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Abstract. We analyze six ROSAT HRI observations pointed Observations of star forming regions (SFRs) naturally play
toward the Star Forming Region (SFR) NGC 2264. Three amdundamental role in these studies. On the one hand they per-
pointed to the southern star formation core, the other three abmitt the study of a large number of objects, often in a variety of
20’ to the north. We detect 169 X-ray sources95% of which evolutionary states, allowing studies on the first phases of stellar
are likely to be Pre Main Sequence (PMS) stars, significantlye-main sequence (PMS) evolution. On the other, comparisons
enlarging the known population of the SFR in the area cowf SFRs with different characteristics in terms of age, metallic-
ered by the observations. Using published BVRI photometity, density, presence of massive stars, etc., can provide useful
we place the X-ray sources with well defined optical countenformations on the dependence of the formations process and
parts on the HRI diagram and estimate their masses and agéshe following stellar evolution on these parameters. Of par-
Our comparison of the mass function and age distribution of ttieular interest in this respect is, for example, the question of the
X-ray sources with results previously obtained for NGC 2264niversality of the initial mass function.
demonstrates that deep X-ray observations provide, at least inThe first step in any study of a SFR is the identification of its
this case, a very efficient method of selecting SFR members anembers. For many years X-ray observations have been used to
does not introduce stronger biases than other methods. study SFRs, particularly to uncover the important population of
Since the observation cover a time spanob years, we weak lined T-Tauri stars (WTTS). Indeed the discovery of this
are able to study in detail the X-ray variability of our sample aflass of PMS stars was first made possible by observations in
PMS stars. We find that: 1) a large fraction of our sources aXerays (Feigelson & Kriss$, 1981; Walter & Kuli, 1981).
variable on several time scales and 2) Classical T Tauri Systemslt is now a well established result that young stars, and PMS
(i.e. stars surrounded by disks) are significantly more variabieparticular, show enhanced X-ray emissibog(Lx) ~ 29 —
than the rest of our sample, suggesting a role of accretion digk3 with respect to older stars, making X-ray observations of
in the emission and/or in the absorption of the X-ray radiatioBFRs an effective way to distinguish likely members from field
stars. This approach is a useful complement to proper motion
Key words: stars: coronae — stars: formation — stars: luminosisgudies that, especially for some of the farthest regions and/or at
function, mass function — stars: pre-main sequence — Galatye low-mass end, have yet to reach the necessary completeness
open clusters and associations: individual: NGC 2264 — X-rays1d reliability.
stars This is especially true for the SFR NGC 2264 (see eg. Flac-
comio et al. 1999 for a summary of its principal characteristics).
The proper motion study by Vasilevskis et al. (1965), limited to
the brightest stars in the regio¥i (< 15.0), has sometimes been
considered inaccurate (see Sung et al., 1997). On the other hand,
The study of the first stages in the formation of stars is one $ffveral studies based on the detection ofttheemission line
the currently most active research fields in stellar astrononfklerbig,[1954; Sung et al., 1997; Marcy, 1989; Oglra, 1984)
Although much progress has been made since the discovei§ not well suited to discover a large fraction of the NGC 2264
of T-Tauri stars (Joy, 1942) several question still remain opepRpulation, namely the WTTS that by definition do not show
There are basically two classes of problems that need totbis spectral signature.
assessed: the detailed structure and evolution of single starsSelection through detection in X-rays is not likely to suf-
from the protostellar phase to the main sequence (MS), and feefrom this bias because WTTS and CTTS (classical T-Tauri
nature of the processes that determine and regulate the onsétas) are known to present similar level of X-ray emission (see

1. Introduction

star-formation within molecular clouds in the first place. eg. Damiani & Micela 1995 and Selct. 6). Moreover NGC 2264
seems well suited to this approach because of the optically thick
Send offprint requests t&. Flaccomio cloud (situated right behind the SFR) which effectively obscures
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background objects, thereby minimizing contamination frol
background field stars or extragalactic sources (cf. Sect. 4).

Simon et al.[(1985) reported the analysis of three obsen - O
tions performed with the Einstein Observatory’s Imaging Pr 9 @@
portional Counter (IPC, Gorenstein at[al. 1981). Due to the Ic S iy

sensitivity and resolution of these observations, these auth
could only detect 7 bright X-ray sources, with very uncertai
optical counterparts. Indeed the only instrument with sufficie
spatial resolution to avoid source confusion for most of tt .
sources we detect in our field of view is, up to now, the ROS# R P q;_';@ ek ¥
HRI (Zombeck et al."1990). R G R B

Our paper is organized as follows: in S&¢t. 2 we present 1 : A . A
data and their analysis; Sddt. 3 deals with the identification RO £, T
our X-ray sources with optical counterparts. Selct. 4 discuss- R
degree of contamination of our sample of X-ray sources fra 6o N ee _
field objects. In Sedt] 5 we present the HR diagram for our X-r: et ¢ e g e
sources, we discuss their mass and age distributions and we c TR 'w@ i .
conclusions on the representativeness of our sample respei R o) A i U
the whole NGC 2264 population. Sddt. 6 focus on the X-r: 2 B
luminosities inferred for our sources from our observations. 4 @ X @
Sect[ ¥ we present a detailed study of X-ray variability. In $éct
we describe some peculiar X-ray source in our sample; fina
we briefly discuss our result in Sefck. 9. . @

2. X-ray observations and data analysis

Table[1 summarizes the HRI observations we have analyzea.

