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ABSTRACT

We have used all the available data from the Einstein Observatory Imaging Proportional Counter (IPC),
and a critical compilation of cataloged optical data, to measure the 0.16-3.5 keV X-ray emission from 88 K
and 169 M stars of luminosity classes IV, V, and VI within 25 pc from the Sun. The IPC detected 54 out of
the 88 K stars, 70 out of the 138 M stars with M, less than 13.4 (corresponding approximately to M5), and 15
out of the 31 fainter M stars. We have identified a subsample of surveyed stars that is statistically representa-
tive of the population of K and M stars in the solar neighborhood. On the basis of this subsample (1) we have
shown the occurrence of a drop in the level of X-ray emission for M stars later than approximately MS5; (2)
we have built unbiased maximum likelihood X-ray luminosity functions for the K, early M, and late M stars;
(3) we have confirmed, both for K and M stars, the decrease of X-ray luminosity with increasing stellar age in
the range of ages of disk population stars: and (4) we have shown that no obvious correlation is present
between X-ray and bolometric luminosities in the entire representative samples of K and M stars, but only
within flare stars which also seem to mark a saturation in X-ray luminosity level.

Subject headings: stars: late-type — X-ray: stars

1. INTRODUCTION

Since the first analysis of the X-ray data of the Einstein
satellite (Giacconi et al. 1979) which has shown the per-
vasiveness of the X-ray emission throughout the H-R diagram
(Vaiana et al. 1981), many stellar X-ray surveys have been
carried out to characterize on a statistical basis the X-ray emis-
sion of normal stars selected according to spectral type and
stellar age. Among these surveys we mention the following:
late dA and dF stars (Schmitt et al. 1985), dG stars (Maggio et
al. 1987), O stars (Sciortino et al. 1990), F-M giants (Maggio et
al. 1990), B stars (Grillo et al. 1992), the Hyades (Stern et al.
1981; Micela et al. 1988), the Pleiades (Caillault & Helfand
1985; Micela et al. 1985, 1990), the Chamaleon region
(Feigelson & Kriss 1989), and the Ursa Major stream (Walter
et al. 1984; Schmitt et al. 1990a). In this paper we concentrate
on the study of the X-ray emission of stars at the low-mass end,
that is, K and M dwarf stars.

K and M stars are the most numerous in the solar neighbor-
hood and throughout the whole Galaxy, and, because of their
high X-ray emission level (as also shown below), they have
been recognized as the most important stellar contributors to
the soft X-ray background (see Rosner et al. 1981; Caillault et
al. 1986; Schmitt & Snowden 1990; Kashyap et al. 1992). One
of the crucial points in the exact evaluation of the expected
stellar contribution to the X-ray background is the availability
of an X-ray luminosity function of K and M stars derived from
an unbiased, statistically representative sample. To find these
X-ray luminosity functions is one of the aims of this work.

A further aim of this paper is to investigate the dependence
of X-ray luminosity on spectral type at the low-mass end of the
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MS. In fact, previous work (Golub 1983; Bookbinder 1985;
Rosner, Golub, & Vaiana 1985) based on the analysis of some-
what smaller size samples, has presented indications of a steep
drop in X-ray emission occurring for stars later than MS,
where stellar structure models predict that stars become fully
convective. This observational fact, if confirmed by the analysis
of a large statistically representative sample, could strengthen
our comprehension of the mechanisms underlying the amplifi-
cation of stellar magnetic fields which are responsible for the
confinement of the hot coronal plasma. In order to test the
occurrence of a drop in X-ray emission level at ~MS5, great
attention must be paid to the possible biases present in the M
star sample. For instance, high spatial incompleteness suffered
at faint visual magnitudes in volume-limited optical samples
needs to be investigated.

The availability of a large sample makes it possible to study
the dependence of X-ray emission on physical parameters such
as rotation and/or age. Since Pallavicini et al. (1981) have
shown that the X-ray luminosity correlates with v sin i
for stars later than F7 and suggested the relation Ly =
1027 x (v sin i)? ergs s~ ! as the best fit to data, various authors
have addressed the same problem on different samples, either
optically selected (Mangenay & Praderie 1984; Marilli &
Catalano 1984; Micela, Sciortino, & Serio 1984; Maggio et al.
1987; Schmitt et al. 1985) or X-ray selected (Fleming, Gioia, &
Maccacaro 1989). All these works find a correlation between
Ly and either v sin i or R, (the so-called Rossby number), even
if with different functional relations. The observed relation
between Ly and the rotation rate for the fast rotating K stars of
the Pleiades seems to flatten with respect to the Pallavicini’s
relation (Caillault & Helfand 1985; Micela et al. 1985, 1990).
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Unfortunately, rotation rates of nearby M dwarfs have been
measured only for few objects, because of their intrinsic faint-
ness and slow rotation rate, less than 10 km s~* (Stauffer &
Hartmann 1986; Marcy & Chen 1991). Hence, to establish the
existence and the nature of the correlation between Ly and
rotation rate for the late M stars is a very difficult, yet unre-
solved, task. Furthermore, studies conducted on open clusters
and stellar associations such as the Pleiades (Caillault &
Helfand 1985; Micela et al. 1985, 1990), the Hyades (Stern et al.
1981; Micela et al. 1988), the Ursa Major stream (Schmitt et al.
1990a), the Chamaleon region (Feigelson & Kriss 1989), and
the Taurus-Auriga (Damiani & Micela 1993) have established
the decrease of X-ray emission level with increasing age. Since
K and M stars evolve on a time scale greater than 10'° yr, they
have not yet left the main sequence and represent all the
epochs of stellar formation in the Galaxy. This simple fact
makes low-mass stars fundamental for the study of age-related
properties of the Galaxy, such as star formation rate and/or
kinematical evolution.

In this framework, this work is aimed to a detailed statistical
analysis of the X-ray emission of low-mass stars (spectral types
K and M and luminosity classes IV, V, and VI) in the solar
neighborhood. We endeavor to accomplish such a task by (1)
using a wider and better-known optical volume-limited
sample, (2) accurately investigating the possible occurrence of
sample selection effects, and (3) using all the available Einstein
IPC data reduced homogeneously with the latest processing
(REV-1, Harnden et al. 1984). Previous surveys of K and M
stars had been based on preliminary versions of the Einstein
IPC data processing.

Our paper is organized as follows: § 2 describes the stellar
sample used in this work; § 3 presents the X-ray data and
methodologies used to estimate the stellar X-ray luminosity; in
§ 4 we present the main results which are discussed in further
detail in § 5; and a summary of the work is given in § 6.

2. SAMPLE SELECTION
2.1. The Optical Sample

To minimize the incompleteness suffered at faint magnitudes
by volume-limited samples, we have merged data from the
three optical catalogs below.

1. The Near Star Catalogue (Gliese 1969) which includes
data available until 1968 (1899 stars) for the known stars
within 22 pc from the Sun. For 377 of these stars, the measure
of the parallax has been updated using new data published in
1979 (Gliese & Jahreiss 1979).

2. A supplement to the Near Star Catalogue (Gliese & Jah-
reiss 1979) listing 333 stars within 22 pc from the Sun.

3. The Catalogue of Stars within 25 Parsecs from the Sun
(Woolley, Penstom, & Pocock 1970) including 2150 stars.

The optical sample we have obtained through this com-
pilation contains about 30% more stars than those we would
have selected using only the Woolley catalog. This enlarged
number does not, however, guarantee the completeness of the
optical sample.

