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ABSTRACT

Based on a multi-instrumental Cassini dataset we make model versus observation comparisons of
plasma number densities, ns=(nn)*? (N and n, being the electron number density and total positiveion
number density, respectively) and short-lived ion number densities (N¥, CH,",'CH3*, CH,") in the
southern hemisphere of Titan's nightside ionosphere over atitudes ranging from 1100 and 1200 km
and from 1100 to 1350 km, respectively. The np model assumes photochemical equilibrium, ion-
electron pair production driven by magnetospheric electron precipitation and dissociative
recombination as the principal plasma neutralization process. The model to derive short-lived-ion
number densities assumes photochemical equilibrium for the short-lived ions, primary ion production
by electron-impact ionization of N, and CH,4 and removal of the short-lived ions through reactions with
CHj,. 1t is shown that the models reasonably reproduce the observations, both with regards to np and the
number densities of the short-lived ions. Thisis contrasted by the difficulties in accurately reproducing
ion and electron number densitiesin Titan's sunlit ionosphere.

1. Introduction

Titan, the largest satellite of Saturn, has a dense and extended atmosphere dominated by N, and CH,.
The Cassini mission has revealed a chemically complex ionosphere around Titan. N, and CH, are
ionized and/or dissociated by solar photons or particle irradiation marking the onset of a chain of
chemica reactions, which produce hydrocarbon and nitrile ions, heavy positive and negative ions, and
eventually aerosols (e.g; Vuitton et al., 2007; Waite et al., 2007; Wahlund et al., 2009; Crary et a,
2009; Agren et al., 2012; Shebanits et a., 2013; Lavvas et al., 2013; Wellbrock et al., 2013). However,
Titan dayside ionospheric models have shown difficulties in reproducing observed electron number
densities (e.g., Vigren et al., 2013), as well as the observed number densities of HCNH®, the dominant
ion in the main ionosphere (e.g., Vuitton et al., 2009; Westlake et al., 2012). The sunlit side electron
number densities derived in the Cassini multi-instrumental study by Vigren et a. (2013) are
systematically a factor of ~2 higher than the values deduced from the Radio Plasma Wave
Science/Langmuir Probe (RPWS/LP) measurements. From the latter, the dayside electron number
densities are found to peak typically at values ~2000-5000 cm™ in the atitude range 1000-1200 km.
The model predicts the observed shape of the electron number density in atitude and both the
observations and the model show that a decreased solar zenith angle decreases the atitude and
increases the magnitude of the electron number density peak. Whether the cause of the discrepancy in
magnitude is overestimated plasma production, underestimated plasmaloss or a combination of the two
is an open question. There are different levels of agreement in existing model-observation comparisons
of short-lived ions in Titan's dayside ionosphere (short-lived ions include e.g., N*, N," and CH, " with
x<5; ions that are reactive with CH, and typically lost in ~5-200 s upon formation in the altitude range
1000-1350 km). On the one hand, Robertson et a. (2009), Westlake et al. (2012) and Richard (2013)
obtain a good agreement with the lon Neutral Mass Spectrometer/Open Source lon mode (INMS/OSI)
observations for their model derived number densities of {N*, CH,'}, CH3" and CH," (note that N* and
CH," cannot be separated by the INMS/OSI due to their similar mass-to-charge ratios). On the other
hand Vuitton et al. (2009) overestimate the observed number densities of {N*, CH,"} and CH;" and
Mandt et al. (2012) derive significantly higher number densities than observed for these species as well
as for CH,". Nevertheless, when Mandt et al. (2012) utilize a high resolution cross-section set for the
N, photodissociation beyond the N, ionization threshold, an action that affect the ionization rate profile
of CH,4 (see Lavvas et al., 2011), the model-data comparison improves notably for CH;" and CH,".



In the present work we focus on Titan’ s nightside ionosphere with the purpose of comparing modeled
ionospheric number densities with observations. Firstly (in Section 2) we compare modeled plasma
number densities with RPWS/LP observations in the altitude range 1100-1200 km (the selection of
upper and lower limits of the atitude range are motivated in Section 2.1). The plasma number density
is here defined as np=(nan;)” with n, and n, being the electron number density and the total positiveion
number density, respectively. Secondly (in Section 3) we compare over a more extended altitude range
(1100-1350 km) modeled and observed number densities of the short-lived ions N*, CH,", CH;" and
CH,4".

