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ABSTRACT

Context. In arecent paper, we presented circularly polarised radio bursts detected by the Five-hundred-meter Aperture Spherical radio
Telescope (FAST) from the flare star AD Leo over 2-3 December 2021. These bursts have been attributed to the electron cyclotron
maser (ECM) instability.

Aims. In that context, we have adopted two independent and complementary approaches, inspired by the study of auroral radio emis-
sions from Solar System planets. Our goal is to constrain, for the first time, the source location (magnetic shell, height) and the energy
of the emitting electrons.

Methods. These two approaches consist of (i) modelling the overall occurrence of the emission with the EXPRES code and (ii) fitting
the drift rate of the fine structures observed by FAST.

Results. We obtained consistent results, pointing at 20-30 keV electrons on magnetic shells with an apex at 2—10 stellar radii. The
emission polarisation observed by FAST and the magnetic topology of AD Leo appear to favour X-mode emission from the southern
magnetic hemisphere, allowing us to set constraints on the plasma density scale height in the star’s atmosphere.

Conclusions. We demonstrate that sensitive radio observations with high time-frequency resolutions, coupled with modelling tools
such as ExXPRES, along with analytical calculations and stellar magnetic field measurements, allow us to remotely probe stellar radio
environments. We provide elements of comparison with Solar System radio bursts (Jovian and Solar), establish hypotheses about the
driver of AD Leo’s radio bursts, and discuss the perspectives of future observations, particularly at very low frequencies (<100 MHz).
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radio continuum: stars

1. Introduction

AD Leo is an extensively studied flare star. Early radio observa-
tions have been focussed on describing burst morphology, mea-
suring the flux density and polarisation, and putting constraints
on the source size, as well as on the radiation mechanism (plasma
emission versus an electron cyclotron-maser, ECM) and its fun-
damental or harmonic nature (see e.g., Lang et al. 1983; Lang &
Willson 1986; Gudel et al. 1989; Abada-Simon et al. 1994, 1997).
Using the 305 m telescope of the Arecibo Observatory in L-
band, Osten & Bastian (2006, 2008) detected circularly polarised
radio bursts on minute-to-sub-second timescales, including fast-
drifting bursts in the time—frequency (t—f) plane and they anal-
ysed statistically burst durations, bandwidths, and drift rates.
These characteristics were compared to those of Solar spikes.
Using the Five-hundred-meter Aperture Spherical radio
Telescope (FAST), Zhang et al. (2023, hereafter denoted as
Paper I) detected and characterised these fast-drifting fea-
tures with exquisite sensitivity and t—f resolutions in December
2021. Shortly before, in late 2020, a Zeeman-Doppler imaging
campaign using SPIRou characterised the large-scale magnetic
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field of AD Leo (Bellotti et al. 2023), providing a reasonably
good description of this magnetic field at an epoch close to
the radio observations with FAST. The observed strong radio
intensity, high circular polarisation degree, and fine structures
at a time scale of milliseconds led Zhang et al. (2023) to the
logical conclusion that the electron cyclotron-maser (ECM) pro-
cess at the fundamental of the local cyclotron frequency is the
most likely generation mechanism for this radio emission. We
thus have the ability to take advantage of this favourable context
to apply theoretical tools developed primarily for interpreting
Jupiter’s ECM radio bursts; namely, the EXPRES simulation
code (Louis et al. 2019) and the analysis of burst drift rates
(Zarka et al. 1996; Mauduit et al. 2023). In this paper, we derive,
for the first time, strong constraints on the locus of the radio
source in AD Leo’s environment and on the energy of radio-
emitting electrons, as well as on the plasma density profile in the
star’s atmosphere.

The quantitative remote sensing of stellar magneto-plasma
environments is important for distinguishing small-scale flar-
ing activity (Aschwanden 2006) from large-scale auroral-like
dynamics (Hallinan et al. 2015), as well as to identify the primary
engine of the latter (corotation breakdown of ejected plasma
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or star-planet interactions (see the review by Callingham et al.
2024)). Eventually we aim to have the capability to extend
space weather and electron acceleration studies (see e.g., Prangé
et al. 2004; Morosan et al. 2019a,b; Klein et al. 2024) to stellar
environments, based on radio observations.

In Sect. 2, we summarise the main results obtained in Paper I
from FAST observations in the month of December 2021. In
Sect. 3, we recall the physical characteristics of AD Leo and
especially its magnetic field as deduced from SPIRou’s measure-
ments of late 2020. In Sect. 4, we present the analysis of the
radio emission envelope at a time scale of minutes, using the
ExPRES code. In Sect. 5, we present our analysis of the burst
drift rates measured by FAST. We summarise and discuss our
conclusions in Sect. 6 and offer some perspectives for further
works in Sect. 7.

2. Summary of FAST observations of AD Leo

As a large single dish that is 300 m instantaneous diameter
within a 500 m mirror, FAST (Nan et al. 2011; Jiang et al.
2020) provides a modest angular resolution (of order of 3’). Thus
it is affected by high confusion noise, but it is well adapted
to emissions that vary with time and/or frequency, providing
high instantaneous sensitivity (a few mJy). FAST observations
were performed in L-band (i.e. range of ~1000-1500 MHz),
with sampling time ~0.2 msec in 1024 frequency channels
(0.5 MHz spectral resolution), with full polarisation (4 Stokes).
The AD Leo observations reported in Paper I were performed
on 2 and 3 December 2021, for 3 hours each, from 20:30 to
23:30 UT. Only data in the two clean bands 1004-1146 MHz and
1293-1464 MHz were analysed in Paper I, with the rest being
partly polluted by radio frequency interference.

On 2 December, intense emission including bursts was
detected for eight minutes (20:45-20:53 UT), over the entire
frequency range 10001470 MHz. Linearly drifting bursts were
detected with positive drift rates from +550 MHz/s at 1000 MHz
to +970 MHz/s at 1470 MHz, with a dispersion of +200 MHz/s
around this general trend (cf. Fig. 3a of Paper I and Figs. 1a and
1c of the present paper). Individual bursts had a typical instan-
taneous bandwidth ~3.5 MHz and fixed-frequency duration of
~6 msec, and drifted over 50 to 100 MHz in about 100 msec
(Fig. 1a). Flux density of the bursts reached 188 mJy (average
~100 mJy). The emission was strongly left-hand (LH) circularly
polarised', with an average degree V/I ~35% depending on the
frequency (from ~20% at 1000 MHz to ~40% at 1470 MHz),
the instantaneous circular polarisation degree of bursts reach-
ing 100% at times. The morphology of these bursts is strikingly
similar to that of Jupiter’s S-bursts detected at lower frequen-
cies, except for the sign of the drift rate, as illustrated in Figs. 2a
and 2b (cf. also Figs. 1 of Hess et al. 2009; Ryabov et al. 2014).
Together with the measured circular polarisation, it strongly
suggests that these bursts are generated by the ECM mechanism.

On 3 December, intense emission including bursts was
detected for 90 minutes (21:13-22:48 UT) over the frequency
range of 1000-1150 MHz only (except for an interval shorter
than 1 s reaching 1400 MHz). Embedded bursts displayed a
complex structure at various time scales, consisting of slightly

I RH circular polarisation was mentioned in Paper I, but it has been
corrected after comparison with pulsars with known circular polarisa-
tion and after checking the definition of the polarisation measured with
FAST (Wang et al. 2023). An erratum has been published (Zhang et al.
2024).

A95, page 2 of 20

1450 [T

14

79 80 81 82
Time (s) from 2021-12-02, 20:51:08.4 UT

Frequency (MHz)

o
Time (s)

15. . 3
from 2021-12-083, 22:08:01.8 UT

1000

Drift Rate (MHz/s)
o

-1000

-2000

1000 1100

Frequency (MHz)

Fig. 1. Bursts and drift rates (df/dt) observed with FAST. (a) Repre-
sentative examples of bursts observed on 2 December. Many linearly
drifting discrete bursts show up clearly. About 700 individual bursts
were identified and their drift rate measured across the observed fre-
quency range (examples are displayed in red). With FAST, negative
Stokes V correspond to LH circular polarisation (Wang et al. 2023).
(b) Representative examples of bursts observed on 3 December. Their
morphology is quite different from the previous day. About 50 000
individual sub-bursts were identified and their instantaneous drift rate
estimated (examples are displayed in light blue). Examples of overall
drifts of sub-burst alignments are displayed in orange. (c) Individual
burst drifts on 2 December are displayed as diamonds, and their lin-
ear dependence versus the frequency is the best fit red line (similar to
Paper I). Individual sub-burst drifts on 3 December are displayed as dots
below 1150 MHz and ‘+’ above 1290 MHz. Their distribution is much
more dispersed than the one on the previous day. The best fit linear
trend of df/dt(f) for individual sub-burst is the short-dashed orange
line between —350 and —680 MHz. Overall drifts of sub-burst trains
or clusters are largely spread between —500 and —1000 MHz/s (lower
grey-shaded region) and display a small statistical variation between
about =750 MHz at 1000 MHz and -840 MHz at 1150 MHz (long-
dashed orange line). Determination of these overall drifts is detailed in
Appendix A. The upper grey-shaded region and dashed orange lines are
the symmetrical of the lower ones with respect to the df/dt = 0 dotted
line.

