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Abstract. A simple mechanism for the generation of elec-
tromagnetic “Zebra” pattern emissions is proposed. “Zebra”
bursts are regularly spaced narrow-band radio emissions on
the otherwise broadband radio continuum emitted by the ac-
tive solar corona. The mechanism is based on the generation
of an ion-ring distribution in a magnetic mirror geometry in
the presence of a properly directed field-aligned electric po-
tential field. Such ion-rings or ion-conics are well known
from magnetospheric observations. Under coronal condi-
tions they may become weakly relativistic. In this case the
ion-cyclotron maser generates a number of electromagnetic
ion-cyclotron harmonics which modulate the electron maser
emission. The mechanism is capable of switching the emis-
sion on and off or amplifying it quasi-periodically which is a
main feature of the observations.

Keywords. Solar physics, astrophysics, and astronomy (Ra-
dio emissions) – Space plasma physics (Radiation processes;
Wave-particle interactions)

1 Introduction

Substantial effort has been invested into the explanation of an
apparently minuscule effect, the so-called “Zebra bursts”, in
the radio emission from some objects. They are best known
from the Sun to occur during broadband continuum radio
bursts like, for instance, type IV and type I burst radio con-
tinua where they have been detected first. The frequency-
time spectrogram of a typical (non-drifting) example in the
metric wavelengths is shown in Fig.1. It is by now quite well
established that these radio bursts are frequently (if not regu-
larly) caused in the aftermath of solar flares by the electron-
cyclotron maser emission from the anisotropic magnetically

Correspondence to:R. A. Treumann
(rudolf.treumann@geophysik.uni-
muenchen.de)

trapped flare-electron population. “Zebras” break the radio
continuum by organising it into regularly drifting or undu-
lating narrow-band patterns in the frequency-time spectro-
grams with strictly equally spaced emission and absorption
features. A typical “Zebra” emission looks like a fingerprint
on the otherwise unstructured or irregularly structured radio
comtinuum. This fingerprint can be stationary or inclined,
i.e. as a whole exhibiting a positive or negative frequency
drift. An excellent and exhaustive review of the various oc-
casions when and types of such drifting or stationary “Ze-
bra” patterns can, for instance, be found inChernov(2010),
a paper which reliefs us from going more into detail on the
observations. Though for the energy budget of the radiation
“Zebras” are indeed minuscule and thus of little importance,
their observation is nevertheless important as they provide
some deep insight into the complicated plasma processes
during flares and the generation of radio continua.

The quasi-harmonic frequency spacing of the spectral “Ze-
bra” fine structures which appear as narrow-band multi-
harmonic modulations (emission/absorption structures up to
thirty harmonics have been reported) has sometimes been
suspected to be related to the ion cyclotron frequency. How-
ever, no convincing mechanism of how they could be pro-
duced has so far been found. In the past a number of mech-
anisms have also been proposed which search for explain-
ing these fine structures differently (as for an example see,
e.g.LaBelle et al., 2003) as representations of inherent prop-
erties of the electron radiation or other nonlinear processes
like wave-wave interactions. Neither of these mechanisms
has, however, convincingly demonstrated the harmonic spac-
ing or the sequence of emissions and absorptions which is
frequently observed. The pros and contras for the various
models have been listed and discussed in the above cited pa-
per byChernov(2010).

We should note at this occasion that similar ion-cyclotron
modes can also be generated without the direct involve-
ment of relativistic ion beams. This could happen when ion
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Fig. 1. A typical example of a non-drifting Zebra emission pattern
on a weakly variable solar radio continuum background. Shown is
the frequency-time spectrogram of the a brief part of the originally
observed emission (data taken from Chernov, 2010). We have cho-
sen only 20 s of observation and cut out 90 MHz in frequency in
the metric wavelengths range. The typical Zebra pattern comes out
clearly on the linear frequency scale consisting of many equally
spaced chains of consecutive emission and absorption bands. The
radio antenna seems to snapshot different emission sites at differ-
ent times and for different length of time. Some such sites exhibit
frequency drifts in either direction from high to low but also from
low to high frequencies. When emissions from two (or more) sites
are detected at same time as on the right, then patchy structures are
created according to the constructive or destructive interference of
emissions.

evolve on the ion plasma background in the presence of
strong field-aligned currents as a non-linear state of ion-
acoustic waves. Such ion holes will be subject to the ac-
tion of the ion-cyclotron maser and generate harmonics of
the ion cyclotron frequency in a way similar to that recently
explored (Treumann et al., 2011) for the electron-cyclotron
maser emission from electron holes in view of the explana-
tion of radiation fine structure observed in the auroral kilo-
metric radiation spectra.

Here we exploit the very simple idea that the ’Zebra’
emissions fine structure in the solar flare radio continuum
could indeed be a consequence of the presence of electro-
magnetic ion-cyclotron harmonics. These ion-cyclotron har-
monics are genuinely caused by an high energy ion distribu-
tion which propagates on the radiating electron background.
The ion beam in such a case will itself radiate ion cyclotron
waves which propagate on the R-X mode branch. Because
of their frequencies ω∼ `ωci�ωce (with harmonic number
`= 1,2,3...) being much less than the electron cyclotron fre-
quency ωce, they can however not leave the plasma. This is
in contrast to the electron radiation which is emitted into free
space. Hence, a mechanism must be found which imprints
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Fig. 2. The model of a post-flare magnetically trapped electron dis-
tribution which is the source of type IV electron cyclotron maser
radiation. In this stage the weakly relativistic hot electrons have
evolved into a loss-cone distribution of Dory-Guest-Harris type
with completely empty sharply edged loss cone assuming that
whistler activity has ceased (simply because ωpe/ωce� 1) and
quasilinear diffusion into the loss cone is terminated. The R-X mode
emission is caused on the section of the resonance circle in phase
space that cuts through the steep perpendicular phase space gradient
of the loss cone and is mostly perpendicular to the magnetic field
at frequency below but very close to the local electron cyclotron
frequency. Upward directed strong electric fields at the site of the
magnetic mirror accelerate cold ions into an ion-conic distribu-
tion which propagates up into the configuration and generates large
numbers of ion cyclotron harmonics. The local modulation of the
electron loss cone distribution by the ion wave spectrum modulates
the electron cyclotron maser and causes the genuine ion-harmonic
spaced ‘Zebra’ emissions.

the ion structure on the radiation generated by the electrons
in order to make it visible. Such a mechanism is given by
the interaction with the electron background. Under certain
restrictive conditions this interaction causes a modulation of
the electron maser which leads to the observed ‘Zebra’ fine
structure.

Justification of such a model (as is shown in Figure 2)
can be given by reference to the well-established flare recon-
nection model. According to this model flares are caused by
magnetic reconnection in the lower corona at field strengths
of several Gauss .B . few 100 Gauss. In this process lo-
calised magnetic field-aligned electric potential drops de-
velop which accelerate and heat the flare electrons and ac-
celerate ions until they evolve into high energy essentially
cold conical phase space distributions, a process well-known
from auroral physics. Under solar flare radio continuum con-
ditions the ions readily become relativistic. Their cold coni-
cal distributions excite ion-cyclotron harmonic waves via the
ion-cyclotron maser instability.

Fig. 1. A typical example of a non-drifting Zebra emission pattern
on a weakly variable solar radio continuum background. Shown
is the frequency-time spectrogram of the a brief part of the origi-
nally observed emission (data taken fromChernov, 2010). We have
chosen only 20 s of observation and cut out 90 MHz in frequency
in the metric wavelengths range. The typical Zebra pattern comes
out clearly on the linear frequency scale consisting of many equally
spaced chains of consecutive emission and absorption bands. The
radio antenna seems to snapshot different emission sites at differ-
ent times and for different length of time. Some such sites exhibit
frequency drifts in either direction from high to low but also from
low to high frequencies. When emissions from two (or more) sites
are detected at same time as on the right, then patchy structures are
created according to the constructive or destructive interference of
emissions.

holes evolve on the ion plasma background in the presence
of strong field-aligned currents as a non-linear state of ion-
acoustic waves. Such ion holes will be subject to the ac-
tion of the ion-cyclotron maser and generate harmonics of
the ion cyclotron frequency in a way similar to that recently
explored (Treumann et al., 2011) for the electron-cyclotron
maser emission from electron holes in view of the explana-
tion of radiation fine structure observed in the auroral kilo-
metric radiation spectra.

