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Abstract

The equatorial current sheet at Saturn is the result of a rapidly rotating magnetosphere. The
sheet itself exhibits periodic seasonal and diurnal movements as well as aperiodic move-
ments of a currently unknown origin, along with periodic thickening and thinning of the
magnetodisc, and azimuthal changes in the thickness due to local effects in the magneto-
sphere. In this paper aperiodic movements of the magnetodisc are utilised to calculate the
height integrated current density of the current sheet using a Harris current sheet model de-
formed by a Gaussian wave function. We find a local time asymmetry in both the radial and
azimuthal height integrated current density. We note that the local time relationship with
height integrated current density is similar to the relationship seen at Jupiter, where a peak of
~ 0.04 Am~" at ~ 3 SLT (Saturn Local Time) is seen inside 20 Rg. The divergence of the
radial and azimuthal current densities are used to infer the parallel currents, which are seen
to diverge from the equator in the pre-noon sector and enter the equator in the pre-midnight

sector.

1 Introduction

Saturn’s rotationally dominated magnetosphere [Southwood & Kivelson, 2001] is home
to an equatorial current sheet (the magnetodisc) that is produced, in part, by the centrifugal
stresses caused by the fast rotation [Arridge et al. [2007], Kellett et al. [2009] & Sergis et
al. [2011]] and the internal plasma sources of the magnetosphere, such as the moon Ence-
ladus and other satellites, the rings and the planet itself [e.g. Pontius et al. [2006], Tokar et
al. [2005], Jurac et al. [2002] & Felici et al. [2016]] . The current sheet is usually found
in all local time sectors of the magnetosphere, except near noon when the magnetosphere
is compressed due to solar wind dynamic pressure [Arridge et al., 2008b], and is present
outside of ~15 Ry (Saturn radii) where the centrifugal stresses dominate the pressure gradi-
ents and magnetic tension forces [Arridge et al., 2007]. The magnetic field at Saturn appears
more radially extended than a dipole due to this azimuthal current sheet which is analogous
to Jupiter’s middle and outer magnetosphere.

The current sheet also shows some radial structure where the magnetic field is affected
azimuthally by solar wind compressions and the fast rotation. Where the plasma is sub-
corotating the magnetic fields are ‘swept-back’ at large radial distances, this increases the
azimuthal magnetic field component with radial distance. This process is especially preva-

lent on the dawn flank where confinement of the magnetic field acts with sub-corotation to
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produce a strongly ‘swept-backwards’ field. However, on the dusk flank these processes op-
pose each other, and when confinement of the solar wind is strong and enhanced Chapman-
Ferarro currents are present the field can produce a ‘swept-forward’ field which is pushed
forward in the direction of corotation. The dayside magnetosphere may also exhibit swept-
forward field during periods of transient solar wind compressions [e.g. Southwood & Kivel-
son [2001] & Hanlon et al. [2004]].

Study of the current density in Saturn’s magnetodisc can help answer an open question
regarding Saturn’s magnetosphere: to what extent is Saturn’s magnetosphere affected by the
solar wind and how does this compare to Earth’s solar wind dominated magnetosphere and
Jupiter’s rotationally dominated magnetosphere? This solar wind interaction at Earth drives
field aligned current systems, region 1 and 2 currents, that provide a closing mechanism for
ionospheric flows coupling with the magnetosphere. At Jupiter, Khurana [2001] argues for
the influence of solar wind in the magnetosphere with the existence of regions 1 and region 2
like currents that feed a partial ring current, evident from a large asymmetry in current den-
sity in local time, and a solar wind driven convection of magnetic flux. These field aligned
currents can be detected by mapping the divergence of the current density in the equatorial
region.

This view of Jupiter’s equatorial current density is mirrored by magnetohydrodynamic
simulations, such as Walker et al. [2003] where the current density is weaker on the day-
side. Additionally inward radial currents are found in the post noon sector and all along the
dusk flank of the magnetosphere. A current pattern similar to the one described in Khurana
[2001] is also seen in the simulation. Walker et al. [2003] also found that when the solar
wind dynamic pressure was increased, both the field aligned currents and the current sheet
density increased in magnitude.

