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ABSTRACT 
EXOSAT soft X-ray spectra of three binary systems of cool stars are analyzed: Capella (G6 III + F9 HI), 

a2 CrB (F8 V + Gl V), and Procyon (F5 IV-V + DF) (the candidate X-ray emitters are underlined). The 
EXOSAT transmission grating spectrometer permits the study of individual spectral lines and line complexes 
between 10 Â and 200 Â with approximately 3 Â resolution. First we demonstrate that the spectra can be 
described reasonably well by a two-temperature model corona. Then we relax the assumption that only two 
temperatures exist in the stellar coronae and derive differential emission measure distributions from the three 
spectra. The results from the multithermal modeling are consistent with those of the two-temperature models: 
emission from the coronae of each of the three stars is dominated by plasma in two relative narrow tem- 
perature intervals. These intervals are centered on 5 MK and 25 MK in the cases of Capella and a2 CrB, and 
0.6 MK and 3 MK in the case of Procyon. The implications of the results for the structure of stellar coronae 
are briefly discussed. 
Subject headings: line identifications — stars: corona — stars: late-type — stars: X-rays — X-rays: spectra 

I. INTRODUCTION 
The imaging proportional counter (IPC, see Gorenstein, 

Harnden and Fabricant 1981) of the Einstein HEAO 2 observa- 
tory demonstrated that soft X-ray emitting coronae are a 
common feature among stars on the cool side of the 
Hertzsprung-Russell diagram. Although limited spectral infor- 
mation was available for the brighter X-ray sources observed 
with the IPC, the poor spectral resolution (AE/E » 100%) and 
limited wavelength range (3-60 Â, or 0.2-4 keV) of the IPC did 
not allow a detailed determination of the temperature struc- 
ture of the coronae. Single-temperature fits, however, did 
provide estimates of the mean, or characteristic, coronal tem- 
peratures. Typical mean temperatures for stellar coronae range 
from 2 MK up to 50 MK (Schrijver, Mewe, and Walter 1984; 
hereafter Paper II). The IPC observations of some of the 
brightest stellar sources show that the coronae of these stars 
cannot be isothermal, so that at least two components must 
exist with different temperatures and emission measures. 
Therefore, Paper II tentatively concludes that (at least) two 
dominant temperatures exist in stellar coronae: a moderately 
hot component around 4 MK and a high-tempera ture com- 
ponent around 20 MK. The ratio of emission measures corre- 
sponding to these two components can differ markedly from 
star to star. The stellar parameters determining the ratio of the 
emission measures for these two components were not deter- 
mined. 

The first high-resolution X-ray spectra of nonsolar coronae 
were obtained with the objective grating spectrometer (OGS) 
and the solid state spectrometer (SSS) on Einstein (see, e.g., 

Swank et al. 1981; Mewe et al. 1982). Although the spectral 
resolution of these instruments was much better than that of 
the IPC, the wavelength ranges of both instruments were 
rather limited. Most of the observations obtained with these 
spectrometers gave clear evidence for two or more tem- 
peratures in stellar coronae. Majer et al. (1986), for instance, 
find evidence for at least two temperature components in a 
number of IPC spectra of RS CVn type binaries. Their study, 
however, shows that the instrumental properties of the IPC are 
such that two temperature ranges (around 3 and 15 MK) are 
most likely to be found in a two-temperature fit, even if there 
would be a significant contribution at other temperatures. 

More recently, high-resolution X-ray spectra have been 
obtained with the transmission grating spectrometer (TGS) on 
the EXOSAT spacecraft. The TGS permits the study of indi- 
vidual spectral lines and line complexes over a wide wave- 
length range from 10 to 200 Â with approximately 3 Â 
resolution. In an earlier study of the EXOSAT spectra, Schrij- 
ver (1985) showed that the spectra of Capella, a2 CrB, and 
Procyon can be adequately described by a two-temperature 
model: 3 MK and 18 MK in the case of Capella and a2 CrB, 
and 0.7 MK and 2.5 MK in the case of Procyon (note that he 
used a spectral model that differed somewhat from the final 
version we use here, causing the temperatures resulting from 
the fits to be slightly different). These results appear to agree 
with the basic conclusion from Paper II, although the Procyon 
data introduce a third, cool plasma component that is not 
found in the sample of IPC spectra studied in Paper II. 

