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ABSTRACT

Solar-type stars, which shed angular momentum via magnetized stellar winds, enter the main sequence with a wide range
of rotational periods P.y. This initially wide range of rotational periods contracts and has mostly vanished by a stellar age
t ~ 0.6 Gyr, after which Solar-type stars spin according to the Skumanich relation Py o +/7. Magnetohydrodynamic stellar
wind models can improve our understanding of this convergence of rotation periods. We present wind models of 15 young
Solar-type stars aged ~24 Myr to ~0.13 Gyr. With our previous wind models of stars aged ~0.26 and ~0.6 Gyr we obtain
30 consistent three-dimensional wind models of stars mapped with Zeeman—Doppler imaging — the largest such set to date.
The models provide good cover of the pre-Skumanich phase of stellar spin-down in terms of rotation, magnetic field, and age.
We find the mass-loss rate M oc ®%°*0! with a residual spread of ~150 per cent and the wind angular momentum loss rate
J o PS1o!3%092 with a residual spread of ~500 per cent where @ is the unsigned surface magnetic flux. When comparing
different magnetic field scalings for each single star we find a gradual reduction in the power-law exponent with increasing
magnetic field strength.
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1 INTRODUCTION

The pre-Skumanich spin-down phase of a cool star’s life is the era
between the end of the contractive spin-up phase and the Skumanich
(1972) spin-down phase where the stellar period of rotation Py, o
J/t , where t is the stellar age. For Solar-type stars the pre-Skumanich
spin-down phase ends around 0.6 Gyr (Gallet & Bouvier 2013, 2015).
As stars enter the pre-Skumanich spin-down phase with a spread
of rotational periods of at least an order of magnitude (Edwards
et al. 1993), angular momentum shedding in the pre-Skumanich
spin-down phase must be instrumental in permitting the convergence
of rotational periods with increasing stellar age.

Angular momentum shedding occurs by means of magnetized
stellar winds (Schatzman 1962). Semi-empirical models of angular
momentum loss on the general form J oc M Pg!R" have been
proposed in many studies (Weber & Davis 1967; Mestel 1968, 1984;
Kawaler 1988). In these models M is the stellar winds mass-loss rate
and R, denotes the average radius of the Alfvén surface where the
wind’s kinetic energy and magnetic energy have similar magnitudes.
The average Alfvén radius R, depends not only on the large-scale
coronal magnetic field strength |B| but also on M as both the wind
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kinetic energy and mass-loss are determined by the wind speed
and density. The wind mass-loss rate M is poorly constrained by
observations, particularly for stars younger than 0.6 Gyr (Wood et al.
2005, 2014); this uncertainty propagates to our knowledge of J and
R,. The exponent n < 2 is a geometric parameter which decreases
with increasing complexity of the large-scale coronal magnetic field.

The magnitude of the large-scale photospheric magnetic field
decreases with increasing P, (Marsden et al. 2014), as does stellar
magnetic activity in general (Noyes et al. 1984). This decrease is
presumably caused by a throttling of the internal stellar dynamo
as the amount of available rotational energy decreases. Qualitative
dynamo changes with increasing Py (see Barnes 2003; Jeffers et al.
2011; Morin et al. 2011; Marsden et al. 2011a, b; Brown 2014) would
also affect the complexity of the photospheric magnetic field as it
emerges from lower stellar layers.

Both the strength and complexity of the large-scale stellar pho-
tospheric magnetic field can be studied with spectropolarimetric
stellar observations and Zeeman—Doppler imaging (ZDI, Semel
1989; Donati et al. 1997). While the average large-scale magnetic
field intensity found using ZDI is subject to uncertainty (Lehmann
et al. 2019), on average the ZDI-derived field decays as |Bzy| o
P 1322014 however, the relation is subject to significant scatter
(Vidotto et al. 2014b). ZDI tends to yield more complex magnetic
field geometries in younger stars (Folsom et al. 2018), but this may be
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due to the technique’s increased resolving power for rapidly spinning
stars (Morin et al. 2010).

The early three-dimensional numerical wind models by Vidotto
et al. (2009a, 2012) and Cohen et al. (2010) show that field
complexity can significantly affect the angular momentum loss rate
J. This highlights the need for incorporating realistic large-scale
magnetic fields when studying the | By |—P;o relation. Numerical
models also suggest that M (and thus also J) may be inhibited by a
complex magnetic field (Garraffo, Drake & Cohen 2015).

In this work, we investigate the effect of the photospheric magnetic
field and stellar rotation rate on wind mass- and angular momentum
loss rates as well as other parameters of interest by driving the
state-of-the-art numerical magnetohydrodynamic Alfvén wave solar
model (AwsoM, Sokolov et al. 2013; van der Holst et al. 2014)
with the photospheric radial magnetic field from the magnetic maps
of young, Solar-type stars published by Folsom et al. (2016, 2018,
hereafter F16, F18). We consider 11 stars with well-constrained ages
in the ~130 Myr old Pleaides and AB Doradus clusters and four very
young stars in the ~42 Myr old Columba association and ~24 Myr
old B Pictoris association.

By letting the resulting three-dimensional stellar wind models
relax towards a steady state, we obtain simultaneous simulated values
for the wind mass-loss rate M, wind angular momentum loss rate J
and the Alfvén radius R,, wind pressure for an Earth-like planet,'
and many other quantities of interest. This permits us to investigate
the degree to which the coronal magnetic field complexity affects
stellar spin-down.

For Solar-type stars the pre-Skumanich spin-down phase ends
around 0.6 Gyr (Gallet & Bouvier 2013, 2015). By combining the
results of this work with our previous wind models of ~0.6 Gyr
old Solar-type stars in the Hyades (Evensberget et al. 2021,
hereafter Paper I) and ~0.26 Gyr old stars in Coma Berenices and
Hercules-Lyra (Evensberget et al. 2022, hereafter Paper II), we get
good age coverage of the pre-Skumanich spin-down period and a
large sample of 30 stellar models from which trends may be robustly
extracted.

This paper is outlined as follows: In Section 2, we briefly describe
the spectropolarimetric observations upon which the magnetic maps
used in this work are based, as well as the process by which the surface
magnetic field maps are obtained. In Section 3, we describe the stellar
wind model in terms of physical effects included, model equations,
three-dimensional numerical model, and boundary conditions. In
Section 4, we present visualizations of the wind model coronal mag-
netic field, Alfvén surface and current sheet, and wind pressure out
to 1 au, and tabulate aggregate wind parameters calculated from the
three-dimensional wind maps. In Section 5, we investigate the effects
of scaling the magnetic field, the statistical trends, and variation of
key wind parameters when plotted against the magnetic field strength
and related parameters. In Section 6, we conclude our work and put
our results into context with other recent works in the field.

2 OBSERVATIONS

The stellar surface magnetic maps used in this work were derived
from ZDI (Semel 1989) observations and modelling by F16, F18.
As part of “TOwards Understanding the sPIn Evolution of Stars’
(TOUPIES)? project, spectropolarimetric observations in circularly

By ‘Earth-like planet’ we restrict ourselves to mean a planet whose radius,
orbit, and magnetic field are similar to those of the present-day Earth.
2See the TOUPIES project page at http://ipag.osug.fr/Anr_Toupies/.
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polarized and unpolarized light of the stellar targets in Table 1 were
carried out using the ESPaDOnS instrument (Donati 2003; Silvester
et al. 2012) at the Canada—Hawaii—France Telescope (CHFT) and
using the Narval instrument (Auriere 2003) at the Télescope Bernard
Lyot (TBL) between 2009 and 2015. The ESPaDOnS observations
of BD-07 2388 and HD 6569 were part of the History of the Magnetic
Sun’ Large Program at the CFHT. The TOUPIES reduced spectra
can be downloaded from the Polarbase (Donati et al. 1997 Petit et al.
2014) website.* Each star was observed over a period of a few weeks
to obtain good phase coverage of the star while minimizing intrinsic
stellar variation. The resulting surface magnetic field maps are
published in (F16, FIS);5 the radial component of the maps, which are
used to drive the wind models of this work, are reproduced in Fig. 1.

2.1 Magnetic mapping with ZDI

This section gives a short overview of the ZDI technique on which the
stellar magnetic maps are based. ZDI (Semel 1989) is a tomographic
technique that permits the reconstruction of the stellar surface mag-
netic field. The technique requires high-resolution spectropolarimet-
ric observations from multiple epochs in order to reconstruct a two-
dimensional image of the vector surface magnetic field. In ZDI, least-
squares deconvolution (LSD, Donati & Brown 1997; Kochukhov,
Makaganiuk & Piskunov 2010) is used to combine magnetically
sensitive spectral line profiles in velocity space into a single profile
with a much higher signal-to-noise ratio than individual lines.

By comparing the resulting circularly polarized and unpolarized
LSD line profiles, and by combining multiple LSD profiles from
different time and stellar phases, it is possible to reconstruct a two-
dimensional surface map of the large-scale magnetic features on
the stellar surface in a robust way (Hussain et al. 2000). Linearly
polarized light may also be included and has the potential to break
degeneracies, but as the linearly polarized signal is ~10 times weaker
than the circularly polarized signal, this is only feasible for a subset
of the stars to which ZDI has been applied, see Rosén, Kochukhov &
Wade (2015). The review by Donati & Landstreet (2009) gives an
overview of ZDI applied to cool stars.

The amount of detail in the magnetic map depends on unpolarized
line width, projected rotational velocity vsin i, signal-to-noise ratio of
the observations, and (implementation dependent) choices of fitting
parameters such as the x? target values used in F16, F18, see the
discussion in Donati & Brown (1997) and Morin et al. (2010).

Modern ZDI gives a parametric representation of the vector
surface magnetic field B(6, ¢) in terms of spherical harmonics
coefficients (Jardine et al. 1999; Donati et al. 2006). Here, 6 and
¢ denote the polar and azimuth position on the stellar surface in
a co-rotating spherical coordinate system (similar to colatitude and
longitude on Earth). For the magnetograms in this study, the surface
radial magnetic field B,(0, ¢) is parametrized by a set of complex-
valued harmonic coefficients o, and calculated via a spherical
harmonics expansion as

Lmax L

B(6.¢)=Re) > o

=1 m=0

2041 —m)!

- mpem(ﬂ)eimw, (D

where Re denotes taking the real part, Py, (1) is the associated
Legendre polynomial of order m and degree ¢, and u = cosé@.

3 Available at https://www.cfht.hawaii.edu/Science/HMS/.

“4Polarbase is available at http://polarbase.irap.omp.eu/.

5The Zeeman—Doppler imaging software of Folsom et al. (2016) is available
at https://github.com/folsomcp/ZDIpy as a Python package.
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Table 1. Observed stellar quantities from F16, F18 and references therein. In this work, we denote the modelled stars by the abbreviated names given in the
case name column. Each entry in the case column is prepended by a coloured symbol which may be used to identify each stellar case in the plots throughout
this paper. The full name column refers to the name used in F16, F18. The assoc. column gives the stellar association to which the stars belong. The stellar type
and effective temperature are given in the type and T columns, respectively. The period of rotation is given in the Py, column, age is given in the eponymous
column, and the radius and mass are given in the R and M columns, respectively, in terms of the Solar radius R and Solar mass M. The reference from which
the data are taken is given in the ref. column. When not separately available in the reference literature, the spectral type is calculated from Teg following Pecaut &

Mamajek (2013); this is denoted by a dagger (}) symbol in the type column.

