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ABSTRACT

We have searched for thermal gyro-synchrotron radio emission from a sample of five radio-loud stars whose X-ray coronae
contain a hot (> 107 K) thermal component. We used the JVLA to measure Stokes I and V/I spectral energy distributions
(SEDs) over 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. However, the SEDs of the
two _pre-main-sequence (PMS) stars (V410 Tau, HD 283572) had a circularly polarized enhancement above 30 GHz that was
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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-law index, and magnetic field strength and direction)
using the independently VLBI-measured radio sizes, X-ray luminosity, and magnetic field strength as priors, where available.
The derived parameters were well-constrained but highly degenerate. The best-fitting temperatures for both PMS stars were
~ 0.5 dex higher than the X-ray-derived temperatures. We argue that the power-law and thermal volumes in the PMS stars are
probably not co-spatial and speculate that they may arise from two distinct regions, the stellar corona and the inner edge of their
accretion disc, respectively.

Key words: radiation mechanisms:general — stars:coronae — radio continuum:stars — magnetic fields — plasmas — tech-
niques:spectroscopic

1 INTRODUCTION Garcia-Sanchez et al. 2003; Osten & Bastian 2006; Leto et al. 2006;
Waterfall et al. 2019; Launhardt et al. 2022; Tan 2022).

A less well-known emission mechanism is gyro radiation from
thermal electrons spiraling in a stellar magnetic field. If the electrons
are non-relativistic, the radiation is called gyro-resonance, and emis-
sion (and absorption) occurs at the local electron gyro frequency,
and its first few harmonics. Solar flares have demonstrated gyro-
resonance emission (e.g., Nindos et al. 2000), often at the third
harmonic.

For very hot plasmas (T 2 107 K), there are a significant number of
electrons in the high-energy tail of a Maxwellian energy distribution,
and since they are mildly relativistic, they radiate at low harmonics
of the gyro-frequency. The resulting radiation—which can be highly
circularly polarized depending on the aspect angle—is termed thermal
gyro-synchrotron radiation (Dulk 1985). Since thermal GS emission
strongly depends on the magnetic field strength and coronal tempera-
ture, its detection can provide a sensitive measure of these quantities
independent of assumptions about a power-law electron distribution.

For stars with X-ray-derived coronal temperatures, a thermal GS
detection can characterize the coronal magnetic field or provide
an upper limit for non-detection. Likewise, thermal GS measure-
ments can estimate coronal temperature for stars with measured
* Email: walter-golay @uiowa.edu coronal magnetic field strengths and extent derived from, for ex-

Non-thermal radio emission from stars is a powerful diagnostic for
investigating high-energy processes in stellar coronae. In particular,
gyro-synchrotron and synchrotron radiation from high-energy elec-
trons spiraling in strong coronal magnetic fields is a common feature
of many stellar systems ranging from ‘normal’ stars like the Sun
(Bastian et al. 1998) to evolved pre-main-sequence stars (Launhardt
et al. 2022), close late-type binaries (Drake et al. 1992), and even
ultra-cool dwarfs near the bottom of the main-sequence (Williams
2018).

The energetic electrons typically follow a power-law energy dis-
tribution, presumably accelerated by reconnection of magnetic fields
in the corona. The accelerated electrons have energies with Lorentz
factors of order 10-100, i.e., mildly relativistic, so the radiation is
referred to as gyro-synchrotron (GS) emission. This mechanism has
been well-studied in a range of stellar environments. The observed
spectral energy distributions (SEDs) and polarization have allowed
quantitative estimates of the magnetic field strength and energetic
particle densities in the solar and stellar coronae (e.g., Umana et al.
1993; Storey & Hewitt 1995; Mutel et al. 1998; Trigilio et al. 2001;
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ample, Zeeman-Doppler imaging (Donati & Semel 1990). A few
previous papers have reported the detection of thermal GS emission,
but mainly in solar flares (Dulk et al. 1979; Kobayashi et al. 2006;
Tan 2022). Drake et al. (1992) considered whether thermal GS can
explain the spectral properties of low-level radio emission from RS
CVn binary stars but reached no conclusion.

In this paper, we report on a search for thermal GS emission from
five radio-loud stars that we selected based on previously-published
detection of high coronal temperature and strong magnetic fields. The
stars comprised two classes: chromospherically active binaries (Al-
gol, UX Arietis, HR 1099) and weak-line T-Tauri pre-main-sequence
stars (V410 Tau, HD 283572). The observations sample the spectral
energy distributions in Stokes I and V over a wide range of fre-
quencies. We fit the observed SEDs with model SEDs generated by
a two-component emission model consisting of a mildly relativis-
tic population with a power-law electron energy distribution and a
hot thermal component with a Maxwellian energy distribution. Each
model had five free parameters that parametrized the best fit to the
observed SEDs. For convenience, we include the Python code used
to generate each figure, found on this Github repository and archived
on Zenodo doi:10.5281/zenodo.7222487.

2 GYRO-SYNCHROTRON RADIATION: SUMMARY OF
PROPERTIES

The derivation of the volume emission (77,,) and linear absorption
(k) coeflicients for GS radiation, whether by power-law or thermal
electron distributions, is notoriously difficult, since it involves inte-
grals over infinite sums of Bessel functions. However, several clever
approximation methods have been developed that have made this cal-
culation tractable (e.g., Trubnikov 1958; Dulk et al. 1979; Petrosian
1981; Leung et al. 2011).

Robinson & Melrose (1984) derived analytic expressions for GS
coefficients for both power-law and thermal electron distributions
based on these approximations. We have used these expressions to
calculate the expected SED and polarization for a homogeneous
magneto-active plasma volume with electron energy populations
consisting of (1) a hot isothermal plasma or (2) a plasma with a
power-law energetic electron population viz.,

s-1[E|°

where np is power-law electron density and Eq is the minimum
cutoff energy, we assume E( = 10 keV. For each volume, we solve the
equation of radiative transfer along the lines of sight intercepting the
coronal plasma using the Robinson & Melrose (1984) expressions
for n,, and «,,.

