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ABSTRACT

Using the stereoscopically derived three-dimensional (3D) geometry of 30 loops observed with STEREO EUVI
(described in Paper 1) we determine here the electron density profiles #.(s) and electron temperature profiles 7,(s)
from a triple-filter analysis of the stereoscopic images taken in the wavelengths of 4 = 171, 195, and 284 A. The
statistical results of our analysis of seven complete loops are: observed loop widths wops = 2.6 £+ 0.1 Mm, corre-
sponding to effective loop widths of w = 1.1 & 0.3 Mm if corrected for the instrumental point-spread function; loop
flux ratios fioop/fiotal = 0.11 £ 0.04; mean loop (DEM peak) temperatures 7, = 1.1 £ 0.2 MK; DEM temperature
Gaussian widths opgy = 0.35 & 0.04 MK; temperature variations along loops o7/T, = 0.24 £ 0.05; (resolution-
corrected) loop base densities 7, = (2.2 £ 0.5) x 10° cm~3; loop lengths of L = 130 + 67 Mm; and all quantities are
found to agree between STEREO A and B within a few percent. The temperature profiles 7'(s) along loops are found to
be nearly constant, within the uncertainties of the background subtraction. The density profiles 7.(s) are consistent with
the gravitational stratification of hydrostatic loops, 1,(h) = npase €xp (—h/A7), defined by the temperature scale heights
Ar and stereoscopically measured from the height profiles /(s). The stereoscopic 3D reconstruction allows us for the
first time to accurately measure the loop length L and to test loop scaling laws. We find that the observations are not
consistent with equilibrium solutions, but rather display the typical overpressures of loops that have been previously
heated to higher temperatures and cool down in a nonequilibrium state, similar to earlier EIT and TRACE measurements.

Subject headings: Sun: corona — Sun: UV radiation
Online material: color figures

1. INTRODUCTION

Stereoscopic observations provide more rigorous and precise
methods to measure physical parameters in coronal loops, such
as the electron density or the electron temperature, which is the
focus of this study. We face the challenging additional constraint
of obtaining self-consistent solutions from the images of two in-
dependent spacecraft that have different stereoscopic viewing
angles. Our task is (1) to identify corresponding loop features in
two stereoscopic images and to measure the 3D coordinates of
such an identical loop; and (2) to extract the cross-sectional flux
profiles of this identical loop from two different backgrounds
(seen from two different lines of sight), which entirely control
the outcome of obtaining self-consistent loop widths, densities,
temperatures, and loop-associated differential emission measure
(DEM) distributions from the two spacecraft images. The task is
particularly challenging because the loop-associated EUV fluxes
typically amount only to <10% of the total flux along a given
line of sight, and thus we are in the situation of inferring loop
parameters from the small difference of two large quantities (to-
tal flux minus background flux). Therefore, the background has
to be determined in each spacecraft with an accuracy of ~1% in
order to obtain ~10% self-consistency between the densities, fil-
ter ratios, or DEMs of loop parameters between the two space-
craft. Methods to determine loop densities and temperatures with
arbitrary background subtraction (or with no background subtrac-
tion at all), as they have been inappropriately applied in earlier
publications, are unacceptable for the stereoscopic analysis at-
tempted here. In this study we will test a number of various back-
ground subtraction methods, whose quality and appropriateness
can now be rigorously tested by comparing the self-consistency of
the solutions between the two stereoscopic spacecraft. Therefore,
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the availability of stereoscopic data opens up a new double-check
method to assess the accuracy of physical parameters determined
in coronal loops.

The soft X-ray (SXR) and extreme ultraviolet (EUV) emis-
sion of the Sun in active regions harbors hot thermal plasma at
temperatures in the range of ~10°~107 K. When we point high-
resolution imagers (e.g., SOHO EIT, TRACE, STEREO EUVI,
and Hinode EIS) to such active regions we can discern very
fine loops or loop strands in the solar corona if we display the
images with appropriate high-pass filters to enhance the smallest
spatial scales. It has been recently found that loop strands with
typical widths of w ~ 1.4 + 0.3 Mm have a near-isothermal
cross section based on a triple-filter temperature analysis method
(Aschwanden & Nightingale 2005; Aschwanden 2005), while
virtually all loop structures with larger diameters have a broad
temperature distribution (e.g., Schmelz et al. 2001; Schmelz &
Martens 2006). Although there are some confusing comments in
the literature about thermal and multithermal loops, there seems
to be a clear dividing line that only the smallest observed loop
strands with widths of w < 1.5 Mm are near-isothermal, which we
refer to as elementary loops, while virtually all wider loops are
multithermal, which we refer to as composite loops (Aschwanden
2005). Of course, only elementary loops can be used for 1D hydro-
dynamic modeling, because the assumption is made in 1D models
that the flux tube has a homogeneous cross section (in temperature
and density). On the other side, composite loops can only be mod-
eled in terms of statistical models, such as the concepts of most
nanoflare models (e.g., Klimchuk et al. 2008).

In a previous paper (Aschwanden et al. 2008, hereafter PaperI)
we determined the 3D geometry of the 30 finest loops detected
in an active region, which are candidates for elementary loop
structures, a hypothesis that can only be tested with a suitable
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TABLE 1
PARAMETERS OF Six ANALYZED STEREO Imaces oN 2007 May 9
Observing Time Spacecraft Wavelength Exposure Time Sun Center Sun Center Solar Radius Roll Angle

(UT) STEREO A) (s) (x-pixel) (y-pixel) (arcsec) (deg)
20:40:45.006 ..... A 171 4.002 1020.63 926.70 998.962 7.196
20:41:29.966 ..... B 171 4.002 1035.55 1051.08 913.579 13.086
20:41:20.022 ..... A 195 4.002 1020.63 926.70 998.962 7.196
20:42:04.992 ..... B 195 4.005 1035.55 1051.08 913.579 13.086
20:41:55.008 ..... A 284 16.000 1020.63 926.70 998.962 7.196
20:42:39.965 ..... B 284 16.004 1035.55 1051.08 913.579 13.086

temperature analysis. In this paper we concentrate on an accu-
rate determination of the electron density and electron tempera-
ture of these 30 finest loop structures by stereoscopic methods.
The rationale for this task is motivated in many ways. First, as
mentioned above, the self-consistency between the solutions from
both spacecraft reinforces a higher reliability and accuracy of the
physical parameters of density 7., temperature 7, and loop width
w. The additional reconstruction of the 3D geometry provides ac-
curate loop heights and inclination angles of the loop plane, which
is a prerequisite to determine the vertical density (or pressure)
scale height that is needed in assessing the hydrodynamic mo-
mentum balance. The stereoscopically evaluated 3D geometry
also yields an accurate measurement of the total loop length L
(appearing only in 2D projection in single-spacecraft images),
which permits us for the first time a rigorous test of loop scaling
laws (e.g., the Rosner-Tucker-Vaiana [RTV] law). Moreover,
we can then determine parameters of both equilibrium and non-
equilibrium models more precisely, which provide crucial di-
agnostics on the heating function. Finally, the determination of
the density and temperature structure of the finest detectable loops
in an active region can then be used as a skeleton for a full 3D
rendering of the plasma in an active region based on physical
3D models (e.g., Schrijver et al. 2004), to predict images for dif-
ferent instruments with different wavelengths and temperature fil-
ters (subject of future studies).

The plan of this paper is as follows: The data analysis method
is described in § 2, the results are presented in § 3, a discussion of
a few new aspects is given in § 4, and conclusions are summa-
rized in § 5.

