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Abstract. We present ROSAT HRI observations of the NGC NGC 2516 can be a cornerstone for these studies because of
2516, a young southern open cluster with low metallicity. Ws low metal abundance and closeness. Cameron (1985) reports
detect 73 X-ray sources already detected with the PSPC andA&/H] =—0.422 based on photometry. Jeffries etal. (1997) have
new X-ray sources. The higher HRI spatial resolution allows psiotometrically determined the abundance of NGC 2516 to be
to improve the position of the previous known sources, and 2= 0.5x Z, or[Fe/H] = —0.32 from the presence of@— B
better determine the optical counterparts of X-ray sources witblor excess. Jeffries et al. (1998) find [Fe/H}&=18 £+ 0.05
respect to the PSPC data. comparing theB — V versusV — I¢ plot of the cluster with

We find 28 sources with no catalogued counterparts, maise ZAMS loci derived by Pinsonneault et al. (1998) calibrated
with faint objects within their X-ray positional error circle.on the Hyades and Pleiades. However it is worth stressing that
Multiband CCD photometry of these possible counterpam® direct spectroscopic abundance determination for NGC 2516
shows that about half of them are consistent with being dK aget exists.
dM cluster members. Assuming that they are true NGC 2516 The photometric derived abundance, the distance (m -
members, the derived X-ray luminosity is consistent with thdd=7.94) and the age~{ 140 Myr), make NGC 2516 the low
observed in dK and dM stars in more metal-rich open clusteretallicity counterpart of the Pleiades (agd 00 Myr with so-
of similar age, suggesting that the activity level at which X-rakar metallicity). The comparison of the X-ray properties of these
saturation occurs is insensitive to a change of a factor twotimo clustersis a powerful method to investigate how abundances

stellar metallicity. affect mixing and dynamo action in the convection zones of low
mass stars.

Key words: Galaxy: open clusters and associations: individual: The low 7 is expected to produce well defined changes in

NGC 2516 — stars: coronae — X-rays: stars observable properties of NGC 2516 members with respect to

solar metallicity stars. The lower opacity is expected to shift the
onset of convection toward lower masses, and therefore to shift
the onset of magnetic activity from F3-F5 (typical for salar
down to F8-GO. Stars with same mass, but different metallicity

Standard stellar structure theory has been very successful infege different convection zone depths, and therefore should have
plaining the general features of stellar evolution (such as tfiéferent dynamo efficiencies. Since loss of angular momentum
shape of the H-R diagram, etc.). However, standard models fgidue to the magnetic braking, rotational velocity is also ex-
to explain several observed important features in the evolutibcted to be influenced by the lowgt Plasmas with similar

of low-mass (i.e. F, G and K-type) stars, such as the obsenfgfperature structure and density, but different metallicity, have
photospheric lithium abundance, which is a very sensitive proy@'y different radiative output, since much of the broad band soft
of the mixing of surface and deeper layers in stars. Given teray emission results from line emission (bound-bound tran-
influence of metallicity £) on the structure of the convectionsitions) of highly ionized elements. Hence higher metallicity
zone, comparison of the evolution of well-defined stellar popgtars may show enhanced X-ray emission with respect to older
lations of differentZ (with factors of 2 inZ making a significant metal poor stars, under the same thermodynamic conditions of
difference in the convective depth) can be an effective way e coronal plasma. This effect is very strong for coronal tem-
determine the presence of additional mixing mechanisms a@fratures of the order of 1& (more than 95% of the emission
discover the time scales upon which they operate. Open cliEROSAT band is due to bound-bound and bound-free transi-

ters, consisting of stars of the same age and composition, #®8s) and less relevant for hotter coronae (&t he fraction
the ideal Samp|es on which to perform such investigations_ of emission due to bound-bound and bound-free transitions is

of the order of 60%), and drops very rapidly for even hotter

1. Introduction
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Table 1. Summary of the HRI observations

Field RA(J2000) DEC(J2000) LIVE-TIME UT START DATE UT END DATE
(hms) o’ (sec)

