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Abstract

Quantifying the flux of cosmic rays reaching exoplanets around M dwarfs is essential
to understand their possible effects on exoplanet habitability. Here, we investigate
the propagation of Galactic cosmic rays as they travel through the stellar winds (as-
trospheres) of five nearby M dwarfs, namely: GJ 15A, GJ 273, GJ 338B, GJ 411 and
GJ 887. Our selected stars each have 1 or 2 detected exoplanets and they all have wind
mass-loss rates constrained by Lyman-α observations. Our simulations use a combined
1D magnetohydrodynamic (MHD) Alfvén-wave-driven stellar wind model and 1D cos-
mic ray transport model. We find that GJ 411 and GJ 887 have Galactic cosmic rays
fluxes comparable with Earth’s at their habitable zones. On the other hand, GJ 15A,
GJ 273 and GJ 338B receive a lower Galactic cosmic ray flux in their habitable zones.
All exoplanets in our sample, with exception of GJ 15A c and GJ 411 c, have a signif-
icantly lower flux of Galactic cosmic rays than values observed at the Earth because
they orbit closer-in. The fluxes found here can be further used for chemical modelling
of planetary atmospheres. Finally, we calculate the radiation dose at the surface of the
habitable-zone planet GJ 273 b, assuming it has an Earth-like atmosphere. This planet
receives up to 209 times less 15 MeV energy cosmic ray fluxes than values observed at
Earth. However, for high-energy cosmic rays (∼GeV), the difference in flux is only 2.3
times smaller, which contributes to GJ 273 b receiving a significant surface radiation
dose of 0.13mSv/yr (40% of the annual dose on Earth’s surface).
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4.1 Introduction

4.1 Introduction

With more than 4,300 exoplanets discovered and confirmed (as of 30 September 2021
on NASA’s exoplanet archive1) in the last few decades, there is a lot of interest in
discovering/determining if any of these exoplanets are habitable. There are many
factors affecting the habitability of an exoplanet (see, e.g., Meadows & Barnes, 2018).
One key factor is the presence of liquid water on the exoplanet surface. Many factors
can influence the presence of surface liquid water on a planet, such as the planet
and stellar system properties. The habitable zone is defined as the orbital distances
from a star where liquid water can exist on a planet’s surface (Kasting et al., 1993;
Selsis et al., 2007). This region is close-in for M dwarfs and further out for F and G
dwarfs. Although being in the habitable zone does not necessarily mean that a planet
is habitable, this is the first condition thought to be important for habitability.

Currently M dwarfs are the main targets in the search for potential habitable ex-
oplanets. This is because M dwarfs are small, they have low brightness, and conse-
quently, they have a close-in habitable zone. This combination, due to current ob-
servational capabilities, makes M dwarfs the best candidates to observe exoplanets in
the habitable zone. Additionally, they constitute the majority of stars in our Galaxy
(Henry et al., 2006; Winters et al., 2015; Henry et al., 2018). However, the stellar
environment of M dwarfs can be very harmful for close-in exoplanets. M dwarfs can
produce strong magnetic fields (Morin et al., 2010; Shulyak et al., 2019), and compared
with solar-mass stars, they stay magnetically active for a longer duration of their lives
(West et al., 2004; Scalo et al., 2007; West et al., 2015; Guinan et al., 2016). Exo-
planet habitability can be affected by strong stellar activity (Khodachenko et al., 2007;
Vida et al., 2017; Tilley et al., 2019). This is because, strong stellar activity leads to
stronger stellar winds (Vidotto et al., 2014a), generates more stellar energetic particles
(Grießmeier et al., 2005), stronger flares (Vida et al., 2017; Tilley et al., 2019) and
coronal mass ejections (Lammer et al., 2007; Khodachenko et al., 2007), all of which
can affect planetary atmospheres and thus their potential to generate life.

In particular, the stellar wind plays an important role in stellar evolution (Johnstone
et al., 2015; Matt et al., 2015) and interacts with planets (Vidotto et al., 2011, 2013;
Vidotto & Cleary, 2020). For this reason, it is important to understand the properties
of stellar winds. M dwarfs, however, have rarefied coronal winds analogous to the solar
wind, which makes it difficult to observe them. Fortunately, novel techniques have been
developed to characterise the winds of low-mass stars (see review by Vidotto, 2021)

1https://exoplanetarchive.ipac.caltech.edu
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CHAPTER 4

providing some constraints on the wind properties, such as, the stellar wind mass-loss
rate. These methods include Lyman-α absorption observations (Wood, 2004; Wood
et al., 2021, and references therein), X-ray emission (Wargelin & Drake, 2001, 2002),
radio emission (Panagia & Felli, 1975; Lim & White, 1996; Fichtinger et al., 2017;
Vidotto & Donati, 2017), exoplanet atmospheric escape (Vidotto & Bourrier, 2017;
Kislyakova et al., 2019) and slingshot prominences (Jardine & Collier Cameron, 2019).
Despite all of these methods being able to provide constraints for a few tens of low-mass
stars there are still unknowns related to the stellar wind properties.

In our work, we study the properties of M dwarf winds using numerical simulations
and observational constraints from Lyman-α measurements. Here, we assume the M
dwarf winds are heated and accelerated by the dissipation of Alfvén waves. We use an
Alfvén-wave-driven stellar wind model to understand the stellar wind and calculate its
properties, such as, the velocity profile and mass-loss rate (Mesquita & Vidotto, 2020).

One particular aspect of interest in our work is that stellar winds affect the propa-
gation of cosmic rays, which are an important factor that could affect exoplanet habit-
ability. On the one hand, cosmic rays may have been important for the origin of life on
Earth and for other exoplanets (Airapetian et al., 2016; Atri, 2016), as they can drive
the production of prebiotic molecules (Rimmer et al., 2014; Airapetian et al., 2016;
Barth et al., 2021). In contrast, for developed life-forms cosmic rays can damage DNA
in cells (Sridharan et al., 2016) and cause cellular mutation (Dartnell, 2011). Thus,
large cosmic ray fluxes are harmful for life as we know it (Shea & Smart, 2000). A
way to quantify the impact of cosmic rays on life-forms is by calculating the radiation
dose on the surface of a planet (Atri, 2020; Atri et al., 2020). In addition to this, cos-
mic rays can also affect cloud coverage which could affect Earth’s climate (Svensmark
& Friis-Christensen, 1997; Shaviv, 2002, 2003; Kirkby et al., 2011; Svensmark et al.,
2017). All of these aspects about cosmic rays makes it important to investigate their
effects on exoplanets.

