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In this online supporting material, we present some of the methods and analysis not

included in the main paper submitted to GRL.

1. Instrumentation

Four of the six suites of in situ instruments located onboard Cassini are used for the
analysis in this paper: the Cassini Plasma Spectrometer (CAPS), Dual Technique Mag-
netometer (MAG), Magnetospheric Imaging Instrument (MIMI), and Radio & Plasma
Wave Science (RPWS).

The data from the following instruments were used: the Electron Spectrometer (ELS)
and Ion Mass Spectrometer (IMS) from CAPS [Young et al., 2004]; the low energy mag-
netospheric measurements system (LEMMS) from MIMI [Krimigis et al., 2004]; the MAG
instrument [Dougherty et al., 2004]; and the Low, Medium and High Frequency Receivers
(LFR, MFR, and HFR) of the Radio Plasma Wave Science (RPWS) instrument [Gurnett
et al., 2004]. We also present auroral data from the Ultraviolet Imaging Spectrograph
(UVIS) onboard Cassini [Esposito et al., 2004].

To complete the picture of the solar wind upstream conditions at Saturn, we present
model heliospheric data at Saturn (ENLIL) produced by Community Coordinated Mod-
eling Center (CCMC), to accompany interpretation of the Saturn Kilometric data (SKR)

from RPWS.

2. Observations
Figure A shows the KSM X-Z projection of the trajectory of the Cassini spacecraft
during these observations. The Sun is to the right and the view is from dawn. The

section of the trajectory highlighted in red shows the part of the trajectory where we
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observe the cusp. We can see that Cassini is travelling in a poleward trajectory and
observes the cusp in the high latitudes.

The ions observed in what we identify as the cusp (~1100-1900 UT) have a mass
composition entirely consistent with a solar wind origin. We base this conclusion on the
following arguments:

1) From ~1100 to ~1400 UT, the spacecraft was rolling, so the CAPS field of view
covered the full sky, with a period of ~30 minutes. Throughout this whole interval, the
CAPS SNG ion data show a steady population with a single peak between ~200 eV and
~2 keV (Figure 1 of main paper). While there is some weak modulation with actuation
and roll during this interval, there is no hidden ion population that only shows up at some
special look direction.

2) Between 1100 and 1400 UT, CAPS obtained 6 time-of-flight (TOF) accumulations,
each covering 512 seconds, and phased by ~60 degrees from one accumulation to the next.
Hence, we have TOF coverage over essentially the full sky. TOF measurements between
1100 and 1400 show zero W™ ions; rather, there are substantial numbers of counts in
H* and m/q=2 (either He*™ if the plasma is of solar wind origin, or H*T if it is of
magnetospheric origin [e.g., Thomsen et al., 2010]). The light ion counts cover precisely
the energy range of the single peak observed persistently in the SNG data. If the TOF
accumulation is extended to cover the entire time range from 1100 to 1800 UT, we still
find zero W™ counts. There are some signs of very small amounts of W+ ions present,
however they are sporadic and around the 1-count level, such that if any W+ population

is present, it is essentially below the threshold for CAPS detectability.
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3) In addition to the absence of W, the light-ion composition provides a useful signature
of the origin of the plasma. In particular, from the few valid numerical moments obtained
during the interval 1100-1800 UT (i.e., when the spacecraft was not rolling, basically
1130-1215 and 1400-1800 UT), the derived values of the light ion densities were in the
ratio (m/q=2:m/q=1)~0.01-0.04, entirely consistent with solar wind composition and well
below typical values of >0.1 (even up to 1) seen in the outer magnetosphere [e.g., Thomsen
et al., 2010]. This can be seen in Figure B. Indeed, in the most recent interval of clearly
magnetospheric plasma prior to the cusp interval (~1900-2000 UT on 20 January), the
ratio was ~0.7-0.9. While it might be argued that during the non-rolling intervals from
which the cusp moments were obtained the field of view may not have encompassed the
main population, similar ratios (~0.01-0.04) emerge from the integrations done while the

spacecraft was rolling as well.