Titan's nightside ionospheric particle balance has previously been modeled by Agren et a. (2007)
(focusing on the T5 flyby) and Cravens et al. (2009) (focusing on the T5 and T21 flybys). In brief they
considered upstream electron fluxes measured by the Cassini Plasma Spectrometer/Electron
Spectrometer (CAPS/ELS) and modeled by different means the electron precipitation through the
upper atmosphere. The number densities of the dominant N, and CH,4 molecules were constrained by
measurements by the lon Neutral Mass Spectrometer (INMS) operating in its Closed Source Neutral
(CSN) mode. lonization rates versus atitude were calculated and electron- and ion number densities
derived from ion-chemistry models. In the deep ionosphere, below 1200 km, the modeled electron
number densities significantly exceeded the RPWS/LP observations. In Agren et a. (2007) the
modeled n, exceeded the observations by more than a factor of 6 (see their Fig. 8), though sub-sequent
to their work a re-calibration of the CAPS/ELS instrument was made (see Cravens et a., 2009 and in
particular Lewis et al., 2010), which taken into account reduces the discrepancy to a factor of ~3.
Cravens et a. (2009) remarked that a satisfactory model-observation comparison in the deep
ionosphere would be achieved following a reduction by a factor of 5-10 in the incident electron fluxes
used in their model.

Our approach to investigate Titan's nightside ionosphere differ in several aspects from the works by
Agren et al. (2007) and Cravenset al. (2009). Most importantly we do not attempt to model the
magnetospheric electron precipitation but use instead in each considered location the ambient
suprathermal electron fluxes measured by the CAPS/ELS to derive electron-impact ionization rates.
As highlighted in e.g., Agren et al. (2007), Cravens et a. (2009), Gronoff et al. (2009) and Snowden et
al. (2013) the electron precipitation is highly sensitive to the magnetic field line topology, which in the
case of Titan can be very complicated. In fact, Snowden et al. (2013) discuss the results of Agren et al.
(2007) and Cravens et a. (2009) and show that the significant electron flux depletion required to reach
consistency with observations in the deep nightside ionosphere is fully plausible. A further difference
in our model to derive plasma number densities is that we utilize the concept of an effective ion-
electron recombination coefficient, which removes the computational burden of modeling in detail the
complex chemistry associated with Titan’s ionosphere. We use in the present study the most recently
analyzed data from the INMS/CSN (Cui et al., 2012), INMS/OS| (Mandt et al., 2012), CAPS/ELS (see
e.g., Lewis et a., 2010; Wellbrock et al., 2012) and RPWS/LP (Edberg et al., 2013; Shebanits et al.,
2013).

2. Plasma number density
2.1. Flyby information and description of model

We focus the np study to the atitude regime 1100-1200 km using Cassini data from the five
consecutive T55-T59 Titan flybys, which share similar geometrical features (see Table 1).

Table 1: Titan nightside flybys considered in the present study with information on date and Saturn Loca Time
(SLT). Also shown are the values of the Local Time (LT) on Titan, Solar Zenith Angle (SZA), the latitude and the
longitude for altitudes of 1200 km along the Cassini inbound trajectory. The values within brackets are those at
1200 km for the outbound part of the flybys.

Flyby (date) SLT LT SZA Latitude Longitude
(h) () ) ©) )

T55 (2009-05-21) 21.95 22.6[21.0] 159 [122] 4S[399] 167 [192]

T56 (2009-06-06) 21.91 22.6[20.7] 154 [115] 14S[495] 167 [195]

T57 (2009-06-22) 21.87 22.6[20.3] 149 [107] 23S[599] 166 [200]

T58 (2009-07-08) 21.83 22.6[19.7] 141 99] 335[689] 165 [208]

T59 (2009-07-24) 21.78 22.7[18.2] 134 [91] 43S[759] 163 [230]

The upper and lower limits of the atitude range are set respectively to probe a photochemically
controlled region and a region where magnetospheric electron precipitation is the dominant ionization
source on the nightside (see e.g., Robertson et al., 2009; Galand et al., 2014). Overall the study is



restricted to nine points sampled from the flybys, mainly because the RPWS/LP made sweep mode
measurements only once every 24 s and as we consider only parts of the flybys at sufficiently high
solar zenith angles (>110°) such that we can safely neglect any contribution to the ion-electron pair
production by solar EUV photons.

Let ng, Ny and ny be the number densities of electrons, positive ions and negative ions, respectively.
Under the assumptions of photochemical equilibrium, and overall charge neutrality with singly charged
positive and negative ions (N, = ne + ny) the following ionospheric relation can be derived (see Larsen
etal., 1972):

P, =ag4nn, +o,,nyn, @)

where o and ayy are the effective ion-electron dissociative recombination and ion-ion. mutual
neutralization rate coefficients, respectively. Introducing A=ny/n. and the plasma number density
np=(nen;)®° Eq. (1) can be rewritten as

P, = (aeff + Aayy )nd 2

In the considered altitude regime ns>ny (Shebanits et a., 2013) and in addition it is anticipated that
oe>> aun (See Vigren et al., 2014). This implies that ion-electron recombination is the dominant
plasma neutralization process in the considered altitude range. Assuming further that the effective
recombination coefficient is proportional to (T#/300)°7 where Ts is the electron temperature (see
further Section 2.6.3) Eq. (2) can be reduced to:

P
n = £ 3
P,Model \/aeﬁ 20 (Te /300),0'7 ( )

where np:(nen|)”2, P. is the ion-electron pair production rate, T, is the electron temperature and ae 300
is the effective ion-electron recombination coefficient at a reference electron temperature of 300 K.
The input parameters Pe, o300 and T, are discussed in Sections 2.2-2.4. In Section 2.5 the ratios, R, of
modeled (right-hand-side of Eq. 3) and observed plasma number densities are presented with estimated
random uncertainties. In Section 2.6. we explore how the R-values are affected considering e.g.,
systematic errors of various input parameters.

