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Abstract. We present optical identification and high-resolutios.g. Metanomski et al. 1998), with interesting consequences on
spectroscopy of ROSAT sources in the field of the old op&ur understanding of the population of young stars in the solar
cluster M 67. For the first time it is possible to analyze coronakighborhood (Guillout et al. 1998).
and chromospheric activity of active stars in a solar-age cluster, While the general framework of dependence of X-ray emis-
and to compare it with field stars. ROSAT observed the higiion on stellar rotational velocity (and then stellar age) has been
X-ray luminosity tail of the cluster sources. In agreement witbsstablished long time ago (Pallavicini et al. 1981), there still re-
what expected from studies of field stars, most of the detect®adin many uncertainties about which stellar parameters affect
X-ray sources are binaries, preferably with short periods atitk coronal emission in late-type stars.
eccentric orbits. In addition, several of the M 67 ROSAT sources We know, for instance, that old stars may preserve a high
have peculiar locations in the cluster colour-magnitude diagraksvel of X-ray emission if they are in binary systems, where a
This is most likely due to rather complex evolutionary historiesjgh rotational velocity can be maintained through tidal inter-
involving the presence of mass transfer or large mass lossesction, but it is not clear which role stellar mass, radius, orbital
The X-ray luminosity of the sources does not scale with theriod and eccentricity play in determining the level of activity.
stellar parameters in an obvious way. In particular, no relation- One of the most relevant limitations is that, since most stud-
ship is found between coronal emission and stellar magnitude are performed in field samples, it is difficult to determine
or binary period. The Ca Il K chromospheric flux from most ofrecisely the characteristics of the studied objects. Stars with
the counterparts is in excess to that of single stars in the clusiferent (but poorly determined) masses, ages and possibly evo-
by one order of magnitude. The X-ray luminosity of the sourc@stionary histories are often compared.
in the old M 67 is one order of magnitude lower than the most The study of clusters, where ages, masses, and evolutionary
active active binaries in the field, but comparable to that of thgatus of the counterparts of X-ray sources can be well estab-
much younger binaries in the Hyades. lished, is a necessary step forward. In this framework, not only
ROSAT observations of young clusters have provided new in-
Key words: stars: binaries: close — stars: coronae — stars: chiight to the discussion on the age-activity relationship (see e.g.
mospheres — open clusters and associations: individual: M 6Randich and Schmitt 1995), but for the first time it has also been
X-rays: stars possible to detect coronal sources in old clusters, i.e. with ages
comparable with the Sun.
With the ROSAT observations of M 67 and other interme-
1. Introduction diate age clusters, Belloni et al.(1993, 1996, 1997) allowed to
exqs::nd the study of the evolution of coronal activity to systems
ith age up to~ 6 Gyrs. By examining these coeval samples,
ese observations allow the study of active coronae from a dif-
Ent, unique perspective: it is possible to investigate which
rs (or stellar systems) show the highest activity level in sam-

The study of chromospheric and coronal activity has progres
impressively in the last two decades, thanks to the launch of
ray satellites. Coronal sources have been detected in X rayg
over the cool part of the H-R diagram (Vaiana et al. 1980) an
active binaries of the R S CVn type have soon been recogmzpq s so old that the emission from single, solar-type stars is
as powerful X-ray emitters (Walter et al. 1980). expected to be very low.

With the advent of the ROSAT satellite and its all-sky sur- The ROSAT observations require a follow up at different
vey, a complete X-ray study of known active binaries has be%%velengths in order to :
possible (Dempsey et al. 1993a,b). A large number of previ- ' '

ously unknown coronal active stars is becoming available (see Confirm the identification of the optical counterparts. In

Send offprint requests thuca Pasquini these clusters the stellar density is rather high, and more
* Based on observations collected at ESO, La Silla than one source may be contained in the ROSAT error box.
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As an example of the relevance of this issue, the readeveded for the identification of some of the fainter counterparts
can compare the results of the present work (summarizedvere performed using the 3.6m telescope with the EFOSC spec-
Table 1) with those of Belloni, Verbunt & Schmitt (1993)trograph (Benetti et al. 1997; see also Pasquini et al. 1994a).
based only on X-ray and general optical information, but Finally, the 3.6m telescope with the CASPEC spectrograph
not on a detailed follow up. (Randich and Pasquini 1996) and the NTT with the EMMI spec-
— Study in more detail the characteristics of the sources, thgisgraph were used to obtain intermediate- and high-resolution
binary nature, X-ray and chromospheric emission. spectroscopy of the pre-selected candidates. This last step is re-
— Compare the observed characteristics with those of figjdired to allow a firm identification of the targets and to derive
stars. absolute chromospheric fluxes at the stellar surface. The obser-
vations were centered in the Ca Il H and K region, and in the
In this work, we present the identification and the study ¢{, region. CASPEC spectra have a resolving power R=18000.
the ROSAT counterparts of the old open cluster M 67 (Bellonfhe EMMI spectra were obtained in dichroic mode: blue and
Verbunt & Schmitt 1993). A second, longer ROSAT pointinged spectra were recorded simultaneously. Blue spectra were
to M 67 has been performed (Belloni, Verbunt & Mathieu imcquired with a holographic grating at R=6000 (Pasquini et
preparation): where possible, the results from this observatign 1994b), while red spectra were obtained with a resolution
have been included in the present paper. R=20000 or R=3000, depending on the stellar apparent magni-
M 67 is a very interesting target, not only because its agigde. The spectra have been reduced using the MIDAS package
and metallicity are similar to those of the Sun, but also becayganse et al. 1988).
the cluster has been subject to several photometric and spectro\yhen a candidate showed enhanced chromospheric activity
scopic studies which have led to detailed membership deterigyig acceptable positional coincidence, it was accepted as coun-
nations (Sanders 1977, Girard et al. 1989), a large amounigiyart. However, for some of the fields no star fulfilled both
data on binary stars (Latham etal. 1992), photometric variablggngitions. For these fields, we obtained low resolution spec-
W UMa candidates (Gilliland et al. 1991), and blue stragglefgyscopy of fainter candidates, and when no acceptable alterna-

