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ABSTRACT

CORONAL MAGNETOMETRY AND ENERGY RELEASE IN SOLAR
FLARES

by
Yuqgian Wei

As the most energetic explosive events in the solar system and a major driver for
space weather, solar flares need to be thoroughly understood. However, where and
how the free magnetic energy stored in the corona is released to power the solar
flares remains not well understood. This lack of understanding is, in part, due to
the paucity of coronal magnetic field measurements and the lack of comprehensive
understanding of nonthermal particles produced by solar flares. This dissertation
focuses on studies that utilize microwave imaging spectroscopy observations made
by the Expanded Owens Valley Solar Array (EOVSA) to diagnose the nonthermal
electrons and coronal magnetic field in solar flares.

In the first study, a partial eruption of a twisted solar filament is observed
in Ha and extreme ultraviolet (EUV) wavelengths during an M1.4-class solar flare
on September 6, 2017. The microwave counterpart of the filament is observed
by EOVSA. The spectral properties of the microwave source are consistent with
nonthermal gyrosynchrotron radiation. Using spatially resolved microwave spectral
analysis, the magnetic field strength along the filament spine is derived, which ranges
from 600-1400 Gauss from its apex to the legs. The results agree well with the
non-linear force-free magnetic model extrapolated from the pre-flare photospheric
magnetogram. The existence of the microwave counterpart also suggests that the
newly reconnected magnetic field lines have the flare-accelerated electrons injected
into the filament-hosting magnetic flux rope cavity.

The second study focuses on another eruptive solar flare event that features

three post-impulsive X-ray and microwave bursts immediately following its main



impulsive phase. A tight positive correlation between the flux rope acceleration and
electron energization is found during the post-impulsive phase bursts, conforming
to the standard flare-coronal-mass-ejection scenario, in which positive feedback
between flare reconnection and flux rope acceleration is expected. In contrast, such
a correlation does not seem to hold during its main impulsive phase. The lack of flux
rope acceleration during the main impulsive phase, as interpreted in this dissertation,
is mainly attributed to the tether-cutting reconnection scenario when the flux rope
eruption has not been fully underway. In addition, observations suggest a weakening
guide field may contribute to the hardening of the nonthermal electron spectrum
throughout the main- and post-impulsive phase of the event, shedding new light on

understanding the electron acceleration mechanisms in solar flares.
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tracked feature on the SDO/AIA 94 A background-detrended images

and the corresponding time—distance plot.|. . . . . . .. ... ... ..
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[3.10 (a) Evolution of the height (red symbols), velocity (green symbols), and

acceleration (orange symbols) of the erupting flux rope during the

main- and post-impulsive phase. The peak time of the main- and

post-impulsive phase bursts are indicated by the blue arrows. (b)

Microwave and X-ray light curves during the same period (similar

to Figure [3.2(b) but with the EOVSA microwave light curves shown

instead). Also shown are the microwave-constrained power-law index

of the nonthermal electron distribution at the peaks of the three

post-impulsive phase bursts (purple symbols). | . . . . . .. ... ...

[3.11 Synchronized northward motion of the microwave/X-ray/EUV looptop

sources and corresponding UV footpoint brightenings. (a) Centroid

locations of background-subtracted EOVSA microwave sources (filled

circle), RHESSI 6-12 keV X-ray looptop sources (dashed open circle),

EUV looptop brightening observed by SDO/AIA 131 A images(stars).

Also shown are the northern (R,,)/ southern (R;) ribbon brightenings in

SDO/AIA 1600 A UV images (crosses) at the peak time of three post-

mmpulsive bursts. The symbols are color-coded by time, as written in

(a). The uncertainties of the microwave and X-ray sources are indicated

by the radius of the corresponding filled /open circle. (b) Same as (a),

but all the measured locations in (a) are re-projected into STEREO-

A/EUVI’s viewing perspective. (c)—(e) Detailed view of the northern

ribbon region (R,; c), flare looptop (LT; d), and southern ribbon region

(Rs; e) at the peak time of the main impulsive phase and the three

post-impulsive bursts. The corresponding FOV are indicated by the

white boxes in (a).]. . . . . . ... oo o
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[3.12 (a) Reconnection geometry and the inclination angle during the main

impulsive phase. The images are the STEREO-A /EUVI 304 A image at

19:06 UT re-projected to the heliographic Carrington coordinates. The

red crosses show the represented locations of the footpoint brightenings

(similar to Figure|3.11|b)). The dashed black line shows the estimated

location of the polarity inversion line (PIL). The solid green and red

curves demonstrate the pre-reconnection field lines, while the solid

pink line shows the post-reconnection arcade. (b) Same as (a), but

demonstrating the reconnection geometry (the pre-reconnection field

line is demonstrated by the blue curve) and the inclination angle during

the three post-impulsive phase bursts. (c¢) Evolution of the inclination

angle 6 during the three post-impulsive bursts and the corresponding

normalized guide field estimates B,/B". The color code in (b) and (c)

tollows Figures[3.11} . . . . . . . . . ... ...
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[3.13 Schematic cartoon of the flare geometry in the main-impulsive phase (a)— |

| (b) and post-impulsive phase (c)—(d). (a) The flare geometry from |

| the viewing perspective of the SDO/AIA during the main-impulsive |

| phase. 'The rising flux rope is marked by the twisted yellow curves. |

| Red and green curves represent magnetic field lines reconnecting in a |

| tether-cutting scenario. The reconnection forms a new field line adding |

| to the flux rope (upper pink curve) and a post-flare arcade (lower pink |

| curve). The orange X denotes the reconnection point. (b) Same as |

| (a), but is plotted in the viewing perspective of STEREO-A/EUVI on |

| 304 A image. (c) The flare geometry in the viewing perspective of the |

| SDO/AIA during the post-impulsive phase. The overlying field line |

[ around the erupting flux rope cavity is marked by the solid blue curve. |

| The EOVSA microwave source (green oval), RHESSI X-ray source (blue |

| oval), post-flare arcades (solid pink curves), and ribbon brightening |

| (orange ovals) are also shown. The EOVSA microwave source at the |

| southern footpoint ot the erupting flux rope is shown as the pink oval. |

| The background image is the same as in Figure [3.5(a), showing the |

| cross-section of the flux rope cavity. (d) Same as (c), but is plotted in |

| the viewing perspective of STEREO-A/EUVI on 304 A image. |. . . . 87
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CHAPTER 1

INTRODUCTION

1.1 Solar Flares

1.1.1 Observations of solar flares
Ever since the first reported observation [32], solar flares, the most violent energy
release in the solar system, have been extensively observed. Although in situ detection
of flare-accelerated particles has been frequently reported, remote-sensing obser-
vations of flare radiation at multiple wavelengths remain the most important means
of studying solar flares. Flare radiation covers a wide range of the electromagnetic
spectrum, observed by both ground-based and space-based instruments from radio
to y-ray wavelengths. Soft X-ray (SXR) flux at the 1-8 A channel measured by the
Geostationary Orbiting Environmental Satellites (GOES) has been used to classify
flares owing to its sensitivity to the flare-heated hot plasma and the long-term
operation of the GOES satellites. As shown in Table [I.1] the flares are classified
into X-, M-, C-, B-, and A- classes according to the logarithm of the peak flux of
the GOES 1-8 Achannel. The number following the class category letter indicates
the linear scale within the same category. For example, the top 2 largest flares of
solar cycle 24, the X9.3 class flare on September 6, 2017, and the X8.2 class flare on
September 10, 2017, have a peak flux of 9.8 x 107 W/m? and 8.2 x 10~ W/m?,
respectively [T11]. Unlike the other categories, there is no upper class above X. The
largest flare that has been ever observed by GOES is the X28 flare that occurred on
November 4, 2003 [254].

The multi-wavelength observation of the flare is critical for people to understand
the temporal evolution of solar flares, which is characterized by varying time intervals

seen at or dominated by various wavelengths. As shown in Figure [I.1] solar flares, in



Table 1.1 GOES Flare Category

Class Peak Fluz (W/m2ﬂ
X I>10"*

M 10°<I<107%

C 1076 <I<107°

B 107" <I <107

A I<107"7

“The classification is based on the SXR peak flux in 1-8 A.

general, can be divided into three phases. The dotted lines in Figure demarcate
the representative flare time history into the “pre-flare phase”, “impulsive phase”,
and “decay phase”. In some cases, the “flash phase” is specifically designated as the
late-impulsive phase, when the H« intensity increases rapidly. These flare phases will

be discussed in more detail in Subsection [[.1.2] in the context of flare models.

1.1.2 Energy build-up and release in standard flare model

In the solar atmosphere, the magnetic field free energy dominates over the thermal
and gravitational potential energy and is the only source of energy that is capable of
powering solar flares. Free magnetic energy is defined as the extra energy compared

to a fully relaxed potential field, which can be expressed as [168]:
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Figure 1.1 Schematic flux time-profile of flare in multi-frequencies. Typically, solar
flares are divided into three phases with dotted lines in the figure, referred to as stages
“pre-flare phase”, “impulsive phase”, and “decay phase”. In some cases, the “flash
phase” is specifically designated as the late-impulsive phase, when the H« intensity
increase rapidly)

(Source: [18])



It is generally acknowledged that free magnetic energy is the source of energy for
solar flares. Compared to the lower atmosphere, the corona has a large enough volume
to store the free magnetic energy. The assumption is strongly supported by a recent
observational study [72] about the coronal magnetic field strength measurement on
X8.2 class flare occurs on Sep 10, 2017, in which the coronal magnetic field decays at
a rate of ~5 G/s for ~ 2 minutes (Figure[L.3). With the increasing number of large
flare observations and modernized photospheric vector magnetic field measurements, a
close correlation between the non-potentiality of the active region and their evolution
is revealed. The non-potentiality of the active region strongly attributes to magnetic
shearing and new flux emergence [137, 103, 233], which are often reflected as 0
photospheric magnetic field configuration, highly sheared polarity inversion lines,
formation of magnetic flux ropes, etc [233]. Figureshows the evolution of magnetic

fields of AR12673 which is well-known for its high flare productivity.

(a) 3-Sep-2017 03:50:04 UT | (b) 3-Sep-2017 15:59:04 UT | (c) 4-Sep-2017 10:59:04 UT

(f) Velocity field
6-Sep-2017 10:59:04 UT

Solar Y (arcsec)

200 300

Solar X (arcsec) ~1000 0G +1000

Figure 1.2 Evolution of magnetic fields in AR 12673 from Sep 3 to 6, 2017
(Source: [I11])



However, the question of how, where, and when the free magnetic energy
stored in the lower corona is released is still not well understood. Multi-wavelength
observations not only allow a more complete coverage of solar flares over their lifespan,
but also probe the thermal plasma and nonthermal particles in and around the flaring
region. Meanwhile, three-dimensional magnetic field mapping of ARs and flares is

crucial for understanding and modeling solar flares.

15:57:00 UT o 15:5812UT B Field (G)

—1000

Y (arcsec)

15:59:24 UT | 16:00:36 UT

940 980 1020 940 980 1020
X (arcsec)

Figure 1.3 coronal magnetic field maps derived for the 10 September 2017 flare,
separated by 72 s.

(Source: [72])

The X-ray emission during the solar flares is mainly due to the bremsstrahlung
radiation [196], which arises from the Coulomb collision between the electrons and
the much heavier ions in the ionized plasma. According to the energy of the emitted

photons, X-ray radiation can be categorized into soft X-ray (SXR, Ephoton ; 10 keV)



and hard X-ray (HXR, Eppoton 2 10 keV'). During solar flares, coronal loops can be
filled with plasma that is heated from 1.5 MK to over 30 MK [60, [19]. The thermal
electrons (following the Maxwellian distribution [59]) in the plasma produce strong
emission in SXR and Extreme ultraviolet (EUV) wavelength [247]. As shown in an
example in Figure [I.4] the bright SXR source takes the shape of an arcade, which
corresponds to reconnected magnetic field lines anchored at the photosphere. The
photon flux density of thermal bremsstrahlung (in units of cm=2 s~' keV ') observed

at a distance of d is expressed as [10§]:

I(e) = ﬁ /V / " s (@) (B, v)oss(e, B)AEAV, (1.3)

where € and E are the energy of the photon and the involved electron, respectively.
n;+ is local ion density. f.- is the thermal electron energy distribution function, which
can be expressed as [227]:

2n_

f(E) = W;)B/QEW exp(—E/kT) (1.4)

And oy (e, E) in Equation (1.3) is the angularly averaged, non-relativistic cross-

section based on Bethe-Heitler approximation [21], expressed as [227]:

79x 107222 1+ (1 —¢/E)Y/?
6 B) = T iy

(1.5)

where Z2 is the square of the abundance-weighted mean atomic number, which is
~ 1.4 in solar atmosphere [68]. Therefore, the spectrum of the X-ray emission
due to thermal bremsstrahlung serves as an excellent diagnostic tool for the plasma
temperature and density (or “emission measure”). The SXR emission from the
coronal loop increases rapidly during the impulsive phase, as shown in Figure [I.1

indicating a rapid increase of the thermal energy within the reconnected flare loops.



Energy
Release

Hard X-ray
Sources

oft X-ray Source

Yohkoh X-ray Image of a Solar Flare, Combined Image in Soft X-rays (left) and
Soft X-rays with Hard X-ray Contours (right). Jan 13, 1992

Figure 1.4 Soft X-ray and hard X-ray imaging of a limb event on Jan 13, 1992. Left:
full-disk soft X-ray image of the Sun, taken with the Yohkoh Soft X-ray Telescope.
Right: hard X-ray (white contour) taken with the Yohkoh hard X-ray Telescope
overplotted on zoomed soft X-ray intensity map and schematic magnetic field line.

(Source: Yohkoh imaging team and NASA/Goddard)

The hard X-ray emission, on the other hand, is dominated by the bremsstrahlung
radiation between ions and nonthermal electrons from a few tens of kilo-electron
volts (keV) to >100 keV. The latter has a distribution that does not follow the
Maxwellian distribution [26]. As shown in Figure [1.4] two lower (closer to the solar
surface) HXR sources, usually referred to as “footpoint source,” connect the coronal
loop outlined by the SXR source. These footpoint sources are the most commonly
observed HXR sources during solar flares. They are located in the solar chromosphere.
Spectral analysis reveals that certain HXR sources can extend to up to 250-500 keV
[138, [108]. For a given region, if the nonthermal electrons can dissipate most of their
energy through Coulomb collisions within the observation time, the case falls into
the “thick-target” regime. In comparison, when the energy loss is insignificant, the

case falls into the “thin-target” regime. The expressions for the X-ray flux density



expected from the two bremsstrahlung regimes are, respectively [26], [108]:

11 [ Fo
o) = =g [ P (B /E Fole, E)dEdE, (1.6)
0—€ =&
Toin() = /E F. (Bo) o(e, Bo)dEq (L.7)
=€

For the uniform source electrons that follow single power-law distribution:
F,-(E) < E7% the resulting photon spectrum takes the form of I(¢) oc e77. An
important observational difference between the thick-target model and the thin-target
model is that v = d — 1.5 while vy, = d + 0.5 [I08]. The spectrum of footpoint
HXR sources is usually fitted with a thick-target bremsstrahlung model because they
are due to nonthermal electrons bombarding against the dense chromosphere and
losing most of their energy [25]. The fitting results usually suggest that a large number
of electrons are accelerated to nonthermal energies and arrive at the footpoints of the
coronal loops.

Compared to chromospheric HXR emission, the coronal HXR emission during
the impulsive phase is believed to be more intimately related to flare energy release
(see more detailed discussions in Krucker et al. [I38]). In certain events, an HXR
source is found to be located above the looptop of the flare arcade (as shown in
Figure [1.4). The source is referred to as the “above-the-loop-top” (ALT) source or
the “Masuda” source after S. Masuda who made the first discovery [174], followed
by multiple, but rather infrequent reports, e.g.[232, [140), [84]. The spectral analysis
reveals a compact nonthermal electron population, centered at < 7000 km above the
thermal coronal looptop, with the maximum flux falls into the range of 30-50 keV/,
likely emitting X-rays according to the thin-target regime owing to the relative small
plasma density in the coronal source [I74]. The intensity of the source also follows

a similar time evolution as the footpoint sources [I74]. However, the spectrum of



the nonthermal electron from the “Masuda source” is usually softer than that of
footpoint sources [I38]. This is because while the footpoint source is due to thick-
target bremsstrahlung, the coronal HXR source is usually produced in the thin-target
regime. With the assumption of the same nonthermal electron population, a difference
of Venin —Yenick = 2 is expected. However, although v;p;. is almost always smaller than
Yenin, the difference between them does not always match the theoretical expectation
[T5]. Tt is suggested that the “thickness” of the target may vary with the energy of
the electron. In addition, transport effects from the corona to the footpoints may
also play a significant role [16], 238].