2.2. Electron production rate

The ion-electron pair production rate P, at a given location is calculated as in Galand et al. (2010)
from the CAPS/ELS derived differential suprathermal electron fluxes, 1(E), (unit of cmsris’ev?)
(see eg., Lewis et a., 2010; Wellbrock et al., 2012) assumed to be isotropic in pitch angle and
corrected for spacecraft potential, measured by RPWS/LP (typically in the vicinity of -0.5V for the
points considered):

P=4z¥n, | 1.(E)a,(E)dE @

where the integral extends from the ionization threshold of neutral species mto 28 keV, which is the
upper limit of the CAPS/ELS energy range, N, is the number density of molecular species m (N, or
CH,) (derived from INMS/CSN, see Cui et a., 2012) and oi(E) is the total electron-impact ionization
cross section of m at energy E. The cross sections for N, and CH, electron-impact ionization are taken
from Itikawa (2006) and Liu and Shemansky (2006). To assess |, we have mainly made use of the
CAPS/ELS anode 2 measurements taking the average over four 2s spectra recorded near the atitude of
interest. As an example Fig. 1 shows I(E) derived in this manner near 1169 km during the ingress of
the T56 flyby (the displayed error bars are due to counting statistics). Anodes 3-6, and in particular
anodes 4 and 5, pointed in or near the ram direction and detected negative ions (or traces). Anode 2
was chosen out of the remaining four anodes because it is the least affected by spacecraft obscuration,
which in particular affect the measurements in anodes 1 and 8 (e.g., Lewis et a., 2008; Arridge et al.
2009).
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Figure 1. CAPS/ELS anode 2 derived suprathermal electron intensities versus electron energy for the

inbound of the T56 flyby at an dtitude of 1169 km. The error bars are.due to-counting statistics. The

displayed data has not been corrected for the spacecraft potential. The solid line shows the level
registered by one electron in each energy bin.
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In Table 2 for the nine investigated points we list the associated n(N,), n(CH,), the calculated
ionization frequencies vigni Of N, and CH,4 (based on CAPS/ELS anode 2 derived Ig) and the ion-
electron pair production rates, Pe. The random errors due to. counting statistics in the INMS/CSN
measurements of N, number densities are only ~1% (Cui et al., 2012). Accounting for the statistical
uncertainties in the suprathermal electron intensities measured by anode 2 of CAPS/EL S give errorsin
the listed P, of less than 4% (higher uncertainties for points with lower ionization frequencies). These
counting statistic uncertainties combined give random errors in the derived P, values of less than 5%.
We have, however, also considered the CAPS/ELS measurements done with anodes 3, 6 and 7 (the
anodes apart from anode 2 that are the least affected by negative ions or spacecraft obscuration effects).
The inter-anode variations in l¢(E) resulted in P values that in all cases but one (point index 7) were
less than 20% different from the P values derived using I(E) as measured by anode 2. This adds
support to our assumption of isotropic electron fluxes. The asymmetric “error margins’ in Pg shown in
Table 2 correspond to the maximum and minimum values of P, obtained through cal culations based on
the 1(E) measured by anodes 2, 3, 6 and 7 of the CAPS/ELS.

Table 2: INMS/CSN derived N, and CH,4 number densities, calculated ionization frequencies (from anode 2 of
CAPS/ELS) and calculated P, for the nine investigated points in Titan's nightside ionosphere. The asymmetric
error margins.in the P, values are based on the maximum and minimum derived P, when considering the I(E)
measured by anodes 2, 3, 6 and 7 of the CAPS/ELS (counting statistic errors of the INMS/CSN and CAPS/ELS
measurements, affecting Pe by less than 5% are here neglected).

# Flyby n(N.) n(CH,) Vioni (N2) Vioni (CH4) Pe
[10°cm®]  [10°cm®]  [10%s7] [10% Y [em3sY

1 "T550ut, 1185km  4.81 0.37 5.22 7.81 0.28 (+0.00, -0.05)
2. T56in, 1169 km 5.39 0.24 8.14 12.73 0.47 (+0.06, -0.07)
3 T56in, 1124 km 10.39 0.41 5.72 8.77 0.63 (+0.11, -0.11)
4 Ts6out, 1156km  4.68 0.32 12.01 17.41 0.62 (+0.06, -0.10)
5 T57in, 1195 km 5.87 0.38 6.03 8.99 0.39 (+0.02, -0.04)
6 T57out, 1147km 838 0.48 4.93 7.40 0.45 (+0.07, -0.03)
7 T58in, 1164 km 6.75 0.35 7.18 11.89 0.53 (+0.00, -0.16)
8 T50in, 1172 km 6.55 0.36 7.72 11.31 0.55 (+0.00, -0.07)
9  T59in, 1127 km 14.76 052 4.04 5.75 0.63 (+0.02, -0.01)

For the ingresses of the T56 and T59 flybys- for which more than one point is given — the ionization
frequencies decrease with decreasing altitude (in the case of T56 [T59] by ~30% [~50%)] along a
decrease in atitude of 45 km). This can be due to various reasons, one possibility being that Titan's
atmosphere has degraded in energy impinging magnetospheric electrons at higher atitudes eroding
Saturn's flux tubes (Snowden et al., 2013).



