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Abstract The Jovian high-latitude radio emissions produced by Jupiter's magnetosphere extend from

a few kilohertz to 40 MHz. Part of the decametric (DAM) emissions are driven by the Galilean moon lo
(lo-DAM). As UV aurorae have been detected at the footprint of Europa and Ganymede, we expect that
these moons drive Jovian radio emissions as well. To check this assumption, we used the EXPRES simulation
code (Exoplanetary and Planetary Radio Emissions Simulator) to predict dynamic spectrum (time-frequency
spectograms) of the radio emissions controlled by the four Galilean moons. Then we compared the
simulations to the Voyager/PRA and Cassini/RPWS radio observations of Jupiter (1979, and between 2000
and 2003, respectively). We present the first clear evidence for the existence of decametric emissions
controlled by Europa and Ganymede. Their statistical analysis allows us to describe the average properties
of the Europa-DAM and Ganymede-DAM emissions such as their spectrum, temporal variability, and
occurrence as a function of moon phase and subobserver’s longitude.

1. Introduction

Radio emissions produced by Jupiter's magnetosphere between a few kilohertz and 40 MHz have been stud-
ied for half a century. Jovian auroral radio emissions are thought to be produced through the Cyclotron
Maser Instability (CMI), at a frequency close to the electron cyclotron frequency, from non-Maxwellian weakly
relativistic electrons spiraling along high-latitude magnetic fields lines [see Zarka, 1998, Treumann, 2006,
and references therein]. These emissions are produced in the auroral regions above the atmosphere by
non-Maxwellian electron distribution function, along a thin hollow conical sheet at large angle from the local
magnetic field. They are elliptically polarized, the ones originating from the northern hemisphere are mainly
right handed (RH), whereas the southern ones are mainly left handed (LH). These emissions consist of several
spectral components: the kilometric (KOM), hectometric (HOM), and decametric controlled by lo (lo-DAM) or
not (non-lo-DAM).

The lo-DAM was first identified by Bigg [1964]. o emissions appear as four main types of arcs lasting for a
few hours in time-frequency spectrograms. They have been historically labeled as lo-A, B, C, and D depend-
ing on the position of the source, each with different characteristics: this is due to radio beaming anisotropy
[Hess et al., 2014]. A and B are northern emissions (RH polarization), while C and D are southern emissions
(LH polarization). A and C are emitted eastward of Jupiter and generally observed as closing parentheses
(so-called Vertex Late (VL) arcs). B and D are emitted westward and generally observed as opening parenthe-
ses (so-called Vertex Early (VE) arcs) [see Carr et al., 1983; Marques et al., 2017 (Figure 2)]. An auroral spot at the
footprint of lo was later discovered in the infrared (IR) by Connerney et al. [1993] and in the ultraviolet (UV) by
Prangé et al. [1996] and Clarke et al. [1998].

The UV footprints of Europa and Ganymede were more recently detected by Clarke et al. [2002]. The interaction
between Jupiter and these moons was therefore expected to produce radio emission similar to lo-DAM.

Signatures of radio emissions induced by Ganymede, Europa, and Callisto have been tentatively identified in
Galileo/PWS and Voyager/PRA radio observations between ~2.0 and ~5.8 MHz, over 2 years for Galileo/PWS
and 4 months for Voyager/PRA 1 and 2, as briefly reminded below.
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Menietti et al. [1998a] analyzed direction-finding results of Galileo/PWS and identified two arcs which could
be consistent with emission driven by Ganymede. Menietti et al. [1998b], alternately analyzed Galileo/PWS
data between subobserver’s longitudes (Central Meridian Longitude, CML) 100° and 160° as a function
of Ganymede phase and observed a modest enhancement of emission occurrence around 80° and 245°
in terms of the phase of Ganymede. The phase of a satellite increases with the orbit of the moon, with
0° when Jupiter lies directly between it and the observer (superior conjunction) [see Marques et al., 2017,
Figure 1]. Hospodarsky et al. [2001] reanalyzed the same Galileo data with a different method and observed
a similar weak enhancement of the emission occurrence over the same range of Ganymede’s phase than
Menietti et al. [1998b].

Higgins et al. [2006] organized the Galileo/PWS data as a function of Europa phase and CML. They identi-
fied an enhancement of the emission occurrence in two different regions. On the northeast side of Jupiter
([290°-320°1 CML; [260°-290°] Europa phase) and on the northwest side ([90°-180°] CML; [90°-110°]
Europa phase).

Menietti et al. [2001] tentatively observed Callisto-induced emissions using the Galileo/PWS data. They found
an enhancement in the emission occurrence near phases of 80° and 260°.

Using Voyager/PRA data, Higgins [2007] reported a minor excess of emission occurrence at 95% confidence
level in the CML range [290° -350°], at orbital phase [85°-115°] and [250°-280°] for Europa, [55°-85°] and
[305°-335°] for Ganymede, and [105° - 135°] and [300°-330°] for Callisto.

To check and confirm the existence of DAM emissions induced by Ganymede, Europa, and Callisto, we used
a different approach. Our study uses the radio emission simulator ExPRES [Hess et al., 2008, section 2] which
allows us to search for Jupiter decametric emissions controlled by lo, Europa, Ganymede, and Callisto in the
Cassini/RPWS and Voyager/PRA radio observations of Jupiter. In section 2, we present the EXPRES simulations,
the set of observations to which they are compared, and the detection criteria chosen to identify the Jupiter
satellite emissions. In section 3, we present the results, and in section 4 we analyze statistically the detections.
In section 5 we discuss these results.

2, Methodology

2.1. ExPRES

The Exoplanetary and Planetary Radio Emissions Simulator (ExPRES) computes the geometrical visibility of
radio sources around a magnetized planet and tests at each time/frequency step whether the radiated waves
are visible or not for a given observer. These results are then used to produce time-frequency spectrograms
(or dynamic spectrum) of visible radio sources which can be directly compared to observations. ExPRES has
been developed and used to simulate radio sources of Jupiter [Hess et al., 2008, 2010; Cecconi et al., 2012; Louis
etal., 20171, Saturn [Lamy et al., 2008b, 2013], and exoplanets [Hess and Zarka, 2011] and is explained in more
details in section 2 of Hess et al. [2008].

In practice, to set up an EXPRES simulation, we define (1) the magnetic and plasma environment around the
planet and choose the spatial distribution of point radio sources, (2) their emission angle 8 and the hollow
cone thickness A@ and (3) the location of the observer.

