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Abstract. The sun is covered by a network of supergranular cells. The convective motion of these cells leads to the formation
of strong magnetic fields at the cell boundaries. At larger heights in the solar transition region and low corona, this magnetic
field geometry expands rapidly within a short distance, and forms the magnetic structure of “coronal funnels”. This field line
geometry represents a magnetic mirror, and since the plasma density strongly increases with depth in the transition region, the
electron velocity distribution function (VDF) can develop a loss cone. Within such a coronal funnel, the plasma frequency can
have smaller values than the electron cyclotron frequency, w, < Q.. These are the necessary conditions for the generation of
X-mode waves through the electron cyclotron maser mechanism. Since there is some observational evidence for radio emission
from the supergranular network, it is of interest to investigate the possibility of this plasma wave generation in a quiet stellar
atmosphere in detail. In this paper, a kinetic model is used to calculate the electron VDF in a coronal funnel. A method is derived
to determine wave growth rates from the electron VDF. Its application on the coronal funnel VDF indeed results in X-mode
wave growth. However, it is also found that wave absorption by higher-order resonances at larger heights in the atmosphere

plays an important role.
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1. Introduction

The generation of electromagnetic waves through the electron
cyclotron maser mechanism is well known as a source of plan-
etary radio emission like earth’s auroral kilometric radiation
(Wu & Lee 1979) or jupiter’s decametric radiation (Wu &
Freund 1977).

The electron cyclotron maser is based on the conversion of
free energy provided by a loss cone distribution of the elec-
trons into X-mode plasma waves and can be active in a plasma
with a plasma frequency, w,, well below the electron cyclotron
frequency, Q. (Melrose et al. 1984). The X-mode waves are
emitted nearly perpendicular to the background magnetic field
(Wu & Lee 1979; Omidi et al. 1984; Ladreiter 1991).

The electron cyclotron maser theory has not only been ap-
plied on planetary magnetospheres, but also on solar flares
(Melrose & Dulk 1982; Conway & Willes 2000). Energetic
electrons are injected near the looptops during the flare, propa-
gate downwards and are mirrored in the magnetic field geom-
etry that converges towards the footpoints. Electrons with low
pitch angles penetrate deep into this magnetic mirror configu-
ration. They are scattered in the cooler and denser medium of
the transition region and do not return into the loop. Thus, the
electron velocity distribution function (VDF) can form a loss
cone in a flaring loop.
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But it is possible that electron loss cone VDFs can be
formed in the solar atmosphere also under quiet conditions
without any flare activity. Coronal funnels (Gabriel 1976) are
magnetic structures that are open towards the interplanetary
medium. They are characterized by a rapid expansion of mag-
netic flux tubes in the transition region from the chromosphere
towards the corona. On the one hand, in the chromosphere and
below the gas pressure is much larger than the magnetic field
energy density. Consequently, the convective motion of the su-
pergranular cells accumulates the magnetic field at the borders
of these cells. On the other hand, in the corona the magnetic
field energy density is much larger than the gas pressure of the
tenuous coronal plasma. This configuration leads to a rapid ex-
pansion of magnetic flux tubes in the transition region.

Such a magnetic field configuration acts as a magnetic mir-
ror for coronal electrons that move sunwards. Electrons with
small enough pitch angles penetrate deep into the funnel and
reach the cooler and denser medium of the transition region or
chromosphere. This electron population is scattered and sub-
sequently thermalized there. It does not return into the corona,
resulting in a loss cone distribution in the low corona.

In the next section it is shown that the condition w, < €.
for the electron cyclotron maser can be fulfilled in a coronal
funnel. Thus the question arises whether the quiet sun can be a
source of radio emission through the electron cyclotron maser
mechanism. There is some observational evidence for radio
emission from the chromospheric network. Kosugi et al. (1986)
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report higher brightness temperatures in coronal holes at a fre-
quency of 36 GHz that is not found at a higher frequency of
98 GHz. Gopalswamy et al. (1999) analyze 17 GHz observa-
tions and find a temperature enhancement of the chromosphere
below coronal holes. They discuss the relation between en-
hanced temperatures and unipolar regions. Moran et al. (2001)
observed enhanced 17 GHz radio emission from magnetic field
concentrations.

