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The electron cyclotronmaser instability (ECMI) stands as a pivotal coherent radio
emission mechanism widely implicated in various astrophysical phenomena. In
the context of solar activity, ECMI is primarily instigated by energetic electrons
generated during solar eruptions, notably flares. These electrons, upon leaving
the acceleration region, traverse the solar atmosphere, forming fast electron
beams (FEBs) along magnetic field lines. It is widely accepted that as these FEBs
interact with the ambient plasma and magnetic fields, they give rise to radio
and hard X-ray emission. Throughout their journey in the plasma, FEBs undergo
modifications in their energy spectrum and velocity spatial distribution due to
diverse energy loss mechanisms and changes in ambient plasma parameters.
In this study, we delve into the impact of the evolving energy spectrum and
velocity anisotropic distribution of FEBs on ECMI during their propagation in flare
loops. Our findings indicate that if we solely consider the progressively flattened
lower energy cutoff behavior as FEBs descend along flare loops, the growth rates
of ECMI decrease accordingly. However, when accounting for the evolution of
ambientmagnetic plasma parameters, the growth rates of ECMI increase as FEBs
delve into denser atmosphere. This underscores the significant influence of the
energy spectrum and velocity anisotropy distribution evolution of FEBs on ECMI.
Our study sheds light on a more comprehensive understanding of the dynamic
spectra of solar radio emissions.

KEYWORDS

electron cyclotronmaser instability, energetic electrons, radio radiation, evolution, flare
loop

1 Introduction

The Sun is a highly active star, and flares represent some of the most powerful eruptions
it experiences. During a flare event, an excess of 1032 erg of stored magnetic energy can be
rapidly released (Fletcher et al., 2011). This released energy is transferred into the thermal
energy of local plasma, the enhanced emission of the entire electromagnetic spectrum,
plasma motions such as jets and coronal mass ejections (CME), and the acceleration of
particles. While the mechanism by which flares convert magnetic energy into energetic
particles remains an unanswered question, magnetic reconnection is generally accepted
as a triggering mechanism (Masuda et al., 1994; Yokoyama et al., 2001; Imada et al., 2013).
For instance, energetic particles can be accelerated by the electric fields within large-
scale reconnecting current sheets during a large two-ribbon flare (Benka and Holman,
1994; Zharkova and Gordovskyy, 2004; Sharykin et al., 2014). As these flare-accelerated fast
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e and interact with the ambient plasma, they produce
radio and hard X-ray radiation. Consequently, FEBs can
be inferred indirectly from solar radio bursts and hard X-
ray bursts (Dulk et al., 1992; Holman et al., 2011), or directly
detected by particle detectors as they travel into near-Earth
interplanetary space (Lin, 2011).Themost direct radio observational
evidence of FEBs is type III solar radio bursts, which are
generally accepted to be produced by FEBs during flare
events.

Type III solar radio bursts are one of the most extensively
studied during the past few decades. The key issue is how the FEBs
generate electromagnetic waves near the local plasma frequency.
A so-called plasma emission theory was put forth by (Ginzburg
and Zhelezniakov, 1958) to explain the observed characteristics of
type III bursts, in which the beam-generated Langmuir waves play
a key role. This plasma theory was developed by many authors
(Cairns, 1987a; Cairns, 1987b; Cairns, 1987c; Wu et al., 1994; Yoon,
1995; Yoon, 1997; Yoon, 1998) and they all assume that the ambient
magnetic field in the source region of type III radio bursts is very
weak. For the most solar radio bursts, including type III bursts, they
usually producednear an active region in the low corona, so theweak
magnetic field approximation is not appropriate because the plasma
in the source region is strongly magnetized.

