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ABSTRACT

On the basis of a numerical solution of dispersion equation we analyze characteristics of low-damping high-frequency waves in hot
magnetized solar and stellar coronal plasmas in conditions when the electron gyrofrequency is equal or higher than the electron
plasma frequency. It is shown that branches that correspond to Z-mode and ordinary waves approach each other when the magnetic
field increases and become practically indistinguishable in a broad region of frequencies at all angles between the wave vector and the
magnetic field. At angles between the wave vector and the magnetic field close to 90◦ , a wave branch with an anomalous dispersion
may occur. On the basis of the obtained results we suggest a new interpretation of such events in solar and stellar radio emission as
broadband pulsations and spikes.
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1. Introduction
It has been widely accepted that numerous flare processes with
energy release take place in solar and stellar coronal plasma on
diﬀerent scales both in time and space (Altyntsev et al. 1982;
Somov 1992; Sakai & de Jager 1996; Gershberg & Pikelner
1972; Gershberg 2002; Stepanov 2003). It is believed that flares
originate as a result of magnetic energy release. This energy has
previously accumulated in an active region. In turn, it means that
plasma parameters of stellar and solar coronae in the flare region
diﬀer from parameters of quiet coronae through the stronger
magnetic field. At the present time flare parameters measurements in stellar and solar coronae is an unsettled problem,
and measuring magnetic field is the most diﬃcult one. Some
progress has been achieved in determination of the magnetic
field in the solar corona. In a considerable number of papers, the
magnetic field in a flare region is evaluated from parameters of
radio emission bursts of the Sun (Dulk & McLean 1977; Mann
et al. 1987; Ledenev & Messerotti 1999; Ledenev et al. 2001;
Vrŝnak et al. 2002). But these magnetic field estimations essentially depend on an accepted model of radio emission generation,
so they give results that diﬀer by an order of magnitude. Thus,
conclusions about the magnetic field value and its time variations
can be made from theoretical calculations in the framework of
accepted flare models (Altyntsev et al. 1982; Somov 1992; Sakai
& de Jager 1996; Priest & Forbes 2000).
Two-dimensional models of extended (plane) current sheets
(Somov 1992; Priest & Forbes 2000) and magnetic loop interaction (merging) models (Sakai & de Jager 1996) are the most
elaborated ones. Calculations show that the magnetic field may
increase by an order of magnitude during formation of extended
current sheets (Anderson & Priest 1993); and during magnetic
loop merging, the axial component of the field may increase by
more than two orders of magnitude (Chargeishvili et al. 1993).
This means that, in a build-up flare process in a local coronal
region, the ratio of the electron gyrofrequency ωHe to the plasma
frequency ωpe may increase substantially. The value of this ratio is essential for determining plasma eigen oscillation spectra

in the magnetic field and, consequently, for determining solar
coronal parameters in the flare region. Magnetic field estimations give values of the ratio ωHe /ωpe < 1 (Ledenev et al. 2001;
Vrŝnak et al. 2002). However, it is very likely that the magnetic
field grows to such values that this ratio becomes higher than
unity in the course of a flare during the short period of about one
second or less.
It is very important to take the finite plasma temperature
into account for determining eigen oscillations spectra in the
magnetized plasma. As shown earlier for ωHe /ωpe < 1, spectra of hot magnetized plasma oscillations diﬀer from spectra of
a cold plasma in such a way that in the region of parameter values kvTe /ωHe ∼ 1 (k is the wave number and vTe is the thermal velocity), the oscillation frequency grows when the refractive index n increases (Ledenev et al. 2006). This means that
the frequency range of Langmuir waves, which may be generated at a given level of the solar corona, enlarges substantially
(up to 30–40%). It will be shown that, in the range of values
ωHe /ωpe > 1, the spectrum of eigen oscillations of the hot magnetized plasma displays some features that may determine a fine
structure of solar radio emission. In particular, at ωHe /ωpe ∼ 1 a
branch with negative dispersion appears in the longitudinal wave
spectrum; i.e. waves can propagate whose frequency decreases
with the growth of the wave number. At (ωHe /ωpe )2  1, the
branch corresponding to Z-mode (at small angles between the
wave vector and the magnetic field, the branch corresponding to
whistler mode) approaches the ordinary wave branch, and these
waves become indistinguishable when the value (ωHe /ωpe )2 increases. These characteristics of the eigen oscillation spectra of
the coronal plasma allow us to explain the origin of broad-band
pulsations that are observed in solar radio emission on the basis of magnetic field pulsations in the reconnection region and
to suggest a new mechanism for the generation of narrowband
short-living bursts (spikes).
In the present paper we investigate diﬀerent types of highfrequency waves in the high-temperature magnetized plasma
for values of the parameter ωHe /ωpe ≥ 1. In Sect. 2 the
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dispersion equation describing high-frequency waves in the
high-temperature magnetized plasma is represented in its most
general form. A numerical solution of the dispersion equation
is described in detail, and high-frequency wave characteristics
are represented taking into account their propagation at diﬀerent angles to the magnetic field. In Sect. 3 on the basis of the
results for high-frequency waves in the hot coronal plasma, we
provide a qualitative interpretation of some features of solar radio emission such as broadband pulsations and spikes. Results
of this work are reported and discussed in the conclusion.

