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ABSTRACT

In order to better understand the location and evol ution of magnetic reconnection, which
isthought to be the energy release mechanismin solar flares, | combine the analysis of hard
X-ray (HXR) sources observed by RHESSI with athree-dimensional, quantitative magnetic
charge topology (MCT) model.

| first examine the evolution of reconnection by anayzing the relationship between
observed HXR footpoint motions and a topological feature called spine lines. With a high
degree of confidence, | find that the HXR footpoints sources moved along the spine lines.
The standard two dimensional flare model cannot explain this relationship. Therefore, |
present a three dimensional model in which the movement of footpoints along spine lines
can be understood.

To better analyze the location of reconnection, | developed a more detailed method
for representing photospheric magnetic fields in the MCT model. This new method can
portray internal changes and rotations of photospheric magnetic flux regions, which was
not possible with the original method.

| then examine the location of reconnection by assuming a relationship between the
build-up of energy in stressed coronal magnetic fields and the measurement of the change
in separator flux per unit length. | find that the value of this quantity is larger on the
separators that connect the HXR footpoint sources than the value on the separators that
do not. Therefore, | conclude that we are able to understand the location of HXR sources
observed in flares in terms of a physical and mathematical model of the topology of the
activeregion.

In summary, based on the success of the MCT model in relating the motion of HXR
sources to the evolution of magnetic reconnection on coronal separators, as well as my
mathematical and physical model of energy storage at separators, | conclude the MCT
model gives useful insight into the relationship between sites of HXR emission and the
topology of flare productive active regions.



CHAPTER 1

INTRODUCTION
Motivation

Thefirst solar flare was observed independently by R. C. Carrington and R. Hodgson on
1 September 1859. Both Carrington and Hodgson were observing sun spots in white light
when they saw an intense brightening near a complex spot group. We now know that only
the most energetic solar flares produce the type of white light emission they observed that
day. Solar flares result from rapid release of energy in the solar corona and are typically
observed as enhancementsin the emission of awide range of wavelengthsincluding radio,
Balmer-a. emission of neutral hydrogen — called Ha, ultraviolet (UV), extreme ultraviolet
(EUV), soft X-rays (SXR) and hard X-rays (HXR). Since we are unable to view the Sun
from Earthin many of these wavel engths, our knowledge of solar flareswaslimited until the
advent of spacecraft in the 1960's. While our observational and theoretical understanding
of flares has advanced greatly since 1859, there are still several scientific questions about
flares, including how a vast amount of energy is stored over tens of hours and how it is
released in tens of minutes.

The intensity and energy output of solar flares varies greatly. The strength of a solar
flareis commonly given by itsflux in 1-8 A soft X-raysat 1 AU, where a C flare has a flux
on the order of 10~3erg cm~2s~!. Some flares are so weak that they are on the edge of
detection by current soft X-ray telescopes. Others are so powerful that their soft X-ray flux
isone (M flares), two (X flares), or even more orders of magnitude higher than C flares. The
total amount of energy released during a solar flare in the form of thermal and nonthermal

charged particles, kinetic energy and shock waves can exceed 10°? ergs.



The release of this large amount of energy has a variety of effects throughout the solar
system. On Earth, solar flares can interact with our magnetic field and cause aurora as well
as impact many man-made systems such as radio communication, navigation, satellites,
aircraft, power grids and pipelines. As arecent example, nearly half of the satellites that
comprise the Global Positioning System (GPS), used in a wide range of important navi-
gation systems, were temporarily shut down as the result of a solar flare in December of
2006.

In order to reduce the negative effects on such of systems, we need a way to predict
where and when solar flares will occur. The accurate prediction of flaresislikely yearsin
the future, but the more we are able to comprehend the physical nature of flares, the closer
wewill cometothisgoal. Whileit isnow commonly accepted that solar flares are driven by
the release of energy stored in magnetic field configurations, our theoretical understanding
of how this energy is stored and released is far from comprehensive. In this dissertation, |
complete a detailed analysis of flaring active region magnetic fields in an effort to further

our insight into this scientific question.

Flare Energy Release

An example of atypical large flare is the M5 flare that occurred on 4 November, 2004.
Figure 1.1 shows two light curves of this flare, one in the 6-12 keV (SXR) energy band
and onein the 25-50 keV (HXR) band. These light curves were generated from data taken
by the Ramaty High-Energy Solar Spectroscopic Imager (RHESSI Lin et al., 2002), which
observes the Sun in HXR and gammarrays. While both the light curves rise at approx-
imately the same time, the 25-50 keV band peaks prior to the 6-12 keV band. This lag
in SXR emission, known as the Neupert effect (Neupert, 1968; Hudson, 1991), is due to
the physical process that transfers the energy of flare accel erated nonthermal electrons into

heating. In the thick-target bremsstrahlung model, where, dueto collisions, the spectrum of
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Figure 1.1: RHESSI light curves from a M5 flare on 4 November, 2004. The grey/black
curves are the counts per second in the 6-12 keV/25-50 keV energy ranges, respectively.

a population of particles changes as it passes through the target, the HXR emission peaks
when most of the nonthermal electrons hit the chromosphere and cause impulsive heating.
A conseguence of this heating is an increase in the local pressure, which causes chromo-
spheric plasmato evaporate into the corona, where it is observed in the form of SXR and
EUV emissions.

The first phase of aflare is called the impulsive phase, because over this time period,
which generally lastsfor afew minutes, the HXR, radio and EUV emissions have a spikey,
impulsive profile (see black curvein Figure 1.1). After the peak of the impulsive phase, the
SXR and Ha emissions may continue to increase for 10-20 minutes before they gradually
decay for as long as several hours (see grey curve in Figure 1.1). Based on spectroscopic
observations taken over the past few decades, the spikey structure observed in HXR during
the impulsive phase is typically attributed to nontherma emission and the smooth SXR
curve is attributed to thermal emission.

With the RHESSI telescope, we can observe both SXR and HXR as well as use spec-



troscopy to determine the thermal and nonthermal features of a flare. Figure 1.2 shows a
RHESSI count flux spectra (counts cm?stkeV 1) of the impulsive phase (~22:55-23:05)
of the 4 November 2004. The 3 to 20 keV range of the spectrum is dominated by thermal
(blackbody) radiation. This SXR/HXR emission has a temperature of 10 to 20 MK and is
emitted by hot plasmathat fills the flare loop. Due to the strong magnetic field and the low
thermal pressure, the shape of flare loops are determined by the shape of the loop’s mag-
netic field lines. Other thermal emission is observed in the chromosphere (Ha and UV) at
the base of flare loops and in the corona (EUV) in cooler, ~1 MK post flare loops.

Above 20-30 keV, flare spectra are dominated by nonthermal emission, which can be
characterized by a power-law. Nonthermal emission istypically observed in HXR, UV and
Ha at the base of flare loops (footpoint sources).

In some flares, especially large flares associated with coronal mass gjections (CMES),
the brightening in Ha and UV is not concentrated in a single source, but has two extended
sources, or ribbons, that separate as the flare progresses. In an effort to explain this com-
monly observed phenomenon in terms of the physical mechanism that releases the energy
stored in flaring active region magnetic fields, the CSHKP model (Carmichael, 1964; Stur-
rock, 1968; Hirayama, 1974; Kopp and Pneuman, 1976), now refered to as the standard
model of solar flares, was devel oped.

The CSHKP model, shown in Figure 1.3, is a 2D model that describes how stressed
magnetic field lines are pushed together such that they form a current sheet at the X-point,
where field lines from the sides of the configuration are reconnected (see e.g. Priest and
Forbes, 2000) to form new field lines above (open) and below (closed) the reconnection
region. In the CSHKP model, the reconnection region is refered to as an X-point because
thisis the shape made by the intersection of the separatrix surfacesin 2D. A separatrix isa
surface that divides magnetic field linesinto regions of different connectivity.

Magnetic reconnection is commonly accepted as the way stressed coronal magnetic
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Figure 1.2: Top: RHESSI spectrum (in counts cm?stkeV 1) from the impulsive phase
(22:55 - 23:05 UT) of the 4 November 2004 flare. Bottom: RHESSI 6-12 keV image with
25-50 keV contours (drawn at 70% of the maximum) summed over the same time period
as the spectrum.



Figure 1.3: Diagram of the CSHKP model. The red line is the photospheric surface, the
black lines are example field lines, the blue lines indicate separatrix surfaces, the orange
dash a polarity inversion line, and the green box is the reconnection region. Purple arrows
show the direction the field lines are pushed and the green arrow shows the direction of the
reconnection region as the flare progresses.

fields undergo topological change to restructure and release free energy. Reconnection
processes can occur in a slow, steady way but more often happen as sudden violent events
manifested as flares and CMEs. During reconnection, particles are accelerated, shock
waves are formed and plasma is heated. The particles accelerated in this process stream
along magnetic field lines close to the reconnection region until they bombard the chromo-
sphere, which results in both thermal and nonthermal emission, exhibited in Figures 1.1
and 1.2.

Asthe process of reconnection continuesin the CSHKP model, the reconnection region
moves higher into the corona as more and more closed field lines are piled up under the X-
point. A consequence of the upward * movement’ of the X-point and the fact that the coronal
field lines are line-tied to the lower atmosphere is the ‘movement’ of the Ha flare ribbons
away from the polarity inversion line (PIL), which divides regions of opposite magnetic
polarity on the photosphere. The chromospheric material composing the ribbons does not

actually move, but rather the ribbons shift due to the changing locations of heating and



excitation in the chromosphere.

The sameistrue for the ‘motion’ of HXR footpoint sources, which are considered to be
more directly associated with the production of high energy electrons in the reconnection
region than Ha: or UV sources. HXR are less ambiguous than Ha and UV observations be-
cause the latter can also be caused by thermal emission and require less energy deposition
to generate. Recently, much interest has surrounded flares that exhibit moving HXR foot-
point sources because most HXR sources do not follow the same simple expansion away
from the PIL as the Ha ribbons.

Although we have observational evidence for the particle acceleration that is thought
to accelerate the electrons responsible for this bursty HXR emission as well as accelerate
protons and nuclei, the sources of the accelerating electric fields are still not understood.
One possihility isthe DC electric field generated in current sheets or during fast reconnec-
tion. Numerical simulationsindicate that thisfield could produce electron accelerations up
to about 100 keV before the electrons are scattered out of the reconnection region (Foukal,
2004).

Another acceleration mechanism is 'stochastic’ acceleration by turbulence and waves.
Here, particles are reflected from scattering centers that, on average, impart energy to the
particle. Stochastic acceleration can operate over a much larger region and produce the
double HXR footpoints. The main weakness of this mechanism is that the required energy
spectrum of waves and turbulence is unknown (Foukal, 2004).

While the CSHKP model describes the observed expansion of Ha/UV ribbons, it fails
to predict the motion of HXR footpoint sources. In thismodel, HXR sources are predicted
to follow the same increasing separation away from the PIL as the thermal flare ribbons.
In reality, only a small percentage of observed HXR footpoint sources exhibit this type of
motion. Often, HXR sources are observed to move paralel to the PIL, either away from,

towards, or nearly parallel to one another. These types of motion cannot be explained by



this 2D standard flare model. Also, the footpoint separation velocity predicted in the stan-
dard model isaonly few km s~!(Somov et al., 1998). Actual observed apparent velocities
are much larger, on the order of 50 km s~*. To account for the observed directions and
speeds of HXR footpoint sources, and thus the evolution of reconnection, a 3D model is

needed.

Flare Energy Storage

After the standard model for the release of energy in a solar flare was developed, the
next question became how so much energy is made available to fuel aflare. Current evi-
dence points to the build-up of energy over days as the photospheric magnetic field shifts
continuously prior to a flare. Changes in the field at the photospheric boundary (almost
certainly driven by sub-photospheric phenomona) drive the chromospheric and coronal
plasma. The coronal field may remain nearly potentia (current-free), but accumulates a
non-potential component related to current layers that separate interacting magnetic fluxes
and thus prevent coronal flux changes (Henoux and Somov, 1987). In other words, energy
is stored in the corona due to changes in the photospheric boundary because no reconnec-
tion takes place and the magnetic configuration becomes stressed. The field becomes more
and more non-potential until some critical point isreached and aflare occurs.

Past research on energy storage prior to a flare has concentrated on non-potential sig-
natures in the photospheric fields as observed by vector magnetograms (i.e. Gary et al.,
1987; Wang et al., 1996; Moon et al., 2000; Deng et al., 2001; Tian et al., 2002; Fal coner
et al., 2006; Dun et al., 2007). These yield maps of not only the magnitude of the field but
also the its direction. For example, Dun et al. (2007) calculated the daily average values
of three non-potential parameters from vector magnetograms of selected regions along the
main neutral lines of active region 10486. They found that the three non-potentiality pa-

rameters increased at the impulsively brightening flare sites from values measured at |east



one day before the two large X-class flares of 28 and 29 October, 2003. While most of the
measured parameters decreased after the flares, as expected due to the relaxation of non-
potentiality, some continued to increase. This and other, similar studies indicate that more
research is required to fully understand the relationship between observational signatures
of nonptentiality and the build-up and release of energy in flaring active regions.

The CSHKP model is useful for explaining energy release in asimple two dimensional
configuration, but it does not give us any information on how or where the coronal field
becomes stressed. Also, while the studies of non-potential fields from photospheric vector
magnetograms cited above significantly advance our understanding of energy storage, these
studies do not deal with coronal fields. A fully three dimensiona topology model that

defines the locations of energy storage and release is needed.

Observationsand Analysis

Hard X-ray Images

The RHESSI telescope observes solar X-rays and gamma-rays from 3 keV to 17 MeV
with energy resolution of ~1 keV, time resolution of ~2 s and spatial resolution as high as
2.3". Instead of focusing optics, imaging is based on rotating modulation collimators that
time-modulate the incident flux as spacecraft rotation causes the field of view of the colli-
mators to sweep across the Sun. Ground based software then uses the modul ated signalsto
reconstruct images of HXR sources (Hurford et al., 2002).

