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ABSTRACT

When an active region emerges, its magnetic field recon-
nects with the preexisting field. This localized reconnec-
tion may affect magnetic connectivity far away from the
emerging region. In some cases, the entire corona read-
justs its magnetic connectivity because of changes intro-
duced by the emerging flux. We propose that such large-
scale reconnection, triggered by localized changes in the
magnetic connectivity, may play a role in coronal heating.

To demonstrate the validity of this mechanism, we
study the evolution of an emerging active region NOAA
8131. Using SOHO/MDI full disk magnetograms and
Yohkoh/SXT data, we show that as the magnetic field
emerges the surrounding corona increases its brightness
and temperature. The coronal enhancement in brightness
consists of two components: loop-like structures and a
diffuse “cloud.” Several days later, SXT data show dis-
tinct loops connecting the fully developed active region
8131 with magnetic flux outside the area of emergence.
We interpret these observations as a signature of coronal
heating due to a large-scale reconnection process.

Key words: Sun: corona, Sun: X-rays, gamma rays; Sun:
magnetic fields.

1. INTRODUCTION

When a new active region emerges into upper solar at-
mosphere, its magnetic field interacts with pre-existing
large-scale field. Zhang & Low (2001, 2002) showed
that such interaction may open up some closed bipolar
fields or even affect the polarity reversal of global mag-
netic field. Furthermore, the reconnection between two
magnetic systems may result in heating of large-scale
corona on local (i.e., above the emerging region, Shibata
et al., 1991) and global scales. As new flux grows, lo-
cal reconnection changes the topology of magnetic fields
in vicinity of emerging region. This local change may
induce re-adjustment of the coronal magnetic fields far-
ther away. This re-adjustment creates dissipating electric
currents and provides additional heating of solar corona
around emerging (or evolving) active region. There is ob-
servational evidence to support the above scenario. For
example, it is not uncommon to see new coronal loops
developing between new active region and its surround-
ings (e.g., Longcope, this proceedings; see also Figure 4
in Pevtsov, 2000). Pevtsov & Acton (2001) reported sig-
nificant increase in brightness of solar corona associated
with emergence of a single active region. Moore et al.

(2002) studied brightness of coronal loops in the vicin-
ity of a new flux emergence site. They observed episodic
increase in brightness of coronal loops not directly asso-
ciated with the emerging flux.

In the present paper, we provide further support for re-
mote coronal heating via relaxation or reconnection be-
tween large-scale pre-existing magnetic field and newly
emerging active region. We demonstrate that the effects
of remote heating can be seen at significant distances
from the site of emergence.

2. DATA ANALYSIS

We study emerging active region (AR) NOAA 8131 us-
ing full disk magnetograms (1.98” per pixel, 96 minutes
time cadence) from the SOHO Michelson Doppler Im-
ager (MDI, Scherrer et al., 1995) and Yohkoh Soft X-ray
Telescope (SXT, Tsuneta et al., 1991) observations. The
data set spans seven days from January 9-16, 1998 and
consists of 44 magnetogram-SXT image pairs.

MDI magnetograms were co-aligned with SXT full-
resolution (1.23” per pixel) images. Next, we calculated
centers of gravity (weighted by flux) of positive and nega-
tive polarities of emerging region and computed polarity
separation and average center of active region. In addi-
tion, we computed total area of active region, unsigned
flux, and imbalance. Only pixels with relatively strong

magnetic fields, |Bcut| > 100 G, were used in these cal-
culations. B,y was reduced to 50 G (and in a few in-
stances to 25 G) when there were no pixels above 100
G. For each MDI magnetogram, we selected one closest
(within one hour) pair of SXT images observed in two
different filters: Al.1 and AIMg, within 300 sec of each
other. The SXT Al.1/AIMg filter ratio was used to com-
pute emission measure (EM) and coronal plasma tem-
perature (T). SXT data were corrected for the telescope
point-spread function (PSF) using “sxt_decon.pro” pro-
cedure from the SolarSoft IDL library. We used the pro-
gram’s default PSF consisting of the delta-function core
and scattering wings as determined from behind-limb ob-
servations of several X-ray flares (David McKenzie, pri-
vate communication).

