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Abstract. We present an analysis of the connection between X-
ray activity level, photospheric abundance of lithium and surface
rotation in late type active main sequence stars (G and K), using
the ratio between optical and X-ray luminosity fx/f, as a uni-
form activity indicator. We perform this analysis for a sample
of X-ray selected sources from Einstein-based surveys com-
pared to stars from the Pleiades open cluster and to a sample
of active binary stars. We show that these parameters show dif-
ferent degrees of statistical correlation in the three samples. In
particular, the Pleiades sample shows a significant correlation
between all three quantities, while in the X-ray selected sample
lithium and rotation are significantly correlated with each other
but neither is correlated with the activity level. No correlation is
evident for the three quantities studied in the active binary sam-
ple. We show how the behavior of the X-ray selected sample can
be used to discriminate among different hypotheses about the
nature of the so-called “yellow star excess” observed in X-ray
flux-limited surveys, showing that this is composed by a pop-
ulation of young, near ZAMS stars with characteristics similar
to the Pleiades.

Key words: stars: abundances — stars: activity — Galaxy: stellar
content — X-rays: stars — binaries: close — stars: late-type

1. Introduction

The study of X-ray selected samples from Einstein observa-
tions has shown that the stellar population detected is not easily
explained in terms of what we have learned from the detailed
study of volume limited samples and of nearby open clusters.
In particular present X-ray surveys show more late-type stellar

Send offprint requests to: F. Favata
*  Based on observations collected at the ESO La Silla and DAO
Victoria observatories

sources than expected on the basis of the X-ray luminosity dis-
tribution of normal nearby stars and of current models for the
spatial distribution of stars in the Galaxy. This was already noted
by Favata et al. (1988) using the small statistics of the original
Einstein Medium Sensitivity Survey together with a fairly sim-
ple Galaxy model. Although representative of the X-ray stellar
sky, an X-ray selected sample is not free from selection effects,
being heavily biased toward X-ray luminous sources. In partic-
ular, due to the time evolution of X-ray luminosity (which, in
late-type stars is observed to decrease with age, see Micela et
al. 1990), such a sample is expected to contain a much larger
fraction of young stars than it would be the case in a volume lim-
ited sample of stars, and, at a given age, to oversample the high
luminosity tail of the X-ray luminosity function with respect to
its body.

The original analysis of Favata et al. (1988) did not include
age evolution. Sciortino et al. (1994, hereafter SFM) have per-
formed a more sophisticated analysis, based on the larger sample
of the Extended FEinstein Medium Sensitivity Survey (EMSS,
Gioia et al. 1990), using the XCOUNT numerical model (Fa-
vataet al. 1992). This analysis used the improved knowledge on
the X-ray luminosity functions and a more sophisticated Galaxy
model, keeping into account the age evolution of X-ray lumi-
nosity in late-type stars. Even by allowing for age evolution,
SFM concluded that a significant excess of yellow stars is still
present in the EMSS. The excess must therefore be due to the
detection in the X-ray surveys, of a new class of stellar X-ray
sources, which is not conspicuous in the immediate solar neigh-
borhood. Favata et al. (1988) originally proposed that the “yel-
low” stars excess could be due to either a population of active
binaries, looking like normal stars in their low resolution spec-
tra, or to a population of young active stars, similar, for example,
to m! UMa. SFM point out that neither normal giants nor active
binaries can be the major contributors to this excess. About one
normal giant is predicted to be present in the EMSS, and one is
present in our sample, 1E0413.7-6235. As for active binaries,
about 20 are detected in the complete EMSS, and a number
between 20 and 30 is shown by SFM to be expected, by assum-
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ing currently accepted values for the spatial density. SFM also
show that if the number of unknown binaries still present in the
EMSS would be considerable, their spatial density would have
to be much higher than currently accepted values, with strong
impacts, for example, on their possible contribution to the soft
X-ray background. In particular their contribution to the galac-
tic ridge (Ottman & Schmitt 1992) would become higher than
the ridge itself.

A similar yellow excess emerges if the log(N)-log(S) based
on the EUV luminosity function of nearby coronal sources de-
tected in the ROSAT WEC all-sky survey is compared with
the log(N)-log(S) derived from the flux limited WFC Bright
Source Catalog (Hodgkin & Pye 1994) providing additional ev-
idence for the excess not being model dependent. Hodgkin &
Pye (1994) suggest that this excess population is actually of the
same nature (very young, active sources) as the excess popula-
tion detected in Einstein surveys. Jeffries & Jewell (1993) also
reach a similar conclusion, starting from a study of the kine-
matics of nearby ROSAT EUV sources, making the additional
hypothe-is that at least a fraction of them are actually part of the
Pleiades 1.noving group. This conclusion is further supported by
the recent uetection of high Li I equivalent widths in a ROSAT
EUV selected stellar sample (Jeffries et al. 1993).

In an effort to understand the nature of this population,
Favata et al. (1993) have performed a survey of photospheric
lithium abundances in a sample of EMSS late-type stars. They
show that the EMSS contains a large fraction of lithium-rich
objects, very different from what would be expected in a ran-
domly selected sample of field late-type stars (Herbig 1965).
Based on observations of a smaller sample of EMSS stars than
the one used in this paper, they concluded that lithium abundance
alone favors the hypothesis that the excess EMSS population is
composed of young stars of age around ZAMS. A similar con-
clusion has recently been reached by Tagliaferri et al. (1994) for
a sample of stars detected in EXOSAT observations. Given the
current status of knowledge about the behavior of photospheric
lithium abundance with age, lithium alone is not a sufficient di-
agnostic to pinpoint the nature of the excess yellow population.
Lithium is one of the classical age indicators for late type main
sequence stars, based on the conventional wisdom that lithium
is destroyed at the basis of the convective envelope, and that
therefore the lithium abundance in these stars should decrease
steadily with age, with a law which varies with stellar mass. The
advent, in recent years, of digital detectors and better spectro-
graphs has allowed the photospheric lithium abundance to be
studied in fainter and more uniform and complete samples of
late-type stars than ever before. These studies have shown that
the classical picture of lithium abundance being only a function
of stellar mass and age was too simplistic. In fact, each new
detailed study of lithium abundance in the last few years seems
to open up new questions.

The aim of this paper is to investigate the relation of Li I
6708 A equivalent width with X-ray activity as measured by
fx/ fv in Einstein surveys (in the 0.16-3.5 keV band), and with
projected rotational velocities. As a comparison, we extend the
study to other, well differentiated and more homogeneous sam-
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ples of solar-type stars, in particular a sample from the Pleiades
and a sample composed of active binaries. In the course of the
study it became evident that the location occupied in the W (L1i),
fx/fv and v sin(?) “space” by a group of stars can be used to
characterize (at least statistically) a stellar population, and there-
fore to discriminate between apparently similar populations of
yellow stars. We have therefore used the information in turn to
analyze the population content of our X-ray selected sample.
To this end, we have enlarged the sample of Favata et al. (1993)
by observing the Li I 6707.8 A line in an additional sample of
late-type stars from the EMSS and in a sample of stars from the
Einstein Slew Survey (ESS, Elvis et al. 1992). The Einstein Slew
Survey is characterized, with respect to the EMSS, by a larger
sky coverage and by a shallower limiting sensitivity, given the
much shorter effective exposure time (usually hundreds of sec-
onds versus the thousands of seconds typical of EMSS fields).
Any flux limited survey will preferentially select the more ac-
tive sources; we expect this effect to be more pronounced in the
ESS.