1 75807.2 —-604536.0 24 849 27-DEC-96/11:42:06  20-JAN-97/05:05:28

2 " " 53318 14-JUN-97/01:53:24 29-SEP-97/20:32:22

coronae (cf. Micela et al. 1992). Of course changes of radiatitiens, is underestimated and that the metallicity of the cluster is
losses affect the differential emission measure of the plasrolmse to solar.
which is governed by the balance between heating, conduction, Inthis paper we presentthe results 6f 80 ksec observation
and radiative losses. obtained with the High Resolution Imager (HRI — Zombeck et
NGC 2516 has been observed with the ROSAT Positiah 1990) onboard ROSAT. Two separate observation sequences
Sensitive Proportional Counter (PSPC) with two observation®re obtained in the same direction as the PSPC observations
of ~ 10 ksec (Dachs & Hummel 1996) and 60 ksec (Jeffries et @escribed in Paper I. The sky region covered by the HRI is
1997, Paper 1), respectively. These fields are very crowded, an@®8 arcmin diameter, covering only the central portion of the
in the longest exposure more than 160 X-ray sources have bB&PC observation. The efficiency of the detector is lower than
detected (Paper ), with the majority of the sources concentrathdt of the PSPC, hence the present observations should be less
in the central part of field of view, as shown in Fig. 4 of Paper $ensitive than the PSPC one, but the higher spatial resolution
Many of the sources are confused and the fluxes have been estabuld allow us to better identify the sources and to limit con-
uated by fitting multiple PSF’s to the data. This method allowddsion problems, and to compensate, at least in the center of
reliable fluxes to be obtained for the most intense sources, tha field of view, for the loss of sensitivity (since the narrow
was less reliable for the weaker sources, some of which are likeliRl PSF makes it possible to have a smaller detection cell with
missed since they would be too close to very bright sources. Aawer background counts).
other problem for such a field that is rich in both X-ray sources We note that because of its rich X-ray source population,
and their possible optical counterparts, is that frequently mdw&C 2516 has been selected as calibration target for the Chan-
than one optical candidate falls within the error circle of a PSRiEa and XMM instrumentation. It is therefore important to ac-
X-ray source. We note that in the deepest exposure, the PSR@ately obtain X-ray source positions as well as the positions
reached fluxes as faint 49 '“erg sec !cm—2. Considering of their counterparts in order to calibrate the spatial resolution
that in young clusters, the most active late-type stars haveapability of Chandra and XMM.
log(fx/fv) ratio in the range-2 to —1, the corresponding op- ~ Our paper is organized as follows: S&tt. 2 presents the obser-
tical counterparts could have V between 16.3 and 18.7. Henagions and data analysis, S&¢t. 3 presents the identifications of
a good spatial resolution is required in order to properly anide X-ray detections, SeEl. 4 discusses the properties of sources
unambiguously identify the true counterparts of X-ray sourcesidentified with catalogued objects together with photometric
and to correctly determine the X-ray properties of the clust@bhservations of their possible counterparts, and Sect.5 com-
especially among the lower mass stars. pares fluxes obtained with the present observations with those
The PSPC observations of NGC 2516 in Paper | gaveohtained with PSPC in order to assess coronal variability in
number of indications about the effects of abundance on X-rii¢sC 2516 on timescales of years.
emission: the authors found that a group of F stars have an
emission level higher than the maximum emission observedinx_ray observations and data analysis
the starof same coloin the Pleiades: a possible explanation
of this effect is that metal poor stars in the considered colbpe observations have been performed in two pieces separated
range have lower mass than metal rich stars and hence thidReabout six months; in Table 1 we report the journal of the ob-
convection zones. Indeed the effect vanishes if stars of saffévations. We have analyzed the two HRI images individually
mass range (and not color!) are compared (cf. Fig. 12 of Pag&# then we have summed them up in order to achieve the high-
). The G stars in NGC 2516 are in fact X-ray underluminou@st sensitivity. Both segments have been obtained over a large
with respect to their counterparts in thiler NGC 6475 clus- elapsed time (about one month for the first and more than three
ter, suggesting a dependence of the activity-rotation paradigtnths for the second), limiting the possibility of exploring
on metallicity. On the other hand lithium depletion should als¢riability on time scales of hours or few days. The observa-
depend on the properties of the convection zone, but lithiumtignal timing is well suited to explore variability on time scales
NGC 2516 does not behave as expected on the basis of stan@hMeeks and few months, but the low statistics of the sources
models (Jeffries et al. 1998), casting doubt both upon the r@&¢vents it.
effects of metallicity on the convection zone, and upon mix- As adetection algorithm we have adopted the wavelet trans-
ing mechanisms in general. Alternatively it is possible that tfh@'m algorithm developed by Damiani et al. (1997a), tuned for

meta|||c|ty of NGC 2516, obtained from photometric observéhe HRI (See Micela etal. 1999 for deta”s). We have constructed
a flat field using the exposure map, which takes into account
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Fig. 1. Summed HRI image of central region of NGC 2516. distribution with this value), the count rate (and error) computed

from the counts obtained by the detection algorithm and the
observation times measured from the exposure map, the 50%

the vignetted cosmic X-ray background and the intrinsic detegnd 90% error circles according to the analytical formulation of
tor nonuniformities. We also constructed a particle backgroutghmiani et al. (1997a, see also Sciortino et al. 1998), the PSPC
map, that accounts for the increase of the particle-induced bagkunterpart (JTX sources from Paper 1) of HRI sources, and
ground at large off-axis angles and which contributes a substan-optical identification flag. In order to cross-correlate HRI
tial fraction of the total observed background (Snowden et alhd PSPC sources we have assumed the 90% error circle for
1994, Snowden 1998). the former and 1% for the latter (see Paper ). In 95% of the

The detection threshold has been chosen so that we detggtches we obtain, the offset between HRI and PSPC sources
only ~1 spurious source per field. For our exposure times théssmaller than 1%.
threshold corresponds approximately to a gaussian equivalentwe note that we have detected 12 new X-ray sources that
(i.e. same probability as the normal distribution with this valugyere not detected with the PSPC in Paper I.
of 4.50. Since the number of photons per HRI resolution ele-
ment is small, and hence the statistics are far from the gaus%'a
limit, a large number of simulations were performed to deter-
mine the proper acceptance threshold. We have identified our detected sources with the PSPC sources

As a first step we applied the detection algorithm to the twWdTX list in Paper 1), with the cluster members from the optical
images separately. This enables us to identify possible systaatalog compiled in Paper I, mainly on the basis of Dachs &
atic offsets due to limitations in the ROSAT aspect determinKabus (1989) and Eggen (1972) and with Simbad catalogued
tion, which can be of the same order as the spatial resolutioinjects. As a first step we adopted an identification radius equal
of the HRI. After a first identification process with cataloguetb the 50% positional uncertainty computed by the detection
stars (see below) we found that both segments had small lgorithm. If no counterpart is present in the above error cir-
tematic offsets{ 2" in the first segment and 4 in the second cle, we have adopted the 90% error circle. In the identification
one). In order to sum up the two segments we properly registem@dcess with JTX sources we have added an uncertainty’of 15
the two individual observations, and then ran the detection algn-quadrature to allow for the uncertainty in the positions of
rithm on the summed image, finding a total of 83 X-ray sourcebe PSPC sources. Using this criterion we have identified 73
The summed image is shown in Higj. 1, while the final source list the JTX sources. Out of the 85 HRI sources 47 are identi-
is reported in Tablgl2. At the end of the table we have added tfied with catalogued cluster members, 10 with field stars and
sources that were detected in the second segment, but were?8atources are unidentified with catalogued objects. The iden-
detected in the summed image for intrinsic variability or for stdifications with the cluster members are in general very good,
tistical fluctuations. Source # 77 is likely spurious as discusseith ~90% of the identifications within’6 We report in Ta-
below. ble[3 the X-ray properties of cluster members we have detected,

For each source we report the coordinates, the detectighile Fig[2 shows the HR diagram for these sources. Detected
significance in equivalemnt (i.e., same probability as the normamembers, as already found in Paper |, cover the whole mass

Iquentiﬁcations
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Table 2. X-ray sources detected in the ROSAT-HRI observation. For each source we report the coordinates, the off-axis angle, the detection
significance (in equivalent i.e. same probability as the normal distribution with this value), the count rate with its error, the 50% and 90%
positional uncertainty, and the identification with PSPC sources in Paper |, the source D32 is not detected in Paper I, but it is detected in Dachs
& Hummel 1996. A flag in the last column indicates if the source is identified with a cluster member (C), with a field star (F) or is not identified
with catalogued object (N)

