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Abstract Observations of peak electron densities in the Mars ionosphere are well fit by a simplistic
theory that assumes the electron temperature, T,, at the peak remains constant as solar zenith angle, y,
changes. However, T, ought to vary with both altitude and y. Here we use an existing numerical model

of ionospheric energetics, which includes both vertical and diurnal variations in temperatures, to predict
that T, at the ionospheric peak is relatively independent of y. This model accurately predicts the observed
dependence of peak electron density on y, whereas predictions using Viking-based electron temperatures
that are held constant with time do not. A simplified analytic model is developed to interpret these results
further. It predicts that the difference between electron and neutral temperatures is proportional to the ratio
of electron heating rate to electron production rate and proportional to the square root of solar irradiance.

1. Introduction

The production of ionospheric plasma in most solar system ionospheres is controlled by solar photoion-
ization. Consequently, the dependence of plasma density on solar zenith angle is a useful indicator of
ionospheric processes. Many investigations of observed peak electron densities in the ionosphere of Mars
have concluded that peak density, N,,,, is proportional to the cosine of solar zenith angle, y, raised to the
power k, where k = 0.5 [Hantsch and Bauer, 1990; Fox and Yeager, 2006; Nielsen et al., 2006; Safaeinili et al.,
2007; Gurnett et al., 2008; Morgan et al., 2008; Fox and Yeager, 2009; Némec et al., 2011]. Indeed, an expo-
nent k of 0.5 is predicted by the simplest possible ionospheric model [Chapman, 1931a, 1931b]. In such a
Chapman model, an = F/ (aeHCh(y)), where F is the ionizing flux, a is the rate coefficient for dissociative
recombination of molecular ions, e = exp(1), H is the neutral scale height, and Ch is a geometrical cor-
rection factor that reduces to sec y for small solar zenith angles [Withers, 2009]. However, the dissociative
recombination coefficient for O, the dominant ion at the peak of the Mars ionosphere, is a function of elec-
tron temperature, T, [Schunk and Nagy, 2009]. Electron temperatures generally increase with altitude in a
planetary ionosphere [Bauer and Lammer, 2004; Schunk and Nagy, 2009]. This ensures that electron ther-
mal energy is conducted downward into the dense neutral atmosphere, where it can be most effectively
transferred to cooler neutral molecules. Also, electron temperatures generally decrease with increasing
solar zenith angle in a planetary ionosphere as solar heating weakens [Bauer and Lammer, 2004; Schunk
and Nagy, 2009]. Meanwhile, the ionospheric peak is not fixed in altitude: it rises upward as solar zenith
angle increases, approximately tracking the level at which the optical path length of sunlight at ionizing
wavelengths is unity. Consequently, variations in electron temperature at the ionospheric peak with solar
zenith angle ought to modify the dependence of electron density on solar zenith angle from that expected
under idealized isothermal conditions. Hence, the exponent k will not equal 0.5. It is not intuitively obvi-
ous whether the electron temperature at the ionospheric peak should increase or decrease with increasing
solar zenith angle, and there is no a priori reason to expect it to be independent of solar zenith angle, which
prompts a question: why is the observed exponent k of 0.5?

Motivated by that question, here we explore how changes in electron temperature with solar zenith angle
and altitude affect the dependence of peak electron density on solar zenith angle. We also investigate which
factors have the greatest effect on electron temperatures and whether electron temperature measurements
can be converted directly into estimates of electron heating rates. We use numerical simulations to test the
possibility that the electron temperature at the ionospheric peak is independent of solar zenith angle, and
we develop and apply analytic models to gain insight into the functional dependencies that control elec-
tron temperatures. It is interesting to note that at Titan, whose ionosphere is somewhat similar to Mars'’s
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ionosphere, electron temperatures at the ionospheric peak appear to be independent of solar zenith angle
[Agren et al., 2009], but we postpone further investigation of this comparative planetology approach for
future work.

Section 2 describes previous observations and simulations of how electron temperatures at Mars depend on
altitude and solar zenith angle. It also uses an existing numerical model to simulate how electron tempera-
tures at the ionospheric peak vary with solar zenith angle and considers how these results affect the value of
the exponent k discussed above. Section 3 identifies the key physical processes controlling electron temper-
atures near the ionospheric peak and develops an analytic model of how they depend on altitude and solar
zenith angle. It also shows how observed electron temperatures can provide an estimate of electron heating
rates. Section 4 discusses our results and conclusions.