2. DATA ANALYSIS METHODS
2.1. Observations and Data Set

The data analysis in this study is an expansion of the first study
(Paper I), where the 3D geometry of 30 active region loops was
determined based on Extreme Ultra-Violet Imager (EUVI) im-
ages observed with the two STEREQ spacecraft 4 (ahead) and
B (behind) on 2007 May 9, around 20 : 40 UT, in the 171 A wave-
length. In this study we include additionally the stereoscopic im-
ages of the 4 and B spacecraft in the 195 and 284 A wavelengths.
This is a set of three image pairs, each of which was taken strictly
simultaneously on the Sun in each wavelength (after correction for
the light-travel time difference between the two spacecraft posi-
tions), while the observing program sequentially stepped through
the three wavelengths. The 195 A (and 284 A) images were taken
35 s (and 70 s) after the 171 A images. All images have a size of
2048 x 2048 and a pixel size of 1.5877"" x 1.5900". The effective
spatial resolution (or FWHM of the point-spread function) is ap-
proximately 2 EUVI pixels (Wuelser et al. 2004), which corre-
sponds to ~3.2" or 2300 km. A preliminary analysis of the lunar
transit on 2007 February 25 for STEREO B yielded a point-spread
function approaching a width of 3.5”, i.e., 2.2 EUVI pixels (Lemen

et al. 2007). We list the observing times, wavelengths, exposure
times, Sun center positions, solar radii, and spacecraft roll angles
of the six analyzed images in Table 1. The spacecraft separation
angle is aiep = 7.257° at this time, and the spacecraft plane (de-
fined by the spacecraft positions 4 and B and the Sun center) is
inclined by a3 = 9.056° to the ecliptic plane.

We coalign the 4+ B image pairs from the two spacecraft in
each wavelength with the same procedure as described in Paper |
and find subpixel accuracy for the stereoscopic image pairs (in
each wavelength separately). In addition, the images in different
wavelengths on the same spacecraft are assumed to be coaligned
with subpixel accuracy because they are produced with the same
optics and CCD, save for optical aberration errors and spacecraft
jitter during the time interval of subsequent images (of different
wavelengths on the same spacecraft). We show a synopsis of six
subimages encompassing the northern half of the active region
in Figure 1, where we display the EUV brightness on a logarith-
mic color scale, with one particular loop (No. 3 in Paper I) out-
lined in each image. The active region is located approximately
30° east of Sun center near the equator. Unfortunately, there were
no observations of this active region by TRACE on the same day.

2.2. EUVI Temperature Response Functions

The EUVI response functions for the 171, 195, and 284 A fil-
ters are shown in the temperature range of 7 = 0.3-3.0 MK for
both the EUVI 4 and B spacecraft in Figure 2. For more detailed
information see Wuelser et al. (2004). The response functions
have been calculated from preflight calibration results using the
line emissions from the CHIANTI software (' Young et al. 2003),
assuming coronal elemental abundances (Feldman 1992) and
the ionization equilibrium of Mazotta et al. (1998). The response
functions in Figure 2 are given in units of photons s~' for an
emission measure of EM = n2V = 10* c¢cm™ [which corre-
sponds to a density of 7, = 10'° cm™> for a volume of V =
(10% cm)?]. For the conversion into observed data numbers
(DN s~1) we need two factors: (1) the conversion factor q; of
incoming photons to electrons that are produced by the photo-
electric effect in the silicon of the CCD, which is the energy of
the incoming photon (¢ = 12.4 keV/A[A], i.e., 72.5, 63.6, and
43.7 eV for the 171, 195, and 284 A filters, respectively) divided
by the silicon band gap energy of Ae = 3.65¢eV,s0q; = &/Ae =
19.9, 17.4, and 12.0 for these filters; and (2) the gain factor ¢, of
electrons to DN, which is ¢, ~ 1/15 according to preflight cal-
ibrations. Thus, the combined conversion factor g = ¢;¢; from
incoming photons to image data numbers (DN) is ¢7; = 1.32
for 171A, g10s = 1.16 for 195 A, and gas4 = 0.80 for 284 A.

2.3. Loop Background Subtraction Methods

The derivation of the electron temperature profile 7,(s) and
electron density n.(s) along the loop coordinate s requires back-
ground-subtracted EUV fluxes in each wavelength. The most
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Fic. 1.—Synopsis of six partial images from STEREO spacecraft A (left) and B (right) in the wavelengths of 171, 195, and 284 A. The field of view is the
x-pixel range = [660,760] for A (or [732, 832] for B) and the y-pixel range = [890, 960], with the axes parallel and perpendicular to the spacecraft 4B plane. The color
scale is logarithmic. The overplotted loop (dashed white curve) corresponds to loop 3 in Paper I (Aschwanden et al. 2008).

crucial aspect is how the background flux is defined, because
the loop-associated flux is defined by the difference of the total
flux minus the background flux, i.e., floop(*,¥) = fiotal(X, ) —
Joack(x, ) at each loop position [x(s), y(s)], where s is the coor-
dinate along the loop axis. Because it turns out that the loop-
associated flux amounts typically only to about <10% of the
total flux, we are dealing with a difference of two large quanti-
ties (total flux minus background flux), and thus the accuracy of
any background subtraction method has to be about 10 times
better than the aimed accuracy in the derivation of loop-associated
parameters, a fact that was often not appreciated in previous
studies.

The key of a sensible method to extract loop-associated EUV
or soft X-ray fluxes from the overwhelming background corona
is to determine the loop-associated background as close as pos-
sible to the loop, rather than far away at a dark position of the im-
age. Moreover, since we are only interested in the finest loop
structures that an instrument can observe, the background has to
be evaluated as close to the loop axis as the instrumental point-
spread function allows. For typical EUV images the point-spread
function has a FWHM of ~2 pixels, which is a lower limit of the
FWHM of unresolved loop structures, and thus the background
has to be evaluated = 42 pixels away from the loop axis. In a sim-
plest model we can consider the loop cross section as a triangular
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Fic. 2.—Top: Response functions of STEREO EUVI 4 (thick curves) and B (thin curves) of the 171 A (solid curve), 195 A (dashed curve), and 284 A (dotted curve).
The response functions were calculated with the CHIANTI code, using the Feldman abundances and the ionization equilibrium of Mazzotta et al. (1998). The Gaussian
width of the 171 A response function is o17; ~ 0.30 MK (dotted Gaussian curve). Bottom: Filter ratios 195/171 (thick solid curve) and 284/195 (thick dashed curve) for an
isothermal DEM (o pgy = 0) and for DEMs with Gaussian widths of oppv = 0.2,0.3,. . ., 1.0 MK (thin solid and dashed curves).

shape with a FWHM of 2 pixels and a flat background. The base
of the triangular cross section is thus 4 pixels wide, and in order to
have an equal amount of information available for background
modeling it is suitable to choose an 8 pixel wide image section
across the loop. In our analysis we therefore extract a curved stripe
along the loop axis with a width of 8 pixels and a length of ny ~
L/Ax pixels that approximately corresponds to the loop length L
divided by the image pixel size Ax (Fig. 3). Let us denote the
loop-aligned curved coordinate system with a length coordinate s
and a perpendicular coordinate ¢. The flux values fioi(s;, ;) fori =
1,...,ngj=—ny/2, ..., +n,/2 are evaluated at the Cartesian
image positions [x(s;, #;), (s;, ;)] by bilinear interpolation. The co-
ordinate grid s, #] of the curved array with respect to the image

coordinate grid [x,y] is illustrated in Figure 3. We traced indi-
vidual loops with 4—10 spline points in Paper I, which we inter-
polate with n; = 10—100 positions s; along the loop axis to map
out their length (L ~ 30—240 Mm) with a resolution of about an
image pixel size.