The observed frequencies are well above typical electron
cyclotron frequencies in coronal funnels, e.g. 560 MHz for a
magnetic field of B = 0.02 T (200 G). But nevertheless, these
observations further motivate the study whether coronal fun-
nels are capable of emitting radio waves through the cyclotron
maser mechanism even under quiet solar conditions.

We have developed a kinetic model for electrons in the so-
lar corona and wind in order to study the interaction between
whistler waves and electrons that results in an enhancement of
suprathermal electron fluxes in the solar wind (Vocks & Mann
2003). This kinetic model can also be applied on the transition
region and low corona to study the loss cone formation in de-
tail. As a kinetic model, it yields the electron VDF for each
spatial location within the computation box. With these simu-
lation results at hand it is an interesting option to investigate
whether the low coronal plasma is capable of emitting X-mode
waves in an efficient way.

The paper is organized as follows. In the next section, the
kinetic model and its results for a coronal funnel are presented.
In Sect. 3, a method to calculate the X-mode mode growth rate,
v, for a given electron VDF is derived. In Sect. 4, this method
is applied on the kinetic results for a loss cone VDF in the low
corona. The paper closes with the discussion and summary in
Sect. 5.

2. A kinetic model for electrons in the solar corona

The kinetic model we use to study the formation of electron
loss cone VDFs in a coronal funnel is based on a numerical
solution of the Boltzmann-Vlasov equation:

of e af (of

o + (v V)f+(g me(E+v><B)) P —(&)diff (1)
g and E represent the gravitational and charge separation elec-
tric field, respectively. B is the background magnetic field,
and the term on the right-hand side is a diffusion term due to
Coulomb collisions and wave-particle interaction. The assump-
tion of a gyrotropic electron VDF, f, simplifies the Eq. (1) con-
siderably and reduces the phase space dimensions to (v, v,)
parallel and perpendicular to B in velocity space, and the
spatial coordinate s parallel to B. Since the velocity coordi-
nates are cylindrical coordinates, only positive v, need to be
considered.

The kinetic model has been developed in order to study the
acceleration of suprathermal electrons through resonant inter-
action with whistler waves in the solar corona and wind. The
wave-particle interaction is described within the framework of
quasilinear theory (Kennel & Engelmann 1966). The waves en-
ter the simulation box at the lower bound with a power law
spectrum ocw™! and propagate upwards. Inside the simulation
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box the spectrum evolves due to the change of the background
conditions with height and due to the absorption of the waves
by the electrons. At the lower bound, the spectral wave energy
is chosen in such a way that it is, at very low frequencies in the
MHD regime, in agreement with the spectrum of ion cyclotron
waves that has been used in the coronal heating model of Vocks
& Marsch (2002).

A detailed description of the kinetic model can be found
in Vocks & Mann (2003). Here, the model is applied on the
plasma of a coronal funnel that is located in the transition re-
gion and low corona.

The magnetic field geometry of the coronal funnel is
adopted from the coronal funnel model of Hackenberg et al.
(2000). The kinetic model includes the effects of the gravita-
tional and the charge separation electric fields, and the diverg-
ing geometry of the coronal funnel.

The Coulomb collisions are calculated using the Landau
collision integral in the form presented by Ljepojevic &
Burgess (1990). In order to yield analytic expressions for the
Landau collision integral, the assumption of Maxwellian dis-
tributions of the collision partners, i.e. protons and electrons,
is required. This is not a strong assumption, since the thermal
cores of the distribution functions of the collision partners pro-
vide the largest contributions to the Coulomb collisions due to
the v=* dependence of the Coulomb collision frequency on par-
ticle speed. For the same reason, the thermal cores are expected
to remain close to a Maxwellian VDF even in the inhomoge-
nous background of the transition region.