Case name Full name (see F16, F18) Assoc. Type Teft Prot Age R M Ref.
(K) d (Myr) (Ro) Mo)

@ HII 296 HII 296 Pleiades G8 5322 £ 101 26 125 £ 8 0.94 + 0.05 0.90 +£0.04 Fl16
® HII 739 HII 739 Pleiades GO 6066 + 89 1.56 + 0.01 125 + 8 1.54 +0.09 1.154+0.06 Fl6
@ PELS 31 Clx Melotte 22 PELS 31 Pleiades K2f 5046 + 108  2.50 +£0.10 125 + 8 1.05 £ 0.05 095+ 0.05 Fl6
O BD-07 2388 BD-07 2388 AB Doradus KO 5121 £ 137 0.3 120 £ 10 078 £0.09 0.85+£0.05 FI8
O HD 6569 HD 6569 AB Doradus K1 5118 £ 95 7.13 £ 0.05 120 £ 10 0.76 £0.03 0.85+0.04 F18
@ HIP 10272 HIP 10272 AB Doradus K1 5281 + 79 6.13 +0.03 120 £ 10 0.80 £ 0.08 0.90+0.04 FI18
@ HIP 76768 HIP 76768 AB Doradus K5 4506 + 153 3.70 +0.02 120 £ 10 0.85+£0.09 0.80+£0.07 FIl6
@ Lo Peg LO Peg (HIP 106231) AB Doradus K3 4739 £ 138 04 120 &+ 10 0.66 £ 0.08 0.75+0.04 Fl6
® PW And PW And AB Doradus K2 5012 &+ 108 1.8 120 £ 10 0.78£0.04 0.85+£0.05 Fl6
® TYC 0486 TYC 0486-4943-1 AB Doradus  K4' 4706 + 161  3.75 £ 0.30 120 £ 10 0.70+£0.14 0.77+£0.04 Fl6
O TYCS164 TYC 5164-567-1 AB Doradus  KIT 5130 + 161  4.68 +0.06 120 £ 10 090 £0.18 0.90 £ 0.10 Fl16
@ BD-16 351 BD-16 351 Col-Hor-Tuc  K1T 5243 + 105 3.21 +0.01 42 + 6 096 +£0.19 090+0.09 Fl6

HIP 12545 HIP 12545 B Pictoris K6 4447 £ 130 4.83 £0.01 24 + 3 0.76 £+ 0.05 095+ 0.05 Fl6

TYC 6349 TYC 6349-0200-1 B Pictoris K7 4359 + 131 3.41+0.05 24 £ 3 0.93+0.04 0.85+£0.05 Fl6

TYC 6878 TYC 6878-0195-1 B Pictoris K4 4667 £ 120 5.70 & 0.06 24 + 3 1.39 +0.28 1.15+0.15 Fl6

Since we discard the imaginary component of the right-hand side
in equation (1) the non-negative orders m > 0 provide sufficient
degrees of freedom to represent any magnetic field configuration.
The maximum degree £, is set to 15, giving a minimum angular
resolution of 180°/¢,,x = 12° in the magnetograms.

When comparing magnetograms with similar £, values, it is
important to note that £, is only an upper bound on the repre-
sentable magnetogram complexity. For slow rotators there may not
be sufficient signal in the ZDI profile to reconstruct features past the
first few degrees, as the signal scales with vsini (Morin et al. 2010)
and thus decreases with increasing Py,. To quantify the physical
complexity of the magnetograms we calculate an ‘effective degree’
£oo and €99 (see Paper II) for which, respectively, 90 per cent and
99 per cent of the wind model magnetic energy is contained in degrees
smaller than or equal to €. The effective degree of the magnetograms
in Fig. 1 is discussed in Section 4.1.

While there is general agreement that ZDI is able to reconstruct
the large-scale polarity structure of the field (e.g. Hussain et al.
2000), uncertainty remains surrounding the field strength (Lehmann
et al. 2019). When comparing with the complementary Zeeman
broadening technique, which is sensitive to both the large- and small-
scale field, Yadav et al. (2015) found only about 20 per cent of field to
be reconstructed with ZDI. In this work, we control for this possible
underreporting of the large-scale magnetic field strength by creating
two series of wind models, one of which has its surface magnetic
field increased by a factor of 5; we return to this in Section 3 and in
the analysis in Section 5.1.

3 SIMULATIONS

We obtain the wind models of this work by numerically solving a
two-temperature extended ideal MHD model with physical heating
and cooling terms, and letting the models evolve towards a steady-
state solution. For this we use the Alfvén wave Solar model (AWSOM,
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Sokolov et al. 2013; van der Holst et al. 2014) driven by the surface
magnetic fields in Fig. 1. In the AWSOM model the mechanism of
coronal heating is Alfvén wave dissipation (see e.g. Barnes 1968).
The AWSOM model was created to model the Solar wind, in which
context it has been the subject of extensive validation (Meng et al.
2015; Sachdeva et al. 2019; van der Holst et al. 2019). The model
is also used in stellar winds modelling (e.g. Alvarado-Gémez et al.
2016a, b; Cohen 2017; Garraffo et al. 2017; Kavanagh et al. 2021, and
Paper I, Paper II). The AWSOM model is part of the block-adaptive tree
solarwind Roe upwind scheme (BATS-R-US, Powell et al. 1999; Té6th
etal. 2012) code, which in turn is part of the space weather modelling
framework (SWMF, Téth et al. 2005, 2012; Gombosi et al. 2021). We
refer the reader to Paper I and Paper II for a detailed description of the
model equations and modelling parameters used in this work; here,
we provide a brief summary of the coronal heating mechanism in the
AWSOM model and the magnetic field scaling applied to compensate
for the issues considered in Section 2.1.

As the AWSOM module extends outwards from the stellar chro-
mosphere, an Alfvén wave energy flux is prescribed at the inner
boundary. The Alfvén wave energy flux is modelled as a boundary
Poynting flux-to-field ratio IT,/B, such that the local amount of
Alfvén wave energy crossing the inner model boundary is propor-
tional to the local value of the magnetic field | B(6, ¢)|. We note that
the parameters used in this paper and Paper I and Paper II have been
chosen to match Solar values and reproduce Solar conditions based
on Solar magnetograms. As such, they are likely to be more accurate
the closer the age of the modelled star is to the age of the Sun, and
the values may be more questionable for the <0.13 Gyr young stars
of this study compared to the older stars in Paper I and Paper II. We
also consider this issue in Section 6.

In our wind models the numerical domain extends from 1 to 400
stellar radii, split into an inner domain using a spherical grid and
an outer domain (beyond 45 stellar radii) using a Cartesian grid.
We first find a steady state on the inner grid, then we use this
solution to initialize the outer grid. For the outer grid we apply a
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Figure 1. Surface magnetic radial field geometry (F16, F18) and field strength in Gauss of the stars modelled in this study. The case name from Table 1 of each
star and an associated identifying symbol is shown inside the bottom edge of each plot. The polar angle is zero at the stellar pole of rotation, and the azimuth
angle is measured around the stellar rotational equator. The continuous black line represents the B, = 0 contour and the dashed lines represent increments as
indicated on the associated colour scale below each plot. The cross and circle symbols indicate the smallest and largest value of B, respectively. The extremal
values of B, are also indicated in the colour bar. As £y,,x = 15 in the ZDI maps, the minimum resolution in these plots is ~12°.
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local artificial wind flux scheme (Sokolov et al. 2002) with an mc3
slope limiter (Koren 1993) as we did in Paper I and Paper 11.

For the inner, spherical domain we now apply an HLLE scheme
as modified by Linde (2002) and a minmod-type slope limiter (Roe
1986). To incorporate electron heat conduction (see Paper I) we apply
a semi-implicit time-stepping method, which effectively treats the
thermal conduction operator implicitly (Toth, Keppens & Botchev
1998; Keppens et al. 1999). Furthermore, we have extended the inner
domain with an outer buffer region in order to prevent unphysical
inflow situations from destabilizing the solution before a steady state
is reached. We apply ‘outflow’ boundary conditions at the outer
edge of the buffer region with an outflow pressure of 10~'2 Pa. This
minimizes unphysical inwards-propagating disturbances caused by
sub-Alfvénic (see Section 4.2) flows across the outer boundary (these
can form in the early stages of a model run but are not present in the
final solution). We emphasize that the final, steady-state solutions do
not exhibit destabilizing sub-Alfvénic flow at outer boundary in any
of our models.

In this work, all the wind models have been created with the open-
source version of the SWMF.® The options discussed here are all
available via configuration parameters. The application of the above
changes to our wind modelling approach has enabled us to model
the winds of the young, rapidly rotating stars in Table 1. We have
also re-processed our previous wind models (from Paper I, Paper 1)
with this new and stable numerical configuration, so that the same
methodology and model configuration is applied across the whole
age range from 24 to 650 Myr. The re-processing of our previous
wind models has led to only minor differences, and thus we do not
present the re-processed wind models in Section 4; we focus instead
on our modelling of the stars of Table 1. In Section 5 onwards we do,
however, use the aggregate wind parameters computed from the re-
processed wind models and the models in this work, so that we have a
fully consistent modelling methodology. The aggregate wind param-
eters of the re-processed wind models are also given in Appendix A.

In an attempt to control for ZDI’s inherent uncertainty concerning
the magnetic field strength (see Section 2.1), we create two wind
models for each star corresponding to different scalings of the surface
magnetic field maps of Fig. 1. The B,y series uses the unscaled
magnetic field of equation (1), while 5B, series applies a scaling
factor of 5 to the By, values (this approach was also used in Paper I
and Paper II). In this work, we refer to each wind model by its case
name of the form @‘HII296  or ‘%5 x HII296’; these refer to the
star HII 296 from Table 1 with the B,y and 5By, surface magnetic
fields, respectively. The symbol shape indicates whether the case
belongs to By, or the 5By, series, and its colours indicate the star’s
association (see Table 1).

4 RESULTS

In this section, we present the wind model results and aggregate
quantities that may be calculated from the wind model output. We
present plots and key quantities describing the final, steady-state
coronal magnetic field, the wind speed and Alfvén surface location,
the wind mass-loss rate and angular momentum loss rate, and plots of
the wind pressure in the equatorial plane extending out to planetary
distances.

©The open-source version of the space weather modelling framework can be
found online at https://github.com/MSTEM-QUDA/SWMF.git. In this work
version 2.40.a5beb110£f (2022-10-08) has been used for all processing.
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4.1 Coronal magnetic field

In this section, we describe the final, steady-state coronal magnetic
field in our wind model solutions where the hydrodynamic, magnetic,
and thermal forces are in balance inside our model domain.