The RHESSI telescope consists of a set of nine bi-grid subcollimators, each consisting
of apair of widely separated grids in front of a corresponding non-imaging detector. Each
grid consists of an array of equally-spaced, X-ray-opaque dlats separated by transparent
dlits. Within each subcollimator, the dlits of the two grids are parallel and their pitches are
identical. The transmission through the grid pair depends on the direction of the incident

X-rays. If the direction of incidence is changed as a function of time, the transmission of
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the grid pair is modulated in time as the shadow of the slatsin the top grid alternately falls
on the dlitsor datsin the rear grid. This modulation is achieved by rotating the spacecraft
at 15 revolutions per minute.

Due to the temporal and spectral resolution of the detectors and the fact that RHESSI
is a collimator-based Fourier-transform imager rather than a direct imager, RHESSI HXR
images can be reconstructed in awide variety of energy and time bins. This powerful abil-
ity enables the detailed examination of the temporal, spatial and spectroscopic behavior of
flares. Most importantly, RHESSI observations allow for the determination of the loca-
tion and evolution of HXR footpoints, which when combined with a quantitative topol ogy

model, can be related to the location and evolution of magnetic reconnection.

Topology

In order to understand the topological location of magnetic reconnection, the connec-
tivity of the magnetic field needs to be characterized in 3D. This connectivity (topology)
is determined by using a Magnetic Charge Topology (MCT) model where magnetic point
charges represent regions of strong magnetic flux at the photospheric boundary. The cal-
culation of the topology begins by selecting a subregion, namely the main body of the
active region, from full-disk Solar and Heliospheric Observatory/Michelson Doppler Im-
ager (SOHO/MDI; <herrer et al., 1995) line-of-sight magnetograms. Next, the observed
field is partitioned into strong-field regions by grouping pixels that exceed a set threshold
and are downhill from the local maximum. Each region is then replaced by a point source
which matches the region’s net flux and is located at the region’s centroid. These point
sources, or poles, form the photospheric boundary of the topology calculation and thus
their relative locations and strengths define all other topological features.

Figure 1.4 shows several topological features that are important to reconnection in

flares. Poles are the positive and negative point sources of magnetic flux, an idealization
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of well-defined features like sun spots and pores. The set of all field lines originating at
a given positive pole and ending at a given negative pole fills a volume of space called a
domain. A separatrix isaboundary surface dividing domains.

Null points are the locations where the magnetic field vanishes. Near null points, the

magnetic field is approximately

B(x,+dx) ~ J* o, (1.1)

where Ji: = IB; /Ox; is the Jacobian matrix evaluated at =,. This matrix has three eigen-
values which sum to zero because it must be traceless; V - B = 0. If two eigenvalues are
positive (negative) then the null is positive (negative). The eigenvectors associated with the
two like-signed eigenval ues define the fan, in which the separatrix field lines lie. The third
eigenvector defines one parallel and one anti-parallel spine field line, which connect the
null’s two spine poles. A spine line usually liesin the photosphere, extending from a pole
through a null to another pole of the same polarity. A separator field line, which starts and
terminates at null points, isthe intersection between separatrix surfaces. Separators are the
generalization to three dimensions of two-dimensional X-points and are hypothesized to be
the main locations for reconnection in MCT models (Greene, 1988; Lau and Finn, 1990).
Previous studies of the topology of flaring configurations have related features such
as separators, separatricies and quasi-separatrix layers (QSLs; regions of drastic changein
field-linelinkage) to varioustypes of flare emission. Henoux and Somov (1987) devel oped a
theory that reconnection along one main separator interrupts currents flowing along lines of
force, releasing energy stored in the currents. Gorbachev and Somov (1988, 1989) applied
this theory to an observed flare, showing that field lines passing close to the separator
connect to the chromospheric flare ribbons. In order to represent the photospheric field in

a more redlistic way, the source method, which has many sources and separatricies, was
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Figure 1.4: Quadrupolar diagram with key topological features. P2 and Pl (+) are are
positive poles while N1 and N2 are negative poles (x). The triangles are null points,
one positive (v7) and one negative (A). The orange, purple and red field lines lie on the
separatrix surface under which exist all of the field lines connecting P2/N1, P1/N2 and
P2/N2 respectively. Above the orange and purple separatriciesis the domain containing all
of the field lines that connect P1 to N1. All four of these domains intersect at the separator
(thick black line). Thethick green lines are the spinelines.
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introduced (i.e. Titov et al., 2003; Demoulin et al., 1994; Bagala et al., 1995; Wang et al.,
2002). Analyses of flares using both the source method and QSL s have shown that Ha: and
UV flare brightenings are located along the intersections of separatricies (source method)
or QSLs with the chromosphere (Mandrini et al., 1991; Demoulin et al., 1994; Bagala
et al., 1995; Aulanier et al., 1998; Lee et al., 2003; Demoulin et al., 1997; Wang et al.,
2000). These results strongly suggest that the location of energy release in flares is defined
by the magnetic topology (Démoulin, 2006).

One might use QSLs or the source method to examine the topological |ocation of mag-
netic reconnection, but the use of a magnetic charge topology (MCT) model with point
sources located on the photospheric surface has several advantages. These include: 1)
Powerful mathematical tools can be used because the topological features are quantita-
tively defined. Thisincludesthe ability to calculate the spine lines associated with the field
and to calculate the magnetic flux linked by separators, both of which are employed in this
dissertation. 2) Model sources represent the fluxes and locations of strong photospheric
fields, thus the photospheric boundary of the model is a quantitative representation of the
observed line of sight magnetogram. 3) Calculation of the topological features of the model

coronal field is not computationally time consuming, so we are able to study several cases.

Overview

In thisdissertation, | take the next step in the analysis of flare energy storage and release
by combining HXR observationswith a 3D quantitative model of the flaring activeregion’s
topology. To do this, | use the following working hypothesis: In the absence of major re-
connection, corona magnetic fields become stressed as the photospheric boundary slowly
evolves due to the emergence of new field and horizontal flows. When a critical point is
reached, this energy is released by the rapid reconnection of magnetic field lines near the

separator. As aresult, electrons are accelerated near the reconnection region and stream
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along field lines near the separator. Upon encountering the chromosphere, the electrons
undergo bremsstrahlung and non-thermal HXR are emitted. Thus, | interpret HXR foot-
point sources as the location of the chromospheric ends of newly reconnected field lines,
which lie close to the separator.

In Chapter 2, | examine the evolution of the reconnection that releases free magnetic
energy by proposing a model for how the change of separators during a flare can result
in HXR source motions. In Chapter 3, | describe a new technique for representing photo-
spheric magnetic fields in topology calculations. In Chapter 4, | examine the location of
reconnection by relating the storage of energy to changes in separators. Finally, in Chapter
5, | summarize the conclusions| reach by combining my studies of reconnection evolution
and location.

Chapter 2, 'Reconnection in Three Dimensions: the Role of Spines in Three Eruptive
Flares (Des Jardins et al., 2007a), and Chapter 4, ’ Signatures of Magnetic Stress Prior to
Three Flares Observed by RHESSI’ (Des Jardins et al., 2007b), are papers that have been
submited for publicationin the Astrophysical Journal. Asof July, 2007, Chapter 4 has been

accepted and Chapter 2 is still in the referee review process.
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CHAPTER 2

RECONNECTION IN THREE DIMENSIONS: THE ROLE OF SPINES IN THREE
ERUPTIVE FLARES

Abstract

In order to better understand magnetic reconnection and particle acceleration in solar
flares, we compare the RHESSI hard X-ray (HXR) footpoint motions of three flares with a
detailed study of the corresponding topology given by aMagnetic Charge Topology (MCT)
model. We analyze the relationship between the footpoint motionsand atopological feature
called spine lines and find that the examined footpoints sources moved along the spine
lines. HXR footpoint motions predicted by the standard 2.5D flare model cannot explain
thisrelationship. We present a 3D model in which the movement of footpoints along spine
lines can be understood. Our 3D model also explains other important properties of HXR
footpoint motionsthat cannot be described by the standard model, such as the sense of their

relative motions.

Introduction

Magnetic reconnection is the mechanism of topological change that is thought to bring
about energy release and non-thermal electron acceleration in solar flares. By studying the
radiative output of flares in association with the magnetic topology of the flaring region, we
can learn agreat deal about the topological location of reconnection. Knowing the location
of reconnection is key to understanding both flare trigger and evolution processes.

Since the wealth of data now available from Ramaty High Energy Solar Spectroscopic
Imager (RHESSI; Lin et al., 2002) exhibits many cases of hard X-ray (HXR) footpoint
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motion, an explanation for the various types of movement is of great interest. For example,
Fletcher and Hudson (2002) compare observed footpoint motions to those predicted by
flare models. They conclude that footpoint motions do not resemble the simple increase
in separation expected in 2D reconnection models. For the 29 October 2003 X 10 flare,
Krucker et al. (2005) analyze the HXR footpoint velocity variations and the underlying
photospheric magnetic field strength. They observe that the footpoint velocity is gener-
aly slower in the areas where magnetic field strength is higher. Bogachev et al. (2005)
analyze the HXR footpoint motions of 31 flares observed by the Yohkoh Hard X-ray Tele-
scope (HXT; Kosugi et al., 1991) with respect to neutral lines calculated from photospheric
magnetograms. They find that only 13% of footpoints move away from the neutral line.

Several groups have sought to explain flare features viatopol ogical models. Gorbachev
and Somov (1988) describe a topological model which satisfies the observational require-
ments of two-ribbon flares, such as HXR *knots’ in the ribbons. In their model, the active
region separator, the special field line on which reconnection occurs, directs the released
energy flux to the flare ribbons. Somov et al. (1998) present a reconnection model which
explains the observation that the separation of HXR footpoints in ’less impulsive’ flares
(impulsive phase t > 30-40 s) tends to increase while in 'more impulsive’ flares (t < 30-
40 9), it decreases. They attribute the increase/decrease in footpoint separation to an in-
crease/decrease in the longitudinal field at the flaring separator, increasing/decreasing the
length of the reconnected field lines.

While substantial work has been done in the areas of multi-wavel ength analysis of solar
flares and corona magnetic field modeling, little attention has been given to the combina-
tion of these two fields. Metcalf et al. (2003) describe a coincidence between magnetic
separatricies and features of the 25 August 2001 white-light flare. They conclude that the
HXR footpoint motions present in this flare are consistent with reconnection at a separator.

Here, we explore three flares by examining the relationship between HXR footpoints and
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spinelines.

In this Chapter, for the first time, we compare flare HXR footpoint motions observed
by RHESSI and a detailed study of the active region’s magnetic topology. This exami-
nation is conducted using data from the Solar and Heliospheric Observatory’s Michelson
Doppler Imager (SOHO/MDI; Scherrer et al., 1995) and a magnetic charge topol ogy model
(MCT; see Longcope, 2005). The MCT model allows usto observationally characterize the
connectivity of coronal field lines by defining distinct source regions in the photosphere.
We use this information to explain footpoint motions within the framework of magnetic
reconnection — the transport of flux from one pair of sources to another — and flare models.

Severa topologica features are important to reconnection in flares (for terminology
see Longcope, 2005). Poles are the positive and negative point sources of magnetic flux,
an idealization of well-defined features like sun spots and pores. The set of all field lines
originating at a given positive pole and ending at a given negative pole fills a volume of
space called a domain. A separatrix is a boundary surface dividing domains. Null points
are the locations where the magnetic field vanishes. Near null points, the magnetic field is
approximately

B(z,+dx) ~ J* oz, (2.1)

where Ji; = 0B, /O0x; is the Jacobian matrix evaluated at =,. This matrix has three eigen-
values which sum to zero because it must be traceless; V - B = 0. If two eigenvalues are
positive (negative) then the null is positive (negative). The eigenvectors associated with the
two like-signed eigenval ues define the fan, in which the separatrix field lines lie. The third
eigenvector defines one parallel and one anti-paralel spine field line, which connect the
null’s two spine poles. A spine line usually liesin the photosphere, extending from a pole
through a null to another pole of the same polarity. A separator field line, which starts and

terminates at null points, is the intersection between separatrix surfaces. A separator isthe
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generalization to three dimensions of atwo-dimensional X-point. While reconnection can
also occur on separatrix surfaces, separators are hypothesized to be the main location for
reconnection in MCT models (Greene, 1988; Lau and Finn, 1990).

There are several advantages to thisMCT method including: 1) Due to the fact that the
topological features are quantitatively defined, powerful mathematical tools can be used.
One of these tools is the ability to calculate the spine lines associated with the field. 2)
Model sources represent the fluxes and locations of strong photospheric fields, thus the
photospheric boundary of the model is a quantitative representation of the observed line
of sight magnetogram. Of course, we would like to apply a full nonlinear force-free field
model to extrapolate the complex magnetic field of these flaring active regions into the
corona. Such modeling, however, is beyond current computational capabilities at the level
of complexity of the magnetic fields of the active regionswe study below. 3) Calculation of
the topological features of the model coronal field is not computationally time consuming,
so we are able to study several cases. This is an advantage over models that use Quasi-
Separatrix Layers (QSLs), whose intersections with the photosphere are anal ogous to spine
lines, because the numerical techniques required to compute the coronal fields needed by
QSL models are currently too limited (Démoulin, 2006).

In this Chapter, we present the analysis of three X class flares, each well observed by
RHESSI, each exhibiting significant footpoint motion. We have examined the HXR emis-
sion in detail (see the Flare Observations and Analysis section), calculating the centroids
of each footpoint source several times per minute, or as frequently as count statistics al-
lowed. A MDI magnetogram close to each flare start time was used as an input to the
MCT extrapolation model, resulting in a topological map of each flaring active region (see
the Topology Observations and Analysis section). We then plotted the footpoint centroids
on the topological maps and looked for a relationship between the spine lines and foot-

point tracks. Details of this step is given in the Analysis of Footpoint Motions and Spine
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Table 2.1: Flare properties. AR is the active region number and FP motion gives the time
range over which the footpoints were observed to move.