We have selected from the above optical catalogs: (1) stars
with spectral types K or M and luminosity classes IV, V, VI;
(2) stars located on the main sequence in the proper range of
absolute visual magnitude (5 < M, < 8.5 for the K stars and
M, > 8.5 for the M stars), and color index B—V or R—1I
(0.76 < B—V <142 or 0.2 < R—1 < 0.7 for the K stars and
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13<B—V <23 or 0.6 <R—I<25 for the M stars);
(3) stars with spectral types K or M, unknown luminosity
class, and absolute visual magnitude in the range of interest;
and (4) those stars lacking any information about spectral type,
luminosity class, and color index but with absolute visual mag-
nitude in the range of interest. Our integrated optical sample
contains 1035 M stars® (618 of groups 1 and 2, 260 of group 3,
and 157 of group 4) and 633 K stars (508 of groups 1 and 2, 56
of group 3, and 69 of group 4). We have estimated that the
fourth group of M stars may be contaminated by ~ 16 white
dwarfs.?

In order to characterize our sample in terms of age, we have
homogeneously recomputed the U, ¥V, W components of stellar
velocity with respect to the Sun from the available data of
proper motion, radial velocity, and parallax following the
method described by Johnson & Soderblom (1987), choosing a
righthanded frame of reference with positive axes pointing,
respectively, toward the center of Galaxy, along the tangential
rotational velocity of Galaxy, and toward the North Galactic
Pole.

We have subdivided the stars of the optical sample with
known U, V, W velocity components in young disk, old disk,
and halo population stars (see row 1 in Table 2 and Fig. 1)
according to a statistical method based on the U and V veloc-
ity components (Eggen 1973a, 1973b, 1973c). The irregular
polygon reported in Figure 1 delimits the region of kine-
matically young disk stars, the region between the polygon and
the ellipse is populated by kinematically old disk stars, while
the region outside the ellipse is populated by halo population
stars. This method of age classification is calibrated on the U
and V velocity distribution of stars whose age is known
according to an assumed evolutionary model. The region of
the U-V plane pertaining to the very young disk population
(between 2 and 7 x 107 yr) has been defined by studying a
sample of very bright B-type field stars and some B-type
members of the Pleiades group (Eggen 1973a). The region of
the young disk population (up to the age of the Hyades, i.e.,
between 5 and 8 x 10® yr) has been derived from a sample of
main-sequence and near-main-sequence A-type stars (Eggen
1973b). Finally, the region of the old disk population has been
derived from a sample of F and early G-type stars brighter than
visual magnitude 6.5 (Eggen 1973c). As it is evident, this
method is based only on observational evidence and does not
require the assumption of any model of stellar kinematical
evolution. Other statistical methods have been presented in the
literature to separate stars in different age groups according to
their kinematical properties; in § 4 we shall briefly discuss two
of these and compare them with the one we have adopted.

To evaluate the spatial completeness of our optical parent
sample we have adopted a method originally developed for
quasars (Schmidt 1968) and later extended to study the stellar
galaxy distribution (Upgren & Armandroff 1981).

Consider a subsample of stars within a range of absolute
visual magnitudes. Given a sphere of volume V,,, (smaller than
the sphere of 25 pc radius limiting our catalog), we compute
the average (V/V,,,,> where V is the volume enclosed by each
star of the subsample (i.e., $7R® where R is the star’s distance
from the Sun). If the considered subsample consists of N stars

! For the sake of uniformity, in the paper we consider M stars those with
absolute visual magnitude >8.5.

2 This estimate is based on the fraction between the number of white dwarfs
and the number of M stars within 25 pc from the Sun, in the same range of
absolute visual magnitude, as obtained from the Woolley catalog.
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FiG. 1.—Scatter plot of U vs. V space velocity components for the stars of
the optical sample. According to the criterion by Eggen (1973a, 1973b, 1973c)
the irregular polygon delimits the region populated by kinematically young
stars, and the ellipse separates the region populated by kinematically old stars
(inside) from the region populated by halo population stars.

-150

randomly distributed within V,,,, the quantity {V/V,,,> is
Poisson-distributed with expectation value E =0.5 and
variance ¢ = 1/12N (Avni & Bahcall 1980). Computing
{V[Viayy for different values of V,,,,, it is possible to find a
range of volumes within which our subsample of stars may be
considered uniformly distributed. As an example we show in
Figure 2 (V/V,.,> as a function of R,, (the radius corre-
sponding to the sphere of volume V,,,) for the subsample of
stars with 11.5 < M, < 12.5, together with the expectation
value 0.5 and the 3 ¢ statistical uncertainties (we have con-
sidered in the analysis only integral values of R, between 5
and 25 pc). The results indicate that the stars in this subsample
can be considered uniformly distributed in the range of radii
from S up to 13 pc.

Once this range of R,,, has been determined, a stellar
density can be evaluated within each corresponding sphere of
VOIume Vmax{p(Rmax) = N(Rmax)/[(4/3)nR3nax]}a along with a
statistical error {Ap(Rpax) = [N(Rpmax)1'*/[(4/3)1R 0,1}, Where
N(R) is the number of stars within R. The expected density of
stars in the solar neighborhood is then evaluated as the
weighted mean L p(R yey)/Ap(Rppan)V/EL/Ap(Rer)?], and its
uncertainty is defined by the maximum and minimum values of
p(R,.,) in the above range of R,,,,. The density obtained in this
way allows an estimate of the number of stars within the 25 pc
sphere limiting our survey.

We have carried out this procedure for various subsamples
of stars selected according to the absolute visual magnitude
(45 <M, <55, 55<M,<6.5,...), and we have evaluated
the expected number of stars per unit magnitude within 25 pc
from the Sun as a function of M,. We have compared this
expectation with the optical luminosity function determined by
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F1G. 2—(V/V,.,> as a function of R, (the radius corresponding to a
sphere of volume V) for the subsample of stars with 11.5 < M, < 12.5 (solid
dots). The expectation vaiue 0.5 and 3 o uncertainties in the hypothesis of stars
randomly distributed within V,_, are also plotted.

Wielen, Jahreiss, & Kruger (1983, hereafter WJK) for the low-
mass stars in the solar neighborhood, and we have found our
determination in agreement, within error bars, except in the
range of absolute visual magnitude 13.5 < M, < 17.5, where
the WIK luminosity function is dominated by the white
dwarfs, which are not included in our sample.

In Figure 3 we have compared the expected number of stars
inside 25 pc from the Sun (asterisks and dashed line bars) to the
number of stars present in our catalog (solid histogram) as a
function of M,. We can see that our catalog may be considered
complete within 25 pc for M, < 9, while it is incomplete by a
factor 3 in the range 9 < M, < 13. For M, > 13 our sample is
even 10 times less numerous than the expected one. As was
expected, the optical parent sample of M stars is not uniformly
sampled in M,. This evidence must be properly considered
when building X-ray luminosity functions of stars in a large
range of spectral types.

2.2. The X-Ray Sample

The X-ray sample is composed of stars of the optical sample
which fall, either serendipitously or as targets, in at least one of
the fields of the Einstein IPC. It consists of the 257 stars listed
in Table 1. In the same way as we have done for the optical.
sample, we have estimated that there may be about two white
dwarfs among the 22 stars of unknown spectral type and lumi-
nosity class, and therefore we are confident that this possible
contamination will not alter any of our results. Table 1 lists
also the U, V stellar velocity components we have used to
subdivide the stars of the X-ray sample in young disk, old disk,
and halo population stars, according to Eggen’s criteria pre-
viously described.
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F1G. 3—Number of stars of our optical sample (expressed in logarithm) per
unit magnitude within 25 pc from the Sun (solid line) and the expected numbers
for a hypothetically complete sample (asterisks and dashed line bars).

