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Abstract:

The work presented in this thesis is composed of two complementary fields in solar physics. The first
section is devoted to current issues in instrument hardware, in particular the Ultraviolet (UV) channel
of the Transition Region and Coronal Explorer (TRACE) instrument. The chapter as presented is
reproduced from Handy et al. (1998). The TRACE instrument carries UV optics to image solar plasmas
in the Lya &lamba; 1216 A emission line, the C IV A 1550 A resonance line doublet, the UV
continuum at 1600 A and a “white light” image centered at = 5000 A The C IV lines are particularly
difficult to image properly as they are superimposed on a background UV continuum that increases six
orders of magnitude over the wavelength range 1300-2100 A Chapter 2 considers the problem of
isolating the C IV resonance lines from the UV continuum, discusses the optics used to achieve this
goal, presents a formalism for data analysis and finally shows a sample dataset from post-launch
observations.

Chapter 3 considers observations from a high time-cadence joint observing cam-paign with the
Extreme-ultraviolet Imaging Telescope (EIT, Delaboudiniere et al. 1995) and the Michelsen Doppler
Imager (MDI, Scherrer et al. 1995) on the Solar and Heliospheric Observatory (SOHO, Domingo,
Fleck, & Poland 1995), 10-14 Au-gust 1997. This coordinated observation makes it possible to observe
the response of the (1 MK) solar corona to the evolution of the photospheric magnetic field.
Qualita-tive observations show that coronal loops evolve continually on a discontinuous basis: small
emerging loops spread, the magnetic footpoints coalesce (or cancel) with other flux concentrations,
then the coronal loops reconnect to larger concentrations at a greater range of distances. We find that
the quiet solar corona has a typical evolution time scale of nominally 15 hours, in very good agreement
with the observations of Schrijver et al. (1997) who find that photospheric magnetic flux concentrations
have a lifetime of less than 40 hours. Hence, pairs of flux concentrations must evolve on a timescale of
less than 20 hours. We also evaluate two theories of coronal heating via magnetic reconnection and
attempt to reconcile our observations against these theoretical predictions.
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ABSTRACT

The work presented in this thesis is composed of two complementary fields in solar
physics. The first section is devoted to current issues in instrument hardware, in
particular the Ultraviolet (UV) channel of the Transition Region and Coronal Ezplorer
(TRACE) instrument. The chapter as presented is reproduced from Handy et al.
(1998). The TRACE instrument carriess UV optics to image solar plasmas in the
Lyo A 1216 A emission line, the C IV X 1550 A resonance line doublet, the UV
continuum at 1600 A and a “white light” image centered at = 5000 A. The C IV lines
are particularly difficult to image properly as they are superimposed on a background
UV continuum that increases six orders of magnitude over the wavelength range 1300—
2100 A. Chapter 2 considers the problem of isola{:ing the C IV resonance lines from
the UV continuum, discusses the optics used to achieve this goal, presents a formalism
for data analysis and finally shows a sample dataset from post-launch observations.

Chapter 3 considers observations from a high time-cadence joint observing cam-
paign with the Extreme-ultraviolet Imaging Telescope (EIT, Delaboudiniére et al.
1995) and the Michelsen Doppler Imager (MDI, Scherrer et al. 1995) on the Solar
and Heliospheric Observatory (SOHO, Domingo, Fleck, & Poland 1995), 10-14 Au-
gust 1997. This coordinated observation makes it possible to observe the response of
the (1 MK) solar corona to the evolution of the photospheric magnetic field. Qualita-
tive observations show that coronal loops evolve continually on a discontinuous basis:
small emerging loops spread, the magnetic footpoints coalesce (or cancel) with other
flux concentrations,. then the coronal loops reconnect to larger concentrations at. a
greater range of distances. We find that the quiet solar corona has a typical evolution
time scale of nominally 15 hours, in very good agreement with the observations of
Schrijver et al. (1997) who find that photospheric magnetic flux concentrations have
a lifetime of less than 40 hours. Hence, pairs of flux concentrations must evolve on
a timescale of less than 20 hours. We also evaluate two theories of coronal heating
via magnetic reconnection and attempt to reconcile our observations against these
theoretical predictions.




CHAPTER 1

INTRODUCTION

The work presented in this thesis is compo-sed of two complementary fields in solar
physics. Chapter 2 is devoted to current issues in instrumen’_c hardware, in partic-
ular the Ultraviolet (UV) channel of the ’I’ransz'tz‘(.m Region and Coronal Ezplorer
(TRACE) irvlstrument-. The chapter as presented is reproduced from Handy et al. -
'(1998). Chapter 3 considers observations and results from a high cadence joint ob-
serving campaign Witil the Extreme-ultraviolet Imaging Telescope (EIT, Delabou-
diniére et al. 1995) and the Michelsep Doppler Imager (.MDI,.Scherrer et al. 1995) on
the Solar and Heliospheric Observatory (SOHO, Dc;mingo et al. 1995), 10-14 August
1997. TRACE is similar in design and capability to the EIT instrument, with greater

temporal and spatial resolution over a smaller field of view.

1.1 The Transition Region.

The solar transition region represents the layer between the relatively cool (~ 10* K),

optically thick chromosphere and the hot (~ 108 K), tenuous, optically thin solar
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corona. This shift in temperature T (and hence density p, as the pressure P must be
continuous across the boundary and P ~ pT) occurs so rapidly that the transition
region more accurately represents a temperature regime instead of a geometric layer
(Stix 1989). Observations (both hltergrams and spectral observations) of transition
region emission lines show a very inhomogeneous environment with a great deal of
structure (Reeves, Noyes, & Withbroe 1972; Brueckner 1981; Dame et al. 1996).
Figure 1.1 represents an idealized (stratified, spherically symmetric) model of the solar
atmosphere that demonstrates this sharp discontinuity in the physical parameters in

that region.

Figure 1.1: Average temperature and density gradients in the solar atmosphere. This
model represents a spherically symmetric, stratified atmosphere. The solid line is
temperature and the dotted line is density. (From Vernazza, Avrett, & Loeser (1981)).

The transition region also reflects a change in the morphological structure of the
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solar atniosphere: images of the sun taken in chromospheric emission lines (e.g. He,
Ca II and other lines at 5-10,000 K) show a mottled chromospheric network that blurs
with increasing height and temperz;mture. This blurring effect is due to the topology
of the magnetic network at those heights: at low levels near the photosphere the
magnetic concentrations remain tightly bundled but expand to fill the available space
with increasing height as the magnetic pressure begins to exceed the gas pressure
(Kopp & Kuperus' 1968; Feldman, Doschek, & Mariska 1979). Hence, the ability
to observe line and continuum emission in the chrorﬁospheric and transition regions
would provide an additional datapoint in understan’ding the evolution of emerging
mégnetic bipbles, which are already well-observed in the photosphere through any
number of ground—Based solar observatories and also in the coroné from instruments
such as the Soft X-ray Telescope on Yohkoh (Tsuneta et al. 1991).

Skylab and UV images from sounding rocket flights of the chromiosphere and tran-
sition region show a clear correspondence to the structure of the photospheric mag-
netic field. The next phase of understanding the solar transition region is a better
understanding of the geometry of this region. It has been argued that énly a fraction
of the transition region connects to the hotter corona, and it has been épeculated that
.much of this region lies in small, closed lbops that do not rise to coronal heights. (c.f.
Dowdy, Rabin, & Moore 1986 and Mariska 1992; .also. see figure 2.12 in section '2.7).
Thig observation puts constraints on the pathways providing heat to the transition
region, as heat tranfer from the coroné preferentially occurs along magnetic lines of

force. This implies that closed loop structures in the transition region require some




alternative heating mechanism.

The TRACE mission is the next step in this process of understanding the solar

chromosphere, transition region and corona. TRACE is a 30 cm aperture Cassegrain
telescope with four channels to image solar plasmas in three extra-ultraviolet (EUV)£
wavelengths and a number of UV wavelengths, covering a spectrum of emission lines
over a temperature range from 10,000K-1MK. TRACE will collect images with a
spatial resolution of 1.0 arcsec (0.5 arcsec pixels) at a maximum temporal resolution
of = 5 séc. TRACE was launched April 1, 1998 into a suh—synchronous polar orbit,
allowing for éontinuous uninterrupted observing for eight. months, followed by a threg
month eclipse season, then a second observing period of nominally three months. The
baseline mission is for o'ne year.

Chapter 2 of this thesis is a description of the UV channel of TRACE. A brief in-
troduction to the capabilities of the instrument and optics is presented. "The TRACE
instrument is able to image solar plasmas in the H I Ly« )\12_16 A line, the C IV
resonance doublet at 1548 and 1550 A, theé UV continuum centered at 1600 A.and
a wide-band white-light image centered at 5000 A. The method for reducing the UV
data to prodpce photometrically accurate C IV images is discussed in some detail.
The C IV resonancé doublet is superimposed on a UV contihuum that increases si);
orders (.)f‘ magnitude over 1000 A, making it quite difficult to observe the C IV emis-
sion lines with current multilayer technology. Chapter 2 addresses this problem and

suggests a method to filter out the contaminating emission from nearby lines and -the

underlying UV continuum. The capability to make time-lapse observations of the
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C1lv enﬁssion line pair has not been possible since the Ultraviolet Spectrometer and
Polarimeter (UVSP, Tandberg-Hanssen et al. 1981) on the Solar Magimum -Mission
(SMM). TRACE will provide higher spatial and temporal resolution over a larger
field of view. The combination of high spatial resolution and time-lapse imaging

makes TRACE a very provocative mission.

1.2 The Magnetic Field: Connecting the Photosphere and

Corona.

Several studies of the ‘evolution of the photospheric magnetic field in quiet sun re-
gions have shown the magnetic structures to be evolving on very rapid timeframes:’
for magnetic features with fluxes exceeding ~ 2 x 10" Mx as much fux is cancelled
as is present in the quiet-Sun network with in 1.5 to 3 days (Schrijver et al. 1997).
Hagenaar, Schrijver, & Title (1997) studied the cellular pattern of the supergranu-
lar network from Ca II K filtergrams and found supergranule cell diameters of L = -
13-18 Mm. Surprisingly, there is little to be found in the literature discussiné the
corresponding size and timescales of coronal bfightenings in the quiet sun to com-
pare to thesé findings. Numerous references exist that describe active regions that
appear to live for mu-ltiple solar rotations, and thgre are simila;riy numerous refer-
ences describing time and length scales associated with X-ray Bright Points (XBPs)
(Golub, Krieger, & Vaiana 19’%6&; Golub, Krieger, & Vaiana 1976b; Strong et al.

1992; Har\}ey-Angle 1993; Harvey 1997), but a systemmatic comparison of evolution
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in both the photospheric.magnetic field and the quiet solar corona does not appear to -
exist. In chapter 3 the, response of the corona visible in the Fe XII 195A emission line
is compared to the evolution of fhe‘underlying photospheric magnetic field and. also |
to the results discussed above. It is found that the quiet corona evolves on timescales |
of 10-15 hours, in favorable comparison to the lifetime of features in the phot‘ospheric
magnetic ﬁeid, and it is also found -t,hat sm'all—scale coronal brightenings on average
are 18-26 Mm in size, slightly larger than the size of a typical supergranule. Emerging
flux tends to evolve and grow continuously on a discontinuous. basis: the largest-scale
structures in the quiet corona are the product of merging and growing flux concentra-
tions in the photosphere, resulting in coronal reconﬁection to correspondingly larger
opposite polarity concentrations. This amounts to a continuous process of small-
scale reéonneétion in the corona, giving rise to an isotrbpic distribution of coronal
brightenings interacting with opposite polarities from nearest-neighbors to stronger

concentrations at significantly larger distances.




CHAPTER 2

Uuv OBSERVATIONS WITH TRACE

2.1 Abstract

The Transition Region and Coronal Ezxplorer is a space-borne solar telescope featur-
ing high spatial and temporal resolution. TRACE images emission from solar plasmas

in three extreme-ultraviolet (EUV) wavelengths and several ultraviolet (UV) wave-

lengths, covering selected ion temperatures from 6000 K to 1 MK. The TRACE UV -

channel employs special optics to éollect high resolution solar images of the H I Ly«
line at 1216 A, the C IV resonance doublet at 1548 and 1550 A, the UV continuum
near 1550 A and also a white light image covering the spectfum from 2000-8000 A.
We pr'esent an analytical technique for creating photometrically accurate images
of the C IV resonance lines from the dgta products ;:ollected by the TRACE UV

channel. We use solar spectra from several space-borne instruments to represent a

variety of solar conditions ranging from quiet sun to active regions to derive a method,

using a linear combination of filtered UV images, to generate an image of solar C IV

1550 A emission. Systematic and statistical error estimates are also 'presented. This
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Work indicates that C IV-measurements will be ?el’iable for intensities greater than
10* photons s~'cm~2sr~L. This suggests that C IV 1550 A images will be feasible
with statistical error below 20% in the rﬁagnetic network, bﬁght points, active regions,
flares and other features bright in C IV. Below this intensity the derived image is

4

dominated by systematic error and read noise from the CCD.




2.2 Introduction

The UV spectrum provides a wealth of diagnostics for plésmas in the solar transition
region and chromosphere. H I Lya A 1216 A and the C IV resonance doublet at
) 1548 and 1550 A (hereafter shortened to C IV) in particular are interesting lines for
observing plasmas with temperatures from 10-100,000 K. Ly« also provides stunning
prominence images at the solar limb. - Essentially all transition region models (see
f‘on’penla et al. (1990) and references therein) have 'Lya as the main énergy loss
mechanism below 10° K. C IV is an interesting diagﬁostiq in a variety of ways. It has
also been suggested (quner & McWhirter 1988; Doyle 1996) that the total radiated
power of an emitting plasma may be deduced frolm the intensity of C IV. Hawley
& Fisher (1994) suggest that the C IV fluxes serve as a pressure diagnostic under
appropriate conditions. Brekke‘ et al. (1996) have observed C IV‘ﬁare intensities to
vary by a factor of ~ 15,000 over pre-flare leveis.

