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ABSTRACT
In this paper, we present the analysis of incoherent non-thermal radio emission from a sample 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 current 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
broad-band 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 broad-band radio emissions on wind mass-loss rates.
Further, correlating the radio luminosities 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 sample 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 appears to hold for a broader range of stellar types with dipole-dominated magnetospheres (like the cases of the
planet Jupiter and the ultracool 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: magnetic reconnection – planets and satellites: magnetic fields – stars: early-type – stars: late-type – stars: magnetic
field – radio continuum: stars.

1 IN T RO D U C T I O N

The magnetic fields of magnetic MS B/A-type stars have, on average,
a strength of a few kG (Shultz et al. 2019c; Sikora et al. 2019b) with
stable field topologies (Shultz et al. 2018). The magnetic field topol-
ogy of the majority of them can be described in terms of the oblique
rotator model (ORM), predominantly involving a centred dipole field
that is tilted to the stellar rotation axis (Babcock 1949; Stibbs 1950).

� E-mail: paolo.leto@inaf.it

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 (Krtička 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 Magnetism in Massive Stars (Wade et al. 2016) and B fields in
OB stars (Morel et al. 2015) spectropolarimetric surveys concluded
that magnetism characterizes about 6–8 per cent 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
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magnetism almost certainly has a fossil origin (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; Petit et al. 2019; Shultz et al. 2019c;
Sikora et al. 2019b). 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 magnetic
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 presence of large-
scale magnetic fields, the wind cannot freely propagate spherically,
and the ionized wind flow is channelled by the magnetic field lines. At
the magnetic equator, wind streams arising from the opposite mag-
netic hemispheres collide and shock, producing X-rays (Oskinova
et al. 2011; Nazé et al. 2014; Robrade 2016). Detailed modelling
of the magnetospheres of hot magnetic stars has progressively
developed (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, Stevens & ud-Doula
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 magne-
tospheric ionized matter is forced to rigidly co-rotate with the stars,
producing a rigidly rotating magnetosphere, which is characterized
by typical signatures recognized in the Hα line profile and photo-
metric variability (Townsend & Owocki 2005; Townsend 2008).

Significant non-thermal radio emission is dependent on the pres-
ence of a strong magnetic field in the plasma environment of early-
type magnetic stars. Indeed, about 25 per cent 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 acceleration 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 (RA). Non-thermal plasma particles,
propagating within the stellar magnetosphere, radiate in the radio
regime through the incoherent gyro-synchrotron mechanism and pro-
duce continuum radio emission that is partially circularly polarized.

The main observational features of non-thermal radio emission
from early-type magnetic stars are nearly flat spectra and rotational
modulation, both for the total intensity (Stokes I) and circular
polarization (Stokes V). The polarization level for incoherent non-
thermal radio emission increases with frequency, reaching levels of
≈10–20 per cent (Leto et al. 2012, 2018, 2019, 2020a). Multifre-
quency radio light curves for Stokes I and V have been successfully
reproduced using a synthetic 3D model of gyro-synchrotron emission
from an oblique dipole field and co-rotating magnetosphere (Trigilio
et al. 2004; Leto et al. 2006).

Superimposed on the incoherent radio emission, highly polarized
(up to 100 per cent) 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 emission 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
ARE 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 MS, signatures of coherent AREs
have also been identified in ultracool 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 incoherent 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 explaining
the radio emission of hot magnetic stars, which 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 purpose, we have
identified a sample of B/A type magnetic stars that have been detected
at radio wavelengths and have collected reliable 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 (available online). For some stars we collected
enough multifrequency radio measurements to produce reliable radio
spectra. Model calculations of the radio spectra of this representative
sub-sample are discussed in Section 3. The results of the modelling
raised a critical issue regarding the assumed wind paradigm that, up
to now, has been assumed as a primary engine 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 depen-
dence of the radio luminosity with stellar age in Section 5. By cor-
relating the radio luminosities of the whole sample of stars with the
parameters of their stellar magnetospheres, 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 Section 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
Section 8, the scaling 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 conse-
quences of our results, and in Section 10 we present our conclusions.

2 TH E SA MPLE

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 corresponding
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Table 1. Stars of the sample and corresponding stellar parameters.

D Teff R∗ P
†
rot Bp Frac. MS age Lν, rad

ID HD Alt. name Sp. type (pc) (kK) (R�) (d) (kG) (erg s−1 Hz−1)

1 12447 α Psc A A2 SiSrCr 50(2) 10.2(0.5) 2.6(0.2)(3) 1.4907(8)(17) 1.19 ± 0.2(33) 0.58(0.2)(36) 1.8(0.6) × 1015

2 19832 56 Ari B8 Si 124(3) 12.5(0.5) 2.3(0.3)(4) 0.727 95(1)(18) 2.7+0.6
−0.3

(4) 0.51(0.26)(36) 9(2) × 1015

3 27309 56 Tau A0 SiCr 90(2) 12.0(0.5) 2.3(0.3)(10) 1.568 82(5)(18) 3.6+1.98
−0.58

(10) 0.41(0.33)(10) 3.6(0.6) × 1015

4 34452 IQ Aur B9 Si 145(4) 14.1(0.5) 3.1(0.3)(5) 2.466 264(5)(19) ≈4(34) 0.40+0.15
−0.21

(37) 1.0(0.3) × 1016

5 35298 V1156 Ori B6 He-wk 371(9) 15.8(0.8) 2.42(0.09)(6) 1.854 58(3)(20) 11.2 ± 1(6) 0.06(0.02)(6) 4(2) × 1016

6 35502 BD-02 1241 B5V He-wk 383(9) 18.4(0.6) 3.0(0.1)(6) 0.853 807(3)(7) 7.3 ± 0.5(6) 0.11(0.03)(6) 4(1) × 1017

7 36485∗ δ Ori C B3Vp He-s 390(10) 20.0(2.0) 2.97(0.08)(6) 1.477 75(4)(21) 8.9 ± 0.2(6) 0.05(0.02)(6) 1.7(0.6) × 1017

8 37017∗ V1046 Ori B2 He-s 420(35)b 21.0(2.0) 3.6(0.2)(6) 0.901 186(2)(20) 6.2 ± 0.9(6) 0.13(0.03)(6) 4(2) × 1017

9 37479∗ σ Ori E B2 Vp He-s 440(20) 23.0(2.0) 3.39+0.06
−0.04

(6) 1.190 833(3)(22) 10.5 ± 1.5(4) 0.06+0.02
−0.03

(6) 7(3) × 1017

10 40312 θ Aur A0 Si 58(1) 10.2(0.4) 4.6(0.2)(8) 3.618 66(1)(23) 0.69 ± 0.01(8) 1.00+0.01
−0.06

(10) 1.2(0.6) × 1015

11 79158 36 Lyn B9 He-wk 175(6) 13.1(0.7) 3.4(0.7)(9) 3.834 76(4)(24) 3.57 ± 0.36(9) 0.84+0.08
−0.1

(37) 1.6(0.8) × 1016

12 112413 α2 CVn A0 EuSiCr 35(1) 11.5(0.5) 2.5(0.3)(10) 5.469 13(8)(16) 3.46+2.29
−0.69

(16) 0.53+0.28
−0.31

(10) 1.1(0.7) × 1015

13 118022 78 Vir†† A2 CrEuSr 58.3(0.8) 9.4(0.5) 2.0(0.1)(10) 3.722 084(2)(25) 3.65+0.61
−0.37

(16) 0.39+0.32
−0.25

(10) 2(1) × 1015

14 124224∗ CU Vir B9 Si 72(1) 12.2(0.5) 2.1(0.1)(11) 0.520 714(1)(26) 3.8 ± 0.2(11) 0.13+0.42
−0.09

(10) 1.8(0.6) × 1016

15 133652 HZ Lup B9 Si 121(1) 12.8(0.5) 2.2(0.2)(12) 2.304 05(2)(12) 6.1 ± 0.7(12) 0.06(0.02)(38) 4(2) × 1015

16 133880∗ HR 5624 B9 Si 104(3) 12.0(0.5) 2.0(0.3)(13) 0.877 476(9)(13) 9.6 ± 1(13) 0.05(0.02)(38) 3.5(1.5) × 1016

17 142184∗ HR 5907 B2V He-s 141(3) 18.5(0.5) 2.8(0.1)(6) 0.508 276(15)(27) 9 ± 2(6) 0.05+0.1
−0.05

(6) 2(1) × 1018

18 142301∗ 3 Sco B8 He-wk Si 148(3) 16.2(0.7) 2.42(0.02)(4) 1.459 57(5)(28) 12.5+9
−0.3

