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ABSTRACT

Galactic cosmic rays (GCRs) may influence the habitability of exoplanets. The recently proposed relationship between GCR
intensities at exoplanetary locations and the rotation periods of their host stars is here investigated for several M-dwarf
astrospheres, namely Proxima Centauri, TRAPPIST-1, GJ 436, and LHS1140, using a three-dimensional GCR modulation
code. This relation, where higher GCR intensities result from enhanced particle transport along astrospheric magnetic fields that
are underwound due to longer stellar rotation periods, is found to hold for the astrospheres considered here. The influence of the
stellar rotation period on GCR intensities in a Sun-like astrosphere on Earth and Mars-like atmospheres is also investigated and
found to directly influence atmospheric ionization and radiation exposure.

Key words: MHD - planetary systems — stars: winds, outflows —cosmic rays.

1 INTRODUCTION

Galactic cosmic rays (GCRs) may reasonably be expected to have an
influence on the habitability of exoplanets in astrospheres (see e.g.
Herbst et al. 2022, and references therein). This effect, however, is
not necessarily straightforward to quantify, as the modelling of the
transport of these particles in astrospheres, in order to determine the
intensities that would be expected at exoplanet locations, requires
knowledge of the large and small-scale astrospheric and stellar pa-
rameters. This information is often not available from observations,
or is very limited, and therefore such transport studies often rely
on the results of magnetohydrodynamic (MHD) simulations of the
astrospheric plasma environments (for some examples of such MHD
simulations, see e.g. Vidotto et al. 2011; Rogers & Showman 2014;
Mackey, Green & Moutzouri ; Meyer et al. 2021; Baalmann et al.
2022; Herbst et al. 2022).! As such, several studies have modelled
GCR intensities within exoplanet-hosting astrospheres, and, while
two of these studies suggest that GCR intensities may be larger than
intensities at Earth (Herbst et al. 2020b; Engelbrecht et al. 2024),
other studies argue that the intensities are significantly lower, that is
to say very strongly modulated (e.g. Sadovski, Struminsky & Belov
2018; Mesquita, Rodgers-Lee & Vidotto 2021; Mesquita et al. 2022).
These studies mostly (with the exception of Engelbrecht et al. 2024)
rely on solving a one-dimensional (1D) Parker (1965) GCR transport
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different types of stars.

© 2025 The Author(s).

equation (TPE), with Sadovski et al. (2018) using a force-field
solution (Gleeson & Axford 1968) of said equation. Differences in
the GCR intensities reported in the above-mentioned 1D modulation
studies may be due to the differences in model input parameters (such
as stellar wind speeds and magnetic fields) used in those studies.
However, the 1D and force field solutions have limitations in that
they are unable to realistically model the complex three-dimensional
(3D) physical transport mechanisms governing the transport of GCRs
(e.g. Engelbrecht & Di Felice 2020; Engelbrecht et al. 2022a), and
cannot take into account the observed and modelled 3D structures of
the astrospheres in question. For example, such lower-dimensional
approaches are simply unable to model the inherently 3D process
of particle drifts due to curvatures in, and gradients of, the 3D
astrospheric magnetic field (AMF), which have long been known
to influence GCR transport in the heliosphere (see e.g. Jokipii,
Levy & Hubbard 1977; Jokipii & Thomas 1981; Kota & Jokipii 1983;
Potgieter & Burger 1990), where, during positive magnetic polarity
cycle periods where the heliospheric magnetic field (HMF) is directed
outwards in the Northern hemisphere (and inwards in the Southern
hemisphere), positively charged particles drift inwards from over the
polar regions, and out along the heliospheric current sheet. These
particles then drift in the opposite directions during negative polarity
cycles, when the directions of the HMF are reversed in the Northern
and Southern hemispheres (see also Reinecke & Potgieter 1994;
Mohlolo, Engelbrecht & Ferreira 2022). The 1D modelling approach
has also been shown to potentially lead to overestimations as to the
potential significance of different transport mechanisms: Light et al.
(2022), when studying the modulation of GCRs with a 1D GCR
modulation code in the astrosphere of a luminous blue variable
star found that the particles underwent unusually high levels of
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diffusive shock acceleration due to the fact that they became trapped
near travelling shocks. Those authors conclude that this trapping
might not necessarily occur if a 3D transport model were employed,
as particles would then have been able to escape said shocks via
diffusion parallel to the astrospheric magnetic field, or through drift.
The force-field approach in itself is also very restrictive due to
the unphysical assumptions made in its derivation, as it assumes a
1D, spherically symmetric system and contains no adiabatic energy
changes (Caballero-Lopez & Moraal 2004). This limits its usefulness
in terms of prediction and extrapolation to astrospheric modulation
studies (Engelbrecht & Di Felice 2020). In order to model the
transport of GCRs more physically, a 3D approach is thus required,
as this will allow the modelling of the inherently 3D mechanisms
governing GCR transport to be done in a more realistic manner. In
brief, model plasma input parameters may vary, but their influence
on GCR modulation can only be self-consistently modelled in 3D.

Engelbrecht et al. (2024) performed the first 3D study of the
transport of GCRs for one such astrosphere, namely that of Proxima
Centauri. They reported that GCR intensities at Proxima Centauri b,
a rocky, possibly Earth-like planet at a distance of 0.0485 au from
its star (well within the habitable zone, see e.g. Anglada-Escudé
et al. 2016; Hill et al. 2023), were considerably larger than those
reported by previous studies (e.g. Sadovski et al. 2018; Mesquita
et al. 2021; Mesquita et al. 2022). This is due to the fact that, because
of its significantly slower rotation rate than the Sun, the AMF of
Proxima Centauri would be considerably underwound relative to
the HMF, assuming that it can be described by the standard Parker
(1958) spiral field, as is attested by MHD simulations (e.g. Herbst
et al. 2020b). Such an underwound field would allow GCRs to
enter the astrosphere more effectively by means of diffusion parallel
to the AMF. This is in contrast to the perpendicular diffusion-
dominated radial transport of GCRs in the heliosphere, and is more
effective, as perpendicular diffusion coefficients can typically (for
heliospheric conditions) be several orders of magnitude smaller than
parallel diffusion coefficients (see e.g. Engelbrecht et al. 2022a).
This raises the intriguing possibility that the influence of GCRs on
an exoplanetary atmosphere, or even its habitability, could be directly
related to the rotation period of its host star. The present study aims to
investigate this by following the modelling approach of Engelbrecht
et al. (2024), namely utilizing a fully 3D stochastic solver of the
Parker TPE that has also been successfully used in the heliosphere
(see e.g. Engelbrecht & Burger 2015; Moloto, Engelbrecht & Burger
2018; Engelbrecht 2019; Engelbrecht & Moloto 2021) to compute
GCR intensities at the locations of several known exoplanets, hosted
by several very different astrospheres, namely those of Proxima
Centauri, TRAPPIST-1, GJ 436, and LHS 1140 (see Section 3).
As full MHD simulations of some of these astrospheres are not yet
available, large and small-scale plasma parameters will be modelled
following theoretically and observationally motivated approaches
long used in heliospheric studies of GCR transport, as outlined for
the astrosphere of Proxima Centauri by Engelbrecht et al. (2024),
modified to conform to the results of published astrospherical ob-
servations and simulations where possible. Studying these different
astrospheres, which have differing stellar parameters, we will show
that the stellar rotation rate has a significant effect on the transport
of the GCRs for a variety of astrospheric conditions through the
influence it has on the 3D AMF geometry and may thus provide a
further potential constraint on the habitability of exoplanets.

