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Abstract

The information about Jupiter’s decametric radio source locations is a very im-
portant key to understand the emission mechanism. By using the modulation lanes
in the dynamic spectra of Jupiter’s decametric emissions we developed a remote
sensing tool to investigate Jupiter’s radio source locations. This modulation lane
method provides a very unique opportunity to know the source locations. Recently
we have used it with data taken by the Long Wavelength Array Station 1 (LWA1).
The high sensitivity of the LWA1 allows us to measure the slope of the modulation
lanes more precisely for many Io–related sources in comparison to previous observa-
tions. The source locations and beam parameters can be calculated by these slope
measurements. In this analysis we found the existence of two independent radio
sources in the case of Io-C and Io-B events. We named the new components Io-C’
(Io-C–prime) and Io-B’ (Io-B–prime).

1 Introduction

Although there is a long history of Jupiter radio observations since the discovery in 1955
[Burke and Franklin, 1955], the emission mechanism of Jupiter’s decametric radiation
is not yet completely understood. The observed emission probability is correlated with
the central meridian longitude (CML) of System III. Three main CML regions where
the probability of detection is greatest have been identified and designated as sources A,
B, and C [Carr et al., 1961]. It is known that the emission is elliptically or circularly
polarized, in the right-hand sense for sources A and B, and often in the left-hand sense
for source C. This decameter radio emission (DAM) is believed to be radiated in the
R-X mode (right hand polarized extraordinary wave) at a frequency just above the local
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electron gyrofrequency (see, for example, Carr and Desch [1976], Carr et al. [1983], Zarka
[1998], and references therein). Therefore, the sources A and B are considered to be
located in the northern auroral zone and the source C in the southern auroral zone. The
three principal source regions A, B, and C have both Io–controlled and Io–independent
components. The Jovian radio sources Io-A, Io-B, Io-C, non-Io-A, non-Io-B, and non-Io-C
are defined by their locations on the CML versus Io phase (the angle of Io with respect
to superior geocentric conjunction) plane [Carr and Desch, 1976]. Later the Io-D source
was also identified to be left-hand circularly polarized from the summary of Carr et al.
[1983].

The modulation lanes in the dynamic spectra of Jupiter’s decametric radio emissions were
discovered by Riihimaa [1968]. At frequencies in the vicinity of 22 MHz, most modulation
lane patterns have frequency–time slopes between +100 and +180 kHz/sec for Io-B storms
and between −90 and −150 kHz/sec for Io-A storms. The lanes generally display a strong
periodicity in time, with periods ranging from about 1 to 5 s and an average of about 2 s.
We developed a model for the mechanism responsible for their production to provide a
very close fit with the observations for the first time [Imai et al., 1992a; 1992b; 1997]. In
this model, the slope of the modulation lanes provides important information to know the
radio source locations. By using the measured slope of modulation lanes it is possible to
make calculations of the source locations based on Jupiter’s magnetic field model. This
remote sensing tool is called the modulation lane method [Imai et al., 2001; 2002; 2006].

The Long Wavelength Array (LWA) is a low-frequency radio telescope designed to produce
high sensitivity, high resolution spectra in the frequency range of 10–88 MHz. The Long
Wavelength Array Station 1 (LWA1) is the first LWA station completed in April 2011,
and it is located near the VLA site in New Mexico, USA. LWA1 consists of a 256 element
array operating as a single–station telescope. The sensitivity of the LWA1, combined with
the low radio frequency interference environment, allows us to observe the fine structure
of Jupiter’s decametric modulation lanes [Clarke et al., 2014]. Using newly available wide
band modulation lane data observed by LWA1, we calculated source locations and beam
parameters based on the modulation lane method.

2 Radio source parameters

It is generally agreed that Jupiter’s decametric radiation is emitted into a thin conical
sheet that is more or less in the form of a hollow cone. It is composed of ray vectors
making angles somewhat less than 90◦ with respect to the magnetic field in the region.
As shown in Figure 1, Io-B activity is observed when one limb of the hollow cone intersects
the Earth direction, and Io-A when the other limb of the cone is toward Earth.

