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The exospheres of all objects are mostly made of atomic hydrogen. Because
the Sun is bright in Lyman «, the properties of the H atoms in the exospheres of
certain terrestrial solar system objects can be studied by analyzing the resonantly
scattered solar Lyman a emission by these exospheric H atoms. This emission is
optically thick in the exospheres of all planets in our solar system except Mercury.
This makes it complicated to derive the true characteristics (number density
distribution, energy distribution) of the H atoms present in these exospheres.
While radiative transfer (RT) models have been used extensively to derive the
characteristics of exospheric H atoms by modeling the line-integrated Lyman
a intensity measured by spacecrafts via remote sensing, the models often
fail to resolve discrepancies between the observed emission intensity and the
simulated value. This is because of the various assumptions that are made
in the RT models about the inherent characteristics of the H atoms and the
corresponding Lyman a lineshape. Our knowledge about the characteristics
of the H atoms can be significantly improved by understanding what the true
lineshape of the H Lyman a line may be for various conditions. This can then
be used to resolve the discrepancies between the modeled and the observed
intensities for planetary exospheres. Here we present a detailed study on the
shape of the exospheric Lyman a emission line for various conditions like change
in altitude, temperature, non-isothermality, asymmetry, and presence of non-
thermal atoms. These detailed line profiles are being used to determine H density
distribution in Earth’s exosphere from analysis of absorption of the solar Lyman a
line by geocoronal H as measured by remote sensing satellites. This theoretical
analysis also highlights the advantages of obtaining highly resolved H Lyman a
emission line measurements from the exospheres of certain terrestrial objects
in our solar system.
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1 Introduction

Atomic hydrogen (H) is ubiquitous in the exospheres of every
planet and satellite in our solar system. Studying this layer can
provide important insights into an object’s atmospheric dynamics,
escape, photochemistry, composition and evolution history with
time. For example, at Mars the H escape rate is an important
marker of the water escape history of the planet (Jakosky et al.,
2018). At Earth the interaction of atomic H with the plasmasphere
specifically during geomagnetic storm events is a crucial tracer of
the space weather effects on Earth’s upper atmospheric dynamics
(Ilie et al., 2013; Krall et al., 2018). At Venus, exospheric hydrogen
is produced by chemical reactions involving hydrogen-bearing
molecules which play an important role in the photochemistry of
the mesosphere-thermosphere region (Krasnopolsky, 2008; Yung
and Demore, 1982). At the Galilean moons, observations of the
H corona provide information on the surface ice content of these
objects (Roth et al, 2017; Carberry Mogan et al., 2022). The
scientific value of studying exospheric hydrogen atoms has been
recognized by the research community allowing for dedicated NASA
missions like the Carruthers Geocorona Observatory (CGO), or
instruments like the Imaging Ultraviolet Spectrograph (IUVS) on
the Mars Atmosphere and Volatile Evolution mission (MAVEN)
with low and high resolution channels for investigating atomic
H as well as allocating Hubble Space Telescope (HST) time
towards studying exospheric H in the solar system (Clarke et al.,
2014; Clarke et al.,, 2017; Clarke et al., 2024; Chaffin et al.,
2015; Bhattacharyya et al, 2015; Bhattacharyya et al, 2020;
Bhattacharyya et al., 2023; Roth et al., 2017).

One of the easiest and most-pursued methods of characterizing
exospheric H atoms is by observing the Lyman a emission from
the exospheres of different objects. The energy of the Lyman a
photon represents the transition energy between the ground and
the first excited state in the hydrogen atom. Because the sun is very
bright at Lyman «, the solar Lyman a photon readily undergoes
resonant scattering by the H atoms present in the exospheres of
solar system bodies (Milligan, 2021). Lyman a observations are
generally conducted via remote sensing either with low resolution
spectrographs (Bertaux et al., 2006; 2007; McClintock et al., 2015;
Paxton et al.,, 2004; Broadfoot et al., 1977) or with broadband
imagers sensitive to the far-ultraviolet (FUV) wavelength range
(Clarke et al., 2009; Clarke et al., 2014; Bhattacharyya et al., 2015;
Kameda et al., 2017). These low-resolution spectral observations
or broadband images provide line of sight (LOS) intensities which
are integrated over the entire shape of the exospheric H Lyman
a line. For bodies with thin atmospheres (optical depth t < 1), it
is easy to derive the H column densities because the coronal H
Lyman a emission is optically thin, i.e., H column density along
a LOS is directly proportional to the observed LOS H Lyman a
intensity. But for bodies with thicker atmospheres (t > 1), the
observed brightness needs to be modeled with radiative transfer
theory accounting for multiple scattering effects undergone by
the solar Lyman o photons in the hydrogen exosphere of such
bodies. A lot of key characteristics about the exospheric H atoms
may be lost in translation due to the various assumptions made
in the modeling process and the uncertainties brought on by
the degeneracy between the unknown parameters of temperature
and number density on the observed column integrated intensity
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(Bhattacharyya et al., 2017; Chaffin et al., 2018). These factors make
it difficult to characterize the density and the energy distribution of
H atoms in optically thick exospheres.

