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An unique combination of the large decameter array UTR-2 with recently installed high resolution acousto-
optical spectrograph (AOS) and super fast multichannel spectrograph (MCS) has resulted in a lot of fine struc-
tured, highest sensitivity dynamic spectra of S-bursts in the 10-30 MHz continuous frequency range. The major-
ity of S-bursts shows a negative frequency drift, however separate parts of many complicated ones have a positive
drift. Most of S-burst spectra are very complicated, while the relatively simple, linear in the f-t plane, spectra are
in evident minority. The set of 56 types schematic images of individual S-bursts observed during observational
campaigns in 1994-1996 is given. Some complicated spectral images of S-bursts demonstrate features of apparent
self-similarity in different frequency-time scales. Other self-similar shapes appear repeatedly, from 2 to 10 times
during 3 s period and occur in the records of different years. The long series of S-bursts are concentrated within
slow drifting (~ 1.4 kHz/s) spectral sub-bands, whose central frequencies are separated by about 3.5 MHz.

On the basis of the observations performed we propose an operation algorithm of S-emission source and
scheme of large-scale dynamics for the Io’s tube radiating interval. The detected spectral features are consistent
with the recently proposed model of S-burst generation, where the bursts are associated with ruptures of elemen-

tal current filaments around IFT on its surface.

1. Introduction

Since the fundamental discovery of sporadic DAM
emission from Jupiter [1] the number of observations
has reached many hundreds and the interest is con-
tinuously increasing to the radio planet.

Sporadic radiation from Jupiter is observed from
about 100 kHz to 39.5 MHz and is caused by
broadband noise storms mainly of two types, named
L and S. At the output of the narrow-band receiver
the L-emission appears as a post detector noise volt-
age with a time scale from | to 10 s, and S-emission
is a series of short pulses with pulse duration from
about 1 to 10 ms.

The fine structure of dynamic spectra of the S-
component from Jupiter’s radio emission has been
studied for about forty years [2-25]. High frequency-
time (f-t) resolution has been achieved in some obser-
vations, but many of them lack either high sensitivity
or sufficiently long duration of tracking time
(minutes) compared to the average duration of the S-
burst storms (hours).

Before the observations were made with the UTR-
2 radio telescope in Kharkiv [26-32] large-scale char-
acteristics of the dynamic spectra of S-burst storms in

a wide frequency range (more then 15 MHz) with
long tracking duration and minimum flux about 10
Jy have not been sufficiently studied. Our recent ob-
servations of S-burst storms provide a possibility tc
study in details both spatial and frequency structure
of the S-emission radiation pattern and to draw in-
formation about the geometric structure of the Io
Flux Tube (IFT) and its dynamics.

The theory of Jupiter decametric radiation is still far
from completeness. The paper [33] contains the full
comparative survey of many earlier ones. The latest
theoretical models of Jupiter S-burst emission generation
mechanism are proposed in [34-36]. We will not con-
sider here their advantages and deficiencies, and ex-
pound below the our physical model of the S-burst ra-
diation source.

On the basis of accumulated observational data, a
physical model of the radiation source and the
mechanism responsible for the S-component
[28,31,32] has been proposed. The model is consistent
with angular parameters of the emission cone [30,46],
planet's magnetic field structure [38-40], estimated
location of the source [27,29], observed fine structures
in S-burst spectra, frequency drift rates [12,13,
15-17,21], and other characteristics of emission.
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Since 1991, a fruitful cooperation has been estab-
lished between the Institute of Radio Astronomy,
Ukrainian National Academy of Sciences and Space
Research Institute, Austrian Academy of Sciences,
devoted to the study of Jovian decametric (DAM)
emission with very high f-t resolution [41]. In 1993 the
French team from the Paris-Meudon Astrophysical
Observatory joined this research. So far, five observa-
tional campaigns of Jupiter on the radio telescope
UTR-2 with both French acousto-optical spectro-
graph and Austrian multichannel digital hardware
have been carried out.

The unique combination of the world largest
decameter array UTR-2 with recently installed high
resolution acousto-optical spectrographs (AOS) and
multichannel spectrograph (MCS) containing 30 re-
ceivers with super fast data acquisition cards allowed
to obtain many high sensitivity spectral records of S-
bursts in the frequency range from 10 to 30 MHz of
sources Io-B, Io-C, and Io-A/C [37,42-44].

The UTR-2 decameter radio telescope [45] located
near Kharkiv has the array surface about 150 thou-
sands sq m, the updated continuous operating band
about 8-30 MHz, tracking ability for all the sky
hemishere, and multi-beam phasing system of the
telescope allowing to perform the "on-off" observa-
tional regime. The minimal flux density detectable by
the telescope is a function of frequency, changing
from 100 to 10 Jy in the range 10+25 MHz. The
AOS that has been used simultaneously with very fast
(2 ms) multichannel analyzer, provides a frequency-
time resolution (12 kHz - 5 ms) in the total frequency

band of 26 MHz.