Hereafter, we use the Jupiter magnetic field model ISaAC (In Situ and Auroral Constrain [Hess et al., 20171]),
an updated version of the VIPAL model [Hess et al., 2011a] further constrained by the locus of Europa and
Ganymede UV auroral footprints, hence particularly adapted to our study. We additionally use the current
sheet model of Connerney et al. [1981]. We define the magnetospheric plasma density by p = piono + Proruss
where p,,no and p,.,,s are models of plasma density of the ionosphere and the lo torus, respectively. More
precisely,

Piono = poionoe(_(’_’iono)/Hiono) M
with o, = 350,000 cm~3 the electron density at the ionospheric peak, r,,,, = 650 km, with scale height
Hiono = 1600 km [Hinson et al., 1998], and

Ptorus = Po,.... € (r=riorys)*+22 [Hiorus @)
torus

with po = 2000 cm™3, the density at the center of the torus, at ., = 5.91 Jovian radii (1 Ryyer =

71492 km), and a vertical scale height H, [Bagenal, 1994].

orus — 1 RJupiter
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Within this environment, we simulate radio sources at frequencies f along magnetic field lines intercepting
the Galilean satellites, at the altitudes where f = f_, (withf_, = Z—B, where Bis the magnetic field strength, eiis
the elementary charge, and m is the mass of the electron) whenever (1) h > 650 km above the ionosphere and
) f,/fe < 0.1 (with 2zf,, = ;i; the local electron plasma frequency, where n is the electron density, and

€, is the permittivity of free space), a condition that must be fulfilled by the CMI to occur [Zarka et al., 2001;
Hilgers, 1992]. The corresponding spectrum typically ranges from a few hundreds of kHz to 20-40 MHz. The
emission angle § was derived following Hess et al. [2008] who successfully simulated lo-DAM arcs by using a
loss cone electron distribution function with typical electron energies of 0.64 keV in the north and 3 keV in the
south through CMI-driven equations. The loss cone-driven CMI allows to define at each altitude the beaming
angle 6 that provides maximum amplification [Mottez et al., 2010]. This yields oblique emission with 8 varying
with f.

Overall, the only differences between the calculation of 8 by Hess et al. [2008] and ours is that we fixed the
auroral peak altitude at 650 km above the (instead of at) one bar level to fix the ionospheric limit of the loss
cone, where electrons are lost by collisions and that we used a different magnetic field model (ISaAC instead
of VIT4). These differences slightly change the maximum frequency of the emission from a few tenths to a
few MHz, depending on the longitudes of the sources. As in Hess et al. [2008], and unlike in Ray and Hess
[2008], we did not simulate any refraction effect, suspected to play a nonnegligible role, especially close to the
source [Galopeau and Boudjada, 2016]. The refraction effects need to be taken into account for a better spectral
simulation. We neglected them at first order. Finally, we set up the observer at either Voyager or Cassini.

The existence of the lo torus is additionally known to affect the propagation of Alfvén waves which sustain the
magnetospheric currents produced by the lo-Jupiter interaction [Neubauer, 1980]. As a result of the increased
plasma density within the lo torus, the Alfvén speed is decreased thus the Alfvén waves produced at lo need
several tens of minutes to exit the torus. Thus, the emitting field line and the instantaneous field line con-
nected to the moon is different, the former leading the latter by the so-called lead angle, causing a longitude
difference between the position of lo and the position of the active flux tube. When lo is at the center of
the torus, southern and northern emissions are similarly delayed. When lo reaches the northern (respectively
southern) edge of the torus, northern (respectively southern) emissions are quasi-instantaneous, whereas the
southern (respectively northern) emissions are strongly delayed. This delay is well known for lo [Saur et al.,
2004; Hess et al., 2010], thus, we add an automatic lead angle for the simulation of lo-induced radio emissions,
based on the study of Hess et al. [2011a]:

5 = A+ Bcos(4, —202°) @)

with 4,, the jovicentric longitude of lo, A = 2.8 and B = —3.5 in the northern hemisphere and A = 4.3 and
B = 3.5in the southern one. No lead angle is included for the other satellites as no such model is available yet.

An example of simulations made with the above described parameters is given in Figure 1, for the four Galilean
moons: lo, Europa, Ganymede, and Callisto, over a period of 16 days (one Callisto revolution period) from Day
of Year (DoY) 001, 2001 to DoY 016, 2001. The northern emissions (RH polarized) are displayed in white and
the southern ones (LH polarized) in black.

Figure 1a the arrows indicate whether lo arcs correspond to A, B, C, or D emission, depending on the sense of
curvature (VE or VL) and the polarization (RH or LH), as described in section 1. Note that for the same lo phase
(i.e., lo-A, lo-B, lo-C, or lo-D), the arc shapes could be slightly different. This is due to the fact that the magnetic
field of Jupiter is not dipolar and axisymmetric. Thus, for one lo phase, we could have different lo jovicentric
longitudes, therefore different magnetic field lines connected to lo, and different emissions angles 6(f).

Another consequence of the complex magnetic field of Jupiter is the high-frequency rotational modulation
of the arcs. Since Jupiter rotates faster than the moons, the magnetic field in the flux tubes intercepted by
the moons experiences perturbation. Thus, 6 varies as a function of the moon jovicentric longitude [Hess
etal., 2008], and we see modulations of the moon-induced CMI emissions at the synodic period of Jupiter and
the moons.

It is worth noting that lo-A and lo-B (respectively, lo-C and lo-D) arcs are simulated as portions of a single
continuous arc corresponding to the passage of the lo flux tube in the observer’s field of view [Hess et al.,
2012]. This continuity at high frequencies is not observed in practice for near-equatorial observations, with
a range of lo phases where no lo-DAM emission is visible [see Marques et al., 2017]. A possibility is that the
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Frequency (MHz)

Frequency (MHz)

Circular polarization
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Figure 1. Reference ExPRES simulations from DoY 001, 2000 to DoY 016, 2000 for the Galilean moons (a) lo, (b) Europa,
(c) Ganymede, and (d) Callisto. The northern (RH) emissions are represented in white and the southern ones (LH) in
black. Sixteen days correspond to one revolution of Callisto. Here the thickness A8 of the emission cone is deliberately
increased (by a factor of 2) to improve the visibility of the emission signal.

emission cone is likely oblate, with a reduced value of § toward the magnetic equator, making it invisible for
near-equatorial observers, or observers in the hemisphere opposed to the source [Galopeau and Boudjada,
2016; Louis et al., 2017].

Figures 1b-1d display the simulated dynamic spectrum for Europa-, Ganymede-, and Callisto-induced radio
emissions. By analogy with the lo-DAM, we name them Europa-DAM, Ganymede-DAM, and Callisto-DAM
emission, since the simulations extend into the DAM range. Furthermore, we will name the VE and VL arcs
with the same nomenclature as that employed for lo-DAM emissions [see Marques et al., 2017].

We can see that the duration of a full arc—between the first VE arc and the last VL arc—increases with the
orbital period of the moon (increasing from lo to Callisto).

