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Abstract Ionospheric Pedersen and Hall conductances play significant roles in electromagnetic coupling
between the planetary ionosphere and magnetosphere. Several observations and models have suggested the
existence of meteoric ions with interplanetary origins in the lower part of Jupiter’s ionosphere; however, no
models have considered the contributions of meteoric ions to ionospheric conductance. This study is designed
to evaluate the contribution of meteoric ions to ionospheric conductance by developing an ionospheric model
combining a meteoroid ablation model and a photochemical model. We find that the largest contribution to
Pedersen and Hall conductivities occurs in the meteoric ion layer at altitudes of 350-600 km due to the large
concentration of meteoric ions resulting from their long lifetimes of more than 100 Jovian days. Pedersen

and Hall conductances are enhanced by factors of 3 and 10, respectively, in the middle- and low-latitude and
auroral regions when meteoric ions are included. The distribution of Pedersen and Hall conductances becomes
axisymmetric in the middle- and low-latitude regions. Enhanced axisymmetric ionospheric conductance should
impact magnetospheric plasma convection. The contribution of meteoric ions to the ionospheric conductance
is expected to be important only on Jupiter in our solar system because of Jupiter’s intense magnetic and
gravitational fields.

1. Introduction

Ionospheric Pedersen and Hall conductances are important parameters controlling the ionospheric current, which
serves to close the large-scale current circuit between the ionosphere and magnetosphere, and they play a signif-
icant role in the neutral dynamics of the thermosphere via Joule heating (e.g., Singhal, 1996; C. G. A. Smith
et al., 2005). Previous numerical models of ionospheric conductance of Jupiter assumed that the ionosphere
consists of H,*, H*, and hydrocarbon ions, which originated from atmospheric molecules due to solar extreme
ultraviolet (EUV) radiation in the nonauroral region and by electron precipitation in the auroral region (Gérard
etal., 2020; Millward et al., 2002; Tao et al., 2009, 2010). In such an ionosphere, H;* and hydrocarbon ions would
make dominant contributions to the Pedersen conductance (Gérard et al., 2020; Tao et al., 2010). Accordingly,
conductance differs significantly between the dayside and the nightside, leading to diurnal variations in the field-
aligned current (FAC) density and magnetospheric plasma azimuthal velocity (Tao et al., 2010).

Tonospheric conductance depends strongly on the structure of the ionosphere, which, however, is poorly under-
stood. The altitudinal profile of electron density has been measured by the radio occultation technique only a
few times by the Voyager 1 and 2 spacecraft, Pioneer 10, and Galileo spacecraft (Fjeldbo et al., 1975; Hinson
etal., 1997, 1998). Those measurements showed several peaks. The uppermost peak, 10! m=3 at 1,700 km in alti-
tude, is most likely associated with H*. The origin of the lowermost peak, 10'! m~ at 500 km, is unknown. Kim
and Fox (1994) tried to explain its origin in terms of hydrocarbon ions, but in their simulation, the concentration
of hydrocarbon ions was 1 order of magnitude smaller than the observed concentration. The numerical model
of Kim et al. (2001) reproduced the low-altitude electron density peak by considering the presence of metallic
ions such as Mg* and Fe* with interplanetary origins, named meteoric ions. Hinson et al. (1998) suggested that
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Figure 1. Vertical profiles of Jupiter’s atmosphere used in our model. (a) Density of neutral atoms and molecules. (b)
Temperature. Altitude is defined as the height above the 1 bar spheroid.

meteoric ions, if indeed they existed, could contribute to the Pedersen conductance, reaching up to 0.5 mho even
in the nonauroral region. Thus, a large concentration of meteoric ions is suggested by both observations and
numerical models.

In this study, we investigate the contributions of meteoric ions to the ionospheric conductance of Jupiter by using
a newly developed Jovian ionosphere model, which couples a meteoroid ablation model and a photochemical
model. In Section 2, we describe the numerical models used in this study. In Section 3, we describe the effects of
meteoric ions on the ionospheric composition and ionospheric conductance. In Section 4, we discuss the factors
leading to the contributions of meteoric ions to ionospheric conductances at Jupiter. Finally, conclusions are
given in Section 5.

2. Model Description
2.1. Model Input

The neutral density and temperature profiles of Jupiter’s atmosphere used in our model are shown in Figure 1.
The density profiles of H, and He were derived from their scale heights, and those of CH,, C,H,, C,H,, and C,H
were taken from Moses and Poppe (2017). The density profile of H in Figure 1 was calculated self-consistently by
a photochemical model. The temperature profile of the neutral atmosphere was taken from Grodent et al. (2001).

2.2. Meteoroid Ablation Model

We used a set of meteoroid ablation equations from Lebedinets et al. (1973). The interactions of small solid
particles of interplanetary origin with planetary atmospheres can be described with the following system of
differential equations. The equation of motion is

dv

= —Tp.rivv + 1
m— Pamr mg (D

where m is the mass of meteoroids, v is the velocity of meteoroids relative to the atmosphere, T" is the frictional
drag coefficient, p, is the atmospheric mass density, r is the radius of meteoroids, and g is the gravitational accel-
eration. By defining that the x axis is horizontal and the z axis points vertically upward, Equation 1 can be divided
into two components:

du,

=-T a 2 x 2
m ar PaTr” VU 2)

and
mddvtZ = —Tp.artvv, — mg 3)
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Table 1
Parameters for the Meteoroid Ablation Model

I' (frictional drag coefficient) 1.0 Hughes (1978)

A (heating efficiency) 1.0 Vondrak et al. (2008)
£ (emissivity) 1.0 Lebedinets et al. (1973)
Temperature of environment T, Grodent et al. (2001)
Incident angle 45° Hughes (1993)
Density of meteoroid p, 1,200 kg m—3 Kim et al. (2001)
Mass and velocity distribution of meteoroid Moses and Poppe (2017)

The ablation equation is

dm , V3 4nriC
— = —Aypanrt — —
di 20 T~

exp (—C2/T) 4)

where A, is the sputtering coefficient, T is the temperature of meteoroids, and the parameters C; = 6.92 x 10!
kg m~2 s~ K='2 and C, = 57,800 K describe the dependence of evaporation rate on the temperature of the
meteoroids. Q = 7 X 10° J kg~! is the energy required for evaporation of 1 g of meteor substance (Lebedinets
et al., 1973). The energy equation is

dT _ 4zr? |A— A, oc,

3 4 4
U om | TR ey e (T*-T2) - TSP (=Co/T) )

where A is the heat transfer coefficient, A, is the sputtering coefficient, ¢ = 5.67 X 107 J m~2 s~! K~ is the
Stefan—Boltzmann constant, e = 1 is the radiative efficiency of the meteoroid, T,, is the equilibrium tempera-
ture of the ambient environment, and c,, = 1 X 10° J kg~! K~ is the specific heat at constant density (Pesnell
& Grebowsky, 2000). The sputtering coefficient A is determined by A;/Q = 107! exp(T/290) (Lebedinets
et al., 1973). The parameters of the meteoroid ablation model are listed in Table 1.

A fourth-order Runge—Kutta method was used for solving the system of differential Equations 2-5.

2.3. Photochemical Model and Conductivity

The photochemical model used in this study considered 406 neutral-ion chemical reactions for 55 ion species
(H,*,H*, H;*, He*, HeH*, C*, CH*, CH,*, CH,*, CH,*, CH,*, C,*, C,H*, C,H,*, C,H,*, C,H,*, C,H,*, C,H,*,
C,H,*, C;H, CH,*, CH,*, CH,*, CH,*, C,H*, CH,*, CH*, CH,*, C H*, C,H,*, C,H,*, C,H,*, C,H.*,
C,H,*, Na*, NaH,*, NaCH,*, NaC,H,*, NaC,H,*, Fe*, FeH*, FeH,*, FeCH,*, FeC,H,*, FeC,H,*, Mg*, MgH*,
MgH,*, MgCH,*, MgC,H,*, MgC,H,", Si*, SiH*, SiH,*, and SiC H,,*), the electron, 11 neutrals (H, CH,, CH,,
Na, NaH, Fe, FeH, Mg, MgH, Si, and SiH), and 8 fixed neutrals (H,, H, (v > 2), H, (v > 4), He, CH,, C,H,,
C,H,, and C,H). All 406 chemical reactions considered in this study were taken from Kim and Fox (1994) and
Kim et al. (2001), who described the important chemistry in Jupiter’s ionosphere, including that of hydrocarbon
ions and meteoric ions. The list of reactions is found in Tables A1 and A2 in Appendix A. The dominant chem-
ical pathways for hydrocarbon ions and meteoric ions are shown in Figure 6 of Kim and Fox (1994) and Figures
4-8 of Kim et al. (2001), respectively. The density profiles of vibrationally excited H, (v > 2) and H, (v > 4)
were taken from Majeed and McConnell (1991). We used the EUVAC model for the solar EUV flux (Richards
et al., 1994). F10.7 is assumed to be 140 as a moderate solar condition.

