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A B S T R A C T 

One of the puzzles to have emerged from the Kepler and TESS missions is the existence of unexplained dips in the light curves 
of a small fraction of rapidly rotating M dwarfs in young open clusters and star-forming regions. We present a theoretical 
investigation of one possible explanation – that these are caused by dust clouds trapped in the stellar magnetic fields. The depth 

and duration of the observed dips allow us to estimate directly the linear extent of the dust clouds and their distances from 

the rotation axis. The dips are found to be between 0.4 and 4.8 per cent. We find that their distance is close to the co-rotation 

radius: the typical location for stable points where charged particles can be trapped in a stellar magnetosphere. We estimate the 
charge acquired by a dust particle due to collisions with the coronal gas and hence determine the maximum grain size that can 

be magnetically supported, the stopping distance due to gas drag, and the time-scale on which dust particles can diffuse out of a 
stable point. Using the observationally derived magnetic field of the active M dwarf V374 Peg, we model the distribution of these 
dust clouds and produce synthetic light curves. We find that for 1 μm dust grains, the light curves have dips of 1–3 per cent and can 

support masses of order of 10 

12 kg. We conclude that magnetically trapped dust clouds (potentially from residual disc accretion 

or tidally disrupted planetesimal or cometary bodies) are capable of explaining the periodic dips in the Kepler and TESS data. 

Key words: stars: coronae – stars: low mass – stars: magnetic field – stars: variable. 
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 I N T RO D U C T I O N  

ver the last fe w years, observ ations from K2 (Rebull et al. 2016 ;
tauffer et al. 2017 , 2018 , 2021 ) and TESS (Zhan et al. 2019 ) have
evealed a class of rapidly rotating ( P < 1 d) M dwarfs with unusual
symmetric, rigidly periodic light curves. The light curves have
road, quasi-sinusoidal modulations in amplitude, similar to those
xpected for star-spots but with sharp smaller features superimposed,
hose variability is too rapid to be explained by star-spots alone

Stauffer et al. 2017 ; Zhan et al. 2019 ). The large and broad features
n the light curves are stable for years, whilst the smaller and sharper
eatures can survive for a few months and disappear on a time-scale
f days (Zhan et al. 2019 ; G ̈unther et al. 2022 ). Over the course of a
ull year, several distinct manifestations of the scallop phenomenon
ppeared, each lasting between 1 and 2 months. The similarities
including strict periodicity and complex Fourier spectra) between
he light curves of the scallop-shells discovered by Stauffer et al.
 2017 ) and the complex rotators discovered by Zhan et al. ( 2019 )
uggest they are one class of star (G ̈unther et al. 2022 ). They will
e referred to as scallop-shells for the rest of this paper. These
tars differ from the other classes of variable M dwarf, dippers,
nd spotted stars with differential rotation, because they have
horter rotational periods and the variability is more rigidly periodic
G ̈unther et al. 2022 ). 
 E-mail: hannah.sanderson@earth.ox.ac.uk 
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The main theories suggested to explain these light curves are: co-
otating clouds of gas/dust at the Keplerian co-rotation radius ( R K 

 ( GM � / �2 ) 1/3 ) superposed on an underlying rotational star-spot
odulation (Stauffer et al. 2017 , 2018 ; G ̈unther et al. 2022 ), star-

pots with a misaligned dust disc (Zhan et al. 2019 ), and eclipses
f bound–free emission from gaseous slingshot prominences as they
ass behind the star (Rebull et al. 2016 ). The lack of an IR excess in
he SEDs of these stars rules out a primordial, accreting dust disc as
n explanation (Stauffer et al. 2017 ). 

A recent study of occurrence rates among the complex rotational
ariables implies that, in order to explain these dips, some 30 per
ent of young rapidly rotating M dwarfs would need to have inner
ust discs misaligned with their rotation axes (G ̈unther et al. 2022 ).
e also note that for spot occultation by a dust disc to produce the

bserved sharp decreases in brightness, the occulted spots would have
o be bright. Doppler-imaging studies of non-accreting M dwarfs (e.g.
arnes & Collier Cameron 2001 ; Barnes et al. 2015 ), ho we ver , in vari-
bly show significant co v erage of dark rather than bright-spots. This
rgues against models involving star-spots and a misaligned disc. 

Previous authors have discounted the co-rotating-clouds hypothe-
is, because gas clouds alone could not give the required absorption
epth, and it was claimed that the magnetic field at the co-rotation
adius is too weak to trap dust (G ̈unther et al. 2022 ). Ho we ver,
tudies of rapidly rotating stars show that local traps exist within their
agnetic fields where clouds of cool, dense gas (known as ‘slingshot

rominences’) may be supported (Ferreira 2000 ; Jardine et al. 2001 ,
020 ). The existence of these mechanically stable equilibrium points
© 2022 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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ithin stellar magnetic fields merits a closer look at the confinement 
f dust in similar locations. 
Dust clouds may not be the only source of photometric variation. 

pots may also contrib ute. Star -spot activity is ubiquitous in such
oung, active stars; indeed the quasi-sinusoidal modulation of their 
ight curves is the very phenomenon that allows their rotation periods 
o be measured photometrically. In the subset of these stars that 
xhibit scallop-shell behaviour, the short-duration absorption dips 
epeat on the same period as the underlying star-spot modulation. 
his indicates that the structures causing the dips co-rotate with the 
hotosphere. Therefore, we propose the scallop-shell behaviour is 
aused by a superposition of star-spots (the large quasi-sinusoidal 
odulation) and co-rotating clouds of dust trapped in magnetic 

table points (the narrow features). Magnetospheric gas (G ̈unther 
t al. 2022 ) or dust (Palumbo et al. 2022 ) clouds have been briefly
xplored as an explanation but quantitative analysis of the dust 
rapping mechanism and the resulting light curves has not been done. 

