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Abstract. In a most recent paper by Qin and Waldrop (2016),
it had been found that the scale height of hydrogen in the
upper exosphere of the Earth, especially during solar mini-
mum conditions, appears to be surprisingly large. This indi-
cates that during minimum conditions when exobasic tem-
peratures should be small, large exospheric H-scale heights
predominate. They thus seem to indicate the presence of a
non-thermal hydrogen component in the upper exosphere. In
the following parts of the paper we shall investigate what
fraction of such expected hot hydrogen atoms could have
their origin from protons of the shocked solar wind ahead
of the magnetopause converted into energetic neutral atoms
(ENAs) via charge-exchange processes with normal atmo-
spheric, i.e., exospheric hydrogen atoms that in the first step
evaporate from the exobase into the magnetosheath plasma
region. We shall show that, dependent on the sunward loca-
tion of the magnetopause, the density of these types of non-
thermal hydrogen atoms (H-ENAs) becomes progressively
comparable with the density of exobasic hydrogen with in-
creasing altitude. At low exobasic heights, however, their
contribution is negligible. At the end of this paper, we fi-
nally study the question of whether the H-ENA population
could even be understood as a self-consistency phenomenon
of the H-ENA population, especially during solar activity
minimum conditions, i.e., H-ENAs leaving the exosphere be-
ing replaced by H-ENAs injected into the exosphere.

Keywords. Magnetospheric physics (plasmasphere; solar
wind-magnetosphere interactions) – solar physics astro-
physics and astronomy (energetic particles)

1 Introduction

The density and temperature structure of the Earth’s exo-
sphere is a long-standing research subject, which in the past,
due to missing observations, was mainly accessible by the-
oretical studies which considered the particular motions of
collision-less or collision-poor atoms in the region above
the exobase. In these nearly collision-free exospheric re-
gions, ballistic particles, satellite particles and escaping par-
ticles have to be treated differently, and their different height-
dependent contributions to the total local exospheric den-
sity is a complicated matter of theoretical calculations (see
early work by Opik and Singer, 1961; Chamberlain, 1963;
Brinkmann, 1970, or later work by Chamberlain, 1978, 1979;
Fahr, 1970, 1976; Fahr and Nass, 1978; Fahr and Weidner,
1977, or Fahr and Shizgal, 1983). The general assumption
in all of these studies is that from the collision-dominated
region below the exobase, atoms are emitted upwards into
the exosphere by Maxwellian velocity distribution functions
associated with the local gas temperature at the exobase
T = Tex.

This, however, is a critical and unsafe assumption, because
in the transition region between collision-dominated and
collision-free domains, thermodynamic equilibrium condi-
tions are perturbed, i.e., temperatures of the different exoba-
sic gas constituents due to the weak thermodynamic cou-
pling deviate from each other. Especially for hydrogen, due
to the strongly pronounced escape flux of these light atoms
(see Jeans, 1923, or e.g., later work by Fahr and Weidner,
1977), the downward branch of the velocity distribution at
the branch of super escape velocities is unpopulated if exter-
nal sources of H atoms are neglected. This, in fact, has the
effect to reduce the effective exobasic hydrogen temperature
with respect to the exobasic oxygen temperature and thus re-
duces the effective H-atom escape flux (see Fahr, 1976).
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Figure 1. From its orbit, IBEX-Hi has the chance to image the solar part of the magnetosheath as source of H-ENAs in the range of 0.7–
6 keV (a); (b) shows in terms of H-ENA fluxes what is seen from this region (from Fuselier et al., 2010).

Nevertheless, these reasons for H-atom deviations from
local exobasic thermodynamic equilibrium conditions do
not explain what surprisingly and most recently has been
observed by Qin and Waldrop (2016). These authors find
that the upper exospheric hydrogen density distribution, es-
pecially during solar minimum conditions, is substantially
higher than can be understood as a result of a terrestrial
H–exosphere connected with exobasic oxygen temperatures
(see Hodges, 1994). Their exciting result is inferred from
radiative transfer modeling of Lyman-alpha resonance glow
measurements made with the satellite TIMED/GUVI. To best
fit these results with their Lyman-alpha multiple scattering
code, the authors apply two independent Maxwellian dis-
tributions for two separate exobasic hydrogen populations,
one with the usual exobasic temperature according to the
NRLMSISE-00 model (Picone et al., 2002) and the other
with a much higher temperature with no clear origin, which
thus needs to be fitted from Lyman-alpha glow data. It then,
as a surprise, turns out that the presence of the hotter H com-
ponent is especially pronounced under solar minimum con-
ditions, just at times when normal exobasic temperatures
should be the lowest.