The photochemical model solves the following system of continuity equations for all species by using an implicit
method:

an,» aq)l

—L=P-L-— 6

ot 0z ©
where n; is the number density of the ith species, P, is the production rate of the ith species, L; is the loss rate of
the ith species, and ®; is the flux of the ith species. The flux ®; for ions can be described as follows:
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1 0n,- 1 Te/T] 0Pe 1 + a; ()T‘,
D =-nD; | —— —-—
" n; 0z * H; P. oz * T, oz 7

where D; is the binary diffusion coefficient of the ith species, H; = kgT;/m;g is the scale height of the ith species,
m; is the mass of the ith species, kp is the Boltzmann constant, T, and 7; are the temperatures of the electron and of
the ith species, respectively, P. = n.kgT, is the electron pressure, . is the electron density, and a; is the thermal
diffusion coefficient. The thermal diffusion coefficient for H was taken from Hunten (1973) and those for other
species were assumed to be zero. The binary diffusion coefficient D; was calculated from

kgT;

D= ——
m;Vi-H, ®)

where v;_p, is the frequency of binary collisions between the ith species and H, given by

27kgT (m; + my
o = 2 <#> ©

m;my,

where ny, is the number density of H,, r = 2.7 x 107 m is the collision radius of H,, T is the neutral tempera-
ture, and m; and my, are the masses of the ith species and H, (Chapman & Cowling, 1970). Calculation by Nagy
et al. (1976) showed that the electron temperature in the Jovian ionosphere follows the neutral temperature up to
1,500-2,000 km when the neutral temperature is about 1000 K at high altitudes. They showed that the electron
temperature slowly increases with altitudes above 1,500-2,000 km but it increases only up to 1.1-1.4 times the
neutral temperature even at 3,000 km. In this study, the temperatures of electrons and all other species were
assumed to be the same as the neutral temperature between the model altitude range 200-3,000 km. The third
term in Equation 7 is the ambipolar diffusion term described by the electron pressure gradient, which was applied
only to ions. The electron density was determined by assuming charge neutrality.

For the auroral region, we took into account ionization of atmospheric hydrogen molecules caused by precipi-
tation of auroral electrons. The altitude profile of the ionization rate for hydrogen molecules due to the impact
by precipitating auroral electrons was calculated by using the parameterized equations obtained by Hiraki and
Tao (2008). We applied the energy flux of precipitating electrons as a function of the FAC intensity presented by
Nichols and Cowley (2004). We assumed that the electron velocity distribution was isotropic over the downward
hemisphere at the top of the ionosphere. The electron velocity distribution is given by the following function:

f()
U * v s 10
(z) +<;) o

where fj is a normalization constant, v is the velocity of precipitating electrons, & and g are the spectral slopes

f) =

corresponding to the velocity ranges v < vpand v > vy if f is greater than a, respectively, and vy is the character-
istic velocity. We applied @ = 2 and f = 8 in this study, as did Nichols and Cowley (2004) and Tao et al. (2009).

foand vy are given by
j||.-/ ®
= —d
=il | v an

BRG]

2q.® )i
by [24:D _ [2Wa, ((L_1> (12)

me Mme Jiiio
where j;; is the FAC density in the ionosphere, jj;0 = 0.0134 pA m~2 is the FAC density without electron accel-
eration, g, is the elementary charge, @ is the field-aligned voltage, and W;, = 2.5 keV is the thermal energy of

the magnetospheric electrons. The FAC density distribution was calculated with the model described by Tao
et al. (2009).

and
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1 are the cyclotron frequencies of the electron and the ith ion species, and v,_y,

and v;_, are the frequencies of binary collision between the electron and H,,

Figure 2. Sum of the production rates of metallic atoms (Fe, Mg, Si,and Na)  and between and the ith ion species and H,, respectively. The magnetic field

and ions (Fe*, Mg™*, Si*, and Na*) calculated by the meteoroid ablation model.
The corresponding atmospheric pressure is shown on the vertical axis on the

right side.

of Jupiter was assumed to be an axisymmetric dipole and was set to 4.28 G at
the equatorial surface (Kivelson & Bagenal, 2007). v;_y, is already expressed
as Equation 9, and v,_y, is expressed in the following equation (Chapman &
Cowling, 1970):

V37H2 = nHz aO

1/2
2 <—2k3 x| 1600) X (~0.0189T*3 +0.5354T>% — 5.5138T>3 + 21.133T" + 29.475T%%) (15)

me

where qq is the Bohr radius, m, is the mass of an electron, and T is the temperature in units of eV.

The horizontal resolution used in the model was 1° in longitude and 1° in latitude, and the vertical resolution
used in the model was 20 km in the altitude range 200-3,000 km. By neglecting horizontal transport of atmos-
pheric constituents except for rotation, the calculation of the photochemical model was performed in two steps:
(a) stable solution and (b) rotational solution. In the stable solution, the local time (LT) was fixed at 12:00 LT at
all latitudes, and the solar flux was set to be half of its flux at 12:00 LT as the diurnal mean solar flux. The stable
solution was obtained after an integration time corresponding to 1,000 Jupiter days. In the rotational solution,
the result from the stable solution was used as the initial density. The calculation started from 12:00 LT meridian
grids. The ion and electron densities were transferred to the next grid when the integration time reached 1/360 of
aJovian day (1 longitudinal grid). In the rotational solution, we ran the calculation over 2.5 Jupiter days to obtain
a quasi steady state solution. The transport of solar flux near the terminator was treated by the equation taken
from F. L. Smith and Smith (1972) with the improved approximation of complementary error functions from Ren
and ManKenzie (2007).

3. Results
3.1. Production Rate of Meteoric Species

The mass and velocity distributions of the incident meteoroids on Jupiter were taken from Moses and Poppe (2017).
The element composition of the meteoroids was assumed to be CI chondrite (Kim et al., 2001), in which the
elements are Fe, Mg, Si, and Na with mass fractions of 19.0%, 9.9%, 10.6%, and 0.5%, respectively. Meteoric
atoms ablated from the surface of the meteoroid collide with atmospheric molecules and are ionized to form
meteoric ions. The ionization probability during this process depends on the entry velocity of meteoroids (Lebed-
inets et al., 1973), and it has been estimated to be 0.4 at Jupiter (Kim et al., 2001). The time scale for condensation
of metallic atoms is assumed to be 10° s, which is the shortest case estimated by Moses and Bass (2000) for the
atmosphere of Saturn; this was used here to avoid overestimating the concentration of metallic species.

Figure 2 shows the sum of the production rates for all meteoric atoms (Fe, Mg, Si, and Na) and ions (Fe*, Mg*,
Si*, and Na*) calculated by the meteoroid ablation model. The peak production rate was ~7 X 10> m~3 s~! at an
atmospheric pressure of 1073 mbar, which is in good agreement with the peak deposition rate for silicate grains
calculated by Moses and Poppe (2017) in terms of both intensity and pressure level. The sum of the production
rates of all meteoric atoms and ions calculated by our meteoroid ablation model was larger than the production
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Figure 3. (a, b) Calculated ion density profiles at 30°N and 12:00 local time (LT) for Case 1 and Case 2, respectively. (c, d) Local time dependence of electron density
as a function of altitude in Case 1 and Case 2, respectively. Black, blue, red, and orange solid curves represent the profiles at 0:00 LT, 6:00 LT, 12:00 LT, and 18:00 LT,

respectively.

rate for silicate grains calculated by Moses and Poppe (2017) at pressure levels lower than 10~* mbar. This
discrepancy came from the different treatments of sputtering, which is the dominant mass loss process at high
altitudes. Sputtering is the dominant mass loss process for meteoroids before the temperature of the meteoroid
becomes high enough to cause evaporation. Moses and Poppe (2017) assumed that the effects of sputtering were
negligibly small, whereas our model includes the sputtering term. Since the production rate of meteoric atoms
and ions above an altitude corresponding to an atmospheric pressure of 107 mbar is 8 orders of magnitude
smaller than the peak value, such a high-altitude region is not important for ionospheric chemistry.

