Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



ABSTRACT

SOLAR FLARES AS OBSERVED IN THE LOW FREQUENCY
MICROWAVE GYROSYNCHROTRON EMISSION

by
Shaheda Begum Shaik

Solar flares involve the sudden catastrophic release of magnetic energy stored in the
Sun’s corona. This dissertation focuses on investigating the low-frequency microwave,
optically-thick gyrosynchrotron emission during solar flares for its spatial and spectral
dynamics, characteristics, and role in the flare process.

The first part of this dissertation mainly addresses the spectral dynamics and
characteristics of the source morphology. The high-resolution spectra of a set of
microwave bursts observed by the Expanded Owens Valley Solar Array (EOVSA)
during its commissioning phase in the 2.5 — 18 GHz frequency range with 1-s time
resolution are presented here. Out of the 12 events analyzed in this study, nine
bursts exhibit a direct decrease with time in the optically thick spectral index ay,
an indicator of source morphology. Particularly, five of the bursts display “flat”
spectrum (o < 1.0) compared to that expected for a homogeneous/uniform source
(ay = 2.9). These flat spectra at the low-frequencies (< 10 GHz) can be defined as the
emission from a spatially inhomogeneous source with a large area and/or with multiple
emission components. In a subset of six events with partial cross-correlation data,
two events with flat spectra both show a source size of ~ 120 arcsec at 2.6 — 3 GHz.
Modeling based on inhomogeneity supports the conclusion that only multiple discrete
sources can reproduce a flat spectrum. These flat spectra appear predominantly in the
decay phase and typically grow flatter over the duration in most of the bursts, which
indicates the increasing inhomogeneity and complexity of the emitting volume as the
flare progresses. This large volume of flare emission filled with the trapped energetic

particles is often invisible in other wavelengths, like hard X-rays, presumably due to



the collisionless conditions in these regions of low ambient density and magnetic field
strength.

In the second study, imaging spectroscopy of gyrosynchrotron emission from
C-class flare SOL2017-04-04 observed by EOVSA is presented. The microwave source
observed at the low frequencies showed an extended emission that is almost ten times
as large as the associated high frequency and hard X-ray flare emission. The source
area seems to decrease steeply by more than an order of magnitude as we move from
low to high frequencies. Unlike a single and straightforward loop “standard solar
model” type flare, this event in the microwave emission shows the contribution of the
multiple flux loops in different sizes with the “three-dimensional loop-loop interaction”
scenario, resulting in the flare eruption. The emission at other wavelengths barely
shows any sign of particle transport at the secondary sites where we see the low-
frequency extended sources. These high-resolution microwave observations indicate
that, after the main reconnection process, the accelerated particles have access to a

much larger volume of the flaring region through the overlying loops.
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Chapter 1

INTRODUCTION

1.1 The Sun

Our nearest star, the Sun, acts as a natural laboratory to study fundamental physical
processes that occur across the universe. It is a main sequence G-type star with a
mass of 1.99 x 10%° kg, radius of 6.96 x 10° km, and luminosity of 3.84 x 1033 erg s7.
The heat and light radiated from the Sun make life possible on the Earth. The Sun
emits at almost all the wavelengths in the electromagnetic (EM) spectrum, some of
which are harmful such as X-rays, ultraviolet (UV), y-rays and are blocked by the
Earth’s atmosphere. Some part of radio, UV, infrared (IR) along with the complete
visible wavelengths reach the surface. The visible surface of the Sun, the photosphere
has a temperature of around 5800 K. Moreover, as we move to the outer layers of
the photosphere the temperature increases to a few million degrees in the outermost
layer, the corona. The most energetic phenomena of the Sun manifest in this part of
the solar atmosphere.

Solar flares, coronal mass ejections (CMEs), and solar energetic particle (SEP)
events are some examples of the most impulsive phenomena observed in our solar
system. A solar flare is a sudden catastrophic release of magnetic energy from the Sun,
and a CME is an eruption carrying ~ 10'? kg of coronal plasma material embedded
in the magnetic field, which is ejected out into the interplanetary space. The exact
association between flares and CMEs, however, is still debatable. Although CMEs
are believed to be triggered by flares, they are sometimes observed in the absence of
flares as well. Depending on their orientation and direction, CMEs can interact with
the magnetic field of Earth, causing geomagnetic storms. Distortion of the shape of

the Earth’s magnetosphere, dramatic auroral displays (northern and southern lights),



magnetic storms affecting satellites and astronauts, outage of radio communications,
power systems, and pipeline corrosion are some consequences of such an interaction.
The high-energy particles and radiation (mainly X-rays) from the flares disturb the
Earth’s ionosphere, heat up and expand the Earth’s outer atmosphere, and in turn
disrupt radio communications. In addition, intense radio emission from flares and the
variations in the Earth’s atmospheric layers can also degrade satellite communications
and precision of Global Positioning System (GPS) measurements [29, 52]. Therefore,
studying the physical processes of the Sun to better comprehend and predict solar

flares, CMEs, and SEPs plays a vital role in understanding space weather.

1.2 Flares on the Sun
Solar flares, in general, are triggered by magnetic reconnection and are responsible for
the large-scale restructuring of the coronal magnetic field and coronal heating [[11],
and references therein]. A flare can induce emission across the whole electromagnetic
spectrum, from radio waves to gamma rays. During a flare, the total energy expended
is typically on the order of 103° ergs. This flare energy is compared to be ten million
times greater than the energy released in a volcanic explosion. On the other hand,

this energy is one-tenth of the total energy emitted every second by the Sun.

In literature, Richard Christopher Carrington and Richard Hodgson were the
first to detect a flare in white-light independently in 1859 [13, 47]. They observed the
flare as localized, minute-long brightenings on the Sun, which remained a mystery
during that time. A few years after this study, the Sun and the solar flares were
typically studied using the chromospheric hydrogen Ha line observations. Followed
by these, coronal radio emissions in meter wavelength range and increase in solar
irradiance during a solar radio burst were detected in 1942. In the late 1950s,
solar flares were first observed in hard X-ray emission [93]. Later, in 1968, [84]

a significant fraction of initial energy in the flare was seen to show enhancements
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Figure 1.1 Schematic representation of a solar flare observed in different wavelengths
of the electromagnetic wavelengths (vertical axis) at various phases as marked at the
bottom with the horizontal axis.

Source: [51]



in radio centimeter wavelength and hard X-ray emissions. Furthermore, extreme
ultra-violet (EUV) and soft X-ray observations have revealed that the coronal active
region loops heat up to 1.5 to 30 MK by the flare energy. Since then, solar flares
are continuously recorded by various space-borne and ground-based observations
throughout the electromagnetic spectrum ranging from radio waves to vy-rays. Even
after 162 years since discovering solar flares and even after a large heritage of flares
observations, flares still remain as unclear and complex problems in astrophysics.
Figure 1.1 shows the schematic time profile of a flare in multiwavelength
electromagnetic emissions, although each flare is unique and differs in terms of
intensity and size. Generally, a flare is roughly divided into three phases, namely
preflare or precursor, impulsive, and gradual or decay phase as shown in the bottom
of the schematic [51]. In the preflare phase, the plasma in the solar corona starts
heating up and becomes visible in soft X-rays, radio and EUV. This phase is seen as
a slight relative increase in the radiation, indicating the possible occurrence of the
next phase of explosive emission within a short interval of time. In the impulsive
phase, a large number of energetic electrons and ions are accelerated through a
sudden release of magnetic energy. This phase is characterized by apparent quick
rise and decay of hard X-rays and microwave radiation. Hard X-rays are produced
by bremsstrahlung when free electrons interact with the ions and emit photons as
they change their paths due to the Coulomb force. Microwaves are generated by
gyration of mildly relativistic electrons trapped in the magnetic field. The incoherent
microwave emission at centimeter wavelengths from non-thermal electrons fills the
flaring magnetic loops. At the chromospheric level, the hard X-ray footpoint sources
appear characteristically in this phase [48] sometimes with single or multiple sources
[74, 114]. The soft X-rays and Ha emissions reach their peak after this impulsive
phase, where energy is more gently released. In the decay phase, the plasma in the

corona restores to its near-original state. In the high altitudes of the corona (> 1.2 R,



where R is the Sun’s photospheric radius), particles still be accelerated by magnetic
reconfiguration, and shock waves, leading to radio bursts in meter wavelengths and
further creating particle events in the interplanetary medium. As seen in the figure,
the duration of these stages can be as short as a few seconds to an hour.

Flares are usually classified in levels as given in Table 1.1 according to the
peak flux intensities of 1 — 8 A (1.5 to 12.4 keV) soft X-ray wavelength channel in
watts per square meter (W /m?) measured with National Oceanic and Atmospheric
Administration (NOAA)/ Geostationary Operational Environmental Satellite (GOES)

spacecraft located at the Earth.

Table 1.1 Solar Flare Classification

Classification 1 -8 A Peak flux intensity (W/m?)

A <1077
B 107" —1076
C 1076 —107°
M 107° — 1074
X > 1074

Each of these letter classes is divided into a linear scale from 1 to 9 and are
noted as a suffix (for example, M3 flare has a peak flux intensity of 3 x 1075 W/m? ).
X-class is the largest and strongest, and A & B-classes are the lowest of solar flares.

X-class flare exceeding X9 peak flux intensity is only observed very occasionally.

1.2.1 The Standard Two-dimensional Flare Model

Many theoretical flare models have been developed depending on the initial mag-
netic topology, instabilities/drivers of the flares, and CMEs. The standard solar
two-dimension (2D) flare model is a widely accepted and well-understood one that
explains most solar flare observations. This model is evolved from the concepts of

Carmichael, Sturrock, Hirayama, Kopp, and Pneuman, known from the initials of five

authors as “the CSHKP model”. [12, 108, 46, 57].
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Figure 1.2 The standard model of a solar flare. The flare is triggered by the
rising filament /prominence resulting in the X-point reconnection and the cool plasma
inflow from the sides of the reconnecting loops marked with the blue arrows. The
green arrows mark the outflow of the hot plasma moving upwards and downwards.
The particles accelerated during the reconnection get trapped and move along the
field lines giving rise to microwaves. These particles travel towards their footpoints
and emit hard X-rays and sometimes gamma rays. Due to precipitation from the
chromosphere, the entire post-flare loops heat up and emit soft X-rays.

Source: [75], adapted from [103]

Figure 1.2 depicts the flare scenario where the rising filament located above the
neutral line of the active region acts as the initial driver of the flare. The release of the
energy stored in the non-potential magnetic system happens due to the restructuring
of the field by magnetic reconnection. This reconnection occurs at the formation of
a stretched current sheet above a loop due to the rising filament. In some cases,
twisting of the loop by displacement of its footpoints relative to each other can also
lead to reconnection of the field lines. The X-point region of reconnection is assumed
to be the main location of the major release of magnetic energy heating up the

local coronal plasma and accelerating the non-thermal particles becoming detectable



in hard X-rays, microwave, and other wavelength emissions. These particles go
through a sequence of processes like acceleration, injection, propagation, trapping,
and precipitation. A portion of the accelerated particles escape the Sun’s surface
and are observed as many consequent phenomena in the interplanetary space. The
remainder of these particles is captured in the magnetic field trap and travels along
the field lines down to the surface of the Sun. The electrons trapped in the magnetic
field loop produce gyrosynchrotron emission at 1 GHz to a few tens and hundreds
of GHz frequency range. Close to the footpoints of the loops, where the magnetic
field is strong and particle density is high, the non-thermal electrons undergo Coloumb
collisions with the ambient ions, generating bremsstrahlung emission observed in hard
X-rays and gamma rays at energies ranging from tens of keV up to ~10 MeV. As
a result of thermal conduction of Maxwellian thermal electrons and precipitation of
nonthermal electron, the chromospheric footpoints of the newly reconnected magnetic
field lines are heated, giving rise to soft X-rays, radio, and EUV emissions. The
plasmoid shown in the figure is a blob of plasma bound within the twisted magnetic
tube, which eventually erupts as a CME. During the late phase of the flare, subsequent
reconnections may continue, giving rise to long duration X-ray emission with cusp
structure. As the loops cool down by conduction and radiative loss, they become

visible in EUV and Ha.

1.2.2 The Three-dimensional Multi-loop Flare Model

In some flares, instead of having one single system of magnetic loops, multiple loops
can interact, leading to a more complex three-dimensional (3D) reconnection. This
type of reconnection involves small and large-scale magnetic loop configurations
sometimes connecting between two active regions. Some studies with available spatial

locations of the radio (mainly at 17 GHz), and hard and soft X-ray sources have



Figure 1.3 Schematic drawing of a double-loop flare indicating the transport of high
energetic electrons from the acceleration site through the loops to the footpoints of
the loops interacted.

Source: [45]

reported double-loop, and multiple-loop flaring system [82, 44, 45, 81, 87, 62] as
shown in Figure 1.3.

Hanaokal[43, 45] have reported that the emerging flux forming the small loop
interacts with the large overlying loop resulting in the onset of flares and microflares.
Time delays were observed by some fractions of a second between radio sources at the
main flare site and a remote site at the leg of a large loop [45]. This delay suggests
the time of flight taken by the energetic electrons to travel from the main site to the

farther site along the magnetic field lines of the large loop.

1.3 Radio Emission in Solar Flares
After the first discoveries of radio emission from the Milky Way galaxy and the Sun
by Karl Jansky (1930) and Grote Reber (1944), research based on radio phenomena

remains a productive and important field of study. Over the decades of evolution,



solar radio observations have been carried over a broad frequency window of a few
kHz to a few hundred GHz that can be used to explore phenomena from close to the
surface of the Sun (in the corona) to the Earth (at 1 AU) and beyond. The radio
emission from solar flares provides numerous diagnostic tools to examine the particle
acceleration, energy release, and transport of particles with the magnetized plasma

during the flares.

