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ABSTRACT 
We present results of an extensive X-ray survey of 380 giant and supergiant stars of spectral types from F 

to M carried out with the Einstein Observatory. Taking into account the sample limited to visual magnitude 
mv < 6.3, we find that more than 40% of the observed F and G giants have been detected, both in the total 
sample and in the single star sample. Among the K giants, 14% have been detected (all of them early K), but 
most of the X-ray sources have been identified with RS CVn-type or multiple systems, and only two detec- 
tions (4%) refer to single stars. None of the 29 M giants have been detected, except for one spectroscopic 
binary. Finally, we report seven detections out of 46 bright giants or supergiants observed (luminosity classes 
II or I), only one of the sources being a single star (a Car, FO II). Using both detections and upper limits, we 
derive stellar X-ray luminosity functions in the energy range (0.2-4) keV for different spectral types and 
compare these with luminosity functions previously obtained for main-sequence stars. We find a statistically 
significant drop in the number of detections at spectral type K (B—V ~ 1.1). This drop, already known as the 
X-ray dividing line, is now established on a firm statistical ground and not simply as a suggestion based on 
limited samples. We are in no position to explore with equivalent statistical certainty a luminosity class depen- 
dence of such a drop. However, within the more limited statistics, the X-ray luminosity function of the class I 
and II stars as a whole cannot be distinguished from that of the class III stars in our sample. The X-ray 
emission drop seems to be associated with the ascending phase of the red giant branch. We also stress the 
presence of many RS CVn systems near the X-ray dividing line, with an emission level comparable to that of 
presumed single giant stars of similar spectral type. The detection of X-ray emission from G giants with 
masses M > 2 M0 (presumably spectral type A on the main sequence) suggests that the onset of a convective 
envelope may be the triggering ingredient of an efficient dynamo mechanism during the approach to the red 
giant branch. We find within this sample a poor correlation between the X-ray luminosity and the projected 
rotational velocity; this occurrence suggests that additional parameters are needed to characterize the stellar 
dynamo for the giants on the active side of the H-R diagram. The internal differential rotation and the depth 
of the convective zone are the most probable ingredients for this purpose. 
Subject headings: stars: coronae — stars: X-rays — X-rays: sources 

I. INTRODUCTION 

The X-ray data provided by the Einstein Observatory satel- 
lite have been extensively used in past years to build a com- 
prehensive picture of the high-energy emission from stars 
throughout the H-R diagram (see Rosner, Golub, and Vaiana 
1985; Haisch 1986; Vaiana and Sciortino 1986 for the most 
recent reviews) and, by inference, to map the occurrence of hot 
plasma in stellar atmospheres. In this picture, one of the most 
interesting and puzzling roles is played by the evolved late-type 
stars. In the first survey of ultraviolet emission spectra of late- 
type stars using the International Ultraviolet Explorer (IUE) 
satellite, Linsky and Haisch (1979) proposed the existence of a 

1 Also Harvard-Smithsonian Center for Astrophysics and IAIF-CNR. 

sharp dividing line in the H-R diagram, separating solar-type 
and non-solar-type stars. The first group comprises main- 
sequence and giant stars which exhibit a solar-like chromo- 
spheric (T ~ 104 K) and transition region (T ~ 105 K) 
emission-line spectrum, while the non-solar-type group con- 
sists of giants cooler than about spectral type K2 III, and of 
late G-M supergiants which show only a chromospheric spec- 
trum, with no evidence of plasma hotter than ~ 1-2 x 104 K. 
Following the solar analogy, the presence of a transition region 
implies the existence of an upper atmospheric layer (corona) 
where the plasma temperature reaches ~ 106 K and soft X-ray 
emission originates. In fact, Vaiana et al. (1981) and Ayres et al. 
(1981) reported the detection of soft X-ray emission from late F 
through early K giants, but not from cooler single giants or 
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from any supergiants other than a Car (FO Ib-II). Moreover, 
among the luminous cool stars to the left of the boundary, 
Ayres et al. observed a range in coronal emission of more than 
two orders of magnitude. This result was based on a sample of 
about 30 giant and supergiant stars observed with the Einstein 
Observatory and was confirmed by Haisch and Simon (1982) 
using the observations of eight more G-K giant stars. More 
recently, the sample of evolved stars observed in the X-ray 
region has increased slightly, thanks to the publication of few 
more Einstein Observatory measurements (Haisch 1987) and a 
few new EX OS AT observations (Gondoin, Mangenay, and 
Praderie 1987). Because of the small number of cases examined 
and the uneven sampling mode, X-ray luminosity functions for 
giants and supergiants have never been computed up to date. 
The first goal of our work is to accomplish this task using a 
complete matnitude-limited star sample. A further goal is to 
verify whether stellar parameters, such as surface rotation rate 
and age, are still helpful in distinguishing strong from weak 
coronal X-ray sources on the active side of the H-R diagram, as 
in the case of late-type dwarf stars. Finally, it is not clear how 
far the solar analogy can be pushed to explain the varied activ- 
ity regimes of the giant and supergiant stars near the transition 
region dividing line (TRDL) introduced by Linsky and Haisch 
(1979). 

Any interpretation of the lack of UV and X-ray emission on 
the cool side of the TRDL should take into account the pre- 
sence of other “ discontinuities ” in stellar physical properties 
observed in the same region of the H-R diagram. The TRDL 
shows, in fact, an intriguing qualitative correlation with the 
locus where the onset of massive stellar winds takes place. The 
observational evidence for such a locus rests on the appearance 
of circumstellar absorption features in the Ca n H and K lines 
(Reimers 1977), and also on a statistical difference in the asym- 
metry of the doubly peaked Ca n K and Mg n k lines (Stencel 
1978; Stencel and Mullan 1980). Moreover, Gray (1982) has 
called attention to a sudden drop in the surface rotational 
velocities of stars later than G5 III, which seems to require a 
strong external brake, such as is applied by a magnetically 
coupled stellar wind (Endal 1983; see, however, Rutten and 
Pylyser 1988). The question now arises whether the transition 
to a nonsolar behavior of the stars on the left of the TRDL is 
linked in terms of cause and effect to any of the other boundary 
lines. From a different point of view, we are interested in under- 
standing if this transition is the result of a natural evolutionary 
aging of a magnetic dynamo mechanism (Ayres et al. 1981), 
such as the one which powers the solar corona, or if we have to 
invoke a different explanation. In particular, alternative sce- 
narios have been proposed following the observation that stars 
on either side of the TRDL have different surface gravities. In 
fact, the energy balance in the outer atmospheres may drasti- 
cally change because of the onset of strong winds (Linsky and 
Haisch 1979), the occurrence of radiative instabilities (Simon, 
Linsky, and Stencel 1982), or the development of widely 
extended chromospheres (Böhm-Vitense 1986). Finally, Anti- 
ochos, Haisch, and Stern (1986) have shown that an increase in 
the gravitational scale height may result in a thermal insta- 
bility of hot (T ~ 106 K) coronal structures, so that preference 
is given to cool (T ~ 104 K) solutions of the static loop equa- 
tions for sufficiently small surface gravities (Antiochos and 
Noci 1986). The X-ray survey we have carried out is extended 
to all the late-type evolved stars listed in The Bright Star Cata- 
logue (BSC) (Hoffleit and Jaschek 1982) and observed by the 
Einstein Observatory. Because of the inclusion of both pointed 

and serendipitous observations, the sample we present in this 
paper is about 10 times larger than any previously studied 
sample, and we are now in the position to definitely establish 
whether the X-ray emission regime changes upon crossing the 
TRDL. 

This paper is organized as follows. In § II, we explain our 
selection criteria and the composition of our X-ray sample; in 
§ III, the X-ray data processing is described; § IV and § V are 
devoted to results and a discussion, and § VI contains a brief 
summary. 

II. THE SURVEY SAMPLE 

a) Selection Criteria 
We have selected all the optical candidates in the BSC and 

its supplement (Hoffleit, Saladyga, and Wlasuk 1984), with 
luminosity classes III or brighter and spectral types in the 
range F to M. Of the 4168 optically selected stars, 380 fell into 
one of the Einstein Observatory imaging proportional counter 
fields of view and form the observed sample. The composition 
of these samples with respect to spectral types and luminosity 
classes is shown in Table 1, while the observed stars are listed 
in Table 2 with relevant optical properties. 

Bahcall, Casertano, and Ratnatunga (1987) show that the 
BSC is complete to apparent visual magnitude mv ~ 6.3. We 
have confirmed this finding also for our optical population: in 
Figure 1, we show the mv integral distribution function for all 
the optical candidates (solid line) and note that no flattening 
occurs for mv < 6.3 (279 stars in our observed sample meet this 
criterion). We have also checked the completeness of the sub- 
sample of stars with measured and reliable trigonometric 
parallaxes (n > 0.01): the corresponding log N-my curve 
(dotted line in Fig. 1) now flattens for mv> 5; therefore, we 
have restricted our attention to the 98 stars with distance 
D < 100 pc and mv < 5 in order to build the X-ray luminosity 
functions (see § IV). 

