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ABSTRACT
Intense flares at cm-wavelengths reaching levels of tens of Jy have been observed from Cygnus X-3 for many years. This active
high mass X-ray binary also has periods of quenching before major outbursts, and has minor flares at levels of a few hundred mJy.
In this paper we show that the minor flares have much shorter rise times and durations suggesting more rapid expansion of the
synchrotron radiation emitting material than in the strong flares. They also appear closer to the binary, whereas the large flares
form a more developed jet. Calculations of physical conditions show that the minor out-bursts have lower minimum power but
have larger magnetic fields and energy densities than the major flares. Minor flares can occur while a major flare is in progress,
suggesting an indirect coupling between them. The spectral evolution of the minor flares can be explained by either an expanding
synchrotron source or a shock model. The possibility that there is a brightening zone as in SS433 is explored.

Key words: accretion, accretion disks – radio continuum: transients – stars: individual: Cygnus X-3 – radiation mechanisms:
non-thermal – ISM: jets and outflows

1 INTRODUCTION

Cygnus X-3 is an X-ray binary system discovered by X-ray detectors
on an Aerobee rocket (Giacconi et al. 1967). It is thought to be a
2.4+2.1−1.1 M� compact object with a highmassWolf–Rayet companion
(Van Kerkwijk et al. 1992, 1996; Zdziarski et al. 2013). The high
activity of the object suggests that the compact object is a black hole
though the mass function is uncertain due to high obscuration in the
optical band. It has a short binary period (4.8 h) and hence has a close
binary orbit (∼ 3×1011 cm) with the compact object embedded in an
intense stellar wind. The object lies in the Galactic plane at a distance
of 7.4 ± 1.1 kpc (McCollough et al. 2016). It is noted for its major
radio flares at cm wavelengths which rise rapidly and then decay
over a few days, reaching levels of 10–20 Jy, (Gregory & Kronberg
1972; Johnston et al. 1986; Waltman et al. 1995; Fender et al. 1997).
The object has been extensively studied with NRAO’s Green Bank
Interferometer (GBI) and Waltman et al. (1994) found three phases
of emission: minor flaring during periods of quiescence at levels of a
few 100 mJy, quenching where the flux density at 8 GHz drops below
30 mJy, and major flaring. Quenching occurs for several days before
major flares (Waltman et al. 1996) and the hard X-ray flux also drops
(McCollough et al. 1999), suggesting a close relationship between
the accretion disk and the ejection of plasmons in a radio jet.
High resolution MERLIN, VLA and VLBI observations have re-

vealed the presence of relativistic jets with two sided (Martí et al.
2001; Miller-Jones et al. 2004) and single sided ejections (Mi-
oduszewski et al. 2001; Tudose et al. 2010). Expansion velocities
vary from 0.32 (Spencer et al. 1986) to 0.812 (Mioduszewski et al.
2001) and apparent expansion at 2–32 (Newell et al. 1998). Appar-
ently superluminal velocities and complex changes in the structure
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suggest that the jets lie close to the line of sight (Mioduszewski et al.
2001; Miller-Jones et al. 2004; Tudose et al. 2010).

The flux density evolution of the flares was originally described by
synchrotron self-absorption in an expanding source (Gregory et al.
1972), where the source is initially optically thick as indicated by
a flat or rising radio spectrum with frequency, before expanding
and becoming optically thin. The effects of absorption in a stellar
wind (Seaquist & Gregory 1977; Fender et al. 1997; Miller-Jones
et al. 2009) in the context of shock-in-jet models have also been
considered.

Recently Fender & Bright (2019) have looked into self-absorption
and the minimum energy condition in optically thick flares and have
derived accurate formulae for the expansion velocity, magnetic field
and total energy corresponding to the minimum energy condition
for flares in Galactic black hole candidate objects, including Cygnus
X-3. In this paper we extend the application of these formulae to
minor flares and compare the results with those of a selection of
optically thick major flares. Observations of the minor flares are
described in Section 2. Section 2 also lists a selection of major flares.
The physical conditions in minor and major flares are compared in
Section 3, followed by discussion in Section 4 and conclusions in
Section 5.