2.3. Effective recombination coefficient

The effective ion-electron recombination coefficient at a reference electron temperature of 300 K,
oet.300, 1S defined as the weighted average:

2 N &, 300
S ©

where the sums are over individual positive ion species i, n is the number density of i and a; 30015 the
rate coefficient for the dissociative recombination of ion species i a T.=300 K. The INMS/OS|
measurements provide number densities of ions with mass-to-charge ratios M/Z up to 100 Dawith unit
resolution. To relate the M/Z ratios to ion species we use the chemica assignment by
Vuitton et al. (2007). We make the assumption that ae300 iS Similar to the effective recombination
coefficient among the 17 mgjor ions in Titan's nightside ionosphere having masses in the INMS/OSI
detectable range (CH3;', CHs', HCNH*, C,Hs’, CH.NH,", c-C3Hs", C3Hs', CH3CNH', C,Hs',
HCCCNH+, C4H5+, CH2CHCNH+, CsH5+, C4H3NH+, C5H7+, C5H7+, C7H7+). The individual major ion
species’ recombination coefficients are, when available, taken from laboratory - measurements (Adams
and Smith, 1988; Rebrion-Rowe et al., 1998; Fournier et a., 2013; Vigren et a.; 2013 and references
therein). In cases where the dissociative recombination rate coefficient of a major ion species not has
been measured (which to the best of our knowledge is the case for CH,NH,", CsHs', CsHs', C4HsNH",
CsH-") we set the values according to Eq. (8) of Vigren et al. (2013) which links measured dissociative
recombination rate coefficient of CxNyHZ+ ion species to the number of atoms within them. For the
flybys considered in the study, the INMS/OSI operated only during T57 and T59. This allowed
estimations of agt 300 iN four out of the nine points considered in the study (see point indices 5, 6, 8 and
9 in Table 3). The agra0 Values for the points associated with the T55, T56 and T58 flybys were
instead set based on a linear fit (see Fig. 2) of the ae300 Values calculated against atitude (1100-
1200 km) during the T57 and T59 flybys:

it 300

O 100(2)=1.945%10° -1.068x10°xZz ~ (6)

where the altitude z is inserted in km to give aq: 300 in cm’s™. All points, with exception for a point near
1100 km during the ingress of the T59 flyby are within 8% of the linear fit, and so we consider an 8%
random uncertainty when applying Eq. (6) as an estimate of a 300 fOr point indices 1-4 and 7.

1200 :
+ T57in e
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Figure 2: Effective recombination coefficients at a reference electron temperature of 300 K versus
atitude along the Cassini T57 (black) and T59 (red) trajectories. The displayed aef 300 Vel ues have been
calculated as outlined in Section 2.3 from INMS/OS!| ion spectra, chemical assigning and laboratory
derived or estimated dissociative recombination rate coefficients of individual ion species. The solid
line shows a linear fit of the data (given by Eq. 6) and the dashed-dotted and dashed lines are located
8% above and below thefit line, respectively.



It is stressed that additional uncertainties, mainly of systematic nature, prevails for all ot 300 Values
used in our model calculations. On the one hand, error margins due to uncertainties in the adopted
recombination coefficients and the number densities of the 17 major ions are limited to ~15-20% as
motivated in Section 2.6.2. It is, on the other hand, difficult to assess the potential error introduced
when approximating o300 in the entire ion population by the effective recombination coefficient
among the 17 major ions observable by the INMS/OSI. While the 17 mgjor ions account for >90% of
the ion population seen by the INMS/OSI in the considered altitude range, the prevalence of heavy ions
(with M/Z>100 Da), not detectable by the INMS/OSI, may have a non-negligible influence on the
effective recombination coefficient. Such heavy ions are considered likely to contribute to somewhat
increasing s 300 Values (see Vigren et a., 2013) though there is a limited knowledge on dissociative
recombination rate coefficients for complex ions of potential relevance for Titan’sionosphere.

2.4. RPWYLP data

The RPWS/LP derived T, ne and n; (see Edberg et d., 2011, 2013; Shebanits et a., 2013) are shown
in Table 3. The T, values are estimated accurate to within ~20% while the random uncertainties in n,
and n, due to instrumental noise are estimated as ~10%.

