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ABSTRACT

Stellar radio emission can measure a star’s magnetic field strength and structure, plasma density, and dynamics, and the stellar wind
pressure impinging on exoplanet atmospheres. However, properly interpreting the radio data often requires temporal baselines that
cover the rotation of the stars, orbits of their planets, and any longer-term stellar activity cycles. Here we present our monitoring
campaign on the young, active M dwarf AU Microscopii with the Australia Telescope Compact Array between 1.1 and 3.1 GHz. With
over 250 h of observations, these data represent the longest radio monitoring campaign on a single main-sequence star to date. We find
that AU Mic produces a wide variety of radio emission, for which we introduce a phenomenological classification scheme predicated
on the polarisation fraction and time-frequency structure of the emission. Such a classification scheme is applicable to radio emission
from other radio-bright stars. The six types of radio emission detected on AU Mic can be broadly categorised into five distinct types of
bursts, and broadband quiescent emission. We find that the radio bursts are highly circularly polarised and periodic with the rotation
period of the star, implying that the emission is beamed. It is therefore most likely produced by the electron cyclotron maser instability.
We present a model to show that the observed pattern of emission can be explained by emission from auroral rings on the magnetic
poles. The total intensity of the broadband emission is stochastic, but we show that its circular polarisation fraction is also periodic
with the rotation of the star. Such a periodicity in the polarised fraction of emission has not been observed on an M dwarf before.
We present a qualitative model to describe the periodicity in the polarisation fraction of the broadband emission, using low-harmonic
gyromagnetic emission. Using a simple qualitative model, we infer a magnetic obliquity of at least 20° from the observed variation
in polarisation fraction. Finally, we show that the radio emission might be evolving on long timescales, hinting at a potential stellar

magnetic activity cycle.
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1. Introduction

AU Microscopii (AU Mic hereafter) is an M1Ve-type star at a
distance of 9.7 pc that has been extensively studied across the
electromagnetic spectrum due to its extreme activity, proximity,
and unique planetary system (Kunkel 1970; Torres et al. 2006;
Gaia Collaboration 2021; Plavchan et al. 2020; Martioli et al.
2021). The stellar system is thought to have formed relatively
recently, with an estimated age of around 22 Myr (Mamajek &
Bell 2014). The AU Mic system consists of the M dwarf pri-
mary with a debris disk, two confirmed planets (Plavchan et al.
2020; Martioli et al. 2021), and two more candidate planets

*Dataset is available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https:
//cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/682/A170

(Wittrock et al. 2023; Donati et al. 2023). The two confirmed
planets have orbital periods of 8.46days and 18.9 days, which
makes them ideal candidates for studying young planet atmo-
spheres subjected to stellar activity.

AU Mic displays significant stellar activity, consistent with
being a young low-mass system, with a high observed flare rate
of two flares per day (Gilbert et al. 2022). These flares, as well
as the other effects of stellar activity, are important to charac-
terise as they can strongly impact the evolution of the planets
and their atmospheres (see e.g. Owen 2019, for a review), as well
as inform us about the high-energy plasma components of the
stellar corona (e.g. Giidel 2002). Stellar activity is most often
studied from X-ray to optical wavelengths, but a new genera-
tion of sensitive radio telescopes has facilitated a resurgence in
stellar radio observations (e.g. Climent et al. 2020; Zic et al.
2020; Callingham et al. 2021b). Radio observations of stars can
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provide direct measurements of the properties of the plasma
around the star, as well as the magnetic field strength of the emit-
ting body — information that is difficult, or impossible, to obtain
at other wavelengths (e.g. Dulk 1985; Osten & Bastian 2006,
2008). For example, detections of few-minute-long radio bursts
can be a direct probe of the propagation of coronal mass ejec-
tions, whereas longer-duration events could trace the trajectory
of a plasmoid (e.g Wild & McCready 1950; McLean & Labrum
1985; Dulk 1985). Other radio bursts can measure the strength
of the stellar magnetic field, from the large-scale dipole to local
small-scale variations (e.g. Llama et al. 2018).

In the Solar System, we have two archetypal examples of
bright emission at radio frequencies. The first example is the
Sun, which produces a rich phenomenology of radio emission,
including broadband quiescent emission and transient narrow-
band radio bursts (e.g. Dulk 1985). The emission on the Sun is
ultimately powered by magnetic reconnection in flares, and does
not vary periodically with the rotation of the Sun, but it does
evolve with the activity cycle of the Sun. Emission that is a direct
analogue to the solar radio emission has rarely been detected on
other stars. A potential example was found by Zic et al. (2020),
who detected a radio burst on Proxima Centauri that resembled
a solar Type IV burst.

The other archetypal radio emitter in the Solar System is
Jupiter. In contrast to the Sun, Jupiter produces periodic radio
bursts, powered by magnetospheric processes that also cause
optical and UV aurorae. We refer to these processes as auroral
in the rest of this work. The cause of the coherent radio emission
from Jupiter is twofold: (a) a breakdown of corotation between
the plasma and magnetic field in the magnetosphere, causing
radio emission that is periodic with the rotation of Jupiter, or (b)
an interaction between the Jovian magnetic field and its moons
(notably Io), producing radio emission that is periodic with the
satellite’s orbit (e.g. Zarka 1998).

Since nature produces a continuum of objects between
Solar and planetary mass scales, we expect to observe both
Solar-like and Jovian-like emission from extrasolar systems.
Jupiter-like auroral emission has been detected on brown dwarfs
(e.g. Hallinan et al. 2015; Kao et al. 2016; Kao & Pineda 2022).
This is not unexpected, as we expect most brown dwarfs to have
magnetospheres with low plasma densities and high magnetic
field strengths, similar to Jupiter. Although auroral radio emis-
sion is not seen on the Sun, it is possible that other stars, in
particular stars with strong magnetic fields, may produce auroral
emission as well. Early-type magnetic stars are indeed known
to produce rotationally modulated pulsed emission similar to
Jupiter (e.g. Leto et al. 2017, 2019, 2020). In addition, there
have been recent suggestions of auroral radio emission from
some M dwarfs (e.g. Villadsen & Hallinan 2019; Zic et al. 2019;
Callingham et al. 2021b,a; Bastian et al. 2022). To confirm that
the emission of an object is auroral in nature, a clear detection
of periodicity, preferably with a known period in the system,
is required.

The second type of radio emission detected from the Jupiter
system is the Jupiter-Io interaction. An analogue of this pro-
cess is predicted to be produced from stellar systems, with a
star taking the place of Jupiter and a planet the place of Io (e.g.
Zarka 2007; Hess & Zarka 2011; Saur et al. 2013; Lazio et al.
2016; Vedantham et al. 2020; Kavanagh et al. 2021; Kavanagh
& Vedantham 2023). At the time of writing, there have been
several suggested detections of a star-planet interaction (SPI)
in M dwarf systems (Vedantham et al. 2020; Pérez-Torres et al.
2021; Callingham et al. 2021a; Pineda & Villadsen 2023; Trigilio
et al. 2023), although none have been explicitly confirmed yet. A
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confirmation again requires a clear detection of periodicity, in
this case at the orbital or synodic period.

Considering the strong magnetic fields required for auroral
processes, either induced by a planet or powered by the star
itself, to be detectable at gigahertz frequencies, M dwarfs are
great targets to find evidence of these types of emission. Fur-
thermore, M dwarfs often produce more detectable bright optical
flares than the Sun (e.g. Giinther et al. 2020). For these rea-
sons, many M dwarfs have been studied at radio frequencies.
Fomalont & Sanders (1989) and Burgasser & Putman (2005)
detected several M dwarfs at 4.8 GHz, but were limited in their
interpretation by the narrow bandwidth of their observations.
More recently, Villadsen & Hallinan (2019) detected a total of
22 bursts on five different M dwarfs. Callingham et al. (2021a)
detected three bursts on CR Dra in the longest monitoring cam-
paign of an M dwarf with LOFAR. At those same frequencies,
Callingham et al. (2021b) detected 19 M dwarfs in Stokes V.
Zic et al. (2019) detected rotationally modulated pulses on UV
Ceti with ASKAP, with a strong periodicity at the rotation rate
of the star. These results show that M dwarfs can produce highly
circularly polarised radio bursts that last for more than an hour
that show similarity to Jupiter’s radio emission. Despite the
number of radio detections of M dwarfs, no single M dwarf has
ever been studied for enough time to fully explore the complete
phenomenology of radio emission. To explicitly confirm the sug-
gestion that M dwarfs are similar to Jupiter in terms of their
radio emission, we require a clear detection of periodicity. Such
a result can only be achieved with a large campaign on a single
M dwarf, consisting of enough data to cover several rotations of
the star.

