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B We propose a novel model for the formation of spokes in Saturn’s main rings
There are two key processes in dust release from ring particles

One is intense electric fields across the terminator of ring particles

The other is adsorption of an Og ring atmosphere onto the surface of ring particles

Our model explains lifetime and seasonality of the spokes.



Abstract

Spokes in Saturn’s rings are radially-extended structures consisting of dust
grains. Although spacecraft and space telescope observations have revealed various
detailed features of the spokes and their time variation, their formation mechanism is
still under debate. Previous models examined charging mechanisms to attempt at
explaining dust release from cm-sized ring particles; however, the attempt has been
unsuccessful, because the electrostatic force caused by such charging mechanisms is
much weaker than the cohesive force acting on dust grains at ordinary conditions in the
ring environment. Here we propose a novel model for the formation of the spokes, where
the temperature dependence of cohesion plays an essential role. Ring particles with a
temperature below 60K adsorb an Oz ring atmosphere, which facilitates release of dust
grains from them by a reduction in the cohesive force between the grains and the
particles on the morning ansa. Then, intense electrostatic forces sufficient to overcome
the cohesive force are generated on the surface of ring particles and the released dust
grains form the structure of spokes. Our model explains observational features of the
spokes including their longitudinal location, lifetime, radial expansion velocity, and

seasonality.



1. Introduction

Spokes in Saturn’s rings were observed in detail by the two Voyager spacecraft,
the Hubble Space Telescope, and the Cassini spacecraft (e.g., Horanyi et al. 2009). They
are seen only in the outer B-ring, the optically thickest region of the main rings (Griin et
al. 1983, Smith et al. 1981). The motion of the spokes is close to the purely Keplerian
motion but is affected by the corotation of Saturn’s magnetic field (Griin et al. 1983,
Smith et al. 1981, Eplee and Smith 1984). Some of the spokes are affected by the
corotation significantly and show an intermediate motion between Keplerian and the
corotation (Mitchell et al. 2013). The spokes, when they appear, expand radially inward
and outward with a speed of about 0.5 - 1 km/s (e.g. Mitchell et al. 2013). The spokes are
observed as dark markings at low phase angles, while as bright markings at high phase
angles, which is attributed to forward scattering of sunlight by micron-sized particles,
thus shows that the spokes are composed of dust grains levitated above the ring plane
(Smith et al. 1981, Doyle and Griin 1990, McGhee et al. 2005, D'Aversa et al. 2010). The
appearance of the spokes is predominant on the morning ansa (the part of the ring just
emerged from Saturn's shadow) and they typically disappear in less than several hours,
which is about a half of the orbital period (Porco and Danielson 1982, Smith et al. 1981,
Griin et al. 1983). Moreover, the spoke formation is a seasonal phenomenon related to
the ring opening angle relative to the Sun (McGhee et al. 2005, Mitchell et al. 2006); the
spokes appear when Saturn is near its equinox, whereas disappear when it is near its
solstice and the tilt angle is approximately larger than 15 degree.

Previous models for the formation of the spokes mostly focused on the charging
mechanism of ring particles; it is argued that dense plasma induced by impacts of
meteorites onto the rings charges the particles negatively, and the electrostatic repulsive
force acting on dust grains overcomes the gravity, resulting in the dust release (Goertz
and Morfill 1983); instead of impact-induced plasma, it is also proposed that field-aligned
electron beams flowing from the magnetotail into the auroral regions of Saturn or
electron beams induced by lightning in Saturn’s atmosphere charge up ring particles
(Jones et al. 2006, Horanyi, Morfill and Cravens 2010, Hill and Mendis 1981). Previous
models proposed that the seasonal appearance of the spokes is attributed to their
immediate destruction under the plasma environment of the ring near the solstice
(Mitchell et al. 2006, Farrell et al. 2006). However, these models overlooked the cohesive
force (i.e., the van der Waals force to a large extent) between pum-sized dust grains and
meter-sized ring particles, which in fact plays an essential role.

In the present work, we propose a novel model for the formation of the spokes,

where the temperature dependence of cohesion plays an essential role. The structure of



this paper is as follows. In Section 2, we describe cohesive force and electrostatic force
acting on dust grains on the surface of ring particles and demonstrate that previously-
proposed charging mechanisms cannot overcome the cohesive forces. Furthermore, we
demonstrate that the combination of intense electric fields across the terminator of ring
particles (Section 3) and reduction of cohesion due to adsorption of O2 gas molecules
(Section 4) allows dust release from ring particles, and consequently, the released dust
particles are observed as the spokes in the ring plane (Section 5). Our model basically
follows models for the formation of the lunar horizon glow, caused by electrostatically
levitated dust particles above the lunar terminator. In Section 6, we demonstrate that
our model explains observational features of the spokes including their longitudinal

location, lifetime, radial expansion velocity, and seasonality.

2. Cohesive force and electrostatic force acting on a dust grain
2.1. Cohesive force

The cohesive force acting on dust grains with planetary surfaces is much greater
than the gravitational force (e.g., Scheeres et al. 2010, Hartzell and Scheeres 2011). Even
if um-sized dust grains are floating in Saturn’s rings, they would accumulate on cm-sized
ring particles immediately and could be hardly released from the particles owing to the
cohesion (Bodrova et al. 2012, Ohtsuki et al. 2020) (see also Appendix A). The cohesive
force between two identical dust grains is given by (Johnson et al. 1971)
Fo =2mya , (1)
where y is the surface energy and a is the radius of the grain. On the other hand, the
gravitational force acting on a dust grain on an airless body is given by
F, = gna3pg , (2)
where p is the density of the grain and gis the surface gravity of the airless body. The
equations are assuming spherical particles. Assuming an ice grain with y = 0.19 Jm2
(e.g., Gundlach et al. 2011), p = 900 kgm™, and 2= 1 pm on the surface of a ring particle
with a radius of 1 m (g = 2.5X107 ms2), the cohesive force acting on the grain is 1015
times greater than the gravity. Interestingly, the spokes consist of dust grains floating
above the ring plane, despite such a strong cohesive force. This indicates that the
detachment of the grains sticking to ring particles is a key process for the formation of
the spokes.
2.2. Electrostatic force

The physics of the electrostatic force acting on dust particles depends on the
conductivity of the particles (Figure 1) (Jones 1995, Sow et al. 2013, Kok and Renno 20086,
von Holstein-Rathlou et al. 2012, Nakajima and Matsuyama 2002). For conducting



particles, the charge in an electric field is enhanced by the electrostatic induction. For
example, a particle placed in an electric field perpendicular to a positively charged
surface would polarize its top to be positive and its bottom to be negative. If its bottom
is in contact with other conducting particles, electrons will flow to other particles.
Consequently, particles on the top of the surface are positively charged and are able to
lift off from the surface. In contrast, for an insulating particle, the charge in a parallel
electric field is not enhanced. Insulating particles would be attracted with each other
owing to dielectric polarization under intense electric fields.