2. Electron Temperatures at Mars

Electron temperatures at the ionospheric peak and their variation with solar zenith angle have not been
constrained by direct observations. The electron temperature profile obtained from the Viking Lander 1
retarding potential analyzer at a solar zenith angle of 40° is the only electron temperature profile ever mea-
sured at Mars, and it does not extend to low enough altitudes to encompass the ionospheric peak [Hanson
and Mantas, 1988]. Models that reproduce the Viking Lander high-altitude electron temperature measure-
ments predict that T, increases by hundreds of Kelvin from 120 km, the subsolar peak altitude, to 150 km,
the near-terminator peak altitude [Chen et al., 1978; Johnson, 1978; Rohrbaugh et al., 1979; Cravens et al.,
1980; Singhal and Whitten, 1988; Choi et al., 1998; Matta et al., 2014].

Electron temperatures have a significant effect on peak electron densities, as was recognized by Fox and
Yeager [2006]. They noted that altitude-dependent electron temperatures that increase with altitude
through the ionospheric peak but do not vary with solar zenith angle could, due to associated changes in
dissociative recombination rate coefficients, cause the exponent k to be less than 0.5, the maximum elec-
tron density to occur at a higher altitude than the maximum ion production rate, and the ionospheric peak
to be relatively broad. We pursued these ideas with the one-dimensional Boston University Mars ionosphere
model, specifically examining variations in simulated peak electron density with solar zenith angle [Martinis
et al., 2003, Mendillo et al., 2004, 2011; Lollo et al., 2012; Matta et al., 2013]. Transport was suppressed in these
simulations because transport processes do not affect plasma densities at the ionospheric peak. The inci-
dent solar irradiance, obtained from the SOLAR2000 model [Tobiska et al., 2000; Tobiska, 2004; Tobiska and
Bouwer, 2006], was attenuated as it passes through a neutral atmosphere of five species (O, CO,, N,, CO, and
H,) derived from the Mars Climate Database [Forget et al., 1999; Lewis et al., 1999]. Five ions, (O , O*, COJ,
N;, and NO™), were created by photoionization and secondary ionization. Secondary ionization by elec-
tron impact was parameterized as a wavelength-dependent ratio of secondary to primary ionization. We
assumed that for each photon, each 28 eV of energy in excess of the ionization potential leads to another
ionization event [Lollo et al., 2012].

Two simulations were conducted, and electron temperatures were constant with time/solar zenith angle
in each. In the first simulation, electron temperatures were prescribed to vary with altitude as in Mendillo
et al. [2011], who adopted a representation based upon the available Viking observations. Here electron
temperatures increased sharply from <200 K at 120 km to >1000 K at 180 km, a region that contains the
main ionospheric peak. The resultant peak electron densities were proportional to 1/Ch raised to the power
0.37. This small exponent means that the simulated peak densities do not decrease with increasing solar
zenith angle as rapidly as observed peak densities. Instead, as the peak altitude increases with increasing
solar zenith angle, T, at the peak also increases with increasing solar zenith angle. Consequently, the rate
coefficient for plasma loss by dissociative recombination at the peak decreases with increasing solar zenith
angle, which reduces the exponent. In the second simulation, electron temperatures were prescribed to be
unphysically uniform with altitude at 120 K and the resultant peak electron densities were proportional to
1/Ch raised to the power 0.56, much closer to the observed value of 0.5.

This is paradoxical: a numerical simulation using electron temperatures that are consistent with the only
available data completely fails to reproduce one of the most basic observed ionospheric trends, while a
numerical simulation using unrealistic electron temperatures does much better. Clearly, the assumption of
constant Viking-like electron temperatures throughout a sol is dubious, and not merely because the resul-
tant exponent of 0.37 disagrees with observations. Based on this, we conclude that electron temperatures at
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2.0010™" e the main peak vary much less with solar zenith
] angle than is suggested by moving from

the subsolar peak altitude of 120 km to the
near-terminator peak altitude of 150 km on a
Viking-based electron temperature profile.
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] dox is to consider both vertical and diurnal
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1 et al. [2014]. Figure 1 shows these predictions
for how peak electron density, peak altitude,
and electron temperature at the peak vary
with solar zenith angle. No topside heating was

Peak electron density (m™)

0 10 20 30 40 50 60 70 80 90
Solar zenith angle (degrees)

145 oo T applied in this application of the model. Elec-
] tron temperatures at the peak vary surprisingly
;E: 140 |- ] little with solar zenith angle, remaining within
° 1 15% of their mean. A fit of the predicted peak
E 135 L ] densities to N,,, «« Ch™ yields a best fit k equal
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used altitude-dependent electron tempera-
] tures that were independent of solar zenith
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Solar zenith angle (degrees) tinguishable from the observed exponent k
420 - of 0.5. The transition from time static electron
temperatures to time-varying electron temper-
atures has improved the agreement between
the predicted exponent k (0.37 — 0.49) and the
observed exponent k (0.5).
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380 ] In the simulations of Matta et al. [2014], elec-