(Mathys 1991). _ tives were found, the original stars were accepted as (possible)
This large body of ancillary data makes M 67 one of thgzndidates.

best studied clusters; one AM Her system and a hot white dwarf
belonging to the cluster have already been confirmed within this
identification project (Pasquini et al. 1994a). 3. Optical identification: results

) Belloni, Verbunt & Schmitt (1993, hereafter BVS) list 22
2. The observations sources detected in the central 20 arcmin of a ROSAT PSPC

The observations were carried out at ESO, La Silla, over the (i€ld centered on a position 12’ east of the center of M 67.
riod 1992-1995, using a variety of instruments and telescopes. The ROSAT sources with firm or possible optical counter-
We stress that, being mainly interested in the coronal coud@rts are summarized in Table 1: the numbering scheme is the
terparts of ROSAT detections, we did not attempt a compleg@me as in BVS. Source number 11 was recognized by BVS as
identification of all the sources, but only of the possible coronalblend of a hard and a soft source. In the analysis of the new
cluster members. This implies that, when only optically faiflROSAT observation of M 67 (Belloni, Verbunt & Mathieu, in
candidates are within the ROSAT error box, observations wdteeparation), the two sources could be resolved and they are
not always pursued further. listed separately (sources 11a and 11b). The optical positions
First, observations were carried out at the ESO 1.52m teffe from Girard et al. (1989) when available, while the coor-
scope equipped with the B&Ch spectrograph (Turatto 199#jnates for the remaining objects are from the Digitized Sky
with a resolution of Za‘/pixel and a 2048 pixel CCD, the rangeSurvey. For these, distances are accurate only to a few arcsecs.
3700-7600A was covered. All objects within the reach of the For optical identification, we adopted the results obtained
telescope-spectrograph combination were observed, withinby similar studies in the field (see e.g. Stocke etal. 1991). QSO’s
40" from the nominal ROSAT source in order to be confide@nd emission-line galaxies, when close to the nominal error box
that no possible counterpart would be missed. A posteriori, weere accepted as counterparts; in particular, in the error boxes
found this radius exceedingly large and we could confirm tieé the 3 extragalactic sources identified with X-ray sources, no
good accuracy of the ROSAT error box. known M 67 member exists. For the ten ROSAT fields with
Bright stars within fields with no obvious counterpart havgo identification, EFOSC images were acquired, but no stellar
been observed even if located at a comparatively large distanegnterpart was found down to magnitude limits in excess of
from the X-ray position. those expected for values of L, typical for coronal sources.
The low-resolution spectra were inspected to derive (or InFig. 1, low resolution spectra of the extragalactic sources
check) spectral types or spectral anomalies, but mostly to fiadd of some of the most interesting objects in the fields with
signatures of high chromospheric emission, like filling-in adoubtful or no optical identification are shown. Note that the
emission of the Balmer lines. Most of the stellar candidates wesleape of the continuum may not represent the true continuum
selected in this way. Additional observations at low resolutiaf the objects, since in order to gain spectra of several objects
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Table 1.Summary of the identification of ROSAT sources. For each X-

E B15-A
% 8:2 E H ray source we list: identifier, name of the possible optical counterpart,
S 04 E = distance between them, 90% error radius (from BVS), and a comment
S o2y ‘ ‘ E on the object.
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Fig. 1. Low resolution spectra of the extragalactic optical counterparts
and of the objects in the fields with doubtful or no optical identification.
Flux is in arbitrary units