For a conducting particle, the electrostatic forces acting on the particle in a
parallel electric field (%) can be described by (van den Bosch et al. 1995, Lebedev and
Skalskaya 1962, Arp and Mason 1977, Kimura et al. 2014)

Fo==(¢3)+3)0nE , ®

where {is Riemann’s zeta function ({38) = 1.202) and Q3,is the maximum induction

charge of dust grains with
Q3, = max {e ,§ﬂ3a2£0Efr} , (4)

where e is the elementary charge, g i1s the vacuum permittivity, a is the radius of the
grain, and £ is the roughness factor. We use £ = 10, which is the average value of lunar
soil (Cadenhead et al. 1977). As a result, we obtain

F, = 4 (4(3) +3) eof, E2a? . (5)

For an insulating particle, the repulsive force acting on the particle in a parallel

electric field (%) can be described by (Lebedev and Skalskaya 1962)

2
F,=— 4 (1 +§) QE —%62nsoa2E2 , (6)

16meqa?

where @ is the charge of the grain, and §is a constant described by

5 = ep—1 , (7)

Ep+2

where & 1s the static dielectric constant. The dielectric constant for ice is greater than
100 (Johari and Whalley 1981) and therefore we can assume § ~ 1. On the other hand, if
icy ring particles are covered with O2 molecules, the dielectric constant is £,=2.46 (6 ~
0.33) (Pilla et al. 2008). Note that it is probable that icy ring particles are covered with
02 molecules when the Saturn is near the equinox (see also Section 4). The charges on a
dusty surface owing to solar irradiation or plasma can be assumed to be uniformly

distributed over the surface of each grain, and we can therefore assume the charge of



each dust grain is given by

Q = max{e ,4meyad} , (8)

where @is the surface potential of each grain. Note that the surface potential in a steady
state during equinox is simply determined by the electron energy (k7%) of the plasma
(Spitzer Jr. 2008):

& = —2.5kT, . (9)

The maximum value of Eq. (6) can be obtained when
Q=18@+9n%ﬁ5(w)

as
F, = y—¥+85+&%5%2wn)
Although the electrical conductivity of grains in Saturn’s rings is poorly known, Oz ions
may assist in elevating the surface conductivity of icy grains by proton jumping
(Appendix B).
2.3. Electrostatic force induced by previously-proposed charging mechanisms

We demonstrate that previously-proposed charging mechanisms for the spoke
formation cannot overcome the cohesive forces and the mechanisms are insufficient to
cause dust release from ring particles. Generally, the charges of the surface of a spherical
body induced by plasma absorption are considered to be distributed uniformly over the
surface (Flanagan and Goree 2006). Assuming a uniformly distributed charge on a
dielectric sphere with a radius of r, the total charge of the sphere (§) and the electric

potential on the surface of the sphere (@) have a relation:

»=—2_ (02

amegr

where gois the permittivity of free space (Flanagan and Goree 2006). The strength of the
electric fields (&) is given by (Flanagan and Goree 2006)

E=—2—(13)

4megr?’

As a result, we obtain the relation:
E=2.(19)
The electrostatic forces acting on a dust grain is determined by this equation and Eq. (5)
or Eq. (11).

The electric surface potential of a spherical particle is determined by the energy
and density of ions, electrons, secondary electrons, or photoelectrons, but it
approximately corresponds to the electron temperature (Manka 1973). As an example, if

we assume the typical electron temperature at the B ring, or the order of 1 eV (Farrell



et al. 2017), the surface potential of Saturn’s ring particles can be estimated to be roughly
on the order of -1V. Then, the strength of electric fields on a ring particle with r=1m are
the order of 1V/m. Assuming dust grains with a radius of 2 = 10pm and surface energy
of y= 0.190 J'm™ on the ring particle with r=1m, we find that the electrostatic force
obtained from electric fields of 1V/m and Eq. (5) is by a factor of 1014 ~ 1015 weaker than
the cohesive force shown in Eq. (1). Comparing between Eq. (1) with (5) or (11), the
electrostatic force is able to overcome the cohesive force only if the surface has an electric
potential greater than 107 V. This huge potential requires unusually high electron
temperature, 107 eV, however previously-proposed charging models cannot provide such
high temperature; (1) the electron temperature of impact-induced plasma proposed by
Goertz and Morfill (1983) is 2 eV, (2) the electron temperature of field-aligned electron
beams flowing from the magnetotail into the auroral regions proposed by Hill and
Mendis (1981) is on the order of 103 eV, and (3) the electron temperature of the lightning-
induced electron beams proposed by Jones et al. (2006) and Horanyi et al. (2010) is on
the order of 105 eV. Even in the case of the lightning-induced electron beams, the
electrostatic force is weaker by a factor of 104 than the cohesive force. In addition, electric
potential exceeding the order of 1000 V become unstable in vacuum because the electric
discharge in vacuum takes place at 1000 V. Consequently, none of previously-proposed
charging mechanisms alone can explain the detachment of spoke materials from the ring

particles against the cohesive forces.

3. Generation of an intense electric field on particle surfaces in our model

Instead of uniformly-distributed electric potential induced by previously-
proposed charging mechanisms, here we propose an intense electric field generated
across the terminator of ring particles (Figure 2). It is proposed that dust grains on the
Moon are electrically lofted above the surface and observed as the lunar horizon glow
(e.g., Colwell et al. 2007) (see also Appendix C). The conventionally accepted models
consider dust release by intense electric fields generated across the lunar terminator G.e.,
the line separating the sunlit and shadowed sides) (Criswell and De 1977). Photoelectron
emission owing to solar UV irradiation charges up the lit surface of the Moon positively,
and the absorption of solar wind electrons at the unlit side and/or photoelectrons emitted
from the sunlit side charge up negatively (Manka 1973, De and Criswell 1977). These
two areas are adjacent to each other at the terminator and produce intense electric fields
(Criswell 1973, Lee 1996). On the lunar terminator, it is proposed that a potential
difference of 1000 V is generated across a cm-scale boundary between the lit and unlit

areas, which generates the electric field strength of ~ 105 V/m (this is obtained by



dividing the potential difference, 1000 V, by the distance, 1cm) (Criswell 1973, Lee 1996).
This is a rough estimate; for example, the electric field strength across a 10 cm-scale
boundary (i.e., an area 10 cm away from the boundary) would be 104 V/m, while the
electric field strength across a mm-scale boundary (i.e., an area 1 mm away from the
boundary) would be 106 V/m. Nonetheless, in the former case, although such electric field
strength affects a wider range of surface area and more dust grains, the strength is too
weak to detach dust grains against cohesion. In the latter case, although such electric
field strength is very strong, it affects a narrower range of surface area and less dust
grains. De and Criswell (1977) and Lee (1996) used the value of 3.0x105> V/m as the
electric field strength across lunar terminator. As on the Moon, it is observed that
Hyperion has intense electric fields at its terminator (Nordheim et al. 2014). An
experimental study, setting a plane with a potential of 10 V adjacent to a plane with a
potential of 0 V owing to differential UV charging, showed that strong electric fields, ~1
kV/m, can be generated across the boundary (Wang et al. 2007).

