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ABSTRACT

On 2015 February 21, simultaneous observations of Jupiter’s decametric radio emission between 10
and 33 MHz were carried out using three powerful low-frequency radio telescopes: Long Wavelength
Array Station One (LWA1) in USA; Nangay Decameter Array (NDA) in France; and URAN2 telescope
in Ukraine. We measure lag times of short-bursts (S-bursts) for 105-minutes of data over effective
baselines up to 8460 km by using cross-correlation analysis of the spectrograms from each instru-
ment. Of particular interest is the measurement of the beaming thickness of S-bursts, testing if either
flashlight- or beacon-like beaming is emanating from Jupiter. We find that the lag times for all pairs
drift slightly as time elapses, in agreement with expectations from the flashlight-like beaming model.
This leads to a new constraint of the minimum beaming thickness of 2.66”. Also, we find that most
of the analyzed data abound with S-bursts, whose occurrence probability peaks at 17-18 MHz.

Keywords: planets and satellites: individual(Jupiter) — plasmas — radiation mechanisms: non-
thermal — techniques: interferometric

1. INTRODUCTION

Among the planetary auroral radio components in
our solar system, Jupiter’s decametric (DAM) radiation
dominates, having the strongest flux density up to 10~*°
W/(m? - Hz) in a frequency range from a few to 40 MHz
(Zarka 1998; Clarke et al. 2004, and references therein).
Ground-based radio telescopes are limited to observa-
tions above 10 MHz due to the effects of the Earth’s iono-
sphere. Jovian nonthermal DAM radio emission abounds
with various kinds of complex frequency structures on the
order of milliseconds to tens of seconds (Gallet 1961).
These may be classified as short-bursts (abbreviated as
S-bursts), which change on a time scale of milliseconds,
and long-bursts (abbreviated as L-bursts), which vary
with a temporal change of seconds. The latter can be
widely observed in all of Jovian DAM spectrum, while
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the former is seen in a part of the DAM spectrum clas-
sified as Io-related DAM (Io-DAM) because of a strong
influence of the Galilean moon Io (Bigg 1964).

Earth-based radio observatories detect the Io-DAM
hollow cone emissions (Dulk 1970) when the cones are
centered on the Jovian dawn and dusk sides; the for-
mer is further classified as Io-B and -D, and the latter
as lo-A and -C. These cone emissions result from the
electron cyclotron maser instability (Treumann 2006),
where the wave-particle interaction in the strong magne-
tized plasma of Jupiter’s poles produces the right-hand
extraordinary (R-X) mode radiation near the electron
gyrofrequency. Therefore, the sources of the Io-A and
-B and of the Io-C and -D are believed to be located in
Jovian northern and southern polar regions, respectively.

Long baseline analyses of common Jovian S-bursts
have been carried out, using various baselines from 1200
to 6980 km and frequency coverages of 18 to 34 MHz
(Dulk 1970; Lynch et al. 1976; Rucker et al. 2001;
Lecacheux et al. 2004). Dulk (1970) first attempted to
measure the arrival time of S-bursts at 34 MHz using
two 0.31-second sections in one Io-B S-burst event from
radio telescopes in Boulder, Colorado, and Clark Lake,
California (i.e. 1200 km east-west baseline). The accu-
racy of observed data was about 0.1 ms as allowed by
the National Bureau of Standards master clock. As a
result, the observed differential delay was 2.1 ms, com-
pared with the expectation of propagation delay of 1.5
ms. He concluded that the final delay time was less than
one-tenth of a delay caused by a rotating, coherent source
at Jupiter, whose size was inferred by him with an up-
per limit of 4000 km. The results were inconclusive due
to the small number of S-bursts used, the short baseline
and the low time accuracy of the timing.