Two conditions for emission to occur are: a) the emitting region near the foot of the
flux tube passing through it must have received Alfvén wave energy introduced earlier by
magnetospheric corotation past Io, and b) this emitting region must lie within the so-called
active longitude zone centered near the longitude of the Jovian north or south magnetic
pole. As magnetic field lines sweep by Io in succession, the resulting Alfvén wave energy
introduced into them propagates down to the emission region, so that the emission process
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Figure 1: Source parameters of Jupiter’s decametric radio emissions in the case of Io-B source
geometry. IFT and PEFT are the abbreviations for Io flux tube and previously energized flux
tube, respectively.

Figure 2: Geometry of Io-B source in a section through the Jovian equator. The figure shows
the geometrical parameters of lead angle α, source longitude θ, and cone half-angle β.

continues until the boundary of the active longitude zone has been crossed. Thus, as long
as the radio emitting region is active, its Jovian longitude leads the sub-Io longitude
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(Jovian System III longitude of Io’s position) by an approximate fixed amount. The value
of this lead angle has not been directly measured because of the lack of knowledge of the
mean velocity of the Alfvén waves in the Io flux tubes.

As shown in Figure 1, we refer to the flux tube passing through Io at a given time as
the Io flux tube (IFT), and to the flux tube from the foot of which radiation is being
emitted at the same time as the previously energized flux tube (PEFT). Figure 2 shows
the lead angle α between IFT and PEFT. λIII (synonymous with CML) is the Jovian
west longitude of the central meridian of the planet as viewed from Earth. The longitude
of Io is λIo. Angle θ is the longitude of the intersection of the active magnetic flux tube
with the equatorial plane. The orbital phase of Io from superior geocentric conjunction is
φIo. Once the location of the source (θ) is found, we determine the cone half-angle β as
the angle between the direction tangent to the magnetic field line at the source and the
direction to Earth as seen from the source.

3 Modulation lane method

The details of the modulation lane method are described by Imai et al. [1997; 2002; 2006].
In this section we briefly review this modulation lane method. In Figure 3 (left), we show
a geometry of our modulation lane model for the Io-B source. We consider a grid–like
interference screen composed of field-aligned columns of enhanced or depleted plasma
density located along the longitudinal direction near satellite Io’s orbit which is close to
the high density part of Io Plasma Torus (Region of the Io Plasma Ribbon [Schneider and
Trauger, 1995]).

Figure 3: Left: Geometry of our modulation lane model for the case of the Io-B source. The
indicated column spacings in the interference screen are an idealized model; they don’t represent
a real scale size. Right: Diagram illustrating the origin of the slope of a modulation lane for
Io-B. This plot is a projection on a plane perpendicular to the ray to Earth.

Figure 3 (right) shows two points on the active flux tube (PEFT) from which radiation
is being emitted at the frequencies fh and fl, where fh is the higher frequency. We define
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the positive x direction to be perpendicular to the line of sight to Earth and parallel to
the Jovian equator, in the direction of increasing System III (west) longitude. Let the
x coordinates of the above two points be xh and xl, respectively. The angular velocity
of the plasma column system with respect to the radio source is (vc − vs)/r, where vs
and vc are the x-components of the velocities of the radio source and the plasma columns
located between it and Earth, and r is the distance from the source to the columns. The
frequency–time slope of a modulation lane over the frequency interval between fl at tl
and fh at th is defined to be SL = (fh − fl)/(th − tl). Since th > tl for Io-B modulation
lanes and th < tl for Io-A, SL is positive for the former and negative for the latter. The
frequency–time slope equation can be written in the form

SL = −(vc − vs) (fh − fl)

(xh − xl)
. (1)

This equation is used in the generation of modeled modulation lanes for comparison with
observed data. The detail of this computer simulation is explained in Imai et al. [2002].