(4) 0.04(0.01)(38) 9(2) × 1016

19 142990 V913 Sco B7 He-wk 146(4) 17.0(0.7) 2.79(0.06)(6)

0.978 891 793(6)(29)
4.7 ± 0.4(6) 0.06(0.01)(6) 4.7(0.8) × 1016

20 144334 HR 5988 B8 He-wk 133(2) 15.2(0.7) 2.27(0.04)(4) 1.494 99(4)(4) 3.6 ± 0.3(4) 0.04(0.01)(38) 7(3) × 1015

21 145501 ν Sco C B9 Si 141(1) 14.0(0.5) 2.26(0.06)(4) 1.026 48(1)(4) 5.8 ± 0.3(4) 0.04(0.02)(38) 3.8(0.7) × 1015

22 147932∗ ρ Oph C B5Va 134(1) 17.0(1.0)(1) 3.3(0.2)(14) 0.8639(1)(30) 13.2+2.6
−1.2

(14) 0.12+0.04
−0.03

(39) 4(1) × 1017

23 147933∗ ρ Oph A B2Va 140(4) 20.8(0.5)(2) 4.5(0.6)(15) 0.747 326(2)(2) 2.7+0.9
−0.7

(2) 0.26(0.06)(39) 1.7(0.5) × 1017

24 170000 φ Dra A0 Si 93(3)c 11.4(0.4) 3.7(0.1)(10) 1.716 65(9)(18) 1.75+0.14
−0.16

(16) 0.88+0.09
−0.03

(10) 6(2) × 1015

25 175362 HR 7129 B6 He-wk 153(4) 16.9(0.7) 2.7(0.2)(6) 3.673 81(1)(20) 17.0+0.6
−0.4

(6) 0.06+0.11
−0.06

(6) 9(3) × 1015

26 176582 V545 Lyr B5 He-wk 301(4) 17.2(0.7) 3.21(0.06)(6) 1.582 21(5)(18) 5.4 ± 0.2(6) 0.32(0.06)(6) 4(1) × 1016

27 182180∗ HR 7355 B2Vn 233(6) 19.8(1.4) 3.2(0.1)(6) 0.521 4404(6)(31) 9.5 ± 0.6(6) 0.09(0.09)(6) 9(3) × 1017

28 215441 GL Lac††† B9 Si 490(10) 14.7(0.5) 3(1)(40) 9.487 574(3)(32) ≈62.4(35) 0.2(0.2)(40) 3(1) × 1017

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.
†††Babcock’s star (mean field ≈34 kG; Babcock 1960). a Spectral type from Simbad. b HD 37017 assumed at the average distance of the stars belonging to the Ori OB1c cluster
(Landstreet et al. 2007), see discussion reported in Shultz et al. (2019a). c Distance from Hipparcos (van Leeuwen 2007).
References: (1)Alecian et al. (2014); (2)Leto et al. (2020a); (3)Allende Prieto & Lambert (1999); (4)Shultz et al. (2020); (5)Pasinetti Fracassini et al. (2001); (6)Shultz et al. (2019c);
(7)Sikora et al. (2016); (8)Kochukhov, Shultz & Neiner (2019); (9)Wade et al. (2006); (10)Sikora et al. (2019a); (11)Kochukhov et al. (2014); (12)Bailey & Landstreet (2015); (13)Bailey
et al. (2012); (14)Leto et al. (2020b); (15)Pillitteri et al. (2018); (16)Sikora et al. (2019b); (17)Borra & Landstreet (1980); (18)Bernhard, Hümmerich & Paunzen (2020); (19)Bohlender,
Landstreet & Thompson (1993); (20)Shultz et al. (2018); (21)Leone et al. (2010); (22)Townsend et al. (2010); (23)Krtička et al. (2015); (24)Oksala et al. (2018); (25)Catalano & Leone
(1994); (26)Pyper, Stevens & Adelman (2013); (27)Grunhut et al. (2012); (28)Shore et al. (2004); (29)Shultz et al. (2019b); (30)Rebull et al. (2018); (31)Rivinius et al. (2013); (32)North &
Adelman (1995); (33)Glagolevskij & Gerth (2010); (34)Babel & Montmerle (1997); (35)Landstreet & Mathys (2000); (36)Wraight et al. (2012); (37)Kochukhov & Bagnulo (2006);
(38)Landstreet et al. (2007); (39) Schneider et al. (2014); (40) Wade (1997).

references are listed in Table 1. Each source is identified 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 together with the
effective temperature (column 6), are mainly taken from Netopil
et al. (2017) and Shultz et al. (2019a). Column 5 reports 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 polar magnetic
field strengths are given in columns 7, 8, and 9. Column 10 lists
the fractional MS ages retrieved from the literature. In two cases
the stellar evolutionary state had not previously analysed, so for
these two stars (HD 147932 and HD 147933) we used BONNSAI1

(Schneider et al. 2014) to estimate ages using the evolutionary models
given by Brott et al. (2011). Column 11 lists the average radio
luminosities of each star obtained from averaging all available radio
measurements.

1The BONNSAI web-service is available at www.astro.uni-bonn.de/stars/bo
nnsai

Radio measurements of individual stars have been collected
from both published measurements and unpublished observations,
acquired by us or retrieved from the Very Large Array (VLA) data
archive. The archival data have been analysed 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 δ > −40◦ and at ν = 3 GHz
(2 GHz bandwidth). The fluxes have been corrected for systematic
errors as reported by Lacy et al. (2019). For the newly obtained
radio measurements, 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 measurements for individual stars are provided in online
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 (Teff, R∗, Prot, Bp) and
the corresponding distributions are shown in Fig. 1, where the
distributions of the sub-sample analysed in detail in Section 3 are
also superimposed. The effective temperatures of the selected stars
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Figure 1. Parameter distributions of the analysed sample. The sub-sample analysed in Section 3 is shown by the coloured areas. Note that the Babcock’s star
lies outside the range of the Bp plot at 62.4 kG.

ranges from ≈10 kK up to near ≈25 kK, with a broad distribution
roughly peaked close to Teff ≈ 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 d, with a secondary group close to
Prot ≈ 3.5–4 d. Only two targets have longer rotation periods (third
panel of Fig. 1). Finally, the last panel of Fig. 1 shows the polar
magnetic field strength distribution. The stars analysed here have
polar magnetic field strengths peaked close to Bp ≈ 3–4 kG, with a
clear secondary peak centred at Bp ≈ 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.

3 MODELLING O F 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, multifrequency radio observations that
sample the entire rotation period are needed. A detailed study of
the temporal evolution of the broad-band 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 (Section 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 per cent of the total) do have a large number
of multifrequency radio measurements; their parameter distributions
are also highlighted by the coloured areas in Fig. 1. Such sub-
sample of stars with superior frequency coverage (typically, repeated
measurements of at least five radio frequencies) are listed in Table 2.
10 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 portions
of the stellar rotation is naturally biased toward short-period cases.
For this sub-sample of 10 stars, we obtained reliable radio spectra
from averaging observations repeated over more than three 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

Table 2. Magnetosphere parameters used to calculate the stellar radio spectra
shown in Fig. 2. Fixed parameters: n0 = 3 × 109 cm−3; δ = 2.5.

Star i β L BL ṀL nr × l χ̃2

HD (deg) (deg) (R∗) (G) (M� yr−1) (1015 cm−2)

36485a 19 4 16 1.1 5.1 · 10−10 3.5 0.6

37017b 39 57 13 1.4 5.9 · 10−10 10 0.7

37479b 77 38 15 1.6 1.4 · 10−9 11.2 0.6

124224c 46 76 12 1.1 1.5 · 10−10 1.6 0.8

133880d 55 78 18 0.8 2.4 · 10−10 3.5 0.3

142184b 64 9 10 4.5 1.2 · 10−9 56 0.5

142301a 68 58 19 0.9 4.9 · 10−10 2.8 2

147932e 74 5 13 3.0 1.3 · 10−9 6.3 0.04

147933f 35 78 9 1.8 7.5 · 10−10 2.8 0.1

182180a 53 82 14 1.7 7.7 · 10−10 11.2 0.2

Note. References of the stellar geometry: a Shultz et al. (2020); b Shultz et al. (2019b);
c Kochukhov et al. (2014); d Bailey et al. (2012); e Leto et al. (2020b); f Leto et al.

(2020a).

previously used to successfully reproduce the multiwavelength radio
light curves of early-type magnetic stars, both for the total intensity
(Stokes I) 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 (β) 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 sample
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 element, the
physical parameters are considered constant.

