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Today

Explore two layers of the atmosphere

Characterise each of them

Understand the physics and the chemistry involved

How to model
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Overview of Earth upper atmosphere

Ionosphere

Exosphere

Credits: NASA
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What is the exosphere?

Ionosphere

Exosphere

Credits: NASA
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A border: the exobase

Figure: Fahr and Shizgal, 1983

The exobase is a characteristic limit

λ = (nσ)−1 the mean free path is
the same order as the scale height
H = kBT/mg

Above, dynamics of individual
particles is dominated by external
forces

Below, collisions prevent light
particles to escape

The gas is no longer in
thermodynamic equilibrium
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Surface-bounded exosphere

If the atmosphere is not dense enough, the exobase is the surface: Mercury or
Ganymede

Figure: Credits: NASA
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The limit of the fluid description

The conditions for the fluid approach are not completely fulfilled within the
exosphere.

The gas cannot be described by macroscopic quantities such as pressure,
temperature, etc...

−→ How to take that into account?
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Distribution function

f number density in position [m−3] and velocity [m−3.s3]
−→ [f ] =[m−6.s3]

Particles behaviour is described by a distribution function f :
the probability to have a particle around the velocity (vx , vy , vz) at the position ~r

For example, the number N of particles around the velocity (vx , vy , vz) and
position (x , y , z) is given by

N(x , y , z) = f (~r , vx , vy , vz)∆vx∆vy∆vz∆x∆y∆z

The number density
n(x , y , z) = N/(∆x∆y∆z)

For example, the total local density n0 is given by

n0(~r) =

∫
f (~r , vx , vy , vz)dvx dvy dvz
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Thermodynamical equilibrium

The gas obeys to a maxwellian distribution:

f (vx , vy , vz) =
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And for non-thermodynamical equilibrium? Time-dependent?

Need an equation to rule them all: the Boltzmann equation

∂f

∂t
+∇~r · (f ~v) +∇~v · (f ~a) =

(
∂f

∂t

)
collisions

If the forces are conservative:

∂f

∂t
+ vx

∂f

∂x
+ vy

∂f

∂y
+ vz

∂f

∂z︸ ︷︷ ︸
advection in position

+ ax
∂f

∂vx
+ ay

∂f

∂vy
+ az

∂f

∂vz︸ ︷︷ ︸
advection in velocity

=

(
δf

δt

)
collisions

(
δf

δt

)
collisions

contains the collisions, the source and loss terms.
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Processes dominating the upper atmosphere

Elastic collisions: like collisions between 2 hard spheres

Excitation through collisions

Photo-ionisation: O + hν −→ O+ + e− (cf. ionosphere part)

Electron-impact ionisation: A + e− −→ A+ + 2e−

Charge exchange: H+ + O −→ H + O+

Dissociative recombination: O+
2 + e− −→ O + O∗

Photo-dissociation: O2 + hν −→ O∗ + O∗ (non-thermal)

Ion-neutral reaction: H3O
+ + NH3 −→ H2O + NH+

4

Depends on the cross-section, function of the relative velocity between species.
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Forces present in the exosphere

Gravity (for cold neutrals)

W.A. Hoey et al. / Icarus 0 0 0 (2017) 1–16 9 
ARTICLE IN PRESS 

JID: YICAR [m5G; January 27, 2017;10:10 ] 

Fig. 5. The fraction of particles in the region about Charon that have reflected from 
its surface. The reflected particles perpetuate a thin atmosphere, with pressure un- 
der 10 femtobar. This superposed flowfield represents a result in which all particles 
that initially arrive at Charon reflect diffusely with temperatures equilibrated to the 
surface temperature (uniform at 53 K), accurate in the steady-state. 
Fig. 6 . However, Roche theory is fundamentally hydrodynamic, its 
equations continuum in origin. The DSMC result is an ensemble 
and time average across a collection of particles primarily engaged 
in non-collisional and independent ballistic trajectories and not 
a representation of a ‘bulk’ flow; therefore, the structure of the 
Pluto–Charon density field, and specifically the nature of transfer 
to Charon, are distinct phenomena unique to a rarefied escaping 
atmosphere shared among bodies in a binary configuration. 
4. Pluto–Charon at the New Horizons encounter 

