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Abstract. Solar EUV images recorded by the EUV Imaging Telescope (EIT) on SOHO have been
used to evaluate temperature and density as a function of position in two largescale features in the
corona observed in the temperature range of 1.0-2.0 MK. Such observations permit estimates of
longitudinal temperature gradients (if present) in the corona and, consequently, estimates of thermal
conduction and radiative losses as a function of position in the features. We examine two relatively
cool features as recorded in EIT’s Fe 1X/X (171 A) and Fe xn (195 A) bands in a decaying active
region. The first is a long-lived loop-like feature with one leg, ending in the active region, much
more prominent than one or more distant footpoints assumed to be rooted in regions of weakly
enhanced field. The other is a near-radial feature, observed at the West limb, which may be either
the base of a very high loop or the base of a helmet streamer. We evaluate energy requirements to
support a steady-state energy balance in these features and find in both instances that downward
thermal conductive losses (at heights above the transition region) are inadequate to support local
radiative losses, which are the predominant loss mechanism. The requirement that a coronal energy
deposition rate proportional to the square of the ambient electron density (or pressure) is present in
these cool coronal features provides an additional constraint on coronal heating mechanisms.

\) 1. Introduction
A\[/)rimary objective of the SOHO mission is the investigation of mechanisms of
coronal heating. Soft X-ray instrumentation on Skylab, SMM, and Yohkoh have
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contributed much to a desc/ription of the corona at T, > 2 MK and EUV in-
struments on the OSOs, Skyéab, and SMM have done likewise for the transition
region T, < 1 MK) (see Webb, 1981, and references therein). Coronal structure
between | and 2 MK has bc;&:n less extensively studied, due primarily to the lack
of appropriate emission lineS/in the spectral ranges of the space instrumentation.
The introduction of a new technology —multilayer normat incidence optics (Walker
et al., 1988; Golub ef al., 1990) — has made it possible to achieve high spatial
resolution at EUV wavelengths that was unattainable with earlier grazing incidence
optics. The EIT on SOHO is the first instrument in space <o apply this technology
to extended observations of the Sun (Delaboudiniere ef al., 1995). Initial scientific
results of the investigation l%ave\b"pen presented in Moses et al. (1997). In this paper
we demonstrate that energ&@epos}tion in two large emission features scales with
the square of the local electron density (or pressure). This result is contrary to the
dependence expected for typical wave-mode energy deposition processes (Rosner,
Tucker, and Vaiana, 1978; Craig, MCC ont, and Underwood, 1978).

Observational progress-in détecting' the signatures of heating processes requires
a concerted observing program/utilizi g both SOHO’s spectroscopic and imag-
ing capabilities that provide a.comprehensive description of the coronal plasma,
including non-thermal emission line widths, and the EIT has supported such spec-
troscopic investigations via Joint Qbsérving Programs (JOPS). However, it is also
useful to provide a characterization of featuras as recorded by EIT itself (Aschwan-
den et al., 1998a, b). In this paper we examine two features in the temperature
range of 1.0-2.0 MK that extend tg heights greates than their nominal pressive
scale heights in an effort to evaluate radiative and conductive energy losses and
their implications for coronal ener; /y deposition.

. . .
2. ervations

The EIT provides the capability for multi-wavelength imaging of the corona in four
spectral bands, centered at 171, 195, 284, and 304 A using multilayer telescope
technology (Delaboudiniere et al., 1995; Moses et al., 1997). These bands encom-
pass coronal temperatures from 1 MK to 2.5 MK as well as upper chromospheric
temperatures at about 60 000 K. In particular, nearly simultaneous imaging in pass-
bands centered near 171 A and 195 A bands, the former including major Fe 1X and
Fe X emission lines, the latter including a strong Fe X11 line, provides a capabil-
ity to infer the morphology and characteristics of the corona at temperatures of
1.0-1.5 MK, a temperature regime below the principal sensitivity range of the
Soft X-ray Telescope (SXT) on Yohkoh.

