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A B S T R A C T 

We searched for thermal gyro-synchrotron radio emission from a sample of five radio-loud stars whose X-ray coronae contain 

a hot ( T e > 10 

7 K) thermal component. We used the JVLA to measure Stokes I and V/I spectral energy distributions (SEDs) 
o v er the frequency range 15 – 45 GHz, determining the best-fitting model parameters using power-law and thermal gyro- 
synchrotron emission models. The SEDs of the three chromospherically active binaries (Algol, UX Arietis, HR 1099) were 
well-fit by a power-law gyro-synchrotron model, with no evidence for a thermal component. Ho we ver, the SEDs of the two 

weak-lined T Tauri stars (V410 Tau, HD 283572) had a circularly polarized enhancement abo v e 30 GHz that was inconsistent 
with a pure power-law distribution. These spectra were well-fit by summing the emission from an extended coronal volume of 
power-law gyro-synchrotron emission and a smaller region with thermal plasma and a much stronger magnetic field emitting 

thermal gyro-synchrotron radiation. We used Bayesian inference to estimate the physical plasma parameters of the emission 

regions (characteristic size, electron density, temperature, power-la w inde x, and magnetic field strength and direction) using 

independently measured radio sizes, X-ray luminosities, and magnetic field strengths as priors, where available. The derived 

parameters were well-constrained but somewhat degenerate. The power-law and thermal volumes in the pre-main-sequence stars 
are probably not co-spatial, and we speculate they may arise from two distinct regions: a tangled-field magnetosphere where 
reconnection occurs and a recently disco v ered low-latitude poloidal magnetic field, respectively. 

Key words: radiation mechanisms:general – stars: coronae – radio continuum: stars – magnetic fields – plasmas – techniques: 
spectroscopic. 
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 I N T RO D U C T I O N  

on-thermal radio emission from stars is a powerful diagnostic for
nvestigating high-energy processes in stellar coronae. In particular,
yro-synchrotron and synchrotron radiation from high-energy elec-
rons spiraling in strong coronal magnetic fields is a common feature
f many stellar systems ranging from ‘normal’ stars like the Sun
Bastian, Benz & Gary 1998 ) to evolved pre-main-sequence stars
Launhardt et al. 2022 ), close late-type binaries (Drake, Simon &
insky 1992 ), and even ultra-cool dwarfs near the bottom of the
ain-sequence (Williams 2018 ). 
The energetic electrons typically follow a power-law energy

istribution, presumably accelerated by reconnection of magnetic
elds in the corona. The accelerated electrons have energies with
orentz factors of order 10 – 100, that is, mildly relativistic, so

he radiation is referred to as gyro-synchrotron (GS) emission. This
echanism has been well-studied in a range of stellar environments.
he observed spectral energy distributions (SEDs) and polarization
ave allowed quantitative estimates of the magnetic field strength
nd energetic particle densities in the solar and stellar coronae (e.g.
mana et al. 1993 ; Storey & Hewitt 1995 ; Mutel et al. 1998 ; Trigilio

t al. 2001 ; Garc ́ıa-S ́anchez, Paredes & Rib ́o 2003 ; Leto et al. 2006 ;
 E-mail: wgolay@uiowa.edu (WWG); robert-mutel@uiowa.edu (RLM) 

c  

m  

Z  

Pub
sten & Bastian 2006 ; Waterfall et al. 2019 ; Launhardt et al. 2022 ;
an 2022 ). 
A less well-known emission mechanism is gyro radiation from

hermal electrons spiraling in a stellar magnetic field. If the electrons
re non-relativistic, the radiation is called gyro-resonance, and
mission (and absorption) occurs at the local electron gyro frequency,
nd its first few harmonics. Solar flares have demonstrated gyro-
esonance emission (e.g. Nindos et al. 2000 ), often at the third
armonic. 
F or v ery hot plasmas ( T e � 10 7 K), there are a significant num-

er of electrons in the high-energy tail of a Maxwellian energy
istribution, and since they are mildly relativistic, they radiate at
ow harmonics of the gyro-frequency. The resulting radiation–which
an be highly circularly polarized depending on the aspect angle–
s termed thermal GS radiation (Dulk 1985 ). Since thermal GS
mission strongly depends on the magnetic field strength and coronal
emperature, its detection can provide a sensitive measure of these
uantities independent of assumptions about a power-law electron
istribution. 
For stars with X-ray-derived coronal temperatures, a thermal GS

etection can characterize the coronal magnetic field or provide an
pper limit for non-detection. Likewise, thermal GS measurements
an estimate coronal temperature for stars with measured coronal
agnetic field strengths and extent derived from, for example,
eeman–Doppler imaging (Donati & Semel 1990 ). A few previous
© 2023 The Author(s) 
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apers have reported the detection of thermal GS emission, but 
ainly in solar flares (Dulk, Melrose & White 1979 ; Kobayashi et al.

006 ; Tan 2022 ). Drake et al. ( 1992 ) considered whether thermal GS
an explain the spectral properties of lo w-le vel radio emission from
S CVn binary stars but reached no conclusion. 
In this paper, we report on a search for thermal GS emission from

ve radio-loud stars that we selected based on previously published 
etection of high coronal temperature and strong magnetic fields. The 
tars comprised two classes: chromospherically active binaries (Al- 
ol, UX Arietis, HR 1099) and weak-lined T Tauri (WTT) pre-main- 
equence stars (V410 Tau, HD 283572). The observations sample 
he SEDs in Stokes I and V o v er 15 – 45 GHz. We fit the observed
EDs with model SEDs generated by a two-component emission 
odel consisting of a mildly relativistic population with a power- 

aw electron energy distribution and a hot thermal component with a 
axwellian energy distribution. Each model had five free parameters 

hat parametrized the fit to the observed SEDs. For convenience, we 
nclude the PYTHON code used to generate each figure, found on this
ithub repository and archived at doi:10.5281/zenodo.7783327. 

 G S  R A D I AT I O N :  SUMMARY  O F  PROPERTIES  

.1 Calculation of emergent model flux for a uniform plasma 

he deri v ation of the volume emission ( ην) and linear absorption
 κν) coefficients for GS radiation, whether by power-law or thermal 
lectron distributions, is notoriously difficult, since it involves inte- 
rals o v er infinite sums of Bessel functions. Ho we ver, se veral cle ver
pproximation methods have been developed that have made this 
alculation tractable (e.g. Trubnikov 1958 ; Dulk et al. 1979 ; Petrosian 
981 ; Leung, Gammie & Noble 2011 ). These methods have since
e veloped into comprehensi ve packages for rapidly calculating SEDs 
rom arbitrarily defined energetic particle distributions, enabling 
he e v aluation of complex, strongly inhomogeneous models (e.g. 
leishman & K uznetso v 2010 ; K uznetso v & Fleishman 2021 ). 
Robinson & Melrose ( 1984 ) derived analytic expressions for GS 

oefficients ην and κν for both power-law and thermal electron 
istributions based on these approximations. We have used these 
xpressions to calculate the expected SED and polarization for a 
omogeneous magneto-active plasma volume with electron energy 
opulations consisting of (i) a hot isothermal plasma or (ii) a plasma
ith a power-law energetic electron population viz., 

 p ( E) d E = n e · δ − 1 

E 0 

[
E 

E 0 

]−δ

d E, (1) 

here n e is power-law electron density and E 0 is the minimum cutoff
nergy, we assume E 0 = 10 keV. For each volume, we solve the
quation of radiative transfer along the lines of sight intercepting the 
oronal plasma. 

