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ABSTRACT

In this paper, we present the analysis of incoherent non-thermal radio emission from a sam-
ple of hot magnetic stars, ranging from early-B to early-A spectral type. Spanning a wide
range of stellar parameters and wind properties, these stars display a commonality in their
radio emission which presents new challenges to the wind scenario as originally conceived.
It was thought that relativistic electrons, responsible for the radio emission, originate in cur-
rent sheets formed where the wind opens the magnetic field lines. However, the true mass-
loss rates from the cooler stars are too small to explain the observed non-thermal broadband
radio spectra. Instead, we suggest the existence of a radiation belt located inside the inner-
magnetosphere, similar to that of Jupiter. Such a structure explains the overall indifference
of the broadband radio emissions on wind mass-loss rates. Further, correlating the radio lu-
minosities from a larger sample of magnetic stars with their stellar parameters, the combined
roles of rotation and magnetic properties have been empirically determined. Finally, our sam-
ple of early-type magnetic stars suggests a scaling relationship between the non-thermal radio
luminosity and the electric voltage induced by the magnetosphere’s co-rotation, which ap-
pears to hold for a broader range of stellar types with dipole-dominated magnetospheres (like
the cases of the planet Jupiter and the ultra-cool dwarf stars and brown dwarfs). We conclude
that well-ordered and stable rotating magnetospheres share a common physical mechanism
for supporting the generation of non-thermal electrons.

Key words: radio continuum: stars — stars: magnetic field — stars: early-type — stars: late-type
— planets and satellites: magnetic fields — magnetic reconnection.

1 INTRODUCTION

The magnetic fields of magnetic main-sequence B/A type stars
* E-mail: paolo.leto@inaf.it have, on average, a strength of a few kG (Sikora et al. 2019b;
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Shultz et al. 2019¢) with stable field topologies (Shultz et al. 2018).
The magnetic field topology of the majority of them can be de-
scribed in terms of the oblique rotator model (ORM), predomi-
nantly involving a centered dipole field that is tilted to the stel-
lar rotation axis (Babcock 1949; Stibbs 1950). The presence of a
large-scale magnetic field induces surface chemical anisotropies on
the stellar surface, making these stars variable as a consequence of
stellar rotation (Krticka et al. 2007). In general early-type magnetic
stars are recognized based on their chemical peculiarities, and are
classified as Ap/Bp stars (Preston 1974).

The MiMeS (Magnetism in Massive Stars; Wade et al. 2016)
and BOB (B fields in OB stars; Morel et al. 2015) spectropolari-
metric surveys concluded that magnetism characterizes about 6—
8% of the stars across the upper main-sequence (MS) (Fossati et al.
2015; Wade et al. 2016; Grunhut et al. 2017; Sikora et al. 2019a),
with the incidence rate almost constant for stars ranging from the
O to the Ap stars. The magnetism almost certainly has a fossil ori-
gin (Braithwaite & Spruit 2004; Duez & Mathis 2010; Neiner et al.
2015) rather than being created by a magnetic dynamo as in late-
type stars; this is supported by the magnetic field decay during
the stellar life (Landstreet et al. 2007, 2008; Fossati et al. 2016;
Sikora et al. 2019b; Petit et al. 2019; Shultz et al. 2019c¢). Further,
stellar mergers have been proposed as origin of the strong magnetic
fields observed at the top of the MS (Bogomazov & Tutukov 2009;
Schneider et al. 2016, 2019; Keszthelyi et al. 2021).

The early-type magnetic stars are sufficiently hot to radiatively
drive stellar wind, which in the presence of their large-scale mag-
netic fields may be strongly aspherical (Babel & Montmerle 1997;
Ud-Doula & Owocki 2002). The wind plasma accumulates at low
magnetic latitudes (inner magnetosphere), whereas it freely propa-
gates along directions aligned with the magnetic poles (Shore 1987;
Shore & Brown 1990; Leone 1993).

This concept has led to the magnetically confined wind
shock (MCWS) model (Babel & Montmerle 1997). In the pres-
ence of large-scale magnetic fields, the wind cannot freely
propagate spherically, and the ionized wind flow is chan-
neled by the magnetic field lines. At the magnetic equa-
tor, wind streams arising from the opposite magnetic hemi-
spheres collide and shock, producing X-rays (Oskinova et al.
2011; Nazé et al. 2014; Robrade 2016). Detailed modeling of the
magnetospheres of hot magnetic stars has progressively devel-
oped (Ud-Doula & Owocki 2002; Ud-Doula, Townsend & Owocki
2006; Ud-Doula, Owocki & Townsend 2008; ud-Doula et al. 2013,
2014; Owocki et al. 2016; Daley-Yates et al. 2019; Munoz et al.
2020).

Rapidly rotating magnetic stars require the presence of strong
magnetic fields to enable formation of centrifugal magnetospheres
(Maheswaran & Cassinelli 2009; Petit et al. 2013; Shultz et al.
2019c), where the centrifugal force is strong enough to balance the
gravitational infall of the circumstellar ionized material. The mag-
netospheric ionized matter is forced to rigidly co-rotate with the
stars, producing a rigidly rotating magnetosphere (RRM), which
is characterized by typical signatures recognized in the Ho line
profile and photometric variability (Townsend & Owocki 2005;
Townsend 2008).

Significant non-thermal radio emission is dependent on the
presence of a strong magnetic field in the plasma environment
of early-type magnetic stars. Indeed, about 25% of the magnetic
B/A type stars are non-thermal radio sources (Drake et al. 1987,
Linsky, Drake & Bastian 1992; Leone, Trigilio & Umana 1994).
The prevailing scenario to explain their radio emission is related to
the interaction between the radiatively driven ionized stellar wind

and the ambient magnetic field (André et al. 1988). The ionized
stellar wind opens the magnetic field lines, and a continuous ac-
celeration occurs in the current sheets in the equatorial plane. The
distance at which the radiative wind kinetic energy density equals
the magnetic energy density is the Alfvén radius (R ). Non-thermal
plasma particles, propagating within the stellar magnetosphere, ra-
diate in the radio regime through the incoherent gyro-synchrotron
mechanism and produce continuum radio emission that is partially
circularly polarized.

The main observational features of non-thermal radio emis-
sion from early-type magnetic stars are nearly flat spectra, and ro-
tational modulation, both for the total intensity (Stokes /) and cir-
cular polarization (Stokes V). The polarization level for incoherent
non-thermal radio emission increases with frequency, reaching lev-
els of ~ 10-20% (Leto et al. 2012, 2018, 2019, 2020a). Multifre-
quency radio light curves for Stokes / and V have been successfully
reproduced using a synthetic 3D model of gyro-synchrotron emis-
sion from an oblique dipole field and co-rotating magnetosphere
(Trigilio et al. 2004; Leto et al. 2006).

Superimposed on the incoherent radio emission, highly polar-
ized (up to 100%) strong pulses of coherent emission have also
been detected at low frequencies in seven early-type magnetic
stars (Trigilio et al. 2000; Das, Chandra & Wade 2018; Das et al.
2019a,b; Leto et al. 2019, 2020a,b). This amplified pulsed emis-
sion is stimulated via the coherent Electron Cyclotron Maser
(ECM) emission mechanism (Wu & Lee 1979; Melrose & Dulk
1982). ECM is also the process explaining highly beamed
auroral radio emissions (AREs) from the magnetized planets
of the solar system (Zarka 1998). In Jupiter, auroral X-rays
(Branduardi-Raymont et al. 2007, 2008) arise from the footprints
of the magnetic field lines where the coherent auroral radio emis-
sion originates, at a few stellar radii above the magnetic poles. ARE
from some early-type magnetic stars also has corresponding X-ray
emission (Pillitteri et al. 2016, 2017; Robrade et al. 2018).

Interestingly, in the lower main sequence, signatures of co-
herent AREs have also been identified in ultra-cool dwarf stars
and brown dwarfs (UCDs) (Berger 2002; Kao et al. 2018). These
cold stars are fully convective, yet a well-ordered dipole-dominated
magnetic field topology has been recognized in many of them
(Donati et al. 2006; Morin et al. 2010). The magnetic fields of these
stars are generated by a rotational-convective dynamo analogous to
the Earth’s geodynamo (Christensen, Holzwarth & Reiners 2009).
It is worth noting that in some cases rotationally modulated inco-
herent non-thermal emission has also been detected (McLean et al.
2011; Williams et al. 2015a).

The aim of this paper is to test the scenario capable of ex-
plaining the radio emission of hot magnetic stars, that works for
early B-type magnetic stars, through to magnetic stars at the low-
temperature boundary of this group (late B/early A). For this pur-
pose, we have identified a sample of B/A type magnetic stars that
have been detected at radio wavelengths, and have collected reli-
able information about their stellar parameters. The stellar sample
is described in Section 2. Details regarding the radio measurements
of the individual stars are reported in Appendix A. For some stars
we collected enough multifrequency radio measurements to pro-
duce reliable radio spectra. Model calculations of the radio spectra
of this representative sub-sample are discussed in Section 3. The re-
sults of the modeling raised a critical issue regarding the assumed
wind paradigm that, up to now, has been assumed as a primary en-
gine to support and explain all the observed radio phenomena from
early-type magnetic stars (we discuss this in Section 4). We have
searched for a possible dependence of the radio luminosity with
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Table 1. Stars of the sample and corresponding stellar parameters.

D T R, Pl B, Frac. MS age Ly rad
ID HD Alt. name Sp. type (pc) (kK) Re) (d) kG) (erg sTHz 1)
112447 aPscA A2 SiStCr 50(2)  10.2(0.5)  2.6(0.2)3)  1.4907(8)"7) 1.1940.26% 0.58(0.2)%)  1.8(0.6) x 103
2 19832 56 Ari B8 Si 124(3)  12.5(0.5)  2.3(0.3)@  0.72795(1)(®) 2.7505@ 0.51(0.26)46) 9(2) x 1013
3 27309 56 Tau A0 SiCr 90(2)  12.0(0.5)  2.3(0.3)(19  1.56882(5)('%) 3.6102800  0.41(0.33)19  3.6(0.6) x 10"
4 34452 IQ Aur B9 Si 145(4)  14.1(0.5)  3.1(0.3)®)  2.466264(5)(1%) ~ 4069 0.40754367 1.0(0.3) x 100
5 35298  VI11560ri B6He-wk  371(9) 15.8(0.8)  2.42(0.09)®) 1.85458(3)20) 112410 0. 06(0 02)<6> 4(2) x 10'°
6 35502 BD-021241 B5V He-wk  383(9) 18.4(0.6)  3.0(0.1)©®  0.853807(3)(7) 734050 0.11(0.03)© 4(1) x 10"
7 36485*  §OriC  B3VpHe-s  390(10) 20.0(2.0)  2.97(0.08)©® 1.47775(4)2" 8940200  0.05(0.02)©®  1.7(0.6) x 10"
8 37017° V10460ri B2 He-s 420(35)" 21.0(2.0)  3.6(0.2)©®  0.901186(2)" 62409  0.13(0.03)® 4(2) x 107
9 37479*  oOriE B2VpHes 440(20) 23.0(2.0)  3.3973060)  1.190833(3)% 10.5+£1.5%  0.0610:02(0) 7(3) x 1017
10 40312 6 Aur A0 Si 58(1)  10.2(0.4)  4.6(0.2)®  3.61866(1)%%) 0.69+0.01®) 1.007301(10) 1.2(0.6) x 10"
11 79158 36Lyn  B9He-wk  175(6) 13.1(0.7)  3.4(0.7)®)  3.83476(4)% 3.57+£0.360) 0.84709%6G7)  1.6(0.8) x 10
12 112413 a®CVn A0 EuSiCr 35(1)  11.5(0.5)  2.5(0.3)10  5.46913(8)(10) 3.461223(16) 0.53t3 §?<'0> 1.1(0.7) x 1013
13 118022 78Vir" A2 CrEuSr  58.3(0.8) 9.4(0.5)  2.0(0.1)(10  3722084(2)2%) 3. 65*0 g;“ﬁ) 0.3915:32(10) 2(1) x 101
14 124224*  CU Vir B9 Si 72(1) 12205 2.1(0.1)D  0.520714(1)20) 3.8+0200  0.13+209  1.8(0.6) x 10
15 133652  HZLup B9 Si 121(1)  12.8(0.5)  2.2(0.2)(™)  2.30405(2)(1?) 6.1+0.702  0.06(0.02)0%) 4(2) x 10
16 133880° HR 5624 B9 Si 104(3)  12.0(0.5)  2.0(0.3)1)  0.877476(9)(13) 9.6+103)  0.05(0.02)%)  3.5(1.5) % 10'°
17 142184* HR5907 B2V Hes  141(3) 18.5(0.5)  2.8(0.1)©®  0.508276(15)")  9+2() 0.057045(© 2(1) x 108
18 142301  3Sco  BSHe-wkSi 148(3) 162(0.7)  2.42(0.02)@ 1.45957(5)2% 12579,@  0.04(0.01)6%) 9(2) x 10'6
19 142990 V913Sco B7He-wk  146(4) 17.0(0.7)  2.79(0.06)©) 0.978891793(6)* 4.7+0.4©  0.06(0.01)(®  4.7(0.8) x 10'°
20 144334 HR5988  B8He-wk  133(2) 15.2(0.7)  2.27(0.04)®) 1.49499(4)*) 3.64+03%  0.04(0.01)0% 7(3) x 103
21 145501  vScoC B9 Si 141(1)  14.0(0.5)  2.26(0.06)*) 1.02648(1)¥ 58403 0.04(0.02)3)  3.8(0.7) x 103
22 147932 pOphC B5V* 134(1)  17.0(1.0)1" 3.3(0.2)(%)  0.8639(1)(30) 13273504 0.12400339) 4(1) x 10"
23 147933* pOphA B2V* 140(4)  20.8(0.5)® 4.5(0.6)5)  0.747326(2)?) 2710 3<2> 0.26(0.06)3)  1.7(0.5) x 10"
24 170000 ¢ Dra A0 Si 93(3)¢ 11.4(04)  3.7(0.0)19  1.71665(9)(%) 1. 75+0 13016) - 0.8810:09(10) 6(2) x 1013
25 175362 HR7129 B6He-wk  153(4) 16.9(0.7)  2.7(02)©®  3.67381(1)2% 17. 0+0 0 0.0670 4@ 9(3) x 103
26 176582  V545Lyr  B5SHe-wk  301(4) 17.2(0.7)  3.21(0.06)©) 1.58221(5)(%) 5.4+0. 2<6> 0. 32(0 06)< ) 4(1) x 10'°
27 182180* HR7355 B2Vn 233(6)  19.8(1.4)  3.2(0.1)©  0.5214404(6)C)  9.54+0.6(0  0.09(0.09)© 9(3) x 107
28 215441 GLLac’™® B9 Si 490(10) 14.7(0.5)  3(1)40 9.4875743)2)  ~ 62405 0.2(0.2)40) 3(1) x 1077

Notes: * Radio spectrum available. © The uncertainties in the least significant digit of the rotation are given in parentheses. '™ First magnetic star (Babcock
1947), except the Sun. T7" Babcock’s star (mean field ~ 34 kG; Babcock 1960). ¢ Spectral type from Simbad. » HD 37017 assumed at the average distance of
the stars belonging to the Ori OBlc cluster (Landstreet et al. 2007), see discussion reported in Shultz et al. (2019a). ¢ Distance from Hipparcos (van Leeuwen
2007).