Resolving the exospheric H Lyman « line, on the other hand,
may provide unprecedented information about the true nature
of the H atoms present in the exospheres of objects with thick
atmospheres. To date there exists no measurements of the exospheric
H Lyman a emission at a resolution higher than R~25,000. There
does exist measurements of the H Balmer a line at Earth with
the Wisconsin H alpha Mapper (WHAM) at an R ~37,000-80,000
(Mierkiewicz et al., 2006). However, the H Balmer a line is much
lower in intensity than the H Lyman a line (>1,000 times lower)
and is restricted by observing geometry with most observations
being conducted on the nightside with solar depression angles >20°
(Gardner et al.,, 2017). Even then the H Balmer a observations
have revealed important details about the behavior of the geocorona
with solar cycle variations and changing exospheric temperature
with altitude at R ~37,000-80,000 (Nossal et al., 2004; Nossal et al.,
2008; Mierkiewicz et al., 2012). Because our knowledge about the
characteristics of exospheric H atoms can be significantly improved
by determining the true lineshape of the exospheric H Lyman a line
at high resolution, here we present a detailed theoretical study of
the information that can be obtained for objects with optically thick
exospheres (1 < T < 500) at Lyman a with knowledge of the H Lyman
a lineshape at a very high resolution (R > 175,000). The results from
the theoretical model are currently being used to derive exospheric
column H densities by analyzing the solar H Lyman o absorption
signal instead of the typical coronal H Lyman a emission signal
at Earth with data from the Extreme Ultraviolet and Irradiance
Sensors (EXIS) onboard the National Oceanic and Atmospheric
Administration (NOAA) Geostationary Operational Environmental
Satellite (GOES) (Machol et al., 2021; Thiemann et al., 2021).

This paper presents a description of the model used to calculate
the H Lyman a lineshape at high resolution and includes a
detailed analysis of the effect of various conditions like spacecraft
observing geometry, inherent temperature and density distribution
assumptions for an exosphere and the presence of non-thermal H
atoms on the H Lyman a lineshape. The study presented here will
help in the interpretation of actual observations of the H Lyman
a lineshape that may be obtained by future instruments such as a
Spatial Heterodyne Spectrometer (Harris et al., 2024) or a Fourier
Transform Spectrograph (De Oliveira et al., 2009; De Oliveira et al.,
2011) which can operate at a much higher resolution in the
FUV wavelength range (R > 175,000) than the presently available
spectrographs.

2 Model description

The spectral lineshape of the H Ly-a line along any line of
sight for an exosphere can be studied by determining the velocity
distribution of the atoms along the line-of-sight column. The study
presented here considers optical depths of 1 < t < 500 at line
center (Meier, 1991). This encompasses the exospheres of Venus,
Earth, Mars, Titan, and Pluto. We do not consider the much thicker
exospheres of the Gas Giants and the Ice Giants or the tenuous
atmospheres of bodies like Mercury and the Galilean moons in this
study. For the giant planets the large amount of hydrogen in their

frontiersin.org


https://doi.org/10.3389/fspas.2025.1589784
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Bhattacharyya et al.

atmospheres saturates the line center and the contribution from the
natural wings of the line then comes into play which complicates
matters and requires a separate type of analysis. For bodies
with tenuous atmospheres other processes like surface sputtering
may result in velocity distributions not pertaining to a typical
Maxwellian velocity distribution for the atoms. Characterizing
these require extensive Monte Carlo modeling of such processes,
which is beyond the scope of this study (Roth et al., 2017, 2023;
Marconi, 2007; LeBlanc et al., 2017).