Figure 4 shows the wide band Io-B modulation lanes observed by LWA1. The frequency–
time slope is positive, and the lane curvature is apparent. Major modulation lanes can
be seen cutting across the minor lanes which have opposite slope and more irregular
structure.

Figure 4: Wide band modulation lanes of the Io-B source from 12 MHz to 34 MHz observed
by LWA1 on 30 December, 2013 from 10:15 to 10:19 UT. The blue scale shows Stokes I power
spectral density in arbitrary units.
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This event was very unique showing curved modulation lanes over a 22 MHz frequency
bandwidth from 12 MHz to 34 MHz. By using our modulation lane method based on
Equation (1) we can calculate these curved modulation lanes to fit the observed ones
with specific lead angle α. This is called the curvature fitting method which is the most
accurate way to determine the value of the lead angle α (see Figure 4, Imai et al. [2002]).
However these wide band modulation lanes are not commonly observed. Thus we usually
measure the slope with a 1 MHz bandwidth and then we determine the most probable
value of the lead angle α to fit the value of the slope based on Equation (1).

Table 1: Measured slope and derived source parameters using different magnetic field models.

VIP4 VIPAL O6
Slope α θ β α θ β α θ β

130 kHz/s 56◦ 170◦ 58◦ 54◦ 172◦ 56◦ 58◦ 168◦ 55◦

118 kHz/s 49◦ 177◦ 61◦ 47◦ 179◦ 59◦ 52◦ 174◦ 58◦

106 kHz/s 39◦ 187◦ 67◦ 36◦ 190◦ 65◦ 43◦ 183◦ 62◦

In the case of Figure 4 we measured the value of the slope of the modulation lanes as
118 kHz/s centered at 23 MHz with 1 MHz bandwidth. We used these data to check
the accuracy and the dependence on the Jovian magnetic field model. Table 1 shows the
measured slope and the derived source parameters using different magnetic field models,
like VIP4, VIPAL, and O6. We can usually measure the slope within 10% accuracy;
therefore, we also added the values of 130 kHz/s (+10%) and 106 kHz/s (−10%) into
Table 1.

By using the VIP4 Jovian magnetic field model we derived the source parameters as the
lead angle α=49◦, the source longitude θ=177◦, and cone half-angle β=61◦. From Table 1
we understand these derived values have no significant difference with different magnetic
field models and the deviations of the derived values with ±10% slope reading accuracy
can be estimated. As long as we use the same Jovian magnetic field model to derive
the source parameters, we can conduct the systematic investigation of the radio source
locations.

In case of the modulation lane method, the lead angle is a free parameter to fit the slope
of the modulation lanes. Our results [Imai et al., 1997] show the lead angle is usually
variable and the cone half-angle is almost fixed for the case of Io-B and Io-A sources. The
range of the lead angle value of Io-B and Io-A sources are from 30◦ to 70◦ and 0◦ to 50◦,
respectively [see Table 1, Imai et al., 1997]. Leblanc et al. [1994] concluded that the lead
angle is 16◦ to 42◦ for the Io-B source based on the polarization measurements which were
made by a very different method. The derived lead angle by Hess at al. [2010] was about
0 to 10◦ for Io-C and Io-D arcs. It was based on the comparison between the observed
arc structures of the Jovian dynamic spectra and the modeled arc calculated by a loss
cone driven electron cyclotron maser instability theory. In this approach they used the
theoretical beaming angle profile to fit the arc structure. In our case we consider a simple
geometrical radio ray direction. So far the lead angle values obtained by several authors
are not in good agreement.
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4 Io-C source morphology

Figure 5 shows a typical dynamic spectrum of the Io-C source emission observed by
LWA1. In case of Io-C we sometimes see mixed polarization components with left-hand
polarization (LH: blue) and right-hand polarization (RH: red). In Figure 5 it is very clear
that the CML range of Io-C LH component is from 230◦ to 340◦ at 13 MHz. The peak
frequency is about 24 MHz at approximately 290◦ CML.