The first column contains a reference number that will be usBg. 1. Sum of the HRI exposures (cf. Talile 1). The data have been
in this paper; we then report the Rosat Observation Requéoothed with a Gaussian filter & 10”); sources detected using a
(ROR) number, the exposure time, the time period during whi¥avelet transform algorithm (Damiani et al. 1997a,b) are denoted with

each observation was performed, the name and pointing of eSikfles whose radii contain 85% of the point spread function at the
field given off-axis angle (from 8” al,;y = 0’ to 29" atf, sy = 15'). For

. . . clari ion, identification radii, wh ller than 15
The first three observations (target: “North”) were retr|eve§:\::ybZfe;egrzgs‘rzgfif&;g;?Cat'on radii, when smaller than 15

from the public archive and are nominally pointed toward RA

6:41:02.4, DEC 9:40:48 (J2000). These observations cover a

good fraction of the Star Forming Region, including both theith the well known positions of their optical counterparts. For

North and South star formation cores and achieve maximuhis purpose we used only the most significant detections and

sensitivity in the region between them. The last three obsenrexcluded those sources with uncertain or multiple counterparts.

tions (target: “South”) were targeted by us and, while largely The South pointings, all observed during Spring, were found

overlapping with the previous pointings, focus on the southegmhave small (with respect to the HRI spatial resolution) shifts,

star formation core. Their nominal pointing is RA 6:41:07, DE@ith a maximum offset between pointings af 3", while the

9:26:24 (J2000). In the following we will refer to the two distincNorth fields, obtained during both Spring and Fall, showed rel-

pointings as the North and South pointings, respectively.  ative shifts of more thaa”. This finding agrees with the trend
The observations span a time period of about 5 years; g@metimes observed for multiple ROSAT pointings and believed

total observing time varies from 25 ksec. in the southernmostto be due to the vagaries of star tracker acquisition. For the South

region to~ 58 ksec. in the region of the overlap between thgointings we decided to add the three images without correc-

two distinct pointings. tions, while for the three North images we applied the computed
Since the fields comprising the North and the South poirghifts before adding them together.

ings have the same nominal coordinates, we considered addingFig[d shows the sum of six HRI exposures, smoothed with

the co-pointed images together in order to increase the selsi-= 10" Gaussian filter.

tivity. The HRI is known to have an imperfect aspect solution

(Dawd et al["T99 7}, Ifaadmg to discrepancies between the NoRY gource detection

inal and actual pointing of the order of several arcsecond. This

problem can lead to a degraded image quality when combife analyzed the data using a source detection algorithm based

ing several exposures without any corrections. We estimated tirewavelet transforms (Damiani et al. 1997a,b) tuned for the

amount of this effect by comparing positions of detected sourddRI specific characteristics (see Micela etlal. (1999) for further
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Table 1. Summary of HRI observation segments.

Seg.ID ROR OnTime Start of accepted data Obs. Span  Target fidltdA2000  DEC2000
[ksec] [days] [h:m:s] 71

1 rh200130a00 19.41 1991 Mar. 20 3 North 6:41:02.4 9:40:48

2 rh200131a01 2.88 1991 Oct. 01 1 " " "

3 rh200130a01 11.02 1992 Sep. 18 2 ’ " "

4 rh201420n00 9.84 1994 Mar. 27 9 South 6:41:07.0 9:26:24

5 rh201847n00 7.47 1995 Apr. 05 5 " " "

6 rh201847a01 7.60 1996 Mar. 15 1 " " "

Table 2. Summary of detections.

Seq. ID 1 2 3 1+2+3 4 5 6 4+5+6

Detected in segment 97 17 58 114 36 27 32 58
Detected only in segment 6 2 2 9 4 4 6 8

details). This algorithm takes into account various instrumental All in all we found 169 distinct sources, detected in at least
effects (e.g. the variations of the effective exposure time ande oftheimages. Talilé 3 shows our list of sources. The columns
PSF throughout the detector surface) and allows the reliable aelicate, in order: a sequential reference number, 32000 coor-
tection of faint sources. In addition to the detections themsehdigates (the mean of detection positions), maximum and min-
the wavelet analysis also yields an intensity and an estimatdérofim count rates (with associated statistical uncertainties), a
the source extension. The algorithm also generates a sensitiaximum likelihood X-ray luminosity (see Selct. 6), the signif-
ity map that can be used to estimate upper limits for the X-ré&gance of source detection, the probability of each source being
fluxes at specified positions, at confidence level consistent withriable (see Seéll 7), and suggested optical counterparts (cf.
that used for detections. Sect[B). In cases for which an upper limit falls below the detec-
In order to study source variability on time scales of one yetion(s), the minimum count rate is reported as an upper limit.
we analyzed both the six individual observation segments and
the two summed images. We employed a detection threshold
of 4.50 which, according to extensive simulations (Damian8. Identifications

private communication), resultin less than 1 spurious detection ideri iol i s f X
per field. Since we have performed wavelet detection on ei prconsidenng possible counterparts for our #-ray sources we

images (two of which are not statistically independent from t (’g{'amlned all stars lying within a circle containing 85% of the
r

others) the expected number of detections due to backgrOL? 8'[02; from Polm'“kl)(e c;le;;s:ggns aj tlhgf gll\:/entﬁff-ams angle
fluctuations ranges between six and eight. om &°on axis o abou off = 15'). For those cases

We consolidated detections within the North and South rig. /hich the X-ray source was detected both in the North and

gions, on the basis of a positional criteria, matching sourc guth tphomtlngﬁ, a_r(ljd trt].lfj.s "’t‘t two g_lfferent off-axis angles, we
detected in the three original observations and in the sumnigpSe e smaller igentitication radius. .
image. In each region we removed from our final lists a couple We attempted |dent|f|c§1t|ons_usmg stars from the_followmg
of sources which were detected in only one of the four imag rks: Walker (1336), Vasilevskis et 4l {1965), Hertig (1.954)’
and which the wavelet code indicated might be extended. The: arcy (1989), Ogurd (1984), Sung et AL.(1B97), Flaccomio etal.
.:|[999), Young (private communication). Finally we inspected

detections likely represent the “merging” of two sources whi S . : .
were indeed resolved in other segments. Finally we compa g Digital Sky Survey (DSS) plate of the region to investigate
¢ presence of other, uncatalogued, counterparts.