A P or an S in column (15) of Table 1 denotes whether the
star was observed as a result of a direct pointing (P) or seren-
dipitously (S). This distinction, which is important for evalu-
ating the biases of our sample, is worth some discussion. We
have first considered as serendipitous those stars whose
angular distance from the center of at least one IPC field is
greater than 3. As a check of this choice, we have compared
the distribution of stars in young disk, old disk, and halo popu-
lations in the optical sample with respect to the same distribu-
tion in the serendipitous X-ray sample (see rows 1 and 2 in
Table 2). With this choice the subsample of serendipitous K
stars presents a statistically significant (>3 o) excess of young
stars, with respect to the optical sample. This is due to the fact
that members of associations or stellar systems are to be con-
sidered pointed stars even if only one of them has been
observed as the result of a direct pointing. Hence, the sample of
all the originally defined serendipitous stars has to be
“cleaned.” Among the 131 stars initially considered serendipo-
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tous 21 may be considered associated to pointed stars. We
have then moved these 21 stars from the serendipitous to the
pointed subsample. In Table 2 (row 3) we report the age dis-
tribution of stars for the redefined serendipitous sample. The
excess of young K stars is not present any more, and the little
discrepancy with respect to the optical parent sample is not
statistically significant (<1 o).

We have compared the cumulative distance distribution of
stars in the optical sample with the one of stars in the whole
X-ray sample, separately for the K (Fig. 4a) and the M stars
(Fig. 4b). The two spatial distributions are different at a con-
fidence level greater than 3 ¢ according to the Kolmogorov-
Smirnov (K-S) statistical test. This shows that the X-ray survey
has not sampled uniformly in distance the optical sample. In
fact, the nearest stars have been preferentially observed as a
result of the Einstein pointing mode operation. Within ~ 10 pc
from the Sun the fraction of stars of the optical sample
observed by the Einstein satellite is quite high (108 out of
247 ~ 44%), while at greater distances it is of the same order as
the Einstein sky coverage (149 out of 1434 ~10%).

We have split the 25 pc spherical volume in two concentric
regions and have investigated for what values of the separation
radius the optical and X-ray samples had consistent spatial
distributions in the two resulting subvolumes. Using the K-S
test we have found that the “best ” separating distances are 12
pc for the K stars, and 8 pc for the M stars. In Figure 4 we
show the spatial distributions of K (panel c) and M stars (panel
d) in these resulting subvolumes.

We have also compared the distributions of the absolute
(M,) and apparent (m,) visual magnitudes of the optical and
X-ray samples, both in the entire volume and in the sub-
volumes of radius 12 pc (K stars) and 8 pc (M stars). In Table 3
we have reported the results of the K-S test with the null
hypothesis that the two compared distributions are extracted
from the same parent population. As we can see, the m, dis-
tributions of the K stars in the entire volume within 25 pc from
the Sun are different at a confidence level near 3 ¢ (99.7%),
while in the volume of radius 12 pc the confidence level is just
slightly above 1 ¢ (68.3%). Analogously, the M, distributions
of the M stars in the entire volume within 25 pc from the Sun
are different at a confidence level greater than 2 o (95.4%),
while in the volume of radius 8 pc the confidence level is well
under 1 . Hence, with respect to the color distribution, the
X-ray samples within the selected radii (12 pc for the K stars
and 8pc for the M stars) are statistically indistinguishable from
the optical parent population.

In conclusion, the entire X-ray sample represents about 16%
of the optical sample, a fraction greater than the sky coverage
of the IPC fields (about 10%) due to the presence of a con-

TABLE 2
AGE CLASSIFICATION OF SURVEYED STARS

K STARS M STARS
SAMPLE Y O H U Y o H U
Optical ................. 191 (30%) 308 (48%) 16 (2%) 131 (20%) 157 (15%) 241 (23%) 21 (2%) 616 (60%)
Offax >3'.............. 21 (44%) 18 (37%) 1 (2%) 8 (17%) 15 (18%) 25 (30%) 2 (2%) 41 (50%)
Serendipitous ......... 14 (36%) 16 (41%) 1 (3%) 8 (20%) 14 (20%) 17 (24%) 2 (3%) 38 (53%)
Representative ........ 23 (35%) 33 (50%) 2 (3%) 8 (12%) 32 (25%) 47 (37%) 5 (4%) 43 (34%)

Notes.—Distribution of K and M stars in young disk (Y), old disk (O), halo population (H), and stars with unknown space velocities (U)
for the optical sample (row 1), X-ray subsample made of the stars with angular distance from the center of any IPC field greater than 3’ (row
2), redefined X-ray serendipitous sample (row 3), and X-ray representative sample (row 4). The fractions of stars in each age group are given

in parentheses.
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F1G. 4—Comparison between cumulative distance distributions of stars in the optical sample (dashed line) and stars in the X-ray sample separately for the K (a)
and the M stars (b). The same comparison has been performed splitting the entire 25 pc radius spherical volume in two parts using as separating radii 12 pc for K

stars (c), and 8pc for M stars (d).

spicuous number of pointed stars (147 out of 257 stars). The
pointed stars, contrary to the serendipitous ones, are affected
by selection effects both in their spatial and color distributions.
For this reason the entire X-ray sample may not be considered
fully representative of the optical parent population. Neverthe-
less the X-ray subsamples within 12 pc for the K stars and 8 pc
for the M stars seem to represent well the optical parent popu-

TABLE 3

COMPARISON OF OPTICAL AND X-RAY SAMPLES IN
PROPER SUBVOLUMES

K STARS M ST1ARS
R
(pc) M, m, M, m,
<25l 0.133 0.997 0.978 0.870
<12............ 0.188 0.696
<8.iiiiiiiiin. . 0.396 0.031

NotTes.—Results of the K-S test for the rejection of the
hypothesis that the distribution of M, (m,) for the stars of
the optical and X-ray subsamples are extracted from the
same parent population. Three different subsamples are
considered: the stars within the entire volume of 25 pc
radius, within 12 pc (only for the K stars), and within 8 pc
(only for the M stars).

lation, at least concerning distance and magnitude distribu-
tions.

3. DATA REDUCTION

3.1. Source Detection

In this work, we have used all the available Einstein Observa-
tory Imaging Proportional Counter (IPC) (Gorenstein,
Harnden, & Fabricant 1981) data homogeneously reduced
with the latest processing (Harnden et al. 1984). They include
detections of about 16,000 X-ray sources, and 3 ¢ upper limits
in the 0.16-3.5 keV measured for 30,000 stars contained in the
Einstein Master List Catalogue (Harris et al. 1990). To search
for the X-ray counterparts of the stars of our optical sample
which fall in at least one IPC field, we have carried out a
positional matching (within 2') between the positions of the
X-ray-detected sources in the Einstein broad energy band
(0.16-3.5 keV) and the position of our stars, corrected for
proper motion displacement. We have found 139 X-ray detec-
tions which have as counterpart a star (or a multiple system) of
the optical sample. More than 50% of these detections are
closer than 30” to the optical counterpart, and only 20% lie
within 1’ and 2'.

Analogously, we have carried out a positional matching
between the stars of the optical sample and the 30,000 REV-1

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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upper limits, and have found 118 more matchings. More than
50% of these upper limits are closer than 12” to the optical
counterpart, only 20% lie within 30” and 1’, while no upper
limits are found further than 1'. In summary, the whole X-ray
sample contains 139 X-ray sources, and 118 for which an X-ray
upper limit has been estimated in the same broad energy band
(0.16-3.5keV).

3.2. Spurious Sources

In the standard REV-1 source detection algorithm, the
detection threshold (expressed in terms of signal-to-noise ratio)
has been chosen so that no more than 0.3 spurious detections
can be expected, on average, for each detection algorithm
(LOCAL or M AP) and each energy band (soft, hard, broad) in
any field. Since we have retained X-ray sources detected in the
broad energy band both with the M AP the LOCAL detection
algorithms, we expect, on average, 0.6 spurious detections per
field. The mean number of spurious detections in our X-ray
sample (n,) can be expressed as follows:

— 0.6 Bovy) _ 3957 _
ng = 0.6 (Nep;) = 0.6 3.5 x 1073 257 = 0.54,
(Sipc)
where S.,; is the area of the allowed acceptance circle (2'
radius), Sypc is the area of an IPC field (60’ x 60), and N is
the number of objects of the X-ray sample.