Raw data of S-burst dynamic spectra have been
processed by the specially designed software to re-
move long time scale interferencies, perform adaptive
frequency-time interpolaton of S-burst spectra, and
create the optimal amplitude transformation of the
signals recorded. The software permits to restore the
fine time-frequency structures in the dynamic spectra
and thus to improve the finite resolution of the obser-
vational data. The time resolution in AOS data is in-
creased by the cost of redundant frequency resolution,
and frequency resolution of multichannel spectrum
analyser for the cost of its high time resolution. The
data processing also gives the possibility to distin-
guish the weak parts of S-bursts signals from un-
avoidable man-made interferencies.

2. Atlas of Jovian S-Burst Spectra and Phenomenology

High quality records made in 1994-1996 years are
included to the new Atlas of Jovian Millisecond Ra-
dio Bursts (to be published soon). In contrast with
earlier Atlases of Jovian S-bursts [12,15,21] we report

mainly about high sensitivity, wide band, and long .

tracking time observations of S-burst storms which
exhibit complex S-burst spectral patterns.

Most of the recorded in this period S-burst spectra

‘reveal complicated spectral patterns, while relatively

simple, quasilinear in f-t plane, spectra are in evident
minority. As a rule, the spectra show a negative fre-
quency drift with time. However, certain parts of
many complicated burst patterns have the positive
one. Usually, during an S-burst storm observed at the
Earth, three stages of complexity in the amplitude-
frequency-time space can be distinguished, and each
stage lasts for several tens of minutes. At the initial
stage, quasilinear negatively drifting bursts of moder-
ate amplitude and lifetime about 50 ms intersecting
the frequency band of 2+4 MHz are observed. This
corresponds to the traditionally expected, simplest
patterns of Jovian S-radiation (Fig. 1). The middle
stage is characterized by an enhanced amplitude, and
increased complexity of individual patterns as is
shown in Fig. 2. At the end of an S-burst storm, the
situation resembles the initial stage. It should be how-
ever noted that zooming in time, frequency, and/or
amplitude of bursts may reveal complicated intrinsic
details or structures in the dynamic spectra, like those
shown in Fig. 3. But so well organized spectral pat-
terns do not always occur at the final stage, and dy-
namic spectra may also look noisy or random
(Fig. 4).

Consider now the simplest, quasi linearly drifting
S-bursts. After zooming in time, they look like sym-

bol | inthe f-t plane. An example of such behavior
is given in Fig. 5, where the record of July 24, 1994
made with MCS is plotted at the time resolution of
2 ms. The end parts of I -bursts are characterized by

short duration at a fixed frequency (about 2 ms),
comparatively slow drift rate and small flux density.

In the middle of an I, i. e. near the central burst fre-
quency, the fixed-frequency duration increases up to
15 ms, as well as the drift rate and flux density. The
total frequency bandwidths of individual S-bursts
ranges from about 1+2 MHz up to 6.5 MHz.

Another feature of S-burst storms is the concen-
tration of S-burst sequences within well separated
frequency bands (Fig. 6). An interesting property of
S-emission is temporal variation of the width of
bands over the time scale of several minutes. During
the evolution of an S-burst storm, the change of the
frequency width of bands from 1 to 6 MHz is ob-
served. In Fig. 6,a one can see two such bands: the
narrow one (about 1 MHz) with central frequency
about 24 MHz, and the wide band one (4 MHz ) oc-
cupying the lower part of the spectrum. Forteen min-
utes later, up to three frequency subbands, near 16,
20 and 24 MHz, coexist in the f-t plane (Fig. 6,b). It
should be noted that in Fig. 6,b the opposite situation
occurs, in the sense that the narrow band emission
occupies lower frequencies, ~16 MHz, and wideband
S-bursts appear at higher ones.
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Fig. 1. Simple, linearly drifting dynamic spectra of S-bursts that correspond to the initial stage of lo tube excitation when the
magnetic field topology is not strongly distorted yet
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Fig. 2. Some complicated S-burst spectra observed when the local magnetic field structure in the DAM emission zone of the Io
tube is drastically disturbed
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Fig. 3. Some zoomed, complicated, well organized S-burst spectra with repetitive images of individual bursts

404 Panuodusnka u paguoactpoHoMus, 1997, 1. 2, Ned



JOVIAN DECAMETRIC EMISSION: Regular Variabilities and Scale Invariants in S-Burst Dynamic Spectra

PR,

FEmission Frequency, MH
"
w

23:39:03.8 23:39:04.0 23:39:04.2
Time UT

Fig. 4. Random-like, dotted images of spectra which take place when electrical current circuits and field topology in S-burst radi-
ating place of the lo tube is extremely disturbed
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Fig. 5. Zoomed, quasilinear images of S-bursts spectra of changing thickness and drift rate over the f-t plane

a

& 18 - > < Jo-B svuree. 1 Feb 1994 ‘Almh’un IR data. 1O : 2 2 o
= agt \l o LT angtid st hpom Ty th ) 1
£ e : v e | P :1"'“*"' g MR
§ 0 Al v LA ATy
5 4 ‘ s e
LE 22 4 16
.§ 26
g 24 36
) . ’ " i 49

