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Abstract. A simple mechanism for the generation of elec- trapped flare-electron population. “Zebras” break the radio
tromagnetic “Zebra” pattern emissions is proposed. “Zebra’continuum by organising it into regularly drifting or undu-
bursts are regularly spaced narrow-band radio emissions olating narrow-band patterns in the frequency-time spectro-
the otherwise broadband radio continuum emitted by the acgrams with strictly equally spaced emission and absorption
tive solar corona. The mechanism is based on the generatiofeatures. A typical “Zebra” emission looks like a fingerprint
of an ion-ring distribution in a magnetic mirror geometry in on the otherwise unstructured or irregularly structured radio
the presence of a properly directed field-aligned electric po-comtinuum. This fingerprint can be stationary or inclined,
tential field. Such ion-rings or ion-conics are well known i.e. as a whole exhibiting a positive or negative frequency
from magnetospheric observations. Under coronal condidrift. An excellent and exhaustive review of the various oc-
tions they may become weakly relativistic. In this case thecasions when and types of such drifting or stationary “Ze-
ion-cyclotron maser generates a number of electromagnetibra” patterns can, for instance, be founddhernov(2010,
ion-cyclotron harmonics which modulate the electron masera paper which reliefs us from going more into detail on the
emission. The mechanism is capable of switching the emisebservations. Though for the energy budget of the radiation
sion on and off or amplifying it quasi-periodically which is a “Zebras” are indeed minuscule and thus of little importance,
main feature of the observations. their observation is nevertheless important as they provide
some deep insight into the complicated plasma processes

Keywords. Solar physics, astrophysics, and astronomy (Ra->~". . . .
yw phy P Y gurlng flares and the generation of radio continua.

dio emissions) — Space plasma physics (Radiation processe - ) )
Wave-particle interactions) The_ quasi-harmonic frgquency spacing of the spectral “Zg-
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-

gver, no convincing mechanism of how they could be pro-
apparently minuscule effect, the so-called “Zebra bursts’, induced has so far been found. In the past a number of mech-

the radio emission from some objects. They are best knowfN'SMs haye also been pr_oposed which search for explain-
from the Sun to occur during broadband continuum radio N9 these fine structures differently (as for an example see,

bursts like, for instance, type IV and type | burst radio con- e.g.LaBelle et al, 2003 as representations of inherent prop-

tinua where they have been detected first. The frequency“—?rtIeS of the ele<_:tron ra_dlatlon or other nonlinear Processes
like wave-wave interactions. Neither of these mechanisms

time spectrogram of a typical (non-drifting) example in the . )
b 9 yp ( 9) b has, however, convincingly demonstrated the harmonic spac-

metric wavelengths is shown in Fig. It is by now quite well . th f emissi d ab i hich i
established that these radio bursts are frequently (if not regu'—ng or Ineé sequence of emissions and absorptions which 1S

larly) caused in the aftermath of solar flares by the eIectron-frequently observed. The pros and contras for the various

- . . . dels have been listed and discussed in the above cited pa-
cyclotron maser emission from the anisotropic magnetically™° P
y P 9 yper byChernov(2010.

Correspondence taR. A. Treumann We should note at this occasion that similar ion-cyclotron

(rudolf.treumann@geophysik.uni- modes can also be generated without the direct involve-
BY ment of relativistic ion beams. This could happen when ion

muenchen.de)

1 Introduction

Substantial effort has been invested into the explanation of a

Published by Copernicus Publications on behalf of the European Geosciences Union.
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] ) n o Fig. 2. The model of a post-flare magnetically trapped electron dis-
Fig. 1. A typical example of a non-drifting Zebra emission pattern ibytion which is the source of type IV electron cyclotron maser
on a weakly variable solar radio continuum background. Showniagiation. In this stage the weakly relativistic hot electrons have
is the frequency-time spectrogram of the a brief part of the origi- eyolved into a loss-cone distribution of Dory-Guest-Harris type
nally observed emission (data taken fr@nernoy 2010. We have  \yiin completely empty sharply edged loss cone assuming that
chosen only 20 s of observation and cut out 90 MHz in frequency,ynistler activity has ceased (simply becausg/wce < 1) and
in the metric wavelengths range. The typical Zebra pattern comegyasilinear diffusion into the loss cone is terminated. The R-X
out clearly on the linear frequency scale consisting of many equallymode emission is caused on the section of the resonance circle in
spaced chains of consecutive emission and absorption bands. T'Bhase space that cuts through the steep perpendicular phase space
radio antenna seems to snapshot different emission sites at diﬁe"gradient of the loss cone and is mostly perpendicular to the mag-
ent times and for different length of time. Some such sites exhibitpetic field at frequency below but very close to the local electron
frequency drifts in either direction from high to low but also from cyciotron frequency. Upward directed strong electric fields at the
low to high frequenues_. When emissions from two (or more) siteSgjte of the magnetic mirror accelerate cold ions into an ion-conic
are detected at same time as on the right, then patchy structures aggsiribution which propagates up into the configuration and gener-
created according to the constructive or destructive interference of;ag large numbers of ion cyclotron harmonics. The local modula-
emissions. 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.