2. Spectra of high-frequency waves
in a high-temperature magnetized plasma
In spite of a considerable amount of papers and books focused
on the study of eigen oscillations in the high-temperature magnetized plasma (see, e.g., Baldwin et al. 1969; Ginnzburg 1970;
Akhiezer et al. 1975; Ginzburg & Rukhadze 1975), this problem has not been completely resolved at the present time. The
point is that it is necessary to use the kinetic approach for taking the finite temperature eﬀect into account, e.g. for considering the influence of the velocity distribution function of particles
on plasma dispersion characteristics. The eﬀect of finite electron gyroradius (eﬀect of strong spatial dispersion) is a principal eﬀect, which influences plasma wave properties, and it appears when the wavelength becomes comparable to the electron
gyroradius.
Characteristics of high-frequency waves in the hightemperature plasma with parameters corresponding to the magnetospheric plasma were studied by Andre (1985). Recently
Ledenev et al. (2006) investigated properties of such waves in
a plasma with parameters corresponding to the solar corona
in the frequency range ω > ωHe (ω is the wave frequency,
ωHe -electron gyrofrequency) taking the wave damping into account. This study was made on the basis of a numerical solution
of the dispersion equation for the high-temperature magnetized
plasma (Akhiezer et al. 1975; Ginzburg & Rukhadze 1975)
an4 + bn2 + c0 = 0,

(1)

where
a = (k⊥2 /k2 )ε xx + (kz2 /k2 )εzz + 2(k⊥ kz /k2 )ε xz ,
b = −ε xx εzz + ε2xz − (kz /k)2 (εyy εzz + ε2yz ) − (k⊥ /k)2
×(ε xx εyy + ε2xy ) + 2(k⊥ kz /k2 )(ε xy εyz − ε xz εyy ),
c0 = εzz (ε xx εyy + ε2xy ) + ε xx ε2yz − εyy ε2xz + 2εyzε xz ε xy .
Here, n = kc/ω, ω is the complex frequency, k the wave number,
kz the longitudinal (with respect to the magnetic field) wave vector component, k⊥ the transverse wave vector component, and
εi j stands for the components of the dielectric tensor.
Dispersion properties of waves change in the frequency region near the electron plasma frequency and in the regions where
the refractive index n ≤ 1 and n  1. In the region n ≤ 1, longitudinal waves turn to Z-mode, and in the region n  1 the
frequency of longitudinal waves increases with growth of n. At
angles close to 90◦ and for n  1, longitudinal waves turn into
waves with anomalous dispersion, i.e. waves whose frequency
decreases as the wave number grows.
In this paper spectra of eigen oscillations of the hightemperature magnetized plasma are investigated in the frequency
range ω ≤ ωHe for values of the parameter η = ωpe /ωHe ≤ 1.
These parameter values may be realized at definite conditions in