Another important coherent radiation process, the electron
cyclotron maser instability (ECMI), which emits radiation near the
electron cyclotron frequency and its harmonics via wave-particle
interaction was first suggested by Twiss (1958) and Schneider
(1959). This early maser instability theory has also been applied
to various radio emissions, such as solar radio type I bursts
(Twiss and Roberts, 1958; Mangeney and Veltri, 1976), and Jovian
decametric radiation (Hirshfield, 1963; Goldstein and Eviatar, 1972;
Melrose, 1976). The ECMI theory achieved a major breakthrough
when Wu and Lee (1979) accounted for weak relativistic effects
and applied this theory to auroral kilometer radiation (AKR).
Since then, the ECMI theory has been extensively studied and
discussed, being applied to radio emissions from magnetized
planets (Hewitt et al., 1981; Zarka, 1998; Hess et al., 2007), various
solar radio bursts (Melrose and Dulk, 1982; Aschwanden and
Benz, 1988; Aschwanden, 1990; Vlasov et al., 2002; Wu et al., 2002;
Yoon et al., 2002; Wang, 2004; Treumann et al., 2011; Zhao et al.,
2013), and radio emissions from various stellar environments
(Stepanov et al., 2001; Begelman et al., 2005; Hallinan et al., 2008;
Callingham et al., 2021). Most earlier theories suggest that ECMI
is excited by various velocity anisotropic distributions of energetic
electrons, which exhibit an inverted perpendicular population
as ∂fb/∂v⊥ > 0, providing free energy for ECMI. Hard X-ray
observations demonstrate that flare-accelerated FEBs usually have
an approximate power-law energy spectrum (Lin, 1974; Hudson and
Ryan, 1995; Aschwanden, 2002). These power-law FEBs traveling
in the solar atmosphere are the main source of solar radio
bursts (Aschwanden, 2002; Fleishman, 2004; Wu et al., 2007). A
series of recent works (Wu and Tang, 2008; Tang and Wu, 2009;
Tang et al., 2011; Tang et al., 2012) have shown that the low-energy
cutoff behavior of power-law electrons is another effective driving
source of ECMI.

As mentioned above, it is the FEBs traveling in the solar
atmosphere and interacting with the ambient plasma that produce

radio and hardX-ray radiation.The strong correlation between SRBs
andHXRs in some statistical works (Kosugi et al., 1988;White et al.,
2011) also implies that they have the same source, i.e., the FEBs
(Raoult et al., 1990; Aschwanden, 2002; White et al., 2011). High-
resolution imaging observations of HXRs show that the HXR source
of a flare often consists of a coronal looptop source and two or
more footpoint sources (Hudson, 1978; Hoyng et al., 1981). The
standard flare HXR emission model, which involves thin- and
thick-target bremsstrahlung emission at looptop and footpoints,
respectively, indicates a spectral index difference between the
looptop source and footpoint sources, Δγ = 2. However, themajority
of HXR observations show that the spectral index difference Δγ ≠ 2,
implying that the energy spectra of FEBs change during their
propagation in the flare loops from the top to foots. The collisional
energy loss and deceleration by induced electric fields of energetic
electrons are the main reasons for the change of the energy spectra
of FEBs. Considering the collisional and noncollisional energy
losses of electrons, Tang et al. (2020) investigated the parametric
evolution of power-law spectra of flare-accelerated FEBs when
propagating in the flare loops. The variations of the energy spectral
parameters of power-law FEBs, such as the spectral index α, the
steepness index δ, and lower cutoff energy Ec, all have important
effects on the maser instability. Tang et al. (2016) investigated the
ECMI driven by evolving FEBs in the coronal loop preliminarily.
In their model, the magnetic field configuration of the source
region is a giant expansion arch structure, and the CME-driven
shock front is the acceleration site for FEBs. Since the specific
models of density and magnetic field for the coronal loop are
not considered, the energy loss of energetic electrons described by
the loss factor Q and the magnetic mirror ratio parameter σ are
empirically determined. Therefore, further research is needed to
fully understand the ECMI theory excited by evolving FEBs and
other related issues.

In this paper, we focus on the influence of the evolution
of FEBs when propagating in the flare loop on ECMI. We
propose that the flare-accelerated FEBs initially exhibit a power-
law energy distribution and travel along the flare loop from
the acceleration region to the footpoints. Utilizing the coronal
magnetic field and density models of active region by Zhao (1995),
the semiempirical homogeneous plane-parallel flare atmospheric
model by Machado et al. (1980), and the evolution of energy
spectral parameters of FEBs by Tang et al. (2020), we investigate
the characteristics of ECMI excited by evolving FEBs propagating
along the flare loops. The structure of this paper is organized as
follows: Section 2 introduces the density and magnetic field models
of the flare loop. In Section 3, we present the calculating results
of maser instability. Finally, Section 4 provides the discussion and
conclusions.