02:11:45 02:11:50 02:11:58 Time UT I

b
) JUPLLER. fu-B source, OF Feh. 1994;
15

=
g
§ 144
g 20- 169
£
= 196
2
2 225
& 25

02:25:35 02:25:40 02:25:45 Time UT

Fig. 6. The S-burst sequences located on the frequency-time plane within well separated frequency subbands. a) two bands, b)
three frequency subbands, near 16, 20 and 24 MHz. In Fig. 6,a the narrow bandwidth (about 1 MHz) of bursts occurs at upper
frequency 24 MHz, but wideband (~4 MHz ) S-bursts occupies the lower side of the spectrum. The opposite situation is shown

at Fig. 6,b, where the narrow band emission (~1 MHz) occurred at lower frequency 16 MHz, and wideband (~3MHz) S-bursts
moved to upper frequencies
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Our observations reveal also a new peculiarity of
S-emission: the slow positive frequency drift (df/dt),,
of S-emission bands. Usually, the bands are located
near the frequencies of 13, 16.5, 20, 23.5, 27 MHz
and S-emission occurrence probability calculated over
long ‘time intervals [26] possesses maxima at those
frequencies (Fig. 7). However, at time scales from tens
of seconds to minutes, the central frequencies of
bands may drift at an average rate about 1.4 kHz/s
through a range of 1.5 MHz around the mean val-
ues.

3. Some Details of S-Burst Emission Morphology

It is largely supposed that the S-emission source is
located in the upward stream branch of IFT
[2-4,7,8,13,18,27]. The electric current system of IFT
is a nonlinear distributed structure which demon-
strates complicated spatiotemporal dynamics. A
sketch of Jupiter-Io current circuit is shown in Fig. 8.
The Jupiter-Io geometry underlying S-emission is
given in Fig. 9. One can see the location of emission
cones and active intervals in the IFT. Their evolution
in space and time at timescales of tens of minutes is
defined by the Jupiter-Io electric current, the topology
and strength of local magnetic field.

So-called “sources” of Jovian S-emission are usu-
ally distinguished according to their position on the

plane @, — A, . This is related to the motion of the

To flux tube footprint over the surface of Jupiter and
observer’s location with respect to IFT. It should be
also noted that the IFT itself is warped in the merid-
ian plane that leads to additional complexity of the
observed spectral patterns. S-radiation pattern is
known to be a hollow cone, with large apex angle and
cone axis directed along the IFT at the point of gen-
eration [46, 47]. All these aspects will be taken into
account for subsequent interpretation of S-burst spec-
tra.

The well known way of representing the distinct

sources of S-emission on the plane @, — A; origi-

nates from the geometric effect of scanning over the
observer by two opposite sides of the hollow emission
cone (Io-B and Io-C). Another cause of the presence
of several sources is the variation in the activity of the
Io tube, as the IFT footprint passes by different active
Jovian longitudes (Io-A, Io-D).

The most versatile shapes of the S-burst f-t pat-
terns are demonstrated by the Io-C source, while the
TIo-B one generates the most powerful and compara-
tively simple bursts. This can be explained by two
main reasons. The first one is different geometry of
the radiation source in the IFT with respect to an ob-
server. The Io-C source corresponds to the configura-
tion when the observer looks to the concave side of

the tube, whereas Io-B radiation comes to the Earth
from the convex side of IFT.

The second reason is due to the change of physical
conditions with local longitude of the IFT footprint
on the surface of Jupiter. The footprint trajectory in
the polar area of Jupiter lies in the regions with differ-
ent magnetic field strength and values of the trans-
verse velocity through the inner Jovian magneto-
sphere. As a consequence, the power of S-emission,
frequency band, polarization, angular parameters of
the radiation cone, and fine structure of spectral pat-
terns on dynamic S-burst spectra change as the foot-
print moves.

4. Operation Algorithm of the S-Burst Emission
Source

An interpretation of the process of S-bursts gen-
eration can be performed in terms of self-organized
critical phenomena which is consistent with the re-
cently developed model of the radiation source
[28,31,32]. The scheme of the operation algorithm of
the Jupiter-Io current system generating S-emission is
shown in Fig. 10, and IFT S-emission zones are de-
picted in Fig. 11.

As the magnetic dipole of Jupiter is 10 degs tilted
with respect to the planet's rotation axis and is shifted
from its center by 0.1R,, it can be shown that the
IFT footprint evolves with non-uniform angular and
linear velocity. In other words the IFT base oscillates
around the uniformly rotating meridian of Io (see
Fig. 9) and excites oscillations propagating along the
tube as Alfven waves.

An Alfven wave arising near Jupiter moves to Io
and stimulates a long-duration pulse of integral elec-
tro-motive force (e. m. f.) on Io. The pulse results in
an increase of the tube current i, up to 108 A [48],
growth in the local magnetic field, and appearance of
the strong azimuthal magnetic field B, produced by
the current (see Fig. 11).