The temporal relation between the SXR and HXR flux usually exhibits the
so-called “Neupert Effect” [I91], named after the author who first discovered that the
derivative of the SXR flux at 1.87 A has a good correlation with the microwave radio
flux. The Neupert Effect usually refers to the correlation between the derivative of the
SXR flux and the HXR flux, i.e., dFs,(t)/dt < Fy.(t), because the latter is highly
sensitive to the nonthermal electron population that also produces the microwave
radio emission during the solar flare. The Neupert effect has been observed in
many flare events. As the nonthermal electrons are thermalized at footpoints in
the dense chromosphere, the local plasma is heated and therefore is driven into
the flare loop by the enhanced pressure. The process is termed “chromospheric
evaporation” [170], resulting in bright post-flare loops observed in EUV and SXR
wavelengths and bright or dark loops in Ha observation [161], 261]. Although there
are observations inconsistent with the Neupert Effect [237], which may suggest energy
transport mechanisms other than downward propagating energized electrons [74], the
widely accepted explanation of the Neupert Effect is: The SXR-emitting plasma is
mainly heated by the accelerated electrons, which are responsible for HXR emission.

The multi-wavelength observations, exemplified by the X-ray observation

described above (the same perspective from EUV, UV, visible, and radio observation
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Figure 1.5 Schematic representation of the standard flare model that shows and
explains the main observable features.

(Source: [50])
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will be mentioned or described in detail in the following sections), form the basis of
the “Standard Flare Model.” The model is also referred to as the “CSHKP model”
[31), 2241, 107, 135]. A number of widely observed and modeled physical processes have
been progressively attached to the model. As shown in the sketch of the standard
flare model (Figure , the energy release process during the solar flare is due to
the magnetic reconnection[258]. The magnetic reconnection occurs within a thin,
vertical region in the corona above the flare loops, named the current sheet (green
box in Figure . During the reconnection, the field lines at the two opposite
sides of the current sheet approach each other (red arrows in Figure . The field
lines break and reconnect, changing the magnetic topology in the corona rapidly and
releasing the energy in the forms of Poynting flux, enthalpy flux, bulk kinetic flux,
and accelerated particles [199]. The energy fraction of each component is, however,
not well understood [22]. Omne of the most important forms of energy relevant to
this dissertation is energetic particles. Although there is ongoing debate about the
dominating acceleration mechanism(s) and acceleration site [62], 262, 66] 110} 200, 53],
it is well accepted that most of the electrons should be accelerated in the vicinity of
the reconnection region.

The standard flare model still needs to be tailored to the realistic topology of
flares and improved. Observations of solar flares that deviate from the CSHKP model
are common. Take “Veronig-Brown flare” [238] for example, a coronal thick target
loop is observed instead of the thick target chromospheric footpoint source (also be
seen in Veronig et al. [237]) or the thin target coronal ALT source. The two studied
event is revealed to have loop column densities that are consistent with nonthermal
thick-target HXR emission from electron with E,- Z 50 keV. About 50% of hard
X-ray events show a deviation from the Neupert effect pattern in the timing of soft
and hard X-ray emissions [57, 177, 237]. Alternative models that do not attribute

SXR emission exclusively to energization of the nonthermal electrons are proposed
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[1, 57]. A model [74] that allows the energy released in magnetic reconnection to be
transported through the corona to the lower atmosphere via large-scale Alfvén wave
is proposed to avoid the problems with the beam model [58, 142, [I73] and to address
the “number problem” [76, 140].

In addition, the original CSHKP standard flare model is a two-dimensional
model. However, three-dimensional features are frequently reported and discussed [?
9, 122]. The motion of the footpoint source in HXR [75] and EUV [33], 205] along the
ribbon is observed. More importantly, the shear of the flare arcade with respect to
the polarity inversion line (PIL) is frequently observed, which appears to decrease as
the flare evolves [205], indicating a decreasing guide field component, the magnetic
field component along the third dimension. It has been proposed that the guide field
plays an important role in the magnetic reconnection [201] and particle acceleration
processes [62], 52 [7].

The energy release processes that are discussed in this section so far mainly focus
on the area below the reconnection region from the perspective of X-ray observations.
As shown in Figure [L.5] a magnetic flux rope (MFR) which is above the reconnection
region, is critical in driving the flare evolution and energy release. The MFR will be
discussed in detail in Section As an important diagnostic tool for flare energy
release and coronal magnetometry, and as the core observation of the thesis, radio

diagnostics in solar flares will be introduced in Section

1.2 Magnetic Flux Rope in Solar Flares
1.2.1 MFRs, CMEs and solar flares

As discussed in Ssubsection [I.1.2] the standard flare model features an outward-going
(erupting) MFR which is defined as a magnetic structure in which field lines wrap
around an axial magnetic field line. Depending on whether there is a successful
MFR eruption, the flares can be categorized as confined events [234], [100] (the MFR

fails to erupt), partially eruptive events [162) [134] (only a part of the MFR erupt),
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and eruptive events. Eruptive events, and some partial eruptive events, are often
associated with coronal mass ejections (CMEs).

CMEs are large magnetic structures that carry plasma and are expelled from
the solar atmosphere into the interplanetary space [248]. The correlation between the
CMEs and solar flares has been comprehensively studied. On one hand, 60% of the
large flares [2] (> M Class), and 90% of X class flares [246] are associated with CMEs,
the rest of the 10% are suggested to be confined by the overlying arcade field [246].
On the other hand, if only the earth-directed CMEs are considered, in which the
associated flare is potentially observable, 88% of the CMEs are associated with solar
flares, and 80% of the CMEs origins inside the active regions [266]. The asymmetry
of the two association rates cannot be simply attributed to the causality of the two
phenomena (see detailed discussions in Webb and Howard [249]).

Although there is no one-to-one correlation between CMEs and solar flares,
the strong correlation between the two phenomena led to various hypotheses about
their causality: (I) Solar flares cause CMEs, e.g. [63, [I75]. (II) Solar flares are the
byproducts of CMEs [126]. (III) When a solar flare has an associated CME, they are
both part of an underlying magnetic process [106], 263, 249]. The increasing presence
of observations showing the detailed correlation between the kinematic evolution of
the CMEs and the released energy of the solar flares favors the third hypothesis. The

involved models are summarized and reviewed in Forbes et al [77].

1.2.2 Observation of magnetic flux ropes

MFRs have a wide distribution of size. They can grow into 10%-10° Mm in the
interplanetary space [249]. On the other hand, in coronal jets, the mini-MFRs are only
10°-10* km in size [222]. MFRs are believed to be the core structure of the eruptions
(successful or failed) during solar flares, especially in CME-associated events. In

white-light coronagraphs, CMEs usually display a three-part structure [118], 42}, 24T].

13



L '_brigh_t'f_rbnt

2000/02/27 07:42

Figure 1.6 A typical three-part CME observed in white-light, the three parts are
annotated.

Source: [211]
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From outside to the inside, they are a bright leading edge, a dark cavity, and a
bright core, as shown in Figure [1.6| The dark cavity is typically attributed to a
low density volume wrapped by MFR [169]. The bright leading edge is interpreted
as the accumulated plasma at the front of the rising MFR [255, 216]. There is
some controversy about the interpretation of the bright core. It is used to be widely
regarded as the filament/prominence [I1§], which is the dense plasma supported at
the bottom of the MFR. However, recent observations suggest the bright core can be
the MFR itself without the need of a filament/prominence [112} 239, 219].

Magnetic flux ropes are essentially magnetic field structures. Although the
vector magnetic field has been measured within the CMEs in the interplanetary space,
named “ICME” | by in-situ observation (e.g. [44]), the observation of the MFRs in the
solar atmosphere still relies on the associated observable features and magnetic field
extrapolations. Filaments are relatively cool (10* K) and dense (10-10'% e¢m™3)
plasma “floating” in the hot and attenuated corona [160]. When observed on the
solar disk, filaments are dark features against the bright solar disk in chromospheric
lines such as Ha and EUV due to the strong absorption and weak emission in these
passbands. However, when the phenomena are observed above the solar limb (termed
as “prominence”), the plasma appears bright in the chromospheric lines against the
coronal background (Figure . Filaments are one of the primary indicator of the
MFRs [90, 28, 164, 150]. The dense plasma of the filament is supported by the
magnetic dip at the bottom of the MFR [144] which also isolates the filament from
the hot corona. Other models, such as filaments supported by the sheared-arcades
[5], are reviewed with detail in Gibson [90], Liu [160].

As possible CME precursors [115], [89], sigmoids are regarded as another excellent
indicator of MFRs. Sigmoids are usually observed as bright S-shaped coronal
structures in SXR and EUV. The sigmoids are usually described as the plasma heated

by a curved current sheet (CS) between the MFR and the surrounding field [132, 8§].
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19:24:08 UT

Figure 1.7 A Filament observed by BBSO/GST VIS images at the Ha line center,
the image is taken from NOAA Active Region 11817 on Aug 11, 2013 (from [243]).

B A small quiescent prominence observed by BBSO in Ha from 1970.
Source: BBSO image gallery https://www.bbso.njit.edu/images.html, Retrieved on Apr 1,

2023
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Although the magnetic structure of the MFR is not directly observable, the helicity
sign can be inferred from the evolution of the sigmoid during its eruption. The
helicity sign is found to be consistent with that inferred from the features of the
associated filament [97]. In some events, the S-shaped emissions are found to evolve
from two J-shaped emissions, which show up before the eruption [96]. The observation
is consistent with a model in which the MFRs, characterized by the S-shape bright
structure, is formed by “flux-cancellation” or “tether-cutting” reconnection between
the sheared arcades, characterized by the two J-shaped bright structures [98].

In some recent events, “hot channel” is found to be a more direct observable
feature of the MFR [264], [192], the hot channel is evolved from a sigmoid appears
earlier [264]. The hot channels are usually observed in EUV observation which is
sensitive to plasma at a temperature of Z 8 MK [46, 264]. There are plentiful common
features that are shared by the observed hot channel and the modeled MFR (see
discussion in Song et al. [217]). In addition, both the morphology and the height
evolution of the hot channel in EUV are found to be consistent with the cavity or

bright core in white-light CMEs [264], 47]. The evolution of the hot channel is shown

in Figure [264].

1.2.3 Magnetic topology of MFRs
helical magnetic field lines wind around the central axis in the same direction
and share similar magnetic connectivity. Compared to the ambient field lines, the
field lines in MFRs feature similar magnetic connectivity and helicity [88]. The
two parameters which are widely used [8, 122 120, 166] to describe the magnetic
connectivity and helicity of the field lines are the “squashing factor” [231] and the
magnetic twist number [20].

When applied to the solar magnetic field, the squashing factor usually measures

the gradients in the mapping of a field with respect to its footpoints, which is powerful

17



0
a AA-131A 08141:09 UT b Aa-171A

-100

—200

Y (arcsecs)

—300

—400

—508

d AA-131A  03:33:33UT e AIA-131A  03:37:33UT f

-100

—200

Y (arcsecs)

—300

=400

=500
-1200 -1100 -1000 -900 -800 -1200 -1100 -1000 -900 -BOO -1200 -1100 -1000 -900 -80OO

X (arcsecs) X (arcsecs) X (arcsecs)

Figure 1.8 The evolution an observed hot channel in SDO/AIA 131 A(red dashed
lines). While the blue dotted line indicates the cool compression front.
Source: [26])]

in identifying magnetic field in different magnetic domains. The squashing factor is

defined as [231], [160]:

| Bu (%1, ¥1) /Bu2 (X2, ¥2)|

(1.8)

where a, b, ¢, and d are derived from the Jacobian matrix associated with the mapping:

- = , (1.9)
8y2/8X1 6y2/8y1 c d

81'2] Ox9/0x1  0x2/0y; a b

and By (x1,y1) and By (X2,y2) are the normal components of the magnetic field
at the footpoints (photosphere). With the definition of the squashing factor, the
quasi-separatrix layers (QSLs) [197] is defined as a layer with steep gradients in
magnetic connectivity (squashing factor). Therefore, the MFR usually has a boundary

in the form of a QSL [I97]. The QSL is also commonly used as an indicator of
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magnetic reconnection. In three-dimensional reconnection models, e.g., [19§], the
self-intersecting QSL forms a hyperbolic flux tube (HFT) [231]. The null point in the
HF'T is believed to be the reconnection site, whose 2D counterpart is shown as the
reconnecting “X-point” in Figure [1.5. For the MFR at a relatively low height, the
QSLs could be in the form of bald-patch-separatrix surfaces (BPSS)[230]. As shown
in Figure[1.9] the dips of the purple field lines, termed BPSS, graze the photosphere.
The heating due to reconnection occurring at the sigmoidal BPSS is consistent with
the observed sigmoid in morphology [88] 06].

The number of turns that a magnetic field winds about the axis can be measured

by the magnetic twist number 7, [20], which can be well approximated by [20]:

o [JB
_4'/T L 32

dl, (1.10)

where J = V - B/, is the induced current of B, whose component that is parallel

toB, Jy=J- B/|B|, then:

d7s 1ol

ds  47|B]

(1.11)

As mentioned in Section the total magnetic energy of the MFR can also be
classified into potential and free magnetic energy, which can also be written in the

following form [212]:

1
—dv =— | B%d — | A,.-Jd 1.12
/ 1% pv+26/v .- Jdv, (1.12)

where B, is the potential component of the magnetic field and A, is the magnetic
vector potential of the non-potential component of the magnetic field. As shown in
Equation ((1.12)), the magnetic field of MFR is crucial to understanding the energy

release processes, which will be discussed in Chapter [2]
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Figure 1.9 Simulated magnetic topology of the MFR in a dipole configuration. A
The BPSS is shown as the purple field lines. The current-sheet-intersecting field lines
are drawn in red /orange. B Filament (dark brown lines) are supported by the dipped
field lines.

Source: [90]

As the key question about the role that the MFRs play in solar eruptions,
the relationship between the MHD instability of MFR and eruption initiation or the
debate on whether MFR existed before the flare will not be discussed in detail in this
dissertation; we refer interested readers are to other works [88] 249] 90, [160], where

the topics are discussed more thoroughly.

1.3 Microwave Emission in Solar Flares
The radio band is the widest window of observations from the ground in the entire
electromagnetic spectrum. Although restricted by the absorption and the reflection
of the atmosphere and the ionosphere of the earth at low frequencies (<20 MHz),
the available ground-based radio window ranges from a few MHz to a few hundred
GHz. Solar radio observations provide many unique diagnostics for understanding
the physics of solar flares. The section will start with general concepts in solar radio

and then focus on the microwave band (cm-\) analysis in solar flares.
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1.3.1 Basic conceptions
The radio flux measured within a certain frequency range v—v + dr and a given solid

angle dS? is called “specific intensity,” defined as:

dE,

I, = )
dt(docost)dvd

(1.13)

where E, is the energy receieved, I, is in unit of J m=2 Hz ' s™' sr™'. v, o, 0, Q, are

the frequency of the emission in Hz, the surface area of the source in m?, inter angle
between the observing surface normal and the line from the source to the observer in
radian, the solid angle of the source in radian, respectively. Integrating the specific
intensity over the solid angle and then applying the “small source approximation”
(cosf =~ 1), another commonly used measurement of a radio source, flux density, can

be defined as:

dE,
= — | Icosbdr~ [ Ido. 1.14
Sv = Jidody /4,T €os /4,r (1.14)

The flux density is usually expressed in Jansky (Jy; 1 Jy = 1072 W m=2 Hz ).
In solar radio astronomy, the solar flux unit (sfu) is also commonly used (1 sfu =
10000 Jy).

Consider radiation at a monochromatic intensity of I,,, passes vertically through
a medium that only absorbs and does not emit at the current frequency with a
thickness of dl, the change in intensity is —d[,. In a uniform distributed medium,
the amount of change is proportional to the thickness of the medium, which can be
written into:

—dI, = k,1,dl (1.15)
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In Equation (1.15)), , is the absorption coefficient, in units of cm~*. With the

definition of absorption coefficient, the optical depth can be defined as:
T, = / Kydl (1.16)
L

The optical depth, which is dimensionless, can be used to conveniently describe the

intensity reduction of emission between the source and the observer: I, = I,ge™ ™.
Similarly to the absorption coefficient, when it comes to the capability of

radiation of the medium at the current frequency, the emissivity 7,, in units of

erg cm 2 s7' Hz~! st™!, can be written into:

dE,

= AV dtdvdQ (1.17)

In some specific cases, absorption coefficient and emissivity are related. In local
thermodynamic equilibrium (LTE), the absorption coefficient and emissivity follow
the Kirchoft’s law:

=k, B, (T) (1.18)

B,(T) is the Planck function. In the radio regime (hv < kT), the Plank function

follows the Rayleigh-Jeans approximation:

. 2V2]€BT
= =2

B,(T) : (1.19)

where kp is the Boltzmann constant and c is the speed of light. Following the
definition in black body radiation, a “brightness temperature” T, can be defined
as the temperature that a black body would need to have to emit the same observed
brightness.

With the definition of brightness temperature under the Rayleigh-Jeans limit

(hv < kT), Equation (1.19)) can be rewritten as the “Rayleigh-Jeans” equation to
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describe the relationship between observed flux density and brightness temperature:

c2

2
5, = ks / Tyd9) (1.20)
Q

1.3.2 Radio emission mechanisms

The solar radio emission is dominated by the electrons interacting with the local
plasma, magnetic field, etc. [II, [80]. Solar radio imaging spectroscopy and
the well-modeled emission mechanisms provide not only the tools for probing
the thermal/nonthermal electrons but also diagnosis of the environmental plasma

parameters. Figure [1.10| schematically shows the relationship between height above
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Figure 1.10 Diagram illustrating the relationship between height above the solar
surface and characteristic radio frequencies of each usual radio emission mechanism.
The mechanism in the upper right of the diagram is dominating at a certain
frequency/height. The model of temperature, density, and magnetic field can be

found in Gary and Keller [80]
Source: Gary and Keller [80]

the solar surface and characteristic radio frequencies of each usual radio emission

mechanism. There are two essential frequencies in Figure [1.10] v, and vy,
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representing the plasma frequency and the electron gyrofrequency, respectively. The
involved emission mechanisms will be elaborated on in the following part of this
section. Solar bursts exhibit a vast range of emission mechanisms, competing for
dominance across various frequencies. However, the apparent complexity of these

bursts can be comprehended by considering v, and vy, [80].

