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ABSTRACT
Radio emission from non-magnetic cataclysmic variables (CVs, accreting white dwarfs) could
allow detailed studies of outflows and possibly accretion flows in these nearby, numerous and
non-relativistic compact accretors. Up to now, however, very few CVs have been detected in
the radio.We have conducted a Very Large Array pilot survey of four close and optically bright
novalike CVs at 6 GHz, detecting three, and thereby doubling the number of radio detections
of these systems. TT Ari, RW Sex and the old nova V603 Aql were detected in both of the
epochs, while V1084 Her was not detected (to a 3σ upper limit of 7.8 μJy beam−1). These
observations clearly show that the sensitivity of previous surveys was typically too low to
detect these objects and that non-magnetic CVs can indeed be significant radio emitters. The
three detected sources show a range of properties, including flaring and variability on both
short (∼200 s) and longer term (days) time-scales, as well as circular polarization levels of
up to 100 per cent. The spectral indices range from steep to inverted; TT Ari shows a spectral
turnover at ∼6.5 GHz, while the spectral index of V603 Aql flattened from α = 0.54 ± 0.05 to
0.16± 0.08 (Fν ∝ να) in the week between observations. This range of properties suggests that
more than one emission process can be responsible for the radio emission in non-magnetic CVs.
In this sample we find that individual systems are consistent with optically thick synchrotron
emission, gyrosynchrotron emission or cyclotron maser emission.

Key words: accretion, accretion discs – radiation mechanisms: general – novae, cataclysmic
variables –white dwarfs – stars: winds, outflows – radio continuum: stars.

1 INTRODUCTION

Radio emission is found, at least intermittently, from nearly all
kinds of accreting objects. The most prominent radio emitters in the
Universe are radio-loud active galactic nuclei (AGN) – accreting
supermassive black holes. AGN produce tightly collimated jets that
are responsible for the majority of their radio emission. Accreting
stellar mass black holes, the X-ray binaries (XRB), also show radio
emission during particular stages of the outburst cycle (Fender 2001;
Fender, Belloni & Gallo 2004). The same holds true for neutron star
XRBs (Migliari & Fender 2006).

Scaling relations connecting different classes of black holes have
been found (Merloni, Heinz & di Matteo 2003; Falcke, Körding &
Markoff 2004). This suggests that accretion and its associated phe-
nomena can – at least to a first order approximation – be scaled from
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one source class to the other, and notably to accreting white dwarfs
(WDs; Körding, Fender & Migliari 2006; Körding et al. 2007;
Körding 2008). As WDs are nearby, numerous and non-relativistic
they are ideal laboratories for accretion studies in compact objects
(see e.g. de Martino et al. 2015).

Cataclysmic variable stars (CVs) are the nearest examples of ac-
creting compact objects. These binary star systems comprise a WD
that accretes matter from a red dwarf secondary star via Roche lobe
overflow (seeWarner 1995). CVs are broadly classified according to
their magnetic field strength (B) into the magnetic systems, namely
polars (B � 107 G), intermediate polars (IPs; 106 � B � 107 G) and
non-magnetic systems (B � 106 G). The WDs in the non-magnetic
systems accrete directly via an accretion disc on to the surface of
the WD, but in the IPs the disc is truncated at the Alfv́en radius and
material is accreted on to the WD via magnetic field lines. In polars
the Alfv́en radius is large enough that no disc is formed and matter
is fed directly on to the WD’s magnetic field lines.
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The non-magnetic CVs are further divided into subclasses based
on their long-term photometric behaviour. The accretion discs in
someCVs undergo a thermal-viscous instability, which switches the
disc between a low, faint state and a bright, hot state (Smak 1971;
Osaki 1974; Hōshi 1979). The bright states are known as dwarf nova
(DN) outbursts and are 2–8mag brighter at optical wavelengths than
in the quiescent state. Similar outbursts are seen in X-ray binaries
and the samemechanism is believed to be responsible (Lasota 2001).
The DN outbursts typically last for a few days and recur on time-
scales of weeks to years. CVs that show such outbursts are known
as DNe. Systems with a mass-transfer rate from the secondary that
is high enough to maintain the accretion disc in a constant hot
state are known as (non-magnetic) novalikes. Note that polars and
IPs are also sometimes referred to jointly as magnetic novalike
systems.

CVs are well known for their variable optical, ultraviolet (UV)
and X-ray emission, but their radio emission is less well studied. A
few studies were performed in the 1980s, but their detection rates
were low and the detections were unpredictable. Only three non-
magnetic CVs (SU UMa, EM Cyg and TY Psc) were detected at
radio wavelengths (Benz, Fuerst & Kiplinger 1983; Turner 1985;
Benz & Guedel 1989). Subsequent re-observations of the same
sources with better sensitivities were usually not successful (typi-
cally 0.1 mJy upper limits) and simply added to the large number
of non-detections (Benz et al. 1983; Cordova, Hjellming & Mason
1983; Fuerst et al. 1986; Echevarria 1987; Nelson & Spencer 1988).

Similarly, very few of the magnetic CVs have been detected at
radio wavelengths, and of those detected, only AM Her, AR UMa
and AE Aqr are persistent radio emitters (see Mason & Gray 2007).
The radio emission from the detected polars and IPs (AM Her,
V834 Cen, ST LMi, AR UMa, AE Aqr, DQ Her and BG CMi) was
highly variable and often showed flares (e.g. Wright et al. 1988;
Abada-Simon et al. 1993; Pavelin, Spencer & Davis 1994; Mason
& Gray 2007). AM Her in particular, showed strong flares and even
variable circular polarization (CP) that peaked at 100 per cent during
a 9.7 mJy flare (Dulk, Bastian & Chanmugam 1983; Chanmugam
1987). The emission mechanism is not known, but in individual
sources it has been suggested to be non-thermal emission from gy-
rosynchrotron or cyclotron maser radiation (e.g. Meintjes & Venter
2005; Mason & Gray 2007).

The lack of radio detections had implications for both CV studies
and accretion theory. As radio emission is often taken as a tracer for
jets, it was accepted that CVs do not launch jets, and this was used to
constrain jet launching models (Livio 1999; Soker & Lasota 2004).
CVs would thus be the only accreting compact objects to not launch
jets, as jets have been found in other compact accreting binaries,

including those containingWDs (super soft sources, symbiotics and
novae).