2 The physical model

2.1 Density and magnetic field models of
flare loops

It is generally believed that the acceleration of charged particles
by magnetic reconnection in the impulsive phase may be the most
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FIGURE 1
(A): Density and magnetic field strength in the flare loop vs. height. (B): Radial distribution of the ratio of plasma frequency ωp to electron cyclotron
frequency ωce along the flare loop.

prominent feature of a solar flare. In this paper, we assume that
the flare-accelerated FEBs have an initial power-law distribution
with a lower energy cutoff, denoted as Ec, when they leave the

acceleration region. Following the results of Tang et al. (2020), we
analyze the influence of the evolving FEBs on ECMI when traveling
in the flare loops. The height of the electron acceleration site,
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approximately corresponding to the height of the flare loops, is about
20–50 Mm (Aschwanden et al., 1998; Reid et al., 2011). Therefore,
Tang et al. (2020) utilized the semiempirical homogeneous plane-
parallel flare atmospheric model (F2 model) (Machado et al., 1980)
and extended the loop to a height of h = 40 Mm. Observations
and studies show that flares tend to occur strongly in magnetic
active regions. Hence, we approximately model the magnetic field
of the flare loop and extend the density distribution from the
transition region to the looptop using the solar active regions model
proposed by Zhao (1995):

B (r,h) =
[r2 + 4(h+ d)2]1/2

2[r2 + (h+ d)2]2
d3B0, (1)

and

N (r,h) = 7.272× 1017μ (r)h−0.9978. (2)

In Eqs 1, 2, r represents the distance to the central axis of
the active region, h denotes the height above the photosphere,
and d indicates the depth of a vertical dipole sunspot below the
photosphere. B0 represents the magnetic field strength at the point
on the axis of the sunspot and at the photospheric level, i.e.,
(r = 0,h = 0).

Figure 1A illustrates the radial distribution of plasma density
and magnetic field along the flare loops. The density curve ne
is plotted based on the flare atmospheric model (Machado et al.,
1980) and coronal density model of active regions (Eq. (2)). Here,
we set μ(r) = 4, r = 0, d = 2× 104 km, and magnetic field B0 = 2000
G, respectively. In Figure 1B, the radial distribution of the ratio
of the electron plasma frequency (ωp) to the cyclotron frequency
(ωce) is presented. It is evident from Figure 1B that the plasma
frequency ωp is smaller than the electron cyclotron frequency
ωce in the height range from the upper part of the transition
region to near the top of the flare loop. This suggests that ECM
is a viable emission mechanism in almost the entire flare loops.
Morosan et al. (2016) and Régnier (2015) similarly reported that
the condition for ECMI (ωp/ωce < 1) is possible at heights < 1.1R⊙
and < 1.2R⊙ within the active region. Figure 2 displays the radial
distribution of themagneticmirror ratio parameter σwith the height
of flare loops.

2.2 The evolving FEBs

As we know, FEBs propagating along the magnetic field in
the solar atmosphere are believed to be the sources of solar
radio bursts and HXR bursts. However, due to various reasons
such as energy loss, diffusion caused by wave-particle interactions,
etc., the distribution of FEBs is highly unstable. Due to energy
loss during their long journey, the properties of FEBs, such as
the energy spectral parameters, can be significantly modified
(Tang et al., 2020). Melrose and Wheatland (2016) and Ning et al.
(2021) proposed that a horseshoe distribution can be formed when
beam electrons traveling inside flare loops. It is generally believed
that when a parallel electric field exists, the acceleration effect
of the parallel electric field causes electrons to escape, forming a
horseshoe distribution. The corresponding relaxation includes the

FIGURE 2
The magnetic mirror ratio σ vs. height of flare loop.

time for establishing the parallel electric field, electron acceleration,
and then escape. In the case of AKR, it is indeed observed
that there are parallel electric fields and horseshoe distributions
in the auroral electron acceleration region. Here, we have not
considered the issue of parallel electric fields at the moment, so
we have also not considered horseshoe distributions. For loss cone
distribution, since it directly forms from electron leakage at small
injection angles without undergoing diffusion, acceleration, or other
kinetic processes, there is no relaxation time. If we must define
a relaxation time, it would be the escape time of quasi-parallel
(small injection angle) electrons, which should be extremely short
and can be considered instantaneous. Considering the initial beam-
like velocity distribution of accelerated electron beams (Wang,
2004) and the power-law energy distribution, we employ the
distribution function of FEBs when they leave the acceleration
site as follows:

F0 (u,μ) = A0 tanh(
u
uc
)
2δ
( u
uc
)
−2α

× exp[−
(uμ− us)