3.2. Ion and Electron Density Profiles

To evaluate the effects of meteoric ions on the ionosphere of Jupiter, we calculated two cases for the iono-
sphere: Case 1 is the ionosphere without meteoroid influx, and Case 2 is the ionosphere with meteoroid influx.
In Case 2, we used the production rate of meteoric atoms and ions calculated with the meteoroid ablation model
(Section 3.1). We ran our model over 1,000 Jovian days to obtain a steady solution at noon. After reaching a
steady solution, we ran the model with planetary rotation over 2.5 Jupiter days and the meteoroid influx was
assumed to be 9 times larger on the leading hemisphere (00:00 LT ~ 12:00 LT) than on the trailing hemisphere
(12:00 LT ~ 24:00 LT).

Figure 3 shows the density profiles of ions and electrons in (a) Case 1 and (b) Case 2 at the latitude of 30°N and
a LT of 12:00. In Case 1, H* was dominant above an altitude of 750 km with a peak density of 10!! m=3, H,*
was dominant in the altitude range between 400 and 700 km with a peak density of approximately 5 x 10° m~3,
and hydrocarbon ions were dominant below 400 km altitude with a peak density of approximately 5 x 10° m=3.
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Figure 4. Calculated ion density profiles in Case 1 (a) and Case 2 (b) at 73°N and 12:00 LT. Symbols are defined as in
Figure 3.

The structure of the ion composition in Case 1 agreed well with the results of Kim and Fox (1994). In Case 2, the
ion density profile above 600 km was almost the same as that in Case 1. The profile was different below 600 km
due to the presence of meteoric species. An additional peak appeared at an altitude of 420 km with a density of
5 x 10" m~3. The dominant ions in the meteoric ion layer were Mg* and Fe*. The densities of H,* and CH,*
were depleted at altitudes between 350 and 600 km due to charge exchange with meteoric atoms. The altitudes
and densities of the meteoric ions were in good agreement with those of Kim et al. (2001).

The dependence of the electron density at a latitude of 30°N on LT in Case 1 and Case 2 is shown in Figures 3¢
and 3d, respectively. In both cases, there was no clear LT dependence above 800 km, where H* was dominant.
In Case 1, the electron density distribution showed a clear LT dependence below 700 km, where molecule ions
such as H;* and hydrocarbon ions were dominant. At this altitude range, the electron density increased at noon
due to photoionization of ambient neutral molecules by solar EUV irradiation and effectively decreased on the
nightside from dusk to dawn due to dissociative recombination of molecular ions and electrons. In Case 2, the
LT variation of the electron density was seen only in the altitude range between 500 and 700 km, where H,* was
dominant. In the altitude range between 350 and 500 km, there was no apparent LT dependence, especially in the
meteoric ion layer.

Figure 4 shows the density profiles of ions and electrons in (a) Case 1 and (b) Case 2 in the auroral region at
the latitude of 73°N and a LT of 12:00. In the auroral region, meteoric ions were dominant in the altitude range
between 350 and 600 km, as well as in the middle latitudes shown in Figure 3. Compared with the middle-latitude
region, the peak density of the meteoric ion was enhanced by 1 order of magnitude in the auroral region because
of the charge exchange reaction between meteoric atoms and H,* produced by precipitating auroral electrons.
Note that the density profile in the auroral region strongly depends on the assumed energy flux of the precipitat-
ing electrons.

The lifetimes of meteoric ions are essential in understanding their large concentrations. The major loss processes
for Mg* and Fe* (M™, hereafter), which are the primary ions in the meteoric ion layer, are three-body adduct
reactions with H, to form MH,*. However, the adduct reaction does not contribute to the net loss of M* because
the M* density is balanced by the following sequence of reactions after the adduct reaction.

M* +H, + H, > MH,* + H, (R1)
MH," + H - MH" + H, (R2)

and
MH" +H -» M* + H, (R3)

The pathway for this process, as suggested by Lyons (1995) and Kim et al. (2001), is as follows. (R1) M* is
effectively removed from the ionosphere by a three-body adduct reaction with H, to produce MH,*. (R2) MH,*
subsequently reacts with ambient H to produce MH™* metal hydride ions. (R3) The metal hydride ion MH™ reacts
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Figure 5. (a) Pedersen and Hall conductivity profiles at a latitude of 30°N and a local time of 12:00 and (b) in the auroral
region at a latitude of 73°N and a local time of 12:00. Purple curves show Pedersen conductivity profiles, and green
curves show Hall conductivity profiles. Dashed curves show the conductivity profiles in Case 1, and solid curves show the
conductivity profiles in Case 2.

again with H to reform M. Since the adduct reaction does not constitute a net loss of M*, the net loss of M™ is
caused by radiative recombination with electrons.

Mf+e - M (R4)

The reaction rate coefficient for radiative recombination of atomic ions with electrons is 4 orders of magnitude
smaller than that for dissociative recombination of molecular ions with electrons.

Mg* +e” — Mg, k = 2.8 x 107%(T,/300)™"* cm®/s (R5)
Fe© + e~ — Fe, k = 3.7 x 107'%(T,/300)"" cm®/s (R6)

and
Hi*+e¢” - Ho+H, k=44x10"%cm’/s (R7)

By using the reaction rate coefficient k and electron density [e~], the lifetime of ions can be estimated as 1 /k [e”]
for the major ions. In the following estimation of ion lifetimes, the electron temperature T, was set to 600 K at
500 km where H;* and meteoric ions dominate the ionosphere in Case 1 and Case 2, respectively, based on the
assumption that the electron temperature is equal to the neutral temperature as already mentioned in Section 2.2.
The electron density was equal to 5 x 10° m~ at the altitude where H,* density peaks in Case 1 at middle lati-
tudes. The lifetime of H,* was approximately 4,000 s. The electron density was equal to 5 x 10'® m~ at the
altitude where meteoric ions peak in Case 2 at middle latitudes. The lifetime of Mg* was 1 X 107 s and that of Fe*
was 8 X 10% s, both of which are on the order of 300 Jovian days. The lifetime of meteoric ions was long enough
to maintain their density even if the meteoroid influx is set to be asymmetric in LT.

3.3. Ionospheric Conductivity

We calculated ionospheric Hall and Pedersen conductivities by using the ions and electron density distributions
calculated with the photochemical model. Figure 5a shows the Pedersen (purple lines) and Hall (green lines)
conductivity profiles in Case 1 (dashed lines) and Case 2 (solid lines) at a latitude of 30°N and at a LT of 12:00. In
Case 1, the peak altitude for the Pedersen conductivity was 420 km with a maximum value of 5 X 107 mho m~},
and the peak altitude of the Hall conductivity was 300 km with a maximum value of 1 X 10~® mho m~". In Case
2, both Hall and Pedersen conductivities peaked at 420 km at the altitude of the meteoric ion layer. The maximum
values of the Pedersen and Hall conductivities in Case 2 were 3 X 1076 and 1 X 107> mho m~!, respectively, which
are 6 and 10 times larger than the values in Case 1, respectively. Figure 5b shows the Pedersen (purple lines) and
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Hall (green lines) conductivity profiles in Case 1 (dashed lines) and Case 2 (solid lines) in the auroral region at
73°N and 12:00 LT. Here, again, both Pedersen and Hall conductivities peaked at the altitude of the meteoric ion
layer in Case 2. The maximum values of Pedersen and Hall conductivities were enhanced by factors of 3 and 10
with respect to Case 1, respectively.

