𝑑) = 𝑛2𝑒 (𝑎)𝑑−4, where 𝑛𝑒 (𝑎) is the number
density of electrons in the wind at the semi-major axis 𝑎 and 𝑑 is the
distance from the central WR star to the element d𝑠 in units of the
semi-major axis. We can rewrite the expression for 𝜏FFA assuming
everything but 𝑑 is constant:

𝜏FFA = 𝐶FFA𝑎
−1

∫
𝑑−4d𝑠, (A1)

where 𝐶FFA = b

(
a
aref

)−2.1
(Kennedy et al. 2010). We use

aref=1.38GHz in this work. b is a constant proportional to 𝑛2𝑒 (𝑎).
We can rewrite d𝑠 as

d𝑠 = 𝑟𝑎cos(𝜔 + 𝑓 )cosec2 (𝜓)cosec(𝑖)d𝜓,

where 𝑖 is the inclination of the orbit, 𝜓 is the angle between indi-
cated in FigureA1 and 𝑟 is the distance between the dominant WR
star and the WCR, defined by

𝑟 =
1 − 𝑒2

(1 + 𝑒 cos( 𝑓 ))
1 − [1/2

1 + [1/2
.

In this equation, 𝑒 is the eccentricity and 𝑓 is the true anomaly. The
momentum ratio [ is given by

[ =
¤𝑀WCv∞,WC
¤𝑀WNv∞,WN

. (A2)

f

i

WCR

d

r

WR

ds

Figure A1. Geometry of the system seen from within the plane of the sky.
The companion star is off the scale of the plot. The line of sight to the WCR
is represented by the vertical line that ends at the location of the WCR.
The colourmap represents the logarithm of the density of the wind. 𝑖 is
the inclination of the orbit, 𝜔 is the argument of periastron, 𝑓 is the true
anomaly of theWCR, 𝑟 is the separation between theWCR and the dominant
WR star (indicated with WR in the figure) in units of the semi-major axis.
𝜓 is the angle over which we integrate.

We can write 𝑑 as

𝑑2 = 𝑟2cos2 (𝜔 + 𝑓 ){[cot(𝜓) + tan(𝜔 + 𝑓 )]cot2 (𝑖) + cosec2 (𝜓)},
where 𝜔 is the argument of periastron. We can now express the
integral in EquationA1 in terms of these orbital parameters:

𝑎−1
∫

𝑑−4d𝑠 =∫
(𝑟2cos2 (𝜔 + 𝑓 ){[cot(𝜓) + tan(𝜔 + 𝑓 )]cot2 (𝑖)+

cosec2 (𝜓)})−2𝑟cos(𝜔 + 𝑓 )cosec2 (𝜓)cosec(𝑖)d𝜓.

(A3)

Using trigonometric identities, EquationA3 can be rewritten
as

𝑎−1
∫

𝑑−4d𝑠 =
𝑟cos(𝜔 + 𝑓 )cosec(𝑖)

𝑟4cos4 (𝜔 + 𝑓 )∫
cosec2 (𝜓)

{[cot(𝜓) + tan(𝜔 + 𝑓 )]2 + tan2 (𝑖)cosec2 (𝜓)}cot4 (𝑖)
d𝜓.

=
tan3 (𝑖)sec(𝑖)
𝑟3cos3 (𝜔 + 𝑓 )

∫
cosec2 (𝜓)d𝜓

[cot(𝜓) + tan(𝜔 + 𝑓 )]2 + tan2 (𝑖)cosec2 (𝜓)
.

(A4)

By setting 𝑡 = tan(𝜓), this changes the integral into a form that
has an analytical solution, namely:∫

𝑡2d𝑡
{(1 + tan2 (𝑖)) + 2 tan(𝜔 + 𝑓 )𝑡 + [tan2 (𝜔 + 𝑓 ) + tan2 (𝑖)]𝑡2}2

.

We set the lower limit to 𝑡=0 and the upper limit to 𝑡 = tan(𝜔+
𝑓 − 3𝜋/2). The solution to the integral is given by

𝑎−1
∫

𝑑−4d𝑠 =
sec(𝑖)

2Δ𝑟3cos3 (𝜔 + 𝑓 )
[sin(𝜔 + 𝑓 )cos(𝜔 + 𝑓 )tan(𝑖)+

1 + tan2 (𝑖)
√
Δ

arctan

(
−
√
Δ

tan(𝜔 + 𝑓 )tan(𝑖)

)
],
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Figure A2. Geometry of the system with an anisotropic wind, seen from
within the plane of the sky. The line of sight to the WCR is represented
by the vertical line that ends at the location of the WCR. The colourmap
represents the logarithm of the density of the wind. 𝑖 is the inclination of the
orbit, 𝜔 is the argument of periastron, 𝑓 is the true anomaly of the WCR,
𝑟 is the separation between the WCR and the dominant WR star (indicated
withWR in the figure) in units of the semi-major axis. 𝑖wind is the inclination
of the wind. Not shown in the figure is 𝜔wind, which is the angle over which
the slow wind is rotated compared to the 𝑥-axis.

