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Abstract We study the influence of kinetic-scale Alfvénic turbulence on the generation of
plasma radio emission in the solar coronal regions where the ratio B of plasma to magnetic
pressure is lower than the electron-to-ion mass ratio m./m;. The present study is motivated
by the phenomenon of solar type I radio storms that are associated with the strong magnetic
field of active regions. The measured brightness temperature of the type I storms can be
up to 10'° K for continuum emission, and can exceed 10'' K for type I bursts. At present,
there is no generally accepted theory explaining such high brightness temperatures and some
other properties of the type I storms. We propose a model with an imbalanced turbulence
of kinetic-scale Alfvén waves that produce an asymmetric quasi-linear plateau on the upper
half of the electron velocity distribution. The Landau damping of resonant Langmuir waves
is suppressed and their amplitudes grow spontaneously above the thermal level. The esti-
mated saturation level of Langmuir waves is high enough to generate observed type I radio
emission at the fundamental plasma frequency. Harmonic emission does not appear in our
model because the backward-propagating Langmuir waves undergo strong Landau damp-
ing. Our model predicts 100% polarization in the sense of the ordinary (o-) mode of type I
emission.
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1. Introduction

Numerous observations indicate that Alfvén waves are present throughout the solar atmo-
sphere (see introduction in Morton, Tomczyk, and Pinto, 2015 and references therein). At
small scales, where the perpendicular wavelength is close to the kinetic plasma scales (ion
gyroradius p; and/or electron inertial length d.), Alfvén waves transform into dispersive
Alfvén waves (DAWSs) with the following dispersion relation (Hasegawa and Chen, 1975;
Goertz and Boswell, 1979; Lysak and Lotko, 1996; Stasiewicz et al., 2000):

L+k3, o7

, 1
1+k3, d? )

w = kAH VA

where w is the wave frequency and ka and ks, are wave-vector components parallel and
perpendicular to the mean magnetic field Bo; pr = /1+ T./Tipi; pi = Vri/ws; is the ion
gyroradius; Vr; = 4/T;/m; is the ion thermal velocity; wg; = ¢; By/(m;c) is the ion gyrofre-
quency; de = ¢/wpe = c/mc//4mnglqc| is the electron inertial length; V) = Bo/+/4mnom;
is the Alfvén velocity; ng is the plasma number density; and ¢g;, m,, and T; are the ele-
mentary charge, mass, and temperature of particles (s =i for the ions and s = e for the
electrons). Note that in the equations T is expressed in energy units. We consider a hydro-
gen plasma where g; = |g.| = e, with e the proton charge. DAWs are called inertial Alfvén
waves (IAWs) when the inertial term dominates in Equation 1, and they are called kinetic
Alfvén waves (KAWSs) when the kinetic term dominates in Equation 1.

The inertia of electrons plays a significant role in rarefied plasmas where the magnetic
field is strong enough to make [ < m./m; < 1. On the other hand, in an intermediate 3
plasma (m./m; < B <« 1), the effects due to a finite Larmor radius become dominant in
DAWs. Recent observations have clearly demonstrated that the DAW turbulence exists in
B > m¢/m; plasma environments, such as the solar wind (He er al., 2012), and also in
B < m./m; plasma environments, such as the auroral zones below 4 Earth radii (Chaston
et al., 2008). DAWs cannot be observed directly in the solar corona. However, spectral line
observations indicate that there are many unresolved nonthermal motions that imply Alfvén
waves with velocity amplitudes of &~ 30 kms~' and higher (Banerjee et al., 1998).

The parallel electric field of DAWs makes them efficient in Cherenkov resonant inter-
action with plasma particles. The ion and electron dynamics in the solar wind under the
influence of KAW turbulence was examined by Rudakov et al. (2012). It was shown that the
particle diffusion governed by KAWSs leads to the development of a plateau in the electron
distribution and to a step-like distribution for the superthermal ions. These distributions are
found to be unstable to electromagnetic waves due to ion cyclotron resonance. The analytic
theory of proton diffusion driven by the KAW spectra observed in the solar wind was de-
veloped by Voitenko and Pierrard (2013). These authors performed kinetic simulations of
the velocity-space diffusion of protons (Pierrard and Voitenko, 2013). It was shown that the
presence of Alfvénic turbulence in the solar wind leads to a fast development of nonthermal
tails in the proton velocity distribution function. The tails are already noticeable at distances
of about one solar radius from the simulation boundary, and they increase rapidly with radial
distance and become pronounced beyond 2 —3 solar radii.

Note that DAWSs can resonantly exchange energy with particles in the velocity range be-
tween the Alfvén velocity Va and the electron thermal velocity Vr.. In the solar atmosphere,
usually Va < V., and DAWs are usually not efficient agents for resonant acceleration of
coronal electrons to suprathermal energies (see, however, Artemyev, Zimovets, and Rankin,
2016). Favorable conditions for the suprathermal electron acceleration are found in regions
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with strong magnetic fields and/or low temperatures, where the electron thermal speed drops
below the Alfvén speed, Vo > Vr.. In such regions, DAW turbulence leads to the diffusive
acceleration of resonant suprathermal electrons to Alfvénic velocities, creating a quasi-linear
plateau on the electron velocity distribution.

The purpose of this article is to study possible effects of the IAW turbulence in the gen-
eration of solar coronal radio emission. The proposed scenario is as follows. First, the AW
turbulence produces a flat (plateau-like) velocity distribution of the electrons in the velocity
range /1 + T;/ T. Vr. < V| < V4. This local flattening of the velocity distribution suppresses
the Landau damping of the resonant Langmuir waves (LWs), which in turn enables their
spontaneous growth to high nonthermal levels. Then the resulting high-amplitude LWs can
interact nonlinearly with low-frequency plasma waves, generating electromagnetic radiation
(radio waves) close to the local plasma frequency.