There are two populations of cosmic rays: Galactic cosmic rays and stellar cosmic
rays generated by the host star. Many works have focused on the impact of stellar
cosmic rays fluxes at the Earth (Rodgers-Lee et al., 2021a), on M dwarfs (Fraschetti
et al., 2019), on young T-tauri systems (Rab et al., 2017; Rodgers-Lee et al., 2017), on
exoplanets’ magnetospheres and atmospheres (Segura et al., 2010; Grenfell et al., 2012;
Tabataba-Vakili et al., 2016; Scheucher et al., 2020) and also in the context of star-
forming regions (see review by Padovani et al., 2020). In this work, we only consider
the effects of Galactic cosmic rays originating from our own Galaxy.
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4.2 The stars in our sample

Many studies have investigated the Galactic cosmic ray fluxes at Earth focusing
on different ages of the solar system (Scherer et al., 2002, 2008; Müller et al., 2006;
Svensmark, 2006; Cohen et al., 2012; Rodgers-Lee et al., 2020) to understand their
possible effects on Earth. More recently, Rodgers-Lee et al. (2021b) studied the Galactic
cosmic rays fluxes for a well-constrained sample of five Sun-like stars with magnetic
field measurements and Lyman-α observations. Some works (Sadovski et al., 2018;
Herbst et al., 2020; Mesquita et al., 2021) have also analysed the Galactic cosmic ray
fluxes at exoplanets orbiting M dwarfs.

The interaction between the stellar wind and the interstellar wind forms a bubble
shaped region around the star which is dominated by its stellar wind (see Fig. 4.1). This
region is called the astrosphere, analogous to the Sun’s heliosphere. When studying
the propagation of Galactic cosmic rays, the astrosphere becomes especially relevant
– outside this region, the cosmic ray flux has its background level. The astrosphere
acts as a barrier to the cosmic rays due to the presence of a magnetised stellar wind.
Within the astrosphere, the flux of Galactic cosmic rays is modulated/suppressed in a
energy-dependent way by the stellar wind.

In this paper, we investigate the propagation of Galactic cosmic rays through a
sample of five M dwarf astrospheres. We focus on M dwarfs that host known exoplanets
and have mass-loss rates constrained by Lyman-α observations recently presented in
Wood et al. (2021). We perform 1D MHD simulations, using an Alfvén-wave-driven
stellar wind model to derive the properties of the winds of the M dwarfs (Mesquita &
Vidotto, 2020). We use a 1D model of cosmic ray transport (from Rodgers-Lee et al.,
2020) to calculate the spectrum of Galactic cosmic rays within M dwarf astrospheres.
This paper is organised as follows: in Section 4.2 we describe the stars in our sample.
The stellar wind model and the astrospheric sizes are presented in Section 4.3. The
transport model for the cosmic rays is described in Section 4.4. Our results on the
Galactic cosmic ray fluxes in the habitable zone and at the exoplanets’ orbits, together
with the radiation dose at GJ 273 b’s surface are shown in Section 4.5, followed by our
discussion and conclusions in Section 4.6.

4.2 The stars in our sample

We select stars with well-constrained stellar wind ram pressure values from recent
Lyman-α observations presented in Wood et al. (2021). Our main targets are M dwarfs
because they have been identified as prime targets in the search for bio-signatures from
exoplanets (Meadows et al., 2018). Additionally, our sample only contains M dwarfs
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Figure 4.1: Schematic of the stellar system environment studied in this work. The
wind generated by the star (large yellow circle) interacts with the interstellar medium
(ISM) and creates a “bubble” region called the astrosphere (grey region). The Galactic
cosmic rays propagate inside the astrosphere and can interact with the host planets (small
circles).

with at least one known orbiting exoplanet. Using these criteria we select five M dwarfs,
namely: GJ 15A, GJ 273, GJ 338B, GJ 411 and GJ 887. All of these stars are in close
proximity to the solar system, within 7 pc. Table 4.1 presents the stellar properties
relevant for our stellar wind simulations, such as radius, mass, distance, rotation period
and X-ray luminosity. Table 4.2 summarises the list of known exoplanets in our sample
of stars and their properties.

GJ 15A and GJ 338B are wide-orbit binary systems with a second M dwarf. Their
orbital separations are 146 au (Pinamonti et al., 2018) and 110 au (González-Álvarez
et al., 2020), respectively. However, this is still close enough for each pair to reside
within a common astrosphere, meaning the measured wind strength represents the
combined wind of both stars (Wood et al., 2021). For the purposes of our work, when
simulating the wind and the cosmic ray transport we assume that the wind is being
produced by GJ 15A and GJ 338B, because they are the companions with planets.
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4.3 The stellar wind environment

Table 4.1: Sample of stars studied in our work. The parameters are from Wood et al.
(2021) unless explicitly stated otherwise. The columns are, respectively, star ID, stellar
mass, radius, stellar spectral type, rotation period, X-ray luminosity, ISM velocity as
seen by the star, mass-loss rate, wind ram pressure, ISM ram pressure and habitable zone
boundaries. The last two columns are quantities calculated in our work.

Star Mass Radius Spectral Prot logLX vISM Ṁwood Pram, wood(300R⋆) PISM Habitable zone
[M⊙] [R⊙] type [days] [erg s−1] [km s−1] [M⊙ yr−1] [dyn cm−2] [dyn cm−2] [au]

GJ 15A 0.38 a 0.38 a M2 V 44 b 27.37 28 2× 10−13 6.4× 10−7 3.2× 10−12 0.12 – 0.31
GJ 273 0.29 c 0.293 c M3.5 V 99 c 26.54 75 < 4× 10−15 < 2.2× 10−8 2.4× 10−11 0.08 – 0.20
GJ 338B 0.64 d 0.58 d M0 V 16.6 d 27.92 29 1× 10−14 1.4× 10−8 3.4× 10−12 0.23 – 0.58
GJ 411 0.386 e 0.389 e M2 V 56.2 e 26.89 110 < 2× 10−15 < 6.1× 10−9 4.7× 10−11 0.12 – 0.31
GJ 887 0.489 f 0.471 f M2 V > 200 f 27.03 85 1× 10−14 2.1× 10−8 2.9× 10−11 0.16 – 0.40

aPinamonti et al. (2018); bHoward et al. (2014); cAstudillo-Defru et al. (2017);
dGonzález-Álvarez et al. (2020); eDíaz et al. (2019); fJeffers et al. (2020).

Table 4.2: Properties of the known exoplanets in our sample of stars. The columns are,
respectively, planet name, semi-major axis, mass, orbital period and references for the
properties.