Note that we do not discuss the contribution of bremsstrahlung
(free-free) radiation since in all cases considered in this work,
bremsstrahlung contributes less than 1% of the total flux density.

2.1 Maxwellian electron distributions

The (SED) for radiation emitted by a non-relativistic thermal plasma
in a magnetic field (‘gyro-resonance radiation’) is the sum of contri-
butions from individual electrons emitting at the local gyro frequency
and the first few harmonics. The radiation is largely circularly po-
larized at aspect angles outside the plane of rotation. However, as
the plasma temperature exceeds 7 ~ 107 K, a significant fraction of
the electron population becomes relativistic. This case significantly
modifies both the SED and polarization. At large optical depth, the
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SED is a power-law with spectral index @ = +2 and is steeply neg-
ative (@ ~ —15) at a small optical depth. The peak flux occurs near
7 = 2.5, where 7 is approximately given by,

12 T 17[B] [ % ]—10 Ne L
o~ 12— =] - . B
Y 18k | |kG| |10GHz 105cm=3| |Ro
where T is the plasma kinetic temperature, B is the magnetic field
strength, v is the frequency, 7. is the thermal electron density, and L

is the depth along the line of sight to the observer.
The frequency at SED maximum can be written approximately as
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0.5

B -sin%0(0) 3)

T
kG|’ [W
where we have combined equations 32a,b of Dulk (1985). Note that
the peak frequency depends only on the magnetic field and plasma
temperature and is insensitive to density or path length.

The polarization is elliptical, but the axial ratios for ordinary and
extraordinary modes are close to unity unless the propagation direc-
tion is nearly perpendicular to the magnetic field. This effect results
in circularly polarized modes for propagation angles 6 that satisfy
(Robinson & Melrose 1984),

Vpeak ~ 10 GHz - [

16— /2] > ;—B )
v

where v is the emission frequency, and vp is the electron gyro-
frequency. The polarization fraction is relatively high, typically 40—
90 per cent for a homogeneous plasma near the peak emission fre-
quency, but decreases sharply with increasing optical depth and is
nearly zero for 7 > 1.

Inspection of Equation 2 and Equation 3 indicate that we expect
thermal GS radiation to be most prominent for very hot (>10 MK)
coronal plasmas with strong (~ kG) magnetic fields. The SEDs will
have spectral peaks above 10 GHz and be circularly polarized. Sample
model thermal GS spectra (Stokes I and V/I) are shown in Figure 1
for uniform magnetic fields of 0.5kG and 1.5kG, and for plasma
temperatures 33 MK and 100 MK.

2.2 Power-law electron distributions

The spectral energy distribution of radiation by highly relativistic
power-law electrons in a magneto-plasma is well-known, consisting
of a rising spectrum with @ = +5/2 at large optical depth, a falling
spectrum with @ = (1 — §)/2 at small optical depth, and a peak
near y2vg where y is the Lorentz factor and vg is the gyro fre-
quency. Relativistic beaming confines the radiation to small angles
perpendicular to the magnetic field, resulting in linear polarization.
The SED and polarization characteristics are significantly differ-
ent for mildly relativistic power-law electron distributions (frequen-
cies roughly 10x-100x the electron gyrofrequency). At large optical
depths, the SED is also a power-law but with a somewhat steeper
slope (@ = 2.5 + 0.0859, Dulk 1985). At small optical depth, the
slope « is also somewhat steeper than the fully relativistic case,

(1 _5)1,25
2

Power-law GS radiation is circularly polarized for propagation angles
that satisfy Equation 4. For a uniform magnetic field and 7 <« 1,
the fractional polarization varies from V /I ~ 0.9 at low harmonics
and steep power-law index to V/I < 0.1 for high harmonics and
shallow index. These fractions pertain to plasmas with unidirectional
magnetic fields. Of course more realistic magnetic geometries will
result in lower fractions.

a~16- (6))
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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 modeled as a uniform cube with sides 1R at a distance 10 pc, with constant electron density ne =

1010 cm‘3, and uniform

magnetic field oriented 80° inclination to the observer’s line of sight. (a) B = 500G, T, = 10’ K, (b) B=500G, T, = 103K, (c) B = 1500G, T, = 10’ K, (d)
B =1500G, T, = 103 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).
Numerical instability in the fractional polarization at high frequency is due to the total flux approaching zero.
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Figure 2. (a) Stokes I spectral energy distributions 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-law region has
density n, = 107 cm™3, energy index & = 3, and a 200 G magnetic field. The thermal box has an electron density n, = 10'° cm™, a temperature T, = 1079 K,
and a 2 kG magnetic field strength. The magnetic field is oriented at 45° and 60° to the observer’s line of sight, respectively. (») 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.

2.3 Spectral energy distribution and polarization for combined
thermal and power-law GS emission

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

o A power-law GS emission region with parameters: n, = 107
cm™3, § = 3, B = 200 G; dashed blue line) with a turnover near unity
optical depth, and

e A thermal GS emission from a denser region of hot thermal
plasma and high magnetic field strength (1, = 10! cm™3, T = 107
K, B =2 kG; dashed red line).

For this example, the thermal GS peak is somewhat near the power-
law SED peak and has a similar peak flux density, so it may be
challenging to distinguish between these emissions. However, a key
difference is the degree of circular polarization, which sharply peaks
near the thermal GS spectral peak. The key distinguishing feature of
thermal GS emission is this sharp rise in fractional circular polariza-
tion near the spectral peak.

3 OBSERVATIONS AND DATA REDUCTION

We observed five stars with previous radio detections. We selected
the target list based on two criteria: (1) The star had sufficient X-ray
spectral information to be consistent with a hot component 7 ~ 107 K
or higher, (2) The star had evidence for kilogauss magnetic fields,
inferred from Zeeman-Doppler imaging (ZDI) or non-thermal radio
emission.