Table 2 gives aggregate magnetic quantities calculated from the
steady-state wind models. These quantities are calculated at the inner
boundary of the wind model. The quantity |B,| is the average value
of the unsigned radial field over the stellar surface, whereas max | B, |
is similarly the maximum value of the radial field over the stellar
surface. The quantities |B,| and max |B,| can also be calculated from
equation (1) and the two methods are in agreement.

Continuing with the quantities of Table 2, the quantity | B| is the
final, relaxed average (vector) magnetic field strength over the stellar
surface in the wind models. The vector field B = B,7# + B, will
relax towards a steady state, and the non-radial magnetic field B |
at the stellar surface is free to settle since only the radial field B,
is fixed by a boundary condition. As the BATS-R-US AWSOM code is
driven with the radial magnetic field B, only, B is determined by
the physics above the chromosphere. This is in contrast with the ZDI
magnetic field, where the non-radial magnetic field is also affected
by photospheric currents. As the photosphere lies below the chromo-
sphere it is not part of the AWSOM model; we instead observe that the
relaxed values of B are close to the potential component of the ZDI
magnetic field. The potential component of the ZDI magnetic field
is thought to determine the magnetic geometry of the corona, while
the non-potential field may be stirred by rapid stellar rotation. The
ZDI field component originating from photospheric currents is not
thought to affect the wind to a significant degree (Jardine et al. 2013).

The quantity & in Table 2 is the unsigned surface magnetic flux.
The unsigned magnetic flux through a closed surface is

¢(S):?{|B - f1]ds, )
S

where B is the magnetic field and 7 is the normal of the surface S.
The surface magnetic flux ®(S,) at the inner boundary S, of our
model is given in Table 2. This quantity can also be found from the
equivalent ®(Sy) = 4n RilBr| with excellent agreement between
the two methods.

The remaining columns of Table 2 give several measures of the
surface magnetic field complexity in each wind model. The ‘Dip.’,
‘Quad.’, ‘Oct.’, and ‘16 + ’ columns give the fraction of magnetic
energy contained in magnetogram terms of degree { = 1,{ =2,{ =
3, and ¢ > 4, respectively, i.e. the amount of energy in the dipolar,
quadrupolar, octupolar, and hexadecapolar and higher degrees. Here,
we also see good agreement with the values of F16 and F18. In
Section 2.1, we mentioned that the magnetogram ‘effective degree’
may lie significantly below the maximum ¢, of the spherical
harmonics expansion in equation (1) when most of the magnetic
energy is contained in spherical harmonics terms of low degree. In
the last two columns of Table 2 we provide two measures of the
effective degree, £ 99 and € g9, Which are the magnetogram degrees ¢
for which 90 per cent and 99 per cent of the surface magnetic field
energy is contained in degrees less than or equal to £. It may be
seen that the rapid rotators @BD-07 2388 and @LO Peg are the only
stars with €99 = €.« in our sample. The second highest effective
degree is found in ®PW And with £¢9 = 12, while the rest of the
stars in our sample range from £g99 = 4 (for @HD 6569) to €99 =
10. A similar variation is seen for the calculated £ oy values. These
variations in level of reconstructed detail can be recognized in Fig. 1
when comparing the radial magnetic fields of e.g. @BD-07 2388 and
OHD 6569.
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Table 2. Aggregate magnetic quantities for the unscaled Byp; and scaled 5By magnetic fields considered in this work. The ‘Case’ column
gives the star’s case name, which is prepended by ‘5 x’ for models in the 5Bzp; series. An identifying symbol as in Table 1 for models in
the Bzp; series and in the shape of a star for models in the 5Bp; series is also provided for each model, and used throughout this paper.
In the following columns |B,| and max |B,| are the mean and maximal unsigned radial magnetic surface field strength, calculated from the
magnetograms in Fig. 1. |B] is the average surface magnetic field strength of the final, steady-state wind models in Fig. 2. & = 4x RilBr|
is the unsigned magnetic flux at the stellar surface. The ‘dip.’, ‘quad.” ‘oct.’, and ‘16 4 ’ columns give the proportion of magnetic energy
associated with, respectively, the dipolar (¢ = 1), quadrupolar (¢ = 2), octupolar (¢ = 3), and higher order (£ > 4) degrees of the spherical
harmonics coefficients ay,, in equation (1). The £g.90 and €999 columns give the magnetogram degree for which 90 per cent and 99 per cent
of the magnetic energy is contained in spherical harmonics of degree less than or equal to £.

Case |By| max |B;| |B| Dip. Quad. Oct. 16 + £.90 €99
G G G Wb percent  percent percent  percent
O HII1 296 51.4 221.9 739  28x 10 687 8.4 9.5 13.5 4 9
© HI1 739 9.9 45.1 144 14x10% 247 14.8 20.4 40.1 6 9
© PELS 031 17.0 105.1 251 1.1 x 106 104 9.0 20.4 60.2 6 8
O BD-07 2388 942 536.4 136.9 3.5 % 10'° 43.8 45 3.7 48.0 12 15
© HD 6569 153 41.7 21.5 5.4 x 10 76.3 19.5 3.2 1.0 2 4
@ HIP 10272 10.1 29.9 138 39 x 105 82.6 1.2 25 3.8 2 5
® HIP 76768 58.6 222.0 825 2.6 x 10'° 83.7 1.8 3.6 10.8 4
@ LO Peg 88.6 588.6 1313 2.4 x10'° 36.0 8.4 7.4 483 10 15
® PW And 70.7 448.4 100.8 2.7 x 10'° 435 7.6 5.7 432 8 2
®© TYC 0486 18.7 59.3 277 5.6 x 10P 38.1 30.0 21.3 10.7 4 6
O TYC 5164 485 128.3 679 24 x10'° 85.6 45 2.6 7.3 2 6
® BD-16 351 32.8 163.7 475 1.9 x 10" 57.8 21.4 8.0 12.9 4 6
HIP 12545 334 135.5 473 1.8 x 10'6 56.3 7.6 8.6 27.5 6 10
TYC 6349 30.1 137.0 435  3.5x 10 61.0 8.4 10.7 19.9 5 6
TYC 6878 64.9 404.0 941 23 x 10 533 12.6 13.6 20.5 4 7
¥ 5 x HII 296 257.0 1109.4 3702 1.4 x 107 68.8 8.3 9.5 13.4 4 9
#r 5 % HII 739 49.6 225.5 720 7.1 x10% 25.0 14.7 20.4 39.9 6 9
% 5 x PELS 031 85.1 525.3 1260  57x10' 106 9.0 204 60.1 6 8
#r 5 x BD-07 2388 470.7 2681.9 6856 1.8 x 10" 439 45 3.7 479 12 15
#r 5 x HD6569 76.3 208.4 1077 2.7 x 10%6 76.4 19.4 3.2 1.0 2 4
#r 5 % HIP 10272 50.3 149.3 692 2.0 x 10 82.7 11.1 2.5 3.7 2 5
# 5 x HIP 76768 293.2 1110.2 4136 1.3 x 107 83.8 1.8 3.6 10.8 4 7
# 5 x LO Peg 442.9 2942.8 657.2 1.2 x 107 36.1 8.3 7.4 482 10 15
# 5 x PW And 353.3 2241.9 5049 1.3 x 107 43.6 7.6 5.7 432 8 12
#r 5 x TYC 0486 93.6 296.6 1387 2.8 x10'° 383 29.9 21.2 10.6 4 6
5 x TYC 5164 242.4 641.5 340.6 1.2 x 107 85.7 45 2.6 7.3 2 6
# 5 x BD-16 351 163.8 818.4 2382 9.3 x10'° 57.9 21.4 7.9 12.8 4 6
5 x HIP 12545 167.2 677.5 237.3 8.9 x 10'° 56.5 7.5 8.6 27.4 6 10
5 x TYC 6349 150.3 685.1 218.0 1.8 x 107 61.2 8.4 10.7 19.8 5 6
5 x TYC 6878 324.7 2019.9 4713 1.1 x 107 53.3 12.6 13.6 20.5 4 7

Fig. 2 shows the steady-state coronal magnetic field structure for
the wind models created in this work. Each panel of the plot shows
the coronal magnetic field structure by tracing a large number of
magnetic field lines from an evenly sampled set of points on the stellar
surface. Due to the presence of hydrodynamic forces in the wind
solution, magnetic field lines can be dragged along with the wind
velocity field when the hydrodynamic pressure exceeds the magnetic
pressure. In our simulations these magnetic field lines terminate at the
outer boundary of the wind model; they are termed ‘open’ since they
have only one footpoint on the stellar surface. For display purposes
the open field lines are truncated at four stellar radii, while closed
magnetic field lines, which connect two different points on the stellar
surface, are not truncated. The stellar surface and the magnetic field
lines are coloured according to the local value of the radial magnetic
field strength B,; we use a colour scale which is linear from —10 to
10 G and logarithmic outside of this range.

Considering a closed spherical surface S of radius R centred on
the star, the ‘open magnetic flux’ is the part of the magnetic flux
associated with regions of S crossed by open magnetic field lines.
The closed magnetic flux is, vice versa, the amount of magnetic
flux in regions of S where the magnetic field lines close back on
S. Splitting the magnetic flux ®(S) through S into an open and a
closed component ®(S) = Popen(S) + Peiosea(S) it can be seen that
D j0sea(S) tends towards zero for R > R,.. We use this to calculate
open magnetic flux @y, by evaluating ®(S) for R > R, where
Dopen > Pelosea- The values we find are consistent with the above
argument; we give the open flux values as @, in Table 3.

Table 3 also gives the area of the stellar surface that is crossed
by open magnetic field lines in the Sopen column. This quantity is
found by tracing the evenly spaced magnetic field lines shown in
Fig. 2 until the field line either reaches the edge of the computational
domain (open field line), or loops back to the stellar surface (closed
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Unscaled surface magnetic field models Bzpg
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Figure 2. Coronal magnetic field of the steady-state wind solution found using AWSOM. Open magnetic field lines are truncated at 4R, . The surface magnetic
field of Fig. 1 dominates in the inner regions, while the wind’s pull on the magnetic field lines becomes more important in the outer regions. This can be
observed where closed field lines are pulled into egg-shaped and/or pointy ‘helmet streamer’ shapes. The field lines and the stellar surface are coloured according
to the colour scale; note that the scale is linear between —10 and 10 G and logarithmic outside of this region. Many of the coronal fields are largely dipolar,
characterized by two regions of open field lines with opposing polarity and a region of closed field lines near the magnetic equator. We display each star so that
the dipolar structure is evident by selecting the stellar phase of rotation. With the exception of @HII 739, @®PELS 031 and their scaled counterparts, the stars
exhibit dipole-like coronal magnetic fields with a range of orientations relative to the stellar spin axis @ z.
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Table 3. Aggregate parameters calculated from the wind models of this work. All the quantities here are calculated for the final, steady-state
winds. @ is the magnetic flux at the stellar surface, ®qpen is the surface flux for which the field lines are open, Sqpen is the area of the stellar surface
crossed by open magnetic field lines, i is the inclination of the inner current sheet relative to the stellar axis of rotation Q, Dy is the axisymmetric
component of the open flux ®gpen, Ry is the average Alfvén radius, |ry x Ql is the cylindrical Alfvén radius, M is the wind mass-loss rate, J is
the wind angular momentum loss rate, P is the average ambient wind pressure for an Earth-like planet, and Rinag 1s the average magnetospheAric
stand-off distance for an Earth-like planet. In the case that r, extends past the model domain this precludes the calculation of R, and |r, x 2|;
this is indicated by a dagger (1) symbol in the ‘Case’ column.