We have also to consider the possibility of chance coin-
cidence between the stars of our X-ray sample and other stellar
or extragalactic X-ray sources.

Using the current available stellar X-ray luminosity func-
tions of stars of different spectral types, the mean limiting sensi-
tivity of each IPC field, and adopting a detailed model of
stellar coronal component of the galaxy (Favata, Micela, &
Sciortino 1992), we have estimated that 54 stellar sources of
spectral types different from K or M may be detectable within
the 185 IPC fields of our survey. In a similar way, we have used
the Extended Medium Sensitivity Survey results of Gioia et al.
(1989) and have estimated that 101 extragalactic sources
(largely AGNs) may be detectable in the fraction of sky covered
by our survey. Assuming that these sources are uniformly scat-
tered in the survey area we expect a mean number of
(54 + 101)/185 = 0.84 sources per field, and therefore the
number of possible chance coincidences (n.) with our stars are

S .
n, = 0.84 Sory) (Nop;) = 0.84 3.5 x 1072 257 =075 .
(SIPC)
The total number of possible mistaken identifications
among the stars of our X-ray sample is therefore 1.29.

3.3. Count Rate Determination

In passing from counts collected in the detection and in the
background cells to source count rate, REV-1 data processing
applies three corrections to take into account (1) vignetting,
(2) the IPC point response function, and (3) photon scattering
due to mirror imperfections.

The mirror-detector assembly tends to scatter soft photons
more than hard ones; for this reason, the point response func-
tion of a hard source is sharper than that of a soft source.
Considering that the point response function correction used
in REV-1 has been evaluated assuming an emission spectrum
typical of an extragalactic object (harder than a stellar one), we
had to introduce a further correction to compute the count
rate for stellar sources. We have considered 85 detected stars of
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our sample, unobscured by detector support structure and
edges, and have computed the further correction factor as the
trimmed average (excluding 5% tails) of the fraction between
the count rate in a 3’ radius cell and the count rate in the
detection cell (24 x 2'4). The further correction factor we have
found (1.419) has been applied to calculate the count rates both
for the detections and the upper limits. Previous stellar surveys
had derived and adopted correction factors for other spectral
types: 1.14 for the O stars (Chlebowski, Harnden, & Sciortino
1989), 1.14 for the B stars (Grillo et al. 1992), 1.25 for the G
stars (Maggio et al. 1987). The correction factor for K and M
stars is therefore the highest, suggesting that low-mass stars
have the softest X-ray spectrum among all stars.

As the best estimate of the quiescent X-ray emission level of
stars observed in more than one IPC field (41 stars) we have
adopted the maximum likelihood ML count rate of Sciortino &
Micela (1992).

When different observations of a star are all upper limits,
their merging could result into a detection (i.e., the resulting
S/N ratio becomes greater than 3, the chosen threshold for
detection). When this is the case, we adopt the ML count rate,
otherwise the lowest upper limit. Applying the variability tech-
nique of Sciortino & Micela (1992) we have searched for the
occurrence of variations with respect to the ML count rate
with a significance greater than 3 0. Among the 41 stars with
multiple observations, 11 show evidence of variability (see
notes in Table 1). A more detailed account of the variability
study will be presented elsewhere. Here we note only that no
variations larger than a factor ~2 have been detected between
two observations.

3.4. Count Rate to Flux Conversion

The conversion factor from count rate to X-ray flux in the
broad band (0.16-3.5 keV), depends on instrumental proper-
ties, the hydrogen column density along the line of sight, and
the assumed source spectrum. Vaiana et al. (1981), assuming a
single temperature Raymond-Smith spectrum of a few million
degrees, and negligible hydrogen column densities, have deter-
mined a conversion factor of 2 x 107 !! ergs cm 2 counts !
per IPC count in the broad band.

In a recent study of stellar X-ray spectra based on a sample
of 130 stars with more than 200 counts, Schmitt et al. (1990b)
have shown that the X-ray spectra of a sizable fraction of
late-type stars are better described by a two temperature
model. Considering the 20 K and M stars of our sample which
are contained in the sample of Schmitt et al. (1990b), we have
studied the distribution of the a posteriori conversion factors
derived if the X-ray flux is computed with a two temperature
model description. This distribution is symmetrical around the
mean value of 1.95 x 107! ergs cm 2 counts™! and has a
width of approximately 15% of the mean value. This result is
therefore consistent with the standard conversion factor of
2 x 107 ergs cm ~ 2 counts !, that we use in this work.

3.5. Multiple Counterparts

There are 44 cases where the same X-ray source has more
than a single star as possible optical counterpart. In these cases
we have adopted the following criteria:

1. When more than one late-type star (F, G, K, and M
spectral types) is in the error circle, the X-ray luminosity has
been divided in equal parts among the possible counterparts.

2. When an A type star and/or a white dwarf is in the error

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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circle, these have been assumed not to contribute to the X-ray
source.

We compared on a statistical basis the X-ray luminosity
function of the sources with single optical counterparts and the
X-ray luminosity function of the sources whose X-ray lumi-
nosity has been derived according to the above rules. The two
luminosity functions are statistically indistinguishable confirm-
ing the reliability of the adopted solution.

Of course, whenever high-resolution observations were
available (notes in Table 1 indicate stars which have been
observed also with the High Resolution Imager) we have used
the additional information. In HRI sequence 3838 the star
Gliese 166 C is about 3 times brighter than Gliese 166 A, and
we have accordingly split the measured IPC X-ray flux. In HRI
sequence 4390 the star Gliese 643 can be resolved from the
binary system Gliese 644 A and B (the three stars are not
resolved by the IPC), but no X-ray flux is measured on the
position of Gliese 643. Hence we have attributed to the two
stars Gliese 644 A and B half of the total IPC X-ray flux and
have considered Gliese 643 as an upper limit equal to the total
X-ray flux of the IPC detection. In HRI sequence 5627 the star
Gliese 752 A is 8 times brighter than Gliese 752 B, and we have
accordingly split the measured IPC X-ray flux.

3.6. Comparison with Previously Determined Ly

Values of the X-ray luminosities based on the Einstein
Observatory data have been previously reported for a large
sample of K and M stars (Bookbinder 1985), using a prelimi-
nary version of the IPC data reduction system. The final stan-
dard processing system (REV-1) of the IPC data (Harnden et
al. 1984) properly incorporates all instrumental characteristics
in evaluating source net counts from IPC X-ray images; it
evaluates for each IPC sequence the temporal and spatial
dependence of the instrumental gain, this obtaining better esti-
mates of the background; it adopts an improved detection
algorithm, which is less likely to detect spurious sources in
regions of high background. It is therefore interesting to
compare the X-ray luminosities derived by us with those pre—
REV-1.

In Figure 5 we plot our X-ray luminosities (vertical axis)
versus the X-ray luminosities reported by Bookbinder (1985).
We notice a dispersion of a factor ~ 3 in X-ray luminosity, with
the exception of few cases where the two values differ by an
order of magnitude. Most of the systematic shift between the
two determinations is due to the different recipe adopted to
estimate X-ray luminosities of members of multiple system
being counterparts of the same X-ray source. However, if we
consider only those X-ray sources with a single optical
counterpart, a systematic effect still remains which is likely due
mainly to the better background evaluation.

