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Habitability of an exoplanet based on stellar wind
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Abstract. This paper aims to investigate the influence of stellar winds on the atmosphere of
exoplanets. Stellar winds, which consist of charged particles produced by stars, can heavily alter
and affect the evolution and composition of exoplanet atmospheres. This paper will provide an
overview of stellar wind characteristics and their interactions with exoplanets. It will also
investigate the consequences of such interactions, such as atmospheric erosion, atmospheric
escape, and the exoplanet’s habitability. In order to develop a more sophisticated and accurate
method for identifying habitable planets that may host life, it is necessary to better understand
the mechanisms of stellar wind to build more accurate models of stellar wind.
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1. Introduction

There has been a steady rise in the discovery of exoplanets in the past 20 years, primarily due to the
launch of the Kepler Mission and the Transiting Exoplanet Survey Satellite (TESS) Missions. The first
atmospheric detection of an exoplanet occurred in 2002 when high-precision spectrophotometric
measurements were made of the transiting planet HD 209458, a gas giant with a mass of 1.35 [1]. Ever
since this discovery, there have been continuous attempts to obtain spectrophotometric measurements
of the atmospheres of smaller and smaller planets. As the technical capabilities of telescopes improve,
the search for an exoplanet with a habitable environment has felt increasingly within our reach. With the
successful launch of the James Webb Space Telescope (JWST), there has been an increasing precision
in the measurements we can make. In June 2023, traces of water were found in the atmosphere of WASP-
18b, a brief period gas giant [2]. With such discoveries, atmospheric composition observations became
a field of interest to determine a planet’s habitability.

One significant phenomenon determining a planet’s habitability is how its atmosphere interacts with
its host star. Specifically, stellar wind from the star can increase atmospheric escape rates [3]. This, in
turn, affects whether the atmosphere is retained [4]. A contained atmosphere is necessary for liquid water
to exist under the required pressure and temperature conditions, providing a sufficient shield from deadly
radiation [5]. Furthermore, stellar wind activity also needs to be studied indirectly due to the problematic
nature of observing it. These limitations mean that simulations and models are the best methods of study
at the current moment. Although the newer updated stellar wind models can fully consider three
dimensions and better consider mass loss rates, they still rely on assumptions [6].
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2. Stellar Winds: Characteristics

Stars are incredibly dynamic and active objects. Due to the pressure caused by internal nuclear fusion
or the star’s magnetic field, stars emit particles such as protons, electrons, and atoms. Stellar winds from
low to medium-mass stars, including our sun, are primarily powered and affected by their magnetic
activity. The star’s magnetic activity gives particles in the outer layer sufficient energy to escape gravity.
This generates stellar wind, which only causes stars to lose a small percentage of the star’s mass
throughout the stable period of their lifetime.

It should also be noted that hot stars tend to have a tight correlation in the mass loss rate due to stellar
wind and the star’s luminosity. Usually, the terminal velocities of the stellar winds emerging from hot
stars are a few times the escape velocity. On the other hand, cooler stars seem to not correlate with the
mass loss rate and the stellar parameters [7].

Two significant parameters describe a stellar wind: terminal velocity (v) and the mass loss per rate
of time (m) [7]. The mass loss rate of the star is significant in determining the star’s evolution.

Furthermore, the amount of kinetic energy deposited by a stellar wind is determined by é vt

Therefore, to be able to study the surrounding environment of the star, it is necessary to be able to
determine the value of the two parameters.

3. Exoplanet Atmospheres

The exoplanet atmosphere is an essential field of study for the search for life or habitable worlds. Liquid
water cannot be thermodynamically stable without an atmosphere due to low pressure. Furthermore,
there would be no barrier to deadly radiation and cosmic rays [5]. This means that the magnetosphere is
necessary for a planet to be habitable. The only way to determine habitability indicators such as
temperature and biosignature gases is by studying the atmosphere [5]. Using this, we can see that the
necessary parameters for habitability are that the exoplanet lies within the habitable zone and has a
magnetosphere sufficient to shield the atmosphere [6].