the solar corona and also in stellar coronae. Figures 1a–f represent solutions of Eq. (1) (by formulas A.1 from the paper by
Ledenev et al. 2006) as the dependence of the refractive index n on the frequency. The solutions of Eq. (1) were found
by a graphic method, with a step of calculation of 0.01ωHe.
Calculations are made for (a) η = ωpe /ωHe = 1, the angle between the wave vector and the magnetic field (radians) θ = 0,
(b) η = 1, θ = 1, (c) η = 1, θ = 1.5, (d) η = 0.25, θ = 0, (e)
η = 0.25, θ = 1, and (f) η = 0.25, θ = 1.5; (vTe/c)2 = 2 × 10−4 .
The plasma temperature corresponds to the solar corona temperature.
As can be seen from Figs. 1a–f, the character of the dispersion curves for extraordinary (branch 1) and ordinary (branch 2)
waves does not change in comparison with the cold plasma. Cutoﬀ frequencies at n = 0 are determined with the same relations
ωc /ωpe = (1/2){±(ωHe/ωpe ) + [(ωHe /ωpe )2 + 4]1/2 } (Ginzburg
1970), where the upper sign refers to extraordinary and the lower
one to ordinary waves. At η = 1 we have ωcx /ωpe ≈ 1.62 for extraordinary waves and ωco /ωpe ≈ 0.62 for ordinary waves when
they propagate along the magnetic field. For η = 0.25, we have
ωcx /ωHe ≈ 1.06 and ωco /ωHe ≈ 0.06, respectively. For wave
propagation at an angle to the magnetic field, the existence range
of ordinary waves is limited by the electron plasma frequency.
All these values correspond to our calculations.
The whistler branch is shown in Figs. 1a and 1d (branch 5). It
is located in the frequency range from ∼0.1ωHe to ωHe . As can be
seen from Fig. 1a, the intersection of branches 2 and 3 occurs for
η = 1 in the case of wave propagation along the magnetic field
(θ = 0), and a transition takes place from one wave type into
another (linear wave interaction). The intersection of branches
is absent when waves propagate at an angle to the magnetic
field (Fig. 1b), when longitudinal waves (branch 3) pass into
Z-mode (branch 4), and whistlers pass into fast magnetosonic
waves (branch 6 in Fig. 1b). When the angle θ grows to 90◦ , the
frequency of longitudinal waves increases and approaches the
upper hybrid frequency ωg = (ω2pe + ω2He )1/2 ≈ 1.4ωpe (Fig. 1c).
The intersection of the longitudinal wave branch (branch 3
in Fig. 1d) with whistler’s dispersion curves (branch 5) and with
ordinary waves (branch 2) at η = 0.25 occurs when the waves
propagate along the magnetic field. For η = 0.25 the longitudinal wave branch shifts to the range of lower frequencies when
the angle θ grows, it is identified as the fast magnetosonic wave
(branch 6 in Fig. 1e), and whistlers pass into Z-mode (branch 4).
An asymptotical value of the fast magnetosonic wave frequency at n  1 is equal to ω∞ = ωpe ωHe cos θ/(ω2pe + ω2He )1/2
(Akhiezer et al. 1975). In the case for η = 1 and θ = 1 radian, we
have ω∞ /ωpe ≈ 0.38 at n ∼ 10 (Fig. 1b) (at n > 10 the increase
in the frequency with growth of n occurs due to spatial dispersion). At η = 0.25 and θ = 1 radian, we have ω∞ /ωpe ≈ 0.14
(Fig. 1e).
As can be seen from Fig. 1e, at η = 0.25 the branch of longitudinal waves is absent at intermediate angles seemingly because of cyclotron damping, and it appears again at angles θ
close to 90◦ . In this case its frequency is close to the upper
hybrid frequency (Fig. 1f). At η = 1 the longitudinal waves
(branch 3) exist at all angles θ. In the region of n > 10, the frequency of these waves increases with the growth of n, but waves
with anomalous dispersion appear close to θ = 90◦ , whose frequency falls with the growth in the refractive index (branch 7 in
Fig. 1c). Waves with anomalous dispersion are absent (Fig. 1f)
for a stronger magnetic field (η = 0.25).
It follows from our calculations (Figs. 1d–f) that branches 2
and 4 (at small angles θ branches 4 and 5) approach with
the magnetic field enhancement (parameter η decreases) in the
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Fig. 1. Frequency dependence of the refractive
index n for ωpe /ωHe = 1, the angle between
the wave vector and the magnetic field θ = 0.0
(panel a)), θ = 1.0 radian (panel b)), θ = 1.5
radian (panel c)), and for ωpe /ωHe = 0.25,
θ = 0.0 (panel d)), θ = 1.0 radian (panel e)),
θ = 1.5 radian (panel f)). Branches 1, 2, and
3 correspond to the extraordinary, ordinary, and
longitudinal modes, respectively. Branch 4 corresponds to the Z-mode, curve 5 corresponds
to whistlers, curve 6 corresponds to fast magnetosonic waves, branch 7 corresponds to the
waves with anomalous dispersion, branch 8 is
the manifestation of the second harmonic of
Bernstein mode. v2Te /c2 = 2 × 10−4 .

