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ABSTRACT

Sunward- owing voids above post-coronal mass ejection ((8) are arcades were
rst discovered using the soft X-ray telescope (SXT) aboardyohkoh and have since
been observed withTRACE (extreme ultra-violet (EUV)), SOHO/LASCO (white
light), SOHO/SUMER (EUV spectra), and Hinode/XRT (soft X-rays (SXR)). These
supra-arcade down ows (SADs) have been shown to be plasmadaient with respect
to their surroundings and follow trajectories which slow athey reach the top of the
arcade. Characteristics such as these are consistent witbhgt-reconnection magnetic
ux tube cross-sections. The tubes retract from a reconneon site high in the corona
until they reach a more potential magnetic con guration { a pocess in line with the
standard model of reconnection. Viewed from a perpendiculangle, SADs should
appear as shrinking loops rather than down owing voids. Indct, observations of
supra-arcade down owing loops (SADLS) yield speeds and dderations consistent
with those determined for SADs. For this dissertation | haveompiled a substantial
SADs are catalog and have developed semi-automatic detémh software to detect
and track individual down ows in order to provide statistically signi cant samples
of parameters such as velocity, acceleration, area, magieetux, shrinkage energy,
and reconnection rate. In addition, | provide measurementsonnecting supra-arcade
up ows with ows observed by LASCO in the outer corona folloving a CME which
further substantiates the standard reconnection model. liscuss these measurements,
how they were obtained, and what impact they have on reconnémn models.



INTRODUCTION

Solar ares are the most energetic events occurring in ourlao system and directly
a ect the Earth through the interaction of magnetic elds and highly energetic parti-
cles; therefore, understanding are origins and evolutiohas become a key scienti c
concern. Magnetic reconnection is widely accepted as a gy for are energy release
and is theorized to occur quickly (on order of seconds to mites) in the low-emission
corona above a brightening active region. Under these corants, directly observing
are reconnection is hindered by instrumental capacity (&. spatial resolution, eld
of view (FOV), dynamic range, temporal cadence). Thereforempirical reconnection
studies generally involve observing the environment prediag the change in eld line
topology and/or the consequences of rearranging the enetige of the eld.

In standard reconnection models, magnetic loops owing intthe di usion site
and then away from it in opposite directions after undergoig reconnection are an in-
evitable theoretical consequence (Figure 1) (Carmichae®@4 [2]; Sturrock 1968 [50];
Hirayama 1974 [11]; Kopp & Pneuman 1976 [19]; Forbes & Actor996 [7]; Lin &
Forbes 2000 [22]). Understanding the behavior and consttuaf these loops can pro-
vide us with the closest insight into the reconnection pross without being able to
observe the actual change in eld line topology itself. Recmection rates have been
derived from observations of pre-reconnection, in owingobps as well as from post-
reconnection separation of brightened footpoints in the cbmosphere (Yokoyama et

al. 2001 [61]; Narukage & Shibata 2006 [32]; Saba et al. 2089]{ Fletcher & Hudson



2001 [5]). Prior to this current study however, observatiosof post-reconnection loops
above the aring site have only been speculated with limiteaxploration into their
innate characteristics (McKenzie & Hudson 1999 [30]; McKeie 2000 [29]; Innes et
al. 2003a [14]; Asai et al. 2004 [1]; Sheeley, Warren, & Wan@(2 [46]; Khan et al.
2007 [17]; Reeves, Seaton, & Forbes 2008 [37]). Yet thesgfooontain more infor-
mation about the reconnection process (e.g. diusion timerdm cross-section sizes,
magnetic ux involved per episode, energy released througbklaxation, reconnection
rates, etc.). Realistically, though, these newly-reconoted loops require very special
circumstances in order to image since they can be relativedgvoid of emitting plasma
with respect to their surroundings (Innes et al. 2003a [14Bnd travel through the
corona where they are viewed against a dark background.

Figure 1 provides a schematic depiction of the standard uxape are model to
which we will ascribe for this study (Shibata 1995 [48]). Theux rope is initially
prohibited from erupting by an overlying magnetic eld. This eld de-stabilizes via
some process { possibly through reconnection in the vicigitof the ux rope due to
ux emergence, shearing of footpoints, MHD instabilitiesetc. { which then allows
the ux rope to escape. As the ux rope travels into the outer orona, eld lines are
swept together in its wake, a current sheet forms where theis a discontinuity in
the eld line polarities, and the eld lines reconnect throwgh this current sheet. Each
reconnection episode results in a new set of loops with onevimgy away from the

solar surface and the other moving toward it (shown in the logr panel). Those newly



reconnected loops movindowards the solar surface are referred to adown ows
in Chapter 3. Both

in this text. Those moving away are introduced asup ows
down ows and up ows can also be referred to as reconnectiaut ows
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Figure 1: Top: Schematic depiction of the standard ux rope are model.Bottom
Cartoon sequence depiction of the reconnection process hetdi usion site resulting

in down ows and up ows.



After the initial energy release of a long duration are, a sges of ux tubes rooted
in the photosphere along footpoint ribbons becomes appateabove the active region.
An interesting discovery found to occur above these arcadase sunward- owing dark,
teardrop-shaped features. These supra-arcade down owsA([3s) were rst observed
above an east limb, M4.5 GOES class are occurring on 1999 dsry 20 and observed

by YohkohWSXT (Figure 2) (McKenzie & Hudson 1999 [30]; McKenzie 200@9)]).

i1

21:08:49 21210157 21:13:05

21-JAM-99 11;48:11

Figure 2: SADs were rst noticed during SXT observations ofhis limb are which

occurred on 1999 January 20. These images were taken from thgcovery paper by
McKenzie & Hudson (1999 [30]). The white arrows indicate thanitial positions of
two dark ows. The black arrows indicate the positions of theows at later times.

SADs have since been observed in several ares with varionstruments (namely,
TRACE, SOHO/LASCO, SOHO/SUMER, Hinode/XRT, and STEREO/SECCHI).
Supra-arcade down owing loops (SADLS) are also observed #&hrink in the same
region as SADs and with similar trajectories. Figure 3 prodies an example of each
type of observation. The down owing voids (SADs) di er in agpearance from down-

owing loops (SADLS) possibly due to observational perspége. If the loops are



viewed nearly edge-on as they retract through a bright curné sheet, then SADs may
represent the cross-sections of the SADLs (see Figure 4). €Be newly-reconnected
loops form high above the arcade in the hot, low-density plas regime { a hypoth-
esis supported by the lack of emission in both extreme ultngolet (EUV) and soft
X-rays (SXRs). The loops subsequently retract from the reomection site in a man-
ner described by a three-dimensional generalization of tteforementioned standard
reconnection model (McKenzie & Savage 2009 [31] { Chapter&avage et al. 2010 [40]
{ Chapter 3). Con rming the connection between SADs, shrinlng loops, magnetic
reconnection, and are energy release is a challenging issoonsidering the lack of

coincidental observations using multiple wavelengths.

Figure 3: (a) Example image from the 2002 April 21 TRACE are Bowing supra-
arcade down ows (SADs) enclosed within the white box. (b) Exmple image from
the 2003 November 4 are with supra-arcade down owing loop€SADLS) indicated
by the arrows. The left panel of each set is the original imagé& he right panel has
been enhanced for motion via run-di erencing and scaled fa@ontrast.



The loops are expected to travel from the reconnection site apeeds near the
Alfen speed and then decelerate as they approach the potéal magnetic con g-
uration of the arcade (Linton & Longcope 2006 [25]). While th ows have been
measured to travel much slower than the Alf\en speed (possy due to drag forces,
see Section 4.2.4), they are, in fact, seen to decelerate &ods the end of their track
as they settle near the top of the arcade (McKenzie & Savage@®[31] { Chapter 2,
Section 2.3; Savage et al. 2010 [40] { Chapter 3, Section 2)3.Retracting loop sig-
natures in cusped ares have also been observed (Reeves t@ga& Forbes 2008 [37])
as well as individual SADLs above a post-CME arcade (Savagé a. 2010 [40]
{ Chapter 3, Section 3.3.2). Figure 4 provides a cartoon diagm illustrating the

viewing-angle di erence between SADs and SADLSs.
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Figure 4: (a) Cartoon depiction of SADs resulting from 3-D p@&hy reconnection.
Discrete ux tubes are created, which then individually shink, dipolarizing to form
the post-eruption arcade. (b) Cartoon depiction of SADLs ab resulting from 3-D
patchy reconnection. Note that the viewing angle, indicatd by the eye position, is
perpendicular to that of SADs observations.



The one instance of spectral analysis during down ow obsextions, which was
obtained by SOHO/SUMER in the C I, Fe Xll, and Fe XXl lines, indicates that the
dark ows are plasma de cient as there was found to be no linemassion associated
with them nor was there continuum absorption (Innes et al. 2W3a [14]). Bright ows
are also observed which may be due to varying chromosphen@goration timescales
(i.e. the time it takes for them to Il with plasma from the chromosphere) or changing
conditions within the current sheet (as speculated in Sectn 3.4 for the dark-to-bright
transition of the ows observed in the \Cartwheel CME" are). Most of the ows
observed in this study are dark because they are typically siar to distinguish from
the background. (Refer to Section 4.1 for more discussion lmight ows.)

The goal of this dissertation is to build up a catalog of SADsrad SADLs observa-
tions in order to advance our understanding of their origin ad to place quantitative
constraints upon characteristics such as speed, accel@at and size. This goal has
been achieved through the development and use of semi-autmiin detection and
tracking software supplemented by a manual version for los@nd noisier image sets.
Section 2.2 discusses the semi-automated techniques. Thanomal version is imple-
mented in Chapters 3 & 4. A detailed are analysis of an eventrém 2008 April 9
is also used to observationally enhance our picture of regwttion occurring along a
current sheet high above a aring active region. The analysepresented in this study
lend substantial support to the hypothesis that they are, infact, loops shrinking

from a reconnection site high in the corona above the are itsad of, for instance,



cool sunward- owing plasmoids associated with a coronal & ejection (CME). Then
basing our assumptions upon this loop model, we derive estitas of the magnetic
characteristics associated with a large sample of ows whican then be evaluated in
the context of often-cited reconnection models { namely, Sagt-Parker and Petschek

(Sweet 1958 [54]; Parker 1963 [33]; Petschek 1964 [34]).

1.1. Outline & Summary of Results

The following sections provide a brief overview of the ended chapters along with
a summary of results. Chapters 2 & 3 are based on published Eap { McKenzie &

Savage (2009 [31]) and Savage et al. (2010 [40]), respebtive

1.1.1. Chapter2

\Quantitative Examination of Supra-Arcade Down ows in Eru ptive
Solar Flares"

Chapter 2 discusses the methodology implemented to extradown ow observ-
ables relevant to reconnection (e.g. velocity, accelerati, height, size). Results from
the application of the methods to three large ares (1999 Jarary 20, 2000 July 12,
& 2002 April 21) are provided. Magnetic ux and shrinkage emgy estimates are
derived by combining the measured sizes and heights with meggic elds obtained
via PFSS modeling. Typical ux estimates per loop are on ordeof a few 10 Mx
which is consistent with empirical ndings of \parcels of 4 10" Mx at a time"

(Longcope et al. 2005 [28]). These magnetic ux and energy @oximations are



subject to large observational and model-dependent uncanbties; however, we be-
lieve that these are the rst empirical estimates derived fsim SADs observations of
the characteristic ux participating in individual reconnection events. The shrinkage
energy per event is found to be 10°" ergs. Summing over the number of ows
yields approximately 132 10?° ergs released through the relaxation of thdetected
loops. This amount does not approach the total are energy liget but does reveal
continual energy deposition following the impulsive phasef the are. To our knowl-
edge, this is also the rst report of empirical estimates oftte energy release from the
relaxation of the newly-reconnected eld. Then from the toal energy estimates, we
infer reconnection rates on order of 20 Mx s ! which is comparable to previously
reported values by Yokoyama et al. (2001 [61]) and Longcopea. (2005 [28]) us-
ing other methods. Within large uncertainty, our reconnegbn rate may represent a
lower bound considering that we can only include the ux andreergy from detectable
and trackable ows. Additional ows within the same time frame would increase the

energy budget and, in turn, the reconnection rate.

1.1.2. Chapter3

\Reconnection Out ows and Current Sheet Observed with Hino de/XRT
in the 2008 April 9 "Cartwheel CME' Flare"
In Chapter 3 we present a detailed discussion of an XRT are carring behind

the limb on 2008 April 9 { including current sheet, SADs, and ADLs observations
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along with magnetic eld analysis of the active region. Obseations of ows retract-
ing through an observable current sheet high above the foamts ( 80{200 Mm)
make this are particularly unique and intriguing. Thickness values for the current
sheet are reported as at least 10 times narrower than sevepakvious measurements
from other ares (Ciaravella & Raymond 2008 [3]), Lin et al. 2007 [24]), Webb et
al. (2003 [60]), Ciaravella et al. (2002 [4]), and Ko et al. (D3 [18]). This dis-
crepancy may be explained by instrumental- and height-depdence of the thickness
measurement (see Section 3.3.1). Our thickness estimate(4f5)x10° km may indi-
cate a turbulent current sheet (Ciaravella & Raymond 2008 [B We provide ample
discussion concerning the apparent rotation of the curremstheet through the FOV and
attribute it to a projection e ect combined with a highly-in clined polarity inversion
line (Section 3.4).

Shrinking loops and up ows are clearly imaged for this arerbm which trajectory
information is obtained. Even more interesting, however,sithe observation of a
possible reconnection out ow pair episode occurring at ndg 190 Mm above the
solar surface. To our knowledge, an out ow pair episode suets this (i.e. appearing
in a region where retracting loops and up ows have been obsed and along a directly
observable SXR current sheet) has not been observed thissgdao the solar surface.
The up ow positions are then extrapolated from the XRT FOV into the LASCO
C2 FOV where a possible correspondence is found between theeows and coronal

density enhancements tracking with the erupted ux rope. Aditionally, the up ow
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portion of the reconnection out ow pair episode appears toocrespond with the CME
pinch-o point. Basically, this are is a nice representatve of the standard model
presented in Figure 1 complete with an erupted ux rope, cuant sheet, post-eruption

arcade, and reconnection out ows.

1.1.3. Chapter4

\Quantitative Examination of a Large Sample of Supra-Arcad e Down-
ows in Eruptive Solar Flares"

Finally, the results from 35 ares with 369 down ows are repded and discussed
in Chapter 4. The average velocities of the ows (typically p to only a few 100
km s 1) are found to be unexpectedly slower than expected Alf\enpgeds (on order
of 13 km s ). Some interpretations of these results are that either thalfien speed
is lower than expected in the reconnection region, the dragay be overwhelming
the magnetic tension force pulling down the loops causing ém to retract slower,
entanglement of eld lines or plasma compressibility durig the reconnection process
reduces the initial speed, or even continual eld entangleemt during the retraction
phase through the current sheet slows the ows. Plasma conmgssibility is shown
in Section 2.4.1 to be negligible. There is also the possityilthat the ows are not
retracting reconnected loops; however, several of the a@bservations clearly show
shrinking loop features, and the slowing of the ows as theypgproach the arcade
would become dicult to explain otherwise. The possibility of drag a ecting the

ows is further explored in Section 4.2.4.
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The parameter estimations explored in Chapter 2 are con rnteusing the large
sample population (velocity 107 kms !; acceleration 0km's ?; height 10 km;
height 10" km; area 10’ km?; magnetic ux 10 Mx; shrinkage energy
10?7 ergs; reconnection rate 10'® Mx s 1). See Figure 50 for a graphical summary
of results. Comparing the parameter estimations between & and SADLs lends
substantial evidence supporting the link between them (Steon 4.2.1). Trends in the
data are explored in Section 4.2.2. The most notable trend ike positive correlation
between height versus are progression time (Figure 45 (e)Yhis link may provide a
check on the standard model which predicts a continual risa the reconnection site or
may simply be explained through observational bias. For mearements that are not
area-dependent, there is also good agreement between theVEdhd SXR instruments
which suggests that the ow observations are not temperatardependent. Flow sizes
are shown to be highly sensitive to instrument resolution irFigure 43 (a). The
exceptional temperature-dependent observation concertise earliest ows seen in
the 2002 April 21 TRACE are, which appear to cool on order of 340 minutes (see
Section 4.2.5). This observation is possible due to the usktbe 195A TRACE lIter
which has two distinguishable temperature bandpasses.
Continual addition of are data expected to be available wih the rise of solar
activity will serve to enhance the interpretations of thesepossible trends. Newly

available high resolution imagers will also further aid inrend reliability.
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1.1.4. Applicationto Models

It is hoped that 3D models of patchy reconnection will provid predicted dis-
tributions to which the observations in Chapter 4 can be comared { in particular,
distributions of ux tube sizes and out ow speeds that mimicthe empirically de-
termined distributions. We propose that reproduction of tle observed characteristics
(e.g., uxes of 13® Mx per reconnection episode) is a reasonable objective. @amtly,
the lack of positive acceleration throughout the ow lifetmes and the fast reconnec-
tion rates support the Petschek model over Sweet-Parker (8et 1958 [54]; Parker
1963 [33]; Petschek 1964 [34]); Somov 1992 [49]). Note tha result from Yokoyama
et al. (2001 [61]) also indicates reconnection of the fastBetschek kind, rather than
Sweet-Parker. With our reconnection rates similar to Yokayma's, the implication
is that patchy reconnection, while not steady-state (by denition of \patchy"), may
resemble Petschek's geometry more than Sweet-Parker.

Our thickness estimates of the current sheet observed dugrthe \Cartwheel
CME" event (Chapter 3) suggest that turbulence may be a physal source of the
anomalous resistivity that seems to be required for reconctéon to proceed on relevant
time scales { although this is highly speculative. Full 3D (pat least 2.5D) simulations
are more appropriate applications of the models in order tceproduce the discrete
nature of the ows (both in space and time) and the variation m their sizes, speeds,
and eld strengths (Linton & Longcope 2006 [25]; Longcope, @doni, & Linton

2009 [27]).



14

1.1.5. Future Applications

Assuming that SADs are shrinking reconnected loops, thenéir presence should
be associated with hard X-ray (HXR) signatures through vadus possible processes
resulting in accelerated particles via reconnection (i.electric eld generation, plasma
waves, turbulence, shocks, Alfen wave dissipation, ejcAnalyzing the ow timings
with respect to hard X-ray (HXR) signatures using RHESSI is lanned as future
work. Such a project may provide coveted insight into the ae particle acceleration

and energy input mechanisms.
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QUANTITATIVE EXAMINATION OF SUPRA-ARCADE DOWNFLOWS IN
ERUPTIVE SOLAR FLARES

2.1. Introduction

Supra-arcade down ows (SADs) are downward-moving featuseobserved in the
hot, low-density region above post-eruption are arcadednitially detected with the
Yohkoh Soft X-ray Telescope (SXT) as X-ray-dark, blob-shaped feates, down ows
have since been observed with TRACE (e.g., Innes et al. 200BH]; Asai et al.
2004 [1])SOHO/SUMER (Innes et al. 2003a [14]) SOHO/LASCO (Sheeley & Wang
2002 [44]), and Hinode/XRT.

The darkness of these features in X-ray and EUV images and sfra, together
with the lack of absorption signatures in EUV, indicate thatthe down ows are best
explained as pockets of very low plasma density, ptasma voidgsee especially Innes
et al. 2003a [14]). Because these plasma voids are able tastebeing lled in
immediately by the surrounding ambient plasma, it seems reanable to presume
that magnetic ux within the voids provides supporting presure. A con guration
consistent with the observations is a magnetic ux tube, led with ux but with very
little plasma, shrinking into the post-eruption arcade (M&enzie & Hudson 1999 [30];
McKenzie 2000 [29]).

It is thus believed that the down ows represent the out ow ofmagnetic ux from
a reconnection site, in keeping with the standard reconneoch model of eruptive

ares. The emptiness and motion of the plasma voids is congsat with ux tubes
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shrinking at rates exceeding the speed with which chromosgtic evaporation can |l
them with plasma (McKenzie & Hudson 1999 [30]).

This interpretation does not con ict with the results of Verwichte et al. (2005 [58]).
Verwichte et al. (2005 [58]) analyzed the oscillations of éhsupra-arcade rays in the
2002 April 21 are observed by TRACE, and found that the osclations can be
described as sunward-traveling wave packets. That papercigsed only on the oscilla-
tions in the rays, or "tails of the tadpoles’, and did not spadate on the nature of the
plasma voids, or "heads of the tadpoles'. We have con rmedighinterpretation of the
paper through private communication with Verwichte. The sggestion, occasionally
raised in conversations with various colleagues, that Verghte et al. (2005 [58]) o ers
an alternate interpretation of plasma voids arises from th@mprecise nomenclature
used in the paper, wherein ‘tadpole’ sometimes refers to tiead alone, and more
often to the dark tail. We avoid the term “tadpole’ because dhis confusion, and also
because the term conjures an image of a blob denser than itsreundings, contrary
to the ndings of Innes et al. (2003a [14]).

