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ABSTRACT

THE ANALYSIS AND THE THREE-DIMENSIONAL, FORWARD-FIT
MODELING OF THE HARD X-RAY AND THE MICROWAVE
EMISSIONS OF MAJOR SOLAR FLARES

by
Natsuha Kuroda

Solar flares are one of the most violent and energetic space weather events that are
known to cause various adverse effects on the Earth. One of the major problems that
must be solved to understand flares and to be able to predict their magnitudes is how
the particles in the solar atmosphere are accelerated after the magnetic reconnection.
One way to help solve this problem is to investigate the properties of the high energy
electrons produced during the flare impulsive phase, observed in the hard X-ray
(HXR) and microwave (MW). The two emissions are considered to be produced by a
“common population” of the electrons, but some studies have also reported temporal,
spatial, and energy discrepancies between them, challenging the widely-used notion.
In order to truly understand the relationship between the two emissions, high-cadence
observations must be made simultaneously in two wavelengths, both temporally and
spatially, and the spectral inversion must also be spatially-resolved and done in a
realistic magnetic field geometry.

In this dissertation, the properties of the high energy electrons produced in
two major solar flares, the 2011-02-15 X2.2 flare and the 2015-06-22 M6.5 flare, are
investigated, using the high-cadence HXR and MW observations, and the advanced
three-dimensional modeling tools. For the 2011-02-15 X2.2 flare, the time delays,
source locations, spectral indices, and their temporal evolution of the HXR and
the MW emissions during the impulsive phase are investigated using observations
made by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
and the Nobeyama Radio Observatory (NoRO). For the 2015-06-22 M6.5 flare,

the realistic three-dimensional, forward-fit modeling of the HXR and the MW



emission is conducted at one point in time during flare, using the Non-Linear Force
Free Field (NLFFF) model extrapolated from the observed photospheric magnetic
field, the three-dimensional multi-wavelength modeling tool GX Simulator, and the
observational constraints provided by the RHESSI and the new Expanded Owens
Valley Solar Array (EOVSA).

The major results in the 2011-02-15 M2.2 flare study are: (1) the multiple peaks
simultaneously observed in the HXR and the MW during the impulsive phase came
predominantly from two locations that suggest two separate episodes of magnetic
reconnection, which can be interpreted in terms of tether-cutting flare scenario, (2)
the transition between these two episodes occur more slowly in MW, suggesting the
trapped nature of the MW-emitting electrons, and (3) the asymmetry in the HXR and
MW emission intensity is observed, which can be explained by the asymmetry in the
magnetic field strengths discussed in several previous studies. The major results in
the 2015-06-22 M6.5 flare study are: (1) the low frequency part of the observed MW
spectrum is modeled to be dominated by the emission from a “HXR invisible” source
containing a non-negligible number of nonthermal electrons in a large volume of weak
magnetic field, (2) the modeled electron populations in the “HXR visible” sources
fit the standard flare model, with the thermal population interpreted as the result of
chromospheric evaporation and the nonthermal population having an upward break
in its power-law energy spectrum, producing HXR and MW emission in different
energy range, and (3) the model can be successfully made with a post-reconnection
magnetic field configuration. The results from this work motivate further modeling
efforts, which have the potential to contribute to the prediction of the intensity of

flare soft X-ray (SXR) emission and the Solar Energetic Particles (SEPs).
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model HXR image, since a dense chromosphere (not shown) will be
included in the final calculation. (f) Nonthermal population occupying
the flux tube representing the 20-35 keV ALT HXR source, highly
concentrated at the top of the loop. The nonthermal population for the
flux tube (a) is not shown because this loop is assigned with extremely
low nonthermal electron density, assuming that it is dominated by
thermal electrons. Note that color hues are used only for visual purpose
and are scaled individually for each plot. . . . . . .. ... ... ...

3.6 The comparison between the observed and the modeled image contours

(50, 70, and 90 %) in three HXR photon energy ranges. The
observed image contours are the same as Figure 3.2. The model
images are produced as pixelated images by the simulator, so they

are further convolved with a Gaussian point-spread-function with the
size according to the nominal FWHM resolution of the finest RHESSI

collimator used in image reconstruction (collimator 3; 6.79 arcseconds).
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CHAPTER 1

INTRODUCTION

1.1 The Active Sun
For many centuries, the Sun was believed to be a constant, perfect celestial object
that provides the energy for the lives on the Earth endlessly and harmlessly. Some
scientists, however, knew about the existence of the “imperfect” sunspots as early
as seventeenth century (Usoskin 2017), and in 1843, the 1l-year sunspot number
cycle was discovered by Samuel H. Schwabe. Not long after that, in 1859, Richard
Carrington made a first observation of the solar flare, one of the transient, eruptive
events that occur on the Sun. The observation was followed by an associated world-
wide disruption of the telegraph communication network, and thus the event became
the first known example of the Sun’s variability that can actually harm our livelihoods
on the Earth. Over the years that followed, it became apparent that the Sun actually
shows a variety of these eruptive activities, and that many of them can be quite
harmful to our society under certain conditions, especially in modern days when
we are increasingly dependent on space-borne assets such as GPS or communication
satellites. Today we call the study of such Solar variability and its effects on the Earth
“Space Weather”, and it is of a great interest to both the scientists who investigate
the physical mechanisms behind these phenomena, and the general public who need
the fore-warning and the mitigation in the case of adverse events (National Science

and Technology Council 2015).

1.1.1 Overview of Solar Flares
One of the most violent and energetic space weather events is the solar flare, which
is observationally defined as a brightening of any emission across the electromagnetic

spectrum occurring at a time scale of minutes to hours (Benz 2017). Operationally,



although historically defined according to the appearance in He, it is more recently
defined in terms of a sudden brightening in X-rays, with the most widely-known scale
being the peak flux (W/m?) of the 1 - 8 A channel of the Geostationary Operational
Environmental Satellite (GOES) that is located near Earth. Table 1.1 shows the

classification of the flare magnitude in GOES scale.

Table 1.1 Flare Magnitude Classification According to the Peak Flux in
1-8 A Channel of GOES Satellite.