Considering the previous detections of M dwarfs, AU Mic is
an ideal target to observe at radio frequencies, based on both its
magnetic field strength and its high activity level. The maximum
magnetic field strength has been measured to be of the order of
1-2kG (Kochukhov & Reiners 2020; Klein et al. 2022; Donati
et al. 2023), which would result in electron cyclotron maser emis-
sion (ECMI; see Sect. 5) at a frequency of 1-5 GHz. The plasma
density, estimated to be greater than 10! cm~3 (Bloomfield et al.
2002), would also result in plasma emission around 1-3 GHz.
Furthermore, Kavanagh et al. (2021) predict that AU Mic could
have a planet within the Alfvén surface, potentially allowing for
radio emission to be produced through SPI at frequencies in the
gigahertz regime.

Radio emission in the gigahertz regime has previously been
detected on AUMic. Cox & Gibson (1985) detected time-
varying emission from AU Mic, which increases in brightness
with frequency, up to 17 GHz. Kundu et al. (1987) detected a
bright, strongly circularly polarised burst with the Very Large
Array (VLA) at 1.4 GHz that faded during their 3.5 h observa-
tion, which they interpret to be likely driven by ECMI. However,
this could not be confirmed as the frequency coverage was too
small to detect structure.

In this work, we present a year-long monitoring campaign of
AU Mic using the Australia Telescope Compact Array (ATCA)
L-band receiver, consisting of over 250 h of data. Our observa-
tions have a large fractional bandwidth, between 1.1 and 3.1 GHz,
allowing us to analyse the time-frequency structure of AU Mic’s
radio emission in detail. The long time baseline of our obser-
vations allows us to perform a high-fidelity periodicity search
over frequencies that cover the rotation rate of AU Mic and the
orbital period of its innermost planets. Finally, with the long
observing period and regular sampling, we can draw conclu-
sions about the variation in radio emission on both short and
long timescales.
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With this dataset, we aim to describe and catalogue the radio
emission detected on AU Mic in a classification system that can
encompass other radio stars as well. We also aim to search the
data for periodicity, to confirm the emission mechanism and
determine the location of origin of the emission.

In Sect. 2, we describe the data and methods used in this
work. Section 3 describes the detected radio emission, as well
as a classification system based on the observed morphology of
emission. Section 4 describes the brightness distribution of the
emission. In Sect. 5, we discuss the implications of the detected
emission for the structure of the corona of the star. Section 6
covers the search for periodicity in the data, as well as the inter-
pretation of the signal. Finally, in Sect. 7, we discuss possible
long-term variations in the radio emission.

2. Radio observations and data reduction

We observed AU Mic regularly with the ATCA (Project IDs:
C3267, CX513, and C3506, PI: Callingham; and C3469, PI:
Climent) between March 2022 and March 2023, totalling over
250h. The observing setup and epochs are listed in Table 1.
All observations were conducted at 1.1-3.1 GHz using the
2GHz Compact Array Broadband Backend (CABB; Wilson
et al. 2011). The configuration of the array in the differ-
ent epochs varies, with most observations conducted with the
array in a standard 6-km configuration. All observations were
taken using a 10s integration time, except for the epoch taken
on 2022-07-17, which was observed using a 3s integration
time. All observations were taken with 1 MHz channel widths,
except the 2022-06-03 epoch, which had the correlator set up to
have channel widths of 64 MHz. Due to the poor radio-frequency
interference (RFI) conditions at these frequencies, nearly all of
the data of this epoch was flagged. As such, we exclude this
epoch from our analysis but mention it for completeness. The
other epoch that resulted in no reliable data was 2022-08-03, as
it contained only 15 min on source at low elevation. The second
half of the 2022-11-13 epoch also produced unusable data due
to a nearby thunderstorm. During several of our epochs, one of
the antennae of the ATCA was not included. For the 2022-09-
15 epoch, antenna CAO04 was offline. Antenna CAQl was not
available on 2022-12-08. During the epochs in February and
March 2023, antenna CA06 was not available. On 2023-03-08,
antenna CAO2 had to be disconnected soon after the start of the
observation.

All of our data were reduced using CASA (v 6.4, CASA Team
et al. 2022). Due to the radio frequency interference (RFI) con-
ditions at 1-3 GHz, on average 50-60% of the data was flagged.
The data was flagged using the tfcrop algorithm, combined
with manual flagging after visual inspection. A number of short
baselines were flagged completely when the RFI was too strong
to salvage them.

In all observations, we use PKS B1934-638 as the flux den-
sity and bandpass calibrator, and PKS 2058-297 or PKS 2032-
350 as the phase calibrator. PKS2058-297 was used for the
majority of observations, with PKS 2032-350 only being used
for the observations marked with 1 in Table 1. PKS B1934-638
was observed at the start and end of each observation, in scans
lasting between 5 and 10 min. The phase calibrator was observed
for 5 min after every 30 min on source in observations conducted
up to and including September 2022, and for 2.5 min after every
40 min on target during the epochs after September 2022.

We first determined the gain, bandpass, polarisation and
polarisation leakage solutions on the flux density calibrator,

Table 1. Summary of the observations used in this work.

Epoch Array configuration Duration (h)
2022-03-02 6A 2
2022-03-06 6A 3
2022-04-17 1.5A 10
2022-04-18 1.5A 10
2022-05-29 H214 5
2022-06-23™ H214 4
2022-07-17 H214 5
2022-07-25 H214 7
2022-07-31 H168 7.5
2022-08-03™ H168 0.5
2022-08-18 H168 5
2022-08-19 H168 5
2022-09-09" 6D 6
2022-09-09 6D 3.5
2022-09-10" 6D 6
2022-09-11" 6D 6
2022-09-12 6D 6
2022-09-131 6D 6
2022-09-14" 6D 6
2022-09-15" 6D 6
2022-09-15 6D 6
2022-09-16" 6D 6
2022-09-17" 6D 6
2022-10-02 6D 6
2022-10-07 6D 4
2022-10-24 H214 5
2022-10-27 H214 8
2022-11-06 EW352 9.5
2022-11-13 6C 4
2022-11-23 6C 5
2022-11-27 6C 4
2022-12-08 6C 4
2022-12-09 6C 4
2022-12-25 6C 9.5
2022-12-31 6C 10
2023-01-19 6C 8.5
2023-02-02 6C 9
2023-02-04 6C 6
2023-02-26 1.5B 10.5
2023-03-01 750C 8
2023-03-03 750C 10.5
2023-03-08 750C 4
2023-03-18 750C 6
2023-03-31 750C 6.5

Notes. “Epochs where the data were not salvageable. All epochs used
PKS 2058-297 as a phase calibrator, except the epochs marked with 7,
which used PKS 2032-350. The total amount of usable observing time
is around 255 h.

using a solution interval of 60s. After transferring these solu-
tions to the phase calibrator, we use the qufromgain task from
the atca.polhelpers package for linear polarisation calibra-
tion. The combined solutions were then transferred to the target.
To create dynamic spectra in both Stokes I and Stokes V! of our

1" 'We define the sign of Stokes V as right-handed circularly polarised
emission minus left-handed circular polarised emission, in agreement
with the IAU convention (Hamaker & Bregman 1996).
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data, we first subtracted all Stokes / sources other than AU Mic.
We did so by first imaging the data over 9600 by 9600 pixels
(4° by 4°), using a pixel size of 1.5” using WSclean (Offringa
et al. 2014). The WSClean model of the field (not including
AU Mic) was then subtracted from the calibrated visibilities
using the CASA task uvsub. We then used DP3 (van Diepen
et al. 2018) to phase-shift each measurement set to the exact
measured location of AU Mic in each epoch, determined based
on the Stokes / detection of AU Mic. Phase shifting ensured that
AU Mic’s emission only appeared in the real part of the visi-
bility. From the phase-shifted measurement sets, we read in the
residual visibility data using the pyrap package”. The visibilities
were then averaged across baselines which corresponds to natu-
ral weighting. The noise in the resulting dynamic spectrum was
often too high to be able to resolve any structure, so we binned
this data both in time and frequency. The averaging of the data
was performed heuristically based on the signal-to-noise ratio
to reliably resolve small-scale structures. While the real part of
the averaged visibility in each bin gave us the flux density of
AU Mic, the standard deviation of the imaginary part gave us the
empirical measurement noise.

Technical challenges

The majority of our observations were taken in a non-hybrid
array, meaning all baselines lie in the east-west direction.
This results in some unique challenges when discerning small
timescale variations. When the array is in an east-west configu-
ration, the instantaneous point-spread function (PSF) is narrow
along the east-west axis, but extremely long along the north-
south axis. This one-dimensional PSF produces an insidious
sidelobe contamination from nearby sources in the dynamic
spectra.

In the dynamic spectra, sidelobes of nearby sources appear
as arcs in time-frequency space. The shape is caused by the
sidelobes of these sources changing as a function of frequency,
combined with the rotation of the sky, leading to the sidelobes
sweeping across the phase centre. In most cases, this does not
affect our interpretation, as these arcs are easy to recognise.
However, when the one-dimensional instantaneous PSF of a
source, either in the primary beam or in the sidelobes of the
beam, lines up exactly with the phase centre, it may produce a
structure not dissimilar to a solar Type II burst (Dulk 1985), last-
ing for a few minutes with a tentative sweep structure. The flux
density of this structure will be the flux density of the original
source without primary-beam correction. We largely mitigated
this effect by subtracting the model of all sources in the field, but
this did not fully remove the patterns in time-frequency space.
The patterns have a predictable structure in the dynamic spectra
and can readily be excluded from analysis. Nevertheless, we cau-
tion the reader that narrow time-frequency structures in Stokes /
dynamic spectra must be treated with caution.