2

β2
−
u2 (1− μ2)

β2
]. (3)

Here, u2 = u2⊥ + u
2
‖ , where u denotes the momentum per unit

mass, u‖ and u⊥ represent the components of u parallel and
perpendicular to the ambient magnetic field, respectively. μ = u‖/u
is the pitch angle cosine. A0 is the normalization coefficient. The
hyperbolic tangent function tanh (u/uc)2δ describes the general
cutoff behavior, with parameters δ and α representing the steepness
index and spectrum index of FEBs, respectively. Ec =

1
2
mu2c

denotes the cutoff energy. us represents the beam velocity, and
β is the momentum dispersion in parallel and perpendicular
directions.

The results of Tang et al. (2020) show that as the FEBs
precipitate in the flare loops, the steepness cutoff behavior
will be flatten, the lower cutoff energy Ec decreases, and
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the initial single power-law spectrum can evolve into a
broken power-law spectrum. Taking into account the magnetic
mirror effect caused by the convergence of magnetic fields
in the lower atmosphere and disregarding the influence
of the double power-law spectrum on the ECM, we can
approximate the distribution function of FEBs at a certain
height as follows:

F(u,μ) = A0 tanh(
u
uch
)
2δh
( u
uch
)
−2αh

×[1− exp[(1− σh)
1− μ2

μ2
]]

× exp[−
(uμ− us)

2

β2
−
u2 (1− μ2)

β2
], (4)

here, Ech =
1
2
mu2ch, δh, αh, and σh represent the cutoff

energy, the steepness index, the spectrum index, and the
magnetic mirror ratio parameter of FEBs at a certain height
h.

3 Numerical results

3.1 General formulation of ECMI

ECMI is a coherent mechanism that directly amplifies
electromagnetic radiation near the electron cyclotron frequency
and its harmonic frequencies. Due to its high efficiency, ECMI has
been extensively investigated and applied to various high-power
radio bursts in magnetized plasma. Electromagnetic waves can be
amplifiedwhen the resonance condition between energetic electrons
and waves is met:

γ− sΩ/ωq −Nqμ cos θu/c = 0. (5)

Here, γ and s denote the Lorentz factor and harmonic number,
respectively. Parameters Ω represent the electron cyclotron
frequency, and ωq is the frequency of the excited wave, with all
frequencies normalized by the plasma frequency ωp. Nq denotes the
refractive index of the excited wave propagating with a phase angle θ
to the magnetic field. The subscript q = ± indicates the wave modes
for the ordinary mode (Omode, q = +) and the extraordinary mode
(X mode, q = −), respectively.

We consider the density of FEBs to be much lower than that of
the background plasma. Therefore, when discussing the dispersion
relation of waves, the FEBs can be neglected. However, when
discussing the growth rate, the effect of the FEBs predominates. So,
the dispersion relation of the excited wave can be approximately by
the cold-plasma theory (Chen et al., 2002; Wu et al., 2002):

N2
q = 1−

1
ωq (ωq + τqΩ)

, (6)

and

τq = −sq + q√s2q + cos2 θ

sq = ωqΩsin2 θ/2(ω2
q − 1) . (7)

When the frequency of the excited wave ω ≃ sΩ,
the temporal growth rate can be given by the following
(Wu et al., 2002):

ωqi

ωce
= π
2
nb
n0
∫∫∫d3u

γ(1− μ2)

Ωωq (1+T
2
q)Rq

δ(γ− sΩ
ωq
−
Nqμu
c

cos θ)

×{
ωq

Ω
[γKq sin θ+Tq(γ cos θ−

Nqμu
c
)] ×

Js (bq)
bq
+ J′s (bq)

}
}
}

2

×[u ∂
∂u
+(

Nqu cos θ
cγ
− μ) ∂

∂μ
]Fb (u,μ) , (8)

and

bq = Nq
ωq

Ω
u
c
√1− μ2 sin θ,

Rq = 1−
Ωτq

2ωq(ωq + τqΩ)
2(1−

qsq

√s2q + cos2 θ

ω2
q + 1

ω2
q − 1
),

Kq =
Ω sin θ

(ω2
q − 1)(ωq + τqΩ)

,

Tq = −
cos θ
τq
. (9)

Here, nb and n0 denote the number densities of energetic electrons
and ambient thermal electrons, respectively. Js(bq) represents the
first kind of Bessel function.

