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Mass of Saturn’s magnetodisc: Cassini observations
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[1] Saturn’s ring current was observed by Pioneer 11 and
the two Voyager spacecraft to extend 8—16 Rg in the
equatorial plane and appeared to be driven by stress balance
with the centrifugal force. We present Cassini observations
that show thin current sheets on the dawn flank of Saturn’s
magnetosphere, symptomatic of the formation of a
magnetodisc. We show that the centrifugal force is the
dominant mechanical stress in these current sheets, which
reinforces a magnetodisc interpretation — the formation of
the current sheet is fundamentally rotational in origin. The
stress balance calculation is also used to estimate the mass
density in the disc, which show good agreement with
independent in-situ measurements of the density. We
estimate the total mass in the magnetodisc to be ~10° kg.
Citation: Arridge, C. S., C. T. Russell, K. K. Khurana, N. Achilleos,
N. André, A. M. Rymer, M. K. Dougherty, and A. J. Coates (2007),
Mass of Saturn’s magnetodisc: Cassini observations, Geophys. Res.
Lett., 34, 109108, doi:10.1029/2006GL028921.

1. Introduction

[2] The presence of a substantial azimuthal current sheet
in Saturn’s magnetosphere was identified in Voyager and
Pioneer magnetometer data and has been studied by a
number of authors [e.g., Giampieri and Dougherty, 2004].
This current sheet is also clear in Cassini magnetometer data
and modeling from Cassini’s insertion orbit showed that the
outer edge appeared to be much farther out than in the
Pioneer/Voyager epoch [Dougherty et al., 2005].

[3] It is of general interest to investigate the importance
of various mechanical stresses — hot plasma pressure versus
cold plasma centrifugal stresses — in accounting for the
magnetic stress associated with the distorted magnetic field.
From published Voyager magnetic field and particle data,
McNutt [1984] made zeroth order estimates of the stress
balance in Saturn’s magnetosphere and concluded that the
pressure gradient force was negligible beyond approximately
14 Rs. In a separate study, Mauk et al. [1985] reached
essentially similar conclusions.

[4] In this paper we present observations from the mag-
netometer [Dougherty et al., 2004] on the Cassini spacecraft
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which show that Saturn’s magnetospheric current sheet
extends out to the magnetopause and distorts the field into
a flattened disc of magnetic flux — Saturn’s magnetodisc —
similar to that in Jupiter’s magnetosphere [e.g., Smith et al.,
1974]. We calculate the stress balance in this current sheet
and find that the majority of the current is provided via
stress balance with the centrifugal force, reinforcing the
conclusions of McNutt [1984] and Mauk et al. [1985]. The
inferred centrifugal force is used to calculate the mass
density in the plasma sheet and we provide an order of
magnitude estimate for the total mass in the magnetodisc.

2. Presence, Extent, and Dynamics of the Current
Sheet

[s] Figure 1 shows fluxgate magnetometer data in cylin-
drical polar coordinates (B,, By, B.) from Cassini’s Rev
3 orbit of Saturn. The consistent radial field is evidence that
significant azimuthal currents are present. Using a fairly
simple axisymmetric current sheet model, the azimuthal
currents have been modeled by a number of authors [e.g.,
Giampieri and Dougherty, 2004] and it has been shown that
these currents extend 8—16 Rg in the equatorial plane. The
B, panel in Figure 1 clearly indicates that azimuthal currents
extend right out to the magnetopause. This is in agreement
with other observations made by Cassini which show the
plasma sheet extending to the magnetopause [e.g., Krupp et
al., 2005].

[6] Based on the orientation and magnitude of the mag-
netic field we can divide the magnetosphere into three
distinct regions: a strongly dipolar and almost curl-free
region inside of 4 Rg, a quasi-dipolar region from 4 Rg to
approximately 15 Rg, and a region with stretched magnetic
field lines beyond 15 Rg at dawn. In the stretched region, the
magnetic field lines are essentially radial forming a thin disc
of magnetic flux analogous to the magnetodisc in Jupiter’s
magnetosphere.