Table 3: Estimated ae300 and RPWSLP derived Te, ne and n; for the nine investigated points in Titan's
ionosphere. Random errors in o 300 are only considered for the values derived from Eq: (6) (see text for details)
while the random errorsin Te, ne and n; are estimated as 20%, 10% and 10%, respectively.

# Flyby Oleff 300 Te Ne n
o [107 cm’sY [K] [em] [cm?]
1 T550ut, 1185 km 6.79+0.54 648 706 644
2 T56in, 1169 km 6.97+0.56 729 986 1375
3 T56in, 1124 km 7.45+0.60 440 1000 1405
4 T56out, 1156 km 7.10+0.57 686 908 1527

5 T57in, 1195 km 6.64 641 878 942
6 T57out, 1147 km 7.15 507 957 1135
7 T58in, 1164 km 7.02+0.56 667 1078 1753
8 T59in, 1172 km 7.15 646 935 1132
9 T59in, 1127 km 7.74 562 907 808

2.5. Model-observation comparison

The modeled (right-hand-side of Eq. 3) and observed plasma number densities [ns=(nen)*? 1], and their
ratio R=np modei/Np,obs, -@r€ shown in Table 4. The error margins do not take into account systematic
uncertainties (discussed in Section 2.6). The assymetric errors in np moge aNd the R-values follows from
the asymmetric errors considered for P, (see Table 2). The error margins include also the consideration
of random errorsin T, (20%) and in ae300 (8% for point indices 1-4 and 7). The random uncertainty in
Np s fOllOWsS from error propagation of npyobsz(nem)”2 with the random uncertainties in n, and n; each
set to 10%.

Table 4: Modeled and observed np and their ratios for the nine investigated points.

# Flyby NP Model NP observed R =Np mode! Np.obs
[em?] [em?]
1 T550ut, 1185 km 841 (+67, -140) 674+48 1.25 (+0.14, -0.24)
2 T56in, 1169 km 1121 (+165, -169) 1164+82 0.96 (+0.17, -0.17)
3 TS6in, 1124 km 1052 (+180, -172) 1185+84 0.89 (+0.18, -0.17)
4  T560ut, 1156 km 1248 (+164, -196) 1178+83 1.06 (+0.17, -0.20)
5 T57in, 1195 km 1000 (+97, -118) 909+64 1.10 (+0.15, -0.17)
6 T57out, 1147 km 953 (+143, -97) 1042+74 0.91 (+0.18, -0.12)
7 T58in, 1164 km 1149 (+93, -266) 1375+97 0.84 (+0.09, -0.21)
8  T59in, 1172 km 1147 (+80, -150) 1029+73 1.12 (+0.12, -0.19)
9 T59in, 1127 km 1123 (+98, -87) 856161 1.31(+0.16, -0.15)

We have plotted the R-values with asterisks in Fig. 3 and included for comparison the corresponding
R-values in the dayside ionosphere using Cassini data from the T40 (circles) and T48 Titan flybys
(squares). Note that Pe was derived in a different manner in the dayside ionosphere where the main



ionization source is photoionization. The central input parameters in the dayside P, calculations are the
solar EUV spectrum impinging on the top of the atmosphere [based on measurements by the
Thermosphere lonosphere Mesosphere Energetic and Dynamics/Solar EUV Experiment, TIMED/SEE
(see Woods et a., 2005)] and the INMS/CSN derived number density profiles of N, and CH,. In brief
the Beer-Lambert law is applied to derive photoionization rates and generate photoel ectron spectra at
different locations along the Cassini trajectories, which are then used in an electron-energy degradation
model (see Appendix of Vigren et a. 2013) to calculate electron-impact ionization rates. It is seen in
Fig. 3 that while the nine nightside points are scattered around R=1 (with the minimum and maximum
R values being 0.84 and 1.31, respectively), the 14 dayside points are all associated with R-values of
~1.88+0.12.

1200 T
e
|
i 1 o
| o o
——
, +'p
7™ I o
, :,4
1150 Nightside points %
3 S ° o
e 1
i} A+ | - “
2 = ¥
= |
{ |
| o
1100 : @
|
|
- ! D
"model = observation" —>» " P
| Sunlit points >,0
|
|
|
1050 JI o %
0 0.5 2.5

1 1.5
n Model/Observation
plasma

Figure 3: Modeled divided by observed plasma number densities (R-values) for the nightside points
(asterisks with indices of Table 2) and dayside points (open symbols; the circles and squares are for the
T40 and T48 flybys, respectively). The asymmetric error bars attached to the nightside points are due
to random uncertainties (see text for details). The mean R-value of the displayed sunlit pointsis 1.92
and the standard deviation of the mean is 0.08.