Later Lynch et al. (1976) analyzed a 6-second period of
a train of 68 S-bursts over a 6980 km north-south base-
line in a narrow band around 18 MHz. The S-bursts used
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Figure 1. Coordinated LWA1-NDA-URAN?2 observations of Jupiter’s Io-D/B event on 21 February 2015. The frequency-time plots used
in this study are depicted for (a) LWA1, (b) NDA, and (c) URANZ2 radio telescopes. Also, the one-second dynamic spectra containing a
train of S-bursts are displayed for (d) LWA1 and (e) NDA, and the cross-correlated spectrum is plotted for (f) LWA1-NDA.

in their study were observed from an Io-B source with a The data obtained by three radio arrays have a higher
high temporal resolution of 60 microseconds. They con- signal-to-noise ratio with an overlapping wide frequency
cluded that all of them were simultaneously emanated coverage of 10.2 to 33 MHz. We measure an angular size
from Jupiter within a north-south view of about 1.8”. of the beam of 2.66”, thereby suggesting this cone thick-
This is counter to a sweeping beam (or beacon-like beam- ness along the east-west direction. Also, new statistical
ing in Section 3), which removes possible explanations S-bursts properties regarding the observed frequency are
due to Jupiter’s diurnal rotation, Io’s orbital motion, a investigated.

beam fixed to the flux tube that has a component of mo-

tion due to a rapid change of ionospheric drag from night 2. DATA AND OBSERVATIONS

to daytime conditions, and a beam emitted by a group

of radiating electrons moving upward along a curved flux The simultaneous observations of Jovian radi(_) bursts
tube. were made at the Long Wavelength Array Station One

(LWA1) on the Plains of San Agustin, New Mexico,
USA, at the Nangay Decameter Array (NDA) in Nancay,
France, and at the URAN2 radio telescope in Poltava,

In contrast to the single spectral channel monitoring,
the synchronized Jovian S-bursts observations with a

wide frequency band from 22 to 26 MHz were done be- - .
tween radio telescopes in Nancay, France, and Kharkiv, Ukraine. All of the three radio telescopes are capable of

Ukraine, over a 3000-km east-west baseline (Rucker et al. measuring the full Stokes parameters, but only the Stokes
2001; Lecacheux et al. 2004). The accuracy of recorded [is used in this study. A number of antennas, respec-
time is based on the GPS synchronized clock time. tively, comprise 256 bow-tie dipoles for LWA1 (Elling-
Rucker et al. (2001) analyzed two synchronized Jovian son et al. 2013), 144 conical helices for NDA (Bmschot
Io-B S-bursts (a 40-second separation with a common 100 et al. 1980; Lecacheux 2000), and 512 crossed-dipoles for
ms sampling and a 2-second separation with the tempo- URAN2 (Brazhenko et al. 2005). The DRX mode from
ral resolutions of 2 ms for Nangay and 6 ms for Kharkiv), LWAT is capable of recording the time-waveform at two
showing that the first high peaks remain at 0 ms lag time tunings centered at 20 and 28 MHz with a total band-
but the second peaks extend up to +60 ms, which may width of 19.6 MHz each (Clar}{e et al. 2014). Per the
be repetition rates of the S-bursts. Likewise, Lecacheux Fourier transform post-processing (Dowgll et al. 2012),
et al. (2004) investigated one synchronized S-burst event the spectral data used in this study having a frequency
between 23 and 24.5 MHz with 2 ms for Nancay and coverage of 10.2 to 37.8 MHz with temporal resolution
6 ms for Kharkiv in a 1.2 second period, finding that 4.8 s and spectral resolution 4.79 kHz. The “Rou-
the peak of cross-correlation shows around 0 ms time tine” spectrometer installed at NDA provided spectro-
lag. However, the S-burst was not well-discriminated be- grams of the first 100 MHz frequency band, sampled ev-
tween two different wavefront arrival times because of ery 48.83 kHz and 5 ms steps in frequency and time,
both the accuracy of temporal sampling and relatively respectively. The digital spectrometer DSP-Z (Ryabov
short baseline. et al. 2010) employed in URAN?2 monitored the frequency
The purpose of this paper is to revisit this topic and coverage of 8.25 to 33 MHz with a 4.03 kHz step, mea-
present the results of a detailed cross-correlation anal- suring the sample interval of 20.1 ms. Overall, the over-
ysis of Jovian S-bursts in a 105-minute duration obser- lapping frequency of LWA1/DRX, NDA /Routine, and
vation obtained using three interferometers spanning a URAN2/DSP-Z ranges from 10.2 to 3?’ MH?a which cov-
maximum east-west baseline of 8460 km compared to ers most of the full spectra of Juplter s radio bursjcs.
a larger north-south baseline of 6980 km (Lynch et al. Figures la-lc show the overview of the coordinated
1976) and to a 3000 km east-west baseline (Rucker et al. LWAI-NDA-URAN2 observations, which consist of both