The most straightforward way to observe an exoplanet’s atmosphere would be by direct imaging.
However, this method is currently only applicable to planets that are large, bright, and far from the host
star. With current technology, studying large exoplanet atmosphere samples is impractical. The method
that has yielded the best results has been the transit method. The discovery of large numbers of short-
period gas giants enabled a process by which the atmosphere can be studied from the eclipsing nature
between the host star and the planet.

The process when the exoplanet passes in front of the star is called primary transit. During this transit,
light from the star can pass through the planet’s atmosphere. (“Using this light, the planet’s spectral
emission can be obtained by comparing this spectrum to the spectrum obtained when the planet is not
blocking the star [5].””) An obvious drawback to the transit method is that the studied sample focuses on
short-period gas giants when terrestrial planets are more “interesting” for studying habitability.

4. Stellar Wind-Exoplanet Interactions

Interactions between the stellar wind and exoplanets can change depending on the distance between the
star and the planet. For planets that are far out, the exchanges can be one-sided, where only the planet is
affected; however, for close-in planets, magnetospheres of both the planet and the star interact with each
other. The tidal force can also impact the stellar flow [8]. Previous studies have even shown that planets
closest to the stars can have an ion escape rate 50 times that of the outmost planets, strongly suggesting
that closer planets would have little to no atmosphere, whereas further ones can guarantee atmosphere
retention [9].

Interactions between a planet and its host star can include atmospheric escape caused by sputtering,
magnetic storms, and stellar wind impacts [3]. Therefore, a magnetosphere is necessary to protect a
planet from such activity. One interesting case study on this is our neighbor Mars. It is believed that 1.5
billion years ago, Mars had an atmosphere with habitable conditions: it was warm and moist [3].
However, as Mars’ core cooled, the magnetosphere was lost. Without a magnetosphere, the atmosphere
of Mars would have been exposed to solar radiation and solar wind impacts, resulting in atmosphere
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losses [6]. Therefore, it can be concluded that the importance of a stable atmosphere means a sufficient
magnetosphere is also necessary.

Evaporative outflow or atmosphere escape inhibits the retention of a planet’s atmosphere. Therefore,
it is necessary to determine the evaporative outflow to determine habitability. Atmospheric escape is
usually classified into thermal and nonthermal processes, also known as “suprathermal” [4]. The
temperature of the exosphere determines the thermal escape rate. Mechanisms of the nonthermal process
include charge exchange, photochemical reactions, sputtering, ion escape, and ion pickup. The
interaction with the stellar wind causes the ion pickup process. Ion pickup occurs when neutral elements
of the upper atmosphere become ionized and are accelerated due to the electric fields of the plasma
streams from the stellar winds [10]. More specifically, it relies upon whether the stellar wind is strong
enough to make magnetic reconnections with the magnetosphere. The ram pressure of the wind further
determines where this reconnection can occur. If the ram pressure is higher, it will make the planetary
magnetopause smaller. The unshielded atmosphere outside the magnetosphere becomes ionized and then
taken away by the stellar wind [11]. This mechanism is highly effective at atmospheric escape for planets
without the protection of a magnetosphere. Most mechanisms of nonthermal escape depend on the
conditions of the upper atmosphere (density, temperature, and particles) and the stellar wind conditions
[10].

A stellar wind’s strength also significantly affects the direction of the evaporative outflow [9].
Furthermore, the orbital position affects the direction of the evaporative outflow of a planet. The impact
of stellar wind on the planet’s directional outflow suggests a necessity for a simulation model that
considers its orientation. For this reason, Magnetohydrodynamic (MHD) models are more suitable for
simulations of this interaction than Hydrodynamic (HD) models. MHD simulations can consider the
strength and orientation of the star’s magnetic field.

Results from previous studies show a high degree of correlation between stellar winds and
nonthermal atmospheric loss [10, 12,13]. A denser stellar wind increases the atmospheric loss rate [10].
This is because a stellar wind with higher density increases the number of charge exchanges between
the atmosphere and the wind. This produces heat, which consequently speeds up the escape process of
the ions in the atmosphere [10].

