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Incoherent Solar Radio Emission

Alexander Nindos*

Physics Department, University of loannina, loannina, Greece

Incoherent solar radio radiation comes from the free-free, gyroresonance, and
gyrosynchrotron emission mechanisms. Free-free is primarily produced from Coulomb
collisions between thermal electrons and ions. Gyroresonance and gyrosynchrotron
result from the acceleration of low-energy electrons and mildly relativistic electrons,
respectively, in the presence of a magnetic field. In the non-flaring Sun, free-free is
the dominant emission mechanism with the exception of regions of strong magnetic
fields which emit gyroresonance at microwaves. Due to its ubiquitous presence, free-free
emission can be used to probe the non-flaring solar atmosphere above temperature
minimum. Gyroresonance opacity depends strongly on the magnetic field strength and
orientation; hence it provides a unique tool for the estimation of coronal magnetic fields.
Gyrosynchrotron is the primary emission mechanism in flares at frequencies higher than
1-2 GHz and depends on the properties of both the magnetic field and the accelerated
electrons, as well as the properties of the ambient plasma. In this paper we discuss in
detail the above mechanisms and their diagnostic potential.
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1. INTRODUCTION

The Sun produces radiation across virtually the entire electromagnetic spectrum. Radio frequencies
offer valuable diagnostic potential because two of the natural frequencies of the atmosphere of the
Sun, the electron plasma frequency and the electron gyrofrequency, belong to the radio band.

In the Sun there are no significant spectral lines, either in emission or absorption, from
millimeter to meter wavelengths (but see Dravskikh and Dravskikh, 1988, for a possible detection);
pressure broadening is so high that makes such lines undetectable. In the Sun the free electrons
dominate the radio emission mechanisms. Solar radio emission is produced from electrons with
either a thermal or a non-thermal distribution, and the emission can be either incoherent or
coherent. In incoherent mechanisms, no back-reaction of the emission on the electron distribution
is present, and the emitted photons show no phase association while their number is proportional
to the number of electrons. In coherent mechanisms, all electrons exhibit acceleration in phase;
they act together to generate photons that are in phase.

Coherent radiation due to wave-particle and wave-wave interactions plays an important role in
transient phenomena at frequencies below 1-2 GHz. Coherent emission mechanisms are discussed
elsewhere in this issue by Fleishman.

There are two classes of incoherent emission mechanisms that are important on the
Sun: free-free (or bremsstrahlung) and gyromagnetic. At radio frequencies free-free emission
is primarily produced from collisions between ions and thermal electrons and dominates
the radio emission of the quiet Sun. Furthermore it contributes significantly to the radio
emission of non-flaring active regions and of certain flares during their decay phase.
Erupting prominences and coronal mass ejections (CMEs) may also produce free-free emission.
Gyromagnetic radiation is produced from electrons that are accelerated in the presence
of magnetic fields. It is called gyroresonance emission when it is produced by thermal
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2000b). ©AAS. Reproduced with permission.

FIGURE 14 | Top row: The 1992 July 1 flare. Contour plots of the flare radio emission maximum observed by the VLA. The gray-scale background is a photospheric
magnetogram. The / maps are on the left, and the VV maps on the right. The solid and dashed contours show 5 and 15 GHz emission, respectively. In the 5 GHz V/
map, the thick contours represent positive brightness temperatures. In both images the white contours show emission from the sunspot at 15 GHz. The arrow shows
the direction of the limb. Middle row: One-dimensional profiles of the flare computed along the black curve of the top left panel. Bottom row: spatial profiles of the
gyrosynchrotron models (see text for details) as a function of the distance along the loop. For comparison with the observations, the profiles have been computed
after the models were convolved with the appropriate VLA beam. In both panels the absolute values of the V profiles are presented (adapted from Nindos et al.,

possibility may occur either from Coulomb collisions if in the
lower part of the loop the plasma density is higher or from
stronger turbulence there. Stepanov et al. (2007) reported that
strong scattering of electrons by whistler waves can reproduce
the evolution of collimated streams of non-thermal electrons
observed by Yokoyama et al. (2002). Kuznetsov and Kontar
(2015) observed an optically-thin loop-top source and argued
that the strong concentration of electrons near the loop top
reflected the localized particle injection process accompanied by
trapping and scattering.

Other publications that report pitch-angle anisotropies of the
electrons that emit gyrosynchrotron emission include Lee and
Gary (2000), Lee et al. (2000), Fleishman et al. (2003); Fleishman
(2006), Altyntsev et al. (2008, 2019), Tzatzakis et al. (2008),
Reznikova et al. (2009), and Charikov et al. (2017). Generally
speaking, when pitch-angle anisotropy is present it is not correct
to derive the energy spectrum of the energetic electrons from the

slope of the optically thin part of the gyrosynchrotron spectrum
(see Fleishman and Melnikov, 2003a,b, and the discussion in
section 6.1). Instead, one needs to resort to either forward fitting
(e.g., Gary et al, 2013) or 3D modeling (e.g., Tzatzakis et al.,
2008; Nita et al., 2015) in order to obtain meaninful electron
diagnostics from the radio emission.