References: (! Alecian et al. 2014, @ Leto et al. 2020a; () Allende Prieto & Lambert 1999; ) Shultz et al. 2020; (5)Pasinetti Fracassini et al. 2001;
(©)Shultz et al. 2019¢; (V) Sikora et al. 2016; () Kochukhov, Shultz & Neiner 2019; ()Wade et al. 2006; (19)Sikora et al. 2019a; (') Kochukhov et al. 2014;
(12)Bailey & Landstreet 2015; (1)) Bailey et al. 2012; ()Leto et al. 2020b; (5)Pillitteri et al. 2018; (19)Sikora et al. 2019b; () Borra & Landstreet 1980;
(18)Bernhard, Hiimmerich & Paunzen 2020; () Bohlender, Landstreet & Thompson 1993; (29)Shultz et al. 2018; 2D Leone et al. 2010; ?® Townsend et al.
2010; (23)Krtitka et al. 2015; (24)Oksala et al. 2018; (25)Catalano & Leone 1994; (26)Pyper etal. 2013; (7)Grunhut et al. 2012; (28) Shore et al. 2004,
(29 Shultz et al. 2019b; (Y Rebull et al. 2018; 3D Rivinius et al. 2013; (2 North & Adelman 1995; 33 Glagolevskij & Gerth 2010; 3*)Babel & Montmerle
1997, (35)Landstreet & Mathys 2000; (36)Wraight etal. 2012; (37 Kochukhov & Bagnulo 2006; (38) Landstreet et al. 2007; (39) Schneider et al. 2014, (40) Wade
1997.

stellar age in Section 5. By correlating the radio luminosities of the 2 THE SAMPLE
whole sample of stars with the parameters of their stellar magneto-
spheres, we obtained an empirical relation between the incoherent
non-thermal radio luminosity of the B/A magnetic stars and the
combined effect of rotation and magnetic properties of their large-
scale dipole-dominated magnetospheres, which we describe in Sec-
tion 6. In Section 7, this new result is applied in a broader context
involving other classes of stars (and planets) that radiate incoherent
non-thermal radio emission and have large scale dipole dominated
magnetospheres, such as Jupiter and the UCDs. In Sec. 8, the scal-
ing relationship for the incoherent non-thermal radio emission has
been applied to a small sample of magnetic hot Jupiters to estimate
the expected flux levels and the possible detectability. In Section 9
we discuss the possible physical consequences of our results, and
in Section 10 we present our conclusions.

Our sample consists of stars that satisfy two conditions: each star
has at least one observation in which radio emission was clearly
detected, and stellar and magnetospheric parameters are available
for each. The selected sources and stellar parameters with the cor-
responding references, are listed in Table 1. Each source is iden-
tified by the number listed in column 1. Common and alternative
names are given in columns 2 and 3. Column 4 lists the spectral
types and chemical peculiarities of the selected stars, which to-
gether with the effective temperature (column 6), are mainly taken
from Netopil et al. (2017) and Shultz et al. (2019a). Column 5 re-
ports the distances of the sources from Gaia Collaboration (2018);
in cases when Gaia measurements are not available, references for
adopted distances are identified. Radii, rotation periods, and po-
lar magnetic field strengths are given in columns 7, 8 and 9. Col-
umn 10 lists the fractional MS ages retrieved from the literature.
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Figure 1. Parameter distributions of the analyzed sample. The sub-sample analyzed in Sec. 3 is shown by the colored areas. Note that the Babcock’s star lies

outside the range of the By, plot at 62.4 kG.

In two cases the stellar evolutionary state had not previously ana-
lyzed, so for these 2 stars (HD 147932 and HD 147933) we used
BONNSAT! (Schneider et al. 2014) to estimate ages using the evo-
lutionary models given by Brott et al. (2011). Column 11 lists the
average radio luminosities of each star obtained from averaging all
available radio measurements.

Radio measurements of individual stars have been collected
from both published measurements and unpublished observations,
acquired by us or retrieved from the VLA data archive. The archival
data have been analyzed using the standard reduction steps enabled
within the software package CASA. We also included data from the
New VLA Sky Survey (VLASS) (Lacy et al. 2020). The VLASS
observed the sky at 6 > —40° and at v = 3 GHz (2 GHz band-
width). The fluxes have been corrected for systematic errors as re-
ported by Lacy etal. (2019). For the newly obtained radio mea-
surements, we determined fluxes using a gaussian fit to the radio
sources (using the standard procedure in CASA) located at the sky
position of the stars in our sample. Details regarding the radio mea-
surements for individual stars are provided in Appendix A, where
the mean (or unique) radio frequencies of all the available flux
measurements are also given. Representative frequencies where the
stellar radio luminosities have been estimated lie in the range ~ 3—
13 GHz.

The stellar parameters of our sample (Tefr, Ry, Prot, Bp) and
the corresponding distributions are shown in Fig. 1, where the dis-
tributions of the sub-sample analyzed in detail in Sec. 3 are also su-
perimposed. The effective temperatures of the selected stars ranges
from ~ 10 kK up to near ~ 25 kK, with a broad distribution roughly
peaked close to Tog ~ 15 kK. The radii of the selected stars cover
the range 2-5 R¢,. The stellar rotation periods of the sample are
mainly between ~ 0.5 and ~ 2.5 days, with a secondary group
close to Prot =~ 3.5—4 d. Only two targets have longer rotation peri-
ods (third panel of Fig. 1). Finally, the last panel of Fig. 1 shows the
polar magnetic field strength distribution. The stars analyzed here
have polar magnetic field strengths peaked close to By ~ 3—4 kG,
with a clear secondary peak centered at By ~ 9-10 kG. Note that
Babcock’s star (Bp = 62.4 kG) is not shown in the fourth panel of
Fig. 1 to avoid enlarging the x-axis scale for just this one source.

' The BONNSAI web-service is available at www.astro.uni-bonn.
de/stars/bonnsai

3 MODELING OF A REPRESENTATIVE SUB-SAMPLE

Incoherent gyro-synchrotron emission from the magnetospheres of
magnetic B/A stars is rotationally modulated as a consequence of
the variable projected source area. To conduct a comprehensive
study of radio variability ideally multi-frequency radio observa-
tions that sample the entire rotation period are needed. A detailed
study of the temporal evolution of the broadband radio spectra has
been performed only for a few stars, and limited only to narrow
ranges of rotational phases (Leto et al. 2012, 2017a, 2018, 2020a).

We collected all available radio measurements for the stars in
our sample (Sec. 2). Unfortunately there are many cases in which
the data have inadequate coverage of stellar rotational phase, or
only a few radio frequencies available. Even so, a representative
number of stars (= 35% of the total) do have a large number of
multi-frequency radio measurements; their parameter distributions
are also highlighted by the colored areas in Fig. 1. Such sub-sample
of stars with superior frequency coverage (typically, repeated mea-
surements of at least 5 radio frequencies) are listed in Table 2. Ten
stars span nearly the whole range of considered stellar parameters,
except for the rotation period. All the stars of this sub-sample have
short periods (less than 1.5 d). This is an expected bias because only
a few observing facilities are able to detect stellar radio emission,
and the ability to perform radio measurements covering large por-
tions of the stellar rotation is naturally biased toward short-period
cases. For this sub-sample of ten stars, we obtained reliable ra-
dio spectra from averaging observations repeated over more than
3 epochs acquired at the same frequency. The average spectra of
these stars are shown in Fig. 2.

3.1 Model description

The 3D model of stellar radio emission from a dipole dominated
magnetosphere (Trigilio et al. 2004; Leto et al. 2006) has been pre-
viously used to successfully reproduce the multi-wavelength radio
light curves of early-type magnetic stars, both for the total inten-
sity (Stokes ) and for circularly polarized emission (Stokes V). The
stellar geometry is described by the two characteristic angles of the
ORM: the rotation axis inclination (i) from the line of sight and the
tilt angle of the magnetic dipole axis () from rotation axis. The
scenario that outlines this model is visualized in Fig. 3.

The calculation of observable properties involves a number of
ingredients as described below. We use a 3D cartesian grid to sam-
ple the space around the star. Physical parameters that are functions
of the radial distance from the star are discretely sampled with the
cubic volume elements of the grid, and in each small volume ele-
ment, the physical parameters are considered constant.

MNRAS 000, 1-2? ()
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Figure 2. Radio spectra of the ten stars having enough radio measurements to produce reliable average radio spectra. The data are provided in the tables

reported in Appendix A, where details on the individual stars are also described. Open symbols refer to observing frequencies having few measurements (less
than three); in these cases the sampling of the stellar rotation period is poor. The modeled radio spectra are superimposed on the observed data. The dotted line

show the model extrapolation to higher frequencies.
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Figure 3. Meridional cross section of the dipolar dominated magnetosphere
of a typical hot magnetic star. Beyond the Alfvén surface the magnetic field
strength is not able to confine the ionized plasma pushed by the radiatively
driven stellar wind (outer magnetosphere), with consequent formation of
an equatorial magneto-disk surrounding the stellar magnetosphere, shaped
like a mashed donut with a longitudinal thickness /. Closer to the star,
the magnetic field is strong enough to confine the ionized gas and force
it to co-rotate with the star (inner magnetosphere). The two magnetic field
lines, pictured using solid lines (black: inner boundary; grey: outer bound-
ary), locate the magnetospheric cavity (middle magnetosphere) where non-
thermal electrons (evidenced by the small arrows), accelerated up to rel-
ativistic energies in the equatorial magneto-disk (black regions), produce
radio emission by the incoherent gyro-synchrotron mechanism. Outside the
Alfvén surface, the magnetic field topology (dotted lines) cannot easily be
described by simple dipolar field lines. The box centered close to the star lo-
cates the deep magnetospheric regions where auroral phenomena can occur,
including the coherent cyclotron maser (blue ring a few stellar radii above
the poles) and the non-thermal X-rays from the auroral polar caps on the
stellar surface (orange ring).

In the case of a simple dipolar magnetic topology, the mag-
netic field vector components of each grid point have been calcu-
lated in the reference frame fixed to the magnetic dipole and then
rotated to the observer reference frame. Consequently a distant ob-
server will perceive the vector magnetic field to change as the star
rotates (see Appendix of Trigilio et al. 2004).
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The acceleration of relativistic electrons is assumed to coin-
cide with the magneto-disk, where magnetic reconnection events
are expected to occur. This region is described as a thin equatorial
disk of length / and located beyond the last closed magnetic field
line, corresponding to the distance L where the last closed magnetic
field line crosses the magnetic equatorial plane. It is expected that
the magnetic field topology of this “unstable” magnetospheric re-
gion cannot be easily described with simple dipole magnetic field
lines. However, we empirically observed that the contribution to
the radio emission of the magnetospheric regions located far from
the star and close to the magnetic equator is negligible, particu-
larly at the intermediate and high frequency ranges (Sec. 3.3). The
non-dipolar topology of the equatorial magneto-disk has then neg-
ligible effects on the calculation for non-thermal radio emission.
In fact, the bulk of the non-thermal radio emission originates from
magnetospheric regions at higher magnetic latitudes, regions that
are likely well-described by the simple dipole topology. Hence,
the dipole like magnetic shell where the relativistic electrons freely
propagate is delimited by the two magnetic field lines of L and L+1.

In modeling the non-thermal emission, we take the relativistic
electron population to conform with an isotropic pitch-angle distri-
bution (angle ¢ formed by the velocity direction with respect to the
local magnetic field vector) and having a power-law energy distri-
bution (< E~%) with spectral index 8. Up to the locations where
the non-thermal emission is produced, the non-thermal electrons
are assumed to freely propagate in vacuum, in accordance with the
low density of the wind electrons (order of magnitude 10° cm™ at
the Alfvén radius), so the collisional energy loss mechanism is then
negligible (Petrosian 1985).

In the middle magnetosphere, the number density of non-
thermal electrons is approximately constant. This arises because
of two effects. First, the invariance of the magnetic moment of the
gyrating electron (e< sin? ¢ /B) causes the magnetic mirroring ef-
fect on the electrons moving towards regions of increasing mag-
netic field strength, which results in a decreasing number of non-
thermal electrons able to reach the deep magnetospheric regions.
On the other hand, the solenoidal condition of the magnetic field
causes a decreasing volume of the dipole-like flux tube as the mag-
netic field strength increases, balancing the decreasing number of
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the non-thermal electron when approaching the stellar surface. The
result is a nearly constant number density (n;) of the non-thermal
electrons responsible for the radio emission.

All the physical parameters needed for the calculation of
the emission and absorptions coefficients for the gyro-synchrotron
emission mechanism (Ramaty 1969; Klein 1987) are calculated
within each grid point (i.e. the local magnetic field strength and its
orientation). As the final step, before the integration of the radia-
tive transfer equation, the spatial distribution of the thermal elec-
tron density trapped within the inner magnetosphere is estimated
using the MCWS model, which assumes the density is linearly
decreasing outward while the temperature is linearly increasing.
The simple relationship: T o r (r radial distance), was deduced
by Babel & Montmerle (1997) via modeling of the post-shock re-
gion in the case of fast rotating stars. Further, following the MCWS
model, the thermal plasma pressure plus the wind ram pressure is
constant. Far from the boundary shock the wind pressure becomes
negligible, then in the post-shock region n(r)T (r) = noTy, follow-
ing the isobaric approximation. The thermal electron density at the
stellar surface (ng) is a free parameter, whereas the temperature
there (7p) is set to Tigr. Our model accounts for free-free absorp-
tion from thermal electrons (Dulk 1985). Then at a given radio
frequency (Vv), we perform a numerical integration of the radiative
transfer equation along the line of sight. The solution for a grid
of such rays allows us to calculate the spatial distribution of the
brightness and for a given stellar distance, the predicted flux from
the unresolved source.

A model realization requires the following parameters: the
equatorial radius of the magnetic shell where the relativistic elec-
trons freely propagate (L); the thickness of the magnetic shell (/);
the spectral index for the energy distribution of relativistic elec-
trons (8); the number density of the relativistic electrons (n;); and
for the thermal electrons trapped within the inner magnetosphere,
the number density at the stellar surface (ng). Note that Leto et al.
(2017a) showed that n; and [/ are degenerate parameters, so that
only the column density of the relativistic electrons (n, x /) can be
constrained.

3.2 Radio spectra calculation over broad spectral range

For each of the ten stars in the sub-sample, we calculated the non-
thermal radio emission within the frequency range of 0.1-400 GHz.
We adopted a spacing of Alogv = 0.2, corresponding to 19 dif-
ferent frequencies in the calculations, to evaluate time-averaged
synthetic spectra. In particular, we analyzed the orientations corre-
sponding to the two extrema of the effective magnetic field curves
and to one null (if predicted by the corresponding ORM geometry,
otherwise the intermediate phase between the extrema was calcu-
lated), for a total of 3 different rotational phases. These particular
phases were appropriately identified from each individual star us-
ing the ORM parameters as listed in Table 2 (thus each star has 3
tailored calculations appropriate for the 3 phases identified).

To make this large computational effort possible, we re-
stricted the exploration of parameter space to L and ny x [. The
other parameters of the models were assumed close to the val-
ues retrieved by analyzing the individual stars already published
(Trigilio et al. 2004; Leto et al. 2006, 2017a, 2018, 2020a,b), hav-
ing well-sampled single-frequency radio light curves, both for
Stokes I and V. In those cases, a fine-tuning of all the model param-
eters was performed to reproduce the observed light curve shapes.
The previously published models have thermal electron density
numbers determined at the stellar surface in the range 1-5 x 10°

Table 2. Magnetosphere parameters used to calculate the stellar radio spec-
tra shown in Fig. 2. Fixed parameters: np = 3 x 10° cm3; § = 2.5.

Star i B L B My ne x 1 72
HD (deg) (deg) R, (G) (Maoyr'H) (108 em™2)
364854 19 4 16 1.1 5.1-10°10 3.5 0.6
37017 39 57 13 14 5.9.-10°10 10 0.7
37479 77 38 15 16 1.4-107° 11.2 0.6
124224 46 76 12 1.1 1.5-10710 1.6 0.8
1338804 55 78 18 0.8 24-10710 3.5 0.3
142184> 64 9 10 45 12-107° 56 0.5
1423014 68 58 19 0.9 49.10710 2.8 2
147932¢ 74 5 13 3.0 1.3-107° 6.3 0.04
147933/ 35 78 9 1.8 7.5-10710 2.8 0.1
1821804 53 82 14 1.7 7.7-10710 11.2 0.2

References of the stellar geometry: ¢ Shultz et al. 2020; » Shultz et al.
2019b; ¢ Kochukhov et al. 2014; d Bailey et al. 2012; ¢ Leto et al. 2020b;
I Leto et al. 2020a.

cm~3 and spectral indices of the non-thermal electron energy dis-
tribution in the range 2—4. These values are fairly similar for all the
previously analyzed stars. Consequently, for this paper we adopt:
ng=3x10° cm~3 and § = 2.6. For ny we used the average of the
existing ranges of values. The adopted § is the average of the values
indirectly estimated for the few stars for which their X-ray spec-
tra displayed a non-thermal photon component (Leto et al. 2017a,
2018; Pillitteri et al. 2018; Robrade et al. 2018).