Current density in Saturn’s inner magnetosphere from 5 — 16 Rg has been mapped by
Sergis et al. [2017] using stress balance in the magnetosphere to calculate the current density.
The authors show that hot plasma pressure (hot ions) dominates over the particle pressure
(thermal) outside of 12 Rg with various local time effects. The azimuthal current density was
shown to have an enhancement from post-noon to midnight compared to the post-midnight
to noon sector up to 13 Rg. Outside of 13 Rg the azimuthal current density is larger in the
night and dawn sectors compared to the day and dusk sectors. The current density peak was
calculated to be 100 — 115 pA /m? between 7 and 13 Ry. Additionally, Kellett et al. [2011]

shows the local time variability in the ring current with temporal differences using Cassini’s
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equatorial orbits in 2005 and 2006, where the current is strongest in the dusk to midnight
sector with an increase in the morning sector at the studies outer radial limits. Temporally,
the current shows a variability of a factor of 2-3 which increases with radial distance. The
current density itself is shown to decrease from ~90 pA/m?> at 9 Rg to ~20 pA/m?* at 20 Rs.
The total ring current at Saturn was discussed using perturbation magnetic fields by Carbary
et al. [2012a] and calculated to be 9.2 + 1.0M A in the region of ~3 - 20 Rs where the peak is
found at 10 Rg and has a value of ~75 pA/m?>.

The magnetodisc is also thought to periodically thicken, thin and move with a period
of close to the planetary period oscillations [Arridge et al. [2011], Provan et al. [2012]] &
Thomsen et al. [2016]]. The thickness of the magnetodisc is also variable with local time, the
current sheet in the dusk region of giant planet magnetospheres is expected to be thicker due
to ambipolar electric fields and/or a more dipolar field [Krupp et al. [1999], Southwood &
Kivelson [2001], Kellett et al. [2009], Arridge et al. [2015] & Jia & Kivelson [2016]]. This
was shown in Martin & Arridge [2017] where the current sheet scale height was larger in
the dusk region. The scale height of the current sheet is also believed to increase with radial
distance [e.g. Vasyliunas, 1983; Khurana and Kivelson, 1989], with this in mind we examine
the height integrated current density of the current sheet and its divergence, using parameters
derived from Martin & Arridge [2017].

The following sections are laid out as follows: section 2 gives an overview of the local
current sheet model that the current densities are calculated from, and how the magnetometer
data is fitted to the model. Section 3 shows how height integrated current density is calcu-
lated from the values given by using the local model. Section 4 shows the spatial and tempo-
ral results of the height integrated current density calculations and finally, a discussion and

comparison of current density at Jupiter and Earth.

2 Local current sheet model

Aperiodic waves that disturb the current sheet [Martin & Arridge, 2017] are utilised
to calculate the current density of the current sheet as the waves cause the current sheet to
pass over Cassini twice during each event. Aperiodic waves are found in all sectors of the
magnetosphere where the current sheet exists and are detected using Cassini’s onboard mag-
netometer [Dougherty et al., 2004] data at a frequency of 1 Hz. An aperiodic wave has a
distinct signature in magnetometer data where (in spherical Kronian radial, theta, phi com-
ponents) the radial and azimuthal components show an anti-phase relationship due to swept-

backwards fields. Cassini will first sample the lobe of the magnetosphere, and as the wave
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passes the spacecraft will sample the current sheet, the opposing lobe if the wave has suffi-
cient amplitude, the current sheet again and finally the starting lobe.

We select field perturbations that have a time period much smaller than the global flap-
ping motions; are unrelated to the seasonal bowl-shape of the current sheet [Arridge et al.,
2008a]; do not repeat; and show a deflection of over 1 nT in the radial magnetic field. Addi-
tionally, each event must occur inside the magnetopause position which is found by examin-
ing the magnetic field data. A total of 1461 events fit these criteria between January 2005 to
December 2012 on all equatorial revolutions of Cassini.