Similar electric fields can be expected for the terminators of ring particles in the
Saturn system (Figure 2), for the following reasons; (1) Since the potential difference
across the terminator is constrained only by the highest-energy of photoelectrons (500 ~
1500 eV) ejected from the surface (Lee 1996, De and Criswell 1977), it does not depend
on the distance from the Sun; (2) Neutralizing effects due to plasma adsorption onto ring
particles, which are able to inhibit the generation of intense electric fields across the
terminator, are negligible at the B ring, since the electron density and temperature at
the B ring are significantly low, 0.04 - 0.4 electron-cm™ and 1 eV (Farrell et al. 2017).
These values are much smaller than those at the Moon, 5 electron‘cm3 and 10 eV
(Mendis et al. 1981, Colwell et al. 2005) or Hyperion, 0.05 electron-cm™, and 60 eV
(Nordheim et al. 2014), and this indicates that ring particles in the B ring can generate
intense electric fields more easily than Hyperion or the Moon. Throughout this paper, we
basically adopt the value of 3.0x105 V/m, following De and Criswell (1977) and Lee
(1996); however, we note that electric fields of 3.0x104 V/m or 3.0x108 V/m would also
exist across the terminator. This electric field across the terminator does not require any
particular charging mechanism as proposed by the previous models. On the one hand,
the so-called supercharging at the progression of sunset is expected to increase the
electric field in the lunar terminator region (Criswell and De 1977), but this effect is most
likely negligible for ring particles owing to their fast spins. On the other hand, the
aggregate structure of dust grains could enhance the charge-to-mass ratio of the
aggregates (Kimura et al. 2015). Any charging mechanism of elevating local electric

fields and the charge-to-mass ratio might assist our spoke formation mechanism, but



these are not mutually exclusive models.

We note that the so-called charge patch model (e.g. Wang et al. 2016) has been
recently proposed as an alternative dust release mechanism based on laboratory
experiments. However, it is likely that cohesive force between dust grains was
significantly reduced in their experiment setup compared to ultra-high-vacuum
conditions in space, where the cohesion between dust grains is expected to be much
stronger (Appendix D). Therefore, we think that reduction of cohesive force is essential

for the release of dust grains as we describe in detail in the next section.

4. Reduction of cohesion on particle surfaces

On the Moon, dust grains are covered with water molecules such as OH or H20
(Hibbitts et al. 2011, Pieters et al. 2009, Clark 2009), which play a key role in reducing
the cohesive force acting on the grains significantly for the dust release (Perko et al.
2001). The surface energy of dehydroxylated amorphous silica in a vacuum (not covered
with molecules) is y= 0.25 J m~2 (Kimura et al. 2015). If dust grains on the Moon have
this strength of surface energy, the lunar horizon glow does not occur owing to intense
cohesion. Then, adsorption of molecules such as OH or H20 onto dust grains plays a key
role in reducing the surface energy sufficiently to detach dust grains from the lunar
surface. For example, Perko et al. (2001) suggest that the cohesive force acting on lunar
dust grains becomes weaker during the lunar nighttime due to adsorption of molecules
prompted by the lower temperature. Hibbitts et al. (2011) utilize lunar analog materials
and show experimentally that H2O molecules can be accumulated and chemisorbed onto
soil especially in the mornings and evenings of the Moon. The gas adsorption reduces the
surface energy of a grain down to ~0.01 times of the dehydroxylated amorphous silica in
a vacuum, as summarized in Fig. 1 of Kimura et al. (2015). In fact, silica in air (covered
with layers of H2O molecules) has the surface energy of y= 0.025 J m—2 (Kendall et al.
1987), and silica in dry air (with a lesser amount of H20 molecules) has y= 0.006 J m—2
(Vigil et al. 1994). The very low surface energy in dry air results from the small size of
the capillary neck formed by a low amount of H20 molecules in the progress of
evaporation (Vigil et al. 1994). The surface energy of grains is again described by {1- ¢.),
where ¢.is the reduction factor due to the roughness of grain surfaces (0 < ¢,< 1) (Kimura
et al. 2014). The quantity (1- ¢,) is defined as the ratio of the cohesive force for rough
surfaces to that for smooth surfaces. This parameter describes an effect of irregularity
or roughness of grains (including a wide range of particle shapes, angularity, orientation
and the number of contacts). The reduction factor due to adsorption of gas molecules

then takes between (1- ¢,) =1 ~ 0.01 as an empirical value.



In the case of Saturn’s rings, a tenuous O2 atmosphere at the main ring was
observed by the Cassini spacecraft. When the O2 molecules are adsorbed onto the surface
of dust grains, we would expect reduction in cohesion in a similar way to the lunar
horizon glow. The column density of O2 molecules per 1 cm?2 of ring plane is on the order
of 10! molecular cm2 near the equinox and on the order of 1012 molecular cm2 near the
solstice, which indicate that the amount of O2 gas molecules on ring particles is
monolayer (Appendix E). Because near-infrared spectra of the B ring are dominated by
strong adsorption features due to crystalline water ice (Poulet et al. 2003), we estimate
the surface energy of the ring particles to be that of crystalline water ice, yy,o = 0.19
J'm2 (Gundlach et al. 2011) when grains are not covered with any gas molecules. The
surface energy of solid Oz is yp, = 3.8 X 102 J'm (Lemmon and Penoncello 1994). The
surface energy of icy grains covered with O2 can be estimated from the relation
(Israelachvili 2011):

v = (Vo = J70,) - (15)

Consequently, we obtain y= 5.8 x 102 J-m2 for H20 ice surfaces with a layer of Oz. In
addition, in the progress of Oz sublimation, the empirical roughness factor would be (1-
¢2) ~ 0.01. Therefore, we can assume y(1- ¢)= 5.8 X 104 J-m2 as a value of the surface
energy of ring particles in the progress of the Oz sublimation.

An Oz molecule, which is produced by UV photosputtering of H:20 ice,
subsequent photoionization of Oz, and UV photodissociation of H2O vapor, collides with
icy ring particles about 1000 times during its lifetime (e.g., Tseng et al. 2010, Johnson et
al. 2006). The sticking coefficient of tenuous Oz gas molecules onto nonporous ice grains
is negligible above 70 K, dramatically increases at 60 K, and reaches almost complete
adsorption below 55 K (He et al. 2016). Therefore, the surface energy of ring particles
changes drastically for the temperature of ring particles below 60 K and above 60 K.

Ring particles are dominantly made of water ice, but likely include very small
amount of organic materials (so-called tholin), nanophase hydrated iron oxides, carbon,
silicates, crystalline hematite, metallic iron, and troilite (Ciarniello et al. 2019).
Although there is no study about the surface energy of ice grains with such contaminants,
it is unlikely that these minor components affect the surface energy of icy ring particles
because the amount of such minor components is roughly one ten-thousandth @.e., the
surfaces of particles of the B ring is dominantly exposed to ice molecules). A large amount
of O* in the ring atmosphere (e.g. Tseng et al. 2010, Johnson et al. 2006) would also have
little influence, because it is not adsorbed on the surface of ring particles at the

temperature of Saturn's ring.