Flare Date Location Peak Time GOES AR FP Motion
(heliocentric ") (Ut Class (UT)

A 290ct2003 (100, -350) 20:48 X10 10486 20:41-20:57

B 7 Nov 2004 (330, 170) 16:06 X2 10696 16:21-16:30

C 15Jan 2005 (150, 310) 22:50 X2 10720 22:34-22:58

Lines section. In the Discussion section, we propose a evolutionary model to answer two
main questions raised by our observations. Firstly, why do the footpoints move along the
spine lines? Secondly, does the standard flare model predict the direction and speed of the

movement observed?

Flare Observations and Analysis

The criteriafor the flares chosen in this study were that they occurred within 30 degrees
of disk center, were well observed by RHESSI, and exhibited significant footpoint motion.
Only a handful of flares fit these criteria, so while compact flares might have been a more
simple starting place for this study, all three of the flares we examined were eruptive (as
indicated by the Large Angle Spectroscopic Coronagraph (LASCO; Brueckner et al., 1995)
coronal mass gection catalog). These flares occurred on 29 October 2003, 7 November
2004 and 15 January 2005, hereafter A, B and C respectively.

Flare A occurred on 29 October 2003, was observed by RHESSI during all but the
decay phase and was one of several powerful flares unleashed by the complex active region
10486. Based on images from RHESS| and the Transition Region and Coronal Explorer
(TRACE; Handy et al., 1999), we conclude that this two-ribbon flare occurred in a sheared
arcade of loops, a portion of which connected two HXR footpoints, shown with contoursin
Figure2.1. Using the RHESSI software’simage flux method on datasummed over the front

segments of all 9 detectorsin the energy range 50-300 keV, we calculated the centroid of
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the footpoint sources every 20s from when they first appeared at 20:41 UT until they faded
out at 20:57 UT. The negative polarity footpoint (1N, top panel, Figure 2.2) moved steadily
at ~ 44 km s~! along an extended region of negative flux with average field strength -650
G. The positive footpoint (1P) traveled at a slower rate (~ 18 km s~!) through alarge 1920
G positive source. From approximately 20:41-20:44 UT, athird footpoint source (2P) was
present just below and to the east of source 1P. This source exhibited no significant motion
during the short time it was observed. Footpoint 1N was present for the entire period while
the weaker footpoint 1P was missing for two periods: 20:47:00-20:50:00 and 20:56:20-
20:57:00 UT. A substantial decrease in count rate during the first of these periods (see
50-100 keV lightcurve in Figure 2.3) coincides with a decrease in flux of both footpoints,
and footpoint 1P falls below the level of detection.

Flare B was recorded by RHESSI on 7 November 2004 from 16:05-17:04 UT with
exception of a span between 16:32 and 16:45 UT. Flare B came right on the heels of an
earlier thermal flarejust to the west, which occurred mostly during RHESSI night. Both the
negative (1N) and positive (1P) polarity footpoints (middle panel, Figure 2.2) are observed
in each of a series of 10 simages from 16:20:50 to 16:30:00 UT. The images were made
with the front segments of all 9 detectors in the energy range 25-300 keV. Footpoint 1N
takes a curious path through a region with average line of sight field strength -680 G. For
the first 2 minutes it moves to the west at ~ 116 km s~!, then travels for 3 minutes to the
east before traveling again to the west at a slower rate (~ 58 km s~!) about 5 below the
first westward movement. Footpoint 1P progresses at ~ 80 km s~! along an area of 500 G
positive field for about 6 minutes, taking a sharp turn 2 minutes in before slowing down to
~ 18 km s~ in astronger 1720 G source.

Flare C occurred on 15 January 2005 and was observed by RHESSI during itsimpulsive
phase, from 22:15-23:15 UT. Two sets of footpoints were followed in a series of 20 s

images using the front segments of all 9 detectorsin the energy range 25-300 keV, starting
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Figure 2.1: TRACE images from flares A and C with RHESSI contours. Top (flare A):
TRACE 195 A image with RHESSI 50-100 keV contours at 30, 50, 70% integrated for 4
s. Bottom (flare C): TRACE 1600 A image with RHESSI 25-300 keV contours at 30, 50,
70% integrated for 20 s.
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Flare A, MDI 20:50:36 UT
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Flare B, MDI 16:30:00 UT
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Flare C, MDI 22:27:00 UT
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Figure 2.2: MDI line of sight magnetic field images of the three active regions (white is
positive, black is negative) and RHESSI HXR footpoint tracks, which follow the color
coded UT time scaling shown to the right. Each + symbol marks the centroid location of a
source at 50-300, 25-300 and 25-300 keV for flares A, B and C respectively. The centroids
are plotted with the following (UT) timing: A - every 20 s from 20:41:00-20:57:00, B -
every 10 sfrom 16:20:50-16:30:00, C - every 20 sfrom 22:32:40-23:08:20.
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at 22:32:40 and continuing until 23:08:20 UT. The first set was observed from 22:32:40-
22:59:00 UT, wherethe positive polarity footpoint (1P, bottom panel, Figure 2.2) disappears
from the images after 22:53 UT. A second pair of footpoints (2P and 2N) was detected
from 22:58:00-23:08:20 UT. Co-temporal TRACE 1600 A images (Figure 2.1) show flare
ribbons whose brightest parts are co-spatial with the first set of RHESSI footpoints (1P and
IN). The second set of footpoints was located to the west of the first, the positive polarity
footpoint (2P) in the same region of positive flux as 1P, and the negative footpoint (2N)
in a separate region from 1N. Footpoint 1P moved slowly (~ 12 km s~!) through aregion
with average line of sight field strength 1770 G in amanner that was somewhat random but
generaly parallel to the nearby magnetic inversion line. Footpoint 1N progressed slowly
(~ 14 kms!) out of a-1500 G region then moved more quickly (~ 46 km s~!) through
a-670 G area before jumping over to another -290 G source where it did a zigzag across
about 10" before RHESSI coveragewaslost. Thelater set of footpoints, 2P and 2N, moved
along a 1620 G extended source at ~ 37 km s~! and moved to the boundary of a-620 G
region at ~ 50 km s~!, respectively. Dueto itslocation, we hypothesize that the second set
of footpoints was from a separate sympathetic flare. Further evidence for this hypothesis
can be observed in the RHESS! lightcurves (Figure 2.3). At 22:58, when the second set of
footpoints appears, the flux observed in the 6-12 keV energy band is decreasing, asign that
thefirst flare is decaying. However, the HXR emission (50-100 keV) continues for another
10 min and the 6-12 keV emission rises to a second peak. These factorsled usto conclude
that footpoints 2P and 2N were part of a sympathetic flare.

When discussing footpoint movements, one of the first stepsto takeisto establish foot-
point conjugacy. We have done this using three techniques. First, we compare the general
characteristics (e.g. start, peak and end times) of the HXR light curves of the candidate
pair. If the two footpoints are connected by the same field lines, then the fast electrons

running down either side of those lines should impact the chromosphere at approximately
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the same time. With a 20 s imaging cadence, the sources light curves should coincide.
Second, we examine the MCT model topology to see if a connection exists between the
positive and negative magnetic sources associated with the footpoints. Third, if an extreme
ultraviolet image is available during the flare time, we look for a hot loop connecting the
HXR source regions. Thisvisual connection gives credence to hot evaporated plasma hav-
ing filled up the newly reconnected loop. The employment of these techniques leads us to
the conclusion that the HXR sources 1P and 1N of flare A are conjugate. Due to a lack of
extreme ultraviolet images during flare B, the case for conjugacy is not as strong. However,
the RHESSI data and topology lend enough support that we claim sources 1P and 1N of
flare B are conjugate. Flare C has two sets of conjugate footpoints: sources 1P and 1N and
sources 2P and 2N.

As a side note, we remark on an interesting observation involving the magnetic field
strength associated with the HXR footpoint sources and the footpoint speeds. An anti-
correlation between field strength and average footpoint speed was found to be significant
at the 90% level viathe calculation of the Kendall coefficient. The average speed of sources
with underlying field strengths of lessthan 1000 G is ~ 59 km s~! while the average speed
for those with strengths of more than 1000 G is ~ 19 km s~!. The relationship between
field strength and footpoint speed has been noted before, most recently by Krucker et al.
(2005). Although we find this observation intriguing, will not analyze it further in this

Chapter.

Topology Observations and Analysis

In order to understand the topological location of magnetic reconnection, we need to
characterize the connectivity of the field. An approximation must be made in order to
produce the boundaries needed to determine this connectivity. Here, we approximate the

field by using a MCT model. Following Longcope and Klapper (2002), the line-of-sight
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field recorded in magnetogramsis partitioned into strong-field regions. Each region isthen
characterized by a point source which matches the region’s net flux and is located at the
region’s centroid.

In the standard 2.5D model for two-ribbon flares, the CSHKP model (Carmichael,
1964; Surrock, 1968; Hirayama, 1974; Kopp and Pneuman, 1976), the footpoints are pre-
dicted to move apart from one another as the reconnection region moves higher in the
corona. As field lines are reconnected, the footpoints travel across continuous regions of
magnetic flux. In the MCT model, this flux region is represented by a point source, so
we cannot follow a footpoint path across it. We can, however, use the concept of spine
lines to make the connection between footpoint motion and the MCT model. Spine lines
extend across strong-field regions, providing paths through regions of like flux that can be
compared to the paths traveled by the HXR footpoints.

As with any coronal field extrapolation model currently available, there are limitations
to the MCT model we use. One limitation of our model is the loss of information on the
geometry of the field. Thisisaresult of representing patches of magnetic field with point
sources. We cannot distinguish if a coronal field line emanates from the outside edge of the
modeled source or the center. We are not concerned, however, with the exact location of
the topological features of the field — the geometry — but are only interested in the location
of topological features relative to each other — the connectivity.

Another limitation of this extrapolation model is that the magnetic field in each domain
is potential. Currently, we do not have the ability to model coronal fields above the com-
plex active regionsin which flares typically occur with a non-linear force free field model.
Nevertheless, amoderately stressed field probably has a topology similar to that of the po-
tential field (Brown and Priest, 2000); it has the same separators dividing the flux domains
and the same spines modeling photospheric sources.

A third limitation of this MCT model is our inability to consider open field lines or
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sheared or twisted flux tubes, whose currents can induce significant topological changes.
This means that we cannot fully model the properties of the flux tube which becomes the
corona mass g ection in the CSHKP model. The evidence we have for reconnection deals
with electrons streaming along the closed field lines that have collapsed down beneath the
separator. Using these closed field lines and the information we have from HXR emission
still allows us to point to the topological location of reconnection and thus learn a great
deal about the release of energy in flares.

Topological models can be applied more directly to eruptive flares by following flux
changes in the strong field regions during the tens of hours prior to aflare. This has been
done by Longcope et al. (2007) for the 7 November 2004 X2 flare using the Minimum
Current Coronamodel (Longcope, 1996, 2001). While using the MCC model certainly has
guantitative advantages, it is beyond the scope of this Chapter.

The MCT model produces a topological map at the photosphere which can be used to
extrapolate the field into the corona. The calculation of the topology begins by selecting a
subregion, namely the main body of the active region, from full-disk MDI magnetograms
made as close to the flare start time as is available, typically within 30 min. Next, the
observed field is partitioned by grouping pixelsthat exceed a set threshold (100 G for flares
A and B, 50 G for flare C) and are downhill from thelocal maximum into aregion. Regions
with fewer than 10 pixels are discarded.

The partitioning determines the location and charge of each pole. A potentia field
extrapol ated from these determines the locations of the nulls. Once the nulls are cal cul ated,
the spine lines, separatricies and separators are given by the physics of the MCT model.

The skeleton footprint, the intersection of the separatrix surfaces with the photosphere
as well as the spine lines, poles and nulls, characterizes the topology of the model and
shows the connectivity of the field visually. The area within a domain’s boundary, formed

in part by the intersection of the separatricies with the photospheric plane and in part by
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the spine line, contains the photospheric footprint of the set of field lines connecting the
domain’s positive and negative poles. The topological footprint for flare A is given in
the top panel of Figure 2.4. Source P01, pointed out by the arrow, is connected to many
negative sources, including N22, N14, NO8 and N13, which are just to the east of PO1. For
clarity, subsequent figures show only the poles (unlabeled), nulls and spinelines.

We paid careful attention to the co-alignment of the MDI magnetograms and RHESS]
data. Spatia alignment of MDI and RHESSI data taken at the same time typically agree
to within 2 (Krucker et al., 2005). The MDI magnetograms are differentially rotated to
the midpoint time of the observed footpoint motion to ensure the best spatial and temporal
comparison. One of the criteriafor topological analysisof thistypeisthat the flaring region
not be more than about 30 degrees from disk center. Outside of 30 degrees, theline-of-sight
component of the field isnot an accurate enough approximation for our topol ogical models.

Topological analysis givesthe connectivity of thefield, which isimportant in this study
for two main reasons. One, it aids in the determination of conjugate HXR footpoints. 1f
two HXR sources are conjugate, then there must befield lines connecting the corresponding
magnetic sources. Two, the connectivity gives the locations of topological features such as
spine lines, which, as we argue in this Chapter, are important analytical tools in the study

of reconnection and particle acceleration in flares.