However, CIVisa ciifﬁcult line to observe. At 1550 A, C IV sits atop a UV contin-
uum background that raiées five orders of magnitude in intensity over 1200-3500 A.
Various methods have been attempted to generate a »“clean” C IV image. rI;he Ultra-
wiolet Spectrometer and Plo‘lafl’z'n.zeter on the Solar Mazimum Mz'ssz'on collected images
by rastering a grating over a 256 x 256 bixel image with 3 arcsecond pixels (Woodgate
et al. 1980). The spectrometer produced relafively clean images with a femporal res-

olution of about 3 minutes. The High Resolution Telescope and Spectrograph (HRTS)

sounding rocket éxp‘eriment employed a tandem Wadsworth Spectrograph with spé—
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tial resolution of 1 arcsecond along a 1000 arcsecond siit. HRTS was able to step the
~slit to cover a 10 x 800 arcsecond region in 20 s.econds. Consequently HRTS was able
to map a portion of the solar atmosphere as a function of time (Dere et al. 1984).
HRTS used a spectrograph to establish spectral purit3.r. The Solar Ultraviolet Mea-
surements of Emitted Radiation (SUMER) experim<\ant on the Solar ’and Heliospheric
Observatory is a ‘spectr'ograph capable of s’;epping across the solar disk to generate
full-'éun images with pixel sizes of ~ 1 arcsec px~! and 20'—40 mA px~1, again at the
expense of temporal resolution (Wilhelm et al. 1995). The Solar Physics Plasma
Dz'a,gnostz'c.s (SPDEj rocket payload (Dame et al. 1996) observed in C IV and neigh-
boring wavelengths using multilayer optics in the Transition Region Camera. The
design approach for this instrument'wé,s the catalyst for the TRACE UV channel.
The UV channel of TRACE has been designed from the beginning with the intent
of estimating C IV emissibn on a strong UV background. The UV filters in TRACE
were qhosen to satisfy this requirement, and an analysis Wi;ch sample solar spectra,

has been performed to illustrate this approach.

2.3 Thé TRACE Instrument

2.3.1 Overall Description

The TRACE instrument is a 30 cm aperture Cassegrain telescope intended to observe
solar plasmas from 6000 to 1 MK with 1 arcsecond spatial resolution and with high

temporal resolution and continuity (Tarbell et al. 1994). The optical path of the
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Table 2.1: Telescope Characteristics.

Primary Mirror Diameter 30 cm
Effective Focal Length 8.66 m

Pixel Size 21 x 21 pm

' 0.5 x 0.5 arcsec
CCD Size 1024 'x 1024 pixels
Field of View , 8.5 x 8.5 arcmin

Wavelength Channels: Fe IX 171 A
Fe XII A\195 A
Fe XV \284 A
HILya M1216 A
C IV A1550 A
White Light A5000 A
Image Stabilization 4 0.1 arcsec

telescope is illustrated in figure 2.2 and the principal characteristics are given in ‘
Table 2.1.

To provide wavelength discrimination the telescope is dﬁrided into four quadrants,
each of which is sensitive to a differeqt wavelength range. Three of these quaarants
are sensitive in the extre'l.rne ultraviolet (EUV) and the fourth in tﬁe far UV through
the visible wavelengths. The EUV quadrant bandpass selections are determined by
mul;cilayer coatings on the primary' and secondary mirrors. The UV quadrant em-
ploys a ﬁarrowband all-dielectric primary mirror coated for wavelength selection and
a MgF,/ Al‘ove‘rcoated secondary mirror. Further wavelength discrimination is accom-
plished via a selection of broadband and narrowband filters. Visible light is excluded
from the EUV quadrants by thin ,a‘lur_ninum entrance filters mounted on a nickel mesh
in front of each EUV qua;drant. The UV quadrant is shielded by a broadband UV

filter. A quadrant selector located directly behind the entrance filters selects which of
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Figure 2.2: The TRACE Optical Path.

the four channels is active. Two filter wheels, located aft of the primary mirror, pro-
vide further stray light rejection in the EUV and wavelength selection at the various
UV wavelengths. The filtered images are detected by a lumigen-coated1 CCD.

CCD images are collected by the data handling computer (DHC) which buffers
full-frame or partial-frame data from the CCD into the DHC main memory. The
control computer (CC) establishes the quadrant selector position, focus, filter wheel
position and exposure time. In addition, the CC specifies the data compression and
scientific data processing to be performed by the DHC. Data from the DHC is then
transferred into the spacecraft mass memory where it is stored until downlink. The
DHC functions have an execution speed consistent with an observing cadence of one

1Substantial confusion exists on the spelling of “lumigen™. It is referred to in the literature as
lumigen, liumogen and lumogen. All refer to the same material.
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full CCD image every 5 seconds; smaller extracted sub-images can be taken at a

cadence of one per second.

2.3.2 TRACE UV Channel Description

'The UV channel of TRACE posed a restrictive set of requirements on the optics. One
design goal was to be able to image both Lya and C IV emission. A subsidiary goal '
was to acquire a useful image in the visible continuum at an exposure greater than
~ 20 ms. Imaging at Lya and C IV imposed the most dlfﬁculty on the de81gn because
this mandated a need for a broadband filter in the UV that would provide adequate
transmission at both of the UV Waveleng.ths while providing sufficient rejection at the
longer wavelengths. It was necessary to balance transmission, rejection and bandpass
to optimize 1216 A and 1550 A throughput. All UV coatings were designed and
manufactured by Acton Research Corporation (Acf,on, MA).

The entrance window is a single crystal 118 mm dia.x 10 mm thick MgF, substrate
coated with a broadband multilayer metal-dielectric interference coating. The coating
was optimized to transmit about equally at 1216 A and 1550 A while simultaneously
providing good rejection at the visible wavelengths.

"The primary and secondary mirror coatings are a compromise between reflecting
Lya and. C IV and rejection of visible light (quelengths out of the bandpass ére
transmitted into the mirror substrate; the coating is nearly transparent to the hu-
man eye). The primary mirror is coated with an all—dielectric multilayer interference

coating with peak reflection of approximately 83% at 1540 A and a bandwidth of 150
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Figure 2.3: UV response of the individual UV optical components of TRACE. The
data points in the bottom graph at 1215 and 1605 A show measured efficiency of
witness samples Lumigen-coated with the TRACE CCD. See text.
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Table 2.2: TRACE Filter Properties

Solar Central Peak
Emission Substrate Wavelength FWHM Transmission

" Carbon IV CaFs 1550 A 37 A 2.4%

HILyman o MgF, 1216 A 80 A 14.1%

UV Continuum Crystalline Quartz 1600 A 245 A 16.6%

White Light - Fused Silica N/A N/A 94%

A FWHM. The reflectivity drops to 10% at 1216 A and wavelengths above 1600 A.
‘The primary is designed to enhance the signal-to-noise ratio for C IV by rejecting
' long-wavelength contamination. This coating has the side effect of reducing the. heat
load and UV flux on the secondary mirror. The UV quadrant of the secondary mirror.
is coated with aluminum and a thin film MgF, overcoating to prevent oxidation and
‘optimize the coating for 1550 A.

The filter wheels contain the UV filters described in table 2.2 and figure 2.4. The
filters of intergst for this problem are the 1550 A filter, the 1600 A filter and the
Fused Silica filter. In ﬁgpre 2.3 we show the transmission curves for these filters. The
1550 A filter is particularly noteworthy as it is a induced transmission filter (Macleod
1986). Extra-narrowband filters with this bandpass .typica,lly suffer from sidebands
which contaminate t.he desired emission line; the filter used in TRACE does not. This
filter has a FWHM of 37 A and 10ng'—wa’ve1éngth rejection of order 10~¢. The 1600 A
filter is a narrowband filter with FWHM of 245 A.and will be used in tandem with the
fused silica filter to evaluate the long-wavelength continuum. Substrate thickness for
each of the UV filters was specified so as to minimize change in focus when switching

between wavelengths.
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AFT

Figure 2.4: Filter layout in forward and aft filter wheels, as viewed from the front of
the telescope.

The TRACE CCD (three-phase, multi-pinned phase, unthinned, front'—.illuminated)
is almost identical to the detector' used in the Michelson Doppler Imager (MDI, Scher-
rer et al. 1995) on SoHO and is in fact an MDI flight spare made by Lorél Aerospace.
Corporation. The front surface is coated ;zvith lumigen. Lumigen is a fluorescent
coating that sensi’gizes the CCD to UV and EUV wavelengths (Deeg & Ninkov 1995;
Kristianpoller & Dutton 1964). The quantum efficiency (QE) nieasurements.ﬁsed in
this analysis are taken from the Ford/CRAF Cassini CCD (Janesick 1994, private
communication) as the TRACE CCD is similar to.that device. The broadband cov-
erage provided by the above measurement makes the analysis in this péper possible.
Slides coated with the TRACE CCD have been measured at 1215 A and 1605 A
(c.f. the bottom curve in figure 2.3). The ,TRACE CCD is &~ 12% lower in quantum
efficiency at Lya and nominally the same at 1605 A. The photodiodes used for this

calibration have a 10% absolute uncertainty in their quantum efficiency. -Since the
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1215 A result has little effect on the C IV analysis, the Cassini measurements were

used verbatim for the calculation that follows.

2.4 C 1V Analysis

2.4.1 Photometry and Analysis

The optical response of the UV quadrant may be represented by the relation
IO = F(L, HTO)Q(NNA : (2.1)

where I()\, 1) represents the number of electrons ‘pixel“1 A;l s! generated at the
CCD, F'(\, t) represents the solar ﬂux with units of photons s™! A~? cm™? sf“l, T(N)
represents the combined optical response of the mirrors and analysis filters, @Q()\)
représents the qua;ﬁtum efficiency of the detector (electrons photon™1), {2 represents
the solid angle subtended by one pixel (0.5 x 0.5 arcsec or ~ 5.876 x 10~12 sr)‘an‘d
A represents the 'clear aperture of the UV qgadrant (91.0 cm?). Note that the CCD
doesn’t actually yield a solar spectrum but yields a 'detection rate integrated over ail
wavelengths: I(t) = [, F(X,¢)T(A)Q(X)QAdM.

A complete C IV dataset is composed of three images:

I; = 1550 A Image

I, = 1600AImage ' - - (2.2) .
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Figure 2.5: Spectral response of the UV channel. The 1700 A image is composed of
an image with the 1600 A filter in series with a fused silica substrate. The dotted
curve in the lower right-hand graph represents a “clean 1600 A” curve given by the
difference between the 1600 A and scaled 1700 A images as described in equation 2.4.

Z3 = 1700 A Image = 1600 A+Fused Silica Filters

The quantity [T(A)Q(A)IIA] in equation 2.1 describes the response function of the
instrument. This quantity can then be calculated to yield response curves at the
various wavelengths of interest. Response function curves for the Lya channel and
images Z1, 12 and /3 are given in figure 2.5. The Lya channel has a double peak at
1216 and 1550 A. This is a result of the transmission of the Lya filter coating and the
coating on the primary, which is centered at 1550 A. The 1700 A image is a product
of the 1600 A filter in series with the fused silica substrate. The purpose of this
combination is to measure the contribution from long-wavelength contamination.

Given the above three measurements, it should be possible to estimate three por-
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tions of the solar spectrum:

Icry = 1550 A Intensity
Iery = Ultraviolet Continuum (2:3)

Iwr = White-light Continuum

N

The goal of this exercise is to generate these three quantities from equations (2.2).
This is done via a least-squares analysis with .sample spectra from the HRTS mission.
As a first step, however, it is useful to apply some physical intuition to the problem to '
eliminate one variable. The latter two images in (2.2) may be combined to generate
a singie “clean” narrowband UV continuum image near 1550 A with a FWHM of =
200 A via the relation:

Le =1, — (1.07) L. (2.4)

Each of the two resulting images (I3 and Ic) may be resolved into a linear com-
bination of contributions from Lya and the UV continuum. This method suggests

the following relationship:

ICIV = G!I1+,3IQC+ECIV ’ (25)

Icry = . I +01:c + ecrn,

where o, B, § and «y are constants and €, represents the systematic error in this -

measurement. Iy and Iorn represent the contributions from the C IV and UV
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continuum emission, respectively.

The TRACE response for a nominal active region spectrum is illustrated in fig-

ure 2.6.

2.5 ~Error Propagation

In the previous section we constructed a set of equations to calculate the intensity in
C 1V and the UV continuum at 1550 A. In this section we derive the statistical error
in the data due to Poisson counting statistics.

For the three images of equation 2.2; the error due to photon statistics aﬁd read

‘noise in the CCD is given by

A e

In (2.6), I, represents the intensity of a pixel in each respective image; Sn represents

the standard deviation of the corresponding photon detection rate, ¢, represents the
' exposure time and RN is the read noise of the CCD (~ 20 electrons).
"In equation 2.4 we derived a 1600 A continuum image bereft of visible contami-

nation, and the corresponding error is given by
Soc = 1/ 5% + (1.07)%s% (2.7)

where the factor of 1.07 is the scaling factor due to the fused silica substrate. It then
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Figure 2.6: TRACE instrument response to an active region solar spectrum. The
“Clean 1600 A” spectra is a difference of the 1600 and scaled 1700 A spectra. The
curves at right indicate (solid line, LHS) the running integral contribution to the
CCD signal, and (dotted line, RHS) the instrument throughput.
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follows that the uncertainty in the calculated C IV and continuum levels is given by

Scry = 1/&23% + ,625'%0 (28)
.Sern = \/‘ 728} + 8255

At this point, we’ve mentioned two'forms of error:” the systematic- error in the
calculation con;cained in €, which is the absolute error in the calculation for a given
solar spectrumni, and the error due to photon statistics contained in s,. In the Error
Analysis section we present results of both types of error for the dataset used in this
paper, calculated as a fractional error — the ratio of the error to the desired answer.
In this guise, a fractional error of 1.0 indicates the uncertainty is equal to the desired
answer. Tt is possible that the systematic error may be improved upon through new
techniques and on-orbit calibrations, but the standard deviation is unlikely to change_
significantly. Improvements to the standard deviation will only be seen in significantly

longer exposure times or brighter sun.