detections in the region in common between the North and t The result is shown in the last column of TaBle 3 where mul
South pointings and again removed from the original lists thotseIe cc? e ast are separated k()zocuomn? angm It'elsn me
sources which appeared resolved in the other pointing. b unterparts are separa y as uitipie hames

Table[? summarizes the number of sources detected (,erthe same stars are given in parentheses. Identification names

retained after this matching procedure was applied to each & - formed by the ini_ti_al O.f the first author O.f the articles cited
ment and to the two summed images (identified by ‘1+2+3’ a ove plus .the |dgnt|f|cat|on number uged in those Papers, the
‘4+5+6’). The same table also shows the number of detectioﬁégy gxcephqn be,nng the sta‘r‘s f”rom the list of Young .Wh.'Ch are
that were found exclusively in a given image. As expected t entified by "MX'. The n_ote m” after the star name |nd|ca_tes
images in which the largest number of sources was detectedt Pet the these stars are likely _N.GC 2264 members accordlng 0
the summed ones, but a number of sources also appear in difyPaPer the name refers to: in the case of the proper motion

e . L dy (Vasilevskis et al. 1965) this reduces to stars with member-
one of the original segments, likely indicating the presence Qf. i o7 .
widespread variability (cf. Sedf 7) ?hlp probability greater than 50%; all the stars with stréhg

emission listed by Herbig (1954), Marcy (1989), Ogura (1984),

P
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Sung et al.[(1997) are also considered as likely membersTable 4. Counterparts of uinquely identified X-ray sources

well as those selected by Flaccomio et fal. (1999) on the basis

of photometry. Nx \Y B-V \ Sp. Type Log(Tefr) Log(Lpo1) Ref.
. . . . . K Le
Of our 169 sources, 133 have single well-defined counter—m291_[mag] _[mag] 1X] Lo
. : ) 1497 121 138 3.64 000 S
parts. These sources are denoted in Table 3 with an astefisk 1640 155 182 3.59 037 S
after the serial number. Out of the remaining 36 sources, 80 130f 092
. . . . . 4 13.35 0.83 0.94 K1 3.72 0.48 S
have multiple counterparts, either catalogued or visible in thg 1508 144 181 M1V 359 015 S
DSS plate, while 6 have no optical counterpart at all; being 12 1591 141 180 M1V 3.59 018 F
. 14. 15.44 1.29 1.48 K7V 3.63 -0.14 S
general low SNR detections, these 6 X-ray sources may be@i- 153> 123 139 K4V 3.64 014 s
ther associated with embedded sources or spurious detectiltﬁns ig%g i-ig i?g gx ggé 8-25 g
(but see Sedtl]8). Appendix A shows finding-charts for these |@§- 1580 128 174 360 021 F
ter 6 sources and for the 10 sources that are not associated With 1574 130 156 K4V 3.62 023 S
. 20 17.41 1.56 2.36 3.55 -0.51 F
any catalogue counterpart. 80 X-ray sources are associated W4th 1650 102 207 M3V 357 029 F
at least one previously selected member of the association. “lzf@e 842 012 -0.14 M834v 4.22 253 S
remaining 89 sources are thus associated with at least as many 1440 107 121 Kkav 3.67 016 F
new candidate members. 29 15.62 1.25 156 K4V 3.62 -018 S
Tabl @ h . f h hvsical 30 15.22 1.10 1.19 K4 3.67 -0.18 S
able[4 shows our estimates for the physical parametgis 777 o2 o000 B2¥ 442 271
of the X-ray sources which could be identified with a singlé2 1562 109 151 K4V 3.62 020 S
ootical t ts. Th | ide: @3 904 -009 -0.05 B1 417 223 S
ptical counterparts. The columns provide: sequence nUMBRr 1574 125 147 Kav 263 003 s
of the source, its V magnitude, B-V and — 1. colors, spec- 35 15632 132 162 3.61 004 S
tral t f Y ivat icati ffecti t 36 18.51 0.61 2.75 3.52 -0.74 F
ral type from Young (prlya e communica ion), effective temy;, 1498 130 159 361 008 S
perature, bolometric luminosity and references for the reportédd 1615 139 178 K7V 3.60 029 s
wpen . . wGn 39 1176 087 094 K1 3.72 112 s
photometry (“F” for Flaccomio et. al., 1999; “S” for Sung et al,, 1767 213 200 M1V 357 079 F
1997). In some cases photometric data and spectral types have 1638 1.08 189 M1V 3.59 033 F
been collected from other sources, as noted at the bottom ofiﬁme o e e o o
' 1630 162 195 M3V 3.58 027 F
table. 45 17.00 142 176 K7V 3.60 064 F
. . . 46 10.16 0.03 0.01 3.99 1.76 F
In assigning B, V and, magnitudes to X-ray sources Qe-47 1676 167 295 M5V 351 006 S
tected with unique counterpart, whenever they were availaBbe 1202 059 067 F8V 3.80 095 S
dth | . by El i0 et@r (1999). while f 1605 112 160 K4V 3.61 033 F
we used the values given by Flaccomio etfal. (1 ), while 1674 146 218 356 033 S
the remaining stars we used photometry from Sung éfal. {1997) 1534 118 159 K4?V? 361 006 S
h te that theil itud t ticall Il 34 14.56 0.99 1.16 K1V 3.67 0.08 F
who note that theil. magnitudes are systematically smalleds 1367 o051 056 F6V? 3.83 108 F
than those obtained byékez et al.[(1987) by about 0.045 magg? 17.16 146  1.95 3.58 061 F
Noti imilar offset the FI i0 et 41 (1999) phc? 1181 054 061 F8V 3.82 103 F
oting a similar offset from the Flaccomio et &l. (19 ) phaz, 1562 130 169 360 012 s
tometry, we have increased the Sung et al. (199if)agnitudes 62 1491 111 158 M1V 3.61 011 S
by 0.045 63 1590 128 230 M3V 3.55 007 F
y U. mag. . 65 1021 007 000 B8 413 174 F
When possible we also assign a spectral type to our souré®es M1V
using the list of Young (private communication) and, in a fe§ ~ %8¢ 025 022 o7vi 483 4.09
g young (p , 1251 094 102 3.70 085 S
cases as noted in Talile 4, other catalogs from the literature 69 1542 000  1.53 3.62 011 S
70 16.15 1.25 1.94 3.58 -0.21 S
71 1534 166 203 K4 3.57 016 F
o i 72 1690 136 213 MLV 3.56 042 S
4. Contamination from field X-ray sources 73 1576 142 145 K7V 3.63 029 F
74 9.92 -0.07 -0.05 B7 4.13 1.88 S
In order to estimate the contamination of our X-ray sourdé 1481 124 133 K4V 3.65 004 F
. . 76 15.16 1.10 1.34 K4V 3.65 -0.10 S
sample by field objects, we computed the expected numberof 1464 112 141 K1 3.64 015 S
sources not associated with NGC 2264. Such an estimate is gés- 1344 130 144 Kl 3.63 064 F
oo . ; 1458 118 130 G9V? 3.65 012 F
sible if the surface density of X-ray sources with fluxes greatgr 1484 113 139 Kiv 3.64 006 S
than the detection threshold is known for the direction of tHé 1289 083 09 G5V 371 067 S
. . 85 14.06 0.95 1.03 G7 3.70 0.23 F
field of view. 86 1530 122 140 3.64 012 F
NGC 2264 lies close to the galactic plane and enl90° off &7 -0.14 K1v?
S . ! i Y 89 1274 071 075 G7?V?  3.79 068 F
the direction of the galactic anticentér{ 2.2°,1 ~ 203°).In g9 16.07 105 163 3.61 033 F
this region the results of several X-ray Galactic Plane Surv 12-‘11‘7‘ i-ig ;-gz Kav ?,?ﬁ g-% f;
(GPS) hold. Motch etal. (1997) estimated the Log(N) vs. Log( 1471 112 122 KLV 3.67 004 S
relation (i.e. the surface density “N” of sources detected abole 1088 004 016 B8 3.94 14z F
N I 1508 113 148 K4V 3.63 0.00 F
a certain limiting sensitivity “S”) using the ROSAT All Sky 100 1541 138 178 M1V 3.60 001 F
Survey (RASS) data. Because the RASS limiting flux is mué¢Rl ~ 1339 085 095 G3V 3.71 047 F
oL e . . 03 17.67 4.81 2.50 3.54 -0.54 F
less than the limiting sensitivity of our observations, this Works 1491 110 154 K4V 3.62 009 F
is of limited use in our case. More useful are the results ofléf 1515 130 163 K4V 3.61 004 F
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Table 4. (continued) sec™! to HRI countssec™!. The conversion factor depends on
the incident spectrum: assuming a Raymond Smith emission