Classification Peak flux range at GOES 1-8 A [%]
A <1077

B 1077 - 107

C 1076-107°

M 1075 -107*

X > 1074

Within each logarithmic class, the magnitude is measured in linear scale from 1 to
9. For example, an M4 flare (peak flux of 4 x 1075 W/m?) is 2 times “larger” than
an M2 flare, and 10 times “larger” than a C4 flare. The largest flare ever recorded
since the regular recordings of this kind started in 1968 was the one observed on
November 4, 2003, with the estimated size of X25-45. The event took place during
the so-called “Halloween storm” of 2003, when a number of X-class flares and the
subsequent geomagnetic storms caused space weather hazards on the Earth (Schwenn
2006). The uncertainty was in fact due to the saturation of the detector caused by

the extreme amount of radiation (the detector limit was X17.4). The size of the flare



recorded by Richard Carrington in 1859 is estimated to be X45 45 (Cliver & Dietrich
2013), arguably one of the largest flares ever recorded.

It is well known that larger flares occur less often than smaller flares because they
require more energy. According to the Space Weather scale issued by the National
Oceanic and Atmospheric Administration (NOAA), the events with the size above
X20 occur less than 1 per 11-year solar cycle, and for less intense events, the frequency
rises, such as 175 per cycle (140 days per cycle) for X1 events and 2000 per cycle (950
days per cycle) for M1 events (http://www.swpc.noaa.gov/noaa-scales-explanation).
Overall, the size distribution of flares (over a certain measure of flare size, such as flare
duration or peak flux in soft X-rays) are known to obey a power-law (Crosby et al.
1993), with the indices for the peak soft X-ray (SXR) flux distribution in the range
1.7-2.15 (Aschwanden et al. 1998; Wheatland 2005). Figure 1.1 shows the probability
density function for the peak flux of events recorded by the GOES 1-8 A channel
in 1975-2003. The power-law index above a nominal threshold of 4 x 1076 W /m?
(vertical line) was calculated to be ~2.15 £0.01.

The temporal evolution of a flare can be roughly divided into three phases:
precursor, impulsive, and gradual phases (Kane 1974), although the occurrence and
the duration of each phase greatly differ from event to event. Figure 1.2 shows the
schematic representation of these phases observed in different wavelengths across the
electromagnetic spectrum.

The precursor phase is generally recognized by the slow increase in the radiation,
especially in SXR and extreme ultra-violet (EUV), caused by the heating of the
coronal plasma. They indicate the possible occurrence of the explosive behavior
within the following tens of minutes. This phase is also often associated with the
emergence of magnetic field into the solar surface (flur emergence), which contributes
to the build-up of magnetic free energy within the solar atmosphere (Shibata &

Magara 2011). Sometimes, transient nonthermal emissions that can be observed in
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hard X-rays (HXRs) and microwaves (MWs) occur at locations different from later
phases (Wang et al. 2017). In the impulsive phase, magnetic reconnection occurs, in
some cases multiple times, and the development of this phase can be most closely
followed in HXRs and MWs, which show spiky time profiles. Most of the magnetic
energy stored in the flaring region is released during this phase, and the released
energy can go up to 103 ergs. One type of radio burst, called “type III” radio burst
that drift rapidly across a few decades of radio frequencies, is also characteristic of
this phase. The gradual phase usually refers to the time after the impulsive phase
maximum, when the SXR (and the Ha) flux reaches their maxima more slowly and
then gradually subsides to pre-flare levels.

The geo-effectiveness of the flare is of great concern because their X-ray and
EUV radiation can ionize the Earth’s ionosphere and cause radio blackouts, and
furthermore, the EUV radiation can heat the outer atmosphere of the Earth and

increase the drag on low-orbiting satellites (Schwenn 2006). Solar flares are often



S.R.KANE
0 5 10 15 20 25 30
><_-> | | | l
= PROFILE OF A SOLAR FLARE
L
= 100 - 500 MHz RADIO
8 (TYPE II BURSTS)
(1
T d
T MICROWAVE RADIO =
M
H, (6562 &)
e EuV (10-1030 &)
o
.|
L
= »——X-RAYS < 10 KeV
@]
|_
<I
(]
<I
o X—RAYS (10=30 KeV)
Lol
=
l—
< X-RAYS > 30 KeV
— X =
Ll
(nel
ELECTRONS > 40 KeV
(PROTONS) =~ " ~—0
G—-Q_GRADUAL PHASE —meee— &
i IMPULSIVE PHASE
PRECURSOR
| | | | |
o] 5 10 15 20 25 30

TIME ( MINUTES )
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associated with Coronal Mass Ejections (CMEs) and Solar Energetic Particles (SEPs),
which are both detrimental in terms of the effects on the Earth. CMEs are gigantic
clouds of plasma and magnetic fields ejected from the Sun into the interplanetary
space that may hit the Earth a few hours or days later (depending on their speed) and
initiate geomagnetic storms. Their measured front speeds can reach nearly 3000 km//s,
and the total energy (kinetic plus potential energy) can reach some 10?3 erg (Schwenn
2006). Although not all flares are associated with CMEs, large flares tend to be
associated with them (Forbes 2000; Gopalswamy 2004), and the geomagnetic storms
triggered by the arrivals of CMEs cause significant consequences such as disruptions
in radio communications, surface charging and positioning errors of the satellites,
increased radiation dosage for the flight passengers at high altitudes, and possibly a
wide-spread power outage and pipeline corrosion (Schwenn 2006). SEPs are electrons
and ions that are accelerated near flare sites and from shock waves in the corona and
in the interplanetary space up to some GeVs, and they can endanger the space probes
and the lives of unprotected astronauts traveling outside the Earth’s magnetosphere
(Schwenn 2006).

Because of these potential effects on human activities, the understanding of flare
mechanisms and their roles in CME and SEP production are becoming increasingly
important. However, the research community has not yet reached a consensus
among competing theories about how flares are triggered, how their particles are
accelerated, and how various flare parameters are related to those of CMEs and SEPs.
This dissertation will be focusing on the high-energy electrons produced during the
flare impulsive phase, which will help us understand the flare’s particle acceleration
mechanism. Although ions are often energetically more important, they are much
harder to measure because of their lower efficiency in production of electromagnetic

emission, hence the electrons must serve as a proxy.



