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Abstract. We present multi-instrument observations of active region (AR) 8048, made between
3 June and 5 June 1997, as part of the SOHO Joint Observing Program 33. This AR has a sigmoid-
like global shape and undergoes transient brightenings in both soft X-rays and transition region
(TR) lines. We compute a magneto-hydrostatic model of the AR magnetic field, using as boundary
condition the photospheric observations of SOHO/MDI. The computed large-scale magnetic field
lines show that the large-scale sigmoid is formed by two sets of coronal loops. Shorter loops, as-
sociated with the core of the SXT emission, coincide with the loops observed in the hotter CDS
lines. These loops reveal a gradient of temperature, from 2 MK at the top to 1 MK at the ends. The
field lines most closely matching these hot loops extend along the quasi-separatrix layers (QSLs) of
the computed coronal field. The TR brightenings observed with SOHO/CDS can also be associated
with the magnetic field topology, both QSL intersections with the photosphere, and places where
separatrices issuing from bald patches (sites where field lines coming from the corona are tangent
to the photosphere) intersect the photosphere. There are, furthermore, suggestions that the element
abundances measured in the TR may depend on the type of topological structure present. Typically,
the TR brightenings associated with QSLs have coronal abundances, while those associated with
BP separatrices have abundances closer to photospheric values. We suggest that this difference is
due to the location and manner in which magnetic reconnection occurs in two different topological
structures.

1. Introduction

Even simple solar active regions pose many questions, regarding their formation,
structure and evolution. In this work, we present observations made during a three-
day study of AR 8048, using space- and ground-based instrumentation. The analy-
sis of the coronal and transition region (TR) manifestations of this AR, coupled
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with the modeling of the magnetic field illuminates many aspects of the evolution
of the AR, both on the scale of the large loops and small scale brightenings.

The Joint Observing Program 33 (JOP 33) was an observing campaign of the
Solar and Heliospheric Observatory (SOHO) that ran between 3 June and 5 June
1997. It involved the Coronal Diagnostic Spectrometer (CDS) (Harrison et al.,
1991), the Extreme Ultraviolet Imaging Telescope (EIT) (Delaboudiniere et al.,
1995) and the Michelson Doppler Interferometer (MDI) (Scherrer et al., 1995).
Also participating in this campaign were the Soft X-ray Telescope (SXT) on board
Yohkoh (Tsuneta et al., 1991; Ogawara et al., 1991) and the Bialkéw Ho tele-
scope in Poland. This group of instruments provided us with plasma diagnostics,
magnetic field measurements, and high and low temperature images of AR 8048.

AR 8048 was a well-isolated region with a sigmoidal appearance, i.e., on the
large scale its loops had a sinuous form. Such sigmoidal features were identified
by Nakagawa (1971), as being loops with a high twist or helicity. Rust and Kumar
(1996) and Hudson et al. (1998) found that, in many cases, the ejection of coronal
material (as observed by Yohkoh/SXT) is associated with bright sigmoids, which
evolve into arcades of bright loops and which may undergo several eruptions, in-
dicating the release of stored magnetic energy. In fact, repeated eruptions were
observed in AR 8048. However, as is described in Section 4.2, the sigmoidal shape
of the large-scale loops in our AR can be matched well by a nearly potential model.
This suggests that the large-scale sigmoidicity of this AR may not be a sign of
helicity, but of complexity of the magnetic configuration.

The CDS spectroheliograms reveal a characteristically dynamic TR, with sources
varying on the most rapid time scales studied (10—20 min). Some of these sources
can be readily associated with hotter coronal structures, for example mapping the
ends of core SXT loops (as in the case of Mg1x 368.1 A at 1 MK). However, in
lines formed in the temperature range 0.4 MK to 0.8 MK the emission often occurs
in locations having no clear coronal counterpart. This emission is sometimes in
the form of compact sources, only 6—9 arc sec across; sometimes in long, narrow
emission patterns. This looks quite unlike what is seen at higher temperatures (see,
for example, Figure 1).

Our CDS data include a number of lines from ions of Mg and Ne, providing the
opportunity to investigate the Mg/Ne abundance ratio. Mg and Ne are examples
of low and high first ionization potential ions (FIPs of 7.6 and 21.6 eV, respec-
tively). It has been known for some time that the abundances of low FIP relative
to high FIP ions is higher in the corona than in the photosphere (Meyer, 1985a,
b). Spatially resolved spectral observations show that coronal values of the ratio
are found in spiky structures extending outwards from the strong magnetic fields
of ARs — possibly the base of coronal loops — while photospheric values are found
in (morphologically different) strong isolated TR brightenings (Young and Mason,
1997; Sheeley, 1996).

The brightness distribution at various temperatures, and possibly also the ele-
ment abundances, are likely to be linked to the magnetic configuration, since the
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Figure 1. AR 8048 viewed in OV 629.7 A, a transition region line formed at 0.25 MK, and Mg 1x
at 368.1 A, a transition region/coronal line formed at 1 MK. Overlaying the O v contours on Mg IX
illustrates the difference in the type of structure observed. At 0.25 MK, emission is concentrated into
small bright blobs and elongated structures, while at 1 MK, emission is far more widespread and
diffuse.

magnetic field determines the channels for plasma and energy transport. Motivated
by this, we compute the coronal magnetic field from MDI magnetograms and study
the magnetic topology, both loop shapes and the locations of critical structures in
the field such as ‘bald patches’ and ‘quasi-separatrix layers’, which are important
for understanding magnetic reconnection.

The conventional view of magnetic reconnection is mainly based on the 2-D
picture of an X-type neutral point, or its extension to 3-D. It is thought to be
accompanied by flux transport across separatrices, where the field-line mapping is
discontinuous. But magnetic reconnection can also occur in two other topologies,
as described below.

In the first configuration, field lines coming from the corona, touch tangentially
the photospheric inversion line and then go back into the corona. Due to the char-
acteristic concave pattern of these lines, Titov, Priest, and Démoulin (1993) called
these photospheric segments ‘bald patches’ (BPs). Early examples of BPs were
given by Seehafer (1986). Secondly, since many magnetic configurations give rise
to flares without showing clear evidence for separatrices, the concept of separa-
trices has been generalized to ‘quasi-separatrix layers’ (QSLs), defined as regions
where the magnetic field-line linkage changes drastically (Démoulin et al., 1997).

In recent years, the relationship between magnetic separatrices and solar emis-
sion has been usefully explored in various wavelength regimes. In non-flaring
regions, Sakurai and Wang (1999) and Wang, Wang, and Qiu (1999) found that
SXT loops and Ho plage emission are closely associated with the locations of
magnetic separatrices, which are likely to be the site of current heating (as, for
example, in the minimum current corona model of Longcope, 1996). Not surpris-
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ingly, separatrix structures are also important in understanding active phenomena,
on all scales. On the very smallest scales, van Ballegooijen et al. (1998) found a
relationship between the predicted locations of separatrices between photospheric
flux elements and G-band bright points, while Mandrini et al. (1999a,b) related (in
particular) BP separatrices to the evolution of He fibrils and surges. Aulanier et al.
(1998b) found a close correspondence between BP separatrices and Ho and soft
X-ray emissions in a small flare. Magnetic reconnection at QSLs has been shown
to be at the origin of the energy release in a large variety of events ranging from X
flares (e.g., Gaizauskas et al., 1998), to small X-ray bright points (Mandrini et al.,
1996) and even to very low energy events associated with radio noise storms and
faint brightenings observed by TRACE (Bentley et al., 2000).

Emission in the UV and EUV part of the spectrum has, to our knowledge, been
little explored in this respect, but has been shown by the spectroheliographic mea-
surements of SOHO/CDS to be a highly structured and dynamic region. In the UV
part of the spectrum, Aulanier et al. (1999) studied a filament with SOHO/SUMER,
and found Si1v brightenings, indicating energy release at the locations of computed
BP separatrices.