Figure 6 shows the global distribution for height-integrated Pedersen and Hall conductivities (defined as Peder-
sen and Hall conductances hereafter), respectively, in Case 1 (a and b) and in Case 2 (c and d). Pedersen and
Hall conductances as a function of colatitude are shown in Figures 6e and 6f. In Case 1, both Pedersen and Hall
conductance distributions showed clear LT variations in the middle- and low latitudes. At a latitude of 30°N,
the Pedersen conductance was 0.14 mho at noon and 0.054 mho at midnight, and the Hall conductance was
0.088 mho at noon and 0.010 mho at midnight. The magnitudes of both the Pedersen and Hall conductances were
larger on the dayside than on the nightside due to larger ion and electron concentrations. In the auroral region,
the Pedersen conductance was 1.0 mho, and the Hall conductance was 0.76 mho. In Case 2, neither the Pedersen
nor Hall conductance distributions showed a LT dependence and became quasi-axisymmetric in the middle and
low latitudes. At a latitude of 30°N, the Pedersen conductance was 0.48 mho at noon and 0.42 mho at midnight,
and the Hall conductance was 1.44 mho at noon and 1.33 mho at midnight. In the auroral region, the Pedersen
conductance was 2.8 mho, and the Hall conductance was 8.8 mho. The magnitude of the Pedersen conductance
was enhanced by a factor of 3 in the dayside middle-latitude and in the auroral region. The magnitude of the Hall
conductance was enhanced by a factor of 10 in the dayside middle-latitude and auroral region. In the nightside
middle-latitude region, the Pedersen conductance was enhanced by a factor of 8, and the Hall conductance was
enhanced by a factor of 100. These results were due to the large contributions of long-lived meteoric ions to the
both Pedersen and Hall conductances in Case 2.

We examined the sensitivity of the ionospheric conductance enhancement to meteoroid influx. Figure 7 shows
the dependence of the ratios of (a) Pedersen conductance enhancement and (b) Hall conductance enhancement on
meteoroid influx. In both middle-latitudes and auroral regions, the magnitudes of the Pedersen and Hall conduct-
ances increased by a factor of 3 when the meteoroid influx increased by a factor of 10. As mentioned before, the
net loss process for meteoric ions is radiative recombination with electrons. By defining [M’f] as the density of
meteoric ions, P (M™) as the production rate of meteoric ions due to meteoroid ablation, and k as the reaction
rate coefficient for radiative recombination with electrons, the following continuity equation was satisfied in the
steady state:

P(M*) -k [M*|[eT]=0 (16)

If a meteoric ion M is the major ion, the electron density [e~]is equal to [M*] if charge neutrality is assumed, and
then the density of meteoric ions [M*] is proportional to 1/ P (M*), where P (M™") is proportional to meteoroid
influx. Since there is a large contribution from meteoric ions to ionospheric conductances, ionospheric conduct-
ances are nearly proportional to the concentration of meteoric ions, which is proportional to the square root of
the meteoroid influx.

4. Discussion

We have shown that meteoric ions contribute significantly to the ionospheric conductivities at Jupiter, whereas
it is known that meteoric ions do not contribute to the ionospheric conductivities at Earth. Why do meteoric ions
contribute at Jupiter? There are two reasons.

The first reason is Jupiter’s intense surface magnetic field. The conductive layer of the ionosphere is located in the
region where the cyclotron frequency of ions is less than the frequency of ion collisions with atmospheric mole-
cules and the cyclotron frequency of electrons is larger than the frequency of electron collisions with atmospheric
molecules. The surface magnetic field on Jupiter is 15 times stronger than that on Earth. Cyclotron frequencies
of ions and electrons are proportional to the strength of the local magnetic field. A strong magnetic field causes
larger cyclotron frequencies, which implies that a denser and lower ionosphere will contribute more significantly
to ionospheric Hall and Pedersen conductivities. A schematic illustration of the meteoric ion layer and conductive
layer is shown in Figure 8. On Earth, the conductive layer is far above the meteoric ion layer. Due to the stronger
magnetic field at Jupiter, the conductive layer corresponds to a larger atmospheric density and partially overlaps
the meteoric ion layer.
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Figure 6. (a, b) Global distributions of calculated height-integrated Pedersen conductivity (Pedersen conductance, X,) and height-integrated Hall conductivity (Hall
conductance, X)) in Case 1. (c, d) Global distribution of the calculated X, and X, in Case 2. Color bars represent conductance in units of mho. (e, f) The calculated X,
and X as a function of colatitude, respectively. Dashed lines show the calculated conductances in Case 1 and solid lines show those in Case 2. Black, blue, red, and
orange lines in both Case 1 and Case 2 represent the conductances at 0:00 LT, 6:00 LT, 12:00 LT, and 18:00 LT, respectively.
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Figure 7. (a, b) Dependence of Pedersen and Hall conductances on meteoroid flux, respectively. We displayed the ratios for
the ionospheric conductances between Case 2 and Case 1. Solid lines show this ratio at a latitude of 30°N and a local time of
12:00, and dashed lines show this ratio in the auroral region at a latitude of 73°N and a local time of 12:00.

We investigated the dependence of ionospheric conductance enhancement on the magnetic field strength.
Figure 9a shows the dependence of the enhancement ratio for Pedersen conductance in Case 2 to that for Case

Collision  Cyclotron frequency is
frequency Pproportional to magnetic
field strength
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Figure 8. Schematic illustration of the conductive layers (blue rectangles)
and meteoric ion layers (gray rectangles) of Earth and Jupiter. The conductive
layer is the region where the conditions w; < v; and w, > v, are satisfied. w;
and w, are the cyclotron frequencies of ions and electrons, and v; and v, are the
frequencies for collision of ions and electrons with atmospheric molecules.

1 on magnetic field strength. The magnetic field strength was changed in
both Case 1 and Case 2, and other parameters, such as meteoric input and
atmospheric conditions, were the same as those in the previous calculation
shown in Figure 6. The magnetic field strengths of various planets in our
solar system are indicated on the horizontal axis (Kivelson & Bagenal, 2007).
Meteoric ions do not contribute to the Pedersen conductance at magnetic
field strengths less than 0.3 times that of Jupiter. The enhancement ratio
of the Pedersen conductance was increased by a factor of 3 at the Jupiter
magnetic field strength. The Pedersen conductance enhancement ratio was
largest when the magnetic field strength reached a value 10 times larger than
that of Jupiter. These trends were similar for middle-latitude and auroral
regions. Meteoric ions are therefore not expected to contribute to the Peder-
sen conductance at planets in our solar system except for Jupiter. Figure 9b
shows the dependence of the enhancement ratio for Hall conductance in Case
2 to that in Case 1 on magnetic field strength. The enhancement ratio of the
Hall conductance was largest for a magnetic field strength equal to that of
Jupiter. Here, again, the contribution of meteoric ions to the Hall conduct-
ance was less important at other planets than at Jupiter.

The second reason is Jupiter’s gravity. The gravitational acceleration for Jupi-
ter at the ionospheric altitude is ~25 m s~2, which is approximately 2.5 times
larger than that of the Earth (~10 m s72). A stronger gravity field results
in a faster entry speed for incident meteoroids. The mean entry speed of
meteoroids is ~10 km s~ on Earth and ~60 km s~! on Jupiter (Nesvorny
et al., 2010; Poppe, 2016). Since the ablation rate and the increase in temper-
ature depend on v? (v is the velocity of the meteoroid with respect to the
atmosphere, as seen in Equations 4 and 5), meteoroids are more efficiently
heated at Jupiter than at the Earth. Taking into account the difference in
meteoroid fluxes for Jupiter and the Earth as well as the difference in entry
speeds, the ablation rate of meteoroids is 10 times larger on Jupiter than on
Earth (Plane et al., 2018). Furthermore, the ionization probability of ablated
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Figure 9. (a, b) Dependence of Pedersen and Hall conductances on the surface magnetic field strength, respectively. The
ratio of ionospheric conductance is the ratio of the conductance in Case 2 to that in Case 1. The magnetic field strength is
changed in both Case 1 and Case 2, and other parameters, such as meteoric input and atmospheric conditions, are the same as
those of the previous calculation shown in Figure 6. Solid lines show this ratio at a latitude of 30°N and a local time of 12:00,
and the dashed lines show this ratio in the auroral region at a latitude of 73°N and a local time of 12:00. The corresponding
magnetic field strengths of planets in our solar system are indicated on the horizontal axis (the magnetic field strength of each
planet was taken from Kivelson and Bagenal [2007]).

meteoric atoms is proportional to 0> (Lebedinets et al., 1973). The faster entry speed on Jupiter relative to Earth
results in more efficient direct ionization of meteoric substances.

