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ABSTRACT

The structure of a star’s coronal magnetic field is a fundamental property that governs the highenergy emission from the hot coronal gas and the loss of mass and angular momentum in the stellar
wind. It is, however, extremely difficult to measure. We report a new method to trace this structure
in rapidly-rotating young convective stars, using the cool gas trapped on coronal field lines as markers. This gas forms “slingshot prominences” which appear as transient absorption features in H-α.
By using different methods of extrapolating this field from the surface measurements, we determine
locations for prominence support and produce synthetic H-α stacked spectra. The absorption features produced with a potential field extrapolation match well this those observed, while those from
a non-potential field do not. In systems where the rotation and magnetic axes are well aligned, up to
50% of the prominence mass may transit the star and so produces a observable feature. This fraction
may fall as low as 2% in very highly inclined systems. Ejected prominences carry away mass and
angular momentum at rates that vary by two orders of magnitude, but which may approach those
carried by the stellar wind.
Key words: stars: coronae, stars: late-types, stars: magnetic fields, stars: rotation,
stars: solar-type
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INTRODUCTION

The structuring of the solar corona into magneticallyconfined X-ray bright loops and dark, wind-bearing coronal
holes has been studied for many decades. Over the course
of the solar cycle, this structure evolves, leading to variations not only in the Sun’s X-ray luminosity, but also the
mass and angular momentum lost in the solar wind. This
structure has also evolved as the Sun has been spun down
by the loss of angular momentum in its wind (Güdel 2007;
Vidotto et al. 2014).
The nature of the corresponding structures in other
solar-like stars is difficult to determine, however, without resolved observations. In binary systems, X-ray eclipse observations can provide information about the location of emitting structures (Siarkowski et al. 1996; Güdel et al. 2001).
These early studies showed highly structured coronae, with
localised regions of emission consistent with Doppler imaging results. High time cadence, high resolution studies of
X-ray spectra can also use the velocity shifts of X-ray
lines to localise the emission in velocity space, giving information about the extent of the confined X-ray corona
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(Hussain et al. 2007). More recently, the possibility of exploiting exoplanetary transits to probe the structure of the
exoplanetary exosphere has generated new interest in the
structure and variability of the underlying stellar emission
(Llama & Shkolnik 2015). Observational studies of the stellar winds that correspond to these X-ray coronae are hampered by the wind’s low density. The thermal radio emission
from the wind can be used to provide measurements of the
wind density (Panagia & Felli 1975) but these are typically
upper limits (Lim & White 1996; van den Oord & Doyle
1997; Gaidos et al. 2000; Villadsen et al. 2014). More recently, Fichtinger et al. (2017) have provided stringent upper limits on mass loss rates for four solar-type stars based
on a range of optical depth regimes. An alternative method
is the novel technique that has been developed using the
enhanced Lyman-α absorption in the “hydrogen wall” that
forms at the stellar asterosphere. This provides a probe of
the wind density and hence, assuming a simple wind model,
the mass loss rate (Wood 2004). The results suggest that
mass loss rates increase with X-ray flux up to some “wind
dividing line” but beyond that they appear to decrease.
The coronal magnetic field that produces this structure
remains elusive. It is only at stellar surfaces that we can detect and measure the magnetic field. Its geometry can be re-
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vealed by spectropolarimetric studies, using the technique of
Zeeman-Doppler imaging (Donati & Collier Cameron 1997;
Donati et al. 1999; Hussain et al. 2000; Carroll et al. 2012;
Rosén et al. 2015). This produces maps of the vector components of the surface magnetic field, often decomposed into
their toroidal and poloidal components (Donati et al. 2006).
The presence of toroidal fields at the surfaces of stars was
initially surprising because it is different from what is found
on the Sun (Donati et al. 1992; Donati 1999; Donati et al.
2003), but they have now been detected in a range of stars
including the very young T-Tauri stars (Skelly et al. 2010;
Donati et al. 2014). While toroidal fields are detected on a
range of stars, it is in stars with a tachocline that they may
contribute a significant fraction of the total magnetic energy (Petit et al. 2008; See et al. 2015). If this toroidal field
extends beyond the surface into the corona, it may have
a significant effect on the coronal structure and dynamics.
Alvarado-Gómez et al. (2018) suggest that it may act to enhance the confinement of coronal plasma, inhibiting the ejection of CMEs on very active stars. This may explain why the
solar scaling of CME kinetic energy with X-ray flux cannot
be extrapolated to active stars without requiring an unphysically large energy for stellar CMEs (Drake et al. 2013). The
development of a strong toroidal field that may inhibit the
stellar wind has also been proposed as an explanation for
the apparent drop in mass loss rate per unit surface area
beyond the “wind dividing line” (Wood 2004). As shown by
Vidotto et al. (2016), however, there is no apparent change
in magnetic field topology across this line.
In order to determine the nature of the stellar coronae
that correspond to the observed surface magnetic fields, we
need to understand how these fields are extrapolated into
the corona. This requires some observational signature of
the height and geometry of the magnetic loops that form
the corona. One of the most successful methods of localising
emission is to use an eclipse observation, but for a single
star without a binary companion or a transiting planet, it
might appear that there is no object to provide an “occulting disk”. Many young, rapidly-rotating stars exhibit transient H-α absorption features, however, due to the centrifugal trapping of cool, dense gas in “slingshot prominences”

Jardine & Collier Cameron (2019) showed that a significant
number of low mass stars lie in this regime and that the observed masses and lifetimes of prominences may therefore be
used as a measure of the rate of mass upflow and hence of the
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Figure 1. Schematic view of the inclination of the dipole axis to
the rotation axis. The rotational and magnetic equators intersect
at two longitudes, shown by black circles.

