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Abstract This paper describes the statistical property of Jupiter's millisecond burst (S-burst) beaming
for Io-related decametric (Io-DAM) sources from a ground-based radio telescope network. To do so, we
performed simultaneous observations of Jovian Io-DAM S-bursts from 15 January through 4 May 2016 for
a total of nine events using several radio telescopes. These radio telescopes include the Long Wavelength
Array station One (LWA1) in the United States, Nançay Decameter Array (NDA) in France, and three large
radio telescopes (UTR2, URAN2, and URAN3) in Ukraine. We conducted a cross-correlation analysis of
the S-burst spectrograms in a frequency range of 10.5 to 33 MHz over effective baselines of up to 8,950 km.
We found that the beaming of the S-bursts is formed on the flashlight-like structure within an east-west
beam width of 2.75" for Io-A/C, 2.63" for Io-A', and 2.75" for Io-B/D. In parallel, the flashlight-like beam
was completely filled because the results from all usable pairs of telescopes supported this model. Hence,
these beam widths directly correspond to the minimum cone thickness where a radio source emanates
over large solid angles from the same direction of Jupiter, as opposed to a localized radio source emitting
over small solid angles along active magnetic flux tubes that are tied to Io's orbital motion in Jupiter's
rotation frame (beacon-like structure). Additionally, this cross-correlation technique shows a practical
benefit of producing statistical profiles of S-bursts.

Plain Language Summary In our solar system, Jupiter is second only to the Sun in its intensity
as a radio source. One of the radio sources tied to Jovian auroras dominates at the decameter wavelength,
exhibiting fine structures (called S-bursts) in a timescale of milliseconds. While spacecraft equipped with
a low-frequency radio system is insufficient to capture S-bursts in a broad frequency bandwidth and
a long-term period, Earth-based radio telescopes offer high-resolution observations of Jovian S-bursts.
Using five world-class large radio telescopes in the United States, France, and Ukraine, we performed the
common S-burst observation campaign in 2016. We found that S-burst beaming is wide enough to cover
the maximum baseline of 8,950 km between radio telescopes in the United States and Ukraine. This result
provides a nature of Jovian S-burst beaming lasting on the order of the milliseconds.

1. Introduction
The fortuitous detection of Jovian decametric (DAM) radiation from a terrestrial observer in 1955 (Burke
& Franklin, 1955) proved the existence of magnetic fields at a planet other than Earth. The sources of
this nonthermal DAM emission are distributed along auroral magnetic field lines at emission frequencies
very close to the local gyrofrequencies via the electron cyclotron maser instability (CMI; Wu & Lee, 1979).
Jovian DAM radiation above 10 MHz is readily observed by Earth-based radio telescopes that are limited
at lower frequencies by terrestrial ionospheric conditions and radio frequency interference. This sporadic
DAM emission extends in a broad frequency range from a few to 40 MHz, reaches a flux density of 10−21 to
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10−20 W/(m2 Hz) at 4 AU, and has strongly elliptical polarization (Carr et al., 1983; Clarke et al., 2004; Zarka,
1998, and references therein).

The morphology of Jovian DAM radiation can be divided into short-burst (S-burst) and long-burst (L-burst;
Gallet, 1961). In the dynamic spectra, S-bursts present both simple and complex structures on the order of
milliseconds, appearing at narrow Io phases around 90◦ and 240◦, where the Io phase is an orbital angle
between the observer and the Jovian moon Io from superior conjunction. These specific regions originating
from these S-bursts are Io-related DAM (Io-DAM) sources owing to the intense interaction of Jupiter and Io
(Bigg, 1964). In contrast, L-bursts exhibit arc-like spectral shapes changing on timescale of seconds to min-
utes, accompanied by Faraday fringes (Warwick & Dulk, 1964), interplanetary scintillation, and modulation
lanes (Riihimaa, 1968). These L-bursts are ubiquitous at all Io phases including both Io-DAM sources and
non-Io-related DAM sources.

The Io-DAM sources comprise the right-hand polarized Io-A and Io-B sources emanating from Jupiter's
northern hemisphere and the left-hand polarized Io-C and Io-D sources from the southern hemisphere.
Jovian Io-DAM emission is the right-hand extraordinary (R-X) mode wave and has a hollow cone beam,
in which the half-angle of cone is measured between a magnetic field vector at the apex of a radio source
and the wave vector k (Dulk, 1970). This hollow cone Io-DAM emission is swept from the Io-B and Io-D
sources on the Jovian dawnside to the Io-A and Io-C sources on the duskside as viewed from Earth. Another
well-known source is the Io-A' source with the right-hand polarization similar to the Io-A source, but the
spectral morphology is different (Leblanc, 1981). This difference of the sources is easily distinguishable in
the diagram of Jovian radio occurrence probability as a function of Jupiter's System III central meridian
longitude (CML) and Io phase.