Figure 5: Jupiter Io-A/Io-C emission on 1 December, 2012 beginning at 08:14 UT. Io-A (Part
1) and Io-C (Part 2) are right-hand circularly polarized (red) and Io-C (Part 3) is left-hand
circularly polarized (blue). The 5-hour observation shows a frequency range from 10 to 37 MHz,
a CML range of 184.2◦-5.6◦, and a corresponding φIo from 211◦-254◦. The colorbar shows Stokes
V power spectral density in arbitrary units.

The peak frequency of the Io-C RH component in Figure 5 is about 35 MHz at around
280◦ CML value. This peak frequency is much higher than Io-C LH case. The same
observational results have been reported by Boudjada et al. [1996] by using the Nançay
Decametric Array. The interesting part of Io-C is the cross-section of the LH and RH
components during the CML range from about 300◦ to 330◦. If we can use our modulation
method for the overlapping regions of the LH and RH components, the derived source
locations of these components can be compared to further investigate the Io-C source
morphology. Figure 6 shows four different examples of dynamic spectra of the Io-C source
with both LH and RH components. These CML ranges are from 298◦ to 326◦, and the Io
Phase ranges are from 236◦ to 241◦.

In Figure 6 we identified the modulation lanes for both LH (red) and RH (green) compo-
nents in each plot. It is clear the different modulation lane patterns exist between the LH
and RH components. Since they have no correlations with each other, each polarization
component must be radiated independently. By using our modulation lane method we
measured the slope within a 1 MHz bandwidth at an appropriate observing frequency.
In this calculation to derive the source parameters based on the R-X mode radiation, we
take into account the northern hemisphere side PEFT for RH modulation lanes and the
southern hemisphere side PEFT for LH modulation lanes.
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Figure 6: Four plots of independent Io-C events which have overlapping regions of LH (red)
and RH (green) components. Each plot shows the dynamic spectrum including the LH and
RH modulation lanes during 2 minutes. The colorbar shows Stokes V power spectral density in
arbitrary units.

The statistical results of these four cases of LH component show that the mean value of
the source longitude θ is 248◦ (the standard deviation, σ = 10.4◦), and the cone half-angle
β is 71◦ (σ = 1.3◦). And the results for RH component show that the mean θ is 285◦ (σ =
8.3◦), and the cone half-angle β is 60◦ (σ = 2.6◦). These results indicate that the source
longitudes of the LH and RH components of the Io-C source are different, and the values
of the cone half-angle are also different. It means that two independent radio sources
exist in the Io-C source regions. So we specifically name the Io-C’ (Io-C–prime) for the
RH component of the Io-C source. The physical process of the association with both the
LH and RH components is not well known. But the mean source longitude of Io-C’, 285◦,
is close to the value of 290◦ which is the brightness peak of the IFP (Io footprint) when
Io is close to the Io plasma torus center [Bonfond et al., 2013]. This information may be
very important to study the physical process for future work.
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5 Io-B source morphology

Figure 7 shows four different examples of dynamic spectra of the Io-B source observed by
LWA1. The CML ranges of the four plots are almost the same from about 60◦ to 210◦.
To investigate the Io-B source morphology we measured the slope of the modulation lanes
for these four cases with a 1 MHz bandwidth at an appropriate observing frequency. In
Figure 7 we show the frequency/time points where the slopes were measured by orange
dots in each plot.

Figure 7: Four independent dynamic spectra of Io-B events (RH: green) that have 4-hour dura-
tions. The colorbar shows Stokes V power spectral density in arbitrary units. The positions of
measured slopes of modulation lanes are marked by orange dots. The modulation lanes are not
visible in this spectrum due to the low time resolution. The LH (Red) emission is also identified
from the Io-D source. The horizontal interference patterns in the Io-B emission are due to the
Faraday effect.

From Figure 7 we identified two distinct parts (each part has the independent peak of the
emission frequency) that exist in the Io-B source. One is the main part of Io-B between
about 110◦ to 180◦ CML. The other is the early part of Io-B between about 60◦ to 110◦

CML. This early part is a very weak region in comparison with the main part. We can
see the details of this early part by virtue of the high sensitivity of the LWA1. During
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the 2014–2015 observing season of LWA1 we identified these four cases from seven Io-B
events. The observed Io Phase range of the four cases is limited from about 65◦ to 85◦.