Most of the ROSAT detections in the central part of the clus-
ter have been identified; the unidentified sources are located
in the external parts of the cluster, where the membership
probability is lower.
simultaneously, in most cases the slit could not be aligned witk As pointed out by BVS, on the basis of the LogN-LogS
the parallactic angle. function (Hasinger et al. 1998); 12-16 sources out of the
Thanks to the boresight correction applied by BVS, the op- 23 detected sources are expected to be background objects.
tical and X-ray positions for most candidates agree extremely
well, with differences often smaller than 10 arcsec, which is the However, we cannot exclude that some non coronal systems
typical nominal ROSAT error box (BVS). Therefore, we conbelonging to M 67 are present among the unidentified ROSAT
sider the 2 proposed counterparts having larger distances fréetirces. Systems with a highAL,, ratio, like white dwarfs
the X-ray source (B1, B15) only as possible, but not likely cafWD), cataclysmic variables (CV), or low mass X-ray bina-
didates. For B19, the uncertainty in the identification is given tiies (in quiescence) could be present, but not identified in the
the fact that, although the X-ray and the optical position of ttigesent program. WD's and polar CVs are very unlikely cases,
star S364 match quite well, the high-resolution spectra obtairgigce they would show very soft hardness ratios (Fleming et al.
do not show any sign of enhanced chromospheric activity (ch996), which are not observed (BSV), but we cannot exclude the
Sect. 5.2). This, according to the previously mentioned critergfesence of aweakly-magnetized CV ora LMXB in quiescence.
does not make this star a firm counterpart. Below, we discuss the single sources in detail:
Out of 23 sources, one has been recognized as spurious, andB1: The proposed possible counterpart (star B1-B in Fig. 1)
13 have been firmly identified. Of these, 9 are cluster membegspotin the listby Sanders (1977). Its coordinates@(2000)=
3 are extragalactic objects and one is a non-member star. TH}8&9 53)(2000)= 12 02 06. At A resolution the star showsH
additional cases remain unclear, in the sense that they do filbng-in. No other star in the field shows signatures of activity.
meet all the requirements for a firm identification. We derive a spectral type K5: with a magnitude ¢f£16.4, the
As explained in detail below, of the identified sources, sevétar could be a member of the cluster. However, it is distant from
are definitely coronal emitters and belong to the cluster. Relevéig X-ray position. A stellar object of magnitude~20.4 and
for the aim of this work is that we can be confident that none ppsition (2000)= 08 49 545(2000)= 12 01 48, lies only 16
the unidentified sources are coronal emitters belonging to #gsec away from the X-ray position (B1-A in Fig. 1). Its spec-
cluster. This confidence is supported by three arguments: trumresembles that of an F dwarf (although with unusually faint
Balmer lines). With this combination of magnitude and spectral
— Allunidentified sources have faint optical counterparts. Thigpe, the star does not belong to the cluster, and the exceedingly
would imply an exceptionally high /L, ratio if they were high L,/L,, would exclude it as a coronal counterpart.
coronal sources. Only in the case of B12 there are possible B2: Two stars are found aty(2000)=08 50 14.8)(2000)
coronal candidates the error box, but their cluster member12 00 37) and¢(2000)=08 50 14.6§(2000)= 12 01 45), at
ship is uncertain. a distance of 28 and 42 arcsec from the X-ray position respec-
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tively. Their spectra are those of a M1 and a K4 dwarf with no B13: S999 shows Ca Il core emission at high resolution. At
special features. An additional object lies very close to the Yow resolution, neither of the other possible candidates (S995,
ray position, possibly with and emission line-a6500A, but S997, S998) show special features.
the signal to noise ratio is too low to derive any firm conclusion. B14: The Ca Il spectrum of S759 shows enhanced emission,
B3: A galaxy with coordinatesx(2000)= 08 49 22.6 but the S/N ratio of the spectrum is not very high. The nearby
0(2000)= 11 54 57.6. The two strongest emission lines ag756, S757 do not show special features at low resolution. S759
consistent with being [O11]3727 anddat redshift 0.174 (see is given zero probability of membership by Sanders (1977).
Fig. 1). B15: Alate K star. Atintermediate resolution, we could only
B4: This field has not been extensively studied. The agrasstain a low S/N spectrum: the star might show Ca Il H&K
ment of S1082 with the X-ray coordinates is very good and tlegnission, but the distance from the X-ray source makes the
brightness of the star makes the study of nearby faint objects gifentification uncertain. A fainter star /18.5) at«(2000)=
ficult. Low resolution spectra for stars S1072, S1075 and S103® 50 55.95(2000)= 11 45 54 (d=17.5 arcsec) shows an M1
were obtained. They do not show signatures of enhanced acgiwarf spectrum (see Fig. 1), but the absence of Balmer-line
ity. The high resolution spectrum of S1082 shows a composégission makes it an unlikely counterpart.
Ha, with a broad and a narrow component (cfr. Fig. 2). Such a B16: AM Her (Gilliland et al. 1991, Pasquini et al. 1994a)
spectrum was also observed by Mathys (1991). B17: Two stars (S972 and S973) are close to the X-ray
_ BS:Afaint objectis in good agreement with the X-ray pogqrce: intermediate and high resolution spectra show strong Ca
sition («(2000)=08 50 08.8(2000)=11 53 27, d=15 arcsec)y| Hgk in S972 but not in S973, which is a brighter (V=13.49)
However, from visual magnitude and spectral type of the Stghary (Orbital Period=40.4 days, Latham et al. 1992). S972 is