EIT observations of an active region at Carrington Longitude 260° were made
at its initial appearance in July 1996 and continued on successive solar rotations
through October (Portier-Fozzani et al., 1998). By late September the region was
in decline with no evidence of sunspots or flare activity (no NOAA number was




OBSERVATIONS OF CORONAL STRUCTURES 307

assigned) and with only dispersed magnetic fields of opposite polarity separated by
a filament channel that was particularly evident in the 171 A and 195 A bands. To
establish the three-dimensional geometry of the large-scale features over this active
region remnant, we observed the region from day-to-day during its September tran-
sit. While changing in small detail over time scales of tens of minutes to hours (as
verified with several seven-minute cadences of observations), the overall structure
of the active region appeared to change little as it moved from the central meridian
to the West limb. That stability was important as it provided the opportunity to
estimate the lateral extent of features from disk observations and their range of
heights from limb observations.

Figure 1 shows EIT images of the region near central meridian in the 171 A
and 195 A bands while Figure 2 shows the same region as it neared the west
limb. The image pairs were taken closely together in time (5 min or less) so that
spatial shifts due to solar rotation were negligible at EIT’s spatial resolution (pixel
size = 2.6 arc sec). The filament channel separating opposite magnetic polarities
was clearly visible on 25 Septembey and was still discernable near the limb on
30 September. Coronal emission over this filament channel consisted principally
of high loops connecting regions of enhanced magnetic field (i.e., loops over the
magnetic neutral line). These loops were clearly detected in SXT soft X-ray images
f“ to a lesser extent in EIT’s 284 A (Fe XV) channel. Portier-Fozzani et al. (1998)
t.ocuss the evolution of these loops during the September transit of the region.
Such loops are generally detectable over their entire length, have two footpoints
of comparable brightness, and can have temperatures as low as 1 x 10° K (Shee-
ley, 1980). A three-dimensional analysis of such features has been presented by
Aschwanden et al. (1998a). ’

EIT also observes features that emanate from the strong magnetic fields of an
active region toward distant regions of presumably weakly enhanced field pre-
ceding and trailing the active region. Such features display obvious longitudinal
brightness gradients. In such features the leg of the (presumed) loop associated
with a strongly enhanced field is prominent whereas the opposite leg is often so
faint that it cannot be reliably traced to a specific region of the photosphere. An
example of such an asymmetric feature in the September active region is designated
(a) in Figure 1. This feature varied little in its overall configuration from day-to-
day and its limb appearance (Figure 2) was consistent with a system of loops as
viewed in the plane of the loops, with the trailing bright footpoints visible on the
disk. No fine structure that would be evidence for an array of diverging loops is
nq{;sent in Figure 1, although some detail was observed at other times. Skylab EUV

trvations (Sheeley, 1980) did detect fan-like collections of loops, and high reso-
lution (1 arc sec) soft X-ray observations (Sams, Golub, and Weiss, 1992; Figure 6)
show similar collections of loops emanating from the penumbra of a large sunspot.
Feature (a) may therefore alternatively be interpreted as a bundle of loops diverging
from a compact region associated with an enhanced photospheric magnetic field in
the active region but connecting to distant and well separated footpoints in regions
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Figure I. Observations of a decaying active region near the Central Meridian on 25 September 1996.
(a) Fe 1X/X emission; (b) Fe X1I emission; (c) Ratio of the Fe X1l and Fe 1X/X images. The angular
field of view of each image is 640 x 1140 arc sec. A coronal loop feature selected for analysis is
indicated. Two blocks of uniform color near the centers of frames (b) and (c) are fillers for data that
are missing.
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171A Fe IX/X 195A Fe XII Ratio of 195/171
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Figure 2. Observations by of a decaying active region approaching the west limb on 30 September
1996. (a) Fe 1x/X emission; (b) Fe XII emission; (c) Ratio of the Fe XI1 and Fe1x/x images. As in
Figure 1, increasing brightness in the ratio implies increasing T, from approximately 1.0 MK to

3]
i

X K. The angular field of view of each image is 582 x 582 arc sec. Two features selected for
i .ysis are indicated.

of weakly enhanced magnetic field. Fe xv images were obtained about 5 hours
prior to the 25 September data set and appeared to have a more diffuse morphology
probably not cospatial with the Fe 1X/X and Fe II features.