Nx [m\; ] [a-;/ , [\r:“li | Sp. Type Logf(gj:ff) LOg(L[EM% Ref. model with kT between 0.3 and 1.4 KeV and an absorption
07 173'5 lgé 221 pyen (_DO e (Log(Ny)) between 19.0 and 20.5 the count rate conversion
108 1341 078 087 G5V 3.75 044 S factor (HRI/PSPC) ranges between 0.28 and 0.40. Finally, us-
109 1561 116 136 K4V 3.64 026 F ing the results of the previous steps we evaluated the number of
110 16.44 1.43 1.91 K7V 3.59 -0.34 S . . . .
111 1473 128 164 K4V 3.61 021 F field sources we expect to detect in our HRI images. Depending
ﬂg %51-2,7 Olz-}f 02-4128 Bf‘s‘ xz 43-3?7 3'%12 S on the value of the conversion factor between PSPC and HRI
114 1450 124 159 K4V 361 028 F count rates this number ranges between 8 an 13.
ﬂg 1518 01-1310 170 A4 560 0.06 F - These values are anyway upper limits to the contamination
118 1142 047 066 F5V 381 119 F of our sample of NGC 2264 members because they relate both to
Eg m;g’ foreground and background objects. Considering the presence
124 16.77 1.15 1.80 K7V 3.59 053 F of the dark cloud behind NGC 2264 we expect contamination
126 1553 128 165 K4V 3.61 010 F only from foreground stars. In particular, extragalactic sources,
127 16.87 1.69 2.49 M5 V? 3.54 0.22 F
128 1398 094 108 K1 3.69 028 S which aCCOfding to Motch et al. (1997) account for about 15%
131 1530 142 191 Kl 3.59 011 F of the total, are likely not to be relevant in our case, so that
132 1760 138 249 M3V 3.54 052 F .
133 1570 150 204 M3V 357 002 F the number of expected field sources reduoeé 11 or even
134 1532 121 154 3.62 007 F smaller.
135 14.91 1.07 1.35 K4 3.65 0.01 F
136 18.43 1.55 2.46 M5V 3.54 -0.86 F
138 14.31 1.18 1.33 K4V 3.65 0.24 F
139 1486 1.08 120 KLV 3.67 003 S 5. The HR diagram
140 M1g
141 15.23 1.20 1.56 K4V 3.62 -0.03 F : H H : . H
142 1777 161 214 M3Vv> 356 076 F Having established that contamination from field sources is
143 1542 119 138 K4V 3.64 018 S likely to be small, we assumed our X-ray sources are all at the
144 15.72 1.26 1.53 K4 VvV 3.62 -0.24 S H
145 868 012 000 BG a1 23 s distance of NGC 2264 and proceeded to place the counterparts
146 1267 071 083 G5V 3.76 073 F in the theoretical HR diagram.
148 1673 150 215 M5V 3.56 034 F ; L
150 1437 101 113 Ki 368 014 F Bolometric luminosities were calculated from the dered-