Here we exploit the very simple idea that the “Zebra”
emissions fine structure in the solar flare radio continuum
could indeed be a consequence of the presence of electro-
magnetic ion-cyclotron harmonics. These ion-cyclotron har-
monics are genuinely caused by an high energy ion distribu-
tion which propagates on the radiating electron background.
The ion beam in such a case will itself radiate ion cyclotron
waves which propagate on the R-X mode branch. Because
of their frequenciesω ∼ `ωci � ωce (with harmonic number
` = 1,2,3...) being much less than the electron cyclotron fre-
quencyωce, they can however not leave the plasma. This is
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Fig. 1. A typical example of a non-drifting Zebra emission pattern
on a weakly variable solar radio continuum background. Shown is
the frequency-time spectrogram of the a brief part of the originally
observed emission (data taken from Chernov, 2010). We have cho-
sen only 20 s of observation and cut out 90 MHz in frequency in
the metric wavelengths range. The typical Zebra pattern comes out
clearly on the linear frequency scale consisting of many equally
spaced chains of consecutive emission and absorption bands. The
radio antenna seems to snapshot different emission sites at differ-
ent times and for different length of time. Some such sites exhibit
frequency drifts in either direction from high to low but also from
low to high frequencies. When emissions from two (or more) sites
are detected at same time as on the right, then patchy structures are
created according to the constructive or destructive interference of
emissions.

evolve on the ion plasma background in the presence of
strong field-aligned currents as a non-linear state of ion-
acoustic waves. Such ion holes will be subject to the ac-
tion of the ion-cyclotron maser and generate harmonics of
the ion cyclotron frequency in a way similar to that recently
explored (Treumann et al., 2011) for the electron-cyclotron
maser emission from electron holes in view of the explana-
tion of radiation fine structure observed in the auroral kilo-
metric radiation spectra.

Here we exploit the very simple idea that the ’Zebra’
emissions fine structure in the solar flare radio continuum
could indeed be a consequence of the presence of electro-
magnetic ion-cyclotron harmonics. These ion-cyclotron har-
monics are genuinely caused by an high energy ion distribu-
tion which propagates on the radiating electron background.
The ion beam in such a case will itself radiate ion cyclotron
waves which propagate on the R-X mode branch. Because
of their frequencies ω∼ `ωci�ωce (with harmonic number
`= 1,2,3...) being much less than the electron cyclotron fre-
quency ωce, they can however not leave the plasma. This is
in contrast to the electron radiation which is emitted into free
space. Hence, a mechanism must be found which imprints
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Fig. 2. The model of a post-flare magnetically trapped electron dis-
tribution which is the source of type IV electron cyclotron maser
radiation. In this stage the weakly relativistic hot electrons have
evolved into a loss-cone distribution of Dory-Guest-Harris type
with completely empty sharply edged loss cone assuming that
whistler activity has ceased (simply because ωpe/ωce� 1) and
quasilinear diffusion into the loss cone is terminated. The R-X mode
emission is caused on the section of the resonance circle in phase
space that cuts through the steep perpendicular phase space gradient
of the loss cone and is mostly perpendicular to the magnetic field
at frequency below but very close to the local electron cyclotron
frequency. Upward directed strong electric fields at the site of the
magnetic mirror accelerate cold ions into an ion-conic distribu-
tion which propagates up into the configuration and generates large
numbers of ion cyclotron harmonics. The local modulation of the
electron loss cone distribution by the ion wave spectrum modulates
the electron cyclotron maser and causes the genuine ion-harmonic
spaced ‘Zebra’ emissions.

the ion structure on the radiation generated by the electrons
in order to make it visible. Such a mechanism is given by
the interaction with the electron background. Under certain
restrictive conditions this interaction causes a modulation of
the electron maser which leads to the observed ‘Zebra’ fine
structure.

Justification of such a model (as is shown in Figure 2)
can be given by reference to the well-established flare recon-
nection model. According to this model flares are caused by
magnetic reconnection in the lower corona at field strengths
of several Gauss .B . few 100 Gauss. In this process lo-
calised magnetic field-aligned electric potential drops de-
velop which accelerate and heat the flare electrons and ac-
celerate ions until they evolve into high energy essentially
cold conical phase space distributions, a process well-known
from auroral physics. Under solar flare radio continuum con-
ditions the ions readily become relativistic. Their cold coni-
cal distributions excite ion-cyclotron harmonic waves via the
ion-cyclotron maser instability.

Fig. 2. The model of a post-flare magnetically trapped electron dis-
tribution which is the source of type IV electron cyclotron maser
radiation. In this stage the weakly relativistic hot electrons have
evolved into a loss-cone distribution of Dory-Guest-Harris type
with completely empty sharply edged loss cone assuming that
whistler activity has ceased (simply becauseωpe/ωce � 1) and
quasilinear diffusion into the loss cone is terminated. The R-X
mode emission is caused on the section of the resonance circle in
phase space that cuts through the steep perpendicular phase space
gradient of the loss cone and is mostly perpendicular to the mag-
netic field at frequency below but very close to the local electron
cyclotron frequency. Upward directed strong electric fields at the
site of the magnetic mirror accelerate cold ions into an ion-conic
distribution which propagates up into the configuration and gener-
ates large numbers of ion cyclotron harmonics. The local modula-
tion of the electron loss cone distribution by the ion wave spectrum
modulates the electron cyclotron maser and causes the genuine ion-
harmonic spaced “Zebra” emissions.

in contrast to the electron radiation which is emitted into free
space. Hence, a mechanism must be found which imprints
the ion structure on the radiation generated by the electrons
in order to make it visible. Such a mechanism is given by
the interaction with the electron background. Under certain
restrictive conditions this interaction causes a modulation of
the electron maser which leads to the observed “Zebra” fine
structure.

Justification of such a model (as is shown in Fig.2) can be
given by reference to the well-established flare reconnection
model. According to this model flares are caused by mag-
netic reconnection in the lower corona at field strengths of
several Gauss.B . few 100 Gauss. In this process localised
magnetic field-aligned electric potential drops develop which
accelerate and heat the flare electrons and accelerate ions
until they evolve into high energy essentially cold conical
phase space distributions, a process well-known from auro-
ral physics. Under solar flare radio continuum conditions
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the ions readily become relativistic. Their cold conical dis-
tributions excite ion-cyclotron harmonic waves via the ion-
cyclotron maser instability.

It may be in place to elaborate a little more on the model
even though it digresses from the main purpose of the present
paper which focusses on the multi-ion-cyclotron harmonic
modulation of the electron maser radiation. In a mirror mag-
netic field geometry like that of Fig.2 (or some its variants)
which has been generated in the course of the flare by re-
connection, say, on its lower left part. The electrons in this
configuration have immediately developed a loss-cone dis-
tribution having lost that part of the distribution inside the
loss cone. These electrons escaped along the magnetic field
and went down into the solar chromosphere where they cause
X-rays. Some electrons have also been accelerated into a
fast dilute electron beam along the reconnection separatrix.
These excite electron holes and other high-frequency plasma
waves seen sporadically as type I and type III bursts. They
do not interest us here.

Reconnection implies but fairly strong localised field-
aligned electric fields. These fields when acting on the ions
accelerate the ions along the magnetic field depending on the
direction of the electric field. At the location where the field
is directed into the trapped configuration a fast and cold ion
beam results which moves up into the magnetic trap and mir-
rors at the opposite side (as shown in the figure). In combi-
nation with the magnetic mirror force−µi∇‖B and further
conservation of the magnetic momentµi of the ions, how-
ever, the mirroring ion beam evolves into an ion-conic (Chiu
and Schulz, 1978) transferring the acceleration in the mir-
roring into perpendicular velocity. At the weak magnetic
fields in the magnetosphere reconnection accelerates ions
just up to energies of some 10 MeV. In the strong coronal
magnetic fields the resulting ion conic beam will have rela-
tivistic energy in the GeV range which in the lower corona
cause gamma-rays.

