N

N

Departure of the thermal escape rate from the Jeans
escape rate for atomic hydrogen at Earth, Mars, and
Pluto

Jean-Yves Chaufray

» To cite this version:

Jean-Yves Chaufray. Departure of the thermal escape rate from the Jeans escape rate for atomic
hydrogen at Earth, Mars, and Pluto. Planetary and Space Science, 2021, 198 (April), pp.105178.
10.1016/j.pss.2021.105178 . hal-03135188

HAL Id: hal-03135188
https://hal.science/hal-03135188
Submitted on 8 Feb 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03135188
https://hal.archives-ouvertes.fr

NSJEN

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Departure of the thermal escape rate from the Jeans escape rate for atomic hydrogen at
Earth, Mars, and Pluto
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ILATMOS/IPSL, CNRS, UVSQ, Sorbonne-Université, Université Paris-Saclay

Abstract

The recent observations of the Pluto’s upper atmosphere by the UV spectrometer Alice on the New
Horizons spacecraft mission have shown that it is not in slow hydrodynamic escape as predicted
by some fluid models but not by kinetic models. This instrument also detects the Lyman-alpha
emission of atomic hydrogen. On Pluto, the hydrogen atoms are produced by the photodissociation
of methane and reside in an extended corona around Pluto. Similar to the case at Earth and Mars,
the Jeans escape should be the dominant escape process for hydrogen on Pluto due to the low value
of the escape parameter at the exobase. However, because of this escape, the velocity distribution
at the exobase is truncated at high velocities and the Jeans’s escape rate needs to be reduced by a
factor B. The goal of this study is to calculate the value of B for the hydrogen on Pluto and check

if a plane parallel model, valid to estimate B on Earth and Mars is also valid to calculate B on Pluto.

. We compute B with a plane parallel model for the planets’ exospheres, and with a more realistic
spherical model to check the validity of the plane parallel model. We find very good agreement
between the two models for the current exobase temperatures at Earth, Mars and Pluto. The
departure of the thermal hydrogen escape rate from the predicted Jeans escape rate is larger for
Mars and Earth than Pluto, even though the escape parameter is lower on Pluto than Mars and
Earth. This difference is due to the presence of a minimum in this correction factor for an escape
parameter near 3. This minimum is due to the large fraction of particles with a velocity larger than

the escape velocity at low escape parameter, leading to an upward-directed velocity distribution
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close to the Maxwellian distribution at the exobase. The factor B can be decomposed as the product
of two terms: one associated with the departure of the distribution velocity from a Maxwellian
distribution at the exobase, and the second, associated with the few collisions above the exobase,
reducing the escape rate. The first term has a minimum as a function of exobase temperature, while
the second term is a monotonically decreasing function of exobase temperature to an asymptotic

value.

1) Introduction

The thermal escape or Jeans escape is an important loss process for hydrogen on Mars, Earth and
Pluto. It results from the slow depletion of the tail of the velocity distributions at the exobase, re-
populated, partly, by collisions (e.g. Chassefiere and Leblanc 2004). The escape rate can be
estimated from the Jeans’ formula. However, it has long been recognized that thermal escape
perturbs the velocity distribution of the escaping species so that Jeans’ formula must be corrected
to consider the effect of this perturbation (Brinkman 1970). Such corrections have been estimated
numerically for the hydrogen on Mars and Earth using plane parallel models (Chamberlain and
Campbell 1967, Chamberlain and Smith 1971, Brinkman 1970, Shizgal and Blackmore 1986) and
spherical models (Pierrard 2003). The goal of this study is to calculate the correction factor for the
hydrogen escape on Pluto and check if a plane parallel model, valid for Earth and Mars is also valid
for Pluto. Simulations of Mars and Earth are also performed to validate our model and check the

validity of the assumptions used by the previous studies mentioned above.

The effusion velocity can be defined as the escape rate divided by the density at the exobase n. and

the surface area of the exobase Sc (Eq. 11 in Chassefiere and Leblanc 2004).

Fesc
Uerr = o1os. ()
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As discussed later, it is not exactly the upward flow velocity at the exobase because of the few

collisions above the exobase.

If the velocity function distribution (vdf) f(V) at the exobase is a Maxwell-Boltzmann distribution
at the atmospheric temperature, and if the density and temperature at the exobase are uniform. The
escape flux is equal to the Jeans flux which can be computed directly from f(V) at the exobase

(Chamberlain 1963)
O=m/2 .
Freans = Sc [y yosc fus(VVAV [,_ 7" 2m sin 6 cos 6 d6 )

Where V is the velocity magnitude, fms(V) is the Maxwellian-Boltzmann velocity distribution
function, 6 the angle between the velocity direction and the zenith direction and Vesc the escape

velocity. The integration provides the usual Jeans formula for the escape flux:

n

U _y2 2
Freans = Sc¢ zﬁe Vese/U 1+ Ve%c/Uz) 3)

where U is the thermal velocity: U = (2kT/m)"? where T is the exospheric temperature, k the
Boltzmann’s constant, m the mass of the species and n. its density at the exobase. The effusion
velocity is strongly dependent on the escape parameter 4 = (V>/U?). However, the loss of the
energetic atoms leads to truncated velocity distribution at the exobase which reduces the effusion
velocity and therefore the escape flux can differ from the Jeans flux. In that case, the escape flux
is more difficult to evaluate and cannot be computed directly from the Maxwell-Boltzmann

