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ABSTRACT 
We present the results of an extensive survey of coronal temperatures of late-type stars using the Einstein 

Observatory Imaging Proportional Counter and discuss various biases that may arise during the process of 
determining X-ray temperatures from low-resolution, broad-band data. From the Bright Star Catalog and its 
Supplement and the Woolley Catalog, we derive a sample consisting of 130 late-type stars which were 
observed with sufficiently high signal-to-noise ratio and whose B—V colors are redder than 0.0. Our spectral 
analysis shows that the frequently found one- and two-temperature descriptions are largely influenced by the 
signal-to-noise ratio of the data, and that models employing continuous emission measure distributions can 
provide equally adequate and physically more meaningful and more plausible descriptions. 

For four groups of stars (main-sequence F and G stars, main-sequence M stars, yellow giants, and RS CVn 
systems), we find intrinsic differences in their differential emission measure distributions. In general, M 
dwarfs—^whenever observed with sufficient signal-to-noise ratio—show evidence for high-temperature gas 
(T > 107 K) in conjunction with lower temperature (T ~ 3 x 106 K) material, while main-sequence stars of 
spectral type F and G have the high-temperature component either absent or very weak. For the majority of 
the giant stars we studied (all of which have X-ray luminosities above the median for this class), there is evi- 
dence of very hot coronae (T > 107 K), but without the lower temperature component which appears in the 
dwarf stars. As a group, RS CVn systems also show evidence for extremely hot coronae (T > 107 5 K), some- 
times with no accompanying lower temperature material; in this sense, they resemble the behavior of the 
giants, but with significantly higher coronal temperatures. 
Subject headings: stars: coronae — stars: late-type — stars: X-rays 

homogeneous class of objects (cf. Stern, Antiochos, and 
Harnden 1986 for a spectral study of the Hyades stars; and 
Schmitt et al 1987 for a comparison between observations of 
11 stars observed with both the Einstein and the EXOSAT 
satellites). Nevertheless, these studies have led to the recogni- 
tion that such plasmas can have several temperature com- 
ponents, that there is a dependence of the photon spectrum on 
the activity of the star, and that there may be a correlation 
between X-ray luminosity and temperature (Vaiana 1983; 
Schmitt et al. 1985a; Stern, Antiochos, and Harnden 1986; 
Schmitt et al. 1987). 

The analysis and interpretation of Einstein stellar X-ray 
spectra as a whole has heretofore not been attempted : the basic 
goal of this paper is to carry out this task and present a survey 
of the coronal X-ray temperatures of late-type stars as 
observed with the Einstein Imaging Proportional Counter 
(IPC; cf. Gorenstein, Harnden, and Fabricant 1981), thereby 
exploring the physical parameters of stellar coronae through- 
out the H-R diagram. 

The IPC, with its rather moderate energy resolution (AE/ 
F ~ 1), is limited in its ability to deduce definitive coronal 
parameters of complex source spectra. Unfortunately, data 
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I. INTRODUCTION 

X-ray data obtained with the Einstein Observatory (cf. Giac- 
coni et al. 1979) have brought about a major change in our 
perception of stellar coronae as a result of the observation of 
X-ray emission from normal stars throughout the H-R 
diagram. The presence of coronae, and the operation of associ- 
ated nonradiative heating mechanisms, have been shown to be 
the rule rather than the exception (see Vaiana et al. 1981; 
Rosner, Golub, and Vaiana 1985; Linsky 1985; and references 
therein). 

Previously undertaken X-ray surveys have concentrated on 
the problem of establishing the levels of stellar X-ray emission 
as a function of stellar properties. Typically, this has involved 
the construction of (maximum likelihood) X-ray luminosity 
distribution functions from optically selected samples of stars 
such as M stars (Rosner et al. 1981), G stars (Maggio et al. 
1987), F stars (Schmitt et al. 1985a), the Hyades stars (Micela et 
al. 1988), and the Pleiades stars (Micela et al. 1990). Detailed 
studies of the physical properties characterizing the plasmas 
responsible for stellar X-ray emission have tended to concen- 
trate on rather small, isolated samples of stars; and only in a 
few cases were attempts made to systematically consider a 
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with higher spectral resolution are available only for an 
exceedingly small number of sources. Only two sources— 
Capella, the strongest coronal X-ray source, and the RS CVn 
system a CrB—were observed with the Einstein Focal Plane 
Crystal Spectrometer (FPCS; £/Á£ ~ 100; cf. Vedder and 
Cañizares 1983; Agrawal, Markert, and Riegler 1985), and 
Capella was the only coronal source observed with the Einstein 
Objective Grating Spectrometer (OGS; E/AE ~ 40; cf. Mewe 
et al 1982). The Einstein Solid State Spectrometer (SSS) 
obtained spectra of about eight RS CVn systems, two M 
dwarfs, and one G dwarf with an energy resolution E/AE ~ 10 
(Swank 1984). Finally, the EX OS AT transmission grating (E/ 
AE ~ 50) was used to observe X-ray spectra of Capella, a CrB, 
and Procyon (Schrijver 1985), and covered the important 
wavelength range between 90 and 140 Â. While these higher 
resolution observations are extremely interesting, their number 
is simply too small to characterize the general spectral proper- 
ties of X-ray emission throughout the H-R diagram, and hence 
for the time being we must rely upon the lower spectral 
resolution IPC measurements. However, we shall call upon the 
higher resolution data whenever needed in our discussions. 

Given the IPC’s limitations in spectral resolution, as well as 
the rather low signal-to-noise ratios encountered in many of 
the IPC observations, particular care is required in order to 
interpret the IPC data in a physically meaningful way. For 
these reasons, we discuss in detail our spectral fitting pro- 
cedures and examine possible biases and selection effects which 
may result from our procedures. We also treat the problem of 
nonuniqueness of spectral parameters that arises when differ- 
ing spectral models are employed. 

The detailed plan of our paper is as follows: in § II we 
describe the construction of our sample and the observations 
which pertain to it. Our procedures for the spectral analysis of 
low-resolution IPC X-ray data and the physics underlying 
coronal X-ray emission are briefly discussed in § III, and the 
results of our temperature analyses are presented in § IV. We 
summarize our conclusions in the final section and, in three 
appendices, elaborate some details regarding instrument char- 
acteristics, the technicalities of the fitting procedures, and 
simulations carried out to substantiate the reliability of our 
results. 

II. SAMPLE STARS AND OBSERVATIONS 

We constructed our sample by first compiling a list of all 
X-ray sources which were detected with Einstein Observatory 
IPC as pointed or serendipitous targets and which could be 
identified with an entry in the Bright Star Catalog (Hoffleit and 
Jaschek 1982, hereafter BSC), its Supplement (Hoffleit 
Saladyga, and Wlasuk 1984), or the Woolley Catalog (Woolley 
et al 1970). We then added the RS CVn systems studied by 
Majer et al (1986) to the list in order to facilitate a comparison 
between the various groups of stars. Finally, we eliminated 
those sources which contained less than 200 counts in their 
X-ray spectra or whose spectra might have been perturbed by 
proximity to the detector edges or to the entrance window 
support structure (cf. Appendix A of Micela et al 1988). These 
selection criteria, while providing a sample of well-studied 
objects with sufficiently high signal-to-noise ratio to allow 
meaningful X-ray spectral studies, do not ensure sample homo- 
geneity and lack of bias. Indeed, the Bright Star Catalog pro- 
vides a subsample of magnitude-limited objects, the objects 
selected from the Woolley Catalog are distance-limited, and 
our entire sample is “ pseudo ”-X-ray flux-limited as a result of 

the imposition of an X-ray counts limit on this set of observa- 
tions which have rather similar exposure times. For these 
reasons, extrapolation of our results to stars as a whole must 
be done with considerable care; in fact, extrapolation of the 
fainter X-ray stars may be unwarranted. 

For identification of an X-ray source with a cataloged object, 
we required the X-ray and optical position to match to better 
than 2'. We considered only stars with B—V > 0 in order to 
restrict the analysis to late-type stars, of spectral type A, F, G, 
K, and M. However, none of the few early A stars detected in 
X-rays by the Einstein Observatory meets the selection criteria 
for inclusion in our sample. 

Based on the information provided in the catalogs, we classi- 
fied the sample stars as single, binary, RS CVn, and ambigu- 
ous. We classified all objects as binaries in which two or more 
objects are expected to contribute significantly to the total 
(spatially unresolved) X-ray emission; however, binaries con- 
taining an A-type star, or containing a cool white dwarf (e.g., 
Procyon), or binaries where High Resolution Imager (Giacconi 
et al 1979) observations showed the X-ray emission to come 
predominantly from one of the components, were classified as 
single stars. The single and binary stars were further sub- 
divided into luminosity classes; in the case of binaries, the 
luminosity class refers to that of the primary component. The 
restriction to stars cataloged in the Bright Star Catalog or 
Woolley Catalog may seem overly restrictive, and in fact many 
X-ray sources can be identified with fainter stellar optical 
counterparts. However, because we have decided to focus on a 
well-defined sample in both the optical and X-rays, the relative 
lack of further information on distance, color, spectral type, 
and binarity for these fainter counterparts has led us to exclude 
them from this study. 

In Table 1 we list our sample stars drawn from the Bright 
Star Catalog, the Bright Star Catalog Supplement, and the 
Woolley Catalog, together with the requisite optical, X-ray, 
and other needed information for each star. We note in passing 
that stars found in both the Bright Star Catalog and Woolley 
Catalog are referred to as BSC objects, and that whenever 
color information was not available in the Woolley Catalog we 
computed a color using the absolute magnitude and the rela- 
tion given by Pettersen (1982). In the first column of Table 1 we 
provide a cross-reference number (indicated in the text as a 
bracketed number following star names) intended solely to aid 
the reader in locating the Table 1 entry for objects from sub- 
sequent tables; column (2) contains star names (note that the 
four, signed-numeric entries are BD numbers). The table also 
provides the following additional information: identifying 
numbers (cols. [3]-[5]), IPC sequence number and source 
number (cols. [6]-[7]), total number of counts in the X-ray 
spectrum (col. [8]), B—V and spectral type (cols. [9] and [10]), 
and distance (col. [11]). Our categorization of the stars as 
single (S), binary (B), RS CVn (R, for “classical” members, or 
dR, for members not known to contain a giant), or ambiguous 
(A) is indicated as “Category” in column (12), and in the final 
column, we summarize the results of fitting the X-ray spectra 
with various coronal models, defining a “fit code” according 
to the scheme discussed in § IVd (cf. Table 6). 

Our full sample consists of 165 different observations of 130 
distinct objects: 82 are taken from the Bright Star Catalog, 18 
taken from its supplement or the complete list of Einstein 
observations of RS CVn systems, and 30 from the Woolley 
Catalog. Of the 130 stars, 48 are main-sequence stars with 
B—V color index <1, 26 are main-sequence stars with 
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Æ — F > 1,18 are giants, 32 are RS CVn systems, and six have 
not been classified for lack of information; this last group also 
includes objects that could in principle be classified but for 
which some of the information used in the following work was 
not available. 

For objects observed more than once, the tables of fit results 
contain individual entries for each data set, but the figures 
(except as noted below and in the captions) show results only 
for the single data set with the largest number of counts (cf. 
Table 1) in the X-ray spectrum of each multiply observed 
object. Hence, different symbols in (most of) the figures corre- 
spond to different objects. 

III. DATA ANALYSIS AND MODEL CORONAE 

a) Spectral Analysis of Low-Resolution X-Ray Data 
It is well known that the physical interpretation of many 

types of spectral data, and especially of low-resolution X-ray 
data, requires a priori assumptions about the form of the inci- 
dent spectrum and, by inference, the physical processes 
responsible for the emission. In the case of stars, we have an 
advantage because the higher resolution X-ray spectra 
obtained with the FPCS (Vedder and Cañizares 1983) and the 
EX OS AT transmission grating (Mewe et al. 1986) clearly show 
emission lines, thus demonstrating the thermal nature of the 
emission process. We shall consider only spectra produced by 
plasmas which are in collisional thermal equilibrium, even 
though in many cases—especially in low signal-to-noise ratio 
situations—other spectral forms can also produce acceptable 
fits. At temperatures below ~ 107 K, most of the energy loss 
from such a thermal plasma is due to a few emission lines, 
which the IPC “sees” as merged into a “pseudocontinuum” 
due to its low spectral resolution. This effect is evident in 
Figure 1, where we show the single temperature fit for the star 
110 Her ([110]; F6 V): the incident, theoretical spectrum is 
shown in Figure la, and in Figure lb, plotted for each IPC 
energy bin are the observed counts (dots) and the counts pre- 
dicted on the basis of the best-fit single temperature model 
(histogram). 