Case Dopen Sopen ig Dy Ry Ira x @ M J P® Rm
(®) (Sx) ©) (Popen)  (Ry) (Ry) (kgs™") (Nm) (Pa) (Rp)

® HII 296 0.22 0.10 13.6 0.92 22.5 16.8 30 x 1010 43x10® 10x107 52
® HII 739 0.18 0.09 51.9 0.63 12.1 9.6 22x 100 93 x10% 54x10% 58
@ PELS 31 0.16 0.12 435 0.67 11.8 9.1 1.7x 1010 17x10% 24x107% 6.6
O BD-07 2388 0.17 0.09 8.3 0.99 30.2 22.7 35x 1010 39x10% 44x1077 4.1
O HD 6569 0.30 0.16 324 0.71 16.1 123 74 x10° 21x10%* 12x107% 74
@ HIP 10272 0.32 0.21 49.8 0.51 14.5 113 51x10° 19x10%* 65x107° 82
® HIP 76768 0.22 0.11 7.5 0.97 23.1 17.2 30x 1010 23x10% 13x1077 49
@ LO Peg 0.16 0.09 11.3 0.97 29.0 22.1 22x 100 13%x10% 1.6x1077 48
® PW And 0.17 0.12 33.1 0.76 24.7 19.0 25x 1010 55%10% 51x1078% 58
® TYC 0486 0.24 0.11 87.5 0.08 14.9 11.8 8.6x10° 46x10%* 72x107° 80
O TYC 5164 0.23 0.13 5.7 0.98 21.6 16.1 30x 1010 19x10® 12x1077 50
@ BD-16 351 0.24 0.13 712 0.27 20.5 16.3 24 x 1010 44 %105 23x1078 6.6
HIP 12545 0.23 0.16 34.8 0.70 19.9 15.2 22x1010 27x10% 27x107% 65
TYC 6349 0.25 0.13 492 0.53 19.8 15.4 40 x 1010 72x10¥ 53x108 58
TYC 6878 0.19 0.11 19.7 0.86 23.9 18.0 22x 100 12x10¥ 59x108 57
* 5 x HII 296 0.14 0.07 13.9 0.93 36.1 26.9 9.1 x 100 1.6x10% 44x1077 4.0
¥ 5 x HII 739 0.13 0.08 48.2 0.71 20.8 16.7 69 x 1010 53x10% 24x1077 45
#r 5 x PELS 031 0.11 0.09 40.3 0.70 18.9 14.6 53x 100 95x10® 88x107% 53
#r5 x BD-07 2388+ 0.11 0.06 8.9 0.99 - - 78 %10 1.6 x 107 9.0x 1077 3.6
#5 x HD6569 0.20 0.10 32.3 0.71 25.6 19.5 28x 100 14x10% 53x10% 58
5 x HIP 10272 0.22 0.14 49.5 0.51 23.0 17.8 22x 100 1.6x10% 30x107% 64
5 x HIP 76768 0.14 0.07 7.6 0.97 36.7 27.3 9.0 x 1010 82x 105 49x1077 4.0
#5 x LO Peg 0.11 0.06 12.3 0.98 46.2 34.9 54 %101  53x10% 38x1077 42
#5 x PW And 0.11 0.08 32.8 0.80 39.3 30.1 7.1 x 1010 26x10% 16x1077 48
15 x TYC 0486 0.16 0.07 87.3 0.08 23.7 18.9 28 x 1010 32x105 35x1078 62
#5 x TYC 5164 0.14 0.08 5.8 0.98 34.3 25.5 88 x 1010 70x10%® 46x1077 40
5 x BD-16 351 0.15 0.08 70.0 0.31 329 26.0 72x 100 28x10% 89x107% 53
5 x HIP 12545 0.15 0.10 34.1 0.72 32.0 24.4 6.8 x 100 15x10% 11x1077 5.1
5 x TYC 6349 0.16 0.08 48.5 0.55 322 24.9 13 x 10" 43 x10%° 20x1077 46

5 x TYC 6878 0.12 0.07 20.0 0.86 39.3 29.4 6.1 x 1010 53 x10% 23x1077 45

field line). Sqpen is then the number of open field lines divided by the
total number of field lines. From Table 2 we can see that ®gpe, and
Sopen are well correlated with Sopen/S ~ 0.6 @gpen/ . The complex
coronal magnetic fields of @HII 739 and @PELS 031 (in Fig. 2) do
not seem to produce lower values of ®pe, and Sqpeq than the rest of
the sample.

In most of our model cases we observe dipole-dominated coronal
magnetic fields, except ®HII 739, @PELS 031, and their scaled
counterparts, for which the coronal magnetic fields appear more
complex. Indeed the amount of dipolar magnetic field energy
of these two stars (in Table 2) is the lowest of our sample at
25 percent and 10 percent, respectively. The stars @BD-07 2388
and @LOPeg are notable as they have a very high effective
magnetogram degree measure £y99 = 15; this does not, however,
stop them from forming a dipole-like coronal magnetic field as both
stars have ~40 percent of their magnetic energy in the dipolar
terms of the magnetogram. @TYC 0486 also exhibits a dipole-
like coronal field with 37.9 percent of its magnetic energy in

dipolar magnetogram terms. This suggests that the lower threshold
of dipolar magnetic energy for forming a dipolar coronal field lies
at around ~30 percent of the total magnetic energy in our wind
models.

We observe a range of ‘magnetic inclinations’, measured as the
angle between the stellar axis of rotation Q || Z and the ‘north and
south pole’ of the magnetic dipole in Fig. 2; in order to quantify this
we calculate magnetic inclination in the corona by fitting a plane
to the surface where B, = 0. Letting 7i; be the normal vector of
this plane, we compute the magnetic inclination iy = cos*I(SAZ - fig).
The values of i are given in Table 3; we see that @HII 296, @BD-
072388, ®HIP 76768, and @TYC 5164 have i, < 15°; these stars
also have low magnetic inclinations in Fig. 2, with the exception
of @HII296, which does not exhibit a dipole-dominated coronal
magnetic field. ®TYC 0486 and @BD-16 351, which have values of
iy = 70° are seen to be highly magnetically inclined in Fig. 2. High
magnetic inclinations and rapid stellar rotation create more complex
wind geometries (see Section 4.2).
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The final coronal field quantity we calculate is the axisymmetric
open magnetic flux, which has been linked to the amount of cosmic
rays propagating in the inner Solar system and impacting the Earth
(Wang, Sheeley & Rouillard 2006) following Vidotto et al. (2014a):

1
Do = f |B.i - it| dS, where By = fdew- 3)
s 2

Here, B, is to be understood as the azimuthally averaged value
in spherical coordinates B = B,F + Bg@ + B,$. We obtain the
tabulated values of @, by integrating over a large spherical surface
S with radius R >> R,, similarly to the calculation of ®,.,. We note
that there is a close correlation between ®,i/®open and ip; this is
expected as both parameters measure the lack of magnetic symmetry
around the star’s rotation axis.

4.2 Alfvén surface, wind velocity, and current sheet

Alfvén waves propagate with a speed u, = B/,/1top, where p is the
wind mass density and pg is the magnetic constant. Alfvén waves
can thus not propagate upstream against the flow velocity # when
the flow speed |u| > u,. As the wind travels away from the stellar
surface, the local magnetic field strength and wind density drops,
while the wind speed increases. This leads the local wind speed u to
eventually exceed u,; the set of points where this first occurs forms a
closed surface surrounding the star. This closed surface S, is called
the Alfvén surface; it separates the inner sub-Alfvénic region from
the outer super-Alfvénic region of the wind model. Since the wind
flow is nearly radial, the sub-Alfvénic region is disconnected from the
super-Alfvénic region in the sense that no Alfvén wave disturbance
will cross the Alfvén surface inwards (in the —7 direction).

The inability of Alfvén waves to propagate inwards suggests that
co-rotating wind cannot effectively drain the star’s supply of angular
momentum once outside S,. This is the conceptual ‘lever-arm model’
of angular momentum loss proposed by Schatzman (1962). While
the conceptual lever-arm model is not accurate, it remains useful as
the angular momentum loss is strongly affected by the distance to
the Alfvén surface; the average Alfvén radius R, is an important
parameter in models of stellar spin-down (Weber & Davis 1967;
Mestel 1968, 1984; Kawaler 1988) which can be written in the form
J o MP,!R", where n < 2 depends on the large-scale magnetic
structure of the corona, decreasing with increasing field complexity.

The circumstellar current sheet (Schatten 1971), here character-
ized by B, = 0, is a thin sheet-like region of magnetic reconnection
and high currents as magnetic field lines of opposite polarity are
forced close together. The condition B, = 0 was also used (in
Section 4.1) to calculate the star’s magnetic inclination i.

Fig. 3 shows the Alfvén surface as an opaque surface and the
inner current sheet as a translucent grey surface. The Alfvén surface
and the xz plane is coloured by the local radial wind speed. We
observe two-lobed Alfvén surfaces for every star, including the ones
without clear dipolar coronal fields. This shows that in our models
only largest scale magnetic features become entrained in the wind.
The wind radial velocity and the size of the Alfvén surface lobes
appear correlated with the surface magnetic field strength | B|; this
is one of many trends we investigate in Section 5. When the stellar
rotation rate 2 and the magnetic inclination i, are high the star’s
rotation pulls the current sheet around it in a spiraling structure; this
is most evident in ®HII 739 and @PELS 031. When the magnetic
field exhibits less symmetry around the € axis the spiral undulations
appear more pronounced (see e.g. Vidotto et al. 2010).

For the same star, e.g. ®HII 739, we see from Fig. 3 that the Alfvén
surface tends to lie about a third closer to the star in the B, model

MNRAS 524, 2042-2063 (2023)

series than in the 5B, model series. The average distance to the
Alfvén surface is expected to increase as the surface magnetic field
B, increases in value (e.g. Kawaler 1988); we see this increase for
all the models although the Alfvén surface of @BD-07 2388 extends
about as far as that of #5 x BD-072388 in the 4z direction. We
calculate R, by defining the radial distance to the Alfvén surface
rA(0, ¢) over each point 6, ¢ on the stellar surface. The average
Alfvén radius is then given by

1
Ry, = —— 0, ds. 4
A 47TR3, jg* ENCED] (€]

From the resulting values, which are tabulated in Table 3, it is clear
that R, increases between the By, and the 5By, series.