3.2 ECMI by the evolving FEBs

Asmentioned above, the energy spectra of FEBs can significantly
vary due to their interaction with the ambient plasma as they
travel down along the flare loop (Tang et al., 2020). With the
evolving distribution function F(u,μ) given by Eq. 4, the growth
rates of ECMI by FEBs when they reach a certain height can
be calculated based on Eq. 8. For the given initial parameters (α,
δ, uc, us, β) of FEBs, the evolving energy spectral parameters,
such as the cutoff energy Ech (uch), the power-law spectral index
αh, and the steepness index δh at a certain height are based
on the calculation results of Tang et al. (2020). The frequency
ratio Ω and the magnetic mirror ratio σ are deduced from the
density and magnetic field models of the flare loops. Figures 3–5
illustrate the effect of the parametric evolution of FEBs energy
spectrum on ECMI when propagating from the loop top to a
certain height. The growth rate depends on the frequency and
propagation angle of the excited wave, i.e., on parameters ωq and
θ. The peak growth rates ωi are normalized by ωcenb/n0. The
parameter nb/n0 represents the density ratio between energetic
electrons and background electrons, and it actually varies as
the FEBs move through the solar atmosphere. Different density
ratios have an impact on both the dispersion relation and the
growth rate of the excited wave (Winglee and Dulk, 1986; Yasnov
and Karlický, 2004; Li et al., 2019; Ning et al., 2023). Here, the
density ratio nb/n0 ≪ 1. Therefore, the state of the background
plasma does not directly affect the growth rate, but only indirectly
affects it through the dispersion relation. Of course, for relatively
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FIGURE 3
Peak growth rates of the fundamental waves for O mode and harmonic waves (s = 2) for X mode excited by the FEBs traveling down along the flare
loop. The initial parameters of FEBs, such as spectrum index α = 7, steepness index δ = 12, Ec = 50 keV, and us = 0.3c, and β = 0.2c have been used.

FIGURE 4
Peak growth rates of the fundamental waves and harmonic waves (s = 2) for O and X modes excited by the FEBs when traveling down along flare loop.
Here, the frequency ratio Ω and the magnetic mirror ratio σ vary with the magnetic field and density models of the flare loop, other parameters are
same as in Figure 3.

large ratios of beam/background electron densities, the state
of background electrons may indeed have a direct impact on
the calculation of the growth rate.

Figure 3 depict the peak growth rates calculated by varying
the frequency ωq for a given wave phase angle θ, where O1
and X2 are the fundamental waves (s = 1) for the O mode and
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FIGURE 5
Peak growth rates of the fundamental waves and harmonic waves (s = 2) for O and X modes excited by the FEBs when traveling down along flare loop.
Here, the frequency ratio Ω and the magnetic mirror ratio σ vary with the magnetic field and density models of the flare loop, the initial spectrum index
α = 5, other parameters are same as in Figure 3.

the harmonic waves (s = 2) for the X mode, respectively. In
this figure, the frequency ratio Ω and the magnetic mirror ratio
parameter σ are fixed, and we only consider the influence of the
energy spectrum parameters on ECMI. The initial parameters of
FEBs when they leave the acceleration site, such as the spectrum
index α = 7, steepness index δ = 12, Ec = 50 keV, us = 0.3c, and
β = 0.2c have been used. The energetic electrons of FEBs are
accelerated at the top of a flare loop with the height h = 4× 104 km.
Here, the solid lines, dashed lines, and dot-dashed lines denote
the peak growth rates of ECMI excited by the evolving FEBs
when they reach a height of h = 2× 104 km, h = 3000 km, and
h = 1075 km, respectively. According to the calculation results of
Tang et al. (2020), we have the steepness index δh = 10.9, spectral
index αh = 6.6, cutoff energy Ech = 47.5 keV for height h = 3000 km,
and δh = 7.3, αh = 4.8, Ech = 33 keV for height h = 1075 km. Since
the energy loss of energetic electrons is extremely small in the
upper corona, we take the spectral parameters at h = 2× 104 km
as the initial valves approximately. As seen from Figure 3, the
peak growth rates of ECMI decrease rapidly as FEBs precipitate
down along the flare loops. This indicates that the variations of
the energy spectral parameters of FEBs do have a significant effect
on the ECMI.