2.1. Estimating the Upstream Conditions

In Figure C we present model heliospheric solar wind conditions at Saturn modelled
by ENLIL. ENLIL is a 3D magnetohydrodynamic model of the heliosphere that is time-
dependent. It uses and finds the solutions to equations regarding plasma, magnetic field,
momentum and energy transport using a Flux-Corrected-Transport algorithm, with initial
and boundary conditions based on solar observations [Odstreil, 2003]. The model predicts
a modest increase in the velocity, magnetic strength and ram pressure at Saturn leading
up to the day of the observations of the cusp, marked with a dashed line.

In Figure D we present high resolution dynamic spectra of RPWS-HFR data between

3.5 and 1500kHz, of the SKR observations [Lamy et al., 2008]. The figure is of the whole
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day on the 21st of January 2009, with time in hours at the bottom. During the time
we have identified as a cusp crossing, there were intense SKR, emissions extending to low
frequencies (as low as 3.5kHz).

Both the model and the observations of the SKR suggest that the magnetosphere is being

compressed making the conditions favourable for the occurrence of dayside reconnection.

2.2. Calculating the field-aligned distance to the reconnection site
When in the cusp, Burch et al. [1982] showed that there is a pitch angle energy dispersion
in the ion observations. From these dispersions we can calculate the distance to the

reconnection site. This can be done using their model equation:

2

/ " ds/\/1 = sin?a,(B(s)/B,) (1)

Si

M
E(Oé(),t) = 2t2|:

where ds is arc length along a dipole field line, s, and s; are the observation and injection
points, M is the particle mass, B(s) is the magnetic field strength along the field line,
B, is the magnetic field strength at the observation point, «, is the observed pitch angle,
and ¢ is the transit time of the particle. The integration is made from the injection point
via the mirror point to the point of observation.

B; is calculated from the Khurana et al. [2006] model. A best-fit model dispersion curve
is created and compared to the data. The x? value of the comparison between the model
and the data is calculated. The model carries a number of iterations to carry out x?

minimisation. The best-fit model with the lowest x? is chosen.
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Figure A. Trajectory of Cassini for the 20-22nd January 2009. The figure shows the
X-Z projection of the orbit in the Kronocentric-Solar-Magnetospheric (KSM) coordinate
system. The Sun is to the right and the view is from dawn. The section of the trajectory
highlighted in red shows the part of the trajectory where we observe the cusp. The large
dots represent the start of a day in UT, with the closest to the equator being the start of
the 20th of January 2009. The smaller dots are separated by three hour intervals. Shown
in grey is the Khurana magnetospheric field-line model [Khurana et al., 2006], with the

dotted line representing the average position of the magnetopause.

DRAFT February 12, 2014, 3:02pm DRAFT



J. M. JASINSKI ET AL.: SUPPORTING ONLINE MATERIAL: SATURN’S CUSP X-11

TOF - E OE E =N N E N E N N N N N N E N EE N N N NN NN =S
o) 4 - €
3 | it s 5
L 3 l ‘Ap;}'&,’.‘-‘.‘mﬁ{i,dﬁ;; 5|gli!lf:' [ MW‘M il E
o 2
R g
® ®

101 I T I I T I T I I T I I I I T I I T I T I I T I T =
7 ]
£ 1072 |
S =
> —
G 10° He™ . __
5 Yy ®, '..l E
()] A II'- A III ! I": -
107 e 100
J102 &
=107 2
— [
— =
— 102
g c
= | | ! —— 107
7 10 13 16 19

UT, 19 Jan 2009

Figure B. Top: Ion spectrogram (all detectors summed together). Middle: light-ion
densities. Bottom: the ratio of the m/q=2 to m/q=1 densities. The red bars at the
top show the intervals during which time-of-flight (TOF) data were obtained. The ion
spectrum does not change radically over this time interval, so we do not expect a change

in the TOF data in between the intervals.
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Figure C. Upstream conditions for 14 Jan - 7 Feb 2008. (a) Saturn Kilometric Radi-
ation (SKR) as observed by RPWS (presented as a flux density at 1AU). The data has
been processed as explained by Lamy et al. [2008]. Below this, ENLIL solar wind condi-
tions model results: (b) standoff distance of the magnetopause, (¢) ram pressure, (d) the

magnetic field strength and (e) velocity.
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Figure D. Saturn kilometric radiation as observed by RPWS on the day of the cusp
observation. On the x-axis is the universal time shown in hours. The data is presented

as a flux density at 1AU (Log W m—2 Hz™!)
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