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ABSTRACT

We have synthesized current understanding, mainly observations, with regard to ion escape
mechanisms to space from the ionosphere and exosphere of Titan and Earth-type planets, with
the intent to provide an improved input for models of atmospheric evolution on early Earth
and Earth-type planets and exoplanets. We focus on the role of the ionosphere and its non-
linear response to solar parameters, all of which have been underestimated in current models
of ancient atmospheric escape (4 billion years ago). Factors that have been overlooked include
the following: (1) Much larger variation of O* outflow than H* outflow from the terrestrial
ionosphere, depending on solar and geomagnetic activities (an important consideration when
attempting to determine the oxidized state of the atmosphere of early Earth); (2) magnetiza-
tion of the ionopause, which keeps ionospheric ions from escaping and controls many other
escape processes; (3) extra ionization by, for example, the critical ionization velocity mecha-
nism, which expands the ionosphere to greater altitudes than current models predict; and (4)
the large escape of cold ions from the dense, expanded ionosphere of Titan. Here we offer,
as a guideline for quantitative simulations, a qualitative diagnosis of increases or decreases
of non-thermal escape related to the ionosphere for magnetized and unmagnetized planets in
response to changes in solar parameters (i.e., solar EUV/FUV flux, solar wind dynamic pres-
sure, and interplanetary magnetic field). Keywords: O/H ratio-Atmospheric escape—Plane-
tary evolution—Ionosphere—EUV/FUV-Solar wind. Astrobiology 7, 783-800.

1. INTRODUCTION

CONSTRUCTING RELIABLE MODELS of the ancient
atmosphere and its early evolution is one of
the key issues in studies of the origin and evolu-
tion of early life on Earth. It is also key to un-
derstanding habitable conditions with regard to
exoplanets. Past efforts have focused on model-
ing an initial neutral atmosphere from planetary

formation models (e.g., Owen, 1998; Kasting and
Brown, 1998; Abe et al., 2000; Commeyras et al.,
2006; Hashimoto et al., 2007). Only recently have
efforts to model the atmospheric evolution (e.g.,
escape, migration, and supply) of ancient Earth-
type planets received serious attention in this
astrobiological framework (e.g., Kasting and
Catling, 2003; Lammer et al., 2003, 2007; Lundin
and Barabash, 2004; Ribas et al., 2005; Kulikov et
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al., 2006; and references therein). Main destina-
tions of atmospheric loss are to space (escape) and
to the ground (migration through rain washing,
freezing, and sublimation, and chemical reactions
to form CaCOs, CH-group, graphite, etc.) (Kast-
ing and Brown, 1998; Kasting and Catling, 2003;
Lammer ef al., 2003; Hashimoto et al., 2007).

Unfortunately, our knowledge of both initial
conditions and evolution is quite limited, which
has resulted in a large variety of models. Even the
density of the initial terrestrial neutral atmosphere
can differ by as much as two orders of magnitude
between models, and this ambiguity becomes even
more severe after different evolution models are
applied. The large ambiguity with regard to at-
mospheric evolution is largely due to our lack of
understanding of atmospheric escape into space.
For example, thermal (Jeans) escape, one of the
most important types of escape from early Earth,
is derived from a simple formula using tempera-
ture, but its effect in terms of the oxidation history
of the atmosphere is still difficult to estimate. This
is because (a) it is not easy to estimate the exobase
temperature (which determines the Jeans escape
rate) for assumed extreme-ultraviolet (EUV) and
far-ultraviolet (FUV) flux, unless we know exactly
the cooling effect by, for example, CO, (Tian et al.,
2005, 2006; Kulikov et al., 2007); and (b) even a small
ambiguity in the exobase condition causes large
ambiguity in the O/H ratio of escape because Jeans
escape is selective to light elements (H and He for
Earth). The change of the oxidation state of the
atmosphere from the time of atmospheric/ocean
formation to the time of life emergence and its early
evolution is among the most-needed information.

Non-thermal ion escape, which has a different
O/H ratio from thermal escape and is much more
difficult to model than thermal escape, adds an-
other large ambiguity to the atmospheric model.
As described in the following sections, observa-
tions of different planets at different solar cycle
phases show a larger variability of non-thermal
ion escape than is adopted in existing models
within the current variation level of solar radia-
tion and solar wind parameters. Furthermore, a
large escape flux of heavy cold ions has recently
been discovered around Titan, despite the low so-
lar luminosity there (Wahlund et al., 2005). These
unexpected observations indicate that many
processes of atmospheric escape to space over so-
lar system history are still poorly understood and
may be underestimated.
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Thus, thermal and non-thermal escape pro-
cesses make the already ambiguous characteriza-
tions of atmospheric properties (such as the oxi-
dization state) even more ambiguous when life
emerged and was stabilized. To reduce such am-
biguities in models, it is important to address the
atmospheric loss processes on early Earth 4.5 to
3.8 billion years (Gyr) ago by broadly synthesiz-
ing current observations of elementary processes
on Earth-type planets (e.g., Earth, Mars, Venus,
and the moon Titan).

Although the escape mechanisms that occur on
magnetized planets (e.g., present Earth) and on
unmagnetized planets (e.., present Venus, Mars,
and the moon Titan) are different from each other
(cf. Fig. 1), syntheses of escape mechanisms for
both magnetized and unmagnetized planets are
essential to our understanding of early Earth be-
cause we do not know whether early Earth was
magnetized or unmagnetized at the time of the
emergence of life. There is no evidence of mag-
netism in the rock record from 4 Gyr ago, at which
time the Earth’s dynamo may not have been very
strong if the solid-state inner core was not fully
formed. Recent paleomagnetic results indicate
that the geomagnetic field 3 Gyr ago was much
weaker than the present field (Sumita et al., 2001).
Thus, the strength of the internal magnetic field
4 Gyr ago is an unknown parameter. Further-
more, the ionospheric height at early Earth is ex-
pected to have been higher than at present due
to the high EUV/FUV flux (Evans, 1977; see also
textbook by Rees, 1989), and it could have been
even higher than the magnetopause height if the
geomagnetic field was relatively weak. In this
case, ancient Earth could be regarded as an un-
magnetized planet in terms of the interaction
with solar wind and the interplanetary magnetic
field (IMF).