2 MINOR AND MAJOR FLARES

2.1 Minor Flares

Minor flaring (flares with peak flux density between ∼ 0.1 and 1 Jy)
has been has known for some time (Waltman et al. 1996) and has
been described recently (Egron et al. 2021). Here we look at ex-
amples of historical data showing minor flares and possessed by the
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Table 1. Examples of minor flares. The date, instrument, frequency and UT (in hours) of the peak of the flares is shown together with the peak change in flux
density above background, rise and fall times and duration (full width at half maximum) in hours.

Date Instrument Frequency UTC peak Peak Flux Density Crise Cfall Cdur
GHz h Jy h h h

1983 Oct 7 MERLIN 5 15.5 0.30 1 1 1.5
1983 Oct 7 MERLIN 5 22.5 0.32 2 1.3 3
1983 Oct 8 MERLIN 5 2.5 0.15 1.5 1 1.5
1983 Oct 19 MERLIN 5 23 0.16 1.5 2 2
1992 Aug 22 WBI 5 15.5 0.40 1 3 2
1992 Aug 23 WBI 5 2.4 0.50 1 3 2
1995 May 7 VLBA 15 11.2 0.25 0.5 1 1.5
1995 May 7 GBI 8.3 11.7 0.22 0.5 0.6 1
1995 May 7 GBI 2.25 12.6 0.05 2 3 2
1995 May 7 VLBA 15.3 15.5 0.12 0.5 0.7 0.6
2020 Feb 14 AMI 15 11.39 0.11 0.3 0.23 0.5
2020 Feb 14 AMI 15 13.11 0.04 0.5 0.6 0.6
2020 Feb 15 AMI 15 11.49 0.21 0.67 0.6 1.0
2020 Feb 15 AMI 15 12.61 0.10 0.3 0.5 0.5
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Figure 1. Flux density plots for minor flares. The horizontal axis in each case is in hours following 00 h UTC on the date of the flare, and the frequency is 5 GHz
or 15 GHz as shown in the plot. The flare of 1995 May 7 (lower-left panel) is also shown in Fig. 2.

authors. The observations are listed in Table 1. The datasets and
corresponding instruments are as follows.

(i) The 1983 data are fromMERLIN (short baselines only) (John-
ston et al. 1986), triggered by a major flare in September 1983 and
observed in a collaborative programme which ran for two months.
The GBI was also used during these observations but did not have
short cadences covering the minor flares.
(ii) The 1992 data are from an unpublished dataset taken with the

Jodrell Bank Mk1–Mk2 wide band interferometer (WBI Padin et al.

1987), with observational techniques and calibration per Nelson &
Spencer (1988). This two-day observing run was untriggered.

(iii) The untriggered 1995 data are from the VLBA (short
baselines only) at 15 GHz (Newell et al. 1998), with correspond-
ing GBI data at 8.3 and 2.25 GHz.

(iv) Finally the 2020 data were taken with MRAO’s Arcminute
Microkelvin Imager (AMI) triggered by a major flare (Green & El-
wood 2020).

The flux density time series are shown in Fig. 1. These flares are
quite short in rise time and duration and can bemissed in observations
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with long intervals between measurements. The data selected were
chosen for their short cadences allowing these short lived (∼ 1 h)
flares to be studied. Other examples of minor flares have been pub-
lished (e.g. Ogley et al. 2001; Egron et al. 2021) but they have similar
properties (flux densities, rise times and and duration) to those shown
in Table 1 and so have parameters which are not significantly differ-
ent to those calculated here. Simultaneous observations at multiple
wavelengths are rare, though there are some data available for most
flares from the GBI but with longer intervals between data points.
The 1983 Oct 7 flare had measurements at 22.78 h and 26.26 h, close
to the peaks of the second and third flares at 5 GHz, both with a
flat spectral index of −0.18 between 8.1 GHz (X-band) and 2.3 GHz
(S-band) indicating they were optically thick. For the flare on 1983
Oct 19, the peak in the 5 GHz emission of ∼ 550 mJy is roughly sim-
ultaneous with a measurement of the 2.3 GHz emission of 65 mJy
at 24.06 h, indicating the flare has a rising spectrum with frequency.
The spectral index between X and S band at the onset of the second
flare on 1992 Aug 22 is +0.51, again showing that this flare is optic-
ally thick in the rising stages. This is important since the Fender &
Bright (2019) analysis assumes that the flare onset is optically thick.
Luckily the first flare at 15.3 GHz (Ku-band) on 1995 May 7