Ion conics are thus mirroring ion velocity distributions
with ion loss cone and lacking particles with small parallel
velocities. They are thus moving ion rings. The extreme
case is a standing ion ring with zero parallel speedu‖ = 0. If
it is cold, then all ions have the same perpendicular “beam”
velocity u⊥ = Uib. In the Earth’s magnetosphere ion conics
have been observed almost continuously (as for a few refer-
ences the reader may consultAndré and Yau, 1997; Miyake
et al., 1996; Shelley, 1995).

2 Ion-cyclotron maser instability

The cyclotron maser is a relativistic instability that involves
the presence of at least weakly relativistic particles. It had
been originally proposed for electrons only, first in the con-
struction of free-electron lasers (Motz, 1951; Madey, 1971)
and masers before being recognised for plasmas (byTwiss,
1958, in its non-relativistic non-efficient version) and, much

later (in its relativistic version byWu and Lee, 1979), as a
very efficient radiation mechanism in space plasmas as well
(for a review cf.Treumann, 2006). Subsequently it has been
identified as the main radio wave emission process in the au-
rora of Earth and other planets, in solar radio bursts, particu-
larly type I, type IV and so-called microwave (orµ-) bursts,
and under astrophysical conditions.

The electron cyclotron maser as the main emission mech-
anism in all these objects is well established by now. Be-
low we will make use of it. However, as for the “Zebra”
fine structure which interests us here, the electron cyclotron
maser is just the carrier of information. Adopting the notion
that the “Zebra” pattern maps the ion cyclotron frequency
into the emitted electron maser radiation, we propose that an
exactly similar mechanism works as well for the ions causing
an ion-cyclotron maser instability. Such an instability has, in
fact, been proposed first byHoshino and Arons(1991) and
was refined byAmato and Arons(2006) to include a cold rel-
ativistic gyrating ion beam, i.e. the extreme case of a standing
cold ion conic. In a different non-relativistic version it was
used in space plasma (cf. e.g.Chaston et al., 2002) where it
should serve to excite harmonics of low frequency electro-
magnetic ion cyclotron waves in the auroral plasma.

For efficient generation of ion cyclotron harmonic waves
under radio continuum radiation conditions (type I, type IV,
microwave-bursts etc.) one requires the presence of a rel-
ativistic gyrating ion distribution with anisotropic velocity
and positive perpendicular phase space gradient. For sim-
plicity, the relativistic model ion-conic distribution is taken
to be cold and anisotropic

Fib(u⊥,u‖) =
1

2πUib
δ(u⊥ −Uib)δ(u‖) (1)

where nowu is the normalised 4-velocity [u = γβ with

γ = (1−β2)−
1
2 = (1+u2)

1
2 the Lorentz factor], andUib is

the initial value ofu for the relativistic ions, and subscripts
⊥,‖ refer to the direction of the magnetic field. For electro-
magnetic waves with perpendicular wave vectork = kx̂ the
dispersion relation becomes

n2
= εyy −εxyεyx/εxx, εxy = −εyx, n2

≡ k2c2/ω2 (2)

The explicit form of the dielectric tensor components is stan-
dard and has been given e.g. byAmato and Arons(2006)
whose results we will make use of here and who use a pair
plasma as background.

In order to exploit their results we have to re-scale their
parameters to conditions of an electron-ion background.
These parameters are the ratiosσ = B2/µ0mNc2γ of mag-
netic to kinetic energy densities for the different species
(in their case, the ion beam and background electron and
positron pairs, index±, for which they use numericallyσib =

10−2,σ± = 2). We replace the positrons with ions and use the
quasi-neutrality conditionN = Ne= Ni +Nib, where the sub-
script “ib” denotes the relativistic ring ions. This yields for

www.ann-geophys.net/29/1673/2011/ Ann. Geophys., 29, 1673–1682, 2011
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It may be in place to elaborate a little more on the model
even though it digresses from the main purpose of the present
paper which focusses on the multi-ion-cyclotron harmonic
modulation of the electron maser radiation. In a mirror mag-
netic field geometry like that of Figure 2 (or some its vari-
ants) which has been generated in the course of the flare by
reconnection, say, on its lower left part. The electrons in this
configuration have immediately developed a loss-cone distri-
bution having lost that part of the distribution inside the loss
cone. These electrons escaped along the magnetic field and
went down into the solar chromosphere where they cause X-
rays. Some electrons have also been accelerated into a fast di-
lute electron beam along the reconnection separatrix. These
excite electron holes and other high-frequency plasma waves
seen sporadically as type I and type III bursts. They do not
interest us here.

Reconnection implies but fairly strong localised field-
aligned electric fields. These fields when acting on the ions
accelerate the ions along the magnetic field depending on the
direction of the electric field. At the location where the field
is directed into the trapped configuration a fast and cold ion
beam results which moves up into the magnetic trap and mir-
rors at the opposite side (as shown in the figure). In combi-
nation with the magnetic mirror force −µi∇‖B and further
conservation of the magnetic moment µi of the ions, how-
ever, the mirroring ion beam evolves into an ion-conic (Chiu
& Schulz, 1978) transferring the acceleration in the mirror-
ing into perpendicular velocity. At the weak magnetic fields
in the magnetosphere reconnection accelerates ions just up
to energies of some 10 MeV. In the strong coronal mag-
netic fields the resulting ion conic beam will have relativistic
energy in the GeV range which in the lower corona cause
gamma-rays.

Ion conics are thus mirroring ion velocity distributions
with ion loss cone and lacking particles with small parallel
velocities. They are thus moving ion rings. The extreme case
is a standing ion ring with zero parallel speed u‖= 0. If it is
cold, then all ions have the same perpendicular ‘beam’ veloc-
ity u⊥ =Uib. In the Earth’s magnetosphere ion conics have
been observed almost continuously (as for a few references
the reader may consult André & Yau, 1997; Miyake, Mukai
& Kaya, 1996; Shelley, 1995).

2 Ion-cyclotron maser instability

The cyclotron maser is a relativistic instability that involves
the presence of at least weakly relativistic particles. It had
been originally proposed for electrons only, first in the con-
struction of free-electron lasers (Motz, 1951; Madey, 1971)
and masers before being recognised for plasmas (by Twiss,
1958, in its non-relativistic non-efficient version) and, much
later (in its relativistic version by Wu & Lee, 1979), as a very
efficient radiation mechanism in space plasmas as well (for a
review cf. Treumann, 2006). Subsequently it has been iden-
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Fig. 3. Ion-cyclotron maser dispersion relation. Harmonic frequen-
cies (blue) and growth rates (red) excited by a cold relativistic
proton-ring distribution in an electron-proton plasma with ring-
Lorentz factor γib < 10,Nib/N ∼ 10−2 (re-scaled data taken from
Amato & Arons, 2006). The ring-ion maser generates a large num-
ber of ion cyclotron harmonics `, all of nearly same maximum
growth rate. The ion-cyclotron harmonics are equally spaced. In this
figure, however, we have chosen for a logarithmic frequency scale
in order to show a large number of harmonics and their growth rates.
In order not to overload the figure we plotted only selected harmon-
ics `=2n, n∈N.

tified as the main radio wave emission process in the aurora
of Earth and other planets, in solar radio bursts, particularly
type I, type IV and so-called microwave (or µ-) bursts, and
under astrophysical conditions.

The electron cyclotron maser as the main emission mech-
anism in all these objects is well established by now. Below
we will make use of it. However, as for the ‘Zebra’ fine struc-
ture which interests us here, the electron cyclotron maser is
just the carrier of information. Adopting the notion that the
‘Zebra’ pattern maps the ion cyclotron frequency into the
emitted electron maser radiation, we propose that an exactly
similar mechanism works as well for the ions causing an ion-
cyclotron maser instability. Such an instability has, in fact,
been proposed first by Hoshino & Arons (1991) and was re-
fined by Amato & Arons (2006) to include a cold relativistic
gyrating ion beam, i.e. the extreme case of a standing cold
ion conic. In a different non-relativistic version it was used in
space plasma (cf., e.g., Chaston et al., 2002) where it should
serve to excite harmonics of low frequency electromagnetic
ion cyclotron waves in the auroral plasma.