We also calculate the cylindrical Alfvén radius; this is the mean
length of the Alfvén surface’s torquing arm around the € axis. The
value is found by crossing r, with the axis of rotation, r,(6, ¢) X Q,
which gives the following expression:

A 1
ra X Sl‘ = 3 7{
4 R* Sk
The calculated cylindrical Alfvén radii are also given in Table 3.

_ sz‘ between ®BD-07 2388

and *5 x BD-07 2388 we see that both quantities have grown by
a similar amount, even though the northern Alfvén surface lobe of
5 x BD-07 2388 appears to have grown mostly thicker and only a
bit taller.

Note the unusually large and conical Alfvén surfaces of the
very rapidly (P, = 0.3 d) rotating @BD-07 2388, @LO Peg( P, =
0.4d), and their scaled counterparts 5 x BD-072388 and
#5 x LOPeg. In the #5 x BD-07 2388 model the conical southern
Alfvén lobe extends past the computational domain so that no value
of Ryand |r, x €| may be computed for this case; this is indicated by
dashes in Table 3. The conical Alfvén surface shapes arise from the
presence of a significant azimuthal B-component which increases
the local u, value and thus shifts the local radial position of the
Alfvén surface further away from the stellar surface. We note here
that the Southern hemisphere of stars mapped with ZDI is usually
incomplete (see e.g. F16) due to the observing geometry and that the
tall southern Alfvén surfaces may not exist in reality.

ry(@, ) x fk‘ ds 5)

Comparing the growth of R, and

4.3 Mass-loss and angular momentum loss

One of the strengths of numerical wind models as opposed to early,
analytical models, which were often highly symmetrical and/or
restricted to the equatorial plane, is the ease with which the fully
three-dimensional wind mass-loss rate may be calculated. As we
already have the density p and the wind velocity u everywhere in the
solution domain we find the wind mass-loss rate by integrating over
a closed surface S containing the star:

M:fpu.ﬁds. (6)
S

The wind mass-loss of Solar-type stars is difficult to constrain by
observations. Based on observations of ~16 Solar-type stars Wood
(2004) and Wood et al. (2005) found increasing mass-loss rates when
going backwards in time from the Sun’s age to about ~0.7 Gyr, before
which they found lower rates of mass-loss. The existence of this
‘wind dividing line’ has, however, been called into question (Vidotto
2021; Wood et al. 2021). While M is too small to significantly
affect the mass of Solar-type stars over their lifetime, the parameter
scales the angular momentum loss in semi-empirical models where
J o MPIR"

rot " A”
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Figure 3. Alfvén surface and inner current sheet shown in the same orientation as Fig. 2. The xz plane and the Alfvén surface are coloured by the radial wind
velocity. We observe two-lobed Alfvén surfaces independently of the complexity of the inner coronal magnetic field in Fig. 2. The inclination of the magnetic
dipole to the axis of rotation varies consistently with the dipole patterns seen in the coronal magnetic field. Noticeably, magnetically inclined rapid rotators
pull the current sheet around them. The most rapid rotators of the sample, @BD-07 2388, DLo Peg, and their scaled counterparts, exhibit large and sometimes
pointy Alfvén surfaces. The pointy shapes arise due to the presence of a significant extended azimuthal magnetic field component in these stars’ polar regions;
the extended azimuthal field is a consequence of the stars’ rapid rotation.
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The wind angular momentum loss, of course, is what slows the
star’s spin with age. To compute this quantity we follow the general
approach of Mestel (1999) and Vidotto et al. (2014a), but in a
slight deviation from Paper I and Paper II (where this quantity was
calculated at the Alfvén surface) we calculate the angular momentum
loss rate over the same spherical surface S as used in (6), as this is
numerically more convenient for very extended Alfvén surfaces such
those of as %5 x BD-07 2388 and #5 x LO Peg. The two methods
give comparable results. At a spherical surface S

. B-7

J = j{(B X Tr); (7) + (Q@’+ @ xv)3) (w-F)pdS. (D

s Ho

The scalar angular velocity Q = 27/P,y is found from Table 1,
w =r — (r-2)Z is the cylindrical distance from the origin, and
v =u — @ x r is the wind velocity in the co-rotating frame. The
notation (-); refers to the z component of the enclosed vector. The
values calculated for M and J are given in Table 3. The Q term in
equation (7) suggests that J / Q may vary less than J itself; we return
to this topic in Section 5.

4.4 Wind pressure in the equatorial plane

The stellar wind pressure exerted on a body travelling with velocity
w through the wind is (Vidotto, Jardine & Helling 2011)

Py =P +|BI*/Q2uo) + plu — w|?, ®)

where the right-hand side terms are the thermal pressure, magnetic
pressure, and ram pressure, respectively. Fig. 4 shows the wind
pressure Py, exerted on a stationary (w = 0) object in the stellar
equatorial plane extending out to the would-be orbit of an Earth-like
planet (dotted white line). The intersection of the Alfvén surface
(of Fig. 3) and the stellar equatorial plane is plotted with a black
line. In Fig. 4, we observe as expected that Py, drops with increasing
stellar distance, and that spiral arm-like corotating interaction regions
(CIRs, see Belcher & Davis 1971; Gosling 1996) form when
regions of fast stellar wind encounters regions of slow stellar winds.
We mainly see two-armed structures corresponding to the dipole-
dominated coronal magnetic fields in Fig. 2. We note that @HD 6569,
@HIP 76768, ®BD-07 2388, @TYC 5164, and @HIP 12545, with
their low magnetic inclinations, give less pronounced spiral structures
than the highly inclined ® TYC 0486 and @BD-16 351, with the other
models occupying a middle ground. It is clear that the rapid rotators
®HII 739, ®BD-07 2388, ®PW And, and @LO Peg produce more
tightly wound spirals than the other, slower rotators.

The average wind pressure for an Earth-like planet is tabulated
as P2 in Table 3. This value is calculated by taking the average
of equation (8) over both planetary and stellar phase. At such a
large distance from the central star the ram pressure term p|u — w|?
dominates the thermal and magnetic pressure contributions to Py.
Furthermore, the wind is mainly radial |u| & u,, and the wind speed
exceeds the planet’s orbital speed |u| & u, > |w| so that Py, ~ pu?.
For reference, monthly P® averages in the OMNI’ (see King &
Papitashvili 2005) data set range from ~0.1 to ~10nPa.

When the super-Alfvénic stellar wind encounters a magnetized
body, such as a planet, a standing shock wave will form upstream of
the body. The magnetospheric stand-off distance Rp,g is a measure
of the distance from the planet to the shock wave; this distance can
be approximated by considering pressure balance between the wind

7OMNIWeb is available at https://omniweb.gsfc.nasa.gov/.
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pressure and the body’s dipolar magnetic field strength,

1/6
Ruag/Ry = (B2 Cuo P) ©

here, Ry, is the radius of the planet (Chapman & Ferraro 1931; Vidotto
et al. 2009b) and B, is the strength of the planet’s magnetic field.
For our Earth-like planet we use B, = 0.7G; this value accounts
for magnetospheric currents (Mead 1964). The calculated values
of Riqe/Rp are given in Table 3. We see that the magnetospheric
stand-off distance ranges from 3.6 R, to 8.2 R, which is past the
suggested threshold of ~2 R, (of Lammer et al. 2007) where an
Earth-like planet would be protected from atmospheric erosion. As
R, increases with stellar age, this suggests that an Earth-like planet
would be protected from atmospheric erosion throughout its star’s
main-sequence lifetime.

5 DISCUSSION

In this section, we examine trends in our results in the magnetic field
strength as well as in other parameters. In Section 5.1, we study the
effect of scaling the magnetic field on the wind mass-loss rate and
other aggregate quantities. In Section 5.2, we quantify the correlation
between magnetic field and wind parameters using ordinary least-
squares analysis. In Section 5.3, we compare our computed values of
wind mass-loss and angular momentum loss with literature values.

5.1 Magnetic field scaling

As the ZDI reported magnetic field strength is subject to uncertainty,
it is of interest to study the effect of pure magnetic field scaling
on relevant aggregate quantities of Table 2 and Table 3. We carry
out such a study by comparing wind models of the same star using
the differing magnetic scalings of 1 and 5 times the radial surface
magnetic field, i.e. by comparing e.g. the wind mass-loss rate of the
OPELS 031 and #5 x PELS 031 model cases of the star PELS 031
in Table 1. Fig. 5 shows the effect of scaling the magnetic field by
comparing the By, series with the 5 B,y series in this way. In addition
to the Pleiades, AB Doradus, Columba, and 8 Pictoris stars modelled
in this work, we have included models of the Hyades stars from Paper
I and the Coma Berenices and Hercules-Lyra stars from Paper II (see
Appendix A). The symbols representing each model case of the same
star are linked together by dashed line segments with equations

log,o 9:(x) = a;log,y x + log,, Bi, so that $;(x) oc x*, (10)

where the index i ranges over the stars in Table 1. The symbol shapes
are the same as is used throughout the paper; a circle for the By,
series and a five-pointed star for the 5B,y series; the colours are
the same as in Table 1. In keeping with Paper I and Paper II we
refer to the dashed line segments and symbols of each star as its
‘barbell’.

While we found tight bounds on the slopes of the fitted lines so that
the slopes «; had similar values for each star in Paper II, we observe
significantly more spread in the younger stars modelled in this work.
The By series models @HD 6569, ®HIP 10272, ®TYC 0486, and
their scaled counterparts essentially fall inside the min/max range
spanned by the older stars of Paper I and Paper 1I; the remainder of
the new stars modelled in this work fall outside Paper II limits and
they do not display a clear linear trend. Instead, we observe a trend
where the power-law indices (exponents) «; decrease with increasing
unsigned surface flux ®. To highlight this trend we have plotted the
slopes «; of each fitted barbell with equation J;(x) o x* in the right-
hand side of Fig. 5. The dashed lines indicate the ® values at the two
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Figure 4. Wind pressure in the stellar equatorial plane, calculated according to equation (8). The inclination of the magnetic dipole axis and the geometry of
the surface magnetic field gives rise to CIR spiral structures with two or more ‘arms’. The amount of arm winding is governed by the stellar rotation rate and the
stellar magnetic field strength. The equatorial cut of the Alfvén surface is indicated by a black line. The would-be orbit of an Earth-like planet is indicated by a
dotted white line. At and beyond Earth-like distances from the star the wind pressure is dominated by the ram pressure resulting from the wind radial velocity,
Py ~ pu%, as the wind velocity is nearly radial and the thermal and magnetic pressure terms drop off rapidly with increasing stellar distance.

ends of the barbell, and the star symbols is placed at the geometric mass-loss rate M, the angular momentum loss rate J, and the scaled
mean of the endpoints. angular momentum loss rate J/ 2, where «; falls between 0.6 and

From the right-hand side of Fig. 5 we see that trend of decreasing 1.4. The range of variation is smaller for ®pe, although @HII 739
o; with increasing unsigned surface flux ® is pronounced for the and @PELS 031 appear as outliers. Finally, for the wind pressure at
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Figure 5. Effect of magnetic scaling. On the left-hand side, from top to bottom, the open flux, mass-loss rate (rotation scaled), angular momentum loss rate,
and wind pressure of the models in the Bzp; and 5Bz series are plotted against the unsigned magnetic flux of eq. (2) using the symbols of Table 2. For each
star, its unscaled and scaled model is connected by a dashed line, yielding a ‘barbell’ shape (also shown in the plot legend). The Sun symbol represents the Sun
at Solar maximum (see Paper I for details). In the bottom panel the local in-orbit wind pressure variations for an Earth-like planet is represented by boxplots
(the lower edge of some boxes are behind the symbol). On the right-hand side we plot the power-law indices (i.e. the «; exponents) of each barbell with
equation §;(x) = x% against the unsigned magnetic flux. For each star we plot a dashed line that corresponds to the range between the ® value in the Byp; and
5Bgzp series, and a coloured square containing the star’s alphanumerical identifier so that each stellar case may be associated with its barbell slope.
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an Earth-like planet P there is no clear trend of «; in ® except that
©®BD-072388, @LO Peg, and ®PW And lie below the rest of the
model values.