Analysis of Footpoint Motion and Spine Lines

While analyzing the topol ogy of active region 10486 with respect to the HXR footpoints
of flare A, we noticed aremarkabl e visual relationship between the spinelinesand footpoint
tracks. For example, track 2 (top panel, Figure 2.5) moves through an extended region
of negative flux nearly parallel to the spine line. We then expanded our analysis to two
different flares, flares B and C, and observed the same relationship. Inflare B (center panel,

Figure 2.5), the footpoint associated with the positive magnetic field makes two turns, from
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Figure 2.4: Top: photospheric footprint of the topology for flare A. P markers (+) are
are positive poles while N markers (x) are negative poles. The triangles are null points,
either positive (<) or negative (A). Solid lines are the spine lines and dashed lines are the
intersection of the separatrix surfaces with the photosphere plane. The arrow points out
pole PO1, which is used in an example in the Topology section. Bottom: example field
linesfor flare A.
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Figure 2.5: Poles, nulls, spine lines and footpoint tracks on magnetograms for flares A
(top), B (center) and C (bottom). Violet linesare spinelineswhich we did not associate with
footpoints. Spine lines marked with non-violet colors were identified (and quantitatively
analyzed) with the footpoint tracks of like color.
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track 2 to 3 and from track 3 to 4, which resemble the spine line curves. Asin the first
case, the footpoint is moving along an elongated area of flux. The spine linestrace through
this flux, connecting a source to an intermediate null to another source. Notice aso that
this footpoint slows down once it reaches the strong positive region of flux at the end of its
path.

Not all footpoint tracks have shapes identical to the corresponding spine line. For ex-
ample, track 2 of flare C (bottom panel, Figure 2.5) moves in a nearly straight path along
the main region of positive flux, while the spine line, due to the locations of the nulls,
makes a W shape. This discrepancy can be explained by the nature of the topological ap-
proximation. As we discussed in the Topology section, information about the geometry
of the magnetic field is lost in the process of defining the field's connectivity. The loss of
information occurs when boundaries are drawn around source regions and the source re-
gions are represented by point charges. Thus, the location of the spine lines have a spatial
uncertainty proportional to the size of the source region. The larger the source region, the
larger the uncertainty in the location of spine line. The defining property of aspinelineis
that it connects regions of like flux. Depending on the characteristics of local maximain
the field, a spine line can take on different paths through the flux regions. We refer again
to track 2 of flare C. Here, the spine line reflects the structure of the positive field, but the
HXR footpoint simply moves through it.

In order to quantify the association of spine lines and HXR footpoints of the type de-
scribed above as well as those with a clear visual relationship, we conducted an analysis of
the two features’ average angles. Due to the nature of the uncertainties in the spine lines,
the angle at which the footpoints moved relative to the spines is more important than their
distance from the spine lines.

The HXR footpoint angles shown in Table 2.2 were calculated by finding the angle

between consecutive centroids and averaging these angles for each footpoint track. Angles
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were measured from O to 27 radians where O rad. aways pointed straight to the right
of footpoint centroid i. If centroid i + 1 was located directly north of i, then the angle
between these footpoints was 7/2. A footpoint moving straight from right to left would
have the average angle 7. In some cases, footpoints did move steadily in one direction and
thus the standard deviation of the angles was small (~ 0.3 rad). However, in other cases,
footpoints moved more randomly and the uncertainty was larger (aslargeas 1.23 rad.). By
integrating over more time when reconstructing RHESSI images, we could have smoothed
over some of the small spatial variations. Nevertheless, we wanted to retain a much spatial
and temporal information as was alowed by count statistics.

Spine line angles were calculated with the same method as the footpoint tracks, av-
eraging the angles from one point on the spine curve to the next. The uncertainty in the
spine angle comes from the fact that a spine can extend from a null at the edge of a flux
region across the region in any direction. In our method, the pole is placed at the region’s
center of flux, such that the spine extends from the null through the center. However, in the
un-approximated field the spine line, as an edge of a domain, can extend across the region
from the null through any point in the region. Thus, the uncertainty in the spine angle is
proportional to the width of the region. To calculate this uncertainty, we measured the an-
gular width of each flux region by finding the angle between two special lines, one drawn
from aspine’snull to the widest point of the flux region and the other from the spine’s null
to the center of flux.

Once we calculated the two sources of error — the standard deviation of the footpoint
angle and the uncertainty in the spine line angle(s) — we added them in quadrature to pro-
duce atotal uncertainly. We then checked if each average spine and footpoint angle agreed
to within the total uncertainty. Not only was it confirmed that the two angles agreed with
each other in every case, but they often matched much more closely than the total uncer-

tainty angle. This can be explained by the fact that our method gives the maximum total
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error. If we had simply fit the footpoint track with a line and found how well each HXR
centroid agreed with thisline, our error would have been smaller. The best fit line method,
however, doesn’t accurately represent the detailed motion of the footpoints; it smoothes out
the short time-scale variations.

Table 2.2 gives the spine line and footpoint track angles as well as their differences. If
the spine lines and footpoint tracks were unrelated and their angles were random, then the
distribution of their differences would be flat. The distribution is not flat, but peaks about
0. Differences in the two angles extends between 0 and 7/2 because spine lines have no
temporal 'direction’. We chose to calculate the spine angles in the same direction as the
footpoint motion. Thus, the largest the angle differences could have beenis 7/2 rad.

In order to quantify the significance of thisresult, we applied the Kolmogorov-Smirnov
(K-S) test (Press et al., 1992) to the unbinned angle differences. The K-S test is the best
test for our sample because it assumes nothing about the distribution and uses no hins,
both of which can affect the accuracy of other tests. We find that we can reject the null
hypothesisthat the average spine line and footpoint track angles have arandom relationship
with 99.95% confidence. Therefore, it is our observational conclusion that the RHESS

HXR sources move aong spine lines.

Discussion

In this Chapter, we have demonstrated the association of HXR footpoint tracks and
spine lines. Now the question is why the HXR footpoints move along spine lines. To
understand this relationship, we first need to examine the types of footpoint motion com-
monly observed. Somov et al. (1998) define two categories of flares: more impulsive and
less impulsive, acknowledging that some flares are of an intermediate type. They state that
in more impulsive flares, which have impulsive phases lasting less than 30-40 s, the HXR

footpoints move toward one another. Less impulsive flares, with impulsive phases lasting
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Table 2.2: Footpoint track and spine line average angles and their difference.
Flare, Track Footpoint Angle Spine Angle Difference

Al 4.13 4.95 0.82
A2 331 2.96 0.35
A3 0.69 0.29 0.40
B, 1 3.34 3.36 0.02
B, 2 2.67 2.00 0.67
B,3 0.70 0.68 0.02
B, 4 2.20 2.04 0.16
C1 1.65 1.23 0.42
C 2 0.64 0.41 0.23
C3 3.51 3.69 0.18
C4 2.55 2.55 0.00
C5 1.09 1.49 0.40

longer than 30-40 s, undergo an increase in the distance between footpoints. Others (i.e.
Bogachev et al., 2005) refer to footpoint motion using descriptions such as motion parallel
or perpendicular to the magnetic inversion line.

In the standard 2.5D model for two-ribbon flares, the CSHKP model, the footpoints are
predicted to move apart from one another as the reconnection region moves higher in the
corona. This separation can only occur perpendicular to the magnetic neutral line. The
footpoint separation velocity predicted in the standard model is a only few km s—!(Somov
et al., 1998). Actual velocities observed by the Yohkoh HXT and RHESSI are much larger,
on the order of ~ 50 km s™! (see Section 2). Also, the standard model cannot explain
footpoint motion with no or decreasing separation, as is often observed (i.e. Sakao et al.,
1998). To account for the observed motions and their separation speeds, a2 or 2.5D model
isinadequate; a 3D model is needed. Here, we present such amodel, which isan evolution
of the 2D CSHKP model into a 3D topological model.

The motion and speed of footpoints along spine lines can be understood with the aid
of the quadrupolar model in Figure 2.6. Even in the most complex field, each individual

reconnection event involves only 4 domains and therefore can be understood in terms of a
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Figure 2.6: Upper panel: key topological features. P2 and P1 (+) are positive poles while
N1 and N2 are negative poles (x). The triangles are null points, one positive (v7) and one
negative (A). The orange, purple and red field lines lie on the separatrix surface under
which exist all of the field lines connecting P2/N1, P1/N2 and P2/N2 respectively. Above
the orange and purple separatricies is the domain containing all of the field lines that con-
nect P1 to N1. All four of these domains intersect at the separator (thick black line). The
thick green lines are the spine lines. Lower panel: expected footpoint movement along
the spine lines for the configuration in the upper panel. Dashed lines are the intersections
of the separatrix surfaces with the photosphere. Arrows indicate the direction of separator
movement during reconnection for cases 1, 2 and 3 (see the Discussion section).
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quadrupolar configuration. The quadrupolar configuration is not meant to model the entire
flaring region, but rather, the separator in the configuration is one of several on which
reconnection occurs over the course of aflare.

We discuss three cases of reconnection events for this quadrupolar model. In each
case, reconnection is the result of a flux imbalance in part of the quadrupolar configura-
tion. As aflare progresses, the reconnection moves from separator to separator (thus from
one quadrupolar region to another), balancing the flux and reducing the energy state of the
magnetic field. More complete details on the way we understand how reconnection trans-
fersfrom one separator to another are given in a paper recently submitted by Longcope and
Beveridge (2007).

The assumptions involved in our explanation include the following. Reconnection oc-
curs at a current sheet which is located on the separator, producing fast-precipitating elec-
trons which stream along the separator field line until they encounter the chromosphere. At
the chromosphere, the electrons are decelerated via thick-target bremsstrahlung, resulting
in the HXR footpoint sources.

We point out that linked spine lines are the topological characterization of extended
regionsof likeflux. The MCT extrapol ation model’s point sources (poles) represent patches
of photospheric flux. The poles are placed at patch’s center of flux. Between two poles
exists a place where the field strength goes to zero (a null). A single spine line connects
two like polesviathe null. Often, aspine linelinks not just one pair of poles, but continues
to another null and then another pole, and so on. It is not surprising, therefore, that the
HXR footpoints move aong the spine lines, especially in the cases where the magnetic
flux is strung out in fragmented pieces as in track 2 of flare A. The correlation, however,
between spine lines and non-fragmented flux is also significant. For example, track 3 of
flare C, which extends through a solid area of flux, corresponds to the spine line to within

0.18 rad.
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In case 1, we suppose that the domain P2/N2 (containing the red field lines) has too
much flux in the sense that it can reach a lower energy state (become more potential) by
decreasing its flux through reconnection. Also, let’'s say the separator in the figure is at
the position drawn at time t=0. If a field line from the underlying flux domain P2/N2
approaches a field line in the overlying domain P1/N1 at the separator and reconnects,
producing two new field lines in the domains P2/N1 (orange) and P1/N2 (purple), then the
reconnected flux is moved from P2 into P1 and from N2 into N1. At alater time t=1, the
separator is located closer to the P2 source center due to P2's loss of connecting field lines
and P1's gain. The other end of the separator is closer to N2's center due to N2's loss
and N1's gain. Astime goes on, the process of P2 losing field lines to P1 and N2 to N1
continues, and the chromospheric ends of the separator (and hence the HXR footpoints)
move antiparallel and dlightly toward each other along the spine lines, shown by arrowsin
Figure 2.6.

Somov et al. (1998) present a different analysis reaching a similar conclusion. In their
topological model ‘moreimpulsive’ flares have decreasing longitudinal magnetic flux along
the separator, resulting in a decrease in the distance between footpoints. They also point
out that the reconnected field lines decrease in length as the reconnection process proceeds.
This is the same basic physical process we describe in case 1, with the exception that we
refer specifically to how the separator changes rather than the decrease of longitudinal flux
and reconnected field line length. In case 1, the separator would shorten in length and
decrease in height as the domain beneath it shrank.

In case 2, we suppose that the domain P2/N2 (red) hastoo little flux, so field lines from
the domains P1/N2 (orange) and P2/N1 (purple) reconnect to form new linesin P1/N1 and
P2/N2. Here, the footpoints move towards the N1 and P1 centers of flux, antiparallel and
away from each other along the spineline. The separator lengthens and increases in height

as the domain beneath it grows.
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This exampleis similar to the reasoning used to explain two ribbon flares with sheared
arcades. When a sheared magnetic field suddenly releases energy in the form of a two
ribbon flare, domains of source pairsinitially far apart and nearly empty of flux now have
too little flux relative to a lower-energy field. In order to lower the energy state, flux is
added to the underlying deficient domains, reducing the shear in the field and increasing
the length and height of the separator. The separator current sheet moves along the spine
lines, sweeping through equal areas of positive and negative photospheric flux and the
flare footpoints move apart. The magnetic sources themselves don't change—only their
connectivity does so.

In case 1 the imbalance of flux led to the growth of both center domains P1/N2 and
P2/N1 (purple and orange) and case 2 led to their shrinkage. In case 3, we dea with
the final possibility of flux transfer in a quadrupolar configuration — when there is a flux
imbalance in one of the center domains with respect to the other. For example, we assume
the domain P1/N2 has too much flux and it can reach alower energy state by transferring
flux from domains P1/N2 (purple) and P1/N1 (overlying) into domains P2/N1 (orange) and
P2/N2 (red). In this process, the entire separator shifts along the magnetic neutral line as
the footpoints move parallel to each other towards the P1 and N2 poles. Parallel HXR
footpoint motions are often observed; for example, Bogachev et al. (2005) report that 35%
of the flares they observed had HXR footpoint sources that moved in the same direction.

To summarize, footpoint motion along spine lines corresponds to movement of the
reconnection location. As the separator current sheet sweeps across region of flux, its
chromospheric ends either move toward each other (compact flare; case 1) as the separator
shortens, the ends move away from each other (eruptive two ribbon flare; case 2) as the
separator lengthens or the ends move parallel to each other (case 3) as the separator stays
approximately the same length. The movement of the separator’s chromospheric ends, and

hence the HXR footpoints, is along the spine lines. Spine lines connect two poles via a
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null which shifts during the flare toward one pole or the other. The direction the null shifts
depends on the global configuration of the region; the underlying domain gains or loses
flux in order to decrease the region’s energy state.

The above explanation agrees with the observed footpoint tracks and footpoint sepa-
ration speeds of the three flares reviewed in this Chapter. Referring again to Figure 2.4,
we propose the following explanation for the footpoint motions of flare A. Asisindicated
by the number of light grey field lines drawn in domains PO1/N14 and PO1/NO8, a large
percentage of PO1’'s flux is connected to N14 and NO8. Initially, the footpoint separation
distance decreases due to the reconnection of flux out of underlying domains PO1/N14 and
PO1/NO8. The next stage of reconnection acts to release energy stored in the sheared ar-
cade. Domains which have little connecting flux in the earlier stage of the flare (POL/N11
and PO1/N10) fill up as reconnection takes place on higher and longer separators, and the
footpoints move apart from one another. Anin-depth analysis of separator propertiesbefore
and after flares will be given in a subsequent paper.