5. Results

We calculated the electrostatic forces acting on a dust grain on the ring particle
as shown in above, and compared the cohesive and electrostatic forces acting on dust
grains as a function of grain size (Figure 3). We find that (1) the electrostatic force acting
on pm-sized dust grains never overcomes the cohesive force acting on the dust grains
unless the surface energy of the dust grains is reduced by three orders of magnitude and
(2) the electrostatic force overcomes the cohesive force if Oz molecules are adsorbed on
the surface of dust grain.

In our model, the emergence of spokes in the B ring inevitably depends on the
solar elevation angle and shows a seasonable variation. Then, the night-side
temperature of ring particles should be the key parameter in the sequence of the dust
release, because (1) dust release occurs at the terminator of ring particles (i.e. dawn or
dusk), (2) O2 molecular gas preferentially adsorbs onto the night-side of ring particles
owing to its lower temperature, and (3) at the moment of dawn (owing to the rotation of
ring particles or egress from the Saturn’s shadow), the surface energy of dust grains are
reduced in the progress of O2 sublimation. Thermal modeling based on Cassini
observations show that the temperature of the unlit side of the B ring becomes lower
than 60K when B < 15° (Ferrari and Reffet 2013, Morishima et al. 2016). In general, a
particle frequently moves between the sunlit and unlit faces even in the dense B ring
(e.g. Morishima et al. 2010). The particle gets heated up when it is near the sunlit face,
and it gets cooled down when in the unlit face. It is not unusual that well-cooled ring
particles are in the sunlit side. We can consider that the condition for spokes to occur is
satisfied when the ring opening angle is less than 15 degrees. Figure 4A shows the
seasonal variation of the ring opening angle and the seasonal appearance of the spokes
based on the previous observations. Figure 4B shows the seasonal variation of the B-ring
temperature based on the thermal modeling and the prediction of spoke appearance
based on our model. This clearly indicates that our model prediction agrees well with the
seasonality of the observed spokes. On the other hand, near the equinox with B< 3°, the
temperature of the A ring falls below 60K (Morishima et al. 2016). Therefore, dust release
from ring particles can be expected also in the A ring near the equinox, but spokes have
not been discovered in the A ring so far. This may be due to insufficient amount of dust
for the generation of spokes and/or extremely poor visibility of the generated spokes in

the region (Appendix F).

6. Discussion

Our model can also explain many of other observed features of the spokes. The



ring particles are cooled down while they pass through Saturn’s shadow (for the period
of ~2 hours) and heated up immediately after they emerge from the shadow. Because the
surface energy of the grains should be the smallest when sublimation of Oz molecules is
in progress, dust release is expected to take place more easily at the morning ansa of the
ring plane, compared with the evening ansa. This accounts for the observation that the
spokes predominantly appear on the morning ansa.

According to Lee (1996) and De and Criswell (1977), the timescale to reach a
potential of 1000V at the terminator is about 102, 103, and 104 seconds for a saturnian
ring particle with a radius of 10, 1, and 0.1 m, respectively. Note that particles in the B
ring likely have a size distribution from 0.3 to 20 m (French and Nicholson 2000).
Therefore, our model predicts that there is a time lag of approximately 104 seconds (3
hours) for the beginning of dust release from the smallest particles after initial dust
release from the largest particles and the amount of released dust grains reaches the
maximum at about 3 hours after initial dust release. At the moment of dust release, dust
grains on ring particles are charged up as shown in Eq. (4) or (10). Therefore, their
motion after released is affected by Saturn’s magnetic field, which is consistent with the
observed non-Keplerian motion of the spokes.

After the release, the grains will accumulate onto the ring particles that have
become Ogz-free and recovered the strong cohesive force. Although the acceleration of a
dust grain at launch involves complicated physical processes and thus it is difficult to
estimate its launch velocity, the vertical launch velocity of dust grains from the lunar
surface in the case of the lunar horizon glow is observationally determined to be ~1 m/s
(Rennilson and Criswell 1974). This launch velocity is consistent with Wang et al. (2016),
who have experimentally obtained 0.6 m/s as the vertical launch velocity of dust grains.
Assuming that a launch velocity of a dust grain on the ring particles is also ~1 m/s, the
dust grain is able to stick adhesively to ring particles at first collision, because Eq. (A1)
in Appendix A shows that the dust grain is able to stick adhesively onto ring particles at
collision when the relative velocity upon collision is smaller than ~1 m/s. The mean free
time of a freely floating dust grain in the ring can be estimated from the collision
frequency (w,) of a ring particle in Saturn’s rings. It is
w, ~ 3Qr, (16)
where Q1is the Kepler frequency and zis the dynamical optical depth, based on Eq. 14.2
in Schmidt et al. (2009). This is the expression for macroscopic particles in a Keplerian
motion, but is applicable to micron-sized particles unless they receive forces other than

Saturn’s gravity. The Kepler frequency is obtained by



Q= \/‘j:“: 17)

where M is the mass of Saturn and ris the distance from Saturn. Because the mean
collision time of a freely floating dust grain (7%) is the reciprocal of Eq. (16), we obtain
T, ~ —. (18)

Assuming r= 100000 km, M= 5.68 x 1026 kg, and 7= 4 (e.g., Schmidt et al. 2009), we
obtain 7: =1 hours. In other words, it takes approximately 4 hour from the beginning of
dust release until these dust grains re-accumulate onto ring particles. This agrees well
with the typical lifetime of the spokes.

In our model, dust release simultaneously begins at any radial distance.
However, due to the radial gradient in the spatial density of ring particles (i.e. radial
variation of the optical depth of the main ring plane), there should be a time lag in its
visibility along the radial direction. We expect that in the densest part of the B ring, the
optical depth of dust grains released from large ring particles alone is already high
enough for the detection of spokes, while in optically thin parts of the B ring, not only
dust grains released from the largest ring particles, but also those from smaller ring
particles are required for the optical depth of spokes to reach a critical value for the spoke
to be detected by currently available instruments. Because the radial length of the
optically thickest part of B ring is roughly 5000 — 10000 km and the time lag in the
visibility of spokes is at most on the order of 104 seconds, the radial expansion velocity
would be up to 0.5 - 1 km/s. This velocity coincides with the radial expansion velocity of
spokes derived from optical images of spoke observations.

Our model predicts that the spokes should not appear inside of Saturn’s shadow
because ultraviolet irradiation is essential, and that the spoke materials should be
released from the terminator of cm-sized to meter-sized ring particles. The planes of the
terminators of ring particles near the equinox become nearly perpendicular to the ring
plane, and therefore, the electric fields on average also become nearly perpendicular to
the ring plane, which would help the spoke materials to move above the ring plane. While
the detachment of dust grains from the surface of ring particles alone cannot explain the
Intermittent appearance of the spokes, the spoke formation may involve a self-
destructive process in which electrostatic lofting of dust grains poses a major threat to
other grains lagging behind in electrostatic lofting (Appendix G). Ring particles at the
equinox are barely illuminated by solar UV radiation, and therefore, near equinox, the
UV photons reflected by Saturn would play a major role in the charging mechanism of
the particles (Appendix H). Future observations as well as further analysis of existing

data could test our model based on this view.