2.6 C IV Estimates

2.6.1 Spectral Data

To predict the results for TRACE we compiléd a set of solar spectra to fold through the
optical response function. UV data are only available from spaceborne instruments,

and no single instrument has been able to collect data over the large spectral range
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Figure 2.7: Representative network solar spectrum from SOLSTICE and HRTS.

we are interested in: *1200-10000 A. It was therefore necessary to obtain data from
several sources and merge the spectra together (see figure 2.7).

The SOLSTICE instrument (Rottman, Woods, & Sparn 1993) is a rich source of
irradiance spectra but is limited in that the spectral resolution is only 1.5 A and it
provides only a full-disk average intensity. This dataset provided a useful spectral
baseline and covered the spectral range 1200-4000 A. To provide for better spectral
resolution and to also reflect solar variability from quiet sun to active regions, we
employed HRTS data over the 1540-1559 A range (Brekke 1993; Brekke & Kjeldseth-
Moe 1994). To fill out the visible and infrared spectrum to the upper limit of the
CCD response (I /rm) we employed radiance spectra from Pierce & Allen (1977). We
are combining radiance (a measurement of the intensity at the source) and irradiance
(the intensity as measured at | AU) data in this model. While this is not a completely

accurate method of creating a sample solar spectrum, it is sufficient for our purposes.
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The solar spectrum is accurate within the bandpass of the instrument (1400-1800 A),
and the approximated spectrum abpve and below this region only provides a minor
contribution to the image. -

The HRTS data (P. Brekke 1995, private communicaﬁion) provide a comprehensive
set of stigmatic spectra over the' range 1540-1559 A across a large extent of the solar
disk from near sun center to the .éolar limb. Fach spectral trace in this datésgt was
in turn matched to the SOLSTICE data. For A < 1540 A SOLSTICE was scaled by
a constant to match continuum levels of the HRTS data. For 1559 A < A < 2100 A
the SOLSTICE spectra was scaled by a function matching the continuum at 1559 A.
The scaling function was constrained to be unity at 2100 A, Where the variability
of the solar disk is lower and the throughput of t};e TRACE instrument is down by

several orders of magnitude.

2.6.2 Results

In order to solve for .the coefficients in eqn. 2.5 it is necessary to define a priori
what Iory and I(,;TN represent. For this study Igry represents the emission from
the C IV doublet at 1548 and 1550 A with the UV background removed, .and Iery
represents the UV continuum and other emission lines in the range 1540-1559 A
The continuum definition is somewhat arbitrary but represents the UV filters in
TRACE reasonably well. The UV response of the system was then convolved with
the merged HRTS/SOLSTICE spectra to predict the TRACE response to a variety

of solar C IV and UV continuum emission features. We then calculated the actual
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emission, compared it to the observed intensities in each of the filter combinations

and generated the set of solutions to equations 2.5 via a least-squares analysis:

a B | 269x10"® —1.96x 102
| = (2.9)

y 6 ~5.86 x 1012 9.31 x 101

. Given the above coeflicients, it is possible to make empirical estimates of the
measurement errors. The following calculations were generated with exposure times
of 10 seconds for 1550 A, 2 seconds for 1600 A and 5 seconds for 1700 A. There
are two sources of error to consider. The first and easier to quantify ié that due to -
Poisson statistics and read noise in the TRACE CCD, illustrated in figure 2.8. Below
a C IV intensity.of ~ 10'* photons s“lcm"“'s‘r_1 the signal is dominated by the read
noise of the CCD and will'be manifested in the images .by noise in the image and
other spurious artifacts. This threshold intensity suggests we will be able to calcﬁla,te
useful numbers for bright network, active regions, flares and other relatively bright
features. Somewhat fainter featﬁres will be measu-reable only with signiﬁcantly longer
exposure times. |

~ We are also able to examine the systematic error that is a result of this method of
calculation; this is reflected in the term eqry in equation 2.5. We calculate this term by
folding the HRTS dataset through equation 2.5 given the derived values in equation
2.9, and then compariﬁg the calculated Iory to the actual line intensity. These results
are presented in figure 2.9. They do not quite reflect reality as the variability of the

emission lines outside 1540-1559 A contaminating the C IV image was not considered
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100.00

Calculated C IV Intensity

Figure 2.8: Fractional standard deviation of the calculated C IV intensity based
on Poisson counting statistics and a CCD read noise of 20 e_. Below an intensity of
~ 104 photons s_1cm-2sr_1A 1 the noise is dominated by CCD read noise. Standard
deviation is based upon a 10 second 1550 A exposure, a 2 second 1600 A exposure
and a 5 second 1600 A+fused silica exposure.
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Figure 2.9: Relative systematic error (eCiv/Iciv) observed in calculating C IV inten-
sity from the HRTS data. Intensity is in units of photons s-1cm-2sr-1.

in this exercise. The narrow bandwidth of the filters however should serve to minimize
this effect. Based on these results we can expect a systematic error of less than 20%
for bright features.

It is interesting to generate a linear combination of the 1550 A, 1600 A and 1700 A
filters as suggested by equations 2.5. This results in a set of “effective filters" for C IV
and the UV continuum emission illustrated in figure 2.10. The graphs are a pleasing
visual check of the C IV and continuum extraction techniques. The C IV “filter” is
heavily weighted towards the C IV emission line, while the resulting UV continuum
“filter” attempts to isolate the continuum around 1550 A while rejecting C IV. The
negative transmission present in the C IV curve is in effect a method of measuring

the mean intensity for the underlying UV continuum at 1550 A.
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Figure 2.10: Effective Transmission of the TRACE C IV and UV continuum channels.
These curves represent a linear combination of the 1550 A, 1600 A and 1700 A
response functions. The effective C IV filter isolates the 1550 A lines, while the
continuum filter rejects these lines.

2.7 Results from Post-Launch

The TRACE instrument launched on April 1, 1998. After an initial outgassing,
calibration and commissioning phase dedicated science observing began in earnest on
April 20, 1998. The triad of images included here (see figure 2.11) were taken during
the initial 30-day plan at 29-APR-98 11:43:00UT.

The raw images are shown in figure 2.11 and the reduced images are shown in
figure 2.12. The average count rates in all images are detailed in table 2.3. It is evident
that the count rate in all channels is higher than anticipated; this has also been noted
in White Light exposures (C. J. Wolfson 1998, private communication). This is likely
due to a higher transmission through the UV entrance filter at wavelengths greater
than ~ 2100 A, as the increase in long wavelength signal is consistent in all three
filtergrams and is most noticeable in the 1700 A filtergram which is predominantly

these long wavelengths. Further analysis and cross-correlation with other instruments
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Figure 2.11: UV Filtergrams from TRACE, (a) is the narrowband (30 A FWHM)
1550 A C IV image, (b) is the broader (275 A FWHM) 1G00 A UV continuum image,
(c) is the long wavelength 1700 A image and (d) is the IZ image as detailed in
equation 2.4. This set of images was taken at 29-APR-98 11:43:00UT. North is up
and East is to the left. The images are 25G x 25G pixels and the pixel size is 0.5
arcseconds. The exposure time for the three images above were 8.2 seconds, 1.0
seconds and 2.0 seconds respectively.
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will be required to better quantify this long wavelength leak.

Table 2.3: TRACE Image count rates comparisons.

Image Predicted Observed
Count Rate " Count Rate
(e7s7Ipix™!) (e7s7lpix71)

1550 A 460 550
1600 A 4000 7600
1700 A 300. 2600

Clean 1600 3700 4800

The derived C IV images, however, are very interesting and are 'shown in fig-
ure 2.12. Filamentary structures around the sunspot are visible and small, relatively
cool C IV loops elmre visible at various locations in the 'irﬁage. The continuum image
does not show these loop structures and is rather difficult to interpret. The intensity

2

distribution in the C IV image is well above 10'* photons s~ cm™2 sr~!, sufficiently

strong as to have a small relative error in the bright loop structures (c.f. § 2.6.2, .

in particular figures 2.8 and 2.9). The structures in the dari{ sunspot are likely an
artifact of .the analysis procedure.

In light of the new results from the TRACE instrument there are inevitably
changes to be made in the observing sequences. Early movies from TRACE show
features that vary in intensity and evolve on timescale;s faster than the TRACE in-
strument can resolve, on the order of 5-10 seconds. Early plans suggested taking a
set of 1600 and 1700 A images and then -rapidly generating 1550 A ﬁltergrams, then

using the first images to do the C IV derivation. The rapid evolution of the transition
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region is fruétrating these efforts, however, and it is likely that other methods of CIV
analysis will prevail. Current efforts lean towards estimating the C IV 4emission4 from
only a pair of filters: the 1600 and 1700 A filtgrs, for example, may be used to gen--
erate high-speed movies with a cadence 6f just a few seconds. In active regions this
should be sufficient to get a gross estimate on the C IV emissipn at a higher cadence

at the expense of photometic accuracy.

2.8 Discussion

We have presented a method of estimating C IV 1550 A emission from the UV dataset
that will be collected by the TRACE instruﬁent. Data from thé SOLSTICE énd_
HRTS missions were combined with ground-based data to generate a large set of
synthetic solar spectra to model TRACE performance. Coefficients. were generated
via a least-squares fit to generate a set of linear equations for estimating the true
C IV and UV continuum levels from the TRACE UV dataset. The data were then
folded back through this system to generate Poisson statistics and an analysis of
the systematic (e.g. relative) error in this system. dur analysis suggests that the
best results will be achieved in regions of C IV A 1550 A intensity greater than =

_2srf1. Below this intensity the calculation becomes overwhelmed

104 photons s~lcm
by CCD read noise, counting statistics and the simplistic nature of the model used

in this analysis. It is possible to imagine a more advanced model that varies with

intensity and solar conditions, but this quickly becomes both difficult and error-prone
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Figure 2.12: Images (a) and (b) are the derived C IV and UV continuum intensities
respectively found per equations 2.5 and 2.9. The field of view is 250 x 250 0.5
arcsecond pixels: North is up and East is to the left. Figures (c) and (d) are the

intensity distributions in (a) and (b), respectively.
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notion. For each pixel, there are only three measurements available from the diﬂ"erént
filter combinations. This small quantity of information is not sufficient to support a
dramatically more complex algorithm.

The manner in which the UV channel has been designed allows for some flexibility.

in formulating observing sequences. The Lya channel will be of particular interest

. near the beginning of the mission, as it will provide an opportunity to observe this

wavelength with high temporal cadence for an extended period of time. It will be
important to utilize this capability early in the mission, as it should be assumed there
will be degradation in Ly response due to contamination and radiation damage to the
lumigen coating on the CCD. To aquire C IV ‘1550 A data, the method as suggested
in this paper is to alwayé collect a triplet of exi)osures in 1550, 1600 and 1700 A. A
typical cadence for such an exposure set would be on the order of 30 seconds.

There is some evidence that suggests the brightest features iﬁ the C IV lines will
also be evolving the most rapidly, and thus critical data in the evolution of these
features may pass unobserved. There are several ways of approaching this problem.
One method would be to only collect occasional images in the UV continuum at
1600 A and 1700 A and then a rapid sequence of 1550 A images, using the first pair
of background images to correct each frame for C IV emission. Another technique
that may be considered is to merely ta_ke a rapid sequence of images through‘the
1600 A filter. This image Wili contain a large UV continuum background component,
but the brightest and most rapidly varying féatureé will likely be emitting in the C iV

resonance lines. This may‘provi(die a technique to see C IV “blinkers”.
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Lastly, the fused silica filter will be used to generate short exposure (= 20 msec)
white light images with a cadence of a few seconds. These images will contain almost
equal contributions over the spectral range 2000-8000 A.

With added experience ‘and -on-orbit calibration, reﬁneménts to the model i)re-
sented here is expected. It is anticipated that the SUMER experiment v&}ill be able to .
parti;:ipate in limited coordinated observations during the early TRACE mission. It
is also possible that some coordinated ca;l-ibration WOI.'k may be done with vari‘ous‘full-
sun UV irradiance experiments, e.g. SOLSTICE and the Solqr Ultraviolet .Spectrallh -

Irradiance Monitor (Lean et al. 1992).
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CHAPTER 3

MAGNETIC CONNECTIONS IN THE QUIET CORONA

3.1 Introduction.

The mechanisms responsible for heating the solar corona to temperatures in excess
of 1 MK have puzzled reséarchei*s since vthe initial discovery of the highly ionized
elements in the corona almost éO years ago (Edlén 1937; Gro;urian 1939). Extreme
Ultraviolet (EUV) and X-ray solar observations became possible with the advent of
the space program. Since the first observations of ’.che éun in X-rays (Blake et al.
1963) th_eré have been many missions of varying complexity and durat.iOn ranging
from suborbital rocket flights observing for only a few minutes at a time to missions
running continuously for years. Perhaps some of the most Well—known..observatoﬁes
(but by no means all) would include the 5-054 X-ray telescope on Skylab (Vaiana et al.
1977), the X-ray Polyc;hromator (Acton et al. 1980) and the Ultraviolet Spectrometer
and Polarimeter (Woocigate et al. 1980) on the Solar Mazimum Mission, the Soft
X-ray Telescope on Yohkoh (Tsuneta et al. 1991), fh'e Extreme ultraviolet Imaging

Telescope on the Solar & Heleiospheric Observatory (Delaboudiniére et al. 1995)
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and most recently the Transition Region and Coronal Ezplorer (TRACE, Title et al.
1995, also see § 2). The quality of these observations have improved dramatically
through numerous technological improvements -which h_awe in turn yielded improved
spatial and temporal resolution, improved coverage over longer time intervals and
the ability to observe many aspects of the solar atmosphere nearly simultaneously.
‘These improvements in capability have made it possible to study increasingly smaller
structures (~ 1 arcsec or 725 km in EUV and X-'rays) and mére rapidly evolving
phenomena (with cadences on the order of < 10 sec). However, although we can
observe the sun in finer detail than ever before, even the most basic mechanisms
driving physicai processes on the sun — tﬂe methods of heating the corona and the
_role of the magnetic field in this process, for example — continue to elude us.