151 746 -017 -020 B2¥ 435 295 S denedl. magnitude applying the bolometric correction given

152 1689 148 186 3.59 054 S ; e ;
153 1394 093 108 309 028 = _by Bessel & Stringfellow[(1993). Effectlye temperatures were
154 1300 082 087 G5V 3.75 061 S instead derived fronjv — 1..),, for stars with(V — 1), > 0.0,

155 14.62 1.11 1.29 3.66 0.10 S 5
156 1463 114 133 ses 012 s and from(]_3 —V), for bluer stars. In the first case we employed
157 979 044 051 3.85 183 F the Schmidt-Kaler[(1982) color-temperature relation adapted
158 15.39 1.19 1.34 3.65 -0.19 S H H 1 _ :
1% 1367 100 110 308 o4l = with the aid of the Besse| (1900) color co!or relation. In the
161 1509 122 147 3.63 001 S second we used the Code et@l. (1976) relation. In every case we
162 1416 104 112 3.68 022 S ; .
o3 1574 125 148 203 o028 s Eal\éevaszu(r)réed an aveIrage value fl(a){; the mtelrstellf;lr extinction:
Notes:! Data from Sagar & Joshi (1983).Data from Rerez (1987)2 Data from Cousin ( B )=0. OrE(V N C) o 0.077 (Perez et al. 1987).
(1980). Fig.[2 shows the HR diagram for the X-ray sources whose

photometry (V andV — 1) is known, along with the D’Antona
& Mazzitelli (1998) evolutionary tracks and isochrones. Masses

GPS performed with deeper pointed ROSAT PSPC observatiamsl ages for these stars were derived from this diagram by in-
(Morley et al.[1996, Pye et &l. 1997, Sciortino et[al._1998jerpolation.
Sciortino et al. [(1998) in particular extended the analysis of
the previous works by both increasing the surveyed area o
refining the analysis method to take into account subtle effeacszr'gédL - Mass and age distribution
(fuzzy detection threshold, finite PSF effect, etc.) thus definitge have studied the completeness of our sample of likely
the Log(N) vs. Log(S) relation down to the limiting sensitivityNGC 2264 members. Selection of PMS stars by means of X-ray
of 102 PSPC countsec™!. imaging can introduce biases in the resulting population of the

In order to use these results for our HRI data we followeBFR. In particular the risk is to select preferentially the more ac-
the following strategy. First, from the sensitivity maps genetive members, thus introducing biases on the yet not well known
ated by our detection code (see SEci. 2.1) we computed, dbaracteristics that determine activity (i.e. mass, age, rotation,
each sensitivity level, the area observed with that sensitivigyc.).
(i.e. the count rate above which we expect to detect sources); We have compared the mass and age distribution of our
this step is necessary because of the significant inhomogenséynple of X-ray sources with those obtained by Flaccomio et
of the HRI field of view, both in terms of effective collectingal. (1999). That study, although restricted to a smaller area in
area and PSF, which together produce an highly inhomogenethes southern part of the SFR, achieved a fair degree of com-
sensitivity throughout the detector. Second, we converted thleteness by using several complementary methods for the se-
Sciortino et al.[(1998) Log(N) vs. Log(S) from PSPC countection of members. In particular those authors were able to
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Ilfig. 4a and b. aStar formation rate vs. age. Crosses refer to the the X-
ray selected sample studied in the present paper (105 stars); error bars
are derived on the basis of Poisson statistics. The solid line histogram
is the SFR derived by Flaccomio et al. (1999) for the southern part
of NGC 2264 (130 stars). The dashed line refers to stars with stars
detected in the X-ray with fluxes greater tham *3-° ergs cm =2 s~ .

b Normalized distribution of Log(age) for the same three samples of
stars as described above

Fig. 2. HR diagram for X-ray source. The radius of circles is propo
tional to the logarithm of the maximum likehood count rate.

03 T \ I
% X—ray sources (105)
Fe > 1071° (39)
= Flaccomio et al., 1999 (130)

0.2

similar and that the two samples are compatible with the hypoth-
esis that they have been drawn from the same parent population;
a Wilcoxon Rank-Sum test confirm such a conclusion with high
probability (P~ 30%). The same conclusion can be drawn for
the Star Formation Rate and the distribution of Log(Age) which
are plotted in Fid.J4a arid 4b respectively.

We can then conclude that our sample of X-ray selected
NGC 2264 members is as representative a subsample of the
whole NGC 2264 population as was the sample studied by Flac-
comio et al.[(1999).