As discussed in, e.g. Herbst et al. (2019b, 2020b, 2024), cosmic
rays influence (exo)planetary atmospheres, leading to changes in
the atmospheric chemistry and climate, and with that on potential
biosignatures such as ozone and methane, particularly in the case
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of Earth-like (i.e. N,-O, dominated) atmospheres. Thus, it is of
uttermost importance to include cosmic ray studies when it comes
to understanding and interpreting existing JWST (e.g. Gardner
et al. 2006, 2023) observations and future Atmospheric Remote-
sensing Exoplanet Large-survey (ARIEL; e.g. Tinetti et al. 2022)
transmission spectra. Note that the chemistry of other exoplanetary
atmospheres is also impacted by CRs. For a discussion on the
impact on hot Jupiters the reader is referred to Barth et al. (2021).
It is further known that cosmic rays can drive the formation of
prebiotic molecules (see e.g. Rimmer, Helling & Bilger 2014), the
building blocks of life. However, an enhanced flux of these energetic
particles within an exoplanetary atmosphere can lead to enhanced
radiation exposure and, with that, can induce DNA damage (see
e.g. Kennedy 2014). There are even indications that particularly
GCRs have indirectly influenced the helicity of DNA (Globus &
Blandford 2020). Thus, the manifold effects of cosmic rays within
(exo)planetary atmospheres cannot be neglected in the context of
(exo)planetary habitability.

The following section provides detail as to the 3D numerical
GCR modulation employed, detailing the diffusion coefficients used
(Section 2.1) and heliospheric versus astrospheric plasma parameters
(Section 2.2), the former of which being employed in a validation of
the model for heliospheric conditions (Section 2.3). Subsequently,
in Section 3, observed and MHD-simulated plasma parameters for
several astrospheres are discussed, and motivated as inputs for the
modulation code. The resulting differential intensities, computed at
the locations of the exoplanets contained within these astrospheres,
are presented in Section 4, with a particular emphasis on the influence
of stellar rotation period on computed intensities. The resulting
effects on atmospheric ionization, for both an Earth-like and a Mars-
like atmosphere, are explored in Section 5. The paper closes with a
summary and discussion of the results of this study.

2 NUMERICAL MODEL

The transport of cosmic rays (CRs) is described by the Parker (1965)
TPE, which, in the absence of sinks and/or sources of energetic
particles, is given by
of

1
a:v.(K-Vf)—Vw,-Verg(VVm)

of

dlnp’ M)

where f(r, p,t) is the omnidirectional CR phase-space density, as
a function of position r, momentum p and time ¢, which is related
to the CR differential intensity (DI) by j; = p>f (see e.g. Moraal
2013). The TPE describes the diffusion and drift of CRs through
the 3D diffusion tensor K. The outward convection of CRs with the
stellar wind is described by the term V,, - V f, and adiabatic energy
changes by the term 1/3 (V - V) 0 /0 In p. It is useful to write the
3D diffusion tensor K in AMF aligned coordinates such that (see
e.g. Burger et al. 2008)

K13 KA 0
K= |-ka k1o O 2)
0 0 K|

where K’ is written in terms of diffusion coefficients perpendicular
and parallel to the AMF, which can be related to the corresponding
mean free paths (MFPs) via, e.g. x j = vA, /3 (Shalchi 2009),
where the particle speed is denoted by v. These elements and the
off-diagonal elements representing drift coefficients are discussed in
more detail in Section 2.1.
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The Parker TPE is solved here using a stochastic differential
equation (SDE) approach as presented in Engelbrecht & Burger
(2015). Here, we follow the same approach as what was done by
Engelbrecht et al. (2024). The SDE approach involves writing the
Parker TPE as a set of equivalent Itd-type SDE equations (see e.g.
Zhang 1999; Strauss & Effenberger 2017):

dx; = A;(e)di + Y By j(x) - AW, €)

J
where i represents the three spherical coordinates, r, 6, ¢, and energy

E. For a generalized 3D AMF, the components of the tensor B; j are
given by (Pei et al. 2010; Engelbrecht & Burger 2015)
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with the various « values denoting elements of the diffusion tensor
in spherical coordinates (which can be found in Burger et al. 2008).
The components of the vector A are given as (Engelbrecht & Burger
2015)
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Note that the signs of the drift velocity V,; =V X k4ép [with ép
an unit vector in the direction of the AMF, see Jokipii et al. (1977)]
and stellar wind velocity V;,, are reversed to explicitly show the
time-backward manner within which the equations are solved.

A Wiener process is introduced through W; where dW; = r)(z)«/d7
and n(t) € (0, 1) represents a pseudo-random number, which is
Gaussian distributed and generated using the Mersenne Twister
algorithm. The above equations are solved in a time-backward
manner for N = 10° pseudo-particles from the location of the
respective exoplanets until they reach a specified boundary where
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an average CR intensity is calculated using (Strauss et al. 2011)

1
Ja ) =+ ; ) ©)
with the boundary spectrum given by jz, and superscript e denoting
an exit time or position. This boundary could be a local interstellar
spectrum (LIS) or a boundary spectrum at some pre-determined
location. For more detailed discussion of the stochastic approach
to solving the Parker equation, the works of Zhang (1999), Strauss &
Effenberger (2017), and Moloto et al. (2019) can be consulted.

In this study, the boundary spectrum will be placed at the termina-
tion shocks (TSs) of the respective astrospheres. This allows for the
use of an analytical description of the large-scale plasma parameters
much like what is commonly done in heliospheric GCR modulation
studies (see e.g. Potgieter 2013; Engelbrecht et al. 2022a), discussed
in Section 2.2. The GCR proton boundary spectrum used in this
study is the spectrum constructed by Moloto & Engelbrecht (2020) to
agree with Voyager observations of intensities at 85 au as reported by
Webber et al. (2008) within the heliosphere. This boundary spectrum
is used as a first approach to the intensities at the TS of other
astrospheres and is given by

. 17.0(P/ Py)~%4

I S 2P Py @

0

which is given in units of m2s~'sr~'MeV !, P the rigidity in GV,
and Py =1 GV. Although this spectrum may be an overestimate
(especially at lower energies where modulation effects could be
expected to play a more significant role), as the heliosheath differs
from other astrosheaths, a full LIS will potentially be an even greater
overestimate given the observed high amount of modulation in the
heliosheath (e.g. Stone et al. 2013).