Even when the background is chosen as close as possible to the
loop axis, the evaluation or modeling of the background across a
loop cross section profile is still a kind of an art, and we will dem-
onstrate the subtleties of various background definitions in the fol-
lowing. In most of the following experiments we deal with an
8 pixel wide loop cross section, which is defined from the flux
profiles at nine positions, i.e., f(),/ = —4, . . ., +4, with the
loop axis centered at the midpoint 7. Thus, we have a “left-hand”
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Fic. 3.—Loop-aligned curved coordinate system (s, #) (with dimensions n, =
43 and n,, = 8) overlaid on the Cartesian coordinate system (x, y) (with dimen-
sions 7, = 40 and n,, = 40) of the image. The loop axis is defined by six spline
points (diamonds) and is interpolated to n; = 43 points s; on the loop axis #y. The
loop background is evaluated at the location of the central loop cross section
(|t — to] < 2) from the boundary zones on the left- and right-hand sides (2 <
[t — to] < 4), both marked with gray areas. Note that the pixel size in the curved
array is commensurable with the pixel size of the Cartesian grid.

background section at (r_4 < ¢t < ¢_;), a loop middle section at
(t_2 <t < ty2),and a “right-hand” background section at (7, <
t < t.4). In a first method (PO; see explanation of acronyms
P0-P3, C0-C1, S1-S3, and CG in Fig. 4) we interpolate the
background just linearly between the closest bracketing back-
ground points (between ¢_; and ¢, ,), which would bracket a tri-
angular cross section with a base width of 4 pixels ora FWHM
of 2 pixels (corresponding to the instrumental resolution). In a
second method we perform a low-order polynomial fit through
the left and right background zones by linear (P1), quadratic (P2),
or cubic (P3) polynomial fitting to the fluxes (at the six back-
ground pixels). The cubic polynomial fitting method (P3) has also
been applied to SOHO EIT data (Aschwanden et al. 1999, 2000a).
In a third method (CG), that especially reinforces the cospatiality
between the three filters, a cospatial fit of a linear background
profile plus a Gaussian loop profile is performed, which requires
11 free parameters and has been successfully applied to TRACE
data (Aschwanden & Nightingale 2005). We explore a fourth
method (S1, S2, and S3) that involves a larger environment than
the 8 pixel wide loop stripe for background modeling, in defining
a global background image by smoothing the full image with a
boxcarof 3 x 3(S1),5 x 5(S2), or 7 x 7 pixels (S3). An example
for each of the 10 different background definition methods is
shown in Figure 4, where it can be seen that they exhibit con-
siderable differences in the determination of the loop-associated
fluxes (see discussion in § 3.1).

2.4. Differential Emission Measure (DEM) Modeling

For electron temperature T,(s) and electron density #.(s)
modeling we approximate the differential emission measure
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(DEM) distribution with a Gaussian function (for each loop
position s),

dEM(T) B [T — T,(s))?
[T](S)dT—EMP(S)GXp{—T;(S)}7 (1)

where EM,,(s) is the peak emission measure at the DEM peak
temperature 7,(s) and opgm(s) is the Gaussian (half) width of
the DEM function. We are using the EUVI response functions
R171(T), R195(T), and Rg4(T'), as shown in Figure 2 (fop panel),
and perform a forward fit of the DEM function (eq. [1]) to the
three background-subtracted fluxes (at loop length position s and
loop axis midpoint position ¢ = #;) to obtain the best-fit values
EM,(s), T,(s), and opem(s) of the DEM distribution, i.e.,

Si71(s,20) — bi71(s,t0) = /%(S)Rm(mdﬂ (2)
d

fios(,10) — bios(s, 10) = / D) @ Riss(Tyar, ()

Jfo84(s, t0) — baga(s, to) = /%(S)Rzm(mdf (4)

The resulting temperature profile 7),(s) represents the tempera-
ture 7, at the peak of the DEM distributions, while the full DEM
distribution has a Gaussian half-width of opgm(s).

2.5. Electron Density Profiles

To obtain the electron density profile n.(s) we have first to
measure the loop width w. From the background-subtracted cross-
sectional flux profile we define a loop width w(s) by the equivalent
width of the integrated loop cross section,

[P0 = bits, )] at
we) = max| f3(s,?) — b,(s,0)] |’

(5)

where the integration limits are the left boundary (#,; = 7_,) and
the right boundary (7, = #,,). The wavelength 4 is chosen by
the filter in which the loop is brightest. Since the variation of the
loop width w(s) is small along the loops and is mostly affected
by uncertainties of the background subtraction, we use only the
average width w = (w(s)) in the following density estimates.

The electron density n.(s) is then calculated, assuming opti-
cally thin emission (as is generally the case for the solar corona in
EUV and soft X-ray wavelengths), from the peak emission mea-
sure value EM,, evaluated at the loop axis (¢t = #) and the loop
width w by

EM,,(s)

ne(s) = Twd (6)

where EM,, (cm™%) is the emission measure per volume unit and
A = 1.33 x 10'% cm? is the square area of an EUVI pixel (with a
pixel size of 1.59").

Since the width of the measured loops is close to the instru-
mental resolution of w,s = 2 pixels, we estimate an effective loop
width by adding the corrected loop width w, and the width of the
point-spread function wy in quadrature,

we(s) = \/w(s)? — wl, ()
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Fic. 4—The 10 different background subtraction methods are illustrated for an image stripe at position x = 720,y = 890—960 in STEREO B, with a loop cross section
centered at position yy = 911. Top left: CO = no background subtraction, C1 = background evaluated from lowest brightness in local subimage. Top right: PO = Linear
interpolation between loop boundaries (at y = 909 and y = 913); P1 = linear, P2 = quadratic, and P3 = cubic polynomial fit to boundary zones (y = 907-909 and
vy = 913-915). Bottom left: CG = Cospatial fit of Gaussian loop profile plus linear background simultaneously in all three temperature filters. The flux in the 284 A filter is
multiplied by a factor of 5 in the display. Bottom right: S1 = 3 x 3 boxcar, S2 = 5 x 5 = boxcar, and S3 = 7 x 7 boxcar smoothing of image. The physical parameters

resulting from these 10 different background subtraction methods are given in Table 2.

which introduces the following correction for the inferred elec-
tron density,

cls) = o) [ 2 ®)
3. RESULTS

The quantitative results of our data analysis of 30 loops are
described in this section. The 3D geometry of these 30 loops is
derived in Paper I, while we focus here on the measurement of

their electron temperatures, electron densities, and loop widths.
Since the method of background subtraction is most crucial for
the outcome of these physical parameters, we also present test
results from 10 different background definition methods in § 3.1
to justify our choice of the most suitable method.