2.6. Sensitivity tests
2.6.1. Uncertaintiesin input parameters affecting Pe

As motivated in Vigren et al. (2013) the neutral number densities derived by the INMS/CSN (Cui et
a., 2012) are unlikely to be systematically off by more than 20%. The electron-impact ionization cross-
sections of N, and CH, are accurate to within 10% at least for electron energies less than 1 keV (see
discussions in Itikawa 2006; Liu and Shemansky, 2006). In addition to counting statistics uncertainties
in the CAPS/ELS anode 2 derived I(E), there is aso an uncertainty of ~10% for energies less than
3 keV and ~20% above 3keV due to uncertainties in the geometric factor of the instrument (see Lewis
et a., 2010). Regarding additional error sources in the CAPS/ELS anode 2 derived I¢(E) it is noted that
we have not corrected for 1) uncertainties due to possible local spacecraft obscuration effects on
anode 2 data, and 2) RTG background (Arridge et al., 2009). The uncertainties due to these effects are
expected to be minor compared to the other dominant uncertainties described above. Errors in Pe
associated with uncertainties in the spacecraft potential (which for the considered points are in the
range of -0.5 to -1 V according to RPWS/LP measurements) are estimated to be limited to a few
percent.



2.6.2. Systematic uncertainties in the ae 300 Values

Here we present an attempt to estimate systematic uncertainties in the a 300 values derived for points
in the 1100-1200 km altitude range along the ingress of the T59 flyby. The ae 300 Values, shown by red
asterisks in Fig. 2, were estimated based on Eq. (5) with summation over the 17 major ions, J,
detectable by the INMS/OSI, a chemical assignment of M/Z ratios to ionic species, and measured or
“estimated-only” dissociative recombination rate coefficients as described more detailed in Section 2.3.
We have made 1000 test simulations (of type S1) with ion number densities, n;, fixed according to the
INMS/OSI measurements during the ingress of the T59 flyby, but with the measured and “estimated
only” dissociative recombination coefficients, ajz0, being randomly varied within 20% and 50%,
respectively. To clarify, for agiven S1 simulation the recombination coefficient of species J was given
arandom vaue in the interval [0.8%a; 300, 1.2X0t3300] OF [0.5%a300, 1.5%a3300] depending on whether J
has a measured or estimated only recombination coefficient, respectively. To account for-27% error
margins in the INMS/OSI derived ion number densities (see Mandt et a., 2012) we have in addition
made 1000 simulations (of type S2) in which also the number density of each species.J a any given
point was given a random value within an interval [0.73xn;, 1.27xn;]. The simulation results from S1
and S2 are presented in Table 5.

The modified aet 300 Values obtained in the S1 [S2] simulations were changedtypically (in 70% of the
simulations) by less than 6% [7%)] and in the most extreme cases by up to ~18% [~22%)]. The relative
abundance of ions with unmeasured dissociative recombination rate coefficients among the 17 major
ions is <20% in the considered dltitude range, so considering even larger errors than 50% in the
“estimated only” rate coefficients does not affect significantly the results of the test runs. Note, finally,
that our consideration of ion number density errors in S2 totally neglects correlation effects; for
example it is probably unlikely that the derived number density of HCNH" (M/Z=28 Da) is 20% over-
determined at the same time as the number density of C,Hs" (M/Z=29 Da) is 20% under-determined. In
case all ion number densities are changed by the same factor, and the dissociative recombination rate
coefficients are held fixed, there is no change in any given ae: 300 Value as it is determined as a number
density weighted average.

Table 5: Results from 1000 simulations of type S1 and 1000 simulations of type S2 applied to the ingress of the
T59 flyby. The notation #VW10% should be read as the number of simulations that resulted in effective
recombination coefficients within 10% of the ag.300 Val ue displayed in the second column.

Altitude  ae 300 ¢ S1 S1 S1 1 S2 S2 S2
(km) (107cm’sh) I #AVWE%  HVWI0%  #VWIS% | AVWE%  #AVWI10%  #AVWIS%
1186 7.21 ! 566 888 988 ' 479 826 966
1168 7.13 | 582 893 990 | 524 875 978
1150 7.15 1602 912 993 ' 542 882 983
1134 7.53 1632 938 997 ' 501 909 988
1118 8.04 ! 655 947 997 ! 616 917 996
1102 8.53 ' 647 946 996 ! 661 949 995

2.6.3. Electron temper ature dependence of the effective recombination coefficient

The assumption that the effective recombination coefficient is proportional to (T#/300)°’ is backed
up by experimental results (see Vuitton et a., 2007; Vigren et al., 2013 and references therein). By
instead using a temperature dependence of (T/300)®° decreases the R-values in Table 4 by a maximum
of ~8%. Similarly a maximum increase of the R-values in Table 4 by ~9% follows by instead assuming
an electron temperature dependence of (T./300) %°.

2.6.4. Considering only the electrons with E<1 keV

We have investigated how the R-values are affected by calculating Eq. (4) only up to ~1 keV. The
sensitivity test is motivated in part by the lack of experimental data of electron-impact ionization cross
sections above 1 keV but mainly by the fact that 1(E) values above 1 keV tend to be highly uncertain
due to poor statistics. For seven of the nine points considered the R-values decreased by ~5% while the
R-values of point indices 6 and 9 in Table 4 decreased by ~8%.