In this paper we will continue in the vein of studying the association of solar
emission and magnetic structures, emphasizing the relationship of TR brightenings
and magnetic topology. By reconstructing the magnetic environment of the AR, we
have been able to find a relationship between the high temperature coronal emission
in the core of the active region and QSLs, and between TR brightenings and the
intersection of QSLs or BP separatrices with the photosphere. We further find that
the type of magnetic structure (i.e., a QSL or BP separatrix structure) may affect
the local element abundances.

The paper is structured in the following way. In Section 2 we describe the AR
and its evolution, in Section 3 we present the small-scale behavior of AR 8048
observed by CDS and the results of the CDS plasma diagnostics, focusing our
discussion on the abundance computations. In Section 4 we compute the coronal
magnetic field and its topology, based on MDI magnetograms on each of the three
days of observation. We relate the CDS observations to the magnetic topology of
the AR. The most probable physical origin of the observed brightenings is also
discussed in Section 5. The final section presents our conclusions.

2. The Structure and Evolution of AR 8048

2.1. GENERALITIES

AR 8048 appeared at the east limb on 30 May 1997, presumably having emerged
some time during the preceding half-rotation. The remnant of this AR, considerably
decayed, (in particular, without sunspots) is present in the next solar rotation. Sev-
eral ‘eruptive’ events, occurring as sudden brightness enhancements, and distortion
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of the loops or appearance of a ‘cusp’ structure, were observed in SXT data (see
‘movie.mpg’ on the CD ROM). On 1 June, two optical sub-flares were seen in He,
while on 2, 3, and 5 June filament disappearance events took place. However, there
was no significant GOES activity (class B flares or higher) attributed to this AR.

2.2. THE CORONAL SIGMOID APPEARANCE

At the time of its appearance, AR 8048 consisted of a main and a small trailing
bipole (see Figure 2). The SXT loop system appears sigmoidal, with loops joining
the two polarities of the leading bipole forming the top part of the ‘S’, and larger,
fainter loops, joining the negative polarity of the leading bipole with the positive
polarity of the smaller bipole, forming the bottom part of the ‘S’. This is in agree-
ment with the independent study of Glover et al. (2000) who classified the AR as
‘projected-sigmoidal’, meaning that the AR comprises many loops, the projection
of which onto the disk causes them to appear sigmoidal. However, at various times
the core SXT loops, lying between the polarities of the main bipole, also have a
slight ‘S’ shape, apparently without being composed of different systems of loops
(Figure 4). This could be indicative of twist, though of a very low value as shown
by the magnetic field model in Section 4.2.

Individual loops or groups of loops brighten and dim on time scales of tens of
minutes. It seems plausible that this happens as the magnetic elements in which
they are rooted merge, reconnect and split as they are buffeted by convective cells.
According to our results in Section 4.3, this reconnection process may occur at
QSLs.

2.3. THE PHOTOSPHERIC AND CHROMOSPHERIC DESCRIPTION

During the three days of CDS observations, the magnetic flux stayed constant
while the area increased, which is a sign that the AR is in its decay phase (van
Driel-Gesztelyi, 1998). The leading spot is surrounded by a moat region, which
consists of bipolar elements moving radially away from the main field (moving
magnetic features) with the outer edge having the same polarity as the sunspot
(Figure 3, right-hand panels). The trailing spot does not exhibit this behavior,
though both positive and negative flux concentrations undergo several changes
near the southern edge of the spot, e.g., the positive flux breaking off from the
trailing spot is advected clockwise and southwards around this spot. A movie of
the region made from MDI hourly magnetograms reveals a great deal of splitting
and merging activity in this small-scale field, with typical magnetic elements (on a
scale of ~ 20 arc sec) retaining their identities for a time scale of a few hours before
the next merging, splitting or disappearance. Some of these changes are reflected
in small-scale intensity variations observed by CDS in low temperature lines.
Bialkéw Ha telescope provided filtergrams with 0.5 A bandpass for the 3 days
(Figure 3). The fibrils around the trailing spot present a marked clockwise direction,
which is indicative of the sign of the twist in the loops (see Section 4.2). On 5 June,
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Figure 2. SXT images in Al12 filter (left column). The top row corresponds to 3 June at 14:08 UT, the
central row to 4 June at 14:25 UT and the bottom row to 5 June at 14:08 UT. The images have been
overlaid with MDI magnetograms for comparison with the magnetic model (right panels). The MDI
magnetograms used correspond to 3 June, 14:28 UT (top row), 4 June, 12:52 UT (central row) and
5 June, 11:16 UT (bottom row). The iso-contours of B; are = 50, 100, and 500 G, positive (negative)
values are drawn in continuous (dashed) line. A set of field lines has been added in every map to be
compared with the SXT data. The sizes of the frames are expressed in Mm and the trapezoidal shape
is due to the effect of projection.
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Figure 3. Ho images of Bialkow (left panels) and MDI magnetograms (right panels) for 3, 4, 5 June
1997. The size of the image is &~ 282" in x and 225" in y. Black (white) represent negative (positive)
polarities of the longitudinal field, respectively.

we observed the formation of a filament between the main bipole and the trailing
bipolar field.
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3. CDS Observations

3.1. CORONAL BRIGHTENINGS

In this section we study the physical properties of AR 8048 on a small scale, using
SOHO/CDS data. Spectroheliograms of the AR in a number of lines formed at
different temperatures are used to derive abundances and densities, and form a
picture of the system at different temperatures.

The CDS field of view covers most of the central portion of AR 8048 on 3 and
4 June, and about half of it on 5 June (Figure 4). We ran two programs - TRANREG
and TREG22. TRANREG consists of 5 or 6 rasters, each lasting 10 min, and using
a pixel size of 2.0 arc sec x 1.7 arc sec, in a few strong, well-isolated lines with
formation temperatures spanning the range 20 000 K to 2 MK. The TREG?22 rasters
take approximately 45 min, with a pixel size of 4.0 arc sec x 1.7 arc sec, in a
range of lines spanning TR and low coronal temperatures. In particular, a series
of lines from different ionization stages of Mg and Ne are present. The highest
temperature line in this raster is the line of SiXII at 520.6 A with a temperature
of maximum ionization fraction of 2 MK. Emission in this ion tends to occur at
the same location as the SXT emission in the core of the AR (Figure 4). Emission
from locations corresponding to the ends of the hot core loops is present in lines of
around one million degrees, e.g., Mg 1X. This Mg IX emission is probably the hot
upper TR of these overlying high temperature SXT loops — or ‘moss’, as observed
at high resolution by TRACE (e.g., Berger et al., 1999; Fletcher and De Pontieu,
1999). Elongated MgIX structures are also present, at a low intensity, suggesting
the presence of longer loops with a temperature around 1 000 000 deg.

3.2. TRANSITION REGION BRIGHTENINGS AND THEIR EVOLUTION

The distribution of emission in lines of a few hundred thousand K is typically very
different from that of lines of 1 MK and above. As an example, a comparison
between simultaneous rasters in the strong lines of O v 629.7 A at 0.25 MK and
Mgix 368.1 A at 1 MK (Figure 1) shows how, although some of the emission
in the lower temperature lines occurs at the same locations as the million degree
emission, much of the TR structure has no coronal counterpart. Further, there is no
clear association on this scale between the TR line emission and the photospheric
field in the region. Rather than thinking in terms of continuous magnetic loops
from photosphere to corona, the key to understanding the bright TR emission may
in fact lie in the discontinuities — the separatrix structures in the AR magnetic field.

Because of our interest in abundances, we have focused this study on lines of
Mg (low FIP) and Ne (high FIP) elements. In TR lines of these elements (e.g.,
Ne1v, v, VI; MgV, VI), the emission is concentrated into a small number of intense
brightenings.