# R.A.(J2000) DEC.(J2000) Off-axis o Rate Err Pos.Err . JIX ID
(h.m.s)) o' ! cnt/ksec 50%[] 90%["]
1 7:56:03.0 —-60:38:21.8 17.0 4.75 216 0.64 20.0 354 4 N
2 7:56:22.0 —60:51:47.8 13.7 7.75 1.59 0.39 13.9 25.7 12 C
3 7:56:33.9 —60:48:08.3 10.5 14.57 219 0.25 9.4 18.8 16 F
4 7:56:34.4 —60:36:48.3 13.4 5.77 232 0.61 14.3 24.4 N
5 7:56:45.8 —60:49:03.8 89 6.67 0.70 0.19 7.7 16.5 22 C
6 7:56:46.3 —60:43:23.8 84 485 0.68 0.21 7.3 15.9 23 N
7 7:56:47.8 —60:56:53.9 13.7 8.72 2.26 0.39 15.2 27.7 25 C
8 7:56:47.9 —60:46:33.9 7.9 9.77 1.05 0.18 6.8 15.3 26 N
9 7:57:11.9 -60:33:09.7 14.0 6.14 0.91 0.26 14.0 25.7 35 F
10 7:57:13.7 —60:40:54.7 7.7 7.99 0.50 0.15 5.0 13.1 36 C
11 7:57:18.3 —60:48:19.8 6.0 5.45 0.39 0.12 3.8 11.9 .. N
12 7:57:19.1 -60:56:32.3 12.1 6.47 0.68 0.19 10.5 204 38 N
13 7:57:19.3 —60:48:49.8 6.1 5.64 0.41 0.13 3.9 12.0 39 C
14 7:57:23.0 —-60:49:42.4 6.1 6.29 047 0.14 4.0 12.0 41 F
15 7:57:25.2 —60:45:02.4 4.2 6.81 0.52 0.16 3.1 11.3 43 N
16 7:57:28.4 —60:51:30.0 6.9 5.84 0.79 0.22 4.5 12.6 C
17 7:57:29.1 —-60:52:15.0 7.5 6.37 0.36 0.12 5.0 13.1 46 N
18 7:57:30.9 -60:48:35.1 44 10.99 0.87 0.14 31 11.3 50 C
19 7:57:31.8 —60:37:22.6 8.8 4.76 0.47 0.15 6.3 14.7 52 C
20 7:57:38.0 —60:54:35.2 9.2 5.49 0.75 0.22 6.6 15.0 54 C
21 7:57:43.9 —-60:47:30.2 2.0 9.11 0.66 0.12 24 10.8 62 C
22 7:57:47.0 —-60:42:40.3 3.0 4,51 1.16 0.36 2.6 10.9 64 N
23 7:57:47.1 —60:36:35.3 9.0 5.05 0.50 0.16 6.4 14.7 66 C
24 7:57:47.8 —60:31:25.3 14.2 5.72 1.17 0.32 14.4 26.4 67 C
25 7:57:49.3 —60:51:00.3 54 4.93 0.48 0.15 3.3 11.5 N
26 7:57:51.7 —60:48:07.8 2.6 4.94 0.26 0.09 24 10.8 N
27 7:57:55.2 —60:48:30.3 3.1 8.94 0.69 0.13 2.4 10.8 72 C
28 7:57:55.2 —60:35:52.8 9.8 4,52 0.33 0.12 7.0 15.5 71 N
29 7:57:55.9 —60:42:40.3 3.1 4.51 0.24 0.10 2.4 10.8 74 N
30 7:57:55.9 -60:42:32.8 3.2 4.87 0.47 0.15 2.5 10.9 74 N
31 7:57:56.5 —60:50:37.9 5.2 5.52 0.30 0.10 3.0 11.2 75 C
32 7:57:57.2 —-60:44:17.8 1.8 10.20 0.73 0.12 2.2 10.7 78 C
33 757575 —-60:53:42.9 8.2 6.82 052 0.14 51 13.2 77 C
34 7:57:59.2 —-60:56:57.8 115 9.98 0.98 0.17 8.9 18.1 80 C
35 7:58:00.3 —60:52:15.3 6.7 5.72 0.57 0.17 3.9 12.0 81 N
36 7:58:02.4 —60:46:50.4 1.3 13.92 1.21 0.16 2.2 10.7 84 C
37 7:58:02.7 —60:48:50.4 3.3 5.74 0.31 0.10 2.4 10.8 82 C
38 7:58:05.1 —60:45:05.4 05 479 0.25 0.09 2.1 10.6 85 C
39 7:58:06.1 —60:35:52.9 9.7 28.88 3.90 0.26 6.8 15.3 86 N
40 7:58:08.2 —60:46:52.9 1.4 6.73 051 0.14 2.1 10.6 C
41 7:58:08.8 —60:44:42.9 11 7.36 0.56 0.16 2.1 10.6 88 C
42 7:58:10.2 -60:52:00.4 6.5 7.32 0.43 0.13 3.7 11.8 89 C
43 7:58:14.6 —60:35:55.4 9.8 6.87 0.53 0.15 6.8 15.2 D32 N
44 7:58:14.6 —60:43:32.8 2.6 4.56 0.32 0.11 2.2 10.7 94 C
45 7:58:16.3 —60:30:15.3 15.5 4.68 0.52 0.17 16.6 29.8 N
46 7:58:18.0 —60:45:17.9 22 912 0.77 0.14 2.2 10.7 9%5 C
47 7:58:19.7 -60:41:57.8 4.4 9.24 0.85 0.14 2.6 10.9 96 C
48 7:58:22.2 —60:51:32.8 6.6 16.29 1.47 0.16 3.6 11.7 97 C
49 7:58:22.8 —60:40:20.3 6.0 13.56 1.15 0.15 3.3 115 9 F
50 7:58:23.2 —60:55:02.8 9.9 15.08 1.77 0.21 6.5 150 100 C
51 7:58:23.4 —60:37:20.3 8.8 11.47 1.15 0.17 55 13.6 101 F
52 7:58:26.7 —61:00:55.3 157 452 0.69 0.22 16.5 29.7 N
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Table 2. (continued)