(M1V, see Fig. 1), Balmer lines in emission are expected fonjkieq py Sanders (1977) with a moderate (42%) probability of
to be the optical counterpart. The nearest S star (S490) Sh‘?ﬁ\@mbership.

no special features. The counterpart is therefore not confirmed. B18: No spectroscopic observations

Among all the BSV sources, this is the only one which has not B19: The bright giant S3644(2000)= 08 49 55(2000)=11
been confirmed by the new M 67 pointings (Belloni, Verbunt (%lé 36) is within the ROSAT error box. Its membership probabil-

g/lpa;t:::)euus, in preparation) and it should probably be con5|der|eiy is listed as 82% by Sanders (1977). Low resolution spectra

. : were obtained for two other possible counterparts (no S num-
B6: A QSO with coordinates(2000)=08 49 54.2(2000)= : . . i
11 53 17. The redshift has been computed identifying the str bers) distant 47 and 24 arcsec respectively. Neither shows spe

ission | Ma Il Fig. 1 084 features. The fact that S364 does not show any enhanced
em|;s7|.021|(;17e7ash 9 Z(zfaet_ '9. )'f fvity, At | luti activity either in the Ca Il K or in the H lines (see Fig. 2
) ShOws Indications ot activity. AtIow resolution, ,y gect. 5.2) makes its identification with the ROSAT source
the nearby S2224 does not show any peculiar signature. uncertain
B8: S1063 not only coincides very well with position, but B20-22: No spectroscopic observations. No stars bright

also shows a very pronounced C&ll& K emission. This star . o
. : enough to be obvious coronal counterparts are visible in the
is located below the subgiant branch (cfr. Sect. 5.3). fEIds

B9: The bright star in the field (S258) was observed at hig
resolution: it does not show signs of activity, and it lies at a large
distance from the X-ray position. A QSO at Z:1.2_ is_ fou_nd 3 Intermediate- and high-resolution spectra
«(2000)=08 49 36§(2000)=+11 50 56. The two emission lines
(see Fig. 1) correspond to Clll and Mgll. The Ca Il and K high-resolution spectra are shown in Fig. 2. It

B10: S1040 shows Ca Il H&K emission. The fainter stas relevant to note that we observed at high resolution not only
S2216 does not show particular features at low resolution. the proposed optical candidates, but also several stars with sim-

B1la: The most difficult field: a crowded region, with sevilar characteristics. In Table 2, the optical characteristics of the
eral known binaries. The best candidate is S1019, with speoronal optical counterparts are given, together with the X-ray
tacular Ca Il H&K emission, and & filling. Other brighter luminosity. The X-ray luminosities differ by a facter 2 from
candidates have been observed also at high resolution, buthizse given by BVS, because in this early work a too low conver-
not show evidence for enhanced activity (51010, S1045, S108#)n factor was used. Here we adopt a the same model of Belloni,
(However, note that, even though it does not show Ca Il emiéerbunt & Mathieu (in preparation) with N=1.7x10*°cm~2.
sion, the Ca |l flux of S1024 may still be quite high because fhis corresponds to a conversion factor between counts/sec and
its rather hot temperature, cfr. Table 3). 0.1-2.4 keV flux in erg cm?sec! of 1.8x10711.

B12: Two stars lie within 25 arcsec from the ROSAT posi- The properties of the ‘comparison’ stars observed at high
tion: S613 (V=15.45) and S614 (V=15.50), but neither showssolution are summarized in Table 3. Some of these stars turned
peculiar characteristics at low resolution. Their membershipit to be likely detected inthe new M 67 observations of Belloni,
probability is given as low/intermediate by Girard et al. (198%erbunt & Mathieu, in which case the X-ray luminosities and
(47 and 60% respectively) and by Sanders (47 and22e- fluxes are given for sake of completeness. However, since these
spectively). We do not consider them as good candidates. Higtections refer to a pointing having different sensitivity and the
resolution spectroscopy is needed to reach a firm conclusiomnalysis of the optical counterparts has not yet been performed
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E accurately the K1 minima.
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15 e evelength 15 e avelength only detect the high X-ray luminosity tail of the cluster. The
. 1 . / 1 longer, more recent ROSAT observations reveal more sources,
R e e A VAR I W confirming that cluster X-ray emitters might exist at lower levels
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E 05 [ BIZNTT 4 foso| S1082°CAS 3 than the one analyzed here (Belloni, Verbunt & Mathieu, in
o ofiiil i3 preparation).
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Wavelongih Wavelength Of the 8 known members of Table 2, six are either known