We identify in the first instance 5 strong Ne VI (562.8 A) TR brightenings in the
TREG?22 raster run at 14:09:19 UT on 3 June. These include all pixels around the
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Figure 4. Overlays of SXT AlMg filter image with CDS rasters: Si XII emission (T = 2 x 106 K, first
row), CaX 557.8 A emission (T = 10° K, middle row) and Ne V1 562.8 A emission (T =400000 K,
low row). The Si X1I emission follows the bright core of the SXT emission. Ca X emission maps part
of the core loops and footpoints, and Ne VI emission is concentrated at the footpoints of the large,
diffuse SXT loops. Note that in the observations of 4 and 5 June the CDS raster does not extend to
the north end of the SXT loop system.

brightest pixel, more than half of which lie inside the contour corresponding to an
intensity in the Ne VI (562.8 A) line greater than 30 ergs cm~2 s~ !sterad—'. These
are labeled A—E in Figures 9(a) and 12 . These regions were visible in Ne lines from
IV to VI. In Mg v, Features A and C were visible; while Features A, C and E were
visible in Mg VI. Line intensities in these TR brightenings vary rapidly. Starting
at 15:39:10 UT, raster TREG22 is re-run and considerable changes have taken
place. In Table I we present the mean intensity, averaged over a number of pixels,
from each of the bright features for both runs of the raster on 3 June, obtained
by fitting Gaussians plus a constant background to the line profiles averaged over
pixels, using x? minimization software written for the purpose by S. V. Haugan.
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TABLEI
Intensities in erg em~2s Lsterad !, averaged over a number of pixels in the
low-temperature lines of Ne and Mg on 3 June. For a given feature, the first line
is at 14:09:19 UT and the second line at 15:39:10 UT. Note, these intensities are

calculated using the CDS NIS calibrations of 23 December 1998.

Feature Nerv Nev Ne vI Mgv Mg vi
(543.9A4)  (5723A) (562.8 A) (353.2A) (349.2 A)

A 7.6£0.7 158+05 263+03 21.8+£2.8 371.5£ 52
23+£0.2 6.0+0.2 10.8+0.1 7.3£09 105+ 1.5
B 6.0£06 162+05 379+£04 127+ 1.6 289+ 4.0
73£0.7 22.0+0.7 458+£0.5 18.1+2.4 365+ 5.1
C 46+05 109+£03 26.8+0.3 17.1£0.6 30.6 £ 4.3
6.0£06 18.7+£0.6 51.3+£05 33.5+44 78.2+11.0
D 16.6+1.6 21.2£0.6 32.8+0.3 <4.3 171+ 2.4
9.6£10 121+04 205£05 1099+142 1224+ 1.7
E 50£0.5 9.5+£03 302403 125+ 1.6 312+ 44

11 £1.1  128+£04 409+04 65.4 £ 8.5 518+ 7.3

The counts for each of the features at 15:39:19 UT have been averaged over the
rotated pixel locations from the 14:09:19 UT observations, regardless of whether
these locations are bright in the 15:39:19 UT raster.

The picture is a dynamic one. In the 90-min intervening between the start of
each raster, features A and D dim considerably. The intensity of Feature C increases
in all of the observed low-temperature lines of Ne and Mg, the increase being
higher in the higher-temperature lines. There is also a slight increase in Feature E.

On 4 and 5 June, Features A, C and D are no longer present; while E is no longer
in the FOV of CDS (see Figures 9(a), 10(a)). The single Mg/Ne feature appearing
on 4 June and 5 June is the same as Feature B on 3 June, this is further borne out
by examining the position of the features relative to the MDI magnetic field on
subsequent days. This feature first decreases in intensity on 4 June then increases
on 5 June (Table II).

Consider the average intensities in Feature C on 3 June (Table I). At 14:09:19 UT
they are in the ratio Ineiv : INev @ INevi =1 :3.0 £ 0.3 : 5.8 £0.6. At 15:39:10 UT
the ratio is 1 : 3.1 £ 0.3 : 8.6 & 0.9. Emission from high temperature ions has
increased relative to that from low temperature ions. This is also seen in the Mg
lines. A similar increase in the ratio of intensities is also seen in the single feature
(at the location corresponding to B), between the two rasters on 5 June (Table II).
By contrast, on 3 June the intensity ratios in Feature Bare 1 : 2.7+0.3 : 6.3 £0.7
and 1 : 3.0+ 0.3 : 6.3 & 0.7 at the two rasters, showing no variation within the
errors. How should we interpret these variations?
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TABLE II
Intensities in ergs em ™25~ sterad !, averaged over a number of
pixels in the low-temperature lines of Ne and Mg on 4 and 5 June

for the only feature present (B).

Date Ne1v Nev Ne vI Mgvi MgVl

4,12:16:58 21+1 672 1633 73+£2 153+2
4,14:11:26  14+1 43+£1 111+£2 42+1 66 2
5,12:36:33  12+1 43+£1 102+2 35+1 68 =8
5,15:02:13 151 63+£2 180+4 91+£3 19944

2

The intensity, /() ;;) in ergs cm™ s™, integrated along a given line of sight in

a solar plasma is given by

A I (X)) = 0.83/ Ab € n(T,) F(T,) ds, (1)
L

where s is the line-of-sight column depth (the distance L being determined by the
range of temperatures, and hence positions in the atmosphere, over which the line
is generated), Ab is the abundance of the element relative to hydrogen, n.(7,) the
electron number density, a function of 7,, the temperature of the local electron
distribution (assuming Maxwellians), F(T,) the ionization fraction for the ion
under consideration and 0.83 is the ratio of protons to free electrons. We have
defined an ion emissivity, €;; as

Gl'j=AE Nj Ajiv (2)

where AE is the photon energy, N; is the fraction of ions in the upper state j and
Aj; the Einstein coefficient for the transition. For a collisionally excited line (as
is normally assumed to be the case in the optically-thin corona) N; depends on
atomic processes which are a function of the plasma temperature and 7n.. So the
observed variations in intensity may be due to changes in density, or temperature,
or in the abundance of the emitting plasma volume element.

For the case of an isothermal plasma there is of course no variation of n, with
T,, and if we first consider the ratios of lines from different ionization stages of
the same element (e.g., Ne1v, V, VI) then the abundance factors also drop out. So
for these lines emitted by an isothermal plasma, the main density dependence of
the intensity ratios comes via the ratios of the ¢;;. For the sequences of magnesium
and neon ions considered here, we have used the CHIANTI (v2.0) database (Dere
et al., 1997, Landi et al., 1999) to calculate ¢;; as a function of n, for the lines that
we use, and find the ratios from the different ionization stages vary only by a few
percent over the density range 10°—10'! cm™3. Under the isothermal assumption,
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we thus attribute the observed intensity variations within ions of a single element as
primarily due to temperature changes, with an increase in emission from a higher
ionization stage meaning an increase in the plasma temperature.

We may in fact be dealing with a multi-thermal plasma, with a non-uniform
density structure; plane-parallel or otherwise. Attempts have been made to account
for the expected variations of temperature and density on line intensities, e.g.,
within an equilibrium plane parallel atmosphere (e.g., Jordan, 1996), but a more
general description for an unspecified density—temperature dependence involves a
differential emission measure analysis, which is not performed here.

However, even without making the isothermal assumption, we can learn more
about the plasma properties if we consider ratios of lines emitted by ions with
the same formation temperature. We can then be fairly certain we are looking at
the same emission volumes, even if they are distributed in space throughout the
observation pixel(s) and have varying densities. In this case, in a ratio of two line
intensities each given by expression (1), where the F(T,) functions have the same
form, the n.(7,) dependency will disappear. The principle density dependence of
the line ratio then enters via the ratio of the ¢;;. Further, if one compares lines
emitted by different ions with the same formation temperature, and therefore most
likely emitted by the same volume of plasma, a primary source of variation in the
line emission ratio is abundance variations, as we describe in the following section.