We observed each star with the JVLA using six frequency bands
spanning a total of two hours with the following cadence: Ku band
(14-16 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),
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9min; Q lower band (40—42 GHz), 15 min; and Q upper band (44—
46 GHz), 18 min. We chose the varying integration times to account
for the decreasing sensitivity of the JVLA at higher frequencies.
The observations spanned a total of five 2-hour intervals (Table 1).
We used the CASA software suite (McMullin et al. 2007) to edit,
calibrate, and image each field. We determined Stokes I and V fluxes
using 2-dimensional Gaussian fits and corresponding uncertainties.
Table 2 summarizes the resulting flux densities and uncertainties.

4 ANALYSIS: MODEL FITTING

To determine the physical properties of the plasma responsible for
the observed emission, we fit the observed SEDs and polarizations by
calculating the emergent flux and polarization for a uniform plasma
with prescribed physical parameters, adjusting each parameter to
fit the observed fluxes. We adopted a simple geometric cube box
model consisting of a uniform, homogeneous population of electrons
described by either a power-law or a thermal energy distribution. The
emitting plasma was parameterized by a characteristic size L, number
density of electrons n., magnetic field strength B, and magnetic field
angle ¢. A power-law index ¢ and the electron temperature 7. define
the power-law and thermal regions, respectively. We reconstructed
model Stokes I and V fluxes by summing and differencing the model’s
O- and X-mode emission, respectively. As noted earlier, this assumes
that the propagation angle is not too close to the magnetic field
perpendicular direction (Equation 4).

Given these simplifying assumptions, the derived physical parame-
ters should be interpreted as volume-averaged values, whereas actual
values could (and almost certainly do) vary significantly within the
emitting plasma.

In order to test whether a thermal GS component was present in
the observed spectra, we fit two types of models: a pure power-law
model and a hybrid model comprising the sum of a power-law region
and a separate thermal region. For each star, we fit both power-law
and hybrid models, and then calculated the Bayesian Information
Criterion (BIC) to evaluate whether the addition of a second thermal
component was statistically justified.



Table 1. Star Physical Properties, Observing Log, and Priors

Thermal gyro-synchrotron emission 5

Prior values

Star Sp. Type Class Distance?® Epoch UT Range Size  Ref.P Lx Ref.c B Refd
[pe] [Ro] [10% erg s™'] [kG]

HR 1099 KIIV+G5V RS CVn 29.6 02 Oct 2013 02:30 - 12:30 7.2 1 13 4 0.2 6

UX Arietis KOIV+G5V RS CVn 50.5 24 Dec 2013 02:30 - 12:30 6.5 2 17 4 - -

Algol KOIV+B8V  Algol 27.6 29 Sep 2013 10:07 - 12:08  (7.2)¢ 3 13 4 - -

V410 Tau K2 WTTS 128.7 08 Jan 2014 06:07 - 11:36 - - 3.8 5 1.9 7

HD 283572  GS5IV WTTS 125.5 07 Jan 2014  05:33-07:33 - - 12 5 - -

4 Distances are from the SIMBAD database (Wenger et al. 2000).

b Size references: (1) Abbuhl & Mutel (in prep.), (2) Peterson et al. (2011), (3) Peterson et al. (2010)
¢ X-ray luminosity references: (4) Ness et al. (2002), (5) Telleschi et al. (2007)

d Magnetic field references: (6) Donati (1999), (7) Carroll et al. (2012)

¢ The prior for each lobe of the Algol model was half this value. See subsubsection 5.1.3 for model details.

4.1 Bayesian Inference

Since the number of independent data points for each star (10 to 12)
is not much larger than the number of free parameters in the model
(5 for power-law or 10 for hybrid models), the fitted parameters may
be degenerate, which we would like to fully characterize. In addi-
tion, we would like to incorporate constraints on parameter values
from previous observations, such as radio sizes from VLBI, X-ray
luminosities, and magnetic field measurements from ZDI.

Bayesian inference is a natural choice here. First, although we can-
not avoid degeneracies, we can better characterize them by numeri-
cally sampling the posterior distribution to determine the joint prob-
ability density of each parameter pair. Second, priors can naturally
include information about parameter constraints from previously-
published studies. Third, the Bayesian Information Criterion (BIC)
can be used to provide a metric for comparing models with different
numbers of parameters, a critical test to evaluate whether the addition
of a thermal component is statistically justified.

‘We implement a constraint on index of refraction n on all the stars.
Any plausible model must be free-space accessible (n is real) across
all the observed frequencies. To avoid using a prior, we integrate
this constraint into the model. We take the product of the emergent
flux from the model with a Heaviside function evaluated on n at
the observed frequencies. In the case of imaginary n, the emission
at that frequency is zero, and the likelihood function will evaluate
that model as a poor fit. When we generated preliminary models of
V410 Tau and HD 283572, n was imaginary up to the lowest observed
frequency at 15 GHz. To counteract this non-physical edge case, we
required that n remain real as low as 3 GHz as not to exclude the
possibility of flux detected from these two stars in the Very Large
Array Sky Survey from the same emitting plasma (Gordon et al.
2021; Lacy et al. 2020).

Stars with previous measurements of the plasma parameters via
an independent method have a prior implemented unique to the star.
The values we selected are detailed in Table 1. In all cases, the
prior probability distribution function was a Gaussian centered on
the value with a 20 per cent width. The parameters include:

(1) Characteristic size: For the three close active binaries, VLBI
measurements were available to constrain the characteristic size
L of the power-law region. The Algol dual-lobe total extent was
reported as 7.2R, so we enforced a Gaussian prior of 20 per
cent width centered at half that value for each power-law region
in the Algol model (see subsubsection 5.1.3 for model details).

