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ABSTRACT

Context. The cosmic ray (CR) flux, as well as the hydrogen flux into the atmosphere of an exoplanet, can change the composition of
the atmosphere. Here, we present the CR and hydrogen flux on top of the atmosphere. To do so, we have to study the 3D multifluid
MHD structure of astrospheres.
Aims. We discuss the shock structure of the stellar wind of LHS 1140 using four different models: hydrodynamic and ideal magneto-
hydrodynamic single-fluid models, as well as multifluid models for both cases, including a neutral hydrogen flow from the interstellar
medium. The CR flux in a multifluid model as well as the ionization rate in an exoplanetary atmosphere are also presented.
Methods. The astrosphere is modeled using the 3D Cronos code, while the CR flux at LHS 1140 b is calculated using both a 1D and a
3D stochastic galactic CR modulation code. Finally, the atmospheric ionization and radiation dose is estimated using the AtRIS code.
Results. It is shown that the 3D multifluid positions of the termination shock differ remarkably from those found in the 3D ideal-
single fluid hydrodynamic case. CR fluxes computed using a 1D approach are completely different from those calculated using the
3D modulation code and show an essentially unmodulated spectrum at the exoplanet in question. Utilizing these spectra, ionization
rates and radiation exposure within the atmosphere of LHS 1140 b are derived.
Conclusions. It is shown that the multifluid MHD termination shock distances differ remarkably from those of other models, es-
pecially from an analytic approach based on ideal single-fluid hydrodynamics. The termination shock, astropause, and bow shock
distances must be taken from the 3D multifluid MHD model to determine the CR fluxes correctly. Moreover, because of the tiny
astrosphere, the exoplanet is submerged in the neutral hydrogen flow of the interstellar medium, which will influence the exoplanetary
atmosphere. A 3D approach to Galactic cosmic ray (GCR) modulation in astrospheres is also necessary to avoid unrealistic estimates
of GCR intensities. Since atmospheric chemistry processes, and with that, the derivation of transmission spectra features and biosig-
nature information, strongly depend on atmospheric ionization, our results highlight that reliable GCR-induced background radiation
information is mandatory, particularly for inactive cool stars such as LHS 1140.
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1. Introduction1

LHS 1140, a 5 Gyrs old (Dittmann et al. 2017) M4.5-class star1,2
is located at a distance of (12.47 ± 0.42) pc. As of today, three3
planets have been confirmed to orbit LHS 1140: LHS 1140 b4
with a rotation period of 24.7 days, LHS 1140 c orbiting within5
3.77 days, and LHS 1140 d with a rotation period of 78.9 days6
(Lillo-Box et al. 2020). With the help of ESPRESSO, TESS,7
and HARPS observations, Lillo-Box et al. (2020) determined8
their masses within 9% precision. They found the masses to be9
(6.48± 0.46) M⊕ (LHS 1140 b), (1.78± 0.17) M⊕ (LHS 1140 c),10
and (4.8±1.1) M⊕ (LHS 1140 d). Thus, while LHS 1140 b might11
be a temperate mini-Neptune or a water world (Cadieux et al.12
2023), LHS 1140 c might be an Earth twin (Lillo-Box et al.13
2020). However, although only LHS 1140 b, with a distance14
of (0.0875 ± 0.0041) au, is well within the conservative habit-15
able zone of the stellar system (Hill et al. 2023), Lillo-Box et al.16

1 http://simbad.u-strasbg.fr/simbad/

(2020) found that the water content in both LHS 1140 b and c is 17
compatible with a deep ocean layer. 18

It has been shown, both by measurements and modeling ef- 19
forts, that solar and Galactic cosmic rays (GCRs) have a clear 20
impact on Solar system planets like Earth (e.g., Banjac et al. 21
2019), Venus ( e.g., Nordheim et al. 2015; Herbst et al. 2019b, 22
2020a), and Mars (e.g., Guo et al. 2019). Thereby, incoming 23
charged high-energy particles induce secondary particle cas- 24
cades, which, in turn, can cause the ionization of the plane- 25
tary atmosphere. This further leads to drastic changes in the 26
atmospheric evolution, climate, and photochemistry, and thus, 27
in turn, in the atmospheric biosignatures (e.g., Scheucher et al. 28
2018; Grenfell 2019; Herbst et al. 2024), as well as the altitude- 29
dependent atmospheric radiation dose (see, e.g., Atri 2020; 30
Herbst et al. 2019b, 2020a). This, however, strongly depends on 31
solar activity and, with that, on the size of the heliosphere, which 32
shields the solar system planets from the incoming GCRs. This 33
heliospheric shielding is important when it comes to the habit- 34
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ability within our Solar system and must be considered when the35
habitability of exoplanets is discussed (Engelbrecht et al. 2024).36
Therefore, studying the astrospheres of cool stars is of utmost37
importance.38

The astrosphere of LHS 1140 has hitherto received relatively39
little attention in the literature. The single-fluid magnetohydro-40
dynamic (MHD) simulations of Herbst et al. (2020b) revealed41
an extraordinarily small astrosphere. However, the multifluid 3D42
MHD modeling of an astrosphere is essential because both the43
stellar wind and the interstellar medium (ISM) carry along a44
magnetic field. On top of that, the distances of the shock struc-45
tures will differ remarkably from those calculated using a hy-46
drodynamic (HD) approach. Moreover, the hydrogen flux can47
reach deeply into the astrosphere, and in the case of LHS 1140 b,48
the exo-atmosphere is flooded with the interstellar (atomic) hy-49
drogen flow (see below). The first results based on single-fluid50
3D MHD have been presented by Herbst et al. (2020a). This51
study shows that these results differ significantly from the mul-52
tifluid 3D MHD results. For the advanced modeling of the he-53
liosphere (the astrosphere around the Sun), see the recent review54
by Richardson et al. (2023).55

A growing number of studies are investigating the potential56
influence of GCRs on the habitability of Earth-like exoplanets57
in a variety of astrospheres (Herbst et al. 2022). GCRs undergo58
various processes when they enter an astrosphere. These include59
diffusion due to their being scattered by turbulent irregularities in60
the astrospheric magnetic field (e.g., Shalchi 2009); drifts due to61
gradients in said field as well as due to the potential presence of62
neutral sheet structures (e.g., Engelbrecht et al. 2019); adiabatic63
energy changes and convection with the stellar wind (e.g. Jokipii64
& Parker 1970), amongst others (see Schlickeiser 2002). These65
various processes reduce GCR intensities to varying degrees66
within the astrosphere in question, a process called modulation67
which has been extensively studied in the heliospheric context,68
using numerical models of increasing complexity from the ear-69
liest 1D solvers of the Parker (1965) GCR transport equation to70
more recent 3D, time-dependent solvers (see, e.g., Quenby 1984;71
McDonald 1998; Jokipii & Kóta 2000; Kóta 2013; Engelbrecht72
et al. 2022, and references therein).73