Our scenario can contribute to radio emission from the coronal regions where the ratio
B of plasma to magnetic pressure is lower than the electron-to-ion mass ratio me/m;. In
particular, this mechanism can account for type I solar radio storms — the most common
manifestations of solar radio emission at meter wavelengths (Elgargy, 1977; McLean and
Labrum, 1985).

The outline of the article is as follows. The influence of the IAW turbulence on the elec-
tron velocity distribution and the spectral energy density of Langmuir waves are estimated
in Section 2. The theory for fundamental plasma emission by the fusion/decay processes
L + S — T is presented in Section 3, including the rate equations for the emission pro-
cesses (Section 3.1), the saturation level of fundamental plasma emission (Section 3.2), and
its absorption during propagation (Section 3.3). Possible application to type I solar radio
bursts is discussed in Section 4. Our main conclusions are given in Section 5.

2. Spectral Energy Density of LWs due to IAW Turbulence

The Landau resonance with electrons is made possible by the existence of a parallel electric
field that is the result of the combined effect of the electron pressure gradient and electron in-
ertia in Ohm’s law. This parallel electric field is also the very reason for the wave dispersion
(see Equation 1) in a collisionless plasma. In the case pr = d., the wave becomes disper-
sionless and the wave-particle resonance reduces to a single point in velocity-space (see
Appendix A for the details). Otherwise, the range of Landau resonance in velocity-space is
finite. The generation of a spectrum of parallel electric field fluctuations by Alfvénic tur-
bulence was studied in Bian, Kontar, and Brown (2010). Parallel electric field amplification
and spectral formation by phase mixing of Alfvén waves were studied in Bian and Kontar
(2011), and the role of this electric field in the bulk energization of electrons during solar
flares was developed in Melrose and Wheatland (2014).

The Landau resonance between electrons and DAWSs occurs when the electron velocity
V) is equal to the wave phase speed Vpaw = @/ ka, i.e.

2 2

Vi=Va i“‘%‘)}
+ kALde

The range of resonant velocities extends from V| = Vr = /1 + T;/T. V. at kay — 00 to

V| = Va at ka; — 0. Note that we are interested in the regions where the plasma 3 can

be smaller than the electron-to-ion mass ratio me/m;. In this low- plasma the DAWs are

IAWs, and phase velocities are higher than the electron thermal velocity Vre.
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Starting from the initially Maxwellian velocity distribution, the quasi-linear plateau can
be formed by IAWs in the resonant velocity range /1 + 1;/T. Vr. < |V = Viaw| < V4, as
is sketched in Figure 1. This process is essentially the same as the quasi-linear evolution
of initially Maxwellian velocity distributions driven by KAWs in the solar wind, which
has been studied by Rudakov et al. (2012), Voitenko and Pierrard (2013), and Pierrard and
Voitenko (2013). The particle beams are not needed for this. In turn, the reduced velocity-
space gradient within the plateau suppresses the linear Landau damping of resonant LWs
with phase velocities /1 + T;/ T. V1. < VLw < Va. As a consequence, a spontaneous growth
of LW amplitudes is possible in this velocity range.

We have to note that the initial velocity distribution of the electrons does not have to be
exactly Maxwellian, it can be e.g. a kappa-distribution, as is often observed in space. How-
ever, this would not affect the IAW dispersion and polarization, which depend on the bulk
plasma parameters, and the basic physical picture would be the same. First, the IAWs flatten
the electron velocity distribution in the resonant velocity range, which is then followed by
the spontaneous growth of the Langmuir wave amplitudes above the thermal level.

In situ satellite observations have revealed that the magnetohydrodynamic (MHD)
Alfvénic turbulence in the solar wind is dominated by the anti-sunward wave flux (Bruno
and Carbone, 2013, and references therein). The corresponding wave turbulence is referred
to as imbalanced. Matthaeus et al. (1999) suggested that the imbalanced turbulence of MHD
Alfvén waves also develops in the solar corona, where it can reach dissipative scales and
heat the plasma. Voitenko and De Keyser (2016) investigated the MHD-kinetic turbulence
transition and showed that the KAW turbulence is less imbalanced than the parent MHD
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turbulence, but remains imbalanced throughout. Other possible sources for the imbalanced
KAW turbulence in the solar corona include phase mixing (Voitenko and Goossens, 2000)
and magnetic reconnection (Voitenko, 1998). In solar flares these KAWs can lead to im-
pulsive plasma heating (Voitenko, 1998) and non-local electron acceleration to relativistic
energies (Artemyev, Zimovets, and Rankin, 2016).

In contrast to the balanced IAW turbulence, which is symmetric with respect to
ky — —ky, the wave amplitudes in the imbalanced IAW turbulence are much smaller
at ky < O than at kj > 0. The balanced IAW turbulence forms two symmetric quasi-
linear plateaus in the electron velocity distribution function (VDF), at —Vy < V) <
—/1+T1/T. V. and /1 +T;/T.Vr. < V| < Va. The imbalanced IAW turbulence forms
the plateaus asymmetrically, preferentially in the propagation direction of the dominant IAW
component, which we take as positive, i.e. at /1 4+ T;/T. V1. < V| < V4. The spontaneous
emission of LWs can be studied independently for forward and backward plateaus.