1.3.1 Radio Emission Mechanisms

Distinct emission mechanisms are responsible for producing various wavelengths of the
radio and microwave bands over the electromagnetic spectrum. These radio emission
mechanisms are mainly dominated by the free electrons, either in a thermal or a
non-thermal distribution. The radio emission is further classified as coherent and
incoherent mechanisms depending on the phase association of these electrons with
the emitted photons, as shown in Table 1.2.

In the incoherent emission, the emitted photons have no phase association,
that is no coherence. The electrons act individually to produce the emission but
their numbers are proportional to the emission. Coherent emissions have the emitted
photons that are in phase from the electrons which also accelerate in phase and act
together to produce the emission. Coherent emission is mainly observed below 1-2
GHz due to the wave-wave and wave-particle interactions. In this research, we discuss
and focus on incoherent emissions that occur during solar flares.

Incoherent emission is commonly detected on the Sun are mainly observed from
two emission mechanisms of free-free/bremsstrahlung and gyromagnetic (gyroreso-
nance or gyrosynchrotron mechanisms). Free-free radio emission is produced due
to the collisions between thermal electrons and ions. This emission is dominated
by the radio radiation from the non-flaring active regions and the quiet Sun.

The gyromagnetic emission is produced by the accelerated electrons gyrating in



Table 1.2 Radio Emission Mechanisms During Solar Flares

Emission mechanism Frequency Source/Exciter
(1) Incoherent radio emission:

(1a) Free-free emission v >1GHz Thermal plasma
(bremsstrahlung)

— Microwave postbursts Thermal plasma
(1b) Gyroemission w = s

Gyroresonance emission
Gyrosynchrotron emission
— Type IV moving

— Microwave type IV

Thermal electrons
Mildly relativistic electrons
Trapped electrons
Trapped electrons

(2) Coherent Radio Emission:

(2a) Plasma emission

— Type I storms

— Type II bursts

— Type III bursts

— Reverse-slope (RS) bursts
— Type J bursts

— Type U bursts

— Type IV continuum

— Type V

(2b) Electron-cyclotron maser
- Decimetric ms spike bursts

w = sQ/y+ky

Electron beams

Langmuir turbulence

Beams from shocks

Upward propagating beams
Downward propagating beams
Beams along closed loops
Beams along closed loops
Trapped electrons

Electron beams

Losscones
Losscones

v - radio frequency, w - angular frequency (27v), Q, - gyrofrequency, s - harmonic number,
vp - plasma frequency, n. - electron density, €2/~ - relativistic gyrofrequency Source: [2, 3]
the magnetic field. This gyromagnetic emission is called gyroresonance when the
gyrating electrons are thermal and have a moderate temperature (~ 10% K), which
corresponds to the non-flaring regions in the corona. The gyromagnetic emission
is called as gyrosynchrotron (GS) when the electrons gyrating in the magnetic field
are mildly relativistic and are with thermal and non-thermal energy distributions.
Such incoherent gyrosynchrotron emission plays a significant role at millimeter and
The details of the

centimeter wavelengths during the impulsive phase of flares.

gyrosynchrotron emission during flares are discussed in Section 1.3.3.
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1.3.2 Radiative Transfer
In the Rayleigh-Jeans regime, for radio frequencies hv < kT, the specific intensity I,

and the source function S, can be expressed in brightness temperature 7T as

I, = kTyv?/c, (1.1)

and

S, = (%) kTu v /¢, respectively. (1.2)

Where h is Planck’s constant, f is the radio frequency, k is Boltzmann’s
constant, and Ty is the effective temperature of the emitting volume. 7, and k,
are the emission and absorption coefficients, respectively.

The radiative transfer equation for continuum radio emission is expressed along
a given line of sight as

Tb = \/Teffe_TLdT; + TbiTV, (13)

where 7, = [ k,dl is the optical depth.

For an isolated source, T, is constant

T, =T, for 1, > 1 optically thick source (1.4)
Ty = Te(1 — e ™), (1.5)
L . .
Ty = 1,7 e = Tr for 7, < 1 optically thin source. (1.6)
v

The flux density S of a radio source through spatially unresolved and integrated

observations in two polarizations is related to the brightness temperature through

S(v) = 2];”2 /Tb(y)dQ, (1.7)
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where c is the velocity of light, df2 is the differential solid angle in steradians,
and Ty is expressed in Kelvin. S, may be expressed in the units of Jansky (Jy)
or conveniently expressed in solar observations with solar flux unit (sfu) [1 sfu =
10* Jy = 10722 Wm2Hz!]. This flux density changes as a function of frequency
from a positive to negative slope as shown in Figure 1.4 along with the brightness

temperature spectrum.
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Figure 1.4 Schematic of universal spectra for the brightness temperature (7,) and
the flux density (S) from a homogeneous source. The top two curves are the
gyrosynchrotron radiation for the power-law distribution from highly and mildly
relativistic electrons, respectively.

Source: [17]

1.3.3 Gyrosynchrotron Emission

In the microwave band, gyrosynchrotron emission during flares is typically produced
from non-thermal electrons with energies in the range of ~100 keV to a few MeV.
Thus, gyrosynchrotron emission could be associated with the acceleration mechanisms
of hard X-ray and gamma rays. Gyrosynchrotron emission dominates the emission

at centimeter and millimeter wavelengths (cm-A and mm-)\). Commonly observed

12



gyrosynchrotron emission is a broadband microwave spectrum in the typical frequency
range of ~ 2 to 20 GHz [111, 95, 109, 94, 17, 53].

Gyrosynchrotron radiation provides necessary information on the physical
parameters of the flare sources and the kinematics of the accelerated electrons in
the flaring loops. gyrosynchrotron emission is the main mechanism during flares,
produced from the mildly-relativistic electrons that gyrate around the magnetic field.
As the electrons move in the magnetic field, they experience the Lorentz force, which
makes the electrons gyrate at the gyrofrequency vg depending on the magnetic field

strength B (in Gauss).

vp = w. /27 = eB/2mm.c ~ 2.8 x 10°B  Hz. (1.8)

In the range of high energies of electrons, the emission beams towards the direction
of motion of the electrons due to relativistic effects and generates harmonics at
frequency v = svg. As shown in Table 1.2, the mildly relativistic electrons correspond
to gyrosynchrotron radiation, where the electrons gyrate at a small but significant
fraction of the speed of light observed at high harmonics s = 10 - 100. In contrast,
gyroresonance emission from electrons at a higher velocity and relativistic speeds
gives rise to gyroresonance line at low harmonics of s = 1, 2, 3,.s0 on.

The expressions for gyrosynchrotron emissivity and absorption are somewhat
complex [95] and therefore often need modern computing resources to solve nu-
merically [21], although with some simplified approximations [94, 19, 17, 53] of
homogeneous source emission. Some useful expressions were derived by [17] for the
gyrosynchrotron emission from the isotropic pitch angle electron distribution valid
over the range 2 < § < 7, 8 > 20°, and 10 < s < 100, and for a time these were
very useful for low-precision estimates of parameters as well as insight into how their
variations might affect the microwave spectrum. However, with the availability of the

fast gyrosynchrotron codes of [21], which provide superior precision, apply to a much
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wider range of parameters, and can be applied to non-powerlaw and non-isotropic
pitch angle distributions, the utility of these approximate expressions has declined in
the modern era.

The observed microwave spectra and their shape have been studied for many
years from the early 1960s using a few isolated frequencies [110, 41, 118] and more
recently broadband emission observations [77, 69, 99]. Diagnosing a microwave flux
density spectrum gives information about the emission mechanism involved and the
physical parameters in the microwave source region [72, 34]. Figure 1.5 shows the
universal spectra of a homogeneous source for Bremsstrahlung emission and both
thermal and power-law non-thermal distributions for gyrosynchrotron emission. The
spatially resolved observation of the radio source gives its brightness temperature
and is expressed in the units of Kelvin [K], as shown in the top row of the figure.
The corresponding flux density spectra are shown in the bottom panels. The key
physical parameters such as magnetic field strength B, viewing angle to the source
0, the parameter N L with the number of electrons N above some energy limit, the
path-length of the source L and the angular size of the source df) show variation
on the spectrum with each of their change by a factor of 2 indicated by the labeled
arrows in each panel of the figure [32, 9, 37].

The parameter N L of the non-thermal gyrosynchrotron case has a similar effect
on the spectrum as the temperature 7" in the thermal gyrosynchrotron case. For
example, when these parameters are increased, the spectra move up to the right,
increasing the turnover frequency and the amplitude of the spectrum. The thermal
brightness temperature spectra are identified with their flat optically thick slope and
steep optically thin slope. The optically thin slope is directly proportional to the
power-law index of the electron energy distribution.

The different parts of the flux density spectra also give information on the flare

diagnostics depending on the parameters marked. The low-frequency optically thick

14



Normalized T

L B L L |

Bremsstrahlung

A v v LA 'l
Thermal
Gyrosynchrotron

Nonthermal
Gyrosynchrotron

Normalized Flux Density

0.1

1

0.1

10

Freauency [GHz]
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Source: [32]
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slope strongly depends on the magnetic field and the morphology of the emitting
sources. This characteristic of the spectrum is discussed in detail in Chapter 3.
The high-frequency optically thin slope of the spectrum gives non-thermal electron
spectral index [55] and provides insight on the effects of pitch angle anisotropy of the
electrons [24, 23]. However, effects like free-free absorption and Razin suppression can
steepen the low-frequency side of the spectrum. Self-absorption is by the non-thermal
electrons themselves at relatively low temperature [17, 6] and suppression of the
emission by the Razin effect is due to high ambient density in the medium with
refractive index less than unity [39, 96, 95, 53, 8, 22]. The flatness of the slope

indicates the level of inhomogeneity and complexity in the source.

1.3.4 Gyrosynchrotron Source Morphology and Characteristics

The gyrosynchrotron emission at centimeter-wavelengths is from the energetic elec-
trons that carry a significant amount of energy during the impulsive phase of the flare.
Microwave sources due to gyrosynchrotron emmision often show complex emissions
that arise from not only single magnetic loop configuration but also double-loop,
or more complex loop systems [44, 87, 40, 61]. Single-loop configuration is easy to
compare with the models of the gyrosynchrotron emission. Observations show that
the high-frequency gyrosynchrotron optically thin emission usually concentrates at
the footpoints of the flaring loop. In contrast, the low-frequency emission in the
optically thick regime is distributed over the loop, and looptop [7, 86, 68, 78, 85].
This magnetic loop located in the corona has a strong field at the footpoint that
becomes weaker towards the looptop. At a given frequency, the harmonic number
of the emission is low at the footpoints and high at the looptop. The energy of
electrons emitting at a frequency v is E o (v/vg)®5 = s%5 [5]. Therefore, electrons
with high energy emit at the looptop, and low energy emits at the footpoints.

As per Equation (1.3.3), a strong magnetic field at the footpoints is favorable for
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high-frequency emission, and similarly, the emission at the decreasing frequencies is
anticipated from the flaring loop and looptop. A few studies have also shown optically
thin high-frequency emission with maximum close to the loop top of the flaring
loop, and this can be due to the transverse pitch angle anisotropy of the particles

injected in the loop [64, 80]. From a few briefly available microwave observations
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Figure 1.6 Spatial evolution of the gyrosynchrotron sources observed by EOVSA in
2.5 to 18 GHz. The sequence shows the looptop and loop leg emissions at different
frequencies (represented by the colors) for 40% of peak brightness during the selected
time interval together with the RHESSI 6-12 keV X-ray black contours overlaid on

SDO/AIA 131 A images.
Source: [121]

(from instruments like OVSA, VLA, SSRT, RATAN) and NoRH high-frequency
observations, the gyrosynchrotron sources have shown quantitative changes of their

spatial extent and polarization as a function of frequency and time.

Evolution of source morphology as a function of frequency Some previous
studies in the gyrosynchrotron cm-wavelengths have shown that the size of the
gyrosynchrotron sources usually decreases with increasing frequency at a given time
during the burst [33, 116, 56, 60]. In general, the characteristic full width half

maximum of source size changes with frequency roughly as dpw g oc =1 [5]. This
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change in the overall size is attributed to the inhomogeneities of plasma density,

magnetic field strength, and electron energy distribution [54, 105].

Variation of source morphology as a function of time Once again, using
rare observations of gyrosynchrotron cm-wavelength sources, some studies have
shown temporal evolution of the source morphology. For example, in [32], the
one-dimensional size of the source changed from 4 arcsec to ~12 arcsec. This variation
of source morphology can be attributed to the changes in the physical parameters of
the energetic electrons. These changes in the parameters can be the magnetic field
variation during the flare reconnection, changes in opacity along the line of sight
(LOS), or differences in the energy distribution and number density of the energetic
electrons. Sources evolve by appearing at different locations of the flare site over the
duration of the burst, which is interpreted as the effect of magnetic flux emergence,
small reconnection events in the case of preflare activity studies [101, 28]. [65] have
shown variations in non-thermal and thermal emissions in the early impulsive and
gradual phases of the flare. In addition, changes in the primary emission and/or
absorption mechanism can also play a role in the source morphology variations. Most
recently, Figure 1.6 shows one of the flares observed by EOVSA that shows the
evolution of the gyrosynchrotron sources having high-frequency emission from the

looptop and most of the low-frequency from the loop leg region.