(2) Thermal plasma X-ray emission: We approximate the X-ray

luminosity Ly of a hot (T, > 1 keV) hydrogen plasma by
determining the integrated bremsstrahlung (free-free continuum
emission) for a uniform cube with side Ly, (e.g., Karzas &
Latter 1961, equation 26, recast):

0.5 3
Lypox -1
] [ Ro erg sec

Pgr = 1.5x10% [ e r [ e
Bre 1000¢m3 | [ 107K
where n, and 7T, are the number density [em™3] and electron
temperature [K] of the thermal population. We can compare the
expected X-ray luminosity of the thermal plasma model with
existing estimations.

(3) Magnetic field strength: A six-year Zeeman-Doppler imaging
(ZDI) campaign of HR 1099 demonstrated an average field of
~ 0.2kG. ZDI of V410 Tau measured a magnetic topology
dominated by a large-scale bipolar field near the visible pole
at ~ 1.9kG. This value is within expectations for a large-scale
field over the magnetospheric cavity of a T-Tauri star (Hartmann
et al. 2016). We use this value as the center of the prior for the
thermal electron population.

4.2 Fitting procedure

To determine an optimized model for each target, we followed a six
step process:

(1) Initialize a model by selecting either a pure power-law electron
population or the sum of a power-law and a non-cospatial hot
thermal region with parameters informed by literature-reported
values (see Table 1).

(2) Search for best-fitting parameter values using a downhill sim-
plex algorithm (Nelder-Mead) to minimize a weighted 2 objec-
tive function. The Python package lmfit (Newville et al. 2014)
was used for this step.

(3) Initialize the relevant priors (characteristic size, X-ray temper-
ature, magnetic field measurements) for the selected model and
target.

(4) Invoke Bayesian inference via Markov Chain Monte Carlo
(MCMC) sampling using Python package emcee (Foreman-
Mackey et al. 2013) to determine best-fitting parameter values
and associated uncertainty probability distribution functions.

(5) Test for walker convergence (see Appendix B for details):

- Determine the ‘goodness-of-chain’ by investigating the

MNRAS 000, 1-15 (2022)



6  W. Golay et al.

Table 2. Observed Stokes Flux Densities

Star Stokes 15GHz 23 GHz 31 GHz 35GHz 41 GHz 45GHz
HR 1099 I 2090+ 0.09 14.66+010 9.99+009 884+006  726+008 641007
v 655+0.04 505+004 3.04+003 2524003  2.00+005  1.63=0.05

UX Asictis I 7882+029 5744+0.17 43.62+0.17 3879+0.12 3072+022 31.13+0.17
fiehs v 1198+ 005 -833+003 -481+004 -3.84+0.03 $ 232+005
Alsol I 41834018 32824016 2598+0.19 2563+0.13  23.97 022 %
g v 032+007 -048+003 -049+0.04 -075+0.06 -0.500 = 0.07 %
V410 Ta I 1274003 128+002  1.11+0.03 108002  080+003 076 0.04
% 0.11£002 -013+001 -014+002 -017+002 -0.19+£0.02 -0.23 +0.03

HD 283572 I 2294002 1.89+002 144+003 1.13£002  097+003  0.820.04
% 027+0.04 024+004 027+003 024003  028+005 021005

NOTE - All fluxes are in mJy. f indicates missing observation.

walker acceptance fraction and the total number of steps com-
pared to the MCMC auto-correlation time as a function of step-
index.

- Adjust the step number or the stretch step parameter and
re-run the chain as necessary.

(6) Compare BICs for pure power-law versus hybrid models
with separate power-law and thermal components to determine
whether the addition of a thermal component is statistically jus-
tified.

‘We modeled the observed SEDs using both power-law and thermal
GS emission models in non-cospatial regions, except for Algol. In
this case, we considered two oppositely polarized power-law emis-
sion regions based on previous VLBI maps of Algol (Mutel et al.
1998; see subsubsection 5.1.3). The fitting procedure began by ap-
plying a downhill simplex algorithm with a y2 objective function.
The resulting best-fit model was used as a starting point for initializ-
ing the Bayesian MCMC analysis. Priors for the VLBI sizes, X-ray
luminosity, and magnetic field were set based on literature-reported
values as listed in Table 1, and any others were set to default prior
settings (see Appendix A for the default priors and a discussion of
the implementation of probability distribution functions). The objec-
tive likelihood function was the residual sum of squares between the
model and observed fluxes weighted by their uncertainties.

For each MCMC calculation, we initialized 100 walkers in a
small (1 per cent of parameter values) Gaussian hypervolume around
the minimized solution. Our step proposal density function was the
‘stretch-step” algorithm (Goodman & Weare 2010), a variable step-
length algorithm designed to quickly fill posterior space by scaling
step sizes with the distribution of walkers. For all runs, a period of
tracked ‘burn-in’ steps gave the walkers time to undergo this filling
process.

To determine if the walkers had converged, we evaluate the
‘goodness-of-chain’ of the MCMC run based on the walker accep-
tance fraction and the auto-correlation time compared to the total step
number. For chains with acceptance fractions below 0.1 or above 0.5,
the average step length was shortened or lengthened, respectively,
with a target acceptance fraction of 0.23 (Gelman et al. 1997). We
define convergence of the chain as the total number of steps ex-
ceeding 50 times the auto-correlation time of the chain as estimated
by emcee. We increased the length until the chain met this crite-
rion. See Appendix B for an extended discussion of evaluating the
goodness-of-chain.
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4.3 Testing the Thermal GS Hypothesis: Bayes Information
Criterion

Since a primary focus of this research was to determine whether
thermal GS radiation is detectable in the observed SEDs, we need
to evaluate whether the addition of a thermal GS component to
the emission model is statistically justified. To do this, we use the
Bayesian Information Criterion (BIC), defined as:

BIC = kIn(n) — 2In(L) (7)

where k is the number of parameters estimated by the model, 7 is the
number of data points in the observations, and £ is the maximized
value of the likelihood for that particular model, i.e., L = p(x|d, M)
where @ are the parameters that maximize the likelihood and x is the
observed data (Schwarz 1978). The BIC can be used to select the
model that fits the data with a minimum number of free parameters
by penalizing model complexity (i.e., the number of parameters in
the model (Liddle 2007)).

