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A B S T R A C T 

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. 
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 I N T RO D U C T I O N  

alactic cosmic rays (GCRs) may reasonably be expected to have an 
nfluence on the habitability of exoplanets in astrospheres (see e.g. 
erbst et al. 2022 , and references therein). This ef fect, ho we ver, is
ot necessarily straightforward to quantify, as the modelling of the 
ransport of these particles in astrospheres, in order to determine the 
ntensities that would be expected at exoplanet locations, requires 
nowledge of the large and small-scale astrospheric and stellar pa- 
ameters. This information is often not available from observations, 
r is very limited, and therefore such transport studies often rely 
n the results of magnetohydrodynamic (MHD) simulations of the 
strospheric plasma environments (for some examples of such MHD 

imulations, see e.g. Vidotto et al. 2011 ; Rogers & Showman 2014 ;
ackey, Green & Moutzouri ; Meyer et al. 2021 ; Baalmann et al.

022 ; Herbst et al. 2022 ). 1 As such, several studies have modelled
CR intensities within exoplanet-hosting astrospheres, and, while 

wo of these studies suggest that GCR intensities may be larger than
ntensities at Earth (Herbst et al. 2020b ; Engelbrecht et al. 2024 ),
ther studies argue that the intensities are significantly lower, that is
o say very strongly modulated (e.g. Sadovski, Struminsky & Belov 
018 ; Mesquita, Rodgers-Lee & Vidotto 2021 ; Mesquita et al. 2022 ).
hese studies mostly (with the exception of Engelbrecht et al. 2024 )

ely on solving a one-dimensional (1D) Parker ( 1965 ) GCR transport
 E-mail: juandrelight@gmail.com 

 Note that not all these simulations are for the winds from low-mass stars, 
nd that the physics behind the wind-driving mechanism can be different for 
ifferent types of stars. 
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ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
quation (TPE), with Sadovski et al. ( 2018 ) using a force-field
olution (Gleeson & Axford 1968 ) of said equation. Differences in
he GCR intensities reported in the abo v e-mentioned 1D modulation
tudies may be due to the differences in model input parameters (such
s stellar wind speeds and magnetic fields) used in those studies.
o we ver, the 1D and force field solutions have limitations in that

hey are unable to realistically model the complex three-dimensional 
3D) physical transport mechanisms go v erning the transport of GCRs
e.g. Engelbrecht & Di Felice 2020 ; Engelbrecht et al. 2022a ), and
annot take into account the observed and modelled 3D structures of
he astrospheres in question. F or e xample, such lower-dimensional 
pproaches are simply unable to model the inherently 3D process 
f particle drifts due to curvatures in, and gradients of, the 3D
strospheric magnetic field (AMF), which have long been known 
o influence GCR transport in the heliosphere (see e.g. Jokipii, 
evy & Hubbard 1977 ; Jokipii & Thomas 1981 ; Kota & Jokipii 1983 ;
otgieter & Burger 1990 ), where, during positive magnetic polarity 
ycle periods where the heliospheric magnetic field (HMF) is directed 
utwards in the Northern hemisphere (and inwards in the Southern 
emisphere), positively charged particles drift inwards from o v er the
olar regions, and out along the heliospheric current sheet. These 
articles then drift in the opposite directions during ne gativ e polarity
ycles, when the directions of the HMF are reversed in the Northern
nd Southern hemispheres (see also Reinecke & Potgieter 1994 ; 
ohlolo, Engelbrecht & Ferreira 2022 ). The 1D modelling approach 

as also been shown to potentially lead to o v erestimations as to the
otential significance of different transport mechanisms: Light et al. 
 2022 ), when studying the modulation of GCRs with a 1D GCR
odulation code in the astrosphere of a luminous blue variable 

tar found that the particles underwent unusually high levels of 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-9788-5540
http://orcid.org/0000-0001-5622-4829
http://orcid.org/0000-0002-9530-1396
mailto:juandrelight@gmail.com
https://creativecommons.org/licenses/by/4.0/


2098 J. Light et al. 

M

d  

n  

m  

a  

d  

T  

t  

1  

c  

i  

s  

t  

a  

g  

b  

o
 

t  

C  

a  

i  

e  

r  

e  

o  

P  

t  

(  

e  

e  

t  

d  

e  

h  

p  

T  

a  

r  

i  

e  

P  

(  

2  

G  

b  

C  

A  

a  

f  

l  

t  

m  

s  

a  

t  

o  

i  

f
 

r  

t  

b  

o  

u  

t  

e  

s  

t  

a  

i  

I  

p  

b  

p  

r  

e  

G  

B  

(  

(
 

G  

(  

(  

t  

i  

s  

m  

t  

a  

o  

e  

l  

s

2

T  

T  

p

w  

a  

t  

2  

t  

s  

c  

3  

e

w  

a  

m  

w  

o  

m

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/2097/7985757 by claudia Legler user on 23 July 2025
if fusi ve shock acceleration due to the fact that they became trapped
ear travelling shocks. Those authors conclude that this trapping
ight not necessarily occur if a 3D transport model were employed,

s particles would then have been able to escape said shocks via
iffusion parallel to the astrospheric magnetic field, or through drift.
he force-field approach in itself is also very restrictive due to

he unphysical assumptions made in its deri v ation, as it assumes a
D, spherically symmetric system and contains no adiabatic energy
hanges (Caballero-Lopez & Moraal 2004 ). This limits its usefulness
n terms of prediction and extrapolation to astrospheric modulation
tudies (Engelbrecht & Di Felice 2020 ). In order to model the
ransport of GCRs more physically, a 3D approach is thus required,
s this will allow the modelling of the inherently 3D mechanisms
o v erning GCR transport to be done in a more realistic manner. In
rief, model plasma input parameters may vary, but their influence
n GCR modulation can only be self-consistently modelled in 3D. 
Engelbrecht et al. ( 2024 ) performed the first 3D study of the

ransport of GCRs for one such astrosphere, namely that of Proxima
entauri. They reported that GCR intensities at Proxima Centauri b,
 rocky, possibly Earth-like planet at a distance of 0.0485 au from
ts star (well within the habitable zone, see e.g. Anglada-Escud ́e
t al. 2016 ; Hill et al. 2023 ), were considerably larger than those
eported by previous studies (e.g. Sadovski et al. 2018 ; Mesquita
t al. 2021 ; Mesquita et al. 2022 ). This is due to the fact that, because
f its significantly slower rotation rate than the Sun, the AMF of
roxima Centauri would be considerably underwound relative to

he HMF, assuming that it can be described by the standard Parker
 1958 ) spiral field, as is attested by MHD simulations (e.g. Herbst
t al. 2020b ). Such an underw ound field w ould allow GCRs to
nter the astrosphere more ef fecti vely by means of diffusion parallel
o the AMF. This is in contrast to the perpendicular diffusion-
ominated radial transport of GCRs in the heliosphere, and is more
f fecti ve, as perpendicular dif fusion coef ficients can typically (for
eliospheric conditions) be several orders of magnitude smaller than
arallel dif fusion coef ficients (see e.g. Engelbrecht et al. 2022a ).
his raises the intriguing possibility that the influence of GCRs on
n exoplanetary atmosphere, or even its habitability, could be directly
elated to the rotation period of its host star. The present study aims to
nvestigate this by following the modelling approach of Engelbrecht
t al. ( 2024 ), namely utilizing a fully 3D stochastic solver of the
arker TPE that has also been successfully used in the heliosphere
see e.g. Engelbrecht & Burger 2015 ; Moloto, Engelbrecht & Burger
018 ; Engelbrecht 2019 ; Engelbrecht & Moloto 2021 ) to compute
CR intensities at the locations of se veral kno wn exoplanets, hosted
y several very different astrospheres, namely those of Proxima
entauri, TRAPPIST-1, GJ 436, and LHS 1140 (see Section 3 ).
s full MHD simulations of some of these astrospheres are not yet

vailable, large and small-scale plasma parameters will be modelled
ollowing theoretically and observationally motivated approaches
ong used in heliospheric studies of GCR transport, as outlined for
he astrosphere of Proxima Centauri by Engelbrecht et al. ( 2024 ),

odified to conform to the results of published astrospherical ob-
ervations and simulations where possible. Studying these different
strospheres, which have differing stellar parameters, we will show
hat the stellar rotation rate has a significant effect on the transport
f the GCRs for a variety of astrospheric conditions through the
nfluence it has on the 3D AMF geometry and may thus provide a
urther potential constraint on the habitability of exoplanets. 