# R.A.(J2000) DEC.(J2000) Off-axis o Rate  Err Pos.Err . JTX ID
(h.m.s)) o ! cnt/ksec 50%[] 90%["]
53 7:58:30.0 —60:49:05.2 5.4 8.45 0.68 0.18 2.7 11.0 102 N
54 7:58:30.3 —60:41:50.2 5.7 6.32 0.35 0.11 2.9 111 103 C
55 7:58:30.9 —60:37:45.2 9.0 5.18 0.50 0.15 53 13,5 104 C
56 7:58:31.4 —60:53:15.2 8.8 4.59 0.33 0.11 5.1 13.2 105 C
57 7:58:32.0 —60:46:05.2 45 10.27 0.84 0.21 2.4 10.8 107 F
58 7:58:33.4 —60:44:30.2 4.9 10.08 0.78 0.14 2.4 10.8 108 C
59 7:58:35.8 —60:46:55.2 53 11.36 0.89 0.13 25 109 109 C
60 7:58:36.6 —60:50:22.7 7.1 8.95 0.72 0.14 3.4 116 111 C
61 7:58:40.2 —60:41:47.6 7.0 6.24 0.61 0.18 3.2 114 113 C
62 7:58:43.1 —60:55:30.1 11.8 9.51 135 0.23 8.0 170 114 C
63 7:58:44.1 —-60:33:00.0 14.2 6.61 0.72 0.20 12.4 23.3 116 C
64 7:58:48.3 —60:54:20.0 11.4 11.03 1.17 0.21 7.0 155 119 C
65 7:58:50.6 —60:38:37.4 104 23.74 3.38 0.27 5.7 139 122 C
66 7:58:50.9 —60:49:32.4 8.7 50.20 8.58 0.36 3.8 119 121 C
67 7:58:52.3 —60:35:19.9 13.0 7.88 1.13 0.29 9.4 189 123 N
68 7:58:52.7 —60:53:39.9 11.4 5.67 0.79 0.23 6.7 152 124 C
69 7:58:53.0 —60:36:09.9 12.4 7.81 0.82 0.22 8.4 17.4 126 C
70 7:58:56.6 —60:47:24.8 8.9 4.67 0.25 0.09 3.6 11.7 N
71 7:58:57.6 —60:43:02.3 9.2 9.49 0.87 0.15 3.9 120 131 F
72 7:59:12.2 —-60:42:24.4 9.2 8.44 0.66 0.17 55 136 137 N
73 7:59:18.6 —60:31:39.2 17.0 5.15 2.29 0.65 191 33.9 N
74 7:59:21.3 —60:48:59.1 10.8 10.53 157 0.25 6.6 15.0 139 C
75 7:59:22.9 -60:45:26.5 10.5 6.74 0.69 0.19 6.1 145 140 C
76 7:59:23.6 —60:47:34.0 10.8 7.17 0.56 0.16 6.5 148 141 F
77 7:59:25.3 —60:47:33.9 11.1 4.92 1.29 0.39 6.7 151 143 N
78 7:59:27.7 —60:47:48.9 11.5 8.11 0.87 0.22 7.1 15.7 143 C
79 7:59:32.2 —60:48:48.7 125 17.13 246 0.26 8.1 170 144 C
80 7:59:36.8 —60:44:33.5 12.9 10.19 1.02 0.17 8.3 174 147 F
81 7:59:52.0 —-60:47:27.8 15.5 4.57 0.35 0.12 114 21.8 N
82 7:59:52.4 —60:43:27.8 15.6 7.37 1.10 0.28 11.6 221 149 N
83 7:59:55.1 —-60:41:57.7 16.3 541 0.79 0.23 12.8 240 150 C
84* 7:56:59.2 —60:49:52.4 7.3 4.63 0.31 0.12 6.3 14.7 30 N
85* 8:00:04.9 —60:46:15.3 14.9 4.98 1.19 0.36 14.2 25.0 154 F

* Sources detected only in the second segment

range present in the optical catalog. X-ray luminosities hade Sources without cataloged counterparts

been computed assuming a conversion factor from counts t .
P g S\/\}% have detected 28 sources without catalogued counterparts.

flux of 4.5 10~ erg cm~2/count (computed witlpimmsfor a .
Raymond-Smith spectrum with T=0.3kev and a absorbing hII\}glany of these sources (18 out of 28) have been detected in at

drogen column =7 x 10%%m~2 and an intrinsic distance ast one of the previous PSPC observations, and one of the

modulus of 7.94 for consistency with Paper | (see Sect. 5) whis aining has been detected in our reanalysis of PSPC data
X . . .. (Micelaetal.in preparation), based on a wavelet base algorithm
we found two possible counterparts, in absence of further inf E)amiani et al. 1997b). An inspection of the STScl Digitised

mation, we split the observed rate between them. .
We find 12 sources that were not detected in Paper |. Ni%gy Survey (DSS) reveals that most of these sources have faint

cannot be identified with cataloged sources and one (#43) Vﬁ%mterparts. In Fig]3 we present finding charts for these 28

- . , . .
detected by Dachs & Hummel (1996). The two remaining hevgurces. Each finding chart is a square’affXsize. The circles

sources are identified with cluster members, one late-type atﬂ%iide the finding chgrts represent the 50% of positiqnal unccir—
one early-type star, respectively. The emission detected from ﬁ'é‘.t)’ or, when twg circles are shown, the outer one is the 90%
latter could be due to UV leak contamination through the HFE’IOSItlonal uncertainty.

filters (Zombeck et al. 1997), but we cannot exclude real X-ray

emission from this star since a significant fraction of early typk1. Expected field sources

stars have been detected as X-ray sources in NGC 2516 (P%ee

r . :
1) and the PSPC does not suffer similar UV contamination. have computed the expected number of field sources in our

fields, using the sensitivity maps obtained by the wavelet algo-
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Fig. 3. Finding charts for unidentified HRI sources detected in the NGC 2516 region extracted from the STScl DSS. Each’ drag sdz,
centered on the HRI position. Identification circles at 50% are indicated, if there are no counterparts in this identification circle, the 90% circle
is also shown.