In addition, we have used all of our samples to investigate
some open questions about the behavior of lithium abundance
in late type stars: is the photospheric lithium abundance a good
proxy for stellar activity? Does stellar activity actually enhance
the (apparent) photospheric lithium abundance? Is the lithium
abundance correlated with stellar rotation? Does this correla-
tion, if present, extend across a large range of stellar ages and
spectral types? To this end, the approach of studying an X-ray
selected sample of stars is, in a sense, complementary to the one
of studying open clusters, given the larger range of stellar ages
represented in such a sample, and given that the age distribution
in such a sample should be continuous.

In the course of the present work the equivalent width of
the Li 1 6708 A line W (Li), rather than the “computed” lithium
abundance has been uniformly used as indicator of the lithium
abundance. This should enable a better comparison of ethero-
geneous data sets, as it eliminates the influence of uncertainties
in Tor and differences in the analysis methods (different curves
of growth and usage of the curve of growth approach versus fit-
ting of model spectra) used to compute abundances by different
authors. The choice of fx/f, as our activity indicator derives
from the lack of reliable distances in the X-ray selected sample,
and therefore of reliable luminosities L.

2. The observed and the comparison samples
2.1. The X-ray selected sample

Our complete X-ray selected sample includes stars from both
the Einstein Extended Medium Sensitivity Survey and the Ein-
stein Slew Survey. They have been selected from the complete
stellar EMSS and ESS samples on the basis of being of spec-
tral type F or later, and of being brighter than my about 12 (our
observational limit). Most of the observations of the EMSS sam-
ple analyzed here (66 objects) have been described by Favata
et al. (1993) (hereafter FBMS), who describe in more detail the
sample and the data analysis procedures that were followed. A
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further 7 EMSS sources which satisfied these same selection
criteria have been observed more recently for this program, and
they are listed in Table 2 in the Appendix.

In the framework of a program aimed at identifying the op-
tical counterparts of the Einstein Slew Survey, we have selected
a number of X-ray sources whose most likely counterpart is a
late type star. The identification process is described in detail
by Schachter et al. (1994). Here we only include in the X-ray
selected sample the ESS stars of which we have obtained a
spectrum in the Li I 6708 A region and which satisfy the same
selection criteria as the EMSS sources. The Einstein Slew Sur-
vey sample contains 25 objects, which are also listed in Table 2
in the Appendix.

For the complete sample of 73 EMSS plus 25 ESS sources
rotational velocities (vsin(i)) have been determined, as de-
scribed later; for the more recently observed sample of 7 EMSS
plus 25 EMSS stars also LiI 6707.8 A equivalent widths
(W (Li)) have been obtained.

Both the EMSS and the ESS samples contain stellar sources
which are not of interest in the framework of our study of the
“yellow excess” sources. In particular some normal giants are
present in the X-ray selected sample, together with some identi-
fied active binaries (such as RS CVn type binaries). Both active
binaries and giants stars have been removed from the “normal”
sample, which should therefore only consist of main sequence
normal coronal sources.

For the purposes of the present work, we define an active
binary as an object in which its binary nature influences, on the
basis of current knowledge, either the lithium abundance or the
activity level, typically through tidal locking of the rotational
and orbital period. To be classified as an active binary, an object
in our X-ray selected sample must satisfy the following criteria:
it must be a binary containing an object which is evolved for
its activity level, i.e. normally spectral class IV or III, and it
must have a short enough period as to be tidally locked (i.e. of
the order of 10 days or less). This implies that active binaries
should have a v sin(¢) higher than normal for its age and spec-
tral class. Also, given the lack of evidence of evolved objects
with very high lithium abundances (with the exception of AGB
stars), we exclude from the active binary group any object with
N(Li) > 2.0. Notice that our criteria differ, from example, from
the ones used in Fleming et al. (1989), which uses the following
four criteria: 1) radial velocity variations, 2) rapid rotation, 3)
spectral type between F and early K and 4) unusually strong Call
H and K emission. We feel that this set of criteria, which omits
the evolutionary status of an object, would easily include, for
example, solar-type binaries in the Pleiades, in which both the
fast rotation and activity level are due to young age rather than
to the binary nature. In particular, Pleiades solar-type binaries
show the same activity level as Pleiades single stars (Micelaet al.
1990) and no difference in their lithium abundance (Soderblom
etal. 1993, hereafter SJBS), and should therefore be considered
“normal” for the purposes of this work. This difference in crite-
ria actually results in only two systems being considered active
binaries by Fleming et al. (1989) which not satisfy our criteria.

We have verified that their inclusion or exclusion in our normal
sample does not change the results (see Table 1).

A considerable number of the sources which we included
in the normal sample are known to be binaries, although with
no evidence of being classifiable as active binaries according
to the above criteria. The objects which have been included in
the study of the W(Li) — fx/f, correlation as normal main
sequence (or pre-main sequence) coronal sources are marked
in Tables 3 and 4 with an “ms”. The active binaries present in
the sample were separately analyzed, and are marked in Tables
3 and 4 with an “a”. Finally the systems which do not satisfy
our criteria for an active binary but are considered as such by
Fleming et al. (1989) are marked with “abc” in the tables.

In principle, our X-ray selected sample has been cleaned
as described before, and should only contain “normal” stellar
coronal sources. However, given the nature of the X-ray selected
sample and of the optical counterpart identification process, it
is not unlikely that the sample could be contaminated, specially
among the optically fainter objects, with a small number of
other types of X-ray active stellar systems. In particular, it is
conceivable that a small number of unrecognized active binaries
could still be still present. Many (38 out of 73) of the objects
coming from the EMSS have been searched for radial velocity
variations (indicative of stellar multiplicity) by Fleming (1988).
Of these, 18 show radial velocity variations, indicating a binary
fraction of about 50%, typical for solar-type main sequence
objects (Duquennoy & Major 1991).

Not many unrecognized active binaries should remain
among these objects, given that they are classified as luminosity
class V. Some of the object coming from the EMSS were how-
ever not in the Fleming (1988) sample, and for these objects
the amount of optical information available is usually limited,
being in most cases restricted to the classification of Stocke et
al. (1991), based on low resolution spectrograms and UBV pho-
tometry. Our own observations of these stars consist usually of
a single high resolution spectrogram, and it is therefore possible
that a few unrecognized SB1 active binaries could be present
among these objects. On the other hand, as discussed above,
only a handful of undetected active binaries can be present in
the EMSS.

2.2. The Pleiades sample

Our Pleiades sample is formed by the intersection between the
sample of Pleiades stars on which SIBS report the lithium abun-
dance and the value of v sin(¢) and the sample of Pleiades stars
for which Micela et al. (1990) report the value of X-ray flux
(either detection or upper limit) based on Einstein IPC X-ray
observations. The SIBS sample contains all known Pleiades
dwarfs with unreddened colors 0.40 < B — V' < 1.40, while
the Micela et al. (1990) sample contains all known Pleiades
members falling in Einstein IPC fields (283 stars). Our Pleiades
sample, resulting from the intersection of the two above sub-
samples, contains 102 stars, and it should be representative of
the whole Pleiades population. Additionally, it covers well the
spectral type range of our X-ray selected sample.
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2.3. The RS CVn sample

The sample of active binaries has been selected from the
Dempsey et al. (1993) survey of active binaries observed in
the ROSAT All Sky Survey (RASS), which reports soft X-ray
count rates for the 136 RS CVn systems listed in Strassmeier
et al. (1988). From the Dempsey et al. (1993) sample we have
selected the 25 objects which were also observed in the lithium
6708 A region by Pallavicini etal. (1992), who give B — V, T,
LiI16708 A equivalent width and v sin(z) values. The fx/ f, val-
ues were computed using mean optical magnitudes from Strass-
meier et al. (1988) and RASS count rates, using a conversion
factor of 6.0 x 10712 (erg s~! cm~2)/(count s~!), as given by
Dempsey et al. (1993). This procedure has allowed the selection
of a sample of (mostly optically selected) RS CVn type active
binaries with the same observational quantities as our X-ray
selected sample, i.e. soft X-ray flux, W (Li) and v sin(3).