A synthesis of planetary and Earth observa-
tions helps to highlight overlooked or underesti-
mated processes in existing models. Unfortu-
nately, few papers are devoted to such an effort;
hence it is urgent to address this problem so that
ongoing modeling efforts do not neglect to take
into account important processes. Here we focus
on one such overlooked element, the ionosphere
and its varying roles as (a) a source of escaping
ions with a higher O/H ratio than thermal escape,
(b) a shield by which to prevent the loss of ions
from solar wind-driven escape, and (c) a con-
troller of large-scale interactions between solar
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FIG.1. Illustration of solar wind (SW) interaction with
a magnetized planet and with an unmagnetized planet
with a substantial atmosphere (see section 3 for details)
downstream of the bow shock. Black, dark gray, and
light gray areas denote the solid planet, ionosphere, and
exosphere, respectively. The solid lines denote the mag-
netic field, and the dashed line denotes the shielding
boundary (magnetopause for a magnetized planet and
ionopause for an unmagnetized planet) that stops the
shocked solar wind. The white stars denote the region
where non-thermal (electromagnetic) ion heating is ob-
served in the dayside ionosphere at both Earth and Mars.
(a) A magnetized planet. (b) An unmagnetized planet. For
Titan, one must replace SW and IMF with the saturnian
magnetospheric convection and magnetic field for most
of the time. (c) For reference, we add a situation when the
ionospheric pressure is much lower than the SWDP. In
this case, the shocked solar wind is stopped by the aero-
dynamic pressure of the atmosphere. The same situation
is expected when there is no magnetic field anywhere,
though this is unrealistic.
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wind and the planetary magnetosphere/iono-
sphere. The significance of these varying iono-
spheric roles for both magnetized and unmagne-
tized planets depends on conditions on the Sun
and attributes of the resultant solar wind.

The main goal of this paper is to examine the
influence of the ionosphere on atmospheric es-
cape using current observational knowledge. We
have synthesized relevant observations in order
to show how the ionospheric roles are under-
estimated (section 2), and we have formed an
overview of the geometry (section 3). Further, we
have considered qualitative prognoses of how the
atmospheric escape processes related to the
ionosphere respond to drivers such as solar wind
parameters (section 4) and the solar EUV/FUV
flux (section 5). As described below, the overall
dependence of atmospheric escape on some solar
parameters can even be the opposite of what is
currently believed, if the contribution from the
ionosphere is properly estimated.

2. THE ESCAPE TO SPACE

The major escape mechanisms of atmospheres
(from both magnetized and unmagnetized plan-
ets) known to date are summarized in Table 1.
The kinetic energies of non-thermal ion escape
mechanisms [(4)—(6)] are ultimately supplied by
the solar wind, though solar EUV/FUV radiation
largely influences the ionization. For further ex-
planation of these mechanisms, see Lundin et al.
(1991), Brace and Kliore (1991), Luhmann and
Bauer (1992), Luhmann et al. (1992), Lundin and
Barabash (2004), Lammer et al. (2003, 2005a,
2005b), and Kulikov et al. (2006) for unmagne-
tized planets, and Kasting and Brown (1998),
Moore et al. (1999), Sibeck et al. (1999), Kasting
and Catling (2003), and Fujimoto et al. (2006) for
magnetized planets.

2.1. Controlling variables

One major problem in modeling the atmo-
spheric escape on ancient Earth is that there are
many controlling parameters whose values are
unknown, such as (a) solar EUV/FUV intensity;
(b) solar wind dynamic pressure (SWDP) or,
more precisely, the solar wind density, velocity,
and temperature; (c) IMF for both average mag-
nitude and its variability in direction; (d) lower
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TaBLE 1. Major EscaPE MECHANISMS OF PLANETARY ATMOSPHERES TO SPACE
No. Type Mechanism Explanation
@ Thermal, Jeans escape Thermal tail exceeds the escape velocity.
neutral Principal works for ions, but they are mostly
trapped by magnetic field.
2) Thermal, Hydrodynamic blow off Same as the solar wind formation
neutral/ion mechanism (works under extreme radiation
conditions during early Sun or star
conditions).
3) Thermo- Photochemical heating Release of energy in the excited state gives
chemical, the atom escape velocity.
neutral
4) Thermal and Ion pickup and subsequent Ions that are newly exposed to solar wind
non-thermal secondary sputtering of start moving according to the
combined, neutrals by picked-up ions electromagnetic force of the solar wind.
ion
(5) Non-thermal, Non-thermal ion heating Solar wind energy impeded locally to low
ion by electromagnetic waves altitudes causes electromagnetic
and field-aligned disturbances that energize ionospheric ions
potentials by, e.g., the ion cyclotron resonance
mechanism.?
(6) Non-thermal, Large-scale momentum The solar wind dynamic pressure and

ion transfer including all

processes such as

instability-related transfer

and reconnection

electromagnetic forces push the planetary
plasma anti-sunward at the boundary region
where the solar wind is stopped by the
planetary ionosphere/atmosphere.

aSeveral mechanisms exist for the initial energization and the subsequent outward acceleration.

atmosphere composition and density; (e) the
amount of heating at the surface by, for example,
solar radiation and volcanism; (f) strength of the
internal magnetic field; and (g) external bom-
bardment. Among those, only the solar radiation
parameters (EUV/FUV and total luminosity) are
rather well estimated from the study of the his-
tory of G-type stars (e.g., Ayres, 1997; Ribas et al.,
2005; Kulikov et al., 2006; and references therein).
While the total luminosity of the young Sun is be-
lieved to have been 30% less than the present Sun,
the EUV/FUV flux was most likely very high
(factors of 10-1000) 4-4.5 Gyr ago, which would
have resulted in a hot and expanded exosphere
and a subsequent high loss rate due to Jeans es-
cape (e.g., Luhmann and Bauer, 1992; Lammer et
al., 2003; Kulikov et al., 2006). However, the val-
ues of the other parameters are not well defined,
as mentioned in the introduction.

Note that the strength of the IMF and the so-
lar wind are unknown parameters of early Earth.
Although the solar dynamo may have been
strong 4-4.5 Gyr ago because the solar rotation is
believed to have been faster at that time than at
present (Ayres, 1997; Ribas et al., 2005; Kulikov et
al., 2006), this is not sufficient evidence to assume
a strong IMF, unless the actual dynamo mecha-

nism is known. Since the convection zone of the
Sun was located much deeper 4-4.5 Gyr ago, the
solar dynamo likely differed from its current
state. We cannot assume an eleven-year solar cy-
cle for the early Sun, and the variability of the
IMF (both direction and strength) is completely
unknown.

For the SWDP, Wood et al. (2005) and Wood
(2006) measured the size of the astrosphere (the
stellar counterpart of the heliosphere) by Ha ab-
sorption for a total of eleven examples, including
the Sun (the size of the astrosphere is expected to
be related to the stellar wind dynamic pressure).
Together with the X-ray intensity measurements,
they derived a general tendency that hotter G-
type stars have larger mass loss rate. However,
this relation does not hold for very young (very
hot) stars. In other words, the SWDP 4 Gyr ago
is an unknown parameter, as is the IMF.