Model thermal spectra, describing the emission from an hot, 
optically thin plasma and suitable for use in the analysis of 
low-resolution X-ray data, have been calculated by a number 
of authors (see, e.g., Tucker and Koren 1971; Landini and 
Monsignori-Fossi 1970, 1984; Kato 1976; Raymond and 
Smith 1977; Raymond 1985; Gaetz and Salpeter 1983; Mewe 
1972; Mewe, Gronenschild, and van den Ord 1985; Shull 
1981). In order to test the sensitivity of spectral analyses to the 
choice of input spectrum, Schmitt et al. (1987) compared the 
results obtained by fitting theoretical spectra calculated by 
Raymond and Smith (1977) and by Landini and Monsignori- 
Fossi (1984) to data for a sample of 11 stars and found no 
significant differences in the derived model parameters. Given 
the low spectral resolution of the data we are considering, 
further comparisons of results obtained with different theoreti- 
cal spectra are not warranted; we will consider only spectra as 
calculated by Raymond and Smith (1977). 

Nevertheless, one must not forget that the calculation of 
thermal line spectra is a nontrivial task. Raymond (1988) dis- 
cusses in detail the variety of assumptions and uncertainties 
underlying the computed X-ray spectra, some of which—such 
as the assumptions of local isothermality and of Maxwellian 
electron velocity distribution behavior—may not apply in 
practice. Clearly, the quality of our data does not allow us to 

ENERGY (keV) 

ENERGY (keV) 
Fig. 1.—Single-temperature, isothermal model fit for the star 110 Her 

([110] ; F6 V): (a) incident theoretical spectrum; (b) predicted counts histogram 
compared with observed counts (dots) for each IPC energy bin. The best-fit 
parameters are log T = 6.59 and /¿d =1-21 with 9 degrees of freedom. 

address such issues, and consequently, these considerations are 
beyond the scope of this paper. 

b) Model Coronae 
The emission from an optically thin plasma can be simply 

described by an expression of the form 

¿ If P(T’ ^ er8s s'‘ «m“ A-\ (1) 

where d is the distance to the source, P(T, A) is the plasma 
emissivity at wavelength A (Raymond and Smith 1977), n is the 
plasma density, dT/ds is the temperature gradient, and 

Q(T) = 
n2T 

dT/ds ’ (2) 

is the differential emission measure. The key task we face is to 
deduce the differential emission measure distribution, that is, 
the amount of material at any given temperature, from obser- 
vations of F(A). Here we have of course suppressed the addi- 
tional complications introduced by actually folding the 
incident spectrum F through the instrument; this is irrelevant 
for our present purposes since the fundamental mathematical 
problem is not changed by this additional folding. 
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Given the low spectral resolution of the IPC and the rela- 
tively low signal-to-noise-ratio of our data (at least in some 
cases), a direct inversion of equation (1) to determine Q(T) is 
impossible; instead, we have considered five different, but very 
simple, coronal models for comparison with the observed spec- 
tral distribution of the incident X-ray flux: 

Model 1.—An isothermal plasma, i.e., Q(T) — EMX 0(T 
— TJ, with two adjustable parameters—the temperature 7^, 

and the differential emission measure at that temperature, 
which reduces to a single number, namely the emission 
measure EM. 

Model 2.—An isothermal plasma with intervening absorption, 
i.e., with <2(T) = EM! ô(T — TJ, and three adjustable 
parameters—T, EM, and the hydrogen column density NH; 
since most of the objects in our study are rather nearby, the 
effects of the absorbing column density NH will turn out to be 
small, and only in a few cases of somewhat more distant giants, 
supergiants, and RS CVn systems do we obtain spectral fits 
with Nh significantly different from zero (cf. § IV). 

Model 3.—A plasma consisting of two isothermal com- 
ponents, with four adjustable parameters—Tl5 EM1? T2, and 
EM2, i.e, Q(T) = EM1 Ô(T - TJ + EM2 ô(T - T2). 

Model 4.—A plasma consisting of two isothermal com- 
ponents at fixed temperatures, of log 7^ = 6.4 and log T2 = 12, 
and two adjustable parameters—the corresponding emission 
measures EM! and EM2), i.e, Q(T) = EMi ô(T — 1064) 
+ EM2 ô(T - 107-2). 

Model 5.—A plasma with a continuous emission measure dis- 
tribution of the form 

Q(T) = EMma/-L)a , (3) 

with three adjustable parameters—the normalization constant 
EMmax, the maximum temperature Tmax, and the slope of the 
emission measure distribution a. This functional form of Q(T), 
i.e, a power law of the form 

Q(T) ~ T* , 

turns out to describe the differential emission measure distribu- 
tion of isolated solar coronal loops very well (cf. Antiochos and 
Noci 1986); the power-law slope a is related to the power-law 
coefficient of the radiative cooling function [approximated as 
P(T) ~ 7^] through 

Antiochos and Noci (1986) have investigated the expected 
differential emission measure distributions from single loops 
and ensembles of loops; for coronal hot loops, they find the 
differential emission measure distribution dominated by loops 
with the highest temperature and density, and therefore equa- 
tion (3) also applies for an ensemble of loops at temperatures in 
excess of 106 K. This property of hot loops justifies our power- 
law assumption for the differential emission measure distribu- 
tion, and as an additional benefit, we can interpret the derived 
parameters Tmax and a from a physical point of view. If equa- 
tion (3) applies, it is clear that the choice of the power-law slope 
a for the differential emission measure distribution is not arbi- 
trary, a fact which both motivated our analysis procedures and 
justifies our approach. 

The reader might well wonder about the number of models 
we shall be considering. It is important to remember that, 
although low signal-to-noise ratio stellar spectra are more than 

adequately represented with the simple coronal models, stellar 
spectra of high signal-to-noise ratio formally fail attempts at 
description with such simple models. Indeed, in the case of the 
sole stellar coronal source which has been spatially resolved 
(the Sun), direct experience with spectral modeling has revealed 
a highly complex plasma environment which cannot possibly 
be characterized by a single temperature and single emission 
measure value. Thus, we should not be surprised that as spa- 
tially unresolved observations gain in signal-to-noise ratio, the 
amount of detail in the spectra which must be reproduced— 
reflecting the true complexity of the source plasmas 
themselves—increases as well. For this reason, it is best to 
regard the above sequence of coronal models, (1), (3), and (5), 
simply as a sequence of models incorporating increasing source 
complexity as the source spectra improve in signal-to-noise 
ratio. 

IV. RESULTS AND DISCUSSION 
Our approach to this analysis was to begin with the simplest 

models, namely the one-temperature coronal models, and then 
to proceed to greater complexity as the data warrant. Since 
single and binary stars do not appear to exhibit a markedly 
different behavior, we decided not to distinguish these two 
subsamples in the graphical presentation of our results; the 
information on multiplicity can, however, be found in column 
(12) of Table 1. Also in Table 1 (col. [13]) are the results of our 
spectral fitting procedure for each observation; the various 
possible outcomes indicated by this “ fit code ” are summarized 
in Table 6 (cf. § IVd). 

a) One-Temperature Models 
In Table 2, which presents the one-temperature fits for all 

sample stars which yielded /2
ed (col. [9]) less than 2.5, each 

observation is identified by IPC sequence number and source 
number (cols. [1] and [2]), and each star is also cross- 
referenced to Table 1 with the cross-reference number of 
column (10). Logarithms of the best-fit temperature and its 
upward and downward 68% confidence intervals are given in 
columns (3)-(5). Examination of the derived NH column den- 
sities in column (6) (of Table 2) reveals that the fits for most of 
these stars produced only upper limits on ATH, i.e, the X-ray 
spectra of these stars do not require any absorbing column. In 
most of the remaining cases, the improvement made by 
accounting for NH is small, but for eight exceptions (the stars 
HD 22211 [45], HD 30050 [58], HD 73343 [72], HD 163930 
[107], HD 209318 [120], HD 216489 [125], HD 218356 [126], 
and HD 219113 [127]), a statistically significant improvement 
in the fit was obtained when finite (as opposed to negligible) 
values of ATh were included in the fits. Emission measures (col. 
[7]) and the 0.2-4.0 keV flux (col. [8]) are also provided in the 
table. 

i) X-Ray Temperatures 
In Figure 2 we show—for acceptable one-temperature fits— 

box plots (cf. Chambers et al. 1983) of the resulting X-ray 
temperature for main-sequence stars with B—V < 1, main- 
sequence stars with B—V>1, giants, and RS CVn systems, 
with this last class further subdivided into “ classical ” members 
and those not known to contain giants (“dwarf RS CVn 
systems” or “BY Dra systems”; cf. Strassmeier et al. 1988). 
Upper and lower ends of the boxes indicate the second and 
third (inner) quartiles, horizontal lines drawn through the 
boxes are the medians of the data, and the vertical dashed lines 
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350 
501 
844 
845 
847 
848 

2225 
2300 
2302 
2306 
2310 
2311 
3091 
3113 
3153 
3191 
3192 
3195 
3196 
3204 
3208 
3209 
3211 
3213 
3219 
3227 
3229 
3230 
3231 
3233 
3234 
3235 
3236 
3512 
3530 
3531 
3533 
3534 
3535 
3536 
3720 
3811 
4146 
4233 
4348 
4414 
4448 
4452 
4457 
4496 
4942 
4948 
5011 
5014 
5015 

TABLE 2 
One-Temperature Fits 

Source 
number 

(2) 

log T log T+ log T~ log Nfj EM d?pc 

M ill Í5L J°L JIL 

/* 1013 

erg s“1 *'Tn—2 
M. 

Xr«d 

M. 

Xref 
number 

(10) 

6.42 
6.88 
6.19 
6.96 
7.21 
6.25 
6.59 
7.17 
6.98 
7.34 
7.22 
7.24 
7.50 
6.40 
7.57 
7.12 
7.62 
7.41 
7.71 
7.49 
7.29 
7.30 
7.70 
7.33 
7.14 
7.24 
7.23 
7.64 
7.43 
7.26 
7.55 
7.20 
7.45 
6.52 
6.67 
6.51 
7.19 
7.18 
7.17 
7.08 
7.18 
6.48 
6.45 
7.34 
6.67 
6.47 
7.17 
6.94 
6.41 
7.34 
7.12 
7.26 
7.19 
7.18 
7.28 

6.47 
6.97 
6.32 
7.05 
7.33 
6.27 
6.70 
7.25 
7.06 
7.38 
7.25 
7.27 
7.78 
6.42 
7.68 
7.16 
7.71 
7.59 
7.93 
7.73 
7.37 
7.61 
7.87 
7.37 
7.17 
7.31 
7.46 
7.96 
7.71 
7.30 
7.64 
7.23 
7.55 
6.61 
6.79 
6.55 
7.25 
7.22 
7.22 
7.16 
7.30 
6.52 
6.48 
7.66 
6.76 
6.50 
7.21 
6.98 
6.44 
7.38 
7.24 
7.33 
7.22 
7.20 
7.32 

6.38 
6.65 
5.94 
6.90 
7.11 
6.22 
6.55 
7.09 
6.93 
7.31 
7.19 
7.21 
7.30 
6.38 
7.47 
7.08 
7.54 
7.31 
7.48 
7.32 
7.23 
7.18 
7.54 
7.29 
7.12 
7.19 
7.13 
7.38 
7.27 
7.22 
7.49 
7.18 
7.39 
6.47 
6.58 
6.47 
7.14 
7.14 
7.12 
7.01 
7.05 
6.44 
6*43 
7.25 
6.60 
6.44 
7.13 
6.91 
6.38 
7.31 
7.01 
7.22 
7.17 
7.16 
7.24 