Since the kinetic model of the electrons does not yield re-
sults for the ions in the model plasma, a proton-electron fluid
model is used as a background model for the kinetic calcu-
lations. The fluid model is also described in Vocks & Mann
(2003). It is based on the energy equations used in Hackenberg
et al. (2000) and solves the continuity and momentum equa-
tions in a similar way like in the classical solar wind model of
Parker (1958).

The fluid model also provides the charge separation electric
field and enables the definition of initial and boundary condi-
tions for the electron VDFs. They are set up as Maxwellians
with densities and temperatures coincident with the fluid re-
sults. These Maxwellians are also used for calculating the
Landau collision integrals for the Coulomb collisions.

In order to find a solution of the Boltzmann-Vlasov Eq. (1)
that is stationary in time, the temporal evolution of the elec-
tron VDF is calculated by means of Eq. (1), starting from
the Maxwellian initial condition, until a final steady state is
reached.

In a self-consistent kinetic model, the moments of the elec-
tron VDE, i.e. density, drift velocity, temperature, and heat
flux, would have to be considered in the fluid equations to
correct the charge separation electric field and the Coulomb
collision parameters. However, the computer costs for such a
procedure are forbiddingly high. An accurate calculation of
the moments of the electron VDF even at the lowest temper-
atures of the transition region as far as it is inside the simula-
tion box would additionally require a very high resolution in
the velocity coordinates of the computational mesh, thus fur-
ther enhancing the computer costs. But the kinetic results and
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Fig. 1. Background plasma conditions for the kinetic model as functions of the height, s, within the simulation box. Shown are a) magnetic
field, b) number density, ¢) temperature, and d) ratio wg /Q2. Protons and electrons have the same number densities and temperatures.

the background model are coupled only through the electric
field and the Coulomb collision parameters. Holding the back-
ground conditions fixed does not have too much influence on
the model results and just enables a numerical solution of the
Boltzmann-Vlasov equation.

2.1. The simulation box

The lower boundary of the simulation box is located in the tran-
sition region at a temperature level of 2 x 10° K. It extends over
20000 km into the low corona. Due to the assumption of a gy-
rotropic electron VDEF, the simulation box has only one spatial
coordinate s along the background magnetic field, B. The value
s = 0 corresponds to the lower bound of the simulation box.
The velocity coordinates v and v, parallel and perpendicular
to B, respectively, cover electron speeds up to 4.3 x 10* kms™!.

Figure 1 shows the background plasma conditions within
the simulation box. The rapid expansion of the magnetic field
geometry can clearly be seen in Fig. la as a strong decrease
of the magnetic field within the lowest 5000 km. Figures 1b

and lc show the strong density and temperature gradients of
the transition region.

In Fig. 1d, the square of the ratio between the plasma fre-
quency, wy, and the electron cyclotron frequency, €., is plotted.
The plot shows that the necessary condition for the cyclotron
maser mechanism, w, < €., is fulfilled within the coronal fun-
nel and in the lowest corona, but not at larger heights in the
corona.

2.2. Simulation results

Within this simulation box, the electron VDF is now computed
by the method based on the Boltzmann-Vlasov Eq. (1) that has
been presented above. As initial condition Maxwellian electron
VDFs with the same densities and temperatures as in the back-
ground conditions are defined. The temporal evolution of the
electron VDFs is computed until a final steady state has been
reached.

The simulation results indeed show the formation of a loss
cone. It is most pronounced in the strong gradients of the tran-
sition region and fades away with height in the low corona.
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Fig. 2. Electron VDF at a height of s = 96 km. The electron tempera-
ture at this height is 7. = 3.88 x 10° K, and the electron thermal speed
thus vy, = 2420 km s~! The isolines are chosen in such a way that they
would form equidistant circles for a Maxwellian VDF.

This result is expected, since electrons that move sunwards
with small pitch angles, i.e. nearly parallel to the background
magnetic field, B, penetrate deep into the lower transition re-
gion where the density is higher and the temperature is lower.
They are scattered and thermalized there, while electrons with
larger pitch angles are reflected at larger heights in the magnetic
mirror of the coronal funnel. As a result, in the upper transition
region and lowest portions of the corona the phase space den-
sity of electrons moving anti-sunwards with small pitch angle is
reduced compared to that of electrons with larger pitch angles.
Thus, a loss cone is formed. At larger heights in the corona,
the Coulomb collisions fill up the loss cone, so it becomes less
pronounced with height.

