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Abstract

High-temperature plasmas reaching 5-6 x 108 K in solar active regions have been found with the soft
X-ray telescope aboard Yohkoh. NOAA region 6919 was investigated in detail using five different X-ray
filters: The temperature of a bright loop in the active region is 5.7 x 106 K, with an emission measure
of 5.0 x 1028 cm~5; in a fainter part of the region plasma, we find 5.0 x 10° K and 4.0 x 10?7 ¢cm~5.
This indicates that such high-temperature plasmas exist in the active region, irrespective of the brightness.
Another observation of the quiet corona was conducted in order to investigate the reliability of a temperature
analysis with the same filter pairs which show such high temperatures in active regions: The inferred
temperature was 2.7 x 106 K, and the emission measure 1.3 x 10%6 cm™%, which is consistent with the
typical results of Skylab. Therefore, the high-temperature plasmas in solar active regions are considered to

be real.
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1. Introduction

The Soft X-ray Telescope (SXT) aboard Yohkoh
(Tsuneta et al. 1991) is equipped with five X-ray analysis
filters [Al 0.1 pm (hereafter thin Al or Al 0.1), AIMgMn-
sandwich, Be 119 um, Al 12 ym (thick Al or Al12), Mg
3 pm] on two rotatable filter wheels located in front of
the CCD detector, providing a pixel-by-pixel tempera-
ture diagnostic capability. The filter wheel is controlled
by a microprocessor, thus providing very versatile observ-
ing sequences. The normal filter sequence is optimized
so that it provides the best temperature diagnostic ca-
pability. The temperatures and emission measures are
obtained from images taken with two different broad-
band X-ray filters, (filter ratio method, Vaiana et al. 1973;
Gerassimenko and Nolte 1978). The excellent scattering
performance of the SXT mirror provides high-resolution
temperature and emission measure images. These images
give crucial information concerning the energetics of the
plasmas in the solar corona. In this paper we report the
initial results of a temperature analysis of an active re-
gion with this instrument.

2. Filter Ratio Method

In this section we briefly summarize the filter ratio
method (Hara 1992). The energy of photons (E;) trans-
formed into pairs of electrons and holes in a CCD pixel
per unit time is described as

1 o0
Bi= g [ [ NEOPIA Qi -do, (1)
where D is the distance between the Earth and the Sun;
N, is the electron density; P(\,T') is the emissivity (in-
cluding both emission lines and continuum) as a function
of the wavelength (\) and the plasma temperature (T');
n()) is the telescope effective area, which is the product
of the telescope aperture, the mirror reflectivity, the filter
transmission, and the CCD quantum efficiency at wave-
length (\); [ is the path length along the line of sight;
do is the area on the Sun corresponding to one image
pixel; and 4 denotes the filter number. We used Mewe’s
spectral data (Mewe et al. 1985, 1986) for the emissivity
[P(A,T)).

In the case of isothermal plasma, the above equation
can be written as

1
= geprt0e

E; (2)
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Fi= A PO\ T)(A)dA (3)
and
€= /00 NZ(1)dl - do. (4)
0

Here, ¢ is the volume emission measure, while £/do is
simply called the emission measure in this paper.

Since a photon energy of 3.65 eV is necessary for
the creation of an electron-hole pair in the CCD, the
number of the electrons (NV;) created per unit time
is N; = E;/3.65k,, where ke is the conversion factor
(1.6 x 10712 erg eV~!). We define DN (Data Number)
as being a unit used to measure the number of electrons:
since 1DN = 100 electrons, DN; = N;6t;/100, where 6t;
is the exposure duration. From the above equations DN;
can be expressed in terms of the plasma temperature (T")
and the emission measure (¢) as

DN; = fi(T) ebt;. (5)

The ratio (R;;) of the images taken with two different
filters (¢ and j) is written as

_ DN;/ét; _ Fy(T)

R = DN, Jot; ~ Fy(T) ©)

Since equation (6) indicates that the ratio is only a
function of the temperature, a plasma temperature can
be derived by taking the filter ratio. Figure 1 shows the
temperature dependence of the filter ratio for various fil-
ter pairs. The volume emission measure is derived from
equation (5) using the temperature deduced from the fil-
ter ratio.