velocity distribution at the exobase. It may be expressed as

U _y2 2
Fosc = BFjeans = BSc5;-e™"a/V (1 + V5 /U?) (4)
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where B is the correction factor due to the truncated vdf (we follow the notation of Fox 2015 for
this parameter). Values of B have been estimated numerically for the Earth by several past studies
(Brinkmann et al. 1970, Chamberlain and Smith 1971, see also Fahr and Shizgal 1983 and
references therein). The estimates of B were done for H and He using Monte Carlo simulations for
a plane parallel, isothermal and a monospecies atmosphere (O for Earth and CO- for Mars). For H,
the values of B by Chamberlain and Smith 1971 and Brinkmann 1970 were in good agreement for
the Earth and varying between 0.76 to 0.69 for exospheric temperatures between 1000 and 2000K.
For Mars, Chamberlain and Smith 1971 found B between 0.47 to 0.54 for exospheric temperatures
between 230 to 730K. They also found a larger correction for the escape of a light species from an
atmosphere with a heavy background or in other words, for a given escape parameter A, B is a

decreasing function of the atmospheric average mass mx.

A new approach was used by Shizgal and Blackmore (1986) to estimate B. They use an iterative
matrix method to solve the Boltzmann’s equation and derive B for Mars and Earth. Their results
were in very good agreement with Chamberlain and Smith (1971) and confirmed that the departure
of the distribution from equilibrium is largest for the escape of a light species from an atmosphere
with a heavy background gas. For Mars, B was also only computed for temperature between 230
and 730K. Pierrard (2003), used a spectral method to solve the Boltzmann equation, assuming a
spherical atmosphere and considering the effect of the gravity on the trajectory of the hydrogen
atoms. The author applied this model to study the escape of H and He on Earth and the H escape
on Mars for exospheric temperatures at Mars between 230 and 450 K. On Earth, B values were
slightly larger than those from Shizgal and Blackmore (1986) and the difference was attributed to

different conditions at the lower boundary. On Mars, contrary to Shizgal and Blackmore (1986), a
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background atmosphere composed of atomic oxygen O near the exobase was considered. A similar

value for B was derived, in contradiction with the expected decrease of B with mx.

At Mars, the global thermospheric simulations and the recent MAVEN observations suggest a
dayside exospheric temperature between 150 — 400K and a nightside exospheric temperature near
130K (Gonzalez-Galindo et al. 2015, Bougher et al. 2017). Moreover, near the exobase, the Martian
atmosphere is not a purely CO2 atmosphere but atomic oxygen can become an important species
(Bougher et al. 2015). On Pluto, the recent observations of the upper atmosphere by Alice/New
Horizons have shown that the atmosphere is not in slow hydrodynamics escape as predicted by
some models (Gladstone et al. 2017). This instrument also detects the Lyman-alpha emissions of
atomic hydrogens, produced by the photodissociation of methane (Gladstone et al. 2019).
Therefore, an estimate of B for Pluto’s conditions is needed since the escape parameter is low and
the velocity distribution function at the exobase could be strongly modified by the escape.
Moreover, the validity of the plane parallel should be checked with a more physical model in the
B calculation. In this paper, we perform several Monte Carlo simulations to estimate B. After
presenting the model (section 2), we apply it to Earth (section 3), Mars (section 4), Pluto (section

5) and conclude in section 6.

2) Model

The model used to estimate B of the atomic hydrogen thermal escape rate is a Monte Carlo model.
In this model, several hydrogen test particles are launched from the lower boundary ziow in an
isothermal or non-isothermal thermosphere and followed until they escape or return to Ziow. In this

study, we used two versions of the models:

The first version is a very simple model, similar to the model used by Chamberlain and Smith

(1971) and Shizgal and Blackmore (1986): It is a plane parallel atmosphere with a uniform density

5
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and temperature (slab atmosphere). The effect of the gravity on the test particles trajectory is
neglected except at the upper boundary where the test particles are specularly reflected if their
velocity is lower than the escape velocity. The thickness A of the layer between the lower and the
upper boundaries is of 10 mean free paths subdivided into 50 equal layers. The atmosphere is
composed of only one species O (Earth), CO> (Mars), or N2 (Pluto). This model is very fast but

only valid to estimate B.

The second version is a more realistic model, closer to Pierrard (2003), considering a spherically
symmetric multi-species atmosphere, with a background atmosphere in hydrostatic equilibrium.
The temperature can be uniform or non-uniform. The effect of the gravity on the trajectories of the
test particles is included and the upper boundary is at an altitude well above the expected exobase,
where collisions are negligible. The velocity distribution of the test particles injected in the
simulation at the lower boundary is a Maxwellian-Botzmann Flux (MBF) distribution (Brinkmann
et al. 1970). When a test particle reaches the upper boundary with a velocity lower than the escape
velocity, the final location and the time of flight of the particle returning to the domain is calculated
analytically (Butler 1997). Other effects like radiation pressure, gravitational effects of moons (e.g.
Beth et al. 2014, Baliukhin et al. 2019) are not considered in this study. For the more realistic
spherical simulations, the loss of hydrogen atoms by photoionization have been included using an
average loss time t = 10d?, where 1o = 1.4x107 s is the ionization lifetime at 1 AU (Huebner 1992),
and d the sun-planet distance in AU. However, for all our simulations, the ionization has only a
minor effect on B and may be neglected. The effect of Charon on the hydrogen escape is most

likely negligible as for N> and CHs4 (Tucker et al. 2015, Hoey et al. 2017).
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The spherical model is slower than the plane parallel model but is used not only to estimate B but
also other macroscopic parameters (hydrogen density, kinetic temperature) in planetary upper

atmosphere

For each simulation, several millions of test particles are used. All test particles have the same
weight W (i.e. the number of real particles represented by one test particle) chosen at an arbitrary
value, that should depend on the net hydrogen flux at the lower boundary. Therefore, all the
simulated density profiles will be normalized because the absolute value is proportional to the
arbitrary weight of the test particles. The computed velocity and kinetic temperature are

independent on the weight and will be presented in physical units.