In the following paper, we are going to show that this inter-
esting finding can at least at larger exospheric heights partly
be ascribed to energetic hydrogen atoms (H-ENAs) imping-
ing onto the lower exosphere and originating from beyond
the Earth’s magnetopause via charge-exchange processes on
the solar side of the subsonic solar magnetosheath plasma
region. That the Earth’s magnetopause is in fact an actively
emitting H-ENA site has already directly been proven by
IBEX-H-ENA measurements under suitable observational
conditions from regions far above the exobase (Goldstein

and McComas, 2013; also see our Fig. 1 from Fuselier et
al., 2010). In the following part of the paper we shall develop
a simplified description of this hot exospheric H component
in order to elaborate a qualitative picture of the relevance of
this H-ENA component for the upper exosphere.

2 The magnetosheath plasma and a simplified
theoretical approach to sheath ENAs

Outside of the magnetopause and inside of the Earth’s mag-
neto bow shock, the shocked solar wind, the so-called “mag-
netosheath plasma”, is deflected from its original antisolar
direction and its flow is forced to become tangential to the
outer magnetopause surface. The resulting global plasma
flow, in reality, is rather complicated in its geometric struc-
ture, its asymmetries and its time dependencies. With all of
these complications concerning time-dependent and space-
dependent specialities in densities, bulk velocities and tem-
peratures, this global plasma system does not allow for an
easy theoretical representation.

First predictions for this plasma flow were made on the
basis of gasdynamic models by Spreiter and Stahara (1980).
In these models, it is assumed that the bulk properties of the
shocked solar wind flow can be described by a monofluid
hydrodynamic approach with frozen-in magnetic fields only
included by a kinematic approximation. To better under-
stand the influence of the self-consistent magnetic fields in-
volved, Zwan and Wolf (1976) proposed a plasma deple-
tion model including the effect of magnetic fields on the
magnetosheath flow, which, however, was later criticized by
Southwood and Kivelson (1995) since it did not allow for
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the needed forces to drive the sheath flow. Furthermore, the
effect of magnetic field reconnection in the magnetosheath
was considered by Cowley and Owen (1989) and Cooling
et al. (2001). Then Song et al. (1992a, b) and Fuselier et
al. (2002) have compared model predictions with data from
the Active Magnetospheric Particle Tracer Explorers/Ion Re-
lease Modul (AMPTE/IRM) and found that while gasdy-
namic models predict too high bulk velocities, magneto-
hydrodynamic (MHD) models including reconnection pro-
pose just the opposite, in both cases strongly deviating from
measurements. In a more recent study by Cooling (2003),
based on data from the satellites GEOTAIL and WIND, it
was found that remarkable asymmetries in the dawn and dusk
values of plasma density and velocity are pronounced, which
in addition are subject to time-dependent variations. In a re-
cent paper by Parks et al. (2016), even more complications
in the features of the plasma flow downstream of the Earth’s
magneto bow shock were pointed out based on data from
the CLUSTER II space mission. It is shown there that de-
pendent on the upstream solar wind data, the downstream
bulk velocities sometimes remain super-Alfvénic and ion dis-
tribution functions, though most often nearly isotropic, can
sometimes be very complex showing multiple beams of re-
flected, gyrating or shock-escaping ions. These very compli-
cating facts are even more stressed by Longmore et al. (2005)
in view of more recent CLUSTER in situ data. These latter
data show that the magnetosheath plasma does not at all have
an axisymmetrical shape concerning flow and density struc-
tures, in contrast significant asymmetries exist between dawn
and dusk sectors and between northern and southern hemi-
spheres. The magnetosheath flow close to the magnetopause
at highest and lowest latitudes are found to be sub-Alfvénic,
while at mid-latitudes and at the flanks of the magnetopause
they tend to be super-Alfvénic. In addition, everything seems
to be strongly subject to time-variations and does not have a
clear trigger in the solar wind magnetic field direction.

This all taken together shows clearly that there does not
exist an easy way towards an appropriate 3-D representa-
tion of the global structure of the magnetosheath plasma, and
hence for the ongoing considerations in this paper we there-
fore have to make essential simplifications guided by modern
MHD simulations of multi-component interactions in case of
the heliospheric plasma interface (see, for example, the re-
view by Izmodenov and Baranov, 2006).

As at least evident, neutral exospheric hydrogen atoms
originating at and ascending from the exobase, as shown in
the analysis presented by Zoennchen et al. (2013), propa-
gate to large geocentric distances. In fact, their density ex-
tends to beyond the magnetopause region (i.e., to beyond 8
up to 10 Earth radii, rE, depending on solar wind conditions,
e.g., see Shue et al., 1998). In this outer region of shocked,
subsonic solar wind plasma, these atoms undergo resonant
charge-exchange reactions with the ambient protons of the
shocked solar wind and, as newly appearing energetic neu-
tral H atoms (H-ENAs), they thereafter partly impinge on the

Figure 2. Illustration of H-ENA reflections at the O-exobase: The
elastic H–O–atom collision in a velocity reference frame at rest with
respect to the exobase is shown; the initial H-ENA velocity is turned
around the center-of-mass velocity vector and becomes the final H-
ENA velocity. For more information see Appendix A.