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-in contrast to the electron radiation which is emitted into free

tion of the ion-cyclotron maser and generate harmonics ofpace. Hence, a mechanism must be found which imprints
the ion cyclotron frequency in a way similar to that recently the ion structure on the radiation generated by the electrons
explored Treumann et al.201]) for the electron-cyclotron in order to make it visible. Such a mechanism is given by

maser emission from electron holes in view of the explana-the interaction with the electron background. Under certain

tion of radiation fine structure observed in the auroral kilo- restrictive conditions this interaction causes a modulation of
metric radiation spectra. the electron maser which leads to the observed “Zebra” fine

Here we exploit the very simple idea that the “Zebra” Structure.
emissions fine structure in the solar flare radio continuum Justification of such a model (as is shown in FAgcan be
could indeed be a consequence of the presence of electrgiven by reference to the well-established flare reconnection
magnetic ion-cyclotron harmonics. These ion-cyclotron har-model. According to this model flares are caused by mag-
monics are genuinely caused by an high energy ion distribunetic reconnection in the lower corona at field strengths of
tion which propagates on the radiating electron backgroundseveral Gauss, B < few 100 Gauss. In this process localised
The ion beam in such a case will itself radiate ion cyclotron magnetic field-aligned electric potential drops develop which
waves which propagate on the R-X mode branch. Becausaccelerate and heat the flare electrons and accelerate ions
of their frequencies ~ fw¢i < wee (With harmonic number  until they evolve into high energy essentially cold conical
¢=1,2,3...) being much less than the electron cyclotron fre- phase space distributions, a process well-known from auro-
quencywce, they can however not leave the plasma. This isral physics. Under solar flare radio continuum conditions

Ann. Geophys., 29, 1673682 2011 www.ann-geophys.net/29/1673/2011/
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the ions readily become relativistic. Their cold conical dis- later (in its relativistic version byvu and Lee 1979, as a
tributions excite ion-cyclotron harmonic waves via the ion- very efficient radiation mechanism in space plasmas as well
cyclotron maser instability. (for a review cf.Treumann200§. Subsequently it has been

It may be in place to elaborate a little more on the modelidentified as the main radio wave emission process in the au-
even though it digresses from the main purpose of the presenbra of Earth and other planets, in solar radio bursts, particu-
paper which focusses on the multi-ion-cyclotron harmoniclarly type I, type 1V and so-called microwave (@r) bursts,
modulation of the electron maser radiation. In a mirror mag-and under astrophysical conditions.
netic field geometry like that of Fi@ (or some its variants) The electron cyclotron maser as the main emission mech-
which has been generated in the course of the flare by reanism in all these objects is well established by now. Be-
connection, say, on its lower left part. The electrons in thislow we will make use of it. However, as for the “Zebra”
configuration have immediately developed a loss-cone disfine structure which interests us here, the electron cyclotron
tribution having lost that part of the distribution inside the maser is just the carrier of information. Adopting the notion
loss cone. These electrons escaped along the magnetic fiethat the “Zebra” pattern maps the ion cyclotron frequency
and went down into the solar chromosphere where they causiato the emitted electron maser radiation, we propose that an
X-rays. Some electrons have also been accelerated into exactly similar mechanism works as well for the ions causing
fast dilute electron beam along the reconnection separatrixan ion-cyclotron maser instability. Such an instability has, in
These excite electron holes and other high-frequency plasméact, been proposed first byoshino and Aron§1991) and
waves seen sporadically as type | and type Il bursts. Theywas refined byAmato and Aron2008 to include a cold rel-
do not interest us here. ativistic gyrating ion beam, i.e. the extreme case of a standing

Reconnection implies but fairly strong localised field- cold ion conic. In a different non-relativistic version it was
aligned electric fields. These fields when acting on the ionsused in space plasma (cf. e@haston et a.2002 where it
accelerate the ions along the magnetic field depending on thehould serve to excite harmonics of low frequency electro-
direction of the electric field. At the location where the field magnetic ion cyclotron waves in the auroral plasma.
is directed into the trapped configuration a fast and cold ion For efficient generation of ion cyclotron harmonic waves
beam results which moves up into the magnetic trap and mirunder radio continuum radiation conditions (type |, type 1V,
rors at the opposite side (as shown in the figure). In combi-microwave-bursts etc.) one requires the presence of a rel-
nation with the magnetic mirror force 1V B and further  ativistic gyrating ion distribution with anisotropic velocity
conservation of the magnetic momant of the ions, how- and positive perpendicular phase space gradient. For sim-
ever, the mirroring ion beam evolves into an ion-coi@tiy plicity, the relativistic model ion-conic distribution is taken
and Schulz 1978 transferring the acceleration in the mir- to be cold and anisotropic
roring into perpendicular velocity. At the weak magnetic
fields in the magnetosphere reconnection accelerates i0Ngy, (u ,u)) =
just up to energies of some 10 MeV. In the strong coronal 27 Uip
magnetic fields the resulting ion conic beam will have rela-\yhere nowu is the normalised 4-velocityu[= yB with
tivistic energy in the GeV range which in the lower corona y = (l—ﬂz)‘% _ (l+u2)% the Lorentz factor], andip is

