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ABSTRACT

Recently detected coherent low-frequency radio emission from M dwarf systems shares phenomenological similarities with emission
produced by magnetospheric processes from the gas giant planets of our Solar System. Such beamed electron-cyclotron maser emission
can be driven by a star-planet interaction or a breakdown in co-rotation between a rotating plasma disk and a stellar magnetosphere.
Both models suggest that the radio emission could be periodic. Here we present the longest low-frequency interferometric monitoring
campaign of an M dwarf system, composed of twenty-one ~8 h epochs taken in two series of observing blocks separated by a year. We
achieved a total on-source time of 6.5 days. We show that the M dwarf binary CR Draconis has a low-frequency 30 detection rate of
90f§% when a noise floor of ~0.1 mJy is reached, with a median flux density of 0.92 mlJy, consistent circularly polarised handedness,
and a median circularly polarised fraction of 66%. We resolve three bright radio bursts in dynamic spectra, revealing the brightest is
elliptically polarised, confined to 4 MHz of bandwidth centred on 170 MHz, and reaches a flux density of 205 mJy. The burst structure
is mottled, indicating it consists of unresolved sub-bursts. Such a structure shares a striking resemblance with the low-frequency
emission from Jupiter. We suggest the near-constant detection of high brightness temperature, highly-circularly-polarised radiation that
has a consistent circular polarisation handedness implies the emission is produced via the electron-cyclotron maser instability. Optical
photometric data reveal the system has a rotation period of 1.984 + 0.003 days. We observe no periodicity in the radio data, but the

sampling of our radio observations produces a window function that would hide the near two-day signal.

Key words. stars: low-mass — radio continuum: stars — stars: individual: CR Draconis

1. Introduction

Low-frequency (<200 MHz) emission from stellar systems
encode the conditions of the outer stellar corona (Lynch et al.
2017; Crosley & Osten 2018; Villadsen & Hallinan 2019;
Vedantham et al. 2020a). For example, low-frequency emis-
sion can be used to recover the kinematic properties of massive
plasma releases that accompany magnetic eruptive events in the
outer stellar corona, such as coronal mass ejections (CMEs;
Wild & McCready 1950; McLean & Labrum 1985; Dulk 1985).

* NASA Sagan Fellow.
** NSF Graduate Research Fellow.

Article published by EDP Sciences

Understanding the properties of CMEs is considered espe-
cially pertinent for evaluating the space weather experienced by
planets around other stars (Kouloumvakos et al. 2015; Badruddin
& Falak 2016). Additionally, detecting the low-frequency emis-
sion expected from a star-planet interaction, as modelled off a
scaled-up Jupiter-Io system, provides a direct measurement of
the orbital period of a putative exoplanet, the approximate size
of the exoplanet, magnetic field alignment and strength, and the
Poynting flux incident on the exoplanet (Zarka 2007; Hess &
Zarka 2011; Lazio et al. 2016; Vedantham et al. 2020a).

While previous searches for radio-bright stellar systems have
predominately been conducted at gigahertz frequencies (e.g.
White et al. 1989; Helfand et al. 1999), a renaissance in observ-
ing stellar systems at low frequencies is occurring due to the
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maturation of the Murchison Widefield Array (MWA; Tingay
et al. 2013), the Giant Metrewave Radio Telescope (GMRT;
Swarup 1991), and the LOw-Frequency ARray (LOFAR; van
Haarlem et al. 2013). In particular, the LOFAR Two-metre Sky
Survey (LoTSS; Shimwell et al. 2019) has demonstrated that it
is now routine to achieve ~100 uJy root-mean-square noise at
~150 MHz. Since the brightness of the low-frequency emission
from nearby star-planet interactions and stellar magnetic pro-
cesses is expected to be <1 mly (Lenc et al. 2018; Lynch et al.
2018; Pope et al. 2019; Vedantham et al. 2020a), LoTSS provides
an unparalleled dataset to blindly search for radio-bright stellar
systems (Callingham et al. 2019a).

Significant advances are also occurring in optical photom-
etry with the operation of the Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015). TESS is conducting accu-
rate photometric observations of over 200 000 stars with a two
minute cadence, facilitating not only a comprehensive search for
transiting exoplanets but also for stellar flares and rotation peri-
ods (Davenport 2016; Giinther et al. 2020). Preferentially, optical
stellar flares appear to occur on fast rotating, young M dwarfs
(Giinther et al. 2020; Feinstein et al. 2020a), which are ~0.1 to
0.6 M, and the most common type of stars in our Milky Way
(Henry et al. 2006). While it is possible that these are connected
to CME:s, no conclusive association with a solar CME signature
such as a Type II radio burst has been conclusively made (Osten
& Wolk 2017; Villadsen 2017; Alvarado-Gémez et al. 2020).
The impact that M dwarf stellar flares have on their surrounding
exoplanets is highly contested, particularly because it is unclear
whether CMEs accompany the flares (Giinther et al. 2020).

Recently, Callingham et al. (2021) used LoTSS to identify a
population of M dwarfs that displayed highly circularly polarised
(2 60%), broadband, high brightness temperature (>10'? K) low-
frequency emission. The population is composed of M dwarfs
from across the main sequence (M1 to M6) and at all chromo-
spheric activity levels. Quiescent, slow-rotating (>2 d) M dwarfs
were as likely to be detected as active, fast rotating stars. Such
results are in contrast to stellar systems identified as radio bright
at gigahertz frequencies, which preferentially tend to be fast
rotating chromospherically and coronally active late M dwarfs
(e.g. McLean et al. 2012; Crosley & Osten 2018; Villadsen &
Hallinan 2019; Callingham et al. 2019b). Additionally, previous
highly circularly polarised emission detected from ultracool and
M dwarfs at gigahertz frequencies appear bursty in nature, gen-
erally lasting <2 h (e.g. Hallinan et al. 2008; Llama et al. 2018;
Zic et al. 2019; Villadsen & Hallinan 2019; Zic et al. 2020).
In comparison, the coherent emission detected by Callingham
et al. (2021) was minimally variable and long duration (=8 h).
It is possible that a common emission mechanism acts in both
high- and low-frequency selected samples, with fast-rotating
late M dwarfs more likely to have the necessary high magnetic
field strengths to produce coherent radio emission at gigahertz
frequencies.

The proposed acceleration mechanisms that could produce
the observed coherent low-frequency emission from most of
the LoTSS detected M dwarfs are similar to the magneto-
spheric processes observed on the Solar System’s gas giant
planets and ultracool dwarfs (Hallinan et al. 2008; Vedantham
et al. 2020b; Callingham et al. 2021). For example, the star
itself can produce Jovian-like emission through electric field-
aligned currents resulting from a breakdown in co-rotation
between a rotating plasma disk and its magnetosphere (Schrijver
2009; Nichols et al. 2012; Pineda et al. 2017). It is also pos-
sible that an exoplanet in orbit around a star could produce
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low-frequency coherent emission through the relative motion of
a planet through a star’s magnetosphere (Lazio et al. 2004; Zarka
2007; Turnpenney et al. 2018; Vidotto et al. 2019; Vedantham
et al. 2020a; Mahadevan et al. 2021).

In both incidences the radio emission is produced via the
electron-cyclotron maser instability (ECMI) mechanism in mag-
netised, plasma-depleted regions (Wu & Lee 1979; Treumann
2006). Alternatively, especially for the most active M dwarfs in
the Callingham et al. (2021) sample, it is possible that fundamen-
tal plasma emission could stochastically produce the observed
coherent low-frequency emission (Stepanov et al. 2001).

One prediction of the breakdown of co-rotation and star-
planet interaction models is that the radio emission could be
periodic. This is because the ECMI radiation will be beamed
along the surface of a cone that is modulated relative to our
line of sight by either the rotation of the star or the orbit of
a satellite. Such modulations are strongly dependent on the
viewing geometry, and on the alignment of the magnetic and
rotation/orbital axes. Unfortunately, the standard sampling of
LoTSS is too sparse to be sensitive to the expected periodici-
ties of ~0.5 to 10 days (Vedantham et al. 2020a; Callingham
et al. 2021), with most of the M dwarf detections only having
two to three eight hour LoT'SS exposures. Additionally, the detec-
tion strategy of searching images that were synthesised over the
entire LoT'SS observing time is biased towards detecting sources
whose emission is aligned with our line of sight (Callingham
et al. 2021).

Fortunately, one of the stars from the Callingham et al.
(2021) sample is coincidentally located in a LoTSS deep-field
(Sabater et al. 2021) — the European Large-Area ISO Survey-
North 1 (ELAIS-N1; Oliver et al. 2000) field. As part of the
LoTSS Deep Field data release 1 (Sabater et al. 2021), the star
has 21 independent ~8h 146 MHz exposures taken over two
years, serendipitously providing a comprehensive dataset to test
for any periodicity in the radio time series and to study the
long-term evolution of coherent low-frequency emission.