Earth’s exobase if their inherited velocity direction is within
the appropriate space angle d�= π
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for the solar side of the bow shock a strong perpendicu-
lar MHD shock (compression ratio s ' 4), then according to
Rankine–Hugoniot standards the shocked solar wind plasma
should be highly subsonic there (Ms ≤ 0.1). This implies that
the energetic magnetosheath protons (keV) in this subsolar
region are practically represented by an isotropic suprather-
mal Maxwellian distribution in velocity space. Hence via res-
onant H–H+ charge exchange, these protons colliding with
low-energy exobasic H atoms effectively produce isotropi-
cally distributed high-energy (keV) neutral atoms (H-ENAs),
which are decoupled from the plasma flow and from magne-
tosheath magnetic fields and thus are partly and directly shot
downwards onto the Earth’s exobase.

When impinging onto the exobase, these H-ENAs are elas-
tically colliding with the most abundant atomic species of
this region, which is the mono-atomic oxygen atom, i.e., 16-
times more massive than H atoms. In a velocity space dia-
gram showing the O- and the H-atom velocities before and
after the elastic collision (see Fig. 2), one can see that the
center of mass velocity of this system is close to the O-
atom velocity and the H-atom velocity after the collision is
found by turning the relative velocity vector by an angle χ
around the “center of mass” velocity vector. For hard-sphere
collisions, modeling elastic O–H collisions reasonably well,
it is known that all turning angles χ are equally probable.
Therefore it can be found that with a high probability of
5(up)'

∑j

1(1/2)
i (i.e., for j ' 4, cut-down because of suc-

cessive energy losses, thus with a probability of 93 %), H-
ENAs impinging on the exobase are finally, after consec-
utive collisions, reflected back into the upward hemisphere
through the upper exosphere back to space (see also the col-
lision geometry illustrated in Fig. 2).
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Figure 3. Sketch of the scenario.

The whole global 3-D charge-exchange scenario, in real-
ity and in a rigorous treatment, is highly asymmetric both in
configuration- and velocity-space (see Fig. 3) and it would
be hard to describe it in an adequately detailed 6-D manner.

One can, however, dare to simplify and symmetrize the
problem for the sake of calculating the main features of this
physical context of hot hydrogen atoms (H-ENAs) reflected
upwards from the exobase back to space in order to investi-
gate qualitatively their role for the exosphere. Thus, for sim-
plification reasons, we approximate things here only consid-
ering the H-ENA irradiation of the solar side of the spheri-
cal exobase surface with radius rex. This part is essentially
irradiated by H-ENAs originating in the subsolar sphere of
the magnetosheath, as is indicated in Fig. 4. As supported by
CLUSTER measurements, the magnetosheath plasma in the
subsolar region is characterized by a strongly shocked solar
wind plasma with a subsonic signature approaching the nose
of the magnetopause with decreasing bulk velocity. Here, we
consider only the solar exobase irradiation by those H-ENAs
originating in this subsolar magnetosheath region (Fig. 4),
though H-ENA fluxes from magnetosheath regions at high
latitudes or from the flanks do certainly also contribute, but
as minor contributions they are not considered here. This is
because in these regions the plasma bulk velocities are grow-
ing again and are oriented away from the exobase, so that the
proton distribution function contains less and less velocity
vectors directed towards the exobase.

For the purpose of the following estimation, the follow-
ing assumptions might appear acceptable: the density of the
supersonic solar wind upstream of the Earth’s bow shock
at about 1 AU is adopted with np1 = 5 cm−3. Downstream
of the subsolar part of the Earth’s bow shock, assumed to

act as a strong perpendicular shock with a compression ra-
tio of s ' 4, the shocked solar wind then, according to a
monofluidal gasdynamic Rankine–Hugoniot approach, be-
comes compressed by a factor of 4 and the downstream
plasma becomes strongly subsonic with Mach numbers of
the order ofMs ≤ 0.1 (see e.g., Serrin, 1959; Gombosi, 1998;
Erkaev et al., 2000). As a consequence of that low Mach
number flow (see Fahr and Siewert, 2015; Fahr et al., 2015),
one can expect, as is also in the case of the heliosheath
plasma, a nearly incompressible magnetosheath plasma den-
sity with np2 = s · np1 = 20cm−3 (indices “1” and “2” char-
acterize solar wind quantities upstream and downstream of
the bow shock, respectively). The shocked solar wind has an
energy of the order of kTp2 ' (3/8) · (mU2

1 /2)' 1 keV (i.e.,
thermalized solar wind; U1 ' 400 km s−1; Tp2 ' 106 K) with
a velocity distribution function, which due to the very low
Mach numberMs ' 0.1 can be considered as quasi-isotropic
Maxwellian with a nearly negligible bulk velocity shift, in
view of the small bulk velocity U2 associated with the high
thermal proton velocities of the order of

√
8kTp2/πm.

