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intensity has units of erg s−1 cm−2 sr−1 Å−1 . The significance of
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22. STEREO 195 and 171 Å images of AR 10942 for various times.
The investigated loop structure is indicated by the arrows . . . . . . . . 71
23. EIS intensity images of interpolated loop. The loop structure,
pointed out by the white bar, only appears in images formed at
log T = 6.0-6.3. Structures that appear to share the same footpoint are evident in other temperature images, but the extended
features are not co-spatial. The Ca XVII line is blended with Fe
XI (log T = 6.2) and O V (log T = 5.4) and was solely used for
visual comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
24. Log Density along the loop structure. Turquoise is Fe XII
186/195.12, Black is Fe XIII 202/203, Green 195.12/195.18.
Background subtraction begins at y = 20. The apex of the loop
is near y = 80 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
25. EM loci plot of pixel 24 along the loop. The dashed curves show
the high and low temperature lines that had low signal indistinguishable from the noise. They are shown to impose constraints
at high and low temperature ends. The median temperature for
this pixel is log(T) = 6.27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
26. A plot of temperature along the loop derived from the EM loci
plots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
27. Lightcurves from STEREO 171 (dashed), 195 (solid), and
TRACE 171 (asterisk) with EIS rastering time shaded. Above
horizontal line: average intensities. Below horizontal line: background subtracted intensities. The plot begins at 08:20:00 UT.
Arrows indicate the times of the images from Figure 22 . . . . . . . . . . . 79

xii
LIST OF FIGURES – CONTINUED
Figure

Page
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ABSTRACT

This document exhibits results of analysis from data collected with multiple EUV
satellites (SOHO, TRACE, STEREO, Hinode, and SDO). The focus is the detailed
observation of coronal loops using multiple instruments, i.e. filter imagers and spectrometers. Techniques for comparing the different instruments and deriving loop parameters are demonstrated. Attention is given to the effects the different instruments
may introduce into the data and their interpretation. The assembled loop parameters are compared to basic energy balance equations and scaling laws. Discussion of
the blue-shifted, asymmetric, and line broadened spectral line profiles near the footpoints of coronal loops is made. The first quantitative analysis of the anti-correlation
between intensity and spectral line broadening for isolated regions along loops and
their footpoints is presented. A magnetic model of an active region shows where the
separatrices meet the photospheric boundary. At the boundary, the spectral data
reveal concentrated regions of increased blue-shifted outflows, blue wing asymmetry,
and line broadening. This is found just outside the footpoints of bright loops. The
intensity and line broadening in this region are anti-correlated. A comparison of the
similarities in the spectroscopic structure near the footpoints of the arcade loops and
more isolated loops suggests the notion of consistent structuring for the bright loops
forming an apparent edge of an active region core.

1
1. INTRO D UCTIO N

1.1. Historical Background

Our Sun , which has stimulated our form of life upon this Ea rth , is a constant
source of thought a nd function. It is a diagnostic tool that sheds light on the reality
we find ourselves embedded in. The SUIl is the most immediately recognizable entity
in t he sky. For countless years t he SUll has provided an inspirat ion for ideas and a
laboratory in w hich to exercise them. Thus, it is not surprising to read or hear such
phrases fr om antiquity as t he Greek philosopher A naxagoras 's: "The point of living
is to study the Sun ."

1

Before recorded ti me a ncient peoples observed our nearest st ar. As t he giver of
light and warmth , the SUll has been worshipped a nd studied morc tha n a ny other

celestial body. The days a nd seasons, so important t o

hum an s ~

offered a means for

devcloping the idea of time and its recording. Early solar astronomers used t heir
observat ions to develop ca lenda rs and thus provided a powerful predictive tool for
t heir daily livcs . In fact the circula r direction "Sun-wise" was ut ilized long before our
notion of "clock-wise" (Bhat nagar and Livingston 2005) in the northern hemisphere.
Count less monuments and sites have been constructed in honor of the Sun. Some
of these a re simply for worship , but many combine a sense of worship a nd observat ion.

l T his quote is taken from Bhatnagar a nd Livingston (2005), however when searching for the
original source, the context of t he quote was found in Ro llin (1836). Here Allaxagoras is askcd to
what e nd he is born ; he is said to reply, "To contemplate the Sun, !I'loon a nd the skies" . Rollins's
sonrce is the L ives of E m in ent Philos01)hers by Diogencs Laertius Book II c. 3AD
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Like the solar dial (Sun clock) many of these sites are situated specifically to align
with significant occurrences such as the equinox and solstices. This was not only a
way to record time, but an eternal statement of their knowledge. The oldest such
site (Figure 1.1), estimated at 7000 years old, is thought to be near Goseck, Germany
(Mukerjee 2003). So we have some evidence that the precursors for instrument aided
observations of the Sun began very early in human history and thus the Sun became
a measure for man.

1.1.1. Instrument Aided Solar Observation
The notion that the Sun was not a perfectly unblemished sphere began to arise in
the 16th century, although there is evidence that spots and prominences could have
been seen with the unaided eye much earlier (Bray et al. 1991). Galileo used the
recently invented telescope (1609) to explore the heavens and a wealth of detailed
white light and sunspot observations soon began.
Sir Isaac Newton, around 1666, spread out white light by refracting sunlight with
a prism and demonstrated that colors are a component of sunlight. It is here that
Newton furnishes us with the “spectrum”. This idea opens avenues of questions and
explorations of light. In the 1800’s, William Herschel starts to play with the ideas of
various colors of light and their heating effects.
Dark lines in the solar spectrum were first reported by William Wollaston in 1802,
when beginning to utilize narrow slits. Rediscovering the dark bands around 1814,
Fraunhofer recorded the position of these bands into the famous lines that bear his
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name (Figure 1.2). He noted similar observations for other stars. This deepened the
utility of these methods. Spectral lines from aurorae were identified by Ångstrom in
1852.
The connection between bright and dark (emission and absorption) spectral bands
was made by Kirchhoff while experimenting with Bunsen in 1859. The eureka moments are recorded in a letter from Bunsen to a colleague H. Roscoe (translated from
German):
“At the moment I am occupied by an investigation with Kirchhoff which
does not allow us to sleep. Kirchoff has made a totally unexpected discovery,
inasmuch as he has found out the cause for the dark lines in the solar spectrum
and can produce these lines artificially intensified both in the solar spectrum
and in the continuous spectrum of a flame, their position being identical with
that of Fraunhofers lines. Hence the path is opened for the determination of
the chemical composition of the Sun and the fixed stars.”
Kirchhoff and Bunsen identified a number of elements in the solar spectrum such
as Hydrogen, Sodium and Calcium. Ångstrom later (1861) measured the wavelength
of more than a thousand spectral lines, which he reported in units of 10−7 mm (see
Figure 1.3; from Ångstrom 1868). From eclipse observations, a completely new element was proposed in 1968 by Janssen and later Lockyer and Frankland gave it
the provisional name “Helium”, derived from the Greek term “helios”. They later
implemented some of the first non-eclipse limb observations of chromospheric lines
for confirmation.
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Figure 1. Aerial view of the Goseck circle in Germany. (Ralf Schwarz).

Figure 2. The Fraunhofer lines on a german stamp.(NASA).
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Figure 3. A sample of Ångstrom’s spectral line list from his 1868 ‘Spectre Normal
Du Soleil’.
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1.1.2. Early Observations of the Corona
It is a complete wonder to be situated on a body at such a distance from the Sun
as to maintain our form of life. Another wonder is that this body has a moon that is
the perfect size to occult the disk of the Sun and does so relatively often. So there is
no doubt the white light corona was observed very early by humans. Sunspots and
prominences were observed while viewing the Sun and until the late 19th century
there was some doubt that these phenomena were on the Sun. Some believed that
the Sun was a perfect unblemished sphere and these features were clouds in Earth’s
atmosphere.
The confirmation that prominences were indeed of solar origin came from Secchi
and De la Rue in 1860. They made (loosely) simultaneous observations of the corona
from different locations. The features in both observations were the same. Then
the discovered helium line and a year later (1869) “Coronium” line were the first
hints that the corona is hot. Young and Secchi made astute observations of the loop
features they saw, often drawing figures that might be found in the scientific papers
of today (see Figure 1.4). Commenting on the distorted lines of hydrogen that Young
and Lockyer observed, Secchi explained them as shifts from the Doppler effect. Secchi
and Young measured velocities of 30-90 km/s and ≥ 160 km/s respectively (Bray et
al. 1991).
The Coronium green line was finally identified by Grotrian (1939) where it was
suggested the line may come from 9 or 10 times ionized iron (Fe). It was in fact
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Figure 4. Loop system observed by Young in the Hα line using the open-slit method
on 5 October 1871. In his book The Sun (1895) Young described such loops as ’. . .
jets of liquid fire, rising and falling in graceful parabolas’. (From Fig 1.1 of Bray et
al. 1991) .

Edlen (1942) who correctly identified the green line as 13 times ionized Fe. They
knew that this highly ionized state required the temperature to be much higher than
the photospheric and chromospheric temperatures and the realization of the high
temperature corona was born.
Although observations of loop structures were established in the 1870’s, it was
not until the true high temperature of the corona was discovered in 1939 that the
realization of the need to make observations in the Extreme Ultra Violet (EUV) arose.
This is generally in the 100-1000 Å range. A captured German V-2 rocket flew the
first ultraviolet observations made by the U.S. Naval Research Laboratory in 1946
(Figure 1.5). The first solar X-rays were captured by a V-2 rocket experiment in 1948.
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A series of rocket experiments 1948-70’s showed a rapid improvement in resolution
and imaging techniques. These rocket experiments discovered EUV and X-ray loops
as well as pushed the technology for unmanned space observatories.

Figure 5. The June 1946 launch of the captured German V-2 (William Baum, National Air and Space Museum).

The Orbiting Solar Observatory (OSO) satellites (OSO 1 to 7 from 1962-1971)
(see Figure 1.6) observing the Corona from space, made EUV and X-ray observations.
These early observations had such low resolution that no loop structures could be
distinguished. The manned missions on Skylab in 1973 and 1974 made observations
of coronal loop structures in EUV and X-ray lines. This led to a great improvement
to coronal loop studies (see Figures 1.7 and 1.8).
Recent and ongoing satellite observations of the corona continue to be made and
amaze solar observers. Observations of the corona made in the EUV lines show a

9

Figure 6.
Postal stamps from Satellite Beach, Togo, and Yemen of the
various Orbiting Solar Observatories (OSO) satellites (circa 1960-70’s) (from
http://rammb.cira.colostate.edu/dev/hillger/OSO.htm).

predominant fundamental structure that appears over a wide range of scales; bright
coronal loops. The main solar satellites that currently observe in the EUV are SOHO,
TRACE, STEREO, Hinode, and recently SDO. A wealth of data and new ideas have
stemmed from these observing instruments. The images reveal that the corona and
its loops that are incredibly active and dynamic on many length and time scales.
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Figure 7. An early X-ray image from Skylab. “A curving zone of bright X-ray
emission connects with circular patches of an even brighter active region to make a
cosmic semicolon, nearly 300 000 km from dot to tail, that forms an archway through
which Jupiter could be rolled.” (from http://history.nasa.gov/SP-402/ch6.htm).

1.2. Corona - Loop Connection

Early solar astronomer Heinrich Schwabe made diligent daily sunspot records
while searching for the proposed extra planet Vulcan. After nearly 40 years of observations he found periodic lapses in the number of sunspots and in 1843 suggested
the presence of a 10 year sunspot cycle (Schwabe 1843). The 11 year solar cycle is
now accepted as a feature of the Sun’s activity and magnetic phenomena. Later Hale
(1908) measured magnetic fields in sunspot regions and noted (Hale et al. 1919) a
reversing of polarity with this 11 year cycle (22 years for a complete cycle). Later,
observations of activity in chromospheric lines and forbidden coronal lines showed a
direct relation to the locations of the sunspots. It was not until the resolution of
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Figure 8. Loops imaged by Skylab (NASA).

the “Coronium” line that these images and features where known to be formed from
extremely hot gases.
Rocket experiments/observations discovered and confirmed the presence of EUV
and X-rays from the Sun. The emerging collection of data from the addition of spaceborne instruments indicated that the EUV and X-ray emission was enhanced and
concentrated over or near the sunspot regions. These areas of increased activity are
known as active regions. It is from these active regions that flares and coronal mass
ejections (CME) are produced. The active regions’ fundamental structures are the
bright loops that appear to be tracing out magnetic field. Due to their considerable
presence in the corona these structures are given the name coronal loops.
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1.3. Context of This Work

As the corona of the Sun comes into focus, it is obvious that it is not the ideal
sphere of antiquity, but a fiery, lively, and highly structured entity. The most abundant, fundamental, and observable structures of the corona are coronal loops. These
loops are filled with plasma and trace out the magnetic field of the corona. The
basic physical development of the corona and coronal loops is put forth in Section 1
through observable physical parameters. We see here that there is a preferred height
stratification for different temperatures. However, since the corona shows significant
lateral or horizontal discontinuities the corona is treated as a conglomerate of smallscale coronae, isolated by the magnetic field (Sub-section 1). Section 1 describes
the spectroscopic techniques that allow the derivation of physical parameters of the
plasma.
Chapter 2 examines two different coronal loop structures. One loop structure is
shorter and hotter, while the other loop structure is larger and cooler. The cooling
time of the hot loop structure was examined through the combination of imaging
(TRACE) and spectroscopic (CDS) data. These cooling times are larger than those
expected from uniform heating. The material in the cool loop structure was found to
be above the pressure scale height, in cusp-like arrangements at the top of the loop
structures. These departures from static or uniform assumptions indicate that there
is sub-resolution structure and/or dynamics at work that are not represented by our
relations. Another result from the combination of spectral and imaging data is that
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a significant contribution to intensity (in the imager data) may be made from other
ions. The content and results of Chapter 2 have been published in Scott et al. (2008).
The advancement of spectral capabilities from EIS, as well as new imaging data
techniques (stereoscopy) with STEREO A and B are utilized in Chapter 3 to investigate a cooling coronal loop structure. This loop structure shows a slight Doppler
blueshift along its length and has a region of increased line width adjacent to its footpoint. This region of increased line width is coincident with a low intensity/blueshifted
region. The loop structure fluctuates in intensity on time scales of ≈ 10 min and 2
hours. When the spectroscopically derived densities are compared to those for uniform heating the loops are found to be over-dense. When the loop structure is isolated
there appears to be an anti-correlation between intensity and increased line width.
Along the loop structure the intensity is bright in intensity and the line width is
smaller than the background, while adjacent to the footpoint there is a region of low
intensity and maximum line broadening. The results of this investigation (Chapter
3) are published in Scott et al. (2011).
The further investigation of the anti-correlation between intensity and increased
line width is given in Chapter 4. Here, three active regions are investigated. While a
slight correlation may be found in very large regions of an active region, it is shown
that there is generally an anti-correlation between intensity and increased line width.
This is more visible when smaller regions, that include the observed structures, are
analyzed. It is pointed out that the increase in line width may be due to another bulk
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flow along the line-of-sight that produces a second component to the line profile. The
anti-correlations are most significant near the footpoint region of loop structures. This
is where previous studies have identified Doppler blueshifted signatures (at the edges
of active regions or adjacent to loop footpoints). The possibility of an instrumental
effect that could contaminate the spectral profile is examined and discussed. The
results of this study (Chapter 4) are published in Scott and Martens (2011).
The anti-correlation of intensity and increased line width and increased Doppler
blueshifted material is examined in the boundaries of arcade like active region cores
(Chapter 5). Here it is shown (Chapter 5) that there are specific areas just outside
arcade like active region cores that exhibit a decrease in intensity, Doppler blueshifts,
increased line widths, and asymmetric line profiles. This is similar to what was
observed near the footpoint of a more isolated coronal loop structure (Chapter 3). A
potential magnetic field model constructed from magnetograms is compared to the
EUV images of an active region. The dark bands of decreased intensity and increased
blueshift are shown to be coincident with the magnetic separatrix spine. The spine
connects the null points of the magnetic field. This is a location where there is a
topological change in the connectivity of the field across the spine. It is suggested
that this region across which the connectivity changes has a physical width and this
width is observable. Previous studies are examined for this dim region on the outside
of arcade like active region structures. Two studies are shown that observe this low
intensity, increased blueshift region just outside an arcade like structure. The present

15
study (Chapter 5) shows that this low intensity, increased blueshift region lies between
regions of different connectivity and is possibly a regularly observable phenomenon
(and measurable). The similar observation of an isolated loop in Chapter 3 suggests
that this phenomenon of a large Doppler blueshift and low intensity region directly
adjacent to the footpoint of a single coronal loop structure can possibly be scaled up
to coronal arcades. This would result in dim regions with large blueshifts at the outer
edges of the arcade.

1.4. Physical Development

The solar corona is comprised of low density plasma that is affected greatly by the
magnetic field. Here we develop the simple case of a gravitationally pressure balanced
atmosphere. Since the corona is not spherically symmetric, we then treat the corona
as several one-dimensional atmospheres (loops) that are isolated by the magnetic field
(Sub-section 1). The energy balance of these loops leads to scaling laws (Sub-section
1). These scaling laws require knowledge of the physical parameters of the plasma.
In Section 1 we describe the processes which yield coronal emission and methods for
deriving physical parameters of the plasma (Sub-sections 1 and 1) and the conditions
the plasma is assumed to be in (Sub-section 1).

1.4.1. Hydrostatic Corona
The simplest physical picture is to treat the corona as a gaseous atmosphere
where the gas pressure (Pgas ) is balanced by gravity. At equilibrium the gas pressure
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balances the gravitational force, stratifying the atmosphere. An element of mass
(ρ(r)dAdr) at equilibrium has no net force acting on it. We may express this by:

P (r)dA − P (r + dr)dA − ρ(r)g(r)dAdr = 0

(1.1)

Where P (r) is the pressure, dA is the horizontal area, ρ(r) the gas density, and g(r)
is the acceleration due to gravity at radius r. This may be simplified to the equation
for hydrostatic equilibrium.
dPgas
= −ρ(r)g(r)
dr

(1.2)

We can see above that as r increases, P must decrease, as expected. Considering
spherical symmetry and the variation of gravitational acceleration with distance r,
we may write:
g R2
GM
GM (r)
=
=
g(r) =
r2
r2
r2
Where g =

GM
R2

(1.3)

and M (r) ≈ M since the mass of the corona is negligible relative

to the main body of the Sun.
The ideal gas law (with µ(≈ 0.6) as the average weight per particle in units of
mH , the proton mass)
P (r) =

kB ρ(r)T
µmH

(1.4)

may be substituted into equation (1.2) to give:
−P (r)µmH R2 g
dPgas
=
dr
kB T r 2

(1.5)
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This ordinary differential equation may be separated and integrated (assuming constant temperature) with a solution that becomes the barometric equation

P (r) = P (R) exp

−

R2
H

( R1 − r1 )

(1.6)

with the pressure scale height,
H=

kB T
µmH g

(1.7)

The pressure scale height defines the height in which the pressure changes by a
factor of e. This quantity describes how the gas temperature relates to the mass
of the particles and gives an idea of how extended the static atmosphere should be
for different temperatures. This hydrostatic assumption describes part of the diffuse,
unresolved coronal background (Cirtain 2006) and accounts for a significant fraction
of the collected intensity. It is unknown if this diffuse background is structured
below current observing resolution. However the data from rocket and space borne
instruments show plasma loops high in the atmosphere. We will see results that show
plasma in these loops is observed above its calculated scale height. The presence of
bright loops encourages the treatment of the corona as inhomogeneous and highly
structured.