3.1. Evaluation of Background Subtraction Methods

We applied the 10 background subtraction methods, described in
§ 2.3 and illustrated in Figure 4, to a number of stereoscopically
reconstructed loops and document a comparison of their perfor-
mance for the particular case of loop 3 here (Table 2 and Figs. 5-7).
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TABLE 2
EvaLuaTioN oF 10 BACKGROUND-SUBTRACTION METHODS FOR Loop No. 3

DEM Peak
Completeness ~ Temperature ~DEM Width  Loop Flux  Loop Width  Loop Density
Background Subtraction Spacecraft Fraction T, ODEM Ratio w ny Density Ratio
Method STEREO Geomp (MK) (MK) Gloop (Mm) (cm™3) ng/ny
(O] ()] 3 (C) (5) 6) ) ® ©)]
A 1.00 1.76 £ 0.14 093 £0.11 1.00 4.9 2.13x10° 0.98
A 1.00 2.02+ 023 0.86+0.15 0.65 43 2.04 % 10° 1.00
A 0.98 1.23+£026 0.38+0.18 0.18 2.4 1.77 x 10° 0.92
A 0.84 1.21 £0.30 0.36 +0.18 0.17 2.7 1.82x 10° 0.90
A 0.98 1.16 £ 0.18  0.40 +£0.22 0.21 29 1.76 x 10° 0.97
A 0.98 1.16 £ 0.18  0.40 +0.22 0.21 2.8 1.79 x 10° 0.94
A 0.98 1.254+£028 041+0.19 0.21 29 1.73 x 10° 0.96
A 0.94 124+ 034 041 +0.24 0.05 1.9 1.10x 10° 0.89
Y| 0.98 1.224+£039 046 +£0.23 0.10 2.0 1.43x10° 0.94
A 0.88 1.18 £ 0.31  0.44 +0.22 0.12 2.1 1.57 % 10° 0.90

We have subdivided the length of loop 3 into ny = 51 posi-
tions along the loop. Images of loop 3 in all three wavelengths
and from both spacecraft 4 and B are shown in Figure 1, and the
loop flux cross sections at the 2 x 3 x 51 positions are plotted in
Figure 5, extracted from a curved array with dimensions n,, = 9
and ny = 51, as illustrated in Figure 3. Figure 5 shows the appli-
cation of one particular background subtraction method, namely,
the cubic polynomial fit method (P3), which fits the background
in the zones thatare 2, . . ., 4 pixels away from the loop axis.
One quality measure of background subtraction methods is the
completeness fraction g, = ny1/ny, defined by the number 7y
of loop cross sections where the background subtraction yields
a physical solution, i.e., a positive loop flux, fioop(s) > foack(s)-
This completeness fraction (see Table 2, col. [3]) iS Gcomp =
1.00 for the case of no background subtraction (CO0) or subtrac-
tion of a too low background, such as the darkest area in the
image (C1). Among the other eight methods, the best value is
Gcomp = 0.98, which means that they miss only one cross sec-
tion out of the ny = 51 positions. In Figure 5 we see that the
only cross section with an unphysical solution is the last loop
position (displayed as topmost cross sections in Fig. 5), which
corresponds to the eastern footpoint of the loop. Therefore, we
can consider all other methods with g¢omp = 0.98 as equally suc-
cessful, such as PO, P2, P3, CG, and S2. This completeness
fraction is drastically lower for the same loop observed with
STEREO B. The reason is simply that STEREO B samples the
background from a different direction, where a secondary much
brighter loop emerges at the right-hand background in the 171
and 195 A images, which makes it impossible for any background
subtraction method to extract the weaker target loop properly in
the first 15 loop positions (see near the bottom of the fourth and
fifth panels in Fig. 5). Anyway, the other methods with a lower
completeness fraction (Table 2, col. [3]), i.e., gcomp = 0.84 for P1,
Gcomp = 0.94 for S1, and gcomp = 0.88 for S3, have a similar
problem in modeling the background in the first 15 loop posi-
tions seen from spacecraft 4 because they produce an almost
linear background and cannot adapt to different slopes of the
background on the left and right side of the loop cross sections.
Clearly, higher order polynomials (P2 and P3) are more capable of
adjusting to such asymmetric backgrounds with different slopes
on both sides.

Another useful parameter of evaluating the quality of the back-
ground subtraction methods is the loop flux ratio gio0p and the
loop width w (eq. [5]). We define the loop flux ratio gieop by

adding the loop-associated fluxes in each loop position s and
wavelength 4,

S Lfs) = bi(s)]
Zs,/l [f‘A(S)]

We list these quantities in Table 2 (col. [6]). In the case of no
background subtraction we have of course gjoop = 1.00, and sim-
ilarly high for the case of a too low background subtraction, e.g.,
Gloop = 0.65 by choosing the darkest part in the image. For all
other methods we have significantly smaller fractions in the range
of 0.05 < gio0p < 0.21. We see that the high-pass filter with the
smallest boxcar of 3 x 3 (S1) snugs too close to the peak and cap-
tures only 5% of the flux and also produces the smallest loop
width of w = 1.90 Mm (1.6 EUVI pixels) below the spatial reso-
lution (2 EUVI pixels). In addition, the other high-pass filters
capture significantly less flux (gjo0p = 0.10—0.12) and yield a
smaller loop width (w = 2.0—2.1 Mm) than the others.

This evaluation leaves us with the methods PO, P2, P3, and
CG as winners with equally good performance. All of these four
methods yield a completeness fraction of gcomp = 0.98, aloop flux
of gioop = 0.20 £ 0.02, and a loop width of w = 2.8 4= 0.2 Mm.
From also studying other cases we find that a higher order poly-
nomial such as P3 is generally superior because it can better adjust
to asymmetric backgrounds with different slopes. Even the method
of cospatial fits of a Gaussian with a linear background, although
it has the advantage of reinforcing the cospatiality in different fil-
ters, often does not have enough flexibility to model a nonlinear
background, the main reason for the 80% of cases with insuffi-
cient goodness of fit in the TRACE study of Aschwanden &
Nightingale (2005). Therefore, we adopt the background sub-
traction method P3 in the following, which fits the background
zones with a polynomial of third order as was previously also ap-
plied for 60 coronal loops observed with SOHO EIT (Aschwanden
et al. 1999, 2000a).

The cross-sectional fits of the background subtraction method
P3 are shown in Figure 5, and the resulting background profiles
/7, back are shown in Figure 6 for both the 4 and B spacecraft. The
resulting flux ratios are g2, = 0.21 for 4 and g%, = 0.13 for B.
We emphasize that these ratios are not expected to be equal, be-
cause each spacecraft sees the background in a different direc-
tion, but a background flux of order 90%, or a loop-associated flux
of order ~10%, is very typical for EUV data. Background sub-
traction methods that subtract out significantly less background

©)
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are likely to be heavily contaminated by the fore- and background
corona.

3.2. Self-Consistency between Spacecraft STEREO A and B

This is the first time that we have two identical instruments in
space that independently measure physical parameters of coronal
loops. At small stereoscopic separation angles, the fluxes mea-
sured with both spacecraft could be used for cross-calibration. At
larger separation angles, each spacecraft measures a different to-
tal flux for a given coronal loop, because the background flux is
integrated along two different lines of sight. The temperature pro-
files T,(s) and density profiles n.(s) measured for loop 3 are shown
for both spacecraft 4 and B in Figure 7, based on the background-
subtracted fluxes shown in Figure 6. A major difference is that
a closely spaced loop in the first quarter section of the loop (at

s/L < 0.25, starting from the western footpoint) affects the back-
ground subtraction differently for the STEREO A and B spacecraft.
With STEREO A we barely manage to model this bright second-
ary loop as part of the background using the cubic spine polyno-
mial fit method, but we fail to retrieve the loop flux with STEREO B
because the secondary loop is seen closer to the loop axis of the
primary loop for the stereoscopic angle of B (see cross-sectional
profiles in Fig. 5). A consequence is that B cannot measure temper-
ature and density in this loop section. Apart from this problem there
also seems to be an interfering hotter loop to be present in 284 A
that is picked up by STEREO B in the loop section near the eastern
footpoint (s/L 2 0.8; see Fig. 7, top right). All these differences
result into a slightly higher average loop temperature of 7, =
1.38 £ 0.32 for STEREO Bthan T,, = 1.16 £ 0.18 for STEREO A
(Fig. 7, top). However, for the average density we find very good
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agreement (within 5%) between the two spacecraft, with a
loop base density of ny = 1.8 x 10° cm™ for 4 and np = 1.7 x
10° cm—3 for B (see Fig. 7, middle panels).