18.5 
19.0 
21.4 
18.4 
19.6 
19.5 
19.4 
19.5 
18.6 
18.3 
19.1 
17.9 
16.5 
19.4 
20.7 
19.0 
19.2 
20.8 
20.0 
20.3 
19.0 
17.1 
19.2 
18.1 
17.8 
18.9 
20.1 
19.5 
20.2 
19.9 
20.0 
17.8 
18.3 
19.9 
20.0 
19.6 
19.6 
19.1 
18.8 
19.1 
18.7 
19.6 
19.5 
20.4 
19.5 
19.5 
18.6 
18.5 
19.8 
18.7 
19.4 
19.5 
19.0 
18.3 
18.6 

0.18 
I. 76 
0.11 
2.33 
2.47 
3.31 
1.86 
3.17 
7.93 

85.34 
32.03 
27.43 
3.55 
2.61 
3.60 
6.80 
43.60 
3.86 
6.46 
3.89 
II. 80 
I. 73 
10.27 
36.54 
30.33 
II. 05 
2.34 
8.93 
4.07 
13.33 
28.58 
37.82 
29.31 
1.47 
1.10 
2.10 
6.16 
6.84 
7.07 
2.85 
0.47 
1.36 
4.57 
2.44 
2.59 
0.87 
10.22 
6.39 
0.73 

101.70 
0.65 
14.93 
21.57 
19.60 
27.86 

4.57 
41.02 
2.29 

53.91 
38.11 
77.40 
41.59 
54.83 

182.60 
1055.00 
486.10 
401.00 
40.28 
66.98 
40.13 
130.50 
480.30 
45.36 
69.54 
44.24 
157.50 
22.55 
110.90 
462.00 
560.80 
161.70 
34.40 
97.82 
47.40 
185.80 
319.90 
596.20 
338.20 
34.48 
24.70 
49.32 
100.10 
112.60 
121.70 
59.28 
7.88 

33.00 
113.30 
30.34 
58.54 
21.19 
176.40 
148.70 

18.4 
1259.00 
12.49 

208.40 
344.90 
327.70 
375.00 

0.96 
2.48 
1.23 
1.82 
0.46 
1.03 
1.23 
0.33 
1.50 
1.37 
0.65 
1.34 
1.69 
1.23 
0.40 
2.10 
0.96 
1.29 
0.66 
0.99 
0.66 
1.53 
0.78 
1.05 
2.38 
1.80 
0.76 
1.09 
0.72 
1.19 
1.41 
2.48 
1.10 
1.29 
0.73 
1.20 
0.66 
0.80 
0.92 
0.85 
1.71 
1.01 
2.11 
0.72 
0.57 
1.51 
1.04 
1.92 
1.11 
1.25 
0.85 
1.27 
2.32 
2.48 
1.51 

55 
71 
112 
38 
65 
67 
31 
36 
2 

46 
68 
68 
17 
108 
120 
34 
35 
58 
59 
72 
82 
83 
85 
88 

100 
111 
117 
122 
124 
125 
127 
129 
130 
52 
79 
87 
39 
34 
75 

116 
63 
103 
94 
126 
62 
9 
77 
33 
86 
46 
57 
111 
123 
123 
123 

712 
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5016 
5184 
5185 
5190 
5191 
5448 
5471 
5485 
5493 
5527 
5538 
5549 
5559 
5576 
5584 
5621 
5640 
5645 
5652 
5991 
5992 
5993 
6080 
6960 
6970 
7359 
7361 
7362 
7364 
7416 
7471 
7607 
7609 
7610 
7611 
7663 
7710 
7737 
7888 
7913 
7918 
7954 
7958 
8396 
8397 
9002 
9005 
9041 
9042 
9692 
9705 
9711 

TABLE 2—Continued 

Source 
number 

(2) 

log T 

(3) 

log T+ 

(4) 

log T~ log Nh 

(5) (6) 

EM d?pc 
10-49cm—3 

ill. 

fx 1013 

erg s—1 cm' 
 ËL_ 

X-red 

_Í2L 

Xref 
number 
.,.,(.AQ.)  

1 
3 
4 
2 
2 
4 
4 
3 
4 
2 
2 
2 
7 
1 
4 
2 
1 
4 
5 
2 
2 
1 
4 
6 
7 
1 
1 
1 
1 
7 
2 
4 
4 
3 
6 
1 
2 
4 
4 
2 
6 
4 
6 
7 
7 
5 
9 
1 
1 
3 
1 
1 
2 
8 

7.25 
7.28 
6.48 
6.96 
6.51 
6.50 
7.11 
6.48 
6.57 
6.52 
6.43 
6.53 
6.87 
6.47 
6.93 
6.59 
6.97 
7.03 
6.38 
6.53 
6.43 
6.52 
6.47 
7.19 
7.22 
6.63 
6.94 
7.43 
6.52 
6.43 
7.27 
6.97 
6.97 
7.03 
6.89 
6.45 
6.58 
7.57 
6.48 
6.65 
6.46 
6.44 
6.53 
7.15 
7.01 
6.54 
6.58 
7.36 
7.40 
6.52 
6.61 
6.55 
6.57 
7.07 

7.29 
7.35 
6.53 
7.02 
6.55 
6.55 
7.21 
6.51 
6.67 
6.59 
6.46 
6.58 
6.90 
6.59 
7.06 
6.64 
7.06 
7.13 
6.41 
6.69 
6.47 
6.60 
6.52 
7.23 
7.25 
6.85 
7.05 
7.57 
6.58 
6.48 
7.40 
7.08 
7.01 
7.11 
6.95 
6.50 
6.71 
7.80 
6.52 
6.72 
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B-V< I B-V>l RS CVn's RS CVn's 
Fig. 2.—Box plots of coronal temperatures for successful one-temperature 

fits (with floating to data from five classes of stars, from left to right: 
main-sequence stars with B—V < 1, main-sequence stars with B—V > 1, 
giants, and RS CVn systems, separated into those containing giants and those 
containing dwarfs (viz. BY Dra systems). Upper and lower ends of the boxes 
indicate the second and third quartiles, horizontal lines drawn through the 
boxes are the medians of the data, vertical dashed lines encompass all points 
within the so-called inner fences of the data (see § IV of text), and “ outliers ” 
are explicitly plotted with asterisks. 

encompass all points within the so-called inner fences (points 
1.5 times the inner-quartile spread, above and below the boxes; 
see, e.g., Tukey 1977); “outliers”—points beyond the inner 
fences—are explicitly plotted with asterisks. The one- 
temperature fits assumed a “floating” value of VH, but if NH 
was found not to be significantly different from zero, it was not 
included in the number of degrees of freedom. 

As is obvious from Figure 2, main-sequence K and M stars 
with B—V>\ exhibit a large spread in coronal temperature. 
For these stars, however, all successful one-temperature fits 
obtain for low signal-to-noise data (as will be demonstrated in 
Fig. 4); high signal-to-noise spectra for these types of stars 
always show evidence for a multi- and high-temperature 
plasma. Main-sequence stars with 0.2 < J3 — F < 1 (not plotted 
separately in Fig. 2) are characterized by rather low coronal 
temperatures, much like the quiet Sun. Only six of 32 such 
stars have coronal temperatures outside the range from 
1.7 x 106 K to 4.7 x 106 K (HD 17138 [40], HD 37495 [63], 
HD 28867 [56], HD 196524 [114], HD 11443 [38], and HD 
187642 [112], here listed in order of decreasing temperature). 

Since eight of our main sequence stars with B—V>1 ([1], 
[8], [10], [14], [16], [17], [24], [25]) showed indications of 
broad-band flux variability (greater than 4 o confidence in the 
“secular test” of the standard IPC REV-1 Section 8 printout; 
cf. page 199 of Harnden et al. 1984), we examined these data for 
connections between this variability and possible changes in 
spectral hardness. Although the median temperatures for vari- 
able main-sequence stars are somewhat higher than those of 
the nonvariable stars, a Kolmogorov-Smirnov test showed no 
significant effect. 

In contrast to the cooler main-sequence stars, giants seem to 
have fairly hot coronae, with temperatures in excess of 107 K, 
more reminiscent of the flaring Sun. Two of the 16 giants rep- 
resented in Figure 2 consitutute exceptions to this general 
trend; shown as outliers in the figure, they are both low-X-ray 
luminosity, apparently single, F-type giants (a Crv [81] and 
a Cha [70]). (Note that giants later than K0 do not seem to 
emit X-rays at currently detectable levels (Vaiana et al. 1981; 
Ayres et al. 1981; Haisch and Simon 1982; Haisch 1987; 

Gondoin, Mangenay, and Praderie 1987; Maggio et al. 1990): 
no giants with B—V greater than ~1 are present in our 
sample.) No large-amplitude variability is present in any indi- 
vidual observations of giants, thus excluding obvious flaring 
activity as the cause of the high temperatures, although we 
cannot exclude the possibility of a large number of small flares 
being responsible for the observed hot plasma and remaining 
undetected. 

The fact that high coronal temperatures appear to be a char- 
acteristic of the quiescent X-ray emission from giants has inter- 
esting implications for models of the quiescent coronae of such 
low-gravity stars. These high temperature components do not 
appear to be accompanied by corresponding low-temperature 
components, as is the case for main-sequence stars with 
B—V > 1, but rather, the coronae of giant stars are found to 
be quite isothermal (at least in our bandpass), with extremely 
large temperatures. The transition from chromospheric and 
transition region temperatures to coronal temperatures must 
thus be very abrupt, with very little emission measure present 
at intermediate («IO6 K) temperatures. Interestingly enough, 
the X-ray temperatures for giants in binary systems do still 
show the same characteristics as single giants, i.e., tem- 
peratures in excess of 107 K, and no accompanying low- 
temperature component. We therefore conjecture that in those 
systems the X-ray emission is actually dominated by the emis- 
sion from the giant component. As a final caveat, we emphasize 
that the above considerations apply only to giants with X-ray 
luminosities larger than the median X-ray luminosity; for 
lower luminosity giants, we lack detailed spectral information. 

Finally, the RS CVn stars as a group show extremely high 
X-ray temperatures (in the range between 7.2 < log T < 7.7), 
significantly hotter than giant stars. We note that some of these 
objects show evidence for a multitemperature plasma and are 
therefore included in Figure 7 (rather than in Fig. 2). As indi- 
cated in Figure 2 (and also in Fig. 10 below), we have investi- 
gated possible differences between RS CVn systems that 
contain giants (“classical” members of this class) and those 
sometimes termed “BY Dra systems” (Strassmeier et al. 1988) 
which are not known to contain a giant star. However, because 
our sample contains only six of the latter systems (cf. Category 
“ dR ” in Table 1), we are unable to demonstrate any significant 
differences between these two subcategories. 

ii) X-Ray Temperature versus Luminosity 
From the normalization constant of a one-temperature fit, 

an emission measure and hence an X-ray luminosity can be 
computed; Figure 3 shows the resulting X-ray luminosities as a 
function of X-ray temperature. The X-ray luminosity Lx (0.2-4 
keV) and coronal temperature T appear to be correlated, with 
Lx~ T2 5 9 similar to results previously reported by Vaiana 
(1983). We do need to caution, however, that it is unclear to 
what extent this correlation results from a physical cause, 
rather than from observational selection. Selection effects cer- 
tainly are present in Figure 3: whereas high-luminosity objects 
with low coronal temperature were detectable in our survey 
(although none was found), low-luminosity objects with high 
temperatures could well have been missed. In fact, such objects 
do exist (i.e., nearby M dwarfs), but these objects tend to show 
a more complicated temperature structure, which is not well 
described by the single-temperature models. Because the IPC 
was not sensitive enough to collect more than 200 counts for 
low-luminosity (i.e., below log Lx ~ 29) giants which might 
also populate this part of Figure 3, we do not presently know 
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CORONAL TEMPERATURES OF LATE-TYPE STARS 715 No. 2, 1990 

Fig. 3.—X-ray luminosity Lx vs. T for successful one-temperature fits. Dia- 
monds denote main-sequence stars, triangles denote giants, and open squares 
denote RS CVn systems; small symbols are used for single stars, and large 
symbols, for binary systems. 

the coronal temperatures of these objects (cf. Maggio et al 
1990), which presumably could have temperature similar to 
those of main sequence stars of similar X-ray luminosity. 