For efficient generation of ion cyclotron harmonic waves
under radio continuum radiation conditions (type I, type IV,

Fig. 3. Ion-cyclotron maser dispersion relation. Harmonic fre-
quencies (blue) and growth rates (red) excited by a cold relativis-
tic proton-ring distribution in an electron-proton plasma with ring-
Lorentz factorγib < 10,Nib/N ∼ 10−2 (re-scaled data taken from
Amato and Arons, 2006). The ring-ion maser generates a large
number of ion cyclotron harmonics̀, all of nearly same maximum
growth rate. The ion-cyclotron harmonics are equally spaced. In
this figure, however, we have chosen for a logarithmic frequency
scale in order to show a large number of harmonics and their growth
rates. In order not to overload the figure we plotted only selected
harmonics̀ = 2n, n∈ N.

the background ion Lorentz factorγi = µγe/(1−Nib/N) ≈

µγe.
For small beam densitiesNib � N , with µ = me/mi , the

background ions are non-relativistic, and only the radiating
electrons will be considered relativistic. Moreover, we have
γib/γe∼ 200µ(N/Nib). Since the electron background is as-
sumed mildly relativistic we will haveγib ∼ 0.1(N/Nib)γe.
10 for applying the results ofAmato and Arons(2006).
With these quite reasonable numbers we can directly refer
to Fig. 13a ofAmato and Arons(2006) the re-scaled version
of which we reproduce here as Fig.3.

One observes that a very large number of electromagnetic
ion cyclotron harmonics is generated which propagate on the
R-X mode branch. (One may note that only harmonics` = 2n

are shown for clarity; clearly the harmonics on a linear fre-
quency scale are spaced at equal distance.) These waves have
all roughly the same growth rate and are of narrow band-
width. These harmonics are practically all confined to the
plasma even in an underdense plasma under the condition

ω2
e/ω

2
ce< 2Te/mec

2 < 1 (3)
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microwave-bursts etc.) one requires the presence of a rel-
ativistic gyrating ion distribution with anisotropic velocity
and positive perpendicular phase space gradient. For simplic-
ity, the relativistic model ion-conic distribution is taken to be
cold and anisotropic

Fib(u⊥,u‖) =
1

2πUib
δ(u⊥−Uib)δ(u‖) (1)

where now u is the normalised 4-velocity [u = γβ with
γ = (1−β2)−

1
2 = (1+u2)

1
2 the Lorentz factor], and Uib is

the initial value of u for the relativistic ions, and subscripts
⊥,‖ refer to the direction of the magnetic field. For electro-
magnetic waves with perpendicular wave vector k = kx̂ the
dispersion relation becomes

n2 = εyy−εxyεyx/εxx, εxy =−εyx, n2≡ k2c2/ω2 (2)

The explicit form of the dielectric tensor components is stan-
dard and has been given, e.g., by Amato & Arons (2006)
whose results we will make use of here and who use a pair
plasma as background.

In order to exploit their results we have to re-scale their
parameters to conditions of an electron-ion background.
These parameters are the ratios σ=B2/µ0mNc

2γ of mag-
netic to kinetic energy densities for the different species
(in their case, the ion beam and background electron and
positron pairs, index±, for which they use numerically σib =
10−2,σ± = 2). We replace the positrons with ions and use
the quasi-neutrality conditionN =Ne =Ni+Nib, where the
subscript ib denotes the relativistic ring ions. This yields for
the background ion Lorentz factor γi =µγe/(1−Nib/N)≈
µγe.

For small beam densities Nib�N , with µ=me/mi, the
background ions are non-relativistic, and only the radiating
electrons will be considered relativistic. Moreover, we have
γib/γe∼ 200µ(N/Nib). Since the electron background is as-
sumed mildly relativistic we will have γib∼ 0.1(N/Nib)γe .
10 for applying the results of Amato & Arons (2006). With
these quite reasonable numbers we can directly refer to Fig-
ure 13(a) of Amato & Arons (2006) the re-scaled version of
which we reproduce here as Figure 3.

One observes that a very large number of electromagnetic
ion cyclotron harmonics is generated which propagate on the
R-X mode branch. (One may note that only harmonics `= 2n

are shown for clarity; clearly the harmonics on a linear fre-
quency scale are spaced at equal distance.) These waves have
all roughly the same growth rate and are of narrow band-
width. These harmonics are practically all confined to the
plasma even in an underdense plasma under the condition

ω2
e/ω

2
ce< 2Te/mec

2< 1 (3)

of the electron-cyclotron maser instability (Winglee, 1983)
as long as their frequency is below the upper hybrid fre-
quency ωuh & ωce in this case. The key observation is that
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∂F⁄∂u  > 0  ⊥

⊥

∂F⁄∂u  > 0  ⊥

resonant
circles

Loss-cone
distribution

cyclotron
damping/
absorption
region

u

u||RmaxRmin

Fig. 4. Electron loss-cone (Dory-Guest-Harris) distribution in the
normalised 4-velocity plane. Shown are two resonance circles for
maximum and minimum radii, corresponding to minimum and
maximum unstable electron cyclotron maser emissions in perpen-
dicular propagation of R-X- modes. The section of the resonance
circles contributing to emission are shown in red. Emission is pro-
vided as long as the phase space gradient over the positive (yellow)
part is steep enough to compensate for the larger part of the cir-
cles traversing the blue negative gradient region of the distribution.
Note that the blue region between the circles of maximum and min-
imum resonancesRmax,Rmin absorbs electron-cyclotron waves by
damping them. This heats the electrons in this domain and flattens
the distribution in this region of phase space.

for the trapped radiating electrons the perpendicular electric
fields

E⊥(t) =
∑
`

E`exp(−i`ωcit) (4)

of these ion cyclotron harmonics are practically stationary
electric fields which generate drift motions in the magnet-
ically trapped anisotropic electron background plasma that
is responsible for the radio continuum. These electron drifts
modulate the emitted electron cyclotron maser radiation,
adding factors 2πδ(ω±`ωci) to the emission spectrum.

3 Electron-cyclotron maser radiation

We briefly indicate what kind of variation in the spectrum of
the electron cyclotron emission is to be expected in this case.
The continuum radiation model as for instance a type IV is
based on the assumption of a magnetically trapped electron
distribution. Such distributions are of loss-cone type which
can, for instance, be modelled as (relativistic) Dory-Guest-
Harris distributions

Fe(u⊥,u‖) =
1

π
3
2 v3
es!

(
u2
⊥
v2
e

)s
exp

[
−
u2
⊥+u2

‖

v2
e

]
, s∈R (5)

where v2
e is the normalised thermal spread, and the factor

u2s
⊥ ∝ sin2sθ, with θ the angle between 4-velocity and mag-

netic field direction, accounts for the loss cone. Note that s
can be any real number while being most conveniently cho-
sen as s∈N.

Fig. 4. Electron loss-cone (Dory-Guest-Harris) distribution in the
normalised 4-velocity plane. Shown are two resonance circles
for maximum and minimum radii, corresponding to minimum and
maximum unstable electron cyclotron maser emissions in perpen-
dicular propagation of R-X- modes. The section of the resonance
circles contributing to emission are shown in red. Emission is pro-
vided as long as the phase space gradient over the positive (yellow)
part is steep enough to compensate for the larger part of the circles
traversing the blue negative gradient region of the distribution. Note
that the blue region between the circles of maximum and minimum
resonancesRmax,Rmin absorbs electron-cyclotron waves by damp-
ing them. This heats the electrons in this domain and flattens the
distribution in this region of phase space.

of the electron-cyclotron maser instability (Winglee, 1983)
as long as their frequency is below the upper hybrid fre-
quencyωuh & ωce in this case. The key observation is that
for the trapped radiating electrons the perpendicular electric
fields

E⊥(t) =

∑
`

E`exp(−i`ωcit) (4)

of these ion cyclotron harmonics are practically stationary
electric fields which generate drift motions in the magneti-
cally trapped anisotropic electron background plasma that is
responsible for the radio continuum. These electron drifts
modulate the emitted electron cyclotron maser radiation,
adding factors 2πδ(ω±`ωci) to the emission spectrum.

3 Electron-cyclotron maser radiation

We briefly indicate what kind of variation in the spectrum of
the electron cyclotron emission is to be expected in this case.
The continuum radiation model as for instance a type IV is
based on the assumption of a magnetically trapped electron
distribution. Such distributions are of loss-cone type which
can, for instance, be modelled as (relativistic) Dory-Guest-
Harris distributions
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wherev2
e is the normalised thermal spread, and the factor

u2s
⊥

∝ sin2s θ , with θ the angle between 4-velocity and mag-
netic field direction, accounts for the loss cone. Note thats

can be any real number while being most conveniently cho-
sen ass ∈ N.