Prior astrospheric GCR modulation studies, however, have74
primarily been performed with simple 1D solvers of the Parker75
(1965) GCR transport equation, often reporting negligibly small76
GCR intensities (relative to those observed at 1 au in the helio-77
sphere), and concluding that any influence these particles could78
have on exoplanet habitability would probably be negligible79
(see, e.g., Struminsky et al. 2018; Rodgers-Lee et al. 2021a,b;80
Mesquita et al. 2021, 2022). It should be noted, however, that 3D81
modeling of GCR transport, which can incorporate more trans-82
port mechanisms such as GCR drifts and differences in particle83
diffusion parallel and perpendicular to the astrospheric magnetic84
field known to play a significant role in the heliospheric trans-85
port of these particles (see, e.g., Engelbrecht et al. 2022, and86
references therein), has been shown to lead to GCR intensities87
significantly larger than previously expected. This implies that88
these particles cannot always be neglected in the context of ex-89
oplanetary habitability (Engelbrecht et al. 2024). Thus far, only90
one other GCR modulation study has been made for LHS 1140,91
namely the 1D modulation study of Herbst et al. (2020b), which92
reported a very moderate level of modulation at LHS 1140 b,93
with GCR intensities larger than those typically expected at94
Earth. The present study considers for the first time modula-95
tion in the astrosphere of LHS 1140 in 3D, using the modula-96
tion approach towards solving the Parker transport equation in-97
troduced and discussed in detail for Proxima Centauri by En-98

gelbrecht et al. (2024). Both single- and multifluid MHD results 99
are employed to obtain inputs for large-scale plasma parameters. 100
These results are then compared with those computed, using the 101
same MHD inputs, with the 1D GCR modulation code of Light 102
et al. (2022), to ascertain discrepancies between results calcu- 103
lated with these approaches. 104

Over the past years, the impact of charged particles on the at- 105
mospheres of exoplanets has also attracted growing attention in 106
the exoplanetary community (e.g., Tabataba-Vakili et al. 2016; 107
Tilley et al. 2019; Alvarado-Gómez et al. 2019; Herbst et al. 108
2020b). Most recent studies suggest that energetic particles of 109
Galactic and stellar origin may not only strongly affect the 110
exoplanetary atmospheric dynamics, chemistry (and with that 111
biosignatures), and climate (e.g., Airapetian et al. 2020; Herbst 112
et al. 2019b; Scheucher et al. 2020b; Chen et al. 2021) but also 113
the atmospheric secondary particle environment and the plan- 114
etary radiation exposure (e.g., Herbst et al. 2019b; Scheucher 115
et al. 2020a; Herbst et al. 2024). Thus, answering whether or 116
not a planet is habitable based on the climate, chemistry, and 117
biosignature signals detected with JWST and future missions 118
alone is rather complex, and an interdisciplinary approach in- 119
corporating knowledge from the stellar surroundings (i.e., stellar 120
astrospheres) to the exoplanet is mandatory. 121

2. Hydrodynamic versus magnetohydrodynamic 122

modeling 123

Almost all stars produce outflows, which become superfast2 124
winds beyond a critical surface. When interacting with the ISM, 125
these winds have to transition from super- to subfast speeds. 126
The transition happens at the termination shock (TS), which in 127
(M)HD is an infinitesimally thin ISM flow is superfast, a bow 128
shock (BS) arises, the superfast to subfast transition of the in- 129
flowing ISM. The astropause (AP) is the tangential discontinuity 130
that separates the interstellar from the stellar environment. There 131
is no mass flux or magnetic flux passing through the AP: The ve- 132
locity and magnetic field on both sides of the AP are parallel to 133
the AP, but the respective values can differ. The region between 134
the TS and the AP is called the inner astrosheath, where a lot of 135
GCR modulation happens in the heliospheric case. The region 136
between the AP and the BS is called the outer astrosheath. In the 137
inflow region of the outer astrosheath, a hydrogen wall will be 138
created (if the region is large enough). In the tail direction, the 139
TS is replaced by a Mach disk because, for entropy reasons, a 140
standard shock transition is impossible. At the Mach disk arises 141
a so-called triple point from which another tangential disconti- 142
nuity emerges. This is well-known for the HD case (e.g., Courant 143
& Friedrichs 1948; Scherer et al. 2020). To our knowledge, there 144
is no such detailed analysis of the MHD case, but in all our sim- 145
ulations, we see features similar to those in HD. Also, in Scherer 146
et al. (2020), the Rankine-Hugoniot relations for the MHD case 147
can be found. For more details on MHD shocks, we refer the 148
reader to the textbook by, e.g., Goedbloed et al. (2010). 149

The general set of the Euler equations, which include the 150
continuity, momentum, energy equation, and, in addition, the in- 151
duction equation for the magnetic field, are given by 152

2 Note that we use the terminology super/subfast for super/subsonic
and super/subfast-magnetosonic. This way, the discussion holds true for
both HD and MHD.
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where ρ, u, P, and B are the mass density, the velocity, the ther-153
mal pressure, and the magnetic field vector, and154

e =
ρu2

2
+

P
γ − 1

+
B2

8π
(2)

is the internal energy for an adiabatic index γ, which we take155
as 5/3. The terms on the right-hand side of Eq. (1) describe the156
source terms for charge exchange, electron impact, and photo-157
nionization (for details see Scherer et al. 2014).158

The above set of equations describes the MHD (ionized)159
fluid while setting B = 0 describes the neutral hydrogen fluid3,160
and both fluids are coupled via the right-hand side terms. This161
set of equations is integrated in time on a fixed 3D grid with162
the Cronos code (Kissmann et al. 2018) until a (sufficiently)163
steady state has been reached. The Cronos code was successfully164
applied in a series of publications pertaining to the context of165
the inner (e.g. Czechowski & Kleimann 2017; Wiengarten et al.166
2014, 2015) and outer Kleimann et al. (2023) heliosphere, as167
well as to astrospheres (Herbst et al. 2020b; Scherer et al. 2020;168
Baalmann et al. 2022).169

To show the difference between the cases with and without a170
magnetic field as well as those with and without neutral gas, we171
modeled all four cases. We denote a single-fluid simulation with172
“S” and a multifluid one with “M.” These letters are combined173
with “H” for a hydrodynamic (HD) and “M” for an MHD simu-174
lation, thus we have the descriptive combinations SH, MH, SM,175
and MM.176

The astrosphere is determined by the stellar wind and ISM177
parameters, especially the ram pressure Pram = ρu2/2. Because178
the stellar wind is superfast, the TS will be created in front of179
the inflowing4 interstellar wind, where the superfast wind be-180
comes subfast. A pressure equilibrium surface or tangential dis-181
continuity is generated between the shocked stellar wind and the182
(shocked) ISM, the astropause (AP). Note that this is not a con-183
tact discontinuity. If the inflowing ISM is also superfast another184
shock is generated, the bow shock (BS). If the fast-magnetosonic185
Mach number of the ISM is around unity, the BS becomes a186
bow wave, or if it is subfast, no BS will appear (Fraternale et al.187
2023b,a).188

2.1. Single-fluid approach189

The single-fluid approach can be modeled in spherical coordi-190
nates. This has the advantage that the inner boundary of the in-191
tegration area can be chosen to be one-third5. In rare cases, a192
smaller value must be chosen. of the analytic TS distance rTS193
given by (Parker 1963; Wilkin 1996):194

rTS = r0

√
ρ0,sw u2

sw

ρism u2
ism

=

√
Ṁ⋆ usw

4π ρism u2
ism

(3)

3 When the word "hydrogen" is used, we refer to neutral hydrogen
atoms, while "proton" stands for ionized hydrogen.
4 The inflow is always parallel to the x-axis and flows from the positive
(upwind) to the negative x (downwind) axis.
5 This factor is based on experience to ensure that the TS is beyond the
inner boundary

with ρ0,sw the stellar wind density at a reference distance r0, ρism 195
and vism the constant density and velocity of the ISM, and Ṁ⋆ the 196
stellar mass-loss rate. The above TS distance is the only distance 197
that can be calculated for a single-fluid HD model (Scherer et al. 198
2020). For all other models (MH, SM, MM), this is not possible 199
(see the discussion below). Equation (3) is useful to determine 200
the outer integration area. 201