This result, i.e. that, at least for NGC 2264, X-ray selec-
tion results in a statistically representative sample of members,
00 e T is naturally dependent on the limiting sensitivity of the obser-
B ° > "®  vations. We studied this dependence by calculating mass and

Fig. 3. Crosses: normalized mass distribution of X-ray source count&9€ d|§tr!putlon functions for X-ray sources detepted abovg a
parts with error estimated from Poisson statistics (105 stars). Dot@yen limiting flux (at the telescope) and comparing such dis-
line histogram: same distribution for stars detected with a HRI fifkibutions with those of Flaccomio et al. (1999). Fip. 3 and 4
larger thanl0~ '35 ergs cm ™2 s~ (62 stars, see text). Solid line his-Show (dashed histograms) the mass function and star forming

togram: IMF derived for the southern part of NGC 2264 by Flaccomi@te for a limiting flux 0f3.2 1014 ergs s~1. A Wilcoxon Rank-

et al. (1999), based on 130 stars. Sum Test shows that this mass distribution has a levs{)
probability of being drawn from the same parent population as
our reference sample. Decreasing the limiting flux this proba-

estimate that their composite sample was nearly complete lfdlity increases reaching the already mentioned value 86%

log(M/Mg) > —0.2. Fig.[d shows the mass distribution of oufor 1.0 10714 ergs s~!, the typical limiting sensitivity of our

105 X-ray sources for which we derived masses (symbols withservations.

error bars) along with the Flaccomio et al. (1999) IMF (the solid The previous discussion suggests that X-ray selection of

histogram). It is quite clear that the two distributions are vestar forming region members is indeed an effective tool for ob-

Nu/ZuNy

0.1
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Fig. 5. Maximum likelihood X-ray luminosity distributions for the Fig. 6. Maximum likelihood X-ray luminosity function for the southern

whole sample of detected sources and for two mass segregated pgbr of NGC 2264 (Flaccomio et al. 1999) and for four other SFR:

samples. p Ophiuchi (Casanova et al. 1995), Chamaeleon | (Feigelson et al.
1993), Orion Trapezium (Gagret al. 1995). Note that the distribution
functions are all normalized to 1 but are shown only down to the lowest

taining a statistically significative sample and constructing dgtection, below of which we have no information on their shape

meaningful IMF, provided that the observation have a sufficient

sensitivity.

Fig.[3 shows the ML (Kaplan Meier) distribution of these av-
erage luminosities for our entire sample of X-ray sources and for
two mass-segregated groups of uniquely identified counterparts.
We calculated maximum likelihood X-ray luminosities undeFhe meariog(Lx) for the entire sample 130.49 + 0.03 while
the assumption that all the detected sources were associ#itedsalues for samples more and less massive than one solar mass
with the SFR (see Sefl. 4) and at thus a distance of 760g5€30.63 & 0.07 and30.41 & 0.02 respectively. There is thus an
(Sung et al. 1997). indication that the more massive stars are, on average, brighter

The conversion factors between count-rate and flux in tirethe X-ray band than the less massive ones. Two-population
HRI passband3(44 10~ ergs cm~!/count) was derived tests (inthe ASURV package; Feigelson & Nelson 1995), indeed
from David et al. [(1997) assuming a Raymond-Smith emisenfirm this finding with good confidenc® (~ 0.2 — 0.6%).
sion spectrum with kT=0.75 keV. We calculated the intekAfe also compared X-ray luminosity distributions of two other
stellar absorption column density from the optical extinctiopairs of source samples: the first pair differing in their ages,
(A, =R-E(B-V)=3.1-0.06 mag.) using a standard ratiothe second, in the class of their optical counterparts (CTTS and
betweenNy andA, (2.0 102!, Ryter 1996). WTTS according to emission in th&, line). In both cases we

With two overlapping pointings, each with three differenfound indistinguishable distributions, with probabilities of the
observation segments plus a combined image, observed soutwessubsamples being drawn from the same parent population
could be detected (or not), in four to eightimages. We first calcciose to 50%. We conclude that X-ray luminosity does not de-
lated, for each source, a maximum likelihood (ML) count-ratpend on these two factors and thus that X-ray selection does not
or an upper limit to the ML count-rate, by taking into accourikely introduce biases on the age or on the fractions of CTTS
both detections and upper limits. We used the Kaplan Meies. WTTS.
estimator, considering all the available measurements. BecausénNith the aim of obtaining an unbiased ML distribution we
the two summed images are not statistically independent fraiso calculated the X-ray luminosity function (XLF) for the
their component segments, whenever a source was detectegbinthern part of the SFR studied by Flaccomio efal. (1999). We
one of these images we discarded the measurements fromdesidered the ML luminosities for 77 X-ray sources falling in
three corresponding segments. The Mk derived from these their surveyed area and upper limits for 73 other NGC 2264
estimates are listed in column eight of Table 3. If the lowestembers selected using proper motioHs, data and BVRI
measurement retained in the calculation was an upper limit filgotometry but not detected in the present X-ray survey. The
computed average is treated as an upper limit. result is shown in Fidl6, along with similar results obtained

6. X-ray luminosity function
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7. Variability

PMS stars are known to be strongly variable sources at virtually
all wavelengths, including the X-ray passband which reveals
very large variations in luminosity on several time scales, rang-
ing from hours to years (see eg. Montmerle ef al. 1983). That

o 7% o F this is the case also for our sources in NGC 2264 is made quite

- |0 GPe g g . e o clear by the large number of sources we detect in only one of the

- v g7 %DE'EBD@D@ 4 2o a analyzed observational segments. In order to give a more quan-
jﬁ oe o Bl DD B titative characterization of the variability of our sample and to

relate variability to the physical characteristics of our X-ray
sources, we have employed two complementary methods.

First, we have searched for the presence of variability in each
of our sources using the Kolmogorov-Smirnov (KS) and the
Cramer-vonMises (CvM) tests. Second, using the “variability
distributions” described below, we have been able to study the
variability properties of entire source subsamples.