1.4.2. Loop Energy Balance
Rosner, Tucker, and Vaiana (1978) put forth a model that treats the corona as
many small-scale loop “coronae” that are sufficiently isolated due to the magnetic
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field, so these “coronae” may have very different properties while existing close together. A static energy balance equation is assumed:
E˙h − Ėr − ∇ · Fc = 0

(1.8)

Where E˙h is the heating rate (erg cm−3 sec−1 ), Ėr is the radiative loss, and Fc is
the conductive flux (erg cm−2 sec−1 ). Since the thermal conduction is predominantly
parallel to the magnetic field the conductive flux is given by,

Fc = −κ

dT
ds

(1.9)

with the coefficient of heat conductivity parallel to the magnetic field (Spitzer 1962)
5

5

κ = κo T 2 = 1.1 × 10−6 T 2 erg sec−1 cm−1 K−1

(1.10)

The radiative loss rate for collisionally excited, allowed lines at coronal temperatures
is
Ėr = n2e Ψ(T ) = P 2 χ(T ),

(1.11)

where the electron density is ne and the radiative loss curves derived at constant
density (Ψ(T )) and at constant pressure (χ(T )).
Taking the loop cross section as a function of the longitudinal variable s (along
the magnetic loop) as A(s), we may rewrite the 1-D energy balance equation,
E˙h − P 2 χ(T ) +

5 dT
1 d
(A(s)κo T 2
)= 0
A(s) ds
ds

(1.12)
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1.4.3. Loop Cooling Times
If we assume that the heating in a uniform loop (A(s) is constant) has ceased
(E˙h = 0) and consider only the energy loss terms in equation (1.12), we can examine
the cooling of a loop. By evaluating the last two terms in equation (1.12) individually with the thermal energy content (ET h ), the general“characteristic” cooling times
(Moore et al. 1980) are found.
τr ≡

ET h
|Ėr |

(1.13)

τc ≡

ET h
|Ėc |

(1.14)

The ideal gas law can be written P = nkB T = 2ne kB T where n is the fully ionized
particle density. Making use of this, the thermal energy becomes ET h = 23 nkB T =
3ne kB T = 1.5P . Here it assumed that pressure is twice the pressure of the electron
gas and n = ni + ne ≈ 2ne in the corona.
It should be noted that these “characteristic” times do not represent the evolution
of the loop as it cools from one temperature to another. Following Svestka (1987) we
derive an expression for the cooling time from one temperature to another including
both the radiative and conductive terms. We begin with an equation for the change
of thermal energy content loss for a loop with temperature T, without heating terms.
7

dT
κo T 2
= Ψ(T )n2e +
3ne kB
dt
L2

(1.15)

' TL . Equation 1.15 can then be rewritten,
This is achieved with the assumption dT
ds
7

Ψ(T )n2e + κoLT2 2
dT
=
dt
3ne kB

(1.16)
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solving the equation for time,
Z

T (t)

t'

3ne kB
Ψ(T )n2e +

T0

κo T ( 7/2)
L2

dT

(1.17)

taking Ψ(T ) = Ψo T −γ with γ = 0.5 and collecting the constants gives,
Z

T (t)

t'
T0

with a =

Ψo ne
3kB

and b =

1

T2
dT
a + bT 4

(1.18)

κo
3ne kB L2

1.4.4. Scaling Laws
The equations and expressions in Subsection 1 allow a discussion of the thermal
structure of loops without making assumptions for the precise heating mechanism.
Simply from the physical relations and observable parameters such as electron density,
temperature, and loop length, we are able to characterize coronal loops and explore
the various heating scenarios (Martens 2010). Scaling laws based on analytical solutions to the energy equation (1.12) were constructed by Martens (2010):
11+2γ
4

P L = Tmax



κo
χo
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1

(3 − 2γ) 2
B(λ + 1, 1/2)
4 + 2γ + 2α

(1.19)

Where B is the complete β-function and λ is a convenient expression that is depentent
on the radiative losses and the heating rate (see Table 1 in Martens 2010). Here the
heating rate has the form
E˙h = HP β T α ,

(1.20)

where α is the temperature dependence of the heating function, β is the pressure
dependence and H is a constant of proportionality. For the radiative loss function
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Martens et al. (2000) derive the radiative loss rate at constant pressure
Ėr = P 2 χ(T ) = P 2 χo T −(2+γ) ,

(1.21)

and find that γ = 0.5 and χo = 1012.41 are good values.
For uniform heating, α = β = 0, λ = 51 , and B(1.2, 0.5) = 1.791 (Zwillinger 2003).
Using these values we find equation (1.19) simplifies to
1

Tmax = 1445K(pL) 3 .

(1.22)

This is very close to the scaling law obtained by Rosner, Tucker, and Vaiana (1978),
using the assumption that there is a uniform cross-section and the heating is constant
along the loop:
1

Tmax ≈ 1400K(pL) 3 .

(1.23)

Although this result (equation 1.23) was shown to be valid for Skylab data and
some TRACE loops, many recent observations do not agree and show much higher
densities than what the derived scaling law predicts. Figure 1.9 shows the comparison
of all observed and published loop parameters (before 2007) with the loop lengths
calculated from the RTV scaling law (equation 1.23). We can see a departure from
the uniform constant heating scaling law and a need for a closer look at the coronal
loop, its environment and physical parameters. The scaling laws found by Martens
(2010) offer a better diagnostic tool. The proportionality (P L ∼ T 3 ) of the scaling
law is shown to depend on the specific heating function and the parameters α and β
allow an exploration of the different heating functions.

22

Figure 9. Plot of all observed and published loop parameters (before 2007) compared
with the loop lengths calculated from the scaling law for constant heating (Scott &
Martens in preparation).

These scaling laws depend on the physical parameters of the coronal loop such
as density, temperature, and length. These parameters must be obtained before
any comparison can be made to models. We are able to acquire these parameters
from specific types of observations. Spectroscopic observations capture photons in
a way that we can distinguish the wavelengths and intensities within a spectrum.
If we understand the process by which the photons are created we can gain some
knowledge of the physical environment the structure exists in and derive the necessary
parameters to describe it.
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1.5. Spectroscopy of EUV Coronal Emission

The coronal EUV images from space borne instruments are made by the collection
of photons that are emitted from hot, low-density plasma. We can begin to talk about
the temperature, density and physical characteristics of the plasma if we understand in
some detail how this emission is produced. This section describes how this emission
is characterized through the examination of its spectra. Emission in the corona is
due to various atomic processes. The radiation considered here is emitted when
electrons interact with ions in highly ionized plasma. Subsection 1 shows how the
physical nature of the corona allows a simplification or reduction of the number of
processes by which this radiation may occur. The low density and highly ionized
state of coronal plasma may be characterized in terms of these allowed processes.
Subsection 1 describes how the emission from these transitions can be used to derive
information on the temperature and density of the plasma. The intensity of the
radiation emitted is due to the probability of an electron in the upper level of the
transition, the probability for the specific transition, and the efficiency at which the
created photons escape the plasma to be detected. A detailed understanding of
the rates for various transitions in relation to one another leads to a determination
of density. The density sensitivity of the intensity ratios for specific transitions is
outlined in Subsection 1. For more complete descriptions and information the reader
is referred to McWhirter (1965), Doschek (1985), Mariska (1992), and Golub (1997)
and for astrophysical spectroscopy Pradhan and Nahar (2011).
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The formation of spectral line emission is due to atomic processes resulting
from the interaction of atoms with photons or electrons. The processes due to an
atom’s/ion’s interaction with photons (hν) are radiative processes (h is Planck’s constant and ν is the frequency of the photon). Those that arise from the electron(e) ion(Z +m ) interaction are collisional. The predominant atomic processes in plasmas
are electron impact excitation, autoionization, photoionization, dielectronic recombination, and radiative recombination. We will take a moment to briefly describe these
processes, but first we will discuss the physical states of an atom.
An electron may occupy a bound state in an atom. Particle or photon impact
may cause an excitation from a bound state to another bound state. If the energy of
the impinging particles (free electrons) is greater than the ionization energy Ei then
the bound electron may be ionized. This ionized electron may then have any energy
above the ionization threshold E = 0; since the electron has an infinite number of
possible energies it is said to be ionized into the continuum of positive kinetic energies.
Figure 1.10 displays these processes schematically.
These free electrons and continuum electrons are free to impact bound electrons.
The bound electron is excited to an higher bound state and then may decay radiatively. Electron impact excitation (EIE) can excite an ion (Z +m ) from a state i to an
upper state j:
e(E) + Zi+m → e(E 0 ) + Zj+m

(1.24)
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Figure 10. The excitation and ionization of bound electrons due to impinging free
electrons. (From Pradhan and Nahar, 2011).

The ion in excited state j may then decay radiatively (spontaneously) by emitting a
photon (hνij ) creating line emission.
Zj+m → Zi+m + hνij

(1.25)

The inverse of the above process may occur and is called photo-excitiation. The complete process is embodied in Figure 1.11. The mechanism is the dominant process by
which emission from forbidden lines (Subsection 1) is produced, since the transitions
have a small energy difference.
Photoionization may occur when an impinging photon’s energy is greater than
the binding energy of the bound electron hνij > Ei . The bound electron with energy
E (represented by e(E)) is kicked out resulting in an ion with a charge higher (m+1).
Zi+m + hν → Zi+m+1 + e(E)

(1.26)

The freed electron can then radiatively recombine with the ion to produce a photon.
Zi+m+1 + e(E) → Zi+m + hν

(1.27)
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Figure 11. The electron impact excitation and spontaneous radiative decay. (Adapted
from Pradhan and Nahar, 2011).

This process is radiative recombination and is the main process by which emission from
allowed lines is formed. The radiation resulting from electron impact excitation and
recombination to an excited state constitute the bulk of emission from astrophysical
sources.
A passing free electron with low enough energy may become loosely bound to an
ion and form a quasi-bound state. If the energy of the (e+ ion) system is greater than
the ionization threshold then the system is unstable and said to be in an autoionization
state. The “captured” electron occupies a quasi-bound excited state, while the ion is
also in an excited state, thus the system is said to be doubly excited. The electrons
then repulse each other and the system decays. If the “captured” electron is released
the excited-bound electron decays without radiation (radiation-less decay). On the
other hand, the excited-bound electron may decay producing a photon. This process
is called dielectronic recombination (Figure 1.12).
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Figure 12.
Autoionization and radiative decay (dielectronic recombination).
(Adapted from Pradhan and Nahar, 2011).

1.5.2. The Coronal Approximation
The solar corona presents an environment that allows great simplification to the
way radiation interacts with the plasma, namely by considering the effect negligible.
The radiation does not compete significantly with the other processes in populating
the upper levels of the transitions. The radiation field from lower layers of the Sun is
unable to participate in ionizing the coronal plasma. The energy of the photons from
lower layers is small compared to the binding energy of the electrons bound to ions
in the coronal plasma. So photoionization can often be ignored in the corona. At
densities of ne ≈ 108 − 1012 cm−3 (Pradhan and Nahar 2011), the emitted radiation
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escapes the plasma with negligible absorption or scattering. The electron (Thompson) scattering cross section is small (6.65x10−24 cm−2 Spitzer 1962). The radiative
absorption cross sections for common ions in the corona are on the order of 10−20 cm−2
(Werner 1954). The mean free path of photons in the corona is long, so there is little
chance of being hindered. This condition of the plasma is termed optically thin.

Figure 13. Plot of the variation temperature and density with height in the sun.
(From Gabriel and Mason, 1982).

The solar corona is a low density and high temperature region of the sun (Figure
1.13). The plasma density of the corona is low enough (< 1011 cm−3 ) that radiation
escapes easily, so the coronal plasma is assumed to be optically thin. As a result,
upward radiative transitions are rare. The processes that are assumed to be balanced
in the corona are (a) collisional ionization and recombination and (b) collisional excitation and spontaneous radiative decay. Collisions with the free electrons may
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ionize an atom and the electron may then recombine with the positive ion through
radiative recombination. Ionization equilibruim is a balance between the collisional
ionization and radiative recombination. The collisional electrons may also excite an
ion to an upper level through collisional excitation. The collisionally excited ion may
then decay through spontaneous radiative decay. The coronal equilibruim approximation assumes that since the radiation density is low (optically thin plasma), upward
transitions are collisionally dominated and the electron density is low such that all
downward transitions are radiative.

1.5.3. Characterization of Line Emission
At coronal temperatures, hydrogen and helium are almost completely ionized,
so it is the highly ionized, heavier elements that allow a detailed characterization of
the emission (Golub 1997). Highly ionized C, O, Si, and Fe (a few examples) have
several different ions that exist in perceptible abundance at coronal temperatures,
so these elements are useful for investigation. Subsection 1 described the coronal
approximation, where it is assumed that the plasma is in an ionization equilibrium.
Another assumption is that the plasma is optically thin and the level populations are
not significantly altered by radiative transfer effects (Feldman 1977). It is assumed
that the transitions to upper levels are due to electron collisions (Subsection 1).
With these assumptions in mind let us begin discussion of emission in a spectral
line of an element Z that is a result from a transition from some level j to a level i
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(i < j) often called bound-bound emission.
Zj+m → Zi+m + hνji

(1.28)

Here Z +m represents the element Z is m-times ionized. The energy difference between
the levels is given by δE = hνji , with ν being the frequency. Using the wavelength
λji =

c
νji

we can can write the total power density (often called the emissivity) (ergs

cm−3 sec−1 )
Pji = Nj (Z +m )Aji

hc
λji

(1.29)

Where Aji is the Einstein spontaneous emission transition probability coefficient,
Nj (Z +m ) is the number density of atoms in level j of species Z +m . Thus we can
write the intensity I(λji ) (erg cm−2 sec−1 sr−1 ) for an optically thin spectral line of
wavelength λji as
1
I(λji ) =
4π

Z

hc
Pji dh =
4πλji
h

Z

Nj (Z +m )Aji dh.

(1.30)

h

With h as the line-of-sight coordinate. Nj (Z +m ) may be defined through a series of
relative abundances: N (Z)/NH the relative abundance of element Z to hydrogen,
NH /Ne is the relative abundance of hydrogen to electron density, N (Z +m )/N (Z) the
fraction of element Z in ionization stage m, Nj (Z +m )/N (Z +m ) the fraction of element
Z in ionization stage m that are in level j. So we may write
Nj (Z +m ) =

Nj (Z +m ) N (Z +m ) N (Z) NH
Ne .
N (Z)
N (Z) NH Ne

(1.31)

The relative abundance of element Z to hydrogen is N (Z)/NH = Aab
z and often NH /Ne
is estimated at 0.8 for completely ionized H and He with an abundance H:He=10:1.
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The intensity can be written as
Z
I(λji ) =

Aji
h

hc Nj (Z +m ) N (Z +m ) N (Z) NH
Ne dh.
4πλji N (Z +m ) N (Z) NH Ne

(1.32)

Grouping the atomic physics parameters we arrive at the contribution function
C(Ne , T, λji ) = Aji

hc Nj (Z +m )
,
4πλji N (Z +m )

(1.33)

which is not to be confused with the electron collisional excitation rate coefficient
Cije

−∆Eij
8.36x10−6 Ωij
exp(
),
=
1/2
ωi T
kB T

(1.34)

where ωi ,Ωij ,∆Eij are the statistical weight of level i, the collision strength, the transition energy threshold, and kB is the Boltzmann constant. The collisional excitation
rate is related to Nj (Z +m ) (assuming a two level approximation) by the following
e
N1 (Z +m )Ne C12
= N2 (Z +m )A21 .

(1.35)

The intensity then becomes
hc
I(λji ) =
4πλji

Z

Ne N (Z +m )Cije dh.

(1.36)

h

Substituting (1.31) and into equation (1.36) we have
hc 8.36x10−6 Ωij
0.8Aab
I(λij ) =
z
4πλji
ωi

Z
h

Ne2

N (Z +m ) −1/2
−hc
T
exp(
)dh.
N (Z)
kT λji

(1.37)

Grouping the temperature dependent terms we arrive at another alternative definition
of the contribution function
C alt (Ne , T, λji ) =

N (Z +m ) −1/2
−hc
T
exp(
).
N (Z)
kT λji

(1.38)
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There are a variety of definitions for the contribution function depending on author
and application. They generally differ by a factor of 4π,

hc
4πλji

or Aab
z . We adopt

here G(Ne , T, λji ) = Aab
z C(Ne , T, λji ). We can see from equation 1.37 that intensity
I∝

R

Ne2 dh, the emission measure (EM). This leads to (at constant temperature)
EM = 4π

I(λji )
.
G(Ne , T, λji )

(1.39)

We may also define the intensity in terms of a differential emission measure DEM(T)
which is a measure of the emitting plasma from temperatures between T and T + dT .
The intensity then becomes
Z
I(λji ) =

G(Ne , T, λji )DEM (T )dT.

(1.40)

T

To find the DEM(T), one must solve or invert the integral equation which is a Fredholm integral equation of the first kind (Riley, Hobson, and Bence 2002 ).

1.5.4. Density Diagnostics
Emission line flux is sensitive to density through the number density of ions and
the density dependence of the collision rates. Lines such as the coronal green line (Fe
XIV 5303 Å ) result from magnetic dipole transitions named f orbidden transitions.
Transitions that involve a spin flip are semi-forbidden and are called intercombination
transitions (Pradhan and Nahar 2011) and have a small spontaneous decay to a lower
level. These transitions are different from those that do not involve spin flip referred
to as allowed. Solar plasma is an excellent place to look for emission from forbidden
and intercombination transitions due to the wealth of energy and optically thin, low
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density plasma. The measurement of density from density sensitive solar emission
line ratios was developed by Feldman and Doschek (1976). This diagnostic is valuable
since the information comes from one ion, so abundance and ionization fractions and
physical conditions are the same.
The basic idea can be illustrated by a three or four level ion (figures 1.14 and
1.15) (Doschek 1985). We rely on (1) there being a level that is populated collisionally
and depopulated by spontaneous decay (allowed transitions)(2 → 1 in figure 1.14 and
3 → 1 in figure 1.15) and (2) there being a metastable level (level 3 figure 1.14 and
level 2 figure 1.15 ) that is populated and depopulated by collisions and has a low
spontaneous decay rate. These metastable levels may be connected through forbidden
transitions (3 → 1 in figure 1.14 and 2 → 1 in figure 1.15). Since these levels are
depopulated by collisions their populations depend on density. At low densities the
emission from the metastable levels is proportional to Ne2 , while at large densities the
collision dominates and intensity becomes proportional to Ne . Due to this, the ratio
of the line intensity with that of the allowed transition is density sensitive (lower plots
in figures 1.14 and 1.15).
Some of the spectral lines of Fe XII are just such lines, so we can deduce electron
densities from their intensity ratios (Feldman et al. 1983). Relatively recent atomic
physics calculations for Fe XII have identified a list of lines that are useful for density
diagnostics (Del Zanna and Mason 2005a). Specifically we use Fe XII (186 Å , 195.12
Å , 195.18 Å ), Fe XII (202 Å , 203 Å ), and Fe XIV (264 Å , 274 Å ) (identified in Del
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Figure 14. A schematic of the three level ion with the metastable level 3. Level
3 is populated and depopulated by collisions (C13 , C31 , C32 ) so at high density the
emission is low for the transition. Level 3 has a small spontaneous decay A32 so at
low densities the emission is greater and the ratio to the allowed transitions is greater,
thus providing density sensitivity. (From Doschek, 1985).