As the origin of coronal Alfvén waves is at the coronal base, it is natural to expect
that the upward wave flux in the solar corona is higher than the downward flux and that
the corresponding turbulence is imbalanced. The turbulence imbalance has a striking con-
sequence in our scenario. As the quasi-linear plateau is formed by the IAW turbulence
preferentially in the direction of the dominant upward-propagating IAW fraction, i.e. at
V14 T,/T. V1. < V| < Va, the Landau damping of upward-propagating Langmuir waves is
highly reduced in this velocity range and they can grow spontaneously to high amplitudes.
In contrast, the downward IAW flux is weaker and not as efficient in forming the plateau, in
which case the Landau damping of downward Langmuir waves remains strong and prevents
their spontaneous growth. In these conditions, there are no counter-propagating Langmuir
waves, and only fundamental radio emission can be generated by the plasma emission mech-
anism.

In the 1D approximation, the governing equation for the spectral energy density of LWs
is (Vedenov and Velikhov, 1963; Ryutov, 1969; Hamilton and Petrosian, 1987)

dwl ﬂwBS bl 0)3em \%
Tk — P2 Wk —f + P ¢ \% In f — Yeoll W]iv (2)
dr ”lek aVv V=wpe/k 47Tne VTC V=wpe/k

where W'(k,t) [ergscm™2] is the spectral energy density of LWs, f(V,t) [electrons
cm™ (cm/s)~!] is the electron distribution function, k is the LW wavenumber (we are mostly
interested in parallel-propagating LWs with k = k), V is the parallel component of the par-
ticle velocity (V = V), and wy. is the local electron plasma frequency. Here the following
normalizations are used:

(o]
| rav=n.
—00
where . is the density of the background plasma in cm~> and
kDe
Wl dk=Ww',
—kpe

where W' is the total energy density of the waves in ergsem™, with kpe = wpe/ Vre. The
first term on the right-hand side (RHS) of Equation 2 describes the induced absorption of
plasma waves by electrons (Landau damping), and the second term describes the sponta-
neous emission. This emission (and the corresponding absorption) is resonant, meaning an
electron at velocity V interacts only with a wave at wavenumber k = wy./ V. Collisional
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damping of LWs is given by the third term on the RHS, where y., = %\/7 vy = ~T/@4V3)

with I = 47 e*n. In A/m?, where In A is the Coulomb logarithm (approximately 20 in the
solar corona).
According to Equation 2, the spectral energy density of LWs in the resonant range is

1 @l me 1%
Wl = L[Wn(—)f] ) 3)
Yeoll 4Ne Ve V=wpe/k

The local plateau function f,; can be found from conservation of resonant particles:
‘X;‘i‘:" [f(V,00)— f(V,0)]dV =0, and f(V, co) = const. Following Voitenko and Pierrard
(2013), we express fp in terms of an error function:

1 Viax

= — dv
fpl AV fM

Vimin

_ Nne erf(Vmax/\/zVTe) - erf(Vmin/\/EVTe)
AV 2 '

“

where AV = Viax — Vinins Vinax (Vimin) 18 the maximum (minimum) velocity of the electrons
involved in the plateau, and fy is the Maxwellian distribution. Since in the solar corona
B cannot be much smaller than m./m;, the IAWs resonate within a narrow range of phase
velocities, and quasi-linear diffusion should be fast enough to create the plateau from Vi, &
1+ T/ T Vi t0 Vipax X Va.

Consequently, the normalized spectral energy of LWs takes the following form:

Wi Vi wpe 1 erf(Va/v2Vi) —edf(VT+ T/ Tc/V2)

B ®)
wh AV Yeort K343, 2

where the thermal level of LWs is given by (Kontar, Ratcliffe, and Bian, 2012; Ratcliffe and
Kontar, 2014):

2
Wéq _ T, k ln(kAD )
47[2 Yco \/7 3
1+ E: =k Ve eXP[ZkZAZ ]
Ie K1 ! (6)
~ n .
472 k)\De

Figure 2 shows the normalized spectral energy density of Langmuir waves in the resonant
wavenumber range Vr./ Va < kipe < 0.82. We have considered two types of possible coro-
nal plasma parameters for the heliocentric distances R/Rg =~ 1.1 with ng = 2.8 x 108 cm™3
or fpe =150 MHz (Warmuth and Mann, 2005). The first has T, = 10° K and a stronger
magnetic field in the range By = 150-40 G (Figure 2a). The second has a lower tempera-
ture T, = 10° K and a weaker magnetic field in the range By = 50— 13 G (Figure 2b). Values
like this for By from 10 to 150 G and T, from 10° K to 10° K (the temperature could be even
lower, down to 10* K) are supported by recent observations (see articles by Schad et al.,
2016; Antolin et al., 2015) for the relevant heliocentric distances R/Rg =~ 1.1. As is seen
from Figure 2, the normalized spectral energy density of LWs reaches its maximum value

W]/ Wi ~6x 10%, @)
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Figure 2 Normalized spectral energy density of Langmuir waves in the resonant wavenumber range
VTe/ VA < kApe < 0.82. The plasma parameters are np = 2.8 x 108 cm™3; T;/Te = 0.5. Case (a) corre-
sponds to Te = 106 K and three values of magnetic field strength By = 150, 80 and 40 G. Case (b) corre-
sponds to Te = 10° K and three values of magnetic field strength By = 50, 25 and 13 G.
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for By =150 G, T. = 10° K and
Wl Wi ~2x 10, ®)

for By =50 G, T, = 10° K and for the resonant velocities of LWs close to the upper bound-
ary, VLw < Va, which corresponds to LW wavenumbers kAp. = 0.19. For lower values of the
magnetic field strength, the normalized spectral energy density of LWs is still high, whereas
the resonance wavenumber range becomes narrower.