L L L L L B L B
[m]
o

—6[ P P P P T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Log(M/Mo)

7.1. Individual source variability

The KS and CvM tests, as implemented in the IRAF/PROS
Fig. 7. Lx/Lyor vs. stellar mass. X-ray luminosities and upper limitgask “vartst”, have been performed for each of the sources de-
used to computéx /L.l are derived from maximum likehood countye e in the two distinct pointings (North and South). Photons
rates as described in the text. were extracted from source-centered circular regions containing

85% of the Point Spread Function at the relevant off-axis. No

correction for variable background emission has been applied.

from pub!ishgd data for other SFRs of different ages. The dg{gih tests give as a result the confideriBe,() with which we
for p Ophiuchi was taken from Table 2 of Casanova efal. (1999, reject the null hypothesis that sources are indeed constant

those for the Chamalepn I region from Table 6 of Feigelson gt 1o 90%, 95% or 99% level. Hereafter, for simplicity, we
al. (1993); those for Orion form Table 6 of Gagat al. (1995). i refer to these confidence levels as “variability” probabili-
In all of these three cases the XLFs are computed using bggg, withP.,, < 90% indicating likely “constant” sources and

detections and upper limits for variously selected samplesf . g9 likely “variable” ones. Noting that the results of the

confirmed members of the SFRs. As these samples are not{js tests are largely consistent, we report the maximum of the

mogenous with respect to each other and to our sample (reagls yariability probabilities obtained for each star in the eighth
ing, for example, different limiting masses) the four luminosityqymn of TablgB. Variability is detected with 95% confidence
f.unctions in Fig[B are not strictl)_/ comparable, especially in tt’(%r higher) for 52 of our sources (31% of the total). Raising the
light of a possible massl:x relation. o significance criterion to 99% reduces this number to 31 (18%).
‘As pointed out in Sedt. 5.1, our sample is likely represen-" these fractions however are certainly lower limits to the
tative of the whole population in terms of mass and age. Itjigcigence of variability in our X-ray sources for two simple
apparent from the NGC 2264 XLF in Fig. 6 that we could onlyaasons. First, because of the flare-like nature of variability of
define about 55% of the XLF, the remaining members beigne stars (see the light curves discusse in [Sett. 7.4) and the
fainter than our detection limit. These two seemingly contragfyited time span of our observations, we may have observed
ing indications may be explained with the absence of strofg,t sources only in their quiescent state. Second, the low pho-
correlations between X-ray luminosities and the age and m&§s statistics of most of our sources means that the KS and
of PMS stars. The dependence of X-ray luminosity 0n mass (& tests can only detect very large emission variations in
ported above is apparently not strong enough to significanffy,se sources. We indeed have verified that the sources detected
bias our sample toward massive stars, although such an effect,ariaple are, on average, significantly brighter in the X-rays
would clearly show up with shallower X-ray observations (Cfhan the sources not detected as such. Although in principle this
the d_ashed line of Fig]3). o could be a real trend, it more likely reflects the difficulty of
Fig[7 shows the coronal activity indicatdrx /Lioi 8 @ etecting variations in low intensity sources. If we restrict our
function of stellar mass. We witness the same behavior oftgfaysis to sources detected above a certain count rate threshold,
reported for PMS stars (see eg. Aleadt al.[1997) that can gee Taplgls), we see that, as it increases, the luminosity distri-
be interpreted in terms of saturation of activity at a level @fytions of sources detected and those not detected as variable
Lix/Linot ~ —3 for stars less massive than1 solarmass and (p -~ 90% andP,,, > 90%) become statistically indistin-
a decrease of this parameter for more massive stars. guishable as indicated by the KS test probabilities that the two

S T S A BT N A RO A E A
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Table 5. Summary of variability analysis.

Log(Age)< 6.3

Threshold {0 %cnt s™1) 0.0 2.0 25 o EEse,  =me= Log(Age)> 6.3
Ntot 169 44 32 ! |
N[> 90%] 65 24 16 :

[> 99%)] 31 16 12 £ o0k i
PES | 1o[90%] 4% 65% 71% = f 1
< Log[Age>og0%] > 6.1+£0.1 6.0+01 6.0+02 = ]
< Log[Age<90%] > 6.1+£0.1 64402 68=£0.1 i 1

Pi5.[90%) 60% 4% 2% | |
Nga [> 90%] 13 6 5 007
Nua[> 99%] 7 5 5 08 "o "2

1.000

samples are drawn from the same parent populd@h(,,. in _ o
Tableb).

Moreover, as can be seen frdW,;, N[> 90%] and N[>
99%] in Table[B, the fraction of variable sources increases sigo.o :
nificantly increasing the luminosity threshold. In the following Log(Pey -
analysis we will thus consider, not only the entire sample, b
also subsamples of bright sources that can be more reliably di %5%
tinguished as variable or non variable.

N/ZN

0.010

IN
|
w
o

8. Upper panel: maximum likelihood distributions (see text) of
nt-rate ratios between different measurements of the same source
at different times. The solid and dashed lines refer to stars younger
and older thar10%3 years. The overlapping shadowed areas refer to
the 0.5% and 99.5% quantiles of the simulated “constant” distributions
(see text); the bounding lines are of the same style of the “observed”
The other method we employed is similar to that describeddistribution they refer to. Lower panel: distributions of the probability
Montmerle et al.[(1983), Sciortino & Micela (1992), SchmittPcw) thatthe “observed” curves are compatible with each of the 1000
et al. [1993) and Marino et al. (1999). It compares the diffegimulated “constant” distributions. Line styles have the same meaning
ent count rates, or count rate upper limits, measured in eaclf®fn the upper panel.