Overall, we made simulations of Europa-, Ganymede-, and Callisto-induced radio emissions across the
time interval corresponding to the radio observations of Jupiter obtained by both Voyager during their

LOUIS ET AL.
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flybys (1979) and Cassini (2000-2003). These spacecraft recorded low-frequency radio observations which
are presented in the following section.

2.2, Observations

2.2.1. Voyager

The Voyager spacecraft had a Planetary Radio Astronomy experiment (PRA) on board connected to two 10 m
long linear wire antennas, sampling the frequency range [1.2 kHz to 40.2 MHz], hence, covering the full spec-
trum of Jupiter auroral radio emissions. The PRA high-resolution (6 s per spectrum) data were extracted from
digitized magnetic tapes [Cecconi et al., 20171].

Voyager 1 quasi-continuously observed Jupiter from DoY 001, 1979 to DoY 103, 1979, and flew by the planet
on DoY 064, 1979. Voyager 2 observations range from DoY 102, 1979 to DoY 222, 1979, with Jupiter’s flyby on
DoY 190, 1979.

The Voyager/PRA dynamic spectrum of intensity displayed hereafter was computed similarly to those of
Cassini/RPWS described below. To account for the variable spectral response resulting from the antenna
resonance, the intensities measured at frequencies beyond 300 kHz were referenced to the 5% quantile of
intensities measured at 289 kHz.

2.2.2. Cassini

The Cassini mission has the Radio Plasma and Wave Science (RPWS) experiment [Gurnett et al., 2004] on board
including five receivers. The high-frequency receiver, connected to three 10 m electric monopoles, samples
the spectral range [3.5 KHz to 16.125 MHz], hence, sampling KOM, HOM, and the low-frequency portion of
DAM emissions.

The investigated interval covers the interval from early 2000 to the end of 2003, encompassing the flyby of
Jupiter (closest approach on DoY 365, 2000). The high-resolution Cassini dynamic spectrum of flux density
and degree of circular polarization displayed in this paper were built after a specific data processing described
in Lamy et al. [2008a]. To account for the variable spectral response resulting from the antenna resonance,
the intensities measured at frequencies beyond 1500 kHz were additionally referenced to the 10% quantile
of intensities measured at 1475 kHz.

2.3. Detection Criteria for Jupiter Satellite Emissions

To search for satellite-induced radio emissions, we visually inspected every Voyager/PRA and Cassini/RPWS
daily dynamic spectrum over the time intervals specified above and we only retained candidates fulfilling the
detection criteria described below.

The observed emission must be an arc with the same curvature as the simulated one (VL or VE), be close
enough in time (+2 h for lo, +2/—5 h for Europa, and +2/—8 h for Ganymede, see next paragraph) and at least
continuously extend over 3 MHz bandwidth and with a maximum frequency above 5 MHz. The emission also
needed to be a well-identified single structure (i.e., clearly distinguishable among the other emissions), must
not repeat at 9 h 55 min before or after to discard radio sources possibly corotating with Jupiter. Finally, when
the polarization was measured (which only concerns Cassini/RPWS observations), the arc polarization had to
be consistent with the predicted one.

The time window defined above relies on two sources of uncertainties: the inaccurate modeling of the emis-
sion angle 6(f) and the uncertainty in the lead angle. For lo, the presence of the torus is well known [Bagenal
et al., 2014], and we take it into account in our simulations (see equation (3). For Ganymede, Bonfond et al.
[2013] noticed multiple spots of the Ganymede UV auroral footprint, a maximum lead angle of 6;, = 13°,
corresponding to a maximum delay of ~ —6 h 15 min. The negative delay comes from the fact that the lead
angleis positive, which means that the emitting flux tube leads the one connected to the moon. In the absence
of any similar study for Europa, we used a maximum lead angle of Seuy,, = 10° based on a scaling law fitting
the extremal lead angles of lo and Ganymede. This &, _ corresponds to a maximum delay of ~ —2 h 20 min.

3. Results
3.1. Europa
Figure 2a shows simulations of lo and Europa emissions from DoY 024, 2001 at 05:00 to DoY 025, 2001 at
05:00. Figures 2b and 2c display Cassini/RPWS dynamic spectrum of flux density and degree of circular polar-
ization over the same time interval. The comparison of these panels reveals that the intense, LH-polarized,
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Figure 2. Cassini observations of an lo and a Europa arc. (a) EXPRES simulations (lo in black and Europa in blue—thick
line, northern emissions; dotted line, southern emissions), (b) Intensity flux and (c) the circular polarization—LH: left
handed (emission from the southern hemisphere); RH: right handed (emission from the northern hemisphere). This time
interval was chosen because of the presence of an lo arc and a Europa arc.

VE arc observed in the early portion of the interval strikingly fits the lo-D simulated arc and can therefore be
unambiguously attributed to lo. Similarly, the intense, LH-polarized, VL arc observed in the last portion of the
interval fits the Europa-C along the detection criteria presented above, thus we attribute it to Europa.

The Europa arc extends in frequency from 1 MHz to 16 MHz, as expected from the simulation. Its shape is
similar to that of the lo-D arc, but its intensity is lower by 1 order of magnitude.

The inspection of Cassini/RPWS observations over 2000-2003 revealed 108 Europa events (23 Europa-A,
7 Europa-B, 29 Europa-C, and 49 Europa-D).

Figure 3 shows a second example of a Europa-DAM arc on DoY 055, 1979. This figure shows the
quasi-simultaneous observations of Jupiter from both Voyager spacecraft (Figure 3b and 3c display Voyager
dynamic spectrum of flux density) together with EXPRES simulations (Figures 3a and 3d). The intensity scale
displays a common maximum but a different minimum value to account for different sensitivities.

Voyager 1 was closer to Jupiter (~150 R)) than Voyager 2 (~1360 R)), corresponding to a difference in light
travel time of ~5 min. This implies a longitude correction of ~3° to be considered when comparing the obser-
vations. Voyager 1 was at a longitude smaller by ~5° than Voyager 2, inducing a delay of %, with w the angular
speed of the source of the emissions (either Jupiter or a moon), and A4 the difference of longitude between
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Figure 3. Voyager observations of a Europa and an lo arcs on the DoY 055, 1955. Simulations for (a) Voyager 1 and

(d) Voyager 2 (lo in black and Europa in blue—thick line, northern emissions; dotted line, southern emissions).
Observations for (b) Voyager 1 and (c) Voyager 2. Voyager 1 was closer to the planet than Voyager 2 and at a longitude
larger than Voyager 2. This time interval was chosen because of the presence of an lo arc and a Europa arc.

the observers (corrected for the travel time of the light). Thus, if the emission is stationary over tens of minutes,
we are able to determine if the radio sources are corotating with either Jupiter or a moon.

