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MODELLING THE CORONA OF HD 189733 IN 3D
A. Strugarek 1 , A. S. Brun 2 , S. P. Matt 3 , V. Reville2 , J. F. Donati 4 , C. Moutou 5 and R. Fares 6
Abstract. The braking of main sequence stars originates mainly from their stellar wind. The efficiency of
this angular momentum extraction depends on the rotation rate of the star, the acceleration profile of the
wind and the coronal magnetic field. The derivation of scaling laws parametrizing the stellar wind torque
is important for our understanding of gyro-chronology and the evolution of the rotation rates of stars. In
order to understand the impact of complex magnetic topologies on the stellar wind torque, we present threedimensional, dynamical simulations of the corona of HD 189733. Using the observed complex topology of
the magnetic field, we estimate how the torque associated with the wind scales with model parameters and
compare those trends to previously published scaling laws.
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Introduction

Magnetized stellar winds have long been recognized as the major source of angular momentum extraction in
main sequence stars (Parker 1958; Weber & Davis 1967; Mestel 1968). In order to reliably assess the stellar
wind torque, the acceleration profile and the magnetic field geometry of the wind are required. It was recently
demonstrated that, in particular, complex magnetic topologies of cool stars have a major impact on the torque
(see, e.g. Cohen & Drake 2014; Réville et al. 2014) compared to more simple topologies. Three dimensional
numerical simulations provide a reliable way to compute, in a dynamically self-consistent way, the torque arising
from stellar wind with complex magnetic fields. However, no parametrization of fully three-dimensional, nonaxisymmetric stellar wind torques has yet been proposed in the literature.
We report here an ongoing effort in developing magnetohydrodynamics (MHD) simulations of the stellar
winds of cool stars in three dimensions using complex magnetic field topologies. We consider one-fluid and
ideal models of stellar winds which are simple compared to the most recent solar wind models (see, e.g., Oran
et al. 2013; Sokolov et al. 2013). However, they inherit important conservation properties from their 2.5D
counterparts (see Strugarek et al. 2012, 2014b) which makes them reliable to derive general scaling laws for the
stellar wind breaking.
We focus, in this proceeding, on the extension of our three-dimensional stellar wind model (see Strugarek
et al. 2014b) to take into account arbitrarily complex magnetic topology. As a test-bench we use the case of
HD 189733 (see Section 2), which has already been modelled in 3D by Llama et al. (2013). We vary one of the
free parameters of the model, the Alfvén speed at the base of the corona (Section 3), and compare our results
with previously published results. Furthermore, the various cases presented here allow us to compare the results
of fully three-dimensional simulations with scaling laws that were derived in a magnetic topology-independent
manner in axisymmetric geometry (Réville et al. 2014). We find a good general agreement with this law, though
the predicted torque is found to be generally larger than the one we found with our 3D models. Given that the
scaling law was derived in axisymmetric geometry (in 2D), we find the general agreement satisfactory and are
encouraging for further exploration of this scaling law, using fully three-dimensional numerical simulations.
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Characteristics of HD 189733

The properties of the planet-hosting HD 189733 star have been reported in Bouchy et al. (2005). It is a K2V
star with a mass M? = 0.82 ± 0.03M and a radius R? = 0.76 ± 0.01R (Winn et al. 2007). The rotation period
of HD 189733 has been characterized by several teams using photometry (Hébrard & Lecavelier des Etangs
2006; Winn et al. 2007), and is reported between 11.8 and 13.4 days. Here we adopt a rotation period of 12
days.
We use the spectro-polarimetric magnetic maps of HD 189733 obtained by Fares et al. (2010) that where
observed in July 2008 with NARVAL. We show in figure 1 the reconstructed components of the magnetic field in
spherical coordinates (top to bottom) in orthographic projection viewed from the north pole (left), the equator
(middle) and the south pole (right). The magnetic field is highly non-axisymmetric and derives from 20 spherical
harmonics modes (lmax = 5).
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Fig. 1. Spectro-polarimetric reconstruction of the coronal magnetic field of HD 189733 in July 2008 (see Fares et al.
2010). The amplitude of the field is given in Gauss.