Planet a Mp P References
[au] [M⊕] [days]

GJ 15Ab 0.072 3.03 11.44 1
GJ 15A c 5.4 36 7600 1
GJ 273 b 0.091 2.89 18.65 2
GJ 273 c 0.036 1.18 4.72 2
GJ 338Bb 0.141 10.27 24.45 3
GJ 411 b 0.079 2.69 12.95 4
GJ 411 c 3.10 18.1 3190 5
GJ 887 b 0.068 4.2 9.26 6
GJ 887 c 0.12 7.6 21.79 6

Note. 1 - Pinamonti et al. (2018); 2 - Astudillo-
Defru et al. (2017); 3 - González-Álvarez et al.
(2020); 4 - Stock et al. (2020); 5 - Rosenthal et al.
(2021); 6 - Jeffers et al. (2020).

4.3 The stellar wind environment

4.3.1 The Alfvén-wave-driven wind simulation

To investigate the stellar wind properties for each star in our sample we use 1D time-
independent MHD simulations. Similar to the solar wind, we assume the winds of
M dwarfs are heated by magnetic processes. Here, the stellar wind is heated and
accelerated by the dissipation of Alfvén waves. These waves are generated due to
perturbations of the magnetic field lines at the base of the wind. The wind is launched
at the base of the chromosphere and the grid extends until 300R⋆. Note that all the
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stars in our sample have reached their terminal velocities by this distance. The model
used here is based on the model presented in Mesquita & Vidotto (2020) (see also
Vidotto & Jatenco-Pereira, 2010).

The time-independent MHD equations are given as follows:

d
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u
du

dr
= −GM⋆

r2
− 1

ρ

dP

dr
− 1

2ρ

dϵ

dr
, (4.2)

ρu
d

dr

(
u2

2
+

5

2

kBT

m
− GM⋆

r

)
+ ρu

d

dr

(
Fc

ρu

)
+

u

2

dϵ

dr
= Q− Pr, (4.3)

where r is the radial coordinate, ρ the wind mass density, u the wind velocity, G

the gravitational constant, M⋆ the stellar mass, P = ρkBT/m the gas pressure, m

the average mass of the wind particles, T the wind temperature, ϵ the energy density
of the Alfvén waves, Fc the thermal conduction, Q the heating term and Pr is the
radiative cooling term. Equations (4.1) to (4.3) are the mass, momentum and energy
conservation equations, respectively. The terms on the right-hand side of Equation (4.2)
are the gravitational, thermal and mechanical forces, respectively. The terms inside
the first parentheses on the left-hand side of Equation (4.3) are the kinetic, enthalpy
and gravitational energies per unit mass which are associated with the wind energy.
The second term is the conductive energy and the third is the wave energy.

The parameters required in our model are the magnetic field strength and geom-
etry, damping type and length, stellar wind density, temperature and magnetic field
perturbation intensity. All the input parameters in our simulations are defined at the
base of the chromosphere. We refer the reader to Mesquita & Vidotto (2020), who
investigated how these parameters influence the properties of the stellar wind, such
as density, velocity, temperature and mass-loss rate. Here, we use a fully radial mag-
netic field line configuration. We use the same temperature of 104 K at the base of
the chromosphere for all of the stars. We adopt a non-linear damping mechanism in
which the amplitude of the MHD waves decreases with the quadratic amplitude of
the fluctuations in the wave velocity, using the approach by Jatenco-Pereira & Opher
(1989). We adopt an initial damping length of 0.1R⋆ (Mesquita & Vidotto, 2020).
The non-linear damping mechanism for the waves has been used in solar wind models
(e.g., Suzuki & Inutsuka, 2005; Suzuki et al., 2013). The magnetic field perturbations
are taken at the base of the wind as 0.1B0, where B0 is the magnetic field strength
at the base of the wind. The magnetic field perturbation at the base of the wind is a
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4.3 The stellar wind environment

free parameter in our simulation that can affect the properties of the stellar wind (see
discussion in Mesquita & Vidotto, 2020). The amplitude of the magnetic field fluctua-
tions is connected with the amplitude of velocity fluctuations by energy equipartition
(see Equation 5 in Mesquita & Vidotto, 2020). van Holst et al. (2014) used the velocity
fluctuations value of 15 km s−1 at the chromosphere for a 3D MHD solar simulation.
This value agrees with Hinode observations of the 15 km s−1 turbulent velocities for the
solar wind (De Pontieu et al., 2007). In our simulations, the velocity fluctuations at
the base of the wind vary from 9–23 km s−1 (using the magnetic field perturbations at
the base of the stellar wind equal to 0.1B0) which is in good agreement with the works
mentioned for the solar wind. We use observations to constrain the magnetic field
strength and the density at the base of the stellar wind in our model. The approach
used here is explained below.

4.3.1.1 Stellar surface magnetic field

In order to constrain the input magnetic field strength at the base of the chromosphere
we use the observed correlation between X-ray luminosity and large scale magnetic
flux, LX ≈ 10−13.7Φ1.80±0.20

V , from Vidotto et al. (2014a). We use the X-ray luminosity
given in Table 4.1 to infer the large scale magnetic flux using this relation. Then, we
use the relation ΦV = 4πR2

⋆B0 to get the average large scale magnetic field strength.
This value of B0 is used as the input magnetic field strength for the stellar wind simu-
lations. The value used for each star is presented in Table 4.3. The stars in our sample
are old and not very active, which explains the relatively low magnetic field strength
values (3.1–7.5G) found in our work (consistent with recent spectropolarimetric results
from Moutou et al., 2017). More active M dwarfs can have kilo Gauss magnetic field
strengths (e.g. review by Morin, 2012).

Table 4.3: Stellar wind properties. The columns are, respectively, the star ID, the
magnetic field strength and density at the base of the wind (input model parameters),
terminal velocity, mass-loss rate, stellar wind ram pressure, Alfvén radius and astrosphere
size (output model parameters).

Star B0 ρ0 u∞ Ṁ Pram(300R⋆) RA Rast

[G] [g cm−3] [km s−1] [M⊙ yr−1] [dyn cm−2] [au] [au]
GJ 15A 7.5 2.6× 10−14 1100 6.8× 10−14 6.2× 10−7 0.02 240
GJ 273 4.3 9.8× 10−15 880 < 1.8× 10−15 < 2.2× 10−8 0.06 12
GJ 338B 6.0 5.5× 10−15 940 1.1× 10−14 3.6× 10−8 0.06 52
GJ 411 3.5 2.4× 10−15 1400 < 6.1× 10−16 < 6.4× 10−9 0.08 6
GJ 887 3.1 9.6× 10−15 850 4.8× 10−15 2.1× 10−8 0.05 18
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4.3.1.2 The base density of the stellar wind

One successful technique used to detect stellar winds of low-mass stars is the detec-
tion of Lyman-α absorption (Wood et al., 2021, and references therein). Lyman-α
absorption is generated when stellar photons travel through the stellar astrosphere,
the ISM and the heliosphere and is detected in UV spectra. With the detection of
astrospheric absorption it is possible to determine the ram pressure of the stellar wind,
Pram. By knowing the stellar wind asymptotic velocity, u∞, it is possible to determine
the mass-loss rate, Ṁ , using the relation

Ṁ =
4πR2

⋆Pram

u∞
. (4.4)

On the other hand, if astrospheric absorption is not detected only an upper limit for
Pram is obtained. In both cases, the Lyman-α observations are essential to constrain
the density at the base of the chromosphere that we use in our stellar wind model.