2.6.5. Electron and positive ion number densities

We have investigated how the R-values are affected by setting n, equal to the observed electron number
densities, the latter being confirmed by an independent measurement technique wherein ne is



determined from the upper hybrid emission line as obtained by the Wideband Receiver on the RPWS
(see e.g., Wahlund et al., 2009). This (extreme) test is motivated by the fact that the negative ion
number densities inferred from CAPS/ELS measurements (see Wellbrock et al. 2013) in genera are
lower than the negative ion charge densities inferred from the difference of the RPWS/LP derived n,
and n, values (Shebanits et al., 2013). While the R-values (i.e. the np poge/Np,obs ratios) displayed in
Table 4 ranges from 0.84 to 1.31, has a mean of 1.05 and a standard deviation of 0.16, the ratios
Np Mode/Ne.obs FANGES instead from 1.05 to 1.37, has amean of 1.16 and a standard deviation of 0.12. This
shows that the modeled nightside plasma densities are in reasonable agreement with observations,
regardless of considering the RPWS/LP derived n, values or using the assumption that n; ~ ne.

3. Short-lived ion number densities (T57 case study)

The electron impact production rates of N,*, N, CH,", CHs" and CH," can be derived from Eq. (3)
applying partia ionization cross sections of N, or CH;. We have taken electron-impact partial
ionization cross-sections from Itikawa (2006) and Liu & Shemansky (2006) for. N, and CHy,
respectively. Figure 4 shows calculated electron-impact production rates of the five listed ion species
versus altitude along the ingress of the T57 trajectory. Across the considered atitude range (1350-1100
km) the production rate of N," is the highest (71-75% of the total amount of ions formed by electron-
impact ionization), followed by N* (18-19%), CH," (5.3-2.7%), CH3" (4.1-2:1%) and CH," (0.7-0.4%).
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Figure 4: Calculated production rates of selected ions due to electron impact ionization of N, and CH,4
versusaltitude aong the ingress of the T57 flyby by the Cassini spacecraft.

When focusing on short-lived ions (with significantly shorter lifetimes than species chemically
removed primarily through dissociative recombination), the assumption of photochemical equilibrium
can be extended to altitudes exceeding 1300 km (see e.g., Robertson et a., 2009; Cui et al., 2009;
Cravens et a., 2010). By combining the electron-impact production rates of the ions (shown in Fig. 4)
with the rate coefficients for a set of ion-neutral reactions involving CH, as the neutra reactant (see
Table 6, Dutuit et al., 2013, and the supplementary material of Vuitton et al., 2007) we have estimated
the number densities of {N*, CH,'}, CH;" and CH," and compared with the INMS/OSI| observations
(Mandt et al., 2012) of species with M/Z=14, 15 and 16 Da (see Fig. 5). The modeled N," number
density (less than 10 cm™ in the considered altitude range) could not be compared with INMS/OSI
observations as M/Z=28 Daions are heavily dominated by HCNH®. The error margins shown in Fig. 5
for the model-derived short-lived ion number densities account for the inter-anode variations in derived
electron-impact ion-production rates (CAPSIELS measurements by anode 2, 3, 6 and 7 were
considered) and 20% uncertainties in the rate coefficients used for the ion-neutral reactions. In addition
to the displayed error estimatesit is noted that the neglect of ion losses via reactions with neutral s other
than CH,4 (such as H,, C,H,, C,H, and HCN) is a source of systematic over-determination of ion
number densities. This applies in particular for the N* ion species, which is reactive with H,, C,H,,



C;H, (for rate coefficients, see Dutuit et al., 2013) and with HCN. Considering the number density
profiles derived/adopted in earlier Titan models (see e.g., Vuitton et al., 2007; Cravens et al., 2009;
Westlake et al., 2012) - with the number densities of HCN, C,H, and C,H, being at ~1% to a few
percent with respect to the number density of CH,4 and with the n(H,)/n(CH,) ratio taking values from
~0.1 to ~0.2 in the altitude range 1100-1350 km - we find it reasonable to assume that our model over-
determines the N* number density by ~20% over the studied atitude range 1100-1350 km. A roughly
similar over-determination in CH," number density is anticipated by neglecting the listed set of
neutrals. Thus, our simplification of only consider reactions with CH, as the neutral reactant is deemed
likely to result in model-derived { N*,CH,"} number densities over-determined by up to 20%.

Table 6: lon-neutra reactions considered in the model for calculating number densities of short-lived ions. The
notation “Other” means ions other than N,", N*, CH,", CH3" and CH,". The rate coefficient and branching
fractions are adopted from the lists of Vuitton et al. (2007) and Dutuit et al. (2013).