The speeds of SADs reported previously (e.g., McKenzie & Hsmh 1999 [30];
McKenzie 2000 [29]; Innes et al. 2003a [14]; Asai et al. 20@4) fare on the order of
afew 10' 10 km s !, slower than canonically expected for reconnection out osv
(i.e., slower than the 1000 km s' which is often assumed to be the Alf\en speed).
Linton & Longcope (2006 [25]) suggest the possibility of dgaforces working against

the reconnection out ow to explain why the speeds are sub-Aé¢nic. In their model,
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reconnection was allowed to occur for a nite period of timein a localized region
of slightly enhanced resistivity, and reconnected eld wasbserved retracting away
from the reconnection site: \This accelerated eld forms a @ir of three-dimensional,
arched ux tubes whose cross sections have a distinct teaojr shape. We found
that the velocities of these ux tubes are smaller than the reonnection Alfven speed
predicted by the theory, indicating that some drag force islewing them down."
Alternatively, plasma compressibility can reduce the speéeof reconnection out ow
(Priest & Forbes 2000 [35]). We show below that the observatis do not appear to
support an interpretation based on compressibility.

The sizes of the teardrop-shaped out ows of Linton & Longcap (2006 [25]) are
determined by the duration of a given reconnection episoden@ by the size of the
patch of enhanced resistivity. From the SAD observations,he sizes of the plasma
voids can be directly measured and utilized as constraint® ithe model: ideally,
the model would produce a distribution of outowing ux tubes that mimics the
distribution found in the observations. Additionally, their speed pro les (including
acceleration/deceleration) may eventually be useful fornglerstanding the nature of
any drag forces.

Nearly all that is known about the supra-arcade region is of qualitative nature.
There is not in the literature any collection of the statistts of SADs. To be useful

as constraints for the models, the observations must yieldigntitative measurements
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with estimable uncertainties. Whereas most of the precediniterature about supra-
arcade down ows has focused on their mere presence (e.g.,Kdnzie 2000 [29]),
the fact that they are voids (Innes et al. 2003a [14]), or theitiming in relation to
nonthermal energy release (Asai et al. 2004 [1]; Khan et al0@7 [17]). In this chapter
we report observational quantities from a sample of plasmaowms in three ares,
guantities which are potentially useful as model inputs oranstraints. [For the 2002
April 21 are, down owing loops are considered as SADs in tlsi chapter; however,
they will be considered separately in Chapter 4.] The distoutions of observed void
sizes and speeds are displayed. We combine the measuredssiéh a model of the
magnetic eld in the supra-arcade region to yield estimatesf the magnetic ux in
individual ux tubes. We believe that these ux estimates|w hile admittedly subject
to observational and model-dependent uncertainties|repesent the rst empirical
estimates of the characteristic ux participating in individual reconnection events.
Linton & Longcope (2006 [25]) demonstrated that the energyeteased by the
shrinkage of a ux tube accounts for a sign cant portion of tte total energy released
by an individual reconnection. Linton & Longcope (2006 [2p]ndicate that for small
reconnection regions, the energy released by the loop slkdge may in fact be con-
siderably larger than the energy directly released by magie reconnection. Hudson
(2000 [13]) conjectured that magnetic structures must coract (or \implode™) as a
consequence of energy loss, and provided an upper limit oretBnergy accessible via

implosion. In this chapter, we utilize the paths of the downard motions of plasma



19

voids and an estimate of the uxes in each of the shrinking uxubes to make an
empirical estimate of this energy. Except for the approxintaon of change in volume,
our expression for the shrinkage energy is mathematicallg@valent to Hudson's. To
our knowledge, this is the rst time that are observations have been used to derive

empirical estimates of this particular mode of energy relse.

2.2. Automated Detection Algorithm

For this project, semi-automated software for detection ahmeasurement of SADs
has been developed. The e ort was motivated by a desire to mmae reliably and
objectively the characteristics of SADs in a large number o#éres, with repeatable
results. In Innes et al. (2003a [14]) and in Sheeley, Warre&,Wang 2004 [46]), SADs
are displayed via sloped traces in stackplots constructedom slices of the images.
The di culties in automating this technique are signi cant. (1) The method requires
pixels to be extracted from a virtual slit placed along the tajectory of the down ow,
requiring prior knowledge of the existence and location ohé down ow; so it is most
appropriate for demonstrating the existence of a down ow, ot for automatically
detecting the down ow. (2) With the stackplot, automated measurements of the
void's area are not provided; the area must be measured maiiya (3) To detect
down ows automatically with stackplots, the virtual slit must be placed across the
paths of the suspected down ows, like a \ nish line" parallé to the limb. This was

done in Innes et al. (2003a [14]). The insurmountable prolvteis that in low-cadence
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image sequences, fast-moving voids can skip over the virtihit and thus fail to be
detected crossing the \ nish line". For these reasons, an iproved and automated
method is warranted.

Our detection routine nds plasma voids in a are movie by seaching for locally
depressed signals (\troughs") in each image, and then attgting to match trajec-
tories extending over some user-de ned minimum number of eges. To detect a
trough in a given image, the program identi es any contiguosi group of pixels that is
darker than a user-speci ed threshold amount. When a trougbxceeding a prede ned
minimum size is identi ed, the positions of all its constitient pixels are recorded, as
is the position of the trough's centroid. This process is regated for each image in
the movie.

The next step is to determine whether the positions in consative images trace
out trajectories of moving troughs. Two key assumptions are applied: (i) Only tra-
jectories that indicate motion towards the are arcade are ecepted. (ii) Trajectories
comprising fewer than N position points are rejected, with Nypically set to 4. The
former assumption re ects our present focus on supra-arcadiown ows, but could
be removed for searches of ows directed away from the Sun. dlhatter assumption
is intended to ensure reliability of the results. We nd thattroughs observed in fewer
than 4 successive images are more likely to be false detewsio (For reference, in
the three ares considered in this chapter, the number of pdsn points for each

visually veri ed trough ranges from 3 to 41.) One result of tis conservatism is that
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the fastest SADs may be overlooked, as they can pass throudiet eld of view in
just two or three frames. For the 2002 April 21 are (see beloywassumingN = 4
and a cadence of 1 image per thirty seconds, SADs travelingsfar than 1600 km
s ! could have passed undetected. For the 2000 July 12 are (alk®low), similar
considerations imply a maximum detectable speed of 1800 km s!. To compensate
for gaps in the data sampling, as well as for momentary disaparances of voids due
to, e.g., temporary increases in data noise, trajectorieb@ter than N points may be
combined if the velocities (speed and direction of the troiny before and after the
dropout are consistent.

All the trajectories meeting the above criteria are displagd for the user, with
movie clips from the relevant image frames, to allow visuahspection and rejection
of any false trajectories. Although the routine has been digmed to nd as many
full-length tracks as possible, the noise in the region oftarest makes this very dif-
cult; therefore, manual tracking is enabled in order to albw the user to add to the
automatically-detected troughs. Upon acceptance by the es the trajectories of
detected troughs can be tted with polynomials to obtain vebcity and acceleration
estimates. An additional product of the analysis is automatd determination of the
size of each plasma void, by counting the number of pixels asgated with each trough
and scaling by the telescope's angular resolution.

The routine has been re ned through repeated application tgynthetic are data

which mimic the appearance of down ows within a backgroundfowvhite noise. The
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noise level and parameters of the articial voids (e.g., &z speed, and darkness)
have been varied for the re nement of the analysis softwarédn example frame from
one synthetic data sequence, designed to mimic the very lovwgrsal-to-noise ratio of
the SXT down ow movies (signi cantly noisier than the TRACE data), is shown in

Figure 5(a).

Figure 5: Testing the semi-automated software with an SXT-imic synthetic data
set. (a) Five articial voids are seen in this frame. A total d sixteen voids were
created in this 50-frame movie. The actual trajectories ofllal6 are shown in panel
(b), and the trajectories as determined by the software arenipanel (c).

In all tests of synthetic data, the routine was able to detectll the troughs;
re nements to the software allowed elimination of false pasves. Figure 5(b) and (c)
demonstrate the trajectories of voids in the SXT-mimic syrdtetic data.

We note that in addition to the dark plasma voids, shrinking bops are often ob-
served. These X-ray or EUV-emitting loops are observed in ¢hsame supra-arcade

region with the plasma voids, often during the same time intgals, and moving at

similar speeds. These loops appear to get brighter as theypapach the top of the
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arcades. In such cases, it would appear that the “bright shikages' are observed be-
cause chromospheric evaporation lIs the loops before/abey shrink, whereas voids
appear dark because they are shrinking before evaporatioas lled them. For this
dissertation we focus on the plasma voids, rather than the right shrinkages', pri-
marily because they are observationally easier to distingin from the bright loops in

ares.

2.3. Analysisof Solar Flare Data

The automatic detection routine has been applied to image geences from three
SAD ares, summarized in Table 1. All three were accompaniedy CMEs. The
X1.5 are of 2002 April 21 was observed by TRACE, RHESSI, SOHGnd numerous
other observatories (e.g., Wang et al. 2002 [59]; Innes et akP003a [14]). The
1999 January 20 M5.2 are was observed bYohkohWSXT, and was the discovery
event for down ows; this are was described extensively in MKenzie & Hudson
(1999 [30]) and in McKenzie (2000 [29]). The M5.7 are of 20Quly 12 was observed
by SXT. The TRACE images from 21-Apr have angular resolutiorof 0.5 arcseconds
per pixel, whereas the 12-Jul and 20-Jan images were made XTS half-resolution
mode, corresponding to 4.91 arcseconds per pixel. As a restlie smallest of the
voids seen by TRACE would have been completely undetectably SXT; this is
borne out in the histograms of detected voids (see below). &ll three ares, supra-

arcade down ows were faintly visible in the raw images; themages were processed
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for contrast enhancement ( attened, run-mean-di erencedand byte-scaled) prior to

application of the SAD-tracking routine.

Table 1: Summary information of ares analyzed in this chapr.

Date GOES start, peak GOES Source Time Span of Approximate
[UT] Classi cation Analysis (UT) Position
2002 April 21 00:43, 01:51 X1.5 TRACE 01:32{02:26 82W 16S
(195A)
1999 January 20 19:06, 20:04 M5.2 SXT 20:36{21:28 85E 29N
2000 July 12 18:41, 18:49 M5.7 SXT 21:14{21:53 72W 16N

Note that all positional information is provided based uponthe centroid of a
trough location. Theoretically, tracking the head of the tough would constitute a
more accurate assessment of its position because the ceidtrposition may include
portions of the growing wake behind the actual shrinking Igm which could cause
the velocities to appear slightly smaller. However, the aomated routine relies on
thresholds to determine the areas, and since each image isledst slightly di erent
{ especially when the exposure durations vary { the heads bame much less reliable
positions than the centroids. Because the areas are all thanse for the manual
routine, the centroid and head positions are merely shifteifom one another.

By tting a parabolic polynomial to the trajectory of each void, the speeds and
accelerations of each void can be measured. The acceleradi@re generally small,
however, and subject to uncertainties in the position poist This is particularly true

for cases where the automatically determined trajectorieme noisy and span only a
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few position points. The plots in Figure 6 show the time pro és of the locations of two
SADs from the 21-Apr are, to demonstrate the range of scattaen the SAD trajectory
determinations. Here, we have averaged the speed of eachspla void over its full
measured trajectory, rather than presenting the velocite and accelerations derived
from polynomial ts. The de-projected path-averaged speedreported herein range
from 30 to 470 km s®. In Chapter 4 we explore the distribution of velocities more
deeply, including accelerations and the spatial/temporaVariations in SAD speeds
from a larger number of ares. The purpose of reporting speedn this chapter is
primarily to demonstrate the capability of the detection sheme.

Similarly, the void sizes reported in histograms below (Fige 11) are averaged

over the lifetime of each detected down ow.
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Figure 6: Example trajectories from two SADs detected in th@1-Apr are, demon-

strating the range of uncertainty in the trajectory determnations. Panel (a) is a
SAD with one of the noisier trajectories while (b) has very tile scatter in the au-

tomatically determined trajectory. Velocities and accelations can be derived from
polynomial ts to the trajectories (as shown in the legends)however, for this chap-
ter, only path-averaged speeds are reported. The error baage derived by assigning
an uncertainty to the positions as the square root of the diaater of the trough (or

square root of the largest extent in the case of a non-circul&rough).
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2.3.1. 2002April 21, TRACE data

(b)

Figure 7: (a) The famous are of 2002 April 21 revealed downws in TRACE and
SUMER for the rst time, and represents one of the sharpest @ervations of down-
ows. (b) Down ows detected in the 21-Apr are, tracked by the automated routine
and supplemented with manually-tracked ows.

In the TRACE data from 2002 April 21 (Figure 7(a)), the automaed detection
routine tracked 23 SADs which have been manually veri ed byisual inspection. An
additional 25 SADLs were tracked completely manually. Therajectories of all of the
detected down ows are plotted in Figure 7(b). Although SADsdescending into the
southern part of the arcade were most obvious, and have beeesdribed elsewhere,
the automated routine detected down ows above other partsfahe arcade during
the later part of the rising phase of the are. De-projected werage speeds of the

downward motions range from 45 to 436 km ¢ (Figure 10(a)). The median speed

is 101 km s?. Figure 11 shows the sizes of the detected X-ray voids. The di@n of
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the average areas of those ows detected using the automattreshold technique is

36 10°F kmZ2.

2.3.2. 1999)anuary 20, SXT data

Figure 8: (a) Image taken from the 20-Jan are. (b) Enhancedmage overlaid with
down ow detections, tracked by the automated routine. The @glar limb is at right;
the arcade itself is obscured by pixel saturation. The centef the FOV moves by
several arcseconds throughout the course of the observato This shifting accounts
for the northern track beyond the FOV for the selected overlaimage.

In the SXT data from 1999 January 20, 25 down ows were found @e the arcade.
The trajectories of the detected down ows are plotted in Figre 8. The downward
speeds in this are are very similar to those in the 21-Apr ae (Figure 10(b)); de-
projected path-average speeds range from 30 to 264 knt,sthe median speed being
106 km s®. Due to the much coarser angular resolution of SXT compared TRACE,

and the very noisy signal in the are images, none of the small SADs are detected:

the median area among these SADs is 421 km? (Figure 11(b)).
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2.3.3. 200QJuly 12, SXT data

Figure 9: (a) Image taken from 12-Jul are. (b) Enhanced imag overlaid with
down ow detections, tracked by the automated routine. The glar limb is at left.

In the SXT data from 2000 July 12, 10 down owing voids were treked and
manually veri ed; the trajectories are displayed in Figure9. As in the 20-Jan are,
the detected plasma voids are larger than those in the 21-Apare; the median area
is 30 10° km? (Figure 11(c)). This follows as a result of the vast dierene in
angular resolutions used for the respective images. The doaw speeds are shown
in Figure 10(c). De-projected path-average speeds rangerfr 53 to 470 km s'; the
median speed is 146 km $.

Figure 11 demonstrates that in each are a range of void sizewe detected.
There is disparity between the three distributions in Figue 11|the TRACE images
apparently reveal no voids larger than 10 1° km?, which are seen in the SXT ares.
In an attempt to evaluate whether this disparity is related b the di erence in angular

resolution, we have rebinned the TRACE data to 2.5 arcsec/pel to approximate the
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Figure 10: Distribution of average de-projected speeds fodi in the detected
down ows- (a) 21-Apr are, (b) 20-Jan are, (c) 12-Jul are. (The \Good" labels in
the legends of (a) and (b) indicate that some detected ows we manually rejected
from the nal output set.)

SXT full-resolution pixel size, and to 5 arcsec/pixel to apmximate the SXT half-
resolution pixel size. We observe in the unbinned TRACE imas that it is possible
to distinguish betwen the “tail' of a SAD and the slightly daker plasma void. When
the images are rebinned to coarser angular resolutions thisid/tail distinction is
quickly destroyed. The result is that SADs in the rebinned d@a are given areas that
include part of the “tail'. The largest of the 2.5-arcsec-bhed SADs is 40 10°

km?, similar to the median area found in the 12-Jul are:; the modeof the binned

SADs is 10 20 10° km?. As the angular resolution of the images is further
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Figure 11: Distribution of average areas found for the detesd down ows: (a) 21-Apr
are, (b) 20-Jan are, (c) 12-Jul are. Only those ows detected with the automatic
threshold routine were included in (a).

degraded, the voids become entirely undetectable. The bhntmpess contrast between
the voids (including the "tails’) and the surrounding supraarcade plasma is too low
to allow the SADs to stand out in images where the angular witit of a pixel is
greater than the width of the SADs. In the 5-arcsec-binned TRCE data, the voids
are virtually undetectable, to the degree that no measuremes of size or speed are

possible. Exactly the same e ect is seen in the quarter-rdstion are images from

SXT (9.8 arcsec/pixel), for nearly all ares observed by SXT
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From this exercise we conclude that some of the areas measuie SXT images
may include contributions from the SAD tails' due to greatedi culty in separating
“tail' from void. We see no reason why TRACE would not have detted voids as
large as 30 1P km? or larger, if they had been present in the 21-Apr are. At the
same time, we remark that each are is di erent, and each maydve a di erent range

of SAD sizes.

2.4. Discussion:Relation to Reconnection

It is generally accepted that magnetic reconnection is regpsible for either the
initiation or dynamical progression of CMEs and eruptive aes. Reconnection is the
central component in the two-dimensional model due to Carrhael (1964 [2]), Stur-
rock (1968 [50]), Hirayama (1974 [11]), and Kopp & Pneuman 96 [19]), sometimes
called the CSHKP model, which continues to form the organizg element of much
CME and are research (see, for a summary, Shibata 1999 [47]k is a testament
to this model that decades of observations and numerical siations have not over-
turned it or even changed its basic form. In this section we oesider the measured

characteristics of SADs in relation to quantities pertinehto reconnection.

2.4.1. MeasuredSpeeds

The observed SAD speeds are slow in comparison to the 1000 krhthat is often
assumed for the Alf\en speed. For an estimate of the Alfverspeed in the present

ares, we utilize a PFSS magnetic eld extrapolation (see Hew). At the locations
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of the detected SADs the eld strengths range between 5 G and’ & (median, 17
G). Assuming a plasma density of 10cm 2 (see Fletcher & Hudson 2008 [6], and
references therein), we infer Alfien speeds of 350{6000 ksn* (median, 1200 km s?).
Most of the downward motions thus appear to be sub-Alfvenic The magnetic eld
strength estimates and slow ow speeds are further exploréa Chapter 4 (particularly
Sections 4.2.4 and 4.2.3).

Linton & Longcope (2006 [25]) suggest that sub-Alfenic cuows may result
from drag forces. Although no attempt has been made in this apter to estimate
guantitatively the drag forces necessary to produce thespeeds, the snowplowing
suggested by Linton & Longcope (2006 [25]) could lead to enteed density in front
of the shrinking loop. (See Sections 3.3.2 & 4.2.4 below foow drag analysis.)
Enhancedemissionahead of SADs has been noted by previous authors (e.g., Skgel
& Wang 2002 [44]; Innes et al. 2003b [15]), though identi cain of this emission
enhancement with snowplowing is highly speculative.

Alternatively, plasma compressibility can reduce the speeof reconnection out ow
(Priest & Forbes 2000 [35]), by a factor of (= ,)*™?, where ; ( ,) is the density
upstream (downstream) of the reconnection. Comparison ohé detected speeds
( 30{470 km s ') to the median estimated Alf\en speed ( 1200 km s?) suggests
reduction factors of 3{40 (i.e., detected speeds are03 0:4v,). Such reductions
would require density increases of 9{1600. Most ows have esgds near 100 km s?!

which corresponds to a density increase on order of 150. Thieserved low density
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in plasma voids (Innes et al. 2003a [14]), and lack of emissj@re incompatible with
density increases of such large magnitudes, suggesting ttikampressibility plays a

negligible role.

2.4.2. ObservedSizes

In Linton & Longcope (2006 [25]) the size of the teardrop-sp&d out ow is de-
termined by the duration of a given reconnection episode ary the size of the patch
of enhanced resistivity. The observed size distribution afown ow features may be
useful for adjusting the parameters of such models.

We have already seen that SXT does not detect the smaller veidvhich are
observable with TRACE, and we consider it likely that some @lsma voids exist
that are smaller than even TRACE can resolve. While the full ange of possible
diameters cannot be explored at present, we can explore therde-diameter end of
the distribution. The histograms in Figure 11 demonstrate tiat for each are a range
of sizes exists, indicating that patches of reconnection yde found in a range of
sizes. It is worth noting that the areas observed in these the ares are similar
to the cross-sections of reconnecting loops observed in TBR by Longcope et al.