Vertical neutral wind shear could temporarily enhance the concentration of meteoric ions. The sporadic E (E,)
layer is a temporary narrow layer on Earth with a large concentration of electron and metallic ions of interplane-
tary origin at altitudes between 90 and 120 km (Shinagawa et al., 2017). The E_ layer is formed by vertical neutral
wind shear in the lower thermosphere, which originates from gravity and planetary waves that propagate from
lower altitudes (Shinagawa et al., 2017). Numerical simulation by Barrow and Matcheva (2011) showed that the
vertical shear in the background neutral wind induced by gravity waves can produce structured electron density
layers at altitudes between 500 and 700 km at the Jovian ionosphere, which can explain sharp electron density
peaks observed by radio occultation measurements by the Galileo satellite. Although they did not include mete-
oric ions in their calculations, it is expected that the gravity waves propagating at lower thermosphere of Jupiter
can modify magnitudes and distributions of meteoric ions. If such a sporadic layer is also formed at Jupiter, it
could be speculated that the ionospheric conductance is enhanced by the neutral wind shear in the lower thermo-
sphere, and the distribution of ionospheric conductance could depend on the distribution of neutral wind in the
lower thermosphere.

Enhanced ionospheric conductance due to meteoric ions is expected to affect plasma dynamics in the Jovian
magnetosphere. Tao et al. (2010) suggested that diurnal variation in the ionospheric conductance leads to the
diurnal variations in magnetospheric plasma azimuthal velocity. Our model showed that the ionospheric conduct-
ance becomes axisymmetric due to contributions from long-lived meteoric ions, which is expected to suppress
such diurnal variation. Furthermore, enhanced Pedersen conductance due to meteoric ions could increase the
azimuthal velocity of the magnetospheric plasma and FAC density.

5. Conclusions

In previous studies, Jupiter’s ionospheric conductivity models and M-I coupling models considered the iono-
sphere to consist of ions originating from hydrogen and hydrocarbons. However, meteoric ions were also
suggested to contribute to ionospheric conductance (Hinson et al., 1998). To clarify the effects of meteoric ions
on Jupiter’s ionospheric conductance, we developed a new Jovian ionospheric model by coupling meteoroid
ablation and photochemical models.
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In our Jovian ionospheric model, we evaluated two cases: Case 1 without meteoroid influx and Case 2 with meteoroid
influx. In the middle-latitude region and in the auroral region, meteoric ions dominated the ionosphere at altitudes
ranging between 350 and 600 km, so the densities of meteoric ions and of electrons do not vary with LT due to the
long lifetimes of meteoric ions. By using the ion and electron density distributions, we evaluated the contribution of
the meteoric ions to ionospheric conductances. In the middle- and low-latitude regions, the distributions of both the
Pedersen and Hall conductances were enhanced and became axisymmetric due to the largest contribution from long-
lived meteoric ions. In the auroral region, both Pedersen and Hall conductances were enhanced at nearly the same rate
as in the middle-latitude region. Since the magnetic field of Jupiter was assumed to be an axisymmetric dipole and
its axis aligned with rotational axis, the ionospheric conductance distribution exhibited axisymmetric with respect to
the rotational axis. However, it is known that the magnetic field of Jupiter varies with longitudes and the axis of its
dipole component tilts by 9.6° from the rotational axis (e.g., Acuna & Ness, 1976; Connerney et al., 2022). When a
more realistic magnetic field configuration is applied, the ionospheric conductance distribution is not axisymmetric
with respect to the rotational axis but should depends on longitudes due to the inhomogeneous magnetic field strength
distribution. However, our conclusions that the ionospheric conductances are enhanced and their distributions are
independent of LT by the presence of meteoric ions are unchanged regardless of this assumption.

Our results showed that meteoric ions contribute significantly to ionospheric conductance at Jupiter, whereas
they are not known to contribute to conductance at Earth. Possible explanations for why meteoric ions contrib-
uted to ionospheric conductance are (a) Jupiter’s intense surface magnetic field, which is a key factor causing
coincidence in the altitude region between the conductive layer and the meteoric ion layer, and (b) Jupiter’s
intense gravity field, which is a key factor controlling the efficiency of meteoroid ablation and direct ionization
of meteoric substances. Since the contributions of meteoric ions to ionospheric conductance are not expected at
other planets in our solar system, their significance at Jupiter is of great importance in comparative planetology.
Such enhanced axisymmetric ionospheric conductance is expected to modify magnetospheric plasma convection.
Further modeling is needed to investigate the effects of meteoric ions on plasma dynamics, and further observa-
tions of the structures of the ionosphere, plasma velocity, and FAC are needed to confirm our results.

Appendix A

In this Appendix, chemical reactions used in the photochemical model are listed. Chemical reactions for hydrogen
and hydrocarbon ions are listed in Table A1, which was used both in Case 1 and Case 2 calculations. Chemical
reactions for meteoric ions are listed in Table A2, which was used only in Case 2 calculation.

Table A1

Chemical Reaction List Considered in the Photochemical Model

Reaction Rate coefficient Reference
H, +e™* = H,* +e” +e™* Impact ionization *
H+hw - Ht +e” a
H, + hv - H,"+e” a
H, + hv = H* +e"+H a
He + hv - He* + e~ a
CH, + hv - CH,* +e” a
CH, + hv - CH;*+e"+H a
CH, + hv = H,* + e~ + products a
CH, + hv - CH,* +e- b, c
CH, + hv - CH,* +e” d
CH, + hv = CH;*+e +H d
CH, +hv - C,H,* + e~ + products d
CH, + hv = C,H* + e~ + products d
C,H¢ + hv = CHg* +e” e
C,Hy + hv - CH;*+e +H c
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Table A1
Continued
Reaction Rate coefficient Reference
C,H + hv C,H,* + e~ + products €
C,H¢ + hv C,H;* + e~ + products e
C,H¢ + hv C,H,* + e~ + products c
H*+e” H 4.0 x 10712 x (7,/250.0)=*7 1
Het + e He 4.0 X 10712 x (7,/250.0)~7 1
HeH* + e~ H + He 1.0 x 1078 x (7,/300.0)~°¢ 1
H,* +e” H+H 2.3 x 107" x (7,/300.0)~4 1
H* +e" H,+H 4.4 % 107 X (T,/300.0)°3 1
Ht+e H+H+H 5.6 x 107 X (7,/300.0) 03 1
Ct+e” C 4.0 x 1072 x (7,/250.0)=*7 1
CH* + e~ C+H 1.5 x 1077 x (T,/300.0) =42 1
CH," + e~ CH+H 2.5 x 1077 x (T,/300.0)~%3 1
CH,*+e- CH, +H 3.5 x 1077 x (7,/300.0)°3 1
CH,*+e CH, +H 3.5 1077 x (1/300.0)~03 1
CH," +e" CH,+H+H 3.5 x 1077 x (7,/300.0) 3 1
CH,* + e CH,+H+H, 8.8 X 107 x (7,/300.0) 3 1
CH,* + e CH,+H+H 2.2 % 1077 x (1/300.0)~03 1
Ct+e CcC+C 3.0 x 1077 x (7,/300.0) =03 1
CH* +e C,+H 2.7 % 1077 (7,/300.0)°3 1
C,H* + e~ CH+C 2.7 x 1077 x (T,/300.0)~%> 1
CH,*+e CH+H 2.7 x 1077 X (T,/300.0) 3 1
CH," +e- CH + CH 2.7 x 1077 x (7,/300.0)°3 1
CH,* +e" CH,+H 45 x 1077 x (T./300.0)7°3 1
CH,*+e” CH, + CH 4.5 x 1077 x (T,/300.0)7%° 1
CH," +e CH,+H 3.0 x 1077 (7,/300.0)°3 1
CH," +e CH, + CH, 3.0 x 1077 x (1,/300.0)~03 1
CH" + e CH,+H 7.4 x 1077 X (T,/300.0) 03 1
CH,* + e~ CH, + CH, 7.4 x 1077 x (1/300.0)°3 1
CH,* +e CH, +H 3.0 x 1077 x (1,/300.0)~03 1
CHt+e” CH, + CH, 3.0 x 1077 x (7,/300.0)~%3 1
CH," +e" CH,+H 3.5 x 1077 x (7,/300.0)°3 1
CH* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH,* +e- products 7.5 x 1077 % (T,/300.0)~%3 1
CH;* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH,* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH "+ e products 7.5 x 1077 % (T,/300.0)~%3 1
CHg* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH,* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CHyt + e products 7.5 x 1077 % (T,/300.0)~%3 1
CHy* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH* +e” products 7.5 x 1077 x (T,/300.0)7%> 1
CH,*+e- products 7.5 x 1077 % (T,/300.0)~%3 1
CH;* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
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Table A1