Figure 3b shows Voyager 1 observation of two VL arcs between 05:00 and 06:00 and between 17:00 and 17:30.
According to the simulations shown in Figure 3a, we identify these as lo-A and Europa-A emissions.

The Europa arc extends in frequency from 0.5 MHz to 22 MHz. The shape is similar to the lo-arc shape, but
extends less in frequency than in the case of lo (from 0.5 MHz to 36.5 MHz).

Figure 3c shows a VL arc between 05:00 and 06:00 consistent with the lo-A simulation (Figure 3d). The time
delay between the arc observed by Voyager 1 and the one observed by Voyager 2 is approximately 15 min
as expected. The comparison between Figures 3b and 3c also shows that the non-lo emissions (emissions
unrelated to satellites) are quasi-simultaneous. We can also see in Figure 3c portions of a single arc between
16:00 and 17:00, close to the simulated Europa-A arc. Figures 4a and 4b show the same observations zoomed

LOUIS ET AL.
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Figure 4. Voyager observations of a Europa arc on the DoY 055, 1955. The left panels (a, ¢, and €) correspond to Voyager
1 and the right panels (b, d, and f) to Voyager 2. Figures 4a and 4b are observations, Figures 4c and 4d are contours of
the emissions attributed to Europa and Figures 4e and 4f are simulations of Europa-induced emissions. Voyager 1 was

closer to the planet than Voyager 2, and at a longitude larger than Voyager 2. This figure is a zoom-in version of Figure 3
between 15:30 and 18:30.

into the time interval between 15:30 and 18:30 of the observations showed in Figures 3b and 3c. Figures 4c
and 4d are the contours of the emissions we attributed to Europa, and Figures 4e and 4f are the simulations of
Europa-C. The time delay between Voyager 1 and Voyager 2 observations of these emissions is approximately
30 mins as expected for an emission induced by Europa.

Note that the emissions measured by Voyager 2 are less intense than those measured by Voyager 1, probably
because they have varied between the detection by the two spacecraft.

The comparison between observations and simulations allows us to detect 22 Europa events (6 Europa-A,
9 Europa-B, 2 Europa-C, and 5 Europa-D) for the Voyager 1 and Voyager 2 intervals. The multipoint observa-
tions allow us to confirm single-point detections (Figures 3 and 4), but only the detection presented above
has been detected with both Voyager spacecraft.

3.2. Ganymede

Figure 5a shows a simulation of lo and Ganymede-DAM arcs from DoY 321, 2000 at 17:00 to DoY 322, 2000
at 17:00. Figures 5b and 5c display Cassini/RPWS dynamic spectrum of flux density and degree of circu-
lar polarization over the same time interval. The comparison of these three panels reveals that the intense,
LH-polarized, VE arc observed between DoY 322.3, 2000 and DoY 322.4, 2000 fits the lo-D simulated arc and
can therefore be unambiguously attributed to lo. Similarly, the intense, LH-polarized, VE arc observed between
DoY 321.9, 2000 and DoY 322.05, 2000 fits the Ganymede-D simulated arc and can therefore be confidently

LOUIS ET AL.
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Figure 5. Cassini observations of an lo and a Ganymede arc. (a) ExPRES simulations (lo in black and Ganymede in
orange—thick line, northern emissions; dotted line, southern emissions), (b) intensity flux and (c) the circular
polarization—LH, left handed (emission from the southern hemisphere); RH, right handed (emission from the northern
hemisphere). This time interval was chosen because of the presence of an lo arc and a Ganymede arc.

attributed to Ganymede. The Ganymede arc is extended in frequency, from 0.5 MHz to 14.5 MHz. The shape
is similar to the lo-D arc shape, but the maximum frequency is lower, and the intensity is lower by 1 order of

magnitude.

For the Voyager interval we detected 17 Ganymede events (8 Ganymede-A, 5 Ganymede-B, 1 Ganymede-C,
and 3 Ganymede-D). For the Cassini interval we detected 79 Ganymede events (13 Ganymede-A, 13
Ganymede-B, 21 Ganymede-C, and 32 Ganymede-D).

3.3. Callisto
Our investigation of 6 months of both Voyager spacecraft data and 4 years of Cassini data did not allow us to

detect unambiguous signatures related to Callisto-DAM emissions.

The reasons of no detection could be multiple: (1) The estimated radio power of Callisto is at least 2 orders of
magnitude below lo, and one below Europa and Ganymede [Kurth et al., 2000; Zarka, 2007], making it harder
to detect; (2) no UV footprint for Callisto has yet definitely been found, suggesting that if the Callisto emissions
exist, they are very weak; (3) the revolution of Callisto is very long (~16 days), thus the uncertainty in the
time window is very large. Moreover, if we only look for the VE and VL arcs, considering that we only see the
emissions coming from the hemisphere of the spacecraft, the number of detectable events will be ~18.

LOUIS ET AL.
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Table 1. Measured Characteristics of Europa DAM Emission

Min. Frequency (MHz)  Max. Frequency (MHz)  Duration (min)

Europa Med. + ¢ Med. + ¢ Med. + ¢
Component  Number [Min-Max] [Min-Max] [Min-Max]
Voyager
Europa-A 6 70+£5.0 220+8.5 35.0+18.1
[0.3-12.0] [12.0-34.0] [15.0-60.0]
Europa-B 9 14.0+6.8 21.0+7.1 35.0+459
[0.8-21.0] [11.0-31.0] [30.0-175.0]
Europa-C 2 - - -
[0.7-1.0] [13.0-13.5] [55.0-100.0]
Europa-D 5 7.5+3.1 120+ 4.6 50.0+81.3
[6.0-13.0] [10.5-21.0] [15.0-215.0]
Cassini
Europa-A 23 3.0x3.1 16.0+ 2.4 40.0£12.3
[0.5-12.0] [6.0-16.0] [20.0-80.0]
Europa-B 7 20+25 16.0 + 3.6 40.0 +11.7
[1.0-8.0] [6.5-16.0] [30.0-60.0]
Europa-C 29 20+20 13.0+2.38 40.0 +23.3
[0.5-7.5] [7.25-16.0] [20.0-105.0]
Europa-D 49 20+1.9 120+ 2.6 60.0 + 46.5
[0.5-8.0] [6.0-16.0] [15.0-285.0]

4. Properties of Jupiter Satellite Emissions

4.1. Spectral and Temporal Characteristics

The first consequence of the detection of 130 Europa-DAM emissions and 96 Ganymede-DAM emissions
is that we can now describe the time duration and frequency characteristics of each component of these
emissions. Tables 1 and 2 give all the median and extreme values of frequencies and time duration for each
Europa-DAM and Ganymede-DAM component, respectively.