For a uniform homogeneous plasma, the radiative transfer equa- 
ion can be easily integrated, so that emergent flux S for a given
mission mode may be written, 

 i = S i · (1 − e −τi ) · �, (2) 

here i is the emission mode index (ordinary or extraordinary more 
or power-law or thermal electron distribution function), S is the 
ource function, � is the source solid angle as seen by the observer,
nd τ i = κ i · L , is the optical depth, where κ i is the linear absorption
oefficient for mode i and L is the source extent along the observer’s
ine of sight. The source function is given by 

 i = 

ηi 

κ
, (3) 
i 
here ηi , κ i are the volume emission and linear absorption coeffi- 
ients for mode i . 

Robinson & Melrose ( 1984 ) derive expressions for these coeffi-
ients as a function of plasma parameters for the case of power-law
equation 52a, b) and thermal electron distributions (equations 42, 
3), which we used in to calculate model fluxes. Note that the
eri v ation of these expressions assumes only that the frequency of
mergent radiation is much greater than both the source electron 
lasma and cyclotron frequencies, but not that the source is optically
hin. Also, we do not include the contribution of bremsstrahlung 
free–free) radiation since in all cases considered in this work, 
remsstrahlung contributes less than 1 per cent of the total flux
ensity. 

.2 Maxwellian electron distributions 

he SED for radiation emitted by a non-relativistic thermal plasma 
n a magnetic field (‘gyro-resonance radiation’) is the sum of 
ontributions from individual electrons emitting at the local gyro 
requency and the first few harmonics. The radiation is largely 
ircularly polarized at aspect angles outside the plane of rotation. 
o we ver, as the plasma temperature exceeds T e ∼ 10 7 K, a significant

raction of the electron population becomes relativistic. This case 
ignificantly modifies both the SED and polarization. At large optical 
epth, the SED is a power law with spectral index α = + 2 and is
teeply ne gativ e ( α ∼ −15) at a small optical depth. The peak flux
ccurs near τ = 2.5, where τ is approximately given by, 

ν ∼ 1 . 2 ·
[

T e 

10 8 K 

]7 

·
[

B 

kG 

]9 

·
[ ν

10 GHz 

] −10 
·
[ n e 

10 5 cm 

−3 

] 
·
[

L 

R �

]

here T e is the plasma kinetic temperature, B is the magnetic field
trength, ν is the frequency, n e is the thermal electron density, and L
s the depth along the line of sight to the observer. 

The frequency at SED maximum can be written approximately as 

peak ∼ 10 GHz ·
[

B 

kG 

]
·
[

T e 

10 7 K 

]0 . 5 

· sin 0 . 6 θ (5) 

recast equations 32a, b Dulk 1985 ). Note that the peak frequency
epends on the magnetic field and plasma temperature and is 
nsensitive to density or path length. 

The polarization is elliptical, but the axial ratios for ordinary 
nd extraordinary modes are close to unity unless the propagation 
irection is nearly perpendicular to the magnetic field. This effect 
esults in circularly polarized modes for propagation angles θ that 
atisfy (Robinson & Melrose 1984 ), 

 θ − π/ 2 | � νB 

2 ν
, (6) 

here ν is the emission frequency and νB is the electron gyro- 
requency. The polarization fraction is relatively high, typically 40 

90 per cent for a homogeneous plasma near the peak emission
requency, but decreases sharply with increasing optical depth and is 
early zero for τ � 1. 
Inspection of equations ( 4 ) and ( 5 ) indicate that we expect thermal

S radiation to be most prominent for very hot ( > 10 MK) coronal
lasmas with strong ( ∼ kG) magnetic fields. The SEDs will have
pectral peaks abo v e 10 GHz and be circularly polarized. Sample
odel thermal GS spectra (Stokes I and V/I) are shown in Fig. 1

or uniform magnetic fields of 0.5 and 1.5 kG, and for plasma
emperatures 10 7 . 5 and 10 8 K. 
MNRAS 522, 1394–1410 (2023) 
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Figure 1. Stokes I spectral energy density distributions (left panels) and fractional circular polarization (right panels) for thermal GS emission from a 
homogeneous stellar corona modelled as a uniform cube with sides 1 R � at a distance 10 pc, with constant electron density n e = 10 10 cm 

−3 , and uniform 

magnetic field oriented 80 ◦ inclination to the observer’s line of sight. (a) B = 500 G, T e = 10 7 . 5 K, (b) B = 500 G, T e = 10 8 K, (c) B = 1500 G, T e = 10 7 . 5 K, 
and (d) B = 1500 G, T e = 10 8 K. The Stokes I plot lines are X-mode (dashed-red line), O-mode (dashed-blue line), and total thermal GS emission (solid-black 
line). The peak frequency as predicted by equation ( 5 ) is plotted (vertical-dashed black line). The cutoff in circular polarization at high frequencies is due to the 
numerical instability as the flux in the individual modes approaches zero. 
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Figure 2. (a) Stokes I SEDs for the sum of two uniform plasma volumes with different emission processes: power-law GS emission (dotted-blue line) and 
thermal GS emission (dotted-red line). Both plasma models are uniform cubes with sides 1 R � at 10 pc distance. The power-la w re gion has density n e = 

10 7 cm 

−3 , energy index δ = 3, and a B = 200 G magnetic field. The thermal box has an electron density n e = 10 10 cm 

−3 , a temperature T e = 10 7 . 5 K, and a 
B = 2 kG magnetic field strength. The magnetic field is oriented at 45 ◦ and 60 ◦ to the observer’s line of sight, respectively. (b) The corresponding fractional 
circular polarization (Stokes V/I) of the combined emission demonstrates the relatively narrow but substantial peak characteristic of thermal GS emission near 
the emission peak frequency. 
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.3 Power-law electron distributions 

he SED of radiation by highly relativistic power-law electrons in a 
agneto-plasma is well-known, consisting of a rising spectrum with 
= + 5/2 at large optical depth, a falling spectrum with α = (1 −

)/2 at small optical depth, and a peak near γ 2 νB , where γ is the
orentz factor and νB is the gyro frequency. Relativistic beaming 
onfines the radiation to small angles perpendicular to the magnetic 
eld, resulting in linear polarization. 
The SED and polarization characteristics are significantly different 

or mildly relati vistic po wer-law electron distributions (frequencies 
oughly 10x – 100x the electron gyrofrequency). At large optical 
epths, the SED is also a power law but with a somewhat steeper
lope ( α = 2.5 + 0.085 δ, Dulk 1985 ). At small optical depth, the
lope α is also somewhat steeper than the fully relativistic case, 

∼ 1 . 6 − (1 − δ) 1 . 25 

2 
. (7) 

ower-law GS radiation is circularly polarized for propagation angles 
hat satisfy equation ( 6 ). For a uniform magnetic field and τ � 1,
he fractional polarization varies from V/I ∼ 0.9 at low harmonics 
nd steep power-law index to V/I < 0.1 for high harmonics and
hallow index. These fractions pertain to plasmas with unidirectional 
agnetic fields. Of course more realistic magnetic geometries will 

esult in lower fractions. 

.4 SED and polarization for combined thermal and power-law 

S emission 

n this paper, we will consider whether observed SEDs from stellar
oronae result from GS emission from power-law electrons (as is of-
en invoked), or whether the spectra are a composite of emission from
ifferent regions dominated by power-law and hot thermal electrons. 
ig. 2 shows a representative composite spectrum consisting of the 
um of SEDs from two equal spatially distinct volumes, a cube with
imension one solar radius on each side: 

(i) a power-law GS emission region with parameters: n e = 

0 7 cm 

−3 , δ = 3, B = 200 G; dashed-blue line) with a turno v er
ear unity optical depth, and 
(ii) a thermal GS emission from a denser region of hot thermal
lasma and high magnetic field strength ( n e = 10 10 cm 

−3 , T =
0 7 . 5 K, B = 2 kG; dashed-red line). 