binaries or show clear signs of duplicity, like photometric mod-
ulation or displaced position in the colour-magnitude diagram
of the cluster. Of the remaining two, S1077 is reported by BVS
as a multiple system with short period, while S364 is not in-
cluded in the current list of binaries. Jones and Smith (1984)
as in the present analysis, they are treated separately fromftithd anomalous DDO colours for this star, but they concluded
stars of Table 2, which form the bulk of the present work.  that this was probably due to due measurement uncertainties.
We used the high-resolution spectra to compute Ca Il K li@nce again, we stress that this identification is only considered
fluxes using the procedure of Pasquini et al. (1988), based ondisepossible’.
(V-R) colour index. For stars having (V-R) colours measured by The first conclusion is that in M 67 the strongest coronal
Gilliland et al. (1991) in the Cousin system, the Johnson (Y-R¥ources are binaried his was expected from the results on field
colour has been derived by using the transformation formulstars and from the age-coronal activity relationships: single, late
given by Taylor (1986). For the other stars, the (\;Rdlour type stars with ages comparable to the Sun are not expected to
has been computed using (B-V)-(V-R) standard transformatiogmsit X-ray in excess te-10%° erg/s in luminosity.

(Johnson 1966). In Fig. 3 the colour-magnitude diagram of the cluster is
For a few stars, both high (R=20000) and intermediagéown, with the X-ray identifications marked. It is striking to
(R=6000) resolution spectra were acquired. Chromospheniatice that a large variety of cases exists: one Blue Straggler
fluxes were computed by using both high and intermediate r§§1082), one peculiar object (S1063), evolved ‘normal’ bina-
olution spectra and the results were compared to evaluate tiles (S1077, S999), main sequence binaries (51019, S972), one
effects of the different resolution on the flux estimates. The ARed Straggler (S1040), and possibly a red giant (S364). Among
indices (the ratio between the Ca Il core emission and the pséeld stars such a comparison can hardly be done, due to the

docontinuum at 3958, see Pasquini et al. 1988) derived fromuncertainty in the fundamental stellar parameters.

low resolution spectra are systematically larger by a factor 2 The second conclusion is therefore that among the M 67
than those measured from the high resolution ones. Suchsanrces there exists a large variety in evolutionary status and
effect is expected, as discussed in Pasquini et al. (1989). Heeposition of binary systems. In particular, several of the
Aj values given in Tables 2 and 3 have been corrected for tetsong X-ray emitters are found among objects having peculiar
difference. The uncertainties in the chromospheric fluxes ardacation in the colour magnitude diagram.

the order of 5. For a few stars, marked with *" in Tables 2 This variety makes it difficult to understand which param-
and 3, the uncertainties may be even higher, due either to gters determine the X-ray emission in these binaries. From the

Fig. 2. High- and intermediate-resolution Ca Il andvidpectra of the
proposed candidates
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Table 2. Summary of the ROSAT sources with identified optical counterparts. Column 1): ROSAT ID, Column 2): Sanders (1977) number,
Column 3): V magnitude, Column 4): B-V colour, Column 5): V-1 colour, Column 6): V-R colour, Column 7): Orbital Period (Latham et al.
1992), Column 8): Photometric period, Column 9): Log of X-ray Luminosity, Column 10): Chromospheric index in the Ca Il K line, Column
11): Chromospheric flux in the Ca Il K line in units of 1@rg cn 2 sec *. Column 12): Angular diameter in milliarcsec according to the
relationship by Barnes and Evans (1976), Column 13): Stellar radii in units'8fct0. * The star is on the binary sequence of Montgomery et

al. (1993).> Photometric period from Goranskij et al. (1992hotometric period from Gilliland et al. (1991). For the derivation of the (V-R)
colours and the chromospheric fluxes see text.

Source Name \% B-V V- V-R O.P. Ph.P. Logfl Ak Fk Log(¢) R
/

1| NoS# 30.61 / /
4 | S1082| 11.25| 0.415| 0.529| 0.35* 1.068 30.98| 0.2| 40:| -1.4283| 21.9
7 | S1077| 12.47| 0.637| 0.843| 0.50* 30.85| 05| 50| -1.5436| 16.8
8 | S1063| 13.52| 1.07 | 1.199| 0.85* | 18.24 31.16| 0.95| 10| -1.4533| 20.7
10 | S1040| 11.55| 0.88| 0.91| 0.67 | 42.83| 7.97 30.79| 0.27 7| -1.21374| 35.9
1lla | S1019| 14.32| 0.83| 0.997| 0.67 9.75° 30.72| 0.75| 26| -1.76774| 10.0
13| S999| 12.60| 0.78| 0.908| 0.62 | 10.06| 9.79 30.68| 0.64| 30| -1.46664| 20.0
14 | S759| 16.17| 0.747 | 0.828 | 0.56* ??|0.23:| 14: N.M.
15 | No S# 30.83 | 0.27: /
17| S972| 1537| 0.89| 1.09| 0.67* @ 30.54| 05| 18| -1.97774| 6.2
19| S364| 9.93| 136| 130| 094 30.50| 0.15| 0.5| -0.65808| 129

