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Modeling on “Alphabet” of Jovian S-Bursts
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It is shown that the typical elements of complex S-bursts in dynamic spectra of Jovian decametric radio
emission (“alphabet”) could be explained by propagation delay of radiation due to helicoidal trajectory of

S-emitter.

1. Introduction

The fine structure of dynamic spectra of the
S-component from Jupiter’s decametric radio
emission has been studied since 1956 [1]. This
component, short (S-) bursts, is observed from
6 to 36 MHz [2]. In their simplest form, an S-
burst is a narrow band frequency drifting
radiation having drift rate and instantaneous
bandwidth of the order of 20 MHz [$-! and
30 kHz, respectively, and a pulse duration from
~1 ms to ~300 ms [2, 3].

Much more complex burst forms are not
uncommon. Their high-resolution dynamic spectra
have been summarized as an “alphabet” of
S-bursts (Fig. 1, [3]) in the frequency-time (f-f)
plane. Few simplest forms have been considered in
current theoretical models [4-10]. Unknown short-
lived density [4] and/or acceleration structures [2],
and the general concept of self-organized criticali-
ty [3] have been proposed as ways of interpreting
more complex S-burst patterns. According to
B. P. Ryabov [11], the S-alphabet is a puzzle: “Such
spectra are hardly explicable with the principle of
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Fig. 1. Types of S-bursts in dynamic spectrum (“alphabet”) [3]

© A. V. Arkhipov, 2002



A. V. Arkhipov

causality, because the emission appears inde-
pendently on very different frequencies at the same
time, and after that the spectrum smoothly merges
in one point on f-¢ plane”.

It is shown in this report that the problem of
interpreting complex S-bursts has a simple
solution.

2. Topological Solution of the Alphabet

The causality paradox could be explained by
the small group velocity of an S-emission. The
slow propagation of Jovian decametric radio
emission was predicted theoretically (e. g., [10,
12, 13]). It is generally believed that the compact
(< 100 km in extent) source of an S-burst moves
along the Io flux tube (IFT) and generates radio
emissions in a narrow frequency band slightly
above the local cyclotron frequency f, of
electrons (e. g., [2, 6]). In the inhomogeneous
magnetic field of Jupiter, the dynamic spectrum of
an S-burst must be a reflection of the source
trajectory. Various topologies of source trajectories
for modeling complex S-burst spectra were
evaluated. The best results have been obtained for
helicoidal trajectories.

The simple geometrical model (Fig. 2) was used
as the first approximation. The frequency scale of
complex S-bursts is short, about 2 MHz [3].
Accordingly, the gradient of electron cyclotron
frequency gradf, and the group speed V, were

X, to the Earth

Fig. 2. Schematic diagram of the model used to
determine the spectra of S-bursts. The S-emitter
moves along the helix trajectory and emits at local
cyclotron frequency according to grad f,

adopted as constants. The frequency dispersion of
radio emission is ignored as a second order effect.
For modeling most observed spectra, the simple
helix trajectories are used:

X =Vt

S

Y = Rsin( 2\, yA),

Z = Recog( 2T\, /M) ,

where V, is the source velocity along the IFT, R is
the helix radius, and A is the helix step

The motion of the emitter of the S-burst could
be observed with various inclinations (90° —a') of
the helix relative to the direction of the Earth.
Hence, the source coordinates are calculated in
the observer’s frame X,, Y,, Z,, where X,
axis is directed toward the Earth:

X, = Xsina - Y cosx ,
Y, = Xcosa + Y sim

Z,=Z

The visible direction of gradf, can be
characterized by the inclination angle 6 and the
azimuthal deviation . Therefore, the variations
of time delay and frequency are:

At =—Xo/V,,

AF =|gradf|(X, sir® coex+Y, cd+Z, st i)

According to the VIP4 model of the Jovian magnetic
field [14], we used |gl’adfc| =10° MHz/km for
f. ~ 20 MHz. This gradient leads to the observed
frequency scale of S-bursts of 1-3 MHz [3] with
A ~ 2000 km. The dimension of the IFT in the
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Jovian ionosphere is about 1000-2000 km [15].
Hence, a helix radius of 200 km < R < 750 km
was assumed in the model. Accordingly, 1 % of
light speed c is used as V; for the time scale of
a complex S-burst of 0.1-0.3 s [3]. The average drift
of a linear S-burst, ~15 MHz [¥! at 20 MHz [2],
is modelled with V, =-15000 km Os™' and
a=06=0.