2001; Lecacheux et al. 2004). The S-bursts used in this L- and S-bursts with a duration of 1 hour and 45 min-
study are detected from an Io-D/B source in contrast utes starting at 02:00:30 UT on 2015 February 21. The

to mostly Io-B sources analyzed in the previous studies. Jovian central meridian longitude (CML) ranged from
91.5° to 155.0° and Io was at 86.5°-101.4° from supe-
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Table 1
East-West Angular Size and Effective Baseline During the Analyzed Time

Telescope Pair
Start (02:00:30 UT)

East-West Angular Size ()
Stop (03:45:30 UT)  Start (02:00:30 UT)

Effective Baseline (km) P
Stop (03:45:30 UT)

NDA-URAN2¢ 0.30 —0.02
LWA1-NDA 4 2.36 2.32
LWA1-URAN2 2.66 2.21

960 56.9
7500 7090
8460 7040

a The east-west angular size is defined as a separation angle in the east-west direction at the same

distances of two stations as viewed from Jupiter.

b The effective baseline is defined as a distance projected on Jovian CML of System III.
¢ The effective baseline and angular size are zero at 03:39:47 UT.
4 The maximum angular size appears as 2.37” at 02:26:04 UT, which corresponds to 7540 km

baseline.

rior geocentric conjunction. Concerning the three possi-
ble telescope pairs, the NDA-URAN2, LWA1-NDA, and
LWA1-URAN2 pairs, the angular size of the resulting
beam in the east-west direction and effective baseline are
listed in Table 1. In short, the effective baseline ranges
from 0 to 8460 km along which the east-west angular size
varies, as viewed from Jupiter, from —0.02” to 2.66”. The
same Jovian Io-D/B structures were detected by all the
radio telescopes. Note that two vertical lines in Figure
1b correspond to the hourly-routine calibration signals.

3. ANALYSIS AND BEAMING

Although the Very Long Baseline Interferometry
(VLBI) method was applied to Jupiter’s S-bursts (Dulk
1970; Lynch et al. 1976), the cross-correlation analysis
of the S-burst dynamic spectrum in a few second period
was performed by Rucker et al. (2001) and Lecacheux
et al. (2004). Briefly, one of the differences is that the
data format for the VLBI method are stored with wave-
form voltage induced from the antennas and the dy-
namic spectrum data are Fourier-transformed spectral
data (i.e. Stokes I) derived from the VLBI data. In this
study, we have extended the cross-correlation analysis to
the LWA1-NDA-URAN2 spectrograms with which the
sampling step varies with both temporal and spectral
resolution.

In the resampling process, we average the observed val-
ues related to the Stokes I at each station over a spectral
resolution of 50 kHz, and then resample the obtained
values with a common fixed temporal resolution of 1 ms
by means of a cubic interpolation called the Catmull-
Rom spline. We compute the frequency-dependent cross-
correlation function 7y, which can be described as

(1) = Loy
¢Z (s (1) — 27)° \/Z s (1) - 75)?

with
Poy=> [(xs (1) = 25) - (ys (t+7) — gp)] (7 > 0) (2)

(1)

=> My (¢ +Ir) =25) - (v () = Gp)] (7 <0)
(3)

where the variables are defined as follows: 7, shifted tem-
poral variable (lag time); t, temporal variable in one-
second period; z; and y¢, observed Stokes I for each

frequency in dB in a pair of either NDA-URAN2, LWA1-
NDA, or LWA1-URANZ2; and Z; and g, mean values of
z¢ and y¢. Note that a positive 7 is when the time of z
is more delayed than the time of y; and vice versa.

Measuring accurate arriving times at each station is
a key to extract a nature of the S-bursts. The LWA1
and NDA recorded the timing (inserted from GPS syn-
chronized clock time) and sampled a constant tempo-
ral cycle with an accuracy of better than 1 ms. How-
ever the URAN2’s initial timing was compromised due
to set-up not being on GPS but DPS-Z internal time.
In order to approximately correct the URAN2’s timing,
we have cross-correlated the NDA and URAN2 artificial-
noise-free spectrograms from 10.20 to 10.45 MHz in a
50 kHz interval. This contains approximately the same
amount of propagation lag time, about a few milliseconds
from both Jovian S-bursts and the sweeping signals from
the European Ionosonde stations (Belehaki et al. 2006).
After adjusting the corrected lag time for the URAN2
data, we investigate the trend of lag times in a pair of
the NDA-URAN2, LWA1-NDA, and LWA1-URAN2 in a
wide frequency range of 10-33 MHz.