In summary, the Einstein Observatory satellite observed 
~9% of all the giant and supergiant stars listed in the BSC. In 
the following, we will call “giants” all stars with luminosity 
class III-IV, III, or II-III, and we will call all the others 
“ supergiants ”. 

b) Sample Properties 

In Figure 2, we show the H-R diagram (absolute visual mag- 
nitude Mv vs. B—V color) for all the stars in the observed 

TABLE 1 
Survey Statistics 

Full Sample Single Star Sample 
Spectral     

Type Optical Observed Detected Observed Detected 

Giants (luminosity classes III-IV, III, and II-III) 

F   255 25 9 10 3 
G  810 85 32 38 12 
K  2009 163 20 85 2 
M   607 45 1 26 0 

Supergiants (luminosity classes II, I-II, and I) 

F   124 18 2 7 1 
G  166 22 4 9 0 
K  153 16 1 8 0 
M   44 5 0 4 0 
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mv 
Fig. 1—Integral distribution functions of the apparent visual magnitude, mv, for giant and supergiant stars in The Bright Star Catalogue. Solid line refers to the 

total sample, while dotted line is for stars having measured parallaxes and within 100 pc. Two vertical lines at mv = 6.3 and mv = 5 indicate, respectively, the 
thresholds at which the total sample and the distance-limited sample can be considered complete. 

sample with available trigonometric parallax and distance 
D < 100 pc (about 32% of the giants and 31% of the super- 
giants meet this condition). The vertical bars on top of the 
figure show the ß — F color distribution of all the other stars 
with unknown distance or unreliable parallax (216 giants and 
42 supergiants). To get a hint about the range of masses 
explored and about the evolutionary stage of the stars in our 
survey, we have superposed on Figure 2 four theoretical evolu- 
tionary tracks: the lowest three tracks (0.7, 1.1, and 2.2 M0) 
have been computed by Sweigart and Gross (1978) and Mengel 
et al (1979), assuming initial abundances 7 = 0.3 and 
Z = 0.01, and the 3 M© track has been adopted from Becker 
(1981), where Y = 0.28 and Z = 0.01 are assumed. For the 
transformation of the theoretical H-R diagram to the color- 
magnitude diagram, we have used the complete Teff — F:BC 
scales of Flower (1977). Some comments are in order about the 
appearance in this diagram of a series of clusterings and gaps: 

1. The minor clustering around B—V ~ 0.4 is due mainly to 
F giants or subgiants which are just evolving off* the main 
sequence, but have not yet entered the Hertzsprung gap. We 
stress in this context that, in spite of their MK classification, 
the “ giant ” F stars (luminosity classes III-IV, III, II-III) in the 
BSC nearer than 100 pc (a total of 81 stars) have a mean 
absolute visual magnitude of (Mv} = 2.4, more compatible 
with class IV-V stars (Allen 1973); that is, the BSC F giants 
appear to be almost exclusively low-luminosity stars, therefore 
implicitly low-mass stars (1-2 M©), in the slow evolutionary 
phases preceding the run across the Hertzsprung gap. The F 
giants in our survey mimic the composition of the optical 
parent sample ; we warn the reader not to interpret the results 
about the X-ray emission of the F giants (§ I Va) as appropriate 
to stars more massive than ~ 2 M©. 

2. The crowded region at B — F ~ 1 is populated by the 
numerous late G and early K giants located at the base of the 
ascending red giant branch. The evolutionary models (Iben 
1967 ; Becker 1981) indicate that stars of 3 M© or more cross 
this region for the first time when they leave the Hertzsprung 
gap moving to the right, and cross a second time evolving in 
the opposite direction and more slowly, during the He burning 

phase. Because of the different evolutionary time scale at the 
two epochs, Alschuler (1975) conjectured that G5 III and 
earlier stars are first crossing (FC) objects of intermediate mass 
and age, whereas G8 III to late K III stars are mostly second 
crossing (SC) objects. We note, however, that most stars in our 
sample limited to D < 100 pc appear to have M < 3 M©, 
according to the adopted evolutionary tracks. 

3. Finally, the clustering around B—V ~ 1.6 is mainly an 
artifact of using the B — F color scale (instead of, e.g., the F —R 
color, not available in the BSC), which is not a reliable indica- 
tor of the effective temperature for stars later than spectral type 
K 8 III: B — F = 1.6 is in fact a threshold value of this color 
index for giant stars, while Teff keeps decreasing beyond this 
point (Johnson 1966; Flower 1977). 

In order to extend the results about the X-ray properties of 
our observed sample to the larger optical sample, it is impor- 
tant to check whether the observed sample is representative of 
the optical parent population from which it has been drawn. 
For this reason, we have compared the cumulative distribution 
functions of three interesting parameters in both samples: 
namely, the B—V color, the absolute visual magnitude My, 
and the distance D. To make the comparison more easily inter- 
pretable, we have considered five subsamples, one for each 
spectral type among the giants and one more comprising all 
supergiants. It is worth noting that ~26% of the observed 
giant stars are targets of pointed observations; this percentage 
rises to ~ 52% for the supergiant sample. Hence, the danger of 
observational bias is very strong, especially in the latter case. 
We have computed cumulative distribution functions of the 
three parameters B—V, Mv, and D for the five optical sub- 
samples described above, and for the corresponding observed 
subsamples. For reasons of completeness explained before, we 
have used all stars with mv < 6.3 to build the B — F distribu- 
tions, while only the stars with mv < 5 and D < 100 pc have 
been selected for the other distributions. We have applied non- 
parametric two-sample tests (Schmitt 1985) in order to 
compare each pair of distributions (“ optical ” vs. “ observed ” 
distributions), where the null hypothesis is that they are sta- 
tistically indistinguishable. These tests show that in none of the 
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mv 
Fig. 2.—H-R diagram for the X-ray observed sample. Plus symbols indi- 

cate giant stars, asterisks refer to bright giant and supergiant stars, while RS 
CVn-like systems are represented by the symbol “ R.” Vertical bars on top of 
the diagram show the B—V color distribution of stars with no trigonometric 
parallax available or with distance greater than 100 pc. Solid lines are evolu- 
tionary tracks for stars with the indicated masses (see text for references and 
more details). 

cases we can reject the null hypothesis at the 99% confidence 
level, with the sole exception of the Mv distributions for the K 
giants; the difference at the 99.6% level between the optical 
and the X-ray sample is due to the null sampling of ~ 10% of 
the stars in the optical sample with low absolute luminosity 
(Mv Z 2). In other words, for each considered spectral class, the 
optical and observed subsamples could have been drawn from 
the same parent population, with the only possible exception 
of the K giants. 

To clarify this finding better, we have also compared the 
distributions of the apparent visual magnitude mv for the 
optical sample and the observed sample, including all stars 
with mv < 6.3 (see Fig. 3): we have found that the distributions 
for the G giants and for the F-M supergiants are indeed sta- 
tistically different, at the 99% level, while for the K giants there 
is a marginal difference at the 98.5% level. A similar result 
could be inferred for the F giants, but the statistics is poorer. 
We interpret this difference as a result of an oversampling of 
nearby and apparently more luminous stars introduced by the 

pointed observations. We do not see this effect when compar- 
ing the distance distributions, because we are missing most of 
the faraway and faintest stars which do not have available or 
reliable parallaxes. However, we also note that the low- 
luminosity tails (high mv) are increasingly more populated 
going from the F to the M giants, as a result of an increasing 
number of serendipitous observations. In fact, in a magnitude- 
limited sample, the faintest objects tend to be intrinsically 
bright stars at large distances, and we know that the absolute 
visual luminosity is greater for redder stars. Hence, a large 
number of these stars are present in the optical sample and 
likely fall in the Einstein Observatory fields of view. We con- 
clude that while the pointed observations give preference to 
nearby objects, the serendipitous observations recover most of 
the faintest (but intrinsically bright) and distant stars. The final 
selection effect is probably only a nonuniform space coverage 
of the survey objects, and in particular an undersampling of 
stars at intermediate distances; the lack of most parallaxes 
prevents a more rigorous proof of this statement. This bias is of 
no importance if the distribution of the absolute visual magni- 
tude is the same for the optical and the observed sample. 
Again, we must restrict ourselves to the smaller sample of stars 
with D < 100 pc, and we have already seen that only the K 
giants may represent a potential problem. However, unless the 
X-ray emission is proved to depend strongly on Mv, the lack of 
~ 10% of low visual luminosity K giants will not affect the 
conclusions drawn from the analysis of the X-ray data. 

In summary, our observed sample is representative of the 
optical parent population as far as the spectral type distribu- 
tion is concerned. The large number of serendipitous observa- 
tions, especially for the giant stars, also prevents any strong 
bias regarding the visual luminosity distribution; only the 
nearby observed K giants are proved to be incomplete at the 
low-luminosity tail. 

c) Multiple Systems and RS CVn-Type Stars 
Like previous studies, we want to emphasize the need for 

careful discrimination between single stars and multi- 
component systems. In the latter case, we expect to generally 
observe an enhancement in the level of radiation for two 
reasons: (i) in principle, all components may contribute as 
independent emitters to the total observed luminosity; (ii) in 
the case of close systems, the orbital motion may induce fast 
surface rotational velocities by means of tidal coupling, and 
hence increase the nonthermal heating of the individual stellar 
chromospheres and coronae, if provided by a magnetic 
dynamo mechanism. This second effect is probably at work in 
the RS CVn systems (Walter and Bowyer 1981; Pallavicini et 
al. 1981; Majer et al. 1985), which may also be affected by a 
physical interaction between the surface magnetic field struc- 
tures of the system components (Walter, Gibson, and Basri 
1983). 