It is often argued that the main rings are deficient in pm-sized dust grains.
Our view indicates that there are much more abundant small dust grains than have been
thought and that most of them stick to ring particles by the Van der Waals force. When
such grains are released, they are observed as the spokes. This would be important for
the lifetime of Saturn’s rings, because mechanisms to erode the ring particles highly
depend on the particle size. For example, although micro-meteoroid weathering (Ip and
Mendis 1983) or photodissociation (Ip 1995) has been proposed as the dominant
mechanism to erode ring particles, mechanisms preferentially acting on dust grains,
such as sublimation, sputtering, or the Poynting—Robertson effect, might be important
alternative candidates for the erosion of the rings. Recent studies of the so-called ring
rain (i.e., transport of tiny ring grains along the magnetic field lines from the ring to
Saturn’s atmosphere) proposed by O’Donoghue et al. (2019) and Hsu et al. (2018) also
seem to support this view. More detailed analysis of observed data to constrain the
amount of dust grains in the rings, including those observed as spokes, would provide

new insights into the evolution and the fate of the rings.

7. Conclusion

We proposed a novel model for the formation of the spokes. Here we summarize
our model (see also Fig.2). Solar UV irradiation charges up the dayside of a saturnian
ring particle positively due to photoelectron emission, while sticking of emitted
photoelectrons or background plasma electrons charge up the nightside of the ring
particle negatively. On the terminator of the particle, positively charged areas and
negatively charged areas are adjacent to each other, which generate intense electric
fields across the terminator. The electric potential deference across the terminator
reaches the order of 1000 V, which causes intense electric fields on the order of 3.0x105
V/m. In addition, adsorption of Oz gas molecules in the ring atmosphere onto the surface
of ring particles plays a role in significant reduction of cohesion between ring particles,
when the temperature of the nightside of the particle falls below 60K. The combination
of intense electric fields across the terminator of ring particles and reduction of cohesion
due to adsorption of Oz gas molecules allows dust release, and consequently, the released
dust particles are observed as the spokes in the ring plane. This model is basically similar
to models for the formation of the lunar horizon glow. Our model explains many of
observational features of the spokes including their longitudinal location, lifetime, radial

expansion velocity, and seasonality.
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Figure 1. Explanations of the electrostatic induction (left) and the dielectric polarization
(right). (Ieft) Suppose that an aggregate consisting of conducting particles is placed in a
parallel electric field. Electrons move through the conductive aggregate by the electric
fields. Positive or negative charges on particles on the top or bottom of the aggregate are
enhanced significantly, and the great electric forces act on the particles. This makes the
dust release easier. (right) Suppose that an aggregate consisting of insulating particles
is placed in a parallel electric field. Because of the dielectric polarizations of each particle,

the attractive forces act on each other. This makes the dust release harder.
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Figure 2. Concept of our model. (1, 2) Solar UV irradiation charges up the dayside of a
meter-sized ring particle positively due to photoelectron emission. The Saturnshine could
be the dominant ultraviolet source for ring particles near the equinox. (3) At the same
time, emitted photoelectron or background plasma absorptions charge up the nightside
of the ring particle negatively. (4) On the terminator of the particle, positively charged
areas and negatively charged areas are adjacent to each other, which generate intense
electric fields across the terminator. (5) When the temperature of the nightside of the
particle falls below 60K (i.e. near equinox), the surface energy of the particle is reduced

sufficiently to allow dust release. (6) Consequently, the dust release takes place.
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Figure 3. Cohesive (F7,) and electrostatic forces (F2) acting on dust grains as a function

of grain size. (a) Fr, and F. acting on conducting grains without gas molecules. (b) Fro

and F. acting on insulating grains without gas molecules. (c) F and F. acting on

conducting grains with adsorbed Oz molecules. (d) ., and F. acting on insulating

grains with adsorbed Oz molecules. We assumed y= 5.8 X 104 J-m2 and 0.19 J-m2 for

ring particles with and without Oz2 molecule, respectively. Here we show F:in three
cases: /= 3.0x104 V/m, 3.0x105 V/m, and 3.0x106 V/m. Note that F. and F: are
described in Eq. (1), (5), and (11).
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Figure 4. Comparison of the observed appearance of the spokes in Saturn’s rings (A) and
the prediction based on our model (B). (A) The black line represents the absolute value
of the ring opening angles as a function of time. Red lines and red areas mean the season
when spokes were visible. The gray areas show the periods when spokes were invisible
by HST or Cassini. This figure has been created by the modification of Fig. 16.8 of
Horanyi et al. (2009), which shows the seasons when the spokes appear as a function of
time, combining Voyager flybys in 1980 and 1981, Hubble Space Telescope observations
during 1994-2004, and early Cassini observations by 2009. In addition, by examining
Cassini images from 2013 to 2016, we identify spokes in the images obtained in Jan. 5
2014 (W1767601332-5647), while no spokes have been identified since then. Based on
these observations, we create this figure. (B) Seasonal temperature variations of the B
ring based on the thermal modeling (Spilker et al. 2013, Ferrari and Reffet 2013) and
the prediction of spoke appearance based on our model together with this temperature.
Red, blue, and black lines represent the temperature of the lit face of the ring at ingress
(TL) and egress (TLE) of the planetary shadow, and that of the unlit face (TUL),
respectively. Red-shaded areas indicate the seasons of spoke appearance predicted from

our model, i.e., when the lowest temperature of the ring becomes below 60 K.



Appendix A. Cohesive force acting on dust grains

Forward-scattering observations during radio or stellar ring occultations
reported that the main ring consists of particles ranging from 1 ¢cm to 10 m in radius and
lacked mm-sized or pm-sized dust particles floating in free space (Colwell et al. 2010,
French and Nicholson 2000, Marouf et al. 1983, Zebker et al. 1985). For example, a
ground-based observation suggests that the minimum radius of ring particles is 1 cm for
the A ring, 0.1 cm for the Cassini Division, 30 ¢cm for the B ring, and 1 cm for the C ring
(French and Nicholson 2000). Note that these sizes represent the size of individual ring
particles if the particles are freely floating, while they should be regarded as the size of
aggregates if ring particles form aggregates. Spectral reflectance studies of ring particles
in ultraviolet, visible, and infrared wavelength ranges reported that ring particles are
covered with grains with a radius of 5—20 um (Nicholson et al. 2008, Poulet et al. 2003,
Doyle et al. 1989, Bradley et al. 2010). Thermal inertia of the main rings is consistent
with ring particles with a dusty regolith layer (Morishima et al. 2011). Hence, these seem
to indicate that the surface of meter to cm-sized ring particles are covered with pm-sized
dust grains, or that meter to cm-sized ring particles are aggregates of pm-sized dust
grains.