On the basis of that, we shall now calculate the flux of
H-ENAs produced by means of the charge-exchange reac-
tions of the shocked solar wind protons with cold exobasic
hydrogen atoms in the subsolar region of the magnetosheath.
These latter exospheric hydrogen density distributions have
been found and published by several authors like Rairden et
al. (1986), Hodges (1994), Ostgaard et al. (2003), Bailey and
Gruntman (2011) or Zoennchen et al. (2011, 2013). Here we
start with the result derived from TWINS-LAD data by Zoen-
nchen et al. (2013) for summer solstice conditions yielding
at larger radial distances r ≥ r0 an asymptotic radial density
profile of exobasic H atoms in the form

nH = nH0 ·

(
r

r0

)−2.7

, (1)

with a reference density nH0 = 50 cm−3 at a reference height
r0 = 8 rE.

Hence along a radial line of sight cutting through the sub-
solar magnetosheath (see Fig. 4), the following total produc-
tion rate 0ENA(v) of H-ENAs with a velocity v hitting the
exobase can be calculated:

0ENA(v)d3 v =

rBS∫
rMP

vH∫
f ss

p (vp)fH (vH)σ (vrel)vreld3vp d3vH dr, (2)

where f ss
p and fH denote the local distribution functions of

solar wind magnetosheath protons in the subsolar region and
the exobasic H atoms, respectively; σ is the charge-exchange
cross section for proton–H-atom collisions; vrel =

∣∣vp− vH
∣∣

is the relative velocity between these collision partners; d3vp
and d3vH denote the differential 3-D velocity space volumes
of protons and H atoms, respectively; and dr is the increment
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Figure 4. H-ENA production between the magnetopause (MP) and the bow shock (BS).

along the radial line of sight from the magnetopause rMP up
to the bow shock rBS. The above expression 0ENA(v)d3v due
to the conditions mentioned above (i.e., suprathermal pro-
tons, cold exospheric H atoms; i.e., vH� vp) can then be
sufficiently well approximated by the following expression:

0ENA(v)d3v ' np2 · nH0 · σ(v) · v

·

[
A2 exp

[
−
mv2

2kTp2

]
v2dv

]
·

rBS∫
rMP

d2�

4π

(
r

r0

)−2.7

dr, (3)

where d2�= π(rex/r)
2 denotes the space angle under which

the exobase appears from a space point at distance r and the
quantity A2 is the Maxwell normalization factor defined by
A2 = (m/2πkTp2)

3/2. Hence one obtains

0ENA(v)d3v ' np2 · nH0 · σ(v) · v

·

[
A2 exp

[
−
mv2

2kTp2

]
v2dv

]
·

rBS∫
rMP

r2
ex

4r2

(
r

r0

)−2.7

dr, (4)

yielding

0ENA(v)d3v '
1
2
np2 · nH0 · σ(v) · v

·

[
A2 exp

[
−
mv2

2kTp2

]
v2dv

]
r2

ex

r2
0

·

rBS∫
rMP

(
r

r0

)−4.7

dr, (5)

or with ψ0 =
1
2np2 · nH0 · r0 · x

2
ex reads

0ENA(v)d3v ' ψ0σ(v) · v

·

[
A2 exp

[
−
mv2

2kTp2

]
v2dv

] xBS∫
xMP

x−4.7dx

= ψ0σ(v) · v ·

[
A2 exp

[
−
mv2

2kTp2

]
v2dv

]
·

1
3.7

[
x−3.7

MP − x
−3.7
BS

]
, (6)

where the normalized radial distance is given by x = r/r0,
and the reader may be reminded that rough values give
xMP ' 10/8 and xBS ' 15/8.

Let us assume now that this flux is more or less ho-
mogeneously hitting the exobase from an extended area of
the subsolar magnetosheath region, i.e., from an associated
space angle d2�in which we can calculate with the help of
Fig. 4. The center of the H-ENA emitting subsolar region
may have a radial distance of rss = rMP+(1/2)(rBS−rMP)=

(1/2)(rMP+ rBS). Then the space angle for the H-ENA input
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is given by

d2�in =
π1r2

ss

r2
ss

= π
(1/4)(rBS− rMP)

2

(1/4)(rBS+ rMP)2

= π
(rBS− rMP)

2

(rBS+ rMP)2

= π

(
5

15

)2

=
π

9
. (7)

Since this H-ENA injection rate, as we shall show below,
induces a hemispherical symmetric, isotropic ENA outflux
8ENA(vout) from the exobase, each subsolar exobase point
consequently has to balance inflows and outflows by the re-
lation

2π8ENA(vout)(πrex)d3vout

= 0ENA(vin)d3vin(π1
2rss) · d2�in, (8)

where we have distinguished between incoming and asso-
ciated outgoing velocities vin and vout, as we shall also ex-
plain further below. Due to the typical energies of the in-
coming H-ENAs (∼ 1 keV) compared to the H-atom escape
energy Eesc ' 7 ·10−4 keV, the influence of the Earth’s grav-
itational field on these H-ENA trajectories can be completely
neglected (i.e., straight trajectories). This is also true for the
outgoing H-ENAs as we shall also show next.