After a long hiatus in radio observations of non-magnetic CVs,
Körding et al. (2008) and Miller-Jones et al. (2011) obtained ra-
dio light curves during outbursts of the prototypical DN SS Cyg.
It showed a bright radio flare (>1 mJy) at the start of the out-
burst, followed by weaker radio emission (0.3–0.1 mJy) during the
plateau phase of the optical outburst. This pattern was observed
in multiple outbursts and a direct measurement of the distance to
SS Cyg was determined using the radio parallax method (Miller-
Jones et al. 2013). In light of these detections, one can understand
the earlier non-detections. Given the comparatively low sensitivity
of radio telescopes at the time, the earlier observations needed to
catch the flare by chance, as the plateau emission would have been
undetectable. This may have been the case with EM Cyg (Benz &
Guedel 1989).

Besides this first secure detection of an outbursting (DN-type)
CV, a non-magnetic novalike CV has also been detected. Körding
et al. (2011) detected the novalike V3885 Sgr at 6 GHz (C band)
at a flux density of 0.16 mJy (distance of 110 ± 30 pc; Hartley
et al. 2002). This flux is consistent with that of SS Cyg during the
outburst plateau phase (0.15–0.5 mJy at 8.5 GHz), which given the
similar distance (114 pc; Miller-Jones et al. 2013) implies a similar
radio luminosity.

To establish the emission mechanism (or mechanisms) of the ra-
dio emission observed in non-magnetic CVs, one needs a larger
sample of radio-detected CVs – particularly at higher sensitivity.
In this paper we present the results of a pilot survey of four addi-
tional novalike CVs conducted with the upgraded Very Large Array
(VLA).

In Section 2 we present our targets. The VLA observations and
data reduction are described in Section 3. In Section 4 we present
the results and discuss them in Section 5.

2 TARGETS

We selected the four nearest and brightest novalike CVs from the
Ritter & Kolb (2003) catalogue that are observable with the Karl
G. Jansky VLA. Preferentially we targeted non-magnetic novalikes,
but also included SWSex-type novalikes, whose peculiar properties
have been suggested to be associated with dynamically significant
magnetic fields associated with their WDs.

The targets are RW Sex, V1084 Her, TT Ari and V603 Aql. Their
V-band magnitudes and best distance estimates are given in Table 1.
Each source is described briefly below so that the source properties
can be compared with the radio observations in Section 4.

Table 1. Properties of the target novalikes.

Name RA (J2000) Dec. (J2000) V magd Distance (pc)e

RW Sex 10:19:56.62309 ± 0.00201a −08:41:56.0867 ± 0.00156 ∼10.7 150 ± 37i, h, m

V1084 Her 16:43:45.70 ± 0.07b +34:02:39.7 ± 0.06 ∼12.4 305 ± 137j, h, m

TT Ari 02:06:53.084 ± 0.02c +15:17:41.81 ± 0.026 ∼10.7 335 ± 50g, k

V603 Aql 18:48:54.63615 ± 0.00223a +00:35:02.865 ± 0.00182 ∼12 249 + 9–8f, l

Notes.Optical coordinates retrieved via SIMBAD, from avan Leeuwen (2007), bSkrutskie et al. (2006) and
cHøg et al. (2000). dV mag at the time of the VLA observations, estimated from long-term AAVSO light
curves. eFor each system, we adopted the best available distance estimate. These estimates were based on
fthe observed parallax, gthe direct detection of the primary/secondary, hthe absolute infrared magnitude
or the Hα equivalent width, in that order. Distances from iBeuermann et al. (1992), jAk et al. (2008),
kGänsicke et al. (1999) and lHarrison et al. (2013). mAs distance errors were not quoted for RW Sex and
V1084 Her, we have made conservative error estimates based on the distance determination methods used
(45 and 25 per cent, respectively).
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2.1 RW Sex

RW Sextantis (RW Sex) is an extremely bright novalike, as it has an
apparent magnitude of mV ∼10.6 mag1 in the V band and absolute
magnitude of MV = 4.8 mag (Beuermann, Stasiewski & Schwope
1992). Beuermann et al. determined it to have an orbital period of
0.24507 ± 0.00020 d, an inclination of 28◦–40◦ and a mass ratio
of q = M2

M1
= 0.74 ± 0.05 (where M1 and M2 are, respectively, the

mass of the WD and secondary star). RW Sex is known to have a
fast disc wind (up to 4500 km s−1; e.g. Prinja & Rosen 1995; Prinja
et al. 2003). Estimates for the mass-transfer rate from the secondary
(Ṁ2) range between 10−9 and 10−8 M� yr−1 (Greenstein & Oke
1982; Vitello & Shlosman 1993; Linnell et al. 2010).
Cordova et al. (1983) observed RW Sex in the radio with the

VLA at 4885 MHz and a bandwidth of 50 MHz. This yielded a
non-detection with an upper-limit of 0.15 mJy. No further radio
observations were taken until now.

2.2 V1084 Her

V1084 Herculis (V1084 Her; RX J1643.7+3402) is a bright
(mV ∼ 12.6), low-inclination novalike with an orbital period of
0.12056± 0.00001 d (Mickaelian et al. 2002; Patterson et al. 2002).
It is at a distance of ∼305 pc (Ak et al. 2008) and is classified as
a SW Sex-type novalike (Mickaelian et al. 2002; Patterson et al.
2002).

There are a number of properties that define the SW Sex class,
but the dominant characteristic is that the emission lines are single
peaked, despite the (mostly) high-inclination accretion discs – see
Rodrı́guez-Gil et al. (2007) for an overview. Individual members of
this class have shown evidence for having magnetic WD primaries
(e.g. Rodrı́guez-Gil et al. 2001; Rodrı́guez-Gil & Martı́nez-Pais
2002;Baskill,Wheatley&Osborne 2005;Rodrı́guez-Gil,Martı́nez-
Pais & de la Cruz Rodrı́guez 2009), but it is not clear that this is
the case for every SW Sex star (e.g. Dhillon, Smith &Marsh 2013).
V1084 Her is not classified as an IP, but it has been argued that the
WD in V1084 Her is magnetic (Rodrı́guez-Gil et al. 2009). This
is based on their discovery of modulated optical CP at a period of
19.38± 0.39min and emission line flaring at twice this polarimetric
period.