Based on the so-called JKR theory, Bodrova et al. (2012) developed a model
where pm-sized dust grains stick to cm-sized ring particles owing to cohesive forces. The
requirement that a dust grain is able to stick adhesively to other ring particles depends
on the relative velocity at collision, the size of the dust grain, and its surface energy. The
maximum relative velocity for adhesive sticking between a spherical grain and a flat
surface is given by (Chockshi et al. 1993, Dominik and Tielens 1997, Kimura et al. 2015)

1/2 1/6

Ustick = (27C1n2/3) (ys(l_vz)z) , (A1)

25/3 a5p3Ey2

where c;is a constant (¢; = 1) (Thornton and Ning 1998, Brilliantov et al. 2007, Chockshi
et al. 1993), yis the surface energy, vis Poisson’s ratio, a is the radius of the grain, pis
the density of the grain, and Evis Young’s modulus. Transforming this formula, we can
estimate the minimum radius of particles that is able to escape from the surface of other
larger particles (i.e., the maximum radius of particles that is able to stick the surface of
other larger particles owing to cohesion) to be

a=571 (%)1/5 (A2)

In general, smaller particles stick more easily (Figure Al). As an example, here we
assume an icy particle with y= 0.190 J-m2 (Gundlach et al. 2011), v=0.32 and Evy= 9.3
GPa (Gammon et al. 1983), and p = 900 kg-m™3. For simplicity, here we estimate the



relative velocity between ring particles from their velocity dispersion (Bodrova et al. 2012,
Salo 1995, Ohtsuki and Emori 2000); a more detailed discussion based on N-body
simulation can be found in Ohtsuki et al. (2020). In dilute rings such as the C ring, the
velocity dispersion is determined by mutual collisions between particles and is
proportional to the particle radius. In dense rings such as the A and B rings, on the other
hand, small-scale structures called gravitational wakes are formed and the velocity
dispersion in this case is proportional to the surface density of the ring, although the
relative velocity between particles in the same wake can be smaller than the velocity
dispersion (Salo 1995). From the results of dynamical studies (Bodrova et al. 2012, Salo
1995, Ohtsuki and Emori 2000) and the surface densities estimated from observations
and numerical simulations (Porco et al. 2008, Colwell et al. 2009, Robbins et al. 2010),
we estimate the typical impact velocity to be 1 ~ 2 mm/s for the A ring, 6 ~ 12 mm/s for
the B ring, and 0.5 ~ 1 mm/s for the C ring, respectively. From these numbers, we obtain
a= 3.1~ 7.2 mm for the A ring, 2 = 0.36~0.84 mm for the B ring, and a= 7.2 ~ 17 mm for
the C ring (Figure A1). This is consistent with the deficiency of mm-sized or pm-sized

particles freely floating in the main ring.
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Figure Al. The maximum radius of particles (a) which is able to stick to the surface of
other larger particles owing to cohesion, as a function of the relative velocity between
particles (vsue). Grey regions indicate typical relative velocities of ring particles

estimated from their velocity dispersions in the A, B, and C rings, respectively.

Appendix B. Conductivity of ring particles
The conductivity of dust grains is one of the essential properties of grains when

considering their detachment (Sow et al. 2013, von Holstein-Rathlou et al. 2012),



although previous models on spoke formation seem to have overlooked this issue. At the
same time, the electric conductivity of icy particles is complicated because it significantly
depends on the temperature, minor comportments, and the structural and dynamical
properties of the surface of the icy particles, although water ice is an insulating material.

Experimental studies on electrostatic lofting of submillimeter to millimeter-
sized particles have revealed that insulating grains covered with electrically conductive
molecules behave like conductors (Sow et al. 2013, von Holstein-Rathlou et al. 2012).
Therefore, we may expect that water-ice grains covered with electrically conductive
oxides can be detached from their sticking surfaces, owing to the enhancement of
electrical currents on the oxygen-doped surfaces of water ice grains by proton jumping.
The interaction between O+ ions and H20 molecules in air is known to be a reaction for
proton transfer, since the ionization energy of the former (13.62 eV) is higher than that
of the latter (12.62 eV) (Hansel et al. 1995). Although Os* ions do not interact with H2O
molecules in air, owing to the lower ionization energy of Os* ions (12.06 eV), a proton
transfer reaction most likely takes place between O2* ions and H20 ice grains, because
of the lower work function (8.7 eV) of H20 ice (Baron et al. 1978). In Saturn’s rings, it is,
therefore, natural to assume that the adsorption of O+ and O2* ions on the surface of
water-ice grains converts electric properties of the grains into conductors. In any case,
the conductivity of ring particles has not been measured yet and this issue is largely an

open question at present.

Appendix C. Recent observations of the lunar horizon glow.

We have received a comment that the so-called lunar horizon glow (LHG) was
not confirmed by modern spacecraft observations, such as the Lunar Reconnaissance
Orbiter (Barker et al. 2019) and Chang'E-3 (Li et al. 2020). Here we stated our view as
follows.

The LHG has been first discovered by the Surveyor 7 spacecraft (Gault et al,
1968), and the Lunar Ejecta and Meteorite experiment set on the lunar surface during
the Apollo 17 mission have detected the falls of these hovering grains (Berg et al. 1976).
As on the Moon, this process has been proposed on asteroids or satellites (e.g. Lee 1996,
Colwell et al. 2005, Senshu et al. 2015, Hirata and Miyamoto 2012). Most reliable
observations for LHG is the LEAM (Apollo 17 surface instrument) observations. The
instrument recorded high flux of dust particle impacts during sunrise and sunset
terminator crossings (Berg et al. 1976). In addition, the instrument detected highly
charged, slowly moving grains. The fact that grains are highly charged is consistent with

the view that dust grains are electrostatically lofted, because the grains gain high charge



in the progress prior to its electrical levitation. Also, the direction of these grains detected
indicates the grains moving from dayside to nightside. These properties are makes no
sense under ejecta or interplanetary impacts. The LEAM detected the mass flux of
floating dust grains with 4x1018 g cm2 s1(Berg et al. 1976). It corresponds to 3.4x1013 g
cm2 even during 24 hours.

On the other hand, the lower limit of detectable column mass of dust is 1011 g
cm2in the case of instrument onboard LRO (Barker et al. 2019). Note that, because this
lower limit assumes 0.1 pm as a typical dust grain size and it is known that LHG dust
has the order of 1 pm in size, the lower limits of LRO’s observation must be much larger
than 1011 g cm2. Also, the lower limit of detectable column mass of dust is 2.46X10°6 g
cm2 in the case of the Chang'E-3 mission (Li et al. 2020). Therefore, instrument abilities
of the LRO and Chang'E-3 are insufficient to detect LHG observed by Apollo 17, and
therefore there is no contradiction between the observations of the Apollo missions and
the results of LRO and Chang'E-3. In addition, we would like to note that, one of modern
spacecraft, the Lunar Dust Experiment (LDEX) onboard the LADEE spacecraft (The
Lunar Atmosphere and Dust Environment Explorer), reported five dust enhancement
events which happen near a twilight crater with dust densities comparable to the Apollo

measurements (Xie et al. 2020).