In addition to loops over the neutral line and the loops directed away from the
region, EIT recorded during west limb passage of the region an extended ray-like
feature with no obvious curvature or second footpoint. This feature is designated
(b) in Figure 2. Its appearance in the limited EIT field of view was consistent with
either an extended loop closing far above the field of view or a near-radial open field
region, as might be present at the base of a helmet streamer. The latter interpretation
is supported by data returned from the LASCO CI coronagraph (S. Plunkett, 1996,
private communication). Feature (b) was observed as a darker feature (diminished

emission) in Fe XV, indicating that its 7, could not have exceeded approximately
2 x 10° K.

\:{)

3. Analysis

3.1. CALCULATION OF CORONAL TEMPERATURES AND EMISSION MEASURES

As the formation temperatures of lines in the Fe 1x/X and Fe XII bands are similar
(ionization peaks near 0.8-0.9 and 1.4 MK), the ratio of these bands can provide
an estimate of 7,, given the assumption that the plasma is near-isothermal and
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cospatial. These ratios are displayed in frames (c) of Figures 1 and 2 where increas-
ing brightness implies increasing T,. Newmark (1996) has convolved hypothetical
EUV spectra provided by the CHIANTI program (Dere ef al., 1997) with the mea-
sured passbands of each of EIT’s three coronal channels to derive 7, and emission
measure of an assumed isothermal plasma as functions of the signal levels in pairs
(171 A and 195 A or 195 A and 284 A) of EIT images. The ‘eit-temp’ routine in the
EIT data analysis library was used for determination of temperatures and emission
measures. Several sources of uncertainties in the results must be addressed first,
however.

3.2. ERROR ANALYSIS

Klimchuk and Gary (1995) have made an error analysis of both random and sys-
tematic errors associated with the SXT measurements (as have Kano and Tsuneta,
1995; Porter and Klimchuk, 1995). Application of a similar approach is appropriate
for the EIT image ratios and we base our error estimates on Equations (3.1)-(3.5)
of their paper. Tarbell {1996) has determined that the photon noise is between
0.7(DN)"/* and 0.95(DN)'/? as each data unit (DN) corresponds to more than
one arriving photon, the actual value being between 4 and 6. As a conservative
approach we adopted a value of 1(DN)!/?. In addition there is a residual noise level
of approximately 7172 due to readout noise and unsubtracted cosmic rays associated
with each data readout, so that

(noise)> =7+ S, (1

where § is the signal level. The uncertainty associated with each emission ratio
and hence temperature includes contributions from four data values (two for each
wavelength — a feature signal and a fore/background signal from the adjacent
corona).

Systematic errors in the analysis of EIT data include (a) uncertainties in the
initial calibration, particularly in determining the spectral response in the far wings
of the instrument’s spectral passbands, (b) time-dependent EUV absorption at the
surface of the cold CCD due to adsorption of volatiles, and (c) uncertainty in the
location-dependent electron/photon production ratio in the CCD and its degrada-
tion with time (Defise et al., 1997). The calibration used in this paper is based on
the preflight calibration, flatfielding corrections to remove artifacts produced by
the filter support mesh, and adjustments of up to 30% to compensate for estimated
in-orbit degradation. At present, the uncertainty in sensitivity may be as high as a
factor of four (yielding factors of two uncertainties in density estimates). Work s
in progress to improve the EIT calibration using data from a recent EIT calibration
rocket flight.

Additional sources of uncertainty are the result of EIT’s limited spatial res-
olution. uncertainties in the geometries of features, and subtraction of emission
along the same line of sight but not emanating from spatially resolved feature
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fore/background emission. We assumed the level of this extraneous emission to
be the same as emission from adjacent regions that appeared to be structureless but
not anomalously faint. An accurate subtraction of the ambient (i.e., unenhanced)
corona is especially difficult above the solar limb because of the steep radial gra-
dients in coronal emission and the lack of nearby featureless regions. For that
reason disk observations were preferable for analysis of feature (a). For near-radial
features, as our feature (b) appears to be, only limb observations can provide the re-
quired spatial distribution of emission. With diminishing feature brightness (as may
occur with increasing distance from the solar limb), the nominal fore/background
correction becomes comparable (up to 80%) to the total signal which introduces a
major uncertainty at low signal levels.