elongated blobs and spots (hereafter called sub-bursts) of typ-
ical individual duration 2—15 msec and bandwidth ~2.5 MHz
(Fig. 1b). Sub-bursts were sometimes gathered in pairs sepa-
rated by a few MHz and in 100-200 msec-long trains or clusters
aligned with an overall drift rate between —500 and —1000 MHz/s
(lower grey-shaded region of Fig. 1¢). Average drift rates of sub-
burst trains, further discussed in Appendix A, statistically vary
from about =750 MHz at 1000 MHz to -840 MHz at 1150 MHz
(long-dashed orange line of Fig. 1c). Flux density of the
bursts reached 680 mJy (average ~140 mlJy). The emission was
again strongly LH circularly polarised!, with an average degree
V/1 ~45%. Largely overlapping with and prolongating the FAST
observation, the upgraded GMRT (uGMRT) detected AD Leo’s
burst of 3 December in the range 550-850 MHz, with a coarser
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Fig. 2. Comparisons of the morphologies of AD Leo’s radio bursts observed on 2 December 2021 (a) and 3 December 2021 (c), with typical Jupiter
S-bursts observed at the Nangay Decameter Array (Lamy et al. 2017; Mauduit et al. 2023) (b), and with Solar decameter spike bursts observed with
the Huairou/NAOC solar spectrometer (Chernov et al. 2008) (d) and the NenuFAR low-frequency radio telescope (Zarka et al. 2020; Briand et al.

2022) (e).

time resolution of 5 s (Mohan et al. 2024). The observation
started at 21:17:41 UT and lasted for 7 hours. LH polarised emis-
sion was detected across the entire uGMRT band simultaneous
to the emission detected by FAST, with a morphology reminis-
cent of a group of solar Type III bursts (cf. Fig. 1 of Mohan et al.
2024). Indeed, the morphology of the bursts detected by FAST
is reminiscent of that of some solar spike bursts accompanying
type III bursts (Chernov et al. 2008), as displayed in Figs. 2c
and 2d. At much lower frequencies, around 50 MHz, Nenu-
FAR (Zarka et al. 2020) observations also sometimes display
polarised spiky blobs accompanying Type III bursts (cf. Fig. 2e).
After the end of FAST observation at 23:30, another emission
was detected by the uGMRT above 700 MHz and interpreted as a
solar Type IV burst (Mohan et al. 2024). Despite morphological
differences, bursts on 2 December and sub-bursts on 3 Decem-
ber display similar fixed-frequency duration and instantaneous
bandwidth, while the overall duration of bursts on 2 December
is close to that of sub-burst trains on 3 December. As ECM is
a popular explanation for solar spikes (see e.g., Benz 1986), we
will also assume below that this mechanism is responsible for
the polarised drifting sub-bursts and trains detected by FAST on
3 December.

3. Physical characteristics and magnetic field
of AD Leo

AD Leo (GJ 388) is an M3.5V dwarf with a mass of 0.42 M and
radius of R, ~ 0.4 R, (Mann et al. 2015), located at a distance of
4.9651+0.0007 pc from the Solar System (Gaia Collaboration
2021). It has a rotation period of P,, = 2.2300 + 0.0001 days
(Carmona et al. 2023) with an origin (® = 0° and longitude

A = 0° for the direction of the observer) at HID=2458588.7573;
namely, its rotational phase at any HJD can be computed
as O(°)=(HID-2458588.7573)x360/P,,; mod 360° (and A =
360° — ®©). AD Leo’s inclination, namely, angle between its
rotation axis and the direction of Earth, is i = 20°, implying
an almost pole-on view (Morin et al. 2008). AD Leo is an
extensively studied flare star, with an intense magnetic activity
revealed by frequent flares (Giidel et al. 2003; Hawley et al. 2003;
van den Besselaar et al. 2003; Robrade & Schmitt 2005; Muheki
et al. 2020; Namekata et al. 2020).

Prior Zeemann-Doppler imaging (ZDI) studies have sug-
gested that AD Leo has a predominant dipole magnetic field
and a nearly pole-on geometry, the magnetic south pole being
the visible pole for a terrestrial observer, with magnetic field
lines entering into the star (Morin et al. 2008; Lavail et al.
2018). Recent ZDI measurements by SPIRou in late 2020 have
revealed to be complicated to interpret: the dipolar component
still dominates (~70%) but with significant contributions of
higher order terms, especially the large quadrupolar component
(~21%), and large residuals of the ZDI modelling of Stokes V
profiles (Bellotti et al. 2023). Thus, for purposes such as radio
emission modelling, it is considered adequate to use in a first
step the purely dipolar fit of AD Leo’s magnetic field, where
the field amplitude at the magnetic south pole is 923+70 G,
and the dipole misalignment with respect to the rotation axis
is 59° + 2° (Bellotti et al. 2023, Table 1). We note, however,
that small-scale field structure likely exists (Yadav et al. 2015;
Bellotti et al. 2023), although it should rapidly decrease with
the altitude above the photosphere. The long-term evolution of
AD Leo’s magnetic field also exists, as demonstrated by Bellotti
et al. (2023), which justifies the use of the field description based
on ZDI measurements as close as possible in time to FAST
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observations for our radio emission modelling (configuration
2020b from Bellotti et al. 2023).

Finally, we recall that the analysis of radial velocity measure-
ments led Tuomi et al. (2018) suggesting the existence of a giant
planet with a mass of ~0.24 M,,,, in spin—orbit resonance (orbital
period of 2.23 days). However, this was refuted by subsequent
studies, which attributed radial velocity variations to the stellar
activity (Carleo et al. 2020; Carmona et al. 2023). A recent study
ruled out planets more massive than 27 Mg orbiting at the stellar
rotation period, as well as planets more massive than 3-6 My,
with periods up to 14 years (Kossakowski et al. 2022).

4. ExPRES analysis of radio burst envelopes

Assuming that the radio bursts from AD Leo detected by FAST
are generated via the ECM mechanism at the fundamental of the
local cyclotron frequency, we can use the EXPRES code (Exo-
planetary and Planetary Radio Emissions Simulator, Louis et al.
2019) to derive constraints on the location and energy of the
electrons producing the radio emission. ExXPRES was developed
for simulating the dynamic spectra of Jupiter’s decameter radio
emissions (Hess et al. 2008), and more precisely the t—f occur-
rence and the sense of circular polarisation of the emissions
(not their intensity nor polarisation degree). Inputs to the code
include the type of electron distribution driving the ECM (loss-
cone or shell in the velocity space), the characteristic energy of
the electrons (in the case of a loss-cone), a magnetic field model
at the source (i.e. of Jupiter or, in our case, of AD Leo), the
location of the radio sources (e.g. along field lines with fixed
longitude that rotate with the planet or star), the thickness of
the hollow conical beam produced by the ECM (usually 1°—
2°), and the position of the observer (fixed or moving). The
code then populates the source field lines with radio sources
at the local electron cyclotron frequency (f.. = eB/2nmm, with
B as the amplitude of the local magnetic field and e and m as
the charge and mass of the electron, respectively), computes the
radio beaming angle at each frequency; namely, the angle relative
to the local magnetic field at which the radio emission is beamed
(that depends on the frequency and on the electrons energy for
loss-cone-driven ECM,; it is always 90° for a shell-driven ECM)
and compares it to the direction of the observer at each time
step. When the difference is less than the beam thickness, the
emission is considered detected at the corresponding time and
frequency. Emissions produced from a northern magnetic hemi-
sphere are right-hand (RH) circular if on the extraordinary mode
(so-called R-X mode), and LH if on the ordinary mode (L-O
mode). Opposed senses of polarisation are emitted from a south-
ern magnetic hemisphere. Near-source refraction can be taken
into account if a plasma model is available.

In the original EXPRES paper (Louis et al. 2019), the expres-
sion of the refraction index and thus of the radio beaming angle
were presented in a condensed form and for the R-X mode only.
Appendix B of the present paper provides their complete deriva-
tion for both R-X and L-O modes (ExPRES Version 1.3.0, Louis
et al. 2023).