To model a wave travelling along a magnetodisc we first start with a modified Harris
current sheet as a basis for the local model of the current sheet [Harris, 1962]. As this is a
local model we can impose a Cartesian coordinate system where £ is approximately radially
outwards from Saturn, ¥ is in the direction of corotation and £ is positive northwards. The
stationary current sheet equations are as follows:

Z— 20
B, = xotanh( I ),

X

Z— 20
B, = tanh ,
y ¥ o ( Hy )

B; = B,
where By, Byo and B are the magnetic field components within the lobes of Saturn’s mag-
netosphere, z is the offset of the centre of the current sheet from z = 0 caused by periodic
movements of the current sheet and the seasonal bowl shape. Additionally, the Harris current
sheet model includes the scale heights, H, and H,, of the current sheet in the magnetic field.
To add an aperiodic movement to the current sheet, we propagate a Gaussian wave

pulse along the modified Harris current sheet. The Gaussian wave pulse used is as follows:
z=Aexp [—(k~r+k-ut—wt—(l)0)2],

where A is the amplitude of the wave, k is the wave vector, k - ut is the doppler shift due
to the movement of plasma, w is the wave frequency and @ is the phase. A more thorough
discussion of this wave function and others investigated can be found in Martin & Arridge
[2017].

To deform the modified Harris current sheet by the Gaussian wave function, we use the
general deformation procedure described within Tsyganenko [1998]. Extraction of variables
relating to the current sheet and the wave itself are found by fitting the magnetometer data

from Cassini to the model described above.

(1)

2

3)

4)
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This study is focussed on the current density of the current sheet during the passage of
an aperiodic wave and to calculate the current density, we concentrate on the current sheet
variables (Bxo, B0, Hx, Hy, z0). For a discussion on the wave properties (w, k and A) we
refer the reader to Martin & Arridge [2017].

Locally, Jy is equivalent to the azimuthal direction, and will be considered an azimuthal
component of current density when viewing the magnetosphere as a whole and so will be re-
named to Jy in the following sections. Correspondingly, J, is equivalent to the radial com-
ponent of the current density and will be renamed to J,-. All further references to currents or

"HICD’ in Saturn’s magnetosphere describe the height integrated current density.

3 Calculating Height Integrated Current Density

The HICD is calculated using Ampere’s Law and following the method laid out within
Khurana [2001]. Beginning with expressions for the radial and azimuthal current compo-
nents (5) & (6) and the assumptions of (1) a thin current sheet (j, By << jsB;) [Vasyliunas,
1983] and (2) a weak dependence of B,y with local time which was tested by plotting B, vs.
SLT for discrete radial distances where a linear fit to the data shows no significant gradients
in the data. Using the two assumptions, we can integrate over the height of the current sheet

to retrieve equations (7) & (8).
7= 1 (OABZ GAB,,,)
" o\ 99 dz )

1 (aABr aABz)
¢ - b

" uo\ a7 ar
2B
J,’:fJ,dz:——‘”,
Ho
1 0By
J,= | Jsd =—[23r —2H—Z],
¢ f ¢ Ho 0 or

where ABy and AB, denote the ‘differenced’ field which has Saturn’s dipole removed. The
model described in the previous section implements a thin current sheet assumption without
the dipole field of Saturn and hence the values By and B, are already considered to be ‘dif-
ferenced’. H is the scale height of the current sheet which is the geometric mean of Hy and
H,. H is used rather than the separate scale heights as they are usually within uncertainties
of each other.

To estimate 6?)1;% we examine the distribution of B,y with radial distance (fig 1) and

fitted its variation with a polynomial: B;p = < + r% + 5, where a = 216 + 38 nT Rs,

b = 6364 + 498 nT Ré, c = 56410 + 2911 nT R;. This function is then differentiated and

&)

(6)

(7

®)



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

202

203

204

205

206

207

208

209

210

212

used to calculate J (; (equation 9).