For that, we vary the value of the density at the base of the wind to reproduce the
stellar wind ram pressure inferred from the Lyman-α observations. We match the stellar
wind ram pressure, rather than the mass-loss rates presented in Wood et al. (2021),
because Wood et al. (2021) assumes the Sun’s terminal wind velocity of 400 km s−1 for
all the stars. In our simulations, the values we find for u∞ are larger. The ram pressures
derived from the observationally-inferred mass-loss rates and u∞ = 400 km s−1 are
shown in column ten of Table 4.1 (Pram, wood) – these values are calculated at a reference
radius of 300 R⋆. For comparison, we show the ram pressure values that our models
produce in Table 4.3 (calculated at the same reference radius). As it can be seen, our
values are reasonably similar (i.e., within a factor of 2.6) from the observationally-
derived ones. In terms of mass-loss rates, our approach gives lower values than those
found in Wood et al. (2021) (see Ṁwood in Table 4.1) due to our higher stellar wind
terminal velocities. The value of the base density, ρ0, used for each simulation is shown
in Table 4.3.

4.3.2 Stellar wind density, velocity and magnetic field profiles

The stellar wind properties, such as the magnetic field and velocity profiles, are needed
to calculate the Galactic cosmic ray flux reaching an exoplanet. From our Alfvén-wave-
driven wind simulations we have the stellar wind velocity profile. However, only the
radial component of the magnetic field, Br, is calculated from our 1D MHD simulations.
Thus, to determine the azimuthal component of the magnetic field, Bϕ, we use the
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Parker spiral relation (Parker, 1958):

Bϕ

Br

=
uϕ − rΩ

ur

, (4.5)

where uϕ is the azimuthal velocity component, Ω = 2π/Prot is the angular speed of the
star and Prot is the stellar rotation period. Bϕ only dominates at large distances and
at these distances, uϕ ≪ rΩ. Thus, Equation (4.5) can be expressed as

|Bϕ| ≃
rΩ

ur

Br. (4.6)

The total magnetic field strength is B =
√

B2
r +B2

ϕ, where Bϕ is given by Equa-
tion (4.6) for distances beyond the Alfvén radius, r > RA. The Alfvén radius is defined
as the distance where the wind has reached the Alfvén velocity which is given by
vA = B/

√
4πρ.

The outer boundary of the Alfvén-wave-driven wind simulations is at 300R⋆, where
the wind has already reached its terminal velocity. However, the astrosphere extends
further out and we extrapolate the quantities ur, Br and Bϕ to take into account
the profiles for the whole astrosphere. Since the velocity reaches its asymptotic value
by 300R⋆, beyond this distance it has a constant profile. The radial magnetic field
component continues to fall with r2 and the azimuthal component with r, generating
the Parker spiral (Parker, 1958).

Fig. 4.2 shows a summary of the stellar wind properties for GJ 273 (left) and
GJ 338B (right) to show the different contributions of the magnetic field components.
In both panels, the black curve is the velocity profile, the red curve is the total magnetic
field, the green curve is the radial magnetic field strength and the blue curve is the
azimuthal magnetic field strength. The dotted curves are the results from the Alfvén-
wave-driven wind simulations and the solid curves are the profiles used as an input for
the cosmic ray simulations. Two planets in our simulations, GJ 273 c and GJ 411 b, lie
within the Alfvén radius, in a sub-Alfvénic region.

4.3.3 The size of the M dwarf astrospheres

The outer boundary of the cosmic ray simulation is set to be the astrospheric radius,
which varies for the stars in our sample. The size of the astrosphere can be calculated
by finding the balance between the stellar wind ram pressure and the ISM ram pressure.
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Figure 4.2: Stellar wind properties, such as, velocity (black curves) and magnetic field
(total magnetic field red curves, radial magnetic field strength green curves and azimuthal
magnetic field blue curves) profiles of left: GJ 273 and right: GJ 338B. The dotted lines
are the results obtained from the stellar wind model and the solid lines are the profiles
used as input in the cosmic ray model.

The wind ram pressure is given by:

Pram = ρu2. (4.7)

The ISM ram pressure is given by:

PISM = mpnISMν
2
ISM, (4.8)

where mp is the proton mass, nISM is the total ISM number density of hydrogen and
νISM is the ISM velocity as seen by the star.

The ISM ram pressure was calculated using νISM for each star as given in Table 4.1.
The total ISM number density of hydrogen is given by the sum of neutral hydrogen
number density and the ionised hydrogen number density (nISM = nn+ni). We assume
that the ISM is partially ionised and we use the values from Wood et al. (2000) that
successfully reproduces heliospheric absorption, e.g., Model 10 of Wood et al. (2000),
which are nn = 0.14 cm−3 and ni = 0.1 cm−3, giving nISM = 0.24 cm−3 for all stars in
our sample. Using Equation (4.8) we calculate PISM for each star in our sample, the
results are shown in Table 4.1.

The astrospheric size is calculated as:

Rast =

√
Pram(R)

PISM
R, (4.9)

where R is a given reference distance where the wind has reached its terminal velocity.
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4.4 Cosmic ray transport

The stellar wind ram pressure calculated at R = 300R⋆ is shown in Table 4.3. In
general, M dwarfs tend to be an older stellar population due to their long lifetimes
(see review by Shields et al., 2016), and consequently, they will on average have higher
νISM values because as stars pick up more gravitational perturbations with time they
acquire larger deviations from the Local Standard of Rest. For this reason, M dwarfs
tend to have small astrospheres.

Using Equation (4.9) we calculate the astrospheric size of each star in our sample,
the values are shown in Table 4.3. The size of the astrospheres in our sample vary from
6 to 240 au. GJ 411 has the smallest astrospheric size and is a very compact system.
In constrast, GJ 15A has a very large astrosphere being almost as twice as large as the
present-day heliosphere (∼ 122 au, Stone et al., 2013, 2019). Note that for GJ 338B,
we obtain a larger astrosphere size of 83 au instead of the 52 au using Pram, wood. This
is because our value for Pram is around 2.6 times larger than the value Pram, wood

1.