To estimate the number of collisions with the background atmosphere for each test particles during
the time step df, we use the no-time-counter scheme used by Bird (1994) as done in the LATMOS
Exospheric Global Model (EGM) (Leblanc et al. 2017): A maximal number of collisions is first
estimated using a majorant (6V;)max of the product o(V;) x Vi, where o(V;) is the collision cross
section and V: the relative velocity of the test particle and the atmospheric particle. This maximal

number of collisions Nmax is given by

Where n(X); n(Y) are the density of species X and Y at the altitude of the test particle.

Then, for each collision, the atmospheric species (X, Y, ...) with which the test particle collides is
chosen using the local relative abundance of the species. The velocity vector of the atmospheric
particle is derived randomly using a Maxwellian distribution at the local temperature, and the
relative velocity vector is calculated to compute the product o(vr)vi. A second test is then

performed:
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a(V)Vy

(UVr)max

>7r (6)

where, r is a random number uniformly distributed between 0 and 1. If this test is fulfilled, the
collision is accepted, while if it is not fulfilled the collision is rejected. For most of the simulations,
we used a hard sphere model to describe the collisions (6(V:) = 60). Because Nmax 1S never an
integer, we always consider Nmax + 1 collisions and the last collision is treated with the algorithm
presented above only if the following condition is fulfilled: [Nmax — E(Nmax)] > r, where E(Nmax) is
the integer part of Nmax. For example, if Nmax = 19.50, the maximal number of collisions will be
20, but the last collision will have a probability of 50% to be discarded before using the rejection
algorithm presented above. This method differs from the method used by Brinkman (1970). The
method used by Brinkman (1970) was based on the inversion of the distribution function of the
relative velocity, knowing the hydrogen velocity. This inversion was performed from pre-
computed table of the discretization of the cumulative distribution function of the relative velocity
for different values of the hydrogen velocity. This method is fastidious because the precomputed
tables depend on the cross section (or interaction potential). The method of Bird (1994) can be used
systematically for any cross sections, without any precomputation tables. Its only drawback is that
it is less optimal because if (6V)max 1s too large, a large number of possible collisions will finally
be rejected. But this drawback is not very important given the increasing possibility of computers
now compared to the years 1970s. To validate our scheme, we compared the simulated collision
frequency v at low altitudes z, (where the fdv are not perturbed) to the theoretical value: v(z) =
na(z)o<V> (Chapman and Cowling 1970) where n, is the atmospheric density (“background”
density), o the collision cross section (equal to 3x107!> cm?) , <V;> is the average relative velocity,
given for Maxwellian distributions by <V;> = (8kT/mp)!2, and p is the reduced mass and find a

very good agreement.
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B is computed following Chamberlain and Smith (1971): The simulated escape rate Fegsin is

proportional to the number of escaping test particles Nese :

Fesim = Wiegc (7

The weight W is related to the arbitrary flux chosen at the lower boundary Fy by:

Fo = WN¢est @)

For a Maxwellian-Boltzmann Flux distribution, this flux is also related to the arbitrary density no

at the lower boundary and the average velocity <Vo> = 2Uo/n'? by

U
Fo = 3250 9)

where So = 4nRo? for the spherical model and is arbitrary for the plane parallel model. Then, the

escape flux can be expressed as

noUp S Nesc

Fe,sim = 2y 00 Nrost (10)

B is the ratio between the simulated escape flux and the Jeans escape flux at the exobase (Eq. 4)

and therefore, B can be numerically estimated by

Nng Nesc So etc Uy

= Do lesc S0 _¢2 o (11)

N¢ Neest Sc (1+4c) U

For the plane parallel simulations So/Sc=1 and for the spherical simulations So/Sc=(Ro/Rc)?. If the

atmosphere is isothermal Uo/U =1.

For the plane parallel model, the exobase is at one mean free path below the upper boundary, while
for the spherical model, the exobase altitude can equivalently be derived from the equality between
the atmospheric scale height and the mean free path. For the plane parallel model, because we

neglect the vertical variations of A, N=Nies( 1 +Ac)e” is the number of test particles with an initial

9
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velocity larger than the escape velocity. It would be proportional to the escape flux if the collisions
were neglected. If we note Fe,o the flux of particle with a velocity larger than the escape velocity at
the lower boundary, Fe,0 = WX Niesi( 1 +Ac)e” . Replacing, Nese by Fesi/W (Eq. 7), and using Se/So =
1 and U = U for the plane parallel isothermal model, it leads to B = (no/nc) X (Fesim/Fe0) which is
Eq. 11 in Chamberlain and Campbell (1967). The few collisions above the exobase do not change
the escape rate when the velocity distribution function at the exobase is a Maxwellian distribution
because every collision from particle a to b is balanced by a collision from particle b to a due to
the detailed balancing properties of the Maxwellian distribution (Chamberlain 1963). However,
when the velocity distribution function departs from the Maxwellian distribution, this balancing
property is not valid anymore, and the few collisions above the exobase will change the escape
rate. In other words, when the velocity distribution function is not Maxwellian, B can be written as
the product of two terms B = A x G. A is the ratio between the “effusion velocity” computed from

the distribution at the exobase Ueff"

1

nc

Uspr == foveee FOOVAY [T 21 5in 6 cos 6 d6 (12)

and the Jeans effusion velocity Ujeans = Freans/ncSe. G is the ratio between the real effusion velocity
Uést (defined by Eq. 1) and Uefr". In general, Uer and U are not equal (except for a Maxwellian

distribution), due to the few collisions above the exobase.