216 2(6364) . 3(56410) )] )

, 1
J¢=f1¢dz=#—[23,0—2H(r—2+ ! -

0 r

r

4 Results
4.1 Height Integrated Current Density

Figures 2 and 3 show results for the radial and azimuthal height integrated current den-
sity on a logarithmic scale, respectively. Figures 2a and 3a show the HICD as a function of
local time. The coloured squares show the average current density within 1 Rg bins projected
onto the X-Y plane in KSM (Kronocentric Solar Magnetospheric) coordinates where X is
along the Saturn-Sun line, the X-Z plane contains the planetary dipole axis and Y completes
the right handed system. Additionally, an approximate range of magnetopause positions
calculated from Arridge et al. [2006] are shown along with the orbits of Titan at 20 Rg and
Rhea at 9 Rg. Parts (b) - (e) show the radial structure of the height integrated current density
in separate local time sectors. The sectors are noon (09-15 SLT), morning (03-09 SLT), night
(21-03 SLT) and evening (15-21 SLT). The values in parts (b) - (e) are coloured by time of
measurement so a comparison between spatial and temporal differences can be understood.
Early Cassini revolutions are coloured blue (2005) and later revolutions are orange/yellow
in colour (2012). A solid black line is fitted to plots (b) - (e) if a correlation coefficient of
> (.25 is found with radial distance. Additionally, figure 4 shows the values of radial height
integrated current density with a diverging scale to emphasise the local time differences in
positive and negative values, whereas figure 2a shows the magnitude of the current density.

Uncertainties in these values are extracted from the covariance matrix output of the
non-linear least squares fitting, where the square roots of the diagonal elements are the stan-
dard deviation of the fitted parameters. A successful fit gives percentage uncertainties of be-
tween 1 and 5 % for current sheet properties used in the model, these uncertainties are then
propagated using the general method of propagation of errors through to give an uncertainty
on the current densities. The percentage uncertainties are directly correlated to the y? value
of the goodness of fit, and so if the model fits to a poor degree of goodness then the uncer-
tainties in the value of current density will be larger. The y? value is therefore affected by
the suitability of the assumptions considered. Martin & Arridge [2017] showed that the scale
height of the magnetic field in the current sheet increases with radial distance, and is thicker

on the dusk flank. As the model assumes a thin current sheet, we therefore comment that
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these areas may not adhere completely to the thin current sheet approximation and may differ
from the model fitted to events in these areas.

The total current can be calculated by radially integrating the values of radial and az-
imuthal current density. We additionally split into 6 hour SLT bins to resolve the local time
differences in the total current. When integrating radially, we find that we have uneven sam-
pling of events in each 1 Rg radial bin, to resolve this problem we stratify the data in each
radial bin by sampling 20 events within each bin with replacement. Each bin with 20 val-
ues is then averaged to give one value per radial bin, all radial bins from 10-61 Rg are then
summed to give a value of total current. This process is repeated 1000 times to gain a mean

and standard deviation for each total current value, these values are presented in table 1.

Local Time Radial Current [MA] Azimuthal Current [MA]
All SLT 154+44 32.8+5.5
Morning 3<SLT<9 233+£3.2 34.0+£4.8
Noon 9<SLT< 15 47+1.5 13.7+2.1
Evening 15 <SLT <21 7.7+2.8 20.1£2.7
Night 21 <SLT <3 203+ 1.7 358+2.7

Table 1. Table showing average total current for all local time sectors and total current for each individual 6

hour local time sector.

4.2 Divergence of Height Integrated Current Density

Additionally, the divergence of the HICD in the radial and azimuthal direction can be
used to infer the divergence of the perpendicular HICD, which in turn can be used to esti-
mate the field aligned currents using the continuity of currents equation:

where [ is a length along the field which is positive towards North and J|| is the magnitude of

field-aligned current. If equation 10 is integrated over the current sheet thickness, we find:

B
Vet T =V B+ VB = 2y (11)
ooe
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where Bf)zb —is the ratio of the normal field in the current sheet (where B, ~ B in the cur-
rent sheet center) to the field strength in the lobe just outside of the current sheet with the
assumption that B, is invariant over the current sheet thickness. The divergence in each of
the plots is calculated by binning the values of HICD into 2 Rg bin in radius and 3 SLT bins
in azimuth. The gradient in radius (for the radial HICD) and in azimuth (for the azimuthal

HICD) are calculated by finding the central differences (V - J; ~ %) in radius and az-
imuth respectively. Perpendicular divergence is found by adding the divergence of the radial
HICD to the divergence of the azimuthal HICD, as described in equation 11.