The first long baseline interferometer observation of Jovian DAM radiation was made with a narrowband
receiver at 19.6 MHz over a north-south 32.3 km baseline in 1962 (Slee & Higgins, 1963). Since then,
single-frequency long baseline analyses were performed with various baselines from 17 km through 7,500
km to constrain Jovian radio source size and beam thickness at 18 MHz (Brown et al., 1968; Carr et al.,
1970; Lynch et al., 1972, 1976; Phillips et al., 1988), 19.6 MHz (Slee & Higgins, 1966), and 34 MHz (Dulk,
1970; Dulk et al., 1967; Stannard et al., 1970). Among the earlier studies, Dulk (1970) performed the first
very long baseline interferometry (VLBI) measurements of S-bursts over a 4,300-km north-south baseline,
and Carr et al. (1970) and Lynch et al. (1976) extended to a north-south baseline up to 7,500 and 6,980 km,
respectively. They concluded that the upper bound of radio source size is either 0.1" (400 km at Jupiter) as
an incoherent source or 1" (4,000 km) as a coherent source. Also, Lynch et al. (1976) reported that the direc-
tion of arrival of the 68 S-burst analyzed is all the same within a 1.8" north-south view of the interferometers
(i.e., 1.8" minimum beaming thickness). However, the earlier studies have difficulty monitoring the spectral
variations of broad S-burst spectra over a long-term period.

With the aid of technical advances in radio arrays and wide-band receivers, high sensitivity and broad
dynamic range long baseline interferometers for Jovian S-bursts have been demonstrated with several pow-
erful radio telescopes since late 1990s (Imai et al., 2016; Lecacheux et al., 2004; Nigl et al., 2007; Rucker
et al., 2001). These radio telescopes include the UTR2 and URAN2 in Ukraine, Nançay Decameter Array
(NDA) in France, the initial test station of Low-Frequency Array (LOFAR/ITS) in the Netherlands, and Long
Wavelength Array station One (LWA1) in the United States. Rucker et al. (2001) and Lecacheux et al. (2004)
analyzed a few of the synchronized S-burst dynamic spectra from 22 to 26 MHz, finding good correlation of
the spectra between UTR2 and NDA, about 3,000 km apart. By investigating S-burst VLBI observations from
20 to 25 MHz with LOFAR/ITS and NDA, Nigl et al. (2007) showed that S-bursts have no temporal change
of high correlations and fringe visibility of 1 in a few seconds. This result was interpreted to indicate that
the S-burst sources are smaller than the angular resolution 4" (702-km distance at 25 MHz), consistent with
the previous estimate of 0.1" to 1". source size (Carr et al., 1970; Dulk, 1970; Lynch et al., 1976).

Recently, Imai et al. (2016) have, using a cross-correlation analysis, examined the lag times of a 105-min
Jovian Io-D/B S-burst event in a frequency range of 10 to 33 MHz from LWA1, NDA, and URAN2 over
effective baselines of up to 8,460 km. They found that the trend of the lag times with high correlations
between the spectra correspond to the rotational motion of the observers on Earth, not S-burst radio
sources on Jupiter, thereby constraining a minimum thickness of the emission up to 2.66". However, this
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observational result was based on only one event study and it remained a question of whether this conclusion
is widely acceptable for the other Io-DAM S-burst events.

While most of the previous studies including Imai et al. (2016) analyzed the Jovian Io-D/B radio sources
that abound with strong S-bursts, there is little information on the S-burst beaming for the other Io-DAM
sources and their statistical beam properties in wide frequencies. Each Io-DAM source exhibits different
spectral morphology, entangled with the emission beam geometry, and originates from different System
III location owing to the complex Jovian internal magnetic field model (Connerney et al., 2018). Further-
more, the Io-B and Io-D sources are located on the Jovian dawnside and the Io-A and Io-C sources are
on the duskside. Therefore, it is worth testing to measure each beam pattern and thickness by performing
the cross-correlation analysis of Jovian S-bursts commonly observed from multiple radio telescopes with
various baselines.

In this paper, we expand the cross-correlation analysis of Jovian S-burst spectrograms over effective baselines
of up to 8,950 km using the above three radio telescopes and two additional radio telescopes UTR2 and
URAN3 in Ukraine for a total of nine Jovian Io-DAM S-burst radio events in 2016. Simultaneous observations
with these two redundant radio telescopes increase a number of usable baselines (or measurable, angular
resolution for Jovian radio beam) via our two-station cross-correlation analysis. This merit allows us to
address whether the S-burst beam is filled or hollow and how wide the S-burst beam expands as viewed from
Earth. In section 2, we describe the radio receiver and antenna system for each ground-based radio station,
the methodology of the cross-correlation analysis, and its results. Section 3 presents the interpretation of the
S-burst cross-correlations and exemplifies the statistical distribution of the Io-C event in a frequency of 11 to
33 MHz. Finally, we conclude the results of the S-burst beaming studies and comment on a future prospect
with multiobservers for Jovian S-bursts in section 4.