[7] The magnetometer observations also reveal a very
dynamic current sheet at dawn. Figure 2 shows 6 hours of
fluxgate magnetometer data taken at a distance of ~22 Ry
on the dawn flank very close to the rotational equator. The
radial field is consistently negative but undergoes transient
decreases in magnitude approaching and occasionally pass-
ing through zero. This is evidence that the spacecraft has
passed through the current sheet into the opposite magnetic
hemisphere. These perturbations in B, are usually associated
with anti-phase perturbations in B, We interpret these
features as transient penetrations of the current sheet with
a typical duration of 10—20 minutes. Such features were
also evident in magnetometer data from Pioneer 11 [Smith et
al., 1980] and such current sheet encounters are observed in
the terrestrial magnetotail [e.g., Sergeev et al., 2004] and the
Jovian magnetodisc [e.g., Russell et al., 1999a].
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Figure 1. Cassini FGM data in body-fixed cylindrical
polar coordinates, from the Rev 3 orbit of Cassini, showing
a quasi-dipolar region and a current sheet region with
radially stretched magnetic field lines.

[8] The detailed origin of these structures is beyond the
scope of this paper, but we can use these transient crossings to
examine the stress balance in the current sheet. The magne-
tometer data were surveyed for current sheet encounter
signatures. In order to analyze the signatures most consistent
with a current sheet encounter, the following objective
criteria were used to select events for further analysis.

[0] Firstly, the radial field should reach zero through the
event to ensure we reject partial crossings. These are not
useful in the stress balance analysis since we require
measurements at both the center and edge of the sheet.
Secondly, there should be a clear anti-phase relation be-
tween B, and B, throughout each event. Several effects might
affect the accuracy of this linear polarization. Firstly, we
estimate that magnetometer offsets may contribute ~0.1 nT
to the measured field. Secondly, there may be some addi-
tional field due to magnetopause currents. Thirdly, the
current sheet may be quite distorted and so the coordinate
system we use might not coincide with that of the current
sheet. To account for these effects we allow B, to be several
tenth’s of the lobe field B, when B, = 0.

[10] Finally the event should be flanked by clearly
defined lobe-type field. For our purposes this is defined as
a steady field with B, the dominant component and with low
fluxes of electrons (as measured by the electron spectrom-
eter on Cassini [Young et al., 2004]).

[11] From the examples in Figure 2 the encounters at
0050 and 0415 are included in the study, but the two other
signatures do not meet our criteria. Both are partial cross-
ings and the event near 0120 has a rather poor linear
polarization.

3. Stress Balance

[12] The equations of stress balance in a thin current sheet
were first developed for use at Jupiter by Vasyliunas [1983].
In a rotating frame, neglecting gravity, differential rotation,
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and Coriolis force effects, the time-stationary momentum
equation can be written as:

PAX (Axr)—jxB+V-P=0 (1)
where p is the mass density, €2 is Saturn’s angular velocity,
j is the current density, B is the magnetic field, and P is the
pressure tensor. The magnetic field can be written as a
superposition of Saturn’s internal (dipolar) field and the
field due to the current sheet. This allows us to cancel part
of the magnetic stress since the dipole field is in stress
balance with itself. In cylindrical polar coordinates and
assuming that the pressure tensor is isotropic, and that
Jj:Bs <K juB. (thin sheet approximation [Vasyliunas,
1983]), the stress balance in the radial direction can be
written as:

) B. 0BSS  op
pPr = o 0= + or 2)

[13] Here p is the scalar pressure, BS® is the radial field
due to the current sheet, and B. is the total axial field. The
magnetic pressure gradient term (B.9,BS%) has been
neglected since it is small at the center of the current sheet
in comparison with the magnetic tension (curvature stress).
The radial component of the curvature stress is formed bg/
the vertical gradient of the current sheet radial field, d.BS>,
and B..

[14] The first term on the right-hand side in equation (2)
represents the curvature stress from the deformed field-lines
wanting to straighten out and represents an inward force, the
second term is the plasma pressure gradient force. The term
on the left-hand side is the centrifugal force exerted on the
plasma by the rotating configuration. The plasma pressure
gradient and centrifugal forces are both outward forces.
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Figure 2. Examples of encounters with the current sheet,
from the dawn flank on Cassini’s Rev 3 orbit presented in
cylindrical polar coordinates. This interval spans a radial
range of 21.5-23.1 Rg and is at a constant Zxs ~ 0.02 Rg
northward of the rotational equator.
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Figure 3. (a—f) Results of our stress balance calculations. Solid curves are the result of power-law fits to the data and
indicate the average behavior in Figures 3a, 3b, 3c, 3e, and 3f. Figure 3d indicates the proportion of different mechanical
stresses which balance the j x B force; these are determined using the power-law fits. The points with error bars in each
panel are point measurements at each of our 58 current sheet encounters.