In this chapi;er we présent an analysis of a sequence of joinf EIT Fe XII (X 195 A)
observations of the ~ 1.6 MK solar corona and MDI longitudinal photospheric mag-
netograms of the quiet sun near disk center. For a period of 85 hours MDI obtained
one magnetgram per minute its high-resolution field of view and EIT concurrently
imaged the solar corona at a cadence of ~ 16 minutes for the duration’ of the cam-
paign (§ 3.2.2). This campaign provided an 1'1nprecedented opp01.rtunity to observe the
evolution of the photospheric magnetic field and the solar corona at a high temporal
cadence for such a long period of time.

We take this opportunity to consider the evolution of the quiet solar corona in
reéponse to the activity of the photospheric magnetic field over the duration of the

campaign. An understanding of the physical relationship between the evolution of the -
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.underlying photospheric magnetic field and structures in the corona is one require-
ment for understandiﬁg the processes rqsponsible for driving the resultant formation
and evolution of coronal brightenings. We describe the qualitative evolution of the
corona in response to the motions of the photospheric flux concentrations, we look for
corresponding length scales in the photospheric magnetic field and the solar corona,
and we compare our observations to theoretical predictions of flaring and heating

Vo

mechanisms in quiet sun coronal loops.

3.1.1 Length and Time Scales of Coronal Structures.

Numerous studies have shown that coronal brightenings correlate very strongly with
the locations of magnetic bipoles in the photosphere and chromosphere (Golub et al.
1977, Kankelborg et al. 1996; Falconer et al. 1997; Schrijver et al. 1998). The
first measuremeqt of a supergranular length scale in the photosphere is that of Simon
& Leighton (1964), ‘who autocorrelated photospheric dopplergrams to find typical
length scales of ~ 32 Mm. Since then, extensive studies using autocorrelation (AC).
methods and manual measurements of dopplergrams and Ca II K spectroheliograms
have yielded characteristic cell sizes on the order of .m 25-32 Mm (cf ‘ Hagenaar,
Schrijver, & Title (1997) and references therein). Hagenaar, Schrijver, & Title 1997-
used a “basin-finding” algorithm to outline cells in Ca II K filtergrams and found a
significantly smaller cell size of typically 13-18 Mm. They argued that the difference
in cell sizes is a result of the AC method preferentially selecting larger cells. The

result of this effect is that the AC method measures a cell area that lies between the




39

second and third moments of the size .distribution_ function, rather than the desired
first moment.

Observers have assigﬁed réther arbitrary sizes to the class of objects known as
X-ray Bright Points (XBPs) or morebgenerally coronal bright points, typically on
the order of < 20-60 arcsec (Golub.et al. 1974; Golub,. Krieger, & Vaiana 1976a;
Golﬂub 1980; Webb et al. 1993). Golub, Krieger, & Vaiana (1976b) determined the
lower bound of their brighf point observations was dictated by instrument resolution.
Kankelborg et al. (1996) analyzed a selection of. bright points from Fe XII (195 A)
and Si XII (44 A) observations which had a typical size of 3.5.—11.5 Mm. Images
from the most recent EUV/X-ray instruments (EIT on SoHO, the SXT on Yohkoh)
routinely show coronal brightenings at the limit of instrumental resolution, < 3.8 Mm.
The recently launched TRACE instrument shows brightenings at its instrumental
resolution of 1 arcsec (Schrijver, 1998, private communication).

It stands to reason that there should be a length scale common to both the sepa- .
'ratio‘n of flux con’centratioﬁs in the photospheric magnetic field aﬁd thelsize. of bright
structures in the corona. Observations suggest that relatively bright emerging loops in
quiet sun regions never get longer than typically 14 Mm before reconnecting to other
neighboring ﬂu}‘c concentrations (§ 3.4). This curious result would seem to imply a
similar scale size should be present in the photospherié magnetic field. Finding these
comparable scale sizes is difficult: the ﬁrsf cut at using nearest-neighbor distances
to calculate a scale size doesn’t account for the simple fact that coronal loops aren’t -

necessarily bound to their nearest neighbor.
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It is also interesting and complementary to consider the lifetimes of features in
the photosphere and corona. Schrijver et al. (1997) did a study of the evolution of
the magnetic field in quiet sun areas and found that as much flux is cancelled as is
present in quiet-network elements of the photosphere every 1.5 to 3 days, implying
a timescale of ~ 40 hours. Since the corona is driven by the photospheric magnetic
field (which is in vturn driven by the motioné of the solar convective zone), and any
single brightening can in general be associatgd with a pai;." of opposite-polarity flux
concentrations, this implies we should see lifetimes of structures in the quiet corona
on the order of S 20 hours. Lifetimes significantly longer than this (stable, iong—
lived coronal brightenings in the presence of a continuously evolving magnetic field)
would require either some form of continuous reconnection taking place at the loop
footpoints, or for the magnetic features to be relatively stable and Iong-lived. Golub,
Krieger, & Vaiana (1976a) investigated the lifetime of X-ray brighﬁ points with Skylab
data and found a distribution heavily weighted towards short lifetimes on the order of
hours. This result éupports the notion of comparable timescales in the photospheric
magnetic field and the corona.

In § 3.5 we compare length- and time-scales of the photospheric magnetic field to
typical loop lengths in the 1 MK solar corona .through.both direct (rrianual) measure-
ment from the data and also-via auto- and cross-correlation analysis. Our observations |
show a close relationship between variation in coronal brightenings and the evolution
of magnetic bipoles in the photosphere. Wé suggest it should be possible to find a

statistical connection between the two; e.g. a common scale size and comparable life-
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times of magnetic features in both domains of the solar atmosphere. Simultaneously
this observation provides a golden opportunity to explore the relationships between
the timescales of m:agnetic features in the solar photosphere and the evolution of loops
in the solar corona. We conclude that the quiet solar corona evolves on timescales
compa}"able to timescales in the magnetic field. The- observations indicate the quiet
corona is undergoilr}g' continuous evolution and reconnection subject to the relative

motion of flux concentrations in the underlying photosphere.

3.1.2 Coronal Heating Mechanisms."

Proposed mechanisms for energy transport into the corona are generally resolved into
acoustic and magnetic phenomena (c.f. Narain & Ulmschneider (1996) for a review
of heating mechanisms). Magnetic heating has been suggested as a leading contender
for heating the solar corona as the brightest parts of the X-ray corona tend to occur in
regions of enhaﬁced magnetic field (Vaiana et al. 1977; Acton 1996). Mag'netic heating
mechanisms may be‘ broken dolwn into two primary categories: alternating current
(AC) heating (wave heating mechanisms), and direct current (DC) mechanisms (joule
dissipation of currents and magnetic reconnection).

AC heating methods are often manifested in observations as a non-thermal broad-
ening of sp(_agtral emission lines due to magnetic wave phenomena such as Alfvén waves
(see, e.g., Antonucci 1989; Alexander & Mackinnon 1993). Others have searched for
global magnetic resonances in time series analysis of soft Sc-ray coronal loops (McKen-

zie & Mullan 1997). Litwin & Rosner (1998) suggest that there are two widely
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disparate characteristic timescales associated with wave heating: a short timescale
associated with the initial phase of a lo'o.p, on thé order of a few sound-transit times,
and a much longer timescale associated with 5 steady-state phase with a relatively
constant heating rate — giving rise to both impulsive brightenings and long-lived
coronal structures. Investigations into DC heating mechanisms often take the form of
a search for the presence of possible heating agents at sites of enhanced emission. - For
example, one might look for enhanced coronal emission at sites of high vertical cur-
rent density. Deloach et al. (1984) performed this exercise in ultraviolet wavelengths
, .
for the transition region and Metcalf et al. (1994) repeated the exercise in soft x-rays
for the solar corona. No correlation was found between current and enhanced emis-
sion in either study. In contrast, Falconer et al. (1997) studied five active regions
-and found a strong correlation between the brightest x-ray emission and the most
strongly sheared magnetic field (as measured in photospheric vector magnetograms)
at the neutral line. Fisher et al. (1998) took this a step further and correlated x-ray
luminosities to several measureable global magnetic quantities. The strongest corre-
lation nbted was between soft x-ray luminosity and the total unéigned magnetic flux
@y = [ dA|B,|, where |B,| represents the line of sight photospheric magnetic field
(see also Schrijver 1987). There are two caveats, however: (a) The correlation of a
possible heating agent to a location of enhanced temperature does not e'stai)lish that
agent as responsible for the heating (Fisher et al. 1998),'and (b) these methods only
measure élobdl quantities, not immeasureable local enhancements that may be more

directly responsible for this heating.
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The correlations found by Fisher et al. (1998) are compelling. If we assume the _
correspondence between @4 and heating is real, it is then interesting to look for
the manifestation of this heating mechanism. Many models of magnetic reconnection -
suggest the magnétic field accumulates stress in the form of ﬁon—potential (current-
carrying) loop structures. The energy in the magnetic field in excess of a potential
(zero-current) field is known as the magnetic free energy of the magnetic field. This
energy is available for heating the corona when some pathwaylis found to liberate it
from the magnetic field. A number of theéries exist that describe possible mechanisms
for the storage and eventual release of -free energy into the corona. We consider
‘tvvo theories of coronal heating and compare the respective qualitative predictions tb
observations in section 3.7.

Parker (1983a, 1983b) argues that energy input into the coronal is a natural
_ consequence of the motions of the photospheric magnetic field. Flux tubes are braided
about each other by the random walk of the photospheric footpoints. The dissipation
of this braiding transfers the work done by the footpoints (Whiclg in tﬁrn was done
by the convective motions of the underlying plasma) into heat in the cdrona. For
a chonaLl active reéion with a typical length L = 10% cm and an energy output
P= 107‘ ergs cm~2 ™!, this implied a pitch angle in the braided flux tubes (where
tand = B,/B, B, is the transverse field) of ~ 20°. Galsgaard & Nordlund (1996)
studied this mechanism further and did a numerical simulation using the full set of
MHD equations. Their study suggested that field lines reach a braiding number —

the number of times two neighboring field lines may braid about each other — of
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order one before reconnection takes i)lace. These events were found to take place
very rapidly compared to the speed of the driving motions, diminishing the degree
of brai'ding. The source of heatiﬁg will then be either along the current sheet (or,
perhaps more accurately, a current thread) separating the braided loops or interior
to a twisted loop that has reconnected. The net result will be that the source of
heating (the current sheet) will be within or adjacent to the magnetic flux tube and
any brightening will occur along the length of the loop. Localized heating in the loop
will be conducted along the magnetic field liﬁes.

This model is‘well-suited to describing the evolution of an ensemble of loops ﬁov—
ing in close proximity to one another, but does not easily abstract to the case where
additional photospheric footpoints approach, fnerge or cancel in neighboring proxim- -
ity. Observati.ons of the quiet corona in relation to the photospheric flux concentra-
tions show a proéess of constant fegonnection between opposite-polarity photospheric
flux concentrations that approach and separdte from one another. These footpoint
motions often result in a very clear process of reconnection between otherwise unre-
lated magnetic concentrations (c.f. Schrijver et al. 1998). ’Furthermore, the: Parke‘r‘ '
loop model does not specifically. address the actual process of reconnection (though
Galsgaard &: Nordlund (1996) account for reconnection and heating via the develop-
ment and resistive dissipation of a curr‘ent sheet).,

Longcope (1996) addresses this phenomena of brightening in reconnecting loops

via a model termed the Minimum Current Corona (MCC). The MCC model'attempts

to describe the build-up of magnetic energy in a three-dimensional corona. The sim-




plest example of this model may be described by two opposite-polarity photosphei“ic
flux concentrations P and N With flux 9 separated by a distance d in an overlying
backgrpund magﬁetic field By. Magnetic field lines in this arrangement must fall into
one of four domains: (1) Beginnin'.g at P and ending at N, (2) Beginning at P and -
ending at co, (3) Beginning at co and ending at N and (4) purely background field
beginning and ending at co. These fbur categories define domains Longcope_(1996)
refers to as P-IN, P—oo, co—N and co—oo. The surfaces of these domains are called -
separatrices. In pafticula,r there are two surfa;:es. 24 and Xp that are especially im-
portant. X4 contains all field lines that terminate at N, and 2 B. similarly encloses
all field lines that terminate at P. The démain P-N simulténeously lies within both
domains. The intersection of & 4 and Xp is a single field line termed the separator o.

In the MCC model, movement of the ﬂu); concentrations . results in an induced"
current arising along-a closed path defined by ¢ and a return path within the pho-
tosphere. All rﬁagnetic lines connecting the tvvb flux concentrations P and N pass
inside this loop. As the flux concentrations approach one anothef, a current is iﬁduced
along the separator o given by Faraday’s law:

di
kA %Edl 1
o ¢ ¢ By, (3.1)

where 1) represents the flux inside the domain P-N . This current along the separator
prevents a change in flux.

When the current along o achieves some ad hoc critical level it is supposed to be
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dissipated along the separator, and in that p.rocess the magnetic flux 9 is allowed to
change. The heating mechanism takes place in proximity to the separator and should
be clearly evident as a heating source at an angle A¢ with respect to the axis of the
magnetic bipole (Longcope 1998) The relezlmsed. energy Wiil disperse into those loops
that connected across the separator at the time of current dissipation.

These two heating mechanisms (Parker loops and the MCC model) may well occur
side by side and except in the most abstrac;c sense represent different phenomena in
the corona. Pérker’s model does not address the issue of two previously unassociated
footpoints coming together. Similarly, Longcope’s model does not‘address the relax-
ation of a twisted flux tube. It is an interesting exercise to look for signatures of both

processes within the context of our dataset:

1. The MCC model suggests that the location of heating will be along the sep-
| arator, which in general will be offset some angle A¢ to the bipole axis. The

Parker Model predicts heating will occur along the length of the loop.