Table 3. Additional M 67 stars observed at intermediate/high resolution for comparison purposes with stars of Table 2. Columns are the same
as in Table 2%: combined colour and magnitude from Latham et al (199Photometric period from Gilliland et al. (1991)

Name Vv BV VI VR O.P PhP. Loglk) Ak Fk Log¢ R
/

S1010| 10.48| 1.11| 1.08 .78 0.06 | 0.4: | -0.90536| 73
S1024| 12.718| 0.553| 0.685 43| 7.16 30.32:| 0.12 | 10: | -1.65326| 13
S1045| 12.54| 0.591 | 0.703 46 | 7.645 29.82| 0.07 3| -1.59192| 15
S1113| 13.766| 1.013 /l'] 0.78* 30.79| 1.58| 28| -1.56256| 16.1
S1242| 12.72| 0.683| 0.807 | 0.53* | 31.78 | 4.88 29.96| 0.20| 14 | -1.56786| 15.9
S1264 11.7| 0.92 /l'| 0.69* | 353.9 /10.09| 22| -1.22658| 34.8
S1272| 12.514| 0.598 | 0.697 | 0.47* | 11.02 /1011 10| -1.57814| 155

trary, the most luminous X-ray sources in M 67 span over a
ol %| range in visible luminosity of at least 4 magnitudes (cfr. Table
: 1). Although S972, which has the lowest X-ray luminosity, is
. | also the faintest established member of the cluster in the opti-
- S cal, other stars (like S1019 or S1063) show the highest X-ray
2 b — . 4 emission, while being relatively faint in the optical.

The third conclusion is therefore that, in this coeval sample,
the highest X-ray luminosity is not given by the most luminous
stars.

SR . Another interesting point is the dependence of X-ray emis-
L o L . | siononthe orbital (or rotational) period, since X-ray luminosity
' o scales with stellar rotational velocity (Pallavicini et al. 1981),
61 -4 which in turn is related to stellar radius and orbital period. In
P E— most cases (and for main sequence stars), itis expected that short
B-V period binaries are synchronized, i.e. they have equal orbital and
Fig. 3. Colour-magnitude diagram of M 67. Filled squares show tH@tational periods. Itis also expected that synchronization hap-
positions of the firm X-ray counterparts. S759 (non member) and S38&ns before orbit circularization (Zahn 1977). All 4 stars for
(possible counterpart) are indicated respectively as an open squarevahith the rotational modulation is known, as inferred from the
a star. photometric variability, have rotational periods of less than 10
days. For S1063, only the orbital period is known, but this star
study of field active binaries, it emerged that the main paraft@y have a special history (see Sect. 5.3). Pending more data
eter determining X-ray luminosity is stellar radius. Therefor@n the rotational period of the other objects, we can say that
the strongest X-ray emitters would be expected to be among theNot only the X-ray sources in M 67 are binaries, but also
most luminous systems (Dempsey et al. 1993b). On the conest of them have short rotational periods.




908 L. Pasquini & T. Belloni: Optical identification of ROSAT sources in M 67

On the other hand, do all M 67 short period systems show
strong X-ray (or chromospheric) activity ? In M 67, 11 binaries | ]
have a measured orbital period shorter than 16 days (Latham | . ,
et al. 1992), a canonical value for the definition of RS Cvn | ]
systems, but most of them were not detected in the ROSAT
observations. Three of them (S1272, S1284, S1224) where out | . 7
or at the very border of the ROSAT field; one (S999) was de-s - . -
tected, but the remaining (51045, S1234, S1024, S986, S1009, | .
S1070 S1014, S810) were contained in the ROSAT field but not
detected. These systems are likely active, but with X-ray luri-
nosities L, < 30.3 (corresponding to the sensitivity of BSV), ass | ]

it is suggested by the likely detection of some of these stars in | o ,

the deeper pointing (S1045, S1024, S1234 and S1070, Bellonié3 | el |

Verbunt & Mathieu, in preparation). Since some of the non- B

detected binaries, like S986, S1009 and S810, have periods of [ . 3 Ca” il

10 days or shorter, the data collected up to now show that : . 1
Among the binaries of M 67, a short orbital period does not | B . i