Stokes V dynamic spectra are not affected by sidelobes of
nearby sources, as there are no other bright circularly polarised
sources within our field of view. Polarised emission can there-
fore be reliably identified. Small-scale variations in time and
frequency of unpolarised emission is more difficult to identify.
In cases where the Stokes/ dynamic spectrum shows interest-
ing structure, we re-calibrated the data as carefully as possible to
decrease the effect of sidelobes. Even after this process, Stokes /
time-frequency structure should be interpreted with caution.

2 See https://code.google.com/archive/p/pyrap/
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3. Phenomenology of radio emission

As this is the longest radio monitoring campaign on a star
outside the Solar System, we can search for patterns in the time-
frequency structure of the emission. We detect radio emission
on AU Mic in 40 out of our 42 epochs. The type of emission
we detect varies significantly. In this section, we highlight the
different categories of radio emission detected in our survey, and
present a classification scheme based on the observed properties.
The classification scheme is purely phenomenological, based on
the observed time-frequency structures and polarisation prop-
erties of the emission. Although it partially overlaps with the
solar radio burst classification, this system is designed to apply
to a wider variety of stars, in particular those with strong mag-
netic fields. We demonstrate how this scheme can be applied to
radio emission detected from other M dwarfs in the literature.
Table 2 shows the descriptions of the different types of emission,
including their classification. We also list the likely emission
mechanism. Examples of each category detected on AU Mic are
shown in Fig. 1.

The Type A broadband emission shown in Fig. 1a increases
in brightness around halfway through the observation. We only
detect such a strong variation once in 40 detections of Type A
emission. Although Type A emission is in general not strongly
variable on a timescale of hours, the flux density of this emis-
sion varies by over an order of magnitude between observations.
The handedness of polarisation of the types of emission varies.
Most types of emission can produce both left-handed and right-
handed emission. Type E bursts seem to be an exception, as both
detections of this type of emission show right-handed circular
polarisation. However, the number of detections is too small to
draw any conclusions.

Classifying literature detections of stellar radio bursts

With the classification system we have developed, we can go
back to previously published work and determine whether it can
potentially be universally applied to other radio bright stars. Pre-
vious radio detections of AU Mic by Kundu et al. (1987) showed
a coherent burst on a timescale of hours. The data was taken with
the VLA before the broadband back-end was installed, so the
frequency structure of the burst remains unclear. Based on the
timescale, we suggest that this burst most likely fits into Type B,
Type C or TypeF. Another radio detection of AU Mic (Cox &
Gibson 1985) shows a broadband emission pattern between 1
and 15 GHz, resembling the Type A emission presented in this
work.

Several literature examples of detections of bursts from other
M dwarfs are also available. For example, Villadsen & Hallinan
(2019) detected 22 coherent bursts from a sample of M dwarfs —
a study very much complementary to our own, except covering
a sample of M dwarfs, instead of a single star for hundreds of
hours. Based on the published dynamic spectra of these stars,
we would classify the emission in their 13 epochs as five to six
Type F bursts, three Type B bursts (on YZ Canis Minoris and
AD Leonis), two bursts that are classified as Type B and C, one
Type D burst, and eight to nine epochs with Type A emission.

A few of the bursts observed by Villadsen & Hallinan (2019)
do not fit neatly into our categories. These bursts are very broad-
band and short compared to the structures we see on AU Mic.
These could be even faster sweep bursts than those detected
on AU Mic. We note that most of these bursts are detected on
UV Ceti, which is an M6 dwarf, the latest spectral type in their
sample. Other works on UV Ceti, such as Zic et al. (2019) and
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Table 2. Summary of our classification system for the different types of radio emission detected on stars.

Classification Type (N, M) Timescale Bandwidth IVI/I  Internal structure Interpretation
(Fractional width)
Type A Broadband emission (40,42) >3h >2GHz <30% Smooth emission in time and frequency. Incoherent
1) The spectrum has a positive spectral index. (Gyromagnetic)
Type B Confined burst (6,42) 3-6h 200-500 MHz >90% Bursts that are strongly confined in frequency. Coherent
(0.1-0.5) Do not show prototypical internal frequency structure. (ECMI)
Type C Slow sweeps (9,42) 1-3h 200-500 MHz >90% These bursts move to lower or higher frequencies over time. Coherent
(0.07-0.5) Do not change direction in frequency and can have multiple lanes of (ECMI)
emission.
The drift rate is SMHz min™! or lower.
Type D Fast sweeps (1,42)  0.5-1h  400-700 MHz >90% Bursts with larger drift rates around 50 MHz min~". Coherent
(0.13-0.6) They can have several sweeps in a short time, (ECMI)
which might not move in the same direction.
Type E Shot bursts (2,42) <15min <100 MHz >50% These bursts look like bullet holes in the dynamic spectrum. Coherent
(<0.025) They are strongly confined in both frequency and time. (ECMI?)
No detected internal time-frequency structure.
Type F Irregular bursts (4,42) 1-6h  0.3-1.5GHz >90% Similar to the confined and sweep bursts, but less constrained. Coherent
0.1-1) Moves around in frequency and can change directions. (ECMI)
Type G Pulse bursts - Smin-1h 60MHz-6 GHz >90% These bursts are broadband and often last a few minutes. Coherent
(>0.5) They can have strong variations on short timescales. -)

Not detected on AU Mic.

Notes. Examples of each category detected on AU Mic are shown in Fig. 1. Several bursts fit into more than one category, in which case they are
counted in both. There can also be multiple separate types of emission in one epoch. (N, M) indicates the number of epochs in which emission of
that type has been detected, compared to the total number of epochs. IVI/I shows the absolute value of the circular polarisation fraction. The last
column shows whether this type of emission is coherent or incoherent, along with our interpretation of this type of emission when detected on

AU Mic.

Bastian et al. (2022), show similar structures of bursts sweep-
ing extremely quickly in frequency and lasting for ~10 min. To
make our phenomenological classification scheme more univer-
sally applicable, we added Type G to our classification system.
Type G bursts include broadband bursts that can last for a few
minutes up to an hour. The prototypical examples for this cate-
gory are two bursts observed by Villadsen & Hallinan (2019) on
UV Ceti, on 2013-05-26.

On YZ Ceti, Pineda & Villadsen (2023) detected two coher-
ent bursts and broadband emission. The broadband emission fits
into Type A, whereas the two coherent bursts fit into Type G.
Osten & Bastian (2006, 2008) observed a number of radio bursts
on AD Leonis, which we classify as Type G and one Type F. On
EQ Pegasi, Crosley & Osten (2018) detect a burst that we clas-
sify as Type E. At lower frequencies, Callingham et al. (2021b)
detected several radio bursts on CR Draconis. Of these bursts, we
classify one as a Type C burst and two as a Type G burst.

In conclusion, all types of bursts that we detect on AU Mic
also occur on other M dwarfs. One category of bursts in our clas-
sification scheme is not detected on AU Mic, but is detected on
several other M dwarfs. Our classification scheme can be of use
to future studies of radio stellar systems as a way to compare
the multi-dimensional time-frequency structure discussion that
occurs with high-resolution dynamic spectra.

4. Brightness distribution of the bursts

As stated in Sect. 3, AUMic produces strongly variable radio
emission. In this section, we present the brightness distribution
of the radio bursts. Such a distribution has not been done in the
radio regime for a single star, but can be critical in determining
whether low or high energy flares are heating the corona of the
star (Kashyap et al. 2002).

We exclude the Type A broadband emission in calculating
the distribution. We only consider clear bursts because Type A
emission often occurs in combination with a burst, and disen-
tangling the peak fluxes of the two different types of emission is
difficult. Therefore, we focus on only the Stokes V emission from
coherent bursts, as it is the most reliable and the least affected by
Type A emission. For this analysis, we count bursts as separate if
they are not overlapping in time-frequency space.

The Stokes V flux densities used here are determined by bin-
ning the emission to 15 min and 50 MHz. For each burst, we use
the flux density of the bin with the highest signal-to-noise value,
where the error is determined by taking the standard deviation of
the imaginary component of all data points in each bin.

As our sensitivity varies slightly between observations due
to different numbers of antennae and variable RFI conditions,
the exact level of completeness is unclear. To be conservative,
we only include bursts with a peak flux density in Stokes V
over 2mlJy. Figure 2 shows the distribution of luminosities of all
bursts that satisfy this requirement. We note that the luminosity
was calculated assuming isotropic emission. The emission could
be beamed as well, in which case the luminosities given here are
overestimated. The error bars are determined using a prescrip-
tion for low-number statistics by Gehrels (1986). The number
of bursts above our threshold is high considering previous radio
studies of stars, but low when compared to studies of flares at
other wavelengths (e.g. Giinther et al. 2020; Gilbert et al. 2022).

