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A B S T R A C T 

We present a multiwavelength study of AB Doradus, combining modelling that incorporates a spectropolarimetric magnetic field 

map with 8.4 GHz radio interferometry to measure the coronal extent and density of this young star. We use the surface magnetic 
field map to produce a 3D extrapolation of AB Dor’s coronal magnetic field. From this model we create synthetic radio images 
throughout the stellar rotation period which we can compare with the interferometric radio observations. Our models reproduce 
the two-lobe structure seen in the radio observations. We successfully fit the observed flux magnitude and lobe separation with 

our model. We conclude that that the features seen in the radio images are a result of centrifugal containment of hot gas at the 
peak of closed magnetic loops, and that the corona of AB Dor extends to about 8–10 stellar radii, making it much more extended 

than the present-day solar corona. 
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 I N T RO D U C T I O N  

he broad strokes of a star’s evolution are determined by its mass
as is clear in the standard Hertzsprung-Russell diagram evolution
racks), but the details of stellar evolution depend also on such
roperties as magnetic field strength and structure, stellar rotation
ate, and chemical composition (Brun & Browning 2017 ). These
roperties are themselves also interdependent. In particular the
agnetic field of a star allows it to lose angular momentum through

he magnetically channelled stellar wind and thus determines the rate
t which it spins down (Weber & Davis 1967 ). In turn, the rotation
ate also go v erns the magnetic field strength through the action of the
ynamo such that when the star rotates faster, the dynamo produces
 stronger magnetic field (Hartmann 1985 ). How this plays out in
he evolution of a particular star also depends on the geometry of the

agnetic field and how that affects the stellar wind, mass loss, and
elated properties. One of the open questions for stars that are young,
ast rotators, is the extent of the corona, i.e. how far out in the star’s
tmosphere are there closed magnetic field lines that can confine the
ot coronal gas? We know that the Sun’s corona extends to ∼2.5 R �
Panasenco et al. 2020 ), and although we expect a star’s magnetic
eld strength and rotation rate to change the properties of the corona,

t is not yet determined how this affects the corona’s extent. The
eeman–Doppler Imaging (ZDI) technique can be used to build
urface magnetic field maps, ho we ver it is dif ficult to directly detect
agnetic features abo v e the surface of a star. A multiwavelength

pproach that combines the surface magnetic map with observations
f coronal emission is a very powerful approach. 
The character and extent of a star’s corona affects not only the

tar itself, but its immediate environment. Exoplanets in short-period
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rbits may pass through both wind and coronal plasmas as they
rbit. Strugarek et al. ( 2022 ) modelled star-planet interactions for
D 189 733 and its planet that orbits at ∼9 R ∗; Folsom et al. ( 2020 )

ooked at the closest planet to 55 Cnc, a super-Earth that orbits at just
.5 R ∗. Both studies predicted that the planets orbit within the coronal
xtent, crossing both closed magnetic loops and open areas of stellar
ind, and both studies discuss the importance of understanding the

tellar coronal characteristics when modelling interactions between
he orbiting exoplanet and the host star. With an eye to the effects of
pace weather on orbiting planets, Davis et al. ( 2021 ) studied radio
mission from the M dwarf WX UMa and concluded that the closed
agnetic field lines extended out to at least 10 R ∗. 
One way to quantify the extent of the stellar corona is define

 theoretical radius beyond which all field lines become radial.
his radius is called the ‘source-surface’ ( R ss ) location, and while

his imaginary ‘surface’ is not in reality spherical, it is a useful
onstruct. R ́eville et al. ( 2015 ) developed a criterion for estimating
he ‘source-surface’ ( R ss ) location. See et al. ( 2018 ) used this method
o extrapolate the optimal source-surface location for 22 solar
nalogue stars with ZDI magnetic field maps, developing source-
urface evolution tracks for three stellar rotation rate. 

In this paper we will be studying AB Doradus A (hereafter AB
or), one of the best observed stars in the See et al. ( 2018 ) sample.
B Dor is the main star in a quadruple system consisting of two
ravitationally associated binaries (Guirado et al. 2006 ). It is a
ast-rotating (0.514 d) zero-age main sequence star of stellar type
1. AB Dor has the advantage of being well studied o v er decades
ith a variety of techniques and as many wavelengths, making it an

xcellent candidate for detailed study as there are good constraints on
ts directly observable quantities. A selection of AB Dor’s properties
ele v ant to this study are presented in Table 1 . AB Doradus Ba/Bb
re a close binary companion to AB Doradus A/C with a 9 arcsec
eparation (135 au; Guirado et al. 2006 ). This is distant enough that
© 2024 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Stellar properties of AB Doradus A, referred to throughout this 
paper as AB Dor. 

Property Value Source 

Mass 0.89 ± 0.08 M � [1] 
Distance 14.9 pc [2] 
Rotation period 0.514 d [3] 
Age 40–50 Myr [1] 
Radius 0.96 ± 0.06 R � [4] 
Corotation radius ( r K ) 2.6 R ∗ [5] 

References . [1] Azulay et al. ( 2017 ) 
[2] Guirado et al. ( 2006 ) 
[3] Innis et al. ( 1985 ) 
[4] Guirado et al. ( 2011 ) 
[5] Villarreal D’Angelo, Jardine & See ( 2018 ) 
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hile the two binaries are gravitationally linked they do not directly 
ffect one another and can be analysed separately. AB Doradus C
s a very low mass companion to AB Doradus A. Because of its
loseness (4.5 au), AB Doradus C cannot be dismissed in analyses 
f AB Dor A observ ations, ho we ver it is too small ( ∼0.09 M �) to
ffect the gravitational potential of AB Dor A, so we do not include
t in our model (Guirado et al. 2006 ). 