cause gamma-rays. o . o the initial value ofu for the relativistic ions, and subscripts
lon conics are thus mirroring ion velocity distributions | ' refer to the direction of the magnetic field. For electro-

with ion loss cone and lacking particles with small parallel magnetic waves with perpendicular wave vedtet k3 the
velocities. They are thus moving ion rings. The eXtremedispersion relation becomes

case is a standing ion ring with zero parallel spege: 0. If
itis cold, then all ions have the same perpendicular “beam™n? —¢,, — e, €, /erx, €xy=—€yr, n2=kc?/0? (2)
velocity u; = Ujpp. In the Earth’s magnetosphere ion conics
have been observed almost Continuous|y (ag for a few refer:rhe explicit form of the dielectric tensor components is stan-
ences the reader may consAhdré and Yay1997 Miyake  dard and has been given e.g. Bynato and Arong2009
et al, 1996 Shelley 1995. 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
2 lon-cyclotron maser instability parameters to conditions of an electron-ion background.
These parameters are the ratios: B2/uomNc?y of mag-
The cyclotron maser is a relativistic instability that involves netic to kinetic energy densities for the different species
the presence of at least weakly relativistic particles. It had(in their case, the ion beam and background electron and
been originally proposed for electrons only, first in the con- positron pairs, index, for which they use numerically, =
struction of free-electron laserMétz, 1951 Madey, 1977) 102,01 = 2). We replace the positrons with ions and use the
and masers before being recognised for plasmad\iags guasi-neutrality conditio?V = Ne = Nj+ Njp, Where the sub-
1958 in its non-relativistic non-efficient version) and, much script “ib” denotes the relativistic ring ions. This yields for

S(uy —Up)S(uy) 1)

www.ann-geophys.net/29/1673/2011/ Ann. Geophys., 29, 1557&2-2011
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10 — Im((u/ooci) ] 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-

10'2 | | dicular propagation of R-X- modes. The section of the resonance

10—1 10 0 10 1 10 2 circles contributing to emission are shown in red. Emission is pro-
kc/ vided as long as the phase space gradient over the positive (yellow)
C (Dci part is steep enough to compensate for the larger part of the circles

traversing the blue negative gradient region of the distribution. Note
Fig. 3. lon-cyclotron maser dispersion relation. Harmonic fre- that the blue region between the circles of maximum and minimum
quencies (blue) and growth rates (red) excited by a cold relativis-"@Sonance®max, Rmin absorbs electron-cyclotron waves by damp-
tic proton-ring distribution in an electron-proton plasma with ring- ing them. This heats the electrons in this domain and flattens the
Lorentz factoryjp < 10, Nip/N ~ 10~2 (re-scaled data taken from distribution in this region of phase space.
Amato and Arons2006. The ring-ion maser generates a large
number of ion cyclotron harmonids all of nearly same maximum
growth rate. The ion-cyclotron harmonics are equally spaced. Inof the electron-cyclotron maser instabilitWingleg 1983
this figure, however, we have chosen for a logarithmic frequencyas long as their frequency is below the upper hybrid fre-
scale in order to show a large number of harmonics and their growtlyuencywyn > wee in this case. The key observation is that

rates. In order not to overload the figure we plotted only selectediyy the trapped radiating electrons the perpendicular electric
harmonics =2", neN. fields

EL()=)  Erexp(—itowir) )
the background ion Lorentz facter = uye/(1— Nip/N) = ¢
“Ye-

For small beam densitie8j, < N, with © =me/m;j, the
background ions are non-relativistic, and only the radiating
electrons will be considered relativistic. Moreover, we have
vib/ve ~ 200u(N /Njp). Since the electron background is as-
sumed mildly relativistic we will havegi, ~ 0.1(N / Nip)ye <
10 for applying the results oAmato and Arons(2006.
With these quite reasonable numbers we can directly refer
to Fig. 13a ofAmato and Arong§2006 the re-scaled version
of which we reproduce here as FR&).

One observes that a very large number of electromagnetigve briefly indicate what kind of variation in the spectrum of
ion cyclotron harmonics is generated which propagate on thehe electron cyclotron emission is to be expected in this case.
R-X mode branch. (One may note that only harmonie2"  The continuum radiation model as for instance a type IV is
are shown for clarity; clearly the harmonics on a linear fre- hased on the assumption of a magnetically trapped electron
quency scale are spaced at equal distance.) These waves haytribution. Such distributions are of loss-cone type which
all roughly the same growth rate and are of narrow band-can, for instance, be modelled as (relativistic) Dory-Guest-
width. These harmonics are practically all confined to the Harris distributions
plasma even in an underdense plasma under the condition

1 (u?\ u? +u?
Fe(u¢5u||)=3—<—§> exp[—% , seR (5

wg/a)ge < 2Te/mec® <1 3) w2v3s! \ Ve e

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 2§ (w = £w¢j) to the emission spectrum.