5.2 Statistical trends and correlations

In this section, we carry out a complementary analysis to that of
Section 5.1; instead of considering pairs of models of the same star
in the By, and 5 B, model series, we study the effect of the magnetic
field strength, surface magnetic flux, and open magnetic flux on the
By and 5By series separately.

By log-transforming our data the assumptions of ordinary
least-squares analysis are satisfied (see e.g. Draper 1998). Fig. 6
shows trend lines of the form

y(x) = bx® so that log,, y(x) = log,, b + alog, x, (11)

fitted to the variation of mass-loss rate, angular momentum loss rate,
rotation-scaled angular momentum loss rate, wind pressure for an
Earth-like planet and magnetospheric stand-off distance for an Earth-
like planet as a function of the average surface radial magnetic field
strength, the unsigned surface magnetic flux, and the open magnetic
flux (all these quantities are discussed in Section 4). In each of the
panels of Fig. 6, there are two dashed line segments of the form of
equation (11); the leftmost one corresponds to the fitted trend line of
the By, series, while the rightmost one corresponds to the fitted trend
line of the 5By, series. Surrounding each fitted trend line are two
grey shaded regions; the innermost (dark grey) region is a 95 per cent
confidence band of the a and b parameters of the fitted trend line,
while the outermost (light grey) region corresponds to a 95 per cent
prediction band. The prediction band variance is the sum of the
confidence band variance and the regression mean square error. Given
further stars and magnetograms drawn from similar populations as
the ones in this study, there is a 95 per cent chance of them falling
inside these light grey shaded regions. The confidence interval of a
for the B, and 5B,y series are also printed in the plots, for example
we have M o | B,|>8'*013 for the models of the B,y series.

The confidence intervals of a and b, and several other statistical
parameters describing the fitted lines of Fig. 6 are given in Table 4.
Using the numerical confidence intervals of a and b we can recover
the full equation (11) of the fitted lines and confidence bands, e.g.
M = (10°91F02% kg s71)(|B,| /1 G)*81+018 for the B, series |B,|
fitted line. Note that when reconstructing the full fitted equations of
the form y = bx“ as in equation (11), the choice of physical units for x
and y will affect the numerical value of b and its confidence interval.
For the numerical values in Table 4 all quantities are in SI base units
except that the magnetic field is expressed in Gauss (1G = 107 T),
R, and |r, X fl| are expressed in stellar radii (see Table 1), and Ry,
is expressed in terms of planetary radii R, as is the case throughout
this paper. The magnetic fluxes ® and @, are expressed in Weber
(1Wb=1Tm? = 108 Gcem? = 108 Mx).

Continuing with the columns of Table 4, the coefficients of
determination (> values) quantify the amount of variation that is
explained by the fitted curve, the yg975/y0025 values are a physical
measure of the amount of variation not explained by the fitted trend
line, and the probability values (p values) give the likelihood that
the observed trend is a spurious one that would not exist in a larger
sample of stellar models. The confidence intervals, prediction bands,
72 values, and p values are calculated in the standard way using the
STATSMODELS (Seabold & Perktold 2010) Python package.

The most notable difference between Fig. 6 and the similar analysis
of Paper II is that the ® and @, ranges are now overlapping
between the By, and the 5B, model series due to the inclusion of

2055

the more powerful and complex magnetic fields of the stars in the
AB Doradus moving group, the Pleiades cluster, Columba, and B
Pictoris, as well as these stars’ rapid rotation. In general, we also
observe stronger trends with smaller uncertainties (i.e. larger power-
law indices with reduced error estimates) for the quantities plotted
except for J /2 against @, wWhere the fitted power-law indices
are slightly smaller and accompanying error estimates are slightly
larger. More specifically, in the leftmost column of Fig. 6, where the
quantities are plotted against the mean surface radial field strength
B,, the trend lines from the current full set of models are generally
steeper than the trend lines of Paper II with the exception of J/
against | B,| which is similar to the previous results. This also occurs
in the middle column. The fits for J/ Q are, however, very similar to
those of Paper II. In the rightmost column, where the model output
@ gpen is on the x-axis, we see that M and J exhibit stronger trends
than in Paper II, similarly to what was seen in the middle column.
The fits to J /2 against ®pe, have slightly weaker trends, while the
trends in P\i,e and Ry, are stronger.

The model @HII 739 and its scaled counterpart #5 x HI[ 739 are
clear outliers in the top three rows of Fig. 6; in the left column of
panels this can be attributable to this star’s large radius of 1.5 Rg.
®HII 739 and #5 x HII 739 remain high in the centre and right
columns but their x position is shifted rightwards because of ®’s
dependence on R, . The very young star models ©TYC 6349 and

5 x TYC 6349 also exhibit large values of J/ 2. The other notable
outliers, possibly due to their star’s rapid P, = 0.3 d rotation, are
OBD-072388 and #5 x BD-072388. We do not, however, see
a similar effect for the other rapid rotator in the @LO Peg and
#5 x LO Peg models.

It is interesting to compare the mass-loss rate M panels in Fig. 6
(top row) where M is plotted against the average unsigned radial
magnetic field strength |B,| (left), the unsigned magnetic flux ¢
(middle) and the open unsigned magnetic flux @, (right). The
four stars @BD-072388, @LO Peg, ®PW And, and @TYC 6878,
and their counterparts in the 5B,y give the appearance of a weak
saturation effect limiting the increase of M as a function of |B,|,
but the effect is not seen in the panel showing M as a function of
@ (although the four stars still lay below the main trend line). This
apparent saturation limiting M with increasing | B| can be seen more
clearly in Fig. 7 where we compare the results of our wind modelling
with literature values. We emphasize to the reader that the apparent
saturation limiting M as a function of increased surface magnetism
in our data set is a spurious effect arising from differences in stellar
radius (see Table 1), and that it is not present when plotting M against
® = 47 R? | B,| and thus accounting for where differences in stellar
radii.

In Appendix B, Fig. B1 and Table B1 show the results of a similar
analysis where the model cases in the B,y and 5B, have been
pooled into a single series of 60 stellar wind models.

5.3 Comparison with literature values

In Fig. 7, we compare the full set of wind mass-loss rates and wind
angular momentum loss rates described in this work and Paper I and
Paper II with literature values obtained from three-dimensional wind
modelling and from scaling laws. As the choices and assumptions
behind this plot are laid out in Paper I, we provide this plot here to
emphasize that the trends that we observed in Paper I and Paper 11
still apply. When taken together with the blue symbols representing
AWSOM type three-dimensional wind models, we see an increasing
trend in mass-loss rate up to about 3 x 10'°kgs~! or ~24 times
the fiducial Solar mass-loss rate of 2 x 107'* Mg yr~! (e.g. Vidotto
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Figure 6. Variation and trends for the Bzp; and 5Byp; series in several key variables. On the x-axes we plot the average surface radial field strength (left),
unsigned surface flux (middle), and unsigned open flux (right). On the y-axes we plot (from top to bottom) mass-loss rate, angular momentum loss rate, rotation
scaled angular momentum loss rate, wind pressure for an Earth-like planet, and magnetospheric stand-off distance for an Earth-like planet. The coloured symbols
correspond to the simulated cases in Tables 2 and 3. For the Bzp; and 5By series we fit a trend line of the form of equation (11); the trend lines appear as straight
lines as both plot axes are logarithmic. Surrounding the trend line we include confidence bands and prediction bands (dark and light grey regions, respectively) at
95 per cent confidence level. In the wind pressure and magnetospheric stand-off distance panels the variation along the orbit of an Earth-like planet are indicated
by boxplots. Key parameters related to this figure are given in Table 4. A version of this figure which pools the model cases in Bzp; and 5Bzpy series is given in

Appendix B.
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Table 4. Summary statistics of the fitted trend lines of the form of equation (11). Some of these trend lines are shown in Fig. 6. The top, middle, and bottom
part of the table show the correlations of key parameters from Tables 2 and 3 with the average surface radial field strength B, the unsigned surface magnetic flux
®, and the open magnetic flux ®open. The parameter of the fitted trend line is given in the quantity column. For the Bzp; and 5Bzp; series the fitted power-law
index a and the constant term b are given along with 95 per cent confidence intervals, followed the coefficients of determination 12, a measure yg 975/y0.025 of
the ‘height’ of the prediction band in Fig. 6 and the probability values p. A version of this table which pools the model cases in Bzp; and 5Bzp; series is given in

Appendix B.