AB Dor is a well-known flare star; X-ray flare monitoring indicates 
hat it flares nearly once a day (Hussain et al. 2007 ), and optical
bserv ations sho w a ‘superflare’ e vent ( > 10 34 erg) about once a
eek (Schmitt et al. 2019 ). This indicates a v ery activ e corona,

ignificantly more so then our own Sun. Lalitha & Schmitt ( 2013 )
nvestigated the possibility of an X-ray activity cycle counterpart to 
he observed ∼17 yr photospheric activity cycle in AB Dor. They 
ound that the X-ray brightness varies within in a much smaller range
han that of the optical V-band, showing limited long term variation in
ontrast to the high rate of short term variation caused by continuous
aring activity (Maggio et al. 2000 ). X-ray studies also indicate a

hat AB Dor has a hot corona, on the order of 8–10 MK (see Hussain
t al. 2005 ; Close et al. 2007 ). 

Stellar ‘slingshot prominences’ were first observed on AB Dor in 
he H α band. Collier Cameron & Robinson ( 1989 ) identified a stellar
nalogue to solar prominences (cooler denser clouds of gas, trapped 
n pressure maxima within the corona), noting that on AB Dor these
eatures were more massive and higher in the corona than on the Sun.

any studies of stellar prominences followed this one (e.g. Jardine & 

ollier Cameron 1991 ; Villarreal D’Angelo et al. 2018 ; Jardine &
ollier Cameron 2019 ). Prominences are seen in absorption (usually 
almer lines) as they traverse in front of the star, or in emission when

hey are beyond the stellar limb (Dunstone et al. 2006 ; Villarreal
’Angelo et al. 2019 ). Their radial accelerations have been observed 

o indicate locations near the Keplerian co-rotation radius ( r K ∼
.6 R ∗ for AB Dor). While the disco v ery of prominences orbiting in
he stellar corona near the co-rotation radius have made it clear that
B Dor’s corona may be larger than the Sun’s, its extent has not
een fully determined. Given AB Dor’s age (40–50 Myr), See et al.
 2018 ) predict a very large source-surface, anywhere from 11 to 27 R ∗
epending on the assumed rotational evolution track. 
AB Dor’s surface magnetic field was first mapped in 1995 

Donati & Collier Cameron 1997 ), and between then and 2007 it was
apped nearly annually. Hussain et al. ( 2007 ) used contemporaneous 
-ray light curves and ZDI magnetic surface maps to correlate 

urface activity with the X-ray corona. In contrast to the H α

rominence studies, they determined that the X-ray corona of AB 

or must be very compact ( ∼0.3–0.4 R ∗). In additional evidence of
 compact X-ray corona, Maggio et al. ( 2000 ) studied two large
-ray flares, and concluded that they could not originate in AB
or’s prominences, but instead must come from coronal loops with 
aximum heights on the order of 1 R ∗. Jardine & van Ballegooijen

 2005 ) constructed a model for AB Dor that reconciled the compact
ature of the observed X-ray corona with the extended features 
bserved in H α. In their model, gas that was originally part of
he stellar wind is trapped in larger closed magnetic loops that
re not X-ray bright, but can support the prominences. When the
rominence mass can no longer be supported by the magnetic field,
he prominence either falls back to the surface (if it lies below r K ) or
s centrifugally ejected (if it lies abo v e r K ). These latter prominences
re the so-called ‘slingshot prominences’ that carry away mass and 
ngular momentum from the star (Villarreal D’Angelo et al. 2018 ). 

Evidence of a compact X-ray corona existing within a more 
xtended radio corona is discussed in the Massi et al. ( 2008 ) obser-
ations of binary system V773 Tauri. In that study they specifically
onsider and find evidence for solar-like ‘helmet streamers’. These 
re magnetic structures that form at the top of X-ray emitting coronal
oops such that there is an extended magnetic ‘streamer’ extending 
any stellar radii and facilitating the flow of plasma between upper

nd lower ‘mirror point’ at the peak of the helmet streamer, and
nchor point where it attaches to the coronal loop (Massi et al.
006 ). While these structures have not been observed on AB Dor
and indeed further observations could not confirm their presence 
n V773 T auri; T orres et al. 2012 ), the evidence for a compact X-
ay corona, extended radio corona, and the presence of prominences 
akes AB Dor a candidate to host them (Climent et al. 2020 ). Large-

cale prominence-like structures were also detected in time-series of 
ST GHRS far -ultra violet spectra of the eclipsing binary system,
471 Tau (Walter 2004 ). 
The radio emission from AB Dor was studied in 1994 by Lim et al.

 1994 ). Outside of impulsive flaring events they observed no circular
olarization and minimal variability. They based their observations 
n radio light curves, and after phase-folding were able to see radio
eaks consistent with star spots. More recently radio observations of 
he AB Doradus system have been used to constrain the dynamical

asses of all four members (e.g. Wolter et al. 2014 ; Azulay et al.
015 , 2017 ). Even more recently, in 2020, Climent et al. produced
 new study of AB Dor in the radio re gime. The y used v ery long
aseline interferometry (VLBI) to probe the magnetosphere of AB 

or. The images they produced show complex structures around the 
tar, with two distinct emission lobes. These lobes vary in position
nd strength on a timescale of hours, making them likely related to
he rotation of the star. Climent et al. ( 2020 ) put forth four possible
cenarios compatible with their observ ations. Moti v ated by this work
e use a ZDI surface magnetic field map to build a suite of 3D models
f the coronal magnetic field, and explore how the properties of our
odel are reflected in synthetic radio images created from it. Climent

t al. ( 2020 ) present VLBI data from a number of years between 2007
nd 2018; we focus on their 2007 data because there is also a ZDI
ap from that year. 