necessarily imply a high X-ray luminosity
Since we are dealing mostly with evolved stars, for which
short periods can coexist with eccentrical orbits, eccentricity * — 5,0 o8 1 = 1s
could be arelevant parameter, because the non-synchronization V=R
would allow the possibility of having a rotational period shortetig 4. ca Il chromospheric fluxes vs. (V-R) colour for M67 single
thanthe orbital period. Ofthe detected binaries, S1063 and SS8@s (Dupree et al., in preparation: open symbols) and ROSAT stars
have highly eccentric orbits, but S1040 has an eccentricity co(able 2 of this work: filled symbols)
parable with 0. This is surprising, because if the photometric
variability detected by Gilliland et al. (1991) really represents
the rotational period, than this star would be circularized but not . . _ _
synchronized. On the other hand, S1040 had probably a v the X-ray position, this star is considered as a doubtful
complex history, having had mass transfer in the past (Langgunterpart.
man et al. 1997). Considering this star as a special case we,!n order to perform an unbiased analysis of the relationship
could argue that non-circular binaries are favored among t@tween chromospheric and coronal activity, we have to use
strongest X-ray emitters. However, in the list of Latham et dndicators which express similar quantities, namely fluxes at
(1992), there are five short-period binaries with eccentricitiéie stellar surface. We computed the radii of the stars by using
significantly different from 0 (51284, S1272, S1234, s122the same Barnes-Evans (1976) relationship used to calibrate the
S1014). Two of them (S1014 and S1234) were in the ROSAJ2 Il data: Log = 0.4874 - 0.2V, + 0.858(V-R). Although we
field of view but were not detected. Therefore, it seems tHgiow thatthe resulting radii are probably incorrect (for instance,
also a h|gh eccentricity does not reprewﬂsea condition for because the stars are ImpIICItly assumed to be Single), the fact
strong X-ray emission. that the same relationship is used for computing the Ca Il and X-
ray fluxes minimizes the presence of possible systematic effects
in the comparison. We assumed an absorption A(V)=0.17 and
a distance of 785 parsecs (Janes 1984). The resulting diameters
The chromospheric flux of the Sun in the Ca Il K line is oftnd radiiare given in Tables 2 and 3 (in units of milliarcseconds
3-5x10° erg cnr2sec’! (Pasquini et al. 1988). For the mair@nd 10° cm respectively). In Fig. 5a, Log(¥ is given as a
sequence G stars in M 67, being metallicity and age comparaBigction of Log .. The relationship is rather scattered and
with those of the Sun, values comparable with this are expectB¥Stly the presence of the (doubtful) S364 hints to the presence
Recently, Dupree et al. (in preparation) studied the chr8ta trend.
mospheric emission in the Ca Il lines for a sample of M 67 Since the sample contains systems whose evolutionary sta-
giants, using calibrations and spectra of similar quality to tti@s is very different from each other, to further investigate this
ones presented here. In Fig. 4 the Ca Il chromospheric flux@®nt we plot in Fig. 5b the ratio between the X-ray and chro-
are plotted as a function of the (V-R) colour, both for the stafgospheric fluxes versus apparent magnitude. Fainter (i.e. higher
in Dupree et al. (open squares) and for the X-ray counterpa@t@vity) stars have much higher coronal to chromospheric flux
of Table 2 (filled squares). The ROSAT stars have a level B#tios than more luminous (i.e. lower gravity) stars.
chromospheric activity one order of magnitude higher than the Although the number of objects is rather low, it appears that
optically-selected giants in Dupree et al. The only exceptiondsvarfs and giants follow different trends, with dwarfs having
S364, which fits extremely well within normal giants of similahigher E, for a given Fj,. This fact has two possible explana-
spectral type. For this reason, despite the reasonable agreeriens:

5.2. Chromospheric activity
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counterpartsb Coronal to Ca Il fluxes as a function of stellar magni- | b |
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— For comparable chromospheric fluxes, higher-gravity stars Log(L)
are more efficientin heating their coronae than lower-gravity X
stars. This could indicate the presence of different cororriy. 6. ROSAT luminosity for the M 67 sources (broken line) and for
structures between dwarfs and evolved stars. RS CVn binaries with known distances (continuous line)
— The assumption that the Ca Il K fluxes are representative of
the whole chromospheric losses may not apply when com-
paring stars of different luminosity. Giants could for instancemong field binaries? Note that, in absence of detailed studies
have a different balance in the different chromospheric linég.9. accurate determinations of mass, metallicity and gravity),
than dwarfs. similar systems in the field cannot be distinguished by otherwise
'normal’ RS CVn binaries. A more detailed study in other clus-
ters and possibly the analysis of Hipparcos parallaxes of active
binaries will help in understanding how common these systems
are. Investigation of their binarity and orbital synchronization
Two objects deserve a special attention, due to their pecukéH also be crucial to model their possible evolution with time
position in the colour-magnitude diagram: S1063 and S1113see i.e. the discussion in Stepien 1995).
S1113 was was outside the field of the observation by BSV.
Because of the strong chromospheric activity _ob.served,. we. Comparison with ROSAT observations of field RS CVn
would expect it to show rather strong X-ray emission, which
is indeed detected in the new ROSAT pointing (cfr. Table 3).One of the aims of this study is the possibility of comparing
These two stars are located below the giants branch: ttiey the first time active stars in an old cluster with the field
are as red as single subgiants, but aimost one magnitude faiftepulation of RS CVn. Dempsey et al. (1993a,b) studied the
S1063 is a known eccentric binary with a period of 18.3 day8OSAT detections of known RS CVn. Their sample, taken from
while S1113 is a short period (2.82 d) circular binary (Lathaithe catalogue of Strassmeier et al. (1988), contains binaries of
et al. 1992, Mathieu et al. in preparation). The two stars agelarge variety of ages, masses and periods. We selected all
classified as members in the proper motion studies of Sandég stars from Dempsey et al. (1993a) with known distance.
(1977) and Girard et al. (1989), with a probability higher thawe computed X-ray luminosities by converting the PSPC count
90%. Their peculiar position in the colour-magnitude diagraates (see also Dempsey et al. 1994) using the same conversion
and their high level of coronal and chromospheric activity makactor used for the M 67 stars. The distribution in luminosity is
these two object very interesting. It is not possible to simpgyiven in Fig. 6 for M 67 and field RS CVn separately. Although
combine two M 67 stars and obtain the magnitudes and colotiteé M 67 sources do overlap well with the main body of field
of S1063 and S1113. Some mass exchange, or large mass Id3§&€Vn’s, their emission is not as high as the most active RS
inthe past history of the systems, possibly still going on, look ug~Vn systems.
avoidable. The high-resolution Ca Il spectrum of S1113 shows Fig. 6 shows that the high X-ray luminosity tail of binaries
neither direct evidence of duplicity, nor strong asymmetries in the 4 Gyr old cluster M 67 is about 10 times lower than the
the Ca Il core typical of strong mass losses, but not much daigh luminosity tail of field RS CVn’s.
be derived with only one optical spectrum for this star. The reasons for this difference are at the moment not very
We stress that the conclusion that these two stars have siléar: it could be an effect due to the old age of the cluster and/or
fered a special evolutionary history is made possible only Iy the evolutionary status of the sources, or to a statistical effect
the fact that we they are members of a cluster (and thereforeeaised by the fact that we can only sample a few hundred stars
can firmly position them in the colour magnitude diagram) anwlithin the cluster. Identifications in clusters of different ages, as
by the detailed optical follow-up. How many such systems exisell as a detailed analysis of the strongest sources in the field,