As discussed in, e.g. Herbst et al. ( 2019b , 2020b , 2024 ), cosmic
ays influence (exo)planetary atmospheres, leading to changes in
he atmospheric chemistry and climate, and with that on potential
iosignatures such as ozone and methane, particularly in the case
NRAS 537, 2097–2111 (2025) 
f Earth-like (i.e. N 2 -O 2 dominated) atmospheres. Thus, it is of
ttermost importance to include cosmic ray studies when it comes
o understanding and interpreting existing JWST (e.g. Gardner
t al. 2006 , 2023 ) observations and future Atmospheric Remote-
ensing Exoplanet Large-surv e y (ARIEL; e.g. Tinetti et al. 2022 )
ransmission spectra. Note that the chemistry of other exoplanetary
tmospheres is also impacted by CRs. For a discussion on the
mpact on hot Jupiters the reader is referred to Barth et al. ( 2021 ).
t is further known that cosmic rays can drive the formation of
rebiotic molecules (see e.g. Rimmer, Helling & Bilger 2014 ), the
uilding blocks of life. Ho we ver, an enhanced flux of these energetic
articles within an exoplanetary atmosphere can lead to enhanced
adiation exposure and, with that, can induce DNA damage (see
.g. Kennedy 2014 ). There are even indications that particularly
CRs have indirectly influenced the helicity of DNA (Globus &
landford 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
CR 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
he model for heliospheric conditions (Section 2.3 ). Subsequently,
n Section 3 , observed and MHD-simulated plasma parameters for
everal astrospheres are discussed, and motivated as inputs for the
odulation code. The resulting differential intensities, computed at

he locations of the exoplanets contained within these astrospheres,
re presented in Section 4 , with a particular emphasis on the influence
f stellar rotation period on computed intensities. The resulting
ffects on atmospheric ionization, for both an Earth-like and a Mars-
ike atmosphere, are explored in Section 5 . The paper closes with a
ummary and discussion of the results of this study. 

 N U M E R I C A L  M O D E L  

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

∂ f 

∂ t 
= ∇ · ( K · ∇f ) − V sw · ∇f + 

1 

3 
( ∇ · V sw ) 

∂ f 

∂ ln p 

, (1) 

here f ( r , p, t) is the omnidirectional CR phase-space density, as
 function of position r , momentum p and time t , which is related
o the CR differential intensity (DI) by j T = p 

2 f (see e.g. Moraal
013 ). The TPE describes the diffusion and drift of CRs through
he 3D diffusion tensor K . The outward convection of CRs with the
tellar wind is described by the term V sw · ∇f , and adiabatic energy
hanges by the term 1 / 3 ( ∇ · V sw ) ∂ f / ∂ ln p . It is useful to write the
D diffusion tensor K in AMF aligned coordinates such that (see
.g. Burger et al. 2008 ) 

K 

′ = 

⎡ 

⎢ ⎢ ⎣ 

κ⊥ , 3 κA 0 

−κA κ⊥ , 2 0 

0 0 κ‖ 

⎤ 

⎥ ⎥ ⎦ 

(2) 

here K 

′ is written in terms of diffusion coefficients perpendicular
nd parallel to the AMF, which can be related to the corresponding
ean free paths (MFPs) via, e.g. κ⊥ , ‖ = vλ⊥ , ‖ / 3 (Shalchi 2009 ),
here the particle speed is denoted by v. These elements and the
ff-diagonal elements representing drift coefficients are discussed in
ore detail in Section 2.1 . 
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The Parker TPE is solved here using a stochastic differential 
quation (SDE) approach as presented in Engelbrecht & Burger 
 2015 ). Here, we follow the same approach as what was done by
ngelbrecht et al. ( 2024 ). The SDE approach involves writing the
arker TPE as a set of equi v alent It ̄o-type SDE equations (see e.g.
hang 1999 ; Strauss & Effenberger 2017 ): 

 x i = A i ( x i )d t + 

∑ 

j 

B i,j ( x i ) · d W i , (3) 

here i represents the three spherical coordinates, r, θ, φ, and energy
. For a generalized 3D AMF, the components of the tensor B i , j are

iven by (Pei et al. 2010 ; Engelbrecht & Burger 2015 ) 

 1 , 1 = 

√ 

2( κφφκ2 
rθ − 2 κrφκrθ κθφ + κrr κ

2 
θφ + κθθκ

2 
rφ − κrr κθθκφφ) √ 

κ2 
θφ − κθθκφφ

, 

 1 , 2 = 

κrφκθφ − κrθ κφφ

κ2 
θφ − κθθκφφ

√ √ √ √ 2 

( 

κθθ − κ2 
θφ

κφφ

) 

, 

 1 , 3 = 

√ 

2 κrφ√ 

κφφ

, 

 2 , 2 = 

√ 

2( κθθ − κ2 
θφ/κφφ) 

r 
, 

 2 , 3 = 

κθφ

r 

√ 

2 

κφφ

, 

 3 , 3 = 

√ 

2 κφφ

r sin θ
, 

 2 , 1 = B 3 , 1 = B 3 , 2 = 0 (4) 

ith the various κ values denoting elements of the diffusion tensor 
n spherical coordinates (which can be found in Burger et al. 2008 ).
he components of the vector A are given as (Engelbrecht & Burger
015 ) 

A r = 

1 

r 2 

∂ 

∂ r 
r 2 κrr + 

1 

r sin θ

∂ 

∂ φ
κrφ + 

1 

r sin θ

∂ 

∂ θ
κrθ sin θ

−V sw,r − V d,r , 

A θ = 

1 

r 2 

∂ 

∂ r 
r 2 κrθ + 

1 

r 2 sin θ

∂ 

∂ θ
κθθ sin θ + 

1 

r 2 sin θ

∂ 

∂ φ
κθφ

− ( V sw,θ + V d,θ ) 

r 
, 

A φ = 

1 

r 2 sin 2 θ

∂ 

∂ φ
κφφ + 

1 

r 2 sin 2 θ

∂ 

∂ r 
rκφφ + 

1 

r 2 sin 2 θ

∂ 

∂ θ
κθφ

− ( V sw,φ + V d,φ) 

r sin θ
, 

 E = 

1 

3 
( ∇ · V sw ) 

( E + 2 E o ) 

E + E o 

E. (5) 

ote that the signs of the drift velocity V d = ∇ × κA ̂  e B [with ˆ e B 
n unit vector in the direction of the AMF, see Jokipii et al. ( 1977 )]
nd stellar wind velocity V sw are reversed to explicitly show the 
ime-backward manner within which the equations are solved. 