1.1.2 The Standard Flare Model
The widely accepted model for a solar flare is the Standard magnetic reconnection
model, referred to as the Carmichael, Sturrock, Hirayama, Kopp and Pneuman, or
“CSHKP” model (Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp & Pneuman
1976). This model assumes that magnetic reconnection in the solar corona is the
initiator of magnetic energy release during solar flares. Magnetic reconnection occurs
when the magnetic fields of the active region become increasingly twisted over time,
and oppositely directed field lines interact with each other.

Figure 1.3 shows the two-dimensional picture of the standard flare model (Lin
& Forbes 2000). In the upper panel, magnetic reconnection occurs in the current
sheet, and the plasma outflow is ejected to both upward and downward direction.
The upward outflow and the reconnected magnetic fields become part of a launching
CME. In the lower panel, the downward flow impacts the lower coronal loop and
can produce HXR loop-top emission via bremsstrahlung. At this acceleration site,
electrons can be accelerated to mildly-relativistic speed (with non-thermal energy),
and those that have access to open field lines escape to the interplanetary space
and produce type-III radio bursts. Others travel further down along the field lines
until they are stopped by the dense, cooler chromosphere, where they give rise to
footpoint HXR emissions and Ha emission (flare ribbon). The downward-traveling
electrons with larger pitch angles can get trapped due to the effect of the magnetic
mirroring at the ends of the loop, and they emit radiation in MW range. Meanwhile,
some of the energy released in the corona is transported to the chromosphere via
thermal particles behind magneto-acoustic shocks. Reacting to the bombardment
of nonthermal particles and the heat conduction from corona, the temperature in
the chromosphere increases and the chromospheric plasma expands. The expanded
plasma “evaporates” along the magnetic field lines and fills the lower loops, thus

giving rise to somewhat delayed EUV and SXR emission.
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The HXR and MW part of this model has been inspired by both the temporal
and the spatial observations of the two emissions. As suggested in Figure 1.2, the
intensity profiles of the two emissions are commonly known to show a high level of
correlation during the first 5-10 minutes of the flare (see also Figure 2.1). Furthermore,
it has been observed that their time integral roughly agrees with the SXR time
profile (Neupert effect; Neupert 1968) for some flares. These observations support
the idea that the HXRs and MWs are recording the time scale of the energy release
and the resultant particle acceleration processes while the SXRs are recording the
accumulating total energy deposited by such processes. In the next two sections, the
emission mechanisms for the two emissions will be given, and the examples of their
spatial and spectral obvservations, which are used to probe the properties of the flare

accelearted electrons, will be provided.

1.2 Flare HXR Emission

1.2.1 Emission Mechanisms

Bremsstrahlung The most common source of flare radiation is produced by
bremsstrahlung, when the free electrons in solar plasma interact with the ions and
emit photons as they change their paths due to the Coulomb force. This is also called
free-free emission since the interacting electron enters and leaves the interaction as a
free electron. If the interacting electron gets captured by ion, it is called free-bound
emission. The dominant contribution in HXRs (deka-keV range) is free-free emission,
and the emitted photons constitute continuum emission.

HXR emission can result only from close binary collisions. In these cases the
differential cross-section op(€, E, ), which is a cross-section that depends on incident
electron energy FE, outgoing photon energy e, and outgoing photon direction 2,
become important. A convenient formula is the direction-integrated, non-relativistic,

Bethe-Heitler cross-section (Tandberg-Hanssen & Emslie 2009):
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where Z, the atomic number of the scattering ions (hydrogen and others), must be
considered for the solar atmosphere. The factor Z2, the abundance-weighted value of
7?2, is approximately 1.4 for solar conditions (Allen 1973; Emslie et al. 1986).

To make a use of the observed HXR photon emission as a diagnostic tool for
probing the high-energy electrons in flares, one must make an assumption of the
energy distribution of these electron populations. One is a “thermal population”,
where the electron population has a Maxwellian distribution of the velocities
corresponding to the temperature 7. Another one is a “nonthermal population”,

where the electron population has a non-Maxwellian distribution of the velocities.

Nonthermal Bremsstrahlung The nonthermal population in flares refers to the
electrons with a non-Maxwellian energy distribution, accelerated by the energy
released in magnetic reconnection. The expression for the photon flux I(e) (photons
cm™? s71 keV~!) observed at the Earth, resulting from the injection of nonthermal
electrons with flux density spectrum F(E,7) electrons cm™2 s7! keV ™!, at position 7

where the plasma ion density is n(r) ions cm ™ is (Holman et al. 2011):

I(e) =

1 > —
Py /V / n(F)F(E,7Qp(e, B)dEAV, (1.2)

where R = 1AU and V is the emitting source volume.

As the plasma density of the target increases, Coulomb energy loss (scattering)
between electrons and electrons increases as well, and this must be taken into the
account for the energy spectrum of electrons injected into the source (in solar plasma,
the energy transfer between electrons is much faster than between electrons and ions).

The loss rate is expressed by (Holman et al. 2011):
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dE

S = —(K/E)n.(o(B), (13)
where K ~ 3.00 x 107'8(A../23) keV? cm?, A, is the Coulomb logarithm (~23 for
the solar corona) for electron-electron collisions, n.(7) is the plasma electron number
density, and v(E) is the speed of the fast electron. This expression can be further

simplified with the relation vdt = dz, to give

/ BdE = —KN.(2) (1.4)

N.(z) = /LOS ne(z)dz ecm™2. (1.5)

where N,(z) is called plasma electron column density. The evolution of an electron’s
energy over a certain column density is then E? = E? — 2K N,, which leaves, for
instance, a 10 keV electron to lose all of its energy over a column density of 1.7 x 10?
em~2, and 50 keV electron to lose all of its energy over a column density of 4.2 x 102
cm™ 2.

If these Coulomb energy losses are not significant within a spatially unresolved
X-ray source region, the emission is called thin-target, while if the beam of nonthermal
electrons lose all their suprathermal energy within the spatially unresolved source and
become thermalized during the observational integration time, the emission is called
thick-target. For the thin-target case, Equation. 1.2 can be inverted to obtain the
instantaneous effective electron flux density spectrum present in the X-ray emitting

region, in electrons per cm? per second per keV. For the thick-target case, the photon

spectrum observed at the Earth is (Holman et al. 2011):
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where %, (Ey) is the electron beam flux distribution in electrons per second per keV,
and v is the number of photons produced by a single electron of energy Ey. Assuming
that an electron is thermalized within the observational integration time, inverting
this equation gives us the flux spectrum of the electrons injected to the X-ray emitting
region, in electrons per second per keV.