For the comparison of the models we have used vsw = 202
250 km/s and Ṁ⋆ = 5 · 10−17M⊙/yr. These values are slightly 203
lower than those given recently in literature (see Appendix A), 204
but for the purposes of comparison, any set of parameters will 205
do. More realistic values are presented in Section 6. For the more 206
realistic values derived using the approach by Modi et al. (2023), 207
vsw = 430 km/s and Ṁ⋆ = 2 · 10−16M⊙/yr, TS, AP, and BS dis- 208
tances increase by a factor of 3-4. Nevertheless, the LHS 1140 209
astrosphere remains so small that for those values neither the 210
GCR fluxes nor the atmospheric ionization rate changes (see be- 211
low for further discussion). 212

The outer boundary is usually set to 4-5 times the value 213
of rTS given by Equation (3) because the shock structures can 214
reach deep into the ISM during its evolution. Care must be taken 215
when the ISM inflow is subfast (either subsonic in HD or sub- 216
fast-magnetosonic in MHD) because the ISM can be influenced 217
on much larger scales. Usually a spherical model can run with 218
1024 × 64 × 128 cells. However, to facilitate comparison of re- 219
sults from single-fluid and multifluid models, we have chosen to 220
use a Cartesian grid throughout this paper(see below). 221

2.2. Multifluid approach 222

The multifluid approaches must be simulated on a Cartesian grid 223
because of the required parallelization. The reason is that for the 224
neutral gas flow, the inner cells in the upwind direction have to be 225
connected to the downwind cells, which is not easy in a spherical 226
grid because it is not known which computational sub-volumes 227
are connected by a neutral streamline. Moreover, when cutting 228
out a sphere, it is unclear how to model the neutral gas inside 229
the inner boundary. Therefore, a Cartesian grid, which lacks an 230
inner (stellar) boundary and thus allows for the neutral compo- 231
nent to be seamlessly followed also near the origin, is the best 232
and easiest solution in this case. 233

One disadvantage of using the Cartesian grid for large TS, 234
AP, and BS distances is that the number of cells increases dra- 235
matically. For the case of LHS 1140 that is fortunately not a 236
problem because of the small extent of its astrosphere, and we 237
use 2003 cells, which is less than the number of cells in a stan- 238
dard spherical run. The advantage of using equally spaced Carte- 239
sian cells is that the time step does not change when varying the 240
boundaries, while for spherical cells, the time step depends on 241
the smallest cell. Changing the inner boundary changes the time 242
step and the overall run time. Thus, a spherical single-fluid MHD 243
run with a distant inner boundary is computationally much less 244
costly than a Cartesian run. On the other hand, the flux of neu- 245
trals requires a Cartesian setup. In the case discussed here, the 246
neutral flux at the position of the exoplanet is roughly the same 247
as the interstellar flux (for further discussion see below). 248

For the heliosphere, there are many advanced multifluid 249
models in the literature (see the review by Richardson et al. 250
2023, and references therein). The parameters for the simula- 251
tions, which are slightly different (the ISM speed) from those 252
used in Herbst et al. (2020b), are summarized in Appendix A. 253
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Fig. 1. Proton number density for HD runs. Left: single-fluid results (model SH). Right: multifluid results (model MH).
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Fig. 2. Proton number density for MHD runs. Left: single-fluid results (model SM). Right: multifluid results (model MM).

3. HD vs. MHD results254

The results of our simulations are shown in Figures 1 to 4. In255
the left panels of Figure 1 and Figure 2, the single fluid- and256

in the right panels, the multifluid proton number densities are 257
shown. In Figure 4, the number density of the neutral hydro- 258
gen along the x-axis is shown. In the left panel of Figure 1, the 259
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Table 1. TS, AP and BS distances

Model TS AP BS analytic TS
SH 3.0 5.1 7.5 3.3
MH 2.2 4.2 5.0 3.3
SM 2.4 4.0 10.4 3.3
MM 2.2 3.7 11.4 3.3
MM1 2.2 3.7 10.6 3.3

Notes. The shortest distance to the TS, the AP and the BS. All values in
units of au.

Mach disk (and the reflected shock) can be seen, as described260
in Scherer et al. (2020), while in the right panel of Figure 1 the261
Mach disk almost disappears. In the multifluid HD model, the262
TS distances change (see Table 1), especially in the tail direc-263
tion. Compared to the single-fluid HD model, the BS as well as264
the astrotail widens, as does the distance between the AP (the265
yellow boundary) and the BS (dark red boundary). The BS (the266
dark reddish boundary) in the inflow direction shrinks, as does267
the entire shock structure. In Table 1, we listed the shortest dis-268
tances to the TS, AP, and BS. All these distances are measured269
along the inflow line. This is completely different for the MHD270
case because now the astrosphere can become asymmetric, and271
hence, the TS, AP, and BS distance perpendicular to the inflow272
axis can be smaller than those on the x-axis. As shown in Table 1273
these distances differ and cannot be reproduced by Equation (3).274
For example, for the heliosphere the TS in an ideal HD model275
is located at 150 au, which agrees nicely with Eq. (3), but in a276
multifluid MHD model it is about 75 au, which is what is con-277
firmed by Voyager observations (see Richardson et al. 2023, and278
references therein).279

As shown in the left panel of Fig. 3, the 3D multifluid MHD280
LHS 1140 astrosphere is much smaller than the heliosphere.281
A zoom-in (shown in the right panel) reveals a TS distance of282
2.2 au, an AP distance of 3.6 au, and a BS at 9.9 au. This would283
place the entire astrosphere within the orbit of Uranus.284

Figure 4 shows that the hydrogen flux is almost unaffected.285
The variations along the x-axis can be neglected, but a slight in-286

crease occurs between the AP and the BS. This is the so-called 287
“hydrogen wall,” a structure which is much more pronounced 288
in the heliosphere (see Richardson et al. 2023, and references 289
therein) and other stars (Edelman et al. 2019). The small peak 290
around zero results from the fact that there is a slight dip in the 291
hydrogen speed, and thus, the number density increases slightly. 292
The length scales for the interaction between the ions and the 293
neutrals are too large to build a hydrogen wall: At the AP they 294
are of the order of a few au, which is larger than the distance 295
between the AP and the BS. For a larger astrosphere, the inter- 296
action length scale is very similar to that for LHS 1140, but the 297
distances between the AP and BS can be much larger, so that a 298
remarkable interaction can take place, building a hydrogen wall 299
which can be observed (for example Edelman et al. 2019). 300

The hydrogen flux is so small that it does not noticeably 301
change the astrosphere’s structure, but in other astrospheres, like 302
the heliosphere, this can be different. 303

The neutrals are unaffected by the structures (TS, AP, and 304
BS) produced by the ion fluid. They will mainly pass through 305
these structures unhindered. The effect of the neutrals is quite 306
indirect by charge exchange, e.g., building the hydrogen wall, 307
slowing down the stellar wind plasma in front of the TS due to 308
momentum and energy loading. Lessons we learned are sum- 309
marized in the book by Richardson et al. (2023) discussing the 310
astrosphere around our Sun (i.e., the heliosphere). 311

Because there is almost no variation of the hydrogen flux, the 312
exoplanet will be submerged in it. The inflow into the planetary 313
atmosphere would be 4.8·105 cm−2s−1, or, for the factor 10 larger 314
ISM hydrogen density, equal to 4.8 · 106 cm−2s−1. In the latter 315
case, the astrosphere also shrinks, as is indicated in Table 1. This 316
high hydrogen flux can be responsible for building a water world 317
exoplanet (Cadieux et al. 2023). 318