From these detailed studies of the differences in 7, and », di-
agnostics between the two spacecraft STEREO A and B it is clear
that most of the differences result from background subtraction
issue, rather than from other uncertainties such as Poisson count
noise or DEM modeling. Other uncertainties, such as assump-
tions of atomic elemental abundances or the ionization equilib-
rium, cancel out in the nearly identical response functions of

STEREO A and B (Fig. 2). One has to be aware that the back-
ground flux seen by the two spacecraft does not only sample
different parts of the solar corona (see sketch in Fig. 8, right),
but is also about 10 times larger than the flux of the analyzed
(finest) loops, and thus a 1% error in the background subtrac-
tion causes a 10% error in loop quantities. Nevertheless, if we
compare all mean loop temperatures 74 of the 30 analyzed loops
measured with STEREO A with those (73) from STEREO B, we
find quite good agreement of T3/T, = 1.05 4+ 0.09 (Fig. 8, top
left). A similar good agreement is found for the loop base densities
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TABLE 3
PuysicaL PARAMETERS OF SEVEN CoMPLETE Loops
Loop Full DEM Peak
Inclination Height Max.  Length Loop Width Loop Flux Temperature DEM Width Base Density Density Loop
Angle h 2L w,(w,) Ratio T, ODEM no,(noe) Model Fit  Fraction
Loop/Spacecraft No. (deg) (Ml’l’l) (Ml’l’l) (Ml‘l‘l) floﬂp/fmtal (MK) (MK) (109 Cmis) n/nmade] Yfrac
) @ ) 4) ®) ©) ™ ® © 1y
51.3 11.6 59.4 2.5 (1.0) 0.118 138 £0.39 0394023 1.54(2.42) 1.00+0.38 0.61
2.5 (0.8) 0.091 1.36 £ 036 038 +£0.25 1.52(2.60) 1.00 £ 0.41 0.55
56.7 10.9 68.4 2.4 (0.8) 0.106 1.20+£0.29 032+0.16 1.22(2.18) 1.00 £0.30 0.67
2.3 (04) 0.073 1.21 £0.32 0.30+0.17 1.12(2.78) 1.00 £0.34 0.51
35.7 29.8 109.8 2.8 (1.5) 0.211 1.16 £0.18 0.40+0.22 1.79 (2.41) 1.00+0.25 0.98
2.5 (1.0) 0.128 1.38+0.32 0.38+0.19 1.69 (2.71) 1.00 £0.26 0.73
429 30.7 127.4 2.7(1.4) 0.172 1.04 £0.19 032 +0.15 2.06 (2.85) 1.00+0.31 0.82
2.5 (1.0) 0.115 1.07 £0.30 0.34 +£0.16 1.60 (2.50) 1.00 £ 0.36 0.79
72.8 13.0 121.8 2.6 (1.3) 0.098 1.04 £0.24 034 +0.17 1.13(1.61) 1.00+0.36 0.79
2.5(0.9) 0.076 1.07 £0.28 0.36 +£0.19 1.10(1.85) 1.00 £0.34 0.61
58.6 26.2 157.3 2.8 (1.6) 0.091 091 +£0.22 030+0.18 1.31(1.74) 1.00+0.37 0.52
2.5 (1.0) 0.067 091 +0.17 0.36+0.19 1.14(1.83) 1.00 +0.47 0.41
69.0 322 266.6 2.7(1.4) 0.071 0.95+0.34 0414027 1.00(1.37) 1.00+0.42 0.41
2.6 (1.1) 0.065 0.92+0.17 0.324+0.19 1.00 (1.52) 1.00 + 0.56 0.27
55 22 130 2.6 (1.1) 0.106 1.11 0.35 1.4 (2.17) 0.37 0.62
+13 +9 +67 +0.14 (£0.3)  +0.042 +0.17 +0.04 +0.3 (0.51) +0.09 +0.19

ny from STEREO A and ng from STEREO B, namely, n, = 0.94 +
0.12 (Fig. 8, middle left), although the base densities vary by
about a factor of 4 between different loops. In addition, the in-
ferred loop widths wy from STEREO A and wg from STEREO B
agree within wg/wy4 = 0.96 %+ 0.05. So, we can claim an agree-
ment of the order of a few percent for all these mean loop pa-
rameters as measured independently by the two spacecraft.

3.3. Electron Temperatures

From the three-parameter DEM model (a Gaussian as speci-
fied in eq. [1]) we determined the DEM peak temperature 7, and
the DEM width o gy for all 30 loops (and for 10—100 loop posi-
tions in each loop), for both the STEREO A and B spacecraft. An
example of the temperature values 7,(s) along a loop (No. 3) is
shown in Fig. 7 (fop), which has a mean value and standard de-
viation of 7, = 1.16 & 0.18 MK for 4 and 7, = 1.38 & 0.32
MK for B. That means that the scatter of DEM peak tempera-
tures is only of the order of o7/T, ~ 0.2 along the loop. Inquir-
ing about the temperature profiles and cross-sectional background
fits of all 30 loops we find no systematic variation of 7,,(s) along
the loops, except for contaminations by secondary loops in the
background that have different temperatures. Thus, we determine
here only the means 7, and standard deviations o7, which are
listed for the seven complete loops in Table 3 and shown in a
cross-correlation plot for all 30 loops in Figure 8 (zop left). So, a
first conclusion is that we find mostly isothermal loop tempera-
ture profiles within <20%, mostly subject to background subtrac-
tion uncertainties. Theoretically, we would expect a temperature
drop from coronal temperatures 10° K across the transition re-
gion toward chromospheric temperatures of ~10* K, but ap-
parently we cannot resolve this temperature drop near the loop
footpoints with the spatial resolution of EUVI (2300 km).

A next interesting result is the absolute value of the DEM peak
temperatures 7, found among the 30 loops. Among the seven
complete loops we find a variety from a hottest loop with 7, =
1.38 + 0.39 MK (loop 14) down to a coolest loop with T, =
0.91 £ 0.22 MK (loop 64), which are significantly different. We
show a temperature map of the 30 loops in Figure 9, which features

loop temperatures in the range of 0.89 MK < 7, < 1.38 MK. Of
course, this range of loop temperatures is dictated by the sensitivity
range of the 171 A filter (see Fig. 2), in which all loops were orig-
inally traced. This temperature range also has substantial overlap
with the sensitivity of the 195 A filter (see Fig. 2), and thus the loop
temperatures are mostly defined by the 195/171 filter ratio (Fig. 2,
bottom), while the 284 A filter is very insensitive in this temper-
ature range and serves only as an upper limit constraint for ambi-
guities in the 195/171 filter ratio. Anyway, an important conclusion
is that we can measure significantly different loop temperatures
with our triple-filter analysis, consistent with both independent
spacecraft STEREO A and B in loop segments that have no back-
ground definition problems.

The temperature map shows a trend that the hottest loops are
also the shortest loops and those that are located in the center of
the active region, while the larger loops overarching the active
region or located at the periphery of the active region tend to be
cooler (see Fig. 9).