3
3.1

Modelling the wind of HD 198733
Numercial Model and Parameters

Following the work in 2.5D axisymmetric geometry described by Strugarek et al. (2014c) and in 3D by Strugarek
et al. (2014b), we adapted our stellar wind model to account for the magnetic topology of observed stars. We
use the PLUTO code (Mignone et al. 2007) which solves the following set of ideal MHD equations:
∂t ρ + ∇ · (ρv) = 0
1
1
∂t v + v · ∇v + ∇P + B × ∇ × B = a ,
ρ
ρ
∂t P + v · ∇P + ρc2s ∇ · v = 0 ,
∂t B − ∇ × (v × B)

=

0,

(3.1)
(3.2)
(3.3)
(3.4)

where ρ is the plasma density, v its velocity, P the gas pressure, B the magnetic field, and a is composed of the
gravitational acceleration (which is time-independent) and of the Coriolis and centrifugal forces. The
p equations
are solved in a frame rotating at the stellar rotation rate Ω? . The sound speed is given by cs = γ P/ρ, with
γ the ratio of specific heats. We use an ideal gas equation of state
ρε = P/ (γ − 1) ,

(3.5)
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where ε is the specific internal energy per mass. We use an hll solver combined with a minmod limiter. A
second-order Runge-Kutta is used for the time evolution, resulting in an overall second-order accurate numerical
method. The solenoidality of the magnetic field is ensured with a constrained transport method (see Mignone
et al. 2012). We refer the interested reader to (Mignone et al. 2007) for an extensive description of the various
numerical methods that PLUTO offers. For this first study, we use a low-resolution grid of 2243 points for a
domain size of [−20, 20]3 . 963 uniform grids points are use to discretize the [−1.5, 1.5]3 domain and stretched
grids are used elsewhere.
The first control parameter of the modelled stellar wind is the ratio of specific heats γ. In order to ensure
that the MHD modelling the wind produces velocities compatible with solar inferences (of the order of 400-500
km s−1 at 1 AU in the case the Sun), we choose a close-to-isothermal value of γ = 1.05. The structure of the
stellar wind is then controlled by a set of parameters that can be written as velocity ratios at the surface of the
star (see, e.g., Matt et al. 2012).
In this work we model the corona of HD 189733. The escape velocity at the surface of HD 189733 is
vesc = 6.41 × 107 cm/s. We choose a standard coronal temperature of 2 × 106 K (equivalent to Llama et al.
2013) that sets the normalized sound speed at the surface of the star to cs /vesc = 0.29. The rotation period
of the star is 12 days, which results in a normalized rotation velocity vrot /vesc = 5.0 × 10−3 . Based on these
parameters, the stellar wind is then driven by our boundary conditions representing the base of the corona (see
Strugarek et al. 2014a,c, for complete discussions on those boundary conditions).
The last parameter controlling the stellar wind is the magnetic field. We use the radial component of the
observed magnetic field (Figure 1) and perform a potential extrapolation to define the 3D magnetic field in the
whole domain at initialization (see the Appendix C in Schrijver & DeRosa 2003, for a full description of the
potential extrapolation technique). The magnetic field in the boundary condition –which is effectively impacting
the wind driving– depends only marginally on the exact location of the source surface used for the potential
extrapolation. The initial magnetic field in the whole domain is directly related to the location of the source
surface, but this initial condition is rapidly modified by the wind that establishes a steady-state configuration
with both open and closed field regions that is independent of the initial potential field. As a result, the choice
of the source surface has no impact on our simulation results as long as it is sufficiently distant from the stellar
surface.
The amplitude of the magnetic field is constrained by the observations (Figure 1), but the density at the base
of the corona is not. Hence, the Aflv́en speed at the base of our model is not well constrained. It can generally
be related to the mass loss rate induced by the stellar wind (see Matt et al. 2012; Réville et al. 2014), which in
some cases can be deduced from observations of astrospheric Lyα absorption (Wood 2004). However, we lack
such observations for HD 189733 and are thus compelled to test a range√of Alfvén speeds. We hereafter define
the maximum Alfvén speed at the base of the corona by va = max(B)/ 4πρ? , where B is the total magnetic
field amplitude and ρ? the density at the base 
of the corona. B is constrained by the observations, hence we
choose three different base density values ρ? ∈ 1.51 × 10−14 , 2.13 × 10−15 , 8.3 × 10−16 g cm−3 that lead to
the averaged velocity ratios va /vesc ∈ {2.58, 6.79, 11.0}. The highest density we chose corresponds to the base
density value chosen by Llama et al. (2013) which was tuned to reproduce the observed X-ray luminosity of HD
189733.