The low-frequency emitting star system that is located in the
ELAIS-NI1 field is CR Draconis (BD+55 1823; GJ 9552; here-
after CR Dra). CR Dra is a young M1.5Ve dwarf binary that has
been proposed to have a period of ~ 4 yr (Tamazian et al. 2008),
but there are conflicting measurements for its orbit (Shkolnik
et al. 2010; Sperauskas et al. 2019). At least one of the two
M dwarf components is a flare star, with an observed B-band
(=450 nm) flare rate of ~1 flare per 10 h (Vander Haagen 2018).
CR Dra has not been previously detected in the radio despite pre-
vious sensitive searches at frequencies between 325 MHz and
1.4 GHz (Taylor et al. 2007; Garn et al. 2008; Sirothia et al.
2009). CR Dra is also coronally and chromospherically active.
It has a soft 0.2 to 2keV X-ray luminosity of 3.7x10% ergs™!
(Boller et al. 2016; Callingham et al. 2021), implying a coronal
temperature as high as ~7 MK (Johnstone & Giidel 2015). Due to
this hot corona, CR Dra is also one of the few stars identified by
Callingham et al. (2021) in which the observed low-frequency
radiation could be generated by fundamental plasma emission
(Stepanov et al. 2001).

In this paper, we use the LOFAR ELAIS-N1 deep-field and
TESS datasets on CRDra to: (1) determine the optical flare
statistics and photometric rotation period; (2) study the long
term evolution of the coherent highly-circularly polarised low-
frequency emission; (3) conduct a search for periodicity in
low-frequency radio emission, and; (4) test if the properties of
the low-frequency emission is consistent with plasma or ECMI
radiation.
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Fig. 1. Lightcurves of CR Dra in all three TESS Sectors for which it was observed. Top panels: total lightcurves from each sector. Bottom panels:
zoom-in on the shaded regions within each sector. Teal represents cadences with stella-assigned probabilities above our threshold of 0.6; purple
represents cadences below this probability. Flares found by stella are marked by the orange vertical lines. The vertical scale has been clipped to
better show the rotational variability; the highest amplitude flare is nearly a factor of two in amplitude, as illustrated in Fig. 2.

2. TESS observations, flares, and photometric
rotation period

CR Dra has been observed with TESS in Sectors 16 (2019-09-11
to 2019-10-07), 23 (2020-03-18 to 2020-04-16), 24 (2020-04-16
to 2020-05-13), and 25 (2020-05-13 to 2020-06-08), in the TESS
Input Catalog as TIC 207436278 (Stassun et al. 2019). Processed
data are publicly available for Sectors 16, 23, and 24 at the time
of writing.

We retrieved data from the Mikulski Archive for Space
Telescopes for the available sectors, and pre-processed these
data using lightkurve (Lightkurve Collaboration 2018). We
inspected the default pixel masks in the target pixel files and
found them to be satisfactory. We then proceeded to initially
reduce the standard Pre-search Data Conditioning Simple Aper-
ture Photometry (PDC-SAP) 2-min cadence light curve products
by removing invalid values and normalising each light curve to
unity.

The TESS light curves reveal significant variability in the
form of rotational modulation and a large number of stellar
flares. Previous flare-detection methods have relied on light
curve detrending before applying outlier heuristics. However,
high-amplitude variability, such as that present in these light
curves, can prove challenging to completely remove and can lead
to over-fitting, thereby removing low-amplitude flares.

To overcome this bias, we applied the convolutional neural
network (CNN) stella (Feinstein et al. 2020b), trained on the
Giinther et al. (2020) M dwarf flare catalogue compiled from
TESS Sectors 1-2. The stella CNNs provide a probability for
every cadence, or each individual data point, that it is part of
a flare (Feinstein et al. 2020a). For example, a cadence with a
probability of 0.6 means the trained CNN models believe with
60% confidence this cadence is part of a true flare. We used the
ten pre-trained models as applied by Feinstein et al. (2020a)'
and averaged the probabilities for our final analysis. We selected
a threshold value = 0.6, as used in Feinstein et al. (2020a), and

I Models are hosted on MAST: https://archive.stsci.edu/
hlsp/stella

weighted our analysis by probability; flares with higher probabil-
ity values are weighted more heavily. Due to the small number of
light curves in this study, we inspected each flare. Even though
the CNN models assigned some of the flares a 60% probability
of being true flares, we found each to demonstrate true flare-like
behaviour.

The results of this analysis are displayed in Fig. 1, where the
light curves are coloured by the probability that each time sample
is part of a flare. The bottom panel zooms in on a 3-day region
in each TESS Sector, with identified flares highlighted by orange
vertical lines. No systematics-correction detrending was applied
to these light curves, as the flare-detecting neural network is
trained on data with uncorrected systematics and has learned to
filter these. The stella algorithm includes additional checks
for classifying an event as a flare, as the CNN was trained on a
catalogue which is incomplete at low flare amplitudes (Feinstein
et al. 2020a).

The flares in this sample cover an energy range of 2.44 x
1030-3.66 x 10% erg, with a median energy of 1.31 x 10°! erg.
We highlight the four brightest flares observed by TESS from
CRDra in Fig. 2. Their equivalent durations and energies
(assuming grey isotropy and scaling from a Gaia luminos-
ity of 0.121Ls, not accounting for binarity) are, in ascending
order: 69.12s and 3.10x 103 erg; 112.37 s and 7.07 x 10® erg;
331.93 s and 9.40 x 103 erg; 800.33 s and 3.66 x 10 erg. As the
Gaia luminosities do not account for binarity, these reported
energies are indicative, and likely accurate only to within a factor
of ~2.

We detect a high flare rate of 2.30 flares per day, which is
towards the upper end of the Giinther et al. (2020) M dwarf TESS
flare sample. Since TESS does not resolve CR Dra, this flare rate
is for the binary. The flare rate was calculated by weighting each
flare by the probability assigned by stella. Such a high flare
rate in the 600—1000 nm TESS bandpass is unsurprising for such
an active M dwarf system as CR Dra, and consistent with the
B-band flare rate of ~2.4 flares per day (Vander Haagen 2018).

We measure a consistent rotation period of 1.984+0.003
days across each sector of data using stella and the
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Fig. 2. Four most energetic optical flares observed in the TESS data,
with the calculated equivalent duration for each noted in the upper-
left. Note the different y-scale for each panel. The brightest flare nearly
doubles the observed flux in the TESS bandpass.

Lomb-Scargle periodogram (Lomb 1976; Scargle 1982) as
implemented in ASTROPY (Astropy Collaboration 2013;
VanderPlas 2018). There is no evidence for any other significant
period in the TESS lightcurve.

We can also use this rotation period to infer the inclina-
tion of the rotational axis of the component whose rotation
is detected by TESS using the hierarchical Bayesian infer-
ence code inclinations (White et al. 2017). We adopt the
CARMENES spectroscopic rotational velocity measurement of
vsini = 17.36 £ 0.55kms™! from Jeffers et al. (2018), an effec-
tive temperature of 4128 K (Deka-Szymankiewicz et al. 2018),
and from the effective temperature a radius of 0.56 + 0.05 R,
using the relation of Cassisi & Salaris (2019) and nominal ~10%
uncertainty.

We can propagate these uncertainties using hierarchical
Bayesian inference in PYSTAN (Carpenter et al. 2017). This leads
to strong constraints indicating a high rotational inclination: at
the 99.9th percentile, i > 62°, with a median posterior sample of
i = 83°. The posterior is largely flat between 70 and 90°.

This inclination constraint may be spurious: using the point
estimate parameters, sin i ~ 1.21, and to get these inclina-
tions we are stretching the uncertainties on radius in particular
by at least 0.05Rs, or vsin i is overestimated. As CR Dra is
a binary, the CARMENES reported spectroscopic parameters
(Jeffers et al. 2018) are subject to more systematic than statistical
uncertainty. While these spectroscopic parameters are the best
available, they have have been determined without considering
binarity. The measurement may be accurate for one component
or an average of both, and without access to the raw data and
pipeline it is not straightforward to quantify this effect. The
CARMENES estimated spectral type is M 1.0, and the differen-
tial photometry from interferometric observations by Tamazian
et al. (2008) suggest component spectral types of M0 and M3.