The study of the dynamics of flare microwave
gyrosynchrotron emission can provide important information
about the kinematics of accelerated electrons in flaring loops.
For example, analysis of the dynamics of the spatial distribution
of emission intensity, circular polarization and frequency
spectrum allows one to determine the localization of the electron
acceleration/injection region in a flare loop, as well as the type
of electron pitch-angle distribution in different parts of the
flare loop (e.g., Reznikova et al., 2009; Melnikov et al., 2012;
Morgachev et al., 2015). Furthermore, the measured spectral
dynamics of the microwave emission in the optically thin part of

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

21

November 2020 | Volume 7 | Article 57



Nindos

Incoherent Solar Radio Emission

100 " -
> i(b) Point 1 p 0
= EOVSA 3.4-16.9 GHz
810l B=5206G ] 2017-Sep-10 15:54:12 UT
5 5=270
S ( -50
2 5 10 20
100 .
> () Point 2
a -100
& 10+ B=299G
5 §=271
o 1 >
1 (1]
2 5 10 20 9 -150
100 5
> [ Point 3 j .
wv
S t
A 10k B=148G E -200
E §=5.62
[V
1
2 5 10 20
100 N 3 -250
2 (e Point 4
wv
15.4 GHz S
& 10F B=520G
x
= 0=1.86 -300 ¢
b ; 900 950 1000
2 5 10 20 X (arcsec)
Frequency (GHz)
FIGURE 15 | (a) Images of the microwave emission from a partially occulted limb flare obtained at 28 frequencies with EOVSA. The field of view of the images
corresponds to the white box of panel (f). (b-e) Flux density spectra in those pixels of the images of panel (a) that correspond to points 1-4 of panel (f), together with
model spectral fits (red lines). (f) True-color display of the EOVSA dataset after combining images at the 28 frequencies that are marked in panel (a). From Gary et al.
(2018). ©AAS. Reproduced with permission.

the spectrum may provide important information on the whistler
turbulence in the flare loop (Filatov and Melnikov, 2017).
Imaging spectroscopy can provide additional information to
the study of gyrosynchrotron emission and this is highlighted
in Figure 15 (Gary et al,, 2018) where imaging observations
from the Expanded OVSA (EOVSA) of a partially occulted
flare at 28 frequencies are presented. Figure15a shows the
diversity of source morphologies: as the frequency increases the
marginally resolved cusp-like source at frequencies between 7.4
and 8.9 GHz gradually evolves toward a loop-like source while
at frequencies below 5 GHz two additional sources appear (see
Figure 15f), presumably associated with the footpoints of a larger
loop. The spectral modeling presented in Figures 15b-e yields
the magnetic field and spectral index of the electron energy
distribution at the points marked in Figure 15f. This example
shows that the combination of spatially resolved radio spectra
with realistic modeling can provide detailed estimates of the
dynamically evolving parameters in the flare configuration.

6.4. Electron Acceleration and Transport

In sections 6.2 and 6.3, we discussed gyrosynchrotron emission
primarily at a fixed time (presumably at the peak of the emission).
However, flares are dynamic phenomena, and there is a large
literature on the dynamics of flare microwave emission with
emphasis on the processes of electron acceleration and transport.

Details are given elsewhere in this issue, thus this topic will be
only touched on here.

The study of the dynamics of flare
gyrosynchrotron emission can provide important information
about the kinematics of accelerated electrons in flaring loops

The combination of microwave and hard X-ray observations
of flares with state-of-the-art 3D modeling provides a powerful
diagnostic of accelerated electrons (e.g., Fleishman et al., 2016a;
Kuroda et al, 2018). In the former study several flares were
analyzed which, instead of showing the usual broad-band
gyrosynchrotron emission produced by electrons trapped in
flaring loops, they showed narrow-band gyrosynchrotron spectra
(see also Fleishman et al., 2011, 2013). The relationship of these
bursts with hard X-rays together with spectral modeling revealed
that the trapped electron population was negligible and the
radio emission originated directly from the acceleration sites
which featured rather strong magnetic fields and densities. In
the Kuroda et al. (2018) study the microwave and hard X-
ray observations were successfully fitted with a broken power-
law spectrum that reproduced the main characteristics of
both emissions.