An example of the cross-correlation spectrum is shown
in Figure 1f by cross-correlating the dominant intensity
of S-bursts from LWAT1 in Figure 1d and NDA in Figure
le. In this case, the lag time (7iax) is 4 ms when the
cross-correlation functions are highest. We have applied
this technique to find 7iyax, and the mean (u) and stan-
dard deviation (o) of r¢ in one-second periods for each
frequency; the total number of computations for 7.y
amount to about seventeen-billion points (more precisely,
457 spectral channels x 6300 one-second periods x 1999
one-millisecond lag time steps x 3 telescope pairs). Note
that, in order to discard quasi-random background fluc-
tuations, we keep datum points only if r¢ of the lag time
is above the threshold of p + 299 50,0, where zg9 59 is a
99.5% confidence interval of a Gaussian distribution.

After collecting representative lag times and corre-
sponding cross-correlation functions for each frequency
in a bin of 1 ms, we compute the mean cross-correlation
functions in each bin that are defined by a sum of cross-
correlation functions over a total number of observed
counts. In order to remove temporal changes in data re-
ception, we impose a condition where the observed counts
in a bin are above 4 points (1% of total spectral chan-
nels). Figure 2 shows a final form of the mean cross-
correlation functions depicted as a function of elapsed
time from 02:00:30 UT and lag time.

In accounting for the observed lag times, we may test
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the validation of two different beaming models either (1)
flashlight-like or (2) beacon-like beaming as drawn in
Figure 3. In the case of model 1, the radio sources at
Jupiter are located in a wide longitude and isotropically
emitted toward the observers, while model 2 means that
the sources are localized in specific longitudes, rotating
in longitude about the Jovian magnetic axis. In order
to distinguish these two models, it is convenient to com-
pute the propagation differential time vector Tprop be-
tween two stations and the rotation lag time vector Tyot,
where each vector composes three independent compo-
nents from the NDA-URAN2, LWA1-NDA, and LWA1-
URAN2 pairs in sequence. Therefore, we may describe

NDA-URAN2 (10-33 MHz) ~ LWA1-NDA (10-33 MHz)  LWA1-URAN2 (10-33 MHz)
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Figure 2. Mean cross-correlation functions from 10.2 to 33 MHz
in a pair of (a, d) NDA-URAN2, (b, ¢) LWAI-NDA, and (c, f)
LWA1-URAN?2 plotted as a function of lag time and elapsed time
from 02:00:30 UT. The white solid and dotted lines indicate the
expected delay time deduced from the flashlight-like beaming and
beacon-like beaming, respectively. The lag times when the high
mean cross-correlation functions are exhibited are clearly fitted
with the expected time for the flashlight-like beaming model. The
two yellow lines are the error range of £2.5 ms for (b, e) and of +5
ms for (c, f).

(b) Flashlight-like Beaming (c) Beacon-like Beaming

Figure 3. (a) 3D computer graphic (CG) image of Jovian Io-B
beaming at Jupiter and schematics of (b) flashlight-like and (c)
beacon-like beaming models at Earth. In the case of Io-D, because
the generated radio sources are located in southern hemisphere of
Jupiter, the beaming geometry is reverse of (a), but (b) and (c)
are the exactly same configuration from a view of Earth.

the estimated lag time of model 1 (77) and model 2 (72)
as

T1="Tprop + C, (4)

T2 = Tprop + Trot + C7 (5)
where C' is the offset lag time vector and, when ngp
is the propagation differential time of the NDA-URAN2
pair, it is equal to [—7]5, 15, 15 — 7500 | in ms. This
is because we approximately corrected the same time at
NDA and URAN2 and intentionally inserted positive 15
ms lag time to the LWA1 time stamp. The trend of 7
and 79 are superimposed as the white solid and dotted
lines, respectively, in Figure 2. The white solid lines
reasonably fit to the trend of the lag time when the mean
cross-correlation functions are relatively high. There is
a small scattered area in the initial phase of the LWA1-
URAN2 pair in Figure 2e until 02:04 UT with the angular
size of 2.66”. This is due to relatively high background
noise after the sunset on the LWAT1 site. Therefore, it is
straightforward to conclude that the emission beam has
a minimum beaming thickness of 2.66” in the east-west
direction projected on Jupiter.