(A5)

where

Δ = 1 + tan2 (𝜔 + 𝑓 ) + tan2 (𝑖).

Williams et al. (1990) find the same result, except they do not have
the Δ−1/2 term in the last term of their EquationA21. We believe
this to be a typographical error, as the term does appear in other
equations in the paper. We use EquationA5 for our modelling.

Placing this result into EquationA1 provides us with the equa-
tion for 𝜏FFA that can be used to fit for the orbital parameters of the
system:

𝜏FFA = 𝐶FFA
sec(𝑖)

2Δ𝑟3cos3 (𝜔 + 𝑓 )
[sin(𝜔 + 𝑓 )cos(𝜔 + 𝑓 )tan(𝑖)+

1 + tan2 (𝑖)
√
Δ

arctan

(
−
√
Δ

tan(𝜔 + 𝑓 )tan(𝑖)

)
] .

(A6)

A2 Anisotropic wind model

As discussed in Section 1, one of the WR stars in Apep may be
launching an anisotropic wind, consisting of a fast polar wind and a
slow equatorial wind. The density of the slowwind can be described
by a vertical Gaussian (e.g. Bjorkman 1997; Carciofi & Bjorkman
2006), as suggested by Chen et al. (2021):

𝑛𝑒 (𝑑) = 𝑛𝑒 (𝑎)
(
𝑅′)−3.5 exp (

− 𝑧′2

2𝐻2 (𝑅′)

)
, (A7)

where 𝐻 (𝑅′) = v𝑠v𝑐 𝑅
′3/2 is the scale height of the slow wind, where

v𝑠 is the isothermal sound speed and v𝑐 is the critical speed of the

star. 𝑅′ is the component of the position vector that lies in the plane
of the slow wind and 𝑧′ is the component of the position vector
orthogonal to 𝑅′, both in units of the semi-major axis.

The coordinates of the WCR at any point along its orbit are
given by

𝑥WCR = 𝑟 cos(𝜔 − 𝑓 ) cos(𝑖),
𝑦WCR = 𝑟 sin(𝜔 − 𝑓 ),
𝑧WCR = 𝑟 cos(𝜔 − 𝑓 ) sin(𝑖),

(A8)

where 𝑥WCR is the position of theWCR along the 𝑓 = 0 line , 𝑦WCR
is the position along the 𝑓 = 𝜋/2 line and 𝑧WCR is the position of
the WCR along the line orthogonal to both x and y, with positive z
in our direction. All coordinates are in units of the semi-major axis.

The slow equatorial wind is not necessarily aligned with the
orbit of the two stars. To account for this, we allow the wind to have
an inclination 𝑖wind and a rotation compared to the 𝑥-axis of 𝜔wind.
The density can be written as

𝑛𝑒 (𝑑) = 𝑛𝑒 (𝑎)
(
𝑅′

𝑎

)−3.5
exp

(
− 𝑧′2

2𝐻2 (𝑅′)

)
,

as before, with 𝑅′2 = 𝑥′2 + 𝑦′2 and

𝑥′ = 𝑧WCR sin(𝑖wind)
+ (𝑥WCR cos(𝜔wind) + 𝑦WCR sin(𝜔wind)) cos(𝑖wind)

𝑦′ = 𝑦WCR cos(𝜔wind) − 𝑥WCR sin(𝜔wind)
𝑧′ = 𝑧WCR cos(𝑖wind)

− (𝑥WCR cos(𝜔wind) + 𝑦WCR sin(𝜔wind)) sin(𝑖wind).

(A9)

We can now calculate the integral in EquationA1. We start
from

𝑎−1
∫

𝑛2𝑒d𝑙 =
∫

𝑛2𝑒d𝑧.

where we changed the integration variable to 𝑧, which is the distance
to the source in units of the semi-major axis.

We set the lower limit of this integral to the z-coordinate of the
WCR, defined as in EquationA8. The upper limit is set to infinity.
We can now calculate the value of the optical depth using Equation 5
and integrating numerically, as this integral does not have an obvious
analytical solution.