U U U,
B=—dL =<l —GxA/ (13)
U]eans Ueff U]eans

3) Earth simulations

3.1) Variations of B vs. Exospheric temperature

10
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B values for atomic hydrogen, derived from the first model (plane parallel) and the second model
(spherical model with a hydrostatic atmosphere of atomic oxygen) simulated for different

exospheric temperatures are displayed on Fig. 1.

Escape parameter

101 59 44 35 29 20
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Fig. 1: Simulated B factor for the Earth for the slab isothermal model (black) and the spherical isothermal model (red)
at different atmospheric temperatures for Earth. The results from other studies (slab models): Chamberlain and Smith
(1971) and Shizgal and Blackmore (1986); spherical (Pierrard 2003) are also displayed for comparisons. The error
bars from the Monte Carlo simulations have been added for the spherical model (vertical red lines).

For the first model, we use 108 test particles, while only 5x10° test particles were used for the
spherical model to reduce the simulation time. For the spherical model, A, B and G values are
computed from output obtained every 100,000 test particles (so 50 values are computed since,
5,000,000 test particles are simulated). Because the test particles are independent, the different
values of B are also independent. The mean value and the uncertainty on the mean deduced from
the 50 values, are shown in Fig. 1. For most of the simulations, the error bars are lower than the
symbol size, except in case of large values of the escape parameter, where a very small fraction of

test particles escapes.

11
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The range of escape parameters A (for atomic hydrogen) for the slab model is between 1.98 (T =
3570K) and 10.1 (T = 700K). For the second model, the lower boundary is chosen at 240 km and
the upper boundary at 2000 km, well above the exobase (at ~500 km, depending on the atmospheric
temperature), and the spatial resolution is uniform equal to 12.5 km. The O density at ziow = 240
km is fixed at 1.2x10° cm™ for any temperatures (Dickinson et al. 1984), and decrease
exponentially with the altitude with a scale height Ha = kT/mog(r), where g(r) is the gravitational

acceleration at r, k the Boltzmann’s constant, mo the atomic oxygen mass and 7 the temperature.

The agreement between the two models is within 3% for the current temperatures at the exobase
(between 700K and 2000K) which confirms that the following assumptions (plane parallel
geometry, neglecting the gravity, assuming a uniform atmosphere) are good assumptions to
estimate B. The agreement between the two models is not a surprise, since the thickness A (~ 30
km) of the collisional region near the exobase impacting the effusion velocity is much smaller than

the Earth radius (Brinkmann et al. 1970).

Here, we also confirm that the effect of the gravity on the test particles trajectory can be neglected.
The Knudsen number Kn is defined by Kn(z)=(Na(z)c)! where Na(z) is the atmospheric column
density above the altitude z. At the exobase Kn = 1 by assumption (see section 2). If we assume
that at z;, defined by Kn(z)) = 0.1, the velocity distribution is not affected by the escaping particles
and is well described by a Maxwellian distribution, then the altitude of the lower boundary ziow
should be at z; or below. Assuming a barotropic distribution of the atmospheric density and an

isothermal atmosphere:
N4 (2) = g (Zgyo)e ™ @ Zexo)/H (14)
The column density between z; and the exobase altitude Zexo 1S

12
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Na(zl) — Ny (Zexo) = na(zexo)Ha(e(Zexo_Zl)/Ha - 1) (15)
Because, ona(zexo)Ha = 1/Kn(zexo) = 1, the altitude z; is given by
2] = Zeyo — Ha In(10) = zpyy — 2.3H, (16)

For the typical exospheric temperature on Earth (T between 1000 — 2000 K), Ha varies from 50 to
100 km and the exobase altitude Zexo is ~ 500 km. Therefore, 2.3H, ~ 115 to 230 km and z = 270
— 375 km, depending on the exospheric temperature. In all the simulations presented in this section,
the altitude of the lower boundary ziow is 240 km, below z;. In this altitude range, the thermospheric
temperature is almost constant (Dickinson et al. 1984), and therefore the assumption of an

isothermal layer is a good assumption.

Our results are also in agreement with the results from Chamberlain and Smith (1971), Shizgal and
Blackmore (1986) but differ systematically by 10% from Pierrard (2003). This difference is not
understood and could be due to numerical effects in the Pierrard model. The small difference ~3%
for T =3570K with Chamberlain and Smith (1971) that may be due to numerical uncertainties in
those previous models. The simulated uncertainties on B from the spherical simulations are also
displayed in Fig. 1 and are generally lower than the symbol size and therefore can’t explain the
difference. Varying the elastic cross section from 10> ¢cm? to 10'* cm? does not change the B

values (within the magnitude of the numerical noise ~ 1%).

We can also notice a minimum of B between 2000 - 2500 K (A ~ 3). When A becomes very small,
most of the particles have a velocity larger than the escape velocity and then a large fraction of test
particles is allowed to escape. The velocity distribution function at the exobase is therefore close
to a Maxwellian distribution. This point is studied in more details in section 5. As shown in Eq. 13,

B can be decomposed into two terms A and G describing the relative effect of the non-Maxwellian

13
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distribution at the exobase and the effects of the few collisions above the exobase. These two factors
are displayed on Fig. 2, we can see, as demonstrated by Chamberlain (1963), that G is close to 1

and then A ~ B at low temperatures.