3 Electron-cyclotron maser radiation

Ann. Geophys., 29, 1673682 2011 www.ann-geophys.net/29/1673/2011/
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where vg is the normalised thermal spread, and the factorMaser radiation will be produced if I(d) < 0 is negative
uf o sin® 6, with 6 the angle between 4-velocity and mag- (corresponding to “negative absorption” of the electromag-
netic field direction, accounts for the loss cone. Note that netic R-X mode). The resonant imaginary partdois given
can be any real number while being most conveniently cho-by

sen as €N.
With the above distribution function the instability has ) o, 00
been exhaustively discussed Byitchett (198§ for differ- 4y _ 7~ & / /duHuJ_dui% o
ent propagation angles finding that largest growth is obtained 2vce wEe duy
for strictly perpendicular propagatioky = 0. In this case ) ;OO 0 )
the resonance condition for resonant excitation of waves be- X 8(uj+ul —Rpe (11)
comes

PR In dealing with the loss cone distribution Figjone realises
ul +uj—2(1-vee) =0 (6)  that any substantial modulation of the particle distribution
caused by the presence of the ion cyclotron waves is im-
é)ortant 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 x B drift that is caused by the low frequency
ion-cyclotron waves. Since this is the only region which has
_ oM positive perpendicular gradient and therefore contributes to
Rres= v 2(1=vce) @ wave growth over the narrow part of the boundary crossed
located between the minimum and maximum radii By the resonant circle, its modulation modulates the elec-

wherevee = w/wce is the non-relativistic ratio of wave fre-
quency to electron cyclotron frequency. Clearly, resonanc
is possible only fowee < 1 and, as usual, the resonance line
is a circle in the normalised 4-velocity plage, ,«) of ra-
dius

Rmin, Rmax Of resonance which correspond to maxi- tron cyclotron maser. The longer part of the resonance circle
mum and minimum resonant frequencies, respectively (seéblue in the figure) inside the distribution sees a weak nega-
Fig. 4). tive gradient and causes wave absorption which for instabil-
The relativistic cold plasma dispersion relation of the R-X ity is grossly over-compensated by the very steep gradient at
mode, which is the real part of the loss-cone boundary.
Inspection of Fig.5 suggests, that the modulation of
n?—1-(2-n3)A=0, with n?=k%?/w? (8)  the loss-cone boundary indeed heavily affects the emission

. conditions. In presence of ion-cyclotron waves the low-
allows for a range of such resonant frequencies below thg,erpendicular energy electrons at the loss-cone boundary
non-relativisticwce which is quite narrow (cf. e.gPritch- il start oscillating up and down im; with the imposed
ett, 1989, depending on the plasma parameters. The maxfrequency of the ion cyclotron wave electric field, when per-
imum resonance frequency (minimum radius) is very closeforming anE | x B-drift. This drift displaces the loss-cone
t0 vee=1. On the other hand, the minimum resonance fre-poundary either up to higher, or down. In the latter case
quency can be estimated from the cold X-mode dispersioipe |oss-cone is partially filled, and the maser may switch

relation yielding off, causing zero emission intensity at the respective fre-
5 2 quency. In the former case the loss-cone widens, faking
Veemin & 1— Ye (E) 9) a larger loss-cone exponentand bringing the minimum-
2 \ wce radius resonance almost completely into the positive gradient

region which should amplify the emission at frequency very
. . ) : close tovee~ 1. These two cases are shown schematically in
with Eq. (3) which requires thatZ, > w3, i.e. an under- Vee y

dense plasma. Type IV radiation is emitted at, say, fre- 9.5 ) ) ] ] ]
quencyw/2r ~ 10° — 1010Hz, preferentially closer to the Including this modulation effect into the calculation of the
higher of these frequencies. Acknowledging that this is at_electron cyclotron maser instability from scratch on is quite

the local electron-cyclotron frequency, then it correspondsnvolved. We can however boldly construct a simple model
to magnetic fields of the order a8 ~ several 100G, and which possesses some of the relevant features of the modu-

the electron-cyclotron maser operates for densifies- lation.