While we are impacted by small number statistics, the dis-
tribution clearly shows a higher number of bursts at a low flux
density when compared to the brightest bursts. We fitted a power
law model to the data, described by

N(S) = No(%)ﬂ, (1)

where N is the normalisation constant, S is the flux density, and
B is the index of the power law. The best-fit result is shown in
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Fig. 1. Dynamic spectra of the 6 different types of emission detected on AU Mic. Note that the colour scale and the axes are not the same for
each figure. Panel a is binned into time bins of 30 min and frequency bins of 100 MHz. Panels b through e are binned into time bins of 1 min and
frequency bins of 8 MHz, and panel f is binned into time bins of 3 min and frequency bins of 16 MHz. For each plot, the colour bar shows the flux
density, with frequency on the vertical axis and time on the horizontal axis. On the top, a light curve is plotted, averaged over all frequencies. To

the side, we plot a spectrum of the emission, averaging over all time integrations. White regions in the plots indicate parts of the data that have
been completely flagged.
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Fig. 2, with Ny = 25 £ 13 and 8 = —2.0 £ 0.75. The uncertainties
on these values are too large to test whether low or high energy
flares play a dominant role in coronal heating. However, this is
the first measurement of burst radio luminosity distribution on a
star other than the Sun.

Extrapolating the best-fit relationship to lower flux density
values, we can determine how many bursts would be observed
with a more sensitive instrument. The noise of MeerKAT at
a similar time-frequency resolution is approximately 0.12 mlJy.
Setting the detection threshold at 5o, we find that MeerKAT
should detect around 2.5+1 times as many bursts as ATCA. How-
ever, as discussed in more detail in Sect. 6, the dominant factor
that determines whether a burst is observed is most likely not the
sensitivity of the instrument.

5. Emission mechanism

With the large amount of radio data and the categorisation of
emission, we now detail the likely emission mechanism behind
each observed type. Here, we split the observed emission into
two overarching categories: radio bursts, consisting of all coher-
ent emission, and broadband emission, consisting of only Type A
emission.

5.1. Radio bursts

The observed radio burst structures can be produced in sev-
eral ways. The bursts are highly circularly polarised, showing
that they must be produced through a coherent emission mech-
anism. The possible coherent emission mechanisms are plasma
emission and the electron cyclotron maser instability (ECMI).

5.1.1. Plasma emission

First, we consider plasma emission. The frequency at which this
emission is produced is given by

Ne

1/2
v 9000 (") H, @

cm™3

and its harmonics, where v, is the plasma frequency and 7. is
the local electron density (Dulk 1985). Due to the high observed
circular polarisation fraction that is often close to 100%, the
emission would have to be fundamental plasma emission. The
emission can be produced if there is a population of high-energy
electrons that causes a bump-in-tail instability, which generates
Langmuir waves. On the Sun, plasma emission often produces
short bursts that last for a few seconds to a few minutes, with a
comparatively low luminosity. The bursts we see on AU Mic are
generally on a timescale of hours, and very luminous. The only
type of solar burst on a similar timescale and energy level is the
moving Type IV burst. These bursts are thought to be caused by
a moving plasmoid that is slowly expanding in the Solar corona,
leading to a slow drift to lower frequencies, similar to the Type C
emission described in Sect. 3.

The handedness of the circularly polarised component of
plasma emission depends on the direction of the magnetic field
in the region of emission. Radiation can be produced in ordi-
nary (o-mode) or extraordinary mode (x-mode). These modes
are defined relative to the direction of the magnetic field at the
location of emission. While plasma emission can be produced
both in o- and x-mode, x-mode emission can only propagate at a
frequency above the x-mode cutoff (Benz 2002), given by

1 1
Vo + szB + 57, 3)

Vx =

where vg is the cyclotron frequency, given by

vg ~ 2.8 X 106( ) Hz. 4)

Gauss

At the fundamental, the emission is therefore close to 100%
circularly polarised in the sense of the o-mode.

Assuming that this emission is fundamental plasma emis-
sion, the frequency where the emission is produced results
in a local plasma density between 1.5x10'cm™ and
1.2x 10" cm™3. These numbers are in agreement with measure-
ments of the plasma density on AU Mic (e.g. Bloomfield et al.
2002), although it is unclear whether these measurements truly
represent the base plasma density, or if they represent local
variations in density, for example those caused by flares. The
brightness temperatures of the bursts range from 3 x 10° K to 6 x
10'° K if we assume the source covers the entire stellar disk. This
range can be fully explained by fundamental plasma emission,
which has a brightness temperature limit at 10'5 K (Dulk 1985).

5.1.2. Electron cyclotron maser instability

The other coherent emission mechanism, ECMI, also produces
highly circularly polarised bursts. The requirement for ECMI
emission to be produced is a population of high-energy electrons
with a population inversion, often assumed to be a loss-cone or
a horseshoe distribution (Treumann 2006). This emission is pro-
duced at the harmonics of the cyclotron frequency, vg, which, in
the non-relativistic limit, only depends on the ambient magnetic
field strength, B, as shown in Eq. (4). ECMI can be produced
in both the large-scale field, as seen on Jupiter (e.g. Marques
et al. 2017), and in small-scale loops as seen on the Sun (e.g. Yu
et al. 2024). If the emission is driven by ECMI, the frequencies
at which we have detected bursts from AU Mic imply the star
possesses magnetic field strengths between 390G and 1.1 kG.
These values are in agreement with the measured maximum sur-
face magnetic field strength of 1-2kG from Zeeman-Doppler
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imaging (ZDI) maps (Kochukhov & Reiners 2020; Donati et al.
2023). Assuming a maximum dipole surface strength of 2 kG,
ECMI emission at the fundamental can be produced at most 0.8
stellar radii away from the surface. If the emission is at the sec-
ond harmonic of the cyclotron frequency, it can be produced at
most 1.2 stellar radii from the surface.

ECMI can produce high brightness temperatures, having a
higher brightness temperature limit than plasma emission. The
brightness temperatures of the bursts are consistent with both
ECMI and plasma emission. However, unlike plasma emission,
ECMI emission is strongly beamed as it is emitted along the thin
surface of a cone with a wide opening angle and axis aligned
with the ambient magnetic field vector (Melrose & Dulk 1982).
This, when combined with rotation, results in burst structures
in the pattern of emission. On Jupiter, which also produces
radio emission through ECMI, the bursts often look like arcs
that last for a few hours, with the direction of the frequency
sweep depending on the side of the cone we are observing
(Marques et al. 2017). The frequency structure of the emission
is determined by how the cone width varies with frequency. As
a function of time, ECMI bursts can move to higher and lower
frequencies, or remain at the same frequency, depending on
the beaming configuration of the system. Since this emission is
strongly beamed, it is often only visible for a fraction of the time.

The handedness of the circular polarisation of ECMI also
depends on the local direction of the magnetic field, similar to
plasma emission. The expected mode of emission depends on
the local plasma density. While both o- and x-mode can be pro-
duced, the growth rate of x-mode dominates when v, /vy < 0.05
(Hewitt et al. 1982). At higher densities, the o-mode growth rate
dominates at the fundamental harmonic, up to v,/vg > 1.0. At
the second harmonic, the x-mode dominates.

ECMI is thought to be strongly absorbed at the harmonics
of the cyclotron frequency (e.g. Melrose & Dulk 1982), which
would make escape from the corona highly unlikely. However,
ECMI has been detected on several occasions (e.g. Zic et al.
2019; Callingham et al. 2021b; Bastian et al. 2022), showing
that the emission can escape. While some explanations have been
offered, the escape of ECMI from stellar magnetospheres is still
an unsolved question.

Based on only the observed time-frequency structure and
brightness temperature, it is not possible to uniquely determine
the emission mechanism driving the bursts. To confirm that the
emission is driven by ECMI, we need to know if the emission is
beamed. This will be discussed in more detail in Sect. 6.

5.2. Broadband component—gyromagnetic emission

In most epochs, we detect unpolarised or mildly circularly
polarised broadband emission, which we classified as Type A.
The broadband emission is very different in time-frequency
structure from the bursts. It is smooth in both time and fre-
quency, with no sudden variations or extreme cut-offs. The
circular polarisation fraction is also much lower, being at most
around 30%. Although such characteristics imply an incoherent
emission mechanism is responsible for generating the emission,
it is possible to create such polarisation fractions with a coherent
mechanism as well, when averaging over many emission sites
across the entire surface of the star. However, since the broad-
band emission is smooth, broadband, and of a longer duration
than the bursts, we think it is unlikely the emission is caused
by either plasma emission or ECMI. We can also rule out that
the detected emission is thermal emission. Although thermal
emission can produce a spectrum similar to what we observe on
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AU Mic, it cannot reproduce the brightness temperatures of the
detected emission (Dulk 1985), which range from 3.6 x 108K
to 7.25 x 10° K, assuming the source of the emission covers the
entire stellar disk and the radius of the star is 0.75 solar radii
(Plavchan et al. 2020). The source of emission may be larger, as
the emission may be produced further away from the star. This
would result in lower brightness temperatures compared to those
listed here.