To perform the broadband spectral analysis, the radio spectral
calculations were obtained by varying the parameter L in the range
8-20 R, (with steps of AL = 0.5 Ry, corresponding to 24 different
magnetospheric sizes) and n; x [ in the range 10'9-10'7 cm~2 (with
steps of Alog(ny x I) = 0.05, corresponding to 40 different cases).
The total number of calculations is ~ 5.5 x 103. The spatial grid has
different levels of resolution depending on its proximity to the star.
We used narrow steps (0.1 R) for distances below 8 R.; mid-sized
steps (0.3 R,) for intermediate distances in the range 8-12 R.; and
finally coarse steps (0.5 R.) at distances beyond 12 R,.

Finally, the grid of calculated spectra was used to find the best
match to observations. For goodness of the spectral fit, we calcu-
lated the reduced chi-square statistical parameter, defined as 7> =
212 /d.o.f., where the degrees of freedom (d.o.f.) is equal to the
number 7 of the different observed frequencies minus the two free
parameters of the model. The formulation x* = Y!_(0; — E;)*/o}
has been used, where O; is the measured flux (with the related un-
certainty o;) and E; is the expected value from the calculation at
the corresponding i-th frequency. For the evaluation of 72, the cal-
culated spectra have been interpolated to match the frequencies of
the observations. To make the 72 estimation reliable, we related
to the radio measurements marked by the open symbols in Fig. 2
(spectral data provided by unique or few measurements) the aver-
age fractional error gained by the other measurements, in this way
the dispersion of the measurements due to the rotational modula-
tion of the radio emission is taken into account. Further, as it will
be extensively discussed later, we suspect that the theoretical high-
frequency radio emission suffers from critical model limitations,
then, the high-frequency measurements (v Z 30 GHz), when avail-
able, have not been taken into account when evaluating 7%. The
calculated spectra superimposed with the observations are shown
in Fig. 2.

Table 2 lists model parameters for the synthetic spectra that
best fit the data, including the magnetic field strength (B ) at L. Val-
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ues of }Zz (Table 2) are always lower than 1 (or close to 1 in the case
of HD 142184). Our new spectral calculations recover parameters
that are fairly similar to what had been obtained for stars that had
previously been modeled in terms of rotational modulations. This
is encouraging since here we are modeling spectra whereas before
the emphasis was on light curves, and suggests that our approach
produces consistent and reliable results. Overall, calculations for
these 10 stars indicate that on average, the relativistic electrons are
injected at a distance of (L) = 14 + 3 R,, and the local magnetic
field strength is (Br) =2+ 1 G.

3.3 The broadband radio spectra

The calculated radio spectra at v < 30 GHz for the ten magnetic
stars in our sub-sample are quite independent of their stellar pa-
rameters. The spectral shapes suggest the existence of both low-
and high- frequency cutoffs, in accordance with the observations.
Early B and late A magnetic stars have almost indistinguishable ra-
dio spectra (Fig. 2). The small differences are mainly related to the
individual magnetospheric geometries. The nearly universal spec-
tral behavior can be summarized as follows: the radio flux increases
with increasing frequency (at low-frequency); then the radio spec-
trum becomes almost flat (at intermediate-frequency); and finally
the model spectrum has a negative slope (at high-frequency), al-
though in some cases a clear high-frequency emission peak was
predicted by our calculations.

To better understand the overall spectral behavior, we com-
puted the spatial distribution of the radio emission from a typi-
cal dipole-dominated magnetic star. The synthetic radio maps have
been obtained at low-, intermediate-, and high-frequency ranges.
The three panels of Fig. 4 show the synthetic radio maps for these
three radio regimes. The three calculated frequencies are respec-
tively: low frequency (v = 2 GHz); intermediate frequency (v = 6
GHz); and high frequency (v = 100 GHz). We used HD 142184
as a template, with a polar field strength of B, = 9 kG. The ra-
dio maps clearly highlight the spatial location within the middle-
magnetosphere of the regions that mainly contribute to the emission
at a given frequency range.

Low frequency behavior. The low-frequency side of the ra-
dio spectrum tracks the radio emission arising from the furthest
regions of the middle-magnetosphere: see the top panel of Fig. 4.
As previously explained (see Sec. 3.1), each grid point of the 3D
model is a cube-shaped homogeneous source characterized by a
typical gyro-synchrotron radio spectrum peaked at the turnover fre-
quency, which is proportional to the local magnetic field strength
(Dulk & Marsh 1982). The positive slope of the radio spectrum
at the low-frequency regime, observed and calculated, is due to
the grid points, that should have contributed mainly to the low-
frequency emission, being external to the middle-magnetosphere
and are not crossed by relativistic electrons. Hence, far from the
star, the magnetospheric regions that should mainly radiate at low-
frequencies (v < 1-2 GHz), and where the local magnetic field
strength is low (typically less than a few gauss), fall outside the
middle-magnetosphere. These outer regions do not contribute to
the non-thermal radio emission, preventing also to further inves-
tigate for the possible effects of the non dipolar topology of the
equatorial magneto-disk on the calculation of the radio emission.

Intermediate frequency behavior. The radio emission pro-
duced at this frequency range (=~ 2-30 GHz) has the optimal tun-
ing for non-thermal radio emission from a dipole-dominated mag-
netosphere. In fact, the frequency peaks of the elementary spec-
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Figure 4. Synthetic brightness spatial distributions evaluated at three repre-
sentative radio frequencies computed for the parameters of the template star
HD 142184. Top panel: low frequency behavior (red, v =2 GHz). Middle
panel: intermediate frequency behavior (green, v = 6 GHz). Bottom panel:
high frequency behavior (blue, v = 100 GHz). In all panels, the dashed line
demarcates the Alfvén surface (white lines in top and middle panels, black
line in the bottom panel).

tra produced by each homogeneous element sampling the middle
magnetosphere fall within this spectral range. The synthetic radio
map reveals that the brighter source regions are located far from the
middle-magnetosphere boundaries, either near the stellar surface or
near the Alfvén surface (see the middle panel of Fig. 4). The nearly
flat spectra, which characterize the intermediate frequency behav-
ior, is qualitatively understood when taking into account that the
brighter magnetospheric regions close to the star (where the mag-
netic field is stronger) have less volume than the more distant low
brightness regions, where the emission at the lower radio frequen-
cies mainly originates.

High frequency behavior. Radio emission at higher frequen-
cies (Z 30 GHz) originates from the deep magnetospheric regions
close to the star (see the bottom panel of Fig. 4). In this frequency
regime the negative slope of the spectrum is the obvious conse-
quence of the radiating regions that meet the stellar surface. The de-
caying of the high-frequency flux has the same qualitative explana-
tion as the flux drop occurring when the radio frequency decreases,
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which is that the magnetospheric regions that should have been
mainly responsible for radio emission at very high (and low) fre-
quencies fall outside the middle-magnetosphere. Further, the high-
frequency side of the radio spectrum might also be strongly affected
by the plasma processes responsible for auroral phenomena (i.e.,
possible plasma evaporation as a consequence of non-thermal au-
roral X-ray emission), which is plausibly always occurring for all
magnetospheres in these kinds of stars. This might be a critical
issue for high frequency radio emission. In practice, the adopted
model conditions may not be valid within deep magnetospheric
regions where high-frequency emission originates (i.e., the spatial
distribution of the non-thermal electron density might be inhomo-
geneous). The topic will be a matter of future study, mainly focused
on the high-frequency side of the radio spectrum of such stars. At
present, the limited available radio measurements prevent further
investigation of the physical conditions occurring within the deep
magnetospheric regions. The calculated radio light curves at the
high-frequency spectral range are shown using only dotted lines in
Fig. 2.

The comparison between observations and calculations shows
excellent accord at the low and intermediate frequency ranges
(Fig. 2). At the higher frequency side of the radio spectra, the few
available observations (see Appendix A for details) are not suffi-
cient to assert any firm conclusions regarding high-frequency spec-
tral behavior, nor reliable estimates of the high frequency cutoff.
The evident large discrepancies between calculations and obser-
vations require further investigation. In practice, possible plasma
effects related to auroral phenomena might significantly affect the
emission level and the rotational modulation of high-frequency ra-
dio emission. This possibility drives the need for a much better
sampling of the entire stellar rotation period for a larger sample
of stars to determine the average high-frequency spectral behavior.

Despite some modeling limitations, particularly at high-
frequency, the capability to reproduce the spectral behavior at low
and intermediate frequencies allows us to place strong constraints
on the spatial location for the acceleration of the non-thermal elec-
trons. From a qualitative point of view, once all the magneto-
sphere parameters have been fixed, the radio spectrum from a large
magnetosphere (large L) is characterized by a turn-over, namely
the narrow spectral region where the change from the rising to
the flat regime of the radio spectrum occurs, situated at low fre-
quency. Conversely, the radio spectrum from a smaller magneto-
sphere (small L) has its turn-over located at a higher frequency.

4 THE ROLE OF THE WIND
4.1 Indirect estimation of the wind

The MCWS paradigm successfully explains many observational
features of the early-type magnetic stars, from the radio to the X-ray
regime (Babel & Montmerle 1997). In particular, the thermal X-
ray emission from the magnetically confined wind is produced by
the strong shock occurring close to the magnetic equatorial plane
(ud-Doula et al. 2014). Following the Rankine-Hugoniot condition,
the temperature of the X-ray radiating plasma (Tx) is related to
the velocity of the colliding wind streams (Vyinq) arising from the
stellar hemispheres with opposite magnetic polarity by the rela-
tion Tx ~ 14(Vying/10°kms~!)2 MK. Approximating vy,q with
Veo, the terminal wind velocity can be indirectly constrained by the
measured temperature of the thermal plasma emitting X-rays, that
is Tx ~ 10 MK (Oskinova et al. 2011; Pillitteri et al. 2016, 2017,
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Figure 5. Top panel: theoretical wind prediction of Krticka (2014) (solid
line) compared with the mass loss rate from modeling of the radio spec-
tra listed in Table 2 (black squares). The numbers within squares corre-
spond to object in Table 1. The open square represents the upper limit es-
timation of the wind from HD 124224. Bottom panel: location of the sub-
sample stars on the log g vs. T diagram. The shaded areas indicate differ-
ent wind regimes, according to Babel (1996) and Hunger & Groote (1999).
The wind regions have been taken from Fig. 6 of Babel (1996) and Fig. 1 of
Hunger & Groote (1999). Dark gray locates the homogeneous wind region;
light gray locates where the expected wind is inhomogeneous; the white
area corresponds to the static atmosphere.

Leto et al. 2017a, 2018; Robrade et al. 2018). The corresponding
value of the terminal wind velocity is ve &~ 900 km s, that is rea-
sonable for main sequence B type stars (Prinja 1987).

In the paradigm associated with wind magnetic confinement,
non-thermal acceleration is placed at the equatorial Alfvén radius.
The L-shell parameter from our models (Sec. 3.2) can be used as an
indirect estimate of R . Thus, we can quantify the spherical wind of
the stars analyzed in Sec. 3 by equating the kinetic energy density
of the wind (ram pressure plus centrifugal component) to the mag-
netic energy density: prum + 1/2(p®>d?) = B*/8m, where p is the
wind density, ® is angular rotation speed, and d the distance of a
generic point located on the magnetic equatorial plane from the ro-
tation axis. As a consequence of the ORM geometry the equatorial
Alfvén radius is a function of the magnetic longitude (Trigilio et al.
2004). Comparing the longitudinal average of Ro with the L-shell
size of the individual stars required to reproduce the measured ra-
dio spectra, we indirectly derive the mass loss rate of the spherical
wind (M) that is able to exceed the magnetic tension at the ap-
propriate distance to originate a radio emitting magnetosphere that
reproduces the spectrum. The values of My thereby derived for the
individual stars are listed in Table 2. The mass loss rates are in the
range 10710-107° Mg, yr— 1.

4.2 Comparison with the theoretical wind

The stars analyzed in Sec. 3 have effective temperatures ranging
from ~ 12-23 kK. The effective temperature has a primary effect
on the radiatively driven stellar wind. However, the radio spectra
of our sample stars are well reproduced with similar values of the
magnetic shell size L (Sec. 3.2), hence, no correlation seems to exist
between L-shell and Tygf.
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Figure 6. Black line: gyro-synchrotron spectra already shown in Fig. 2; grey line: black-body spectra obtained using the stellar parameters listed in Table 1;
orange dotted line: wind spectra calculated using the relation given by Scuderi et al. (1998) and adopting the spherical mass loss rate listed in Table 2; green
dashed line: wind spectra calculated using the theoretical wind (Krticka 2014), the expected wind spectra of some stars are lower than the black-body emission.
Filled bullets are the radio measurements, filled gray diamonds represent the WISE and 2MASS infrared measurements.

Estimated values of the mass loss rate (M listed in Table 2)
for the spherical winds of non-magnetic counterparts to the individ-
ual stars of our sub-sample are shown in the top panel of Fig. 5, as
a function of the corresponding effective temperature. The rather
limited spread in wind mass-loss rates as estimated from the ra-
dio spectral models stands in substantial contrast with values ex-
pected from radiative wind driving, mainly owing to the rather large
spread in stellar temperatures and consequently luminosities of the
sub-sample. As an example, consider HD 147933, with a luminos-
ity L. ~ 4000 L, (Pillitteri et al. 2018) as opposed to HD 133880,
with L, ~ 80 L, (Netopil et al. 2017). Hence, HD 147933 is about
2 orders of magnitude brighter than HD 133880. According to the
CAK (Castor, Abbott & Klein 1975) framework of the radiatively
driven wind acceleration, the expected mass-loss rate is related to

the stellar luminosity as M < L,l/ a’ with o0 =~ 0.6 (Puls et al. 2008;
ud-Doula et al. 2014), the expected mass-loss rate from HD 147933
would be about 3 orders of magnitudes higher than for HD 133880.
Further, there is a large discrepancy between the mass loss rates
empirically estimated from radio (reported in Table 2) and those
predicted theoretically. Krticka (2014) theoretically derived the
dependence of mass-loss rates on Ty for BA-type dwarfs, given
by the relation: logM = a + bTy + cT42, with Ty = Teff/(104 K),
and where a = —22.7, b = 8.96, and ¢ = —1.42. Their predictions
are in good agreement with the empirically derived M of magnetic
B-type stars (Oskinova et al. 2011). Considering the top panel of
Fig. 5, the M required to reproduce the radio spectra (see Sec. 4.1)
are significantly higher than expected, with the gap widening at
lower Tig. The discrepancy is especially large at the lowest T.gr
corresponding to Ap stars. For instance, for a template AOp star,
CU Vir (HD 124224), Krticka et al. (2019) derive the upper limit
M =10""2M yr~!, which is orders of magnitude lower than that
required by our radio spectra models.

To further investigate the physical conditions in atmosphere
of our sample stars, in the bottom panel of Fig. 5 we indicate
the positions of stars in our sub-sample on the logg/Tyy dia-
gram. The surface gravity (logg) was retrieved from the litera-
ture for the individual stars (Bailey et al. 2012; Grunhut et al. 2012;
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Rivinius et al. 2013; Alecian et al. 2014; Kochukhov et al. 2014;
Pillitteri et al. 2018; Shultz et al. 2019a). The values of M for main
sequence B-type stars has been theoretically predicted by Babel
(1996), who recognized three wind regimes, namely: a homoge-
neous wind; a chemically inhomogeneous wind; and static atmo-
sphere. These three wind regimes depend on the combined effects
of temperature and surface gravity. Based on results from Fig. 1 of
Hunger & Groote (1999), the qualitative effect of chemical anoma-
lies is roughy to shift down the lower boundary curve taken from
Fig. 6 of Babel (1996). In the bottom panel of Fig. 5 the down-
shifted curves are pictured using the light grey with a gradually
decreasing intensity.

The location on the log g /T, diagram of the ten stars from our
sub-sample is in accordance with the mass loss recipe of Krticka
(2014). Note that about 85% of the stars in our complete sam-
ple have Tor < 20 kK, in which case only weak metallic (M <
10~ M, yr—1) winds are expected (Babel 1996). Accounting for
the corresponding magnetic field strength, we expect Alfvén radii
larger than the average value retrieved by calculating the synthetic
spectra (Ra ~ 14 stellar radii).