A Wiener process is introduced through W i where d W i = η( t) 
√ 

d t 
nd η( t) ∈ (0 , 1) represents a pseudo-random number, which is
aussian distributed and generated using the Mersenne Twister 

lgorithm. The abo v e equations are solved in a time-backward 
anner for N = 10 5 pseudo-particles from the location of the 

espectiv e e xoplanets until the y reach a specified boundary where
n average CR intensity is calculated using (Strauss et al. 2011 ) 

( x o i , t 
o ) = 

1 

N 

N ∑ 

k= 1 

j B ( x 
e 
i,k , t 

e 
k ) , (6) 

ith the boundary spectrum given by j B , and superscript e denoting
n exit time or position. This boundary could be a local interstellar
pectrum (LIS) or a boundary spectrum at some pre-determined 
ocation. For more detailed discussion of the stochastic approach 
o solving the Parker equation, the works of Zhang ( 1999 ), Strauss &
ffenberger ( 2017 ), and Moloto et al. ( 2019 ) can be consulted. 
In this study, the boundary spectrum will be placed at the termina-

ion shocks (TSs) of the respective astrospheres. This allows for the
se of an analytical description of the large-scale plasma parameters 
uch like what is commonly done in heliospheric GCR modulation 

tudies (see e.g. Potgieter 2013 ; Engelbrecht et al. 2022a ), discussed
n Section 2.2 . The GCR proton boundary spectrum used in this
tudy is the spectrum constructed by Moloto & Engelbrecht ( 2020 ) to
gree with Voya g er observations of intensities at 85 au as reported by
ebber et al. ( 2008 ) within the heliosphere. This boundary spectrum

s used as a first approach to the intensities at the TS of other
strospheres and is given by 

 B = 

17 . 0( P /P 0 ) −2 . 4 

2 . 2 + 2 . 1( P /P 0 ) −3 
, (7) 

hich is given in units of m 

2 s −1 sr −1 MeV 

−1 , P the rigidity in GV,
nd P 0 = 1 GV. Although this spectrum may be an o v erestimate
especially at lower energies where modulation effects could be 
xpected to play a more significant role), as the heliosheath differs
rom other astrosheaths, a full LIS will potentially be an even greater
 v erestimate giv en the observ ed high amount of modulation in the
eliosheath (e.g. Stone et al. 2013 ). 

.1 Diffusion coefficients 

he choice of dif fusion coef ficients of CRs parallel and perpendicular
o the AMF in this study follows the same approach taken by Engel-
recht et al. ( 2024 ) for Proxima Centauri. These diffusion coefficients
ere chosen as they have been used successfully in heliospheric 
CR modulation studies (Engelbrecht et al. 2022a ). Note that these

oef ficients, deri ved from first principles, are functions of various
urbulence quantities which will be briefly introduced below. For 

ore detailed information on these quantities, the interested reader is 
nvited to consult, e.g. Matthaeus & Goldstein ( 1982 ), Frisch ( 1995 ),

atthaeus et al. ( 2007 ), Bruno & Carbone ( 2013 ), and Oughton &
ngelbrecht ( 2021 ). 
A parallel (to the AMF) MFP expression derived by Teufel &

chlickeiser ( 2003 ) from the Jokipii ( 1966 ) quasi-linear theory (QLT)
s used, derived assuming a slab turbulence power spectrum with a
a venumber -independent energy-containing range and an inertial 

ange with spectral index s, and is given by (Burger et al. 2008 ), 

‖ = 

3 s 

( s − 1 ) 

R 

2 

k m 

B 

2 
0 

δB 

2 
sl 

[
1 

4 π
+ 

2 R 

−s 

π (2 − s)(4 − s) 

]
, (8) 

here s = 5 / 3 (Kolmogorov 1941 ) and R = R L k m 

, making the
arallel MFP expression a function of the maximal proton Larmor 
adius, R L . The parallel MFP also depends on the wavenumber 
t which the slab spectrum inertial range commences, k m 

= 1 /λsl .
he background magnetic field is given by B 0 , while δB 

2 
sl denotes

he slab variance, the mean square amplitude of the slab turbulent
uctuations. For more information of the slab [and two-dimensional 
2D)] models of turbulence, see Matthaeus, Goldstein & Roberts 
MNRAS 537, 2097–2111 (2025) 
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 1990 ); Bieber, Wanner & Matthaeus ( 1996 ); Forsyth et al. ( 1996 );
runo & Carbone ( 2013 ). 
The perpendicular (to the AMF) MFP is obtained from the

onlinear Guiding Center (NLGC) results of Shalchi, Bieber &
atthaeus ( 2004 ), derived for the same turbulence spectral form as

he parallel MFP, as modified by Burger et al. ( 2008 ) to accommodate
 general ratio of the slab to 2D energies (see e.g. Bieber et al. 1996 ;
ughton et al. 2015 ). This is given by 

⊥ 

= 

[
α2 

√ 

3 π
2 ν − 1 

ν

�( ν) 

�( ν − 1 / 2) 
λ2 D 

δB 

2 
2 D 

B 

2 
0 

]2 / 3 

λ
1 / 3 
‖ , (9) 

here ν = s/ 2 = 5 / 6 denotes half the Kolmogorov inertial range
pectral index, and it is assumed that α2 = 1 / 3 (from numerical test-
article simulations by Matthaeus et al. 2003 ). For comprehensive
e vie ws on the theory of diffusion in the presence of space plasma
urbulence, see Shalchi ( 2009 ), Shalchi ( 2020 ), and Engelbrecht
t al. ( 2022a ). The perpendicular MFP is dependent on the 2D
ariance, δB 

2 
2 D 

, and the turno v er scale where the inertial range
egins on the assumed 2D turbulence power spectrum, λ2 D 

. The
urbulence quantities in the abo v e e xpressions are modelled following
he approach of Engelbrecht et al. ( 2024 ), namely by assuming
imple power-law scalings motivated by heliospheric observations,
nd scaled according to the relative strengths of the heliospheric to
strospheric magnetic fields (see Section 2.2 and equations 14 and
5 ). 
Apart from diffusion parallel and perpendicular, GCRs can also

rift due to gradients and curvatures in the AMF, as well as along any
otential astrospheric current sheet (ACS; for discussions of this in
he heliospheric context, see e.g. Jokipii et al. 1977 ; Jokipii & Thomas
981 ; Burger, Moraal & Webb 1985 ; Engelbrecht, Mohlolo &
erreira 2019 ). GCR drift velocities are calculated following the
pproach outlined in Burger ( 2012 ), where a hyperbolic tangent
unction is used to model the change in the sign of the AMF
 v er the ACS (see Section 2.2 ). Due to the unknown nature of the
urbulence conditions within the astrospheres, the drift coefficient is
ssumed to be in the weak-scattering limit. The drift coefficient thus
as a maximum value given by the weak-scattering value (Forman,
okipii & Owens 1974 ) 

A = 

vR L 

3 
. (10) 

t should be noted that in the presence of turbulence, a reduction factor
hat depends on turbulence quantities like the magnetic variance
hould be included (see Minnie et al. 2007 ; Engelbrecht et al. 2017 ,
nd references within), but this is not considered in this study, as the
agnetic variances as modelled here (see the next subsection) are

enerally lower than what is observed in the heliosphere, and it is
ence assumed that they would have considerably less of an effect
n the drift coefficients. This assumption, however, warrants further
nvestigation in a future study. 

.2 Astrospheric versus heliospheric plasma quantities 

 common factor among MHD simulations for astrospheres is that
ithin the TS the stellar wind (SW) speed remains relatively constant

s function of radial distance and the AMF can be described as a
arker field as is done for the HMF. This allows for relatively simple
nalytical descriptions of the SW and AMF that have long been
sed in the heliosphere. Furthermore, using an analytical description
llo ws for extensi ve parameter studies. A parameter study requiring
HD runs as input for each parameter change would be prohibitively

omputationally e xpensiv e. 
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When shifting from heliospheric conditions to the various con-
itions associated with each unique astrosphere, some assumptions
eed to be made regarding the large scale plasma parameters that are
equired to describe the transport coefficients. MHD simulations of
arious astrospheres (see Baalmann et al. 2021 ; Meyer et al. 2021 ;
pher et al. 2021 ; Herbst et al. 2022 ) show that the resulting spatial
ehaviour of the computed AMF within the TS closely resembles
hat of a Parker ( 1958 ) HMF model. It is, therefore, assumed that the
MF can be described using a Parker field and given is by 