Following Bellotti et al. (2023), we have considered for
AD Leo a magnetic dipole of moment 461.5 G.R? (i.e. an equa-
torial surface field of 461.5 G), inclined at 59° from the rotation
axis, itself at ~20° from the line of sight, with the magnetic south
pole in the hemisphere visible for a terrestrial observer. The
star rotates in 2.23 days according to the phase system defined
in Sect. 3. The magnetic dipole is assumed to be centred on
the star’s centre, and we have not considered the star flattening
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Fig. 3. Sketch of AD Leo’s magnetic configuration, based on (Bellotti
et al. 2023). The axes (x,y, z) are expressed in stellar radius, R.. The
dotted blue line labelled Q represents the star’s rotation axis (it is dis-
played at 20° from the line of sight), while the black dotted line labelled
M represents the magnetic dipole axis, making an angle of 59° with
Q. Magnetic field lines of L-shell 2-40 are displayed as the solid black
lines, for longitudes 20° and 200° (field lines at longitudes 110° and
290° are added for L=2). The auroral ovals (actually circles) at L=2
and f..=1 GHz in both magnetic hemispheres are displayed in orange.
Examples of hollow emission cones are shown at the intersection of
the ovals and the displayed magnetic field lines at L=2. Cone apices
have a brighter orange shading. Cone wall thickness is figured by the
orange circles along cone edges. Cones pointing upward (i.e. toward the
observer’s hemisphere) can be identified by the field lines visible inside
them, whereas cones pointing downward (away from the observer) mask
the field lines which carries them. In our simulations, we place the radio
sources and emission cones at every degree of longitude.

(negligible for our simulations). Given AD Leo is a relatively
cool star, its coronal plasma density likely drops rapidly above
the photosphere and the ambient plasma frequency is likely to be
smaller than the frequency of FAST observations (>1 GHz). As
a consequence, we neglected near-source refraction and, thus, we
assume a straight line propagation from the radio source to the
terrestrial observer. This is further discussed in Sect. 6. Figure 3
is a sketch of the geometry of AD Leo’s dipolar magnetic field as
seen from a terrestrial observer, with a few radio emission cones
displayed.

In Fig. 4, we show typical outputs from ExPRES applied
to AD Leo, in which a few selected field lines (of apex dis-
tance at magnetic equator 2 R,, i.e. shell parameter L=2, and
of longitudes 2°, 10°, 20°, 148°, 150°, 160°, 175°, 180°, 270°,
330° and 350°, as well as the ranges of longitudes 150°—-160°
and 345°-355° with one field line per degree of longitude)
are assumed to radiate at the local f.. on the R-X mode from
the southern hemisphere. The simulations were performed over
28 hours over 2-3 December, when the radio sources were rotat-
ing with the star. The hollow conical beam thickness is assumed
to be equal to 1°. Four scenarios were tested, where the ECM is
driven by a loss-cone with characteristic energy 5, 10, or 20 keV,
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Fig. 4. Sample ExPRES simulations of ECM radio emissions from
AD Leo between 2 December, 20:00 UT and 3 December, 24:00 UT.
Emitting radio sources are placed along AD Leo’s dipolar field lines
with magnetic L-shell=2 in the southern hemisphere (in view of the
observer), at longitudes indicated on the figure. Emission is produced
permanently along each entire field line at the local f., on the R-X mode
and beamed in a hollow cone of aperture self-consistently computed by
ExPRES (see Appendix B) and of thickness 1°. The upper 4 panels
display simulated emissions from a single field line at each indicated
longitude. The lower panel displays simulated emissions from two sets
of field lines covering each a 10° longitude range with one field line per
degree of longitude (the small t—f gaps, that result from this discretisa-
tion, disappear with a denser filling, i.e. with more field lines per degree
of longitude). Radio arcs are observed across the t—f plane from 0 to
1.7 GHz. Signals observed below ~0.2 GHz result from a mix of emis-
sions produced at various longitudes. Each panel explores one emission
scenario for the ECM driver (loss-cone with 5, 10, or 20 keV character-
istic energy, or shell in the velocity space). The color scale indicates the
beaming angle 6(°) of the emission relative to the local magnetic field
vector. Bursts were detected by FAST in the grey-shaded areas, while
the grey contours refer to uGMRT detections.

or with a shell electron distribution. In each scenario, arcs should
be detected by a terrestrial observer in the t—f plane in the fre-
quency range covered by FAST. The envelopes of the radio bursts
detected on 2-3 December are displayed as grey-shaded areas at
about -03:00 (i.e. ~21:00 on 2 December) and 21:30 to 23:00.
For reference, uGMRT detections are indicated as the grey con-
tours. We note that the EXPRES arcs from a single field line
displayed in the upper four panels of Fig. 4 have fixed-frequency
durations comparable to the envelopes of the observed bursts,
whereas emission from a set of field lines spreading over 10° of
longitude produce much more extended regions in the t—f plane
(lower panel of Fig. 4). This suggests that only a restricted range
of stellar field lines were emitting in radio at the time of FAST
observations, and not necessarily the same on the two days.

To limit the number of free parameters and make the min-
imum ad hoc assumptions on the radio source, the modelling
presented below assumes an auroral-like emission from AD Leo,
where radio emission can be produced at all longitudes. The
set of radio-emitting field lines is thus characterised only by its

magnetic shell parameter L; namely, the distance of the field line
apex to the centre of the star. We consider separately R-X and
L-O modes from the northern or southern hemisphere of the
star. For a given value of L, we placed radio sources at every
degree of longitude along field lines of parameter L and radio
waves were assumed to be produced permanently along each
entire field line, from the surface of the star to the apex of the
field line, at the local f,, at each point. The thickness of the hol-
low cone produced by each point source is assumed to be equal
to 1°, to ensure overlapping between the cones produced by con-
secutive sources separated by 1° of longitude. This results in a
quasi-continuous coverage of the parts of the t—f plane where
emission should be detected. With this modelling, we thus com-
puted a ‘maximum’ coverage of the t—f plane for each selected
L-shell, emission mode, source hemisphere, and ECM energy
source.

We have produced simulated dynamic spectra in occur-
rence and sign of circular polarisation for seven ECM energy
sources (loss-cone electron distribution with characteristic elec-
tron energy of 5, 10, 30, 100, 200, and 500 keV, and shell
electron distribution), and five values of the source L-shell
(L=2, 5, 10, 20, and 40 stellar radii), for a terrestrial observer,
from 2 December, 20:00 UT, to 3 December, 24:00 UT. This
time interval encompasses both observations by FAST. The R-
X and L-O modes were simulated from each hemisphere of
AD Leo, separately. The criterion used to decide the com-
patibility of a simulation with the observations is based on
whether the envelopes of the radio bursts detected by FAST are
included in the t—f region where the simulation predicts emission
to occur.

Figure 5 displays significant examples of our ExXPRES sim-
ulations compared to FAST observations. Panel a of Fig. 5
displays the simulated dynamic spectra for R-X mode produced
from AD Leo’s northern magnetic hemisphere by the ECM
driven by a loss-cone with characteristic energy 10 keV, for
sources placed at every degree of longitude on L-shells 2, 5, 10,
20, and 40 (R.). The part of the t—f plane in which the emis-
sion is visible from a terrestrial observer is filled in solid black
color, representing RH circular polarisation. The t—f areas in
which FAST detected bursts are green-shaded. Green contours
refer to uGMRT detections. Panel a shows that the correspond-
ing scenario can account for both detected emissions only for
the L=2 magnetic shell. The emission observed on 2 Decem-
ber is compatible with a source at L=2 to L=10, whereas that of
3 December is incompatible with sources at L>2. In addition, R-
X mode from the northern magnetic pole produces RH circular
polarisation, opposed to the observed one. Panel b displays the
simulated dynamic spectra for the same emission mode and sce-
nario but for the southern hemisphere. The predicted emission is
displayed in solid red, representing LH circular polarisation. The
cases L=2 and L=5 are compatible with both FAST observations;
namely, the simulated dynamic spectra include both green areas
and the predicted polarisation corresponds to the observed one.

Similar ExPRES simulations for other loss-cone energies
and for a shell of electrons are displayed in Fig. C.1. For a 30 keV
loss-cone, predicted R-X southern emission is compatible
with FAST observations for L=2 to 10 (Panel d of Fig. C.1). The
R-X northern emission at L=2 is marginally compatible with the
observations, in the sense that the simulated emission includes
the observed t—f ranges except the brief extension to 1400 MHz
on 3 December (Panel c). For a 100 keV loss-cone, predicted
R-X northern emission is incompatible with the observations
for all L-shells (Panel e of Fig. C.1), whereas predicted R-X
southern emission at L=5 is compatible with the observations
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Table 1. Comparison of EXPRES simulations with FAST observations: L-shell ranges for which the simulated t—f domain includes the observed

bursts.

Electron distribution feature driving the ECM  L-O North L-O South R-X North R-X South

Loss-cone 5 keV
Loss-cone 10 keV
Loss-cone 30 keV
Loss-cone 100 keV
Loss-cone 200 keV
Loss-cone 500 keV
Shell

L=2 L<5 L=2 L<5
L=2 L<5 L=2 L<5
(L=2) L<10 (L=2) L<10

- L=5 - L=5
L=2 L=2 L=2 L=2

Notes. For each scenario, emission mode and hemisphere of origin of the emission, the L-shells for which the simulated t—f domain includes
the observed bursts are listed. Values in parentheses correspond to cases where the agreement is marginal (see text). Boldface style indicates

compatibility with observed polarisation.