F or this e xample, the thermal GS peak is somewhat near the
ower-law SED peak and has a similar peak flux density, so it may
e challenging to distinguish between these emissions. Ho we ver, a
ey difference is the degree of circular polarization, which sharply 
eaks near the thermal GS spectral peak. The key distinguishing 
eature of thermal GS emission is this sharp rise in fractional circular
olarization near the spectral peak. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

e observ ed fiv e stars with previous radio detections. We selected
he target list based on two criteria: (i) The star had sufficient X-ray
pectral information to be consistent with a hot component T e ∼
0 7 K or higher, (ii) The star had evidence for ∼ kG magnetic fields,
nferred from Zeeman–Doppler imaging (ZDI) or non-thermal radio 
mission. 

We observed each star with the JVLA using 6 frequency bands
panning a total of 2 h with the following cadence: Ku band (14 –
6 GHz), 3 min; K band (22 – 24 GHz), 6 min; Ka lower band (29
30 GHz and 32 – 33 GHz), 6 min; Ka upper band (34 – 36 GHz),
 min; Q lower band (40 – 42 GHz), 15 min; and Q upper band
44 – 46 GHz), 18 min. We chose the varying integration times
o account for the decreasing sensitivity of the JVLA at higher
requencies. The observations spanned a total of five 2-h intervals 
T able 1 ). W e used the CASA software suite (The CASA Team
t al. 2022 ) to edit, calibrate, and image each field. We determined
tokes I and V fluxes using 2D Gaussian fits and corresponding
ncertainties. Table 2 summarizes the resulting flux densities and 
ncertainties. 

 ANALYSI S:  M O D E L  FITTING  

o determine the physical properties of the plasma responsible for 
he observed emission, we fit the observed SEDs and polarizations by
alculating the emergent flux and polarization for a uniform plasma 
MNRAS 522, 1394–1410 (2023) 
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Table 1. Star physical properties, observing log, and priors. 

Prior values 
Star Sp. type Class Distance a Epoch UT range Size Ref. b L X Ref. c B Ref. d 

[pc] [ R �] [10 31 erg s −1 ] [kG] 

HR 1099 K1IV + G5V RS CVn 29.6 02 Oct 2013 02:30 – 12:30 7.2 1 1.3 4 1.0 6 
UX Arietis K0IV + G5V RS CVn 50.5 24 Dec 2013 02:30 – 12:30 6.5 2 1.7 4 – –
Algol K0IV + B8V Algol 27.6 29 Sep 2013 10:07 – 12:08 (7.2) e 3 1.3 4 – –
V410 Tau K2 WTTS 128.7 08 Jan 2014 06:07 – 11:36 – – 0.4 5 1.1 7 
HD 283 572 G5IV WTTS 125.5 07 Jan 2014 05:33 – 07:33 – – 1.2 5 – –

Notes. a Distances are from the SIMBAD data base (Wenger et al. 2000 ). 
b Size references: (1) Mutel et al. (in preparation), (2) Peterson et al. ( 2011 ), (3) Peterson et al. ( 2010 ) 
c X-ray luminosity references: (4) Ness et al. ( 2002 ), (5) Telleschi et al. ( 2007 ) 
d Magnetic field references: (6) Donati ( 1999 ), (7) Finociety et al. ( 2021 ) 
e The prior for each lobe of the Algol model was half this value. See Section 5.1.3 for model details. 
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ith prescribed physical parameters, adjusting each parameter to
t the observed fluxes. We adopted a simple geometric cube
ox model consisting of a homogeneous population of electrons
escribed by either a power-law or a thermal energy distribution.
he emitting plasma was parametrized by a characteristic size L ,
umber density of electrons n e , magnetic field strength B , and
agnetic field angle φ. A power-law index δ and the electron tem-

erature T e define the power-law and thermal re gions, respectiv ely.
e reconstructed model Stokes I and V fluxes by summing and

ifferencing the model’s O- and X-mode emission, respectively.
s mentioned earlier, this assumes that the propagation angle is
ot too close to the magnetic field perpendicular direction (equa-
ion 6 ). Given these simplifying assumptions, the derived physical
arameters should be interpreted as volume averages, whereas actual
alues could (and almost certainly do) vary within the emitting 
lasma. 
In order to test whether a thermal GS component was present in

he observed spectra, we fit two types of models: a pure power-law
odel and a hybrid model comprising the sum of a power-law region

nd a separate thermal re gion. F or each star, we fit both power-law
nd hybrid models, and then calculated the Bayesian Information
riterion (BIC) to e v aluate whether the addition of a second thermal
omponent was statistically justified. 

.1 Bayesian inference 

ince the number of independent data points for each star (10 – 12)
s not much larger than the number of free parameters in the model
5 for power-law or 10 for hybrid models), the fitted parameters
ay be degenerate, which we would like to fully characterize. In

ddition, we w ould lik e to incorporate constraints on parameter
 alues from pre vious observ ations, such as radio sizes from very long
aseline interferometry (VLBI), X-ray luminosities, and magnetic
eld measurements from ZDI. 
Bayesian inference is a natural choice here. First, although we

annot a v oid degeneracies, we can better characterize them by
umerically sampling the posterior distribution to determine the
oint probability density of each parameter pair. Secondly, priors
an naturally include information about parameter constraints from
reviously published studies. Thirdly, the BIC can be used to provide
 metric for comparing models with different numbers of parameters,
 critical test to e v aluate whether the addition of a thermal component
s statistically justified. 

We implement a constraint on index of refraction n on all the stars.
ny plausible model must be free-space accessible ( n is real) across

ll the observed frequencies. To a v oid using a prior since this not
n independently measured quantity but rather a consequence of the
NRAS 522, 1394–1410 (2023) 
odel, we integrate this constraint directly into the model. We take
he product of the emergent flux from the model with a Heaviside
unction e v aluated on n at the observed frequencies. In the case of
maginary n , the emission at that frequency is zero, and the likelihood
unction will e v aluate that model as a poor fit. In preliminary models
f V410 Tau and HD 283572, n is imaginary up to the lowest observed
requency at 15 GHz. To counteract this non-physical edge case, we
equire that n remain real as low as 3 GHz so as not to obscure flux
etected from these two stars in the Very Large Array Sky Survey
rom the same emitting plasma (Lacy et al. 2020 ; Gordon et al. 2021 ).

Stars with previous measurements of the plasma parameters via
n independent method have a prior implemented unique to the star.
he values we select are detailed in Table 1 . In all cases, the prior
robability distribution function (PDF) is a Gaussian centred on the
alue with a 20 per cent width. The parameters include 

(1) Characteristic size: for the three close active binaries, VLBI
easurements were available to constrain the characteristic size L of

he power-la w re gion. The Algol dual-lobe total extent was reported
s 7.2 R �, so we enforced a Gaussian prior of 20 per cent width
entred at half that value for each power-law region in the Algol
odel (see Section 5.1.3 for model details). 
(2) Thermal plasma X-ray emission: we approximate the X-ray

uminosity L X of a hot ( T e � 1 keV) hydrogen plasma by determining
he integrated bremsstrahlung (free–free continuum emission) for a
niform cube with side L box (e.g. Karzas & Latter 1961 , equation 26,
ecast) 

 Br =1 . 5 ×10 29 ·
[ n e 

10 10 cm 

−3 

] 2 
·
[

T e 

10 7 K 

]0 . 5 

·
[
L box 

R �

]3 

erg sec −1 , 

(8) 

here n e and T e are the number density and electron temperature of
he thermal population. We compare the expected X-ray luminosity
f the thermal plasma model with existing estimations. 
(3) Magnetic field strength: a 6-yr ZDI campaign of HR 1099

emonstrated local peaks of up to ∼ 1 kG. ZDI of V410 Tau
easured a magnetic topology with local radial components up to
 . 1 kG. We use these values as the prior for the thermal population
ince any substantial emission is likely to come from the regions with
he strongest fields (Fig. 1 ). 