(2005 [28]), wherein the median loop diameter was 3.7 Mm.
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2.4.3. Estimation of ReconnectingFlux

The magnetic elds in the vicinity of the ares were retrievad from the PFSS
extrapolations calculated by Dr. M. DeRosa (Schrijver & DeRsa 2003 [42]), pro-
vided within the SolarSoft (Freeland & Handy 1998 [8]) envanment. The latitude,
longitude, and height of the rst detection of each plasma vid were calculated by
associating each void with a footpoint location, and by coecting the height for the
e ect of projection onto the plane of the sky. Because of theatk of obvious ‘legs'
traceable from the voids down to the photosphere, the assigent of footpoint loca-
tion introduces some uncertainty. The rst attempt to assig void footpoints is based
upon an extrapolation of the void's trajectory down to visudly determined are rib-
bon' locations. If this method results in non-reliable fogioint locations (typically due
to incomplete tracks), then one footpoint location derivedmanually, by comparing
the set of void images with magnetograms, is applied univedyy to the are. The
heliographic latitude and longitude of the footpoint was tlen assigned to the void.
The PFSS eld strength at the position of the rst detection of each plasma void was
multiplied by the apparent size of the void to yield an estimee of the magnetic ux
within the shrinking ux tube. Flux estimates are summarizel in the histograms of
Figure 12. Of the uxes assigned to each down ow in the 21-Apiare, the mean is
9:0 10 MXx, the standard deviation of the sample is 8 10" Mx, and the median

is 6:8 10 Mx. (SADs and SADLs are included in the calculations for the 2Apr



are. It should be noted, however, that the SADL areas are agmed manually in-
stead of using thresholds. This results in areas that are tigally at the low end of
the SADs range.) For the 20-Jan are, the mean ux is B 10'® Mx, the standard
deviation of the sample is 11  10'® Mx, and the median is 23 10'® Mx. In the
SADs of the 12-Jul are, the mean ux is 60 10'® Mx, the standard deviation of the
sample is @ 10 Mx, and the median is 44 10'® Mx. (The east limb calculations

for the 20-Jan are are weaker and less reliable due to lessri@nt magnetographic

36

data. This issue is discussed in detail in Section 4.1.2.)
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Potential sources of error in calculation of the magnetic xes include the initial
height of each SAD above the photosphere, the cross-sectibarea of its associated
ux tube, and the strength of the magnetic eld.

The height of the reconnection event forming each shrinkingx tube is uncertain,
due to noise in the images, threshold of the detection schenad projection e ects
(which we have tried to counter). Additionally, it is necesary to interpolate within
the PFSS model to estimate the eld strength at a given void'¢ocation. At the initial
height of the ows (40 - 120 Mm), the magnetic eld strength varies smoothly, so
that errors in the height of the void, or in the location of thefootpoint, cause uncer-
tainties on the order of 5{20 percent of the eld strength. Anadditional potential
source of error is the fact that we assign a value correspondito the height ofinitial
detection which is not necessarily the height of formation of the ux tibe. As this
height is a lower limit on the actual height of the reconneatin site, it a ects the ux
determination because magnetic eld strength falls with hight. By underestimating
height we may be overestimating ux. If the ux tubes are in pressure equilibrium,
then the ux should remain the same at any height with the cros-sectional areas
compressing to account for the increase in magnetic eld; hever, our area measure-
ments are not precise enough to properly measure the changearea. We use the
area of a trough as a proxy for the cross-sectional area of thex tube. The trough's
area can be a ected by noise in the images, as well as the séwgy threshold of the

detection. It is di cult to say whether this is systematically over- or underestimating
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the area, but we consider the area estimate to be accurate tatn about 25 percent.
We arrived at this estimation by repeatedly analyzing eachfdhe ares, varying the
threshold each time. The relative variation in the number obpixels identi ed with
a given trough never exceeded 25 percent. We do not considie te ects of photon
scattering in the telescopes, or the instrument point spreafunction. Both scatter-
ing and a nite point spread function reduce the contrast in he images, and could
result in underestimating the area of a trough. Such e ectsra small in the SXT
and TRACE images, and the associated uncertainty in the tragh area is within the
amount found by varying the detection thresholds.

The magnetic eld estimate is derived from a PFSS extrapol&n. The potential
eld extrapolation will tend to underestimate the strength of the magnetic eld at
heights above the active region, but a bigger source of untanty is the fact that these
ares are at the limb. Since magnetograms are unreliable nethe limb, the PFSS
extrapolation employed uses only magnetograms within 55 giees of disk center, and
then uses di erential rotation and a surface transport codéo model how the magnetic
eld evolves over the three days required to arrive at the litn. We consider that the
PFSS eld strength estimate is probably accurate to betterttan 30 percent, based on
the following argument: In a recent analysis of nonlinear foe-free eld extrapolations
for four aring active regions, Regnier & Priest (2007 [38]talculated the free energy
in the nonlinear force-free elds, gured as the energy abethat in the corresponding

potential eld, i.e., E = E"f EP According to Priest (private communication),
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these free energies ranged fromeE=E = 0:023to E=E = 0:65, indicating di erences
in magnetic eld strength of roughly B=B = 0:01 0:3. Thus the 30 percent
uncertainty assigned to the PFSS eld strength is reasonaplconservative.

We note the similiarity of the uxes found here to that estimaded by Longcope
et al. (2005 [28]). In that work, reconnection appeared to pceed in \parcels of

4 10 Mx at a time." It is di cult to say how much credence should be gven
to this similarity, because we know of no prediction in the ferature of the amount
of ux expected to participate in individual reconnection @isodes. The results of
performing this measurement on a larger number of ares aregsented in Chapter 4,

namely Section 4.2.1.

2.4.4. InferredReconnectionRate

Key to understanding the magnetic reconnection mechanism iares is knowl-
edge of the amount of magnetic ux that is processed over tintee reconnection
rate. The reconnection rate has been measured indirectly logapping the motions
of chromospheric ribbons across magnetograms to determite amount of ux that
is input to reconnection (Saba et al. 2001 [39]; Fletcher & Hison 2001 [5]). In
observations, the ribbons appear to move across photospiceux at rates that vary
along their lengths (Saba et al. 2001 [39]) and between pdtas (Fletcher & Hudson

2001 [5]).
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Another scheme for estimating the reconnection rate focusen apparent recon-
nection in ows; see particularly Yokoyama et al. (2001 [6)]and Narukage & Shi-
bata (2006 [32]). These authors report reconnection rates) dhe order of M '
0:001 0:07. In this notation, the reconnection rate is expressed as &lf\enic Mach
number, but we can employ these authors' estimated eld stregths, etc., to derive
the amount of magnetic ux processed over time. Yokoyama el.a(2001 [61]) suggest
magnetic eld strengths of 12{40 G, and in ow speeds of;, ' 1 5km s, with a
characteristic length scale of. =1:5 1 km (corresponding to the assumed extent
of the reconnection zone along the axis of the are arcade, dmoughly equal to the
length of observed aring loops). With these parameters, aalternative expression
of the reconnection rate is given byBvi,L ' (2 30) 10 Mx s . Given the
uncertainties in the quoted measurements and characterlistiength scale, we present
this estimate of the reconnection rate only as a demonstram of the relevant order
of magnitude|the point to take away is that the reconnection rate can be on the
order of a few-to-tens of 1 Mx s 1. In comparison, the reconnection rate observed
by Longcope et al. (2005 [28]) in a urry of reconnection bet®en two active regions
was estimated as (A5 5) 10°° maxwells over 3.5 hours, or (@ 4) 10 Mxs 1.

The ux estimates derived above and the times of detection adach SAD seem
to indicate that, in the 21-Apr are, approximately 4:8 10'° maxwells of ux
was processed over a period of roughly 64 minutes. This ingdia reconnection rate

of 1.2 10 Mx s . For the 20-Jan are, 7:0 10'° Mx was processed in
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144 minutes, for a reconnection rate of:8 10 Mx s 1. In the 12-Jul are,
approximately 6.1 10 Mx was processed in 35 minutes, for a reconnection rate of
2:3 10 Mx s 1. These reconnection rates are comparable to Yokoyama et al.
(2001 [61]) and to Longcope et al. (2005 [28]).

At any rate, these large eruptive ares certainly process nmie than a few 10Y°
maxwells of ux. However, such an accounting is not the objége of this study, and
we make no attempt to describe the total energy budget of a & What the present
observations can do, though, is provide empirical estimageof the physical scales of
3D patchy reconnection in solar ares, the speeds of out ongnd the uxes involved.
The \ are ribbons" technique used by Fletcher & Hudson (20015]) has the potential
strength, in principle, of capturing the total amount of ux reconnected during the
are, whereas the method described here only captures the xutubes observable as
down ows. On the other hand, the \down ows method" will necessarily count only
ux reconnected in the supra-arcade region (i.e., it does hoount ux reconnected to
other structures outside the aring region). Furthermore,the technique allows one to
infer the sizes of uxtubes, possibly the sizes of di usiongtches, the discrete amounts
of ux participating in each \parcel”, and put limits on the h eights of the di usion
patches above the photosphere. We consider the two technégputo be complementary,
the \ are ribbons" method more appropriate near disk centerwhere magnetograms

are better, and the \down ows" method more appropriate nearthe limb.
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2.4.5. ShrinkageEnergy

Lastly, the relaxation of tension in the reconnected ux tule appears to be a
signi cant source of energy release, perhaps more so tharethux annihilation itself.
This energy release was observed in the simulation of Lint@Longcope (2006 [25]),
and may be required by Hudson's 2000 [13] implosion conjertu The SAD observa-
tions can be utilized for an estimate of the scale of this ergy. We assume an energy
density of B?=8 , and a change in ux tube volume ofA L. Conserving ux in the

shrinking tube, the energy transfer associated with shriige is given by
W = B?A L=8: (2.1)

This is equivalent to Hudson's (2000) [13] expression foretupper limit on avail-
able energy, except for a di erence in the estimated change volume|Hudson used
4 ( tvpa)3=3, where t represents the relevant timescale for energy release. As an
upper limit on the volume change, Hudson (2000 [13]) let theolume retract sym-
metrically at the Alfven speed.

Empirical estimates of W are given in Figure 13, where we have assignéd
to the area of each SAD at the time of its initial detection, ad L to the change
in its height over the course of shrinkage. A more complete derstanding of the
geometry of each ux tube might allow a more accurate estimatof the change in
length; the present association of L with change in height will su ce for an order-
of-magnitude estimate. The median W for the 21-Apr, 20-Jan, and 12-Jul SADs

are 12 10°" ergs, 16 1C?’ ergs, and 48 10°’ ergs, respectively. Summing these
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over the total sample of SADs in each of the ares yields 10 10*® ergs, 47 10
ergs, and 67 10?8 ergs, respectively. These energies are clearly not indicat of the
total energy associated with the impulsive phases of the as, but should be taken

as evidence of signi cant energization throughout the liteme of the ares.
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Figure 13: Energies calculated for loop shrinkage: (a) 21pA are, (b) 20-Jan are,
and (c) 12-Jul are.

2.5. Conclusion

In a coarse description, ‘reconnection' means that a new nraic connection
is formed and an old connection abandoned. But the high conchivity of coronal

plasma implies magnetic di usion times much longer than theypical timescales of
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ares, so how can these new connections be allowed on timdssahat are relevant?
An answer that has been o ered, paraphrasing Sweet (1958 [h4Parker (1963 [33]),
Petschek (1964 [34]), Jaggi (1964 [16]), and many othersan is that in a localized
region, resistivity may increase for a short time, so that @nnection can happen. But
what exactly are the meanings of \localized" and \short timé&? One must answer
these questions to build a model of reconnection that can beropared to obser-
vations, or a model that actually predicts something. The aofervations discussed
herein provide some tentative answers to these questionsodalization is addressed
by the automated detection of SADs, providing the latitude longitude, and a lower
limit on the height. The duration of the reconnection episod may be related to the
cross-sectional area of the out owing ux tube (Linton & Longcope 2006 [25]).

For SADs of the "plasma void' type in three ares observed by RACE and SXT,
we have derived empirical estimates of speeds, sizes, anduded magnetic ux (see
Figure 14). We believe these estimates, though model-depent, are potentially
useful as inputs/constraints for models of 3D reconnectiorMeasured cross-sectional
areas are typically 160 km?, with signi cant range for variation. De-projected path-
averaged speeds range from approximately 30 to 470 km' sand are sub-Alfienic.
Combination of the SAD observations with magnetic modelirjan this case a PFSS
modellyields an estimation of the ux in each shrinking ux t ube. For three ares,
the median ux in a shrinking tube is on the order of 1& Mx. The energy associated

with loop shrinkage appears to be of a signi cant magnitudehe present observations
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suggest W 10”7 erg per loop shrinkage, and reconnection rates on the order o
10'® Mx s 1. To our knowledge, these are the rst empirical estimationsf the ux
participating in individual reconnection episodes, and afnergy released by shrinkage,
via measurements of post-reconnection ux tubes. It is hoplethat 3D models of
patchy reconnection will provide predicted distributionsto which the observations

can be compared.

| __—— Downflows
4’,"/ / Area ~ 107 km?
Speed ~ 102 km/s
i AL ~ 10% km
AW ~ 10?7 ergs

Arcade

B Flux ~ 10'® Mx

Magnetic Flux
Tubes

Figure 14: Cartoon depiction of supra-arcade down ows reking from patchy recon-
nection. Discrete ux tubes are created, which then individally shrink, dipolarizing
to form the post-eruption arcade. The measured quantitieshewn are averages from
the current data set.
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RECONNECTION OUTFLOWS AND CURRENT SHEET OBSERVED WITH
HINODE/XRT IN THE 2008 APRIL 9 \CARTWHEEL CME" FLARE

3.1. Introduction

While the details of are dynamics are debatable, the generanergy release
mechanism is widely accepted to arise from magnetic recoctien. Direct evidence
of reconnection, however, has been scarce and often quesdlde. In all models of
reconnection, loops owing both towards and away from the mnnection site are an
inevitable theoretical consequence (Carmichael 1964 [3furrock 1968 [50]; Hirayama
1974 [11]; Kopp & Pneuman 1976 [19]). Observationally, thgh, these loops require
very special circumstances in order to image since they aikely to be relatively
devoid of emitting plasma and form high in the corona where #y are viewed against
a dark background. Supra-arcade down ows (SADs) have beemserved in several
ares and interpreted as the cross-sections of these shring loops as they retract
through a bright fan (McKenzie & Hudson 1999 [30]; McKenzie®0 [29]; McKenzie
& Savage 2009 [31]). Cusped ares, like those predicted byetlstandard models, have
been shown to have signatures of retracting loops (Forbes &#n 1996 [7]; Reeves,
Seaton, & Forbes 2008 [37]). Imaging individual loops rettéing above the aring site
with high enough temporal and spatial resolution has proveto be a challenge due to
observational limitations. In order to observe the down ow which occur above the
post-eruption arcade, the are must occur near the limb; andong image exposures,

which inevitably saturate the aring site and are thereforenot desirable for most
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are observations, must be taken to provide proper contrasin the low signal to noise
region above the arcade.

Coronal mass ejections (CMEs) are frequently observed to lassociated with
eruptive ares. Current sheets are expected to extend betwa the arcade region
and the CME (Forbes & Acton 1996 [7]). While the current shestthemselves are
probably too narrow to be fully resolved with current instrumentation, calculations
have shown that conduction fronts lead to the formation of aleath of hot plasma
surrounding the current sheet that widens the observable rsicture (Reeves et al.
2010 [36]; Seaton & Forbes 2009 [43]; Yokoyama & Shibata 1968]). Recent mod-
eling has shown that this hot plasma sheath can be observed hysensitive X-ray
imager such as Hinode's X-ray Telescope (XRT) (Reeves et aR010 [36]). Cur-
rent sheet observations have been claimed and analyzed feveral ares using EUV
and white light coronagraphs (Ciaravella & Raymond 2008 [3Lin et al. 2007 [24];
Webb et al. 2003 [60]; Ciaravella et al. 2002 [4]; Ko et al. 2B(Q18]). Because
white-light coronagraphs measure polarization brightnes which is directly related to
density, these measurements indicate that the density in ghstructures surrounding
the current sheet is elevated compared with the backgrounamna.

In the following sections, we describe the \Cartwheel CME" are as seen by XRT
and LASCO. We describe the XRT observations in detail, whicinclude a candidate

current sheet, shrinking loops, and ows, and then show ca@spondences between
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XRT and LASCO ows. We also discuss a possible scenario fortémpreting the

observations based on magnetic modeling.

3.2. Observations

Figure 15: A CME is observed by XRT between 09:16 and 10:11 UT.

The stringent conditions required to observe faint structtes associated with re-
connection above a aring region are all met during a are olerved by Hinode's
XRT on 2008 April 9 between 09:16 UT and 17:32 UT in associatiowith active
region 10989 (see Golub et al. 2007 [9] for a description ofetlXRT instrument).
This are has colloquially been nicknamed the \Cartwheel CNE" are because the
observed structure, which we interpret as a ux rope in Seain 4, appears to rotate
as it is ejected from the Sun. The region is approximately 23ehind the west limb
at the time of the eruption. Several instruments observed th event including XRT,
STEREO A/SECCHI, TRACE, and LASCO. The are is observed on the limb wthin

SECCHI's eld of view (FOV) with  STEREO A being 24.34 beyond the Earth-Sun
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line. From the SECCHI observations, we place the actual arstart time at approx-
imately 08:53 UT. This chapter will focus on observations &@m XRT and LASCO
with support from SECCHI. XRT's images are taken using the Apoly Iter with 1 -
16 second exposures. There is no GOES signature for this atae to its occurrence
behind the limb; however, this fortunate observational sitation o ers a unique, rela-
tively deep-exposure look at the supra-arcade region as theb occulted the bright
footpoints.

A large body of EUV- and X-ray-emitting mass is observed by XRfrom 09:16
UT to 10:11 UT (Figure 15). The are is obscured by the limb up b about 70 Mm in
the XRT FOV. The speed of the structure as observed by XRT ina@ases from 80 to

180 km s . A white-light CME enters the SOHO/LASCO FOV at 11:06 UT and
proceeds through the LASCO C2 FOV with an average speed o#50 km s ! (Landi
et al. 2010 [20]). The onset of the lament eruption is obseed by SECCHI beginning
at about 08:53 UT. Figure 16 (left) depicts the curved path ofhe eruption within the
SECCHI FOV. Figure 16 (right) shows the CME as it passes thragh the LASCO C2
FOV. The dashed white line indicates the radial direction ebending from the active
region projected onto the plane of the sky. These observati® indicate that the
erupted structure initially moves in a non-radial direction toward the observer with
its path becoming more radial as it approaches a height of2.5 R . The de ection
may be the result of interaction with an open eld region to tke southeast of the

active region, though such interaction remains speculagv(Section 4). (See Landi et
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al. (2010 [20]) for a detailed analysis of this CME.) The obsations described in
the following sections all occurred after the CME, and in theegion from which it

departed.

Figure 16: Left: Path of the erupted lament as seen bySTEREO A/SECCHI. The
dashed line indicates the radial direction extending fromhie active region as seen on
the limb. The curved path follows the trajectory of the erupéed structure from 08:53
UT (time of the reverse-scaled background imageRight: LASCO C2 frames (11:06
UT, 11:26 UT, 11:50 UT, 12:26 UT) showing the CME path beyond 2.5 R . The
dashed line indicates the radial direction extending fromhie active region projected
onto the plane of the sky. The XRT FOV is shown in the upper lethand corner of
each image.

3.3. Analysis

The original XRT images clearly show loops shrinking towala bright arcade
region. Sharpening the images improves the visibility of thindividual loops at greater
heights and makes it possible to detect faint, moving featas previously unnoticed

in the unsharpened movies.
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The 358 original images examined between 08:01 and 17:32 UE #aken using
an automatic exposure control setting. This resulted in soendynamic exposure times
with a typical cadence of one minute. The median exposure §ag is nearly 6 seconds
which is about 60 times longer than exposure durations takesith the Al/poly Iter
of similar unocculted active regions on the verge of satuian (e.g. AR 10978; 2007
December 18). There is a large data gap of 155 minutes occngibetween 13:47 and
16:22 UT. Despite normalizing, the widely varying exposurémes make comparing
successive images di cult due to the varying low signal-taioise background level;
therefore, the rst step in sharpening is to eliminate the ocurrence of non-repeating
exposure durations within a time span of 30 minutes. The expuore- Itered set is
attened by dividing by the mean of an array of temporally-agacent images with
similar exposure durations. Then to enhance movement, eaichage is running-mean-
di erenced by subtracting the mean of the same set of similasurrounding images.
Finally, the image set is byte-scaled in order to reduce angsidual ickering (i.e. all
of the pixels per image are binned based on a 0 to 255 intenss#tgale which reduces
the dynamic scaling between images of di erent exposure Igihs). The resulting
image set has 274 images with typical cadences ranging fronol5s minutes between

data gaps (median: 1 minute).

