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ABSTRACT

Intensity histograms of 14 EUV emission lines in a polar coronal hole, its equatorial extension, the “Elephant’s Trunk”, and the adjacent quiet
Sun regions have been obtained from SOHO/CDS observations made in August and September 1996. Differences between the quiet region and
coronal hole on the one hand, and the polar hole and the equatorial extension on the other, have been examined. As reported earlier, intensity
histograms are more similar in the quiet Sun region and the hole for lower transition region lines, while they become increasingly different
for upper transition region lines and the corona. However, we also find that coronal holes affect line intensities at most of the atmospheric
heights from the transition region to the corona. Histograms of the polar hole and its equatorial extension show dramatic differences with
respect to height in the solar atmosphere. The polar coronal hole appears to be brighter than the equatorial extension for emission lines with
formation temperature below 0.52 MK, while it appears to be increasingly darker above this temperature. Possible reasons for the polar-
equatorial differences in coronal holes are briefly discussed on the basis of flux transport in the solar atmosphere and the consequences of the
different orientations of the observed boundary regions of the two coronal holes. The different behaviour seen in the polar coronal hole and its
equatorial extension are explained in terms of the effects resulting from different levels of magnetic reconnection occurring in the two regions

under study.
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1. Introduction

Coronal holes are the source regions of the fast solar wind that
may cause intense geomagnetic storms (Krieger et al. 1973).
The acceleration of the fast solar wind has not been understood
well and it remains as a fundamental problem in astrophysics.
The temperature of the coronal hole is less than a million K
which cannot provide the additional momentum required by the
fast solar wind. The velocity of the fast solar wind is 800 km s
and temperatures of 3—4 MK are required near the base of the
corona, according to the Parker model of a thermally driven
solar wind (Parker 1958). Other processes suggested for the
acceleration mechanism include direct transfer of momentum
from MHD waves (David et al. 1998). Spectroscopic observa-
tions can provide valuable clues to this problem. SOHO has
given us an unprecedented opportunity to make simultaneous
spectroscopic observations of the solar atmosphere at differ-
ent heights. The presence of MHD waves has been reported
recently both in the coronal hole and outside, though their de-
tailed properties are yet to be known (Marsh et al. 2002).
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This paper examines the spatial variations of emission line
intensities obtained from SOHO/CDS observations of a Polar
Coronal Hole (PCH) and the Equatorial extension of the po-
lar Coronal Hole (ECH), known as the “Elephant’s Trunk”.
Fourteen strong emission lines available in the CDS/NIS
wavelength range have been selected to study the variations
throughout the solar atmosphere from chromosphere to corona.
Differences between the quiet region and coronal hole on the
one hand, and the polar hole and the equatorial extension on
the other, are examined. The observations were made close to
the solar minimum periods when coronal holes have their max-
imum coverage.

2. Data

The observations were part of a programme to study the evo-
lution of coronal holes throughout the solar cycle. The present
study uses SOHO/CDS observations made during the Whole
Sun Month (August—September 1996). Details of the observa-
tions may be seen in Del Zanna (1999), Bromage et al. (2000).
The initial data reduction and analysis have been described in
Raju et al. (2005) (Paper I). Fourteen of the strong lines were
selected from those available in the CDS study which was used.

http://dx.doi.org/10.1051/0004-6361:20052839
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Fig. 1. EIT 195 A image and the CDS raster position in the observations of the polar region (leff) and the equatorial region (right).

Table 1. Details of emission line parameters.

No. Ion A T

[A] [MK]
1 Hell(2) 607.56 0.083
2 OIII 599.59 0.11
3 Oolv 608.40 0.19
4 NelV 542.89 0.19
5 ov 629.73 0.25
6 NeVI 562.80 0.43
7 NeVII 561.73 0.52
8 CaX 55776  0.66
9 MgVIl 367.7 0.66
10 SiVIII 316.22 0.81
11 MgVl 315.01 0.81
12 MgIX 368.06 0.95
13 SilX 349.9 1.07
14 MgX 62494 1.10

The temperature of formation of these lines is in the range
0.083-1.10 MK details may be seen in Table 1. For each obser-
vation, the field of view encompasses part of the coronal hole,
the hole boundary and the adjacent quiet region. The whole
area is a combination of three rasters, resulting in a 240" x 60"
field of view. The spatial resolution is 4"’ but the averaging
of nearby pixels has reduced this to about 20” and the over-
all temporal resolution to about an hour. Altogether there are
21 datasets from 18 days of observation, out of which 14 are
from the polar regions near the central meridian, and seven
are from the ECH. Examples of typical rasters are shown in
Fig. 1.

3. Results

The coronal hole and the quiet region were identified in each
of the observations from the intensity of the MgX 625 A line.