(Collier Cameron & Robinson 1989a,b). These have been
detected in both single and binary stars (Barnes et al. 2000,
2001; Byrne et al. 1996; Collier Cameron & Woods 1992;
Dunstone et al. 2006a; Eibe 1998; Hall & Ramsey 1992;
Skelly et al. 2008, 2009; Petit et al. 2005). These “slingshot prominences” co-rotate with the star, scattering H-α
photons out of the line of sight when they pass between
the observer and the stellar disk. The rotation phase and
drift rate of these absorption features travelling through the
absorption line allows us to locate them within the stellar corona. They mark locations not only of closed loops,
but regions within the coronal magnetic field where stable
equilibria are possible. While they generally appear as absorption features, in a few systems where the co-rotation
radius is very close to the stellar surface, they are also
seen in emission (Donati et al. 2000a; Dunstone et al. 2006b;
Kolbin & Tsymbal 2017). Their relation to the photometric
”dips” seen in some K2 lightcurves of M dwarfs is as yet
unknown (Stauffer et al. 2017).
The presence of these cool clouds trapped in the coronae of rapidly-rotating stars is observed sufficiently frequently that they must be a common feature of stars
where centrifugal support within a corona is possible. The
early simple models of slingshot prominences supported
this idea. Modelling of the mechanical support of these
prominences in both single (Ferreira & Jardine 1995, 1996;
Ferreira 2000) and binary systems (Ferreira 1998) demonstrated that the observed surface field strengths are adequate to support the derived prominence masses, and that
these would be expected to cluster around the Keplerian corotation radius. Models of prominence thermal equilibrium
(Ferreira & Mendoza-Briceno 1997) showed that cool condensations within hot loops of size equal to a few stellar radii
can easily be produced without the need for special heating functions, while sequences of mechanical equilibria at a
range of temperatures and surface pressures exist for simple background field structures (Jardine & van Ballegooijen
2005; Waugh & Jardine 2019).
The existence of a series of cool equilibria does not of
course guarantee that there is a dynamical path to access
them. A thermal instability in a loop summit may cause a
drop in pressure there which will drive an upflow from the
surface. This upflow may continue until pressure balance
is restored, and some new, cooler equilibrium is found. If
the upflow becomes supersonic, however, before it reaches
the condensation at the loop summit, the surface will not
be able to respond and will continue to drive a hot upflow
into the loop summit. The accumulation of mass there will
eventually exceed the ability of the magnetic field to support
it, and the mass will either fall back towards the surface (if
it has condensed below the co-rotation radius) or will be
expelled if it has formed above the co-rotation radius. This
“limit-cycle” behaviour will continue, effectively acting as an
intermittent form of stellar wind. The criterion for this to
occur is that the loop temperature exceeds a critical value
!
M? [M ] 2/3
Tcrit [106 K] = 1.6
.
(1)
P[d]
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PROMINENCE SUPPORT WITHIN A
DIPOLE FIELD

Our approach is to model first the 3D structure of the coronal magnetic field, and then to determine the distribution
of cool material that could be trapped within it. We assume
that the field is strong enough that we may neglect any distortion produced by the prominence (see Waugh & Jardine
(2019)). From this mass distribution, we then predict the
absorption transients that would be produced in H-α and
compare these with the observed stacked H-α spectra. In
order to develop our understanding, however, we first begin
by assuming that the field is a dipole inclined at some angle
α to the rotation axis (see Fig. 1).

2.1

Predicting prominence locations

Within this field structure, we determine the locations where
cool gas may be supported in a stable equilibrium (Ferreira
2000). A particle placed at such a point will be in a gravitational potential minimum as calculated following the direction of the field (Jardine et al. 2001). This requires that for
such a point,


B·∇ g ·B <0
(2)
eff

where the effective gravitational acceleration is given by


2
2
g (r, θ) = −GM? /r 2 + ω?
r sin2 θ,ω?
r sin θ cos θ ,
(3)
eff

where ω? is the stellar angular velocity. We set any field
line that passes through such a point to have a temperature of 8500K characteristic of stellar prominences
(Collier Cameron et al. 1990) and assume that the plasma

density at the stable point is given by its maximum value of
ρmax =

B2
µRc |g

eff

|

(4)

where
Rc
is
the
local
radius
of
curvature
(Villarreal D’Angelo et al. 2018). Using this as a boundary
condition, we can then calculate the corresponding hydrostatic distribution of mass using the known flux tube
volume. The mass that can be supported therefore varies as
B 2 which is a measure of the magnetic energy per unit volume. All of our dipole models have the same field strength
however and so only the field geometry is varied. The other
very strong dependence that can be seen in equation (4)
is on the local gravitational acceleration geff . Close to the
co-rotation radius, where geff → 0, the maximum mass that
can be supported is largest. Field lines that pass close to
this point are therefore able to support most mass. Fig. 2
shows the hydrostatic distribution of this cool material
within the corona. The clustering of prominence material
close to the co-rotation radius is apparent.
When the magnetic axis is aligned with the rotation
axis, the cool gas settles in a torus in the equatorial plane.
Stable equilibria exist in the equatorial plane for radii r >
0.87r? (see, for example, Ferreira (2000)). As the magnetic
axis is tilted, however, this torus of magnetic loops also inclines. Since the centrifugal support is greatest in the equatorial plane, only the parts of this torus that lie close to the
equator can support material. As a result, only the sections
of the torus that cross the equator can be filled with prominences. The total mass that can be supported therefore decreases by a factor for 100 as the dipole latitude decreases.
This can be seen clearly in Fig. 3. Only a small fraction
(typically less than 10%) of the mass supported can be observed as a transient absorption feature, however, as most
of the cool material does not transit the stellar disk. As the
latitude of the dipole axis decreases, the magnetic equator
runs almost north-south and hence although less mass can
be supported, a larger fraction of that mass is visible.

2.2

Synthetic absorption transients

This cool prominence material will scatter photospheric H-α
photons out of the line of sight. In order to model the nature
of the H-α absorption transients, we first calculate the optical depth along the line of sight assuming a uniform opacity
for each prominence. The prominences co-rotate with the
stellar magnetic field and so each element location (r, θ, φ)
has a line of sight velocity
vlos = ω?r sin θ sin i sin(φ − φ0 )

(5)

where i is the inclination of the stellar rotation axis to the
line of sight and φ0 is the longitude of the observer. Absorption features appear in the line profile shifted by this
velocity. At line centre (where φ = φ0 ) the drift rate v̇los
of these features is a direct measure of the distance of the
absorbing feature from the rotation axis, since here
2
v̇los = ω?
r sin θ sin i.