3.3. DETERMINATION OF Mg/Ne ABUNDANCE RATIOS USING LINE RATIOS

We carry out abundance determinations in each of the bright Ne/Mg features, using

two different methods. The first is the line ratio method presented in Young and

Mason (1997). Examples of the spectra used for this work are shown in Figure 5.
Writing

0.83N; A, F(T,)

G(T) = 3)
ne
Equation (1) becomes
41 (i) = APAE / G(T,)n? ds, )

L

where G(T,) is called the contribution function. The line intensity method relies
on the fact that the temperature dependence of the G(7,) functions for the Mg Vi
349.2 A and Ne VI 562.8 A lines is very similar. In particular, the excitation peak
occurs at the same temperature of log,,(7,) = 5.62. If it can be assumed that the
emission is occurring in locations where the plasma is at, or very near this peak
temperature, and that both lines are emitted by the same volume of plasma, then
we can remove the temperature dependence. The ratio of the measured intensities
is then directly proportional to the ratio of the elemental abundances.
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Figure 5. Spectra (counts per second) in the summed pixels in the bright Ne/Mg feature at (35, —475)
on 4 June 1997, 12:16:58 UT (see Figure 4) with line identifications. Shown are the Mg VI and Ne VI
windows from which the intensity ratio is measured, and the Mg VII and Mg 1X windows containing
the Mg VII density diagnostic pair.

Under this approximation, the intensity ratio depends on the line emissivities
€349, €562.8, the ratio Q of the ionization fractions of each ion (calculated at tem-
perature of maximum ionization fraction), and the abundance ratio Ryg/ne:

5349.2 _ €349.2 0 Rug/ne. (5)

5628  €562.8
Q was estimated by Young and Mason (1997) to have the value 1.22 (on the ba-
sis of the Arnaud and Rothenflug (1985) ionization equation). The ratio of line
emissivities, calculated by summing together contributions from two close Mg V1
lines at 349.17 and 349.18 A, and two Ne VI lines at 562.71 and 562.80 A, at
their temperature of maximum ionization fraction, varies somewhat with density
(Figure 6). The variation is by no more than 15% over the expected (or measured)
range of TR densities in our sources, of 10°~10'° cm~. However we must have a
means of measuring density.

The density can be derived from a diagnostic formed by the lines of Mg vl
at 319.0 and 367.7 A. Although this diagnostic is for slightly higher tempera-
tures (log,y 7, = 5.8) than the formation temperature of the Mg vl and Ne VI
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Figure 6. The variation with electron number density of the theoretical emissivity ratio (AEn; A j;)

in the Mg VI 349.16 + 349.18 A lines and the Ne v1 562.7 + 562.8 A lines, calculated using atomic
data from the CHIANTI (v2.0) database.

ions (log,, T, = 5.6), there is a strong Mg VII component at the locations of the
Ne vI/Mg VI sources, and we expect it will give a good idea of the local density.
The theoretical density dependence of the Mg VII ratio is shown in Figure 7. Mg vII
367.7 A is close to the stronger Mg X1 line at 368.1 A and must be fitted simulta-
neously with a double Gaussian. Mg vl 319.0 A appears well-separated, but is
blended with a strong high-temperature line of NiXV (2.5 MK). Therefore, it can
only be measured with confidence in regions where high temperature emission is
negligible. The derived value of the density for Feature D, which is also the site of
(overlying) emission in SXT and Si XII wavelengths, is therefore an upper limit. It
should further be noted that if the TR is not homogeneous, the result of the density
diagnostic will be biased towards values representative of the densest parts, and is
thus an upper limit to the range of densities present (Almleaky, Brown, and Sweet,
1989).

The Mg/Ne intensity ratios in Features A—E are presented in Table III, along
with the Mg VII intensity ratio, the electron density and the ratio of Mg to Ne abun-
dances. Note, the errors on densities and abundances are as follows: densities have
a blanket 25% error value, to take into account the expected theoretical unknowns
in the atomic data, which are typically greater than the observational error. Obser-
vational errors are of the order 10—15%, combining the shot noise on the data, and
a certain leeway in the fitting. The fitting algorithm is a x> minimization algorithm,
however there are cases where, for example, this results in a clear overestimate of
background, and the fit is adjusted by hand. Also, abundances have a 25% blanket
error, for the following reasons. Errors in the density lead to a typical 5—10% error
in emissivity ratio read from Figure 7, as do errors in fitting the line intensities.
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Figure 7. The Mg VII intensity ratio as a function of electron number density, at a temperature of
0.63 MK as predicted with atomic data from the CHIANTI (v2.0) data base.

However, these are smaller than the ~ 15% theoretical error on both the numerator
and the denominator in the emissivity ratio in (5). Combining errors gives 20—
25%. It should be noted, however, that as these errors are predominantly due to
theoretical unknowns in the atomic data, even if they were to reduce we would
expect the trends in the abundance ratios to be preserved (see also Section 6).

The intensity values are calculated using the updated CDS NIS detector cal-
ibrations of 23 December 1998. This contrasts with the density and abundance
values calculated by Young and Mason (1997) since that work dates from before the
new detector calibrations were announced. The abundance values calculated using
the new calibrations are roughly 0.6—0.7 times that of the values which would be
calculated using the old values (dependent on electron density in the feature).

3.4. EVOLUTION OF Mg/Ne ABUNDANCE RATIOS

Our derived abundance ratios range between 1 and 3. In none of the features is the
abundance ratio Ry /ne as low as the photospheric value reported as 0.26 4 0.05
by Young and Mason (1997) in a low-lying TR feature, which they associated with
flux emergence. The coronal ratio found by Young and Mason (1997) was 2.4+£0.3
with the old calibrations, or ~ 1.7 with new calibrations. Our abundance values are
thus all nearer coronal than photospheric values. Densities in each of the features,
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TABLE III

Mg v1/Ne VI ratio, Mg VII density diagnostic ratio, electron number density, in
units of 10° cm™3 and Mg/Ne abundance ratio on 3, 4 and June. For a given fea-
ture on 3 June, the first line is at 14:09:19 UT and the second line at 15:39:10 UT,
for 4 June at 12:16:58 UT and 14:11:26 UT, for 5 June at 12:36:33 UT and
15:02:13 UT, respectively.

Date Feature 3492 190 ne(10%cm™3) Abug
I562.8 13677 Abpe
3June A 1.44+0.10 0.65£0.10 3.240.8 32+£0.8
A 0.97+0.07 080£0.18 57+1.4 20£0.5
C 1.07+£0.12 0.71£0.09 4.1+£1.0 23+0.6
C 1.53£0.17 0.74+£0.08 4.7+12 32+£0.38
E 1.11+£0.08 0.64+0.07 3.1£0.8 25+0.6
E 1.78 £0.13 0.57£0.09 2.440.6 39£1.0
D 0.56+0.08 0.78+0.09 53+£1.3 1.2+£03
D 0.59+0.08 0.57+0.08 2.4+£0.6 1.3+£03
B 0.77+£0.06 0.55+0.08 22+£0.5 1.7£04
B 0.80+£0.06 0.62+0.11 294+0.7 1.7+0.4
4June B 09 £0.02 0.7 £0.02 32+£08 1.1£0.3
B 0.6 £0.02 06 £0.02 24+0.6 0.7£0.2
5June B 0.6 £0.02 0.6 +£0.04 24+£0.6 0.8+0.2
B 1.0 £0.03 0.6 £0.02 3.0+£0.8 1.2+£03

from the Mg VII density diagnostic, are consistent with normal coronal values of a
few x10° cm~3.

Between the two 3 June rasters there are considerable changes in the value of
the average abundance ratio, the most striking being the increase in the ratio in
Feature C from 2.3 +0.6 to 3.2 0.8, and in Feature E from 2.5+ 0.6 to 3.9 £ 1.0.
In the former case, the change is associated with evidence of heating, contrary to
Feature E, where Ry ne increases apparently without any heating taking place.
There may in fact be some cooling. In Features B and D the abundances remain
more-or-less the same, as do the ratios of intensity in the Ne lines. Note that in
Feature D there is co-spatial high temperature emission which may have resulted in
artificially high density measurements. This in turn may have led to the emissivity
ratio being overestimated by ~ 15%, and the abundance ratio underestimated by a
corresponding amount.