2. The MCC model predicts periodic heating via an ad hoc stick-slip mechanism.
This might be apparent' in‘observatiqns as only random “flashes” along the
separator, e.g. the separator would not be expected to radiate continuously.
The Parker mechanism suggests a continuous process of nanoflaring along the

loop may provide a nearly continuous source of heating.

3. There may be a clear delineation between converging and separating bipoles.

The MCC theory dictates that as two photospheric flux concentrations P and
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N .approach, the 001‘"01'1341 flux ¢ connecting the two concentrations will tend to
increase, and enei"gy release along the separatqr will be depqsited into loops ‘
closing across the separator o. Similarly, loops reconnecting elseWhere. will
result in energy dep.osiﬁoh into magnetic field lines co.nnecting to domains other
than P—N. Thus, the MCC model predicts that x-ray brighterﬁngs will favor
bfighteniﬁgs associated with converginé flux over emerging bipoles. The Parker
model makes no statement on this issue, and little difference between emergiﬁg

vs. cancelling bipoles would be expected.
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3.2 Observations.

3..2.1 The Instrumentation,

Two space-borne instruments provided the data for this thesis project. Maps of the
photospheric magnetic field were provided by the Michelson Doppler Imager (MDI,
Scherrer et al. 1995). The primary mission of the MDI instrument is to measure
velocity and continuum intensity at five wavelengths near the Ni I ) 6768 A spectral
line in order to measure solar oscillations in the photosphere. The MDI'instrument.
is also able to observe the photospheric magnetic field. To this end, MDI has two
ﬁodes for obtaining magnetograms. MDI obtains full-disk synoptic observations of
the photospheric magnetic field every 96 minutes with 2 arcsec pixels (= 2900 km
resolutipn). MDI also operates in high-resolution qué using a different optical path
that views a 10.5 x 10.5 arcmin field of view (0.6 arcsec pixels, = 900 km resolution)
centered on the central meridian and 160 arcsec north of disk center. In this mode,
MDI can generate one magnetogram every 60 seconds. Both modes collect images _
with a 1024 x 1024 pixel CCD.

Observations of the solar chromosphere and corona are obtained with the Extreme-
ultraviolet Imaging Telescope (EIT, Delaboudiniére et al. 1995). The EIT instrument
is a Ritchey-Chretien telescope using multilayer coated normal-incidence optics to
image solar plasmas in selected extreme-ultraviolet (EUV) wavelengths (table 3.1).

The telescope is divided into four quadrants, with each corresponding quadrant of the

primary and secondary mirrors coated with complementary multilayers optimized for
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each wavelength. Wavelength discrimination is then made with a quadrant shutter
to select one of the four quadrants. EIT full-resolution pixels are 2.59 arcsec, with a

spatial resolution of &2 3800 km.

Table 3.1: EIT Bandpasses.
Wavelength Ton Peak Temperature

304 A He II 8.0 x 10* K
171 A Fe IX-X 1.3x 108 K
195 A Fe XII 1.6 x 108 K
9284 A Fe XV 2.0x10° K

These instruments both reside on the Solar and Heliospheric Observatory (SOHO,
Domingo, Fleck, & Poland 1995). SOHO is a collabofative effort by the Euro-
pean Space Agency (ESA) and the National Aeronautics and Spa(;e Administration
(NASA) designed to study the solar interior using techniques of helioseismology and
to gain a better insight in;to the processes that form and heat the solar corona and
the solar ’Wind. Thé SOHO (observatory‘ was launched December 2, 1995 and placed
into a halo orbit around the Sun-Earth L1 Lagrangian point where it continuously

points at sun center.

3.2.2 The Obsefving Campaign.

EIT and MDI ran a high cadence joint observing campaign for a period of 85 hours
from 10-Aug-1997 14:00 UT to 14-Aug-1997 03:00 UT. MDI high-resolution mag-
netograms were collected once per minute with occasional interruptions for full-disk

magnetogfams every 96 minutes, antenna handovers and other irregular, less frequent
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circumstances. The longest break in MDI magnetogram data spans three hours. EIT
observed in the Fe XII channel (195 A) Wii;h a temp01'"a1 cadence of about 17 minutes.
Periodic interrupt~ions for the EIT syn.optic program and other events are gené’rally
no more than one hour in duration. |

The MDI field of view selected for this campaign spanned a region of 620 x 387
arcsec centered on the central meridian, ranging from lattitudes of 270 arcsec north
of disk center to 670 arcsec north. The EIT field of view was over a 256 x 256 pixel
field of view (660 x 660 arcsec) containing the MDI field of view (figure 3.1).

We generated seven-minute averages from the raw MDI data centered on the EIT
exposure times and rebinned to 1.2 arcsec instrumental resolution. Conversion factors
from the FITS headers (BSCALE and BZERO) (which trace back to instrument
calibration) were used to convert raw data numbers to physical units. (The method -
of calibration may be found in Scherrer et al. 1995 and the- calibration results are
from P. H. Sherref & T. D. Tarbell, private communication.) The conversjon is a
linear relation given by

B =1.232+ 2.816(DN) | (3.2)

where DN is the raw value from the FITS file and B is in units of gauss. The EIT
Fe XII data was degridded, flat fielded, dark-current subtracted, normalized to one
second exposure rate and interpolated to 1.2 arcsecond pixels with the IDL SolarSoft
p.ackage (Ffeeland & Handy 1998) The EIT data was flat-fielded and degridded with

calibration data current as of 10-Nov-1997 (prior to the EIT CALROC calibration
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Figure 3.1: The composite field of view for the high-cadence coordinated time-lapse EIT-MDI observing campaign. The
top image is the EIT Fe XII A 195 A field of view, displayed in units of logarithmic intensity. The bottom image is the
corresponding MDI high-resolution view of the photospheric magnetic field scaled to £50 Gauss. The images were created
by taking a slice from each image in the respective EIT and MDI movies, and splicing the slices together for this view. The
EIT field of view was 256 x 256 full-resolution pixels (11 arcmin x 11 arcmin) and the MDI field of view was 1024 x 640
high-resolution MDI pixels (10.3 x 6.5 arcmin). The area common to the two instruments is shown in this figure. North is
up. West is to the right.
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flight). Both datasets were then coaligned and corrected for solar rotation.

3.3 EIT and MDI Movie Preparation.

The first EIT/MDI movie was made with Fe XIlI data displayed on a logarithmic
scale and the MDI magnetograms contoured at 25 gauss levels, above the 2a noise
level (% 16 gauss) but low enough to show significant detail in the resulting movie.
The movie was low contrast in many of the quiet sun regions and observations of
the dimmest loop structures was problemmatic, and in numerous cases it was quite
difficult to associate loop brightenings with the underlying photospheric magnetic
field. To improve the contrast in the Fe XII images, the data was reprocessed with a

high-pass filter to remove the diffuse background. The filter used was of the form

If=-, + C x smooth(log(JO)) (3.3)

where JO represents the raw image, Is represents the smoothed image, If represents
the filtered image. The smoothed term returns some context to the image with
C ~ 0.15 and the smoothed image is a boxcar average over 5 arcsec. A comparison
of the log-scaled and high-pass filtered images are shown in figure 3.2.

The filtered data are now displayed on a linear scale. The filtering process has
increased the constrast sufficiently to bring out small (~ 5 arcsec), dim loops on a
variety of size and length scales that were previously invisible (or nearly so) against

the background haze. This filter works well not only on quiet regions, where it is
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Figure 3.2: A comparison of a log-scaled EIT/Fe XII image to its high-pass filtered
counterpart. The top image is the original EIT image displayed on a logarithmic scale.
The lower image is filtered to remove a spatially diffuse component so dim coronal
loops in the image stand out in higher contrast. Identical color tables were used for
both images. The contours represent the MDI photospheric magnetic field levels at
+25 Gauss. North is up and West is to the right; the field of view is 450 x 280 Mm.
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now significantly easier to pick out lloops and see their connections to the underlying
magnetic field, but also works especially ’Wel-l to isolate individual lo;)ps in the two
bright expanding active regions (a topic beyond the scope of this work). Although
the images have been flat-fielded and the CQD dark current has been subtracted,
remnants of the CCD ﬂat field and the filter support grids are visibly apparent in the
reduced data. The filtered EIT movies are used for the analysis that follows unless

stated otherwise.

3.4 Flux Emergence and Cancellation.

We find in general all flux emergences and (;ancellations above a threshold of 10'® Mx
were associated with a noticeable brightening in the 1 MK corona. This is in contrast
t0 the observations of Harvey (199'%) who finds that no more than 25% of all emerging
bipoles seen in NSO /Kitt Peak magnetograms result in brightenings visible in SXT.
The higher density of ioops in our 6bserva£ion may be related to several effécts. First,
the Fe XII channel is looking at coolér plasma (= 1.6 x 10° K in Fe XII vs. 2 x 105 K
in SXT). Secondly, the high-pass filter allows us to see loops hidden in the diffuse
structure that would not be observed otherwise. On the smallest spatial scales and
at fhe lowest intensities, these loops often have no counterpaft in the more epérgetic
SXT images.

Emerging loop structures were first visible in the corona when the flux tube sep-

aration reached 4500-8500 km and remained visible for typically 5-12 hours after the
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initial brightening before fading or reconnecting to other preexisting flux conéentra—
tions. These reconnections are generally manifested as a gradual shift in brightness
between the initial pair of footpoints and the new connection to the preexisting con-
centrations. These expanding loop systems reached a maximum footpoint separation
of about 14 Mm (c.f. figure 33) At this distance, the flux concentrations at the
footpoints tended to mergé with other, like-polarity flux concentrations and then re-
connect to more distant concentrations. We observed no emerging concentrations
expanding to significantly greater distances. In many cases emerging flux pairs had
reconnected to neighboring pre-existing flux concentrations before separafing enough
for the connecting loop to reach coronal heights and emit in the Fe XII line.

A survey of the maximum footpoint separation seen in the EIT/MDI movie is
shown in ﬁgure 3.3. Emerging (cancelling) regions in the movie were followed to
their maximum separation férward (backwé,rd) in time. The number of observations
was limited by the size of the instrumental field of view. In many cases it was
not possible to observe the evolution of loop structures for the lifetime of fhe loop.
The most frequent n;aximum length was ~ 14 Mm, slightly shorter than the average
supergranule diameter of 14-18 Mm (Hagenaar, Schrijver, & Title 1997). The average
maximur‘n length was ~ 18 Mm. |

Cancelling magnetic flux tended to connect at an average footpoint separation
of 14 Mm before converging and disappearing from the coronal images. Cancelling

features disappeared from the EIT images at a separation of 4-7 Mm. There were .

cases where the opposing flux concentrations at the loop footpoints appeared to be
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Figure 3.3: Maximum footpoint separations seen for emerging and cancelling flux
and their coronal loop counterparts in quiet sun. Also indicated on the histgram is
the limiting resolution of the EIT instrument, the most occuring length of footpoint
separations from figure 3.6 and the average supergranule diameter from Hagenaar et
al. (1997). The data point that falls below EIT resolution is a result of the loops
blooming in the corona over a projected area larger than that of the photospheric
footpoints.



57

in contact before the loop disappeared from the Fe XII channel, but the centroids
of the magnetic footpoints were still separated by > 4 Mm. This minimum separa-
tion may be a side effect arising from two possibilities; (a) v;re are approa.,ching the
spatial resolution of fhe EIT Ains'trur"neht, and (b) the magnetic lobps must separate
sufficiently to reach coronal heights before.the‘y are able to become hot enough to
radiate in the Fe XII line. If we assume the loops are approximately semicircular in
shape, tilis observation suggests the loops must reach a -height of ~ 3 Mm before this
condition occurs.

Emerging and cancelling flux concentraﬁons tend to only remain (or become)
connected while at a distance equal to or shorter than about one supergranule di-
ameter, ~ 16 Mm (Hagenaar, Schrijyer, & Title 1997). The flux concentrations
tend to emerge, spread apart, coalesce (or cancel) with other flux concentrations and
then reconnect to more distant (or closer) opposite-polarity concentrations of simi-
lar sfrengths. In one particﬁlar ca;se, a collection of emerging concentrations drifted
about until the positive flux concentrations began to collect in a small region. This
ensemble of positive flux concentrations were initially spread over R 30 Mm and were ‘
éonnected to pointé approximately 20 Mm distant. As the positive flux concentra-
tio.ns began to merge, they reconnectéd several times to a number of negative flux
concentrations over the course of 30 hours. They fohen coalesced into one flux element
~ 14 Mm in diameter and reconnected to the negative pole of a large active region
110 Mm distant (figure 3.4). The total absolute value of the magnetic flux at the

isolated pole of this loop at reconnection was ~ 2 x 102° Mx, two orders of magnitude
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greater than typical quiet sun flux concentrations (Schrij_ver et al. 1997). This re-
connection can bg seen to have a distinct effect on the magnetic configuration of the
active region, although it is nearly out of the field of view by the time of reconnection.
This particular example is an extreme version of a phenomena seen several times on
-smaller spatial scales.

In one case, a flux concentration was observed to be connected to a distant con-
centration while simultaneously cancelling against a neighbbring opposite polarity -
bundle. No loop structure connecting these two cancelling polarities was evident in
the Fe XII images. This suggests a reconnection process between the loop footpoints
and neighboring magnetic ﬂux ocqurihg at éhromospheric heights.

In general we never observed an emerging bipole to spread, reverse direction and
then again cancel against itself, but iﬂstead the concentrations would emerge, sep-
arate, reconnect to other pre-existing flux and éventually cancel elsewhere.. It then
stands to reason that unequal cancelling flux concentrations are the rule, with only
a small fracfion of the examples in our study éompletély'vanishing' from the magne-
tograms.