This high level of LWs is obtained under the conditions that the quasi-linear Landau
damping of LWs (first term in the RHS of Equation 2) is weaker than their collisional damp-
ing (third term). When the slope of the plateau is large enough to make the Landau damp-
ing dominant, the spontaneous growth of LWs is reduced. Using results by Voitenko and
Goossens (2006), we estimated that this first term is smaller than the third for realistic IAW
parameters, and consequently, the state of saturation is governed by the balance between the
second and third terms.

3. Fundamental Plasma Emission from the IAW Turbulent Plasma

3.1. Kinetic Equations for the Spectral Energy Density of Transverse Waves
due to the Process L+ S — T

We consider the theory of fundamental plasma emission generated by the nonlinear fusion
L + S — T (hereafter f-process), and/or decay L — T + S (hereafter d-process). Here L
is the Langmuir wave, S is the ion sound wave (ISW), and T is the transverse radio wave.
The kinetic equations for fundamental emission by the processes L + S — T are based on
the general expressions in Melrose (1980b) and Tsytovich and ter Haar (1995),

dWTi(kT) . wT dkL dks

urrs+ (kr, ky, ks)

dr h 2m)3
X{&(%qE&)_&%} ©
L, \ Ws wrt wr Ws

with the following emission probability

[kt x ki

ey Skt — kL F ks)d(wr — @i, F ws),
KL

urps+ =C
where

_ e*(2m)° wpews

- 2v4 2 k2w
8mg Vy, wyiksor

and the “+” signs refer to the f- and d-processes, respectively. The delta functions lead
to kinematic constraints on the frequencies and wave vectors of waves taking part in the
considered processes. According to the energy and momentum conservation conditions,

wp (k) £ ws(ks) = wr(kr),
ky £ ks =k,
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the wavenumbers of interacting waves must satisfy ks >~ Fk;, and the electromagnetic emis-
sion is generated approximately perpendicular to the initial LW with the wavenumber

krde ~ ~/3ki Ape. (10)

Using an angle-averaged emission model (Ratcliffe and Kontar, 2014; Ratcliffe, 2013) that
we describe in detail in Appendix B, we obtain the following equation for the spectral energy
density of transverse waves:

AWiihn) __7epVs 1+E>v1+k2d2
dr 24n. T, V2, T. e

o [Wﬁ“(kL) drky W (ks) - WY (k) Wi¥kr) Wi (k) Wé“(ks)}

wr, A Qké ws wr, wT wr ws
an
Rewriting this in terms of the brightness temperature,
2 2 WTk
kB TkT == T N (12)
T

we obtain the following basic equation for the transverse wave brightness temperature in-
duced by L + S — T processes:

dTre(kr) TR Vs 123 e
dr 24n. T, V2 T, e

K WA (kL) We (ks) - W (k) Tr(kr) _ Tr(kp) W& (ks) (13)
ké wr, ws wr, wT wT ws ’
where
_ @n)?
TOAQY
and
krd,
K=+ g~ F—.
s ! - \/5)\.])3

3.2. Saturation Level of Plasma Emission in the Presence of Nonthermal Levels
of Langmuir and Ion-Sound Waves

The condition d7r4(kr)/df = 0 in expression 13 defines the saturation of the f- and d-
processes. Therefore, the saturation brightness is
1 W Ws
_ k% oL os
+ =T Ws . W
ws wl,

Tr (14
for the f-process and
It_ =wr Wssi (15)

for the d-process.

@ Springer



117 Page 10 of 26 O. Lyubchyk et al.

We now separately discuss two cases, i) Ws/ws < WL /oy, and ii) Ws/ws > WL /wy..
3.2.1. Casei: Ws/ws < WL/wL,

First we consider the saturation level of the processes for the nonthermal level of LWs that
is due to the spontaneous emission Equation 5 and the thermal level of ion-sound waves,
which is defined by
2

kDe
kb, + Kk

As in this case Wi, > Wy, then according to Equation 14 Tt saturates at about Wgy, for
the f-process:

Wsin = Tekd,

(16)

lWSth
k% ws ’

Tty = wr a7

The saturation level Tt_ for the d-process L — T + S is defined by Equation 15. Con-
sequently, for Wi > Ws, we should get exponential growth that causes both 7t and Wg to
increase until Wg >> W, when the process saturates at the level

Tt =wr——, (18)

with W, defined by Equation 5.

Figures 3 —4 show the brightness temperature Tt (k) of the fundamental radio emission
for the f-process (top panel) and for the d-process (bottom panel) for two sets of parameters:
T.=10° K and By = 150—-40 G, and 7. = 10° K and By, = 50— 13 G. For both cases the
values of the brightness temperature Tr(k) are rather high even for the thermal level of
ion-sound waves.

3.2.2. Caseii: Ws/ws > WL /wr

In this case, the f- and d-processes are essentially equivalent and saturate at

" Wi

— . 19
S (19)

Ity =Tr- =owr

It follows from Figures 3 -4 (bottom panel) that the brightness temperature of radio emis-
sion is in the range Ty ~ 2 x 10'2-10" K for 7, = 10° K and Ty ~ 5 x 10°-2 x 108 K
for T, = 10° K.