Figures 5 (a), (c) and (e) show the radial, azimuthal and perpendicular divergence of
HICD in Saturn’s magnetosphere. Uncertainty plots can be found in figures 5 (b),(d) and
(f). For reference, the number of events in each bin can be found in figure 5 (g). All of the
figures also show the orbits of Rhea (8 Rg) and Titan (20 Rs) along with a range of magne-
topause position using the Arridge et al. [2006] magnetopause model. The uncertainty of
each binned value is calculated via a bootstrapping method, where the distribution of each

bin is sampled with replacement and a distribution of the average value is obtained. The

standard deviation of this distribution is the uncertainty value for each bin.

5 Discussion

The radial HICD (figure 2a) decreases with increasing distance from Saturn in all local
time sectors. On average, the radial HICD is smallest in the noon sector, and a large asym-
metry is seen between dusk and dawn, where at dawn large positive values of radial HICD
are found, but either smaller positive or negative values are found in the dusk sector. These
negative values are attributed to inward current which is coupled with the swept forward
field lines in the dusk sector. The negative values can be seen in figure 4 with a diverging
colour bar to accentuate the polarity of the measurements. We note that swept forward field
lines are more prevalent in the later stages of the mission. The epoch at which the measure-
ment took place is shown by the colour of the data point in figures 2 & 3 where blue is early
(2005) mission and yellow is late (2012). We can see that the majority of the negative values
are also sampled much later in the mission (are yellow/orange).

Kivelson et al. [2002] states that the distance from the equator is a variable which can
affect the direction of the azimuthal magnetic field, as higher latitudes may be influenced by
an additional current system that closes the magnetospheric current. Following, Davies et al.
[2017] showed that swept forward fields in the high latitudes are swept forward due to solar

wind compressions, and show modulation from planetary period oscillations, and hence we
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may assume that swept forward field seen at the equator may also be solar wind driven. As
the aperiodic waves used to calculate the current density in the sheet are a direct sampling
of the current sheet by Cassini, we can assume that this latitudinal effect is not affecting the
data.

Temporal variations in the HICD is evident in figures 2 (b) and (e) where Cassini sam-
pled this part of the magnetosphere over the majority of the equatorial revolutions. The noon
sector (b) shows events that occurred in early 2005 and 2006 (blue) where the radial HICD
is on average higher than events that occurred in late 2011 and 2012 (yellow/orange). How-
ever, this could be both a temporal and spacial difference, where the blue events are slightly
pre-noon and the yellow events are slightly post-noon, hence within this sector it is difficult
to dissect the spacial from the temporal changes in Saturn’s magnetosphere. However, the
evening sector (e) shows a gradual decrease in radial HICD magnitude from green (2010) to
yellow (2012), however in this time period Cassini’s revolutions are rotating from post-dusk
to pre-dusk and a spacial difference may also be seen.

During the time period of 2005-2012, Saturn moves from northern summer in 2005, to
equinox in 2009, to southern summer in 2012. Additionally, the Sun is experiencing decreas-
ing solar activity in the early time period, and increasing solar activity in the latter part. Both
of these effects may influence the current density in the current sheet through enhanced so-
lar wind coupling or strong compression events. However, the fact that the current system is
shown to close is validation of the assumption that the system is invariant over the time frame
of Cassini’s mission.

Another notable aspect of figure 2 is that when the temporal difference is small the
overall decrease of radial HICD with radius is evident, seen in figure 2 (c) and (d). The az-
imuthal HICD (figure 3) also shows an overall decrease with radial distance and also shows
a slight asymmetry where the dawn sector has a slightly higher value than the dusk sector.
This asymmetry is most evident when slices at various radial distances are taken (figures 6 &
7). The asymmetry inside of 20 Rs can be considered similar in magnitude to the asymme-
try in the radial HICD, but may be enhanced by the spacial variation and number of events
in each SLT bin. As both the radial and azimuthal HICD is increasing at dawn we can as-
sume that the current density magnitude in general is increased in this area, but this may be a
temporal change as the dusk revolutions occur five years after the dawn revolutions.