2.1 Diffusion coefficients

The choice of diffusion coefficients of CRs parallel and perpendicular
to the AMF in this study follows the same approach taken by Engel-
brecht et al. (2024) for Proxima Centauri. These diffusion coefficients
were chosen as they have been used successfully in heliospheric
GCR modulation studies (Engelbrecht et al. 2022a). Note that these
coefficients, derived from first principles, are functions of various
turbulence quantities which will be briefly introduced below. For
more detailed information on these quantities, the interested reader is
invited to consult, e.g. Matthaeus & Goldstein (1982), Frisch (1995),
Matthaeus et al. (2007), Bruno & Carbone (2013), and Oughton &
Engelbrecht (2021).

A parallel (to the AMF) MFP expression derived by Teufel &
Schlickeiser (2003) from the Jokipii (1966) quasi-linear theory (QLT)
is used, derived assuming a slab turbulence power spectrum with a
wavenumber-independent energy-containing range and an inertial
range with spectral index s, and is given by (Burger et al. 2008),

- R* B [1 2R~
T =D ky 8B2 |47 T 7R —5)4d—5)|’

where s = 5/3 (Kolmogorov 1941) and R = R, k,,, making the
parallel MFP expression a function of the maximal proton Larmor
radius, R;. The parallel MFP also depends on the wavenumber
at which the slab spectrum inertial range commences, k,, = 1/Ay.
The background magnetic field is given by By, while § B3 denotes
the slab variance, the mean square amplitude of the slab turbulent
fluctuations. For more information of the slab [and two-dimensional
(2D)] models of turbulence, see Matthaeus, Goldstein & Roberts

(®)
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(1990); Bieber, Wanner & Matthaeus (1996); Forsyth et al. (1996);
Bruno & Carbone (2013).

The perpendicular (to the AMF) MFP is obtained from the
Nonlinear Guiding Center (NLGC) results of Shalchi, Bieber &
Matthaeus (2004), derived for the same turbulence spectral form as
the parallel MFP, as modified by Burger et al. (2008) to accommodate
a general ratio of the slab to 2D energies (see e.g. Bieber et al. 1996;
Oughton et al. 2015). This is given by

-1 T 883,17
A= [a?V3m SO i i/z)xw BED AT ©)
where v = s/2 = 5/6 denotes half the Kolmogorov inertial range
spectral index, and it is assumed that &> = 1/3 (from numerical test-
particle simulations by Matthaeus et al. 2003). For comprehensive
reviews on the theory of diffusion in the presence of space plasma
turbulence, see Shalchi (2009), Shalchi (2020), and Engelbrecht
et al. (2022a). The perpendicular MFP is dependent on the 2D
variance, 5B§D, and the turnover scale where the inertial range
begins on the assumed 2D turbulence power spectrum, A,p. The
turbulence quantities in the above expressions are modelled following
the approach of Engelbrecht et al. (2024), namely by assuming
simple power-law scalings motivated by heliospheric observations,
and scaled according to the relative strengths of the heliospheric to
astrospheric magnetic fields (see Section 2.2 and equations 14 and
15).

Apart from diffusion parallel and perpendicular, GCRs can also
drift due to gradients and curvatures in the AMF, as well as along any
potential astrospheric current sheet (ACS; for discussions of this in
the heliospheric context, see e.g. Jokipii etal. 1977; Jokipii & Thomas
1981; Burger, Moraal & Webb 1985; Engelbrecht, Mohlolo &
Ferreira 2019). GCR drift velocities are calculated following the
approach outlined in Burger (2012), where a hyperbolic tangent
function is used to model the change in the sign of the AMF
over the ACS (see Section 2.2). Due to the unknown nature of the
turbulence conditions within the astrospheres, the drift coefficient is
assumed to be in the weak-scattering limit. The drift coefficient thus
has a maximum value given by the weak-scattering value (Forman,
Jokipii & Owens 1974)

URL
Kp= —.

3

It should be noted that in the presence of turbulence, a reduction factor
that depends on turbulence quantities like the magnetic variance
should be included (see Minnie et al. 2007; Engelbrecht et al. 2017,
and references within), but this is not considered in this study, as the
magnetic variances as modelled here (see the next subsection) are
generally lower than what is observed in the heliosphere, and it is
hence assumed that they would have considerably less of an effect
on the drift coefficients. This assumption, however, warrants further
investigation in a future study.

(10)

2.2 Astrospheric versus heliospheric plasma quantities

A common factor among MHD simulations for astrospheres is that
within the TS the stellar wind (SW) speed remains relatively constant
as function of radial distance and the AMF can be described as a
Parker field as is done for the HMF. This allows for relatively simple
analytical descriptions of the SW and AMF that have long been
used in the heliosphere. Furthermore, using an analytical description
allows for extensive parameter studies. A parameter study requiring
MHD runs as input for each parameter change would be prohibitively
computationally expensive.
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When shifting from heliospheric conditions to the various con-
ditions associated with each unique astrosphere, some assumptions
need to be made regarding the large scale plasma parameters that are
required to describe the transport coefficients. MHD simulations of
various astrospheres (see Baalmann et al. 2021; Meyer et al. 2021;
Opher et al. 2021; Herbst et al. 2022) show that the resulting spatial
behaviour of the computed AMF within the TS closely resembles
that of a Parker (1958) HMF model. It is, therefore, assumed that the
AMF can be described using a Parker field and given is by

B(r,G):ABO(’;—O)Z(f—tan\IJgi;), (1)

where the value of By is a normalization value, which is set as the
magnitude of the AMF at ry = 1 au for the various astrospheres. It
is also speculatively assumed that the polarity of the AMF behaves
similarly to the polarity of the HMF, in that it has a cyclic behaviour
and is given by the sign of A. This would imply that when A > 0, the
magnetic field in the northern hemisphere points away from the star,
while the field in the southern hemisphere points towards the star.
This effect is flipped for A < 0. The angle between the AMF and the
radial direction is defined as W and on cones of constant colatitude
0, the AMF displays a spiral structure, where the winding angle is
given by

tan W — Q(r—rs)sme’ (12)

sz

which is dependent on the stellar wind speed of the star, Vj,, and
the stellar rotation rate, 2. As a first approach it is also assumed
that the field source surface of stars is located at r; = 0.005 au, as
for the HMF. This assumes that the exoplanets lie outside of the
Alfvén surface of the star, which is the case for Proxima Centauri
and the exoplanet Proxima Centauri b (see Klein et al. 2021a). The
orbit of Prox Cen b is found to be outside of the Alfvén surface
of Prox Cen from the MHD simulations of Kavanagh et al. (2021),
who also imposes a limit on the required mass-loss rate for the orbit
to be inside the Alfvén surface. Following the MHD simulations
presented by Herbst et al. (2020b), a radially constant Vj,, is also
assumed within the TS, although this may not necessarily be the
case (see e.g. Alvarado-Gémez et al. 2020; Garraffo et al. 2022).
An ACS is also included in a similar manner to what is done for
heliospheric GCR modulation studies, where the ACS angle is given
by (Kota & Jokipii 1983),