Figure 2 shows the electron VDF at a height of s = 96 km in
the simulation box. This height level is located in the transition
region at an electron temperature of 7. = 3.88 x 10° K, corre-
sponding to an electron thermal speed of vy, = 2420 kms™!
Negative v, have been added to the figure by f(v,—v.) =
f(vp,v1) to enhance its legibility. The loss cone is clearly vis-
ible, but it is restricted to speeds v > 4 vy, with vy, being the
electron thermal speed. At lower speeds, a thermal core domi-
nates.

The restriction of the loss cone to higher speeds of several
thermal speeds has the consequence that only a small fraction
of electron kinetic energy is available for radio wave emission.
But the total number density of the electrons, N, = 2X 104 m3,
is high enough to justify the assumption that the available free
energy density is still capable of emitting significant radio wave
power.

3. Calculation of wave growth rates

In the previous section it has been shown that the electron
VDFs in the transition region and very low corona could be
capable of emitting radio waves through the cyclotron maser
mechanism. To study the efficiency of this wave generation
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in detail, a thorough analysis of the dispersional relation is
needed. The objective of this study is to calculate wave growth
rates from the plasma background conditions and the electron
VDF as it is provided by the kinetic model.

3.1. Dispersion function and wave growth rates

The starting point for the calculation of wave growth rates is
the linear theory of waves in a warm plasma as it can be found
in textbooks of plasma physics, e.g. Baumjohann & Treumann
(1996). Its basics are repeated here in order to provide a com-
prehensive description of the theory.

The dispersion relation that links wave frequencies w and
wave vectors k for the different wave modes can be written as

D(w, k) =0 2)
using the dispersion function D(w, k) that is defined as:
2
D(w, k) = det(—z(kk 1) + e(w, k)). 3)
w
Note that the wave frequency, w, is complex and consists of a
real part, w;, and the wave growth rate, y, as imaginary part:
W= w +1y. 4)

The dispersion function is therefore also complex. A Taylor
expansion around a solution (w, k) of the dispersion relation (2)
yields in the case of small :

Im(D(w. k)
ORe(D(w, k)/0w)ly=o

Y(w, k) = (%)
Re and Im represent the real and imaginary part of a complex
quantity, respectively. Equation (5) provides a method to de-
rive the wave growth rate, y, from the dispersion function. To
calculate the dispersion function, the dielectric tensor €(w, k)
needs to be evaluated. This tensor describes the influence of
the medium the wave propagates through on the wave.

In this paper, we concentrate on the X-mode waves gener-
ated by loss cone electron VDFs. Thus, their frequencies will
be in the range of typical electron frequencies like ., and reso-
nant interaction with ions needs not to be considered here. The
electrons are described by gyrotropic VDFs f(v),v,), and the
dielectric tensor can be written as:

W2
e(w, k) = [1 - —12))1
w

- E Zfd f d (6)
1] v, dv 6
1 N. 5 I 1avy

- 0
of 1Q. of Si(vy,v1)

=L ¢ 2 ) ) SRR

><(lal)”-'— v, 8vl)k”v”+l§26—w

with the matrix S; being defined as:

PO Qg Qe
5l JI 1955 JIJI a Jl
_ <l Q) 4 20 7\2 : ’
S[(UH,UJ_) = —1#.’1.’1 UJ_(JI) —IU||UL.11JI . 7
Qe 12 : ’ 272
R Jl IU||ULJ1.II U”Jl
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The index [ denotes the order of the resonance and J; repre-
sents the Bessel function of order /, J;(x). It is evaluated at
x=kv, /Qe. Jl/ represents its derivative in x.