Note that one object (HD 155555) has been removed from
the RASS sample as it does not satisfy the definition of active
binary used here, as discussed in Section 2.1. This object is clas-
sified as an RS CVn-type binary in Strassmeier et al. (1988), as
it shows many of the properties of an active binary: short orbital
period (1.7 d), spectral types G and K, signs of stellar activ-
ity. This system has been studied in detail by Pasquini et al.
(1991), who show that the system has a photospheric lithium
abundance N(Li) > 3.5, strongly pointing toward its being
a pre-main sequence object, in which the high level of stellar
activity is the consequence of its youth rather that of the mech-
anisms acting in evolved active binaries. One object apparently
similar to HD 155555 is also present in our X-ray selected sam-
ple, 1E 0315.7-1955, an SB1 system with a fairly high v sin()
value of 33 km/s, and a surface lithium abundance N(Li) > 3.5.
It was classified by Stocke et al. (1991) as an RS CVn candi-
date, but on the basis of the very high lithium abundance it is
likely to be an object in the same league as HD 155555, i.e.
a pre-main sequence binary. As it again does not satisfy our
definition of active binary, we have maintained it as a normal
object in the sample. The case of HD 155555 points out the diffi-
culty of considering active binaries as an homogeneous sample:
the Strassmeier et al. (1988) catalog, widely used as a starting
point in selecting RS CVn samples, contains binary systems of
widely different periods, spectral types, luminosity class and
evolutionary status. Therefore the resulting samples are most
likely rather etherogeneous, and any global property inferred
from the sample should be treated with caution.

3. Observations and data reduction

For a description of the observations of the previously pub-
lished sample of 66 EMSS stars the interested reader is referred
to FBMS. Here we will describe the observations of the 25
Einstein Slew Survey plus the additional 7 Extended Medium
Sensitivity Survey stars. The observations presented here were
obtained at the European Southern Observatory (ESO) in La
Silla on December 1992, using the 1.44m CAT telescope and
the Coude Echelle Spectrograph (CES) with the short camera
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and the RCA (ESO #9) CCD, at about 2.6 A/mm dispersion,
corresponding to a resolving power of approx. 50 000 as mea-
sured on Th-Ar lamp exposures. All the spectra discussed here
were taken in a region centered on the Li I 6708 A line, and
covered about 45 A. Standard data reduction (bias subtraction,
flat fielding, spectrum extraction and wavelength calibration)
was performed using the IRAF software package, as described
in detail in FBMS. The equivalent width of the Li I 6707.81
A line was extracted from the spectra, using the procedure de-
scribed in FBMS, which keeps into account the effect of the
nearby Fe I 6707.44 A line. The equivalent widths were con-
verted into lithium abundances by interpolating the curves of
growth of Pallavicini et al. (1987) to obtain the lithium abun-
dances shown in Table 1 (although only equivalent widths have
been used in the rest of the analysis). The effective temperatures
were determined from the B — V index, when available, or from
the spectral type, using a spline fit to the color-temperature and
spectral type-temperature relationships of Zombeck (1990). In
the case of binaries, if the color or spectral type of the two
components, separate T values were derived, otherwise the
integrated color or spectral type was used, assuming that the
two components are similar.

3.1. Determination of the rotational velocity (v sin(3))

We have re-analyzed the complete data set, that is the 66 spectra
for which lithium abundances have already been published by
FBMS, plus the 25 ESS and 7 EMSS new stars, to determine the
projected rotational velocity v sin(z). To this end we have per-
formed a cross-correlation between the object spectra and a solar
spectrum of the same spectral region exposed on the dusk sky us-
ing the IRAF fxcor software task. A gaussian fit was performed
on the cross-correlation peak, and the FWHM of the fitted peak
was determined. As discussed for example by Soderblom et al.
(1989), the fitted FWHM of the cross-correlation peak is a mea-
sure of the rotational velocity of the program object. We have
calibrated the technique by observing a sub-sample of the ro-
tational velocity standard stars of Soderblom et al. (1989). The
relationship between the FWHM of the cross-correlation peak
and the projected rotational velocity for the standard stars is
shown in Fig. 1. The linear relationship shown in Fig. 1 has
then been used to determine the rotational velocity for the pro-
gram stars. The effective upper limit for detectability of rota-
tion when using the cross-correlation technique is determined,
among other things, by the spectral resolution of the instru-
ment, and is therefore not uniform in our sample, as some of
the stars from FBMS have been observed with the Dominion
Astrophysical Observatory (DAO) 1.22m telescope and Coude
Spectrograph, in a configuration yielding an effective resolving
power of about 30 000. We estimate the effective limit for de-
tection of rotational velocity to be about 8 km/s for the ESO
observations and about 14 km/s for the DAO observations.The
objects used for calibrating the rotational velocity versus cross-
calibration peak width are of spectral types F and G. The usage
of a solar template calibrated against F and G stars can intro-
duce systematic errors when measuring the rotation rate in later
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type stars, due for example to the different macro-turbulence
values. We have verified, by using a slowly rotating later type
(KOV) spectrum as template, that the eventual systematic er-
rors are smaller than our quoted uncertainties on v sin(z), that
is, &3 km/s. In the case of SB2 multiple systems two cross-
correlation peaks (in one case three) are clearly evident in the
correlograms, and the v sin(¢) value has been determined sepa-
rately for each component. As also discussed by Soderblom et
al. (1989) the cross-correlation method becomes less accurate
for large values of v sin(7) (greater than about 50 km/s), where
the cross-correlation peak becomes significantly non-gaussian,
and where the rotational broadening of a single line begins to
cover a significant fraction of the limited spectral region (about
45 A) observed. Therefore the higher values of v sin(¢) reported
here should be treated with caution.

We show in Table 2 the LiI 6707.8 A equivalent width
for the X-ray selected sample, including the ESS sources, and
in Tables 3 and 4 the v sin(¢) value determined in the present
work. The fx/f, index was determined using optical magni-
tudes (taken from Stocke et al. 1991 for EMSS sources and
from standard catalogs for ESS sources) and X-ray count rates
(from Stocke et al. 1991 for EMSS sources and from Elvis et
al. 1992 for ESS sources), converted into X-ray flux using a
2.0x 10712 (erg s~! cm™2)/(count s~') conversion factor, ap-
propriate for coronal sources observed with the Einstein 1PC.