(a) Loss cone 10 keV, RX-mode, North

Frequency (GHz)

12
Time (h) from 2021-12-03, Oh UT
(b) Loss cone 10 keV, RX-mode, South

Frequency (GHz)

Tlme (h) from 2021- 12 03 Oh UT

Fig. 5. Examples of simulated emission envelopes with ExXPRES. R-
X mode is emitted from the northern (a) or southern (b) hemisphere,
by loss-cone-driven ECM with characteristic energy 10 keV. Five dipo-
lar magnetic shells (L=2, 5, 10, 20, 40) are simulated in each case,
with active radiosources along all field lines at the corresponding shell
(actually, at every degree of longitude; small t—f gaps due to this dis-
cretisation have been interpolated). An Earth-based observer detects RH
(black) or LH (red) polarised emission depending on the hemisphere
of origin and emission mode. In both panels, the bursts were detected
by FAST in the green-shaded areas, while the green contours refer to
uGMRT detections.

(Panel f). For ECM driven by a loss-cone with characteristic
energy 200 keV, no simulated dynamic spectrum matches both
FAST observations together (Panels g and h of Fig. C.1). Finally,
panels i and j of Fig. C.1 display the simulated dynamic spectra
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for R-X mode produced from AD Leo’s northern and south-
ern magnetic hemispheres by the ECM driven by a shell of
electrons. In that case, the emission is beamed at 90° from the
magnetic field in the source whatever the electron’s characteris-
tic energy (which is therefore unconstrained). The figure shows
that the case L=2 is consistent with FAST observations. Because
of the radio beaming angle at 90°, the t—f coverage for shell-
driven ECM emission from both hemispheres is identical, but
with opposed polarisation.

We have also performed all simulations for the L-O mode,
and found that the predicted t—f coverage is identical for R-X
and L-O modes from the same hemisphere, but with opposed
polarisations. Finally we have checked that doubling the cone
thickness (2°) marginally changes the t—f coverages in Fig. 5 and,
thus, this does not impact our results. Halving the cone thickness
(0.5°) only creates many small gaps in the t—f coverages, such
as those in the lower panel of Fig. 4. All ExXPRES simulation
files (configuration and results) are available from Louis & Zarka
(2025).

Table 1 summarises the results of our 7 X 5 x 2 x 2 = 140
ExPRES simulations compared to FAST observations. The pre-
dicted t—f coverages are consistent with the observations for
loss-cone-driven ECM with 5-100 keV electrons on field lines
with L<5 to 10, on the R-X or L-O mode from the southern
magnetic hemisphere. They are also consistent with 5-10 keV
loss-cone-driven ECM from the northern magnetic hemisphere,
and for shell-driven ECM in both hemispheres, but only on field
lines with L=2. When polarisation is taken into account, only R-
X mode from the southern hemisphere or L-O mode from the
northern hemisphere remain compatible with the observations.
The corresponding results are emphasised in boldface style in
Table 1.

The height of the radio sources between 1000 and 1500 MHz
is between 1.10 and 1.23 R, (for L=2) and between 1.19 and
1.34 R, (for L=10). The latitude of the radio sources is between
40° £ 2° (for L=2) and 69° + 1° (for L=10).

To test the dependence of our modelling results on AD Leo’s
dipolar magnetic field parameters, we have re-computed the
plots of Fig. 5 with the 2019b model from Bellotti et al. (2023)
(magnetic dipole of moment 441 G.R? inclined at 23° from
the rotation axis). The predicted t—f domains covered by ECM
emission slightly change, without modifying significantly the
conclusions of Table 1. As recent ZDI observations from AD Leo
do not suggest any polarisation reversal since 2020, we consider
our modelling of Fig. 5 as representative of the situation in late
2021, at the time of FAST observations.
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We have also performed EXPRES simulations where mag-
netic field lines carry radio-emitting electrons only in a restricted
longitude range (such as in Fig. 4), to test the possibility of
a radio emission induced by the presence of a planet in syn-
chronous orbit, as proposed by Tuomi et al. (2018). We did not
find any single restricted longitude range that could account
for the emissions observed by FAST on both 2 and 3 Decem-
ber. Thus, in the frame of our simulations (ECM mechanism
at the fundamental of the local cyclotron frequency), FAST
observations over 2—-3 December 2021 cannot be attributed to
a star—planet interaction with a planet in synchronous orbit.
More generally, the emission from a restricted sector of stellar
longitude that would be active on both days is excluded.

5. Analytical study of burst drift rates

Fast-drifting bursts provide us with an independent way to esti-
mate the source L-shell and electrons energy. For a dipolar
magnetic field, the calculations can be conducted analytically.
Following Zarka et al. (1996) and Mauduit et al. (2023), we can
write the magnetic field amplitude at distance R from the star’s
centre and colatitude € from the magnetic axis as:

B,
B(R,6) = 2 (1 + 3 cos?0)!/?, (1)

with B, the equatorial surface field (here 461.5 G) and R in R,,
and hence the electron cyclotron frequency f.. can be written:

f(R,0) = 1% (1 + 3 cos?9)! 2, )

with f = f.., and f, the cyclotron frequency at the equator at 1 R,
distance. The drift rate d f/dt produced by electrons of energy E,
moving along a field line L can be written:

af _df do ds
dt’

dr do > ds )

with s as the curvilinear abscissa. Using the equation of a dipolar
field line

R(L,0) = L sin®6, 4)

and with ds* = dR? + R?d6* and ds/dt = v;;, we obtained

df _ 3fg(6)

dar = LR )
with

4(6) = cosf (3 + 5cos?6) ©

sin26 (1 + 3cos20)3/2°

Assuming that there is no distributed accelerating electric
potential nor any potential drop along the source field line (i.e.
the electrons are in adiabatic motion), the expression of the
parallel electron velocity is deduced from the total energy E
(keV), with the help of the conservation of the energy of the
electron (¥ = vf |+ 2 = constant), because the magnetic force
does not work, and by expressing the first adiabatic invariant
of the electron motion in a variable magnetic field amplitude
(v2 /B = constant). We obtain:

L3sin’g,\"”
u) , 7

vy =vll-
// ( fe
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with ¢, the equatorial pitch angle of the electron (i.e. ¢, =
arcsin(v, /v) at the magnetic equator), and v = c(1 — (55-))"/?
with E, = 511 keV the electron’s energy at rest. We note that
the sign of the drift rate depends on that of v,,, which reflects
the sense of motion of the electrons along the source field line.
Down-going electrons produce positively drifting radio waves
(frequency increases with time) whereas up-going electrons pro-
duce negatively drifting signals. The modulus of the drift rate
does not depend on its sign.

The altitude of the mirror point of an electron, at which v =
v, , depends only on its equatorial pitch angle:

ﬁ _ v _ Vleq _ v L3sin’¢, ®
B Bmirror Beq Be ’
which implies
B,
Buirror = m, ©

where the altitude of the mirror point, at which B = Byiror, 1S
given by the expression of B(R, ). Alternately, the equatorial
pitch angle on a field line L is expressed as:

B, \"”? .
FE = arcsin
L Bmirror

1/2
d . 10
LSfmirrar ) ( )

The equatorial pitch angle that corresponds to a mirror point at
the stellar surface (i.e. at 1 R,) is

¢ = arcsin(

f 12
Per = arCSin(LBf;wx) | (1

with f,.. the cyclotron frequency at the footprint (R = 1R,) of
the field line L. Electrons with ¢, < ¢, precipitate into the star
and are lost by collisions, generating a loss-cone in the reflected
distribution, while electrons with ¢, > ¢.; have their mirror
point above the star’s surface.

Using the above equations we have computed predicted drift
rates over the range of FAST observations for electrons with
energies of 5-200 keV, moving along field lines with L values
of 2—40. Figure 6 displays representative examples at 5, 30, and
100 keV. The modulus of the drift rates is plotted for the different
L-shells (displayed in different colors) and for three values of ¢,
on each L-shell (see caption of Fig. 6). The drift rates measured
by FAST on 2 December are displayed with the thick solid red
line, while the overall (resp. sub-burst) drift rates on 3 Decem-
ber are displayed as the long-dashed (resp. short-dashed) orange
line, as in Fig. 1c. From Fig. 6 (actually from the entire series of
simulations with energies 5-200 keV), we conclude that (i) the
drift rates of 2 December are compatible only with electrons of
energy 20-30 keV, (ii) the overall drift rates of 3 December are
compatible only with electrons of energy 30-100 keV, and (iii)
the sub-burst drift rates of 3 December are incompatible with
electron adiabatic motion at all energies. Moreover, for ener-
gies of 20-30 keV, matching the observed drift rates along field
lines with L>10 requires electrons moving quasi-purely parallel
to the star’s dipolar field lines (equatorial pitch angle ¢, < 1°),
which is quite difficult to achieve from low latitude acceleration,
which will necessarily lead to an angular dispersion of elec-
tron velocities. If we restrict this to the more plausible range
1° < ¢, < 1.2 X ¢,1, we obtain the domains displayed in Fig. 7
for an electron energy of E=30 keV. Here, we see that observed
drift rates can be reached only on field lines with L<10.
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Fig. 6. Drift rates calculated in FAST range for electrons with energy
5 keV (a), 30 keV (b), and 200 keV (c). On each panel, drift rates for
each L value (same values as in Fig. 5) are plotted in a given color
(L=2: black, L=5: violet, L=10: blue, L=20: green, L=40: pink). For
each L-shell, drift rates are computed for 3 values of the equatorial pitch
angle [¢.1/2, ¢.1, 1.3 X ¢.1], and the curve corresponding to ¢, = ¢,
is thicker than the other two. The corresponding value of ¢, is indicated
next to each curve in the corresponding color. The red and orange lines
represent the drift rates measured by FAST (see text). The increased
electron energy corresponds to increased drift rates proportional to the
electron velocity across the source regions.