The two-temperature fits to the EXOSAT spectra provide a 
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reasonably good description of the observed line strengths, 
although a formal error analysis shows that the acceptance 
levels are quite low in the case of Capella (see § IV). One 
would like to be certain, however, that the two-temperature 
result is indicative of a fundamental characteristic of stellar 
coronae and not merely an artifact of the adopted four- 
parameter model (fitting two temperatures and two emission 
measure values). If, for example, a multithermal model can be 
shown to reproduce the fits with a similar statistical acceptance 
as the two-temperature model, the interpretation of the spectra 
in terms of just two dominant temperatures is not unique, 
and may be incorrect. On the other hand, if a multithermal 
analysis can be shown to be in general agreement with the 
two-temperature fits, one can make a strong case for a 
two-temperature interpretation. The combination of two- 
temperature and multithermal analyses of the coronal spectra 
will increase our knowledge of the detailed temperature struc- 
ture of the atmospheric plasma, and may thus place constraints 
on the geometry, the dynamics, and the heating of stellar 
coronae. Therefore, we perform a detailed multithermal 
analysis of the EX OSAT TGS spectra of the cool stars Capella, 
<t2 CrB, and Procyon (earlier reports of the observations were 
given by Mewe 1984; Brinkman et al 1985; Schrijver 1985; 
Schrijver and Mewe 1986; and Mewe et al. 1986). We relax the 
assumption that the stellar coronae contain material at only 
two-temperatures and derive differential emission measure dis- 
tributions. 

The theoretical spectra are described in § II. The observa- 
tions are reviewed in § III and a two-temperature model is 
discussed in § IV. The methods used to perform the multi- 
temperature modeling are described in § Ya and the results 
presented in § Vh. The discussion and summary of conclusions 
are presented in § VI. 

II. THEORETICAL X-RAY SPECTRA 
A comparison of observed and theoretical spectra can 

provide estimates of the plasma parameters such as tem- 
perature, emission measure, elemental abundances, the degree 
of ionization equilibrium, and can place limits on the column 
density of the intervening plasma. During the past decade we 
have developed a theoretical model for spectra emitted by hot, 
optically thin plasmas (e.g., Mewe 1972; Mewe and Gronens- 
child 1981; Mewe, Gronenschild, and van den Oord 1985; 
Mewe, Lernen, and van den Oord 1986). For the purpose of the 
present study, we calculated a library of theoretical spectra and 
convolved these with the response and resolution character- 
istics of the EX OS AT TGS with the 3000 Â Lexan filter. We 
used the spectral code of Mewe, Gronenschild, and van den 
Oord (1985) and Mewe, Lernen, and van den Oord (1986) for 
an optically thin and isothermal plasma with cosmic abun- 
dances (as given by Allen 1973) and interstellar hydrogen 
column densities NH ranging from 1018 to 1019 cm-2. We have 
used a grid of 67 temperatures between 0.5 and 100 MK, 
spaced by intervals AinT(K) = 0.081. We assume that the 
plasma is in steady-state ionization equilibrium, that the elec- 
tron energy distribution is Maxwellian, and that the intensities 
of the dominant lines are independent of electron densities in 
the stellar coronae (e.g., ne < 1012 cm-3). 

Figure 1 shows a few examples of spectra calculated for 
temperatures T = 0.6, 2, 5.1, and 20 MK. The ion species of 
several of the strongest lines are identified. The spectra are 
convolved with the response function of the EX OS AT TGS, 
which incorporates the effective instrumental area and the 

Fig. 1.—Examples of theoretical spectra, folded with the EX OSAT 
response function and given in 1 Â bins. The most prominent lines are labeled 
with the corresponding ion species. Panels a, b, c, and d are for temperatures 
T = 0.6, 2.0, 5.1, and 20 MK and for interstellar hydrogen column densities 
Nh = 2, 2, 5, and 5 ( x 1018 cm-2), respectively. The emission measure equals 
EM = 1050 cm-3, the source distance d = 1 pc, and the observation time 
t = 105 s. 

wavelength resolution function of the grating and the detector. 
We note that the intrinsic spectral line broadening is negligible 
compared to the instrumental width. The correspondence 
between the appearance of certain spectral lines and the tem- 
perature at which they have their peak emission is shown in 
Figure 2. 