.2 Fitting pr ocedur e 

o determine an optimized model for each target, we followed a six
tep process: 



Thermal gyr o-synchr otr on emission 1399 

Table 2. Observed Stokes flux densities. 

Star Stokes 15 GHz 23 GHz 31 GHz 35 GHz 41 GHz 45 GHz 

HR 1099 I 20.90 ± 0.09 14.66 ± 0.10 9.99 ± 0.09 8.84 ± 0.06 7.26 ± 0.08 6.41 ± 0.07 
V 6.55 ± 0.04 5.05 ± 0.04 3.04 ± 0.03 2.52 ± 0.03 2.00 ± 0.05 1.63 ± 0.05 

UX Arietis I 78.82 ± 0.29 57.44 ± 0.17 43.62 ± 0.17 38.79 ± 0.12 30.72 ± 0.22 31.13 ± 0.17 
V −11.98 ± 0.05 −8.33 ± 0.03 −4.81 ± 0.04 −3.84 ± 0.03 ‡ −2.32 ± 0.05 

Algol I 41.83 ± 0.18 32.82 ± 0.16 25.98 ± 0.19 25.63 ± 0.13 23.97 ± 0.22 ‡ 
V −0.32 ± 0.07 −0.48 ± 0.03 −0.49 ± 0.04 −0.75 ± 0.06 −0.500 ± 0.07 ‡ 

V410 Tau I 1.27 ± 0.03 1.28 ± 0.02 1.11 ± 0.03 1.08 ± 0.02 0.80 ± 0.03 0.76 ± 0.04 
V −0.11 ± 0.02 −0.13 ± 0.01 −0.14 ± 0.02 −0.17 ± 0.02 −0.19 ± 0.02 −0.23 ± 0.03 

HD 283572 I 2.29 ± 0.02 1.89 ± 0.02 1.44 ± 0.03 1.13 ± 0.02 0.97 ± 0.03 0.82 ± 0.04 
V 0.27 ± 0.04 0.24 ± 0.04 0.27 ± 0.03 0.24 ± 0.03 0.28 ± 0.05 0.21 ± 0.05 

Note. All fluxes are in mJy. ‡ indicates missing observation. 
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(1) Initialize a model by selecting either a pure power-law electron 
opulation or the sum of a power-law and a non-cospatial hot thermal
egion with parameters informed by literature-reported values (see 
able 1 ). 
(2) Search for best-fitting parameter values using a downhill sim- 

lex algorithm (Nelder–Mead) to minimize a weighted χ2 objective 
unction. The PYTHON package lmfit (Newville et al. 2014 ) was 
sed for this step. 
(3) Initialize the rele v ant priors (characteristic size, X-ray tem- 

erature, magnetic field measurements) for the selected model and 
arget. 

(4) Invoke Bayesian inference via Markov Chain Monte Carlo 
MCMC) sampling using PYTHON package EMCEE (F oreman-Macke y 
t al. 2013 ) to determine best-fitting parameter values and associated 
ncertainty PDFs. 
(5) Test for w alk er convergence (see Appendix B for details) 

y: 
(i) Determining the ‘goodness-of-chain’ by investigating the 
 alk er acceptance fraction and the total number of steps compared

o the MCMC autocorrelation time as a function of step-index. 
(ii) Adjusting the number of steps or the stretch step parameter 

nd re-running the chain as needed. 
(6) Compare BICs for pure power-la w v ersus hybrid models with 

eparate power-law and thermal components to determine whether 
he addition of a thermal component is statistically justified. 

We modelled the observed SEDs using both power-law and the 
um of power-law plus thermal GS emission models in separate, non- 
ospatial regions. Ho we ver, for Algol we modelled two oppositely 
olarized power-law emission regions based on a previous VLBI 
ap (Mutel et al. 1998 showed spatially distinct lobes of opposite 

elicity). The fitting procedure began by applying a downhill simplex 
lgorithm with a χ2 objective function. The resulting best-fit model 
as used as a starting point for initializing the Bayesian MCMC

nalysis. Priors for the VLBI sizes, X-ray luminosity, and magnetic 
eld were set based on literature-reported values as listed in Table 1 ,
nd any others were set to default prior settings (see Appendix A
or the default priors and a discussion of the implementation of
DFs). To encode observational uncertainties into the model-fitting 
rocedure, the objective likelihood function was the residual sum of 
quares between the model and observed fluxes weighted by their 
ncertainties ( χ2 ). 
For each MCMC calculation, we initialized 100 w alk ers in a

mall (1 per cent of parameter values) Gaussian hypervolume around 
he minimized solution. Our step proposal density function was the 
stretch-step’ algorithm (Goodman & Weare 2010 ), a variable step- 
ength algorithm designed to quickly fill posterior space by scaling 
tep sizes with the distribution of w alk ers. For all runs, a period of
racked ‘burn-in’ steps gave the w alk ers time to undergo this filling
rocess. 
To determine if the w alk ers had converged, we e v aluate the

goodness-of-chain’ of the MCMC run based on the w alk er accep-
ance fraction and the autocorrelation time compared to the total step
umber. For chains with acceptance fractions below 0.1 or abo v e 0.5,
he average step length was shortened or lengthened, respectively, 
ith a target acceptance fraction of 0.23 (Gelman, Gilks & Roberts
997 ). We define convergence of the chain as the total number of
teps exceeding 50 times the autocorrelation time of the chain as
stimated by EMCEE . We increased the length until the chain met this
riterion. See Appendix B for an extended discussion of e v aluating
he goodness-of-chain. 

.3 Testing the thermal GS hypothesis: BIC 

ince a primary focus of this work is to determine whether thermal
S radiation is detectable in the observed SEDs, we e v aluated
hether the addition of a thermal GS component to the emission
odel was statistically justified. To do this, we use the BIC, defined

s 

IC = k ln ( n ) − 2 ln ( ̂  L ) , (9) 

here k is the number of parameters estimated by the model, n
s the number of data points in the observations, and ˆ L is the
aximized value of the likelihood for that particular model, that 

s, ˆ L = p( x| ̂  θ, M), where ˆ θ are the parameters that maximize the
ikelihood and x is the observed data (Schwarz 1978 ). The BIC
an be used to select the model that fits the data with a minimum
umber of free parameters by penalizing model complexity, that is, 
he number of parameters in the model (Liddle 2007 ). 

For each star, we e v aluated the BIC for a pure power-law model,
nd for the hybrid model. Although the actual BIC value depends on
he particular values of n , k , and ˆ L for that model, the key metric is
he difference in BIC values between two models, 

 BIC = BIC pwr+ th − BIC pwr , (10) 

here � BIC < 0 fa v ours the inclusion of the additional free
arameters. � BICs between -2 and -6 are considered ‘positive’ 
vidence for the more complex model, whereas a difference between 
6 and -10 constitutes ‘strong’ evidence, and � BICs beyond this are
very strong’ evidence (Bauldry 2015 ). 

We find that the three close binaries (Algol, HR 1099, UX Arietis)
ave large positive � BICs. indicating that a simple power-law model
s adequate, whereas the two pre-main-sequence stars (V410 Tau, 
MNRAS 522, 1394–1410 (2023) 
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Table 3. Best-fitting model parameters. 