rithm with a spatial resolution of 10<10”. Given the relatively 8 and 12. Schmidt et al. (1998) find that the fraction of coronal
low galactic latitude of the cluster {b—16°) we expect a con- stellar sources in the X-ray source sample in the Lockman hole
tribution both from galactic and extragalactic sources. Henfldasinger et al. 1993) is only 6% of the total, which in our case
we have decided to estimate the number of field objects withplies that less than 1 of these predicted sources is of stellar
two different approaches. First we have estimated the numbeture.

of expected extragalactic sources from (N )-log(.S), de- Given the lower latitude of NGC 2516 we expect a larger
rived at higher latitudes, of Branduardi-Raymont et al. (1994)umber of normal stellar sources unrelated to the cluster. In or-
and of Hasinger et al. (1993). We have assumed a hydrogiar to predict them we have used the XCOUNT model (Favata
columnNy = 1.2 10%! cm~2 towards NGC 2516, obtainedet al. 1992) that allows the prediction of numbers of field stellar
by interpolating data from Stark et al. (1992), and a power-laM+ray sources, taking into account the age dependence of coro-
spectrum with a photon index ranging between 1 and 2. The t@l emission in stars and their galactic distribution. We have
tal number of sources predicted for our survey ranges betwesso used the sensitivity map obtained by the wavelet algorithm
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Table 3. X-ray properties of detected cluster members. The parentheiie high spatial density of active binaries of 00—* pc—2 (Fa-
in L., values indicate sources with more than one counterpart; in thegta et al. 1995). Comparing these numbers with the number
cases we have assumed that all the counterparts contribute at the Y3 of field stars detected and also considering the number of

level to the observed luminosity. sources without cataloged counterparts, we are probably seeing
an excess of detected field stars over the XCOUNT predictions,
OPTID V. BV Xray# Offsu‘st log lgl that is similar to that found in the analysis of the stellar con-
["] [ergs] tent of theExtended Medium Sensitivity Sur&giortino et al.
DK 423 11.56 0.62 2 75 3011 1995). Furthermore, we note that NGC 2516 is just on the edge
DK 73 836  0.02 5 8.0 (28.46) of the Gould Belt (Guillout et al. 1998) that has been shown
DK74 878  0.09 > 5.8  (28.46) to have an excess of X-ray bright late-type stars which is not
BE ‘Z‘gg iggg 8-‘7‘3 12) ‘;-g 3821 presently modeled by XCOUNT. In particular NGC 2516 is at
DK 15 9.'29 O..12 13 7.'2 29"52 12.5° from the _nomlnal Gouk_j Belt d_etermlned by Guillout et
DK 463  13.46 0.79 16 13 29.81 al. that has a thickness of 2Qt is possible that the excess X-ray
E 111 14.08 0.92 18 31 2085 sources we have found are foreground X-ray sources related to
DK230 12.84  0.65 19 31 2958 the Gould Belt population.
DK 23 8.81 0.06 20 5.2 29.79
DK 306 13.83 0.76 21 3.2 29.73
DK 26 8.39 -0.01 23 5.4 29.61 . e
DK238 1218  0.56 24 73 2998 4.2. New identifications
DK403 1288  0.79 27 33  29.75 We have identified the sources without published counterparts
DK503 12.67  0.72 31 48 2939 with stars from a new photometric catalog obtained by Jeffries,
DK 32 9.88 0.19 32 21 29.78 Thurston & Hambly (in preparation). Briefly, this catalogue re-
5575 13 iggi 8§§ 32 j’:i gggg sults from aBV 1. CCD survey of approximate_ly_l square de-
DK 78 1205 061 36 23 29.99 gree of NGC 2516 centered on the ROSAT pomtmg. These daFa
DK 34 8.95 0.08 37 36  29.40 were taken atthe Q_TIO 0.9-m telescopg during Qanuary 1995in
DK 206 1274 062 38 27 2931 photometric conditions and were flat-fielded with twilight ex-
DK 82 8.4 0.06 40 29 2962 posures. Nightly corrections for extinction and transformations
DK 205 12.25 0.54 41 2.3  29.66 to the Johnsov, B — V and Cousind” — I systems were
DK 37 9.51 0.21 42 4.6 29.55 achieved using many observations of standard fields from the
DK 41 9.69 0.23 44 0.6  29.42 Landolt (1992) compilation, including several very red stars.
DK902 1144  0.46 46 09 29.80 Aperture photometry was performed using small apertures
DK907 1239  0.60 47 23 2984 (3-6 arcsec radius) on a series of 25 mosaiced CCD fields, each
DK44A  7.18 0.01 48 90  (29.78) covering an area of 13:513.5 arcminutesat a plate scale of
Bﬁ ggg 1?1'221 70(.)(.)925 4580 65?0 (23?(').72 0.4 arcsec/CCD _pixel. Astrometry of th(_e fram_es was done yvith
DK 48 972 011 54 45 20.46 refer_ence to Guide _Star Catalogqg objects m_the same fields.
DK 922  10.62 0.33 55 18 2961 The internal accuracies of the positions are typically 0.5 arcsec.
E 13 15.18  1.18 56 54  29.43 Comparison of stars in the overlapping regions of CCD fields
DK 904 12.87 0.66 58 24 29.80 gives us a good idea of the internal photometry errors. These
DK 803 13.43 0.73 59 2.3 29.86 range from about 0.015 mag for the brightest stars that are un-
DK 86 11.7 0.61 60 3.7 29.77 saturated in the survey(~ 11-12) to about 0.06 mag for stars
DK911 1221 0.53 61 46  29.70 atV = 18-19. The catalogue of- 15 500 stars is essentially
DK664 1397  0.87 62 36  30.04 complete (except near bright stars and CCD cosmetic defects)
DK933 1277 0.74 63 36 29.77 inV andV — I to V = 20 and complete i/ andB — V
E10 14.34 0.94 64 60  29.98 to aboutl” = 19. External errors are likely to be quite small.
DK'55A  9.51 0.08 65 3.6 30.44 Residuals to the linear transformation functions used to fit the
DK 56 58 -0.09 66 6.1 30.85 .
DK 609 1222 0.69 68 54 20.81 Landolt standartjg were less than 0.02 mag on all mghys..
DK 57 9.77 0.18 69 11 2983 For the identifications we have used a procedure similar to
DK 62 911  0.03 74 23 3011 that described in Se€f. 3. When available we have used counter-
DK 811 11.91 0.58 75 5.1 29.75 part(s) inside the 50% error circle, otherwise those inside the
DK 95 9.65 0.07 78 26  29.85 90% error circle (see Sekt. 2). Adopting this criterion we identify
DK 96 13.98 0.88 79 3.7 30.30 15 sources with a single counterpart, 7 with two counterparts,
DK 66 10.77 0.32 83 49 2981 and 1 with three possible counterparts. 5 sources (# 17, 22, 26,