In comparison to Jupiter (Figure 11 of Khurana [2001]), we see that this asymmetry

is also present and reduces with radial distance. The peak of J, is found at between 0 and 3

—10-
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LT, which corresponds to the position of the peak at Saturn too. A comparison to Earth [e.g.
Iijima et al. [1990]], shows that in a solar wind driven system it stands to reason that this
peak is found at O LT, is symmetrical around the midnight meridian and the asymmetry from
noon to midnight does not damp with radial distance. With an addition of a fast-rotating
system we can see this shift from midnight meridian to a local time of ~ 3 with an evident
dawn-dusk asymmetry. Figure 6 shows the radial dependence on the radial HICD. Evident is
an asymmetry that decreases with radial distance, that is also present in the azimuthal figure.
In contrast to this, at Jupiter (figure 12 in Khurana [2001]), we can see that the majority of
negative values are found in the larger radius bins and the inner magnetosphere (< 15 R;)
does not appear to exhibit any asymmetry within uncertainties. However, at Earth the asym-
metry is evident at all radial distances and does not decrease in magnitude due to the system
being controlled by the solar wind and not rotation [/ijima et al., 1990].

Figure 5 shows the divergence of the radial (a), azimuthal (c) and perpendicular (e)
HICD along with their respective uncertainties (b,d,f) and an occurence plot (g). The diver-
gence of the radial HICD is mostly below 1 pAm~2 with an average uncertainty of ~10% and
shows no radial or azimuthal spacial dependance. The divergence of the azimuthal HICD
however, shows a patch of positive divergence pre-midnight inside of 30 Rg and an area
of negative divergence pre-noon inside of 30 Rg. The average divergence of the azimuthal
HICD is mostly below 2 pAm~2 with an average uncertainty of ~3%. We combine the az-
imuthal and radial divergence (equation 11) to estimate the parallel field aligned current den-
sity entering and leaving the equatorial regions from the ionosphere, shown in figure 5 (e).
The yellow-red coloured areas shows current being added to the current sheet and the blue
areas show current being taken from the current sheet.

We note that in some areas a ‘striping’ effect shows, notably in the radial divergence at
9-12 SLT, which is caused by a bin with a small number of data points (in this example the
blue bin has one data point) of which this one data point gives a negative divergence. How-
ever, this also effects both the radial neighbours making them appear larger in the positive
direction. This effect is accentuated in the radial divergence component due to the, on aver-
age, smaller in magnitude values. Stratified sampling of the data in each bin would smooth
the distribution, however it would not effect this example and others like it as the bin lacks
enough data to effectively stratify. The striping may also be reduced by using coarser bins,
however we use 2 Rg and 3 SLT bins as a balance between reduction of noice and preserving

resolution. The results of the study are robust to bin size and position changes.
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Hence, in the pre-midnight sector current is being drawn from the ionosphere and elec-
trons are flowing into the ionosphere. In the pre-noon sector current is being added to the
ionosphere and hence electrons are flowing away from the ionosphere to the current sheet.
Coupled with the total current flowing shown in table 1, we find that the azimuthal current
is largest in the night and morning sectors, where current that is added pre-midnight will be
adding to the total current flowing around the night side. We then see a decrease in current
in the day and evening sectors where the current is being diverted through the ionosphere
instead of the dayside current sheet.

Using values from table 1 we can estimate that the current that is "lost" in the azimuthal
direction from the noon sector to the night sector is 22.2 + 5.7 MA. Integrating the parallel
current (inferred from V - J,) over the arc from 12-28 Rg between 18 and 21 SLT we can find
that the total current in this area that is being diverted from the ionosphere is 23.5 + 4.1 MA
which is comparable to the estimated current diverted from the azimuthal direction. Khu-
rana and Liu [2018] show a current of 11 MA and 17 MA in the day and night respectively
between 4 and 20 Rs giving an estimate of ~6 MA for the diverted current in this area.

The field aligned current system described above can be assumed to be an analogy to
Earth’s partial ring current which is driven by a sustained particle pressure increase in the
tail of Earth’s magnetosphere. As Saturn is not dominantly solar wind driven, a continual
enhancement of particle pressure is not expected at midnight, however Sergis et al. [2017]
shows a pressure gradient in the midnight-dawn sector outside of 10 Rg corresponding to the
bright main auroral emission at dawn, which may be driving a current system that could be
analogous to region 2 currents in Earth’s magnetosphere. This current system would then
close in the pre-midnight sector where we find the diverged currents. If this is the case and

there is sufficient current then we would expect a response in the auroral signatures.