was well covered by the GBI (Fig. 2) although the second flare at
15.3 GHz is followed by only one data point at X-band with the GBI
and is missed entirely at S-band. The data show that the first flare
was had a flat or inverted spectrum throughout, only becoming steep
spectrum and optically thin after it had decayed at X-band. The peaks
at X-band and S-band occur at 0.5±0.1 and 1.6±0.3 h after the peak
at Ku-band.
Simultaneous data at other frequencies for the flares in 2020 Feb

are not available. However examination of the flux density across the
12–18 GHz band of AMI allows an estimate of the spectral index.
The source was spectrally steep during the decay of a major flare
at the time of the minor flares, but the signal to noise ratio was not
enough to see if the relatively small changes in flux density due to the
minor flaring were flatter. The rapid rise time and short lived nature
of the flares is a good indicator that they are compact with a high
brightness temperature and therefore likely to be optically thick at
least in their rising phase.
It is interesting to note that the flares on 1983Oct 7 and 19 and 2020

Feb 14 and 15 occur during the decay of major flares. However the
observations were triggered bymajor flaring, so this is not surprising.
The others are not associated with major flares.
Egron et al. (2021) discuss the binary period of 4.8 hours being

detectable in the radio. This was first suggested by Molnar et al.
(1984) during a period of minor flaring. Egron et al. (2021) also
mention the 1995 VLBA measurements of Newell et al. (1998),
noting that the two peaks are ∼ 4.8 hours apart. However we note
that there is evidence of the beginning of an intermediate minor flare
at 14.07 UTC, at both 15 and 8.3 GHz (only one data point each), 3
hours after the first peak. The other figures show intervals between
peaks which vary from 5 to 11 hours. Red noise can give rise to
apparent quasi periodic behaviour (Vaughan et al. 2016) and we do
not find strong evidence for the orbital period in our data. It is clear
that continuous observations with short cadences of 10 minutes or
less are needed to follow these short lived flares accurately.

2.2 Major Flares

A list of major flares taken from the literature but mostly using the
GBI archive are listed in Table 2. The GBI monitoring programme
had 3 observations of CygnusX-3 each daywhen operating (Waltman
et al. 1995), over the period 1982–1994. There were∼ 20major flares
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Figure 2. Flux densities from the VLBA, and the Green Bank Interferometer
on 1995May 7, at 15.3 GHz, 8.3 GHz and 2.3 GHz. Also shown are the results
of fitting the model of Ball & Vlassis (1993) to the data (see Section 4).

Table 2. Examples of major flares. The date,frequency and change in flux
density at the peak of the flares is shown together with rise and fall times and
duration (full width at half maximum) in days.

Date Frequency Peak Flux Crise Cfall Cdur
Density

GHz Jy d d d
1983 Oct 1 5 14.5 0.25 4 3
1983 Oct 11 8.1 9.0 1.0 3 3
1985 Oct 10 8.1 13.0 1.25 3 3
1985 Dec 30 8.1 8.5 1.5 1.8 4.5
1989 Jun 2 8.1 16.8 1.25 4.2 2
1989 Jul 21 8.1 17.5 1.0 3 2
1990 Aug 15 8.3 7.4 1.0 2.5 2
1990 Oct 5 8.3 9.0 0.75 2.9 1.5
1991 Jan 21 8.3 14.0 1.0 3 1.25
1991 Jul 26 8.3 18.2 0.5 0.75 0.7
1994 Feb 20 8.3 5.0 1.0 2 1
2020 Feb 7 15 9.9 0.2 0.25 0.25