When an incoming energetic H-ENA approaches the
exobase, it most probably will undergo an elastic collision
with the most abundant atomic atmospheric species there,
i.e., with the mono-atomic oxygen atoms (NB mO = 16mH).
During such elastic collisions, the colliding ENA experiences
a deflection of its initial relative velocity by an angle χ with
a probability δ(χ)= (dχ/dp)δp around the center of mass
of the colliding atoms (p being the collisional impact param-
eter; for a sketch of the collision geometry in velocity space
see the sketch given as Fig. 12 in Fahr, 1978, or its reproduc-
tion given in Appendix A). While the velocity of the center
of mass vM is conserved during the collision process, the rel-
ative velocity1vH of the H atom with respect to vM is turned
around this conserved center-of-mass velocity by the angle χ
(see Fig. 2 in this paper and Figs. 11 and 12 in Fahr, 1978).
The two relative velocities of the O and the H atom with re-
spect to the center-of-mass velocity are thus given by

|1vH| =
mO

mH+mO
vH =

16
17
vH (9)

and

|1vO| =
mH

mH+mO
vH =

1
17
vH, (10)

where vH '
√

3kTp2/m� vesc is the mean thermal proton
velocity in the subsonic solar wind inherited via charge trans-
fer by the H-ENA. With the above result, one can conclude
that the distribution function of the reflected H-ENAs being
emitted from the exobase to outer space is also a Maxwellian;
however, with income velocities vin converted into reduced
outcome velocities vout = (16/17)vin and with a space angle
d2�out = 2π instead of an income space angle d2�in = π/9.
The resulting exobasic density nex,ENA is then obtained from
the following ENA balance request for the local vertical
fluxes

nex,ENAr
2
ex ·

∫ [
v ·A2 exp

[
−
mv2

2kTp2

]
v2dv

]
out

·

ϑout∫
0

cos2ϑdϑ

= ψ01r
2
ss

∫
σ(v) ·

[
v ·A2 exp

[
−
mv2

2kTp2

]
v2dv

]
in

·
1

3.7

[
x−3.7

MP − x
−3.7
BS

]ϑin∫
0

cos2ϑdϑ, (11)

yielding

nex,ENA = ψ0σ0(v0)
1

3.7

[
x−3.7

MP − x
−3.7
BS

]
·
1r2

ss

r2
ex

∫ [
v ·A2 exp

[
−

mv2

2kTp2

]
v2dv

]
in∫ [

v ·A2 exp
[
−

mv2

2kTp2

]
v2dv

]
out

1+ cosϑin

1+ cosϑout
,

(12)

where the quantity ψ0 has already been defined by
ψ0 =

1
2np2 · nH0 · r0 · x

2
ex, and the reference value σ0(v0)=

10−15 cm2 (relying on its very small variability in the cov-
ered velocity range) has been introduced as the charge-
exchange cross section at the reference velocity v0 =√

3kTp2/m. Furthermore, ϑin and ϑout denote the border an-
gle limitations of the input cone and the output cone, re-
spectively. Due to the hemispherical ENA emission from the
exobase, one evidently has ϑout = π/2. For the limiting input
angle ϑin, we obtain from the following definition

d2�in =
π

9
= 2π

ϑin∫
0

sinϑdϑ = 2π (1− cosϑin) , (13)

leading to cosϑin = 17/18. That then leads to the following
expression:

nex,ENA ' 2ψ0σ0(v0)
1

3.7

[
x−3.7

MP − x
−3.7
BS

]
·
1r2

ss

r2
ex

∫ [
v ·A2 exp

[
−

mv2

2kTp2

]
v2dv

]
in∫ [

v ·A2 exp
[
−

mv2

2kTp2

]
v2dv

]
out

. (14)
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Figure 5. Qualitative view of competing H densities.

Reminding ourselves that both of the above requested inte-
grals as Maxwellian moments represent the mean thermal ve-
locity of the associated distribution functions, one thus sim-
ply finds

nex,ENA ' 2ψ0σ0(v0)
1

3.7

[
x−3.7

MP − x
−3.7
BS

]
·
1r2

ss

r2
ex

√
3kTp2/min√
3kTp2/mout

= 0.6 ·ψ0σ0(v0)
1r2

ss

r2
ex

[
x−3.7

MP − x
−3.7
BS

]
. (15)

Putting in numbers for ψ0 and σ0(v0), one obtains

nex,ENA ' 4.3 · 10−3 cm−3. (16)

While the exobasic H-atom density is falling off like r−2.7,
the H-ENAs being reflected from the exobase in view of their
high velocities do not care for the Earth’s gravitational field
and hence their density falls off like r−2. In principle, this
should lead to a cross-over point of the two H-density profiles
as indicated in Fig. 5.