Finally, we note the existence of an obvious gap in the X-ray 
temperature distribution, between 6.7 < log T < 6.9, in which 
we derived no X-ray temperatures. From our spectral simula- 
tions (cf. Appendix C), we are confident that if isothermal 
coronae with temperatures in this range existed, we could have 
determined their temperatures with the IPC. We therefore 
believe that this gap arises (at least in part) from intrinsic 
properties of the differential emission measure distribution of 
coronal X-ray sources and not solely from the spectral 
response characteristics of the IPC. 

b) T wo- T emper ature M odels 
Because the amount of information that can be extracted 

from an X-ray spectrum must depend on the number of 
photons collected, it is sensible to ask to what extent the ade- 
quacy of a one- or two-temperature description is simply a 
matter of signal-to-noise ratio. To answer this question, we 
plot in Figure 4 (which shows multiple points for objects 
observed more than once) the number of IPC counts in the 
successful one- and two-temperature spectral fits as a function 

Fig. 4.—Number of counts in IPC spectrum vs. B — F color for all sample 
stars; diamonds denote successful one-temperature fits, triangles, successful 
two-temperature fits. Note that multiple points are shown for objects observed 
more than once. 

of B—V color. Three effects are immediately apparent from 
Figure 4. 

1. IPC spectra containing less than ~ 500 counts can always 
be adequately described with a one-temperature model (the 
sole exception being a ~400 count observation of UV Ceti; 
[l]--cf. Table 1). 

2. M stars (B—V> 1.2) and more than ~800 IPC counts 
always require a two-temperature description (a result found 
for all 22 observations of 13 such stars). 

3. Some high signal-to-noise ratio observations of stars with 
B—V<1 require only a single-temperature description, while 
others require a two-temperature models. 

This last statement has implications for the issue of variabil- 
ity in RS CVn systems. Twenty-four observations of 14 sur- 
veyed binaries are divided approximately equally between 
those requiring only a single component and those requiring 
two temperatures; but all three of the RS CVn systems 
observed more than once (UX Ari [43], V711 Tau [46], and 
AR Lac [123]) fell into both of these categories, a fact we 
interpret as an indication of spectral variability. We note also 
that the 0.2-4 keV fluxes of both V711 Tau and AR Lac varied 
between observations: by 19% (at 12 <r confidence) for V711 
Tau (cf. Table 5, sequences 2306 and 4496), and by 42% (16 o) 
for AR Lac (cf. Table 5, sequences 5015 and 5016). 

To be more quantitative, we present in Table 3 the results of 
acceptable two-temperature fits for those sample stars which 
could not be adequately described with the one-temperature 
model. Columns (l)-(5) and (7) and (8) of Table 3 follow the 
first seven columns of Table 2 (presenting parameters for the 
low-temperature component of the model), while columns (8)- 
(12) provide analogous information for the high-temperature 
component. The last two columns of the two tables also corre- 
spond. 

In Figure 5 we compare the one- and two-temperature fits 
for the star AU Mic ([21]; MOe V); the improvement in data 
description provided by the two-temperature model is evident 
(see figure legend). 

As for the single-temperature case, we set our two- 
temperature fit acceptance criterion as xfcd <2.5; note that 
systematic errors are not included in the x2 computation (cf. 
Appendix B). Because other acceptance criteria may lead to 
different samples, we have plotted in Figure 6 (which shows 
multiple points for objects observed more than once) the dis- 
tribution of xfed as a function of the number of counts in the 
X-ray spectrum. Inspection of the figure reveals that for IPC 
spectra with fewer than ~ 500 counts, the values of x2cd tend to 
be small; for spectra containing more than ~ 1000 counts, the 
/red values for one-temperature fits are higher than those for 
two-temperature fits or for the continuous emission measure 
distribution fits (to be discussed below). A significant number 
of objects, however, have acceptable one-temper ature fits 
“despite” their large signal-to-noise ratio, and Figure 6 shows 
that this number does not depend sensitively on the acceptance 
criterion chosen. We note, however, that some objects cannot 
be fitted with any spectral model (cf. § IVd). 

As a consequence, we conclude that little can be said about 
coronal temperature stratification in IPC sources containing 
less than ~500 counts; on the other hand, the adequacy of 
one-temperature fits in a number of good signal-to-noise ratio 
spectra of stars with B—V<1 (mainly giants and RS CVn 
systems) may actually reflect a different emission measure dis- 
tribution with respect to stars with B—V>1 (largely main- 
sequence dMe stars). 
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Fig. 5.—Model fits to the X-ray spectrum of the star AU Mic ([21]; spectral type MOe V) for the one-temperature model, in panels (a) and (b), and the 

two-temperature model, in panels (c) and (d). For each model, the incident theoretical spectra are shown in the upper panels, and the observed (dots) and predicted 
(solid histograms) counts are compared in the lower panels for each IPC energy bin. In panel (b), the single-component model is seen to underpredict the low-energy 
counts, while in panel (d) the two-temperature model is more successful at predicting the entire spectrum. The inclusion of a low-temperature component, shown 
separately from the high-temperature component in panel (c), accounts for the improved fit. Best-fit parameters: for panel (b), log T = 7.20, emission measure 
(EM) = 42.4 (same units as Tables 2 and 3), and *r

2
ed = 8.7 for 11 degrees of freedom; for panel (d), log ^ = 6.40, log T2 = 7.30, EM1 = 4.6, EM2 = 37.3, and 

xfed = 2.44 for 9 degrees of freedom. 

i) X-Ray Temperatures 

We now turn to a summary of our two-temperature spectral 
fitting results. From Figures 4 and 6, it is clear that such 

open squares, continuous emission measure distribution fits. Note that multi- 
ple points are shown for objects observed more than once. 

models fit well to X-ray spectra with relatively high signal-to- 
noise ratios. In Figure 7 we show a box plot of the two- 
temperature components. Note that we have plotted only 
those cases for which the one-temperature description was 
found to be unacceptable. A two-temperature description is 
required for some main-sequence stars, namely those redder 
than B—V ~ 0.5; but despite the availability of a few spectra 
with good signal-to-noise ratio, single giants hardly ever 
require two temperature components (the sole exception being 
01 Tau [52]). 

The temperature components cluster around values of 
log T ~ 1.2 and log T ~ 6.4, with some dispersion; in most 
cases, the errors in the temperature determination (cf. Appen- 
dix A) are so large that the deviations from these “ standard ” 
values are not significant. In many late-type stars, the appear- 
ance of a high-temperature component is linked to the pre- 
sence of a low-temperature component, with the actual values 
of these temperatures showing little variation for our IPC mea- 
surements. 

The fact that two temperature components are often 
required for spectral fits to IPC data has been noted previously 
by a number of authors (Vaiana 1983; Schmitt 1984; Majer et 
al 1986). In particular, Schmitt (1984) and Majer et al. (1986) 
pointed out that two such temperature components—after 
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Fig. 7.—Box plots of coronal temperatures for stars in our sample 
requiring two-temperature components; see Fig. 2 for an explanation of 
symbols. 

conversion to equivalent energy—correspond to regions of the 
IPC’s peak sensitivity, reflecting the instrument’s response to a 
complex flux distribution. Hence such temperatures are not to 
be interpreted too literally (cf. Appendix C), but rather as 
“ effective temperatures ” in the sense discussed by Underwood 
and McKenzie (1977). 

The number of RS CVn systems requiring a two- 
temperature description is rather small; however, the IPC 
cannot discriminate plasma temperatures above log T ~ 7.6 
particularly well. Note in particular that the only RS CVn 
system in Table 3 with both temperature components below 
107 K is Capella, which appears to be quite exceptional when 
compared to other RS CVn systems. 

ii) Emission Measure versus T emper ature 
In Figure 8 we plot the ratio of the emission measures 

derived for the high- and low-temperature components for 
single stars, binaries, and RS CVn systems, but in order to 
make a better comparison of the emission measures contained 
in the two components, we have performed these spectral fits 
by keeping the two temperatures fixed at log T = 6.4 and 
log T = 12 (coronal model [4] of § Illh). This procedure, the 
results of which are reported in Table 4, is justified by noting 
that the normalization constants, which are highly correlated 
with the derived temperature values, are treated as 
“ uninteresting ” parameters (from a statistical point of view) in 

the two-temperature fits. By fixing the two temperatures, we 
can obtain results for cases in which a single temperature 
description with a “floating” temperature might also have suf- 
ficed. In the table, we again identify observations through IPC 
sequence and source number (cols. [1] and [2]) and provide a 
cross-reference number in the last column. The derived low- 
and high-temperature emission measures are given in columns 
(3) and (5), columns (4) and (6) contain the 0.2-4.0 keV fluxes in 
the two components, and column (7) gives the derived xîed °f 
the fit. 

No trend with color is apparent when all stars of Figure 8 
are considered, but trends within classes (distinguished with 
different plotting symbols) are apparent : giant stars (with two 
exceptions: a Crv [81] and a Cha [70]) are characterized by 
rather large ratios of the high-temperature component emis- 
sion measure to the low-temperature component emission 
measure. This result is, of course, consistent with our earlier 
finding that giants can be fitted with an isothermal model at 
high temperature with no need for lower temperature material. 
The same remarks also apply to the RS CVn systems. 

c) Continuous Emission Measure Distributions 
In Table 5 we present the fit results for the continuous emis- 

sion measure distribution model of equation (3). As before, we 
identify the observations with IPC sequence and source 
number in the first two columns and provide a cross-reference 
number in the last. Columns (3}-(5) give log Tmax and its 68% 
confidence interval, and columns (6)-(8) give a and its con- 
fidence interval. The 0.2-4.0 keV flux and xfcd appear in 
columns (9) and (10). 

Our spectral results for continuous emission measure dis- 
tribution fits are summarized graphically in Figure 9: Figure 
9a contains a box plot of the fitted values of 7^, and Figure 
9b provides the information on the fitted power-law slopes a. 
Note that here we have displayed Tm¡iX and a results even for 
those stars which had acceptable one-temperature descrip- 
tions, since the single-temperature model may be thought of as 
an emission measure distribution with infinite slope a. Figures 
9a and 10 (see below) show a much larger spread of tem- 
peratures than the corresponding Figures 2 and 3; tem- 
peratures as high as log T = 8.2 are allowed by the data within 
the framework of a continuous emission measure distribution 
model, although in all such cases the errors are quite large and 

Fig. 8.—Logarithmic ratio of high- to low-temperature emission measures 
for sample stars which can be fitted with the two-component model with fixed 
temperatures at log T = 6.4 and log T = 7.2; symbols as in Fig. 3. 