The exosphere or the uppermost layer of the atmosphere
contains low number densities making it almost collisionless. For
modeling purposes, an arbitrary boundary called the exobase is
generally assumed at an altitude which represents the boundary
between the collisional and the collisionless atmosphere of an
object. The trajectories of the atoms in this layer of the atmosphere
originating from the exobase, in the absence of external forces,
may be described using the Liouville theorem which states that
the phase space density along a particular path is conserved.
Using this theory Chamberlain (1963) proposed that most particles
follow either a ballistic trajectory wherein these particles are
gravitationally bound to the parent object and their trajectories
intersect the exobase altitude and escaping trajectory in which
the particles are on a hyperbolic path escaping the gravitational
potential of the object and are permanently lost to space. The
occasional collision between particles in the exosphere may result
in satellite trajectories which do not intersect the exobase and
the particles remain gravitationally bound to the planet. Such
collisions are rare, and the number of satellite particles is much less
than the combined ballistic and hyperbolic populations. Because
the Chamberlain’s analytical formulation for the satellite particles
results in an overestimation of this population (Beth et al., 2014),
it is generally ignored in exospheric studies (Chaufray et al,
2008; 2012; Hedelt et al., 2010; Clarke et al., 2014; Chaffin et al.,
2014; Bhattacharyya et al., 2015; Qin and Waldrop, 2016). Instead,
we have included a non-thermal component created as a result
of the influence of external forces like charge exchange with
the solar wind on the exosphere (Bhattacharyya et al, 2023)
which has been found to affect the properties of the exosphere
quite significantly at Earth, Mars and Venus (Qin and Waldrop,
2016; Bhattacharyya et al, 2023; Chaufray et al, 2012). One
crucial assumption about the Chamberlain theory for atoms on
ballistic and hyperbolic trajectories is that their starting velocity
distribution at the exobase is Maxwellian (thermal population).
This holds true for most terrestrial objects in the solar system
like Venus, Earth, Mars, and Titan, as the majority of exospheric
H atoms have their origin lower down in the atmosphere and
are transported to the exosphere via diffusion through the thicker
background atmosphere (Krasnopolsky, 2008; Hunten and McElroy,
1970; McElroy and Donahue, 1972; Hodges, 1994; Hunten and
Strobel, 1974; Hedelt et al., 2010).

The particle trajectories in our model are described
by the modified equation of the (1963)
formulation given by Vidal-Madjar and Bertaux (1972). The
equation below represents the number density of particles in ballistic

Chamberlain
trajectories:
Vi b 2
Nb(y,oc,(S):vzscj VZdVJ sinedej f.dé
0 0

0

Frontiers in Astronomy and Space Sciences

03

10.3389/fspas.2025.1589784
\/? Gm 2
+v3j vzdvj sinQdQJ £ dg
v, 0 0

esc
Vy e
J V2 dVJ
v, -0,

3
FVesc

sin GdGJzﬂ 7.dé (1)

m

and hyperbolic trajectories:
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In the above equations, a and § represent the latitude and
longitude coordinate. The dimensionless variable y = r_; where 7,
is the radial distance of the exobase and r an arbitrary radial

distance from the object’s center. Here, m is the mass of atomic
2GM

Hand v, = is the escape velocity with M representing the

mass of the object and G the universal gravitational constant. The
dimensionless variable V= —~. The integral limits V;, = + and

esc vity

0, = sin™! (%/ \V2+1- y). In the above equations, f, represents the
probability density for a Maxwellian distribution of particles given
Vil-y

)3/2 x exp| — mMG X
P r, ky, T.(y,a, 0)

3)

by the equation:
fe =N 0) (

__m
2mk, T (y, t, 9)

In the above equation, N (y,a,6) and T.(y,a,0) represent the
exobase number density and temperature of atomic H as a function
of latitude («) and longitude () for an object. k;, represents the
Boltzmann constant in the equation. f, has units of number density
x [sec®*/cm?]. The form of f. when substituted in Equation (1) or
(2) gives a final unit of number density (number per unit volume)
after integration in the V, 6, ¢ space. Equations 1, 2 break down
the number density of the ballistic and hyperbolic particles in 3D
(V, 6, ¢) velocity space via the three different integrals. Because
the theoretical modeling presented in this manuscript requires
knowing the velocity vector of each particle along a given spacecraft
line of sight, the above equations are not integrated in velocity
space using the analytical formulation of Equations 1, 2. Instead, a
random number generator is used to generate particles following
Equations 1, 2 with velocity and trajectory limits set by the three
integrals for the variables V, 6 and ¢ in the above equations. Finally,
in order to obtain the velocity distribution along any observing
geometry, the projection of all the particle velocity vectors that lie
along a given line of sight for that observing geometry is calculated
and binned in velocity bins of the desired resolution following the
approach of Bertaux (1978).