In the case of a simple dipolar magnetic topology, the magnetic
field vector components of each grid point have been calculated in
the reference frame fixed to the magnetic dipole and then rotated to
the observer reference frame. Consequently, a distant observer will
perceive the vector magnetic field to change as the star rotates (see
appendix of Trigilio et al. 2004).

The acceleration of relativistic electrons is assumed to coincide
with the magneto-disc, where magnetic reconnection events are
expected to occur. This region is described as a thin equatorial disc
of length l 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 mag-
netic field topology of this ‘unstable’ magnetospheric region cannot
be easily described with simple dipole magnetic field lines. However,
we empirically observed that the contribution to the radio emission
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Radio emission from ordered magnetospheres 1983

Figure 2. Radio spectra of the 10 stars having enough radio measurements to produce reliable average radio spectra. The data are provided in the tables reported
in online 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 modelled radio spectra are superimposed on the observed data. The dotted line show
the model extrapolation to higher frequencies.

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-disc surrounding the stellar magnetosphere, shaped like a
mashed donut with a longitudinal thickness l. 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 boundary), locate the
magnetospheric cavity (middle magnetosphere) where non-thermal electrons
(evidenced by the small arrows), accelerated up to relativistic energies in
the equatorial magneto-disc (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 centred close to the star locates the deep magneto-
spheric 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).

of the magnetospheric regions located far from the star and close to
the magnetic equator is negligible, particularly at the intermediate
and high-frequency ranges (Section 3.3). The non-dipolar topology
of the equatorial magneto-disc has then negligible 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 + l.

In modelling the non-thermal emission, we take the relativistic
electron population to conform to an isotropic pitch-angle distribu-
tion (angle φ formed by the velocity direction with respect to the local
magnetic field vector) and having a power-law energy distribution
(∝E−δ) with spectral index δ. 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 106 cm−3 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 gy-
rating electron (∝ sin 2φ/B) causes the magnetic mirroring effect
on the electrons moving towards regions of increasing magnetic
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 magnetic
field strength increases, balancing the decreasing number of the non-
thermal electron when approaching the stellar surface. The result is
a nearly constant number density (nr) 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 radiative
transfer equation, the spatial distribution of the thermal electron
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 ∝ r (r radial distance), was deduced by Babel &
Montmerle (1997) via modelling of the post-shock region 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) = n0T0, following the isobaric
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1984 P. Leto et al.

approximation. The thermal electron density at the stellar surface (n0)
is a free parameter, whereas the temperature there (T0) is set to Teff.
Our model accounts for free–free absorption from thermal electrons
(Dulk 1985). Then at a given radio frequency (ν), 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 equa-
torial radius of the magnetic shell where the relativistic electrons
freely propagate (L); the thickness of the magnetic shell (l); the
spectral index for the energy distribution of relativistic electrons
(δ); the number density of the relativistic electrons (nr); and for
the thermal electrons trapped within the inner magnetosphere, the
number density at the stellar surface (n0). Note that Leto et al.
(2017a) showed that nr and l are degenerate parameters so that
only the column density of the relativistic electrons (nr × l) can
be constrained.

3.2 Radio spectra calculation over broad spectral range

For each of the 10 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 �log ν = 0.2, corresponding to 19 different
frequencies in the calculations, to evaluate time-averaged synthetic
spectra. In particular, we analysed the orientations corresponding 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 calculated), for a total
of three different rotational phases. These particular phases were
appropriately identified from each individual star using the ORM
parameters as listed in Table 2 (thus each star has three tailored
calculations appropriate for the three phases identified).

To make this large computational effort possible, we restricted the
exploration of parameter space to L and nr × l. The other parameters
of the models were assumed close to the values retrieved by analysing
the individual stars already published (Trigilio et al. 2004; Leto et al.
2006, 2017a, 2018, 2020a, b), having well-sampled single-frequency
radio light curves, both for Stokes I and V. In those cases, a fine-
tuning of all the model parameters 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 × 109 cm−3 and spectral indices of the non-thermal
electron energy distribution in the range 2–4. These values are fairly
similar for all the previously analysed stars. Consequently, for this
paper we adopt: n0 = 3 × 109 cm−3 and δ = 2.6. For n0 we used
the average of the existing ranges of values. The adopted δ is the
average of the values indirectly estimated for the few stars for which
their X-ray spectra displayed a non-thermal photon component (Leto
et al. 2017a, 2018; Pillitteri et al. 2018; Robrade et al. 2018).

To perform the broad-band spectral analysis, the radio spectral
calculations were obtained by varying the parameter L in the range
8–20 R∗ (with steps of �L = 0.5 R∗, corresponding to 24 different
magnetospheric sizes) and nr × l in the range 1015–1017 cm−2 (with
steps of �log (nr × l) = 0.05, corresponding to 40 different cases).
The total number of calculations is ≈5.5 × 105. 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

calculated the reduced chi-square statistical parameter, defined as
χ̃2 = χ2/d. o. f., where the degrees of freedom (d. o. f.) is equal to
the number n of the different observed frequencies minus the two free
parameters of the model. The formulation χ2 = ∑n

i=0(Oi − Ei)2/σ 2
i

has been used, where Oi is the measured flux (with the related
uncertainty σ i) and Ei is the expected value from the calculation
at the corresponding i-th frequency. For the evaluation of χ̃2, the
calculated spectra have been interpolated to match the frequencies of
the observations. To make the χ̃2 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 average fractional
error gained by the other measurements, in this way the dispersion
of the measurements due to the rotational modulation 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 (ν � 30 GHz), when available, have not
been taken into account when evaluating χ̃2. 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 (BL) at L. Values
of χ̃2 (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 modelled in terms of rotational modulations. This
is encouraging since here we are modelling 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 〈BL〉 = 2 ± 1 G.

3.3 The broad-band radio spectra

The calculated radio spectra at ν�30 GHz for the 10 magnetic stars
in our sub-sample are quite independent of their stellar parameters.
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 radio
spectra (Fig. 2). The small differences are mainly related to the
individual magnetospheric geometries. The nearly universal spectral
behaviour can be summarized as follows: the radio flux increases with
increasing frequency (at low-frequency), then the radio spectrum
becomes almost flat (at intermediate frequency), and finally, the
model spectrum has a negative slope (at high frequency), although
in some cases a clear high-frequency emission peak was predicted
by our calculations.

To better understand the overall spectral behaviour, we computed
the spatial distribution of the radio emission from a typical 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 respectively: low
frequency (ν = 2 GHz), intermediate frequency (ν = 6 GHz), and
high frequency (ν = 100 GHz). We used HD 142184 as a template,
with a polar field strength of Bp = 9 kG. The radio maps clearly
highlight the spatial location within the middle magnetosphere of the
regions that mainly contribute to the emission at a given frequency
range.

MNRAS 507, 1979–1998 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/507/2/1979/6329691 by universita di catania fac giurisprudenza em
eroteca user on 12 January 2023



Radio emission from ordered magnetospheres 1985

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 behaviour (red, ν = 2 GHz). Middle
panel: intermediate frequency behaviour (green, ν = 6 GHz). Bottom panel:
high frequency behaviour (blue, ν = 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).

3.3.1 Low frequency behaviour

The low-frequency side of the radio spectrum tracks the radio emis-
sion arising from the furthest regions of the middle magnetosphere:
see the top panel of Fig. 4. As previously explained (see Section 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 frequency, 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 (ν�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 investigate for the possible effects of the non-dipolar
topology of the equatorial magneto-disc on the calculation of the
radio emission.

3.3.2 Intermediate frequency behaviour

The radio emission produced at this frequency range (≈2–30 GHz)
has the optimal tuning for non-thermal radio emission from a
dipole-dominated magnetosphere. In fact, the frequency peaks of
the elementary spectra 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 behaviour, is qualitatively understood when taking into
account that the brighter magnetospheric regions close to the star
(where the magnetic field is stronger) have less volume than the
more distant low brightness regions, where the emission at the lower
radio frequencies mainly originates.