Coherent emission Coherent emission, also termed as “collective plasma radiation
processes” [I79], refers to the emission in which the electrons move in a highly
coordinated fashion (in phase) due to the particle-wave and wave-wave interaction,
so that the emission is in phase as well. As a result, the coherent emission usually
features a high brightness temperature.

Plasma radiation is one type of the coherent emissions, which features emission
at a frequency that is near the fundamental or second harmonic of the plasma

frequency

Nee2

~ 8980/, (1.21)

vV, =
P TM,

The overall conception of the theory for plasma radiation remains more or less

the same since it was first proposed [93]. Three stages are usually involved:

e Langmuir wave is caused by a micro-instability termed “bump-on-tail” insta-
bility, which is caused by multi-peaked electron velocity distribution.

e The fundamental emission and (or) backward-propagating Langmuir waves are
generated through the scattering of Langmuir waves on ion acoustic waves or
density structures.

e Emission at second harmonic plasma frequency (v = 21,) results from the
nonlinear wave-wave coalescence to yield the harmonic emission.

Here we refer the readers to Dulk [65], Melrose [I80], and the references therein

for a more comprehensive discussion of the theory for plasma radiation. Because of
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its sensitivity to the local plasma density, plasma emission is often used to diagnose
the bulky motion of plasma and electrons. The corresponding measurement can be
identified as various features in the observed dynamic spectra in a wide frequency
range of a few kilo-Hertz (kHz) to ~ 1 GHz (Figure [L.11). The features are
summarized as solar radio bursts in various types [65]. As shown in Figure m
Type II and type III radio bursts are believed to originate from plasma radiation.
Readers are referred to Gary and Keller [80] for more details about diagnosis with

solar radio bursts due to plasma radiation.
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Figure 1.11 Diagram illustrating the typical features of Solar Radio Bursts.
Source: HiRAS Solar Observatory

Incoherent emission In the microwave domain is usually dominated by bremsstrahlung,

gyroresonance, and gyrosynchrontron radiation. All three mechanisms are categoried
as incoherent radio emission. Compared to coherent emission, the electrons are
not emitting in phase; in other words, the radiation process from the electrons is

independent of each other.

25



Bremstrahlung As mentioned in Subsection [1.1.2] bremsstrahlung refers to the
radiation produced by Coulomb collisions between electrons and ions in the highly
ionized plasma. Shown as the gray curve in Figure [1.10, v,—; at higher frequency
shows up at a smaller assumed height (larger number density). The curve can be

explained by the absorption coefficient of thermal bremsstrahlung [65]:

182+ InT3? —Inv (T <2x10° K)
Ky A~ 9.78 x 107° u;;;/? N Zn; x (1.22)

245+ InT —Inv (T > 2 x10° K)

In Equation , ne, 1, v, Z;, and n; are electron number density,
electron temperature, observing frequency, ion charge, and ion number density.
As a great example of combining the concept of radiative transfer equation,
brightness temperature, and optical depth, the observed brightness temperature can

be substituted into the radiative transfer equation:

Ty = Toppe ™" + Toop (1 —e777) (1.23)

Where T, and T, are the electron temperatures of the chromosphere and
corona, respectively. 7., is the optical depth of the corona. The solid curve in
Figure shows a brightness temperature spectrum for thermal bremsstrahlung
from a 10° K corona and a 10* K chromosphere as the background. By comparing
it to the dashed curve (the spectrum for the coronal contribution alone), we
can see how background chromosphere plays a role in the observed brightness
temperature spectrum. The optical depth of thermal bremsstrahlung, as shown
in Equation and Equation (|1.16f), is sensitive to the electron temperature,
the electron number density, and the integrated length along the line-of-sight. The
arrows in Figure [1.12] show how the growth of the above three parameters would

change the shape of the thermal bremsstrahlung spectrum. Deriving the parameters
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from the observed spectrum as shown in this example, termed “spectral diagnostic,”
is a critical technique used in this dissertation for interpreting the EOVSA microwave

observations.

Gyroresonance and gyrosynchrontron emission Gyroemission, also known as
“magneto-bremsstrahlung,” originates from the centripetal acceleration of electrons as
they move around a magnetic field. The gyro-emission from tnon-relativistic electrons
is known as “cyclotron emission,” in which the electrons gyrate at a fixed frequency

(gyro-frequency) that only depends on the magnetic field strength:

eB

MeTC

=2.8 x 10°B Hz (1.24)

Uy =

When the electrons are in temperature (~ 10°-10% K) that the relativistic effect can
not be neglected, the sinusoidal dipole pattern due to symmetric circular motion
in cyclotron emission will be changed then results in emission at harmonics of the

gyro-frequency:

Vgyroresonance = 5 X 2.8 x 10°B Hz (5=1,2,3...) (1.25)

The gyroresonance emission dominates the region that features a strong
magnetic field (Z 100 G, e.g., the corona above the sunspot where the temperature
is also satisfied). Because the emission frequency of the gyroresonance emission
is discrete and occurs at harmonics of the gyrofrequency, the emission provides
diagnostics on the absolute magnetic field strength B. The readers are referred to
Chapters (4) and (5) in Gary and Keller [80] for details about emission mechanisms,
diagnosis, and examples of diagnosis with actual observations.

As mentioned in the previous section, electrons can be accelerated during an
explosive event like a solar flare. When the electrons are in the mildly-relativistic

regime (~ 10%-10% keV), the emission pattern becomes more asymmetric angularly,

27



107: T Illlllll T T T TTTTI T IIIIIII:

108}

105}

Brightness Temperature [K]

104}

103 1 1 11 llII | 1 111 |||I \l 1 1L 1 1111
01 1 10 100
Frequency [GHz]

Figure 1.12 Brightness temperature spectrum for thermal bremsstrahlung from a
10° K corona and a 10* K chromosphere (solid line). The spectrum without the cooler
chromosphere as the background is shown as the dashed line.

Source: [80]

28



and the emission peaks at harmonics of 10-100. Meanwhile, the thermal broadening
of the line is more serious. As a result, the harmonics are smeared out and can
be approximated as a continuum emission, known as gyrosynchrontron emission,
which dominates the microwave emission during flares. The theoretical expressions
of the gyrosynchrotron emissivity and absorption coefficient are shown in Ramaty
[207]. The complexity of the theoretical expressions makes numerical solutions
a commonly used method to calculate the gyrosychrotron spectra. Nevertheless,
even for modern computing resources, the exact numerical solution is still too
computationally intensive. One of the approaches is fitting the empirical expressions
to the numerical results. Dulk [65] shows the simplified empirical expressions for
Ters, my and k, with constraining on power-law index of the nonthermal electron

distribution ¢, viewing angle #, and harmonic:

Teff ~ 9292 % 1091070.315(Sin 0)70.3670.06580.05%*0.0855 (126)
U ~ 3.3 x 10_2410_0'525(sin 9)—0.43+o.65581.22—o.905 (1_27)
BN
Ky B — —94(—0.225/.: —0.09+0.726 _—1.30—0.985

N~ 1.4 x 107710 (sinf) s (1.28)

The fast gyrosynchrotron codes developed by [71] (and their recently updated
version [140]) is a more accurate approach to calculate the gyrosynchrotron spectra
(compared to the approximations above) while also reduces the computation time by
several orders of magnitude (compared to using the exact formula). The method is
adopted to calculate the gyrosynchrotron emission throughout this dissertation.

Figurdl.13] is a typical brightness temperature spectra for gyrosynchrotron
emission from power-low distributed homogeneous nonthermal source. The spectra
reach its peak value at “turn over frequency” v,,, where the optical depth 7 ~ 1.

The optical thick and optical thin regimes are on the left and right sides of the
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Figure 1.13 Brightness temperature spectra for a typical gyrosynchrotron emission
from power-low distributed nonthermal electron. The direction and the length of
the arrows indicate how does quadruple the annotated parameters would change the
spectra. The solid line shows the “x-mode” spectra while the dashed line shows the

“o-mode” spectra.
Source: Gary and Keller [80]
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V4o, Tespectively. On the optical thick side, the brightness temperature at higher
frequency attributes to electrons with higher effective temperature, giving rise to
a higher brightness temperature. Therefore, this part of the spectra features a
positive slope. In Figure [I.13] the direction and the length of the arrows indicate
how does quadruple the annotated parameters would change the spectra. N and L
are the number density of the nonthermal electron and column depth, respectively.
Increasing the total amount of the nonthermal electron would simply increase the v,.
On the other hand, the higher magnetic field strength is equivalent to a higher base
gyro-frequency, which shifts the entire spectra towards the right (higher frequency).
On the optical thin side, the brightness temperature drops fast with a negative slope
Qinin, Which can be approximately expressed by aupi, &~ —0.8 — 0.99, where ¢ is the

power-low index of the nonthermal electron energy distribution.
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Figure 1.14 Spatially resolved microwave spectra and light curves of the erupting

flux rope during the early impulsive phase of the X8.2-class limb flare on Sep 10, 2017
Source: Chen et al. [37]

Because of the diagnostic power of the gyrosynchrontron spectra for solar flares,

the spatially resolved microwave imaging spectroscopy provides unique diagnostics
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that not only reveals the spatial distribution and spectral information of the
accelerated electrons but also constrain the magnetic field strength at the emission
region. Figure [1.14] shows the EOVSA microwave imaging spectroscopy observation
of a limb flare on September 10, 2017. In this observation, the microwave images serve
as the probe of nonthermal /thermal electrons and magnetic structure, which shows
the geometry evolution of nonthermal electron distribution and magnetic structure.
The spectral diagnosis, on the other hand, reveals magnetic field strength and spectral
information of the nonthermal/thermal electron, indicating the electron acceleration,
transportation, and heating processes during the early impulsive phase of the event.
The results agree well with the standard model for eruptive solar flares which is
introduced in Subsection [I.1.2] This observation also serves as evidence for particle

transport along an erupting magnetic flux rope, which is the basis for the study

discussed in Chapter 2]

1.4 Instrumentation
In this dissertation, the flare energy release is mainly derived from multi-band
observations of flares. These observations reveal the magnetic field topology and
its evolution during the flares at different scales and altitudes. They also provide
spatially resolved measurements of plasma temperature, density, kinetics, and other
properties. These observations can be used to diagnose the spatial distribution,
energy distribution, and density of the accelerated electrons. Finally, they provide
diagnostics of the magnetic field strength and measurements or extrapolation of
three-dimentional vector magnetic field. The most utilized instruments in this

dissertation are:

e Expanded Owens Valley Solar Array (EOVSA) The Expanded Owens
Valley Solar Array (EOVSA; Gary et al. 84) is a solar-dedicated radio
interferometer updated from the Owens Valley Solar Array (OVSA [83]).
EOVSA has been providing full sun daily imaging spectroscopy since early
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2017, which features a frequency range of 1.1-18 GHz (2.8-18 GHz before
2019), 451 frequencies in 50 spectral windows (134 frequencies in 31 spectral
windows before 2019), a high spectral resolution of < 40 MHz, a high temporal
resolution of 1 s (sample time of 20 ms), and full stokes (IQUV) polarization
measurementﬂ The EOVSA has thirteen 2.1 m antennas (78 baselines) in
a three-armed spiral configuration array with a size of 1.08 km in east-west
and 1.22 km in north-south, featuring an angular resolution of 57 ” and 51 ”
at 1 GHz, respectively. One of the two existing 27 m antennas operates for
precision calibration.

e Goode Solar Telescope (GST) Goode Solar Telescope (GST; Goode and Cao
95) at Big Bear Solar Observatory (BBSO), is a ground-based telescope that
operates at 4305 A — 10830 A wavelength range. GST features a 1.6-meter
aperture primary mirror and a high-order and multi-conjugate Adaptive
Optics (AO) system, which provide an image scale down to 0.08 ”/pixel at
5000 A. There are five instruments operating on the optical system now,
they are Broad-Band Filter Imager (BFI), Visible Imaging Spectrometer
(VIS), Near Infra-Red Imaging Spectropolarimeter (NIRIS), Cryogenic Infrared
Spectrograph (CYRA), and Fast-Imaging Solar Spectrograph (FISS). VIS is the
only instrument that is highly involved in this dissertation, which produces a
narrow (0.07 A) bandpass over a circular field of view measuring 70 ”, tunable
within the 550-700 nm range. VIS is currently operating at the Ha line at
6563 AThe image cadence is 15 s, in which VIS takes images at 11 wavelengths
around the center wavelength. For each wavelength, 25 frames are taken. The
image scale of VIS at all the wavelengths is 0.034 ”/pixel. The characteristics
of the rest of the imaging/imaging-spectroscopic instruments can be found at
BBSO instrument specifications (Retrieved on Apr 1, 2023).

¢ Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
RHESSI [157] is part of Small Explorer (SMEX) missions which is specifically
designed to examine the mechanisms of particle acceleration and energy release
that occur during solar flares. To accomplish this, RHESSI employs an imaging
and spectroscopy technique that analyzes hard X-ray/gamma-ray continua
emitted by high-energy electrons, as well as gamma-ray lines produced by
energetic ions. RHESSI is capable of providing high-resolution full-sun hard
X-rays imaging spectroscopy with a spectral resolution ranges between 1 and
10 keV FWHM over an energy range of 3 keV to 17 MeV and a spatial resolution
as fine as 2.3”. RHESSI was launched by NASA on February 5, 2002, and
operated until 2018.

IThe different types of antennas in the array, however, have hampered the commissioning
of full polarimetry for scientific use. An upgrade is being proposed to enable this key
capability.
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e Solar Dynamic Observatory (SDOj; Pesnell et al. [195]) is part of NASA’s
Living With a Star (LWS) program, which aims to study the Sun and its
interactions with the Earth’s environment. The SDO equipped with three main
instruments, according to the extent of their involvement in this dissertation,
they are:

1. The Atmospheric Imaging Assembly (AIA; Lemen et al. [148])
takes images of the solar atmosphere in ten wavelengths ranging from
extreme ultraviolet (EUV) to ultraviolet (UV). The images feature spatial
resolution of 1.5” and temporal resolution of 12”7 /24" for EUV /UV images.
The wavelengths are:

— 94 A, emitted by Fe XVIII at temperatures of ~ 6 MK, represent
regions of the corona during a solar flare.

— 131 A, emitted by Fe XX /Fe XXIII at temperatures of ~ 10 MK/~
16 MK, represent heated material in solar flare.

— 171 A, emitted by Fe IX at temperatures of ~ 0.6 MK, represent quiet
corona and magnetic structures like coronal loops.

— 211 A, emitted by Fe XIV at temperatures of ~ 2 MK, represent a
slightly higher region of the corona and the latter represents hotter,
active regions in the solar corona.

— 304 A, emitted by He II at temperatures of ~ 0.05 MK. The line
is emitted from the upper transition region and the chromosphere in
which filaments are readily visible.

— 335 A, emitted by Fe XVI at temperatures of ~ 2.5 MK, represent
the active regions in the corona.

— 1600 A, emitted by C IV and continuum emission at temperatures of
~ 5000 K. The line is emitted from the transition region.

— 1700 A, emitted by continuum emission at temperatures of ~ 5000 K.
The line is emitted from the photosphere.

— 4500 A, emitted by continuum emission at temperatures of ~ 5000 K.
The line is emitted from the photosphere.

2. Helioseismic and Magnetic Imager (HMI; Scherrer et al. 214)
provides full disk magnetogram and surface flow measurement by taking

series of images every 45” at a wavelength of 6173 Aemitted by Fel line.
The full-disk magnetogram contains a line-of-sight magnetic field (LOS)
component map (with a cadence of 45”) and vector magnetogram (with a
cadence of 720").

3. Extreme Ultraviolet Variability Experiment (EVE; Woods et al.
253 provides solar EUV irradiance from 1 to 1050 A with a spectral
resolution of 1 A, temporal cadence of 107, and accuracy of ~20%.

In addition, there are additional instruments that have been analyzed in
the works of this dissertation and have played important roles, they are: Large

Angle Spectroscopic COronagraph on board the Solar and Heliospheric Observatory
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(SOHO/LASCO; Brueckner et al. 27), K-coronagraph of the Mauna Loa Solar
Observatory (MLSO/K-Cor; Elmore et al. [67), Extreme UltraViolet Imager (EUVI;
Wauelser et al. 256) onboard STEREO-A, one of the two Solar Terrestrial Relations
Observatory (STEREQO; Kaiser et al. [127) spacecraft, and Gamma-ray Burst Monitor

(GBM; Meegan et al. [178).

1.5 Scientific Goal and Dissertation Outline
Although the standard model of solar flares [31) 224] 107, 135] has been successful in
interpreting many observational signatures of eruptive flares. However, there are still
many problems that remain unresolved. As mentioned in Section [I.1} solar flares are
essentially the process of releasing the free magnetic energy stored in the solar corona
by drastic reconfiguration of the coronal magnetic field. The “big questions” in this

process, are summarized in Benz [19] as:

Coupling atmospheric layers: How do flare signatures in the photosphere,
chromosphere, and corona relate to each other?