Elementary helical current filaments in the surface
layer of IFT near Jupiter may break up abruptly. The
reason for the break up is enhanced tube current i,
and tube transverse velocity Vg through the inner
magnetosphere at two active Jovian longitudes: near
220 and 40 degs. The break up results in a pulse of
the self-induction e. m. f. u,_ = Ldi_/dt between the
edges of disrupted helical filament and rise of an elec-
tric field of local strength of tens MV/m (Megavolt

per meter) which produces collective acceleration up
to relativistic velocities of in-phase radiating elec-

trons (bunches). The velocity vector v, of a bunch is
directed along the helical magnetic field:

B, =B, +B;
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S-burst emission interval of the Io tube
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Fig. 7. The S-burst occurrence probability vs emission fre-

quency calculated over the long time interval [26] Fig. 8. Sketch of the Jupiter-lo current circuit
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Fig. 9. The Jupiter-lo geometry in connection with the S-radiation. location of the emission cones and DAM-active intervals of
the Io tube. Their space-time evolution in the scale of tens of minutes is defined by Jupiter-Io electric current and local magnetic

field strength and topology
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Basis: helical magnetic field around IFT: Bs=By,,+Bry,.
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Fig. 10. The scheme of the S-emission operation algorithm
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i. e. the vector sum of Jupiter's own magnetic field B,
and tube current magnetic field B,. The explosion

energy W, = Li’ / 2 released at the disruption point

can excite a fast magneto-sound wave, propagating at
the Alfven velocity normally to the helical magnetic
field Bg around tube, and causing the ruptures of
adjacent current filaments. The relativistic electron

bunches moving along the magnetic field Bg produce
linearly polarized coherent relativistic curvature ra-
diation (or the magneto-drift radiation) registered by
an observer as the S-emission.

The directivity of the relativistic radiation is a the
pencil beam pattern directed along the bunch velocity
vector V,. The rotation of the pencil beam defined by
the motion of electron bunches along the helical field
B and around IFT produces the well known hollow
cone pattern of S-radiation (See Figs. 9 and 11). The
asymmetry of cone walls appears because of the cur-
vature of the IFT axis in the meridional plane
[28,30,31].

In such a manner, a drifting S-burst is generated
by a cascade process of disruption of adjacent current
filaments. The burst duration can be interpreted in
terms of diameter modulation of IFT along its axis, as
shown in Fig. 11. The magnetic tension of filaments

on the tube surface, B; /47t, weakens at wider

places, since Bg ~ l/rg (rg is the tube section ra-
dius). So, the stability of the surface filaments is de-
creased on the “bulbs” and may result in a chain dis-
junction process. Therefore, S-emitters seem to be
located as a rule at the widened zones of the tube
(Fig. 11).

According to the just described scenario, if the
triggering disruption of a current filament occurs
somewhere below the bulb width maximum, the pro-
duced radiation is of small intensity and higher fre-
quency (thin upper frequency end). The examples of
such bursts are shown in Fig. 5.

This scenario reflects an idealized picture of cur-
rents and magnetic fields in the generation zone. Two
characteristic stages of the IFT excitation can be iden-
tified in observational data. At the first one the cur-
rent filaments can break up, but the field topology is
not strongly distorted yet. This corresponds to quasi-
regularly spaced (“rain like”) simple and linear in f-t
plane spectra of S-birsts (see Fig. 1.). At the second
* stage of the tube excitation we have a drastically dis-
turbed field structure that leads to very complicated
patterns of individual S-bursts, like the spectral
shapes shown in Fig. 2, Fig. 3, or Fig. 4. Thus we in-
terpret the complexity of S-burst patterns as a conse-
quence of the complicated topological structures of
the magnetic field lines and currents in the highly ex-
cited radiating area of IFT.

5. Large Scale Dynamics of IFT

According to our assumption [31, 32] the band-
width of S-burst bands and the gap between adjacent
ones correspond to the scale of bulbs on the IFT sur-
face or, in other words, to a size of periodic modula-
tion of the IFT diameter. Taking into consideration
the mentioned above drift of the spectral bands, we
encounter the phenomenon of moving bulbs along the
IFT towards the planet's surface. Another interesting
feature of the large scale dynamics of the IFT is the
change of characteristic size of the bulbs (and corre-
sponding bandwidth of S-emission bands) as they
move along the tube. So, the phenomenon of fre-
quency drift of the bands and change in their band-
width can be interpreted in terms of the large scale
dynamics of IFT.

Following the hypothesis of the S-generation at
local electron gyrofrequency, we can estimate, from
the spectral data available (as is shown in Fig. 6), the

characteristic size M, of the widening zone and its
velocity Vv, at the moment of observation. By sam-
pling the experimental drift rate and using the em-

piric formula [28] for the altitude / of the S-radiation
place in the Io tube:

h~146-10° f* (km),

where fis in MHz, and relating the altitude of the S-

radiation place / to the emission frequency in the
IFT, one can estimate the bulb velocity towards the
planet as

v, = dh/dt = (dn/df )(df | dt).

For the value of the drift (df/dt),~ 1.4 kHz/s we

have v~ 3 km/s.

If the bandwidth of an S-burst corresponds to the
scale of a bulb on the surface of IFT along its axis,
the estimate the characteristic size¢ M of the wid-

ening zone at the moment of observation is given by
[311:

M, ~2.1x106 7244 Af (km).