Figure 8: Left: Io-B event (indicating the range of Io-B’) on 19 December, 2014 from 09:00 to
13:00 UT (CML=58◦-204◦, φIo=75◦-109◦) observed using LWA1 spectrometer mode at 40 ms
and 20 kHz resolution. The frequency range is from 20 to 36 MHz. Right: Derived source
parameters, Lead angle α, Cone half-angle β, Source System III longitude θ. The center of the
source longitude ranges are also indicated as 110◦ and 180◦.

Figure 8 shows one of four events in Figure 7 and the derived source parameters, lead
angle α, cone half-angle β, and source System III longitude θ plotted in association with
the CML of System III longitude by using the modulation lane method. From the plot
of the source System III longitude the measured center of the source longitude range is
about 110◦ in the case of the early part of Io-B and about 180◦ in the case of the main
part. The other three Io-B events in Figure 7 show the same trend for the center of the
source longitude. It means two independent radio active regions exist in the Io-B source.
So we name the Io-B’ (Io-B–prime) for this early part of the Io-B region. This 110◦ source
longitude corresponds to the brightness peak of the IFP (Io footprint) when Io is close
to the Io plasma torus center [Bonfond et al., 2013]. Also the 180◦ source longitude of
the main part in Io-B source is close to the center of the longitude range of the active
magnetic flux tube for non-Io–related radio emissions [M. Imai et al., 2011].

The important point is that four independent events show very similar characteristics such
as the two parts of spectral pattern and the different source System III longitude range
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calculated by the slope of the modulation lanes (each individual slope is different because
of a different measuring frequency). In addition, this Io-B’ region seems to be restricted
within 60◦ to 110◦ and Io phase 65◦ to 85◦. These characteristics are not present in other
Io–controlled decameter storms like Io-A and Io-C.

Recently Marques et al. [2017] show new emission types (Io-A” and Io-B’) based on the
statistical analysis of 26 years of observations with the Nançay Decameter Array. They
argue that Io-A” has the same RH polarization as Io-A and also starts at a CML region
that is still well in the Io-A source region. Our Io-C’ classification is based on the modu-
lation lane data analysis and corresponds to their Io-A”. The difference in classification is
based on the range of the CML longitude and whether it falls within the known longitude
of the C source region. On the other hand our Io-B’ seems to be different from their Io-B’.
Their Io-B’ has a higher CML range (100◦ to 200◦), but in our case, the Io-B’ corresponds
to the early part of the CML range (60◦ to 110◦). The reason is that our data analysis of
the modulation lanes includes the very weak part of the Io-B source. This part can only
be seen by high sensitivity radio telescopes like the LWA1. With more sensitive telescopes
and long term data archives, it is apparent that a consistent nomenclature of radio sources
should be established.

6 Conclusions

The results of LWA1 data analyses indicate that the radio emitting sources are located
along a restricted range of Jupiter’s System III longitude. We only receive one of the
individual sources at a given time because the source has a very thin beam (probably less
than few degrees). We show the calculated locations of Io–related sources based on the
modulation lanes observed by LWA1. In this analysis we identified the existence of two
independent radio sources in the case of Io-C events, one from the northern hemisphere
(right hand polarization; we named it Io-C’, Io-C–prime), and one from the southern
hemisphere (left hand polarization, Io-C). We also identified the radio source of the early
part of Io-B (we named it Io-B’, Io-B–prime). The Io-B’ is located between about 60◦

to 110◦ CML of System III longitude and is independent of the main part of Io-B. The
measured center of the source longitude range is about 110◦ for the case of Io-B’ and 285◦

for Io-C’. These values are very close to the source longitudes of the brightness peak of
the IFP. This information may be very important to consider the enhancement of Io-B’
and Io-C’ radio emissions.
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