(6)

For AB Dor, these features typically have a slope that places
them at, or just beyond, the co-rotation radius.
We show in Fig. 2 the synthetic stacked H-α spectra
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stellar wind mass loss rate. These values for stars with high
X-ray fluxes (and hence high coronal temperatures) show
that wind mass loss rates continue to increase with increasing X-ray flux, well beyond the point where previous measurements had suggested they might saturate (Wood 2004).
This apparent saturation can be attributed to a large
scatter in mass loss rates, coupled with a small number of
measurements. What is not clear, however, is whether this
scatter is intrinsic or not. It may be that each star has a
mass loss rate that varies in time, due perhaps to changes
during a magnetic cycle. For each star, however, we typically
have one observation, often made at one viewing angle. If the
wind is spatially variable, this may lead to a large variation.
The nature of the winds from these stars is therefore dependant on the structure of the corona, and how
this might vary from one observing epoch to the next. In
order to investigate this, we consider the rapidly-rotating
(Prot = 0.514d) active K0 dwarf AB Dor, on which slingshot
prominences were first discovered. Zeeman-Doppler surface
magnetograms and simultaneous H-α spectra have been acquired for this star almost annually from 1995-2007. This
provides a rich history of the year-to-year variations in the
magnetic structure and prominence locations for this star,
allowing us to assess the role of the strong surface toroidal
field observed on this star and the variations in the prominence masses supported.
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Figure 2. The left column shows in red the cool prominences and in black a selection of the magnetic field lines that support the most
massive prominences, while the right column shows the corresponding H-α transients. The top row shows a dipole inclination to the
rotation axis of 0 ◦ , the middle row 30 ◦ and the bottom row 90 ◦ respectively.
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A potential field

Ψ=

N X
l
X

[al m r l + bl m r −(l+1) ]Pl m (θ)e i mφ ,

(7)

l=1 m=−l

where all radii are scaled to the stellar radius. We assume
that at some radius (know as the source surface, r ss ) the
field is opened up by the pressure of the hot coronal gas,
pot
pot
and so at r = r ss , Bθ = Bφ = 0. Hence
2l+1
bl m = −al m r ss

(8)

and we may write
Figure 3. The influence of the latitude of the dipole axis on the
mass of prominences that can be supported. The faint (upper)
symbols show the total mass and the dark (lower) symbols show
the mass that is visible, assuming that the rotation axis is inclined
at 60 ◦ degrees to the line of sight. The dipole field strength is set
to 40G which is the average value of the dipole component of AB
Dor’s field over 1995-2007.

pot

Br

=

N X
l
X

Bl m Pl m (θ) f l (r,r ss )r −(l+2) e i mφ

pot

Bθ

=−

N X
l
X
l=1 m=−l

that correspond to each dipole inclination. If the dipole and
rotational axes are aligned, prominences will form in an
equatorial torus that surrounds the star. In this case, for
an observer viewing the system at sufficiently high inclinations, prominences would always be in view and the H-α
absorption features would be seen at all rotation phases if
all of the available support sites are filled with prominence
material. We have assumed that this is the case and so as
shown in Fig. 2 there are no phases clear of absorption. As
the inclination of the dipole axis is increased, gaps appear
in the distribution of mass with longitude. These gaps can
be seen clearly in the H-α spectra shown in Fig. 2. Since the
two clumps of prominence material cluster around the intersection of the magnetic and rotational equators, their associated absorption transients appear symmetrically placed
about the phase of the magnetic axis. In this case, it is located at phase 0.5. The slope of the absorption transients
confirms that the absorbing features are supported at the
co-rotation radius.

3

USING THE OBSERVED MAGNETOGRAMS

The simple example of a dipole field demonstrates that the
geometry of the magnetic field can strongly influence not
only on the prominence mass that can be supported or detected, but also the morphology of the resulting stacked Hα spectra. This suggests that the differences apparent in
AB Dor’s magnetic field from magnetograms constructed
between 1995 and 2007 may lead to similar variations in the
predicted prominence distribution.
We therefore use these magnetograms to extrapolate
the coronal magnetic field at each epoch and use the same
method as in sections 2.1 and 2.2 to determine the distribution of prominence material and the resulting synthetic
H-α spectra.

(9)

l=1 m=−l

pot

Bφ = −

N X
l
X
l=1 m=−l

Bl m

dPl m (θ)
gl (r,r ss )r −(l+2) e i mφ
dθ

P (θ)
Bl m l m
imgl (r,r ss )r −(l+2) e i mφ .
sin θ

(10)

(11)

The coefficients Bl m are determined by the radial component
of the surface field. The functions f l (r,r ss ) and gl (r,r ss )
which describe the modification of the field structure by the
wind are given by
"
#
l + 1 + l (r/r ss ) 2l+1
f l (r,r ss ) =
(12)
l + 1 + l (1/r ss ) 2l+1
#
1 − (r/r ss ) 2l+1
gl (r,r ss ) =
.
l + 1 + l (1/r ss ) 2l+1
"

(13)

To model a completely closed field, we take the limit r ss → ∞
and hence f l (1) → 1, gl (1) → 1/(l + 1). Only one component
of the surface magnetic field is required to determine the
unknown coefficients Bl m - typically, the radial component
is used. We have adapted a code that was originally developed by van Ballegooijen et al. (1998) to perform the field
extrapolation. Using this field structure, we determine the
location of stable points, the pressure distribution and the
prominence locations.
The resulting field structure is shown in Fig. 4. The cool
prominence material is predominantly supported near the
co-rotation radius, at two longitudes separated by around
180 degrees. This is reflected in the morphology of the synthetic H-α transients whose slope and separation matches
well the observed features. In contrast to the example of a
simple dipole field, where the field line curvature only allows stable equilibria at heights close to and beyond the corotation radius, in this case there is also a small amount of
cool material supported at lower heights. These take longer
to pass through the line profile and so appear in the synthetic
H-α spectra as more slowly evolving features with a steeper
gradient. We note that the observed H-α spectra also show
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We begin by using the Potential field Source Surface method
(Altschuler & Newkirk 1969). Since the field is assumed to
be potential we may express it as B pot = −∇Ψ, where ∇·Bpot =
0 requires ∇2 Ψ = 0. We may therefore express Ψ in spherical
co-ordinates (r, θ, φ) as