For example, the evolution of the large scale geome-
try of IFT during the S-burst storm of the 1st of Feb-
ruary, 1994, is shown in Fig. 12. As one can see, a

large bulb by M _~ 5000 km moves to the planet's
surface with an average velocity v, about 3 km/s. The
bulb corresponds to the bandwidth of S-emission
about 4 MHz.
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Fig. 11. Scheme of IFT S-emission interval
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Fig. 12. An evolution of large scale geometry of the lo tube during an S-burst storm (01 Feb.1994, Io-B)
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JUPITER, fo-B source, 01 Feb. 1994; Kharkov UTR-2 data, AOS JUPITER, Jo-B source, 01 Feb. 1994; Kharkor UTR-2 data, AOS
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Fig. 13. Three dimensional, amplitude-f-t S-burst spectral images with two subbands: a) narrow band, weak emission site is at
upper frequencies, and wide band, strong emission takes place at low frequencies, b) after 14 minutes from the situation on the
spectrum shown in previous picture, we observe the three-subbands spectral pattern with mutual exchange of places of the weak
and strong bursts: narrow band, weak emission site is at lower frequencies, and wide band strong emission has moved to high
[frequencies

JUPITER, Jo-B source, 01 Feb, 1994; Kharkov UTR-2 data, AOS
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Fig. 14. The S-emission pattern overlapping over the silence zone (band around 22 MHz) by individual, very powerful bursts,
located at upper and lower frequency subbands:
a) an example of dynamic spectra of the powerful S-bursts in the three dimensional, amplitude-f-t space,
b) the same spectra with restricted burst amplitudes that show the foot parts of the powerfull pulses

Paguodusuka U paguoacTpOHOMHUS, 1997, T. 2, Ne4 411




Boris P. Ryaboy, Philippe Zarka, Helmut O. Rucker, Vladimir B. Ryabov, Mohammed Y. Boudjada

6. Scale-Invariant Structures in the S-Burst Spectra

When the bandwidth of S-emission sub-bands is
small, the amplitude of the signal is low, while in a
wide-band emission it is much higher. Fig. 13 presents
three-dimensional, i. e. amplitude-f-t, view of S-
emission spectra with multiple bands. It seems realis-
tic to assume that the characteristic frequency scale of
S-burst patterns on the f-t plane is defined by the
geometric size of the emitting zone in the IFT. Then
the indicated amplitude - bandwidth relation may be
the manifestation of the direct dependence of the
amount of released energy upon the size of radiating
area. The evolution of an S-burst is presumably the
development of a local plasma instability in the IFT.
Taking into account that the lifetime of an S-burst is
proportional to the frequency band it occupies, one
comes to a conclusion that the longer is the lifetime of
the instability with a constant growth rate, the higher
is the maximal amplitude the burst reaches.

When the bursts have extremely high flux density,
sometimes the effect of the gap intersection between
sub-bands is observed, so two bursts from adjacent
bands merge. For instance, in Fig. 14 we see such
bursts in two sub-bands near 20 and 24 MHz. The
total bandwidth of the bursts reaches the value of
7 MHz. Probably, in this case we encounter the phe-
nomenon of passing over the saddle point between
emitting zones on the Io tube surface by the moving
disruption process (Fig. 11).

An interesting observational fact resulting from
the formation of spectral patterns in the IFT is the
repetition of similar fine structures on the f-t plane
with time during a short period. The typical separa-
tion between such fine structures is about characteris-
tic lifetime of the image itself. Some complicated im-
ages on the f-t plane appear in a repetitive manner,
from 2 to 10 times in about 3 seconds. Examples of
such repetitive individual S-burst f-t patterns are
given in Fig. 15.

Now, let us ask the question: what defines the
characteristic lifetime of a magnetized plasma struc-
ture responsible for the generation of a particular
type of an S-burst pattern? The answer can be conjec-
tured from the analysis of observed repetitive S-burst
images. The sequence of similar patterns means the
formation of quasi-stable structures in the IFT
plasma with typical lifetime 2+3 times larger than the
duration of an individual S-burst. In other words,
within the time interval of about 0.5 s two or three
similar patterns can be found. In the next 10+15 s
the conditions for the plasma structure formation
may be reproduced again giving rise to a similar re-
petitive pattern. So, we presumably encounter the
phenomenon of local quasi-regular pulsation of
plasma and magnetic field parameters. It should be

also noted that self-similar individual patterns occur
in records from different years (Fig. 16).

While generating S-bursts, the tube is close to a
critical state, when small initial perturbations lead to
avalanches of energy release processes. Such phenom-
ena are usually attributed to the concept of self-
organized criticality, typical for complex systems.
Specifically, the system demonstrates the dynamics of
equal complexity at different spatial scales, i. e. simi-
lar patterns appear in dynamic spectra at different
magnification level. This fact is illustrated in Fig. 17.
Other repetitive individual S-burst f-t patterns are
given in Figs. 18 - 22.

If S-bursts are emitted according to the algorithm
described above in chapter 4, i. e. they are associated
with ruptures of elementary current filaments on the
surface of IFT [31,32], then every point in the pattern
corresponds to a single disruption event. Typically,
the dots in S-burst spectra are not observed because
close adjacent disruptions merge in the dynamic spec-
tra. When the tube topology is strongly distorted
only, the brightest points on the spectra become ob-
servable. Such a condition was probably a case when
the S-burst spectrum shown in Fig. 23 was recorded.