In late B and early A stars, the inhomogeneous (hydrogen-
free) weak wind (Babel 1995, 1996) would continuously deposit
a small amount of metal ions into their centrifugally supported
magnetospheres. The secular accumulation of trapped ionized ma-
terial eventually fills the magnetosphere. The density distribu-
tion of the magnetically confined circumstellar plasma around
hot magnetic stars has been theoretically studied by Preuss et al.
(2004) and Townsend & Owocki (2005). The thermal plasma ac-
cumulated by the wind at low magnetic latitudes might be the
cause of significant departures from the simple dipole topologies.
Far from the star, the magnetic tension might no longer be able
to confine this thermal material, leading to centrifugal breakout
(ud-Doula et al. 2006), with consequent local magnetic reconnec-
tion that is likely a source of plasma acceleration. Shultz et al.
(2020) and Owocki et al. (2020) have demonstrated that the on-
set, emission strength scaling, and line profile morphologies of Hor
emission from centrifugal magnetospheres can only be explained
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if mass-balancing is achieved by continuous centrifugal breakout
events occurring at small spatial scales throughout the centrifugal
magnetosphere.

4.3 The wind spectra and the stellar SEDs

To further investigate the wind mass loss from early-type magnetic
stars, we have taken into account possible effects due to the ion-
ized material carried out by the radiatively driven stellar wind. We
compared the wind thermal emission with the corresponding non-
thermal radio emission. Both wind regimes discussed in Sec. 4.2
have been analyzed. Further, we extended to the radio regime the
expected emission from the stellar surface modeled by a simple
black-body spectrum.

Radio emission from stellar winds was theoretically stud-
ied under simplified assumptions. The radio flux of a spherical
wind increases as a function of the frequency like Sy o v0-6
(Wright & Barlow 1975; Panagia & Felli 1975). In Appendix C the
equation of the wind spectrum is explicitly reported (Eq. C1). The
wind spectra calculated using Eq. C1 and adopting the indirect es-
timation of the spherical wind of the individual stars (M, listed in
Table 2) are shown in Fig. 6, pictured by the orange dotted lines.
Looking at the figure, it is clear that the expected wind radio emis-
sion from the B/A magnetic stars analyzed here is faint. The wind
spectra cover almost the same spectral range of the non-thermal
radio emission, but are orders of magnitudes less bright.

For the ten stars analyzed in Sec. 3, the spectral energy dis-
tributions (SED), from the radio to the UV domain, have been cal-
culated combining the radio spectra (Sec. 3.2) and the blackbody
spectra (Tg listed in Table 1) radiated from the surface scaled
at the stellar distance. In the figure, the radio and infrared mea-
surements have also been reported. To minimize for possible ab-
sorption effects, interstellar or intrinsic, we collected near- and
mid-infrared measurements, from the Two Micron All Sky Sur-
vey (2MASS) (Cutri et al. 2003) and the Wide-field Infrared Sur-
vey Explorer (WISE) (Cutri et al. 2014) catalogues; these measure-
ments are shown in Fig. 6.

The wind spectra corresponding to the theoretical radiative
wind mass-loss rates, expected on the basis of the corresponding
stellar temperatures, have been calculated too. As expected by the
low level of the theoretical radiative wind from B/A spectral type
stars, the wind spectra are much fainter (green dashed lines shown
Fig. 6). In some cases the wind mass loss rate is so low as to radiate
less than the black-body radiation of the stellar surface, at the ra-
dio spectral range analyzed. In these cases the corresponding wind
spectra have not been shown.

The early type magnetic stars are surrounded by large scale
dipole-like magnetic field, in this case the spherical wind assump-
tion is a rough schematization of the real case. In fact, the wind
material can be lost from the polar caps only, where the magnetic
field lines are open. At the lower magnetic latitudes, the wind is
trapped and channeled by the closed field lines. The radiative wind
in presence of magnetic field produces the typical observable fea-
tures, from the X-ray to the radio, successfully explained by the
MCWS model.

The effective wind mass loss rate of the early-type magnetic
stars is expected lower than a simple spherical wind. Therefore,
it is plausible to expect that the spherical wind assumption pro-
duce overestimated effects. In any case, also adopting the simpli-
fied spherical assumption, the wind emission is never comparable
to the emission level of the non-thermal radio emission produced
by the MCWS model. The ionized matter released by the polar
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Figure 7. Radii of the radio photosphere calculated at the representative
frequency v = 1 GHz as a function of the corresponding magnetospheric
size (L-shell) required to reproduce the radio spectra of the non-thermal
radio emission. The R, values have been derived in two cases: assuming the
wind mass loss rate theoretically expected (green symbols); and assuming
the My required to break the stellar magnetic field lines at the distance equal
to the L-shell (orange symbols). The dotted line locates the lower limit of
Ry, coinciding with the stellar radius. The solid line separates the case of a
wind radio photosphere that incorporates the region radiating non-thermal
radio emission (upper left) from the case where the wind emitting region is
located inside (bottom right).

caps might produce frequency-dependent absorption effects for the
non-thermal radio emission. The theory of spherical stellar winds
predicts that each radio frequency of the wind spectrum arises from
a well-constrained emitting region, similarly to a radio photosphere
where the optical depth is T ~ 0.4 (Panagia & Felli 1975). The ra-
dio photosphere location is a function of the observing frequency,
with the radius of this emitting region decreasing as the frequency
increases, in accordance with the relation Ry o< v=07. Adopting the
spherical wind simplified assumption, the dependence of the size of
the wind-emitting region on the mass-loss rate and on other stellar
parameters is explicitly reported in Eq. C2. The high frequency cut-
off of the wind spectrum is defined by the frequency radiated from
the wind region that meets the stellar surface.

To account for possible absorption effects, we calculated the
size of the wind radio photosphere at v = 1 GHz. We chose this
frequency because the bulk of the non-thermal radio emission is
produced at v > 1 GHz. The radii of the radio photosphere as
a function of the size of the magnetosphere (L-shell parameter)
where the non-thermal radio emission arises are shown in Fig. 7.
The Ry—igH, values have been calculated for each star for both
wind regimes: the M theoretically expected from the stellar temper-
atures; and the M, indirectly derived from the non-thermal spectra
(listed in Table 2). Looking at Fig. 7 it is evident that the radio pho-
tosphere calculated using M is contained within the non thermal
emitting region, making any possible absorption effect negligible.

The non-thermal radio spectra calculations have been
performed under the assumption that, outside the middle-
magnetosphere, the absorption effects of thermal plasma can be ne-
glected. This corresponds to assuming the electromagnetic waves
propagate in vacuum. The accordance between the observed and
the calculated spectra support this assumption. It follows that the
negligible absorption effect predicted by the weak wind regime is
in accordance with our model assumption. This is a further evi-
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dence that the mass loss rate values indirectly derived from the
non-thermal radio emission (M) are unreliable.

5 IS RADIO EMISSION AGE-DEPENDENT?

As discussed in Sec. 4, the over-simplified assumption that the size
of the radio emitting magnetosphere coincides with the Alfvén ra-
dius has something wrong. If the wind is the plasma source which
continuously accumulates within the inner magnetosphere, then,
non-thermal radio emission from early-type magnetic stars might
be potentially related to the stellar age. As suggested in Sec. 4.2, the
wind plasma accumulation produces centrifugal breakout events
(Shultz et al. 2020; Owocki et al. 2020) that might make the cor-
responding stellar magnetosphere radio-loud.

To search for a possible age dependence, the measured radio
luminosities are shown in the top panel of Fig. 8 as a function of the
corresponding fractional main sequence age (as listed in Table 1).
The stars earlier than spectral type B8 have been marked using blue
symbols, while red symbols have been used for cooler stars. Look-
ing at the top panel of this figure, no significant relation appears ev-
ident between the stellar radio luminosity and corresponding stel-
lar age for the hotter stars, whereas a possible decaying trend is
suggested for the cooler stars. This effect resembles the results ob-
tained by Fossati et al. (2016), moreover this closely matches to the
behavior of the Ha emission discovered by Shultz et al. (2020).
Studying a large sample of massive and hot main sequence mag-
netic stars, Fossati et al. (2016) found that large-scale magnetic
fields suffered a time-dependent decaying trend, effect that was
further confirmed by Shultz et al. (2019c). In particular, the mag-
netic flux ® (= BpRi) decreases more steeply than expected from
the magnetic flux conservation law, as predicted by the expansion
of the stellar radius along the MS evolution. Further, Sikora et al.
(2019a) indicated that the chemical surface composition of early
type magnetic stars is strictly related with the stellar age, particu-
larly for the cooler stars.

Although the sample of early-type magnetic stars analyzed
here is small, we have searched for possible age-dependent effects
on the magnetic flux and the stellar rotation. As already well stud-
ied in this class of stars, the stellar rotation period is expected to
increase dramatically over time (Sikora et al. 2019b; Shultz et al.
2019c). In the middle and bottom panels of Fig. 8, we show & and
Prot as a function of the fractional main sequence stellar age. The
corresponding stellar radio luminosity is indicated by the symbol
size. For the hotter stars, the two analyzed stellar parameters do
not show any significant age-dependent effects, whereas the mag-
netic field survives on the colder stars. Among the small sample of
stars here analyzed, at young ages all magnetic field strengths are
possible, but at old ages, there are few stars with strong fields, in
particular, the older stars in our sample are also cooler stars (see
Fig. 8). The same trends seem to be confirmed by the radio. In fact,
there is a dearth of both old and strong radio emitters.

The large-scale magnetic fields of the early-type magnetic
stars might significantly affect the stellar evolution. Shultz et al.
(2019c) performed an extensive study on the dependences of the
stellar magnetic flux as a function of various stellar parameters.
They conclude that massive stars show a more pronounced mag-
netic flux decreasing with the age. Further, magnetic braking effects
significantly reduce the stellar rotation period during the star’s life.

Although the small number of magnetic stars known as radio
sources may introduce a selection bias, and a large fraction of stars
in our sample have similar ages, their range of radio luminosities
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Figure 8. Top panel: Radio luminosities as a function of the fractional main
sequence age, where blue symbols refer to stars earlier than B8 and red
symbols to the cooler stars. Middle and bottom panels show magnetic fluxes
the rotation periods as a function of fractional age. The size of the symbol
is proportional to the radio luminosity of the individual star.

are fairly broad (see top panel of Fig. 8). This suggests that any
connection between radio emission, magnetic field strength, rota-
tion period, and age is not simple. The only relevant effect which
emerged from the analysis of our small sample is the possible rough
dependence of the radio luminosity with the magnetic flux and ro-
tation period shown by the stars having similar ages. In particular,
stars with a short rotation period and a high magnetic flux produce
stronger radio emission (see middle and bottom panels of Fig. 8).

6 THE EFFECT OF THE ROTATING DIPOLE

As discussed in Sec. 4, the wind is not the lead actor in the pro-
duction of non-thermal radio emission. By contrast there may be a
possible dependence on other stellar parameters that mainly char-
acterize the rotation of the dipole-like magnetic field (Sec. 5).

The sample analyzed in this paper has heterogenous param-
eters. To well characterize the magnetic properties of the sample,
a reliable parameter is the magnetic flux (® = BpRi), which com-
bines both the effects due to the magnetic field strength and the
stellar size. In the two panels of Fig. 9, the stellar radio luminosi-
ties are displayed as a function of @ (left panel) and P (right
panel). The obvious trends seen in Fig. 9, confirm the dependence
of radio emission on these two parameters. In particular, Ly o4 has
a positive dependence with @ and a negative one with Py These
trends suggest identifying a parametrization that incorporates both
these two parameters. The obvious way is to take their ratio.
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Figure 9. Left panel: the radio luminosity as a function of the magnetic flux (). Right panel: radio luminosity as a function of the rotation period (Po). The

blue symbols refer to the hot stars, and the red to the cooler stars (SP>BS).

In Fig. 10 the radio luminosities of the magnetic stars are re-
ported as a function of what we are calling the “magnetic flux rate”,
D/ P (kG R%) d=h. Already visual inspection of Fig. 10 reveals
a strong correlation. To quantify the correlation, we calculated the
Pearson correlation coefficient (r) and the Spearman’s rank corre-
lation coefficient (rs). The r statistical parameter is only sensitive to
a linear relationship, whereas r; is sensitive to any possible mono-
tonic relation between the two analyzed variables. These two sta-
tistical parameters range between —1 and 1, with absolute values
~ 0.7, or higher, indicating a high correlation.

The correlation parameters indicated that the radio luminosity
is strongly correlated to the ratio of magnetic flux to rotation pe-
riod. In particular, r = 0.75 and r¢ = 1, suggesting that a non-linear
relation exists. The scaling relation that best fits the data is:

Ly =109 ( B2\ (R)? (B
v,rad kG R, d

with @ = 13.61+0.1 and 8 = 1.94+0.07.

It is worth noting that following the Faraday-Lenz law, the
empirical parameter @/ Py has the physical dimension of an elec-
tromotive force (e.m.f.= —d®/dt). Even if in a co-rotating refer-
ence frame the stellar magnetic flux is not expected to be variable
over time: a spinning dipolar magnetosphere has close similari-
ties with Faraday disk dynamo, where the rotation of a conduc-
tive disk within a stable magnetic field, having the magnetic vector
orientation aligned with the disk rotation axis, produces an e.m.f.
(see experiments of Miiller 2014). We analyze the rotating mag-
netospheres from a reverse point-of-view. In a reference frame an-
chored to a free test charge located in the equatorial plane, with
distance R from the rotation axis, the magnetic field lines will be
seen moving at velocity v = @R (@ = 27 /P rotational angular
frequency). Assuming the ideal case of aligned dipole and spin
axes, the magnetic and equatorial planes are coinciding. Then in the
magnetic equatorial plane the magnetic field vectors are orthogonal
to the plane and also to the velocity vector. Assuming the simpli-
fied homogeneous magnetic field condition, it follows that the test
charge located at the stellar equator embedded within a homoge-
neous field (strength Beq) will be subjected to an induced electro-
motive force (Jackson 1962) e.m.f. = —d®/dt = § v x Bdl, that
under the above simplified conditions can be written as: e.m.f. =
J&VBeqdr = [ 0@ rBeqdr = 1/20BegR? (< ®/Proy), (for details
see Miiller 2014). Note that for a real magnetized plasma, the free

-B
) (ergs™' Hz™!) (1)

charged particles cannot cross the magnetic field lines. The spin-
ning stellar dipole plunged in the magnetospheric plasma can be
treated following an ideal magnetohydrodynamic approach. The
above discussion is only used to illustrate that a spinning dipole
may be a source of electric voltage, potentially able to originate
electric currents. In fact, in astrophysical applications, the electro-
dynamics of spinning dipoles have been the subject of many theo-
retical studies (Goldreich & Lynden-Bell 1969; Goldreich & Julian
1969; Ruderman & Sutherland 1975).

The rough schematization performed above may be useful to
perform order of magnitude relation between astrophysical observ-
ables (i.e. the radio luminosity) and general stellar parameters (i.e.
the the stellar rotation period, the radius, and the magnetic field
strength). In fact, the relation a)Bequ, that resemble an electro-
motive force, is a useful scaling parametrization for the realistic
electrodynamics of spinning magnetospheres. The stars analyzed
in this paper typically have a dipolar magnetic field topology, with
Beq = Bp/2. Thus, the empirical parameter & /Py can be easily
transformed to the physical parameter a)Bequ. If the rotation pe-
riod is given in seconds, the equatorial magnetic field strength in
Tesla, and the stellar radius in meters, the parametric electromotive
force (named e.m.f.*) has the physical unit of Volts. In Fig. 11, the
stellar radio luminosities are now reported as a function of the cor-
responding values of e.m.f.* and given in unit of 10® V. The e.m.f.*
is not the true electromotive force acting within the stellar magne-
tosphere (its study is out of the scope of this paper) but this is rather
a useful parameter with which to quantify the capability of rotating
magnetospheres for producing electric currents.

7 OTHER ORDERED MAGNETOSPHERES

To test whether the result reported in Sec. 6 holds only for the early-
type magnetic stars or if it is also valid in a wider context, we ana-
lyzed the incoherent radio emission from other types of stars (and
one planet) characterized by large-scale and well-ordered magne-
tospheres, that are mainly described by a simple dipole magnetic
field topology.
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Figure 10. Radio luminosity of the early-type magnetic stars as a function
of the ratio ®/P.o. The solid grey line is the power-law that best fits the
two parameters. As in Figs. 8 and 9, the blue symbols refer to the hot stars,
while the red symbols refer to the cooler stars (SP>BS).