Having ruled out other emission mechanisms, we determine
that the most probable emission mechanism of this broadband
emission is incoherent gyromagnetic emission, which produces
broadband emission that is roughly constant over time. The fre-
quency at which the emission peaks is determined by the strength
of the magnetic field in the emitting region, momentum dis-
tribution of charges, and the angle between the emission and
the magnetic field (Rybicki & Lightman 1979). For commonly
encountered momentum distributions, at frequencies above the
peak, the emission is generally expected to look like a power
law with a negative spectral index, whereas the emission at fre-
quencies below the peak is self-absorbed, leading to a positive
spectral index with a limit of +2.5 (Rybicki & Lightman 1979).
The emission can be mildly circularly polarised, in the sense of
the o-mode below the turnover frequency and in the sense of the
x-mode above the turnover frequency.

The spectrum and brightness of gyromagnetic emission can
vary over time, as it depends on the underlying electron dis-
tribution. This agrees with our data, as the brightness of the
broadband emission detected on AU Mic varies per epoch by
over an order of magnitude.

In our observations, we see some variety in the frequency
structures of the quiescent, constant background emission. In
some epochs, the spectral index of emission is positive and close
to flat. In general, the spectral index of the emission is between 0
and 1. We do not see a clear turnover in the data, which implies
that either the peak frequency is not within our observing band,
or that we are seeing multiple populations of electrons produc-
ing the emission, leading to a number of peaks that are not
distinguishable with our signal-to-noise ratio.

Fitting the radio spectrum requires radiative transfer calcula-
tions with a realistic spatial distribution of charges and magnetic
field strength. We leave this for future work. Instead, we check
if approximate fitting formulae for gyromagnetic emission yield
an energetically feasible accelerated charge population. We apply
Eq. (18) from Giidel (2002), assuming a magnetic field of 1 kG, a
peak frequency of 3 GHz, a scale length equal to the radius of the
star, and § = 2, to determine the density of electrons with ener-
gies above 10keV. We find a density of the order of 103cm™.
These particles constantly lose energy through Coulomb col-
lisions, following Eq.(2) from Bai & Ramaty (1979). For a
thermal plasma density of 10° cm™3, we find that the energy sup-
ply rate must be ~ 3x 10> erg s~! to compensate for these losses.
The soft X-ray luminosity of AU Mic is ~10% erg s~! (Pallavicini
et al. 1990), so there is sufficient energy available in the corona
to sustain the radio-emitting electron population.

6. Periodicity analysis

As stated in Sect. 1, a star can produce radio emission by itself
or through an interaction with a companion. When the star pro-
duces radio emission without a companion, it can be periodic
with the stellar rotation or completely random in phase, depend-
ing on the type of emission. If the emission is produced through
an interaction with a companion, the emission is expected to be
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Fig. 3. Results of the periodicity analysis on the Stokes V' light curve. Panel a: Lomb-Scargle periodogram of our Stokes V light curve, as shown
in blue. The red line marks the rotation period of AU Mic (Plavchan et al. 2020). There are no strong peaks associated with the periods of the
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campaign at MJD 60035.1.

periodic with the orbital period of the companion or the synodic
period of the companion and the star, although this depends on
the geometry of the system (Kavanagh & Vedantham 2023). A
detection of periodicity can therefore help to distinguish emis-
sion mechanisms and their possible causes. In this section, we
create periodograms of the light curve of AU Mic to search for
such a periodicity.

6.1. Phase coverage

Our observations are spread over 13 months, with epochs dis-
tributed fairly sparsely, resulting in a few epochs per month.
The exception to this is the section of the observing campaign
in September 2022, where we observed AU Mic for at least 6 h
every day for 9 days. Looking at the rotation period of the star
and the orbital periods of the planets in the system, all periods
are sampled fairly well, with no large gaps in the phase coverage.

In what follows, with each periodogram of the data, we also
present the periodogram of the window function for that data set.
In general, we find no significant peaks in the window function
that have strong associated components in the periodogram of
the data. The strongest peak in the window function is located at
a period of 23 h and 56 min, or exactly one sidereal day. This
peak is caused by the observing constraint that we can only
observe AU Mic when it is above the horizon in Narrabri. The
peak is strong because the observing campaign lasted for over a
year, making the effect clearly noticeable.

6.2. Lomb-Scargle periodogram

To search for periodicity in the radio data, we first created a light
curve in both Stokes V and Stokes /. We binned the data used for
the dynamic spectra in 1-h time bins and averaged over the entire
bandwidth. Such averaging often underestimates the maximum
flux density, since some bursts are narrow in frequency, but it
is the most impartial approach to forming the light curves con-
sidering the variety of emission we have detected. The Stokes V

light curve is more reliable than the Stokes 7 light curve since the
Stokes V data are not affected by sidelobe noise.

The first method we use to search for periodicity in the
light curve is the Lomb-Scargle periodogram as implemented
in ASTROPY (Lomb 1976; Scargle 1982; Astropy Collaboration
2013). Figure 3a shows the Lomb-Scargle periodogram of the
entire Stokes V' light curve, with a vertical dashed line indicat-
ing the frequency of the rotation period of AU Mic. We observe
a strong peak at a period of 4.876 days, which is conspicu-
ously close to the stellar rotation period of 4.86 + 0.01 days, as
reported from TESS measurements (Plavchan et al. 2020). This
peak does not exist in the window function. The false alarm prob-
ability (FAP) of such a peak between a frequency of 0.01 and
2.0 per day, calculated by randomly shuffling the observations, is
0.0019%. The other peaks in the periodogram do not correspond
to any known physical periods of interest in the system. Notably,
we do not identify any peaks corresponding to the orbital peri-
ods of the planets (8.46 and 18.9 days, Plavchan et al. 2020 and
Martioli et al. 2021), or their synodic periods relative to the
stellar rotation (11.4 and 6.54 days).

Additionally, we split the data in several different ways to
test if the detected periodicity is always present. We are essen-
tially performing jackknife tests to assess the reliability of the
periodicity detection and, potentially, provide insight into what
radio emission mechanisms are operating. For the first cut, we
use only the data from 2022, excluding the data sets from 2023.
With this cut, the periodogram looks almost identical to that of
the full data set, with a very similar peak to the original. The
peak is shown in Fig. 4. The period associated with this peak
is 4.869 days. The second cut we do is using only the data from
2022-07-31 to 2022-12-31. This cut is motivated by the fact we
detect the majority of bursts in this time baseline, compared to
the much smaller number of bursts in the rest of the data. With
this selection, the peak in the periodogram is at 4.860 days, con-
sistent with the measured rotation period of 4.86 days, within our
precision. The three periods found with the different cuts are all
very similar and the peaks in the periodograms show complete
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2022-12-31, during which AU Mic was most active in our observations.

overlap. We therefore conclude that the detection of periodicity
is robust and present over the entire monitoring period.

We also phase-wrap the Stokes V' light curve to 4.86 days,
shown in Fig. 3b. The periodicity in the emission is clearly
visible by the two peaks in emission, offset approximately
180 degrees in phase.

With a clear periodicity in Stokes V data, we repeated the
same analysis on the Stokes / light curve. However, as shown in
Fig. 5a, there is no peak at the rotation period of AU Mic. In
fact, the only significant peak in the periodogram is at 1 side-
real day, which is an artefact of the window function. Although
the Stokes I data are slightly less reliable due to contamination
from nearby sources, the periodic signal completely disappear-
ing implies that the added noise is not the only cause. Indeed,
when we wrap the Stokes I light curve to the rotation period of
AU Mic, shown in Fig. 5b, it is clear no phase is favoured for
detecting the source.

Even in epochs without bursts, we often detect faint Stokes V
emission. This can be seen in Fig. 3b, for example around a phase
of zero. To determine the nature of this non-burst emission, we
repeat the analysis above for the polarisation fraction, excluding
all points with an absolute Stokes V flux of more than 0.5 mJy,
to remove most of the burst emission. We also exclude all points
with an absolute polarisation fraction above one, as these points
are unphysical and are a product of low signal-to-noise mea-
surements. The Lomb-Scargle periodogram of this light curve
is shown in Fig. 6a. We detect a periodicity in the polarisation
fraction at the rotation period of AU Mic, albeit at a lower sig-
nificance than the periodicity detected in the Stokes V data. The
light curve wrapped to the rotation period of AU Mic is shown in
Fig. 6b. We also plot the data binned into 7 bins, where the size
of the bins is chosen in such a way that each bin contains at least
7 data points.