Our model can be compared to other models that have been proposed to explain HXR
footpoint source motions. Bogachev et al. (2005) use a sheared 2.5D model to explain the
antiparallel motion of HXR footpoints along the neutral line. In their model, which cannot
distinguish between flares with increasing footpoint separation from flares with decreasing
separation, the apparent motions of HXR sources are determined by the order of recon-
nection along the sheared system of field lines. During the onset of a flare, the footpoint
sources move toward each other, decreasing the distance between them, until acritical point
is reached and the sources begin to move away from one another. This model is similar to
other models of reconnection in sheared arcades, where reconnection starts on the most
highly sheared field lines and progresses to the less sheared field higher in the corona. As
was pointed out earlier in this section, case 2 of our model is analogous to these models

where reconnection in sheared fields leads to the antiparallel motion of HXR footpoint
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sources. In this case, the flux deficiency in the underlying domains, due to the shear in the
initial configuration, leads to reconnection that increases the length of the separator, and
consequently, the footpoint separation increases.

Our model is aso comparable to the slip-running reconnection model proposed by
Aulanier et al. (2006), which describes reconnection within the framework of QSLs. In
complex 3D magnetic configurations, QSL s become separatrices as their width approaches
zero. In fact, the intersection of QSLs with the chromosphere are similar to spine lines
in that they extend from one magnetic flux source to another of the same polarity. Within
the QSL, the sub-region where the squashing degree Q (Titov et al., 2002) peaks (where
the connectivity gradients are the largest) is known as the hyperbolic flux tube (HFT: Titov
et al., 2003). A HFT becomes a separator as its squashing degree asymptotically tends
to infinity. Aulanier et al. (2006) state that QSL reconnection leads to field line slippage
along the QSL s and thus the field lines slip-run along the intersection of the QSLs with the
line-tied boundary. In this reconnection process, particles are accelerated to their highest
energies in the HFT, so HXR emission is expected at the chromospheric ends of the HFT.
Given thisand the fact that the intersection of the QSL s with the chromosphere correspond
to flare ribbons (i.e. Démoulin, 2006), slip-running reconnection is a possible explanation
for the motion of HXR sources along flare ribbons. Due to the analogies between the in-
tersection of QSLs with the chromosphere and spine lines, as well as between HFTs and
separators, we suggest that slip-running reconnection is the QSL version of the separator
reconnection modeled in this paper. Our separator reconnection model, however, is signif-
icantly less time consuming than the QSL method; only a few QSLs have been calculated
for flaring active region magnetic field configurations.

The association of footpointstracks with spinelines, and more importantly the physical
explanation for the association, can be used in future flare analysis. Having an explanation

for why HXR footpoints move the way they do will aid in the understanding of flare ini-
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tiation and evolution. Further work with topological models, especialy analysisinvolving
the role of separator current sheets, is needed to understand this and other aspects of the

flaring process.
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CHAPTER 3

A NEW TECHNIQUE FOR REPRESENTING PHOTOSPHERIC MAGNETIC FIELDS
IN TOPOLOGY CALCULATIONS

Abstract

In this Chapter, | describe a new method for representing active region magnetic fields
in magnetic charge topology (MCT) models. The topology calculation of an active region
is determined by a representation of the photospheric magnetic flux sources. Typical MCT
photospheric representations characterize a sub-region’s magnetic field by a single point
source located at the sub-region’sflux centroid. While thismethod is quantitative, it cannot
describe internal changes and rotations of sub-regions, which are thought to store energy
prior to aflare. Here, | illustrate a new method that can portray these types of sub-region
changes by representing the sub-regionswith three point sources rather than one. | compare
the topological features produced by the new method to those produced by the origina
method in two cases: a simple simulated magnetic configuration and aflaring active region.
| find that the detail given by the new method enables a level of topological analysis not

possible with the original method.

Introduction

Magnetic reconnection is the mechanism of topological change that is thought to bring
about energy release and non-thermal electron acceleration in solar flares. By studying the
radiative output of flares in association with the magnetic topology of the flaring region,
we can learn a great deal about the topological location of reconnection. For a study of

this type to be successful, the topology cal culation needs to quantitatively characterize the
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photospheric and coronal magnetic field and have quantitatively defined features.

One commonly used topological model that fulfillsthese requirementsis atype of mag-
netic charge topology model (MCT; see Longcope, 2005) where each region of strong pho-
tospheric flux is replaced by a single point source at the solar surface. While this MCT
method is quantitative, its representation of the observed photospheric field lacks the de-
tail necessary to analyze internal changes and rotations of magnetic flux sources. These
changes are theorized to be of key importance in the build up of energy prior to aflare (Bev-
eridge and Longcope, 2006). In this Chapter, | describe a new, more detailed photospheric
representation and compare the topological features produced by it to those produced by
the original representation.

MCT models assume that the photospheric field of an active region can be partitioned
into distinct unipolar sub-regions. Also, they assume that any two field lines with both
their footpoints in the same sub-region are topologically equivalent (Longcope, 2005). As
aresult of thefirst assumption, coronal field lines are anchored in discrete flux sub-regions
separated by a contiguous region in which the norma component of the magnetic field is
zero.

In the type of MCT model used here, these sub-regions of flux, which are observed
in Solar and Heliospheric Observatory/Michelson Doppler Imager (SOHO/MDI; Scherrer
et al., 1995) line-of-sight magnetograms, are replaced by a multipole expansion. The orig-
inal point source MCT method approximates a sub-region with a single point source, or
pole, located at the region’s center of flux. This matches the true field out to the second
term (dipole) in the multipole expansion.

While the dipolar expansion of sub-region flux sources is a sufficient representation of
the photospheric field for some studies, others require a more detailed one. For example, if
| wish to examine how internal changes and rotations of sunspots affect the coronal field,

| need a model that characterizes the sub-regions with more than one pole. A multipole
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expansion that matches the true field of the sub-region out to the third term (quadrupole)
would improvethe accuracy of the coronal extrapolation and enable amore in-depth analy-
sisof photospheric magnetic field changes. A single pole cannot give amultipole expansion
because its quadrupole moments are zero. Therefore, | developed a new method for char-
acterizing the photospheric field of an active region where sub-regions are represented by
aquadrupolar expansion by replacing each sub-region with three sources.

In the Method section, | describe the method | use to define quadrupolar expansions of
the sub-region flux sources. In the Analysis section, | use a simulated magnetogram and a
real magnetogram to analyze the differences between the original dipolar method and this
new quadrupolar one. Finaly, | discussthe results of my analysis and give my conclusions

in the Discussion and Conclusions section.

Method

The technique | use to improve the MCT extrapolation model isto replace the original
dipolar expansion of each magnetic field sub-region that exceeds the set amount of flux
with a quadrupolar expansion. In the original version, the magnetic flux of a sub-regionis
represented by one point source with equivalent flux located at the sub-region’s center of

flux, (z,7),

T

%//x-Bz(x,y)dxdy, (3.1)
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Here, B,(X,y) isthe value of the vertical field (approximated by the observed line-of-sight
field) for each (x,y) position and ® is the sub-region flux. In order to extend the multipole
expansion to the next (quadrupole) term, more than one source must be used because the
quadrupolar moments of a single point source are equal to zero. The three terms, Q; x,
Qrxy, and Qyy, of the quadrupolar moment tensor for the real magnetic sub-regions are

given by

Qraz = //Bz(x,y)(x — 7)*dxdy, (3.4)
Gy = | [ Bl =)y - p)dody, 35)
Qryy = //Bz(x,y)(y — )% dxdy. (3.6)

To match the quadrupolar moments (three constraints), flux (one constraint) and centroid
position (two constraints), of the real magnetic sub-region to the quadrupolar moments,
Qin.zzr Qm.zys Qmyy, flux, and centroid position of the model sources, six degrees of free-
dom are needed. Using two polesrather than one will give the required degrees of freedom,
two for the source magnitudes and four for the source locations. With only two sources,
however, Q. 2o Qm.yy = ﬁmy, which means that not all quadrupolar tensors can be rep-
resented. Therefore, three sources are needed to represent each sub-region of magnetic
flux.

The quadrupolar moments of the three sources, which are matched to the quadrupolar

moments of the real sub-region are
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1
1

Qmzy = g@(ml?h + 2oy2 + 3Y3), (3.8)
1

Qmyy = g@(yf + 3 +y3)- (3.9)

Here, in order to simplify the required calculations, | have removed two of the nine degrees
of freedom by assuming each of the three point charge fluxes is equal to 1/3 of the sub-
region’sflux. For added convenience, | movethe calculation to aframe of reference located
at the center of flux, (7, v), sothat | can set 3 = —x; — x5 and likewise for y. | use the

remaining seventh degree of freedom to minimize L, the perimeter of the triad,

L=|X;— Xof +|-X1 — 2Xo[" + | -2X; — X, (3.10)

which makes the three pole representation more compact. Here, Xis the (x,y) vector in
the center of charge reference frame (i.e. x3 = —x; — x3). The problem thus has four
equations (three for the quadrupolar moment and one minimization) and four unknowns
(two x,y positions).

| solve for the locations of the point charges by using Singular Value Decomposition
(SVD). I havethree equations with four unknowns, so | use the Newton-Raphson method to
get aset of solutions, then do the minimization to find the solution with the smallest perime-
ter. Once the equations are solved for the source positions representing each sub-region,
| convert the positions back to the initial, non-center-of-flux reference frame. The result
of these calculations is a compact configuration of point sources that defines a multipole
expansion of the observed flux sub-region out to the quadrapole term.

Once the multipole expansions of the magnetic sub-regionswithin an activeregion have
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been determined, several other topological features can be defined. Each coronal field line
is assigned to a flux domain according to the poles at each of its two footpoints. Nulls
are the locations between like signed poles where the magnetic field strength is zero. A
special field line, the spine line, extends from a pole through a null to another pole of the
same polarity. The two poles connected by the spine line via the null are the null’s spine
poles. The surfaces dividing domains are separatrix surfaces, which are the fan surfaces of
the null points. Two separatrix surfaces intersect along a separator, the three dimensional
analog to atwo dimensional X point. A separator is the location reconnection must occur
in the three dimensional MCT coronal model.

Two features of importance to my study of the topological |ocation of reconnection are
nulls and separators. The nulls given by this more detailed method can be categorized into
level 1 and level 2 nulls. Level 1 nulls are typically the same as the nulls in the dipolar
expansion method; they are located between different sub-regions of like sign. Their spine
sources belong to different regions, so their fan surface (separatrix) divides flux enclosed
in different sources. Level 2 nulls are those that exist between sources within a single sub-
region. Here, the spine sources belong to a common region, so their fan surface creates an
‘internal’ division.

Separators can be categorized based on the type of nulls at their photospheric ends.
Those with both ends at level 1 (2) nullsarelevel 1-1 (2-2) separators. Those with one end
at alevel 1 null and the other at alevel 2 null are level 1-2 separators. It is theorized that
level 1-1 separators are analogous to the separators defined by the dipolar method because
their nullsare similar. Level 1-2 and 2-2 separators connect to nullswithin flux sub-regions

and can thus give information about the rotations and internal changes of sub-regions.

Analysis

In order to analyze this quadrupol ar representation of photospheric magnetic flux sources
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with reference to the previously used dipolar expansion, | examine the topological features
produced by both methods in the cases of a simple smulated magnetogram and a real
MDI magnetogram. To illustrate the differences between the two methods in simple case,
| created a fake magnetogram by placing four ellipses, two positive and two negative, of
different sizes and shapesin aregion of otherwise blank ‘field’.

In the simulated example, shown in Figure 3.1, the two nulls given by the dipolar
method are located between the two regions of like flux. In the quadrupolar expansion,
shown in Figure 3.2, the two level 1 quadrupolar nulls are located in similar locations to
the two dipolar nulls. The quadrupolar method, however, has two additional level 2 nulls
present between sources within each sub-region. While there is only one dipolar separa-
tor, there are 12 quadrupolar separators. one level 1-1, six level 1-2s and five level 2-2s.
Both the dipolar and quadrupolar topological features are shown in Figure 3.3 for direct
comparison. This example makes it clear that the quadrupolar method is a more detailed
representation of the magnetic field.

As an example of aflaring active region, | examine the dipolar and quadrupolar topo-
logical features resulting from an MDI magnetogram recorded at 12:51 UT 6 April, 2004.
In Figures 3.4 and 3.5, | plot the dipolar and quadrupolar topological features, respectively.
So that they can be compared directly, | also show both sets of features in Figure 3.6,
where the dipolar features have been plotted after the quadrupolar features. The topology
calculations for this active region produced 17 separators in the dipolar expansion and 51
separators in the new quadrupolar version.

At 13:22 UT, this active region produced a M class flare with two hard X-ray (HXR)
footpoint sources, one in the main region of positive polarity (center of Figure 3.6) and one
in the negative polarity region to the northeast. There are no dipolar separators connecting
the two sub-regions where the HXR sources appeared, but there are severa level 1-2 and

2-2 quadrupolar ones. This suggests that the flare was powered by reconnection between
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Figure 3.1: Simulated magnetogram with dipolar features. dipolar poles (+ positive, x
negative) are labeled by a capitol letter and a number. Nulls are indicated by triangles (7
positive, A negative), and lines are separators.
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Figure 3.2: Same as Figure 3.1, but with quadrupolar features. Quadrupolar poles have an
additional lower-case letter as athird character in their label.
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Figure 3.3: Same as Figure 3.1, but with both dipolar (blue) and quadrupolar (red) features
for comparison.
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Figure 3.4: MDI magnetogram with dipolar poles, nulls and separators.

domains internal to the source regions. Therefore, the topological location of magnetic
reconnection could not be examined in this case without the quadrupolar expansion method

(see Chapter 4).