A second simulation, labeled Case B, is performed with 
boundary conditions from the New Horizons encounter for the 
atmosphere generated at the exobase conditions. As a result, the 
situation should directly match other NH observables, like vacuum 
escape rate. Case B is performed at an f num of 5 × 10 25 on 240 pro- 
cessors, and results shown were run to ∼10.5 × 10 6 s (19 diurnal 
cycles). The significant changes between Case B and the unheated 

Table 3 
The selected Case B lower boundary parameters, drawn from NH observation, and 
rates of vacuum escape and flux to Charon’s surface. 

Exobase conditions Case B boundary NH observation 
Temperature T [K] 69 ∼ 70 
Nitrogen n N2 [10 12 m −3 ] 5 .5 4–7 
Methane n CH4 [10 12 m −3 ] 4 .0 3–5 
Total number density n 

[10 12 m −3 ] 9 .5 7–12 
Exobase (boundary) 

altitude [km] 2800 2750–2850 
System escape rate [s −1 ] 7 × 10 25 ( > 99% CH 4 ) 5 – 6 × 10 25 ( > 99% CH 4 ) 
Flux to Charon [s −1 ] 2 × 10 24 ( ∼98% CH 4 ) 

pre-encounter exobase (Case A) are the exobase temperature and 
methane fraction: New Horizons observed a cold ∼70 K exobase 
at ∼42% methane, as detailed in Table 1 . Vacuum escape rates and 
rates of deposition onto Charon are calculated for the equilibrated 
DSMC calculation and compared to those reported by Gladstone 
et al. (2016) and Bagenal et al. (2016) , and the Case B simulation 
is shown to match the NH observed vacuum escape rate closely. 
Results and relevant boundary parameters are reported in Table 3. 

Likewise, the structure of the Case B density field, its total 
rates of deposition and escape, and the depositional pattern ob- 
served on Charon do not change markedly from the Case A result. 
Fig. 7 shows the Case B flowfield both in a hemispheric region of 
32,0 0 0 km radius and in a 20,0 0 0 km square about Charon for di- 
rect comparison against Figs. 2 and 4 . The escape rate and total 
rate of flux to Charon for Case B are each about double the cor- 
responding rates for Case A, which agrees with the ratio of total 
unperturbed Jeans escape rates at the two exobase conditions. The 
flowfields of Case B show the same transfer structures and Charon- 
wakeward asymmetries of Case A, as evidenced in Figs. 7 –9. 

The translational temperature of the highly-nonequilibrium 
flow about Charon is shown in the bottom left panel of Fig. 7 . 
The velocity distribution of this flow is non-Maxwellian, and 
its tail is enhanced with high-speed particles. Note the en- 
hancement in translational temperature as flow about Charon is 
gravitationally focused into the high-density region in the moon’s 
wake. Additional discussion of this gravitational focusing effect is 
included in Appendix D . 

Individual particles can be characterized by their mechanical 
(total) energy: the sum of their kinetic and (negatively-signed) 
gravitational potential energies in an inertial, barycentric reference 
frame. Particles with positive potential energies may escape, while 
particles with negative energies are, in a sense, gravitationally 
bound. The vast bulk of molecules fall into the latter category, hav- 
ing insufficient energies to escape the system, unsurprising as the 

Fig. 6. (Left) The Roche equipotential surface connects the potential lobes about Pluto and Charon through the L1 Lagrange point and is the defining surface parameterizing 
gas transfer between semi-detached binary stars. While the potential is critical in considerations of particle mechanical energy (e.g. for propagating particles in satellite 
orbits, as in Beth et al., 2014 ), the theory governing Roche transfer is developed in fundamentally continuum terms. (Right) The number density field for Case A is projected 
onto the Roche equipotential surface. 
Please cite this article as: W.A. Hoey et al., Rarefied gas dynamic simulation of transfer and escape in the Pluto–Charon system, Icarus 
(2017), http://dx.doi.org/10.1016/j.icarus.2016.12.010 