4. Results

4.1. ELECTRON TEMPERATURE AND DENSITY DISTRIBUTIONS

4.1.1. High Loop System

A qualitative distribution of temperature (within the limited 1-2 MK range) for
+ ure (a) is displayed in Figure 1(c). Darker areas correspond to cooler regions
(=="1.0-1.2 MK) while the brightest regions are in the 1.4—1.6 MK range. Obser-
vations on both 25 September and 30 September for feature (a) display a gradient
from darker to light shades along its length, indicating increasing temperature as
the line of sight moves away from the loop footpoint, with most of the increase
appearing in the upper % of the feature. Fluctuations across the feature were minor
compared to the longitudinal change. The inferred coronal temperatures as a func-
tion of distance from the active region footpoint (derived from disk observations)
of feature (a) are shown in Figure 3 together with a hand-fitted (dashed) curve.
The plot assumes a semicircular loop of height 100000 km with a temperature
maximum at its apex. Temperature gradients range from 0.41 K km™! at the low-
est coronal heights observed to 10 K km~' immediately below the loop apex. To
provide an estimate of the impact that the uncertainty in fore/background coronal
correction may have on our results, we also indicate in Figure 3 the temperature that
would be inferred if no correction for fore/background emission were applied. Ver-
tical error bars for points that include a fore/background correction are 4-3 standard
deviations. Horizontal (dashed) error bars represent estimated positional uncertain-
t"m““of +5 pixels (9100 km) in footpoint location and +10 pixels (18200 km)
+Jex location). These uncertainties are equivalent to uncertainties in loop radii
and apex heights of £20000 km. The error in relative calibration between the
171 A and 195 A channels is estimated to be no greater than 40%. An error of that
magnitude would correspond to a temperature shift of approximately 100000 K
for all points because of the near-linearity of signal ratio with T,. An additional un-
certainty in establishing the spatial scale is the unavoidable summation of emission
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Figure 3. Temperature as a function of distance along loop feature (a), for an assumed semicircular
loop of height 100000 km, from disk observations in the Fe X11 and Fe 1x/X bands on 25 September
1996. Circular data points include a correction for fore/background emission along each line of sight
whereas the open squares do not.

along oblique lines of sight through the feature and therefore over a range of heights
and, i our models, a range of distances from the assumed footpoints. That range
corresponds to 60~70% of the nominal footpoint distance for the lowest data point
and 30% for the highest. These ranges are not included in the error (uncertainty)
bars for distances shown in Figure 3. The distances used in that figure correspond
to distances along the assumed axis of the broad observed feature.

The average electron density along a line of sight through the modeled loop is
assumed to be

n, = (EM/L¢)'> [em™], (2)

where EM is the line-of-sight emission measure from the eit-temp data analysis
routine, L is the distance through the loop along the line of sight, and ¢ is the fill
factor, the fraction of the observed volume that contains emitting material (Cargill
and Klimchuk, 1997). As mentioned in Section 1, feature (a) may be interpreted as
a single loop or as an ensemble of unresolved loop structures within the envelope of
the observed feature. In the latter case, we assumed an ensemble of loops or strands




OBSERVATIONS OF CORONAL STRUCTURES 313

tightly bunched together at the bright footpoint only and connected to widely sep-
arated distant footpoints so that the fractional volume, ¢, actually occupied by
the ensemble of strands decreased with increasing distance from the footpoint,
depending on the expansion factors of the individual strands. That geometry is
consistent with early results from Skylab (Sheeley, 1980) and with observations of
loops rooted in the penumbra of a large sunspot (Sam, Golub, and Weiss, 1992:
Figure 5(a)). We will examine both hypotheses as a means of estimating the likely
range of loop densities and local heating requirements.