Thus, the driving parameters are mostly quite
unknown. These ambiguities are further enhanced
when estimating the escape rate because the de-
pendencies of the escape processes on these para-
meters are not direct but indirect with regard to
the shape, height profile, temperature, and dy-
namics of atmospheric regions (exosphere, iono-
sphere, homosphere, and magnetosphere if ap-
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plicable). For example, the thermospheric/exo-
spheric temperature (a key parameter for Jeans es-
cape) is affected by many factors, such as (a) heat-
ing through solar EUX/FUYV, (b) vertical transport
(e.g., Vidal-Madjar, 1978; Gordiets et al., 1982; Tins-
ley et al., 1986; Kasting and Brown, 1998; Kasting
and Catling, 2003; Kulikov et al., 2006), (c) cooling
by infrared vibrational-rotational bands of mole-
cules (Tian et al., 2005; Kulikov et al., 2007), and (d)
ionization loss of selectively superthermal atoms/
molecules with velocities beyond Alfvén’s critical
ionization velocity (CIV) (Stenbaek-Nielsen et al.,
1990; Peratt and Verschuur, 2000; and references
therein). Among these, only the direct heating by
the EUV/FUYV is relatively well known.

The vertical transport sets the upper limit of
the atmospheric escape related to neutral
atoms/molecules (e.g., the pickup loss, Jeans es-
cape, and photochemical escape) because the re-
moved neutrals are continually supplied from the
homopause by this transport. The vertical trans-
port is also essential in modeling the exosphere
and ionosphere. However, this transport is quite
difficult to model because it includes both diffu-
sion processes (Vidal-Madjar, 1978; Kasting and
Brown, 1998) and the vertical wind, the latter of
which has been ignored in most models.

The cooling effect is another controversial ele-
ment. It is widely believed that a strong cooling
of some part of the upper atmosphere (above the
tropopause), or what is called the greenhouse ef-
fect, may be a solution to the so-called early Sun
paradox [i.e., liquid water should have existed
when solar luminosity was 30% less than the
present value (Sagan and Mullen, 1972; Pollack,
1991; Sagan and Chyba, 1997; Kasting and
Catling, 2003; Commeyras et al., 2006)]. However,
the amount of greenhouse gases in existing mod-
els of the initial atmosphere is not sufficient to ex-
plain this paradox on its own (e.g., Shaviv et al.,
2003; Wood et al., 2005; Commeyras et al., 2006),
which indicates that there is a large ambiguity
regarding the greenhouse effect, including the
amount of greenhouse gases at the exobase.
Therefore, it is not unreasonable to assume strong
cooling in the exosphere (Tian et al., 2005; Kulikov
et al., 2007). Inversely, the amount of greenhouse
gases could also be small in supplemental sce-
narios, e.g., by introducing low albedo of clouds
(Shaviv et al., 2003; see also Lassen and Friis-
Christensen, 1995; Svensmark and Friis-Chris-
tensen, 1997) or by modification to the solar evo-
lution model (Wood et al., 2005).
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The CIV has never been discussed in the escape
processes, though this mechanism has been con-
firmed by ionospheric rocket experience. Accord-
ing to the CIV concept, a neutral (atom or light
molecule) traveling with more kinetic energy rel-
ative to the background magnetized plasma than
ionization energy can be spontaneously ionized
by losing corresponding kinetic energy (Stenbaek-
Nielsen et al., 1990; Peratt and Verschuur, 2000;
and references therein). Since the ballistic escape
energy from Earth and Venus (corresponding to
11 km/s, or about 10 eV for oxygen atoms) is com-
parable to the ionization energy (particularly for
the excited-state atoms), the CIV ionization for a
hot exosphere cannot be ignored. The CIV mech-
anism is just one example of underestimated ion-
ization processes described below.

The general effectiveness of the ionization
processes is one of the most important factors for
all non-thermal ion escape mechanisms [(4)—(6) in
Table 1], though Cassini observations indicate
that this fundamental problem is not well under-
stood yet. Cassini found that Titan’s ionosphere
has dense, cold, heavy ions and is expanded to
~1400 km, i.e., to the same height as or even
higher than the exobase as illustrated in Fig. 1b
(Wahlund et al., 2005). Since Titan has a smaller
gravity and receives much less solar EUV/FUV
flux than Mars, the ionospheric height has been
expected to be lower than the exobase as illus-
trated in Fig. 1c (Cravens et al., 2005; Agren etal.,
2007). Even after including the electron impact
ionization by saturnian magnetospheric energetic
electrons and the drag effect by magnetospheric
convection, the models predict a more com-
pressed ionosphere than Cassini observed
(Cravens et al., 2005). This observation raised
questions about the present understanding of for-
mation and dynamics of the ionosphere.

2.2. Present knowledge of escape

Except for hydrogen and helium, non-thermal
ion escape [see (4)-(6) in Table 1] observed on any
Earth-sized planet is much larger than the esti-
mated Jeans escape (e.g., Lundin and Dubinin,
1992; Cully et al., 2003; Wahlund et al., 2005; and
references therein). We begin with escape related
to non-thermal ion heating [(5) in Table 1], for
which statistics over a solar cycle are available for
Earth.

The observed ion flux that escapes directly
from the terrestrial upper atmosphere/iono-
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sphere by electromagnetic/electrostatic non-ther-
mal ion heating is on the order of 102726 jons/s
or 1091 kg/s (Moore et al., 1999; Cully et al., 2003),
whereas the Jeans escape of hydrogen is estimated
(no direct measurement exists) to be larger than
this non-thermal escape of protons during solar
minimum and smaller during solar maximum,
with an upper limit of 10%” atoms /s limited by dif-
fusion (Vidal-Madjar, 1978; Kasting and Catling,
2003). The largest source of non-thermal ion es-
cape is the dayside polar region (e.g., Kondo et al.,
1990; Norqvist et al., 1998), where solar wind can
directly access the ionosphere through the geo-
magnetic field (the “cusp” in Fig. 1a).

Table 2 summarizes current knowledge of the
non-thermal ion budget above the Earth’s iono-
sphere [related only to mechanism (5) in Table 1]
during the solar maximum as observed by satel-
lites (Moore et al., 1999; Cully et al., 2003; Ya-
mauchi et al., 2005b). The outflow fluxes of H+
and O+ in Table 2 correspond to about 0.03~0.15
kg/s and 0.3~5 kg/s, respectively; most of the
escaping mass flux is carried by heavy ions such
as Of, and these non-thermal escapes are
strongly correlated to the magnetospheric activ-
ity. For reference, the current estimate of incom-
ing meteor mass flux (0.5 kg/s) is comparable to
the mass flux of ion outflow during quiet peri-
ods. The O™ escape is larger than the H* escape
even in its number flux during geomagnetic ac-
tive periods (magnetic storms and substorms). A
substantial portion of these escaping ions is, how-
ever, believed to return to the ionosphere in var-
ious forms (McFadden et al., 2003; Yamauchi et
al., 2005a), probably due to the geomagnetic field.
Unfortunately, the amount of this return flow is
unknown except for H* (0.003-0.02 kg/s), which
is estimated as only one tenth of non-thermal H*
escape at 3~5 earth radii (Rg).