in this period, several of whichwere steep spectrum (see the comment
by Fender et al. (1997)). The data for the flare on 1983 Oct 1 were
taken with MERLIN (Johnston et al. 1986) since the onset of this
flare was missed by the GBI, those for 2020 Feb 11 with AMI (Green
& Elwood 2020). The rest are from the GBI: these are the majority
of optically thick flares. The initial phases of the flares had inverted
or flat spectra (as shown by the GBI data where the X-band flux
density is ≥ S-band flux density) and so are optically thick at the
start. Examination of the broad-band (12–18 GHz) data from AMI
for the 2020 Feb flare shows that the initial phase of the flare had
an inverted spectrum. Only three flares had spectral indices less than
0.0 at the peak of the flare. The flare on 1994 Feb 20 is the first flare
in a sequence of 5 discussed by Fender et al. (1997). They applied
equipartition arguments to flare 5 which was optically thin at its peak,
whereas flare 1 discussed here had a spectral index of +1.69 at its
peak and so is optically thick.

The flux densities of the major flares, by definition, are much
greater than for the minor flares but also their rise times and duration
are much longer – days rather than hours. This has implications for
the energy required to generate the flares.

MNRAS in press, 1–7 (2022)
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3 COMPARISON OF MAJOR AND MINOR FLARE
MINIMUM ENERGY CONDITIONS

Calculations assuming equipartition between the energy in the mag-
netic field and in relativistic electrons have often been used as an
indicator of the energy and magnetic field (Miley 1980; Spencer
1984; Longair 2011) in radio sources. However there is no guarantee
that flares in objects like Cygnus X-3 are in equipartition – in fact the
rapid variability of an expanding source implies otherwise. A more
useful condition is minimum energy since that sets a lower limit to
the energy in the source, though in fact the values are close to those
found assuming equipartition (Fender 2006; Longair 2011).
Magnetic fields can also be found for a source showing synchro-

tron self-absorption, for example Miller-Jones et al. (2004), however
the results are very strongly dependant on the angular diameter \
of the object (� ∝ \4). Assuming that flares are initially optically
thick in the injection phase they will reach peak flux density as the
source expands and the optical depth to synchrotron self-absorption
becomes close to ∼ 1. Adiabatic expansion losses result in a de-
crease in flux density as the source becomes optically thin. Fender
& Bright (2019) have produced practical formulae which combine
self-absorption and the minimum energy condition and which have
relatively weak dependencies on the observed parameters. They find
that the total energy is a function of an effective expansion rate
V = 5 1/3E/2 where 5 is the filling factor. The maximum size occurs
for 5 = 1 and E = 2 whereas a minimum size is set by the Compton
limit for a brightness temperature of ∼ 1012 K. A uniform spherical
source is assumed in their calculations. Solving for minimum energy
gives an estimate for V. Note that the contribution from baryons in
the source has been neglected in these calculations so a true lower
limit to the energy can be found.
Their approximate formulae for the single frequency case assum-

ing optically thick flares (their equations 28–31) are used, and cal-
culated assuming a distance of 7.4 kpc. The equations give values
for the brightness temperature )B, the effective expansion velocity
V, the minimum total energy � in the flare and the magnetic field �.
Their formulae, omitting constants and the distance term, are given
in equations (1) to (4).

)B ∝ �1/17a−1/17 (1)

V ∝ �8/17a−33/34C−1
dur (2)

� ∝ �20/17a−23/34 (3)

� ∝ �−2/17a19/17 (4)

The weak dependence of the brightness temperature )B on the max-
imum increase in flux density � above background in the flare and
the observing frequency a can be seen. Note that � is used here
following Fender & Bright, rather than the more conventional total
flux density ( since the change in flux density above background is
used. In addition the energy density

* =
�

+
(5)

and the power % required to generate the flare, assuming injection
occurs in the rising phase,

% =
�

Crise
(6)

have been calculated for each of the flares listed in Table 1 and
Table 2. We assume spherical geometry and volume

+ =
4π
3
(V2Cdur)3 (7)

since the plasmon will expand through the duration of the flare, i.e.
\ = V2Cdur. Only the 15.3 GHz data were included in the calculation
for the 1995 May minor flares. Table 3 shows the average values for
the parameters calculated from equations (1) to (7).