As a result, the theoretical S-spectra (the
emitter’s trajectories in frames of Af and t + At)
have been calculated with various sets of
parameters (Table 1). The striking similarity
between observed and calculated S-spectra is
shown in Fig. 3. Two parts of the model curve are
combined into the calculated spectrum No. 17.
Forms No. 22 and No. 36 were modeled with
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Fig. 3. Comparison of the observed S-forms
(middle) with the model spectra (right), which are
based on the parameter values in Table 1

Table 1. Parameters for modeling the “S-alphabet”

No. R, o, 6 @ A, A, O

km deg deg deg km km deg
1 500 20 50 0 - - -
2 750 -10 0 0 - - -
3 500 -45 0 0 - - -
4 500 O 35 0o - - -
5 500 0 60 0 - - -
6 500 0 60 0 - - -
7 150 0 50 340 - - -
& 500 O 40 340 - - -
9 500 O 60 330 - - -
10 500 O 60 340 - - -
11 500 0 60 320 - - -
12 600 0 60 40 - - -
13 500 0 60 20 - - -
14 500 0 50 20 - - -
15 500 20 80 40 - - -
16 500 45 70 80 - - -
17 300 20 20 0 - - -
18 700 0 40 0 - - -
19 500 0 140 0 - - -
20 500 O 40 20 - - -
21 500 20 40 20 - - -
22 500 20 50 0 50 200 90
23 500 20 40 340 - - -
24 500 O 40 340 - - -
25 500 0 120 20 - - -
26 500 0 140 20 - - -
27 500 20 100 20 - - -
28 500 0 100 20 - - -
29 500 0 120 0O - - -
30 500 20 20 20 - - -

31 500 O 140 0 - - -
32 500 20 20 280 - — —
33 500 20 120 0 - — —
34 500 70 140 40 - — —
35 200 90 0 0
36> 700 70 160 0
37 500 20 110 10 - - -
38 500 20 100 10 - - -
39 500 20 110 O - - -
40 500 20 120 340 - - -
41 500 -45 40 80 — - -
42 500 -45 50 80
43 500 0 120 340 - — —

V, =-15000km[s is used for all models.

V, = 3000kmls/" for all models with the exception of No.26.
A =2000 km for all models with the exception of No.36.
a) Vg =2000 kmls™.

b) A =500 km.
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periodic disturbances along the helix axis:
X =V,t+ Acsin(2nV,yA, +9)

with amplitude Ay =50 km or 100 km, distribution
wavelength A, =200 km or 250 km, and phase
¢ =90° or 0° for forms No. 22 and No. 36,
respectively.

3. Interpretation of the Model

It is often accepted that an S-burst emission
propagates as a fast extraordinary wave (or x mode)
[9, 10, 13, 16]. The group velocity for the x mode
can be small if the refractive index n, <1 near
the cut-off frequency [10, 17]. Hence, the model
requirement of V/, / c<1 isplausible [10, 12, 13].

Electrons move along helical trajectories in a
magnetic field. However, the Larmor radius of the
electron orbit around the magnetic line is too short
for S-source (<12 cm with f, =20 MHz and
V, ~15000 kmls™"). Nevertheless, the magnetic
field is helixed around the electrical current [18,
pp. 222-226]. It is known that powerful currents
flow in the IFT through the source of S-bursts.
That is why the S-burst emission has been
attributed to the helical magnetic lines curling
around the IFT [8]. However, this model cannot
explain the S-burst forms with |9|545°, i e.
43/56= 77 % of the alphabet. Indeed, the
gradient of the cyclotron frequency is not fixed in
such a model: gradf, rotates around the central
current in process of S-emitter moves along the
helix. As a result, the calculated alphabet is
inconsistent with observed S-burst forms.

To reproduce the observed S-spectra, a quasi-
constant gradf, isused in our model. It is possible
in the system of many filaments of electrical
currents which flow along the IFT. Their collective
net magnetic fields, combined with that of Jupiter,
provide a background for the motion of the S-
emitter along one of IFT currents, which is in the
form of a helix. This emitting helix must be
sufficiently small and displaced from the main axis
of the net current. Theoretically this is possible
since the parameters Vy, V,, R, and A could be
scaled by a constant factor, say 1/10, and the

identical S-spectra would result. Therefore, the
adopted value of R must be considered as the
estimation of upper limit.