However, the interferometric orbit derived by Tamazian et al.
(2008) is inconsistent with the separate radial-velocity orbits
determined by either Sperauskas et al. (2019) (1.57 yr) or
Shkolnik et al. (2010) (530 d). We are not confident in identifying
which orbit solution is correct and suggest that if the two stars
are spectrally similar, the v sini measurements from rotational
broadening will be dominated by the more rapidly-rotating star.
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We believe that the flaring component in both optical and
radio emission is likely from the more rapidly rotating compo-
nent, the same star giving rise to the rotational modulation, as
fast rotators are have previously found to be bright flare stars
(McLean et al. 2012; Feinstein et al. 2020a). We do not detect
evidence of a second rotational modulation curve in the light
curve, so either the other star is inactive or rotating with a very
similar period. The latter has been rarely observed (Feinstein
et al. 2020a).

Since both components are M dwarfs of similar mass, these
derived stellar parameters should be reasonable. It is therefore
plausible that we are observing the more active star at a high
inclination, even equator-on, though to confirm this we would
want to obtain better spectroscopic parameters. Such an incli-
nation is consistent with the high radio detection rate if the
radio emission is similar to auroral emission observed on Jupiter,
as discussed in detail in Sect. 5. It will be important in future
work to use detailed models of spectroscopic data, together with
further interferometric observations, to disentangle the spectral
types of the two stars and identify the flaring component(s). For
the purposes of this paper, it is sufficient to note that at least one
component is brightly flaring, with a clearly identified rotation
period, and that the other appears significantly more quiescent.

Furthermore, since the CR Dra is located at 20.4 pc (Gaia
Collaboration 2018), even the smallest proposed orbit by
Shkolnik et al. (2010) implies that the binary is wide enough that
no sub-Alfvénic interaction is occurring between the two stars
(Vedantham 2020).

3. LOFAR observations and data reduction

The LOFAR data were taken in two sets of runs separated by
approximately a year — May to July 2014 and June to August
2015. Due to the desire to observe the ELAIS-N1 field at a high
elevation relative to LOFAR, as to minimise the impact of the
ionosphere, each observation was taken at a similar local side-
real time (LST). CR Dra was located 0.8 degrees away from
the pointing centre for each epoch of observation, corresponding
to approximately the 80% power point of the primary beam at
146 MHz. We excluded the LOFAR observation .346136 (2015-
06-14) due to poor quality data at the location of CR Dra, likely
produced by problematic ionospheric solutions near CR Dra. In
total, we have 156.3 h (=6.5 days) of data on CR Dra. The observ-
ing information and local rms noise for each of the 21 LOFAR
observations of CR Dra are listed in Table 1.

The calibration and data reduction strategies performed on
the LOFAR data are identical to those outlined by Sabater et al.
(2021), Tasse et al. (2021), and described briefly in Sect. 5.1
of Shimwell et al. (2019). All pointings had a native 1s inte-
gration time and 13.0kHz spectral resolution covering 114.9
to 177.4 MHz. After running the standard LoTSS deep field
pipeline on each epoch, all sources outside of a 10’ radius
region around CR Dra were removed using the direction depen-
dent calibration solutions. The datasets were phase shifted to
the position of CRDra, while accounting for LOFAR station
beam attenuation. DPPP (van Diepen et al. 2018) was used to
solve residual phase errors by applying a self-calibration loop on
10-20s timescales. This total electron content and phase self-
calibration loop was followed by several rounds of diagonal gain
calibration on timescales of ~20 min on the phase-corrected data
(van Weeren et al., in prep.). The self-calibration timescales are
determined by several bright compact sources in a 10" region
around CR Dra that have peak flux densities 0.1 Jy. Bad data are
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Table 1. Observing information for the LOFAR observations of
CR Dra.
LOFAR ID Date Start time Length oy oy
(h)  ly) @y
1229064 2014-05-19  19:49:19 8.0 108 92
L229312 2014-05-20  19:46:23 8.0 92 81
1229387 2014-05-22  19:30:00 8.0 98 76
1L.229673 2014-05-26  19:30:00 8.0 101 70
L230461 2014-06-02  19:30:00 8.0 100 85
L230779 2014-06-03  19:30:00 8.0 99 75
L231211 2014-06-05  19:30:00 8.0 98 75
L231505 2014-06-10  19:50:00 7.3 109 80
L.231647 2014-06-12  19:50:00 7.0 105 79
1232981 2014-06-27  20:05:58 5.0 117 92
L233804 2014-07-06  19:59:00 5.0 137 111
L345624 2015-06-07  20:11:00 7.7 115 81
L346154 2015-06-12  20:11:00 1.7 280 148
L346454 2015-06-17  20:11:15 7.7 320 185
L347030 2015-06-19  17:58:00 7.7 108 78
L.347494 2015-06-26  20:11:00 1.7 262 111
L347512 2015-06-29  20:11:00 7.7 121 87
L348512 2015-07-01  20:11:00 6.7 160 112
L366792 2015-08-07  18:11:00 1.7 136 101
L369548 2015-08-21  16:11:00 7.7 105 81
L369530 2015-08-22  16:11:00 7.7 110 91

Notes. ‘Start time’ and ‘Length’ correspond to the time an observation
started in UTC and the total duration of the observation, respectively.
o and oy represent the local rms noise near CR Dra in Stokes / and V
for an image synthesised over the entire duration and bandwidth of the
corresponding observation, respectively. The date of the observations
are reported in YYYY-MM-DD format.

rejected based on the diagonal gain solutions flagging large out-
liers. During this self-calibration loop automatic clean masking
was employed.

Stokes I and V images of each epoch of CR Dra were then
made from these reduced datasets using a robust parameter
(Briggs 1995) of —0.5 via WSCLEAN (v 2.6.3; Offringa et al.
2014). For the time series analysis, each image was synthe-
sised over all of the available 62.5 MHz bandwidth to maximise
the signal. The flux density scale for each image was set
using the flux density scale of the deep image (Sabater et al.
2021), whose flux density scale was established by the calibrator
87GB J160333.2+573543. Some of the observations in 2015 had
poor ionospheric conditions, resulting in ~1.5 times higher noise
than the observations conducted in 2014 (see Table 1).

3.1. Producing the radio lightcurve

Our sampling function of the radio data was determined by the
Stokes I noise o in each 8 h integrated epoch, as listed in
Table 1. We decided to scale our binning by the noise of the 8 h
observation as ECMI emission can have variable maser condi-
tions that can result in non-detections in uniformly-binned data,
complicating our periodicity search. Adaptive binning provides
unnecessary details at this stage of the analysis since we are
searching for a near 2 day signal. We split a LOFAR observa-
tion evenly into three or two time intervals if o; < 110uJy or
110 wly < o < 160 ply, respectively. If oy > 160 pJy, only one
image was made for the epoch. Such time sampling was a com-
promise between maximising signal-to-noise in all epochs and

remaining sensitive to a potential signal of the photometric rota-
tion period of CR Dra (as discussed further in Sect. 2). We did
not change the sampling for the Stokes V in order to allow an
accurate calculation of the fraction of circularly polarised emis-
sion. Additionally, such sampling of the radio data produces a
well-defined window function for the time series analysis.

The flux density of CRDra in each image was measured
using the Background And Noise Estimator (BANE) and source
finder AEGEAN (v 2.1.1; Hancock et al. 2012, 2018). To cor-
rectly account for uncertainties associated with non-detections
in our time series analysis, we used the priorised fitting option of
AEGEAN at the location of CR Dra. We fitted for the shape and
flux density of CR Dra as the effective point spread function is
influenced by ionospheric conditions. Such a scheme is similar
to forced photometry fitting in optical astronomy when variable
seeing conditions apply. In the Stokes V images we searched for
both significant positive and negative emission.

Similar to Callingham et al. (2021), we define the sign of the
Stokes V emission as left-hand circularly-polarised light minus
right-hand circularly-polarised light. Therefore, a positive Stokes
V measurement implies the detected light is more left-hand
polarised than right-hand polarised. This definition is followed
in the pulsar community but is the reverse of the IAU convention
(van Straten et al. 2010).

3.2. Producing dynamic spectra of the radio bursts

For the bright bursts detected in the LOFAR observations con-
ducted on 2014-05-19, 2014-06-02, and 2015-06-07, we con-
structed dynamic spectra from image space by synthesising 300
images of 3.125 MHz bandwidth and 0.53 h duration for each
observation. Similar to above, the flux density of CRDra in
each image was measured via priorised fitting using BANE
and AEGEAN. The dynamic spectra were then formed from
these measured flux densities. The two spectral channels centred
around ~150 MHz for the 2014-06-02 epoch were discarded due
to intense radio frequency interference (RFI). Forming dynamic
spectra in image space allows for reliable identification of real
emission when it is of low significance.

Finally, the burst detected in the 2014-06-02 epoch was so
bright it was possible to form a dynamic spectra for all the
Stokes parameters directly from the visibilities. We did this using
the LOFAR package DynSpecMS? (Tasse et al., in prep.), which
allows us to examine the time and frequency dependence of the
residual data at a specific pixel position using natural weighting
of the visibilities. The dynamic spectra have a time and spectral
resolution of 8.05s and 78.1 kHz, respectively. The instrumen-
tal leakage between Stokes I and the other Stokes parameters is
<2% (O’Sullivan et al. 2019), as also confirmed by inspecting
the dynamic spectra of other non-polarised sources in the field.