It can be seen that the minor flares have lower brightness temperat-
ures, higher expansion velocities, lower total energy, higher magnetic
fields and energy densities and lower powers under the assumption of
minimumenergy in comparisonwith themajor flares. These paramet-
ers are compatible with the emitting region being more rapidly vary-
ing and hence more compact than those in the major flares. There is a
narrow spread in brightness temperature as expected from the weak
dependence on flux density, however major flares are ∼ 100 times
stronger in flux density and hence are significantly brighter, There
is a wide spread in the minimum power for both types of flare, due
to the wide variation in flux density and rise time, but on average
the major flares are more powerful, even though their rise times are
much longer.

3.1 Doppler Effects

Bulkmotion of the radiating region could result in significantDoppler
factors:

X =
1

� (1 ∓ Vb cos 8) (8)

where � is the Lorentz factor, Vb the bulk velocity in units of 2, to
be distinguished from the effective expansion velocity above, and 8
the angle to the line of sight.

Fender & Bright (2019) point out that Doppler boosting with X >1
will result in the intrinsic values being smaller than calculated. A
variety of Doppler factors in major flares have been estimated for
Cygnus X-3 and the structural changes observed suggest the jet lies
close to the line of sight (see e.g. Tudose et al. 2010). VLBI imaging
of this source is notoriously difficult due to its rapid variability. One
of the most thorough evaluations has been by Miller-Jones et al.
(2004) where Vb = 0.56 and 8 = 25.◦7 giving X = 1.83 for a distance
of 10 kpc. The source size was ∼ 40 mas. Scaling to a distance of
7.4 kpc gives X = 1.70. Since the minimum energy is ∝ X97/34, the
power is ∝ X131/34, giving factors of 4.5 and 7.7 respectively if the
component is approaching. The rest frame powers are therefore a
factor of 7.7 smaller than those given in Table 3 and well below the
Eddington luminosity for this source.

We do not know if the minor flares, which appear on sub-mas size
scales, have significant Doppler factors. The observations by Newell
et al. (1998) suggest super-luminal expansion at ∼ 22. This requires
Vb > 0.9, 8 < 25◦ and a Doppler factor X > 2.3. We would also
perhaps expect the source to be moving more quickly at early stages
if it is eventually slowed down by interaction with the surrounding
medium, though there is no significant evidence for this. The major
flares would need to be significantly Doppler boosted by more than
observations suggest for their rest frame energies and powers to
become comparable with those of minor flares.

4 DISCUSSION

A minor flare observed with the Ryle telescope on 2003 Jan 5 at
15 GHz was described by Fender (2006). The 200 mJy flare rose in
∼ 1 h andwith total energy of 5×1040 erg and power of∼ 1037 erg s−1

assuming equipartition. This is more powerful than the values found
here, but consistent with the minimum energy assumption. The mag-
netic field was 0.5 gauss, similar to values here. Recently Broderick
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Table 3. Average minimum energy parameters calculated for minor and major flares. The standard deviation of the mean of the values is also shown.

)� V � � * %

K erg gauss erg cm−3 erg s−1

Minor Flares 5.3 × 1010 0.13 2.8 × 1039 1.2 0.22 8.5 × 1035

f< 1.0 × 109 0.01 7.6 × 1038 0.2 0.06 1.9 × 1035

Major Flares 6.75 × 1010 0.033 2.5 × 1041 0.58 0.044 5, 0 × 1036

f< 6.4 × 108 0.007 3.8 × 1040 0.05 0.01 1.6 × 1036

et al. (2021) observed a self-absorbed major flare with LOFAR, with
a much greater power of ∼ 1038 erg s−1, due to the lower radio
frequency of the observations. This is still less than the Edding-
ton luminosity of 3.0 × 1038 erg s−1 for a 2.4 M� compact object.
However the major flares do seem to need a greater power, and this
is consistent with the formation of an extended jet in these events,
where the extra power is needed to propel the emitting plasma fur-
ther from the compact object. The minor flares have lower power but
expand more rapidly and cannot expand out very far before decaying.
They are therefore likely to be closer to the compact object thanmuch
of the emitting region in the major flares.
Comparison with X-rays (Szostek et al. 2008) shows that the radio