Discussion and Conclusions

My analysis of the topological location of magnetic reconnection proceeds under the
following working hypothesis. In the absence of major reconnection, coronal magnetic

fields become stressed as the photospheric boundary slowly evolves due to the emergence
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Figure 3.5: Same as Figure 3.4, but with quadrupolar features.
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Figure 3.6: Same as Figure 3.4, but with both dipolar (blue) and quadrupolar (red) features.
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of new field and horizontal flows. When a critical point is reached, this energy is released
by the rapid reconnection of magnetic field lines near the separator. As aresult, electrons
are accelerated near the reconnection region and stream along field lines near the sepa-
rator. Upon encountering the chromosphere, the electrons undergo bremsstrahlung and
non-thermal HXR are emitted. Thus, HXR footpoint sources can be interpreted as the lo-
cation of the chromospheric ends of newly reconnected field lines, which lie close to the
separator.

Based on this working hypothesis, separators are the link between the reconnection
region and HXR footpoint sources. In order to examine the topological location of re-
connection, | need a topological model that is detailed enough to produce separators that
connect to nulls within strong magnetic flux regions. While the original MCT model is
guantitative, it does not, by definition, produce the required separators. The origina MCT
dipolar expansion represents each magnetic sub-region with a single point source, so all
of the nulls present in the photospheric representation are located between the sub-regions.
The new version of the MCT model described in this Chapter increases the detail in the
photospheric representation by characterizing the sub-regions with a quadrupolar expan-
sion. This quadrupolar expansion produces nulls and separators between sources within
a single sub-region. Therefore, it can be used to study internal changes and rotations of
sub-regions and thus enables the examination of the topological location of magnetic re-

connection. This examination and its results are described in Chapter 4.
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CHAPTER 4

SIGNATURES OF MAGNETIC STRESS PRIOR TO THREE SOLAR FLARES
OBSERVED BY RHESSI

Abstract

We examine the hard X-ray (HXR) footpoint sources of three flares, as observed by
RHESSI, in combination with the topology given by the extrapolation of line-of-sight mag-
netograms into the corona. Assuming the HXR footpoint sources are chromospheric con-
sequences of magnetic reconnection that takes place on separators, we further assume a
relationship between the build-up of energy in stressed coronal magnetic fields and the
measurement of the change in separator flux per unit length. We find that the value of this
guantity is larger on the separators that connect the HXR footpoint sources than the quan-
tity on the separatorsthat do not. Therefore, we conclude that we are able to understand the
location of HXR sources observed in flares in terms of a physical and mathematical model

of the topology of the active region.

Introduction

By combining flare hard X-ray (HXR) observations with three dimensional topolog-
ical models of active region coronal magnetic fields, we can expand the available tools
for understanding where solar flares occur within active regions. HXRs are a signature of
the presence of high-energy electrons, which are believed to originate in magnetic recon-
nection. Magnetic reconnection is commonly accepted as the key physical process in the
release of energy stored in stressed corona fields. The energy available to power flares

is thought to be stored in the magnetic field in the form of currents positioned near sep-



57

arators (Henoux and Somov, 1987). Separators are the three dimensional analogs of two
dimensional X-points; they are the location of reconnection in three dimensional models
(Gorbachev and Somov, 1988). This motivates the testable hypothesis that HXR emission
is associated with the separators at which reconnection has taken place.

Our analysis of the topological location of magnetic reconnection proceeds under the
following working hypothesis. In the absence of major reconnection, coronal magnetic
fields become stressed as the photospheric boundary slowly evolves due to the emergence
of new field and horizontal flows. When a critical point is reached, this energy is released
by the rapid reconnection of magnetic field lines near the separator. As aresult, electrons
are accelerated near the reconnection region and stream along field lines near the sepa-
rator. Upon encountering the chromosphere, the electrons undergo bremsstrahlung and
non-thermal HXR are emitted. Thus, HXR footpoint sources can be interpreted as the lo-
cation of the chromospheric ends of newly reconnected field lines, which lie close to the
separator.

Past research on energy storage prior to aflare has concentrated on non-potential signa-
turesin vector magnetograms (i.e. Gary et al., 1987; Wang et al., 1996; Moon et al ., 2000;
Deng et al., 2001; Tian et al., 2002; Falconer et al., 2006; Dun et al., 2007). For example,
Dun et al. (2007) calculated the daily average values of three non-potential parametersfrom
vector magnetograms: magnetic shear angle, line-of-sight current, and current helicity of
selected regions aong the main neutral lines of active region 10486. They found that the
three non-potentiality parameters increased at the impulsively brightening flare sites from
values measured at least one day before the two large X-class flares of 28 and 29 October,
2003. Dun et al. (2007) also study the magnetic flux evolution in the brightening regions
and find an increase in magnetic flux and complex proper motions concurrent and co-spatial
with the increases in non-potentiality.

Another way to examine the build up of energy prior to aflareisby using the Minimum
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Current Corona model (MCC; Longcope, 1996, 2001). The MCC model tracks the com-
plex evolution of photospheric flux to determine the lower bound on the energy stored by
thismotion. Longcope et al. (2007) cal culate the MCC model for the 7 November 2004 X2
flare and find that the predicted flux reconnected during the flare compares favorably with
values inferred from motions of the flare ribbons and the magnetic cloud. It is not neces-
sary, however, to do the full MCC calculation to find where within an active region energy
is preferentialy stored, which is the goa of this Chapter. We employ a restricted form of
the MCC whereby we use separators to estimate the locations of energy accumulation. We
hypothesize that these two methods, the MCC model and the calculation done here, exam-
ine the same fundamental physics — the relationship between the motion of photospheric
sources and the build-up of energy in the line-tied coronal field.

In order to make the connection between the energy released in solar flares and the |o-
cation of energy storage in the non-potential components of the magnetic field, a magnetic
field model is needed. The standard flare model, CSHKP (Carmichael, 1964; Surrock,
1968; Hirayama, 1974; Kopp and Pneuman, 1976), describes a two dimensional morphol-
ogy where energy isstored in astressed coronal field. Rapid reconnection takes place at the
X point, which divides the open field line domian from the closed one, reconfiguring the
coronal field and converting magnetic energy into particle acceleration, heating and kinetic
energy. Since some of the electrons accelerated in the reconnection process stream aong
the newly formed field lines and bombard the relatively dense chromosphere in a fraction
of a second, the location and timing of flare emission observed in Ha, UV and HXR isa
useful link to coronal reconnection location and timing.

One way the CSHKP model can be linked to energy release is by relating the proper-
ties of two-ribbon flares observed in Ha and UV to the rate of reconnection in the corona
Here, flare ribbons are taken to be the photospheric/chromospheric intersection of the sep-

aratricies dividing the open field line domain from the closed field line domain. Due to
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the line-tied nature of the photospheric magnetic field, motion of the ribbon is a signa
ture of the moving separatrix (Forbes and Lin, 2000). Assuming a two dimensional field,
Faraday’s equation can be used to relate the uniform electric field aong the reconnecting
current sheet to the rate at which magnetic flux isreconnected, £ = B,,V,, where B,, isthe
normal component of the magnetic field and V. is the apparent motion of the ribbon per-
pendicular to the neutral line (Forbes and Priest, 1984; Forbes and Lin, 2000). Thus, the
electric field strength can be found using measurements of the velocity of the flare ribbons
and the photospheric magnetic field. The evolution in time of this electric field during the
flare gives the time profile of the reconnection rate (Qiu et al., 2002).

Here, we use HXR footpoint sources as signatures of reconnection instead of Ho or
UV ribbons because the HXR footpoint sources map to the main location of energy release
(Temmer et al., 2007, and references therin). Non-thermal HXR sources (above about 30
keV) are plausibly attributed to the locations where newly reconnected field linesintersect
the chromosphere. Many cases of these HXR footpoint sources have been recorded over the
last five years by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI;
Linet al., 2002).

To examine the topologica location of magnetic reconnection, we use a magnetic
charge topology (MCT) model in which point sources are located on the photospheric sur-
face (see Longcope and Klapper, 2002). There are several advantagesto this MCT method
including: 1) Dueto thefact that the topol ogical features are quantitatively defined, power-
ful mathematical tools can be used. Thisincludes the ability to calculate the magnetic flux
linked by separators, which is employed in this Chapter. 2) The photospheric boundary of
themodel isaquantitative representation of the observed line of sight magnetogram. Model
sources represent the flux and locations of sources in the magnetogram. The larger mag-
netic sources are represented by three poles, providing a quadrupolar expansion of these

photospheric flux sources rather than a dipolar one. This allows us to examine internal



60

changes and rotations of sun spots (Beveridge and Longcope, 2006). 3) Calculation of the
topological features of the model coronal field is not computationally time consuming, so
we are able to study how the topology evolves over time.

For the reasons given above, we use a MCT model where the sources, or poles, are
placed on the photospheric surface (see Longcope and Klapper, 2002). MCT models as-
sumethat the photospheric field can be partitioned into distinct unipolar regions. Also, they
assume that any two field lines with both their footpoints in the same regions are topolog-
icaly equivalent (Longcope, 2005). As aresult of the first assumption, coronal field lines
are anchored in discrete flux sources separated by a contiguous region in which the normal
component of the magnetic field is zero. Each coronal field line can thus be assigned to
a flux domain according to the poles at each of its two footpoints. Nulls are the locations
between like signed poles where the magnetic field strength is zero. The surfaces divid-
ing these domains are separatrix surfaces, which intersect along separator field lines. A
separator is the three dimensional analog to a two dimensional X point; it is the location
reconnection must occur in the three dimensional MCT coronal model.

There are two alternative methods to this MCT model that also give the topology of
coronal magnetic fields: the source method (e.g. Titov et al., 1993; Demoulin et al., 1994;
Bagala et al., 1995; Wang et al., 2002) and quasi-separatrix layers (QSLs; for areview see
Démoulin, 2006). The source method represents the photospheric magnetic flux in amore
complete way than is done in our model. For example, our method excludes the presence
of magnetic bald patches successfully modeled by the source method. We are not, how-
ever, concerned with the modeling of bald patches, but are more interested in the powerful
mathematical tools available through the use of the point-source MCT model. While our
MCT method sacrifices a detailed representation of the coronal field, the calculation of
QSLsrequiresits detailed structure as an input. The computation of this detailed structure

is currently limited by numerical techniques. Thus, the current study of QSLsis limited to



61

a snapshot in time (Démoulin, 2006) and is not suitable for this work.

In this Chapter, we examine three flares that occurred within 30 degrees of disk center,
were well observed by RHESSI, and had HXR footpoint sources that exhibited no mo-
tion. From Solar and Heliospheric Observatory/Michelson Doppler Imager (SOHO/MDI,;
Scherrer et al., 1995) line-of-sight magnetograms we obtain the topol ogy, and thus the sep-
arators, of the active region corona through extrapolation from the poles and nulls at the
photospheric boundary. We measure the flux and length associated with each separator and
derive a function related to the energy stored at them. This value is related to total self
current, a current that acts to prevent flux changes and thus enables the field to increase its
non-potentiality. We then use the function to identify the active region separators that have
the most energy. In order to determineif a short interval of the continuous energy build up
phase can point to the area of the active region in which the flare HXR footpoint emissions
take place, we study athree hour time period prior to each of the flares.

The Chapter is organized as follows. In the Observations section, we discuss the HXR
and magnetic field observations for the three flares in our study. Details of the analysis of
the HXR footpoints and coronal topology as well as the results are given in Analysis and
Results section. Finally, we give a discussion of the work in the Discussion and Conclu-

sions section.

Observations

The flares that we have analyzed in this study were chosen because they fulfill the three
requirements stated above. The requirement that the flares must have occurred within 30
degrees of disk center is motivated by the fact that line of sight magnetic field beyond this
rangeis not sufficiently closeto the normal field used in thetopol ogy calculation. Secondly,
the flares needed to be well observed by RHESSI so that we could make resolved images

of the footpoints sources aswell as be confident about the flare’s basic morphology over its



62

lifetime. For this study, we chose flares whose footpoints did not move because we wanted
to be able to associate flares and separators without introducing undue complexity. The
properties of the three flares are given in Table 4.1.

The two most commonly used RHESSI image reconstruction algorithims are Clean
(Hogbom, 1974; Hurford et al., 2002) and Pixon (Puetter, 1995; Hurford et al., 2002).
Clean is an iterative reconstruction algorithm that is quick and often satisfactorally rep-
resents both point and extended sources. For these reasons, we used Clean to make the
images analyzed in flares B and C. Occasionally, the Clean algorithm does not remove
enough noise from an image such that the morphology of the sourcesis not clear. In some
of these cases, the Pixon algorithm, which has superior noise reduction and photometry,
can result in an image with sufficently defined sources. While Pixon gives superior images,
it is significantly more time consuming than Clean. For this reason, it is typically not the
first choice for exploring HXR sources observed by RHESSI. Due to the low number of
counts available for making an image of the footpoints of flare A, the two sources could
not be distinguished from one another at the 30% level of the Clean image. Therefore, we
use a Pixonimage in this case.

The first flare, hereafter flare A, occurred on 26 February 2004. As can be seen in
Figure 4.1, this flare was a GOES X1 class flare that had an impulsive phase lasting only
a few minutes. The small peak in the RHESSI 50-100 keV emission around 01:54:30
UT is the only time it was possible to make an image of the HXR sources in this energy
range. Detailed spectroscopic analysis of the flare has shown that the 25-50 keV counts
after about 01:58 UT are primarily thermal in nature. The contours used to classify the
flaring separators for flare A are drawn at the 20% level of a 30-100 keV Pixon image.
The image, shown in Figure 4.2, was made by summing the counts in detectors 1-9 from
01:54:40-01:55:00 UT in the 30-100 keV range.

