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Abstract—The differential emission measure (DEM) describes the temperature distribution of the emitting
plasma. The DEM distribution allows one to study the physical conditions and the energy of flares in detail
(including the mean temperature and the total emission measure). In this paper, we analyze the time changes of
the DEM distributions for a selected flare, which has been observed with the RESIK instrument. To calculate
the differential emission measure, we used the Withbroe—Sylwester (W-S) iterative algorithm corresponding to
the maximum likelihood procedure. The required emission functions were calculated with the CHIANTI pack-
age. We calculated the DEM for four available estimates of the ionization equilibrium and coronal composition

of plasma.
PACS numbers: 96.60.Ub
DOI: 10.1134/S0038094606040058

INTRODUCTION

The differential emission measure @(7) character-
izes the temperature distribution of the emitting
plasma:

_ 2dV
o(T) = ' (M)

where n, is the plasma density, V is the plasma volume,
and T is the temperature. The DEM distribution ¢(7)
characterizes the amount of matter in the specified tem-
perature interval (d7). Thus, the shape of the DEM dis-
tribution characterizes the physical conditions in the
plasma. The distribution of the differential emission
measure has already been studied for years based on
measurements of fluxes in the X-ray and ultraviolet
bands. To solve this inverse problem, various methods
were used (Pottasch, 1964; Batstone et al., 1970; Dere
et al., 1974). For the present calculations, we chose the
Withbroe-Sylwester (W-S) iterative algorithm, a
detailed description of which can be found in the paper
by Sylwester et al. (1980). We have already used this
method to study a flare observed with the RESIK
instrument (Kepa et al., 2004). In the present study, we
apply this method to analyze one of many observed
flares. Here, we mostly concentrate on the influence of
different ionization equilibrium approximations (used
to calculate the theoretical fluxes in lines) on the result-
ing DEM distributions.

METHOD

The W-S algorithm is based on the maximum like-
lihood procedure. This is an iterative numerical
method, in which the DEM @, ., distribution in iteration
(j + 1) is found from that in the preceding (jth) iteration
using the correction factor ¢;:

k
zciwi(T)

0 1(T) = @)(T)=H—. 2)
> wi(T)

i=1

The correction factor ¢; depends on the ratio of the radi-
ation flux observed in a given spectral line to that cal-
culated from the previous DEM distribution (¢;) and is
determined by the formula

¢; = F,/F,, (3)

where F'; is the flux observed in the line i and F, is the
flux calculated (for iteration j) by the formula

Fo = [f{T)e,T)dT. “)
0

The theoretical dependences of the emission func-
tion f; with the temperature in the line i are calculated
using the CHIANTI package (Dere et al., 1997). The
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Fig. 1. The test of the method for building the DEM distribution: the results obtained with the W—S code. The synthetic and calcu-
lated models are shown with thin and thick lines, respectively. Left: the synthetic DEM model described with a power function.
Right: the two-temperature synthetic model, for which the amounts of plasma at the temperatures 6.3 and 20 MK are the same.

emission functions describe the emissivity in a given
line in plasma with a temperature 7 for a constant emis-
sion measure. In Eq. (2), the weight factor w;(7) is
found from

[£(T)g,(Tar
wi(T) = fi(T)(Pj(T)WO
[lr(nenyrar  ®

0

[t ]

1

where §; are the errors corresponding to the observa-
tions in the line i, and a is the optimization parameter.

The above method was checked, and tests confirmed
its stability and capability to reconstruct the synthetic
distributions specified in the temperature range from
5 to 30 MK (Fig. 1).

DATA

In the present study, we calculated the DEM distri-
butions for flare of C8.1 X-ray class, which occurred
close to the center of the solar disk (N14 E09) at 02:28
UT on January 21, 2003. Figure 2 displays the inte-
grated spectrum of this flare (for about 1686 s) for four
RESIK channels (3.3 A-3.8 A—4.3 A—4.9 A-6.0 A). A
detailed description of the RESIK spectrometer and its
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calibration can be found in the paper by Sylwester et al.
(2005). In Fig. 2, we have denoted the spectral regions
whose radiation fluxes were used to calculate the DEM