6

M. Jardine et al.

bright underlying chromospheric emission features that we
do not model.
Fig. 5 shows the resulting variation of the prominence
mass with the latitude of the dipole component of the field.
The corresponding results for the simple inclined dipole are
shown as faint background features for comparison. The
prominence masses derived from the magnetograms are consistent with the range of values of (2 − 6) × 1014 kg reported
from observations (Collier Cameron et al. 1990) but show a
spread of two orders of magnitude. This spread is similar
to that shown by the simple dipole case, but with a greater
scatter due to the variation in the field strength from one
epoch to the next.
The lower panel of Fig. 5 also shows the fraction of the
total prominence mass that transits the star and so can be
detected. As was the case with the simple inclined dipole
model, a high dipole inclination (where the dipole axis lies
at a low latitude) gives the greatest fraction of mass visible,
but the lowest mass supported.
Fig. 6 shows examples of the observed and synthetic Hα stacked spectra. The synthetic spectra show both slowlydrifting features caused by prominences close to the surface, and rapidly-drifting features due to prominences close
to the co-rotation radius. These show similar drift rates to
the observed spectra, typically showing absorption at similar rotation phases as is observed. The presence of multiple
strands of absorption within each clump is not fully recovered however (typical examples are 1995, and 1996). The
H-α stacked spectra are composites, using observations over
several nights of observations and so at any one time not
all of the absorption features may be present. There are two
main features that could mask the presence of some of the
absorption in the observed spectra. One is the presence of
gaps in the observations (apparent in 1997 and 2000) and
the other is the presence of bright emission features (apparent in 1998, 2004 and 2007). We note that the prominence

model assumes that all possible prominence support sites
are occupied, whereas in practice only a subset will support prominences at any one time. The spectra for 2007 are
particularly interesting as two bright emission features are
present at the phases where the synthetic spectra show absorption (between 0.8-0.9 and between 0.1 - 0.3) and the
two dominant absorption transients appear instead closer
together in phase. One possible explanation is that the observations have recorded the aftermath of some energetic
event that disturbed the prominences.

3.2

A nonpotential field

While the agreement between the synthetic and observed Hα spectra is very good, it is worth exploring the impact of our
assumption that the magnetic field is potential. We can allow
for the presence of non-potential field by writing the total
magnetic field as the sum of potential and non-potential
components, such that B = Bpot + Bnp . Whereas the potential
field contribution is completely specified by the choice of
source surface r ss and by the surface radial field, there are
many possible ways to extrapolate the non-potential field.
We choose to select the same form as Jardine et al. (2013)
which has a solution in term of spherical harmonics and
has a non-potential part that matches the observed surface
toroidal field but vanishes at the source surface. Briefly, we
make two simplifying assumptions: that the non-potential
np
field lies on spherical shells (ie Br = 0) and that the electric
currents can be derived from a potential Q:
∇ × Bnp = −∇Q.

(14)

As a result, ∇2 Q = 0, and
np

Br = 0

(15)
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Figure 4. Predicted prominence locations and Hα dynamic spectra for AB Dor in Dec 1996. From left to right, panels 1 and 2 show the
large-scale field structure with a map of the radial magnetic field painted on the stellar surface (blue denotes negative field, while red is
positive). Panel 1 shows phase 0.6, while panel 2 shows phase 1.0. The cool prominence material is show in red, and samples of the field
lines supporting it are drawn in black. The third and fourth panels show the corresponding observed and synthetic Hα dynamic spectra
respectively.
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4.1

Figure 5. The variation with latitude of the dipole axis of (top)
the mass of prominences and (bottom) the fraction of that mass
that is visible. Values for AB Dor as shown as dark blue stars,
while the faint blue circles show the values obtained for a 40G
dipole at various inclinations. In the case of AB Dor, values are
shown as a function of the latitude of the dipole component of
the total field.

MASS AND ANGULAR MOMENTUM LOSS
RATES
Prominence mass loss rates

These estimates of prominence masses suggest that prominence ejection may provide a significant contribution to the
total mass loss from the star. Observing a prominence ejection is however a low-probability event. Dunstone (2008)
present one such observation, but comment that since the
prominences can only be detected in absorption when the
pass in front of the star (which may take only an hour or so)
then if they have lifetimes of order a few days, then the window within which they can be observed comprises only a few
percent of their lifetimes. One prominence ejection observed
among 70 prominences detected is therefore consistent.
Jardine & Collier Cameron (2019) describe how, in
stars with sufficiently hot coronae, the upflow that forms
slingshot prominences may be supersonic by the time it
reaches the prominence formation site. In this case, the surface is unable to respond to the formation of a prominence
and so continues to supply a mass upflow, increasing the
prominence density until it becomes too great for magnetic
support. At this point, any prominence material above the
co-rotation radius will be centrifugally expelled. This limitcycle behaviour essentially provides an intermittent wind
loss from the star from the prominence-bearing loops. The
rate of mass loss is determined by the rate at which the
surface can supply mass. For a thermal (Parker-type) wind
this is determined by the temperature. Close to the stellar
surface the velocity of a thermal wind has the asymptotic
form (Parker 1958; Lamers & Cassinelli 1999)
u(r? ) = cs (r ss /r? ) 2 e3/2 e −2(r s s /r? ) ,

(19)

where the sound speed is given by
= kT/m for a temperature T and mean particle mass m. The sonic radius r ss where
the wind speed reaches the sound speed (and so u = cs ) is
given by
!
GM?
r ss =
.
(20)
2cs2
cs2

np

Bθ = −

N X
l
X
l=1 m=−l

P (θ)
imhl (r,r ss )r −(l+1) e i mφ
l (l + 1)Cl m l m
sin θ
(16)

The mass loss rate from each prominence is then
np

Bφ =

N X
l
X
l=1 m=−l

l (l + 1)Cl m

dPl m (θ)
hl (r,r ss )r −(l+1) e i mφ (17)
dθ

where
"
hl (r,r ss ) =

1 − (r/r ss ) 2l+1
l + (l + 1)(1/r ss ) 2l+1

#
(18)

and as r ss → ∞ we recover hl (1) → 1/l.
Fig. 7 shows the resulting distribution of cool prominence material for both the potential and non-potential field
extrapolations and the corresponding H-α spectra for Dec

ṁ p = A? ρ?u?