The second flare, hereafter flare B, took place on 6 April 2004. Flare B, an M2 class
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Figure 4.1: GOES and RHESSI light curves. Dashed linesin the |eft panels mark the time
range for the right panels. The right hand panels are corrected RHESSI light curves, where
the effects of attenuator and decimation state changes are accounted for. The 6-12 keV
curves are light grey, 25-50 keV are dark grey and 50-100 keV are black. Solid vertical
lines mark the time range over which the RHESSI images used in Figures 4.2 and 4.3 were
integrated.
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Table 4.1: Flare properties.

Flare Date Location Peak Time GOES AR
(heliocentric ) uT) Class
A 26 Feb 2004 (230,330) 02:01 X1 10564
B 6 Apr 2004 (-260, -180) 13:23 M2 10588
C 4 Nov 2004 (-280,70) 23.02 M5 10696

flare, was atypical mid-sized flare with asingle X-ray loop and an impulsive phase lasting
on the order of 10 min. The image used here was made with the Clean algorithm by
summing the HXR counts in detectors 4-8 from 13:22:40-13:23:20 UT in the 25-50 keV
energy range. The contours used to identify the flaring separators were defined at 30% of
the maximum of thisimage.

The third flare, hereafter flare C, took place on 4 November 2004. Flare C was along
duration M5 class flare with an impulsive phase of about 17 min. It occurred to the West
of another M class flare that peaked an hour earlier in the same active region. During
the second half of the impulsive phase, a third 25-50 keV HXR source appeared to the
Northeast of the primary pair. Our hypothesisfor the appearance of this third HXR source
is discussed in the Discussion and Conclusions section. The image used in our analysis
was made with the Clean agorithm by summing the HXR counts in detectors 4-8 from
23:02:00-23:05:20 UT in the 25-50 keV range. The contours used to identify the flaring
separators were defined at 30% of the maximum of thisimage.

Based on MDI magnetograms, we calculate the topology of the coronal field based
on full disk MDI magnetograms three times for each flare, two prior to the flare and one
after. For flare A, which peaked at 02:01 UT, the magnetic field data were taken in 96 min.
intervals at 00:03, 01:39 and 03:15 UT. The magnetograms for flare B, which peaked at
13:23 UT, were made at 11:11, 12:51 and 14:27 UT. Around the time of flare C, which
peaked at 23:02 UT, MDI magnetograms were taken every minute. We noticed that subtle

changes were present in data taken just one minute apart, which we attributed to noise. In
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order to take advantage of the available data while decreasing the noise level, we averaged
five consecutive one-minute magnetograms at 21:14-18, 22:14-18 and 23:15-19 UT. This
technique of averaging over five one min. magnetograms is the same as is done on-board
the spacecraft for the 96 min. magnetograms, which are used in flares A and B.

We took a straight-forward approach to the co-alignment of the MDI magnetograms
and RHESSI data. Fletcher et al. (2007) report that the difference in the roll angle given
in the MDI data files and the actual roll averages around 0.22 degrees, which corresponds
to a combined x-y offset of 3" at the limb. However, we have proceeded on the assumption
that the roll angleis O (rotated from 180 degrees in the case of flare A) and that the spatial
alignment of MDI data, corrected to Earth view, and RHESS| data taken at the same time
agree to within 2" (Krucker et al., 2005). The RHESSI data were differentially rotated to
the time of the MDI observations using the SolarSoft mapping software developed by D.
Zarro. While the mapping software is an approximation to the actual rotation, it is suitable

for our purposes as we did not require arotation correction of more than ~2.5 hours.

Analysis and Results

Our analysis of the topological location of magnetic reconnection proceeds under the
following working hypothesis. In the absence of reconnection, coronal magnetic fields be-
come stressed as the photospheric boundary slowly evolves due to the emergence of new
field and horizontal flows. When a critical point is reached, this energy is released by
the rapid reconnection of magnetic field lines near the separator. As a result, electrons
are accelerated near the reconnection region and stream along field lines near the sepa-
rator. Upon encountering the chromosphere, the electrons undergo bremsstrahlung and
non-thermal HXR are emitted. Thus, HXR footpoint sources can be interpreted as the lo-
cation of the chromospheric ends of newly reconnected field lines, which lie close to the

separator.
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In order to make the connection between a flare's reconnection region and its HXR
footpoints, we need to define the separators. We determine the connectivity of the field
by making a model of the active region’s photospheric sources observed in MDI line-of-
sight magnetograms. The observed field is partitioned by grouping pixels that exceed a
set threshold (100 G for flares A and B, 75 G for flare C) and are downhill from a local
maximum. Regions with fewer than 10 pixels are deemed to be energetically unimportant
and are discarded. Each source region with aflux lessthan 5 x 10' Mx is characterized
by a single point source, or pole, which matches the region’s net flux and is located at
the region’s flux centroid. Regions with fluxes greater than 5 x 10 Mx are represented
by three poles, each with 1/3 of the region’s flux, placed such that their centroid is at the
same location as the region’s and their quadrupole moment matches the region’s. The
guadrupolar expansion enables the observation of internal changes and rotations of large
regions and decreases the uncertainty in the locations of topological features. A potential
field extrapolated from these poles determines the locations of the topological features of
the field including nulls, separatricies and separators.

Aswith any coronal field extrapolation model currently available, there are limitations
to the MCT model we use. One limitation of our model is the loss of information on the
geometry of thefield. Thisisaresult of representing patches of magnetic field with point
sources. While using three point sources for the larger patches decreases the spatial un-
certainty in the model, we still cannot distinguish if a coronal field line emanates from the
outside edge of the modeled source or the center, for example. Another limitation of this
extrapolation model is that it is potential. Currently, we do not have the ability to model
coronal fields above the complex active regions where flares typically occur with a non-
linear force free field model. A moderately stressed field, however, has a topology similar
to that of the potential field (Brown and Priest, 2000); it has the same separators dividing

the flux domains. A third limitation of this MCT model is our inability to consider open
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field lines or sheared or twisted flux tubes, whose currents can induce significant topolog-
ical changes. This means that we cannot say anything about the properties of the field at
the moment of the flux tube eruption in the CSHKP model. We can, however, examine
the closed field prior to and after the flare. The evidence we have for reconnection deals
with electrons streaming along the closed field lines that have collapsed down beneath the
separator. Using these closed field lines and the information we have from HXR emission
still allows us to point to the topological location of reconnection and thus learn a great
deal about the storage and release of energy in flares.

When using flare footpoints as a signature of reconnection in the corona, one of thefirst
stepsis to establish footpoint conjugacy. We have done this using three techniques. First,
we compare the general characteristics (e.g. rise, peak and decay times) of the HXR light
curvesof the candidate pair. If the two footpointsare connected by the samefield lines, then
the fast electrons running down either side of those lines should impact the chromosphere
within one second of each other. Second, we examine the topology model to see if a
connection exists between the positive and negative magnetic sources associated with the
footpoints. Third, we look for a bright soft X-ray or extreme ultraviolet loop connecting
the HXR source regions. This visual connection gives credence to hot evaporated plasma
having filled up the newly reconnected loop. The main HXR flare footpoints for the three
flares fulfill each of these conjugacy tests, so we conclude that the HXR sources used in the
analysis of flares A, B and C are conjugate.

Once the separators of each flaring active region have been determined, is there evi-
dence that energy was stored preferentially at the flaring separators prior to the flare? To
answer this question, we first identified all of the separators we believed to be involved in
the release of energy via reconnection based on our observational criteria. These flaring
separators were assumed to be those that had both their ends within 10” of the defined

HXR footpoint contours. We use the 10" extension on the footpoint contours because of
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the uncertainty in the locations of the chromospheric ends of the separators (nulls). When
representing the larger magnetic field sources with three poles, as we do here, the typical
distance between nullsis ~10".

In order to have a precise estimate of the energy stored at every separator, we attempted
to follow each individual separator by matching its nulls at one time to the next. We found,
however, that we were unable to complete our analysis using only the separators we could
identify as the same in consecutive topology calculations. Only a small number of separa-
tors were followable because the majority of the separators that we examined bifurcated. A
bifurcation is when a separator that is present at one timeis not present at the next (or vice
versa). With only a small number of separators, we were not able to represent the various
parts of the active region well enough to obtain meaningful energy estimates.

Since we were not able to follow individual separators directly, we grouped the separa-
torsinto null group pairs (NGPs). We partitioned areas of the analyzed MDI magnetograms
into null groups (NGs) such that the NG areas corresponded as closely as possible to ar-
eas of strong magnetic flux while keeping all the nulls at the ends of the flaring separators
in the same NG. Every separator begins and ends at a null point and thus can be catego-
rized by its two NGs, or its NGP. Figure 4.2 shows the poles, nulls and null groups as
well as the footpoint contours of the three flares on the corresponding magnetograms. The
use of NGPs has a further advantage over following each individual separator in that it is
less biased. Using only the followable separators is biased because it ignores bifurcated
separators, which are indicators of major change.

Having categorized the separators into null group pairs, we were able to analyze the
separators belonging to the flaring NGPs with respect to the non-flaring ones. We sought to
determineif thereisevidencefor energy being stored preferentially at the flaring separators.
Also, we wanted to ascertain if a small time sample (~3 hours) could serve as a proxy for

the changes taking place over the longer energy build-up phase prior to the flare.
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Figure 4.2: Left panels: RHESSI images used in our analysis. Right panels: MDI mag-
netograms with poles (+ positive, x negative), nulls (57 positive, /A negative), null groups
(outlined in black) and footpoint contours (red). Footpoint contours are at the 20% level of
a30-100 keV RHESSI Pixon image for flare A and at the 30% level of 25-50 keV RHESSI
Clean imagesfor flares B and C.
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To do this, we measured the flux, (), that interconnects photospheric sources by inte-

grating the vector potential along the path Q (Longcope et al., 2005),

oM :/B-da:j{A-dl. (4.1)
S Q

Here, Q is the separator field line closed along the photosphere and S is some surface
bounded by Q. We calculated this flux for every separator obtained by the model from
three consecutive 96 minute MDI magnetograms, or from three averaged magnetograms
one hour apart in the case of flare C. As an example, we consider null groups 3 and 7 of
flare C, located in the lower right of the active region image in Figure 4.3. The separators
connecting these null groups, shown in red, have the average flux 29 x10'* Tm? at this
time (22:16 UT). At times before and after, 21:16 and 23:17 UT, separators in the same
null group averaged 12 x10'* and 25.5 x 10 Tm? respectively. We also measure the
average length, [, of the separators in every NGP at each of the three times. The average
length of the separators in NGP 3,7 of flare C at the time shown was 46 x10°% m, and was
34 x10° m at the previoustime, 21:16 UT and 68 x 10° m at the following time, 23:17 UT.

We relate thisflux to the energy stored at the separators by assuming that the continually
changing photospheric magnetic field (and thus the change in separator flux) translatesinto
a storage of energy in the coronal field. The flux @, reconnected during the flare can be
approximated as the discrepancy between the flux actually linked by the separator, ¢, and
the flux linked by it in a potential field, ®{". Prior to reconnection the flux discrepancy @,

=, - ') changes only due to the Slow, steady changein & "
— 9, = ——0W, (4.2)

Photospheric stressing persisting steadily over a build-up time At,, then would build up a
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flux discrepancy

d
A@T = —Atbgq)gv) ~ AthblS, (43)

where [, isthe length of the separator. The quantity
By ~ —(d®) /dt) /1, (4.4)

is one measure of how rapidly stress is building on a particular separator. It has units of
electric field, but there is no electric field present during energy build-up. During recon-
nection, energy stored in the form of the flux discrepancy isreleased in the presence of an

electricfield, F, over atime period At,. Thisreconnection electric field isrelated to ®,. by

— B, (4.5)

Thus the separator stress, F, isrelated to the reconnection electric field by

At
At

E, By, (4.6)

Since we do not observe the active region over its entire build-up, we do not know At,
or .. We can, however, use observations over a short interval At to estimate the separator

stress
1 AP

By ~ .
T L AL

(4.7)

Continuing with the above example, NGP 3,7 of flare C, we find that the change in
average separator flux, (A®L"), from 21:15t0 22:15UT was 17 x 10'! Tm? and the average
length, (1,), was 40 x 10° m. When wedivide (A®{”) by (1,) and At = 3600 s, we find that
(Ep) ~ 12 Vm~'. Values of (F,) for the NGPs of flares A, B and C are given graphically
in Figure 4.3 and numerically in Table 4.2. In the table, E1 isthe value of (E,) calculated
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Table 4.2: Values of the separator stress (E,). Unitsof (£,) are V.- m~1. Null Group Pairs
arelabeled in Figures 4.2 and 4.3. Ave s the average of the two measured values of (£},).
The* indicates the flaring null group pairs.

Flare A Flare B FlareC
NGP | E1 | E2 | Ave|| NGP | E1 | E2 | Ave | NGP E1 | E2 | Ave
15 | 073491282 | 16* |290|273]|282 15 8.14 | 1.39 | 4.76
1,6 0.40 | 0.87 | 0.64 3,7 2.27 | 0.64 | 1.46 24 0.36 | 0.39 | 0.38
19 0.02 | 0.78 | 0.40 4.6 0.31 | 0.82 | 0.57 25 297 | 1.08 | 2.03
25 8.65 | 2.76 | 5.71 47 1.39 | 1.60 | 1.50 2,6 2.08 |1.86 | 1.97
35 0.42 | 4.36 | 2.39 2,7% 0.72 | 453 | 2.63
48 0.35| 0.17 | 0.26 3,7 | 12.00 | 1.89 | 6.94

from differences in the first and second set of separators and E2 is from differencesin the
second and third.

For each flare, we have measured () for every null group pair that has at least three
separators in all three analyzed topologies. (This choice is somewhat arbitrary. However,
the same set of NGPswould be analyzed if we chose the NGPswith at |east two separators.)
We do not analyze separators that appear in groups of two or less because the average
change in flux can be completely dominated by the bifurcation of a single separator. While
bifurcations are good indicators of where major change is occurring in the active region,
they result in incomparable flux changes when there are only one or two separatorsin a
group to average over. We also do not consider separators that have one or both ends at
nulls that do not belong to any NG.