3.3.1. CandidateCurrent Sheet

The sharpened image set reveals ows moving both towards aadiay from the so-

lar surface (henceforth referred to in the text as down owsrad up ows, respectively)
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Figure 17: Left: (11:08:24 UT) Right: (17:31:55 UT) These reverse-scale images
highlight the bright, thin linear feature (i.e. the candidae current sheet) extending
from the apex of the arcade region from the 2008 April 9 evenhNote the southward
drift of approximately 4 deg/hr. All ows track along this fe ature even as it progresses
southward.

and shrinking loops that can be tracked after the CME has lethe XRT FOV. All of
these ows both toward and away from the Sun, including the agxes of the shrinking
loops, follow the direction of a bright, thin linear featurewhich extends from the apex
of the arcade region. This feature becomes apparent at 11:00 following a nearly
40 minute data gap in the image sequence and slowly progresseuthward about 25
over 6.5 hours for an average rate of approximately 4 deg/hsée Figure 17). The so-
lar rotation rate at a latitude of 18, the approximate location of the are, is about
0.6 deg/hr; therefore, the solar di erential rotation canrot account for a projected

drift of the linear feature.
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The appearance of this feature is similar to those interpret as current sheets by
Ciaravella & Raymond (2008 [3]), Webb et al. (2003 [60]), ando et al. (2003 [18]). In
particular, this feature is thin and bright compared to its sirroundings and is located
above the are arcade. In all cases, coronal magnetic eldsaenot be measured, so
the inference of a current sheet is circumstantial; howevethe position of this feature
at the top of the arcade and its orientation between the arcadand CME are consis-
tent with the interpretation of a current sheet. While the feature appears thin, the
actual current sheet may be even thinner based on modeling isfh shows that current
sheet structures can have surrounding areas of hot tempeua¢ due to conduction
fronts, making the observable structure wider than the actal current sheet (Reeves
et al. 2010 [36]; Seaton & Forbes 2009 [43]; Yokoyama & Shiddlt998 [62]). Recent
modeling has shown that because of its sensitivity to high teperature plasma, XRT
is able to observe this hot structure (Reeves et al. 2010 [B6An additional piece of
circumstantial evidence in favor of the current sheet intqretation is the motion of
the observed shrinking loops. The shrinking loops observatdthe XRT data display
cusped looptops, and the apex of each loop tracks along théafure, consistent with
the Kopp & Pneuman model (Kopp & Pneuman 1976 [19]).

This feature (henceforth referred to as the candidate cume sheet or CCS) is
initially detected at a position angle 7 degrees southward of the CME when it rst
appears in the LASCO FOV at 2.5 R around 11 UT. It then immediately begins

slowly drifting away from the LASCO CME path during its aforementioned apparent
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Figure 18: Reverse-scale composite images with an XRT inssterlaid onto corre-
sponding LASCO C2 images. The candidate current sheet ditem is represented by
the solid line extending from the XRT arcade. The length of tk line is extended to
near the base of the CME in the LASCO images. The dotted line peesents the initial
direction of the CME as measured from the initial detectionn the LASCO images
(top left panel). The CME path direction as manually identi ed in each subsequent
LASCO image is indicated by the dashed line. Notice that the IE does not follow
a straight plane-of-sky path. The times indicated are thosef the LASCO images.

southward progression. The alignment of the CCS with respteio the CME, and also
the southward progression of the CCS, are consistent with ¢hmeasurements from
Webb et al. (2003 [60]) for 59 apparent current sheets showimn angular separation
with the CME. Figure 18 displays reverse-scale composite ages with an XRT inset
overlaid onto corresponding LASCO C2 images. The directioof the CCS is rst
determined in the full-scale XRT images and then expanded tmthe LASCO C2

FOV to show the relationship between the CME path and the CCSicection. The
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length of the displayed CCS roughly corresponds to the digtae between the top
of the arcade in the XRT images and the central base of the CMm ithe LASCO
set. The initial CME direction (dotted lines) is displayed n all panels while the
current CME location (dashed lines) is updated. The growingngle between the two
directions shows that the CME does not follow a straight plag-of-sky path. This
conclusion is also supported by the CME path as seen within éhXRT FOV as well
as by SECCHI images near the base of the are (see Figure 16)n& de ection occurs
priorto 3R .

Examination of the source active region for this CME and arendicates that the
axis of the arcade is likely not oriented directly along the RT line of sight due to
the inclination of the polarity inversion line (see Sectiod for more details). Thus the
proposed current sheet is not observed directly edge-on,tlwith some projection (as
in Ko et al. 2003 [18] and Ciaravella & Raymond 2008 [3]). Suehprojection would
be consistent with the observation that near the midpoint othe XRT sequence, the
CCS does not appear to be a single ray, but exhibits more of anfkke structure
(Figure 19 (a)). This structure is similar to those observedn the current sheet
analyzed by Ko et al. 2003 [18] (see Figures 5 & 6 therein). Nemous other authors
have noted such fanlike or \spikey" structures above arcade(e.g., Svestka et al.
1998 [53] and McKenzie & Hudson 1999 [30]). An example of tlEgucture as seen

in a are occurring near the East limb on July 23, 2002 is givem Figure 19 (b). The
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orientation of this are is mirror opposite to that of the \Cartwheel CME" are but

with a less-severe projection angle.

(@)
Figure 19: (a) (13:09 UT) Reverse-scale XRT image highlighg the fan-like appear-
ance of the candidate current sheet near the midpoint of the RT image sequence.
This suggests that the CCS is not being viewed completely ezslgn. (b) Reverse-
scale TRACE image from July 23, 2002 at 00:40 UT. The orient&n of this are is
nearly mirrored to that of the \Cartwheel CME" are but with a less-severe projec-

tion. A fan above the post-eruption arcade loops similar tohat seen in (a) is easily
discernible.

The average thickness of the CCS (or rather the hot plasma sounding the actual
current sheet) is determined to be on order of (4-5)x2&m, depending on the image
time. This thickness is measured by extracting slits acroghe current sheet feature
and using the slit intensity pro le as a guide for determiniig the CCS thickness (see
Figure 20 for an example slice and pro le). The selected imag and the slits used
to determine average thicknesses are displayed in Figure. Zlhese thickness values
should be regarded as upper limit values as they represent laidkness that is not

being viewed perfectly edge-on (see Figure 19).
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Figure 20: Left: Example slice (white line) across the CCS for determininggtthick-
ness.Right: The intensity pro le across the slit. The vertical dashed Ines correspond
to the positions chosen as the edges of the CCS. Note that theakes of the image
and the pro le have been reversed.

17:31:65 UT

Figure 21: Reverse-scaled images selected for determinthg CCS thickness. The
slices across the CCS indicate the thickness determined fbat position.
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Ciaravella & Raymond (2008 [3]) obtained a CS thickness raagof 30-60x18®
km for the 2003 November 4 are using UVCS and geometrical arments. They
claim that the broadened line pro les obtained from UVCS mesurements \must
result from either bulk ows or turbulence.” Furthermore, they predict the thickness
due to turbulence to be 4x1CG km. The similarity between this prediction and
the measurements obtained with XRT for the \Cartwheel CME" are suggest that
turbulence may play a role in broadening the CS thickness.

Thickness estimates have been made by various authors fovesal other current
sheets with similar orientations. Our thickness estimatefq4-5)x10° km is at least 10
times narrower than the estimate range of (30-100)x3(&m measured by Ciaravella
& Raymond (2008 [3]), Lin et al. (2007 [24]), Webb et al. (200[0]), Ciaravella et
al. (2002 [4]), and Ko et al. (2003 [18]). The discrepancy irhickness values may
arise from the fact that we observe very hot plasma with XRT'Al/poly lter (tem-
peratures from 1 to at least 10 MK ) using much ner resolution ( 1 arcsec/pixel)
than is observed with the various instruments used by theseuthors (i.e. LASCO
(temperature-insensitive white light; C2: 11.4 arcsec/pix), EIT ( 0.6-3 MK; 2.6
arcsec/pix), UVCS ( 2-8 MK; > 40 arcsec/bin for high temperatures)).

Because both XRT and LASCO observed this event, it is also psible to measure
the length of the CCS assuming that the hot CCS observed in th¥RT images
corresponds to the white-light features in the LASCO imagesFigure 22 depicts

the progression of the CME height. The full length of the CCSsidisplayed as the
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solid dark line in the LASCO FOV. An enlarged XRT FOV is inset br each LASCO
image to show the position of the CCS just above the XRT arcadd he white boxes
represent the error manually assigned to each position. Tleenter of the boxes in the
XRT images corresponds to the \p" value as described in Lin &détbes (2000 [22]) and
Webb et al. (2003 [60]) as the bottom position of the currentreet where it meets the
top of the arcade. Conversely, the LASCO box indicates the \gvalue which is the top
position of the current sheet where it meets the bottom of th€ME. (See Figure 32
for a visual reference.) These positions, determined \by eY;, have been de-projected
based upon the footpoint used to de-project the ows (see Rige 25). It is important
to note that these current sheet lengths are assumed to be thestance between these
\p" and \q" values rather than direct length measurements ofa con rmed current
sheet; therefore, these reported lengths are upper bounds.

The results of the CCS length measurements are shown in FiguR3. There is
strong qualitative agreement with the predictions from theLin & Forbes (2000 [22])
reconnection model wherein the current sheet length (\gp") increases nearly linearly
after reconnection begins and the top of the arcade incregssomparatively little with
respect to the CME height. A useful composite plot for comparg Figure 23 with the
Lin & Forbes [22] height versus time predictions is given by ¥bb et al. (2003 [60])

(see Figure 9 therein).
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The CCS length measurements correspond to an average thieks (as measured
within the XRT FOV) of 4.5 Mm (i.e. the CCS thickness remains fairly constant
throughout the lifetime of the are). The de-projected lengh measured at the time
of the rst and last CME detections in the LASCO C2 FOV is 710 and 1950 Mm,
respectively. The Alf\en Mach number can be calculated as M= thickness / (g - p)
resulting in estimates of 0.006 - 0.002 (in order of LASCO C2ME detection). These
values are lower than previous estimates for other ares ofg@ater than 0.1 (Ciaravella
& Raymond 2008 [3]; Lin et al. 2005 [23]; Webb et al. 2003 [6@]jaravella et al.
2002 [4]; Ko et al. 2003 [18]) and approach the predicted vallby Lin & Forbes
(2000 [22]) requiring an M of at least 0.005 to produce an eruption. This prediction,
however, applies to high-speed CMEs>( 1000 km s?'). The average speed of the
2008 April 9 CME within the LASCO C2 FQV is only about 450 km s (Landi et al.
2010 [20]); therefore, the Mach number requirements for thhimodel of reconnection
may be relaxed. The Mach number predictions also vary gregtidepending on the

model's inclusion of 3-D geometry.

3.3.2. ShrinkingLoops & Flows

Following the CME and beginning at approximately 11 UT, sewal individual,
dark shrinking loops can be seen retracting just above the cade. Bright regions
can be seen owing into the apex of the arcade beginning at 52: UT. (Dark and
bright loops retracting just above the arcade are also cldgrobserved by SECCHI

in the 171A and 284A bandpasses.) These bright regions are broader than the #&ar
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11:26:04 UT . 11:50:05 UT

 12:26:04UT

Figure 22: Reverse-scale composite images with an enlarg@ril inset overlaid onto
corresponding LASCO C2 images. The length of the candidat@rcent sheet is rep-
resented by the full solid line within the LASCO FOV. The \p" and \q" values
correspond to the center of the white error boxes in the XRT ahLASCO images,
respectively. The times indicated are those of the LASCO inga&s. The corresponding
times for the inset XRT images di er by less than one minute.

shrinking loops seen earlier and are more di cult to distingiish as individual loops.
Loop structure associated with these regions is still maiained, however, in some of
the images through which they track. Sharpening the data alsreveals ows moving
outwards from the aring region. A three-pixel wide extracton is taken from each
image along the CCS to create the stackplot image shown in fige 24. The dark
and bright lanes in the stackplot are due to the motion of thedops and ows along
the CCS. (Hereafter, the apexes of the shrinking loops willlso be referred to as

down ows.)
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Figure 23: De-projected \q" and \p" heights in solar radii vasus the time elapsed
since the loss of equilibrium as seen in tHETEREO A/SECCHI data (approximately
08:53 UT). (Refer to Figure 32 for a qualitative reference dlfie \q" and \p" positions.)
This plot qualitatively agrees with predictions from the Ln & Forbes (2000 [22])
reconnection model wherein the distance between \q" and \pincreases steadily.
(See Figure 9 from Webb et al. (2003 [60]) for a comparativeaph.) The dashed
horizontal line indicates the height of the null point (0.25R 170 Mm above the
surface) which is discussed in Section 4.

A particularly intriguing ow set occurs between 12:18 UT aml 12:35 UT and is
labeled as the \Disconnection Event" in Figure 24. A bright egion appears, moves
slightly towards the arcade, and then disassociates. Parf the region ows towards
the arcade while the other ows in the opposite direction awafrom the arcade along
the CCS. To our knowledge, a possible reconnection out ow paepisode such as this
(i.e. appearing in a region where retracting loops and up osvhave been observed and
along a directly observable SXR current sheet) has not beetserved this close to
the solar surface (at nearly 190 Mm). Out ow pairs much highein the corona have

been previously observed primarily with LASCO (see for exgme Sheeley & Wang
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Figure 24: Position versus time stackplot created with thre-pixel wide slits taken
along the current sheet candidate as it progressed southwlawithin the XRT FOV.

Representative slits are displayed as insets in the topde&nd corner. Each three-
pixel segment represents approximately one minute. Dark drbright lanes indicate
motion along the extractions. The black vertical strips aredue to small data gaps,
and the dashed vertical strip represents the large data gapeginning at 16:25 UT.
The separate panels indicate that a di erent slit was used fothat time frame to

allow for the southward progression. The disassociation giion of the reconnection
out ow pair is indicated in the gure. The up ow portion of th e disconnection event

is much more di use than its down ow counterpart, making it appear broader and
dimmer.

2007 [45], Lin et al. 2005 [23], and Sheeley, Warren, & WangQ0[46]). Possibly
related features have been observed with RHESSI (e.g. Liu at 2008 [26]; Sui,

Holman, & Dennis 2004 [52]; Sui & Holman 2003 [51]) and variswther instruments
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ranging from H-alpha to SXR detectors along with white-ligh coronagraphs (e.g.
Tripathi et al. 2007 [56]; Tripathi, Isobe, & Mason 2006a [3%, though the interpre-
tations may dier. The large data gap unfortunately occurs mmediately following
this event hindering possible observations of continuedaennection occurring in the
region.

Previous work done by the authors has focused on automatitaltracking and
characterizing supra-arcade down ows (SADs) during long wtation aring events
(McKenzie & Savage 2009 [31], see also previous Chapter). tématically tracking
shrinking loops for this event presents several challengpgamarily due to the low
signal to noise ratio complicated by the southward progreiss of the CCS. Therefore,
the ows from this are are tracked manually to ensure relialdity.

A total of sixteen ows are tracked (13 down ows and 3 up ows)over a total time
of 6.22 hours between 11:11 and 17:24 UT. The number of frantlesough which each
ow is observed ranges from 3 to 22 with a median frame count d0. Figure 25
(a) shows the plane-of-sky trajectories of the manually-icked ows. Note that the
magenta ow in the southwest region represents the track of aery faint, di use
up ow that occurred after the large data gap. Despite its disrepant path compared
to the other ows, it still tracks along the CCS which had progessed southward by
the time of this ow.

We use a Potential Field Source Surface (PFSS, Schatten et 4969 [41]; Schrijver

& DeRosa 2003 [42]) model to extrapolate the magnetic elddm active region 10989.
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The magnetic eld morphology suggests that the footpointsfahe shrinking loops lie
near a latitude of 18 and a longitude of 23 beyond the west limb. This footpoint is
used as a point of convergence for all of the ows in order to g®oject their positions
above the solar surface. The ows are assumed to have no véipcomponent in the
longitudinal direction. The positions have also been rotad based on the latitude
of the footpoint. The resulting de-projected trajectoriesare shown in Figure 25 (b)
and (c) overlaid onto reverse-scaled MDI magnetograms wittmagnetic loops traced
out from the PFSS modeling. We emphasize that 2-D motion is rasured from the
images, in plane of the sky. The uncertainty in the 3-D trajeory is entirely due to

assumed longitude.

(b) (c)

Figure 25: (a) Plane-of-sky trajectories of the manuallyracked ows overlaid onto a
reverse-scaled XRT image taken at 16:30:54 UT. (b) & (c) Derpjected trajectories

based on a convergent footpoint at a latitude of 18 and a longitude of 23 beyond

the west limb. The reverse-scaled background images (MDI gr@etogram plus mag-
netic loops) are derived from a PFSS model package (Schrij& DeRosa 2003 [42])
with a center longitude set to (b) 115 and (c) 150. The ows are assumed to have
no velocity component in the longitudinal direction. The arows represent up ow

trajectories.
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Figure 26 shows de-projected height-time pro les for (a) aypical down ow and
(b) a typical up ow observed in this study. The positions aregiven with respect to
the chosen footpoint on the solar surface. The error bars glayed for the position
represent the square root of the size of the ow at that positin. These extents are
determined manually and are chosen conservatively; howeyerrors associated with
footpoint assignment and tilt in the longitudinal direction are not included in the
error estimate. The initial velocity and acceleration unagainties are determined by
adding these position errors to the 2-D polynomial t. This tis represented by the
solid pro le line in Figure 26. The gravitational pro le for a body in free-fall given
the initial height and velocity of the ow is shown as the thik dashed line. The left
panel includes a thin dashed pro le line outlining the trajetory of a body falling
while experiencing a constant drag force. (See Chapter 4 fmore information.)

All of the down ow speeds are slower than their correspondinfree-fall speeds
especially as they near the limb, except for one ow that is dy tracked through
three frames. Faster down ow speeds would have supportedetiieconnection out ow
hypothesis; however, it is not excluded by this opposite rel either considering that
other ow characteristics provide signi cant support. Nanely, several of the ows
exhibit a clearly-de ned cusped or rounded loop structurerad one of the regions is
observed to disconnect into an up ow and a down ow which arex@ected results
from reconnection. Also, the ow pro les diverge the most fom the gravitational

pro les as they near the limb and, presumably, the top of the made where the
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loops are expected to settle to a potential con guration. Ithese ows are indeed
reconnection out ows, then this result may indicate that a surce of drag (e.g. mass
build up in front of the ows due to density in the current sheé¢, shocks, magnetic
eld entanglement, etc.) has a signi cant e ect on the ow speeds. Additionally,
these pro les are qualitatively supported by reconnectiormodels. Lin (2004 [21])
(Figure 5 therein) has shown that the retracting reconnecteloops shrink primarily
within the rst 10-20 minutes and then decelerate considekdy which is consistent

with the pro les shown in Figure 27.
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Figure 26: De-projected height-time pro les representedyb(a) a typical down ow
and (b) a typical up ow observed in this study. The vertical dbotted lines mark the
mid-exposure time of each image in the sequence. (Note thdbtw 16 does not have a
contiguously-detected track due to the low signal-to-nogsratio at the heights through
which it travels.) The solid line is the 2-D polynomial t applied to the pro le to
obtain the initial velocity and acceleration. The calculagéd t parameters are given
in the legend for each ow. The thick dashed line representhi¢ gravitational pro le
for a body in free-fall given the initial height and velocity of the ow. The thin
dashed pro le line in (a) represents the gravitational prole for a body in free-fall
experiencing a constant drag coe cient of 3.5x10° s 1.
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The time for each position shown in Figure 26 is taken as theaime start time
plus half of the exposure duration; thus, the time error bargoo small to be visible on
the plots, represent half of the exposure duration which rayes from 2 to 16 seconds.
The vertical dotted lines mark the time of each image (startitne plus half of the
exposure duration) in the sequence. Note that due to a low sigl to noise ratio high
above the arcade, the ows are not always detected in contigus frames. The gaps in
the pro le in Figure 26 (b) (i.e. vertical dashed lines withait a ow position marked)
graphically represent this discontinuity. A 2-D polynomiad t (solid line) is applied
to each pro le to obtain initial velocities and acceleratims. All of the pro les are

plotted together in Figure 27.
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Figure 27: All de-projected height-time pro les. Pro les wth a positive slope rep-
resent up ows. The eruption front and disconnection event i les are labeled in
the gure. Note that the initial heights of the up ow and down ow portions of the

disconnection event are separated slightly because the imgappears to brighten and
move sunward prior to separating.
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Because expected quantitative predictions can vary largelithin reconnection
models depending on conditions and constraints, a qualiiae way of distinguishing
between the Sweet-Parker and Petschek models is through the les of the ow tra-
jectories. Sweet-Parker predicts a sustained acceleratiall along the current sheet
with the Alhen speed being reached only near the tips of thaheet. The Petschek
model predicts acceleration in a small di usion region neathe reconnection point
with the ow's nal velocity (nominally the Aliven speed) b eing reached within a rel-
atively short distance near the reconnection point and themaintained until it exits
the current layer (including slow shocks). The measured owpro les exhibit accel-
erations very near to 0 km s?, except for some slowing as the down ows approach
the post-eruption arcade, which matches well with the Petbek predictions (Somov
1992 [49]).