For both cases the total width of the loop system, w, as a function of distance,
s, from the footpoint was modeled from observations near central meridian as:

w = 11000+ 0.32s [km]. 3)

Table I summarizes coronal densities assuming the feature is a single semicircular
expanding loop with a circular crossection corresponding to its observed width.
The obliquity of the line of sight through the loop for each observation was taken
into account. This model is not likely to be realistic as we observe no symmetry of
emission about a loop apex. Furthermore, the expansion factor (ratio of thickness
at apex to thickness at footpoint) of 5.6 is far larger than would be expected for a
dipole magnetic configuration (Klimchuk er al., 1992). It does, however, represent
gpmothesis for which we can evaluate the terms of the energy equation. Table II
t__ Iarizes fill factors and densities as a function of distance from the footpoint for
the multiple loop hypothesis, assuming that the loops originated in a footpoint area
with a diameter of 6 EIT pixels (11000 km) and that they diverged with height
(each maintaining a constant crossectional area) so as to be spaced uniformly
within the entire volume that we associate with the feature (i.e., the cross-sectional
areas used in Table I). Such a hypothesis would explain the apparent brightness
asymmetry of feature (a) as being the result of EIT’s limited spatial resolution
combined with a rapidly diminishing fill factor.

The densities given in Tables I and II are subject to limitations in determin-
ing the sizes of the emitting structures. An estimated error of two pixels (33%)
in the six-pixel footpoint diameter has no impact on the single-loop densities in
Table I, where loop dimensions above the footpoint are measured independently
(again with an estimated error of two pixels — about 20% - resulting in a density
uncertainly of 10%). In the case of multiple loops — Table Il — the greater error
in the footpoint diameter propagates to all heights as an error in the fill factor.
The effect of these uncertainties on estimated densities is small compared to the
present factor of four uncertainty in the EIT calibration (and hence a factor of four
i M RMative losses) discussed earlier and will not alter the conclusions regarding
erergy balance to be discussed in Section 4.2.

The inferred pressure scale height is dependent on the details of the assumed
model. For the single loop model the inferred pressures are consistent with a scale
height of 50000 4- 10000 km. For the multiple loop hypothesis, the densities (and
pressures) within the compact loops remain approximately constant with height.
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Figure 4. Temperature distribution along a near-radial feature as observed on the west limb on
30 September 1996. Circular data points include a correction for fore/background emission whereas
open squares do not. The results are consistent with an isothermal distribution with height (or even a
slight negative gradient, if no background correction is applied).

These results are to be compared with the expected scale height of 60000 km
((5000 x T,) km). By comparison, for loops hotter than the EIT loops but in the
same range of heights (100 000 km), Kano and Tsuneta ( 1995 found densities and
pressures to be 2--3 times higher at loop tops than at their bases.

4.1.2. Extended, Near-Radial Feature

In contrast to the 7, gradient found in the high loop system, the near-radial feature
(b) exhibits no significant outwardly increasing temperature as may be seen qual-
itatively in Figure 2, frame (c), where the ratio appears as a nearly uniform dark
feature out to the greatest distance observable by EIT.

Resulting temperatures are shown in Figure 4. There may even be a slight nega-
tive gradient of 0.6 K km ! with height if no fore/background correction is applied.
Feature (b) was not precisely aligned with any emission region on the solar disk
and may have been rooted in an area already behind the west limb, making estima-
tion of heights above the chromosphere somewhat ambiguous. That uncertainty is
estimated to be 415000 km and has negligible impact on the following discussion.
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For an equatorial coronal hole Withbroe’s radiative energy balance model (1988,
his Figure 2) yields a broad temperature maximum near R = 2 R, well beyond the
heights of our observations. For the unstructured corona (his Figure 11), which may
be more appropriate to the current observations, the maximum is near R = 1.2 Ry
and not inconsistent with our data. Adopting a circular crossection with diameter
increasing as R/ R, and with an area of 1.37 x 108 cm? ata height of 150 000 km,
we find the properties listed in Table III. The results imply a pressure (and density)
scale height of 170000 km, far greater than is expected.