III. OBSERVED SOFT X-RAY SPECTRA 

Three X-ray spectra of cool stars were obtained with the 
EX OS AT 500 lines per mm transmission grating in conjunc- 
tion with the (3000 A) Lexan filter, and the channel multiplier 
array in the focal plane of a grazing incidence telescope. De 
Körte et al. (1981), Brinkman et al. (1980), and Mewe (1984) 
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WAVELENGTH (Á) 
Fig. 2.—^Temperature Tmax at which the maximal intensity is reached in 1 À bins as a function of wavelength. The ion species that contribute most strongly to the 

intensity at Tmax are identified. 

describe the instrument. The observation dates, exposure 
times, and relevant source data are given in Table 1. 

The light curves for Capella and a2 CrB as observed by the 
EX OS AT low-energy (LE) instrument and by the medium- 
energy (ME) proportional counter array of eight detectors (see 
Turner, Smith, and Zimmermann 1981) are shown in Figure 3. 
The temporal variations in the integrated X-ray flux are gener- 
ally small. Some of the slow changes may be caused by the 
stellar rotation which causes individual active regions to rotate 
onto and behind the stellar disk. The binary a2 CrB showed a 
strong flare that lasted approximately 3 hours (see Brinkman et 
al 1985; van den Oord, Mewe, and Brinkman 1988a, b). The 
time interval during which the flare occurred is excluded from 
the present analysis. The differences between the a2 CrB 
spectra recorded by the ME during the first 13.9 hours of the 
observation (before the flare) and during the last 6.9 hours after 
the flare do not differ significantly (see van den Oord, Mewe, 
and Brinkman 1988a, b). Therefore, we think it unlikely that 
the energy released in the flare significantly heats the corona in 
the hours after the flare decay phase. 

The observed spectra are shown as histograms in Figure 4. 
The right and left higher orders have been averaged, and 
the spectra have been corrected for an average background 
(Table 1), and rebinned by a factor of 5 in 2.5 Â bins (for 
Procyon in 5 Â bins). 

The intensity between 50 Â and 70 Â in the left spectral 
order is slightly higher than in the corresponding part of the 
right spectral order in the spectra of all three sources (see Fig. 4 
in Brinkman et al 1985). This may be attributed to statistically 
allowed differences in the counting rates or to a position- 
dependent change in the detector response. We cannot dis- 
tinguish between these two alternatives, and thus the reality of 
the features in this spectral range is uncertain. Note that the 
spectral fits described in the next section do not agree with this 
particular part of the spectrum very well, which may reflect the 
fact that the features in either the right or left higher order 
spectra are affected by an unknown instrumental effect. 

Some interesting points readily emerge from an identifica- 
tion of spectral lines and line complexes. The two most active 
stars, Capella and a2 CrB, show a prominent Fe xxm line at 
133 Â which is typical for hot plasmas of about 10-20 MK, 
such as observed in solar flares (Kastner, Neupert, and Swartz 
1974; Mason et al 1984). This hot line is absent in the Procyon 
spectrum, which contains instead a strong blend of lines 
around 170 Â, that can be identified as lines from Fe ix-xi 
ions; Fe ix-xi ions are formed in a cool corona with a tem- 
perature between 0.6 and 2 MK. The absence of the 170 Â 
emission feature in the spectra of Capella or a2 CrB implies 
that relatively little plasma cooler than 2 MK can be present. 
This conclusion is supported by the narrowness of the Fe xvn- 

TABLE l 
Source Data 

Eff. Exposure 
Spectral3 Dist.b NH Obs. Date Duration Background 

Source Type (pc) (1018 cm-2) Ref. (1983) (104 s) (cts/Â) 

Capella (a Aur)  G5III + F9 III 13.2 5 1,2 Oct 24/25 8.49 20.4 
a2 CrB    F8V + G1V 23. 5 1,3 Sep 28/29 8.06 16.6 
Procyon (a CMi)  F5IV-V + DF 3.5 2 1,2 Oct 21/22 2.14 4.9 