Two intensity contour levels which represent the coronal hole
and the quiet Sun region were found by a trial and error method
and by comparing them with the EIT images. The details may
be seen in Paper 1. The intensity histograms of the fourteen
emission lines from the quiet Sun region and the coronal hole
were produced, combining all the data sets for each region.
These are given in Fig. 2. Note that intensities are the total in-
tensity of the line. The emission line parameters and its forma-
tion temperature are given at the top of each plot. An examina-
tion of the figure reveals the following: barring He IT 304 A and
Ca X 557.7 A, there is a systematic behaviour with respect to
the temperature of the solar atmosphere. Intensity histograms
of the quiet Sun and the hole are more similar for lower transi-
tion region (TR) lines, while they are increasingly different for
upper TR lines and the corona. The He line and the Ca line be-
have as if their line formation temperatures are shifted towards
higher temperatures. It may also be seen that histograms of the
hole region tend to be higher and narrower as one approaches
the corona. Notice also that the lower TR lines OIII 600 A and
OIV 608 A have histograms which indicate that the coronal
holes are slightly brighter than the quiet Sun in polar regions.
This is consistent with the result found in Paper I.

An examination of the quiet Sun histograms from the polar
and equatorial region reveal no appreciable differences, though
a slight brightening of the polar region can be seen some-
times, especially in the coronal lines. However, coronal hole
histograms from the polar and equatorial region show dramatic
differences. It can be seen that histograms of polar hole for the
lower TR lines OIII, OIV, NelV, OV and NeVI are shifted to-
wards the bright side. At the NeVII level, histograms of both
regions nearly coincide. From Ca X level onwards, the trend is
reversed, i.e., histograms of polar regions show a shift towards
the darker side. The anomalous behaviour of the He line can
also be seen (see discussion, below).
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Fig. 2. Intensity histograms of quiet Sun region and coronal hole at various heights in the solar atmosphere. Intensity units are [10~> W m™2 sr™'].
The emission line parameters and its formation temperature are given at the top of each plot. Solid line represents quiet Sun in polar regions
(PQS), dashed line represents quiet Sun in equatorial regions (EQS), dotted line represents coronal hole in polar regions (PCH), and dash-dot

line represents coronal hole in equatorial regions (ECH).

From the above distributions, we can get an estimate of how
coronal holes affect emission line intensities at various heights
of the solar atmosphere. As it is clear from Fig. 2 that the coro-
nal hole behaves differently in the polar and equatorial exten-
sion, this is examined separately for the two regions. For this
purpose, the ratio of the medians of the intensity distributions
is taken for each line for the hole and the quiet Sun region.
The ratio is plotted against the line formation temperature in
Figs. 3a and b. It can be seen, for example, that in the equato-
rial extension, the TR line OIII with formation temperature of

0.11 MK is weaker than the quiet Sun by 15%, while the coro-
nal Mg X line, with formation temperature of 1.10 MK, is 75%
weaker. In comparison, the OIII line is brighter by 8% and the
Mg X line is weaker by 85%, in the polar region than in the
adjacent quiet Sun.

In Figs. 3c and d, we give the polar and equatorial differ-
ences for similar regions; intensity ratios of the polar and equa-
torial hole are plotted in Fig. 3c and intensity ratios of the po-
lar and equatorial quiet Sun region given in Fig. 3d. It can be
seen that the polar hole is brighter by about 30% compared
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Fig. 3. How a coronal hole influences line intensities at various tem-
peratures in the solar atmosphere is shown separately for polar regions
a) and equatorial regions b). Intensity ratios of the polar and equatorial
hole are plotted in ¢) and intensity ratios of the polar and equatorial
quiet Sun region are shown in d). A second degree polynomial fit is
plotted as a solid line. The dotted line represents an estimate of the
effect of a possible EQS contamination of the ECH values.

to its equatorial extension in the lower TR, while it is weaker
by about 30% in the lower corona. Figure 3d shows a general
brightening of the emission lines in polar regions and a very
marginal increase from the lower TR to the corona which is not
significant.

4. Discussion

The He 11 304 A and Ca X 557.7 A lines behave as if their
formation temperature is shifted upwards. The anomalous be-
haviour of the He line is well known and is due to the resonance
scattering mechanism of line emission and large optical depth
(Gallagher et al. 1998; Patsourakos et al. 1999; Jordan et al.
2001). The behaviour of Ca X 557.7 A line is probably due
to the asymmetrical high-temperature wing of its contribution
function which is discussed in more detail in Paper I.