We specify the nonthermal level of ion-sound waves, which is required for this to be the
case. The 1D spectral energy density of ISWs is related to the spectral density of electron
density fluctuation as (see Appendix C for details)

Ws(k)

|6ne?
= (1+ k222
neTe ( S De)

2
ne

(20)

According to the above expression, the density spectrum of the thermal level of ion sound
waves corresponds to
2 242
bneld, 4w k2D,

= . 21)
ng ne}‘lz)e 1 + kg)"zDe
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Figure 3 Brightness temperature 7(k) of fundamental radio emission for the f-process (fop panel) and
d-process (bottom panel). Here we consider a nonthermal level of LWs, thermal ISWs, and n = 472, The
plasma parameters are ng = 2.8 X 108 cm™3, T, = 100 K, T;/ Te = 0.5, and the three values of the magnetic
field strength are By = 150, 80, and 40 G.
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Figure 4 Brightness temperature 77p (k) of the fundamental radio emission for the f-process (fop panel) and
the d-process (bottom panel). Here we consider a nonthermal level of LWs, thermal ISWs, and n = 472,
The plasma parameters are ny = 2.8 x 108 cm™3, T. = 10° K, and T;/ Te = 0.5, and the three values of the
magnetic field strength are By = 50, 25, and 13 G.
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In Figure 5 we present the spectral density of the electron density fluctuation for the
thermal level of ion-sound waves (dotted line) and when Ws/ws = WL /w (solid, dashed,
and dash-dotted lines). Consequently, for 7, = 10° K, the case Ws/ws > Wi /wp te-
quires a level of the ISW that is several orders of magnitude higher than the thermal level
(18n¢l2 /18|34, = 10* for kApe 2 0.2). For the lower temperature T, = 10°> K in the short-
wavelength domain, the amplitudes of the ISWs approach the thermal level, but still remain
higher then the thermal level.

Our model describes emission from active regions in the corona, where the relative level
of density fluctuations is unknown. Chen et al. (2012) reported a measurement of the spectral
index of density fluctuations between ion and electron scales in solar wind turbulence. In
Figure 6 (top panel) the power spectra of the electron density fluctuations in the solar wind
are shown according to Figure 2 of Chen et al. (2012).

Assuming that the frequency spectra are Doppler-shifted k-spectra,

P(f)V
27

P(k) =

with k =27 f/V and V = Vgw = 3.2 x 107 cms™!, we can derive the k-power spectra of
solar wind electron fluctuations, see Figure 6 (bottom panel).

We extrapolated the k-power spectra of solar wind electron fluctuations (see Figure 7)
into the short-wavelength domain using k=27 (dotted line) and present the spectral density of
the electron density fluctuation for the thermal level of solar wind ion-sound waves (dashed
line).

In the relevant range 0.19 < kAp. < 0.82, the observed density fluctuation is on the or-
der of the thermal fluctuations. We would like to note that the observed —2.7 spectra are
attributed to the KAW turbulence (Chen et al., 2012) rather than to ISWs, but we consider
this extrapolations as the upper bound. Helios spacecraft observations at 0.3 AU (Marsch
and Tu, 1990) and numerical models (Reid and Kontar, 2010) also suggest that the relative
level of density fluctuations decreases toward the Sun. Consequently, it seems unlikely that
the case Ws/ws > WL /w is realistic.

3.3. Absorption of Emission During the Propagation

Furthermore, we have considered the collisional absorption of radiation during propagation.
According to Ratcliffe and Kontar (2014), collisional absorption (inverse bremsstrahlung)
with the damping rate y4 gives an optical depth

1 AU
r=/ Ya(x) dx. 22)
o Vi)

where

%1 sz_ie_l\EezlnAw_ée %)
a=ve 2 =3Vx Vi 3V m Vi o’
and
(w2 +k3c?) ¢
T pe T 2 2\1/2

vi= e = St (24)
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Figure 5 Spectral density of electron density fluctuation versus kAp. for the thermal level of ion-sound
waves (dotted line), and when W} /w5 = W,ﬁ /wjy. Here we used the following background plasma parameters
ng=2.8 x 108 cm™3; T;/ Te = 0.5. Case (a) corresponds to T = 106 K and three values of the magnetic
field strength By = 150 G (solid line), By = 80 G (dashed line), and By =40 G (dash-dotted line). Case (b)
corresponds to T = 105 K and three values of the magnetic field strength By = 50 G (solid line), By =25 G
(dashed line), and By = 13 G (dash-dotted line).
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Figure 6 Frequency-power spectra of Chen et al. (2012) of solar wind electron fluctuations (top panel), and
k-power spectra of solar wind electron fluctuations (bottom panel). Here we used the following background
solar wind plasma parameters: Vgw = 3.2 x 107 cms™!, nj =16 cm_3, and T = 105K (Ape =616 cm).
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Figure 7 Spectral density of electron density fluctuation versus kApe for the thermal level of ion-sound

waves (dashed line), and the density fluctuation spectrum of solar wind turbulence given by Chen et al.

(2012) (solid line). Here we used the following background plasma parameters: Vgw = 3.2 X 107 ems™1,

ni=16 em™3, and Te = 10° K (Ape = 616 cm) for the solar wind.

For emission at a frequency w, we then have

1 [2mA 1 'Y ol (x)
r:—,/—%—/ T dx. 25)
3V meVy, can Jo (w5 — a)ﬁe()c))‘/2

Assuming an exponential density profile n.(x) = ngexp(—x/H), where x is the distance
from the region of emission at density ny, and H is the density scale height, we found the
following expression (slightly corrected compared with Ratcliffe and Kontar, 2014) for the
optical depth:

4 [2e2InA H 2 | 2 121 o 2
T = _/;m7=w° - w—o[wo — 03, (0)] [0 +0.502,(0)] |- (26)

As we consider a dense coronal plasma, we can use the reasonable value of H =5 x 10° cm
and find that

rm2.8|:6(2)— Ei(ag— 1)”2(53+0.5)], 27)
0
where @y = wo/wpe(0).