10.1 59 44
1T T
A factor : plane parallel
[ s A factor - spherical
| ¢ G factor plane parallel
% G factor _ spherical

9 20
L B I B

Escape parameter
3_5p I:'2
LR

09 fk* ]

A and G factors
O
o
M
o

06E 1l ]
1000 1500 2000 2500 3000 3500 4000
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Fig. 2: Simulated A and G factor for the Earth for the slab isothermal model (diamonds) and the spherical isothermal

model (stars) at different atmospheric temperatures for Earth.

A reaches a minimum between T = 1500 and 2000 K, and then increase for T > 2000 K while G
always decreases with the temperature. While the estimates of A and G are slightly noisy due to
the limited number of escaping test particles, particularly at large escape parameters, the trends for
the plane parallel and spherical model are very similar for the two factors. The major cause on the
departure from the Jeans escape flux is due to G, which means that the effusion velocity computed
by integration of the velocity distribution function at the exobase (Eq. 11) is close to the Jeans
effusion velocity at the atmospheric temperature, but the few collisions occurring above the
exobase modify the escape rate. For the plane parallel case, in order to derive the asymptotic values

of B, A and G, we also perform one simulation with A = 0 (Vesc = 0). In that case the escape is

14
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independent on the velocity, since all the test particles reaching the upper boundary will escape
whatever their velocity. The asymptotic values are B =0.84, A =1.43 and G = 0.59, which confirms
that B is still increasing for T > 3570 K. The downward directed distribution at the exobase is much
more depleted than the upward directed distribution and leads to 1 < A < 2 (see appendix). While
the velocity distribution of the upward directed particles has a Maxwellian shape, the full
distribution is not Maxwellian, due to the large depletion of downward directed particles. This Non-
Maxwellian velocity distribution does not possess the properties of detailed balancing. If the
collisions above the exobase were fully neglected, Uesr = Uege™ (all particles leaving the exobase
with V > Vesc will really escape). Moreover, the velocity distribution would be strongly
asymmetric with a lack of downward directed particles at V > Uer compared to the upward directed
particles. The collisions above the exobase are not negligible. Their net effect is to reduce the
asymmetry of the velocity distribution. Because the number of upward directed particles is larger
than the number of downward directed particles, more upward directed particles are converted to
downward directed particles by collisions than the inverse. Then Ueff < Ueff* (G < 1). Obviously,
this limit case is not realistic since for A = 0, the exobase should be very far and the plane parallel
assumption is not valid anymore. Since B depends on the few collisions occurring above the

exobase, B should be sensitive to the details of the differential cross section.

3.2) Sensitivity to the cross section

To check the sensitivity to the collisional cross section, we performed simulations with the hard
sphere cross sections and with an angular-dependent forward peaked cross section taken from
Lewkow et al. (2014), for an exospheric temperature T = 3000K using the spherical model only.

In the studied energy range, the total cross section 6ot for O-H collisions from Lewkow et al. (2014)
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is equal to 3.3x10"> ¢cm? and is independent on the energy, while the differential cross section

follows an analytical law

do _ Otot 1
do ( - ann(ng) Osinb (17)
Omin

with Omax and Omin, the maximal and minimal values of the scattered angle (0.01° and 170°
respectively). These properties are adapted to check the sensitivity of B on an angular-dependent

forward peaked cross section.

The B, A and G parameters for simulations assuming an isotropic and forward-peaked cross
sections, for the same total cross section (3.3x10" ¢cm?) are respectively: 0.67, 0.94 and 0.71 for
the isotropic differential cross section and 0.75, 0.79, 0.95 for the forward-peaked differential cross
section. As expected, B and G are larger for the simulations with the forward-peaked cross section.
When the cross section is forward-peaked, most of the atoms crossing the exobase from below with
a velocity larger than the escape velocity will not be deviated by collisions and will escape so the
value of G is larger than the value computed with an isotropic differential cross section where the
deviations produced by collisions are more important. On the other side, because less particles with
a velocity larger than the escape velocity are coming back to the exobase, the tail of the velocity
distribution at the exobase is more depleted and the A factor is reduced. The global effect is a slight

increase of B.

4) Mars Simulations

4.1) Variations of B vs. Exospheric temperature
On Mars, the atmosphere below the exobase is mostly composed of COz (e.g. Bougher et al. 2015).
We apply the same simple plane parallel model to Mars in order to derive B for H in a purely CO2
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atmosphere. The assumptions correspond to the assumptions used by Chamberlain and Smith
(1971) and Shizgal and Blackmore (1986) to study B for atomic hydrogen on Mars. Contrary to
Shizgal and Blackmore (1986), we compute it for a more realistic range of exospheric temperature
at Mars from 130K (expected temperature near the nightside) to 400K (temperature expected at the
dayside near solar maximum conditions). For all the spherical simulations, we use a CO> density
of 10'° cm™ at 140 km, and an exponential decrease with altitude. The altitude range is 140 to 640

km with a spatial resolution of 6.25 km.

B vs. the exospheric temperature is displayed in Fig. 3.

Escape parameter
6.6 pep 4.7

11.2 3.6
[V ) o L L L L
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Fig. 3: Simulated B factor for Mars for the slab isothermal model (black) and the spherical isothermal model (red) at
different atmospheric temperatures. The results from other studies (slab models): Chamberlain and Smith (1971) and
Shizgal and Blackmore (1986); spherical (Pierrard 2003) are also displayed for comparisons.