For each star, we evaluated the BIC for a pure power-law model,
and for the hybrid model i.e., the sum of a power-law and thermal GS
emission. Although the actual BIC value depends on the particular
values of n, k, and L for that model, the key metric is the difference
in BIC values between two models,

ABIC = BICpyrsth — BICpyr ®)

where ABIC < 0 indicates that the inclusion of the additional free
parameters supports the model with the lower BIC. ABICs between
-2 and -6 are considered ‘positive’ evidence for the more complex
model, whereas a difference between -6 and -10 constitutes ‘strong’
evidence, and DeltaBICs beyond this are ‘very strong’ evidence
(Bauldry 2015).

We find that the three close binaries (Algol, HR 1099, UX Arietis)
have large positive ABICs. indicating that a simple power-law model
is adequate, whereas the two pre-main-sequence stars (V410 Tau,
HD 283572) have large negative ABICs, indicating that the more
complex hybrid model is favored. The ABICs for all stars are listed
in Table 3.

5 RESULTS

Here we summarize the results of the fitting procedure for each star.
We compare best-fit model plasma parameters (magnetic field, elec-
tron density, source size etc.) with estimates from previous studies
using other techniques. However, for all five stars the joint poste-
rior model parameter probability distributions (Figure 4, 5, 7, and 8)



Table 3. Best-fitting Model Parameters
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Power-law component

Thermal component Selection Metric?

Star L 5 log ne B [ L logT  logne B ¢ ABIC
[Rol [em™] [G] [deg] [Rol [MK] [em™] [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 1.2 2.9 8.1 94 67° 0.9 7.9 10.5 1860 28° -15.7

HD 283572 2.6 3.6 8.6 110 110° 0.6 8.6 10.9 740 157° -21.2

NOTE - Parameter uncertainties are not listed in this table. They are best characterized by the joint posterior model parameter probability
distribution shown in Figure 4 for HR 1099 and UX Arietis, Figure 5 for Algol, Figure 7 for V410 Tau, and Figure 8 for HD 283572. The
listed model parameters are the median values of the MCMC sampling.

4 The selection metric is defined as difference between the Bayesian Information Criteria of the power-law GS model and the hybrid (power-law

plus thermal GS) model.

b The Algol model requires two angles that parametrize the two oppositely circularly polarized emission lobes. See subsubsection 5.1.3 for the

model details.

are strongly pairwise degenerate in at least some parameters. Hence,
the parameter uncertainties, as shown in the parameter distribution
functions about the median value, are relatively large.

Our main focus is to establish whether a pure power-law emission
model alone or a hybrid model with a thermal GS component is
required to fit the observed SEDs. To this end, we calculate the BIC
difference for both models. As described above, this difference is
a quantitative measure of the viability of the more complex hybrid
model for each star.

5.1 Active close binaries
5.1.1 HR 1099

HR 1099 is a well-known active close binary with extensive studies at
radio, UV, and X-ray wavelengths. It was one of the earliest targets of
Zeeman-Doppler Imaging (ZDI) investigations that found a ~ 200 G
magnetic field (Donati 1999). The Rapid ASKAP Continuum Survey
recently detected V/I ~ —16 per cent at 888 MHz (Pritchard et al.
2021).

A pure power-law model fits the observed SEDs quite well as
shown in Figure 3 and supported by the ABIC value in Table 3.
The magnetic field of B = 240 G agrees with the prior. The model
predicts a flip to a negative Stokes V below ~ 10 GHz, which also
agrees with the 888 MHz detection. The size of L = 2.5R, deviates
strongly from the flaring size prior we implemented of 6.5 R, but
agrees with the upper limit L < 5Rg from VLBI at 22 GHz (Abbuhl
& Mutel, in prep.) during quiescence.

5.1.2 UX Arietis

UX Arietis is another well-studied star for its flares in the radio and
X-ray. Radio flares on have demonstrated magnetic field strengths
exceeding a kG (Torricelli-Ciamponi et al. 1998), while X-ray flares
indicate peak temperatures of 100MK (Livshits et al. 2003). Mea-
surement of the quiescent radio emission has produced magnetic field
estimates on the order of 100G (Donati et al. 1992). Notably, Chi-
uderi Drago & Franciosini (1993) theorize that a thermal electron
distribution could explain the 6 cm quiescent emission component
and determine a pure-thermal model with a constant magnetic field
is unlikely to explain the observed fluxes.

The fit to the SED in Figure 3 and the resulting ABIC support
the simpler pure power-law model. The magnetic field of 180G

agrees with the previously mentioned measurements, and 6 = 2.7
also agrees with the prediction of Chiuderi Drago & Franciosini
(1993). The best-fitting value for the size of 7.8 R slightly exceeds
that of the VLBI measurements of 6.5 R . The uncertainties are quite
narrow and the best-fitting solution returned by 1Imfit is outside of
the contours, indicating emcee found a better solution under the
priors.

5.1.3 Algol

Algol has demonstrated strong coronal radio emission. This system
has a typical flare B-field of 250 G and energetic electron densities of
103 to 10° cm™3 (Mutel et al. 1998). X-ray measurements of a flare
have shown a hot component of up to 40 MK (Yang et al. 2011).

VLBI measurements of Algol have indicated the presence of two
significant lobes of radio emission with opposite polarization helicity
(Peterson et al. 2010). We choose to model this by allowing the
magnetic field angle with respect to the observer for each region to
vary independently of each other (¢ and ¢, ). In the model, the angles
are initialized exactly orthogonal to each other but not constrained
to remain orthogonal to account for slight deviations from net zero
circular polarization.