1.3.5 Gyrosynchrotron Sources in Low-Frequencies

Very little is known about the low-frequency (LF) sources and their involvement in
the flare process, mainly due to the limitations of the radio instruments over the
past decades of observations. Some of the previous single frequency observations (see
Figure 1.7) have shown that these LF sources are exceptionally large compared to the

frequently observed high-frequency sources.
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Figure 1.7 Gyrosynchrotron sources in the cases of flare and quiet Sun single-
frequency observations. (A) Contours of flare sources for two polarizations were
observed by VLA 1.4 GHz. (B) Contours of flare emission at 5.7 (SSRT), 17, and 34
(NoRH) GHz overlaid on SOHO/MDI magnetogram. (C) SSRT 5.7 GHz intensity of
the non-flaring halo source over the active region on SOHO/MDI magnetogram.
Source: [60, 26, 50]

19



The limited resolution and data availability did not allow tracking the flare-
based emission over the entire gyrosynchrotron frequency band. In order to
resolve these LF sources one needs simultaneous high spatial, spectral and temporal
resolution from the radio telescope. These challenges can now be addressed after the
recent development of EOVSA, which provides a higher number of baselines with
simultaneous high spatial, spectral and temporal resolution. Its large bandwidth,
and capability to image every frequency-time bin with high resolution in the dynamic
spectrum makes it highly appropriate to such studies.

Additionally, the simplified approximation of a single homogeneous source
for gyrosynchrotron emission does not take into account the inhomogeneity in the
sources observed in most flares. That means the low-frequency slope which is an
indicator of the source morphology does not match with the expected slopes from the
homogeneous theory. The current study reports and investigates a number of events
with flux density spectra consisting of low-frequency spectral slopes that are much

flatter than the expected ones.

1.4 Scientific Goal and Dissertation Outline

The advent of solar instruments like Yohkoh, RHESSI, and NoRH has changed our
perspective of solar flares, supporting the standard 2D solar model discussed in
Section 1.2.1. Recently, flare observations from EOVSA have provided additional
observational evidence in association with the standard solar model [30, 20, 121,
15, 14]. As mentioned above, in the handful of studies/observations of the Sun at
lower frequencies that have been made in the past, the flare sources cannot entirely
be explained by the traditional standard flare model. These sources show extended
emission around the main flaring site, which is not seen in any other wavelength
observations. This brings up questions like:

Do we need a revised 2D solar flare model?
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Can the double-loop 3D flare models created by using the high-frequency
microwave and other wavelength observations still fit the LF sources observed in
some of the flares from the recently upgraded EOVSA instrument?

Before addressing these broad questions, this dissertation addresses the follow-

ing research questions about the LF flare sources:

e How commonly do the large LF flare sources occur, and what are their
characteristics with time and frequency?

o Are these sources exceptionally large in size?

o Given the extended and complex structures at LF, and confined structures at
HF, can these sources still be explained by the standard flare model? If not,
why? And what can we infer from them?

e How the flare conditions such as acceleration and transport of high-energy
electrons can be explained for these sources?

The objective of this dissertation is to address these questions by focusing on

the spectral and spatial behavior of the gyrosynchrotron emission source during flares

using EOVSA and other multi-wavelength observations.

Organization of the Dissertation

This dissertation is organized as follows:

— Chapter 2 gives the various data-sets, and analysis methods used in this
research.

— Chapter 3 discusses the case study of the flat flux density spectral events to
understand the low-frequency sources and their morphology using EOVSA radio
data from the year 2015.

— Chapter 4 presents the study with EOVSA imaging spectroscopy of the large
microwave flare sources with their physical and spatial characteristics.

— Finally, Chapter 5 discusses the conclusion, summary as well as ideas on future
work.
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Chapter 2

DATA AND METHODS

2.1 Ground and Space-based Observations

2.1.1 Expanded Owens Valley Solar Array (EOVSA)

i

San Francisco v
-

OWENS
VALLEY

Expanded Owens Valley Solar Array

(EOVSA) .

Figure 2.1 Completed array of EOVSA layout showing the central array of 2 m
antennas and the 27 m antenna at a distance in the background.

Source: Dale E. Gary

The primary data used in this dissertation are the measurements from the
commissioning phase and the early completion phase of the Expanded Owens Valley
Solar Array (EOVSA), located near Big Pine, CA, USA [36, 30] shown in Figure 2.1.
EOVSA is a solar-dedicated radio interferometer that provides imaging spectroscopy
of the full Sun daily in the ~1 to 18 GHz microwave frequency range, operated by
the New Jersey Institute of Technology. It comprises thirteen 2.1 m antennas with a
frequency resolution of about 40 MHz and a temporal resolution of 1 s. EOVSA uses

one 27 m antenna for and calibration of the array.
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During the pre-imaging commissioning phase, EOVSA observed a number of
flares in total power mode only, from January to June 2015, and then added a
partial cross-correlation mode (data from a limited number of baselines). During
this phase, EOVSA comprised thirteen 2.1-m antennas with a frequency resolution
of about 40 MHz and a temporal resolution of 1 s in the microwave frequency range
of 2.5-18 GHz.

After the full expansion, EOVSA started to commission the unprecedented
imaging spectroscopic capability with around 500 science channels spanning 1 to
18 GHz frequency range and two polarizations. The images have a time cadence
of 1 s and have a frequency-dependent angular resolution of ~53 arcsec (at 1 GHz)
to ~3 arcsec (at 18 GHz). As described in [89, 30], EOVSA’s design is to cover
the entire frequency spectrum with a few hundreds of frequency channels spanning
over 34 spectral windows (spw) of 500 MHz bandwidth over the 1-18 GHz band.
Currently, EOVSA is fully functional with imaging spectroscopy providing 50 spws.

EOVSA upgrade specifications before and after 2019 are shown in Table 2.1.

Nobeyama Radio Polarimeters (NoRP) and Nobeyama Radioheliograph
(NoRH ):

Nobeyama Radio Observatory (NoRO; [83]) operated NoRH and NoRP, which are
the ground-based solar dedicated radio telescope/interferometer and total power
polarimeter located in Japan. They continuously observe the Sun for about eight
hours daily. NoRP and NoRH are the current complementary radio observations
for EOVSA data. NoRP records the total incoming flux from the full disk of the
Sun in multiple microwave frequencies of 1, 2, 3.75, 9.4, 17, 35, and 80 GHz in a
temporal cadence of 0.1 s [115, 83]. NoRH consists of 84 parabolic antennas and
has the imaging capability to observe the full-disk of the Sun at 17 GHz (right and

left polarization) and 34 GHz (total flux intensity only) with a spatial resolution of
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Table 2.1 EOVSA Specifications

Parameters 2017 2019
Number of bands 31 50
Frequency range 2.84 to 18 GHz | 1.1 to 18 GHz
Number of science frequencies 134 451
Instantaneous usable bandwidth 160 MHz 325 MHz
Bandwidth gaps 340 MHz None
Frequency resolution 40 MHz
Time resolution 1s
Number and type of antennas Nine 2-m Azimuth-Elevation
Four 2-m Equatorial, and
One 27-m Equatorial
Angular Resolution 57" /v GHz x 51” /v GHz
Array size 1.08 km EW x 1.22 km NS

Source: http://www.ovsa.njit.edu/
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10 arcsec and 5 arcsec, respectively [83, 102, 113]. The time cadences of the NoRH

observation are 0.1 s in event mode and 1 s in normal/steady mode.

Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI):

RHESSI [73] was a space-based X-ray telescope designed for spatially resolved imaging
spectroscopy of solar flares with a high spectral resolution. It measured energetic
photons from SXR (~6 keV) to gamma-rays (up to ~ 20 MeV) with an angular
resolution of 2 arcseconds for ~4 keV to ~100 keV energy range, 7 arcseconds up
to ~400 keV, a spectral resolution of ~ 1 keV, and a temporal cadence of 4 s.
For reconstructing the images, RHESSI allows alternate procedures like CLEAN,
Maximum Entropy Methods (MEM), Forward-Fitting, and PIXON based on IDL
SSW software for any combination of the time range, energy range, and detector
collimators. By early 2018, only a handful of the detectors operational, having
suffered radiation damage and RHESSI'’s energy resolution had also degraded severely.
RHESSI was eventually decommissioned in August 2018. [https://hesperia.gsfc.

nasa.gov/rhessi_extras/detector_health/, accessed on 07/27/2021].

Solar Dynamic Observatory (SDO):

SDO [91] is also a space-borne solar telescope with three instruments onboard,
Helioseismic and Magnetic Imager (HMI ; [98]), Atmospheric Imaging Assembly
(AIA; [71]), and Extreme Ultraviolet Variability Experiment (EVE ; [119]). The
HMI provides the continuous full-disk coverage of (LOS) line-of-sight magnetic field
component and the vector magnetogram of the photosphere every 45 s and 720 s,
respectively, with a spatial resolution is 1 arcsec/pixel. The AIA images the full-disk
solar atmosphere in 10 multiple wavelengths ranging from white-light continuum to
Fe VIII line from different layers of the Sun’s atmosphere with a temporal cadence of

10 to 12 s and spatial resolution of 1 arcsec.
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2.2 Spectral Fitting and Modeling Methods
2.2.1 Relative Visibility Measurements
Relative visibility (RV) gives an estimate of one-dimensional source size of the burst
under the assumption of a Gaussian source brightness distribution. It can be deduced
from the observed visibility data measured by an interferometer, even when a lack of
phase calibration prevents true imaging [32, 60, 67].
RV is the normalized Fourier transform of the observed visibility amplitudes.

Mathematically, RV can be derived from the ratio of cross- and auto-correlations

Tij
tively, for ¢ and j antennas. Alternatively, it can be written as the ratio of fringe

where z;; and aj;, aj; are the cross- and auto-correlated amplitudes respec-

amplitude v(s) at antenna spacing s (in wavelengths) to the total power amplitude
v(0), zero spacing.

x—x0)2/a?

For a Gaussian source with flux density S(z) = pe™ , Where p is peak

flux at angular position x = z(, the logarithm of the relative visibility is

B u(s)\ _ _
In(RV) = In (W)) = —9.325 x 10" "d*B2, féu, o)

= —8.393 x 10" " B3d?,

where the visibility v(s) = ffooope_(”_x0)2/a26_2”“dx = pﬁae_”2s2°‘26_2mx°5.

Therefore, a plot of logarithm of the RV as a function of square of projected baseline
length (distance between each pair of antennas) produces a line whose slope is directly
proportional to the size of the source at every frequency. This source size d is the
one-dimensional full width at half maximum (FWHM), B, and B, are the baseline
lengths in wavelength and cm units, respectively, fqn, is the observing frequency in
GHz, and s is the spatial frequency or inverse of the fringe spacing. The FWHM size
d is related with the Gaussian 1/e width a as d = 2v/In2a = 1.665 .
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Then, the slope m of the In (RV') versus B} plot derived from Equation (2.1),
is given by

m(v) = —8.393 x 107" x d(v)?, (2.2)

which gives the source size in arcsec as

d = /m(v)(—1.192 x 1019). (2.3)

Thus, from the observed visibility of a burst, relative visibility expressed as a function

of frequency can estimate a Gaussian-equivalent source size at each frequency.

2.2.2 Inhomogeneous Model

To demonstrate the idea of source inhomogeneity emission, we adopt a model
introduced by [49], which represents the three-dimensional (3D) magnetic field
distribution with multiple sources of homogeneous components.

The model uses seven components with different magnetic field strengths and
physical parameters. These components are simultaneously adjusted to generate a
composite spectrum that matches the observed spectrum. The primary factors defined
here for the modeling are the source area, A (perpendicular to the LOS) and the

thickness, L (along the LOS) of each component using two ad hoc scaling laws: area

B\ “
IREAN ”

of each segment

and thickness of each segment

B\
Li:Lo(gl> withi = 0to 6 (2.5)

0

The index i’ in the Equations (2.4) and (2.5) is defined by the number

of components chosen in the model. FEach of these components has individual
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magnetic field strengths and physical parameters. The magnetic field strength value
is logarithmically scaled between By and Bg, with Bg being the smallest magnetic
field strength component. The gyrosynchrotron emission in terms of flux density
and brightness temperature for the components in the Equations (2.4) and (2.5) is
derived from Dulk’s approximations [17] using Equations 13 to 17 of [19]. After
defining these primary parameters of the source area, thickness, and magnetic field of
the desired components, these parameters, along with a set of physical parameters,
are all simultaneously adjusted to generate a composite spectrum that matches the
observed spectrum.

The following two modeling tools are used in the preliminary analysis of the

study in the following chapters of this dissertation.