7.1 The Case of Jupiter

The giant planet Jupiter is surrounded by a large-scale (almost dipo-
lar) magnetic field, with the dipole axis nearly aligned with the
planetary rotation axis (tilt angle ~ 10°). Compared to the hot mag-
netic stars, Jupiter has a weak magnetic field, with By ~ 4.17 G at
the equator (Connerney et al. 2018), corresponding to Bp ~ 0.008
kG. Jupiter is surrounded by ionized matter that comes from the
volcanic moon Io (Io plasma torus) or captured from the Solar
wind, which is affected by the planetary magnetic field out to a
large distance (tens of Jupiter radii).

The jovian magnetosphere is a site of plasma phenomena re-
sponsible for Jupiter’s radio emission, which has been well-studied
using ground-based observing facilities and radiometers onboard
spacecrafts. Its radio spectrum is dominated at the low-frequency
side by coherent auroral radio emission (Zarka 2004), and at high
frequencies (v £ 10 GHz) by the black body thermal emission of
Jupiter’s atmosphere. At intermediate frequencies, the incoherent
synchrotron emission is another component of Jupiter’s radio spec-
trum. The multi-wavelength VLA images of the planet Jupiter show
the spatial distribution of the non-thermal radio emission compo-
nent from Jupiter (de Pater 1991). This non-thermal component
originates from the inner radiation belt located at L < 5 Jupiter
radii, inside the orbit of the moon Io.

The non-thermal radio component was disentangled from the
thermal one and the wide band non-thermal jovian radio spec-
trum was discussed by de Pater (2004). We note that the spec-
tral shape qualitatively resembles the overall behavior of the ra-
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dio spectra of early-type magnetic stars (see Fig. 2), but is tuned
at lower frequencies. The reference frequency of the Jupiter’s in-
coherent non-thermal emission is in fact ~ 1.6 GHz. The average
luminosity of the incoherent radio emission is Ly roq = 1.8(0.4) x
10° erg s~ Hz !, obtained from scaling the multifrequency fluxes
measurements to the distance from Earth of 4.04 a.u (de Pater et al.
2003; de Pater & Dunn 2003).

Jupiter’s equatorial radius and magnetosphere rotation period
are Ry = 71492 km and Py = 9h 55min 29s. In MKS unit, the
effective electromotive force (as defined in Sec. 6) produced by
the rotation of the Jupiter’s magnetosphere is e.m.f.* = 376 MV.
This coincides with the magnetic potential energy available from
the jovian magnetosphere’s corotation, defined by Khurana et al.
(2004) as a)JBJR% (with @y = 27/P; as Jupiter’s rotational angu-
lar frequency). Further, the rotation of the jovian magnetosphere
has been recognized as a source of stationary field-aligned current
systems that drive the main auroral oval centered on the magnetic
poles (Hill 2001; Cowley & Bunce 2001).

The radio luminosity of Jupiter’s non-thermal incoherent ra-
dio emission is reported in Fig. 11 as a function of the correspond-
ing e.m.f.*. Interestingly in the Ly r,q/e.m.f.* diagram, the planet
Jupiter is situated within the uncertainty range of the scaling rela-
tion retrieved by the study of the early-type magnetic stars extrap-
olated down to the low radio luminosity level of Jupiter.

7.2 The Case of the Ultra Cool Dwarfs

At the bottom of the main sequence, the fully convective Ul-
tra Cool stars and brown Dwarfs (UCDs) show radio bursts as-
cribed to coherent auroral emission that closely resemble the case
of Jupiter (Nichols et al. 2012). In some cases, the quiescent in-
coherent non-thermal radio emission component was also de-
tected (Metodieva et al. 2017, and references therein). The UCDs
largely violate (Williams, Cook & Berger 2014; Lynch et al. 2016)
the Guedel-Benz relation (Guedel & Benz 1993), that couples the
radio and X-ray luminosities for a large fraction of the main se-
quence stars (from the F to the early M-type stars) characterized
by Solar-like magnetic activity, making the radio behavior of these
very cold objects more similar to those of the magnetic stars located
at the top of the main sequence or to that of giant planets.

The UCDs are magnetic stars surrounded by large scale
dipole dominated magnetospheres, that, like the case of Jupiter,
are strongly affected by rotation (Schrijver 2009). The measure-
ment of an axisymmetric magnetic field was first reported for the
M3.5 star V374 Peg (Donati et al. 2006). Well-ordered, large-scale
magnetic fields were also measured in other fully convective UCDs
(Reiners & Basri 2007; Morin et al. 2010). This supports the theo-
retical prediction of a magnetic field generated by a process similar
to the geodynamo operating in Jupiter and Earth (Christensen et al.
2009).

The UCDs are faint objects in the visual band. Further, those
that are radio loud are also fast rotators (rotation periods of order
an hour), allowing direct magnetic field measurements in only few
cases. In some cases the magnetic fields of the UCDs can be indi-
rectly constrained. In fact, following the basic theory of the ECM
mechanism, the emission frequency (V) of the coherent pulses oc-
curs close to local gyro-frequency. Since the gyro-frequency is re-
lated to the local magnetic field by the relation vg = 2.8 x B/kG
GHz, the polar field strength of the UCDs where the ECM is de-
tected will be B, Z v/2.8 kG. Hence, the lower limits of the polar
field strengths reported in Table 3 were estimated from the maxi-
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Table 3. Sample of cool dwarfs and corresponding parameters.

D R, P,-Tm Bp Lv,rad
2MASS Common or alt. name  Sp. type (pc) Re) (hrs) (kG) (ergs™ ! Hz 1)
J00242463-0158201 BRI0021-02 M9.5V 12.50(0.03) 0.113(0.005)()  ~5® z3 1.6(0.3) x 1013
J00361617+1821104  LSPM J0036+1821 L3.5 8.74(0.02) 0.118(0.007)()  3.0(7)® 23 2.4(0.2) x 1013
J10481463-3956062  DENISJ1048.0-3956  M8.5Ve 4.045(0.002)  0.096(0.004)(1) <57t z3 4(2) x 102
J15010818+2250020 TVLM 513-46 M8.5V 10.70(0.02) 0.103(0.006)®  1.959574(2)®) 23 3(1) x 1013
J18353790+3259545 LSR J1835+3259 M8.5V 5.687(0.003)  0.096(0.004)(")  2.845(3)* ~57  2.03(0.03) x 10"
J22011310+2818248 V374 Peg M3.5V 9.104(0.005)  0.34(0.01)® 10.69570(5)©)  ~3®) 7(3) x 1013

Notes: T The uncertainty of the rotation periods are referred to the last digit. " Upper limit of the rotation period estimated by the measured projected

rotational velocity, vsini =25+5 km s~ (Stelzer et al. 2012).

References: (1) Cifuentes et al. 2020; (2)Hallinan et al. 2008; (3)Morin et al. 2008a; <4)Harding et al. 2013; (5)Wolszczan & Route 2014, (6)Morin et al. 2008b;

<7)Kuzmychov, Berdyugina & Harrington 2017; ®)Donati et al. 2006.

1019 T T T 7
4 Early—type stars /*
1018  UCDs /*§ _
RS
10 e /—
1 S/
“
Iy 4 /
10+ * / B
/ M+
/ /
10151 / ‘* / |
/ /
/
14 / _
10 ;e 7
— I‘y /
TN 1013— _
= / /
- &y
‘m /
) 1012+ / / i
s A
Eoout ¢! g
= / //
/
10+ / _
/ /
/
9 _
10 / //
/ /
108 / B
/
/ /
107 / / .
/ /
10° ‘/ -
/ Jupiter @
10° 12 | | | | | |
10®  10® 10* 10° 10* 10" 10® 10°
e.m.f.” (MV)

Figure 11. L, ;,q/e.f.m.” diagram. The dashed gray lines locate the bound-
ary of the uncertainty range of the scaling relation derived by using the pa-
rameters of the early type magnetic stars only.

mum frequencies at which the coherent emission produced by the
ECM was detected. In particular, the four listed UCDs showed co-
herent pulses at v ~ 8.4 GHz (Berger 2002; Burgasser & Putman
2005; Hallinan et al. 2007, 2008), thus Bp g 3 kG.

To determine whether the radio behavior of UCDs matches the
scaling relation given by Eq. 1 requires both reliable radio lumi-
nosities for the incoherent non-thermal radio emission and knowl-

edge of stellar parameters, in particular the magnetic field strength,
rotation period, and radius. For our analysis, we excluded UCDs
that are members of binary systems. The incoherent fluxes reported
in Appendix B have been used to estimate the radio luminosities of
the six UCDs in Table 3. The few available radio measurements are
mainly performed at a single frequency, particularly v ~ 5 or 8.4
GHz (see Appendix B).

The presence of stable electric fields within the large scale
magnetospheres of the UCDs was proposed to have a possible role
on the non-thermal electron production responsible for the radio
emission (coherent and incoherent) from these objects (Doyle et al.
2010). In Fig. 11, the radio luminosities of the non-thermal inco-
herent emission of the small sample of UCDs analyzed here are re-
ported as a function of their effective electromotive forces (or lower
limits). Despite the limitations explained above, the UCD parame-
ters lie in the Ly ryq/e.f.m.” diagram either within (or very close
to) the uncertainty range extrapolated from the scaling relation es-
tablished by the sample of early-type magnetic stars.

8 THE SCALING RELATIONSHIP FOR THE RADIO
EMISSION APPLIED TO HOT JUPITERS

Hot Jupiters are giant gaseous planets orbiting very close to their
parent stars. Due to the proximity to the star, hot Jupiters have suit-
able conditions to develop strong star planet magnetic interactions
(SPMI), extending Bode’s law, that holds for the magnetized plan-
ets of the solar system, to the exo-planets (Zarka 2007). Bode’s law
is an empirical scaling relation between the power of the coherent
auroral radio emission from a magnetized planet and the power dis-
sipated when interacts with the magnetized plasma released by the
parent star, and vice-versa. Due to their small orbits, the extrapo-
lated Bode’s law predicts detectable coherent auroral radio emis-
sion from magnetized hot Jupiters (Zarka 2007).

The auroral radio emission is tuned at the radio frequency
typical of the ECM mechanism, that, as previously discussed (see
Sec. 7.2), depends by the magnetic field strength of the body
where it originates (star or planet). The estimated magnetic field
strength of the exo-planets belonging to the hot Jupiter class
ranges from few G (like the case of Jupiter) up to few hundred
G (Yadav & Thorngren 2017). Then, the expected ECM emission
frequency lies in low frequency spectral domain (tens to a few hun-
dred MHz). The tentative detection by the LOFAR interferome-
ter of highly polarized low frequency radio emission from the hot
Jupiter T Bootes b has been recently reported (Turner et al. 2021).
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Table 4. Hot Jupiters parameters.

D Prot BO) RO)
Name (po) (d © Ry
HD 179949 b 27.48(0.06)() ~70) ~90 1.2240.18
HD 189733b 19.78(0.0H)"  1.7739@  ~20  1.14+£0.03
7Bootes b 15.62(0.05)®  ~320)  ~100 1.13+0.17
v Andromedaeb  13.49(0.03)®  ~ 1203 ~80 1.25+0.19

References: (1)Gaia Collaboration 2018; (2)van Leeuwen 2007,
(3)Shkolnik et al. 2008; () Brogi et al. 2016; () Cauley et al. 2019.

This result supports the Bode’s law extension beyond the Solar sys-
tem, and further provides indirect evidence of magnetism occurring
in exo-planets.

The capability to detect low-frequency radio emission from
the interaction of an exo-planetary magnetosphere with its parent
star has been already discussed (Zarka 2007). Similarly to the low-
frequency radio emission, also the radio emission at the GHz fre-
quency range, covered by the forthcoming Square Kilometre Ar-
ray (SKA), has been already taken into account (Zarka et al. 2015).
Exo-planetary auroral radio emission is a bright radio emission
constrained to the low frequency spectral domain, however at the
GHz radio frequencies the SPMI may provide detectable features
too. Similarly to the auroral radio emission from Jupiter triggered
by its moon o, an exo-planet moving within the stellar magnetic
field could be able to stimulate auroral radio emission on the mag-
netic flux tubes connected to the parent star. In this case the emis-
sion frequency of the auroral radio emission depends upon the stel-
lar magnetic field. Magnetic field strengths at the kG level are com-
mon in case of late type stars (Reiners & Basri 2007), then the au-
roral radio emission will be tuned at GHz radio frequencies. Such
stellar auroral radio emission triggered by SPMI has been recently
discovered from the star Proxima Cen (Pérez-Torres et al. 2021).
As demonstrated by Zarka (2007), both types of SPMI produce au-
roral emission having radio power satisfying Bode’s law.

In accordance with the ECM elementary emission mechanism
(Melrose & Dulk 1982), auroral radio emission is a highly directive
phenomenon, making it difficult to detect despite its strong emis-
sion level. Similarly to the incoherent non-thermal radio emission
from Jupiter, magnetized hot Jupiters might also be direct sources
of such isotropic emission tuned at GHz radio frequencies. The
previous Secs. 7.1 and 7.2 support the prediction provided by the
scaling relationship obtained by analyzing the behavior at the radio
regime of the early-type magnetic stars and extrapolated to lower
mass objects (UCDs and the planet Jupiter), for which the detection
of their incoherent non-thermal radio emissions have been already
reported. These results stimulated us to adopt the scaling relation-
ship provided in this paper (Eq. 1) as a predictive tool for the in-
coherent radio emission from astrophysical objects surrounded by
large scale magnetospheres and having known parameters. Among
these, the hot Jupiter class is suitable. In fact, some of them are
magnetized sub-stellar objects, whose magnetic field strength, ra-
dius, and rotation period have been constrained.

The favorable condition to produce incoherent non-thermal ra-
dio emission from a large-scale rotating magnetosphere is the cor-
responding strength of the magnetic field. In the cases of some hot
Jupiters, that are particularly close to the Earth, the presence of
magnetic field strengths higher than Jupiter’s have been reported
(Cauley et al. 2019). The selected objects are listed in Table 4
with their corresponding parameters. The expected incoherent ra-
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Figure 12. Expected fluxes at Earth of the four hot Jupiters analyzed.
Fluxes calculated by extending the scaling relationship of the incoherent
non-thermal radio emission of the early-type magnetic stars. The error-bars
follow by the parameters uncertainty of the adopted scaling relationship
(Eq. 1). The dotted line represent the SKA detection limit.

dio emission levels of the four magnetized hot Jupiters, derived us-
ing Eq. 1 with the corresponding parameter uncertainties, are re-
ported in Fig. 12 as a function of the effective electromotive force
generated by the rotation of these exo-planets. The expected fluxes
are well below the uly level.

The most sensitive ground based radio interferometer operat-
ing at the GHz domain will be most likely the forthcoming SKA. In
fact the detection limit of the SKA in its full operational state will
be ~ 0.24 uly, for observations lasting ~ 10 minutes of integration
time (Umana et al. 2015). As seen in Fig. 12, the expected fluxes
of the four hot Jupiters are below the SKA detection limit. Proba-
bly, the hot Jupiters analyzed here do not rotate fast enough, or are
not sufficiently magnetized to provide detectable incoherent radio
emission. In any case, we suspect that in general it is unlikely to
expect to detect the incoherent radio emission components of hot
Jupiters. In fact, the star’s proximity, that is a suitable condition for
triggering the low frequency auroral radio emission, makes it diffi-
cult to spatially resolve its incoherent non-thermal radio emission
from the stellar radio emission.

The most favorable condition for non-thermal radio emission
detection from giant exo-planets is the planetary orbital position far
from their parent stars, making it possible to spatially resolve the
radio emissions from both star and exo-planet. Further, the large
distance strongly reduces the star-planet interaction effects, these
ice giant exoplanets might be unable to produce detectable low fre-
quency auroral radio emission, making the detection of the inco-
herent non-thermal radio emission the only way to search at the ra-
dio regime for exoplanets orbiting far from their parent stars. Non-
thermal radio emission may be detectable by SKA in the case of ice
giant exo-planets that, possibly, rotate faster than the tidally locked
hot Jupiters and than produce higher strength magnetic fields, as ex-
pected from the rotation dependent dynamo efficiency. If the fluxes
are above the detection threshold, the SKA angular resolution in
its full operational state, ~ 0.02 arcsec at v ~ 1 GHz (Umana et al.
2015), or lower (depending by the observing frequency), could be
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Figure 13. Schematic representation of the radio emission sites within a dipole-dominated magnetosphere of a typical early-type magnetic star. For this picture
the field and rotation axes are assumed the same. The location of the radiation belt is highlighted by the white magnetic shell, with small arrows indicating
the relativistic electrons. This region is the dominant source of the non-thermal stellar radio emission, and is located inside the inner magnetosphere. The
cartoon is purely an idealization, the radiation belt and the Alvén surface are arbitrarily located. The Alfvén surface is far from the star (dashed line). Outside
this surface the magnetic field lines are open (dotted lines). Magnetic reconnection events take place within the equatorial magneto-disk (dark region), with
consequent production of fast-electrons, that, like the case of Jupiter, trigger the coherent and strongly beamed auroral radio emission (blue spots on the blue

auroral ring).

able to easily resolve from their parent stars exo-planets orbiting at
the same distance of Jupiter from the Sun and within 100 pc.