The maximum frequency provided by the Cassini detections is biased, because the upper frequency limit of
Cassini/RPWS is restricted to 16 MHz. However, the Cassini detections reached the 16 MHz value in ~27% of
the Europa components and ~20% of the Ganymede components only. Thus, the median (rather than the

mean) value of f,_,, remains reliable.

For Europa and Ganymede C and D components, the median maximum frequency of Voyager detections
remains below 16 MHz, as for Cassini. As a result, we used the whole set of Cassini and Voyager detections to

assess a median value of f.,, with more statistical weight.

As the observed maximum frequencies of most of the Europa and Ganymede A and B components are
higher—and above 16 MHz—for Voyager than for Cassini (truncated at 16 MHz), we consider the Voyager
median maximum frequency more reliable for these two components.

Since the median minimum frequencies of the emissions seen by Cassini are within 1-3 MHz, while the ones
of the emissions seen by Voyager are within 5-10, we choose to use the median minimum frequencies of the
emissions seen by Cassini, which seems to be more sensitive at low frequencies.

For the average time duration we choose to use the median for all the detections, and give a lower limit of the
median duration of the emissions.

Table 3 gives a summary of the median frequency range and the median duration of each Europa-DAM and
Ganymede-DAM component.

Since the frequency range of the observed Europa and Ganymede emissions extends into the DAM range,
our proposition to name them Europa-DAM and Ganymede-DAM, by analogy with the lo-DAM emission, is
therefore fair.

LOUIS ET AL.
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Table 2. Measured Characteristics of Ganymede DAM Emission

Min. Frequency (MHz)

Max. Frequency (MHz)

Duration (min)

Ganymede Med. + o Med. + ¢ Med. + ¢
Component Number [Min-Max] [Min-Max] [Min-Max]
Voyager
Ganymede-A 8 8.0+5.0 23.0+7.2 30.0+10.2
[1.0-15.0] [12.0-32.0] [10.0-39.0]
Ganymede-B 5 16.0 £ 4.8 28.0+6.9 30.0+16.8
[7.0-19.0] [20.0-38.0] [10.0-50.0]
Ganymede-C 1 - - -
[1.0] [12.0] [20.0]
Ganymede-D 3 7.0+0.0 11.5+£05 60.0 + 16.1
[7.0-7.0] [11.0-12.0] [35.0-65.0]
Cassini
Ganymede-A 13 20+£1.9 14.0+£2.9 40.0 + 20.9
[0.5-6.5] [7.0-16.0] [20.0-95.0]
Ganymede-B 13 1.0+1.9 14.0+2.6 50.0£253
[0.5-7.5] [7.0-16.0] [20.0-100.0]
Ganymede-C 21 1.0+1.8 13.0+29 60.0 +21.3
[0.5-8.0] [7.0-16.0] [15.0-100.0]
Ganymede-D 32 20+26 125+2.2 60.0 +40.5
[0.25-10.0] [7.0-16.0] [20.0-210.0]

4.2. Occurrence

Figure 6 displays the Phase-CML distributions of detected events separately for Europa (Figures 6a-6c) and
Ganymede (Figures 6d - 6f) for Cassini (Figures 6a and 6d), and Voyager (Figures 6b and 6e) observations, and

for all observations (Figures 6¢c and 6f). Each line segment corresponds to a detected emission. The northern
emissions (i.e., RH polarized) are represented in blue and the southern (i.e., LH polarized) in red.

We see that the events are grouped in two regions of phases around 100° and 260°, resulting from our selec-

tion criteria, corresponding to the VE and VL part of the arcs. We also see that the emissions are grouped in
CML, unlike the distribution of simulated emissions (see Appendix A, Figure A1), which is not produced by our

selection criteria.

The Voyager and Cassini observations show similar results, and combining both of them (see Figures 6c and 6f)
allows us to define regions of maximum occurrence for each Europa-DAM and Ganymede-DAM component.

Table 3. Median Characteristics of Europa-DAM and Ganymede-DAM Emissions

Maximum
Minimum Frequency (MHz) Duration

Component Number  Frequency (MHz)  (Maximum Extent) (min)
Europa-DAM

Europa-A 29 3.0 22.0 (>30) 40-45

Europa-B 16 2.0 22.0 (>30) 40-45

Europa-C 31 2.0 13.0 (>16) 50-70

Europa-D 54 2.0 13.0 (>16) 50-70
Ganymede-DAM

Ganymede-A 21 2.0 22.0 (>30) ~40

Ganymede-B 18 1.0 22.0 (>30) ~40

Ganymede-C 22 1.0 13.0 (>16) ~60

Ganymede-D 35 2.0 13.0 (>16) ~60
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Figure 6. Satellite phase versus observer CML diagrams of (a, b, and ¢) Europa- and (d, e, and f) Ganymede-detected
events seen by Cassini (Figures 6a and 6d) and the Voyager spacecraft (Figures 6b and 6e). Figures 6¢c and 6f contain all
the detections. The northern events are represented in blue and the southern ones in red.

The regions are summarized in Table 4 for Europa and Table 5 for Ganymede, and plotted in Figures 6c and 6f
with boxes. The boxes have been defined with the criteria that there are at least three events in the regions,
and from the moment there is a CML recovery of two emissions. The regions have a precision of 5° in phase
and CML.

Figure 7 displays the histogram (in bin of 5°) of the cumulative duration of all the events as a function of the
jovicentric longitude of the Galilean moons. The northern emissions are plotted in blue and the southern
ones in red. Figure 7a displays the histogram of Europa-DAM emissions and Figure 7b the histogram of the
Ganymede-DAM emissions. For Europa-DAM this distribution shows discontinuities: the occurrence varies
significantly as a function of the moon jovicentric longitude and peaks around ~250° for the north and around
~60° for the south. The distribution for Ganymede-DAM shows the same, with a second enhancement near
245° for the southern emissions. This figure suggests that not all the Europa/Ganymede jovicentric longitudes
are active, and it seems that there are preferential longitudes, as for lo-DAM emissions [see Marques et al.,
20171. The range of active longitudes for each component is described in Tables 4 and 5.