In our three-parameter DEM model we also determined the
width opgy of the DEM distribution, which comes out typically
to opem = 0.35 + 0.04 (Table 3, col. [8]). We have to be aware
that the Gaussian width of the 171 A response function is about
o171 = 0.30 MK, so we do not expect to resolve much narrower
DEM widths and limited our forward-fitting algorithm to a min-
imum value of opgm, min > 0.2 MK. A background subtraction
error of 10% in one filter would represent a 100% error of the
loop-associated flux, which changes the filter ratio by a factor of
2, which is about the difference between the filter ratio of a delta
function opgmy = 0 and oppy = 0.2 MK, as can be read from
Figure 2 (bottom). Therefore, we do not consider the difference
of our statistical fitting of opgym & 0.35 from the intrinsic width
of the response function o7, ~ 0.3 as significant, given the un-
certainties of the background subtraction in the DEM fitting, and
thus all loops could well be isothermal. It is interesting to note
that a similar DEM Gaussian-fitting study with TRACE triple-
filter data yielded a narrower mean DEM Gaussian width of
opem = 0.07 £ 0.10 MK, which probably indicates that the
3 times higher spatial resolution of TRACE also allows for a better
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background modeling 3 times closer to the loop axis, which re-
duces uncertainties in the background-subtracted loop-associated
fluxes substantially and therefore yields more accurate filter ratios,
temperatures, and DEM widths.

3.4. Electron Densities

The three-parameter DEM model provides the emission mea-
sure EM, = EM(T = T,) at the DEM peak temperature 7,,
which can then be converted into an electron density n, (eq. [6])
with the knowledge of the loop width w. The so-obtained electron
densities are shown for loop 3 as a function of the loop position

s/L in Figure 7 (middle). Since the loop density n.(s[k]) is gener-
ally a function of the height, we fit a hydrostatic model that has a
density (or pressure) scale height A7 constrained by the average
loop temperature 7, = T},

2kpT, T,
Ip(Ty) = —-2 z47< > Mm, (10)
Hmy ge 1 MK

where © /= 1.27 is the mean molecular weight for the solar corona
(with a hydrogen-to-heliumratioof H : He = 10 : 1), my is the
mass of the hydrogen atom, g, the solar gravity, and kg the
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Boltzmann constant. Neglecting the variation of solar gravity
with height, the density (or pressure) is expected to follow an
exponential height dependence in hydrostatic equilibrium,

ne(h) = ng exp(—%), (11)

where n( represents the base density. This base density is found
to be ng! = 1.8 x 10? cm™ for loop 3 using the STEREO A im-
ages (Fig. 7, middle left), and nf = 1.7 x 10° cm~ using the
STEREO B images (Fig. 7, middle right). The scale height for
loop 3 is A7 = 54 Mm based on the mean temperature of 7, =
1.16 MK for the set of STEREO A images. We also measure the
mean deviation of the measured densities 7,(s[/]) along the loop
from the hydrostatic model em"del(h) (eq.[11]) and find deviations
of ne/n;md"f1 = 1.00 4 0.25 for loop 3 with STEREO A, so the ob-
servations agree with the hydrostatic model within ~25% in both
STEREO A and B.

A display of the density profiles 7,.(s) of all 30 loops is shown
in Figure 10, along with the fits of the hydrostatic models. The
deviations of most density measurements from the hydrostatic
model are on the order of ~=37% 4 9% (see Table 3, col. [10]; i.e.,
standard deviation of 7,/n™!). Since the height range (h ~ 10—
30 Mm) of most loops is less than a thermal scale height (A7 ~
45—-65 Mm), the height dependence of the hydrostatic model is
not very pronounced in the fitted loop segments, but the loop den-
sities clearly follow the hydrostatic trend in a number of cases
(e.g., loops 3, 4, 8, 13, 14, and 27). Statistically, we find an av-
erage base density of 7y = (1.4 % 0.3) x 10° cm—3. However, if
we correct for the unresolved loop widths (eq. [8]), we obtain an
average base density that is a factor of 1.6 higher, namely, n, =
(2.2 £ 0.5) x 10° cm™3. The resolution-corrected density values
are given in Table 3 (in parentheses of col. [9]), using the corrected
loop widths also given in Table 3 (in parentheses of col. [4]). The
consistency of average density values is n4/ng = 0.94 + 0.12 be-
tween the two STEREO A and B spacecraft (Fig. 8, middle left).
This average density of loops observed in 171 A is fully consistent
with other loop samples measured in the same wavelength, e.g.,
ne = (1.92 + 0.56) x 10° ecm™3 with EIT (Aschwanden et al.
2000a) or 7, ~ (2.0 & 0.5) x 10° cm~3 with TRACE (Aschwanden
et al. 2000D).

3.5. Loop Widths

We measured the loop width w by the equivalent width of the
background-subtracted cross-sectional flux profiles at ny loop
positions in all three filters for both the STEREO A and B space-
craft. We expect that the loop widths are bound at the lower end
by the width of the point-spread function, and at the upper end
by the inner width of the background zone, which is 4 EUVI pix-
els (~4.6 Mm). We show in Figure 11 (bottom panel) the distri-
bution of average loop widths measured in both the STEREO A
and B spacecraft in the filter that has the highest sensitivity for
the loop DEM peak temperature 7, which is mostly either the
171 or 195 A filter. The mean and standard deviation of these
60 measurements is w = 2.68 £ 0.18 Mm, which is close to the
instrumental resolution of EUVL If we interpret the lower cutoff
of the width distribution in terms of the instrumental resolution,
we obtain a value of wy;, = 2.84 Mm (= 3.4" = 2.15 EUVI pix-
els), which is close to the preliminary determination of the spatial
resolution of EUVI B from the lunar transit (wyes = 2.5 Mm =
3.6 = 2.25 EUVI pixels; Lemen et al. 2007). We therefore con-
clude that all the analyzed features are unresolved loops with true
widths that are smaller than the EUVI resolution. The fact that we

measure some widths below the instrumental resolution reflects
uncertainties caused by inaccurate background subtractions. Any-
way, if we assume that the true loop width w, and the width of the
point-spread function add in quadrature, we can estimate the true
width of loops with w > wys from equation (7), from which we
obtain a distribution with a mean and standard deviation of w, =
1.12 + 0.35 Mm (Fig. 11, bottom panel).

It is interesting to compare the results from EUVI with TRACE,
which has a spatial resolution that is about 3 times better, namely,
2.5%0.5"” x0.725 Mm = 0.91 Mm (Golub et al. 1999). A sam-
ple of 2512 loop widths measured from cospatial Gaussian plus
linear background triple-filter fits yielded a distribution of w =
1.42 + 0.34 Mm (Aschwanden & Nightingale 2005), which after
correction for the point-spread function yields an estimated true
width of w, = 1.13 &+ 0.40 Mm, similar to the corrected widths
from EUVI. In fact, if we use the corrected loop widths from the
TRACE sample to predict the observed widths with EUVI, by
adding the point-spread function in quadrature, i.e., w = (w2 +
w2 )12, we predict a distribution with a mean and standard de-
viation of w = 2.71 £ 0.16 Mm (Fig. 11, middle panel), which
closely coincides with the observed distribution w = 2.68 +
0.18 Mm. Thus, the loop widths obtained from EUVI observa-
tions are consistent with those from TRACE after correction for
the instrumental point-spread function. This has the far-reaching
consequence that the unresolved loops seen with EUVI appear to
correspond to the same elementary loop strands that are resolved
with TRACE and thus are expected to be near isothermal (ac-
cording to the triple-filter analysis of Aschwanden & Nightingale
2005). This conclusion is consistent with our finding of near-
isothermal loop temperatures within a relatively small variation
of o7/T, < 0.2. However, we have to add a caveat that we can-
not exclude a scenario of unresolved loop strands with a narrow
temperature distribution and some filling factor below unity. But
since EUVI has a poorer angular resolution than TRACE, it also
produces more contamination in the background subtraction and
thus is not the most suitable instrument for discriminating iso-
thermal from multithermal DEMs.