Continued

Reaction Rate coefficient Reference
CH;* +e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH,*+e” products 7.5 x 1077 x (T,/300.0)~%> 1
CH,*t+e” products 7.5 x 1077 % (T,/300.0)~%3 1
H,* +H, H,*+H 2.00 x 10~? 1
H,*+H H*+H, 6.40 x 10710 1
H,* + He HeH* + H 1.40 x 10710 1
H,* + CH, CH;*+H 1.10 x 10710 1
H,* + CH, CH,* + H, 1.41 % 10~° 1
H,* + CH, CH,"+H+H, 2.28 x 107° 1
H,* + C,H, C,H,*+ H 4.77 x 10710 1
H,* + C,H, CH,*+H, 4.82 x 10~° 1
H,* + C,H, C,H(* + H, 2.94 x 10710 1
H,* + C,H, CH;*+H+H, 1.37 x 10~° 1
H,* + C,H, CH,*+H,+H, 2.35% 107° 1
H,* + C,H, CH,*+H+H,+H, 6.86 x 10710 1
H,* + C,H, CH,*+H,+H,+H, 1.96 x 10710 1
He* + H, H,* + He 9.35x 107 1
He* +H, H* 4+ H + He 4.57 x 10714 1
Het+H, (v22) H* +H + He 1.0 x 10~ 1
He* + CH, H* + CH, + He 4.76 x 10710 1
He* + CH, CH*+H, + H + He 238 x 10710 1
He* + CH, CH,* + H, + He 8.50 x 1071° 1
He* + CH, CH,;* + H + He 8.50 x 10~ 1
He* + CH, CH,* + He 5.10 x 107! 1
He* + C,H, C,H,* + He 2.45x 10710 1
He* + C,H, C,H* + H + He 8.75 x 10710 1
He* + C,H, C,* +H, + He 1.61 x 107 1
He* + C,H, CH* + CH + He 7.70 x 10710 1
He* + C,H, C,H,* + He 238 x 10710 1
He* + C,H, C,H,* + H + He 1.70 x 1010 1
He* + C,H, C,H,* + H, + He 2.18 x 107~? 1
He* + C,H, C,H*+H+H, + He 442 x 10710 1
He* + C,H, CH,* + CH, + He 4.08 x 10710 1
He* + C,H, C,H,* + H, + He 4.20 x 10710 1
He* + C,H, CH,;*+H+H, + He 1.74 x 10~° 1
He* + C,H, CH,*+H, + H, + He 8.40 x 10710 1
H*+ CH, CH;* + H, 3.69 x 10~° 1
H*+ CH, CH,*+H 0.81 x 10~? 1
H* + C,H, CH,"+H,+H, 1.30 x 10~° 1
H*+ C,H, CH,*+H+H, 1.30 x 10~° 1
H* + C,H, CH,* +H, 1.30 x 10~° 1
H*+H, (v 4) H,*+H 2.0% 107° 1
HeH* + H, H,* + He 1.50 x 10~? 1
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Continued

Reaction Rate coefficient Reference
HeH* + H H,* + He 9.10 x 10710 1
HeH* + C,H, C,H,* + H + He 7.00 x 10710 1
HeH* + CH, C,H,* + H, + He 2.10 X 10~° 1
HeH* + C,H, C,H,*+H, + H, + He 1.05 x 10~° 1
HeH* + C,H, C,H,* + H, + He 1.05 % 107° 1
H,* + CH, CH;* + H, 2.40 X 107° 1
H,*+ CH, C,H,* +H, 2.90 x 10~° 1
H,*+ C,H, C,H,* +H, 0.69 x 10~° 1
H,* + C,H, CH,* +H, + H, 1.61 x 10~° 1
H;* + C,H, CHs* + H, + H, 2.40 x 10~° 1
C*+CH, C,H,* +H, 3.30 x 10710 1
C*+CH, CH,*+H 9.80 x 10710 1
C*+C,H, C,H*+H 2.80 x 10~° 1
C*+C,H, C,H,* + CH 8.50 x 10~ 1
Ct+CH, CH,*+C 1.70 x 10710 1
C*+CH, CH*+H+H, 8.50 x 10! 1
C*+C,H, C,H,* + H, 3.40 x 10710 1
Ct+CH, CH,*+H 1.00 x 10~° 1
C*+ CH C,H,* + CH, 1.70 x 10~10 1
C*+ C,Hy C,H,* + CH, 5.10 x 10710 1
C*+ C,Hg C,H;* + CH 1.70 x 10710 1
C*+ CH CH,*+H+H, 8.50 x 10-1° 1
CH* + H C+*+H, 7.50 x 10710 1
CH* + H, CH,* + H 1.20 x 107° 1
CH* + CH, CH,*+H 6.50 x 107! 1
CH* + CH, C,H,* +H, 1.10 x 107° 1
CH* + CH, CH,*+H+H, 1.40 x 10710 1
CH* + C,H, CH,*+ H 2.40 x 107° 1
CH,* + H, CH,* +H 1.60 x 10~° 1
CH,* + CH, CH;*+H 3.60 x 10710 1
CH,* + CH, CH,*+H, 8.40 x 1071° 1
CH,* + C,H, CH,*+H 2.50 x 107° 1
CH,*+ CH, C,H;* 4+ H, 1.20 x 107° 1
CH,* + C,H, C,H,* + H, 1.20 x 10~° 1
CH,* + C,H, C,H,* + CH, 3.50 x 10710 1
CH,*+ C,H, CH,*+H,+H, 4.60 x 10711 1
CH,*+ C,H, C,H,* +H, 5.20 x 10710 1
CH,* + C,H, C,H,* + CH, 1.50 x 10~° 1
CH,* + C,H, CH,*+H,+H, 1.60 x 10710 1
CH,* + C,H, C,H,* + H, 1.00 x 10~10 1
CH,* +H, CH,* + H 3.0x 1071 1
CH,* + CH, CH;* + CH, 1.50 x 10~° 1
CH,*+ C,H, C,H,* + CH, 1.13 x 107° 1
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Table A1
Continued
Reaction Rate coefficient Reference
CH,*+ C,H, C,H,* + CH, 1.23 x 107° 1
CH,* + C,H, CH,*+H+H, 1.51 x 10710 1
CH,*+ C,H, C,H,* + CH, 1.38 x 10~° 1
CH,*+ C,H, C,Hy* + CH, 4.23 x 10710 1
CH,*+ C,H, CH,*+H+H, 5.52x 1071 1
CH,* + C,H, CH,*+CH, +H, 1.91 % 10~° 1
CH;* +H CH,*+H, 1.50 x 10~1° 1
CH,* + C,H, C,H,*+ CH, 1.56 x 10~° 1
CH;*+ C,H, C,H,* 4+ CH, 1.50 x 10~° 1
CH,* + C,H, C,H,*+CH,+ H, 2.25 % 10710 1
CH,* + C,H¢ C,H,* + CH, 1.28 X 107° 1
C,*+H, C,H* +H 1.20 x 10~° 1
C,*+CH, C,H* + CH, 2.38 x 10710 1
C,*+CH, C,H,* + CH, 1.82 x 10710 1
C,* + CH, CH*+H+H, 1.96 x 1010 1
C,*+CH, CH," + H, 5.74 x 10710 1
C,*+CH, CH,*+H 2.10 x 10710 1
C,*+C,H, CH*+H 1.20 x 10~° 1
C,*+CH, products 1.90 x 10~° 1
C,H* + H, C,H,*+H 1.70 x 10~° 1
C,H* + CH, C,H,* 4+ CH, 3.74 x 10710 1
C,H* + CH, CH;* + H, 3.74 x 10710 1
C,H* + CH, CH,*+H 1.32 x 10710 1
C,H* + CH, CH* 2.20 x 10710 1
C,H* + C,H, CH,*+H 1.20 x 10~° 1
C,H* + C,H, products 1.71 x 10~° 1
C,H,*+H, CH,*+H 1.80 x 10712 1
C,H,* + CH, C,H,*+H, 1.60 x 10~10 1
C,H,* + CH, C.H,*+ H 6.40 x 10710 1
C,H,* + C,H, CH,* +H, 5.16 x 10710 1
CH,* + CH, CH,*+H 5.88 x 10710 1
C,H,* + C,H, C,H,*+ C,H, 8.96 x 10-1° 1
C,H,* + C,H, C,H,* 4+ CH, 2.80 x 10710 1
CH,* + C,H, CH,*+H 2.24 x 10710 1
C,H,* + C,H, C,H,*+ C,H, 2.63 x 10710 1
C,H,* + C,H¢ C,H;*+ C,H, 1.31 x 10710 1
C,H,* + C,H, C,H;* + CH, + H, 8.76 x 107! 1
C,H,* + C,H, C,H,* + CH, 1.46 x 107! 1
C,H,* + C,H¢ C,H,* 4+ CH, 7.88 x 10710 1
C,H,* + C,H, CH,*+H+H, 7.30 x 1071 1
C,H,* + C,H, CH*+H 1.31 x 10710 1
CH,*+H C,H,* + H, 1.00 x 10710 1
C,H,;* + CH, C,H,* +H, 2.00 x 10710 1
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Continued