The de-projected speeds vary from the plane-of-sky speeds Up to 11% but
with a mean di erence of only 7%. The initial de-projected speds range from 21 to
165 km s ! (median: 120; mean: 109). The slowest speed is attributed tbe last
shrinking loop occurring after the large data gap. See Figei28 (a) for a histogram of
these velocities. Up ows have been assigned a positive valuThe distribution from
this small sample does not yield a recognizable trend; hovegy all speeds are much
smaller than the predicted value near the Alf\en speed whircis typically assumed to
be a value on order of 1000 km $ for the corona. We are unable to directly measure

the coronal magnetic eld and thus, the Alfven speed.
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The de-projected acceleration distribution is displayedni Figure 28 (b). The
acceleration magnitudes range from 0.01 to 0.6 km%(median: 0.1; mean: 0.2). All

ows are either slowing down slightly or have average accedions consistent with

Zero.
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Figure 28: (a) Histogram of the initial de-projected veloties. Up ow velocities are
positive. (b) Histogram of the de-projected accelerationsAll ows are slowing down
or have accelerations consistent with zero.
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Figure 29: (a) Histogram of the initial de-projected heighg. (b) Histogram of the
de-projected change in heights.
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The initial de-projected heights above the footpoint, while vary from the plane-of-
sky heights by up to 10%, are displayed in Figure 29 (a). The lghts range from 108
to 194 Mm (median: 145; mean: 150). The overall change in desjected height (i.e.
\distance travelled") of the ows is shown in Figure 29 (b). These values range from
7 to 106 Mm (median: 40; mean: 48). Previously-measured doew estimates for
similar limb ares have upper limits of about 130 Mm on heightand about 40 Mm on
the shrinkage distance (McKenzie & Savage 2009 [31]). Thecirase in these height
measurements for the \Cartwheel CME" are can be attributedto the footpoints

being occulted (as discussed in Section 3.2).

3.3.3. XRT & LASCO Up ows

Further inquiry was performed to determine how the up ows tacked beyond the
XRT FOV. The up ows are detected in the noisiest regime of themages high above
the are arcade and are therefore the most di cult to accurately track. Combining
these relatively high-error position estimates with fewedetected positions due to
their location towards the edge of the FOV adds a large uncetinty to extrapolating
their trajectories beyond the XRT FOV.

Despite these di culties, extrapolating the up ow positions simply using their
average speeds revealed some possible associations witts observed in LASCO. In
an attempt to incorporate a more accurate pro le for the XRT p ows into the outer
corona, the corresponding LASCO ows are tracked and an adegation is determined

from their height-time pro les. Those accelerations are dermined to be 0.025, 0.02,
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and 0 km s 2 respectively. (The path of the third LASCO ow is dicult to t rack
and yielded inconsistent results; therefore, an acceleiat of 0 km s 2 is applied.)
The XRT up ow positions are extrapolated to the outer coronaby using their
nal t velocity in the XRT FOV as an initial velocity beyond t he XRT FOV. The
corresponding LASCO ow accelerations are then applied toedermine successive
ow positions. (The XRT FOV accelerations determined from a2-D polynomial t
are slightly negative due to the unreliability in the nal position measurement of
the ows. The initial extrapolations were made by using the nal t velocity with
zero acceleration resulting in decent agreement betweeretilRT and LASCO ows.
Applying the LASCO accelerations, which are listed above a@ndo not vary signi -
cantly from 0 km s 2, results in slightly better agreement.) The XRT up ow paths
are assumed to be straight although the CME path itself initlly veers northward
(see Figure 16). This results in the up ows tracking just to he south of the LASCO
ows. As a check on this procedure, the eruption front positin, which is expected
to be observed in LASCO as a white-light CME, is extrapolateth the same manner
using a measured acceleration of 0.03 km? Allowing for some angular separation
due to the aforementioned CME path de ection, the resultingextrapolated positions

correspond precisely to the CME front in the LASCO FOV (Figue 30, top panel).
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Figure 30: XRT & LASCO ow associations: All panels consist bcomposite XRT
(reverse-scaled)/LASCO C2 images.Top Panel: The white crosses correspond to
the extrapolated position of the XRT eruption front which tracks precisely with the
white-light CME seen in the LASCO images. The acceleratiorf the LASCO CME is
factored into the extrapolations; however, de ection is nbincluded (see Figure 16).
Bottom Panel: The LASCO images are running-mean-di erenced and enhartté¢o
emphasize ows. The colored crosses correspond to the extoéated positions of the
XRT up ows. Ellipses indicate strong XRT/LASCO ow associations after using the
LASCO ow accelerations to extrapolate the XRT up ow positions. Note that the
colors in this gure correspond to the colors of the tracks ifrigure 25.

This minimally-biased method results in strikingly close ssociations between the
XRT and LASCO up ows (Figure 30, bottom panel). In addition, the up ow resulting
from the XRT disconnection event appears to closely correspd with the concave
upward feature following the CME (i.e. the CME \pinch-o point") which in turn

corresponds to the CME disconnection event described by Welet al. (2003 [60]).
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3.4. Discussion

Some standard eruptive are models consist of a ux rope whicis released as a
coronal mass ejection, generally due to some reconnectiartarring near the active
region. The ux rope eruption is followed by the formation ofa current sheet between
the CME and the growing underlying arcade along the polaritynversion line. The
arcade is formed when magnetic loops reconnect high in thernt sheet and then

retract to a less energetic con guration.

Figure 31: (a) PFSS model of the active region as it crossedethimb ( 08:00 UT
on 2008 April 7) using a source surface at 2.5 solar radii (lckadashed circle).Blue:
Heliospheric current sheet and its separatrix (dashed)Red: Spine lines extending
from the null point (r = 1.25 R ) (where the spine line and dome (green) intersect).
Green: Dome fan surface originating from the null point which endses all of the
closed eld originating from the active region's negative plarity. (b) Magnetogram
taken a week before the are. CE+ is the region of positive al that closes across
the equator to negative ux in the northern hemisphere. CD+/- are the regions of
positive/negative eld enclosed by the dome described abev The \Open Field"
region extends to the southeast of the active region.
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The \Cartwheel CME" are follows this general interpretation; however, inves-
tigating the 3-D nature of this are is important in order to understand the subtle
variations from the 2-D model, namely the apparent southwal progression of the
CCS. First, we invoke a PFSS model to get a general understang of the active
region's magnetic topology. The macroscopic eld is appraxated using a PFSS
model from the harmonic coe cients distributed by the Wilcax Solar Observatory.
The skeleton of this eld is shown in Figure 31 (a) for the actie region as it crossed
the limb (2 days prior to the are). Open eld crosses the souwre surface, located at
2.5 solar radii (black dashed circle), in regions of outwardnd inward ux separated
by the heliospheric current sheet (HCS) mapping down to theotar surface in helmet-
shaped separatrices (blue). The ux below this surface is egposed of closed eld
lines. In addition there is a single coronal null point locagd about 170 Mm (r = 1.25
R ) above the active region. The fan surface of this negative hpoint forms a dome
(green lines) overlying all the closed eld lines anchorediithe negative polarity of
AR 10989.

The photospheric image of the large-scale skeleton is inglied in Figure 31 (b)
on top of an MDI magnetogram from one week before the are, wheAR 10989
was visible on the disk. The image of the HCS separatrix (cyarivides positive
footpoints of the eld lines which close across the equatoiCg+) from open eld
lines. The footprint of the dome (green) encompasses the ol eld of the AR

which crosses the polarity inversion line (PIL, blue). The arth-south orientation of
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the PIL almost certainly persists until the time of the are, suggesting that the CS
is not seen edge-on.

Based on the magnetic eld topology of the active region, a enario for this are's
evolution can be described as follows: An eruption occurred the eld originally
under the dome. The eld opened by the CME then temporarily jmed the ux
from the large-scale \Open Field" region which extends to # southeast of the active
region. This conclusion is supported by SECCHI observatisnwhich show that the
lament initially moves southeastward towards the \Open Feld" (see Figure 16).
Removal of closed ux would result in the dome shrinking dowmard with the left
portion of the green curve in Figure 31 (b) likely moving to tle right. The excess
open ux resulting from this shift would not be energetical favorable; therefore,
reconnection began to occur (likely in the right to left diretion) to replenish the eld
lines in the CD region and to counteract the dome shrinkage. his reconnection is
observed as shrinking loops. The SECCHI images strongly g@st that the shrinking
of loops begins in the west and progresses southeastwardnglahe PIL. The lifting
of the dome to its initial con guration is observed as the ri;g of the post-eruption
arcade. Examples of an arcade brightening from end-to-engogressively along the
length of the PIL, are not new. See, e.g., Hanaoka et al. (19940]) and the more
recent analysis by Tripathi et al. (2006b [57]) referring tathem as \asymmetric

eruptions.”
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A schematic diagram for a 3-D interpretation of the \Cartwheel CME" are is
provided in Figure 32. A FOV closely matching that of XRT, rotated so as to focus
on the current sheet extending from the arcade, is shown in)(aThe outer corona
(unrotated) is shown in (b) to describe the LASCO C2 images. Aurrent sheet would
form along the PIL and between the erupted ux rope and arcadeThe current sheet
\boundaries" could extend outward from the ends of the deveping arcade. The
anchored legs of the ux rope are observed by XRT to slowly rate southward and
are shown in Figure 33. A very similar scenario is depicted lfyiaravella & Raymond

(2008 [3]) (see Figure 7 therein).
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Figure 32: Schematic diagram depicting a 3-D interpretatioof the \Cartwheel CME"
are as seen by (a) XRT (rotated view) and (b) LASCO. A currentsheet would form
along the polarity inversion line (PIL) and between the leashg edge of the erupted
ux rope and arcade. The boundaries of this current sheet ctil extend along the
length of the arcade.

XRT observes high temperature plasma. The Al/poly lter is £nsitive to plasma
at several millions of degrees K. It is unlikely that the curent sheet shown in Figure 32

would be emitting at such high temperatures except in regi@of active reconnection.
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Figure 33: Anchored legs of the ux rope slowly rotate southard (plane-of-sky)
through the XRT FOV.
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Figure 34: Evolution of the current sheet near the arcade dely matching a rotated
XRT FOV. The shrinking loops begin in the west and move soutlestward along
the polarity inversion line. The active current sheet indiates where reconnection is
occurring and would likely appear as a bright, thin linear fature in XRT images.

We noted above that the shrinking loops appear to begin in the/estern region and
move southeastward along the inclined PIL. Figure 34 showWw the current sheet
would look at di erent stages considering this southeast nimn. If only the active

portion of the current sheet (where reconnection is occung) were to be emitting at

high temperatures (Reeves et al. 2010 [36]), then a brighthit linear feature would
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Figure 35: (a) Typical eld in the neighborhood of the boundaes indicated by the
colored lines in the right panel. (b) 2-D slices of the dome dnspline lines (green
and red, respectively) from the PFSS model shown in Figure 3&). The null point

is indicated by a white triangle.

be observed by XRT and appear to move southward. This phenoman is exactly
what is observed; therefore, we propose that the current sktes not being physically
rotated. As noted in Section 3.1, near the middle of the XRT imge sequence, the
CCS appears fan-like (see Figure 19) which could indicate ftiple regions of patchy
reconnection. Also, the shrinking loops early in the imagequence appear to be dark
while later they appear bright. We speculate that this may bedue to an increased
density available in the current sheet as the are progressehrough processes such
as chromospheric evaporation.
2-D slices of the dome and spline lines are shown in Figure 3Bhathe null point

symbolized by the white triangle in (b). In a 2-D model, a curent sheet would be

oriented along a bisector between the green and red curveqlr); however, the actual
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eld is not potential so the location of the current sheet wold not exactly match this

prediction. This null point is overlaid onto the track compaite images in Figure 36.

(b) (c)

Figure 36: Track composite images from Figure 25 with the riuboint overlaid.

3.5. Summary& Conclusions

Down owing oblong voids have been observed with SXT and TRAE above ar-
cades resulting from long-duration aring events. Similarows have been observed on
much larger scales with LASCO although not always in assoti@n with are arcades
(McKenzie & Hudson 1999 [30]; McKenzie 2000 [29]; McKenzie Savage 2009 [31];
Asai et al. 2004 [1]; Khan et al. 2007 [17]; Sheeley, Warren, \&ang 2004 [46]).
These features, known as supra-arcade down ows (SADs), leabeen interpreted as
the cross-sections of individual shrinking magnetic loopas they retract from the
reconnection site high above the arcade. The dark loops sesgrly in the image se-

guence are consistent with the \shrinking empty loop" discssion pertaining to SADs
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in McKenzie (2000 [29]) and the spectral measurements of Emet al. (2003a [14]).
The brightening of the ows in the middle of the sequence (appximately 3 hours
after the ux rope release) may have resulted from increasetknsity in the current
sheet as the are progresses through processes such as claspheric evaporation.

Figure 37, adapted from McKenzie & Savage (2009 [31]), givgsantitative es-
timates of pertinent parameters that describe this scenaribased on a small sample
size. The viewing angle for SADs with respect to Figure 37 (& from the side (i.e.
nearly perpendicular to the arcade). If this scenario is caect, then for the 2008 April
9 event, the viewing angle is face-on to the loops (i.e. alotige axis of the arcade)
SO as to observe supra-arcade down owing loops (SADLs) asosm in Figure 37 (b).
The perpendicular viewing angle is supported by the obseman of shrinking loops
in XRT and SECCHI as well as the magnetic eld con guration deived with the
PFSS modeling (see Figure 25 (b)). The available relevantformation obtained for
this event has been labeled in the gure.

This are is fairly unusual in that it occurred behind the limb in XRT allowing
for better image quality high above the arcade with supportrom STEREO A obser-
vations of the are on the limb. Under these circumstances, eelatively faint, thin
candidate current sheet (CCS) is observed in XRT and the hdigat which the ows
are rst detected is increased from that of the previously4aalyzed SADs thereby

increasing the overall length of the down ow path as well. T striking similarity
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(a)
SADs
Area ~ 107 km?
Speed ~ 102 km/s
AL ~ 10* km
AW ~ 10?7 ergs
Arcade
\ B Flux ~ 108 Mx
Magnetic Flux
Tubes
(b)
'l /
Arcade - .
// Magnetic Flux
Tubes
SADLs
Speed ~ 102 km/s
AL ~10* - 105 km

Figure 37: (a) Schematic diagram of supra-arcade down ow$SADS) resulting from
3-D patchy reconnection. Discrete ux tubes are created, wth then individually
shrink, dipolarizing to form the post-eruption arcade. Thaneasured quantities shown
are averages from the following events: 1999 January 20 (K%5.2000 July 12 (M1.5);
2002 April 21 (X1.5) (McKenzie & Savage 2009 [31]). (b) Scheic diagram of supra-
arcade down owing loops (SADLS) also resulting from 3-D pahy reconnection. The
measured quantities are averages from the are occurring hied the western limb
on 2008 April 9. Note that the viewing angle is perpendiculato that of the SADs
observations.
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between the speeds and path lengths o ers support to the arment that these two
observational features are di erent views of the same phemnon.

Additionally, we observe a disconnection event which we ietpret as a recon-
nection out ow pair. We believe that this is the rst clearly-observed reconnection
out ow pair observed so near to the solar surface along a datty observable SXR
current sheet. The relatively narrow initial height range ( 100 Mm) with respect to
the CCS extent (see Figure 23) combined with the reconnecticut ow pair obser-
vations seems to imply patchy reconnection with a relativgl localized acceleration
region. The possible correspondence of up ows observed tmpagate from within
the XRT FOV into the LASCO FOV, notably the up ow associated with the LASCO
CME \pinch-o point", also support this statement.

Reports of impulsive-phase RHESSI double coronal sourceavé been made by
other authors (e.g. Liu et al. 2008 [26]; Sui, Holman, & Densi2004 [52]; Sui
& Holman 2003 [51]) with the lower source corresponding to ¢htop of the rising
arcade and the upper source possibly corresponding to an exsding reconnection
out ow or an ejected plasmoid. We note that these upper corat sources have paths,
speeds, and placements relative to the arcade similar to theight plasmoid structure
tracked as the eruption front for the \Cartwheel CME" are (Figure 2). This is
consistent with the extrapolated position of one coronal soce from the 2002 April
15 are (Sui, Holman, & Dennis 2004 [52]) which was calculadeto roughly track

with a coronal loop observed by LASCO (similar to Figure 16 ¢p)). Sui, Holman,
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& Dennis (2004 [52]) conjecture that \the outward-moving cmnal source is part of
an ejected plasmoid (or a large-scale, helically twisteddp) with two ends anchored
on the Sun...". This inference of \an ejected ... large-sal helically twisted loop"
matches our interpretation of the 2008 April 9 eruption inv&ing an erupted ux rope
(Figure 32).

Liu et al. (2008 [26]) also report that their source closer tthe solar surface has
a larger emission measure than the higher one. These resudi® consistent with
our \Disconnection Event" observations (see Section 3.2)here the up ow portion
is much dimmer and more di use than its down owing counterpat. Indeed, all of
the up ows for this are are dim compared to the bright down ows. This may be
due to the di culty in detecting the up ow signal based on its location high in the
corona or possibly due to less compression from lower sumding coronal densities.
It is also worth noting that a non-radial, southward evoluton of the loop-top source
is reported for the ares in Sui, Holman, & Dennis (2004 [52]jFigure 10 therein).
The source of this divergence may have a similar mechanismthat proposed for the
apparent southward drift of the CCS for this are (Figure 20)

We interpret the basic standard picture of this eruptive are as being initiated
by the release of a ux rope by some means. As the ux rope esepinto the
outer corona, a current sheet forms in its wake. Stretched maetic eld lines are
swept together into the current sheet where reconnection aas. This reconnection

results in the formation of pairs of cusped, looped eld lire each moving in opposite



86

directions along the current sheet. The loops retracting teard the solar surface form
the post-eruption arcade while their companion loops are syt into the outer corona
along with the erupted ux rope. The post-eruption arcade ftlows the direction of
the active region's polarity inversion line (PIL). The curent sheet also follows this
direction as it spans the top of the developing arcade.

The \Cartwheel CME" are o ers a unique glimpse into nearly every facet of
this aring process due to long image exposures made possillly the limb occulta-
tion of the bright footpoints. The event is observed by seval instruments (TRACE,
STEREO A/SECCHI, Hinode/XRT, and LASCO). SECCHI observes the onset of
the ux rope eruption near the solar surface. The formation fba candidate current
sheet is seen by XRT, and we provide a possible explanatiornr fts apparent south-
ward progression being due to its position along an inclinelL. (See Landi et al.
(2010 [20]) for additional analysis of the CME.) Shrinkingdops are very clearly seen
in the XRT and SECCHI observations. Although typically verydi cult to detect due
to the low signal to noise above the aring region, XRT is abléo observe ows moving
outward along the current sheet with one even clearly assated with a down ow.
These up ows track into the outer corona where they appear toorrespond with out-
ows seen by LASCO. Finally, a post-eruption arcade develgpwithin both the XRT
and SECCHI FOV. Any one of these observations provides an amngent in favor of
3-D patchy reconnection are models; however, all of thesalten together makes the

\Cartwheel CME" are a very compelling candidate as direct poof of reconnection.
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QUANTITATIVE EXAMINATION OF A LARGE SAMPLE OF
SUPRA-ARCADE DOWNFLOWS IN ERUPTIVE SOLAR FLARES

4.1. Introduction

Long duration aring events are often associated with dowrowing voids and/or
loops in the supra-arcade region (see Figure 38 for exampleages) whose theoretical
origin as newly reconnected ux tubes has been supported bpservations (McKenzie
& Hudson 1999 [30]; McKenzie 2000 [29]; Innes et al. 2003a][A&ai et al. 2004 [1];
Sheeley, Warren, & Wang 2004 [46]; Khan et al. 2007 [17]; ResySeaton, & Forbes

2008 [37]; McKenzie & Savage 2009 [31]; Savage et al. 2010).[40

Figure 38: (a) Example image from the 2002 April 21 TRACE areshowing supra-
arcade down ows (SADs) enclosed within the white box. (b) Exmple image from
the 2003 November 4 are with supra-arcade down owing loop6SADLS) indicated
by the arrows. The left panel of each set is the original imagé& he right panel has
been enhanced for motion via run-di erencing and scaled fa@ontrast.
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The down owing voids, (a.k.a. supra-arcade down ows (SAD3, dier in ap-
pearance from down owing loops (a.k.a. supra-arcade dowowing loops (SADLS));
however, the explanation for this can be derived simply frorobservational perspec-
tive. If the loops are viewed nearly edge-on as they retrachitough a bright current
sheet, then SADs may represent the cross-sections of the SA§see Figure 39). Since
neither SADs nor SADLs can be observed 3-dimensionally, ping this hypothetical
connection is not possible with a single image sequence. tewer, their general bulk
properties, such as velocity, size, and magnetic ux, can beeasured and should be
comparable if this scenario is correct. Moreover, measugirthese parameters for a
large sample of SADs and SADLSs yields constraints that are efsil for development
of numerical models/simulations of 3D magnetic reconnecti in the coronae of active

stars.