3.3.3 High frequency behaviour

Radio emission at higher frequencies (�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 consequence of the radiating regions that meet the
stellar surface. The decaying of the high-frequency flux has the same
qualitative explanation as the flux drop occurring when the radio
frequency decreases, which is that the magnetospheric regions that
should have been mainly responsible for radio emission at very high
(and low) frequencies 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
auroral 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 inhomogeneous). 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 ex-
cellent accord at the low and intermediate frequency ranges (Fig. 2).
At the higher frequency side of the radio spectra, the few available
observations (see online Appendix A for details) are not sufficient
to assert any firm conclusions regarding high-frequency spectral
behaviour, nor reliable estimates of the high-frequency cutoff. The
evident large discrepancies between calculations and observations
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 radio 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 behaviour.
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Despite some modelling limitations, particularly at high-
frequency, the capability to reproduce the spectral behaviour at low
and intermediate frequencies allows us to place strong constraints on
the spatial location for the acceleration of the non-thermal electrons.
From a qualitative point of view, once all the magnetosphere param-
eters 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 frequency. Conversely, the
radio spectrum from a smaller magnetosphere (small L) has its turn-
over located at a higher frequency.

4 TH E RO L E O F T H E W I N D

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 (vwind) arising from the
stellar hemispheres with opposite magnetic polarity by the relation
TX ≈ 14(vwind/103 km s−1)2 MK. Approximating vwind with v∞, the
terminal wind velocity can be indirectly constrained by the measured
temperature of the thermal plasma emitting X-rays, which is TX ≈
10 MK (Oskinova et al. 2011; Pillitteri et al. 2016, 2017; Leto et al.
2017a, 2018; Robrade et al. 2018). The corresponding value of the
terminal wind velocity is v∞ ≈ 900 km s−1, which is reasonable for
MS 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 (Section 3.2) can be used as an
indirect estimate of RA. Thus, we can quantify the spherical wind
of the stars analysed in Section 3 by equating the kinetic energy
density of the wind (ram pressure plus centrifugal component) to the
magnetic energy density: pram + 1/2(ρω2d2) = B2/8π, where ρ is
the wind density, ω is angular rotation speed, and d the distance of
a generic point located on the magnetic equatorial plane from the
rotation 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 RA with the L-shell
size of the individual stars required to reproduce the measured radio
spectra, we indirectly derive the mass-loss rate of the spherical wind
(ṀL) that is able to exceed the magnetic tension at the appropriate
distance to originate a radio emitting magnetosphere that reproduces
the spectrum. The values of ṀL, thereby derived for the individual
stars, are listed in Table 2. The mass-loss rates are in the range
10−10–10−9 M� yr−1.

4.2 Comparison with the theoretical wind

The stars analysed in Section 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 (Section 3.2), hence, no correlation seems to
exist between L-shell and Teff.

Estimated values of the mass-loss rate (ṀL listed in Table 2) for
the spherical winds of non-magnetic counterparts to the individual

Figure 5. Top panel: theoretical wind prediction of Krtička (2014; solid
line) compared with the mass-loss rate from modelling of the radio spectra
listed in Table 2 (black squares). The numbers within squares correspond to
object in Table 1. The open square represents the upper limit estimation of the
wind from HD 124224. Bottom panel: location of the sub-sample stars on the
log g versus Teff diagram. The shaded areas indicate different 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 grey locates the homogeneous wind region; light grey locates
where the expected wind is inhomogeneous; the white area corresponds to
the static atmosphere.

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 radio
spectral models stands in substantial contrast with values expected
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 luminosity 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 Castor,
Abbott & Klein (1975; hereafter CAK) framework of the radiatively
driven wind acceleration, the expected mass-loss rate is related to
the stellar luminosity as Ṁ ∝ L1/α

∗ , with α ≈ 0.6 (Puls, Vink &
Najarro 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. Krtička (2014) theoretically derived
the dependence of mass-loss rates on Teff for BA-type dwarfs, given
by the relation: log Ṁ = a + bT4 + cT 2

4 with T4 = Teff/(104 K), and
where a = −22.7, b = 8.96, and c = −1.42. Their predictions are in
good agreement with the empirically derived Ṁ of magnetic B-type
stars (Oskinova et al. 2011). Considering the top panel of Fig. 5,
the Ṁ required to reproduce the radio spectra (see Section 4.1) are
significantly higher than expected with the gap widening at lower Teff.
The discrepancy is especially large at the lowest Teff corresponding to
Ap stars. For instance, for a template A0p star, CU Vir (HD 124224),
Krtička et al. (2019) derive the upper limit Ṁ = 10−12 M� yr−1,
which is orders of magnitude lower than that required by our radio
spectra models.
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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 log g/Teff diagram. The surface
gravity (log g) was retrieved from the literature for the individual
stars (Bailey et al. 2012; Grunhut et al. 2012; Rivinius et al. 2013;
Alecian et al. 2014; Kochukhov et al. 2014; Pillitteri et al. 2018;
Shultz et al. 2019a). The values of Ṁ for MS B-type stars has been
theoretically predicted by Babel (1996), who recognized three wind
regimes, namely: a homogeneous wind, a chemically inhomogeneous
wind, and static atmosphere. 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 anomalies is roughly 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/Teff diagram of the 10 stars from our
sub-sample is in accordance with the mass-loss recipe of Krtička
(2014). Note that about 85 per cent of the stars in our complete
sample have Teff � 20 kK, in which case only weak metallic (Ṁ �
10−14 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 magne-
tospheres. The secular accumulation of trapped ionized material
eventually fills the magnetosphere. The density distribution 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 accumulated 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 reconnection that is likely a source
of plasma acceleration. Shultz et al. (2020) and Owocki et al.
(2020) have demonstrated that the onset, emission strength scaling,
and line profile morphologies of Hα emission from centrifugal
magnetospheres can only be explained 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 ionized
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 Section 4.2
have been analysed. Further, we extended to the radio regime the
expected emission from the stellar surface modelled by a simple
black-body spectrum.

Radio emission from stellar winds was theoretically studied under
simplified assumptions. The radio flux of a spherical wind increases
as a function of the frequency like Sν ∝ ν0.6 (Wright & Barlow 1975;
Panagia & Felli 1975). In online Appendix C, the equation of the
wind spectrum is explicitly reported (equation C1). The wind spectra
calculated using equation (C1) and adopting the indirect estimation
of the spherical wind of the individual stars (ṀL 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 emission from the
B/A magnetic stars analysed 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 10 stars analysed in Section 3, the spectral energy
distributions, from the radio to the ultraviolet (UV) domain, have
been calculated combining the radio spectra (Section 3.2) and the
blackbody spectra (Teff listed in Table 1) radiated from the surface
scaled at the stellar distance. In the figure, the radio and infrared
measurements have also been reported. To minimize for possible
absorption effects, interstellar or intrinsic, we collected near- and
mid-infrared measurements from the Two Micron All Sky Survey
(2MASS; Cutri et al. 2003) and the Wide-field Infrared Survey
Explorer (WISE; Cutri et al. 2014) catalogues; these measurements
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 radio spectral
range analysed. 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 assumption
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
channelled by the closed field lines. The radiative wind in presence
of magnetic field produces the typical observable features, 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 produce
overestimated effects. In any case, also adopting the simplified
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
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 τ ≈ 0.4 (Panagia & Felli 1975). The
radio 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 Rν ∝ ν−0.7. 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 equation (C2). The high-
frequency cutoff 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 ν = 1 GHz. We chose this frequency
because the bulk of the non-thermal radio emission is produced at
ν > 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 Rν=1 GHz

values have been calculated for each star for both wind regimes: the
Ṁ theoretically expected from the stellar temperatures and the ṀL

indirectly derived from the non-thermal spectra (listed in Table 2).
Looking at Fig. 7 it is evident that the radio photosphere calculated
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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 (Krtička 2014), the expected wind spectra of some stars are lower than the black-body emission.
Filled bullets are the radio measurements, filled grey diamonds represent the WISE and 2MASS infrared measurements.

Figure 7. Radii of the radio photosphere calculated at the representative
frequency ν = 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 Rν values have been derived in two cases: assuming the wind
mass-loss rate theoretically expected (green symbols) and assuming the ṀL

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 Rν ,
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).

using Ṁ 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 neglected. This corre-
sponds 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 evidence that the mass-loss rate
values indirectly derived from the non-thermal radio emission (ṀL)
are unreliable.

5 IS RADI O EMI SSI ON AG E-DEPENDENT?

As discussed in Section 4, the oversimplified assumption that the
size of the radio emitting magnetosphere coincides with the Alfvén
radius 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 Section 4.2,
the wind plasma accumulation produces centrifugal breakout events
(Owocki et al. 2020; Shultz et al. 2020) that might make the
corresponding 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 MS 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. Looking at the top
panel of this figure, no significant relation appears evident between
the stellar radio luminosity and corresponding stellar age for the
hotter stars, whereas a possible decaying trend is suggested for the
cooler stars. This effect resembles the results obtained by Fossati et al.
(2016); moreover, this closely matches to the behaviour of the Hα

emission discovered by Shultz et al. (2020). Studying a large sample
of massive and hot MS magnetic 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 magnetic flux � (= BpR

2
∗) 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,
particularly for the cooler stars.