Escape of the heavy ions (O" and N ) increases
much more than H* during high solar activity
(high Fip7 flux) and during major magnetic

TaBLE 2. BUDGET OF NON-THERMAL
IoNns ABOVE EARTH’S IONOSPHERE?

Species H* ot

Out (h = 2~4 Rg)®
In (h = 840 km)

0.2~0.8 X 10%°/s 0.1~2 X 10%°/s
0.02~0.1 X 10%/s ?

2Range is between geomagnetic quiet time and active
time.

bDynamics Explorer-1 data during solar maximum.

Abbreviations: h, height; Rg, Earth radii.
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storms (Chappell et al., 1982; Hamilton et al. 1988;
Cully et al., 2003). Using more than eleven years’
satellite ion data for the <70 eV range at an alti-
tude of 6000-10000 km, Cully et al. (2003) con-
cluded that non-thermal O" outflow from the
ionosphere increases by a factor of 10?, while non-
thermal H* outflow increases only by a factor of
3 when the Fyg7 flux increases by a factor of 3
(from solar minimum to solar maximum). They
also showed a stronger dependence of O* than
H™ on the geomagnetic activity that is controlled
by the solar wind parameters, particularly, the
SWDP, IMF strength, and IMF variability. This
strong dependence of O escape (for both escape
energy and flux) on the solar wind parameters is
also confirmed by hot plasma (30-30,000 eV) data
above the escape velocity (Arvelius, 2005).

For observations of Mars and Venus, we can-
not distinguish between escape due to non-ther-
mal ion heating and bulk momentum transfer [(5)
and (6) in Table 1]. The non-thermal escape of
heavy ions from the venusian atmosphere is de-
tected as an “ionotail” or “detached plasma
cloud” (observation by cold plasma instrument),
with total escaping O™ flux of 0.1~2 kg/s, a fac-
tor of 20 change between solar minimum and so-
lar maximum (e.g., Brace et al., 1990; and refer-
ences therein). For Mars, the relevant escape [(5)
and (6) in Table 1] is reported to be about 0.1~1
kg/s for the solar maximum from Phobos-2
(Lundin et al., 1990; Lundin and Dubinin, 1992)
and 0.02~0.1 kg/s for the solar minimum from
Mars Express (Lundin et al., 2004; Barabash et al.,
2007). Since Mars Express covers only high en-
ergy (>about 300 eV) and Phobos-2 covers both
high and low energies, this difference might be
due to the instrumental difference, and we will
have to wait for the Mars Express result from so-
lar maximum to confirm the solar cycle variation.

The ion pickup process [(4) in Table 1] is a ther-
mal and non-thermal combined process, in which
the interplanetary electric field (perpendicular to
the solar wind direction) and IMF move all newly
born ions inside the solar wind anti-sunward (tra-
jectories are cycloid). Even neutrals at zero ve-
locity (well below the escape velocity) under the
hydrostatic equilibrium in the gravity field es-
cape through this process when they are exposed
to solar wind and subsequently ionized by, for
example, solar FUV, electron impact, and charge
exchange. This process is considered to have con-
tributed substantially to the ancient atmospheric
loss from early unmagnetized planets in the ex-
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isting models (e.g., Luhmann and Bauer, 1992;
Lammer et al., 2005a; Kulikov ef al., 2006) for both
light (H and He) and heavy (O and CO,) species.
At present Mars, the observed pickup proton flux
of exospheric origin is as high as 1~2% of the so-
lar wind flux (Yamauchi et al., 2006), which cor-
responds to a total escaping flux from Mars of
10%726/s or 0.02~0.1 kg/s and is less than, but
still comparable to, the calculated Jeans escape
(Lammer ef al., 2005a).

For a magnetized planet, the pickup loss of the
exospheric neutrals is very little because the ex-
osphere does not extend much above the mag-
netopause. However, the ion pickup process it-
self still works for ions that are kept supplied to
the solar wind from the ionosphere. In fact, a
large number of ionospheric ions are found in the
solar wind at Mars (Lundin et al., 1991; Lundin
and Barabash, 2004) and at Earth (Eklund et al.,
1997; Reme et al., 2001), and they should be lost
even if their velocity is less than the escape ve-
locity. These massive ions also cause a mass
loading effect, which enhances the solar wind-
magnetosphere interaction and subsequent large-
scale ion escape (Yamauchi and Lundin, 1997; Ya-
mauchi et al., 2003).

The observation of an unexpectedly thick and
dense Titan ionosphere (section 2.1) showed an-
other form of massive ion pickup processes by
Saturn’s magnetospheric convection rather than
by solar wind (Wahlund et al., 2005; Agren et al.,
2007). Cassini detected that a substantial amount
of cold ionospheric ions is exposed to the reduced
magnetospheric convection above the “soft”
ionopause (cf. Fig. 1b, but the convection gradu-
ally decreases toward the ionopause). Cold ions
have negligibly small gyroradii; hence their tra-
jectory is no longer cycloid but laminar along the
magnetospheric convection (in the E X B direc-
tion). The resultant massive escape of cold ions
means that they are kept supplied from the iono-
sphere below the ionopause.

2.3. Importance of the ionosphere

Thus, the observations from Earth, Mars, and
Titan indicate that non-thermal escape from the
ionosphere cannot be ignored in both its total
amount and its role in determining the oxidizing
state of the atmospheres of early Earth, Venus,
and Mars. However, no existing model of atmos-
pheric escape from early Earth (and Earth-type
planets) has included the strong solar parameter
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dependence of non-thermal escape selectively on
O*. No model has included the extra ionization
by, for example, the CIV mechanism. No model
has included any mechanism that explains the
massive ion escape at the extended ionosphere of
Titan. Furthermore, no model has properly in-
cluded the solar parameter dependence of the
ionopause location, which demarcates the type of
loss process that is discussed later in this paper.
In other words, the roles of the ionosphere and
the solar wind—ionosphere interaction have been
underestimated in past models of atmospheric
escape from ancient Earth.

Therefore, it is important to consider the role
of the ionosphere, i.e., how the basic controlling
parameters (solar parameters and internal para-
meters) affect the various loss mechanisms
through the ionosphere and its interaction with
the solar wind. Unless we quantify and under-
stand these effects, we cannot properly model the
atmosphere of early Earth and Earth-type plan-
ets and exoplanets.

At present, even the ionospheric density can be
underestimated in models of ancient atmospheric
escape. For example, most models of ancient at-
mospheric escape do not include extra ionization
(see Titan observation in section 2.1), which even-
tually locates the ionopause above the exobase
(e.g., Kulikov et al., 2006). Furthermore, they cal-
culate the ionosphere only above the altitude of
peak electron density with constant UV /electron
impact ionization rate (e.g., Ma et al., 2004). Only
recently, Brecht and Ledvina (2006) considered
the UV effect on ionization from a fixed neutral
profile in their hybrid code simulation to estimate
the ion escape, but they suggested a need to im-
prove the code to obtain a more accurate bound-
ary location.