The high-energy part of the observed HXR photon spectra that show a power-
law shape (see Figure 1.5 right, above ~30 keV) can be usually fitted with a single
or a double power-law, and for a single power-law, the photon spectrum from the
electron flux distribution of the form .7 (E) = AE~ is also well approximated by the
power-law form I(e) = Ipe~7. The relationship between these two spectral indices
for thin- and thick-target model are v = 0 + 1 and Ypie = 0 — 1. However,
these § stand for different distribution spaces, flux density spectrum (F(7, E)) for
thin-target and fluz spectrum (F (F)) for thick-target. It is sometimes convenient to
transform these into electron number density spectrum, f(r, E), through the relations
F(r,E) = f(7, E)v(E) for the former and .7 (E) = f(7, E)Av(E) for the latter, where
A is the area of the emitting source that must be obtained from the observation. If we
assume that f(7, E) oc E=%, then the spectral index relation become Yyin = 6 + 0.5

and Yipier = 0’ — 1.5,

Thermal Bremsstahlung Bremsstrahlung emission from a thermal population is
called thermal bremsstrahlung, and for HXRs it typically refers to the population

having a sufficiently large temperature, ~ 108K (kT = ¢ ~10 keV). The low energy















Figure 3.9 The visual representation of thermal (left) and nonthermal (right)
electron populations occupying four loops found in the final model. The base image
is the HMI photospheric magnetogram taken at 18:24 UT, and the red lines are the
central field lines of four loops. The color hues are not in actual density scale. The

detailed electron parameters for each named loop are shown in Table 3.2.
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(green) and from the model (blue). The model visibility was obtained by convolving
the visibility of the pixelated model image from the simulator with the sampling
function of the EOVSA array at the modeling time. The slope of the model plot is in
reasonable agreement with that of the observation. A slight size difference between
the model and the observation in the shorter baseline (right) is calculated to be about
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ecm ™3, chromosphere, for the lower loop, and 5.0 x10° cm™3, high corona, for the
overarching loop. Compared to the higher loop, on the other hand, the emission is
smaller in the overarching loop simply due to the lower nonthermal particle density;

both populations are concentrated within the coronal part of the loop, but the higher

3 3

loop has 108 ¢cm™ nonthermal electrons while the overarching loop has 10% cm™
nonthermal electrons. The modeled emission intensity from the overarching loop is
lower than the observed emission intensity by an order of magnitude or more for most
of the statistically significant energy range (less than ~76 keV), and this may be the
reason why this source is “invisible” in HXR, as the dynamic range of RHESSI is about
10 (Saint-Hilaire & Benz 2002; Hurford et al. 2002). We note that the total emission
from all four loops combined (grey curve) is slightly less than the sum of the emission
from individual loops (other colors). This is because the model comprising all four
loops is a complex system with several loops crossing with each other, and in such
cases the simulator is designed to calculate the emission with a physically reasonable
approximation that the voxels of higher nT" pressure dominate the contribution in the
total emission. In this model, the thermal-only loop is partially intercepting one of the
footpoints of the lower loop, and since the former has higher emission measure (thus
higher nT") than the latter and has virtually no nonthermal particles, the emission

from the lower loop in the combined model is slightly suppressed in the intercepted

footpoint. This effect is also confirmed to be negligible in MW.

3.4.3 Possible Ranges of The Modeled Parameters

We now discuss the possible ranges of some of the modeled electron parameters that
were not strictly constrained in the model construction process presented above. First,
the density and the temperature of the thermal population for the three nonthermal
loops (the higher, the lower, and the overarching loops) are not strictly constrained

since the emission measure of the entire model is solely constrained by the thermal-
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only loop. We obtain the ranges for the density and the temperature by fixing one
of the two parameters at the values assigned during the model construction and
varying the other (the target parameter) until the noticible changes start to appear
in the spatially integrated HXR model spectrum or images. We separately test the
overarching loop and the combination of the lower and the higher loops, since their
effective volumes are largely different. For the combination of the lower and the
higher loops, we find the upper limit of the temperature to be ~50 MK, at which
the thermal bremsstrahlung starts to appear in the 20-35 keV image, violating the
observation. For density, we find the upper limit of ~ 6 x 10 cm™3, at which the
thermal bremsstrahlung from the two loops starts to appear in the 6-12 keV images,
violating the observation. For the overarching loop, these limits are more restricted
since the emitting volume is larger, and we find the upper limit of the temperature to
be ~ 30 MK and of the density to be ~ 10*® ecm™. We find virtually no lower limit
for the two parameters since any emission measure values below the observational
constraint is allowed for these loops.

For the nonthermal population, the density of the higher loop and the minimum
energy of the overarching loop are not strictly constrained. For the higher loop, we
must consider the lower limit for the nonthermal density corresponding to the upper
limit for the thermal density, to keep the same level of nonthermal bremsstrahlung

emission. We calculate the lower limit to be ~ 5.2 x 107 cm™3.

The upper limit
should be that of the thermal density, ~ 6 x 10'° cm ~3. For the overarching loop, the
electron spectrum was modeled only in the MW range, and since the effective energy
of the MW-emitting electrons is above several hundred keV, the spectrum below this
energy cannot be strictly constrained. We obtain the more strictly constrained energy

range and the number density by testing several different values of cutoff energy and

the corresponding normalized number density. As a result, we find that at least 4
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x10* cm™3

nonthermal electrons above Egy05r ~ 600 keV are needed to match the
low-frequency MW observations.