Since the Algol model requires a six-parameter model for each
component and we only observed at five frequencies, attempting to
fit with the added thermal component would result in no remain-
ing degrees of freedom. Due to this, we are unable to definitively
conclude that a thermal population is not necessary to explain the
Algol SED. The Stokes I plot tends to show a slight rise in flux in
the 3040 GHz range that may be consistent with a secondary com-
ponent. However, further observations are necessary to make this
determination.

The resulting individual parameter values agree well with previous
measurements. The size of each lobe of L=2.9 R, is approximately
half of the total size of the total size of the two oppositely polarized
lobes, as expected. The joint posterior model parameter probabil-
ity distributions in Figure 5 demonstrate strong degeneracy. More
simultaneous multi-frequency observations of the Algol system are
necessary to characterize the nature of the radio emission mecha-
nisms.

MNRAS 000, 1-15 (2022)
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5.2 Weak T-Tauris
5.2.1 V410 Tau

V410 Tau is a weak-lined T-Tauri star in the nearby Taurus star for-
mation region and was one of the first stars to show evidence for
strong magnetic fields via Zeeman-Doppler imaging (Donati et al.
1997). Since then, follow-up analyses of archival observations iden-
tified large scale dipolar magnetic fields strengths of nearly ~ 2kG
(Carroll et al. 2012). X-ray observations have suggested a quiescent
coronal temperature of 20 MK and peak flare temperatures exceeding
40 MK (Telleschi et al. 2007). Following the epoch of our observa-
tions, long-term studies have suggested a magnetic cycle exceeding
eight years (Yu et al. 2019), or perhaps a stellar spot cycle of ~15
years based on long-term trends in the light curve of the star as it
rotates with a 1.87 d period (Hambélek et al. 2019). A recent spectro-
polarimetric monitoring campaign has also constrained the magnetic
field topology, but the strong toroidal component of nearly 400 G
that was uncovered remains to be explained in the absence of an
observable disk (Finociety et al. 2021).

We find a ABIC = —15.7. This is strong evidence that the thermal
component is required to explain the observed SED, clearly seen
from an inspection of the plot in Figure 6. The X-ray luminosity
as calculated using Equation 6 and the best-fitting parameters gives
Ly = 3.7x10% erg/s, in good agreement with Telleschi et al. (2007),
despite a best-fitting logT = 7.9, about 0.5 dex higher than indicated
by the X-ray data. The magnetic field reported by Carroll et al. (2012)

is also in agreement with the model value of 1860 G for the thermal
region.

The joint posterior model parameter probability distributions in
Figure 7 show strong degeneracy in the parameters that define each
region. However, there is little correlation across the power-law and
thermal populations. The thermal region tends to be more well-
defined than the power-law population, likely due to the relatively
strong priors on the X-ray luminosity and the magnetic field strength.

5.2.2 HD 283572

HD 283572 is one of the brightest X-ray sources in the Taurus star-
formation region at Ly = 1.2 x 103! ergs~!. HD 283572 has been
shown to have X-ray flares consistent with B-fields of 300-500 G
(Favata et al. 2001). X-ray measurements of quiescent emission in-
dicate coronal temperatures of 19-26 MK (Franciosini et al. 2007).
Similar to V410 Tau, there is not an observable disk (Sullivan &
Kraus 2022).

We find ABIC = -21.2, providing very strong evidence for the
added thermal population. Our best-fitting solution agrees almost
precisely with the X-ray luminosity, returning a value of Ly = 1.15%
103! ergs™!, as expected due to the prior. Like V410 Tau, this is
despite a significant difference in the best-fitting temperatures. The
magnetic field also agrees well in the thermal region. No quiescent
magnetic field measurements are available for comparison to the
best-fitting power-law population.

MNRAS 000, 1-15 (2022)
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Figure 6. Observed spectral energy distributions for the pre-main-sequence stars V410 Tau and HD 283572 between 15 GHz and 45 GHz with best-fitting
models consisting of separate power-law and hot thermal GS emission models. The best-fitting models plotted in black are generated from 100 randomly selected
walker positions in the final 10 per cent of the MCMC run. Best-fitting plasma parameters are listed in Table 3.

The correlations across the regions are relatively small, as seen
in Figure 8. The errors are more extensive in the power-law region
compared to the thermal population parameters. Since the X-ray
luminosity agrees so well, this is likely the driving constraint on the
parameters that define the thermal GS emission.

6 DISCUSSION

A pure power-law model is the obvious choice for the RS CVn stars.
The resulting best-fitting parameters from Bayesian inference also
produce results consistent with previously reported values. However,
the MCMC sampling analysis also uncovered a strong degeneracy
across parameters. Future work in breaking this degeneracy for active
close binaries can be done by employing radio observations accompa-
nied by contemporaneous, independent measurements, such as ZDI
to measure magnetic fields or X-ray observations to find emission
measures.

The dual-lobed emission regions with opposite polarization holic-
ity complicate the Algol system. Higher spectral and spatial res-
olution is necessary to determine if a thermal component may be
contributing to the SED. Similar to the RS CVn stars, strong degen-
eracies across the plasma parameters for the two identical, oppositely
polarized power-law populations make determining the specific val-
ues challenging without independent measurements. With the added
complication of a rapid orbital period and a complex coronal struc-
ture throughout the entire phase, further observations are necessary
to probe the properties of the radio emission from this system.

MNRAS 000, 1-15 (2022)

The best-fitting solutions for the two models of both pre-main-
sequence stars return values of the BIC that strongly favor the addition
of a thermal component to explain the rising fractional polarization
at the upper frequencies of the SEDs. We can conclude that a ther-
mal distribution of electrons emitting GS radiation may explain a
component of the SEDs of these stars.