The temperature calculations require SXT images to be
background subtracted. Typically, the background is
selected from an area of faint corona in a vicinity of
bright coronal loops. However, since we are interested in
plasma properties of this faint corona surrounding emerg-
ing region, we cannot subtract it as a background. Thus,
we do not subtract any background in temperature calcu-
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lation shown on Figure 4. For temperature maps shown
on Figure 7 we selected background at very low bright-
ness area near South-East boundary of subarea. In this
particular case, we did not notice significant difference
in temperatures between background corrected and un-
corrected data. Within these uncertainties, our numerical
estimates of coronal temperature and emission measure
should be treated with a caution. On the other hand, the
trends in T and EM should not be affected.

To study spatial extent of coronal brightness around
emerging region, we select 36 squares (5 by 5 pixels in
size) situated around center of active region spaced at 10°
azimuthal intervals. These calculations are done for three
different distances of 5, 10, and 15 heliographic degrees,
accordingly. The measurements from 18 of these squares
(for each of three tested distances) are used to compute
average magnetic flux, imbalance, X-ray flux, emission
measure, and temperature. We use only 18 squares col-
lectively forming a semicircle on North-East-South side
of AR 8131 to exclude bright corona of AR 8132 (see
Figure 2).
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Figure 1. Total unsigned magnetic flux, polarity sepa-
ration, and imbalance in AR 8131. Vertical dotted lines
show approximate time of beginning of flux emergence
and when the polarity separation reached a plateau. Po-
larity separation and imbalance are set to zero for fluxes
< 5 x 1020 Mx.
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Figure 2. Magnetic field (lower panels) and X-ray images
(Al 1, upper panels) of ARs 8131 and 8132. a). 11 Jan-
uary 1998, 16:08:01 UT, b). 12 January 1998, 00:12:55
UT, c). 11 January 1998, 16:00:04 UT, d). 12 January
1998, 00:00:04 UT.

3. EVOLUTION OF MAGNETIC FIELD AND
CORONA IN AR 8131

Evolution of magnetic field and X-ray coronain AR 8131
is shown in a movie accompanying this article. AR 8131
emerged about 8.5 x 10* km (7 heliographic degrees)
East and 7.3 x 10* km (6 heliographic degrees) North
of the magnetic remnants of dissipating AR 8132. MDI
magnetograms show first sign of flux emergence on 11
January at about 11:12 UT; heliographic coordinates of
area of emergence are S22E23. By 14:24 UT on 14 Jan-
uary (S23W18), polarity separation reaches its maximum
of about 7.3 x 10* km (6 heliographic degrees) although
longitudinal flux continues to grow. Magnetic flux is well
balanced throughout the period of observations. Figure 1
shows the evolution of total magnetic flux, polarity sep-
aration, and flux imbalance. In general, emerging flux
exhibits a bipolar pattern; however, there is additional
pattern of opposite polarities situated between two main
polarities (Figure 2). This complex magnetic pattern will
affect our procedure of finding the center of gravity of
positive and negative polarities. For example, this might
explain observed decrease in polarity separation PS at the
beginning of flux emergence and some nonlinearities in
PS in late stages of this active region development (Fig-
ure 1b).

Shortly after the active region emerges, surrounding
corona brightens-up. Figure 2 gives example of over-
all changes in the corona within 8 hours of beginning of
growth of AR 8131. Enhanced corona can be seen as far
as ~500” from the center of AR region (Figure 3).

Comparing changes in magnetic and X-ray fluxes of areas

© European Space Agency ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/abs/2004ESASP.575..241P

SASP_575. ZZA1P

=
g

!

Figure 3. Same as Figure 2 with area of brightest corona
masked.

shown on Figure 3, we find that during first 8 hours, mag-
netic flux of AR8131 has increased by about 48% (Table
1). Brightness of coronal loops directly associated with
emerging flux has increased by about seven times. On
the other hand, X-ray brightness of surrounding corona
has increased by nearly 5 times, and the magnetic flux of
underlying area has shown only a modest increase. For
comparison, magnetic and X-ray fluxes computed over
entire SXT field of view (full disk and extended corona)
exhibit no change.

