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Titan is the only body in our solar system moons with an abundant atmosphere, maintaining a pressure of 1 atm at its
surface. Titan’s atmospheric composition resembles that of the early Earth’s nitrogen-rich atmosphere before the rise of
oxygen produced by life (nitrogen: 94%, methane: 5%, hydrogen: 1%; Magee et al., 2009). Therefore, understanding the
evolutionary processes of Titan’s atmosphere is essential for elucidating the atmospheric evolution of early Earth. In the
upper atmosphere, the energy deposition to the atmosphere by Saturn’s magnetospheric plasma precipitation, responsible for
the non-thermal atmospheric ion pickup and sputtering, is likely more dominant than the solar EUV (Micheal et al., 2005),
which is important for elucidating atmospheric evolution.

Titan is typically located within Saturn’s magnetosphere, where it is exposed to plasma composed of O™ and H™ ions
originating from Enceladus’ subsurface ocean (hereafter, we refer to the plasma as the Kronian wind). However, solar
wind protons should significantly affect Titan’s atmosphere when Saturn’s magnetosphere shrinks as the solar wind dynamic
pressure increases, and Titan moves out of the magnetosphere (Bertucci et al., 2008). Because spacecraft in-situ observations
are insufficient to capture the global extent of non-thermal escape driven by the external plasma flows, such as the Saturn
and solar winds, numerical simulations have been employed alongside observations to understand it (Modolo et al., 2008;
Strobel, 2009; Gu et al., 2019). However, previous studies have not sufficiently addressed non-thermal escape processes for
hydrogen, which is the abundant atmospheric component in the upper atmosphere. Furthermore, because the Kronian and
solar winds have not been treated with the same method, there is no discussion of the differences in escape rates for the two
external plasma flows. Therefore, the differential impact of the Kronian and solar winds on Titan’s atmospheric evolution
remains unresolved.

In this study, we employed 3D multi-component ion magnetohydrodynamic (MHD) simulations (Terada et al., 2009) to
model the non-thermal escape of nitrogen and hydrogen globally, the primary constituents of Titan’s atmosphere, and to
compare escape rates induced by the solar and Kronian winds for the first time. The non-thermal atmospheric escape was
simulated under the Kronian wind conditions of O*:0.2[/cm?3] density, H*:0.1[/cm?] density, 120 [km/s] velocity and 7.0
[nT] magnetic flux density (Sittler et al., 2009), resulting in an escape rate of 4.2 X 1023 [/s] for nitrogen-associated ions
and 5.2 X 10%* [/s] for hydrogen-associated ions. Under the solar wind conditions of density: 0.35 [/cm?], velocity: 360
[km/s], magnetic field strength: 0.5 [nT] (Bertucci et al., 2015), the escape rates were estimated to be 2.3 X 1023 [/s] for
nitrogen-associated ions and 2.0 X 10%* [/s] for hydrogen-associated ions. These results suggest that the Kronian wind is
more effective than the solar wind in driving the escape for both nitrogen and hydrogen. An investigation of the spatial
structure of escape revealed that this difference in escape rate is due to the structure of the external plasma flow near Titan.
In the case of the Kronian wind, the ion escape region expanded in altitude because of no bow shock formation due to its
low velocity, while in the case of the solar wind, the bow shock was formed, which made the escape region shrink toward
lower altitudes compared to that of the Kronian wind. Therefore, the escape rate under Saturn wind conditions is considered
to exceed that under solar wind conditions.

We estimated the non-thermal escape rates for nitrogen- and hydrogen-based ions, which are the major components of
Titan’s atmosphere, by determining their sums, respectively. In future work, we plan to quantitatively evaluate the escape
rates and investigate the underlying mechanisms for each ion species individually. In this presentation, we report the current
status of our study.
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