 M E T H O D S  

.1 Coronal magnetic field model 

he ZDI technique is a tomographic technique that uses time series
pectropolarimetric observations o v er a full rotation period to reco v er
he large-scale magnetic field strength and geometry of a star (Semel
989 ). We use the radial field component of the Zeeman–Doppler 
aps described in Cohen et al. ( 2010 ) to extrapolate the magnetic
eld structure of the corona between the surface of the star and
MNRAS 530, 2442–2451 (2024) 
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Figure 1. The radial component of the ZDI-determined surface magnetic 
field map for AB Dor from 2007 December (Cohen et al. 2010 ). 
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he ‘source surface’, the imaginary shell at the location where all
agnetic field lines become radial. 
The method we use to extrapolate the coronal field is described in

etail in Jardine, Collier Cameron & Donati ( 2002 ), implemented in
ode originally developed by van Ballegooijen, Cartledge & Priest
 1998 ). Broadly speaking, we assume that the stellar magnetic field is
potential’, (the curl of the magnetic field is zero), so we can describe
he magnetic field ( B ) in terms of a scalar potential ( �), such that
∇� = B . The requirement that the magnetic field is divergence

ree then reduces the problem to Laplace’s equation ∇ 

2 � = 0, which
e solve in spherical coordinates. The potential field assumption is

ppropriate for our model because we are interested in the large-
cale structure, which is well reproduced by this approach (Riley
t al. 2006 ). Additionally, when Jardine et al. ( 2013 ) explored the
ffect of the non-potential component of the stellar surface magnetic
eld they concluded that the non-potential nature of the field does
ot significantly affect the coronal wind. 
Once we have the magnetic field model for the corona (i.e. the
agnetic field B at every point in the spherical grid), we trace

ndividual field lines through each grid cell, collecting an array of
pen and closed field lines, each discretized into an array of points
ith a given position ( θ , φ, r ), volume, cross-sectional area, magnetic
eld strength, pressure, and number density. When tracing the field

ines we make the assumption of an isothermal corona at temperature
 in hydrostatic equilibrium. With these assumptions in place we can
rite the pressure at any point along a given field line as 

 = p 0 e 
( m/kT ) 

∫ 
g s d s (1) 

here g s is the component of the ef fecti ve gravity along the field line
 g s = g · B / | B | ), p 0 is the pressure at the field line footpoint, m is the
ean particle mass, and k is the Boltzmann constant. We relate the

lasma pressure at the footpoint to the magnetic pressure with 

 0 ( θ, φ) ∝ B 

2 
0 ( θ, φ) , (2) 

hich is a formulation presented in Jardine et al. ( 2002 ). We can
hen tune the relation with a multiplier on B 

2 
0 . This allows us to set

he base pressure of the corona as part of our model. 
Once we have a list of field lines, we use the method outlined

n Jardine et al. ( 2020 ) to search all closed field lines for stable
oints where prominences are able to form. We do this by searching
or pressure maxima, i.e. points on the field line that satisfy the
ondition 

 B · ∇)( g · B ) = 0 (3) 

here B is the magnetic field and g is the ef fecti ve gravity (see
erreira ( 2000 ) for a detailed discussion of the stability criterion).
e then fill the field line flux tube with the maximum amount

f mass that can be supported at the prominence location, given
 specified prominence temperature (8500 K for AB Dor; Collier
ameron 2001 ). Once the prominence mass has been determined

t is allowed to spread out hydrostatically along the field line. The
ffected field line cells are then marked as being part of a prominence,
nd the density and pressure updated accordingly. 

The ZDI surface magnetic field map we use is that from Cohen
t al. ( 2010 ), which was built using the technique described in
ussain et al. ( 2002 ). Because AB Dor’s rotation axis is inclined with

espect to the line of sight to the observer, some of the AB Dor surface
annot be observed. The particular map we use is the ‘unconstrained’
DI solution, where the maximum entropy solution is preferred with
o additional guiding principles for the areas of the surface that we
annot observe [e.g. that the magnetic field should be symmetric or
ntisymmetric, see Donati & Collier Cameron ( 1997 ), Donati et al.
NRAS 530, 2442–2451 (2024) 
 1999 ), Hussain et al. ( 2007 ), and Lehmann et al. ( 2019 )]. The surface
agnetic field map that forms the basis of our models is shown in
ig. 1 . The three dimensional grid we build when we extrapolate the
oronal field is linear in θ and φ, with a resolution of 64 × 128, and
xponential in radius such that for a radial shell i (where i = 0 is the
tellar surface), the normalized radius of points on that shell ( r i =
 i / R ∗) are related to the surface resolution by r i = e i π/N θ , where
 θ = 64 is the resolution in θ . 
Fig. 2 shows our magnetic field e xtrapolation giv en the parameters

isted in Table 2 . These parameters are used for the models shown
n figures throughout the paper unless otherwise noted. The top
mage shows all of the closed field lines coloured by magnetic
eld strength. The bottom image shows only the prominence-bearing
eld lines coloured by magnetic field strength, with the prominences

hemselves marked in red, and the non-prominence-bearing field
ines picked out in black. The rotation axis is marked by the grey
otted line, while the magnetic dipole axis is in pink. We can see that
hile there are closed field lines extending out to the source surface,

he prominences cluster nearer the star, around the co-rotation radius.

.2 Synthetic image creation 

nce we have our 3D model of the coronal magnetic field, we use it
o produce synthetic images at a particular observation wavelength,
iewing angle, and rotation phase. Fig. 3 shows an example sight line
hrough a stellar corona including both closed and open field lines,
nd a stellar prominence. 