3. Temperature Analysis of an Active Region

NOAA region 6919, the brightest solar active region
in X-rays on 1991 November 18 was observed with five
X-ray filters for 30 min in the 5” (3.6 x 103 km) resolu-
tion mode (figure 2). We derived the temperature of the
central part of the bright loop (region A) as well as the
faint part of the active region (region B) enclosed by the
squares in figure 2. A C1 class flare had occurred in the
brightest. loop, including region A, about 20 min before
the observation. It lasted for about 10 min, while region
B did not change in intensity for at least 30 min.

Figures 3a and 3b show the temperatures derived from
all possible filter pairs. The error bars correspond to a
conservative 10% peak-to-peak systematic error assumed
for the telescope sensitivity calibration. The photon sta-
tistical error is a factor of three less than the system-
atic error in this observation. The temperatures of re-
gions A and B are concentrated around 6 x 10® K and
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Fig. 1. SXT signal ratios for the representative filter
pairs.

5 x 108 K, respectively. For instance, the temperature
and emission measure from pairs of thick Al and Be fil-
ters are 5.7 x 108 K and 5.0 x 10?8 cm™® for region A, and
5.0 x 10 K and 4.0 x 1027 cm ™~ for region B. Other pairs
of 5-6 x 108 K give almost identical emission measures in
each region. Such high-temperature plasmas were found
also in most of about 20 other bright active regions which
we investigated. Although some of the filter pairs are
not very sensitive at higher temperatures, the ratio of
Be/Al12, for instance, shows a rather higher sensitivity
at these temperature, as shown in figure 1, so that we
can be confident concerning the existence of 5-6 x 106 K
plasmas.

On the other hand, the Mg/Al0.1, Mg/AlMgMn ratio
shows T = 2-3 x 10% K, which is systematically lower
than those derived from above. The Mg/AlMgMn ra-
tio shows two solutions, as given in figure 3 (cf. figure 1);
the temperature at 6-8 x 106 K was not found from pairs,
including the thick Al and Be filters which have higher
sensitivity at higher temperatures. It may therefore be
reasonable to adopt the lower temperature solution at
2-3x10% K. The emission measure at 2-3x 10® K is found
to be 2.8 x 10%° cm™® (region A) and 1.9 x 10%® cm™5
(region B), which is about 5-times larger than those at
T = 5-6 x 108 K in both regions. Finally, the AIMgMn-
sandwich/Al0.1 ratio shows an intermediate tempera-
ture, which may be a combined result of the two tem-
peratures; it may also result from such an intermediate-
temperature plasma.

Even if active region plasmas have multi-thermal com-
ponents along the line of sight, each filter pair gives a
single temperature which is the weighted mean of the
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Fig. 2. Images of the NOAA 6919 region taken with five X-ray filters and the narrowband optical filter at each exposure
time(UT). The spatial resolution is 5" x 5 (3.6x10% km square), and the field of view is 5/4 x 5/4 (2.3x10% km square).

differential distribution of the plasma temperatures with
the filter response functions. Since the filters of thin
Al, AlIMgMn-sandwich and Mg are more sensitive to the
plasma below 2 x 108 K, compared with thicker filters,
such as thick Al and Be, the filter ratios from these filters
give a larger weight to the cooler plasma, while the ra-
tios from the other filter pairs are more sensitive to higher
temperatures. Thus, the component obtained from the
pair of thin Al and Mg is not artificial, but may indicate
a distributed differential emission measure (DEM) in the
active-region plasma.

Figure 4 shows the temperature and emission measure
contour maps of the active region derived by the pair of
thick Al and Be filters. (The analysis does not include
faint regions, such as region B, because of poor photon
statistics.) The distinct loop located at the center of the
region has a higher emission measure compared with the
surroundings, and the emission measure around the loop

top is higher than at the footpoints. The temperatures of
the coronal loops are higher than the surrounding region,
and a variation of temperature along the coronal loop ex-
ists with a temperature difference of AT ~ 1 x 10° K.
From this temperature gradient we estimate the conduc-
tive energy loss of region A to be 1.6 x 107 erg cm™2 s 1.
To estimate the radiative loss of region A, we assume that
the path length along the line of sight is the same as half
of the distance between the footpoints of the brightest
loop including region A. The average density of region
A is 3.3 x 10° cm 2 for a path length | = 5.0 x 10° cm;
and the radiative loss is thus 4.5 x 10° erg cm~2 s~1. The
cooling time scale of region A is therefore determined by
conduction rather than radiation.
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Fig. 3. Temperature of regions A (a) and region B (b) derived by using various filter pairs. AIMgMn/Al refers to the
temperatures derived from a pair of the AIMgMn-sandwich filter and the thin Al filter. The vertical bars correspond
to the 10% peak-to-peak systematic error in the telescope sensitivity calibration. There is no special meaning in the

horizontal direction.