To ascertain the presence of a periodicity in the polarised
fraction, we fitted both a straight line and a sine to the polari-
sation fraction over time. We fitted the models to the data using
MultiNest (Feroz et al. 2019; Buchner et al. 2014), using the log-
arithm of the Bayesian evidence to determine which model is a
better fit. Fitting a straight line to the data results in an almost
perfectly horizontal line, with a slope of (1.5 + 11)x107® and an
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offset at zero of 0.1 + 0.7. The associated log evidence value is
-119 £ 0.2.
We also fitted a simple sine to the data, given by

Vv 2t
7 = asin(% +t0), 5)

where a is the amplitude, ¢ is the time of observing, P is the
period and f#y is the zero point. We find a period of 4.863 =+
0.004 days, in good agreement with both the Lomb-Scargle peri-
odogram of this dataset and the previously measured rotation
period of AUMic (Plavchan et al. 2020). The best-fit ampli-
tude is 0.3 = 0.35 and ¢y is 3.2 + 2.1. The error bars on the
last two parameters are large, possibly caused by the long inter-
vals between the observations. The log evidence value for this
model is 4.5 + 0.17. The difference between the two models is
therefore 123.5. Using an updated version of the Jefferys scale
(e.g. Kass & Raftery 1995; Scaife & Heald 2012), a difference
of 3 in log evidence values is enough to determine that one
model is better than the other. We can therefore conclude that
the sinusoidal model is a significantly better fit than the model
that suggests no change in polarisation fraction with phase —
implying periodicity.

6.3. Interpretation of the periodicity in the burst emission

When the Stokes V' light curve is phase wrapped to the stel-
lar rotation period, as shown in Fig. 3b, the positive bursts
always occur at the same phase, shifted roughly 180 degrees
in phase compared to the negative bursts. This is consistent
with emission with a beaming effect, produced at the northern
and southern poles. The only radio emission mechanism that is
known to produce such polarisation and periodicity is the ECMI
mechanism.

We find that the periodicity in our radio data is consistent
with the rotation rate measured with TESS, which is most likely
measured close to the equator (Plavchan et al. 2020). We inter-
pret this to mean that the large-scale magnetic field that drives
the ECMI bursts is rotating at a rotation velocity very close to
that of the equator. The large-scale magnetic field is generated in
a dynamo region in the interior of the star. Therefore, the rota-
tion period we measure with the radio data likely represents the
rotation velocity of the interior dynamo region.

If the bursts are due to ECMI in a large-scale dipolar field,
we can determine the stellar magnetic field geometry. AU Mic’s
rotational axis is inclined at = 90° relative to the line of sight,
which further simplifies our interpretation. We adopt an auroral
ring model wherein ECMI emission originates in northern and
southern auroral rings at a certain magnetic latitude, although
due to beaming, not all field lines on the rings will be visible
to an observer at a given time. Generally speaking, if the mag-
netic obliquity is sufficiently large, we expect emission from the
northern auroral ring to intersect with our line of sight twice per
rotation. The same applies to the southern auroral ring, yielding
two additional radio pulses with the opposite handedness com-
pared to the pulses from the northern auroral ring. The relative
position of the four emission visibility zones along the rotation
phase axis depends on the magnetic obliquity and the opening
angle of the cone of emission.

In the emission pattern of AU Mic we see that the emission
largely appears in just two visibility zones of opposite handed-
ness, with each zone confined to a region in phase of at most
0.25. This suggests that the two anticipated visibility zones per
magnetic hemisphere must overlap or be close to one another in
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Fig. 5. Results of the periodicity analysis on the Stokes / light curve. Panel a: Lomb-Scargle periodogram of our Stokes / light curve. The red line
marks the rotation period of AU Mic (Plavchan et al. 2020). There are no strong peaks associated with the periods of the planets. The orange line
shows the Lomb-Scargle periodogram of the window function, scaled to fit the plot. Panel b: Stokes / light curve including all radio data, phase
wrapped to the rotation period of AU Mic of 4.86 days. The data points represent the flux density averaged over the entire bandwidth in 1-h time
bins. The colour scale represents the time of observing. The zero point is arbitrary, set to the last observation in our campaign at MJD 60035.1.
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Fig. 6. Results of the periodicity analysis on the polarisation fraction over time, selecting only data points that are physical, have an error bar
smaller than 0.5, and have a flux density below 0.5 mJy to remove the bursts. Panel a: Lomb-Scargle periodogram of the polarisation fraction. The
red line marks the rotation period of AU Mic (Plavchan et al. 2020). The orange line shows the Lomb-Scargle periodogram of the window function,
scaled to fit the plot. Panel b: Circular polarisation fraction of emission as a function of phase. The colour scale represents the time of observing.
The black data points show the binned data, where the bins are chosen such that each bin contains at least 7 data points. The red line shows a sine
fit to the phase-folded data with a fixed period of 4.86 days, as discussed in Sect. 6.4. The zero point is arbitrary, set to the last observation in our

campaign at MJD 60035.1.

rotation phase. This can happen when the opening angle of the
ECMI cone, magnetic obliquity and the magnetic co-latitude of
the auroral rings together add approximately to the inclination
of ~ 90°. In this geometry, the radio bursts become visible when
either magnetic pole of the star is closely aligned with the merid-
ional plane (i.e. the plane formed by the line of sight vector and
the stellar rotation axis).

To test this geometric interpretation, we numerically com-
puted the visibility of ECMI emission from an auroral ring
model, discussed in detail in Appendix A. We note that this
model does not represent a prediction of the flux density of a

burst at that moment, but rather whether it is possible for emis-
sion to be visible at any given time. The emission is not exactly
180° apart in phase, as is expected for a perfect dipole. From ZDI
maps (e.g. Donati et al. 2023), we know that the magnetic field
of AU Mic is not a perfect dipole, but instead has some phase off-
set between the two poles. We therefore model the two periods of
bursts separately, with a phase offset between the two poles. Both
are modelled with a cone opening angle of 65°, a cone thick-
ness of 5°, an inclination of 90°, a magnetic obliquity of 20°,
and an auroral ring magnetic latitude of 4°. The phase difference
between the positive and the negative peak is 0.57. We show this
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Fig. 7. Comparison of the Stokes V light curve to an auroral ring model.
The top plot shows the Stokes V' light curve including all radio data,
phase folded to the rotation period of AU Mic of 4.86 days. The data
points represent the flux density averaged over the entire bandwidth in
1-h time bins. The two shaded regions show the two periods of burst vis-
ibility, where the red region shows when positive bursts can be produced
and the blue region shows the same for negative bursts. The bottom plot
shows a model of the visibility of the auroral rings, where P, represents
the visibility of the auroral ring, akin to the probability of detecting a
burst, multiplied by the predicted sign of emission.

model in Fig. 7, where the top plot shows the phase-wrapped
Stokes V light curve with the phases at which bursts can be vis-
ible shaded. The bottom plot shows the full model as explained
in Appendix A.

Naturally, it is worth validating the inferred geometry of
the auroral ring in the context of the magnetic field strength of
AU Mic and the observing frequency. The model described in
Appendix A does not depend on either of these parameters. How-
ever, one can utilise Eq. (A.6) in combination with the inferred
magnetic co-latitude of 4° for auroral ring to determine the min-
imum field strength for the dipole which places the ring above
the stellar surface.

For the ring to sit above the stellar surface, the field strength
at the magnetic poles must be such that the cyclotron frequency
at the ring location equals the observing frequency v. Enforc-
ing this along with a the requirement that the radial distance of
the ring from the centre of the star exceeds the stellar radius,
one can show from Eq. (A.6) that the field strength of the dipole
must be:

v

B, > G.
* 7 1.4 MHz X (1 + 3cos26)!/2

(6)

Plugging in for the observing frequency with v = 2 GHz and a
magnetic co-latitude of 6 = 4°, we find that the field strength
of the dipole must be greater than 717 G for the auroral ring to
sit above the surface. This is in good agreement with the results
from Donati et al. (2023), who estimate a dipole field strength of
660 G for AU Mic in 2022.

We note that there is no periodicity with the orbital or syn-
odic periods of the planets. At first glance, this implies that the
planets are not inducing SPI emission on the planet. However,
in the geometry determined above, a planet would only be able
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to induce radio bursts when it is near conjunction and the mag-
netic pole of the star is pointing towards Earth. Although not all
bursts can be caused in this way, we cannot rule out that the plan-
ets may be inducing some of the bursts. Alternatively, we are not
seeing any SPI-induced bursts because the planets are outside
the Alfvén surface of AU Mic. This suggestion will be explored
further in future work.

6.4. Interpretation of the broadband emission

We detect bursts in 16 of 42 epochs. The epochs where we detect
no bursts generally do show Type A emission. In Sect. 6.2, we
searched the data from 2023, which contains only Type A emis-
sion and no bursts, for periodicity and still found the same signal.
This implies that the Stokes V component of the Type A emis-
sion is periodic. When performing an identical analysis on the
Stokes I data, the periodicity does not appear, nor does it look
periodic in a light curve. The polarisation fraction is periodic
with the rotation rate, as shown in Fig. 6. The handedness of the
polarised emission is generally the same for the bursts and the
Type A emission. Taken all together, this implies that the emis-
sion is produced on the same hemisphere as the ECMI emission
producing the bursts, but through a different emission mecha-
nism. As described in Sect. 5.1, the emission mechanism is likely
to be gyromagnetic emission, based on the polarisation fraction
and the time-frequency structure. In this section, we present a
qualitative analysis of the evolution of gyromagnetic emission
with the rotation phase of the star.