V1084 Her has not been observed at radio wavelengths prior to
this study.

2.3 TT Arietis

TT Arietis (TT Ari) has been observed and studied routinely since
its discovery (Strohmeier, Kippenhahn & Geyer 1957). It has an
inclination of roughly 30◦ (Cowley et al. 1975), an orbital period of
0.13755040 ± 0.00000017 d (Wu et al. 2002), a 39 000 K WD and
an M3.5-type secondary star (Gänsicke et al. 1999). A rough esti-
mate for the mass accretion rate (Ṁ1) is 2.8–26.7 × 10−8 M� yr−1

(Retter & Naylor 2000) and far-UV observations indicate the pres-
ence of a fast and variable disc wind (Prinja & Rosen 1995; Hutch-
ings & Cowley 2007).
Because of its long-term behaviour in the optical,2 TT Ari is

classified as a VY Sculptoris (VY Scl)-type novalike (see Shafter

1 According to the long-term AAVSO light curve.
2 See the American Association of Variable Star Observers (AAVSO) light
curve at http://www.aavso.org/data/lcg

et al. 1985), as it spends most of the time in a high state (mV ∼ 12–
14 mag), but shows occasional low states (mV > 19 mag) lasting a
few hundred days.

Previously it was argued that TT Ari is an IP. First, it shows a
high X-ray luminosity and variability (Robinson & Cordova 1994).
Second, the photometric period – which differed from the spectro-
scopic period (Tremko et al. 1992; Robinson & Cordova 1994) –
was incorrectly taken as the spin period of the WD. It was sub-
sequently shown that the photometric period was produced by a
negative superhump (e.g. Vogt et al. 2013) and that the X-ray prop-
erties of TT Ari fit well into the properties of non-magnetic CVs
(van Teeseling, Beuermann & Verbunt 1996), thereby establishing
TT Ari as a non-magnetic system.

Although TT Ari has been well studied at optical, X-ray and UV
wavelengths, only one observation was taken in the radio. Cordova
et al. (1983) observed it during an optical low state with the VLA
at 4885 MHz (50 MHz bandwidth), but did not detect it. The upper
limit they obtained was 0.44 mJy. No further radio observations
were taken of it until now.

2.4 V603 Aql

V603 Aql is Nova Aquilae 1918 – the brightest nova erup-
tion (thermonuclear runaway on the surface of the WD) of the
20th century. The eruption began on 1918 June 4, peaked 6 d
later at mV = −0.5 mag and was back at pre-nova brightness
(mB = 11.43 ± 0.03 mag) by 1937 February (Strope, Schaefer
& Henden 2010; Johnson et al. 2014). Since the eruption, it has
been fading by 0.44 ± 0.04 mag century−1 (Johnson et al. 2014);
novae have been predicted to fade after outburst, as the outburst
should widen the binary and consequently pause mass transfer (see
e.g. Shara et al. 1986; Patterson et al. 2013). By 1982 June only a
very faint shell was still visible (Haefner & Metz 1985).

The system parameters include an orbital period of
0.1385 ± 0.0002 d, inclination of 13◦ ± 2◦, WD mass
M1 = 1.2 ± 0.2M� and mass ratio q = 0.24 ± 0.05 (Arenas et al.
2000). It shows a time-variable wind and the mass accretion rate
is estimated to be around Ṁ1 = 9.2–94.7 × 10−9 M� yr−1 (Prinja
et al. 2000; Retter & Naylor 2000).

As in the case of TT Ari, it was argued that V603 Aql could
be an IP. This stemmed from detections of X-ray periodici-
ties, linear polarization (LP) and CP and a differing photomet-
ric and spectroscopic period (e.g. Haefner & Metz 1985; Udalski
& Schwarzenberg-Czerny 1989; Gnedin, Borisov & Natsvlishvili
1990). Since then it has been confirmed that the photometric period
is the permanent superhump period and that it shows no coherent
suborbital period oscillations – thereby establishing V603 Aql as
a non-magnetic CV (Patterson & Richman 1991; Patterson et al.
1993, 1997; Naylor et al. 1996; Borczyk, Schwarzenberg-Czerny &
Szkody 2003; Andronov et al. 2005; Mukai & Orio 2005). Further-
more, Mukai & Orio (2005) state that V603 Aql does not show a
strong energy dependence in X-ray variability, unlike what is seen
in IPs.

No radio observations have been taken of V603 Aql prior to this
study.

3 OBSERVATIONS

Two separate 1-h observations with the VLA were taken of each
target, both to look for variability and to facilitate easier scheduling.
The log of the observations is given in Table 2.
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Table 2. Observing log.

Name Obs. no. Date and start Integration Bandpass, flux and polarization Amplitude and phase Polarization leakage
time (UT) time (s) angle calibrator calibrator calibrator

RW Sex 1 13/03/2014 08:17:09.0 2268 3C 286 J0943−0819 J1407+2827
2 15/03/2014 07:57:21.0 2264 3C 286 J0943−0819 J1407+2827

V1084 Her 1 22/03/2014 07:40:37.0 2364 3C 286 J1635+3808 J1407+2827
2 31/03/2014 14:20:34 2126 3C 286 J1635+3808 J1407+2827

TT Ari 1 02/04/2014 00:08:24 2138 3C 48 J0203+1134 J0319+4130
2 02/04/2014 18:56:25.0 2304 3C 48 J0203+1134 J0319+4130

V603 Aql 1 07/04/2014 13:52:33.0 2144 3C 48 J1851+0035 J2355+4950
2 14/04/2014 14:09:57.0 2144 3C 48 J1851+0035 J2355+4950

Notes. Observations were taken at 4226–8096 MHz (in C band) with 4096 MHz of bandwidth (3-bit mode), in the VLA A-configuration.

Table 3. Results.