Unfortunately, because the hydrogen flow inside the BS does 319
not very much differ from the interstellar flow, one will not ob- 320
serve a H-α flux or a Lyman-α flux along the line of sight (LOS). 321

We also want to strongly emphasize the fact that when mag- 322
netic fields are involved, one has to model the astrosphere in full 323
3D because the Parker spiral field of the stellar wind is gener- 324
ally not aligned with the undisturbed ISM magnetic field. Also, 325
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the ISM magnetic field vector and the velocity vector are not326
aligned, which leads to an asymmetric astrosphere. The other327
important fact is that the TS distance can only be determined in328
the ideal single-fluid HD model. Including a magnetic field in329
a single-fluid model will change the distances of all structures.330
Running a multifluid model makes it even worse because, as al-331
ready discussed for the 2D case in (Scherer et al. 2008), different332
hydrogen number densities lead to different TS, AP, and BS posi-333
tions. To demonstrate that, we have changed the hydrogen num-334
ber density to 1 cm−3 in the ISM. The result is presented in Ta-335
ble 1, indicated by the row MM1. All other parameters remained336

the same. As can be seen, the outer shock structure is slightly 337
pressed inward. In the right panel of Figure 4, the asymmetry in 338
the xz-plane of the proton density can be seen. This feature is 339
very similar to that with the lower interstellar hydrogen density 340
and to the single-fluid MHD case. In these cases, the asymmetry 341
is caused by the non-alignment of the magnetic field and inter- 342
stellar wind vector. This also demonstrates the need for a 3D 343
multifluid MHD simulation. Moreover, the hydrogen flux needs 344
to be modeled in 3D Cartesian because in a spherical grid, the in- 345
ner boundary upwind and downwind needs to be connected, for 346
which it is challenging to identify the correct cores in a parallel 347
run. Moreover, inside the inner boundary sphere, the hydrogen 348
flux is affected by charge exchange, for which no analytic func- 349
tion is known. 350

4. Modeling GCR transport 351

Given the consistently small (relative to, say, the heliosphere or 352
other astrospheres, see, e.g., Pogorelov et al. 2017; Opher et al. 353
2021; Herbst et al. 2020b; Mesquita et al. 2021; Rodgers-Lee 354
et al. 2021b; Herbst et al. 2022; Korolkov & Izmodenov 2024) 355
size of the astrosphere of LHS 1140, one would expect little to 356
no modulation at LHS 1140 b, with little to no differences in 357
whether one employs results from a single or multifluid MHD 358
model as input to a GCR modulation code. To preliminarily in- 359
vestigate whether this is indeed the case, a 1D stochastic solver 360
based on that introduced by Engelbrecht & Di Felice (2020) and 361
previously employed in a study of GCR modulation in astro- 362
spheres (Light et al. 2022) of the Parker (1965) transport equa- 363
tion, given by 364

∂ f
∂t
=

1
r2

∂

∂r

(
r2κrr
∂ f
∂r

)
+

1
3 r2

∂

∂r

(
r2usw

) 1
p2

∂

∂p

(
p3 f

)
−

1
r2

∂

∂r

(
r2usw f

)
, (4)

modeling the influence of diffusion, convection with stellar wind 365
speed usw, and adiabatic energy changes on the omnidirectional 366
distribution function f (a function of position and momentum 367
p), and hence on the differential intensities of GCRs, is used. 368
The mean free path corresponding to the radial diffusion coeffi- 369
cient κrr is modeled as a function of GCR rigidity following the 370
approach discussed by Light et al. (2022), where they are scaled 371
that κrr ∼ 1/B with B the magnitude of the astrospheric magnetic 372
field, inputs for which being taken along radial spokes in the nose 373
and tail directions of both the single- and multifluid MHD results 374
discussed above. Note that for these calculations, the location of 375
LHS 1140 b is always along the radial spoke in question for ease 376
of comparison. Furthermore, although the GCR local interstellar 377
spectrum (LIS) is expected to vary within the Galaxy (Amato & 378
Blasi 2018), we employ as a first assumption the LIS of Strauss 379
et al. (2011). More details about this model can be found in Light 380
et al. (2022). 381

For comparison, we also compute GCR intensities at 382
LHS 1140 b using a fully 3D solver for the Parker transport equa- 383
tion, now given by 384

∂ f
∂t
= ∇ · (K · ∇ f ) − usw · ∇ f +

1
3

(∇ · usw)
∂ f
∂ ln p

, (5)

which now incorporates a full diffusion tensor K into the model- 385
ing transport perpendicular and parallel to LHS 1140’s magnetic 386
field, as well as drift effects. This 3D stochastic modulation code, 387
introduced by Engelbrecht et al. (2024), follows exactly the ap- 388
proach outlined in that study: both single and multifluid MHD 389
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Fig. 5. GCR proton differential intensities calculated using a 1D (left panel) and a 3D (right panel) GCR modulation code for the various MHD
models under consideration, in the nose and tail directions, as a function of kinetic energy. Also shown are observations of GCR proton differential
intensities at Earth reported by McDonald et al. (1992) to guide the eye. See text for details.

results are used as inputs for large-scale plasma quantities such390
as the stellar wind speed, its divergence, and the astrospheric391
magnetic field magnitude, while small-scale plasma quantities392
such as magnetic variances and correlation lengths are modeled393
analytically based on heliospheric observations of the same, but394
scaled down by the ratio of the magnitude of the astrospheric395
magnetic field at 1 au to that of the heliospheric magnetic field.396
This scaling is motivated by heliospheric observations of turbu-397
lence quantities. For example, Burger et al. (2022) report that398
increases in heliospheric magnetic field magnitudes are often399
accompanied by increases in magnetic variances. More motiva-400
tions for possible choices of scalings can be found in Herbst401
et al. (2022) and Engelbrecht et al. (2024). These turbulence402
quantities are then also used as inputs for the quasilinear/ nonlin-403
ear guiding center theory parallel/perpendicular mean free paths404
(see, e.g., Teufel & Schlickeiser 2003; Matthaeus et al. 2003;405
Shalchi et al. 2004; Burger et al. 2008) used by Engelbrecht et al.406
(2024), the choice of which is motivated again by the useful-407
ness of these expressions in heliospheric GCR modulation stud-408
ies (e.g Moloto et al. 2018; Engelbrecht & Wolmarans 2020; En-409
gelbrecht & Moloto 2021). Note that in this study, the LIS ex-410
pression of Strauss et al. (2011) is employed in the 3D code also.411
More technical detail as to the modulation model can be found412
in Engelbrecht et al. (2024).413