4.3. Temporal Variability
Figures 8aand 8b show the occurrence of the detected Europa-DAM and Ganymede-DAM events as a function
of time. It is binned in intervals of 30 days. Figure 8a deals with Voyager 1 and 2 observations and Figure 8b for

Table 4. CML and Europa Phase (¢g,opa) Boundaries of Jupiter DAM Emissions Controlled by
Europa (cf. Figure 6) and Corresponding Active Jovicentric Longitude (AEuropa) (cf. Figure 7a)

Europa Component ~ CML (deg)  @gyropa (d€9)  Agyropa (deg)  Number of Detections

A 260-5 245-280 180-295 29

B 105-215 85-110 190-285 16

C 20-80 250-275 0-115 31
80-195 240-275 250-335

D 225-55 80-115 260-140 54
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Table 5. CML and Ganymede Phase (¢ganymede) Boundaries of Jupiter DAM Emissions Controlled by
Ganymede (cf. Figure 6) and Corresponding Active Jovicentric Longitude (4ganymede) (cf- Figure 7b)

Ganymede Component  CML (deg)  dganymede (d€9)  AGanymede (de9)  Number of Detections

A 0-10 250-265 160-285 21
255-360 240-285
B 80-215 80-120 165-290 18
0-10 260-275 25-95 22
100-180 235-270
275-360 250-275
D 0-55 85-115 200-280 35
245-360 50-125 320-145

Cassini ones. The blue dotted line corresponds to the Europa emissions, the red line to the Ganymede emis-
sions and the grey line to the total number of emissions. Figures 8c and 8d show the distance of the spacecraft
(in AU) to Jupiter as a function of time. Finally, Figures 8e and 8f show the magnetic latitude (minimum, mean,
and maximum) of the spacecraft as a function of time. The shaded intervals represent, for Voyager, the period
of low-resolution mode, and for Cassini the data gaps.

We see (Figures 8a and 8b) two remarkable variations: (1) the number of events varies with the distance to
Jupiter (see Figures 8c and 8d). Indeed for both Voyager (Figure 8a) the most significant number of events
is detected near the flyby, and for Cassini there is a local maximum at the closest approach (Figure 8b). This
expected behavior directly results from the increasing sensitivity of radio instruments with decreasing dis-
tances to the planet. And (2) the number of events unexpectedly varies with a gap at the end of year 2001
(Figure 8b) and followed by a large increase at the beginning of year 2002 producing a second maximum,
the amplitude of which exceeds the first one. Possible reasons for this unexpected variation are discussed in
section 5.3.
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Figure 7. These panels show the histograms (in bin of 5°) of the cumulative duration of all the events of (a) Europa- and
(b) Ganymede-induced emissions as a function of the jovicentric longitudes of the moons. See Tables 4 and 5 for the
details of active longitudes by components. The northern events are represented in blue and the southern ones in red.
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Figure 8. Histograms of detections. (a, b) The number of detections for Ganymede (red line), Europa (blue dotted line), and both Europa and Ganymede
(grey line) with Voyager 1 and 2 (left column) and Cassini (right column) as a function of time (same y axis scale). The distance of the spacecraft to Jupiter
(in AU) is plotted in (c) Voyager 1 and 2 and (d) Cassini. The spacecraft magnetic latitude (minimum, mean, and maximum) is plotted in (e) Voyager 1 and 2 and

(f) Cassini.

In Figures 8a and 8b we see that the occurrence of Ganymede-DAM and Europa-DAM are correlated. The linear
correlation coefficient is equal to 0.65. We will further discuss this correlation in section 5.3.

Note that because of the resonance between lo, Europa, and Ganymede (ratio of orbital periods 1:2:4), we
have six emissions in our catalog, whose origin (either Europa or Ganymede DAM) can not be unambiguously
identified. We did not take them into account in our study. There was no ambiguity with lo because lo-DAM
is often 1 order of magnitude more intense.

5. Discussion

5.1. Simulation Parameters

The fact that the ionospheric limit of the loss cone is taken at the peak altitude of the UV emissions, the addi-
tion of two density models (torus and ionospheric), and the use of the new magnetic field model 1ISaAC [see
Hess et al., 2017] allow us to have a better simulation of the lo arcs in terms of time and frequency.

On the other hand, ExPRES is intrinsically limited by the assumptions described in section 2.1. Hess et al. [2008]
showed that even in the case of well-known lo-arcs, simulations do not perfectly fit the observations, in terms
of arcs shape and curvature, which are controlled by 8. An example of Europa-DAM emission with constant
is plotted in Figure B1 of Appendix B. In the case of the loss cone distribution function, the parameters that
control the value of 6 are the electron energy, the magnetic field model, and the f,,, fixed by the ionosphere
altitude [see Hess et al., 2008, Figure 2]. For a given magnetic field line, and a given value of the energy of the
electrons, the values of 0 are fixed by frequency and longitudes. Thus, here the principal known limitations
are the following: (1) the electron kinetic energy used is the same as that used in the lo case, because we
expect the same electrons population for Europa and Ganymede; (2) we used a loss cone electron distribution

function through CMI equations, because of the successful previous studies for lo.

Despite these assumptions and uncertainty in the simulations, we know that the simulations match the obser-
vation on long time scale, in a time window of ~1-2 h [see Louis et al., 2017, Figure 1], thus even if the
simulations do not perfectly fit the observations, they allow us to constrain a time and frequency location of
the radio emissions.

Note that the refraction effects at the source, and along the ray path, may significantly affect the simulations
[see Ray and Hess, 2008; Galopeau and Boudjada, 2016]. These effects are not taken into account in these
simulations.
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5.2. Selection Criteria

Our detections depend on the selection criteria described in section 2.3. Because of the complex morphol-
ogy of our simulations (see limitation discussed in section 5.1, and the reasons of the visibility of only part
of the arcs (see section 2.1)), we chose to focus on the VE and VL portions of a full arc which extend below
20 MHz, hence excluding from the analysis the high-frequency oscillations seen in our simulations (Figure 1).
This, in turn, reduces a bit the range of satellite phases in Figure 6. Figure A1 in Appendix A shows com-
parison between the satellite phases versus CML diagrams of the simulated emissions with and without the
high-frequency modulations. We see that there are two peaks in the phase distribution, regardless of whether
we select only the VE and the VL arcs or all the emissions.

To confirm our detections, we used the polarization, whenever it was available (which depends on the instru-
mental mode) and usable (the derived wave polarization mainly depends on the antenna orientation with
respect to the incoming wave and its signal-to-noise ratio). The polarization was usable for 67 arcs out of 238.
In these 67 events we confirmed 61 and eliminated 6 cases which did not have the expected polarization. This
ratio provides a first estimate of the number of possible false detections less than 9%. As this number is low,
this does not change the median properties described in section 4.

5.3. Jupiter Satellite Interactions

The statistical detection of induced emissions by two Galilean moons besides lo confirm that different types
of planet-satellite interactions produce radio emissions. Indeed Ganymede has an intrinsic magnetic field and
lo and Europa do not.

In section 4, we demonstrated that there is a linear correlation between the occurrence of Europa and
Ganymede events (see Figure 8). This linear correlation of 0.65 shows that the Jupiter-Europa and Jupiter-
Ganymede interactions are similarly affected by the magnetospheric conditions. Since the electrons respon-
sible for the emissions are accelerated by the continuity of the current carried along the Alfvén waves, and
that it depends on the Alfvén conductance—which depends on the plasma density [see Hess et al., 2011b,
and references therein, equations (3) and (4)]—the variation of the detected events could be a sign of the
variability of the plasma conditions between 9 and 15 Jovian Radii. Since we do not detect events during an
interval of several days at the end of the year 2001 (see Figure 8b), this suggests that the level of activity went
below the detection threshold before it increased again in 2002 at unprecedented amplitude.