MNRAS 000, 1–14 (2021)
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843 MHz 1.1 GHz 1.2 GHz 1.4 GHz 1.5 GHz 1.6 GHz 1.7 GHz 1.8 GHz 1.9 GHz 2.0 GHz 2.2 GHz 2.3 GHz 2.4 GHz 2.5 GHz 2.6 GHz 2.7 GHz 2.8 GHz 3.0 GHz 3.1 GHz

1988 May 05 85 ± 8

1989 May 09 71 ± 8

1990 Apr 26 89 ± 7

1994 Jan 10 116 ± 3

1994 Jan 22 111 ± 14

1999 May 04 120 ± 4

2004 Mar 21 132 ± 5 112 ± 7

2004 Mar 23 154 ± 4 131 ± 3

2004 May 05 136 ± 3 120 ± 2

2005 May 18 133 ± 3

2006 May 16 139 ± 5

2011 Jan 27 169 ± 14 164 ± 5 145 ± 4 147 ± 4 140 ± 3 138 ± 3 134 ± 3 128 ± 3 125 ± 3 128 ± 3 124 ± 3 121 ± 4 122 ± 4

2012 Jul 03 167 ± 11 150 ± 7 166 ± 8 163 ± 6 149 ± 7 144 ± 5 141 ± 4 141 ± 4 140 ± 4 130 ± 3 135 ± 3 126 ± 3 125 ± 3 122 ± 3 120 ± 3 121 ± 3 116 ± 3 113 ± 3

2013 Jan 27 155 ± 13 154 ± 11 159 ± 14 160 ± 7 147 ± 8 151 ± 6 141 ± 6 138 ± 5 136 ± 4 135 ± 5 120 ± 4 122 ± 4 124 ± 4 121 ± 4 122 ± 4 112 ± 4 104 ± 4 105 ± 4

2017 May 11 232 ± 20 199 ± 20 181 ± 5 173 ± 5 161 ± 6 158 ± 4 149 ± 2 147 ± 2 141.7 ± 1 137.9 ± 1 135 ± 1 132 ± 1 129 ± 2 126 ± 1 122 ± 3 121 ± 3 119 ± 3 114 ± 1

2018 Oct 08 194 ± 8 168 ± 7 170 ± 3 163 ± 2 155 ± 2 154 ± 2 151 ± 2 144 ± 2 142 ± 2 139 ± 2 133 ± 2 131 ± 2 128 ± 2 123 ± 3 122 ± 2 119 ± 2 116 ± 2 115 ± 2

2018 Nov 25 201 ± 29 185 ± 18 164 ± 2 163 ± 2 153 ± 3 153 ± 2 149 ± 2 143 ± 2 144 ± 2 141 ± 2 133 ± 2 133 ± 2 130 ± 2 125 ± 3 125 ± 3 121 ± 2 119 ± 2 116 ± 6

2019 Mar 24 181 ± 15 168 ± 13 163 ± 2 157 ± 3 149 ± 4 150 ± 2 146 ± 2 141 ± 2 139 ± 2 136 ± 2 131 ± 2 129 ± 2 126 ± 2 122 ± 4 121 ± 3 118 ± 2 114 ± 2 112 ± 4

2019 Sep 11 171 ± 14 161 ± 13 157 ± 3 153 ± 3 146 ± 5 147 ± 3 143 ± 3 138 ± 3 136 ± 3 132 ± 3 130 ± 3 128 ± 3 124 ± 3 122 ± 4 119 ± 4 117 ± 3 115 ± 3 112 ± 4

2020 May 02 183 ± 11 172 ± 14 159 ± 3 157 ± 3 149 ± 5 148 ± 3 144 ± 3 140 ± 3 137 ± 3 133 ± 3 130 ± 3 127 ± 3 126 ± 3 122 ± 4 119 ± 4 116 ± 4 114 ± 4 112 ± 5

2021 Mar 07 156 ± 14 145 ± 13 141 ± 5 140 ± 5 134 ± 6 132 ± 4 130 ± 6 129 ± 4 127 ± 4 125 ± 4 120 ± 4 118 ± 4 116 ± 4 112 ± 5 112 ± 4 110 ± 4 108 ± 4 103 ± 6

2021 Jun 28 178 ± 8 169 ± 12 161 ± 2 159 ± 2 153 ± 4 150 ± 2 148 ± 3 143 ± 2 140 ± 2 137 ± 3 134 ± 3 131 ± 4 128 ± 2 125 ± 4 122 ± 4 119 ± 3 116 ± 3 114 ± 4

Table B1. The measurements of the flux densities used in the temporal modelling in mJy. The measurements at 843MHz were taken with the MOST, the observations at the other frequencies were taken with the
ATCA.

APPENDIX B: FLUX DENSITIES USED IN TEMPORAL MODELLING

In Table B1, we list the flux density of Apep for all frequencies and times used in our temporal modelling of the system.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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