GSFIT Package

GSFIT is an IDL SSW-based microwave spectral fitting widget graphical user
interface (GUI) package. It provides an interface of gyrosynchrotron fast-fitting codes
with user-friendly mapping of EOVSA image data cubes. GSFIT also functions on
a command prompt mode called GSFITCP. The individual spectra can be also fit
by manual investigation using this GUI application. Selected blocks of data can also
be processed using parallel/multi-core batch mode. GSFITVIEW is an additional
routine to further display and investigate the fitting results. This package follows
the GS codes that account for gyrosynchrotron, free-free emission, and absorption
and is an enhanced form over the Petrosian-Klein approximation of the GS equations

[21, 31, 20, 66].
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GX-Simulator
GX-Simulator is a three-dimensional modeling tool based on IDL SSW for simulating
the imaging and spectral data in the gyrosynchrotron frequency range with other
complementary data [88]. GX-simulator allows its users to do the following analysis.
1. Import a photospheric magnetic field map and perform extrapolations on it to
generate a 3D magnetic field model,

2. Investigate the 3D magnetic field topology and interactively create magnetic
flux lines and associated fluxtubes,

3. Populate those magnetic flux tubes with user-defined inhomogeneous, thermal
and anisotropic, non-thermal electron populations,

4. Investigate the model generated images and spectral properties of radio and
X-ray emission, and

5. Finally, compare the simulated images and spectra with the observational data.

This package also uses GS codes, integrating with soft and hard X-ray codes,

potential, and linear force-free field extrapolation routines.
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Chapter 3

IMPLICATIONS OF FLAT OPTICALLY THICK MICROWAVE
SPECTRA IN SOLAR FLARES FOR SOURCE SIZE AND
MORPHOLOGY

3.1 Introduction
During solar flares, microwave bursts generated by the gyrosynchrotron emission
mechanism usually peak in 5-10 GHz frequency range [41, 77] with a transition from
optically thick to optically thin emission, below and above the peak, respectively.
Over the decades, microwave observations conducted predominantly at optically thin
frequencies have shown that the gyrosynchrotron flare emission is of mostly compact
and nearly uniform sources [79, 76]. But they tend to be larger and more complicated
in occasionally observed optically thick frequencies well below the peak [116, 1, 30].

Solar-dedicated radio instruments like NoRH, operating at 17 and 34 GHz
[83] have been extensively studying the high-frequency microwave flare sources.
However, the LF centimeter wavelength emission is less understood due to the
paucity of relevant past imaging observations. There has been relatively little
research on the spatial configuration and the spectral characteristics of the LF
sources in the flare process. A few previous studies based on modeling and scarcely
available microwave imaging observations have reported large spatial sizes of the flare
microwave LF sources [60, 25, 22, 67]. Additionally, some studies have also reported
large unstructured halo sources at 3-5 GHz that are as large as the entire non-flaring
active region [50, 92].

As discussed in Chapter 1, the spectral index/slope («;) of a gyrosynchrotron
microwave spectrum in the low-frequency, optically thick side (at v<v, with optical
depth, 7 > 1) reflects the physical parameters of the microwave source region.
Studies using spectral shape and slope indices have shown that the microwave

LF sources do not conform to the predicted spectra of a homogeneous source
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[107, 70, 77, 49], and therefore, are generally inhomogeneous by nature. For a
spatially integrated spectrum, the source inhomogeneity results in a flatter than the
expected low-frequency part of the spectrum, i.e., one with a small «; value [112].
Studies reported that these inhomogeneous sources are mainly found to have high
flux densities and large source areas at low frequencies [42, 97, 54, 70, 106]. A few
spectral studies have also shown that the evolution of simultaneous emission from
multiple sources with different physical parameters can also result in a flat spectrum
[101, 18, 55].

Most of the previous studies at low frequencies lack good frequency resolution,
coverage, and imaging capability. There has been significantly less focus on the
low-frequency part of the gyrosynchrotron emission, morphology, and behavior of
the source of this emission during flares. However, as discussed in Chapter 2 the
high-resolution observations in frequency and time from the EOVSA interferometer
make the data unique and valuable for spectral-based studies. The high-frequency
resolution can produce finer and better-defined slopes of the spectrum compared to
earlier observations. Furthermore, having corresponding imaging observations from
EOVSA for one of the events is an added advantage to validate the analysis based on
the spectral behavior alone, as done in the current study.

! we first address the spectral characteristics observed in a

In this chapter
set of 12 bursts during the peak of the solar cycle 24 (in 2015). We focus on the
occurrence of the flat spectra at low frequencies, and we determine the source area
by analyzing the observed flux density spectra. For the frequency range of ~ 2.5 to
18 GHz, we use the calibrated total power and uncalibrated cross-correlation data

during EOVSA’s commissioning phase. At this early time, due to the absence of the

auto-correlation data transferring the total power calibration to the cross-correlated

IThis chapter is based on the following paper: S. B. Shaik, & D. E. Gary, “Implications of
Flat Optically Thick Microwave Spectra of Solar Flares for Source Size and Morphology,”
The Astrophysical Journal, in Press
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visibility data is prevented. Instead, we analyze the source size information inherent in
the visibility data by forming a relative measure (a pseudo-relative-visibility described
in Setion 3.4.2). In addition, to demonstrate the role of inhomogeneity on the flat

spectrum, we implement inhomogeneous modeling to generate the observed spectrum.

3.2 Data and Methods

As discussed in Chapter 2, the primary data used in this first study of this dissertation
are the pre-imaging spectral measurements from the commissioning phase. During
this phase, EOVSA observed a number of flares in total power mode only, from
January to June 2015, and then added a partial cross-correlation mode (data from
a limited number of baselines). EOVSA had eight antennas and was running two
independent copies of a prototype 4-element correlator design. During this time,
the prototype correlator recorded only 12 baselines and did not produce the correct
auto-correlation data. EOVSA attained full imaging capability with a 16-element
correlator starting in April 2017. We include one event with imaging data (2017
September 10) to validate our methods for interpreting the earlier, less-complete
data.

The total power calibration is performed based on the daily flux density
measurements reported by the National Oceanic and Atmospheric Administration
(NOAA) from the U.S. Air Force Radio Solar Telescope Network (RSTN) and
Penticton at nine frequencies (eight from RSTN and one from Penticton). The
calibration procedure is to read these daily flux density measurements, calculate
the mean value at each frequency, fit a quadratic function to the fluxes at seven
frequencies in the 1 — 15.4 GHz range, and apply interpolation or extrapolation
to match the EOVSA frequencies. Any pointing offsets are determined for all the
antennas as a function of frequency and are used with primary beam corrections to

the observed data.
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Radio imaging data available from the NoRH at 17 GHz are complemented
with the EOVSA data for one of the events (2015 March 10 M2.9 flare) shown here.
The hard X-ray emission, which is believed to correlate with the microwave emission
from the closely related electron population, is obtained from RHESSI for spatial
comparison. In addition, for determining the configuration of the photospheric and
coronal magnetic fields in the flaring region, the extreme ultraviolet (EUV) images
from AIA instrument and magnetograms from HMI onboard the SDO spacecraft are
correlated.

The set of 12 bursts analyzed in this study is listed in Table 3.1. Most bursts
have a short burst duration ranging from 1 minute to 6 minutes and smooth time
evolution of the flux density spectra. For a burst observation, each antenna measures
the same total power spectrum independently. The median over the operating
antennas is utilized to arrive at a single dynamic spectrum of the burst. The standard
deviation among antennas is used as a measure of instrumental uncertainty.

Each burst in the list is processed for flagging bad antennas, background
subtraction, flux calibration, and corrections for temporal discrepancies in the data
for a few bursts. Then the spectral fitting is performed on the observed spectra for
the whole duration of each burst. This fitting provides a reliable set of parameters
for a large number of time points at each frequency from the given high time and
frequency resolution of EOVSA. The parameters are obtained from the procedure as
described and introduced in [107]. The functional form of this procedure for the flux

density is written as

b

S(v) = Av*(1—e B ). (3.1)

This equation for the generic shape of the gyrosynchrotron microwave spectrum
provides a positive slope at low frequencies (optical depth, 7 > 1), reaches a peak flux

density (1, peak frequency in the range 5 to 10 GHz) and forms a negative slope at
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high frequencies (7 < 1). At low frequency, the term e 2*"" becomes negligible with
coefficients B and b making (1—e 5""") & 1. Therefore, the low-frequency slope (o)
of the microwave spectrum is represented by the parameter a. Similarly, the other
parameters deduced from the equation are high-frequency slope (a — b), peak flux
S(vp), and peak frequency v,. This generic functional fitting is carried out on each
1 s of observed spectrum for the events in Table 3.1, thus providing the temporal
evolution of all the parameters.

Furthermore, the spatial components of the microwave sources are determined
from the technique of relative visibility discussed in Chapter 2. Section 3.4.2 discusses
the relative visibility and the resultant source size calculated at each frequency from

the observed visibility of the bursts .

3.3 Observations

3.3.1 Spectral Index and Flat Spectra

The low-frequency optically thick spectral index «;, as discussed in Section 3.1, is
a sensitive parameter of the microwave burst spectrum that indicates the source
spatial characteristics as a function of frequency. This slope and the shape of
the non-thermal gyrosynchrotron radiation spectrum are conveniently defined by
numerical approximations to the theory [19, 17] for an isolated homogeneous source.
The relationship between the brightness temperature 7j, the effective temperature of
the radiating electrons T.s¢, and the emitted flux density S of the radio source are

given in the following equations for the optically thick regime:

Ty = Tesr, (3.2)

Togr = 2.2 x 10970319 (gin §) ~0-36-0060 (i : (3.3)

0.5+0.0856
129 2] )
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Table 3.1 List of Selected Bursts Observed by EOVSA

EOVSA events

Event | Date GOES | Start Time | Active region | NOAA | Peak flux
Number Class | (UT) configuration | region | (SFU)
1* Mar 10, 2015 | M2.9 | 23:46 Bvo 12297 | 1338
2" Mar 12, 2015 | M2.7 | 21:44 Byo 12297 | 548

3 Apr 21, 2015 | M2.0 | 16:55 3 12322 | 97

4 Apr 21, 2015 | M1.8 | 21:39 3 12322 | 31

5* May 5, 2015 | X2.7 | 22:05 By 12339 | 1441
6" Jun 21, 2015 | M2.0 | 01:02 Byd 12371 | 1252
7 Aug 22, 2015 | M3.5 | 21:19 By 12403 | 985
8* Aug 24, 2015 | M1.0 | 17:40 Byo 12403 | 256

9 Aug 24, 2015 | C3.0 | 22:40 Bvo 12403 | 253
10 Sep 24, 2015 | C3.3 | 23:41 o} 12418 | 76

11 Sep 27,2015 | C4.2 | 17:41 At 12422 | 388
12¢ Sep 27, 2015 | C9.3 | 19:44 Byo 12422 | 126

Note: Asterisks mark the flat spectral events and the double asterisk marks event 6 with
flat spectrum only in the peak phase. (sfu, solar flux unit is a measure of solar radio flux
density; 1 sfu = 10* Jy = 10722 Wm—2Hz}).
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where v and vg are the observed frequency and gyrofrequency respectively, 6 is the
viewing angle and ¢ is the electron spectral index. In addition, the total power
flux density is the brightness temperature integrated over the source as given in
Equation (1.7) and T} is equal to the effective temperature for the optically-thick
emission as in Equation (3.2).

For the typically observed values of ¢ in the range of 2 < § < 7 and from the

Equations (3.2) to (1.7),

S(v) oc 2T

with 0.7 < 2 < 1.095.
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Figure 3.1 Microwave spectral evolution of the 2015 March 10 event. (a) Total
power median dynamic spectrum for the frequency range 2.5-18 GHz.

(b) Time profile at 11.3 GHz (near the burst peak frequency). (c to g) Spectra for the
five times, T1, T2, T3, T4, and T5 marked in (b) with vertical dashed lines. T1 and
T2 are chosen for the rise phase of the pre-peak (00:00:09 UT) and the main peak

(00:00:24 UT), respectively. Spectral fit parameters are noted at the bottom of each
panel.
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Therefore, for a single homogeneous burst source, one would expect the observed
flux density spectrum to have an optically thick slope a; &~ 2.75-3.1 for § ~ 2—7. The
average «; of this relatively small range can thus be taken as typical value for a
homogeneous source,

S(v) oc 7. (3.4)

Any value of the slope far from this range indicates some peculiarity in the
characteristics of the source. Steeper spectra, a; > 3.1 can only be due to
Razin suppression or absorption by a different source of cooler, intervening plasma
[95, 6]. Shallow/flat spectra with «; < 2.75 indicate spatial inhomogeneity of
the source emission. Therefore, examining the low-frequency spectral index of the
gyrosynchrotron spectrum provides a sensitive means to reveal complexity in the
source morphology.

Note that o =~ 2.9 is for a non-thermal distribution of electrons. Emission from
a hot (T' ~ 10 MK) thermal distribution can produce a low-frequency slope of 2 but,
for a homogeneous source, it would also produce an extremely steep high-frequency
slope [32]. Since the bursts in Table 3.1 do not show such steep high-frequency
slopes and have low-frequency slopes shallower than 2, we interpret the emission as
non-thermal and inhomogeneous.

Initially, all the events in Table 3.1 are analyzed for the low-frequency index ¢
of their spectra. The procedure is illustrated in Figure 3.1, which gives the overview of
the first event, 2015 March 10 in Table 3.1. Figure 3.1a shows the total power dynamic
spectrum over a 2 minute period, while Figure 3.1b shows the flux density time profile
at the peak frequency, 11.3 GHz. The corresponding flux density spectral evolution is
shown in Figure 3.1c—g. The vertical dashed lines in Figure 3.1b indicate five times in
the burst—2 times during the rise phase, the peak time, and two times in the decay

phase—selected for the spectra shown in Figure 3.1c-g and designated as T1 to T5.

37



For each time, the spectral fitting is applied using the Stédhli equation as discussed
in Section 3.2. The fitting parameters, low-frequency index «;, high-frequency index
ay,, and peak frequency v, are marked at the bottom of each spectral plot.

In Figure 3.1c-g, the main point of interest of this study, the low-frequency
spectral index always remains well below the theoretical value of around 2.9 predicted
for a homogeneous source by Equation (3.4). This low index value is observed to be
more pronounced in the decay phase of the burst. Additionally, in agreement with
the previous studies [70, 77], the peak frequency v, clearly increases in the rise phase
(T2 to T3) and decreases during the decay phase, which is an indicator [77] that the
peak is controlled by optically thick gyrosynchrotron emission.