Reaction Rate coefficient Produced ion Branching fraction
(cm®sh)
N,” + CH, 1.18(-9)° CHy' 86%
CH," W%
Other 5%
N+ CH, 1.15(-9) CH,' 5%
CH" 50%
Other 45%
CH, + CH, 1.14(-9) Other 100%
CH3 "+ CH, 1.10(-9) Other 100%
CH,"+ CH, 1.30(-9) Other 100%
Note: a) e.g., 1.18(-9) should be read as 1.18x107.
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Figure 5: INMS/OSI observed number densities (open symbols) and calculated number densities
(asterisks) of ions with mass to charge ratios of 14 (blue), 15 (red) and 16 (black) Da versus dtitude
aong the ingress of the T57 Titan flyby by the Cassini spacecraft. The 27% error bars associated with
the INMS/OS| measurements are for visibility purposes shown only for selected points. The error
margins associated with the model-derived number densities account for inter-anode variations in the
CAPS/ELS derived ion production rates and 20% uncertainties in the rate coefficients adopted for the
ion-neutral reactions.

The mode!l derived number densities for ions with M/Z=14 Da (N* and CH,") agree reasonably well
with observations for altitudes less than 1250 km (see the blue symbols in Fig. 5). Noteworthy, there is
apoint near 1200 km in which the observed number density of 14 Daions deviates markedly from the
density profile. Whether this particular discontinuity isreal or due to an instrumental artifact remainsto
be resolved. Near 1300 km the modeled number densities are higher than the observed values by a
factor of ~2. The modeled number densities show a decreasing trend with decreasing altitude, which
interestingly, is not seen in the observations. Therefore, one may speculate either that transport effects



become important above ~1250 km (which seems unlikely considering the short time-scales for the
considered ion-neutral reactions) or that there is a missing loss mechanism for N* (predicted to
contribute to ~73-75% of the signals at M/Z=14 Da) and that this loss mechanism is dominating more
at high altitudes.

The model derived number densities for ions with M/Z=15 Da (CH5;") agree very well with
observations again up to an altitude of ~1250 km (see the red symbols in Fig. 5). This validates the
ionization frequencies derived from the CAPS/EL'S measurements as the dominant source of CH;" is
the production through the reaction between N, and CH, and as the N," production rate by electron-
impact is only 20-30% lower than the total electron-impact ionization rate. For the less abundant ions
with M/Z=16 Da (CH,") there is a good agreement in the shapes of the modeled and observed number
density profiles (see black symbols in Fig. 5), though the modeled ion number densities are typically
30-40% lower than the observed values. Speculatively the discrepancy may in part be explained by the
fact that we do not here consider ions in excited states. For example, N* ions in the 'D state are not
guenched by N, but react with CH, with a similar rate coefficient as ground-state ions, but with amuch
higher flux (~40% instead of ~5%) into the charge transfer channel, producing CH," (see Duituit et al.,
2013 and references therein).

4. Discussion and concluding remarks

In summary we have shown that models driven by Cassini data are able to reasonably reproduce both
the RPWS/LP derived plasma number densities and the INMS/OS| derived short-lived ion number
densities in Titan's nightside ionosphere at least in the atitude ranges 1100-1200 km, and 1100-1250
km, respectively. Thisis contrasted by the over-estimations in modeled plasma number densities (e.g.,
Vigren et a., 2013) and short-lived ion number densities (e.g., Mandt et al., 2012) compared with
observationsin Titan’s sunlit ionosphere, where the main ionization source is solar EUV irradiation.

The R-values (i.e. the Np yode/Npobs Fatios) provided in Table 4 and displayed in Fig. 3 for the nine
nightside points considered ranges from 0.84 to 1.31, has'a mean of 1.05 and a standard deviation of
0.16. Systematic errors associated with the model input parameters and the observed electron number
densities are unlikely to significantly alter (i.e. by a factor of 2 or even a factor of 1.5) the derived
nightside R-values (as discussed in Section 2.6). It is, however, important to note that our approach to
model the nightside ionosphere is somewhat simplified. For example, the applicability of the
photochemical equilibrium assumption needs to be critically evaluated, in particular for modeling np on
the nightside where the time-scale for loss through dissociative recombination approaches 10* s near
1200 km (for long-lived ions such as HCNH") and where part of the plasma population may be
remnant from the dayside (see Cui et a., 2009, 2010). Taking the latter effect into account would act in
the direction to increase the modeled plasma number densities, but would not influence the model
focusing on short-lived.ion number densities.

In the sunlit ionosphere the modeled plasma number densities are higher than the observed values by
afactor of ~1.9 (see Fig. 3 and Vigren et a., 2013). The main reason as to why models significantly
overestimate np in Titan's sunlit ionosphere remains unclear and further studies into the subject are
required before conclusions can be drawn.
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Highlights
e We investigate the ionization balance in Titan’s nightside ionosphere.
e Study based on RPWS/LP, INMS and CAPS/ELS measurements.

e Observed plasma number densities well reproduced by models driven by
Cassini data.

e Observed number densities of short-lived ions also well reproduced.
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