6 Auroral Intensity

V.J’| in the pre-midnight sector averages at 4.0 x 10™!" Am 2, and can be converted
to a field aligned current using equation 11, which gives a value of Jjcs = 2.0 x 107!
Am~2. This then needs to be scaled using the mirror ratio to the ionosphere where we find
a peak current of Jj; = 200 nAm_z, which can only generate an auroral emission if it is
larger than the maximum current density that can be carried by magnetospheric electrons

without acceleration along the field lines (J;;,) given by equation 12 (equation 10 in Cowley

—12—-
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et al. [2004]).

1
Jon = eN(z‘:Ze)z’
where e is the charge on an electron, N is the number density, W;, is the thermal energy
equivalent to kT and m, is the mass of an electron. For average values given by Cowley et
al. [2004] of N =~ 0.2 cm™3 and a temperature of ~ 150 eV in the central magnetosphere
and N =~ 0.01 cm™3 and a temperature of ~ 1 keV in the outer magnetosphere, we find a
range for J;, of ~ 66 to ~ 8.5 nAm™2. The average current sheet Jj; is ~ 20 nAm~2 which
is less than what can be carried by non-accelerated electrons in the middle magnetosphere
and hence will not produce auroral emission. However the values of the peak reaches ~ 200

nAm~? in the pre-midnight sector (current away from ionosphere) and so requires a field-

aligned voltage to accelerate the electrons into the ionosphere.

1
Wi \?
2nm,

Ero[(Jury?
Er =2 (2L) +1
f= 7 [(Jm) "

The electron energy flux for non-accelerated electrons is given by equation 13 (equation 11

Ef() = 2NWth(

of Cowley et al. [2004]) and is found to be ~ 0.004 to ~ 0.02 mWm™2 for the outer and mid-
dle magnetosphere respectively, using the parameters given earlier. Equation 14 gives the en-
hanced electron energy flux for the precipitating electrons [Knight , 1973; Lundin & Sandahl,
1978] assuming that the ratio of the energy gained by the precipitating electrons to their ini-
tial energy is much less than the mirror ratio between the acceleration region and the planet.
Le. the acceleration occurs sufficiently far from the planet such that the magnetospheric elec-
tron population can be considered an infinite reservoir of particles.

Ray et al. [2009] & Ray et al. [2013] show that the acceleration regions at Jupiter and
Saturn occur at high magnetic latitudes due to centrifugal forces which confine the plasma
population at the magnetosphere and strong gravitational forces at the ionosphere. There-
fore, the full current-voltage and energy flux current density relation [Lundin & Sandahl,
1978] should be considered for these systems. However, in Saturn’s middle magnetosphere
(~ 9 Ry), the linear approximation to the current-voltage relation is applicable because of the
small magnetospheric ambipolar potentials (~ 30 V) and small acceleration potentials rela-
tive to the energy of the thermal electron population [Ray et al., 2013]. Therefore, equations
12-14 are adequate for our study.

Using the values and equations above, we find that E¢ can range from ~ 0.1 — 1.1

mWm™? in the upward current region at pre-midnight which covers the middle to outer mag-
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netosphere. A source brightness in far ultra-violet emission of ~ 10 kR for an electron en-
ergy flux of 1 mWm™2 can be assumed with an energy efficiency of ~ 15% [Waite et al.,
1983; Rego et al., 1994]. We obtain an auroral intensity of 1 — 11 kR resulting from the up-
ward current region in the dusk-midnight sector.

The maximum of the divergence of HICD from the current sheet is found between
12 and 14 Rg which, using moments from Burton et al. [2010] and the Bunce et al. [2008]
mapping model, relates to an area between 12° and 15° colatitude in the Northern ionosphere
with a typical magnetopause position. Hence this emission would be colocated with the aver-
age position of the main oval [Carbary et al., 2012b; Nichols et al., 2016]. An enhancement
of 2 kR is seen around 18-20 LT in the southern aurora [Lamy et al., 2009] which is also
seen in northern IR data [Badman et al., 2012]. However, this peak is not seen in northern
UV observations from 2011-2013 [Nichols et al., 2016].