Zanna and Mason 2005b) for our density analysis. We note with gratitude that the
atomic database CHIANTI, which is publicly available, is used for all atomic physics
calculations in this thesis (Dere et al 2009).

1.6. Instrumental Considerations

Now that we have set the physical framework and relevant parameters for our
discussion of the coronal loop structures, and before we discuss the results arriving at these parameters, a brief note must be made on the nature of the observing
instruments used in the collection of the data. The example of the Coronium line
demonstrates that once you understand the nature of your observations, what you
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Figure 15. A schematic of the four level ion with metastable level 2. At low densities
the 4 → 2/3 → 1 ratio is low since level 2 is sparsely populated. At higher densities
the exitation 2 → 4 to strong compared to 1 → 3 and the ratio increases. (From
Doschek, 1985).

see is all the more interesting. As with all observing instruments, instrumental and
space environment effects can enter the data. Measures were taken to correct these
effects during the data preparation stages of this thesis. In addition, there are inescapable possibilities and ambiguities that are essentially due to the methods used in
collecting the data. This section presents the advantages of using data from multiple
instruments.
A narrow band imager can produce high resolution images with a short time cadence, yet even with a narrow band there may be contribution from ion lines near
the target wavelength (or within the narrow band). If the formation temperature
is different in the contributing ion, then the image thought to be created from a
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single temperature is actually a mixture of two (or more) temperatures. Another
drawback of filter imaging is that there is no way to know if a propagating bright
feature is evidence of heating (or temperature change) along a structure or a bright
bulk of plasma actually moving. Only by examining the spectra can a Doppler shift
be observed, giving a better idea of the true velocity. The spectral data also allow
the possibility to quantify some of the contributing ion lines. Yet, in order to collect
the spectra, slit rastering is implemented to create an image and this does not lend
itself to quickly made images. Further, exposure times must be long enough to get
sufficient photon counts, so spectral images can take up to an hour to create. This
leaves much time for dynamic activity to occur throughout the rastering process. If a
structure is elongated in the rastering direction there is the possibility that the structure may be changing (physically) as the raster moves along the structure’s length.
This is motivation to use both types of instruments simultaneously. Although there is
tremendous effort in working with and comparing results from multiple instruments,
the benefit is much greater than simply doing more with one instrument.

37
2. ANALYSIS OF TWO CORONAL LOOPS WITH COMBINED TRACE and
SoHO/CDS DATA

We use an innovative research technique to analyze combined images from the
Coronal Diagnostic Spectrometer (CDS) on the Solar and Heliospheric Observatory
(SoHO) and the Transition Region and Coronal Explorer (TRACE). We produce
a high spatial and temporal resolution simulated CDS raster or “composite” map
from TRACE data and use this composite map to jointly analyze data from both
instruments. We show some of the advantages of using the “composite” map method
for coronal loop studies. We investigate two post flare loop structures. We find cool
material (250,000 K) concentrated at the tips or apex of the loops. This material is
found to be above its scale height and therefore not in hydrostatic equilibrium. The
exposure times of the composite map and TRACE images are used to give an estimate
of another loop’s cooling time. The contribution to the emission in the TRACE images
for the spectral lines present in its narrow passband is estimated by using the CDS
spectral data and CHIANTI to derive synthetic spectra. We obtain co-spatial and
co-temporal data collected by both instruments in SoHO Joint Observations Program
(JOP) 146 and show how the combination of these data can be utilized to obtain more
accurate measurements of coronal plasmas than if analyzed individually.
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2.1. Introduction

Technological advances in recent decades have made possible more accurate measurements of the physical characteristics of solar coronal plasma. In particular, the
Transition Region and Coronal Explorer (TRACE) (Handy et al. 1999 ) has produced brilliant images of the EUV corona, revealing its complex structure comprised
of many clearly delineated loops. These coronal loops have generated much research
since they were discovered by the X-Ray experiment on Skylab in the 1970’s. Many
recent instruments such as the Soft X-Ray Telescope on the Japanese satellite Yohkoh
(Tsuneta et al. 1991 ), CDS, EIT, and SUMER on the Solar and Heliospheric Observatory, and TRACE were designed to investigate the properties of these coronal
structures. Coronal loops have been found to have a wide range in length, temperature, density, and lifetime.
Previous studies such as Lenz et al.

(1999), Aschwanden, Nightingale, and

Alaxander (2000), Testa, Peres, and Reale (2002) have investigated the properties
of coronal loops. Utilizing TRACE’s ability to observe with three EUV filters, these
studies applied a filter ratio diagnostic technique to obtain emission measure and temperature of the emitting plasma. Lenz et al. (1999) and Aschwanden et al. (2000)
found flat emission measure and temperature profiles along the length of the loops,
suggesting that loops are isothermal along their axes. These results are in conflict
with the predictions of coronal loop models and the disparity may be a result of the
filter ratio technique applied (see Martens, Cirtain, and Schmelz (2002) for details),
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or an incorrect or absent characterization of the contribution to emission from the
portion of the line of sight emission not attributable to the loop under investigation
(Del Zanna and Mason 2003, Cirtain 2005, Cirtain et al. 2006). The study carried out
by Testa, Peres, Reale, (2002) analyzed loops using two different methods for obtaining temperature and emission measure of plasma. One technique included fitting the
intensity profiles of TRACE 173 Å filter1 images to synthesized profiles from hydrostatic models. The other technique they applied was the filter ratio technique where
the flux from two filters is compared to yield an estimate of the temperature based on
the relative flux from filters with different temperature responses. Results from their
study suggest the presence of both cool isothermal and hot non-isothermal loops. We
believe the results of the studies hint at the inadequacy of the sole application of the
filter ratio technique to characterize coronal emission.
The Coronal Diagnostic Spectrometer (CDS), (see Harrison et al. 1995 for instrument details), on SoHO has two spectrometers, the Normal Incidence Spectrometer
(NIS) and Grazing Incidence Spectrometer (GIS). These spectrometers are capable
of producing excellent spectral intensity measurements. This spectral data can be
used to determine temperature and emission measure estimates to a high degree of
accuracy. Using CDS data to determine temperature and density, the study carried
out by Schmelz (2002) found that the temperature and density varied significantly
along a coronal loop.
1

This filter is commonly known as the 171 Å filter.
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In this study we put forth an observational technique that determines temperature
and emission measure of coronal structures. We combine the advantages of TRACE
and CDS utilizing the high temporal and spatial resolution of TRACE and the excellent spectral resolution of CDS. We use co-spatial and co-temporal data collected
by both instruments in SoHO Joint Observations Program (JOP) 146 and show how
the combination of these data can be utilized to obtain more accurate measurements
of coronal plasmas than when analyzed individually. We analyze the contribution of
emission from different ions to the TRACE images and obtain temperature and density measurements of plasma corresponding to coronal structures, by cross checking
the images from TRACE with spectral data from CDS. The need for this type of analysis is mentioned in Schmelz (2002), Del Zanna and Mason (2003), and Winebarger,
Warren, and Seaton (2003).
In Section 2 we present the observations and instrumentation specifics; in Section
2 we show how the data are prepared and put forward the process for constructing
the composite map, and in Section 2 we show how the composite map is used to
investigate the spatial and temporal properties of selected coronal structures. We
also demonstrate a technique for determining the contribution of emission lines found
within the TRACE 173 Å passband to the TRACE images. We find and discuss the
appearance of cool material located in the top of loop structures. In the last sections
we discuss the results obtained from these techniques.
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2.2. Observations

We consider observations from JOP 146. Data were collected by three instruments; the CDS on SoHO, TRACE, and the Soft X-Ray Telescope (SXT) on Yohkoh.

2.2.1. Instrumentation
CDS measures spectral emission over a wavelength range in the solar EUV spectrum. This instrument contains two spectrometers, the Grazing Incidence Spectrometer (GIS) and the Normal Incidence Spectrometer (NIS). For this study we consider
only data from the NIS on CDS. The NIS covers two spectral ranges: NIS-1 307 − 379
Å and NIS-2 513 − 633 Å and produces stigmatic images rastering from solar west
to east. CDS has an adjustable slit width, with options: 2 arcsec, 4 arcsec, and 90
arcsec wide. The choice in slit width defines the horizontal extent of the image and
the vertical is always 240 arcsec.
TRACE is a Cassegrain telescope capable of observing the solar corona in EUV,
UV, and white light. EUV data are collected from selected bandpasses or wavebands
using EUV filters which select ranges centered on a peak response at 173 Å, 195
Å, and 284 Å. We consider data from the 173 Å passband. This passband contains
several emission lines (Fe IX 171.073 Å, O VI 173.079 Å, and Fe X 174.534 Å) and
has a temperature response function represented by the curve in Figure 2.1. The
TRACE telescope produces high cadence images focused onto a 1024 × 1024 pixel
CCD detector with pixels of an angular size equal to 0.5 arcsec × 0.5 arcsec.
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Figure 16. The TRACE 173 Å filter response to temperature. The overlying curves
are the “formation curves” of particular ions. The curves in bold (O V, Mg IX,
and Fe XVI) are ions observed by CDS. The Fe IX, Fe X, and O VI ions are the
main contributors to the TRACE passband. This demonstrates that TRACE has a
significant response to ions with formation temperature other than 1 MK..

2.2.2. Joint Observations Program 146
JOP 146 coordinated observing plans designed to investigate the physical properties of coronal loops in active regions. The run of JOP 146 on the 18th of September
2001 produced simultaneous observations of NOAA Active Region (AR) 9628 on the
south-east limb. The combination of all instruments produced an effective observed
temperature range of 105 − 107 K.
TRACE took mostly 173 Å exposures. The 173 Å filter has a response to temperature within the temperature range coverage by CDS. For this observing campaign,
the CDS slit width was chosen to be 4.023 arcsec. Schmelz and Martens (2006) cite
ground-based and space-based measurements of the Full-Width to Half-Max of the
CDS point spread function of 3” by 4”. The TRACE pixels are 8 times smaller than
the CDS pixel width and 3 times smaller than the CDS pixel height. The 1 arcsec
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spatial resolution of TRACE allowed us to determine the structures contained in any
CDS pixel. TRACE produced an image of AR 9628 every 60 seconds for the entire
day. This high cadence showed the evolution of fine structures within the field of view
of the instruments.
CDS began observing at 17:56:37 UT. The 160 arcsec × 240 arcsec raster was
comprised of forty 4 arcsec × 240 arcsec slits rastered west to east. With ≈ 60
second exposures, the total time to complete the raster was 2796.00 seconds (47 min).
Thirteen wavelength passbands were chosen, each containing at least one resolved
spectral line. CDS measured line intensities for the 12 ions listed in Table 2.1. Fe XIV
was omitted from this analysis due to the blending of this line. Ions with formation
temperatures subsuming the temperature coverage of the other instruments were
selected for investigation.

Table 1. Spectral lines observed with CDS for JOP 146. λpred is the predicted
wavelength for each transition. Tpf is the peak formation temperature of the ion.
ION
λpred (Å)(CHIAN T I) T ransition
Tpf (log10 )K
2 1
1
He I
584.334
1s S0 ↔ 1s2p P1
4.80
2
2 1
3 1
O III
599.597
2s 2p D2 ↔ 2s2p D2 5.00
O IV
554.518
2s2 2p 2 P 3 ↔ 2s2p2 2 P 3 5.25
2
2
OV
629.730
2s2 1 S0 ↔ 2s2p 1 P1
5.40
2
2
2 2
Ne VI
562.808
2s 2p P 3 ↔ 2s2p D 5 5.65
2
2
Mg IX 368.070
2s2 1 S0 ↔ 2s2p 1 P1
6.00
2
2 3
3 3
Si IX
345.129
2s 2p P1 ↔ 2s2p D2 6.05
Si X
347.403
2p 2 P 1 ↔ 2s2p2 2 D 3
6.14
2
2
2 2
2 2
Si X
356.034
2p P 3 ↔ 2s2p D 5
6.14
2
2
2
2
2
2
Mg X
624.941
1s 2s S 1 ↔ 1s 2p P 1
6.15
2
2
2
2
2
2
Si XII
520.668
1s 2s S 1 ↔ 1s 2p P 1
6.25
2
2
2
2
Fe XVI 360.768
3s S 1 ↔ 3p P 1
6.40
2

2
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2.2.3. Active Region 9628
All instruments observed AR 9628 on the east limb on 18 September 2001. The
AR was stable during the time CDS was rastering. However, a C-flare occurred in the
northern most portion of the AR 1.3 hours before CDS began the observation. The
TRACE images indicate that only a few coronal EUV features were visible during the
entire time CDS was rastering through the region of interest. Other loops appeared
in the CDS and TRACE images at the same location, but at different times. This
suggests that some of the loops were dynamic. The time period considered was 18:00
- 18:34 UT.

2.3. Data Reduction and Preperation

The CDS data were corrected and calibrated using standard IDL routines from
SolarSoft. Cosmic ray hits on the detector have been located and the associated pixels
have been reset to the average value of the surrounding pixels. A flatfield correction
was applied. Dark current or thermal noise was subtracted from the data. The CDS
maps were then calibrated from the first Lagrange point view of SoHO to the Earth
orbit view of TRACE.
The TRACE data were also prepared using standard routines. Energetic particle
hits are removed and a dark current image is subtracted from the data. A known
pointing offset between the EUV and white light filters in TRACE was also corrected
using a standard SolarSoft routine (trace prep).
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2.3.1. Image Co-alignment
The images from the two instruments must then be co-aligned for comparison.
This was done by matching the solar limb for each image. Then a cross correlation
feature tracking algorithm was applied that determined the offset between the two
data sets. The offset between the TRACE and CDS data was found to be on the
order of 10 arcsec east and 13 arcsec south. This offset was corrected in the TRACE
image header information. Once the pointing was corrected the images are overlaid
to check spatial agreement.

2.3.2. The TRACE Composite Map
With this good co-alignment (within ≈ 4 arcsec), a composite image was constructed consisting of several CDS exposure-size slits or sub-images (4 arcsec × 240
arcsec) of different TRACE exposures that are each co-temporal with a corresponding
CDS slit exposure. First the time range of each CDS slit exposure was calculated.
Then the TRACE catalog was searched for exposures taken within or close to the
time range of each CDS slit exposure. A region was extracted from the TRACE images that was co-temporal and co-spatial with each CDS slit exposure. The TRACE
sub-images were then compiled in the same way as the CDS slit exposures, i.e., each
extracted TRACE sub-image corresponding to a CDS slit exposure was placed next
to the other in sequence according to increasing time. The result is Figure 2.2, a map
composed of TRACE sub-images that are co-temporal and co-spatial with each CDS
slit exposure (composite map, simulated raster). This map yields high resolution
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Figure 17. The TRACE composite map (shown above) is created with several TRACE
sub-images using a method that follows the CDS rastering scheme. A simulated CDS
exposure-sized TRACE sub-image can be seen at far left. The markers indicate the
width of the sub-image. TRACE sub-images that were co-temporal and co-spatial
with the CDS exposures were stacked from west to east to produce the TRACE
simulated raster .
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images of the regions CDS was rastering. This allowed us to determine what structures were present within the CDS slit at the time of exposure. Reale and Ciaravella
(2006) in their Section 4.2 show a similar technique, but degrade the TRACE image
to the CDS resolution for visual correspondence. We preserve the TRACE resolution
in order to identify and measure specific structures below the CDS resolution.

2.4. Analysis

The intensities for all emission lines were plotted over the TRACE images and the
TRACE composite map. Figure 2.3.c shows the O V CDS emission line plotted over
a TRACE simulated raster. The contours represent lines of constant intensity for the
CDS image. These ‘overplots’ were examined closely for the co-alignment of structures imaged by both of the instruments. Several coronal features were found that
are common between the images. The solar cartesian co-ordinates of the structures
resolved in the images were compared to confirm spatial agreement. Two significant
features were chosen for closer inspection. These coronal loops are indicated by arrows in Figures 2.3 and 2.4. The loops were inspected in all of the CDS images to
determine which ions had intensities that could be attributed to the structures. Electron densities were calculated using ratios of the density sensitive lines Si X 356.012
Å and 347.403 Å. The ion formation temperature scale heights were calculated and
compared to the observations. It was found that the ions that contributed to the loop
structures were above their formation temperature scale height.
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An estimate for hydrostatic scale height temperature based on intensity profiles
was attempted, but it was found that the intensity increased with height indicating
that the loops were not in hydrostatic equilibrium.

Table 2. Peak formation temperature (Tpf ) and associated pressure scale height (Hpf )
for ion lines observed in loops.
ION
λpred (Å) T6 (M K) Hpf (M m)
He I
584.334 0.0631
3.20
O III
599.597 0.1
5.06
OV
629.730 0.25
12.7
Ne VI
562.808 0.363
18.4
Mg IX 368.070 1
50.6
Si X
347.403 1.38
69.8
Si X
356.034 1.38
69.8
Mg X
624.941 1.41
71.3
Si XII
520.668 1.78
90.0
Fe XVI 360.768 2.5
126.5

With the ion peak formation temperature denoted by Tpf , the peak formation
pressure scale height is given by

Hpf =

kTpf
µmH g

= 5.06 × 109 T6 cm,

(2.1)

where k is Boltzmann’s constant, µ the average weight per particle in units of mH ,
the proton mass, g the gravitational acceleration at the surface of the Sun, and T6
the plasma temperature in MK. For the completely ionized coronal plasma one finds
µ = 0.6, which leads to the numerical expression on the right. The observed altitudes
of the looptop condensations were 48 Mm, while the scale heights for the formation
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temperature of the He I, O V,and O III lines are 3.20 Mm, 5.06 Mm, and 12.7 Mm
respectively. Therefore these looptop condensations cannot represent cool loops in
hydrostatic equilibrium.

Figure 18. (a) CDS O V rastered image (b) TRACE composite map, and (c) CDS O
V contour over TRACE composite map.