10'%cm~3 or less, typical for the lower corona and higher. Reallising that the two time scales of the ion cyclotron and
The function A contains the plasma response. Taking €lectron instabilities are quite far apart, we consider the mod-

ki =0,|1— el < 1, One has to first order R&) < 1. This  ulation as stationary on the time scale of the electron cy-

expression is to be used in the calculation of the growth rateclotron maser emission. Then, the drift effect will result in
a modulation of the loss cone as has been described above

IM(vee) > —3IM(A) (10) and can be included by replacing — u’, =u + A in the

For consistency we note that this condition is in accord

www.ann-geophys.net/29/1673/2011/ Ann. Geophys., 29, 1557&2-2011



1678 R. A. Treumann et al.: “Zebra” emission theory
u Inserting into Eq. {1), performing the integration with re-
Loss-cone spect t0ui, rearranging and neglecting terms higher than
distribution first order inA reduces to
gyclotyon/ , 1
amping, R 2 @ Rpes ady
sbrorion | B, < 0 O e e e [
9 circles F(a+1) veewge v 5 1—x Riss
A 1) a 1 1
+ x2 +A’(2a+1)<—x‘2—x+2)} (14)
dF/0u; >0 oF/ou, > 0 Rres Rres
Rimin Rinax Y whereA’ = /1+ RZVE(t)/c. All quantities are normalised
as indicated earlier. (In order to arrive at the above ex-
u pression we have takeRes out and changed the fake in-
Loss-cone tegration variable.) The integral can be evaluated mak-
distribution i 1, 4 1
cyclotron ing use of [ydx?/v/1I—x =B(a+1, 5), whereB(x,y) =
damping/ T ()T(y)/T(x+y) is the beta-function and'(3) = /7.
?g;%r,?tlon aF/ou <0 resonant This yields
circles
Im(A) ~ —C(Q1+A"Q2) (15)
dF/0u; >0 U > 0 whereC = (7 Rreswg)e’ereS/(vcewgevg) > 0. The termQ;
L depends solely on the loss-cone expongnivhile Q> de-

Y

pends oz and accounts for the variation in the perpendicu-
lar velocity. These functions are

Fig. 5. Same as in Figd except for the modulation of the loss cone 1 a a+1
included. Top: the modulation due to the electric field drift in the €1 = m R3. 443/ (16)
transverse electric field of the ion-cyclotron mode shifts the perpen- 2 2 res 2
dicular velocity up thereby opening the loss cone and pushing its a(2a+1TI'(a+ %) 1 17
gradient to higher | . This steepens the gradient and reduces the @2 (@a+Dr2a+1) |:Rres } (17)

damping part of the resonance circle. At minimum radius (largest

emission frequencyec) the resonance circle is fully in the positive 3.1 Modulation by the induced cross-field drift A
gradient. During this phase emission is amplified. Bottom: during

this phase the drift reduces the perpendicular velocity filling the lossObserving that always > 0 we first negleci®1. Then, Q>

cone and switching the maser off. [and Im(A)] changes sign at = Réé —[2(1— vce)]_%. If
a =s is an integer, this means that at sufficiently large loss
cones and fon\” > 0 the term withQ, damps the resonance
and could theoretically cause absorption. On the other hand,
since|vce— 1| « 1 this requires quite large We reasonably
assume that < Rygl and thusQz > 0. However, the sign of
this term also depends aX o« Vg o sin(£aw(jt) which oscil-
is the contribution of the normalised drift in the ion-cyclotron |ates with harmonic ion cyclotron frequenéwg. As we
wave electric field. Hergz(¢) is the slowly variable rela-  have proposed, this causes a sinusoidal modulation of the
tivistic velocity caused by the ion-cyclotron fields. Though term includingQ» and leads to modulation of the electron
this is small, its effect can nevertheless be large as the masenaser emission at the resonance frequency. At smhathw-
is extremely sensitive to modulation of the loss-cone. ever, we have alway®, < Q1. In order for the second term
Modulation can, in addition, also be included as a varia-in Im(A) to dominate one requires that wii§! = |V"®/c|
tion of the loss-cone exponentreplacing it with a variable ,
exponent — a(s,t) > 0 andt the slow time scale, allowing (ZaeresJ/eﬁfg")fl < A —
for a direct response of the loss cone to the modulation. Since YePg
a is not anymore an integer number, this latter step requiregyhere, for simplicity, we assumed just one sinusoidal ion-
that in the normalisation of the DGH distribution E&) the  cyclotron harmonic belonging to the entire spectrum of ion
factors! is replaced by the Gamma-functidfia +1). Per-  waves that are generated by the cold ion conic distribution.
forming the derivative yields The argument of sin' must be smaller than one. Hence this
/ condition, combined with the condition en
uju,
(e-53)
Ve

Ann. Geophys., 29, 1673682 2011

loss-cone factor of the electron distribution function Ej), (
where

A=yeVE()/c=vePE (12)

~ |sin(fweit)| < 1 (18)

OFe 2

= 13 _ _
duyr u| (13) Rreé >a>> (2yefE) ! (19)

www.ann-geophys.net/29/1673/2011/



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

and withy, > 1 implies that is a real quantity, only the real part of this expression con-
2 tributes. Thus we obtain

Rres< 2,3;? or l-vek Z(ﬂ}?) (20 ~

These conditions can be satisfied only for sufficiently steep? (Vee, Teso ?) = Po lo(2) +Zln (2)sin[n(ait) ] (23)

loss cone gradients and large drifts caused by the ion- n=1

cyclotron harmonics. |If this is the case, the growth ratewhere(z 1) €N, and we have written