4. Relationships between lithium, activity and rotational ve-
locity

4.1. The Pleiades sample

SIBS show, in their Fig. 2b, that there is a very clear tendency
for Pleiades stars with higher values (for their color) of ob-
served Li I 6708 A equivalent width to also have a high value
of vsin(z). An analogous effect is evident from their Fig. 2¢
where the Rgs4, activity index (an index of chromospheric ac-
tivity, determined from the strength of the emission core of the
Call 8542 A line) replaces v sin(z). We have plotted the fx/ f,
values obtained from the X-ray flux data of Micela et al. (1990)
in a manner similar to SJBS’s Fig. 2, using SJBS’s values of
W (L1i). This plot is shown in our Fig. 2. It is apparent that there
is tendency for the stars with high W (Li) values to also be X-ray
bright. To test whether this is a real effect we have computed a
local robust regression to the W (Li) values of SIBS as a func-
tion of B — V/(using the algorithm of Cleveland 1979, suitably
modified to take into account the presence of upper limits, as
discussed by Micela et al. 1988), and have subdivided the sam-
ple in high lithium and low lithium objects, based on their lying
above or below the robust fit in the N(Li) vs. B — V plane, as
shown in Fig. 2.

The X-ray data contain a large number of upper limits (46
stars out of 102); it is therefore appropriate to use maximum-
likelihood distributions, computed using a technique that keeps
into account both detections and upper limits (Avni et al. 1980;
Schmitt et al. 1985; Feigelson & Nelson 1985). The distribu-
tion functions in fx/f, were computed, separately for the high
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Fig. 1. Rotational velocity for the calibration stars plotted against the
width (FWHM) of the cross-correlation peak with a solar spectrum.
The line is a linear fit to the data, which has been used to compute the
v sin(z) for the program stars
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Fig. 2. Scatter plot of the Li 16707.8 A equivalent width versus B — V/
for our Pleiades sample, using the data of SIBS. Symbol size is pro-
portional to the log(fx/ fu) ratio, computed using the X-ray luminosity
data of Micela et al. (1990) (squares represent X-ray detections, while
crosses represent X-ray upper limits). The robust fit we have used to
separate the high and low lithium samples is also plotted
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Fig. 3. Distributions in log(fx/ fv) for the two Pleiades sub-samples,
the high lithium and the low lithium one. The left panel shows the the
distribution for Pleiades G stars, the right panel shows the distributions
for Pleiades K stars. In both cases the continuous line is the distribution
of the high lithium sub-sample, while the dotted line is the distribution
of the low lithium sub-sample

lithium and the low lithium sub-samples. This has been done
separately for G (5200 < T < 5900K) and K (5200 < T <
4150K) stars. The fx/f, distribution functions are shown in
Fig. 3.

The two Pleiades K sub-samples, although with a super-
position of activity levels, have strongly different fx/f, dis-
tributions, while the fx/f, distributions for the two G stars
sub-samples appear very similar. A Wilcoxon test was applied
to the low and high lithium distributions, separately for G and
K stars, and the results (Table 1) show that we can reject the
null hypothesis that the fx/f,, distribution for the high and low
lithium Pleiades sub-samples are drawn from the same parent
distribution to a probability level of better than 97.3% for the
K sample, while the probability level is only 25.9% for the G
sample, indicating that the two samples are basically indistin-
guishable on the basis of these data.

A similar analysis of the Pleiades data has then been per-
formed by using v sin(s) instead of W (Li) as a discriminant.
Figure 4 shows a scatter plot of v sin(z) versus B — V, still us-
ing the data of SJBS. Again, a robust fit is plotted, which is
used to separate high and low v sin(¢) sub-samples. Similarly
to what was done for the high and low Li sub-samples, max-
imum likelihood distribution functions were computed for the
two sub-samples (Fig. 5). Distribution functions in both fx/f,
and W (Li) were separately subject to a Wilcoxon test. Rota-
tional velocity appears to discriminate efficiently in K stars
between low and high lithium stars (at the 99.0% probability
level), doing only very marginally so in G stars (67.1% proba-
bility level). Finally, rotational velocity appears to discriminate
between low and high X-ray activity very efficiently in both G
and K stars (at the 97.7 and 99.9% level, respectively). Already
Micela et al. (1990), using a smaller (and presumably less ho-
mogeneous) set of Pleiades v sin(z) measurements, had shown
that in the Pleiades, notwithstanding the fact that the usual Ly
vs. v sin(¢) relationship (Lx o< v sin(i)?, Pallavicini et al. 1981)
does not appear to hold, stars with higher values of v sin(7) tend
to also have high Ly values (cf. Fig. 7 of Micela et al. 1990). It
should be noted that the apparent lack of dependence of W (Li)

2 |)<D T T 'l——]_t', T T T
X X
04 o Ogd
x 0O
1.5 - o EE,D X | .
_ ni.j\\ x l_E—ID ><
3 R z
> 4 S )
K 0O X 00 O
- %
I 8 § 0x X ]
3 H x
XRORK B SR (X X
opl— L v 0w e e b 1

Fig. 4. Scatter plot of v sin(¢) versus B — V for our Pleiades sample,
using the data of SJBS. Symbol size is proportional to log(fx/ fv) ra-
tio, computed using the X-ray luminosity data of Micela et al. (1990)
(squares represent X-ray detections, while crosses represent X-ray up-
per limits). The robust fit we have used to separate the high and low
v sin(z) samples is also plotted
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Fig. 5. Distributions in log(fx/ fo) for the two Pleiades sub-samples,
the high vsin(é) and the low v sin(z) one. The left panel shows the
the fx/ f distributions for Pleiades G stars, the right panel the same
distributions for Pleiades K stars. In both cases the continuous line is
the distribution of the high v sin(¢) sub-sample, while the dotted line is
the distribution of the low v sin(z) sub-sample

onrotation in Pleiades G stars may be due to the restricted spread
in W(Li) present, in which measurement errors may hide the
correlation. This would not contradict the presence of such a de-
pendence in X-ray selected G stars, which show a much greater
range of W (Li).

As discussed in detail by SIBS, the Pleiades sample is es-
sentially coeval, and the spread observed in both W (Li) and
vsin(i) at a given mass cannot be explained by any reason-
able initial age spread. Therefore the spread in both W(Li) and
v sin(4) must be intrinsic, being the consequence either of a dif-
ference in the initial conditions or of a different evolutionary
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Table 1. Results of the Wilcoxon test, on the null hypothesis that the
distributions in both fx/f, and W (Li) for the high and low lithium
Pleiades and X-ray selected sub-samples, and the high and low v sin()
sub-samples respectively are not drawn from the same parent popula-
tion. The two set of values reported in the table for the X-ray selected
sub-samples are for the “nominal” main sequence sample and for the
sample from which known active binary candidates (ABC) have been
excluded, as indicated in Tables 3 and 4. None of the samples includes
established active binaries.

Discriminated by W (Li) v sin(z)
Distributions tested /e fx/fo WL
Pleiades G sample 0259 0977 0.671
Pleiades K sample 0973 0999 0.990
X-ray sel. G sample 0.048 0.541 0.986
X-ray sel. K sample 0.842 0.612 0.983
X-ray sel. G sample (w/o ABC) 0.048 0.514  0.984
X-ray sel. K sample (w/o ABC) 0.842  0.612 0983

history. The high level of significance in our tests shows that
present-day rotational velocity is an important parameter in de-
termining, directly or indirectly, the surface lithium abundance.
Current models of the evolution of rotating solar-type stars are
not easily reconcilable with observations, as discussed in more
detail later.