2. Observations and Analysis
Following the successful, initial coordination of Jovian S-burst observations in 2015 (Imai et al., 2016), we
have extended coordinated Jovian radio observations with five powerful low-frequency radio telescopes in
the United States, France, and Ukraine from 15 January to 4 May 2016. These observations were also a part of
global Juno-supporting Jupiter observation campaign during its approach phase to the planet (Bolton et al.,
2017). The westernmost of the five telescopes is the LWA1 on the Plains of San Agustin, New Mexico, United
States, consisting of 256 bow tie dipoles (Ellingson et al., 2013; Taylor et al., 2012). One of the LWA1 opera-
tion modes used in this study is the DRX mode, recording the waveform at two tunings that are selectable for
each center frequency in a range of 10 to 88 MHz but fixed with a total bandwidth of 19.6 MHz (Clarke et al.,
2014). The waveform is, using the Fourier transform postprocessing, converted into the spectral data with
temporal resolution 0.8 ms and spectral resolution 4.79 kHz (Dowell et al., 2012). At the central location of
the telescopes, the NDA is located in Nançay, France, comprising 144 conical helices (Boischot et al., 1980;
Lecacheux, 2000). Various kinds of spectrometers are installed in NDA, but we use the “Routine” spectrom-
eter that covers the 100-MHz frequency band in an interval of 48.83 kHz and 5 ms. The easternmost of the
telescopes situated in Ukraine is the UTR2 in Kharkiv and two subsystems of the four URAN interferometers
(URAN2 in Poltava and URAN3 in Lviv) in descending order of a number of dipole antennas (Brazhenko
et al., 2005; Konovalenko et al., 2016). These three Ukrainian radio telescopes utilize the common DPS-Z
spectrometer (Ryabov et al., 2010; Zakharenko et al., 2016), being capable of recording a radio spectrum of
8 to 33 MHz in a 4.03-kHz interval. The temporal sampling is 0.99 ms for URAN2 and 4.96 ms for the UTR2
and URAN3. Although all radio telescopes but UTR2 have the ability to collect circular and linear polariza-
tions (Stokes V, U, and Q), we use total intensity (Stokes I) throughout this paper. During the Jovian S-burst
observation campaign, each ground-based radio station monitored the DAM emissions in overlapping fre-
quencies of 10.5 to 33 MHz with the sampling time of 0.8 to 5 ms. The locations and instrument profiles of
the five radio telescopes are summarized in Figure 1a and Table 1.

Table 2 shows the observational and geometrical properties for a total of nine Io-DAM events analyzed in
this study, containing a series of S-bursts. These events are also plotted as a function of Jovian CML and Io
phase in Figure 1b. Among them, one event was collected from all five telescopes, six events from all but
UTR2, and two events from the LWA1, NDA, and URAN2. The east-west angular size 𝜃 is a separation angle
in the east-west direction at two telescopes on Jovian CML of System III and the effective distance D is a
separation distance between two telescopes as seen from Jupiter. Given that a and b are the vectors of two
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Figure 1. (a) The geometrical configurations of the Long Wavelength Array station One (LWA1), Nançay Decameter Array (NDA), URAN3, URAN2, and UTR2
in eastern sequence. (b) Superimposed with a Jovian radio occurrence probability map at 10–40 MHz using the 13-year NDA synoptic observations (Leblanc
et al., 1981, 1983, 1989, 1990, 1993), Earth locations during nine Io-related coordinated observations in 2016 displayed as a function of Io phase and Jovian
central meridian longitude. The boundaries of the white boxes correspond to the 10% occurrence probabilities of Io-A, Io-A', Io-B, Io-C, and Io-D at 10–40 MHz
based on the 26-year observations from NDA (Marques et al., 2017).

individual telescopes to the center of Jupiter in geocentric cartesian coordinates (Earth centered, Earth fixed
coordinates),

𝜃[rad] = arcsin
(

[a,b]2|a| · |b|
)
, (1)

D = min (|a|, |b|) · 𝜃[rad] (2)

where [a,b]2 is the second component of the cross product between a and b. The largest values of 𝜃 and D
are given in a pair of either LWA1-UTR2 or LWA1-URAN2, whichever is available. During the coordinated
nine Io-DAM observations, the maximum values range from 2.42" to 2.75" for 𝜃max in arcseconds and vary
in the Dmax range of 8,560 to 8,950 km. In contrast, the minimum values are 0.01" to 0.39" for 𝜃min and 20 to
1,300 km for Dmin.

The cross-correlation analysis of the S-burst spectrograms in a short period is a powerful tool to disentangle
the beam shape and thickness (Imai et al., 2016; Lecacheux et al., 2004; Nigl et al., 2007; Rucker et al., 2001),
as opposed to the fringe visibility and phase information derived from the VLBI data analysis for estimates
of the Jovian S-burst source size (Brown et al., 1968; Carr et al., 1970; Dulk, 1970; Dulk et al., 1967; Lynch

Table 1
An Overview of Five Radio Telescopes Used in This Study

Number of antennas Operating Receivers/ Temporal Spectral Geographical Distance
Telescope × polarization frequency (MHz) modes resolution (ms) resolution (kHz) from LWA1 (km)
LWA1 256 × 2 10–88 DRXa 0.84 4.79 0
NDA 72 × 2 10–100 Routine 1.0 48.8 8,600
URAN3 256 × 2 8–33 DSP-Z 4.96 4.03 9,400
URAN2 512 × 2 8–33 DSP-Z 0.99 4.03 10,000
UTR2 (1440 + 600)b× 1 8–33 DSP-Z 4.96 4.03 10,100