(21)

where ρ? is the mass density at the stellar surface and A?
is the footpoint area of the prominence-bearing loop.
There are two free parameters in this expression - the
temperature and the base density. The base density is determined from ρ = p/c2 where the base plasma pressure p is
given by p = κ p B2 . The base density and hence the mass loss
rate therefore scale linearly with κ p . The dominant effect of
the temperature on the mass loss rate is through its influence
on the wind speed. Increasing the temperature increases the
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2001. In the non-potential field case, the cool material is supported at much lower radii and so the absorption transients
have a much lower radial acceleration and so take much
longer to pass through the line profile. It is clear that the
non-potential field extrapolation produces a much poorer
match to the observed H-α spectra than does the potential
field and we do not consider it further.
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wind speed more than it reduces the density, with the result
that the mass loss rate increases with temperature.
We can use the prominence observations to provide reasonable values for these two parameters. If κ p is too large,
the plasma pressure will exceed the magnetic pressure at
some height and the coronal gas will not be confined. We
assume therefore that at the co-rotation radius, where we
observe that prominences are confined, the plasma pressure
must be less than the magnetic pressure ( β < 1). Since the
prominence mass derived from (4) is independent of either

κ p or the temperature, the prominence lifetimes τ = m p /ṁ p
depend on (κ p ,T ) only through the influence of these parameters on ṁ p . We can use the observed prominence lifetimes of τ ' 1 day (Collier Cameron & Robinson 1989b) to
constrain κ p and T. Fig. 8 shows contours of the logarithm
of the plasma beta at the co-rotation radius and also the
lifetime τ as a function of the two free parameters. Only
areas of this parameter space with β < 1 and τ ' 1day are
acceptable. These are shown shaded. We note that for temperatures above around 3 × 106 K these constraints are in-

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/stz3173/5626360 by St Andrews University Library user on 16 December 2019

Figure 6. H-α stacked spectra for AB Dor for (top row, left to right) Dec 1995 observed, Dec 1995 synthetic, Jan 1998 observed, Jan
1998 synthetic; (middle row, left to right) Dec 1998 observed, Dec 1998 synthetic, Dec 2000 observed, Dec 2000 synthetic; (bottom row,
left to right) Dec 2004 observed, Dec 2004 synthetic, Dec 2007 observed, Dec 2007 synthetic.
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sensitive to the temperature. The restriction to prominence
lifetimes of around 1 day provides however a narrow range
of values of κ p . We select a value of κ p = 10 −5.5 such that
even at the lowest temperature (T=2.5 × 106 K) at which
the upflow is still supersonic at the co-rotation radius, the
prominences still have a lifetime of 1 day. We select the temperature of 8.57 × 106 K derived from the overall stellar X-ray
flux Johnstone & Güdel (2015)
Fig. 9 shows the resulting mass loss rates obtained by
summing over all the prominences (see also Table 1). Since
both the upflow temperature and κ p are kept constant, the
year-to-year variation is due primarily to variations in the

field strength at the stellar surface. The values for AB Dor
(shown as stars) can also be compared with the values for the
simple dipole (shown as a bold dotted line). In both cases,
a dipole axis that is at the greatest latitude and hence most
closely aligned with the rotation axis, provides the greatest
prominence support and hence mass loss. In the case of AB
Dor, year-by-year variations in the field strength also provide
more scatter than in the simple inclined dipole case.
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Figure 7. This figure compares the synthetic H-α spectra produced with potential and non-potential field extrapolations of the surface
magnetograms of AB Dor in Dec 2001. The top row shows the large scale field structure for potential (left) and non-potential (right)
field extrapolations respectively. A map of the radial magnetic field is painted on the stellar surface (blue denotes negative field, while
red is positive). The cool prominence material is show in red, and the field lines supporting it are drawn in black. The bottom row shows
the corresponding synthetic H-α dynamic spectra for a potential field (left) and a non-potential field (right). The observed H-α dynamic
spectra are shown in the middle.
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< B2 >
[104 G2 ]

i
[◦ ]

mtot
[1014 kg]

mvis
[1014 kg]

ṁ p
[10 −14 M /yr]

ṁ w
[10 −14 M /yr]

j˙p
[1032 erg]

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2007

4.42
2.25
3.65
3.70
1.47
3.32
6.87
4.75
2.10
5.69
4.57

15
30
-35
45
26
55
40
12
0
57
-11

0.28
0.36
0.87
10.01
0.20
1.40
0.79
0.95
0.09
14.55
29.09

0.10
0.07
0.18
1.83
0.02
0.03
0.09
0.31
0.04
0.66
1.34

1.44
2.23
0.38
21.44
0.60
6.84
4.42
2.65
0.35
23.91
2.28

2.77
3.53
14.75
63.45
1.99
18.99
17.08
15.14
0.78
58.22
33.71

1.26
1.74
0.24
17.49
0.52
5.93
4.24
2.55
0.35
20.20
2.26

j˙w
[1032 erg]
9.90
3.64
10.73
36.93
4.60
9.89
14.20
54.00
5.69
27.57
164.03

Table 1. Derived prominence properties based on the Zeeman-Doppler maps for each year. Columns show the year, the mean squared
flux density, the inclination of the dipole axis, the total mass supported in prominences, the prominence mass that is visible, the mass
loss rate in ejected prominences, the mass loss rate in the wind alone (excluding prominences) and the associated angular momentum
loss rates in the prominences and the wind.