On 4 and 5 June, Ry ne for the single feature (which would correspond to
Feature B) varies strongly, first decreasing from 1.1 £ 0.3 to 0.7 &= 0.2 on 4 June,
then increasing from 0.8 &= 0.2 to 1.2 & 0.3. The increase is associated with an
increase in temperature, as shown by the ratio of the low-7" Mg and Ne lines.
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In summary, from feature to feature (and also within features, though we do not
illustrate this here) there is no apparent correlation between n, and the abundance
ratio, neither do the rapidly varying abundance ratios systematically track tempera-
ture variations. But there are considerable abundance variations (though errors are
large, they are due in a large part to atomic physics unknowns, and we expect that
should these be resolved the trends we see would persist, with smaller errors - see
Section 6). We wish to stress in particular that, out of all the features observed on
3 June, B and D are the ones having the lowest abundance ratio on both rasters.
In Section 5, we attempt an explanation of this fact based on the results of our
topological analysis (Section 4.3).

3.5. DETERMINATION OF Mg/Ne ABUNDANCE RATIOS USING EMISSION
MEASURES

The abundance variations between sources derived above are not large, and it is
possible that they are an effect of temperature. Recall that in using the line ratio
method we assume that the form of the G(T') curves for each ion is sufficiently
similar that the contributions as a function of temperature to the total emission
are distributed in the same way. This is not the case; over the temperature range
log,((T;) = 5.2 to 5.8 the ratio G(T )mgvi/ G(T )nevr varies between 0.4 and 1.5.
However, we can examine the influence of temperature by looking at the emission
over a number of lines formed at a range of temperatures.

If we assume that a spectral line is emitted over a temperature range AT around
its temperature of peak formation Ti,., then we can approximate G(7) = con-
stant = Gy in Equation (4). G is defined as:

_ [GMdT [ G(T)dT
O TA0015 —10-015) 0.7 Toax

Then I (1) is directly proportional to the product of column emission measure and
abundance, as follows.

AxI(\) = Ab AEGyEM, @)

Go

(©)

where the column emission measure to depth L along the line of sight is defined
as EM = [, n? ds. The EM derived at each temperature should be the same
regardless of the ion which is being used to measure it. By comparing Ab EM =
4w 1 (A)/ GoAE for anumber of ions of Mg and Ne we see the effect of abundance.
Gy is calculated again using data from the CHIANTI database.

Plots of (scaled) Ab EM(T) are shown in Figures 8. These are divided ac-
cording to the type of magnetic structure with which each is associated (which
will be explained in Section 4.3). The difference between the two sets of curves
for each source (Mg indicated by diamonds, Ne by triangles) reflects the effect of
abundance.

Note, the expected dependence of EM on temperature (in a plane-stratified
atmosphere where conduction balances radiation) is EM ~ T3/ (e.g., Jordan,
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Figure 8. The (scaled) product of emission measure x abundance as a function of temperature, in var-
ious lines of Mg and Ne. The difference between the pair of lines for each source indicates the effect
of abundance enhancements. Values for Mg are shown with diamonds, Ne is shown with triangles.
Note that the values derived from MgV (at log; 7. = 5.5) are upper limits in the case of Features
D, F, G, and H, as the Mg v 353.3 A line was too faint to fit reliably in these cases. The scaling is
such that the y values for the bottom curve in each plot are equal to log;o(EM x Ab/ 73/2), and, to
spread out the subsequent curves on the plot, the y values are at log|o(EM x Ab/ T3/2)y40.8, +1.6,
etc.

1996). We have removed this expected dependence by further dividing through by
T3/2; the purpose being only to emphasize the abundance variations. The abun-
dance variations seen in this way are also small, however the fact that the lines
for sources A, C, and E tend to be further offset from each other than those for B
and D confirms our initial finding of abundance variations from source to source.
The ratios EM x Ab for Mg V1 and Ne VI, at log;,(7,) = 5.6 are in the range
0.8—2.8. These ratios are comparable to, but consistently lower than the abundance
ratios found with the line ratio method, by a factor 1.4—1.6. Errors on the points
shown are again a combination of measurement and atomic physics errors; the
atomic physics errors lie in both the theoretical ionization fractions and the line
emissivities. These combine to give errors of approximately 15%, comparable to
the measurement errors.
The additional sources F-I shown on these figures are discussed Section 5.

4. The Magnetic Field Environment

4.1. CO-ALIGNMENT OF MDI AND CDS IMAGES

We have co-aligned CDS and MDI, with the MDI images rotated to the start time
of the CDS spectroheliograms. Generally, over the three analyzed days, the Si XII
(2 MK) loops in the core of the AR begin and end around the strong leading bipole
field but not in the very strongest longitudinal fields (| B;| > 500 G), i.e., not in the
sunspots. Rather, the core loops are rooted in weaker plage field of 100 < |B;| <
500 G. This agrees with similar results found by Golub, Zirin, and Wang (1994),
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Schmieder et al. (1996) and Deng et al. (1999). Million degree emission in the lines
of Mg 1X and CaX is concentrated in blobs around the ends of the Si XII structures.
On 4 June, elongated million-degree structures — presumably loops — are clearly
observed extending southwards from a region where negative and positive fields
are in close proximity. This is also the location of a strong brightening in TR lines
(Figure 10).

MDI movies of the local field (96 min synoptic cadence) indicate that TR bright-
enings take place under various conditions of the magnetic field. As an example of
this variety, take the first CDS observations made on 3 June, at 14:09:19 UT, in
the Ne VI 562.4 A (Figure 9(a)). We pick three of the five identified brightenings,
Features B, A, and D. Brightening B is in a region where positive spot field and
negative plage field are close to one another. Brightening A is well inside the
trailing positive polarity of the main bipole. The third brightening, D, is also in
a positive field region which is in the process of dividing in two. It is, therefore,
not clear that the brightenings are always related to flux emergence, for example,
or always to magnetic cancellations at the photosphere.

4.2. MODELING THE AR MAGNETIC FIELD
The magnetic field of the AR has been modeled in the linear magneto-hydrostatic
(LMHS) approach. The equations governing the MHS equilibrium are:
1
Mo

(VxB)xB—-Vp—pgu, =0, ®)

V-B=0. ©))

Using a Cartesian system of coordinates, where z is the height above the photo-
sphere (at z = 0) and (x, y) is the plane parallel to it, Low (1991) solved these
equations writing the current density (j = V x B/u) in Equation (8) with Euler
potentials. For any given function of the altitude f(z), and taking o to be a constant
(as in the linear force-free field, LFFF), the LMHS equilibrium condition can be
rewritten as

VxB=aB+ f(z)VB, x u,. (10)

If f(z) = 0 we have the traditional LFFF equation; thus, the last term of Equa-
tion (10) takes into account the effect of the plasma pressure and gravity. From
Equations (8) and (10), the plasma pressure and density can be expressed as

BZ
p = po(z) —ép =po(z)—f(Z)2—z, (11)
o
p=po(z>—8p=—1@+i[1ﬂ33+f(B-V>BZ] (12)
g dz Hog |2 dz
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where py(z) is independent of the magnetic field and varies only with z. It defines
a background pressure (and density). Only the depletions §p and §p depend on the
magnetic field.