Table 3.2 summarizes the spatial and energetic parameters of each loop and
their thermal and nonthermal electron populations, with possible ranges for the
unconstrained parameters discussed above shown in red. We would also like to
mention that, since this simulation is a forward-fitting simulation, there could be
other “solutions” of flux tubes that can equally reproduce the observed HXR and
MW emissions (even more than four loops). In this respect, we consider our model
to be a “minimally optimized” flux tube model, and believe that our methodology,
which starts from the construction of the model based on the HXR observation, was
the best approach in obtaining a simultaneous fit to the observational constraints
that were available for this event. Also, we coincidentally found several remote
brightenings in an AIA 1600 A channel image taken at the modeling time that
correspond to the western footpoints of the overarching loop in our model, as seen
in Figure 3.11 (yellow arrows). This correspondence could be interpreted as the
signature of the precipitation of the nonthermal particles in the overarching loop into
the chromosphere. The fact that the brightenings appear only at the western end of
the loop may be due to the large difference in the magnetic field strength (thus the
mirror ratio) at the two ends: they are ~2,000 G and ~1,000 G at the eastern
and western end, respectively, and only the magnetically weaker end is allowing
the particles to precipitate through. The fact that the locations of these remote
brightenings closely match with the furthest end of the model loop strongly supports
that the size and the extent of our overarching loop is correctly representing the
actual flaring loop. For the possible variation in the HXR~constrained model, we
briefly consider how our model may vary if we interpret that the 20-35 keV ALT
source is a thermal source, as mentioned in the introduction. We find that modeling

the 20-35 keV ALT source with nermar ~ 1012 ecm™ and T' ~ 60 MK can equally
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produce the observed HXR images and spectrum without violating observed emission
measure. However, we find that, in this model, the total number of electrons contained
in the volume of the overarching loop exceeds that contained in the total volume of
the HXR-emitting loops. This model therefore requires an additional source of the
nonthermal electrons into the overarching loop other than the HXR-emitting loops.
Thus, we believe that our model with the nonthermal interpretation of the HXR ALT

source is more self-consistent and allows more straightforward physical interpretation.

Figure 3.11 The top view of our four loop model overlayed on AIA 1600 A image
taken at 18:05:28 UT. The blue lines are the central guiding field lines of the three
HXR-constrained loops, the red line is the central guiding field line of the overarching
loop, and the green lines are the enveloping field lines of the overarching loop. The
red thin ellipse in the middle is the top view of the circular cross section of the
overarching loop, defining the extent of green field lines. Only the field lines contained
in the overarching loop are shown. The western end of this loop seems to match the
locations of the remote brightenings indicated by the yellow arrows, which can be
interpreted as the precipitation of the nonthermal electrons into the chromosphere on
the magnetically weaker side of this loop.
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3.5 Discussion and Conclusions
Based on these results, we draw the following conclusions about the spatial and the
energetic distributions of the energetic electrons producing HXR and MW emissions
at the end of the impulsive phase of 2015-06-22 M6.5 flare.

First, based on the observed HXR emission sources, the magnetic field
configuration that best represents the flaring loop geometry in our study was found to
be the post-reconnection loop configuration. We compared the field line connectivity
of the NLFFF extrapolation cube created near the modeling time of 18:05:32 UT, and
found that field lines contained in the cube created at the earlier time did not have the
desired connectivity for our observed HXR sources due to its sheared overall field line
geometry. It is evident that our modeled peak has not started at 18:00 UT yet (see
Figure 3.1), so it is reasonable to think that the shear reduced due to the reconnection
event responsible for our modeled peak. The chosen cube at 18:24 UT should contain
more post-reconnection loops, and although the field model with finer time cadence
considering the dynamics of the flaring loop may still improve the accuracy of the
model, our results show that this post-reconnection cube can reproduce the relative
locations of the observed HXR sources and the characteristic size of the observed MW
source well.

Second, the low frequency part of the MW spectrum is dominated by the
emission from a “HXR invisible” source containing a non-negligible number of
nonthermal electrons in a relatively large volume with relatively weak magnetic field.
The nonthermal particle population in the overarching loop fills a volume ~10-12
times larger than the other two nonthermal loops. As mentioned above, the primary
reason that this source is “HXR invisible” although it contains up to 5.7 x 10% cm ™3
nonthermal electrons is because this source resides in the high corona where n, is
relatively low, and in HXR, the emission from this source is overcome by the bright

footpoint emission from the chromosphere with n, = 10" ¢cm™. This population
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has an interesting nonthermal energy spectrum with the spectral index of 2.0, the
hardest of all three nonthermal populations. We interpret this as a result of particle
accumulation and trapping at that location above the main loops, caused by some
transport process underway throughout the impulsive phase. Such an interpretation
is also reasonable if one notices that the low frequency part of the MW spectrum grew
over several minutes only toward the end of the impulsive phase, as evident in the
4.43 GHz lightcurve (red) in Figure 3.1. We also note that this result is essentially
insensitive to the possible variation in the model parameters of the lower loop, which
contributes to the high-frequency part of the spectrum, because the GS emission from
the lower loop cannot have much lower peak frequency due to the strong magnetic
field strength in the low corona (see Figure 3.8, blue). In other words, the deficit in
the low frequency part of the MW spectrum will be present as long as we confine the
main HXR loops at lower heights based on the observed HXR images.

Third, the overall geometry and the locations of the electron populations in the
three HXR emitting loops in our model fit well within the standard flare model. The
thermal-only loop can be interpreted as a result of chromospheric evaporation; dense
(10" ¢cm™3) thermal plasma concentrated toward the looptop. It is interesting that
this loop was found to lie relatively low, and this may be a result of our choice
of the NLFFF magnetic field model from a time (18:24 UT) that is later than
18:05:32 UT, which contains more post-reconnection loops. However, considering
that our modeling time is already near the end of the impulsive phase when most
of the loops reconnected and became low-lying post-reconnection loops, we consider
that our modeled geometry is correctly representing the actual geometry of the flare
loops. The spatial and energy distribution of the nonthermal electrons in the lower
and the higher loop fits the standard picture as well. The lower loop population
produces 50-75 keV HXR footpoint sources and MW high frequency emission, and