3 Candidate X-ray emitter underlined. 
b Hoffleit and Jaschek (1982). 
References.—(1) Paresce 1984; (2) Dupree 1981 ; (3) Tarafdar and Agrawal 1984. 
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■f-   25 OCT 1983 28 SEPT 1983- 29 SEPT 1983 
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TIME (s) 
Fig. 3.—Background-corrected light curves of Capella and a2 CrB as obtained with the medium-energy detector (ME count rate is per detector element of the 

array) and as derived from the zeroth-order part of the low-energy (LE) TGS spectrum. The data are binned in 480 s intervals for the ME and in 500 s intervals for the 
LE. The data for Capella before 21:38 UT of October 24 are not used in our spectral analysis. The flare between 04:02 and 06:47 UT of September 29 in the 
spectral data of cr2 CrB is also excluded. 

xviii line complex at 15 Â: if much plasma with temperatures 
below 2 MK were present, this complex would be broadened 
by a significant contribution from O vu lines at 21.1 Â. The 
intensity ratio of the 15 Á line complex and the Fe xvm-xxm 
complex between 90 Â and 140 Â demonstrates that the 
spectra cannot be emitted by an isothermal plasma (see § IV). 

IV. ONE- AND TWO-TEMPERATURE SPECTRAL FITS 

A simple first approach to the modeling of the spectra is to 
compare the observed spectra with the model of an isothermal 
plasma. It turns out that a single-temperature fit gives unac- 
ceptably large x2 values for all the spectra considered. The 
spectrum of an isothermal plasma cannot describe all of the 
observed lines, as shown by the best-fit case for Capella in 
Figure 5. Hence, a one-temperature interpretation is ruled out, 
except possibly for the case of Procyon where the acceptance 
level for the one-temperature fit is 70% (reduced minimum 
Xv

2 = 0.9, for T = 0.6 MK and emission measure 
EM = 4.6 x 1050cm-3). 

Figure 4 allows a comparison between the observed spectra 
of Capella, a2 CrB, and Procyon and the best-fit two- 
temperature simulated spectra. Overall agreement is obtained 
between theoretical and observed spectra. The two- 
temperature fits (Table 2) have acceptance levels of 1, 95, and 
95% for Capella, cr2CrB, and Procyon, respectively. The fits 

suggest that for Capella and a2 CrB the coronal radiative 
losses occur predominantly around temperatures of 5 MK and 
22 MK. In addition to a 2 MK component comparable to the 
cool component on Capella and a2 CrB, the Procyon spectrum 
fit requires a cooler component of approximately 0.6 MK. 

Thus, the two-temperature model is in reasonable agreement 
with the observed spectra of the three stars, although only the 
fits to the g2 CrB and Procyon spectra meet statistical accep- 
tance criteria. In the next section we relax the two-temperature 
assumption and attempt to model X-ray spectra in terms of a 
more general differential emission measure distribution. 

V. DIFFERENTIAL EMISSION MEASURE ANALYSIS 

a) Theory 
For a multithermal plasma the (line + continuum) spectral 

intensity f(Àj) (counts s-1) measured at Earth by the TGS in 
wavelength bin Àj may be expressed as 

fßj) = ¿ J Wp T)cp(T)dT , (la) 

or, integrated logarithmically : 

M) = ¿2 { F{ÀP T)T(p(dln T) ’ (lb) 

TABLE 2 
Two-Temperature Fits to EXOSAT TGS Spectra3 

7^ EM l T2 EM 2 v Acceptance 
Source (MK) (1051 cm"3) (MK) (1051 cm"3) EMJEM2 x2 (d.o.f.) Level A(%) 

Capella     4.7 55 22 180 0.31 1.4 74 1 
(T2 CrB   6.1 65 24 420 0.16 0.7 74 95 
Procyon   0.5 0.73 2 1.5 0.49 0.6 36 95 