Thus, the results of this analysis are quite convergent with
those obtained completely independently from the ExPRES
simulations in the previous section, especially for R-X southern
emissions. Both are consistent with electrons whose energy is
about 30 keV, moving adiabatically along field lines with L<10.
Possible L-O northern emission deduced from ExPRES simula-
tions (column ‘L-O North’ of Table 1) corresponds to electron
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Fig. 7. Ranges of calculated drift rates along dipolar field lines with L-
shell 2, 5, and 10, for an electron’s energy of 30 keV and equatorial pitch
angles between 1° (upper limit of each domain) and 1.2 X ¢,; (lower
limit). The red and orange lines represent the drift rates measured by
FAST on 2-3 December (see text).

energies lower than those deduced from drift rate calculations.
Burst drift rates on 2 December are particularly well matched by
20-30 keV electrons. On 3 December, sub-burst drifts are incon-
sistent with large scale electron motion along dipolar field lines
whatever their energy, while overall drift rates may be consistent
with an energy about twice higher than on the previous day.

6. Discussion and conclusions

As discussed in Paper I, the high flux density (>100 mJy) and
brightness temperature (T, up to 10'® K) of AD Leo’s radio
bursts, their high circular polarisation degree V/I, and their fine
temporal structure at a few milliseconds timescale suggest that
the generation process occurs via the ECM mechanism at the
fundamental of the local cyclotron frequency (f = f..), as for
Jovian S-bursts. The latter argument (fine time structure) is espe-
cially important, since plasma emission with a fine structure that
is much shorter than 1 s is unlikely (Vedantham 2021). Con-
versely, the very high maser growth rates ensure fast growth
possibly up to saturation (Treumann 2006).

We restricted our study to emission at the fundamental
of the cyclotron frequency because the corresponding ECM
growth rates are generally much larger than for higher harmon-
ics (Treumann 2000, 2006), so that the fundamental should
dominate below ~2 GHz unless it is trapped or absorbed in
the plasma. The emission at harmonics of f. should also
reach much higher frequencies than those observed to date by
FAST (Paper I) or by most of the previous observers (Abada-
Simon et al. 1994; Osten & Bastian 2006, 2008; Villadsen &
Hallinan 2019). Harmonic emission from AD Leo may have
been detected in the range 2.8-5 GHz (Stepanov et al. 2001;
Villadsen & Hallinan 2019).

Figures 2a and 2b, which offer a qualitative comparison of
the morphology of AD Leo’s bursts from 2 December with
Jupiter’s S-bursts reveal a striking similarity. The main differ-
ence is the sign of the drift rate, which suggests down-going
electrons on AD Leo and up-going ones at Jupiter. In Figs. 2c,
2d, and 2e, we also show that the morphology of AD Leo’s
bursts from 3 December is reminiscent of that of Solar spikes,
also commonly attributed to ECM (Benz 1986; Wu et al. 2007,
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Fig. 8. f,./ fc. values in the frequency range of FAST observations, for
a dipolar magnetic field of moment 461.5 G.R? and a coronal density
following Eq. (12), along L-shells 2 and 5, as a function of the relative
base coronal density n and relative scale height h.

Chernov et al. 2008). The overall drift of AD Leo’s bursts is
negative in that case.

The interpretation of FAST observations from December
2021 favours R-X mode from AD Leo’s southern magnetic
hemisphere, because this mode is consistent with both the t—f
coverage and the measured LH polarisation. It is also consis-
tent with the fact that the South magnetic hemisphere is more
optimally viewed by a terrestrial observer.

This carries an implication in terms of the density of
AD Leo’s atmosphere. Fundamental X-mode emission requires
foelfee < 0.3 (with f,, [kHz] ~ 9N.* [ecm™] the plasma
frequency) in the radio source region (Melrose et al. 1984;
Treumann 2006) in the range of FAST observations; namely, 1—
1.5 GHz. Since AD Leo is a cool red dwarf (T.rr ~ 3500 K,
Mann et al. 2015) we can assume (as a first approximation) a
corona in hydrostatic equilibrium with a density (and hence an
electron density) varying as N.(z) = Ny,exp(—z/H) (with z as
the altitude above r = 1 R, and N, as the coronal base density).
For the Sun, the coronal base density is Ny ~ 3 x 108 cm™ and
the scale height is H is Hy ~ 10 m. For a red dwarf, previous
authors have assumed a coronal base density of N, ~ 100 X Ng
and a scale height of H, ~ 0.5-1.2 Hy (Villadsen & Hallinan
2019). Following Mohan et al. (2024) and Villadsen & Hallinan
(2019), we can write the electron density profile in AD Leo’s
atmosphere as

N,(r) [em™]1 =nx2.510%exp[-(r — 1)/(h x 0.38R,)]  (12)

where we have introduced the dimensionless parameters n and
h characterising the coronal base density and scale height rela-
tive to the proposed model (i.e. n = 1 and & = 1 in Villadsen &
Hallinan 2019).

With the dipole field of AD Leo allowing us to determine
Jee(z) along any field line (Egs. (2) and (4)), we obtained, for
the field lines with L-shell 2 to 10, the ratio fp./f.. displayed in
Fig. 8 for n € [0.2,0.5,1] and 4 € [0.2,0.5, 1]. We see in Fig. 8
that R-X mode sources at L=2 are very unlikely, unless both n
and h are much smaller than 1. Along field lines with L=5 to
10, fundamental R-X mode generation via ECM in the range of
1-1.5 GHz imposes h ~ 0.2 (whatever the value of n), or i up
to 0.5 if n ~ 0.2. These parameters correspond to a corona sig-
nificantly less dense than in Villadsen & Hallinan (2019) at the

radio sources altitude (1.10 to 1.34 R.) and latitude (40° to 69°),
imposing constraints on coronal models for M dwarfs.

We have noted that both EXPRES simulations (constrained
by the ECM energy source, characteristic electron energy in the
case of a loss-cone, and L-shell) and drift rate estimates (deter-
mined by the electron energy, L-shell, and electron pitch angle
at the equator) have given consistent results, pointing at radiating
electrons with an energy E=20-30 keV, moving along field lines
with L~2-10. The above plasma density estimates rather favour
the range L~5-10. We do not claim a high accuracy on either
L or E, but the results are indicative of mid- to high-latitude
emissions by moderately energetic electrons. Positive drifts, on
2 December, rather favour shell-driven ECM with down-going
electrons (in that case along L~2 field lines), while a loss-cone
is compatible with the negative drift rates observed on 3 Decem-
ber. On this latter day, the drift rate calculations suggest that the
bursts are either produced by a mechanism different from ECM
(the overall drifts being either coincidental or due to an overall
source motion at a speed similar to that of electrons in adiabatic
motion along dipolar field lines (Willes 2002)); or alternatively,
they may be produced via ECM by electrons travelling along
magnetic field lines that are not described by a large-scale dipolar
field (e.g. smaller scale magnetic loops).

These results, based on two 3 hour observations only, are
of course preliminary, but they are a first quantitative analysis,
standing as a proof of concept that shows that detailed char-
acterisation of ECM emission regions, electron energies, and
coronal plasma density becomes possible using fine structures
observed in stellar radio bursts. The small t—f extent of the
observed overall t—f patterns being much less extended than our
simulations of Fig. 5 suggests that restricted longitude ranges
(likely different) are emitting on the two days. More observa-
tions, especially clustered in time, will obviously bring better
constraints. On a finer timescale, resolved stellar radio bursts
also carry information about their magneto-plasma of origin and
can be effective diagnostic tools for the emission mechanism and
electron acceleration process.

It must be noted that EXPRES simulations and drift rate
calculations benefit from the knowledge acquired on ECM oper-
ation in Solar System planetary magnetospheres (Zarka 1998;
Treumann 2006). For example, the quasi-periodicity at ~5 Hz
of burst occurrence on 2 December 2021 suggests intermittent
electron acceleration. At Jupiter, similar bursts (Fig. 2) were
interpreted as due to electrons accelerated by Alfvén waves of
frequency 5-20 Hz, excited along Jupiter’s magnetic field lines
by its moon lo, and amplified at the feet of these field lines in
the so-called ionospheric Alfvén resonator (Hess et al. 2007,
Mauduit et al. 2023). Alfvén waves have also been invoked in
the case of Solar spikes (Wu et al. 2007). Radio burst obser-
vations may thus eventually constrain the Alfvén speed (V4 =
c(fce/f,,e)(me/m,,)l/z, with c as the speed of light and m, and m,,
as the masses of the electron and proton, respectively) at the base
of the corona.