5. Models & Simulations

5.1. Star-planet Interaction Models

Close star-planet interactions have been shown to affect both the star and the planet [8]. Therefore, for
a model to be accurate, both bodies must be considered. On the contrary, due to the interaction, only the
planet’s magnetic fields will be altered for far-out planets. Therefore, the stellar wind can be independent
[11]. Since most planets of interest (habitable ones) are relatively “far-out,” such as the Earth being 1
AU away, models tend to take on the approach where the interaction is one-sided and only affects the
planet’s magnetic activity. Models used to simulate Star Planet Interaction (SPI) interactions tend to use
MHD equations. Center of Excellence Space Studies India — Star Planet Interactions Module (CESSI-
SPIM) simulates SPI interactions using an MHD code — PLUTO [11]. This model is specific for the SPI
for far-out planets like Earth. Therefore, the model disregards the magnetic effect on the star. The model
was initially created to analyze magnetic reconnections based on different star-planet configurations
[11]. The equations for the plasma simulations are given as follows:

L4V (pB) = 0(1)
g—f+(ﬁ-v)ﬁ+$§x(Vx§)+éVP=§(2)
Z—f+l7-[EE+P)5—§(5-§)+(n-f)x§]=p13-§(3)
L1 x(Bxp)+Vx (- ])=00)

47



Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics
DOLI: 10.54254/2753-8818/43/20241135

Where p, U, B,P, g, €, and J denote the density, velocity, magnetic field, total thermal and magnetic
pressure, acceleration due to gravitational strength, total energy density, and current density. In-situ
observations can support the CESSI-SPIM results.

Another frequent model is the Block Adaptive-Tree Solar-Wind Roe-type Upwind Scheme (BATS-
R-US), developed by the University of Michigan Computational MHD group. This model solves MHD
equations using a block-adaptive grid. This model uses solar wind plasma and magnetic field parameters
to solve for parameters relating to magnetospheric plasma and chemical reactions in the ionosphere [10].

5.2. Stellar Wind Models

Stellar wind models can be complex due to the need for observational data [6]. Furthermore, the
mechanism responsible for stellar wind acceleration still needs to be fully understood, making it difficult
to model it accurately. Although more representative models using MHD codes are available with the
most up-to-date models, it is impractical to use complete MHD codes on large data samples [6]. More
applicable for large samples are simpler one-dimensional models such as the Parker Wind Model and
the Cranmer and Saar Model [14,15]. Nonetheless, it is only possible to accurately depict the winds’
behaviors with a more sophisticated understanding of stellar wind and a more extensive database of
stellar wind measurements. Therefore, more stellar wind must be studied to understand better its
characteristics, such as the mechanisms responsible for acceleration.

6. Conclusion

A core aspect of exoplanet study has been discovering a habitable planet that can hold life. For this
reason, a framework for assessing habitability has been developed named the habitable zone. The
habitable zone considers whether liquid water can sustain itself on the surface of an Earth-like planet.
However, it neglects another essential aspect of deeming a planet’s habitability: the atmosphere. Liquid
water can become thermodynamically unstable without a sufficient atmosphere due to low pressure.
Furthermore, without a sufficient magnetosphere, the planet’s surface is vulnerable to hazardous
radiation, affecting habitability.

A star’s interaction with the planet can severely affect a planet’s atmosphere. The interaction can
include sputtering, ion escape, and more. These interactions affect the atmospheric escape of the planet,
which in turn has a strong effect on the atmosphere retention of the planet. Models have been made
using MHD equations to study such interactions. Simpler stellar wind models have been more favorable
due to the complexity of three-dimensional models, such as ones using MHD equations. The described
stellar wind models contain significant underlying uncertainty, such as the precise mechanism of stellar
wind acceleration.

Due to these reasons, to develop a more sophisticated and accurate method of identifying habitable
planets with potential for life, it is necessary to create a better understanding of the mechanisms of stellar
wind to construct a more precise model of stellar wind.
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