The schematic set of repetitive S-burst spectral
patterns which are clearly recognized in our records
on the frequency-time plane is given in Fig. 24. Each
pattern from the set presented may appear at different
amplitude-time-frequency scales, i. e. they do possess
the property of scale invariance.

7. Conclusions

New data obtained with the high sensitivity array
equipped with the high f-t resolution acousto-optical
spectrograph and superfast digital multichannel ana-
lyser reveal a number of previously unknown features
of Jovian S-emission. In the observations of 1994-
1996 we traced the evolution of the fine spectral pat-
terns during several S-burst storms. The distinguished
features of our observations are the continuous wide
frequency band (10 MHz) and long tracking time of
the planet.

In particular, we have detected the following.

1. The most versatile S-burst f-t patterns are dem-
onstrated by the Io-C source, whereas the Io-B source
generates the most powerful and comparatively sim-
ple bursts. These details can be explained by different
geometry of the radiation interval of the IFT with
respect to an observer. The Io-C source corresponds
to the configuration when the observer looks to the
concave side of the tube, and Io-B radiation comes to
the Earth from the convex side of the IFT. It should
be also noted that well organized quasi-linear patterns
occur comparatively seldom, and often the dynamic
spectra consist of random-like patterns.
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Fig. 15. Repetitive, quasi periodic, complicated spectral images of individual S-bursts extracted from the direct spectral records
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self-similarity of complicated S-burst patterns in different scales on f-t plane. The similarity factor is ap-
the bandwidth ratio of separate frequency subbands of S-bursts (see Fig.6a,b) (Jupiter, Kharkov UTR-2
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Fig. 18. Repetitive letter "S" shaped spectral images that often appears in various amplitude-f-t- scales (Jupiter, Kharkov UTR-2
data, AOS)
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Fig. 19. Repetitive S-bursts spectra with the smooth transition from negative to positive frequency drift (Jupiter, Kharkov UTR-
2 data, AOS)
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Fig. 20. The turned over letter "W" spectra, that have details with very different drift rates at the single emission frequency
(Jupiter, Kharkov UTR-2 data, AOS)
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Fig. 21. Broken-line spectra with simultaneous positive and negative drift details (Jupiter, Kharkov UTR-2 data, AOS)
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Fig. 22. The S-bursts spectral patterns like letter "y". Individual details of the complicated spectra may have a positive drift in
close vicinity of the negatively drifting parts. Self- similar "y"-shaped images may occurs about 10 times during of about 3 sec
separated by quasi-equal intervals (Jupiter, Kharkov UTR-2 data, AOS)
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Fig. 23. Dotted images of S-burst spectra: the distinct bright points on the spectrum become visible when the magnetic field to-
pology and current circuits at the Io tube surface are strongly distorted (Jupiter, Kharkov UTR-2 data, AOS)
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2. S-bursts often appear within well separated fre-
quency sub-bands concentrated around certain fre-
quencies of 13, 16.5, 20, 23.5, and 27 MHz . The
occurrence probability calculated over the long time
intervals has maxima at those values [26]. However, in
the time scale from tens seconds to minutes, the cen-
tral frequency of S-emission band may deviate within
the range about 1.5 MHz around the mean values. In
addition, in the process of evolution of an S-burst
storm, the frequency bands may often change their
width considerably, e. g., from 1 to 6 MHz. We con-
clude that this phenomenon may originate from large
scale dynamics of the IFT, when the movement of the
widening zones in IFT (bulbs) with simultaneous
change in their characteristic size takes place.

3. Some complicated spectral patterns of S-bursts
appear repeatedly, from 2 to 10 times in a period

about 3 s. These self-similar individual patterns oc-
cur in the records from different years. =~

4. There is an apparent self-similarity of compli-
cated S-burst patterns at different scales on the f-t
plane. The similarity factor is approximately equal to
the bandwidth ratio of separate frequency subbands
of S-bursts (see, item 2). It is interesting that the
similarity exists not only in frequency-time, but also
in S-burst amplitudes, i. e. smaller patterns occur in
narrow sub-bands and always have lower amplitudes.

5. Our observations present such new spectral de-
tails as slow positive frequency drift of sub-bands of
S-emission at an average rate about 1.4 kHz/s. The
drift can be interpreted as a result of slow motion of
the IFT bulbs towards the planet surface. By sam-
pling the experimental drift rate and using the em-

piric formula for the altitude /4 of the S-emission loca-
tion in the IFT: A ~ 1.46-106f 7144  (km), where f
in MHz, one can estimate the bulb velocity towards

the planet as v,~ 3 km/s.