Figure: Hoey et al., 2016

Radiation pressure (for Hydrogen)

Magnetic field (for ions and electrons)

Electric ambipolar field (to ensure plasma quasi-neutrality)
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rate of flux to Charon for Case B are each about double the cor- 
responding rates for Case A, which agrees with the ratio of total 
unperturbed Jeans escape rates at the two exobase conditions. The 
flowfields of Case B show the same transfer structures and Charon- 
wakeward asymmetries of Case A, as evidenced in Figs. 7 –9. 

The translational temperature of the highly-nonequilibrium 
flow about Charon is shown in the bottom left panel of Fig. 7 . 
The velocity distribution of this flow is non-Maxwellian, and 
its tail is enhanced with high-speed particles. Note the en- 
hancement in translational temperature as flow about Charon is 
gravitationally focused into the high-density region in the moon’s 
wake. Additional discussion of this gravitational focusing effect is 
included in Appendix D . 

Individual particles can be characterized by their mechanical 
(total) energy: the sum of their kinetic and (negatively-signed) 
gravitational potential energies in an inertial, barycentric reference 
frame. Particles with positive potential energies may escape, while 
particles with negative energies are, in a sense, gravitationally 
bound. The vast bulk of molecules fall into the latter category, hav- 
ing insufficient energies to escape the system, unsurprising as the 

Fig. 6. (Left) The Roche equipotential surface connects the potential lobes about Pluto and Charon through the L1 Lagrange point and is the defining surface parameterizing 
gas transfer between semi-detached binary stars. While the potential is critical in considerations of particle mechanical energy (e.g. for propagating particles in satellite 
orbits, as in Beth et al., 2014 ), the theory governing Roche transfer is developed in fundamentally continuum terms. (Right) The number density field for Case A is projected 
onto the Roche equipotential surface. 
Please cite this article as: W.A. Hoey et al., Rarefied gas dynamic simulation of transfer and escape in the Pluto–Charon system, Icarus 
(2017), http://dx.doi.org/10.1016/j.icarus.2016.12.010 

Figure: Hoey et al., 2016

Radiation pressure (for Hydrogen)

Magnetic field (for ions and electrons)

Electric ambipolar field (to ensure plasma quasi-neutrality)
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Thermal escape

Species are naturally leaving the planet at different rates, especially the light ones

−→ Thermal escape

−→ It corresponds to the flux of particles with a velocity higher than the escape
velocity at the exobase

F =

∫ +∞

vesc

vf (v)dv , with vesc =

√
2GM

rexo

−→ Not efficient for heavy species, other mechanisms are involved to remove the
atmosphere from the planet
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Case study: no collisions and gravity

Ballistic

Satellite

Escaping

Figure: Fahr and Shizgal, 1983
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Take home messages: exosphere

Tenuous part of the neutral atmosphere

Few collisions

Region of interaction with the interplanetary medium

Easy for particles to escape into the planetary medium

Dynamics dominated by external forces and a few collisions

Directly bounded at the surface for some cases
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What is the ionosphere?

Ionosphere

Exosphere
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What is the ionosphere?

Layer of cold (< 1 eV) plasma (free e− and ions) embedded in a neutral
envelope of gas around planets, moons, and comets.

Formed by ionization of neutral atoms and molecules through:
-Absorption of solar XUV radiation (0.1 – 100 nm)
-Collisions with energetic particles (e.g., magnetospheric or solar origin)

In dense atmospheres: located in the outer layers

In thin atmospheres: located in the whole exosphere or coma down to the
surface

Composition of the ionosphere is controlled by the neutral gas composition

Dynamics affected by ambient magnetic fields, if present.
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Ionospheric composition at Earth
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Day/night and solar activity variability

Figure: After W. Swider,
Wallchart Aerospace
Environment, US Air Force
Geophysics Laboratory
(see Hargreaves 1992)
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Importance of the ionosphere

Ionosphere allows to close the magnetospheric current system, strong coupling

Figure: From wikipedia and McPherron et al. 1973
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Radio communication

Ionosphere reflects radio waves. The altitude at which waves are reflected depends
on the electron number density.