Equation (10) is solved using as boundary conditions the observed photospheric
field (see Aulanier et al., 1998b; Mandrini et al., 1999b; Lépez Fuentes et al.,
2000). Then Equations (11) and (12) give the pressure and density depletions
as functions of the computed field. This procedure has the advantage of being
applicable to observations, generalizing the LFFF approach. However, it cannot
give a detailed description of the plasma properties since no input is allowed from
the observed plasma parameters. Rather the function f(z), together with the com-
puted magnetic field configuration, give indirectly the plasma distribution (see
Equations (11) and (12)). Following Low (1992), we have chosen f(z) to be an
exponential decreasing with height:

f(@) =aexp(—z/H), (13)

where a and H are two parameters. Parameter a is the ratio between the pressure
depletion §p and the magnetic pressure Bz2 /2o (Equation (11)). The vertical ex-
tension of the influence of the plasma is given by the scale-height H. Low (1992)
discussed in detail how H can be in some cases equal or close to an isothermal
pressure scale-height. Here, we take H = 5 Mm as a typical pressure scale-height
for plasma at a temperature of 10° K. Although the parameter a could be a pri-
ori estimated using pressure measurements, it is not obvious that the background
pressure can be separated from the pressure depletion (see Equation (11)) in the
observations. Moreover, the proposed solution (Equation (10)) is too simplified to
take into account the large gradients observed in the temperature and density. We
have chosen here a = 1, which is the maximum value allowed in the solution
(see Aulanier et al., 1998b). This value maximizes the effects of the plasma in the
lower part of the atmosphere; for z of the order of or larger than H, the field is
nearly force-free. We refer the reader to Aulanier et al. (1998b) for a discussion of
the physical properties of this solution. More details about the behavior of pressure
and density can be found in Low (1992). However, we would like to point out that
the last term in Equation (12) is related to the curvature of the magnetic field, and
that the density is higher in the presence of field lines that are curved upward (as
is the case at BPs) than in the case of field lines curved downward (as in arcades).
We use Equation (10) only to introduce, in a very simplified way, the perturbation
to the classical LFFF model brought about by the plasma forces. For the transition
region and the corona, these forces play a minor role and this solution may be used.
In previous studies (Aulanier ef al., 1998b; Mandrini et al., 1999b; Lépez Fuentes
et al., 2000) it was found that a slightly better fit to the observations was obtained
with this approach, while the basic results concerning the magnetic topology were
similar to those given by a LFFF model. In the present case, we find that BPs and
QSLs (see Section 4.3) appear at the same location in both models (¢ = 0 and



AR 8048 275

a = 1) for the same value of «; QSLs have the same extension, while BPs are
slightly longer (& 10%) in the LMHS model.

Once a and H are chosen, the model depends on the free parameter «. As a
first approach, we have determined the value of « in such a way that the com-
puted coronal field lines match (by an eyeball comparison) the shape of the loops
observed by SXT in images taken on times close to the MDI magnetograms. The
values of o that give the best fit to the observations are: o = 0.003 Mm~! for
3 June and 0.0045 Mm~! for 4 and 5 June (Figure 2). Notice that the computed
field lines follow the global ‘S’ shape of the SXT loops, however, « takes very low
values. The observed ‘S’ shape may in fact, not be an indication of twist, rather
of complexity in the photospheric field distribution. The configuration results from
the combination of two sets of loops, i.e. it is not a single set of loops which have
an ‘S’ shape. A similar configuration is also found with a potential extrapolation
(a = 0, o = 0; this implies that there are no currents in the coronal field).

We have also investigated whether the value of o could vary with height. We
have found that, in order to fit the shape of chromospheric fibrils (see Figure 3),
we have to increase the value of « up to 0.0075 Mm™! for the three days. Doing
s0, the shorter SXT loops concentrated in the core of the AR (see Figure 4) were
also better represented, the same being true for the SiXII brightenings shown in
Figures 9 and 10. Similar results, showing that the magnetic shear may decrease
with increasing height, have been found by Schmieder et al. (1997). They showed
that, to fit the shape of observed loops, field lines computed at low coronal or
chromospheric heights needed a higher « than those at higher heights.

4.3. MAGNETIC TOPOLOGY

Following the method of Démoulin et al. (1997), we have computed the locations
of QSLs and analyzed their relationship to the observed CDS transition region
brightenings. In previous papers QSLs were defined in terms of the norm of the
displacement gradient tensor, but recently Titov, Démoulin, and Hornig (1999)
have introduced a new geometrical measure of QSLs giving a mathematically
more grounded definition. The application of this new definition to observations
has not yet been implemented. However, it is expected that the spatial location
of QSLs in theoretical configurations is the same for both definitions of QSLs;
therefore, we apply here the earlier method which has shown to yield good accu-
racy when applied to observations (see references in the Introduction). QSLs are
regions where field lines initially close together separate widely when followed.
At the location of separatrices, the magnetic field line linkage is discontinuous,
QSLs are a generalization of the concept of separatrices to configurations without
such discontinuities. Therefore, when QSLs are computed we also find the places
where separatrices will lie. Separatrices are present in the solar atmosphere in two
cases, either when magnetic nulls appear in the configuration or when some field
lines are tangentially touching the photosphere (these field lines are curved up at
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100 (f) 100
Figure 9. A comparison of the magnetic topology and CDS data for 3 June. (a) and (b) are, re-
spectively, an overlay of Ne VI and Mg IX (reversed images) observations at 14:09:39 UT with the
MDI magnetogram in Figure 2. In this case the iso-contours of B; are &+ 20, 100, 250, 500, 1000 G,
positive (negative) values are drawn in continuous (dashed) lines. We have labeled the Ne VI features
in (a). (c) shows the locations of BPs, and the intersection of their separatrices with the photosphere.
BPs (separatrices) are drawn in continuous thick (thin) black lines, associated field lines have been
added. (d) shows the intersection of QSLs (thick lines) with the photosphere, some field lines issued
from QSLs are drawn. Note that, to keep (d) simple, BPs and BP separatrices shown in (c) have not
been drawn - even though separatrices are a subset of QSLs (see text). In (e) we show only the BPs
and their separatrices to point out their closeness to Ne VI brightenings, while in (f) it can be seen
how the lines issued from the QSLs lying close to the Mg IX emission outline the shape of the Si XII
emission (overlaid reversed image) at the core of the AR. The convention for the size and shape of
the frames is the same as in Figure 2.
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(C) —;;uo -100

(e) -200 ~150 ~100 (-f) -200 -150 —100

Figure 10. Same as Figure 9 for 4 June. Notice, when comparing (c) to (d), that some portions of the
QSLs shown in (d) do overlay with the BP separatrices shown in (c). Compared to Figure 9, we have
used a different criterion for choosing which QSLs to plot, as is discussed in the text.
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the photosphere). This latter case can happen along portions of the inversion line
for the component of the field normal to the photosphere. These portions are called
BPs.

Figures 9 and 10 (and a corresponding one for 5 June, not shown) show that the
topological structure of the AR is globally similar over the three analyzed days.
QSLs located on the main bipolar field exhibit similar features from day to day.
Differences in their distribution are mainly due to the appearance and/or evolution
of parasitic polarities. While all separatrix structures are a subset of the QSLs, we
remark that, to avoid overcrowding Figure 9(d) we have not included the sections
of QSL which correspond to BPs and BP separatrices (compare Figures 9(c) and
9(d)). However, in Figure 10(d) some portions of the drawn QSLs do correspond
to BP separatrices (those that overlay); we have included these here to show the
relationship of the southern BP (not present on 3 June) and its separatrices to the
QSLs located at the same place, and also (mainly at the place of the northern BP
separatrices) to keep a coherent continuous pattern in the QSL drawing.

BPs are located mainly in two different regions: one, apparent on all days, at the
north-east of the leading spot (these we refer to as the northern BPs), and the other,
only appearing on 4 and 5 June, at the south of the following spot (the southern
BPs); see Figures 9(e) and 10(e). The location and shape of these BPs change
according to the evolution of the moving magnetic features in the moat of the
leading spot. The separatrices associated with the northern BPs are, on the west
side of the BPs, very close to them (lying at a low field region with |B;| =~ 20 G,
see Figures 9(c) and 10(c)); while they extend farther away towards the east (up
to the zone with |B;| > 500 G). On 4 and 5 June the separatrices corresponding
to the southern BPs lie on the low field region (| B;| ~ 100 G) below the follow-
ing spot, and along the negative field region which extends south—east from the
preceding spot. On 3 June there is also a central BP, having one of its separatrices
extending in the NW-SE direction (see Figure 9(c) and Section 4.4). This particular
BP is significant in our interpretation of the CDS TR brightenings and abundance
variations.