Appendix D. The charge patch model and effect of cohesion

The so-called charge patch model (CPM) has been first proposed by Wang et al.
(2016), where dust release takes place without intense electric fields across the
terminator demonstrated in Section 3. The mechanism based on the CPM is as follows;
(i) a dusty surface is not flat plane but consisting of microscopic irregular structures
formed by the shape of each grains, and therefore, a space like a cave, so-called micro-
cavity, frequently appears beneath a dust grain (Figure D1), (ii) when UV or plasma
irradiates the dusty surface, it hardly hits micro-cavities but photoelectrons or secondary
electrons emitted by it easily hits micro-cavities, (iii) these micro-cavities tend to be
charged up negatively, and (iv) then, the Coulomb repulsion within the cavity lifts a dust
grain in the top. The CPM has been further advanced by Schwan et al. (2017) and Orger
et al. (2018) theoretically and Orger et al. (2021) experimentally. Also, they conclude that
dust grains are levitated by UV or plasma irradiation alone.

However, all of their experiments, Wang et al. (2016) and Orger et al. (2021), do
not seem to have exactly simulated the environment of the LHG nor provided evidence
that is consistent with observational results of the LHG. Their experiments have only

ever been performed in moderate vacuum conditions of 10-4Pa or 4 x 10-3 Pa and with



the use of hydrophilic silicate particles that are not ablated. Therefore, it is likely that
the surface of the particles is covered by water molecules. The existence of water
molecules on the surface is known to reduce the cohesion of hydrophilic silicate particles
significantly (e.g., Kimura et al. 2014, 2015, Steinpilz et al. 2019). The cohesion between
dust grains in their experiments was negligibly small, and therefore their experiments
have been likely conducted under conditions where dust emission was much easier to
occur than on actual lunar surface outside the terminator region, in other words, dust
grains utilized in Wang et al. are much looser than the actual lunar soil. In fact, Wang
et al. (2016) noted that the cohesive force acting on 10-um dust grains utilized in their
experiment amounts to 108 N, although the paper did not explicitly note the surface
energy of dust grains utilized. The cohesion with 108 N indicates the grain having very
small surface energy, y=10* J m-2, which is obtained from Eq. (1). This is three-to-four
orders of magnitude lower than the surface energy of silicates in vacuum, y=0.275 J m~2
for amorphous silica (experimentally determined by Tarasevich, 2007) and y= 1.5 J m2
for crystalline silica. This seems to indicate that the dust grains in their experiments are
covered by gas molecules. Since their experiment was carried out in a low-vacuum
chamber with 104Pa, a large number of gas molecules, which play a vital role in reducing
surface energy of dust grains, would have inevitably remained adsorbed onto the surface
of dust grains. In addition, it seems that it was difficult for them to accomplish complete
ablation of gas molecules on the surface of dust grains by evacuation, because Mars
regolith simulants utilized in their experiment contain a considerable amount of water
(Allen et al. 1998). If their model is actually at work and accounts for their experiments
correctly, then the electrostatic lofting of dust grains should be common phenomena, but
in reality it is a rare phenomenon that has never been observed outside the terminator
region.

Furthermore, in their experiments, a direct link between the presence of micro-
cavities and dust release observed is yet to be demonstrated. One could simply account
for the experimental results with the reduction of cohesion by water molecules and fluffy
agglomeration of particles as demonstrated by Kimura et al. (2015). It is known that one
of the essential issues to generate the dust release from the surface of airless bodies is
how to manage the strong cohesion. However, their experiment has been performed on
Earth likely under the influence of reduced cohesion, as we discussed above. Therefore,
we think that UV radiation and/or plasma charging alone are not able to overcome the
cohesion acting on actual dust grains on the Moon, unless accompanied by a significant
reduction in the surface energy of grains. It should be noted that our model does not

contradict with their experiments at all, because the experimental results can be



explained by the effect of cohesion as we described above.

\{dust gralns

Figure D1. On a dusty surface, a space like a cave frequently appears beneath dust
grains. Such micro-cavities are not exposed by UV or plasma but exposed by
photoelectrons or secondary electrons (blue arrows) emitted by UV irradiation or plasma
absorption (red arrows). The walls of the micro-cavity will be charged up negatively,
although some of the walls would be charged up positively. The Coulomb repulsive forces

between the roof and the floor of the cavities act on the dust grain above the cavity.

Appendix E. An amount of Oz molecules on ring particles.

Although it is difficult to estimate an amount of O2 molecules on ring particles,
we attempt to estimate it in this section. According to Tseng et al. (2010), the mean free
time of an oxygen molecule to collide with a ring particle is 104 seconds (=2.7 hours). The
passage of Saturn’s shadow takes 2 hours. Below 60 K in ice temperature, over 90% of
oxygen molecules are adsorbed onto ice in collision (He et al. 2016). Therefore, majority
of O2 molecules are adsorbed onto ring particles at the egress of Saturn’s shadow.

Although it is difficult to estimate the surface area of a particle in Saturn’s ring,
we made the following estimates. French and Nicholson (2000) estimates the size
distribution of ring particles per unit area of ring plane (particles m2 m'?) in the B ring
to be
n=ar™?’® (030m < r < 20 m) ,(ED
where ris the radius of particle and a is the number of n when r= 1. Note that the B
ring lacks particles smaller than 0.30 m and larger than 20 m (French and Nicholson
2000). The total surface area of ring particles in the B ring per unit area (1 m2?) of ring
plane (m2 m) is given by

= foz.g 4nr? - ar~?’5 dr =69a , (E2)



if we assume ring particles are sphere. The value of a is difficult to estimate because of
optically thickness of the B ring. However, it is known that the B-ring’s typical surface
mass density is roughly 1000 kg m2 (Hedman and Nicholson 2016) and the bulk density
of ring particles are 500 kg m3, and therefore, the total volume of B-ring’s particles per
unit area of ring plane is V= 2.0 m3 m2. The total volume of ring particles per unit area

of ring plane (m3 m2) can be also estimated from French and Nicholson’s size

distribution:
V= fozs 4?”1"3 ~ar™%7% dr = 141a . (E3)

Therefore, we can obtain a = 0.014 and therefore S = 0.97 m2 m2. As a result, we can
obtain S=1 cm2 cm2 as a total of the surface area of ring particles per 1 cm2 of ring
plane. This is roughly consistent with the fact that the optical depth of the B ring is on
the order of unity.

The ring atmosphere is generated by photo-sputtering of icy ring particles
(Johnson et al. 2006) and, as a consequence, its amount is at minimum near the equinox
and at maximum near the solstice (Tseng et al. 2010). According to Tseng et al. (2010),
the column density of Oz molecules per 1 cm? of ring plane is on the order of 10!
molecular cm2 near the equinox and on the order of 1012 molecular cm™2 near the solstice.
There is a seasonal variation of about one order of magnitude. If we assume the column
number density of Oz molecules to be 1012 cm2 and these molecules are distributed
homogenously on the surface of ring particles, the surface number density of O:
molecules on the surface of ring particles would be 102 nm™2. The average nearest
neighbor distance of Oz molecules is 10 nm, and therefore, basically this is monolayer.
We mention again here that dust release would be rather easily when the amount of
adsorbed gas molecules is small; for example, it is known that the very low surface
energy of dry sands in dry air results from the small size of the capillary neck formed by
a low amount of gas molecules (Vigil et al. 1994). On the other hand, this estimate has a
great uncertainty because there are areas that are easily hit by oxygen molecules and
areas that are not, ring particles actually form aggregates, and there should be

accumulated amounts of O2 molecules on or in particles from the past.