For these reasons, we have decided to flag the stars in our 
sample with any of the following indications of multiplicity as 
reported in the BSC : (a) confirmed or suspected spectroscopic 
binaries (88 objects), (b) stars with either a physical or visual 
companion nearer than 2' (56 objects), because of the photon 
collecting area we used (see § HI), (c) stars with variable radial 
velocity, unless a companion is known at more than 2' (32 
objects), (d) 10 more objects with three or more components for 
which we cannot judge the distance of the nearest companion. 
We may conjecture that the absence of any indication of bin- 
arity is due to lack of close observations : to test this hypothe- 
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Fíc. 3—Integral distribution functions of the apparent visual magnitude, mv, for the optical parent sample (solid line), and the X-ray observed sample (dotted line), 
for the indicated spectral types. Only stars with mv < 6.3 are included. Nonparametric two-sample tests show that for the G giants and for the F-M supergiants, the 
X-ray sample distribution is statistically distinguishable from the optical sample distribution, at the 99% confidence level. 

sis, we compared the distance distributions of single stars 
versus multiple stars as defined above, but we found that these 
two distributions are not statistically distinguishable, with a 
high degree of certainty. 

We have also searched for the occurrence of known RS CVn 
systems (including both short-period and long-period systems) 
in our list of observed stars, using as a reference the list of 
Strassmeier et al (1988). We found 16 such systems in the 
observed sample and have treated them separately. However, 
we feel that other stars in our sample may belong to this class, 
but have not been recognized as such, because no detailed 
study of their nature has been carried out. In this respect, we 
notice that the RS CVn systems in our sample (see R symbols 
in Fig. 2) cannot be distinguished from the bulk of G and K 
giants among which they are scattered, judging solely on their 
position in the H-R diagram. We have found that six RS CVn 
systems (two of them without reliable distances, hence not dis- 
played in Fig. 2) fall in the region 1 < B—V < 1.12: because of 
so many RS CVn’s in the region where the TRDL is believed to 
occur, their behavior as X-ray emitters is extremely important 
in the context of our study. 

III. THE X-RAY DATA 

a) X-Ray Sources 
The X-ray data were obtained with the Einstein Observatory 

imaging proportional counter (IPC) (Giacconi et al 1979; 
Gorenstein, Harnden, and Fabricant 1981). For this survey, we 
have employed the final REV-1 data processing (Harden et al 
1984) in a fashion well tested in previous works (Maggio et al 
1987; Micela et al 1988). We have now organized all relevant 
X-ray data into a stellar data base (Sciortino et al 1988; 
Harnden et al 1989) which readily allows us to perform exten- 
sive analyses on the 429 IPC images comprising our survey (see 
the journal of observations in Table 2). 

The standard REV-1 source detection algorithm analyses 
each image with two different detection methods : the “ local ” 
method, which searches for fluctuations with respect to the 
local background, and the “map” method, which differs in 
that it uses a reference map to determine background. The first 

method finds fewer spurious detections in regions with diffuse 
or intense emission, but the second method is more sensitive, 
especially in fields crowded with weak sources. Both methods 
are applied in three energy bands: soft (0.2-0.8 keV), hard 
(0.8-3.5 keV), and broad (0.2-3.5 keV). A detection cell of 
2Í4 x 2!4, for the broad and hard bands, and 4' x 4' for the 
soft, is moved across the image to find possible sources by 
comparison to standard detection thresholds (expressed in 
terms of a minimum signal-to-noise ratio). The thresholds are 
chosen so that no more than 0.3 spurious detections can be 
expected, on average, for each method and each band in any 
field. In order to reduce the probability of spurious detections, 
we adopted an approach more restrictive than that used by 
REV-1 system; namely, we retained only broad-band detec- 
tions (from either the local or the map method—five detections 
failed this criterion). For the same reason, we have discarded 
detections with a signal-to-noise ratio less than 0.6 above the 
detection threshold; this conservative choice (which eliminated 
10 detections) reduces the statistically expected number of spu- 
rious detections to 0.01 per field. 

In our survey, X-ray sources were identified by matching the 
positions of all optical candidates with the positions of X-ray 
detections present in the ~4000 IPC exposures. Our matching 
criterion stipulates that a given star has been observed and 
detected if it is located within 2' of the position of any X-ray 
detection (in fact, only two sources fall at more than F from the 
corresponding optical candidate). With the above criteria, we 
have found 84 X-ray sources corresponding to 69 different 
stars which are distributed among the various spectral types as 
illustrated in Table 1. 

b) X-Ray Upper Bounds 
As a result of the standard IPC processing, upper limits to 

the X-ray fluxes are available for all objects listed in the Ein- 
stein Observatory master catalog, which includes some 60 dif- 
ferent catalogs (Harris and Irwin 1984). Most stellar entries 
come about due to the inclusion of the SAO catalog, the 
Kukarkin catalog, and the Two-Micron Sky Survey catalog. 
We have derived X-ray 3 a upper bounds for all members of 
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our optical sample that fall within 2' of the position of an 
object from the master catalog. The total number of such 
sample stars is 313, observed in 375 fields, with about 14% of 
the stars having been observed more than once. Only three 
multiply-observed stars failed to be detected in each repeated 
exposure: for these three stars, the derived upper limits are 
consistent with the X-ray fluxes derived from the detections. 

c) Spurious Sources 
As explained above (see § Ilia), the number of expected spu- 

rious sources (statistical background fluctuations) is 0.01 per 
field, which translates into 4.29 spurious sources in 429 unique 
fields. Since 460 objects (with repetitions) have been observed, 
the probability that one of them falls in a detection cell taken 
at random is 

P = 
(object area)(total number of objects) 

(cell size)(number of cells per field)(number unique fields) 

= 3.7 x 10“3 , 

where we have assumed that the area covered by each object is 
that of a circle with radius of 2', the cell size is 2!4 x Z4, and 
the total field size is 1 deg2. This is also the probability that any 
of the spurious sources occur at the position of one of our 
survey stars; hence, the mean number of spurious identifica- 
tions is 

ns = (spurious sources per field)(number unique fields)/? 

= 1.6 x lO“2 . 

We have also estimated the probability of chance coin- 
cidence of one of our survey stars with either a main-sequence 
field star or an extragalactic source. The expected number of 
detectable field stars in our survey has been computed using 
the best current (summer 1987) estimates of the X-ray lumin- 
osity functions for each spectral type of the nearby dwarf stars. 
The procedure takes into account the actual sky distribution of 
the survey fields and the mean limiting sensitivity of each field, 
as extensively described in Favata et al (1988) and Micela et al 
(1988) and predicts a total of ~95 field stars in our total survey 
area. In a similar way, we have used the Medium Sensitivity 
Survey results of Maccacaro et al (1982) to compute the 
expected number of extragalactic sources, finding that 276 such 
objects could be detected in our combined IPC exposures. We 
expect, therefore, a total of 371 objects in the combined fields of 
view and, in fact, we have detected 384 sources, in addition to 
the 84 sources identified with survey stars. Assuming that the 
371 unrelated sources are scattered uniformly over the field of 
view, like the spurious detections, the quantity p is again the 
probability of one mistaken identification; hence, we see that 
^ = 371 x p = 1.4 field objects could have been spuriously 
identified with stars in our survey. We stress that the likelihood 
of such mistaken identification is much greater than for the 
case of background fluctuations. 

d) Source Strength 
In computing an effective count rate for each source, the 

standard REV-1 processing applies corrections, for mirror 
scattering and vignetting and for the IPC point response, and 
flags possible shadowing by the support structure of the IPC 
entrance aperture through the use of a so-called rib and edge 
code. However, due to a spectral dependence of these correc- 

tions (in particular, the point response correction), they are 
only approximate for sources whose spectra are dissimilar to 
those assumed in computing the corrections. Because the 
detection cell for the broad band is relatively small for the 
rather soft stellar sources, only ~ 70% of stellar source counts 
fall inside the cell, a fraction about 25% smaller than assumed 
in computing the standard correction factors. Therefore, for 
local, obscured X-ray detections, and for all map detections, we 
have increased the standard (corrected) values by this factor of 
~25%, and for all local, unobscured X-ray detections we have 
computed net source counts from a circle of 3' radius centered 
at the source position and background counts in a concentric 
annulus with inner and outer radii of 5' and 6'. This same 25% 
correction has been applied to the upper bounds (which are 
only evaluated using the local method). When more than one 
observation was available for a given star, we adopted the 
following procedure (see Micela et al 1988 for additional 
details) : 

1. For detections, we computed a weighted (by inverse 
square of statistical error) mean count rate, preferring unob- 
scured measurements to those for which shadowing was pos- 
sible. 

2. For upper bounds, we selected the lowest unobscured 
value, if available, and otherwise conservatively retained the 
largest value. 

In order to convert IPC count rates to X-ray fluxes at Earth 
in the energy range 0.16-4.0 keV, we have used a constant 
conversion factor of 2.0 x 10“11 ergs count-1 cm-2. This 
value assumes a thermal spectrum (continuum + lines), from a 
plasma with solar abundances at a temperature log T = 6.5. 
Schmitt et al (1988), using the thermal model of Raymond and 
Smith (1977), have performed spectral fits on the 29 sample 
sources that yielded more than 50 total counts, and we have 
compared the X-ray fluxes derived using the constant conver- 
sion factor with those derived from the spectral fits, finding 
good agreement (within a scatter of <40%). Schmitt et al 
(1988) have also verified that in most cases good fits can be 
obtained neglecting the circumstellar or interstellar absorption 
of the X-ray radiation. The only two exceptions are HR 8703 
(RS CVn-type system), and HR 8796 (56 Peg), for which the 
best fit is obtained with hydrogen column densities of 8 x 1019 

and 2.5 x 1020 cm-2, respectively. Incorporating this absorp- 
tion yields an increase of the flux by 14%, and 35% for these 
two stars. 