3 Shown are the temperatures and the emission measures for the two-temperature fits, the ratio of emission measures, the 
reduced y1 values, the number of degrees of freedom (d.o.f.), and the acceptance level A of the fit. 
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Fig. 4.—EX0SAT 500 lines per mm TGS spectra of (a) Capella, (b) a2 CrB, and (c) Procyon compared with the “polynomial” (P) best fit (see § Va for a 
description of analysis techniques). Panels d, e, and/give best-fit spectra, comparing: (1) two-temperature fit spectrum (2) “polynomial” (P) fit spectrum, and (3) 
“ Withbroe-Sylwester ” (WS) fit spectrum. The spectra in panels a, h, d, and e are given in 2.5 Â bins; in panels c and/in 5 A bins. 

where F(ûp T) is the spectral emissivity (counts cm5 s-1) for 
the line plus continuum emission as a function of temperature 
T integrated over wavelength bin Àp convolved with the TGS 
instrumental response function. The distance to the source is d 
(cm), and <p(T) (cm“ 3 K"x) is given by 

(p(T)dT — ne
2dV , (2) 

where ne is the electron density (cm-3) and V the plasma 
volume (cm3). Note that the total emission measure is given by 
EM = j T(p(T)d(\n T) = J ne

2dV. We shall use the term differ- 
ential emission measure distribution interchangeably for (p(T) 
and T<p(T), only specifying which of these is meant where 
ambiguities would otherwise arise. We consistently use 
7>(T) A ln (T) in the graphic representations in this paper. 

The differential emission measure distribution can be 
derived from the observed spectrum by deconvolving (p(T) 
from the measured spectral intensities /(A,), using known emis- 
sion functions F(2,, T) for the individual wavelength bins (see 
§ II). For this deconvolution we apply two different iterative 
techniques which both use an initial form for the differential 
emission measure, (p0(T), to calculate theoretical line inten- 
sities. The comparison of observed and theoretical line inten- 
sities yields a new <Pi(T). Subsequent iterations are performed 
to minimize the value of x2 given by 

2 = y C/oW -/cW ^ 
j=L ff2Wj) 

where,/0(Aj) and /c(/j) are the observed and computed inten- 
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Fig. 5.—Single-temperature fit to Capella spectrum (given in 2.5 Â bins). The observed spectrum is given as a histogram, the best-fit spectrum as a smooth curve. 
The best-fit parameters (for a fixed value NH = 5 x 1018cm~2) are given in the top-right corner. 

sities in wavelength bin Àp c(Xj) is the statistical error in the 
observed count rate, and the summation over j corresponds to 
the total of N wavelength bins in the observed spectrum. 

The crucial step in the iteration procedure is the determi- 
nation of the new form for the differential emission measure 
distribution cpi+1(T) based on the comparison of calculated 
and observed line intensities during the ith iteration. We apply 
two different algorithms. The first method—the Withbroe- 
Sylwester (WS) technique—is based on a weighting-factor 
method originally proposed by Withbroe (1975), and modified 
by Sylwester, Schrijver, and Mewe (1980). This technique com- 
putes the next approximation of the differential emission 
measure distribution, (pi + 1(T), from the previous one, (p^T), by 

<Pi+i(T) = (p,{T) (4) 

where, f0{Àj) and fcßj) are defined above. Sylwester, Schrijver, 
and Mewe (1980) derived a semiempirical expression for the 
empirical weighting function Wj{T), which takes into account 
the uncertainties, in the measurements of the observed 
intensities. This method makes no assumptions about the func- 
tional form of the differential emission measure distribution (in 
principle there are N degrees of freedom), although the final 
result is subject to an implicit smoothing because the weighting 
functions contain integrals over the entire spectral range 
(Fludra and Sylwester 1986). 

The second approach—the polynomial (P) method—was 
suggested by Bruner et al. (1989) who assumed that the shape 
of (p(T) can be approximated by the exponential of a poly- 
nomial given by 

(p(T) = oce03™ , (5) 

where a is a normalization constant and co(T) is a polynomial 
function of temperature. In the subsequent discussion we refer 
to this method as the polynomial technique. For convenience, 
we have followed the suggestion of Bruner et al. (1989) and 

have chosen 

<4T) = £ akPk(T), 
k=l 

where Pk is a Chebyshev polynomial of order k. This ensures 
that the coefficients, ak, are all roughly the same order of mag- 
nitude and makes the search for the best solution over param- 
eter space better conditioned. In principle, one should choose 
solutions with the lowest order polynomial which still provides 
an acceptable fit to the data. We use polynomials of order 9. 