We observed several phenomena germane to both emerging and 'cancelling flux.
There were numerous cases in which the coronal brightening connecting two' footpoints
favored the footpoint containing the largest amount of flux, in that thg brighteﬁing
was most obvious over the lérger footpoint. In our filtered images the loops often
appeared to taper in diameter from one flux concentration to the ofher instead of

forming a loop of constant diameter. From this dataset it is not possible to discern if
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Figure 3.4: An illustration of flux collection and resultant magnetic reconnection in
the corona. The positive Hux concentration (left side of image, bottom frame) is
about 14 Mni in diameter and has a total Hux content of % 2 x K2 Mx. The field of
view is 450 x 280 Mm. The thin brightening drifting through the image (at center of
bottom image, « 25 degrees from vertical) is an artifact of the CCD flat-field.



60

the loops are tapering from one footﬁoint to the other or if part of the loop is simply
not visible. in our images. New results from the TRACE observatory show Fe XII
loops in the corona with corresponding C IV 1550 A footpoints (=~ 100,000K) at or
extremely near the photospheric footpoints (Schrijver, 1998, privafe communication).

In numerous cases, flux concentrations were observed to connect to multiple
opposite-polarity concentrations. In some cases these multiple connections were ev- _
ident When the loop structures first becarﬁe visible in the corona, at othe£ times
the additional connections occurred after some relative m,dtion of the participating
flux concentrations. Another phenomenon observediwas flux sources of one polarity
connecting to a series of opposite polarity concentrations al-ong a curved path (c.f.
figure 3.5). We noted only a few isolated instances of this effect, but this phenom—
ena became quite apparent in the process of collecting statistics for the sections that
follow in this paper. It is possible this is a projection effect but in the instances we
observed it appears that the loops are following a curved path leading to the opposite
polarity. This cén be explained by a potential field extrapolation. If the direcfion
of the transverse field directly over one of the intermediate points along the loop is
calculated, it would be found to lie in a direction tangent to the curve of the loop at
that point. By this analysis, it is clear the loop structures should track the underlyiné
footpoints. |

In some cases we observed. the ‘brigh{:enings and loop orientation to vary rapidly
at the limit of our temporal resolution as, for example, two loops from one polarity

concentration connected to two or more concentrations of opposite polarity some
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Figure 3.5: Multiple connections between polarities. In several examples the loops
visible in Fe XII appear to follow a curved path passing over multiple concentrations
(positive concentrations in this case). The structures seem to track the movement of
the underlying footpoints. This phenomena can be modeled with a potential field.
The Fe XII data was high-pass filtered to remove the diffuse background. The MDI
data was overcontoured at £25 Gauss levels. The loop in this figure appears to follow
a path connecting the footpoints.

distance away. The loops appeared to vary in brightness in response to the movement
of the underlying footpoints. This is in agreement with the observations of Harvey
et al. (1994), who claim that the variability of bright points has little to do with the
rate of magnetic flux change in the underlying magnetic structure but instead has to
do with the relative motion of those structures. In most cases the loops appear to
evolve, twist and wiggle rapidly in response to this footpoint motion. Coronal loop
structures are also observed to deform and stretch in response to the evolution of the
neighboring magnetic field. The observed motion is dependent on the flux strength
and proximity of the neighboring field, and connection to that is further dependent on
any apparent connections that flux concentration has elsewhere. This motion appears

to happen over time rather than an instantaneous accomodating response to changes
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in neighboring flux concentrations. Rather, it evolves in a smooth manner at a pace
consistent with the speed of evolution and strength of the neighboring field.

We never observed emerging regions to expand to distanqgs in excess of about one
supergranule diameter, but the mere existence of many‘loops in various stageé of de-
velopment on scales greater than this all over the quiet sun implies this discontinuous
process is occuring on a continuous basis. When a sufficient quantitly of flux concen-
trations coalesce, the coronal magnetic field tends to restructure to adapt to these .
new boundary conditions. Flux concentrations of simila.r strengths tend to connect
to other flux concentrations of similar strengths, whether that connection happens
in the immediate neighborhood of the concentrations (as is typically seen in active
regions with large dpposite polarity flux concentrations in very close proximity), or

at relatively larger distances as seen in the example presented in figure 3.4.

3.5 Length Scales and Magnetic Reconnection:

We now generalize beyond emerging and cancelling phenoména and consider all quiet
sun brightenings visible in the Fe XII channel during this campaign. In § 3.4 we
alluded to the existence of several domains of lobp sizes present in the quiet corona.
Loops that are larger than the average supergranule diameter are t‘ypically the product
of merging flux concentrations at the photospheric level and corresponding reorgani-
zation of the coronal magnetic field. A snapshot of footpoint separation associated

with coronal loops is shown in figure 3.6. These statistics were collected by measuring
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the footpoint separation for all coronal loops that could be clearly associated with
opposite polarity footpoints from three quiet sun regions over the duration of this
observing campaign. Three images (one each from the beginning and end and one
near the middle of the observing campaign) were selected for this study to cover all

quiet regions that passed through the field of view during this campaign.

Nearest-neighbor distribution — —
EIT Resolution ........
Supergranule Diameter-------

Footpoint Separation (Mm)

Figure 3.6: Distribution of coronal loop footpoint separations for loops visible in the
EIT Fe XII (195 A) Channel. The limiting resolution of EIT is 3800 km and the
average supergranule diameter (from Hagenaar et al. 1997) is « 16 Mm. The dashed
line represents the analytic nearest-neighbor probability distribution for bipole cell
sizes (e.g. one positive - negative flux pair per cell) of 1260 Mm2. The most occurring
value of the distribution is % 12 Mm, and the average value of this distribution is

18 Mm.

This figure shows a distribution with a maximum value (the most frequently oc-
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curring length) of =~ 12 Mm and a mean of 18 Mm. There is a cutoff at 3800 km (2.59

arcsec) at the limiting resolution of EIT full-resolution pixels. Quiet region loops
with footpoint separations 2 35 Mm are genérally dimmer and more difficult to see
against the diffuse background (c.f. Rosner, Tucker, & Vaiana 1978, Klimchuk 1992
for a discussion of loop models). Loop structures were excluded from this distribution
if it was not possible to unambiguously associate a pair of opposite-polarity footpoints
with the coronal Brightening. Numerous examples of brightenings over like-polarity
footpoints were evident, as . well as loop brightenings that originated at one footpoint
and then faded into the background.

This distribution of loop lengths (or, actually, photospheric footpoint separations)
may be modeled analytically. If one assumes a random distribution of magnetic flux
concentrations of one polarity and then places a flux element of the opposite polarity
in this field, then the probability distribution P(r) describing fche distance to the

nearest neighbor is givén by (Kendall & Moran 1963)
P(r)dr = 2X\rre™> dr (3.4)

where r is the radial distance and A is the density of points on the plane (A = 1/ S5
S has units of aréa). This function was fit to the distribution with A as the free
parameter and the chi-square test was used to evaluate the goodness of fit.

The best fit (lowest x2) was given b}.f S = 1/X = 1260 Mm?. To test if this

analytical fit agrees with the distribution, the two quantities were compared via the
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. Kolmogorov-Smirnov (K-S) statistical test (Press et al. 1992). The significance level

of equation 3.4 to the data found by the K-S test is found to be 0.159, which means
that this distribution is only signiﬁcant at the 16% level. Figure 3.6 shows a com-
pelling fit but it is apparent that it does not completely describe the distribution: This
are several possible explanations for this: recall that coronal loopsldo not always sat-
isfy a nearest-neighbor relationship with the underlying magnetic footpoints, and also
note that the photospheric diétribution is not a perfect random distribution'of points
as this method would imply. Schrijver et al. (1997) fit the supergranular lanes to a
Voronoi tesselation which suggests the magﬁeti(; elements tend to collect in a mesh
of concentrations insfead of being randomly distributed across the photosphete.

The area S actually enéloses a pair of opposite polarity-ﬂux concentrations, so
the area per flux concentration is half of this value or 630 Mm?2. Hagena;ar? Schrijver,
& Title (1997) melasured the distribution of cell sizes in the chromospheric network
and found that with a spatial smoothing of 7.7 Mm, the mean area S in quiet net-
work was ~ 610 Mm?, in very close agreement with our observation. Some caution
is appropriate here. While Hagenaar, Schrijver, & Title (1997) measured the geom;
etry in the chromospheric network, for purposes olf comparison between the coronal
structures and thg underlying magnetic field \.zve have implicitly made the assumption
that there will be one magnetic concentration for every network cell. Also, if the
cell diameter is to be directly cémpared to the footpoint separati-on, that assumes
magnetic field concentrations will always preferentially connect to nearest-n.ei'ghbor

opposite polarity distributions. Comparisons of EIT Fe XII loops to illustrations of
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nearest-neighbors in MDI magnetograms show that this is in general not usually the

" case (Hagenaar 1998, private communication). Comparison of the magnetograms to

their coronal loop counterparts shows that loop stru(;tures havé a tendency to connect
magnetic concentrations of similar flux intensity.

Schrijver et al. (1997) measured the number density of flux conceﬁtrations in quiet

chromospheric network. Their study showed th’at histograms of the frequency of flux

concentrations with a given core flux content .could be modeled by an exponential

over the range 10'® to 5 x 10%8, e.g.

n = ng exp (-%) (3.5)

where ng and @, are constants, ® is the threshold flux level and n is the number
density of photospheric flux 'concent_rations. The slope of the exponential ®, ~ 3 x
10'® Mx, which then implies the average total flux per concentration was found to be
(®) = ®g & 3 x 10*® Mx. We then correlated t‘hé footpoint separation evident in the
- MDI magnetograms to the flux intensity in the footpoints (ﬁgure_ 3.7), using the high- -
pass filtered Fe XII images to show connectivity be£v§éen the footpoints. The centroids
of the footpoints were ﬁsed to determiﬁe the separation, and the flux intensity was
calculated as the integral'of the flux over aﬁ area described by the 25 gauss coptours
of the footpoints in the magnetograms. Presumably the flux in the loop is no greater

than that in the weakest footpoint, so the footpoint with the least amount of flux

was used in this correlation. There is significant scatter in the correlation, but a
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Figure 3.7: The footpoint separation of coronal brightenings in EIT Fe XII vs. the
magnetic flux concentration in one footpoint. The flux was found by integrating the
flux over an area defined by the £25 gauss contour lines, and the flux from the smaller
of the two concentrations was used for this figure. The dotted line is the average flux
concentration found by Shrijver et al. (1997), and the dashed line is the limiting EIT
resolution, 3.8 Mm.
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few observgtions are eviden’g. First, it is apparent that in order to see a brightening
in the EIT Fe XII images, the flux in the loop must satisfy |®| > 3 x 10'® gauss.

It is also evident that if the footpoint separation is sufficiently large (= 35 Mm),‘
then more flux is required to connect the fdotpointé (the minimum value approachés

10 Mx for separations > 40 Mm). Similarly, there is also a second trend for large

flux (.:oncentrati'ons to connect at greater distances. When flux concentrations merge

and form larger concentrations, they are then able to reconnect to flux conce,ntrafions

of similar strength at a wider range of distances, ranging from immediate neighbors

(at distances of < 10 Mm) to far-reaching concentrations at distances of > 55 Mm.

The strongest footpoints can be noted to connect to opposite polarity footpoints at

any distance shown in the figure.

Hagenaar (1998, privatg communication) calculated the relationship between thresh-
old flux levels and the re.sulting separation of flux concentrations based on the quiet
sun data used elsewhere in this paper (figure 3.8). The MDI data was smoothed
with a 1.2” gaussian, then flux concentrations that exceeded the two-sigma noise
level (14 gauss) were selécted for analysis. The density of points was calculated based
on only counting those flux concentrations of magnitude greater than the threshold
flux level. Based on the average cell diameter of 18 Mm from figure 3.6, this figure
predicts a minimum footpoint flux concentration of ~ 2 x 10'® Mx in the loop. This
is comparable to the minumum flux concentration of ~ 3.5 x 10'® Mx in figure 3.7.

Another technique for evalua’.uing-the relationship between loop footpoint sepa- .

ration and magnetic flux intensity is to integrate all unsigned flux in the region of
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Figure 3.8: The relationship between threshold flux levels and separation between
flux concentrations. MDI magnetograms were smoothed with a 1.2” gaussian, then
flux concentrations that were above the MDI two-sigma noise level (14 gauss) were
counted. Flux concentrations greater than the threshold value were used to calculate
the density of points and in turn the average cell diameter of the concentrations. The
rolloff below 1.5 x 1018 Mx is due to the selection process used in the flux concentration
identification algorithm. Data courtesy H. J. Hagenaar.
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the coronal brightening. Schrijver et al. (1998) calculated the flux as all flux above
the two-sigma ndise levél (0 =7 gauss) in a circle of diameter 27,000 km, ﬁnd'er thé_
assumption that the foop is affected by all flux in nearby proximity to the coronal
brightening. This assumption is bolstered by the results of Fisher et al. (1998), who
‘ corr.elated global properties of vector magﬁetograms from the University of Hawaii’s
Mees Solar Observatory and found a very good correlation between X-ray luminosity
over the entire active region and the total unsigned magnetic flux ®yx = [ dA|B,|.
In figure 3.9 we integrate over the area bouﬁded by the loop brightening visible in
the filtered Fe XII images and the coronal loop footpoints evident in MDI and see a
similar correlation between these fwo quantities. This study is looking at flux con-
centrations and loop sizes much smaller than the active regions discussed by Fisher
et al., but we reach a similar conclusion.

In figure 3.10 we compare the total unsign.ed flux under the loop to the total
integrated intensity of the loop in Fe XII. This agrees with the work of Fisher et al.
(1998) and is in agreement with the theoretical predictions of Longcope (1996), who
pfedicts a qua:litative variation of the luminosity with ®;,;. This correlation is quvi’.ce

linear and is an extension to the analysis of Schrijver (1990) who suggested a power

law fit of L ~ @12 for a 1 MK corona for large-scale magnetic fields.




71

4*10

Footpoint Separation (Mm)

Figure 3.9: Footpoint separation versus total integrated unsigned magnetic flux. The
footpoint separation was determined by the centroids of the magnetic flux concentra-
tions, and the magnetic flux is the integral of the total flux defined by the projected

area of the brightening in the Fe XII images and the loop footpoints.
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Figure 3.10: Relationship between integrated unsigned photospheric magnetic flux
and total Fe XII loop intensity. The region of integration was chosen by selection a
region surrounding the brightening visible in EIT and also including the footpoints
as observed by MDI.
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3.6 Autocorrelation Measurements.