Name, obs. Beam sizea PAb RA offsetc Dec. offsetc Peak fluxd rmsd CPd LPd

(arcsec2) (◦)

RW Sex, 1 0.58 × 0.33 39 0.016 ± 0.02 0.26 ± 0.02 33.6 3.7 <13.8 <7.2
RW Sex, 2 0.56 × 0.33 36 0.018 ± 0.02 0.18 ± 0.03 26.8 3.3 <12.9 <8.4
V1084 Her, 1 0.43 × 0.31 −71 – – <10.2 3.4 – –
V1084 Her, 2 0.44 × 0.32 80 – – <11.4 3.8 – –
TT Ari, 1 0.67 × 0.30 64 0.015 ± 0.03 0.33 ± 0.02 39.6 4.2 27.4 ± 4.2 <8.1
TT Ari, 2 0.33 × 0.30 0 0.013 ± 0.003 0.300 ± 0.004 239.1 5.5 22.8 ± 4.8 <9.6
V603 Aql, 1 0.40 × 0.38 31 0.010 ± 0.003 0.095 ± 0.003 178.2 4.3 <12.9 <8.7
V603 Aql, 2 0.46 × 0.33 33 0.010 ± 0.003 0.085 ± 0.004 190.5 3.9 <12.0 <8.1

aMajor and minor axis of the synthesized beam.
bPosition angle of the beam.
cOffset (in arcsec) from the optical position given in Table 1.
dUnits are µJy beam−1. All detections were consistent with point sources. Upper limits are quoted as 3σ .

The observations were taken in the most extended A-
configuration (baselines ranging from 0.68 to 36 km) at 4–8 GHz
(C band), with 4 GHz bandwidth (3-bit samplers) for the highest
sensitivity. This decision was based on the steep spectrum (spectral
index of −0.7) of the only novalike for which the spectral index in
the radio was known, namely V3885 Sgr (Körding et al. 2011). The
frequency tuning of the receivers was shifted to 4226–8096 MHz in
order to avoid radio frequency interference (RFI) from the Clarke
belt. The 4GHzbandwidthwas split into two basebands, 4226–6246
and 6176–8096 MHz, each of which was divided into 16 spectral
windows comprising 64 channels. The observations were taken in
standard phase referencing mode, where the phase calibrator was
observed for 1 min every 8 min.

The data were reduced with the VLA calibration pipeline v1.2.0
and the polarization calibration was performed in CASA3 v4.2.0 fol-
lowing standard procedures. The absolute flux density scale was
set via observations of a standard flux calibrator source (3C 286
or 3C 48; see Table 2), using the Perley–Butler 2010 coefficients
within CASA. No self-calibration was performed. For the imaging,
two Taylor terms were used to model the frequency dependence,
and Briggs weighting with robust parameter 1 was chosen to sup-
press bright source sidelobes and improve the resolution. Fitting
was performed in the image plane using IMFIT task within CASA, and
the rms noise level for each image was calculated in the vicinity of
the target.

3 Common Astronomy Software Applications package (McMullin et al.
2007).

4 RESULTS

4.1 Total fluxes

Three out of the four systems were detected with ≥8σ significance
– a 75 per cent detection rate. RW Sex, TT Ari and V603 Aql were
detected in both their observations, while V1084 Her was detected
in neither. None of the sources was resolved (see Fig. A1) and their
measured radio positions are consistent with the optical positions.
These results are summarized in Table 3.

4.2 Polarization

We also imaged the target fields in all four Stokes parameters (I,
Q, U and V) to determine the source polarization. TT Ari was the
only source where CP was measured and none of the sources was
linearly polarized. Both observations of TT Ari showed CP (see
Table 3 and Fig. A2). The fractional polarization in observation 1
was 70 per cent, whereas in observation 2 it was ∼10 per cent.
This difference in fractional polarizations was due to a large in-
crease in unpolarized flux between the observations, as the polar-
ized fluxes for the two observations were similar (at 27.4 ± 4.2 and
22.8 ± 4.8 μJy beam−1).
As the VLA has circular feeds, it is possible to produce instru-

mental CP, extrinsic to the source. We therefore ran a number of
checks to test if this was the case. None of the other sources in
the field shows CP (the closest source is less than 2 arcsec from
TT Ari and the brightest source is 58 μJy beam−1). Neither the
flux nor the gain calibrator shows CP above 0.3 per cent of the
total intensity. Imaging the field with half of the antennas yields
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Figure 1. Total intensity (Stokes I) light curve for observations 1 and 2 of V603 Aql. There is clear variability in observation 1, but no such variability in
observation 2. Error bars on the x-axis show the integration time for each point.

the same level of polarization as for the other half, so it is un-
likely to be an antenna calibration problem. Similarly, when the
two basebands are imaged separately they both show CP, so it is
not a single-baseband effect. In the observational set-up, the targets
were offset 5 arcsec from the phase centre to avoid correlator arte-
facts at the phase centre. Finally, both observations of TT Ari show
CP and none of the other novalikes (which were all observed with
the same set-up) showed CP. We therefore conclude that the CP is
likely to be intrinsic to TTAri and not an instrumental or calibration
artefact.

4.3 Variability

TTAri and V603 Aql were both variable on a time-scale of minutes.
The total intensity light curve for V603 Aql is given in Fig. 1. It

peaked at 260.5± 12.5μJy beam−1 during the first half of obser-
vation 1, but then dropped to approximately 170 μJy beam−1 for
the second half. We could detect variability on time-scales down to
217 s. In the second observation, V603 Aql was not variable.

In the 19 h between observations 1 and 2 of TT Ari, its flux
increased by a factor of 6 (39.6 ± 4.2–239.1 ± 5.5μJy beam−1).
Splitting the observations up in time (see Fig. 2) shows that the vari-
ability is actually on shorter time-scales (detected down to 144 s),
and most of the flux from observation 1 was detected during a
∼10-min period. All the circularly polarized emission arose from a
∼8-min flare during this time and the fractional polarization reached
up to 100 per cent. The flux dropped to 19.3 ± 4.8μJy beam−1 in
the second half of the observation.