9 DISCUSSION

The observed radio emission of early-type magnetic stars is com-
patible with gyro-synchrotron emission from a dipole-like mag-
netic shell co-rotating with the star. The radio spectral calculations
allowed us to constrain the equatorial size (L parameter) of the ra-
diating magnetic shells (Sec. 3). Following the standard scenario
for the radio emission from early B magnetic stars, the shell size
was assumed to coincide with the equatorial Alfvén radius, which
is the distance where the radiatively driven stellar wind opens the
magnetic field lines.

The inferred wind mass-loss rates required to reproduce the
radio spectra of the hottest stars are roughly close to (but always
higher than) the theoretical expectations at the known effective stel-
lar temperatures (Sec. 4.2). For the cooler stars, the above rough
accordance totally fails (see Fig. 5). The surface chemical compo-
sition could play a role in estimation of the wind mass-loss rates
(Krticka 2014), or other mass-loss recipes (Vink et al. 2001) could
be employed that predict higher values (see Shultz et al. 2019¢ for
details). Ultimately, the expected mass loss is still lower than the
value required for the radio modeling. Independent evidence for a
mass-loss inconsistency at these spectral types comes from HST
observations of the wind sensitive UV lines of the early A-type star
HD 124224 (Krticka et al. 2019). Those data allow for only an up-
per limit to the wind mass loss, a limit that is discrepant with that
required to explain the observed radio spectrum.

Reconciling the observed common behavior of the radio emis-
sion from the sample of early-type magnetic stars analyzed in this
work, with the discordance between inferred and predicted mass-
loss rates, indicates that we must abandon a physical relation be-
tween the Alfvén surface size at the equator (Rp) to the size of the

magnetic shell (L) radiating at the radio regime. Instead, the origin
of the non-thermal radio emission must relate to a physical struc-
ture that is less dependent on stellar wind properties. We suggest
that the non-thermal radio emission originates from radiation belts
located inside the inner-magnetosphere of the early-type magnetic
stars (see Fig. 13).

The stellar wind still plays an important role in this new pic-
ture. The wind is likely the primary source of ionized matter that
fills the stellar magnetosphere. From a qualitative point of view, hot
stars have favorable conditions for the onset of all the plasma pro-
cesses that trigger the stellar radio emission, simply because their
powerful winds quickly deposit a large quantity of ionized matter
into their magnetospheres. Cooler stars are instead characterized by
weak winds and consequently the plasma accumulation is slow.

The radiation belt located inside the inner magnetosphere may
be at a significant distance from the current sheet regions, that form
outside the equatorial Alfvén surface, and the site of magnetic re-
connection events, which are the likely sources of electron accel-
eration. Now the question arises: what is the origin of the non-
thermal electrons trapped within the radiation belt responsible for
the observed radio emission? One explanation could be a relation
between the origin of the relativistic electrons with the centrifu-
gal breakout produced by the high-density magnetospheric plasma
locked within the inner magnetosphere. The breakout mechanism
has already been shown to explain plasma transport within the
centrifugal magnetospheres of the B-type stars (Shultz et al. 2020;
Owocki et al. 2020). This is also the case of Jupiter’s magneto-
sphere, where energetic electrons are produced in breakdown re-
gions occurring between 15 and 30 Ry (Krupp et al. 2004). Jupiter’s
radiation belt, located at L < 5 Ry, has a closed magnetic topology
and is the planet’s source of the non-thermal radio emission. For
the radio emission from Jupiter’s belt zone, the proposed source of
non-thermal electrons is the radial diffusion from the farther Jovian
magnetospheric regions, where these energetic electrons are likely
produced (Bolton et al. 2004).
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An alternative mechanism for the production of energetic elec-
trons within closed magnetic field regions is the resonant interac-
tion of the local plasma with low-frequency electromagnetic waves,
known as whistler modes. It is this mechanism that seems dominant
in the case of Earth’s radiation belt (Boyd et al. 2018), and also ob-
served to be active within the radiation belts of the giant planets
Jupiter and Saturn (Woodfield et al. 2014, 2019). To operate effi-
ciently, the wave-particle resonant interactions require low densi-
ties, namely vp < 2.5vg (Horne, Glauert & Thorne 2003), where
vp is the gyro-frequency (vg = 2.8 x B/G MHz) and v, is the
plasma frequency (v, = 9 X 10~3y/N. MHz). For the early-type
stars of this paper, the typical strength of the magnetic field at dis-
tance L is By =~ 2 G (Sec. 3.2), corresponding to a gyro-frequency
vg &~ 6 MHz. It follows that the plasma density of the radiation
belt compatible with local acceleration by wave-particle resonant
interaction has to be lower than 2 x 10% cm 3.

The acceleration through this resonant interaction achieves its
maximum efficiency for whistler modes at an oscillation frequency
of v =~ 0.35vg (Horne et al. 2003). The corresponding wave fre-
quency of the resonant whistler mode will be v ~ 2 MHz, which
is lower than the plasma frequency of the Earth’s ionosphere (S 10
MHz). This puts strong technical limitations on observations be-
low this low-frequency cutoft with ground-based radio telescopes
(de Gasperin et al. 2018). But such low frequency radiation proba-
bly cannot be detected in any case, even if we observe outside the
Earth’s ionosphere.

To reproduce the observed radio emission from the early-type
magnetic stars, one must account for the presence of trapped ther-
mal plasma located within the inner magnetosphere, with a den-
sity of order 10° cm—3 close to the stellar surface. Following the
MCWS model, the density of trapped plasma decreases inversely
with distance from the star. The plasma surrounding the radiation
belt is expected to have a density of ~ 103 cm™3. At this value,
low-frequency electromagnetic waves cannot escape from the stel-
lar magnetosphere. Consequently, wave-plasma interactions as a
proposed electron acceleration mechanism cannot be directly veri-
fied. Furthermore, some process is needed for forming low-density
cavities within the inner magnetosphere to allow the wave-plasma
interaction to accelerate local electrons efficiently.

In the case of the Earth a correlation of whistlers mode with
the electric discharges related to lightning (Green et al. 2005) was
observed. The empirical correlation between the average radio lu-
minosity of incoherent non-thermal radio emission and the mag-
netic flux rate (see Fig. 10) suggests that some kind of electrody-
namic mechanism may act within the magnetospheres of the early-
type magnetic stars. The electrodynamical processes acting within
the rotating magnetosphere might be the engine to originate large
scale currents and electric discharges. Like the case of the Earth,
this might be a likely condition to originate low-frequency elec-
tromagnetic waves that, similarly to the magnetized planets of the
solar system, might produce local plasma acceleration by resonant
wave-particle interaction.

Following our new scenario of a radiation belt located within
the inner-magnetosphere, there is a possible critical issue for the
low-frequency coherent auroral radio emission stimulated by the
ECM emission mechanism. Is this coherent emission capable of es-
caping from the inner-magnetosphere to be detectable? In fact, such
stimulated radio emission originates from the deep magnetospheric
regions close to the star. Hence, these low-frequency electromag-
netic waves might be strongly suppressed by the gyro-resonant
magnetic absorption of the thermal plasma surrounding the radi-
ation belt, if the auroral radio emission arises from the same mag-

MNRAS 000, 1-?? ()

Radio emission from ordered magnetospheres 17

netic shell where the incoherent non-thermal radio emission origi-
nates.

The broad studies of Jupiter’s radio emission suggest a pos-
sible resolution to the issue raised above. Jupiter shows clear evi-
dence of non-thermal radio emission from a radiation belt located
close to the planet (L < 5 Ry), and also various components of co-
herent radio emission. An important source of coherent emission is
associated with the moon Io, but there is also a non-Io contribution
arising from the magnetic field lines anchored at the planet’s sur-
face at high latitudes, and coinciding with the main auroral oval. It
was recognized that the footprints of these field lines are related to
the magnetic field lines crossing the magnetic equatorial plane at
a large distance (L Z 7-15 Ry) and close to the breakdown regions
where magnetic reconnection events have been identified. These
reconnection events provide the injection of fast electrons that trig-
ger on Jupiter the non-Io DAM (i.e. the component of the Jovian
decametric radio emission (DAM) not related to the magnetic flux
tube connected with the moon Io) and the bKOM (i.e. the Jovian
broadband kilometric radiation) (Zarka 1998, 2004). The Jupiter-
like scenario was recently supported to be scalable also in the case
of magnetic early type stars by the frequency dependent behavior
of the wide band coherent emission from HD 124224 (CU Vir), the
prototype of the class of early-type magnetic stars showing auroral
radio emission, where several auroral radio emission components
seems to be related to different magnetic field lines of the stellar
magnetosphere (Das & Chandra 2021).

Similar to Jupiter, the auroral radio emission of early-type
magnetic stars might be triggered by the non-thermal electrons ac-
celerated within the magnetospheric regions where the magnetic
field strength is too weak to confine the magnetospheric wind
plasma, or produced by continuous centrifugal breakouts events.
The result is the formation of an equatorial magneto-disk site of
magnetic reconnection. A cartoon that summarizes this scenario
is given in Fig. 13. Even if this scenario is an over-simplified
schematization of a true rotating stellar magnetosphere, this picture
highlights that the injection of non-thermal electrons is not related
to a unique acceleration site, where, possibly, different accelera-
tion mechanisms are working. Beyond the magnetospheric regions
where the wind plasma breaks the field lines, producing magnetic
reconnection and consequent acceleration of electrons, energetic
electrons can be also locally accelerated within the most internal
regions where the magnetic field lines are closed, as seen in the
case of Earth.

10 CONCLUSION AND OUTLOOK

In this paper, we analyzed the incoherent gyro-synchrotron radio
emission of a sample of early type magnetic stars, ranging from
early-B to early-A type stars, as a function of their stellar param-
eters. As a result of our study, we report the existence of a strict
correlation between the non-thermal radio luminosity (Ly raq) and
the ratio of magnetic flux to the rotation period (®/Prot), given by
the Eq. 1 and shown in Fig. 10. This relationship appears to be
something analogous to the scaling relationship that describes the
coherent auroral radio emission of the magnetized body of the So-
lar system, formalized by the radio-magnetic Bode’s law and which
is extrapolated up to the exo-planets (Zarka 2007).

We also reviewed the wind scenario used to account for the
non-thermal radio emission of these stars. The stellar wind has still
a key role to supply ionized material within the magnetospheres
of the early-type magnetic stars. But, unlike what was previously
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assumed, we found that the equatorial size of the magnetospheric
region radiating incoherent gyro-synchrotron radio emission is not
large enough to intercept the regions in which the wind pressure
equals the magnetic tension. To explain the features of the non-
thermal radio emission from such hot magnetized stars we pro-
posed the existence of a Jupiter-like radiation belt within the mag-
netospheres of the early-type magnetic stars. The existence of a
radiation belt around the magnetized planets of the Solar system
is a well-known phenomenon, already taken into account in stel-
lar cases too. To explain the origin of the incoherent non-thermal
radio emission from UCDs, a plasma radiation belt has been pro-
posed to exist within their magnetospheres (Hallinan et al. 2006).
This idea applied in the context of the early type magnetic stars
leads to convenient results. In fact, in this new picture, the mag-
netic shell where the non-thermal radio emission originates is for-
mally decoupled from the wind mass loss rate strength. Following
this new wind paradigm, a more complex picture seems to come
out with regard to the origin of the non-thermal electrons respon-
sible for the incoherent gyro-synchrotron emission. In particular,
the current sheets produced by the wind magnetic breakout can not
provide unique (and primary) acceleration sites.

Importantly, the scaling relationship between Ly ,q and
@/ Py for the early-type magnetic stars, also successfully predicts
the non-thermal radio emission from some (six) UCDs and the
planet Jupiter. The parameter ®/ P, is related to the effective elec-
tromotive force generated by the rotation of a large-scale and well-
ordered magnetic field. The rotation stimulates electrodynamic pro-
cesses occurring within the stellar magnetosphere, that appear key
to establishing the radio emission level of the dipole like magne-
tospheres surrounding objects at both the top and at the bottom of
the main sequence (see Fig. 11). It is then possible that the mech-
anism for acceleration of non-thermal electrons may be related to
large-scale stationary current systems.

The various plasma configurations that we have suggested as
possibly existing within the magnetospheres of early-type stars cer-
tainly demands further investigation. And while we have identified
a scaling relation that span magnetospheres from early-type mas-
sive stars to UCDs and planets, this needs further study. The early-
type magnetic stars have a favorable condition to fill their magne-
tospheres with ionized material. In fact, the stellar wind, even if in
some cases the mass-loss rate is at a very weak level, has a key role
as a plasma source. The UCDs and Jupiter have well-ordered dipo-
lar fields, but are cold objects lacking winds of any significance,
yet they produce non-thermal radio emission. However, if some
other plasma source fills their magnetospheres (i.e. exo-planetary
volcanic activity analogous to that of the moon Io), suitable condi-
tions for the radio emission generation will be realized. The radio
luminosity of incoherent emission from UCDs is low, and for only a
few such emission has been detected, while simultaneously having
reliable magnetic field strengths. Nonetheless, the few cold objects
that we have analyzed display radio behavior in remarkable accord
with the empirical scaling relationship deduced from the early-type
stars. This is a clear hint of a common behavior among both stars
and substellar objects surrounded by large-scale and stable mag-
netospheres, suggesting that an underlying and unifying physical
mechanism is at work. In particular, it is plausible to hypothesize
the existence of a common acceleration mechanism of electrons
to relativistic energies operating within the magnetospheres among
these extremely different classes of objects.

Future work must enlarge the sample of early-type magnetic
stars to refine the empirical relationship for the non-thermal radio
emission from ordered magnetospheres. In particular, a systematic

search for radio emission at the top of the main sequence should
be useful for the indirect estimation of stellar parameters, in partic-
ular the stellar magnetic field strength. In fact, on the basis of the
empirical dependence between radio luminosity and stellar param-
eters, the detection of non-thermal radio emission might be used to
constrain the stellar magnetic field strength.

The next generation of ground based radio interferome-
ter (e.g. SKA) will quickly be able to reach a detection limit
at the plJy level, such that brighter early-type magnetic stars
(Ly raq ~ 10'8 ergs s~ ' Hz 1) located close to the Galactic cen-
ter (=~ 9 kpc distance) will be easily detected (expected flux lev-
els ~ 10 uly). Ap/Bp stars are uniformly distributed in space
(Renson & Manfroid 2009), and the number recognized as mag-
netic stars is rapidly increasing (Fossati et al. 2015; Wade et al.
2016). At the present, spectropolarimetric measurements are able
to perform reliable measurements of stellar magnetic fields only
for stars located within 1-2 kpc from the Sun (Shultz et al. 2019a;
Bagnulo et al. 2020). We emphasize that radio emission could be
used as another diagnostic tool for stellar magnetism, and lever-
aged to investigate the incidence of magnetism at the top of the
main sequence. The origin of magnetic fields of early-type stars,
and their persistence over their MS life, and beyond (Neiner et al.
2017; Martin et al. 2018), is a crucial matter. In fact, the magnetic
field of the very massive stellar progenitor might be significant to
the core-collapse supernovae explosion and the potential birth of
magnetars (Bucciantini et al. 2009; Kasen & Bildsten 2010).
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APPENDIX A: RADIO MEASUREMENTS OF THE
INDIVIDUAL EARLY TYPE STARS

Al HD 12447

This magnetic Ap star was detected at 1.4 GHz by the FIRST (Faint
Images of the Radio Sky at Twenty centimeters) survey performed
by the VLA (Becker, White & Helfand 1995), the flux is § = 0.7 £
0.1 mJy (Helfand, White & Becker 2015). The stellar radio emis-
sion was also detected at 3.6 cm (corresponding to ~ 8.4 GHz)
with a flux level of § = 0.37+0.09 mlJy (Drake, Wade & Linsky
2006). Further, HD 12447 holds in the tile T11t04 observed at 3
GHz in two epoch of the VLA Sky Survey (VLASS1.1 and 2.1)
and was also detected at both epochs with similar flux level, on av-
erage 0.69 +0.09 mJy. The radio luminosity of HD 12447 reported
in Table 1 has been obtained using the average fluxes at these avail-
able radio frequencies. Mean frequency < v >~ 3.3 GHz.