Fig. 9.—Box plots of Tmax (a) and a (b) for stars with successful continuous 
emission measure distribution fits (see legend of Fig. 2 for box plot 
description). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



(1) 

350 
501 
838 
845 
865 
905 
906 
907 
917 
927 
933 

2225 
2302 
2311 
3048 
3091 
3113 
3209 
3219 
3227 
3235 
3243 
3365 
3366 
3512 
3530 
3531 
3535 
3536 
3720 
3811 
4146 
4347 
4348 
4414 
4448 
4457 
4942 
5016 
5185 
5191 
5448 
5471 
5484 
5485 
5493 
5527 
5538 
5549 
5576 
5605 
5621 
5640 
5645 
5652 
5990 
5991 
5993 
6080 
6953 
6969 
6972 
6973 
7359 

TABLE 4 
Emission Measure Fits 

Source 
number 

(2) 

EMi d2
pc 

10-49cm-3 

J2L 

fi 1013 

erg s—1 cm 
 (1L_ 

em2 dlc 
10-49 cm“3 

Í2 1013 

erg s" 
ÍÉL 

Xred 

(7) 

Xref 
number 
 W  

0.14 
0.74 
1.80 
0.56 
0.70 
0.67 
0.87 
1.52 
0.45 
1.69 
2.15 
0.76 
1.82 
0.74 
1.37 
0.41 
2.45 
0.15 
1.90 
0.19 
2.16 
1.75 
0.59 
3.61 
0.62 
0.62 
1.21 
0.20 
0.10 
0.07 
0.79 
3.31 
1.82 
1.25 
0.54 
0.54 
0.63 
0.00 
0.22 
0.26 
0.97 
1.03 
0.16 
1.21 
0.64 
0.24 
0.36 
0.55 
0.58 
0.05 
0.49 
0.35 
0.19 
0.22 
0.51 
0.88 
0.43 
0.40 
0.24 
0.77 
0.48 
2.28 
2.04 
0.56 

3.57 
18.70 
45.80 
14.20 
17.90 
17.00 
22.10 
38.70 
11.40 
43.00 
54.70 
19.40 
46.30 
18.80 
35.00 
10.50 
62.30 
3.78 
48.40 
4.76 
54.90 
44.70 
15.00 
92.10 
15.90 
15.70 
30.80 
4.98 
2.48 
1.69 

20.20 
84.40 
46.30 
31.90 
13.70 
13.70 
16.10 
0.03 
5.55 
6.63 
24.80 
26.10 
4.03 
30.70 
16.20 
6.04 
9.18 
14.00 
14.70 
I. 31 
12.60 
8.87 
4.85 
5.55 
13.10 
22.30 
II. 10 
10.10 
6.25 
19.60 
12.20 
58.00 
52.10 
14.40 

0.07 
1.90 
5.64 
2.67 
1.98 
0.95 
1.21 
6.13 
1.77 
7.31 
3.97 
1.72 
9.48 
23.70 
2.34 
1.53 
0.32 
1.12 

32.70 
9.75 
34.30 
6.02 
5.38 
13.90 
1.29 
0.84 
1.09 
7.44 
3.66 
0.40 
0.78 
1.52 
2.48 
2.17 
0.46 
10.30 
0.13 
0.81 
15.70 
0.27 
1.39 
1.29 
1.20 
2.58 
0.67 
0.41 
0.53 
0.13 
0.90 
0.07 
1.65 
0.76 
1.25 
1.40 
0.06 
2.30 
0.93 
0.57 
0.27 
2.34 
1.12 
11.60 
7.05 
1.41 

1.16 
30.00 
88.80 
42.10 
31.20 
15.00 
19.10 
96.60 
27.80 
115.00 
62.50 
27.20 
149.00 
374.00 
36.90 
24.10 
5.06 
17.70 
515.00 
154.00 
541.00 
94.80 
84.90 
220.00 
20.30 
13.20 
17.20 
117.00 
57.70 
6.28 
12.30 
23.90 
39.00 
34.20 
7.26 

162.00 
2.03 
12.70 
248.00 
4.22 
21.90 
20.40 
18.90 
40.70 
10.50 
6.50 
8.36 
2.08 
14.30 
1.17 

26.00 
12.00 
19.70 
22.00 
0.92 

36.30 
14.70 
9.06 
4.26 

36.90 
17.70 

183.00 
111.00 
22.20 

1.320 
1.650 
0.830 
1.450 
0.690 
2.360 
1.060 
1.510 
2.410 
1.440 
0.930 
1.750 
0.950 
1.360 
1.660 
1.580 
1.490 
1.960 
2.170 
2.470 
0.920 
1.610 
1.590 
2.000 
1.040 
1.640 
1.670 
1.220 
1.460 
1.250 
0.600 
2.470 
0.710 
2.000 
1.100 
1.030 
1.640 
1.360 
2.410 
0.860 
0.880 
1.570 
1.800 
1.140 
1.060 
2.180 
0.660 
1.370 
1.110 
0.690 
1.400 
1.550 
0.870 
2.330 
1.580 
1.620 
0.960 
1.470 
0.900 
1.800 
1.990 
2.290 
2.160 
0.650 

55 
71 
7 

38 
49 
1 
1 
8 
13 
18 
24 
31 
2 

68 
8 
17 
108 
83 
100 
111 
129 
14 
29 
95 
52 
79 
87 
75 
116 
63 
103 
94 
64 
62 
9 
77 
86 
57 
123 
73 
98 
41 
60 
4 
5 
6 

11 
81 
89 
96 
104 
110 
114 
115 
119 
12 
15 
113 
37 
1 

13 
24 
24 
3 
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TABLE 4—Continued 

Sequence Source 
number number 

(1) (2) 

EM, d?pc 
10-49cm~3 

(3) 

h 1013 

erg s-1 cm-2 
EM2 d?pc 

JiL M. 

h io13 

5—1 C 
Xr.d 

(7) 

Xref 
number 

7360 
7361 
7362 
7363 
7364 
7380 
7381 
7382 
7416 
7471 
7605 
7606 
7607 
7663 
7710 
7888 
7918 
7954 
7958 
9002 
9004 
9005 
9006 
9065 
9692 
9705 
9711 

10100 
10311 
10312 
10418 
10640 

0.86 
0.83 
0.15 
0.57 
0.55 
3.92 
2.53 
2.46 
0.21 
0.25 
0.45 
0.48 
0.12 
0.75 
0.23 
0.69 
0.50 
0.31 
0.25 
0.21 
0.50 
0.12 
0.14 
1.12 
0.66 
0.21 
0.20 
0.21 
1.07 
0.75 
3.24 
1.30 

21.90 
21.00 
3.79 
14.50 
13.90 
99.90 
64.50 
62.70 
5.39 
6.29 
11.40 
12.20 
3.17 
19.10 
5.74 
17.50 
12.70 
8.03 
6.26 
5.28 
12.80 
2.94 
3.54 
28.50 
16.80 
5.34 
4.99 
5.35 
27.30 
19.20 
82.40 
33.10 

2.89 
3.80 
3.67 
1.73 
1.13 
10.80 
8.25 
6.05 
0.20 
1.75 
1.12 
0.95 
1.71 
0.34 
0.64 
0.37 
0.30 
0.15 
0.27 
0.42 
2.55 
0.27 
0.54 
1.61 
1.00 
0.55 
0.42 
0.41 
1.59 
1.84 
5.84 
5.46 

45.50 
59.90 
57.80 
27.30 
17.80 
170.00 
130.00 
95.30 
3.11 
27.60 
17.60 
14.90 
26.90 
5.28 
10.00 
5.88 
4.73 
2.33 
4.19 
6.68 
40.20 
4.28 
8.57 
25.30 
15.70 
8.70 
6.63 
6.40 
25.10 
29.00 
92.00 
86.10 

2.060 
1.230 
2.190 
1.090 
1.330 
1.100 
1.190 
1.730 
1.100 
1.190 
0.970 
1.960 
1.100 
1.620 
0.390 
1.320 
0.460 
0.750 
2.160 
1.010 
2.390 
0.640 
1.730 
1.350 
2.010 
0.720 
1.530 
2.420 
1.290 
1.260 
1.260 
1.580 

3 
3 

30 
30 
30 
23 
23 
23 
22 
27 
118 
48 
76 
103 
25 
105 
47 
74 
32 
50 
51 
53 
54 
42 
66 
90 
121 
70 
19 
20 
94 
8 

we therefore do not claim to have direct observational evi- 
dence for such hot gas. (Note also that temperatures of 
log T = 8.2 were the largest ones considered in our fits, and 
that at such large temperatures most of the emission falls 
outside the IPC bandpass, making it virtually impossible to 
constrain the properties of the emitting plasma.) 

Figure 9 demonstrates that the high-temper ature com- 
ponents found in a two-temperature fit do not necessarily 
reflect the largest possible temperature present in a given 
stellar corona. Obviously, the temperatures obtained by apply- 
ing equation (3) are model-dependent, but they do indicate that 
the range of coronal temperatures encountered in stars may 
not be as narrow as a one- or two-temperature analysis seems 
to suggest. Main-sequence stars appear to cluster at values of 
a ~ 0.8, with a very small dispersion for stars with B—V > 1. 
Those with B—V<1 tend to have a larger dispersion in a, and 
their temperatures are on average lower than the temperatures 
of K and M dwarfs. Rather large values of a (viz., larger than 1) 
are found for low-gravity objects, i.e., giants and RS CVn 
systems, which are certainly nonsolar. That this conclusion 
does not depend on any instrumental effects is demonstrated in 
a series of simulations reported in Appendix C. Our fits to 
simulated, low signal-to-noise ratio IPC spectra with slopes a 
in excess of 1 inferred even larger values for a, demonstrating a 
positive bias in the fitted power-law slopes. However, that bias 

is significant only for large values of a, and therefore the 
median values of the a distributions for giants and RS CVn 
systems are definitely larger than 1. Large values of a are, of 
course, a reflection of the fact that most of the emission is 
concentrated at the maximum temperature, consistent with 
our earlier finding that the single-temperature description was 
acceptable for these objects. 

We emphasize that these large values of a are not attribut- 
able to absorption of a possible lower temperature component : 
the single-temperature fits to the three giants in Figure 9b with 
the largest values of a have already shown that no intervening 
absorption is required. While main-sequence stars have IPC 
spectra consistent with predictions from the simplest coronal 
models (Antiochos and Noci 1986) and with differential emis- 
sion measure distributions of slopes similar to those measured 
for the Sun, it appears that the X-ray spectra of giants and RS 
CVn systems are markedly different. The groups of RS CVn 
systems is clearly singled out, yielding extremely high tem- 
peratures and definitely “nonsolar” values of a. The only 
exception to this appears to be Capella [61], which by com- 
parison shows evidence only for rather low temperatures. 

In Figure 10 we display the results of Figure 9 in more detail 
by plotting a as a function of Tmax, denoting early (B—V<1) 
and late (B—V > 1) main-sequence stars with the symbols “e” 
and “1,” respectively, and giants and RS CVn systems, with 
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(1) 

350 
501 
838 
844 
845 
847 
848 
849 
865 
905 
906 
907 
908 
917 
927 
933 

2225 
2300 
2302 
2306 
2308 
2310 
2311 
2314 
3048 
3091 
3106 
3113 
3192 
3196 
3208 
3209 
3211 
3213 
3219 
3227 
3229 
3230 
3231 
3235 
3236 
3243 
3365 
3366 
3512 
3530 
3531 
3534 
3535 
3536 
3720 
3811 
4347 
4348 
4414 
4448 
4452 
4457 
4496 
4942 
5012 
5013 
5015 
5016 

TABLE 5 
Continuous Emission Measure Fits 

Source 
number 

(2) 

log I'm 

 (3) 

log Tmax log -1'ma 

iËl M (7) (8) 

fx 1013 

erg s~1 cm-2 

(9) (10) 

Xref 
number 

. .i11) 

1 
3 
1 
9 
2 
4 
4 
1 
3 
7 
3 
1 
3 
4 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 
6 
1 
1 
2 
1 
1 
2 
1 
3 
4 
1 
1 
1 
2 
3 
2 
1 
3 
4 
1 
2 
2 
2 
3 
1 
1 
5 
2 
2 
3 
2 
1 
4 
1 
1 
3 
3 
3 
1 
1 

7.15 
7.58 
8.00 
6.53 
7.34 
7.21 
6.42 
7.00 
7.62 
8.03 
8.00 
7.58 
7.79 
7.58 
7.51 
7.84 
7.55 
7.35 
7.35 
7.78 
7.31 
7.40 
7.58 
8.06 
7.61 
8.20 
7.36 
6.84 
8.20 
8.20 
7.42 
8.20 
8.20 
7.76 
7.39 
7.82 
8.20 
8.20 
8.20 
7.61 
7.96 
7.56 
7.54 
7.56 
8.20 
6.98 
7.05 
7.59 
7.45 
7.23 
7.58 
7.64 
7.49 
7.00 
7.30 
7.45 
7.13 
6.94 
7.77 
7.20 
7.52 
7.48 
7.67 
7.82 

7.88 
7.81 
8.08 
6.73 
7.43 
7.38 
6.46 
7.02 
7.73 
8.14 
8.11 
7.66 
7.85 
7.70 
7.55 
7.92 
7.94 
7.51 
7.43 
7.81 
7.37 
7.44 
7.62 
8.10 
7.67 
8.20 
7.50 
6.90 
8.20 
8.20 
7.52 
8.20 
8.30 
7.80 
7.43 
7.86 
8.20 
8.20 
8.20 
7.64 
8.02 
7.61 
7.57 
7.62 
9.16 
7.07 
7.14 
7.62 
7.55 
7.32 
7.76 
7.94 
7.61 
7.06 
7.62 
7.51 
7.18 
7.07 
7.79 
7.34 
7.55 
7.51 
7.72 
7.85 