Note. LWA1 = Long Wavelength Array station One; NDA = Nançay Decameter Array.
aThe DRX mode is the waveform recording, having its ability to ultimately convert into the spectrum with 0.21 ms (Dowell et al., 2012). bThe former and latter
values mean the number of dipole antennas in the north-south and west arms. In this study, we use only the west arms because such a broad antenna beam can
cover Jupiter but is less sensitive above 21 MHz at a low elevation of 9◦ to 16◦.
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Table 2
Coordinated S-Burst Observation Events Analyzed in This Study

Minimum Minimum Maximum Maximum
east-west effective east-west effective

Io-DAM Start Common angular baselineb angular baselineb

source time Duration Coordinated frequency sizeb𝜃min Dmin sizeb Dmax

region Date (UTC) (s) telescopesb (MHz) (") (km) (") 𝜃max (km)
Io-A/C 15 January 06:20:00 2,100 L, N, 16.5–33 0.14–0.11 480–380 2.54–2.50 8,910–8,790

2016 U2, and U3
Io-C 16 February 04:05:00 2,400 L, N, U2, 10.5/16.5–33c 0.02–0.01 50–20 2.74–2.69 8,950–8,780

2016 U3, and UT
Io-B 17 February 04:00:00 2,100 L, N, 20.25–33 0.15–0.12 480–380 2.73–2.69 8,900–8,790

2016 U2, and U3
Io-A/C 23 February 03:35:00 2,100 L, N, 18.25–33 0.15–0.12 480–380 2.75–2.71 8,900–8,780

2016 U2, and U3
Io-B/D 20 March 01:35:00 2,100 L, N, 20.25–33 0.15–0.12 490–390 2.75–2.72 8,880–8,790

2016 U2, and U3
Io-B 27 March 01:00:30 3,000 L, N, 20.25–33 0.16–0.11 500–360 2.73–2.68 8,870–8,710

2016 U2, and U3
Io-C 2 April 00:45:00 3,000 L, N, 18.25–33 0.15–0.10 480–330 2.70–2.63 8,870–8,620

2016 U2, and U3
Io-A' 15 April 23:40:00 3,000 L, 18.25–33 0.39–0.25 1,300–850 2.63–2.57 8,860–8,660

2016 N, and U2
Io-B 4 May 22:32:30 3,000 L, 20.25–33 0.34–0.21 1,210–750 2.50–2.42 8,850–8,560

2016 N, and U2
aL, N, U2, U3, and UT stand for the Long Wavelength Array station One (LWA1), Nançay Decameter Array (NDA), URAN2, URAN3, and UTR2 radio telescopes,
respectively. bThe east-west angular size and effective baseline are given by equations (1) and (2), respectively. The maximum values are in a pair of either
LWA1-UTR2 or LWA1-URAN2, whichever is available. Similarly, the minimum values come from a pair of URAN2-UTR2, NDA-URAN3, or NDA-URAN2.
c The lower common frequency is 16.5 MHz for the pairs of NDA-URAN3 and LWA1-URAN3, and 10.5 MHz for the other pairs.

et al., 1976; Nigl et al., 2007; Slee & Higgins, 1963, 1966). In this study, we use the cross-correlation analysis
technique described by Imai et al. (2016). First, because all spectrograms were recorded with different spec-
tral and temporal intervals for the nine Io-DAM events (Table 1), we synchronize the observed values related
to the Stokes I at every station in term of frequency and time. The intensity values are synchronized into
the common temporal resolution of 1 ms by virtue of the Catmull-Rom spline, and the mean values are cal-
culated into the common spectral resolution of 50 kHz. Second, the frequency-dependent cross-correlation
function rf is computed as

r𝑓 (𝜏) =
Px𝑦√∑

t

(
x𝑓 (t) − x̄𝑓

)2 ·
√∑

t

(
𝑦𝑓 (t) − 𝑦̄𝑓

)2
, (3)

with

Px𝑦 =
∑

t

[(
x𝑓 (t) − x̄𝑓

)
·
(
𝑦𝑓 (t + 𝜏) − 𝑦̄𝑓

)]
(𝜏 ≥ 0) (4)

=
∑

t

[(
x𝑓 (t + |𝜏|) − x̄𝑓

)
·
(
𝑦𝑓 (t) − 𝑦̄𝑓

)]
(𝜏 < 0) , (5)

where 𝜏 is shifted temporal variable (lag time), t is temporal variable in one-second period, xf and yf are
observed Stokes I for each frequency in decibels in either of the telescope pairs, and x̄𝑓 and 𝑦̄𝑓 are mean
values of xf and yf . It is important to note that a positive 𝜏 means that the time of xf is more delayed than
that of yf . The third process is to approximately correct the initial timings of UTR2, URAN2, and URAN3
using the man-made signals simultaneously detected by NDA since these timings were tagged as the DPS-Z
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Figure 2. Coordinated Jovian Io-C observation with the (a) LWA1, (b) NDA, (c) URAN2, (d) UTR2, and (e) URAN3 radio telescopes on 16 February 2016. The
1-s dynamic spectra including a train of spiky S-bursts and smooth L-bursts are depicted for (f) LWA1, (g) NDA, (h) URAN2, and (i) URAN3, and the
cross-correlation spectrum is displayed for (j) LWA1-NDA. LWA1 = Long Wavelength Array station One; NDA = Nançay Decameter Array.