We suggest these co-rotating dusty clouds are produced when 
ust (potentially from a tidally disrupted body analogous to a sun-
razing comet) becomes collisionally charged as it enters the corona, 
nd couples to the magnetic field. The dust mo v es along magnetic
eld lines to magnetic stable points, whilst being decelerated by gas 
rag from the corona. Once there, the diffusion and sublimation 
ime-scales of dust at the stable points are slow, so the sharp
eatures produced by the dust are stable o v er the observ ed time-
cale. Evolution of the stellar magnetic field (due to for example 
urface differential rotation or flux emergence) or the onset of thermal 
ollapse leading to upflow of material into the stable point could lead
o the eventual ejection of the dust cloud and disappearance of the
arrow feature (see Section 4.2 ). 
This paper provides a theoretical basis for this model. We consider 

he effect on the dust particles of both the magnetic field and plasma
n the solar corona and demonstrate that these particles can be 
onfined by the magnetic field in stable points. We use observational 
ata from the complex rotators presented in Zhan et al. ( 2019 ) to
onfirm the position of the dust clouds close to the co-rotation radius
nd determine the cloud sizes. Using these observational values, 
e derive possible dust-cloud masses and use a magnetic map of

n illustrative rapidly rotating M dwarf (V374 Peg) to generate 
heoretical light curves caused by the subset of these magnetospheric 
louds that transit the stellar disc. 

The structure of the paper is as follows: Section 2 outlines 
he methods for extracting information from the observations and 
he theory for the confinement of dust at magnetic stable points.
ection 3 applies the methods and theory from Section 2 to observed
callop-shell stars and V374 Peg and generates theoretical light 
urves for magnetospherically trapped dust. Section 4 discusses the 
mplications of these results and we conclude in Section 5 . 

 T H E O RY  A N D  M E T H O D S  

.1 Obser v ational indicators of dust-cloud locations and sizes 

hese Stauffer et al. ( 2017 , 2018 ) M dwarfs all have spectral types
5 or later, and rotation periods of order half a day or less. Given that

he transients recur on the same period as the star-spot modulation, 
hey must co-rotate with the photosphere. This places them either in 
eplerian orbits synchronous with the stellar rotation, or confined 

n co-rotating structures. Given that the transients arise when co- 
otating structures transit the stellar disc, their durations depend on 
heir distances from the stellar rotation axis. The dip duration is
he length of time taken for an isolated cloud to traverse the stellar
iameter at the transverse rotational speed of its location. Expressing 
he dip duration T as a fraction of the rotation period P , 

T 

P 

� 

2 R � 

2 πa cloud 
, (1) 

here a cloud is the distance of the cloud from the stellar rotation axis.
his assumes that the cloud transits the centre of the disc. Shorter
urations may be seen if the path of the cloud passes well away from
he disc centre. 

Zhan et al. ( 2019 ) identified 10 scallop stars in their TESS surv e y
rom the existence of high-frequency harmonics of the rotation period 
n the Fourier transforms of their light curves. If the highest frequency
etectable abo v e the noise is related to the shortest transient duration
y νmax � 1/ T min , we can establish a lower limit on a cloud either from
he Fourier transform of the light curve or by measuring the duration
f the shortest distinct dip seen in the light curv e. Giv en an estimate
f the stellar-mass and rotation period, we can then compare the
nferred value of a cloud directly with the Keplerian co-rotation radius. 
or the results given in Section 3.1 , we used the same sample of 10
ESS light curv es e xamined by Zhan et al. ( 2019 ) and G ̈unther et al.
 2022 ). 

The cloud radius r cloud can be estimated by considering the 
bserved fractional depth k of an isolated cloud transient (typically 
 = 2 − 4 per cent ). Empirically, this tells us the ratio 

 = 

A cloud 

A � 

= 

(
r cloud 

R � 

)2 

. (2) 

ence r cloud = 

√ 

k R � where k is the fractional flux deficit at mid-
vent for a small cloud. 

.2 Magnetic field structure and the position of dust clouds 

ne of the main challenges in understanding this phenomenon is to
xplain how these clouds can be confined in discrete locations and
orced to co-rotate with the star. This is possible within a magnetic
eld if the cloud is located close to a stable point in the field. These
re local gravitational potential minima as calculated following the 
irection of the field . These locations can be determined if the
agnetic field structure is known (Ferreira 2000 ; Jardine et al. 2001 ).
hey are defined by 

( B · ∇ ) 
(
g 

eff 
· B 

)
< 0 . (3) 

ere, the ef fecti ve gravitational acceleration is gi ven by g 
eff 

=
 g . B ) / | B | and 

 ( r, θ ) = 

(−GM � /r 
2 + ω 

2 
� r sin 2 θ, ω 

2 
� r sin θ cos θ

)
, (4) 

n spherical coordinates (r, θ , φ), with the polar direction aligned
ith the rotation axis of the star, where ω � is the stellar angular
 elocity. F or e xample, for a simple dipolar magnetic field where the
ipole axis is aligned with the rotation axis, the stable points lie in
he rotational equator at radii r > (2/3) 1/3 R K (Ferreira 2000 ). Even
or more complex field structures, the stable points typically cluster 
lose to, or just beyond, the co-rotation radius (Jardine et al. 2001 ). 

To determine the coronal structure of the magnetic field, we 
an extrapolate from maps of the surface magnetic field obtained 
sing Zeeman–Doppler imaging (Donati & Collier Cameron 1997 ; 
onati et al. 1999 ; Hussain et al. 2000 ; Carroll et al. 2012 ; Ros ́en,
ochukhov & Wade 2015 ). Here, we assume that the coronal field

s potential and therefore supports zero volume currents. We can 
hen use the well-established Potential Field Source Surface method 
Altschuler & Newkirk 1969 ) to perform the extrapolation. Since the
MNRAS 518, 4734–4745 (2023) 
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M

Figure 1. Magnetic field structure of V374 Peg with dust-cloud locations 
shown as blue clumps. The top panel shows the view as seen from the 
observer’s viewpoint at inclination 70 ◦ (top), while the bottom panel (where 
the co-rotation radius is marked as a red circle) shows the view from abo v e 
the rotation axis. The radial magnetic field map is shown on the stellar surface 
(blue is ne gativ e, red is positive polarity). 
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eld is potential, we may express it as B = −∇ 	, with the result
hat ∇ · B = 0 then requires ∇ 

2 	 = 0. We may therefore express 	 

n spherical co-ordinates ( r , θ , φ) as 

 = 

N ∑ 

l= 1 

l ∑ 

m =−l 

[ a lm 

r l + b lm 

r −( l+ 1) ] P lm 

( θ ) e imφ, (5) 

here all radii are scaled to the stellar radius. The map of the
urface radial magnetic field therefore provides one of the boundary
onditions for equation 5 . For the other, we assume that at some
adius (know as the source surface, r ss ), the field is is forced to
ecome purely radial by the pressure of the hot coronal gas, and so
t r = r ss , B θ = B 
 