Among the many possible parameters that af-
fect ionospheric/exospheric conditions, we only
consider in our qualitative assessment the solar
parameters, which include dependence on solar
EUV/FUV (which determines the ionospheric
thickness), on SWDP, and on IMF (intensity and
variability). Note that the magnetospheric activ-
ity (which is related to the non-thermal escape of
ionospheric ions) of Earth is known to be strongly
controlled by the IMF direction, which changes
very frequently (e.g., textbook by Akasofu, 1977).
Therefore, the variability in the IMF direction is
also an important controlling factor. Luhmann
and Bauer (1992) have already pointed out the
importance of this type of consideration, but the
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roles of the ionosphere have not been well inte-
grated into previous models.

As discussed in section 2.1, many indirect con-
trolling factors are not completely understood,
and our current knowledge on controlling para-
meters is simply insufficient for solid modeling
of the ancient terrestrial atmosphere. Therefore,
it is advisable to examine qualitatively one ele-
ment (the ionosphere), i.e., provide an overview
of the qualitative dependence of escape processes
related to the ionosphere on the essential para-
meters. We examine only the increase or decrease
of atmospheric escape through the change of
ionospheric condition by increasing the unknown
solar parameters.

Since solar wind dependencies are qualita-
tively different between the magnetized planets
(e.g., Earth) and unmagnetized or weakly-mag-
netized planets (e.g., Venus, Mars), as shown in
Fig. 1, we first briefly overview solar wind inter-
action with magnetized and unmagnetized plan-
etsin section 3. Then, solar wind (SWDP and IMF)
dependence is considered in section 4, and solar
EUV/FUV dependence is considered in section 5.

3. SOLAR WIND INTERACTION
WITH THE IONOSPHERE

For a magnetized planet (Fig. 1a), solar wind
is deflected by the planetary magnetic field
(SWDP is balanced with the magnetic pressure of
the planetary magnetic field), except in singular
regions where the compressed IMF (after bow
shock) and the compressed planetary magnetic
field (by SWDP) cancel each other (e.g., Alfvén
and Félthammar, 1963). The boundary that de-
flects solar wind is called the magnetopause, and
the singular region is called the cusp. The cusp
is magnetically connected to the ionosphere
through a vertically pointing magnetic field.
When the planetary magnetic field is approxi-
mately dipolar, cusps appear near the north and
south poles of the dipole field.

Downstream of the bow shock, the plasma and
the electromagnetic disturbances of the shocked
solar wind reach the ionosphere directly through
the cusp and continuously carry a massive
amount of energy to the ionosphere (Heikkila and
Winningham, 1971; Yamauchi and Lundin, 2001).
This localized energy generates strong electro-
magnetic wave activities in and above the iono-
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sphere, which results in wave-related non-ther-
mal heating (e.g., Moore et al., 1999). This region
is one of the largest sources of non-thermally es-
caping ions, which is summarized in Table 2.
Note that solar wind also penetrates across the
magnetopause outside the cusps at localized sites
and in a non-steady manner (Sibeck et al., 1999;
Yamauchi et al., 2003; Lundin et al., 2003; Fujimoto
et al., 2006), and once the magnetosphere has been
penetrated, solar wind has easy access to the
ionosphere along the magnetic field, as observa-
tions have confirmed (Andersson ef al., 2002; Ya-
mauchi et al., 2003). Thus, the shielding bound-
ary for a magnetized planet is not very solid,
particularly for disturbed solar wind (solar wind
is already disturbed when it passes through the
bow shock).

If the planetary magnetic field is not strong
enough to block solar wind, the planet is defined
as unmagnetized (Fig. 1b). In this case, solar wind
is blocked by the ionospheric plasma pressure as
long as the planet has a substantial ionosphere
(e.g., Zhang et al., 1991; Brace and Kliore, 1991;
Luhmann and Bauer, 1992, Wahlund et al., 2005).
This blockage is still achieved in the collision-free
regime because the magnetic field cannot quickly
diffuse into a good conductor (the ionosphere has
high conductance), and it “piles up” in front of
the conductor due to the electric induction cur-
rent in the ionosphere (e.g., Alfvén and Filtham-
mar, 1963; Russell et al., 2006). In the dayside part,
this magnetic piled-up region is called the
ionopause. The piled-up IMF prevents both solar
wind and ionospheric plasmas from crossing the
ionopause by gyrotrapping, and as a result,
SWDP and ionospheric plasma pressure are bal-
anced by the magnetic pressure of the piled-up
IMF, respectively. This picture has been con-
firmed by observations of both Venus and Mars
(e.g., Zhang et al., 1990; Zhang et al., 1991; Russell
et al., 2006). Because of this magnetic pile-up
mechanism, the total magnetic field that confines
the ionosphere and shields it from solar wind in-
trusion is the same regardless of how weak the
IMF is (Luhmann et al., 1987).

While the interaction between the solar wind
and the ionosphere is in the collision-free regime,
it still causes strong losses of ionospheric ions due
to large-scale momentum transfer (Wolff et al.,
1980; Ong et al., 1991; Brace and Kliore, 1991;
Lundin and Barabash, 2004; Carlsson et al., 2006).
Furthermore, this shielding boundary (the
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ionopause) is not very solid (less solid than the
magnetopause) because the IMF direction is not
stable and the solar wind is disturbed down-
stream of the bow shock. Therefore, localized en-
ergy deposition through the ionosphere is more
frequent than it is through the magnetopause.
Such localized energy deposition is favorable for
non-thermal heating.

If the ionospheric ion density is very low (due
to, e.g., low EVU/FUV), the question arises
whether direct collisions between the solar wind
and the neutral atmosphere determine the
boundary of solar wind access as illustrated in
Fig. 1c. This is equivalent to the case where there
is no IMF at all or the neutral atmosphere is much
thicker than the ionosphere. However, the very
high ionizing EUV/FUV flux predicted for the
early Sun produces a dense ionosphere above the
collisional neutral atmosphere of the Earth-type
planet (cf. section 5 below and textbook by Rees,
1989). Furthermore, even Titan, which receives
very low levels of EUV/FUV, has a thick iono-
sphere (section 2.1) such that the ionospheric
pressure balances with Saturn’s corotation wind
in the collision-free regime through the piled-up
magnetic field. Generally, neutrals that are ex-
posed to solar wind are expected to be quickly
lost through the ion pickup process once they are
ionized inside the solar wind, which causes a fast
erosion of the neutral atmosphere until the ionos-
pheric pressure dominates in balancing with the
SWDP. Therefore, we do not take into consider-
ation the situation illustrated in Fig. 1c. Note that
we do not exclude the possibility of an extended
hydrogen exosphere (Luhmann and Bauer, 1992;
Kulikov et al., 2006) because the proton gyrora-
dius in the piled-up IMF is normally shorter than
the mean free pass of neutral-proton collision.