Appendix F. Why the spokes do not appear in optical thin zones

According to Spilker et al. (2013), not only the B ring but also the Cassini
Division and A ring become lower than 60 K in temperature near the equinox. For
example, the temperature of the A ring becomes lower than 60K for the ring opening
angle, B < 3 degree (Morishima et al. 2016). Therefore, we expect that the dust release

from ring particles itself should occur in the A ring then. However, we cannot identify



any reliable examples of the spokes in the A ring in images taken by the Voyager and
Cassini.

It has been known that the radial location of the observed spokes is correlated
with the optical depth of the background rings (Griin et al. 1992). In detail, the spokes
predominantly appear in the central B ring (99000km to 110000 km in radial distance
from Saturn’s center), which is the optically thickest zone in the B ring (red arrow in
Figure F1). However, the B ring is relatively optically thin in its inner and outer zones,
and the spokes barely appear there. Even in the central thick zone of the B ring, the ring
plane has many intermittent optically thin zones, and the spokes do not appear there
(blue arrow in Figure F1). In short, the radial location of the spokes is strongly correlated
with the local optical depth of the rings. In fact, the optical depth of the A ring is close to
that of the inner B ring. We may, therefore, attribute the non-detection of spokes in the
A ring to its small optical depth compared with the central B ring.

The optical depth is related to (i) the production rate of Oz, (ii) the amount of
dust grains, and/or (iii) the visibility of the spokes itself. (i) First, the amount of
molecular Oz and the optical depth of the background rings show a positive correlation,
because the Oz is generated by photo-dissociation or sputtering of icy ring particles
(Tokar et al. 2005). Therefore, the amount of Oz molecule in the A ring is most likely
smaller than that in the B ring. Unfortunately, the amount of Oz in the A ring is
qualitatively uncertain (Young et al. 2005), and therefore we cannot argue this idea
conclusively. (ii) Second, the optical depth would be correlated with a potential amount
of dust grains. Even if the dust release occurs, the amount of freely floating dust grains
may be insufficient to exceed the detection limit of the Cassini spacecraft or the Hubble
space telescope. (iii) Third, at a low phase angle, the optically thinner ring is darker (the
spokes originally look dark), while at a high phase angle, the optically thinner ring is
brighter (the spokes originally look bright). Therefore, the contrast between the spokes
and the background optically thinner rings is much smaller (Griin et al. 1992). As a
result, the spokes would be hardly visible in optically thin rings.



Figure F1. The spokes and the B ring (N1631413635).

Appendix G. Possible explanation for an intermittent appearance of spokes.

An intermittent appearance of spokes may be attributed to the presence of
already freely-floating charged dust grains in the ring, rather than the detachment
process of dust grains adsorbed on ring particles. The absence of the spokes is not
necessarily ascribed to no detachment of dust grains from the surface of ring particles,
because the detection of a spoke by space-borne optical instruments depends on the
altitude of dust grains from the ring plane and the spatial density of the grains. We
briefly examine the dynamics of spoke-forming dust grains after the detachment of the
grains, although detailed numerical simulation on the grain dynamics is beyond the
scope of this paper. Since the level of spoke activity (.e., the integral of optical depth for
each spoke) has a period equal to that of the Saturn’s Kilometric Radiation (Porco and
Danielson 1982, Mitchell et al. 2013), the altitude and density of a spoke might be
associated with a temporal variation in field-aligned electric currents, even though our
model does not explain the relation between the spokes and the Saturn’s Kilometric
Radiation. As proposed by Ip and Mendis (1983), electric charging of ring particles would
generate field-aligned Birkland currents flowing into the ring at dawn and from the ring
at dusk. If field-aligned Birkland currents lift up negatively freely-floating dust grains
above the ring plane enough to be observed, then the upward motion of negatively

charged grains at dawn may largely disturb or even halt the already existing Birkland



currents at dawn. The disturbance in the Birkland currents suppresses the visibility of

the spokes, and may explain their observed intermittent appearance.

Appendix H. The ultraviolet flux from Saturnshine

Ring particles at the equinox are barely illuminated by solar UV radiation. Near
equinox, the UV photons reflected by Saturn (.e., Saturnshine) would play a major role
in the charging mechanism of the particles. The total solar UV flux for the full disk of
Saturn is given by mR?Fsun, where R is the Saturn’s radius and Fsus is the solar UV flux
per unit area at Saturn’s orbit. The total UV flux reflected from the entire Saturn is given
by amk?Fsun, where ais the albedo of Saturn in the ultraviolet.

If the Saturnshine is uniformly emitted from the entire surface of Saturn
(=41zR?), the total UV flux reflected from Saturn per unit surface area of Saturn (Fresteco)

1s obtained by dividing amR?Fsun by 4mk?. Then, we obtain

Freflect = aFy,/4 . HD

In nature, the Saturnshine is emitted intensively from the dayside of Saturn and barely
from the nightside. For the sake of simplicity, we assume uniform Saturnshine here. Eq.
(H1) is regarded as an average value of UV flux through one orbital cycle of ring particles.
At noon ansa of the ring plane, the Saturnshine UV flux would be a couple of times
greater than Eq. (H1). Based on simple geometrical consideration, the Saturnshine UV

flux received by a ring particle at a distance (z) from Saturn’s center is given by

Fsaturnshine at ring — sIQ , (H2)

where 71is the intensity of Saturnshine and £ is the solid angle subtended by Saturn,
which are described by

I= Freflect/n (H3)

and

0 =2n(1-1=R/)?). @0

The value of s in Eq. (H2) is the shadowing factor of Saturnshine due to other ring
particles (0< s < 1); s= 1 for a ring particle not shadowed by other ring particles (i.e., the
ring particle receives Saturnshine without any screening), while s = 0 for a ring particle
completely shadowed by other particles. An actual ring particle is more or less shadowed
by many other particles. Particles in the uppermost layer of the ring plane at the noon

ansa is able to see the upper half of Saturn, and then s=0.5. As a result, we obtain



1
Fsaturnshine at ring — Eas (1 Y/ 1- (R/r)z) Esun . (H5)

Because the work function of ice is 8.7 eV (Baron 1978), and therefore, far ultraviolet
radiation with a wavelength < 282 nm contributes to photoelectron emission from icy
ring particles. Saturn could reflect roughly 50% of ultraviolet radiation in the
wavelength of 180-282 nm (Clarke 1982). Therefore, assuming a=0.5, s=0.5, r =
1.0x10%km, and R=5.8x104km, we obtain Fsaturnshine at ring = 0.023 Fsun. This indicates that
Saturnshine UV flux is comparable with the solar UV flux (FussinB) when B=1.3 degree.
In other words, during the season of B< 1.3 degree, Saturnshine dominates the UV flux

onto ring particles.
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