clock. The DPS-Z clock signals were not properly synchronized with the GPS clock time in contrast to
the well-calibrated timings of the LWA1 and NDA. More details on this time calibration can be found in
Appendix A. After this adjustment, we deduce the mean (𝜇) and standard deviation (𝜎) of rf in 1-s peri-
ods for each frequency and impose a condition that rf of the lag time must be above the threshold of 𝜇 +
z99.5%𝜎, where z99.5% corresponds to a 99.5% confidence interval of a Gaussian distribution. This final method
reduces quasi-random background fluctuations and allows us to analyze the variations of lag times at high
rf for the purpose of measuring the S-burst beaming structures.

Figures 2a–2e outline the synchronized observations of Jupiter's Io-C radiation from LWA1, NDA, URAN2,
UTR2, and URAN3, lasting for 40 min from 04:05:00 UTC on 16 February 2016. The lowest frequency of
URAN3 was 16 MHz owing to an operation issue, but the coverage of the observed frequencies from the other
radio telescopes starts from 10 MHz. In the 1-s interval beginning from 04:27:40.0, three strong radio com-
ponents dominate in the frequency bands at 15–17 and 19–21 MHz as a train of S-bursts and at 21–24 MHz
as a group of L-bursts at LWA1 in Figure 2f, NDA in Figure 2g, URAN2 in Figure 2h, and UTR2 in Figure 2i.
Figure 2j shows an instance of the cross-correlation spectrum of these emissions from LWA1 in Figure 2f and
NDA in Figure 2g. The lag time (𝜏max) at highest cross-correlation functions ranges from −3 to −4 ms for a
train of S-bursts in 15–17 and 19–21 MHz. The values of cross-correlation functions for the former is lower
than those for the latter because of the absence of some fragments of S-bursts. The cross-correlation function
for the L-bursts between 21 and 24 MHz is low because the temporal variations of L-bursts are comparable
to those of the terrestrial ionospheric plasma medium and the interplanetary medium, thereby leading to
strongly modulated intensities at each station. This situation is in contrast to the S-bursts changing on the
order of milliseconds, which can be ignored for the slow variations of both aforementioned media.

After we repeat this computation for the entire 40-min event and average the results into a bin of 1-ms lag
time, Figure 3 shows the mean cross-correlation functions plotted as a function of lag time and elapsed
time since 04:05:00 UTC in the pairs of LWA1-NDA, LWA1-URAN3, LWA1-URAN2, and LWA1-UTR2. Also,
we exclude a bin in which the observed counts are below the points of 1% of total spectral channels in
mitigating temporal variations of the background noise. For each plot, as the elapsed time increases, the
peak of the cross-correlation functions shifts in the positive lag time. Table 3 shows the east-west angular
size and effective baseline dependance on the start and stop time of the observation. Likewise, Figure 4
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Figure 3. Mean cross-correlation functions depicted as a function of lag time and elapsed time from 04:05:00 UTC in the pairs (a, e) LWA1-NDA, (b, f)
LWA1-URAN3, (c, g) LWA1-URAN2, and (d, h) LWA1-UTR2. The white solid and dotted lines correspond to the expected delay time calculated from the
flashlight-like beaming and beacon-like beaming, respectively. LWA1 = Long Wavelength Array station One; NDA = Nançay Decameter Array.
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Table 3
East-West Angular Size and Effective Baseline for Io-C on 16 February 2016

East-west angular size 𝜃 (") Effective baseline D (km)
Telescope pair Start (04:05:00 UTC) Stop (04:45:00 UTC) Start (04:05:00 UTC) Stop (04:45:00 UTC)
URAN2-UTR2 0.02 0.01 50 20
URAN3-URAN2 0.15 0.11 480 360
URAN3-UTR2 0.16 0.12 530 390
NDA-URAN3 0.24 0.17 800 550
NDA-URAN2 0.39 0.28 1,280 910
NDA-UTR2 0.41 0.29 1,330 930
LWA1-NDA 2.33 2.40 7,620 7,840
LWA1-URAN3 2.58 2.57 8,420 8,390
LWA1-URAN2 2.72 2.68 8,900 8,750
LWA1-UTR2 2.74 2.69 8,950 8,780

Note. LWA1 = Long Wavelength Array station One; NDA = Nançay Decameter Array.

displays Io-A/C, Io-A', Io-B, Io-C, and Io-B/D events using the pair of LWA1-URAN2 and shows the similar
systematic trend as the Io-C event analysis.