Figure 39: (a) Cartoon depiction of supra-arcade down owsSADS) resulting from
3-D patchy reconnection. Discrete ux tubes are created, wth then individually
shrink, dipolarizing to form the post-eruption arcade. (b)Cartoon depiction of supra-
arcade down owing loops (SADLS) also resulting from 3-D pahy reconnection. Note
that the viewing angle, indicated by the eye position, is p@endicular to that of SADs
observations.
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Figure 40: Diagram depiction illustrating the possible reson for the lack of bright

SADs despite observations of bright SADLs with a snapshot @ loop shrinking

through a bright current sheet with a viewing angleTop: along the arcade axis and
Bottom: perpendicular to the axis. (Di erent scales) The loop is bght on the left of

both panels and dark on the right. Because the current sheet thin and in a region

of low signal, the bright loops are easier to observe alongettarcade axis which is
opposite for the dark loops.

While bright shrinking loops (SADLS) are often observed asell as dark ones when
the background has been su ciently illuminated, bright SADs are rare. A possibility
for the reason behind this lack of bright SADs observations igiven in Figure 40.
In order to view SADs, the loops are viewed edge-on to their ap cross-sections
as they travel through the bright current sheet which proviés a bright background.
Consequently, if the loops are as bright as the current shee¢hen they blend in with
the background and are di cult to observe. Conversely, beaase the current sheet is
thin, viewing it edge-on gives the appearance of a bright, ih line surrounded by a
dark background against which the bright loops can be seenh@& coronal background

itself would need to be su ciently illuminated in order to observe dark loops as they
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retract. This is often not the case, however, because durirgg are, the footpoints are
so bright that the exposure durations applied to the imagesra not long enough to
result in any signi cant coronal background signal.

In this chapter we provide a list of 62 ares observed by sewarinstruments con-
taining down ow signatures. We analyze ows from 35 of theseares and present
comparative results of general bulk properties, includinmagnetic ux and shrinkage
energy estimates, from SADs and SADLSs in Section 4.2. Thesengparisons provide
compelling evidence linking SADs to SADLs and constraintsno are magnetic re-
connection models. Possible trends in the data are specwdtin Section 4.2.2. The
e ect of simple drag on the loops is investigated in Section2.4 as a possible reason
for the slow down ow speeds. Finally, some loop cooling obisations are presented
in Section 4.2.5 relating the appearance of shrinking loopsid the brightening of the

arcade.

4.1.1. Observations

Because SADs and SADLs are located in regions of extremely looronal emission
near bright, dynamic sources, measurements for any one oweanaturally associated
with a high degree of error. Therefore, in order to identify @y trends in the data,
analysis of several ows from each of many ares must necesba be performed.
Table 2 contains a list of ares which have been noted to disgy down ow signatures
(i.e. observable SADs, SADLSs, or swaying fan above the ar@ds suggested by Khan

et al. (2007 [17])). Several of these ares were selectedrfriKhan et al. (2007 [17])
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(see Table 1 therein) and were supplemented from McKenzieO@ [29]) as well as
by personal are data investigation. Some ows from the Kharet al. (2007 [17]) list
were excluded from this study if the presence of ows was nobir rmed by visual
inspection.

The majority of the ares are from SXT observations. Under tle \Filter" heading
in Table 2, the \Q-", \H-" and the \F-" preceding the Iter ind icate whether the
images examined are quarter-, half-, or full-resolutiongespectively (where Q = 9.8,
H=4.9, & F = 2.5 arcsec/pix). The SXT resolution is about 2 10 times poorer than
either TRACE (0.5 arcsec/pix) or XRT (1 arcsec/pix) (dependng on SXT resolution);
however, it was operational during two solar maxima (unlikeXRT to date which has
been operational primarily during an unusually quiet solaminimum) and observed
hotter plasma than TRACE. Having the capacity to observe thehot plasma in the
current sheet increases the height of ow observations. Avieof the ares lack GOES
assignments either because the SXR output was too low or theotpoints were too
far beyond the limb to measure any signi cant signal.

Note that the TRACE ares in Table 2 are extremely energetic &s indicated by
their GOES X1.5+ classi cations). In addition, the TRACE a res are observed with
the 195A Iter which has temperature response peaks both in the .5 2 MK and
11 26 MK bandpasses. The high energies result in very high tenmpaure plasma

detectable above the underlying post-eruptive arcade. Thacreased intensity in the
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supra-arcade region, presumably within the current sheeRgeves et al. 2010 [36]),
provides a bright background against which to observe the dadown ows.

Not all of the ares listed are suitable for tracking ows dueto various factors (e.g.
cadence, ow visibility, are position, image quality, etc.). The last column of Table 2
indicates whether analysis of a are was performed using tlsemi-automated routines
described in Section 2.2 or a supplementary manual-trackjnroutine. Flows for 35
out of the 62 ares were evaluated. Table 3 includes a list ohe analyzed ares from
this study. Whether the ows were determined to be clearly stinking loops (SADLS)
is indicated in the table so that the SADs results can be compad with those of the
SADLs. (Both SADs and SADLs are clearly observed in the 2002pAl 21 TRACE
event.) Also indicated is the position of the are on the SunFlares beyond the limb
are given a limb designation for the instrument FOV. Flares ccurring on the disk
(within 50 from disk center) yield unreliable trajectory informationdue to the
inability to accurately measure heights above the surfacéyerefore, their results are
treated as detections only and removed from the following aistical analysis.

It should be noted that the number of ows being reported arelose that were
deemed to be the most reliable and complete although additial ows (> 50) have
been processed. Inevitably, only a small percentage of thews could be tracked for
most ares due to noise, image quality, cadence, etc. { hendke need to process
many ares in order to build up a catalog of ow parameters. Tk high resolution

(0.5 arcsec/pix), high energy (GOES X1.5+) selected TRACE ares yield by far the
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highest number of clearly de ned, easily-trackable SADs ahSADLs, but even in
those ares, there is substantial untrackable down owing mtion whose shrinkage
energy contribution cannot be included in the nal total estmates. This motion is

primarily present during the impulsive phase of the are.



Table 2: List of ares exhibiting down ow signatures.

# YYYYMMDD Approx. Time AR GOES FOV Coords Instrument Filter Analyzed
1 19911216 12:30 - 14:30 06972 M3.2 E88 S08 SXT H-Al12

2 19920731 00:45 - 05:30 07244 EO5 S00 SXT Q-Al.1

3 19921102 05:00 - 11:00 07321 X1.9 W90 S27 SXT H-AlL.1

4 19930514 22:00 - 00:00 07500 M4.4 W50 N17 SXT H-AlMg

5 19930624 07:45 - 08:30 07529 M9.7 E74 S14 SXT H-AlMg

6 19940227 09:00 - 10:00 07671 M2.8 W88 N09 SXT H-AlMg

7 19980420 09:15 - 11:00 08202 M1.4 W92 S23 SXT H-AlMg

8 19980423 05:30 - 07:15 08210 X1.2 E91 S18 SXT H-AlMg X
9 19980427 09:30 - 12:00 08210 X1.0 E54 S17 SXT H-AlMg X
10 19980506 07:30 - 10:00 08210 X2.7 W65 S12 SXT H-AlMg X
11 19980509 03:00 - 06:00 08210 M7.7 W91 S19 SXT H-AlMg X
12 19980816 18:30 - 19:30 08306 M3.2 E94 N30 SXT H-AlMg X
13 19980818 22:15 - 00:30 08306 M5.4 E94 N32 SXT H-AlMg

14 19980920 02:30 - 03:30 08340 M1.9 E62 N20 SXT H-AlMg

15 19980930 13:15 - 14:15 08340 M2.9 W92 N20 SXT H-AlMg X
16 19981123 11:00 - 12:30 08392 M3.2 E60 S24 SXT H-AlMg X
17 19981223 05:45 - 07:45 08421 M2.3 E89 N23 SXT H-AlMg X
18 19990120 19:00 - 23:00 08446 M5.2 E87 N29 SXT H-AlMg X
19 19990216 13:15 - 04:15 08458 M3.3 W17 S27 SXT H-AlMg

20 19990503 06:00 - 07:00 08530 M4.4 E47 N20 SXT H-AlMg X
21 19990508 11:15-11:30 08541 M1.6 E78 N20 SXT H-AlMg

22 19990508 14:30 - 15:00 08526 M4.7 W80 N19 SXT H-AlMg

23 19990511 21:45 - 22:15 08542 C1.6 E87 S20 SXT H-AlMg

24 19990725 13:00 - 14:00 08639 M2.4 W93 N36 SXT H-AlMg X
25 19991128 18:15 - 22:15 08771 M1.6 W89 S14 SXT H-AlMg X
26 19991207 01:00 - 01:30 08781 Cc8.7 W89 S10 SXT H-AlMg

27 20000101 15:00 - 00:00 EN LASCO 0+C X
28 20000222 20:15 - 21:30 08882 M1.1 E82 S19 SXT H-AlMg X
29 20000712 02:30 - 03:45 09087 C5.3 E89 S11 SXT H-AlMg X
30 20000712 21:00 - 22:00 09066 M1.9 W86 N15 SXT H-AlMg X
31 20000930 17:45 - 18:45 09178 M1.0 E85 S32 SXT H-AlMg

G6



Table 2 Continued.

# YYYYMMDD Approx. Time AR GOES FOV Coords Instrument Filter Analyzed
32 20001016 06:30 - 07:30 09193 M2.5 NO5 W75 SXT H-AlMg X
33 20001025 14:00 - 18:00 09199 c2.1 W69 N10 SXT F-AlMg

34 20001108 23:15 - 00:15 09213 M7.5 W90 N10 SXT H-AlMg X
35 20001125 01:00 - 02:30 09240 M8.3 E51 NO8 SXT H-AlMg

36 20010119 17:15 - 18:15 09313 M1.2 E58 S08 SXT H-AlMg

37 20010402 21:15 - 22:00 09393 X20 W70 N16 SXT H-AlMg X
38 20010402 23:45 - 02:30 09393 M1.2 W70 N16 SXT H-AlMg X
39 20010403 03:30 - 07:15 09415 X1.2 E89 S22 SXT H-AlMg X
40 20010404 10:00 - 12:00 09415 M1.6 E59 S22 SXT H-AlMg

41 20010405 20:45 - 23:30 09415 M5.1 E47 S21 SXT H-AlMg

42 20010626 15:00 - 19:00 E90 S20 SXT F-AlMg X
43 20010825 16:30 - 17:00 09591 X5.4 E28 S18 SXT H-AlMg

44 20010927 10:00 - 15:00 09628 M1.0 W39 S18 SXT F-AlMg X
45 20011001 04:30 - 11:30 09632 M9.1 W75 S18 SXT H-AlMg

46 20011009 11:00 - 11:30 09653 M1.4 E11 S22 SXT H-AlMg X
47 20011030 19:00 - 21:00 09687 C5.0 E90 S19 SXT H-AlMg X
48 20011101 14:00 - 17:30 09687 M1.8 E90 S19 SXT H-AlMg X
49 20011109 18:30 - 19:15 09687 M1.9 W31 S19 SXT H-AlMg X
50 20011214 09:45 - 10:15 09742 M3.6 E90 NO9 SXT H-AlMg

51 20020421 01:00 - 03:00 09906 X1.5 W91 S14 TRACE 195 X
52 20020723 00:15 - 01:30 10039 X4.8 E54 S12 TRACE 195 X
53 20031104 19:45 - 23:45 10486 X17 W89 S17 TRACE 195 X
54 20061212 20:00 - 23:00 10930 W21 S05 XRT Thin-Be X
55 20061213 02:30 - 05:00 10930 X3.4 W35 S06 XRT Thin-Be X
56 20070313 01:00 - 11:00 10946 W86 NO7 XRT Ti-Poly

57 20070509 03:00 - 06:00 10953 W91 S11 XRT Ti-Poly X
58 20070520 19:45 - 20:30 10956 W21 N02 XRT Ti-Poly X
59 20071217 06:00 - 10:00 10978 c2.2 W79 S10 XRT C-Poly

60 20071218 06:00 - 10:00 10978 W91 S09 XRT C-Poly

61 20080409 08:00 - 18:00 10989 W90 S18 XRT Al-Poly X
62 20100613 02:00 - 05:30 11081 W72 N24 XRT Ti-Poly X

96
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Table 3: List of analyzed ares

# YYYYMMDD  Instrument # of Flows SADs SADLs Limb  Disk
1 19980423 SXT 10 X E
2 19980427 SXT 7 X E
3 19980506 SXT 8 X w
4 19980509 SXT 3 X w
5 19980816 SXT 8 X E
6 19980930 SXT 5 X w
7 19981123 SXT 5 X E
8 19981223 SXT 7 X E
9 19990120 SXT 25 X E
10 19990503 SXT 14 X E
11 19990725 SXT 6 X w
12 19991128 SXT 6 X w
13 20000101 LASCO 11 X E
14 20000222 SXT 6 X E
15 20000712 SXT 7 X E
16 20000712 SXT 10 X w
17 20001016 SXT 6 X w
18 20001108 SXT 2 X w
19 20010402 SXT 11 X w
20 20010403 SXT 5 X E
21 20010626 SXT 9 X E
22 20010927 SXT 4 X w
23 20011009 SXT 2 X

24 20011030 SXT 3 X E
25 20011101 SXT 4 X E
26 20011109 SXT 2 X w
27 20020421 TRACE 48 X X w
28 20020723 TRACE 53 X E
29 20031104 TRACE 60 X w
30 20061212 XRT 6 X

31 20061213 XRT 6 X

32 20070509 XRT 2 X w
33 20070520 XRT 1 X

34 20080409 XRT 16 X w
35 20100613 XRT 9 X W




98

4.1.2. Source®f Uncertainty

Several variables were measured for each ow including hkigvelocity, accelera-
tion, area, magnetic ux, and shrinkage energy. A descriptin of these measurements
can be found in Section 2.2. Flows that were either too di cul for the automatic
routine to follow or contained shrinking loops were trackeananually instead. Al-
though conservatively determined by visually judging the ross-sectional diameters
and extrapolating a circular area, areas assigned manuabye typically smaller than
those determined using the automatic threshold techniquell of the manually eval-
uated ows are assigned a single area per are whereas the antatically determined
areas vary in time. The manual trajectories are thus better ekiermined though the
ow sizes are not temporally exible. This is especially tre with SXT data because
of the low spatial resolution. As noted in Section 2.3, degding the resolution of
TRACE images to that of SXT's half-resolution leads to ow aeas comparable to
that of SXT. The result is that several smaller ows become utetectable, some ows
that are near one another spatially are combined, and sevér the ow \heads" are
merged with their trailing \tails" making them appear larger. The square root of the
largest area extent is used as the error on the ow positions.

An additional large source of error is the initial height loation. This height is
biased by instrument-dependent detection capabilities (@ dynamic range and FOV)
and is limited by the low emission high above the arcade. Thaitial height detection

limits the path length of the measured ow trajectory which s used in the shrinkage
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energy calculation. Of larger consequence, the initial gt determines the initial
magnetic eld invoked from the PFSS model (Schatten et al. B8 [41]; Schrijver
& DeRosa 2003 [42]) to calculate the ux and shrinkage energyThe \Cartwheel
CME" are from 2008 April 9 (see Chapter 3) is a nice example olbeing able to
observe near the actual ow initiation region due to long expsure durations enabled
by limb-obscured footpoints. This is a rare example, howenebecause active regions
are not often observed for long after crossing the westernlaolimb and it is di cult
to anticipate ares prior to crossing the eastern limb. AlA,an EUV imager aboard
the recently-launched Solar Dynamics Observatory (SDO), iWimprove the number
of these necessary limb observations since it observes tak $olar disk continuously.
Also noted in Chapter 2, the PFSS model itself is another sotg of uncertainty
considering that the ows are associated with aring activeregions which are expected
to be non-potential. It was estimated that the uncertaintiess from the model do
not exceed about 30% (Priest, private communication). Theatger contributions
to the magnetic eld uncertainty are therefore the height iput into the model, the
footpoints assigned to the ows, and the are's position on lte Sun. Limb ares
provide the optimum viewing angle for ow detections; howesr, the magnetograms
used to extrapolate the magnetic elds into the corona are nme reliable on the disk.
Additionally, modeling for the east limb is even less relidb because magnetograms
prior to the are are unavailable. This discrepancy is shownn Figure 41 as the

footpoint used for an X-class east limb are (2002 July 23) isircled in panel (a)
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Figure 41: Radial magnetic elds derived from PFSS magnetield modeling for the
active regions producing ares observed by TRACE on a) 20021y 23, b) 2002 April
21, and c) 2003 November 4. The initial height of the rst ow per are was used to
create the gures. The footpoint region is circled. The wedtmb event in (a) predicts
much weaker elds than the other two east limb events.

while the footpoints for X-class west limb ares (2002 April21 & 2003 November
4) are circled in the bottom two panels. The initial height ofthe rst ow per are
was used as a basis for the magnetic eld represented in thengds. There is some

variance, however, in the initial magnetic eld strength béveen ows because the eld
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extrapolation depends on initial height. Note the strong mgnetic eld indicated by
the magnetograms for the west limb ares compared to that ofrte east. Several of
the ares in Table 3 occurred on the east limb (coordinates arshown in Table 2).
Magnetic elds are still estimated for these ares. The e et of the underestimated
magnetic eld becomes apparent in Figure 44 (c).

Velocity results may be biased by the inability to track owsthat are so fast they
only show up in one frame or so slow that they are unobservabie the di erence
images. Most ows appear to be moving well within these constints. Flows with
areas near the resolution of the instrument are also di cultto detect which con-
tributes an additional bias to the statistics. The obvious mstrumental e ect on area

measurements is shown in Figure 43 (a).

4.2. Analysis

Considering these substantial uncertainty sources, ow nasurements should be
taken as imprecise; however, the large number of fairly wale ned ows (total of 387)
tracked in the ares listed in Table 3 make it possible to conder ranges and trends
in the data. Only the limb ares are considered hereafter wich reduces the total
number of ows to 372. The up ows tracked and analyzed for XRT2008 April 9 (see
Section 3.3.2) were also excluded bringing the total numbef ows to be considered

in the following sections to 369.
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The Appendix containing the tables of measurements and hegrams are di-
vided as follows: 1) Average de-projected velocity; 2) Inél de-projected velocity;
3) Acceleration; 4) Area; 5) Initial height; 6) Change in haght; 7) Magnetic ux; 8)
Shrinkage energy. These plots are in turn divided by instruent combinations: 1)
SXT; 2) TRACE; 3) XRT; 4) LASCO; 5) SXT & XRT; 6) SXT, XRT, & TRAC E;
7) SXT, XRT, TRACE, & LASCO. SXT and XRT are plotted together b ecause they
have similar wavelength bandpasses providing a visual coarpson between SXRs and
EUV. Not all histograms are provided with LASCO data due to it distinct observa-
tional characteristics { namely height and low resolution.The histograms are further
subdivided into SADs versus SADLs except that the magnetiaiormation plots are
divided by east versus west limb instead. Each section of tograms is preceded by
a table providing statistical information.

Note that all positional information is provided based uponthe centroid of a
trough location. Theoretically, tracking the head of the tough would constitute a
more accurate assessment of its position because the ceidtrposition may include
portions of the growing wake behind the actual shrinking Igm which could cause
the velocities to appear slightly smaller. However, the aomated routine relies on
thresholds to determine the areas, and since each image isledst slightly di erent
{ especially when the exposure durations vary { the heads b@me much less reliable
positions than the centroids. Because the areas are all thanse for the manual

routine, the centroid and head positions are merely shifteifom one another.
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4.2.1. Synthesiof FrequencyDiagrams

The following plots synthesize the results of the tables pvaed in the Appendix
into a more informative composition. Each plot shown in Figres 42, 43, and 44 con-
sists of a quatrtile plot in the left panel and a histogram in tle right. For the quartile
plots, the measurement is plotted against the instrument @mbination) being con-
sidered (S: SXT; X: XRT; T: TRACE; L: LASCO; All: S&X&T&L). Fo r Figures 42
and 43, the left [red or purple] box-and-whisker range per strument (or instrument
combination) represents SADs measurements while the rigfiilue or purple] one rep-
resents SADLs measurements. For Figure 44, the east [pinkgneen] and west [olive
or green] limbs are compared instead of SADs to SADLs. The dis (or whiskers)
extending from the boxes indicate the full range of the data.The boxes span the
range of the middle 50% of the data. The [white] line throughhe box indicates the
median of the data. Along the top of these plots, the number obws used to derive
the associated measurements is labeled. The combinatiortiod data in the nal two
[purple or green] box-and-whisker plots is contained withithe histogram panel. The
median of the histogram is displayed in the legend.