whole of the angle range from 0◦ to 90◦ , and for η = 0.25
the refractive indices are so very close that these waves are
practically indistinguishable in a broad range of frequencies
(∆ω/ωHe ∼ 0.5). Besides, at η = 1 and θ close to 90◦ , the relatively low-damping branch 8 (Fig. 1c) occurs in narrow ranges of
frequencies and values of the refractive index. It corresponds to
the second harmonic of the Bernstein mode. When waves propagate at an angle to a suﬃciently strong magnetic field, an interval
of refractive index values exists where high-frequency waves do
not propagate. These values of refractive index are in the range
1.4 < n < 2 (Fig. 1e) for η = 0.25.
It should be noted that the plasma temperature variation does
not change the character of dispersion dependencies. Maximal
values of the refractive index of low-damping longitudinal waves

change mainly with the temperature variation. These changes are
inversely proportional to electron thermal velocity.

3. Two radio emission features of the Sun
and stars
3.1. Broadband pulsations

Broadband quasi-periodic pulsations are one of the most enigmatic events in the radio emission of the Sun and stars
(Bastian et al. 1990; Aschwanden et al. 1999; Stepanov 2003;
Aschwanden 2004). A considerable number of models for this
event are based on magnetic loop MHD oscillations (Roberts
et al. 1983; Nakariakov et al. 2003), nonlinear regimes of kinetic instabilities (Aschwanden 1990) and oscillatory regimes
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The growth rate of whistlers in the case of wave propagation
along the magnetic field (ω ≈ kz c) has the form (Mikhailovsky
1974)

c(kz c − ωHe )2
γ = −Im ε/(∂Reε/∂ω) =
v3⊥ dv⊥
2n(2kzc − ωHe )



∂F
∂F
1 ∂F
×
+
−v
,
(2)
v⊥ ∂v⊥ c ∂v
v⊥ ∂v⊥ v =vres

Fig. 2. Broadband pulsations in solar radio emission observed with the
Astrophysical Institute Potsdam spectrograph.

of magnetic reconnection (Kliem et al. 2000). In our opinion
the magnetic-reconnection process is the most promising one for
the origin of broadband pulsations because it is followed by fast
changes in plasma parameters by significant magnitude with simultaneous acceleration of particles, and it often shows a quasiperiodic (pulsating) behavior. Results of numerical modelling
(Anderson & Priest 1993; Chargeishvili et al. 1993) and laboratory experiments (Altyntsev et al. 1977; Frank & Bogdanov
2001) show that, in the reconnection region during the flare process, the magnetic field value may episodically exceed its value
significantly before the flare begins. If plasma parameters before
the flare are such that ωHe /ωpe < 1, then in a build-up flare process (free magnetic field energy increase) this ratio may change
into an inverse one, i.e. ωHe /ωpe > 1. If the flare process has a
pulsating character, this ratio also changes intermittently. When
the inequality ωHe /ωpe > 1 is fulfilled, dispersion characteristics
of eigen oscillations change (Figs. 1a–f). In particular, waves can
propagate in a broad range of frequencies beneath ωHe with the
refractive index, which is presumably constant and close to unity
(Figs. 1d–f). It means that the same group of energetic electrons
can excite oscillations in a broad band of frequencies. If the reconnection process has a pulsating character, radio emission will
be generated as a sequence of broadband pulses (Fig. 2).
Our calculations show that for (ωHe /ωpe )2  1 the refractive
index of waves corresponding to Z-mode (at small angles between the wave vector and the magnetic field corresponding to
whistlers) is close to unity in a broad range of frequencies lower
than ωHe (∆ω ∼ ωHe ). The frequency of waves is determined
by the dispersion relation n2 = ε when they propagate along the
magnetic field (Mikhailovsky 1974), where ε is dielectric permittivity or
(kc)2 /ω2 = 1 − ω2pe /ω(ω − ωHe ).
At (ωHe /ωpe )2  1, the solution of this equation leads to two
approximate values of frequency ω1 ≈ kc−ω2pe /2(kc+ωHe ) ≈ kc
and ω2 ≈ ωHe . The first value is the frequency of whistlers and
the second one refers to the longitudinal wave branch, which is
strongly damped when the waves propagate at small angles to
the magnetic field.