3. Interpretation of Jovian S-Burst Beaming
The observed lag times can be accounted by either (1) flashlight-like or (2) beacon-like beaming of the Jovian
radio sources as demonstrated in the work of Imai et al. (2016). In both models, we consider the longitudinal
extent of these radio sources as localized within a narrow region because S-bursts are observable in a specific
configuration of Jupiter and Io as seen from an observer (i.e., the box regions of Figure 1b). Model 1 has the
radio sources distributed along a magnetic field line and emanating over large solid angles to the observer.
In model 2, the radio sources emit over small solid angles along active magnetic flux tubes that are tied to
Jupiter and Io as the planet rotates. The estimates of lag time from model 1 (𝜏1) and model 2 (𝜏2) can be
expressed as

𝜏1 = 𝜏prop + C, (6)

𝜏2 = 𝜏prop + 𝜏rot + C (7)

with C being the offset lag time, 𝜏prop being the propagation differential time between two telescopes, and
𝜏rot being the rotation lag time. The former comes from the timing corrections (Appendix A), and the latter
two can be further described as

𝜏prop = (|a| − |b|) ∕c (8)

𝜏rot =
𝜃[rad]

ΩJup − ΩIo
(9)

where c is the speed of light, the notations of a, b, and 𝜃 are the same as in equations (1) and (2), and ΩJup
(870.536◦/day) and ΩIo (203.489◦/day) are angular velocities of Jupiter's System III rotation (cf. Riddle &
Warwick, 1976) and of Io's orbital rotation (cf. Archinal et al., 2011), respectively. ΩJup − ΩIo represents
angular velocity of Io's System III rotation, thereby carrying a possible active magnetic flux tube tied to
Jupiter and Io.

Figures 3a–3d, illustrating for the Io-C S-burst event, show the mean cross-correlation functions in the range
of −150- to 150-ms lag time, overlaid as the white solid line of 𝜏1 and the white dotted line of 𝜏2. Clearly,
there are no peaks of the mean cross-correlation functions along the 𝜏2 trend but it is certain along the 𝜏1
trend even in the range between −15- and 15-ms lag time in Figures 3e–3h. Likewise, Figures 4a–4h display
eight examples, showing the white solid lines are overlapped with the peak of the mean cross-correlation
functions. Note that the gaps in the cross correlations along the 𝜏1 trend are due to either no data from the
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Figure 4. The format is the same as in Figure 3 but, in the pair of LWA1-URAN2, on (a) 15 January for Io-A/C, (b) 17 February for Io-B, (c) 23 February for
Io-A/C, (d) 20 March for Io-B/D, (e) 27 March for Io-B, (f) 2 April for Io-C, (g) 15 April for Io-A', and (h) 4 May for Io-B. Note that the white dotted lines for the
beacon-like beaming are outside of the lag time range in each plot. LWA1 = Long Wavelength Array station One.
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Figure 5. Using the cross-correlation technique, an occurrence probability
histogram of S-bursts within the Io-C source on 16 February 2016 displayed
as a function of frequency. The occurrence probabilities were integrated
over the ±1-ms lag time with respect to the estimated 𝜏1 in Figure 3. NDA
= Nançay Decameter Array; LWA1 = Long Wavelength Array station One.

LWA1 or no emissions during the observing periods. Therefore, the
results of all nine examples support the flashlight-like model and con-
strain the beaming thickness to 2.75" for Io-A/C, 2.63" for Io-A', and 2.75"
for Io-B/D in the east-west direction as viewed from Earth. Furthermore,
the lag times measured in all usable pairs support the flashlight-like beam
model, thereby leading to the conclusion that the beam was completely
filled as seen from Earth.

Although the spectral morphology and the theoretical interpretations
of S-bursts are diverse among the Io-DAM emissions, our observational
finding shows that any S-bursts ubiquitously form the flashlight-like
structure and removes the possibility of dragging active magnetic flux
tubes connecting Io and Jupiter. The Io-B and Io-C L-burst arcs show
the spectral shape like an open parenthesis, and those of Io-A, Io-A', and
Io-D exhibit like a close parenthesis (Carr et al., 1983; Marques et al.,
2017) owing to the emission beam geometry and different System III loca-
tion of each radio source along complex magnetic field lines on Jupiter's
polar regions (Connerney et al., 2018). More complicated, various kinds
of S-bursts appear in each Io-DAM spectrogram characterizing the drift
rate, emission frequency bandwidth, and interpulse intervals (Flagg et al.,
1991; Riihimaa, 1992). One of the theoretical models is that the kinetic
energy of weakly relativistic electrons is converted into the S-burst energy
via CMI as their electrons move upwards along the Io flux tubes (Ellis,
1974; Zarka et al., 1996). Another model is that phase-bunching elec-

trons nonlinearly generate phase-coherent S-bursts as the interaction region moves upward along the
active magnetic field lines near Io (Willes, 2002). The former model can only explain the simple nega-
tive drifting S-bursts, while the latter model is able to show the successful generations of both simple
and complex S-bursts. From the observational point of view, we show that the active magnetic flux tubes
are not synchronized with the motion of Io, which is a new constraint to improve further the above
theoretical modeling.