Eq. (15) of the electron-cyclotron maser instability is period-

. . . _ _ 1 2

ically modulated during the phases of the ion-cyclotron har Po=— |EJ_(Vce)| exp[2C eresc] (24)
monics. It is amplified during positive phases @yt < 7 Hoc 0

and switched off during negative phases: wit <27. The  1hage expressions show indeed that the emitted maser power
frequency of this modulation of the electron-cyclotron masereyneriences a modulation at multiples of the ion cyclotron

radiation at the local resonance is proportional to the ion Cy'frequency. In frequency spaee, definingé = £ay;, this cor-
clotron frequencyyg;. ' ’

Though the modulation is small in the growth rate, it mod-
ulates the exponential amplification factor of the maser emis<p (., wr) o ano{lo(z)g(w) +
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. The first term on the right describes just the stationary spec-

trum while the sum superimposes the ion cyclotron modula-
3.2 Emitted power spectrum tion on the spectrum.

responds to

+ Y| @@ — 1) — (@ +n£)] \} (25)
n=1

In order to directly see the modulation, we calculate the3.3 Modulating the loss-cone boundary gradient
power emitted by the electron-cyclotron maser at resonant

frequencyvce. Poynting’s theorem yields So far we considered the modulation induced by the addition
1 of a perpendicular drift velocity to the original loss cone

P(vce Tesd = — ]EL(Uce)‘ge[ZC(Q1+A’Q2)Tesc] (21)  velocity. This model essentially produced a quasi-periodic

Hoc shift of the loss cone boundary as a whole causing a quasi-

where we have assumed thatvce/k ~ c. periodic sequence of filling and emptying the loss cone. One

We are interested only in the modulation of the power. weimmediately realises that such a model must compete with
therefore do not calculate the power at saturation which refhe loss process. This model thus applies only when the fill-
quires the precise knowledge of the saturation process. Sinc@d of the loss-cone proceeds on a faster time scale than the
in the collisionless case the radiation can presumably freely/ery 10ss process. In other words it assumes weak losses of
escape this requires knowledge of the competition betweesglectrons on the time scale of the ion-cyclotron frequency, i.e.
cyclotron maser emission and cyclotron re-absorption alongflossvci > 1. Only in this case the loss cone remains filled for
the ray path. This is not impossible to estimate but lies out-nalf a cyclotron period. Assuming that binary collisions are
side the scope of our investigation. So we stay with the linear€sponsible for electron loss, the condition for application of
state, assuming that the power is limited just by escape fronthe former model becomes; > ven Whereven~ nnocve is
the volume, i.e. by the timegsc~ L/c, whereL is of the the electron collision frequency with the neutral component,
order of the linear dimension of the trapped electron volume’n iS the neutral densityyc ~ 5 x 10~ '*cn? the collisional
perpendicular to the magnetic field (see Fy. cross section, angk the electron speed.

The first term in the exponential accounts for the am- [N the opposite case when the losses are strong, i.e.
plitude the power can reach, the second term accounts fofciTloss< 1, the loss cone is emptied almost instantaneously,
the cyclotron modulation via the time dependencerdfx i.e. faster than the ion cyclotron frequency can modulate the
sin(fait), where the time is now measured on the scale loss cone width. Under such conditions similar effects can be
of the ion-cyclotron period. Evaluating the exponential term, c@used by modulating the steepness of the loss cone bound-
we find for ary. Itis in fact the steepness of the loss-cone boundary gra-

- dient which most strongly affects the emission of radiation

Cresch' Q2 _ L (T, )] through modulating the perpendicular phase space gradient

¢ IO(Z)+2;I"(Z)EXP[ZH(2 baveit (22) of the electron distribution function. One realises this from
inspection of the resonance conditi®s and from a short

where/,(z) is the modified Bessel function of ordgrand  glance at Fig4. It is only the narrow sections of the reso-

7 =2tesC Q2B8F/ 1+ RZ. One observes that the terig(z) nance circle which contribute to emission. Hence modifying

on the left does not produce any modulation. Since the powethe perpendicular velocity gradient at the loss-cone boundary
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functions lacking any maximum. This can be seen when

Fluy) taking the differential ofQ1 with respect toa. Defining
\§‘\ﬂ§ttgneq a = amax We obtain the transcendent equationdor
distribution
i+ 2)r(a+s)~ (a2 %(‘+2)%
] a > a 2 ~\l|la > a
0SS cone

Nl

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

3 3 %R?es
F(c_l—i-E)%(C_l-Fé) ¢

which has no solution either far> 0.
0 up Another kind of modulation occurs, in addition, under the
condition thatQ1 changes sign ai < %R?es This implies
Fig. 6. lllustration of the widening of the loss cone by shifting the that the maser is switched off when the phase of the sinus as-
lower energy particles. The original Maxwellian is shown as a thin symes the valuéwgjr < Sin’l\/m. This may be re-

line. Cyclotron absorption (cf. Figl) of the part of the distribution  zjised at increasingly shorter ion-cyclotron harmonic phases
inside the maximum resonant radilgax flattens the distribution.