Flare geometry: Where is the flare energy released?

Energy budget: What forms is the energy released into?

Signatures: Which emissions are direct signatures of energy release?

e Acceleration processes: How are particles accelerated?

With the “big questions” in mind, this dissertation focuses on two “specific questions”:

e What are the three-dimensional magnetic structures of solar flares and MFRs?

o What is the relationship between the different forms of energy that are released
during a flare? How are they coupled together?

With the diagnostics of the magnetic field and nonthermal electrons using

microwave imaging spectroscopy observations combined with multi-wavelength data,

this dissertation aims to shed some light on these two specific questions. Chapter

35



reports an EOVSA microwave imaging spectroscopy observation of an M1.4-class
solar flare that occurred on 2017 September 6. This flare event is associated with a
partial eruption of a twisted filament observed in Ha by GST/VIS. The event features
a microwave counterpart, whose spatial and temporal evolution closely follows the
filament seen in Ha and EUV. Using spatially resolved microwave spectral analysis,
we derive the magnetic field strength along the filament spine, and compare it to the
non-linear force-free magnetic model extrapolated from the pre-flare photospheric
magnetogram. Chapter |3 presents another case study with EOVSA microwave
imaging spectroscopy observation. The event is a (C9.4-class eruptive limb flare
occurred on 2017 August 20, which is accompanied by a magnetic flux rope eruption
and a white light coronal mass ejection. The event features three post-impulsive
X-ray and microwave bursts immediately following its main impulsive phase. For
each burst, both microwave and X-ray imaging suggest that the non-thermal electrons
are located in the above-the-loop-top region. Interestingly, contrary to many other
flares, the peak flux of the three post-impulsive microwave and X-ray bursts shows
an increase in time. During the main-impulsive phase and each post-impulsive
phase burst, the acceleration of the magnetic flux rope and the non-thermal energy
release are measured by microwave/X-ray spectral analysis and EUV feature tracking,
respectively. We discuss the correlations between flux rope acceleration and electron
energization in three post-impulsive phase bursts. We also discussed the potential
impact of the guide field on the acceleration of non-thermal electrons in each phase.
In Chapter [, the major results are summarized and discussed in the context of the

two specific questions. Future work is also discussed in Chapter []
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CHAPTER 2

CORONAL MAGNETIC FIELD MEASUREMENTS ALONG A
PARTIALLY ERUPTING FILAMENT IN A SOLAR FLARE

2.1 Introduction
Magnetic flux ropes (MFRs) are the key to understanding solar eruptions [69]. Since
the magnetic field plays a dominant role in the low-plasma-$ environment in the
low solar corona, measurements of the magnetic properties of MFRs are crucial for
understanding their triggering and the associated energy release processes, leading to
major solar activities [165].

To date, the most commonly used method to infer the magnetic field of
MFRs is through nonlinear force-free field (NLFFF) extrapolations [252]. While the
NLFFF method has provided important insights into the magnetic topology and,
in some cases, the evolution of the MFRs [e.g., 133 121, 101], it is, after all, an
indirect method with intrinsic limitations [see., e.g., [182] 56], for discussions]|. Direct
measurements of the coronal magnetic field based on the Zeeman effect, Hanle effect,
or a combination of both, have been performed by using polarization measurements
of optical or infrared (IR) lines [I54], 01, 208]. Occasionally, this technique has
been applied to the measurements of the magnetic field of prominences/filaments
[23, 181] and coronal rain [I45]. Linear polarization of IR forbidden lines are also
used to probe the magnetic structure of coronal cavities [61 [I7]. Recently, there
has also been success in constraining the coronal magnetic field by using certain
EUV lines sensitive to the magnetically induced transition (MIT) effect |24 [43], [147].
However, these measurements are often limited by the signal-to-noise ratio and
require a relatively long integration time. For instance, with current optical/IR
instrumentation, it typically takes tens of minutes for linear polarization and hours

for circular polarization [17]. Although the required integration time will be reduced
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by an order of magnitude with the operation of the Cryo-NIRSP spectropolarimeter
at the Daniel K. Inouye Solar Telescope [105] in the near future (thanks to its large
collecting area), it will remain difficult to track the rapidly evolving magnetic field
of MFRs at a time scale of order 1-10 s in solar eruptions and flares. In addition,
because the spectral lines from the coronal plasma are orders of magnitude weaker
than their counterpart from the photosphere, such measurements can only be made
above the solar limb.

Waves and oscillations have also been used to diagnose the coronal magnetic
field [see, e.g., reviews by [189] [3| and references therein|. Despite recent success to
obtain spatially resolved maps of the coronal magnetic field above sunspots [123] and
of the quiescent corona [259], it remains difficult to diagnose the rapidly evolving and
complex magnetic structures in the flaring region.

Microwave spectral diagnostics provide another means for measuring the coronal
magnetic field both over the limb and against the disk. The microwave emission
arises from thermal or nonthermal electrons gyrating in the magnetic field, producing
gyroresonance or gyrosynchrotron radiation with spectral properties sensitive to the
magnetic field strength and direction [79]. Thanks to the operation of the Expanded
Owens Valley Solar Array (EOVSA) [193, 4], significant progress has been made
in measuring the dynamically evolving coronal magnetic field in solar flares using
spatially resolved microwave spectroscopy at a high, 1-s cadence. The technique
of faithfully reconstructing a coronal magnetic field map of a flare arcade has been
previously demonstrated by Gary et al. [82] using a three-dimensional model arcade
filled with nonthermal electrons. With EOVSA data, a fast decay of the coronal
magnetic field in the cusp region above the flare arcade was first reported by Fleishman
et al. [72]. In Chen et al. [34], EOVSA imaging spectroscopy is used to derive
the magnetic field profile along a large-scale reconnection current sheet trailing an

erupting MFR, which matches very well with results from numerical simulations.
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Similar techniques can be used to derive spatially resolved measurements of the
magnetic field along an erupting MFR. However, such measurements have not been
realized heretofore due to the lack of suitable observational data. This work will fill
that gap.

Although nonthermal counterparts of the erupting MFRs or coronal mass
ejections (CMEs) have been occasionally reported in both radio [223, BT 12, 242]
171, 236, [10], [30], 187, 36, 183, [49] and X-ray wavelengths [128, 116}, 139, 04], where
the nonthermal electrons are accelerated and how they gain access to the MFR/CME
cavity remain outstanding questions. In the low corona, it is often assumed that
the electrons, presumably accelerated at or around the flare reconnection site, are
injected into the MFR cavity following the newly reconnected field lines. In the upper
corona, additionally, the CME-driven shocks may play an increasingly important role
in particle acceleration. As such, transport of the shock-accelerated electrons (and
ions) from downstream of the shock to the CME cavity would be important for
understanding the associated nonthermal emissions. To elucidate these processes,
detailed spectral imaging of these radio/X-ray sources with sufficient temporal and
angular resolution would be particularly helpful. In a recent study by Chen et al. [36],
aided by spectral imaging enabled by EOVSA, microwave counterparts that outline
the central region and the two conjugate footpoints of an erupting MFR cavity have
been identified in the low corona (<0.2R above the surface) with an edge-on viewing
perspective. Their similar light curves and spectral properties suggest that the three
sources are likely associated with the same nonthermal electron population injected
from the underlying reconnecting current sheet during the erupting of the MFR.

Here we report a multi-wavelength study of a GOES M1.4-class solar flare on
2017 September 6, which is associated with a partial eruption of a filament. Different
from the event in Chen et al. [36], which has an edge-on viewing perspective over the

limb, this erupting filament is viewed against the solar disk, thus giving us a unique
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opportunity to derive the coronal magnetic field along the filament axis using both
microwave spectral analysis and non-linear force-free field (NLFFF) extrapolations.
After an overview of the multi-wavelength observations and a discussion of the flare
context in Section [2.2] we present the microwave imaging spectroscopy observations
of the filament eruption in Section Also discussed there are the magnetic field
measurements returned from the spatially resolved microwave spectral analysis in
comparison to the NLFFF extrapolation results. In Section [2.4] we discuss the nature
of the filament/MFR system revealed by the multi-wavelength observations, as well

as a possible interpretation of the partial eruption.

2.2 Event Overview

2.2.1 Multi-wavelength data
The flare under study took place in active region (AR) 12673, which had a
record-breaking fast magnetic flux emergence [226] and high photospheric and coronal
magnetic field strength [244, [4]. The event occurred about 7 hours after the peak of
the X9.3 class flare (SOL2017-09-06T11:53, the largest flare in Solar Cycle 24) in the
same AR. During the decay phase of the X9.3 flare, 4 M-class flares occur, including
the SOL2017-09-06T19:29:30 M1.4 flard’| under study here (Figure 2.1(C)). At the
time, as shown in Figure (B), the photospheric magnetic field configuration of the
AR appears as a quadrupolar configuration.

The observation of the flaring region obtained by the 1.6-m Goode Solar
Telescope of the Big Bear Solar Observatory (BBSO/GST; Cao et al. 29) is available
from 19:00 UT-20:09 UT. The Visible Imaging Spectrometer (VIS) at GST provides

observation in Ha 6563 A line center and line wing (+0.4 A and +0.8 A), with an

!The flare classes quoted here follow those reported by NOAA based on GOES 15 data.
We note that the GOES 16 shown in Figure (C) reports a 1-8 A flux of 2.2 x 107° W
m~2 at the peak of this event, which would be named an M2.2 class. Such an inconsistency
is due to a scaling factor applied to data prior to GOES 16, which is well documented by
NOAA/NCEI (https://www.ngdc.noaa.gov/stp/satellite/goes-r.html, Retrieved on
Apr 1, 2023).

40


https://www.ngdc.noaa.gov/stp/satellite/goes-r.html

-160

1000 SDO/AIA 171A SDO/HMI B,
@19:20:20 @19:20:20
-180
_. 500 —_
(9] (9]
5 -200 g
© ©
> 0 >
k] 220 &
& &
-500
-240
-1000
-260
-1000 -500 1] 500 1000 540 560 580 600 620 640
Solar X [arcsec] Solar X [arcsec]
103y : a |
Y (C) 2017-09-06 —— GOES 1.0-8.0A
51
; E 104 M1.4
w s }
o ®
©Z 10-s

11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00

y T s werd 1 isiil i i .EOVSA
15{ (D) RHESSI 6-13 keV 1 N Dynamic Spectrum-
—— GOES 1.0-8.0 4 ; oo

iy
)

Normalized
Intensity

ot
]

0.0
19:05:00 19:10:00 19:15:00 19:20:00 19:25:00 19:30:00 19:35:00
UT Time on 2017 September 6

Figure 2.1 (A) AR 12673 as observed in EUV by the SDO/AIA 171 A filterband
on 2017 September 6 at 19:20:20 UT. (B) Detailed view of the SDO/HMI radial field
magnetogram of the core region of the AR (red box in (A)). (C) GOES 1-8 A soft
X-ray (SXR) light curve from 11 UT to 20 UT on 2017 September 6. The M1.4 flare
event under study (marked by the red arrow) occurs during the late decay phase of the
large X9.3 flare. (D) Background-subtracted EOVSA microwave dynamic spectrum
from 19:03 UT to 19:37 UT. The black and green curves are for RHESSI 6-13 keV
X-ray and GOES 1-8 A light curves, respectively.
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Figure 2.2 (A)-(D) BBSO/GST Ha line center images at four selected times
during the event. (E)-(H) SDO/AIA 304 A images. The dark filament, seen in both
Ho and 304 A, is marked by the white arrows. (I)~(L) SDO/AIA 1600 A images
showing the development of the two flare ribbons (arrows in (L)).
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angular resolution of 0”.1 and a field-of-view (FOV) of 57" x64”. The Helioseismic and
Magnetic Imager (HMI; Scherrer et al. 213)) and the Atmospheric Imaging Assembly
(AIA; Lemen et al. [I49) on-board the Solar Dynamics Observatory (SDO; Pesnell
et al.[195) provide full-disk magnetograms and multi-band extreme-ultraviolet (EUV)
and ultraviolet (UV) images, respectively, with an angular resolution of 1”-1"”.5. The
images from BBSO/GST are enhanced with the multi-scale Gaussian normalization
(MGN) method [I86]. The Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI; Lin et al. [I57) observed the event from 19:15 UT. The X-ray response
from this flare can be detected against the background up to ~13 keV. X-ray imaging
reconstruction is performed during the flare peak using the standard CLEAN method
[117] at 6-13 keV with an integration time of 120 s.

The M1.4 event is fully covered by EOVSA with 134 frequencies in 2.5-18 GHz
over 31 evenly spaced spectral windows (referred to as SPW 0 to SPW 30). Phase
calibration was done against a celestial source 1229+020. A self-calibration procedure
in both phase and amplitude is performed based on a 4-s-averaged data around the
flare peak. Most of the enhanced microwave emission associated with the flare is in

the 5-18 GHz range, which will be the focus of our analysis in Section

2.2.2 Partial eruption of a pre-existing filament

At 19:00 UT, when the GST observation of this event starts, a dark filament can be
clearly identified in the Ha line center images with many strands that appear twisted
(Figure (A)) The filament can also be distinguished in SDO/AIA 304 A images
albeit with a much lower angular resolution (Figure 2.2(E)). The filament aligns with
the magnetic polarity inversion line (PIL) as evidenced in the SDO/HMI radial field
magnetogram (Figure (D)) The magnetogram shows the radial field component
B, derived from the full vector magnetic field measurements (which mitigates the

projection effect; see Sun 225]) The filament corresponds to highly sheared magnetic
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Figure 2.3 (A) Filament as seen by BBSO/GST Ha before the onset of the
event at 19:06:10 UT (white arrow). (B) and (C) Schematic of the pre- and
post-reconnection magnetic field lines (green and purple curves) induced by the rising
filament. The background is the corresponding SDO/AIA 1600 A image showing the
formation of the two bright flare ribbons. EOVSA 6.4-15.9 GHz images at 19:26:30
(pre-flare background subtracted) are also shown in (C) as color contours (90% of
the maximum). (D) Selected field lines near the PIL region derived from the NLFFF
results based on the SDO/HMI vector magnetogram at 19:00 UT. (E) RHESSI 6-13
keV X-ray source (60%, 80%, and 95% of the maximum) overlaid on SDO/AIA 304 A
EUV image during the impulsive phase. X-ray spectral analysis suggests that the
source is associated with thermal bremsstrahlung emission from ~28 MK plasma.
(F) Base difference SDO/AIA 94 A image (19:26:30—19:20:00 UT) showing the bright
post-reconnection flare arcade. EOVSA 6.4-15.9 GHz contours at 19:26:30 are also
shown.
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Figure 2.4 (A) X-ray and microwave light curves during the partial eruption of the
filament. (B) Reference BBSO/GST Ha image at 19:20:20 UT overlaid with EOVSA
7.9-15.9 GHz contours (90% of the maximum). (C) Time-distance stack plot of the
BBSO/GST Ha image series made along a slice as indicated by the white curve in
(B). The color dashed curves indicate the location of EOVSA microwave centroid at
three selected frequencies. The dark, rising filament is indicated by the black arrow.
(D) Reference SDO/AIA 304 A image at 19:20:20 UT. (E) Time-distance stack plot
made along the filament (white curve in (D)), showing the draining filament material
following the partial eruption.
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Figure 2.5 (A)—(D) Running difference image of LASCO C2 coronagraph at
selected times showing a narrow eruptive feature in the upper corona associated with
the M1.4 flare event (red arrows). (E) Time-distance plot of LASCO C2 running
difference image series obtained from the slice shown as a dotted line in (A)-(D).
GOES light curve of the day is also shown for reference. The vertical red dashed line
indicates the time when the event occurs. The yellow dashed line traces the eruption
and extrapolates it back to time of the M1.4 flare that peaks at 19:29 UT.
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field lines near the PIL (colored curves in Figure 2.3(D)) derived from the NLFFF
results based on the pre-event SDO/HMI vector magnetogram.

The flare enters its impulsive phase at around 19:22 UT. The southern tips of
both ribbons brighten first (Figure 2.2(J)—(L)). The post-reconnection flare arcade
that connects the southern tips of the ribbons is clearly seen in SDO/AIA channels
sensitive to hot flaring plasma, as shown in Figure (F) During this period, an
upward motion of the filament is also observed (see Figure 2.2] Figure 2.4(C) shows
the time-distance diagram derived from the Ha time-series images made at a slice
that is nearly perpendicular to the filament axis (thick curve in Figure (B))
Synchronous with the onset of the impulsive phase of the flare, the dark filament
starts to rise with a projected speed of ~23 km s~! (Figure 2.3(A)). Meanwhile, the
6-13 KeV RHESSI source appears near the top of the bright EUV flare arcade. X-ray
spectral analysis suggests that the source is associated with thermal bremsstrahlung
emission from ~28 MK plasma (not shown here).

The multi-wavelength observations during the impulsive phase are generally
consistent with the standard scenario of eruptive flares as illustrated in Figures[2.3|B)
and (C). The rising filament, likely the lower portion of a twisted MFR, stretches the
overlying field lines, leading to magnetic reconnection below the filament/MFR. The
energy release associated with the reconnection results in a bright EUV flare arcade
and a looptop X-ray source as shown in Figures R.3[E) and (F).