43, and 77) remain without counterparts down to the limiting

sensitivity of the photometric observations. Source # 77 is likely
in this case. We obtain a total ef 4 expected “normal” coronal & Spurious source due to the presence of two close sources (#
sources plus a maximum of two RS CVn systems if we assurffzand # 78).
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Table 4. Photometry of the new candidate counterparts of X-ray s- +
sources. For the stars with photometry consistent with the cluster we
report the L. and L./L.;, computed assuming that they are cluster o Fo
members. The parenthesis in lalues indicate sources with more
than one counterpart among the possible members; in these cases we +
have assumed that the counterparts contribute at the same level to theiz-
observed luminosity.

14+

X-ray V B-V V- Offset f./fv logL, log(La/Lyor) >

# ["] [ergs™']
1 1474 1.04 129 152 -1.62  30.25 -2.87 ]
6 16.32 1.33 1.66 6.2 -1.49 (29.44) -3.28
18.84 1.65 2.13 6.9 -0.48 (29.44) -2.46 18] ", "
8 1541 1.27 1.55 3.5 -1.66 29.93 -3.06 "
12 15.12 1.18 1.48 51 -1.97 29.74 -3.30 2o ] - .
25 17.80 1.47 213 9.3 -1.05 29.59 -2.73
28 17.64 1.71 2.84 45 -1.27 29.43 -3.29
29 1717 152 191 3.0 -1.60 29.29 -3.19 oo 0s Lo s o
35 15.76 141 1.71 3.0 -1.79 29.67 -3.29
53  16.18 1.43 1.83 4.2 -154 29.74 -3.10 B
67 14.78 0.99 1.13 26 -1.88 29.96 -3.13 Fig.4. HR diagram of the counterparts of “unidentified” HRI sources
70 17.18 1.49 1.93 16 -1.58 29.31 -3.17 (filled symbols), lines connect counterparts of the same sources.
84 16.56 1.35 1.91 5.8 -1.73 29.40 -3.32 Crosses indicate the cluster members detected in Paper I.
4 19.96 . 080 231 +0.50

18.18 0.81 0.79 234 -0.21
17.98 0.78 0.98 23.7 -0.29
11 1857 0.97 1.06 10.2 -0.83

much higher than normal stars and more typical of extragalactic
sources. Furthermore, if their identifications were spurious, the

15 19.72 . 143 54 -0.24 true counterparts will be even fainter and thus the even higher
30 1717 152 1.91 7.1 -1.31 f=/ fv values would reinforce their extragalactic nature.
13.04 1.07 1.11 101 -2.96 The new candidate cluster members have visual magnitudes
39 1441 1.40 184 1.7 -1.49 in the range between 15 and 19 and have colours corresponding
45 19.67 .. 141 89 -0.26 to K and M stars, where the previously catalogued NGC 2516
1727 0.97 1.03 136 -1.22 members were severely incomplete or non-existent. For these
52 2055 .. 194 93 +0.21 stars we have computed the land L,/L;,; values assuming
14.96 0.64 081 95 -2.02 the same conversion factor used in 9ct. 3 for cluster members.

72 19.89 0.81 0.94 29 -0.07
73 19.64 ... 1.98 1.8 +0.37

18.15 0.92 112 140 -0.23
81 15.77 0.80 0.81 3.6 -2.00

We note that the X-ray luminosity of these stars is typically
very high, on the upper tail of the X-ray luminosity functions
of stars of similar spectral type in the Pleiades (Stauffer et al.

18.25 0.86 0.78 9.4 -1.00 1994, Micela et al. 1996), and the.AL;,; values are typical of
82 19.23 0.56 1.22 9.7 -0.11 saturated stars. ' . '
84 17.89 1.05 1.23 4.0 -1.20 Our results can be easily reconciled with the results of Haw-

ley et al. (1999), although it bring us to slightly different conclu-
sions. 10 out of the 17 JTX sources falling in the region explored

Table 4 reports the photometry of the counterparts of thesg Hawley et al. (1999) are “unidentified” in Paper | and Haw-
23 sources, while Fi@l] 4 reports the HR diagram for stars with By et al. are able to identify at most 4 of these 10 sources with
V values, with that of cluster members detected in Paper I. Tlate-type possible cluster members. Indeed a computational er-
figure and table indicate that 13 of the candidate counterpartsafin calculating the offset between X-ray and optical positions
12 X-ray sources have photometry consistent with the low mastawley, private communication) produced an overestimate of
population of the cluster angl,/ fi, values typical of young their offset. Using the correct computation we identify 5 of the
stars. The remaining X-ray sources are surely unrelated to thenaining 6 sources (JTX 91 is identified with Hawley 77 with
cluster and their number is not much higher than the numberaffset=19.4; JTX 92 with Hawley F with offset=21/2 JTX
expected field sources. 98 with Hawley 69 with offset 159 JTX 117 with Hawley

We note that the pure chance positional matches betwdd® with offset 15.8; JTX 118 with Hawley 28 with offset
X-ray positions and the new photometric catalog should pr7.8’). Two of the new identifications (Hawley 69 and Hawley
duce~ 8 spurious matches down to V=19, but these would nb06) are possible dM cluster members, bringing up to 6 the late-
be expected to lie near the cluster main sequence in gendsgle possible members. The fraction (6/10) of sources identified
The bulk of the objects identified with objects with photomwith possible dM cluster members by Hawley is similar to the
etry inconsistent with cluster membership hagg fi values fraction resulting in our study (12/28). The only source in the



0.0005

G. Micela et al.

: Rosat HRI observations of the open cluster NGC 2516

0.0005

0.0010

T
0.0050

T
0.0100

Offaxis [']

o
S
=
=
P .
...
o ©
3
E 7
° g
S =
3 c
= [CA
c
(3} < Y7 .
= x
= = * ® e .
: A y
[
4 T . . .
9 o L) ] °
° . . *
s N S . LU I d .
g LI .
o
= . ...l * ..... .
@ 8 . b . [ M
g g . o .
g ° (] ] .
T T T
10 20 30

917

Fig. 6. PSPC rate vs. HRI offaxis angle of the PSPC source falling in
HRI field of view. Large symbols indicate sources detected both in the
PSPC and the HRI observation, while small symbols indicate sources

detected only in the PSPC exposure and undetected in HRI field.