4. Radio lightcurve and time series analysis
4.1. Radio lightcurve

We present the 146 MHz Stokes / S; and V Sy lightcurve for all
of the available data on CR Dra in Fig. 3. The circularly polarised
fraction |Sy/S | for an observation is only plotted if CR Dra is
detected with a signal-to-noise ratio o > 3 in both Stokes / and
V emission. A 30 upperlimit for |Sy/S | is shown if the Stokes /
emission from CR Dra is >30 but the Stokes V emission is <30
The values plotted in Fig. 3 are also provided in Table A.1.

2 https://github.com/cyriltasse/DynSpecMS
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Fig. 3. Longterm 146 MHz radio lightcurve of CR Dra in total intensity S, (fop panel), circular polarisation Sy (middle panel), and the ratio
|Sv/S . Only positive Stokes V emission is detected, implying we observe only left-hand circularly polarised emission from CR Dra. Uncertainties
represent 1o~ and are only shown if larger than the symbol size. The ratio |[Sy /S| is plotted if the corresponding signal-to-noise ratio of CR Dra is
>30 in both Stokes / and Stokes V emission. We show 30 upperlimits for |S/S | if the emission in Stokes / is > 30 but <30 in Stokes V.

As is shown in Fig.3, CRDra is detected in total inten-
sity at a significance >30 in all of our observations, except
for the those conducted on 2015-06-12 and 2015-06-17. These
two observations had the poorest ionospheric conditions of the
monitoring campaign, resulting in a local rms noise ~3 times
larger than average. If we conservatively consider the June 2015
observations as non-detections, when a noise floor of ~0.1 mJy
is reached, we detect 146 MHz emission from CRDra at
>30 90f§% of the time. The reported Wilson interval on
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the detection rate corresponds to 1. The median and semi-
interquartile-range (SIQR) of the total intensity emission from
CR Dra in our observations is 0.92 + 0.31 mJy.

The low-frequency emission we have detected from CR Dra
is extremely variable. CR Dra displays at least a factor of two
variation in total intensity emission within two-thirds of the
observations that we split into two or three time intervals. Addi-
tionally, while ~90% of the total intensity emission from CR Dra
is <2.2mly, we observed CRDra to burst to flux densities
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~1.6 to 5.3 times brighter in three different epochs (2014-05-
19, 2014-06-02, and 2015-06-07). By far the largest of these
bursts was detected in the 2014-06-02 epoch, reaching a ~2.7h
band-averaged flux density of 10.75+0.26 mJy. Theses bursts are
discussed further below in Sects. 4.3 and 4.4. The bursts detected
in these three epochs are the only emission exceeding three times
the median flux density, implying we have a chance of 14f2% of
detecting such bursts in an observation. This is calculated assum-
ing the bursts are stochastically driven, implying no dependence
on the rotational phase of the CR Dra.

The circularly polarised emission from CR Dra also displays
significant variability, largely tracing the variations in total inten-
sity. We detect >30 circularly polarised emission in at least
a portion of all the observations with >30 Stokes I emission,
expect for the observations conducted on 2014-07-06, 2015-08-
07, and 2015-06-26. For the first two epochs, this is consistent
with [Sy/S ;] < 60%. For the 2015-06-26 epoch, a non-detection
in Stokes V implies |Sv/S ;| < 30%.

|Sv/S | has a median of 66% and a large SIQR of 33% for
the observations in which we detect both Stokes 7 and V emis-
sion. Such a wide variation in the fraction of circularly polarised
light is evident in the bottom panel of Fig. 3. The fraction of
circularly polarised emission varies from ~90% for the bursts
observed on 2014-05-19 and 2014-06-02 to 27+6% and lower for
a portion of the 2014-06-05 epoch. When CR Dra is not bursting,
the circularly polarised fraction can also be quite variable within
an epoch. For example, in the 2014-06-05 epoch |S /S| varies
from 27+6% to 92+19% within 2.5 h.

4.2. Radio time series analysis

We want to ascertain whether the detected radio emission is
related to the 1.984d rotation period present in the TESS
lightcurve. We searched for radio periodicity in several different
datasets produced by various cuts to the LOFAR data: filtering
out bursts (epochs with Stokes I flux densities >1.5 mJy, flux
density uncertainties >8.5 mJy, or too close in time to the major
flare during the 2014-06-02 epoch), separately on data from 2014
and 2015, and finally on all the available radio data.

We applied the Lomb-Scargle periodogram in its ASTROPY
implementation, following a similar procedure to that outlined
in Sect.2. We did not find any significant power for any of
the datasets outlined above that could not be explained by the
window function. This does not rule out a relationship with the
stellar rotation since, unfortunately, the LOFAR observations
were all taken at roughly similar LSTs. This implies a 1.984d
optical rotation period could be hidden by the window function
of the radio observations. The interpretation of a non-detection
of radio periodicity in light of the breakdown of co-rotation and
star-planet interaction models will be discussed further in Sect. 5.

Finally, we note that the two brightest coherent bursts we
detect are only separated by 14° of phase, accurately known since
they were observed only two weeks apart. The only other signifi-
cant burst we detect occurs =180° offset in phase relative to these
two bursts. With such bursts being over three times brighter than
the median detected flux density, and offset by ~180° in phase,
this has an intriguing resemblance to the satellite-driven beamed
radio emission on Jupiter (Marques et al. 2017; Zarka et al. 2018).
This comparison will be explored further in Sect. 5.

4.3. Dynamic spectrum of the 2014-06-02 epoch

We investigated the time and frequency structure of the bright
burst detected in the 2014-06-02 epoch by constructing the
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Fig. 4. Dynamic spectrum formed from images of CR Dra for the 2014-
06-02 epoch in total intensity. The median noise in each image used to
form this dynamic spectrum is 1.7 mly, with ~25% of the pixels cor-
responding to a >30 detection. The burst in the upper-left saturates at
~40 mJy. The colour bar at the bottom communicates the flux density
scale in mJy. The white bar centred around ~150 MHz corresponds to
the frequency range for which radio frequency interference prevented
reliable data being recovered. Top and righthand panels: lightcurve and
spectrum of CR Dra if integrating completely over bandwidth and dura-
tion, respectively. For high signal-to-noise areas, the flux density is
represented with a line that has uncertainty to better than 10%. These
two side plots show that CR Dra is detected at all times and at all
frequencies.

dynamic spectrum presented in Fig. 4 from image space (see
Sect. 3). The dynamic spectrum shows a significant burst that
lasts 2.5 h, and is largely confined to a bandwidth of 12.5 MHz
centred on 170 MHz. The accompanying side panels in Fig. 4
demonstrate that CR Dra is also detected at all times and fre-
quencies of the epoch. While the burst dominates for ~2.5h,
the system relaxes to a level of 3+1mly for the rest of the
observation. There is a hint of a second burst at ~7h into the
observation but at a much lower significance. The frequency
structure between 116 to 155 MHz is also largely flat with an
average flux density of 3+1 mlJy.

To analyse the burst in greater detail, we present a dynamic
spectrum for all Stokes parameters in Fig. 5 which is formed
directly from the calibrated visibilities. The burst saturates at
~205 mJy in Stokes /. Such a burst corresponds to an isotropic
radio spectral luminosity L, of 1.0x 10'7 ergss™' Hz"!. All of
the emission in the phase space around the burst is 290% in
Stokes V. The detection of emission in Stokes Q and U demon-
strates that the burst is elliptically polarised. The burst is highly
localised to 4 MHz of bandwidth, starting at 170.1 MHz and
drifting to 173.9 MHz with time. The burst has a frequency drift
of ~3.1 MHzh™!, and appears to widen in frequency with time.

Such a bright coherent burst resembles the 154 MHz bursts
observed on UV Ceti (Lynch et al. 2017) but it is a factor of 2
more luminous and appears to last a factor of three longer. Sim-
ilarly, the burst is also much more confined in frequency space,
longer in duration, and/or one to three orders of magnitude more
spectrally luminous than the majority of the bursts observed
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Fig. 5. Dynamic spectra of the burst from CR Dra detected during the 2014-06-02 observation in Stokes I (first panel from top), Q (second panel), U
(third panel), and V (bottom panel) formed directly from calibrated visibilities. The time and frequency resolution of the dynamic spectra are 8.05 s
and 78.1 kHz. A Gaussian filter with a standard deviation of 1.5 pixels has been applied. The burst saturates at ~205, =80, =-90, and ~198 mly, in
Stokes 7, Q, U, and V. The detection of emission from the burst in Stokes Q and U implies the emission is elliptically polarised at least part of the
time. The rms noise in the Stokes / dynamic spectrum is 16 mJy, while it is 12 mJy for the Stokes Q, U, and V dynamic spectra. The colour bars on
the right communicate the flux density scale for each Stokes parameter. The thin white/dark blue bar centred on ~169.7 MHz represents bandwidth

that has been excised due to RFI.

on ADLeo, UV Ceti, and EQPeg at frequencies >325MHz
(Villadsen & Hallinan 2019).