Observation 2 was also variable (Fig. 2), but at a higher total flux
(201.8 ± 9.8–251.9 ± 9.4μJy beam−1) and a lower CP fraction
(≤15 per cent). As mentioned previously, the polarized flux for the
two observations was similar (see Table 3 and Fig. A2).

Since the other sources in the field (in both cases) were not
variable, we conclude this variability is intrinsic to TT Ari and
V603 Aql.

The flux density of the first and second observation of RW Sex
was consistent, but we checked for shorter time-scale variability by
splitting the two observations into four epochs (each∼20 min long)
and imaging each separately. As the flux densities were consistent
in all four epochs, we conclude the RW Sex is not variable.

V1084Herwas not detected in either observation, but if it showed
only a minor, short-duration flare (similar to TT Ari), this would not
be detectable when integrated over the whole observation. In order
to test if this was the case, we imaged the first and second halves
of the two observations separately. We found no detections down to
3σ upper limits of ∼17.5μJy beam−1 on ∼20 min time-scales.

4.4 Spectral indices

The observations showed a spread of spectral indices (Table 4),
from −0.5 ± 0.7 to 1.7 ± 0.8.

As the total flux in the first observation of TT Ari was dominated
by the ∼10-min flare, it is not surprising that the spectral index
taken during the flare (α = 1.6 ± 0.1) is consistent with that taken
over the whole of the observation. Unfortunately there was insuf-
ficient signal-to-noise ratio to determine the spectral index after
the flare. The CP (which was only detected during the flare) had
α = 1.31 ± 0.06. The second, brighter observation was not fitted
well with a single power law, but rather showed a spectral turnover
– this is plotted in Fig. 3.

The spectrum of V603 Aql flattened from α = 0.54 ± 0.05
in the first observation to 0.16 ± 0.08 in the second (fainter)
observation.

5 DISCUSSION

Historically, non-magnetic CVs have not been considered to be
significant radio emitters. This stems from the low detection rates
in previous surveys. In the 1980s, more than 50 radio observations
of non-magnetic CVs were taken and, as summed up by Benz,
Gudel & Mattei (1996), only two were detected, and only twice
each. In contrast, we have obtained a 75 per cent detection rate in
this survey – strongly indicating that many novalikes are indeed
significant radio emitters and that with modern radio telescopes we
have the sensitivity required to detect them.

All the observations of non-magnetic CVs conducted since 2008
are plotted in Fig. 4. The radio fluxes are below the ∼0.1 mJy
detection limits of previous radio surveys.

There are not enough detections to test if there is a correlation
between the radio flux and distance, as expected for a sample of
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3806 D. L. Coppejans et al.

Figure 2. Total intensity (Stokes I) and CP (Stokes V) light curves for observations 1 and 2 of TT Ari. The strong flare in observation 1 of TT Ari is consistent
with 100 per cent CP. 1σ error bars are shown for the peak flux; they are too small to be seen in observation 2. The error bars on the x-axis give the integration
time for each point.

uniform luminosity. Consequently, and due to the large distance
uncertainty, we cannot say whether V1084 Her is simply too far
away to detect or if it is intrinsically faint. At this stage there is also
no correlation between the radio and optical fluxes of the novalikes
(see Fig. 5). TheDNSSCygdoes showageneral positive correlation
in radio flux with optical flux, but this is emission from a radio flare
at the start of outburst, after which the radio flux was undetectable
(fig. 2 in Körding et al. 2008; Miller-Jones et al. 2011).

The range of different fluxes, variability, CPs and spectra ob-
served in this sample indicates there is likely more than one emis-
sion mechanism at work. Several explanations for the origin of
the radio emission in non-magnetic CVs have been proposed over
the years. These include thermal emission, synchrotron (possi-
bly from jets) or gyrosynchrotron emission, and cyclotron maser
emission.

5.1 Thermal emission

Thermal emission could be produced by a large gas cloud surround-
ing the DN that is formed by the wind during outburst (e.g. Cordova
et al. 1983; Fuerst et al. 1986). For the DN SS Cyg this suggestion
was ruled out due to the observed brightness temperature, spectrum
and coincidence with the optical outburst (Körding et al. 2008).
Thermal emission could produce the observed spectral indices in
our sample.

As all of our detections are unresolved, we can place an upper
limit on the size of the emitting region. RWSex is the closest CV and

observation 1 had the largest beam width (150 pc and 0.58 arcsec,
respectively); this gives an upper limit on size of the emitting region
of ∼1 × 1015 cm for our sample.

The brightness temperature of a source is given by

Tb = Sνc
2

2kB�ν2
, (1)

where Sν is the specific flux, kB is the Boltzmann constant, ν is the
frequency and � is the solid beam angle.

For CVs with orbital periods in the range in this sample, the
orbital radius is rorbit ∼ 1011 cm. If we assume a circular source
(as projected on the sky) that is the size of the binary, this gives a
brightness temperature of

Tb ∼ 1 × 1012
(

Sν

mJy

) ( ν

GHz

)−2
(

r

rorbit

)−2

K, (2)

where r is the radius of the source.
If the emitting region is the size of the binary, then the brightness

temperature for these observations is ∼1 × 109 K. As optically
thick thermal emission from an ionized gas typically has brightness
temperatures of 104–105 K, this implies that any emission of order
the size of the orbit must be non-thermal. The emitting region would
need to have a radius of ∼102–103 times the orbital radius if the
observed emission is optically thick thermal emission, which is
unlikely.

In the case of TT Ari and V603 Aql, optically thick thermal
emission can be ruled out by the observed variability time-scales
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Novalikes CVs are significant radio emitters 3807

Table 4. Spectral indices.