( r, θ ) = AB 0 

( r 0 

r 

)2 (
ˆ r − tan 
 ̂

 φ
)
, (11) 

here the value of B 0 is a normalization value, which is set as the
agnitude of the AMF at r 0 = 1 au for the various astrospheres. It

s also speculatively assumed that the polarity of the AMF behaves
imilarly to the polarity of the HMF, in that it has a cyclic behaviour
nd is given by the sign of A . This would imply that when A > 0, the
agnetic field in the northern hemisphere points away from the star,
hile the field in the southern hemisphere points towards the star.
his effect is flipped for A < 0. The angle between the AMF and the

adial direction is defined as 
 and on cones of constant colatitude
, the AMF displays a spiral structure, where the winding angle is
iven by 

tan 
 = 

�( r − r s ) sin θ

V sw 

, (12) 

hich is dependent on the stellar wind speed of the star, V sw , and
he stellar rotation rate, �. As a first approach it is also assumed
hat the field source surface of stars is located at r s = 0 . 005 au, as
or the HMF. This assumes that the exoplanets lie outside of the
lfv ́en surface of the star, which is the case for Proxima Centauri

nd the exoplanet Proxima Centauri b (see Klein et al. 2021a ). The
rbit of Prox Cen b is found to be outside of the Alfv ́en surface
f Prox Cen from the MHD simulations of Kavanagh et al. ( 2021 ),
ho also imposes a limit on the required mass-loss rate for the orbit

o be inside the Alfv ́en surface. Following the MHD simulations
resented by Herbst et al. ( 2020b ), a radially constant V sw is also
ssumed within the TS, although this may not necessarily be the
ase (see e.g. Alvarado-G ́omez et al. 2020 ; Garraffo et al. 2022 ).
n ACS is also included in a similar manner to what is done for
eliospheric GCR modulation studies, where the ACS angle is given
y (Kota & Jokipii 1983 ), 

ns = 

π

2 
− tan −1 

[
tan α sin 

(
�r 

V sw 

)]
. (13) 

he stellar tilt angle between the rotational and magnetic axis of the
tar is denoted by α. As a first approach, this study assumes a zero
ilt angle, leading to a flat current sheet. A tilt angle of 51 ◦ will also
e considered for Proxima Centauri as has been reported during the
ctivity maximum of that star, motivated by observations reported by
Klein et al. 2021a ). Stellar tilt angles for other stars have also been
etermined from Zeeman-Doppler imaging (e.g. Vidotto et al. 2023 ),
uch as 15 . 5 ◦ found for GJ436 (see Bellotti et al. 2023 ), which has not
een considered in this study and 19 ◦ for au Microscopii (see Klein
t al. 2021b ). For more in-depth discussions on the effects of drift in
he 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 &
teyn ( 2024 ). 
The magnetic variance and slab/2D correlation scales are scaled

imilar 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. 
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B 

2 
T = 12 . 5 nT 

2 ×
(

B A 

B H 

)(
r 

r 0 

)−2 . 5 

(14) 

2 D 

= 0 . 0074 au ×
(

B H 

B A 

)(
r 

r 0 

)0 . 5 

(15) 

sl = 2 . 65 λ2 D 

, (16) 

here the correlation scales observed at 1 au within the heliosphere as 
eported by Weygand et al. ( 2011 ) are used. Note that B H 

= 5 nT and
 A denote the heliospheric and astrospheric magnetic magnitudes at 
 au, respectively. The radial dependencies in equations ( 14 ) and ( 15 )
re chosen following observations reported within the heliosphere 
see e.g. Zank, Matthaeus & Smith 1996 ; Smith et al. 2001 ; Cuesta
t al. 2022 ; Burger & McKee 2023 ). The abo v e approach to modelling
he radial dependence of turbulence quantities using observationally 
ased power-law scalings has been successfully employed in helio- 
pheric GCR modulation studies (see e.g. Engelbrecht & Wolmarans 
020 ; Moloto & Engelbrecht 2020 ). 

.3 Heliospheric modulation 

e now demonstrate that the numerical modulation code discussed 
bo v e yields results comparable with spacecraft observations for 
eliospheric input parameters. Solar minimum results within the 
S of the heliosphere are obtained for a latitudinally varying 
olar wind speed with ∼ 400 km . s −1 in the equatorial plane and 

800 km . s −1 o v er the poles, moti v ated by spacecraft observ ations
see e.g. McComas et al. 2008 ). A HMF magnitude of 5 nT is assumed
t a distance of 1 au (Cohen et al. 2008 ; Cliver & Ling 2011 ). As the
odulation only within the TS is considered, the boundary spectrum 

s placed at 85 au (Webber et al. 2008 ). The total variance is here
ssumed to be 12 nT 

2 as reported by Smith et al. ( 2006 ), with a 80 : 20
atio between 2D and slab variances, also motivated by spacecraft 
bservations (see e.g. Bieber et al. 1994 ). 
Fig. 1 shows the different MFPs within the heliosphere for 1

V GCR protons as a function of radial distance (left panel) and
t 1 au as a function of rigidity (right panel). The perpendicular
iffusion dominated nature of the heliosphere is visible from the 
adial MFP (dashed), which at larger radial distances follows the 
ehaviour of the perpendicular MFP (red), due to the winding of
he HMF: beyond ∼ 10 au, the field is essentially azimuthal, and
erpendicular GCR transport must occur to transverse it. Hence, even 
hough the parallel MFP becomes very large in the outer heliosphere,
t does not greatly affect GCR transport. Note that drift scales only
ecome significant relative to the perpendicular MFP at larger radial 
istances. The right panel of Fig. 1 also shows the Palmer ( 1982 )
onsensus range for parallel (grey dotted) and perpendicular (grey 
ashed) MFP observations at Earth. This range denotes the consensus 
alues for parallel and perpendicular diffusion coefficients at Earth, 
ased on numerical simulation fits of observed solar energetic particle 
ntensities and anisotropies (for more detail, see e.g. Bieber et al.
994 ; Engelbrecht et al. 2022b ). The parallel MFP remains somewhat
bo v e the Palmer range, due to solar minimum input parameters
eing used, but well within the range of observational estimates 
or 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
arallel MFP more closely here. The smaller perpendicular MFP 

alls on the Palmer consensus values, although it should be noted
hat observational estimates for this quantity also vary considerably 
e.g. Engelbrecht et al. 2022b ). Fig. 2 shows the computed DIs at 1
u within the inner heliosheath for A > 0 (blue), A < 0 (red) and
 no drift (dashed) solutions. The computed DIs agree reasonably 
ell 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) 
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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. 
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2 For heliospheric observations of the tilt angle, see the Wilcox Solar 
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oted that tilt angles of 15 ◦ and 5 ◦ are assumed for A > 0 and A < 0,
especti vely, based on observ ations (see Cli ver & Ling 2001 ). It also
hows the expected relation with higher intensities during A > 0
nd lower intensities during A < 0, while drift plays a large role,
s indicated by the considerably lower DIs computed when drift
ffects are switched off (dashed) (see e.g. Engelbrecht & Burger
015 ; Moloto et al. 2018 ; Moloto & Engelbrecht 2020 ; Mohlolo
t al. 2022 ). 

 SELECTED  ASTROSPHERES  

he large scale plasma quantities and stellar parameters that are
equired to model the GCR intensities at the location of the exoplanets
re the stellar wind speed of the star, the AMF magnitude, specifically
t 1 au, for scaling purposes of the turbulence quantities as discussed
n Section 2.2 , the location of the exoplanet, the location of the TS
which is where the boundary spectrum will be placed), and the
otation rate of the star. In what follows, the choices made here for
hese quantities will be moti v ated on the basis of either observations,
r, when these are not available, the results of previously published
HD simulations. For ease of reference, Table 1 shows the param-

ters used for the calculation of GCR intensities at the exoplanet
ocations of the astrospheres considered in this work. These values
ill be moti v ated belo w. 