The above equations can be used to create a spherically
symmetric and isothermal exosphere wherein the « and § values
are set to 0 in Equations 1-3 thereby removing their dependency
in 3D space and reducing them to a 1D formulation. However,
because exospheres are generally asymmetric and non-isothermal
(Anderson et al., 1987; Holmstrom, 2006; Bhattacharyya et al.,
2020), with most of the asymmetry brought about by temperature
differences between day and night side (Bhattacharyya et al,
2020), we also study the effect of a spherically asymmetric density
distribution in the exosphere with temperature varying with solar
zenith angle at the exobase on the LOS Lyman a line profile.
For this asymmetric non-isothermal exosphere model, Earth is
used as the reference planet with exobase properties (density and

frontiersin.org


https://doi.org/10.3389/fspas.2025.1589784
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org

Bhattacharyya et al.

temperature) determined from the publicly available NRLMSIS-0.0
model (Picone et al., 2002). For the analysis which includes non-
thermal H along with thermal H, Mars is used as the reference planet
asarecent study (Bhattacharyyaetal., 2023) provides the density and
velocity distribution of such a population at Mars which is required
for the LOS spectral profile calculation. The same properties of
this population at other objects in our solar system are currently
unknown. The line-of-sight normalized spectral profile theoretically
derived in this work can be converted into an intensity profile
by multiplying the spectral profile with a Lyman a line-integrated
intensity derived using a radiative transfer model tailored to a given
object (Earth, Mars, Venus, Titan, Pluto) or a measured intensity
by a remote sensing satellite along the same LOS as the modeled
spectral profile.

3 The atomic hydrogen Lyman «a
lineshape

The hydrogen Lyman alpha lineshape along a line of sight is
determined by the velocity distribution of the atoms along that
vector. In this section we will present a detailed analysis of the
H Lyman a lineshape considering various factors like observing
geometry, assumed inherent properties of a planets exosphere, and
the presence of non-thermal atoms in the exosphere. We will also
demonstrate the benefits of observing the line at high resolution
(R ~175,000) vs. lower resolving powers (R < 20,000). In these
simulations we consider the effect of gravity on the H atoms and one
case study of charge exchange with the solar wind resulting in the
generation of non-thermal atoms in a terrestrial planet exosphere.
External forces like solar radiation pressure, photoionization, etc.,
are not considered in the present study. All calculations presented are
based on Chamberlain’s theory (Chamberlain, 1963; Vidal-Madjar
and Bertaux, 1972). The Y-axis in Figures 1-4 below is unitless.
These figures represent the normalized spectral profile of the Lyman
a line weighted by the local number density during integration
along a particular line-of-sight column. The term fraction of LOS
intensity represents the amount of the line integrated intensity that
is present in a particular velocity bin and is correlated to the number
of particles present in that velocity bin along the LOS column.
The unitless Y-axis be converted to intensity units of Rayleighs by
multiplying this line profile with a known/modeled line-integrated
intensity along the same modeled LOS either with a remote sensing
measurement or a radiative transfer model which accounts for
multiple scattering of the H Lyman a line for an optically thick
atmosphere.

3.1 Hydrogen Lyman a lineshape with
altitude

The width of the H Lyman «a line decreases with increasing
radial distance from the planet. This effect is expected from the
“evaporation and escape” theory of Chamberlain (1963). This theory
considers only thermal H atoms on ballistic orbits, i.e., orbits bound
to the parent object with their periapsis lying below the exobase, and
escaping orbits, i.e., orbits that are not bound to the parent object or
are hyperbolic in nature. The decrease in the line width with altitude
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happens as many of the atoms following ballistic orbits at the exobase
do not have enough energy to reach the higher altitudes. The ratio
of the number of atoms on ballistic to escaping orbits decreases with
altitude. Figure 1 demonstrates the decreasing width of the H Lyman
a line with altitude for the GOES satellite lines of sight which passes
through Earth’s hydrogen exosphere. The exospheric characteristics
assumed are symmetric and isothermal with an exobase temperature
of 1000 K and an exobase H density of 1 x 10° cm™ for the thermal
H atoms. As seen in the figure, the wings of the line are more
prominent at lower altitudes wherein the higher energy particles
in escaping trajectories reside. The same wings disappear at higher
altitudes for the narrower line as the higher energy particles now
migrate towards the line center as more of their kinetic energy gets
converted to potential energy lowering their velocities and the lower
energy particles that formed the core of the line at lower altitudes are
no longer available at higher altitudes. Due to the more prominent
extended wings of the line at lower altitudes, a functional fit requires
the application of both Gaussian core and Lorentzian wings to the
line. At higher altitudes, the contribution from the Lorentzian wing
disappears and a Gaussian functional fit to the line suffice.