Object Observation Stokes Spectral index Reduced χ2 Band Peak flux rms
(F = να) (MHz) (µJy beam−1) (µJy beam−1)

RW Sex 1 and 2a I − 0.5 ± 0.7 – 4226–6274 36.2 5.4
6176–8224 30.5 4.6

TT Ari 1 I 1.7 ± 0.8 – 4226–6274 28.6 6.2
6176–8224 49 5.8

TT Ari 1, during flareb I 1.6 ± 0.1 0.05 4226–5250 59.7 16.4
5250–6274 74.0 19.2
6176–7200 95.0 16.3
7200–8224 123.0 11.3

TT Ari 1, during flareb V 1.31 ± 0.06 0.01 4226–5250 56.7 16.0
5250–6274 73.3 18.7
6176–7200 85.9 16.3
7200–8224 106.9 11.1

TT Ari 2 I 0.7 ± 0.3 4.9 4226–5250 173.4 10.5
5250–6274 240.2 12.0
6176–7200 264.9 11.8
7200–8224 258.0 11.2

V603 Aql 1 I 0.54 ± 0.05 0.15 4226–5250 152.7 7.7
5250–6274 173.5 8.7
6176–7200 189.6 9.5
7200–8224 199.1 7.2

V603 Aql 2 I 0.16 ± 0.08 0.2 4226–6274 178.9 8.9
5250–6274 192.4 10.7
6176–7200 189.0 15.0
7200–8224 193.0 14.7

Notes. The spectral indices were obtained by fitting a power law to the measurements in different frequency sub-bands.
aObservations 1 and 2 were combined to reduce the uncertainty in the spectral index.
bIn the time range 00:32:30–00:42:28, during which CP was detected in the flare. The errors used in the fit were the rms
values.

Figure 3. Spectrum of the second observation of TT Ari. The spectrum
cannot be fitted with a single spectral index. The spectral index from the
first observation, α = 2 and −0.1 are shown for comparison.

and causality arguments. CVs are non-relativistic, so heat transfer
occurs at speeds significantly less than the speed of light. CV winds
of up to 5000 km s−1 have been detected (Kafka et al. 2009),
so if we take an exceedingly fast CV wind of 1 × 104 km s−1,
then changes can only be propagated over the binary separation
in ∼200 s. V603 Aql is variable on time-scales down to 217 s and
TTAri to 144 s, so the emitting regionwould need to be smaller than

the orbit, which (as shown above) cannot be the case for optically
thick thermal emission. In addition to these arguments, in the case
of TT Ari, thermal emission could also not account for the CP.

The spectrum of observation 2 of TT Ari, however, is suggestive
of thermal emission with a turnover at 6 GHz, so we now consider
the possibility that there is a thermal component to the radio emis-
sion. Fig. 3 shows the spectrum; it is consistent with α = 2 up to
6 GHz and α = −0.1 at higher frequencies. This contrasts with
the spectrum from observation 1, which was well fit with a single
power law (α = 1.7 ± 0.8, or α = 1.6 ± 0.1 during the flare). The
variability and flux density also differed between the two obser-
vations, which suggest different emission mechanisms in the two
epochs.

We now consider the properties of a possible thermal component
in observation 2. For thermal opacity we have that

τν ∼ 8.235 × 10−2T −1.35
e ν−2.1EM, (3)

where the frequency ν is in GHz, Te is the electron temperature (in
K) and EM is the emission measure (pc cm−6), which is defined as
the integral of the electron number density n2 (in cm−3) along the
line of sight,

EM = n2
2 dl. (4)

For significant ionization Te must be at least of order 103 K. If we
take Te = 5000 K and assume an emitting region that is Z times as
large as the orbital radius, then we can estimate the electron density
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3808 D. L. Coppejans et al.

Figure 4. Radio flux density of all high-sensitivity observations of non-magnetic CVs, taken since 2008, as a function of distance (Körding et al. 2008, 2011;
Miller-Jones et al. 2011, 2013; this work). The dotted line shows the expected trend (1/d2) for sources with equal luminosities. Errors are calculated via
standard error propagation techniques. Observations taken of the DN SS Cyg at various stages of outburst are plotted for comparison.

as follows:

EM ∼ 〈n2
e〉Z

(
rorbit

pc

)
,

〈n2
e〉 ∼ 4 × 107 Z−0.5 cm−3. (5)

Assuming a spherical emitting regionwith radius r∼ 1× 1014 cm
(the size restriction based on the brightness temperature) and width
Z times the orbital radius (dr = Zrorbit), we can estimate the total
mass of a thermal emitting region as

Mt = 4πr2nempdr,

Mt ∼ 8 × 1023 Z0.5 g, (6)

where mp is the mass of a proton (g). If the emission was indeed
thermal, Z could be derived by watching the evolution of the radio
light curve past epoch 2.

The observed spectrumwithα = 2 and−0.1 at higher frequencies
is more compatible with a thin dense shell (e.g. of a nova) than an
extended, centrally concentrated (r−2) stellar wind. The latter would
have α = 0.6 at lower frequencies, breaking to α = −0.1 and would
need a rather contrived geometry in order to reproduce the observed
spectrum.

If there is a non-thermal component to the emission in the second
observation of TT Ari, then more than one emission mechanism is
necessary to produce the observed properties. Consequently we do
not favour this scenario.

5.2 Non-thermal emission

Non-thermal emission from CVs has been suggested by a number
of authors (e.g. Fuerst et al. 1986; Benz & Guedel 1989; Benz
et al. 1996; Körding et al. 2008) in the form of gyrosynchrotron and
synchrotron emission and maser emission.

5.2.1 Gyrosynchrotron emission

Fuerst et al. (1986) concluded that either the magnetic field strength
is insufficient or the production rate of relativistic electrons is too
low in non-magnetic CVs to produce gyrosynchrotron radiation, but
this conclusion was based on the fact that they did not detect any
of the eight non-magnetic CVs they observed at 5 GHz. Benz et al.
(1983) had detected EM Cyg prior to this, but Fuerst et al. were
unable to explain this discrepancy. Since then, SU UMa has been
detected (Benz & Guedel 1989) and so has V603 Aql (this work),
so their conclusion needs revision.

Gyrosynchrotron emission is known to produce highly polarized
CP, so it is a plausible emission mechanism for TT Ari. Although
the 3σ upper limits on the CP fraction in RW Sex and V603 Aql are
12.9 and 12.0 per cent, respectively, we cannot rule it out for these
two sources.