We choose an observational wavelength of 8.4 GHz, the frequency
t which Climent et al. ( 2020 ) observed during the year we have a
DI map. In the hot, fully ionized corona of our star AB Dor, we
xpect that the quiet background emission will come from free–free
bremsstrahlung) emission as it does on the Sun (Dulk 2001 ). This
mission is incoherent and often optically thick, so it is important to
nclude the optical depth when modelling this emission (Dulk 1985 ).
he only line emission present at 8.4 GHz are radio recombination

ines; ho we ver, AB Dor’s corona is too hot for this line emission
hich is visible at temperatures ∼10 4 K (Dravskikh & Dravskikh
022 ). 
Because this is a static model, transient effects such as flares, are

lso not included. While AB Dor is a well known flare star, Climent
t al. ( 2020 ) show that the morphology of the radio emission is
ersistent o v er the 10 yr of their observations, and thus we find
t reasonable to search for physical underpinnings to the radio
orphology in the steady-state realm. We also do not model emission

rom gyrosynchrotron, cyclotron maser, and plasma radiation, as
hose emission mechanisms are all associated with short term activity
Dulk 2001 ). That the observed emission is only weakly polarized,
upports this decision. 
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Figure 2. AB Doradus model magnetic field lines, given the parameters in 
Table 2 . The top plot shows all the closed field lines coloured by magnetic 
field strength. The bottom plot focuses on the prominence bearing field lines, 
which are still coloured by magnetic field strength while the non-prominence 
bearing lines are picked out in black, and the prominences themselves are 
shown in red. The dotted grey line in both plots is the axis of rotation, and 
the dotted pink line is the magnetic dipole axis. The rotation axis is tilted 60 ◦
from our viewing angle, and the dipole axis is misaligned from the magnetic 
field axis by about 100 ◦. 

Table 2. Model values used in producing the figures throughout this paper 
unless otherwise noted. 

Property Value 

ZDI map year a 2007 
Prominence temperature ( T prom 

) b 8500 K 

Base pressure ( p 0 ) 10 −5.5 × B 0 (G) 2 Pa 
Source surface radius ( R ss ) 8.1 R �
Corona temperature ( T cor ) 2 × 10 6 K 

Observation frequency 8.4 GHz 
Resolution 0.01 R ∗/ px 
Image size 200 × 200 px 

Notes . a Cohen et al. ( 2010 ) 
b Collier Cameron ( 2001 ) 
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Figure 3. This diagram illustrates an example sight-line through the stellar 
corona. The sight-line crosses both open and closed field lines, as well as a 
prominence. 
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We do not include emission from the stellar wind (open magnetic 
eld lines) in our calculations because its contribution is negligible. 
sing the given stellar wind density and temperature approximations 

rom Ó Fionnag ́ain & Vidotto ( 2018 ), we estimated the wind
mission using a simple 1D Parker Wind solution and found that 
he total emitted flux ranged from a factor of ∼10 −4 –10 −1 of the flux
rom the closed corona. 
Our method of calculating the optical depth is based on that of
right & Barlow ( 1975 ), who presented a model for the radio and

nfrared spectrum of early-type stars, based on the assumption of uni-
orm mass loss. The original formulation of this model required the
tellar wind to be assumed spherically symmetrical and at terminal 
 elocity, Dale y-Yates, Stev ens & Crossland ( 2016 ) used numerical
ethods to relax these constraints, and used the resulting algorithm to 

reate synthetic radio emission observations for accelerating stellar 
inds. We follow the Daley-Yates et al. ( 2016 ) method, but further

elax the constant temperature constraint to account for the presence 
f stellar prominences. 
As discussed in the previous section we model the corona as

sothermal ( T c ) and in hydrostatic equilibrium, with prominences 
t a single cooler temperature ( T p ). We model both the corona
nd prominences as fully ionized hydrogen, emitting Blackbody 
ontinuum radiation at their given temperatures. This assumption 
f full ionization is very close to the true conditions in the corona,
hich is hot enough to be fully ionized and is nearly entirely made
p of hydrogen. For the prominences, ho we v er, while the y hav e the
ame atomic makeup as the corona, because they are cooler and
enser a smaller proportion of the gas will be ionized. The neutral
as in the prominences does not ho we ver af fect the ability of the
agnetic field to confine the prominence gas. This was determined 

n studies of the Sun such as Pneuman & Kopp ( 1971 ). 
Given our assumptions, the intensity of the emission at every 

oint in the (closed magnetic field) corona can be expressed by
lanck’s law (which we use in its full form rather than the Rayleigh–
eans approximation). Planck’s law describes the radiation as it 
s emitted from each individual location, however we must also 
onsider the opacity of the coronal gas and prominences, meaning 
hat the intensity that reaches the observer will be 

 ν( y, z) = 

∫ ∞ 

−∞ 

B ν ( T ( x, y, z ) ) e −τ ( x ,y ,z) κff ( x, y, z) d x (4) 

here I ν( y , z) is the intensity at position ( y , z) in the observation
lane, B ν is the Blackbody emission at position ( x , y , z) in the corona
or a observing frequency ν, τ is the optical depth at position ( y ,
) and distance x along the line of sight, and κ ff is the free–free
bsorption coefficient (Daley-Yates et al. 2016 ), see Fig. 3 . The
ntegral is defined over the entire line of sight; in practice this means
e integrate across the volume of our model. 
As we are only modelling bremsstrahlung emission, the optical 

epth can be related to the free–free absorption coefficient with 

 τ = κff d x (5) 

here d τ is the infinitesimal optical depth of the material across d x .
MNRAS 530, 2442–2451 (2024) 
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Figure 4. Synthetic image of AB Dor at 8.4 GHz, made using the parameters 
shown in Table 2 . The innermost dashed (blue) circle marks the stellar radius, 
and the outermost (blue) circle the source surface radius, which is also the 
edge of the model. The middle (pink) dashed circle marks the co-rotation 
radius. Note the dark features at the co-rotation radius: these are the stellar 
prominences that cluster around that radius and are radio dark and optically 
thick. 