vs X-ray luminosity plot has a reversed ‘h’ shape. As the X-ray flux
increases the radio moves from quiescence to minor flaring, and back
to quiescence if the X-ray flux decreases, but can also move to the
quenched state if the X-ray flux increases preceding a major radio
flare. After the flare the source reverts to a lower X-ray state and
minor flaring can occur again. Our observations show that minor
flaring can occur while the major flare is decaying, but it is likely
that the radio jet emission by this stage has moved away from the
core, and the compact object/disk system has reverted to the lower
X-ray state. Detailed high cadence X-ray observations during minor
and major flares are needed to confirm this.
There are three basic models to describe the spectral evolution

of Cygnus X-3 flares (see e.g. Fender et al. 1997): the expanding
plasmon model, as originally described by Van der Laan (1966) and
modified by Hjellming& Johnston (1988) and Ball &Vlassis (1993),
absorption in a stellar wind (Seaquist & Gregory 1977; Fender et al.
1997) and shock-in-jetmodels (Martí et al. 2001; Lindfors et al. 2007;
Miller-Jones et al. 2009). The 1995 May 7 data have good frequency
coverage so can be compared with models.

4.1 Expanding Plasmon Model

The expanding plasmonmodel relies on adiabatic expansion to cause
the decrease in brightness and hence transition to becoming optically
thin. Fits to a major flare by Fender et al. (1997) suggest that the
decay in flux density also occurs via energy losses. Loss of energy
by synchrotron radiation cannot explain the decay time-scale, and
inverse Compton (IC) losses in the radiation field of the Wolf–Rayet
star were suggested. With that in mind, we have fitted a model based
on Ball & Vlassis (1993) (which has adiabatic losses only) to the
1995 May 7 data.
Following Ball & Vlassis, we take the flux at time C and frequency

a to be

( = (q

(
a

a0

)U
+

(0
(
C−Ci
C0

)3 (
a
a0

)5/2
(1 − e−g ) b3 (g) C ≥ Ci

0 C < Ci
(9)

where

b3 (g) =
1 − 2 (1 − (1 + g)e−g ) g−2

1 − 4−g (10)

Table 4. Parameters of the modified Ball & Vlassis (1993) model (see text)
fitted to the VLBA and GBI data of 7 May 1995.

Parameter Value
Ci 10.25 h
C0 0.85 h
g0 1.493
W 1.224
(0 708.26 mJy
(q 58.60 mJy
U −0.010

and

g = g0

(
C − Ci
C0

)−(2W+3) (
a

a0

)−(W+4)/2
, (11)

in which we have modified the original model by inserting an ini-
tial time offset Ci and a background quiescent flux with scale factor
(q. Taking a0 = 15.3 GHz, we find best-fit values for the remain-
ing parameters with a global optimiser from Storn & Price (1997),
fitting modelled fluxes (mod to observed fluxes (obs by minimising
the metric

∑
a,C ((mod (a, C) − (obs (a, C))2 /f2

a , with results listed in
Table 4. Most of the parameters are well-constrained, but there is
considerable degeneracy in the values of g0 and (0; however, the
product g3

0 (
2W+3
0 is well constrained, and the degeneracy has little

affect on the resulting physical flux (. The resulting modelled flux is
shown alongside the observational data in Fig. 2.

The emission does not become optically thin until after the peak
at each frequency but then decays rapidly. Energy losses other than
adiabatic (synchroton and IC) are not needed to explain the rapid
decay. However the model does not fit the 15.3 GHz data well, with
the observed flux density being much less than predicted by the
model. This implies that extra energy losses are needed to explain
a break in the spectrum. If the break occurs at ∼ 10 GHz then the
electron lifetime for synchrotron energy losses for a magnetic field
of 1.2 gauss is ∼ 3 months, so this can be ruled out. A high energy
density is required to give the short (<1 h) timescale required for
IC losses. Such losses could occur in the uv radiation field of the
Wolf–Rayet companion, as is the case for the major flares. For a star
of luminosity 1039 erg s−1 the energy density is high enough for this
to happen for a radius from the star of ∼ 1012 cm for a break in the
radio spectrum at 10 GHz. This is relatively close to the star and
comparable with the binary orbit so the losses must occur at an early
stage of the initial injection of relativistic plasma. The uv photons
would be up-scattered into W rays (Piano et al. 2012). Recent results
from Fermi-LAT (Trushkin et al. 2017) and AGILE (Piano et al.
2021a,b) W ray satellites show W emission during minor flaring in the
radio when just before the quenched state and also at the onset of
major flaring at the end of the quenched state. Koljonen et al. (2018)
suggest this might arise from shocks in the jet, but our results indicate
that the W ray emission could also be from IC interactions of the high
energy electrons responsible for the radio synchrotron emission at
the injection phase of the plasmon or jet evolution.