4. SOLAR WIND DEPENDENCE

For both magnetized and unmagnetized plan-
ets, IMF does not affect significantly the amount
of neutral escape [(1)—~(3) in Table 1] because the
exosphere is not much affected by the IMF. A
high SWDP generally increases the charge-ex-
change ionization and the electron impact ion-
ization of the exosphere inside the solar wind,
but not below the ionopause/magnetopause
where the exobase is located. Therefore, SWDP
does not much affect Jeans escape or photo-
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chemical escape, and we consider only non-ther-
mal ion escape mechanisms [(4)-(6) in Table 1]
in this section.

4.1. Magnetized planet (Earth)

For a magnetized planet with a strong mag-
netic field such as the present Earth, the iono-
sphere is always well below the magnetopause,
as illustrated in Fig. 1a, and the pickup loss is ex-
pected to be very small compared to other non-
thermal ion losses by, for example, large-scale
momentum transfer and non-thermal (wave-re-
lated) heatings. For these non-thermal outflows,
past terrestrial observations over 30 years have
revealed some of the solar input dependencies as
summarized in section 2.2 (see Table 2) and be-
low.

An increase in SWDP or IMF variability causes
a non-linear increase in non-thermal heating of
ionospheric ions by more than an order of mag-
nitude within several hours (Moore et al., 1999;
Cully et al., 2003). The change is largest in the day-
side polar region near the cusp (cf. Fig. 1a), and
the related escaping ions enhance the mass load-
ing effect and subsequent large-scale momentum
transfer (Yamauchi and Lundin, 1997, 2001). The
SWDP also affects the magnetopause (dashed line
in Fig. 1a). A high SWDP moves the magne-
topause location toward Earth through compres-
sion/erosion (e.g., Akasofu, 1977) and deforms
the magnetopause shape, through instabilities, to
wavy rather than laminar (e.g., Sibeck et al., 1999;
Yamauchi et al., 2003; Fujimoto et al., 2006 ).

An increase in IMF strength also causes mag-
netopause shrinkage/erosion (particularly for
specific IMF directions (e.g., Akasofu, 1977), some
increase in non-thermal heating (Cully et al., 2003;
Arvelius, 2005), and an increase in large-scale
momentum transfer through large-scale plasma
instabilities (e.g., Fujimoto et al., 2006). The mag-
netopause shrinkage/erosion is often attributed
to the dayside reconnection process, which trans-
fers the mass from the dayside to the nightside
(e.g., Hones et al., 1974). Although this is one of
the largest mass transfer processes, the majority
of the transferred mass related to the reconnec-
tion process is believed to return back to the day-
side because the total magnetic flux of the ter-
restrial magnetic field is conserved, which is not
the case for other escape processes (Yamauchi et
al., 2005b). Therefore, the net escape of ions by re-
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connection and other large-scale processes is
completely unknown. Poor knowledge of the re-
turn flow is not limited to the reconnection
process. We do not even know the returning
amount of outflow ions for other mechanisms
such as wave-related heating. Yet we can expect
that the increase in local escape most likely leads
to an increase in total escape flux.

4.2. Unmagnetized planets (Mars, Venus,
the moon Titan)

We next consider an unmagnetized planet, as
illustrated in Fig. 1b and Fig. 2. The relative lo-
cation of the shielding boundary (dashed line)
and the exosphere in the case of the unmagna-
tized planet is more important than it is in the
magnetized case because the picked-up loss in-
volves neutrals beyond the ionopause. For the
other non-thermal ion escape mechanisms, we
employ terrestrial observations to supplement
the relatively insufficiently investigated solar
wind dependence of the ionospheric condition
and escape (e.g., Zhang et al., 1990, 1991; Ong et
al., 1991).

As mentioned in section 3, the IMF strength
does not change the total piled-up magnetic field
around the ionopause. Terrestrial observations
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indicate that IMF strength influences non-thermal
heatings much less than the other parameters do
(Arvelius, 2005). On the contrary, an increase in
the SWDP means that the pressure balance alti-
tude decreases toward the planet as shown in Fig.
2a (Zhang et al., 1991), which results in more neu-
trals existing beyond the ionopause. Together
with the increase in the ionization rate (by charge-
exchange between ions and neutrals and by elec-
tron impact ionization), an increase in the SWDP
should increase the pickup loss by solar wind.
For the other non-thermal ion escape mechanisms
[(5) and (6) in Table 1], activation of the escape
process by the localized solar wind energy de-
posit into the ionosphere is analogous to the ac-
tivation at a magnetized planet, and we expect
that an increase in the SWDP activates the large-
scale momentum transfer in the boundary region
and the non-thermal ion heating in the iono-
sphere (section 4.1). On the other hand, Pioneer
Venus Orbiter’s cold plasma instrument found
a decrease of nightside ionotail density when
SWDP increased (Brace et al., 1990). Since the
density and characteristic energy are normally
anti-correlated and the density does not neces-
sarily represent flux (Arvelius, 2005), one cannot
presently conclude anything without hot plasma
measurements. Results from Mars Express/

[a) SWDP dependence (b) UV dependence
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FIG. 2. Tllustration of the interaction be-
tween the solar wind and an unmagnetized
planet (same as Fig. 1b) for different solar
parameters: (a) high and low SWDP and (b)
high and low EUV/FUV flux. The ionopause
location depends on both SWDP (due to com-
pression) and EUV/FUV (due to enhanced
ionization), while the exosphere depends on
EUV/FUV but not on SWDP. Note that a high
SWDP also intensifies the piled-up magnetic
field because its magnetic pressure must stop
the solar wind.
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Venus Express for the SWDP dependence will
shed light on these issues.

Variability in the IMF direction means that the
new IMF may weaken the piled-up magnetic
field. For example, a 180° change in the IMF di-
rection means a cancellation of the piled-up old
IMF by a new IMF at the ionopause and causes
the ions that are trapped in the ionopause to be
exposed to solar wind and subsequently be
picked up or released (Ong et al., 1991). The can-
cellation of the piled-up IMF also means that the
magnetic pressure is no longer strong enough to
sustain the SWDP; that is, until a new magnetic
configuration is set up above the ionosphere. To-
gether with the loss of ions and weakening of the
magnetic shielding, the pressure balance point
(the ionopause) is expected to move dynamically
toward the planet. Variations in the IMF direc-
tion, therefore, cause variations in the ionopause
height, which triggers large-scale instabilities and
thus enhances the momentum transfer as well as
the localized solar wind penetration into a lower
altitude than a stationary IMF case. In fact, Ong
et al. (1991) found an increase of observing fre-
quency of detached ion cloud from Venus when
the IMF direction changes from Pioneer Venus
Orbiter (PVO).