Based on the above conclusions, we may speculate a little
further about the large-scale physical driver of AD Leo’s radio
bursts; in particular, we consider whether they result from the
flare paradigm (see e.g., Zic 2020) or from the planetary mag-
netosphere paradigm (see e.g., Hallinan et al. 2015). The flare
paradigm leaves room for ECM emission as long as adequate
fpel fee 1atios exist in the source region (Morosan et al. 2015,
2016; Yu et al. 2024). The similarity of the spikes from 3 Decem-
ber with Solar spikes (Fig. 2) rather supports this paradigm,
although no evident correlation was noted in Paper I between
optical and radio flares. However, we note that optical flares

A95, page 9 of 20



Zarka, P., et al.: A&A, 695, A95 (2025)

10 50
E=30 keV keV keV
T T T T T T 777 L S
[ —— L=3 Z F r
25- T |C A L oanb
[ —— L:g 7 1141 30~
[ —— L=10 o1 r [
L L=20 [ r
201 12 251
O Eor
N r
| . 20 -
ERLIE o
L T C
© L r 15 O
E10 T
a r Foor
[ F10-
5L -
L be=48.5° r H
ol 1 . . . 1 . . . Ll oL oL

40 60 80

Frequency (MHz)

Fig. 9. Drift rates similar to Fig. 6 but calculated in NenuFAR’s fre-
quency range, for an electron energy of 30 keV. The curves are globally
shifted vertically by a change of electron energy; hence, the different
vertical scales on the right side corresponding to different electron ener-
gies of 10 and 50 keV.

might be too small to be detected by the optical telescopes used
in Paper I, or they could happen before the radio flares and inject
accelerated electrons into the large-scale magnetic field, whose
radio signature would occur after some accumulation (e.g., Yu
et al. 2024). In the planetary magnetosphere paradigm, the main
question is the source of electron acceleration (or of the Alfvén
waves that cause it). Usual suspects are corotation breakdown
and star-planet interaction with a planetary companion. We dis-
cussed in Sects. 3 and 4 the unlikeliness of an adequate planetary
companion for AD Leo and that is the reason why we did not
explore it via EXPRES simulations beyond the synchronous orbit
(this would have involved too many free parameters). Further
observations may lead us to reconsider this possibility. We are
thus left with corotation breakdown (Nichols 2012; Turnpenney
et al. 2017) and with the fact that we located the radio sources
along field lines of relatively low L; namely, likely to be in the
sub-Alfvénic region of the stellar corona. Considering the more
massive wind of red dwarfs and the faster rotation (by ~13 times)
of the star compared to the Sun’s, we propose that electron
acceleration driving ECM on sets of field lines in restricted lon-
gitude sectors may be caused by corotation breakdown applied
to plasma blobs in the inhomogeneous stellar wind, occurring at
a few R, from the star. This is similar to what happens at Jupiter
in the external regions of the Io plasma torus (Yang et al. 1994;
Louarn et al. 1998).

7. Perspectives

With the start of operations of the large sensitive low-frequency
array NenuFAR in France, in the range 10-85 MHz (Zarka et al.
2020), low-frequency observations of AD Leo’s radio bursts
might bring complementary constraints to those obtained at
higher frequencies with FAST.

In support of such observations, which were actually initiated
in 2023, we have extrapolated the data in Fig. 6 to the spec-
tral range of NenuFAR to estimate the magnitude of the drift
rates that should be searched for (displayed in Fig. 9). Surpris-
ingly, we find drift rates of order of 10 MHz/s, very similar to
those of Jupiter S-bursts in the same spectral range. We note
that cyclotron frequencies matching the lowest frequencies of the
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Fig. 10. f,./ f.. values computed as in Fig. 8 but in the frequency range
of NenuFAR.

NenuFAR range cannot be reached in AD Leo’s environment on
field lines with L<5 (f.. > 20 MHz along L=4, f,, > 48 MHz
along L=3, and f,, > 85 MHz along L=2).

Similarly, we have extrapolated Fig. 8 in the spectral range of
NenuFAR and obtained Fig. 10. If the hydrostatic description of
AD Leo’s atmosphere holds up to a few R, distance, low values
of fpe/f.e would be possible, thereby allowing for fundamental
R-X mode ECM emission (identified through its circular polar-
isation sense) in the low-frequency source region for a relative
coronal scale height twice as low as that reported in Villadsen &
Hallinan (2019) (h < 0.5).

Therefore, observations of emission occurrence and drift
rates at low radio frequencies would be very powerful for better
locating the sources and estimating electrons’ energies. Coordi-
nated high- and low-frequency observations are also potentially
very informative, as Fig. 4 shows that due to the ECM beam-
ing, combined with the stellar rotation, emission from the same
field line at different frequencies is expected to be received
on Earth with a delay of up to several hours. The measured
delay will be a very strong constraint on the fit to ExXPRES
simulations. Of course, contemporaneous ZDI maps will be of
utmost importance to apply EXPRES to reliable magnetic field
topologies.
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Appendix A: Drift rates of sub-bursts and sub-burst trains on 3 December 2021

On 2 December, drift rates of linear t—f structures were easily measurable. Figure 3a of Paper I and Fig. 1c of the present paper
showed the clear dependence of df/dt on the frequency, varying from +550 MHz/s at 1000 MHz to +970 MHz/s at 1470 MHz.
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Fig. A.1. Example of determination of the overall drift rate of sub-burst trains on 3 December 2021. (a) Five seconds of catalogued sub-bursts
reproduced from Fig. 8c of Paper I. (b) Result of parametric linear de-dispersion and spectral integration of (a), as a function of slope (left scale)
or drift rate (right scale). The dashed horizontal line about -500 MHz/s indicates the drift rate for which most of the burst clusters of (a) align. (c)
Standard deviation of each line of (b) (actually exponential of values of (b) are used to enhance the contrast). The dashed vertical line indicates the
peak value, obtained at -514 MHz/s. (d) Distribution of overall drift rates computed in 20 s X 30 MHz intervals between 1000 and 1150 MHz. For
each of the 5 frequency intervals, the diamond indicates the average overall drift rate and the ‘+’ the 10 % and 90% quantiles of their distribution.
The solid line is the linear fit of the average values, and the dashed lines those of the quantiles. The lower values about -1000 MHz/s are ‘saturated’
by the time resolution of the original dynamic spectrum (a), which prevents us from distinguishing clearly between drift rates steeper than -1000

MHz/s; we thus limited our parametric de-dispersion to that value.

On 3 December, the morphology of the bursts, very different from the previous day, was blob- or spot-like as shown in Fig.
1b, reminiscent of some solar radio spikes (Benz 1986; Wu et al. 2007; Chernov et al. 2008) (see also Figs. 2c, 2d, and 2e). About
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50000 individual sub-bursts were catalogued, with drift rates from -5000 to +3300 MHz/s (dots and ‘+’ in Fig. 1c). The linear fit
of df /dt(f) leads to the short-dashed orange line in Figs. 1, 6 and 7, which is not compatible with electron’s adiabatic motion in a
large-scale dipolar magnetic field (cf. Figs. 6 and 7). However, in Paper I, sub-burst alignments or clusters were clearly identified, as
illustrated in Figs. 1b and A.la (the latter reproduces Fig. 8c of Paper I).

To quantify the overall drifts of these clusters, we performed a re-analysis of the sub-burst catalogue. This catalogue contains
for each sub-burst its t—f position and linear shape as well as its intensity and polarisation. Figure A.la displays the corresponding
sub-bursts detected in the same interval as Fig. 8c of Paper 1. To obtain an estimate of the overall drift of sub-burst trains, we ‘de-
dispersed’ the dynamic spectrum as is done for pulsar pulses (e.g., Zakharenko et al. 2013), but correcting for a linear drift, instead
of one in 1/ f? drift for pulsars (i.e. for each trial drift rate df/dt, we shifted each time series at frequency f relative to a reference
frequency fy by ot = df/dt X (fo — f)). We then integrated the de-dispersed signal to obtain a time series for each trial drift rate. The
result of this operation is displayed in Fig. A.1b as a function of time and slope or drift rate. In the 5 s example displayed, the overall
drift rate clearly peaks around -500 MHz/s (horizontal dashed line), where most caustics appear in the ¢t — d f/dt plane. To determine
automatically the best drift rate, we computed the standard deviation of the time series obtained for each trial drift rate, displayed in
Fig. A.lc (where we have taken the exponential of the values in Fig. A.1b to enhance the contrast of the result). It peaks for the drift
rate that aligns best the sub-burst clusters (here, equal to -514 MHz/s, shown as a vertical dashed line). We performed this analysis
in frequency intervals of 30 MHz and time slices of 20 s over the entire observation of 3 December. In each frequency interval, we
computed the average overall drift rate and the 10% and 90% quantiles of their distribution, plotted in Fig. A.1d. The variation of
the 10% and 90% quantiles (dashed) define the lower grey-shaded area in Fig. 1c and the variation of the average overall drift rate
with frequency (solid line) is the long-dashed orange line in Figs. 1, 6 and 7.