Area of increased brightness around emerging region
consists of two components: distinct loop-like struc-
tures connecting newly emerging region with surround-
ing weak fields and a diffuse “cloud” of enhanced corona.
The brightness of the cloud is not isotropic around the
region (c.f. Figure 3a and b), which suggests that the
topology of surrounding magnetic field may be impor-
tant. The enhancement is stronger in South-East (lower-
left) direction, which supports its solar origin. Scat-
tering on SXT mirror could not produced such highly
asymmetric distribution of intensity. ! Diffuse cloud of
enhanced corona is only present during first few days
of active region rapid growth; interconnecting loops be-
came stronger with time. On January 14, SXT images
show several well-developed loops connecting AR 8131
and surrounding magnetic concentrations. This evolu-
tion suggests that the origin of diffuse cloud is not unre-
solved loops but a heat deposited throughout the corona
surrounding the emerging region.

Figure 4 shows average X-ray intensity and temperature
at 5, 10, and 15 heliographic degrees from the center of
emerging region. Both intensity and temperature increase
as active region develops. Coronal brightness returns to

ISXT data were corrected for telescope PSF as described in Sec-
tion 2.
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Table 1. Magnetic and X-ray properties of AR8131

Object 11-JAN-98  12-JAN-98 Change
16:08 UT 00:00UT

SXT FULL FIELD OF VIEW

EXCLUDING AREA SHOWN ON FIG. 2

X-ray, DN/s 1.21x107 1.18x107 —=2.2%

M-flux, G 291x108  290x108 —0.2%

Imbalance 3.0% 5.8%

INSIDE MASKED AREA ON FIG. 3

X-ray, DN/s 1.07x 108 8.81x108 726.5%

M-flux, G 1.03x10° 1.52x10° 48.1%

Imbalance 2.7% -5.9%

OUTSIDE MASKED AREA ON FIG. 3

X-ray, DN/s 1.64% 108 9.60x10% 484.9%

M-flux, G 5.6x10° 6.1x10° 8.4%

Imbalance 4.2% 5.8%

pre-emergence level as polarity separation reaches max-
imum. On the other hand, the temperature enhancement
in surrounding corona persists.

To calculate electron density (n.) we use background-
subtracted SXT Al.1 and AIMg images. Assuming n, =

constant over the integration volume V, n, = %

Based on the extent of large-scale corona when AR 8131
crossed solar limb, we estimate the length of line-of-sight
averaging L = 100 pixels =89.2 Mm, and V = 7.1 x 102°
cm?®. Electron densities and temperatures computed for
three separate periods: before, during and after the flux
emergence, are given in Table 2. Although the data show
some variations in n., average densities are similar within
1-0 standard deviation. Hence, we conclude that the av-
erage coronal density does not change as the result of flux
emergence; average n, ~ 1 — 1.5 x 10° cm™3. On the
other hand, average temperature is systematically higher
during and after flux emergence.

The period of enhanced coronal brightness, which we at-
tribute to the large-scale reconnection, is also associated
with the period of higher flare activity in the region (Fig-
ure 5). According to the Solar Geophysical Data, first X-
ray C4.5 flare occurred at 02:02 UT on 12 January. On the
other hand, the coronal enhancements in brightness and
temperature around AR 8131 can be seen few hours prior
to this flare (Figure 6a-c and Figure 7a-c). We also note
that the enhanced corona (at 10 degrees distance from
the AR center) persists after the first period of flaring has
ended (Figure 5). Second period of flare activity did not
produce a significant enhancement in coronal brightness
as compared with the first period. Thus, we argue that al-
though flares may contribute to the enhanced brightness
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Figure 4. Average X-ray intensity (left) and temperature (right) at 5, 10, and 15 heliographic degrees from the center of
emerging flux. Each data point (triangle) represents average of 18 square areas forming a semicircle on the North-East-
South side of AR 8131. Error bars correspond to one standard deviation of statistical averages.