As seen from Figure 8, the resulting escape fraction is rather high for f,. = 0.2 GHz
for this density scale height. If for a different choice of parameters we could increase t by
an order of magnitude, we would predict observable emissions due to quite high values of
brightness temperature for the f- and d-processes.
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Figure 8 Optical depth as a function of @/wpe for H =5 x 10° cm and Jpe = wpe/2m = 0.2 GHz.

4. Application to Type I Solar Radio Bursts

Type I emission in noise storms is the most commonly observed radio phenomenon of the
Sun (see review by Elgargy, 1977; McLean and Labrum, 1985). Myriads of type I bursts,
each lasting about a second, are superimposed on a continuum, which lasts from a few hours
to days. Type I emission can extend from 50 to 500 MHz, peaking around 150 —200 MHz.
This activity occurs in active regions above sunspots with relatively strong magnetic fields.
Type I emission is strongly (= 100%) circularly polarized, and there is only fundamental
emission with no harmonic component. The brightness temperature is in the range from
107 to 10'° K for continuum emissions and can exceed 10'! K for bursts. The sizes of the
emission sources are several arcminutes for the continuum and about 1 arcminute for bursts.

Currently, the plasma emission mechanism proposed by Melrose (1980a) is the most
popular interpretation for type I radio emission. The plasma emission mechanism consists
of two steps: i) an isotropic or loss-cone distribution of energetic electrons generates LWs,
and ii) these LWs generate electromagnetic radiation (radio waves) via nonlinear coupling
with ion-acoustic or other low-frequency waves. In these models, the type I continuum is
explained by the LWs with effective temperature 7y > 10° K generated by a “gap electron
distribution”. This implies a high level of low-frequency waves to ensure that the emission
mechanism saturates at the radio brightness temperature Tt equal to the Langmuir wave
temperature 77 . The increasing 77 during bursts is attributed to the local LW enhancements
driven by the loss-cone instability. Theories based on the plasma emission mechanism have
been developed in great detail (Benz and Wentzel, 1981; Spicer, Benz, and Huba, 1982;
Wentzel, 1986; Thejappa, 1991).

One of the weak points of these theories is that the isotropic velocity distribution of
electrons should give rise to the harmonic emission as well, which was never observed in
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type I emission. In addition, a high level of low-frequency waves is required for the emission
mechanism to saturate at a brightness temperature equal to the plasma wave temperature 77 .

We propose an alternative model for type I radio emission. The imbalanced turbulence of
upward-propagating IAWs forms an asymmetric electron velocity distribution with a quasi-
linear plateau in its forward half at /T + 7;/7. V. < V| < V4. Landau damping of LWs
propagating in the same direction in this velocity range is reduced, which enables the spon-
taneous growth of their amplitudes. In previous sections, we calculated the nonthermal level
of these LWs and showed that it is sufficient to generate the observed type I radio emission.
As the strongest radio emission is generated by LWs with phase velocities Viw < Va, the
full plateau extending down to /1 + T3/ T, V. is not required. In fact, it is sufficient that a
narrower plateau is formed in the vicinity of V| < Va.

Our estimations show that even with the thermal-level ion-acoustic waves, we obtain
the observed brightness temperature for type I emission. The harmonic emission is never
observed in type I storms; it does not occur in our model either, because the back-scattered
LWs meet a strong Landau damping, 1. ~ wpe.

Our model works in low-f plasmas, where the Alfvén velocity exceeds the electron ther-
mal speed (Va > Vr.). Such conditions can be found in the solar corona at radial distances
~ 1.1 solar radii, where type I storms are generated. Recent observations have demonstrated
that magnetic fields above active regions at these distances can be strong enough, several
10s of G, and temperatures low, down to 10* K (see examples in Figure 8 by Schad et al.,
2016 with instances of By from 10 to 150 G, and the article by Antolin et al., 2015 with
coronal 7, from 10* to 10° K).

The often observed phenomenon of coronal rain provides a well-documented example of
cold plasma patches created at high coronal levels by thermal instability (see Antolin ez al.,
2015, and references therein). Plasma in the upper parts of long magnetic loops is espe-
cially prone to this instability. As the type I emission is generated, tentatively, at the tops of
the highest magnetic loops overlapping active regions, the relatively cold plasma, produced
there by thermal instability, may provide suitable conditions for type I radio emission.

We note that Dulk and McLean (1978) and Gopalswamy et al. (1986) proposed empirical
models for the coronal B based on radio observations. In the model by Dulk and McLean
(1978), the magnetic field strength depends on the plasma density model and assumes a
particular generation mechanism for meter-wavelength radio bursts, with type I bursts ex-
cluded from the analysis. The model by Gopalswamy et al. (1986) is based on type I radio
observations but assumes a particular generation mechanism for the bursts implying numer-
ous shocks; it also critically depends on the radial profile of coronal density. It seems that
the conditions above active regions are highly variable and can hardly be described in the
framework of a single model. Therefore, instead of using a model, we refer to the values of
the coronal magnetic field that are measured directly by Schad et al. (2016), which do not
require assumptions of any specific plasma model or process. The measured values, several
tens of gauss at relevant heliocentric distances R/Rg & 1.1, appeared to be higher than the
values predicted in previous models. With these measured values of B, conditions for our
scenario can be easily satisfied.