Shift of the loss cone may either flatten or steepen the loss cone 11 3 ,
gradienta. wcit ~€77SIN""/2Rfes/3a (28)

Since the argument of sit must always be smaller than 1,
(9 Fe/du 1 )ico should have a strong effect on the electron- this kind of modulation can occur onlydf = s A”? > 2R3%.¢/3
cyclotron maser emission rate and power. This gradient igvhich corresponds to an initial steepness of the loss cone
controlled by the loss-cone exponenas can be seen from gradient
Fig. 6. 2
The loss-cone exponeat> 0 cannot be negative. Among s > —Rf'e gl (29)
the infinite possibilities of modelling we choose 3
where as beforgrp = Vg /c. Since both,8r and Ryes are

/i .
a=ad'sinf(teit) = 0 (26)  small numbers, the above product partially compensates.
Thus the power oscillates within the bounds<@ < Still, s has to be sufficiently large initially in order to al-
wherea’ = sA2.  One first observes that setting=0, 0w for this kind of modulation, and if the right-hand side

0,02 =0, and the electron-cyclotron maser switches off asthe electron-cyclotron maser will be active, and the dominant
it should in the absence of a loss cone. Thus, we need to corftodulation effect will be of the kind given in EQT) due to
sider only the behaviour of1. This is done quickly, with  the periodic vanishing af — 0.

the result that Within the simple model used for the time dependence of
a(t), the maser emission caused by a given ion-cyclotron har-
a=0 for wit=m and £eN (27)  monic ¢ is modulated with frequency = 2w = 2&. Of

in which case the maser switches periodically off and on atcourse. other models of the loss cone angle and loss cone

half the ion-cyclotron harmonic-oscillation period. 5\/’;51?:3? rrnnaytle?ri t:) dlﬁer?tt:nﬁdul?tmr: :;ecéu?cvmeﬁsr,ldbut
We note that for real positive argument<QI'(x)]~1 < g; € most simple assumptions of our model we a

. . eriodic modulation of the electron cyclotron maser emission
the inverse Gamma function has no poles and no zeros fogf the kind needed in so-called “Zeb)r/a" bursts
x # 0, maximises ak ~ % and forx > 2 decreases mono- ’

tonically. Since in our case =a + % the inverse Gamma

function behaves regularly and does not introduce any prob4 Conclusions

lems. Hence, any periodic modulation of the loss-cone power

like the one given in our choice afwill cause a modulation The above mechanism, a sketch of which is given for illustra-

of the electron cyclotron maser emission at the resonant fretion in Fig.2, may occasionally work and produce the wanted

quency over the entire (narrow) bandwidtks min < vee < “Zebra” structures with periodic amplification and suppres-

vee max Of the electron-cyclotron maser emission. sion of electron cyclotron maser emission in continuum radio
It can also be shown in passing that for the only allowedbursts. It requires a rather steep or abrupt transition between

small values ofR3 the function Q; (and thus also the the electron distribution and the loss cone. Two such mech-

growth rate of the electron cyclotron maser) are monotonicanisms have been proposed, one holding for weak losses