Whereas the previous method of measuring the size and separation of coronal loops
was done fairly directly, i.e. measured by hand directly from the data, it is biased by
the ability of the observer to see the connections énd accurately measure the distances
involved. An alternative method that removes part of this bias at the expense of
adding new ones is to perform an autocorrelation analysis of the EIT images.
Autocorrelation analysis is a technique for showing on a quantitative basis the
. similarities between two images. An analogy to this methoci is to overlay trans-
parencies of two photographs on a light table. If there is a correlation between the
two photographs (e.g. they are perhaps two separate pictures of a landscape) then
there will be a definite position in which the 6ver1ap of features is very close and the
transmitted light level will be at a maximum. As the transparencies are shifted over
each other, thg total light transmitted through the sandwich will begin to drop and
approach some minimum (Leighton, Noyes, & Simon 1962; Simon & Leightbn 1964;
~ Mosher '1977). If there is some periodicity in the images then the transmitted iight
will again- increase, in diréct. proportion to the correlation between the images. This
~ technique is useful for rﬁeasuring the scale sizes in an image (autocorrelation) ana
also for comparing two dissimilar images (cross correlation). The correlation function

in two dimensions is given by

Ti(z,y) — T1)(Ta(z +a,y + b) — Tz)dA
(f dA)O'lo'g

Cla,b) = L (3.6)




| .
where C(a,b) is the correlation function, T} and T, are the intensities of the two
images (or transmission of the film, as described above), T, and Tj are the image
mean intensities, a and b represent the lag between the two images, the standard
deviation of the two images is given by o1 and o3 and the integrals are over the area
of interest A. For identical images (17 = T3) this is an autocorrelation function; when
separate images are compared (T1 # T) the result is a cross-correlation function.

This relation yields two useful pieces of information about 1‘3he structure of the im-
‘age. First, the full width at half-maximum (FWHM) is a measure of the “correlation
distance” or the linear scale of the fluctuations. The central height of the function
(for lag a,b = 0) is a measure of the r.m.s. fluctuation of the two irﬁages. If a plot of
correlation vs. lag a or b is generat;ed, the FWHM of that curve is a measure of the
correlation distance along the respective axis.

It is apparent from the photograph analoéy and equafion 3.6 that this method‘
favors the large—scé,le structures in the images, so the new bias in the measurement
of coronal lqop structures is that the final reSI_llt will be weighted towards the larger
structures. The correlation analysis that follows was limited to quiet sun regions to
reduce this bias.

In figure 3.11 we show typical autocorrelation amplitudeé in the linearly-scaled
EIT Fe XII movie. Three quiet regions were chosen from the full field of view of the
observation in an effort to mitigate effects from the large-scale loops connecting the
two active regions. The autocorrelation curve was calculated from the linearly-scaled

images over a lag of =60 Mm for each frame in the field of view. This array of
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Figure 3.11: Averaged Fe XII autocorrelation curves. Solid lines are EW. dotted lines are NS. The autocorrelation graphs
correspond to the three quiet regions outlined in the lower figure. The eastern region is averaged over 47 frames, the
central region over 100 and the western region over 51 frames. A distinct variation between EW and NS is seen in the
eastern region (and to a lesser extent the central region), due to large loops from the active region passing over the field of
view. The Western region is least affected by these overlying loops and the similarity in correlation distances suggests the
orientation of quiet sun brightenings is isotropic. The typical size scale (FWHM) is % 26 Mm.
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correlations was then averaged to yield the curves in figure 3.11. The anisot.ropy in
N-S and E-W correlation in the eastern and‘ central regions indicates these regions
were affected by the presence of overlying loops. This is evident both in the n&ovie
and the averaged autocorrelation curves. The West;ern region was free of this effect,
and the co'rrelation plot for this region suggests that quiet sun coronal brightenings
are generally isotropic in their orientation.

The a priori assumption was ;ohat the loops would be biased towards an east- - -
west orientation as is oftén seen in large active regions. However, aside from the
influence of the large-scale active regibn loops, the autocorrelation curves show litﬂe
difference in t.he N-S and E-W directions. It is possible that if the loops are about
the size of a supergranule ‘fmd are separated by a distance of about a supergranule,
then the z.mtocorrelation would be expected to be isotropic. However, if the majority -
of all concentrations ‘shared a common orientation we Woul_d still predict a visible
bias in the autocorrelation unless the orientation falls along a 45° angle to the two
axes, as the coronal loops would tend to autocorrelate along their length in one axis
(e.g., E-W) and across their width in the other axis (N-S). The present result is in
qualitative a,greement. with inspection of the data by eye: there is ﬁo obvious bias in
the orientation of small-scale loops.

This isotropy in loop orientation may have several plausible explanations. First,
we note that the size of the magnetic flux concentrations found at the footpoints of the
loops in this study are quite small, often on the order of 10'® Mx. As one progresses

towards smaller flux concentrations, the Hale Polarity Law (Hale 1919) seems to ap-
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ply less cleanly. Harvey-Angle (1993) (chapter 3) sfoudied the orientation of active
region loops and found that as the size of the region decreased, the orientation of the
magnetic bipole beneath the region became less likely to align with a preferential ro-
Eation. The results here are an extension of Harvey’s study. There are likely several
phenomena in effect at these smaller sizes and domains. First, the sniallest mag-
netic flux concentrations are more likely to be influenced by the motions of the sun’s
convective layer and hence will be subject to significant mixing and shifting before
reach'}ng the photosphere. Once at the surface, the flux concentrati;)ns are subject to
constant shifting and subsequent reconnection to other flux concentrations, discussed
qualitatively in § 3.4. Any preferential orientation of flux concentrations at emergence
will be rapidly d.ispersed as the concentrations reconnect to other, randomly-oriented
neighboring flux concentrations.

With a grasp on the size of coronal féatures, it is then useful to consider the
lifetimes of coronal loops via cross-correlation. We .compare a series of linearly-scaled
_ images in time to the first image and plot the maximum correlation amplitude as a
function of time (figure 3.12). This study used the same regions as were used for the
qutocorrelation'method discussed previously, and the time domain of the graphs runs
for the length of time each field of view was fully present in the images.: The lifetime
of the structures visible in the corona is measured a's the amount of time necessary
for the cross-correlation amplitude to drop to a factor 6f 0.5. We find the quiet
1MK corona has a timescale of nominally 12 hours and is completely decorrelated —

retains no “memory” of its original configuration — in 20-25 hours, at which time
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the correlation begins to oscillate about the minimum value. |

Based on these observations of the quiet corona, it is then instructive to attempt a
similar stpdy in the photospheric magnetic field. This is a significantly more difficult
issue to address, as magnetic fields do not lend themselves to being autocorrelated.
‘Rather than (:iecorrelating over a distance comparable to a supergranule diameter
or over the length of a coronal flux tube, the magnetic field is much more likely to
decorrelate over the diameter of a flux concentration, often- on the order of a few pixels
in quiet sun. In an attempt to mitigate.this difficulty, we create a polarity map from
the MDI iﬁlages (figure 3.13),. Magnetograms from five hours of MDI observations
were averaged to make the polarity pattern in the supergranular lanes more apparent.
The result of this averaging process is shown at top in figure 3.13. The polarity map
was created by smoothing the.magnetogra'n'l over 6 arcsec and then setting the positive
polarities to +1 and the negative polarities to —1. This smoothing process removes
the small scale magﬁetic features (< 3800 km,' the scale dictated by EIT resolution)
least likely to be i_nvolved in coronal brightenings and simultaneously enhances the
magnetic patterns in the supergranular netv;fork. The corresponding polarity map is
the lower illustration in figure 3.13.

This processed image was then autocorrelated. The entire MDI field of view
was used for this calculation, including the active regions. The result of this auto-
correlation is a scale size of 7.5 Mm, the FWHM of the autocorrelation amplitude
(figure 3.14). This result is sighiﬁcantly smaller than the scale sizes we see in the

coronal images, both in direct measurement and the autocorrelation results. Once
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Figure 3.12: EIT/Fe XII crosscorrelation in the quiet corona in the same regions as
figure 3.11. The top curve shows the greatest discrepancy in decorrelation bias due to
the evolution of the large-scale loops emanating from the neighboring active region.
The remaining two regions decorrelate in % 12 hours.
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Figure 3.13: Characteristic magnetic field polarity pattern. The top image is an
average of five hours of MDI magnetograms, one per minute, corrected for solar
rotation. The bottom image is a polarity map, generated by smoothing the top
image over Garcsec and then setting positive regions to +1 and negative regions to
-1
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Figure 3.14: Autocorrelation amplitude of the photospheric magnetic field polarity
pattern. Solid line is EW, dotted line is NS. The FWHM of the polarity map (the
characteristic size of the flux elements) is ~ 7.5 Mm.
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again there is an apparen‘t. isotropy in the sha’pe and size scale of rﬁagnetic phenom-
ena in the solar photosphere, but the reaéoning is somewhat different from that of
the previous coronal arguments. If an instantaneous snapshot of ﬁhe solar corona
showed a arrangement of coronal loops all of footpoint separation d separated by a
distance d, all oriented .along a common axis, while therg would be an anisotropy in
the coroﬁal loop correlation distance the underlying magnetic field would appear to
be completely isotropic. Further complicating this issue is the fact (from § 3.5) that
magnetic flux concentrations do not have any greaf tendency to connect fo nearest
neighbor opposing flux concentrations. It is not possible to address this issue based

on correlation techniques.
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3.7 Mechanisms of Bright Point Heating

3.7.1 Morphology of coronal brightenings

Parker (1983b) and Longcope (1996) propose two complementary methods of coro-
nal heating via direct-current (DC) magnetic field dissipation (c.f. § 3..1.2). Parker
argues-that coronal heating is a natural extension of the motions of the convective
zone giving rise to twislti-ng an& Nb'rai'ciling of magnetic loops in the corona. These
braided magnetic loops then periodically. reconnect and reiax into a potential field
conﬁguraﬁ:ion, releasing the magnetic free energy in the form of heat which is then
dissipated along the length of the loop. Longcope suggests a model of coronal heating
in which the relative mption of opposite-polarity magnetic flux concentrations ;result
in reconnection between these concentrations. As the flux concentrations move rel-
ative to one another, a current is induced ‘along a closed path .C, composed of the
- separator o and a return path in the photosphere between the two concentrations-P
and N, opposing any change in flux connecting P to N. When the current flowing in
C reaches some ad hoc critical level, it is dissipated via anomalous resisitivity into
the corona and the magnetic field betyveen P and N is allowed to relax towards a
current-free configuration. This model describes the minimum permissible current in
the corona and is referred to as the Minumum Current Corona (MCC).

This model impliés a number of morphological conditions that should be evident
in solar observations. Perhaps the most obvious side-effect of this reconnection model

is an angular discrepancy between the axes of the coronal brightening and the mag-
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Figure 3.15: The separator field line AB, viewed from above, for a magnetic bipole.
The axis of the bipole is shown as a dashed line, N and P represent the loop footpoints.
Also shown are two definitions of the separator axis (dashed and broken) leading to
two offset angles As>and A”'. Figure courtesy D. W. Longcope.
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netic footpoints (figure 3.15). In prac'tice the brightening will be at an intermediate
angle between the bipole axis and the background field By, and it dependent on the
relative strengths of By, the magnetic footpoint fluxes 9. and the footpoint sepa-:
ration. This offset angle has been observed in EUV images from.a S(;unding rocket
flight (Kankelborg et al. 1996), in selecte<.:1 soft X-ray images from the Yohkoh/SXT
“telescope (Longcope & Silva 1998), and in observations of EIT Fe XII bright points
‘in comparison to the MDI photospheric magnétic field (Kankelborg 1998, private
communication). This theory further predicts the footpoints of the appa;"ent loop
brightening will be at locations offset from the magnetic bipole footpoints, and the
overall length of the loop will be slightly longer than the mégnetic bipole (Longcope
1998).

Qualitative observations from the EIT Fe XII movie show brightenings that appear
to fall along the axis connecting the ph(_)tospherip magnetic footpoints. Furthermore,
as the footpoints evolve and move in time the brightenings tend to shift from one
pair of connections t'o another in a smooth trénsition as the boundary conditions at
the photosphere change in time. This process is suggestive of a continuous Parker-
like mechanism in which small-scale relaxations occur along the léngth of the loop,
providing continuous energy input at what appears to be a continuous series of points
along the loop. These continuous brightening methods are also indicative of some form
of wave heating oécuring in the loop which could provide the continuous energy input
required to bring the loop brightness up to some steady state.

We also noted in § 3.4 we noted that all flux above a threshold of 10'® Mx wete .
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(a)

(b)

Figure 3.16: Field line orientation before and after reconnection across the separator.
In (a), the magnetic concentrations P and N are approaching each other and an
induced current develops along the separator A-B. Figure (b) is after the current has
dissipated and reconnection has occurred. The energy stored in the separator current
has dissipated into the loop now connecting P-N. Figure courtesy D. W. Longcope.
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associated with a noticeable brightening in the corona. Longcope (1998) shows that
for some relative orientations of the bipole axis in relation to the background magnetic
field there will be no loop brighteﬁing. Since in § 3.5 it was 'determ_ined that quiet ,
sun coronal brightenings tend to be isotropic in orientation, and since presumably

in quiet sun the orientation of By will also be isotropic, it is likely that in at le;cxst

some subset of the cases MCC .recbnnection would not apply, but a brightening is still

present. Another example of conditions in which MCC would not apply would be a

situation in WhiCh‘ the footpoints‘ar’e stationary. A few examples of this are evident,

and it is. clear the. loops are still being heated. The footpoints suggest some sort of

twisting motion may be occuring, but it is difficult to tell from the magnetogram

data.