T 1 . Qr
6,y = — —tan tan o sin . (13)
2 VSU/

The stellar tilt angle between the rotational and magnetic axis of the
star is denoted by «. As a first approach, this study assumes a zero
tilt angle, leading to a flat current sheet. A tilt angle of 51° will also
be considered for Proxima Centauri as has been reported during the
activity maximum of that star, motivated by observations reported by
(Klein et al. 2021a). Stellar tilt angles for other stars have also been
determined from Zeeman-Doppler imaging (e.g. Vidotto et al. 2023),
such as 15.5° found for GJ436 (see Bellotti et al. 2023), which has not
been considered in this study and 19° for au Microscopii (see Klein
et al. 2021b). For more in-depth discussions on the effects of drift in
the heliosphere, the reader is invited to consult, e.g. Jokipii & Thomas
(1981), Burger et al. (1985), Engelbrecht et al. (2019), Mohlolo et al.
(2022), Raath, Ferreira & Kopp (2022), and Troskie, Engelbrecht &
Steyn (2024).

The magnetic variance and slab/2D correlation scales are scaled
similar to the approach taken by Engelbrecht et al. (2024), by using
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Figure 1. Left panel: Parallel (black), perpendicular (red), drift scale (blue) and radial (dashed) MFPs of 1 GV GCR protons as a function of distance within
the heliosphere. Right panel: Parallel (black), perpendicular (blue), drift scale (blue) and radial (dashed) MFPs at 1 au of GCR protons as a function of rigidity.
The Palmer (1982) consensus range for parallel (grey dotted) and perpendicular (grey dashed) MFP are shown to guide the eye.

B r =25

8B2 = 12.5nT? x (—A) (7) (14)
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By ro

Agt = 2.65)2p, (16)

where the correlation scales observed at 1 au within the heliosphere as
reported by Weygand et al. (2011) are used. Note that By = 5nT and
B, denote the heliospheric and astrospheric magnetic magnitudes at
1 au, respectively. The radial dependencies in equations (14) and (15)
are chosen following observations reported within the heliosphere
(see e.g. Zank, Matthaeus & Smith 1996; Smith et al. 2001; Cuesta
etal. 2022; Burger & McKee 2023). The above approach to modelling
the radial dependence of turbulence quantities using observationally
based power-law scalings has been successfully employed in helio-
spheric GCR modulation studies (see e.g. Engelbrecht & Wolmarans
2020; Moloto & Engelbrecht 2020).

2.3 Heliospheric modulation

We now demonstrate that the numerical modulation code discussed
above yields results comparable with spacecraft observations for
heliospheric input parameters. Solar minimum results within the
TS of the heliosphere are obtained for a latitudinally varying
solar wind speed with ~ 400 km.s™! in the equatorial plane and
~ 800 km.s~! over the poles, motivated by spacecraft observations
(seee.g. McComas et al. 2008). A HMF magnitude of 5 nT is assumed
at a distance of 1 au (Cohen et al. 2008; Cliver & Ling 2011). As the
modulation only within the TS is considered, the boundary spectrum
is placed at 85 au (Webber et al. 2008). The total variance is here
assumed to be 12 nT? as reported by Smith et al. (2006), with a 80 : 20

ratio between 2D and slab variances, also motivated by spacecraft
observations (see e.g. Bieber et al. 1994).

Fig. 1 shows the different MFPs within the heliosphere for 1
GV GCR protons as a function of radial distance (left panel) and
at 1 au as a function of rigidity (right panel). The perpendicular
diffusion dominated nature of the heliosphere is visible from the
radial MFP (dashed), which at larger radial distances follows the
behaviour of the perpendicular MFP (red), due to the winding of
the HMF: beyond ~ 10 au, the field is essentially azimuthal, and
perpendicular GCR transport must occur to transverse it. Hence, even
though the parallel MFP becomes very large in the outer heliosphere,
it does not greatly affect GCR transport. Note that drift scales only
become significant relative to the perpendicular MFP at larger radial
distances. The right panel of Fig. 1 also shows the Palmer (1982)
consensus range for parallel (grey dotted) and perpendicular (grey
dashed) MFP observations at Earth. This range denotes the consensus
values for parallel and perpendicular diffusion coefficients at Earth,
based on numerical simulation fits of observed solar energetic particle
intensities and anisotropies (for more detail, see e.g. Bieber et al.
1994; Engelbrecht et al. 2022b). The parallel MFP remains somewhat
above the Palmer range, due to solar minimum input parameters
being used, but well within the range of observational estimates
for this quantity (see e.g. Lang et al. 2024). Due to the smaller
~ 45° winding angle at 1 au, the radial MFP follows the larger
parallel MFP more closely here. The smaller perpendicular MFP
falls on the Palmer consensus values, although it should be noted
that observational estimates for this quantity also vary considerably
(e.g. Engelbrecht et al. 2022b). Fig. 2 shows the computed DIs at 1
au within the inner heliosheath for A > 0 (blue), A < 0 (red) and
a no drift (dashed) solutions. The computed DIs agree reasonably
well with observational data (McDonald et al. 1992) for both A > 0
(blue and black dots) and A < 0 (red and black crosses). It should be

MNRAS 537, 2097-2111 (2025)

20z AInr €2 uo sesn ssjBeT eIPNEIO Aq £G/G86./2602/2/LES/PI0IUE/SEIUL/WO0"dNOdILUSPEOE//:SA])Y WOI) POPEOJUMOQ



2102 J. Light et al.

i

o
>
'

—
o
i

._.

S}
o

N

% — A>0
// — A<O
’ ---- No drift
—— Boundary Spectrum (TS)
IMP 1977, A>0
x IMP 1987, A<0

Differential Intensity (m?2.sr.s. MeV)~!

103 102 101 100 10!
Kinetic Energy (GeV)

Figure 2. Computed differential intensities at 1 au in the heliosphere for
A > 0 (blue), A < 0 (red) HMF polarity and a no drift solution (dashed). The
boundary spectrum (black) of Moloto & Engelbrecht (2020) is placed at the
85 au. Observational data are taken from McDonald et al. (1992) for A > 0
(black dots) and A < 0 (black crosses), to guide the eye.

noted that tilt angles of 15° and 5° are assumed for A > Oand A < 0,
respectively, based on observations (see Cliver & Ling 2001). It also
shows the expected relation with higher intensities during A > 0
and lower intensities during A < 0, while drift plays a large role,
as indicated by the considerably lower DIs computed when drift
effects are switched off (dashed) (see e.g. Engelbrecht & Burger
2015; Moloto et al. 2018; Moloto & Engelbrecht 2020; Mohlolo
et al. 2022).