During the impulsive phase of the flare, at ~19:26:20 U'T, the rising Ha filament
appears to go through a fast eruption and quickly disappears from the field of view of
BBSO/GST. Immediately following the eruption, the filament material starts to drain
toward either end. Owing to the relatively small scale of the eruption, it is rather
difficult to trace the erupted filament material into higher altitudes. However, we
have identified a small and narrow CME in the SOHO/LASCO C2 running difference

images, as shown in Figures [2.5(A)—(D). Both the initiation time and location of the
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eruption, after extrapolating the white light CME in the time-distance diagram in
the upper corona (> 2.5R; shown in Figure R.5(E)) back to the solar surface, are
consistent with those of the M1.4 flare event. Considering that the filament feature
is still distinguishable after the event (but with an altered appearance), we conclude
that only a fraction of the filament material has erupted. Hence, after Gibson and

Fan [86], 87], we refer to this event as a “partial eruption.”

2.3 Microwave Observations

2.3.1 Microwave counterpart of the erupting filament

In this study, we combine all channels of each of the 30 spectral windows centered
at 3.4 to 17.9 GHz (SPW 1-SPW 30) to produce microwave images at 30 equally
spaced frequencies. The microwave images at all frequencies feature a source near
the filament seen in (E)UV and He images. In Figures [2.6(A)—(H)), we choose two
representative frequencies (6.9 GHz and 12.4 GHz) to demonstrate the morphology
of the microwave sources. Prior to the flare event, the microwave sources are mainly
concentrated in the AR with strong magnetic field (Figures[2.6{A) and (E)), indicative
of thermal emission associated with the AR (which will be further discussed in the
next sub-section). During the event, the microwave source at both frequencies start
to display an elongated shape stretching along the direction of the filament. To
display the microwave source morphology at different frequencies more clearly, we
perform pre-flare background subtraction on all the microwave images and discuss
the resulting images in the subsequent analysis. The kernel of these pre-flare
background-subtracted microwave sources, defined as 90% of the maximum brightness
of each image, is closely aligned with the filament (Figures [2.3(C)). Intriguingly, the
microwave emission kernels at the different frequencies form a coherent structure
that is distributed along the filament, with its high-frequency end located closer to
the southern leg of the filament (Figure [2.3(C)).
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Figure 2.6 Morphology and evolution of EOVSA microwave sources at 6.9 GHz
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brightness temperature values shown in the color bars on the right. The background
images are from SDO/AIA 304 A images at the same selected times as those in

Figure 2.2

Moreover, a detailed look at the temporal variation of the source location reveals
that the microwave source and the filament also move synchronously during its slow
rise phase. In Figure [2.4(C), we show the evolving location of the microwave source
kernel (at three selected frequencies) along the same slice used for generating the Ha
time-distance stack plot. It is clear that the microwave source rises synchronously
with the Ho filament at a similar speed, ~23 km s~! in projection, albeit with a slight,
5-6" offset toward the direction of the rise motion. Such a close spatial association
and synchronized motion between the multi-frequency microwave source kernels and
the Ha/EUV filament strongly suggests that the microwave source is a counterpart of

the erupting filament. The relation between the microwave emission and the filament

will be further discussed and interpreted in Section [2.4]
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Figure 2.7 Spatially resolved microwave spectra along the microwave counterpart
of the erupting filament. (A) Multi-frequency EOVSA microwave images (pre-flare-
background subtracted) at 19:24:00 UT. Open and filled contours are 50% and 90% of
the maximum, respectively. Background is the pre-flare photospheric magnetogram
from HMI, showing the radial component B,. The filament shown is extracted from
the BBSO/GST Ha image. (B) Spatially resolved microwave brightness temperature
spectra derived from selected locations along the extension of the microwave source
(black squares). The thick white line indicates the selected magnetic flux tube derived
from NLFFF extrapolations, which is used to compare with the results obtained by
microwave spectral analysis. The spatially resolved spectra and the best fit model
are shown as filled blue circles and solid blue curves, respectively. For comparison,
the pre-flare microwave spectra at the same locations are shown as the red crosses.
2.3.2 Microwave spectral analysis

In Subsection [2.3.1] we have suggested that the microwave sources are the counterpart
of the erupting filament. To investigate the physical parameters of the microwave
source region, we derive spatially resolved microwave brightness temperature spectra
obtained at different spatial locations along the elongation direction of the microwave
source (black boxes in Figure[2.7[(A)). Figure[2.7(B) shows the brightness temperature
spectra obtained from eight selected locations during the first microwave peak at 19:24
UT (solid blue circles). The pre-flare spectra, obtained from the same locations but
at 19:03:10 UT, are shown as the red crosses. We note that the spectra at frequencies
below 4.5 GHz show little enhancement during the flare. They have a brightness
temperature of ~7 MK and display a nearly flat spectral shape. The corresponding

microwave images are also very extended, encompassing almost the entire active

region. We suspect that this spectral regime has a significant contribution from
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Figure 2.8 Spatial variation of key fit parameters along the microwave counterpart
of the erupting filament. Panels (A)—(D) show, respectively, the magnetic field
strength B, nonthermal electron density n,,, power-law index of the electron energy
distribution 9, and thermal plasma density n¢,. Red and green symbols denote those
constrained from the y-square minimization and MCMC, respectively. Also shown in
(A) is the magnetic field strength derived from a magnetic flux tube that passes the
eight selected locations in the NLFFF results (dashed black curve).

the background thermal emission from the active region, possibly enhanced by the
previous X9.3 event. Therefore, in our spectral analysis, we have excluded the data
points at <4.5 GHz (shaded gray in Figure[2.7B). At >4.5 GHz, the microwave spectra
show a prominent increase during the flare, suggestive of their intimate relationship
to the flare energy release. The spectral shape has a positive slope below a peak
frequency of ~8-10 GHz and a negative slope above the peak, characteristic of the
nonthermal gyrosynchrotron radiation [64] [79].

We use the fast gyrosynchrotron code of [70] to calculate the nonthermal
microwave emission by assuming a homogenous source along the line of sight (LOS)
with a power-law electron energy distribution. After Fleishman et al. [72], we adopt
a downhill simplex method (implemented in SciPy’s [240] minimize package as the

“Nelder-Mead” algorithm) to minimize the x-square differences between the observed

51



and modeled gyrosynchrotron spectra. For the y-squared minimization based spectral
fit, four free parameters are used, which include the magnetic field strength B, the
total number density of nonthermal electron n.,, the power-law index of the electron
energy distribution J, and the thermal electron density n,. The column depth is fixed
to 10”, a value assumed based on the source size in the plane of the sky. The energy
range of the power-law distribution is fixed to 10 keV-10 MeV, and the temperature
of the thermal plasma is fixed to 7 MK. Following Chen et al. [34] and Chen et al.
[40], we also adopt the Markov chain Monte Carlo (MCMC) method to evaluate the
reliability and uncertainties of the fit parameters. The best-fit spectra are shown in
Figure 2.7(B) as the solid blue curves. The corresponding best-fit parameters of the
eight selected locations are shown in Figure [2.8, For completeness, we also show the
median values and the associated 1-c range of the MCMC posterior distributions as
the green symbols.

The spectral fit results return a spatially varying magnetic field strength B
along the microwave counterpart of the filament, shown in Figure (A) as red and
green symbols (from the minimization and MCMC median, respectively): It decreases
from ~1000 G at the southern end of the source to ~600 G near the center, and then
increases to >1000 G at the northern end. To compare this microwave-constrained
magnetic field distribution with the NLFFF results, we extract the magnetic field
strength values from an NLFFF-extrapolated magnetic flux tube that passes the
selected fit locations in projection, shown in Figure 2.8(A) as the black dashed
curve. The two results achieve a qualitative agreement with each other, despite some
deviations at either end. The latter may be attributed to the projection effect and/or
temporal evolution of the coronal magnetic field from the pre-flare phase when the
NLFFF results are derived.

The spectral index of the electron distribution ¢ and nonthermal electron density

nyn also vary along the microwave source, with a greater n,y and a harder J near
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the southern leg of the MFR. It is consistent with the observations presented in
Section where the bright EUV flare arcade appears near the southern end of the
PIL, indicating that the energy release and the associated electron acceleration may

be more profound there.

2.4 Summary and Discussions

In the previous sections, we have presented microwave, Ha, and (E)UV observations
of a filament that undergoes a partial eruption during an M1.4-class solar flare. In
particular, the multi-frequency microwave counterpart of the filament closely follows
the morphology and dynamics of the rising filament as seen in Ha and EUV. By
fitting the spatially resolved microwave spectra using a gyrosynchrotron radiation
model, we derive the magnetic field strength along the filament, which ranges from
600-1400 G from its apex to the legs. The microwave-constrained magnetic field
yields a reasonable agreement with those derived from the NLFFF extrapolation.
These results strongly suggest that the observed microwave, Ha, and EUV features
are all closely associated with the same coherent magnetic structure that hosts the
filament, presumably a twisted MFR that undergoes a partial eruption.

It is particularly intriguing that although the multi-frequency microwave source
encompasses the filament, the centroid of the microwave source is located consistently
above the rising filament as seen in Ho/EUV (Figures[2.4[(C)). Figure 2.9(A) shows a
representative frame at 19:24:00 UT with EOVSA microwave sources overlaid on the
composite ATIA 1600 A (green background) and BBSO/GST Ha (grayscale) image.
Similar to Figure 2.7(A), open and filled color contours are 50% and 90% of the
microwave source, showing, respectively, the spatial extension and the central kernel
of the source at each frequency. We note the viewing geometry of this event is
nearly top-down but slightly tilted toward the west. In Figure 2.9(B), we show

a schematic of the cross-section of the filament-MFR system (indicated by the
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Figure 2.9 Schematic cartoon that shows the relationship between the filament
and the microwave source. (A) Multi-frequency EOVSA microwave images (pre-flare-
background subtracted) at 19:24:00 UT. Open and filled contours are 50% and 90%
of the maximum, respectively. Background is the SDO/AIA 1600 A image at the
moment and the filament shown is extracted from the BBSO/GST Ha image. (B)
Schematic cartoon of the cross-section of the flux rope, at a location indicated by the
orange surface in (A).

orange plane in (A)). The relative location and cross-section of the microwave source
and the filament are illustrated by the green-yellow and gray ellipse, respectively.
The position difference between the microwave source and the Ha filament can
be understood within the standard scenario of the “three-part” structure of the
filament-MFR system in conjunction with the reconnection-driven flare energy release
associated with the (partial) filament eruption [e.g., 87, 61], 39, and references therein]:
The cool, dense filament observed in Ha and EUV 304 A can be explained as
chromospheric-temperature material supported near the concave-upward bottoms
of the field lines of an MFR. Meanwhile, accelerated electrons due to magnetic
reconnection induced by the partial filament eruption can enter the extended
MFR/CME cavity following the newly reconnected field lines [see, e.g., 94 [34],
producing the extended nonthermal microwave source above the rising filament. We
note that similar phenomena have also been observed in the upper corona using radio

data obtained at longer wavelengths: there have been reports of moving type IV radio
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bursts or “radio CMEs” located ahead of the erupting filament [242] or accompanying
the extended CME cavity [12], 171}, [30, 183, 49].

Because the microwave intensity depends strongly on both the nonthermal
electron distribution and the magnetic field strength, the slight offset of the kernel
of the microwave emission as a function of frequency relative to the filament
contains important information of the magnetic structure and nonthermal electron
distribution. Also, the nonthermal-to-thermal electron fraction in the microwave
source (which can be up to 10%; c.f., Figures 2.§B) and (D)) may provide diagnostics
for the acceleration processes. However, since the nonthermal electrons responsible
for the observed microwave sources are probably accelerated elsewhere, they cannot
be understood straightforwardly without detailed modeling of electron acceleration
and transport in the eruption-induced magnetic reconnection geometry. An in-depth
interpretation for such observed phenomenon is a topic for future studies that
incorporates macroscopic plasma and particle modeling.

Finally, we offer a possible interpretation for the partial eruption of the
filament-MFR system under the framework of the torus instability. Following earlier
works [e.g., [14], 130], we calculate the potential coronal magnetic field above the AR,
and compute the decay index using the transverse component of the pre-flare potential
field. Figure [2.10[ shows the decay index map in a vertical plane that aligns with the
main filament axis (nearly perpendicular to the orange plane in Figure 2.9(A)). The
regions colored in brown have a decay index of <1.5, which are stable against the
torus instability. In contrast, the regions colored in green have a decay index of >1.5,
where the MFR is unstable to the torus instability and hence is more likely to erupt.
It can be seen from the decay index map that the MFR is largely stable against the
torus instability. However, once the filament is activated and driven upward by, e.g.,
the Lorentz force from pre-flare reconnection events [124], the southern portion of

the filament (to the right in the diagram) can quickly ascend into a region in the
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Figure 2.10 Decay index distribution above the flux rope. The decay index is
calculated from the potential extrapolated magnetic field while the flux rope is from
the NLFFF extrapolation.

torus-unstable regime. However, the northern portion of the filament has much more
difficulty erupting owing to the more extended torus-stable region above the MFR.
Such a north-south asymmetry may explain the observed partial eruption of the
filament and the concentration of the nonthermal microwave source near its southern
end.

To briefly summarize, by combining multi-wavelength observations from BBSO/GST,
SDO, RHESSI and, in particular, microwave imaging spectroscopy observations from
EOVSA, we provide the first measurement of the spatially resolved magnetic field
along an erupting filament in a flare-productive AR. The microwave-constrained

results are qualitatively consistent with those derived from the NLFFF extrapolation.
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Our study demonstrates the unique role of microwave imaging spectroscopy obser-
vations in measuring the dynamic magnetic field and accelerated electrons on the
active Sun. However, the limited angular resolution, dynamic range, and image
fidelity of EOVSA observations of this event do not allow us to derive a detailed
map of the magnetic field distribution above the filament. Such a magnetic map
would provide the most direct constraints for understanding the eruption conditions
including the decay index. These measurements should be routinely available with
a next generation solar radio telescope with improved spatial resolution, such as the

Frequency Agile Solar Radiotelescope [13].
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CHAPTER 3

EPISODIC ENERGY RELEASE DURING THE POST MAIN
IMPULSIVE PHASE OF A SOLAR FLARE

3.1 Introduction

The relationship between the kinematics of the coronal mass ejections (CMEs) and
the corresponding flaring emissions is important in understanding how magnetic
energy is released and subsequently converted into different forms of energy in solar
eruptions [e.g. [I55]. The close temporal correlation between flare X-ray emission and
the early kinematics evolution of the erupting magnetic flux rope/filament during
the main impulsive phase (MIP) has been widely observed [263, 172, 229]. As
a direct indicator of the flare reconnection, the rate of the magnetic flux change,
inferred using the advancing flare ribbon at the photosphere, is found to show a
temporal correlation with the acceleration of the associated filament eruption/CME
[203, 114]. In a follow-up statistical study, close correlations are found between the
acceleration of the erupting filaments and the magnetic flux change rate [125]. More
recently, by analyzing a large sample of CME-associated flare events, Zhu et al. [267]
confirmed the strong correlation between the peak filament/CME acceleration and the
peak rate of magnetic flux change. In addition, they revealed a positive correlation
between the total reconnected magnetic flux and the maximum CME velocity in
events accompanied with fast CMEs (> 600 km s™!). Such a correlation strongly
suggests that the magnetic energy release rate is closely related to flux rope eruption.
The correlation is also revealed in resistive magnetohydrodynamic (MHD) simulations
[45], 209, 210].

As discussed by Welsch [250], the mechanisms of the flux rope/CME acceleration
can be grouped into two general categories: (1) Lorentz force in and around the

magnetic flux rope that directly drives its acceleration. These models suggests the
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increasing Lorentz force during the flare impulsive phase is attributed to the flare
reconnection that adds poloidal magnetic flux to the flux rope and, at the same
time, reduces the tension force from the overlaying constraining magnetic fields [I55]
156]. (2) Acceleration of the flux rope that is due to momentum transferred from
the upward-directed reconnection outflows. The highly bent post-reconnection field
lines coming out of the diffusion region bear a large magnetic tension force and are
accelerated to near the Alfvén speed [194]. After joining the flux rope and become
“dipolarized,” the upward-directed reconnection outflows transfer the momentum to
the flux rope and facilitates its acceleration [245], 257, [124]. Although multiple models
have been proposed to account for the initiation and acceleration of the flux rope,
such as the loss of equilibrium model [I55], tether-cutting reconnection model [I85],
breakout reconnection model [6, 129], the net change of the upward Lorentz force
and/or the added momentum transfer due to the upward reconnection outflows are
both related to the magnetic flux change due to the ongoing flare reconnection. Hence,
a positive correlation between the flux rope acceleration and flare energy release is
expected.