= 0. Hence, 

 lm 

= −a lm 

r 2 l+ 1 
ss . (6) 

or further details, the reader is referred to the appendix. 
We show an example of such a field structure and the associated

table points in Fig. 1 . This field extrapolation utilizes the surface
agnetic field map of the rapidly rotating M dwarf V374 Peg (Donati

t al. 2006 ). The stable points cluster around the co-rotation radius,
s would be expected. 
NRAS 518, 4734–4745 (2023) 
.3 Dust particle confinement in the magnetic field 

agnetospherically trapped dust has previously been suggested by
arihi, von Hippel & Pringle ( 2017 ) to explain the unusual pattern
f evolving, short-duration periodic transits observed by Vanderburg
t al. ( 2015 ) and G ̈ansicke et al. ( 2016 ) in the polluted white-dwarf

D1145 + 017. Ho we ver, a model for trapping charged dust around
 dwarfs differs from that for white dwarfs, because M dwarfs

re larger and have an e xtensiv e corona. Collisions with ions in
he corona e x ert drag on the dust particles and are the main cause
f dust-particle ionization due to their high number density [10 16 −
0 18 m 

−3 ; Ness et al. ( 2002 , 2004 )], in contrast to white dwarfs where
hotoionization dominates. 
We propose that the confinement of dust in the stable points occurs

s follows. The dust grains initially mo v e towards the star from
n external source (see Section 4 ) due to a combination of gravity
nd Poynting–Robertson drag. As the dust particle enters the stellar
orona, it will rapidly become charged by collisions with the plasma
nd therefore will experience the Lorentz force in addition to drag
rom the coronal plasma. The density of this plasma ensures that
nce inside the corona, the radiation force experienced by the dust
articles is negligible in comparison to the collisional drag on the
ust grains. If the Lorentz force exceeds the gravitational force, the
agnetic field may be able to capture the dust grains. Even in this

ase, ho we ver, dust particles will be free to mo v e along field lines. If
hey encounter a stable location they will remain there. The effect of
ollisional drag with the coronal gas will be to slow down the motion
f the dust grain, potentially preventing it from reaching a stable
oint. Typically stable points are close to the co-rotation radius. 

.3.1 Charging of dust grains 

n order for the dust particles to be affected by the magnetic field,
hey must be charged. The dust grains become charged by collisions
ith electrons and protons in the coronal plasma. The dust grains

re assumed to acquire a ne gativ e charge, because electrons in the
lasma have faster velocities than electrons due to their lower masses
o collide more frequently with the dust grains. The resulting charge,
 d , and collision cross-section can be calculated following a method
f Ke, Huang & Lin ( 2012 ) to give 

 = −30 πε0 r d k B T 

e 
, (7) 

here k B is the Boltzmann constant, ε0 is the permittivity of free
pace, e is the charge on one electron, r d is the radius of the spherical
ust grain, and T is the plasma temperature. 

.3.2 Lor entz for ce 

or a charged dust grain in a dipole field, the magnitude of the
orentz force is 

 L = q d v d B 

= 

30 πε0 r d k B T 

e 
v d B surf 

(
R � 

r 

)3 

(8) 

here q d is the charge on the dust grain, v d is its velocity perpendic-
lar to the magnetic field, B surf is the surface magnetic field strength
f the star, r is the distance from the centre of the star, and R � is the
tellar radius. For a dust grain moving towards the star, its velocity

ill be a fraction of the escape speed v d = f v esc = f 

√ 

2 GM � 

r 
where

 ≤ f ≤ 1 is a factor that accounts for the alignment of the particle’s

art/stac3302_f1.eps
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 elocity relativ e to the magnetic field and its velocity relative to
he escape v elocity. F or e xample, a particle in a circular orbit has
 d = 

v esc √ 

2 
. Equation ( 8 ) can therefore be rewritten as 

 L = 

30 πε0 r d k B T 

e 
f 
√ 

2 GM � B surf R 

3 
� r 

− 7 
2 . (9) 

.3.3 Gravitational force and maximum grain size 

he gravitational force on a dust grain is given by 

 G 

= 

4 πr 3 d ρd 

3 

GM � 

r 2 
(10) 

here M � is the stellar mass, ρd is the bulk density of the dust
rains, and G is the gravitational constant. For a dust particle to be
upported by the magnetic field against gravity, we require F L > F G .
he gravitational force is used rather than the ef fecti ve gravitational

orce, because it is a more conserv ati ve criterion that takes into
ccount that the dust is not initially on a circular orbit. In our model,
he dust grains are treated as spherical, and we follow Zhan et al.
 2019 ) in using a typical density of rocky material of 3000 kg m 

−3 .
he gravitational force on a particle scales as r 3 d whereas the charge

and Lorentz force) scale as r d . Therefore grains must be below
 critical radius to be significantly affected by the magnetic field. 
ombining equations ( 8 ) and ( 10 ) and assuming that the particle is

ocated at a radial distance, r = βR K gives 

 d < 

( 

45 
√ 

2 

2 

ε0 k B T R 

3 
� f B surf �

eGM � ρd β
3 
2 

) 

1 
2 

. (11) 

.3.4 Drag from coronal plasma 

he drag force experienced by the dust grain due to collisions with
rotons in the plasma is 

 drag = m p n p σcol c s v rel (12) 

here c s = 

√ 

k B T 

μm p 
is the sound speed in the plasma and μ = 0.61

s the mean molecular weight of the plasma. This was approximated 
y primordial solar abundances by mass fraction (Asplund et al. 
009 ), which are a reasonable approximation for these young 
onv ectiv e stars that will be well mixed. σ col is the collision cross-
ection between dust and protons in the plasma, and v rel is the relative
elocity between the dust and plasma – again taken to be fv esc . The
ollision cross-section between a charged dust grain and protons is 
nhanced due to their electrostatic interaction. Following Ke et al. 
 2012 ), this enhancement can be written as σcol = πr 2 d (1 + θ ) and θ
 5 was used. Combining these expressions 

 drag = 6 πr 2 d n p 

√ 

2 k B T m p GM � 

μr 
f . (13) 

his drag force has a comparable magnitude to the Lorentz force for
icrometre size grains. The drag force decelerates the dust particle, 

ecreasing the Lorentz force it experiences. The stopping time, τ s , 
ives an estimate of how long the particle will be influenced by the
agnetic field before it is brought to rest relative to the gas. The

topping time is given by 

s = 

m d v d 

F drag 

= 

m d 

n p m p c s σcol 
(14) 
here m d = 

4 
3 πr 3 d ρd is the mass of a spherical dust grain. In turn, a

topping distance for a dust grain initially travelling at some fraction
f the escape velocity can be estimated as 

 s = 

v d τs 

2 

= 

r d ρd f 

9 n p 

√ 

2 GM � μ

m p k B T r 

= 

f r d ρd ( GM ∗�) 
1 
3 

9 n p 

√ 

2 μ

m p k B T β
, (15) 

here the third equality comes from substituting r = β R K 

. This
topping distance must be large enough that dust grains can travel
long field lines to a stable point once they enter the corona.
arger grains have larger stopping distances, because although they 
xperience more drag they have higher inertia. 