The left panel of Figure 5 shows GCR proton differential in-414
tensities calculated at the location of LHS 1140 b as a function415
of kinetic energy using the 1D modulation code, alongside ob-416
servations of GCR intensities at Earth reported by McDonald417
et al. (1992) to guide the eye. These observations were taken418
during periods of positive (A > 0) and negative (A < 0) he-419
liospheric magnetic field polarity, where the former denotes the420
situation where the heliospheric magnetic field points away from421
the Sun in the northern hemisphere and towards it in the south-422
ern hemisphere, the opposite being true for A < 0. Intensities423
observed during these epochs in the heliosphere differ due to the424
influence of drift effects (see, e.g., Engelbrecht et al. 2019, and425
references therein). Intensities computed for LHS 1140 for the426
multi- and single-fluid cases are very similar. It is interesting to427
note that spectra in the nose and tail directions differ consid-428
erably. At LHS 1140, an unexpectedly large amount of modu-429

lation can be seen, with intensities in the nose direction being 430
significantly larger than what would be expected at Earth and 431
intensities in the tail direction somewhat smaller, with nose-to- 432
tail differences slightly larger than an order of magnitude at the 433
lowest energy shown. Intensities in the nose direction are lower 434
than those calculated by Herbst et al. (2020b) using a different 435
1D model and different MHD inputs, highlighting the sensitivity 436
of 1D models to differences in large-scale plasma inputs. This 437
behavior, however, contrasts with the differential intensities at 438
LHS 1140 b yielded by the 3D code, shown in the right panel of 439
Figure 5. Here, essentially no modulation is seen, with intensi- 440
ties calculated in the nose and tail directions for both the single 441
and multifluid cases being essentially equal to those of the LIS. 442

5. Modeling the GCR impact on the atmosphere of 443

LHS 1140 b 444

In this study, we focus on the impact of GCRs (see Sec. 4) 445
on the atmosphere of LHS 1140 b, which – with its radius of 446
(1.727 ± 0.032R⊕) – is a super-Earth candidate well within the 447
habitable zone of LHS 1140. However, recent spectrally resolved 448
LHS 1140 b observations with the Wide Field Camera 3 (WFC3) 449
on HST suggested that its atmosphere is H2 dominated (Edwards 450
et al. 2020). Utilizing the chemistry-climate code 1D-TERRA, 451
Wunderlich et al. (2021) presented several possible atmospheric 452
compositions. Here, we focus on a H2-H2O dominated atmo- 453
sphere with a low amount of CH4 (volume mixing ratio of CH4 454
of 10−6 % at the planetary surface) that is comparable with the 455
terrestrial pre-industrial era CH4 content (Etheridge et al. 1998; 456
Wunderlich et al. 2021). 457

Utilizing the Atmospheric Radiation Interaction Simulator 458
(AtRIS, Banjac et al. 2019), a GEANT4-based code, we model 459
the propagation of the GCRs in the atmosphere of LHS 1140 b, 460
deriving the GCR-induced atmospheric ionization, a crucial in- 461
put to chemistry/climate models investigating the impact on 462
observable biosignatures like ozone and methane (e.g., Herbst 463
et al. 2019b; Scheucher et al. 2020b; Herbst et al. 2024), and 464
the altitude-dependent absorbed dose rates of a water-based 465
phantom. Therefore, the atmospheric environment was mod- 466
eled for spherical geometry utilizing a core with a radius of 467
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1.727 R⊕ and a soil composition of 50% Si, 40% O, and 10%468
Fe. The upper layer of the LHS 1140 b atmosphere was set at469
1.534187 · 10−4 hPa (corresponding to an altitude of 427 km).470
To simulate the hadronic and electromagnetic interactions within471
the H2-H2O dominated atmosphere, we assumed an atmospheric472
ionization energy (Eion) of 36 eV (according to Simon Wedlund473
et al. 2011) and used the Bertini-style cascade for hadrons with474
energies below 5 GeV and the Fritiof (FTF) model for particle475
interactions of mesons, nucleons, and hyperons with energies be-476
tween 3 GeV and 100 TeV (FTFP_BERT_HP).477

5.1. The GCR-induced atmospheric ion pair production478

As discussed in, e.g., Herbst et al. (2019a), the atmospheric479
GCR-induced ion-pair production rate QGCR as a function of the480
exoplanetary magnetic field and atmospheric pressure x is given481
by482

QGCR(EC, x) =
∑

i

∫ ∞

EC

α Ji(E)
1

Eion

∆Ei

∆x
dE . (6)

Here, EC represents the so-called cutoff energy, the energy a par-483
ticle must have in order to enter a planetary magnetic field at a484
particular location and altitude (i.e., pressure). Since – so far – it485
is not clear whether rocky exoplanets around M stars have mag-486
netic fields such as those known from solar system bodies, only487
a very weak tilted dipole field (i.e., with a cutoff energy of EC =488
1 MeV) has been assumed in this study. Further, Ji(E) represents489
the differential GCR energy spectrum of type i (i.e., protons,490

He, etc.) as discussed in Sec. 4, α = 2π
∫

cos(θ) sin(θ) dθ is the491
geometrical normalization factor with θ being the particle’s an-492
gle of incidence, ∆Ei/∆x the modeled pressure-dependent mean493
specific energy loss of the GCRs within the exoplanetary atmo-494
sphere, and Eion = 36 eV.495

The upper panel of Figure 6 shows the GCR-induced ion496
pair production rates of our four investigated scenarios. Due to497
the tail/nose differences in the 1D model runs of the single-fluid498
(in black) and the multifluid (in blue) astrospheric input, strong499
modulation of the induced atmospheric ionization by a factor of500
almost two at the surface (with a pressure of 2584.47 hPa) up to501
a factor of four at a pressure of 1.53 · 10−4 hPa (at 427 km) is502
visible (shaded areas). However, utilizing the 3D model results503
induces much higher ionization rates (purple line) throughout504
the entire atmosphere. Even at the surface of LHS 1140 b, this505
leads to an ionization increase of 25% compared to the 1D multi-506
fluid results. A comparison with the proton-induced values in the507
Earth-like wet and alive CO2 rich atmosphere of TRAPPIST-1e508
discussed in Herbst et al. (2024) (comparable surface pressure,509
orange line) indicates that the impact of GCRs at the surface of510
LHS 1140 b is more severe by showing ionization rates that are511
four times higher.512

5.2. The GCR-induced atmospheric radiation exposure513

Following the approach discussed in, e.g., Herbst et al. (2020a),514
we further modeled the atmospheric radiation exposure in the515
H2-H2O dominated atmosphere of LHS 1140 b. Utilizing a516
water-based phantom (i.e., the ICRU phantom, mimicking the517
human body, see McNair 1981), the mean absorbed dose rates518
can be derived by519

D j(Ei, r) =
(

Ed

Ei

)
j

Ei

(4/3)π r3
p ρp
, (7)

nose-ward direction

Earth-like atmosphere

1D MHD singlefluid runs
1D MHD multifluid runs
3D MHD multifluid runs

tail-ward direction

nose-ward direction

Earth-like atmosphere

1D MHD singlefluid runs
1D MHD multifluid runs
3D MHD multifluid runs

tail-ward direction

Fig. 6. Upper panel: GCR-induced atmospheric ionization of
LHS 1140 b based on the 1D single- and multifluid runs (in black and
blue, respectively) in noseward (solid lines) and tailward (dashed lines)
direction. The results utilizing the 3D GCR fluxes are shown in purple.
In comparison, the results for an Earth-like atmosphere of TRAPPIST-
1e (e.g., Herbst et al. 2024) are highlighted in orange. Lower panel:
GCR-induced absorbed dose rates. Colors and line styles according to
the upper panel.

where Ed represents the average ionization energy of a par- 520
ticle j within the phantom with density ρp and mass mp and 521
Ei is the kinetic energy of the primary particle. The altitude- 522
dependent absorbed dose rates presented in the lower panel of 523
Figure 6 are derived by a convolution with the GCR spectra and 524
summing up over all energy bins and particles. 525