6.94 
7.38 
7.86 
6.24 
7.22 
7.10 
6.40 
6.98 
7.50 
7.85 
7.77 
7.53 
7.66 
7.50 
7.47 
7.72 
7.26 
7.26 
7.27 
7.73 
7.26 
7.37 
7.53 
7.97 
7.52 
7.99 
7.24 
6.78 
8.10 
8.08 
7.35 
7.90 
8.04 
7.72 
7.35 
7.63 
7.65 
7.89 
8.02 
7.56 
7.89 
7.52 
7.51 
7.54 
7.72 
6.91 
6.95 
7.44 
7.39 
7.14 
7.41 
7.32 
7.32 
6.93 
7.13 
7.37 
7.07 
6.82 
7.70 
7.08 
7.50 
7.45 
7.62 
7.68 

0.24 
0.69 
0.54 
0.01 
1.26 
6.50 
0.92 
2.41 
0.71 
0.27 
0.23 
0.88 
0.83 
0.87 
0.98 
0.41 
0.69 
4.10 
1.37 
1.63 
1.26 
2.92 
1.79 
0.72 
0.51 
0.56 
0.39 
0.47 
1.33 
10.76 
5.41 
0.68 
1.63 
1.58 
1.91 
1.37 
3.21 
3.23 
10.60 
1.41 
1.44 
0.83 
1.29 
0.88 
0.37 
1.54 
0.82 
1.88 
1.84 
4.14 
1.10 
0.31 
0.46 
1.65 
0.37 
1.80 
2.29 
0.41 
1.71 
6.13 
1.67 
1.54 
1.68 
1.29 

0.54 
0.89 
0.60 
0.93 
1.48 
6.72 
1.78 
2.55 
0.83 
0.35 
0.35 
0.96 
0.91 
0.99 
1.04 
0.47 
0.95 
4.84 
1.61 
1.75 
1.46 
3.84 
1.93 
0.76 
0.55 
0.74 
0.49 
0.61 
1.49 

10.92 
6.67 
0.94 
2.31 
1.72 
2.07 
1.51 
3.47 
3.49 
10.86 
1.49 
1.58 
0.89 
1.37 
0.92 
0.55 
2.02 
1.04 
2.20 
2.50 
4.80 
1.34 
0.45 
0.58 
2.03 
0.53 
2.10 
2.67 
0.67 
1.81 
6.59 
1.77 
1.62 
1.88 
1.41 

0.00 
0.51 
0.48 
0.00 
1.06 
6.30 
0.76 
2.27 
0.59 
0.19 
0.12 
0.80 
0.75 
0.77 
0.92 
0.35 
0.49 
3.68 
1.17 
1.53 
1.14 
2.76 
1.61 
0.68 
0.47 
0.40 
0.29 
0.27 
1.21 
10.64 
4.51 
0.48 
1.31 
1.46 
1.77 
1.19 
2.69 
2.61 
9.98 
1.31 
1.26 
0.77 
1.23 
0.84 
0.19 
1.16 
0.62 
1.70 
1.68 
3.08 
0.90 
0.17 
0.34 
1.35 
0.21 
1.56 
2.01 
0.15 
1.59 
5.79 
1.62 
1.44 
1.56 
1.19 

3.15 
46.20 
132.00 

1.51 
55.10 
32.80 
55.90 

1170.00 
46.10 
28.60 
36.30 
130.00 
92.20 
38.30 
151.00 
105.00 
44.90 
55.10 
191.00 

1110.00 
157.00 
524.00 
422.00 
614.00 
62.60 
40.30 
124.00 
44.50 
502.00 
62.80 
155.00 
25.90 

118.00 
487.00 
573.00 
178.00 
33.30 
99.90 
41.60 

618.00 
359.00 
131.00 
101.00 
294.00 
38.60 
24.60 
39.00 
118.00 
136.00 
59.60 
8.40 
26.90 
71.40 
58.50 
16.00 

186.00 
150.00 
11.80 

1320.00 
12.50 

373.00 
328.00 
397.00 
279.00 

0.87 
1.32 
0.64 
1.69 
1.01 
1.04 
1.97 
2.01 
0.56 
1.62 
0.52 
1.61 
2.20 
2.20 
1.11 
0.95 
1.32 
0.58 
0.35 
1.87 
1.27 
1.47 
0.94 
2.30 
1.56 
1.05 
2.02 
0.93 
1.36 
2.05 
1.04 
1.62 
1.09 
0.75 
1.08 
1.96 
2.39 
1.49 
2.34 
0.72 
1.33 
1.68 
1.27 
2.14 
0.81 
0.37 
1.32 
2.16 
0.95 
0.98 
0.99 
0.61 
0.39 
0.39 
0.83 
0.79 
1.58 
1.47 
1.79 
1.10 
1.84 
2.20 
1.13 
2.22 

55 
71 
7 

112 
38 
65 
67 
61 
49 
1 
1 
8 
8 
13 
18 
24 
31 
36 
2 

46 
7 

68 
68 
21 
8 
17 
44 
108 
35 
59 
82 
83 
85 
88 
100 
111 
117 
122 
124 
129 
130 
14 
29 
95 
52 
79 
87 
34 
75 

116 
63 
103 
64 
62 
9 
77 
33 
86 
46 
57 

123 
123 
123 
123 
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5184 
5185 
5189 
5190 
5191 
5448 
5471 
5484 
5485 
5493 
5527 
5538 
5549 
5559 
5576 
5584 
5605 
5621 
5640 
5645 
5652 
5990 
5991 
5992 
5993 
6080 
6953 
6964 
6969 
6972 
6973 
7359 
7360 
7361 
7362 
7363 
7364 
7380 
7381 
7382 
7416 
7471 
7605 
7606 
7607 
7609 
7610 
7611 
7663 
7710 
7737 
7749 
7888 
7913 
7918 
7954 
7958 

TABLE 5—Continued 

Source 
number 

(2) 

log Tmax log T&ax log Tma 

(3) (4) _Ëi_ (6) (?) (8) 

/j 
erg s 

1013 

-1 2 
Í2L 

X?ed 

J12L 

Xref 
number 
a1) 

3 
4 
1 
2 
2 
4 
4 
2 
3 
4 
2 
2 
2 
7 
1 
4 
2 
2 
1 
4 
5 
1 
2 
2 
1 
4 
4 
6 
5 
1 
2 
1 
1 
1 
1 
2 
1 
2 
2 
1 
7 
2 
6 
2 
4 
4 
3 
6 
1 
2 
4 
5 
4 
2 
6 
4 
6 
7 
5 
6 
5 
9 
7 
1 
3 
3 

7.82 
7.76 
7.31 
7.23 
7.45 
6.97 
7.37 
7.39 
7.70 
7.03 
7.53 
6.98 
7.78 
7.21 
8.13 
7.22 
7.66 
6.98 
7.47 
7.42 
6.77 
7.44 
7.37 
7.00 
7.54 
7.75 
7.99 
7.02 
7.55 
7.80 
7.98 
7.45 
8.20 
7.40 
8.20 
7.93 
8.20 
7.87 
7.96 
8.20 
7.68 
8.11 
7.44 
7.91 
7.24 
7.14 
7.18 
7.03 
7.07 
8.01 
8.20 
7.25 
6.95 
6.84 
6.94 
7.15 
7.36 
7.21 
7.33 
7.40 
7.02 
7.36 
7.31 
7.79 
7.46 
7.01 

7.90 
7.84 
7.35 
7.29 
7.62 
7.04 
7.56 
7.57 
7.98 
7.17 
7.93 
7.11 
8.02 
7.24 
8.19 
7.41 
7.74 
7.04 
7.59 
7.51 
6.88 
7.54 
7.68 
7.20 
7.92 
7.98 
8.06 
7.05 
7.70 
7.85 
8.02 
7.72 
8.24 
7.54 
8.24 
8.08 
8.24 
7.94 
8.00 
8.24 
7.83 
8.26 
7.54 
8.07 
7.38 
7.19 
7.29 
7.10 
7.28 
8.03 
8.24 
7.33 
7.04 
6.90 
7.04 
7.42 
7.54 
7.27 
7.58 
7.45 
7.13 
7.66 
7.52 
7.83 
7.60 
7.11 

7.69 
7.27 
7.25 
7.12 
7.21 
6.86 
7.25 
7.29 
7.44 
6.91 
7.21 
6.85 
7.52 
7.15 
7.22 
7.05 
7.48 
6.94 
7.32 
7.28 
6.67 
7.31 
7.18 
6.84 
7.18 
7.33 
7.83 
6.99 
7.46 
7.76 
7.89 
7.21 
7.85 
7.29 
8.06 
7.72 
7.82 
7.74 
7.79 
7.98 
7.30 
7.93 
7.35 
7.70 
7.08 
7.09 
7.11 
6.96 
6.90 
7.66 
8.03 
7.19 
6.85 
6.80 
6.85 
6.99 
7.13 
7.17 
7.19 
7.34 
6.99 
7.12 
7.22 
7.77 
7.32 
6.97 

1.25 
0.29 
0.76 
1.79 
0.53 
1.29 
1.48 
0.77 
0.30 
1.20 
0.49 
0.41 
0.40 
1.34 
0.23 
3.27 
0.73 
1.60 
1.22 
1.22 
0.50 
0.81 
0.77 
0.41 
0.51 
0.29 
0.52 
1.19 
0.68 
0.79 
0.54 
0.80 
0.50 
1.15 
0.92 
0.52 
0.33 
0.52 
0.54 
0.40 
0.18 
0.70 
0.79 
0.42 
2.35 
2.53 
4.53 
2.80 
0.42 
0.50 
1.10 
1.14 
0.81 
2.81 
0.82 
0.31 
0.45 
6.93 
0.76 
1.21 
1.45 
0.82 
1.07 
1.56 
0.51 
1.13 

1.45 
0.49 
0.81 
2.23 
0.67 
1.63 
2.00 
0.89 
0.40 
1.68 
0.73 
0.69 
0.52 
1.56 
0.57 
3.61 
0.85 
1.78 
1.50 
1.50 
0.84 
0.94 
1.01 
0.73 
0.73 
0.47 
0.58 
1.29 
0.76 
0.85 
0.58 
1.10 
0.56 
1.39 
1.08 
0.62 
0.45 
0.58 
0.60 
0.44 
0.40 
0.84 
0.89 
0.50 
3.49 
3.13 
5.13 
4.14 
0.70 
0.68 
1.38 
1.34 
1.09 
3.91 
1.08 
0.51 
0.63 
7.13 
0.94 
1.31 
1.63 
1.12 
1.29 
1.66 
0.63 
1.31 

1.09 
0.09 
0.66 
1.53 
0.39 
0.99 
1.16 
0.61 
0.20 
0.86 
0.27 
0.19 
0.28 
1.26 
0.00 
2.83 
0.65 
1.38 
1.04 
1.06 
0.12 
0.71 
0.53 
0.13 
0.31 
0.11 
0.46 
1.09 
0.60 
0.75 
0.50 
0.56 
0.36 
0.97 
0.80 
0.42 
0.21 
0.46 
0.48 
0.30 
0.00 
0.58 
0.69 
0.34 
1.63 
2.13 
4.07 
2.18 
0.16 
0.34 
0.88 
1.04 
0.53 
2.41 
0.58 
0.11 
0.27 
5.73 
0.60 
1.11 
1.31 
0.56 
0.89 
1.48 
0.41 
0.97 

61.20 
9.51 

282.00 
52.90 
40.20 
39.90 
23.90 
63.90 
22.30 
10.90 
15.50 
10.80 
26.00 
91.80 
2.57 

10.80 
37.50 
18.50 
25.30 
27.80 
8.61 
54.30 
23.30 
8.02 
17.20 
9.14 
55.00 
41.30 
27.20 

240.00 
158.00 
34.80 
68.80 
79.50 
74.70 
40.80 
31.30 

254.00 
188.00 
152.00 
6.73 

38.10 
26.40 
25.20 
30.80 
44.60 
14.30 
6.19 
17.20 
16.50 
71.00 
40.30 
17.90 
28.10 
13.40 
7.23 
8.34 

39.20 
10.50 
50.90 
23.30 
6.61 
11.30 

1280.00 
45.50 
27.40 

2.00 
0.77 
1.23 
1.61 
0.69 
0.98 
1.43 
1.16 
0.96 
1.30 
0.57 
1.40 
0.97 
1.03 
0.39 
1.69 
1.18 
0.46 
0.53 
1.70 
1.17 
1.31 
0.82 
2.30 
1.28 
0.78 
1.82 
1.80 
1.84 
0.95 
1.25 
0.52 
1.67 
0.91 
0.86 
0.98 
1.05 
1.04 
1.31 
0.70 
0.74 
0.89 
0.83 
1.65 
0.66 
0.47 
1.40 
1.15 
1.19 
0.28 
1.21 
2.00 
0.95 
1.43 
0.23 
0.64 
1.23 
1.12 
0.90 
1.52 
1.46 
0.50 
1.52 
0.92 
1.10 
1.76 

69 
73 
78 
80 
98 
41 
60 
4 
5 
6 

11 
81 
89 
91 
96 
101 
104 
110 
114 
115 
119 
12 
15 

102 
113 
37 
1 

71 
13 
24 
24 
3 
3 
3 

30 
30 
30 
23 
23 
23 
22 
27 

118 
48 
76 
97 
99 
106 
103 
25 
40 
28 

105 
84 
47 
74 
32 
128 
50 
51 
52 
53 
54 
43 
42 
66 
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TABLE 5—Continued 

723 

Sequence 
number 
 (!) 