The most relevant terrestrial counterpart is
probably the cusp region because the magnetic
obstacle is very weak there; observations at the
cusp region show that the solar wind and its en-
ergy access much more easily during higher
SWDP and more variable IMF (e.g., Moore et al.,
1999; Yamauchi and Lundin, 2001). In summary,
a variable IMF (and probably a high SWDP)
causes an increase in non-thermal energization
(e.g., by electromagnetic wave activity that corre-
sponds to (5) in Table 1) and related ion losses of
the ionospheric ions. It is also favorable for large-
scale momentum transfer near the ionopause.

5. SOLAR EUV/FUV DEPENDENCE

We next consider the EUV/FUV dependence.
In this section, we simply call them UV. The most
direct UV effect is on ionospheric and exospheric
height.

According to the simple Chapman model in
which one-component atmosphere is assumed
with scale height H (counter proportional to the
gravity and mass of the atom/ion), cross section
for ionization 4, incoming solar flux Fy, and den-
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sity ng at altitude z = 0, the peak altitude z,,,, and
peak production rate g, are given as

Zmax(0, Fo, H) = H In(ny a H/cos(6)) (1)
”]mux(el Fo, H) = Fy cos(0)/(2.7*H) ()

where 0 is the solar zenith angle. The peak alti-
tude does not depend on Fy, but on H (i.e., grav-
ity), whereas the peak production rate depends
on both Fy and H. The final profile is significantly
modified by the transport of ions (vertical motion
due to heating, which is proportional to g), and
it moves the peak for n(z) to a higher altitude with
a less sharp n(z) profile than the production pro-
file (e.g., textbook by Rees, 1989). As a result, the
ionospheric extent depends on both Fj (solar UV)
and gravity (the size of the planet). A higher UV
flux or a smaller planet (i.e., gravity) leads to a
higher ionopause altitude. In fact, observations of
Earth, Mars, and Venus have revealed a large
variation of the ionospheric density and its extent
(or ionopause height) between solar maximum
and solar minimum (Evans, 1977; Zhang et al.,
1990; Kliore and Luhmann, 1991).

When the neutral atmosphere (exosphere) is
heated to expand for high UV flux (e.g., Kulikov
et al., 2006), such a condition means a higher ion-
ization rate, e.g., by UV, electron impact, and the
CIV mechanisms (section 2.1). All terrestrial plan-
ets with substantial atmospheres (Earth, Venus,
Mars, and the moon Titan) have an ionosphere
that is expanded to above the exobase, regardless
of solar wind and UV conditions. Therefore, we
assume in our qualitative assessment that the
ionopause is always located above the exobase.
Figure 2b illustrates the resultant UV dependence
of the relative location of the exosphere and the
ionopause.

This assumption directly indicates fewer neu-
trals above the ionopause than is the case for ex-
isting models (e.g., Kulikov et al., 2007); hence, less
pickup loss, because newly born ions below the
ionopause/magnetopause are protected from so-
lar wind and IMF and trapped within the plane-
tary magnetosphere/ionosphere as soon as they
are ionized. For the same reason, the thermal es-
cape rate of neutrals below the ionopause (even-
tually valid for the magnetopause, too) is also ex-
pected to be lower than it is for existing models
because a substantial portion of neutrals beyond
the escape velocity are ionized by the extra ion-
ization such as CIV or extra electron impact ion-
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ization as discussed in section 2.1. Therefore, a
high UV flux might not cause as high a thermal
escape rate as many models predict.

5.1. Magnetized planet (Earth)

At magnetized planets, the intensity of the UV
flux does not generally affect the magnetopause
location (dashed line in Fig. 1a), which is deter-
mined by the planetary intrinsic magnetic field
and the SWDP. The UV increase certainly in-
creases the exospheric height, but for the reason
mentioned above, its effect on the thermal escape
rate is expected to be smaller than predictions by
models, unless the exosphere extends far above
the magnetopause. For such an extended exo-
sphere, the ionization rate must also be high, such
that the entire setup becomes similar to that of
the unmagnetized planets, which will be dis-
cussed in the next subsection.

However, a high UV flux causes a higher, hot-
ter, and denser ionosphere and enhances non-
thermal heating and related ion escape as men-
tioned in section 2.2 (Moore et al., 1999; Cully et
al., 2003; Ebihara et al., 2006, and references
therein). By extrapolating the result by Cully et
al. (2003), an increase of Fyg 7 flux by an order of
magnitude (corresponding to the early Sun)
might cause an increase of non-thermal ion es-
cape from the ionosphere by anywhere from 4 or-
ders of magnitude (power law extrapolation) to
9 orders of magnitude (exponential extrapola-
tion) for O" and by 1~2 orders of magnitude for
H™". The O" escape flux depends on the solar ac-
tivity and geomagnetic activity much more than
the H* flux does.

The ion pickup loss of exospheric origin is not
much affected by the UV flux change because the
number of neutrals outside the magnetopause is
not very large as long as the ionosphere and
exobase are far below the magnetopause (this is
the definition of magnetized planets in this pa-
per). The other form of pickup, i.e., direct pickup
of ions which have crossed the magnetopause
from the magnetosphere, is mostly already
counted in the non-thermal heating because most
of these ions are already energized to more than
the escape velocity before they reach the magne-
topause (Arvelius et al., 2005) and do not need the
assistance of the pickup process for their escape.
On the other hand, the subsequent mass loading
by these ions enhances large-scale momentum
transfer (Yamauchi and Lundin, 1997, 2001) and
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contributes further UV dependence. Finally, the
UV dependence of other forms of momentum
transfer, such as reconnection-related large-scale
mass release from the tail, is not well studied yet.
Possible ionospheric factors that may affect re-
connection-related escape include increase in the
ionospheric conductance and change in the com-
position at the reconnection site.

5.2. Unmagnetized planets (Mars, Venus,
the moon Titan)

Again, we largely rely on terrestrial observa-
tions and a synthesis of observations for Venus,
Mars, and Titan as summarized in section 2.2 as
well as observed solar UV dependencies at Venus
(e.g., Moore et al., 1990; Brace et al., 1990; Zhang
et al., 1990; Zhang et al., 1991). As described in the
beginning of this section, thermal escape and the
pickup of newly ionized neutrals by solar wind
are not as strongly UV dependent as existing
models have predicted. As illustrated in Fig. 2b,
a high UV flux causes a hot expanded exosphere,
which is favorable to enhanced thermal escape,
while the expanded ionosphere reduces this con-
tribution by the extra ionization of these neutrals
with escaping velocity inside the ionosphere. The
reduction of escape by the expanded ionosphere
has more to do with ion pickup loss than with
thermal escape because only those neutrals above
the ionopause can contribute to the pickup
process, while a substantial portion of neutrals in-
side the ionosphere may escape by thermal es-
cape. It might also be possible that the expansion
of the ionosphere could be more UV dependent
than the expansion of the exosphere, which
would cause a reduction of the total number of
exospheric neutrals above the ionopause for high
UV. In this case, the ion pickup loss would de-
crease with increasing UV.