3.6. Diagnostic of Loop Cooling

Stereoscopy provides us for the first time with a method for
measuring the loop length precisely, since the 3D coordinates
(x;, i, z;) are required to calculate the full length in 3D space,

Ny

2 =Y - x) Gy Gzt (12)
=2

The combination of the loop half-length L, the loop maximum
temperature Ti.y, and the base density ng yield all three in-
gredients to test coronal loop scaling laws. As a first test we ap-
ply our measurements to the RTV (Rosner et al. 1978) law, which
assumes a constant pressure prry and a uniform heating function
throughout the loop,

1 (T
PRTV _L<1400) , (13)

while the observed loop pressure pops can be calculated from the
ideal gas law, using the measurements of the base density n, = ny
and loop apex temperature Ty =~ T,

Pobs = 2'nOkBTp- (14)
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The ratio of the observed loop pressure pps to the pressure prry
predicted by the RTV law is also called the overpressure (or over-
density) ratio,

_ Hobs _ Pobs _ 2nOkBTe _ CO”OL
ngrv priv (1/L)(T,/1400)° T2

with the constant ¢y = 2kg14003 = 7.57 x 1077 (in cgs units).
For coronal loops in RTV energy balance this ratio should be
near unity, or within a factor of <2 for footpoint (nonuniform)
heating (Serio et al. 1981; Aschwanden & Schrijver 2002;
Winebarger et al. 2003). We plot the overpressure ratio g of the
seven loops with known loop lengths in Figure 12 as a function
of the loop length L and find that the loops exhibit an over-
pressure in the range of ~3-20, a result that is similar to earlier
findings from TRACE (Lenz et al. 1999; Aschwanden et al.
2000b) and EIT (Aschwanden et al. 2000a) and cannot be ex-
plained by equilibrium models (with balanced heating and cool-
ing rates).

Overpressures are known to arise in the nonequilibrium state
of the cooling phase of impulsively heated loops, as they were
simulated with numerical hydrodynamic codes (e.g., Jakimiec
et al. 1992; Warren et al. 2002; Cargill & Klimchuk 2004) and
observed in loops subsequently in soft X-rays and EUV (Warren
etal. 2002; Winebarger & Warren 2005). While the loops exhibit
an underpressure during the heating phase, they develop a grad-
ually increasing overpressure during the cooling phase. The pre-
ceding heating phase should be readily detectable in soft X-rays,
e.g., with Hinode XRT.

4. DISCUSSION

4.1. Comments on Background Definitions
in Previous Loop Modeling

If we were only interested in statistical temperature distribu-
tions of the solar corona, we would not need any background

subtraction and could just model the EUV or soft X-ray total flux
measured in various temperature filters by forward fitting of a pa-
rameterized DEM distribution function convolved with the filter
response functions. Such full-corona DEMs have been inferred in
a number of studies, for instance with EIT data (e.g., Zhang et al.
1999) or with Yohkoh SXT data (e.g., Aschwanden & Acton
2001).

However, if we are interested in determining the temperature
and density of coronal loops, we have first to define a loop struc-
ture and then subtract the loop-unrelated flux (in the foreground
and background of the loop) along a given line of sight. While
the location of a loop, defined by a curved flux tube following a
particular magnetic field line from one footpoint to the other, can
often be identified in an image, the definition of the loop cross sec-
tion is more difficult and strongly depends on the spatial resolution
of the instrument. It has clearly been demonstrated that loops seen
with low spatial resolution turn out to be composed of fine strands
that can only be resolved with instruments of higher resolution.
The question arises whether the substructuring of loop strands
continues to infinity, which makes the definition of a loop cross
section and thus the loop background definition highly ambiguous.
Fortunately, a discovery of fundamental importance has recently
been made regarding the loop substructuring, using the TRACE
instrument, which currently owns the highest spatial resolution in
EUV imaging. From triple-filter modeling it was found that loop
strands with a cross-sectional width of wyps = 1.42 £+ 0.34 Mm
(Fig. 11, top) have a near-isothermal temperature cross section,
while virtually all loops with larger widths are multithermal and
therefore are of composite nature. This significant finding defines
an elementary loop strand with the properties of a cross section
with homogeneous density and temperature that can be modeled
with 1D hydrodynamic models. The extraction of such elemen-
tary loops requires a background subtraction that filters out all
structures with widths of 22 Mm (or 23”). Only the TRACE in-
strument has sufficient spatial resolution (=21”) to properly model
the background around such fine strands, while other instruments
(SOHO EIT, CDS, and Yohkoh) do not resolve these finest loop
strands and thus cannot establish a suitable background model
with sufficient accuracy. Even with EUVI, which has a resolution
of ~3.4”, we observe that the finest loop widths appear to be near
the instrumental resolution, but correcting for the point-spread
function we find a similar width distribution to that with TRACE
(Fig. 11, bottom). So, the overriding requirement of a suitable
background subtraction is to model the background level close to
the edge of an elementary loop, while all attempts to establish a
background far away from the loop axis are unsuitable and yield
gross underestimates. Essentially, the farther away the back-
ground is evaluated, the lower is the background flux, which can
be used as a criterion for the expected background contamination.
In this study we found that the loop flux amounts only to 11% =+
4% of the total flux, consistent with measurements from 7TRACE,
where a flux-to-background contrast of 18% =+ 13% was found for
elementary loops (Aschwanden & Nightingale 2005; Aschwanden
2005).

In some previous studies, no background was subtracted at all in
the temperature analysis of a loop (Schmelz et al. 2001; Schmelz
2002), or the background has been arbitrarily chosen from a dark
image section far away from the loop axis (e.g., Priest et al. 2000).
Reale (2002) estimates that the background subtraction (includ-
ing only the scattered light) by Priest et al. (2000) amounts only
to <20% and chooses a higher background level of ~50%, but
we suspect that this level is still substantially too low. The same
loop was modeled with a two-component temperature model,
and a background of ~80% was found to be more suitable for
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extracting the high-temperature loop (Aschwanden 2001). In
other studies (Schmelz et al. 2003, 2005, 2007; Schmelz &
Martens 2006), an attempt at background subtraction is made
by choosing dark pixels about 20” (=14 Mm) away from the
traced loop axis, and the authors sometimes find a narrower tem-
perature range for the loop than without background subtraction
but often still find a broad temperature range due to the over-
whelming contamination by the unsubtracted-background corona.
Studies that evaluate the background close to the loop edges gen-
erally find near-isothermal loops. The proximity of the location of
the evaluated background to the loop axis is reflected in the mea-
sured loop width, i.e., w =~ 7 Mm for loops analyzed from EIT
(Aschwanden et al. 1999; 2000a), w =~ 4 Mm for a loop analyzed
from TRACE and SOHO CDS (Del Zanna & Mason 2003), or
w = 1.4 Mm for loops analyzed from TRACE (Aschwanden &
Nightingale 2005).

In summary, the main criteria for extracting elementary loops
from the background corona are (1) a loop widths of w < 2.0 Mm
and (2) a flux-to-background contrast of fioop/fpack < 0.1. Any
loop feature extracted with larger widths or lower background
levels is likely to be composed of multiple (multitemperature) loop
strands or to be heavily contaminated by the background corona.