−→ The ionosphere can be probed by radio waves
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Space weather implications

Strong variations of the ionospheric currents during space weather events

Increase of the Joule heating efficiency
−→ Heating of the atmosphere
−→ The atmosphere expands

Induce current at the ground
−→ Geomagnetically induced currents (GIC)
−→ Electrical disruption
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Ionospheric composition

Depends on the neutral composition, the chemistry, the solar radiation, ...
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Dominant production processes in the ionosphere

Photo-ionisation: production of energetic photo-electron
E (e−) = hν − Eionisation

e−-impact ionisation:
E (e−) = E1 + E2 − Eionisation

from https://lp.uni-goettingen.de/
Most of the input energy (photon or electron kinetic energy) is transferred to the
particle with the lower mass, the electron.
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Dominant production/loss processes in the ionosphere

Charge transfer

from https://lp.uni-goettingen.de/
Do not change the plasma density
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Solar energy absorption vs altitude

EUV strongly absorbed by species for photoionisation
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Solar energy absorption vs altitude
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Solar attenuation: Beer Lambert law

Plane parallel approximation

I (λ, z) = I (λ,∞) exp

−
∑
i

σi (λ)

∫ +∞

z

ni (z
′)

dz ′

cosχ︸ ︷︷ ︸
τ =optical depth



I (λ,∞) incident radiation at the top of the atmosphere
χ: zenith angle
σi : total photo-absorption cross-section for the species i

Pe−(z ,E ) =
∑

σion(λ)ni (z)I (λ, z)

σion: total photo-ionisation cross-section for the species i

with E =
hc

λ
− Eion

−→ you do not produce electrons with the same energy
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Energy absorption vs altitude

The maximum energy deposition occurs at τ(λ) = 1.



Introduction Some characteristic regions Conclusion Open questions 32

Energy vs altitude

Solar photons keep their energy but are more and more absorbed by the
atmosphere
Electrons loose their energy through collisions
−→ Electrons cool down (or loose energy) efficiently in the lower part of the
ionosphere
−→ Two electron populations can coexist: one hot and one cold population
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Energy vs altitude

Solar photons keep their energy but are more and more absorbed by the
atmosphere
Electrons loose their energy through collisions
−→ Electrons cool down (or loose energy) efficiently in the lower part of the
ionosphere
−→ Two electron populations can coexist: one hot and one cold population
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Ion loss processes at Earth
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Dominant forces

Gravity

Ambipolar field (see sketch)

Magnetic field
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Take home message: ionosphere

Ionospheres exist around every planet, moon, comet with an atmosphere:

Formed by the ionisation of atmospheric neutrals
Result from the absorption of solar XUV radiation and energy deposition of
particles from the space environment.
Ionospheric composition depends on the composition of the neutral,
background atmosphere.

Planetary ionospheres are an essential link between the solar wind,
magnetosphere, and atmosphere:

Implication on space weather at Earth and beyond
Implication for global, magnetospheric current systems
Magnetosphere-ionosphere coupling revealed through auroral emissions
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Conclusions

Not easy to model both regions, need kinetic approach

The exosphere is poorly characterised because of its tenuity

The atmosphere can escape via the exosphere: evolution through years of the
composition and density

The ionosphere is sensitive to the solar activity.

Comparative planetology aspect: any planet, comet, satellite has a ionosphere
and an exosphere
−→Comparison of the evolution between the different bodies of the Solar
System
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Open questions

Hot jupiters:
What are the drivers of the dynamics and the shape of their exosphere?

Comets:
How does the cometary-solar wind interaction and ionospheric composition
evolve with heliocentric distance? What is the contribution of ionospheric
chemistry to the presence of complex organics in the coma?

Ganymede:
How does Ganymede’s intrinsic magnetic field influence the plasma
environment? How does it influence the detection of a subsurface ocean?
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