The burst also appears to have a mottled structure, with unre-
solved sub-bursts present in the broad structure. We provide
two close ups of the burst in Fig. 6 to highlight the sub-burst
structure. Such structures also persist if we change the inter-
ferometric weighting scheme from natural to uniform. These
sub-bursts have a frequency-time slope of <0.15MHzs™!, with
breaks between sub-bursts lasting between 8 and ~24 s when the
2.5 h long broad burst is most active. The sub-burst structures are
reminiscent of the long (L)-bursts seen from Jupiter (Carr et al.
1983; Ellis 1974), which have a drift rate of <0.1 MHzs™! and
modulation lanes of reduced emission that last <1 min (Riihimaa
1970, 1978). L-bursts from Jupiter can be produced by both the
interaction with Io and the breakdown of rigid co-rotation in
the Jovian magnetosphere (Zarka 1998) and previously observed
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for brown dwarfs (e.g. Hallinan et al. 2008). Moreover, the
top panel of Fig. 6 appears to show two parallel narrow bands
of emission undulating in phase. Such a banded signal has
previously been observed in Jupiter’s decametric radio emis-
sion (Panchenko et al. 2018), reinforcing the similarity of the
emission from CR Dra to that of Jupiter.

4.4. Dynamic spectra of the 2014-05-19 and 2015-06-07
epochs

We also present the dynamic spectra, constructed from image
space, of the significant bursts detected during the 2014-05-19
and 2015-06-07 epochs in Fig. 7.

The burst detected during the 2014-05-19 observation shows
similar characteristics to the burst shown in Fig. 4 — namely it
appears highly-confined in frequency space around 173 MHz and
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Fig. 6. A close up of total intensity emission for two different areas
in the bright burst presented in Fig. 5. We have used a slightly differ-
ent flux density scale than that used in Fig. 5 to emphasise the mottled
structure and sub-bursts. A Gaussian filter with a standard deviation of
1.0 pixel has been applied. The rms noise is 16 mJy.

is >90% circularly polarised. However, it should be noted that
the burst also could extend to frequencies higher than available
with our observations. Additionally, the burst only lasts ~1.1 h.

In comparison, the burst detected during the 2015-06-07 is
broadband, detected at all frequencies from 116 to 178 MHz. The
burst also appears to march up in frequency, with no emission
detected at frequencies >160 MHz for the first half of the burst.
The burst has a frequency drift rate of ~12 MHz h~!, before com-
pletely dissipating within our bandwidth after ~1.1 h. The burst
is >70% circularly polarised when we can detect at least a 30
source in total intensity.

Finally, we note that we cannot provide the true dynamic
spectra for these two bursts. For the 2014-05-19 epoch, problem-
atic RFI conditions make interpretation of the burst in finer detail
than presented in Fig. 7 not possible. For the 2015-06-07 epoch,
the burst is of too low signal-to-noise and broad band.

5. Discussion

The interpretation of the radio lightcurve, dynamic spectrum,
and time series analysis of CR Dra is predicated on what we
determine to be the emission mechanism: plasma radiation or
ECMI emission. If the former is occurring, the detected emission
should share similarities to Type L, IL, III, or IV bursts observed
on the Sun (Dulk 1985). If the latter, the emission characteris-
tics will have more in common with auroral processes associated
with gas giant planets (Zarka 1998, 2007) and brown dwarfs
(Hallinan et al. 2008; Pineda et al. 2017; Williams 2018).

There are three properties that can be derived from our
observations that allow us to differentiate between the compet-
ing mechanisms: brightness temperature, degree and consistency
of circular polarisation, and time-frequency structure of the
emission.

The low-frequency and high flux density of the detected
emission implies a high brightness temperature for the radia-
tion. If we assume the entire photospheric surface of radius
0.56 R, is the emission site (Cassisi & Salaris 2019), the median
detected flux density of 0.9 mJy corresponds to a brightness tem-
perature of 1.7 x 10'2 K. This is a lower limit as either plasma
or ECMI emission is likely confined to much smaller areas, as
seen on Jupiter (Zarka et al. 2004) and the Sun (Dulk 1985).
Furthermore, the radius used in this calculation is likely as
overestimate as it is derived from an effective temperature
measurement convolving both stars in CR Dra.

In the following discussion, we assume that the radio emis-
sion is produced by only one of the stars in CR Dra binary,
unless explicitly otherwise stated. We believe such an assump-
tion is valid because: (1) there are many known M dwarf binaries
that have stars of similar masses and ages, such as UV Ceti (Zic
et al. 2019), GJ 412 (Callingham et al. 2021), and Ross 867/868
(Quiroga-Nuiiez et al. 2020), but only one of the stars emits in
the radio, and; (2) we only see one rotational signal in the TESS
lightcurve. In such cases, only the fast rotating star is active in
the radio (McLean et al. 2012). Finally, outside of the periodicity
search, our analysis is ambivalent to which star is radio-emitting.

5.1. Plasma radio emission

Can plasma radiation reach a brightness temperature of
1.7x 102K at 146 MHz? Since CRDra has a hot corona of
~TMK (Johnstone & Giidel 2015; Callingham et al. 2021),
implying a coronal plasma density of at least 10'%3 cm™3, it is
possible for fundamental plasma emission to reach such a bright-
ness temperature at low frequencies. The most common way
to generate plasma emission is via an impulsive injection of
heated plasma into the corona (Dulk 1985; Stepanov et al. 2001).
Assuming a stable hydrostatic density of the corona (Vedantham
2020; Callingham et al. 2021), and applying Egs. (15) and (22)
of Stepanov et al. (2001), the brightness temperature reaches
~0.4 x 10'? K if the impulsive event injected into the corona is 20
times the coronal temperature. The assumptions required in such
a calculation are accurate to an order of magnitude as, for exam-
ple, the coronal plasma density is an upper-limit since CR Dra is
not resolved in the X-ray observations (Boller et al. 2016). There-
fore, it is plausible fundamental plasma emission could produce
the observed brightness temperature of the emission.

However, the consistent sign of circular polarisation sug-
gests that plasma emission is unlikely the driver of the
low-frequency radiation. Left-handedness is measured for the
circularly-polarised emission in all 6.5 days of monitoring data,
which includes a year separation between the two main blocks
of observations. This indicates the radio emission is consistently
emerging from a source region with the same magnetic polar-
ity. If the emission were driven by flares, the polarity would
be expected to flip since flares occur randomly spread over the
stellar disk (Dulk 1985), not solely from regions with identical
magnetic field polarity (Villadsen & Hallinan 2019).

The detection of elliptical polarisation of the bright burst pre-
sented in Fig. 5 also suggests that plasma emission is unlikely
producing the low-frequency emission (Lynch et al. 2017; Zic
et al. 2019). For Solar radio plasma emission, any linear polari-
sation is obliterated by differential Faraday rotation of the plane
of polarisation during passage through the corona (e.g. Suzuki &
Dulk 1985). A similar situation is expected to arise in the mag-
netosphere of the radio-bright star in CR Dra, where the scale
height is higher than the Sun’s due to its large X-ray luminosity.
Furthermore, the detection of linear polarisation in other active
M dwarfs has been used as evidence that plasma emission is
not the mechanism producing the radio emission (e.g. Zic et al.
2019).

We note that while it is plausible that plasma emission is
generating emission for the detections of CR Dra in which the
circularly polarised fraction is low, we show below that the
observed fluctuations in the circularly polarised fraction can also
be readily justified within an ECMI model. Therefore, due to the
consistent handedness of the circular polarisation and detected
elliptical polarisation of the bright burst, we suggest it is unlikely
we are detecting plasma emission from CR Dra.
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Fig. 7. Total-intensity dynamic spectra of the bursts detected from CR Dra in the 2014-05-19 (left panel) and 2015-06-07 (right panel) epochs
formed in image space. The median noise for both epochs is ~1.5mlJy. The bursts reach ~19 and ~14 mJy for the 2014-05-19 and 2015-06-07
epochs, respectively. The colour bar at the bottom of each panel communicates the flux density scale in mJy for the corresponding observation. The
top and right-hand plots on each pseudo-dynamic spectrum are the lightcurve and spectrum of CR Dra if integrating completely over bandwidth
and duration, respectively. For high signal-to-noise areas, the flux density is represented with a line that has uncertainty to better than 10%. The
side plots show that CR Dra is detected at all times and at all frequencies for both epochs.