To statistically examine a; and its evolution over the duration of the bursts, the
time profiles of o for all 12 events are determined in the same manner. Figure 3.2
shows «; over the duration of six of the bursts selected for their representative trends.
In each panel, the spectral index is plotted in red (scale on the right side of each
plot) and the flux density at the peak frequency in blue (scale on the left). The error
bars in the spectral index curves are calculated from the standard deviation over the
neighboring 5 s (5 data points).

The overall behavior of the plots illustrates three types of a; evolutionary trend.
In the first type, as shown in Figure 3.2a and b, «; starts to decrease before the
peak and continues to drop into the decay phase except for a slight, short-duration
increase near the peak. During the late decay phase, «; shifts back to higher values.
For example, in the 2015 March 10 event shown in Figure 3.2a the index starts with
a value of ~ 3 in the rise phase then smoothly reduces to a value of 1 at peak and
eventually decreases almost to 0 in the decay phase. In the second type (Figure 3.2¢
and d), oy shows a sharp decrease at the peak and increases in the early decay phase.

In the third type of a; evolution, shown in Figure 3.2e and f, the spectral index follows
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Event 1, 10 March 2015 M2.9 flare Event 8, 24 August 2015 M1.0 flare
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Figure 3.2 Spectral index evolution of the six representative events for the whole
duration of the bursts (red). The corresponding flux density time profile are plotted
in blue color. Note that the time profiles are plotted in logarithmic scale in y-axis.
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Figure 3.3 Bar chart of spectral index for the events in Table 3.1. In each event,
the spectral indices are shown at each of the rise, peak and decay phases (see text for
details). The homogeneous source model spectral index of 2.9 is marked as a black
dashed horizontal line.

the same trend as the flux density, growing steeper during the rise phase and dropping
rapidly after the main peak and in the decay phase.

To better compare the behavior of the spectral index over all the events,
Figure 3.3 presents a bar chart for the trend of «; versus each event number listed in
Table 3.1. The chart reports the indices averaged over a 10 s period in the rise phase,
peak, and decay phase of each event (e.g., at times T1, T3, and T5 in Figure 3.1
corresponding to each phase). The rise phase for a given event is defined as the time
when the flux density first reaches 10% of the maximum, while the decay phase is at
the same flux density during the decay. The theoretical homogeneous source spectral
index of ~2.9 is marked by the horizontal dashed line. Note that the «; value in each
phase of the burst differs slightly from the value shown in Figure 3.1 for the 2015
March 10 event due to the averaging of the ten values in each corresponding phase
in Figure 3.3. The error bars are the standard deviation of fluctuations in «; during
each 10 s period.

The observations of the chart are summarized as follows.
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1. Index evolution: Over the evolution of the burst, the spectral index decreases
from peak to decay phase for nine out of the 12 events (Event numbers 1-3,
7-12).

2. Index value: Compared to the theoretical value, most of the events have o
below 2.9. Nine of the events have spectral indices less than 2.9 in at least one
of the three phases or all the phases of the burst (Event numbers 1, 2, 5, 6,
8-12). In particular, five of them (1, 2, 5, 8, and 12) show extreme spectral
index values < 1 in at least one phase of the burst, which we henceforth define
as flat events.

3. Contrary to that suggested in earlier studies, flat low-frequency spectral indices
are not limited to large, high-flux-density (X-class) flares [42, 97, 70] but can
also appear in a relatively weak C9.3 flare (event 12) with a low peak flux ~ 125
sfu.

4. All the events but one (event 5, the sole X-class flare in our list) that show flat
indices originate from active regions with a complex magnetic configuration of
B0 as seen in Table 3.1.

5. The variation of the spectral index within an event is generally smaller than
between the events. An event with either a large or small index maintains
similar values during its evolution.

Interpreting these points in terms of the homogeneity of the emitting source, a
very low value of o signifies that the emission is from a highly inhomogeneous source.
The area/emitting volume of this source grows with decreasing frequency due to the
non-uniform physical parameters within. The declining value of a; with time in some
events suggests that the inhomogeneity and the complexity of the burst source grow
as the flare evolves with time.

This spectral index analysis leads to a representative set of 5 events (42% of
our sample) that have a flat (o < 1) spectrum, which is further investigated for

additional evidence of source inhomogeneity in the next section.
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3.4 Results and Discussion
3.4.1 Source Area Spectrum
The microwave flux density as a function of frequency S(v) for a simple homogeneous

source as mentioned in Equation (1.7) can be written as

28T (v)
==

S(v) Q) [Wm2Hz ™). (3.5)

At the observed frequency v, for a constant brightness temperature Ty, the emitted
flux density S(v) is directly proportional to the solid angle area of the source Q(v) (2
as a function of ¥ emphasizes that the source area indeed depends and changes with
frequency). We expect that most of the flares observed in microwave emission exhibit
some level of inhomogeneity, leading to an increase in source area with decreasing
frequency. The flat events that we have identified require an extreme rise in size and
hence inhomogeneity.

Equation (3.5) can be rewritten following Equation (4) in [27, 22] as

A=~ 137

S(v)[sfu] <108 K) |

2
Vauz Tb

(3.6)

where A is the area in square arcsec, the constant applies when the flux density
is expressed in sfu, and the frequency is in GHz. Note that the constant factor is
corrected and is different from the equation in [27, 22] due to an over-simplification
in their expression (Fleishman, private communication). As discussed earlier, the
non-thermal brightness temperature for the optically thick part of the spectrum is
equal to the effective temperature, T, = T, Observations show that the effective
temperature during large flares is typically quite high; thus, the last term is of order
unity. If we assume a fixed, frequency-independent value for the effective temperature
(> 10" K), we can obtain an approximate representation of the source area spectrum

for the optically thick regime of the observed flux density. For a given spectrum,
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according to Equation (3.4), S o< v3}y,. Therefore, Equation (3.6) leads to the source

o —2
area A o< VG, -

104 Event 1, 10-Mar-2015 M2.9 flare, T = 1x108% K SDO HMI 10—Mar—2015 23:58:59.100 UT
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Figure 3.4 Source area spectrum at each phase of the burst and the image map
of the flare sources at the peak time. (a) The source area calculated for a given
brightness temperature is marked in red, green, and blue for the three phases. The
peak frequency, 11.3 GHz, is marked by the vertical dashed line to separate optically
thick and thin parts of the spectrum. (b) NoRH and RHESSI flare emission at 50, 70,
90% of their corresponding maximum fluxes are plotted over the HMI magnetogram
at the burst peak time. The masked region shows the equivalent circular microwave
source area cartoon for 2.9 GHz.

As an illustration, Figure 3.4a shows the source area spectrum of the 2015 March
10 burst, whose «; varies from 1.3 to 0.5 over the burst duration. For the observed
EOVSA flux density, we assume a constant and high brightness temperature of 10® K
and calculate the source areas as shown in the figure. The three curves are the areas
measured for the times selected in Figure 3.1 (T1, T3, and T5) at the rise phase, peak,
and decay phase, respectively. These source size estimates are valid for the optically
thick emission well below the spectral peak, shown by the vertical dashed line. In the
peak (green) and decay phase (blue) curves, at the low frequencies ~ 2.9 GHz, the
source areas are ~ 6200 and ~ 5500 arcsec?, respectively. The area spectrum for both
the peak and decay phase is relatively flat until ~ 4 GHz and then decreases more

steeply in the decay phase from frequencies above ~ 4 GHz. For the rise phase (red)
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curve, the source area starts smaller than the other two phases, at ~ 1500 arcsec?.
However, this size would be larger if we make the reasonable assumption of a variable
effective temperature, starting from a lower value and increasing with time towards
the peak of the burst. Following the source area at one frequency, say 3 GHz, the
rise phase area starts with a large value and grows still larger in the peak and decay
phase.

According to Equation (3.6), for the case of a flat spectrum with «o; = 0.5, the
source area goes as A Véll{'f . For example, in the decay phase, a moderate-sized
source with area ~ 900 arcsec® at v, ~ 10 GHz must grow to an area of ~ 5000
arcsec? at 3 GHz. For the range of spectral index values «; observed in this event,
the power-law index n in A o< vy, ranges from 0.7 to 1.5.

At 2.9 GHz, the area for the peak time gives a diameter of ~ 89 arcsec assuming
a circular shape of the source (light gray circle in Figure 3.4b). For comparison,
the high-frequency NoRH microwave 17 GHz images and the RHESSI Hard X-ray
(12-25, 25-50, and 50-100 KeV) sources at the burst peak time are overlaid on
a HMI magnetogram as shown in the figure. So, even with our assumption of a
high brightness temperature, the estimate of the low-frequency radio source size is
many times greater than the 17 GHz and the hard X-ray sources (which themselves
may appear larger than they are due to finite resolution). The actual brightness
temperature in the flaring site, if not as high as the assumed Tj, will only lead to a
much larger source.

As the emission is optically thick over its volume, these source area measure-
ments characterize the actual area of the source magnetic structure. The changes
observed in the area spectrum can be caused by gradients in the magnetic field
strength and density [54, 60, 4, 22] that result in spatially-dependent changes in
opacity. The fact that the flux density spectrum becoming flatter with time and the

source area spectrum becoming steeper indicates that the sources grow significantly

44



large with decreasing frequencies. Such large sources cannot be homogeneous but
have to be non-uniform and inhomogeneous in the flare site. This line of reasoning
with inhomogeneity is further discussed in Section 3.4.3.

We have performed a similar analysis on all the other events and verified that
the flat events exhibit the same trend of large areas. We now seek confirmation of
these estimates by indirect interferometric measurements via the relative visibility
technique described earlier. Before doing that, however, in the next section, we
examine the RV technique by comparing its results with the direct EOVSA imaging

of source sizes available for the 2017 September 10 event [30].

3.4.2 EOVSA Relative Visibility Analysis

As discussed earlier, relative visibility is a sensitive measure of source size and
complexity for a flare microwave emission using the observed visibility amplitudes.
For a Gaussian source, RV amplitude vs. baseline length shows a smoothly decreasing
shape depending only on the source size [32]. For an extended source, RV is unity
at short baselines and decreases with increasing baseline length. Generally, short
baselines cannot resolve a single Gaussian source; therefore, cross and auto-correlated
data will have almost the same flux density leading their ratio to be unity. When
sources become resolved at longer baselines, the cross-correlated data has less power
leading to the RV ratio gradually decreasing from unity. Any deviation of the source
from a Gaussian shape will modify the manner in which the RV ratio decreases, but
the initial drop at short baselines is expected to measure the size of an equivalent

Gaussian shape.

2017 September 10, X8.2 class Flare
The 2017 September 10, X8.2 class west limb flare is one of the largest flares in solar
cycle 24 that occurred in the active region AR 12673 [30, 90]. The time profiles of the

microwave burst at three selected frequencies and the total power dynamic spectrum
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are shown in Figure 3.5a and 3.5¢, respectively. This event is a long duration burst
extending for more than an hour with a gradually evolving rise phase and a long
decay phase. The black dashed vertical line in Figure 3.5a marks the time of the
8.95 GHz peak used for the relative visibility analysis. Figure 3.5b shows the flux
density spectrum for this time with the fitting procedure of the curve as in Figure 3.1.
The spectral index o; and peak frequency v, are marked at the bottom of the panel.
Although not important for the RV wvalidity check, we remark that this event is
intermediate between a homogeneous (a; = 2.9) and a flat spectral type (a; < 1) with
a; changing from 1.9 to 1.4 over the time shown in Figure 3.5a. At the chosen time,
the spectrum shows broadband emission with the spectrum still rising at 18 GHz,
which implies that the peak frequency would have occurred beyond 18 GHz.

Using the cross- and auto-correlated data relation for RV, the logarithm of RV
(blue dots) versus square of baseline length (B3) at the selected time is shown in
Figure 3.5d. As noted above, the approximately linear decrease in In(RV') at short
baselines is the behavior expected for a Gaussian source, whose fitted slope (green
dashed line) provides an estimate of source size as per Equation (2.2). This procedure
can be repeated at each of the 30 frequency bands available in the data to create a
source size spectrum. However, Figure 3.5d shows that after following the line for
several e-foldings, the points begin to deviate from a single slope at longer baselines.
To examine this non-linear distribution of RV amplitudes at longer baselines, we
obtain the alternative RV (red curve) directly from the available EOVSA images for
this event shown in Figure 3.5e. The contours are for a subset of available frequencies
at the selected time overlaid on the bright AIA 171 A EUV loops.

The image RV (red curve) is obtained from the visibility space by taking the
Fast Fourier Transform (FFT) of the image map. The RV is calculated for the row of
pixels along the FFT plane’s horizontal axis (referred to as EOVSA map RV,), with

the zeroth element used to supply the zero spacing intensity needed in Equation (2.1).
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Figure 3.5 Relative visibility and source size analysis at 15:59:05 UT around the
peak of 2017 September 10 X8.2 flare at the three given frequencies. (a) to (c):
Time profiles, flux density spectrum at the peak time (with o; and v, marked at the
bottom of the plot), and median total power dynamic spectrum of the burst. (d)
In(RV) versus B3 plot at the peak time for 6.91 GHz with a linear fitting marked
in green. RV calculated solely from the observed EOVSA image maps is in red. (e)
The 50% contours of peak flux density of EOVSA images at the given frequencies
are overlaid on ATIA 171 A EUV map. The solar limb is marked in white. (f) Source
size spectrum deduced from the relative visibility slopes are plotted in green and the
images in black. The error bars on the green symbols are the uncertainties of the
fitting coefficients calculated from the covariance matrix from the fitting procedure.
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When plotted to the square of baseline lengths at 6.91 GHz, these relative visibilities
resemble the true RV, and both show a dip near 120 kA? (with a small dip ~ 35
kA?) and a maximum near 200 kA?. We interpret this as evidence for a tendency of
the source to have a more uniform surface brightness and sharper edges than a true
Gaussian source so that its FFT develops sinc-function-like lobes. When examined
at other frequencies, the overall pattern persists for each increasing frequency. This
pattern shifts in a regular manner towards the longer baseline lengths, increasing
the width of each lobe in the sinc function and decreasing the slope value of the
linear region. Both of these changes indicate that the source size grows smaller with
increasing frequency, consistent with the images in Figure 3.5e.