Figure 5. Comparison of the high resolution synthetic image ( left ), and 
synthetic image convolved with the telescope beam size ( right ) for the 
parameters given in Table 2 . The circle in the right plot shows the beam 

size. 
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While the stellar prominences are not completely ionized, at radio
requencies the neutral atoms do not contribute to absorption, and at
he typical densities of stellar prominences the resulting absorption
s negligibly affected by even very low ionization fractions. Mihalas
 1978 ) derives the free–free absorption coefficient using the quantum
efect method, assuming local thermodynamic equilibrium and a
ully ionized 100 per cent hydrogen atmosphere. The result in CGS
nits is 

ff = 0 . 0178 
Z 

2 g ff 

T 3 / 2 ν2 
n e n i (6) 

here Z is the ion charge, g ff is the free–free Gaunt factor, T is
he temperature, ν is the observing frequency, and n e and n i are the
lectron and ion number densities, respectively. We use the free–free
aunt factor from Daley-Yates et al. ( 2016 ), derived by van Hoof

t al. ( 2014 ) 

 ff = 9 . 77 + 1 . 27 log 10 

(
T 3 / 2 

νZ 

)
(7) 

here all of the symbols are the same as in equation ( 6 ). 
Combining these three equations, for a given viewing angle (see

ig. 3 ), we calculate the optical depth along a particular sight-line
in the ˆ x direction) based on the free–free absorption coefficient ( κ ff )
nd the opacity of the material between the viewer and the x- axis
osition. Thus 

 ν = 

j ∑ 

B ν( T j ) e 
−τj κff ,j d x j (8) 

nd, 

j = 

i= j ∑ 

i= 0 

κff ,i d x i (9) 

here I ν( y , z) is the intensity at frequency ν for the sight-line defined
y the Cartesian position ( y , z), B ν( T j ) is the Blackbody radiation in
requency ν for the temperature T at position x j , and τ j is the optical
epth at position x j . 
To create a synthetic image we first choose the observation angle,

s well as the desired image resolution. By default the model is
onstructed such that the rotation axis points in the ˆ z direction with
otational phase φ = 0 ◦; ho we ver, we can rotate the model in any
irection by performing a change of coordinate function to simulate
ny viewing angle, and then rotate the star with φ. 

We rotate our model to the desired viewing angle, and then
nterpolate onto a Cartesian grid at the specified resolution. The
nterpolation is done using the nearest neighbour method. As men-
ioned previously, we do not consider the stellar wind in this model,
nd thus set the density along the open field lines to zero before
nterpolation. Once we have a 3D Cartesian grid aligned with the
ine-of-sight, we can numerically integrate through the cube to get
rst the optical depth in each grid cell, and then the intensity. The last
tep necessary for comparing our synthetic images with real data is
o translate the calculated intensity into observed flux. The spectral
ux density ( S ν) at distance D is given by 

 ν = 

∫ ∞ 

−∞ 

∫ ∞ 

−∞ 

I ν( y , z)d y d z. (10) 

or each individual pixel this becomes 

 ν( y, z) = I ν( y , z)d y d z (11) 

here d y , d z are the dimensions of the pixel, and the total flux is 

 ν = 

j ∑ 

i ∑ 

I ν( y j , z i )d y j d z i . (12) 
NRAS 530, 2442–2451 (2024) 
We know that the rotation axis of AB Dor is inclined by 60 ◦ to
ur line of sight, so we choose a viewing angle of (60 ◦, 0 ◦), where
0 ◦ is the angle of inclination, and 0 ◦ is the position angle of the
otation axis in the plane of the sky. While the position angle of AB
or is unknown, changing it simply causes a rotation of the resulting

mage, which does not affect our conclusions. 
Fig. 4 shows an 8.4 GHz image produced in this manner with a

0 ◦ axial tilt, at rotation phase 0 ◦, and with an image resolution of
.1 R ∗ or 200 pixels per side. 
In the resulting synthetic image (Fig. 4 ) we can see qualitatively the

wo lobe structure discussed by Climent et al. ( 2020 ); ho we ver, the
esolution is clearly much higher than is detectable by the telescope.

e therefore convolve the image with the approximate beam size of
he instrument, and apply a peak-finding algorithm. The beam size for
he 2007 images in Climent et al. ( 2020 ) is 1.7 × 2.7 mas. Because we
o not know the position angle on the plane of the sky for the image,
e convolve the image with a circular beam of the smaller diameter.
ig. 5 shows the high resolution image beside the convolved image
ith 70 per cent, 80 per cent, and 90 per cent contours marked. On

he convolved image we can see the two lobe structure much more
learly, and measure the distance between the two visible emission
eaks. We calculate not only the geometric distance between the
mission peaks, but also the distance from the star of each peak and
he angular distance between them. If there is only one peak detected
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Figure 6. Two plots illustrating our model parameter space. Both plots are 
coronal temperature versus source surface radius for six different mean 
surface pressures. The top plot is coloured by total flux (averaged over 
the stellar rotation), and the bottom by lobe separation (averaged over the 
fraction of the rotation period showing two-lobe structure). The black areas 
in the lower plot indicated models that never show a two-lobe structure. The 
hatched areas guide the eye to the model space most consistent with the 
observations in Climent et al. ( 2020 ); flux values between 3.7 and 5.7 mJy, 
and separations of 7–11 R ∗. 
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Figure 7. Three examples of synthetic images and their convolved coun- 
terparts from different parts of the model parameter space. The synthetic 
images ( left column ) are all labelled with the model source surface location 
and individual colourmaps. The 75 per cent and 95 per cent contours are 
o v erplotted on the convolved images ( right column ); also o v erplotted are 
arrows from the the centre of the star to emission peak locations. The model 
parameters are as follows, top : T cor = 9 × 10 6 K, R ss = 4.2 R ∗, P 0 = 4 × 10 −3 

Pa; middle : T cor = 10 6 K, R ss = 14.2 R ∗, P 0 = 0.08 Pa; bottom : T cor = 5 × 10 6 

K, R ss = 6.5 R ∗, P 0 = 0.04 Pa. 
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e consider there to be no distinct lobes and record a lobe separation
f 0. In cases where there are more than one peak we record all of
hem, but consider the greatest distance between any pair (geometric 
r angular) to be the distance for the image. We do this to ensure that
e record the outermost visible lobes in the corona, giving us the

ull extent over which we observe flux. 