Although the sample of early-type magnetic stars analysed here
is small, we have searched for possible age-dependent effects on
the magnetic flux and the stellar rotation. As already well-studied in

MNRAS 507, 1979–1998 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/507/2/1979/6329691 by universita di catania fac giurisprudenza em
eroteca user on 12 January 2023



Radio emission from ordered magnetospheres 1989

Figure 8. Top panel: radio luminosities as a function of the fractional MS
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.

this class of stars, the stellar rotation period is expected to increase
dramatically over time (Shultz et al. 2019c; Sikora et al. 2019b). In
the middle and bottom panels of Fig. 8, we show � and Prot as a
function of the fractional MS stellar age. The corresponding stellar
radio luminosity is indicated by the symbol size. For the hotter stars,
the two analysed stellar parameters do not show any significant age-
dependent effects, whereas the magnetic field survives on the colder
stars. Among the small sample of stars here analysed, 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 magnetic
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
are fairly broad (see top panel of Fig. 8). This suggests that any
connection between radio emission, magnetic field strength, rotation
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
rotation 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 TH E E F F E C T O F T H E ROTAT I N G D I P O L E

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

The sample analysed in this paper has heterogeneous parameters.
To well characterize the magnetic properties of the sample, a reliable
parameter is the magnetic flux (� = BpR

2
∗), which combines both

the effects due to the magnetic field strength and the stellar size. In
the two panels of Fig. 9, the stellar radio luminosities are displayed
as a function of � (left-hand panel) and Prot (right-hand panel).
The obvious trends seen in Fig. 9, confirm the dependence of radio
emission on these two parameters. In particular, Lν,rad has a positive
dependence with � and a negative one with Prot. These trends suggest
identifying a parametrization that incorporates both the parameters.
The obvious way is to take their ratio.

In Fig. 10, the radio luminosities of the magnetic stars are reported
as a function of what we are calling the ‘magnetic flux rate’, �/Prot

(kG R2
� d−1). 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 correlation
coefficient (rs). The r statistical parameter is only sensitive to a
linear relationship, whereas rs is sensitive to any possible monotonic
relation between the two analysed variables. These two statistical
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 period. In
particular, r ≈ 0.75 and rs ≈ 1, suggesting that a non-linear relation
exists. The scaling relation that best fits the data is:

Lν,rad = 10α

(
Bp

kG

)β (
R∗
R�

)2β (
Prot

d

)−β

(erg s−1 Hz−1), (1)

with α = 13.6 ± 0.1 and β = 1.94 ± 0.07.
It is worth noting that following the Faraday–Lenz law, the empir-

ical parameter �/Prot has the physical dimension of an electromotive
force (e.m.f. = −d�/dt). Even if in a co-rotating reference frame
the stellar magnetic flux is not expected to be variable over time: a
spinning dipolar magnetosphere has close similarities with Faraday
disc dynamo, where the rotation of a conductive disc within a stable
magnetic field, having the magnetic vector orientation aligned with
the disc rotation axis, produces an e.m.f. (see experiments of Müller
2014). We analyse the rotating magnetospheres from a reverse point
of view. In a reference frame anchored 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 = ωR
(ω = 2π/Prot 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 simplified homogeneous magnetic
field condition, it follows that the test charge located at the stellar
equator embedded within a homogeneous field (strength Beq) will
be subjected to an induced electromotive force (Jackson 1962),
e.m.f. = −d�/dt = ∮

v × B dl, that under the above simplified con-

ditions can be written as: e.m.f. = ∫ R∗
0 v Beq dr = ∫ R∗

0 ω r Beq dr =
1/2ωBeqR

2
∗ (∝ �/Prot), (for details see Müller 2014). Note that
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Figure 9. Left-hand panel: the radio luminosity as a function of the magnetic flux (�). Right-hand panel: radio luminosity as a function of the rotation period
(Prot). The blue symbols refer to the hot stars and the red to the cooler stars (SP>B8).

Figure 10. Radio luminosity of the early-type magnetic stars as a function
of the ratio �/Prot. 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>B8).

for a real magnetized plasma, the free charged particles cannot
cross the magnetic field lines. The spinning 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 electrodynamics of spinning dipoles have been
the subject of many theoretical studies (Goldreich & Julian 1969;
Goldreich & Lynden-Bell 1969; Ruderman & Sutherland 1975).

The rough schematization performed above may be useful to per-
form order of magnitude relation between astrophysical observables
(i.e. the radio luminosity) and general stellar parameters (i.e. the
stellar rotation period, the radius, and the magnetic field strength).
In fact, the relation ωBeqR

2
∗ that resembles an electromotive force is

a useful scaling parametrization for the realistic electrodynamics of
spinning magnetospheres. The stars analysed in this paper typically
have a dipolar magnetic field topology, with Beq = BP/2. Thus, the
empirical parameter �/Prot can be easily transformed to the physical
parameter ωBeqR

2
∗ . If the rotation period 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 corresponding values of e.m.f.∗

and given in unit of 106 V. The e.m.f.∗ is not the true electromotive
force acting within the stellar magnetosphere (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 MAG NETO SPHERES

To test whether the result reported in Section 6 holds only for
the early-type magnetic stars or if it is also valid in a wider
context, we analysed the incoherent radio emission from other types
of stars (and one planet) characterized by large-scale and well-
ordered magnetospheres that are mainly described by a simple dipole
magnetic field topology.

7.1 The case of Jupiter

The giant planet Jupiter is surrounded by a large-scale (almost
dipolar) magnetic field, with the dipole axis nearly aligned with
the planetary rotation axis (tilt angle ≈10◦). Compared to the hot
magnetic stars, Jupiter has a weak magnetic field, with BJ ≈ 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 (10s 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 on-board
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Figure 11. Lν,rad/e. f. m.∗ diagram. The dashed grey lines locate the
boundary of the uncertainty range of the scaling relation derived by using
the parameters of the early-type magnetic stars only.

spacecrafts. Its radio spectrum is dominated at the low-frequency side
by coherent ARE (Zarka 2004), and at high frequencies (ν�10 GHz)
by the blackbody thermal emission of Jupiter’s atmosphere. At
intermediate frequencies, the incoherent synchrotron emission is
another component of Jupiter’s radio spectrum. The multiwavelength
VLA images of the planet Jupiter show the spatial distribution
of the non-thermal radio emission component 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 spectrum
was discussed by de Pater (2004). We note that the spectral shape
qualitatively resembles the overall behaviour of the radio spectra
of early-type magnetic stars (see Fig. 2), but is tuned at lower
frequencies. The reference frequency of the Jupiter’s incoherent non-
thermal emission is in fact ≈1.6 GHz. The average luminosity of the
incoherent radio emission is Lν, rad = 1.8(0.4) × 106 erg s−1 Hz−1,
obtained from scaling the multifrequency fluxes measurements to the
distance from Earth of 4.04 au (de Pater et al. 2003; de Pater & Dunn
2003).

Jupiter’s equatorial radius and magnetosphere rotation period are
RJ = 71492 km and PJ = 9 h 55 min 29 s. In Meters Kilograms
Seconds (MKS) unit, the effective electromotive force (as defined in

Section 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 ωJBJR

2
J (with ωJ = 2π/PJ as Jupiter’s

rotational angular 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 centred on
the magnetic poles (Cowley & Bunce 2001; Hill 2001).

The radio luminosity of Jupiter’s non-thermal incoherent radio
emission is reported in Fig. 11 as a function of the corresponding
e.m.f.∗. Interestingly, in the Lν, rad/e.m.f.∗ diagram, the planet Jupiter
is situated within the uncertainty range of the scaling relation
retrieved by the study of the early-type magnetic stars extrapolated
down to the low-radio luminosity level of Jupiter.

7.2 The case of the ultracool dwarfs

At the bottom of the MS, the fully convective UCDs show radio
bursts ascribed to coherent auroral emission that closely resemble
the case of Jupiter (Nichols et al. 2012). In some cases, the quiescent
incoherent non-thermal radio emission component was also detected
(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), which couples the
radio and X-ray luminosities for a large fraction of the MS stars
(from the F to the early-M type stars) characterized by Solar-like
magnetic activity, making the radio behaviour of these very cold
objects more similar to those of the magnetic stars located at the top
of the MS or to that of giant planets.