With the above distribution function the instability has
been exhaustively discussed byPritchett (1986) for differ-
ent propagation angles finding that largest growth is obtained
for strictly perpendicular propagation,k‖ = 0. In this case
the resonance condition for resonant excitation of waves be-
comes

u2
⊥

+u2
‖
−2(1−νce) = 0 (6)

whereνce= ω/ωce is the non-relativistic ratio of wave fre-
quency to electron cyclotron frequency. Clearly, resonance
is possible only forνce. 1 and, as usual, the resonance line
is a circle in the normalised 4-velocity plane(u⊥,u‖) of ra-
dius

Rres=
√

2(1−νce) (7)

located between the minimum and maximum radii
Rmin,Rmax of resonance which correspond to maxi-
mum and minimum resonant frequencies, respectively (see
Fig. 4).

The relativistic cold plasma dispersion relation of the R-X
mode, which is the real part of

n2
−1−(2−n2

⊥
)A = 0, with n2

= k2c2/ω2 (8)

allows for a range of such resonant frequencies below the
non-relativisticωce which is quite narrow (cf. e.g.Pritch-
ett, 1986), depending on the plasma parameters. The max-
imum resonance frequency (minimum radius) is very close
to νce= 1. On the other hand, the minimum resonance fre-
quency can be estimated from the cold X-mode dispersion
relation yielding

νce,min ≈ 1−
γ 2

e

2

(
ωe

ωce

)2

(9)

For consistency we note that this condition is in accord
with Eq. (3) which requires thatω2

ce > ω2
pe, i.e. an under-

dense plasma. Type IV radiation is emitted at, say, fre-
quencyω/2π ∼ 108

− 1010 Hz, preferentially closer to the
higher of these frequencies. Acknowledging that this is at
the local electron-cyclotron frequency, then it corresponds
to magnetic fields of the order ofB ∼ several 100 G, and
the electron-cyclotron maser operates for densitiesN ∼

1010 cm−3 or less, typical for the lower corona and higher.
The functionA contains the plasma response. Taking

k‖ = 0,|1−νce| � 1, one has to first order Re(A) � 1. This
expression is to be used in the calculation of the growth rate

Im(νce) ' − 1
2 Im(A) (10)

Maser radiation will be produced if Im(A) < 0 is negative
(corresponding to “negative absorption” of the electromag-
netic R-X mode). The resonant imaginary part ofA is given
by

Im(A) = −
π2

2νce

ω2
e

ω2
ce

∞∫
−∞

∞∫
0

du‖u⊥du2
⊥

∂Fe

∂u⊥

×

× δ(u2
‖
+u2

⊥
−R2

res) (11)

In dealing with the loss cone distribution Fig.4 one realises
that any substantial modulation of the particle distribution
caused by the presence of the ion cyclotron waves is im-
portant mainly when it affects the low perpendicular energy
electrons at the loss cone boundary (red piece of resonance
circle in the figure). These electrons are particularly vulner-
able to theE ×B drift that is caused by the low frequency
ion-cyclotron waves. Since this is the only region which has
positive perpendicular gradient and therefore contributes to
wave growth over the narrow part of the boundary crossed
by the resonant circle, its modulation modulates the elec-
tron cyclotron maser. The longer part of the resonance circle
(blue in the figure) inside the distribution sees a weak nega-
tive gradient and causes wave absorption which for instabil-
ity is grossly over-compensated by the very steep gradient at
the loss-cone boundary.

Inspection of Fig.5 suggests, that the modulation of
the loss-cone boundary indeed heavily affects the emission
conditions. In presence of ion-cyclotron waves the low-
perpendicular energy electrons at the loss-cone boundary
will start oscillating up and down inu⊥ with the imposed
frequency of the ion cyclotron wave electric field, when per-
forming anE⊥ ×B-drift. This drift displaces the loss-cone
boundary either up to higheru⊥ or down. In the latter case
the loss-cone is partially filled, and the maser may switch
off, causing zero emission intensity at the respective fre-
quency. In the former case the loss-cone widens, faking
a larger loss-cone exponents and bringing the minimum-
radius resonance almost completely into the positive gradient
region which should amplify the emission at frequency very
close toνce∼ 1. These two cases are shown schematically in
Fig. 5.

Including this modulation effect into the calculation of the
electron cyclotron maser instability from scratch on is quite
involved. We can however boldly construct a simple model
which possesses some of the relevant features of the modu-
lation.

Realising that the two time scales of the ion cyclotron and
electron instabilities are quite far apart, we consider the mod-
ulation as stationary on the time scale of the electron cy-
clotron maser emission. Then, the drift effect will result in
a modulation of the loss cone as has been described above
and can be included by replacingu⊥ → u′

⊥
= u⊥ +1 in the
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With the above distribution function the instability has
been exhaustively discussed by Pritchett (1986) for differ-
ent propagation angles finding that largest growth is obtained
for strictly perpendicular propagation, k‖ = 0. In this case
the resonance condition for resonant excitation of waves be-
comes

u2
⊥+u2

‖−2(1−νce) = 0 (6)

where νce = ω/ωce is the non-relativistic ratio of wave fre-
quency to electron cyclotron frequency. Clearly, resonance is
possible only for νce . 1 and, as usual, the resonance line is
a circle in the normalised 4-velocity plane (u⊥,u‖) of radius

Rres =
√

2(1−νce) (7)

located between the minimum and maximum radii
Rmin,Rmax of resonance which correspond to maxi-
mum and minimum resonant frequencies, respectively (see
Figure 4).

The relativistic cold plasma dispersion relation of the R-X
mode, which is the real part of

n2−1−(2−n2
⊥)A= 0, with n2 = k2c2/ω2 (8)

allows for a range of such resonant frequencies below the
non-relativistic ωce which is quite narrow (cf., e.g., Pritch-
ett, 1986), depending on the plasma parameters. The max-
imum resonance frequency (minimum radius) is very close
to νce = 1. On the other hand, the minimum resonance fre-
quency can be estimated from the cold X-mode dispersion
relation yielding

νce,min≈ 1− γ
2
e

2

(
ωe
ωce

)2

(9)

For consistency we note that this condition is in accord
with Eq. (3) which requires that ω2

ce > ω2
pe, i.e. an under-

dense plasma. Type IV radiation is emitted at, say, frequency
ω/2π ∼ 108− 1010 Hz, preferentially closer to the higher
of these frequencies. Acknowledging that this is at the local
electron-cyclotron frequency, then it corresponds to magnetic
fields of the order of B ∼ several 100 G, and the electron-
cyclotron maser operates for densities N ∼ 1010 cm−3 or
less, typical for the lower corona and higher.

The functionA contains the plasma response. Taking k‖=
0,|1−νce| � 1, one has to first order Re(A)� 1. This ex-
pression is to be used in the calculation of the growth rate

Im(νce)'− 1
2 Im(A) (10)

Maser radiation will be produced if Im(A)< 0 is negative
(corresponding to ‘negative absorption’ of the electromag-
netic R-X mode). The resonant imaginary part of A is given
by

Im(A) = − π2

2νce
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⊥
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Fig. 5. Same as in Figure 4 except for the modulation of the loss
cone included. Top: The modulation due to the electric field drift in
the transverse electric field of the ion-cyclotron mode shifts the per-
pendicular velocity up thereby opening the loss cone and pushing its
gradient to higher u⊥. This steepens the gradient and reduces the
damping part of the resonance circle. At minimum radius (largest
emission frequency νec) the resonance circle is fully in the positive
gradient. During this phase emission is amplified. Bottom: During
this phase the drift reduces the perpendicular velocity filling the loss
cone and switching the maser off.