2.4.1. Cool Loop Top
Generation of the TRACE composite map (Figure 2.2) and comparison with the
CDS data have revealed co-spatial coronal loops common to the TRACE and CDS
images. The loops in the southern portion of the TRACE simulated raster and
TRACE images (indicated by a short arrow in figure 2.3) were resolved well against
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Figure 19. (a) a Fe XVI CDS emission line (17:56 - 18:34 UT), (b) a TRACE 173
composite map (17:56 - 18:34 UT) and (c) a TRACE image from ≈ 18:20 UT. The
large arrow indicates the “hot” loop.

the image background by CDS in the He I, O IV, and Ne VI wavebands. The ion
formation temperatures for these lines are in the range 104.8 − 105.65 K. The lower
structure was apparent but less resolved in the Mg IX, Si X, and Si IX wavebands,
with ion formation temperatures close to 1 MK. The lower structure cannot be seen
in the remainder of the CDS wavebands. This is shown in Figures 2.3 and 2.4 (small
arrow). Figure 2.3.c shows CDS O V (0.25 MK) contours concentrated near the
top of the loop structures seen in the TRACE composite map. This indicates that
these structures were comprised of plasma at 1 MK and below. This feature was
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present for the entire time CDS was collecting data. Brightening in the TRACE
images begins on an apparently symmetric loop then proceeds to pointy cusp like
features. We note that many TRACE 173 Å images show bright pointy loop tops
like these (see Patsourakos, Antiochos, and Klimchuk, 2004 for references). Loop top
brightenings have been recorded by Doscheck and Warren (2005) during flares, but
were observed in the 195 Å filter where hot Fe XXIV emission is present. We believe
this is the first time these bright TRACE 173 Å looptops have been identified with
cool (i.e. O V emitting) material. As was pointed out above, this material is hanging
above its scale-height. The cusps in the loop tops suggest reconnection may have
taken place, as in the standard CSHKP scenario for two ribbon flares (Hudson and
Cliver 2001 ; see references therein). The cool matter may represent dynamic looptop
condensations resulting from compression by upward traveling shock waves, as we
have seen in hydrodynamic flare simulations (Winter 2007 private communication).
The northern loop structure (large arrow), which has a similar brightness in the
TRACE image was then investigated. It was observed in the Mg X, Si XII, and Fe
XVI wavebands. These ions have formation temperatures in the range 106.15 − 106.4

K. The bright loop in the upper portion of the image was not visible above the noise
in any of the other cooler CDS wavebands. Hence the plasma that formed the upper
structure was in or above the 106.15 − 106.4 K range.
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2.4.2. Loop Cooling Time
The northern loop (largest arrow, Figures 2.4.a and 2.4.c) was only seen in CDS
images produced by plasma at ≈ 2.5MK and below (Fe XVI, Mg X, Si XII). By
18:14:59 CDS had completely exposed the loop and just passed the loop tip (Figure
2.4.a). The TRACE composite map indicated that the upper loop was not observed by
the TRACE 173 Å filter during the time CDS was rastering that area (Figure 2.4.b).
The loop becomes visible in the TRACE data at 173 Å at 18:16:50 UT and is one of
the brightest features by 18:20:36 UT (Figure 2.4.c). Since the northern loop is best
seen/resolved in Fe XVI, formed at 2.5 MK, and not seen in the TRACE composite
map or any of the TRACE images during the CDS observations, we assume the loop
or a component of the loop structure cooled into the upper end of the TRACE 173
bandpass (Figure 2.1) ≈ 1.5 MK, in 111 seconds. For the same 2.5 MK loop to cool
to the middle of the band pass (1 MK) it took ≈ 337 seconds.
From the loop energy equation we obtain an estimate for the loop cooling time
from 2.5 MK to 1.5 MK. The radiative cooling time is given by the thermal energy
density divided by the radiative loss rate, i.e.
τr =

1.5 P0
.
P0 χ0 T −2.5
2

(2.2)

Here P0 denotes the gas pressure in the loop, assumed constant, and P0 2 χ0 T −2.5
represents the radiative loss rate, as derived in Martens, Kankelborg, and Berger
(2000). The value of the parameter χ0 is 1012.41 in cgs units for the coronal abundances
given by Feldman (1992).
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The electron density, ne , was found to be 2×109 cm−3 from the ratio of intensities
of the density sensitive SI X doublet listed in Table 2.2. Another estimate of density
was made from a best fit differential emission measure (DEM) curve. This density was
calculated from emission measure and the emitting volume. Several DEM curves were
generated from the CDS intensities assuming a wide range of initial densities (Winter
2007, private communication). The DEM with the best chi-square and closest initial
density and calculated density was selected. Based on this method the estimated
density range is 1.7×109 cm−3 to 3×109 cm−3 based on a filling factor range of 1 -0.5.
Hence, for a 2 MK plasma the pressure equals 1.1 dyne cm−2 . That yields a radiative
cooling time of about 3000 seconds, far larger than the observed cooling times. So
we have to consider the conductive cooling time,
τc =

1.5 P0
,
κ0 T 3.5 /L2

(2.3)

where the thermal conductivity coefficient κ0 = 1.1 ×10−6 in cgs units (Allen, 1973),
and L is the loop half length measured from the TRACE images to be 2.6×109 cm.
With T = 2.5 MK, we find τc ≈ 500 seconds for the loop to cool off completely. 40%
of that, 200 seconds, is the first order guess for conductive cooling from 2.5 to 1.5
MK, which is reasonable compared to the measured value of 111 seconds. At about
1.7 MK radiative cooling takes over from conductive cooling (τc ≈ τr ). We find a
radiative cooling time of about 500 seconds at 1 MK, so roughly half of that to cool
off by 0.5 MK, which is reasonable compared to the observed cooling time of about
225 seconds between 1.5 and 1.0 MK. The key parameter here is the density, and
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therefrom the pressure. We derived an independent estimate for it from the 173 Å
count rate for the top loop, which yields ne = 2.9 ×109 cm−3 , consistent with the
earlier result.
We note that the latter value of ne implies that the loop is overdense compared
with the loop-scaling law for uniform heating in Martens, Kankelborg, Berger (2000),
i.e. the measured density is larger than the one predicted by the scaling law. This
feature is expected in loops that are cooling down (Warren, Winebarger, and Hamilton
2002).

2.4.3. Ion Contribution to TRACE 173 Å
The TRACE 173 Å filter has several emission lines within its passband. The
strongest ion emission lines within the 173 Å passband are Fe X 175.534 Å, Fe IX
171.073 Å, and O VI 173.079 Å. The contribution of each of these lines to the flux
recorded by TRACE 173 Å filter was examined. Other authors (Phillips, Chifor,
and Landi 2005) esimate line and continuum contributions, but with no spectral or
observed data. In our examination, the intensities calculated from the observed CDS
spectra (Table 2.1) were used to create a synthetic spectrum using the CHIANTI
5.2 data base. This synthetic spectrum was then folded through the TRACE 173 Å
wavelength response to yield a predicted detector count. This count was established
for the full synthetic spectrum. Then synthetic spectra were created that did not
include one of the three main ions within the TRACE bandpass (Fe X 175.534 Å,
Fe IX 171.073 Å, and O VI 173.079 Å) and a count was recorded for each of the
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three partial spectra. With the full spectrum count and the three predicted counts
each ion’s contribution to flux detected by TRACE 173 Å filter was calculated by
dividing the partial predicted count by the predicted full synthetic spectrum count.
We found for the top loop that Fe X at 175.534 Å contributed 67% to the total flux
detected by TRACE 173 Å. Fe IX at 171.073 Å and O VI 173.079 Å contributed 4%
and 3% respectively. The bottom loop (short arrow) showed Fe X contributed 69%,
with Fe IX and O VI at 29% and 1%. Errors involved with these calculations are due
to errors associated with instrument calibration,s the TRACE temperature response
function, the atomic physics in CHIANTI, error from obtaining the CDS intensities,
and instrument calibrations. The first two are not well understood, as a result we
estimate the errors to be 10% of the predicted counts.

2.4.4. Summary of Results
We find cool material (1 MK and below) hanging above its scale height in the tip
of the bottom loop (short arrow indicates the loop in Figure 2.3). The loop tips seem
to have a cusp like structure with apparent “knot-like” features.
Analysis of another loop in the active region was then considered (large arrow
indicates this loop in Figures 2.4.a and 2.4.c). The CDS data indicated the top loop
had a temperature of 2.5 MK at 18:14:59 UT. The same loop started to cool into the
TRACE 173 Å passband at 18:16:50 UT. The estimates for the cooling time scale
produced by Equations (2.2) and (2.3) were 200 sec to cool from 2.5 MK to 1.5 MK,
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and 250 seconds to cool from 1.5 MK to 1 MK, which is reasonable compared to the
observed cooling times of 111 and 225 seconds respectively.
The contribution from ions emitting within the TRACE 173 Å passband was
found for the three main ions in this range. The top loop showed that Fe X at
175.534 Å contributed 67% to the total flux detected by TRACE 173 Å. Fe IX at
171.073 Å and O VI 173.079 Å contributed 4% and 3% respectively. The bottom
loop gives the respective contributions as 69%, 29%, and 1%.

2.5. Discussion

In this study we have utilized advantages of two different instruments to probe
the solar corona with a higher accuracy than has been done in the past. We have
used the high spatial and temporal resolution of the TRACE instrument to observe
the morphological changes and geometrical properties of coronal components. By
correlating the data from the two instruments a high spatial and temporal resolution
a simulated CDS raster or TRACE composite map was constructed from the TRACE
data. This enabled us to determine what and when coronal features were present in
the CDS images. Then, by using the high spectral resolution of the NIS spectrometer
on CDS, it was possible to determine the temperature and density of these structures.
Further, the time evolution of a cooling post flare loop was observed by correlating
the TRACE composite map with the CDS data. These observed times were found to
be consistent with estimates obtained from energy balance equations.
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We have shown that the TRACE 173 Å filter imaged structures that were detected
in a number of ion emission lines observed by CDS. Each CDS emission line is formed
by electron transitions from ions formed over different temperature ranges. We saw
that the flux detected by the TRACE 173 Å is comprised of a number of different ions
in different proportions. This suggests that the best method to accurately determine
the temperature of structures imaged by TRACE or any instrument using a filter is
to cross check with high quality spectral information.
Our key new result is the observation of cool material concentrated at the loops
tips. Some of these loops appear to have a cusp shaped tip. The bottom loop is
only detected in CDS wavebands corresponding to temperatures at and below 1 MK.
This cool material is far above the scale height and therefore cannot be in hydrostatic
equilibrium.
Our results further demonstrate the significance of combined analysis of data from
a high resolution imager with those from a high spectral resolution spectrometer:
from the TRACE 173 data alone one would never have inferred that there was such
a physical difference between the two loops we have analyzed, one with very cool
material near the top, and the other cooling down from a previously very hot state.
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3. EUV ANALYSIS OF A QUASI-STATIC CORONAL LOOP STRUCTURE

Decaying active region 10942 is investigated from 4:00-16:00 UT on February
24, 2007 using a suite of EUV observing instruments. Results from Hinode/EIS,
STEREO and TRACE show that although the active region has decayed and no
sunspot is present, the physical mechanisms that produce distinguishable loop structures, spectral line broadening, and plasma flows still occur. A coronal loop that
appears as a blue-shifted structure in Doppler maps is apparent in intensity images
from ions formed at log T = 6.0-6.3. The intensity and line width of the emission
from the loop structure is found to be anti-correlated with spectral line broadening
generally attributed to nonthermal velocities. This coronal loop structure is investigated physically (temperature, density, geometry) and temporally. Lightcurves created from imaging instruments show brightening and dimming of the loop structure
on two different time scales: short pulses of 10-20 min and long duration dimming of
2-4 hours until its disappearance. The coronal loop structure, formed from relatively
blue-shifted material that is anti-correlated with spectral line broadening, shows a
density of 1010 to 109.3 cm−3 and is visible for longer than characteristic cooling
times. The maximum nonthermal spectral line broadenings are found to be adjacent
to the footpoint of the coronal loop structure.
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3.1. Introduction

How and where the heating of the solar corona occurs remains a significant astrophysical question. A multitude of theories have been suggested for heating the
corona. One way to probe the heating of this plasma is through observations of looplike structures that appear bright against the surrounding background and trace out
magnetic structures. The closed magnetic field that brightens, deemed coronal loops,
has been investigated with space-based instruments since the first X-ray observatory
Skylab.
The early observations with soft-X-ray instruments showed long-lived hot (>
2MK) loops. These loops seemed to agree with the static scaling laws developed
by Rosner, Tucker, and Vaiana (1978). With the rise of new observing instruments,
new views of coronal loops were obtained. The loops seen with the EUV instruments
appear to have temperatures near 1MK and densities greater than those predicted for
static loops (Aschwanden, Schrijver, & Alexander 2001). The apparent isothermality
derived with filter ratios and constant loop widths led to the belief that elementary
loop strands were resolvable with current instruments (Aschwanden 2005, 2008; Lopez
Fuentes 2008). Spectral analysis of coronal loops (with CDS) gave a conflicting result
(Schmelz 2001). Loops were found to have a wide distribution in temperature and
thus considered multi-thermal. These observations led to the question of whether
the observed coronal loops are monolithic isothermal or multi-strand multi-thermal
entities (Klimchuck 2009).
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The approach in distinguishing between the hypotheses has been to estimate the
physical parameters and lifetime of an isolated loop structure and then compare the
measurements to relevant coronal heating models. Previous studies (Aschwanden
et al. 2001; Winebarger and Warren 2005) show that these loops may not be in
static equilibrium and display lifetimes longer than those predicted for radiative and
conductive cooling. This was best explained by multiple strands heated sequentially
(Warren, Winebarger, and Mariska 2003, Ugarte-Urra et. al 2006). A recent attempt
at resolving the multithermal/isothemal debate has been put forth by Klimchuck
(2009). This model uses the nanoflare idea first proposed by Parker. Klimchuck
(2009) suggests that the thermal distribution of the isolated loop structures is related
to the duration of the nanoflare events. More accurate estimates of the thermal
distribution of these structures are now obtainable using the state-of-the-art EUV
Imaging Spectrometer (EIS) (Culhane et al. 2007). The thermal distribution of an
isolated loop-like structure is one of five key parameters important for constraining
this and other loop heating models. Density, lifetime, flows, and intensity profile
complete the outlined parameters (Klimchuck 2009). Few observations of all these
parameters have been accomplished/published for an isolated loop structure. Warren
et al. (2010) measures these parameters from an apparently cooling loop structure.
They observe a structure first in the XRT x-ray images then in TRACE 195 Å and
later 171 Å , indicating cooling.
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It is thought that loops observed in EUV are generally seen only in their cooling
phase (Winebarger, Warren, & Seaton 2003). Investigations show that large, cool
extended structures lay above hot dense cores of active regions (Mason et al. 1999).
The cooler structures (< 2MK) tend to brighten more transiently while the hotter
cores appear to be steady.
Understanding how these hot, cool, and warm structures fit into the larger active
region is important for understanding how the active region is heated. Recent studies
(Del Zanna 2008, Ugarte-Urra et al. 2009) investigate the relationship between these
loop structures and the active regions they are embedded in. Ugarte-Urra et al.
(2009) observe core active region loops that cool through the entire temperature
range of the data set (2.5 - 0.4MK). They also find cool loops on the periphery of the
active region that are not associated with the cooling of multi-million degree plasma.
Del Zanna (2008), using EIS observations, showed line-of-sight relative red shifts in
cool material with blue-shifted hotter material in regions with sharp boundaries and
relatively low-density regions.
While blueshifted material is generally associated with low-density and low-intensity
regions, we find a blueshifted dynamic coronal structure that displays both higher
density and higher intensity than the surrounding background. Doschek et al. (2007)
investigated nonthermal widths of Fe line profiles within active regions. Their study
showed that the largest widths were not correlated with intensity, but found that the
larger widths could be concentrated in blueshifted outflow regions. Further analysis
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by Doschek et al. (2008) showed that the outflow regions of active regions are generally correlated with an increased line width. Antolin et al. (2010) distinguish between
Alfvén wave heating and nanoflare reconnection heating by characterization of the
flow velocities of coronal loops. They predict redshifts for Alfvén wave heating and
blueshifts for nanoflare reconnection heating.
Recent studies of coronal active regions find observed properties of the regions in
general or over large areas of the active regions. We use multiple solar observing instruments to observe and isolate a coronal loop structure. Many coronal loop studies
are focused on one or a few of properties of many loop structures while concentrating
on a specific heating model. We obtain a number of properties relevant to multiple coronal heating models for an isolated structure. Our investigation expands on
previous studies of active region phenomena in general and looks at a smaller region
within the active region, at the main component of the corona, the coronal loop.
This study investigates the physical properties, flows, line broadening, and lifetime
of an isolated coronal structure in the core of an active region. The surrounding active
region is examined. In section 3 we outline the instruments and observations of the
active region. We discuss the spectral analysis with EIS and investigation of the
complimentary images provided by STEREO and TRACE in section 3. The results
of this analysis are given in section 3. We report the basic parameters of the loop. It is
shown in section 3 that warm loop structures in the core of an active region can show
relative blue-shifts along their lengths with an absence of spectral line broadening.
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Figure 20. STEREO 171 Å image of AR 10942 with EIS FOV delineated by the box.
The arrow indicates the loop isolated for investigation .

3.2. Observations

Spectra from the EIS spectrometer on Hinode and EUV images from STEREO
and TRACE are utilized in this study. Below, we present an outline of the observations of structures in AR 10942 from about 4:00 -16:00 UT February 24, 2007. No
significant flare events occurred during this time, so the loop structure investigated
in this study could be considered a quiescent loop. Figure 3.1 shows the active region
and loop structure, with a box indicating the EIS field of view.
The EIS instrument onboard Hinode (Culhane et al. 2007) observed AR 10942
with a 1 arcsec slit scanning mode with 1 arcsec steps. EIS began rastering the region
with 20 second exposures at 11:21UT and completed the raster at 12:03UT. The raster
imaged a 120 arcsec × 256 arcsec area close to the solar equator. Spectra from the
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two wavelength ranges (171 -212 Å and 245 -291 Å) allow for the observation of many
ion lines spanning a large temperature range. Data from 17 spectral windows were
collected. The standard SolarSoft routine eis prep was used to prep and calibrate
the raw data. The instrumental units (counts) were converted to physical units.
The spectral windows were then fit with Gaussians to determine the total intensities,
peak wavelengths and widths of the ion line profiles. Careful attention was paid to
identify and to account for blends within these windows. The EIS images where then
corrected for offsets between the high and low wavelength ranges, orbital variation,
and spectral rotation (see Young 2009).
The TRACE instrument (Handy et al. 1999) is capable of imaging a 512 × 512
arcsec field of view with CCD pixels that correspond to 0.5 × 0.5 arcsec. Observations
of AR 10942 mainly consist of 256 arcsec × 256 arcsec images with fewer 512 arcsec
× 512 arcsec, 1024 arcsec × 1024 arcsec and 118 arcsec × 256 arcsec images. Unfortunately the 171 Å waveband was the only EUV filter imaging during the considered
time. The TRACE data were prepped and calibrated using trace prep. The images
were normalized by the exposure time and inter-co-aligned. From about 8:00-16:00
UT the TRACE instrument took 228 images in the 171 Å waveband with a cadence
of roughly 30 seconds with a few gaps of ≈ 10-20 minutes.
The Sun-Earth-Connection Coronal and Heliospheric Investigation (SECCHI) extreme ultraviolet imager (EUVI) instruments onboard the Solar Terrestrial Relations
Observatory (STEREO) are normal incidence telescopes like TRACE. The EUVI
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(Howard et al. 2008) observes the full Sun with a pixel size of about 1 arcsec. There
are two STEREO spacecraft, both with EUVI instruments that image in four wavebands (171, 194, 284, and 304 Å). Data from the STEREO Ahead and Behind EUVI
171, 195, 284 Å wavebands were utilized for this study. The solarsoft routine secchi prep, included in the STEREO package, was used to prep and normalize the data.
The EUVI 171 and 194 Å images were taken with a cadence of ≈ 10 min collected
from 4:06-16:06 UT, the 284 Å images had a cadence of ≈ 45 min and so they were
not included in the light curves.