 RESULTS  

ig. 6 shows the outputs of our model as we vary the input parameters.
he three free parameters in our model are source surface radius
 x -axis), coronal temperature ( y -axis), and base pressure (constant
n each subplot). The top plot is coloured by the total flux in our
ynthetic images (averaged over rotation phase), and the bottom 

gure is coloured by separation of the two emission peaks. For the
mission peak separation we av erage o v er all rotation phases that
how two peaks of emission in the convolved image; models where 
o rotation phase results in two emission peaks are coloured black. 
he hatched contours guide the eye to the parts of parameter space
here the model outputs most closely align with the Climent et al.

 2020 ) results. 
Fig. 7 shows example images (high resolution and convolved) from 

hree different parts of the parameter space. The top model has a high
emperature corona (9 × 10 6 K), a small source surface (4.2 R ∗), and
ow surface pressure (4 × 10 −3 Pa). While in the high resolution 
mage we can see a clear two lobe structure, because of the small
cale as compared to the telescope beam size, the convolved image
nly shows one peak. Additionally because of the low pressure, 
he coronal density and thus flux is very low, far below the values
bserved by Climent et al. ( 2020 ), and likely so low that it would
ot be observable if this were the true flux. The middle model has a
ow temperature corona (10 6 K), a large source surface (14.2 R ∗), and
id-range surface pressure (0.08 Pa). While in the high resolution 

mage there is bright emission from just near the star itself in addition
o a very bright and obvious lobe to each side, the convolved image
hows only the two side lobes. For the bottom model all parameters
re in the middle of our range ( T cor = 5 × 10 6 K, R ss = 6.5 R ∗, P 0 =
.04 Pa). In the high resolution image we can see that while there is
mission further out, the brightest emission spots are near the surface
f the star, this is reflected in the close location of the two detected
eaks in the convolved image, marked pink arrows. 

Fig. 8 quantifies the different geometries we see in the convolved 
mages produced from our models. For each set of model parameters
e plot the mean angular separation (as calculated in Fig. 6 ) and
ean emission lobe radius, and colour the points by the percentage 

f images (across a rotation period) showing two visible emission 
eaks. We have also marked AB Dor’s co-rotation radius ( r K =
.6 R ∗), and 90 ◦ of angular separation. We can see from this plot that
ll models with mean angular separation < 90 ◦ show emission peaks
elow the co-rotation radius, and a low percentage of the images
MNRAS 530, 2442–2451 (2024) 
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Figure 8. Illustration of the emission lobe characteristics across our pa- 
rameter space. Mean angular-separation (for all two-lobe images o v er the 
rotation period) is plotted against mean lobe radius with the points coloured 
by per cent of the stellar rotation showing two peaks. The Keplarian co- 
rotation radius, and 90 ◦ are also indicated. The distribution is such that models 
most clearly exhibiting the two-lobe structure also show a large angular 
separation (emission lobes are on either side of the star), and for models with 
low angular separation the emission originates close to the stellar surface. 

Figure 9. The total flux and peak separation o v er a stellar rotation period, for 
our model with parameters shown in Table 2 . The three images abo v e show the 
convolved synthetic image corresponding at three example phases: maximum 

peak separation ( left ), minimum total flux ( right ), and an intermediate phase 
for both flux and peak separation ( middle ). 
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Figure 10. Sketch of the ‘flaring loops model’ from Climent et al. ( 2020 ) 
next to an example convolved image from a model with the same orientation. 
The blue (vertical) arrow marks the rotation axis, and the pink arrow the 
magnetic dipole axis. 
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how two peaks. This tells us that low angular separation occurs
hen the bulk of the flux originates near the surface of the star,

nd that for most of the orbit this creates only a single peak in the
onvolved image (e.g. Fig. 7 , bottom ). With increasing radius for the
mission peaks, we also see a corresponding trend to higher angular
eparations, and higher percentage of two-lobe images. This tells us
hat when the emission originates higher abo v e the stellar surface,
hat emission is to either side of the star, and the two-lobe structure
s visible through more of the stellar rotation. 

While Fig. 6 shows the bulk properties of each model, Fig. 9 shows
ow one model varies through a full stellar rotation. We can see that
he convolved synthetic image moves between a one and two lobe
tructure, and that the phases of maximum total flux correspond to
he phases with the largest peak separation. The total flux varies by

1 mJy, and is clearly related to the geometry of the corona, such
hat maximum occurs when two emission lobes are clearly visible,
nd minimum when one is obscured by the other. 
NRAS 530, 2442–2451 (2024) 
 DI SCUSSI ON  

.1 Four possible scenarios 

efore discussing our results in detail, we will quickly present the
our scenarios presented in Climent et al. ( 2020 ), and discuss out
odel’s ability to comment on each. 
Close companion hypothesis: As mentioned in the introduction,

B Dor is part of a quadruple star system, that is two gravitationally
inked stellar binaries. Thus, Climent et al. ( 2020 ) consider that
he two components observed in their data may be interpretable as
B Dor and its low-mass close companion AB Dor C. Ho we ver,

nalysing the measured separation of the two visible components
 v er time, assuming they are AB Dor and AB Dor C yields radial
elocity values for AB Dor that significantly higher than prior
bservations (Climent et al. 2020 ). We therefore do not consider
his scenario either, modelling AB Dor alone. 