In dealing with the loss cone distribution Figure 4 one re-
alises that any substantial modulation of the particle distribu-
tion caused by the presence of the ion cyclotron waves is im-
portant mainly when it affects the low perpendicular energy
electrons at the loss cone boundary (red piece of resonance
circle in the figure). These electrons are particularly vulner-
able to the E×B drift that is caused by the low frequency
ion-cyclotron waves. Since this is the only region which has
positive perpendicular gradient and therefore contributes to
wave growth over the narrow part of the boundary crossed
by the resonant circle, its modulation modulates the electron
cyclotron maser. The longer part of the resonance circle (blue
in the figure) inside the distribution sees a weak negative
gradient and causes wave absorption which for instability is
grossly over-compensated by the very steep gradient at the
loss-cone boundary.

Inspection of Figure 5 suggests, that the modulation of
the loss-cone boundary indeed heavily affects the emission
conditions. In presence of ion-cyclotron waves the low-
perpendicular energy electrons at the loss-cone boundary
will start oscillating up and down in u⊥ with the imposed

Fig. 5. Same as in Fig.4 except for the modulation of the loss cone
included. Top: the modulation due to the electric field drift in the
transverse electric field of the ion-cyclotron mode shifts the perpen-
dicular velocity up thereby opening the loss cone and pushing its
gradient to higheru⊥. This steepens the gradient and reduces the
damping part of the resonance circle. At minimum radius (largest
emission frequencyνec) the resonance circle is fully in the positive
gradient. During this phase emission is amplified. Bottom: during
this phase the drift reduces the perpendicular velocity filling the loss
cone and switching the maser off.

loss-cone factor of the electron distribution function Eq. (5),
where

1 = γeVE(t)/c = γeβE (12)

is the contribution of the normalised drift in the ion-cyclotron
wave electric field. HereβE(t) is the slowly variable rela-
tivistic velocity caused by the ion-cyclotron fields. Though
this is small, its effect can nevertheless be large as the maser
is extremely sensitive to modulation of the loss-cone.

Modulation can, in addition, also be included as a varia-
tion of the loss-cone exponents replacing it with a variable
exponents → a(s,t) > 0 andt the slow time scale, allowing
for a direct response of the loss cone to the modulation. Since
a is not anymore an integer number, this latter step requires
that in the normalisation of the DGH distribution Eq. (5) the
factor s! is replaced by the Gamma-function0(a +1). Per-
forming the derivative yields

∂Fe

∂u⊥

=
2

u′

⊥

(
a−

u⊥u′

⊥

v2
e

)
Fe (13)

Inserting into Eq. (11), performing the integration with re-
spect tou2

⊥
, rearranging and neglecting terms higher than

first order in1 reduces to

Im(A)≈ −

√
πRres

0(a+1)

ω2
e

νceω2
ce

e−R2
res

v2
e

1∫
0

xadx
√

1−x

[(
a

R3
res

−x

+
1′

Rres
x

1
2

)
+1′(2a+1)

(
a

Rres
x−

1
2 −x+

1
2

)]
(14)

where1′
=
√

1+R2
resVE(t)/c. All quantities are normalised

as indicated earlier. (In order to arrive at the above ex-
pression we have takenRres out and changed the fake in-
tegration variable.) The integral can be evaluated mak-
ing use of

∫ 1
0 dxa/

√
1−x = B(a + 1, 1

2), whereB(x,y) =

0(x)0(y)/0(x + y) is the beta-function and0(1
2) =

√
π .

This yields

Im(A) ≈ −C
(
Q1+1′Q2

)
(15)

whereC ≡ (πRresω
2
e)e

−R2
res/(νceω

2
cev

2
e) > 0. The termQ1

depends solely on the loss-cone exponenta, while Q2 de-
pends ona and accounts for the variation in the perpendicu-
lar velocity. These functions are

Q1 =
1

(a+
1
2)0(a+

1
2)

[
a

R3
res

−
a+1

a+
3
2

]
, (16)

Q2 =
a(2a+1)0(a+

1
2)

(a+1)02(a+1)

[
1

Rres
−a

]
(17)

3.1 Modulation by the induced cross-field drift1

Observing that alwaysa ≥ 0 we first neglectQ1. Then,Q2

[and Im(A)] changes sign ata = R−1
res = [2(1− νce)]

−
1
2 . If

a = s is an integer, this means that at sufficiently large loss
cones and for1′ > 0 the term withQ2 damps the resonance
and could theoretically cause absorption. On the other hand,
since|νce−1| � 1 this requires quite largea. We reasonably
assume thata < R−1

res and thusQ2 > 0. However, the sign of
this term also depends on1′

∝ VE ∝ sin(`ωcit) which oscil-
lates with harmonic ion cyclotron frequency`ωci. As we
have proposed, this causes a sinusoidal modulation of the
term includingQ2 and leads to modulation of the electron
maser emission at the resonance frequency. At smalla, how-
ever, we have alwaysQ2 < Q1. In order for the second term
in Im(A) to dominate one requires that withβm

E = |V max
E /c|

(2aR2
resγeβ

m
E )−1 <

1′

γeβ
m
E

≈ |sin(`ωcit)| < 1 (18)

where, for simplicity, we assumed just one sinusoidal ion-
cyclotron harmonic belonging to the entire spectrum of ion
waves that are generated by the cold ion conic distribution.
The argument of sin−1 must be smaller than one. Hence this
condition, combined with the condition ona

R−1
res > a � (2γeβ

m
E )−1 (19)

Ann. Geophys., 29, 1673–1682, 2011 www.ann-geophys.net/29/1673/2011/



R. A. Treumann et al.: “Zebra” emission theory 1679

and withγe & 1 implies that

Rres< 2βm
E or 1−νce� 2(βm

E )2 (20)

These conditions can be satisfied only for sufficiently steep
loss cone gradientsa and large drifts caused by the ion-
cyclotron harmonics. If this is the case, the growth rate
Eq. (15) of the electron-cyclotron maser instability is period-
ically modulated during the phases of the ion-cyclotron har-
monics. It is amplified during positive phases 0< ωcit < π

and switched off during negative phasesπ < ωcit < 2π . The
frequency of this modulation of the electron-cyclotron maser
radiation at the local resonance is proportional to the ion cy-
clotron frequencyωci.

Though the modulation is small in the growth rate, it mod-
ulates the exponential amplification factor of the maser emis-
sion which causes a much stronger exponential modulation
of the emitted radiation intensity. However, it requires a suf-
ficiently relativistic trapped electron component with steep
loss cone gradient in addition to the presence of a cold rela-
tivistic ion ring passing across the electron background.

3.2 Emitted power spectrum

In order to directly see the modulation, we calculate the
power emitted by the electron-cyclotron maser at resonant
frequencyνce. Poynting’s theorem yields

P(νce,τesc) =
1

µ0c

∣∣E⊥(νce)
∣∣2
0e
[
2C(Q1+1′Q2)τesc

]
(21)

where we have assumed thatωceνce/k ' c.
We are interested only in the modulation of the power. We

therefore do not calculate the power at saturation which re-
quires the precise knowledge of the saturation process. Since
in the collisionless case the radiation can presumably freely
escape this requires knowledge of the competition between
cyclotron maser emission and cyclotron re-absorption along
the ray path. This is not impossible to estimate but lies out-
side the scope of our investigation. So we stay with the linear
state, assuming that the power is limited just by escape from
the volume, i.e. by the timeτesc∼ L/c, whereL is of the
order of the linear dimension of the trapped electron volume
perpendicular to the magnetic field (see Fig.2).

The first term in the exponential accounts for the am-
plitude the power can reach, the second term accounts for
the cyclotron modulation via the time dependence of1′

∝

sin(`ωcit), where the timet is now measured on the scale
of the ion-cyclotron period. Evaluating the exponential term,
we find for

e2Cτesc1
′Q2 = I0(z)+2

∞∑
η=1

Iη(z)exp
[
iη
(π

2
−`ωcit

)]
(22)

whereIη(z) is the modified Bessel function of orderη, and
z = 2τescCQ2β

m
E

√
1+R2

res. One observes that the termI0(z)

on the left does not produce any modulation. Since the power

is a real quantity, only the real part of this expression con-
tributes. Thus we obtain

P(νce,τesc,t)=P0

{
I0(z)+

∞∑
η=1

Iη(z)sin
[
η(`ωcit)

]}
(23)

where(`,η) ∈ N, and we have written

P0 =
1

µ0c

∣∣E⊥(νce)
∣∣2
0 exp

[
2CQ1τesc

]
(24)

These expressions show indeed that the emitted maser power
experiences a modulation at multiples of the ion cyclotron
frequency. In frequency space$ , definingξ = `ωci, this cor-
responds to

P(νce,$) ∝ 2πP0

{
I0(z)δ($)+

+

∞∑
η=1

∣∣∣Iη(z)[δ($ −ηξ)−δ($ +ηξ)]
∣∣∣} (25)

The first term on the right describes just the stationary spec-
trum while the sum superimposes the ion cyclotron modula-
tion on the spectrum.