Appendix B: General derivation of the ECM radio beaming angle 0 for the R-X and L-O modes

We detail here how to derive the dispersion equation in a cold magnetised plasma, and its solution as a function of 6, the angle
between the local magnetic field B and the wave vector k.

Appendix B.1: Dispersion equation

To obtain the dispersion equation in a cold magnetised plasma, we use the following Maxwell equations (Maxwell 1865):
the Maxwell-Amperes relationship:

OE
VXB =ﬂ0]+€0ﬂ05 (B.1)
the Maxwell-Faraday relationship:
OE
VXE=—-—— B.2
y (B.2)

the current density formula:
J=0E (B.3)
and that of the dielectric tensor:

K=1-— (B.4)

~ We will also use the fact that solutions are in the form of plane waves, and that all the quantities f(r,) are proportional to
¢ kr=wh That gives us:

2
S kxkxE+KE=0, (B.5)
w

The refractive index N of a medium is defined as the ratio of the speed of light in a vacuum c to the phase velocity v4 of a wave
propagating in the medium. In the case of a plane wave, the phase velocity corresponds to the propagation speed of the wavefront
along the wave vector k, i.e. vy = % Therefore, N = %

The magnetic field B (of unit vector b) is directed along e,. The wave vector k is contained in the plane (ey,e;). Theses two
vectors form an angle 6. In this reference system, we can define N = (Nsin6, 0, Ncos6).

We therefore obtain:

2 —N?%cos*6 0  N?costsind E,
—kxkxE= 0 -N? 0 [ E, ] (B.6)
w N2cosOsind 0 —N?%sin’6 E;
For deriving KE, we start from the equation of motion:
0
ZFzma—'t’:e[waB], (B.7)
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giving us:

Ovg
my— - = es[E1 +vs1 X By, (B.8)
with s standing for ‘species’ (ion or electron), E = Egy + E1 = Eq, vy = vy + vs1 = vy (cold plasma), B = By + By, and vy X By =
0?(e) (second order, very low in front of first order).

As we are assuming the solutions are in the form of plane wave, by projecting along x, y and z, we obtain:

—iw —w; 0 Vs
. es
—Wes  —lW 0 Uy |=—
0 0 —iw Vs, My

With w,s = emif’ the cyclotron pulsation for each species. Hence

E,
E, ] (B.9)
E.

—iw Wes
Usx e; W —w? wi—w? 0 Ex
, s s
vy =0 2 G 0 || B (B.10)
Usz g 0 0 w E;
w
The current density is expressed as
J =) ngew, =k, (B.11)
s
from which we obtain the conductivity tensor o :
—iw Wes
g [ Fd R O
o= s s 0| (B.12)
me o5 —W*” Wes—w™ .
s * 0 0 w

w

Then we can express the dielectric tensor:

-1- (B.13)
zweo

which is therefore written:

S —-iD O
K=|iD § 0], (B.14)
0 0o P
where S, P and D correspond to the Stix notation (Stix 1962):
w? w? a) ) n.e?
—1_ ps . —1_ _ps. s : 2 _ s
S =1 Z 7o P=1 Z > D= Z w(w2 — it e = (B.15)
Finally:
2 S — N%cos*0  —iD  N’cos6sinf E,
—kxkxE+KE=0 iD S —N? 0 (@]:0 (B.16)
@ N2cosOsing 0  P-NZ%sin’0
The determinant of this matrix gives an N-squared equation of the form:
AN* + BN* + C =0, (B.17)
with
A = Pcos’0+ Ssin*0; B = sin*0(D* — S*) -~ SP(1 +cos*d);  C=P(S* - D?. (B.18)
In the oblique propagation (i.e. 8 # 0° or 90°) , the solutions are given by:
-B+ VB? - 4AC
N=——" "— (B.19)

2A

The solutions of this dispersion equation give a relation between the refractive index N, the wave gyrofrequency w and the angle
0 between the wave vector and the ambient magnetic field.

The + sign indicates the existence of two branches to the solutions. To understand the meaning of this + for the wave, we derive
in the next section the Altar-Appleton-Hartree expression of the refractive index.
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Appendix B.2: Altar-Appleton-Hartree expression

To find the solution to this determinant directly in Altar-Appleton-Hartree form, it is easier to put N> = 1 + £ and solve

2A-B A-B+C
+ + > =
& 3

The solutions of this equation are given by:

A 0. (B.20)

2(A-B+C)
—2A+ B+ VB2 —4AC
In the following, we used the approximation that at high frequencies, the terms relating to the ions in the expression of S, P, and

D are negligible because m; >> m, and, therefore, w,; << wp,, as well as wWg; << We,
To finally arrive at the Altar-Appleton-Hartree equation, each term in the above equation must be rewritten, factoring by

N*=1+

(B.21)

5 2 Wee
Wy, -7 . .
- <> In the end, this gives us
wziwcz‘(’ m%’l’

W

2 2
Whe % (l _ ’”,;E)

w2

N2=1- 2*

2 2 2 2 2 )
Whe > . - . ! w
2% (1= &) — Z5sin’0 + \/(%*smze)2+4* “e % cos?0x (1 — —5)?

(B.22)

As mentioned earlier, the + sign indicates the existence of two branches to the solutions. These branches (represented in Fig.
B.1) are framed by cutoff and resonance frequencies and named as follow:
+ : whistler mode (w < w,);
Left-Ordinary (LO) mode (w > wp).
— : Left-eXtraordinary (LX) mode (w; < w < w));
Right-eXtraordinary(RX)-Z mode (v, < w < wyg);
RX mode (w > wg).

We note that below w,., in oblique and parallel propagation (so for 8 < 90°), the naming of the branches of the Appleton-Hartree
equation for the right and left modes depends on the value of the frequency, as there is a discontinuity at w = w,,, which implies a
change of sign in the equation. Therefore:

— forw > wee & Ng =Ny and Ny = N_,

— for wee > W > wp, = Ng = N_and N, = N,

— forwp, >w —> Ng=N,and N, = N_,
meaning that in-between w), and w,, there is an inversion of the branches to the solutions for the right and left modes (this is taken
into account in Fig. B.1).

In Fig. B.1, we see that only L-O and R-X modes tend to N = 1 and therefore tend towards a high-frequency light wave. These
modes are therefore capable of propagating in the vacuum outside of the plasma. It is these two modes that we simulate in EXPRES.

Appendix B.3: Solution of the dDispersion equation function of 6 in the oblique case (loss-cone distribution function)
We now want the solution of the dispersion equation (see Eq. B.19), but only function of 6, the angle between the ambient magnetic
field, B, and the wave vector, &, as this is what we compute numerically, and in a self-consistent way, in the ExXPRES code.

Appendix B.3.1: Equation of the Electron Cyclotron Maser instability in the oblique case (loss-cone distribution function)

In the Electron Cyclotron Maser Instability case, the oblique propagation is obtained when the instability is driven by a loss-cone
electron distribution function. The wave-particle resonance equation for the Electron Cyclotron Maser Instability is expressed as

w — ko = weeI; ', (B.23)
where w,. is the electron cyclotron angular frequency, || refers to the parallel component of the wave vector k and of the velocity, v,,
of the resonant (r) electrons, and I, is the Lorentz factor associated with the gyration motion of these electrons:

-1 o7
I =4/1-—. (B.24)

2

We recall that the aperture of the conical emission sheet 6 is defined by the angle between the magnetic field vector and the wave
vector. The magnetic field B (of unit vector b) is directed along e,. The wave vector k is contained in the plane (e,, ;). Assuming
that the emission pattern has a cylindrical symmetry of revolution around the magnetic field line, the angle 6 can be defined as
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6=0°

mode +
mode -
-=-=- 06=90°

1.00 1

Refraction index N

0.75 1

0.00 )
fi

foe fee fun TR
Frequency (kHz)

Fig. B.1. Refractive Index, N, as a function of the frequency f (with w = 2xf) for a low-density plasma (i.e., foe > fpe, required for the ECM to
occur). The red areas corresponds to the + branch of the Appleton-Hartree expression, while the blue area correspond to the — branch. The oblique
propagation dispersion curves for different 6 are shown as thin coloured lines (with 66 = 5°), while dispersion curves for parallel propagation
(6 = 0°) are shown as thick black lines, and those for perpendicular propagation (6 = 90°) as thick black dashed lines. The frequencies of the
L-mode cutoff f;, plasma cutoff f,., cyclotron resonance f.., upper hybrid resonance fyy and R-mode cutoff f, are indicated on the x-axis. In this
example, f../fye = 0.3. In reality, it is lower than that, but it has been enlarged here for the sake of readability.