Figure 4 illustrates the peak growth rates of the fundamental
waves and harmonic waves (s = 2) for the O and X modes by the
evolving FEBs. In this Figure, except for the frequency ratio Ω and
magnetic mirror ratio σ, the initial parameters of FEBs (α, δ, Ec,
us and β) and the evolving energy spectral parameters (αh, δh and

Ech) are the same as in Figure 3. Based on the magnetic field and
density models of the flare loop as shown in Figure 1A, we can
determine the frequency radio Ω = ωce/ωp and magnetic mirror
ratio σ at a certain height. The solid lines, dashed lines, and dot-
dashed lines also represent the ECMI growth rates by the evolving
FEBs at height h = 2× 104 km, h = 3000 km, and h = 1075 km,
respectively.

The results from Figure 4 show that O1, O2, and X2 modes
exhibit similar variations in growth rates. The peak growth rates of
these three modes at height h = 2× 104 km are nearly an order of
magnitude greater than those at h = 3000 km. However, the growth
rates increase as FEBs precipitate downward into deeper height (such
as h = 1075 km), especially for the O1 mode. This suggests that
the energy spectral parameters of FEBs have a significant effect on
ECMI.Moreover, compared with Figure 3, the growth rate increases
at lower altitudes, indicating that the velocity anisotropy of FEBs,
such as loss-cone distribution due to the convergence of magnetic
fields,mainly affects the ECMI in the transition region. FormodeX1,
as the FEBs descend from the loop top to a height of h = 1075 km,
the peak growth rate decreases monotonically. The peak growth
rate at h = 2× 104 km is approximately three times higher than
that at h = 3000 km. From Figure 4, it can be seen that the O1
mode has the highest growth rate, while the growth rate of the
O2 mode is more than one order of magnitude lower than that of
the O1 mode.

In Figures 5, 6, we also present the peak growth rates of the
fundamental waves and harmonic waves (s = 2) for O and X
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FIGURE 6
Peak growth rates of the fundamental waves and harmonic waves (s = 2) for O and X modes excited by the FEBs when traveling down along flare loop.
Here, the frequency ratio Ω and the magnetic mirror ratio σ vary with the magnetic field and density models of the flare loop, the initial steepness index
δ = 15, other parameters are same as in Figure 3.

modes. For Figure 5, we have used the initial spectrum index α = 5
and steepness index δ = 12, while for Figure 6, we have used α = 7
and δ = 15. Other initial parameters of FEBs, such as Ec = 50 keV,
us = 0.3c, and β = 0.2c, as well as the frequency ratio Ω and mirror
ratio σ, remain the same as in Figure 4. The different curves, solid
lines, dashed lines, and dot-dashed lines, also represent the peak
growth rates of ECMI when FEBs reach heights of h = 2× 104 km,
h = 3000 km, and h = 1075 km, respectively. The evolving energy
spectral parameters αh = 4.8, δh = 11, Ech = 47.5 keV and αh = 3.6,
δh = 7.1, Ech = 33 keV for height h = 3000 km and h = 1075 km
in Figure 5, and αh = 6.6, δh = 13.5, Ech = 47.5 keV and αh = 4.8,
δh = 8.9, Ech = 33 keV for h = 3000 km and h = 1075 km in Figure 6
have been used, respectively. Figures 5, 6 show that, as the FEBs
descend, the characteristics of the peak growth rates change are
similar to those in Figure 4, except for the specific numerical values
of the growth rates. For the O1, O2, and X2 modes, the peak growth
rates decrease initially in corona and then increase as FEBs travel
down into denser atmosphere. And for the X1 mode, the peak
growth rates decreases monotonically as FEBs precipitate along the
loop. Similarly, theO1mode consistently exhibits the highest growth
rates, while the growth rates of O2 mode is more than one order of
magnitude lower.

The calculations presented in Figures 3–6 demonstrate that
the loss-cone velocity anisotropy of FEBs, resulting from the
convergence of magnetic fields, has a more significant effect on
the O1 mode than other three modes.