3.2

Results

In Figure 2 we show three dimensional renderings of the dynamical corona of HD 189733 for the three Alfvén
velocities we considered. The blue (negative) and orange (positive) map shows the radial magnetic field at the
base of the corona, where the stellar wind is driven in our model. The coronal magnetic field lines are shown
in light blue, and the Alfvén surface is labelled by the transparent grey surface. We observe that for increasing
base Alvén velocity, the Alfvén surface is further away from the star, retaining a similar global shape. This
is a simple consequence of the decrease of the base density in the corona: the magnetic tension strengthens
compared to the intertial and pressure forces of the wind, and the magnetic field retains more closed field lines,
where the coronal plasma is imprisoned and the stellar wind hindered.
We can estimate a posteriori the mass loss rate Ṁw and angular momentum loss rate J˙w of the stellar winds.
In the third case (va /vesc = 11), we find a mass loss rate of 4.35 × 10−13 M yr−1 , which is very close to the
mass loss rate of 4.5 × 10−13 M yr−1 found by Llama et al. (2013). The two other cases have higher mass loss
rates, respectively 8.66 × 10−12 and 1.16 × 10−12 M yr−1 . Following Matt et al. (2012); Réville et al. (2014),
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Fig. 2. 3D renderings of the coronal magnetic field (blue lines) of HD 189733. The color sphere shows the radial
component of the magnetic field at the surface of the star. The transparent blue surface labels the Alfvén surface of the
wind. From left to right, va /vesc is 2.58, 6.79, and 11.0.

we define a torque-derived, effective Alfvén radius by relating the two loss rates through
s
−J˙w
Ra
≡
,
R?
Ṁw Ω?
where Ω? is the rotation rate of the star. It was recently shown by Réville et al. (2014) that this effective Alfvén
radius –at least in 2.5D axisymmetric models– can be related to the wind magnetization parameter
Υo ≡

Φ2o
,
R?2 Ṁw vesc

where the open magnetic flux is given by
Z
Φo =
S

|B · dS| ,

R
where s .dS stand for the integral over a closed surface at a sufficiently large distance from the central star for
the magnetic field lines to be all open. The average Alfvén radius and the magnetic confinement parameter are
related through
"
#m
Ra
Υo
= K3 p
(3.6)
R?
1 + (f /K4 )2
where the coefficients K3 , K4 and m were determined empirically by Réville et al. (2014) to be K3 = 1.4 ± 0.1,
K4 = 0.06 ± 0.01 and m = 0.31 ± 0.02.
We compute Ra and Υo in our three models and display them in Figure 3. The scaling law predicted by
Réville et al. (2014) is shown by the black line. The grey area labels the error bars of this scaling law. Our
cases seem to follow roughly the scaling-law trend, but appear to be shifted downwards. This is in reality
awaited since our reference scaling law was derived with a fixed sound speed ratio of cs /vesc = 0.222 (see Réville
et al. 2014). In our case, we consider a much larger sound speed cs /vesc = 0.2913. By simply multiplying the
K3 coefficient (see equation (3.6)) by 0.65 (close to the ratio of the sound speed considered by Réville et al.
(2014) and the one considered here), our results are nicely reconciled with the predicted scaling-law (red dashed
line and red area). The power-law trend that was derived from axisymmetric models with only three different
topologies (Réville et al. 2014) seems to apply, at least at first order, to non-axisymmetric topologies involving
numerous spherical harmonics modes.
4

Conclusions

We have presented a set of simulations to model the coronal structure around distant stars based on observed
magnetic maps. We applied this method to the case of HD 189733. Due to the lack of constrains on the
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Fig. 3. Generalized Alfvén radius as a function of the wind magnetization parameter Υo (see text). The black line and
grey area show the scaling law prediction from Réville et al. (2014). The dashed red line and red area represent the same
scaling law, modified to account a different sound speed at the base of the corona.

mass loss rate of the star, models of the stellar wind of HD 189733 have free parameters, which we varied to
explore their impact on the coronal structure, and on the mass and angular momentum loss rates of the star.
In spite of the low resolution we used, and the complexity of the magnetic field topology, we find a good general
agreement with the torque scaling law that was derived in 2.5D geometry by Réville et al. (2014) and our results
compare very well with previous models of the corona of HD 189733 (Llama et al. 2013). Nevertheless, the
slight discrepancies compared to the predicted torque scaling law warrant higher-resolution runs. Furthermore,
HD 189733 is a slow-rotator; we intend to confirm the torque scaling law with three-dimensional simulations in
the rapid-rotator regime as well in a near future.
HD 189733 is known to harbor a close-in Jupiter-like planet, HD 189733b, which orbits at 0.031 AU around
its host (Rp = 1.15 RJ and Mp = 1.13 Mj , see Boisse et al. 2009). It was recently suggested that due to
its proximity, HD 189733b could possess a variable-size bow-shock along its phase, which could in principle
be detected in near-UV transit lights (Llama et al. 2013). Such observations would then be extremely useful
to better constrain stellar wind models. The wind model we presented here is a first step toward the global
modelling of the star-planet system in the spirit of Cohen et al. (2014); Strugarek et al. (2014c).
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