3.2. Computation of the dielectric tensor

The Calculation of numerical values of the dispersion function
D(w, k) requires an evaluation of the integral over electron ve-
locity space in the definition of the dielectric tensor e(w, k),
Eq. (6). This integration is complicated by the singularity that
is met when the resonance condition

kHU” -—w+ lQe =0 (8)

is fulfilled. It is further important that the integrand is complex.
The matrix S; contains complex elements, but it is of a hermi-
tian type with real eigenvalues. The more important complex
quantity is the frequency, w = w; + iy.

Since the right hand side of Eq. (5) is evaluated only in
the limit y — 0 we will reduce the discussion of €(w, k) to
this limit. The factors w2 in Eq. (6) then turn into w;?, and
their imaginary parts that contain factors y vanish. Only the
denominator kjy; + [Q. — w with its singularity needs further
attention.

To demonstrate this, the resonance frequency

Wreg = k||U|| + IQe (9)

is introduced for brevity. In the limit y — 0, the real part of
(wres — w) ™! simply reduces to (wres — w;)~!, but the imaginary
part introduces the delta distribution, since

lim Y

—_— 5 = ﬂé(wres
¥=0 (Wyes — (’-)r)z + 7

— Wr). (10)
Due to the split-up of the resonance denominator in Eq. (6)
into its real and imaginary part, it is reasonable to split also the

dielectric tensor €(w, k) into a “real” and “imaginary” part:
(1)

The terms “real” and “imaginary” are set in parentheses, since
the matrix S; still introduces complex elements into both parts.
The “real” part Re(e) reads:

€ = Re(e) + iIm(e).

L1 6f) S (12)

V) 3Ul k||U|| + lQ - (J.)r
It still contains the singularity, Eq. (8), but this is uncritical
for the integration over velocity space. The integral has a well-
defined value. It is noteworthy that all electron velocities con-
tribute to this integral. The contributions mainly depend on the
values of the velocity derivatives of the electron VDF. If the
VDF has no strong short-periodic (in velocity space) variations,
these velocity derivatives can be expected to be highest when
the VDF f(v, v, ) itself has high values, i.e. within the thermal
core of the VDF.

The thermal core has been found to be close to a
Maxwellian VDF even in the inhomogenous background of the
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transition region in a coronal funnel, see Fig. 2. Thus it is rea-
sonable to calculate Re(e) for a Maxwellian VDF rather than
using the numerical results that suffer from a too poor resolu-
tion in velocity space in order to accurately represent the ther-
mal core. With a Maxwellian VDF f (v, v, ), a further analytical
treatment of Eq. (12) is possible that leads to the well known
plasma dispersion function.

The “imaginary” part Im(e) of the dielectric tensor re-
sults in:
> 27z'a)2 r r
Im(e) = Z fdvufvldvl
0 (13)
0 Q. 0
(k” f ——f) S[ﬂé(kHU” + 1Qe — wy).
81)” V) 0 U,

The integration over all (v, v, ) is greatly simplified by the delta
distribution. It is reduced to an integral over a path in veloc-
ity space that follows the solution of the resonance condition,
Eq. (8).

Since this resonance condition does not depend explicitly
on vy, this path seems to be simply a line over all v, at the
position

(wr — 1)
Yy =——— 14
I i (14)
But for X-mode waves propagating nearly perpendicular to the
background magnetic field, this method yields very poor re-
sults.

The reason for this is the neglect of relativistic effects that
enter the resonance condition, Eq. (8), through the Lorentz fac-
tor in the electron cyclotron frequency:

eB |- Y +UJ_
= >

(15)
Me c
Inserting this relativistic cyclotron frequency into the reso-
nance condition, Eq. (8), and performing some algebra, finally
leads to an ellipse equation in velocity space:

)2
(v 200) +% _1 (16)
a a;
with ellipse axes
C C
0”257’ al:f_ (17)
Jee + 2o} K
and a center location
kHa)rcz (18)
V)= ——"-—
‘TR r}
Qy = eB/m, is the electron cyclotron frequency in the non-

relativistic limit, and £ is defined as:

kﬁwrzc2

- 19
kﬁc2 +PQY (19)

£= leflé—a)r2+

Thus, after the relativistic correction the solutions of the reso-
nance condition lie on an resonance ellipse in velocity space.
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Fig. 3. Electron VDF at a height of s = 96 km, as in Fig. 2. Shown are
also a sketch of a resonance ellipse (dashed line) and an integration
path for the nonrelativistic theory.

