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Introduction

Solar radio zebras are Type IV fine structure radio bursts. They are
observed as frequency-narrow bands in radio spectrograms. They are
assumed to be generated by plasma emission mechanism at harmonics
of cyclotron frequencies,

They allow precise estimations of plasma density and magnetic field in
the solar corona.

Figure 1: Left: An example of the zebra pattern observed during the
2 May 1998 solar flare. Right: The radio-flux profile as a function of
frequency.

The double plasma resonance model assumes resonance between cy-
clotron and plasma frequencies, and generation of electrostatic waves
with frequency ω and wavevector k = (k‖, k⊥)

ω −
k‖u‖
γ
− sωB

γ
= 0, (1)

where u‖ is the parallel electron velocity, ωB is the electron cyclotron

frequency, and γ =
√

1 + u2/c2 is the Lorentz factor.

In plasma, consisting of the loss-cone type distribution of hot electrons
with density nh and much denser and colder background plasma with
density ne, this instability generates the Bernstein waves. Consequently,
these waves are transformed into the electromagnetic waves and ob-
served as radio zebras.

Model

We use fully electromagnetic relativistic PIC code TRISTAN with periodic
boundary conditions. The model size was λ∆ × λ∆ × 32∆, where λ is the
wavelength of the longest unstable wave generating instability. Usually
λ = 24− 44. Magnetic field is in z- direction and time step ωpe∆dt = 0.025.

Background electrons have density ne = 1920 PPC and
Maxwellian distribution function for temperature vtb = 0.03 c. Hot elec-
trons have loss-cone DGH type of distribution
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with thermal velocity vt = 0.2 c.

Results

We found that the saturation energy as well as the growth rates are
proportional to the initial hot electron density (Figure 2).
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Figure 2: Time evolution of electric energy density for three different
nh/ne ratios and for ωce/ωpe = 0.190.
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Figure 3: Left: Comparison of growth rates computed analytically and
with usage PIC models. Right: Saturation energies normalized to initial
kinetic energy of hot electrons for three different thermal velocities.

We compared growth rate computed analytically and those by PIC sim-
ulation in Figure 3 Left. Both the results show good conformance for
broad range of frequency ratios.

We analyzed saturation energies that cannot be predicted by analytical
theory from series of models for three hot electron thermal velocities in
range vt = 0.15, 0.2, 0.3 c, each for ωpe/ωce = 2.5 − 7 (Figure 3 Right). The
evolution of velocity distribution is on Figure 4.

All these findings are used for estimation of radio source properties for
2 May 1998 event. We assume that the region has angular size 2 arcsec
and corona scale height 1 Mm. The estimated observed electromagnetic
energy density and electrostatic energy density from the simulation al-
lowed us to estimate conversion efficiency of this instability. Selected
properties are summarized in Table 1.

Table 1: Found source parameters for event from Figure 1.

ZP 2 May 1998
Event location S15W15
Radio flux [sfu] 650
Frequency [GHz] 1.45
Harmonic number 21
Emission angle [arcsec] 2.70
Source length [km] 23
Source height [km] 28
Plasma density [cm−3] 2.6 × 1010

Hot electron density [cm−3] 1.28 × 1013

Magnetic field [G] 2.3
Tb [K] 8.3 × 1015

Welm [J m−3] 2.57 × 10−9

WUH [J m−3] 5.41 × 10−5

Conversion efficiency 4.75 × 10−5
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Figure 4: Difference between final and initial velocity distribution. Red
regions: Distribution increases. Blue regions: Distribution decreases.
The lines represent resonance ellipses. Arrows indicate shifts of ellipses
with increasing wavenumber k‖.
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