] tron temperatures at fixed solar zenith angle
360 |- . increase with increasing altitude, electron
] temperatures at fixed altitude decrease with
increasing solar zenith angle, and peak altitude
increases with increasing solar zenith angle. It
is not immediately obvious from Matta et al.
Figure 1. Conditions at the ionospheric peak from the model [2014] why the net effect of these trends is that
of Matta et al. [2014]. (top) Electron density. (middle) Altitude. electron temperatures at the ionospheric peak
(bottom) Electron temperature. . L . .

increase with increasing solar zenith angle,

rather than decrease. In order to develop an
intuitive explanation for that behavior, we developed an analytic model of electron temperatures. Such a
model is also useful for identifying the most important factors controlling electron temperatures near the
ionospheric peak.
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3. An Analytic Model of Electron Temperatures

A simplified analytic model of electron temperatures can be constructed to illustrate why electron tem-
peratures at the ionospheric peak increase with increasing solar zenith angle and to connect their rate of
increase to physical properties. We begin with the full versions of the energy and continuity equations used
in the numerical simulations of Matta et al. [2014] and then neglect terms in order to reduce the situation to
a tractable level of complexity. In essence, we set up versions of the continuity and energy equations, both
of which contain N, and T, and then eliminate N, to obtain an expression for T,.

The steady state continuity equation near the ionosphere peak, where photochemical equilibrium holds,
. S . S 0.
is that the photoionization rate, P,, equals the ion loss rate, L,, which is aN2. Here a = y (T./T,) ’, where
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y =2.4%x 1077 cm3s~! and T, is a reference temperature of 300 K [Schunk and Nagy, 2009]. Thus,
-0.7
P.=y (T /T,) " N M

Matta et al. [2014] evaluated the importance of the various terms in the energy equation and showed that
solar heating and collisional cooling are the dominant terms in the electron energy equation around the
ionospheric peak. Thus, in steady state, the solar heating rate, Q, (power per unit volume), equals the col-
lisional cooling rate, R,. As a first approximation, Q, can be parameterized as being proportional to the
photoionization rate, P,, such that Q, = ¢P, [Moore et al., 2008]. Although such an approximation is too
simplified for precise work, it is suitable for back-of-the-envelope studies. In the simulations of Matta et al.
[2014], dayside values of Q, /P, varied by only a factor of a few from one scale height below the main peak
to five scale heights above. We adopt ¢ = 0.5 €V, which is consistent with the simulations of Matta et al.
[2014] near the altitude of peak production. The collisional cooling rate, R,, due to rotational and vibrational
interactions with CO, is (5.8 + 3.35) X 107*N,n, (T, — T, ) T.°* [Schunk and Nagy, 2009; Matta et al., 2014].
Here T, and n,, are the neutral temperature and number density, respectively, and this expression yields R,
in units of eV cm~3 s~! when N, and n,, are in units of cm™3 and T, and T,, are in units of Kelvin [Matta et al.,
2014]. This is equivalent to R, = N,n, ((T, = T,) /T,) (Te/T,)_O'5 where § = 300°° x 9.15 x 10~'* eV cm?
s1=1.6x%x10""2eVcm?3s. Thus,

eP, = N,n, ((T. - T,) /T.) (T./T.)™°* %)

Eliminating N, between equations (1) and (2) gives

Te - Tn g Te 03 627 Pe
(52 () -(5)7
We now express P, and n,, in terms of altitude, z, in order to obtain a relationship between T, and z. To do so,
we assume that idealized Chapman theory is a useful description of the ionosphere of Mars. This assumption
is not perfectly satisfied, but it serves as a reasonable starting place for our analytical investigation. No better
analytical theory exists. Hence, P, = F, exp (1 — x — exp (—x)) /eHCh [Chamberlain and Hunten, 1987; Withers
2009]. Here x = (z — z,,) /H, where z,,, the altitude of peak production, satisfies HChn,, (z,,) = 1and o is

the absorption/ionization cross section of the neutral species. Also, n,, = exp (—x) /oHCh. Substituting these
expressions for P, and n,, into equation (3), we obtain

T,-T,\* (T.\*° _ [ €*rFy0?HCh @
T T =\——F% )& (x —exp (—x))
This leads to
T\ [ €eXyFy02H
02 (1 +6)°3 = <?"> (”%) Ch exp (x — exp (=x)) (5)
r
6% (1 4+ 6)™%% = w2Ch exp (x — exp (—x)) (6)

where 0 = (T, —T,) /T, and w is defined by equations (5) and (6). In order to estimate T,, we adopt F, =
10" em=257', 6 =3 % 1077 cm?, H = 10 km, and T,, = 181 K [Withers and Mendillo, 2005]. This temperature
is derived from the stated scale height using a CO,-dominated atmosphere in which the acceleration due
to gravity is 3.4 m s~2. Together with the previously stated values for ¢, §, y, and T,, we obtain w? = 0.5.
This value for w? sets the scale for differences between T, and T,,. We also adopt a subsolar altitude of peak
production, z,, of 120 km so that oHn,, (z,) = 120 km.

