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Abstract
The solar wind in the preset is well studied using remote and in situ measurements. Not much is known about the evolution
of the solar wind over the lifetime of our star, posing the question, what was the solar wind like over evolutionary timescales?
To answer this question we turn to solar-like stars that we can use as proxies for the solar wind at di�erent ages. There
currently exists little information on the winds of solar-like stars as observations are di�cult to conduct due to their rare�ed
nature which leads to diminished emissions. We present 3D MHD simulations of a sample of solar analogues from which we
determine global wind parameters such as mass- and angular momentum-loss rates. From our simulations we calculated the
thermal bremsstrahlung expected from these winds using a developed numerical tool, comparing them to the sensitivities of
current and future radio telescopes.

1 Introduction
Stellar winds are the mechanism by which stars lose

angular-momentum and spin down (Weber & Davis, 1967).
This can have a signi�cant e�ect on regulating stellar activity
with rapidly rotating stars displaying higher levels of stellar
activity than slowly rotating stars (Wright et al., 2013). High
activity levels might have consequences for the development
of habitable planets orbiting these stars (e.g. Chadney et al.
2017). Intense radiation from a host star can expedite evap-
oration of planetary atmospheres and can act as an indirect
biocide (Ribas et al., 2005). Active stars also have more in-
tense magnetic �elds (Folsom et al., 2018), which a�ect accel-
eration and propagation of stellar winds (Washimi & Shibata,
1993).

To investigate the evolution of the solar wind we simu-
late the winds of solar analogues at di�erent ages and rota-
tion rates, using them as proxies for the solar wind at di�er-
ent points in its evolution. We develop a code to calculate
the thermal bremsstrahlung emitted from the winds of these
stars, as this information (and possible detections/upper-
limits) can give insight into global features of the star, such as
mass-loss rate (Panagia & Felli, 1975; Vidotto & Donati, 2017;
Fichtinger et al., 2017). Details of this work can be found at
Ó Fionnagáin et al. (2018). Figure 1: 3D MHD simulation of the stellar wind of κ1 Ceti.
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2 3D wind simulations
We solve the ideal MHD equations for the stellar wind us-

ing the BATS-R-US numerical modelling tool (Powell et al.,
1999). Free parameters that are required from our models are:
base wind density, base wind temperature and a polytropic
index. We adopt the scaling laws presented in Ó Fionnagáin
& Vidotto (2018). The stellar magnetic �eld is required by the
simulation as an input. We use surface stellar magnetic �elds
observationally derived with the Zeeman-Doppler Imaging
technique (Donati & Semel, 1990). The observed magnetic
�elds used in our study are from Petit et al. (2008); do Nasci-
mento et al. (2016) and Petit, et al. (in prep.).

An example output of the simulation is shown in Figure 1
for κ1 Ceti. Shown in the z=0 plane is the wind velocity, rang-
ing from -20—720 km s−1. The orange surface represents the
Alfvén surface where the wind velocity equals the Alfvén ve-
locity (ur = vA = B/

√
4πρ). Regions within this surface are

magnetically dominated. Closed magnetic (B) �eld lines are
shown in red and open �eld lines in grey.

From these simulations we calculate the mass-loss rate,
angular momentum-loss rate, and open �ux associated with
each star (Figure 2). We see an overall decrease in all three of
these parameters as the stars spin down, showing that slowly
spinning stars lose less mass and angular-momentum than
their rapidly spinning counterparts. Figure 2 (top) shows
a �t to the mass-loss rates of stars rotating faster than 1.4
Ω� (solid red line), which presents a similar �t to fast solar-
type rotators from Ó Fionnagáin & Vidotto (2018) (solid black
line).

3 Radio Emission
We developed a code for numerically solving the radiative

transfer equation for thermal emission from our simulation
grid (Ó Fionnagáin, 2018). The plasma around a star will emit
thermally in the radio in accordance with the radiative trans-
fer equation:

Iν =

∫ τ ′
max

−∞
Bνe

−τdτ ′ (1)

Where Iν is the speci�c intensity of emission, τ is the op-
tical depth (which depends on density squared), and Bν is
the blackbody function. Previous calculations of thermal ra-
dio emission from winds have made analytical assumptions
about the density distribution in the wind (Panagia & Felli,
1975; Reynolds, 1986; Fichtinger et al., 2017; Vidotto & Do-
nati, 2017). By solving the radiative transfer equation we re-
move any assumption of density distribution in the wind. We
solve Equation (1) for frequencies ranging from 100 MHz to
100 GHz and present these spectra in Figure 3. In Figure 3, we
show the sensitivity levels of the current VLA (green), SKA1-
MID (red), and SKA2-MID (blue), along with observations of
direct detections of χ1 Ori (purple stars) and upper limits of
κ1 Ceti as observed by Fichtinger et al. (2017). Current in-
strumentation is not sensitive enough to detect these tenu-
ous winds, but instruments such as ngVLA, SKA1 and SKA2
present opportunity to detect these winds in the future.
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Figure 2: Top to bottom: mass-loss rate, angular momentum-
loss rate, and unsigned magnetic open �ux from our sample
of simulations. The stars are labelled at the top of the �g-
ure, with the solar simulations represented by the solar sym-
bol (�), where activity maximum is always on top. In the
top panel we include a �t to the data (red line, excluding the
Sun) and compare this to the fast rotator �t as described in Ó
Fionnagáin & Vidotto (2018) (black dashed line).
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Figure 3: Calculated spectra for each star. While out of reach
of current instrumentation, we predict that detecting these
winds through thermal radio could become a possibility with
the advent of SKA1 and SKA2 in particular. SKA sensitivities
from Pope et al. (2018) and adjusted for 2 hour integration
time.

4 Can we detect radio emission from the
young solar wind?

Detection of solar-type stellar winds in the radio regime
is challenging. There have been previous attempts to do so
(Gaidos et al., 2000; Villadsen et al., 2014; Fichtinger et al.,
2017), yet to no avail. However, upper-limits of wind density
can be derived from non-detections in thermal radio emis-
sion, from which stellar mass-loss constraints can be calcu-
lated. Even within the optically thin regions of the wind, if
chromospheric emission of �ares can be detected, this will
still place useful constraints on the wind density as the wind
must be optically thin at the observing frequency if these
phenomena are observed (Reynolds, 1986). Disentangling
the chromospheric emission from the wind emission can be
di�cult, but can be deduced from the level of emission de-
tected. Villadsen et al. (2014) and Fichtinger et al. (2017)
detected chromospheric emission from multiple solar ana-
logues, which emitted at the ≈ 100 µJy level. Since we ex-
pect the wind emission to exist two orders of magnitude less
than this we can deduce that their detections were indeed
chromospheric emission. Observations in the optically thick
region are preferable but more di�cult as the �ux density
decreases in these regions according to the spectra in Fig-
ure 3, due to the density falling o� in the higher stellar atmo-
sphere. Despite this, we predict that some of the closer solar
analogue winds should be detectable in the optically thick
regime with future instrumentation, such as SKA2-MID and
possibly SKA1-MID.
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