Source 
number 

(2) 

log Trn 

 (3) 

log Tma 

(4) 

log Tm 

 (5) (ËL in (a. 

fx 1013 

erg s 1 cm-2 

(9) 

Xred 

(10) 

Xref 
number 

(H) 

9705 
9711 
9967 

10100 
10311 
10312 
10418 
10538 
10640 

7.01 
7.37 
7.76 
6.84 
7.97 
7.45 
7.37 
7.12 
7.47 

7.19 
7.72 
7.82 
6.94 
8.18 
7.57 
7.49 
7.24 
7.53 

6.91 
7.09 
7.74 
6.77 
7.80 
7.38 
7.31 
7.06 
7.42 

1.54 
0.81 
1.48 
2.15 
0.29 
0.77 
0.70 
5.03 
1.01 

2.12 
1.13 
1.58 
3.71 
0.37 
0.85 
0.78 
5.07 
1.09 

1.16 
0.55 
1.40 
1.77 
0.21 
0.69 
0.62 
4.59 
0.95 

12.40 
10.80 
789.00 
10.50 
46.30 
43.60 
152.00 
21.50 
114.00 

0.59 
1.34 
2.30 
0.80 
0.83 
1.18 
1.38 
2.19 
1.07 

90 
121 
43 
70 
19 
20 
94 
56 
8 

“ g ” and “ r,” respectively. Main-sequence stars with B—V<1 
appear largely in the low-a region of the graph (with a few 
exceptions), while K and M dwarfs are confined to the low 
a-high Tmax region. Giants tend to have high values of a and 
intermediate values of Tmax, while RS CVn systems are charac- 
terized by very high temperatures and relatively high a values. 
The derived values of a are seen to be largest for temperatures 
around log Tmax ~ 7.2 and Tmax = 8.2, the latter value arising 
(at least partially) because it is the upper boundary of the 
temperature grid employed. Note also that the two objects 
with lowest values of Tmax represent the nearby stars Procyon 
(F5 V-IV) and Altair (A7 V). 

d) Stars with No Acceptable Coronal Model 
For eight observations (of seven sample stars: [1], [10], 

[16], [46], [92], [93], and [109]), we were unable to find any 

Fig. 10.—Scatter plot of a vs. Tmax for successful continuous emission 
measure fits. Dififerent plotting symbols denote the following: g = giants; 
r = RS CVn stars; e = main-sequence stars with B—V < 1; and 1 = main- 
sequence stars with B—V > 1. 

spectral model (within the range of parameters considered) 
that produced an acceptable fit to their measured IPC spectra. 
The final column of Table 1 indicates this condition with the 
letter “ U.” (Other “ fit codes ” appearing in Table 1 are defined 
in Table 6.) 

A fit can be unsuccessful because the minimum value of Xrcd 
exceeds our threshold of 2.5, because no reasonable constraints 
in the fit parameters could be derived, or because the formal 
minimum obtains for unphysical values of the parameters (as 
occurred for the fixed two-temperature model in a total of 30 
observations denoted with fit codes containing “ —” in Tables 1 
and 6). Inspection of Table 1 reveals that four failures to derive 
acceptable models were due to observations with large signal- 
to-noise ratio; had we included systematic errors in the /2 

calculation (see Appendix B), we believe that formally accept- 
able fits would have been obtained (i.e., these failures stem from 
the fact that the systematic errors dominate the statistical 
errors for such high signal-to-noise-ratio observations). The 
remaining four cases were just marginally above our cutoff 
level in /2

ed, and we therefore argue that virtually all IPC 
spectra of nearby stars can be fitted with simple, thermal- 
emission models. (The fact that three other observations of one 
of these stars [1] produced acceptable fits supports this con- 
tention.) 

TABLE 6 
Summary of Model-fitting Results 

Number 
Table 1 Number of of 

Fit Code Observations Comments Stars 

A   61 All models fit 51 
A—   17 EM unphysical 13 
A+   15 EM fails 12 
12E   1 CONT fails 0 
12  1 IT and 2T fit 0 
12—   3 IT and 2T fit (EM unphysical) 1 
1—   10 Only IT fits (EM unphysical) 8 
1   1 Only IT fits 0 
2EC   34 IT fails 18 
2C   12 2T and CONT fit 5 
2   2 Only 2T fits 1 
U   8 All models fail 5 
  Stars with multiple observations 

giving different results 16 
Total   165 ... 130 
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V. CONCLUSIONS 
We have carried out a survey of coronal temperatures of 

late-type stars included in the Bright Star Catalog, its Supple- 
ment, and/or the Woolley Catalog and whose observations 
with the Einstein IPC were sufficiently long to produce X-ray 
spectra containing at least 200 counts. 

An important step in the interpretation of the spectral fits is 
a detailed study of how the coronal parameters are derived 
from low spectral resolution data. We demonstrate by simula- 
tion (cf. Appendix C) that, given X-ray spectra of sufficiently 
high signal-to-noise ratio, the IPC is capable of reproducing 
simple coronal emission models. Furthermore, the large 
number of analyzed observations and resulting spectral fits 
enable us to study systematic effects of our fitting procedure 
with regard to the number of counts in the spectrum; this 
procedure is essential if we are to have confidence in our inter- 
pretation of the physical characteristics of the objects under 
study. 

Thus, we find that IPC spectra containing fewer than ~ 500 
counts can always be described adequately with a single- 
temperature model. X-ray spectra containing more than 
~ 1000 counts show an interesting dichotomy, which is surely 
not an artifact of our analysis, but must represent an intrinsic 
property of the coronal spectra. Late-type main-sequence stars 
(usually of spectral type M) always exhibit both a high- and a 
low-temperature component, with the emission measure of the 
high-temperature component substantially larger than that of 
the low-temperature component; in essentially all cases, there 
is evidence for plasma at temperatures in excess of 107 K. On 
the other hand, most main-sequence stars of earlier type (i.e., 
spectral type F or G) do not show this high-temperature com- 
ponent and are instead dominated by plasma at lower tem- 
perature. In fact, from the X-ray point of view they appear very 
much like the Sun in full disk observations (in the absence of 
strong flares). We note in this context that the high- 
temperature plasmas that we observe do not appear to be 
directly associated with obvious flares, i.e., they are found 
during periods of “ quiescent ” emission when no variability is 
apparent. 

In contrast to the main-sequence stars, yellow giants of our 
sample do show a high-temperature component which is not 
accompanied by low-temperature emission. The lack of this 
soft component seems to be an intrinsic property of these 
objects and is not caused by absorption of a soft component by 
the interstellar medium. However, since giant stars in the low- 
luminosity tail of the X-ray luminosity function are too weak 
to meet our criterion for counts in the X-ray spectrum, we 
cannot extend this result to the those members of this class. 

We demonstrate that two-temperature models must be care- 
fully interpreted. For models with true bimodal temperature 
distributions, we show that our IPC procedures faithfully 
reproduce the temperatures and emission measures of the 
simulated model stars. However, for models with continuous 
emission measure distributions as a function of temperature, 
our two-temperature analysis leads to a rather pronounced 
clustering of the temperature components at log T = 6.4 and 
log T = 1.2; this clustering is the result of an instrument- 
dependent, weighted averaging of the detected flux, an inter- 

pretation consistent with earlier studies of such source analyses 
(in a solar context) by Underwood and McKenzie (1977). In 
this respect, X-ray temperatures derived from low-resolution 
data such as the IPC spectra for one and two-temperature 
models should more properly be regarded as effective tem- 
peratures, and not as physical temperatures of the observed 
plasma. 

In an attempt to characterize our X-ray spectra in a more 
physical, and less instrument-affected manner, we have con- 
sidered differential emission measure distributions of the 
simple analytical form, Q(T) ~ Ta. Distributions of such form 
arise naturally in plasmas whose energy balance is determined 
through heat conduction and radiation; in the simple case of a 
magnetic loop with constant pressure, heating rate, and cross 
section, the power-law coefficient a can be related to the radi- 
ative cooling rate P(T). While such emission measure distribu- 
tions should apply only to individual features in a stellar 
corona, but not necessarily to the overall X-ray spectrum, such 
distributions provide a useful starting point for a physically 
oriented interpretation of the X-ray spectra. This point of view 
is supported by EX OS AT transmission grating data available 
for Capella and a CrB, which allow a full differential emission 
measure analysis (Mewe et al. 1986) and are not in conflict with 
an overall increasing emission measure distribution with tem- 
perature. 

Application of the continuous emission measure model pro- 
duces acceptable fits in a large number of cases for which a 
single-temperature description fails and a two-temperature 
description is otherwise required. An interesting result of this 
analysis is that temperatures significantly larger than those 
obtained from a straightforward one- or two-temperature 
analysis may in fact be present in many stellar coronae, partic- 
ularly in active M-type dwarf stars. For main-sequence stars, 
the values of the power-law slope a cluster near unity, consis- 
tent with solar-type loops (i.e., loops with constant cross 
section) being responsible for the X-ray emission. For giant 
stars, on the other hand, we require values of a larger than 
unity in order to obtain acceptable fits; this is of course consis- 
tent with our earlier finding that single-temperature fits (with 
high temperatures, well in excess of 107 K) suffice to provide 
acceptable fits. Finally, RS CVn systems systematically show 
higher temperatures than any of the other types of stars and, as 
is the case for giants, slopes a larger than unity. Therefore we 
are ultimately led to the conclusion that the differential emis- 
sion measure distributions in main-sequence F and G stars, 
main sequence M stars, yellow giants, and RS CVn systems are 
intrinsically different. 
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was supported in part by the Italian Ministry for Public Edu- 
cation, by the Italian National Research Council (GNA), by 
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APPENDIX A 

THE INSTRUMENT 

In this paper we present results obtained with the Einstein Observatory IPC, which was sensitive in the passband ~ 0.15^4 keV, 
with an energy resolution of AE/E ~ 1 at 1 keV, and two rather pronounced peaks in its effective area, at 0.28 keV (i.e., just below 
the carbon edge) and at ~ 1.5 keV. Because the IPC was a proportional counter with many individual anode wires, the observed 
spectra were subject to spatial gain variations, and a knowledge of the detector gain at the position of the detected X-ray source is 
required when accurate spectral analysis is performed. The so-called IPC REV-1 processing system (cf. Harnden et al 1984) 
provides the necessary information in the form of gain histograms for objects detected in the center of the field of view, where the 
gain information is quite precise (the vast majority of the X-ray spectra discussed here). In also using some off-axis data, we have 
introduced somewhat larger uncertainties in the fitted parameters, because the gain calibration was less precise off axis, but since we 
are primarily interested in statistical ensembles (and not single objects) we are able to tolerate that increased uncertainty (for a 
further discussion of the effects of gain on fitted parameters, see Schmitt et al 1985h). 