3 SELECTED ASTROSPHERES

The large scale plasma quantities and stellar parameters that are
required to model the GCR intensities at the location of the exoplanets
are the stellar wind speed of the star, the AMF magnitude, specifically
at 1 au, for scaling purposes of the turbulence quantities as discussed
in Section 2.2, the location of the exoplanet, the location of the TS
(which is where the boundary spectrum will be placed), and the
rotation rate of the star. In what follows, the choices made here for
these quantities will be motivated on the basis of either observations,
or, when these are not available, the results of previously published
MHD simulations. For ease of reference, Table 1 shows the param-
eters used for the calculation of GCR intensities at the exoplanet
locations of the astrospheres considered in this work. These values
will be motivated below.

3.1 Proxima Centauri

Proxima Centauri (Prox Cen) hosts one confirmed exoplanet within
the habitable zone (HZ), namely Proxima Centauri b (hereafter Prox
Cen b) (Anglada-Escudé et al. 2016). Prox Cen is a flaring M5.5
dwarf star, which is 1.3 pc from Earth with a stellar mass of 0.122 M,
and a radius of 0.154 Ry (Anglada-Escudé et al. 2016). The rocky
exoplanet Prox Cen b has a semi-major axis of 0.0485 au with a
period of 11 d, while the mass is similar to Earth with a minimum
mass of 1.17 Earth masses (Sudrez Mascarefio et al. 2020). The
equilibrium temperature of Prox Cen b is 234 K, which is only
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slightly cooler than that of Earth at 255 K (Anglada-Escudé et al.
2016). Flaring activity has been observed from Prox Cen (Vida et al.
2019), while two candidates for coronal mass ejections have been
investigated (Moschou et al. 2019; Zic et al. 2020) and coronal
dimming has been confirmed (Veronig et al. 2021). A stellar cycle
of ~ 7 years was reported by Wargelin et al. (2017) and Klein et al.
(2021a). Although stellar cycles have also been observed for other
stars, specifically Sun-like stars (see e.g. Jeffers et al. 2022) and M
dwarfs (see e.g. Irving et al. 2023), the influence of such cyclical
behaviours in stellar plasma parameters are not considered in this
work, but will be considered in a future study. For a review on stellar
activity cycles, see Jeffers, Kiefer & Metcalfe (2023).

The stellar wind speed of Prox Cen is here assumed to be
1500 km.s~! obtained through simulations (Alvarado-Gémez et al.
2020) and within range of other works (e.g. Herbst et al. 2020b;
Garraffo et al. 2022; Pefia-Moiiino et al. 2024) with an assumed
surface magnetic field strength of 600 G (Reiners & Basri 2008;
Klein et al. 2021a). Under the assumption that the AMF of Prox Cen
behaves similar to the HMF, the magnetic field strength of Prox Cen
is here assumed to be 2.4 nT at 1 au (Engelbrecht et al. 2024). This
is used with the heliospheric value of the HMF at 1 au, 5 nT, to scale
the turbulence quantities. The rotation period for Prox Cen has been
measured to be in the range of ~ 82.6 d (Collins, Jones & Barnes
2017) to ~ 89.8 d (Klein et al. 2021a). The differential intensities
that are calculated are taken at the location of Prox Cen b, at 0.048
au. The boundary spectrum for Prox Cen is placed at 76 au, which is
the TS distance as determined through MHD modelling (see Herbst
et al. 2020b). Wargelin et al. (2017) report, based on optical, UV,
and X-ray observations of Prox Cen, a stellar cycle with a period of
7.1 years for this star. This is in contrast to the ~ 11 year solar cycle
(see e.g. Hathaway 2015). A stellar tilt angle of 51° was measured by
Klein et al. (2021a) for conditions corresponding to approximately
one year after Prox Cen’s stellar maximum. This is also in contrast
to the solar tilt angle during solar maximum, which achieves values
greater than ~ 70° (see e.g. Hoeksema 1995; Cliver & Ling 2001).2
For the purposes of comparison, results from a modulation model
run assuming a tilt angle of 51° will also be compared to those for
the case where the ACS is flat (with zero tilt).

3.2 TRAPPIST-1

The TRAPPIST-1 system contains seven exoplanets orbiting around
the ultra-cool M8 dwarf star, which is located 12 pc from the Sun,
with three of these exoplanets orbiting within the HZ (Gillon et al.
2017). TRAPPIST-1 has a stellar mass of 0.089 M, a stellar radius
of 0.121 Ry and an effective equilibrium temperature of 2516 K
(Van Grootel et al. 2018). TRAPPIST-1 also shows high flaring
activity with complex and multi-peaked frequent strong flares (Vida
et al. 2017). The seven exoplanets orbiting TRAPPIST-1 have orbits
ranging from 0.011 to 0.062 au (Delrez et al. 2018). Although they
are so close to the host star, the exoplanets TRAPPIST-1 e (0.029
au), TRAPPIST-1 f (0.038 au), and TRAPPIST g (0.047 au) are
located within the HZ of TRAPPIST-1 (Hill et al. 2023). These three
exoplanets have been reported to have Earth-like masses with 0.692,
1.039, and 1.321 Earth masses, respectively (Agol et al. 2021).

The stellar wind speed of TRAPPIST-1 has been found through
simulations to reach 1400 km.s™' (see e.g. Garraffo et al. 2017;
Harbach et al. 2021), while the magnetic field is assumed to be similar

2For heliospheric observations of the tilt angle, see the Wilcox Solar
Observatory’s repository at http://wso.stanford.edu/Tilts.html.
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Table 1. The stellar wind velocity, stellar magnetic field strength at 1 au, exoplanet location at which GCR differential
intensities are calculated, TS location at which the boundary spectrum is placed and rotation period of the stars for the
four astrospheres considered in this study, as used in the 3D GCR modulation model. See Section 3 for more detail,

and source references.

Proxima Centauri TRAPPIST-1 GJ 436 LHS 1140
Viw 1500 km.s™! 1400 km.s™! 1290 km.s™! 250 km.s~!
B, 2.4 nT 2.4 nT 1.386 nT 0.3 nT
Exoplanet location 0.048 au 0.03 au 0.028 au 0.096 au
TS location 76 au 76 au 363 au 2.4 au
Rotation period 82.6d 3.3d 44 d 131d

to that of Prox Cen based on the upper limit imposed by Reiners &
Basri (2008), and consistent with what is used in the simulations of
Harbach et al. (2021). The rotation period of TRAPPIST-1 is much
faster than Prox Cen and the heliosphere, having been measured at
3.3 d (Luger et al. 2017). Currently, there are no MHD simulations
to give the TS distance for TRAPPIST-1; however, as it is very
similar to Prox Cen as a first-order estimate, it is here assumed to be
located at 76 au, similar to what is used in other studies (Herbst et al.
2024). The GCR proton differential intensities will be calculated at
TRAPPIST-1 e, at a distance of 0.03 au.