the higher loop population produces 20-35 keV HXR ALT source. For the lower loop
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population, we have to modify the modeled electron spectral index compared with
that obtained from the thin-target fit up to a certain energy since the HXR emission
from this population is only seen in the footpoint where thick-target model needs to
be employed. The modification is the following. The electron flux spectrum, electrons
s7! keV~!, which is usually used in thick-target model, can be expressed in electron
number density spectrum, electrons cm ™3 keV~!, which can then be compared to
the instantaneous, thin-target model (Brown 1971; Holman et al. 2011; White et al.
2011). After the conversion, the electron number density spectral index ¢ inferred
from the HXR photon spectrum with index v differs by 2 between thin- and thick-
target model: &, = v — 0.5 and dypier = v + 1.5. Thus, we have to soften the
modeled spectral index by ~2. This means that the lower loop population has
the broken power-law with 6, = 3.1 4+ 2 = 5.1 and d, = 3.1. What is interesting
here is that this 0; = 5.1 is similar to the dominant spectral index of the ALT
source population, d; = 6.3 above 43 keV. Since thick-target model calculates the
spectral index of the injected electron population, we can combine the higher and
lower loop population into a unified picture as the following. First, the 20-35 keV
HXR ALT source is produced via thin-target bremsstrahlung by the population with
a soft spectrum, & ~ 6.3. This population keeps streams down in the loop-legs of
the lower loop, losing its low-energy end via collisional scattering into the loss-cone,
while its high-energy end gets trapped and produces GS emission in the MW high
frequency range. Here, this high-energy population must evolve to a much harder
spectrum, 6 ~ 3.1. The population’s low-energy end bombards the chromosphere,
and produces thick-target bremsstrahlung radiation that hardens the emitted HXR
photon spectrum from ~ 6.3 to ~ 3.1. The question here is where Ejp,..q; 1S in
this broken power-law spectrum. We claim that this is around 300 keV, where the
normalized nonthermal electron density of the higher loop population and the lower

loop population coincides in the order of 10* cm™2 keV~!. We cannot test if the
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spectral hardening of -3.2 at 300 keV was already present coming out of the ALT
source, or because some of the lower energy population moved to the higher energy
population via second-stage acceleration that preferentially accelerates higher energy
electrons during the propagation and the trapping, or both.

In summary, our results show that our three-dimensional forward-fit modeling
of the flare HXR and MW emission can reveal the properties of the nonthermal
particles in the flare in much more quantitative detail than those obtained by
conventional means, both within and outside of the standard flare model. We would
like to emphasize the importance of our finding, the existence of the “HXR invisible”
nonthermal particles that can only be investigated through the properties of the MW
low frequency emission. This suggestion is not new (e.g., Lee et al. 1994; Fleishman
et al. 2016a), but has been largely neglected in the standard flare model because the
focus of the flare-accelerated electrons has been mainly in the HXR range (and their
counterpart in MW high frequency range) where the bulk of their energy is deposited.
Even though these low frequency MW-emitting electrons are still at the “tail” of the
electron number distribution, their high energy and the trapped condition may make
them an energetically important player in the overall flare energetic scenario, even
after the impulsive phase. For instance, these trapped high-energy electrons may
escape directly or be further accelerated by CME shocks and become Solar Energetic
Particles. Our modeling also stimulates the further investigation into the possible
spectral break in the population emitting in both HXR and MW range. Our model
for this particular flare seems to support the existence of the break, but other flares
may not show such a break. Running this type of modeling for many other flares
could lead to the findings of the properties of the flare that may or may not result
in a break. Such information should enable us to discriminate among the competing

models of flare particle acceleration.



CHAPTER 4

SUMMARY AND FUTURE PERSPECTIVES

The works presented in this dissertation are focused on the study of the high-energy
electrons produced during the impulsive phase of two major solar flares, 2011-02-15
X2.2 flare and 2015-06-22 M6.5 flare. We conducted the multi-wavelength analysis
and modeling enabled by the unique combinations of the state-of-the-art high-cadence
observations and the newly-developed realistic three-dimensional simulation platform.
Particularly, the results from the quantitative and spatially-resolved study of the HXR
and the MW emission were compared with the current picture of the standard flare

model. The major results of each study are the followings.

4.1 The 2011-02-15 X2.2 Flare
In this study, we examined the source locations of seven distinct temporal peaks
observed in HXR and MW impulsive phase using the RHESSI 50-75 keV channels
and NoRH 34 GHz channel, respectively. This was the first study of this well-observed

flare that used the high-cadence HXR and MW observations simultaneously.

1. The seven peaks came predominantly from two sources in both HXR
and MW, each with multiple temporal peaks, suggesting the two

separate locations of magnetic reconnection sites.

As shown in Figure 2.7 and Figure 2.10, HXR and MW emission sources
basically evolve with similar patterns, with the same multiple peaks for
each source observed in both wavelengths. The match in temporal and
spatial transition between two wavelengths fit to the current picture of the
standard flare model; a common population of the electrons accelerated in one

reconnection event produce both HXR and MW emission. However, for HXR

97
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the transition between two stages occur rather quickly within ~30 s, and the
first source quickly decays. On the other hand, the MW emission from the first
source stays strong until much later and decays more slowly. This difference

can be interpreted as the result of the trapping of the MW-emitting electrons.

. The MW peaks were found to lag the HXR peaks by 1.9-3.0 s with
an uncertainty below 1 s, although these values were found not to be
related or dependent on other parameters, thus providing us no clear
quantitative relationship between HXR-emitting and MW-emitting

components of the accelerated electrons.

As shown in Table 2.1, for this flare the meaningful peaks for delay analysis
(peak 1, 3, 4, and 7) showed that the MW emission consistently lags the
HXR emission by 1.9-3.0s. The delays for the peaks in the second source
(3, 4, and 7) were found to increase with the calculated decay times of the
MW 17 GHz emission, which is in line with the idea introduced by Gary
& Tang (1985), that the HXR-emitting and MW-emitting population share
the same acceleration profiles but MW-emitting population gets trapped and
thus decays more slowly, which results in the observed delay. However, the
decay time profiles become more blended and thus unreliable as the flare
progresses. Furthermore, no correlations were found between the delays and
such parameters as the MW energies, the peak X-ray or the MW flux or
their ratio, the power-law index, or two stages of reconnections. Therefore, no
clear quantitative conclusion can be drawn regarding the relationship between
the HXR-emitting and MW-emitting populations of the accelerated electrons
in this flare, although the trapped nature of the MW-emitting component is
qualitatively inferred from the above-mentioned difference in spatial transition

between two stages of reconnections.
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3. The two stages of magnetic reconnection can be interpreted as the
temporally and the spatially distributed tether-cutting reconnection

scenario (Moore et al. 2001).