If Europa-DAM and Ganymede-DAM were emitted all the time, we would expect the moon-planet interaction
of Ganymede 50% stronger than Europa, because Ganymede’s revolution is twice as slow as Europa’s. Here
the ratio between the detected Ganymede-DAM and Europa-DAM is 75%. We can therefore conclude that
Ganymede is ~50% more active than Europa.

The intensity order of magnitude of Europa-DAM and Ganymede-DAM is roughly the same, and we see that
the intensity is lower by 1 order of magnitude than lo-DAM. This result agrees with the studies of Zarka [2007]
and Hess et al. [2011b].

If we zoom in on Figure 1 at the time where the first arcs appear (respectively last arcs disappear), we see
simulated VL (respectively VE) arcs. In practice for lo we never observe such arcs. It could be a wrong estimation
of the opening angle 6, but it also could have a physical origin. Indeed we know that the angular speed of each
satellite and Jupiter is not very different, but, on the other hand, the fraction of Jupiter’s rotation is different
for each satellite during the time the satellite is at an observable phase. This fraction of time increases with the
augmentation of the time duration of the revolution. For a source in corotation with Jupiter, we observe first
a VE arc and then a VL arc few hours later, representing a fraction of the rotation period of Jupiter [see Hess
etal., 2014, Figure 2]. The simulations for the Galilean moons show two things: (1) the variation of the active
longitudes (modulations) and (2) half the revolution period of the moon (global shape of the simulations over
several hours). Indeed, if the magnetic field was axisymmetric, the shape of the emission should be an arc
during half the period of the revolution of the moon, without modulations.

At the appearance/disappearance of the moons, this variation of the active longitudes (faster for Europa,
Ganymede, and Callisto than for lo) could strongly modulate the observed arc and leads to the observation of
VL arcs on the west side and VE arcs on the east side. In our detections we observed a few cases of VL arc on
the west side (1 Ganymede-B and 1 Ganymede-D) and VE arcs on the east side (1 Europa-C, 1 Ganymede-A,
and 6 Ganymede-C) with the same median properties as the other Europa- and Ganymede-induced radio
emissions described in section 4.
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5.4. Comparison With lo-DAM

The occurrence probability regions of Europa and Ganymede of Figure 6 overlap with each other (with a larger
extent in CML for Ganymede-C). The occurrence probability regions of Ganymede-DAM and Europa-DAM
have roughly the same boundaries than lo-DAM emissions, with a supplementary extension in CML of the
south components compared to lo-DAM emissions [see Marques et al., 2017].

As for lo-DAM, the Europa-DAM and Ganymede-DAM emission are grouped in jovicentric longitude of the
moon (Figure 7). Unlike the lo-DAM seen by Marques et al. [2017], the Europa-DAM and Ganymede-DAM
southern emissions have an additional enhancement in their jovicentric longitude around 60°.

A possible reason of the CML extent and the enhancement of occurrence in the moon jovicentric longitude for
the south components could be observational. Indeed Marques et al. [2017] did their catalog with the Nancay
Decameter Array (NDA), observing only above 10 MHz, thus missing a part of the arcs. Furthermore, the range
of jovicentric latitudes is different for the NDA and Voyager and Cassini, which could affect the visibility of the
emissions [see Galopeau and Boudjada, 2016; Louis et al., 2017] (Section 2.1). A study of the lo-DAM with the
Cassini/RPWS data for comparison will be interesting, but it is beyond the scope of this study.

Wannawichian et al. [2010] investigated the variation of the auroral UV footprint brightness of the Galilean
moons as a function of the longitude. For lo they observed two peaks where the UV footprints are brighter:
around 100° and 280° of lo jovicentric longitude. According to Marques et al. [2017] the radio emission activity
has a peak around lo jovicentric longitudes 165° and 220°. For Ganymede and Europa less data are available,
but the brightest footprints were seen around 100°. In our study we found more Ganymede events around
Ganymede jovicentric longitude ~40° (southern events) and ~250° (northern events) and more Europa events
around Europa jovicentric longitude ~65° (southern events) and ~250° (northern events). At this point we do
not have enough data to draw any conclusion about (anti-) correlation, or no correlation at all, between the
DAM and UV emissions of Europa and Ganymede.

5.5. Discussion of Previous Tentative Detections of Jupiter-Ganymede and Jupiter-Europa Emissions
Compared to the Galileo studies [Menietti et al., 1998a, 1998b; Higgins et al., 2006] we used a more extended
data set (for Cassini almost 3000 Jupiter rotations [360 Europa rotations; 180 Ganymede rotations] against less
than 1500 Jupiter rotations). The Cassini frequency range is also larger than that used for the above mentioned
studies. Indeed, the previous studies were made at low frequency (2.0-5.6 MHz). Only a small part of the
whole emission lies in this frequency range (see Tables 1-3).

The study of Menietti et al. [1998a] focuses on two isolated arcs which could be consistent with Ganymede-
induced radio emissions. We computed ExPRES simulations corresponding to the Galileo trajectory. The
EXPRES simulations did not show arcs related to Ganymede-induced radio emissions in a time window of
24 h around the arcs detected by Menietti et al. [1998al. Furthermore, the Ganymede phase for these two arcs
do not match the range of Ganymede phase described Table 5, thus these arcs cannot be associated with
Ganymede.

Menietti et al. [1998b] and Hospodarsky et al. [2001] detected an enhancement in the occurrence probability
for Ganymede-induced emissions near Ganymede phases 80° and 245° using a sinusoidal fit. Their studies
showed a first hint of Ganymede’s influence on the Jovian decametric emissions, with a first indication of the
active Ganymede phases. Our results agree with theirs, with a more complete coverage of the Ganymede
emissions in Ganymede phase and CML.

Higgins [2007] used the Voyager occurrence probability between 2.1 and 5.8 MHz to propose Phase versus
CML regions of maximum occurrence for the Galilean satellites. Compared to our study, Higgins [2007] used
only the frequency range between 2.1 and 5.8 MHz, instead of the entire frequency range (extending up
to 40 MHz). In our results (see Tables 1-3), except for the C component, the minimum value of the median
minimum frequency of Europa and Ganymede emissions observed with the Voyager data is 7.00 MHz. Even
if the peak of emission occurrence is minor, and fitted with a sinusoidal, for Europa, our results include theirs,
and we can determine that the enhancement in emission occurrence they saw between 290° and 350° of
CML and between 250° and 280° of Europa phase is included in the area of the Europa-A component, and the
enhancement in emission occurrence they saw in the same CML range and between 85° and 115° of Europa
phase is included in the area of the Europa-D component.
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On the other hand, our results do not include their results for Ganymede. They fitted an enhancement of
occurrence emissions at Ganymede phases between 55° and 85°, which would imply a large lead angle. The
second peak of emission occurrence is detected at Ganymede phase between 305° and 335°. Because of the
complex morphology of the magnetic field, emissions could still be seen when the moon is geometrically a
few degrees behind Jupiter. Here the region of phases given by Higgins [2007] means that the emissions are
still visible from 30° to 60° after the geometrical disappearance of the moon, which cannot be explained by
the lead angle at these phases. In summary, our results include those of Higgins [2007] for Europa and do not
agree with those of Higgins [2007] for Ganymede.