Intensity distributions of coronal holes and quiet regions
have been described by several authors from the SKYLAB days
(Munro & Withbroe 1972; Huber et al. 1974; Bohlin 1977,
Mango et al. 1978; Bocchialini & Vial 1996; Wilhelm et al.
1998; Stucki et al. 2002). Huber et al. (1974) and Bohlin (1977)
point out that compared to the quiet regions outside, inten-
sity histograms of coronal holes are shifted towards the darker
side and have a higher and narrower peak indicative of more
uniform intensities. Histograms of quiet regions show a pro-
nounced tail towards the brighter side which is due to the net-
work. Hence it is the disappearance of the network that leads
to the decrease of intensity in holes. The systematic behaviour
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seen in our results — intensity histograms of the quiet Sun re-
gion and the hole are more similar for lower transition region
lines, while they become increasingly different in the upper
transition region and the corona — generally agree with this
picture.

The most interesting result is the polar-equatorial differ-
ences in the intensity distribution of the hole, given in Fig. 2.
The PCH appears to be brighter than the ECH for lines forming
below 7' = 0.52 MK while the PCH appears to be darker than
the ECH above this temperature. Also, Fig. 3¢ shows that this
change is gradual. The brightness difference in the PCH and its
ECH with respect to the height in the solar atmosphere is prob-
ably reported for the first time. As shown in Fig. 3d, the quiet
Sun in the polar region is marginally brighter in all observed
lines, but the variation with the height of the solar atmosphere is
not significant. Wilhelm et al. (1998) report brightening of the
UV lines from lower TR towards the limb which is attributed
to spicule absorption. However, they also find that this is true
only in cooler lines but is absent in the hotter lines of Ne VIII
and Mg X.

Limb brightening has been observed in polar coronal holes
(Munroe & Withbroe 1972; Huber et al. 1974). A limb-
brightened ring is generally reported in the off-limb observa-
tions above the polar coronal hole. This has several important
consequences for the energy balance of the TR. The thickness
of the TR layer is estimated to be five times larger within the
coronal hole than in a quiet Sun region and consequently tem-
perature gradients are five times lower in coronal holes. This, in
turn, led to the important conclusion that heat flux conducted
from the coronal hole to the underlying TR is smaller by the
same factor. This implies that the downward conductive flux
is too low to balance the radiative losses in the TR and hence
mechanical heating must take place (Withbroe 1977; Withbroe
& Noyes 1977). These calculations are based on the early find-
ings that there is no significant difference between line inten-
sities inside and outside the coronal holes, up to temperatures
about 0.8 MK. Our results do not agree with these findings. We
find that coronal holes affect line intensities at most of the at-
mospheric heights from the TR to the corona. Hence our results
may have some consequences for the energy balance of the TR.
Further, we find that coronal holes affect line intensities differ-
ently in polar and equatorial regions. The quiet Sun does not
show significant differences between polar and equatorial re-
gions which would enable us to compare the line intensities in
the PCH and ECH in the lower TR (Paper I). We find evidence
of brightening of the PCH in lower transition region lines and
darkening of the PCH in upper TR lines, relative to the ECH.
Hence, more importantly, the results point to the different phys-
ical conditions existing in the PCH and its ECH.

There is some lack of consensus on the nature of inten-
sity distributions of the coronal hole and outside in the lower
atmosphere. No differences have generally been observed be-
tween the intensity histograms of coronal hole and quiet region
at chromospheric levels (Bohlin 1977), though Marsh (1977)
reports difference in the Ca K line. From OSO 8 observa-
tions of an equatorial coronal hole in 1975, Bocchialini & Vial
(1996) find that the line profiles in hydrogen Ly a and Mg II
are stronger in the hole than outside, while the chromospheric
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Ca II line profiles do not show any difference. Mango et al.
(1978) studied centre-to-limb variation of He I1 304 A & 256 A
and He I 584 A & 537 A and found limb brightening for quiet
Sun region, limb neutrality for unipolar magnetic regions and
limb darkening in PCH. The behaviour of the He II line in our
observations is very similar.

The line of sight effects from the centre of the disk to-
wards the limb, can probably be ruled out because the quiet
Sun region adjacent to the hole, though always lying nearer
to the centre by a few degrees, does not show any apprecia-
ble trend with height. There could also be other causes for
the polar-equatorial asymmetry in the coronal hole emission
such as spicule absorption or the effects of hot overlying layers.
However, these effects are not expected to give such systematic
trends. Yet another possibility is due to the proximity of the
points in the ECH to the hole boundary. Statistically, points in
ECH observations lie closer to the boundary and this can affect
the line intensity. The effect can be estimated by avoiding the
coronal hole points which lie too close to the boundary and by
selecting those points within a fixed distance from the bound-
ary for which the average distance to the boundary is the same
in both PCH and ECH. The intensity ratios are re-calculated
with these criteria and are plotted in Fig. 3 as dotted lines. It
can be seen that the ratios are affected by only a few percent
and hence the EQS contamination of ECH can generally be
ignored. However, the effect is about 14% in I(PCH)/I(ECH)
(Fig. 3c) at the higher temperature end, which somewhat re-
duces the significance of ECH brightening.