Looking at the numbers given, however, this cross-over
point would be far beyond the magnetopause.

3 Shrinking of the escape cone

As a small refinement, another geometrical consideration
may be carried out for the case of the H-ENAs evaporating
from the exobase and arriving at distances r > rex, namely
that the widespread velocity cone of H-ENAs being hemi-
spherically reflected from the exobase, with an initial cone
angle of βc,ex = π/2, will systematically be reduced with
increasing height to an increasingly narrower velocity cone
in velocity space, the larger the radial distance r from the
exobase becomes (see Fig. 6).

This shrinking of the velocity cone of the H-ENA veloc-
ities increases the cone-averaged upward bulk velocity. This

Figure 6. Shrinking of the velocity cone of H-ENAs escaping from
the exobase to space: Close to the exobase, velocity vectors are dis-
tributed over a full hemisphere, at large distance only over a much
reduced cone, which increases the effective radial bulk velocity.

evident increase in the effective radial H-ENA bulk velocity〈
vENA,z

〉
can be calculated with the following expression:

〈
vENA,z

〉
= vH

1
4π

∫∫ βc
0 cosβ sinβ dβ dφ

1
4π

∫∫ βc
0 sinβ dβ dφ

=
1
2
vH

1− cos2βc

1− cosβc

=
1
2
vH (1+ cosβc) , (17)

where βc is the critical, local cone angle of the H-ENA ve-
locity distribution function at r . For H-ENAs escaping from
the exobase rex, it can be calculated by the expression

cosβc =
L

r
=

√
r2− r2

ex
r

=

√
1−

r2
ex

r2 , (18)

(for L see Fig. 6) meaning that with the shrinkage of this
cone, the radial ENA bulk velocity is growing with radial
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distance by

〈
vENA,z

〉
=

1
2
vH

1+

√
1−

r2
ex

r2

 . (19)

This expression for large distances asymptotically yields
the result

〈
vENA,z(r→∞)

〉
= vH. This finally shows that the

ENA density at radial distances r � rex, instead by (1/r2),
rather falls off like

nENA(r)= nex,ENA ·
r2

ex

r2
1

1
2

(
1+

√
1− r2

ex
r2

) , (20)

which, however, is only a small correction with respect to the
(1/r2) drop-off used in our calculations above.

4 The Lyman-alpha glow contribution by H-ENAs and
a look into self-consistency in H-ENA production

Thinking of H-ENA densities perhaps growing over the
exobasic H densities beyond some critical radial distance
rc, one could be seduced to ask whether or not the escap-
ing H-ENAs in fact do partly reproduce themselves by a
second-generation charge exchange in the magnetosheath
and thus contribute to the H-ENA production in the trans-
magnetopause region. This idea is especially interesting,
because it is not a priori clear what sort of H atoms,
i.e., exobasic H atoms or H-ENAs, are in fact responsible
for the Lyman-alpha signal registered at the largest exo-
spheric heights. For the exospheric H densities inferred from
TWINS-LAD Lyman-alpha measurements, it can not be ex-
cluded that H densities derived from such Lyman-alpha mea-
surements at heights around 8 rE (see Zoennchen et al., 2013)
are partly or even fully due to H-ENAs themselves. In that
case of being fully due to H-ENAs, the presence of these
H-ENAs originating from charge-exchange processes in the
magnetosheath should in fact be self-replacing, i.e., these H-
ENAs could be a phenomenon of a self-consistency. For that
purpose we are carrying out the following study of the spe-
cific contribution of H-ENAs to the Lyman-alpha glow emis-
sion at the largest exospheric heights with r ≥ r0 ' 8rE.

Their relative contribution to the full ENA production is
the ratio ξENA = β

∗

ENA/βENA of the two production rates due
to H-ENAs and due to normal exospheric H atoms, given by

β∗ENA ' np2 · nENA,0 · 〈σvrel〉
∗
·

∞∫
rMP

(
r

r0

)−2

dr

=
1
2
np2 · nENA,0 · 〈σvrel〉

∗
· r0

(
rMP

r0

)−1

(21)

and

βENA ' np2 · nH0 〈σvrel〉 ·

∞∫
rMP

(
r

r0

)−2.7

dr

=
1

1.7
· np2 · nH0 · 〈σvrel〉 · r0

(
rMP

r0

)−1.7

, (22)

where 〈σvrel〉
∗ and 〈σvrel〉 are average charge-exchange fre-

quencies between hot H-ENAs or cold exobasic H atoms, re-
spectively, and the subsonic hot magnetosheath protons. This
then consequently means