3.3 Modulating the loss-cone boundary gradienta

So far we considered the modulation induced by the addition
of a perpendicular drift velocity1 to the original loss cone
velocity. This model essentially produced a quasi-periodic
shift of the loss cone boundary as a whole causing a quasi-
periodic sequence of filling and emptying the loss cone. One
immediately realises that such a model must compete with
the loss process. This model thus applies only when the fill-
ing of the loss-cone proceeds on a faster time scale than the
very loss process. In other words it assumes weak losses of
electrons on the time scale of the ion-cyclotron frequency, i.e.
τlossωci > 1. Only in this case the loss cone remains filled for
half a cyclotron period. Assuming that binary collisions are
responsible for electron loss, the condition for application of
the former model becomesωci > νen whereνen≈ nnσcve is
the electron collision frequency with the neutral component,
nn is the neutral density,σc ≈ 5×10−15 cm2 the collisional
cross section, andve the electron speed.

In the opposite case when the losses are strong, i.e.
ωciτloss< 1, the loss cone is emptied almost instantaneously,
i.e. faster than the ion cyclotron frequency can modulate the
loss cone width. Under such conditions similar effects can be
caused by modulating the steepness of the loss cone bound-
ary. It is in fact the steepness of the loss-cone boundary gra-
dient which most strongly affects the emission of radiation
through modulating the perpendicular phase space gradient
of the electron distribution function. One realises this from
inspection of the resonance conditionRres and from a short
glance at Fig.4. It is only the narrow sections of the reso-
nance circle which contribute to emission. Hence modifying
the perpendicular velocity gradient at the loss-cone boundary
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Fig. 6. Illustration of the widening of the loss cone by shifting the
lower energy particles. The original Maxwellian is shown as a thin
line. Cyclotron absorption (cf. Figure 4) of the part of the distribu-
tion inside the maximum resonant radius Rmax flattens the distri-
bution. Shift of the loss cone may either flatten or steepen the loss
cone gradient a.

frequency of this modulation of the electron-cyclotron maser
radiation at the local resonance is proportional to the ion cy-
clotron frequency ωci.

Though the modulation is small in the growth rate, it mod-
ulates the exponential amplification factor of the maser emis-
sion which causes a much stronger exponential modulation
of the emitted radiation intensity. However, it requires a suf-
ficiently relativistic trapped electron component with steep
loss cone gradient in addition to the presence of a cold rela-
tivistic ion ring passing across the electron background.

3.2 Emitted power spectrum

In order to directly see the modulation, we calculate the
power emitted by the electron-cyclotron maser at resonant
frequency νce. Poynting’s theorem yields

P(νce,τesc) =
1
µ0c

∣∣E⊥(νce)
∣∣2
0
e
[
2C(Q1+∆′Q2)τesc

]
(21)

where we have assumed that ωceνce/k' c.
We are interested only in the modulation of the power. We

therefore do not calculate the power at saturation which re-
quires the precise knowledge of the saturation process. Since
in the collisionless case the radiation can presumably freely
escape this requires knowledge of the competition between
cyclotron maser emission and cyclotron re-absorption along
the ray path. This is not impossible to estimate but lies out-
side the scope of our investigation. So we stay with the linear
state, assuming that the power is limited just by escape from
the volume, i.e. by the time τesc ∼ L/c, where L is of the
order of the linear dimension of the trapped electron volume
perpendicular to the magnetic field (see Figure 2).

The first term in the exponential accounts for the am-
plitude the power can reach, the second term accounts for

the cyclotron modulation via the time dependence of ∆′ ∝
sin(`ωcit), where the time t is now measured on the scale
of the ion-cyclotron period. Evaluating the exponential term,
we find for

e2Cτesc∆′Q2 = I0(z)+2
∞∑
η=1

Iη(z)exp
[
iη
(π

2
−`ωcit

)]
(22)

where Iη(z) is the modified Bessel function of order η,
and z= 2τescCQ2β

m
E

√
1+R2

res . One observes that the term
I0(z) on the left does not produce any modulation. Since the
power is a real quantity, only the real part of this expression
contributes. Thus we obtain

P(νce,τesc,t) =P0

{
I0(z)+

∞∑
η=1

Iη(z)sin
[
η(`ωcit)

]}
(23)

where (`,η)∈N, and we have written

P0 =
1
µ0c

∣∣E⊥(νce)
∣∣2
0

exp
[
2CQ1τesc

]
(24)

These expressions show indeed that the emitted maser power
experiences a modulation at multiples of the ion cyclotron
frequency. In frequency space $, defining ξ= `ωci, this cor-
responds to

P(νce,$) ∝ 2πP0

{
I0(z)δ($)+

+
∞∑
η=1

∣∣∣Iη(z)[δ($−ηξ)−δ($+ηξ)]
∣∣∣} (25)

The first term on the right describes just the stationary spec-
trum while the sum superimposes the ion cyclotron modula-
tion on the spectrum.

3.3 Modulating the loss-cone boundary gradient a

So far we considered the modulation induced by the addition
of a perpendicular drift velocity ∆ to the original loss cone
velocity. This model essentially produced a quasi-periodic
shift of the loss cone boundary as a whole causing a quasi-
periodic sequence of filling and emptying the loss cone. One
immediately realises that such a model must compete with
the loss process. This model thus applies only when the fill-
ing of the loss-cone proceeds on a faster time scale than the
very loss process. In other words it assumes weak losses of
electrons on the time scale of the ion-cyclotron frequency, i.e.
τlossωci> 1. Only in this case the loss cone remains filled for
half a cyclotron period. Assuming that binary collisions are
responsible for electron loss, the condition for application of
the former model becomes ωci>νen where νen≈nnσcve is
the electron collision frequency with the neutral component,
nn is the neutral density, σc≈ 5×10−15 cm2 the collisional
cross section, and ve the electron speed.

In the opposite case when the losses are strong, i.e.
ωciτloss < 1, the loss cone is emptied almost instantaneously,

Fig. 6. Illustration of the widening of the loss cone by shifting the
lower energy particles. The original Maxwellian is shown as a thin
line. Cyclotron absorption (cf. Fig.4) of the part of the distribution
inside the maximum resonant radiusRmax flattens the distribution.
Shift of the loss cone may either flatten or steepen the loss cone
gradienta.

(∂Fe/∂u⊥)lcb should have a strong effect on the electron-
cyclotron maser emission rate and power. This gradient is
controlled by the loss-cone exponenta as can be seen from
Fig. 6.

The loss-cone exponenta ≥ 0 cannot be negative. Among
the infinite possibilities of modellinga we choose

a = a′sin2(`ωcit) ≥ 0 (26)

Thus the power oscillates within the bounds 0≤ a ≤ a′,
where a′

= s1′2. One first observes that settinga = 0,
which corresponds to no loss cone, immediately yieldsQ1 <

0,Q2 = 0, and the electron-cyclotron maser switches off, as
it should in the absence of a loss cone. Thus, we need to con-
sider only the behaviour ofQ1. This is done quickly, with
the result that

a = 0 for ωcit = π, and ` ∈ N (27)

in which case the maser switches periodically off and on at
half the ion-cyclotron harmonic-oscillation period.