If expanding at 0.132 (Table 3) and with an average duration of
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1.4 h then the plasmon must be compact (∼ 1013 cm). Given an
average flux density for the minor flares of 0.22 Jy and brightness
temperature of 5.3×1010 K the plasmon is ∼ 0.16mas in angular size
or ∼ 2 × 1013 cm in diameter. The energy density in the Wolf–Rayet
radiation field would be less at this distance and so IC losses less
important as the plasmon expands.

4.2 Free–free Absorption

Analternativemodel is to assume the spectral evolution is due to free–
free absorption in a strong stellar wind. The longer time-scale at lower
frequencies in the 1995 May 7 data is a good indicator that opacity
effects are important. The electron density in a simple spherically
symmetric wind, assumingmass conservation and a uniform velocity
E is

# =
¤"

4c`<pEA2 (12)

where ¤" is themass loss rate, ` is themeanmolecular weight,<p the
mass of the proton and A the radius from theWolf–Rayet companion.
The optical depth in the wind from radius ' is

g =

∫ ∞

'
^a#

2 dA (13)

where ^a is the absorption coefficient at frequency a and so g is
∝ ¤"2'−3.

The radius at which the optical depth is unity can then be found,
using the formulae for absorption coefficient and Gaunt factor in
Spitzer (1978). For a hot intense wind at 105 K, ` = 0.62 (solar
value), E = 1000 km s−1 and a mass loss rate of 10−5 M� yr−1

the unity optical depth radii are 1.3, 1.9, 4.7 × 1013 cm at 15.3, 8.3
and 2.25 GHz respectively. These are all much larger than the orbital
diameter. If a moving source of emission becomes visible when the
optical depth drops to approximately unity, then the region must be
moving at ∼ 0.1–0.32, comparable with the expansion velocity for
minor flares in Table 3. However the radio spectrum of the emitting
region must change as it moves out, since there are rapid decreases
in flux density and a clear transition from optically thick with an
inverted spectrum to eventually becoming optically thin. The higher
frequency emission decreases rapidly in the observations, whereas
we would expect the standard synchrotron spectrum when the source
becomes optically thin. So motion through a wind does not fully
explain the spectral evolution of the flare, though we expect the
lower high-frequency emission caused by inverse Compton losses in
the early phases of the flares to also be visible as the plasmon moves
outward.
The energy density* is high (0.22 erg cm−3) for the minor flares

and therefore the plasmons have higher pressure than that in major
flares. The internal pressure is equal to the gas pressure in the hot
wind at a distance of 1.8 × 1012 cm, and greater than that in the
wind at distances beyond that. Rapid expansion is therefore possible
at greater distances from the core and could even reach the value for
the sound velocity in a relativistic gas of 2/

√
3.

4.3 Shock-in-Jet Models

Shock-in-jetmodels have beenfitted toCygnusX-3flares by a number
of authors. Miller-Jones et al. (2009) showed that a conical jet model
can be fitted to minor flares, though their data had multiple overlap-
ping events. The model also assumed IC and synchrotron losses are
important in the rise phase of the flare, as shown by Lindfors et al.
(2007) for a major flare on Cygnus X-3. However infra-red data are

needed to constrain the model during the rising phase and expanding
plasmon models cannot be excluded. The decay rate for spherical
expansion is ∝ C−2B ; a slower rate is expected for 2-D expansion in
a conical jet and for the shock-in-jet model, though turbulence can
also slow the decay rate (Miller-Jones et al. 2009). The fall times
of the minor flares in the paper are comparable with the rise times
and are consistent with the plasmon model. It is also interesting that
Lindfors et al. (2007) also found that a trumpet shaped jet was needed
to account for the early phase of flare evolution. The short fall times
of the minor flares suggest that a rapidly widening jet is needed.