The handedness of the emission is determined by the direc-
tion of the magnetic field in the region where it is emitted. On
the Sun, the emission is produced in small loops on the sur-
face, where the direction of the magnetic field is determined by
the local structure. AU Mic, in comparison, has a much stronger
magnetic field that is less variable in time. The magnetic dipole
strength of AU Mic is at least 1000 times stronger than that of
the Sun. We conjecture that the electrons may be energised in
small loops near the surface, but spend a substantial fraction of
their time trapped within the large-scale field Therefore, their
emission could bear the signature of the large-scale field. With
this configuration, the mode of emission is determined by the
hemisphere on which the electrons are located.

Assuming the sense of polarisation of the gyromagnetic
emission is therefore mostly determined by the magnetic hemi-
sphere of emission, the polarisation fraction of the emission
can be periodic as long as the magnetic obliquity is not zero.
With a magnetic obliquity larger than zero, the projected area of
each hemisphere changes as a function of phase. Since we can-
not resolve the surface of the star, the polarisation fraction we
observe is a result of averaging over the entire stellar disk. If
one pole is pointed towards us, the corresponding hemisphere
will have a larger projected surface than the other. Assuming
both hemispheres emit equally, this would result in a net circu-
lar polarisation of the emission, which will vary with phase. If
there is no magnetic obliquity, the projected area of the north-
ern and southern magnetic hemisphere does not change, and the
polarisation fraction should be constant.

We have already fit a sinusoid to the data to determine the
periodicity and amplitude of the variation in polarisation fraction
earlier in this section. However, the error bars on these values are
very large. Since we have confirmed the polarisation fraction is
periodic, we now fit a sinusoid to the phase-folded data using
emcee (Foreman-Mackey et al. 2013) to more accurately deter-
mine the amplitude while keeping the period fixed at 4.86 days.
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We find an amplitude of 0.34 + 0.034. To explain this varia-
tion with the uniform model explained above, we require that
the difference in the projected area of the northern and southern
magnetic hemispheres must be the same as the circular polari-
sation fraction if the emission is 100% circularly polarised at its
origin. The magnetic obliquity required to create this projected
area difference is 20 + 2°. If the emission is originally not 100%
circularly polarised, the magnetic obliquity has to be larger than
the value given above.

Comparing the magnetic obliquity we find to that found in
ZDI maps (Donati et al. 2023), the two different methods to
determine the obliquity agree. However, we note that our value
has been determined assuming completely uniform conditions
across the entire stellar surface, except for the change in direction
of the magnetic field. Using different structures for the structure
will most likely lead to different values. We intend to refine our
model to provide more stringent constraints in future work.

To create the required polarisation fractions of each hemi-
sphere to average out to the observed circular polarisation frac-
tion of at most 34%, the emission from each hemisphere must
have a high circular polarisation fraction. The gyromagnetic
emission must therefore be produced at a low harmonic num-
ber and/or produced by a highly anisotropic electron population.
In either case, the brightness temperature of the emission cannot
exceed the kinetic temperature of emitting electrons. Even mildly
relativistic electrons have a kinetic temperature of ~10° K. The
brightness temperature of the broadband emission we observe is
also of the order of 10° K. Therefore, we conclude that gyromag-
netic emission is likely producing the broadband emission we
observe, as well as the periodicity in the polarisation fraction.

6.5. Determining the mode of emission

If we can confirm which magnetic hemisphere the emission
originates on, we can determine whether the emission is in the
magnetoionic o- or x-mode. We note that, in the IAU convention,
if the magnetic field vector points towards the observer, o-
mode emission is defined as negative Stokes V flux, and x-mode
emission as positive Stokes V flux.

We can identify the magnetic hemisphere of emission by
comparing the rotation phase at which AU Mic’s radio bursts
arrive with the orientation of the magnetic axis at the time of
observation as predicted by the ZDI maps of Donati et al. (2023).
The zero-point of the ZDI maps presented in Donati et al. (2023)
is set at JD 2459000. The difference in phase between this zero-
point and the zero-point we use in this work is 0.09. When
using the zero point used for the ZDI maps to phase-wrap our
radio data, we see that the right-handed bursts occur almost
exactly at the phase where the magnetic north pole from the
2022 ZDI map is in the meridional plane, as predicted by our
simple auroral-ring model. The magnetic south pole on this map
is offset by approximately 55° when compared to the left-handed
radio emission. However, when we compare the radio data to the
ZDI map from 2021 (which is one of the largest datasets), we find
that the positive bursts still align with the magnetic north pole,
while the negative bursts now also align with the magnetic south
pole. Taken together, we conclude that the right-handed emission
most likely originates on the magnetic north pole, and the left-
handed emission on the south pole. In this case, the emission is
in the magneto-ionic x-mode.

Gyromagnetic emission in the optically thick regime is
expected to be polarised in the sense of the o-mode, and
polarised in the sense of the x-mode in the optically thin regime.
Since the spectral index of the broadband emission is generally

positive, but not steep, the emission is most likely in the transi-
tion region between optically thin and optically thick emission.
The mode of emission could therefore be either o- or x-mode.
We expect the gyromagnetic emission’s polarisation to be domi-
nated by the magnetic hemisphere that is also producing bursts at
a given phase. Since the handedness of the bursts and the broad-
band emission is generally consistent, we expect both emission
mechanisms to be in the same magneto-ionic mode.

6.6. Exceptions

The periodicity in emission described in this section can be seen
in both the bursts and the broadband emission. However, not all
emission fits the periodicity.

All Type B, C, D, and F bursts fit with the periodic modula-
tion of emission. The handedness of emission is fully determined
by the phase at which it is observed. On the other hand, the
Type E shot bursts do not seem to follow this pattern. We have
only 2 detections of this type of emission at these frequencies,
both with right-handed circular polarisation. For the first Type E
burst, this is expected considering the phase of rotation. How-
ever, for the second burst, its phase suggests the emission should
be left-handed circularly polarised. The broadband emission in
this observation is left-handed, but the burst is right-handed. The
reason for this could be that this particular burst did not originate
on the northern magnetic hemisphere with the other bursts at that
phase, but instead on the southern hemisphere in a local event.

In general, the Type A emission aligns with the expected
handedness based on the phase. There is only one exception,
which is shown in Fig. 1f. The Type A emission in this epoch
is left-handed, when the periodicity predicts it should be right-
handed. A possible explanation for the change in handedness
is that the southern hemisphere was unusually active during
this observation, increasing the brightness of the emission from
the southern hemisphere relative to the northern hemisphere,
therefore changing the averaged polarisation fraction.

7. Changes in radio activity

Targeting AU Mic regularly for a period of over a year allows us
to not only probe the short-term patterns presented in the previ-
ous section, but any possible long-term variations as well. In this
section, we present an analysis of a potential long-term variation
in our data set.

In 2022, we observed AU Mic 33 times, with a burst detected
in 16 out of 33 epochs. Based on the phase-wrapped light curve,
we expect the star to be on for around 45-50% of the time,
which agrees well with the observed fraction in 2022. How-
ever, the observations in 2023 do not follow the same trend.
In 9 observations, we do not detect a single burst. Consid-
ering the rotational phase of these observations, most were
unfortunately scheduled during the “off” phases. However, two
observations were scheduled within the “on” phase, but no burst
was detected. Notably, out of the nine observations in 2023, only
one shows any detectable Stokes V emission at all. Comparing
this to the baseline trend of 2022, the number of non-detections
is remarkable.

Assuming the burst emission is produced through ECMI,
as suggested by the periodicity, there are a few reasons for the
radio bursts to stop. The first option is that the magnetic pole
is shifting compared to the rotation axis, changing the direction
of the beamed emission. Magnetic fields of M dwarfs chang-
ing on a timescale of a year is not unheard of, as shown by
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Bellotti et al. (2023). From the ZDI maps of AU Mic over time,
it does look like the magnetic pole is not completely static. It
appears to be precessing, but such motion should not affect the
amount of time our line of sight intersects with the emission
cones significantly. The precession would only change the phase
at which we see the bursts. Based on the complete lack of any
bursts in the data taken in 2023, a change in the magnetic field is
unlikely to be the cause of the sudden stop in bursts.

A second option is that the strength of the dipole is chang-
ing. In our observations, we see bursts across the band, from 1
to 3 GHz. This suggests a local magnetic field strength of 0.5—
1 kG. Changing the field strength to lower values would move
the cyclotron frequency in those regions out of our band. How-
ever, we do not see a significant decrease or increase in the burst
frequency in the period leading up to the inactive period. The fre-
quency at which the bursts occur seems to vary at random, with
no tendency towards lower or higher values as time goes on.