4 Summary and conclusion

Particle acceleration stands as one of the most crucial and
widespread processes observed in various burst activities within
space and cosmic plasma environments. Concerning the Sun,
it is widely accepted that the energetic electrons are generated
through the magnetic reconnection process during solar flare
(Masuda et al., 1994; Yokoyama et al., 2001; Imada et al., 2013), or
via shock acceleration near the corona shock wave (Drury, 1983;
Blandford and Eichler, 1987; Park et al., 2012; Guo and Giacalone,
2015). These accelerated electrons propagate along magnetic fields
as FEBs, which in turn produce solar radio bursts and HXR bursts
in the solar atmosphere. One of the most direct pieces of evidence
for FEBs is provided by solar radio type III bursts, which are excited
as FEBs propagate upward along open magnetic field structures.
As FEBs propagate downward along magnetic loop, both radio and
hard X-ray emissions can be generated. The pivotal question lies
in understanding how FEBs contribute to the generation of radio
radiation.

ECMI represent a coherent radio radiation mechanism
that directly amplify electromagnetic waves near the electron
gyrofrequency and its harmonics within magnetized plasma.
ECMI has been extensively studied and applied to various radio
phenomena, including AKR from Earth and other magnetized
planets (Wu and Lee, 1979; Zarka, 1998), various solar radio
bursts (Melrose and Dulk, 1982; Wu et al., 2002; Yoon et al.,
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2002; Treumann et al., 2011), and radio emission from flare stars
(Stepanov et al., 2001), M dwarf stars (Callingham et al., 2021), and
Blazar jets (Begelman et al., 2005).

Various energy loss processes, including collisions with ambient
plasma and deceleration by induced electric fields, can lead to
significant changes in the energy spectrum distribution of FEBs.
Additionally, the spatial velocity anisotropic distributions of FEBs
can arise due to variations of ambient magnetic field as they travel
through the solar atmosphere. The lower energy cutoff behavior of
power-law electrons and various velocity anisotropic distributions,
such as loss-cone and temperature anisotropy, serve as effective
driving sources for ECMI.Therefore, it is crucial to investigate ECMI
produced by evolving FEBs.

In this paper, the beam electrons are accelerated near the
looptop by the magnetic reconnection process during flares.
The parametric evolution of power-law spectra of FEBs is
based on the calculations of Tang et al. (2020). Taking into
account the density and magnetic field models of active regions
(Zhao, 1995) and the semiempirical homogeneous plane-
parallel flare atmospheric model (Machado et al., 1980), we
investigate the characteristics of ECMI by beam electrons traveling
downward along a flare loop. Our results demonstrate that
the evolution of the energy spectrum and velocity anisotropic
distributions significantly influence ECMI as FEBs propagate in
the flare loop.

When the ambient magnetic plasma parameters, frequency
ratio Ω, and the magnetic mirror ratio σ are fixed, it is evident
from Figure 3 that the growth rates of ECMI decrease as FEBs
precipitate from the top of the flare loop to the footpoint. This
decrease in growth rates is caused by the evolution of the lower
energy cutoff behavior, which becomes increasingly flat as FEBs
precipitate down along flare loops. Considering the magnetic
field and density models of flare loops, the results of Figures 4–6
show that the growth rates of O1, O2, and X2 modes decrease
initially as FEBs propagate in the corona and then increase as
FEBs precipitate into the denser transition region. This suggests
that the velocity anisotropy distribution of FEBs, caused by the
convergence of magnetic fields, is an important driving source
of ECMI in the denser transition region, and this new driver is
more efficient for the O1 mode. For the X mode, it is strongly
excited at the fundamental as Melrose and Dulk (1982) and
(Treumann, 2006) pointed out. And the growth rate of X1 mode
decreases continuously as the FEBs descend. It is absolutely clear
that the O mode can easily leave the plasma as there is no
restriction on its propagation. However, the X1 mode cannot
escape directly. It may undergo resonance mode conversion or
nonlinear wave-wave coupling to become an escapable radiation
wave. Baumjohann and Treumann (2023) investigated the excitation
of X mode, involving nonlinear wave-wave interaction and favored
for its large expected growth rates. However, the issue of how
the X1 mode can escape from the plasma is quite a different
subject which deserves a completely separate investigation, and
this is beyond the scope of the current article’s main focus. It
could be a subject for further separate discussion in the future.
This evolutionary trend of the growth rates is similar to the
results presented in Figures 2, 3 of Tang et al. (2016). Emission
excited by such evolving FEBs in flare loops will form three
separate radio sources. Additionally, our results indicate that the

anisotropic driving source also affects the phase angles θ of the
maximum growth rates of O1 mode, causing them to deviate
more from the vertical direction. These findings contribute to a
more comprehensive understanding of the dynamic spectra of solar
radio bursts.
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