Notably, the shared plasma parameters are very different for
V410 Tau and HD 283572. The thermal regions tend to be much
smaller volumes but nearly hundreds of times denser than the power-
law population. Additionally, the best-fitting magnetic field strength
and angle are very different in both cases. The thermal region is
best modeled by a field of about an order of magnitude larger at an
angle well outside the reported uncertainty of the MCMC sampling.
These differences indicate that these two plasma populations are not
co-spatial.

These results for both WTTs—in combination with the lack of evi-
dence of a thermal component in the other target populations—allow
us to speculate that the former presence of a detectable accretion
disc may be responsible for generating the thermal component. Pre-
vious modeling work (Waterfall et al. 2019) indicates that even weak
T-Tauri stars that lack an observable disk—such as V410 Tau (Yu
et al. 2019; Finociety et al. 2021) and HD 283572 (Sullivan & Kraus
2022)-tend to demonstrate similar magnetic behavior as their clas-
sical counterparts. Gémez de Castro & Marcos-Arenal (2012) have
proposed a magnetospheric geometry of T-Tauri stars where mag-
netic shearing and reconnection events on the inner edge of the disc
are possible due to a mismatch in the rotation rates of the stellar
surface and the inner disc. For an extended discussion of accretion



= +0.238

Lpwr = 1.2%553
N\ L © N}
ORI IR
I L

TR

6 =2.94731%2

- 135

lkl\ Ne,pwr = 812133
o

SN AP A

it

Ne, pwr

- +83.6
Bpwr = 94.12532
S L »®

1

I8

Bowr

Gpur = 66.8753°
© e A

T T T
L

Ppur

Thermal gyro-synchrotron emission 11

—— LMFIT
—— Maedian

Lin = 0.8871313

T

Te = 7.941313%

ﬂ

- +0.104
Ne,th = 10.5XG:5657

‘H

= 1.86e + 03*381

ben = 27.9438,

.
|

M

ik

g P “ AN]
RN AR

Lpwr 6 Powr

Bpowr

Ne, pwr

Figure 7. Joint posterior model parameter probability distributions for power-law electron distribution GS emission model fitted to SED of 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. Contour levels are shown at 39, 87, and 99 per cent.

processes in T-Tauri stars, see Hartmann et al. (2016) and references
therein.

Within this framework, Figure 9 illustrates a potential model for the
spatial distribution of different electron populations. Due to strong
coronal magnetic field activity, a halo of power-law electrons sur-
rounds the star. Meanwhile, the thermal emission comes from the
star-disc shearing region on the inner edge of the disc, where mag-
netic reconnection events accelerate high densities of thermal elec-
trons to semi-relativistic speeds in a smaller volume.

Note that this speculative model is not incompatible with the pic-
ture of the HD 283572 flare analysis in Favata et al. (2001). They
argue that large coronal loops spanning the distance between the
star and the disc are not responsible for the observed X-ray flares.
Our model proposes only that the thermal emission is responsible
for the X-rays and the thermal GS component most likely originates
from the inner edge of the disc, not between the disc and the star.
Additionally, without X-ray observations contemporaneous to our
observing epoch, it is unknown whether a flare was occurring, and
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somewhat more likely that quiescent emission due to constant star-
disc shearing action is driving the production of semi-relativistic
thermal electrons. These electrons would also explain the significant
quiescent X-ray luminosity given our prediction of Ly, calculated
from the best-fitting model parameters for HD 283572.

MNRAS 000, 1-15 (2022)

7 SUMMARY

In this work, we report on multi-frequency observations of five radio-
loud stars. In combination with prior X-ray, ZDI, and VLBI measure-
ments (where available), we characterize the emission of these stars
with simple models of a uniform, homogenous plasma with either a
power-law or thermal energy distribution. We use Bayesian inference
to describe the correlations between the model parameters and deter-
mine if a thermal population in addition to the standard power-law
distribution can be justified.
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Figure 9. Conjectural locations of power-law (blue circles) and thermal (red circles) GS emission regions from the pre-main-sequence objects HD 283572 and
V410 Tau. The separation riag is the radius of the magnetospheric cavity. This figure is adapted from Gémez de Castro & Marcos-Arenal (2012).

For the two RS CVn stars HR 1099 and UX Arietis, we find that the
SED can be well-described by the pure power-law model, and all pa-
rameters are well-constrained. However, MCMC sampling revealed
strong degeneracy across the model parameters. Breaking this degen-
eracy will require contemporaneous, independent determinations of
multiple plasma parameters.

Algol is moderately well-modeled by two identical lobes of op-
posite polarization helicity. Due to the added parameter required for
generating such a model, determination of the potential of a thermal
component was not possible with these observations. Higher spec-
tral and spatial density observations are necessary to investigate the
potential for thermal GS in Algol and similar systems.

The weak T-Tauri stars (V410 Tau and HD 283572) were best
described by a hybrid power-law plus thermal GS emission model.
We speculate that the disc may be responsible for this thermal emis-
sion, where star-disc magnetic shearing and re-connection events
drive the acceleration of dense thermal electrons to semi-relativistic
speeds. With the identification of pre-main-sequence stars as a poten-
tial source of thermal GS emission, further investigation into other
systems with different stellar types and higher spectral and spatial
resolution observations are required to characterize this emission
mechanism.
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APPENDIX A: DEFAULT PRIORS

Careful selection of probability distribution functions (PDFs) to im-
plement priors is necessary to make statistically sound claims from
the posterior (Tak et al. 2018). Prior PDFs must be normalizable,
even if the explicit normalization is not relevant. The generalized
Gaussian and the inverse-gamma function are common options for
implementing scientific knowledge in the form of a prior. The gen-
eralized Gaussian function is given by:

p(x) e exp(=|(x — p) /o) (AD)

Where u adjusts the center of the Gaussian, o modifies the width, and
s determines how rapidly the fall-off occurs beyond 1o. Selecting
s = 2 is a good choice for previous measurements that include
uncertainty, i.e., a standard Gaussian distribution. Larger s can apply
boundaries on parameter space where a model is no longer valid.
Implementing a lower-bound is best done via the inverse-gamma
function, given by:

p(x) o x" 9 exp(=b/x) (A2)

Where a ‘soft’ lower limit is given by % and a and b modify the
region around the limit, respectively. This PDF is a good option when
parameters have sharp lower cutoffs as an alternative to the Heaviside
function, which is not normalizable.