.1 Proxima Centauri 

roxima Centauri (Prox Cen) hosts one confirmed exoplanet within
he habitable zone (HZ), namely Proxima Centauri b (hereafter Prox
en b) (Anglada-Escud ́e et al. 2016 ). Prox Cen is a flaring M5.5
warf star, which is 1.3 pc from Earth with a stellar mass of 0 . 122 M 

nd a radius of 0 . 154 R 
 (Anglada-Escud ́e et al. 2016 ). The rocky
xoplanet Prox Cen b has a semi-major axis of 0.0485 au with a
eriod of 11 d, while the mass is similar to Earth with a minimum
ass of 1.17 Earth masses (Su ́arez Mascare ̃ no et al. 2020 ). The

quilibrium temperature of Prox Cen b is 234 K, which is only
NRAS 537, 2097–2111 (2025) 
lightly cooler than that of Earth at 255 K (Anglada-Escud ́e et al.
016 ). Flaring activity has been observed from Prox Cen (Vida et al.
019 ), while two candidates for coronal mass ejections have been
nvestigated (Moschou et al. 2019 ; Zic et al. 2020 ) and coronal
imming has been confirmed (Veronig et al. 2021 ). A stellar cycle
f ∼ 7 years was reported by Wargelin et al. ( 2017 ) and Klein et al.
 2021a ). Although stellar cycles have also been observed for other
tars, specifically Sun-like stars (see e.g. Jeffers et al. 2022 ) and M
warfs (see e.g. Irving et al. 2023 ), the influence of such cyclical
ehaviours in stellar plasma parameters are not considered in this
ork, but will be considered in a future study. For a re vie w on stellar

ctivity cycles, see Jeffers, Kiefer & Metcalfe ( 2023 ). 
The stellar wind speed of Prox Cen is here assumed to be

500 km . s −1 obtained through simulations (Alvarado-G ́omez et al.
020 ) and within range of other works (e.g. Herbst et al. 2020b ;
arraffo et al. 2022 ; Pe ̃ na-Mo ̃ nino et al. 2024 ) with an assumed

urface magnetic field strength of 600 G (Reiners & Basri 2008 ;
lein et al. 2021a ). Under the assumption that the AMF of Prox Cen
ehaves similar to the HMF, the magnetic field strength of Prox Cen
s here assumed to be 2.4 nT at 1 au (Engelbrecht et al. 2024 ). This
s used with the heliospheric value of the HMF at 1 au, 5 nT, to scale
he turbulence quantities. The rotation period for Prox Cen has been

easured to be in the range of ∼ 82 . 6 d (Collins, Jones & Barnes
017 ) to ∼ 89 . 8 d (Klein et al. 2021a ). The differential intensities
hat are calculated are taken at the location of Prox Cen b, at 0.048
u. The boundary spectrum for Prox Cen is placed at 76 au, which is
he TS distance as determined through MHD modelling (see Herbst
t al. 2020b ). Wargelin et al. ( 2017 ) report, based on optical, UV,
nd X-ray observations of Prox Cen, a stellar cycle with a period of
.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
lein et al. ( 2021a ) for conditions corresponding to approximately
ne year after Prox Cen’s stellar maximum. This is also in contrast
o the solar tilt angle during solar maximum, which achieves values
reater than ∼ 70 ◦ (see e.g. Hoeksema 1995 ; Cliver & Ling 2001 ). 2 

or the purposes of comparison, results from a modulation model
un assuming a tilt angle of 51 ◦ will also be compared to those for
he case where the ACS is flat (with zero tilt). 

.2 TRAPPIST-1 

he TRAPPIST-1 system contains seven exoplanets orbiting around
he ultra-cool M8 dwarf star, which is located 12 pc from the Sun,
ith three of these exoplanets orbiting within the HZ (Gillon et al.
017 ). TRAPPIST-1 has a stellar mass of 0 . 089 M 
, a stellar radius
f 0 . 121 R 
 and an ef fecti ve equilibrium temperature of 2516 K
Van Grootel et al. 2018 ). TRAPPIST-1 also shows high flaring
ctivity with complex and multi-peaked frequent strong flares (Vida
t al. 2017 ). The sev en e xoplanets orbiting TRAPPIST-1 hav e orbits
anging from 0.011 to 0.062 au (Delrez et al. 2018 ). Although they
re so close to the host star, the exoplanets TRAPPIST-1 e (0.029
u), TRAPPIST-1 f (0.038 au), and TRAPPIST g (0.047 au) are
ocated within the HZ of TRAPPIST-1 (Hill et al. 2023 ). These three
 xoplanets hav e been reported to hav e Earth-like masses with 0.692,
.039, and 1.321 Earth masses, respectively (Agol et al. 2021 ). 
The stellar wind speed of TRAPPIST-1 has been found through

imulations to reach 1400 km . s −1 (see e.g. Garraffo et al. 2017 ;
arbach et al. 2021 ), while the magnetic field is assumed to be similar

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 

V sw 1500 km . s −1 1400 km . s −1 1290 km . s −1 250 km . s −1 

B o 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 82.6 d 3.3 d 44 d 131 d 
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o that of Prox Cen based on the upper limit imposed by Reiners &
asri ( 2008 ), and consistent with what is used in the simulations of
arbach et al. ( 2021 ). The rotation period of TRAPPIST-1 is much

aster than Prox Cen and the heliosphere, having been measured at 
.3 d (Luger et al. 2017 ). Currently, there are no MHD simulations
o give the TS distance for TRAPPIST-1; ho we ver, as it is very
imilar to Prox Cen as a first-order estimate, it is here assumed to be
ocated at 76 au, similar to what is used in other studies (Herbst et al.
024 ). The GCR proton differential intensities will be calculated at 
RAPPIST-1 e, at a distance of 0.03 au. 

.3 GJ 436 

J 436 is an M2.5 dwarf at a distance of 9.76 pc (Gaia Collaboration
023 ), which has an exoplanet, GJ 436 b, orbiting at a distance of
.028 au (Rosenthal et al. 2021 ). This exoplanet was observed to
ave an extended atmosphere due to the interaction with the SW of
J 436 (dos Santos et al. 2019 ). GJ 436 b has a mass of 21.72 Earth
asses and a radius of 3.85 Earth radii (Maxted et al. 2022 ). The GCR

ntensities within this astrosphere were calculated previously at the 
osition of the exoplanet (see e.g. Mesquita et al. 2021 ; Rodgers-Lee
t al. ( 2023 ). These authors used a stellar wind model to determine
he stellar wind speed and magnetic field profiles and obtained two 
ifferent cases for the stellar wind parameters. For their Case B,
hich will be considered further in this study, they obtained a stellar
ind speed of 1290 km . s −1 and an AMF value of B = 3 . 85 nT at
.6 au. The exoplanet also orbits outside of the Alfv ́en radius for
his case (see Mesquita et al. 2021 ). The stellar wind speed of GJ
36 was also determined by fitting Ly α observations and found to 
ange from 250 to 460 km . s −1 (see Villarreal D’Angelo et al. 2021 ). 
he magnitude of B is extrapolated to a distance of 1 au assuming
 B ∼ r −2 dependence, and a value of B = 1 . 386 nT at 1 au was
btained, as is necessary for input to the transport model. The rotation
eriod of GJ 436 was determined to be 44 d (see Bourrier et al. 2018 ).
urrently, no large scale MHD results showing the TS locations 
xist for GJ 436. As such, the TS location of 363 au as reported
y Mesquita et al. ( 2021 ) will be used in this study for this specific
strosphere. 