6. Conclusions and Perspectives

Using EXPRES we made a catalog of simulations of all the Galilean moons induced radio emissions. We then
studied almost 4 years of Cassini observations, and 6 months of Voyager observations, during their flyby
of Jupiter, compared them with the simulations, and identified clear detections of Europa (29 Europa-A, 16
Europa-B, 31 Europa-C, and 54 Europa-D) and Ganymede (21 Ganymede-A, 18 Ganymede-B, 22 Ganymede-C,
and 35 Ganymede-D) induced radio emissions. The number of false detections is likely to be low.

The shape of Europa-DAM and Ganymede-DAM emissions is nearly the same as that of the lo-DAM emissions.
The median spectral and temporal properties of the Europa-DAM and Ganymede-DAM emissions are summa-
rized in Table 3, the maximum occurrence regions of Europa and Ganymede DAM emissions are described in
Tables 4 and 5, respectively and plotted in Figure 6. The active jovicentric longitudes of Europa and Ganymede
are plotted in Figure 7 and described in detail in Tables 4 and 5.

Stereoscopic observations with ground-based radio telescopes will help to assess the short-term variability
of these emissions, and a long-term catalog (e.g., with Wind and Stereo) will help us to assess long-term
variability.

Appendix A: Satellite Phase Versus Observer CML Diagrams of the ExPRES
Simulations for Europa and Ganymede

Figure A1 displays phase versus CML diagrams of the Cassini (Figures Ala—A1h) (year 2000) and Voyager
simulations (Figures A1i—-A1p) (including DoY 001 to 090, 1979 for Voyager 1 and DoY 120 to 210, 1979 for Voy-
ager 2, corresponding to the intervals where we detect events related to Europa and Ganymede) for Europa
(Figures Ala, Ale, Ali,and ATm) and Ganymede-induced emissions (Figures A1c, A1g, A1k, and A10). The left
panels represent the simulations corresponding to the VE and VL arcs (Figures Ala, Alc, Ali, and A1k), and
the right panels represent the whole simulations (Figures A1e, A1g, Alm, and A10). The corresponding occur-
rence sorted by the moons’ phase are plotted on the right of the Phase versus CML diagrams. The northern
emissions are represented in blue and the southern ones in red.

With the selection criteria on the VE and VL arcs (left panels) we see that the simulations are grouped in
phase—as the diagram of the detections—but not in CML, unlike in Figure 6. Thus, the distribution must
have a physical origin other than geometrical, which is corroborated by the discussion in section 2.1.

The right panels show that for Cassini (Figures Ala—A1h), the distribution in phase does not depend on the
selection criteria whether the arc is VE or VL, because the modulation of the emission seen in Figure 1 occurs
at frequencies higher than 16 MHz. We see a minor contribution of the oscillations of the north emissions,
because some of them happens at frequency under 16 MHz (see Figure 1).

For Voyager (Figures Ali—-A1p) we see that without the selection criteria whether the arc is VE or VL
(Figures ATn and A1p) there are emissions between 120° and 260°. But it remains that the emissions are mostly
grouped at phases 120° and 260° (Figures A1n and A1p compared to Figures A1j and A1l). Thus, we can con-
clude that the distribution in phase mostly does not depend on the selection criteria whether the arc is VE
or VL.

The modulation in phase in the diagram is likely due to the modulation of the magnetic field, which deforms
the magnetic field lines.
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Figure A1. Satellite phase versus observer CML diagrams of the ExPRES simulations for (a,e,i,m) Europa and (c,g,k,0) Ganymede and the corresponding
occurrence in (b,fj,n and d,h,i,p, respectively) phase for the Cassini (Figures Ala—A1h) (year 2000) and Voyager 1 and 2 spacecraft (Figures A1i-A1p) (from day 1
to day 90 of 1979 for Voyager 1 and from day 120 to day 210 of 1979 for Voyager 2). Figures Ala-A1d and Ali-A1l represent the VE and VL arcs, and

Figures Ale—ATh and A1m-A1p the entire arcs. The north events are represented in blue and the southern ones in red.

Appendix B: Effects of the Emission Cone Opening Angle 6

As explained in section 5.1, the position of the emissions in time and frequency depends on the value of 6.
Figure B1 compares the intensity flux of a Cassini observation (Figure B1a) to three simulations (Figure B1b)
of the Europa-C emission, presented in Figure 2, with different values of 9:

1. The one in blue dotted line is the one used in the study to detect an Europa-C arc in the Cassini data (see
Figure 2) with a 8 calculated from a loss cone electron distribution function;

2.The one in light blue dotted line is a simulation with a constant § = 60°, which could correspond to an
emission with strong refraction effects;
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Figure B1. Cassini observation of a Europa arc (VL and LH polarized) and different simulations of this arc. (a) Intensity
flux and (b) three simulations with different values of 8. The one in blue dotted line uses a 0 calculated from a loss cone
electron distribution function, the one in light blue dotted line uses a constant § = 60°, and the one in red dotted line a
constant § = 89°.

3. Theoneinred dotted lineis a simulation with a constant & = 89°, which is close to a perpendicular emission.

We see the impact of the 0 value, with a difference in time between 1 and 5 h around the simulation calculated
from a loss cone electron distribution function, and a large difference in the shape of the arc.

For one value of the electron energy and one magnetic field line the simulation with the loss cone distribution
function gives values of 6 fixed by frequency [see Hess et al., 2008, Figure 2b]: the emission cone angle 6 is
oblique, and decreases with increasing f. The variation of # may have three different causes: (1) the presence
of a lead angle that make the emission appear earlier for a VE arc (as if § was greater) or disappear earlier for
a VL arc (as if 8 was lower); (2) refraction effects that oblate the emission cone [see Galopeau and Boudjada,
2016]; (3) a wrong estimate of & modifies the occurrence in time, depending on the rotation speed of the
mMoon (®e0n)- A Wrong estimate of 6 of 10° corresponds to a shift of: ~71 min for lo; ~140 min for Europa;
and ~280 min for Ganymede. The selection criteria in time have been chosen taking into account the above
three possibilities.
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