Rate - First segment [cnt/sec]

Fig. 5. Rate measured in the second segment vs. rate measured in the

first one for the sources of Taljlé 2. The continuous line indicates the - .
identity, while dashed lines indicate variations of a factor two. showninFigL where the PSPC count-rate vs. HRI offaxis angle

is reported for all the JTX sourclsThe sources not detected

in the HRI are indicated with smaller symbols. As expected we

Hawley et al. study that remains unidentified is a small fractigtetect the most intense sources, with a fuzzy threshold (offaxis
of the total of X-ray sources (1/17) that compares well with oglependent) that can be due to statistical fluctuations, different

unidentified source fraction (5/85). spectral shape or intrinsic variability.
The ROSAT PSPC observations were taken in 1993 (see Pa-

per ). In order to explore X-ray flux variability on 3—4 year time
scales we have compared X-ray fluxes measured by the HRI and
the PSPC (in the 0.152.0keV band, as reported in Paper ).
We have computed the ratios between the rates measured by the
Taking advantage of the time separation between the two HRh, instruments on each source, obtaining a median value of
exposures we have searched for variability on a six month tify&; Thjs value is typical for thermal spectra with temperature in
scale. To this purpose we have compared the rates (both gierg 3_ 1 5keV interval andVy = 7102°cm~2 correspond-
tections and upper Iimits)_ measured in the individual segmeri}qﬁ to the hydrogen column toward the cluster (see Paper ).
of the sources detected in the summed exposure (T&ble 2)THy systematic uncertainty due to temperature range above is at
Fig.[5 we report the scatter plot of count rates measured in fagst 150, Since the HRI does not allow us to estimate spectral
two exposures. o parameters, and to be consistent with Paper |, we have evaluated
We found 10 sources that show variations greater tharf 0.15-2.0 keV flux observed with the HRI using the conver-
factor two. Two sources _(#54 and #69) are two early type clu§pn factor in Paper | for PSPC dataq 10~ !'erg cm~2/count)
ter members, one (#2§ia G cluster member, 4 sources (#%q divided by 0.4. In this way we are making the same assump-
#57, #76, and #80) are identified with foreground stars, and #¥ns on source X-ray spectra done in Paper | and also assume
remaining three (#1, #4, and #77) are not identified with cal@graton averagehe intensity of the sources has not changed.
logued stars. #1 is identified with a faint photometric member |, Fig.[7 we show the scatter plot of HRI fluxes vs. those of
candidate, source #4 with a faint background object and soufgser |. The solid line represents similar flux values, while the
#177 could be spurious (see Sétt. 4). dashed lines represent variations of a factor two. In the figure
we show all the sources detected by the two instruments, plus all
the sources detected with the PSPC and undetected in the HRI
. observations. For these sources we have evaluated the upper
We have detected 73 sources already detected in Paper | gids (o flux according to the wavelet detection algorithm at the
one reported in Dachs & Hummel (1996), while 88 sourcegysiiions of the PSPC sources. Most of the X-ray sources do not

Irolr(;] PfaPef I are missing from our list, although they fall in outhqyy variations larger than a factor two. The only sources that
ield of view.

The !arge numbgr of missing sourcesiis not. unexpected Si'nlc’eWe note that the count rate of the source JTX115 reported in paper
the HRIis less sensitive thanthe PSPC. An estimate of the abilitwas wrong of a factor ten and the true PSPC count rate was 0.725
of HRIto detect the sources detected in the PSPC observatioenisnts ks 2, while X-ray flux and luminosity were correct

5. X-ray variability on medium and long time scale

5.1. Comparison between the HRI observations

5.2. Comparison with the PSPC observations
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tions and reliable membership is missing mainly at the low-end
of the main sequence.

Given the limited sensitivity of our survey, our sample is
severely biased towards strong emitters, therefore we cannot
deduce the statistical properties of K and M stars in NGC 2516
and have merely established their peak levels of X-ray activity.
We stress that we do not at present have an unbiased optical
sample in these cooler stars, but on the contrary we identify
stars as late-type cluster members thanks to their X-ray emission
(together with the photometry). We expect that a number of
JTX sources without catalogued counterparts are also K and
M members of the cluster but with less extreme emission level.
However we can state safely that there are Kand M stars in NGC
2516 with the same activity level as K and M stars in more metal
rich clusters of similar age, with /L ;,; ~ 10~3. However we
cannot yet say anything about the shape of the X-ray luminosity
functions or if the saturation of X-ray activity occurs at a similar
rotation rate in all these clusters.