3.3 GJ 436

GJ 436 is an M2.5 dwarf at a distance of 9.76 pc (Gaia Collaboration
2023), which has an exoplanet, GJ 436 b, orbiting at a distance of
0.028 au (Rosenthal et al. 2021). This exoplanet was observed to
have an extended atmosphere due to the interaction with the SW of
GJ 436 (dos Santos et al. 2019). GJ 436 b has a mass of 21.72 Earth
masses and a radius of 3.85 Earth radii (Maxted et al. 2022). The GCR
intensities within this astrosphere were calculated previously at the
position of the exoplanet (see e.g. Mesquita et al. 2021; Rodgers-Lee
et al. (2023). These authors used a stellar wind model to determine
the stellar wind speed and magnetic field profiles and obtained two
different cases for the stellar wind parameters. For their Case B,
which will be considered further in this study, they obtained a stellar
wind speed of 1290 km.s~! and an AMF value of B = 3.85 nT at
0.6 au. The exoplanet also orbits outside of the Alfvén radius for
this case (see Mesquita et al. 2021). The stellar wind speed of GJ
436 was also determined by fitting Ly o observations and found to
range from 250 to 460 km.s™! (see Villarreal D’ Angelo et al. 2021).
The magnitude of B is extrapolated to a distance of 1 au assuming
a B ~ r~? dependence, and a value of B = 1.386 nT at 1 au was
obtained, as is necessary for input to the transport model. The rotation
period of GJ 436 was determined to be 44 d (see Bourrier et al. 2018).
Currently, no large scale MHD results showing the TS locations
exist for GJ 436. As such, the TS location of 363 au as reported
by Mesquita et al. (2021) will be used in this study for this specific
astrosphere.

3.4 LHS 1140

LHS 1140 is an M4.5-type main-sequence red dwarf located 12.5 pc
(Dittmann et al. 2017). The star has an estimated stellar mass of
0.179 M, with a stellar radius of 0.214 R (Ment et al. 2019) and a
stellar rotation rate of 131 d (Dittmann et al. 2017; Lillo-Box et al.
2020). Two confirmed exoplanets are orbiting around LHS 1140.
LHS 1140 b is a rocky super-Earth, with a mass of 6.65 Earth masses
and a radius of 1.43 Earth radii (Dittmann et al. 2017) which orbits
at 0.096 au, within the HZ of LHS 1140 (Lillo-Box et al. 2020). LHS

1140 c has a mass of 1.81 Earth masses and a radius of 1.28 Earth
radii (Ment et al. 2019) and orbits at 0.027 au (Lillo-Box et al. 2020).
The astrosphere of LHS 1140 is very different to other astrospheres
considered thus far, as it is extremely small in size with very low
stellar outflow parameters. The stellar wind speed is here assumed to
be 250 km.s~! and a TS distance of 2.4 au was calculated by (Herbst
et al. 2020b) with a stellar magnetic field magnitude assumed for
LHS 1140 of 0.3 nT at 1 au. The exoplanet, LHS 1140 b, will
be the one at which the differential intensities are calculated. Note
that most recently, a high-mean-molecular-weight atmosphere (most
likely N,-dominated) was confirmed using the NIRSpec instrument
on JWST (Damiano et al. 2024) favouring LHS 1140 b as a potentially
habitable water world.

4 RESULTS

The DIs for periods of positive (A > 0, blue) and negative (A < 0,
red) AMF polarity calculated at Prox Cen b, following the approach
of Engelbrecht et al. (2024), however only calculating the modulation
within the TS of Prox Cen, can be seen in the left panel of Fig. 3 as
a function of kinetic energy. Also shown is the assumed boundary
spectrum (black line, see Section 2) and typical observations at Earth
(McDonald et al. 1992)(black dots and crosses), to guide the eye.
The DI for a flat current sheet at Prox Cen b exceeds the intensities
observed at Earth by ~ 50 per cent. This is the same as reported
by Engelbrecht et al. (2024) for the case of a flat current sheet and
in direct contrast to studies using simpler GCR modulation models
(Mesquita et al. 2021; Rodgers-Lee, Vidotto & Mesquita 2021). Drift
effects increase intensities at lower energies by a factor of ~ 1.5, as
reported by (Engelbrecht et al. 2024). In contrast to what was seen for
the heliosphere in Fig. 2, the intensities for A < 0 are higher than the
intensities for A > 0, due to the slow rotation of Prox Cen resulting
in an underwound AMF (relative to the winding of the HMF at a
given radial distance), especially when a flat current sheet (dashed)
is assumed. This leads to parallel diffusion-dominated transport as
the AMF is more radial at the location of the exoplanet. The inclusion
of a tilt angle of 51° lowers the intensities during A < 0 leading to
intensities being similar during A > 0 and A < 0 polarities. This,
however, does not imply that drift effects are not present, as these
solutions remain above the no drift solution (black dashed line. This
appears to be somewhat similar to what is expected from heliospheric
modelling and observations of GCR intensities, where drift effects
become less important towards solar maximum (see e.g. Ferreira,
Potgieter & Heber 2003; Moloto & Engelbrecht 2020; Raath et al.
2022; Moloto et al. 2023, and references therein). The right panel of
Fig. 3 shows the parallel, perpendicular and radial MFPs and drift
scale for 1 GV GCR protons as a function of radial distance and
a tilt angle of 51°. The contrasting relation between intensities for
A > 0 and A < 0 due to the underwound AMF can be seen by the
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radial MFP being dominated by the parallel MFP from the exoplanet
location out to a distance of ~ 10 au, after which the perpendicular
MFP starts to play a larger role, compared to the heliosphere in
Fig. 1, where the radial MFP is pre-dominantly dominated by the
perpendicular MFP to distances close to Earth.

The underwound AMF of Prox Cen compared to the HMF can
be seen in the left panel of Fig. 4, where a comparison between the
winding angle of the HMF and Prox Cen as a function of radial
distance as modelled using equation (11) is shown, with each being
computed for the differing rotation periods of these stars. The HMF
has a winding angle of ~ 45° at 1 au, whereas the AMF of Prox Cen
has a winding angle of ~ 5° at a similar distance. The underwound
AMF lines within the astrosphere of Prox Cen compared to the HMF
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lines can also be seen in the middle panel of Fig. 4, showing a trace
of the Parker spirals out to a distance of 5 au. This underwound AMF
of Prox Cen also affects the magnetic field magnitude of the AMF,
shown in the right panel of Fig. 4. The AMF of Prox Cen has a r~2
dependence towards larger radial distances compared to the HMF
due to the radial and azimuthal dependence of the magnetic field
strength.

The DIs at TRAPPIST-1 e are computed using similar stellar
parameters (see Section 3.2) as used by Herbst et al. (2024) and
are shown in the left panel of Fig. 5. In contrast to what was seen
at Prox Cen b, drift effects play a major role in the modulation of
GCR protons, increasing the intensity by ~ 2 orders of magnitude.
The relation between higher intensities during A > 0 and lower
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intensities during A < 0, similar to the heliosphere, can be seen.
This is due to the faster rotation rate of TRAPPIST-1, leading to a
more tightly wound AMEF, thus perpendicular diffusion dominates
the transport. The intensities obtained in this study are lower at
lower energies and higher at higher energies than intensities reported
by Herbst et al. (2024) (grey line). The perpendicular diffusion
dominance can also be seen in the radial MFP in the right panel
of Fig. 5. Only at small radial distances (r < 0.2 au) is the radial
MFP dominated by the parallel MFP. The importance of drift in this

case can also be seen by the large drift scale at larger radial distances,
where r > 1.0 au.