The final X-ray fluxes (along with their statistical 
uncertainties), and the 3 <7 upper limits for all survey stars are 
listed in Table 2. Taking into account a conversion factor error 
of ~50%, statistical errors of <40%, and systematic errors in 
the instrument calibrations of <10%, we estimate the overall 
error in the quoted X-ray fluxes to be < 70%. 

In the computation of luminosities, a large source of error 
can be introduced by uncertainties in the individual stellar 
distances (as much as a factor of 2 or more); for this reason, we 
have computed X-ray luminosities only for stars with available 
trigonometric parallaxes greater than 0.01. Finally, in Table 2 
we have also listed the values of the log fx/fv, the logarithm of 
the X-ray to visual flux ratio, computed as 

log/*//, = log/* + mv/2.5 + 5.47 . 

This distance- and radius-independent parameter is very useful 
in our survey because of the large percentage of stars with 
unknown parallax. 
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F Giants G Giants K Giants M Giants F-M Supergiants 
Fig. 4.—Schematic distribution of the X-ray luminosity thresholds for 

observations of survey stars within 100 pc. For each indicated spectral type, 
the horizontal line drawn through the box is at the median of the data, upper 
and lower edges of each box indicate the range of values including the middle 
half of the data, and vertical lines (“ whiskers ”) reach the most extreme values. 
Note the increase in the median values (decrease in the sensitivity) for advanc- 
ing spectral type. 

e) X-Ray Sensitivity of the Survey 
Because of the magnitude-limited nature of our survey, and 

the dependence of the absolute visual luminosity both on 
stellar color and on luminosity class, stars of different spectral 
types have necessarily been sampled, on average, at different 
space depths. For example, the intrinsically brighter M giants 
have been observed at larger distances with respect to the F 
giants. Except for pointed observations, which comprise only a 
small fraction of our fields, observing times were not chosen to 
sample stellar luminosities uniformly; indeed, even the mean 
X-ray flux sensitivity,/^, which is fixed by the available expo- 
sure time and by the mean background count rate, varies 
greatly and independently of the spectral class of the observed 
star. Hence, the resulting X-ray luminosity thresholds, L^, are, 

on average, larger for the visually brighter and more distant 
stars (e.g., for M giants or supergiants as compared to other 
giants). For those stars with measured parallax, the actual 
values of L*x can be computed; their distributions for different 
spectral types, shown schematically in Figure 4, confirm the 
expected behavior. Hence, the X-ray luminosity functions we 
will introduce below are not comparable in a straightforward 
manner because of the differences in luminosity thresholds. In § 
V, we discuss useful techniques for circumventing this problem. 

We note that the pointed observations of nearby stars are 
very valuable, since they usually yield the highest sensitivities 
and allow us to sample the low X-ray luminosity tails of the 
distributions. In the case of the K and M giants, we were not 
able to sample above the median values of Lx or fx/fv (see § IV), 
but some high-sensitivity observations were exploited to put 
very low upper limits on the X-ray emission level of these star 
samples. 

IV. RESULTS 

We have detected X-ray emission from 62 giants and seven 
supergiants, distributed among the various spectral types as 
shown in Table 1. In the following, we will analyse the lumi- 
nosity functions of the star classes which we have effectively 
sampled, with the aim to study the dependence of X-ray emis- 
sion on spectral type and the effects of stellar evolution on such 
emission. For reasons of completeness (see § lia), we have com- 
puted the fx/fv distribution functions using all stars with mv < 
6.3, while the Lx distributions are based only on the stars with 
mv < 5, and distance within 100 pc. 

In order to derive the statistical properties of the data at 
hand, we have used survival analysis techniques which allow us 
to take into account both measurements and upper limits. In 
particular, we have computed maximum-likelihood distribu- 
tion functions using the Kaplan-Maier product limit estimator 
described by Schmitt (1985) and Feigelson and Nelson (1985), 
and we have performed comparisons of sample distributions 
by means of nonparametric two-sample tests in the presence of 
censored data, as discussed by the same authors. In Table 3, we 

TABLE 3 
Mean and Median Values3 on log fjfv and log Lx (0.2-4 keV) 

log/,// log Lx 
Spectral     

Type Db Ub Mean Median Probability0 Db Ub Mean Median Probability0 

Giant Stars: Full Sample 

F   8 9 -S.lígi 7 1 28.7í";f 28.57íg;^ 
G   30 37 -5.3Í¡>;{ -S.SÎgj 15 15 28.62^ 28.4!¡;" 
K   17 101 ... <-6.6 100% 6 30 ... <27.6 100% 
M   1 29 ... <-6.2 94% 1 4 ... <28.9 94% 

Giant Stars: Single Star Sample 

F   3 3 -4.9ígi -5.0Í^ 3 0 28.9Í^ 28.7Í^ 
G   10 14 -5.3Í°;2 -5.5Í^ 7 6 28.7^ 28.7Í};} 
K   2 51 ... <-6.2 94% 1 13 ... <28.1 94% 
M   0 16 ... <—5.3 94% 0 0 No stars 

Bright Giant and Supergiant Stars: Full Sample 

F-M... 7 39 ... <-6.3 94% 5 14 ... <28.6 94% 
a For purpose of computing mean and median values, we have used (i) stars with mv < 6.3, for the log/.// distributions, (ii) stars with 

D < 100 pc and mv < 5, for the log Lx distributions. 
b Number of detections (D) and upper limits (U) which satisfy the criteria described in note (a). 
0 Probability associated with the estimated upper limits on median values (see § IV). 
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summarize mean and median values which have been derived 
from the integral distribution functions discussed below. The 
68% (1 <t) errors are computed using a bootstrap technique 
(Schmitt 1985) with 200 replications. We recall that the integral 
distribution functions so obtained can be formally normalized 
only when no upper limit occurs below the lowest detection 
value. In some cases (K and M giants, F-M supergiants), our 
survey observations have been unsuccessful in detecting most 
of the stars sampled with the greatest sensitivity. In these cases, 
the integral distribution functions do not reach the median 
value, because this value probably lies near the lowest detec- 
tion thresholds, or even below. Although no X-ray mean or 
median values can be obtained, we can derive upper bounds to 
the X-ray medians for these samples. If we are sampling with 
detection thresholds below the median luminosity, we should 
detect at least one-half (within statistics) of the objects sampled. 
Hence, the probability of sampling n times below the median 
and obtaining only upper limits is at most (0.5)". Following this 
reasoning, the fourth most sensitive upper limit is an ~94% 
confidence upper bound to the median value of the distribu- 
tion. If the fourth most sensitive observation resulted in a 
detection, we quote that value as a 100% upper limit on the 
median. 

a) F Giants 

We have detected 47% of all the observed F giants with 
mv < 6.3, and this percentage does not change even if we con- 
sider only the single stars (six observed and three detected). In 
Figure 5a, we show the integral distribution functions of the 
fx/fv for the complete sample and the subsample of the single F 
giants. These distributions appear to be quite similar, suggest- 
ing that the X-ray emission of the multicomponent systems is 
not enhanced with respect to the emission of the single giant 
stars. In fact, we have compared the fx/fv distribution functions 
of single and multiple sources by applying a two-sample Wil- 
coxon rank test, and we have found that these two samples are 
drawn from the same parent population with a probability of 
~50%. In Figure 5b, we compare the X-ray luminosity func- 
tions of all stars (mv < 5, D < 100 pc) regardless of multiplicity 
with the distribution of the single stars only. As in the previous 
case, these distributions are not statistically distinguishable. 

The star with the lowest X-ray emission is ß Cas (HR 21, log 
fx/fv = — 5.8, log Lx = 28.2), a spectroscopic binary which is 
also a ô Set variable. This star is the nearest F giant observed 
(Z) = 14 pc), and is also the star with the highest visual lumi- 
nosity (Mv = 1.6). On the other extreme, the star with the 
highest X-ray luminosity is v Peg (HR 8905, log Lx = 29.6, log 
fx/fv = —4.2), a single late-F giant which belongs to the Hyades 
moving group. Most of the nondetected stars lack trigonomet- 
ric parallaxes; however, the star with the lowest upper limit on 
both the X-ray luminosity and the fx/fv ratio is the prototype of 
the dwarf Cepheids, ô Set (HR 7020, D = 40 pc), with log Lx < 
28.6 and log fx/fv < — 5.4. These values are compatible with the 
X-ray emission level of ß Cas. We note in passing that we have 
observed two more stars classified as ô Set variables: p Pup 
(HR 3185, F6 lip) has been detected with log Lx = 28.7, log 
fx/fv = — 5.7, while for HR 4668 (K0.5 Illb) we have derived log 
Lx < 29.0, and log fx/fv < —4.9. An unpublished Einstein 
survey of six other Ö Set variables failed to detect other objects 
of this class (Stern 1988, private communication). 