4.4 Cosmic ray transport

As Galactic cosmic rays propagate through a magnetised stellar wind they suffer global
variations in their intensity and energy which is known as the modulation (or suppres-
sion) of cosmic rays. The modulation of cosmic rays can be obtained by solving the
diffusion-advection transport equation of Parker (1965). The model we use was pre-
sented in Rodgers-Lee et al. (2020) and was previously applied to the M dwarf, GJ 436
(Mesquita et al., 2021). We numerically solve the time-dependent transport equation

∂f

∂t
= ∇ · (κ∇f)− u · (∇f) +

1

3
(∇ · u) ∂f

∂ ln p
, (4.10)

where f(r, p, t) is the cosmic ray space phase density, r is the radial distance, p is
the cosmic ray momentum and u is the stellar wind velocity. The first term on the
right-hand side of Equation (4.10) represents the diffusion of the cosmic rays which
depends on the diffusion coefficient, κ(r, p). The second term is the advection of the
cosmic rays which depends on the stellar wind velocity, u, and acts against the inward
diffusion of the cosmic rays. The third term is the adiabatic losses due to the stellar
wind expansion2.

1We found that this difference in the astrospheric size of GJ 338B does not strongly affect the
Galactic cosmic ray fluxes for the system. A similar situation was also observed in the GJ 436 stellar
system (discussed in Mesquita et al., 2021).

2Here, we do not take into account ionisation losses because the cosmic rays do not have a lot of
material to cross when travelling in the astrosphere of the M dwarfs in our sample. This is because
the column density of stellar wind material is small. For instance, for GJ 436 we calculated, using the
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Stellar wind magnetic field (via the diffusion coefficient) and velocity profiles are
key ingredients for the modulation of Galactic cosmic rays, as given by Equation (4.10).
The stellar wind density profile is relevant to define the size of the astrosphere. How-
ever, it does not lead to any significant attenuation of the cosmic rays, as the stellar
wind wind density is very low.

Our spatial and momentum grids are logarithmically spaced with 60 grid zones each.
The spatial inner boundary is 0.01 au and the outer boundary is set as the astrospheric
size of each star in our sample (see Table 4.3). The momentum range that we consider
for our simulations is pmin = 0.15GeV/c and pmax = 100GeV/c. The upper limit
for the momentum was selected because particles with energies above this limit are
very infrequent and are not relevant in the context of planetary atmosphere chemistry
(Rimmer & Helling, 2013). The lower limit was selected because particles with low
energies (≲ 290MeV, i.e. the pion threshold energy) do not reach the planetary surface
(Atri, 2017) and do not contribute to the radiation dose calculated there (this will
be calculated in Section 4.5.2). However, the low-energy particles are important in
the context of planetary atmospheres because they deposit all of their energy there
(Rodgers-Lee et al., 2020) and could be included in future chemical modelling studies.

4.4.1 Diffusion coefficient

As Galactic cosmic rays penetrate a stellar astrosphere their intensity is reduced due
the presence of a magnetised stellar wind. The diffusion of the cosmic rays depends on
the turbulence level of the magnetic field. The presence of magnetic field irregularities
makes the cosmic ray undergo a random walk in the system. The diffusion coefficient
of the cosmic rays, from quasi-linear theory (Jokipii, 1966; Schlickeiser, 1989), can be
expressed as

κ(r, p)

βc
= η0

(
p

p0

)1−γ

rL, (4.11)

where β = v/c is the ratio between the particle velocity and the speed of light, p0 =

3GeV/c, rL = p/eB(r) is the Larmor radius of the protons. η0 depends on the level of
turbulence in the magnetic field. We adopt η0 = 1 which represents the maximum level
of turbulence for the magnetic field. γ determines how the diffusion coefficient varies
with momentum. We adopt γ = 1, which corresponds to Bohm diffusion. This value
is commonly used in other works (Svensmark, 2006; Cohen et al., 2012; Rodgers-Lee
et al., 2020) and is in good agreement with observations at Earth. There are different

stellar wind density, that the column density of stellar wind material is 2.8× 10−7 g cm−2.
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prescriptions for γ, such as, the Kolmogorov-type turbulence (γ = 5/3, as in Herbst
et al., 2020) and magnetohydrodynamic-driven turbulence (γ = 3/2). The type of
turbulence for M dwarf systems is currently unknown. The turbulence type can affect
the cosmic ray spectrum for all energies. For instance, for Kolmogorov-type turbulence
normalised at 1 GeV/c, Mesquita et al. (2021) found that cosmic rays with momentum
<1GeV/c are less modulated when compared with Bohm-type turbulence. On the
other hand, cosmic rays with momentum >1 GeV/c are more modulated.

4.4.2 Local Interstellar Spectrum (LIS)

In the ISM there is a “sea” of Galactic cosmic rays, unaffected by the presence of the
magnetised stellar wind. This value sets the background flux of Galactic cosmic rays
that can penetrate the stellar systems.

The unaffected background spectrum of Galactic comic rays was observed by Voy-
ager 1, after it crossed the heliopause (Stone et al., 2013; Cummings et al., 2016).
In our simulations, we use the fit to the local interstellar spectrum (LIS) from Vos
& Potgieter (2015) to describe the unaffected spectrum of Galactic cosmic rays that
can be injected in our system. Using Voyager 1 observations, Vos & Potgieter (2015)
developed a model fit to describe the LIS:

jLIS(T ) = 2.70
T 1.12

β2

(
T + 0.67

1.67

)−3.93

m−2s−1sr−1MeV−1, (4.12)

where j is the differential intensity of cosmic rays and T is the kinetic energy of the
cosmic rays in GeV. In our simulations, the LIS is considered constant as a function
of time. Note, the differential intensity can be expressed in terms of the phase space
density, f in Equation (4.10), as j(T ) = p2f(p).

γ-ray observations, which trace ∼ 10 − 104 GeV cosmic rays, within 1 kpc in the
local Galaxy inferred the Galactic cosmic ray spectrum to be in a good agreement with
Voyager measurements in the local ISM (Neronov et al., 2017). However, ionisation
rates inferred from observations of diffuse molecular clouds (see discussion in Recchia
et al., 2019; Padovani et al., 2020), which trace lower energy cosmic rays (≲GeV),
indicate that there are more low-energy cosmic rays present in these clouds than is
measured by Voyager in the local interstellar medium. This could be due to low-
energy cosmic rays from young stars close to the molecular clouds. However, the stars
in our sample are all nearby stars within 7 pc of the solar system. Thus, adopting the
LIS for our sample is a good assumption.
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We also note that, if low energy cosmic rays were more abundant than the LIS it is
unlikely to affect the radiation dose calculated in our paper for the surface of GJ 273 b
(see Section 4.5.2). In addition, close-in exoplanets (such as the ones we have in our
sample) would not be affected by low energy cosmic rays because they are suppressed
strongly by advective processes. This might not be the case for planets that orbit
further out.