Figure 8. Contours of the logarithms of the prominence lifetimes
(black, solid) and plasma β at the co-rotation radius (red, dotted)
for a range of value of the free parameters κ p and loop temperature T . Within the red shaded region, the prominence lifetimes
lie in the range 1 < τ[days] < 10 and the plasma β < 1.

4.2

Wind mass loss rates

Fig. 9 also shows the mass loss rates carried by the stellar
wind flowing along the open field lines. To determine this, we
use the method of Jardine et al. (2017) that is based on the
WSA method of modelling the solar wind (Wang & Sheeley
1990; Arge & Pizzo 2000). The expansion of the magnetic
field with height above the stellar surface determines the
wind speed through an empirical relation. Thus, for any field
line (labelled i) the expansion factor f i is given by:

Figure 9. The contributions to the mass loss rate from various
sources. Stars denote values based on observations of AB Dor
over 10 observing seasons, while lines denote values based on a
series of inclined dipoles with a polar field strength of 40G. For
each observing season for AB Dor, two sources are shown. Values
for AB Dor’s prominence system are shown as dark blue stars,
while values for AB Dor’s wind are shown as faint blue stars. The
faint blue solid line shows wind losses from a purely dipolar field,
while the dark blue dotted line shows the corresponding losses in
prominences.

(23)

ui then determines the field line temperature. The base density follows from the relation p0 = κ w B02 at the base of the
field line where we set the free parameter κ w to a value that
produces the variation in the solar mass loss rate through its
cycle (Cranmer 2008). Conservation of mass and magnetic
flux requires that ρu/B is constant along each flux tube, providing the mass loss rate through a spherical surface S
I
Ṁ =
ρi ui dSi
(24)

From this we can determine the mass loss rate for a 1D
isothermal wind solution along each field line. The requirement that the wind is trans-sonic and reaches the velocity

where ρi is the density at this surface and dSi is the crosssectional area of the flux tube.
As can be seen from Fig. 9 the mass loss rate carried by
the wind is greater than that carried by the prominences.

r2

Bi (r )
fi = 2
r s Bi (r s )

(22)

and the velocity of the wind along that field line at the source
surface is given by (Wang & Sheeley 1990; Arge & Pizzo
2000)
ui [kms −1 ] = 267.5 +

410.0
f i2/5

.

S
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5
Figure 10. The contributions to the angular momentum loss rate
from various sources. Stars denote values based on observations of
AB Dor over 10 observing seasons, while lines denote values based
on a series of inclined dipoles with a polar field strength of 40G.
For each observing season for AB Dor, two sources are shown.
Values for AB Dor’s prominence system are shown as dark blue
stars, while values for AB Dor’s wind are shown as faint blue stars.
The faint blue solid line shows wind losses from a purely dipolar
field, while the dark blue dotted line shows the corresponding
losses in prominences.

For a simple dipole field, the mass loss rate is insensitive
to the dipole inclination, whereas for AB Dor the trend for
higher field strength to also have higher dipole latitude gives
a rise in mass loss rate with increasing dipole latitude. We
note that the scatter in mass loss rates in both the wind and
prominences is similar for the stellar fields.

4.3

Angular momentum loss rates

In order to calculate the angular momentum loss rates for
the prominences and wind, we assume that each prominence
removes only the specific angular momentum L = Ω? $ 2p it
carries at its formation site (at cylindrical radius $ p ). This
neglects the torques exchanged during the ejection process
and so provides a lower limit to the angular momentum loss
in the prominences. The wind, by comparison, carries away
angular momentum from an effective radius p
which is the
Alfvén radius (the radius where u(r) = B(r)/ µρ(r)). We
estimate the total angular momentum loss rate in the wind
by integrating over the Alfvén surface (S A )
I
J˙ =
ρ(u · n)Ω? $ 2 dS A
(25)
SA

where n is the outward normal. We note that this neglects
the small term due to non-axisymmetry described in Mestel
(1999). The angular momentum loss rates for the prominences and the wind are shown in Fig. 10. For the dipole
magnetic field, shown as dotted lines, increasing the latitude of the dipole axis leads to an increase in the number
of prominence support sites and hence overall prominence
mass and angular momentum loss. It leads to an increase in
the latitude (and hence a reduction in the lever arm) of the

DISCUSSION

The observed H-α absorption transients of cool stars typically show drift rates that place the absorbing material at
(or beyond) the co-rotation radius. These clumps of absorbing material are estimated to have masses, in the case of
AB Dor, of 2 − 6 × 1014 kg, some three orders of magnitude more massive than large solar quiescent prominences
(Collier Cameron et al. 1990). We find that both the location and masses of such “slingshot prominences” can be reproduced by a potential field extrapolation of the surface
magnetic field that is recovered by Zeeman-Doppler imaging. This type of extrapolation of the coronal magnetic field
uses only the radial component of the surface magnetic field.
It includes azimuthal and meridional components consistent
with the assumption that the field is potential, but does
not include the additional non-potential part of the field often present in the magnetograms of active stars. This nonpotential component is carried mainly in the azimuthal field
(See et al. 2015).
The role of this non-potential field in the structure and
dynamics of the corona is not known. Jardine et al. (2013)
initiated an MHD wind model for two low mass stars (CE
Boo and GJ 149) with this field included, but demonstrated
that the wind solution relaxed quickly back to a potential
field close to the surface.1 The non-potential field observed in
the ZDI field maps appeared to have little effect on the star’s
wind, suggesting that the strong azimuthal fields detected
at the surface do not extend significantly into the corona.
We have used the same type of non-potential field extrapolation to predict the distribution of prominence mass and
hence the appearance of the stacked H-α profiles that would
result. Including this strong additional azimuthal field provides extra support for cool mass in the corona and leads to
prominence support sites at low heights. These dominantly
azimuthal field lines however have a large radius of curvature and cannot support prominences at the height of the
co-rotation radius. The resulting absorption transients have
a drift rate that is clearly unlike what is observed.
Both the MHD wind models and the prominence models suggest that the strong non-potential fields detected at
the surface of AB Dor and other rapidly-rotating cool stars