.3.5 Sublimation and diffusion time-scales 

he features observed in the light curves are stable over an 81 day K2
ampaign (Stauffer et al. 2017 ) and 1–2 sectors (27–54 + d) of TESS
bservations (Zhan et al. 2019 ). Therefore, once at the stable point,
ust grains must have diffusion and sublimation time-scales longer 
han a few months to remain at the stable point, assuming there is no
esupply of dust. For sublimation time-scales of dust grains close to
 dwarfs, we refer to the recent paper by Zhan et al. ( 2019 ), who

onsidered five different compositions and three grain sizes (0.1, 1, 
0 μm) at distances of 1–7 R � . For V374 Peg, the co-rotation radius
s at R K = 4.72 R � , where three (corundum, forsterite, and enstatite)
f the five compositions considered by Zhan et al. ( 2019 ) for all sizes
nd 10 μm iron grains have sublimation time-scales greater than a
ear and one (fayalite) has a sublimation time-scale of one month.
hese time-scales are sufficiently long that dust grains can survive 

ong enough for the features observed and sublimation should not be
he dominant contributor to the variability. 

Random thermal motion of particles within the plasma may of 
ourse lead to diffusion of dust out of the stable point. The diffusion
oefficient can be estimated as D = 

1 
2 λv p where λ = 

1 
n p σcol 

is the
ean-free path for collisions between dust grains and protons in the

lasma (since protons have greater momentum than the electrons in 

he plasma) and v p = 

√ 

3 k B T 
m p 

by equipartition theorem. Assuming 

hat at the stable point the dust is diffusing out of a spherical cloud of
adius r cloud and surface area A = 4 πr 2 cloud , the diffusion time-scale,
diff = A / D , can be written as 

diff = 

8 πr 2 cloud n p σcol 

v p 
. (16) 

.4 Dust masses for the absorption and light curves 

he mass of dust required to produce the observed absorption must be
hysically realistic. To produce the observed absorption, the optical 
epth, τ of the dust cloud must be at least one. The optical depth is
iven by 

= n d σext s (17) 

here n d is the number density of the absorbing species, σ ext is the
xtinction cross-section, and s is the path length. For micrometre size
rains in the Kepler passband (400–900 nm), light undergoes Mie 
cattering and the extinction cross-section can be written as σext = 
MNRAS 518, 4734–4745 (2023) 
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 ext πr 2 d (assuming spherical dust grains). Q ext is a numerical pre-
actor that depends on the comple x refractiv e inde x of the dust grains
nd the dimensionless parameter X = 

2 πr d 
λ

, which characterizes the
ize of the particle compared to the wavelength of the light, λ. Croll
t al. ( 2014 ) calculated Q ext as a function of X for a variety of
efractive indices, including those for the same minerals considered
y Zhan et al. ( 2019 ), which are likely to be in the dust clouds. For
alues of X greater than five, fig. 13 of Croll et al. ( 2014 ) indicates
here is little variation in Q ext with increasing X and composition has
ittle effect. Therefore, for the optical depth calculation, the light was
aken to be monochromatic at 650 nm as it did not affect the extinction
ross-section. The path length for the optical depth calculation was
aken to be twice the radius of the spherical dust cloud, such that
 = 2 r cloud . This maximizes the path length for a given cloud. The
umber density of the dust w as tak en to be constant within the cloud,
ecause the dust clouds are small in comparison to the pressure scale
eight of the corona. This allows us to write 

 d = 

τ

2 Q ext πr 2 d r cloud 
. (18) 

he minimum dust number density can be obtained by setting τ = 1.
The dust-cloud locations must be estimated to calculate model

ight curves. As discussed in Section 2.3 , dust clouds can be located
t stable points (see Section 2.2 ) in the magnetic field. At any given
ime, not all stable points will support dust clouds, so we randomly
elect half of the stable points to support dust clouds and calculate
ultiple realizations of the resulting dust-cloud locations. We show

ne example in Fig. 1 . Equations ( 2 ) and ( 18 ) can then be used to
alculate the cloud radii and number densities and can be combined
ith these dust-cloud locations to generate model light curves (see
ection 3.4 ). 

 RESULTS  

.1 Dust-cloud locations and sizes from obser v ations 

n Table 1 , we list the lower limits on the radial distances a / R � of
he co-rotating clouds from the rotation axes of the 10 stars studied
y Zhan et al. ( 2019 ) via the two different methods described in
ection 2.1 and the radii of the dust clouds. The dips are between
.4 per cent and 4.8 per cent, corresponding to cloud radii of 0.06–
.22 R � . We identified the narrowest dip in each of the published
ight curves and measured its fractional depth k and full duration
 at half-maximum depth directly. We also computed the Fourier
ower spectrum of the TESS data for each of the Zhan et al. ( 2019 )
argets, and determined the time-scale corresponding to the highest-
requency peak in the regularly spaced pattern clearly visible abo v e
he noise. Both methods yielded similar estimates for T , and hence for
 / R � = P / πT . The distances r of the clouds from the rotation axis are
lotted and compared with the Keplerian co-rotation radius in Fig. 2 .
With the exception of one outlier, which could be the product of

n elongated cloud complex with an extent greater than the stellar
iameter, the narrowest clearly identifiable dips in all the stars in the
ample of Zhan et al. ( 2019 ) lie between 5 and 10 stellar radii from
he rotation axis. These should be considered as lower limits, since
he narrowest events may result from grazing transits of clouds in an
quatorial ring tilted relative to the line of sight. As with transiting
lanets, the probability that a randomly inclined object at distance
 will transit the stellar disc is P(transit) = R � / r. This produces a
eometrical selection effect resulting from the random inclinations
f the stellar rotation axes, fa v ouring grazing transits when the co-
otation radius is further from the stellar rotation axis. We validated
NRAS 518, 4734–4745 (2023) 
his explanation by using the dip widths in the synthetic light curve
f V374 Peg, discussed and illustrated in Section 3.4 , to estimate the
adial distance in the same way. The derived distance, shown as a
reen lower limit in Fig. 2 , was about 60 percent of the co-rotation
adius, whereas the model clouds were all close to co-rotation. We
onclude that the dips in these stars arise from co-rotating structures
re-dominantly located close to, or inside, the co-rotation radius. 