Finally, to deduce the quantitative source size measurements from the actual
RV, the linear portion of the RV distribution in Figure 3.5d is passed through a linear
fitting procedure. The green dashed line shows the fit at 6.91 GHz after restricting the
fit to the inner 40 baselines (out of total 78 baselines). These are the baselines that
sample the linear portion of RV plots for the full frequency range. The FWHM source
size is then determined from the slopes of these fits using Equation (2.3) to generate
a source size spectrum as shown in Figure 3.5f in green symbols. Additionally, the
one-dimensional circular size measured directly from the 50% contour of the peak
intensity of the images is overplotted in black symbols. Both the measures agree
reasonably well up to 10 GHz, after which the source sizes diverge mainly could be
due to our assumption that the source is circular, whereas the EOVSA emission as
seen in Figure 3.5e becomes more elliptical and elongated.

This exercise demonstrates that the RV source spectrum is a reliable tool to
deduce the source size as a function of frequency even in the absence of imaging
spectroscopy, so long as the source approximates a Gaussian shape. Furthermore, the
departures from a Gaussian profile are easily recognized from the RV data. Having

validated the RV approach, we now apply the RV analysis to the events in Table 3.1
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and examine them for the source morphology differences between flat events and the

non-flat normal events.

RV Analysis of Flares in our Sample Set

As discussed earlier, the auto-correlation measurements are not available for the
set of bursts in our study, which were taken with a prototype correlator that was
not producing correct auto-correlations. Therefore, we must form a pseudo-RV

by substituting the data from one of the short inner baselines in the place of the

auto-correlation data. Generally, the pseudo-RV is determined by where Tgnort

Tshort ’
is the cross-correlated amplitude of any sufficiently short baseline. This short baseline
has a frequency-dependent fringe spacing (>18-2.5 arcmin for 2.5-18 GHz) large
enough to guarantee that any reasonable flare source is unresolved. We note that,
unfortunately, one of the strengths of RV-that it is independent of calibration—is lost
for this pseudo-RV form on those events, so we must limit our study to the events
with good gain calibration. Due to that, events 1-6 in Table 3.1 are not ideal for this
pseudo-RV analysis and therefore limiting to events 7-13.

To illustrate the steps in the pseudo-RV analysis, we use the decay phase of
the M1.0 class flare observed on 2015 August 24 (a flat spectral event, number 8 in
Table 3.1, with an averaged index of ~1.8 at the peak and ~ 0.8 in the decay phase).
Figure 3.6a and ¢ show the time profiles at 7.88 and 13.95 GHz, and the total power
dynamic spectrum of the burst, respectively. The time profiles indicate that the event
is a very impulsive burst lasting for about a minute. The vertical dashed line marks
the time 17:45:26 UT, at which the pseudo-RV is determined, selected in the decay
phase with flux density > 25% of the peak value. Figure 3.6b is the flux density
spectrum at this time, with the low frequency slope a; = 1.2.

The number of good baselines available for this event was 9, far fewer than the

2017 September 10 event with 78 baselines. Figure 3.6d is the In(RV') vs. square of the
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Figure 3.6 Relative visibility and source size analysis during the decay phase of
the August 24, 2015 flare. (a) to (c): Time profiles, flux density spectrum at the
decay phase, and the total power median dynamic spectrum of the burst. Fitting
parameters are marked at the bottom of the panel (b). (d) In(RV) as a function of
B3 at the two given frequencies. (e) Source size spectrum extracted from relative
visibility slopes at each frequency. The red curve is the exponential form fitting of
the source size. (f) Calculated brightness temperature spectrum from the obtained
source size measurements. The black symbols are from the actual size measurements
(green in panel (e)), and the red symbols are from the fitted curve (red in panel (e)).
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baseline length plot at the two frequencies marked at the bottom of the panel. Here,

the pseudo-RV is calculated using where z14 is the cross-correlated data from

e
antennas 1 and 4 acting as an auto-correlation component which has the maximum
peak flux density compared to the other short baselines. For both the frequencies
plotted in the figure, the 9 RV amplitude points are spread such that the first 6 are
in a close cluster at short baselines, and the remaining 3 are spread outwards at the
longer baselines.

When these In(RV') vs. B3 plots are viewed progressively with frequency, the 9
RV points shift in a fashion similar to that of the previous event, with the points
extending outward for increasing baseline length. Even though a clear sinc-like
function curve cannot be distinguished due to the smaller number of baselines, the
same combination of linear and non-linear trends is apparent. The fitting is carried
out with the first 7 points, which lie on the linear trend, ignoring the flatter trend of
points 8 and 9, which may represent the sinc-like function in Figure 3.5. Fits to these
7 points for the given two frequencies are shown by the dashed lines in Figure 3.6d.
Fits at other frequencies follow this same trend, giving us confidence that these fits
reveal the general source size trend with frequency despite the relatively large scatter
of the points. By determining the slopes of the line fits at each frequency, the source
size spectrum is obtained as shown in Figure 3.6e, where the large error bars reflect the
uncertainties in the individual fits. The source size starts with a value of ~ 125 arcsec
at the lowest frequency 2.9 GHz and continues to decrease to ~ 10 GHz. After ~ 10
GHz, the size remains small and almost constant for higher frequencies, as expected
for an optically thin source. The overall pattern of source size with frequency is well
fitted with an exponential function (red curve in Figure 3.6e).

The source size estimates from the RV analysis can be used to calculate
the brightness temperature spectrum for the measured flux density as shown in

Figure 3.6f. The peak brightness temperature reaches at least 6 x 107 K and decreases
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Figure 3.7 Source area spectrum from RV measurements at the three phases of the
2015 August 24 burst with the corresponding hard X-ray emission. (a) The areas are
obtained from the RV applied at each of the three phases (red, green, and blue). The
brightness temperatures marked at each phase are the average values calculated from
the RV measurements. The peak frequency, 12.4 GHz at the peak time, is marked by
the vertical dashed line. (b) RHESSI flare emission contours are plotted at 50, 70,
90% of peak flux in red and green over the HMI magnetogram. The decay phase LF
source at 2.9 GHz is shown as a cartoon with a circular masked region.

towards both lower and higher frequencies. The black points in Figure 3.6f are
calculated from the individual points in Figure 3.6e, while the red points are calculated
from the exponential fit.

Figure 3.6 gives the RV source measurements for one time during the decay
phase of the burst. We repeat the analysis for the other phases of the burst (rise
and peak) and convert the exponentially fit source size to arrive at the source area
spectra assuming a circular source shown in Figure 3.7a (red, green, and blue points,
respectively). The measurements suggest that the source was already quite large
during the rise phase and grew substantially larger at the peak. Then the source
stopped evolving in size and faded in brightness during the decay phase.

It is of interest to compare the source area spectrum in Figure 3.7a with the
similar one in Figure 3.4a for the 2015 March 10 event. Recall that the source

area spectrum in Figure 3.4a was derived from an assumption of a single constant

brightness temperature over the whole frequency range. This assumption served
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to show that the source area must be large, but it cannot be realistic and leads
to a sudden flattening of the curves at lower frequencies in Figure 3.4a instead of
the continued rise in the source area, we see in Figure 3.7a. With the benefit of
RV analysis, we could derive a brightness temperature spectrum that varies with
frequency in agreement with expectations from theory [17] as in Figure 3.6f. For this
decreasing T, at the low frequencies, the source area continues to rise steeply and
shows a much larger source area needed to match the observed flux density.

For spatial comparison, the one-dimensional size of ~ 125arcsec at 2.9 GHz
from the RV measurements for the decay phase is overlaid as a cartoon on an HMI
magnetogram in Figure 3.7b, with RHESSI contours at 12 — 25 and 25 — 50 keV.
Clearly, the low-frequency emission of the flare requires a far larger source extent
than the RHESSI contours (~ 30arcsec). Most of the usually reported RHESSI
flare sources, as seen in Figure 3.4b, are restricted to only the higher density regions
that occur at low coronal heights in the flare [58, 10, 59]. The extended emission
that we observe here suggests the involvement of the overlying magnetic structures,
which have correspondingly lower magnetic field strength and density, leading to such
low-frequency emission. The conclusion that LF sources sometimes exhibit a large
emission area at a relatively high brightness temperature > 107 K agrees well with
the previous recent studies [25, 22].

This pseudo-RV analysis is further conducted on the remaining events listed in
Table 3.1 (events 7 and 9 to 12) to estimate their source morphology. The results are
shown in Table 3.2 along with the spectral index at the time of RV measurements.
These source sizes shown here are those measured for the lowest frequency observed
in each of the events. The flat spectral events, in particular, have shown a source size
of > 120 arcsec, and thus, there is generally an anti-correlation between low-frequency

source size and spectral index.
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Table 3.2 Source size Measurements from RV Averaged over 3 seconds at the Lowest

Frequency

Event Number

Spectral index o

Source size (arcsec)

1*
o
3
4
5
6+

8*

10

11
12*

1.5
0.8
3.7
3.7
0.7
1.3
6.6
1.2
2.1
3.0
1.8
1.1

70
125
97
71
95
120

Note: The corresponding averaged spectral index of each event at the time of RV
calculation is given in the second column.
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3.4.3 Adding Inhomogeneity

We have demonstrated that emission from a large source area at low frequencies is
needed to make the flux density spectrum flat. We have suggested that this is due
to a rather extreme source inhomogeneity. As a flat microwave spectrum diverges
from the spectrum produced by a single uniform source, the general homogeneous
source theoretical model cannot produce an acceptable fit. Hence, modeling that
includes inhomogeneity of the source is needed to explain the observed flat spectrum
[55]. An intermediate step in complexity is to consider an inhomogeneous model
consisting of multiple homogeneous sources that are physically discrete, but when
combined, will result in the observed flat spectrum. As discussed in Chapter 2
we demonstrate the idea of inhomogeneity by adopting a model introduced by [49],
which represents the three-dimensional (3D) magnetic field distribution with multiple
sources of homogeneous components [see Equations (2.4) and (2.5)].

As a specific example, in Figure 3.8 we show the EOVSA total power spectrum
of the 2015 August 24 event for the decay phase at 17:45:26 UT (marked with plus
symbols). The dashed lines are the model spectra produced from each of the seven
spectral components, and the black line shows the total contribution from all the
emission of each component. These discrete components can be visualized as the
emission from the source regions where the electrons have access, traveling from the
main acceleration site during the flare. Individual peaks from these discrete sources
are not expected to be observed in the total power flux density as the spectra are
measured integrating over the area from the entire flaring region.

Along with the seven values of magnetic field B; (spaced between 1900 and
380 G), the parameters given in Table 3.3 (except o and ) are varied according
to their dependence on the spectral shape [32, 107, 35]. The high frequency index
ay at the time of the spectrum gives electron power-law index &~ 4.1. Since « in

Equation (2.4) is the factor that controls the slope of the spectrum in the optically
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Figure 3.8 Inhomogeneous model applied to the observed flux density spectrum of
the 2015 August 24, M1.0 flare at the time marked. The dashed curves of various
colors are the simultaneous emission spectra derived from the seven components
labeled 0 to 6. The plus symbols mark the observed spectrum, and the thick black
line shows the overall fit.
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thick part, it is set separately from the other parameters. The remaining parameters,
By and L are fixed with nominal values to obtain the peak frequency close to the
observed one. Then, Ay is set to match the total flux density, and Nyr value is set
arbitrarily, which is the spatial density of the non-thermal electrons. Having these
multi-variant parameters, the model spectra that best matches the observed spectrum

are distinguished having the least y? value generated from

nf—1 9
I SO RAT)

2 )
g;

=0

where S(v;) and S,,(v;) are the observed and model fit flux densities with o; being

the uncertainty at each frequency v;.

Table 3.3 Model Parameters

a B & 0° Density Nyp (em™3) Thickness Lg (arcsec) Area Ag (arcsec?)

0.6 02 41 50 3.8 x 10° 69 284

The area Ag and the thickness Lg in the table are for the lowest-frequency
component 6, peaking at ~ 3.2 GHz. The area and thickness of the components (0
to 6) range from 108 to 284 arcsec? and 50 to 69 arcsec, respectively. To resolve
the smallest (11 arcsec) of these discrete sources requires a radio array with modest
baseline lengths of order 1 km depending on frequency (0.38 km at 18 GHz). However,
EOVSA imaging spectroscopy already provides a much higher resolution of 3.3arcsec
at 18 GHz.

As the fluxes in this model are summed to match the flux density spectrum,
when each component is combined, give an overall area of ~1290 arcsec? (equivalent
circular size of ~40 arcsec). This size is although smaller than the size estimates given
earlier but nevertheless serves to show that an inhomogeneous source can account

for the shape of the spectrum. In addition, the corresponding emission volumes
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accounting for the LOS thickness, V; = A;L;, for any component j, are quite large
and grow larger at low frequencies.

These measurements indicate that for reproducing a flat spectrum, the emission
either has to be comprised of multiple emission components simultaneously observed
within the flare volume or has to be from a huge volume. The model shows that the
flat spectrum can be the consequence of a significantly large source structure that
is implausible to be homogeneous for such extended physical space over the active

region and can only be inhomogeneous in nature.