Since the ECMI mechanism still requires energetic electrons
to produce radio emission, decreasing the supply of high-energy
electrons would dim the radio bursts as well as type-A emission.
Although the source of high-energy electrons is not known, a
possibility is that they are provided by the flares on the star. If
this is the case, a decrease in the frequency of energetic flares
might be responsible for the inactive period we see. This would
also agree with the decrease in the brightness of broadband
emission at the end of our observing campaign, which can be
seen in Fig. 5b. Unfortunately, we do not have access to enough
contemporaneous photometric data in this period to test this
theory.

Finally, it is possible that AU Mic is still producing radio
bursts, but we have not observed at the right time in the last three
months of our observing campaign. Although it seems unlikely
with the periodicity seen in the first 10 months, it cannot be ruled
out considering our sample size.

8. Conclusions

In this work, we have presented the results of our unrivalled radio
monitoring campaign on AU Mic. With over 250 h of observa-
tions, we have catalogued and described six different types of
emission produced on the star. These can be split into two over-
arching categories: broadband emission and radio bursts. We
develop a classification scheme for the phenomenology of the
radio emission observed on AU Mic that hopefully can be useful
for future studies of radio stars.

The detected circularly polarised emission is periodic, with
a best-fit period close to the rotation period of the star. The total
intensity of emission is found not to be periodic. There is no
detection of periodicity at the orbital periods of the planets in the
system or their synodic periods, implying we find no evidence for
radio emission from a star-planet interaction in the AU Mic sys-
tem. This could be because the planets are not within the Alfvén
surface of AU Mic, which will be explored in detail in future
work.

The radio bursts we detect on AU Mic are strongly circu-
larly polarised, implying that they must be caused by a coherent
emission mechanism. The fact that the bursts are periodic with
the rotation of the star confirms that this emission is produced
through the ECMI mechanism, close to the magnetic poles. We
theorise that the emission is likely generated in an auroral ring,
similar to the emission seen on Jupiter, and present a qualitative
model to determine the burst probability at a given rotational
phase.
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The broadband component of emission is likely not caused
by ECMI, but instead by low-harmonic gyromagnetic emission.
The total intensity of this emission is not periodic, but the cir-
cular polarisation fraction does vary with the rotation phase of
the star. We present a qualitative model to describe this emis-
sion pattern, with gyromagnetic emission being produced across
the entire surface of the star and the polarisation fraction being
determined by averaging over the entire stellar disk. Although
our model is simple, we can estimate that the magnetic obliquity
required to produce this polarisation fraction must be larger than
20°. We expect that further study of the emission on AU Mic at
higher frequencies around 10 GHz, combined with more sophis-
ticated modelling, could allow us to confidently determine the
structure of the magnetic field.

In the last three months of our campaign, the frequency of
detections of circularly polarised emission decreased strongly.
Although the number of non-detections is too low to draw sig-
nificant conclusions, a possible explanation for this is that the
constant supply of high-energy electrons by stellar activity has
abated.

In conclusion, the radio emission from M dwarfs is key
to understanding their magnetospheres and environments.
Although AU Mic is the only star that has been studied at radio
frequencies in such detail, other M dwarfs have been shown to
produce emission that looks qualitatively similar (e.g. Villadsen
& Hallinan 2019). AU Mic is likely not unique. We expect the
behaviour we observed should be ubiquitous across M dwarfs. To
test this prediction, more long-term radio campaigns on differ-
ent M dwarfs are required. In particular, the observations should
cover the rotational phase of the star at least two, but ideally
three times, to ensure the dataset is robust for detecting periodic-
ity. Campaigns on M dwarfs with a variety of masses could also
test if there is a transition in the type of radio emission emitted
as the interior of the star transitions from having a radiative core
to being fully convective. Prime candidates for such campaigns
are EQ Pegasi and AD Leonis, as they are know to produce radio
bursts (e.g. Osten & Bastian 2006, 2008; Villadsen & Hallinan
2019), are less massive than AU Mic, and have such fast rotation
periods that a large amount of telescope time is not needed to
fully sample it. Based on our results on AU Mic, we predict that
these stars likely produce periodic bursts that trace the magnetic
field. Such measurements will provide a wealth of information
about the dynamo processes generating magnetic fields, while
also informing us about the plasma environment around stars.
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Appendix A: Radio emission from an auroral ring

Here, we explore if the morphology of AU Mic’s radio light
curve shown in Fig. 3b can be explained by an auroral ring emit-
ting near the star’s magnetic poles. We first assume a dipolar
configuration for the magnetic field lines on which electrons are
accelerated to produce the emission. The star’s rotation axis Z, is
inclined relative to the line of sight X by the angle i,. The mag-
netic axis of the dipole Zg forms the angle § with the rotation
axis, known as the magnetic obliquity. This causes the magnetic
axis to precess about the rotation axis as the star rotates. Here,
Zp points towards the northern magnetic pole. We note that the
definitions for the vectors used here are the same as described in
Kavanagh & Vedantham (2023) unless stated otherwise.

If the observed emission is due to ECMLI, it is emitted in a
hollow cone (Dulk 1985). This cone opens outwards from the
unit vector ¢, which is parallel to the local magnetic field vec-
tor B in the northern magnetic hemisphere, and anti-parallel in
the southern magnetic hemisphere. The cone has a characteristic
opening angle of @ and thickness of Aa. We now assume that
the observed emission comes from two rings at co-latitudes 6
and 7 — 6 measured from the northern magnetic pole. There is a
point on both rings threaded by a single dipolar field line, which
connects to the magnetic equator at the longitude ¢;. Every point
on each ring also has an associated emission cone. A sketch of
the geometry described here is shown in Fig. A.1.

The magnetic field vector at a point on a dipolar field line at a
radius r and magnetic co-latitude 6 is (Kivelson & Russell 1995)

B = B, + By, (A.])
where
R, \3
B, = B,(—=) cos®, (A2)
r
and
By (Ri\3 .
By = 7(7) sin 6 (A3)

Here B, is the field strength at the magnetic poles, R, is the
stellar radius, and 7 and 6 are the unit vectors in the radial
and meridional directions respectively. These two vectors can be
expressed in terms of the magnetic axis and Xg, the vector that
points to where the field line connects to the equator:

(A.4)
(A.5)

7 = sin@xg + cos 6%z,
0 = cos 0% — sin H%p.
We note that since each field line is symmetric about the mag-
netic axis, the field vector has no azimuthal component. The
magnitude of the vector B is

B

= é(R’* (A.6)

2

The emission cone direction in the northern magnetic hemi-
sphere can be then shown to be

3
) (1 +3cos?0)'/2.

r

3cos?6 — 1

_ B 3sinfcos @
(1 +3cos? )28

= —_— = +
NTBT U+3cos20)2"®

= a(0)ip + b(0)3p.

(A7)
The direction of a cone on the southern ring on the other hand is

-B
s = ?(ﬂ —0) = a(®)xs — b(0)Zp. (A.8)
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Fig. A.1. Sketch of the geometry used to compute the theoretical light
curve of an auroral ring on AU Mic. The source of the emission is
assumed to be due to the electron cyclotron maser instability (ECMI)
in a ring-like configuration as what is seen on Jupiter. Since ECMI is
beamed, only a fraction of the auroral ring is visible at any given time.
Depending on the geometry, the fraction visible changes as a function
of time, modulating the relative brightness of the ring.

Each emission cone forms the angle y with the line of sight.
If this angle is within the range a + Aa/2, then it is visible to the
observer. For a cone on the northern ring, we have

cosy = a(f)xg - X + b(0)Zg - X. (A9)
The term Xg - X is

Xp - X =d(py)sing; + e(¢y) cos @y, (A.10)
where

d(¢y) = —sini, sin @y, (A.11)
e(dx) = sini, cosBcos Py — COS iy Sinf, (A.12)

and ¢, is the stellar rotation phase. Similarly, the term Zg - X is

Zg X = f(¢y) = sini, sinBcos ¢4 + cos iy cosf. (A.13)
Plugging everything in to Eq. (A.9), we then have
cosy = g(0, ¢x) singy + f(6, px) cos ¢y + i(6, Py), (A.14)

where g(60, ¢5) = a(@)d(¢y), O, ps) = a(B)e(dy), and i(0, py) =
b(6)f(¢4). For the southern ring, one can show that

cosy = g(b, ¢x) sing; + f(O, dx) cos ¢ — i(0, Py). (A.15)

For a given inclination i, and magnetic obliquity 8, we ana-
lytically solve Egs. (A.14) and (A.15) for the range of longitudes
A¢ where v is in the range @ + Aa/2 for each magnetic hemi-
sphere as a function of rotation phase ¢,. The probability of
detecting bursts in this model is proportional to the fraction of
the ring where the emission cones are visible. Since each point
on the ring connects to the magnetic equator at a longitude ¢y,
the range of line longitudes A¢ gives the visible fraction of each
ring.
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