Prior to this study, Wang et al. (2012) found a permanent enhancement of the
horizontal field strength at a certain area along the polarity inversion line of this
flare site, which was interpreted as the evidence of the collapsing magnetic fields
expected from the quadrupolar configuration within the tether-cutting scenario.
The location of this field enhancement corresponds to the second source that
we observed in this study. Based on the observation of the remote emission
source observed in HXR (both in this study and in Wang et al. (2012)), which
is also expected in the geometry of the tether-cutting scenario, we concluded
that our first source could also be interpreted as the earlier stage of a two-stage
tether-cutting scenario. This is an interesting discovery which was not revealed
in Wang et al. (2012), which was based on the available vector magnetogram
data. Its cadence of 12 minutes, a time-scale comparable to almost the entire
duration of the impulsive phase of this flare, was not sufficient to distinguish

two stages.

4. The electron power-law energy spectral indices inferred from the MW

observation seems to be harder than usual by 1 ~ 2 for this flare.

The time profile of electron spectral indices inferred from the MW observation
of this flare is shown in Figure 2.11. The differences between these and the ones
inferred from the HXR observation (from Milligan et al. (2014)) is 3~4, about
1~2 larger than usual (~2). However, since the values inferred from the HXR
observation is in the usual range, it seems that the MW-inferred indices are
unusually hard for this event. We did not investigate further into the reason

behind this unusual hardness.
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5. We observed the emission intensity asymmetry between the HXR
and the MW source that is attributed to the asymmetrical magnetic
field strengths of the loop, discussed by Sakao et al. (1996) and Wang
et al. (1995).

After correcting for the possible projection effect on the locations of the observed
MW sources and based on the observation of the polarization gradients over
the sources, we suggest that there is an asymmetry in the magnetic field
strength within the observed MW source, between the opposite sides of the
polarity inversion line. The HXR emission from the stronger side was evidently
less, which agrees with the idea that stronger mirroring effect impedes the

precipitation of the HXR-emitting electrons into the chromosphere.

4.2 The 2015-06-22 M6.5 flare
In this study, we created one unified multi-loop electron population model that can
simultaneously reproduce the observed HXR and MW images and spectra at the
end of the impulsive phase of the flare, using the three-dimensional multi-wavelength
simulation platform GX Simulator, a realistic NLFFF magnetic field model, and the
observational constraints from the RHESSI and the EOVSA.

1. The magnetic field configuration that best represents the observed
HXR emission sources was found to be the post-reconnection loop

configuration.

In this study, obtaining a realistic magnetic field model that represents the
flaring loop geometry was an important first step. We obtained such a model
cube by using the observed HXR images as a guide to locating the field lines
with the required connectivity in the NLFFF model extrapolated from the HMI
photospheric magnetogram data. As a result, the best cube was found to be

from the data taken after the time being analyzed, which was at the end of the
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impulsive phase when the flaring loops had already closed. Otherwise, the cube

does not contain post-reconnection loops corresponding to the flaring loops.

. The low frequency part of the observed MW spectrum is dominated
by the emission from a “HXR invisible” source containing a non-
negligible number of nonthermal electrons in a relatively weak but

large magnetic field volume.

We found that the electron populations that sufficiently reproduce all of the
observed HXR sources and spectrum cannot sufficiently reproduce the observed
MW intensity level, especially in the low frequency part of the MW spectrum.
We found that a nonthermal electron population with the density up to 5.7 x 105
em~® contained in a large, weak magnetic loop “overarching” the HXR-emitting
loops is needed to explain this discrepancy, while not violating constraints
from the observed HXR images or spectrum. The volume of this large loop
is ~10-12 times larger than the HXR-emitting nonthermal loops, and we found
remote EUV brightenings at the locations corresponding to the footpoints of
this large loop, which can be interpreted as the site of precipitation of its
nonthermal population into the chromosphere. The hardness of the modeled
energy spectrum suggests that this population was most likely transported
from elsewhere and became trapped, perhaps accumulating throughout the
time of the impulsive phase. Therefore, this population may originate in
the acceleration process assumed in the traditional standard flare model, but
may contain additional information about the transport, trapping and loss
mechanisms of the electrons with F > several hundred keV that have not yet

been widely recognized or discussed.

. The overall geometry and the locations of the electron populations

in the “HXR visible” loops fit well in the standard flare model. The
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thermal population with 7'~ 20MK and n, ~ 101cm™3

can produce
the observed HXR 6-12 keV source, and the nonthermal population
having a broken-power law energy spectrum with Ej,... ~ 300 keV can
produce the observed HXR ALT (20-35 keV) and FP (50-75 keV)

sources below Fj.... and the observed MW high frequency source

above Ep,cqr-

The modeled HXR 6-12 keV source can be interpreted as the dense thermal
source produced by plasma evaporated from the chromosphere, as several
episodes of reconnection caused the particle bombardments and the heat
conduction from the corona prior to this modeled peak. The 20-35 keV ALT
source can be explained by a dense nonthermal population with soft spectrum
in order to be consistent with the observed range of the energy. This population
streams down toward the chromosphere, and produce thick-target 50-75 keV FP
emission that hardens the observed photon spectrum by ~2. Meanwhile, the
high-energy end of the same population must have a harder spectrum in order
to be consistent with the observed high frequency slope of the MW emission.
The low-energy end and the high-energy end coincides at £ ~ 300 keV in
the order of 10* cm™3 keV~!. Therefore, the “common population” of the
nonthermal electrons responsible for the HXR and MW emission, in the view of
the traditional picture of the standard flare model, must have an upward break
in its energy spectrum for this flare. We did not explore the reasons behind
the harder spectral index for the MW-emitting component of this population

in this study.

4.3 The Summary of The Dissertation
The main goal of this dissertation is to find the relationship between HXR-emitting

and MW-emitting electron population in finer details and offer possible solutions
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to some of the discrepancies that have been found between the observations made in
these two wavelengths. In response to this goal, the major findings of this dissertation

are the followings.