kcost = kb = k. (B.25)

In the weakly relativistic case, the resonance equation is a circle in velocity space:

2 2 2 kﬁcz w
v+ —vo) =c 5 +2|1- s (B.26)
Wee Wee
: PO
with a centre at [v,, =00, = vy = o |’ (B.27)
and radius, R = ¢ —+2 (1 - ) . (B.28)
wce Wee

From Equations B.25 and B.27, and by inserting the refractive index of the medium, written as
N = ck/w, (B.29)

vo can be rewritten as follows:

d cosé. (B.30)

v, = Vo = ch
ce
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Fig. B.2. Electron distribution functions able to amplify radio

waves. (a) In a shell-type distribution, the Vv, positive gradient

of the distribution function is located along the inner edge of

the distribution (red arrows). The ECM resonance circle lead-

AVJ_ ing to amplification is tangent to it and centred at v, = 0. (b)
In a loss-cone distribution, the loss-cone is a region depleted
in electrons, lost by collision with the atmosphere. This region
is located below the dashed line, defined by the pitch angle
a. The largest positive gradient Vo, of the distribution func-
tion (red arrow) is along the edge of the loss-cone, at some
\ Vy resonance velocity v,. The ECM resonance circle leading to
2  maximum amplification is tangent to this gradient, and is cen-

V//o V//o tred on vy, = v./cosa. The figure is reproduced from Hess et al.
up down up down (2008).

(a) Vi

For loss-cone-type electron distributions, the resonance circle (Fig. B.2b) is centred on a non-zero velocity vy (see Egs. B.27 and
B.30), which produces an oblique emission (k; # 0) with respect to the magnetic field (see Eq. B.23). The position of the resonance
circle is related to the angle of the loss-cone «, as shown in Fig. B.2b. This pitch angle defines the position of the mirror point (the
point where v = 0):

-1/2
v Ci .
cosa = g (1 - &) and sina = U—L, (B.31)
v

Weeyax

with w,,,,, the cyclotron pulsation at the mirror point, i.e. here at the altitude of the peak of the UV aurora. Jupiter’s UV aurorae
are indeed the result of the collision between the energetic electrons (associated with the radio emissions considered here) and the
neutral atmosphere. Their altitude is therefore a good approximation of the limit mirror point, beyond which the electrons are lost in
the atmosphere, producing the cone of loss visible in Fig. B.2b.

Appendix B.3.2: Determination of the solution of the dispersion equation function of 6

As we want the solution of the dispersion equation (see Eq. B.19), but only as a function of 6, we therefore go back to Eq. B.17. So
we first express the refractive index N specific to the loss-cone electron distribution function.

For that, we use several equations: Eq. B.30 which describes the centre, vy, of the resonant circle as a function of N and 6; the
expression of the resonant electron energy v, and vy as a function of the pitch angle « (that describes the position of the mirror point
where v = 0):

vocosa = Uy, (B.32)

(see Fig. B.2a for resonant electrons) and finally, using the fact that v, << ¢ (which is true for electron energies of a few keV to
~30 keV) , we can express the value of w for oblique emissions only as a function of v,:

_ -1 VoWee
Wi = wcerr + 2 Uy
vy W
= wcel";1 + 2 zce v, cosa, cf. Eq. B.31
c
2
= Wee (F;] + —;), using vy cosa = v,, cf. Fig. B.2
c
2 2
Uy 1 Uy
= Wee ((1 - ;)2 + ?)’
g2 Ry
X We |1 - + =, a first order approximation of I'," = (1 — —=)?
2¢2 (2 c?
using Taylor series expansion of the form (1 + x)* = 1 + ax + o(x"),
2 . .
X We |l + 22 this is of the (1 + x)“ form,
c
so we can do a reciprocal Taylor expansion,
. v? 1
by posing x = ——= anda = —>
c 2
o\—1/2
= Wee ( - C—;) , by doing the reciprocal Taylor series expansion
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Wie = Wee Iy (B.33)
This gives for N:
o,
Ne—r % _ X (B.34)

cosa c cosd  cosd’
Using the dispersion relation (Eq. B.17) and the equation above, we can rewrite it as:

4 2

Ax By
+
cos*f  cos?éd

AN* +BN? +C =0 +C=0 & Ay* + By’cos*0 + Ccos*0 = 0. (B.35)

Thus, using the definitions of Eq. B.18:

A = Pcos*0+ S sin20,
B = sin*0(D* — S%) — S P(1 + cos?0), (B.36)
C = P(S* - D%,

with the definitions of S, P, and D given in Eq. B.15 page 14, the dispersion relation can be expressed as a function of 8 as the only
unknown:

& Ax* + By’cos’0 + Ccos*0 = 0,

B.37)
= P)(4 cos’ 6 +X4S sin® @ +)(2(D2 - Sz) sin® @ cos” 0 —)(ZPS(I + cos’ 0) cos’ 0 + P(S2 - D2) cos*6 =0,
with sin? 6 = 1 — cos? 0,
= PX4 cos> 6 +X4S(1 — cos® 0) +)(2(D2 - S2) cos’ o(1 — cos’ 0) —)(ZPS cos> 0 —XZPS cos* 0 + P(S2 - D2) cos*6 =0,
= Py*cos? 0+x*S —x*S cos? 0+x*(D? — §%) cos -y *(D? — §?) cos* 6—x?PS cos*0—x° PS cos* 6+P(S* — D*) cos* 6= 0.
(B.38)
Finally, Eq. B.35 can be rewritten as follows:
= |P(S? - D*) = x*(D* = §? + PS)| cos*0 + [¥*(P = §) + x*(D* = 52 = PS)| cos*0 + x*S = 0, 539
& acos*0+bcos’d+c=0. '
Therefore, the solutions of this equation are given by:
—b + Vb? - 4ac
costg = 2= Y07 T HAC (B.40)
2a
with:
= P(S?-D% - (D*-S%+PS),
= X'(P-S)+x*(D* - S*-PS), (B.41)

c = x*s.

As for the solutions of N, the + sign indicates that there are two branches to this equation. As the loss-cone-driven ECM amplify
waves only at frequencies f > f,., and as only L-O and R-X modes tend to N = 1 and are therefore capable of propagating in the
vacuum outside of the plasma, our only two solutions are:

+ :LO,
- :RX.

The calculation of the beaming angle in L-O or R-X mode is available from Version 1.3.0 in (Louis et al. 2023), the version used
in this article.

We note that for ECM loss-cone type simulations that would be done for an observer in the source of radio emissions, at a
frequency between f,. and fyy (fee < f < fun), EXPRES is also able to simulate emissions on the Z mode.
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Appendix C: ExPRES simulations

Figure C.1 displays representative examples of simulated R-X emission envelopes with EXPRES, for loss-cone-driven ECM with
several characteristic energies and for shell-driven ECM. Panels (a) and (b) are identical to Fig. 5.

(a) Loss cone 10 keV, RX-mode, North (b) Loss cone 10 keV, RX-mode, South
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Fig. C.1. Representative examples of simulated emission envelopes with EXPRES. R-X mode is emitted from the northern (a,c,e) or southern (b,d,f)
hemisphere, by loss-cone-driven ECM with characteristic energy 10 keV (a,b), 30 keV (c,d), and 100 keV (e,f). Five dipolar magnetic shells (L=2,
5, 10, 20, 40) are simulated in each case, with active radio sources along all field lines at the corresponding magnetic shell (actually at every degree
of longitude; small t—f gaps due to this discretisation have been interpolated). An Earth-based observer detects RH (black) or LH (red) polarised
emission depending on the hemisphere of origin and emission mode. On all panels, bursts were detected by FAST in the green-shaded areas, while
the green contours refer to uGMRT detections.
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Fig. C.2. (continued) for loss-cone-driven ECM with characteristic energy 200 keV (g,h), and for shell-driven ECM (i,j).

A95, page 20 of 20



	Location and energy of electrons producing the radio bursts from AD Leo observed by FAST in December 2021
	1 Introduction
	2 Summary of FAST observations of AD Leo
	3 Physical characteristics and magnetic fieldof AD Leo
	4 ExPRES analysis of radio burst envelopes
	5 Analytical study of burst drift rates
	6 Discussion and conclusions
	7 Perspectives
	Acknowledgements
	References
	Appendix A: Drift rates of sub-bursts and sub-burst trains on 3 December 2021
	Appendix B: General derivation of the ECM radio beaming angle  for the R-X and L-O modes
	B.1 Dispersion equation
	B.2 Altar-Appleton-Hartree expression
	B.3 Solution of the dDispersion equation function of  in the oblique case (loss-cone distribution function)
	B.3.1 Equation of the Electron Cyclotron Maser instability in the oblique case (loss-cone distribution function)
	B.3.2 Determination of the solution of the dispersion equation function of 


	Appendix C: ExPRES simulations