.2 Can the dust be confined by the magnetic field? 

ypical values for dust and stellar parameters can be substituted
nto the equations from Section 2.3 to determine if dust trapping
n magnetic stable points is possible. The typical values used are
ummarized in Table 2 and stellar parameters have been taken for
he magnetically active M dwarf V374 Peg, but the results here are
resented as scaling relationships so they can be applied to other
tars. Although V374 Peg does not show the light-curve dips that are
haracteristics of the scallop-shell stars, it was used as an illustrative
xample of the magnetic field structures that we might expect to find
n rapidly rotating mid-to-late M dwarfs. It is well-observed (Donati
t al. 2006 ; Morin et al. 2008 ; Hallinan et al. 2009 ; Vida et al.
016 ) and magnetic field maps are available for it, which enables the
odelling of the stable points discussed in Section 2.2 . 
From equation ( 11 ), the critical size below which Lorentz forces

ominate o v er gravitational ones is 

 d < 12 

(
f 

1 

) 1 
2 
(

T 
5 . 7 MK 

) 1 
2 
(

R � 
0 . 34 R �

) 3 
2 ( B surf 

500 G 

) 1 
2 
(

�

1 . 6 ×10 −4 rad s −1 

) 1 
2 

(
M � 

0 . 28 M �

) 1 
2 
(

ρd 
3000 kg m 

−3 

) 1 
2 ( β

1 

) 3 
4 

μm 

(19) 

This indicates dust particles can be supported in the stellar
agnetosphere against gravity. The strength of gravitational force

elative to the Lorentz force as a function of grain size, distance to
he star, surface magnetic field strength, and coronal temperature
s shown in Figs 3 and 4 . The Lorentz force is larger than the
ravitational force except for the largest dust particles furthest from
he star. The strength of the Lorentz force in comparison to gravity
ncreases at higher coronal temperatures and surface magnetic field
trengths, which increases the maximum grain size that can be
upported in the field against gravity. 

Using equation ( 15 ), the approximate stopping distance of a dust
rain is 

 s = 0 . 08 

(
f 

1 

)(
r d 

1 μm 

)(
ρd 

3000 kg m 

−3 

)(
M � 

0 . 28 M �

) 1 
3 
(

�∗
1 . 63 ×10 −4 s −1 

) 1 
3 

( n p 

10 16 m 

−3 

)(
T 

5 . 7 MK 

) 1 
2 
(

R � 
0 . 34 R �

) R � . 

(20) 

he short distance in comparison to the difference between co-
otation radius and cloud distance for the large co-rotation radius
n Fig. 2 may mean that only a proportion of the dust grains make
t to the stable point, but the distance is not so small that no dust
rains could reach the stable points. Additionally, larger dust grains
r smaller coronal number densities or lower temperatures could lead
o larger stopping distances, as shown in Fig. 5 . A full simulation of
he dust motion on the field lines in the corona is needed to impro v e
his estimate of stopping distances and constrain the fraction of dust
hat settles in a stable point. 
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Table 1. Estimated cloud sizes and radial distances for the smallest dip features identified in TESS light curves of the 10 stars from 

(Zhan et al. 2019 ). The first six columns give the TIC number, stellar mass, and radius in solar units, the rotation period in days, the 
fractional duration T / P of the smallest dip, and its fractional depth k . The next three columns list the Keplerian co-rotation radius, 
minimum cloud distance r FWHM 

estimated from the full-width at half maximum (FWHM) of the smallest dip, and the minimum cloud 
distance r Fourier estimated from the highest frequency in the Fourier power spectrum of the light curve. The final column gives the cloud 
size r cloud estimated from the fractional depth of the smallest dip. 

TIC M � / M � R � / R � P rot (d) T / P k R K / R � r FWHM 

/ R � r Fourier / R � r cloud / R � 

206544316 0 .35 0 .46 0 .3217 0.100 0.048 6 .1 3.2 14 .8 0.22 
224283342 0 .34 0 .25 0 .8873 0.036 0.019 22 .3 8.9 9 .8 0.14 
425933644 0 .38 0 .51 0 .4863 0.053 0.036 7 .0 6.0 7 .0 0.19 
425937691 0 .3 0 .32 0 .2007 0.050 0.010 6 .7 6.4 6 .9 0.10 
38820496 0 .25 0 .28 0 .656 0.050 0.008 18 .0 6.4 3 .6 0.09 
201789285 0 .18 0 .24 0 .1516 0.033 0.018 8 .8 9.6 5 .0 0.13 
234295610 0 .37 0 .38 0 .7615 0.050 0.005 12 .9 6.4 8 .4 0.07 
177309964 0 .49 0 .49 0 .4533 0.050 0.014 6 .4 6.4 6 .3 0.12 
332517282 0 .19 0 .25 0 .4023 0.042 0.010 16 .0 7.6 8 .3 0.10 
289840928 0 .29 0 .38 0 .1999 0.040 0.003 5 .7 8.0 5 .5 0.06 

Figure 2. Lower limits on the radial distances r / R � of the co-rotating clouds 
from the rotation axes of the 10 stars studied by (Zhan et al. 2019 ), versus 
Keplerian co-rotation radius. The blue points are measured using the full 
width at half maximum (FWHM) of the smallest dip feature in each light 
curve, while the orange points are derived from the highest-frequency clearly 
visible in the Fourier power spectrum of the light curv e. The gre y line of unit 
slope allows the cloud locations to be compared with the co-rotation radius. 
The green point, derived in the same way from the duration of the narrowest 
dip produced by clouds near the co-rotation radius in the synthetic light curve 
of V374 Peg (Fig. 6 ), illustrates the lower-limit nature of these measurements. 
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The diffusion time-scale of the dust trapped at a stable point is 

diff = 2 . 2 × 10 8 
(

r cloud 

0 . 1 R � 

R � 

0 . 28 R �

)2 (
r d 

1 μm 

)2 ( n p 

10 16 m 

−3 

)

×
(

T 

5 . 7 MK 

)− 1 
2 

yr. (21) 

his time-scale is 10 9 times larger than the length of observations and
ndicates that once dust is at a stable point it can remain there unless
he gas to which it is coupled mo v es, the dust sublimates (which
as short enough time-scales for certain compositions) or the field 
tructure changes (see Section 4 ). Observations of M dwarfs have 
hown their magnetic field structures evolve only slowly, changing 
ittle o v er time-scales of months (Vida et al. 2016 ), so these dust
louds could remain fixed for long enough to produce the stable 
ignals observed, contrary to suggestions in G ̈unther et al. ( 2022 ). 
.3 Dust-cloud masses and number densities 

he results in Section 3.2 combined with the sublimation time- 
cales from Zhan et al. ( 2019 ) suggest it is possible to trap dust
t stable points in the magnetosphere for long enough to produce the
bserved absorption. Ho we ver, the dust masses required must also
e physically realistic and the model must reproduce the observed 
ight curves. 