6. As a rule, traditionally expected and well inter-
preted [4Y] fine structure of S-burst with negative fre-
quency drift is observed. At the same time, some parts
of many complicated spectral patterns may have a
positive drift, in close vicinity of the negatively drift-
ing details. 2

7. The S-bursts with rather simple quasilinear
shape on the f-t plane reveal intrinsic structure at the
highest frequency-time resolution and sensitivity of

the telescope. The spectral patterns resemble an |

shape, when in the middle part of an I the fixed fre-
quency duration of a burst is substantially gteater
than at its ends. : -

8. All the detected spectral features are consistent
with the recently proposed mechanism of S-burst gen-
eration [31,32], where the bursts are associated with
ruptures of elementary current filaments on the sur-
face of the IFT. An additional confirmation for this
viewpoint is the availability of dotted spectral pat-
terns. Every point constituting the pattern corre-

sponds to the single rupture event. Typically, the dots
are not always observed because adjacent ruptures
merge on the dynamic spectra. Only when the tube
topology is strongly distorted this phenomenon be-
comes evident in the dynamic spectra.

9. The electric current system of the IFT is a non-
linear distributed structure and apparently is capable
to demonstrate complicated spatiotemporal dynam-
ics. The evolution of an S-burst is presumably the
development of a plasma instability in the IFT. While
generating S-bursts, the tube is close to the critical
state, when small initial perturbations lead to ava-
lanches of energy release processes. Such phenomena
are usually attributed to the concept of self-organized
criticality, typical of complex nonlinear systems. Spe-
cifically, the system demonstrates the dynamics of
equal complexity at different spatial scales, i. e. simi-
lar spectral amplitude-f-t patterns appear at various
resolutions. The proposed interpretation of the proc-
ess of S-bursts generation in terms of self-organized
criticality is generally consistent with the recently de-
veloped model of the radiation source.

10. The study of super fine spectral structures of
Jovian S-bursts has reached a qualitatively new stage,
when extremely high sensitivity and time-frequency

resolution are required (~ 10 kHz - 0.5 ms).
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JEKAMETPOBOE
PATMOMN3TYYEHME IOITNUTEPA:
PerynsipHbie nepeMeHHbIE SIBJICHHS U
MaciuTa0Hbie MHBAPUAHTHI
B JMHAMMYECKHX CIIEKTPaX S-BCILIECKOB

B. I1. PaGos, @. 3apka, X. O. Pyxep, B. B. Pat6os,
M. Boynxana

B HoBhIX pammoHabmonenusx IOnutepa 1994-
1996 rr. ucnonmb3oBanach Gonbiuas AeKaMeTpoBas
aHTeHHa YTP-2 COBMECTHO C HOBOW CHEKTPaIbHOM
annapaTypod, COCTOAIIEH H3 aKyCTO-ONTHYECKOrO
cnektporpaga  (AOC)  BBICOKOrO  YacTOTHO-
BPEMEHHOTO pa3pelieHuss U ObICTPOIEHCTBYIOLIETO
MHorokaHanbHoro cnekrporpaga (MKC). B pesyins-
TaTe MONYYEHO 3HAYUTENbHOE KOJIMYECTBO HOBBIX
IMHAMHYECKUX CIIEKTPOB S-BCIJIECKOB TOHKOM CTPYK-

Typbl C MUHMMAJIbHBIM ITOTOKOM "'10 Sln B crutour-

HoM uyactoTHoM auanazone ot 10 mo 30 MI'u. Kak
NpPaBUIIO, S-BCIUIECKH MMEIOT OOILYIO TEHHOEHIMIO K
OTPHIATETLHOMY YacTOTHOMY Apeiidy, HO OTHENs-
HbIE IETAJIN CIIOXKHBIX CIIEKTPOB UMEIOT MOJIOXKUTEb-
Hbl apeid. BonbmMHCTBO M306paXkeHUN CrieKTpPOB
OTHENbHBIX BCIUIECKOB HMMEIOT BECbMa CIOXHYIO
CTPYKTYpPY, @ XOpOILIO H3BECTHbIC JHHEHHO Ipek-
(yrouMe BCIUIECKH COCTABISIOT MEHbIIMHCTBO B 06-
mem ob6beme maHHbIX. IIpuBoamrcs Habop u3 56
CMEKTPAIbHBIX H300paXKeHU HHAWBUOYAJbHBIX S-
BCIUIECKOB, KOTOpPbIE MOBTOPSUIMCh B YKa3aHHbIH Iie-
puox Habmonexuit. HekoTophle INHAMUYECKHE CrIEK-
TPbl CIOXHOW (OpPMBI MOKA3BIBAIOT XapaKTepHbIE
4epThl CaMOMOJOOHBIX U300paXKEHUI ¢ pPa3TMYHBIM
MaclTaboM Ha YacTOTHO-BPEMEHHOW IUIOCKOCTH.
Jpyrue TUIBI BCILIECKOB MOABIAITCA oT 2-x xo 10-
TH pa3 MOAPSL, IMOBTOPSAsA caMonomobHyo GopMmy
CTEKTpa B TeYeHHe 3-X cekyHA. OIMHAKOBbIE M30-
OpaxceHHs BCTPEYAIOTCA Ha CHEKTPOrpamMMax pas-
JTUYHBIX JIeT. [{MMHHBIE BPEMEHHbIE MOCIEHOBATENb-
HOCTH S-BCIUIECKOB KOHLEHTPUPYIOTCSA BHYTPH CIIEK-
TPaJbHBIX MOJIOC, KOTOPbIE MEIEHHO ApeH(yroT mo
vactore (~1,4 xI'u/c) M pasjmeneHbl MHTEpBAIOM
~3,5 MI'n.