It is important to note that the sharp peak of the mean
cross-correlation functions appears at 0 ms lag time be-
cause of similar long-scale fluctuation of the background
noises (such as artificial interference and Jovian L-bursts)
but the occurrence probability of the background noises
is less than 4 % of the total observed time. Nevertheless,
these long-scale effects may be easily removed for the S-
burst’s analysis if we purposely add adequate offset lag
time in either pair of telescopes (i.e. our case was positive
15 ms for the LWA1 data).

In qualitatively estimating the occurrence of S-bursts
within the To-D/B, we integrate a number of occurrences
appearing in the surrounded area of yellow lines for £2.5
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Figure 4. Histogram of occurrence probability of S-bursts within
the Io-D/B (i.e. integrated number of occurrences in the sur-
rounded yellow lines of Figure 2) based on the cross-correlation
analysis plotted as a function of frequency.

ms of the LWAI-NDA and for +5 ms of the LWAI1-
URAN2. Figure 4 shows a plot of the occurrence proba-
bility histogram as a function of observed frequency in a
pair of LWA1-NDA (orange) and LWA1-URAN2 (blue).
The yellow lines in Figure 2 are reflected with the accu-
mulated technical error of timing. The occurrence prob-
ability tends to rapidly increase from 10 to 17-18 MHz
and then gradually decrease to 33 MHz. This may result
from the fact that the low-frequency part corresponds to
the Io-D S-bursts and the high-frequency part dominates
within the Io-B S-bursts. Conventionally, the discrimina-
tion between S- and L-bursts are made by inspecting the
observed dynamic spectrum by eye (e.g. Rithimaa 1992;
Flagg et al. 1991; Ryabov et al. 2014) or only in the in-
dividual S-burst case by computer (Zarka et al. 1996),
while our cross-correlation method is simple but efficient
to estimate occurrence probability for S-bursts, which
includes both simple and complex spectral variation.

4. CONCLUSIONS

In this paper we report the continuous appearance of
S-bursts in a wide frequency band of 10 to 33 MHz over
east-west baselines from 0 to 8460 km with the combi-
nation of three radio telescopes, namely, the LWA1 in
USA, the NDA in France, and the URAN2 in Ukraine.
By taking into account the angular size of each pair for
the common S-bursts, the beaming tends to come from
the same direction of Jupiter with a minimum cone thick-
ness of 2.66”. In other words, in using an upper limit to
the east-west beaming width of 2.66”, we find that the
sweeping beam (or beacon-like beaming) is unfavorable,
in agreement with Lynch et al. (1976) who measured the
north-south beaming width of 1.8”. Furthermore, the
technique of cross-correlating spectral density obtained
from multiple stations used in this study also yields a

practical benefit of producing the statistical profiles of S-
bursts. We find that the occurrence probability is highest
at 17-18 MHz.

Many theoretical studies concerning the generation of
Jovian S-bursts consider different wave-particle interac-
tions that occur along the Io flux tube (c.f. Ryabov
et al. 2014). In the individual S-burst, the most ac-
cepted theory is that a group of upward-moving electrons
acts an adiabatic motion along the active magnetic field
lines near Io, thereby converting released energy into S-
bursts via the electron cyclotron maser instability (Zarka
et al. 1996). Our result from one observing direction
implies two kinds of possible scenarios of S-burst mecha-
nism. First case is the short duration of radiation having
isotropic wide beaming. Second case is the long duration
of radio emission with a confined narrow beam, thereby
suggesting that the beam size depends upon an observed
event’s duration and the rotation period of the bodies
of interest such as Io and Jupiter. By comparing the
measurements of the wavefront arrival times from several
observing directions, the ambiguity of two cases can be
solved. Thus, our proposed cross-correlation method ap-
plied to more combined and extended observations with
distant telescopes, may provide an insight into a better
understanding of the S-burst mechanism.
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