In summary, the observed F giant stars show X-ray emission 
in the narrow range of luminosity 1028 < Lx < 4 x 1029 ergs 

s- \ similar to the range spanned by the main-sequence F stars 
(see § Vh). The corresponding range of the fjfv ratio goes from 
1.6 x 10 ~6 to 10 ~4, and no distinction can be made between 
the single F giants and those which are part of multi- 
component systems. The two observed early-type dwarf Cep- 
heids show the lowest emission level among all the F giants in 
this survey. 

b) G Giants 
The success rate of detecting G giant stars was ~45% if we 

consider the whole sample with mv < 6.3, or ~42% by taking 
into account the single stars only. As before, we compare in 
Figures 5a and 5b the integral distribution functions for the 
total sample and the single star sample, using in turn logfx/fv 
and log Lx as parameters of the X-ray emission level. Again, we 
find that no statistically significant distinction is possible, at 
the 90% level, between the two subsamples of single and multi- 
ple G giants. This result is quite surprising, since six RS CVn 
systems are included in the multiple star sample. In fact, we 
find that these systems have X-ray luminosities in the range2 

30.2 < log Lx < 31.3, but the X-ray luminosities of two single 
G giants also fall in this range: they are 31 Com (HR 4883) 
with log Lx = 30.8 and Ô CrB (HR 5889) with log Lx = 30.5. 
The former star has the bluest color (B-V = 0.67) among the 
G giants without a blended spectrum, and it is probably cross- 
ing the Hertzsprung gap, as suggested by its location in the 
H-R diagram and by the high abundance of lithium (Alschuler 
1975; Hoffleit and Jashek 1982; Simon 1984). No similar infor- 
mation is available for ô CrB. Two more single G giants with a 
high emission level are worth mentioning: HR 6970 (G8 III, 
B-V = 0.92, mv = 5.14) with log Lx = 30.1, and i Cap (HR 
8167, B—V = 0.90) with log Lx = 29.8. These stars are to be 
compared with p Peg (HR 8684) and e And (HR 163), two 
nearby (D < 30 pc) single G giants with similar B—V color 
and identical spectral type, but low X-ray emission : log Lx < 
27.9 and log Lx < 28.1, respectively. This behavior is a charac- 
teristic common to the late G and early K giants: the stars with 
color £—F~ 1 show the largest range in X-ray emission 
among all the giants in our survey, from the high-luminosity 
level of the RS CVn systems (Lx > 1030 ergs"1) to the low 
upper limits on Lx of p Peg and rj Cap (HR 6132, G8 Illab, 
suspected spectroscopic binary with a dK2 companion, log 
Lx < 27.9). The X-ray source with the reddest color is o Dra 
(HR 7125, B—V = 1.19), an RS CVn-type system with the 
lowest emission level among the detected stars of this class (log 
fx/fv = —5.0, log Lx = 30.1 uncertain because D > 100 pc). The 
reddest single G giant detected is 40 Psc (HR 1563) at 
B—V = 0.98 (logfx/fv = —4.6, no distance available). Finally, 
we note that we have failed to detect most of the G stars nearer 
than 30 pc (four detections, eight upper limits), but these high- 
sensitivity observations allow us to put strong constraints on 
the X-ray emission of many G8 III-G9 III stars : for example, 
HR 1008, the nearest G giant observed (D = 6.2 pc), has an 
upper limit on the X-ray luminosity of log Lx < 27, which is 
more than one order of magnitude below the emission level of 
the weakest G giants detected (log Lx ~ 28.4). 

In conclusion, the G giants show a wide range of X-ray 
luminosities, and this is likely not the result of either stellar 
multiplicity or the uncertainty in distance determination. Some 

2 Here we have considered only the four stars with distances less than 100 
pc: HR 373, HR 8961, HR 1708, and HR 4527, in order of decreasing Lx. Note 
that HR 373 (log Lx = 31.3) was not included in the sample used to built the 
luminosity function of the G giants because it has mv > 5. 
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log(Lx) (erg/sec) 

log(Lx) (erg/sec) 
Fig. 5b 

Fig. 5.—(a) Integral distribution functions of the X-ray to visual flux ratio,/*//„, for stars of the indicated spectral types, with mv < 6.3; (b) Integral X-ray 
luminosity functions for stars with mv< 5 and D < 100 pc. For the giants, solid lines refer to all stars regardless of multiplicity, dotted lines to nonbinary stars only; 
note the high X-ray luminosity tails for the G and K giants (only one single K giant within 100 pc andm,, < 5 has been detected). For the supergiants, only global 
distributions are shown, regardless of spectral type or multiplicity, because of the small sample size; note, in particular, that only one single supergiant (a Car, F0 I) 
has been detected. In all cases, the lowest value reached by the curves indicates either the lowest detection (if the curve is normalized to 1 ; see F giants) or otherwise 
the lowest upper limit. 

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



19
90

A
pJ

. 
. .

34
8.

 .
25

3M
 

LATE-TYPE GIANT AND SUPERGIANT STAR SURVEY 271 No. 1, 1990 

single G giants have a level of emission comparable to that of 
known RS CVn systems, but we have also observed stars where 
no X-ray emission has been detected at a sensitivity of ~ 1028 

ergs s-1, a value typical of old G dwarf stars. Similar conclu- 
sions can be drawn from inspection of the fx/fv ratios, which 
span the range from ~2.5 x 10“4 down to <7 x 10~7, where 
only single stars have been considered. 

c) K Giants 
We were able to detect only ~ 14% of the K optical candi- 

dates (mv < 6.3). Moreover, most of the X-ray sources are 
multicomponent systems (15 out of 17 detections). For these 
reasons, we were able to compute only the high-luminosity 
tails of the log Lx and fx/fv distributions, as shown in Figure 5. 
If we compare the fx/fv distributions for the single star sample 
versus the sample of all the other stars, we find that these two 
samples are drawn from the same parent population with a 
probability of ~0.5% ; hence, the null hypothesis can be reject- 
ed at the 99% confidence level (however, this confidence level 
may be somewhat inaccurate, because the single star sample is 
limited and heavily censored). By comparing the X-ray lumi- 
nosity functions (single vs. multiple stars, within 100 pc and 
mv < 5), we find a lower significance level (probability of being 
drawn from the same distribution is ~26%), probably because 
most of the RS CVn systems with a giant K component lack 
trigonometric parallaxes, and hence are not included in the 
sample used to build the Lx distributions. Instead, these objects 
form the high-luminosity tail of the fx/fv integral distribution 
for the whole sample. In fact, the eight K giants with the 
highest fx/fv ratio (logfx/fv > — 3.8) are all RS CVn systems. 

We have studied more in detail the six K sources within 100 
pc. One of them is ß Cet (HR 188), a nearby (D = 16.4) single 
K0 III star with a fairly high X-ray luminosity (log Lx = 29.7, 
\ogfx/fv = —4.5). Three others are 7, <5, and t1 Tau, the Hyades 
K0 giants. Although these are all spectroscopic binaries, the 
X-ray emission (again quite high, log Lx > 29) probably orig- 
inates from the K0 III primaries, and not from a companion. 
This has been strongly argued by Bahúnas, Hartmann, and 
Dupree (1983) on the basis of UV data analysis, and by Micela 
et al (1988), who have presented the Einstein Observatory 
X-ray survey of the Hyades region. One more detected K giant 
is ß Gem, a multicomponent system with a K0 giant as 
primary star and seven more optical companions: the brightest 
of them is more than 3' from the primary, but unfortunately no 
more information is available in the BSC for the other com- 
ponents. At any rate, the X-ray luminosity of ß Gem is lower 
(log Lx = 27.6) with respect to the K0 giant sources mentioned 
above. The last star is a Gem (HR 2973), an RS CVn-type 
system with a K1 III primary component and much higher 
luminosity (log Lx = 31.2). 

One more single K giant detected is HR 4521 (log fx/fv = 
— 5.2, no distance available), which is the reddest 
(B—V= 1.27) single star detected in our whole survey. This 
star has been recognized as a super metal-rich star by Faber et 
al. (1985). Among the nondetections we note a Boo (HR 5340, 
D = 10.3 pc), the nearest K star observed: for this single giant, 
we have obtained upper limits of log Lx < 27.5 and logfx/fv < 
— 7.1, the lowest among the stars of this group (see also Ayres, 
Simon, and Linsky 1982). A low upper limit was also obtained 
for rj Ser (HR 6869, log Lx < 27.6, \ogfx/fv < — 6.1) which is the 
nearby (D < 20 pc) single K giant with the bluest color 
(B— V = 0.94). 

We conclude that the single K giants are usually not 
detected as X-ray sources, with the exception of some K0 III 
stars whose behavior mimics the G giants. The RS CVn 
systems constitute about half of the stars detected and show 
l. 5 x 10-4 ^fx/fv < 2.5 x 10~3. Other detected multi- 
component systems have fx/fv as low as 10~ 6,6 and Lx= 1027 6 

ergs s_1 (/? Gem, HR 2990, D = 10.6 pc). For the nearest K 
giants (seven stars within 20 pc, two detected), we were able to 
put upper limits of 1028 ergs s“1 on the X-ray luminosity, 
compatible with the emission level of the detected ß Gem. 

d) M Giants 
Little can be said about the X-ray emission of the M giants 

because of the relatively high detection thresholds of the 30 
observed stars with mv < 6.3. Only one star has been detected: 
rj Gem (HR 2216, D = 71 pc), a spectroscopic binary plus a 
third component of unknown spectral type. For this system, 
log Lx = 29.4, and \ogfx/fv = —5.6. Although we cannot deter- 
mine whether the source is the M giant or one of its (lower 
mass, typically dwarf) companions, we note that either com- 
panion may contribute to the observed emission and still be 
consistent with known X-ray emission properties of such lower 
mass dwarf stars. The nearest M giant observed is ô Oph (HR 
6056, D = 29.4), for which any X-ray emission, if present, is 
constrained by the upper limits, log Lx < 28.2, log/*//,, < -6.2. 