Additionally, we have to note that the current model reproduces the almost 100% polar-
ization in the o-mode of type I bursts. The main reason is that the frequency of the emission
due to the L & § — T processes is below the cutoff frequency of the extraordinary (x-)
mode, wy = [wge + (a)]z3e + 4a)§e)1/ 21/2 for the values of the ratio, wg./ wpe, that are required
in our model. The resulting electromagnetic emission then must be 100% in the o-mode.
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5. Conclusions

We investigated the influence of imbalanced small-scale IAW turbulence on the spontaneous
growth of LWs. The resulting high-amplitude LWs can generate type I radio emission that
is observed above active regions in the solar corona.

Our starting point has been that the imbalanced turbulence of forward-propagating
IAWs forms an asymmetric quasi-linear plateau in the forward half of the electron ve-
locity distribution. This leads to the suppression of Landau damping for resonant LWs
in the range of phase velocities /1 + 7;/T. V. < VLw < Va. As a consequence, sponta-
neous excitation of high-amplitude LWs with W/ Wiperm & 107 —10° (for T, = 10° K) and
Wi/ Wiherm & 103 =107 (for T, = 10° K) occurs in this velocity range. These LWSs can pro-
duce strong electromagnetic radiation at the fundamental frequency close to the electron
plasma frequency.

Even with the unfavorable thermal level of ion-sound waves, the brightness temperature
of radio emission in our model is Ty &~ 10° - 10" K, Tr_ & 10'2-10" K (for T, = 10° K)
and Try ~ 108-10"° K, Tr_ ~ 5 x 10°-10'2 K (for T, = 10° K), which is high enough to
explain observations. The bursts with extremely high brightness temperatures > 10! K can
be more easily generated by the d-process. Moreover, our theory predicts 100% polarization
in the o-mode of type I emission.

In conclusion, our model with the imbalanced IAW turbulence and spontaneously excited
LWs provides a feasible explanation for solar type I radio emission. This model is also
consistent with the fact that the first harmonic is never observed in type I radio emission.

Finally, we note that the 3D velocity distribution of electrons leads to a relativistic cor-
rection to the Landau damping of Langmuir waves (Melrose and Stenhouse, 1977) that may
exceed the collisional damping assumed here. This effect applies to an isotropic electron
distribution with a gap over some velocity range. The generalization of this gap model to
the plateau model assumed here has yet to be investigated.
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Appendix A: The Parallel Electric Field of Dispersive Alfvén Waves

We follow Bian and Kontar (2011) and take the first moments of the linearized drift-kinetic
equation for the electrons. This yields the linearized continuity equation

one

— 4+ V”I’l()u”e = 0, (28)

ot
where n./ny is the electron density perturbation relative to a constant background ng, u . is
the parallel (to the magnetic field) component of the electron fluid velocity, and V| denotes
the spatial gradient along the magnetic field. The linearized parallel electron momentum
equation is

al/tue
noMe ar

= —TeVHne - nOeEH . (29)
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where we used p. = n.T. for the pressure perturbation p. and assumed a constant electron
temperature 7. The parallel component of the electric field E| is related to the electrostatic
potential ¢ and the parallel component of the magnetic vector potential A via Faraday’s
law,

Ej=—-V¢— 14y (30)
= I c ot
The parallel component of Ampere’s law is
4r
ViA| =— (3D

where V| is the spatial gradient perpendicular to the field, and it is assumed that the parallel
current,

J” = —enople, (32)
is carried only by electrons. The system is closed by the quasi-neutrality condition

éengo

ne=(To—1) T

b, (33)

where Iy is an integral operator that describes the average of the electrostatic potential over
a ring of Larmor radius p;. In Fourier space, I'(b) = e ™" Iy(b) where b = p?k? and I is the
modified Bessel function. We use a simple Pade approximant for the operator I'y given by
[o(b) —1=—-b/(1 + b). Adopting the MHD normalization

G Ay By = (= vy, 2, P Eie (34)
S VIL AL @, By = —_ 1L, LBy LVrBs VaBo
with Ty = L/ Vs, we therefore obtain
8tne - V” J” = 0, (35)
(v —d2hy) + Vy(pine — ¢) =0, (36)
Jy=Viy, (37)
(1= piVi)n.=Vig, (38)
with ¢y = —A).. This model generalizes the model that was previously discussed in Bian

and Kontar (2010) to include the effect of electron inertia. The term proportional to d2 in
Equation 36 can be rewritten as

E“ = —,OSZV”ne + dfa, J”. (39)

This is Ohm’s law (the parallel electron momentum equation), and there are two contri-
butions to the parallel electric field. The first is produced by electron density fluctuations
along the magnetic field and involves the ion-sound Larmor radius ps (the ion gyroradius at
the electron temperature, i.e. ps2 = (T./T) ,oiz). The second is produced by electron inertia
and involves the electron skin depth d.. The Alfvén wave equation is easily obtained from
Equations 35—-38 and reads

(v —d2V2y) = V21— (p? + p2) V2, (40)
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and hence the dispersion relation is

1+ k%, pt

a)::l:kA” 1 +k/2\Ld2’
e

(41)

with p% = p? + p2. We note that when p2 = d2, the dispersion relation is @ = £ka: the
wave becomes non-dispersive and the wave-particle resonance reduces to a single point in
velocity-space. Using the conductivity relation

O Ey = (d9 — oI Vi) Jy 42)
we observe that the parallel electric field remains finite in the non-dispersive regime, i.e.
|E)| = pizkA”kA 1|16B1| in this case, its amplitude is proportional to the ion temperature.
This property should be contrasted with the Hall-MHD (see Bian and Tsiklauri, 2009 and

references therein), which is based on a cold ion assumption and therefore lacks a parallel
electric field in the parameter regime ps = d..