The level of electron acceleration, usually indicated by the intensity of
nonthermal hard X-ray (HXR) and/or microwave emission, is also found to be
correlated to the rate of the flare energy release. By measuring the photospheric
magnetic field and ribbon expansion, Qiu et al. [203] inferred the rate of the magnetic
flux change and reconnection electric field evolution during the impulsive phase
of two two-ribbon flares, which are found to be temporally correlated with the
microwave emission and the derivative of the SXR emission (as a proxy for HXR
emission assuming the Neupert effect [191]). Adopting a similar method, Liu and
Wang [158] analyzed 13 two-ribbon flares and found an anti-correlation between the
average reconnection electric field and minimum overall photon spectral index from

HXR observation. Temmer et al. [228] found that the local reconnection electric
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field inferred from the ribbon expansion in Ha/UV observations is uneven along the
direction of the magnetic polarity inversion line (PIL). The locations of the spatially
resolved HXR footpoint sources were found to be spatially correlated with the local
electric field. With the observation of the flare ribbon from the Interface Region
Imaging Spectrograph (IRIS; De Pontieu et al. [55, Naus et al. [190] also revealed the
strong correlation between the local magnetic flux change rate and the production of
the nonthermal electrons inferred from RHESSI HXR data. These studies strongly
suggest that the electron acceleration in flares and its temporal and spatial evolution
are intimately related to the local electric field in the reconnection region.

Recent modeling studies have suggested that, in addition to the absolute
magnetic energy release rate, the guide field, defined as the perpendicular magnetic
field to the antiparallel reconnecting magnetic components, also plays a key role in
determining the efficiency of particle energization. In particular, a strong guide field
can suppress the acceleration of electrons to high energies, resulting in an overall soft
spectrum [201], 51, 53], T51], [7]. At present, direct means of measuring the guide field
in the reconnection region has not been available, although the present microwave
imaging spectroscopy observations, made by the Expanded Owens Valley Solar Array
(EOVSA; Gary et al. 84)) have provided constraints of the guide field by comparing
the overall magnetic field profile along the current sheet to model predictions [35}[1_1
Alternatively, the inclination angle of the post reconnection flare arcade, usually
constrained by comparing the orientation of the conjugate ribbon brightenings with
respect to the magnetic PIL, can be used as a proxy to infer the guide field component
in the coronal region [e.g. 200]. Recently, using three-dimensional MHD simulations,
Dahlin et al. [54] revealed a prominent decrease of the guide field over the impulsive
phase of eruptive flares, conforming to the observational evidence reported by Qiu

et al. [204].

IProspects of achieving more direct measurements of the guide field can be realized by using
microwave imaging spectropolarimetry.
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However, the correlations discussed above have focused largely on the peak
rates derived during the impulsive phases of the flare-CME events and are based
on statistical studies of multiple different events. In this work, we will report a
new finding that such a correlation is also present during the post-impulsive phases
(PIP) of a single eruptive event. We also compare the difference in the geometry of
the magnetic reconnection in two flare phases and its possible effects on flux rope
acceleration and electron energization.

In Subsection [3.2.1 we review the event observed in multiple wavelengths and
present the early evolution of the erupting flux rope. In Subsection [3.2.2] we present
microwave and X-ray imaging spectroscopy observations and spectral analysis of the
main- and post-impulsive phase bursts. In Subsection [3.2.3] we report measurements
of the kinematics of the erupting magnetic flux rope. In Section [3.3] we interpret
the observational results and discuss the implications, especially on the correlation
between the flux rope acceleration, electron acceleration, and flare emission during

the main- and post-impulsive phase.

3.2 Observations

3.2.1 Event overview

The C9.4-class event under study occurred on the east solar limb on 2017 August
20. The event was well observed in extreme ultraviolet (EUV) by the Atmospheric
Imaging Assembly on board the Solar Dynamics Observatory (SDO/AIA; Pesnell
et al. 195, Lemen et al. [149) and the Extreme UltraViolet Imager (EUVI; Wuelser
et al.250) onboard STEREO-A, one of the two Solar Terrestrial Relations Observatory
(STEREO; Kaiser et al. [127) spacecraft. SDO/AIA observed the flare event near
the east limb from the Earth’s viewing perspective, while STEREO-A was ~230°
west from the Earth and provided observations from another viewing perspective
(Figure [3.1). The Geostationary Operational Environmental Satellite (GOES) and

the Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI; Lin et al.
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Figure 3.1 (a) The eruptive solar flare event under study as observed in EUV by the
SDO/AIA 131 A filterband on 2017 August 20 at 19:41:00 UT. The white box shows
the FOV that is used in Figure [3.4, (b) The event as observed in STEREO/EUVI
304 A at 19:26:00 UT, with an enlarged view shown in (d) (whose FOV is indicated
by the white box in (b)). (c) Relative location of the STEREO-A spacecraft (red
cube), the Earth/SDO spacecraft (green cube), and the longitudinal direction of the
event in the frame of the HEE coordinate system (produced using the Solar-MACH
software; Gieseler et al. [92)).

[157) had full coverage of the event in X-rays. Meanwhile, EOVSA observed the
post-impulsive phase and the decay phase of the event in the microwaves from 1-18
GHz (Figure . It missed the main impulsive peak because the antennas went off
the Sun for calibration during that time.

The event was associated with a white-light CME observed by the K-
coronagraph of the Mauna Loa Solar Observatory (MLSO/K-Cor; Elmore et al.
67), as well as the Large Angle Spectroscopic COronagraph on board the Solar and
Heliospheric Observatory (SOHO/LASCO; Brueckner et al. 27). Figure [3.3|(a) shows
a faint, slow (~250 km s7'), and narrow (~32°) CME in the LASCO C2 difference
image. In MLSO/K-Cor white light images, the CME, as shown in Figure [3.3(b),

displays a typical three-part-structure: a leading front, a relatively darker cavity, and
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a bright core, which are typically explained as the plasma pileup at the boundary of
the erupting flux rope, flux rope, and filament /prominence, respectively [119] 42} 24T].
However, based on multi-perspective observations, some recent studies point out that
the observed bright core of the CME in white light can be attributed to the flux rope
itself [113, 239, 2I8]. In addition, based on laboratory experiments, an alternative
model has been proposed to interpret the cavity as a result of induced reverse current

propelling the background plasma away from the core [? ].
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Figure 3.2 (a) RHESSI 12-25 keV X-ray (red curve), RHESSI 35-100 keV HXR
(black curve), and GOES 1-8 A soft X-ray (SXR) (blue dashed curve) light curves
from 19:20 UT to 19:45 UT on 2017 August 20. Other color curves show EOVSA
microwave flaring-region-integrated light curves at five selected frequencies (3.4, 6.4,
9.4,12.4, 15.9 GHz) from 19:31 UT to 19:45 UT. The blue arrows indicate the peaks of
the main-impulsive phase and the three post-impulsive phase bursts, while the black
arrows indicate the corresponding pre-burst time of each burst used for background
subtraction. (b) Smoothed RHESSI 12-25 keV X-ray (solid orange curve) decomposed
into the main-impulsive phase burst (solid purple curve) and the three post-impulsive
phase bursts (solid black curves). The light curve is fitted using four components
described in the text. The background is the flare-region-integrated (same as that of
the light curves in (a)) microwave dynamic spectrum from 19:31 UT to 19:45 UT.
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Figure 3.3 The associated CME observed in white light by MLSO/K-cor and
SOHO/LASCO C2. (a) The narrow CME as observed in LASCO/C2 running-
difference image at 20:48 UT (81 minutes after the flare peak), whose front is indicated
by the black arrow and the blue dashed curve. The white box shows the FOV of
the MLSO/K-cor image in (b). (b) The three-part-structure CME as observed in
MLSO/K-cor white light image at 19:46 UT (19 minutes after the flare peak).

Before the flare, a dark filament can be clearly identified in the EUV passbands
(Figure 3.4(a)). At 19:14 UT, two minutes before the HXR flux shows an early
rise, two new loops appear in the SDO/AIA 131 A images (highlighted by the
yellow /orange dotted lines in Figure [3.4[(b)). Four minutes later, at 19:18 UT, a
flare arcade started to appear, which connected the two inner footpoints of the two
loops (highlighted by the pink dotted lines in Figure [3.4[(d)). Meanwhile, a new
coronal structure also appears between the two loops (indicated by the white arrow
in Figure B.4|c) and (d)). The event enters the main impulsive phase at 19:24 UT
(c.f., Figure B.2(a)), when the flare arcade further developed and brightened. The
viewing perspective of the STEREO-A /EUVI reveals two J-shaped flare ribbons in a
typical two-ribbon configuration (Figure [3.1(d)). The bright coronal structure seen
during the pre-impulsive phase disappeared when the event enters the post-impulsive
phase (Figure 3.4(f)).

As the event entered the main-impulsive phase, a group of large-scale overlying

loops, which bridged the northern and southern ends of the active region, started
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Figure 3.4  Close-up view of the coronal evolution as observed by SDO/AIA
131 A from the pre-flare phase to the beginning of the post-impulsive phase. (a)
The dark filament which exists before the event, marked by the white arrow. (b) The
appearance of two loops during the pre-flare phase is highlighted by the yellow /orange
dashed curves. (c) The newly formed coronal structure and the flare arcade (pink
dashed curve) that appear as the result of a tether-cutting reconnection during the
pre-flare phase (indicated by the white arrows). (d) The gradually brightening coronal
structure and a flare arcade appear during the main-impulsive phase, indicated by
the white arrow and red dashed curve, respectively. (e) and (f) An Enlarged view of
the flare region at the SXR flare peak and the beginning of the post-impulsive phase,
respectively.

to rise towards the southwest direction in succession (indicated by the white arrow
in Figure (e)). The eruption started to appear clearly during the post-impulsive
phase, when an oval-shaped cavity became visible in the SDO/AIA 131 A images
((Figure [3.5(a))), which we interpret as the cross-section of the erupting magnetic
flux rope.

To clearly show the evolution of the erupting cavity, in Figures [3.5(d)—(f), we

show SDO/AIA 94 A images enhanced with the multi-scale Gaussian normalization

(MGN) method [186]. A kernel size of 4”.8 is selected to sharpen the edge and reveal
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Figure 3.5 Evolution of the rising flux rope during the post-impulsive of the event
as observed by SDO/AIA in EUV and MLSO/K-Cor in white light. (a)—(c) SDO/AIA
131 A images showing the evolution of the erupting flux rope cavity, indicated by the
white arrow in (a). (d)—(f) SDO/AIA 94 A images enhanced with the MGN method.
The overlying loop-like feature at the front of the cavity is indicated by the white
arrow in (d) and the pink dashed curve in (d)—(f), while the center of the flux rope
cavity is indicated by the pink open circle. (g)—(h) Contours of the MLSO/K-Cor
white light images (the contour levels are same as that of Figure [3.3(b) ) overlaid on
SDO/AIA 94 A images. The same pink open circles in (d)—(f) are also shown. The
lower boundary of MLSO/K-Cor’s FOV at 1.07 solar radii is indicated by the red
dashed curve. The FOV that is used in (a)—-(f) is shown as the white box in (i).

the loop-like structure at the front of the cavity. This loop-like structure will be used
for measuring the kinematics of the eruption, which will be discussed in detail in
Subsection [3.2.3

When the cavity, whose center is indicated by the pink circle in Figure [3.5(D)-
(I)), rises into the inner FOV of the MLSO/K-Cor at 1.07 R (red dashed line in

Figure[3.5(G)—(1)), it moves synchronously with the CME bright core in the MLSO /K-

Cor white light images (the innermost contour in Figure[3.5(f), (g)). The synchronized
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motion of the cavity center in SDO/AIA 94 A images and the bright core of the K-Cor
CME suggest that they represent a coherent erupting structure, most likely a magnetic

flux rope.

3.2.2 Microwave and X-ray bursts during the main- and post-impulsive

phase

Shortly after the impulsive X-ray peak at 19:27 UT, the event entered its post-
impulsive phase. Almost at the same time, EOVSA went back to target (the Sun) at
19:31 UT and fully covered the post-impulsive phase. In this phase, three broadband
bursts can be observed in the EOVSA 1-18 GHz dynamic spectrum (Figure [3.7(g)).
which peak at 19:33 UT, 19:35 UT, and 19:38 UT respectively. The dynamic spectrum
is produced by integrating the total flux of the flaring region using images integrated
from 19:32 UT to 19:45 UT with 134 frequencies in 2.5-18 GHz over 31 evenly spaced
spectral windows (referred to as SPW 0 to SPW 30). While post-impulsive phase
microwave bursts have been reported in previous studies [e.g. 260} [136], this event
shows an increase in the peak intensity of later bursts later. The peak flux density
at, 9.4 GHz for example, increases from 50 sfu for the first burst to 114 sfu for the
last one.

As shown in Figure the bursts also have the response in GOES 1-8 A SXR
light curve and RHESSI 12-25 keV X-ray light curves. To investigate the relationship
between the microwave and HXR bursts, we carried out a forward fitting on the
RHESSI 12-25 keV light curve using a ‘heating-decay” function following Gryciuk

et al. [99]. For each burst, the time profile can be written as:

f(t):/o g(t"h(t —t")dt', (3.1)
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which is the result of a Gaussian-shaped pulse g(¢) convoluted with an exponential

decay term h(t). They are, respectively,

g(t) = goexp (— (t — to)” /20%) (3.2)

and

h(t) = exp(—Dt), (3.3)

where go, 1o, 0, and D are the parameterized amplitude, peak time, the standard
deviation of the distribution (0.42 time of the half-peak duration), and exponential
decay coefficient, respectively.

The observed RHESSI 12-25 keV light curve is fitted with four pulses,
which correspond to the main-impulsive peak and the three post-impulsive bursts,
respectively. Similar to post-impulsive microwave bursts, RHESSI 12-25 keV X-ray
bursts also show an increase in the peak intensity for later post-impulsive bursts, as

shown in Figure |3.2]

X-ray imaging and spectral analysis We reconstruct the RHESSI 6-12 keV
images using the CLEAN algorithm [117] with a 40 s integration time, based on
measurements from detectors 1, 3, and 8. The X-ray sources are plotted as green open
contours in Figure 3.7(a), (¢)—(e). During the main-impulsive phase (Figure [3.7(a)),
three sources can be distinguished. The main source is located at the top of the
flare arcade. The lower (western) source coincides with the southern footpoint
of the arcade, while the upper (eastern) source coincides with the bright coronal
structure discussed in Subsection [3.2.1] During the post-impulsive phase, the upper
X-ray source quickly fades away following the rise of its EUV counterpart, while the
looptop and the footpoint sources remain. The detailed spatial evolution of the HXR

source during the post-impulsive phase will be further presented and discussed in

Subsection [3.2.4l
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We utilize the OSPEX tool, which is part of the SolarSoft IDL package (sswidl;
Freeland and Handy [78)) distribution, to perform the X-ray spectral analysis. Due
to the increasingly more severe pulse pileup effect that affected RHESSI X-ray
measurements toward the end of its operations, we limited our spectral analysis
to data obtained from detector 3. This particular detector, thanks to its low
sensitivity at the time of observation, showed the least amount of pileup effect
among all active detectors. For the X-ray spectrum at each impulse, we fit three
components, which include a single-temperature thermal bremsstrahlung function
(vth), a broken power-law (bpow) and a pseudo function that accounts for the pileup
effect (pileup-mod), to the observed photon count rate spectrum. The fitting results

for the three X-ray pulses are presented in Table and the associated uncertainties

are estimated using the built-in Monte Carlo module in 0SPEX.
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Figure 3.6 RHESSI photon flux spectra and spectral fitting results for the bursts
during the main-impulsive phase (a) and the three post-impulsive phase burst (b)—(d).
The key fit parameters are summarized in Table [3.1]

Interestingly, compared to the post-impulsive phase bursts, the nonthermal
component during the impulsive phase derived from the RHSSI HXR spectra has
a softer (larger) spectral index and a smaller normalization at 30 keV, despite having

a much larger intensity at lower energies. Another piece of evidence of the less
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Emission Plasma Negative
Normalization
Measure Temperature Power-law
at Epivot
[10%%cm 3] [keV] Index
main-impulsive Phase | 0.191040.0005 2.91+0.05 0.3484+0.011 3.2140.1¢€
1st PIP Impulse 0.018740.0004 2.22+0.05 0.42440.009 2.51+0.06
2nd PIP Impulse 0.018240.0002 2.17+0.06 0.356+0.010 2.39+0.0¢
3rd PIP Impulse 0.0216+0.0003 2.12+0.06 0.36740.008 2.7740.0¢

Table 3.1 RHESSI X-ray spectral fitting results at the main-impulsive phase and
the three post-impulsive phase bursts. The two-sigma uncertainties are estimated by
running the built-in Monte Carlo analysis in OSPEX.

prominent electron energization during the main-impulsive phase is that the RHESSI
35-100 keV light curve, shown as the black curve in Figure (a), peaks during the
post-impulsive phase. Although the EOVSA microwave nonthermal electron diagnosis
is unavailable during the main-impulsive phase and HXR diagnostics is complicated
by the pile-up effects, the results of the HXR spectral analysis are consistent with a
less prominent nonthermal electron component during the main-impulsive phase than

the post-impulsive phase.