In conclusion, the sensitivity of our survey of M giants does 
not go deep enough to allow to build up integral distribution 
functions. However, we can estimate upper bounds to the 
median values of log Lx and log fx/fv (Table 3), based on the 
fourth most sensitive upper limit criterion described in the 
opening of this section. 

e) F-M Supergiants 
We have detected seven supergiants out of 46 observed with 

m, , < 6.3; because of the small sample we will not separately 
analyse the four different spectral types. Nineteen stars have 
distances within 100 pc (five of them are detected), and only 
one source was identified with a single star (see below). Because 
of the similar absolute visual magnitude of the supergiants, all 
the spectral types have been sampled in the same volume of 
space. For all the above reasons, we have preferred to build 
global integral distribution functions of log Lx and \ogfx/fv, as 
shown in Figures 5a and 5b, regardless of multiplicity or spec- 
tral type. 

Among the detections, a Car (HR 2326, D = 36 pc, log 
fx/fv — — 6-2, log Lx = 29.8) stands alone in being the only 
single supergiant detected and the one with the bluest color 
(B—V = 0.15, F0 II). All the other X-ray sources are identified 
with multicomponent systems, and in none of these cases do 
we know the spectral classifications of the companions. One of 
these systems (( And, HR 215, D = 27 pc) is classified as an RS 
CVn-type binary, and its fx/fv ratio is the highest among the 
supergiants (log fx/fv = — 3.8, log Lx = 30.0), but its X-ray 
luminosity is the lowest among the observed RS CVn’s with 
known distance (except HR 3, which was not detected). 

Because of the usually large distances, we are not able to put 
upper limits on the X-ray luminosities of the supergiants as 
stringent as for the giants. We have observed nine stars within 
50 pc. Three have been detected: ( And, a Car, and the ô Set 
variable p Pup (see § IVb), while for the others we find upper 
limits of Lx < 3-8 x 1028 ergs s-1. Among the nondetections, 
we also find four classical Cepheids (£ Gem, Ô Cep, rj Aql, ß 
Dor), and five so-called “hybrid” stars (Hartmann, Dupree, 
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and Raymond 1980) (y Aql, ß Aqr, i Aur, t Her, cr Oph). From 
the X-ray point of view, none of them is peculiar with respect 
to other supergiants of similar spectral type. 

Our conclusions about the X-ray emission of the supergiants 
are based on a sample ~ 20% as large as that of the giants : this 
is due to the low space density and large distances of the 
former. Moreover, we should point out that all the observed 
supergiants within 100 pc have Mv> —2, except a Car (Mv = 
— 3.5); hence, they are representative of a class of relatively 
low-mass objects. This is also true for the optical BSC popu- 
lation of late-type supergiants, a Car is the only observed (and 
detected) star of type F0; therefore, we cannot judge if X-ray 
emission is characteristically present in early F supergiants. 
The emission of all other X-ray sources may originate from any 
component of the observed systems. Finally, we put upper 
limits on the X-ray luminosity of most of the observed super- 
giants, which are somewhat higher than the level of giant stars 
of similar spectral type. In fact, we will show in the next section 
that our data are consistent with no strong dependence of Lx 
on the luminosity class. 

v. DISCUSSION 

a) The X-Ray Dividing Line 
In § IV, we have noted how the percentage of detected giant 

stars decreases with advancing spectral type, with a remark- 
able drop at spectral type K. As a whole, we have detected too 
few supergiants to search for a similar trend. We now ask 
whether the low percentage of detected K and M giants is due 
to a selection effect; namely, the larger mean distance of these 
stars with respect to the F and G giants. To answer this ques- 
tion, we have intercompared the complete luminosity functions 
shown in Figure 5, using a Peto-Prentice generalized Wilcoxon 
test (Feigelson and Nelson 1985). This two-sample statistical 
test is the least affected by the detection threshold distributions 
of the compared samples. We have found that the X-ray lumi- 
nosity function of the K giants is statistically different from 
those of the F and G giants at the 90% confidence level. We 
have derived a similar result for the logfx/fv distributions. To 
strengthen this conclusion, we have performed a further test: 
assuming that the true X-ray luminosity function of the K and 
M giants is identical to that of the G giants (Fig. 5b), we have 
computed the expected number of detectable K and M stars 
within 100 pc, given the actual X-ray luminosity thresholds of 
these samples. We have estimated that 22 K giants and three M 
giants should have been detected if the hypothesis is correct, 
while in fact we have detected six K giants and one M giant 
(see Table 3). The ratio of the predicted to the observed 
number of K stars is 3.7, and the 99% confidence level interval 
is [14.5,1.1], computed by assuming binomial statistics and the 
maximum likelihood procedure described by Gehrels (1986) 
for small samples. We therefore can exclude the possibility that 
the observed X-ray luminosity function for the K giants is the 
same as that for the G giants. Small sample statistics preclude 
such a strong conclusion for the M giants. Such results are 
unaffected by substituting the X-ray luminosity function of the 
F giants as a predictor. Thus, the drop of detections at spectral 
type K is a real effect, and not a consequence of the magnitude- 
limited nature of the observed star sample. 

We have also tested the dependence of the X-ray emission 
level on the luminosity class by comparing the distributions of 
log Lx for giant and supergiant stars as a whole. We have 
derived a probability greater than 40% for the two samples 

being drawn from the same parent population, whether or not 
the RS CVn systems are included. Similar low significance 
results have been obtained by binning the stars according to 
the absolute visual magnitude instead of the luminosity class. 
The star sample with My < 0 (11 objects with mv < 5, D < 100 
pc), and the complementary sample with Mv>0 (37 objects 
with mv< 5, D < 100 pc) are drawn from the same parent 
population with a probability greater than 20%. The poor 
sampling of the supergiants in our survey does not allow us to 
explore in full detail a possible dependence of the X-ray emis- 
sion drop on the luminosity class. Hence, we cannot prove (or 
even disprove) a possible bending of the X-ray dividing line to 
exclude the supergiant stars from the active star side. 

b) Comparison with Main-Sequence Stars 
In Figure 6, we show a comparison between the X-ray inte- 

gral luminosity functions of giant stars and main-sequence 
stars with same spectral type. The dF stars (0.3 < B—V < 0.5) 
are from the work of Schmitt et al. (1985), the G dwarfs are 
those within 25 pc studied by Maggio et al. (1987), and the 
main-sequence K stars are from the survey of Bookbinder 
(1985). For this latter sample, we show in Figure 6c two lumi- 
nosity functions corresponding to young disk and old disk 
stars, selected according to the kinematical criterion of Eggen 
(1969). The aim of the comparison with the giant stars under 
study is again to assess a possible dependence of the X-ray 
emission level on the luminosity class among the late-type 
stars. It is important to stress that stars with similar color but 
different luminosity class usually have different masses; there- 
fore, we are comparing stars which do not follow the same 
evolutionary tracks. By using the Peto-Prentice generalized 
Wilcoxon test we have found that only the distribution func- 
tions of the G stars are distinguishable at the 90% confidence 
level, and the same holds for the K giants with respect to the 
young-disk K dwarfs. Since all RS CVn systems have been 
excluded from the dG sample while no such selection has been 
made for the G giants, we have performed a further compari- 
son between the X-ray luminosity functions for the single G 
stars only, but the test outcome has not changed. The latter 
result is not unexpected, because we have already noted that 
presumed single G giants exist which are X-ray emitters at the 
same level of known RS CVn’s. No such high-luminosity 
sources (log Lx > 29.5) are present among the nearby G 
dwarfs. The mean X-ray luminosity for the G giants is about a 
factor 10 greater than for the nearby dG stars. 

The median X-ray luminosity of the young-disk K dwarfs is 
more than a factor 4 greater than for the X-evolved stars. 
However, the high-luminosity tails for the two samples are 
similar (Fig. 6c). We have noted already that most of the 
detected K giants within 100 pc are binaries or multi- 
component systems, but the X-ray emission of these few K 
sources is likely due to the K0 III primary component and not 
to a companion. In this respect, the K0 giants appear to be 
similar to the contiguous G giants, and we speculate that they 
represent the most advanced evolutionary phase of first- 
crossing stars, in which X-ray activity is still observed. If these 
high-luminosity K0 giants are excluded, the comparison with 
the K dwarfs clearly points out the lower X-ray emission level 
of the other red giants. 