Applications of the above methods to solar X-ray spectra 
can be found in Withbroe (1975), Levine and Pye (1980), Syl- 
wester, Schrijver, and Mewe (1980), Jakimiec et al (1984), and 
Bruner et a/. (1989). 

The multithermal analysis technique should satisfy the 
general condition that (p(T) > 0. Craig and Brown (1976a, 6), 
for example, have criticized the multithermal analyses of X-ray 
spectra based on a mathematical model which did not meet 
this criterion. Both of the described techniques are formulated 
to exclude a priori negative values for the emission measure. 

b) Results of the Differential Emission Measure Analysis 
The results of the multithermal differential emission measure 

analysis are presented in Figure 6 (see also Table 3 for x2 and 
acceptance levels). The differences between the results from the 
algorithms described in § Va are an indication of the uncer- 
tainties in determining T(p(T). The resulting T(p(T) for the two 
different algorithms are in good agreement for temperatures 
between 2 MK and 20 MK, for which pronounced spectral 
lines are available in the theoretical spectra (see Fig. 2). For 
comparison, the results of the two-temperature model are indi- 
cated in Figure 6. 

Large discrepancies between the T(p(T) curves from the two 
algorithms for each of the stars occur at temperatures below 3 
MK (Fig. 6). The spectral range between 160 Â and 200 Â 
contains line features that are sensitive to temperatures down 
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Fig. 6.—The differential emission measure curves [DEM = T(p(T) A ln (T), 
with A ln (T) = 0.081] (à) for Capella, (b) a2 CrB, and (c) Procyon. Each panel 
contains the result of the “ Withbroe-Sylwester ” (WS) method (dotted) and of 
the “polynomial” (P) method (solid). Two arrows in each panel mark the 
results of the two-temperature fits (Table 2). 

to 0.5 MK. The observed intensities, however, are small and 
have a poor signal-to-noise ratio in this wavelength interval. 
Thus, the differences at low temperatures between the differen- 
tial emission measure curves resulting from the two different 
algorithms are not statistically significant. 

Strong disagreements between the two T(p(T) models are 
also seen at temperatures above approximately 20 MK. This is 
caused by the absence of strong spectral lines characteristic of 
these high temperatures (see Fig. 2), and by the fact that the 
continuum changes only weakly as a function of temperature. 
Hence, the shape of the differential emission measure curve 
contains no significant information for temperatures above 20 
MK and is not well constrained. In contrast to the TGS, the 
EX OSAT medium energy (ME) experiment is sensitive to 
emission from plasmas at temperatures above about 10 MK, 
although the spectral resolution is much lower. The ME 
spectra allow a fairly accurate temperature determination 
below approximately 40 MK, but can also distinguish between 
higher plasma temperatures, albeit with less precision. The ME 
and TGS spectra were analyzed jointly using both multi- 
thermal algorithms. The resulting differential emission 
measure at temperatures above 40 MK is reduced for both 
algorithms (see Fig. 7) and the results of the two methods are in 
better agreement than in the analysis of the TGS spectra only: 
the inclusion of the ME data helps to constrain the solution at 
the higher temperatures. As expected from the remarks given 
earlier in this paragraph, the TGS spectra that are predicted 
from these combined ME and TGS differential emission 
measure curves differ little from those resulting from the TGS 
data alone. 

The characteristic features of the differential emission 
measure distributions are remarkably similar for the spectra of 
Capella and a2 CrB: there is a very steep increase with tem- 
perature up to 3 MK, followed by a “depression” around 10 
MK, and another increase toward temperatures about 20 MK. 
To ensure that the “depression” in the differential emission 
measure around 10 MK is not artifact of the method, the 
differential emission measure curve from the Capella poly- 
nomial method with a “filled in” depression was generated, 
shown by the solid curve in Figure 8a. A synthetic spectrum 
was calculated from this artificial differential emission measure 
curve; we added noise to the synthetic spectrum similar to the 
noise in the observed Capella spectrum (histogram in Fig. 8h). 
The polynomial differential emission measure technique was 
applied to the synthetic spectrum to derive a curve for T(p(T) 
(dashed curve in Fig. 8a) and a fitted spectrum (dashed curve in 
Fig. 8h). It can be seen from the figure that the polynomial 