Table 2. Average Electron Density (ne) and Temperature (Log T) around AR 8131

All dates Before During After

of AR emergence
10°%¢m=32 MK  10°%¢m=32 MK 10%m=3 MK 10%m—3
AT 5 DEGREE DISTANCE

2.1£0.8 6.2+0.1 13£02 6.5+0.1 3.0£14 6.5+£0.1 2.0£0.5
AT 10 DEGREE DISTANCE
14+03 6.2+£0.1 12403 64+£02 1.1+£05 6.5£0.1 0.8+0.3
AT 15 DEGREE DISTANCE

1.5£04 6.2+£0.1 12402 6.4+£02 1.1+£0.6 6.4£0.1 0.7£0.3
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Figure 5. Average X-ray flux (upper panel) and flare
activity of AR 8131. Middle panel shows X-ray flares,
and lower panel is H,, flares associated with the region.
Width of bins corresponds to duration of individual flares.
Vertical dashed lines show the beginning of emergence
of AR8131 and when the polarity separation reached a
plateau. Dotted horizontal lines separate flare classes.
Three dotted areas on upper panel correspond to the pe-
riods of enhanced flare activity shown on two lower pan-
els.

of the corona, the increase in brightness on January 12—
13 is associated with the flux emergence and large-scale
reconnection.

Table 3 shows median values of electron density (ne),
temperature (T), and radiative loss rate (Eg) in area sur-
rounding AR 8131 excluding active region coronal loops
(masked area on Figure 3). It also provides the total ther-
mal energy deposited in unmasked area Eip, = 3nkyT,
where kp is Boltzmann constant. Radiative loss rate is
computed as Er = n?2 - P(T'), where radiative loss func-
tion P(T) is approximated by P(T) = 10~16-227—1 (Golub
& Pasachoff, 1997). Median radiative loss rate is about
Er ~ 3 —8x 1075 erg cm™3 s~1, in agreement with
Withbroe & Noyes (1977). Eyp, remains nearly constant
during early stages of AR emergence, which may indicate
continuous heating.
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Figure 6. Coronal brightness in AlMg-filter of area
shown on Figure 2 during early emergence of AR 8131.
a). 11 January 1998, 16:08:01 UT; b). 11 January 1998,
17:41:49 UT; c¢). 12 January 1998, 00:12:55 UT; d).
12 January 1998, 03:59:13 UT. The range of scaling (in
DN/sec) is shown below the Figure.

Table 3. Median Physical Parameters of Area shown on
Figure 6

Panel LogT n./10° Eu,/10%° Egr/103
[MK] [em~®] [erg] [erg/(cm?® s)]

a 6.0 1.0 2.8 0.08

b 6.1 0.9 2.6 0.04

C 6.2 0.8 24 0.03

d 6.3 0.9 33 0.03

4. CONCLUSIONS AND ADDITIONAL RE-
MARKS

We observe significant enhancement of brightness of
quiet Sun corona surrounding area of emerging active
region NOAA ARS8131. Area of enhancement is sig-
nificantly larger than bright core loops of AR. Increase
in coronal brightness is not uniform; it exhibits struc-
tures that can be interpreted as individual loops connect-
ing emerging region with surrounding fields. The diffuse
component of brightness enhancement is not isotropic,
which suggests that topology of magnetic field around
emerging region is important.

Although we limited the above discussion to SXT data,
our preliminary results show that similar effects are
present in EIT data too. However, the coronal brightness
enhancement in EIT data is localized to a close proximity
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Figure 7. Coronal temperature of area shown on Figure
2 during early emergence of AR 8131. Black pixels in the
middle part of active region are where the SXT_TEEM?2
routine failed to converge. a). 11-JAN-98 16:08:01 UT;
b). 11-JAN-98 17:41:49 UT; c). 12-JAN-9800:12:55 UT;
d). 12-JAN-98 03:59:13 UT. The range of scaling (Log T,
MK) is shown below the Figure.

to AR.

Magnetic properties of quiet Sun field surrounding
emerging region do not change significantly, and so, the
increase in coronal brightness has no apparent connec-
tion to properties of these fields. In addition to general
flux-imbalance properties, we studied the distribution of
flux elements, their typical separation, and horizontal mo-
tions. We did not find significant difference in these prop-
erties prior to AR emergence and after that.

Some coronal enhancement may correlate with flare ac-
tivity. Decoupling the contribution of flares and AR
emergence effects requires further study.
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