In case of the X-mode waves discussed here, the ellipse can
become rather small. This is essential for the cyclotron maser
mechanism (Wu & Freund 1977) and the reason why a rel-
ativistic effect is so important for electron energies of just a
few keV and below as they are discussed here.

Figure 3 shows the plot of the electron VDF from Fig. 2
together with a sketch of a resonance ellipse and the nonrela-
tivistic integration path according to Eq. (14). The difference
between relativistic and nonrelativistic case is considerable, in
the relativistic case the whole integration path is located inside
the loss cone.

For a given real part of the wave frequency, w;, and
wavenumber kj, the “imaginary” part of the dielectric tensor,
Eq. (13), can now be determined as a line integral along the
resonance ellipse. Since this integration path does not cover
the whole velocity space, local (in velocity space) features of
the electron VDF, like the loss cone, can have significant in-
fluence on the “imaginary” part of the dielectric tensor for cer-
tain w; and k|, as it is sketched in Fig. 3. Thus, in contrast to
Re(e), the actual electron VDF as it is provided by the kinetic
model has to be employed in order to determine Im(e).

For a given real wave frequency and wavenumber vector,
(wr, k), we now have completed the calculation of the dielec-
tric tensor €. Inserting this tensor into the dispersion function,
Eq. (3), finally enables us to determine the wave growth rate,
v, through Eq. (5).

4. Wave growth and absorption in the low corona

In the previous section a method has been presented to calculate
the dielectric tensor from the electron VDFs that are yielded by
the kinetic model. It enables an evaluation of the dispersion
function, Eq. (3), and thus with Eq. (5) of the wave growth
rates, 7.

In this section this method is applied on the transition re-
gion electron VDF that was obtained with the kinetic model.
The wave growth rates, vy, are calculated as functions of the
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Fig. 4. Dispersion relation of the X-mode propagating perpendicular
to the background magnetic field in a plasma with w?/Q¢ = 0.25.

wave frequency w and the angle 6 between the wave vector and
the background magnetic field. This requires the determination
of a wave number, k, for each (w, 6) by the dispersion relation,
Eq. (2). We consider only waves propagating away from the
sun, i.e. with kj > 0, that possibly could be observed in inter-
planetary space or on earth.

Figure 4 shows the dispersion relation of X-mode waves
propagating perpendicular to the background magnetic field.
The ratio between plasma frequency and electron cyclotron fre-
quency has been chosen as wg /Q? = 0.25, which is a typical
value for the coronal funnel, see Fig. 1d.

The necessary condition for cyclotron maser emission,
wf, < Qg, is fulfilled, but not wf, < Qg (Ladreiter 1991).
This has an important influence on the dispersion relation. The
X-mode branch does not start at w = Q., but well above Q..
Since the wave emission at the resonance of the order / is re-
stricted to a small region around /Q. by the resonance condi-
tion, Eq. (8), no wave generation on the fundamental mode,
[ = 1, is possible in the coronal funnel.

4.1. Wave emission at w = 2 Q.

For this reason, wave emission is only possible at the order
I = 2 or higher. So we consider the case [ = 2 and calculate the
wave growth rate, y, for the electron VDF in the coronal funnel
that is shown in Fig. 2.

Figure 5 displays the wave growth rates that result from
this electron VDF. y has positive values in a small region in
frequency space. This region extends over all propagation an-
gles 6, and the maximum values of y increase with 8. Thus
waves propagating nearly perpendicular to the background
magnetic field are generated preferredly, as it is expected for
the cyclotron maser mechanism. But as § — 90°, the frequency
range of the wave generation region becomes very small and
falls below the differences in resonance frequency that corre-
spond to adjacent points in velocity space of the computational
grid of the kinetic model for the electrons.