The range of escape parameters A for the slab model is 3.6 (T = 400K) and 11.1 (T = 130K). Our
results are in very good agreement with the results of Shizgal and Blackmore (1986) and
Chamberlain and Smith (1971) at the temperatures simulated by these authors. B values derived
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from both models are very close (Fig. 3). This result confirms that B can be accurately estimated
with the very simple assumptions used in the plane parallel code. The simulated B values are
slightly lower than the B values computed by Pierrard (2003). As found by Chamberlain and Smith
(1971), for a given A value, B is lower on Mars than for Earth because of the heavier species (CO>
vs O) involved in the collisions and therefore, B values computed by Pierrard 2003 are partly larger
because a purely oxygen atmosphere was considered. The chosen range of exospheric temperature
leads to escape parameters A > 3 for all the cases, and therefore the minimum of B near A ~ 3 is not
reached in these simulations. An increase of B can be noted in the simulations of Chamberlain and
Smith (1971) at lower A (T > 700K) but was not discussed. However, it is not proved that such

exospheric temperatures could have occurred on Mars, even in the past (Terada et al. 2016).

The decomposition of B into A and G is displayed on Fig. 4. The trends for the plane parallel and
the spherical models are in good agreement, although the values are noisy for the spherical
simulations due to a lower number of simulated escaping test particles, especially at low

temperatures. Both parameters decrease with the temperature.

18



367

368

369

370

371

372

373

374

375

376

377

378

379

380

Escape parameter
6.6 47

11.2 36
1_0 C [ T r T T [ v 1 T [ T T T [ T T T T [ T T 1T ]
r A factor : plane parallel
[ factor - spherical 3
F G factor{]Iane parallel & |
E G factor : spherical % 1
09f .
o L
=]
2
o 08} ¥ ¢ ]
= I ¥ ¢ ]
o [ % [ ]
< C * o < 1
r AT S
C E
07 -
u.ﬁ C 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1
150 200 250 300 350 400

Temperature (K)

Fig. 4: Simulated A and G factor for Mars for the slab isothermal model (diamonds) and the spherical isothermal

model (stars) at different atmospheric temperatures.

4.2) Effect of the composition of the atmosphere

Since past studies have used different species as the main atmospheric species near the exobase:
CO> (e.g. Shizgal and Blackmore 1986) and O (Pierrard 2003), we also test the effect of the main
species on B, using the spherical model only. B values obtained for a purely atomic oxygen
atmosphere are close to those obtained for the Earth for similar A values and differ significantly
from the values simulated by Pierrard (2003). We also perform a simulation with both species,
using a relative volume mixing ratio nO/nCOz = 0.01 at 140 km (Krasnopolsky 2002), in all these
simulations, we assume a constant collisional cross section and the same cross section for hydrogen
collisions with O and CO,. For this multi-component atmosphere, the exobase altitude is derived
from the equality between the total density scale height and the mean free path defined by

(noco+nco26coz2)! where 6o (6co2) is the collision cross section between H and O (CO»).
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The results obtained for the three sets of assumptions are displayed on Fig. 5. As expected, for the

two-species atmosphere B values are between the purely O and the purely CO2 atmosphere.
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Fig. 5 Simulated B factor for Mars with the spherical model for different thermospheric temperature, and three
different compositions of the Martian thermosphere (100% CO: in red), (100% O in dark blue) and (1% O ; 99%
CO: at 140 km in light blue.

This result confirms that B should differ from a purely O atmosphere and a purely CO; atmosphere
because the rate of repopulation of the tail of the velocity distribution is faster when the masses of
the collisional particles are close (Chamberlain and Smith 1971). Considering different values of
the cross sections, will change the position of the exobase and could modify B. However, assuming
a cross section between 1x10"° ¢cm? and 10-'* cm? change B by less than 2%, so it could explain

only partly the differences with the B factor derived by Pierrard (2003).

4.3) Non-uniform temperature profile

In this section, the effect of a non-uniform temperature profile is studied, using a background
atmospheric temperature profile similar to Terada et al. (2016) and a cross section of 101* cm?. A
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comparison of the simulated upward velocity and hydrogen kinetic temperature profiles for two
different atmospheric temperature profiles is shown in Fig. 6. The results are in reasonable
agreement, showing similar trends: a decrease of the kinetic temperatures above the exobase, and
an increase of the upward velocity with a change in the slope near the exobase. As expected at low
altitude the hydrogen kinetic temperature is equal to the atmospheric temperature due to the
collisions. The magnitude of the upward velocity is also in agreement with Terada et al. (2016)
with upward velocity ~ 2-3 m/s for the simulation with an exospheric temperature of 210 K and
upward velocity ~ 10 — 40 m/s for the simulation with a temperature of 360K. For the first case,
the simulated hydrogen kinetic temperature at 250 km differs by less than 5% compared to Terada
et al. (2016), while the difference for the second case at 400 km, the difference is of 10%. The
difference for the upward velocity is 20% for the first case and 40% for the second case at 250 and

400 km respectively.
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Fig. 6 : Simulated hydrogen vertical velocity (left column) and kinetic temperature (right column) for two
atmospheric temperature profiles from Terada et al. (2016) : 210K (top panels) and 360 K (bottom panels).
The simulated profiles by Terada et al. (2016) are also shown for comparison. The horizontal black dashed
line indicates the altitude of the exobase for the two simulations.
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The collisions between hot oxygen and hydrogen atoms, included in the simulations of Terada et
al. (2016) but not in our simulations, could heat the hydrogen and increase its escape flux and then
the upward velocity. For these two simulations, the simulated values of B are 0.58 and 0.50
respectively. These values are slightly lower (~ 3%) than those simulated with an isothermal
atmosphere at 210 and 360 K (0.59 and 0.51 respectively). For the non-isothermal simulations, a
part of the escaping particles come from below the exobase, where the temperature is lower than
the exospheric temperature. Then, the escape is slightly less efficient and B is reduced. However,

the difference is small and an isothermal profile is a reasonable assumption to estimate B on Mars

5) Pluto simulations

On Pluto, the exospheric temperature has been derived during the New-Horizons flyby from the
density vertical profile of N> (the dominant species below the exobase) and CH4 obtained by stellar
occultations (Gladstone et al. 2017). The exospheric temperature was 68 K, lower than the model
predicted temperatures (100K) before the New-Horizons fly-by. The observations show that the
atmosphere of Pluto is not in slow hydrodynamics escape in contrast to the predictions of several
fluid models (Krasnopolsky 1999, Strobel et al. 2008). However, even before the fly-by of New-
Horizons, the slow hydrodynamics escape model has been shown to be invalid by several kinetic

models (Volkov et al. 2011, Tucker et al. 2012, Erwin et al. 2013).