Table 1. The spectral intervals and the corresponding main
transitions

NI;I(;] Zi‘g:?%h Main lines
1 3.340-3.368 | Ar XVII 1s? 'S, - 1s3p 'P,
2 | 3.688-3.699 |SXVIls?2S,,-5p?2P,
3 3.724-3.740 | Ar XVIII 1s %S, — 2p *Py 5 31
4 | 3.777-3.789 |S XVI1s2S,;,—4p ?Py) 3
5 3.944-3.962 |Ar XVII 1s* 'S, — 1s2p 'P; (w)
6 3.963-3.980 |[ArXVII1s?!1S)—1s2p3P; , (x +y)
7 | 3.981-4.004 |ArXVII 1s? 'S, — 1525 3S, (z)
8 4.076-4.091 |S XV 1s?!S,— 1s4p 'P,
9 | 4.288-4315 |SXV 1s2!S;,—1s3p'P,
10 | 4.720-4.743 |SXVI1s2S,,-2p 2P 3, (Lya)
11 5.030-5.061 |S XV 1s* S, - 1s2p 'P; (w)
12 | 5.086-5.124 |S XV 1s?!S,— 152538, (z)
13 5.204-5.232 | SiXIV 1s %S, —3p *Pyj2 3 (LyP)
14 | 5.267-5.290 |SiXII 1s* 'S, - 1s5p 'P,
15 5.396-5.417 |Si XIII 1s* 'S, — 1s4p 'P,
16 | 5.669-5.697 |SiXIII 1s% 'S, — 1s3p 'P,
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Fig. 2. The entire spectrum of the flare, which occurred on January 21, 2003, at 02:28 UT, obtained in four RESIK channels. The
numbers (1-16) denote the spectral intervals which are given in Table 1 and are used to calculate the DEM distributions.

distributions. Table 1 presents the wavelength ranges
covering the selected spectral lines and the correspond-
ing main electron transitions contributing to the mea-
sured fluxes.

The lines of argon and sulfur are observed in the first
and second channels. In addition, the potassium triplet

(3.53 A) is observed in the first channel, but theoretical
data on the corresponding emission functions are still
lacking. In the third and forth channels, the lines of sul-
fur and silicon are most pronounced. We specified
12 time intervals during the flare under consideration
and calculated the fluxes in the spectral regions selected
(using the data on the absolute calibration of the instru-
No. 4
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ment) with the corresponding errors for these intervals.
These errors, necessary to calculate the DEM (the sta-
tistical error is assumed here to be equal to the square
root of the number of registered photons), are rather
small (£10%), because the sensitivity of the RESIK
instrument is high. Using the measured fluxes (lines
plus continuum in the selected spectral regions), we
calculated the DEM distributions for the time intervals
mentioned above. The intervals are given in Table 2 and
in Fig. 3. The time behavior of the X-ray emission in
the 1- to 8-A range as observed by the Geostationary
Operational Environmental Satellite (GOES) is also
shown.

Figure 4 displays a three-dimensional diagram illus-
trating the time behavior of the fluxes in 16 selected
spectral ranges (for 12 time intervals). Intervals 5 and 6
correspond to the phase of the flare maximum (Fig. 3).
As is seen from Eq. (2), in order to calculate the DEM
distribution, the theoretical temperature dependence of
the line emissivity, the so-called emission function
f:(T), is required. In our case, the required emission
functions were calculated using the CHIANTI package
(Dere et al., 1997) for 16 spectral ranges and for the
coronal chemical composition of the Sun. Since we
want to study the influence of the specified ionization
equilibrium (IE) on the resulting DEM distribution,
we calculated the emission functions f;(T) for four sets
of the ionization equilibrium available in the litera-
ture: Shull-Steenberg (Shull and Steenberg, 1982),
Arnaud-Rothenflug (Arnaud and Rothenflug, 1985),
Arnaud-Raymond (Arnaud and Raymond, 1992), and
Mazzotta (Mazzotta et al., 1998). The temperature
behavior of the emission functions obtained with the
four sets of IE is shown by different symbols in Fig. 5.
It is seen that f;(T) are generally the same with only
small differences. The results obtained with the IE
estimates from Shull-Steenberg and Mazzotta differ
most.