On 3 June, we do not find a BP at the corresponding location of the 4 June and
5 June southern BPs (Figures 9(e) and 10(e)), though QSLs resembling the shape
of the southern BPs separatrices are present (Figures 9(d)). We find that from 3-4
June the positive polarity decreased in flux, while the negative one increased. This
change in the relationship between positive and negative flux from 3—4 June is the
origin of the appearance of the southern BPs. Nevertheless, we suspect strongly
that in reality a BP was present there on 3 June, for the following reason. When a
parasitic polarity is present in a surrounding field of opposite polarity, the size of
the magnetogram pixel has a dramatic effect: there is not only an averaging of the
magnetic intensity, but also a cancellation of the parasitic flux with the neighboring
stronger field, since what is measured is the magnetic flux. This effect can delay
the appearance of a parasitic polarity in the magnetogram by more than one day
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(as in the flaring configurations studied by Mandrini et al., 1993; Aulanier et al.,
1998b).

4.4. RELATIONSHIP BETWEEN CDS BRIGHTENINGS AND MAGNETIC
TOPOLOGY

Figures 9 and 10 illustrate the relationship between the locations of BP separatrices
or QSLs and Ne VI, Mg IX or Si XII brightenings on 3 and 4 June (both observations
and magnetic field topology are very similar between 4 and 5 June). We have
chosen Ne VI, Mg1X, and SiXII for our comparison, due to their difference in
formation temperature. Ne VI (respectively, Mg IX) emission mainly comes from
the low (respectively, high) TR, so we expect to observe kernels in these lines close
to the footpoints of the magnetic field lines; while, SiXII emission is associated
with their coronal portion (see Section 3). In order to simplify the figures we have
drawn QSLs and BPs, together with their separatrices, only when they lie within
the CDS field of view, and occur near the observed CDS emission.

The presumed footpoints of the hot emission seen in SiXII lie near the core
of the AR, from the evidence of Mgi1X 1 MK emission (Peres, Reale, and Golub,
1994; Berger et al., 1999). As shown in Figures 9 and 10 (panels b and d), we find
QSLs lying close to the Mg IX brightenings (see also Figure 11); furthermore, the
global shape of the coronal SiXII and SXT emission coincides with the shape of
field lines which have footpoints at these QSLs. We also observe that the more
diffuse SXT (see Figures 4) emission can be traced by field lines which have
footpoints at the QSLs located on the main bipolar field. So the intense core Si XII
emission (outlining the 2 MK plasma) and soft X-ray emission (outlining the 2—
6 MK plasma), may be due to energy release at QSLs where current sheets form and
heating is likely to take place. Differences in intensity between the core and diffuse
SXT emission may be linked to the volume of the magnetic flux tubes involved,
and the amount of energy released.

Mg1x and SiXII emission is not observed associated with all separatrix or
quasi-separatrix structures. Whether or not it is so may also depend on whether
the energy released at reconnection occurring at these structures is enough to heat
corona and transition region to sufficiently high temperatures.

Turning now to the cooler emission in the bright Ne vI features, we see that
there is a general coincidence in position between these features and the positions
of either the intersection of QSLs with the photosphere, or the intersection of sep-
aratrices issuing from BPs with the photosphere (note, not at the BPs themselves).
Close inspection shows that many of the dimmer elongated features on the Ne V1
map are also very near QSLs or BP separatrices; compare Figures 9(a), 9(c—) and
Figures 10(a), 10(c-¢e).

In particular, on 3 June, Feature D lies directly on top of a BP separatrix from
the central BP. The central BP and its separatrix disappear the next day along with
feature D. This provides strong evidence for a link between Feature D and the
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Figure 11. The positions of the photospheric intersections of QSLs overlaid on CDS Mg IX emission,
on (a) 3 June and (b) 4 June. Certain of the QSL intersections overlie patches of Mg IX emission;
those which do mark the footpoints of loops which are bright in Six11 and SXT.

central BP. Also, Feature B, though not obviously on a BP separatrix on 3 June, is
at a location which on 4 and 5 June clearly shows a BP and separatrix structure,
and a persistent Ne VI brightening. Section 4.3 explains why a BP may already be
present on 3 June but not revealed by the extrapolations.

Feature A on 3 June lies close to a separatrix from the north-east BP, and directly
on top of a location where QSL field lines intersect the photosphere. Features C
and E are close to locations where QSLs intersect the photosphere. Displacements
between the BP separatrices or QSLs and the brightenings may have three differ-
ent origins: an error in the co-alignment between CDS and MDI, an error in the
computed coronal field, or a physical displacement of the TR features from the BP
separatrices or QSLs, as a result of connectivity changes following reconnection.
CDS pointing accuracy is not guaranteed to better than ~ 5 arc sec in the x and
y directions combined; this is a reasonable estimate for the co-alignment error
(equivalent to £ 3.6 Mm at disk center). It is difficult to quantify the error due
to inadequate modeling of the coronal magnetic field. The value of «, which is
the main free parameter in our model, is estimated from the overall comparison
of computed field lines to observed loops, and local differences might be present
(a non-linear force free model would give a better answer when transverse field
measurements are available). For AR 8048, we have found that changing « in the
LMHS model by + 25% implied a shift in the QSLs or BP separatrices of at most
5 Mm in regions where the magnetic field stays below =~ 200 G. Concerning our
third source of error, the displacement between footpoints of field lines before and
after reconnection can be quite remarkable in the case of very energetic events (i.e.,
in two-ribbon flares), but in this particular study, we are dealing with low energy
events and we do not expect that the TR brightenings displace much more than our
co-alignment error as reconnection proceeds.

Summing up, we suggest that many of the bright TR brightenings visible in the
Ne VI raster are associated with the intersection of various topological structures
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with the photosphere. We have found two types of structures; those composed of
field lines issuing from a photospheric bald patch, and the more general quasi-
separatrix layers (the ones which are not associated with BPs). Features B and
D are probably linked to BP separatrices; while Features C, E and some weak
emission surrounding Feature B on 4 and 5 June are related to QSLs. Feature A
can be linked to either a BP separatrix or to a QSL, as explained above. Features C
and E are at the base of large, diffuse SXT loops extending out into the corona and
are, thus, consistent with the nature of the Sheeley features and those observed by
Young and Mason (1997).

5. Origin of the Ne VI Brightenings and Abundance Variations

The results described above lead us to propose the following physical scenario.
Ne VI features are in general a consequence of energy release by magnetic recon-
nection at separatrices, driven by the continual magnetic field changes observed.
Features B and D (and possibly A) are the consequence of energy release by
magnetic reconnection occurring at the BP separatrices (considering that on 3 June
Feature B is probably also associated with a BP and its separatrix - see the end of
Section 4.3). Features C, E and probably A lie close to the photospheric intersection
of QSLs. These brightenings may result from magnetic reconnection at the related
QSLs.

The BPs themselves are also locations in which reconnection will occur, but this
occurs at a very low height in the atmosphere (chromospheric or even photospheric)
and, thus, we might not expect to see TR brightenings right above the BPs. But dur-
ing BP reconnection, two things might happen. Firstly, part of the energy released
is transported along separatrix field lines, as particles or in the form of conduction,
causing heating and the evaporation of some chromospheric plasma at the other
end. This may cause local brightenings. But secondly, in the post-reconnection
configuration at BPs, in which field lines which were tangent to the photosphere
at the BP and concave up (see, e.g., Titov, Priest, and Démoulin, 1993) spring up
after reconnection, photospheric material can then be lifted into the atmosphere
by the rising BP field lines, and spread out along them. Thus one would expect
field lines associated with BPs to exhibit a more photospheric abundance ratio than
those which are not.

We do indeed observe a difference in the abundance ratio Mg/Ne between the
different sources, and suggest that this may be linked to the different ways magnetic
reconnection proceeds in QSLs and BPs. We have found that both Features B and
D (associated to BPs) have somewhat lower abundance ratio when compared to
typical coronal abundances, while other features (C, E), which are associated with
QSLs, have an abundance ratio around the typical coronal value.