Following the procedure in Benz & Guedel (1989), we can esti-
mate the achievable brightness temperature for gyrosynchrotron
emission of non-thermal electrons. For typical values of the
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Novalikes CVs are significant radio emitters 3809

Figure 5. Radio and optical fluxes of all high-sensitivity (recent) detections and non-detections of non-magnetic CVs – with the DN SS Cyg plotted for
comparison (Körding et al. 2008, 2011; Miller-Jones et al. 2011, 2013). Using a rank test (Kendell’s τ ), we find that there is no significant correlation between
radio and optical fluxes for the given data (p value of 0.7).

power-law index of the electrons (∼3) and an average angle be-
tween the magnetic field and the line of sight (∼60◦) we have

TB < 2.8 × 108 s0.755 K, (7)

where s is the frequency in units of the gyro frequency eB/mec, and
me is the electron mass. Thus, if the emission region is limited to
the size of the binary, we find that we need a fairly low s factor just
above 5, which corresponds to magnetic fields of B < 100G. As
argued by Benz & Guedel (1989), one can expect that at least in the
case of lowmagnetic fields together with large emission regions (the
size of the orbital separation), the electrons would be adiabatically
outflowing and expansion would quench the emission. This could
account for the observed flaring behaviour in TT Ari.

5.2.2 Synchrotron emission

The spectral index of TT Ari is consistent with optically thick (self-
absorbed) synchrotron radiation, but it is circularly polarized and
the CP fraction reached 100 per cent during the flare in observa-
tion 1. High levels of LP are possible, but typically LP levels for
synchrotron radiation from astrophysical sources are lower, for ex-
ample the compact jets in X-ray binaries typically have LP fractions
of a few per cent (e.g. Han & Hjellming 1992; Corbel et al. 2000;
Russell et al. 2015). CP is suppressed in comparison to LP for syn-
chrotron emission of relativistic particles (e.g. Longair 2011), so the

100 per cent CP flare in TT Ari cannot be produced by synchrotron
radiation.

V603 Aql and RW Sex both have spectral indices that are consis-
tent with synchrotron radiation. Combined with the lack of strong
CP, we could attribute V603 Aql to optically thick synchrotron
emission and RW Sex to optically thin synchrotron emission.

Körding et al. (2008) suggested that radio emission in CVs could
be due to synchrotron emission from a jet. This was supported by the
observed CV outburst pattern, which has many features in common
with X-ray binaries. Jets have been detected in other accretingWDs
(symbiotics and novae). In the case of the DN SS Cyg, Körding
et al. (2008) and Miller-Jones et al. (2011) concluded that the radio
emission in outburstwasmost likely synchrotron radiation produced
by a partially quenched optically thick synchrotron jet. This would
be consistent with the observed emission from V603 Aql.

5.2.3 Cyclotron maser emission

Benz&Guedel (1989) have suggested that the observed radio emis-
sion in CVs is due to a maser, or cyclotron instability, originating
in the strong magnetic field and low densities near the WD. They
detected variability on time-scales of days and a CP fraction of
81 per cent from the DN EM Cyg, and concluded that these prop-
erties support this model. Maser emission can produce high levels
of CP and according to Benz et al. (1996), best explains the short,
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3810 D. L. Coppejans et al.

Figure 6. Histogram of the luminosities of all the flaring isolated M dwarfs
from McLean, Berger & Reiners (2012), as well as the CVs observed in the
radio since 2008. The dashed line at 1014 erg s−1 Hz−1 indicates the upper
edge of quiescence given by Gudel et al. (1993).

sporadic bursts of radio emission detected in DN. Our observations
of TT Ari show this type of behaviour.

Benz & Guedel (1989) estimated the magnetic field strength
necessary for EM Cyg to produce cyclotron maser emission. They
assumed a loss-cone velocity distribution for weakly relativistic
electrons, the density profile for an isotropic outflow and a dipole
magnetic field for theWD of the formB(r) = 105

(
rWD

r

)3
G (where

r is the radial distance from the WD) and estimated that a magnetic
field strength of ∼875 or ∼1750 G in the radio source region was
necessary to produce cyclotron maser emission. An electron density
of ≥1011 cm−3 requires the higher magnetic field strength (see the
discussion in section 4 of Benz & Guedel 1989). TT Ari shows
the same radio properties as EM Cyg, and the assumptions and
estimates made in Benz & Guedel are applicable to TT Ari.

5.3 Source of the emission

Besides the sources mentioned above, radio emission could also
be produced by the secondary star. Flare stars are isolated dwarfs
(including K- or M-type dwarfs) that produce radio flares believed
to be caused by magnetic reconnections in the star’s atmosphere
(analogous to solar flares). As the secondary stars in CVs are K-
or M-type dwarfs, it is possible that the radio emission detected
here could be from a flaring secondary – particularly in the case of
TT Ari.

Fig. 6 shows a histogram of the peak radio luminosities of the
isolated flaringMdwarfs fromMcLean et al. (2012) and all the high-
sensitivity radio observations of non-magnetic CVs. The dashed line
at 1014 erg s−1 Hz−1 indicates the upper edge of the radio emission
from quiescent M dwarfs from Gudel et al. (1993). As RW Sex
and V603 Aql are not flaring in our observations and have lumi-
nosities that are significantly higher than the quiescent flare stars,
we conclude that their radio emission is not produced by a flaring
secondary. TT Ari, however, is clearly flaring and the variability
time-scales, high brightness temperature and CP fit the properties
of flare stars – particularly as they can produce flares that are up
to 100 per cent circularly polarized (e.g. Abada-Simon & Aubier
1997). Although there is some overlap between the maxima of some
of the flare stars and the novalike luminosities, TT Ari peaked at
around 3.3 × 1016 erg s−1 Hz−1 which is 38 times higher than the

brightest flare in McLean et al. (2012). We think that it is thus un-
likely that the radio emission of TT Ari is produced by a flaring
secondary.

It should be noted that CV secondaries are tidally locked and have
much higher rotation rates than isolated dwarfs, and that the impact
of stellar rotation rates on magnetic fields is not well understood
(see McLean et al. 2012, for a discussion). McLean et al., however,
found that the radio emission of M0–M6-type dwarfs saturates at
10−7.5Lbolometric for rotation rates larger than vsini � 5 km s−1, so
the comparison between CV secondaries and isolated dwarfs is
appropriate.