We note that for real positive argument, 0< [0(x)]−1 < 3
2;

the inverse Gamma function has no poles and no zeros for
x 6= 0, maximises atx ≈

3
2, and forx > 2 decreases mono-

tonically. Since in our casex = a +
1
2, the inverse Gamma

function behaves regularly and does not introduce any prob-
lems. Hence, any periodic modulation of the loss-cone power
like the one given in our choice ofa will cause a modulation
of the electron cyclotron maser emission at the resonant fre-
quency over the entire (narrow) bandwidthνce,min ≤ νce ≤

νce,max of the electron-cyclotron maser emission.
It can also be shown in passing that for the only allowed

small values ofR3
res, the functionQ1 (and thus also the

growth rate of the electron cyclotron maser) are monotonic

functions lacking any maximum. This can be seen when
taking the differential ofQ1 with respect toa. Defining
ā ≡ amax we obtain the transcendent equation forā(

ā+
1

2

)
0

(
ā+

1

2

)
≈

(
ā−

1

2

) 4
5

(ā+2)
1
5

which fora > 0 has no solution. Also, if not neglectingRres,
the maximum condition can be written as

0

(
ā+

3

2

)
≈

(
ā+

3

2

) 2
5R3

res

eā

which has no solution either fora > 0.
Another kind of modulation occurs, in addition, under the

condition thatQ1 changes sign ata . 2
3R3

res. This implies
that the maser is switched off when the phase of the sinus as-
sumes the valuèωcit < sin−1

√
2R3

res/3a′. This may be re-
alised at increasingly shorter ion-cyclotron harmonic phases

ωcit ∼ `−1sin−1
√

2R3
res/3a′ (28)

Since the argument of sin−1 must always be smaller than 1,
this kind of modulation can occur only ifa′

= s1′2 > 2R3
res/3

which corresponds to an initial steepness of the loss cone
gradient

s >
2

3
R3

resβ
−1
E (29)

where as beforeβE = VE/c. Since both,βE and Rres are
small numbers, the above product partially compensates.
Still, s has to be sufficiently large initially in order to al-
low for this kind of modulation, and if the right-hand side
of the above condition is small. In the opposite caseQ1 > 0
the electron-cyclotron maser will be active, and the dominant
modulation effect will be of the kind given in Eq. (27) due to
the periodic vanishing ofa → 0.

Within the simple model used for the time dependence of
a(t), the maser emission caused by a given ion-cyclotron har-
monic ` is modulated with frequency$ = 2`ωci = 2ξ . Of
course, other models of the loss cone angle and loss cone
exponent may lead to different modulation frequencies, but
within the most simple assumptions of our model we find a
periodic modulation of the electron cyclotron maser emission
of the kind needed in so-called “Zebra” bursts.

4 Conclusions

The above mechanism, a sketch of which is given for illustra-
tion in Fig.2, may occasionally work and produce the wanted
“Zebra” structures with periodic amplification and suppres-
sion of electron cyclotron maser emission in continuum radio
bursts. It requires a rather steep or abrupt transition between
the electron distribution and the loss cone. Two such mech-
anisms have been proposed, one holding for weak losses
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from the loss cone, the other for almost immediate losses.
They also depend on the excitation of strong ion cyclotron
harmonic waves in order to satisfy the restrictions imposed.
This assumes that an intense ion (conic) ring distribution has
been generated during the flare, a process that works only
in the presence of sufficiently strong field aligned electric
fields produced in a magnetic mirror configuration. Because
of these reasons it might not be realised very frequently. It
might, however, be realised occasionally. Yet, the presence
of very high energy ions in solar flares is well known from
the observation of gamma rays that are caused in nuclear pro-
cesses. These ions are beamed during the flare process by the
reconnection electric field along the magnetic field and are
probably further accelerated in wave-prticle interactions. For
the mechanism proposed here it suffices that part of the ac-
celerated relativistic protons passes along the magnetic field
across the trapped electron distribution. We have described
that they will evolve into a conic by the combined action of
the acceleration and mirror processes in which case they ex-
cite the ion-cyclotron maser. Modulation of the electron loss-
cone boundary then becomes inevitable with the effects on
the electron cyclotron maser emission described. The radia-
tion becomes quasi-periodically amplified and attenuated in
this case simultaneously in many ion-cyclotron harmonics.
Overlap may cause very complicated interference patterns in
a dynamic frequency-time radio spectrogram. On the other
hand, the occasional observation of very clear harmonic “Ze-
bras” suggests that one observes a single radiation site, a flux
tube section crossed by the ion beam. This is of substan-
tial interest because “Zebras” themselves being energetically
minuscule serve as probes of the state of the flare plasma.

Clearly the proposed model of “Zebra” emissions in solar
burst radio continua is not unique. It depends on the choice
of a model for the electric field of the ion-cyclotron waves
which causes the electric cross-field drift of the electrons
which are responsible for the emission of the background so-
lar burst radiation continuum. It depends moreover on the
choice of the loss-cone distribution; choosing another ana-
lytical form of the loss-cone than the Dory-Guest-Harris dis-
tribution will introduce other parameters in place ofa and1

the form, variation and effects of which must then be inves-
tigated along similar lines as in this paper.

One may easily imagine other models as well, for in-
stance the involvement of electrostatic ion cyclotron har-
monic (EICH) waves (instead of the electromagnetic ion cy-
clotron harmonics) which are known to be excited in the au-
roral kilometric radiation source above the Earth up to com-
parably high harmonics in the presence of the auroral counter
streaming electron and ion beams. They are as well local be-
ing restricted to the location of the magnetic field-aligned
potential drop which accelerates both electrons and ions into
opposite directions along the magnetic field causing the ion
conics which have been used in our model.

Here the Dory-Guest-Harris loss-cone distribution has
been chosen because, in contrast to other proposed loss-cone

distributions, it is always positive and conserves the parti-
cle number without additional constraints. Its selection was
also guided for the convenience it provides in taking the per-
pendicular phase space derivative∂F/∂u⊥ in the relativistic
case. We are well-aware that it is just a model distribution
which is not derived from first principles but includes some
hidden process that is responsible for the generation of a loss-
cone, i.e. the loss process of electrons in a magnetic mirror
configuration. Loss-cone distributions are by no means nec-
essarily Dory-Guest-Harris distributions.

What concerns the uncritical application of the Dory-
Guest-Harris distribution to the relativistic case, so we are
very well aware that a more precise choice would have been
starting from some version of the Maxwell-Jüttner distribu-
tion, which is the exact Boltzmann distribution in special rel-
ativity. This would require constructing the equivalent loss-
cone distribution from it, which is not easily possible. In our
case – as in all publications on the electron-cyclotron maser
mechanism – we have just used itsweakly relativisticver-
sion where the relativistic factorγ can be expanded up to
the required order with respect to the 4-velocityu. In this
case the distribution we used is exact also in the relativistic
case, within the above mentioned limits of the validity of the
Dory-Guest-Harris distribution.

However, in spite of all the noted caveats, the general
observation will still remain unchanged and valid: that the
modulation of the loss-cone, in particular the quasi-periodic
modulation of the perpendicular gradient of the loss-cone
edge, will necessarily cause a modulation of the electron-
cyclotron maser. In our case it may modulate and also switch
the electron-cyclotron maser on and off imposing temporary
periodicity on the emitted power of the order of the`-th ion-
cyclotron harmonics̀ ωci and multiples of it. Locally this
produces the typical “Zebra” emission/absorption bands.

One may wonder why in a large volume, for instance like
that of a type IV, these harmonics are not washed out spa-
tially and thus also in frequency space. This is, however,
not a question specific to “Zebra” structures. Rather it is a
general problem of any of the various fine structures in ra-
dio continua; in its generality there exists no unambiguous
answer.

From our point of view, “Zebra” fine structures are prob-
ably locally generated and do not distribute over the large
volume of the radio continuum. For instance, if they occur
in the extended weak magnetic field region of the magnetic
trap, the maser frequency may be nearly constant along the
ion path. Chernov(2010) has listed a number of fine struc-
tures which he all attributes to the same family of “Zebra”
emissions, some of them drifting upward or downward in fre-
quency space, others each emission consisting of temporarily
periodically arranged emission spots and so on.

Whether all these emissions belong to one and the same
family and whether they can all be explained by the “Ze-
bra” mechanism, is not known. Common features between
some of them are their periodicities. So fibers might be taken
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as inclined (or drifting) “Zebras” (as suggested byChernov,
2010) in spatially varying magnetic fields, still being local
emissions which are related to the presence of fast cold ion
conics, while the spotted “Zebra” emissions might be caused
by switching on/off effects of the above kind. Here we do
not enter into any discussion of these fine structures. The
purpose of the present communication was just to present
a simple model of the connection between electromagnetic
ion-cyclotron waves and the electron-cyclotron maser emis-
sion mechanism capable of generating the observed ordinary
“Zebra” emissions in radio continua.
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