Ha ocHOBe mojyyeHHbIX HAOOZATENbHBIX HAH-
HBIX MPEIIOXeHbl alrOPUTM paboOThl MCTOYHHKA S-
BCIUIECKOB M CXEMaTHUYeCKas KapTUHA IBKEHUS
KpYNHOMacIUTaOHBIX HEOJHOPOIHOCTEH Ha M3My-
yaoueM uHTepBane Tpyoku Ho. BombumHcTBO 06-
Hapy>XeHHbIX CBOMCTB JWHAMHYECKHUX CHEKTPOB CO-

BMECTUMO C MPEIVIOXKEHHOH HaMu paHee MOJENbI0
UCTOYHHMKA S-H3JIyYeHUs, B KOTOPOM BCILIECKH 06Y-
CTIOBNIEHB! Pa3pbIBAMU 3JIEMEHTAPHBIX TOKOBBLIX HH-
Tei Ha noBepxHOCTH TpyOku Ho. L

JEKAMETPOBE
PAJTIOBUITPOMIHIOBAHHSA
IOINTEPA:

Peryasipui 3minni aBuma Ta macuraéui
iHBapHAHTH
B JHHAMIYHMX CIEKTpax S-crajiaxis

B. I1. PaGos, ®. 3apka, X. O. Pykep, B. B. Pa6os,
M. Boyaxana

B HoBux pamiocnocrepexenHsx IOmitepa 1994-
1996 pp. BHKODHCTOBYBalach BeJMKa IEKaMeTpOBa
anTeHa YTP-2 pa3om 3 HOBOK CHEKTPaJIbHOIO ara-
paTyporo, sKa CKJIaJAeTbCi 3 aKyCTO-ONTHYHOIO
cnexktporpadga (AOC) BHCOKOI YacTOTHO-4aCOBOI
PO3AiIBHOI 34aTHOCTI Ta IUBUAKOAIFOYOro GaraToka-
HanmbHoro crnextporpada (BKC). OnepxaHo 3HauHy
KiTbKiCTh HOBHMX AMHAMIi4HMX CHEeKTpiB S-cnanaxis
TOHKOI CTPYKTYpH ¢ MiHiMansuum notokom ~10 Sn
B CyuinbHOMY uyacToTHOMy miamazoni Bim 10 1o
30 MI'u. Sk npaBuio, S-cruleckaM IpHTaMaHHa
TEHJEHLis HEraTUBHOTO YaCTOTHOTO Apeiidy, mpoTe
OKpeMi JeTaJli CKIalHUX CHEeKTPiB MAroTh ITO3UTHB-
Hu# apedid. BinbiicTs 306paskeHb CrIEKTPIB OKPEMHX
CIUIECKIB MaIOTh TOCHTh CKIIAJHY CTPYKTYpY, a Hobpe
BimoMi  niHiWHO apelidyroui crnecku CTaHOBIATH
MEHILICTh B 3aranbHOMY o6c¢s3i nanux. IlpusoauTscs
Habip 3 56 criexTpanbHUX 300paXkeHb iHAMBILyalb-
HUX S-CrTeckiB, KOTpi MOBTOPIOBANMCS B LEi MeEpPiox
crocTepexkeHb. Jleski AUHAMIYHI CHEKTPH CIUIECKIB
ckiagHoi (OPMHM MaloOThb XapaKTepHi pHCH camo-
nofibHuX 3006pakeHb 3 pi3HUM MacwTaboMm Ha yac-
TOTHO-YaCOBill IUIOLIMHI. Inmwi Ttunu cnneckis
3’BIsAIOThCS Bix 2-x 1o 10-TH pasis nocmiib, NOBTO-
prorodM caMonofibHy ¢opMy criekTpa MpoTAroM 3-x
cekyHn. OmHakoBi 300pakeHHs OyBalOThb Ha CIEK-
TporpaMMax, oJepXaHux B pi3Hi poku. JloBri yacosi
MOCITIOBHOCTI S-CIUIECKIB 30CEPEmKYIOThCS BCepe-
IHHi CIEKTPabHUX CMYT, 10 MOBOJI ApeidyoTh no
yacroti (~1,4 xI'w/c), u posmexoBaHi iHTepBaNOM
~3,5 MrI'n.

Ha ocHOBi omepXaHHUX EKCIIePUMEHTANbHUX
JaHMX 3aMpPONOHOBAHO AJITOPUTM POOOTH DKepena
S-cruteckiB Ta  CXeMaTHYHY KapTy PyXy KpYIHO-
MaclITabHUX  HEOOHOpimHOCTeW Ha  iHTepBaui
BHUINpOMiHIOBaHHS TpyOku lo. BinbwicTe BHABIEHHX
BIIACTUBOCTEH AMHAMIYHUX CNEKTPIB Y3rOKYEThCA 3
3aMpONOHOBAHOIO HAMH paHille MOJEUII0 JDKepena
S-BUMpOMiHIOBaHHSA, B #KiH cngecku OOyMOBIEHi
PO3pHBaMHU €NEMEHTAapDHUX TOKOBHMX BOJIOKOH Ha
noBepxHi Tpybx# lo.
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