4.2. The normal stars from the X-ray selected sample

A plot of W(Li) versus (B — V) for the apparently normal stars
from the X-ray selected sample is shown in Fig. 6, while Fig.
7 shows a vsin(z) versus B — V scatter plot. In these figures
square symbols indicate stars from the EMSS, while hexagonal
symbols indicate stars from the ESS. While the EMSS sample
occupies essentially the whole (B — V)-W (Li) plane below the
line roughly determined by the primeval Li abundance, the Slew
Survey sample is strongly concentrated toward the high values
of W (L1i), in aregion similar to the one covered by the Pleiades.
This difference between the two sub-samples will be discussed
in detail in Sect. 5.

To study whether, similarly to the behavior of the
Pleiades sample, a connection between W(Li) and activity
is present the X-ray selected sample has been sub-divided
in two sub-samples: 5200 < T < 5900 (equivalent
to 0.60 < B-V < 0.80, corresponding to main se-
quence G stars) and 4150 < Ty < 5200 (equivalent to
0.80 < B-V < 1.30 approximately corresponding to
main sequence K stars).

The procedure used has been the same as the one used for the
Pleiades sample: first the sample has been sub-divided into two
sub-samples, high W (Li) and low W (Li) then a Wilcoxon test
has been applied to compare the fx/f, distribution functions
of the two sub-samples. The same procedure has been repeated
for the fx/f, and W(Li) distributions segregated on the basis
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Fig. 6. Scatter plot of the lithium 6707.8 A equivalent width versus
B — V for our X-ray selected sample. Square symbols indicate stars
from the EMSS, while hexagonal symbols indicate stars from the ESS.
Symbol size is proportional to the fx/f, ratio. W (Li) upper limit are
indicated. The robust fit we have used to separate the high and low
lithium samples is also plotted. The plotted B — V value is computed
from the spectral type for the stars which have no B — V measurements
available
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Fig. 7. Scatter plot of vsin(¢) versus B — V for our X-ray selected
sample. Symbol size is proportional to the fx/f, ratio. The robust
fit we have used to separate the high and low v sin(z) samples is also
plotted. The plotted B — V' value is computed from the spectral type
for these stars which have no B — V measurements available
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of high and low v sin(7). The results of the Wilcoxon test are
shown in Table 1.

The results show that, while the lithium has a marginal, if
any, connection with the activity level (probability level is only
84.2%) for X-ray selected K stars, rotational velocity acts as
a strong discriminator of surface lithium abundance, at a level
comparable to the Pleiades sample, for both G and K stars. Sim-
ilarly to what happens in Pleiades K stars, fast rotating X-ray
selected G and K main sequence stars have significantly more
lithium than slowly rotating ones. To check whether the defini-
tion of active binary that we have used influences the results,
we have repeated the test by excluding the objects which do not
satisfy our definition of active binary but which are classified
as such by Fleming (1989). As is can be seen from Table 1, this
effectively makes no difference in the confidence levels.

The connection between W (Li) and activity observed in the
X-ray selected sample appears to be at most weak (if not down-
right absent), and rotation appears not to influence the activity
level of our objects, in agreement with what has been found by
Fleming et al. (1989) (See their Fig. 5a), who justify this lack
of correlation on the basis of saturation of the activity level.
On the other hand rotational velocity appears to discriminate
strongly among systems with a high and a low lithium abun-
dance, to a probability level of about 98%, both in G and in K
main sequence stars. As shown in Table 1, the exclusion of the
active binary candidates from our sample does not modify this
result. This correlation is similar to the one seen in Pleiades K
stars, with faster rotators on the average being lithium-rich with
respect to slow rotators.

The mean level of each of the three quantities (W (Li),
vsin(i), fx/ f,) is known to decrease with age (although perhaps
with a large dispersion) in solar-type stars, and therefore some
level of correlation was expected in a sample, like the X-ray se-
lected sample, in which a fairly wide age range is considered. It
is therefore somewhat surprising that while activity is not being
influenced by neither rotation nor lithium (perhaps an indication
of saturation of the activity level), lithium and rotation appear
to be linked with each other. The lithium rotation connection
could either be an intrinsic characteristic of solar-type stars, in
which case the observed correlation would be analogous to the
one observed in the Pleiades, or it could simply be a reflection
of the average declining levels of both lithium and rotation with
age. Given that, as it will be shown later, there are strong indi-
cations that the X-ray selected sample is strongly biased toward
young stars, the hypothesis of an intrinsic correlation is favored.
The current sample size does not allow to test this hypothesis
by further trying to subdivide the sample in young and old sub-
samples, because one quickly runs into small number statistics.
Further light on the problem will be shed by the study of larger,
volume limited samples of solar-type stars (Favata et al. 1994).

5. The composition of the X-ray selected sample

By comparing the behavior of W(Li), fx/f, and vsin(i) in
the various samples studied here we can derive constraints on
the nature of the X-ray selected “normal” population and on

the excess of solar-type sources present in the EMSS. We have
sub-divided the sample of normal stars from the EMSS into
three “age” groups based on the value of W (Li). The first group
(“Pleiades-like” stars) includes all the stars which, in the W (Li)—~
B —V diagram fall in the region defined by the envelope of
the Pleiades sample. The second (“Hyades-like” stars) group
includes all the stars with W (Li) values too low to fall into the
Pleiades region but higher or equal to the line defined by the
Hyades W(Li) measurements of Thorburn et al. (1993). The
third group (“old disk-like” stars) includes all the stars with
W(Li) lower than the previous groups. To evaluate to which
one of these three ranges of W (Li) do the excess sources belong
we have computes the expected number of sources in each age
range using the XCOUNT numerical Galaxy model (Favata et
al. 1992). The contribution to the total population of the three
age groups corresponding to Pleiades-like, Hyades-like and old
disk-like, has been computed separately, as described in detail
by SFM. Note that this could not be done for the ESS sample,
because the detailed distribution of limiting sensitivity for the
ESS is not known (Elvis et al. 1992), and therefore ESS sources
have beenremoved from the X-ray selected used in the following
discussion.

We have compared, separately for G and K spectral types
and for each of the three age ranges described above, the fre-
quency histograms for log(fx/ f,) predicted by the model with
the observed ones, as shown in Fig. 8. The observed and pre-
dicted histograms shown in Fig. 8 are not normalized to the
same absolute value, as the predicted values are based on the
sky coverage of the complete EMSS sample, while our EMSS
sub-sample includes only about half of the EMSS stars. Given
that our EMSS sub-sample is reasonably unbiased down to about
spectral type K5 (Favata et al. 1993), starting to be severely in-
complete for later types, we have only considered types GO to
G9 and KO to K5 in this comparison.

All the predicted log(fx/ f,) frequency histograms appear
to match well in terms of range of log(fx/f,) values with
the observed histograms. At the same time, while the older
sub-samples are under-represented in the presently considered
EMSS sub-sample with respect to the predicted values (as it
is to be expected given that it is a sub-sample), the younger
sub-samples, in particular the Pleiades-like one, are strongly
over-represented, showing that the most, if not all of the excess
sources are Pleiades-like with regard to their W (Li).

We have also compared the distributions in W (Li) and
fx/ fv for the G and K Pleiades-like X-ray selected sub-samples
(which are by construction very similar to the distributions for
Pleiades G and K stars) to the corresponding distributions for
RS CVn stars. In all cases the distributions show very little if
any overlap, with the RS CVn stars showing lower W (Li) and
fx/ fv, confirming the different nature, by this criterion, of the
Pleiades-like X-ray selected population with respect to the RS
CVn population.