3.2 Influence of temperature on the
hydrogen Lyman a lineshape

Temperature is an important factor that influences the H Lyman
a lineshape. Temperature here represents the mean temperature
of the Maxwellian speed distribution of the hydrogen atoms at
the exobase of the planet. The width of the Lyman a line is
controlled by the mean temperature of the particles along an LOS
column. A higher temperature results in a wider line whereas a
lower temperature results in a narrower line. In general, the true
shape of the H Lyman a line cannot be determined because of
instrumental limitations. This is further discussed in Section 3.5.
Figure 2 below shows the effect of temperature on the shape of
the line at different LOS tangent altitudes. The LOSs considered
here are the same as in Figure 1 for the GOES satellite. The parent
planet is Earth, and the exosphere considered for the simulation is
taken to be spherically symmetric and isothermal with an exobase
H density of 1 x 10° cm™ for the thermal H atoms. As can be
seen in the figure, the difference in line width is more prominent at
lower altitudes than at the higher altitudes. This is because at higher
altitudes, the lower energy ballistic population present at the core of
the line at lower altitudes has mostly dropped off and most particles
which makes up the high-altitude line shape are in escaping orbits
with energy distributions composed from the high energy tail of
the Maxwellian velocity profile of the H atoms at the exobase. The
wings of the line disappear at high altitudes as there are no particles
left to populate those higher energy velocity bins anymore. The
normalized lineshape becomes similar for both the 500 K and the
1200 K temperature because at these altitudes the lineshape is mostly
composed of the high energy Maxwellian tail population which is
basically the escaping population for both temperatures. Therefore,
there is little difference in energy between them as all particles from
the two temperature distributions are composed of energies greater
than the gravitational potential of Earth. The column densities are
also low at the high altitudes making is difficult to detect any wings
in the lineshape.
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Tgt. Ht. ~ 41029 km

~42000 km

FIGURE 1

This figure demonstrates the changing width of the H Lyman a line with altitude for the GOES satellite lines of sight at different orbital positions. The
planet here is Earth. The LOS tangent altitude of the spacecraft changes from ~7,300 km to 41,000 km as it continuously points towards the Sun as
shown in the left figure. The resulting calculated velocity distribution of the column of particles along the LOSs is shown on the right. The Y-axis
represents the ratio of the particles in each velocity bin to the total number of particles along the LOS column integrated over all velocity bins.

0.25[ T T ]
[ Tgt. Ht. = 7286.5123 km _ Tgt. Ht. = 41029.826 km |
0.20 - Functional Fit Functional Fit B
> L 4
3 L Goussion = 74% Gaussion = 100% 1
(=
;‘cl L Lorentzion = 26% Lorentzion = 0% 4
£ 0.15- -
. [ ]
o] L ]
- - 4
5 [ ]
c 0.10- -
.2 r 1
=
8 L ]
= L ]
0.05
0.00 - S J

1215.64 1215.66 1215.68

Wavelength (A)

1215.70

0.10 [ T T ]
[ Tgt. Ht. = 7286.5123 km.
0.08 Teo = 500 K )
2 [
2 t Too = 1200 K
k]
£ 0.06 - Functional Fit  _|
[72] N
S
3 i
c 0.04- ]
S i
S i
E 4
w
0.02 - ]
0.00 | . J

1215.64 1215.66 1215.68

Wavelength (A)

1215.70

FIGURE 2

The shape of the H Lyman a line as a function of temperature and altitude for the GOES satellite lines of sight at different orbital positions. The planet
here is Earth. The LOS tangent altitude of the spacecraft changes from ~7,000 km to 41,000 km as it continuously points towards the Sun (Figure 1 left).
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3.3 Effect of assumptions about the
exosphere inherent characteristics on the
hydrogen Lyman a lineshape

Exospheres of terrestrial planets like Venus, Earth, and Mars
are generally characterized by the well-established one-dimensional
(1-D) Chamberlain theory (Chamberlain, 1963). This theory is
based on the Liouville theorem wherein the time evolution of
the distribution of particles along various trajectories remains
a constant. This theory works well for exospheres which are
considered to be almost collisionless due to the low number
densities of particles in them. For most cases an isothermal
and symmetric exosphere is considered. In such cases the
only free parameters would be the exobase H number density
and temperature which can then be used in the Chamberlain
formulation to obtain the one-dimensional H number density
distribution with altitude. Since most of the terrestrial planet
exospheres are studied via remote sensing observations of the H
Lyman a emission, which is optically thick, the 1-D assumption
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reduces the uncertainty in the modeling process. However, in reality
exospheres of planets are neither isothermal nor symmetric (Bailey
and Gruntman, 2011; Zoennchen et al., 2013, 2015, Chaffin et al.,
2015; Bhattacharyya et al., 2020). One of the primary factors driving
local asymmetries is temperature differences with solar zenith
angle (SZA). The temperature difference between the sub-solar
and anti-solar point have been found to be as high as 100 K for Mars
(Bougher et al., 2015). These local temperature differences result
in asymmetric distribution of the H atoms at altitudes close to the
exobase. However, at higher altitudes, these differences become
diluted with the density distribution approaching a symmetric
structure. This happens due to the long time of flight of the
H atoms (hours instead of minutes/seconds typical of heavier
elements) (Clarke et al., 2014). Therefore, at higher altitudes a unit
volume of space is likely to contain H atoms from different solar
zenith angles and the average temperature of every unit volume
approaches a constant value making it isothermal (Holmstrom,
2006; Bhattacharyya et al., 2017). This effect imprints itself on the
velocity distribution of the H atoms which in-turn is manifested in
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FIGURE 3
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This figure demonstrates the effect of assuming a symmetric isothermal exosphere vs. an asymmetric non-isothermal exosphere driven by local
temperature differences on the H Lyman a lineshape. The lines of sight are same as Figure 1. (a,b) show the spectral profile at lower and higher
altitudes. Figure (c,d) show the H density distribution for the symmetric and the asymmetric case. The effect is more prominent at lower altitudes
closer to the exobase, which is consistent with previous results from Holmstrom (2006), Bhattacharyya et al. (2017), Bhattacharyya et al. (2020).