where F is the energetic electron distribution function, kz the
longitudinal wave vector component in relation to the magnetic
field, n plasma density, and vres ≈ c − ωHe /kz .
As is known (Litvinenko 2002), acceleration of electrons occurs mainly along the magnetic field during the reconnection in
the current sheet with a weak shear of the magnetic field. The
distribution function of accelerated electrons has a power-law
character (Litvinenko 1996). In laboratory plasma experiments,
an extended and almost flat (up to a certain limit) tail of accelerated electrons is observed (Altyntsev et al. 1977). The conclusion follows from this substance that the ∂F/∂v in Eq. (2) may
be neglected. In the case of the assumption of Maxwell distribution over transverse velocities, the expression for the growth rate
has the form:

v
c(kz c − ωHe )2
γ ≈
 
1−
F(v )
πn ∆v (2kz c − ωHe )
c
≈

ωHe (kz c − ωHe )2
F(vres ).
πn(∆v )(2kz c − ωHe )kz

(3)

As is seen from expression (3), whistlers are excited in the frequency range ωHe /2 < ω1 ≈ kz c < ωHe . Since the waves
have practically the same phase velocities, their generation occurs simultaneously in the whole frequency band as observed
(see Fig. 2). The restriction on the frequency from the bottom is
determined by the condition that the derivative dn/dω changes
the sign at ω ≈ ωHe /2 and, consequently, the derivative dε/dω
changes the sign too, as follows from the dispersion equation.
From this we obtain estimations of the magnetic field corresponding to the time of the emission. The cyclotron frequency
corresponds to the high-frequency radiation boundary and ωHe /2
corresponds to the low-frequency boundary; i.e. frequencies corresponding to both upper and lower boundaries of the radiation band diﬀer by a factor two. However, another wave type
(Z-mode) is excited at the angle to the magnetic field. The dispersion dependence of these waves, as is seen from Figs. 1e
and f, decreases without the derivative sign changing when the
frequency decreases, and the radiation band enlarges towards
lower frequencies as long as the refractive index is larger than
unity.
The whistler’s and Z-mode’s transition into transverse electromagnetic waves occurs due to linear conversion of one wave
into another (Zheleznyakov 1970), because, as one can see from
Figs. 1d,f, the dispersion plots of these waves practically merge
with the plot of ordinary electromagnetic waves when the magnetic field is strong enough.
As Kliem et al. (2000) show, the reconnection process in an
extended current sheet may represent oscillations of plasma parameters with a characteristic time of about one second. It may
explain an origin of broadband pulsations in solar radio emission. However, this model, in our opinion, does not decisively
explain the broad band of radiation and the absence of a frequency drift in observed pulsations. If we take into account that
the magnetic field in the reconnection process may be essentially
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intensified, then the broadband pulsations and the absence of the
frequency drift are explained naturally.
The proposed model of broadband pulsations can be applied completely to the radio emission pulsations of flare stars
(Bastian et al. 1990; Abada-Simon et al. 1997) since the magnetic field on their surface is stronger, and the flare energy may
be 103 times higher than the solar flare energy.
3.2. Spikes