3.5 Summary
We study the flare radio source morphology in the low-frequency emission using the
flux density spectra of 12 bursts during 2015 with the excellent frequency and time
resolution data available from the EOVSA interferometer. Having the optically thick
spectral index as a proxy for microwave source morphology, we illustrate the LF

sources associated with the flat spectra by the following characteristics.

1. A flat spectrum can be explained as the emission from spatially inhomogeneous,
non-uniform physical parameters of a large source area and/or with simultane-
ous multiple emission components within. First, the relative visibility source
area measurements have shown that the events with flat spectra have a source
size greater than at least ~ 120 arcsec at low frequencies. Second, the observed
flat spectrum can only be reproduced by the inhomogeneous model with discrete
parameters on the source function. Finally, the area spectrum analysis indicates
that the source size observed at a relatively low brightness temperature is still
large in the case of a flat spectrum than the typically observed LF sources (that
roughly follow A o vg7, [4]). Therefore, the microwave sources at low-frequency
can be large, extended, and complex in the spatial domain, whose existence
suggests that the accelerated particles have access to a large region of space
during the flare.

2. As an evolutionary trend, we observed that most spectra (for nine out of 12
events) exhibit a decrease in «; significantly in the decay phase from the index
value at the peak time. This trend indicates that the inhomogeneity and the
complexity of the emission volume increase as the flare process advances. As a
piece of evidence for this from flare imaging, the event discussed in [30] shows
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the flare sources observed at low frequencies during the decay phase multiply
to a bigger size and discrete spatial characteristics.

3. Five of the flat events, in particular, have shown a more shallow and flatter
spectrum. Their spectral index is much less than 1.0 in at least any of the three
phases of the bursts. In turn, we conclude that the occurrence of large and
complex microwave sources, i.e., indicated by the flat spectrum, can be seen
in 42% of the flares (5 out of 12 events). All of these flat spectral events are
originated mainly from the active regions with a complex magnetic configuration
of 76 (as in Table 3.1). We also find that a flat spectral event need not
necessarily be a high-intensity flare with a huge flux density.

In summary, focusing mainly on the low-frequency emission and flat spectral
cases, this study has given the means to understand the characteristics of the seldom
examined LF microwave flare sources relative to the usually observed high frequency
optically thin sources. The large volumes of these sources can involve the large-scale
coronal loops filled with particles that get injected and escaped as the seeding particles
for solar energetic particle (SEP) events.

A better understanding of these large LF sources and their role during a
flare, their magnetic field structure, and their spatial relationship to more commonly
observed components of solar flares can be achievable with adequate imaging data
now becoming available. This work highlights the importance of focusing on the LF

optically thick microwave emission in future studies.
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Chapter 4

LARGE MICROWAVE FLARE SOURCES OBSERVED BY EOVSA
IMAGING SPECTROSCOPY

4.1 Introduction
Even though solar flares have been observed at microwave frequencies for a few
decades, there have been only a handful of observations made at low frequencies,
as discussed in Chapter 3. Out of these rare observations, a few have shown
gyrosynchrotron emission originating from large and complex source morphology.
The role of these LF sources in the flare process and their characteristics are not very
well understood in detail due to the paucity of relevant observations.

Chapter 3 discussed in detail the flat spectral slopes as an indicator of
the large and complex area of the LF sources. That study also introduced the
possibility of multiple emission components to explain the inhomogeneity in the source
emission. However, spectral information alone is not enough to interpret the level
of inhomogeneity and spatial complexity. This raises the need for high-resolution
imaging spectroscopy, which is now provided by EOVSA since its upgrade in the
year 2017.

Some of the high-frequency studies have shown that the flare emission is
observed along with remote sources, which are believed to result from reconnection of
the low-lying loops with the overlying and adjacent loops [38, 117, 16, 120]. Previous
studies with microwave imaging have also discussed the importance of complex
configuration of magnetic structures with double-loop and multiple loop interactions
[82, 44, 45, 63, 40] to produce microwave flare emission. But, not many of the previous
studies have examined the low-frequency counterpart of the microwave emission for

these complex loop interactions and remote site microwave brightenings.
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Based on the conclusions from the study discussed in Chapter 3, in this
chapter we focus on examining the spatial source morphology and the magnetic field
configuration of the LF sources in another event that has EOVSA imaging. The
contribution of multiple loops is investigated in reference to microwave emission
occurring in the flaring region. We study the related LF emission through the
high-resolution images observed from the EOVSA.

EOVSA started imaging observations in early 2017. The flare event SOL2017-
04-04 discussed in this chapter had imaging at 15 frequency channels spanning the
3.44 to 18 GHz frequency band. In the earlier sections of this chapter, the primary
examination of all the time profiles, flux density spectra, and imaging of the flare are
conducted. In Section 4.4, the changes in the source morphology with the observing
frequency are discussed, followed by Section 4.5, which explains the possible magnetic

configuration of the flaring region to produce the observed LF sources.

4.2 EOVSA Microwave Spectroscopy and Imaging
SOL2017-04-04 is a C4.9 class flare from the NOAA active region 12645 (S10W47).
EOVSA had full coverage of this flare with NoRH at 17 GHz, RHESSI, and ATA EUV
observations.

In this current study, during the early commissioning phase, the images were
produced by combining frequency channels in each odd spectral window giving 15
equally spaced frequencies ranging from 3.44 to 18 GHz band. With the width of
each spws of 160 MHz, the center frequencies of these spws fall at foy, = 2.94+n/2,
where n is the odd spectral window (spw) number from 1 to 30.

Figure 4.1 shows the multi-wavelength time profiles of the flare observed by
GOES, RHESSI, and EOVSA. The time derivative of the 1 to 8 A soft X-ray
emission from GOES (Figure 4.1a) resembles the light curves of RHESSI 25 - 50 keV

band hard X-rays (Figure 4.1b) and EOVSA microwave emission (Figure 4.1c¢ and
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GOES observations.
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4.1d) peaking between 23:39:45 and 23:40:00 UT (in agreement with the so-called
“Neupert effect” [84]). The time duration marked by the vertical lines in GOES and
RHESSI lightcurves encloses the time of the EOVSA light curves at the three marked
frequencies and the total power median dynamic spectrum of the EOVSA emission
between 23:38:30 to 23:41:30 UT. This event is a short-lived microwave burst lasting

for less than five minutes in EOVSA emission.

4.3 Multi-wavelength Observations

Figure 4.2 shows the EOVSA contours for eight different frequencies overlaid on
SDO AIA 171 A EUV images for the peak time of the burst (~23:39:54 UT). Lower
contour levels of 5, 10, and 20% are included in the low-frequency EOVSA maps
to reveal the full extent of the emission. The flare brightening from EUV, hard
X-rays, and microwaves is mainly concentrated at the eastern sunspot with a small
loop system, which we call the main flaring site (source S1). RHESSI hard X-ray,
high-frequency EOVSA, and NoRH 17 GHz (optically thin) sources show the confined
emission associated with the small loop at the main site. RHESSI contours show
complex features with two to three individual centroids over the small region of the
main site. These sources may be individual footpoints and possibly looptop emission
from the small loop. With decreasing frequency, the EOVSA emission increasingly
extends from the main flaring loops farther westward towards the western sunspot at
coordinates (800,-100). An extension to the east is also seen. The extended emission
shows distinct emission centroids predominantly at 3.44 and 4.44 GHz that diminish
to a single main source by 10 GHz. These LF optically thick sources visible at multiple
locations suggests that the accelerated particles have access to a large volume in the
active region, which is investigated in the following sections.

To examine the observed LF source morphology at 3.44 GHz in connection with

the flux density spectrum and its shape, Figure 4.3 shows the time evolution of the
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Figure 4.2 Spectral evolution of the flare sources as observed by EOVSA, RHESSI
(12 - 25 and 25 - 50 keV), and NoRH 17 GHz overlaid on SDO ATA 171 A for ~23:39:54
UT. From 3.44 to 9.44 GHz, maps of EOVSA and NoRH show contour levels of 5, 10,
20, 30, 50, 70, 90% and RHESSI with 30, 50, 70, 90% of the peak emissions. From
11.44 to 17.44 GHz, all the maps show 30, 50, 70, 90% contour levels. Note that the
color of the RHESSI contour in the last panel (i) is changed to black from white only
for the color contrast from the background EUV emission.
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Figure 4.3 Light curve and the flux density spectrum at a different time of the
event. (a) The light curve at the three frequencies is marked on the top. The black
vertical lines are the times at which the spectra and images are shown in the following
panels. (b to e) Flux density spectra at the four selected times and fitted with the
procedure introduced in [107]. The spectra show the characteristic shape with peak
frequency ranging between 6 to 8 GHz. Note the spectral parameters are marked for

each spectrum. (f to i) EOVSA 3.44 GHz emission contours overlaid on AIA 193 A

image maps close to the four times.
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images and spectra simultaneously. The middle row of panels show the behavior of
the flux density spectrum with time. The solid curve is a fit to the spectrum following
the same spectral fitting procedure explained in Section 3.2. The fitting frequency
range excludes frequencies from 13 GHz in order to exclude the outliers. The four
times (vertical lines) on the light curve of Figure 4.3a are selected depending on the
features observed in the images. The two times in the middle are the peak times
for two widely spaced frequencies. Until the first time in the rise phase, the source
remains compact As the burst continues to brighten after the initial rise phase, the
main site develops in size and complexity. Around the peak time, the distinct LF
emission is seen at three additional locations together with the main site S1. We
call these sources S2,53 and S4 as marked in the figure. The fourth time is well
into the decay phase, at which the LF sources show the maximum extent of size and
complexity.

As the flare progresses from peak to decay phase, the LF source reaches an
overall source size of ~ 250 arcsec X ~ 100 arcsec at 10% contour level for 3.44 GHz.
The corresponding flux density spectra in Figure 4.3b to 4.3e show an increased
flatness (decreased a;) with time in the optically thick portion of the spectra. This
is in good agreement with the study of Chapter 3 [99], which shows that the extreme
flatness is a direct indication of the increase in the source size and/or the complexity
of the source at low frequencies.

This dramatic increase in source complexity in the decay phase suggests that
after the onset of the burst, the accelerated particles continue to get injected and
trapped in the magnetic system to emit at these frequencies. This might be due
to the successive reconnection that continues to take place in the flaring region. In
addition, simultaneous occurrence of the distinct sources S1, 52,53 and S4 at various

sites creates a large inhomogeneous source (Figure 4.3f to 1).

66



EOVSA 3.44 GHz 23:39:49 UT

50

n
o

-
(=}
o

Y (arcsecs)

-150

-200

550 600 650 700 750 800

X (arcsecs)
4x10° = |
= S1 Ty/10
= S2
g 3x10° = (b) s:
K] —
= =
g =
=1 —
& 2x10° =
@ —
[=3 —
g =
= 8 —
- 1x10° =
17} —
] =
j = —
= S
E 0 s T A— -
_lxloa = 1 1 | l L | 1 | J 1 L L | l | 1
23:39:10 23:40:00 23:40:50 23:41:40
Time

Figure 4.4 Time profiles of the integrated brightness temperature of the main source
and secondary sources observed at 3.3 GHz. (a) Selected regions over each source is
marked with the boxes. (b) The corresponding integrated brightness temperature
profiles for each source. Note that the main source S1’s profile is scaled by 10 only
for the purpose of mutual comparison.
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A time lag is expected between time profiles of emissions from the main site and
secondary site compared with the Hard X-ray time profiles as suggested by [45], but
such travel time delays are expected to be less than 1 s, which is too short for EOVSA
to resolve. However, a comparison of the temporal evolution of the individual sources
is still of interest since it can shed light on other particle transport effects such as
injection and trapping that can occur over longer timescales. A visual comparison of
the appearance of EOVSA sources with AIA EUV 171 A movie and GOES soft X-rays
time profile shows that the secondary sites illuminate after a delay from the start of
the main site radiation at 3.3 GHz. Figure 4.4 shows the time profile comparison
among the sources S1,52,53 and S4 observed at the lowest frequency (3.3 GHz).
The brightness temperature of the sources is integrated over each of the boxes shown
in Figure 4.4a. Figure 4.4b shows the light curves. To facilitate comparison, the
extremely bright main source (black) is shown divided by a factor of 10. Clearly, the
two easternmost sources (main source S1 and eastern source S4) show very similar
temporal evolution while secondary sources S2 and 53 show a finite time delay of
10-15 s and have a more extended decay compared to the main source. The sources
S2 and 53 change with a similar fashion with time, but source S4 has a little smoother

behavior. We will discuss possible reasons for these differences Section 4.5.