5.2. ECMI radio emission

As outlined above, we suggest that the observed highly circu-
larly polarised radiation with brightness temperatures >10'% K is
more likely to be generated by ECMI emission. The requirements
for ECMI emission to occur are: (1) the cyclotron frequency v,
to be much less than the plasma frequency v, (2) the presence
of mildly relativistic electrons, and (3) a population inversion in
perpendicular velocity of the mildly relativistic electrons (Dulk
1985). The condition v./v, < 1 can be achieved at high mag-
netic latitudes for rapidly rotating bodies by the presence of a
strong magnetic field, or by a parallel electric field that produces
plasma density cavities (Dulk 1985; Zarka 1998). The necessary
population inversion requires some anisotropy in the distribu-
tion of energetic electrons. This anisotropy can be introduced
by the loss cone of upgoing electrons reflected by the magnetic
mirror force, trapped electrons, or parallel acceleration by paral-
lel electric fields, followed by adiabatic evolution of the electron
distribution function (Melrose et al. 1978).

There are three main astrophysical situations that can pro-
duce the conditions listed above on a star that could power the
maser: a flaring coronal loop, breakdown of co-rotation, and a
sub-Alfvénic star-planet interaction.

In a coronal loop, it is possible to set up an unstable loss-cone
distribution of electron energies to drive the ECMI emission
(Dulk 1985; Morosan et al. 2016; Vedantham 2020). Injection
of heated plasma into the loop, combined with magnetic mirror-
ing, sets up the loss-cone distribution. In this case, the brightness
temperature is directly related to the size and width of the coronal
loop (Dulk 1985). Following the model outlined in Vedantham
et al. (2020a), to reproduce the brightness temperature implied
by our median detected flux density requires a coronal loop with
a length two orders of magnitude greater than the stellar radius of
CR Dra. Such a large structure is not dynamically stable or previ-
ously observed, with the largest coronal loop detected extending
only up to =4 stellar radii (Benz et al. 1998). The coronal loop
model also has difficultly explaining the consistent polarity of
the Stokes V emission and high duty ratio of CRDra since
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coronal loops are transient structures that often form in areas of
complex magnetic geometry (Villadsen & Hallinan 2019).

We explore the possibility that the radio characteristics of
CRDra could be modelled by ECMI emission generated by
the breakdown of co-rotation, a direct analogue to the pro-
cess occurring in the Jovian magnetosphere (Cowley & Bunce
2001). Since we have evidence from the TESS data that a star in
CR Dra is rapidly rotating at 1.984 d, a coupling current between
the star and its magnetosphere can be produced when plasma
at 210 stellar radii lags behind the magnetic field of the star
(Nichols 2011; Nichols et al. 2012; Turnpenney et al. 2017). The
resulting current then accelerates electrons into the corona and
chromosphere of the star, setting up the population inversion
necessary for ECMI to operate. The resulting ECMI emission
is beamed along the edges of a cone at the electron cyclotron
frequency, with a brightness temperature >10'? K and high cir-
cularly polarised fraction. While in the Jovian system the plasma
disk is supplied by the volcanic activity of Io (Bagenal 2013;
Bagenal et al. 2017), we suggest that the high flare rate of CR Dra
implies the radio-bright star is continually dumping plasma into
its magnetosphere.

However, if a plasma disk is required to exist to drive the
radio emission from the radio-bright star in CR Dra, it is not
clear how it is sustained when the corona is propelling a stellar
wind. A similar problem has been encountered when trying to
explain coherent radio emission from massive stars via a direct
application of the Jovian breakdown of co-rotation model (e.g.
Das et al. 2019; Leto et al. 2020). Potentially, a strong magnetic
field could channel the wind is such way to maintain a plasma
disk within the stellar magnetosphere of a fast-rotating star
(Maheswaran & Cassinelli 2009), but magneto-hydrodyamic
(MHD) simulations and a map of the magnetic field topology
are required to test this hypothesis. Regardless of the exact
driving mechanism, the observed ECMI emission from CR Dra
shares strong similarities to the auroral emission observed from
bodies in the Solar System.

The high detection rate of 90% of emission from CR Dra
can also be circumstantially explained via an auroral model. For
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Jupiter, its main auroral oval is an axisymmetric annulus of emis-
sion that is ~1° wide and offset ~ 15° from the magnetic pole
(Pallier & Prangé 2001; Nichols et al. 2009). The non-Io deca-
metric (non-Io-DAM) emission connected to this auroral oval is
beamed at large angles relative to the magnetic field lines at high
invariant latitudes. Therefore, for a preferential line of sight, it is
possible to always observe the auroral radio emission from one
hemisphere since it is also continuously operating (Cecconi et al.
2012; Marques et al. 2017). In this model, as one emission site
rotates out of the line of sight due to the radiation being beamed
and the emission site being connected to the field line of the
star, another site moves into the observer’s view. The optical data
we have on CR Dra suggests we are viewing the system at incli-
nations 260° relative to the pole. Such equator-on inclinations
support the high detection rate of CR Dra, as a more pole-on ori-
entation would mean the emission would be regularly beamed
away from our line of sight.

It is important to note that the non-Io-DAM emission has
a strong variation with respect to the longitude of Jupiter due
to interactions with the Solar wind (Echer et al. 2010; Hess
et al. 2012). We would not expect to see this dependency in
the emission from the radio-bright star in CR Dra as the radia-
tion originates on the star itself, negating any dawn/dusk effects.
The partner star is also likely too far away to have a significant
impact on the dynamics of the radio-bright star’s magneto-
sphere. Instead, we expect to observe stochastic variations due
to changes in the density and temperature of the plasma in
the magnetosphere of the star, which enhances or diminishes
the auroral-producing current. Such a situation is similar to the
observed change in Io-DAM radio emission due to variations in
the volcanic activity of To (Yoneda et al. 2013).

The auroral model is also supported by the consistent hand-
edness of the circularly polarised light. The constant positive
handedness of the circularly polarised light over 6.5 days of
monitoring, taken in two observing blocks separated by a year,
requires a stable magnetic field arrangement at the emission site.
We infer that the electron acceleration is likely occurring at a
distance from the radio-bright star where the large-field structure
dominates, before accelerating the electrons into the high corona
where the radio emission is produced. Such a configuration is
readily established at the poles, and implies the emission we
detect is dominated by emission sites in one of the hemispheres
of the star.

ECMI emission is expected to be 100% circularly or ellip-
tically polarised (Dulk 1985) but we detect a large variation in
circularly polarised fraction in the emission from CR Dra, with
a median detection of 66% and a SIQR of 33%. This variation
in the polarisation fraction can be explained by two features in
the ECMI produced by breakdown of co-rotation auroral model
— an emission site also being observed from the opposite pole
and propagation effects.

For the former, there is again precedence in the Jovian sys-
tem, where right-hand emission dominates when observed from
Earth due to the stronger magnetic field at northern Jovian
latitudes (Acuna et al. 1983; Echer et al. 2010). Therefore, it
is possible that we sometimes observe emission sites from the
opposite pole on the radio-bright star in CR Dra but the emis-
sion is never bright enough to dominate the emission from the
pole in which we have a preferential line of sight.

In regards to propagation effects, the circular polarised frac-
tion of emission can be reduced by dispersion or scattering
in the coronal plasma (Guedel & Zlobec 1991), reflections off
boundary layers of various density ratios (Melrose 2006), and
strong mode coupling in quasi-transverse magnetic field regions

(Bastian et al. 1998; Lamy et al. 2011). It is possible all three
effects are underway in the Jovian system (Carr et al. 1983;
Lecacheux 1988), with the average and SIQR circularly polarised
fraction of non-Io emission from the Northern Hemisphere being
40 +20%, when averaged over a similar timescale as our data
(see e.g. Figs. 8 and 9; Marques et al. 2017). Since the radio-
bright star in CR Dra still possesses a corona, as opposed to
Jupiter and ultra-cool dwarfs (Berger et al. 2010; Williams et al.
2014), it seems reasonable to expect that different coronal con-
ditions will cause fluctuations in the circularly polarised fraction
of the emission.

Finally, we note that while a sub-Alfvénic star-planet inter-
action can also generate the observed radiation characteristics.
While we would have expected a periodicity in the radio light
curve (Vedantham et al. 2020a; Callingham et al. 2021), our time
sampling means we can not rule this possibility out. We discuss
this model in more detail in reference to the observed radio bursts
in the following section.

5.3. Implications of resolved, coherent radio bursts

In Sects. 4.3 and 4.4 we presented dynamic spectra that resolved
three of the brightest radio bursts we detected from CR Dra. We
can use the polarisation, duration, and time-frequency structures
of these bursts to infer the dominant stellar pole of which the
emission sites occupy, and whether the emission is consistent
within the proposed breakdown of co-rotation auroral model.