ξENA =
β∗ENA
βENA

=

1
2np2nENA,0〈σvrel〉

∗r0

(
rMP
r0

)−1

1
1.7np2nH0 〈σvrel〉r0

(
rMP
r0

)−1.7

=
1.7
2
(
rMP

r0
)0.7 ·

nENA,0〈σvrel〉
∗

nH0 〈σvrel〉
(23)

and thus leads to the expression

ξENA = 0.85 · (
rMP

r0
)0.7 ·

nENA,0〈σvrel〉
∗

nH0 〈σvrel〉
. (24)

Now one can make use of the fact that the charge-exchange
cross section at energies of Erel,0 = (m/2) · v2

rel,0 is vary-
ing only very mildly with Erel or vrel and hence one can
use a Taylor series expansion of the cross section with re-
spect to the deviation1vrel from vrel,0 in the form developed
by Fahr (2003) and with the charge-exchange cross section
given by Maher and Tinsley (1977), which then leads to〈
σv∗rel

〉
〈σvrel〉

=

σ0

[
1+ 2B

√
σ0

(
1− xrel

Xrel

)](
vrel,0+1vrel

)
σ0 · vrel,0

=

[
1+

2B
√
σ0

(
1−

xrel

Xrel

)](
1+

1vrel,0

vrel,0

)
, (25)

where the quantities xrel and Xrel are defined by

xrel =
vrel,0√
2kTp,2
m

' 1 (26)

and

Xrel =

√
64
9π

(
1+

TH

Tp,2

)
+M2

s , (27)

with TH ' 103 K; Tp,2 ' 106 K; and Ms ' 0.1. The above
expression thus leads to〈
σv∗rel

〉
〈σvrel〉

=

1+
2B
√
σ0

1−
1√
64
9π

(1+
1vrel,0

vrel,0

)

=

[
1+

2B
√
σ0
(1− 0.66)

](
1+

1vrel,0

vrel,0

)
, (28)

and hence one obtains with 2B /
√
σ0 =

(
2 · 6.8/

√
20
)
·

10−2
= 0.14 (see Maher and Tinsley, 1977)〈

σv∗rel
〉

〈σvrel〉
= [1+ 0.34 · 0.14]

(
1+

1vrel,0

vrel,0

)
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= 1.048 ·

(
1−

√
64
9π

)
' 1.6. (29)

This means that the average ENA charge-exchange pro-
duction per atom is higher by a factor of 1.6 for hot H-ENAs
as collision partners compared to cold exobasic H atoms.
Thus, we finally come to the result

ξENA = 0.85 ·
(
rMP

r0

)0.7

·
nENA,0〈σvrel〉

∗

nH0 〈σvrel〉

= 1.33 ·
(
rMP

r0

)0.7

·
nENA,0

nH0
. (30)

When reminding ourselves of the density representations
found in this article, namely Eq. (1) and

nENA = nex,ENA ·

(
r

rex

)−2

≥ 0.048 · nH,ex ·

(
r

rex

)−2

, (31)

this will then tell us that

ξENA ≥ 0.048 ·
(
rMP

r0

)0.7

= 0.048 ·90.7. (32)

So, even under extremely unlikely magnetopause loca-
tions of (rMP/r0)' 2, the above result would still mean
that ξENA ' 0.08, i.e., H-ENAs can only reproduce them-
selves by less than 10 %. Hence one can conclude that the
H-ENA component discussed in this article can not be a
self-consistent phenomenon, i.e., the Lyman-alpha glow ob-
served by TWINS-LAD (Zoennchen et al., 2013) is due to
exobasic H atoms only. To say it in other words, the self-
consistency of magnetosheath ENAs could only then be ex-
pected under conditions of a magnetosheath plasma that is
“optically thick” with respect to charge-exchange collisions
of H-ENAs with magnetosheath protons, i.e., τsheath ' 1. It
turns out, however, that this “optical thickness” τsheath of the
magnetosheath plasma with its extension D = rBS− rMP has
a value of only

τsheath ' nsheath 〈σexvrel〉
D

vH−ENA

' nsheath 〈σex〉(rBS− rMP)

= 4.5 · 10−4. (33)

5 The Lyman-alpha glow emission of terrestrial
H-ENAs

Finally, it may be interesting to study how much the above
discussed H-ENAs in the upper exosphere contribute to the
terrestrial Lyman-alpha glow emission that, for example, is
measured with a broad-band Lyman-alpha photometer by the

satellite package TWINS-LAD (see Zoennchen et al., 2011,
2013; Bailey and Gruntman, 2013). For that purpose, one has
to look at the spectral profile of the solar Lyman-alpha line
emission that enters the Earth’s exosphere from the solar di-
rection. This profile of the full disk solar Lyman-alpha emis-
sion is a strongly inverted Gaussian with a strong spectral
depletion near the center of the line (see observations from
the Orbiting Solar Observatory, OSO, shown by Bonnet et
al., 1978). As a reasonable approach to these OSO observa-
tions the following functional form of the solar line can be
used (see Scherer et al., 2000):

I (λ)

I0
= Inorm

{
a exp

[
−

(
λ− λ0

1a

)2
]

−b exp

[
−

(
λ− λ0

1b

)2
]}

, (34)

where the following numbers are used:

a = 7.9589
b = 5.6930

1a = 0.351Å

1b = 0.2Å.