T, (z, y) is shown in Figure 2 for altitudes at which the collisional cooling rate is greater than that of thermal
conduction. Because the analytic model includes only the collisional cooling rate, we consider only altitudes
where this term is the most significant cooling mechanism. Above this critical altitude, thermal conduc-
tion becomes an important cooling process [Matta et al., 2014], which leads to near-isothermal conditions
at high altitudes. The right-hand side of equation (6) increases rapidly with increasing altitude, due to the
exp(x) term. As a result, predicted electron temperatures are unphysically large at high altitudes (tending
toward infinity). The model becomes unrealistic above about 140 km.

Figure 2 also shows results from Matta et al. [2014]. Given the assumptions made in developing this analytic
model, the agreement between the two sets of predictions is acceptable. The poor agreement at the lowest
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150 T T T 3 altitudes is easily explained. At low altitudes,
where the neutral atmosphere is relatively
1ot Lmmmem T 3 dense, electron temperatures very nearly equal
T _' :‘66:;";4400 // neutral temperatures. This analytic model used
< 130¢ agl / an isothermal temperature of 181 K, whereas
§ 30— E the work of Matta et al. [2014] used a temper-
g 120 ' 200/'2 ature profile that varied from 130 K at 100 km
__// to 180 K at 150 km. Hence, higher electron tem-
110 ?200 E peratures at low altitudes in the results of the
100 : . . . ] analytic model reflect a warmer neutral atmo-

0 20 40 60 80 sphere, rather than fundamental flaws in the

Solar zenith angle (degrees) analytic model.
Figure 2. Dependence of predicted electron temperatures on It is clear that electron temperatures at the alti-

solar zenith angle and altitude from the analytic model (solid

black lines) and the results of Matta et al. [2014] (solid grey tude of peak production, where x = 0, increase

lines). No temperatures are plotted above the dashed line, with increasing solar zenith angle since here
which marks the critical altitude above which the analytic model 62 (1 4+ 6) %3 = w2Ch/e (equation (6)). The
is invalid. prediction that 62 (1 + #)™°3 at the altitude

of peak production is proportional to Ch, and
the predicted value of the constant of proportionality can be tested by future observations (e.g., the Mars
Atmosphere and Volatile EvolutioN (MAVEN) mission).

This analytic model provides an explanation for the prediction of Matta et al. [2014] that T, at the peak
increases as y increases. In this model applied near the electron density peak, the electron collisional cool-
ing rate, R,, is proportional to the electron production rate, P,, and R, is proportional to Nn, (T, — T,,) T, %>
At the peak, P, and n,, are both proportional to 1/Ch. It follows that N, (Te - T,,) Te‘o-5 at the peak is indepen-
dent of solar zenith angle. Since N,,, & T?35Ch™%%, we have (T, = T,) T;%'> o Ch®®, which is consistent with
equation (5). A best fit of the analytic model’s electron densities at the altitude of peak production to the
function N, « (cos 7k yields a best fit exponent k of 0.43. This value is smaller than 0.5 due to the increase
in T, at the altitude of peak production with increasing y. It appears that the analytic model has neglected
some processes that in the real ionosphere make the exponent k closer to 0.5.

4. Conclusions

The model of Matta et al. [2014] has shown how electron temperatures depend on altitude and solar zenith
angle, quantifying the expected increase in temperature with altitude at fixed solar zenith angle and the
expected decrease in temperature with solar zenith angle at fixed altitude. It also predicts how electron tem-
peratures at the ionospheric peak increase with solar zenith angle and that peak electron densities should
be proportional to 1/Ch raised to the power 0.49, practically indistinguishable from the observed exponent
k of 0.5.

The analytic model of electron temperatures predicts that the difference between electron and neutral
temperatures is proportional to ¢, the ratio of electron heating rate to electron production rate (neglect-
ing the weakly varying (1 + 6)™°3 term in equation (5)). Its results provide an approach by which MAVEN
observations of electron temperatures and other properties can constrain the ratio of electron heating rate
to electron production rate. It is valid around and below the ionospheric peak, but the neglect of thermal
conduction makes it invalid more than 1-2 scale heights above the ionospheric peak.

This analytic model also shows the functional dependence of electron temperatures on other influencing
factors. The difference between electron and neutral temperatures is proportional to the square root of solar
irradiance, which predicts how electron temperatures may change over the solar cycle and as solar irradi-
ance varies on shorter timescales, such as the solar rotation period. In addition, the analytic model provides
a functional description of how electron temperature increases with increasing altitude. Finally, this model
provides an understandable explanation for why electron temperatures at the ionospheric peak increase,
rather than decrease, with increasing solar zenith angle.
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