Reaction Rate coefficient Reference
CH,* + CH, - CH,*+H, 2.16 x 1010 1
CH,* + C,H, - C,H,* + C,H, 9.30 x 10-1° 1
CH,* + CHg - C,H;* + C,H, 2.91 x 10710 1
C,H,* + C,Hg - C,H,* + CH, 2.48 x 1010 1
CH,* + C,Hg = CH,* +H, 8.06 x 10~ 1
CH +H - C,H,* + H, 3.0x 10710 1
CH,*+CH, - C,H,* + CH, 6.73 x 1010 1
CH,* + CH, - CH;*+H 2.37 x 10710 1
CH,* + CH, - C;Hs* + CH,4 7.19 x 10710 1
CH,*+CH, - CH,*+H 7.11 x 101! 1
CH,* + C,H, - C,H + + CH, 3.71 x 10~ 1
CH,* + CHg - C,H,* + CH, 493 x 102 1
CH;*+H - CH,* +H, 1.0 x 10! 1
C,H;* + CH, — C,H,* +H, 4.00 X 10-15 1
C,Hs* + C,H, = C,H;* + CH, 6.84 x 107! 1
CHs* + C,H, = CH,*+H, 1.22 x 10710 1
CHy* + CH, = C,H,* + CH, 3.90 x 10-1° 1
CHs* + CH, - CH,* +H, 4.00 x 1011 1
CH,*+H = CH,* +H, 1.0 x 1071 1
CH¢" + CH, = C,H* + C,H, 222 x 10-10 1
C,Hg* + C,H, - C,Hy* + CH, 8.19 x 10710 1
CHg* + CH, - CH*+H 1.29 x 10-1° 1
CH¢* + CH, = C,H,* + C,H, 1.15 x 10=° 1
CHg* + CH, - C,Hg* + CH, 7.98 x 10712 1
CHg* + CH, - C,Hy* + CH, 1.10 x 1011 1
CH;* + C,H, = C,H,* + C,H, 1.0x 10~° 1
CH;*+ C,H, - C,Hy* + C,H, 1.0 x 10~° 1
H*+H, + H, - H,* +H, 32x 1072 1
CH,*+H, + H, - CH,* + H, 3.3 % 10-28 1
CH,;* + H, + He - CH* + He 1.1 x 1028 1
CH,* + H, + He - C,H,* + He 1.2x107% 1
H+H+H, - H, +H, 2.7 x 10731 x (T,/1)~°6 2

Note. Chemical reactions listed in this table are taken into account both in Case 1 and in Case 2. References: *calculated by
parameterized formula from Hiraki and Tao (2008); a, Schunk and Nagy (2009); b, Souza and Srivastava (1996); ¢, Ruberti
etal. (2013); d, Ibuki et al. (1989); e, Au et al. (1993); 1, Kim and Fox (1994); 2, Perry et al. (1999). T, and 7, are the electron
temperature and the neutral temperature, respectively.
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Table A2

Chemical Reaction List Considered in the Photochemical Model for Case 2

Reaction

Rate coefficient

Reference

Meteoroid ablation
Meteoroid ablation
Meteoroid ablation
Meteoroid ablation
Meteoroid ablation
Meteoroid ablation
Meteoroid ablation
Meteoroid ablation
Na

Fe

Mg

Si

Na + hv

Fe + hv

Mg + hv

Si+ hv
Na+H+H,

Na + CH; + H,
Na* +H, +H,
Na* + CH, + H,
Na* + C,H, + H,
Na*+ C,H, + H,
Na + H*

Na + H;*

Na + CH,*

Na + C,H,*

Na + C;H*

Na + C,;H,*

Na + C;H,*

Na + C,H,*

Na + C;H,*

Na + C;H*

Na + C;H,*

Na + C;H,*

Na + C;H,*

Na + C,H*

Na + C,H,*

Na + C,H,*

Na + C,Hy*

Na + C,H,*

Na + C,H,*

Na + Sit

NaH + H

Na
Fe
Mg
Si
Na* + e~
Fet +e”
Mg* +e”
Sit+e~
Condensation
Condensation
Condensation
Condensation
Nat + e~
Feti +ley
Mg* +e”
Sit+e”
NaH + H,
NaCH, + H,
NaH,* + H,
NaCH,* + H,
NaC,H,* + H,
NaC,H,* + H,
Nat +H
Na*+H+H,
Na* + CH,
Na* 4+ C,H,
Na* + products
Na* + products
Na™ + products
Na™ + products
Na* + products
Na™ + products
Na™ + products
Na* + products
Na™ + products
Na™ + products
Na* + products
Na™ + products
Na™ + products
Na* + products
Na™ + products
Nat + Si
Na + H,

1.0x 107>
1.0x 1073
1.0x 1073
1.0x 107>

1.2 X 107 x (T,/1.0)=%¢
4.0 x 107 x (T,/1.0)7'8
1.6 x 10730 x (T,/80)0°
1.5 x 1072 x (T,/80)~"*
1.3 x 10728 x (T,/80)~1°
1.3 x 10728 x (T,/80)~'*
1.2 x 107
1.1x 10~
3.4x107°
2.7x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
2.7%107°
1.0 x 10710 x (T,/300)=03

ik

ok

L3

ek

ok

L3

£

*
*
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Table A2

Continued

Reaction Rate coefficient Reference
Nat + e~ Na 2.7 x 10712 x (T,/300)~¢ 4
NaH,* + e~ Na + H, 1.5 x 107 x (T,/300)~03

NaH,* + e~ NaH + H 1.5 x 1077 x (T,/300)~%>

NaCH,* + e~ Na + products 1.5 x 1077 x (T,/300)~%>

NaC,H,* + e~ Na + products 1.5 x 1077 x (7,/300)~>

NaC,H,* + e~ Na + products 1.5 x 1077 x (T,/300)~%>

NaCH,* + e~ products 1.5 x 1077 x (T,/300)~%>

NaC,H,* + e~ products 1.5 x 1077 x (T,/300)~%>

NaC,H,* + e~ products 1.5 x 1077 x (T,/300)~%>

Fe + H +H, FeH + H, 12 x 107 x (T,/1.0)"6
Fe*+H+H, FeH* + H, 3.0 x 1072 X (T,/1.0)~1°

Fe*+H, +H, FeH,* + H, 2.0x107%

Fe* + CH, + H, FeCH,* + H, 1.1 X 1072 X (T,/294)~"5

Fe* + C,H, + H,
Fe*+ C,H, + H,
Fe* + C,H,
Fe* + Na
FeH* + H
FeH,* + H
Fe + H*

Fe + H,*
Fe + C+

Fe + CH,;*
Fe + C,H,*
Fe + C;H*
Fe + C;H,*
Fe + C;H,*
Fe + C;H,*
Fe + C;H*
Fe + C;H,*
Fe + C;H,*
Fe + C;Hg*
Fe + C;H,*
Fe + C,H*
Fe + C,H,*
Fe + C,H,*
Fe + C,H *
Fe + C,H,*
Fe + C,H,*
Fe + Si+
FeH + H
Fet +e”
FeH* + e~

FeC,H,* + H,
FeC,H,* + H,
Fe + C,H,* + H,
Fe + Na*
Fe* + H,
FeH* + H,
Fet+H
Fe*+H+H,
Fet+C
Fe* + CH,4
Fe* + C,H,
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + products
Fe* + Si
Fe + H,

Fe
Fe +H

1.4 X 10726 x (T,/294)~10

1.4 X 10726 x (T,/294)~"

1.1 X 10712 x (T,/300)~06
1.0 x 10~1
1.8x 107
1.8 x 10~
7.4x107°
49%x107°
2.6 x107°
2.4x107°
2.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x%x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
1.9 x 10~