A byproduct of the S-burst cross-correlation analysis gives frequency-dependent distributions of occurrence
probability (Imai et al., 2016, 2018). Although nine Io-DAM S-burst events were examined, we focus on
the Io-C event on 16 February 2016, where all of the available radio telescopes were operated in a broad
frequency band from 10.5 to 33 MHz. While our cross-correlation analysis allows to extract coherent radi-
ation on the time scale of milliseconds from two stations, including S-bursts and man-made fine emissions
(in Appendix A), the latter can be easily removed if we use long baseline common observations with two
distant pairs. Figure 5 shows a Jovian S-burst occurrence probability histogram, in which the bars are the
integrated number of occurrences within ±1 ms of the 𝜏1 trend, organized into a 1-MHz bin from the pairs
of LWA1-NDA (orange), LWA1-UTR2 (yellow), LWA1-URAN2 (blue), and LWA1-URAN3 (purple). All pairs
except for the LWA1-UTR2 pair display three peaks at 17, 20, and 23 MHz. A lack of 23-MHz peak in the
LWA1-UTR2 pair was due to a sidelobe UTR2 beam at a low elevation of 9◦ to 16◦. The high-occurrence
probabilities at 17, 20, and 23 MHz are all S-bursts, which was supported from the Voyager radio observa-
tions of the Io-C source emissions (Leblanc & Genova, 1981). These three peak features are referred to as the
narrowband splitting events (Leblanc & Rubio, 1982) or striated spectral activities (Thieman et al., 1988).
Our cross-correlation technique clearly demonstrated an abundance of the S-burst emissions at 17, 20, and
23 MHz during the analyzed Io-C event.

4. Conclusion
This paper reports the results of the cross-correlation analysis for nine Jovian Io-related DAM S-bursts
during the observation campaign in 2016 using several radio telescopes over effective baselines of up
to 8,950 km. These telescopes include the Long Wavelength Array station One (LWA1) in the United
States, Nançay Decameter Array (NDA) in France, and three large radio telescopes (UTR2, URAN2, and
URAN3) in Ukraine. On the basis of the trend of the mean cross-correlation functions in each dis-
tant pair of the telescopes, we tested whether the S-burst beaming forms a narrow source distribution
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simultaneously coming from Jupiter in large solid angles (flashlight-like model) or a localized distribu-
tion with small solid angle directivity tied to Io's orbital motion in Jupiter's rotation frame (beacon-like
model). The results for all nine Io-related events supported the former model is more favorable than
the latter model, in agreement with Lynch et al. (1976) for the Io-B source and Imai et al. (2016) for
the Io-D/B sources. It is emphasized that the number of examined events is very limited with only one
event for Lynch et al. (1976) and (Imai et al., 2016), and it was unclear if their conclusions were gener-
ally consistent for the other cases of the Io-related events. Furthermore, according to the agreement for
the flashlight-like model with various baselines using five different distant telescopes, we concluded that
the Jovian S-burst beam was completely filled as viewed from Earth. The physical interpretation of the
flashlight-like model is that an individual S-burst beam of a source coherently remains on the order of mil-
liseconds and then completely disappears. This situation continuously repeats during the S-burst Io-DAM
events. As originally pointed out by Lynch et al. (1976), this picture is in contrast to the L-burst beam
forming as a beacon-like model, which is influenced by Io's orbital motion for Io-DAM (Kaiser et al.,
2000; Panchenko & Rucker, 2016) and Jupiter's diurnal rotation for some of non-Io-related DAM (Imai
et al., 2017).

Another benefit of this multi-instrument study provides S-burst frequency-dependent distributions isolated
from those of L-bursts and man-made noises. A conventional way to find this discrepancy is either a visual
survey of Jovian spectrograms in short periods (e.g., Flagg et al., 1991; Riihimaa, 1992) or a computer algo-
rithm to extract only simple S-bursts (Zarka et al., 1996). In this study, we applied our cross-correlation
technique for an Io-C event collected with all of the telescopes, and we found that three peaks at 17, 20,
and 23 MHz correspond to the narrow-band splitting events (Leblanc & Rubio, 1982) or striated spectral
activities (Thieman et al., 1988). Therefore, this technique is a practical tool to deepen our understanding of
S-burst source distributions.

The cross-correlation analysis yields a new constraint on the minimum cone thickness of 2.75" for Io-A/C,
2.63" for Io-A', and 2.75" for Io-B/D in the east-west direction, as opposed to the much larger L-burst thick-
ness of 1◦ (Kaiser et al., 2000; Panchenko & Rucker, 2016). This difference is not physical but an instrumental
limitation on the usable baselines on Earth, while the long baseline analyses of concurrent Jovian L-bursts
were performed by two distant spacecraft in space (Kaiser et al., 2000; Panchenko & Rucker, 2016). Interest-
ingly, the upper bound of the source size for two emissions is comparable as estimated by 20 to 400 km for
S-burst (Dulk, 1970; Zarka et al., 1996) and 70 km for L-burst (Imai et al., 1997).