3.3. Analysis

The physical parameters of the coronal loop structure are first derived using
spectral data from EIS. Density, temperature, and emission measure are found from
background subtracted ion emission intensities. The loop structure is isolated and
then the loop geometry is interpolated to match the pixel geometry for all the data.
A loop structure may cross a group of pixels on their diagonals or at an angle to the
pixel orientation. The image data is then interpolated such that the isolated loop lays
parallel to the pixel orientation and not at a diagonal. This procedure straightens
the curved structure and aligns the pixel rows to be perpendicular to the long axis of
the structure.
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3.3.1. EIS
The data from 17 spectral windows were recorded. The spectral range of the
windows was investigated for corrupted data, bad spectra or the lack of a resolvable
emission line. These pixels were omitted from the study. The ion emission lines
selected for this study are shown in Table 3.1.
The spectral data for the emission lines were fit with Gaussians in order to determine total intensity and peak wavelength of emission for all selected lines. Figure
3.2 shows intensity images of the fitted emission lines. The Fe XII 195.12 profile
is blended with Fe XII 195.18. Similarly, Fe XIII 203.82 and 203.797 and Fe XII
203.728 are blended in a spectral window. Double-and triple-Gaussian fits with a
linear background were performed on these profiles to account for blending. A fitting
routine was created to perform fits to the blended spectra utilizing constraints on the
parameters of the fits for selected ions. The self blended Fe XIII 203 spectral window
was fit using three Gaussians with equal widths, with the width allowed to vary. The
Fe XII 203.797 centroids were fixed relative to the Fe XIII 203.828 Å line. A ratio of
0.40 for the Fe XIII 203.797/203.828 was used to constrain the peak values. This is
reasonable since the density is found to be greater than logNe > 9.0. Similarly, the
blended Fe XII 195 window was treated with two Gaussians. The 195.12 and 195.18
line widths are constrained to be equal and the 195.18 centroid forced to 0.06 Å on
the long wavelength side of the 195.12 centroid. A detailed examination of the relevant atomic data and density measurement techniques can be found in Young et al.
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(2009). The fitted spectral data from density sensitive lines were then corrected for
spatial offset due to “grating tilt” (appendix C of Young et al. 2009). Line-of-sight
velocity maps were created from the fitted peak wavelengths. The FWHM of the
fitted line profiles were used to produce maps of the spectral line broadening.

Figure 21. EIS intensity images of decaying AR 10942. Temperatures in Log(T) indicate the emission lines formation temperature. Different features dominate different
temperature ranges. The investigated loop appears in Fe XII and Fe XIII. As the
temperature increases more diffuse interconnecting loops appear.

The loop structure was isolated and the loop geometry was interpolated to match
the pixel geometry; effectively straightening the loop structure and aligning the pixels
parallel to the long axis of the structure. Crosscuts of the straightened loop structure
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Table 3. Spectral Lines Observed with EIS. λpred is the predicted wavelength for each
transition. Tpf is the peak formation temperature of the ion. The Ca XVII line is
blended with Fe XI (log T = 6.2) and O V (log T = 5.4) and was solely used for
visual comparison.
ION
λpred (Å)
Tpf (log10 )K
He II
256.320
4.90
Fe VIII
186.600
5.60
Si VII
275.400
5.80
Ca XVII 192.820
6.70
Fe XII
186.854 + 186.887 6.10
Fe XII
195.119
6.10
Fe XIII
202.040
6.20
Fe XIII
203.830
6.20
Fe XIV
264.200
6.30
Fe XIV
274.200
6.30
Fe XV
284.160
6.40
Fe XVI
262.980
6.40

were then fitted with Gaussian profiles to determine background subtracted intensities along the isolated structure. The background subtracted from these profiles is
linear. The fits to the cross axis profiles give background subtracted intensity and it is
assumed that the FWHM of the Gaussian fit is the “diameter” of the structure. The
intensity along the structures axis is then determined from the cross-axis intensity
profile fits. Density is determined from ratios of the density sensitive emission lines,
Fe XII 195.12, 195.18, 186, and Fe XIII 202, 203. The emissivities for the wavelengths
of each ion were used to create a density sensitive curve based on the background subtracted intensity ratios. These methods utilize version 6.0 of the CHIANTI atomic
database (Dere et al 2009).
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3.3.2. TRACE
The TRACE 171 Å data (Figure 3.2) were inter-co-aligned and co-aligned with the
EIS images. The Fe X 184 (log T[K] = 6.0) and Fe XII 195 (log T[K] = 6.1) EIS images
were used for the co-alignment. The loop structure length was determined from these
images. Surface curvature between east/west footpoints and circular geometry were
considered in the calculation of length. After co-alignment the TRACE images were
interpolated and straightened with the same method as used with the EIS data.
Cross-axis intensity profiles of a section of the straightened loop were then analyzed
to determine a linear background and actual intensity. The same method used with
the EIS data, fitting Gaussians to the profiles, was used. A background subtracted
intensity was determined for each of the images along with the average intensity within
a small box that included a section of the structure. These intensities, background
subtracted and averaged, were recorded along with their times of exposure to produce
light curves.

3.3.3. STEREO EUVI
The STEREO Behind 171 and 195 Å images were first inter-co-aligned, then coaligned with the EIS and TRACE images. The images were then interpolated in the
same way the EIS and TRACE images were. Figure 3.3 shows the core region of
the active region for various times during the lifetime of the loop structure. Crossaxis profiles of a co-spatial section of the structure were analyzed for background
subtracted intensities and structure width. Light curves of 171 and 195 Å were created
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from the background subtracted intensities taken from images during ≈ 04:00-16:00
UT.
Images from both the STEREO Ahead and Behind 171 Å were co-aligned and
then used for 3-dimensional spectroscopic reconstruction (see Aschwanden 2008 for
details) of the loop structure.

Figure 22. STEREO 195 and 171 Å images of AR 10942 for various times. The
investigated loop structure is indicated by the arrows.
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3.4. Results

Figure 23. EIS intensity images of interpolated loop. The loop structure, pointed out
by the white bar, only appears in images formed at log T = 6.0-6.3. Structures that
appear to share the same footpoint are evident in other temperature images, but the
extended features are not co-spatial. The Ca XVII line is blended with Fe XI (log T
= 6.2) and O V (log T = 5.4) and was solely used for visual comparison.

The EIS spectroscopic observations of this active region show different dominant
structures at different temperatures (Figure 3.2). The low temperature ions Fe VIII
and Si VII both show none of the investigated structure and the footpoint region is not
distinguishable from the images (Figures 3.2, 3.4 ). They do show the apparent legs
of loops that have footpoints separated from the loop structure analyzed. However
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the He II (Log(T) = 4.9) map shows a bright region co-spatial with the footpoint of
the investigated structure (Figures 3.2, 3.4). The ions with formation temperatures
log T = 6.0-6.3 show the loop that was investigated. The footpoint region appears
bright and the loop could be distinguished from the background. We emphasize that
the maximum intensity of the structures was found to be only 20-36 percent of the
total signal in all of the imaging instruments and 35-50 percent of the signal from the
spectrometer. The legs of two sets of loops can also be identified (brightest features
in Si VII Figure 3.2) and seem to be co-spatial with those seen in the temperature
images from log T =5.8-6.3. The higher temperature images of Fe XV and Fe XVI
also show these legs, but less significantly in the Fe XVI where the footpoint is less
obvious and the dominant emission is located farther up the leg of the structures.
These temperature images do not clearly show the analyzed loop, but show bright
structures similar in length and brightness to the structures in the log(T) = 6.0-6.3
temperature ranges. These structures appear to share the same footpoint region.
The interpolated image in Figure 3.4, after background subtraction, reveals a
loop structure with a width close to the resolution limit of the observing instruments.
STEREO and TRACE images show the structure did not change its apparent width
during the time it was observed (about five hours). There is a slight decrease in
the loop width in TRACE near the moments of appearance and disappearance. The
loop widths calculated from Gaussian fits to the cross-loop profiles for the EIS and
STEREO observations were on average 1.5 ± 0.5 arcsec while the TRACE apparent
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widths show 1.0 ± 0.5 arcseconds. This is easily explained by the difference in the
resolution of the instruments. The TRACE pixels are 0.5 arcsecond and the EIS and
STEREO pixels are around 1 arcsecond. For both cases the loop structure’s apparent
width is at or below the resolution of the instrument. These widths can only then
be viewed as an upper limit, since the structure does not appear to be resolved and
is viewed at the limits of resolution by all instruments. Discussion of this can be
found in DeForest (2007) . The TRACE cross-loop profiles infrequently revealed up
to three smaller maxima on top of the broader Gaussian profile. This was found with
the same infrequency in the STEREO profiles, but with two smaller maxima. This
suggests multiple strands, below resolution, appearing as one structure.
Light-curves show flux variations for the 171 and 195 wavebands during the lifetime of the structure. While there are structures that brighten and fade completely
with similar topology, the structure investigated remained distinguishable by our
methods for just under 5 hours. Before the maintained appearance of the investigated
feature, both wavebands display a structure in the same location as the investigated
loop structure. Intermittent brightenings occur for loop structures very close to the
topology of the isolated loop structure as well. The flux variations of the investigated
structure appear on the 10-20 minute scale. Shimizu (1995) investigated X-ray transient brightenings and found durations of 2-7 minutes. More recently Ugarte-Urra
(2009) investigated loop lifetimes for temperatures 0.42.5 MK and higher. They found
transient brightenings and loop lifetimes around 10-20 minutes in duration. Loops
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that appear to recur with the same topology were noted. They suggest that there
are two main loop populations: core loops that appear at several million K and then
cool to transition region temperatures and the second population consisting of cool
peripheral loops that only reach temperatures of 1.3 MK. In both cases, they find
time scales of tens of minutes, which is in agreement with our results.
The EIS instrument rasters solar west-east (right to left in Figure 3.2) in the x
direction; and considering 20 second exposures the region that contains the structure
is exposed for 24 minutes (11:40-12:04). It is reasonable to assume that the loop
may cool during this time and appear in the lower temperature images later. The
time of exposure increases in the y direction for Figure 3.4 and in the negative x
direction for Figure 3.2. The apparent footpoint in the log(T) = 6.1-6.3 is shared
by other structures in the log(T) = 6.4 images so it is unclear if the footpoint of the
investigated structure is imaged by the higher temperature wavebands. Near the top
(y=40) of the log(T) - 5.6-5.8 images in Figure 3.4, a bright area coincides with the
apex of investigated structure, which can be interpreted as the loop structure cooling
into the lower temperature wavebands. However close inspection reveals that the
apparent structure in the lower temperature images is separated topologically and
the two structures intersect in the line of sight. The loop structure appears first in
STEREO 195 Å and shows an increase in flux during the EIS exposure times, which
is congruent with the structure appearing in the Fe XII and Fe XIII bands for the
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time EIS was rastering the loop. Figure 3.3 and the light-curves show the structure
is maintained in 195 Å for this time period.
The loop structure is distinguishable in images from both STEREO Ahead and
Behind, allowing for stereoscopic reconstruction. The stereoscopic reconstruction
confirms the estimated loop half-length of 69 Mm, and indicates that the legs of the
loop are highly inclined towards the core of the active region.

3.4.1. Density
A density map, made using the fitted intensities, reveals the loop structure as an
increase in density from the background. The background subtracted intensity values
along the loop for the Fe XII and XIII ions show a decrease in density from 1010 to
109.3 cm−3 along the length of the feature. Figure 3.5 shows the density decrease
according to all density sensitive ratios. However the Fe XII densities are consistently
higher than those derived with the Fe XIII ratio. This is a known discrepancy (Young
2009).
Emission measures for the densities found using EIS were calculated, using the
assumed path length of 1 Mm. The emission measures were compared with those
derived from the TRACE 171 Å fluxes. Filling factors of 0.047 near the footpoint to
0.09 near the apex were found from these comparisons.
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Figure 24. Log Density along the loop structure. Turquoise is Fe XII 186/195.12,
Black is Fe XIII 202/203, Green 195.12/195.18. Background subtraction begins at y
= 20. The apex of the loop is near y = 80.

3.4.2. Temperatures from EM Loci plots
The determination of density along the structure allows for an estimate of the
average temperature along the line of sight for locations along the structure. Cospatial intensity values from emission lines, after background subtraction, are used
to derive Emission Measure (EM) loci plots. Densities from the Fe XII 186/195.12
density sensitive ratio were used. For each emission line, the observed intensity is
divided by the contribution functions calculated with CHIANTI. The functions for
each line are plotted together. The average temperature is then determined from
the highest concentration of intersections. Isothermal plasma along the line of sight
would yield an EM loci plot where all the curves intersected at the same location.
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Figure 25. EM loci plot of pixel 24 along the loop. The dashed curves show the
high and low temperature lines that had low signal indistinguishable from the noise.
They are shown to impose constraints at high and low temperature ends. The median
temperature for this pixel is log(T) = 6.27.

Figure 26. A plot of temperature along the loop derived from the EM loci plots.

Some emission lines were low and indistinguishable from the background after
subtraction was applied to the loop structure (Si VII, Fe XVI, and Fe XV). A minimal value related to the background was used in order to include these lines in the
temperature analysis. These high and low temperature emission lines constrain the
EM loci plot. Mostly Fe ions were considered, to avoid abundance uncertainties.
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An estimate of the range of plasma temperatures along the line of sight was made
from the EM loci plots. The EM loci plots do not indicate an isothermal plasma,
however they show a consistent maximum emission value at a temperature of log(T)
≈ 6.2 and a temperature width of log(sigma) = 5.56. The temperature width was
found from the full width at half max of a Gaussian profile fitted within the EM
curves. The EM loci plot from pixel 24 along the isolated structure is shown in
figure 3.6. A median temperature was derived from the intersections of the emission
measure curves. This is shown in figure 3.7. The plots differ very little along the loop
structure and seem to indicate isothermality along the axis of the loop. However,
one should be cautious when interpreting these EM loci plots since after background
subtraction only density sensitive lines remained, delineating the structure ( Fe XII,
Fe XIII, and Fe XIV). These lines are non-ideal for EM analysis, but they were the
only left to perform the EM loci analysis.

3.4.3. Lightcurves
Co-aligned images from higher resolution filter imagers TRACE and STEREO/EUVI
show the same structures as their spectral counterparts. The background subtracted
intensity values from cross loop profiles for a 10 hour period of 171 and 195 Å data
show an interesting lightcurve (Figure 3.8 shows the last 5 hours). The structure
brightens and fades in all wavebands, but with two different time scales. The loop is
just detectable in both channels at 9:00 UT; then around 10:20 UT both 171 and 195
Å show an increase in intensity. The 195 Å passband experiences its maximum with a
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Figure 27. Lightcurves from STEREO 171 (dashed), 195 (solid), and TRACE 171
(asterisk) with EIS rastering time shaded. Above horizontal line: average intensities.
Below horizontal line: background subtracted intensities. The plot begins at 08:20:00
UT. Arrows indicate the times of the images from Figure 3.3.

duration of 10 min. The 171 Å channel shows a similar duration of 10 min. Then the
structure dims simultaneously around 10:25 in both channels and begins to brighten
again just before 11:00. The 171 Å lightcurve peaks for a second time at 11:21 UT.
This is the largest peak recorded by the 171 Å channel. This peak appears for a
slightly shorter duration than the previous 195 Å peak. Meanwhile the 195 Å intensity continues to brighten steadily coming to a second, lesser, maximum at 11:35 UT
(10 mins after the 171 maximum) and slowly, steadily, fading out until 14:35, when
the structure cannot be distinguished anymore. After the 171 Å intensity maximum
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the 171 Å intensities show similar behavior as the 195Å lightcurve, but delayed by
an hour. The loop fades then slowly steadily brightens to a second, lesser maximum
and slowly fades out just before the 195 Å intensity. The curves above the horizontal
line at 200 (normalized DN) show the average intensity within the box selected for
cross-loop investigation. These curves show the importance of isolating the structure
from the background for every profile in the time series. The shaded area of the plot
indicates the rastering duration of the EIS observations.

3.4.4. Velocity
Doppler maps of the region in temperatures where the analyzed structure is seen
reveal line-of-sight relative blue shifts along the entire structure. A Doppler map from
Fe XII 195 with the intensity contours overplotted is shown in Figure 3.9. A small
region, selected using the intensity images to encompass the footpoint region, show a
blueshifted velocity ( -15± 2 km/s) profile relative to the entire image and relative to
a quiet region near the bottom of the image. The Fe XIII 202 Å doppler velocity for
the region was ( -8± 2 km/s). This blueshifted velocity corresponds to a mass flow of
around 4.2 ×107 g/s through the observed loop cross-section. The legs or two sets of
footpoints that appear in a large range of temperatures have LOS relative redshifts,
but are surrounded by relative blueshifts . This is most notably seen in the Si VII
velocity image (Figure 3.9 lower left panel). The blueshifts from high temperature (
T > 1.25MK) ions are present in the outer regions of the AR.

81

Figure 28. EIS images of the 195Å intensity and relative doppler velocities for Si VII,
Fe XII, XIII, and XV. Upper right panel shows a Fe XII 195 Å velocity image with
intensity contours overlaid. The loop structure cannot be seen in the Si VII or Fe XV
Doppler images.

3.4.5. Spectral Line Broadening
Figure 3.10 shows a map of the Fe XII 195.12 line widths. The loop structure
appears as a dark region of relatively small line width. Other loop structures that
appear in the intensity image can be traced as extended regions of small line width.
Figure 3.11 is the line width map for the isolated loop structure. The region of small
line width is co-spatial with the dynamic loop seen in the intensity images. The area
of greatest line widths lays directly adjacent to the foot point of the isolated loop
structure.
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Figure 29. Hinode/EIS Fe XII 195.12 Å image of spectral line broadening for the
entire AR..

Figure 3.12 shows plots of line width profile, intensity and doppler velocity for
cross-sections of the isolated loop, near the foot point and midway along the loop
structure. Figure 3.12 indicates that the location of the increased line broadening is
not co-spatial with the intensity or the blue shifted material in the loop structure.
The maximum line broadening is seen where there is a minimum in intensity, while
the minimum of the velocity profile seems to extend over both the intensity and line
width maxima. It appears as though the intensity and the line broadening are anticorrelated. In addition, there is no correlation of line broadening with the doppler
velocities within the structure. This can be seen in the scatter plots shown in Figure
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Figure 30. Hinode/EIS Fe XII 195.12 Å images of the intensity (left) and spectral line
broadening (right) for the isolated coronal loop structure. Where the loop is found in
intensity, the loop structure is traced out by a region of minimal/low line broadening.

3.13. The scatter plot for region A shows the material near the apex of the loop
structure is not spectrally broadened nor is there a dominance of a doppler shift in
one direction. The material in region B is blue-shifted with very little spectral line
broadening. Region C includes the footpoint region of the loop structure as well as the
adjacent spectral line broadening. The scatter plot for region C shows a correlation
of the doppler velocities with the spectral line broadening. We can see that there
are highly blue-shifed, highly broadened spectral lines for region C. When region C
is decreased to include just the adjacent line broadening and very little of the nearby
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Figure 31. Hinode/EIS Fe XII 195.12 Å Intensity, Line width, and Doppler velocity
profiles for a cross-section near the foot point of the loop structure and for a region
midway along the structure. Solid line = line widths, Dashed line = Intensity, DashDot = Doppler velocity. (The white line in the inset image indicates the crosssectional cut used) The velocity range is -8 to 8 km/sec for the footpoint region and
-2 to 6 km/sec for the section midway along the loop structure. The Intensity, Line
width, and Doppler velocity values have been normalized and in the lower plot the
line width profile has been shifted +1.5 units in order to view the profile more clearly.

loop structure, we see that only the very blue-shifted and the very broadened data
points remain. This demonstrates that no or very little spectral line broadening is
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Figure 32. Hinode/EIS Fe XII 195.12 Å Line width map of the loop structure. The
white boxes indicate the regions used for the scatter plots. The corresponding scatter
plots on the left of the image show the spectral line broadening. The grey diamond
show the scatter plot for the entire image. The black stars indicated data from
the selected region. Box A is near the apex of the loop structure. Box C includes
the footpoint region and the nearby line breoadening. Box D only includes the line
broadening near the footpoint.

occurring within the loop. The location of the maximum spectral line broadening is
directly adjacent to the footpoint of the isolated loop structure.
This analysis was performed with two other ion lines, Fe XII 186.854+186.887,
and Fe XIII 202.04 Å . The locations of the line broadenings are co-spatial in all three
Fe XII ions 186.88, 195.12, and Fe XIII 202.04 Å . Fe XII 186.854+186.887 showed
consistently larger widths ( ≈ 0.01 Å ) than Fe XII 195.12 and Fe XIII 202.04. This is
most likely due to the blending of the two Fe XII lines 186.854 and 186.887 Å . The line
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width measurements of the unblended Fe XIII 202.04 and the (corrected for blending)
Fe XII 195.12 agree. The Fe XIII 202.04 Å line shows the same anti-correlation with
intensity in the loop structure and maximum line broadening adjacent to footpoint
the loop structure, but the maximum line widths of Fe XIII are found to be ≈ 0.02
Å smaller than those of the corrected Fe XII 195.12.