Because of the large eccentricity of the Pluto’s orbit, the exospheric temperature could be highly
variable. In our model, we consider exospheric temperatures from 40 to 100 K. The atmosphere is
mainly composed of N> and in all the simulations, we consider a N> density of 10'° cm™ at 650 km

(Krasnopolsky 2020), an isothermal and barotropic atmosphere and assume that most of the
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hydrogen atoms are produced below 650 km. The upper limit is at 5650 km, and the spatial
resolution is 20 km. For T = 100K, the escape parameter of N> at the exobase becomes low ~ 11
and the density profile could slightly differ from the hydrostatic profile due to the outflow of the
atmosphere (e.g. Volkov et al. 2011). A full DSMC (e.g. Tucker et al. 2013) would be needed to

extend our results to lower values of the escape parameter.

The chosen range of temperature at the exobase corresponds to escape parameters A for atomic
hydrogen at the exobase varying from 0.4 to 0.9. B variations vs. Exospheric temperature for atomic
hydrogen are displayed on Fig. 7. At such low A values, B increases with the temperature, so even
if the escape parameter is very low, the Jeans flux at the exobase is a better estimate of the real
thermal escape on Pluto than Mars and Earth. Contrary to Mars and Earth simulations, the slope of
the two models is different, suggesting the assumptions of the plane parallel start to break down
for higher temperature. But even if the assumptions of a hydrostatic background atmosphere used

for the spherical model become questionable and only a full DSMC model become valid.
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Fig. 7: Simulated B factor for Pluto for the slab isothermal model (black) and the spherical isothermal model (red) at
different atmospheric temperatures.
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In this range of escape parameter, most of the atoms reaching the exobase have a velocity larger
than the escape velocity and therefore most of the hydrogen atoms reaching the exobase should
escape on Pluto. Therefore, when T increases (A decreases), the velocity filtering of the atoms at
the exobase becomes weaker and the velocity distribution, for upward-directed particles, at the
exobase is closer to a Maxwellian velocity distribution (Fig. 8). The downward directed particles
at the exobase are produced by the few collisions occurring above the exobase. Since a larger
fraction of the particles reaching the exobase escape when A decreases, the depletion in downward

directed particles increases (Fig. 9). These two effects lead to an increase of A (see appendix) (Fig.

10) and B.
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Fig. 8 Left: Simulated velocity distribution function at the exobase averaged over the upward-directed directions for
three different exospheric temperatures with the spherical model (solid lines). The untruncated Maxwell-Boltzmann
velocity distribution function at the exospheric temperature are also displayed (dashed lines). The three vertical dashed
lines indicate the value of the escape velocity at the exobase. Right: Ratio of the simulated velocity distribution

functions and the Maxwell Boltzmann velocity distribution function.

24



Qos TR T T T RN T IR RS ERRRS RRRRY
E T T=40K 1 i
T=T0K E 141 1
T=100K ] 1
0.05F ]
[ 7] 12 -
_ oot 1w -
g ]
= ]
3 ]
g e
5 003 3 - 081 i
] f £
=z ] L
= ] ]
- E E 06 N
0.02 3 L |
r 1 -
1 i
g ] 04r i
0.01f 3 i
3 i — 1
[ T ] ]
E : - ] 02r i
[ 1 " i ] 1
0.00% Bl 10y & J RN I 1 AT P A
0.0

1.0 15 20 25 0.0 05 10 15 20 25 30
WVelocity (kmis) Velocity (kmis)

w
o

467

468 Fig. 9 Left: Same as 8 but for the downward-directed particles.

469  The decomposition in A and G factors is displayed on Fig. 9. As explained, A increases with T,

470  while the G factor remains almost constant, near 0.65, in this range of temperatures.
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472 Fig. 10: Simulated A and G factor for Pluto for the slab isothermal model (diamonds) and the spherical isothermal
473 model (stars) at different atmospheric temperatures.
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For the plane parallel simulations, the values of the three parameters B, A and G are very close to

the asymptotic values obtained for Earth conditions (see section 3.2).

Due to the large effusion velocity at the exobase, the hydrogen density scale height is very far from
the expected hydrostatic scale height. This is a direct consequence of Fick’s law which dominates
the gravity in the atomic diffusion. The efficiency of the escape (the low value of the escape
parameter) quickly empties the thermosphere in hydrogen, which is slowly replenished from the
lower atmosphere and therefore the escape rate is limited by this slow supply by diffusion. In order
words, to maintain the vertical flux constant between the lower atmosphere (where the velocity is
small) and the exobase (where the velocity is close to the effusion velocity) a large vertical variation
of the density is needed. The variations of the hydrogen density from 650 km to 5650 km are shown
in Fig. 10 for three different values of the temperature (40K, 70K and 100K), showing the strong

effect of the escape rate on the hydrogen density profile and the scale height below the exobase.
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Fig. 11: Left Simulated hydrogen density profile at Pluto, normalized to 1 at the lower boundary for three different
values of the exospheric temperature. The horizontal dotted lines indicate the altitude of the exobase for each model.
The normalized atmospheric (N>) density is shown by the dashed lines. Right : Simulated hydrogen kinetic temperature
(solid lines), and atmospheric temperature (dashed lines).