In conclusion, the X-ray luminosity of the observed F giants 
(most of them are slightly evolved low-mass stars) is compara- 
ble to that of the nearby dF stars, while the G giants are, on 
average, substantially brighter than main-sequence stars of 
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Fig. 6.—Comparison of X-ray luminosity functions for giants and main- 
sequence stars, (a) Giant F stars (solid) vs. F dwarfs, with 0.3<B—F<0.5 
(dotted), adapted from Schmitt et al. (1985); (b) giant G stars (solid) vs. F7-G9 
dwarfs (dotted), adapted from Maggio et al. (1987); (c) giant K stars (solid) vs. 
old disk K dwarfs (dashed), and young disk K dwarfs (dotted), adapted from 
Bookbinder (1985). X-ray luminosity functions for the giant stars include all 
the objects with mv < 5 and D < 100 pc. Note how the X-ray luminosity 
function for the G giants extends to much higher values than the correspond- 
ing distribution for main-sequence G stars. 

similar spectral type, and the very early K giants show emis- 
sion at the same level of corresponding young-disk dwarfs. We 
confirm the very modest emission level (if any) of the red giants 
with respect to the red dwarfs, as already suggested by the early 
studies of Vaiana et al. (1981), and Ayres et al (1981). 

c) Onset of Magnetic Dynamo 
The plot in Figure 7 shows how the X-ray luminosity varies 

as a function of the B—V color. To explore possible data 
trends, we have applied a robust locally weighted regression 
(Cleveland 1979), modified to take into account both detec- 
tions and upper limits, to the sample of single stars only (dotted 

line). We observe a trend of increasing log Lz with B—V, up to 
the value B—V ~ 0.8 (late G type), followed by a drop for 
redder colors. A similar behavior has been noted by Simon 
(1984) for the normalized C iv flux (1549 Â),/c IV//bol, and tenta- 
tively attributed to the amplification and the eventual decay of 
magnetic dynamo activity, as stars cross the Hertzsprung gap. 
Following the solar analogy, the EUV line emission probably 
originates in the transition region of the observed stars, and the 
similar behavior followed by the X-ray coronal emission does 
not come unexpected, although it should be confirmed on a 
more solid statistical ground. We note in Figure 7 a residual 
scatter about the mean trend in the X-ray emission level, which 
in part must surely be attributed to a mixture of stars with 
different masses at a fixed value of B—V. This is clearly shown 
in Figure 8, an H-R diagram in which each star is indicated by 
a circle with radius proportional to log Lx (solid lines for 
detected sources, dotted lines for upper limits). Only single stars 
are represented for clarity. We note the existence of X-ray 
emitters with luminosities 103O-1031 ergs s-1 located near the 
track for stars with ~2 M0, starting at B—V ~ 0.7. These are 
high X-ray luminosity single G giants (HR 4883, 5889, 6970) on 
the exit from the Hertzsprung gap. Their main-sequence pro- 
genitors should be A stars, which do not show evidence of 
being strong X-ray emitters (Schmitt et al. 1985), most likely 
because they lack a subphotospheric convection zone, a neces- 
sary (though not sufficient) ingredient for dynamo activity. We 
know that such a convection zone develops just before stars 
enter the red giant branch, and this may favour the onset of a 
dynamo mechanism and the heating of the outer atmospheres. 
Near Æ — F ~ 0.4 we observe instead X-ray sources with log 
Lx ~ 1028-1029 ergs s-1. These are probably low-mass stars 
(M > 1 M0) slightly evolved beyond the main sequence. These 
stars do show all the signs of magnetic field-related surface 
activity since their arrival on the main sequence. Their follow- 
ing evolution, with an apparent increase of the X-ray lumi- 
nosity (see stars with B—V~ 0.6-0.8 near the track for 1.1 M0 
stars in Fig. 8; see HR 2085, HR 3318, and HR 3771), could be 
influenced by the increase of the convection zone depth. 
Finally, near the spectral type G8 III (B—V~ 0.9), the range 
in X-ray luminosity is too large to be explained simply by 
differences in the star masses (see § IVb for some examples). 

If the solar-like dynamo hypothesis is applicable, we would 
like to recover the rotation-activity relation which holds for 
late-type main-sequence stars. Pallavicini et al. (1981) have 
empirically established a correlation between the X-ray lumi- 
nosity, Lx, and the projected rotational velocity, v sin i, using a 
sample which included six giants also present in our survey 
(but here considered potential multiple sources). The expecta- 
tion of a relationship between X-ray luminosity and surface 
rotation rate derives from the notion, qualitatively deduced 
from theoretical dynamo models, that larger rotation rates 
should lead to more efficient amplification of magnetic fields 
via the co-process (Parker 1979), and from the (solar) empirical 
observation that increased surface magnetic activity implies 
increased levels of coronal heating. The theory is at present 
unable to quantify either of these expected correlations, so that 
we have—for convenience’s sake—just adopted a simple power 
law between Lx and v sin i in order to parameterize the 
rotation-activity relation; this is consistent with choices made 
in previous studies of main-sequence stars (Pallavicini et al. 
1981; Micela et al. 1985; Schmitt et al. 1985; Maggio et al. 
1987). For present purposes, we have collected projected rota- 
tional velocities from a number of sources (see Table 2 for the 
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Fig. 7.—X-ray luminosity (0.2-4 keV) vs. Æ — F color, for all stars within 100 pc. Filled squares are used for detected X-ray sources identified with single stars, 
empty squares for detected binaries or multicomponent systems, while arrows indicate upper limits on the X-ray luminosity, regardless of multiplicity. RS CVn-like 
systems are flagged by circled symbols. Dotted line was obtained by applying a robust smoothing on the single star data sample, taking into account both detections 
and upper limits; the curve extends over the B — F range defined by the bluest and reddest detections: no single star with B — F > 1 has been detected. The unique 
detection at ß — F ~ 1.6 is the spectroscopic binary e Gem (HR 2216). Note the suggested initial increase of X-ray luminosities with ß — F; note also the wide range 
in X-ray luminosity in the region occupied by the late G and early K giants (0.8 < B—V < 1.2). 

references), giving precedence to the most recent determi- 
nations obtained by deconvolution of line profiles. In Figure 9, 
we show the dependence of v sin i on B—V color. Gray (1982) 
has recently called attention to the sudden drop in rotation 
rate for stars around G5 III; he suggested that a strong wind- 
driven magnetic braking may be responsible for the observed 
behavior. The question arises whether the X-ray luminosity 
experiences a similar drop, as could be expected if the surface 
velocity is a good measure of dynamo-related activity. In 
Figure 10, we show the scatter diagram of log Lx versus log v 
sin i, restricted to the single stars in our sample within 100 pc. 
We have searched for a correlation between these two vari- 
ables by performing a linear regression, using the algorithm of 

Schmitt et al. (1985), which takes into account both measure- 
ments and upper limits (in both variables). The best-fit power 
law (shown as a dotted curve in Fig. 10) is given by 

log Lx= 1.2 log (v sin i) + 27.3 , 

with a low but significant correlation coefficient of 0.6 (the 68% 
confidence interval for this coefficient is [0.5,0.7], and the cor- 
responding confidence interval for the slope is [0.9,1.5], 
obtained by using a bootstrap calculation with 200 
replications). This weak result can be attributed to a number of 
reasons : (i) inhomogeneity of the rotational data (we have esti- 
mated an uncertainty of up to a factor of 2 on the relative v sin i 
scale; see Pallavicini et at. 1981); (ii) our ignorance of the spin 

Fig. 8.—An H-R diagram in which X-ray detections (solid-line circles) and upper limits (dotted-line circles) are plotted as bubbles whose sizes are proportional to 
log Lx. Only nonbinary stars within 100 pc are represented. Vertical bars on top of the diagram show the ß—F distribution of other detections (upper row) or 
nondetections (lower row) without available parallax or with distance greater than 100 pc. Superposed evolutionary tracks are the same introduced in Fig. 2. Note the 
likely low-mass stars near ß — F ~ 0.4, already detected at an early evolutionary stage. 
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Fig. 9.—Distribution of the projected surface rotational velocity with the ß — F color. Squares are used for stars with measured v sin i; filled symbols refer to 
single stars in our survey, empty symbols to the others. Arrows indicate upper limits on v sin i, regardless of multiplicity. Beyond B—V~ 0.8, most of the stars have 
surface velocities < 10 km s~l. 

axis orientation ; (iii) intrinsic variability of the X-ray emission 
due to rotational modulation or solar-like cycles, to be 
expected if the magnetic dynamo hypothesis is correct. Never- 
theless, our data suggest that no sudden drop in the X-ray 
emission occurs at the location expected on the basis of the 
rotational data. In fact, we find that some slowly rotating 
giants (ß Cet, HR 188; 24 UMa, HR 3771) are instead intense 
X-ray emitters, but we cannot exclude that these stars are 
viewed nearly pole-on. We have not included the Hyades KO 
giants in the luminosity-rotation scatter plot because of their 
classification as potential binary sources; if we accept that the 
X-ray emission originates from the giant primary components 
(see § IVc), their position in the log Lx-v sin i diagram would be 

Fig. 10.—Relationship between X-ray luminosity and surface rotational 
velocity. Squares are used for X-ray detections with available v sin i; arrows 
indicate stars with upper limits on Lx or v sin i, or both. Best-fit power law has 
been plotted as a dotted line; correlation coefficient is 0.6. Note the discrepant 
detections with high X-ray luminosity and low rotational velocity. 

just below that of ß Cet. It is unlikely that the low rotational 
velocities (v sin i ~ 2-3 km - ^ of these giants are always due to 
an high inclination of their spin axes. In conclusion, although 
the behavior of the giant stars as a whole is in qualitative 
agreement with the rotation-activity relation followed by the 
late-type main-sequence stars, the X-ray luminosity is poorly 
correlated with the surface rotational velocity. 

We have no definitive explanation for this finding, but we do 
recall that it is not simply rotation that determines dynamo 
action, but also differential rotation within the star and the 
vigor of the Coriolis force acting on turbulent eddies within the 
convection zone (the a-effect). The observational evidence sug- 
gests that for main-sequence stars, the details of the interior 
rotation structure and effectiveness of the a-effect are not 
highly relevant to determining the level of surface activity 
(because the rotation rate, in and of itself, is such an excellent 
predictor of the activity level). In contrast, it may well be that 
for giants the differential rotation structure may matter to the 
point where the rotation rate in and of itself is only a secondary 
(though highly necessary) determinant of the actual level of 
surface activity. Following this hypothesis a bit further, we 
note that any rotational braking should give rise to a radial 
gradient of the rotation rate (see Gray and Endal 1982). There- 
fore, although the surface velocity may rapidly decrease with 
time, the X-ray luminosity may not if the magnetic dynamo is 
sustained by a large radial differential rotation. 