LASCO measurements are not included in Figures 43 or 44 sinitg resolution
(11.4 arcsec/pix) is so much poorer and its observationalgene high above the limb
(> 25 R for C2) is so very dierent from that of the other instruments making
comparisons more complicated. Deriving magnetic elds aush heights is not appli-

cable with our method either plus determining precise footpnts without coincidental
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data from other instruments is nearly impossible. The totahumber of ows under

consideration after removing those observed by LASCO is 358

Velocity & Acceleration. There is general agreement between SADs andl[8.s,

the instruments, and the SXR versus EUV bandpasses for theexage velocity, initial
velocity, and acceleration measurements (Figure 42). Notbat the initial velocity
and acceleration plots do not incorporate all 369 availablews. Instead, only those
ows tracked in at least 5 frames were included because theseasurements rely on
tting the trajectories to a 2D polynomial t. Using fewer th an 5 points leads to
unreliable results. Also note that a positive down ow accefration means that the

ow is slowing.

Area. A strong correspondence between instrument resoloti (SXT: 2.5 - 4.9 arc-
sec/pix; XRT: 1 arcsec/pix; TRACE: 0.5 arcsec/pix) and measred area is shown in
the initial area quartile plot (Figure 43 (a)). The SADLs and XRT SADs area mea-
surements are very strongly peaked due to their manual assigents { hence the lack

of distinct quartiles.

Height. The initial height ranges (Figure 43 (b)) show decdragreement between

the ranges; however, there is a fair amount of scatter in the edians which requires
more detailed understanding of the analyzed ares to explai The initial heights for
both SADs and SADLs observed by SXT o er very good agreemenXRT observa-

tions, while agreeing with SXT's range of initial heights, Isow no agreement between
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SADs and SADLs. This discrepancy is due to a combination ofdeors: 1) XRT has
observed very few SADs as yet. 2) XRT observations are rarety ciently exposed
to illuminate the supra-arcade region; therefore, XRT SAD&ave only been observed
nearer to the solar surface. 3) The SADLs observed by XRT aresdved from the
\Cartwheel CME" are (Chapter 3) during which the footpoint s were obscured by
the limb enabling very long exposure durations. In fact, theisconnection event asso-
ciated with this are (Section 3.3.2) was observed at nearl{90 Mm above the solar
surface, which is at the max of the combined instrument range TRACE's tempera-
ture coverage targets plasma on order of 1 MK with some oveplan the 11 - 26 MK
range with the SXR imagers. The image exposure durations aatso optimized to
observe the aring region near the solar surface. Conseqtignthe observed initial
heights of SADs and SADLs measured with TRACE are limited tote region near
the top of the growing post-eruption arcade where the hot ptamna in the current sheet
is most illuminated. This results in initial heights lower than many of those reported
for SXT and XRT.

The change in heights shown in Figure 43 (c) are naturally a& and FOV depen-
dent. Even so, there is general agreement between SADs, SADland instrument
except for XRT. The explanation for this XRT discrepancy is he same as that for
the initial height XRT discrepancy described above (i.e. tb ows for the \Cartwheel

CME" are could be tracked further through the FOV).
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Magnetic Measurements. The initial magnetic eld histograms are noindividu-

ally provided in the Appendix. Figure 44 (a) is provided as aigual reference only for
the initial magnetic elds which are used to calculate the mgnetic ux ( = B A,
Figure 44 (b)) and the shrinkage energy (W = B2A L=8 , Figure 44 (c)). The
initial magnetic eld estimates for the TRACE ares are larger than the majority of
those from SXT and XRT because 1) the TRACE ares analyzed ar@ighly ener-
getic according to their GOES classi cations and 2) the owsare observed closer to
the surface (see Figure 43 (b)) where the magnetic eld is stnger according to the
PFSS model (Schatten et al. 1969 [41]; Schrijver & DeRosa 3@2]). East and west
limb measurements are compared in Figure 44 to show the e eot using less reliable
east-limb magnetograms. The tendency for west limb ares tbave stronger initial
magnetic eld estimates is noticeable in Figure 44 (a) and caes through into the
initial magnetic ux and shrinkage energy plots (b & c, respetively). The dichotomy

is most noticeable in the shrinkage energy estimates due toetB? component.
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Figure 42: Synthesis of the de-projected trajectory inforation from Table 4. a)
De-projected average velocity. b) De-projected initial Fecity. c) De-projected accel-
eration. (Refer to the text for a detailed description of thee gures.)
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Figure 43: Synthesis of the area and height information froffable 4. a) Initial area.
b) De-projected initial height. ¢) De-projected change in éight. (Refer to the text
for a detailed description of these gures.)
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Figure 44: Synthesis of the magnetic information from Tabld. a) Initial magnetic
eld. b) Initial magnetic ux. c) Shrinkage energy. (Refer to the text for a detailed
description of these gures.)
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4.2.2. Trends

The following gure presents some of the interesting trendgdom analysis of the
down ow data. Contained within the legends are the number ofows used to create
the plot (#), the Spearman rank order correlation coe cient (S), the Spearman
chance probability (%), and the Pearson linear correlatiorroe cient (P) (Hogg &
Craig 1995 [12]). The coe cients can range from 0 to 1 with 1 idicating a perfect
correlation. The Pearson coe cient applies to linear trend. Negative coe cients
indicate anti-correlations between the parameters. The elmce probability quanti es
the likelihood of the data order occurring randomly. LASCO ows are only included in
Figure 45 (d). The number of ows used in panel (a) is based onbn those measured
with the automatic threshold technique. Panels (b), (c), ad (d) only include ows
detected in at least 5 frames.

The apparent inverse relationship between eld strength ash ow area shown in
Figure 45 (a) may be an artifact due to the larger detectableraas at higher heights
(instrument independent). It is unclear as to whether thiss a real e ect or a result
of poor signal to noise at such heights. The lack of directly @asurable magnetic
eld strengths may also be skewing the data set. If the trendrém Figure 45 (a) is
real, then it suggests that a lower magnetic eld strength reults in a longer di usion
time (i.e. the amount of time that ux is able to reconnect) thereby allowing the ux

tubes to increase in size.
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Figure 45: Selected trend plots. (a) Initial area (only for hose measured via the
threshold technique) versus initial magnetic eld strengt. (b) Initial de-projected
velocity versus initial magnetic eld strength. (c) Initial de-projected velocity versus
initial de-projected height. (d) Initial de-projected vebcity versus elapsed time. (e)
Initial de-projected height versus elapsed time. The elapd time is the time from the
initial ow observation per are. Contained with the legends are the number of ows
used to create the plot (#), the Spearman rank order correladn coe cient (S), the
Spearman chance probability (%), and the Pearson linear aetation coe cient (P).
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Figure 45 (b) shows a very slight visual trend in favor of higér velocities with
larger magnetic eld strengths although the correlation ce cients do not support a
trend. Few velocity measurements are available for very lge magnetic elds. The
lack of a strong trend is not so surprising, however, consiileg that the higher eld
strengths are associated with low heights, and these low tial heights are generally
associated with ows near the top of the arcade where they astowing considerably.
More precise initial positions would be required to verify @y link between speed and
eld strength.

Plotting the initial velocity against the initial height (F igure 45 (c)) also reveals a
lack of correlation. These parameters, however, are highégnsitive to precise initial
positions. There does appear to be a drop in speed at heightsoae 150 Mm. The
disconnection event from the \Cartwheel CME" are (Chapter 3) occurred near 190
Mm. Itis possible that there is a region of ow acceleration sit exits the reconnection
site and before it slows as it reaches the arcade. This plot gnae indicating such a
case; however, there are far too few high velocity points fdinis idea to be beyond
speculative and one would expect for an acceleration regitm be are dependent.
Also, in the 2002 April 21 TRACE event, fast- owing loops areseen to be descending
early during the impulsive phase, yet they are not positiortk favorably for proper
tracking. Knowing their precise speeds and initial heightsould have a substantial

e ect on this plot in particular.
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If approximating the ows as thin reconnected ux tubes, ther velocity is ex-
pected to re ect the Alf\en speed in the corona (Linton & Lorgcope 2006 [25]) which
has often been very roughly estimated to be 1000 kms The ows are traveling
nearly an order of magnitude slower than this estimate. Thidiscrepancy may partly
be explained by the fact that the ow trajectories are incompete and are being ob-
served as they are approaching the post-eruption arcade.térestingly though, the
down ow portion of the disconnection event from the \Cartwheel CME" are is es-
timated to have a maximum velocity of only about 150 km st. (The up ow portion
moves at about 120 km st.)

Figure 45 (d) indicates that initial ow speeds are stronglycorrelated with time.
The highest speeds are seen at the start of the are. Indeedhi$ is generally con-
rmable by visual inspection. The 2002 April 21 TRACE event § a prime example
of this trend. This is not an unexpected trend considering it the Alfven speed
is directly proportional to the magnetic eld strength which decreases with height
(Schatten et al. 1969 [41]; Schrijver & DeRosa 2003 [42]).t (s also true that the
Alfen speed is inversely proportional to the square root fothe density which de-
creases with height; however, the progression of the are madead to an enhanced
density in the current sheet through processes such as chraspheric evaporation and
conduction (Reeves et al. 2010 [36]). Consequently, the demse in the eld strength
should dominate the Alf\en speed response.) So while thewospeeds are not near the

expected Alf\en speed, their decrease with height followthe expected Alfven speed
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trend, and it should be restated that precise measurements the coronal magnetic
eld are unavailable at this time. Changes in loop geometry sait relaxes, which af-
fects the tension force acting on the retracting loops, ha®hbeen taken into account
with this simplistic check on the speeds.

Figure 45 (e) displays a strong positive correlation, presefor all instruments,
for ow observations at higher initial heights as the are plogresses, which can be
satis ed by at least two explanations:

1) As the are progresses, the reconnection site travels upnds as eld lines
reconnect higher along the current sheet. Using this explation, however, would
imply that the ows are being observed forming at the reconraion site.

2) As the are progresses, more hot plasma is being conductedo the current
sheet thereby brightening it at increasing heights (Reevest al. 2010 [36]). The
hot plasma then provides a bright background at increasingeights against which to
observe the faint down ows.

While option 1 would be a nice veri cation of the standard CSKHP model, it is
unrealistic except for the aforementioned \Cartwheel CME" are wherein reconnec-
tion was observed to occur. However, option 2 could provid®me insight into the
rate of heating within the current sheet.

Finally, Figure 45 (f) shows the lack of a correlation betwaeacceleration and

initial area. This result could a ect potential drag modelswhich is introduced in
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Section 4.2.4. Only ows that were measured using the autorhathreshold technique

and tracked in at least 5 frames are displayed.

4.2.3. MagneticDerivations

Figure 46 provides a graphical display of the derivation othe magnetic ux and
shrinkage energy with respect to elapsed time. The elapseuiné is the time (in
minutes) from the initial ow observation per are. LASCO measurements are not
included (see Section 4.2.1 for an explanation). One ow aating after about 425
minutes of elapsed time has been excluded from the gures inder to better display
the bulk of the data. The associated eld strength of this owis 1 G.

While the correlation coe cients for Figure 46 (a) are margnal, the visual trend
suggests an anti-correlation between magnetic eld stretig and time. The eld
strength is derived using the initial height position and igherefore very sensitive to
the initial detection. Because the early ows are often detged closer to the solar
surface as the supra-arcade region is brightening, theirsaxiated eld strengths are
strong. Conversely, the later ows can sometimes be detedtat higher initial heights
(refer to Figure 45 (e)) where the eld strengths are lower.

Panel (b) does not support a correlation between the initiahreas and elapsed
are time. The clusters of area measurements are a result ofamual measurements.
The discrete nature of the areas is due to pixelation.

The change in height is shown in panel (c). These values aregaéive because

the nal height is lower than the initial, so while the coe ci ents indicate a negative
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correlation, the actual interpretation is that the magnitude of the change in height
increases with elapsed are time. This result is again due tthe ability to measure
initial positions higher above the arcade as the are progsses and the supra-arcade
region becomes more illuminated. The amount of time that amdividual ow is
tracked (Panel (d)) shows a positive correlation for this sae reason.

Finally, magnetic ux ( = B  Aor(e)=(a) (b))isshown in Figure 46 (e),
and magnetic shrinkage energy (W = B2A L=8 or(f)/ ((@? (b) (c))/(d))
is shown in (f). Neither parameter shows a strong correlatiowith elapsed time al-
though both have slight visual trends similar to that of the nagnetic eld strength
described above for panel (a). If this slight trend (admittdly visual only) is real and
not just an artifact of the initial height biases previouslydiscussed, this result indi-
cates that the ux loops retracting earlier impart more enegy into the are compared
to the later ows. This conclusion is consistent with the GOE SXR are lightcurves
which show most of the are energy being released early withshow decline in emis-
sion as the are progresses. (This only applies to long duriah events which are the
subject of this study.)

Reconnection rates can be inferred by summing the ow uxesral dividing by
the total time of ow observations per are. Five ares in this study have enough
reliable ow detections to make this derivation meaningful Reconnection rates are
reported in Chapter 2 for the 1999 January 20, 2000 July 12, dr2002 April 21 ares

(0:8 10,23 10% and 12 10 Mx s 1, respectively). For the 2002 July 23
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TRACE are, 0:3 10 Mx was processed in 55 minutes, for a reconnection rate of
0:1 10 Mxs 1. Similarly, for the 2003 November 4 TRACE are, 4.1 10 Mx
was processed in 41 minutes, for a reconnection rate of 1 10 Mx s ®. The rates
obtained for the 1999 January 20 and 2002 July 23 ares are uekstimates because
they occurred on the east limb. The east limb magnetic eld mesurements have been
established as being consistently low due to the lack of cent magnetograms (see
Figures 41 & 44 (a)). Reconnection rates are not being reped for the 2008 April 9
are despite its signi cant number of detectable ows becase it occurred well beyond
the limb making the magnetic eld estimates unreliable. Thee reported reconnection
rates may represent a lower bound considering that we can gnhclude the ux and
energy from detectable and trackable ows. Additional owswithin the same time

frame would increase the energy budget and, in turn, the regpection rate.
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Figure 46: Trends with respect to elapsed time related to thealculation of shrinkage
energy. Specically, W / (@2 (b) (c))/(d)and (e) = (a) (b). (a) Initial
magnetic eld strength. (b) Initial area for troughs measued using the threshold
technique and those measured manually. (c) Change in de-proted height. (d) Flow
travel time. (e) Initial magnetic ux. (f) Shrinkage energy. The elapsed time is the
time from the initial ow observation per are. Contained with the legends are the
number of ows used to create the plot (#), the Spearman rank aler correlation co-
e cient (S), the Spearman chance probability (%), and the Parson linear correlation
coe cient (P).
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4.2.4. DragAnalysis

Based on often-assumed estimates for coronal Alfien speeaf about 1000 km s?,
the ows seem to be moving well below predictions. This corddiction may not
actually be the case considering that coronal Alf\ven spesdcannot be well constrained.
The signal is simply too low to measure the magnetic eld or awesity precisely in the
supra-arcade region. However, if the Alfien speed is indé®n order of 1000 km st,
then the slow ow speeds can be attributed to at least two posslities: 1) initial
height and 2) drag.

The ows are expected to be accelerated from the reconneatigite (the duration
of acceleration is model-dependent) and slow as they settiear the top of the post-
eruption arcade. The fact that the initial height estimatesare associated with large
uncertainty due to the lack of long exposure duration imagesf the supra-arcade
region has been discussed in previous sections. Therefafghe ows are initially
observed far below the reconnection site, then the measuregeed is likely to be
slower than the actual initial speed. Note, however, that ta measured speeds are
still slow for the \Cartwheel CME" event near the reconnectdn region (Section 3.3.2).
This bias has been well established, so in this section welwikplore the second option
{ drag.

One way to test the e ects of drag on the ows is to compare therajectories to
theoretical gravitational pro les. While the ows are not expected to be a ected by

gravity if they are plasma-de cient ux tubes, damped gravtational pro les provide
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a method of comparing a known trajectory a ected by drag withthe shape of the
ow pro les. This test was done for the ows from the \Cartwheel CME" event.
Figure 47 provides a few example ow pro les with overlaid davitational pro les as
a thick dashed line.

The gravitational pro les were calculated using the ow intial height (hg) and
speed (y) (explicitly, h = hg+ vot+0:5g t?, where t =time and g = acceleration due
to gravity calculated asg = (6:67 10 M )=((R + hp)?). The thin dashed line
is the gravitational pro le with some constant damping in the form of Stokes' drag
(Fq = bv) where the speed is thus calculated as= g =k+((kvg g )=K)exp( kt),
where k = damping coe cient. This form of drag is being implenented based on
its simplicity for this exercise. The drag coe cient is notel in the legend and was
chosen as the value resulting in a pro le closest to that of #noriginal ow trajectory.
A few of the ow pro les from this event match well with the gravitational pro les
(e.g. Figure 47 (c)), but most begin to veer away towards thend of the track. Those
tracks that do not appear to decelerate may be too incomplet® derive a proper
acceleration. Additionally, the entire arcade is obscuretly the limb for this event
which makes following the ows until they reach their nal can guration impossible.

The initial height from free-fall (drag-free) is noted in the legend along with a
predicted nal height for decelerating ows. No convergene among these values was

found which is most likely due to the inability to observe andneasure complete ow
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tracks thus resulting in imprecise pro les. Also, the appi&d 2-D polynomial t does
not take into account changes in the acceleration which hasrmticeable e ect.
Considering how well the damped pro les match with the ow pp les, drag is
a possible explanation to the slow-speed problem. As notedave, constant drag is
being used to calculate the thin dashed pro les, but realigtally the drag should be a
function of height if it is due to the ows entering regions ohigher density. Figure 48
supports the anti-correlation between height and drag witta Spearman rank order
correlation coe cient of -0.44 and a linear correlation coeient of -0.26. (Interest-
ingly though, Figure 45 (f) does not indicate any correlatio between acceleration
and area. If the drag is a result of mass build-up in front of th ow, the expectation
would be for the ows with larger areas to slow faster.) Someterpretations of these
results are that either the Alfen speed is lower than expéed in the reconnection
region, the drag may be overwhelming the magnetic tensionrée pulling down the
loops causing them to retract slower, entanglement of eldrdes or plasma compress-
ibility during the reconnection process reduces the initlaspeed, or even continual
eld entanglement during the retraction phase through the arrent sheet slows the
ows. There is also the possibility that the ows are not retracting reconnected loops;
however, several of the are observations clearly show shking loop features, and
the slowing of the ows as they approach the arcade would baoe di cult to explain

otherwise.
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Figure 47: Example ow pro les from the 2008 April 9 \Cartwheel CME" event
observed by XRT. The thick line represents the 2-D polynomiat to the trajectory.
The thick dashed line represents the gravitational pro le alculated using the initial
height and initial speed of the ow. The thin dashed line repesents the gravitational
pro le with some constant damping coe cient applied. The thin dashed vertical lines
indicate the times of the available images.
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Figure 48: A plot of the applied drag constants, chosen to mioslosely match the
ow pro les, versus initial height. The dashed line represets a linear t to the data.
Contained with the legend is the number of ows used to creatthe plot (#), the
Spearman rank order correlation coe cient (S), the Spearma chance probability
(%), and the Pearson linear correlation coe cient (P).
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4.2.5. LoopCooling

An interesting observation can be seen to occur during the @B April 21 and 2003
November 4 TRACE events wherein faint, hazy loops retract elg during the impul-
sive phase along the length of the arcade. Between approxirly 15 40 minutes
later, bright, distinguishable post-eruption arcade loop appear without retracting in
the same region. Figure 49 provides a visual reference oftedoops and the delay.
Deriving a more precise gure for this delay is complicatedybthe fact that a one-
to-one correspondence cannot be established between ardting loop and an arcade
loop. This delay is not observable in XRT images. Its appeanae using TRACE is
probably due to the use of the 193\ Iter which selects for temperatures of 0.5 2
MK and 11 26 MK. Therefore, while the hot loops have already settled appears to
take the plasma within them, which is supplied through chromspheric evaporation,
approximately 15 40 minutes to cool into the lower temperature passband. Thisas
interesting implications: namely, that the early shrinkirg loops are either very hot to
begin with, or that they quickly Il with hot plasma once they reach their potential
con guration above the arcade. This delay cannot be measwtan the SXT data

because the arcade region is saturated.
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Figure 49: Images taken from the 2002 April 21 TRACE are shoing some of the
post-eruption arcade loops cooling between the 1#btemperature passbands.