We implemented a default prior PDF if a star did not have prior
measurements for a particular parameter. These options are summa-
rized in Table A1. The PDFs selected for 8, ¢, and T, are motivated
by the validity of the approximate expressions for 17, and «,, in Robin-
son & Melrose (1984) and Dulk (1985). In the case of the B-field of
the power-law region, the expressions are only valid if v/vg > 10.
If vg = 2.8BMHz and the lowest observed frequency is 15 GHz,
then we can solve for a maximum B strength of ~ 530 G. Finally,
the PDFs applied to L, ne, and the thermal B prevent drifting into
nonphysical negative values.

APPENDIX B: ‘GOODNESS-OF-CHAIN’

Auto-correlation analysis is a necessary component of any pub-
lication employing MCMC sampling. We first discuss the auto-
correlation time as a measure of best-fitting solution convergence,
and then we evaluate chain exploration efficiency using the step ac-
ceptance fraction.

The auto-correlation time is a useful measure of how well an
MCMC run has converged by evaluating whether the chain is in-
dependent of its initial position. The Monte Carlo standard error
(MCSE) can be found from the variance:

T
o2 = Wf&n (B1)
Where 7 is the integrated auto-correlation time for the chain and
0 s the variance of the chain. (The familiar ordinary Monte Carlo
error of 1/V/N can be recovered if the chain samples are independent,
ie., 75 = 1). Thus, an estimation of the auto-correlation time of the
chain is a direct measurement of the error.

We stochastically define convergence as if the total length of the
chain exceeds 50 times the auto-correlation time. To determine if the
chain meets this threshold, the chain is correlated with itself at equal
intervals throughout the sampling. MCMC runs that do not meet this
threshold have the number of steps increased proportionally. We point
the reader to Sokal (1996) and Gelman et al. (2011) for a derivation
of MCSE and further discussion of evaluating chain independence.
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We may also qualitatively evaluate a chain by plotting the one-
dimensional density of each parameter of each walker versus the step
number, called a ‘walker plot’. An MCMC run that has converged
will demonstrate relatively constant density over the same region for
the entire chain length. Large-scale trends in the movement of the
walkers or diverging densities indicate instability in posterior space.
Figure B1 shows an example of a successtful MCMC walker plot
from the burn-in steps of the run for UX Arietis.

The acceptance fraction quantifies how often a walker ‘accepts’ a
step. It takes a step either due to a preferable value of the posterior
or against the posterior gradient. This will occur with a probabil-
ity proportional to the ratio of the posterior values at the current
and proposed location. For optimal speed in characterizing the pos-
terior probability distribution, the acceptance fraction should ap-
proach 0.23 (Gelman et al. 1997). For an MCMC chain that im-
plements the ‘stretch-step’ algorithm, « is a number greater than 2
that parametrizes the possible step lengths, where a walker will step
in the direction of another randomly selected walker with uniform
probability of lengths between 1/+v@ and va (Goodman & Weare
2010). Reducing @ can generally increase the acceptance fraction
(and therefore the average step length), but the auto-correlation time
is likely to grow, so a modification of the chain’s total length may
also be necessary.

The final settings and results of the emcee runs used in this work
are reported in Table B1. In all cases, we ran chains until the auto-
correlation condition was met and the acceptance fraction fell be-
tween 0.1 and 0.5.

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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Table A1. Default Priors

Generalized Gaussian Inverse Gamma
Component  Parameter Unit )i o K a b
L [Ro] - - - 0.1 0.022
5 4 2.5 10 - -
Power-Law log(ne) [em™3] - - - 1 2
B [G] 265 265 10 - -
91,2 [deg] 90 70 20 - -
L [Rpl - - - 0.1 0.022
log(Te)? [K] 8 1 10 - -
Thermal log(ne) [em™3] - - - 1 2
B [G] - - - 1 2
1) [deg] 90 65 20 - -

2 We implemented the prior on the electron temperature 7, even if there were values of
Lx from the literature to guarantee that the electron temperature satisfies the conditions
set out by the approximations in Robinson & Melrose (1984).

Table B1. emcee Settings and Results

Star a Burn-in  Production  Auto-correlation  Acceptance Frac.
HR 1099 % 75,000 1,500,000 11,900 (126x) 0.27
UX Arietis 2 2,000 20,000 210 (95x) 0.46
Algol % 150,000 2,500,000 31,900 (79x) 0.25
V410 Tau ‘31 50,000 1,000,000 7,200 (140x) 0.25
HD 283572 % 100,000 2,000,000 24,400 (81x) 0.21

MNRAS 000, 1-15 (2022)
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Figure B1. Walker position in each parameter as a function of step number. Convergence of the walkers 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 walker density along that axis. The distribution

is shaded according to the maximum of the median values.

MNRAS 000, 1-15 (2022)



	1 Introduction
	2 Gyro-synchrotron radiation: Summary of properties
	2.1 Maxwellian electron distributions
	2.2 Power-law electron distributions
	2.3 Spectral energy distribution and polarization for combined thermal and power-law GS emission

	3 Observations and Data Reduction
	4 Analysis: Model Fitting
	4.1 Bayesian Inference
	4.2 Fitting procedure
	4.3 Testing the Thermal GS Hypothesis: Bayes Information Criterion

	5 Results
	5.1 Active close binaries
	5.2 Weak T-Tauris

	6 Discussion
	7 Summary
	A Default priors
	B `Goodness-Of-Chain'