For non-thermal ion escape mechanisms, we
note that a higher UV flux causes a hotter and
more expanded ionosphere and a larger solar
wind-ionosphere interaction region (i.e., iono-
pause). While a larger solar wind—ionosphere in-
teraction region means higher large-scale mo-
mentum transfer, a hotter and more expanded
ionosphere means a stronger non-thermal heat-
ing because of a larger amount of the localized
energy deposition (see section 3), which, together
with the higher temperature, enhances the local-
ized electromagnetic wave activity in the iono-
sphere, as suggested by terrestrial observations
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TaBLE 3. Major NON-THERMAL IoN EscAPE MECHANISMS FROM MAGNETIZED PLANETS

Large-scale

Pickup momentum Non-thermal Cf. Jeans + O/H ratio
Increase in (small) transfer heating of ions photochemical of escape
EUV/FUV flux No change a Large increase Increase b
SWDP No change Increase Large increase No change Large increase
IMF intensity No change a Increase No change Increase
IMF variability No change a Increase No change Increase
Gravity Some decrease No change ? Some decrease Increase

aActivity itself increases but the amount of loss is an open issue.
PIncrease or decrease depending on the relative importance of non-thermal heating.

of non-thermal ion escape (Cully et al., 2003). In
fact, PVO observation of solar cycle dependence
based on cold plasma data shows an increase of
total non-thermal ion escape [(4)-(6) in Table 1]
during solar maximum (e.g., Moore et al., 1990;
Brace et al., 1990). The Mars Express and Venus
Express missions are expected to reveal the hot
plasma part of non-thermal ion escape over the
solar cycle.

Finally, we mention the gravity effect. In Equa-
tions 1 and 2, the dependence on gravity appears
to be slightly less than the logarithmic response.
This logarithmic response is valid for both the ex-
osphere and the ionosphere; that is, the exosphere
shrinks more than the ionosphere in actual dis-
tance (in km) for higher gravity. Furthermore,
gravity effect on the ionopause height is reduced
by compression by the SWDP, while gravity ef-
fect on the exospheric extent is not much affected
by the SWDP (such a difference does not exist for
a magnetized planet). Therefore, for an unmag-
netized planet, higher gravity causes more
shrinkage of the neutral atmosphere than of the
ionosphere, and lower gravity causes more ex-
pansion. (Note that the ionopause is still expected

to be located higher than the exobase). Recent
Cassini observations have confirmed more mas-
sive escape of cold ions from Titan than from
Venus (Wahlund et al., 2005, 2006). This is con-
sistent with the above argument for both the UV
dependence and the gravity dependence.

6. SUMMARY

We have discussed how the ionosphere may
play an important role in controlling the atmo-
spheric loss at early Earth and Earth-type planets
and have qualitatively evaluated its positive/
negative effects as a function of the solar/stellar
wind and radiation. The ionosphere contributes di-
rectly to atmospheric loss processes: (1) It is a
source of non-thermal ion escape by, for example,
non-thermal ion heating for both magnetized and
unmagnetized planets. The relevant escape mech-
anisms are more solar wind/radiation dependent
than thermal escape, particularly for O* compared
to H*, which is important in determining the oxi-
dized state of the atmosphere. (2) It is a protector
from a solar wind—driven escape of ions by gyro-

TaBLE 4. MaJorR NON-THERMAL IoN EscAPE MECHANISMS FROM UNMAGNETIZED PLANETS

Large-scale

momentum Non-thermal Cf. Jeans + O/H ratio
Increase in Pickup transfer heating of ions photochemical of escape
EUV/FUV flux Decrease?? Increase Increase Increase b
SWDP Increase ¢ N No change Large increase
IMF intensity No change No change No change No change No change
IMF variability Some increase Large increase Increase No change Increase
Gravity Decrease No change ? Decrease Increase

aNot clear. The comparison between Titan and Mars suggests decrease, but this simple comparison might not

apgalropriate to model the ancient escape.

ncrease or decrease depending on the relative importance of non-thermal heating.
¢Although PVO statistics shows decrease in cold plasma density, we may expect an increase of escape flux based

on terrestrial results (see section 4.2).
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trapping to the piled-up IMF for unmagnetized
planets. Therefore, the ionopause location relative
to the exospheric extent is a controlling factor for
the ion-pickup loss. For a magnetized planet, the
pickup loss of the exospheric neutrals is very little
because the exosphere does not extend much above
the magnetopause. (3) It also partly contributes to
large-scale momentum transfer and resultant large-
scale ion escape. As a result, the ionosphere makes
the solar parameter dependencies of the atmos-
pheric loss very dynamic for both thermal and non-
thermal escape mechanisms.

Tables 3 and 4 summarize the expected solar
parameter dependencies of ion escape for mag-
netized and unmagnetized planets, respectively.
A high atmospheric loss rate is expected when
the planetary size is small, SWDP is high, IMF is
variable, and the EUV/FUV flux is high. How-
ever, the dependence is different between ther-
mal escape (small change) and non-thermal es-
cape (large change). In our assessment, it may
even be possible that the EUV/FUV dependence
on the pickup loss is negative because of the ex-
pansion of the ionopause that keeps plasma
within the ionosphere. Therefore, non-thermal
escape from the ionosphere is as important as
thermal escape or ion pickup from the exosphere
of ancient Earth and Venus, when the solar
EUV/FUV flux was very high (and solar wind
was possibly very active). For Mars, on the other
hand, the escape velocity of hydrogen is much
lower than the CIV due to the low gravity; hence,
unless the planet is strongly magnetized, thermal
escape is expected to be the most important
process, even 4-4.5 Gyr ago.

Since the O/H ratio of the observed non-ther-
mal escape depends non-linearly on the solar
parameters with a high O/H ratio for a high
EUV/FUV, SWDP, IMF, or a variable IMF, the
ancient Earth and Venus must have had a much
higher O/H ratio of atmospheric escape than has
been predicted by existing models. The higher
O/H ratio of escape is important in modeling the
oxidation state of the ancient atmosphere. Thus,
to understand the atmospheric conditions at the
time of the emergence of life and its early evolu-
tion, we need proper modeling of the ancient
ionosphere along with proper assumptions of the
static and dynamic conditions of the solar input
and the ionosphere.

In this study, we did not consider many inter-
nal effects. The conditions of the upper neutral
atmosphere, such as composition, temperature,
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and convection, cause large uncertainty in the
ionopause location (for the unmagnetized case)
and non-thermal heating (for the magnetized
case). Volcanic activity should also significantly
affect solar wind interaction because ancient
eruptions, which were much stronger than at
present, may have easily caused different O/H
ratios in the escaping flux into the solar wind, as
indicated by Io’s volcano. Direct ion pickup of
volcanic material may affect the atmospheric pH.
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