4.2.6. Discussior& Conclusions

This chapter of analysis has presented many down ow obseti@ns from several
instruments. Measurements of any one ow have too many pob# sources of uncer-
tainty to contribute to our understanding of the reconnecton process occurring during
long duration solar ares. SXT observed the most ares durig its lifetime because it
was operational throughout two solar maxima and was the rsinstrument to observe
SADs; however, the poor spatial resolution leaves much to lesired with respect to
being able to observe many ows per are and make reliable msarements. LASCO
has observed a number of ows in the outer corona; however, &y are not always
associated with aring events, and because of the imager'such higher observational

regime above the solar surface and considerably lower regimin, comparisons with
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other SADs and SADLs observations are di cult to interpret. LASCO speeds and
accelerations are the only parameters comparable to the ethinstruments. TRACE
has the best resolution of all the instruments used for thistiedy and has observed
many hundreds of ares during its lifetime; however, ows ae dicult to observe
with TRACE unless the 195A lter is being utilized for broader temperature cov-
erage and the are is atypically large (all three TRACE aresin this study were
GOES X-class ares). These requirements are due to the neear the hot plasma
above the are arcade to be illuminated. Finally, XRT has hidp enough spatial res-
olution to observe the ows as well as the optimal temperatw coverage; however,
solar activity has been unusually low throughout most of itdifetime to date making
the amount of available are data small. For all of these reass, combining ow ob-
servations from all instruments improves our understandon of the ows themselves
and ultimately our understanding of the reconnection proas. Also, comparing the
measurements between the instruments allows us to determiiif the appearance of
ows is temperature or density dependent.

Interpreting SADs as the cross-sections of retracting respected ux tubes also
means that if they are viewed from an angle that is not near ppendicular to the
arcade axis (i.e. the polarity inversion line), the down ow will instead appear as
shrinking loops. These shrinking loops (SADLS) have indediten clearly observed
with all of the instruments under investigation. Therefore comparing observations of

SADs to those of SADLs can help to support the hypothesis forABs or deny it.
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Figures 42 through 44 present a nice summary of the instrumteaind SAD/SADL
comparisons. These gures show that the ow velocities andcaelerations agree
between the instruments quite well. Height measurements i@ except for those
measured with XRT due to the exceptional heights observedrfthe \Cartwheel CME"
are. Figure 43 (a) shows that the area measurements are ungéandably resolution
dependent, which indicates that we may not be able to obsentee smallest loop
sizes. The ux and energy measurements are area dependend éimerefore instrument
dependent. There is also a limb dependence with the magnetiteasurements due
to the use of modeling based on magnetograms. Even so, thesalecent agreement
between all of the instruments. (LASCO is only included withthe velocity and
acceleration comparisons as explained above).

Beyond the agreement between the SADs and SADLs measurensrthe high-
resolution TRACE observations clearly show both SADs and S2Ls occurring during
the same are depending on the arcade viewing angle which s within the active
region. The SADs versus SADLs diagram shown in Figure 50 (pieusly Chapter 3 {
Figure 37) still remains applicable after this analysis antas been updated to include

magnetic estimates for SADLSs.
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Figure 50: (a) Schematic diagram of supra-arcade down ow$SADS) resulting from
3-D patchy reconnection. Discrete ux tubes are created, wth then individually
shrink, dipolarizing to form the post-eruption arcade. Thaneasured quantities shown
are averages from the limb events listed in Table 3 contairgnSADs. (b) Schematic
diagram of supra-arcade down owing loops (SADLS) also rekung from 3-D patchy
reconnection. The measured quantities shown are averagesi the limb events listed
in Table 3 containing SADLSs.
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These observations and measurements support the conclustbat SADs are in-
deed post-reconnection loops relaxing to form the post-guion arcade. Also, the
lack of instrument dependency of the dark ow observationsugigests that either the
loops are lled with cold material or are depleted. The temp®ture coverage of the
instruments used in this study goes up to about 100 MK; therefe, it is unlikely that
the loops are lled with hotter material. Combining this with the SUMER analysis
of the 2002 April 21 TRACE are from Innes et al. 2003a [14] wish showed the
lack of continuum absorption or emission in the C Il, Fe XllI, ad Fe XXI lines at
the ow sites supports the hypothesis that the tubes are depted. This is at least
true for loops reconnecting following the are impulsive pase, which may be due to
the fact that, according to the standard model, subsequenbbps reconnect higher in
the corona where less plasma is available to Il the loops. bps shrinking very early
during the 2002 April 21 TRACE are appear to be bright in the hot 195 A bandpass
as noted in Section 4.2.5. Few bright ows are analyzed in thistudy because they are
more di cult to observe as SADs due to the low contrast althogh bright SADLs have
easily been observed (see Figure 40). Density analysis hag bheen performed due
to the small sample of bright, tracked ows and especially k& of spectral coverage.

Assuming that SADs and SADLs are thin, post-reconnection tps based on the
body of evidence presented in this chapter, the measuremgrnibtained through this

analysis and summarized in Figure 50 provide useful consimgs for reconnection
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models (e.g. area estimates can constrain the di usion timper episode and recon-
nection rates can be derived to distinguish between fast arstow reconnection). The
lack of acceleration of the down ow speeds and their disceethature tends to favor
3D patchy Petschek reconnection. Speeds almost an order cagnitude slower than

traditionally assumed Alf\en speeds are an unexpected ceaquence of the ow mea-
surements; therefore, analyzing the e ect of some source dfag on the down ow

trajectories using models (an e ort begun by Linton & Longcpe (2006) [25]) could

provide valuable insight into this discrepancy.
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4.2.7. Histograms

Average De-projectedVelocity.

SXT XRT TRACE LASCO Figure # of

Median Range

Flows [kms '] [kms 1]
All Limb X 51 (a) 173 -161 -9 -839
X 51 (b) 24 51 6 -121
X 51(c) 161 134  -45 -586
X 51(d) 11 -46 29 -75
X X 51(e) 197 140 -5 -851
X X X 51 (f) 358 -138 -6 -851
X X X X 51(g) 369 134 -6 -851
SADs X 52 (a) 122 -143 -11 -832
X 52 (b) 11 22 6 -53
X 52 (c) 23 87  -46 -323
X
X X 52 (d) 133 -136 -6 -832
X X X 52 (e) 156 -123 -6 -832
SADLs X 53 (a) 51 -197 -33 -851
X 53 () 13 78 18 -121
X 53 (c) 138 -139 -45 -586
X 53 () 11 -46 29 -75
X X 53 (e) 64 162  -18 -851
X X X 53 (f) 202 -145 -18 -851
X X X X 53(g) 213 138 -18 -851

Table 4: Average de-projected velocities statistics.
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Figure 51: Histograms displaying average velocity frequey for the limb ares from
this study as observed by a) SXT, b) XRT, c) TRACE, d) LASCO, e)SXT & XRT,
f) SXT, XRT, & TRACE, and g) SXT, XRT, TRACE, & LASCO.
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Initial De-projectedVelocity.

The initial velocities below are only shown for ows trackedn at least 5 frames

since they are calculated using 2-D polynomial tting.

SXT XRT TRACE LASCO Figure # of Median Range

Flows [kms '] [kms 1]
All Limb X 54 (a) 55 -152 -0.5 -972
X 54 (b) 14 91 -5 -166
54 (c) 120 -162  -4.4 -740
54 (d) 9 -53 -24  -156
X X 54 (e) 69 -126 -0.5 -972
X X 54 (f) 189 -155 -0.5 -972
X X 54 (g) 198 -146  -05 -972
SADs X 55 (a) 38 -123 -26 -972

X 55 (b) 3 -5 -5 -63
55 (c) 17 -162 -30 -333

X X 55 (d) 41 -111 -4 -972

X X 55 (e) 58 -133 -5 -972
SADLs X 56 (a) 17 -179 -0.5 -931
X 56 (b) 11 -125 -22 -166
56 (c) 103 -163  -4.4 -740
56 (d) 9 -53 -24  -156
X X 56 (e) 28 -133 -0.5 -931
X X 56 (f) 131 -159 -0.5 -931
X X 56 (g) 140 -152  -0.5 -931

Table 5: Initial de-projected velocity statistics.
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Figure 54: Histograms displaying initial velocity frequeay for the limb ares from
this study as observed by a) SXT, b) XRT, c) TRACE, d) LASCO, e)SXT & XRT,
f) SXT, XRT, & TRACE, and g) SXT, XRT, TRACE, & LASCO.
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Figure 55: Histograms displaying initial velocity frequeay for the limb ares from
this study which contained SADs as observed by a) SXT, b) XRT¢) TRACE, d)
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De-projectedAcceleration.

The initial velocities below are only shown for ows trackedn at least 5 frames

since they are calculated using 2-D polynomial tting.

SXT XRT TRACE LASCO Figure # of Median Range

Flows [kms ?] [km s ?]

Al Limb X 57 (a) 55 2 2.2 15.
X 57 (b) 14 0.06  -0.01 0.55

X 57 (c) 120 0.8 -4.1 20.

X 57 (d) 9 0 0 0.03

X X 57 (e) 69 0.2 -2.2 15.

X X X 57 (f) 189 0.6 -4.1  20.

X X X X 57 () 198 0.4 -4.1 20.

SADs X 58 (a) 38 0.3 -2.2 15.
X 58 (b) 3 0 -0.01 0.06

X 58 (c) 17 0.4 -0.74 24

X

X X 58 (d) 41 0.2 22 15

X X X 58 (e) 58 0.4 -2.2 15

SADLs X 59 (a) 17 0.2 -1.5 8.0
X 59 (b) 11 0.1 0.01 0.6

X 59 (c) 103 0.8 -4.1 20.

X 59 (d) 9 0 0 0.03

X X 59 (e) 28 0.1 -15 7.9

X X X 59 (f) 131 0.7 -4.1 20

X X X X 59 (g) 140 0.5 -41 20

Table 6: De-projected acceleration statistics. Positivecaelerations indicate deceler-

ation of the down ows.
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SXT XRT TRACE LASCO Figure # of Median Range
Flows  [Mm?] [Mm?]
All Limb X 60 (ad) 120 25 11 89
(w/manual) X 60 (a+) 173 25 10 89
X
(w/manual) X 24 16 7 16
X 60 (b-) 23 3 2 17
(w/manual) X 60 (b-r) 161 2 2 17
(w/manual) 11 968 968*
X X 61 (cd) 120 25 12 89
(w/manual) X X 61 (c¥) 197 21 7 89
X X X 61 (d-) 143 25 2 89
(w/manual) X X X 61 (d-r) 358 14 2 89
X X X
(w/manual) X X X 61 (et) 369 16 2 967
SADs X 62 (al) 120 25 11 89
(w/manual) X 62 (a+) 122 25 10 89
X
(w/manual) X 11 7 7 16
X 62 (b-) 23 3 2 17
(w/manual) X
(w/manual)
X X 62 (cd) 120 25 12 89
(w/manual) X X 62 (c¥) 133 25 7 89
X X X 62 (d-) 143 25 2 89
(w/manual) X X X 62 (d-r) 156 25 2 89
SADLs X
(w/manual) X 51 18 10 18
X
(w/manual) X 13 16 16*
X
(w/manual) X 138 2 2*
(w/manual) 11 968 968*
X X
(w/manual) X X 64 18 10 18
X X X
(w/manual) X X X 202 2 2 18
X X X
(w/manual) X X X 213 2 2 967

Table 7: Initial area statistics. \Manual area only" measuements are not plotted as

histograms since there is no spread in the data. *No range irat.



150

80 T T T T 100 T T T T

(a) (Good) Initial Area | (a) (Good) Initial Threshold & Manual Ared |
#=120, Median: 25.34 Mm| | #=173, Median: 25.34 Mm |
80— —
60— —
@ 0 ]
2 2
e 2 601 -
4 g
g w0 1
<] 3
5 5 401 B
* ® 40
20 B
20 B
0 L L L I 0 L 1 1
[ 20 6 80 100 0 20 40 60 80 100
Areas [Mnf] Areas [Mnf]
1 T T T T 00 T T T T
(b) (Good) Initial Area ] (b) (Good) Initial Threshold & Manual Areq |
#=23, Median: 2.63 M | #=161, Median: 1.71 Min |
10+ — )
150 —
o 8 N o
o @
g g
L e 4
3 6 E 3 100 E
<] 3
S S
* **
a4 a
] 50l u
2 a
O A |_|_|—L_|_| - oLl o .
0 5 10 15 0 5 10 15
Areas [Mnf] Areas [Mnf]

Figure 60: Histograms displaying initial area frequency fahe limb ares from this
study as observed by a) SXT and b) TRACELeft: Troughs chosen using thresholds.
Right: Threshold plus manual trough areas.



151

80 T T T T 120| T T T T T

(C) (Good) Initial Area |4 (C) (Good) Inmal Threshold & Manual Are:
#=120, Median: 25.34 Mm| | 197, Median: 21.12 Min ||
100 —
60— —
0 o 80 —
4 Q
g g
o e i
3 401 E 3 6o E
<] S E
S k]
* b p
401 -
20 —
20 —
0 L L L I 0 L L L
0 20 40 60 80 100 0 20 40 60 80 100
Areas [Mnf] Areas [Mnf]
80| T T T T T 50| T T T T T
(d) (Good) Initial Area |4 (d) (Good) Inmal Threshold & Manual Are:
#=143, Median: 25.34 Mm| | 358, Median: 14.26 Mm ]
200~ —
60— — 1
@ «
Q a
g 2 1501 -
4 g
g wr 13
S S ]
5 S 100 B
* 5 100] .
20 — 4
50— -
0 1 L L L I 0 L
0 20 40 60 80 100 0 20 40 60 80 100
Areas [Mnf] Areas [Mnf]
50| T T T T T T
(e) (Good) Inmal Thresho\d & Manual Are:
369, Median: 16.13 Mn|]
200 —
o
9 i
g 150 u
g ,
5
3
8
S
]
S 100 E
50 —
0 . . L L I,
0 200 400 600 800 1000
Areas [Mnf]

Figure 61: Histograms displaying initial area frequency fahe limb ares from this

study as observed by c) SXT & XRT, d) SXT, XRT, & TRACE, and e) SXT, XRT,

TRACE, & LASCO. Left: Troughs chosen using thresholdsRight: Threshold plus
manual trough areas.



152

80| T
(a) (Good) Initial Area
#=120, Median: 25.34 l\/ﬁn
60— -
@
2
<3
2
4
3 40 i
<]
k-]
*
20— -
0 L L L
[ 20 40 60 80 100
Areas [Mnf]
1. T T T T
(b) (Good) Initial Area | ]
#=23, Median: 2.63 M |]
10+ -
o 8F -
3 B
-]
S B
g B
3 6 ]
o B
S 1
3* B
a- ]
2f -
o |_| T T
0 5 10 15
Areas [Mnf]
80| T
(C) (Good) Initial Area
#=120, Median: 25.34 l\/ﬁn
60— -
@
2
<3
2
4
3 40 i
<]
k-]
*
20— -
0 L L L
[ 20 60 80 100
Areas [Mnf]
80| T T T T T T
(d) (Good) Initial Area |
#=143, Median: 25.34 M| |
60— -
«
2
-]
2
2
3 401 -
<]
S
*
20 -
0

40
Areas [Mnf]

L
100

1 h
60 80

# of occurrences

# of occurrences

# of occurrences

60

40

20

(@)

(Good) Inmal Threshold & Manual Are:
122, Median: 25.34 l\/ﬁn

40 60 100
Areas [Mnf]

60

40

20

)

T T
(Good) Inmal Threshold & Manual Are:
133, Median: 25.34 l\/ﬁn

=)

20 40 60 80 100
Areas [Mnf]

60

40

20

(d)

(Good) Inmal Threshold & Manual Are:
156, Median: 25.34 NFrn

L
100

L L L h
20 40 60 80
Areas [Mnf]

Figure 62: Histograms displaying initial area frequency fahe limb ares from this
study which contained SADs as observed by a) SXT, b) TRACE, ¢$XT & XRT, and
d) SXT, XRT, & TRACE. Left: Troughs chosen using thresholdsRight: Threshold

plus manual trough areas.



Initial Height.

153

SXT XRT TRACE LASCO Figure # of Median Range
Flows [Mm] [Mm]
All Limb X 63 (a) 173 108 48 184
X 63 (b) 24 110 34 194
X 63 (c) 161 48 13 119
X 63 (d) 11 1365 1084 2220
X X 63 (e) 197 108 34 194
X X X 63 (f) 358 83 13 194
X X X X 63 (9) 369 85 13 2220
SADs X 64 (a) 122 108 48 184
X 64 (b) 11 42 34 101
X 64 (c) 23 76 40 100
X
X X 64 (d) 133 104 34 184
X X X 64 (e) 156 99 34 187
SADLs X 65 (a) 51 109 171 172
X 65 (b) 13 136 107 194
X 65 (c) 138 46 13 119
X 65 (d) 11 1365 1084 2220
X X 65 (e) 64 116 71 194
X X X 65 (f) 202 56 13 194
X X X X 65 (9) 213 59 13 2220

Table 8: Initial de-projected height statistics.
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Changein Height.

SXT XRT TRACE LASCO Figure # of Median Range

Flows [Mm] [Mm]
All Limb X 66 (a) 173 -19 -2 -68
X 66 (b) 24 -21 -5 -96
X 66 (C) 161 -10 -3 45
X 66 (d) 11 -319 -115 -437
X X 66 (e) 197 -19 -2 -96
X X X 66 (f) 358 -14 -2 -96
X X X X 66 (g) 369 -14 -2 -437
SADs X 67 (a) 122 -18 -2 -68
X 67 (b) 11 -11 -5 -23
X 67 (c) 23 -15 -3 -45
X
X X 67 (d) 133 -17 -2 -68
X X X 67 (e) 156 -17 -2 -68
SADLs X 68 (a) 51 20 5 60
X 68 (b) 13 39 48 91
X 68 (c) 138 10 3 35
X 68 (d) 11 319 115 437
X X 68 (e) 64 22 5 96
X X X 68 (f) 202 12 3 96
X X X X 68 (g) 213 13 3 437

Table 9: De-projected change in height statistics.
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SXT XRT TRACE LASCO Figure # of Median Range
Flows [x10' Mx] [x10%® Mx]
All Limb X 69 (ad) 120 2.3 0.17 15.
(w/manual) X 69 (a+) 173 2.1 0.17 15.
X
(w/manual) X 24 .24 0.09 0.9
X 69 (bd) 23 0.75 04 45
(w/manual) X 69 (br) 161 0.4 0.05 4.5
X
(w/manual) X 11 1.0 1.0 1.0
X X 70 (cd) 120 2.3 0.2 15.
(w/manual) X X 70 (c¥) 197 1.6 0.09 15.
X X X 70 (d-) 143 1.8 0.2 15.
(w/manual) X X X 70 (d-r) 358 0.72 0.05 15.
X X X X 70 (ed) 143 1.8 0.2 15.
(w/manual) X X X X 70 (et) 369 0.7 0.05 15.
East X 71 (a) 110 1.8 0.3 14.
X
X 53 0.06 0.05 0.09
X 11 1.0 1.0 1.0
X X 71 (b) 163 0.9 0.05 14.
X X X 71 (c) 174 1.0 0.05 14.
West X 72 (a) 63 3.2 0.2 15.
X 24 .24 0.09 0.9
X 72 (b) 108 0.67 0.2 45
X
X X 72 (c) 87 0.81 0.08 15.
X X X 72 (d) 195 0.67 0.08 15.
Table 10: Initial magnetic ux statistics. \Manual area only" measurements are not

plotted as histograms since there is no spread in the data.
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ShrinkageEnergy.
SXT XRT TRACE LASCO Figure # of Median Range
Flows [x10?" erg] [x1C* erg]
All Limb X 73 (ad) 120 1.3 0.004 41.
(w/manual) X 73 (a+) 173 1.3 0.004 41.
X
(w/manual) X 24 0.03 0.01 0.3
X 73 (b-) 23 1.4 04 15
(w/manual) X 73 (br) 161 0.44 0.4 15
X
(w/manual) X 11 0.13 0.05 0.2
X X 74 (cd) 120 1.3 0.004 41.
(w/manual) X X 74 (c¥) 197 0.86 0.004 41.
X X X 74 (d-) 143 1.3 0.004 41.
(w/manual) X X X 74 (d-r) 358 0.55 0.004 41.
X X X X
(w/manual) X X X X 74 (et) 369 0.49 0.004 41.
East X 75 (a) 110 1.0 0.03 10.
X
X 53 0.008 0.004 0.02
X 11 0.13 0.05 0.2
X X 75 (b) 163 0.28 0.03 10.
X X X 75 (c) 174 0.24 0.004 10.
West X 76 (a) 63 2.7 0.004 41.
X 24 0.03 0.01 0.3
X 76 (b) 108 1.2 0.1 15.
X
X X 76 (c) 87 0.54 0.004 41.
X X X 76 (d) 195 11 0.004 41.

Table 11: Shrinkage energy statistics. \Manual area only" easurements are not
plotted as histograms since there is no spread in the data.
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this study which contained SADs as observed by a) SXT, b) TRAE, c) SXT & XRT,
and d) SXT, XRT, & TRACE.



171

APPENDIX B

ODE TO DR. SEUSS
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One are, two are,
red are, blue are.
This are has a ow.
This ow's in a are.
Some ows have no ares,

But as to those, who cares?

Error bars and medians,
Quartiles, means and histograms.
This ow is a SAD.
That ow is a SADL.

The SAD's a SADL at right angles.

More ows in a swaying fan;
Analyze them all you can.
Copious ows in the FOV,
outside maybe two or three;

LASCO sees them eventually.

{ Dr. Charles Kankelborg