A typical dust number density in the cloud can be calculated using
quation with 1 μm dust grains, which have Q ext = 3 and dust-cloud
adii from observations in the range 0 . 06 − 0 . 22 R � (see Table 1 ). 

 d = 2200 
( τ

1 

)(
Q ext 

3 

)−1 (
r d 

1 μm 

)−2 

×
(

s 

0 . 1 R � 

R � 

0 . 34 R �

)−1 

m 

−3 . (22) 

umber densities and values of Q ext are given in Table 3 . For a
iven dust cloud, this is a minimum number density as it assumes the
ongest path length through the cloud and an optical depth of one.
his gives a dust-to-gas number ratio of order 10 −13 relative to the
orona. This is consistent with a model of dust particles entrained in
oronal plasma and neglecting collisions between dust particles. The 
ust-to-gas mass ratio is of order one, so the dust mass is a significant
raction of the mass at a stable point. For a spherical dust cloud with
pherical dust grains, the cloud mass is 

 cloud = 1 . 6 × 10 12 
( τ

1 

)(
Q ext 

3 

)−1 (
r cloud 

0 . 1 R � 

R � 

0 . 34 R �

)2 

×
(

r d 

1 μm 

)(
ρd 

3000 kg m 

−3 

)
kg . (23) 

his is two orders of magnitude smaller than masses of a small
ubble-pile asteroid (Veras et al. 2014 ) and many orders of magnitude
maller than typical Vesta (main-belt, rocky) and Eris (Kuiper-belt, 
ocky) asteroids in the Solar System (Malamud & Perets 2020b ). It
s also two orders of magnitude smaller than the mass predicted for
old gas clouds (known as ‘slingshot prominences’) trapped at stable 
oints and at least one order of magnitude less than the observed gas
ass in a single gas ejection event from V374 Peg (Vida et al. 2016 ;
’Angelo, Jardine & See 2018 ). 
MNRAS 518, 4734–4745 (2023) 
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M

Figure 3. Dust grain support as a function of grain size and distance from the star, for a variety of coronal temperatures and surface field strengths. The 
temperature down each column of the subplot is constant and the surface field strength across each row of the subplot is constant. 
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.4 Theoretical light cur v es 

sing this number density and corresponding gas-to-dust ratio, the
agnetic map of V374 Peg was used to simulate the light curves.
ince not all potential stable points will be filled at any one time, a
raction (50 per cent ) of all the stable points was selected at random
o support the dust clouds. The locations of all possible stable points
nd the field structures that support them are shown in Fig. 1 , and
hree sample realizations of the resulting light curves for 1 μm dust
rains are shown in Fig. 6 . For each random selection of stable points,
 similar pattern of dips is found. These show depths of 1–3 per cent ,
NRAS 518, 4734–4745 (2023) 

onsistent with observations. 
The inclination of the stellar rotation axis to the line of sight will
f course affect which dust clouds transit in front of the star. For
 star with a mainly aligned dipolar field, the stable points will lie
ithin a torus that is located around and beyond the co-rotation

adius, as shown in Fig. 1 . Reducing the inclination to zero ensures
hat no dust-clouds will transit (unless they lie over the rotation
ole). We therefore expect that the scallop-shell phenomenon will
re-dominantly be found in stars whose rotation axes have large
nclinations. We illustrate this in Fig 7 , which shows light curves
alculated for a range of inclinations, including the value of i = 70 ◦

art/stac3302_f3.eps
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Figure 4. Dust grain support as a function of surface magnetic field strength and coronal temperature, for a variety of grain sizes, r d and distances from the 
star, a . The distance from the star down each column of the subplot is constant and the grain size across each row of the subplot is constant. 
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Donati et al. 2006 ) used in Fig. 6 . For inclinations below 40 ◦, no
ips can be found. 1 
 Kraus et al. ( 2014 ) published projected equatorial rotation speeds for five 
f the stars in the sample of Zhan et al. ( 2019 ), which belong to the Tuc-Hor 
oving group. Comparison of these vsin i values with the stellar radii and 

otation periods in Table 1 suggests that all five have rotation axes inclined 
t less than 40 degrees to the line of sight. One of them, TIC 206544316, 
as observed independently by Zhan et al. ( 2019 ) with spectral resolving 
ower R = 24 000 on the ANU 2.4-m telescope, yielding vsini = 77 km s −1 . 
his is very different from the 46.8 km s −1 reported by Kraus et al. ( 2014 ) 

or the same star. The single measurement by Zhan et al. ( 2019 ) indicates 
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 DI SCUSSI ON  

.1 Wider implications 

ection 3 demonstrates that dust can be trapped at the co-rotation
adius and the resulting dust clouds can produce light-curve dips 
MNRAS 518, 4734–4745 (2023) 

n inclination close to 90 degrees for TIC 206544316. The reason for the 
iscrepancy is unclear, but we note that the probability of a randomly 
hosen sample of five stars all having inclinations less than 40 degrees is 
.0 × 10 −4 . It would be interesting to re-determine vsin i for the entire 
ample. 
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Figure 5. Stopping distance of dust grain as a function of grain size based on equation ( 15 ). In the left-hand panel, the number density is fixed at n p = 10 16 m 

−3 

and the coronal temperature varies. In the right-hand panel, the temperature is fixed at T = 1 × 10 6 K and the coronal number density varies. All other constants 
have the values in Table 2 . 

Table 2. Typical values for quantities in scaling relation- 
ships in this paper. Stellar parameters except temperature 
are values for V374 Peg from Donati et al. ( 2006 ), with R � 

assuming sin i = 70 ◦. The coronal temperature of V374 
Peg comes from Jardine & Collier Cameron ( 2019 ). The 
dust-particle density follows Zhan et al. ( 2019 ) and the 
proton number density in the corona comes are order of 
magnitude estimates based on Ness et al. ( 2002 , 2004 ). 
The cloud radius was obtained from the amplitude of the 
scallop-shell features (see Section 3.3 ). 