Power-law component Thermal component Selection metric a 

Star L δ log n e B φ L log T log n e B φ � BIC 

[R �] [cm 

−3 ] [G] [deg] [R �] [MK] [cm 

−3 ] [G] [deg] 

HR 1099 2.6 3.1 6.6 240 122 ◦ – – – – – 8.6 
UX Arietis 7.8 2.7 5.7 180 85 ◦ – – – – – 11.8 
Algol 3.4 2.1 4.7 170 (54 ◦, 146 ◦) b – – – – – –
V410 Tau 1.1 3.0 8.5 80 65 ◦ 0.6 8.3 10.7 1110 31 

◦ −15.4 
HD 283 572 2.6 3.6 8.6 110 110 ◦ 0.6 8.6 10.9 740 157 

◦ −21.2 

Note . P arameter uncertainties are not listed in this table. They are best characterized by the joint posterior model parameter probability distributions shown in 
Fig. 4 for HR 1099 and UX Arietis, Fig. 5 for Algol, Fig. 7 for V410 Tau, and Fig. 8 for HD 283572. The listed model parameters are the median values of the 
MCMC sampling. a The selection metric is defined as difference between the BICs of the power-law GS model and the power-law plus thermal GS model. b 

The Algol model requires two angles that parameterize the two oppositely circularly polarized emission lobes (Section 5.1.3 ). 
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D 283572) have large negative � BICs, indicating that the more
omplex hybrid model is fa v oured. The � BICs for all stars are listed
n Table 3 . 

 RESULTS  

ere, we summarize the results of the fitting procedure. For each star,
e o v erlay a sample of the best-fitting models onto the measured SED

n Stokes I and V/I (Fig. 3 , 5 a, and 6 ). We include the joint posterior
odel parameter probability distributions (corner plots in Fig. 4 , 5 b,
 , and 8 ) to represent the w alk er distribution in parameter hyper-
pace. This distribution is an estimate of the posterior space value, so
e may use these 2D ‘slices’ of the w alk er density to expose cross-
arameter correlations and degeneracies. We compare best-fit model
lasma parameters (magnetic field, electron density, source size,
tc.) with estimates from previous studies using other techniques.
o we v er, for all fiv e stars the joint posterior probability distributions

re strongly pairwise degenerate in at least some parameters. Hence,
he parameter uncertainties, as shown in the parameter distribution
unctions about the median value, are not normally distrib uted, b ut
re significantly skewed. 

The derived best-fit values for physical parameters such as mag-
etic field strength or electron density are weighted averages over the
adio emitting volume. As such, it may be problematic to compare
hese values to those using techniques that use different weighting
nd/or sampled volumes in the stellar environment. For example,
adio-derived magnetic field strengths are v olume a verages sampled
n the radio emitting plasma (presumably the extended stellar
orona), whereas ZDI probes the stellar photosphere. Likewise,
adio-derived source sizes are effectively the transverse extent of
mitting plasma strongly weighted by magnetic field strength, elec-
ron density distribution or (for thermal GS) temperature, whereas
-ray-derived volumes depend only on temperature and density
ia the volume emission measure, which has no magnetic field
ependence. Nevertheless, it is useful to compare radio-derived
hysical parameters to values obtained using other techniques as
ong as the different weighting dependencies are accounted for. 

Our main focus is to establish whether there is evidence for thermal
S emission, that is, whether a pure power-law model alone or a
ybrid model with a thermal GS component is required to fit the
bserved SEDs. To this end, we calculate the � BIC for both models.
s described earlier, this difference is a quantitative measure of the
iability of the more complex hybrid model for each star. 
Model fits for the three close active binaries have large positive

alues of the � BIC metric (Table 3 ). This is a strong indicator that
he addition of additional parameters beyond the power-law model
s not justified, that is, that adding additional parameters would
NRAS 522, 1394–1410 (2023) 
 v erfit the data set. In contrast, the best-fitting solutions for the
ybrid (power-law versus power-law plus thermal) models of both
re-main-sequence stars have very negative BIC values (Table 3 ).
his strongly fa v ours the addition of a thermal component to explain

he observed SEDs, particularly the rising fractional polarization
t higher frequencies. In both cases, the fitted thermal emission
e gions hav e smaller v olumes and are much denser than the power -
aw emission regions. Additionally, the best-fitting magnetic field
trengths in the thermal regions are much larger (7x, 14x) than the
ower-la w re gions. These differences indicate that the two plasma
opulations cannot be co-spatial. 

.1 Acti v e close binaries 

.1.1 HR 1099 

R 1099 is a well-kno wn acti ve close binary with e xtensiv e studies
t radio, UV and X-ray wavelengths. It was one of the earliest
argets of ZDI investigations (Donati et al. 1990 ). More e xtensiv e
DI monitoring (Donati 1999 ) found photospheric values of a few
undred Gauss extending over a large fraction of the photosphere,
ut with smaller regions exceeding 1 kG. This is consistent with our
est-fit radio coronal value (240 G) but a detailed comparison would
equire knowledge of the magnetic topology. 

A pure power-law electron distribution model fits the observed
EDs quite well (Fig. 3 ), obviating the need for a thermal GS
omponent. This is supported by the large positive � BIC = 8.6. The
odel predicts a flip to a ne gativ e Stokes V below ∼8 GHz, which

grees with the recent ASKAP detection at 888 MHz (Pritchard et al.
021 ). The model angular size L = 2.5 R � also agrees with the
pper limit L < 5 R � from VLBI at 22 GHz (Abbuhl & Mutel, in
reparation) during a non-flaring state. 

.1.2 UX Arietis 

X Arietis is another well-studied close active binary with numerous
tudies at optical, radio, and X-ray wavelengths. Donati, Semel &
ees ( 1992 ) reported early multi-epoch ZDI observations of UX
rietis. They detected circularly spectral profiles from which they

nferred the presence of photospheric magnetic fields of order 100 G.
orricelli-Ciamponi et al. ( 1998 ) fitted radio spectra at several epochs
sing a power-law GS model. They found average magnetic field
trengths in the range 300 ≤ B ≤ 1000 G, power-law spectral indices
.7 ≤ δ ≤ 2.0 and number densities 3.4 ≤ log( n e ) ≤ 5.7 cm 

−3 .
eterson et al. ( 2011 ) used a global VLBI network to map the radio
tructure at 15 GHz at several epochs. They found the radio structure
artially resolved, corresponding to a source size 4.4 R � × 8.8 R �.



Thermal gyr o-synchr otr on emission 1401 

Figure 3. Observed SEDs for the close active binaries (a) HR 1099 and (b) UX Arietis. The best-fitting model SEDs are generated from 100 randomly selected 
w alk er positions in the final 10 per cent of the MCMC run. Some uncertainty bars are too small to resolve visually, but are listed in Table 2 . Best-fitting 
parameters are listed in Table 3 . 

Figure 4. Joint posterior distributions for power-law electron distribution GS emission model fitted to SED of (a) HR 1099 and (b) UX Arietis. Note that most 
parameters are highly correlated, so unique values are degenerate. Contour levels are shown at 39, 87, and 99 per cent. The limits in the title of each column are 
the 16 and 84 percentiles. The legend highlights the best-fitting parameters reported by lmfit compared to the median value of the w alk er positions. 
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Figure 5. (a) Same as Fig. 3 and (b) Fig. 4 for Algol (see Section 5.1.3 for model details). The best-fitting models are plotted in black as the sum of the 
emission from each individual component specified by their angle, plotted in blue and red. Note that the low polarization is due to the opposite helicity 
of the two power-law regions. Some uncertainty bars are too small to resolve visually, but are listed in Table 2 . Best-fitting parameters are listed in 
Table 3 . 
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hese independently derived physical parameters are all consistent
ith our best-fit values for UX Arietis given in Table 3 . 
The fit to the SED in Fig. 3 and the resulting � BIC strongly

upport a pure power-law model with no evidence for a thermal GS
omponent. As with HR 1099, the parameters are highly pairwise-
egenerate, but are tightly constrained, with typical uncertainty
anges (39 – 87 per cent) of order 10 per cent of the best-fit values. 