The status of feature A is unclear. It is close to both a QSL intersection and a
BP separatrix, though closer to the QSL location. If indeed it is associated with
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a BP separatrix, rather than the nearby QSL, then we must explain why its abun-
dance ratio is higher than the BP sources B and D. Is source A an exception to
the association of BPs with low abundance ratios? One explanation may lie in the
height of the field lines connecting the BP and the location of the intersection of its
separatrix with the photosphere near Feature A. These field lines are long and high,
compared to the equivalent field lines ending near sources B and D. The lift-up and
transport along the field lines in BP reconnection is likely to be more efficient in
short, low-lying magnetic lines.

Broadly speaking, it is seen that the Mg/Ne abundance ratio is less than 2 for
sources associated with BPs, and greater than 2 for sources associated with QSLs.
The small number of sources, A to E, had been identified and studied before the
field topology was investigated, but this hint of a relationship between topological
structures and abundance ratio prompts us to look at the abundances at fainter
sources, coincident with other predicted QSL and BP separatrix structures on 3
June - the full set is indicated on Figure 12.

We have defined a further 5 sources in which the Ne vI (562.8 10\) intensity is
greater than 20 ergs cm~2 s~! sterad~!. Using the same analysis method described
earlier we find that in another three sources (F, H and J) close to BP separatrix
locations Ryjg/Ne 1S again less than 2. The values are Ryig/ne = 1.7£0.5,1.24+0.3
and 0.8+£0.2, respectively. Two further sources, G and I, close to QSLs show (for I)
Ryig/Ne = 2.72£0.6, in line with previous examples, and (for G) Ryjg/ne = 0.9£0.2,
which does not follow the trend. However, it should be noted that this latter source
is also at the location where a BP and BP separatrix appear on the following day,
and we may have a situation similar to that of the much stronger source B, which
had a low abundance ratio the day before the BP appeared in the computations.
With the exception of source G, the ratio of EM x Ab for Mg VI and Ne VI is
again consistently lower by a factor 1.4—1.6 than the abundance ratios found using
the line ratio method.

The abundance variations were also studied at different temperatures, as in the
case of brightenings A-E. The results are summarized in Figures 8(a) and 8(b)
which are plotted for BPs and QSLs respectively. Although the differences between
the two plots are not large, consistent with the fact that the abundance variations
from the line ratio technique are not large, it should be noted that there is a general
trend for the Mg and Ne curves (diamonds and squares) to be closer together in
the sources near BPs than those near QSLs. This effect is in fact more prominent
than the figures show. The values on the Mg curves at log,, 7. = 5.5 (MgV)
are upper limits in Features D, F, and H (and also in Feature G, which further
adds to our suspicion that this was a forming BP separatrix on 3 June), since the
Mg v line was too faint to measure reliably. This would bring the curves yet closer
together in 3 of 5 of the BP features, as well as Feature G. This further analysis
supports our contention that the abundance ratios are systematically different near
BPs and QSLs, with BPs showing a lower ratio of low to high FIP elements — more
photospheric — and QSLs showing a higher ratio.
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Figure 12. The full set of sources for which abundance measurements were made.

6. Conclusion

We have presented the analysis of AR 8048 during three days using coordinated
observations of SOHO (CDS and MDI), Yohkoh (SXT) and Bialkéw (Ho tele-
scope). They provide several diagnostics (temperatures, densities, abundances) of
the TR and coronal plasma, the longitudinal component of the photospheric field
and chromospheric brightness distribution.

At transition region temperatures, this AR presents five main bright features on
3 June, while only one is observed on the next two days. Densities in the strong
Ne VI features, measured with CDS line ratio diagnostics, are consistent with nor-
mal TR values and remain constant from pixel to pixel, within the errors. Features
A, C and E have Mg/Ne abundance ratio as high as previously measured for coronal
structures, while features B and D have a somewhat lower abundance ratio (but still
above typical photospheric values). The average Mg/Ne abundance ratio in bright
sources, varies with time by up to 80%, and there are also pixel-to-pixel variations
in the ratio. The elemental abundance ratios have long been known to vary in
solar flares (cf., Lin, 1987) and it has been proposed, for example, that selective
acceleration of ions on the basis of charge-to-mass may occur by waves generated
in reconnection events (Miller and Vifias, 1993). We propose an alternative, linked
to magnetic reconnection.

The co-alignment of the CDS and Yohkoh data with MDI, together with the
computation of the coronal magnetic field and its topology have shown the re-
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lationship between the emissions at various temperatures (TR and coronal), and
the magnetic field topology. At coronal temperatures, the Si XII emission, at the
core of the AR, is related to the high transition region Mg IX brightenings lying
on QSLs (quasi-separatrix layers). Field lines starting from these QSLs follow the
shape of the SiXII emission. The most diffuse SXT emission is also related to
magnetic lines linking QSLs at the main bipolar field. Many features which are
bright in the TR line of Ne VI lie close to the photospheric intersection of topo-
logical structures, both bright point (BP) separatrices and QSLs. These topological
structures are locations where energy release is likely to take place, in the form
of heating at current sheets for example. The narrow, elongated appearance of the
TR brightenings is consistent with the photospheric intersection of these structures.
The disappearance of one of the TR features, feature D, is simultaneous with the
disappearance of its associated BP and BP separatrix.

We have further noted abundance differences between the TR features observed
in Ne VI, and suggest a possible origin for this. Features C, E, and (most likely) A
are found to be associated with QSLs and have Ryig/ne > 2. These TR and coronal
brightenings have most probably their origin in the release of magnetic energy by
reconnection at the QSLs, as described in the model of Démoulin and Priest (1997).
Features B, and D are rather found associated with a particular magnetic topology
formed by field lines which are tangent to and curved up above the photosphere (at
BPs). Both Feature D and the corresponding BP, present on 3 June, disappear the
next days. Magnetic reconnection in a BP topology, not only releases energy, but
allows the lifting-up of photospheric or chromospheric material (e.g., Titov, Priest,
and Démoulin, 1993; Cheng and Choe, 1998) which has typically a lower abun-
dance ratio than coronal plasma. The action of BP reconnection may therefore lead
to the more chromospheric abundance ratio observed in BP-associated brighten-
ings. The observed differences in abundance ratio between features may therefore
be due to the magnetic topology involved. This tendency is broadly confirmed by a
further four fainter sources (F to I). It should be noted that in source G, apparently
associated with a QSL, the abundance ratio is low. However, the following day, a
BP separatrix has appeared at the same location.

It must be noted that, mostly due to unknowns in the theoretical atomic data,
the errors on the abundance values are large - in many cases comparable to the
differences between abundance values measured from source to source. So at the
moment we can claim no more than a trend in the data. However, the theoretical
unknowns are such that, should it be discovered that these unknowns have led to
the emissivity values being wrongly estimated (for example) all abundance results
from the line ratio technique would be affected in the same way. The trend in abun-
dance ratios would be preserved and the errors reduced. Likewise with theoretical
problems with the density Mg VII density diagnostic; all densities are currently all
under- or all over-estimated, and again the trend in abundance ratios would remain
were the atomic parameters to be corrected.
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Until the errors in theoretical quantities are reduced, our best hope at a clear
result associating abundance ratio with magnetic field would come if we could
identify ARs in which much larger abundance variations are visible. Variations
of up to a factor 10 have been found previously (e.g., Young and Mason, 1997),
which are far beyond what could be explained by possible observational/theoretical
unknowns. It is also certainly worthwhile analyzing a much larger set of events
before drawing a firm conclusion, though if only weak abundance variations are
seen again we are left facing the problem with atomic physics errors.

However, the present results can serve as a guide to constrain further the possi-
ble processes which may lead to an abundance segregation. There is further work
to be done; for example, we observed a correlation between the increase of tem-
perature and the abundance ratio in several cases. We end by making the point that
existing models for FIP variations involve the local geometry of the magnetic field
(in the region T &~ 10* K where the segregation occurs according to the FIP of
the element), while the present results show that the magnetic topology — a global
quantity — may also have an important role.
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