Quantity Value 

T 5.7 MK 

M � 0.28 M �
R � 0.34 M �
R K 4.72 R � 

B surf 500 G 

�∗ 1 . 63 × 10 −4 rad s −1 

ρd 3000 kg m 

−3 

n p 10 16 m 

−3 

r cloud 0 . 1 R � 

Table 3. Q ext and number densities of dust grains for an 
optical depth of one for a variety of grain sizes assuming 
an optical depth of one. 

r d / μm Q ext n d / m 

−3 m cloud / kg 

0.1 0.2 3.4 × 10 6 1.6 × 10 9 

0.5 2 1.3 × 10 4 2.0 × 10 11 

1 3 2200 1.6 × 10 12 

10 2 34 1.6 × 10 15 

Figure 6. Model light curves for V374Peg created by filling a fraction of the 
stable points with dust particles of size 1 μm. Three different random samples 
of stable points are shown. The narrowest features have a width of about 0.05 
in phase. The corresponding radial acceleration underestimates the distance 
of the cloud from the rotation axis by about 40 percent, as illustrated by the 
green arrow in Fig. 2 . 
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imilar to those observed for the scallop-shell stars. The scallop-
hell phenomenon is only observed in a small subset of all
apidly rotating stars with spectral types later than mid-M. This
uggests that either the scallop-shell phenomenon is sporadic,
r that it is seen only in those stars with fa v ourable viewing 
eometries. 
Many such stars generate strong dipole-dominated fields, which

ould trap dust close to the equatorial plane. Clouds confined near
he stellar equatorial plane will only transit the disc if the inclination

art/stac3302_f5.eps
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Figure 7. Model light curves for V374Peg created by filling a fraction of the 
stable points with dust particles of size 1 μm. Four different inclinations of 
the rotation axis to the line of sight are shown (including i = 70, the value 
used in Fig. 6 ). 
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f the stellar rotation axis is close to 90 degrees. At low inclinations,
he clouds may be present but unobservable. 

The probability of a dust cloud at the co-rotation radius crossing
he line of sight and causing a dip is 

 transit = 

R � + r cloud 

R K 

. (24) 

or the 10 scallop-shells discovered by Zhan et al. ( 2019 ), typically
 cloud � 0.1 R � and 5 R � � R K � R � Hence, P transit ranges from 0.22
or R K = 5 R � to 0.055 for R K = 20 R � Therefore, if there was no limit
n dust supply, within the subset of young ( < 50 Myr) and rapidly
otating ( P < 1 day) M dwarfs, approximately 10 per cent would
e expected to be scallop-shells. Indeed, Stauffer et al. ( 2018 ) and
 ̈unther et al. ( 2022 ) found 9 per cent and 6 per cent of young, rapid

otators were scallop-shells, respectively. None the less, G ̈unther 
t al. ( 2022 ) report that even in stars found to exhibit scallop-
hell behaviour, the phenomenon is not continuously present. This 
uggests the injection of dust is sporadic, and that the clouds have a
nite lifetime. 
Some very low-mass M dwarfs have, ho we ver, been sho wn to

enerate weaker and multipolar magnetic fields (Morin et al. 2010 ). 
his may also affect the spatial distribution of stable points where 
ust can be trapped and hence the transit probability. 
These light curves have only been observed in young stars: 5–

0 Myr for those observed by Stauffer et al. ( 2018 ) and 45 Myr for
hose observed by Zhan et al. ( 2019 ) and Palumbo et al. ( 2022 ). The
ppearance of this phenomenon in young stars is likely to be because
here is more dust and scattering of planetesimals in young stellar
ystems (Williams & Cieza 2011 ). These stars are also rapid rotators
ith periods less than 1 d. Rapid rotation is required to ensure that the

o-rotation radius (where most stable points are located) lies within 
he star’s corona. Rapid rotation also ensures that the field is strong
nough for the Lorentz force to oppose gravity. 

One possible constraint on dust availability is if dust delivery is
poradic. The lack of IR excess in these systems (Stauffer et al.
018 ) indicates the absence of a dusty accretion disc around these
tars and so in our model dust moving towards the star is likely
o originate from tidally disrupted planetesimals. This is consistent 
ith the dust masses obtained in Section 3.3 , which are all orders of
agnitude lower than asteroid types observed in the Solar System. 
his supports a model where a small fraction of the planetesimal 
aterial reaches the stable point due to the size distribution of
lanetesimal fragments and the dif fering ef fects of gravity and drag
n dust grains of different sizes (see Section 3.2 ). If the rate of
idal disruption of planetesimals around the star is slower than the
ate at which dust clouds are destroyed (see Section 4.2 ) then stars
hich have not recently had a tidally disrupted planetesimal will not

xhibit this phenomenon. Tidal disruption of planetesimals around 
hite dwarfs has been modelled e xtensiv ely to explain white-dwarf
ollution e.g. Jura ( 2003 , 2008 ), Veras et al. ( 2014 ), and Malamud
 Perets ( 2020a ). These models could be applied to M dwarfs to

nvestigate origins of the dust and determine if tidal disruption is
 plausible origin. Resulting theoretical predictions could be tested 
sing observations of scallop-shell light curv es. The frequenc y of
ccurrence of scallop shell features could constrain the frequency 
f planetesimal disruption within the system whilst the time-scale 
or appearance of these features in the light curve [e.g. between
ectors 10i and 10ii in fig. 9 of G ̈unther et al. ( 2022 )] could be
sed to test predicted time-scales between disruption and dust 
ccretion. 

Dust trapped in magnetic stable points in these stars provides 
 new way to map the large-scale loop structures in these stars’
oronae. Rather than needing to observe in H α, which is costly and
an be done for limited time, dust can be observed in the optical with
nstruments, such as TESS for a long period of time [for example
IC 177309964 in G ̈unther et al. ( 2022 ) was observed for 1 yr]. This
ould enable high-cadence observations of the evolution of M dwarf 
agnetic fields with these dust clouds acting as a tracer. Magnetic
eld structures deduced from optical observations could then be 
ompared with those from Zeeman–Doppler imaging. 