.1.3 Algol 

lgol, the prototype of the eponymous Algol class of close interact-
ng binaries, exhibits activity at all wavelengths from radio to X-ray.

ultiyear synoptic monitoring of the radio flux at cm wavelengths
Mutel et al. 1998 ; Retter, Richards & Wu 2005 ) demonstrates a
asal level of order 10 mJy, with occasional outbursts as high as
 Jansky. High resolution VLBI maps of the radio emission (Mutel
t al. 1998 ) show that the emission arises from two well-separated
obes of opposite helicity. The lobes are approximately one subgiant
iameter in height, with a base is straddling the subgiant and apex
riented towards the B8 star (Peterson et al. 2010 ). We modelled
his morphology with two separate emission regions. Since the net
ircular polarization is nearly zero, the initial magnetic field angles
ere set in opposite directions. 
NRAS 522, 1394–1410 (2023) 
F or power-la w model fitting, each emission region has five free
arameters (size, power-la w inde x, total electron density, magnetic
eld strength, and direction). Since in the case of Algol, we only
btained useful data at five frequencies (Table 2 ), the total number
f degrees of freedom (5 + 5 = 10) would equal the number of data
oints, if all parameters will allowed to vary. Hence, in order to a v oid
ero degrees of freedom in the fitting procedure, we constrained the
agnetic field strength, power-law spectral index, electron density,

nd size to be the same in each lobe, reducing the total number of
ree parameters to six (4 + 2 = 6). This is of course an ad hoc
ssumption, but is plausible given the observed similarities in size
nd flux density of the two lobes. 

The two-component power-law model, shown in Fig. 5 , provides
 good fit to the observed SED, without the addition of a thermal
omponent. This is supported by the highly positive � BIC = 11.8.
o we ver, as noted earlier, the individual plasma parameters are

omewhat degenerate, but the oppositely directed magnetic field
rientation in the respective lobes is confirmed. 
The model plasma parameters (Table 3 ) can be compared with

revious estimates based in radio spectra: The model size of each lobe
3.4 R �) agrees well with the VLBI-determined size, approximately
alf the total size of the two oppositely polarized lobes (Mutel et al.
998 ). The model magnetic field (170 G), electron density (4.7 dex),
nd power-law slope (2.1) are somewhat different than those based

art/stad980_f5.eps
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Figure 6. Same as Fig. 3 for the pre-main-sequence stars (a) V410 Tau and (b) HD 283 572 between 15 GHz and 45 GHz with best-fitting models consisting of 
separate power-law and hot thermal GS emission models. Some uncertainty bars are too small to resolve visually, but are listed in Table 2 . Best-fitting plasma 
parameters are listed in Table 3 . 

o  

t
v  

i  

m
e
p

5

5

V  

w  

Z
i
v
a
m
3  

t
o  

w
q
2

 

e  

fi
d  

d  

a  

d  

∼
 

t  

c  

(  

t  

=

5

H  

s
m
o  

h  

a
M  

a  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/1/1394/7110428 by H
arvard C

ollege Library, C
abot Science Library user on 23 April 2023
n lower frequency synoptic Stokes I, V data Mutel et al. ( 1998 ) for
he ‘basal’ component, but are comparable to the ‘flare’ component 
alues ( B = 250 G, n e = 3 −5 dex, δ = 3). Since the present model
s based on much denser and wider frequency sampling and has a

ore comprehensive uncertainty specification, it is probably a better 
stimator of the physical parameters of the emitting plasma than 
reviously published values. 

.2 WTT stars 

.2.1 V410 Tau 

410 Tau is a WTT in the nearby Taurus star formation region. It
as one of the first stars whose magnetic fields were mapped via
DI (Donati et al. 1997 ). A recent multiyear spectro-polarimetric 

maging program (Finociety et al. 2021 ) revealed a complex, time- 
ariable magnetic field topology. The poloidal component is non- 
xisymmetric and weakly dipolar while the toroidal component is 
ostly axisymmetric. The dipole component has a polar strength of 

90 G with its axis tilted 15 ◦ to the rotation axis. The equally strong
oroidal component remains to be explained in the absence of an 
bservable disc. Telleschi et al. ( 2007 ) fitted the the X-ray spectrum
ith a three-temperature composite model. They reported an average 
uiescent coronal temperature of 15 MK and the hottest component 
4 MK. 
The very large negative � BIC = −15.4 (Table 3 ) is strong
vidence that the addition of a thermal component is needed to
t the observed SED. The best-fit emission model comprises two 
istinct regions: (a) A 1.1 R � volume with a power-law electron
istribution (3.0), n e ∼ 10 8.5 cm 

−3 , and mean magnetic field 80 G,
nd (b) a somewhat smaller (0.6 R �) volume with very hot (10 8 . 3 K)
enser ( n e ∼ 10 10.7 cm 

−3 ) plasma and much stronger magnetic field
1 . 1 kG. 
This magnetic field strength in the thermal region is almost twice

hat of the largest values reported by Finociety et al. ( 2021 ) but is
omparable to the maximum value (2 kG) found by Carroll et al.
 2012 ). The X-ray luminosity as calculated using equation ( 8 ) and
he best-fitting parameters gives L X = 3.4 × 10 30 erg sec −1 and EM
 8.6 × 10 53 cm 

−3 , in good agreement with Telleschi et al. ( 2007 ). 

.2.2 HD 283572 

D 283 572 is one of the brightest X-ray sources in the Taurus
tar-formation region (Favata, Micela & Sciortino 1998 ). X-ray 
easurements of quiescent emission indicate coronal temperatures 

f 19 – 26 MK (Franciosini et al. 2007 ), while fits to flare SEDs
ave an peak temperature ∼48 MK and magnetic fields 300 – 500 G
ssuming the hot plasma is confined in magnetic loops (Favata, 
icela & Reale 2001 ). Phillips, Lonsdale & Feigelson ( 1991 ), using

 VLBI network at 5 GHz, detected an unresolved ( θ < 0 . 8 mas)
adio source, or a size L < 0 . 12 AU = 8 . 1 stellar radii, assuming a
MNRAS 522, 1394–1410 (2023) 
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Figure 7. Same as Fig. 4 for V410 Tau. Correlations across the separate regions are much weaker compared to the degeneracies within the parameters that 
define each region. Note the general disagreement of the least squares result with nearly all of the thermal population plasma parameters. 
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tellar radius 3.1 R � (Walter et al. 1987 ). Donati et al. ( 1997 ) using
n early ZDI instrument, reported a ‘marginal’ detection of magnetic
eld but did not specify a field strength or topology. As with V410
au, no accretion disc has been detected (Sulli v an & Kraus 2022 ). 
The best-fit posterior model parameters, along pairwise-

orrelations between parameters, are shown in Table 3 and Fig. 8 .
he uncertainties are somewhat larger for the power-law model pa-

ameters compared to the thermal population. The X-ray luminosity
rior may have constrained the thermal GS parameters somewhat
ore stringently than the power-law parameters. The model selection
NRAS 522, 1394–1410 (2023) 
etric, � BIC = −21.2, strongly fa v ours a hybrid model with both
ower-law and thermal emission regions. As with previous models,
ll parameters are degenerate to some degree. 