This plot shows that the electron cyclotron maser mech-
anism is active and can produce X-mode waves in a coronal
funnel under quiet solar conditions.
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Fig. 5. Growth rates of X-mode waves in the coronal funnel at s =
96 km as function of wave frequency, w, and propagation angle, 6.
Positive growth rates, y > 0, are displayed as a greyscale plot, and
negative growth rates, y < 0, by isolines marked with numbers that
denote an exponent, e.g. —3 corresponds to y/Q, = —1073.

The split of the frequency space into a region with wave
growth at high frequencies and into a region with wave absorp-
tion around and below the twofold electron cyclotron frequency
is a consequence of the resonance condition, Eq. (8), with the
relativistic correction, Eq. (15). The resonance frequency, wres,
is determined by:

Wreg = lQe + k||l)||. (20)

The higher vy, the higher is wr. The plot of the electron VDEF,
Fig. 2, shows that the loss cone and thus the region in velocity
space that provides free energy to the electron cyclotron maser
mechanism, is restricted to high positive v. This is the rea-
son for the wave growth at high frequencies. This wave growth
region is restricted towards even higher frequencies by the de-
crease of the phase space density of the electron VDF at the
correspondingly high v.

Waves with lower frequencies w =~ 2 €, interact with elec-
trons with lower v, where the VDF is close to a Maxwellian
or Bi-Maxwellian. This portion of the VDF provides no energy
for wave growth. Moreover, such waves suffer relatively strong
damping with y > 1073 Q, as can be seen in Fig. 5.

This wave damping at frequencies w = 2. and below
does not prevent the waves generated at higher frequencies
from escaping into interplanetary space. In a coronal funnel
and in the corona, the magnetic field decreases with height and
thus along the path of wave propagation. So the frequency of
a wave that is generated by the cyclotron maser mechanism,
and propagates away from the sun, increases in units of the lo-
cal electron cyclotron frequency. This has the consequence that
the wave leaves the region of positive vy in Fig. 5 towards a fre-
quency domain where no wave-particle interaction and thus no
absorption takes place.

However, the positive y in Fig. 5 are very small, with a
maximum of 1078 Q.. This is due to the restriction of the loss
cone in Fig. 2 to higher electron speeds of several vy. At the
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Fig. 6. Growth rates of X-mode waves in the coronal funnel at s =
513 km as function of wave frequency, w, and propagation angle, 6.
Positive growth rates, y > 0, are displayed as a greyscale plot, and
negative growth rates, y < 0, by isolines marked with numbers that
denote an exponent, e.g. —6 corresponds to y/Q, = —107°.

speeds where the loss cone appears, the phase space density
of the electrons is already small compared to the thermal bulk.
This results in only a few electrons contributing to the wave
growth. So only weak wave emission can be expected from this
electron cyclotron maser.

4.2. Wave emission and absorption at w ~ 3 Q.

As a wave that has been generated by the / = 2 resonance
propagates further up into the corona, its frequency w remains
constant, but the magnetic field and thus €, continues to de-
crease. At a certain height, the condition w = 3 Q. is fulfilled.
For waves emitted at s = 96 km, this is the case at a height
s =513 km.

Now the wave interacts with the electrons through the [ = 3
resonance. Since the magnetic field and Q. continuously vary
with height, the wave successively passes layers where its fre-
quency is slightly below, equal to, and slightly above 3 Q..

Figure 6 shows the wave growth rates for / = 3 at a height
of s = 513km. At a first glance, the picture looks similar to
Fig. 5 for [ = 2 and s = 96 km. At higher frequencies waves
are generated, since the loss cone in the electron VDF is still
present. But due to the lower density at s = 513 km and the
lower efficiency of the wave-particle interaction at [ = 3 both
the wave absorption rates as well as the wave growth rates are
smaller here.

Nevertheless, the wave absorption rate at w = 3 €, is still
some orders of magnitude higher than the maximum wave
growth rate in the [ = 2 case. The wave absorption at [ = 3
is much stronger than the emission at / = 2. It follows that a
wave that is emitted in the coronal funnel by the [ = 2 reso-
nance can be damped at / = 3 down to a level below the initial
background fluctuation that started growing at / = 2 through
the cyclotron maser mechanism.