The astrosphere of GJ 436 is considerably larger in this study than
those of Prox Cen and TRAPPIST-1, with a TS location at 363 au,
but is at the same location as used in other studies (e.g. Mesquita
etal. 2021; Rodgers-Lee et al. 2023). Intensities at the location of GJ
436 b for A > 0 (blue) and A < 0 (red) AMF polarities are shown
in the left panel of Fig. 6 with intensities reported by Mesquita et al.
(2021) (dashed grey line) and Rodgers-Lee et al. (2023) (solid grey
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GCR protons.

line) also shown. The results from Rodgers-Lee et al. (2023) use the
DI calculated for Case A from Mesquita et al. (2021). Even though
the boundary spectrum used in this work is ~ 1 order of magnitude
smaller than the LIS employed by Mesquita et al. (2021) at ~ 1
GeV, the intensities calculated in this study are several orders of
magnitude (~ 4.5) higher. Drift effects still play a role by increasing
the intensities by ~ 50 per cent. The parallel, perpendicular and
radial MFP, shown in the right panel of Fig. 6, display behaviour that
is similar to what is expected within the heliosphere. This is due to
the rotation period of GJ 436, 44 d, being closer to the rotation period
of the Sun than any of the other astrospheres.

The DIs for the extremely small astrosphere of LHS 1140, with a
TS at a distance of only 2.4 au, are shown in the left panel of Fig. 7.
Due to the small size of the astrosphere, at energies above 0.02 GeV
there is no modulation visible. Drift does not have an effect on an
astrosphere of this size. The long rotation period of the astrosphere
also means that transport is parallel diffusion-dominated, as can be
seen from the radial MFP in the right panel of Fig. 7.

Each astrosphere considered here has displayed a different relation
between positive (A > 0) and negative (A < 0) polarities of the AMF
and the no-drift solutions due to their differing rotation periods.
To explore this, Fig. 8 shows the DI at 1 au of 100 MeV GCR
protons as a function of rotation period of heliospheric conditions,
namely a stellar wind speed of 400km.s™', a Parker magnetic field
magnitude of 5.0 nT at 1 au, for different boundary spectrum
locations. We employ heliospheric conditions as they are well known
from spacecraft observations, allowing for the demonstration of the
influence of the stellar rotation period on computed GCR intensities
with less of the uncertainties implicit to the use of astrospheric plasma
input parameters. The boundary spectrum locations shown are for 30
au (dashed lines), 75 au (solid lines), and 120 au (dash—dotted lines).
The DI calculated for the rotation period of the Sun, 27 d, is shown
by the green star and the DI calculated for the rotation period of Prox
Cen, 82.6 d, is shown by the black star. A shorter rotation period leads
to a more tightly wound AMF and a decrease in the DI due to particles
relying more on diffusion perpendicular to the AMF to reach their
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destination as the AMF becomes more azimuthal. As the coefficients
for perpendicular transport are smaller than for parallel (see Fig. 1),
the intensities decrease with decreasing rotation period. There is a
transition point where intensities during negative (A < 0) polarities
of the AMF are higher than for positive (A > 0) polarity. Faster
rotation rates produce a more tightly wound AMF that will increase
the influence of gradient and curvature drifts compared to current
sheet drift, thus intensities for A > 0 are higher than for A < 0. The
transition point where intensities for A > 0 are lower than for A < 0
occurs at lower rotation periods for a smaller modulation volume, as
it occurs at ~ 25 d for a boundary spectrum at 30 au, while for a
boundary spectrum at 75 au, the transition occurs at a rotation period
of ~ 50 d. This transition moves to ~ 60 d for a boundary spectrum
at 120 au.

5 INFLUENCE OF ROTATION PERIOD ON
ATMOSPHERIC IONIZATION AND DOSIMETRY

To investigate the impact of the rotation-rate-induced CR intensity
changes on planetary objects, here — as a zero-order approximation
— we study the Sun under rotation periods between 5 and 150 d
and the CR-induced impact upon modern Earth (N,—O, dominated
atmosphere) and modern Mars (thin CO,-dominated atmosphere).

One of the primary indicators for the impact of CRs in an
atmosphere is changes in the atmospheric ionization profile. The
Atmospheric Radiation Interaction Simulator (AtRIS, see Banjac,
Herbst & Heber 2019a) is used to compute the ionization and
absorbed dose rates. AtRIS has been validated for Earth (e.g. Banjac
et al. 2019a; Banjac et al. 2019b; Winant et al. 2023), Mars (e.g.
Guo et al. 2019), and Venus (Herbst, Banjac & Nordheim 2019a;
Herbst et al. 2020a). Thereby, the induced atmospheric ionization —
also referred to as the ion pair production rate — Q is given as

QE,x)=) / ") V(B 1) dE, a7
i VEe
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Figure 8. Computed differential intensities of 100 MeV GCR protons as a function of rotation period at different boundary positions, namely 75 au (solid
lines), 30 au (dash—dotted), and 120 au (dashed). The intensities for positive (A > 0) and negative (A < 0) AMF polarities are shown. The rotation period of
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where >, is the sum over all primary particles of type i and E. refers
to the so-called cut-off energy, the energy a particle needs to reach
a certain location at a certain altitude. In this study, we investigate
the impact on regions where the cut-off energy is in the order of 10
MeV. Such low cut-off energies reflect regions with low magnetic
shielding (i.e. polar regions at Earth), allowing almost all particles to
pass the magnetic field. Thus, such regions are more sensitive to the
low-energy part of the cosmic ray flux, and with that more favourable
for studying the impact of changing GCR fluxes caused by rotation
rate changes.

Further, x refers to the altitude, i to the primary particle type (i.e.
protons), and J;(E) to the differential CR intensity. The ionization
yield Y;(E, x) is given by 2w fcos(e) sin(0) dO - ﬁ AAIi", where
E;,n is the average atmospheric ionization energy® and AA—’? the mean
specific energy loss of a primary particle at a certain altitude.

The rotation-rate dependent GCR-induced ionization rates in an
Earth-like and Mars-like atmosphere are shown in the left and right
panels of Fig. 9, respectively. Here, the coloured lines reflect the
results based on A>0 conditions (i.e. the lighter the colour, the
faster the rotation period). In comparison, the black dashed lines
correspond to A<O conditions with rotation periods of 5, 50, 100,
and 150 d (from left to right).