4.4 Source Morphology as a Function of Frequency
Some previous studies have shown the source size dependence on frequency v as
drwgn o< v 1 that is area Apygy o< v=2 [5] and more generally Apw gy o< v
with v between 0.5 and 3.5 [22]. Here, in the case of this event, we can directly
measure the “area spectrum” as we do in Figure 4.5. The figure shows two measures
of the source area, one taken within the 50% contour in the right panel, which reflects
only the area variation of the main source, and one taken within the 10% contours

to include the rapid increase in source area at low frequencies. Two points have
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Figure 4.5 Power-law dependence of the source area spectrum at the peak time of
burst for the 10% and 50% (FWHM) contours of peak emission.

to be noted when considering general relationships for the source area. Firstly, a
single power-law is not applicable for the entire gyrosynchrotron frequency range
with both the optically thick and thin emissions. There is a clear change in the
trend of source area between the low-frequency and high-frequency emissions. The
other point is that the full-width half maximum size of a single dominant Gaussian
source cannot represent the overall emission observed in the LF sources, which are far
from Gaussian in shape. Therefore, FWHM area measurements for the LF sources
over the entire frequency range are not useful for this flare. Figure 4.5 shows the
frequency dependence of the LF sources and the associated power-law indices. The
secondary sources become visible only well below the <45% contour. They become
largest and full-fledged at the low-frequencies only when emission is included down to
the 10% contour level. The two black (solid and dashed) lines show individual trends
of the low-frequency and high-frequency sources, where the low-frequency trend of
the 10% contour shows an even steeper index than the one discussed in [5]. The

50% source area trend clearly shows that it does not include the emission from the
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secondary sources but only that from the main site, so that the area more closely
follows a single powerlaw for all frequencies except the lowest one. In both cases,
the area of the LF sources (with index 2.6 and 1.7) falls much more steeply than the
high-frequency sources (with index 1.2 and 0.6). If a single powerlaw fit is attempted
(red lines), the index falls to —1.6 but this underestimates the rapid increase in size
at the lowest frequencies. Applying these insights to the work in Chapter 3, we can
speculate that the flat-spectrum events studied there may have similar behavior, but

more flat-spectrum EOVSA events should be studied in the future to verify this.

4.5 Magnetic Reconnection Site and Low-Frequency Sources

In Figure 4.6a the tri-wavelength ATA EUV image at the burst peak time shows that
the flaring region involves a multiple flux loop system. All the loops with loop legs
that closely match with the EOVSA sources S1,52, 53 and S4 and that are involved
in the flaring process (Figure 4.6b) are numbered from 1 to 6. Figure 4.6b shows the
microwave emission at three different frequencies overlaid on the HMI magnetogram.
This overlay shows the relative locations of microwave sources over the magnetic
structure of the flaring region. This comparison between Figure 4.6a and b have
shown that four possible flux loops 1, 2, 3, and 4 can be mainly involved for the
microwave emission of the flare.

We obtain non-linear force-free field (NLFFF) extrapolation using the GX-
simulator modeling tool to understand the magnetic connectivity of these distinct
sources at low frequencies. Figure 4.6¢c shows the extrapolated field lines within
the black box of Figure 4.6b zoomed over the main site. The active region shows
a quadripolar structure that connects the majority of the large loop system. The
negative polarity spot (at the north-eastern side) is mainly structured in an inverted
"U” shape, engulfing tiny and distributed positive spots creating a compact loop

system. This small compact loop system portrays a closed dome-shaped structure

70



€))

23:41:06 UT

Figure 4.6 (a) Picture of the main magnetic loops in the flaring region as observed in
triple-wavelength ATA EUV image during the peak of the burst. The numbers show
the corresponding loops that match with EOVSA LF source centroids. (b) EOVSA
LF emission at the marked frequencies overlaid over the HMI magnetogram. (c)
Zoomed view of the active region configuration with extrapolated flux lines over HMI
magnetogram obtained from GX-simulator modeling tool. The closed flux lines are

in green, and the open field lines are in yellow. (d) The corresponding extrapolated
flux tubes are overlaid on the EOVSA 3.3 GHz emission.
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that extends on one side towards the western positive polarity spot. These compact
loops are the locations of the main flare brightening, as discussed earlier (Figure 4.2).
The magnetic flux tubes corresponding to this magnetic connectivity of the flaring
region are shown in Figure 4.6d overlaid on EOVSA 3.3 GHz emission.

As all the hard X-ray and high-frequency flaring sources are observed at the
main site, if we consider this site as the only reconnection location, the existence of
the large LF emission from the outlying sources is hard to understand.

The possible scenario is that the small loop of the main site undergoes
magnetic reconnection as in “standard 2D flare model”, but the rising flux rope
encounters overlying, oppositely-directed magnetic fields that undergo separate
breakout reconnection. This may account for the delayed peak and slower decay
of sources S2 and S3 in Figure 4.4 The particles accelerated in the main source reach
the loop legs creating high-frequency microwave and hard X-ray emissions by trapping
and collision of the electrons. This accounts for the particles that travel downwards
in outflow from the current sheet of the reconnection region. The upward outflow
and the outward movement of the reconnected flux rope from the reconnection region
could not eject easily into the corona, because of the overlying loops. Therefore, these
larger loops undergo “loop-loop interaction”. The eruption of the flux loop from the
Western far end of the active region is an indication of this interaction scenario.

The electrons at the LF sources are expected to be in the high energy range to
create emissions at such low frequencies. The secondary sources are not observed in
EOVSA high frequencies, NoRH 17 GHz and hard X-rays, which might be due to the
weaker magnetic field strengths and higher mirror ratio at the legs of the large loops
in the secondary site.

Based on all the observations discussed above, the flare scenario of this event is
illustrated in the cartoon as shown in Figure 4.7. The onset of the flare takes place

with the sequential reconnection in the small loop system (green). The star symbols
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Figure 4.7 Cartoon showing the side-view of the possible flare scenario of the
magnetic dome-structure with small and large overlying loop systems.

mark the reconnection sites. The accelerated particles travel to the loops creating
footpoints and looptop sources observed in hard X-rays and microwave emission.
The outflows from the rising structure of the small loop interact with the large
overlying loops (blue) and cannot easily escape high in the corona; but they get
enclosed by the large loops creating “3D loop-loop interaction” on the top of the small
loops. The particles in this interaction go through trapping in the newly-reconnected
large overlying loops, creating microwave LF sources at the secondary sites. This
interaction also leads to eruption and restructuring the flux loop 6 in EUV emission
Figure 4.6a. The EOVSA emission from this loop 6, if there is any, is not available

in the image maps and hence is not discussed.

4.6 Discussion and Conclusions
This work focuses on the imaging spectroscopy of the LF sources observed in a C4.9

class flare. We report large-area microwave LF sources observed over a complex
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magnetic region during the flare. These LF sources show multiple centroids so
that the sources taken together represent a very inhomogeneous emission. The
frequency dependent source area measurements have shown that the emission, in
particularly at low-frequencies, varies sharply with frequency. The large spatial extent
of sources indicates the access of the particles accelerated during the flare to travel
multiple locations of the flaring region. This event serves as a good example to show
that a flat microwave spectrum is an evidence of large and inhomogeneous source
emission that is spread over the flaring region and that which changes dramatically
with the phases of the burst. The investigation of the microwave emission with
other multi-wavelength observations have shown contribution of multiple loops with
multitude scaled magnetic flux tubes and their interaction resulting in the flare
eruption. This study also gives the need for having a new three-dimensional

perspective and additional improvements over the standard solar flare model.
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Chapter 5

SUMMARY AND FUTURE WORK

5.1 Summary of the Dissertation
Over the last few decades of microwave observations, a few studies have reported
complex and extended source morphologies at low frequencies. Such sources are
not entirely understood and cannot be explained by the standard flare model. In
this context, the recent high-resolution daily observations made by EOVSA allow
consistent observations of such emission that is yet to be explored fully.

This dissertation focuses on investigating gyrosynchrotron emission in solar
flares at low microwave frequencies. The two studies discussed here are based on
flare events observed by EOVSA with other multi-wavelength observations.

In the first study, we examine 12 flare events and their associated microwave
bursts observed by EOVSA to understand the source morphology, occurrence rate,

and characteristics of the exceptionally large LF sources.

1. These events were from 2015, during which EOVSA was in its pre-commissioning
phase providing flux density data, but not microwave images. EOVSA has the
state-of-the-art high cadence and high frequency resolution capability compared
to any other radio instrument currently available for solar observations in the
microwave range. This study focuses on the source morphology by primarily
using the total-power flux density spectra and the some cross-correlated data
of the events in the frequency range of 2.5 to 18 GHz.

2. The optically thick low-frequency index of the flux density spectrum is a clear
indicator of source morphology and homogeneity. Upon analyzing the evolution
of these indices with time for each event, we observed that around 42% of
the flares (five out of 12 events) exhibit flat slope/low-index values. These
five events have shown spectral index values less than 1.0 in at least one of
the three phases of the bursts, compared to the theoretical value of ~ 2.9 for
a homogeneous source. In particular, this flat spectral trend is observed to
significantly increase in the decay phase of the bursts.
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3. Using the relative visibility analysis, we found that the events that exhibit flat
indices all have a large source size, up to ~120 arcsec at low frequencies, relative
to the more homogeneous flare sources. In addition, the observed flat spectra
could only be reproduced by the inhomogeneous spectral modeling consisting
of multiple emission components.

To summarize, we report that the microwave LF flare sources in the cases of flat
flux density spectrum have to be large, extended, and complex, indicating that the
accelerated particles can have access to large spatial volume, especially in the decay
phase of the impulsive microwave emission.

The second part of this dissertation uses the understanding gleaned from the first
study in the context of another event for which the full capability of high-resolution
imaging spectroscopy from EOVSA is available. This work looks at the role of the

unique LF sources during the impulsive phase of the flare phenomena.

1. The flare event studied here, of soft X-ray class C4.9, occurred on 04 April 2017
and serves as the best example to demonstrate the broad LF emission for its
inhomogeneity. During the observation of this event, EOVSA produced images
at 15 distinct frequencies channels in the range of 3.44 to 18 GHz.

2. We primarily examine the flux density spectra of the event corresponding to
the evolution of the LF sources. The investigation stands as a proof of concept
for the first study of this dissertation discussed in Chapter 3. The images
show that the flat optically thick microwave spectrum is a clear indicator of
broad elongated inhomogeneous source emissions observed at low frequencies.
We observe that the source at 3.3 GHz is almost ten times as large as the
high-frequency source and its associated hard X-ray sources. The power-law
dependence of source area vs. frequency is found to be at least A fééf
measured in the 10% level area in the entire frequency range, and as extreme
as A o< f5S when considering only the LF emission. Within the 10% contour
level, the area of the source seems to grow steeply by more than an order of
magnitude as we move from high to low frequency. In contrast, the 50% area
grows by only by a factor of ~3.

3. Upon investigating the flaring region, the broad LF sources spreading over the
whole flaring region demonstrates that the accelerated particles have access to
multiple flux loops on which they somehow appeared almost simultaneously
to create distinct source centroids connecting all of the major sunspots of the
region. The magnetic field extrapolation shows a dome structure with a compact
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loop system crossed by overlying large loops. The small loop system must
therefore somehow interact with the large overlying loops to accelerate or inject
high-energy particles onto them, creating the extended LF sources.

The event studied here seems to exhibit both the “2D flare model” scenario
with a flux rope eruption involving the small loop system and also the “loop-loop
3D interaction” between the small and overlying large loops. This leads to a more
realistic flare model consisting of a multi-polar magnetic field configuration.

We outline that the LF sources are broadened from the accelerated particles
that travel over a large spatial extent in the flaring active region, where other
wavelength emissions are almost invisible. This highlights the diagnostic potential
of microwave frequencies through which the physical conditions during flares can be

directly interpreted.

5.2 Current and Future Endeavours
Preliminary Work from GSFIT procedure
To obtain the physical parameters and their space-time variation maps in a flare site,
the observed spectra can be fitted with the GSFIT procedure. The parameters can
be magnetic field strength, electron powerlaw index in energy, ambient temperature
and plasma density, viewing angle, and others, as discussed in [20, 66].

As discussed in Chapter 2, GSFIT can simultaneously perform model fitting
of the spectra produced from each pixel, read over the image map cube. For the
second study of this dissertation, we have generated some highly preliminary fitting
for brightness temperature maps as shown in Figure 5.1. Spectra from each of the
pixels marked by the dashed lines are read from the left panels and shown in the
right panels of Figure 5.1 along with the corresponding fits and their parameters.
The pixels selected in the two image panels are the two different source centroids

observed at the main site of the flare.
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Figure 5.1 Preliminary GSFIT fitting parameters for the pixels selected in the main
site with different centroids at the low-frequency and high-frequency. Panels on the
left show the image maps with frequency, and the panels on the right show the fitting
parameters for the pixel selected in the image map.
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As a concluding remark to this dissertation, the future directions and scope are

outlined below:

e Obtaining and Refining Physical Parameters from GSFIT
To better understand the relationship between the particles in the remote sites
and those in the main flare site, it would be highly advantageous to obtain the
particle energy distribution parameters from GSFIT in the four different sites.
Unfortunately, the remote sites appear only at a few of the lowest frequencies,
and even then only in the lowest contour levels, making it challenging to obtain
good spectral fits. Still, the spatially resolved spectra at those locations do
contain the information needed to at least constrain the particle energies, and

this is future work to be attempted.

After obtaining the best fits to a spectrum, characterizing the uncertainties
between model fit and the observed data, and potential cross-correlations
among parameters, are essential steps for spectral fitting. The Markov Chain
Monte Carlo (MCMC) method [15, 14, 100, 104] helps to achieve parameter
uncertainties as well as to explore their interdependence. A pre-defined range
of free parameters will be required to perform this minimization. An example
for a different event is shown in Figure 5.2 after such minimization to result in

final parameter distributions.

e Three-dimensional modeling with GX-simulator
The preliminary magnetic extrapolation maps from GX-simulator have shown
the associated flux ropes in the flaring region. The GX-simulator modeling tool
can simulate the imaging and spectral data in the gyrosynchrotron frequency
range with other complementary data as described in Chapter 2 [88]. We aim to
reproduce microwave images and deduce the local plasma parameters, especially

at the low-frequency emission.
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Figure 5.2 FEach panel shows the final 2D distribution of the fit parameters and
the results obtained from MCMC analysis. The histogram of individual parameter is
plotted on the top panel of each column.
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