Finally we have compared the distributions in v sin(s) for
the same groups as above. Rotational velocity distributions
for Pleiades, X-ray selected Pleiades-like and RS CVn groups
cover more or less the same range, although the X-ray selected
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Fig. 8. Continuous line, source counts predicted by XCOUNT in each
age range; dashed, sources in each age range in the EMSS sub-sample
for which W (Li) data have been obtained

Pleiades-like population has a higher fraction of fast rotators
with respect to the Pleiades, as it is to be expected from the bias
present in an X-ray selected population with respect to an opti-
cally selected one. A similar difference is present between the
optically selected and the X-ray selected active binary samples,
with the latter showing a higher fraction of fast rotators. Rota-
tional velocity is therefore not, in this context, a good criterion
for discriminating different X-ray selected populations.

Fig. 9 shows a scatter plot in the W(Li)-fx/f, plane of
the Pleiades-like sources from the X-ray selected sample in the
KO0-KS5 range, together with the sources from the Pleiades and
the optically selected RS CVn sample in the same spectral type
range. Pleiades stars and active binaries occupy clearly sepa-
rated regions in this plot, showing that young active stars and
active binaries can be well separated, as a group, on the basis
of their location in a lithium-activity diagram. The Pleiades-
like X-ray selected sources (indicated with a cross), which have
“Pleiades-like” W (Li) by construction, cover the same region as
the Pleiades, and are effectively separated, as a group, from the
active binaries. EMSS stars with W (Li) lower than the Pleiades
are not shown in this plot, as their number matches well with
the numbers expected on the basis of their being normal stars.

Figure 6 shows that there are basically no low lithium ESS
solar-type sources in our sample. The ESS stellar population
appears to be essentially identical to the “excess” population of
the EMSS, indicating that the bias toward brighter X-ray fluxes
of the ESS survey tends to eliminate all the older, normal sources
from the sample, essentially selecting the young population,
presumably Pleiades-like in age, within the solar neighborhood.
Infact, as discussed earlier, the stronger bias toward high activity
levels present in the ESS with respect to the EMSS select a
population with more extreme characteristics than the EMSS
one.
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Fig. 9. Scatter plot of the lithium 6707.8 A equivalent width versus
fx/ fv for KO-K5 Pleiades (open square), optically selected RS CVn
(filled squares) and “excess” X-ray selected sources (crosses)

6. Discussion

Soderblom et al. (1993) have studied in detail lithium abundance
in conjunction with rotational velocity and chromospheric ac-
tivity in the Pleiades open cluster. Their main result is that later
type stars in the Pleiades (B — V' > 0.8) exhibit a spread in the
equivalent width of the photospheric lithium line considered in-
trinsic to the cluster and not explainable on the basis of a possible
initial age spread. They also show that (for 0.8 < B—V < 1.2)
stars with a high equivalent width of the Li I 6708 A line tend
to have a high value of projected rotational velocity v sin(z). A
similar connection is observed between the same Li I equivalent
width W (Li) and a stellar activity indicator, the chromospheric
flux indicator based on the Ca II 8542 A line. Although SJBS
do not present a formal analysis of these relationships, they are
quite evident in their Fig. 2.

The relationship between v sin(z) and W (Li) in the Pleiades
G and K stars appears to be different, in that rotation seems to
have a marginal, if any, effect on the observed surface lithium
abundance in G stars (see Table 1). On the other hand, in both
groups, the statistical connection between v sin(z) and fx/ f, is
strong, and behaves as expected on the basis of the well known
rotation-activity connection. We therefore consider it likely that
the observed statistical connection between W (Li) and fx/ f
in Pleiades K stars is simply a reflection of the rotation-activity
connection on one side, and of the W (Li)-rotation connection
on the other side. Also in the o Per cluster faster rotators appear
to have a stronger lithium abundance (Balachandran et al. 1988;
Stauffer et al. 1993)
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Observations of the older Hyades open cluster show that, by
the time late type stars are about 8 x 10% years old, the spread
in lithium abundances has become very small, or even disap-
peared completely, the relationship between W(Li) and B — V
becoming quite tight, at least for stellar masses corresponding
to spectral type G or earlier. Thorburn et al. (1993) find that
a small spread (no more than 0.2 dex in W(Li)) is present in
Hyades G stars at the 8¢ confidence level, although they also
claim that a small error in the assumed temperature scale might
reduce the confidence level to 2¢. It is in any case clear that the
dispersion of N(Li) at a given stellar mass in Hyades, if present,
is much smaller than in the Pleiades (where it reaches about 1
dex in equivalent width in G stars and is even greater in K stars).
Soderblom (1994) shows that also K-type Hyades show little if
any spread in W(Li). The evolution of lithium abundance with
age appears to mimic the behavior of rotational velocity: at the
Pleiades age there appears to be a large spread in v sin(z), with
a limited number of ultra fast rotators present (Soderblom et al.
1993); by the time the age of the Hyades is reached, rotational
velocities converge toward a single valued function of B — V.

The results for the active binary sample are suggestive of a
possible (low) level of correlation between W(Li) and fx/fu,
with no evidence for correlation between W (Li) and v sin().
Unfortunately, the optically selected RS CVn sample is quite
small, and breaking it up in different sub-samples to perform a
detailed statistical analysis quickly leads to small number statis-
tics. In fact, as only six objects fall in each of the high and low
W (Li) bins for K type stars, any number based on such a small
sample would have to be treated with caution. Therefore quanti-
tative studies of possible connections between surface lithium,
activity and rotation in active binaries will have to wait for larger
and more homogeneous samples.

The sample of X-ray selected active binaries appears to be-
have, from the point of view of both W(Li) and v sin(¢) distri-
butions, very similarly to the sample of optically selected RS
CVn-type stars, showing no evidence of differences between the
optically and X-ray selected active binaries populations, with
the possible exception of the very fast rotatorsat B — V' < 0.8
which are present in the X-ray selected sample. Active binaries
as a class show strongly enhanced W (Li) values (up to 2 dex)
with respect to non-active evolved objects of a similar evolution-
ary status (Randich et al. 1993). In the RS CVn sample studied
here the connection between W (Li) and activity, if at all present,
is at best weak, with no evidence for any influence of rotation on
W (L1i). Such a behavior would appear to be hardly compatible
with proposed W (Li) enhancement mechanisms which imply a
direct strong connection with the activity level, as for example
lithium production in stellar flares, and W (Li) enhancement in
starspots, and are also not compatible with mechanisms requir-
ing a link with the present-day rotation rate.

High surface lithium equivalent width is a common feature
in young, near ZAMS, low mass stars, but the value of W (Li)
for an individual object is strongly influenced by its rotation
rate. This behavior, together with the fact that, in the X-ray
selected sample, W (Li) is influenced by rotation and not by ac-
tivity, points toward a connection between W (Li) and v sin(z),
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rather than a direct connection between lithium and activity.
This observational result is more in agreement with a picture in
which the range of W (L) values observed is an an effect of the
changes in the internal stellar structure and circulation patterns
rather than a surface effect of stellar activity. Unfortunately, cur-
rent models of the evolution of rotating solar-type stars actually
predict a correlation between initial angular momentum and
lithium depletion which appears to go in the opposite direction
of what’s actually observed: high initial angular momentum is
supposed to lead to a faster surface lithium depletion, leading
to a lower abundance, (Pinsonneault et al. 1989, 1990). Never-
theless, the actual rotational history for non-tidally locked stars,
and therefore the relationship between initial angular momen-
tum and present-day surface rotational velocity, is still unclear.