We surmise that the most likely candidates for demonstrating heating along the
separator axis would be mz;gnetic flux concentrations converging and reconnecting
from other sites. What we would expect from the MCC model is a brightening occur-
ing along the separator between the concentrations. In general, however, we find very
.little evidence of this happening. The following is a typical scenario: two photospheric
flux concentrations P and N (initially connected to other distant concentrations) ap-
proach one other in a random walk pa’gtern in the photospheric network. As thése two
-conceﬁtrations close to a distance where they begiq to reconnect, there is a transition .
period as the mggnetic flux reconnects from the old concentrationé to the new ones,
and coronal brightenings will be simultaneously visible be"cween each of the footpoints

P-N, P—co and N-co (where oo here represents the initial connections). Hence, both
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photospheric footpoints will simultaneously show brigﬁtenings in two separate sets
of loops. The new connection P-N is manifested as a loop apparently linking the
magnetic bipoles and there is little observational evidence to suggest that this bright—
ening is taking place along the separator. The observational evidence most closely
favors either some form of wave heating or the Parker loop heating model, but we are
unable to (a) discusé the mechanism of Alfvén wave dissipation based on observations
from our dataset or (b) note any significant twisting or braiding of the photospheric,
footpoints that would lead to the energy release described by Parker (1983Db).

There are exarﬁpl_es of brightenings that do not speciﬁcally show -connectivity to
the footpoints. For example, we see coronal brightenings in which the endpoints of
the coronal brightenings do not show a perfect overlap with the footpoints in the
magnetic field, or the brightenings shift relative to the footpoints. We expect to some
extent this is an artifact of looking at structﬁres near the resolution limit of EIT. In
the quietest areas in the field of view for this observing campaign, we see a variety
of brightenings that do not directly overlaLy the photospheric footpoints. Th('a‘re are
other curious brightenings that seerﬁ to connect two like-polarity footpoints.

The Parker mechanism fares better against our observations, but as discussed in
the introduction is unable to explain all possible forms of reconnection. What we
see predominantly isa seléction of coronal brightenings that apparently connect two
(or moré) opposite-polarity photospherié footpoints. The Parker méchanism doesA
not address heating mechanisms arising from the translation of footpoints about the.

photosphere leading to reconnection in the corona, but instead requires the magnetic




89

loops to either twist or braid themselves againsf neighboring loop structures. In the
quiet sun features we find that the sméllest visib‘lé structures-are below the resolution
of EIT and we are unable to comment on possible .bra;iding mechanisms. A litmus
test of the Parker mechanism would be a coronal loop that remains bright while the
footpoiﬁts remain stationary. We do see isolated instances of this, where tﬁe foptpoint-
Separf;dtion remains constant for times on the order of hours, but the shape of the
footpoints evolve and change. It is conceivable there is some twis;cing or braiding'
of magnetic field lines happening in these cases. Even in these examples where the
footpoints remain stationary, the corona continues to move, vary in brightness and
writhe in apparent response to the motion of other neighboring photospheric magnetic
concentrations.

Since we do not see evidence of heating driven by indﬁced currents along the
separator, in light of the observations of others ment.ioned previously if ié interesting
to ponder why. Using standard loop models we can perform some simple thought
experiments to see how long this heated plasma might be visible near the separator.
Zwaan & Schrijver (1999) summarize these models to show that the dynamical time
scale fL,d for a loop (the time required for the pressure in a magnetic loop to equalize

after a flaring event) may be given by

N L -
tra = C—I; = 1.3\/—;_6 (minutes). (3.7)

for a loop half-length L, sound speed c;, and t'emperature T with Ly representing
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units of 10° cm. For a typical quiet sun brightening we choose L ~ 0.1 and for
Fe XII loops Ty =~ 1.0, yielding f);,d ~ 6 seconds. This energy can be radiated away

in a time on the order of the radiative time scale %, ;44 given by

R 3nkT A )
Lrad = SRRl 64tr, 4 (minutes), (3.8)

nZP(T)

with electron density n. and a radiative loss curve P(T') approximated by 2.10~87-1/2

341

erg cm~3s~!. For our 1,4 we find the energy due to reconnection would be radiated
away on a timescale £z ,,q & 6 minutes.
Longcope (1998) predicts the interval between reconnection events At can be

approximated by

1 1/2
At ~ <13> BoA(0) (seconds) (3.9)

where 0 is the critical current parameter, A(z) = z1n (256e73/|z]), 1o ~ 5 x 10*® Mx,
By = iO gauss and @ = 0.15, yielding At ~ 45 minutes. Hence, a reconnecting bipole
with these parameters should show visible brightening near the separator about 10%
of the time. The cadence of the EIT observations (17 minutes) im];l)lies this separator
brightening process would be manifested as occasional (typically only one frame)
brightenings along the separator, not a continuous bright region.

Evidently, in any one singlé loop reconnection event one may not see a brightening
6ccuring along the separator. In any given image, stétisticélly some reconnection
events should show a brightening along the'separator. Observations, in general, do

not support this conclusion (c.f. figure 3.17).
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Figure 3.17: Fe XII coronal loops and the photospheric magnetic field. The EIT image is high-pass filtered as described
in 8 3.3. Red contours indicate —25 gauss, blue contours are +25 gauss. North is up and east is to the left: the image is
dated 10-AUG-97 14:25:10 UT.
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3.7.2 Emerging vs. Cancelling Bipoles

The MCC model currently does not account for the time evolution of coronal brighten-
ings, but Longcope does; anticipate one result of this future work. In the reconnection
process, loops will not be heated and brighten until after they cross the separator.
Hence, if magnetic loops are reconnecting across the separator (in the case of con-
verging flux concentrations) they will fill with plasma and radiate after the cﬁrrent
dissipation has. occﬁrred. These reconnected loops will lie just inside the separator as
shovvn in figure 3.16, whi'ch is why the brightening is expected to be along the seba—
fator. In contrast, when bipoles are diverging, they will tend to reconnect to other
distant concentrations. In thisllatter -case, energy from the reconnection process will
be deposited into loops elsewhere. This leads to an asymmetry in converging ver-
sus diverging bipales, impl.ying that emerging bipoles will not be ob.ser\_red. in X-ray
emission. The Parker model makes no statement on this issue and ﬁo bias towards
merging vs. cancelling bipoles Would be expected. Wave heating models similarly
make no prediction.

We fouﬁd numerous examples of emerging and cancelling regions associated with
coronal brightenings. While we acknowledge previous studies that assert an inclina-
tion towafds émerginglor cancelling regions reconnecting in the corona (c.f. Webb
et al. (1993) for a survey on this topic), we found no statistically siéniﬁcant Bias '
in our data. As it is not necessary for magnetic concentrations to actually emerge

or cancel for the MCC phenomena to be apparent, we also considered numerous ex-
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amples of loops with footpoints passing each other on a closest approach trajectory.

There was no clear bias in the observations.
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3.8 Discussion

The observing campaign described in § 3.2.2 represents the longest high-cadence coor-
dinated observation of the solar cotona and photospheric magnetic field to date. The
duration of the observation, the steady teinpo‘ral cadence and fhe extent of the field
of view lhave provided an unprecedented opportunii':y t;) stuciy the entire lifetime of a
variety of physical phenbmena with signatures in both thé photosphere and corona.

We find that the dimmest quiet sﬁn coronal brightenings tend to be camoﬁﬂaged
by a diffuse background coronal haze present in the Fe XII images. When this haze
(which varies slowly both spatially and tem}l_)orally) is rerﬁoved from the data with
a spatial high-pass ﬁlter, the contrast of small-scale and other low-intensity loop
structures is significantly enhanced. The resulting filtered images and movies show -
a very high level of coronal connectivity between photospheric flux concentrationé,
a much higher fraction than that observed by Harvey (1997) in soft X-ray imageé.
A popular notion in the literature is that quiet sun regions in general have a much
simpler topology than active regions. Careful study of the EIT/MDI movie, however,
suggests these regions to be as complex as active regions, merely on a much smaller
(and more difficult to observe) scale. The high resolution observations made possible
by the MDI instrument (0.6 arcsecond pixels or 870 km resolution) show significant
structure at the level of instrumental resolution. Preliminary findings by TRACE (A.
M. Title and C. J. Schr'ijver 1998, private communication) similarly show unresolved

flaring structures at the limiting resolution of that instrument (0.5 arcsecond pixels
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or 725 km). Qualitat;ve observations from the EIT/MDI movie described in this
paper show significant activity and structure on the smallest observable spatial scalés
evolving on tir'nescales‘ much faster than our temporal cadence.
From the high-pass filtered data we find that albll photospheric flux concentrgtions
> 3 x 10'® Mx are associated with corona'ul brightenings visible in the EIT Fe XII
(1.3 MK) channel. These observations are in near agreement with Schrijver et al.
(1998), who found a similar threshold. We also find that emerging flux in quiet su.n
is never seen to expand to size scales typically.associated With large-scale (2 15 Mm)
| coronal loops. (The converse statement — large écale loops never converge and cancel
against their own footpoints — also holds true.) What instead happens is a continu-
ous process of discontinuous reconnection events: magneﬁc flux pairs emerge from the
photosphere, spread and diffuse along the supergranular lanes, merge and/or cancel
against other pfeexisting flux concentrations and the associated corona loops adjust
accordingly. As the amount of flux present in a particular photospheric concéntration
increases, the range of distances Within reach of that c.onneqtion grows, and we find
the maximum footpéint separations accessible to a bipole grows with increasing ﬁux
(c.f. figure 3.7). These bipbles may either connect to opposite-polarity concentrations
'of similar or greéter strengths, or may connect to several concentrations at a range of
possible distances. The pattern of connéctivity also doesn’t closely follow that of a po-
tential magnetic field. Comparisons of potential vs. current-carrying loop structures
(e.g., McClymont & Mikic 1594) show that the connectivity can vary dramatically

depending on the presence of large-scale currents. Comparisons of potential field
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extrapolations from MDI 'magnetic fields fo coi"responding coronal images from EIT -
also do not fit the_ observations well (C. J. Schrijver 1997, private comrriunication).
This last observation complicates other efforts at correlating the corona to events
in the photosphere. Attempts to compare the typical scale size of coronal features
(§ 3.5) to the magnetic field are frustrated by this issue of coronal loop connectivify.
By direct measurement from the images we ﬁnd. typical small-scale brightenings vvi_th
an average length of 18 Mm and via correlation methods ‘the size scale is found to
be somewhat larger at ~ 26 Mm. The former approach is biased towards smaller,
brighter features while the lattér approach is biased in favor of large, brighf; structures
which may explain the variation in size scales. Autocorrelation reveals other interest-
ing features of the quiet corona: ,srr.lall-scale coronal loops in the quiet sun are isotropic
in their orientation. It was anticipated that the loop orientation would tend to a pre-
dominently east-west orientation in accordance with Hale’s Law (Hale 1919), but the
results of‘ the autocorrelation analysis does not support this view. It is observed that
the typical scale size in the N-S and E-W directi.ons is nominally the same in quiet
sun. It is likely that these small-scale ﬂux. concentrations (often < 2 Mm in size)
are stronély influenced by the motions of the solar convective zone, while the large
active region flux concentrations that are seen to obey this law are more reéistant to
being shifted about. Perhaps éven more likely is the concept that even if the emerg-
ing flux were to emergé with a favored polarity orientation, the corona1 reconnection
events that follow within hours of emergence Wi}l most likely significantly alter the

orientation of the coronal brightening. Isotropy in coronal brightening orientation is
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a natural consequence of (1) the moving, merging and cancellation of magnetic fux

concentrations, and (2) the isotropic nature of the quiet sun photospheric magnetic

field: concentrations uniformly separated by about the diameter of a supergranu- -

lar cell will have little \effect on the orientation of coronal loopé once the process of
reconnection sets in.

The EIT/MDI observations are also sufficient to consider several mechanisms of
coroﬁal heaﬁng. In § 3.7 we consider in some detail the predicfed morphology of
two methods of coronal heating and compare thése -predictions to observation. We
suggest Alfvén wave iqeating and also describe the Parker Loop theory of twisting

and braiding flux ropes as proxies for heating along the loop axis and the Longcope

method of coronal heating along the separator as two independent methods of dis- '

persing energy into the corona. The quiet sun observations presented here seem to
agree very well with some form of either the Parker mechanism or wave heating: all

flux concentrations above ~ 3 x 10'® Mx are associated with a coronal brightening,

irregardless of relative motion, the orientation of the footpoint axis to the background '

magnetic field or other factors: Longcope’s theory, however, suggests that for certain
orientations -of the the reconnecting magnetic bipole in relation to the ba}:kground
magnetic field, there will be no reconnection event (Longcope & Silva 1998). While
others have observed this phenomena of separator heating (Kankelborg et al. 1996),
we are unable to find unambiguous evidence of this happening in our dataset. Rough
calculations suggest that on the size scales present in quiet sun, separator heating

would be visible in approximately 15% of the loops reconnecting between magnetic
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footpoints. On the 17-minute cadence of the EIT observations, these heating eve.nts
would likely only be visible for oné frame and then disappear from the coronal images.
 We do not in general observe heating events like this with the appropriate morphol-
ogy. Very preliminary results from the TRACE observatory at a ‘much higher spatial
resolution (0.5 arcsec pixel™) in comparison with MDI magnetograms do suggest
evidence of possible separator heating (Schrijver 1998, private communication). It is
conceivable that at the small spatial scales we consider here the modest EIT resolu-
tion of 2.59 arcsec pixel‘i is blurring the path of energy dissipation for these small
corohal structures.

Returning to the Parker mechanism, there are‘ numerous examples of bright coro-
nal loops-that must be subject to some for'rn\ of continuous energy"input. We do
see isolated cases of loop structures that remain bright, but by the MCC method of
heating should not be visible. Inspection of the photospheric footpoints suggest it
is possible they may be underéoing a twisting motion of some fashion which would
provide the necessary energy input, but it is not possible to resolve this sort of phe-
nomena at the available s'patial resolution. Parker (1988) suggested that magnetic
observations on the order of 200 km (= 0.15 arcsecond pixels) would be necessary to

see this twisting motion at the footpoints.
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