4.5 Galactic cosmic ray fluxes around M dwarfs

4.5.1 The flux of Galactic cosmic rays at the habitable zone
and at planetary orbits

The habitable zone depends on the planetary mass and atmospheric conditions. In this
work we calculate the habitable zone size using the prescription of Kopparapu et al.
(2014), where the distance in au is given by

d =

√
L/L⊙

Seff
, (4.13)

where L/L⊙ is the stellar bolometric luminosity compared with the solar luminosity
and Seff is the stellar effective flux incident on the top of the planet’s atmosphere, given
by

Seff = Seff⊙ + aT⋆ + bT 2
⋆ + cT 3

⋆ + dT 4
⋆ , (4.14)

where T⋆ = Teff − 5780K. The coefficients in Equation (4.14) are given by the recent
Venus and early Mars limits in Table 1 of Kopparapu et al. (2014) for planets with
0.1M⊕ ≤ Mplanet ≤ 5M⊕. The habitable zone boundaries that we calculate are given
in Table 4.1. With this prescription, only one exoplanet (GJ 273 b) lies in the habitable
zone, with GJ 887 c lying very close (at 0.12 au) to the inner edge of the habitable zone
(at 0.16 au).

Fig. 4.3 shows the differential intensity of cosmic rays as a function of kinetic energy
in the habitable zone (green shaded areas), at planet b orbit (blue curves) and at
planet c orbit (yellow curves) for each star in our sample and GJ 436 (case A from
Mesquita et al., 2021). For each panel, the solid black line is the LIS and the grey
dots are representative of the Galactic cosmic ray spectrum observed at Earth’s orbit,
representative of solar minimum values (taken from a model from Rodgers-Lee et al.,
2020). With the exception of GJ 15A c and GJ 411 c all the planets in our sample
receive a lower flux of cosmic rays in comparison with Earth (see Fig. 4.3) for all kinetic
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Figure 4.3: Differential intensity of Galactic cosmic rays as a function of kinetic energy
for six M dwarfs. The green shaded areas are the flux of cosmic rays in the habitable
zone of each star. The blue and yellow lines are the fluxes of cosmic rays at planets b and
c orbital distances, respectively. The grey dots in each panel is the Galactic cosmic rays
fluxes observed at Earth and the black line is the LIS.

energies because they orbit close-in. In particular, we observe a strong suppression
of low-energy cosmic rays at the majority of exoplanets orbit. Galactic cosmic ray
fluxes are seen to continue decreasing for close-in distances for the Sun as well (during
solar minimum observations from Marquardt & Heber, 2019). However, the solar
observations also capture temporal variations that we do not take into account in our
work. For example, our model neglects velocity drift terms and is most applicable to
solar minimum conditions (when the velocity drift term is minimal).

The bottom panels of Fig. 4.3 show that two stars in our sample have Earth-like
Galactic cosmic ray fluxes in their habitable zones, namely GJ 887 and GJ 411, al-
though GJ 411 is only comparable for cosmic rays with energies above 0.4 GeV energies.
GJ 436 also has comparable Galactic cosmic ray fluxes at its habitable zone for en-
ergies larger than 0.1GeV. Interestingly, GJ 273 b, which is the only exoplanet in our
sample in the habitable zone, receives a much lower (up to two orders of magnitude)
flux of Galactic cosmic rays when compared with the values at Earth. We will come
back to this planet when we calculate the biological surface radiation dose in the next
subsection.

Fig. 4.4 shows the flux of GeV energy Galactic cosmic rays as a function of semi-
major axis for each planet in our sample and the Earth. We chose 1GeV energy cosmic
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rays because particles with this energy can penetrate exoplanetary atmospheres, as
they do not lose as much energy as low-energy cosmic rays. Almost all the planets
in our sample have a very small semi-major axis, with exception of GJ 15A c and
GJ 411 c. For a given star, the Galactic cosmic ray fluxes decrease with decreasing
orbital distance. Thus, a closer-in planet receives lower Galactic cosmic rays fluxes
in comparison to a planet with a larger semi-major axis. We identify that different
wind parameters may coincidentally lead to similar levels of Galactic cosmic rays for
different planetary systems (see Fig. 4.4 planets GJ 273 b (D) and GJ 887 b (H), for
instance).
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Figure 4.4: Galactic cosmic ray flux at semi-major axis of each planet for particles with
1 GeV kinetic energy. Most of the planets orbiting the M dwarfs studied here have a very
small semi-major axis with exception of GJ 15Ac and GJ 411 c.

Here, we focused only on Galactic cosmic rays but active stars with strong mag-
netic fields should be efficient in accelerating energetic particles or stellar cosmic rays
(Rodgers-Lee et al., 2021a). Similarly to Galactic cosmic rays, stellar energetic par-
ticles can also interact/affect exoplanets’ magnetospheres, atmospheres and surface
(Segura et al., 2010; Grenfell et al., 2012; Tabataba-Vakili et al., 2016; Fraschetti et al.,
2019; Scheucher et al., 2020). In addition, because M dwarfs have close-in habitable
zones and several observed close-in exoplanets, it is expected that at those distances
the stellar cosmic rays may dominate up to a given energy.
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4.5.2 GJ 273 b’s surface radiation dose

GJ 273 b is a super-Earth orbiting in the habitable zone at a distance of 0.091 au. Its
mass is 2.89M⊕ and it has an orbital period of 18.6 days (Astudillo-Defru et al., 2017).
It receives an incident bolometric flux of 1.06 times that received at Earth (Astudillo-
Defru et al., 2017). In addition to the presence of surface liquid water, GJ 273 b
could be potentially habitable if an atmosphere is present. Here, assuming an Earth-
like atmosphere, we investigate the biological radiation dose that reaches GJ 273 b’s
surface.