3.4.6. Loop Cooling Time
The determination of physical parameters associated with the loop structure allows for comparison to estimates of the conductive and radiative cooling times of a
loop derived from the energy equations (Rosner, Tucker, and Vaiana 1978).
Estimates of the radiative and conductive cooling times (see Section 4.2 of Scott,
Martens, Cirtain 2008 ) were found to be 16 minutes and 8 hours respectively. The
estimated time including both mechanisms can crudely be found by evaluating the
inverse of the addition of the inverted times (similar to adding resistances in parallel)
which is found to be 968 seconds (≈ 16min). It is important to realize that these cooling time estimates are characteristic cooling times, found by independently evaluating
the radiative and conductive terms in the energy equation at a single temperature
(Cargill, Mariska, and Antiochos 1995 ).
An estimate of the total cooling time based on integration of both the radiative
and conductive terms along with the temperature response of the instrument was
calculated. A method similar to that put forth by Svestka (1987) was used to evaluate
the cooling of the plasma through the instrument filters. The intitial temperature
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log(T) = 6.5 and final temperature log(T) = 5.3 were found from the STEREO and
TRACE 171 Å filter temperature response functions. The time to cool between these
temperatures determined via this method is 41 minutes.

3.4.7. Summary of Results
A coronal structure appears in a range of temperatures log(T) = 6.0-6.3 K. This
structure was isolated from the background and investigated for the lifetime of the
structure (4-5 hours). The structure was observed at the resolution limits of the
instruments and therefore was not adequately resolved. However estimates of the
physical structure of the loop were made using EIS data. The loop appeared to decrease in density 1010 to 109.3 cm−3 from the footpoints to the apex. The halflength
of the loop calculated from the filter images was found to be 69 Mm with the upperbound width ranging from 1-1.5 Mm. Filling factors indicate the emitting structure
remains unresolved and may have an expansion from 50 to 100 km along its length.
The loop appears for much longer than the calculated cooling times and is overdense
by an order of magnitude with respect to RTV scaling law (Rosner, Tucker, Vaiana,
1978). Lightcurves show varying brightness in 171 and 195 over the entire lifetime
with varying durations. The intensity curves and calculated cooling times show that
the loop is not simply cooling through the filter passbands. The LOS relative doppler
images indicate flows along the loop structure during the time EIS observed the region. The blueshifts from high temperature ( T > 1.25MK) ions are present in the
outer areas of the AR where EIS data indicate there are low density, low intensity
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regions and redshifted material from lower temperature ions outlines the footpoint
regions of cooler structures. These results, in general, agree with the observations
of Del Zanna (2008), but the presence of a distinguishable blueshifted loop structure
that is brighter and more dense than the background suggests that upflows may be
associated with bright coronal features as well. The spectral line broadening appears
to be anti-correlated with the intensity in the loop structure. The maximum spectral
line broadening was found very near the footpoint of the investigated loop structure.

3.5. Conclusions

A non-flaring active region loop structure is observed during its lifetime with a
combination of Hinode/EIS, TRACE, and STEREO. The focus has been to make the
key measurements of the parameters that are needed to constrain and allow comparison to different heating models. The lifetime, temperature structure, length, width,
density, spectral line broadening, and LOS relative doppler shifts have been measured.
The long lifetimes and varied duration brightenings are difficult to reconcile with any
loop heating/cooling model. The lightcurves do not show that the structure is simply
cooling through the filter passbands. If considering only the visible lifetime of the
structure it could appear that there is a kind of static equilibrium, since the structure
can be seen for multiple hours. However the loop is overdense with respect to static
scaling laws and shows dynamic flux variations, on the 10-20 min. and 1-4 hour time
scales, during the visible lifetime of the structure. The investigation of an isolated
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structure shows loop structures that are bright only within a range of temperatures
log(T) = 6.0-6.3. These loops vary in intensity and exist for longer than estimated
cooling times. This suggests a quasi-steady heating mechanism that is able to produce both short and long duration brightenings: Quasi-steady in the respect that
something is energizing the structure enough to maintain its appearance for longer
than the calculated cooling times for a single loop. It may be that the mechanism
energizes multiple sub-resolution loops to 1-2 MK temperatures and maintain an apparent structure. The sub-resolution loops then cool so rapidly that the loops do not
become visible above the background in the lower temperatures.
Relating the flows in different temperature regimes becomes even more difficult.
While the general flow structure agrees with previous observations, relative blue shifts
only delineate the particular structure analyzed. There are structures that seem to
share the same footpoint region in the higher temperature images, yet these higher
temperatures do not delineate any particular coronal structure. This points to the
blue-shift being associated solely with the analyzed loop, linking the brightening
with a relative blue-shift. This may suggest a different evolution for loops with these
properties.
The structure’s apparent width remains constant along the length and throughout
the lifetime. These measurements lay close to the resolution limits of the observing
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instruments so they cannot be considered completely elemental strands. Filling factors of 0.047 and 0.09 along the structure support the idea that the emitting structure
has not been resolved.
Hot steady plasma loops are generally associated with the cores of active regions,
while the periphery is associated with cooler longer loops. We observe, in this active region, hot fully illuminated loop structures in the core with the footpoints of
longer loops in the periphery seen in (a wider range of temperatures) cool and warm
temperatures. These cooler loops display redshifted material that is expected from
coronal rain. We find a “warm” ( 1.5 MK) loop in the core region of the active region
that is evolving. We have shown that there are relative differences in the flows of this
short length structure with a narrow temperature structure and that of the longer
length structure with a broader temperature structure. We observe blue-shifted material that delineates an isolated coronal loop structure. This material is shown to
be dynamic, relatively dense and bright against the background, which suggests that
bright, dense material need not always be associated with redshifts. This demonstrates that dynamically evolving coronal structures can be composed of blue-shifted
material.
The absence of spectral line broadening in the loop structure is an interesting
result. This study confirms a suggestion of Doschek et al. (2007) that the line widths
may be larger in regions adjacent to well-defined loops. We have found that our isolated coronal loop structure does not show increased line broadening along its length.
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In addition, we find the maximum line widths near the footpoint of the loop structure.
The loop structure exhibits blue-shifted wavelength centroids. That could indicate, as
Doschek et al. (2007) pointed out, that the loop structures may be embedded in a descending cloud of plasma with large nonthermal velocities. This scenario is appealing
since it may present a clue to the observations that high temperature images appear
“fuzzy” relative to lower temperature images. The descending cloud scenario could
suggest that the images are simply “cloudy” relative to lower temperature images.
A descending cloud of plasma does not explain the observation that the maximum
line broadenings are found directly near the footpoint region of a loop structure. The
location of the maximum line widths indicates that the phenomena creating the line
broadening may be concentrated at low altitudes near loop footpoints. The absence
of spectral line broadening in the loop structure may be due to the structure masking
or shielding the increase in line width or it may be that the higher density structure
is reducing the line broadening. This would imply that the loop structure is between
the observing mechanism and the source of the line broadening.
A coronal loop structure has been isolated and investigated. This loop structure
dynamically brightens with two different time scales and is overdense according to
current loop models. The loop structure does not show the general characteristics of
low intensity, low density, high blue shifted, and large spectral line widths associated
with outflow regions of active region. Instead the loop structure is found to have a
large intensity that is co-spatial with blue-shifted, line width reduced spectral profiles.
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The line width maxima are found adjacent to the footpoints of the loop structure.
These observations point to multiple processes at work brightening and heating the
corona. They also suggest that the bulk of the line broadening occurs at low altitudes
directly adjacent to loop structure footpoints.
In this chapter we analyze in great detail a single loop, rather than collect data on
an ensemble of loops. The reason for this focus is that we have data of unsurpassed
quality for this loop: a unique sequence of 12 hours of observations during which the
loop retains its identity for 5 hours, a very clear and complete loop outline in the
TRACE images, a persistent flow within the loop, and excellent spectra that clearly
distinguish the loop from its surroundings in terms of intensity, Doppler velocity,
density, and spectral line-broadening. As a result of this we have been able to characterize the 3D loop geometry, spectral line broadening, temperature, density, and
flow velocity inside loop for an extended period of time with great accuracy. Having
these physical measurements in hand is of great use in the verification of theories for
coronal heating.
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4. ON THE ANTI-CORRELATION BETWEEN SPECTRAL LINE
BROADENING AND INTENSITY IN CORONAL STRUCTURES OBSERVED
WITH EIS

The advance in spectral resolution of the EIS spectrometer on board Hinode has
allowed for more detailed analysis of coronal spectral lines. Recent studies have found
large line broadening and blue-shifted velocities in the periphery of active region cores
and near the footpoints of coronal loops. This line broadening is yet to be understood.
We study the correlation of intensity and line width for entire active regions and
sub-regions selected to include coronal features. The results show that although a
slight positive correlation can be found when considering whole images, many subregions have a negative correlation between intensity and line width. Sections of a
coronal loop display some of the largest anti-correlations found for this study with the
increased line broadening occurring directly adjacent to the footpoint section of the
loop structure, not at the footpoint itself. The broadened lines may be due to a second
Doppler shifted component that is separate from the main emitting feature such as
a coronal loop, but related in their excitation. The small size of these features forces
the considerations of investigator and instrumental effects. Preliminary analyses are
shown that indicate the possibility of a point spread function that is not azimuthally
symmetric and may affect velocity and line profile measurements.
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4.1. Introduction

Observing the dynamics of solar coronal plasma is basic to understanding the
processes and mechanisms that sustain the corona. A fundamental structure of the
corona, the coronal loop, can be found in a range of scales and is most noticeable as
the main component of active regions. These loop structures exhibit dynamic flows
and brightenings. Pinpointing the various structures and their characteristics such as
temperature, density, and flow help guide ideas on how these features are produced.
Imaging instruments are specialized for spatial resolution and high temporal cadence.
A disadvantage is that much information is lost from the filtering methods used
to observe the corona and only apparent motions and fluxes can be measured. The
Extreme Ultraviolet Imaging spectrometer (EIS, Culhane et al. (2007) and Korendyke
et al. (2006)) provides spectral observations that allow for deeper analysis of the
emitted light.
A number of studies have taken advantage of the 0.0223 Å per pixel spectral
resolution of EIS to examine active regions and active region loop footpoints. Doschek
et al. (2007) investigated spectral line profiles for Doppler shifts and line broadening.
They found that areas of large blue-shift tend to correspond with areas of increased
line width. In addition they note “that careful inspection shows that the largest
widths occur adjacent to the intensity image loops, i.e., not coincident with them.”
The blue-shifts from outflowing regions were shown to increase for higher temperature
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coronal lines by Del Zanna (2008). Del Zanna (2008) found the areas of strongest
blue-shift were located in low-density regions.
Hara et al. (2008) confirmed the strong correlation between Doppler blue-shift and
line widths (nonthermal velocities) in their study of an active region at disk center
and at the limb. They found that both blue-shifts and line widths decrease at the
limb and suggest a second blue-wing component in the ion line profile. Doschek et al.
(2008) examined large outflow regions in a number of different spectral ion lines and
found that areas of relatively weak ion emission could display larger Doppler blueshifts and nonthermal velocities than other areas of greater intensity. In contrast, Li
and Ding (2009) find a positive correlation between intensity and nonthermal velocity
for whole active region data sets. They also find that this correlation increases for
loop structures when not including the footpoint regions. A correlation of intensity
and line width may suggest multiple flows along the line of sight below resolution
and/or wave motion as pointed out by Dere et al. (1984) . The positive correlations
reported by Li and Ding (2009) are mainly concentrated on the entire active region
or data set. While we find that generally the correlation is indeed slightly positive
when considering the entire data set, the correlations are found to be mostly negative
when considering smaller sub-regions. Specifically, negative correlations are found for
coronal loop features and footpoint regions.
This investigation focuses on the correlation of intensity and spectral line width
for active regions and specific features within them. We obtain and analyze data
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from three active regions and utilize spectral profiles of non-blended ion lines. The
spectral profiles are examined for intensity, line width and shift. This is done with
each complete data set as well as a number of selected sub-regions. These results are
significant for the understanding of the dynamics and characteristics of the coronal
loop and corona.
Although the nature of the increase in line width is uncertain (Mariska 1992), the
increased motions represent an increase in energy at these locations. Line broadening
or an increased line width may be explained by turbulence, multiple structures below
resolution with a wide range of flows, and the passage of acoustic or MHD waves (Dere
et al. 1984, Mariska 1992). Since the intensity is related to the density, structures
such as coronal loops are identified as such by their increase in intensity with respect
to the background. A correlation is expected for the bundles of strands heated by
the nano-flare model of Patsourakos and Klimchuk (2006). If a correlation between
the intensity and line width is established for coronal loops or a specific area within
an active region, this would suggest that there are turbulent motions, unresolved
substructures with a wide range of flows, or dissipation of energy or waves. This
may be what Li and Ding (2009) have observed: several areas of unresolved dynamic
activity leading to a correlation. If there are multiple small scale flows that are in
opposite directions (both red and blue Doppler shifts) that are below resolution and
comparably bright, the line profile for a pixel could be broadened.
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An anti-correlation between the intensity and line width could suggest that coherent structures are close to being resolved. If fundamental structures are resolved one
could expect for example that the structure would have a large intensity and narrow
line width when compared to the line width distribution of the unstructured background emission. In addition, an anti-correlation between intensity and line width
indicates that the less intense areas or specific low intensity areas may be consistently turbulent, requiring an energy source. We find that loop footpoint regions are
specific areas where, adjacent to the intense loop footpoint, there are regions of low
intensity and increased line width leading to an anti-correlation. Similar observations
of increased line width and Doppler blue shift in regions of low intensity near the
footpoints of loops and the edges of active regions have been made by Doschek et al.
(2007), (2008), Hara et al.(2008), Del Zanna (2008). This points to an interesting
observable near footpoints of loops. This investigation is a effort to quantify this interesting observation and discuss the possibility of instrumental artifacts in velocity
and line profiles.

4.2. Observations and Data Analysis

The EIS instrument on board Hinode (Culhane et al. 2007) observed the active
regions chosen for this study. The rastered images were formed from the 1 arcsec slit
scanning mode with 1 arcsec steps. The active regions considered in this study are
listed in Table 4.1. Spectra from the two wavelength ranges (171 -212 Å and 245 -291
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Å) were examined for strong, non-blended ion lines. Three Fe ion lines were selected
for use; Fe XIII 202.04, Fe XV 284.16, and Fe XIV 264. These are listed in Table 4.2.
Reduction of the data has been performed with the EIS SolarSoft procedure eis
prep. This corrects for dark current, hot pixels, detector bias, and cosmic ray hits.
Corrections were also made for orbital variation and slit tilt. The instrumental units
(counts) were converted to physical units of ergs cm−2 s−1 sr−1 Å−1 . The spectra were
fitted with single Gaussian distributions to determine intensity, peak wavelength, the
FWHM of the ion line profiles. These parameters of the fits were stored in data cubes
for examination.
Correlations between intensity and line width (FWHM) were found by calculating
the linear Pearson correlation coefficient for the entire data set and multiple subregions. A double-sided significance of correlation is also computed. A linear fit of
intensity with line-width distributions was carried out using a least absolute deviation
method, which is a robust straight line fit. The advantage of this technique over others
such as least squares is that it is less sensitive to outlying points. The sub-regions in
Figures 4.1, 4.3, and 4.5 were selected to isolate specific features present in either the
intensity or line width images. Some sub-regions include large areas that include loop
structures and do not include foot-point locations, while some regions were chosen
specifically to include the foot-point locations. A few sub-regions were selected by
identifying “loop like” structures in the line width images.
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Table 4. Observed Active Regions.
StudyID
Observation time
N OAA
AR1
20070118 18 : 12 UT 10938
AR2
20061202 14 : 06 UT 10926
AR3
20070224 11 : 20 UT 10942

4.3. Characterization of Intensity Gradients

A strong anti-correlation between intensity and line width could possibly be due
to an instrumental effect. There appears to be a systematic line shift for features that
show a large intensity gradient along the north-south direction (Young et al. 2011).
The line shifts tend to be blue-shifted on the north side of a local intensity maximum
and red-shifted on the south side. This phenomenon was observed in the Coronal
Diagnostic Spectrometer (CDS; Harrison et al. 1995) and investigated by Haugan
(1999). The effect can be explained by an elliptical point spread function that is
tilted 135◦ (Young et al. 2011) relative to the solar north-south; the y-axis on the
wavelength detector. The result is an excess of counts in the short wavelength side of
the detector on the north side of an intensity maximum and an excess of counts in the
long wavelength side of the detector on the south side of an intensity maximum. We
use a technique developed by Haugan (1999) to characterize the intensity gradients
in the north-south direction in the EIS data.
The technique compares, at each spatial point Pij , the values of intensity Iij ,
line position λij 0 , and line width wij with the discrete differences dij ±1...3 in intensity
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relative to nearby points along the slit ((j ± 1), (j ± 2), (j ± 3)). The differences are
defined:

d+1
ij ≡ (Ii(j+1) − Iij )/Iij ,

d−1
ij ≡ (Ii(j) − Ii(j−1) )/Iij ,

d+2
ij ≡ (Ii(j+2) − Iij )/Iij ,

d−2
ij ≡ (Ii(j) − Ii(j−2) )/Iij ,

d+3
ij ≡ (Ii(j+3) − Iij )/Iij ,

d−3
ij ≡ (Ii(j) − Ii(j−3) )/Iij ,

+1
d0ij ≡ (d−1
ij + dij )/2

The values of Iij , λ0ij , wij , d±1...3
were collected into ensembles of point values. The
ij
values for a point (i, j) are assembled into a 1-d ensemble with the subscript k denoted
Ik , λ0k , wk , dn=±1...3
. For n ∈ {−3, −2, −1, 0, +1, +2, +3} the data ensembles ( Ik , λ0k ,
k
wk ) are rebinned with respect to dnl with subscript l in the range −0.5 > dnl > 0.5. For
each value of n = ±1...3, the ensembles become Il , λ0l , wl . The difference dnl denotes
the intensity difference with the value n pixels away along the slit. A negative n
value (d−n
l ) indicates the intensity difference with respect to a pixel in the negative
y direction along the slit. With l = 0, 1, 2, ...100, at each bin l, the average values of
hIil , hλ0 il , hwil are calculated and plotted (Figures 4.8, 4.9, 4.10)