4. RESULTS

In Figure 6 we show the X-ray luminosity dependence on
distance for the entire X-ray sample. The solid lines represent,
from bottom to top, the X-ray luminosity threshold corre-
sponding to X-ray flux sensitivity limits of 10~*3, 1072, and
107! ergs s~ cm ™~ 2. We notice that (1) faint objects are not
present at great distance because of the limit sensitivity of the
IPC, and (2) the lack of luminous objects at distance closer
than ~ 5 pc is easily explained if one considers that the volume
inside 5 pc is 1/125 of the entire volume inside 25 pc and the
luminous objects are only a small percentage of the entire

log(Lx) new [erg/s]
28

log(Lx) [erg/s]

28
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F1G. 5—log(Ly) in our survey vs. log(Ly) as estimated in a previous survey
(Bookbinder 1985) for a common sample of ~200 stars. Both detections and
upper limits are retained in the comparison.

X-ray sample, unlikely to be present in a small region of space.
This means that, for building a truly representative sample, it is
necessary also to include X-ray data from more distant stars.
We will show in the following how we have accomplished this
objective.

—
P> F- T I T I H

29

27
I

i I | | 1 1
0 5 10 15 20 25
Distance [pc]

26

F1G6. 6.—X-ray luminosity vs. distance for the entire sample. Solid dots:
detections; arrows: upper limits. Curves, from bottom to top, correspond to
the X-ray flux thresholds of 10723, 107 !2, and 10~ ! ergs s~ ' cm ™~ 2.
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4.1. The Representative X-Ray Sample

As described in § 2.2, the K stars within 12 pc and the M
stars within 8 pc from the Sun may be considered representa-
tive of the optical parent sample. In order to investigate
whether at least some of the stars at greater distances could
also be considered representative, we have compared the
cumulative X-ray luminosity function of the closer and repre-
sentative stars with that of serendipitous stars at greater dis-
tances, and also with that of pointed stars at greater distances,
separately for the K and M stars.> We have found that we
cannot reject, at a significance level above 1 ¢ (43.9% for the K
stars and 61.2% for the M stars), the null hypothesis that the
X-ray luminosity functions of the near stars and of the seren-
dipitous stars at larger distances are drawn from the same
parent population. On the contrary, the X-ray luminosity func-
tions of the near stars and of the pointed stars at larger dis-
tances are different with high significance level (96.5% for the
K stars and 99.9% for the M stars).

Taking into account these results and the other evidence
presented in § 2.2 we are confident that the best available X-ray
subsamples are all K stars inside 12 pc plus serendipitous K
stars between 12 and 25 pc, and all M stars inside 8 pc plus
serendipitous M stars between 8 and 25 pc. In the following we
indicate the samples just defined as the “representative X-ray
samples.”

In Table 2 (fourth row) we have reported the number of stars
of the representative X-ray samples in different age groups. The
distribution of the representative X-ray sample among the
three age groups is consistent with that of the optical parent
population.

4.2. X-Ray Luminosity Functions

The X-ray cumulative luminosity functions of the represen-
tative X-ray sample for the K and M stars are shown in Figure
7. The corresponding means (computed via bootstrap) with 1 ¢
confidence level uncertainties are

K stars: {log (Lyx)> = 27.7 + 0.1 [ergs s~ 1],
M stars: {log (Ly)> = 27.2 + 0.1 [ergs s~ 1] .

A comparison of these two X-ray luminosity functions based
on a two-sample Wilcoxon test results in a confidence level
equal to 99.9% to reject the null hypothesis that the two
samples are extracted from the same parent population; hence
we conclude that the two functions are different.

The X-ray luminosities of M stars cover a range of about
three orders of magnitude from log (Ly) ~ 26 to log (Ly) ~ 29
ergs s 1. The X-ray luminosity of K stars ranges between log

(Lx) ~ 27 and log (Ly) ~ 29.5 ergs s~!, and therefore our
sample does not contain any star with log (Ly) < 27 ergs s,
in analogy to what has been found for G stars (Maggio et al.
1987). As shown in Figure 6, stars fainter than log (Ly) = 27
ergs s ! may be detected only at distance less than ~ 10 pc
where the X-ray sample contains only 24 K stars. If the low-
luminosity tail of the K stars were the same as that of the M
stars (~40% of M stars are fainter than log (Lx) = 27 ergs
s™1), then about 10 K stars should have been detected with
log (Ly) < 27 ergs s~ 1. This evidence suggests that if K stars
with log (Ly) < 27 ergs s~ * do exist, they represent only a very

3 We have used the generalized Wilcoxon-Peto-Prentice two-sample test
(Schmitt 1985; Feigelson & Nelson 1985) which is more reliable than the
Wilcoxon two sample test in comparing samples with different distance dis-
tributions hence with different X-ray luminosity threshold distributions.
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F16. 7—X-ray cumulative luminosity functions for the representative
samples of K stars (solid line) and M stars (dashed line). The corresponding
means are plotted with 2 and 3 o confidence level uncertainties.
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small fraction of the entire population of K stars, which is not
the case for the M stars.

4.3. Dependence of X-Ray Luminosity on Spectral Type

Indications that stars later than M5 present a drop in X-ray
emission level have been previously presented for samples of
somewhat smaller size (Golub 1983; Bookbinder 1985; Rosner
et al. 1985). We have reconsidered this problem with our larger
size, less biased, and statistically representative X-ray sample of
M stars in the solar neighborhood.

In Figure 8 where we have plotted log (L) versus M, for the
representative sample of K and M stars, we note the steep drop
in X-ray luminosity at M, ~ 13.4 (dashed vertical line). As we
have discussed in § 2.1, the optical sample is severely incom-
plete at faint magnitudes, and therefore it could be argued that
the available sample of late M stars is too small to allow the
detection of very bright X-ray sources, which usually represent
only a small fraction of the entire population. To investigate
whether this is the case or the observed drop is instead a real
effect, we have proceeded as follows. We have assumed as a
working hypothesis that the M stars later than M, = 13.4 (31
stars) have the same X-ray luminosity function as the earlier M
stars. Under this hypothesis, we have evaluated the number of
expected detections of late M stars above three given log (Ly)
thresholds, namely, 27.5, 28.0, and 28.5 ergs s~ !, and we have
compared predicted and actual number of detections. We sum-
marize the results of this analysis in Table 4A. The listed prob-
ability levels give the significance to which we can reject the
hypothesis that the observed number of detections is extracted
from a Poisson distribution with mean equal to the predicted
number of detections. As we can see, the actual number of
detected late M stars is lower than the predicted one at a high
confidence level. This result shows that the number of late

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993ApJ...414..846B&amp;db_key=AST

J. - D AT4AT Z846B0

3A0

[199

Mv

FiG. 8—X-ray luminosity versus absolute visual magnitude for K and M
stars of the representative X-ray sample. Solid dots: detections; arrows: upper
limits; the vertical dashed line corresponds to M, = 13.4.

M stars in the representative X-ray sample is large enough
to allow the detection of some luminous X-ray sources
(log (Ly) > 28 ergs s~ ') if they really existed. For this reason
we are confident that the observed drop in X-ray luminosity is
real.

TABLE 4
EXPECTATIONS FOR LATE M DETECTIONS

A. X-RAy LuMiNosiTY

log (Ly) Expected Observed Confidence
(ergss™ 1) Detections  Detections Level
275 i, 9 2 0.995
280 i, 7 0 0.999
285 i 3 0 0.950

B. X-RAY SURFACE FLUX THRESHOLDS

log (Fy) Expected Observed Confidence
(ergs s™' cm™?) Detections Detections Level
64.. ... 5 1 0.966
[ X 5 0 0.993
68. .o, 3 0 0.950

Notes—Table 4A gives statistical results testing the working
hypothesis that late M stars follow the same cumulative X-ray
luminosity function of early M stars. Col. (1): chosen X-ray lumi-
nosity threshold, col. (2): number of late M detections expected
over the X-ray luminosity threshold, col. (3): actual number of
detected late M stars over the same threshold, and col. (4): con-
fidence level for the rejection of the hypothesis that the actual
number of detections is extracted from a Poisson distribution with
mean equal to the expected number. Table 4B is analogous to
Table 4A but using stellar X-ray surface flux thresholds instead of
X-ray luminosity.
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F1G. 9.—X-ray surface flux vs. absolute visual magnitude for K and M stars
of the representative X-ray sample. Solid dots: detections; arrows: upper limits;
and the vertical dashed line corresponds to M, = 13.4.