Appendix B: An Angle-averaged Model for Fundamental Radio Emission

The kinetic Equation 9 for the processes L = S — T may be written in the form

dWr (k Wpe 37T;
Ti( T) — p (1+_>/ddekS

dr " T 4n,T, T.
lkr x kL ]*[ WL (Ws _ Wr Wr Ws
s | | = F ) - ——
kaL wr, ws wT wT Ws
x §(kt — kL F ks)d(wr — wL F ws), 43)

where W, Wy and Wr are functions of their respective wavenumbers. First we perform the
integral over kg using § (kt — ki, F kg) to obtain

dWr (k) 0 wse (l—l—ﬁ)/ Mws(ks)

dr " T 4n,T. T,
y [WL(kL) <Ws(ks) WT(kT)) _ Wr(kr) Ws(ks)]

k) \wstks) | wr(kr) ) wrler) ws(ks)
x 8(wr(kr) — (kL) F ws(ks)). (44)

Here ks =tk F ki, for the f- and d-processes, respectively.

Assuming that the LWs and ion sound waves have some small angular spread in
wavenumber space, covering a solid angle of A2, and further assuming that they are uni-
form within this spread, fundamental emission is produced approximately isotropically. So
we define

1
W s(k) = WWﬁVs(k), (45)
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within AQ the small solid angle occupied by the parent waves, and zero elsewhere, with
W (k) defined by

Wik = / f k*sind Wy_s(k) d6 d®, (46)

and consider isotropic transverse waves

Wr(kr) = Wi (kr), 47

4 k3

WA (k) = / / k? sin Wr (k) d6 d®. (48)

Writing dk; = k? sin@dk;.d0d® and substituting our definitions of the angle-averaged
spectral energy density (expressions 45 —46), we find for the first term in the square brackets

Wi (k) Ws (k
/ / sinzeLTMkﬁ sinf do do
wr,Ws

WAY (ki ) WA (k
_ w#// sin? 6y sin 6 do dd
AQC()L AkawS

_ W) W Gks)

.2
sin” 1), 49
AQC()]_ kgws < LT) ( )

where we assume that the average value of sin” @ is well defined and given by
/ / sin” fyr sin 6 df d® = AQ(sin” Oy x). (50)

Similarly, using expressions 45 —48 for the second and third terms in square brackets, we
write

Wi (k) Wr (k W (kL) Wi (k
/ / sin? g EOWrln) o G g g6 a = gw(sinz bur)

LT w,  4drkior 51
Wr(kr) Ws (k WA (k) WE (k.
sin? g WIEOWSES) 12 g g g = W) W' S)<Sin29LT>.
L 2
wTWs 47TkTCL)T ws

Finally, the complete expression is

AW (kr) W, 3L\, .,
= 14+ — )(sin” 6
ar T\ T T (sin’ 1)

e

X /dkst5(wT — wL F ws)

WA (k) dmkd W (ks) — W (k) Wi (kr) Wi (kr) W (ks)
X 2 + - ’
oL AQk;  ws wL wr wr ws

(52)

where k% = k% + k?.
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Now, using 8 (wr — wr. F ws) to integrate over kg, for k3d? > %% , we obtain
1

AW (kr) 7o Vs (1 ﬁ)

dr - 24n.T.V2 T,
W (k) dmkd W (ks) _ Wi (k) Wi (kp) Wi (kr) WY (ks):|
X - .
wr, Aﬂké ws + L wr T ws
(53)
Here k ~ F Jkgf; , and we have evaluated the average (sin®6;1) over a sphere, which gives

a value of 1/2.

Appendix C: Spectral Density of the Electron Density Fluctuation
due to Ion-Sound Waves

The relationship between the electric field and density perturbations that are due to ion-
sound waves is

T,
SE=——Vén. (54)
nee

We can rewrite the above expression as

Ed> 1 (TN,
=—| — | k*|6n.|;. 55
4 4 \ nee s10meli (53)

According to Tsytovich and ter Haar (1995), the occupation number N is related to Ej as

2
;T I a ,,
Nk—E<;£w8>

where the index [/ denotes longitudinal waves. We can rewrite this expression using
e (Q!, k) =0and

AR (56)

w=Q! (k)

, Qo)W
=—", 57
as
1 9
(A |EL[. (58)
872' 3(,() w:Q’(k)
For ion-sound waves
o 1
Al ——— 59
T T e o2
which gives the following dispersion relations for ion-sound waves:
ks Vs
Wy >~ (60)

V1+E23,
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According to expression 59,

ae’ o
— =22 61
dw; w? 61)
Combining Equations 61 and 58 gives
w2 |ES |2
s p1 k
=— 62
K7 w2 4x 62)
or using the dispersion relation 60, we can rewrite it as
] 1 k2)\‘2 ES 2
s __ ( + s De) | kl . (63)

S =
k203, 47

Inserting this expression into Equation 55 and noting that A%,e = T./(4mn.e*), we obtain that
the spectral energy density of ISWs is related to the spectral density of the electron density
fluctuation as

Wi |82
—k = (14 K22 —* 64
n.T, (1+k25.) ng )
Here the following normalization is used:
/ (8n3)rdk = (8ne)?, (65)
/ Widk = W°. (66)
Using that
, ()
(bne)y = bk (67)
and
s_ W
kT a2 (68)
we can rewrite Equation 64 for the one-dimensional case as
Ve _ (1402 )'5”“% (69)
neTe s “*De ng
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