The UCDs are magnetic stars surrounded by large-scale dipole
dominated magnetospheres, which, like the case of Jupiter, are
strongly affected by rotation (Schrijver 2009). The measurement 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 (Rein-
ers & Basri 2007; Morin et al. 2010). This supports the theoretical
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
indirectly constrained. In fact, following the basic theory of the ECM
mechanism, the emission frequency (ν) of the coherent pulses occurs
close to local gyro-frequency. Since the gyro-frequency is related to
the local magnetic field by the relation νB = 2.8 × B/kG GHz, the
polar field strength of the UCDs where the ECM is detected will be
Bp�ν/2.8 kG. Hence, the lower limits of the polar field strengths
reported in Table 3 were estimated from the maximum frequencies
at which the coherent emission produced by the ECM was detected.
In particular, the four listed UCDs showed coherent pulses at ν ≈
8.4 GHz (Berger 2002; Burgasser & Putman 2005; Hallinan et al.
2007, 2008), thus Bp�3 kG.

To determine whether the radio behaviour of UCDs matches the
scaling relation given by equation (1) requires both reliable radio
luminosities for the incoherent non-thermal radio emission and
knowledge 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 online Appendix B have been used to estimate the
radio luminosities of the six UCDs in Table 3. The few available
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Table 3. Sample of cool dwarfs and corresponding parameters.

D R∗ P
†
rot Bp Lν,rad

2MASS Common or alt. name Sp. type (pc) (R�) (h) (kG) (erg s−1 Hz−1)

J00242463-0158201 BRI 0021-02 M9.5V 12.50(0.03) 0.113(0.005)(1) ≈5(4) �3 1.6(0.3) × 1013

J00361617 + 1821104 LSPM J0036 + 1821 L3.5 8.74(0.02) 0.118(0.007)(1) 3.0(7)(4) �3 2.4(0.2) × 1013

J10481463-3956062 DENIS J1048.0-3956 M8.5Ve 4.045(0.002) 0.096(0.004)(1) �5†† �3 4(2) × 1012

J15010818 + 2250020 TVLM 513-46 M8.5V 10.70(0.02) 0.103(0.006)(2) 1.959 574(2)(5) �3 3(1) × 1013

J18353790 + 3259545 LSR J1835 + 3259 M8.5V 5.687(0.003) 0.096(0.004)(1) 2.845(3)(4) ≈5(7) 2.03(0.03) × 1013

J22011310 + 2818248 V374 Peg M3.5V 9.104(0.005) 0.34(0.01)(3) 10.695 70(5)(6) ≈3(8) 7(3) × 1013

Notes. †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, vsin i = 25 ± 5 km s−1 (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); (8)Donati et al. (2006).

radio measurements are mainly performed at a single frequency,
particularly ν ≈ 5 or 8.4 GHz (see online 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 incoherent
emission of the small sample of UCDs analysed here are reported as
a function of their effective electromotive forces (or lower limits).
Despite the limitations explained above, the UCD parameters lie
in the Lν,rad/e. f. m.∗ diagram either within (or very close to) the
uncertainty range extrapolated from the scaling relation established
by the sample of early-type magnetic stars.

8 TH E S C A L I N G R E L AT I O N S H I P FO R T H E
RADIO EMISSION APPLIED TO HOT J UPIT ERS

Hot Jupiters are giant gaseous planets orbiting very close to their
parent stars. Due to the proximity to the star, hot Jupiters have
suitable conditions to develop strong star planet magnetic interactions
(SPMI), extending Bode’s law that holds for the magnetized planets
of the Solar system to the exo-planets (Zarka 2007). Bode’s law is an
empirical scaling relation between the power of the coherent ARE
from a magnetized planet and the power dissipated when interacts
with the magnetized plasma released by the parent star, and vice-
versa. Due to their small orbits, the extrapolated Bode’s law predicts
detectable coherent ARE from magnetized hot Jupiters (Zarka 2007).

The ARE is tuned at the radio frequency typical of the ECM
mechanism that, as previously discussed (see Section 7.2), depends
on 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 (10s to a few 100 MHz). The tentative detection by the
LOFAR (Low Frequency Array) interferometer of highly polarized
low-frequency radio emission from the hot Jupiter τ Bootes b has
been recently reported (Turner et al. 2021). This result supports the
Bode’s law extension beyond the Solar system, 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 frequency range,
covered by the forthcoming Square Kilometre Array (SKA), has
been already taken into account (Zarka, Lazio & Hallinan 2015).

Exo-planetary ARE 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 ARE
from Jupiter triggered by its moon Io, an exo-planet moving within
the stellar magnetic field could be able to stimulate ARE on the
magnetic flux tubes connected to the parent star. In this case the
emission frequency of the ARE depends upon the stellar magnetic
field. Magnetic field strengths at the kG level are common in case of
late-type stars (Reiners & Basri 2007), then the ARE will be tuned
at GHz radio frequencies. Such stellar ARE 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 auroral emission having radio power satisfying Bode’s law.

In accordance with the ECM elementary emission mechanism
(Melrose & Dulk 1982), ARE is a highly directive phenomenon,
making it difficult to detect despite its strong emission 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 Sectionss. 7.1
and 7.2 support the prediction provided by the scaling relationship
obtained by analysing the behaviour 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 relationship provided
in this paper (equation 1) as a predictive tool for the incoherent
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, radius, and rotation
period have been constrained.

The favourable condition to produce incoherent non-thermal
radio emission from a large-scale rotating magnetosphere is the
corresponding 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 radio
emission levels of the four magnetized hot Jupiters, derived using
equation (1) with the corresponding parameter uncertainties, are
reported 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 μJy level.

The most sensitive ground-based radio interferometer operating
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
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Table 4. Hot Jupiters parameters.

D Prot B(5) R(5)

Name (pc) (d) (G) (RJ)

HD 179949 b 27.48(0.06)(1) ≈7(3) ≈90 1.22 ± 0.18
HD 189733 b 19.78(0.01)(1) 1.7+2.9

−0.4
(4) ≈20 1.14 ± 0.03

τ Bootes b 15.62(0.05)(2) ≈3.2(3) ≈100 1.13 ± 0.17
υ Andromedae b 13.49(0.03)(2) ≈12(3) ≈80 1.25 ± 0.19

Note. References: (1)Gaia Collaboration (2018); (2)van Leeuwen (2007);
(3)Shkolnik et al. (2008); (4)Brogi et al. (2016); (5)Cauley et al. (2019).

Figure 12. Expected fluxes at Earth of the four hot Jupiters analysed. 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 (equation 1). The
dotted line represent the SKA detection limit.

be ≈ 0.24μJy, for observations lasting ≈10 min 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. Probably, the hot
Jupiters analysed 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 ARE makes it difficult to spatially resolve its incoherent
non-thermal radio emission from the stellar radio emission.

The most favourable 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 exo-planets might be unable to produce detectable
low-frequency ARE, making the detection of the incoherent non-
thermal radio emission the only way to search at the radio regime
for exo-planets 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 then produce higher strength magnetic fields, as expected
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 ν ≈ 1 GHz (Umana et al. 2015),

or lower (depending by the observing frequency), could be 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 D ISCUSSION

The observed radio emission of early-type magnetic stars is compati-
ble with gyro-synchrotron emission from a dipole-like magnetic shell
co-rotating with the star. The radio spectral calculations allowed us to
constrain the equatorial size (L parameter) of the radiating magnetic
shells (Section 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
stellar temperatures (Section 4.2). For the cooler stars, the above
rough accordance totally fails (see Fig. 5). The surface chemical
composition could play a role in estimation of the wind mass-loss
rates (Krtička 2014), or other mass-loss recipes (Vink, de Koter &
Lamers 2001) could be employed that predict higher values (see
Shultz et al. 2019c, for details). Ultimately, the expected mass
loss is still lower than the value required for the radio modelling.
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 (Krtička et al. 2019). Those data
allow for only an upper limit to the wind mass loss, a limit that is
discrepant with that required to explain the observed radio spectrum.

Reconciling the observed common behaviour of the radio emission
from the sample of early-type magnetic stars analysed in this work,
with the discordance between inferred and predicted mass-loss rates,
indicates that we must abandon a physical relation between the
Alfvén surface size at the equator (RA) 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 structure which
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 picture.
The wind is likely the primary source of ionized matter that fills
the stellar magnetosphere. From a qualitative point of view, hot
stars have favourable conditions for the onset of all the plasma
processes 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 reconnection
events, which are the likely sources of electron acceleration. 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 centrifugal 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 (Owocki et al. 2020; Shultz et al. 2020). This is
also the case of Jupiter’s magnetosphere, where energetic electrons
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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-disc (dark region), with consequent
production of fast-electrons, which, like the case of Jupiter, trigger the coherent and strongly beamed ARE (blue spots on the blue auroral ring).

are produced in breakdown regions occurring between 15 and 30 RJ

(Krupp et al. 2004). Jupiter’s radiation belt, located at L < 5RJ, 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).