In order to check these ideas further, it would be useful to 
test the correlation between the X-ray luminosity and the 
Rossby number, R0. This parameter, which is the ratio of the 
rotation period PTOt to the convective turnover time tc, is also a 
useful indicator of the efficacy of the a-effect (Durney and 
Latour 1978; Durney and Robinson 1982). We know from 
studies of main-sequence stars (Noyes et al 1984; Simon, 
Herbig, and Boesgaard 1985; Maggio et al 1987), that 
chromospheric and coronal emission can be well param- 
eterized by the Rossby number. A computation of R0 f°

r giant 
stars is not simple, because of the rapid evolution of the stellar 
interior while the star crosses the Hertzsprung gap, and 
because of the strong dependence of R0 on the stellar mass. 
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Nevertheless, Gilliland (1985) has recently presented a self- 
consistent computation of R0 as a function of evolutionary age 
for stars of 1, 1.3, and 1.6 M0, and has shown that the convec- 
tive turnover time varies by a factor of 6 for a solar-mass star, 
but over two orders of magnitude for a 1.3 M0 star, and over a 
factor of 3 x 104 for a 1.6 M0 star. The Gilliland computation 
shows that tc reaches a maximum near log Teff ~ 3.7, with a 
weak dependence on the star mass. For a given value of the 
rotation period, a larger value of tc yields a smaller Rossby 
number, which is expected to result in increased production of 
magnetic fields, and hence more coronal heating and a larger 
X-ray luminosity. These results suggest that the structural 
changes in the star interior may have a deep influence on the 
heating of the outer atmospheres of evolved stars, if powered 
by a magnetic dynamo. Since rotation is poorly correlated with 
the X-ray emission for these stars, we speculate that the Rossby 
number may turn out to be a better indicator of activity for the 
giants on the active side of the H-R diagram. 

d) The Dearth of X-Ray Emission from K and M Giants 
Many hypotheses have been proposed to explain the lack of 

X-ray detections among the red giants. All these theories may 
be separated into two distinct scenarios: (a) the magnetic 
dynamo is still active, but we do not see X-ray emission 
because it is not produced or does not reach us; (b) the mag- 
netic dynamo is no longer operative, and the structure of the 
outer atmospheres of red giants is substantially different from 
the solar case. We can anticipate that X-ray observations alone 
are not likely to allow us to distinguish between these alterna- 
tives because of their poor sensitivity to plasma at tem- 
peratures less than 106 K. Hence, it is necessary to consider 
also the chromospheric and transition region emission 
obtained by means of UV line spectroscopy; we devote a paral- 
lel paper (Haisch et al. 1988) to the comparison of our X-ray 
data with the UV data provided by the /UF satellite, and in the 
present context restrict ourselves to discuss the problem of 
these non-X-ray-emitting stars only in general terms. 

There has been considerable effort to establish a link 
between the failure to detect X-ray emission in red giants and 
the well-known presence of winds in these stars. Unfortunately, 
our knowledge of mass-loss rates, terminal velocities, ioniza- 
tion fractions, and isotropy of these flows are far from com- 
plete. Most of the observational evidence is consistent with 
total mass-loss rates of ~ 10-10 M0 yr-1 for early K III stars, 
increasing to 10-8 M0 yr-1 for mid-M giants (Dupree 1986; 
Drake and Linsky 1986). Absorption by cool gas in these winds 
may significantly attenuate the soft X-ray emission originating 
at the base of the flow. However, the amount of such absorp- 
tion is only weakly constrained by the simple spherically sym- 
metric and homogeneous flow models we are forced to use. If 
we assume that the absorption takes place in the flow regime in 
which the wind is “ coasting,” so that the wind density falls off 
with the square of the distance from the star, then one obtains 
an estimate of the equivalent hydrogen column density of 

N = ^ H 4nmu R0 vw ’ 

where M is the mass flux, vw is the wind terminal velocity, and 
R0 is the distance above which the flow may be assumed to be 
“coasting.” Since vw is > 10 km s_1 in the K giants, as derived 
from the blueshift of UV line absorption components (Stencel, 
Mullan, and Linsky 1980) or from optical studies of circumstel- 

lar features (Boesgaard and Hagen 1979), and the stellar radius 
is >10 Rq, we estimate that a mass-loss rate of 10“10 M0 
yr-1 would be sufficient to produce appreciable absorption of 
soft X-rays. An optically thin wind may instead result if higher 
velocities and larger stellar radii are considered, or an expo- 
nential decrease of the density near the surface is assumed. In 
this context, it is relevant to recall our earlier brief discussion of 
the X-ray spectral analysis. Spectral analysis of the X-ray emis- 
sion by Schmitt et al. (1988) for giant stars as late as 
B—V ~ 1.1 was unable to find evidence of strong absorption 
in the region in which these winds start to be detected. 
Although this analysis is necesssarily biased toward stars with 
large observed X-ray fluxes, and hence may have selected stars 
with the least amount of self-absorption, a preliminary analysis 
of the X-ray spectral hardness for a larger sample of stars does 
not support the idea that X-ray emission from red giants is 
more absorbed than for typical F and G giants. 

The hypothesis that wind energy losses take the place of the 
radiative emission from transition regions and coronae has 
been criticized recently by Antiochos, Haisch, and Stern (1986), 
who stressed how misleading it could be to consider the tran- 
sition region dividing line as necessarily an indication of the 
onset of winds. The energy fluxes deduced for the winds of the 
K giants are of the order 105 ergs cm-2 s"1 (MacGregor 1983), 
comparable to those required by the solar wind (Withbroe and 
Noyes 1977). Most likely, the X-ray-emitting G giants also 
have winds of this energy, which are not easily observable 
because they are hot (T > 105 K), and do not give rise to 
spectroscopic effects detectable at UV or longer wavelengths. 

Antiochos, Haisch, and Stern (1986) have suggested an alter- 
native to the wind hypothesis, in the context of their “cool 
loop ” model. This model is based on the numerical solution of 
the static coronal loop equations (Antiochos and Noci 1986): if 
the pressure scale height (Hg = kT/mg at the temperature cor- 
responding to the peek of the radiative loss function 
(T ~ 105K) is greater than the loop height Hlf only one stable 
solution of these equations exists, resulting in a maximum 
plasma temperature oï T < 105 K (this is the “cool loop” 
solution). In contrast, if Hl > Hg, only a hot solution exists, 
with Tmax > 106 K (Serio et al. 1981). During the stellar evolu- 
tion toward the giant phase, Hg increases up to a factor 104 

because of the drop in the surface gravity; the cool solutions 
may become the only possible solution, and a decrease of the 
X-ray emission is therefore expected. Note that an increase of 
the UV versus X-ray flux ratio is predicted and may be testable 
(Haisch et al. 1988). 

VI. SUMMARY 
We have investigated the behavior of the X-ray emission 

from late-type evolved stars using an extensive sample of 
optical candidates (10 times larger than any previously studied 
sample), and taking advantage of statistical techniques well 
suited to deal with X-ray data, including many upper limits. 
Our principal results may be summarized as follows: 

1. The observed F giants or subgiants (slightly evolved stars 
with M <2 Mq) are X-ray emitters at the same level of main- 
sequence stars of similar spectral type (1028 < Lx < 4 x 1029 

ergss-1). 
2. The G giants show a range of emission more than three 

orders of magnitude wide. Some presumed single G giants exist 
with X-ray luminosities comparable to RS CVn systems (Lx > 
1030 ergs s-1), while some nearby late G giants have upper 
limits on the X-ray emission below typical solar values (Lx < a 
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few x 1027 ergs s_ 1). The mean X-ray luminosity for the single 
G giants is about a factor 10 higher than for G main-sequence 
field stars. The wider range of X-ray emission for the G giants 
with respect to the F giants is likely related to the larger spread 
in masses and evolutionary states of the fomer star sample. 

3. K giants have an observed X-ray emission level signifi- 
cad vely lower than F and G giants (median Lx< 1028 ergs 
s-1). Most sources are identified with multicomponent 
systems, but the K0 giants are probably X-ray emitters with 
X-ray luminosity comparable to the G giants, and to the 
young-disk K dwarfs. 

4. M giants and F-M supergiants have been sampled with 
relatively lower sensitivities in this survey because of their large 
distances. We can only state that their median X-ray lumi- 
nosity must be lower than ~ 1029 ergs s~ ^ Moreover, the data 
at hand are not able to establish a statistically significant differ- 
ence between the X-ray emission levels of giant and supergiant 
stars. 

5. Inactive main-sequence stars, like A dwarfs, develop an 
efficient magnetic dynamo while crossing the Hertzsprung gap, 
likely favored by the onset of a surface convection zone. The 
X-ray observations alone are not able to discriminate between 

the various models proposed to explain the lack of detections 
among the red giant stars. 

6. The surface rotational velocity is not a good indicator of 
the X-ray luminosity level for the giant stars. We believe that 
other parameters linked to the properties of the stellar convec- 
tion zone and to the internal differential rotation would be 
more useful for this purpose, at least in the region with B 
-V <1. 
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