.4 LHS 1140 

HS 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
 . 179 M 
 with a stellar radius of 0 . 214 R 
 (Ment et al. 2019 ) and a
tellar rotation rate of 131 d (Dittmann et al. 2017 ; Lillo-Box et al.
020 ). Two confirmed exoplanets are orbiting around LHS 1140. 
HS 1140 b is a rocky super-Earth, with a mass of 6.65 Earth masses
nd a radius of 1.43 Earth radii (Dittmann et al. 2017 ) which orbits
t 0.096 au, within the HZ of LHS 1140 (Lillo-Box et al. 2020 ). LHS
140 c has a mass of 1.81 Earth masses and a radius of 1.28 Earth
adii (Ment et al. 2019 ) and orbits at 0.027 au (Lillo-Box et al. 2020 ).
he astrosphere of LHS 1140 is very different to other astrospheres
onsidered thus far, as it is extremely small in size with very low
tellar outflow parameters. The stellar wind speed is here assumed to
e 250 km . s −1 and a TS distance of 2.4 au was calculated by (Herbst
t al. 2020b ) with a stellar magnetic field magnitude assumed for
HS 1140 of 0.3 nT at 1 au. The exoplanet, LHS 1140 b, will
e the one at which the differential intensities are calculated. Note
hat most recently, a high-mean-molecular-weight atmosphere (most 
ik ely N 2 -dominated) w as confirmed using the NIRSpec instrument
n JWST (Damiano et al. 2024 ) fa v ouring LHS 1140 b as a potentially
abitable water world. 

 RESULTS  

he DIs for periods of positive ( A > 0, blue) and ne gativ e ( A < 0,
ed) AMF polarity calculated at Prox Cen b, following the approach
f Engelbrecht et al. ( 2024 ), ho we ver only calculating the modulation
ithin the TS of Prox Cen, can be seen in the left panel of Fig. 3 as
 function of kinetic energy. Also shown is the assumed boundary
pectrum (black line, see Section 2 ) and typical observations at Earth
McDonald et al. 1992 )(black dots and crosses), to guide the eye.
he DI for a flat current sheet at Prox Cen b exceeds the intensities
bserved at Earth by ∼ 50 per cent . This is the same as reported
y Engelbrecht et al. ( 2024 ) for the case of a flat current sheet and
n direct contrast to studies using simpler GCR modulation models 
Mesquita et al. 2021 ; Rodgers-Lee, Vidotto & Mesquita 2021 ). Drift
ffects increase intensities at lower energies by a factor of ∼ 1 . 5, as
eported by (Engelbrecht et al. 2024 ). In contrast to what was seen for
he heliosphere in Fig. 2 , the intensities for A < 0 are higher than the
ntensities for A > 0, due to the slow rotation of Prox Cen resulting
n an underwound AMF (relative to the winding of the HMF at a
iven radial distance), especially when a flat current sheet (dashed) 
s assumed. This leads to parallel diffusion-dominated transport as 
he AMF is more radial at the location of the exoplanet. The inclusion
f a tilt angle of 51 ◦ lowers the intensities during A < 0 leading to
ntensities being similar during A > 0 and A < 0 polarities. This,
o we ver, does not imply that drift effects are not present, as these
olutions remain abo v e the no drift solution (black dashed line. This
ppears to be somewhat similar to what is expected from heliospheric
odelling and observations of GCR intensities, where drift effects 

ecome less important towards solar maximum (see e.g. Ferreira, 
otgieter & Heber 2003 ; Moloto & Engelbrecht 2020 ; Raath et al.
022 ; Moloto et al. 2023 , and references therein). The right panel of
ig. 3 shows the parallel, perpendicular and radial MFPs and drift
cale for 1 GV GCR protons as a function of radial distance and
 tilt angle of 51 ◦. The contrasting relation between intensities for
 > 0 and A < 0 due to the underwound AMF can be seen by the
MNRAS 537, 2097–2111 (2025) 
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Figure 3. Left panel: Computed differential intensities at Prox Cen b (0.048 au). The differential intensities for A > 0 (blue), A < 0 (red) AMF polarities, no 
drift solution (black dashed) are shown. The solid lines show the DI for a tilt angle of 51 ◦, while the dashed lines are for a flat current sheet. The boundary 
spectrum from Moloto & Engelbrecht ( 2020 ) (black) is placed at 76 au. The 1D results using the model from Light et al. ( 2022 ) (grey dashed) are also shown. 
Observational data from McDonald et al. ( 1992 ) for A > 0 (black dots) and A < 0 (black crosses) are shown to guide the eye. Right panel: Calculated parallel 
MFP (blue), perpendicular MFP (red), drift scale (black), and radial MFP (black dashed) at Prox Cen b (0.048 au) for 1 GV GCR protons and a tilt angle 
of 51 ◦. 

Figure 4. Left panel: Winding angle (equation 12 ) as a function of radial distance for the heliosphere (black) and Prox Cen (blue). Middle panel: Traces of 
parker spirals for the heliosphere (black) and Prox Cen (blue) to a distance of 5 au. Right panel: The magnitude of the Parker magnetic field for the rotation rate 
of the Sun (solid black) and Prox Cen (blue). A 1 /r (dashed and dotted) and 1 /r 2 (dashed) dependency is also shown to guide the eye. 
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adial MFP being dominated by the parallel MFP from the exoplanet
ocation out to a distance of ∼ 10 au, after which the perpendicular

FP starts to play a larger role, compared to the heliosphere in
ig. 1 , where the radial MFP is pre-dominantly dominated by the
erpendicular MFP to distances close to Earth. 
The underwound AMF of Prox Cen compared to the HMF can

e seen in the left panel of Fig. 4 , where a comparison between the
inding angle of the HMF and Prox Cen as a function of radial
istance as modelled using equation ( 11 ) is shown, with each being
omputed for the differing rotation periods of these stars. The HMF
as a winding angle of ∼ 45 ◦ at 1 au, whereas the AMF of Prox Cen
as a winding angle of ∼ 5 ◦ at a similar distance. The underwound
MF lines within the astrosphere of Prox Cen compared to the HMF
NRAS 537, 2097–2111 (2025) 
ines can also be seen in the middle panel of Fig. 4 , showing a trace
f the Parker spirals out to a distance of 5 au. This underwound AMF
f Prox Cen also affects the magnetic field magnitude of the AMF,
hown in the right panel of Fig. 4 . The AMF of Prox Cen has a r −2 

ependence towards larger radial distances compared to the HMF
ue to the radial and azimuthal dependence of the magnetic field
trength. 

The DIs at TRAPPIST-1 e are computed using similar stellar
arameters (see Section 3.2 ) as used by Herbst et al. ( 2024 ) and
re shown in the left panel of Fig. 5 . In contrast to what was seen
t Prox Cen b, drift effects play a major role in the modulation of
CR protons, increasing the intensity by ∼ 2 orders of magnitude.
he relation between higher intensities during A > 0 and lower
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Figure 5. Left panel: Computed differential intensities at TRAPPIST-1 e (0.047 au). The differential intensities shown are similar to Fig. 3 , with A > 0 (blue), 
A < 0 (re) AMF polarities, no drift solution (black dashed) shown. Results from Herbst et al. ( 2024 ) is shown in grey. The boundary spectrum from Moloto & 

Engelbrecht ( 2020 ) (black) is placed at 76 au. Right panel: Calculated parallel MFP (blue), perpendicular MFP (red), drift scale (black), and radial MFP (black 
dashed) at TRAPPIST-1 e (0.047 au) for 1 GV GCR protons. 