In Figure 4.3, we have plotted the nulls and separators of the cal culated topology from
the middle time analyzed in each flare, 01:39, 12:51 and 22:14-18 UT for flaresA, B and C
respectively. The group of separators shown in red in each of the panels of Figure 4.3 are
those that had the largest separator stress(E},). For flares B and C, the group of separators
that had the largest (£,) were the separators that were associated with the HXR footpoint
sources and thus with magnetic reconnection. In the case of flare A, the largest (E,) was

not measured in theflaring NGP 1,5, but in NGP 2,5. Theflaring NGP did, however, exhibit
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Figure 4.3: RHESSI images with null groups and separators. Separators are color coded
according to average E;,, where red indicates the largest ( E},) in each flare: red = above 5V
m~! (except in the case of flare B wherered = above 2.5V m~1), orange = between 2.5 and
5V m~!, green=between1and 25V m~!, blue=below 1V m~! and yellow = separators
not considered (see the Analysis and Results section for details).
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the second largest (E}).

In order to quantify the significance of this result, we found the probability of having
one of the top two best outcomes in the relationship between flaring NGP and the value
of (E}), the best outcome being that the flaring NGPs had the largest ( E},)in all three flares.
Our result is the second best outcome, with two of the flares having the largest () and
the third flare having the second largest. Out of 144 possible outcomes (6 x 4 x 6 NGPs
for flares A, B and C, respectively), there is one way of having the best outcome and three
ways of having the second best. Thus, there is a 4/144 or ~2.8% chance of having one
of the top two best outcomes. Therefore, we find that the statistical significance of this
result is~97.2%. The actual situation, however, is more clear-cut than the 97% confidence
implies. In the two cases where the flaring NGP has the largest (), this valueis a clear

outlier; it islarger than the next highest value by 46 and 30% for flares B and C.

Discussion and Conclusions

We conclude that we are able to understand the location of HXR sources observed in
flaresin terms of a physical and mathematical model of the topology of the flaring active
region. In this Chapter, we have calculated the fluxes and lengths of the separators present
in three flaring active regions based on MDI magnetograms and aMCT model. We studied
the change in average separator flux per unit length, (E,), where the average was over the
separators belonging to the same null group pair. The function (E,) is proportional to the
self current that acts to prevent flux changes in the coronal field and is thus a signature
of non-potentiality and energy storage. We find that the separator stress, (E,), is largest
for the flaring null group pair in two of the flares and is second largest in the third flare.
Thus, we have shown that separators connecting the HXR sources of these flares are highly
stressed.

This conclusion supports the hypothesis that the energy associated with reconnecion
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(in the form of heating and particle acceleration) is released near separators. Prior to a
flare, energy is built up in the stressed coronal field due to motions in the photospheric
field. During aflare, thisenergy is released via reconnection at separators, resulting in the
acceleration of electronson field lines near the separator. The electrons stream along these
field lines until they encounter the chromosphere and emit HXR.

In this Chapter, we implicitly assume that the numerical technique we use to calculate
separators locates them al each time. When we attempted to follow each individual sep-
arator by matching their nulls from one time to the next, we found that a majority of the
separators could not be followed. This means that either there are many separator bifur-
cations or our assumption about the separator locating method is not correct. We are not
sure what percentage of the currently observed separator bifurcations are real and not an
artifact of noise. Work is currently being done to better understand the separator locating
technique.

As an example of what we consider to be real separator bifurcation, we consider the
topology shown in Figure 4.3 for flare C. Thistopology does not have a separator connect-
ing from the middle HXR source to the third footpoint (located in NG 2) which is present
in the second half of flare C's impulsive phase. Severa separators, however, connect the
two sources in the previous and following times (at 21:15 and 23:15 UT). The bifucation
of these separators suggests a major change taking place in this area of the photospheric
field, which causes the build up of stress in the coronal field above it. These connecting
separators are linked to a common null (shown by the arrow) shared by the northern most
flaring separator in NGP 3,7. We suggest that the third footpoint appeared because the
reconnection which started on the NGP 3,7 separators triggered a secondary reconnection
event, viathe common null, to release energy stored at the NGP 2,7 separators.

We aso conclude that the relative value of separator stress, measured for a period of

time as short as 2 hours, can be used as an indicator of where within an active region
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amajor flare is likely to occur. For the three flares studied here, which are among the
largest produced by thier active regions, we found that reconnection occurred at strongly
stressed separators. Evenin the case of flare A, which is superficially different in that more
energy went into heating rather than particle accel eration, the separators of the flaring NGP
were highly stressed compared to al but those in one other NGP. Hence we conclude that

topological methods have the potential to reveal possible sites of major flares.
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

Summary and Conclusions

In this dissertation, | combine the analysis of HXR footpoint sources with a 3D topol-
ogy model in order to further the understanding of the evolution and location of magnetic
reconnection in solar flares. | assume that a solar flare releases energy, in the form of heat-
ing and particle acceleration, from stressed coronal fields via reconnection at special field
lines called separators. Separators are topological features that | define by a ssimple but
quantitative model of the flaring active region’s magnetic field. Imbalancesin the magnetic
flux of highly stressed regions of the coronal field determine the location and evolution of
reconnection. The process of reconnection acts to accelerate charged particles that then
stream along newly reconnected field lines near the separator until they encounter the chro-
mosphere, where their kinetic energy is converted into HXR. Thus, by combining HXR
observations and a magnetic topology model | can determine the location and evolution of
reconnection.

The HXR sources | examined in this study were observed by RHESSI. The RHESS
instrument was ideal for thiswork because | was able to identify and image HXR footpoint
sources with high positional and temporal resolution. Electrons accelerated during recon-
nection stream along both sides of newly formed field lines just under the reconnection
region until they encounter the chromosphere and convert their energy into HXR footpoint
sources. Thus, | use HXR footpoint sources observed by RHESSI as signatures of magnetic
reconnection.

This magnetic reconnection is believed to take place near separators, which | define
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with a magnetic charge topology (MCT) model. The MCT model quantitatively charac-
terizes the 3D connectivity of the magnetic field, which is helpful in this study because it
allowsfor the use of powerful mathematical tools such as relating HXR footpoint motions
to the transfer of magnetic flux during separator reconnection and identifying the main
locations of energy build-up in active region magnetic fields. Therefore, while this study
could have been done using other observational and topol ogical methods, | have shown that
| can explain the location and evolution of reconnection using RHESSI data and a MCT
model.

In Chapter 2, | analyzed the relationship between HXR footpoint motions and spine
linesin threeflares. Spine lines, which extend from a pole through a null to another pole of
the same polarity, are the topological characterization of extended regions of like flux. Itis
not surprising, therefore, that the HXR footpoints move along the spine lines. | found that
| could reject the hypothesis that the average spine line and footpoint track angles have a
random rel ationship with 99.95% confidence.

This association between HXR footpoint tracks and spine lines cannot be predicted by
the standard 2.5D flare model. Thus, | explain this association using a simple quadrupolar
footpoint model, which is an evolution of the standard 2.5D model into 3D. The simple
configuration is not meant to model the entire flaring region, but rather, the separator in the
configuration is one of several on which reconnection occurs over the course of aflare.

| discussed three cases of reconnection events for this footpoint motion model. In each
case, reconnection acts to correct an imbalance of flux in the configuration. This reconnec-
tion takes place on a separator, changing the morphology of the separator in the process.
Changesin the location of the chromospheric ends of the separator result in’ movement’ of
HXR sources because the fast electrons accelerated during reconnection stream along field
lines near the separator until they encounter the chromosphere where some of their kinetic

energy is converted into HXR emission. The movement of the chromospheric ends of the
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separator (nulls) are along spine lines because spine lines connect like sources via a null
between them; as the amount of flux in each domain shifts, the associated nulls move aong
thisline.

The footpoint motion model presented in Chapter 2 explainsnot only why HXR sources
move along spine lines, but why three types of relative HXR footpoint motion are com-
monly observed: anti-parallel with decreasing separation, anti-parallel with increasing sep-
aration and parallel with little change in separation. Thus, the model can be compared to
other models that have been proposed to explain HXR footpoint motion (and thus recon-
nection), which can lead to a better understanding of the flare process.

All topological features are determined by the way the photospheric sub-region mag-
netic flux sources are represented in atopology model. Work in the course of thisthesisre-
veded that in order to fully understand RHESSI observations, it was necessary to introduce
amore complete representation of the magnetic polarities than the one used in the original
MCT method. In Chapter 3, | described the method | used to define the more detailed
representation, which replaces the sub-region magnetic flux sources observed in magne-
tograms with a multipol e expansion out to the third (quadrupole) term. | also compared the
topological features produced by the original method, which replaces the sub-regions with
an expansion out to the second (dipole) term, to the new method in two cases. a simple
simulated magnetogram and a real magnetogram of aflaring active region.

| found that the new quadrupole method, which produces nulls and separators internal
to sub-region sources, can be used to model reconnection resulting from internal changes
and rotations of strong photospheric flux regions while the original method cannot. This
photospheric shearing is thought to be one of the main ways energy is built-up in coronal
fields. Therefore, the new quadrupole expansion method is used in my study of the location
of magnetic reconnection, described in Chapter 4.

In Chapter 4, | examined the build-up of energy prior to three flares as indicated by



80

changes in the active region separators. Prior to aflare, continuous changes in the photo-
spheric boundary of an active region’s line-tied magnetic field set the chromospheric and
corona plasma in motion. Due to the lack of major reconnection in the corona, these
changes build up the free energy needed to power a flare. The field becomes more and
more stressed as the energy builds until some critical point is reached and a flare occurs,
releasing the energy and returning the coronato alower energy state.

In this study, | measured the flux and length associated with each separator and derived
a function related to the energy stored at them. This value, separator stress, is related to
total self current, which acts to prevent flux changes and thus enables the field to increase
itsfree energy. | used the separator stressto determineif thereis evidence for energy being
stored preferentially at the flaring separators (those connecting HXR footpoint sources). |
found that the separator stresswas largest for the flaring separatorsin two of the three flares
and second largest in the third flare.

This result shows that separators connecting HXR sources of the three major flares
examined here are more highly stressed than most of the other separators in the active
region. This suggeststhat the study of the separators given by the MCT model can indicate
where within an AR aflareislikely to occur.

In summary, based on the success of the MCT model in relating the motion of HXR
sources to the evolution of magnetic reconnection on coronal separators, as well as my
mathematical and physical model of energy storage at separators, | conclude the MCT
model gives useful insight into the relationship between sites of HXR emission and the

topology of flare productive active regions.

Future Work

The Rarity of HXR Ribbons

Comparison of HXR sources with Ha: and UV images shows that most often the HXR
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emission is concentrated in compact sources that cover only a small part of the Ha and
UV flareribbons. The 2D standard flare model predictsthat HXR sources should be analo-
gousto flare ribbons, but observational evidence suggests that the correlation does not hold
in 3D. The analysis of corona magnetic topology in the context of flare HXR footpoint
sources can give insight into why the number of HXR ribbons relativeto Ho and UV flare
ribbonsis so low.

There are two scenarios that can account for the lack of HXR ribbon sources (Temmer
et al., 2007). (1) Chromospheric HXR emission is solely due to precipitating electrons
accelerated along a small subset of loops, whereas Ho and UV emissions can be excited by
electron bombardment and other processes, such as heat flux from the hot flaring corona
(see e.g. Fletcher and Hudson, 2001). (2) The limited dynamic range of X-ray instruments
may lead to the effect that only the strongest nonthermal sources are observed in HXRs
and weaker ones are buried in the noise of the instruments. Even if scenario 2 is correct,
however, the question remains. Why is a portion of the footpoint source always strong
enough to drown out the weaker parts, exceeding the weak portions by a factor of at least
ten in the case of RHESSI observations?

The technique used in Chapter 4 to examine the build-up of energy prior to a flare
can be used to study the morphology of HXR sources compared to Ha and UV ribbons.
| hypothesize that the separators connecting HXR sources within the flare ribbons have
greater separator stress than the separators connecting the two flare ribbons but not HXR
sources. This study can be done in the same basic way as was done for the three flares in
Chapter 4; the only difference being the need to select the null groups more precisely such

that there is a clear distinction between separators connecting HXR sources and those not.

Signatures of Energy Build-up and Release

While there are many studies that examine the evolution of flares, the question of why
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they occur where and when they do is much more challenging and speculative. Past re-
search on flare energy build-up and release has concentrated on nonpotential signaturesin
vector magnetograms (i.e. Gary et al., 1987; Wang et al., 1996; Moon et al., 2000; Deng
et al., 2001; Tian et al., 2002; Dun et al., 2007). For example, Dun et al. (2007) calculated
the daily average values of three nonpotential parameters from vector magnetograms of
selected regions along the main neutral lines of active region 10486. They found that the
three non-potentiality parameters increased at the impulsively brightening flare sites from
values measured at |east one day before the two large X-class flares of 28 and 29 October,
2003. While most of the measured parameters decreased after the flares, as expected due
to the relaxation of nonpotentiality, some continued to increase. This and other, similar
studiesindicate that more research isrequired to fully understand the relationship between
observational signatures of nonptentiality and the build-up and release of energy in flaring
activeregions.

The results given in Chapter 4 of this dissertation show that there is preferential stress-
ing at flaring separatorsin the few hours prior to aflare. Thisstressing isrelated to build-up
of nonpotentiality in the active region magnetic field. Just as the nonpotential signatures
examined in vector magnetograms have been shown to increase prior to aflare and decrease
afterward (e.g. Wang et al., 1996), the temporal evolution of separator stress in the tens of
hours prior to aflare may give cluesto flare occurrences. The added benefits of the separa-
tor stress method are that it can be done using line-of-sight magnetograms, which are more
readily available, and that it dealswith 3D coronal features rather than chromospheric ones.
Therefore, it is possible that the topological methods | developed in this dissertation offer

amathematical and physical method for examining why flares occur when they do.
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