Microwave imaging spectroscopy EOVSA missed the main-impulsive phase of
the event but had full coverage of the post-impulse phase. Figure [B.7[(b) shows
EOVSA microwave images as open contours (50% of the maximum brightness at
each frequency) at 19:32 UT just before the first post-impulsive phase burst. At high
frequencies, the microwave source is concentrated on the northern part of the flare
arcade. The sources extend from north to south (southeast in the viewing perspective
of STEREO-A/EUVI images) and align with the ridge of the post-flare arcades. The
microwave sources evolved rapidly during the peak time of each post-impulsive burst.
To better reveal their evolution, we performed difference imaging against the pre-burst
background time, with the selected background times pointed by the black arrows in

Figure 3.2l The difference imaging results for the peaks of the three bursts (blue
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arrows in Figure are shown in Figures[3.7(c), (d), and (e), respectively. To avoid
doing the non-linear synthesis imaging two times as in the case of image-plane-based
difference imaging, the image subtraction is done in the visibility domain before
performing synthesis imaging. We also evaluated the stability of the sources used as

the background. They show very similar morphology as that shown in Figure [3.7(b).
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Figure 3.7 EOVSA multi-frequency microwave images and RHESSI 6-12 keV
sources during the main impulsive phase and the three post-impulsive bursts. (a)
RHESSI 6-12 keV source at the peak of the main-impulsive phase. The contour
levels are 30% and 70% of the maximum. (b) Multi-frequency microwave images at
the background time just prior to the first post-impulsive burst (the time is indicated
by the first black arrow in Figure. The open contours are at the level of 50% of the
maximum brightness at each frequency. The restoring beam size of each frequency is
shown in the bottom left corner. The microwave source morphology at all the selected
background times prior to the three post-impulsive bursts is similar to each other.
(¢)—(e) Background-subtracted multi-frequency microwave images at the peak of the
three post-impulsive bursts (indicated by the three blue arrows in Figure . The
level of the filled contours is as same as that of open contours in (b). The background
gray-scale images are from SDO/AIA 131 A at the corresponding times.

The background-subtracted microwave sources during the peak of the three
post-impulsive bursts are mainly located above the top of the bright post-flare arcades
seen in SDO/AIA 131 A. For bursts 2 and 3, the above-the-looptop microwave source
shows an obvious dispersion in height, with the high-frequency source located lower

than the low-frequency ones. Such a microwave source morphology has already
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Figure 3.8 Microwave spectra derived from the above-the-loop-top (ALT) region
during the three post-impulsive bursts and corresponding spectral fitting results.
(a)—(c) The evolution of the best-fit values of magnetic field strength B, power-law
index of the electron energy distribution ¢’, and total nonthermal electron density
nuen above 20 keV, respectively. (d)—(f) EOVSA microwave brightness temperature
spectra (blue dots) at the above-the-loop-top region during the post-impulsive phase
bursts. The solid orange curve shows the best-fit results while the solid purple curve
is the distribution of the MCMC runs within 1-¢ of the median MCMC values. The
corresponding residuals are shown at the bottom of each panel.

been reported by Gary et al. [84], Chen et al. [37] for the early impulsive phase
of the X8.2 solar flare on September 10, 2017. The source dispersion above the
looptop was interpreted as the signature of nonthermal electrons distributing along
the reconnection current sheet, with the higher frequency source generally originating
from sources regions with a greater magnetic field strength. During the peak of the
three post-impulsive bursts, a southern low-frequency source (<5 GHz) appears to
the south of the above-the-looptop source. The source is identified as the microwave
counterpart of the southern footpoint of the flux rope. Figure [3.§(d)—(f) shows the
brightness temperature spectra from the above-loop-top (ALT) region (black box in
Figure c¢)) at the peak time of each post-impulsive phase burst (blue dots with

error bars). The spectra show characteristics of the nonthermal gyrosynchrontron
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radiation [65]. Therefore, we fit the observed spectra using a nonthermal gyrosyn-
chrontron radiation model from a homogeneous source with a power-law electron
energy distribution based on the fast gyrosynchrotron codes developed by [70]. Three
free parameters are used in the spectral fitting: magnetic field strength B, the total
number density of nonthermal electrons nyy, and the power-law index ¢ of the
nonthermal electron energy distribution (f(g) = dnuw(e)/de o €7%). The energy
range of the nonthermal electron distribution is fixed to 20 keV-10 MeV. The thermal

3 and

electron density ny, and the plasma temperature 7" is fixed to 1.7 x 10! em™
13 MK, respectively. They are derived using differential emission measure (DEM)
analysis within the source region, based on measurements by six SDO/AIA EUV
channels (94, 131, 171, 193, 211, and 335 A) using the technique by Hannah and
Kontar [104]. The column depth is assumed to be 13" based on the observed source
size on the plane of the sky at 6.4 GHz.

The best-fit spectra and the corresponding residual are shown as the thick
solid orange curves in Figures [3.8(d)—(f). Following Chen et al. [35], we adopt
the Markov Chain Monte Carlo (MCMC) method to estimate the uncertainties
of the parameters and verify that we have achieved global minimization in the
multi-dimensional parameter space. The spectra calculated from the MCMC samples
and the corresponding residuals are shown as thin purple curves in Figures[3.8(d)—(f).
Figures [3.8(a)—(c) show the temporal evolution of the three fit parameters at the
peak time of each post-impulsive phase microwave burst. The corresponding errors
are estimated by the MCMC method. Of the three fit parameters, the only one that
undergoes a significant change (against the uncertainties) is the power-law index of
the nonthermal electron energy distribution ¢’. The power-law index shows a large
hardening for later post-impulsive microwave bursts, which increases from ~ 12 of

burst #1 to ~ 5.5 of burst #3.
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The brightness temperature spectra in the background are plotted as the black
crosses in Figure B.§(a)—(c). Spectral analysis indicates that the source is dominated
by thermal emission. This thermal loop-top source is very similar to that reported
by Yu et al. [260] for the post-impulsive phase of the X8.2 solar flare on September
10, 2017.

3.2.3 Magnetic flux rope kinematics
To accurately track the kinematics of the erupting magnetic flux rope seen in
SDO/AIA images in the low corona and the associated white-light CME observed in
MLSO/K-Cor images, we obtain a time-distance stack plot by obtaining the intensity
along a slice shown as the dashed white lines in Figure [3.5e). The slice crosses the
boundary of the FOV of SDO/AIA and extends to that of the MLSO/K-Cor. The
eruption changes its course slightly during its ascent. Hence the slice is slightly bent
toward the direction of the flux rope eruption. The width of the slice increases linearly
from 3" at the bottom to 13.8” at the top to compensate for the general expansion
of coronal structures. In order to clearly show the dynamic features, we also apply
the running-differential method on the SDO/AIA 94 A and MLSO/K-Cor white light
images and then enhance the edge of those features with a high-pass filter technique.
The resulting time-distance stack plot is shown in Figure 3.9 A number of
rising tracks are visible at different heights, which correspond to not only structures
that correspond to the core of the erupting magnetic flux rope, but also the overlying
loops that enclose the flux rope cavity. We select one of the most visible tracks at the
immediate front of the erupting cavity-like structure to measure the kinematics of the
flux rope. The selected track is denoted by the red symbols in Figure 3.9(a) and the
corresponding feature in the difference images are marked by pink dashed curves in
Figure [3.5(g)—(i). At any given time, the height of the tracked feature is determined

by finding the peak in the intensity—height profile. To estimate the uncertainty of the
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tracked trajectory, we fit a skewed Gaussian function to the intensity—height profile
around the peak. The full width at half maximum of this Gaussian function is used as
an estimate of the uncertainty, shown as the vertical extension of the red symbols in
Figure[3.10|(a). A similar time-distance stack plot is derived using the MLSO/K-Cor
images at the same selected slice, shown in the upper portion of Figure m(a). It can
be seen that the trajectories of the cavity front tracked in the SDO/AIA images and
the upper edge of the white light CME core seen by MLSO/K-Cor are well aligned,
which demonstrates that we are tracking a coherent flux rope structure erupting from

the low to middle corona.

|  Tracked coronal loop in AIA 94A
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Figure 3.9 (a) Time-distance stack plot of MLSO/K-Cor white light (upper) and
SDO/AIA 94 A (lower; background-detrended) images series made along a slice as
indicated by the dashed white curve in Figure [3.5(e). Red symbols indicate the
tracked eruption feature that represents the flux rope front. The vertical lengths of
the symbols indicate the corresponding uncertainties. (b) Same as (a) but shows
the complete time-distance stack plot of the SDO/AIA 94 A image series. The
trajectory of the tracked feature is sandwiched between the red dashed-dotted lines.
An accompanying video (Animation ??) shows the tracked feature on the SDO/AIA
94 A background-detrended images and the corresponding time-distance plot.
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Figure 3.10 (a) Evolution of the height (red symbols), velocity (green symbols),
and acceleration (orange symbols) of the erupting flux rope during the main- and
post-impulsive phase. The peak time of the main- and post-impulsive phase bursts
are indicated by the blue arrows. (b) Microwave and X-ray light curves during the
same period (similar to Figure [3.2(b) but with the EOVSA microwave light curves
shown instead). Also shown are the microwave-constrained power-law index of the
nonthermal electron distribution at the peaks of the three post-impulsive phase bursts
(purple symbols).

The speed and acceleration that are derived from the height—time profile (red
symbols) are denoted by the light green and light orange symbols, respectively.
When estimating the error in the first- and second-order derivative (velocity and
acceleration), in addition to the error propagated from the height measurement itself,
we include the truncation error to describe the error introduced by smoothing the
height measurement. The acceleration of the flux rope in this event extends to
and peaks at the post-impulsive phase. As shown in Figure [3.10|a), three clear
acceleration processes can be identified from 19:30 UT to 19:40 UT during the post-
impulsive phase (Figure 3.10)(a)). Interestingly, each acceleration episode coincides

in time with a post-impulsive phase microwave/X-ray burst. In addition, as shown
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in Figure later post-impulsive bursts, which feature stronger microwave/X-ray
flux and a harder electron energy spectrum, correspond to a larger peak acceleration
value (purple symbols in Figure [3.10(b) and Figure [3.§b)). However, the relation in
the main-impulsive phase does not follow the same trend as in the post-impulsive
phase. The maximum count rate of the RHESSI 12-25 keV time profile at the
main-impulsive phase is 16 times larger than that at the first post-impulsive phase,

while the corresponding maximum acceleration values are similar.

3.2.4 Source motion at flare looptops and footpoints
During the post-impulsive phase, we also observed a synchronized motion of various
energy release signatures above the flare looptops and at the footpoints. First, as
shown in Figure [3.7(c)—(e), despite the dispersion in height (largely in the east-west
direction) as a function of frequency, the background-subtracted microwave source
from post-impulsive bursts #1 to #3 displays an evident systematic motion from
the southern to northern side of the flare arcade. To better demonstrate the overall
motion of the microwave source, in Figure [3.11f(a), we show the centroid locations
of the corresponding microwave sources as filled color circles. The centroid locations
at each frequency are estimated by fitting the corresponding background-subtracted
microwave source to a two-dimensional Gaussian ellipse using CASA task IMFIT [176].
The locations shown in the figure are obtained by averaging the centroid locations
derived from individual images in 6.4-14.4 GHz. The uncertainties are determined
by the standard deviation of the image source centroids across the frequency range.
Similarly, both the centroid location of the RHESSI 6-12 keV X-ray looptop
source and the looptop EUV brightening show a northward trend during the
three post-impulsive bursts. In Figure [B.I1] the open circles mark the centroids
of the RHESSI 6-12 keV source during the main-impulsive phase (red) and the

post-impulsive phase bursts (the color code is as same as the microwave circles), with
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Figure 3.11 Synchronized northward motion of the microwave/X-ray/EUV
looptop sources and corresponding UV footpoint brightenings. (a) Centroid locations
of background-subtracted EOVSA microwave sources (filled circle), RHESSI 6-12
keV X-ray looptop sources (dashed open circle), EUV looptop brightening observed
by SDO/AIA 131 A images(stars). Also shown are the northern (R,,)/ southern (R,)
ribbon brightenings in SDO/AIA 1600 A UV images (crosses) at the peak time of
three post-impulsive bursts. The symbols are color-coded by time, as written in (a).
The uncertainties of the microwave and X-ray sources are indicated by the radius of
the corresponding filled/open circle. (b) Same as (a), but all the measured locations
in (a) are re-projected into STEREO-A /EUVT’s viewing perspective. (c¢)—(e) Detailed
view of the northern ribbon region (R,; c), flare looptop (LT; d), and southern
ribbon region (Rs; e) at the peak time of the main impulsive phase and the three
post-impulsive bursts. The corresponding FOV are indicated by the white boxes in

(a).

their sizes corresponding to the uncertainties. The centroid location of the X-ray
sources and their uncertainties are determined using Detector 3 images made with
the VIS_FWDFIT algorithm. Meanwhile, the star symbols in Figure [3.11](a) represent
the locations (pixels) of the brightest SDO/AIA 131 A emission in the looptop region
(within the box labeled “LT”) at the corresponding times. The star symbols are also

plotted in the SDO/AIA 131 Aimages in Figure M(d)
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The synchronized northward motion as observed in the looptop region is also
observed at the conjugate footpoints of the post-flare arcade. In Figure (a), the
straight ends of the two ribbons are enclosed in the white boxes with “R,,” and “R,”.
The crosses are selected from the brightest point in SDO/AIA 1600 Awithin the
corresponding FOV at the corresponding time. The corresponding images are shown
in Figure[3.11}(c), (). Similar to the coronal emissions, the conjugate footpoints have
a unidirectional northward motion.

During the main-impulsive phase, UV brightening is also observed in the hook
regions of the ribbons. The locations are shown as red diamonds in Figure [3.11} The
southern hook region is plotted in the left-bottom corner plot in Figure m(a), in
which the original FOV of Figure [3.11f(a) is shown as the white box.

The STEREO-A/EUVI images provide further confirmation of the locations of
the footpoint brightenings. In Figure[3.11(b), we show the same ribbon brightnenings
identified in SDO/AIA 1600 A images reprojected to STEREO-A/EUVI’s viewing
perspective (color cross symbols). For the re-projection, we have assumed that
the footpoint brightnenings occur at a chromospheric height of 1000 km (the solar
radius Ry used in the re-projection is 695.66 Mm [102]). Re-projection of the flare
arcades seen by SDO/AIA is less straightforward owing to their unknown heights.
For illustration purposes, in Figure m(b), we show re-projected flare arcades and
the looptop EUV brightenings at the respective times in STEREO-A/EUVTI’s view,
by assuming that all the flare arcades stand vertically above the solar surface.

The unidirectional motion of the conjugate footpoints during the post-impulsive
phase also implies a varying inclination angle of the post-reconnection flare arcade
with respect to the PIL. However, as the event is close to the limb from SDO’s viewing
perspective and the unavailability of magnetic field measurements by STEREO-A, a
direct determination of the PIL is not possible. In Figure 3.12b), we use the rough

mid-point location between the parallel portion of the two ribbons seen by STEREO-
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Figure 3.12 (a) Reconnection geometry and the inclination angle during the main
impulsive phase. The images are the STEREO-A/EUVI 304 A image at 19:06 UT
re-projected to the heliographic Carrington coordinates. The red crosses show the
represented locations of the footpoint brightenings (similar to Figure 3.11|(b)). The
dashed black line shows the estimated location of the polarity inversion line (PIL). The
solid green and red curves demonstrate the pre-reconnection field lines, while the solid
pink line shows the post-reconnection arcade. (b) Same as (a), but demonstrating the
reconnection geometry (the pre-reconnection field line is demonstrated by the blue
curve) and the inclination angle during the three post-impulsive phase bursts. (c)
Evolution of the inclination angle 6 during the three post-impulsive bursts and the
corresponding normalized guide field estimates B,/BFT. The color code in (b) and

(c) follows Figures [3.11]

A/EUVI as a proxy for the PIL (shown as a black dashed line). Then, we use
straight lines that connect the three pairs of conjugate footpoint brightenings during
the post-impulsive phase (shown in Figure m(b) as the orange, yellow, and green
dashed lines, respectively, for bursts #1, #2, and #3) to represent the orientations
of the post-reconnection field lines. It can be seen that the lines connecting the
post-impulsive footpoints become more and more perpendicular to the PIL as the
flare progresses, indicating a smaller and smaller shear between the reconnecting
magnetic field lines. In order to quantify the evolution of the normalized guide field,
following Qiu et al. 204, we define the inclination angle 6 as the sharp angle between
the post-reconnection arcade and the PIL. The inclination angle # can be used to
estimate the normalized guide field: R, = B,/B}" =~ cotf, where B, and BF" are
the guide field (parallel to the PIL) and the transverse component (perpendicular to

the PIL) of the magnetic field at the looptop region, respectively. In Figure m(c),
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we show the evolution of the inclination angle # and R, during the post-impulsive
bursts. The 6 value increases from 64° during the first burst to 83° during the last
burst, demonstrating an increasing shealﬂ

In the main-impulsive phase, estimating the shear and the guide field is not as
straightforward. However, we can use the observed ribbon brightenings and coronal
loops to constrain the reconnection geometry. The pre-reconnection loops during
the main-impulsive phase, illustrated as the red and green curves in Figure m(a),
correspond to the two loops highlighted in Figure (b) observed by SDO/AIA 131 A.
The post-reconnection arcade, displayed as the pink solid arcade in Figure m(a),
corresponds to the arcade in SDO/ATA 131 A outlined by a pink dashed curve in
Figure 3.4(c). The outer footpoints of the two pre-reconnection loops located in the
hook regions of the ribbons are indicated by a pair of red diamonds in Figure m(a),
and the inner footpoints are shown by a pair of red crosses. In contrast to the
post-impulsive phase in which the reconnecting field lines are nearly anti-parallel to
each other, the reconnecting loops during the main impulsive phase likely have a very
small inclination angle (6 < 45°), suggestive of a much greater shear or guide field

component.