Since the late M stars have very small radii, it could be
argued that the drop in X-ray luminosity reflects simply the
decreasing stellar surface. To investigate this point we have
repeated our analysis considering the X-ray surface flux (Fy)
instead of the X-ray luminosity (Ly). In Figure 9 we have
plotted the stellar X-ray surface flux* as a function of absolute
visual magnitude for K and M stars of the representative X-ray
sample.

The surface X-ray flux increases from the K stars up to the
early M stars (as expected since X-ray luminosity is nearly
constant), and a change of tendency occurs at nearly M, =
13.4. To evaluate the significance of the observed drop at
M, = 13.4 we have applied the same technique adopted for the
case of the X-ray luminosity. Table 4B shows that even con-
sidering X-ray surface flux, a drop in X-ray emission level for
M, > 13.4 is present although the statistical significance is
lower.

This result is based on the hypothesis that the optical parent
sample we started with is representative of the population of
late M stars in the solar neighborhood, despite the observed
severe incompleteness discussed in § 2. With regard to this
point, we notice that there is no reason why the spatial incom-
pleteness should introduce a selection effect biasing the X-ray
representative sample in such a way to select preferentially
stars with lower level of X-ray emission. On the contrary, we
expect that the composition of the original optical catalog
would preferentially include active (i.e., flaring) stars that
should have also a high level of X-ray emission (optical flaring
is a way to pick up a faint star between the many other of
similar magnitude).

* Stellar radii have been derived by linear regression between log (R) and
log (L) from the data presented in Fig. 5 of Pettersen (1982).
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2 | | gl TABLE 5
: | X-RAY LUMINOSITY OF YOUNG AND OLD Disk POPULATIONS
|
! _i_ Spectral log (L) ergss™!
o | Tl'i i Type Young-Disk Old-Disk
° ¥ K oo 280+£01  275+01
I EarlyM . ..o 27.7 £ 0.1 270 + 0.2
I Late M oo 273+ 0.1 269 + 0.2
_
© L o Notes.—Means and 1 o confidence level uncertainties derived
© - T from the X-ray luminosity functions of the young-disk and old-disk
‘ star subsamples, of the three spectral types, K, early M, and late M,
respectively.

M.L. X-ray Luminosity Function
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F1G. 10—X-ray cumulative luminosity functions for the representative
samples of K (solid line), early M (long dashed line), and late M stars (short
dashed line). The corresponding means are shown with 2 and 3 ¢ confidence
level uncertainties.

Having confirmed the reality of the drop of X-ray luminosity
at M, ~ 13.4 we have subdivided the M star sample into two
subsamples, early M (8.5 < M, < 13.4) and late M (M, > 13.4)
stars, respectively. In Figure 10 we show the X-ray cumulative
luminosity functions of K, early M, and late M stars. The
logarithm of the mean values of the X-ray luminosity with 1 ¢
confidence level uncertainties are

{log (Ly)Y = 27.7 + 0.1 [ergs s™*]
{log (Ly)y = 27.2 £ 0.1 [ergs s 1]
log (Ly)> = 27.0 + 0.1 [ergs s™*] .

We may observe that early and late M stars are quite similar
in the low-luminosity range while their high-luminosity tails, as
expected, are very different from each other. We have com-
pared the X-ray luminosity functions of the above M stars
subsamples adopting a two-sample Wilcoxon test. We can
reject the null hypothesis that the two samples are extracted
from the same parent population to a quite low (90.5%) con-
fidence level. This is likely due to the small number of detec-
tions (15) present in the sample of late M stars. We have also
compared the X-ray luminosity function of the K stars with the
X-ray luminosity functions of the two M star subsamples and
we have found confidence levels of 98.6% (K-early M) and,
99.9% (K-late M), respectively.

K stars:
early M stars:

late M stars:

4.4. Dependence of X-Ray Luminosity on Age

There is clear evidence that age plays a fundamental role in
accounting for the wide spread in X-ray luminosity of late-type
stars (Stern et al. 1981; Caillault & Helfand 1985; Micela et al.
1985, 1988, 1990; Feigelson & Kriss 1989; Schmitt et al.

1990a). We have built X-ray cumulative luminosity functions
of young and old disk stars of the representative sample
separately for K, early M, and late M stars (see Fig. 11). The
derived mean values of log (Lx) with associated 1 ¢ confidence
level uncertainties are listed in Table 5.

The mean of log (Ly) is systematically higher for the young
stars, even for late M stars. The Wilcoxon two-sample test
comparing the X-ray cumulative luminosity functions of young
and old starws in each of the three spectral ranges K, early M,
and late M yields the following confidence levels 0.998, 0.999,
0.799, respectively. For the K and early M stars the hypothesis
that the X-ray luminosity functions of young and old stars are
extracted from the same parent population can be rejected at a
confidence level above 3 ¢. For the late M stars although the
mean of log (Lx) decreases going from young to old stars, the
statistical significance for the rejection of the above hypothesis
is only above 1 ¢ level. This is likely due to the quite small size
of the two compared subsamples.

To investigate if this result is dependent on the method
adopted to separate stars in young and old disk populations
(see § 2), we have considered two other kinematical methods
of age classification, reported in the literature. According to
the first method, young disk stars have an absolute value of
the W velocity component (orthogonal to the disk of the
Galaxy), with respect to the local standard of rest, smaller
than 15 km s~ !, while for the old disk stars | W | is greater than
15 km s~ ! (| W| method, Upgren 1978). According to the
second method young disk stars have a peculiar velocity
[Vpee = (U? + V* + W?)Y/?] smaller than 30 km s~ !, while old
disk stars have a peculiar velocity greater than 30 km s ™' (V.
method, Meusinger, Reinmann, & Stecklum 1991). We have
chosen the cutoff at 30 km s~ ! in order to obtain a ratio
between the numbers of young and old stars consistent with
the other two methods.

We have built X-ray luminosity functions of young and
old stars for the K, early M, and late M stars using both these
two other methods. In Table 6 we report the results of the
Wilcoxon two-sample test comparing the X-ray luminosity
function of young and old disk stars in the three spectral type
ranges considered according to the three different methods of
stellar age classification. The Eggen and V,.. methods give
comparable test results, while the | W | method does not seem
to work equally well in separating young and old disk stars if
we assume the X-ray luminosity level as an independent cri-
terion. It is worth noting that the | W | method, being based on
only one component of stellar velocity, is intrinsically more
sensitive to random fluctuations and therefore less reliable
than the other two methods. The good accord of the first two
methods confirms our result of X-ray luminosity dependence
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S T ' 4 instance, in Figure 12 we have plotted the detected early M
i stars in the U-V velocity plane. We use two different symbols
(c) for stars brighter (solid squares) and fainter (empty squares)
! than log (Ly) = 27.35 ergs s, the intermediate value between
g S i the means of log Ly) for the young and the old stars. Most of
! the luminous objects (17 out of 22, 77%) fall inside the irregular
; polygon delimiting the region populated by kinematically
beemoey young stars while the faint objects are mainly (10 our of 13,
© | S | 77%) located in the external region populated by kinematically
e : old stars, strongly confirming the above suggestion.
: The X-ray sample also contains a few halo population stars:
' four K stars (one detection and three upper limits) and five
< | ! early M stars (one detection and four upper limits). We notice
=] ; that the lowest X-ray upper limit [log (Ly) < 27.0 ergs s™']
Loh among the K stars belongs to a halo population star.
E 5. DISCUSSION
N ,
o [ ' N 5.1. Dependence of the X-Ray Luminosity on Spectral T ype
R ! Magnetic fields in coronae of solar-type stars confine a hot
; plasma at some million degrees. The quiescent X-ray emission
o ! in these stars originates from this hot, optically thin plasma
o ! : ! L = with a bremsstrahlung spectrum dominated by emission lines
26 27 28 29 30 of ions of heavy elements such as O, Mg, Si, and Fe. However,

log(Lx) [erg/s]

F1G. 11.—X-ray cumulative luminosity functions for young (solid line) and
old stars (dashed line); panel (a) for K stars, panel (b) for early M stars, and
panel (c) for late M stars. The corresponding means are shown with 2 and 3 ¢
confidence level uncertainties.

on age for disk population stars, that is, in the range of ages
between 10%-° and 10'° yr.