5.3. S1063 and S1113
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will help in understanding this open question. It is interesting tatham, D.W., Mathieu, R.D., Milone, A.E., Davis, R.J. 1992, in ‘
note that in the analysis of the much younger Hyades, Stern etBinaries as Tracers of Stellar Formation’, A. Duquennoy and M.
al. (1995) found that binaries are the strongest X-ray emitters in Mayor eds., p. 132 (Cambridge Un. Pr.)

this cluster. Similarities with M67 exist also in that the strongeMathys, G. 1991, A&A 245, 467

X-ray source in the Hyades (V471 Tau) is a peculiar system. f{€nick, J. 1993, EMMI Operating Manual (ESO) _
nally, Hyades binaries have X-ray luminosities similar or |0Wé\petanomsk|, A.D.F., Pasquini, L., Krautter, J., Cutispoto, G., Fleming,

T.A. 1998, A&AS, in press
than those observed among the M67 sources. Montgomery, K.A., Marschall, L.A., Janes, K.A. 1993 AJ, 106, 181

This could indicate that as far as the high-luminosity ta@ttmann, R., Fleming, T.A., Pasquini, L. 1997, A&A 322, 785
of the X-ray luminosity function is concerned, age is not theyjjavicini, R., Golub, L., Rosner, R. et al., 1981, ApJ 248, 279
primary parameter to determine the X-ray emission in binarigsasquini, L., Pallavicini, R., Pakull, M. 1988, A&A 191, 266
as pointed out also by Ottmann et al. (1997) in their analysis®dsquini, L., Pallavicini, R., Dravins, D. 1989, A&A 213, 261
Pop Il binaries. Pasquini, L., Belloni, T., Abbott, T.M.C. 1994a, A&A 290, L17
We would therefore argue that the extremely active i.g. (LlPasquini, L., Storm, J., Dekker, H. 1994b, The Messenger 77, 5
~ 10%2 erg cnT 2 sec~!) RS CVn systems seem to be very rargand?ch, S, SchmiFt,_J.H.M.M. 1995, A&A, 298, 1_15
and possibly limited to quite exceptional cases. Metanomskiggndich, S., Pasquini, L. 1996, * CASPEC Operating Manual’ (ESO)
al. (1998), in their study of hundred stars identified over a Ia@?nders‘ W.L. 1977, ARAS 27, 89

. . epien, K. 1995, MNRAS 274, 1019
area of the ROSAT All-Sky Survey, find results similar to our tern, R.A., Schmitt, J.H.M.M., Kahabka, P.T., 1995, ApJ 448, 683

no such a high luminosity coronal source is indeed presentd o 3T Morris. S.L.. et al. 1991 ApJS, 76, 813
their sample. Strassmeier, K.G., Hall, D.S., Zeilik, M. et al., 1988, A&AS, 72, 291
Turatto, M. 1997, * The B&Ch Spectrograph User’'s Manual’ (ESO)
Acknowledgementsie thank the referee, J.H.M.M. Schmitt, for manywaiana, G.S., Cassinelli, J.P. et al. 1981, ApJ 245, 163
useful suggestions and comments. Walter, F.M., Cash, W., Charles, P.A., Bowyer, C.S. 1980, ApJ 245,
671
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