1

Our static model does not include the azimuthal field component produced by the stresses induced by the stellar wind.
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wind-bearing field lines, however, and so a decrease in the
angular momentum losses in the wind.
For the AB Dor field geometries, however, (shown as
stars) the angular momentum losses in both the prominences
and the wind show the same trend of increase with dipole
latitude as the mass loss rates. The amplitude of variation
in the values for the wind is less than for the prominences,
however. This is because the variations in B2 that drive the
variations in the base density of the wind (and hence Ṁ) are
suppressed to some degree by the variations in the Alfvén radius. When B2 increases, the base density increases, but the
Alfvén radius decreases. This behaviour affects the angular
momentum loss rates in the wind, but not in the prominences.
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The location of the prominences at heights of several
stellar radii suggests that the dipole component of the field
(which decays most slowly with height) will dominate their
support. We find that the inclination of the dipole axis to the
rotation axis has a significant influence on the distribution
of prominences. Magnetic fields whose dipole axes are fully
aligned can support 100 times more mass that those that
are highly inclined. In stars with magnetic cycles similar to
the Sun’s, where the field reverses over the cycle, we would
therefore predict that the mass supported in prominences
could vary significantly over the cycle. Since the mass also
varies as B2 , the decay in field strength with rotation rate
that takes place as stars ages and spin down will also reduce the mass that can be supported. For very young stars,
such as LQ Lup, where the dipole field component can be
as strong as a few hundred G (and up to a kG) prominence
masses may be up to 1000 times greater than detected in
AB Dor (Donati et al. 2000b). By considering a wind evolution model, Villarreal D’Angelo et al. (2019) examined the
evolutionary periods over which prominences could be supported in solar-like stars. The peak in prominence mass loss
rate is reached when the star reaches the Zero Age main
Sequence, which for a solar mass star is around 40Myrs. If
such a star is initially rotating rapidly, prominence ejection
may continue until an age of 800Myrs.
We show that the distribution of prominence mass is
such that much of it may not pass in front of the star and
so would not be seen in absorption transients. While almost
50% of the mass may be detected in systems where the magnetic and rotational axes are highly inclined, this fraction
falls to as little as a few percent for highly aligned cases. Estimates of the overall mass supported in prominences that
are based on sparse observations of only a few prominences
may therefore significantly underestimate their total mass.
These prominences may also escape detection totally if they
were not in view during the (often brief) observing window.
For some stars, however, such as LQ Lup, even although
the star has a low inclination angle and so is observed almost pole-on, if the co-rotation radius is close enough to the
surface that the prominence system is seen in emission, then
the entire prominence system may be detected (Donati et al.
2000b).
A promising approach is to search for the velocity
shifts associated with the destabilisation of prominences
(Leitzinger et al. 2014; Korhonen et al. 2017; Vida et al.
2019). For slingshot prominences, destabilisation can lead
to ejection if the material is supported beyond the corotation radius, or draining back to the surface if it has
cooled below the co-rotation radius and so lies in the “hydrostatic” regime (Jardine & Collier Cameron 2019). For solarlike prominences (whose support and destabilisation may
be due to different processes) ejection is of course possible
from below the co-rotation radius. Line asymmetries alone
cannot distinguish between these two types of prominences.
Vida et al. (2019) present an analysis of velocity shifts detected in a large number of cool stars. The majority of these
shifts imply projected velocities below the escape speed.

These disruptions will not lead to ejection, and hence will
not influence the mass or angular momentum loss rates.
Our estimates of mass loss rates in prominences for AB
Dor show that they can form a significant (though not dominant) contribution to the stellar wind. Year-to-year increases
in the base density (produced by changes in the surface field
strength) and the inclination of the dipole component of
the field can increase the mass loss rates in both prominences and the wind by a factor of 100. This may explain
the large scatter in mass loss rates predicted by the measurements of Wood (2004). These values are consistent with the
wind mass loss rates for AB Dor predicted by Cohen et al.
(2010) using a 3D wind model based on the surface magnetograms from Dec 2007. In the case of the Sun, the wind
mass loss rate varies by only a factor of two over the solar
cycle (Wang & Sheeley 2006). Cohen (2011) suggests that
this is due to the relative constancy of the Sun’s open magnetic flux, compared to the larger variations in the closed
flux that drives the factor of 10-100 variation in the solar Xray luminosity over the cycle. For AB Dor, as in other stars
however, the combined effect of fluctuations in the strength
of the dipole field and the latitude of the dipole axis lead
to a significant variation in the mass loss rates from one
epoch to the next. To date around 20 stars have observations
of their magnetic field geometries made over several epochs
(see, for example, Boro Saikia et al. (2018) and Jeffers et al.
(2017) and references therein). Studies showing a full polarity switch of the dipole axis such as Fares et al. (2013);
Boro Saikia et al. (2018) may therefore allow us to quantify
mass loss variations in other stars.
A simple analysis of a magnetised wind (Weber & Davis
1967) reveals that the accumulated torques exchanged as
the outflowing plasma interacts with the magnetic field are
equivalent to those removed by plasma ejected directly from
the Alfvén radius r A , giving a loss of specific angular momentum L = r 2A ω? . In the case of the ejection of prominences,
however, we have assumed that they remove the specific angular momentum L = r k2 ω? that they possessed when they
were formed at the co-rotation radius r k . Since r A > r k ,
even if the prominence-bearing flux tubes had the same surface area coverage as the wind-bearing flux tubes, the wind
would remove more angular momentum. Our estimate of
the torques exerted by prominences when they are ejected
are however lower limits, since we neglect the torque they
exert after they lose equilibrium, but while they are still interacting with the stellar wind. Including this contribution
would enhance the angular momentum loss rates predicted
by current braking laws based solely on the wind, such as
(Matt et al. 2012; Réville et al. 2015; Finley & Matt 2018).
This may be especially important in the young rapid rotators
where prominence formation and ejection is most frequent.
In addition to providing a lower limit to the torques,
prominence ejection may also provide a lower limit to the
rate of CME ejection. Aarnio et al. (2013) considered the
role of CME ejection in the angular momentum loss from
such young stars and determined that if the mass loss rate
in CMEs was greater than 10 −10 M yr −1 then they could significantly influence the star’s rotational history. As noted by
Drake et al. (2013) a simple extrapolation from the relationship between solar CME kinetic energies and X-ray fluence
leads to unphysically large energies for stellar CMEs. One
possible solution is that the strong magnetic field in such
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do not extend out to the very large heights at which prominences are detected. Their associated currents must be confined closer to the stellar surface, where they can power the
strong and frequent flares of these stars.
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SUMMARY AND CONCLUSIONS