1.0 X 10719 x (T,/300)°>

3.7 % 1012 x (T/300)~06

3.0 x 1077 x (T,/300)~%>
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Table A2

Continued

Reaction Rate coefficient Reference
FeH,* + e~ FeH + H 1.5 x 1077 x (T,/300)~%> 4
FeH," + e~ Fe + H, 1.5 x 107 x (T,/300)~03

FeCH,* + e~ Fe + products 1.5 x 1077 x (T,/300)~%>

FeC,H," + e~ Fe + products 1.5 x 1077 x (T,/300)~%>

FeC,H,* + e~ Fe + products 1.5 x 1077 x (7,/300)~>

FeCH,* + e~ products 1.5 x 1077 x (T,/300)~%>

FeC,H," + e~ products 1.5 x 1077 x (T,/300)~%>

FeC,H,* + e~ products 1.5 x 1077 x (T,/300)~%>

Mg+ H+H, MgH + H, 1.2 x 1070 x (T,/1.0)=0

Mg+ H+ H, MgH* + H, 3.0 x 1070 x (T,/1.0)~1

Mg* + H, + H, MgH,* + H, 1.6 X 1070 x (7,/80.0)~03

Mg* + CH, + H, MgCH,* + H, 1.5 x 10728 x (T,/80.0)71

Mg*+ CH, +H,
Mg*+ CH, + H,
Mgt + Na
MgH* + H
MgH,* + H
Mg + H*
Mg + H,*
Mg + C*
Mg + CH,;*
Mg + CH*
Mg + C,H,*
Mg + CH*
Mg + CH,*
Mg + C;H,*
Mg + CH,*
Mg + C;Hy*
Mg + C;H,*
Mg + CH,*
Mg + C;Hg*
Mg + C;H,*
Mg + C,H*
Mg + C,H,*
Mg + C,H;*
Mg + C,H*
Mg + C,H,*
Mg + C,H,*
Mg + Sit
MgH + H
Mgt +e”
MgH* + e~
MgH,* + e~

MgC,H,* + H,
MgC,H,* + H,
Mg + Nat
Mg* +H,
MgH* + H,
Mgt +H
Mg*+H+H,
Mgt +C
Mg* + CH,4
Mg* + CH, + H
Mg* + C,H,
Mg+ + products
Mg™* + products
Mg* + products
Mg+ + products
Mg™* + products
Mg* + products
Mg+ + products
Mg™* + products
Mg* + products
Mg+ + products
Mg™* + products
Mg* + products
Mg+ + products
Mg™* + products
Mg* + products
Mgt + Si
Mg + H,
Mg
Mg+ H
Mg + H,

1.3 x 10728 x (T,/80.0)~1
1.3 x 1072 x (T,/80.0)~13
1.0 x 10~
1.8 x 10~
1.8 x 10~
1.1x 107
1.0 x 10~
1.1x 10~
3.5%x 10710
1.4 x 107~
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
3.0x107°
29x107°
1.0 x 1071 x (T,/300)%>
2.8 X 10712 x (7,/300)~%
3.0 x 1077 % (T,/300)~%3
1.5 x 1077 x (T,/300)~%>

~ &~ & A 2 B B BB B B A A AEAEEAEEEEEEEEEEEEAEEEEE A
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Table A2

Continued

Reaction Rate coefficient Reference
MgH,* + - MgH + H 1.5 x 1077 X (T./300)~°3 4
MgCH,* + e~ Mg + products 1.5 x 1077 x (T,/300)~%> 4
MgC,H,* + e~ Mg + products 1.5 x 1077 x (T,/300)~%> 4
MgC,H,* + e~ Mg + products 1.5 x 1077 x (T,/300)~%> 4
MgCH,* + e~ products 1.5 x 1077 x (T,/300)~%> 4
MgC,H," + e~ products 1.5 x 1077 x (T,/300)~%> 4
MgC,H,* + e~ products 1.5 x 1077 x (T,/300)~%> 4
Si+H+H, SiH + H, 1.2 X 10730 (T,/1.0)~06 4
Sit+H+H, SiH* + H, 3.0x 107 x (T,/1.0)~1° 4
Si* + H, + H, SiH,* + H, 1.6 X 1072 x (T, /80)703 4
Si* + CH, + H, SIiC,H,* + H, 1.4 x 1072 (T,/80)~"5 4
Si* + C,H, + H, SiC,H,* + H, 1.2 x 1072 x (T, /80)~0 4
Si* + C,H, + H, SIiC,H,* + H, 1.2 x 1072 (T,/80)~"5 4
Si*+H, SiH,* 3.0% 10718 4
Sit + CH, SiC,H,* +H 1.0 x 107 4
Si* + CH, SIiC,H,* + H, 1.0x 10 4
Si* + CH, SiC,H,* +H 7.7 % 107! 4
Sit + C,H, SiC,H,* +H 1.8 x 1071 4
Si* + CH, SiC,H,* + CH, + H 7.4 %1071 4
Si* + CH, SiC,H,* +H 1.0x 10 4
Sit + C,Hy SiC,H,* + CH, 1.2x 10710 4
Si* + C,H, SiC,H,,* + CH, 6.4 x 10710 4
Si* + C,H, SiC,H,* + CH, + H, 24% 107! 4
SiH* + H Sit + H, 1.9 x 10~ 4
SiH,*+ H SiH* + H, 1.8 x 10~ 4
Si+H* Sit+H 9.9 x 10710 4
Si+ Hy* SiH* + H, 3.7x107° 4
Si + CH,* SiC,H,* +H 2.0% 10~ 4
Si + CH,* SIiC,H,* + H, 2.0% 107 4
Si+ CH,* SiC,H,* +H 2.0 % 10710 4
Si + CH,* SiC,H,* + H, 2.0x 10710 4
Si+ C,H,* SIiC,H,* + H, 2.0% 10710 4
Si+ C,H,* SiC,H,* +H 2.0 % 10710 4
Si + C;H* SiC H,,* + products 2.0x 10710 4
Si+ C,H,* SiC,H,,* + products 2.0% 10710 4
Si + C;H,* SiC,H,,* + products 2.0 x 10710 4
Si+ C;H,* SiC H,,* + products 2.0x 10710 4
Si+ C,H,* SiC,H,,* + products 2.0% 10710 4
Si+ C;Hg* SiC,H,,* + products 2.0 x 10710 4
Si+ CH,* SiC H,,* + products 2.0x 10710 4
Si+ C,H,+ SiC,H,,* + products 2.0% 10710 4
Si + C;H,* SiC,H,,* + products 2.0 x 10710 4
Si+ C,H* SiC H,,* + products 2.0x 10710 4
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Table A2

Continued

Reaction Rate coefficient Reference
Si+ C,H,* - SiC H,,* + products 2.0x 10710 4
Si+ C,H,* - SiC,H,,* + products 2.0 x 10710 4
Si + C,H,* - SiC,H,,* + products 2.0x 10710 4
Si+ C,H,* - SiC H,,* + products 2.0x 10710 4
Si+ C,Hy* - SiC,H,,* + products 2.0 x 10710 4
Si + CH, - SiCH + H 2.0 x 107! x (7,/300)~° 4
Si 4+ CH, - SiCH, + H 4.0 x 107" x (T,/300)°> 4
SiH + H - Si+H, 1.0 x 10719 x (T,/300)°3 4
Sit +e” - Si 4.9 x 10~12 x (T,/300)~°¢ 4
SiH* + e~ - Si+H 2.0 x 1077 x (T,/300)~%> 4
SiH,* + e~ - Si+H+H 2.0 x 1077 % (T,/300)~%> 4
SiH,* + e~ - SiH + H 1.5 x 1077 x (7,/300)~%> 4
SiH,* + e~ - Si+H, 1.5 x 1077 x (T,/300)~%> 4
SiC H,*+ e~ - Si 1.5 x 1077 x (T,/300)~%> 4
SiCH,*+e” - products 1.5 x 1077 x (T,/300)~%> 4

Note. Chemical reactions listed in this table are taken into account only in Case 2. References: **calculated by the meteoroid
ablation model; 3, Moses and Bass (2000); f, Verner et al. (1993); 4, Kim et al. (2001). 7, and T, are the electron temperature
and the neutral temperature, respectively.

Data Availability Statement

The modeling data supporting the figures presented in this paper are available at https://doi.org/10.5281/
zenodo.5887630.
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