As shown, the GCR-induced absorbed dose rates vary be- 526
tween 0.092 µGy/h (based on the 1D single-fluid results) and 527
0.2 µGy/h (based on the 3D multifluid results) at the surface. 528
While the latter is comparable with the absorbed dose rates at 529
Earth’s surface of 0.5 µGy/h, albeit with a much lower surface 530
pressure of 1033 hPa (e.g., Herbst et al. 2020a), a comparison 531
with the N2-O2 dominated Earth-like scenario of TRAPPIST-1e 532
(orange line) shows an order of magnitude higher dose rate at the 533
surface of LHS 1140 b. 534

6. Discussion 535

6.1. On the influence of the stellar magnetic field strength 536

In this study, we assumed a stellar magnetic field strength of 1 537
G. According to Lehmann et al. (2024), the large-scale magnetic 538
field of selected slowly rotating M stars seems to vary within 20 539
to 200 G. It should be noted, however, that the reported mag- 540
netic tilt angles of the four stars comparable with LHS 1140 in 541
terms of rotation period indicate that at least two of them (i.e., 542
GJ 905 and GJ 1151 with changes of 61◦ and 87◦, respectively) 543
can be construed to be undergoing a transition between stellar 544
cycles. Although such tilt angle variations are in agreement with 545
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the solar wind magnetic field during a Schwabe cycle, the re-546
ported magnetic field strength changes are in the order of 64 G547
(GJ 905) and 39 G (GJ 1151). Because of the high variability548
of the reported magnetic fields, our assumption of an averaged549
magnetic field of 1 G for LHS 1140 thus might be equally appro-550
priate.551

Nevertheless, to study the impact of a stronger large-scale552
magnetic field on the size of the astrospheric structure of553
LHS 1140, we repeated our model efforts, assuming a 10 G and554
50 G large-scale magnetic field strength. The results are dis-555
played in Fig. 7. Although there is a slight shift towards larger556
TS, AP, and BS distances with increasing stellar magnetic field557
strength (see also Table 2 for further information), the modula-558
tion of GCRs within, however, is unaffected by these changes559
(not shown here).560

Because we always ensure that the Alfvén surface, i.e., the561
surface where the Alfvén Mach number MA = 1, is inside our562
integration area, the ram pressure dominates over the magnetic563
field pressure:564

1 >
ρu2/2

B2/(8π)
= M2

A. (8)

If MA < 1, assuming a Parker spiral given by565

±Bsw,⋆ = B0
r2

0

r2

(
er −
Ω⋆r
r0u

sinϑ eϑ
)
, (9)

at the inner source is then not possible (note that r0 and B0 de-566
note the reference distance and magnetic field respectively, Ω⋆567
the stellar rotation period, and ϑ the co-latitude). Consequently,568
the magnetic pressure does not play a significant role. The case569
with B⋆ = 50G has a magnetic field that dominates the inner570
astrosheath. This case needs a more detailed study.571

To get an idea of the TS distance, we assume a 1 kG dipole572
magnetic field at the surface of the star (r0 = R⋆), and set this573
magnetic field pressure equal to the ram pressure of the interstel-574
lar medium:575

B2(r)
8π
=

1
2
ρismv

2
ism (10)

For simplicity, we consider only the r−3-dependency of the576
dipole field strength, with ISM parameters given in Appendix A,577
we get for the TS distance578

rTS =

4πB(r0)2

ρismv
2
ism

1/3

r0 ≈ 308 au . (11)

This estimate is much too large, because the thermal pressure579
and ram pressure will have some influence, thus a complete new580
model setup is needed.581

On the other hand, we do not expect such high magnetic582
fields because LHS1140 is a very slow rotator; thus, the mag-583
netic dynamo will not be very effective. This justifies our choice584
of the magnetic field to have values below 50 G.585

6.2. On the influence of the stellar mass loss rate586

In this study, we assumed a stellar mass-loss rate of 5·10−17 M⊙587
yr−1, which was based on the fact that LHS 1140 is a slow rota-588
tor showing little to no stellar activity. The assumed value is also589
still above the lowest mass loss rate of an M4.5 star reported in590
Vidotto & Bourrier (2017) (i.e., > 2.2 ·10−17M⊙ yr−1). Accord-591
ing to Wood et al. (2021a), who derived the mass loss rates of 17592
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Fig. 7. Visualization of the TS, AP, and BS distance changes due to
variable stellar magnetic field strengths (1 G in black, 10 G in red, and
50 G in blue). The number density in the rest of the star is shown.

M stars, GJ 406 (M4.5, rotation period ∼ 40 days) is listed with 593
the lowest mass loss rate value of 0.059 Ṁ⊙ (which is also in 594
agreement with the value reported by Vidotto & Bourrier 2017). 595
We note that Wood et al. (2021a) utilized stellar X-ray fluxes to 596
derive the stellar mass loss rates. Cohen (2011) showed that the 597
solar X-ray flux varies by an order of magnitude over a solar cy- 598
cle and found that the solar mass loss varied by a factor of two to 599
five during the observations between 1996 and 2006. Thus, the 600
newest data provided by Wood et al. (2021a) should be corrected 601
for such effects and – for now – can only provide a sophisticated 602
estimate of the input data. Moreover, Wood et al. (2021b) also 603
stated the necessity to include magnetic fields in the modeling. 604

To study the impact of a higher mass loss rate on the shape 605
and size of the astrosphere of LHS 1140, model runs were per- 606
formed utilizing a stellar mass loss rate of 5·10−15 M⊙ yr−1 607

Table 2. TS, AP, and BS distances

Model TS AP BS Analytic
B⋆ = 1 G 2.2 3.7 11.4 3.3
B⋆ =10 G 1.9 3.0 12.3 3.3
B⋆ = 50 G 2.2 3.7 15.5 3.3

Ṁ⋆ = 1.2 · 10−15 Ṁ⊙ 10.4 23 45 16.2
vsw = 250 km/s

Ṁ⋆ = 1.2 · 10−15Ṁ⊙ 20 46 96 32.3
vsw = 1000 km/s

Ṁ⋆ = 2.6 · 10−16Ṁ⊙ 7.8 15 37 10.9
vsw = 430 km/s

Notes. TS, AP, and BS distances for the model runs discussed in Sec. 6.
Note that in the cases where only the magnetic field strength was
changed (rows 1 to 3), the analytic solutions are always identical be-
cause the magnetic field is neglected in Eq. (3). Rows 4 to 6 show the
results based on assuming a magnetic field strength of B⋆ = 1G while
changing the mass-loss rate (in rows 4 and 5 set to 1.2 · 10−15 M⊙/yr)
and the stellar wind speed (vsw = 250 km/s, row 4 and vsw = 1000 km/s,
row 5). Row 6 shows the results for 2 · 10−16 M⊙/yr and vsw = 250 km/s.
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Fig. 8. TS, AP, and BS distance changes caused by different stellar wind
speeds: vsw = 250 km/s (black line) and vsw = 1000 km/s (red line). In
both runs a stellar mass loss rate of Ṁ = 1.2 ·10−15 M⊙/yr was assumed.
The blue line shows the distances for vsw = 430 km/s and Ṁ = 2.6 ·
10−16 M⊙/yr.