[15] By height-integrating equation (2) over the plasma
sheet thickness of 2D the height- mtegrated magnetic cur-
vature stress ([72B.0.BS%dz = —2B.|BES(—D)|) can be
calculated directly from the magnetometer data. The radial
field outside the current sheet, B,CS(—D), and the total axial
field B. at the center of the current sheet, as determined
when BS® = 0, are determined directly from the magnetom-
eter data at each current sheet encounter. Figure 3a shows
the results of the calculation of the curvature stress. The
error bars correspond to statistical uncertainties propagated
from the measurements of BS(—D) and B,. The solid curve
is the curvature stress calculated from 2B _|BSS(—D)| using
power—law fits to the measurements of BSS(—D) and B,, and
is given by: —(3 £ 1) x 1078 ;72703

[16] We can also use the magnetometer data to estimate
the radial plasma pressure gradient force. Assuming pres-
sure balance between the center of the plasma sheet and the
lobes, the total (magnetic + plasma) pressure is constant
across the sheet. Thus the radial gradient of magnetic

pressure in the lobes can act as a proxy for J,p at the center
of the sheet.

[17] We have fitted a power-law to the total magnetic
field strength in the lobes, as identified from quiet fields and
low electron fluxes, and the magnetic pressure and its radial
gradient then follow directly. The power-law for the radial
magnetlc > pressure gradient force density is: (1.2 = 0.5) x

107" 3*0-D " Since there is only one lobe field mea-
surement inside of 18 Ry, this power-law is subject to a bias
and so we restrict our attention to the region beyond 18 Rg.

[18] To be consistent with the height-integrated curvature
stress we must integrate this magnetic pressure gradient
force across the sheet. Applying simple current sheet
models, the half-thickness of the current sheet has been
found to lie between 1.5 and 3 Ry [e.g., Giampieri and
Dougherty, 2004]. Thus we adopt a half-thickness of 2 Ry
and integrate across the sheet assuming the stress is uni-
form. We also incorporate a factor of 0.5 to account for the
(average) partition of the total pressure between the plasma
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and the field over the width of the sheet. Figure 3b shows
this height integrated plasma pressure gradient force. The
uncertainties on this plasma pressure gradient force are
calculated from the uncertainty in the fitted power-law
parameters.

[19] The centrifugal stress can now be obtained from the
assumption of stress balance, having calculated two of the
three quantities in equation (2). The contributions of plasma
pressure gradient and centrifugal stresses to balancing the
total inward curvature stress are illustrated in Figure 3d.
Beyond 20 Ry the centrifugal stress rapidly becomes dom-
inant and the plasma pressure gradient force is negligible
beyond 30 Rg.

[20] The inferred centrifugal stresses allow us to calculate
the mass density in the current sheet. The surface mass
density o can be calculated from the height-integrated
centrifugal force 0Q%r. By dividing o by the sheet thickness
(again adopting a half-thickness of 2 Rg) we obtain an
average mass density which we can convert into an ion
number density for different ion species.

[21] Since we do not accurately know the ion composi-
tion beyond 20 Rg we start by assuming either protons or
water group ions are stressing the field. From this point of
view, the proton and water group ion densities represent
upper and lower limits on the calculated densities. Then we
also calculate the ion density assuming a mix of protons
(80%) and water group ions (20%) representing a 4:1 ratio
by number density (1:4.5 by mass density assuming m .. =
18 m,). These ion number density curves are plotted in
Figure 3e.

[22] Given observations of plasma pressure gradient
forces and curvature stresses, it is always possible to find
a mass density which ensures stress balance, even if this
implied mass density is negative! Whilst our mass densities
are all positive, how do we know the calculated stress
balance is accurate?

[23] Assuming that n, &~ n; we compare electron number
densities determined by the electron spectrometer on
Cassini with the calculated ion number density curves.
The electron densities lie between the proton and water
group ion curves and this reasonable agreement shows that
the calculated stress balance is accurate to at least an order
of magnitude. The uncertainty of these number densities are
the result of statistical averages over 1 minute intervals and
the underlying physical uncertainties may be larger. At the
present time such uncertainties have not been determined.
Note that electron density measurements are not presently
available for all the selected current sheet encounters due to
data processing and data gaps.