.2 Disappearance of features 

 mechanism for the removal of dust clouds is required to explain
he lower than expected occurrence rates (Section 4.1 ) and the
udden disappearance of the narrow features in the light curve –
s demonstrated between sectors 11ii and 12i in fig. 9 of G ̈unther
t al. ( 2022 ). The sublimation time-scales of dust grains are too
ong to explain this (see Section 2.3.5 ). The magnetically confined,
o-rotating dust clouds hypothesis provides a potential process. If 
he dust is trapped in the magnetic field, the disappearance of the
ust signature implies a change in the magnetic field structure. The
urface magnetic fields of M dwarfs have been observed to evolve
nly slowly o v er time-scales of months (Morin et al. 2008 ) so this
hange is unlikely to be due to a sudden change in coronal field
onfiguration and disappearance of a stable point. Ho we ver, this
ould be explained by the formation (and subsequent ejection) of 
 ‘slingshot prominence’ (a condensation of coronal plasma) at a 
agnetic stable point. These condensations are observed as travelling 

bsorption features in H α (Collier Cameron & Robinson 1989 ). 
he radial acceleration of these features shows that they typically 
riginate from material at or beyond the co-rotation radius. At these
adial distances, they must be supported ag ainst centrifug al ejection,
ost plausibly by the magnetic field. 
The long diffusion time-scale in equation ( 16 ) indicates that the

ust would be entrained in this condensation. These condensations 
av e observ ed lifetimes of only around 1 d. This finite lifetime is
 simple consequence of the nature of the gas upflow that forms
he prominence (Jardine & Collier Cameron 2019 ). This upflow is
ufficiently hot that it is supersonic by the time it reaches the stable
oint. As a result, the mass of gas at the stable point will increase until
t can no longer be supported by the magnetic field. At this point,
ny gas (and any entrained dust) will be ejected from the support
MNRAS 518, 4734–4745 (2023) 
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ite. Because the upflow is supersonic, the surface will none the less
ontinue to supply mass leading to another ejection. This limit cycle
f ejections would ensure the removal of any dust that might have
een trapped at the stable point. A similar explanation – centrifugal
reakout – has been suggested for disappearance of features in the
ipper star TIC 234284556 by Palumbo et al. ( 2022 ). 

.3 Dust particle size 

he size of the dust particles requires further investigation. The
pper panels in fig. 10 of G ̈unther et al. ( 2022 ) show weak colour
ependence, which could be pre-dominantly due to underlying star-
pots rather than dust. This dependence and the broad-band K2 data
uggest the dust-grain radii could be anywhere in the visible range
r slightly larger. 1 μm dust grains were suitable for reproducing the
ignal, as shown in Fig. 6 . Equation ( 11 ) indicates an upper limit
n particle size of around 10 μ m and equation ( 15 ) demonstrates
hat larger particles have larger stopping distances and more likely to
each a stable point. Therefore, longer wavelength IR observations
re required to confirm the particle-size distribution within the range
.5–10 μ m using methods similar to Croll et al. ( 2014 ). 

.4 Further work 

he possible coexistence of dust clouds and prominences could be
nvestigated through time-resolved H α spectroscopy of these stars,
ith simultaneous photometry. Such a coexistence would depend on
 rate of prominence formation and dust delivery. Stellar coronae
av e man y stable points, so for frequent dust delivery, both scallop-
hell light curves and prominences should be observed. This would
ell us to what extent the spatial distribution of dust mirrors that of
he neutral hydrogen condensations. In addition, if the photometric
ips were found al w ays to occur in rotational antiphase to the H α

ransients, this would indicate that dips can also arise from bound-
ree emission being eclipsed as gaseous prominences pass behind the
tar, cf. Rebull et al. ( 2016 ). 

As discussed in Section 4.1 , theoretical work on the delivery
f dust to the star is required. As well as models of planetesimal
elivery and tidal disruption, it would be instructive to create a
agnetohydrodynamic simulation of dust as it enters the corona,

ncluding coupling to the field and coronal drag as it travels to a
table point. This would investigate what proportion of dust from a
lanetesimal will end up in stable points and what the size distribution
f this material is. 

 C O N C L U S I O N S  

his work has demonstrated that magnetospherically trapped dust
louds provide a feasible explanation for the high-frequency vari-
bility of the scallop-shell stars, seen superposed on the underlying
hotospheric star-spot modulation. Analysis of observations of 10
callop-shells observed by TESS (Zhan et al. 2019 ) has shown that
he narrow features appear with the same periodicity as the quasi-
inusoidal star-spot modulations and hence are co-rotating. Their
ransit times are consistent with their being located at or inside
he co-rotation radius. We have developed a model for coupling
f electrostatically charged dust particles to the magnetic field, and
hown that the existence of magnetic stable points enables trapping
f dust around the co-rotation radius. The long sublimation and
iffusion time-scales of dust at this location agrees with observations
f the stability of this signal. Using the magnetic map of V374 Peg, we
ave generated synthetic realizations of the light curves that would
NRAS 518, 4734–4745 (2023) 
e produced by these co-rotating dust clouds transiting the stellar
isc. These have similar features (depth, duration, and number of
ips) to the observed light curves. 
All of the abo v e confirms that co-rotating dust clouds are a

ossible explanation for scallop-shell stars. For the phenomenon to
e observed in a given star requires both a dust delivery mechanism
nd a fa v ourable vie wing geometry. Observ ations of these stars could
rovide a test for theoretical models of tidal disruption and planetary
ynamics of these systems. The presence of these dust clouds also
rovides a new method for observing the magnetic stable points of
hese stars, which could be compared with H α observations and
esults from Zeeman–Doppler imaging. Further multiwavelength
bservations of these stars, as well as the development of models
f dust delivery processes, are important to confirm the validity of
his hypothesis and to better understand these stars. 
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PPENDI X  

he solution to eqiation 5 may be written as 

 r = 

N ∑ 

l= 1 

l ∑ 

m =−l 

B lm 

P lm 

( θ ) f l ( r , r ss ) r 
−( l+ 2) e imφ (A1) 

 θ = −
N ∑ 

l= 1 

l ∑ 

m =−l 

B lm 

d P lm 

( θ ) 

d θ
g l ( r , r ss ) r 

−( l+ 2) e imφ (A2) 

 φ = −
N ∑ 

l= 1 

l ∑ 

m =−l 

B lm 

P lm 

( θ ) 

sin θ
img l ( r , r ss ) r 

−( l+ 2) e imφ (A3) 

here the functions f l ( r , r ss ) and g l ( r , r ss ), which describe the
odification of the field structure by the outflowing hot gas, are

iven by 

 l ( r, r ss ) = 

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

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

]
(A4) 

 l ( r, r ss ) = 

[
1 − ( r/r ss ) 2 l+ 1 

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

]
. (A5) 
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