The most popular model for the study of electron transport
during flares is the “direct precipitation/trap plus precipitation”
(DP/TPP) model (see Bastian et al., 1998; Aschwanden, 2002,
2004; White et al, 2011, and references therein). Energetic

microwave
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electrons with small pitch angles traveling along appropriate
magnetic field lines approach the chromosphere where they are
stopped by its dense and cool material. Most of their energy heats
the chromosphere, but a smaller fraction is emitted in hard X-
rays through the non-thermal thick-target free-free mechanism.
The coronal magnetic field traps electrons with large pitch
angles inside the flaring loop where they emit gyrosynchrotron
radiation. However, eventually they will be scattered into the loss
cone under the influence of either Coulomb collisions or wave-
particle interactions and will precipitate into the chromosphere
emitting additional hard X-ray radiation.

Using the TPP scenario one can study the effect of Coulomb
collisions on the energy of electrons (see Aschwanden, 2004, and
references therein). The more energetic the electrons, the fewer
collisions they undergo, and therefore the longer their lifetimes
in the loop. In this way we can interpret the frequency-dependent
delays among microwave maxima, the usual lag of microwave
emission with respect to the hard X-ray emission, and the slower
decay of microwaves than hard X-rays.

Microwave emissions from either directly precipitating
electrons (Kundu et al., 2001¢; Lee et al., 2002) or from electrons
that have been efficiently scattered (Musset et al., 2018) have also
been detected. The microwave emission from these populations
does not have the same emissivity as the trapped electrons
because their pitch-angle distributions are different. Hard X-rays
do not come exclusively from precipitated electrons; of course
the thick-target emission is more efficient, but trapped electrons
also emit free-free radiation, and this has been used to interpret
long-duration hard X-ray bursts (Vilmer et al., 1982; Bruggmann
et al., 1994). On the other hand, microwave emission is also
sensitive to the entire distribution of electrons (both trapped and
DP components), but the trapped component will dominate the
emission at a given frequency.

7. CONCLUDING REMARKS

Incoherent solar radio emission is provided by the free-
free, gyroresonance, and gyrosynchrotron processes. Free-free
radiation dominates the quiet Sun and non-flaring active region
emissions with the exception of regions of strong fields above
sunspots where gyroresonance emission is large at microwaves.
Gyrosynchrotron is the most important incoherent mechanism
in flares.

Free-free opacity favors cool, dense plasmas, but if the density
is high enough then hot material can also produce bright
radiation. Since free-free emission is ubiquitous in the Sun, it
can be used to probe the non-flaring solar atmosphere above
temperature minimum. For this task, the free-free emission has
the advantage that it can be observed from the ground and that
it is not sensitive to processes affected by ionization equilibrium
which characterize the EUV and X-ray observations.

Gyroresonance opacity depends strongly on the magnetic
field strength and orientation. The emission is generated in
thin layers above the base of the TR that have practically

constant magnetic field strength which is determined by
the condition that the observing frequency is equal to low
harmonics of the gyrofrequency. Coronal magnetic fields cannot
be measured from the Zeeman effect; consequently multi-
frequency microwave imaging observations of gyroresonance
sources provide a unique tool for the determination of the three-
dimensional structure of sunspot coronal magnetic field.

Unlike EUV and X-ray coronal emissions which are optically
thin everywhere, coronal radio emission can become optically
thick due to gyroresonance above regions of strong fields or
due to free-free at low frequencies. This means that radio data
may allow us to probe different layers in the solar atmosphere
by observing at different frequencies. On the other hand, it is
fair to say that radio images cannot reach the spatial resolution
and crispness of the images obtained with some modern EUV
instruments, for example the Atmospheric Imaging Assembly
aboard Solar Dynamics Observatory.

Gyrosynchrotron radiation is emitted at microwaves and
millimeter wavelengths from accelerated electrons of mildly
relativistic energies (i.e., from a few tens of keV to a few MeV)
as they move in the coronal magnetic field. Gyrosynchrotron
provides powerful diagnostics of physical conditions in flaring
sources, because it depends on the properties of both the
magnetic field and the accelerated electrons, as well as the
properties of the ambient plasma.

The diagnostic potential of the emission mechanisms
discussed in this paper has not been fully exploited yet. The
basic reason is that until relatively recently there was no
instrument capable of performing imaging spectroscopy over
a wide frequency range. However, things have been changing
with the upgrade of both solar-dedicated (Owens Valley Solar
Array, and Siberian Solar Radio Telescope, now named Expanded
Owens Valley Solar Array and Siberian Radioheliograph,
respectively) and general-purpose interferometers (Very Large
Array) as well as the design of new interferometers, either
solar-dedicated like the Chinese Mingantu Ultrawide Spectral
Radioheliograph (MUSER) or for general astronomical use (e.g.,
LOFAR and ALMA) while “first light” from the Square Kilometre
Array (SKA) is expected in the mid-2020s. The upgraded/new
instrumentation combined with the continuous operation of
other important facilities (e.g., Nangay Radioheliograph and
RATAN-600) and the efforts on the modeling side promise
exciting new results in the years to come.
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