4.4. Results

The Figures 4.1 - 4.5 display the locations (sub-regions) and results (coefficients)
of the correlation analysis. Figures 4.1, 4.3, and 4.5 show the intensity and FWHM
images for the active regions considered. The sub-regions are shown in each image.
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Table 4.2 gives a summary of the results. The f ull image correlation coefficients for
the ARs show 5 positive correlations and 3 negative. So there a significant fraction
of the f ull image correlations that are negative. Sub-region (A), of AR1, (referred
to as AR1 - A) was selected to exclude the footpoints and include the most isolated
coronal loop structures in the data set. The correlations for both the ions show that
sub-region AR1 -A is very slightly negatively correlated. This is similar for AR2
- B, where again the sub-region was selected to exclude footpoints and include the
more distinguishable coronal loop structures. Again the correlation is moderately
negative (-0.291 for 202 Å). AR3 - A, which was chosen to exclude footpoints and
include coronal loop structures, and AR3 - B, which was chosen to include footpoints,
both show relatively similar negatively correlated trends. In general the intensity and
line width (FWHM) are more anti-correlated as features are more isolated. Only
one sub-region (AR2 - A) was found to have a higher correlation than the full data
set. This sub-region (AR2 - A) is different from other sections selected to include
coronal loop structures. The loop structures appear more diffuse and less individually
distinguishable (in AR2 - A).
Areas of large FWHM were also identified and analyzed. A quick glance shows
the most obvious increased FWHM areas are just outside the active region cores near
the footpoints of closed loop structures. The sub-regions AR1 - (B, and D), AR2 - (C,
D, and E) and, AR3 - (B and D) all include footpoint locations. These sub-regions
all show moderate, mostly negative, correlation.
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Active region 3 (Figure 4.5) contains a readily distinguishable loop structure in
the intensity image. Sub-region AR3 - C was chosen to include a portion of the loop,
where the background is less confused with faint structures in the line of sight. A
close inspection of Figure 4.5 reveals that there are increased line widths on either
side of the loop structure identified in the intensity images. The line widths are in fact
diminished where the loop is seen in intensity. This indicates a negative correlation
for sub-region AR3 - C, with correlation values of -0.585, -0.309, -0.571 for Fe XIII
202.04, Fe XV 284.16, and Fe XIV 264 respectively. The slopes of the linear fits
for this sub-region are all negative as well. We note that the distribution of the
data points is not adequate for a reliable line fit for Fe XV and Fe XIV in AR3C. However the structure is not seen in Fe XV or Fe XIV so their distributions in
Figure 4.6-C represent a background or relatively uniform intensity with a range of
line widths. Similarly with Fe XV and Fe XIV for AR2-D, no obvious structure can
be distinguished and their distributions (4.4-D) show a rather uniform intensity with
a range of line widths. While AR2-G was selected from the Fe XIII 202 line width
image, which shows an apparent feature in the line width, but none in intensity. The
Fe XV and XIV AR2-G subregions are samples of a uniform intensity and line width
so their distributions reflect this in a tighter grouping.
Sub-regions AR1 - E and AR2 - F and G were selected from the line width
images. These sub-regions include sections of faint “loop like” features in the line
width images. Upon inspection of the corresponding intensity images, the “loop like”
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features from the width images correspond to areas where the intensity is slightly
dimmer than the surroundings. These dim regions in intensity are present as “dark
voids” that seem to trace out “loop like” features at times. An interesting dark
feature can be found in AR1. This is pointed out in Figure 4.7 and subregion AR1 E captures a portion of the feature. These specific dim regions are somewhat similar
to what is found near some footpoints. A dim region can be found adjacent to the
the lower part of the loop structure in AR3. Subregion D captures this. We can see,
from the line width image, that this dim region just next to the loop structure is
in fact an area of increased width (right side of boxed region D). This region shows
relatively large negative correlation between intensity and line width. We point out
that although the region appears “dark” the intensity values still remain well above
the minimum values.

Figure 33. Active region 1 intensity and line width images with selected subregions.The correlation values and linear fit slopes are give in Table 5.
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Figure 34. Active region 1 intensity vs. line width distributions with linear fits. Grey
points represent the full image data, while the black data points are those from the
specific sub-region. The solid line indicates the linear fit to the entire data set and
the dashed line is the linear fit to the data from the sub-region.

4.5. Discussion

We have selected specific areas and features in the corona for analysis. The anticorrelation or the negative correlation between intensity and line width broadening
of coronal structures has been demonstrated. When the entire image or data set is
considered we have found small, positive correlations. However we have shown that
for sub-regions often a negative correlation is found. Positive correlations are found
when considering large diffuse regions as in AR2 - A. The coronal loop investigated
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Figure 35. Active region 2 intensity and line width images with selected subregions.
The correlation values and linear fit slopes are give in Table 5.

in AR3 (C and D) shows clearly that intensity is anti-correlated with the line width
broadening for this feature. The larger subregions A and B in AR3 include different
parts of the active region, but still both have slightly negative correlations. This
demonstrates that the correlations for large sample sets may be overshadowing the
finer structures’ correlations.
Examination of the line width images shows possible apparent features: some
trace out“loop like” structures. A quick comparison of the intensity and line width
images by eye might suggest that the bright loops are coincident with the “loop like”
features seen in the line width images. Although we find cases where the features
are coincident, we have presented evidence that there are loop structures identified in
intensity images that are anti-correlated with the line width. This is best elucidated
by the features of AR3 (Figure 4.5. These are some of the most negative correlation
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Table 5. Active region and sub-region correlation coefficients and linear fit slopes
(F W HM/log(Intensity)). F W HM has units of Å and intensity has units of erg
s−1 cm−2 sr−1 Å−1 . The significance of correlation is given in parentheses. A low value
(in relation to 1.0) indicates a significant correlation/anti-correlation..

coefficients found and they are from a section of a loop identified from the intensity
image. It is noted that the maximum line widths occur adjacent to the footpoint
region of loops as observed by Doschek (2007). This large line width area is often
accompanied by a dim area in the intensity images as shown in AR3 - D. Doppler
images indicate that this dim region is blue-shifted as well (Scott et al. 2011). This
scenario of dim areas near the footpoints of closed loops can be scaled up to arcades of
loops and active regions, where we see large dim regions that are blue-shifted directly
adjacent to the footpoint locations of the closed active region loops or just outside
the core of the active region. This is widely observed as DelZanna (2008) shows. We
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suggest that this phenomena can be scaled down from active regions to bundles of
loops and perhaps to individual loops.
In order to determine the reason why coronal loops are bright, we must isolate
these features from the greater data set for analysis. If coronal features such as
loops are correlated with spectral line broadening then this must be taken into account when modeling these loops. The correlation of line width and intensity could
suggest multiple structures, flows, waves, and phenomena are happening below the
spatial resolution of the instrument. Turbulent plasma is generally associated with
line broadening and could explain the increased widths, but there are a number of
other possibilities.
The increase in line width of the spectral profile may be due to a second, blueshifted component as suggested by Hara et al. (2008), DePontieu et al. (2009), and
Peter (2010). The second component is due to bulk plasma flow at a different velocity
relative to the majority of the emitting plasma, thus spreading out the final spectral
profile. This would indicate large Doppler shifted components (-50 to -100 km/s)
along the line of sight.
The intensity vs. line width anti-correlation and correlation of bright features
close to the resolution limit of the observing instrument may be due to the point
spread function of the instrument being non-azimuthally symmetric or elliptical. If
the intensity is erroneously being spread to other locations on the CCD of the spectrometer, a systematic trend should be distinguishable (Haugan 1999). Preliminary
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investigations indicate that a similar affect may be occurring to that of the Coronal
Diagnostic Spectrometer (CDS) observed by Haugan (1999) and the size of the bright
features reported on in this study are close to the spatial resolution of the EIS instrument (≈ 2 arcsecs) so more investigation of fitting and instrumental effects must be
pursued. The characterization method utilized by Haugan (1999) was implemented
and this effect can be seen in Figures 4.8 - 4.10. The results show the same signatures
for a systematic velocity shift. The wavelength shift plots show a systematic trend to
shift the wavelengths in the red direction when there is a positive intensity gradient
(dn > 0) in the plus y direction (south to north on the sun). When the intensity gradient is negative (dn < 0) in the plus y direction (south to north) the wavelengths are
shifted in the blue direction. This best shown by the wavelength shift distributions
(middle rows) in Figures 4.8 - 4.10. The plots show these shifts are generally within
the ± 10 km/s range. This trend is displayed for all of the active regions included in
this study. The application of this characterization technique to other active regions
shows the same trend, however sub-regions show varying distributions. These are
preliminary results and further investigation into the characterization technique and
the non-uniform point spread function must be done.
These results show that many regions of the corona imaged with the EIS spectrometer can be negatively correlated with respect to intensity and line width. Increased
line widths and outflow from dim regions just outside active region cores is observed
as other authors have indicated in previous studies (Doschek et al. (2007), Del Zanna
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(2008), Harra et al. (2008), Doschek et al. (2008)). The presence of line width maxima directly adjacent to loop footpoints is also confirmed. The strong anti-correlation
of intensity and line width for the footpoint regions of loops is shown. The regions
of large line width (usually coincident with blue-shifted profile) very near loop footpoints may indicate a second blue-shifted component is being continually produced
as an outflow that is related to the brightening of the surrounding coronal loops or
the same mechanism may be responsible for exciting both phenomena.
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Figure 36. Active region 2 intensity vs. line width distributions with linear fits. Grey
points represent the full image data, while the black data points are those from the
specific sub-region. The solid line indicates the linear fit to the entire data set and
the dashed line is the linear fit to the data from the sub-region.
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Figure 37. Active region 3 intensity and line width images with selected subregions.
The correlation values and linear fit slopes are give in Table 5.

Figure 38. Active region 3 intensity vs. line width distributions with linear fits. Grey
points represent the full image data, while the black data points are those from the
specific sub-region. The solid line indicates the linear fit to the entire data set and
the dashed line is the linear fit to the data from the sub-region.
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Figure 39. Active region 1 intensity image. Arrows indicate dim region that seems to
trace out a “loop like” feature. Notice the region is simply dimmer. Other structures
that appear behind the dim void can still be seen.

Figure 40. Active region 1 binned averages of intensity hIil , wavelength shift hλ0 il ,
and line width hwil as a function of dnl for Fe XIII 202 .
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Figure 41. Active region 2 binned averages of intensity hIil , wavelength shift hλ0 il ,
and line width hwil as a function of dnl for Fe XIII 202 .

Figure 42. Active region 3 binned averages of intensity hIil , wavelength shift hλ0 il ,
and line width hwil as a function of dnl for Fe XIII 202 .
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5. OUTFLOWS AND DARK BANDS AT ARCADE-LIKE ACTIVE REGION
CORE BOUNDARIES

5.1. Introduction

Solar active regions (AR), defined by regions of increased EUV and X-ray emission
and structuring, show many coronal loops with a range of temperatures. The general
observation is that small, hot (2-3 MK) loops make up the core of the active region
with larger, cooler « 1 MK) loops on the periphery. The recent study of Ugarte-Urra
et al. (2009) makes a distinction between multi-temperature core loops (0.4 - 2.5 MK)
and cooler (0.4 - 1.3 MK) peripheral loops. The core loops are found to be generally
hotter and more dynamic in terms of brightenings, while the larger cool loops on
the periphery appear more static. A spatial structuring of the AR in temperature
and doppler shift is also apparent. Del Zanna (2008) finds a persistent pattern of
redshifts for structures seen in cooler lines and blueshifts in hotter lines for regions of
weak emission at the edges of ARs. These blueshifts are observed at sharp boundary
regIOns.
The outflow at the edges of active regions is well observed with Hinode (DelZanna
(2008), Doschek (2008) and Hara (2008)). The presence of a second velocity component in the blue wing of AR spectral profiles was suggested by Hara et al. (2008).
Analysis of the asymmetry of the spectral line profiles by DePontieu et al. (2009)
showed large asymmetries at the wings of the profiles that would indicate a second
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velocity component around -50 to -100 km/s along the line of sight. Peter (2010) investigated the non-blended Fe XV 284 Å line asymmetries and found strong evidence
of the high velocity component in asymmetric profiles.
Large regions of outflow are shown to be relatively steady (Del Zanna 2008,
Doschek et al., 2008). Lightcurves and velocity measurements from fan like structures
show a quasi-periodicity on timescales of 5-10 min (Guo (2010)) and loop structures
also exhibit intensity flux variations in the 5-20 min. ranges( Shimizu (1995), UgarteUrra (2009), Scott (2011)). This similarity in time scales leads us to the possibility
that the mechanism that produces the quasi-periodic outflows may be responsible for
the observed dynamic loop brightenings.
The large regions of outflow at the edges of active regions are found to be coincident with monopolar magnetic regions (Doscheck et al. (2008) DelZanna (2008)).
Some authors suggest that the peripheral outflows may travel along open magnetic
field (Hara (2008), DelZanna (2008, 2011)). The distinction of core loops and periphery loops and the sharp boundaries found in intensity and velocity over monopolar
regions brings to light the significance that topology has in affecting/producing the
dynamic phenomena of the solar AR. Magnetic topology and the associated separators have been shown to be a possible contributor to the heating of active region
loops through reconnection at the separators (Lee et al. (2010)). The dynamic and
transient brightening core loops are shown by Lee et al. (2010) to be associated with
separators where the environment for successive reconnection exists.
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We refer here to reconnection as a topological reorganization in the magnetic
field. Changes in the topological flux have been measured by tracking the separation of H-α ribbons (Qiu et al. 2002), measuring speeds and sizes of supra-arcade
downflows (McKenzie and Savage, 2009) and by following coronal loops that connect
two different active regions (Longcope et al. 2005). The site of reconnection may be
removed from the site of energy conversion and several successive transient localized
reconnection events may produce persistent high-temperature emission (Longcope et
al. 2010) that may be evident as an arcade of post flare loops. The flaring loop footpoints are shown to be very close to the “spines” of a magnetic field model. The spine
lines follow separatrix surfaces that partition the coronal magnetic field and therefore
map the reconnecting field lines. The expansion of the flare ribbons observed in UV
and Hα indicates that energy release continues into the decay phase of the flare (Qiu
et al. 2011). The continuing energy release suggests that a flare may consist of many
individual loops forming and heating at different times.
Models that use topology and the change in connectivity to heat the corona have
been developed by Demoulin and Priest (1997) using the idea of quasi-separatrix layers (QSLs). The QSL idea was invoked by Baker et al. (2009) to explain the observed
outflow outside active regions. Other reconnection/topology based explanations of
the outflow are given by Del Zanna (2008) and (2011). A non-reconnection based
idea is put forth by Murray et al. (2010), where active region expansion drives or
contributes significantly to the outflow.
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A coherent picture of how all these different structures and phenomena are related
is yet to be established. However, there is another observational consistency appearing
that adds to our developing view. Increased non-thermal spectral line broadening
has been found near the footpoints of AR loops Doscheck (2007) Scott et al. (2011),
Scott and Martens (2011). The most interesting aspect is that the maximum line
broadening is not on the footpoint, but directly adjacent.
The line broadening is generally positively correlated with blue-shifted Doppler
velocities (Doschek (2007)), while the intensity appears to be negatively correlated
with line broadening as shown in Chapters 3 and 4. Here we find a region of outflow
and increased line broadening at the boundary of an AR, where the topology changes
from that of the core. This boundary region shows anti-correlation between intensity
and line width. The boundary is evident as a dark band (in intensity images) just
outside the bright footpoint region of an arcade type AR core. This band appears in
a wide range of temperatures and is found to be located outside bright H-α ribbons.
This phenomenon is shown for other active regions. A search of the literature revealed
that this was observed by Czaykowska et al. (1999) and by Del Zanna et al. (2006).
Both studies report outflow on the outer side of the ribbons where the plasma is “less
bright”.
The studies of Czaykowska et al. (1999) and Del Zanna et al. (2006) are post
flare observations that offer examples of outflows in low intensity areas occuring at
the footpionts of bright loops. This investigation involves ARs that have not had
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significant events prior to being observed, although flares do occur roughly two days
later for both. It is suggested here that there is a topological similarity between the
post flare arcades and the bright loops that form an arcade-like AR core. There is no
speculation made on the source of the flows. The focus is to demonstrate that outflows
occurring at the footpoints of bright arcade loops are located in regions of decreased
intensity that reveal topological boundaries. These boundaries are displayed by a
decrease in intensity, blueshifted Doppler flows, and an increase in line width.
In this Chapter, we find outflows at the edges/topological boundaries of active
regions. The boundary regions exhibit an anti-correlation between intensity and spectral line broadening. This boundary is shown to be coincident with where separators
pass low in the corona. The re-appearance of this dark band suggests that it may be
an observable feature of an active region and an initial quantification of the size scale
is given.

5.2. Observations and Data Analysis

Two ARs were examined for this study:NOAA AR 10978 in December 2007,
and NOAA AR 11112 in October 2010. The main AR investigated is AR 11112.
Observations of this AR from Hinode/EIS, SDO/HMI, SDO/AIA and BBSO H-α are
utilized. Hinode/EIS made 1 arsecond rasters of AR 11112 with 30 second exposures
beginning at 11:15UT and 12:50UT on October 10, 2010. The 1 arcsecond scanning
mode was used. EIS began rastering AR 10978 on December 11, 2007 at 16:24UT
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with the 2 arcsecond slit and 15 second exposures. The 2 arcsecond scanning mode
was used for this observation.
Data reduction was performed with the standard EIS SolarSoft procedure eis prep.
The prepped spectral data was fitted with single Gaussian profiles to determine the
intensity, peak wavelength, and FWHM of the ion line profiles. The errors for the fit
intensity are less than 2% and less than ± 0.002 Å for the line widths. The errors
in the absolute velocity are ≈ ±5kms−1 (Young et al. 2011). EIS recorded data for
several spectral windows. We selected the unblended ion lines Si VIII 275, Fe XIII
202 and Fe XV 284 for our analysis of asymmetry and line broadening.
The unblended ion lines allow for the examination of asymmetric spectral profiles
and non-thermal widths. An analysis of the asymmetry of the line profiles similar to
DePontieu (2009) has been done. This method assesses the asymmetry at specified
distances from the line centroid for specific wavelength ranges. This method is a quick
way to determine the nature of the asymmetry (Peter 2010) and it should be kept in
mind that it is simply a first order look at the asymmetry. The correlations between
intensity and line broadening were calculated as in Chapter 4.
The magnetic field extrapolation from HMI magnetogram data was obtained from
Tarr and Longcope (2011 private communication). The Magnetic Charge Topology
(MCT) model is used to “compress” the HMI magnetogram data into flux regions
that represent single point source magnetic poles. A potential field is extrapolated
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from these points. The locations of the magnetic nulls, separators, and spines can
then be found and shown.