An alternative mechanism for the production of energetic electrons
within closed magnetic field regions is the resonant interaction 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 observed
to be active within the radiation belts of the giant planets Jupiter
and Saturn (Woodfield et al. 2014, 2019). To operate efficiently, the
wave-particle resonant interactions require low densities, namely νp

≤ 2.5νB (Horne, Glauert & Thorne 2003), where νB is the gyro-
frequency (νB = 2.8 × B/G MHz) and νp is the plasma frequency
(νp = 9 × 10−3

√
N e MHz). For the early-type stars of this paper,

the typical strength of the magnetic field at distance L is BL ≈ 2 G
(Section 3.2), corresponding to a gyro-frequency νB ≈ 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 × 106 cm−3.

The acceleration through this resonant interaction achieves its
maximum efficiency for whistler modes at an oscillation frequency of
ν ≈ 0.35 νB (Horne et al. 2003). The corresponding wave frequency
of the resonant whistler mode will be ν ≈ 2 MHz, which is lower than
the plasma frequency of the Earth’s ionosphere (�10 MHz). This
puts strong technical limitations on observations below this low-
frequency cutoff with ground-based radio telescopes (de Gasperin
et al. 2018). But such low-frequency radiation probably 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
thermal plasma located within the inner magnetosphere, with a

density of order 109 cm−3 close to the stellar surface. Following
the MCWS model, the density of trapped plasma decreases in-
versely with distance from the star. The plasma surrounding the
radiation belt is expected to have a density of ≈108 cm−3. At this
value, low-frequency electromagnetic waves cannot escape from
the stellar magnetosphere. Consequently, wave-plasma interactions
as a proposed electron acceleration mechanism cannot be directly
verified. 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 lumi-
nosity of incoherent non-thermal radio emission and the magnetic
flux rate (see Fig. 10) suggests that some kind of electrodynamic
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 electromagnetic
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 ARE stimulated by the ECM emission
mechanism. Is this coherent emission capable of escaping 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 electromagnetic waves might
be strongly suppressed by the gyro-resonant magnetic absorption of
the thermal plasma surrounding the radiation belt, if the ARE arises
from the same magnetic shell where the incoherent non-thermal radio
emission originates.

The broad studies of Jupiter’s radio emission suggest a possible
resolution to the issue raised above. Jupiter shows clear evidence of
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non-thermal radio emission from a radiation belt located close to the
planet (L < 5 RJ), and also various components of coherent 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 surface at high lat-
itudes, 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 � 7–15 RJ) and close to the breakdown regions where magnetic
reconnection events have been identified. These reconnection events
provide the injection of fast electrons that trigger 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 broad-band 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 behaviour of the wide band coherent emission
from HD 124224 (CU Vir), the prototype of the class of early-
type magnetic stars showing ARE, where several ARE components
seem to be related to different magnetic field lines of the stellar
magnetosphere (Das & Chandra 2021).

Similar to Jupiter, the ARE of early-type magnetic stars might
be triggered by the non-thermal electrons accelerated 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-disc site of magnetic reconnection. A
cartoon that summarizes this scenario is given in Fig. 13. Even if this
scenario is an oversimplified 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 acceleration 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.

1 0 C O N C L U S I O N A N D O U T L O O K

In this paper, we analysed 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 parameters.
As a result of our study, we report the existence of a strict correlation
between the non-thermal radio luminosity (Lν,rad) and the ratio of
magnetic flux to the rotation period (�/Prot), given by the equation (1)
and shown in Fig. 10. This relationship appears to be something
analogous to the scaling relationship that describes the coherent ARE
of the magnetized body of the Solar 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 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 proposed the
existence of a Jupiter-like radiation belt within the magnetospheres
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 stellar cases too. To
explain the origin of the incoherent non-thermal radio emission from
UCDs, a plasma radiation belt has been proposed 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 magnetic shell where the
non-thermal radio emission originates is formally 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 responsible for the incoherent gyro-
synchrotron emission. In particular, the current sheets produced by
the wind magnetic breakout cannot provide unique (and primary)
acceleration sites.

Importantly, the scaling relationship between Lν,rad and �/Prot

for the early-type magnetic stars also successfully predicts the non-
thermal radio emission from some (six) UCDs and the planet Jupiter.
The parameter �/Prot is related to the effective electromotive force
generated by the rotation of a large-scale and well-ordered magnetic
field. The rotation stimulates electrodynamic processes occurring
within the stellar magnetosphere, which appear key to establishing
the radio emission level of the dipole like magnetospheres surround-
ing objects at both the top and at the bottom of the MS (see Fig. 11).
It is then possible that the mechanism for acceleration of non-thermal
electrons may be related to large-scale stationary current systems.

The various plasma configurations that we have suggested as pos-
sibly existing within the magnetospheres of early-type stars certainly
demands further investigation. And while we have identified a scaling
relation that span magnetospheres from early-type massive stars to
UCDs and planets, this needs further study. The early-type magnetic
stars have a favourable condition to fill their magnetospheres 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 dipolar
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 conditions 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. None the less, the few cold objects that
we have analysed display radio behaviour in remarkable accord
with the empirical scaling relationship deduced from the early-
type stars. This is a clear hint of a common behaviour among both
stars and sub-stellar objects surrounded by large-scale and stable
magnetospheres, 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 MS should be useful for the indirect
estimation of stellar parameters, in particular the stellar magnetic
field strength. In fact, on the basis of the empirical dependence
between radio luminosity and stellar parameters, the detection of
non-thermal radio emission might be used to constrain the stellar
magnetic field strength.

The next generation of ground-based radio interferometer (e.g.
SKA) will quickly be able to reach a detection limit at the μJy
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level such that brighter early-type magnetic stars (Lν, rad ≈ 1018

ergs s−1 Hz−1) located close to the Galactic Centre (≈9 kpc distance)
will be easily detected (expected flux levels ≈ 10μJy). Ap/Bp stars
are uniformly distributed in space (Renson & Manfroid 2009), and
the number recognized as magnetic 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 leveraged to investigate the incidence of magnetism
at the top of the MS. 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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André P., Montmerle T., Feigelson E. D., Stine P. C., Klein K-L, 1988, ApJ,

335, 940
Babcock H. W., 1947, ApJ, 105, 105
Babcock H. W., 1949, Observatory, 69, 191
Babcock H. W., 1960, ApJ, 132, 521
Babel J., 1995, A&A, 301, 823
Babel J., 1996, A&A, 309, 867
Babel J., Montmerle T., 1997, A&A, 323, 121
Bagnulo S. et al., 2020, A&A, 635, A163
Bailey J. D. et al., 2012, MNRAS, 423, 328
Bailey J. D., Landstreet J. D., 2015, A&A, 580, A81
Berger E., 2002, ApJ, 572, 503
Bernhard K., Hümmerich S., Paunzen E., 2020, MNRAS, 493, 3293
Bogomazov A. I., Tutukov A. V., 2009, Astron. Rep., 53, 214

Bohlender D. A., Landstreet J. D., Thompson I. B., 1993, A&A, 269, 355
Bolton S. J., Thorne R. M., Bourdarie S., de Pater I., Mauk B., 2004,

in Bagenal F. Dowling T. E. McKinnon W. B., eds, Jupiter: The
Planet, Satellites and Magnetosphere, Chap. 27. Cambridge Univ. Press,
Cambridge, p. 671

Borra E. F., Landstreet J. D., 1980, ApJS, 42, 421
Boyd A. J., Turner D. L., Reeves G. D., Spence H. E., Baker D. N., Blake J.