Polar cap hypothesis: In this scenario, the emission seen by
liment et al. ( 2020 ) originates abo v e the magnetic polar region of
B Dor. This is incompatible with our model for all input parameters.
ur model produces emission from the magnetic equatorial regions;

he polar regions are dominated by stellar wind which contributes
egligibly to the overall emission (see Fig. 2 ). The mechanism
roposed to explain this scenario in Climent et al. ( 2020 ) in involves
lectrons accelerated by flaring activity flowing along magnetic field
ines and being emitted as synchrotron radiation o v er the poles. As
iscussed in our methods section we modelled neither flaring activity
or synchrotron emission. Thus we can not definitively rule this
cenario out, ho we ver we find it incompatible with our model, and
ven if this form of emission were present, one still needs to consider
he bremsstrahlung radiation that we do model. 

The helmet streamer hypothesis: As discussed in the introduction,
elmet streamers form as particles travel between ‘mirror points’,
ne point close to the surface of the star, and one directly abo v e it,
uch higher in the stellar atmosphere. In this scenario, the visible

mission lobes are the upper and lower mirror points, meaning
hat, geometrically, both lobes are to one side of the star, with one
onsiderably further from the star. Fig. 8 shows the distribution of
ngular separations in our parameter space, and in particular shows
hat all of our models with the low angular separation necessary to
his scenario have emission lobes relatively close to the stellar surface
below the co-rotation radius) and show the two-lobe structure for
ess than half of their orbit. Thus it is impossible, with our model,
o see the 8–10 R ∗ lobe separation that Climent et al. ( 2020 ) observe
nd also have both lobes on one side of the star. We can therefore
ule out this scenario. 

The flaring loops hypothesis: In this scenario the observed
mission lobes are the result of emission from the tops of large,
losed, magnetic loops in the corona. Fig. 10 shows a sketch of this
cenario as presented by Climent et al. ( 2020 ) paired with one of
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Figure 11. The model mean flux ( top ) and lobe separation ( middle ) as a 
function of source surface and base pressure for a 9 MK corona. The contours 
guide the eye to the parameter space that produces the best agreement with the 
Climent et al. ( 2020 ) results. The bottom plot shows both agreement contours, 
highlighting the small area of o v erlap. 

o
o
f
m
t  

e  

s
c
f
t  

p

4

H
l  

c  

t  

b  

Figure 12. This figure illustrates the weak dependence on temperature for 
our model. The pale blue and pink shading shows the agreement contours 
(see Fig. 11 ) for mean lobe separation and flux, respectively. The coloured 
contours show the agreement areas for both flux and lobe separation by 
corona temperature. While the specific values depend on the accuracy of the 
observations and model, the shape of the contours and o v erlap are consistent 
when different target ‘accuracy’ values are chosen. 
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ur convolved images. Geometrically, this scenario is a match: from 

ur high resolution images we know that the emission is coming 
rom the closed coronal loops, particularly at their peaks, and the 
ajority of our convolved images show the two lobe structure where 

he lobes are at similar radius to either side of the star. Climent
t al. ( 2020 ) suggest, as an underlying emission mechanism for this
cenario, magnetic reconnection and interaction events in the upper 
orona producing a permanent population of accelerated electrons 
rom these frequent but fundamentally transient events. We find that 
his mechanism is not necessary, rather that a steady state model can
roduce the requisite flux through simply centrifugal confinement. 

.2 Cor onal pr operties 

aving established that our model is compatible with the flaring 
oops hypothesis in Climent et al. ( 2020 ), we now explore what this
an tell us about the characteristics of AB Dor’s corona. Fig. 11 fixes
he corona temperature at 9 × 10 6 K and plots source surface versus
ase pressure. The top and middle plots are coloured by total flux and
wo-lobe separation respectively, with the hatched areas guiding the 
ye to the values more closely aligned with the Climent et al. ( 2020 )
bservations (as in Fig. 6 ). The bottom plot of Fig. 11 shows just the
greement contours from the two upper plots, shown together so that
e can see that they trend in opposite directions and have a tight area
f o v erlap indicating the ‘best’ model at this temperature. 
Fig. 12 combines the agreement contours shown in the bottom 

lot of Fig. 11 for all input temperatures (10 6 –10 7 K). The individual
ux (pink) and separation (blue) contours are picked out faintly, and

he o v erlapping contours are colour-coded by temperature. We note
hat there is no contour for the lowest coronal temperature, 10 6 K, as
here is no o v erlap in the agreement contours for such a cool corona.

e can see that for corona temperatures of 4 × 10 6 K and hotter
he agreement parameter space is very similar; this indicated that for

edium to hot coronas, our model is not very temperature sensitive.
rior studies (Hussain et al. 2005 ; Close et al. 2007 ) indicate that AB
or has a hot corona on the order of 8–10 MK, so it is most likely

hat the AB Dor corona falls into the regime where our model is only
eakly dependent on temperature. The base densities for the region 
f our parameter space encompassed by the T = 10 6 –10 7 K contours
s in the range n e = 10 15 –10 16 m 