[24] Figure 3f shows the result of further integrating the
surface mass density in a torus around Saturn to calculate a
linear mass density (per unit radial distance). Similar
calculations at Jupiter [Russell et al., 1999b] primarily
investigated the region where the field distorts to form the
magnetodisc whereas we discuss the region where the
magnetodisc is more-or-less fully developed. Comparing
measurements at the larger distance ranges in the study by
Russell et al. [1999b, Figure 5], and the inner ranges presented
in Figure 3f, the Jovian mass density (~10* fons R; ') is around
two orders of magnitude larger than the kronian value
(~10% tons Rg'). We can integrate this curve between
18 and 45 Rg to estimate the total mass in the magnetodisc.
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Evaluating this integral, we find a total magnetodisc mass of
~10° kg which we believe is at best an order of magnitude
estimate because of the underlying uncertainties.

4. Discussion

[25] There is a reasonably good agreement between the
power-law curves and the calculated quantities in Figure 3,
however there is an enhancement in the magnetic stress near
20 Rg. The outliers originate from two closely spaced
current sheet encounters on two days, hence this may relate
to spin-periodic features or time-dependent mass-loading.
There is also the possibility that injection of mass from
Titan near 20 Ry may require additional magnetic stress and
so might be responsible for this enhancement.

[26] In our calculations we have assumed that the mag-
netospheric plasma is perfectly co-rotating. In principle one
could take simultaneous measurements of the azimuthal
flow velocity v, and accurately calculate the centrifugal
stress through pQ%r = pvé/r. However such measurements
are not routinely available and the only available model
[Saur et al., 2004] is limited to » < 20 Rg. At 20 Rg this
model predicts a velocity which is ~2/3 of corotation.
Hence there is a factor of at least 9/4 in the density
estimations in Figures 3e—3f since a lower azimuthal
velocity requires a larger mass density to achieve the same
centrifugal force density.

[27] Pressure gradients in energetic particles are implic-
itly incorporated in our treatment of the plasma pressure
gradient force, under the assumption of pressure balance
across the plasma sheet. However we have explicitly
ignored contributions due to pressure anisotropy in the
force balance calculation. The fact that we find approximate
force balance suggests that this may be negligible, at least in
a gross global sense, but further work is required to confirm
this.

[28] Our calculations have been carried out using meas-
urements of transient current sheet crossings. The first
implication of this is that the current sheet might be highly
distorted, so our measurements of B, at the center of the
sheet might not accurately represent the field normal to the
current sheet. The second implication is that such a distorted
current sheet might be far from equilibrium. The density and
stress profiles are relatively well ordered with radial dis-
tance which suggests this might be a second order effect.
However, this might contribute to the apparent noise in our
results. This noise might also be caused by other effects
such as flux-tube interchange motions (locally changing the
mass density on small-scales) or the neglect of radial
acceleration in the momentum equation (which might not
be valid locally, but should be a reasonable approximation
in a gross global sense).

[29] We have demonstrated the presence of a significant
magnetospheric current sheet in Saturn’s magnetosphere.
This current sheet extends out to the magnetopause and lies
beyond the distance where models have traditionally placed
the outer edge. The current sheet is dynamic and supports
waves and/or flapping motions in response to internal or
external perturbations. Via a stress balance analysis we have
shown that the stretching of magnetic field lines beyond
20—-30 Ry is caused primarily by the centrifugal force of the
plasma sheet. We have used this analysis to calculate the
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mass density in the plasma sheet, where the linear mass
density is two orders of magnitude smaller than at Jupiter.
We estimate the total mass in the magnetodisc to be ~10° kg.
Our finding that the centrifugal stresses and plasma pressure
gradient forces are essentially equal at 18 Rg is in good
agreement with both McNutt [1984] and Mauk et al. [1985]
who find a similar situation in their outer-most data-points
at ~15 Ry and 14 Rg respectively. However, further study of
plasma pressure gradients is required to fully understand the
stress balance in Saturn’s magnetosphere.

[30] This stress balance analysis is evidence that this thin
current sheet at dawn is a magnetodisc, and not attributed to
magnetotail currents as was assumed from Pioneer 11 and
Voyager 2 [Smith et al., 1980; Ness et al, 1982]. The
formation of the magnetodisc is fundamentally rotational in
origin.
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