Figure 6. Left panel: Computed differential intensities at GJ 436 b (0.028 au). The differential intensities shown are similar to Fig. 3 , with A > 0 (blue), A < 0 
(red) AMF polarities, no drift solution (black dashed) shown. The boundary spectrum from Moloto & Engelbrecht ( 2020 ) (black) is placed at 363 au. Results 
from Mesquita et al. ( 2021 ) and Rodgers-Lee et al. ( 2023 ) are shown in grey. Right panel: Calculated parallel MFP (blue), perpendicular MFP (red), drift scale 
(black) and radial MFP (black dashed) at GJ 436 (0.028 au) for 1 GV GCR protons. 
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ntensities during A < 0, similar to the heliosphere, can be seen.
his is due to the faster rotation rate of TRAPPIST-1, leading to a
ore tightly wound AMF, thus perpendicular diffusion dominates 

he transport. The intensities obtained in this study are lower at 
ower energies and higher at higher energies than intensities reported 
y Herbst et al. ( 2024 ) (grey line). The perpendicular diffusion
ominance can also be seen in the radial MFP in the right panel
f Fig. 5 . Only at small radial distances ( r < 0 . 2 au) is the radial
FP dominated by the parallel MFP. The importance of drift in this
ase can also be seen by the large drift scale at larger radial distances,
here r > 1 . 0 au. 
The astrosphere of GJ 436 is considerably larger in this study than

hose of Prox Cen and TRAPPIST-1, with a TS location at 363 au,
ut is at the same location as used in other studies (e.g. Mesquita
t al. 2021 ; Rodgers-Lee et al. 2023 ). Intensities at the location of GJ
36 b for A > 0 (blue) and A < 0 (red) AMF polarities are shown
n 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
MNRAS 537, 2097–2111 (2025) 
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Figure 7. Left panel: Computed differential intensities at LHS 1140 b (0.096 au). The differential intensities shown are similar to Fig. 3 , with A > 0 (blue), 
A < 0 (red) AMF polarities, no drift solution (black dashed) shown. The boundary spectrum from Moloto & Engelbrecht ( 2020 ) (black) is placed at 2 . 4 au. 
Right panel: Calculated parallel MFP (blue), perpendicular MFP (red), drift scale (black), and radial MFP (black dashed) at LHS 1140 b (0.096 au) for 1 GV 

GCR protons. 
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ine) also shown. The results from Rodgers-Lee et al. ( 2023 ) use the
I calculated for Case A from Mesquita et al. ( 2021 ). Even though

he boundary spectrum used in this work is ∼ 1 order of magnitude
maller than the LIS employed by Mesquita et al. ( 2021 ) at ∼ 1
eV, the intensities calculated in this study are several orders of
agnitude ( ∼ 4 . 5) higher. Drift effects still play a role by increasing

he intensities by ∼ 50 per cent . The parallel, perpendicular and
adial MFP, shown in the right panel of Fig. 6 , display behaviour that
s similar to what is expected within the heliosphere. This is due to
he rotation period of GJ 436, 44 d, being closer to the rotation period
f the Sun than any of the other astrospheres. 
The DIs for the extremely small astrosphere of LHS 1140, with a

S at a distance of only 2.4 au, are shown in the left panel of Fig. 7 .
ue to the small size of the astrosphere, at energies abo v e 0.02 GeV

here is no modulation visible. Drift does not have an effect on an
strosphere of this size. The long rotation period of the astrosphere
lso means that transport is parallel diffusion-dominated, as can be
een from the radial MFP in the right panel of Fig. 7 . 

Each astrosphere considered here has displayed a different relation
etween positive ( A > 0) and ne gativ e ( A < 0) polarities of the AMF
nd the no-drift solutions due to their differing rotation periods.
o explore this, Fig. 8 shows the DI at 1 au of 100 MeV GCR
rotons as a function of rotation period of heliospheric conditions,
amely a stellar wind speed of 400 km . s −1 , a Parker magnetic field
agnitude of 5.0 nT at 1 au, for different boundary spectrum

ocations. We employ heliospheric conditions as they are well known
rom spacecraft observ ations, allo wing for the demonstration of the
nfluence of the stellar rotation period on computed GCR intensities
ith less of the uncertainties implicit to the use of astrospheric plasma

nput parameters. The boundary spectrum locations shown are for 30
u (dashed lines), 75 au (solid lines), and 120 au (dash–dotted lines).
he DI calculated for the rotation period of the Sun, 27 d, is shown
y the green star and the DI calculated for the rotation period of Prox
en, 82.6 d, is shown by the black star. A shorter rotation period leads

o a more tightly wound AMF and a decrease in the DI due to particles
elying more on diffusion perpendicular to the AMF to reach their
NRAS 537, 2097–2111 (2025) 
estination as the AMF becomes more azimuthal. As the coefficients
or perpendicular transport are smaller than for parallel (see Fig. 1 ),
he intensities decrease with decreasing rotation period. There is a
ransition point where intensities during ne gativ e ( A < 0) polarities
f the AMF are higher than for positive ( A > 0) polarity. Faster
otation rates produce a more tightly wound AMF that will increase
he influence of gradient and curvature drifts compared to current
heet drift, thus intensities for A > 0 are higher than for A < 0. The
ransition point where intensities for A > 0 are lower than for A < 0
ccurs at lower rotation periods for a smaller modulation volume, as
t occurs at ∼ 25 d for a boundary spectrum at 30 au, while for a
oundary spectrum at 75 au, the transition occurs at a rotation period
f ∼ 50 d. This transition mo v es to ∼ 60 d for a boundary spectrum
t 120 au. 

 I NFLUENCE  O F  ROTAT I O N  P E R I O D  O N  

 TMOSPHERI C  I ONI ZA  T I O N  A N D  DOSI METRY

o investigate the impact of the rotation-rate-induced CR intensity
hanges on planetary objects, here – as a zero-order approximation
we study the Sun under rotation periods between 5 and 150 d

nd the CR-induced impact upon modern Earth (N 2 –O 2 dominated
tmosphere) and modern Mars (thin CO 2 -dominated atmosphere). 

One of the primary indicators for the impact of CRs in an
tmosphere is changes in the atmospheric ionization profile. The
tmospheric Radiation Interaction Simulator (AtRIS, see Banjac,
erbst & Heber 2019a ) is used to compute the ionization and

bsorbed dose rates. AtRIS has been validated for Earth (e.g. Banjac
t al. 2019a ; Banjac et al. 2019b ; Winant et al. 2023 ), Mars (e.g.
uo et al. 2019 ), and Venus (Herbst, Banjac & Nordheim 2019a ;
erbst et al. 2020a ). Thereby, the induced atmospheric ionization –

lso referred to as the ion pair production rate – Q is given as 

 ( E c , x) = 

∑ 

i 

∫ ∞ 

E c 

J i ( E) · Y i ( E, x) d E, (17) 
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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 ne gativ e ( A < 0) AMF polarities are shown. The rotation period of 
the Sun (27 d, green star) and Prox Cen (82.6 d, black star) are shown to guide the eye. 
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here i is the sum o v er all primary particles of type i and E c refers
o the so-called cut-off energy, the energy a particle needs to reach
 certain location at a certain altitude. In this study, we investigate
he impact on regions where the cut-off energy is in the order of 10

eV. Such low cut-off energies reflect regions with low magnetic 
hielding (i.e. polar regions at Earth), allowing almost all particles to 
ass the magnetic field. Thus, such regions are more sensitive to the
ow-energy part of the cosmic ray flux, and with that more fa v ourable
or studying the impact of changing GCR fluxes caused by rotation 
ate changes. 

Further, x refers to the altitude, i to the primary particle type (i.e.
rotons), and J i ( E) to the differential CR intensity. The ionization
ield Y i ( E, x) is given by 2 π

∫ 
cos ( θ ) sin ( θ ) dθ · 1 

E ion 

�E i 
�x 

, where

 ion is the average atmospheric ionization energy 3 and �E i 
�x 

the mean 
pecific energy loss of a primary particle at a certain altitude. 

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

Overall, both scenarios show that the longer the stellar rotation 
eriod, the higher the altitude-dependent ionization rates. Ho we ver, 
he atmosphere of modern Earth is more responsive to the higher 
CR fluxes at altitudes above 10 km (up to 100 per cent difference

t altitudes abo v e 30 km) while the thin CO 2 dominated atmosphere
f modern Mars shows increases of 60 per cent at the surface up to
 In this study, we assume an average atmospheric ionization energy of 32 eV 

or the N 2 –O 2 -dominated atmosphere and 28 eV for the thin CO 2 -dominated 
tmosphere (e.g. Simon Wedlund et al. 2011 ). 