the H Lyman a lineshape. Figure 3 below demonstrates this effect for
the same two lines of sight for the GOES spacecraft at Earth. Here we
have modeled the exospheric density distribution with a symmetric
1-D Chamberlain model for an exobase temperature of 1033 K and
an exobase H density of 3.01 x 10° cm™ for the thermal H atoms
with background atmospheric conditions taken from NRLMSISE-
00 for SZA = 0° for an arbitrary day, 16 November 2015 (Picone et al.,
2002). The generation of the asymmetric density distribution follows
the theoretical approach of Bhattacharyya et al. (2020), appendix
A.1. This is a 2-D model which considers asymmetry brought on
by the variation in temperature with SZA that has the largest effect
on exospheric structure due to variations in local temperature. The
asymmetric model sub-solar density and temperature value is the
same as the symmetric model. The temperature variation with SZA
is obtained from NRLMSISE-00 for the same day. The extension
of the exobase density as a function of SZA is done using the
relationship devised by Hodges and Johnson (1968) for light species:
nT°? = constant. Here is n is the exobase H density and T is
the exobase H temperature -. Knowing the resolved H at Lyman
a lineshape will provide clues to the asymmetric nature of the
exospheres of terrestrial solar system bodies. The symmetric and
asymmetric density files are available at Bhattacharyya (2025).
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3.4 Effect of the presence of non-thermal
atoms on the hydrogen Lyman a lineshape

Non-thermal H atoms are ubiquitous in the exospheres of
terrestrial planets. Both direct and indirect evidence of these H
atoms has been observationally detected in the exospheres of Mars,
Venus and Earth. At Mars, the exospheric temperature was found
to be much higher (>400 K) than the thermospheric temperature
(<380 K) for all seasons which led to the speculation that non-
thermal atoms were present in the exosphere of Mars (Clarke et al.,
2014; Chafhin et al., 2014; Bhattacharyya et al., 2015; Bougher et al.,
2015). More recently, direct observational evidence was obtained
for the presence of these atoms at Mars with the Hubble Space
Telescope (Bhattacharyya et al., 2023). This direct evidence came in
the form of changing scale height of the exosphere as it transitioned
from being thermally dominated to non-thermally dominated. A
similar effect was observed at Venus with the Venus Express orbiter
(Chaufray et al., 2012). Such an effect was much easier to observe
at Venus than at Mars due to the smaller gravity at Mars which
increases the scale height of the thermal H atoms in its exosphere.
The transition altitude where the exosphere becomes non-thermally
dominated is around ~20,000 km at Mars at aphelion whereas
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(a) The velocity distribution of the non-thermal H atoms in the exosphere of Mars determined via Monte Carlo (MC) modeling from HST observations,
fitted with two Maxwellian distributions for modeling purposes. The grey curve represents the results of the MC model with the sharp peaks indicating
statistical noise from the modeling process (b) The density distribution of the thermal and the non-thermal H determined from HST observations of the
martian exosphere on 13 January 2018. Figures (a,b) are adapted from Bhattacharyya et al., (2023) (c) H Lyman a lineshape considering a thermal only
model vs. a thermal + non-thermal model at a tangent altitude of ~7,300 km. More contribution from the Lorentzian function is required to fit the
thermal + non-thermal profile signifying the presence of non-thermal H along the column. (d) H Lyman a lineshape considering a thermal only model
vs. a thermal + non-thermal model at a tangent altitude of ~18,300 km. The LOS mimics the one shown in Figure 1 expect for the height of the tangent
altitude. The column density of non-thermal H is too small to manifest itself as a detectable signal in the wings of the profile at higher altitudes.
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the same is <4,000 km at Venus. At Earth, too, indirect evidence
for such atoms was determined during the analysis of Lyman a
observations of the geocorona obtained by the Global Ultraviolet
Imager (GUVI) onboard the Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED) mission (Qin and Waldrop,
2016). The reason for the lack of direct observational evidence of
such atoms is mostly associated with the much smaller densities for
these atoms in comparison to the thermal atoms, specifically at lower
altitudes. Planet orbiting spacecrafts are also typically in low orbits
like TIMED-GUVI, and MAVEN making it difficult to detect such
populations through Lyman a observations.