This result suggests that the X-ray luminosity level of late-
type stars may be used, by itself, to statistically separate a large
sample of stars into young and old disk populations with
nearly the same accuracy as known kinematical methods. For

. TABLE 6

COMPARISON AMONG THREE DIFFERENT STELLAR
AGE-CLASSIFICATION METHODS

Method K Early M Late M
Eggen ... 0.998 0.999 0.799
Vpee wemrrmmmmmnniiieieiiice s 0.995 0.999 0.833
[ e 0.828 0.943 0.853

Notes.—Wilcoxon two-sample test results for the comparison of young and
old disk stars according to three different methods of age classification: the
Eggen (U-V polygon), the | W |, and the ¥, methods (§ 4.4).
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FI1G. 12.—Scatter plot of early M stars U-V velocity space components.
Symbols indicate stars brighter (solid squares) or fainter (empty squares) than
log (Ly) = 27.35 ergs s~ !, respectively. Superposed is the polygon indicating
the locus of U-V velocity components of young stars. The enhancement of
bright X-ray stars inside this region is evident.
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primordial magnetic fields are not sufficient, mainly because
they are not self-sustaining, and the presence of strong mag-
netic fields in the corona is generally explained through a
mechanism of stellar dynamo (Parker 1979).

Our data have allowed us to state the occurrence of a steep
drop in X-ray emission for stars later than absolute visual
magnitude ~13.4, the region where stellar interior models
predict the stars to become fully convective. This result, as
previously suggested (Golub 1983; Rosner et al. 1985; Book-
binder 1985), indicates the loss of efficiency for the “shell -
type dynamo. In fact, as the star becomes fully convective, the
interface between the radiative core and the convective
envelope disappears, together with the high radial gradient of
rotation which should be responsible for the amplification of
magnetic field. The detection by EXOSAT of an X-ray flare in
the late M star Gliese 644 C (Tagliaferri, Doyle, & Giommi
1990), though, suggests that magnetic fields are still present in
the coronae of late-type M stars, and hints to the existence of
some other mechanism of magnetic amplification, such as the
distributed dynamo, that has to be invoked to explain the
presence of magnetic fields in the coronae of these stars.

In this respect recently Fleming et al. (1993) have investi-
gated the nature of the magnetic dynamo and coronal heating
mechanism for a sample of M stars seen in the ROSAT all-sky
survey. They have considered the dependence of coronal
heating efficiency (as measured by Ly/L,,, ratios) on M, for a
sample including early M stars previously detected in the
Extended Medium Sensitivity Survey (Gioia et al. 1989; Stocke
et al. 1991) and optically selected very late M stars, and have
found, at odds with our findings, that the heating efficiency
remains constant beyond spectral type MS. Although their
sample of late M stars is quite similar to ours, their conclusion
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is based only on the lack of significant linear correlation
between Ly/Ly,; and M, in the entire range of M stars. In our
opinion, this is not a conclusive argument since there is expec-
tation of rapid (i.e., nonlinear) change of effectiveness of stellar
dynamos due to changes of stellar structure (Mullan 1984). We
feel that the kind of analysis we have presented in the previous
section is, in this respect, more conclusive because we have
made no assumptions on the slope of decline of dynamo effi-
ciency and because our analysis is based on an “unbiased”
sample. We note, however, that the statistical size both of this
work and of the Fleming et al. sample of late M stars is small
and results are very sensitive to inclusion of few data points.
Unfortunately, since the X-ray luminosity functions of the M
stars seen with ROSAT are not yet available, we cannot apply
our analysis to the sample of late M stars presented by Fleming
and collaborators.

5.2. X-Ray Emission and Age

The observed correlation between decreasing X-ray emis-
sion and increasing stellar age is generally interpreted as a
consequence of the angular momentum loss via magnetic
braking (Schatzman 1962; Weber & Davis 1967). We have
confirmed, with our sample of stars, that this correlation is
present at high significance level (bove 3 o) for the disk K and
early M stars, while for the late M stars the statistical signifi-
cance of this correlation is lower (slightly above 1 o). This
weak result is likely due to the small sizes of the two samples
we are comparing, or can be interpreted as an indication that
spin-down is ineffective in these stars, and/or rotation (with the
associated “classical” stellar dynamo) is not an important
physical mechanism to explain the observed X-ray emission.
Unfortunately present instruments make direct measurements
of rotation of late and very faint stars very difficult, so we lack
any direct evidence on the influence of rotation on coronal
magnetic amplification.

In Figure 13 we report the mean values of the X-ray lumi-
nosities of A, F, G, K, early M, and late M stars of the Pleiades
(Micela et al. 1990), the Hyades (Micela et al. 1988), and the
field stars (A and F stars from Schmitt et al. 1985, G stars from
Maggio et al. 1987, K, early M, and late M stars from the
present work). We may notice that the decrease of X-ray lumi-
nosity as a function of increasing age (from top to bottom) is
faster for the early M stars than for the K stars suggesting a
dependence of this correlation on spectral type.

Further studies are required to better assess this point, with
better data including more reliable age indicators for the field
stars, and a more reliable determination of the mean value of
the X-ray luminosity for the Pleiades M stars, since the pre-
sently available value had to be considered, in a strict sense, as
an upper limit due to the sensitivity threshold of the Einstein
IPC observations.

In Figure 12 we have shown that the X-ray luminosity may
be used as an age indicator at the same level as the kinematical
properties. We note that this method of estimating the ages of
stars, if properly calibrated, could provide a better view of the
structure and evolution of the stellar population in the Galaxy,
especially considering the new data taken with the full-sky
survey of ROSAT and the future more sensitive observations
that will be possible with the XMM and AXAF missions.

5.3. Dependence of Ly on Ly,

Pallavicini, Tajliaferri, & Stella (1990), studying a sample of
flare M stars observed by EXOSAT, found a very good corre-
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FiG. 13.—The mean values of log (L) for the A, F, G, K, early M, and late
M stars are reported for the Pleiades [P] (Micela et al. 1990), the Hyades [H]
(Micela et al. 1988), and the field stars [D] (A and F from Schmitt et al. 1985, G
from Maggio et al. 1987), and K, early M, and late M from the present work
([YD] for young disk and [OD] for old disk stars, respectively).

lation between X-ray and bolometric luminosities. In Figure 14
we have plotted log (Ly) versus log (L) for the representative
subsample of K and M stars. The squares indicate the flare
stars of Pallavicini et al. (1990) included in our sample. We
notice that the good correlation found by Pallavicini et al.
(1990) in the case of flare stars cannot be extended to the entire
sample of M stars; indeed flaring stars seem to mark a satura-
tion in the X-ray luminosity level. The vertical dashed line
separates late M (on the left) from early M stars, while the
oblique solid line marks log (Lx) versus log (L,,,) for a con-
stant X-ray surface flux equal to log (Fyx) = 7.3 ergss ! cm ™2,
a typical value of active solar regions assumed to cover the
entire stellar surface. We note that this saturation limit seems
to reproduce well the observed saturation for K and early M
stars, while for late M stars the “actual ” saturation marked by
detections is about a factor 5 lower. This fact can be inter-
preted in two simple ways: the active regions of late M stars
have a lower X-ray flux [log (Fx) ~ 6.6 ergs s ! cm™2] or the
maximum filling factor for late M stars is about one-fifth of
that of the K and early M stars. In any case, the coronal
activity level of late M stars is significantly lower than that
observed in K and early M stars.