Quantity Correlation with alogjo|B,| + logiob
Byp; series 5Byp; series
a b r2 Y0.975 a b r2 Y0.975 P
Y0.025 Y0.025
logjomax |B,| 1.12 £ 011 046 £ 0.15 094 285 24x10718 112 4+ 0.11 037 £023 094 285 24x10718
log,o | B 1.01 &£ 0.01  0.15 &+ 0.01  0.999 109 1.9x107%  1.00 & 0.01 0.15 & 0.02 0.999 1.09 9.6 x 10°¥
log o ® 097 + 0.16 14.69 + 022  0.84 457 1.1 x107'2 097 +£ 0.16 1471 + 033  0.84 457  1.1x10712
10210 Popen 0.75 + 0.16 14.37 £ 022 0.76 453 38x10710 071 £ 0.16 1444 + 033 0.74 450 9.5 x 10710
log;o Ra 033 + 004 079 £ 005 091 145 44x107' 0344+ 004 073 4+ 009 0.90 149 93 x 10710
logyg Ira x €| 0.31 £ 0.04 0.70 £ 0.06  0.89 149 7.1 x107% 032 +£0.05 0.66 + 0.09 0.88 154 21x1071
log;g M 0.81 + 0.18 9.01 =024 0.76 525 44x10719 062+ 0.16 935+ 033 0.69 451 15 %1078
logyo J 1.85 £ 049 2242 4+ 066  0.68 9832 24x107% 155+ 049 2250 + 0.99  0.60 94.02 4.8 x 1077
logyy J /S 1.11 £ 036 28.18 & 048 058 2935 95x 1077 081 + 036 28.77 + 0.73 043 2876 7.9 x 107°
log,o PE 4 129 £ 027 9354037 077 1285 23x107'" 110 £ 026 -927 + 053  0.73 1154 24 x107°
log10Rmag —021 £005 1114006 077 153 23 x10710 —0.18 & 0.04 1.09 + 0.09 0.73 150 24 x107°
Quantity Correlation with alogjo® + logjob
Byp; series 5Byp; series
a b r2 Y0.975 a b rz Y0.975 P
Y0.025 Y0.025
logio|B;| 0.86 + 0.15 -12.50 + 232  0.84 419 1.1 x107'2 087 + 0.15-12.40 + 242  0.84 419  11x10712
logiomax |B;| 0.99 + 0.18 -13.88 + 290  0.82 599 82x 10712 099 + 0.18 -13.87 + 3.02  0.82 599 82 x 10712
log, | B| 0.87 + 0.15 -12.42 +£ 233  0.84 423 1.1 x 10712 087 + 0.15-12.31 + 243  0.84 422 1.1x10712
1og10Popen 0.79 £ 0.07 280 + .13 0.95 201 14x107Y 076 £0.07 324 £ 1.13 095 195  12x107Y
log;o Ra 028 + 0.06 -321 + 103 073 189 1.6x107% 030+ 006 -3.53 + 1.05 0.77 1.86 22x 10710
logo |ra x €| 027 + 0.06 -3.14 £ 1.02 072 188 28x 1077 028 + 006 -3.41 + 1.03 0.76 1.84 37x 10710
log,g M 0.87 + 0.05 -3.86 £ 0.76  0.98 159 15x107%  0.69 + 0.06 -0.90 = 0.96 0.96 176 1.7 x 10720
log,o J 198 £ 029 -6.72 + 467 087 1793 50x 1071% 170 £ 032 -2.75 £ 525 0.81 2237  1.0x 1071
log,o J/ S 130 £ 0.17 893 +£275  0.89 546 33 x 1075 1.02 £ 022 1338 £3.65 0.76 8.68 2.7 x10710
logyo PS4 127 £ 021 -2798 + 341 084 822 1.0x 1072 1.11 + 0.20-25.58 + 329  0.83 701 39 x 10712
log10Rmag —021 + 004 421 £ 057 084 142 1.0x 1072 —0.19 & 003 3.81 = 0.55 0.83 138  39x 10712
Quantity Correlation with alogio®open + logi0b
By series 5By series
a b A T a b r Yoo P
log10|B;| 1.02 + 022 -14.32 + 340  0.76 584 3.8x 10710  1.04 £ 024 -14.57 £ 377 0.74 619 95x 10710
logjomax |B,| 1.14 £ 029 -1557 + 437  0.71 965 65x107°  1.17 + 0.30-15.98 + 478  0.69 10.10 1.1x 1078
log, | B 1.02 +£ 023 -1420 + 346  0.75 6.00 49x 10710  1.05 £ 024-1444 £ 381 0.74 6.32 1.2 x 107
logio® 121 +£ 0.11  -256 + 1.67 095 237 14x107"% 125+ 0.11 -320 £ 178 095 236 12x1071Y
log;o Ra 035 +£ 0.08 -4.09 &£ 120 0.74 1.87 8.6 x 10710 038 £ 0.08 -4.64 £ 129 0.77 1.86 22 x 10710
logyo [ra x €| 033 + 0.08 -401 £ 1.18 074 184 1.1x107° 037 + 008 -450 %+ 123 0.77 182  22x10710
log,g M 1.06 + 0.10 -6.18 + 1.57  0.94 226 92x 10719 088 £ 0.08 -3.40 £ 129 0.95 1.87 27 x1071
logq J 234 + 046 -11.11 =701 080 3784 33 x10""" 2124 045 -8.09 + 7.19 0.77 3236 24 x 10710
log,q J/Q 1.63 +£ 0.19 467 £291 092 452 12x107'% 137 £ 024 8.68 +£3.79 0.83 623 25x10712
log,o PS4 151 £ 032 -30.79 +£ 492 077 1279 22x 10710 137 + 0.30-2881 + 472 0.76 980 3.5x 10710
10g10Rmag —025 4+ 005 468 + 082 077 153 22x10719 —023 £ 0.05 435+ 079 0.76 146  3.5x 10710

2021) in the Byp, series of models, and a similar increasing trend
up to about 1 x 10" kgs™' or ~80 times the Solar value for the
5B, model series. As we noted near the end of Section 5.2 the
apparent threshold of M values at ~80M,, is mostly due to stellar
radius variation (see Table 1) in our sample.

Our calculated values of M are within the spread of the values
calculated by See et al. (2019) (see Fig. 7 and see Paper I for
the differences between the CS11 and mod M15 methods). We
note, however, that in our estimate of mean |B| from their work
(see Paper I) does not yield mean | B| values past ~200 G such that

many of the strongest magnetic fields in the 5 B, model series have
no comparison in their work. The frequently cited work of Wood
et al. (2002, 2005) also predicts mass-loss rates up to ~100 M, for
0.7 Gyr old stars, but lower mass-loss rates for even younger stars.
We do not find strong evidence of a drop in M values for the youngest
stars in our data set but our results are otherwise well matched to
those of their work.

In the bottom panel of Fig. 7 we compare our calculated angular
momentum loss rates to those of the literature. The right-hand side
axis shows the angular momentum loss rate in terms of the average
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Figure 7. Comparison of wind mass-loss rate M and wind angular momen-
tum loss rate J values obtained in this work and from Paper I and Paper I
(white symbols) with literature values. The blue symbols denote other stellar
wind models created using the AWSOM model. The orange symbols refer
to ideal MHD models where the corona is already hot at the inner model
boundary. Symbols with red outlines are Sun models. The plus and cross
symbols refer to scaling laws used by See et al. (2019). The brown lines refer
to the scaling laws of Cohen & Drake (2014) with Sun-like coronal densities
and a period of 10 d. We refer the reader to Paper I for an in-depth explanation
of the assumptions behind this plot.

Solar angular momentum loss rate, with the caveat that the average
Solar wind angular momentum loss rate is not as well constrained as
the average Solar wind mass-loss rate. We use the observation-based
angular momentum loss rate of 2.2 x 10> Nm from Finley et al.
(2019) as our Solar baseline.

As can be seen from the red-outlined symbols in Fig 7, numerical
wind models give different M and J values depending on the adopted
Solar magnetic field strength (i.e. phase of the Solar cycle). As in
Paper I and Paper II we continue to find excellent agreement between
our models and the AWSOM based wind models of Alvarado-Gémez
et al. (2016a) and Pognan et al. (2018), and good agreement with the
models of Réville et al. (2016).

6 CONCLUSIONS

In this work, we have modelled the winds of 15 young, Solar-type
stars with well-constrained ages in the Pleiades cluster, the AB
Doradus moving group, the Columba association, and the § Pictoris
association. These stars aged 24 to 125 Myr have a wide range of
rotation periods from 0.3 to 7 d; this is expected for stars in this age
range, and matches the observations of e.g. Gallet & Bouvier (2013).
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The models are driven using observationally based magnetic maps
derived with ZDI.

We have studied the coronal magnetic field, Alfvén surface, and
wind pressure out to 1 au of our models and we find mostly dipole-
dominated coronal magnetic fields; in our models these appear if
~30 percent or more of the surface magnetic energy is dipolar.
Our ZDI maps have a wide range of inclinations of the magnetic
dipole, and produce a wide range of Alfvén surface lobe and current
sheet orientations. The effective magnetogram degree measures in
€99 (see Table 2) does not seem to greatly affect the shape of the
Alfvén surface in Fig. 3 with the possible exception of the conical
Alfvén surfaces of @BD-07 2388, @LO Peg, #5 x BD-072388, and
#5 x LO Peg. We do not consider these shapes to result from the £ g9
values however, but rather from the two stars’ very rapid rotational
periods which also leads to more detailed ZDI magnetograms as
Section 2.1 briefly addressed.

In order to study the isolated effect of the surface magnetic field
strength independently of the other model parameters, we created
the 5B, model series where all magnetic field maps are scaled
by a factor of 5. Such an increase of the magnetic field strength
is generally accompanied by an increase in the mass- and angular
momentum loss rate and wind pressure for an Earth-like planet as
was seen in Section 5.1. The comparison of the wind models in
the B,y and 5B,y series, including the models originally presented
in Evensberget et al. (2021, 2022) and re-processed as part of this
work (see Section 3), showed that for this wide range of surface
magnetic field strengths there is no single scaling law of the form
y & |B,|* or y o« & that is a good fit to the data in the left panel
of Fig. 5. Instead, as can be seen in the right panel of Fig. 5, the
power-law index « appears to decrease with increasing magnetic
field strength.

In Section 5.2, we fitted power laws and prediction bands to the
By and 5By, model series separately. This kind of fitted curve
differs from the barbell curves in Section 5.1 as it includes the
effect of other stellar parameter that are known to vary with the
surface magnetic field, most notably the stellar rotation rate €.
We find somewhat wider prediction bands than in Evensberget
et al. (2022), suggesting that the more rapid rotation of the stars
modelled in this work yield slightly different characteristics than the
older stars of Evensberget et al. (2021, 2022); this can be due to
either € itself or the influence of Q2 on the effective magnetogram
degree. In general, we find tighter correlations between the unsigned
surface flux ® = 47 R?|B,| and our parameters of interest than
between |B,| and our parameters of interest. This is expected as
& accommodates stellar radius variations (from stellar type, see
Table 1) on the prediction band widths. The J/ parameter has a
significantly tighter correlation with the magnetic field strength than
the J parameter itself, which is expected from the dependence of J
on 2 in eq. (7).

In Section 5.3, we observe that our results agree well with
other models using the AWSOM model, but predict lower values
of M and J than models using polytropic MHD models. Only
for the strongest magnetic fields in our 5B, model series do we
obtain comparable values of M and J to polytropic MHD models
with significantly lower surface magnetic fields. As was previously
noted in Evensberget et al. (2022) this gap may possibly be closed
by applying an age- or rotation-based scaling to AWSOM model
parameters such as the Poynting flux-to-field ratio I1,/B, which
was found by Boro Saikia et al. (2020) to affect the mass-loss rate
such that M o I1,/B (see also Kavanagh et al. 2021).

In this work and Evensberget et al. (2021, 2022), we have created
what we believe to be the largest set of ZDI-driven three-dimensional
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stellar wind models to date. Between the models all physical and
numerical parameters are the same except the surface magnetic maps,
and three scalar stellar parameters mass, radius, and rotation rate.
This consistency has enabled us to formulate robust scaling relations
that includes uncertainty estimates and give predictive ranges for
values such as wind mass- and angular momentum loss rates for stars
in the 0.02 to 0.7 Gyr range. We hope that this data set and our derived
scaling relations will be useful in comparing numerical wind models
with observational constraints on M, for creating more detailed
models of wind—planet interactions, and to give better constraints
on how Solar parameters values are applicable to young, Solar-type
stars in magnetohydrodynamic modelling.
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APPENDIX A: REPROCESSED AGGREGATE
PARAMETERS

In Section 3, we noted that the Hyades (Paper I) and Coma Berenices
and Hercules-Lyra (Evensberget et al. 2022) models have been re-
processed with the same numerical configuration as the models
presented in this work. In Table Al, we provide the aggregate
parameters (in the same format as Table 3) resulting from the re-
processing. In the re-processing we found only minor differences
to the results in Evensberget et al. (2021, 2022) so that the overall
conclusions of this work and Evensberget et al. (2021, 2022) were
not affected by the re-processing.