For the brightest burst we detect (Fig. 4), we are able to show
that the burst is confined to ~4 MHz of bandwidth and lasts
~2.5h. Such time-frequency structure is in direct contrast to the
expected ~5-30 min time scale and broadband nature expected
from plasma emission associated with a CME (Crosley & Osten
2018). The extraordinarily high brightness temperature lower
limit of >3.2 x 10'* K and elliptical polarisation of the burst con-
clusively demonstrates that ECMI is the emission mechanism, as
outlined in Sect. 5.1.

The conclusion that the burst is generated by ECMI emission
is also supported by the sub-burst structures unresolved in Figs. 5
and 6. Such sub-bursts share a striking resemblance to unre-
solved L-bursts seen on Jupiter (see e.g. Figs. 3 and 14; Marques
et al. 2017). The varied time scales and gaps between L-bursts
could be due to radiation scattering on the interplanetary plasma
or plasma in the corona of the radio-bright star in CR Dra. Alter-
natively, such time scales could reflect the intrinsic variation in
the maser power in a variable coronal plasma and magnetic field.
Assuming we are detecting fundamental ECMI emission, which
generally has the fastest growth rate, the small frequency range
of the emission implies it is emerging from a local magnetic
strength of 61 to 62 G. The degree of elliptical polarisation, if
intrinsic, also implies the ECMI emission angle relative to the
magnetic field is quite large at 63 +5° for the brightest parts of
the burst (Melrose & Dulk 1993; Dulk et al. 1994). Such an open-
ing angle is similar to that derived from ECMI emission from
UV Ceti (Zic et al. 2019).

If the observed frequency drift of ~3.1 MHzh™! is due to
rotational modulation of beamed emission from a very active
structure as it rotates in and out of our view in a dipole magnetic
field, it shares similarities to the vertex structures seen in Jovian
emission (Zarka 1998). These vertex structures in dynamic spec-
tra result from the beaming pattern, polarisation, and rotation of
the active radio region (Hess et al. 2014). Applying the physics of
vertex structures in low-frequency Jovian emission to the prop-
erties of broad burst resolved in Fig. 5 (Marques et al. 2017),
such as the left-handedness of the circular polarised light and
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direction of its frequency drift, the emission site we observed for
this burst was in the southern magnetic pole and eastern limb of
the star as it rotates counter-clockwise relative to its spin axis.
Such a conclusion is independent of magnetic field topology.

If the burst occurs 10° from the rotation axis of the star that
we are viewing equator-on implies, we can estimate the size /
of the emission site from the duration of the burst (Lynch et al.
2017) using [ = Atv, where v is the velocity of the emission region
and At is the duration over which we observe the emission. We
estimate the emission site size is ~2 x 10* km. Such a size is an
order of magnitude larger than the main-spot emission site pro-
duced by the Jupiter-Io interaction, but similar to the total spot
size if the tail is accounted (Gladstone et al. 2002; Bonfond et al.
2013). Depending on the exact location of the emission site, we
can vary the size by a factor of two but not easily by an order
of magnitude. Therefore, this implies the burst reaches extraor-
dinary brightness temperatures of ~1 x 10'® to 2.2x 107 K for
over 2.5 h. The simple loss-cone maser configuration can not
reach such high brightness temperatures (Melrose & Dulk 1982).
An efficient maser configuration, such as a horse-shoe maser
configuration (Bingham et al. 2013), is required to produce the
properties of this burst.

Melrose & Dulk (1991) demonstrated that elliptically
polarised radio emission produced by ECMI implies an
extremely low electron density n. in the emission region,
namely:

ne < a(v/25 MHz), €))

where v is the observing frequency and « is a geometric fac-
tor of order unity. Using Eq. (1), the linear polarisation of the
bright burst implies it emerged from an emission site with an
electron density <6cm™3, indicating the existence of extreme
density cavities within the magnetosphere of the radio-bright
star in CR Dra. Such emission cavities share similarities to the
emission regions of Earth’s auroral kilometric radiation (Zarka
1998), and have been suggested to exist on other active M dwarfs
despite their large coronal densities (Lynch et al. 2017; Villadsen
& Hallinan 2019; Zic et al. 2019, 2020).

The other two bursts presented in Sect. 4.4 also support that
ECMI is the emission mechanism. The burst detected during
the 2014-05-19 observation is >90% circularly polarised with
a brightness temperature >3.0x 103K and lasts ~1.1h. The
source also occurs at a similar frequency as the bright burst
presented in Fig. 4, suggesting a potentially similar emission
site location. However, the emission could extend beyond our
available bandwidth.

In contrast, the burst detected in the 2015-06-07 is broad-
band and has a factor of four faster frequency drift rate than the
other two resolved bursts. The burst also persists for 1.1 h with a
high brightness temperature >2.2 x 10'* K and >70% circularly
polarised fraction. While such broadband structure seems to sug-
gest a different emission mechanism than proposed for the other
two bursts, similar broadband and hour-long emission structures
are also observed in non-Io DAM emission from Jupiter (Zarka
1998; Hess et al. 2014). The direction of frequency drift of this
burst is also in agreement with the bright burst presented in
Fig. 4, consistent with the fact we are preferentially observing
the Southern magnetic pole of the radio-bright star in CR Dra as
it rotates counter-clockwise.

How do these bursts fit within the auroral model when the
emission is at least an order of magnitude larger than the median
detected flux density? Both Io- and non-lo-DAM emission from
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the Jovian system can vary by several orders of magnitude,
with the former largely influenced by the long term evolution
of Io’s volcanic activity and magnetic longitude, while the latter
is impacted by different Solar wind conditions (Hess et al. 2014).
Some bright non-Io-DAM emission events are shown to be asso-
ciated with ‘hotspots’ of localised precipitations along Jupiter’s
main auroral oval (Prange et al. 1993; Gladstone et al. 2002;
Nichols & Cowley 2004; Bonfond et al. 2013; Dunn et al. 2020).
We hypothesise that the bright bursts we observe are could be
to hotspots in the magnetosphere of CR Dra, where an unusually
dense and/or hot plasma facilitates highly localised and variable
auroral emission. Such anisotropic plasma distribution within
the magnetosphere of CR Dra seems reasonable to expect due
to the high flare activity of the star.

It is also plausible these ECMI bursts could be produced by
a putative terrestrial-sized planet in orbit around the star, as Io
DAM emission can exceed the intensity of non-lo DAM emis-
sion (Marques et al. 2017). However, such emission is expected
to be periodic. Interestingly, two of the three prominent bursts
we detect are close in rotational phase. If an exoplanet is close
enough to the star to drive the ECMI emission, it is possible it is
tidally locked (Barnes 2017). Alternatively, this grouping in the
bursts could have been produced by an active hotspot that existed
for at least two weeks in the magnetosphere of the radio-bright
star in CR Dra, but such an idea is challenged by the fact plasma
hotspots in Jupiter’s magnetosphere only last several days before
being expended (Gladstone et al. 2002; Bonfond et al. 2013).
Unfortunately, the complete rotational phase of CR Dra is poorly
sampled in our monitoring campaign, with more complete sam-
pling of the rotational phase required to tell if this grouping of
bursts is statistically significant.

In closing, caution is warranted in the interpretation of
the lack of periodicity in the lightcurve. We do not know the
magnetic field topology or whether the magnetic axis of the
radio-emitting star in CR Dra is aligned with its rotation axis.
Since it is possible the radio emitting star could have a toroidal or
non-axisymmetric poloidal magnetic field configuration (Donati
et al. 2008), it would result in a wider beaming geometry than
predicted by the dipolar magnetic field assumed for the discus-
sion above. Zeeman-Doppler imaging (ZDI; Morin et al. 2010)
of CR Dra will be important in determining the magnetic field
topology and the mechanism that is driving the auroral radio
emission.

6. Conclusions

We have presented and analysed =6.5days of low-frequency
(=115 to 177 MHz) monitoring data on the M dwarf flare star
binary CR Dra. Together with TESS data from three sectors, we
conclude:

— CR Dra has a photometric rotation period of 1.984 +0.003 d
and an extremely high optical flare rate of 2.30 flares per day.
Auvailable optical data also suggest we are viewing the system
at an inclination >62°, close to equator-on. We assume that
the star with the near two day rotation period signal in the
TESS lightcurve is the star emitting the radio emission.

— CRDra has a near-constant low-frequency detection rate
of 90f§% when a noise floor of ~100uJy is reached,
with a median total intensity flux density and SIQR of
0.92 +0.31 mJy. Left-handed circularly polarised light is
consistently detected from CR Dra, with the detected cir-
cularly polarised fraction having a median and SIQR of
66 +33%.
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— With a spectral classification of MO and M3 (Tamazian et al.
2008), CR Dra could contain the earliest M-dwarf known to
emit coherent radio emission.