One way to find direct evidence for such non-thermal atoms is
by looking at the Lyman o emission lineshape at high resolution
(>100,000) at low altitudes. This is because such atoms will likely
manifest themselves in the wings of the line (high Doppler-shifted
velocities) due to their much higher energies than the surrounding
thermal H atoms which will be confined to the core of the Lyman
a line. Figure 4 demonstrates this effect for Mars based on the
density and energy distribution of non-thermal H atoms in the
martian exosphere presented in Bhattacharyya et al,, (2023). The
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calculation was done based on the energy and density distribution
derived for the non-thermal H population at Mars for the HST
observation of 13 January 2018. The energy distribution of the
non-thermal population represented by the grey curve in Figure 4a
was determined via Monte Carlo modeling (Bisikalo et al., 2018;
Shematovich, 2013, 2021; Shematovich and Bisikalo, 2020, 2021).
The Monte Carlo model can simulate secondary collisions between
thermal H atoms present in the exosphere of Mars and energetic H
atoms generated via charge exchange between martian exospheric
thermal H and solar wind protons. At Mars the non-thermal
population generated via such secondary collisions is found to
match the HST observations of the martian H Lyman o emission
at high altitudes and is now considered to be the primary source of
non-thermal H at Mars (Bhattacharyya et al., 2023). A Maxwellian
distribution was assumed for the two different non-thermal H
population as demonstrated in panel (a) of Figure 4. This energetic
population manifests itself in the wings of the Lyman o line resulting
in more contribution from the wings which is demonstrated in the
form of a larger contribution from the Lorentzian function for the
thermal + non-thermal particle distribution profile. This effect is
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more evident at lower altitudes as the column of non-thermal H
atoms is high enough to produce a detectable signal. One caveat of
this calculation is the assumption of a Maxwellian distribution for
the non-thermal atoms in the model. In reality, the non-thermal
H atoms are likely to have a non-Maxwellian energy distribution
with a higher detectable contribution at the wings of the line than
the theoretical demonstration presented here. Currently, efforts are
underway to make such a measurement at Earth with a high-
resolution Spatial Heterodyne spectrograph (Harris et al., 2024) and
a second instrument is being designed to operate in the FUV based
on Fourier Transform Spectroscopy to measure the H Lyman o line
at high resolution (De Oliveira et al., 2009; De Oliveira et al., 2011).