The power-law emission region size (2.6 R �= 0.8 stellar radii)
s much larger than the thermal region (0.6 R �= 0.2 stellar radii)
ut much smaller than the upper limit determined from VLBI. The
odel has a mean magnetic field B = 110 G. This is significantly

maller than the inferred field in flaring loops, but is consistent with
ressure confinement of the quiescent loops. The model volume
mission measure (calculated from the mean density and volume)

art/stad980_f7.eps
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Figure 8. Same as Fig. 4 for HD 283572. Note the turno v er in the direction of the correlations in φpwr . This effect is likely due to the approach of a line-of-sight 
nearly orthogonal to the B -field and thus the condition of equation ( 6 ) is not met. 
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s in excellent agreement with the observed X-ray luminosity L X 

 1.15 × 10 31 erg sec −1 (Telleschi et al. 2007 ). Unfortunately, no
irect ZDI measurements of the magnetic field strength or topology 
re available. 

 DISCUSSION  

he principle observational result of this paper is that thermal 
S radiation has been detected for the first time in a non-solar

nvironment, from two WTT stars. This implies that there are 
e gions of v ery hot ( T e ∼ 10 8 K) dense thermal plasma with very
trong ( ∼ 1 kG) magnetic fields residing somewhere in their stellar
agnetospheres. The volumes associated with these thermal GS 

egions, of order 0.1 R 

3 �, is smaller than the volumes found for
he power-law GS emission components, which also have much 
eaker fields and which are found for all five stars in the sample.
he most intriguing, but challenging question is where in the stellar
nvironment is this hot plasma located. 

In the following sections, we consider three possible locations: 
1) within or near the inner edge of a postulated accretion disc, (2)
MNRAS 522, 1394–1410 (2023) 
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Figure 9. Conjectural locations of power-law (blue shading) and thermal (red shading) GS emission regions from the pre-main-sequence objects V410 Tau and 
HD 283572. The magnetospheric geometry is informed by the ZDI maps of V410 Tau (Finociety et al. 2021 ) and other WTTS, which show a large low-latitude 
poloidal component of closed field lines (light green) and numerous open field lines (aqua) extending in all directions. 
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n an extended magnetosphere with tangled magnetic fields, and (3)
ithin an axisymmetric toroidal field region detected at low magnetic

atitudes, as found in WTTs. 

.1 TGS emission from a magnetosphere–accretion disc 
nteraction 

lassical T Tauri (CTT) stars have moderately strong IR excesses
ith decreasing fluxes toward longer wavelengths, consistent with

mission from opaque dusty circumstellar accretion discs (Hartmann,
erczeg & Calvet 2016 ). As material from the disc accretes on to

he photosphere of the star, the resulting heating creates enhanced
hromospheric and coronal emission lines and continua emission
etected in the UV and optical bands. If stellar magnetic field lines,
hich are co-rotating with the star, cannot pass through the inner-disc
as freely, the field lines converging on the inner disc (e.g. G ́omez de
astro & Marcos-Arenal 2012 , Fig. 15) may twist and shear resulting

n reconnection events, consequent particle acceleration, and heating
f the ambient plasma. This could be origin of episodic X-ray flares
Romanova et al. 1998 ) and possibly GS radio emission. 

On the other hand, WTTs generally have little or no IR excess and
hus no detectable disc emission. Indeed, recent near-IR spectroscopy
f both V410 Tau and HD 283 572 provides an upper limit to any
utative disc mass: M < 0.0004 M � (Yasui et al. 2019 ). This could
e taken as strong evidence for these stars having no disc, consistent
ith the evolutionary paradigm that WTT stars have evolved from

he CTT stage after depleting their discs via accretion. Ho we ver,
he observ ational e vidence is not so clear: Many WTT stars sho w
composite’ time-variable spectra consistent with a disc that has
pisodic accretion (Littlefair et al. 2004 ; Gras-Vel ́azquez & Ray
005 ; Cieza et al. 2013 ). 
NRAS 522, 1394–1410 (2023) 
If we conjecture that there may be optically thin circumstellar discs
round V410 Tau and HD 283 572 that are currently not accreting,
here is the possibility that their stellar magnetospheres may extend
o these discs and provide an environment for reconnection, particle
cceleration, and plasma heating, A quantitative estimate of the
ele v ant plasma parameters (temperature, density, magnetic field
trength) to compare with model parameters derived from the TGS
odel, would require knowledge of disc properties such as electron

ensity and magnetic dif fusi vity (e.g. K ̈uker, Henning & R ̈udiger
003 ), which are unkno wn. Ho we ver, assuming the inner disc is of
rder 5 – 10 stellar radii from the star (G ́omez de Castro & Marcos-
renal 2012 ), the ambient magnetic field would be diminished by
00x to 1000x at the inner disc, assuming a r −3 dipolar radial scaling
higher order fields would diminish faster). 

For the case of V410 Tau, whose surface strength is of order 1 kG
Finociety et al. 2021 ), this implies a field B ∼ 1–10 G at the disc,
eglecting reconfiguration due to currents in the disc. These values
re strongly at odds with the thermal GS emission model, which
equires magnetic fields of order 1 kG. Therefore, even if thin discs
ere present in these WTT stars, we find this location for either
ower-law or thermal GS emission untenable. 

.2 TGS emission from an extended magnetosphere 

e next consider whether TGS emission could arise from an
xtended stellar magnetosphere. Vidotto et al. ( 2010 ) have calculated
he magnetic topology for a tilted magnetosphere, wherein the
otation axis and (initially dipolar) magnetic axis are significantly
isaligned. They find that the dipolar field is strongly distorted,
ith larger tilt resulting in greater distortion. If the magnetosphere

s filled with sufficiently dense plasma, there is a possibility that the

art/stad980_f9.eps
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wisted field lines could reconnect, resulting in particle acceleration 
nd ensuing radio emission. 

Yu et al. ( 2019 ) used ZDI to measure the tilt angle between
he rotation axis and the magnetic orientation of V410 Tau’s 

agnetosphere o v er sev eral years. Although the magnetic topology 
s comple x, the y found a dipolar component whose magnitude and
rientation is highly variable. The pole is tilted at different angles 
epending on epoch, from 54 ◦ to 18 ◦ o v er the years from 2009 to
013. This suggests that tangled field line reconnection sites may 
rovide the necessary conditions for either power-law or thermal GS 

mission. 
Estimates of the electron density in the extended coronae of CTT

tars are in the range 10 8 – 10 10 cm 

−3 (Colombo et al. 2019 ), which is
n the same range as power-law model densities, and marginally lower 
han thermal GS models (Table 3 ). Ho we ver, as with the interacting
isc option, the requisite magnetic field at the emission site seems
oo low, at least for thermal GS emission. If we use the linear extent
 of the power-law model region, L ∼ 1.2 – 2 R � ∼0.4 – 0.7 stellar
adii, a surface magnetic field of order 1 kG, as measured by ZDI,
ould be of order 100 – 200 G, scaling as r −3 as abo v e. This may be

ompatible with power-law models, which requires ∼100 G fields, 
ut not thermal GS models, which require ∼ 1 kG fields. 