Taking advantage of the time interval between the two dif-
Fig. 7. HRI flux vs. PSPC flux (from Paper I). Solid line indicates thdéerent segments of the HRI exposures and of the PSPC exposure
identity, while dashed lines represent variations of a factor two.  taken some years before, we have studied the X-ray variability

properties of the stars of NGC 2516. To summarise, we find that

only 3 out of the 47 (less than 10%) of the previously catalogued
show large variations (apart from the B stars DK56 and DK18)uster members detected by the HRI (only one of the 27 stars
are unidentified sources and have very faint counterparts. Tbeder than B-V=0.5) and only one of the 13 new faint photo-
HRI flux of the early B DK56 is about a factor three greatanetric cluster candidates show variations greater than a factor
than the flux measured in the PSPC observation, it is possit® on six month time scales. None of these variable sources
that this variation is due to the UV contamination. Indeed if wshows evidence for flares or other kinds of variability within
compute the expected contamination of UV flux on the HRéach individual HRI segment. X-ray variability of cluster mem-
ROSAT detector, following the recipe of Barbera et al. (2000ers on 3—4 year timescales also does not generally appear to
based on laboratory measurements and observed stellar UV exeked a factor of two. However, the more sensitive PSPC data
X-ray spectra, for a B2 star of V=5.8 and E{8)=0.12 and in Paper | show that there is a range of X-ray flux at given colour
hydrogen column of - 10?° cm~2 we obtain an expected countamong the late-type stars of NGC 2516 that exceeds an order
rate of the order of 5-60~3 cnts™! i.e. more than half of the of magnitude. We conclude that the most likely explanation for
observed counts. DK 15 presents a flux in the PSPC higher thiais is differences in rotation rate rather than magnetic activ-
in the HRI, so its variability seems real. ity cycles, unless those cycles have periods which considerably
exceed the time base of our current X-ray observations.

Chandra and XMM observations, thanks to their effective
area and high spatial resolution, together with detailed optical

We have presented the results of an HRI observation on NGtvdies will allow us to explore lower X-ray luminosity and
2516. We have detected 73 sources already detected withtghgetter study the relevance of metallicity in determining the
PSPC (Paper I) and found 12 new X-ray sources. 47 of the @stributionof coronal properties.
tected sources are previously catalogued cluster members withFuture, more sensitive, observations will help in exploring
colorsinthe-0.2 < B-V < 1.0range. smaller amplitude variations and longer time scales.
We present new photometric observations of the counter-
parts of sources unidentified with previously catalogued oReknowledgementsGM and SS acknowledge financial support from
jects. 12 of these 28 sources have counterparts consistent wig(italian Space Agency), and MURST (Ministero della Universit
the low mass population of the cluster. The X-ray luminosityella Ricerca Scientifica e Tecnologica) RDJ was a visiting astronomer
and the L,/L;,; value for these stars is of the same order of that the Cerro Tololo Interamerican Observatory, operated by the Asso-
of the strongest emitters in the Pleiades, indicating that at legigtion of Universities for Research in Astronomy Inc., under contract
for these stars, metal abundance is not crucial in determini’ﬁgthe National Science Foundation. MRT acknowledges a research
the peak X-ray activity level. studen_tship from the UK Particle Physics and Astronpmy Resea_rch
Notwithstanding the long exposure time we are not able ﬁguncﬂ. We acknowledge the usage of the photographic data obtained

describe completely the X-ray properties of this cluster mainfy"9.""e UK Schmidt Telescope and the STScl digitization and com-

for t - the cluster is too f d ession. This research has made use of the Simbad database, operated
or two reasons: the cluster is too far away so deeper exposUleshs sirashourg, France.

are needed to describe completely the X-ray luminosity func-
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6. Discussion and conclusions



G. Micela et al.: Rosat HRI observations of the open cluster NGC 2516 919

References Micela G., Maggio A., Vaiana G.S., 1992, ApJ 388, 171
. Micela G., Sciortino S., Kashyap V., Harnden F.R. Jr., Rosner R., 1996,
Barbera M., Collura A., Micela G, Murray S., Zombeck M., 2000, ApJ ApJS 102, 75 yap
. Sgbm:;?es (. Mason K 0. Warmick R.S..etal. 1094 pMicela G-, Sciortino S., Harnden FR. Jr, et al., 1999, ABA 341, 751
rar&:grzl{o eg;n;on - MasoniK.O., Warwick R.>., etal., ' I\Binsonneault M.H., Stauffer J.R., Soderblom D.R., Kiing J.R., Hanson
’ R.B., 1998, ApJ 504, 192

gamhe“;” hM 19?5\/’ Afé@éifi\gglz 618 Schmidt M., Hasinger G., Gunn J., et al., 1998, A&A 329, 495
acns .., mummet ., ’ ' Sciortino S., Damiani F., Favata F., Micela G., 1998, A&A 332, 825
Dachs J., Kabus H., 1989, A&AS 78, 25 - :
Damiani E.. M i0 A Micela G.. Sciortino S.. 1997a. ApJ 483. 35 ciortino S., Favata F., Micela G., 1995, A&A 296, 370
amiani F., Maggio A., Micela G., Sciortino S., a, Ap , nowden S.L., 1998, ApJS 117, 233

Damiani F., Maggio A., Micela G., Sciortino 5., 1997b, ApJ 483, 37 nowden S.L., McCammon D., Burrows D.N., Mendenhall J.A., 1994,
Eggen O.J., 1972, ApJ 173, 63 ApJ 424,714

Favata F., Micela G., Sciortino S., Vaiana G.S., 1992, A&A 256, 868tark AA., Gammie, C.F., Wilson, R.W.,, et al., 1992, ApJS 79, 77

Favata F., Micela G., Sciortino S., 1995, A&A 298, 482 . P

Guillout P., Sterzik M.F., Schmitt J.H.M.M., Motch C., Neuhaeuser RStaulf;%rllJEpJggyaggé] P., GagiM., Prosser C.F., Hartman L.W.,
.1998’ A&A 331, 113. . Zombeck M.V., Conroy M., Harnden F.R. Jr., et al., 1990, Proceed-

Hasinger G., Burg R., Giacconi R. et al, 1993, AGA 275, 1 ings of the SPIE Conference on EUV, X-Ray and Gamma-Ray

Haw_ley S.L., Tourtellot J.G., Reid I.N., 1999, AJ 117, 1341 Instrumentation for Astronomy 1344, 267

Jeffr!es R.D., Thurston M.R., Pye J.P., 1997, MNRAS 287, 350 Zombeck M.V., Barbera M., Collura A., Murray S.S., 1997, ApJ 487,

Jeffries R.D., James D.J., Thurston M.R., 1998, MNRAS 300, 550 L69

Landolt A., 1992, AJ 104, 340



	Introduction
	X-ray observations and data analysis
	Identifications
	Sources without cataloged counterparts
	Expected field sources
	New identifications

	X-ray variability on medium and long time scale
	Comparison between the HRI observations
	Comparison with the PSPC observations

	Discussion and conclusions