4.2. LOCAL ENERGY BALANCE

We adopt the equations for energy and mass conservation in a coronal plasma as
stated by Kopp and Orrall (1976) and Withbroe (1988), among others:

1 d 5k V* GM,
SN N — A F+F,+F Al —4+ — — =0 4
rt A(r)dr (NtFe + +EAl A+ [Zmu. + 2 r ” @)

A
and

A= pVA®r), (5)

+“™e the terms denote radiative losses, the divergence of the conductive, mechan-
iIca; and Alfvén wave fluxes, and the divergence of the enthalpy, kinetic energy
and potential energy. p is the density in g cm™ and V is the velocity through the
area A(r).

Evaluating all the possibly significant terms for EIT features is clearly impossi-
ble. Brekke et al. (1997) have used the CDS on SOHO to demonstrate the presence
of flows in at least some coronal loops, but no data are available for the features
that we discuss here. Although a mechanical flux is likely present (as evidenced by
the ubiquitous non-thermal broadening of spectral lines), we have no information
on changes of non-thermal broadening with height and hence the divergence of the
mechanical flux. Downflows of 10 km s™! at transition region temperatures have
typically been observed and have been the basis for estimating downward enthalpy
fluxes in the chromosphere - corona transition region (Pneuman and Kopp, 1977).
However, their results have not been confirmed for the coronal components of a
loop and we have therefore chosen to ignore possible enthalpy flows.

Local radiative losses were derived from:

EM 3l
ONN, = d— lergem s (6)
3 oL

wrere @ is the radiative loss function at 7, (we used ® = 1.9 x 10722 erg cm?® s~
(Cargill and Klimchuk, 1997)).
Conductive losses were calculated by

Ko d

dT
div F, = —— — TP -3 -1
vV Als) ds [A(S)T 5 } lergem™ s | (7
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TABLE ]
Energy losses an input requirements assuming a single large loop (apex width / loop length = 0.2)

Distance from T, (MK) ¢ Ne Pr:d div F}¥ Nonthermal
footpoint (km) energy input rate*
45000 1.14 1.0 1.2x10° 3x10°% -34x107% 3x 104
70000 115 10 12x10° 3x10-% —44x1070 3x 104
100 000 1.185 10 09x10° 1.6x107%  _—25x 1075 1.4x 04
130000 1.34 10 06x10° 59x1075 _105x 105 =~o0

*Units of erg em™3 s~ 1,

TABLEIl
Energy losses and input requirements assuming diverging loops of constant crossectional area

Distance from 7, (MK) ¢ ne Pr’.;d div F¥ Nonthermal
footpoint (km) ' energy input rate*

45000 1.14 019 29x10° L6x1073 —i6x 100 1.6x 103

70000 1.15 011 35x10° 23x1073 —22x1076 23 x 10-3

ﬁ 100 000 1.185 0065 3.6x10° 25x 1073 —1.9x 105 2.5x 103

— 130000 1.34 0044 26x10° 14x 1073 —70x10-5 1.4 x 103

*Units of erg cm™3 ™!,

where kp = 1.1 x 107 and s is the distance along the feature from its base.
If a feature is magnetically open to the heliosphere, so that an outward flow is
present, then work against gravity is given by

Aod (GM, _ s (R 3
A I (—T)—-2.25x10 (?) [ergem™ 571, (&)

where G is the gravitational constant and M, is the solar mass. This term will be
considered only for feature (b) and is discussed in Section 4.2.2.