4

C
1
g
h

00 per cent at altitudes abo v e 20 km. Nev ertheless, both scenarios
how magnetic polarity cycle dependent increases, emphasizing 
he importance of 3D drift effects. In general, the rotation-period 
ependent ionization rates are higher during A < 0 conditions. 
Besides directly providing atmospheric ionization profiles, AtRIS 

urther provides the pre-calculated relative ionization efficiency 
 R,j ( E i ) , that reflects the ratio between the average ionization energy
 particle of type j is causing in, e.g. a phantom reflecting the human
ody 4 and the energy of the primary particle. This ratio can be used
o further study the CR-induced radiation exposure, i.e. in the form
f the absorbed dose rates D̄ j . The latter is given by 

¯
 j ( E i , r ) = I R,j ( E i ) · E i 

m ph ( r) 
, (18) 

here m ph gives the mass of the phantom ( m ph = ρ · 4 
3 π · r 3 ph , see

.g. Herbst et al. 2020a ). Convolving the results with the primary
article spectrum and summing up o v er all energy bins and particle
ypes provides the GCR-induced dose rate profiles shown in the 
anels of Fig. 10 . A similar response to the rotation rate-dependent
CR fluxes can be seen: the longer the rotation period, the higher the

adiation exposure throughout the atmosphere. Ho we ver, in contrast 
o the Earth-like atmosphere, it is only in the case of the thin CO 2 -
ominated Martian atmosphere (right panel) that significant radiation 
nhancements of up to 20 per cent can be observed at the planetary
urface due to the enhanced stellar rotation period. Thereby, the 
urface changes are slightly smaller during A < 0 conditions. 
MNRAS 537, 2097–2111 (2025) 

 To represent and reflect life as we know it from Earth, the International 
ommission on Radiation Units (ICRU) and Measurements proposed a 
5 cm radius tissue-equi v alent sphere (i.e. ICRU sphere) with a density of 1 
 cm 

−3 composed of 76.2 per cent oxygen, 11.1 per cent carbon, 10.1 per cent 
ydrogen, and 2.6 per cent nitrogen (McNair 1981 ). 
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Figure 9. GCR-induced ion pair production rates during A > 0 (colored lines) and A < 0 (black dashed lines) conditions. Left: Response of a (Earth-like) 
N 2 –O 2 -dominated atmosphere. Right: Response of a thin (Mars-like) CO 2 -dominated atmosphere. Note that in the case of the black dashed lines (i.e. A < 0 
conditions), the lowest rates correspond to a rotation period of 5 d, while the highest rates reflect those of the 150-d rotation period scenario. 

Figure 10. GCR-induced absorbed dose rates during A > 0 (coloured lines) and A < 0 (black dashed lines) conditions. Left: Response of a (Earth-like) N 2 –O 2 

dominated atmosphere. Right: Response of a thin (Mars-like) CO 2 dominated atmosphere. 
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 SUMMARY  A N D  DISCUSSION  

e present here detailed 3D studies of the transport of GCRs for
ev eral e xoplanet-hosting astrospheres. These astrospheres, namely
hose of Prox Cen, TRAPPIST-1, GJ 436, and LHS 1140, were
hosen for two reasons. First, sufficient information as to their large-
cale plasma properties, such as their stellar winds and AMFs, is
vailable either from observations or MHD simulations to allow for
D modelling as is done in this study (see Section 3 ), and secondly,
ue to their representing very different GCR transport conditions.
he present 3D investigation is unique for some of these systems,
s the transport of GCRs in some of them has only been considered
sing 1D models in the past. We demonstrate, via comparisons with
he results of those prior studies for TRAPPIST-1 and GJ 436, that
 1D approach can yield results very different from those calculated
sing the 3D approach presented here, and argue that this is due to the
act that a 1D approach simply cannot take into account inherently
D transport processes, such as drifts, that are known to play a
NRAS 537, 2097–2111 (2025) 
ignificant role in the heliospheric transport of GCRs. In brief, then,
he inherently 3D nature of the transport mechanisms influencing the

odulation of GCRs throughout the heliosphere and subsequently
ther astrospheres, sets the requirement for the modelling of these
rocesses three-dimensionally. 
The importance of 3D modelling is also demonstrated by this study

hrough the unexpectedly large influence that the rotation rate of a
tar would have on the transport mechanisms that dominate within
he astrospheres. One of the aims of this study is to investigate
he significance of the stellar rotation period on GCR intensities
t exoplanetary locations, which was shown by Engelbrecht et al.
 2024 ) to be significant for Prox Cen b. A slower rotation rate would
mply an underwound (relative to the HMF) astrospheric magnetic
eld, with the implication that the more ef fecti ve dif fusion parallel to

he AMF would dominate the radial dif fusion coef ficient, as opposed
o the less ef fecti ve perpendicular dif fusion coef ficient, leading to
arger GCR intensities. Hence, in the case of the slo w (relati ve to
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he Sun) rotating Prox Cen, computed GCR intensities at Prox Cen 
 are higher than those observed at Earth. For the slow-rotating 
HS1140, the computed GCR spectrum is essentially unmodulated, 
xcept below ∼ 0 . 01 GeV. This is similar to what was reported
y Herbst et al. ( 2020b ), and it should be noted that such a small
strosphere would not be expected to modulate the local interstellar 
CR spectrum much. A faster rotation rate (relative to the Sun), 

ike that of TRAPPIST-1, leads to a more wound AMF, resulting in
he dominance of perpendicular diffusion and drift environments of 
xoplanets and hence lower GCR intensities than seen at Earth. This
esult is emphasized in Fig. 8 : the hallmark of large stellar rotation
eriods is high GCR intensities, combined with a reversal of the usual
eliospheric relation between GCR intensities computed for positive 
nd ne gativ e magnetic polarities. The opposite can be seen for slow
otation periods. Intriguingly, at a rotation period of somewhat less 
han ∼ 50 d, GCR intensities during A > 0 and A < 0 are equal,
epresenting a cross-o v er of these effects. 

To study the impact of GCRs on (exo)planetary atmospheres, 
e further investigated their influence on modern Earth and Mars 

round the Sun with different rotation periods (i.e. varying between 
 and 150 d, as in Fig. 8 ) and differing magnetic polarity cycle
onditions ( A > 0 and A < 0). Overall, both atmospheres show
he same behaviour: The longer the stellar rotation period, the 
tronger the GCR-induced atmospheric ionization and radiation 
xposure within. With changes of the order of more than 100 
er cent, both atmospheres are strongly affected by the changing 
CR flux abo v e an altitude of 30 km. Keeping in mind that the

ransmission spectra of exoplanets are based on information of 
he atmospheric chemistry – and with that on biosignatures and 
ransmission features – within these altitudes, this emphasizes the 
eed for more reliable information on the GCR-induced background 
onization (and radiation exposure) to interpret future JWST and 
riel observ ations. Ho we ver, we further sho w that the atmospheric

hanges strongly depend on atmospheric composition: While the 
arying GCR flux primarily impacts the upper terrestrial atmosphere 
down to about 10 km), the thin CO 2 -dominated Martian atmosphere 
hows changes in atmospheric ionization and radiation exposure 
own to the Martian surface. Thereby, about 20 per cent higher dose
ates occur due to the variation of the solar rotation period from 5 to
50 d. Ho we ver, the presented results do not include the deflecting of
CRs due to a planetary magnetic field (e.g. Herbst et al. 2019b ) and
ence more sophisticated future investigations are required. Lastly, 
s noted by Engelbrecht et al. ( 2024 ) in their study of stellar energetic
article transport in Proxima Centauri’s astrosphere, the astrospheric 
agnetic field geometry arising from a slowly rotating star could 

n principle also provide, through diffusion parallel to the AMF, a 
ighway for these particles into the broader astrosphere. This would 
ncrease their intensity and hence their influence on exoplanetary 
tmospheres. An investigation of this will be the subject of future 
ork. 
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