3.2.5 Summary of the observations

The main observational phenomena are summarized as follows:

e The eruptive flare features three post-impulsive bursts in both microwaves and
X-rays. Imaging reveals that the source is located at and above the top of the

post-flare arcade.

2A larger 6 value means a smaller shear. In particular, # = 90° corresponds to the case in
which the reconnecting field lines are completely anti-parallel to each other, while 6 = (0°
corresponds to purely parallel field lines.
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e The power-law index ¢’ of the nonthermal electron energy distribution diagnosed
using the microwave data at the ALT region shows a remarkable hardening for

later post-impulsive bursts.

e The time evolution of the erupting flux rope features a short episode of
acceleration during each of the post-impulsive bursts. The later ones appear to

the stronger.

e A synchronized northward motion of the microwave/X-ray /EUV looptop source

and UV footpoint brightening is observed during the post-impulsive phase.

e The inclination angle of the flare arcades with respect to PIL, inferred by the
UV brightening on the flare ribbons, shows an increase for later post-impulsive

bursts. In other words, the shearing decreases during the post-impulsive phase.

e The flux rope has a stronger acceleration during the post-impulsive phase than
the main-impulsive phase. The X-ray power-law index during the post-impulsive

bursts is also harder than that during the main impulsive phase.

3.3 Discussion and Conclusions
Our observation reveals a positive correlation between the microwave electron
spectral hardness diagnosed by EOVSA microwave imaging spectroscopy and the
acceleration of the associated flux rope in multiple microwave/X-ray bursts during
the post-impulsive phase of a single eruptive flare event. The observation resembles
the widely observed temporal correlation between the CME acceleration and the
hard X-ray flux (or SXR derivative) in previous studies [e.g. 263, 203, 125] 172} 229].
However, most, if not all, of the previous reports were made during the main-impulsive
phase of eruptive flares. In stark contrast, the main-impulsive phase of our event does

not correspond to the strongest flux rope acceleration compared to its post-impulsive
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counterpart. Coincidentally, despite featuring a brighter flare emission in X-rays, the
main-impulsive phase has a softer X-ray spectrum than the post-impulsive phase.

To interpret these observed phenomena in the context of the eruptive flare,
Figure [3.13] places the various observed features into the flare context for the pre- and
main-impulsive phase (panels (a) and (b)) and the post-impulsive phase (panels (c)
and (d)). During the pre- and main-impulsive phases, two highly sheared magnetic
field lines (red and green solid curves in Figure [3.13|a), (b)) reconnect with each
other in a “tether-cutting” fashion, with their inner footpoints coincide with the
ribbon brightenings. After the reconnection, one set of the overlying, highly sheared
post-reconnection field lines (upper solid pink line) join the flux rope, and the other
set of lower-lying field line become the bright flare arcade (lower solid pink line). The
released energy from the reconnection results in heating of both the flux rope and the
flare arcade, which are observed as the bright coronal structure and the flare arcade
seen in EUV (Figure [3.4](d)).

The heating and associated electron acceleration during this period may be
also responsible for the observation of the multiple RHESSI 6-12 keV sources at the
bright coronal structure, the looptop, and footpoint (Figure (a)). We conclude that
the observations during the pre- and main-impulsive phase are broadly consistent
with the tether-cutting reconnection scenario (see, e.g., Chen et al. 41l for similar
observations), which may also contribute to the slow rise motion of the magnetic flux
rope.

During the post-impulsive phase, the reconnection geometry represents that
of the standard scenario for eruptive flares, in which the overlying magnetic fields
reconnect below the flux rope and form a large-scale current sheet. In line with
suggestions made in other studies [235, 87 | [122, 206] that expand the essentially
two-dimensional standard flare model to three dimensions, our observation of a

synchronized northward motion of the microwave/X-ray /EUV looptop source and the
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UV footpoints favors a scenario in which the flux rope erupts in a zipper-like fashion.
In this scenario, the primary reconnection site moves parallel to the ribbon. The
motion is considered as a result of asymmetric flux rope eruption, which is usually
caused by an asymmetric external magnetic confinement [e.g. 235] [163, 159, 26§].
This “zipper-like” reconnection is considered as the main reason for multiple episodes
of burst observed in multi-wavelengths.

We argue that the observed kinematics of the erupting flux rope is also consistent
with the two reconnection scenarios during the pre- to post-impulsive phase of
this event. The flux rope starts to accelerate right after the event enters the
main-impulsive phase. Compared to that in the post-impulsive phase (especially
bursts # 2 and 3), the increase in acceleration during the main-impulsive phase
is relatively insignificant (Figure [3.10). In contrast, the acceleration shows a clear
increase when entering each post-impulsive phase burst. In a typical eruptive flare,
the kinematic evolution of the flux rope usually starts with a slow-rise phase followed
by an impulsive acceleration phase [263].

The slow-rise phase is often found to have an approximately linear height-time
profile, and the process is usually attributed to the tether-cutting reconnection
scenario [220], 2T5], 48]. By contrast, the fast-rise phase is often attributed to either
runaway reconnection [221] or positive feedback from the fast flare reconnection below
the flux rope [155] 48, 167, [124]. We argue that the differences we observe in the main-
and post-impulsive phase in the flux rope acceleration are generally similar to those
that distinguish the slow- and fast-rise phase in other eruptive flares.

Similar to the previous studies, we attribute the acceleration of the flux rope to
the positive feedback from the reconnection occurring in the current sheet trailing the
flux rope. However, rather than a dominating driver in a main reconnection current
sheet that gives rise to a prominent acceleration period, in our event, the driver is

intermittent because of the zipper-like reconnection scenario. The rise of the flux rope
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is likely asymmetric. It propagates from the active leg on the southwestern side to
the anchored leg on the northeastern side (Figure [3.13|c) and (d)). Accordingly, the
reconnection proceeds from southwest to northeast in an intermittent fashion [see,
e.g.,163], driving the multiple acceleration episodes during the post-impulsive phase.

Now we turn our attention to the energization of nonthermal electrons during
the main- and post-impulsive phase. As shown in Figure [3.6] and Table [3.1] the
power-law index of the observed X-ray spectrum during the main-impulsive phase
seems much larger (softer) than that during the post-impulsive phase despite having
a bright flare emission at <30 keV.

Different from the reconnection scenario in a large-scale current sheet trailing
the erupting flux rope in the post-impulsive phase, the tether-cutting geometry during
the impulsive phase involves reconnection between magnetic loops with a much greater
shear [184) 185 (Figure B.12|(a)). It implies the (normalized) guide field in the
main-impulsive phase is also much greater, although, as discussed in Section
the guide field can not be estimated in the same way as in the post-impulsive phase.
Nevertheless, we argue that the implied much greater guide field may be responsible
for the low productivity of nonthermal electrons during the main impulsive phase
according to recent theoretical and modeling studies [53, 151, [7, 202].

For the post-impulsive phase bursts, with the diagnosis using EOVSA’s
microwave imaging spectroscopy, we find that the power-law index 0’ of the
nonthermal electron energy distribution shows a remarkably harder electron spectrum
for later post-impulsive bursts. The hardening of the electron energy spectrum
coincides with an increasing acceleration of the flux rope during these post-impulsive
bursts. Previous observational and modeling studies have suggested that, when the
eruption is well underway, the flux rope acceleration serves as an excellent proxy
for the rate of magnetic energy release via reconnection. Therefore, we attribute

the hardening of the nonthermal electron spectra to an increasing magnetic energy
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release rate which, in turn, facilitates the acceleration of nonthermal electrons to
higher energies. We also note that the inclination angle 6 of the post-flare arcade
with regard to the PIL appears to increase throughout the post-impulsive bursts
(Figure[3.12(b)). Such a change implies a smaller shear of the reconnecting magnetic
field and a decreasing guide field. We argue that such a decreasing guide field
component also contributes to the hardening of the nonthermal electron spectra.

In summary, we have presented an eruptive flare event that features three
post-impulsive X-ray and microwave bursts immediately following its main impulsive
phase. We have investigated the relationship between the flux rope acceleration and
the electron energization in the context of the flare geometry and its evolution. We
have found a positive correlation between the flux rope acceleration and electron
energization during the post-impulsive phase bursts, conforming to the standard
CME-flare scenario in which a positive feedback between flare reconnection and flux
rope acceleration is expected. In contrast, such a correlation does not seem to hold
during its main impulsive phase. We attribute the lack of flux rope acceleration
during the main impulsive phase to the tether-cutting reconnection scenario when
the flux rope eruption has not been fully underway. Our observations also suggest
a weakening guide field may contribute to the hardening of the nonthermal electron

spectrum throughout the main- and post-impulsive phase of the event.
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Figure 3.13 Schematic cartoon of the flare geometry in the main-impulsive phase
(a)=(b) and post-impulsive phase (c)—(d). (a) The flare geometry from the viewing
perspective of the SDO/AIA during the main-impulsive phase. The rising flux rope
is marked by the twisted yellow curves. Red and green curves represent magnetic
field lines reconnecting in a tether-cutting scenario. The reconnection forms a new
field line adding to the flux rope (upper pink curve) and a post-flare arcade (lower
pink curve). The orange X denotes the reconnection point. (b) Same as (a), but is
plotted in the viewing perspective of STEREO-A/EUVI on 304 A image. (c) The
flare geometry in the viewing perspective of the SDO/AIA during the post-impulsive
phase. The overlying field line around the erupting flux rope cavity is marked by the
solid blue curve. The EOVSA microwave source (green oval), RHESSI X-ray source
(blue oval), post-flare arcades (solid pink curves), and ribbon brightening (orange
ovals) are also shown. The EOVSA microwave source at the southern footpoint of
the erupting flux rope is shown as the pink oval. The background image is the same
as in Figure [3.5(a), showing the cross-section of the flux rope cavity. (d) Same as (c),
but is plotted in the viewing perspective of STEREO-A/EUVI on 304 A image.

87



CHAPTER 4

DISSERTATION SUMMARY AND FUTURE PROSPECTIVES

4.1 Summary

As discussed in Chapter [1| this dissertation focuses on two science questions:

e What are the three-dimensional magnetic structures of solar flares and MFRs?
e What is the relationship between the different forms of energy that are released
during a flare? How are they coupled together?

In chapter 2] we address question Number one. With the microwave imaging
spectroscopy observations from EOVSA, we provide the first measurement of the
spatially resolved magnetic field along an erupting filament in a flare-productive AR.
The magnetic field strength ranges from 600-1400 Gauss from its apex to the legs.
The results agree well with those derived from the NLFFF extrapolation. The study
demonstrates that microwave imaging spectroscopy observation is the only solution so
far to measure the dynamically evolving magnetic field of filament-MFR system. The
measurement provides direct constraints for understanding the eruption conditions for
the flux rope in the mechanisms that involve MHD instabilities (e.g., torus instability
[131], kink instability [109]). The results also suggest that the microwave counterpart
of the erupting filament is likely due to flare-accelerated electrons injected into the
filament-hosting magnetic flux rope cavity following the newly reconnected magnetic
field lines. Furthermore, the limited angular resolution, dynamic range, and image
fidelity of EOVSA observations of this event do not allow us to derive a detailed map
of the magnetic field distribution above the filament. However, these measurements
should be routinely available with a next-generation solar radio telescope with superb
spatial resolution and sensitivity, such as the Frequency Agile Solar Radiotelescope

[85].
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In chapter |3 we turn to question Number two. As discussed in Chapter
electron energization and bulk kinetic energy are important energy forms that are
released during the solar flare. In a CME-associated solar flare, the relation between
the evolution of electron energization and the bulk kinetic energy of the flux rope is
critical to understand the physical relation between solar flare and the associated
CME. In chapter we have reported a study on an eruptive flare event which
features three post-impulsive X-ray and microwave bursts immediately following its
main impulsive phase. We have investigated the relationship between the flux rope
acceleration and the electron energization in the context of the flare geometry and its
evolution. We have found a positive correlation between the flux rope acceleration
and electron energization during the post-impulsive phase bursts, conforming to the
standard CME-flare scenario in which a positive feedback between flare reconnection
and flux rope acceleration is expected. In contrast, such a correlation does not
seem to hold during its main impulsive phase. We attribute the lack of flux rope
acceleration during the main impulsive phase to the tether-cutting reconnection
scenario when the flux rope eruption has not been fully underway. In addition, our
observations also suggest a weakening guide field may contribute to the hardening of
the nonthermal electron spectrum throughout the main- and post-impulsive phase of
the event. The observation provides some constrains on determining the role of two
electron-acceleration mechanisms in the reconnection: acceleration in parallel electric

fields and “Fermi-type” mechanism [53], [7].

4.2 Future Prospectives
After EOVSA started providing microwave imaging spectroscopy observations, its
unique role in contributing to nonthermal electron analysis and diagnosis on the
magnetic field has been demonstrated by a great number of studies [84], 72, [37,
35, B8, [73]. The whole-day, full-disk observation makes the EOVSA data a gold
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mine. Further progress will be anticipated with EOVSA imaging spectroscopy data
to solve the “big questions,” especially those on coronal magnetometry and particle
acceleration.

On the one hand, Although we measured the spatially resolved magnetic
field along an erupting filament in Chapter [2, our measurement did not reveal
the quantitative evolution of the magnetic field strength in the source region. For
example, the toroidal flux of the magnetic flux rope at its leg region is believed to
be the indicator of many critical processes of the flux rope during its eruption, which
includes but not limited to the unwinding motion of the flux rope during its eruption,
reconnection between the field lines within the flux rope, and build-up of the flux
rope. It is expected that such an evolution can be reflected in the evolution of the
magnetic field strength and can be potentially diagnosed using EOVSA’s microwave
imaging spectroscopy observations.

Next-generation radio interferometric arrays in the near future, such as the
Frequency Agile Solar Radiotelescope (FASR; Gary et al. [85]), will bring microwave
spectroscopy with a much larger dynamic range, polarization purity, resolution, and
imaging fidelity. Such observations can map the detailed line-of-sight component of
the magnetic field Byps dynamically not only at the footpoint region of the flux rope,
but also the entire flux rope simultaneously.

With the measurements of the highly dynamic coronal magnetic field in and
around the energy release region in the corona, the energy release during the
reconnection can be better understood. In most of the previous studies, the energy
release is inferred indirectly by the magnetic flux change rate which is constrained
by the spreading motion of the flare ribbons [203, 125, 158, 267]. A spatially
resolved coronal magnetometry is therefore critical to understanding the reconnection
region. Recently, using EOVSA’s microwave imaging spectroscopy, Chen et al. [35]

has already reported magnetic field measurements along a current-sheet feature in a
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solar flare. In the future, a spatially and temporally resolved line-of-sight component
of the magnetic field diagnostic of the reconnection region may be expected. As
discussed in Chapter [3], the guide field component measurement of the magnetic field
in the reconnection region is critical in particle energization during the reconnection.
For the events with a proper viewing geometry, the guide field component can be
directly constrained owing to the accurate radio polarimetry of FASR.

On the other hand, the diagnostic of accelerated electrons during solar flares
is still not comprehensive enough. As the most important tools for tracing
and diagnosing the accelerated electrons during the flares, microwave and HXR
observation have already been proven to be a good combination that complements
each other perfectly [251], 38]. The operation of the Spectrometer/Telescope for
Imaging X-rays (STIX; Krucker et al. [I43]) on Solar Orbiter [188] brings back the
missing X-ray imaging spectroscopy observation since RHESSI decomissioned in
2018. Meanwhile, STIX also provides nonthermal electron diagnostics from different
viewing perspectives. In the near future, we may expect next-generation HXR and
radio instruments such as a Focusing Optics X-ray Solar Imager (FOXSI; Krucker
et al. [I41)) satellite and FASR working together. These joint observations of HXR
and microwave imaging spectroscopy provide critical inputs to revealing the primary
site and the main mechanism(s) of the electron acceleration during the solar flares.
The observations from different perspectives would also be helpful in extending the
standard flare model into a three-dimensional model by revealing the distribution of
the energized electrons and its evolution along PIL. It is important to study events
jointly observed by STIX and EOVSA.

Macroscopic kinetic modeling has been progressing rapidly in the past few years
[7, 152, 265]. In recent studies, nonthermal spatial distribution and spectral index
of the nonthermal electrons are found to be comparable between microwave/X-ray

observation [38] and simulation[I53]. The studies have shown a big potential of data-
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constrained Macroscopic kinetic modeling in understanding particle acceleration and
transport during the solar flare. Advances are anticipated to carry out similar studies
with EOVSA data.

As discussed in Chapter [I particle acceleration not only occurs during the
impulsive phase. EOVSA data has been utilized to shed new light into the particle
acceleration processes during the decay phase of a solar flare [260]. Other phenomena
during the decay phase may also be associated with electron acceleration, such as the
supra-arcade downflows (SADs). A promising event has already been found in the
EOVSA archive, which is also covered by STIX. Last but not least, the research
into flare precursors observed in the microwave regime is still very limited. As
a sensitive probe of accelerated electrons in the solar corona, EOVSA microwave
imaging spectroscopy will be an important complement to the multi-band observation

of flare precursors to better understand the initiation of solar flares.
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