3.5 Effect of instrumental resolution on the
measurement of the hydrogen Lyman a
lineshape

The Sun is very bright in Lyman a (Milligan, 2021). This
increases the visibility of all the neutral hydrogen present in the
exospheres of certain terrestrial solar system objects like Venus,
Earth, Mars, Titan and Pluto due to resonant scattering of the
solar Lyman a photons. Knowing the detailed H Lyman o emission
lineshape can reveal a lot about the exospheric properties of
these objects, which, in turn, provides an important window into
the dynamics of the object’s upper atmosphere. Most previous
observations of the H Lyman o emission at such objects have
consisted of broad-band imaging like HST observations of Mars
(Clarke et al., 2014; Bhattacharyya et al., 2015) and imaging of the
terrestrial H Lyman o emission with the Lyman Alpha Imaging
Camera (LAICA) onboard the Japanese Aerospace Exploration
Agency (JAXA) spacecraft, Proximate Object Close Flyby with
Optical Navigation (PROCYON) (Kameda et al, 2017). Line-
integrated photometric measurements were also done of the H
Lyman a emission at Earth with NASA’s Two Wide-Angle Imaging
Neutral-Atom Spectrometers (TWINS)/Lyman Alpha Detector
(LAD) instrument (McComas et al., 2009). But the most common
form of measurement is via low resolution spectrographs like
TIMED-GUVIat Earth (Paxton et al., 2004), Mars Express-SPICAM
and MAVEN-IUVS at Mars (Bertaux et al., 2006; McClintock et al.,
2015), Venus Express-SPICAV (Bertaux et al., 2007) at Venus and
Cassini Ultraviolet Imaging Spectrograph (UVIS) at Titan. These
spectrographs had resolutions of R < 500 at Lyman a. Occasionally,
higher resolution echelle spectrographs have been used to study
the exosphere of Mars with HST’s Space Telescope Imaging
Spectrograph (STIS) and with the MAVEN-IUVS instrument in
Echelle mode. Even these high-resolution spectra had R < ~25,000 at
Lyman a. Therefore, none could be used to obtain information on
the detailed structure of the H Lyman o emission line from the
exospheres of these objects. The one measurement of the lineshape
of the H Lyman a line at Earth was done with a hydrogen absorption
cell onboard the OGO-5 spacecraft which revealed a measured
exobase temperature of 1080 K, a value within the range of typical
expected exobase temperatures at Earth (Bertaux, 1978). The data
also indicated that the lineshape fit required the consideration of
satellite particles distributed in a different manner than determined
by the Chamberlain theory. To date no further measurements of such
a kind have been attempted at any of the inner solar system planets.
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Recent advances in UV instrumentation technology like higher
efficiency gratings at shorter wavelengths have made it possible
to design spectrographs with very high resolving powers of R ~
200,000-250,000. High resolving power provides unprecedented
advantage towards deciphering the characteristics of the H atoms in
the exosphere of planets. Specifically, it reduces the optical depth of
the line in each wavelength bin presenting an optically thin rendition
of otherwise a very optically thick line. This is because the column
density of particles is restricted to particles with velocities only
within the limits of the wavelength bin along a line of sight. This
drastically reduces the photon scattering events along a line of sight
and may make the column optically thin for certain wavelength bins
depending on the resolution of the instrument and the exospheric
number density of H atoms. Deciphering the characteristics of the H
atoms by modeling an optically thick line can be done via radiative
transfer modeling but results in much higher uncertainties in the
derived density and energy distribution of the H atoms in the
exospheres of terrestrial solar system objects (Bhattacharyya et al.,
2017; Chaffin et al., 2018). An optically thin line has the advantage
of the LOS intensity being directly proportional to the column
density due to which a more precise density and energy distribution
of the H atoms in the exospheres of objects may be determined
without the use of complex radiative transfer models. A detailed high
resolution structure on the wings of the H Lyman o line provides
the advantage of detecting and characterizing the elusive non-
thermal H atoms in the exosphere of planets even from low planet
orbiting satellites, which otherwise requires global observations of
the exosphere of a planet from large distances to detect the changing
scale height of the atmosphere as it transitions from being thermal
H dominated to non-thermal H dominated. Furthermore, if the
instrument point spread function is smaller than the width of the
measured line, then measuring the width of the observed lineshape
will also provide information on the mean temperature of the
column of H atoms, directly correlated to their energy distribution
along a line of sight. Figure 5 demonstrates the advantage of a high-
resolution instrument in terms of the optical depth of the measured
line intensity for Earth. For R = 50,000, almost all of the Lyman a
line is optically thick. For an R = 100,000, the core of the line is
optically thick, but the wings start to become optically thin. For R
> 150,000 the entire line becomes optically thin for all wavelength
bins. The number of wavelength bins that may become optically thin
for the resolved Lyman a line is dependent on the number density
of H atoms present in the exosphere which are governed by lower
atmospheric conditions, and space weather conditions along with
instrument resolving power. The higher the resolving power of the
instrument the more likely it is to render almost all of the wavelength
bins optically thin at Lyman a for all exospheric conditions.

4 Discussion

This manuscript presents a detailed theoretical analysis of
the hydrogen Lyman o lineshape applicable to the exospheres of
terrestrial objects like Venus, Earth, Mars, Titan, and Pluto. The
Lyman a line in these objects is optically thick and presently
available observations mostly consist of low-resolution spectral
measurements or broadband imaging of the H Lyman o line from
which deriving the characteristics of the exospheric H atoms require
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The figure on the left demonstrates an arbitrary line of sight along which the optical depth calculation was made for Earth. The figure on the right
shows the decrease in the optical depth of the line with increasing resolving power of an instrument which can measure the H Lyman a line at Earth.
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complex radiative transfer modeling resulting in large uncertainties
in the extracted density and energy distribution of the H atoms.
Knowing the detailed Lyman a lineshape on the other hand may
provide unprecedented information on the true nature of the H
atoms present in the exospheres of many of the solar system
terrestrial objects. Specifically, high resolution measurements of
the Lyman a line allows for reduced optical depth rendering it
optically thin in many of the velocity bins away from the line
center even with low orbiting spacecrafts. This allows for a better
estimation of the LOS density and energy distribution of the
H atoms and makes the detection and characterization of non-
thermal H atoms more obvious from wing intensity measurements.
This high-energy population is otherwise elusive and difficult to
characterize in most terrestrial solar system objects. At present,
only one direct detection of such a population exists at Mars with
HST broadband imaging from a large distance allowing for its
characterization (Bhattacharyya et al., 2023). This theoretical study
summarizes the information that can be obtained about the inherent
properties of the exospheres of various terrestrial bodies with Lyman
a line center optical depths 1 < T < 500 with regards to the global
structure and energy distribution of H atoms which is otherwise
not possible from traditional low resolution or broad-band imaging
measurements and highlights the need for developing technological
capabilities to make such observations in the near future.
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