For the spectral analysis we used all counts collected in a 3' radius circle about the maximum likelihood position of the X-ray 
source and determined the background from the counts in an annulus with radii of 5' and 6'. All sources detected near the 
entrance-window support structure or field-of-view edges were removed from our sample. The net number of counts in each pulse 
height channel was then compared, via the %2 statistic (cf. Appendix B), to the number predicted by convolving the various models 
with the IPC response. 

APPENDIX B 

FITTING PROCEDURES 

The coronal models considered by us are discussed in § Illh and can all be parameterized with a few physically interpretable 
parameters. In the simplest case, i.e., that of a single-component, isothermal plasma, the theoretically computed spectrum can be 
parameterized by an emission measure EM (i.e., a normalization constant) and a temperature T. By folding the computed spectrum 
with the detector response matrix, the expected number of counts in the ith detector channel ni ex(T, EM) is obtained. The best-fit 
spectrum, and hence EM and T, follow from minimizing the x2 test statistic defined through 

v2 _ V fo.obs - ni.JT’ EM))2 mn 
i=i (Gu 

where N denotes the total number of detector channels and <7* the error in the observed number of counts n^ obs in the ith channel. 
Since two parameters, EM and T, are to be derived from the data, the test statistic 

will be distributed like a/2 distribution with N — 2 degrees of freedom. 
The process of “folding” the incident spectrum with the detector response matrix involves another source of error, i.e., errors in 

the instrument calibration (effective areas) which are not known with great precision. In the case of thermal line spectra, the problem 
is aggravated by the fact that the effective areas at only a few selected energies, i.e., the energies of the strongest lines in the spectrum, 
matter. Sometimes systematic errors are included into the error budget by adding some fraction of nUohs to the statistical error 
however, we decided to refrain from such more or less ad hoc procedures. As a consequence, for strong sources our error estimates 
are too optimistic and the derived values of x2 too large. We note in passing that we derive errors only for the estimated 
temperatures, while the normalization constants (which determine the derived emission measures) are treated as “ uninteresting 
parameters ” in our error budget. 

Further, the test statistic (Bl) may have more than one minimum; this may in particular happen when nonzero values ofNH are 
considered. While only one global minimum is likely to exist, any numerical, minimum-finding algorithm can easily be trapped in a 
local minimum. In order to avoid such difficulties we performed an initial grid search over the interesting parameter space to find a 
suitable starting point for the minimization algorithm. Clearly, such a procedure is not guaranteed to find a global minimum unless 
an unreasonably fine grid is chosen to start with; however, we believe that the minima presented in our paper represent in fact the 
global minima for the models considered. 

APPENDIX C 

SPECTRAL SIMULATIONS 

In order to convince ourselves of the capability of the IPC to determine coronal parameters, we performed an extensive series of 
spectral fits to simulated IPC spectra derived from known input spectra. Such simulations are by definition free of any systematic 
errors and allow us to ascertain the quality of our fit results as a function of signal-to-noise ratio. 
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g à) One- and Two-Temperature Models 
^ Fitting the observed pulse height distribution to one- or two-temperature models is the most common procedure to analyze 
^ thermal X-ray spectra. It is computationally straightforward, and leads—with two components—to a satisfactory statistical descrip- 
a tion of most coronal IPC X-ray spectra. However, as a first step, we demonstrate the capability of the IPC to retrieve an isothermal 
g (i.e., single-component) spectrum in a low signal-to-noise ratio situation. As an input, we chose a temperature of log T = 6.8, which 
2 is actually right in the “gap” of “forbidden” X-ray temperatures (cf. Fig. 8), and fold the resulting incident spectrum through the 

IPC. In Figure 11 we show a histogram of derived X-ray temperature (obtained via a x2 fit to the synthetic IPC spectrum). While 
this distribution is broad—because of the small number of counts in the incident simulated spectrum—the peak of the distribution 
does occur at the correct input temperature, thus demonstrating that the temperatures of isothermal coronae could be inferred with 
the IPC if isothermal coronae existed in nature, even when the coronal temperatures fall in the gap of “forbidden” X-ray 
temperatures. 

For observations with higher signal-to-noise ratio, the single-component model usually proves to be inadequate, and one 
therefore proceeds to more complex models. For incident X-ray spectra containing 10,000 counts, based on a coronal model 
consisting of two temperature components at log T = 6.4 and log T = 6.9 and an emission measure ratio of 4, Figure 12 shows the 
X-ray temperatures inferred by fitting the synthetic spectra. As before, the histogram peaks quite sharply at the correct high 
temperature, but the distribution is more broadly peaked at lower temperatures, both because the rather small emission measure in 
the low-temperature component leads to a relatively lower effective signal-to-noise ratio for this component, and because the 
spectral resolution of the IPC is limited. This case is in fact a “ worst case ” in that the higher temperature component again falls into 
the “ forbidden ” temperature domain for the IPC, whereas the observed sources tend to have a substantially higher value for the 
high-temperature component. Figure 12 shows that even in this case, the two components can be correctly inferred. 

As an aside, we note that if the incident spectrum is produced by a truly heterothermal plasma, further complications may arise. 
For example, Underwood and McKenzie (1977) studied X-ray filtergrams obtained with the S-056 Skylab instrument, showing that 
derived X-ray temperatures depend on the specific filter pair used if line-of-sight temperature gradients are present, i.e., the derived 
temperatures were a weighted mean of the observed plasma’s temperatures, where the weighting function is determined by the 
instrument’s characteristics. (Note that temperature determination from a filter ratio is just a special case of eq. [Bl] with N = 2 and 
no degrees of freedom.) If stellar coronae are indeed similar to the Sun’s corona (which is known to be intrinsically heterothermal, 
with a variety of “ temperature components ” present along any given line-of-sight), then the complete lack of spatial resolution in 
the stellar observations aggravates the problem even further: at any given time, the entire corona is visible except for those parts 
blocked by the stellar disk. Under these circumstances, one must be aware that the derived temperatures need not necessarily have 
an immediate physical interpretation, and any isothermal model accounting for the harder energy channels will underpredict the 
count rate in the softer energy channels. In order to fit the overall spectrum, a second component must be introduced at a 
temperature where the IPC is still reasonably sensitive, and where the harder energy channels are least affected. This “juggling ” of 
the two component temperatures is thus strongly affected by the precise nature of the detector’s spectral response, and therefore the 
location of the two fit temperatures may not directly describe a physical property of the X-ray emitting plasma. 

Fig. 11.—Frequency of occurrence of log T values inferred from single-temperature model fits to simulated IPC spectra. Note that the analysis correctly infers (in 
a statistical sense) the temperature of log T = 6.8 used to simulate the thermal plasma spectra with 500 counts. 

Fig. 12.—Frequency of occurrence of log T values inferred from two-temperature model fits to simulated spectra containing 10,000 counts; temperature 
components for the simulations were chosen at log T = 6.4 and log T = 6.9, with an emission measure ratio 1:4. Note that the lower temperature component is 
much less constrained than the higher component. 
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b) Continuous Emission Measure Models 
We next consider continuous emission measure distributions, and demonstrate that the IPC can also reproduce such models. 

Most of the solar X-ray emission appears to be emitted by loop structures (Vaiana and Rosner 1978), and in the simplest case, the 
temperature stratification in individual loops is determined by a balance between heating, conduction and radiation (see, for 
example, Rosner, Tucker and Vaiana 1978); differential emission measure distributions, i.e., models with many “temperature 
components” present, naturally arise in this way. For the Sun, the theoretically computed differential emission measure distribu- 
tions for loops agree rather well with the observations at high temperature, whereas at lower temperatures, discrepancies appear 
whose cause is not entirely clear (and which are of no consequence in the present discussion). 

For our simulations we assumed a continuous emission measure distribution with log Tmax = 7.5 and power-law slope a = 1.2; in 
Figure 13 we show the values of a and Tmax obtained by fitting 100 random realizations of the same spectrum, based on the assumed 
differential emission measure distribution (each realization containing about 10,000 counts). While the spread in the derived values 
of a and Tmax is rather large, and the derived parameters are correlated, with a tendency for large slopes to go with lower maximum 
temperatures and vice versa, the simulations also show that on average the correct parameters can be retrieved. It turns out that the 
same spectra can also be successfully fitted with a two-temperature model (cf. Schmitt et al. 1987), while a one-temperature 
description fails to fit in essentially all realizations. 

In order to understand whether the large values of a found around Tmax = 12 (cf. Fig. 9b) are real or rather an artifact of the 
instrument, we also performed a set of simulations with signal-to-noise ratio representative of the majority of real data. In 
particular, we simulated spectra with 500 counts, Tmax = 7.2 and with emission measure slopes a = 0.0,1.0, 2.0,4.0; for each value of 
a, 20 realizations were generated and fitted. The results of the continuous emission measure fits of these simulated spectra are shown 
in Figure 14; crosses denote input values a = 0, upward-pointing triangles a = 1, downward-pointing trianges a = 2, squares a = 3, 
and diamonds a = 4. We find that for input a values between 0 and 1, the correct a are values reproduced, while for input values 
a > 1 the retrieved a’s tend to be larger than the input ones; we also note the increase of spread in the inferred temperatures toward 
lower values of a. For our interpretation of real data, it is relevant to note that inferred values of a much larger than unity at 
Tmax ~ 7.2 are presumably indicative of an actual slope of the emission measure distribution > 1 (although they may be an 
overestimate of the real slope), and that inferred temperatures in spectra with a close to (or lower than) unity are affected by large 
errors (see next paragraph for comments on this effect). 

Last, we performed high signal-to-noise ratio spectral simulations of continuous emission measure distributions with a wide 
range of maximum temperatures (log Tmax = 6.5, 7.0, 7.5) and emission measure slopes (a = 0.0, 2.0, 4.0) in order to explore the 
full range of parameters found in our IPC spectra. For each choice of parameters, 20 random realizations with a total number of 
5000 counts were obtained and a continuous emission measure analysis performed; the results are shown in Figure 15. From Figure 
15 it becomes clear that, at least in the high signal-to-noise ratio cases, the IPC can reliably reconstruct the model parameters over a 
wide range of temperatures Tmax and emission measure slopes a. However, for larger values of temperature and slope, especially the 
inferred slopes have a rather large scatter; note that in this case the incident spectra are not far from those of an isothermal plasma. 
For the case of almost flat emission measure distributions, the maximum temperatures cannot be determined very well, clearly an 

Fig. 13.—Plot of a vs. Tmax for IPC spectral simulations of continuous emission measure distributions; input spectra contained 10,000 counts and took the 
differential emission measure distribution as Q(T) ~ Ta for T < Tmax, with log Tmax = 7.5 and a = 1.2. Note how well the input emission distribution is statistically 
inferred. 

Fig. 14.—Plot of a vs. Tmax for IPC spectral simulations of continuous emission measure distributions with log Tmax = 12 and a = 0.0, 1.0, 2.0 and 4.0. Input 
spectra containing 500 counts with a differential emission measure distribution Q(T) ~ Ta for T < Tmax were chosen. Although large values of a tend to be 
overestimated, values of a around unity are correctly inferred (see text). 
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log T 
Fig. 15.—Plot of a vs. rmax inferred from simulated IPC spectra of continuous emission measure distributions with log Tmax = 6.5, 7.0,7.5 and a = 0.0,2.0, and 4.0. 

Input spectra with 5000 counts were generated using a differential emission measure distribution Q(T) ~ T* for T < Tmax. Note how well the input emission 
distribution is statistically inferred as long as the values of slope and maximum temperature do not become too large. See text for details, including a description of 
the symbols which follow those of Fig. 14. 

instrumental effect since only a small fraction of the recorded counts is produced by the very highest temperatures (to which the IPC 
was not particularly sensitive). 
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