4. Discussion

Another observation of the quiet corona was specif-
ically performed on 1992 January 21, in order to in-
vestigate the capability of temperature analysis with
SXT. The temperature and emission measure of the quiet
corona deduced from thin Al and thick Al filters were
2.7 x 10% K and 1.3 x 1026 cm™5, respectively. These
are consistent with the results of Raymond and Doyle
(1981). We can thus say that the hot components in the
active region are due to the real temperature structure
of the active region. Another check regarding the tem-
perature analysis capability was performed by using the

GOES data collected on the same day. The tempera-
ture and volume emission measure from the GOES data
(Thomas et al. 1985) were 4.0x 108 K and 1.4x10*° cm™3,
while those by the integrated SXT whole Sun images
taken with thin Al and Be filters were 4.5 x 10® K and
1.3 x 10%° cm—3, respectively. Although the GOES data
are more reliable regarding higher temperatures, this
agreement is rather satisfactory.

As discussed above, high temperature plasmas of 56 x
108 K were found in the active region, NOAA 6919. The
hot material is distributed even in faint parts of the active
region, such as region B, which had not perticipated in
the C1 flare. This suggests that the hot material exists

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992PASJ...44L.135H

AS) . D AAL TI35H,

[al}
oy
(=]
]|
L

No. 5]

Temperature of Active Region Corona

L139

(b)

(d)

Fig. 4. Distribution of the temperature and emission measure overlaid on the X-ray image. (a) Be filter image (top left),
(b) Al filter image (top right), (¢) Temperature contour map (bottom left) overlaid on the X-ray image with the contour
levels of 5.1, 5.3, 5.5, 5.7, 5.9 x10% K from the outside. (d) Emission measure (bottom right); the contour levels are 5 to

50 every 5 steps x10%27 cm™2 from the outside.

throughout the active region and that the temperature
of the plasma may extend to 5-6 x 10% K, irrespective of
the degree of brightness.

The SXT images show similar morphological features
to the coronal green line (Fe X1v 5303 A) images taken
with the coronagraph at the Norikura Solar Observa-
tory of NAOJ at the site of active regions. We have
compared the temperature and emission measure de-
rived from SXT images with AIMgMn/Al0.1 with those
from a 5303 A image for another active region, NOAA
6925, on 1991 November 16, and found a tempera-
ture of ToxT = 2.3 x 10 K and emission measure of
EMgxt = 1.5 x 1028 cm_s, Ts303 = 2 X 108 K, and
EMs303 = 2 x 10%® cm~5. This indicates that the
AlMgMn/Al0.1 pair can be used for temperature anal-
yses of the normal component of active regions. Since

there were no data taken with thick filters on that day, we
cannot directly compare the emission measures around
2 x 108 K with that of 5 x 10% K.

The SXT temperatures from AlMgMn/Al0.1 derived
above are lower than those of NOAA 6919. How-
ever, we cannot say that there is no high-temperature
plasma in the region, since there is the case in which
NOAA 6921 had a hot component of Tge a2 = 4.9 X
106 K, even though the normal component was lower, as
TavgMn/al0.1 = 2.4 x 10 K. The emission measure of
the normal component is about 4-times larger than that
of the hot component. This tendency seems to exist in
most active regions, and is similar to the results of the
Skylab observations with spectrometers (Pye et al. 1978;
Levine and Pye 1980). Since if we define the value of Z
as
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where suffix N denotes the normal component around
2-3 x 10% K derived from the ratio of AIMgMn/Al0.1
and H denotes the hot component from Be/Al12, sev-
eral cases of Z are Z(NOAA 6919 region A) = 0.80,
Z(NOAA 6919 region B) = 0.84, and Z(NOAA 6921)
= 0.91, the tendency may indicate a pressure-balance
situation. This means that the energy content of the
hot component may be energetically equivalent compared
with the normal component.
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