RESULTS OF DEM CALCULATIONS

The DEM distributions for the selected flare calcu-
lated with the technique described above are displayed
in Fig. 6. These results were obtained with a set of four
ionization equilibrium (IE) estimates and are shown for
different phases of the flare evolution (intervals 1 and 2,
corresponding to the rise phase, are shown in the top
panels; intervals 5 and 6, corresponding to the maxi-
mum phase, are presented in the middle panels; and
intervals 11 and 12, corresponding to the decay phase,
are demonstrated in the bottom panels). As might be
expected, the DEM distributions obtained with the ion-
ization equilibrium estimates from Shull and Steenberg
differ from the others most. However, the general shape
of the DEM distribution is the same regardless of the
method applied for IE calculations. In most cases, the
DEM distribution can be considered as two-compo-
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Table 2. The time intervals for which the spectral fluxes of
the X-ray radiation of the analyzed flare (January 21, 2003)
were obtained

Number Intervals
1 02:25:04 UT - 02:26:06 UT
2 02:26:06 UT — 02:26:40 UT
3 02:26:40 UT - 02:27:06 UT
4 02:27:06 UT - 02:27:36 UT
5 02:27:36 UT - 02:28:10 UT
6 02:28:10 UT - 02:28:44 UT
7 02:28:44 UT - 02:29:24 UT
8 02:29:24 UT - 02:29:58 UT
9 02:29:58 UT - 02:30:40 UT
10 02:30:40 UT - 02:32:02 UT
11 02:32:02UT -02:34:12 UT
12 02:34:12 UT - 02:38:36 UT

nent. One component corresponds to the cold plasma
with temperatures ranging from 5 to 10 MK. The sec-
ond component corresponds to the hotter plasma
with a maximum temperature of about 20 MK. The
position of this maximum and its height depend on
the flare phase.

Since the calculated DEM distribution only slightly
depends on the choice of the IE approximation, for fur-

GOES X-ray flux, Watts m~2
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Fig. 3. The time behavior of the X-ray flux (1-8 A)
observed with GOES during the flare under consideration.
The numbers at the top denote the intervals for which the
DEM distributions were calculated.
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Fig. 4. A three-dimensional diagram displaying the time behavior of the absolute fluxes in the observed selected intervals.
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Fig. 5. The emission functions f;(7) of the selected lines calculated for four different estimates of the ionization equilibrium.

SOLAR SYSTEM RESEARCH Vol. 40 No. 4 2006



DETERMINATION OF DIFFERENTIAL EMISSION MEASURE

02:25:04 UT-02:26:06 UT

40 | | | | |

299

02:26:06 UT-02:26:40 UT

Rise

02:27:36 UT-02:28:10 UT

Maximum

48
46
=
a
o044 +
2
42+
40 1 1 1 1 ] 1 1 1 1 ]
5 10 15 20 25 30 5 10 15 20 25 30
T, MK T, MK

Fig. 6. Examples of the DEM distributions calculated for different moments of the Jan. 21, 2003, flare evolution.

ther analysis, we choose the calculations based on the
IE estimate from Mazzotta. This estimate is also used
most extensively in the literature.

To get an idea of the “quantitative” dependence of
the individual components of the DEM distribution
with time, we selected three components of plasma at
temperatures from 5 to 30 MK: (A) the cold plasma
component (with temperatures 7 < 10 MK), (B) the
component with moderate temperatures (10 MK < 7' <
20 MK), and (C) the hot component (with temperatures
above 20 MK). Figure 7 shows the time behavior of the
emission measure of the considered flare in the temper-
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ature subranges mentioned above. The temporal varia-
tions are quite similar for components A and B, i.e., for
the plasma with temperatures below 20 MK. The
amount of this plasma weakly changes with time during
practically the whole flare (~10 min). For the hot com-
ponent C, the emission measure constantly decreases
from the very beginning of the event: all the points
except the first one lie along a single straight line.

For the twelve selected intervals covering all phases
of this event, the evolution of the DEM distribution
obtained with this IE estimate is shown in Fig. 8.
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Fig. 7. The evolution of the DEM distributions for the ionization equilibrium given in the paper by Mazzotta et al. (1998).
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Fig. 8. The time variations of the emission measure of the
hot and cold plasma components during the flare of Janu-
ary 21, 2003.

CONCLUSIONS

The analysis of calculations of the differential emis-
sion measure (DEM) distributions made for the
selected flare (January 21, 2003) allows us to conclude
the following:

(1) The temperature behavior of the DEM distribu-
tion weakly depends on the approximations used for the
ionization equilibrium.

(2) The DEM distributions obtained based on the
measurements of solar radiation fluxes in the spectral
lines observed with the RESIK instrument are two-
component. The cold (low-temperature) and hot (high-
temperature) components of the distribution corre-
spond to plasma with temperatures ranging from 5 to
10 MK and from 15 to 25 MK, respectively.

(3) During a flare’s evolution, the emission measure
in the hot and cold components behaves quite differ-
ently. The amount of the hot plasma decreases quickly,
while the amount of the cold plasma is almost constant
(it decreases only at the end of the decay phase).
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