−3 , which are consistent with values
erived from X-ray observations of active stars such as AB Dor (e.g.
ess et al. 2004 ). This means that without adding further constraints
e can assert that AB Dor’s source surface is ∼8–9 R ∗. 
We note that the specific agreement contours shown on these 

lots are based on the numbers reported by Climent et al. ( 2020 ;
.6 ± 0.4 mJy total flux and 8–10 R ∗ lobe separation), but there
s no way to accurately estimate the uncertainty in the comparison
ecause of the complexities and assumptions built into the modelling 
rocess. Ho we v er, e xamination of the colour gradients in the lobe
eparation and flux plots in Fig. 11 reveals that changing the range
f values considered to agree with observations mo v es the location
f the agreement contours and therefore the location of o v erlap,
ut does not change the shape of the contours or the fact of the
 v erlap. Specifically, increasing the target separation also increases 
he matching source surface radius (and likewise decreasing), and 
MNRAS 530, 2442–2451 (2024) 
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Figure 13. Comparing planetary orbital radii to source surface locations. The 
black and pink points mark planets orbiting solar mass (pink) and non-solar 
mass (black) stars, all taken from the NExSI Planetary Systems Composite 
Parameters T able. W e consider stars 0.9–1.1 R � to be solar mass. The dotted 
lines are See et al. ( 2018 )’s source surface radii ( r ss ) against age for fast (blue), 
medium (green), and slow (red) rotators. The shaded re gion, e xtrapolated from 

the slow rotator curve, represents a conservative estimate of the area where 
planets (at least around solar mass stars) are likely orbiting within the corona. 
The source surface radii calculated by R ́eville et al. ( 2016 ) are marked with 
black stars. Our calculation of AB Dor’s source surface, and the orbits of the 
close-in planets HD 189 733 b and 55 Cnc e are labelled. 
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ncreasing the target flux also increases the matching base pressure
and likewise decreasing). 

.3 Exoplanet environments 

n important implication of the finding that young stars like AB Dor
ay have far more extended coronae than previously thought is that

lose-in exoplanets may be orbiting within their star’s corona, and
f they are not now, they might have in the past. Fig. 13 illustrates
his; on it we plot stellar age versus planetary orbit for all planets
n the NASA Exoplanet Archive with known stellar age and planet
rbital radius. Also plotted are theoretical source surface tracks for
ast (blue), medium (green), and slow (red) rotators from See et al.
 2018 ), with the slow rotator curve extrapolated beyond the age range
iscussed in that paper (grey shading). We have also marked the
ource surface radii calculated by R ́eville et al. ( 2016 ) for a handful
f Sun-like stars with ZDI maps, and note that they align well with
he See et al. ( 2018 ) curves. Even considering the most conserv ati ve
slo w rotator) e volution track we can see that a handful of planets
ave a good chance of orbiting within their star’s corona. Furthermore
here are a large number of planets in the lower right corner of the
lot orbiting older star at radii such that earlier in their evolution they
ould have been orbiting within the corona of their star, assuming

ittle dynamical evolution as the system evolves. Additionally, the
wo planets discussed in the introduction as likely orbiting within
heir star’s corona both appear abo v e the source surface curve in
ig. 13 , suggesting that if anything, our source surface estimates
nderestimate the full extent of closed corona. 
This has implications for the interaction between the stellar and

lanetary atmospheres for close in planets. As discussed earlier in
he paper, while the source surface location is a measure of the extent
f closed coronal loops, within that imaginary sphere there are both
reas of closed corona and stellar wind. Thus, a planet orbiting within
his radius spends part of its orbit within the closed corona and part
n the stellar wind. Within the closed corona, the thermal pressure
s higher due to the hotter and denser environment compared to the
NRAS 530, 2442–2451 (2024) 
tellar wind. The ram pressure ho we ver would likely be lower as the
as in the corona does not have the velocity of the wind. What exactly
his means for the ability of the planet to retain its atmosphere, and
he effect of this changing environment on the planetary magnetic
eld and surface conditions bears further exploration. Additionally,

n this scenario, as the planet orbits the star it would pass across
agnetic loops; each time it crosses a neutral line the location on

he stellar surface connected to its mo v ement would change, quite
uddenly, to a new location. This behaviour would complicate any
earch for enhanced activity on the surface of the star related to an
rbiting planet, because that signature would jump discontinuously
cross the surface of the star. And of course, this is even before you
ccount for natural stellar variability as active regions evolve over a
eriod of several weeks. 

 C O N C L U S I O N S  

n this study we have combined two different types of observations
f one young star to determine the extent and density of its corona.
oth of these parameters are important in studies of magnetic activity
nd rotational ev olution, b ut they are difficult to determine by any
ne observational method alone. We have used a surface magnetic
ap determined from spectropolarimetric observations to generate
 3D model of the magnetic and plasma structure of the young
apidly rotating star AB Dor. From this model we have determined the
ree–free radio emission and generated synthetic radio images at all
otation phases. These images typically show a two-lobed structure.
y varying the two free parameters of our model (the base coronal
ressure and the extent of the closed-field corona) and comparing
o the observ ationally deri ved v alues of the flux density and lobe
eparation, we were able to: 

(i) Reproduce the radio flux (3.7–5.7 mJy) and lobe separation
8 − 10 R ∗) of the Climent et al. ( 2020 ) radio imagery 

(ii) Reject both very small and very large source surface locations,
nding the optimal value for AB Dor is ∼9 R ∗
(iii) Find evidence that Climent et al. ( 2020 )’s flaring loop hy-

othesis is the most likely scenario 
(iv) Reject Climent et al. ( 2020 )’s helmet streamer hypothesis 
(v) Find evidence that the centrifugal confinement of gas at the

ops of large closed magnetic field lines produce the two-lobed radio
mage structure 

This study demonstrates the potential power of such a multiwave-
ength approach. Coupling both magnetic field mapping (through
echniques such as ZDI) with radio images can allow us to measure
oronal extents and densities in young solar-like stars. 
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