The quantity Inorm normalizes the area below the spectral
curve to unity by

Inorm =

 ∞∫
0

I (λ)

I0
dλ

−1

=
1

√
π (a1a− b1b)

(35)

and I0 denotes the full-disk average of the solar Lyman-alpha
flux at 1 AU.

Now we look at those H-ENAs bouncing off the day-
side exobase with a thermally broad distribution around
the bulk velocity UENA of roughly 300 km s−1 and mov-
ing off in zenith direction into the solar direction. These
H atoms are resonantly absorbing from the blueshifted
wing of the solar profile with a mean blueshift of 1λz =
λ0(UENA/c)' (1216/1000)Å= 1.2 Å and with an equal
spread around this absorption peak due to the thermally
broad H-ENA distribution. Thus, the resonant excitation of
these H-ENAs would be centered around the spectral place
λzENA = λ0+1λ, where the spectral intensity of the incoming
solar line is larger than at line center. On the other hand, when
looking into the dawn–dusk regions of the geocorona, the
H-ENA Lyman-alpha resonance glow would be connected
with H-ENAs moving off the exobase into the direction per-
pendicular to the solar line. This is why for these ENAs the
spectral Doppler shift vanishes, as it does for the exobasic
H atoms, and these H atoms are thus excited mainly in the
line center where the spectral solar intensity is smaller by a
factor of about 1/2 compared to the spectral intensity max-
ima. For an illustrative view, see Fig. 7.
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Earth

Solar direction

Horizontal direction

Direction of maximum excitation

Figure 7. Resonant excitation of H-ENAs parallel and perpendicu-
lar to the solar line.

At this moment it is, however, hard to make clear predic-
tions on the anisotropy of the H-ENA radiation glow with-
out more exact resonant scattering calculations on the basis
of exact H-ENA distribution functions. It may, nevertheless,
be already predictable now that the sun-dusk H-ENA glow
anisotropy could come up to a factor of 2, also meaning that
the density of H-ENAs concerning their glow contribution
in the solar direction would also be weighted by such a fac-
tor of 2 with respect to the corresponding contribution from
exobasic H atoms.

6 Conclusions

At the end of this article, we once again want to refer back
to the beginning where we looked at the problem raised by
Qin and Waldrop (2016) who had found indications for the
existence of a non-thermal exospheric hydrogen component
in their Lyman-alpha glow observations with the satellite
TIMED/GUVI, a component for which no explanation as yet
is available. In this article, we have discussed a non-thermal
hydrogen component originating from charge-exchange in-
teractions of exobasic terrestrial hydrogen atoms with pro-
tons of the shocked solar wind plasma ahead of the mag-
netopause. Though this H component definitely represents
a contribution to non-thermal hydrogen in the terrestrial ex-
osphere with a relative relevance increasing with height, it
has also become clear from the calculations presented in this
article that this contribution cannot explain the observations
made by Qin and Waldrop (2016). Concerning the Lyman-
alpha resonance glow, the trans-magnetopause contribution
discussed in this article due to its rather low relative density
in heights below three Earth radii can only become recogniz-
able at large heights of about five to eight Earth radii, while
Qin and Waldrop (2016) claim to clearly identify the influ-
ence of a non-thermal H component from their glow mea-
surements already at heights of 3000 km. Thus, an idea, al-
ternative to ours presented here and bringing in suprathermal
H atoms at lower heights, might be to study whether the ob-
servationally indicated non-thermal H component could per-
haps be due to a non-thermalized form of H atoms originat-
ing in the upper thermosphere via photo-dissociation of H2O
through OH producing photo-dissociative H atoms with ve-
locities of about 8 km s−1 (e.g., see Keller, 1990), which as
non-thermalized H products represent a hydrogen component
with an effective temperature of about 4000 K.

Data availability. No original data were generated for this paper,
but all data sets used are given in Qin and Waldrop (2016).
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Appendix A

This figure, reproduced from the paper by Fahr (1978), is
provided to illustrate the process of an elastic collision of
two particles with different masses m and M and velocities
v1 and v2 before the collision. At the course of the colli-
sion, the magnitude of the relative velocity vrel = [v1− v2]

between the two particles is conserved, as is the center-of-
mass velocity. The newly originating velocities v′1 and v′2,
resulting after the collision has occurred, are connected with
a turn of the relative velocity vector around the center-of-
mass velocity. Thus, the resulting velocities are found to be
placed on the two shells around the center-of-mass velocity,
the smaller for the heavier mass, the larger for the smaller
mass, all in connection with the resulting turning angle χ .

Figure A1. Schematic representation of a collision between parti-
cles of unequal masses in the local velocity space for the calculation
of elastic energy transfers.
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