A final consideration is whether TT Ari has actually been mis-
classified as non-magnetic and the (stronger) magnetic fields play
a more significant role in generating the radio emission. Magnetic
CVs have shown variable and highly circularly polarized emission
just like that of TT Ari. For example, Dulk et al. (1983) detected
a 9.7 mJy 100 per cent circularly polarized radio flare at 4.9 GHz
from the polar AMHer, which they concludedwas probably due to a
cyclotron maser. As mentioned previously, however, a similar flare
at 81 per cent CP was detected in the non-magnetic CV EM Cyg.
Interestingly, the CV in our sample that is the most likely to be
magnetic, V1084 Her, was the one source that was not detected.
As CVs are not well studied in the radio, the radio properties of
magnetic and non-magnetic CVs are not yet well defined and larger
radio samples are needed.

6 CONCLUSION

We observed a sample of four novalikes at 6 GHz with the VLA and
obtained a 75 per cent detection rate, which doubles the number of
detections of non-magnetic CVs. These observations show that the
sensitivity of previous radio surveys (∼1 mJy) was too low to detect
non-magnetic CVs and that many novalikes are in fact significant
radio emitters.

TT Ari, RW Sex and the old nova V603 Aql were each detected
in two epochs, as point sources, while V1084 Her was detected in
neither of the two epochs. The distance uncertainty on V1084 Her
is too large to tell if it is intrinsically faint or too far away.

The observations show a range of properties that suggest that
more than one emission mechanism is responsible for the radio
emission in our sample. In the literature, emission mechanisms
that have been suggested for non-magnetic CVs include thermal
emission, gyrosynchrotron and synchrotron emission and cyclotron
maser emission.

RW Sex was detected at approximately the same flux den-
sity in both epochs (33.6 μJy beam−1) and with a spectral index
α = −0.5 ± 0.7 (F = να). It is unlikely the emission is thermal
emission, as the emitting region would need to be a factor of 102–
103 times the orbital separation to produce the observed brightness
temperature. Gyrosynchrotron and cyclotron maser emission are
consistent with our observations, so we cannot rule these emission
mechanisms out. As RW Sex has a 3σ CP fraction upper limit of
12.9 per cent and is not variable, however, we favour optically thin
synchrotron emission.

V603 Aql was variable on time-scales down to 217 s, with
amplitudes of up to 61 μJy beam−1 and had a spectral index
α = 0.54 ± 0.05 in the first observation. In the second observa-
tion V603 Aql was not variable and the spectral index was flatter
(α = 0.16 ± 0.08). The emission is unlikely to be thermal emission
by the same argument as for RW Sex, and based on causality argu-
ments and the observed variability time-scales it cannot be optically
thick thermal emission. The 3σ upper limit on the CP fraction is
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12 per cent and the emission was variable, so we cannot rule out
gyrosynchrotron or cyclotron maser emission. The radio detection
is also consistent with optically thick synchrotron emission, which
is consistent with the Körding et al. (2008) prediction of a partially
quenched, optically thick synchrotron jet.

The two observations of TT Ari differed remarkably. The first
showed a ∼10-min flare with a peak flux density of 125.0 ±
16.2μJy beam−1, that then declined to a 3σ upper limit of
49.5 μJy beam−1; ∼8 min of the flare was circularly polarized and
peaked at a CP fraction of 100 per cent. The flux in the second
observation was higher (201.8–251.9 μJy beam−1) and the highest
CP detection was 36.1 ± 10.0μJy beam−1 (polarization fraction of
15 per cent). Radio behaviour like this has been seen in themagnetic
CV AM Her (Dulk et al. 1983; Chanmugam 1987) and in another
non-magnetic CV (EM Cyg; Benz & Guedel 1989).

The observed CP fraction for TT Ari is too high to be produced
by synchrotron emission, but can be explained by either gyrosyn-
chrotron or cyclotron maser emission. By the same arguments as
for V603 Aql and the additional fact that thermal emission cannot
produce CP, we can rule out thermal emission in TT Ari. How-
ever, as the properties of the two epochs suggest different emission
mechanisms, and the spectrum of the second epoch is consistent
with α = 2 for frequencies below 6 GHz and α = −0.1 at higher
frequencies (which could be indicative of thermal emission with a
turnover frequency at 6 GHz), we did consider the possibility that
there is a thermal component to the emission in the second epoch.
If this is the case, the observed spectrum is more consistent with
a thin, dense shell than an extended, centrally concentrated stellar
wind, and we would need to observe the evolution of the spectrum
over multiple epochs to derive the mass of the emitting region. As
an additional non-thermal component is necessary to produce the
CP and observed variability, we favour pure gyrosynchrotron or
cyclotron maser emission as emission mechanisms.

The high CP levels and variability shown by TT Ari are also
consistent with flare star behaviour. For all three novalikes, however,
we conclude that although it is possible, the emission is unlikely to
be produced in flares of the secondary star, as the luminosities are
significantly higher than those seen in both flaring and quiescent
flare stars.

We did not find a radio–optical flux relation or a radio flux–
distance relation, but this may change as the sample of radio detec-
tions of non-magnetic CVs increases.

As we have demonstrated, it is now possible to detect non-
magnetic CVs with the VLA. Further observations of CVs will
help establish the nature of the radio emission, which could then
be used to study accretion and possibly outflow physics in these
nearby, numerous and non-relativistic compact accretors.
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APPENDIX A: RADIO MAPS

Here we show the total intensity and CP maps (Figs A1 and A2,
respectively). See the captions for more information.
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Figure A1. Stokes I (total intensity) maps for the first observation of each novalike. Contours are at ±3, ±6, ±12 and ±24σ . The beam (resolution) is given
in the lower left-hand corner of each image. None of the detections shows extended emission; they are all point sources. rms and peak flux values are given in
Table 3. The cross indicates the optical position for the non-detection (V1084 Her) – the size is not indicative of the optical position error bars, as they are too
small to be plotted here (see Table 1).

Figure A2. Stokes V (CP) images for observations 1 (left) and 2 (right) of TT Ari. Stokes I contours are drawn at ±3, ±6, ±12 and ±24σ . For clarity purposes
we do not show the left circularly polarized (negative) flux, as the detections were right circularly polarized (positive).
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