We present a new method of modelling the observational signatures of “slingshot prominences” - clouds of cool plasma
trapped within the coronae of rapidly-rotating stars. We use
maps of the surface magnetic fields of the star as inputs for
a model of the 3D structure of both the coronal magnetic
field and the coronal gas. Within this field we determine
the sites of stable mechanical equilibria where material that
has cooled could be supported. This cool gas not only outlines the structure of the magnetic field, but it scatters photospheric photons out of the line of sight, producing transient absorption features in H-α. The drift rates and observation phases at which these transient features appear in
the stacked H-α spectra therefore reveal the distribution of
absorbing material in the corona.
From our model of the distribution of cool prominences
in the stellar corona, we produce synthetic H-α stacked spectra and compare with the observed spectra. As an example
we consider AB Dor, a young rapid rotator whose prominences and surface magnetic field have been well observed
approximately annually between 1995 and 2007. Our results
fall into four broad categories:
• We have explored the synthetic H-α spectra produced
by different types of field extrapolation. We show that a potential field extrapolation supports a distribution of prominences clustered at the co-rotation radius (which for AB Dor
is at a radius of 2.7 R? ), consistent with observation. The
corresponding synthetic H-α absorption traces have drift
rates (which are proportional to the prominence distance
from the rotation axis) that agree well with what is observed. By comparison, a non-potential field extrapolation
supports only prominences at much lower heights and produces absorption transients with much lower drift rates. We
therefore conclude that any volume currents present in the
coronal magnetic field must have decayed sufficiently rapidly
with height that they are not supported at the co-rotation
radius. The strong toroidal fields detected at the surface
must have decayed with height sufficiently rapidly that they
do not influence the locations of prominence support.
• We have investigated the distribution of prominence

material around the star. The field at large heights is dominated by the dipole term, and hence prominence plasma
preferentially accumulates at the two longitudes where the
magnetic equator of this dipole intersects the rotational
equator. For many (although not all) inclinations of the rotational axis to the observer, this will produce two clumps
of absorption in the dynamic H-α spectra, symmetrically
placed on either side of the rotation phase of the dipole axis.
If the dipole axis is close to the rotation axis, a torus of cool
material may be supported in the plane of the rotational
equator.
• We have also explored the factors that determine the total mass that can be supported in prominences. We find that
this depends on B2 and also on the inclination of the dipole
axis to the rotation axis. At low inclinations, the summits
of the largest loops (where the magnetic field can provide
support against centrifugal ejection) lie close to the rotational equator, where rotational support is greatest. As a
result, magnetic fields at these low inclinations support the
greatest mass. At higher inclinations, only a subset of loop
summits lie close to the rotational equator, and so the total
mass that can be supported is reduced. We conclude that
changes in the field strength and geometry may have a significant effect on the prominence mass. For AB Dor, over
the period of observations, this results in a variation of (0.130) ×1014 kg in the total mass that can be supported, which
compares well with the range of observed masses of (2-6)
×1014 kg. Of this total mass, not all will transit the stellar
disk from the point of view of the observer. For AB Dor,
whose rotation axis is inclined at 60◦ to the observer, typically < 50% percent of the mass can be detected as transient
H-α absorption features. For cases where the dipole axis is
almost aligned with the magnetic axis, this fraction can be
as low as 2% Thus estimates of the mass lost when these
prominences are ejected may be significant underestimates.
• Finally, we note that AB Dor has a coronal temperature (based on its X-ray flux) that is sufficiently high that
the upflows that would form its prominences would be supersonic by the time they would reach the prominence formation site (Jardine & Collier Cameron 2019). As a result,
the surface would be unable to respond to the growing mass
in the prominence and would continue to drive an upflow.
Prominences would form and be ejected (when the maximum supportable mass was reached) in a limit-cycle. We
have calculated the rates of loss of mass and angular momentum associated with this form of repeated prominence
ejection, which for AB Dor over the 11 years of observation
vary between (0.4-24) ×10 −14 M /yr and (0.2-20) ×1032 erg
respectively. These rates are less than, but within the range
of, those predicted by our wind model, which are (0.8-63)
×10 −14 M /yr and (4-164)×1032 erg respectively. This suggests that while AB Dor’s prominences might not be dominating the angular momentum budget, their ejection will
enhance the stellar wind.
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stars may suppress the ejection of CMEs (even if a flare is
observed) (Alvarado-Gómez et al. 2018).
Even in the case of the Sun, where CMEs may be imaged and detected with in situ measurements, the relationship between flares, prominence eruption and CME ejection
is still unclear. We do not know the rate of CME ejection
for other stars, although observational studies are ongoing (Crosley & Osten 2018). Using an empirical approach,
Odert et al. (2017) also find extremely high mass loss rates,
especially for the most active young stars. Cranmer (2017)
has generalised to other stars the solar power-law relationship between magnetic filling factor and CME kinetic energy
flux. This predicts that for solar-like stars with ages less than
1 Gyr, the mass loss rate in CMEs exceeds that of the stellar
wind. A better understanding of the dynamics of the large
“slingshot” prominences, whose ejection may be associated
with large CMEs, may provide more insight into this form
of stellar mass loss.
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