B., 2018, Geophys. Res. Lett., 45, 5253
Braithwaite J., Spruit H. C., 2004, Nature, 431, 819
Branduardi-Raymont G. et al., 2007, A&A, 463, 761
Branduardi-Raymont G., Elsner R. F., Galand M., Grodent D., Cravens T. E.,

Ford P., Gladstone G. R., Waite J. H., Jr., 2008, J. Geophys. Res., 113,
A02202

Brogi M., de Kok R. J., Albrecht S., Snellen I. A. G., Birkby J. L., Schwarz
H., 2016, ApJ, 817, 106

Brott I. et al., 2011, A&A, 530, A115
Bucciantini N., Quataert E., Metzger B. D., Thompson T. A., Arons J., Del

Zanna L., 2009, MNRAS, 396, 2038
Burgasser A. J., Putman M. E., 2005, ApJ, 626, 486
Castor J. I., Abbott D. C., Klein R. I., 1975, ApJ, 195, 157
Catalano F., Leone F., 1994, A&AS, 108, 595
Cauley P. W., Shkolnik E. L., Llama J., Lanza A. F., 2019, Nature Astron., 3,

1128
Christensen U. R., Holzwarth V., Reiners A., 2009, Nature, 457, 167
Cifuentes C. et al., 2020, A&A, 642, A115
Connerney J. E. P. et al., 2018, Geophys. Res. Lett., 45, 2590
Cowley S. W. H., Bunce E. J., 2001, P&SS, 49, 1067
Cutri R. M. et al., 2003, VizieR Online Data Catalog, 2246
Cutri R. M. et al., 2014, VizieR Online Data Catalog, 2328
Daley-Yates S., Stevens I. R., ud-Doula A., 2019, MNRAS, 489, 3251
Das B., Chandra P., 2021, preprint (arXiv:2107.00849)
Das B., Chandra P., Wade G. A., 2018, MNRAS, 474, L61
Das B., Chandra P., Shultz M. E., Wade G. A., 2019a, ApJ, 877, 123
Das B., Chandra P., Shultz M. E., Wade G. A., 2019b, MNRAS, 489,

L102
de Gasperin F., Mevius M., Rafferty D. A., Intema H. T., Fallows R. A., 2018,

A&A, 615, A179
de Pater I., 1991, AJ, 102, 795
de Pater I., 2004, Planet. Space Sci., 52, 1449
de Pater I., Dunn D. E., 2003, Icarus, 163, 449
de Pater I. et al., 2003, Icarus, 163, 434
Donati J.-F., Forveille T., Cameron A. C., Barnes J. R., Delfosse X., Jardine

M. M., Valenti J. A., 2006, Science, 311, 633
Doyle J. G., Antonova A., Marsh M. S., Hallinan G., Yu S., Golden A., 2010,

A&A, 524, A15
Drake S. A., Abbott D. C., Bastian T. S., Beiging J. H., Churchwell E., Dulk

G., Linsky J. L., 1987, ApJ, 322, 902
Duez V., Mathis S., 2010, A&A, 517, A58
Dulk G. A., 1985, ARA&A, 23, 169
Dulk G. A., Marsh K. A., 1982, ApJ, 259, 350
Fossati L. et al., 2015, A&A, 582, A45
Fossati L. et al., 2016, A&A, 592, A84
Gaia Collaboration, 2018, A&A, 616, A1
Glagolevskij Yu. V., Gerth E., 2010, Astrophys. Bull., 65, 164
Goldreich P., Julian W. H., 1969, ApJ, 157, 869
Goldreich P., Lynden-Bell D., 1969, ApJ, 156, 59
Green J. L., Boardsen S., Garcia L., Taylor W. W. L., Fung S. F., Reinisch B.

W., 2005, J. Geophys. Res., 110, 03201
Grunhut J. H. et al., 2012, MNRAS, 419, 1610
Grunhut J. H. et al., 2017, MNRAS, 465, 2432
Guedel M., Benz A. O., 1993, ApJ, 405, L63
Hallinan G., Antonova A., Doyle J. G., Bourke S., Brisken W. F., Golden A.,

2006, ApJ, 653, 690
Hallinan G. et al., 2007, ApJ, 663, L25
Hallinan G., Antonova A., Doyle J. G., Bourke S., Lane C., Golden A., 2008,

ApJ, 684, 644
Harding L. K., Hallinan G., Boyle R. P., Golden A., Singh N., Sheehan B.,

Zavala R. T., Butler R. F., 2013, ApJ, 779, 101

MNRAS 507, 1979–1998 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/507/2/1979/6329691 by universita di catania fac giurisprudenza em
eroteca user on 12 January 2023

http://dx.doi.org/10.1051/0004-6361/201323286
http://dx.doi.org/10.1086/166979
http://dx.doi.org/10.1086/144887
http://dx.doi.org/10.1086/146960
http://dx.doi.org/10.1051/0004-6361/201937098
http://dx.doi.org/10.1111/j.1365-2966.2012.20881.x
http://dx.doi.org/10.1051/0004-6361/201526073
http://dx.doi.org/10.1086/340301
http://dx.doi.org/10.1093/mnras/staa462
http://dx.doi.org/10.1134/S1063772909030032
http://dx.doi.org/10.1086/190656
http://dx.doi.org/10.1029/2018GL077699
http://dx.doi.org/10.1038/nature02934
http://dx.doi.org/10.1051/0004-6361:20066406
http://dx.doi.org/10.1029/2007JA012600
http://dx.doi.org/10.3847/0004-637X/817/2/106
http://dx.doi.org/10.1051/0004-6361/201016113
http://dx.doi.org/10.1111/j.1365-2966.2009.14940.x
http://dx.doi.org/10.1086/429788
http://dx.doi.org/10.1086/153315
http://dx.doi.org/10.1038/s41550-019-0840-x
http://dx.doi.org/10.1038/nature07626
http://dx.doi.org/10.1051/0004-6361/202038295
http://dx.doi.org/10.1002/2018GL077312
http://dx.doi.org/10.1016/S0032-0633(00)00167-7
http://dx.doi.org/10.1093/mnras/stz1982
http://arxiv.org/abs/2107.00849
http://dx.doi.org/10.1093/mnrasl/slx193
http://dx.doi.org/10.3847/1538-4357/ab1b12
http://dx.doi.org/10.1093/mnrasl/slz137
http://dx.doi.org/10.1051/0004-6361/201833012
http://dx.doi.org/10.1086/115911
http://dx.doi.org/10.1016/j.pss.2004.09.012
http://dx.doi.org/10.1016/S0019-1035(03)00068-X
http://dx.doi.org/10.1016/S0019-1035(03)00067-8
http://dx.doi.org/10.1126/science.1121102
http://dx.doi.org/10.1051/0004-6361/201015274
http://dx.doi.org/10.1086/165784
http://dx.doi.org/10.1051/0004-6361/200913496
http://dx.doi.org/10.1146/annurev.aa.23.090185.001125
http://dx.doi.org/10.1086/160171
http://dx.doi.org/10.1051/0004-6361/201526725
http://dx.doi.org/10.1051/0004-6361/201628259
http://dx.doi.org/10.1051/0004-6361/201833051
http://dx.doi.org/10.1134/S1990341310020069
http://dx.doi.org/10.1086/150119
http://dx.doi.org/10.1086/149947
http://dx.doi.org/10.1029/2004JA010495
http://dx.doi.org/10.1111/j.1365-2966.2011.19824.x
http://dx.doi.org/10.1093/mnras/stw2743
http://dx.doi.org/10.1086/186766
http://dx.doi.org/10.1086/508678
http://dx.doi.org/10.1086/519790
http://dx.doi.org/10.1086/590360
http://dx.doi.org/10.1088/0004-637X/779/2/101


Radio emission from ordered magnetospheres 1997

Hill T. W., 2001, J. Geophys. Res., 106, 8101
Horne R. B., Glauert S. A., Thorne R. M., 2003, Geophys. Res. Lett., 30,

1493
Hunger K., Groote D., 1999, A&A, 351, 554
Jackson J. D., 1962, Classical Electrodynamics. Wiley, New York
Kao M. M., Hallinan G., Pineda J. S., Stevenson D., Burgasser A., 2018,

ApJS, 237, 25
Kasen D., Bildsten L., 2010, ApJ, 717, 245
Keszthelyi Z., Meynet G., Martins F., de Koter A., David-Uraz A., 2021,

MNRAS, 504, 2474
Khurana K. K., Kivelson M. G., Vasyliunas V. M., Krupp N., Woch J., Lagg A.,

Mauk B. H., Kurth W. S., 2004, in Bagenal F., Dowling T. E., McKinnon
W. B., eds, The configuration of Jupiter’s magnetosphere, Jupiter: The
Planet, Satellites and Magnetosphere, Chap. 24. Cambridge Univ. Press,
New York, p. 593

Klein K. L., 1987, A&A, 183, 341
Kochukhov O., Bagnulo S., 2006, A&A, 450, 763
Kochukhov O., Shultz M., Neiner C., 2019, A&A, 621, A47
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Martı́nez González M. J., eds, Proc. IAU Symp. 305, Polarimetry. Kluwer,
Dordrecht, p. 61

Neiner C. et al., 2017, MNRAS, 471, 1926
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