4.2.1. High Loop System
The contributions of radiative and conductive losses to the energy balance for the
two models of the loop system are summarized in Tables I and II. Uncertainties

\) in the maximum height and 7, of the feature have little effect on its properties at

. Intermediate heights as can be seen by inspection of the estimated error bars (Fig-

ure 3). Because of the near-linearity of temperature as a function of signal ratios
between 1.0 and 2.0 MK, the impact of calibration €rrors on temperature gradients,
hence conductive fluxes and div F, is minor. The maximum (40%) error in relative
calibration of the Fe 1x/x channel relative to the Fe x1J channel discussed earlier
would result in a 10% error in F, and a 20% error in div T, The resulting change
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TABLE I1I
Energy losses and input requirements in a near-radial feature

Distance from T, (MK) ne Radiative loss*  Work against  Nonthermal
footpoint (km) gravity* energy input rate*
130 000 1.27 47 x 108 45x10°5 24x107% 69 x 105
150000 1.26 42x 108 33x10°5 22x 1075 55x 1075
170 000 1.26 32x 108 2.0x10-5 20x1075 4.0 x 1075
200000 1.27 20% 108 1.6x10-5 1.8x 107> 34%x10-5
230000 1.28 25x 108 12x1073 1L6x 1073 28x10-5
265000 1.23 22x 108 092 x 105 L4x 1075 23x10°3

*Units of erg cm™3 s~ 1,

in radiative flux would be negligible because of the near-constancy of the radiative
loss function with temperature at these coronal temperatures. Adopting a coronal
loop model with a fill factor less than one (Table II) increases radiative losses
relative to conductive losses, but radiative losses are the major loss mechanism in
both loop cases. Using the EIT observations with no adjustment for extraneous line
¢ Yhtemission (Section 3.2) would reduce temperature gradients and conductive
losses relative to radiative losses, thereby only re-enforcing the predominance of
radiative losses. Wheatland, Sturrock, and Acton (1997) have argued that energy
deposition at the tops of the hot loops recorded by SXT can by downward thermal
conduction support energy losses below the loop apex. That conclusion is incon-
sistent with our present results for these cooler loops. A downward conductive
flux does exist, but the divergence of that flux is adequate to heat the corona only
immediately below the apex and then only in the low density case, as represented
in our single loop model. Over the larger longitudinal extent of the loops only a
volumetric heating rate distributed over the length of the loops and proportional to

n? can match the energy requirements of these cool loops.

4.2.2. Extended, Near-Radial Feature

The significant terms in the energy balance for the apparently open feature are
summarized in Table III. The lack of a temperature gradient in the extended ray
implies that conductive losses again play a negligible role in coronal heating far
above the transition region. To evaluate the work required to lift the plasma, if this
fe'-"x‘e does in fact extend to the heliosphere, we adopted a solar wind velocity
o _ kmslat R = 1.21 Rg (about twice the value given by Withbroe (1988,
his Figure 11 and Table II) for an unstructured region in the corona) and mass
flux conservation in a ray whose crossectional diameter increased as R/R;. We
used a helium/hydrogen abundance of 0.1 giving p = 1.17 n.m,. Under these
assumptions energy requirements to lift the plasma become larger than radiation
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losses at heights of R > 1.24 Ry. Feldman ez al. (1997) have proposed that far
higher velocities may be present at these heights in a polar coronal hole if explosive
jets of matter initiate the fast solar wind and if such were present here (none were
observed in high rate observations of this feature) the energy balance would be
appreciably altered. If a strong solar wind is not present, then the observations are
again consistent with a volumetric heating rate proportional to the square of the
local electron density.

5. Discussion
5.1. ENERGY INPUT REQUIREMENTS

Any discussion of energy input hangs on the assumption that a quasi-steady energy
deposition process (or possibly more than one) is present. Previous studies (Klim-
chuk and Porter, 1995; YoshiQa and Tsuneta, 1995) have concluded that lifetimes of
soft X-ray emitting loops are long compared to estimated energy loss times and the
results of Arndt, Habbal, and Karouska (1994) indicate that coronal structures in
the temperature range being discussed here (1—1.5 MK) may have less variability
than either cooler (1 x 10° K) or hotter features. Aschwanden ef al. (1998b) have
discussed a statistical model for heating large EIT loops and concluded that local-
ized transient heating at a mean rate of about 5 min at any location could maintain
the temperature gradients they observe. The divergence of loops in feature (a)
(or the broadening of a single loop) and their connections to distant and widely
separated chromospheric regions would seem to be incompatible with a twisting
together of field lines leading to reconnection and localized heating. We suggest
that a process associated with the bright footpoint area, i.e., the active region end
of the loops, is responsible for the propagation of energy into the coronal fields of
the observed loop system. -