The downward current region at pre-noon would map to a region where the aurora is
typically brightest, where the downward current gives an auroral intensity of 0.1 — 1.1 kR
which is small compared to other contributions and as such we do not see a trough in the

auroral intensity in this area.

7 Summary

In conclusion, a Gaussian wave pulse was used to deform a modified Harris current
sheet model, using the general deformation method [7syganenko, 1998], to simulate an aperi-
odic wave passage in magnetometer data. This model is then fitted to the magnetometer data
from Cassini’s MAG, which allows for the estimation of a number of wave and current sheet
properties. The magnetic field in the lobes and the scale height of the current sheet are used
to calculate the height integrated current density in Saturn’s equatorial current sheet. These
values are additionally used to calculate the divergence of current from the equatorial plane.
The main findings of this study are:

1) HICD magnitude decreases with radial distance from the planet, but both radial and
azimuthal HICD show an asymmetry where the dawn sector has larger magnitude values
on average than the dusk sector. This is related to the average direction of azimuthal mag-
netic field in these sectors, i.e. the swept-forward field at dusk and swept-backward and
non-dipolar field at dawn. We additionally see a change in total current flowing around the
whole system, with averages of 15.4 + 4.4 MA flowing radial and 32.8 + 5.5 MA flowing az-

imuthally. If we add the azimuthal value of 9.2 MA for the area of 3-20 Rg from Carbary
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et al. [2012a] we find a total current flowing to be approximately 30.2 + 4.1 MA taking into
account the overlap of the two studies.

2) Inward radial currents in the dusk sector are attributed to swept-forward field lines
showing a link with the solar wind. Future work will examine the solar wind conditions us-
ing propagation models to give evidence for this link.

3) Divergence of the perpendicular current into the equator pre-midnight and out of the
equator at pre-noon show evidence of a current system not unlike Earth’s region 2 currents,
with a region of current directed down to the ionosphere in the pre-noon sector, and up from
the ionosphere post-dusk that could produce an enhancement of the aurora of up to ~ 11 kR
with some independent evidence for this in UV and IR auroral data.

4) In comparison with Jupiter and Earth, Saturn’s equatorial current density profile
is most like Jupiter, in that they are both rotationally driven environments, but Saturn also
shows a number of differences to Jupiter, such that the divergence of the azimuthal current is
constrained in much smaller areas and the azimuthal HICD shows a much larger asymmetry

in comparison to Jupiter’s azimuthal HICD shown in Khurana [2001].
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Figure showing the spacial and temporal differences of the radial height integrated current den-

sity in Saturn’s magnetosphere, plotted on a base 10 logarithmic scale. (a) shows a overview of the entire

magnetosphere. The coloured squares show the average value of current density within 1 Rg bins projected

onto the X-Y plane in KSM (Kronocentric Solar Magnetospheric) coordinates. Additionally, an approximate

range of magnetopause position calculated from Arridge et al. [2006] along with the orbits of Titan at 20 Rg

and Rhea at 9 Rg are shown by the grey lines. Parts (b) - (e) show the radial structure of the height integrated

current density in separate local time sectors coloured by time of measurements.
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Additionally, an approximate range of magnetopause position calculated from Arridge et al. [2006] along with

the orbits of Titan at 20 Rg and Rhea at 9 Rg.
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coordinates. Additionally, an approximate minimum and maximum magnetopause position calculated from

Arridge et al. [2006] along with the orbits of Titan at 20 Rg and Rhea at 9 Rg are indicated by the curved

lines.
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shows all of the plots together without standard deviation bars to show to radial relationship.
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Figure 7. Figure showing the azimuthal HICD for various radial distances. The top five panels show the
values (grey crosses) of azimuthal HICD measured along with the mean of each SLT bin connected with
the standard deviation of each bin in colour. The other lines are shown in pale grey as a comparison and the

bottom panel shows all of the plots together without standard deviation bars to show to radial relationship.
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