TABLE 3 
Results of Differential Emission Measure Analysis2 

TGS TGS + ME 

Source x„2 v A(%) x2 v A(%) 

Capella   WS 1.04 76 38 1.04 96 37 
P 1.18 66 15 1.16 86 15 

a2 CrB   WS 0.64 76 99 0.92 96 70 
P 0.74 66 94 0.89 86 76 

Procyon   WS 0.46 38 >99 0.44 45 >99 
P 0.49 28 99 0.45 35 >99 

a For Withbroe-Sylwester (WS) and polynomial (P) methods (see § Va). Shown are 
reduced x2 values, the number v of degrees of freedom, and the statistical acceptance 
level A of the fit. 
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Fig. 7.—Differential emission measure curves for Capella for the combined TGS and ME spectral data. The results of the WS and P methods (see § Va) are given 
as a dotted and a solid line, respectively. 

technique very successfully extracted the original artificial dif- 
ferential emission measure model, and matched the input spec- 
trum. We conclude that the observed structure in the 
differential emission measure curve (Fig. 6a) is not an artifact of 
the method used to determine it. As expected from this result, 
the simulated spectrum is not compatible with the observed 
Capella spectrum (compare Fig. 8b and Fig. 4a). 

Thus, the results of the differential emission measure analysis 
support the hypothesis that the spectra of Capella and a2 CrB 
are dominated by emission from plasma with temperatures in 
two narrow intervals, centered on the temperatures resulting 
from a best fit in a simple two-temperature model. 

The differential emission measure distribution derived for 
Procyon (Fig. 6c) is more uncertain because of the poor signal- 
to-noise ratio of the spectrum. A relatively strong contribution 
is suggested from plasma at temperatures around 0.6 MK and 
at temperatures in the range between 2 and 6 MK (Schmitt et 
al. [1985] also find the latter temperature component in the 
IPC spectrum of Procyon). The separation of these two com- 
ponents appears insignificant. The suggested peaks in the dif- 
ferential emission measure distribution between 2 and 6 MK 
are probably not statistically significant: a single, broad feature 
in the T(p(T) distribution would yield a fit to the observed 
spectrum that is equally acceptable. This double peak may 
correspond to the 5 MK components seen in the spectra of 
Capella and a2 CrB. 

VI. DISCUSSION AND SUMMARY 

The analysis of the X-ray spectra of Capella, a2 CrB, and 
Procyon demonstrates that a few, relatively narrow tem- 
perature intervals dominate their coronae. In fact, a compari- 
son by eye of a two-temperature fit and of a complete 
differential emission measure analysis of the observed spectra 
shows only small differences, although the formal acceptance 
levels of the multitemperature fits are much higher than those 
of the two-temperature fits (compare Tables 2 and 3). In 
Capella and a2 CrB the predominant temperatures are 5 MK 
and ~ 25 MK, in Procyon 0.6 MK. Note that the predominant 

temperatures are the same in the dwarf a2 CrB as in the giant 
Capella. 

The 5 MK component is seen on all three stars, although 
Procyon may have a somewhat lower value of 3 MK. We 
tentatively identify this component with common solar fea- 
tures: Schrijver et al. (1984), for example, show that tem- 
peratures for loops over solar bipolar regions lie between 2 
MK observed for stars could be due entirely to the use of 
different spectral diagnostics and atomic data, 
sation over solar bipolar regions is slightly lower than the 5 
MK observed for stars could be due to entirely to the use of 
different spectral diagnostics and atomic data. 

The stellar 25 MK component on stars may not have a 
quiescent solar counterpart, although Schadee (1983) reports 
that observations made with the HXIS instrument on Solar 
Maximum Mission show very weak, small, but long-lived fea- 
tures with temperatures in excess of 10 MK. The nature of 
these hot features is still unclear. With this one exception, tem- 
peratures as high as 25 MK are observed on the Sun only in 
flares. The stellar 25 MK component may be related to stellar 
flares, in which case the generally featureless X-ray light curves 
of Capella and <j2 CrB (Fig. 4) would require a large number of 
small flares. 