Note that the Solar maximum/minimum models were based on
magnetograms from the Global Oscillation Network Group (GONG)
spherical harmonic transform coefficients® at Carrington Rotation
2157 (maximum) and 2211 (minimum) and are thus referred to as
Sun-G2157 and Sun-G2211 in Paper L.

8GONG data are available at https://gong.nso.edu/data/magmap/.
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Table Al. Aggregate parameters calculated from the re-processed wind models of Paper I and Paper II. The row structure of this table is identical to that of
Table 3, except that the rightmost column provides a reference to the paper where this model was originally published. For further information about the solar
and stellar models listed here we refer the reader to Paper I, Paper II.

Case Dopen Sopen iB,=0 Dy Ry Ira x @ M J P® R Orig.
(@) ) ) (Popen)  (Rx) (Rx) (kgs™) (Nm) (Pa) (Rp) paper
© Sun (maximum) 0.12 0.05 66.9 0.38 6.9 5.4 38x10° 68 x 102  42x107° 88  Paperl
© Sun (minimum) 0.38 0.23 21.0 0.86 5.0 3.9 39x 108 38x102"  62x107'0 121  Paperl
O Mel25-5 0.38 0.22 67.0 0.31 12.0 9.4 49 %x10°  98x10%® 57x107° 8.4  Paperl
O Mel25-21 0.35 0.21 55.9 0.43 14.4 11.2 75%x10° 2.1 x10*  93x107° 7.7  Paperl
© Mel25-43 0.39 0.23 89.0 0.02 12.4 9.9 33x10°  58x10% 39x107° 8.9  Paperl
© Mel25-151 0.30 0.18 53.7 0.46 13.8 10.7 6.6 x10° 13 x10* 81x107° 7.9  Paperl
O Mel25-179 0.29 0.17 46.8 0.54 16.2 12.5 1.0x 10 30x10%* 14x1078 7.2 Paperl
AV 523 0.26 0.23 35 0.99 12.9 9.7 41x10° 38x10% 11x10% 75  Paperll
AV 1693 0.22 0.20 46.3 0.56 14.8 11.4 12x 101 28x10* 15x1078 7.1  Paperll
AV 1826 0.25 0.16 15.8 0.88 127 9.6 73x10°  1.0x10*  13x10® 73  Paperll
AV 2177 0.36 0.15 85.2 0.09 11.7 9.3 28 x10°  49x10®  31x10° 92  Paperll
TYC 1987 0.25 0.17 30.6 0.74 14.0 10.6 83x10°  1.6x10%* 15x1078 7.1  Paperll
® DX Leo 0.28 0.17 82.5 0.11 17.8 14.3 1.1 x 10"  76x10* 13x1078 7.3 Paperll
@ EP Eri 0.25 0.14 76.1 0.32 11.7 9.2 40x10°  7.6x10%  41x107° 8.8  Paperll
@ HH Leo 0.29 0.13 82.3 0.11 15.8 12.6 93x10° 49x10* 1.1x1078 7.5 Paperll
© V439 And 0.34 0.20 8.8 0.96 13.4 10.1 68 x10°  21x10* 20x1078 6.8  PaperIl
® V447 Lac 0.25 0.23 25.4 0.81 12.6 9.5 58x10° 1.8 x10%* 87 x107° 7.8 PaperIl
#r Mel25-5 0.26 0.14 66.2 0.30 18.7 14.8 20x 10" 83 x10* 24 x1078 6.6  Paperl
# Mel25-21 0.23 0.14 56.0 0.43 22.7 17.7 28 %101  1.6x10® 38x 108 6.1  Paperl
#r Mel25-43 0.27 0.15 89.0 0.02 19.2 15.4 1.5x 10 56x10%* 18x1078 6.9  Paperl
# Mel25-151 0.20 0.12 53.9 0.44 21.9 17.0 23x 10 9.1 x10* 32x1078 6.3  Paperl
# Mel25-179 0.19 0.11 46.7 0.53 25.9 20.0 36 x 1010 20x10% 53 x1078 58  Paperl
AV 523 0.18 0.16 35 0.99 19.5 145 1.7x 101 27x10*  58x1078 57  Paperll
AV 1693 0.15 0.13 45.6 0.55 22.8 17.6 41x10° 19%x10%  59x1078 57  Paperll
AV 1826 0.16 0.10 157 0.88 19.4 14.5 27x 10 61x10% 64x107® 56  Paperll
AV 2177 0.25 0.10 84.8 0.09 18.3 14.6 13 %101 47x10*  1.6x1078 7.1  Paperll
TYC 1987 0.16 0.12 30.8 0.72 219 16.6 29 x 1010 1.0x10%  62x10% 56  Paperll
#r DX Leo 0.18 0.11 81.9 0.12 28.0 22.4 40x 10" 56x 10 54 x 1078 5.8  Paperll
#r EP Eri 0.17 0.10 73.8 0.29 17.2 13.6 1.8 x 1010 6.4 x 10* 23 x 1078 6.6  PaperIl
¥ HH Leo 0.19 0.08 81.8 0.12 24.9 20.0 32x 1010 35%x10%  43x1078 6.0  PaperII
#r V439 And 0.23 0.14 9.0 0.96 21.0 15.7 27 %10 13 x10%  99x 1078 52  Paperll
¥ V447 Lac 0.17 0.17 26.4 0.79 19.2 14.5 22x 100 12x10% 39x 1078 6.1  PaperII
APPENDIX B: POOLED SERIES series models, for a total of 60 wind models. The fitted trend lines

and prediction bands are shown in Fig. B1 with the corresponding
In Evensberget et al. (2021), which considered five stars in the data in Table B1.

Hyades, the same analysis as in Section 5.2 was given for a For a large range of B, values, such as what is presented here,
single, pooled data series that comprises By series models and it should be remembered that the radial magnetic field strength is
the 5By, series models. Thus, in order to maintain consistency with correlated with the rotation period.

Evensbergetetal. (2021, 2022), we provide here the full pooled series
analysis which includes the 30 B,y series models and the 30 5B
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2062  D. Evensberget et al.

Table B1. This table is similar to Table 4, except that the models of the Bzp; and 5Bzp; series are
treated as a single population of 60 stellar wind models. The corresponding data and fitted parameters
are plotted in Fig. B1.

Quantity Correlation with alogio|B,| + logiob

a b ? e r
logjomax |B,| 1.06 & 0.06 0.51 + 0.10 0.96 2.81 32 x 107%
log,g | B| 1.00 0.15 + 0.01  0.9997 1.09 2.2 x 107103
logio® 0.99 + 0.08 14.67 £+ 0.14 0.91 421 1.3 x 10732
log10Popen 0.74 £+ 0.08 1439 4+ 0.13 0.86 4.17 3.1 x 10726
log;o Ra 031 £ 0.02 0.81 & 0.04 0.94 1.47 2.3 x 10736
logo |ra x €| 0.30 £ 0.02 0.71 + 0.04 0.93 1.49 9.4 x 1073
logo M 0.74 £ 0.08 9.11 £ 0.14 0.84 4.64 9.9 x 1072
log,o J 142 4+ 0.25 22.87 £ 0.43 0.69 94.74 2.7 x 10716
log,o J/ 9 1.04 £ 0.18 28.29 + 0.31 0.70 25.70 8.2 x 10717
logy PE .4 1.04 £ 0.14 -9.08 & 0.24 0.79 1227 1.3 x 1072
10g10Rmag —0.17 £ 0.02 1.06 £ 0.04 0.79 1.52 13 x 1072
Quantity Correlation with alogjo® + logjob

a b P e »
log1o|B;| 0.93 + 0.07 —13.46 + 122 0.91 4.03 1.3 x 10732
logjomax |B,| 0.99 £+ 0.09 —13.95 &+ 1.48 0.89 5.43 8.5 x 10730
log,o | B 0.93 + 0.07 —13.36 + 1.22 0.91 4.05 1.3 x 10732
log10®open 0.76 £ 0.03 3.23 + 0.57 0.97 1.92 5.7 x 1074
logyo Ra 029 £ 003 —335+0.52 0.85 1.81 24 x 107
log;o Ira x €| 028 £ 0.03 —3.34 £ 0.51 0.85 1.80 37 x 1072
log,g M 0.77 £ 0.03  —2.26 £ 0.52 0.98 1.81 9.5 x 1074
logyq J 1.51 &+ 0.18 0.57 + 2.94 0.83 28.90 6.0 x 1072
logy J/ 1.15 £ 010 1135 £ 1.66 0.90 6.71 2.6 x 1073
logyo PS4 1.04 &£ 0.11 —24.39 + 1.83 0.86 8.11 3.6 x 10720
10g10Rmag —0.17 £ 0.02 361 £ 030 0386 142 36x107%
Quantity Correlation with alogio®open + logi0b

a b 2 % P
logio|B;| 1.16 £ 0.12 —16.53 £+ 1.95 0.86 6.02 3.1 x 10726
logjomax |B,| 1.24 &£ 0.15 —17.03 £ 238 0.82 8.96 3.0 x 10723
log,o | B 117 £ 0.13  —1641 + 1.97 0.86 6.15 5.0 x 10726
logio® 128 £ 006 —3.64 + 0.92 0.97 233 5.7 x 1074
logyy R 0.37 + 0.04 —448 + 0.64 0.85 1.81 1.6 x 1072
logyg Ira x | 036 + 0.04  —4.46 + 0.62 0.85 1.78 12 x 107%
log;g M 0.99 + 0.05 —5.20 4 0.80 0.96 2.09 3.0 x 1074
logyq J 1.93 +£ 025 —4.86 + 3.94 0.80 37.89 5.5 x 10722
logo J/ 1.51 &+ 0.11 6.48 £+ 1.76 0.92 5.09 2.9 x 1073
logy PE .4 132 £ 0.16 —28.04 & 2.55 0.82 1049 3.1 x 1072
10g10Rmag —0.22 + 0.03 422 + 042 0.82 1.48 3.1 x 10723
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Figure B1. This figure is similar to Fig. 6 except that the models of the B;p; and 5Bz series are treated as a single population of 60 stellar wind models. Key

statistical parameters of the fitted trend lines, variation bands, and prediction bands are given in Table B1.

This paper has been typeset from a TRX/IATEX file prepared by the author.

© 2023 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 524, 2042-2063 (2023)

€202 JaquienoN £z uo 1senb Aq 206681 L/2102/2/7ZS/e1one/seluw/wod dno-ojwspeoe//:sdiy wolj pepeojumoq


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 OBSERVATIONS
	3 SIMULATIONS
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: REPROCESSED AGGREGATE PARAMETERS
	APPENDIX B: POOLED SERIES