Koljonen et al. (2018) suggest that any channel formed by previous
jet ejections is filled in by the wind from the Wolf–Rayet star during
the quenched state. The next outburst results in a strong radio jet with
shocks formed by interaction with the wind material. Minor flaring
could correspond to jets which fade rapidly because of low density
and weak shocks in the channel which has yet to be filled in by the
wind.

Assuming that the jet velocities found for the major flares (0.3–
0.82) are the same as those for the minor flares, and given the ex-
pansion velocities in Table 3, then the opening angles of the jets can
range from 9◦ to 24◦ for minor flares and 1◦ to 5◦ for major flares.
The longer duration (by factors of ∼ 30) of the major flares also
implies they become longer, so minor flares are short and fat, major
flares long and thin.

Finally, several of the flares in Fig. 1 are double, which leads to
the possibility that the emission is seen from the approaching and
receding parts of the jet when the jet brightens at a given distance
from the central engine. Such a brightening zone was seen in SS433
(Vermeulen et al. 1987) at a distance of ∼ 300 au from the core. The
approaching component appears first and should be brighter than the
receding one, unless Vb is small. Most of the double flares in Fig. 1
have a brighter first flare. The time delay, if the brightening occurs
at a distance 3 on each side of the core, is (23/2) cos 8 where 8 is
the angle to the line of sight. The time difference between the peaks
varies from ∼ 1 to 10 h, suggesting either changes in 8 or in 3 from
epoch to epoch. The images in the VLBI data of Newell et al. (1998)
show a shift of 1.0 ± 0.2 mas between the peaks of the first and
second flares in the 1995 data, though these observations may be
limited by strong interstellar scattering. The 4.3 h delay between the
peaks implies an angle to the line of site of 13◦±2◦ and 3 = 16±1 au.
If the angle to the line of sight is the same for each epoch then the
emission peaks at a distance which varies from 3.6 to 36 au from
the core. This is much smaller than for SS433, however the binary
orbit is also much smaller. Vermeulen et al. (1987) suggested that
either a re-collimation shock, interaction of successive ejections with
a bow shock, or a working surface in a dense wind occurred at the
brightening zone, after which the components expanded adiabatically
and similar effects could be occurring here.

5 CONCLUSIONS

Historic data on minor and major flares have been used to derive
physical parameters assuming self-absorption and minimum energy.
The much more rapid but weaker minor flares have higher expansion
velocities, magnetic fields and energy densities but lower brightness
temperatures, total energies and powers than major flares. A rapidly
expanding self-absorbed synchrotron model can explain the minor
flares, and the emitting plasmons are likely to be formed relatively
close to the compact object, whereas the bulk of the emission in
the major flares occurs further out. If produced by a shock in a
continuous jet then the jet has to be expanding rapidly, and the
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high energy density implies that the plasmons are not confined by
a hot wind from the Wolf–Rayet companion. The plasmons have
expanded to ∼ 1 au after ∼ 1 h and are at a few times that in distance
from the compact object and disk when they become visible at cm-
wavelengths, whereas the jets in major flares are ∼ 30 times longer.
Further investigation of the radio emission requires simultaneous

observations at infra-red and millimetre wavelengths to help distin-
guish plasmon or shock-in-jet models, and X-ray observations will
help understand how the flares are initiated. If inverse Compton
losses in the radiation field of the Wolf–Rayet star are important for
minor flares then the flares may also be observed in W rays. The short
time-scale of the flares require short cadences of ∼ minutes and ob-
servation periods of several hours to fully capture the flares. Finally
snap-shot VLBI observations at frequencies >15 GHz are needed to
overcome the strong inter-stellar scattering to Cygnus X-3 and the
rapid variability to image a potential brightening zone.
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