Figure 6 shows some weak wave emission at frequencies
little above 3 Q., but these waves also will interact with the
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next higher, i.e. [ = 4, resonance at some larger height. There,
the wave absorption again will exceed the emission at / = 3, so
that these waves also cannot escape into interplanetary space.
If the electron VDF still has the loss cone at the I = 4 level,
some wave emission might be possible, but these waves are
absorbed at / = 5, and so forth. The loss cone disappears with
height above the coronal funnel, and the plasma frequency, wp,
eventually becomes larger than €, at a certain level, see Fig. 1.
Since the necessary condition w, < €. is not fulfilled, no wave
generation is possible above this level.

To summarize, these model calculations show that X-mode
wave generation through the cyclotron maser mechanism is
possible in a coronal funnel. But higher-order resonances ab-
sorb these waves at larger heights in the corona, so they cannot
escape into interplanetary space.

5. Discussion and summary

The rapidly opening magnetic structure of a coronal funnel
provides the geometry of a magnetic mirror, and the condition
wp < Q. is found to be fulfilled in the transition region and low
corona within this funnel. So it is reasonable to suppose and
worth to investigate whether the quiet solar atmosphere is ca-
pable of generating radio waves through the electron cyclotron
maser mechanism in coronal funnels. The electron cyclotron
maser mechanism is well known to be active in other space
plasmas, as it generates jupiter’s decametric radiation (Wu &
Freund 1977) or earth’s auroral kilometric radiation (Wu & Lee
1979).

The electron VDF in a coronal funnel is calculated by a ki-
netic model that solves the Boltzmann-Vlasov equation for the
electrons. The VDF shows the expected loss cone. The con-
dition w, < Q. is also fulfilled at the same height within the
funnel, so the cyclotron maser mechanism can be active. The
question is: is it efficient enough to produce significant wave
power that could be observed?

To answer this question, a method to derive the wave
growth rate y from the electron VDF is developed. The applica-
tion of this method on the coronal funnel plasma shows that the
electron cyclotron maser mechanism is indeed active at the res-
onance orders / = 2 and higher, but the wave growth rates are
small. The waves can escape from the site of their generation,
but they are absorbed at a height level where they interact with
the plasma through the resonance of next higher order. Thus an
emission of X-mode waves from coronal funnels at the borders
of the supergranular network seems not to be possible.

The reason for the low wave growth rates that are smaller
than the absorption rates at the next higher resonance is the
low phase space density of that portion of the electron VDF
that shows the loss cone. The loss cone is restricted to higher
speeds vy as can be seen in Fig. 2, so its phase space density is
much smaller than that of the thermal bulk, that is mainly re-
sponsible for the wave absorption at the next higher resonance.

C. Vocks and G. Mann: Electron cyclotron maser emission from solar coronal funnels?

Of course the exact shape of the electron VDF depends
on the coronal funnel model assumptions and parameters.
However, due to the strong dependence of the Coulomb col-
lision frequency on the electron velocity that scales with v=2,
it cannot be expected that it is possible to extend the loss cone
significantly towards the thermal core, and thus to enhance the
wave growth rates by modifying the funnel geometry.

In a solar flare the conditions may be different and enable
more efficient wave generation through the injection of ener-
getic electrons from the tops of the flaring loop, as it is de-
scribed by Melrose & Dulk (1982). Thus the sun can produce
radio waves through the cyclotron maser mechanism. However,
under quiet solar conditions we do not find the fulfillment of
such conditions as w, < €. for wave generation on the fun-
damental mode, or a loss cone in a region of the electron VDF
with a sufficiently high phase space density.

So it has to be concluded that the electron cyclotron maser
mechanism is not able to provide significant radio wave emis-
sion from the coronal funnels at the supergranular network, de-
spite the fulfillment of the necessary conditions for the maser
in that portion of the solar atmosphere.
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