Overall, both scenarios show that the longer the stellar rotation
period, the higher the altitude-dependent ionization rates. However,
the atmosphere of modern Earth is more responsive to the higher
GCR fluxes at altitudes above 10 km (up to 100 per cent difference
at altitudes above 30 km) while the thin CO, dominated atmosphere
of modern Mars shows increases of 60 per cent at the surface up to

3In this study, we assume an average atmospheric ionization energy of 32 eV
for the N,—O;-dominated atmosphere and 28 eV for the thin CO,-dominated
atmosphere (e.g. Simon Wedlund et al. 2011).

100 per cent at altitudes above 20 km. Nevertheless, both scenarios
show magnetic polarity cycle dependent increases, emphasizing
the importance of 3D drift effects. In general, the rotation-period
dependent ionization rates are higher during A <0 conditions.

Besides directly providing atmospheric ionization profiles, AtRIS
further provides the pre-calculated relative ionization efficiency
1g.; (E;), thatreflects the ratio between the average ionization energy
a particle of type j is causing in, e.g. a phantom reflecting the human
body* and the energy of the primary particle. This ratio can be used
to further study the CR-induced radiation exposure, i.e. in the form
of the absorbed dose rates D;. The latter is given by

- El

D;(E;,r) =1 (E;)- o) (18)
where myp;, gives the mass of the phantom (mp, = p - %n ~r§h, see
e.g. Herbst et al. 2020a). Convolving the results with the primary
particle spectrum and summing up over all energy bins and particle
types provides the GCR-induced dose rate profiles shown in the
panels of Fig. 10. A similar response to the rotation rate-dependent
GCR fluxes can be seen: the longer the rotation period, the higher the
radiation exposure throughout the atmosphere. However, in contrast
to the Earth-like atmosphere, it is only in the case of the thin CO,-
dominated Martian atmosphere (right panel) that significant radiation
enhancements of up to 20 per cent can be observed at the planetary
surface due to the enhanced stellar rotation period. Thereby, the
surface changes are slightly smaller during A< O conditions.

4To represent and reflect life as we know it from Earth, the International
Commission on Radiation Units (ICRU) and Measurements proposed a
15 cm radius tissue-equivalent sphere (i.e. ICRU sphere) with a density of 1
gcem ™3 composed of 76.2 per cent oxygen, 11.1 per cent carbon, 10.1 per cent
hydrogen, and 2.6 per cent nitrogen (McNair 1981).
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6 SUMMARY AND DISCUSSION

We present here detailed 3D studies of the transport of GCRs for
several exoplanet-hosting astrospheres. These astrospheres, namely
those of Prox Cen, TRAPPIST-1, GJ 436, and LHS 1140, were
chosen for two reasons. First, sufficient information as to their large-
scale plasma properties, such as their stellar winds and AMFs, is
available either from observations or MHD simulations to allow for
3D modelling as is done in this study (see Section 3), and secondly,
due to their representing very different GCR transport conditions.
The present 3D investigation is unique for some of these systems,
as the transport of GCRs in some of them has only been considered
using 1D models in the past. We demonstrate, via comparisons with
the results of those prior studies for TRAPPIST-1 and GJ 436, that
a 1D approach can yield results very different from those calculated
using the 3D approach presented here, and argue that this is due to the
fact that a 1D approach simply cannot take into account inherently
3D transport processes, such as drifts, that are known to play a
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significant role in the heliospheric transport of GCRs. In brief, then,
the inherently 3D nature of the transport mechanisms influencing the
modulation of GCRs throughout the heliosphere and subsequently
other astrospheres, sets the requirement for the modelling of these
processes three-dimensionally.

The importance of 3D modelling is also demonstrated by this study
through the unexpectedly large influence that the rotation rate of a
star would have on the transport mechanisms that dominate within
the astrospheres. One of the aims of this study is to investigate
the significance of the stellar rotation period on GCR intensities
at exoplanetary locations, which was shown by Engelbrecht et al.
(2024) to be significant for Prox Cen b. A slower rotation rate would
imply an underwound (relative to the HMF) astrospheric magnetic
field, with the implication that the more effective diffusion parallel to
the AMF would dominate the radial diffusion coefficient, as opposed
to the less effective perpendicular diffusion coefficient, leading to
larger GCR intensities. Hence, in the case of the slow (relative to
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the Sun) rotating Prox Cen, computed GCR intensities at Prox Cen
b are higher than those observed at Earth. For the slow-rotating
LHS1140, the computed GCR spectrum is essentially unmodulated,
except below ~ 0.01 GeV. This is similar to what was reported
by Herbst et al. (2020b), and it should be noted that such a small
astrosphere would not be expected to modulate the local interstellar
GCR spectrum much. A faster rotation rate (relative to the Sun),
like that of TRAPPIST-1, leads to a more wound AMEF, resulting in
the dominance of perpendicular diffusion and drift environments of
exoplanets and hence lower GCR intensities than seen at Earth. This
result is emphasized in Fig. 8: the hallmark of large stellar rotation
periods is high GCR intensities, combined with a reversal of the usual
heliospheric relation between GCR intensities computed for positive
and negative magnetic polarities. The opposite can be seen for slow
rotation periods. Intriguingly, at a rotation period of somewhat less
than ~ 50 d, GCR intensities during A > 0 and A < 0 are equal,
representing a cross-over of these effects.

To study the impact of GCRs on (exo)planetary atmospheres,
we further investigated their influence on modern Earth and Mars
around the Sun with different rotation periods (i.e. varying between
5 and 150 d, as in Fig. 8) and differing magnetic polarity cycle
conditions (A > 0 and A < 0). Overall, both atmospheres show
the same behaviour: The longer the stellar rotation period, the
stronger the GCR-induced atmospheric ionization and radiation
exposure within. With changes of the order of more than 100
per cent, both atmospheres are strongly affected by the changing
GCR flux above an altitude of 30 km. Keeping in mind that the
transmission spectra of exoplanets are based on information of
the atmospheric chemistry — and with that on biosignatures and
transmission features — within these altitudes, this emphasizes the
need for more reliable information on the GCR-induced background
ionization (and radiation exposure) to interpret future JWST and
Ariel observations. However, we further show that the atmospheric
changes strongly depend on atmospheric composition: While the
varying GCR flux primarily impacts the upper terrestrial atmosphere
(down to about 10 km), the thin CO,-dominated Martian atmosphere
shows changes in atmospheric ionization and radiation exposure
down to the Martian surface. Thereby, about 20 per cent higher dose
rates occur due to the variation of the solar rotation period from 5 to
150 d. However, the presented results do not include the deflecting of
GCRs due to a planetary magnetic field (e.g. Herbst et al. 2019b) and
hence more sophisticated future investigations are required. Lastly,
as noted by Engelbrecht et al. (2024) in their study of stellar energetic
particle transport in Proxima Centauri’s astrosphere, the astrospheric
magnetic field geometry arising from a slowly rotating star could
in principle also provide, through diffusion parallel to the AMF, a
highway for these particles into the broader astrosphere. This would
increase their intensity and hence their influence on exoplanetary
atmospheres. An investigation of this will be the subject of future
work.
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