4.2. What Is New about Density and Temperature
Diagnostics with STEREO?

This is the first study in which we employ dual spacecraft data
from the STEREO mission. The reader or future data user may
wonder what is new about the STEREO mission regarding den-
sity and temperature diagnostics of coronal loops. STEREO EUVI
has the same choice of wavelength filters in 171, 195, and 284 A
as SOHO EIT and TRACE, but an intermediate spatial resolution:
1.2" for TRACE, ~3.4" for EUVI, and ~6" for SOHO EIT. How-
ever, the trade-off of a lower spatial resolution than TRACE is
compensated with a full-Sun field of view, while TRACE has only
an & field of view. Therefore, the density and temperature diag-
nostics seems to be the same, with three coronal filters in identical
wavelengths, but the lower spatial resolution than TRACE actually
also affects the accuracy of the density and temperature determina-
tion due to background uncertainties.

What is really new is the dual (stereoscopic) viewing angle,
which not only allows us a full 3D reconstruction of individual
loops, but also provides an unprecedented consistency check be-
tween two different background subtractions from two different
viewing angles, which increases the accuracy in the determina-
tion of loop-associated physical parameters, such as the electron
density, temperature, and width. The dual background modeling
from two different viewing angles yields a realistic estimate of
the uncertainties of (background-subtracted) loop quantities and
can even be used to bootstrap the background modeling at the
less favorable viewing angle (not attempted here). The two inde-
pendent background evaluations are very important because the
accuracy of the background modeling definition is the main limi-
tation of the accuracy of measured loop densities and temperatures.

Another bonus of the stereoscopically determined 3D geom-
etry of coronal loops is the knowledge of the loop inclination an-
gle, yielding the vertical density (or pressure) scale height 4, =
Aobs €Os ¥, which is the relevant parameter required for modeling
of the hydrodynamic momentum balance. Another parameter that
can only be determined properly with 3D coordinates is the ab-
solute loop length L, which had to be estimated from the projected
length and guesstimated viewing angle between the line of sight
and the loop plane in previous single-spacecraft images. The
knowledge of the loop length L is a prerequisite for any test of
loop scaling laws. The RTV law requires the measurement of
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the loop length L, loop maximum temperature T,,, and loop
pressure py (or density ny), which can all be properly measured
with STEREO EUVI. Therefore, for the first time we can per-
form accurate tests of loop scaling laws.

There is a host of new tasks that can be accomplished with
STEREO that have not been tackled before. The measurement of
the 3D coordinates of a loop can be extended in time, providing
us with accurate position, velocity, and acceleration parameters
of loop motions, loop expansions, or loop shrinkage, which can
be modeled in the context of hydrodynamics and reconnection
theory. The 3D geometry should also allow us to measure the twist
angle of a loop or the change in the twist angle, which yields cru-
cial information on the nonpotentiality of the magnetic field and
current loading in loop systems. Furthermore, the 3D geometry of
individual loops can be used as a skeleton for a full 3D reconstruc-
tion of the plasma in an active region, by multiscale tracing of loop
structures and directional interpolation. Such full 3D renderings of
active region plasmas aid the determination of the spatial heating
function with statistical methods (e.g., see full-Sun visualizations
by Schrijver et al. 2004).

5. CONCLUSIONS

In this study we performed the first density and temperature
diagnostics of coronal loops with the STEREO EUVI spacecraft
A(head) and B(ehind). As a disclaimer we should be aware that
the analysis presented here is based on preliminary determinations
of the EUVI temperature response functions (Fig. 2) and EUVI
spatial resolution. We modeled the density #.(s) and temperature
T,(s) at the peak of the differential emission measure (DEM ) dis-
tribution as a function of the loop length s for a set 30 loops, for
which we determined the 3D geometry in Paper I. Our results and
conclusions can be summarized as follows:

1. The determination of loop densities and temperatures is very
sensitive to the background definition, which has to be modeled
very close to the loop edges. We found that a cubic polynomial
interpolation of the background on both sides of a loop yields the
most reliable technique. With proper background subtraction we
find that the loop-associated flux amounts only to about 10% of the
total flux for the finest loop structures. Since this result is also con-
sistent with TRACE studies with higher spatial resolution, we con-
clude that all previous studies that subtracted out significantly less
than 90% background must consist of multiple loop strands or
contain heavy contaminations from the background corona.

2. The self-consistency between the two STEREQO spacecraft
was found to be accurate within a few percent regarding the mea-
surement of loop fluxes, densities, temperatures, and widths. Dif-
ferences in the measurements between the two spacecraft are
mostly dominated by uncertainties in the definition of two dif-
ferent backgrounds from two different viewing angles, rather
than calibration uncertainties.

3. Electron temperatures of loops were found in the entire
sensitivity range of the 171 A filter, in which the loops were orig-
inally detected, from the coolest loop with 7,, = 0.9 £ 0.2 MK
to a hottest loop with 7, = 1.4 & 0.4 MK. The random fluctu-
ations of temperatures 7, (s) along the loops due to background
subtraction uncertainties were found to be larger (o7/7, =~ 0.25)
than any systematic temperature variation along the loops. Thus,
we find near-isothermal loops within this limit. This could mean
that we observe either elementary isothermal loop strands or a
possible superposition of multiple, cooling threads with a nar-
row DEM (see, e.g., Warren et al. 2002).

4. Electron densities were measured in the range of n, = (2.2 £+
0.5) x 10° cm~3, after correction for the point-spread function,
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which are fully consistent with other samples of loops detected
in the same wavelength filter, such as with EIT (Aschwanden et al.
2000a) or TRACE (Aschwanden et al. 2000b). While most of the
loops fade out at a height of about 1 density scale height, some
clearly show a density variation versus height according to the hy-
drostatic gravitational stratification.

5. Loop widths have been measured with a mean and standard
deviation of w = 2.6 4+ 0.1 Mm, which coincides with the EUVI
spatial resolution. The selected loops (using a high-pass filter in
Paper 1) are therefore all unresolved loop strands. Correcting for
the point-spread function we estimate their true widths to be w, =
1.1 £ 0.3 Mm, which is similar to elementary loop strands re-
solved with TRACE, which have a corrected width of w. = 1.1 +
0.4 Mm. The analyzed loops could therefore be consistent with
elementary loops with isothermal cross sections as seen with
TRACE, but we cannot exclude a multithread scenario given the
spatial resolution of EUVI.

6. The measurement of the true loop length allows us for the
first time an accurate test of loop scaling laws. We find that none
of the loops is consistent with the RTV law, while they exhibit an
overpressure by factors of ~3-20 and are more consistent with
the nonequilibrium cooling phase of loops previously heated to
higher temperatures, similar to earlier studies with SXT, EIT, and
TRACE.

Thus, we have demonstrated a suitable technique of density
and temperature diagnostics with the STEREO EUVI spacecratft.
On the one hand, we found fairly consistent results compared with
earlier TRACE or EIT studies, although we deal with a different
spatial resolution, while on the other hand, we find that the ac-
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curacy of density diagnostics crucially depends on the back-
ground subtraction technique, a point that was often ignored in
earlier studies but can be systematically investigated using double
checks from the two stereoscopic spacecraft. In future studies we
will focus on the time evolution, hydrodynamic modeling, and
magnetic modeling of stereoscopically reconstructed coronal
loops, as well as on 3D plasma rendering of entire active regions.
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