The biological radiation dose is modelled using the geant4package (Agostinelli
et al., 2003). It is a Monte Carlo code developed at CERN to model charged particle
interactions with matter and is extensively calibrated and used worldwide. For simplic-
ity, we assume that GJ 273 b has an Earth-like atmosphere and has no global magnetic
field. We use the standard Earth’s atmosphere as used in the earlier studies (Atri,
2017, 2020) incident with isotropic flux of particles ranging from energies correspond-
ing to our assumed pmin and pmax values. The radiation dose is calculated on an ICRU
(International Commission on Radiation Units and Measurements) sphere-equivalent
of 15 cm radius on the surface of the planet consisting of 100% water, assuming that
life if it exists on the planet it is likely to be water-based. We obtain a dose equiv-
alent rate of 4.12 × 10−12 Sv/s, which is 0.13 mSv/yr. For comparison, the annual
dose equivalent on the Earth’s surface is around 0.33 mSv (according to the National
Council on Radiation Protection and Measurements report No 160). Even though the
15MeV Galactic cosmic ray flux at GJ 273 b is about 200 times smaller than at Earth,
the difference in flux is smaller at energies of a few 100 MeV and above, which is the
part that contributes most to the radiation dose at the surface. Lower energy particles
deposit energy in the top of the atmosphere, and do not contribute to the radiation
dose on the surface.

As mentioned in the Section 4.5.1, active stars can also generate stellar cosmic rays.
Stellar cosmic rays with energies ≳ 100MeV may also contribute to the radiation dose
at the planetary surface and particles with energies ≲ 100MeV can ionise the planet’s
atmosphere.

4.5.3 How are Galactic cosmic rays modulated by the magne-
tised wind of M dwarfs?

Here we investigate how Galactic cosmic rays are modulated by the stellar winds of
different M dwarfs. We divided our sample of stars in two main group according to their
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radial magnetic field/rotation period. Group 1 includes: GJ 273, GJ 411 and GJ 887
which have longer rotation periods and smaller radial magnetic field strengths. Group
2 includes: GJ 15A and GJ 338B which have shorter rotation periods and larger radial
magnetic field strengths when compared with group 1. Fig. 4.5 shows the differential
intensity of Galactic cosmic rays as a function of cosmic ray kinetic energy for group 1
(Fig. 4.5a) and group 2 (Fig. 4.5b).
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Figure 4.5: Differential intensity of Galactic cosmic rays as a function of kinetic energy.
a) Group 1: solid lines GJ 273, dash-dotted GJ 411 and dashed GJ 887. b) Group 2:
solid lines GJ 15A and dotted lines GJ 338B. The colours represent the same distances
in each plot and the solid black line is the LIS.

The magnetic field and velocity properties of the stellar wind are important for the
propagation of Galactic cosmic rays. In general, a stellar wind with a strong magnetic
field can strongly suppress the flux of cosmic rays. This is because a strong magnetic
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field results in a small diffusion coefficient which leads to the Galactic cosmic rays
being strongly suppressed. To a lesser extent, a stellar wind with higher velocity is also
efficient in suppressing the propagation of Galactic cosmic rays.

Fig. 4.5a shows that GJ 887 (dashed lines) has larger cosmic ray fluxes for the same
distance in comparison to the other stars in group 1. This occurs because GJ 887 has
the weakest magnetic field and, as a consequence, the cosmic rays are not suppressed
significantly by its stellar wind. From group 1, GJ 273 (solid lines) has the strongest
magnetic field, however, it modulates the Galactic cosmic rays less than GJ 411 (dash-
dotted lines) with a smaller magnetic field. This is explained by the higher velocity
wind of GJ 411, around 1.6 times higher than GJ 273. This behaviour, however, is
not observed at all radii. At around 1 au for GJ 273 and GJ 411 the fluxes becomes
comparable. The distance where it happens is due to a combination of magnetic field
strength, the wind velocity and the size of the astrosphere.

In relation to group 2, GJ 15A (solid lines in Fig. 4.5b) is the one with the strongest
radial magnetic field and the largest astrosphere. Naively, one might expect, since
GJ 15A has a strong radial magnetic field, a stronger suppression of Galactic cosmic
rays in comparison with all other stars for any given distance. However, when compared
with GJ 338B (dotted lines), GJ 15A (solid lines) does not always modulate the cosmic
rays more as can be observed in Fig. 4.5b at 10 au, for instance. The explanation for
this behaviour lies in the total magnetic field profile of GJ 338B. Because GJ 338B
rotates faster (compared with other stars in the sample), its azimuthal magnetic field
profile (blue curve of Fig. 4.2 right panel) has a larger contribution than the radial
magnetic field (green curve of Fig. 4.2 right panel) for distances greater than 2 au. As
a consequence, the flux of cosmic rays becomes comparable for both stars at about
10 au (pink lines of Fig. 4.5b).

A way to understand the modulation of cosmic rays is by investigating the time-
scales of the physical process involved in the cosmic ray propagation. The advective
and diffusive time-scales are defined as:

τadv =
r

u
, τdif =

r2

κ(r, p)
∝ r2

p/B
. (4.15)

Fig. 4.6 shows the ratio between the advective and diffusive time-scale as a function of
the distance for group 1 (Fig. 4.6a) and group 2 (Fig. 4.6b) for different values of cosmic
ray kinetic energy. The red shaded area is where advection dominates (τadv/τdif < 1)
and the cosmic rays are strongly modulated by the stellar wind. The green shaded
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area is where diffusion dominates (τadv/τdif > 1) and the cosmic rays experience little
to no modulation.
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Figure 4.6: Ratio between advective and diffusive time-scale as a function of distance.
The green shaded area is where diffusion dominates and the red shaded area is advection
dominated. a) Group 1: solid lines GJ 273, dash-dotted GJ 411 and dashed GJ 887. b)
Group 2: solid lines GJ 15A and dotted lines GJ 338B.

From group 1 (Fig. 4.6a), GJ 411 (dash-dotted lines) has the smallest time-scale
ratio for all energies and distances and is followed by GJ 273 (solid lines) and GJ 887
(dashed lines). For this reason, GJ 411 modulates the cosmic rays more than the other
two stars in group 1. From group 2 (Fig. 4.6b), GJ 15A (solid lines) has the smallest
time-scale for r < 2 au, and as a consequence, it has lower cosmic ray fluxes. For
r > 2 au, GJ 338B (dotted lines) has the smallest time-scale but at these distances,
diffusion dominates and the cosmic rays suffer little (or no) modulation.
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For 1GeV energy cosmic rays (Fig. 4.6 blue curves), the region where the cosmic
rays transition from the advection-dominated regime to the diffusive-dominated regime
happens at ≲ 0.3 au for all stars in our sample. This means that for r ≳ 0.3 au diffusion
dominates and the cosmic rays are not strongly modulated. Rodgers-Lee et al. (2021b)
proposed that if diffusion dominates at larger orbital distances varying the size of the
astrosphere have almost no effect on the flux of Galactic cosmic rays. This implies that
the Galactic cosmic ray spectrum for the stars in our sample should not be strongly
affected by variations in astrosphere size as was observed for the case of GJ 338B and
GJ 436 (Mesquita et al., 2021).