Expanding the baseline beyond Earth provides a benefit to further constrain the size of the S-burst beam
thickness. For example, there are numerous conceptual or planned missions around world to deliver a
low-frequency radio system located near the Lunar orbit or on the Moon. One of them is Chinese Chang'E-4
mission, a series of the national Lunar projects, consisting of a relay satellite, a lander, and a rover (Jia et al.,
2018). The relay satellite and the lander and rover set were launched on 20 May and 7 December 2018, respec-
tively. Both the relay satellite and the lander are equipped with the low-frequency radio system that covers
the entire Jovian DAM frequencies up to 40 MHz. Taking advantage of the 400,000-km baseline between
Earth and Moon when the Earth-Jupiter distance is 4.2 AU, collecting Jovian S-bursts from Earth and Moon
will be well suited to test if the cone thickness is larger than the angular resolution of 131".

Meanwhile, the Juno spacecraft has, since its arrival at Jupiter on 5 July 2016, monitored “near-field” in
situ observations of Jovian polar auroras from a vantage point (Bolton et al., 2017; Connerney et al., 2017;
Kurth et al., 2017). The Waves instrument (Kurth et al., 2017) is one of Juno's nine on-board instruments,
specialized for observing the electric field waves from 50 Hz to 41 MHz and the magnetic field waves from
50 Hz to 20 kHz. Waves is capable of recording the time domain waveforms in a 1.3-MHz bandwidth at a
central frequency tunable above 3 MHz (tracking the local gyrofrequency based on Juno's magnetometer
(Connerney et al., 2017)), covering much of isolated groups of the S-burst radio spectrum. In concert with
Juno's Waves observations, the ground-based “far-field” wave observations have been coordinated (e.g., Imai
et al., 2017). Therefore, comparing S-bursts with Juno and ground-based radio telescopes will give an insight
into multidimensional structures of the radio source and beam, but this remains for a further study.
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Appendix A: Approximate Timing Correction of the Ukrainian Radio Telescopes
Using Man-Made Radio Signals Commonly Recorded With NDA in France
To estimate the S-burst beam characteristics, it is imperative that all coordinated radio telescopes be pre-
cisely calibrated in time. The modern radio telescopes like LWA1 and NDA implement the GPS clock time
to adjust their samples of records with an accuracy of better than 1 ms. In contrast, the Ukrainian radio
telescopes (UTR2, URAN2, and URAN3) record the observed signals with the DSP-Z receiver time, not the
GPS synchronized clock time in 2016. On Earth, the man-made signals are prevalent in the lower-frequency
range below 40 MHz, which are simultaneously detected by NDA, another European radio station used in
this study. Figure A1 illustrates a typical example of the man-made signals in the spectrograms of NDA
and URAN2. The dual sweeping signals originate from the European Ionosonde stations. Assuming the
ionospheric soundings from the 10 operating Ionosondes in Europe (Belehaki et al., 2015), the expected
delay time varies from 1 to 8 ms. Another modulated man-made intensity signal appears at 10.3 MHz,
which has a similar amount of propagation lag time. This example shows the lag time of 0.204 s at the
peak of the cross-correlation function. Since the receiver time is also drifting in time, the lag time at the
high cross-correlation function shows the linear trend, so that we can model this lag time tendency by
constraining it with a least squares method. This was done for UTR2 and URAN3.

After this time adjustment, Figure A2 shows a result of the cross-correlation analysis for the Io-C event in
the pairs of NDA-URAN3, NDA-URAN2, NDA-UTR2, URAN2-UTR2, URAN3-URAN2, and URAN3-UTR2
as a function of lag time and elapsed time from 04:05:00 UTC on 16 February 2016. The peak of the
mean cross-correlation functions including the Jovian S-burst time evolution clearly shows a linear trend
around 0-ms lag time. It is important to note that Figure A2 can be tested to disentangle two kinds of
Jovian radio beaming as discussed in section 3. For all plots besides A2d, the white solid line from the
flashlight-like model gives reasonable fits with the observed lag time in contrast to the white dotted line
from the beacon-like model. Because the lag times estimated from both models in Figure A2d are very close
each other around 0-ms lag time, this plot alone is unable to show which model is superior. However, owing
to the favorable flashlight-like model from the other plots of Figure A2, the beam is larger than a 0.01–0.41"
east-west view of the telescopes according to Table 3, consistent with 2.74" in the longest baseline pair of
LWA1-UTR2 in Figure 3.

Figure A1. Synchronized spectrograms of man-made signals from (a) NDA and (b) URAN2 on 16 February 2016.
There are two sweeping signals from the European Ionosonde stations and artificial intensity modulation at 10.3 MHz.
(c) The cross-correlation spectrum of NDA-URAN2 is depicted as a function of lag time and frequency. NDA = Nançay
Decameter Array.
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Figure A2. The format is the same as Figures 3e–3h but in the pairs of (a) NDA-URAN3, (b) NDA-URAN2, (c)
NDA-UTR2, (d) URAN2-UTR2, (e) URAN3-URAN2, and (f) URAN3-UTR2. NDA = Nançay Decameter Array.
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