5.4. Contribution to the Soft X-Ray Background

The estimate of the stellar contribution to the soft X-ray
background requires the knowledge of the X-ray luminosities
of star populations, the assumption of a model of stellar galac-
tic distribution and of the absorbing interstellar medium, and
the assumption of an X-ray emission spectrum of the stars.

BARBERA ET AL.

log(Lx) [erg/s]
28

Vol. 414

o
B 18 T T I

29

e @ - -

T

E.
H(—F

S5
—

— O
BRT

[
. 6+
—

e

27
|
s
e

SRS A 2

. o f
Q& | | i | | +
29 30 31 32 33 34

log(Lbol) [erg/s]

FIG. 14—Ly vs. L,,, for the representative sample of K and M stars. Solid
dots: detection; arrows: upper limits; vertical dashed line corresponds to
M, = 13.4; and solid oblique line corresponds to constant X-ray surface flux
with log (Fy) = 7.3 ergs s~ cm~2, a value typical of active solar regions.
Squares: flare stars from our X-ray sample observed with EXOSAT
(Pallavicini et al. 1990).

Since the paper of Rosner et al. (1981), several authors have
evaluated the contribution of stellar coronal sources to the
diffuse soft X-ray background (Kahn & Caillault 1986; Cail-
lault et al. 1986; Caillault 1990).

More recently, using the spatial distribution of stars taken
from the Bahcall & Soneira galaxy model (1980), a continuous
emission measure distribution of coronal temperatures, and a
mean value of log (Ly) = 28.2 ergs s~ ! for the M stars, Schmitt
& Snowden (1990) estimated a negligible contribution to the
background in the C energy band (0.16-0.28 keV), but a con-
tribution up to 40% in the Galactic plane, and less than 10% at
higher Galactic latitudes in the M1 and M2 energy bands
(~0.4-1.1keV), and I and J energy bands (~0.8-2.2 keV).

Kashyap et al. (1992) have performed a detailed calculation
taking into account the spatial distribution of stars as
described by the Bahcall & Soneira galaxy model, a detailed
hydrogen distribution along the line of sight, both two tem-
perature and continuous emission measure models for stellar
coronal spectra, and the full set of stellar X-ray luminosity
functions available at the end of 1990. These authors estimate
that, at high latitudes, the stellar contribution to the diffuse soft
X-ray background is less than 3% below 0.3 keV, 3%-17% in
the medium energy M1 and M2 bands, and 10%-30% in the
higher energy bands I and J. At low latitudes they estimate a
contribution less than 3% below 0.3 keV, 7%—-40% in the
medium energy bands, and 27%—-70% in the I and J bands.

Using an approach which takes care of the age dependence
of X-ray luminosity, plasma temperature, and galactic distribu-
tion of stars for ages ranging between ~ 107> and 10°, Micela
(1991) has estimated a stellar contribution to the X-ray back-
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ground in the energy range 0.16-3.5 keV of about 50% of the
X-ray background measured with the IPC (Micela et al. 1991)
in the disk plane, rapidly decreasing to less than 10% at 10°
Galactic latitude. The main difference of these last results with
respect to those quoted previously is the steep increase of
stellar contribution at low Galactic latitudes. This effect is
essentially due to the faster increase of the number of young
stars of Pleiades age (the brightest ones) in the Galactic plane,
with respect to the previously adopted Galaxy models.

The X-ray luminosity functions we have found in the present
work for K, early M, and late M stars, separately for the young
disk and old disk populations (age ~10%° and ~10'° yr),
could allow a further refinement of all these estimates. From a
preliminary comparison of our X-ray luminosity functions of
M stars with those adopted by Rosner et al. (1981), Caillault et
al. (1986), Schmitt & Snowden (1990), and Kashyap et al.
(1992), we expect that the contribution of the Galactic disk
stars to the soft X-ray background should be slightly lower
than previously computed. A detailed calculation will be pre-
sented elsewhere.

6. SUMMARY

We have built a sample of 1681 stars of spectral types K or
M and luminosity classes IV, V, or VI, within 25 pc from the
Sun, by a critical merging of three optical catalogs, and have
obtained a sample ~30% wider than the one in the Catalogue
of Stars within 25 Parsecs of the Sun (Woolley et al. 1970) only.
We have investigated the spatial completeness of this optical
sample as a function of absolute visual magnitude, showing
that the subsample of K stars may be considered spatially
complete within 25 pc, the subsample of M stars earlier than
M, ~ 13 is incomplete by a factor 2-3 in the same volume, and
that of later M stars is 10 times less numerous than expected in
the same volume. We have homogeneously recomputed the U,
V, W velocity components of all the stars in the sample and
have subdivided them into young disk, old disk, and halo
population stars according to a statistical method based on
space velocity components.

From this optical parent sample we have extracted an X-ray
sample of 257 stars surveyed with the Einstein IPC. For all
these stars we have computed the X-ray luminosity, exploiting
the final processing of the Einstein IPC data (REV-1, Harnden
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et al. 1984). The analysis of the data of this X-ray star sample
has allowed us to identify an X-ray subsample composed by all
the K stars within 12 pc from the Sun, all the M stars within 8
pc from the Sun, and only the serendipitous stars at greater
distances, as the best available representative sample of the
X-ray properties of the optical parent population. Using the
X-ray representative subsample we have derived the following
main results:

1. We have confirmed on a statistical basis the steep drop in
X-ray luminosity for the M stars at about M, = 13.4, suggest-
ing that the early M stars (M, < 13.4) and the late M stars
(M, > 13.4) be considered as separate classes.

2. We have built maximum likelihood cumulative lumi-
nosity functions for the K, early M, and late M stars that are
the least biased that can be built with available X-ray data,
until results from the ROSAT full-sky survey will improve the
status of our knowledge.

3. Based on kinematical criteria, we have separated old disk
and young disk stars, and have confirmed, with high signifi-
cance level (>3 o), the decrease in X-ray luminosity with age
for K and early M stars, and with lower statistical significance
(~1 o) for late M stars.

4. We have shown that the X-ray luminosity may be an
efficient parameter to subdivide, on a statistical basis, a large
sample of late-type stars into young disk and old disk popu-
lations.

5. No obvious correlation between X-ray and bolometric
luminosities is observed for the representative subsample of K
and M stars, while it is present for the flare stars which also
seem to mark a saturation in X-ray luminosity level. For late
M stars the saturation marked by detections is about a factor 5
lower with respect to the early M and K stars.

This work was inspired by the late G. S. Vaiana, who took
part in its early development and without whose contributions
this paper might never have been. We thank the referee J. P.
Caillault for his constructive suggestions and comments that
have certainly improved the quality of our presentation. We
acknowledge partial support by Agenzia Spaziale Italiana
(ASI) and Ministero della Universita e della Ricerca Scientifica
¢ Tecnologica (M. B, S. S, G. M.), IAIF-CNR (M. B.), NASA
grants (R. R.), NASA contract NAS-8-30751 (F. R. H.).
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