The flux transport in the solar surface is carried out by
supergranulation, meridional circulation, and differential rota-
tion. Supergranular diffusion is expected to be isotropic and
hence can not contribute to the differences between ECH and
PCH; the differential rotation moves the flux in longitude
and the rotational shearing is maximum in midlatitudes (Wang
& Sheeley 1990), while the meridional circulation carries the
flux at the surface poleward. The polar coronal hole boundary
has been known to increase in brightness as the cycle rises from
minimum in mid-1996 to the early new cycle in 1997. An ar-
cade of quiet Sun, closed field surrounds the boundary with the
footpoints nearest the coronal hole having the same polarity
as the open field in the coronal hole. As the meridional circula-
tion drives more flux towards the poles, the uni-polar open field
within the coronal hole acts as a barrier to poleward motion of
the coronal field. As the flux builds up, the field in the boundary
becomes compressed, allowing shearing to occur which may
lead to magnetic reconnection events taking place between the
open and closed magnetic field. In this way, the boundary re-
gion becomes hotter and brighter as a result of the meridional
flow which is moving perpendicular to the boundary.

In Paper I we showed that observations of enhanced emis-
sion in lower transition region lines within coronal holes could
be explained by thermal conduction of electrons down the field
lines from such reconnection events in the corona.

Meridional circulation would not produce the same effect
in the equatorial coronal hole because of the alignment of
this hole in a north-south direction. However, an analogous
behaviour can occur at the eastern edge of the coronal hole
because of the effect of quasi-rigid rotation observed in such
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features. At latitudes away from the equator, the apparent dif-
ference in rotation rates, between the differential rate in the
photosphere and the quasi-rigid coronal rotation, causes the
coronal plasma to be impeded in its rotation from E to W, in
the same way that the meridional flow of plasma poleward is
impeded at the polar hole boundary. This could also lead to an
enhancement in magnetic reconnection at the E boundary of
the coronal hole, and this is consistent with the observations
reported by Bromage et al. (2000), that the eastern boundary of
the coronal hole is hotter than the the western edge. However,
the ECH observations presented here were in fact close to the
western boundary, not the eastern one; here, the lower temper-
ature implies less reconnection events per unit area (consistent
with the observed weaker coronal field on this side of the hole).
With less reconnection events, the thermal conduction down
the field lines is reduced and the brightness of the coronal hole
in the lower TR is reduced towards that of the adjacent quiet
Sun (as shown in Paper I).

So, the enhanced coronal brightening at the PCH bound-
ary and the lack of such an enhancement at the western ECH
boundary can explain the result shown in the lower temperature
regions of Fig. 3c. In coronal lines, the ECH appears brighter
than the PCH, but as seen above, the EQS contamination of the
ECH has a significant contribution here. Hence this brightening
needs to be further verified through future studies.

5. Conclusions

The intensity distributions of 14 strong EUV emission lines
with a temperature of line formation in the range 0.083 MK to
1.10 MK in a PCH, ECH and the adjacent quiet Sun region have
been obtained. As is known from SKYLAB days, we see a sys-
tematic behaviour in the histograms; intensity histograms of the
quiet Sun region and the hole are more similar for lower tran-
sition region lines, while they become increasingly different,
when passing from the upper transition region into the corona.
However, we also find that coronal holes affect line intensi-
ties at most of the atmospheric heights through the TR to the
corona. It has been found that emission lines are affected quite
differently in the PCH and the ECH. For example, in the ECH,
the TR line OIIl with formation temperature of 0.11 MK is
weaker than the adjacent quiet Sun by 15%, while the coronal
Mg X line, with formation temperature of 1.10 MK, is 75%
weaker. In comparison, the OIII line is brighter by 8% and the
Mg X line is weaker by 85%, in the PCH than the nearby quiet
Sun region.

The quiet Sun region near the pole shows a marginal
brightening compared to the equatorial regions in all the ob-
served lines, though no significant height variation is observed.
However, the coronal holes show polar-equatorial differences
in the intensity distribution with respect to the height in the so-
lar atmosphere. The PCH appears to be brighter than the ECH
for lines forming below T = 0.52 MK, while the PCH increas-
ingly appears to be darker than the ECH above this temper-
ature. The polar hole is brighter by about 30% compared to
its equatorial extension in the lower TR, while it is weaker by
about 30% in the lower corona. Possible reasons for the polar-
equatorial differences in coronal holes are explained on the
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basis of the different orientation of the boundaries of the two
holes, and the consequent effects of different levels of magnetic
reconnection which may be occurring in the boundary regions
of the two types of coronal hole.

It is also found that the intensity histograms of He II 304 A
and Ca X 557.7 A lines do not conform to the general pic-
ture but behave as if their formation temperature is higher than
expected.
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