The differential emission measure results for Capella and <r2 

CrB agree with the tentative conclusion from Paper II that two 
temperature components dominate the coronae of cool G- and 
K-type stars. These two temperatures may be the same in all 
stars, while different emission measures ratios for the two com- 
ponents result in different characteristic coronal temperatures 
(as derived from single-temperature fits to HEAO 2 IPC 
spectra) in different stars. Paper II suggested that the ratio 
of emission measures for the two temperature components 
depends on the stellar level of activity and on the surface 
gravity of the star, while other parameters may also be 
involved. Our present results support this conclusion. 

The 0.6 MK component of Procyon (F5 IV-V), absent on 
Capella and o2 CrB, also lacks a clear solar counterpart. Such 
a cool coronal component may be a common phenomenon for 
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Fig. 8.—Simulations of the Capella spectrum (a) with the “depression” in the differential emission measure (DEM) distribution around 10 MK filled in [solid 
curve; compare with Fig. 6a; again Aln(T) = 0.081]. Panel (a) also gives the DEM resulting from a spectral analysis (using the “polynomial” [P] method) of the 
spectrum associated with the artificial DEM, with 1 a noise added (dotted) to the spectrum. Panel (b) compares the spectrum generated using the filled-in DEM (full- 
drawn), and spectrum resulting from the “ polynomial ” DEM analysis (dotted). 

early F-type stars (Walter 1987). Perhaps the properties of the 
thin F-star convective zone result in a distinct, cool coronal 
component. Schrijver (1987) suggests that the atmospheric 
emission of cool stars comprises two components : (i) an emis- 
sion associated with plasma heated by magnetohydrodynamic 
effects, and (ii) an emission that is independent of the stellar 
magnetic activity, the so-called “basal” component. It has 
been suggested that the basal component is caused by acoustic 
heating which is strongest in the early F-type stars. One could 
conjecture that the cool 0.6 MK component is related to the 
strong basal fluxes in early F-type stars. Schrijver (1987) does 
not find clear evidence for a basal flux in X-ray observations, 
but this could be caused by a rapid decrease of the basal X-ray 
flux with effective stellar temperature, so that a possible basal 
coronal component in the cooler G- and K-type stars in his 

sample is masked by brighter emission produced by magneti- 
cally heated plasma. 

The existence of three dominant temperatures in the coronae 
of cool stars may reflect different heating mechanisms for the 
three components, or contain information on the stability of 
the corresponding loops, or both. It is noteworthy that the 
three dominant temperatures correspond with temperature 
intervals in which the coronal radiative loss A(T) increases 
with increasing temperature (Fig. 1 in Mewe, Gronenschild, 
and van den Oord 1985). The gradients in A(T) are small 
around the temperatures that dominate the stellar spectra. If 
radiation is the dominant cooling mechanism, the apex loop 
temperatures may tend toward values that make the loop rela- 
tively insensitive to heat fluctuations. The avoidance of 
decreasing sections of A(T) may be more significant: the gra- 
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dients in A(T) in these intervals are stronger, so that the 
coronal plasma is possibly unstable to fluctuations. 

The steep increase with temperature of the differential emis- 
sion measure distributions T(p(T) derived for Capella and a2 

CrB shows that the model for static magnetic loops, as devel- 
oped by Rosner, Tucker, and Vaiana (1978, RTV), is incompat- 
ible with the data (see discussion in Schrijver, Lernen, and 
Mewe 1988; Paper IV). This steep increase in differential emis- 
sion measure T(p(T) below 3 MK may imply that the geometry 
of the loop differs distinctly from the constant cross-section 
loops of the RTV model. For example, if the loops are much 
wider at the top than at the footpoints, the resulting spectrum 
will appear to be nearly isothermal. The observed doubly 
peaked differential emission measure distribution for Capella 
and a2 CrB would then imply a corona consisting of two fam- 
ilies of loops with maximum temperatures around 5 MK and 
25 MK. In Paper IV we make a detailed two-component 

analysis of the spectra of Capella and a2 CrB, using model 
coronae comprising two ensembles of loops each characterized 
by a maximum temperature and a distinct geometry. 
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