The behavior of W(Li) and fx/f, in the X-ray selected
sample gives strong clues to the actual nature of the “excess”
yellow star population. The Pleiades (which we consider here
as a prototypical ZAMS solar-type population) occupy in the
W (Li)—color plane a different region than the active binary sam-
ples. Their position is also different in the fx/f,~W(Li) plane,
and, as discussed above, they behave differently in terms of the
lithium-activity connection. As it was shown in Fig. 8, the ex-
cess yellow sources occupy the same region as the Pleiades in
the W (Li)—color plane. The same group of stars occupies, in
the fx/ fo—W(Li) plane, a region which overlaps with the one
covered by the Pleiades but different from the one covered by
the optically selected active binaries.

The above features appear to discriminate strongly the na-
ture of the yellow excess population present in the EMSS, as
being composed by a population of young, Pleiades-like objects,
and ruling out the hypothesis of its being composed by active
binaries. As already discussed in Section 1, an excess of yel-
low stars, a feature originally detected in the Einstein Medium
Sensitivity Survey by Favata et al. (1988), appears now to be
present also in other stellar samples selected on the basis of their
activity, as for example in the ROSAT WEFC sky survey. For the
ROSAT WEC sample Jeffries & Jewell (1993) reach a similar
conclusion about the nature of the excess population using a dif-
ferent sample and a different argument based on its kinematics.
These conclusions can be most likely extended to the ROSAT
All-Sky Survey of soft X-ray sources, which has a sensitivity
comparable to the EMSS in a similar energy band (0.1-2.4 keV)
and contains many thousands sources. It is easy to predict that
a large fraction (of the order of one third) of the detected stel-
lar population will be composed of very young stars. More in
general, in any ROSAT frame of sensitivity at least comparable
to the EMSS, a similar fraction of the stellar sources can be
expected to be young stellar sources.
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Table 2. Optical information and lithium abundances for the newly observed Extended Medium Sensitivity Survey and Einstein Slew Survey
stars. The spectral types and apparent magnitudes are taken from the literature. The T¢c values are derived from published B — V values, when
available, or from published spectral types. N (Li) is expressed in the usual scale where N(H) = 12.

EMSS/Slew name  Other name mv  Sp. (71’8 %{Z{ﬁ N(Li)
1E0324.1-2012 - 106 G4V 5670 228 3.93
1E0632.2-5351 - 1.5 K3V 4660 <3 <-040
1E0820.2+0201 SAO116694 88 Go6V 5850 149 3.30
1E0948.2+0822 SAO117942 7.7 K2V 4780 <3 <£-023
1E0956.8-2225 SAO178272 9.2 K2V 4780 143 2.00
1E1022.6+1121 - 10.5 G6V 5520 <40 <1385
1E1049.4-0849 - 112 G7V 5400 <7 <0.78
1ES0143-253 SAO167275 57 F2V 6688 35 2.89
1ES0226-615 SA0248569 88 F7V 6310 <40 <2.60
1ES0237-531A HD16699 7.0 F8IV/V 6200 58 2.81
1ES0237-531B HD16699 7.0 G5V 5610 193 3.57
1ES0238+057A BD+05378 106 M 4058 15 -0.46
1ES0238-009A SAO130055 57 F7IV 6320 73 3.00
1ES0250-129A HD17925 6.0 K1V 5049 197 2.88
1ES0305-284 CD-281030 102 K7V 3945 17 -0.57
1ES0327-242A SA0O168581 9.4 K4V 4457 <10 <1.74
1ES0357-400A HD25300 99 KO 5240 105 2.26
1ES0412+060A HD26923 63 GOV 5968 85 2.78
1ES0412+060B HD26913 69 G8V 5540 61 2.14
1ES0444-704 - 11.0 MOV 3920 <10 < -0.65
1ES0447+068 SAO112106 32 F6V 6472 15 227
1ES0457+017A GJ182 10.1  MlVe 4015 270 1.77
1ES0504-575A GJ189 4.7 FIV 6287 80 3.00
1ES0510-119C SAO150223B 100 G8Ve 5490 303 4.10
1ES0528-654 SA0249286 6.8 KIIV 5200 315 3.10
1ES0538+037A SAO113040 7.1 G5 4500 80 1.06
1ES0635-698A HD47875 9.2 G3V 5720 196 3.70
1ES0637-614 HD48189 6.2 G1.5V 5968 133 3.30
1ES1002-559Aa SA0237656 8.0 KI1-2lI 4500 57 0.86
1ES1002-559Ab SA0237656 8.0 KI-2IIT 4500 38 0.62
1ES1044-491 SA0222321 2.7 G5l 4862 <2 <-030
1ES1212+078A SAO119284 84 KO 5240 <5 <0.57
1ES1252-060 GJ9424 104 K8V 4398 7 -0.33
1ES2257-340 SAO214237 8.6 G5Vp 5610 <32 <1.80

for a helpful discussion of recent RASS results, and S. Serio and E. Appendix B: notes on individual objects
Damiani for the several helpful comments on drafts of this paper. We
also thank an anonymous referee for the several helpful comments.

Appendix A: optical data for the EMSS and ESS samples

The tables present the optical data for the EMSS and ESS objects
used in this study. Typical uncertainties are 2.5 km/s for v sin()
values, 10 mA for W (L1i) values, and about 150 K for T¢g val-
ues. The resulting uncertainty on /N(Li) depends on whether the
objects is on the linear or on the saturated part of the curve of
growth, with a typical value of about 0.15 dex.

e 1E0009.9+1407: reported to be an RS CVn type system by

Stocke et al. (1991), this system actually appears to be an
active Pop II binary, as reported by Pasquini & Lindgren
(1994). Although it is not an RS CVn in the classical defini-
tion, it satisfies our definition of active binary, in that the ro-
tational velocity and therefore the activity level are strongly
increased by the tidal locking with respect to normal Pop II
objects.

1E0011.6+0840: a short-period binary from Fleming
(1989), which considers it a BY Dra candidate, who also
report a KOVe spectral type, with a maximum radial velocity
difference of about 50 km/s, indicative of a close binary; the
v sin(z) of about 22 km/s is also compatible with rotational
locking. FBMS find a lithium abundance (N (Li)=1.75) on
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Table 3. Rotational velocity computed for the stars from FBMS. In the “‘sample” column stars included in the “normal” sample are indicated
with an “ms”, stars included in the X-ray selected active binary sample are marked with an “a”. An asterisk indicates a note in Appendix B.