A2 HD 19832

HD 19832 was detected by the VLA at 8.4 GHz, S = 0.45+0.12
mlJy (Drake et al. 2006), and at 3 GHz by the second half of the first
epoch (VLASS1.2, tile T17t05) of the VLASS (S =0.5£0.1 mJy).
Also in this case, the radio luminosity reported in Table 1 has been
retrieved by the average flux of the two radio measurements, at the
corresponding mean frequency < v >~ 5 GHz.

A3 HD27309

Measurements of the radio emission of HD 27309 are available at
three distinct frequencies, respectively at v = 3 GHz (VLASS1.2,
tile T16t06), S =0.4+0.1 mJy, and at 5, S = 0.38 £ 0.02 mJy, and
8.4 GHz, S = 0.33 £0.02 mJy (Drake et al. 2006). To estimate the
radio luminosity of HD 27309 (Table 1), the average flux has been
used. Mean frequency < v >~ 5 GHz.

A4 HD 34452

The detection of the radio emission of IQ Aur (HD 34452) atv =5
GHz (S = 0.48 = 0.09 mly) was firstly reported by Drake et al.
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Table A1. HD 36485 radio spectrum.

\% <S8y >
(GHz) (mJy) notes

0.61* 0.64+0.2  Chandra et al. (2015)

1.4 0.840.2  Chandra et al. (2015); AL267"
3* 1.4+0.2 VLASSI.1 and 2.1 (tile T10t09)
5 1.1£0.2  Leone et al. (2010)

8.4 1.04+02  AL2677; AL388

15 0.84£02 AL267%; AL388

* Less than three measurements. © NRAO image archive.

(1987) and then confirmed by Linsky et al. (1992) (S = 0.32+0.05
mly). The average flux has been used to estimate the radio lumi-
nosity of HD 34452.

AS HD 35298

It was recently discovered by Das et al. (2019b) that HD 35298 is
a source of low frequency (v < 1.4 GHz) high strength (flux level
approaching up to ~ 10 mJy) coherent auroral radio emission. Such
maser emission is constrained within a well defined range of phases
and is superimposed above the basal emission produced by the
incoherent gyro synchrotron mechanism. The incoherent compo-
nent of the HD 35298 emission was firstly measured at 5 GHz by
Linsky et al. (1992) (S = 0.28 £0.06 mJy). Measurements at other
frequencies are also available in the literature (S = 0.29 £0.07 mJy
at v = 8.4 GHz; Drake et al. 2006). Further, our unpublished high
frequencies VLA observations (project code: AL618) allowed us to
measure the fluxes of HD 35298 at v = 15 GHz (S = 0.324+0.03
mly) and at v =22 GHz (S = 0.13 +0.02 mJy). These radio mea-
surements cover a wide frequency range and have been averaged to
estimate the luminosity reported in Table 1 at the mean frequency
< v >=~10.9 GHz.

A6 HD 35502

HD 35502 holds in the tile T10t09 observed over two epochs of
the VLA Sky Survey at 3 GHz (VLASSI1.1 and 2.1), with fluxes
§=2.6+0.1 and S = 3.0+ 0.1 mJy. Further, unpublished multi-
wavelengths VLA radio observations of HD 35502 have been re-
trieved querying the NRAO data archive (project code: AL388).
This data set has been processed by us to obtain the following radio
measurements: $ = 1.7+0.1 mJy at v =5 GHz; § =2.28 £0.07
mly at v =8.4 GHz; § = 1.36 0.06 mJy at v = 15 GHz. Another
measurement performed at 8.4 GHz is reported in the literature.
The flux of HD 35502 at that observing epoch was § = 2.97+0.1
mly (Drake et al. 2006). These multi-frequencies measurements
are used to obtain the average radio luminosity listed in Table 1.
Mean frequency < v >~ 6.6 GHz.

A7 HD 36485

The radio emission of HD 36485 was firstly reported by Drake et al.
(1987). HD 36485 was observed many times at v =5 GHz. These
radio observations cover the whole stellar rotation period. The light
curve at 5 GHz was performed by Leone et al. (2010) and shows a
moderate rotational modulation. Additional radio observations of
HD 36485, performed by the VLA at other frequencies, exists. In
this paper, we analyzed all the available data set. The VLA project
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Table A2. HD 37017 radio spectrum.

\% <S8y >
(GHz) (mJy) notes

0.61*  0.6+03 (a)

1.4 1.6+0.5 (a); (b); (c)

3* 1.740.7  VLASSI.1 and 2.1 (tile T09t09)
45 20402  (d)

5 2.0+0.5 (b); (e); ()
8.4 2.14£03 AL267F; AL388

15 1.8+04  (b); (c); AL2677; AL388; AL618
22 20409 (c); AL234T; AU53"; AL618

43* 1.9+£0.1 AL618

* Less than three measurements. * NRAO image archive. (a) Chandra et al.
2015; (b) Drake etal. 1987; (c¢) Leone, Umana & Trigilio 1996; (d)
Kounkel et al. 2014. (e) Leone & Umana 1993; (f) Trigilio et al. 2004.

AL267, beyond the already published 5 GHz radio measurements,
contains observations performed at v = 1.4, 8.4 and 15 GHz, per-
formed at three different epochs (1992-Oct-11, 13, and 15). These
multi-frequency observations have been processed by the standard
VLA pipeline. The radio maps are available querying the NRAO
Image Retrieval Tool® and are used for measuring the stellar ra-
dio fluxes. Further unpublished VLA observations at 8.4 and 15
GHz are available (project AL388). These archival data have been
reduced by us using the standard calibration procedure enabled
in CASA. Ancillary radio measurements at 0.61 and 1.4 GHz are
also collected (Chandra et al. 2015). Finally, HD 36485 was also
detected at 3 GHz by the two epochs of the first half VLASS
(VLASSI1.1 and 2.1). All the available radio measurements per-
formed at the same frequency have been averaged, listed in Ta-
ble Al, and shown in Fig. 2. In the case of more than one mea-
surement at the same frequency, the uncertainty has been estimated
adding in quadrature the measurements dispersion and the aver-
age of the individual errors. The data in Table Al has been aver-
aged to estimate the stellar radio luminosity at the mean frequency
<V >=3.4GHz.

A8 HD37017

The radio emission of HD37017 was firstly measured by
Drake et al. (1987) and then the rotation modulation effect on
the 5 GHz stellar radio emission was analyzed (Leone 1991;
Leone & Umana 1993). The 5 GHz light curve of HD 37017 was
calculated by Trigilio et al. (2004) and compared with the avail-
able measurements covering the stellar rotation period. The average
value of these measurements is listed in Table A2. A reliable VLA
detection (v = 4.5 GHz) has been also reported by Kounkel et al.
(2014) The tentative detection of the low-frequency (v =610 MHz)
emission of HD 37017 was reported by Chandra et al. (2015), fur-
ther, measurements at other radio frequencies are also reported in
the literature. The ancillary data complemented by unpublished
measurements (reduced by us or processed by the standard VLA
pipeline) acquired at the same frequency are averaged altogether.
Further, HD 37017 was detected at 3 GHz by the VLASS (in the
table the average of the two epochs of the first half sky survey, re-
spectively VLASS1.1 and VLASS2.1, was reported). The average

3 https://archive.nrao.edu/archive/archiveimage.
html
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Table A3. HD 37479 radio spectrum.

\% <S8y >
(GHz) (mJy) notes

0.61* 1.2+03 (a)
1.4 23+0.5  (a); (b); ()
3* 3.04+£0.2 VLASSI.I and 2.1 (tile T10t09)
4.5 37+£0.1  (d)
5 38+05 (o)
7.5 38+£0.2 (d)
8.4 38+0.6 (c)
15 4.0£09 (¢
22 37409 (¢)
43 3.1+£09  (c)

* Less than three measurements. (a) Chandra et al. 2015; (b) Linsky et al.
1992; (c) Leto et al. 2012; (d) Kounkel et al. 2014.

spectrum reported in Table A2 is pictured in Fig. 2. The mean flux
value has been used to estimate the radio luminosity of HD 37017.
Mean frequency < v >~ 5.8 GHz.

A9 HD37479

The non-thermal radio emission of HD 37479 was firstly measured
by Drake et al. (1987). This star has been then subject of many
radio observations. A detailed study of the multi-frequency ra-
dio emission of HD 37479 was performed by Leto et al. (2012),
where a great number of radio measurements are reported. The
radio survey of the Orion region performed by the VLA at 4.5 and
7.5 GHz (Kounkel et al. 2014) also detected the radio emission of
HD 37479. Chandra et al. (2015) explored the HD 37479 behavior
at the low frequency spectral region (v = 610 MHz). HD 37479
was also detected at 3 GHz by the VLASS in two epochs (1.1 and
2.1). The data available at each radio frequency have been aver-
aged, this average radio spectrum is reported in Table A3 and pic-
tured in Fig. 2. The reported errors are the sum in quadrature of
the dispersions of the data acquired at the same frequency and of
the average of the uncertainties of the individual measurements.
The mean value of these multi-frequencies radio measurements has
been used to estimate the radio luminosity at the mean frequency
< v >~~5.9GHz.

A10 HD40312

Two distinct detections with similar fluxes of the stellar radio emis-
sion at 5 GHz exist (Linsky et al. 1992). It was commonly observed
the rotational modulation of the radio emission from the hot mag-
netic stars. To take into account the expected radio variability, we
assumed the uncertainty of 50%. The measured flux (S ~ 0.3 mly)
has been used to estimate the radio luminosity of HD 40312.

A1l HD79158

Only one detection of the radio emission from HD 79158 exists.
This star was observed at 8.4 GHz and detected with the flux
of § = 0.45 mJy (Drake et al. 2006). To take into account possi-
ble rotational modulation, we assumed a flux uncertainty of 50%.
This single data has been used to estimate the radio luminosity of
HD 79158.

Table A4. HD 124224 radio spectrum.

\% <S8y >
(GHz) (mJy) notes

1.4 25+0.6 (a); (b); (c); (d)
2.5 32404 (¢
3* 2.7+0.2  VLASSI1.2 (tile T11t22)

5 39406 (o)
84 39406 (o)
15 34406 (o)
2% 341 (a); AL61S
87.7° 13403 (o)

* Less than three measurements. (a) Leone et al. 1996; (b) Trigilio et al.
2000; (c) Trigilio et al. 2008; (d) Helfand et al. 2015; (e) Leto et al. 2006;
(f) Leone et al. 2004.

Al12 HD 112413

This is the prototype of the class of variable stars of o> CVn type.
HD 112413 (062 CVn) was detected at 1.4 GHz by the FIRST sur-
vey (S = 0.77£0.09 mly; Becker et al. 1995). This star was also
detected at 8.4 GHz (S = 0.29 mJy; Drake et al. 2006) and at 3 GHz
by the VLASS. The source was detected by both epochs of the first
half sky survey (VLASS1.1 and 2.1, tile T20t17), the average flux
is § = 1.2 4+0.2 mJy. These multi-frequency detections have been
averaged to estimate the radio luminosity of HD 112413 (Table 1).
Mean frequency < v >~ 3.3 GHz.

Al13 HD 118022

HD 118022 is the first star, which is not the Sun, in which the effect
of the magnetic field was revealed in the stellar spectra (Babcock
1947). Its radio emission was detected by the second epoch of the
VLA Sky Survey (VLASS1.2), tile T11t21, the measured flux is
S = 0.5 mJy. This star was already observed by the VLA in the
early 1990s at 8.4 GHz (project AD288), but the poor quality image
prevents us from detecting its radio emission. Also in this case,
it was assumed the flux uncertainty of 50% to estimate the radio
luminosity of HD 118022.

Al4 HD 124224

This is the first star where the coherent auroral radio emission
was observed (Trigilio et al. 2000) and is widely studied at the
radio regime (Leto et al. 2006). In this paper we collected many
already published multi frequency radio measurements. Further,
we analyzed our unpublished high-frequency VLA observations
(project code AL618), data analyzed and imaged using CASA. The
radio measurements performed at the same radio observing band
were averaged altogether, the related flux uncertainty is the sum in
quadrature of the measure dispersion and the mean value of the in-
dividual errors. The average spectrum of HD 124224 is pictured in
Fig. 2. The mean value of the data listed in Table A4 has been used
to estimate the radio luminosity of HD 124224. Mean frequency
<v>=7.7GHz.

Al15S HD 133652

One epoch VLA observation at 8.4 GHz of HD 133652 exists. A
tentative detection of the stellar radio emission (S = 0.24 mJy) is re-
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Table A5. HD 133880 radio spectrum.

\% <S8y >
(GHz) (mJy) notes

0.61 2.2+0.7 Chandra et al. (2015)

1.4 3+1 Chandra et al. (2015)
5 3.54+0.8 Bailey et al. (2012)

8.4 3.6+£0.6 Bailey et al. (2012)
15 32405 AD348"

43* 1.0£0.2 AL388

* Less than three measurements. © NRAO image archive.

ported by Drake et al. (2006). Also in this case we adopted the flux
uncertainty of 50% to estimate the radio luminosity of HD 133652.

Al16 HD 133880

HD 133880 was firstly observed by the ATCA interferometer cover-
ing the whole stellar rotation period (Lim, Drake & Linsky 1996).
The above data set allowed to perform the light curves at 5 and 8.4
GHz (Bailey et al. 2012). At lower radio frequencies HD 133880
evidenced enhanced emission constrained in a narrow range of
phases (Chandra et al. 2015), later explained as coherent auroral
radio emission (Das et al. 2018). Further, the wide band analysis of
the auroral emission from HD 133880 allowed to evidence the lon-
gitudinal dependence of the plasma accumulation within the stellar
magnetosphere (Das, Chandra & Wade 2020). Despite its low sky
latitude (6 = —40.5839°) this star is visible also by the VLA. The
archival data set AD348 contains observations performed at three
different epochs (1995-Feb-15, 16, and 17), the images are avail-
able querying the NRAO image archive. Further, HD 133880 was
detected also at 43 GHz (VLA data set AL388 reduced and imaged
in this paper). The low frequencies measurements (v = 0.61 and
1.4 GHz; Chandra et al. 2015) acquired at phases where the auroral
radio emission of HD 133880 is not observable have been used to
estimate the incoherent emission component. Also in the case of
measurements at the higher frequencies, the data at the same fre-
quency have been averaged. The mean radio spectrum is reported
in Table A5 and pictured in Fig. 2. The average flux of HD 133880
performed using all the available frequencies has been used to esti-
mate its radio luminosity at the mean frequency < v >~ 5.3 GHz.

A17 HD 142184

HD 142184 is a bright radio source detected up to the millimeter
range, in fact, it was detected by the ALMA telescope (Leto et al.
2018). The measurement at the lowest available frequency (v =
887.5 MHz) has been performed by the Australian SKA Pathfinder
(ASKAP) interferometer (Pritchard et al. 2021). Almost all the
available radio measurements of this magnetic star have been here
collected. The fluxes acquired at similar observing frequencies have
been averaged, these are listed in Table A6. At the lower frequen-
cies the spectral dependence of the polarization fraction of the inco-
herent emission from HD 142184 evidenced a decaying trend, the
polarization fraction decreases from a level of ~ 10 % at 44 GHz
down to a few % at 6 GHz (Leto et al. 2018), this is in accordance
with the canonical incoherent gyro-synchrotron emission mecha-
nism. The low frequency ASKAP data (v = 887.5 MHz) presents
a circular polarization fraction of ~ 22%. This high level of cir-
cular polarization fraction observed at 887.5 MHz is incompatible
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Table A6. HD 142184 radio spectrum.