1. We found clear evidence of the correlated two stages of magnetic reconnection
in 2011-02-15 flare, which can be interpreted as tether-cutting flare scenario
that assumes the traditional picture of the HXR-emitting and the MW-emitting
electron population in the standard flare model; two populations are accelerated

by the energy released in the same magnetic reconnection event. (Chapter 2)

2. In this traditional picture of the two populations in the standard flare model,
however, the three-dimensional, spatially-resolved modeling reveals that the
broken power-law energy spectrum with different parts of the spectrum emitting

at two wavelengths at different parts of flare loop is required. (Chapter 3)

3. Furthermore, there may be a population of trapped nonthermal electrons that
has not been discussed in the standard flare model, and this population can
be studied through the analysis of MW low frequency emission and may be
observed using future HXR instrument with enough dynamic range. (Chapter

3)

4. Time delays in this study did not provide any new findings about the
relationship between two electron populations. For future studies of the same
kind, less complicated flare that allows more accurate calculation of the MW

decay time constant may be more appropriate. (Chapter 2)

4.4 Future Perspectives
We will introduce in below the possible directions of the future research, motivated

by the research in this dissertation.
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e The continuation and the expansion of the modeling research using the GX
simulator, much like the one introduced in Chapter 3, is promising. Particularly,
modeling at several different times during the flare will enable us to model the
temporal evolution of the energy and the evolving locations of the nonthermal
electrons. This will help us explore the particle transport process in realistic
three-dimensional nature. Also, one aspect of the modeling that can be
improved is the accuracy of the magnetic field model during the flare. Our
current use of 12-minutes cadence NLFFF model may not represent the
highly dynamic flaring morphology accurately enough. A magnetic field model
developed through MHD simulation (e.g., as performed by Inoue et al. (2014)

for our first event) is one approach that could be used for this purpose.

e The formation and the decay of the large “HXR invisible” population of
nonthermal electrons may be directly observed and modeled. The relationship
between this population and the SEPs can be explored; e.g., by estimating the
energy spectrum of SEP electrons from the modeled trapped electron spectrum

and the possible geometry of the observed CME shock.

e With the full operation of the EOVSA in our site, the study of the high-energy
end of the flare-accelerated electrons will be greatly advanced, with possible new
discoveries. The 1s-cadence images may be used to study the rapidly evolving
impulsive phase, and as the observational constraint to evaluate the performance

of the aforementioned MHD simulation.

e The nature and the physics behind the spectral break in the nonthermal electron
population, found in our modeling (Chapter 3), should be explored further, with
spatially resolved MW spectra from EOVSA. Kontar et al. (2007) found that the
break in the HXR photon spectrum can be explained by the contribution from

the electron-electron bremsstrahlung (thus the true electron energy spectrum
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does not require a break), which is not yet included in the X-ray code used
in the GX simulator. Although the difference in the spectral indices found in
our modeling is much larger than the one studied in Kontar et al. (2007) (~3.2
and 0.5, respectively), it is interesting to look at this effect. The statistical
study using the same modeling scheme over many other flares may reveal some
relationship between the parameters of the modeled electron distribution (e.g.,
Ebrear, partition of the total number of nonthermal electrons) and the properties
of the flare site (e.g., magnetic field geometry) that can help us constrain the

particle acceleration mechanism.

The study of the flare-accelerated electrons will greatly contribute to the
advance of space weather research in many ways. Understanding of the particle
acceleration mechanism is one of the most important subjects in solar physics, as it
possibly leads to the prediction of the energy and the number of nonthermal particles
produced in flares. This information can further be used to model the response of
the chromospheric plasma that appears in the SXR range, which is the operational
measure of the flare intensity, as introduced in the beginning. The knowledge of the
particle acceleration mechanism may be applicable to the phenomena observed in
Earth’s magnetotail, where the magnetic reconnection and the particle acceleration
are also suspected to occur. Also, as stated above, the prediction of SEP electrons
(and possibly ions as well, if we could constrain the particle acceleration mechanism
in the event), directly contributes to the benefits of our society, as SEPs are known
to be hazardous. In summary, the works introduced in this dissertation are directly
applicable within the larger context of the space weather research, and motivate the

further exploration into the subject of flare-accelerated electrons.



APPENDIX

DERIVATION OF RELATIVE VISIBILITIES

Visibility on a particular baseline is defined as the Fourier transform of the sky

brightness distribution. Let us assume a simple Gaussian source flux function:

—(z—wg)?

S(z) =ae” o (1)

where S(x) is the flux intensity as a function of spatial coordinate x, a is a unit
amplitude at z = ¢, and « is the 1/e width of the unit amplitude (half power beam

width). Then the visibility as a function of spatial frequency s (z/\) is
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Relative visibility is defined as the visibility divided by the total power (s — 0),

Vs 2,22
VReZZ#ZKWS& (3)

where Vg, is a unit amplitude (xo = 0). Plugging in the definition of spatial frequency

s and the conversion factor between o and the FWHM of the source, d,

1 ch z
s=-rad ' ~ Byrad ! = —fGH

1
7 30 rad

= —8.351 X 10_llB§arcsec_1 =1.62 x 107" Bun fau.arcsec™
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a ~ 0.6d
(A3) becomes

Vie = e—8:351x107 1 BRd? _ —9.325x10" B2, d* &y, (4)
where 6 is the fringe spacing, B, is the projected baseline length in number of
wavelength, B, is the projected baseline length in cm, fgg. is the observing
frequency in GHz, and d is in arcsec. Note that Vg here is a unit amplitude (xy = 0).
In practice, V() is the cross-correlated amplitude from a particualr baseline and V(0)
is the geometric mean of the total power from the two antennas on that baseline. That

is,

ai]’

VRel R p—

(5)

where a;; is the cross-correlated amplitudes from the baseline consisting of antenna ¢
and j, and a;; and aj; are the auto-correlated total power amplitudes from antenna ¢

and j, respectively. Combining (A4) and (A5), we have

Q4 _ —11 pR2 42 _ —14p2 22
VRel — J —e 8.351x107 " B5d —e 9.325x107* Bz, d* fe . (6)

or

aij

In(Vgze) = In( ) = —8.393 x 107" B3d* = —9.325 x 107MB2 d*f2,. (7)
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