5.3. Results

A first glance at Figures 5.1 - 5.2 shows a boundary at the southern edge of the
arcade like AR core. The boundary is apparent as a dark band that is low in intensity
and stretches the entire southern border of the arcade like structure (pointed by the
arrow in Figure 5.1). This can be seen in both the Fe XIII 202 and Fe XV 284 intensity
images. Similarly the maxima of thermal velocity (line broadening), Doppler velocity,
and R-B asymmetry (Figures 5.1 - 5.2 b, c, and e) highlight the southern boundary.
Although the band is not readily apparent in the Si VII 275 intensity image (Figure
5.3 a), the boundary can be seen in the thermal velocity (line broadening), Doppler
velocity, and R-B asymmetry Si VII images. The maximum outflow velocities in the
boundary/dark band region are around -20 km/s for Si VII and Fe XIII and -7 km/s
for Fe XV. However, the velocity gradients across the band are 21, 28, and 22 km/s
for Si VII, Fe XII and Fe XV. This indicates that the determined reference wavelength
for Fe XV may be slightly longer relative to the Si VII and Fe XIII lines.
A large anti-correlation between intensity and spectral line broadening for AR
11112 is shown for a sub-region of the boundary/dark band region (Figure 5.4). The
entire data set shows a negative correlation between intensity and spectral line broadening indicating that the areas of spectral line broadening are dim and bright areas
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Figure 43. EIS Fe XIII 202 intensity image, Line width, Doppler velocity, and R-B
asymmetry for Active Region 11112. The arrow indicates the dark band (as seen in
intensity) that appears as a region of increased line broadening, Doppler shift, and
R-B asymmetry.
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Figure 44. EIS Fe XV 284 intensity image, Line width, Doppler velocity, and R-B
asymmetry for Active Region 11112. Similar to the Fe XIII images, the dark band is
seen in intensity and appears as a region of increased line broadening, Doppler shift,
and R-B asymmetry.
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Figure 45. EIS Si VII 275 intensity image, line width, Doppler velocity, and R-B
asymmetry for Active Region 11112. The dark band (as seen in the Fe XIII intensity)
is not visible in intensity, but still appears as a region of increased line broadening,
Doppler shift. The R-B asymmetry does not delineate the dark band region. The large
blue-wing asymmetry is concentrated north and outside the AR near the footpoints.
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are un-broadened. The sub-region distribution is grouped in a region of the plot
that departs slightly from the complete distribution, forming a “fin” like shape in the
scatter plot (Figure 5.4). The least absolute deviation fits to the intensity/line width
distributions are indicated by the solid lines of the scatter plot in Figure 5.4.
The analysis of the next EIS raster, beginning at 12:50 UT, shows similar results.
The dark band persists in the EUV images. The Doppler images show the same
outflow along the southern boundary. The large line widths are found at the boundary
region as well. The large scale topology evident in the EUV images did not change
drastically. It is apparent from movies created from the AIA data that many small
scale “loop restructuring” events occur within the core with very few events crossing
the dark band.
The boundary of the active region core is seen clearly in a variety of wavelengths
corresponding to different temperatures. The dark band is apparent in the AIA 304
and 171 images (Figure 5.5 a and c). Close inspection of the H-α and AIA 171 images
indicates that, as expected, the footpoints of the arcade like AR core are co-spatial
with the H-α ribbons. The dark band seen in EUV is located just outside the lower
(southern) ribbon, were outflows are detected. The events that do cross the band
quickly move across to the outer edge of the band where the EUV loops display a
different connectivity or topology. These events are sporadic brightenings that cross
the band and move to sustain the dark region between the topologically distinct
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Figure 46. EIS Fe XIII 202 line width image with a subregion containing the dark
band outlined by the black lined box. The scatter plot displaying the anti-correlation
between intensity and spectral line broadening for AR 11112. The solid black line
is the least absolute deviation fit to the entire data set. The blue line is the least
absolute deviation fit to the selected subregion. The subregion displays a larger anticorrelation (low intensity, increased line width).
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Figure 47. The core of AR 11112 seen in a number of different wavelengths. The top
image (a): AIA 304 Å. The second from the top (b): XRT Ti-poly. Third down(c):
AIA 171. Bottom(d): BBSO H-α.

groups of EUV loops. An inspection of the AIA EUV images of AR 11112 for the
next day indicates that the dark band can be maintained for days.
The separators found in the MCT potential field extrapolations are shown in
Figure 5.6 with the HMI magnetogram. The separators are displayed as the solid
colored lines. The non-green separators indicate that the core is topologically separated, forming an arcade like structure for the core. The separatricies that meet the
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Figure 48. SDO HMI magnetogram of AR 11112 with the magnetic flux concentrations outlined in white and black. The separatrices are shown by the colored lines.
The non-green lines show the separatrices that are near the AR core.

southern boundary of the core (red lines) are anchored to the “photospheric boundary” along the spines. As a result the separators pass through the lower corona in
this region. The separators displayed over the AIA EUV image (Figure 5.7 ) indicate
that the separators connect to the southern AR core boundary region (red solid lines
in Figure 5.7 ) very near or coincident with the dark band seen in the EUV images.
A dark band that separates different topologies is evident in the EIS intensity
images of AR 10978 (Figures 5.8 and 5.9 a.). The outer boundaries of an arcade
like AR core are highlighted in increased thermal velocity (line broadening), negative
Doppler velocity, and blue wing asymmetry (blue R-B asymmetry). The Si VII
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Figure 49. SDO AIA 171 intensity image of AR 11112 with the separatrices shown
by the colored lines. The non-green lines show the separatrices that are near the AR
core. The white lines are the “spines” that connect the magnetic poles.

Doppler image (Figure 5.9 c) shows blue-shifts in the boundary region, but there is
no obvious dark band in the Si VII intensity image. There is little asymmetry found
for Si VII. The calculated Doppler velocities in the dark band region range from -8
to -25 km/s for all ions (Fe XIII, Fe XV, and Si VII) and are among the maximum
blue-shifted velocities for this AR.
The dark bands found in this study were measured along with the dark bands
found in the observations of Czayakowska et al. (1999) and Del Zanna et al. (2006).
The intensity profiles across the dark band indicate that the dark region is ≈ 3 -5 EIS
pixels (≈ 1.5 -3.5 Mm) across. A similar size scale is evident by, visual inspection of
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Figure 50. EIS Fe XIII 202 intensity image, Line width, Doppler velocity, and R-B
asymmetry for Active region 10978. The arrow indicates the dark band (as seen in
intensity) that appears as a region of increased line broadening, Doppler shift, and
R-B asymmetry.
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Figure 51. EIS Fe XV 284 intensity image, Line width, Doppler velocity, and R-B
asymmetry for Active region 10978. Similar to the Fe XIII images, the dark band is
seen in intensity and appears as a region of increased line broadening, Doppler shift,
and R-B asymmetry.
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Figure 52. EIS Si VII 275 intensity image, Line width, Doppler velocity, and R-B
asymmetry for Active region 10978. The dark band (as seen in the Fe XIII intensity)
is not visible in intensity and does not appear readily in the line broadening, Doppler
shift, or R-B asymmetry images.
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the “dark bands” in the ARs studied by Czayakowska et al. (1999) and Del Zanna et
al. (2006).

5.4. Discussion

The investigation of low intensity regions (“dark bands”) just outside active region
cores has been shown. The dark band is persistent for days and is associated with
large outflows and spectral line broadening. The boundaries of the investigated active
regions show an anti-correlation between intensity and line width. A magnetic field
model based on the HMI magnetogram reveals that this dark band is coincident with
where some separatrices meet the photospheric boundary or run low in the corona
along the magnetic spines. The outflows from this region are ≈ -20 km/s. The
outflows are detected in all of the ion lines considered, which points to outflows at
temperatures of log(T) = 5.0-6.4. The estimated size scale of the dark bands is ≈
1.5-3.5 Mm.
This work shows that there is a distinct region of low intensity (dark band)
and outflow between two regions of different magnetic connectivity. This dark band
separates an arcade like AR core from another topological domain in which the field
is apparently closed as well. The outflows are located just outside H-α ribbons. This
low intensity (dark band) and outflow region outside H-α ribbons shown here with
EIS data, is very similar to two previous observations (Czayakowska et al. (1999)
and Del Zanna et al. (2006)) made with CDS. These show outflow at the footpoints
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of arcade loops. This points to a readily observable phenomena, consistent with a
topological structure.
The outflows observed along sharp boundaries outside of ARs have been widely
observed in recent years (Sakao et al. (2007), Doschek et al. (2007), Del Zanna (2008),
Harra et al. (2008), Hara et al. (2008), Doschek et al. (2008), Guo et al. (2010), Warren
et al. (2011), and Scott et al. (2011)). This is strong evidence that these outflows in
low intensity regions outside AR cores can be considered a part of the general AR
structure. Previous studies have dealt with the location of the magnetically closed
AR core transitions into a large open field region. This study concentrates on a dark
band that forms between the magnetically closed AR core and another magnetically
closed domain. This occurs over a monopolar region.
The coincidence of the separatrices and the dark band seems to confirm the idea
that the topology of the active region is intricately related to the physical structure
and dynamics of an AR. It cannot be determined from these observations if the
observed outflows are a signature of evaporation. The observations are similar to
post flare studies that attribute the outflows outside of H-α ribbons to evaporation
(Czayakowska et al. (1999) and Del Zanna et al. (2006)). This chapter points out
the similarity in the observations and topology. A region of decrease intensity is
coincident with outlows at the footpoints of bright arcade loops is apparent in the
above mentioned post flare observations and in this investigation. A dark band region
is found that seemingly separates regions topologically. An estimated size scale of
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1.5−3.5 Mm begs the questions: Is there a minimum distance that the different closed
domains will try to maintain? Is this dark band the minimum distance that can be
maintained as one domain emerges and “pushes” on the existing field/topology? Is
there some energizing mechanism pushing from below?
The analysis of the velocity in the dark band regions may be affected by instrumental artifacts. As pointed out in Chapter 4 there may be a non-uniform point
spread function (PSF) that can introduce erroneous red-shifted and blue-shifted wavelengths to pixels depending on the intensity gradients next to the pixels. However,
the dark band is present in the AIA images and most of the EIS intensity images.
The AIA movies occasionally display apparently outward moving material from the
dark band region. Most importantly, the dark band region shows a similar structure
when it is aligned vertically (along the y direction, so there are no large intensity
gradients in the y direction). The non-uniformity of the PSF has minimal effect in
this orientation. The portions of the dark band that have the intensity gradient in
the x direction show the same pattern of outflow and increased line widths in the
dark regions.
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6. FINAL REMARKS

In the first chapter we followed historical solar observations to the discovery of the
high temperature corona and then to the realization that the corona is highly structured and dynamic on many spatial and temporal scales. The fundamental nature of
loop structures in the corona was apparent from EUV and X-ray rocket experiments
and satellite observations. Section 1 outlines the simple treatment of the corona
as a spherically symmetric, isothermal atmosphere that is in hydrostatic equilibrium
(Sub-section 1). Our observations show that the corona is not horizontally symmetric.
The magnetic field structures the plasma and the corona is treated as a multitude of
one dimensional loop atmospheres. Sub-section 1 presents the static energy balance
equation that balances the heating rate with the radiative and conductive loss rates
for these loop atmospheres. These loss rates can then be compared to the thermal
energy loss in a loop to give characteristic cooling times of a loop (Sub-section 1).
Solution of the energy balance equation allows the construction of scaling laws that
relate the pressure and length of a loop to its temperature (Sub-section 1).
Section 1 describes how these physical parameters (pressure, density, temperature) are derived from the spectroscopy of coronal line emission. The major atomic
processes that result in line emission are briefly explained in Sub-section 1. The
corona is tenuous enough (and hot enough) that the plasma can be considered optically thin. Sub-section 1 puts forth the consequences and a resulting assumptions
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concerning the conditions of the optically thin coronal plasma. Assuming the transitions to excited states are due to electron-ion collisions, Sub-section 1 shows methods
that allow us to characterize the emission in terms of temperature, intensities, and
density (Sub-section 1).
The results of Chapter 2 indicate that cool material in loop tops is above the
hydrostatic pressure scale height and a cooling time of a smaller loop is much longer
than that expected for uniform heating. Another loop is investigated in great detail in
Chapter 3. The loop existed for longer than its expected cooling time and fluctuated
in intensity with time scales of 10-20 min. and 2-4 hours. When observing the spectral
line width along the isolated loop we find that where the intensity is large (e.g. along
the loop) the line width is less than that of the background. More striking is the
presence of the maximum line widths adjacent to the footpoint of the loop where
there is diminished intensity and outflows (Doppler blueshifted emission).
The correlation of intensity and line width is explored in more depth in Chapter 4. We find that when sub-regions of the data containing coronal structures are
considered, there does seem to be an anti-correlation between intensity and increased
line width; i.e. where there is large intensity there are low line widths and where
there are large line widths there is diminished intensity. This is most significant near
the footpoints of coronal loops where large line widths are observed adjacent to the
footpoints.
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The AR studied in Chapter 3 was a decaying AR where, at the footpoint of a
bright loop, there is a dark region. The results of Chapter 4 show that this dark
region exists at the edges of active regions near the footpoints of bright loops. This
observation is made for both ARs that have not flared and those that have flared and
for a single loop structure and groups of loops sharing a similar topology.
Chapter 5 investigates two active regions in intensity, line width, Doppler velocity,
and R-B line asymmetry. Again, the locations of the line width maxima are found near
the footpoints of coronal loops where there is a low intensity (dark band). This region
of low intensity exhibits blueshifted Doppler velocities and blue wing line asymmetries.
When a potential field model of an active region is compared to the EUV images, the
dark band co-aligns with a location where separatricies connect to a magnetic null
line or magnetic spine that separates two magnetic domains. The literature shows
that there are other observations of blueshifted Doppler velocities from low density
regions just outside the footpoints of loops that form a coronal arcade. This study
points out the similarities in observations are consistent with a similar topology. The
dark band may represent a minimum separation that magnetic domains prefer, so
may aid in our understanding of how active regions are structured.
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6.1. Multi-Instrument Observations

As we read in the first chapter the confirmation that solar prominences were of
solar origin was made with relatively simultaneous observations from multiple instruments. It is indeed a marvelous feat of human ingenuity that allows us to have several
space instruments observing the sun in a multitude of wavelengths. In Chapter 2 we
saw how it is possible to use both filter imager and spectral data to investigate the
physical nature of the plasma in coronal loop structures. The construction of the
composite map allowed a more accurate comparison between the filter imaging and
rastering methods of collecting data. The spectral data was used for analysis of the
plasma temperature and density, while the imager data provided high spatial and
temporal information on the geometry, morphology, and dynamic brightening. This
showed the observed cooling time of the loop was longer than the characteristic cooling
time for static loops that is uniformly heated. By comparing a calculated spectrum
from the spectral data to the temperature response function of the filter imager we
demonstrated that significant contributions to intensity could be made from ions not
formed at the same temperature.
In Chapter 3 a warm (Log( T ) = 6.0 -6.3) active region core loop structure was
investigated in detail with multiple instruments. The data from the STEREO satellites was used to perform a 3d-stereoscopic reconstruction of the loop structure. The
data from TRACE and STEREO provided lightcurves that show dynamic brightening
of the loop. The spectroscopic data from EIS revealed the locations of increased line
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width and blueshifted Doppler velocity adjacent to the footpoint of the loop structure. The spectroscopic data also provided temperature and density characterization
of the structure.
When coronal loops are observed there are, by their nature, large intensity gradients across the loop. A possible instrumental effect due to a squashed point spread
function is considered in Sub-section 4 and an attempt to characterize this effect is
made. The results of this attempt indicate that there could be an effect that scatters
the emission to long wavelengths when the intensity gradient is positive in the northsouth direction and scattered to shorter wavelengths when the intensity gradient is
negative in the north-south direction.
Chapter 5 presented EIS spectral data that provided information showing blueshifted
Doppler velocities and increased line widths at a sharp boundary just outside the footpoint region of an active region. The EIS intensity images indicate a dark band here
as well. This was confirmed by AIA images. By using HMI magnetogram data, a
magnetic field model could be compared to AIA imaging data. This revealed that the
interesting active region boundary (dark band) is close to where separatrices run low
in the corona. A comparison of EIS data and a BBSO H-α image showed that the
outflows were located just outside an H-α ribbon. XRT showed that the entire core
was bright in X-rays, showing the same boundary, but less distinct. Since there is no
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grand space borne instrument that can observe the Sun in all its wavelengths with reasonable resolution, it is only from the comparison of data from multiple instruments
that a greater picture of coronal loops and active regions can be acquired.

6.2. EIS Elliptical Point Spread Function

We have seen evidence in Chapter 4 that the EIS spectrometer exhibits behavior
expected from a non-uniform or elliptical point spread function. This possibility poses
a serious problem for investigating the fine structure of the EUV corona spectrally. It
is the structured corona that exhibits large intensity gradients and unfortunately this
is where the instrumental effect is expected to be most prominent. Such a trend is
shown in Chapter 4. It is of great importance and in our best interest to perform more
analysis and characterization of this non-uniform or elliptical point spread function so
it may be understood and accounted for. By doing this we may have more confidence
in our measurements and thus our interpretation.

6.3. Coronal Loops and Active Region Structure

If we gain some knowledge into why coronal loops are bright in EUV and X-rays,
we can begin to understand better a main component of why active regions are bright.
In order to find out why coronal loops are bright, we are faced with the challenges
of finding the location and source of the energy input and understanding how this
energy can produce what we see in our instruments. When trying to determine if
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these loops can be described by scaling laws the challenge is to identify single loop
structures for analysis. This is difficult as single loops are not easily isolated and
line of sight structures may complicate the picture. As mentioned in Chapter 4 the
loops are only 20 to 50 percent of the total signal, so there is a significant diffuse and
perhaps unresolved component to the total intensity.
Cool material was found above the pressure scale height in Chapter 2 and the
TRACE images show cusp like shapes at the apex of these loops. Both loops in
Chapters 2 and 3 for which cooling times an densities were calculated were overdense
with respect to the RTV scaling laws for uniform heating. Clearly the heating is more
complex and the transfer of energy and cooling dynamic.
The cooling time for the hot loop (2.5 MK) cooling to ≈ 1 MK was found to
generally agree with estimates obtained from the energy balance equation. This is
in contrast to the isolated loop investigated in Chapter 3 where the loop structure
remained discernible above the background for much longer than the calculated cooling time. The loop fluctuated in brightness on the 10 -20 min. time scale during
the lifetime of the structure. The loop structure remains stationary during this time
and simply fades away with no apparent restructuring. Directly next to the western
footpoint of this loop structure is a low emission region that displays outflows, increased line width, and blue wing asymmetry. This region adjacent to the footpoint
was found to be anticorrelated between intensity and line width.
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Chapter 4 describes the anticorrelation found for isolated regions including loop
structures. Generally it is found that these regions are mostly anticorrelated with
respect to intensity and line width, with the largest anticorrelations near the footpoints of loop structures. In Chapter 5 we investigated a newly emerged active region
an found the same anticorrelation near the footpoints of active region core loops. A
magnetic model indicated that this region also displayed a large gradient in connectivity over a monopolar region. As with the surrounding footpoint region of the single
isolated structure investigated in Chapter 3, the region just outside the arcade-like
active region core (Chapter 5) showed similar outflows, increased line width, and blue
wing asymmetry directly near the footpoints of the core loops. A dark band can be
seen in the active regions analyzed in Chapter 5 that is formed by the low emission
regions and outflow near the footpoints of the core loops.
It is interesting that similar conditions (low intensity outflows) are produced near
an isolated loop footpoint in a decaying active region and near the several footpoints
of core loops forming a newly emerged active region. This is found for pre-flare,
post flare and decaying ARs. Further the outflows and the dark bands persist and
are maintained for days suggesting at least a semi-steady process that is able to
sustain this outflow for significant fractions of the active region lifetime. Although
the outflows outside active regions are becoming general observable features of the
active region structure, the birth and death of these flows has yet to be documented
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along with the variation of outflow in relation to the intensity variation of nearby
loops.
We have observed low intensity outflow in a relatively narrow region between two
topologically closed regions. The consistent observations of this dark band in multiple
ARs with large differences in activity demonstrates its pervasiveness. The presence
of this dark band and its ability to persist for days (with widths of 1.5 - 3.5 Mm)
suggests this may be a recognizable and measurable feature that may help shape our
ideas of how active regions are structured.
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