\4 <S8y >
(GHz) (mlJy) notes
0.8875* 6.2+0.2  Pritchard et al. (2021)
1.4% 12.6+0.6  Condon et al. (1998)
3* 30+2 average of VLASSI.1 and 2.1 (tile TO5t24)
6 73+15 Murphy et al. (2010) ; Leto et al. (2018)
8* 95+£5 Murphy et al. (2010)
10 100£20  Leto etal. (2018)
15 1104+20 Leto et al. (2018)
20* 104+6 Murphy et al. (2010)
22 1204+30 Leto et al. (2018)
33 130£30  Leto etal. (2018)
44 1204+40 Petrov et al. (2012); Leto et al. (2018)
102* 115+20 Leto et al. (2018)

292* 32543 Leto et al. (2018)

* Less than three measurements.

Table A7. HD 142301 radio spectrum.

\Y <Sy >
(GHz) (mJy) notes

1.5 2.840.4 Letoetal. (2019)
3* 2.64+0.2  VLASSI.2 (tile T04t24)
5 4.0+0.7 Letoetal. (2019)
8.4 3.84+0.9 Linsky et al. (1992); AL388
15* 34+0.5 Leoneetal. (1996); AL388

43* 29+02 AL388

* Less than three measurements.

with the canonical spectral dependence of the circularly polarized
emission from the incoherent gyro-synchrotron mechanism, this is
a highly plausible hint that also the coherent auroral radio emission
contributes to the low frequency radio emission from HD 142184.
Then, the flux at v = 0.8875 GHz listed in Table A6 is the total
intensity given by Pritchard et al. (2021) reduced of the 22%, as-
sumed as the auroral coherent emission fraction contaminating the
incoherent non-thermal emission at v = 0.8875 GHz. The mean
spectrum is pictured in Fig. 2. The average radio luminosity of
HD 142184, at the mean frequency < v >~ 13.5 GHz, is reported
in Table 1.

A18 HD 142301

Multifrequency measurements of the incoherent non-thermal radio
emission of HD 142301 are reported by Linsky et al. (1992) and by
Leone et al. (1996). HD 142301 is also a source of strongly polar-
ized coherent auroral radio emission (Leto et al. 2019). Such kind
of maser emission is constrained to a narrow range of the stellar ro-
tational phases. To estimate the incoherent contribution alone, we
average the 1.5 and the 5 GHz measurements acquired at phases
far from the coherent pulses. Further, HD 142301 was detected by
the VLASS at 3 GHz and unpublished VLA observations (project
AL388) also revealed the high frequency contribution of the inco-
herent stellar radio emission (data set reduced and analyzed in this
paper). The radio measurements acquired at the same frequency
range have been averaged, the average spectrum is reported in Ta-
ble A7 and shown in Fig. 2. The mean flux is used to estimate the
stellar radio luminosity at the mean frequency < v >~ 7 GHz.
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Table A8. HD 147932 radio spectrum.

\% <S8y >
(GHz) (mlJy) notes

1.6 9+4.5 this paper
2.6 15+4 this paper
5.5 20+4 this paper
9 21+4 this paper

16.7*  20.7£0.2  Leto et al. (2020b)

* Flux from the total map (see Leto et al. 2020b).

A19 HD 142990

The confirmed evidence of coherent auroral radio emission from
HD 142990 was reported by Das etal. (2019a), which observed
this star at low frequency (v ~ 600 MHz and v ~ 1.4 GHz) us-
ing the GMRT. At these low frequencies, the auroral emission
from HD 142990 was observed in form of strongly polarized large
pulses, that strongly contaminate the basal incoherent emission
component. This condition make unreliable the estimation of the
low-frequency incoherent emission component, that was roughly
estimated at the mJy level. The incoherent emission component
of HD 142990 was instead clearly measured at higher frequency
bands. The average flux of HD 142990 measured at 5 GHz by
Linsky et al. (1992), by Leone et al. (1994), and by us, analyzing
archival VLA data (project AL388), is S = 1.9+0.3 mJy. A similar
flux level was observed at 8.4 GHz (S = 1.8£0.3 mJy; Linsky et al.
1992 and VLA project AL388). The mean flux between the 5 and
8.4 GHz measurements has been used to estimate the stellar radio
luminosity. Mean frequency < v >~ 6.5 GHz.

A20 HD 144334

The radio emission of HD 144334 at v =5 GHz was detected in
two different epochs by Linsky et al. (1992). The average flux is
S =0.3+0.15 mJy, the uncertainty is obtained adding in quadra-
ture the measurements dispersion and the average of the individual
errors. The above flux was used to estimate the radio luminosity.

A21 HD 145501

Multifrequency radio measurements (v = 1.4, 5, and 8.4 GHz)
of HD 145501 were reported by Linsky et al. (1992). The detec-
tion at 5 GHz was confirmed by Leone et al. (1994). This star has
been also detected at 3 GHz (S = 1.45+0.2 mJy) by the VLASS
(VLASS1.2 tile TO6t25). The measured fluxes levels are almost
comparable within the explored frequency range, the correspond-
ing average flux is 1.6 +0.3 mJy, which was used to estimate the
luminosity of HD 145501 at the mean frequency < v >~ 3.6 GHz.

A22 HD 147932

Among the hot magnetic stars already known as sources of coher-
ent auroral radio emission (ARE), at the present time, HD 147932
shows the unique behavior to have the auroral radio emission al-
ways detectable. This star does not evidence any preferred phase
where the low frequency highly polarized coherent pulses were de-
tected (Leto et al. 2020b). In fact, its peculiar geometry makes al-
ways visible the highly beamed maser emission responsible for the
ARE. To disentangle the components arising from the two emission

Table A9. HD 147933 radio spectrum.

\% <S8y >
(GHz) (mJy) notes

1.6 5.5+2  this paper; NVSS; AK460"
2.6 T£2 this paper; VLASS1.2 (tile TO5t25)
5.5 7+2 Leto et al. (2020a)
9 8§+2 Leto et al. (2020a)
16.7 842 Leto et al. (2020a)
21.2 7.54+2  Letoetal. (2020a)

¥ NRAO image archive.

mechanisms, incoherent (gyro-synchrotron emission) and coherent
(cyclotron maser), as a first approximation, we assume all the circu-
larly polarized flux produced by the ARE. Hence, the subtraction
of the average polarized flux (ATCA data available in Leto et al.
2020b) from the average total intensity supplies a reliable estima-
tion of the incoherent radio spectrum of HD 147932. The fluxes,
estimated at each observing frequency with the corresponding error
propagation, are listed in Table A8. HD 147932 was also observed
by the VLA, source detected at 1.4 GHz by the NVSS (§=9.440.6
mly; Condon et al. 1998) and by the project AK460 (NRAO im-
age archive, S ~ 18 mly), and at 3 GHz, VLASS1.2 (tile T05t25)
S =~ 12 mlJy, but the fraction of their polarized emission is unavail-
able. Therefore, considering the peculiar behavior of HD 147932,
these VLA data have not been used. The radio spectrum of the
gyro-synchrotron emission component is shown in Fig. 2, the cor-
responding average flux has been used to estimate the stellar radio
luminosity at the mean frequency < v >~ 5.1 GHz.

A23 HD 147933

The behavior at the radio regime of HD 147933 has been recently
studied using multi-epoch and multifrequency ATCA observations
(Leto et al. 2020a). This star show coherent low frequency pulses
superimposed to the basal incoherent non-thermal emission. The
ATCA observations were performed using wide band backends
(bandpass 2 GHz wide at each observing frequency). To better an-
alyze the low frequency spectral dependence of the stellar radio
emission, in this paper, we reanalyzed the L-band ATCA measure-
ments of HD 147933. This dataset has been split in two sub-bands,
1 GHz wide, centered at 1.6 and 2.6 GHz. The low frequency pulses
were observed at narrow phases intervals, which were excluded
from the data average. The radio emission of HD 147933 was also
detected by the VLA at 1.4 GHz, by the NVSS (§ =10.8 0.6 mJy;
Condon et al. 1998) and unpublished archival data (project AK460:
§=28.9+0.3 mly), and at 3 GHz (VLASS: § =7.7£0.2 mJy).
The VLA measurements have been averaged with the ATCA data
at the closest frequency. The average radio spectrum of HD 147933
is listed in Table A9 and pictured in Fig. 2. The average of these
spectral measurements has been used to estimate the radio lumi-
nosity reported in Table 1 at the mean frequency < v >~ 6.5 GHz.

A24 HD 170000

The radio emission of this magnetic star was detected at 8.4 GHz
(S = 0.45 mly; Drake et al. 2006). HD 170000 has been also de-
tected by the VLASS at 3 GHz (VLASSI.1 and 2.1, tile=T28t10;
fluxes respectively: S = 0.5+0.1 and § = 0.8 0.1 mlJy). These
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Table A10. HD 182180 radio spectrum.

\% <S8y >
(GHz) (mlJy) notes

1.4* 7.94+0.6  Condon et al. (1998)

3* 11.3+£0.2  VLASSI.1 (tile T04t30)
6 16+3 Leto et al. (2017a)
10 17+4 Leto et al. (2017a)
15 1643 Leto et al. (2017a)
22 16+3 Leto et al. (2017a)
33 1543 Leto et al. (2017a)
44 13+2 Leto et al. (2017a)

* Less than three measurements.

radio measurements have been averaged to estimate the radio lumi-
nosity of HD 170000. Mean frequency < v >~ 5 GHz.

A25 HD 175362

This star was detected at 5 GHz by Linsky et al. (1992) in two dis-
tinct epochs. The average flux (S = 0.324+0.1 mJy, uncertainty es-
timated adding in quadrature the data dispersion and the average
map noise) is used to calculate the radio luminosity of HD 175362.

A26 HD 176582

HD 175582 was detected at 8.4 GHz (S = 0.46; Drake et al. 2006).
Further, stellar radio emission was tentatively detected at 3 GHz
(VLASS1.1, tile=T20t24, S ~ 0.3 mly). To estimate the radio lu-
minosity of this star we used the average flux § = 0.4£0.1 mly, at
the mean frequency < v >~ 5 GHz.

A27 HD 182180

This is a bright radio source showing a clear rotational modula-
tion (Leto et al. 2017a). The stellar radio light curves have been
performed in the range 6-44 GHz. The average fluxes at each ob-
serving frequency are listed in Table A10. At lower frequencies
HD 182180 has been detected by the VLA all sky surveys at 1.4
GHz (NVSS) and at 3 GHz (VLASS), the measured fluxes are also
reported. The average spectrum is shown in Fig. 2 and the average
flux has been used to estimate the corresponding radio luminosity.
Mean frequency < v >~ 10.2 GHz.

A28 HD 215441

This is the Babcock’s star, that has a very high mean magnetic
field strength (=~ 34 kG; Babcock 1960). Measurements of the
HD 215441 radio emission were firstly reported by Linsky et al.
(1992), which observed at 1.4, 5, and 15 GHz using the VLA.
Another detection at 5 GHz was reported by Leone et al. (1994).
The low frequency side of the stellar spectrum was explored by
Chandra et al. (2015). The authors reported repeated GMRT mea-
surements, at 0.61 and ~ 1.4 GHz, evidencing variability ascribed
to the stellar rotation. The average flux at v =0.61 GHz is S =
0.98+0.1 mJy, atv=1.4 GHzis S = 1.3+0.2 mJy (Chandra et al.
2015; Linsky et al. 1992). A similar flux level was detected at 3
GHz (S ~ 1 mly) by the VLASS1.2, tile=T24t23. At higher fre-
quencies the few existing measurements suggest a flux decreasing
(S =~ 0.85 mly, average of the two available data at 5 GHz, and
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S ~ 0.5 mJy at 15 GHz). Using all the available radio measure-
ments, we estimate the average flux of § = 0.9£0.3 mlJy, the uncer-
tainty has been estimated adding in quadrature the data dispersion
and the mean value of the individual errors. The above flux value
has been used to estimate the radio luminosity of the Babcock’s star
at the mean frequency < v >~ 2.9 GHz.

APPENDIX B: RADIO EMISSION OF THE SELECTED
ULTRA COOL DWARFS

B1 BRI0021-02

The incoherent radio emission from BRI 0021-02 has been detected
at v = 8.46 GHz by Berger (2002). The average incoherent basal
flux is § = 0.08 £0.02 mJy and was used to estimate the radio
luminosity reported in Table 3.

B2 LSPMJ0036+1821

Highly polarized enhanced emission at 8.4 GHz was reported
by Berger (2002) and by Hallinan et al. (2008), that is explained
by the ECM emission mechanism. Persistent radio emission
due to the incoherent gyro-synchrotron emission was also re-
ported (Berger et al. 2005). The average incoherent flux measured
at v =4.86 GHz is S = 0.26 £ 0.02 mly, value reported by
Metodieva et al. (2017), with the corresponding references of the
non-flaring emission. The average flux was adopted to estimate the
stellar radio luminosity of the incoherent emission.

B3 DENIS J1048.0-3956

A very strong fully polarized radio pulse from DENIS J1048.0-
3956 was observed at 8.64 GHz by Burgasser & Putman (2005),
this event was explained as clear signature of the coherent ECM
emission. This radio pulse is superimposed above a basal quiescent
incoherent non-thermal emission. Ravi et al. (2011) collected mul-
tifrequency radio observation of DENIS J1048.0-3956 performing
the spectral distribution of the stellar incoherent non-thermal radio
emission up to 24 GHz. The spectrum has a power law shape with a
negative spectral index (= —1.71). Reliable estimation of the aver-
age flux from DENIS J1048.0-3956 within a spectral range 5.5-10
GHz is ~ 0.2 mJy with uncertainty of 50%. The above flux value
was used to estimate the radio luminosity of DENIS J1048.0-3956
reported in Table 3.

B4 TVLMS513-46

Periodic fully polarized coherent pulses from TVLM 513-46, due to
the ECM emission, was clearly observed at 8.44 and 4.88 GHz by
Hallinan et al. (2007). It was also suggested that the cyclic behav-
ior of the multi-frequency coherent pulses from this dwarf star is a
possible sign of maser emission triggered by an exo-planet in close
orbit (Leto et al. 2017b). Besides the ECM coherent emission, also
the incoherent radio emission component of TVLM 513-46 exists.
The radio spectrum of the incoherent emission from TVLM 513-46
has been studied up to the high frequency spectral range covered
by ALMA (Williams et al. 2015b). The average flux over the spec-
tral range ~ 1.6-90 GHz (Osten et al. 2006; Williams et al. 2015b),
mean frequency < v >~ 7.2 GHz, is § ~ 0.2 mJy and was adopted
to estimate the radio luminosity of the incoherent radio emission of
TVLM 513-46.
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B5S LSRJ1835+3259

This M8.5 dwarf showed periodic fully polarized pulses due to
the coherent ECM emission mechanism (Hallinan et al. 2008).
These are likely modulated by an orbiting exoplanet (Hallinan et al.
2015). The coherent pulses of LSR J1835+3259 are superimposed
above a basal persistent incoherent gyro-synchrotron emission
(Hallinan et al. 2008; Berger et al. 2008). The average incoherent
flux of S = 0.525£0.015 mly, detected several times at v = 8.46
GHz, has been reported by Metodieva et al. (2017), with the corre-
sponding references. The above average flux was used to estimate
the corresponding radio luminosity of LSR J1835+3259.

B6 V374 Peg

In three observing epochs of January 2007, the VLA observed
V374 Peg at v = 8.4 GHz (Hallinan et al. 2009). These observa-
tions phased with the stellar rotation period allowed to obtain the
radio light curve of V374 Peg (Llama et al. 2018). The stellar radio
emission showed a clear rotational modulation. The measured flux
varies between = 0.4 and ~ 1 mJy. To estimate the radio luminosity
of V374 Peg (reported in Table 3) we roughly used the average flux
S~ 0.7 mly.

APPENDIX C: THE EQUATIONS OF THE WIND

For a fully ionized gas (hydrogen 90%, helium 10%, correspond-
ing to a mean ionic charge Z =~ 1.1) the expected radio emission
from the stellar ionized wind can be derived following the relation
(Scuderi et al. 1998):

0.85Teff)°" )

Sy =17.26 vy
v=r X(1OGHZ> X( 107K

M 4/3X 1.3V *4/3X D \?2 ()
10-5 M yr ! 100kms—! 103 pc Y

Following the above reported assumption for the ionized gas
composition, the equation given by Panagia & Felli (1975) for the
effective radius of a spherical wind emitting region is:
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