Estimates of time-averaged total energy input rates at the bases of features (a)
and (b) can be made by integrating estimated losses over the volume of each fea-
ture. For loop feature (a), the resulting estimate scales inversely with the base area
adopted for the loop system. Taking into account the convergence of feature (a)
with decreasing height (a factor of 42 in cross-sectional area between apex and
base), we find that an energy input rate of 2 x 107 erg cm™ s~} at the base of
corona is required to maintain the observed loop system. The estimated error in
this result is the same as that of the base area, 75%, discussed earlier. Our result
is greater than the early estimate of 5 x 10° erg cm™2 s~! given by Withbroe and
Noyes (1977) for radiative losses. The discrepancy could be due either to present
errors in estimating the footpoint size, errors in EIT calibration, or the lower spatial
resolution of observations on which the earlier estimates were based. Of course.
another distributed heating process such as ‘nanoflares’ may satisfy the observed
EIT loop characteristics and for such a process the estimation of mechanical energy
flows at the coronal base made above would not be appropriate.
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Energy requirements at the base of the near-radial feature depend strongly on
whether or not an energy input to support the lifting of the plasma (and acceleration
at higher levels in the corona) is required. The energy input to support radiative
losses over the height range observed is about 1 x 10° erg cm~2 s~!. Gravitational
work to the greatest height observed is an order of magnitude less. This result
is to be compared with Withbroe and Noyes’ (1977) estimates of radiative and
solar wind flux requirements of 1-2 x 10° erg cm™2 s™! for the quiet Sun and
7 x 10° erg cm™2 s~! for coronal holes.

5.2. DEPENDENCE OF ENERGY DEPOSITION ON AMBIENT PRESSURE OR
MASS DENSITY

Beginning with Rosner, Tucker, and Vaiana (1978) and Craig, McClymont, and
Underwood (1978), and continuing through recent efforts by Klimchuk and Porter
(1995), numerous authors have examined the dependence of various heating mod-
els in terms of observable coronal parameters. The single loop feature that we
have discussed falls consistently (patticularly for model 1) at the extreme range
of halfiengths for SXT loops (Klimchuck and Porter, 1995, Figure 1) and we con-

Jecture that our feature may follow the same functional relationship uncovered by
§ imchuck and Porter (1995):

— P ~LE, )]

where § has a most probable value of —0.96.
Klimchuck and Porter introduce the average volumetric heating rate:

(@) ~ P14/(1=26) (46-8)/(11-2b) (10)
where b = —% is appropriate for the EIT loops. Combining these relationships into
the form

(@)~ L, (11)

they find that ¢ has the most probable value of —1.95.
Combining these two results, we find:

(@) ~ p/f = p295 (12)

i.e., average energy deposition for an isothermal structure is approximately propor-
tional to radiative losses. This result is consistent with our detailed analysis of the
logp system, feature (a). If feature (b) is in fact the base of a very high loop so that
' \gravitational term is not required, then radiative losses also predominate at all
locations and the above relationship also applies. A heating mode depending on
the square of the local pressure is, however, not consistent with typical wave mode
energy dissipation rates (Rosner, Tucker, and Vaiana, 1978; Craig, McClymont,
and Underwood, 1978) nor with the constant volumetric heating rate adopted by
Vesecky, Antiochus, and Underwood (1979).
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6. Summary

We have examined a large and relatively cool coronal loop system associated with a
decaying active region and a large near-radial feature that may be either the base of
a very large loop or the base of a helmet streamer. In each case we find that radiative
losses are far greater than the divergence of the conductive flux so that energy
deposition proportional to the square of the electron density (or pressure) best fit
the observations. This result imposes an additional constraint on possible heating
processes for these cool coronal loops. Such heating must be distributed along
the loops and not be localized to the loop tops. We also point out that observed
geometry of diverging loops connecting to distant weak field regions appears to be

incompatible with the twisting of magnetic field lines and subsequent reconnection
and energy release.
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