4.6 Discussion & Conclusions

In this paper, we investigated the differential intensity of Galactic cosmic rays within
the astrospheres of M dwarfs. We focus on the habitable zones and at the planets
orbit. We also investigate the wind properties of the M dwarfs in our sample. Our
sample of stars were specially selected to include only M dwarfs with known planets
and mass-loss rate measurements from Lyman-α observations. We selected five M
dwarfs, namely: GJ 15A, GJ 273, GJ 338B, GJ 411 and GJ 887. These stars each have
one or two known exoplanets and in total our sample contains 9 exoplanets including
super-Earths and super-Neptunes.

In our simulations, the orbits of GJ 273 c and GJ 411 b lie within the Alfvén radius,
in a sub-Alfvénic region. This configuration can potentially cause a star-planet inter-
action signature on the star as energy can be transported back to the star (Ip et al.,
2004; Saur et al., 2013). Signatures of such interactions include anomalous CaII H&K
emission (Shkolnik et al., 2008; Cauley et al., 2019) and planet-induced radio emission
(Vedantham et al., 2020; Kavanagh et al., 2021).

The stellar wind velocity and magnetic field profiles play an important role in the
propagation of Galactic cosmic rays. A stronger stellar magnetic field profile results in
a lower flux of Galactic cosmic rays in the astrosphere when compared with a smaller
magnetic field strength. To a lesser extend, a stronger stellar wind velocity also results
in a lower Galactic cosmic ray fluxes in the astrosphere in comparison with a weak
stellar wind velocity.

The mass-loss rate estimate from Lyman-α observations of the two binary systems
in our sample is a combination of the two stars. When simulating the stellar wind we
assume that the total mass-loss rate is the individual contribution of a single star in
the binary system. This assumption may not be the best approach but how much it
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would affect the results of the Galactic cosmic ray propagation? If for instance, the
mass-loss rate is a contribution of 80% star A and 20% star B it probably means that
the stellar properties of star A and B are different. If the magnetic field and the stellar
wind velocity are different for star A and B it would probably cause an effect on the
Galactic cosmic ray fluxes in each astrosphere.

Two stars in our sample have an Earth-like level of Galactic cosmic rays in their
habitable zone, namely GJ 411 and GJ 887 (similar to what was found for GJ 436 by
Mesquita et al., 2021). GJ 15A, GJ 273 and GJ 338B have lower Galactic cosmic rays
fluxes in their habitable zone in comparison with Earth.

GJ 273 b is the only known exoplanet in the habitable zone in our sample. However,
it receives a much lower Galactic cosmic ray flux than Earth, up to two orders of
magnitude for 15MeV energy cosmic rays. In addition, GJ 887 c lies close to the inner
edge of the habitable zone, and its Galactic cosmic ray flux is around 10 times lower
than Earth’s value at 15 MeV cosmic ray energies. The other planets in our sample,
with the exception of GJ 15A c and GJ 411 c, show a higher suppression of Galactic
cosmic rays when compared with Earth because they orbit much closer-in. Opposite to
the other planets in our sample, GJ 15A c, has a larger semi-major axis and it receives
slightly higher Galactic cosmic ray fluxes than Earth. GJ 411 c, which has also a larger
semi-major axis, receives a much higher flux of cosmic rays (comparable with the LIS
values) as it orbits close to the outer edge of GJ 411’s astrosphere. Interestingly, due to
its close proximity to the astrosphere edge, GJ 411 c atmosphere could be affected by an
enhancement of low energy cosmic rays in the LIS. Depending on the temperature of the
planet, GJ 411 c may be a good candidate to study the impact of Galactic cosmic rays
on atmospheric chemistry. Spectroscopic observations of molecular features from ions,
such as H3O+ and NH+

4 (Helling et al., 2016; Barth et al., 2021), with the James Webb
Space Telescope (JWST, Gardner et al., 2006) and the Atmospheric Remote-sensing
Infrared Exoplanet Large-survey (Ariel, Tinetti et al., 2021) could possibly constrain
the incident cosmic ray spectrum and detect the existence of a possible excess of low-
energy particles.

In our sample, the propagation of Galactic cosmic rays at large radii is dominated
by diffusion, and according to Rodgers-Lee et al. (2021b) a change in the astrosphere
size for this type of system does not strongly affects the spectrum of Galactic cosmic
rays. This is what we observe for GJ 338B when we increased the astrosphere by 60%.
For systems dominated by diffusion, thus, our lack of knowledge for the ISM properties
does not strongly affect the Galactic cosmic ray propagation. To determine if the
propagation of Galactic cosmic rays in a system is dominated by diffusion or advection
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it is necessary to know the stellar wind velocity and magnetic field. However, it does
not require knowledge of the ISM properties.

It is possible to quantify the impact of cosmic rays on life-forms by calculating the
radiation dose a planet receives on its surface. Assuming GJ 273 b has an Earth-like
atmosphere and no magnetic field we estimated that it receives an equivalent dose
of 0.13mSv/yr. This value is around 40% of the annual dose on Earth’s surface.
Although GJ 273 b receives two orders of magnitude less 15MeV energy cosmic rays
than Earth, for high energy particles (∼GeV) the difference in fluxes are much smaller
(2.3 times less). That is the reason why the radiation dose on GJ 273 b’s surface is
quite significant, because high-energy particles (≳ 100MeV) contribute most to the
radiation dose at the planet’s surface.

What are the implications of a star having a similar Galactic cosmic ray flux as
observed at Earth in their habitable zone? The level of Galactic cosmic rays Earth re-
ceives is not harmful for life as we know it. In comparison, the propagation of Galactic
cosmic rays to Earth when life is thought to have started results in a significant reduc-
tion of Galactic cosmic rays in comparison with the present-day Earth values (Cohen
et al., 2012; Rodgers-Lee et al., 2020). If life already exists on those planets it would
not be negatively affected by the effects of Galactic cosmic rays. These assumptions
also depend on whether the planet has an atmosphere and/or a magnetic field. If life
still does not exist on those planets the Galactic cosmic ray fluxes may be important
for the start of life (Rimmer et al., 2014; Airapetian et al., 2016).

The Parker Solar Probe will be able to measure the Galactic cosmic ray spectrum in
the inner heliosphere (Marquardt & Heber, 2019), which will help to better characterise
cosmic ray models for close-in exoplanets. A 2D (or 3D) cosmic ray transport model
could be used in the future to more accurately model Galactic cosmic ray propagation,
as is commonly used for the solar system (Potgieter et al., 2015a). However, given the
lack of observational constraints for the type and level of turbulence in M dwarf winds
1D models seem well-motivated currently. The results found here can be further used
to investigate the Galactic cosmic ray fluxes at the magnetospheres and atmospheres
of the exoplanets in our sample.
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