— There is no evidence for periodicity in the low-frequency
radio data. However, the LOFAR observations were con-
ducted at similar LSTs, implying the window function could
be hiding the signal due to the nearly exactly two day rota-
tion period. The accuracy to which we know the photometric
rotation period implies future radio sampling should be con-
ducted within a time span of ~6 months to prevent large
uncertainties in rotational phase. A periodic signal in the
radio lightcurve could also be hard to identify if the radio-
emitting star in CR Dra does not have a dipolar magnetic
field topology.

— The brightest of the three radio bursts we can resolve in
dynamic spectra is elliptically polarised and reaches a total
intensity of =205 mly, implying a brightness temperature
>3.2x 10" K. This makes the burst one of the most lumi-
nous bursts observed from an M dwarf at low frequencies.
The burst is highly confined in frequency space, sweeping
through only ~4 MHz of bandwidth in ~2.5h. It also dis-
plays a mottled structure, which we suggest are unresolved
sub-bursts that have a time-frequency slope <0.15MHzs™!.
Such structures resemble coherent low-frequency emission
from Jupiter. Furthermore, it is likely the burst emerges from
an emission site of ~10* km size, indicating an extraordinary
brightness temperatures of ~10'” K. Only an efficient maser
configuration, such as a horse-shoe maser, can produce such
brightness temperatures.

— The consistent circularly polarised left-handedness of the
detections and elliptical polarisation of the bright burst make
it unlikely that plasma emission is the emission mecha-
nism producing the observed low-frequency radiation from
CR Dra. We suggest that the mechanism that produces the
persistent and bursty emission is the ECMI.

— The observed ECMI emission shares strong similarities to
non-lo-DAM emission from the Jovian system, implying
an auroral model best explains the emission properties.
However, determining the magnetic field topology of the
radio-bright star in CR Dra is required to validate if this
model is realistic.

— If the auoral model is applicable, and the radio-bright star in
CR Dra has a dipolar magnetic field, it is likely have a pref-
erential line of sight to one of the hemispheres of the star.
Assuming such emission is similar to the vertex structures
seen in Jovian emission, the observed frequency drift direc-
tion and left-handedness of the resolved bursts suggests the
star is rotating counter-clockwise and the emission we detect
is emerging from the Southern magnetic hemisphere.

An implication of our study is that CR Dra will almost always be
detected at low frequencies provided a noise floor of ~100 uJy is
reached. Furthermore, ZDI (Morin et al. 2010) of CR Dra would
be able to test if the Southern hemisphere of the star is orientated
towards us, the direction of stellar rotation, the topology of the
magnetic field, and its strength. Due to the fast rotation of one of
the stars in CR Dra, it is possible that it has a kiloGauss magnetic
field (Shulyak et al. 2019). This means the coherent radio emis-
sion from CR Dra could extend up to gigahertz frequencies, such
as those observed by the Very Large Array Sky Survey (VLASS;
Lacy et al. 2020).

A MHD model of how the stellar flares deposit plasma in the
magnetosphere of the star, and what are the necessary physical
conditions of that plasma to maintain the radio emission, would
be useful in testing our suggestion that the auroral emission can

be sustained through that pathway. Future simultaneous observa-
tions of CR Dra with TESS and LOFAR would also help test if
there is correlation between the optical and radio activity of the
star.
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Appendix A: LOFAR flux density measurements
of CR Dra
The flux density measurements and epoch information for the

LOFAR observations of CR Dra that is plotted in Fig. 3, and
used in the periodicity search, are listed in Table A.1.

Table A.1. Flux density of CR Dra in Stokes 7 and V for the epochs presented in Fig. 3.

Date Time S Sy ISv/Sil
(mJy) (mJy) (%)

2014-05-19  19:49:27.0 123 +0.23 0.90 £0.15 73+ 18
2014-05-19  22:29:26.3  3.26 £ 0.19 2.85+0.14 87+7
2014-05-20  01:09:25.5 121 £0.18 1.23+£0.14 101 +10
2014-05-20  19:46:31.0 098 £0.20  0.56 £ 0.14 57+ 18
2014-05-20  22:26:30.3 0.86+020 0.70+0.19 83 +24
2014-05-21  01:06:29.5  0.63 +0.17 0.50+0.14 80+ 16
2014-05-22  19:30:08.0 131 +0.28 0.11 £ 0.10 <32
2014-05-22  22:10:07.3 0.85+0.19 0.54+0.09 64+18
2014-05-23  00:50:06.5  0.57 £ 0.15 035+0.14 <75
2014-05-26  19:30:08.0 1.25+0.20 056=+0.13 45+ 12
2014-05-26  22:10:07.3  2.27 £ 0.30 0.81 £0.11 36 +7
2014-05-27  00:50:06.5 0.39 +0.18 0.38 £0.12

2014-06-02  19:30:08.0 10.76 +0.26  9.98 £ 0.23 93+3
2014-06-02  22:10:07.3  5.28+0.21 4.37 £ 0.20 83+5
2014-06-03  00:50:06.5 2.71 +0.22 231 +£0.16 85+9
2014-06-03  19:30:08.0  1.70 £ 0.19 091 +£0.11 53+9
2014-06-03  22:10:07.3 170 +£0.30  0.70 £0.15 41+ 11
2014-06-04  00:50:06.5  1.18 +0.17 0.85+0.15 73+ 16
2014-06-05  19:30:08.0 0.78 +0.18 049+£0.08 6318
2014-06-05  22:10:07.3  2.08 £0.20  0.56 +0.12 27+6
2014-06-06  00:50:06.5  0.81 +£0.19 074+025 92+19
2014-06-10  19:50:08.0  1.97 + 0.68 0.36 £ 0.13 <21
2014-06-10  22:15:05.3 0.38 +0.16 0.52+£0.11

2014-06-11  00:40:02.6  1.18 £ 0.27 059+0.19 50+20
2014-06-12  19:50:08.0 0.89 +0.19 046 +0.10 52+16
2014-06-12  22:09:59.3  0.70 £ 0.23 0.63 £ 0.11 90 + 26
2014-06-13  00:30:06.7  0.34 +0.17 0.47 £ 0.15

2014-06-27  20:06:06.0 0.38 £0.28  0.34 £ 0.20

2014-06-27  22:36:09.3  0.33 £0.13 0.22 £0.13

2014-07-06  19:59:08.0  0.59 +0.19 0.04+£0.12 <71
2014-07-06  22:29:12.5 097+0.25 -0.20+0.18 <60
2015-06-07  20:11:08.0 131 £0.14 0.72 £ 0.09 54+9
2015-06-08  00:01:03.1  4.74 + 0.20 214 +0.13 45+3
2015-06-12  20:11:08.0  1.20 + 0.47 0.28 £ 0.15

2015-06-17  20:11:23.0 042+040  0.52+0.18

2015-06-19  17:58:08.0  0.78 + 0.25 049 +£0.14 63+27
2015-06-19  20:31:24.7 043 +0.14 -0.12+0.12
2015-06-19  23:04:41.5 035+025 -023+0.16
2015-06-26  20:11:08.0  1.07 + 0.34 0.26 + 0.11 <31
2015-06-29  20:11:08.0  1.04 £ 0.18 047+£015 44=x16
2015-06-29  23:47:26.0 029 +0.14 -0.20 £ 0.17
2015-07-01  20:11:08.0 0.83+0.20  0.40 +0.11 49 + 18
2015-07-01  23:31:08.6  0.91 +0.25 0.27 £ 0.21 <68
2015-08-07  18:11:08.0  0.31 £ 0.17 0.03 £ 0.10
2015-08-07 21:23:24.0 0.82+0.27 -0.29+0.19 <72
2015-08-21  16:11:08.0  0.76 £+ 0.20  0.28 £ 0.11 <51
2015-08-21  18:44:24.7  0.84 £0.27 0.73 +£0.15 87+ 17
2015-08-21  21:17:41.5 107 +0.39  0.90 = 0.31

2015-08-22  16:11:08.0 0.63+0.22 054+012 8517
2015-08-22  18:44:24.7  0.95+0.16 067+012 70+17
2015-08-22  21:17:41.5 1.27+£0.29 086025 68 +25

Notes. Reported times are in UTC. S; and Sy represent the flux density of CR Dra in Stokes I and V, respectively. The date of the observations are
reported in YYYY-MM-DD format. |S /S| is only reported if the signal-to-noise ratio of the emission from CR Dra is >3¢ in both Stokes / and
Stokes V. 30~ upperlimits for Sy /S| are provided if the emission in Stokes / is >30 but <30 in Stokes V. The upperlimits are calculated using 3
times the rms noise in Stokes V.
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