Short-term (its duration is less than one second) narrow-band
(∆ω/ω ∼ 1%) bursts of solar radio emission are known as
spikes (Benz 1986; Fleishman & Melnikov 1998). It is assumed
that these bursts are generated by plasma or maser mechanisms
(Fleishman & Melnikov 1998). Conclusive evidence has not yet
been found in favor of any mechanism. Our calculations of highfrequency wave spectra in the magnetized plasma allow us to
propose a generation mechanism based on features of the plasma
eigen oscillation spectrum, which was not known previously. It
allows us to determine plasma parameters in the magnetic reconnection region more precisely.
If the reconnection process occurs in a small region, which
is at a high coronal level, it manifests itself mainly in the form
of radio emission bursts in decimeter and meter ranges. Since
plasma parameters in the reconnection region essentially change
within a small time scale, then in some moments of time in this
region the electron cyclotron frequency may be equal to the electron plasma frequency. As seen from Fig. 1c, in this case the
well-defined branch with anomalous dispersion (branch 7) appears in the spectrum of longitudinal waves, which propagate at
angles to the magnetic field close to 90◦ . At the point of transition from waves with normal dispersion (branch 3) to waves
with anomalous dispersion (branch 7), the frequency derivative
of the refraction index equals infinity, i.e. the wave group velocity tends to zero. It means that the longitudinal waves will
be accumulated in this region and then radiate as intensive radio emission. We assume that the narrow-band short-time bursts
of solar radio emission (spikes) are generated in this way. The
narrow band of the radiation may be explained by the fact that
the wave frequency changes insignificantly in a broad interval of
wave phase velocities; i.e. the wave accumulation proceeds in an
extensive range of wave numbers and in a narrow interval of frequencies. In this case the dimension of the radiation region must
be essentially smaller than a characteristic scale of the inhomogeneous corona. The small duration of bursts is determined by
the circumstance that the equality of cyclotron and plasma frequencies occurs during a short interval of time, because plasma
parameters in the reconnection regime change continuously. If
the characteristic reconnection time is about one second (Kliem
et al. 2000), then the duration of this burst is a fraction of a second. Radiation is generated at the double-frequency of longitudinal waves at their coalescence, i.e. ω ≈ 2.8ωpe , because the
upper hybrid frequency is 1.4ωpe in this case.
Observations (Krucker & Benz 1994) show that spikes are
often observed as large groups in the form of two emission bands
with the ratio of frequencies, which does not exceed the value 1.4
in most cases. We assume that such groups are generated when
a pulsating regime of the magnetic reconnection exists. In this
case radiation corresponding to the higher frequency is generated as a result of longitudinal wave merging at the frequency
ω ≈ 2, 8ωpe , and emission corresponding to the lower frequency
is generated by merging longitudinal waves with whistlers when
they propagate along the magnetic field (Fig. 1a). The most favorable conditions for the merging process of longitudinal waves
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and whistlers are realized when cyclotron and plasma frequencies are close. When waves propagate along the magnetic field,
parameters of whistlers and longitudinal waves draw together
(Fig. 1a) and the merging process is analogous to the coalescence
of two longitudinal waves. In this case the radiation frequency is
close to the double of the plasma frequency. It should be noted
that the frequency ratio 1.4 corresponds to the equality of cyclotron and plasma frequencies. If the cyclotron frequency in
the reconnection process stays lower than the plasma frequency,
then this ratio will be less than 1.4 as has been observed (Krucker
& Benz 1994).

4. Conclusions
Our calculations show that the finite temperature of the magnetized plasma aﬀects its dispersion characteristics essentially. In
this paper the plasma in a suﬃciently strong magnetic field is investigated (parameter η = ωpe /ωHe ≤ 1). Modes, which appear
in the frequency band under consideration, are electromagnetic
(transverse) waves (ordinary and extraordinary modes), longitudinal waves, whistlers, Z-mode and fast magnetosonic waves.
Whistlers propagate at small angles to the magnetic field. When
the angle θ between the wave vector and the magnetic field
grows, whistlers transform into fast magnetosonic waves, which
propagate in a frequency band below ωpe . The high-frequency
part of whistlers transforms into Z-mode at η < 1 with a growth
in angle θ. The most distinct eﬀect of the finite temperature is
the appearance of the wave branch with anomalous dispersion
at η = 1 and angles θ close to 90◦ . When the parameter η decreases, branches corresponding to Z-mode and ordinary waves
approach, and they become practically indistinguishable in a
wide band of frequencies at all angles θ for suﬃciently low values of the parameter η (η ≤ 0.25).
These calculations allow us to explain some features of radio
emission of the Sun and stars in a more natural way. The result
that whistlers and Z-mode in a suﬃciently strong magnetic field
are generated simultaneously in the broad band of frequencies
allows us to explain the origin of broadband pulsations in radio emission of the Sun and stars. It is assumed that suﬃciently
strong magnetic fields are realized in the nonstationary (pulsating) regime of the magnetic field reconnection.
The short-time, narrow-band bursts – spikes are explained by
plasma wave accumulation in the transition region from waves
with normal dispersion to waves with anomalous dispersion,
where the wave group velocity approaches zero. This case is realized if waves propagate at large angles to the magnetic field
when the plasma frequency is close to the cyclotron frequency.
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