.3 TGS emission from low-latitude poloidal fields 

erhaps the most surprising disco v ery arising from ZDI mapping 
f pre-main-sequence stars has been the detection of a strong low- 
atitude poloidal magnetic component in both WTTs that have been 
apped with ZDI so far: LkCA4 (Donati et al. 2019 ) and V410
au (Yu et al. 2019 ; Finociety et al. 2021 ). Although the o v erall
agnetic topology is complex and contains both azimuthal and radial 

omponents, the ZDI maps show a clear and obvious band of closed
oronal loops in meridional planes with heights 0.2 – 0.4 R � girding 
he magnetic equator (e.g. Yu et al. 2019 , Figs. 5 , 15). Yu et al. ( 2019 )
nd Finociety et al. ( 2021 ) term this feature ‘toroidal’, but in this
onte xt, the y are describing the azimuthal distribution of magnetic 
eld loops rather than the orientation of magnetic field lines. 
This is very different from CTT stars, which hav e relativ ely simple

early dipole fields (Donati et al. 2010 , 2013 ), as well as fully-
onv ectiv e M dwarfs more massive than 0.5 M � (Morin et al. 2008 ).
ince WTT stars are usually considered an evolutionary intermediary 
etween CTT pre-main-sequence stars and the main-sequence, the 
ppearance of a completely different magnetic topology is an 
nexplained puzzle. 
The mean magnetic energy of the low-latitude poloidal component 

or V410 Tau varies from 30 to 50 per cent of the total energy, and has
 mean field strength up to 400 G (Yu et al. 2019 ). Although we have
o direct measurements of electron densities or temperatures in this 
egion, it is plausible to assume that conditions in the closed poloidal
oops are suitable for particle acceleration via reconnection at the 
op of the loops, as is well-described in solar flares. Furthermore, the
otal volume enclosed by the loops is more than required for either
he power-law GS model or the thermal GS model. 

Since we have previously argued that these regions are distinct, 
t is reasonable to assign the power-la w GS emission re gion to the
xtended magnetosphere and the thermal GS region to the denser 
ow-latitude belt. This scheme is illustrated in Fig. 9 . 
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Table A1. Default priors. 

Generalized G
Component Parameter Unit μ σ

Power law L [R �] – –
δ 4 2.5 

log( n e ) [cm 

−3 ] – –
B [G] 265 265 

φ(1, 2) [deg] 90 70 
Thermal L [R �] – –

log( T e ) a [K] 8 1 
log( n e ) [cm 

−3 ] – –
B [G] – –
φ [deg] 90 65 

Notes. a We implemented the prior on the electron temperature T e even if the
temperature satisfies the conditions set out by the approximations in Robins

ienc
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PPENDI X  A :  D E FAU LT  P R I O R S  

areful selection of PDFs toimplement priors is necessary to make
tatistically sound claims from the posterior (Tak, Ghosh & Ellis
018 ). Prior PDFs must be normalizable, even if the explicit nor-
alization is not rele v ant. The generalized Gaussian and the inverse-

amma function are common options for implementing scientific
nowledge in the form of a prior. The generalized Gaussian function
s given by 

( x) ∝ exp ( −| ( x − μ) /σ | s ) , (A1) 

here μ adjusts the centre of the Gaussian, σ modifies the width, and
 determines how rapidly the fall-off occurs beyond 1 σ . Selecting
 = 2 is a good choice for previous measurements that include
ncertainty, that is, a standard Gaussian distribution. Larger s can
pply boundaries on parameter space where a model is no longer
alid. Implementing a lower-bound is best done via the inverse-
amma function, given by 

( x) ∝ x −a−1 exp ( −b/x) , (A2) 

here a ‘soft’ lower limit is given by b 
a+ 1 and a and b modify the

egion around the limit, respectively. This PDF is a good option when
arameters have sharp lower cutoffs as an alternative to the Heaviside
unction, which is not normalizable. 

We implemented a default prior PDF if a star did not have
rior measurements for a particular parameter. These options are
ummarized in Table A1 . The PDFs selected for δ, φ, and T e are
oti v ated by the validity of the approximate expressions for ην and

in Robinson & Melrose ( 1984 ) and Dulk ( 1985 ). In the case of
ν

aussian Inverse gamma 
s a b 

– 0.1 0.022 
10 – –
– 1 2 

10 – –
20 – –
– 0.1 0.022 

10 – –
– 1 2 
– 1 2 

20 – –

re were values of L X from the literature to guarantee that the electron 
on & Melrose ( 1984 ). 
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he B -field of the power-law region, the expressions are only valid
f ν/ νB > 10. If νB = 2.8 B MHz and the lowest observ ed frequenc y
s 15 GHz, then we can solve for a maximum B strength of ∼530 G.
inally, the PDFs applied to L , n e , and the thermal B prevent drifting

nto non-physical ne gativ e values. 

PPENDIX  B:  ‘GOODNESS-OF-CHAIN’  

utocorrelation analysis is a necessary component of any publication 
mploying MCMC sampling. The autocorrelation time is a useful 
easure of how well an MCMC run has converged by e v aluating
hether the chain is independent of its initial position. The Monte 
arlo standard error can be found from the variance 

2 = 

τf 

N 

ˆ σn , (B1) 

here τ f is the integrated autocorrelation time for the chain and ˆ σn is
he variance of the chain. (The familiar ordinary Monte Carlo error
f 1 / 

√ 

N can be reco v ered if the chain samples are independent, i.e.
f = 1). Thus, an estimation of the autocorrelation time of the chain

s a direct measurement of the error. 
We stochastically define convergence as if the total length of the 

hain exceeds 50 times the autocorrelation time. To determine if the 
hain meets this threshold, the chain is correlated withitself at equal 
Table B1. EMCEE settings and results. 

Star α Burn-in Production

HR 1099 3 
2 75 000 1 500 000

UX Arietis 2 2000 20 000 
Algol 5 

4 150 000 2 500 000
V410 Tau 4 

3 37 500 750 000 
HD 283572 5 

4 100 000 2 000 000
ntervals throughout the sampling. MCMC runs that do not meet 
his threshold have the number of steps increased proportionally. 

e point the reader to Sokal ( 1996 ) and Gelman et al. ( 2011 ) for a
eri v ation of Monte Carlo standard error and further discussion of
 v aluating chain independence. 

We may also qualitatively evaluate a chain by plotting the 1D
ensity of each parameter of each w alk er versus the step number,
alled a ‘w alk er plot’. An MCMC run that has converged will
emonstrate relatively constant density over the same region for 
he entire chain length. Large-scale trends in the mo v ement of the
 alk ers or diverging densities indicate instability in posterior space.
ig. B1 shows an example of a successful MCMC w alk er plot from

he burn-in steps of the run for UX Arietis. 
The acceptance fraction quantifies how often a w alk er ‘accepts’ a

tep. It takes a step either due to a preferable value of the posterior
r against the posterior gradient. This will occur with a probability
roportional to the ratio of the posterior values at the current and
roposed location. For optimal speed in characterizing the posterior 
robability distribution, the acceptance fraction should approach 
.23 (Gelman et al. 1997 ). For an MCMC chain that implements
he ‘stretch-step’ algorithm, α is a number greater than 1 that 
arametrizes the possible step lengths, where a w alk er will step
n the direction of another randomly selected w alk er with uniform
robability of lengths between 1 / 

√ 

α and 
√ 

α (Goodman & Weare 
010 ). Reducing α can generally increase the acceptance fraction 
and therefore the average step length), but the autocorrelation time 
s likely to grow, so a modification of the chain’s total length may
lso be necessary. 

The final settings and results of the EMCEE runs used in this
ork are reported in Table B1 . In all cases, we ran chains until

he autocorrelation condition was met and the acceptance fraction 
ell between 0.1 and 0.5. 
MNRAS 522, 1394–1410 (2023) 

 Autocorrelation Acceptance fraction 

 11 900 (126x) 0.27 
210 (95x) 0.46 

 31 900 (79x) 0.25 
7350 (102x) 0.25 

 24 400 (81x) 0.21 

ollege Library, C
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M

Figure B1. Walker position in each parameter as a function of step number. Convergence of the w alk ers is obvious by consistent and repeated exploration of the 
same region of posterior space. The distributions on the right side of each plot indicate the median value of the w alk er density along that axis. The distribution 
is shaded according to the maximum of the median values. 
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