Another possible explanation of helical trajec-
tories of S-emitters is the well-known helix instability
of an electrical current in external magnetic field
[19, pp. 165-167]. For example, the growing
helix of a falling mercury stream with an electrical
current and within axial magnetic field has been
photographed (Fig. 3.19 [18]). Indeed, similar
increasing helixes have been observed in the dynamic
spectra of S-emissions, e. g. 16 May 1995
(Fig. 4, [3]). An approximate curve is calculated
with o =20°, 6=11C¢, w=15°, gradfc| = 0.004
MHz/km and exponential growth:

R= Rexplyt),

A =21RtgB = A, expit),

where 3 is the angle of helix twist, R, =300 km,
Ao =21R,, B=1300 km, and y=3 s™'. Appa-
rently, such helix instability could lead to the chaotic
entangling of currents and their dissipation. Perhaps,
this process is observed as exotic S-forms — the
spectra No. 3, 34-36 and unmodeled forms.
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Fig. 4. Helix instability in the S-spectrum of 16 May
1995. The solid curve is calculated with the
exponentially growing helix

The periodic disturbance of S-helix is included
in the models of spectra No. 22 and 36. Probably,
the axial periodic electrical field of an Alfven wave
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could make these modulations in V, and X. Alfven
waves in the IFT are considered as an important
factor for generation of S-bursts [2, 3].

The Fig. 4 and spectra No. 22, 37, 38, 39
shows that the flux of radio emission is increased,
when the S-emitter moves toward the observer
(i. e. t +At is decreasing). However, many types
of S-alphabet with a < 20° argues rather for more
isotropic radiation pattern of emitter. Apparently,
S-flux is controlled by other factors too. The emitter
can work only on a part of helix period; or we can
see the S-burst only through the “zone of visibility”,
where the disturbed IFT border is perpendicular
to the Earth direction [4, 5]. Hence, the restoration
of radiation pattern of S-emitter seems a difficult
problem for future studies.

The lo phase control is due to the sharp beaming
of S-emission, because this propagates from the
source with the refractive index of n«1 to the
medium with n=1. The beam is oriented along
the density gradient which, in turn, is approximately
perpendicular to the IFT [10]. It was shown
numerically that the difference between such
perpendicular beaming and the observed radiation
pattern could be explained by the refraction in the
inner Jovian magnetosphere [20].

4. Conclusions

It is shown that about 90 % of complex
S-spectra can be explained in terms of the motion
of S-emitters along helical trajectories with a very

low (<0.01c) group velocity of the emission. This

is a simplest explanation for the old puzzle of the
recurrent, scale-invariant fine structure of S-emissions.

The model used can be explained in terms of
electrical currents that flow along the IFT and
disturb the planetary magnetic field. Displaced
helixes near the border of the IFT are needed to
explain most observed S-spectra.

Apparently, there is an exponential growth of
the S-helix sometimes. This effect could be
explained in terms of well-known helix instability
of electrical current in an axial magnetic field.

The slight disturbances in some S-helixes are
needed for modeling of exotic S-types. The
electrical field of Alfven waves is a possible
explanation.

The fine structure of S-bursts provides the
means for studying the IFT, the origin of S-
emissions, and the ambient plasma. Our model
provides a key to understanding this structure.
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MopaeaunposBanue “anpaura”
S-BemieckoB FOnurepa

A. B. Apxumnos

[TokazaHo, 4TO XapaKTEpHBIC JJIEMEHTHI
CJIO)KHBIX S-BCTIJIECKOB B IMHAMUYECKUX CIEKT-
pax JexaMmeTpoBoro paauousnydenus lOnutepa
(“an¢aBuT”) MOTYT OBITH OOBSCHEHBI 3aJCPK-
KO pacrpocTpaHeHUs U3TyUeHHsI TIPU CITUPaTb-
HOW TPAEKTOPUHU M3ITydaTesl.

102

MonenawoBannd “ajgasiry”
S-crueckiB FOmitepa

O. B. Apxunos

[ToxazaHo, o XapaKkTepHi eIeMEHTH CKJIaI-
HUX S-CIJIECKIB y IMHAMIYHUX CIEKTpax JeKa-
METpPOBOTr0 pajaioBUNpoMiHIOBaHHS Omitepa
(“andapit”) MOXHa MOSICHUTH 32 JOTOMOTOI0
3aTPUMKHU TOIIMPEHHS BUIPOMIHIOBAHHS HpPH
HasiBHOCTI cmipaibHOi TpaekTopii BUIpO-
MiHIOBaua.
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