Ann. Geophys., 29, 1673682 2011 www.ann-geophys.net/29/1673/2011/



R. A. Treumann et al.: “Zebra” emission theory 1681

from the loss cone, the other for almost immediate lossesdistributions, it is always positive and conserves the parti-
They also depend on the excitation of strong ion cyclotroncle number without additional constraints. Its selection was
harmonic waves in order to satisfy the restrictions imposedalso guided for the convenience it provides in taking the per-
This assumes that an intense ion (conic) ring distribution hagpendicular phase space derivativg/du | in the relativistic
been generated during the flare, a process that works onlgase. We are well-aware that it is just a model distribution
in the presence of sufficiently strong field aligned electric which is not derived from first principles but includes some
fields produced in a magnetic mirror configuration. Becausehidden process that is responsible for the generation of a loss-
of these reasons it might not be realised very frequently. Itcone, i.e. the loss process of electrons in a magnetic mirror
might, however, be realised occasionally. Yet, the presenceonfiguration. Loss-cone distributions are by no means nec-
of very high energy ions in solar flares is well known from essarily Dory-Guest-Harris distributions.
the observation of gamma rays that are caused in nuclear pro- What concerns the uncritical application of the Dory-
cesses. These ions are beamed during the flare process by tBeiest-Harris distribution to the relativistic case, so we are
reconnection electric field along the magnetic field and arevery well aware that a more precise choice would have been
probably further accelerated in wave-prticle interactions. Forstarting from some version of the Maxwelktther distribu-
the mechanism proposed here it suffices that part of the adion, which is the exact Boltzmann distribution in special rel-
celerated relativistic protons passes along the magnetic fieldtivity. This would require constructing the equivalent loss-
across the trapped electron distribution. We have describedone distribution from it, which is not easily possible. In our
that they will evolve into a conic by the combined action of case — as in all publications on the electron-cyclotron maser
the acceleration and mirror processes in which case they exnechanism — we have just used vtgakly relativisticver-
cite the ion-cyclotron maser. Modulation of the electron loss-sion where the relativistic factor can be expanded up to
cone boundary then becomes inevitable with the effects orthe required order with respect to the 4-veloaity In this
the electron cyclotron maser emission described. The radiacase the distribution we used is exact also in the relativistic
tion becomes quasi-periodically amplified and attenuated ircase, within the above mentioned limits of the validity of the
this case simultaneously in many ion-cyclotron harmonics.Dory-Guest-Harris distribution.
Overlap may cause very complicated interference patterns in However, in spite of all the noted caveats, the general
a dynamic frequency-time radio spectrogram. On the otheobservation will still remain unchanged and valid: that the
hand, the occasional observation of very clear harmonic “Ze-modulation of the loss-cone, in particular the quasi-periodic
bras” suggests that one observes a single radiation site, a fluxodulation of the perpendicular gradient of the loss-cone
tube section crossed by the ion beam. This is of substanedge, will necessarily cause a modulation of the electron-
tial interest because “Zebras” themselves being energeticallgyclotron maser. In our case it may modulate and also switch
minuscule serve as probes of the state of the flare plasma. the electron-cyclotron maser on and off imposing temporary
Clearly the proposed model of “Zebra” emissions in solar periodicity on the emitted power of the order of th ion-
burst radio continua is not unique. It depends on the choiceyclotron harmonic€w¢; and multiples of it. Locally this
of a model for the electric field of the ion-cyclotron waves produces the typical “Zebra” emission/absorption bands.
which causes the electric cross-field drift of the electrons One may wonder why in a large volume, for instance like
which are responsible for the emission of the background sothat of a type 1V, these harmonics are not washed out spa-
lar burst radiation continuum. It depends moreover on thetially and thus also in frequency space. This is, however,
choice of the loss-cone distribution; choosing another ananot a question specific to “Zebra” structures. Rather it is a
Iytical form of the loss-cone than the Dory-Guest-Harris dis- general problem of any of the various fine structures in ra-
tribution will introduce other parameters in placeacind A dio continua; in its generality there exists no unambiguous
the form, variation and effects of which must then be inves-answer.
tigated along similar lines as in this paper. From our point of view, “Zebra” fine structures are prob-
One may easily imagine other models as well, for in- ably locally generated and do not distribute over the large
stance the involvement of electrostatic ion cyclotron har-volume of the radio continuum. For instance, if they occur
monic (EICH) waves (instead of the electromagnetic ion cy-in the extended weak magnetic field region of the magnetic
clotron harmonics) which are known to be excited in the au-trap, the maser frequency may be nearly constant along the
roral kilometric radiation source above the Earth up to com-ion path. Chernov(2010 has listed a number of fine struc-
parably high harmonics in the presence of the auroral countetures which he all attributes to the same family of “Zebra”
streaming electron and ion beams. They are as well local beemissions, some of them drifting upward or downward in fre-
ing restricted to the location of the magnetic field-aligned quency space, others each emission consisting of temporarily
potential drop which accelerates both electrons and ions intgeriodically arranged emission spots and so on.
opposite directions along the magnetic field causing the ion Whether all these emissions belong to one and the same
conics which have been used in our model. family and whether they can all be explained by the “Ze-
Here the Dory-Guest-Harris loss-cone distribution hasbra” mechanism, is not known. Common features between
been chosen because, in contrast to other proposed loss-coaeme of them are their periodicities. So fibers might be taken
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as inclined (or drifting) “Zebras” (as suggested ®gernoy Chiu, Y. T. and Schulz, M.: Self-consistent particle and par-
2010 in spatially varying magnetic fields, still being local allel electrostatic field distributions in the magnetospheric-
emissions which are related to the presence of fast cold ion ionospheric auroral region, J. Geophys. Res., 83, 629-642,
conics, while the spotted “Zebra” emissions might be caused 901-10.1029/JA0831A02p00629978. _ .
by switching on/off effects of the above kind. Here we do HOSh'”?' M. anbd Aronsﬁ J.. Preferential plgls_,@ron_ heatl'“g and
not enter into any discussion of these fine structures. The acceeration by synchrotron maser instabilities in refativistic
L . positron-electron-proton plasmas, Phys. Fluids B, 3, 818—-833,
purpose of the present communication was just to present -
; . . d0i:10.1063/1.859877.991.
a simple model of the connection between electromagneti§ ;paje 3 Treumann. R. A.. Yoon. P. H.. and Karlicky, M.: A
ion-cyclotron waves and the electron-cyclotron maser emis- el of Zebra emission in solar type IV radio bursts, Astrophys.
sion mechanism capable of generating the observed ordinary j. 593 1195-120%0i:10.1086/376732003.
“Zebra” emissions in radio continua. Madey, J. M. J.. Stimulated emission of bremsstrahlung in
a periodic magnetic field, J. Appl. Phys., 42, 1906-1913,
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