(i.e., Ṁ = 0.059Ṁ⊙). We also increased the wind speed to608
vsw = 1000 km/s in a second run. We also show the TS, AP, and609
BS distances for the stellar wind data derived in Appendix A. A610
comparison with the original run is shown in Fig. 8, where it is611
clear that higher mass loss rates and stellar wind speeds can lead612
to a significantly larger astrosphere. This behavior is also indi-613
cated by Eq. (3), which also suggests that a higher mass loss rate614
and stellar wind speeds lead to a larger TS distance, which still615
has to be determined by a 3D multifluid MHD model. Neverthe-616
less, all discussed cases show shorter distances than those for the617
heliosphere.618

6.3. On the uncertainties of the LISM parameters619

The ISM parameters are always a guess. For nearby stars, we620
can use the number density, temperature, and magnetic field for621
the heliosphere. For the ISM velocity, we always use the radial622
speed and proper motion as described in Wood et al. (2021b).623
The direction and velocity of the ISM are not known and might624
vary dramatically, as can be seen in the O-star bow shock sample625
(Peri et al. 2012, 2015). Therefore, we only use the radial speed626
and the proper motion to determine the relative speed between627
the star and the ISM (i.e., the ISM wind speed). This assumes628
that the ISM is at rest relative to the The hydrodynamic mul-629
tifluid models have the advantage that only a half-plane needs630
to be modeled since they are axi-symmetric. By including mag-631
netic fields, the stellar wind and the ISM magnetic field break632
this symmetry, and a fully 3D model is needed. Moreover, be-633
cause of this symmetry break, the line-of-sight integration will634
generally lead to different neutral H-regimes compared to the635

HD one. In addition, the magnetic pressure adds to the total pres- 636
sure in the momentum and energy equation and thus reduces the 637
astrospheric distances to the TS, AP, and BS. Because of said 638
asymmetry, the astrosphere must be rotated into the correct po- 639
sition and placed into a skymap. This procedure is discussed in 640
(Baalmann et al. 2020) for a spherical case. 641

Wood et al. (2021b) are using solar wind data for the stel- 642
lar winds, which is unreliable for M stars with much higher 643
wind speeds. Moreover, these observations are only a snapshot 644
because stars have cycles (for example Althukair & Tsiklauri 645
2023; Bondar 2019; Jeffers et al. 2023, and references therein), 646
and (especially for exoplanets Obridko et al. 2022)like the solar 647
cycle. During such a cycle, the ram pressure can vary, and thus, 648
the observed fluxes can change. For example, the X-ray flux of 649
the Sun changes by a factor of ten, while its mass loss rate can 650
vary by a factor of 2–5 (Cohen 2011). 651

The original determination of the X-ray flux (Wood & Lin- 652
sky 1998) is based on the ram pressure of an ideal HD model. 653
The neutral hydrogen flow causes a momentum and energy load- 654
ing of the plasma, and the stellar wind in front of the TS is decel- 655
erated and heated. This will affect the interpretation of the X-flux 656
determination. Things become even more difficult when a mag- 657
netic field is involved because the magnetic field will play a role 658
(via the magnetic field pressure and the magnetic stress tensor). 659
This also applies when the Lyman-α flux is used instead of the 660
X-flux. Wood et al. (2021b) also states that a full 3D multifluid 661
simulation is needed to improve their results. 662

7. Summary and Conclusion 663

We have shown that a fully 3D multifluid MHD simulation is 664
necessary to model the astrospheres and the GCR flux because 665
the magnetic fields break the symmetry. In particular, we have 666
shown that single-fluid (M)HD or multifluid HD simulations 667
lead to larger distances for the shock structures and, moreover, 668
that Eq. (3) is only valid in an ideal single-fluid HD case. We 669
have shown that the neutral hydrogen flux does not change in- 670
side the astrosphere, and thus, the exoplanet is submerged in the 671
ISM hydrogen flux. 672

As one important result, we have shown that for different in- 673
put parameters (like stellar magnetic field, mass loss rate, and 674
speed) the analytic estimate of Eq. (3) does not hold (see Ta- 675
ble 2). Because almost all cool stars have an intrinsic magnetic 676
field besides the ISM magnetic field, a 3D multifluid model is 677
needed to determine the modulation volumes for the GCRs. 678

As expected for such a small astrosphere, the 3D GCR mod- 679
ulation code of Engelbrecht et al. (2024) yields essentially un- 680
modulated GCR proton intensities at LHS 1140 b, regardless of 681
the planet’s azimuthal placement in the model, when run utiliz- 682
ing the results of the 3D MHD approach outlined in Section 2. 683
This contrasts strongly with what is seen when the 1D GCR 684
modulation code of Light et al. (2022) is employed using the 685
same MHD inputs: computed intensities display significant lev- 686
els of modulation and differ strongly when the planet is located 687
at an azimuth corresponding to the nose versus the tail direction. 688
These differences are due to the fact that the 3D code includes 689
transport effects that cannot be considered in a 1D model. A per- 690
tinent example of this are the differences in diffusion parallel 691
and perpendicular to the astrospheric magnetic field. LHS 1140 692
has a long rotation period of ∼ 131 days (e.g. Lillo-Box et al. 693
2020) relative to, say, the Sun, which leads to a strongly under- 694
wound magnetic field, which can facilitate the inward transport 695
of GCRs (see the discussion by Engelbrecht et al. 2024). Az- 696
imuthal variations in GCR intensities yielded by the 1D model 697
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are also not apparent in results from the 3D model, as both az-698
imuthal and latitudinal transport of GCRs is possible in the latter699
code. This study highlights the dangers implicit in using a lower-700
dimensional GCR modulation model, in that the results of such701
an approach may be unrealistically small, even for a tiny astro-702
sphere such as that of LHS 1140, or imply potentially unphysical703
spatial variations which could unduly influence the results as to,704
for example, atmospheric ion pair production calculated there-705
from. It should be noted that GCR spectra from the 3D GCR706
code could be expected to be more modulated for the larger as-707
tropsheres computed for higher stellar wind speeds and mass loss708
rates (see Fig. 8) but would not be significantly lower, due to709
the slow rotation of LHS 1140. Nevertheless, this highlights the710
importance and necessity of improved observational estimates711
of input parameters for the MHD modeling approach discussed712
here.713

When the atmospheric ionization results utilizing the 1D and714
3D GCR transport are compared, the latter is shown to vary be-715
tween 25% at the surface of LHS 1140 b and 220% in the upper716
atmosphere. Since atmospheric chemistry processes, and with717
those, the derivation of transmission spectra features and infor-718
mation on biosignatures strongly depend on atmospheric exo-719
planetary ionization (e.g., Herbst et al. 2019b, 2024), our results720
show that for inactive cool stars such as LHS 1140 reliable GCR-721
induced background radiation information is mandatory to inter-722
pret, e.g., upcoming JWST data.723
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Appendix A: Stellar wind and ISM parameters and874

their implementation in the Cronos Code875

We use the approach described in Modi et al. (2023) (hereafter876
denoted as MEV) to determine the stellar wind speed. First, we877
take the age of LHS 1140 from Table 5 in Engle & Guinan (2023)878
as τ = 7.84 Gyr. We use the logarithm of the X-ray luminosity879

log
(
LX[erg s−1]

)
= −1.4214 log

(
τ[Gyr]

)
+ 27.826

= 26.56 (A.1)

according to Eq. (4) in MEV and the resulting X-ray flux880

FX =
LX

4πR2
⋆

= 1.34 · 105 erg s−1cm−2 , (A.2)

from which the temperature can be calculated as881

T = 0.11 MK
(
FX[erg s−1cm−2]

)0.26
= 2.4 MK (A.3)

according to Eq. (4) in Johnstone & Güdel (2015). Thus, the882
thermal speed yields883

vc =

√
γkB T

mp
= 182 km/s , (A.4)

where γ = 5/3 is the polytropic index for a proton plasma, kB884
the Boltzmann constant, and mp the proton mass.885

We can now apply the isothermal Parker wind model to es-886
timate the stellar wind speed. The critical radius for the Parker887
stellar wind model is888

rc =
GM⋆
2 v2c

= 0.0024 au = 2.4 R⋆. (A.5)