When T increases, the global expansion of the N> atmosphere shifts upward the exobase altitude
from ~ 1100 km at T =40 to 2200 km at T = 100 K. Below the exobase, the hydrogen scale height
is close to the atmospheric density scale height, while above the exobase it is close to the diffusion
equilibrium scale height, as expected from the solution of the molecular diffusion equation when
the flux is limited by diffusion (Hunten 1973). A similar limit was found by Tucker et al. (2013)
for Hz on Titan from DSMC simulations. As noted by Chamberlain and Campbell (1967), at high
temperatures (low escape parameters), due to the sharp gradient of the hydrogen density near the
exobase, the derived values of B, proportional to no/nc, are very sensitive to the definition of the
exobase altitude. For example, if we define Kn by Kn(z)=(2'?Na(z)o)"! instead of (Na(z)o)™! (see
section 2), the altitude of the exobase increases and nc¢/no decreases. In that case the value of B is ~
0.94 for T =70K. However, the variations of B, A and G with the temperatures, in the studied range

with the escape parameters are not modified.

The simulated kinetic temperature is also shown on Fig. 11, showing the cooling of the hydrogen
compared to the atmosphere. This decrease of the kinetic temperature is due to the loss of escaping
particle that reduces the width of the velocity distribution. Finally, the atmosphere of Pluto is not
a purely N> atmosphere but contain a small fraction of CHs near the exobase. A simulation,
including 5% of CHa4 near 650 km (Young et al. 2018) at T = 70K, leads to an increase of B by ~
5% (B = 0.837+0.006) suggesting that the hydrogen thermal escape rate is closest to the Jeans

escape rate at the atmospheric temperature on Pluto, than Mars or the Earth.

6) Conclusion
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A Monte Carlo test particle have been used to study the departure of the thermal escape rate from
the Jeans escape rate at Earth, Mars and Pluto for current exospheric temperatures. This departure
can be quantified by the ratio B between the thermal escape and the Jeans escape rates. At Earth
and Mars, simulated B values are in very good agreement with previous study (Chamberlain and
Shizgal 1971, Shizgal and Blackmore 1986) for the same assumptions, but differ from the results
of Pierrard (2003) which may be due to numerical effects. We also find a minimum of B with the
exospheric temperature near A= 3 due to the fact that when A becomes too low, the fraction of
escaping particles become less dependent on the velocity (most of the particles have a velocity
larger than the escape velocity) and then the distribution of the upward-directed particles becomes
more Maxwellian, while the downward directed distribution is strongly depleted. For current
temperatures at Earth and Mars, the B factor decrease with T, from ~ 0.9 at T =700 K to ~0.7 at T
=2000 K for Earth and from ~0.7 at T = 130K to ~0.5 for T =400 K at Mars. For Pluto, it increases
with the temperature from ~ 0.7 at T = 40 K to ~0.9 at T = 100K.— A Maxwellian velocity
distributions in the exosphere is generally assumed to interpret the hydrogen Lyman-a emissions
observed by planetary missions. This assumption is not valid above the exobase, where the velocity
distribution is depleted at high velocity for downward directed particles for Mars, Earth and Pluto
and for upward directed particles for Mars and Earth and will be investigated in the future. The
simple assumptions used in the plane parallel model to estimate B are valid for low escape
parameters investigated in this paper (A > 0.4). Only a full DSMC approach could be used to check

where this model breaks down.

Appendix
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In this appendix, we consider a Truncated Maxwellian-Boltzmann (TMB) velocity distribution and
the associated untruncated Maxwellian-Boltzmann (MB) distribution at the exobase, simulated
with the plane parallel model, as illustrated on Fig. A1 and Fig A2 corresponding to different values

of the escape parameter at the exobase Ac.
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Fig. Al, Example of truncated Maxwellian-Boltzmann velocity distribution at the exobase for a large value of Jc =5.4.
Left: average distribution for the upward directed particles. Right: average distribution for the downward directed
particles. The complete Maxwellian-Boltzmann distribution functions are also displayed in red. The escape velocity is
indicated by the blue vertical line.
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Fig. A2, Example of truncated Maxwellian-Boltzmann velocity distribution at the exobase for a low value of Ac =1.7.
Left: average distribution for the upward directed particles. Right: average distribution for the downward directed
particles. The complete Maxwellian-Boltzmann distribution functions are also displayed in red. The escape velocity is
indicated by the vertical line.

The A factor (Eq. 12) is defined by

( 1_(F(MB)—F(TMB))
_ Uesr(TMB) _ F(TMB) n(MB) _ F(MB) __ 1-8F/F

" Uefr(MB) ~ F(MB) n(TMB) (1_%) T 1-6n/n

For large values of Ac (case 1), the decrease of the density on/n is 2% while the decrease oF/F is
16% and therefore A ~ 1-6F/F = 0.84. For low values of Ac (case 2), the large depletion of the
downward atoms strongly modifies the density but does not affect the escape flux. In that case, the
decrease of 6n/n ~ 18.4% and the decrease SF/F 17.7%, so A is closer and even slightly larger than
1. A majorant value for A is 2 corresponding to a distribution fully depleted of downward directed
particles and untruncated of upward directed particles (i.e., SF/F = 0 and on/n = V2). The largest

simulated value in this study is ~1.4.
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