EMSS name v( ﬁlnr%%g sample comments EMSS name v( ﬁlrlr}%g sample comments
1E0002.8+1602 11 ms 1E0515.4-0710 11 ms

1E0003.3-4201 13 ms 1E0519.3-4544 64 ms

1E0009.9+1407 25 a Pop II binary, * 1E0535.7-2839 43 ms

1E0011.6+0840 28 a * 1E0538.5-0949 79 ms

1E0031.9-0646 27 ms 1E0617.0-5847 18 ms

1E0132.5+2101 34 ms 1E0648.1-5042 95 ms

1E0134.4+2027a <14 ms 1E1100.2+6155 <14 ms

1E0134.4+2027b <14 ms 1E1109.8+3606 <14 ms

1E0138.0-5627 11 ms 1E1254.8+0142 28 ms

1E0206.2-1019 19 ms 1E1256.2+3833 19 ms

1E0234.2-0321 11 ms * 1E1256.2+3833 19 ms

1E0234.7-0210 <8 ms 1E1309.7+3221 <14 ms

1E0236.4-0148a <8 ms SB3, vsin(3)uncertain | 1E1330.5-0811 <8 ms

1E0236.4-0148b 16 ms SB3, vsin(z)uncertain | 1E1436.8-2628 10 ms

1E0236.4-0148c <8 ms SB3, vsin(?)uncertain | 1E1441.7+5208 <14 ms

1E0239.9+0704 18 ms 1E1520.7-0625 44 a RS CVn, *
1E0244.8-0024 <8 a 1E1521.1+3027 <14 ms

1E0257.3+0733 11 ms 1E1552.0-2338 53 ms

1E0300.1-1528a 20 ms 1E1558.4-2232 <8 ms

1E0300.1-1528b 13 ms 1E1634.7+2638 <14 ms

1E0303.8+1717 <8 ms 1E1704.3+5432 26 ms

1E0307.5+1424 9 ms 1E1737.2+6847a <14 ms

1E0308.3+1413 <8 ms 1E1737.2+6847b <14 ms

1E0315.7-1955 33 ms * 1E1751.0+7045 21 a FK Com cand.
1E0318.5-1926 17 ms 1E1753.5+1830 <8 ms

1E0326.6-2008 15 ms 1E1810.3+6940 <14 ms

1E0327.2-2416 14 ms 1E1906.8-6339 9 ms

1E0333.1+0607 33 ms 1E1907.0-6405 21 ms

1E0337.6-0202 18 ms 1E2148.2+1420 <8 a RS CVn cand.
1E0348.2-1404a <8 ms 1E2254.2+0219 43 ms

1E0348.2-1404b <8 ms 1E2302.4-4427 16 ms

1E0413.7-6235 <8 a Giant 1E2315.1-3640a 12 ms SB2, v sin(z) uncertain
1E0438.5+0213 48 ms * 1E2315.1-3640b 12 ms SB2, v sin(z) uncertain
1E0443.8-1006 11 ms 1E2332.4+0119 13 ms

1E0448.4+1058 13 ms 1E2335.2+0305 11 ms

1E0452.2+0225a <8 ms 1E2349.8-0112 64 ms

1E0452.2+0225b <8 ms

1E0457.5+0312 37 a RS CVn, *

1E0505.0-0527 22 a RS CVn, *

the upper range of the values found in active binaries, and
definitely below the values found in very young EMSS stars.
We therefore include it in the “extended” active binary sam-
ple.

1E0234.2-0321: a high proper motion object, but not metal
poor, from Sandage & Kowal (1986) who consider it a thick-
disk object. Fleming (1989) reports it to be a binary, but as
the evidence for its being a very old object is not compelling,
we include it in the main sequence sample. A “thick-disk
binary”?

1E0244.8-0024: an RS CVn candidate of Fleming (1989),
which has been studied in detail by Tagliaferri et al. (1994),

who classify it as GOV+K6V or K2IV+F7V, on the basis
of photometric data. Through their revised photometry they
also derive a higher distance than Fleming (1989), which
increases the X-ray luminosity of the system by at least 0.5
dex. Its lithium abundance (FBMS, Tagliaferri et al. 1994)
is within the normal range observed in active binaries, and
we therefore include it in the active binary sample.
1E0257.3+0733: this star is classified as G6III in Stocke et
al. (1991) and subsequent EMSS papers. This classification
is clearly in error given that this star has a measured parallax
of about 30 pc, which, together with its my of 8.3, clearly
makes it a dwarf.
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Table 4. Rotational velocity computed for the newly observed EMSS and ESS stars. In the “sample” column stars included in the “normal”
sample are indicated with an “ms”, stars included in the X-ray selected active binary sample are marked with an “a” and the two active binaries

candidates are indicated with “abc”. An asterisk indicates a note in Appendix B

EMSS/ESS name v( ﬁlmn%; sample comments EMSS/ESS name v( ﬁg}l};; sample comments
1E0324.1-2012 13 ms 1ES0412+060A <8 ms uncertain ID
1E0632.2-5351 <8 ms 1ES0412+060B <8 ms uncertain ID
1E0820.2+0201 11 ms 1ES0444-704 11 ms

1E0948.2+0822 <8 ms 1ES0447+068 16 ms

1E0956.8-2225 19 ms 1ES0457+017A 14 ms

1E1022.6+1121 73 a,abc RS CVncand,, * | 1ES0504-575A 12 ms

1E1049.4-0849 95 a,abc RS CVncand,, * | 1ES0510-119C 14 ms

1ES0143-253 84 ms 1ES0528-654 <80 ms *
1ES0226-615 62 ms 1ES0538+037A 12 a RS CVn, *
1ES0237-531A 20 ms uncertain ID 1ES0635-698A 10 ms

1ES0237-531B <8 ms uncertain ID 1ES0637-614 15 ms

1ES0238+057A <8 ms 1ES1002-559Aa 16 *
1ES0238-009A 31 ms 1ES1002-559Ab 10 *
1ES0250-129A <8 ms 1ES1044-491 <8 Giant
1ES0305-284 30 ms 1ES1212+078A <8 ms

1ES0327-242A <8 ms 1ES1252-060 <8 ms

1ES0357-400A 12 ms 1ES2257-340 72 a BY Dra cand., *

e 1E0315.7-1955: an RS CVn candidate of Fleming (1988).
The lack of an evolved component and the very high lithium
abundance point toward its being a PMS binary system.

e 1E0438.5+0213: aW UMa candidate of Stocke et al. (1991),
and a binary from Fleming (1988). As discussed in FBMS,
the spectral classification of this object and its reported color
are strongly discordant, and it is not therefore included in
our analysis.

e 1E0457.5+0312: an RS CVn from Randich et al. (1993),
who classify it as K2III.

¢ 1E0505.0-0527 & 1E1520.7-0625: both are RS CVn from
Fleming (1988), the presence of an evolved component and
the high rotational velocity indicative of locking puts them
in the active binary group.

e 1E1022.6+1121 & 1E1049.4-0849: both are fast binaries
from Fleming (1988). The lack of an evolved component,
and the fact that both the rotational velocity and the fx/ f,
level are compatible with stars of the Pleiades age would
weigh against their being considered active binaries. On the
other hand its lack of detectable lithium makes it unlikely
that it they are very young stars. Certainly dubious cases;
we have decided to exclude them from the main sequence
sample, both objects will need to be studied further.

e 1ES0528-654: AB Dor, a well known PMS binary. Has a
dMe companion, likely to be responsible for part of the X-
ray flux.

e 1ES0538+037A: an RS CVn from Randich et al. (1993),
who classify it as K2III.

e 1ES1002-559: an SB2 giant, relatively fast rotator for its
luminosity class. Call H&K emission cores are clearly visi-

ble in low resolution spectrograms, most likely to be an RS
CVn binary.

o 1ES2257-340: a well known binary, with a peculiar spec-
trum and a strong detected microwave flux. Classified as
a BY Dra system, with a period of 1.63 d, the hypothesis
of tidal locking appears reasonable. Given the lack of de-
tectable lithium, we include it in the active binary sample.
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