We assume that the stellar wind has reached its final speed at889
r = 10 R⋆ so that890

vsw = 2vc
√

ln(r/rc) ≈ 430 km/s. (A.6)

There are other, more advanced stellar wind models, like the891
AWSoM model used by Chebly et al. (2023), but these mod-892
els require detailed observational input, which is not available893
for LHS 1140.894

We take the stellar wind density ρ = 2.75 · 10−22 g cm−3 at895
LHS1140 b (rp = 0.0270 au) after 7.84 Gyr according to MEV896
and get897

Ṁ⋆ = 4πρvswr2
p = 2.6 · 10−16M⊙/yr ≈ 0.01Ṁ⊙ (A.7)

with vsw = 430 km/s.898
Given that the solar mass loss rate varies by a factor of 2 to899

5, we set the mass loss rate of LHS 1140 to 5 · 10−17M⊙/yr =900
0.0025Ṁ⊙ and vsw = 250 km/s as lower limit. These models901
already existed before we were aware of the above values and902
are sufficient for the comparison of the different HD and MHD903
models shown in Figs. 1 and 2. The more realistic results derived904
above are shown in Fig. 8 together with other model parameters.905
Because the contour plot looks very similar (except for the scal-906
ing), we did not show them.907

As described above, our model uses the Parker spiral mag-908
netic field, which gives a frozen-in magnetic field outside the909
Alfvén radius. To apply this, the Alfvén radius must be smaller910
than the termination shock distance to avoid waves moving back-911
ward into the boundary. Beyond the Alfvén radius, the flow is su-912
per fast-magnetosonic and supersonic. Therefore, we have cho-913
sen the initial magnetic field to B = 1 G and discussed also914

results based on magnetic field strengths of up to 50 G. Note, 915
however, that for our setup, no stronger magnetic fields can be 916
assumed because otherwise, the Alfven radius is larger than the 917
TS distance and, with that, reaches into the shock structure. In- 918
vestigating such a scenario will be the subject of future work. 919

We took the thermal pressure of the solar wind from the 920
near-Earth satellites that have measured the solar wind since 921
1955 (IMP8, ACE, SoHo, WIND, etc.), which is usually around 922
70,000 K but varies strongly during solar cycles (between 50,000 923
and 150,000 K according to Shi et al. (2023)), and between 924
3000 K and ∼ 2 MK according to the WIND data taken between 925
2000 and 2024 available here6. The kinetic electron temperature, 926
as discussed in Wilson et al. (2018) and Scherer et al. (2022), is 927
different from the large-scale MHD data. We scaled the surface 928
temperatures of the Sun and LHS 1140 to an average solar wind 929
proton temperature at 1 au and got 46 000 K. These temperatures 930
do not play a role in the dynamics because the ram pressure is 931
much larger. At the termination shock, where the thermal pres- 932
sure is small, about three-quarters of the ram pressure is con- 933
verted into thermal pressure beyond the shock. Thus, one has 934
only to guarantee that the sound speed at the Alfvén surface is 935
larger than one, and hence, the thermal pressure is small com- 936
pared to the ram pressure. 937

We assume that the stellar wind parameters are known at a 938
stellar distance r0 = 1 au and the ISM parameters at infinity. We 939
assume for the stellar wind number density and thermal pressure 940
a spherical expansion (i.e., ρ(r) ∝ r−2 and p(r) ∝ r−10/3) for 941
r < 1 au until the Alfvén radius is reached. That is not the case 942
for the resolution adopted here, as the Cartesian grid size for the 943
cell centered at the origin is always larger than the Alfvén ra- 944
dius. For r > 1, the stellar wind is expanded spherically until it 945
reaches r1 := rTS/2 as given by Eq. (3) while cells at distances 946
larger than r2 := 2 rTS are filled with the ISM values. Between 947
these two radii, the stellar wind parameters linearly approach the 948
interstellar parameters (see below). The magnetic field at r0 is 949
assumed to behave like a Parker spiral, giving the values for 950
all other cells up to r1. To guarantee that the magnetic field is 951
divergence-free, the magnetic fields for the stellar wind and the 952
ISM are represented through their respective vector potentials: 953

Asw = Bsw

(
−

2π
Prot vsw

| cosϑ| er +
1 − cosϑ

r sinϑ
eφ

)
(A.8)

Aism =
1
2

By,ism z − Bz,ism y
Bz,ism x − Bx,ism z
Bx,ism y − By,ism x

 , (A.9)

with 954

Bx,ism = Bism sin(ϑBism ) cos(φB,ism) (A.10)
By,ism = Bism sin(ϑBism ) sin(φB,ism) (A.11)
Bz,ism = Bism cos(ϑBism ) (A.12)

the Cartesian components of Bism. The total magnetic field is 955
then obtained via 956

B = ∇ ×
[
(1 − f )Asw + f Aism

]
, (A.13)

where f (r) is zero inside r1, unity outside r2, and linearly in- 957
creasing for r1 ≤ r ≤ r2. The velocity is kept constant in the 958
stellar wind and ISM, and between r1 and r2 a linear transition, 959
as described above, is adopted. 960

6 https://omniweb.gsfc.nasa.gov/form/sc_merge_min1.
html
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Table A.1 summarizes known properties of LHS 1140 and961
parameters used for the simulations in this work. The data have962
been updated from Herbst et al. (2020b) using the latest results963
for the radial velocity and proper motion from the Simbad data964
base, from which the ISM speed is calculated.965

Table A.1. Model parameter

Parameter LHS 1140 Sun Comment
type M4.5 G2V (a)
Teff 3220 K 5772 K (b)
Prot 131 d 25 d (equator) (b)
L⋆/L⊙ 4.4 ·10−3 1 (c)
R⋆/R⊙ 0.212 1 (b)
M⋆/M⊙ 0.179 1 (b)
B⋆ 1 G 1 kG (d,i)
Ṁ⋆ 5 · 10−17M⊙ yr−1 2 · 10−14M⊙ yr−1 (e)
d⋆ 14.98 pc 1 au
age 7.84 Gyr 4.6 Gyr (f)
Tsw 46 · 103 K 70 · 103 K (g)
usw 250 km s−1 400 km s−1 (e)
nsw 0.04 cm−3 4 cm−3 (e)
Bsw 0.33 nT 4 nT (g)
Tism,p 12000 K 6370 K (g)
uism,p 48 km s−1 26 km s−1 (g)
nism,p 0.06 cm−3 0.06 cm−3 (g)
Bism 0.3 nT 0.3 nT (g)
φB,ism 150◦ 150◦ (g)
ϑB,ism 30◦ 30◦ (g)
Tism,H 12000 K 6370 K f(g)
uism,H 48 km s−1 26 km s−1 (g)
nism,H 0.1 cm−3 0.1 cm−3 (g)

Notes. Stellar properties of LHS 1140 (first block), the corresponding
stellar wind properties at 1 au (second block), and the assumed ISM
parameters (third block). Solar values are listed for comparison. The
direction of the inflow vector is always along the x-axis. Comments: (a)
=Data taken from the Simbad data base, (b) = taken from Benedict et al.
(1998), (c) = data calculated via the Stefan-Boltzmann law L⋆ ∝ R2

⋆T 4
⋆,

(d) = sophisticated guess, see text, (e) = after Modi et al. (2023), (f) =
after Engle & Guinan (2023) (g) = sophisticated estimation based on
heliospheric parameters. (i) the solar magnetic field strength seen from
1 pc (private communication with P.J. Steyn).
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