our 6 observational segments for each source. Given the time

lapse between these segments this method is more likely to de-

tect variability on long time scales(1 year). For each X-ray Poisson statistics. Moreover, in order to simulate the detection
source of the sample under study we have calculated the manthe non-detection of our simulated sources, we use the sensi-
imum of the available independent measurements (either thte#ty maps generated by the wavelet detection code (Damiani
or six) and the ratio between the remaining measurements andhl.[1997R) for our HRI sequences. Once the detection (or
this minimum. Whenever the numerator of this fraction was aron detection) and photometry of our constant sources has been
upper limit we also considered the calculated fraction as susimulated we calculate the ML ratio distribution using the same
We then constructed the Maximum Likelihood (Kaplan-Mayeprocedure used for the “observed” distribution. Through this
distribution of all these ratios (we will call it the “observed”simulation process we calculated 1000 distributions. To evaluate
distribution) and compared it to the distribution we would olthe compatibility of these simulated distributions with the “ob-
tain if all sources were constant and differences were due osbrved” ones we followed two strategies: first, we established,
to counting statistics. Before explaining how we obtained thisr each bin, the 0.5% and 99.5% quantiles of the 1000 distribu-
latter (“constant”) distribution, we note that, due to the way wions; second, for each simulation we ran a Gehan’s generalized
have treated upper limits, the “observed” distribution is actual/ilcoxon test (using hypergeometric variance) and recorded
narrower than it should be and thus gives a conservative estintae probability Pcw) that the simulated distribution of ratios

of variability. This is because, when the minimum measuremestcompatible with the observed one. The result is that shown
is an upper limit, we consider it, for the sake of this calculatiom Figs[8 and19, where, in the upper panel the thick lines rep-
as a detection. It follows that, if the numerator of the ratio isr@sent the “observed” distributions and the hatched areas the
detection, the calculated value will be smaller than the real om@nfidence intervals of the “constant” ones just described. In
If, on the other hand, the numerator is itself an upper limit thie lower panels we show the distributionidyy .

ratio will also be considered an upper limit, although the actual

value might as well be larger.

The “constant” distribution is calculated by simulating the
observation and the measurement of the X-ray flux of our 18 also examined the dependence of variability on several stel-
sources, considered constant and with count rates equal tolt#neparameters. For this purpose we considered only sources
minimum of the our measures. For the simulations we assumih unique optical counterparts and with estimated physical

7.2. Derivation of variability distributions

7.3. Variability and stellar parameters
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ing the bold-text numbers in the right-most column of the table
(i.e., those above th25 10~ 3cnt s~! threshold). For this 32-
source sample, all of thH,, emitters (5 out of 5) are variable,

as compared to only about a quarter (12-5=7 out of 32-5=27) of
the non-emitters. We recall (see SELt. 6) that no difference was
found in the X-ray luminosities of stars with and without strong
H, emission, implying that this result cannot be explained in
terms of selection effects due to counting statistics. This same
conclusion regarding the variability of the two samples of PMS
stars with and without strorid,, emission can be independently
drawn from Figl®: although both samples are variable, the X-ray
emitting stars with stron@l,, emission are significantly more
variable in X-rays than those with we&k, emission.

Ha strong

----- Hao weak
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7.4. Light curves and flares

Ni/ZN,

0.010

In order to visually verify the result of the variability tests and
to gain insight into the nature of this variability, we plotted
light curves for each of our sources. Figs. 10 11 show these
curves for sources with strong evidence of variability. These
Fig. 9. Same as FiflJ8 but for subsamples whose (unique) counterpgifyt curves, as well as others which are not shown, can be
are cited in the literature as having strong or wékemission. roughly divided in two groups: those that indicate variability on
long (~ 1 year) time scales (eg. X-10, X-135) and those that

characteristics. We compared masses, ages, bolometric luphiow short-lived flares (eg. X-159, X-85, X-125).

nosities,H,, emission, etc. of subsamples of variable and non Our HRI observations are heavily fragmented in time. It is
variable X-ray sources (according to the above tests). MoreoJ8is not easy to observe a flare in its entirety. [Fi. 12 shows
we compared the luminosity-ratio distributions of subsampl@sstrong flare that occurred on a G5 V star (source X-85) on
of different mass, age, etc. September 19 1992, toward the end of the third observation seg-

In most cases, variable and constant sources did not sH&nt of FigLI0. Although, due to the low statistic and the lim-

significant differences, indicating that the parameters in qudi&d time coverage of the observations, few conclusions can be
tion do not p|ay an important role in the X_ray emission and/&rawn onthereal Shape ofthe ||ght curve, it seems ||ke|y that the
its variability in time. There were, however, two notable exceflare began at the end of the first observation segment shown in
tions: age andl,, emission. Fig[12 and that the emission peak occurred during the data gap

Table[B shows the medmg(Age) of the variable and non between the two segments, and was not observed. In any case
variable sources (the label$=“90%" and “< 90%" refer to We do observe a-26-fold increase in the X-ray emission from
P...) as well as the probabilit;l?ﬁge, that the two age samplesthis star, from a mean level ¢ 1.4 Counts ksec™! observed
have been drawn from the same parent population accordindftdhe rest of the observing time to about Géunts ksec™".
the KS test. It can be seen that for the lowest value of count r&téen assuming we have seen the peak, X-85 became the second
threshold, the two samples are indistinguishable. If we considéightest X-ray source in the region (after S Mon, our source
only the brightest sources (who#t,, is more meaningful) X-67) during this flare. If we assume the same count-rate to flux
the variable stars appear to be significantly younger than grnversion factor as derived in Sédt. 6 the inferred peak lumi-
non variable ones. This indication is only partially supportedPSity is~ 8.7 x 10°! ergs s—*, while the total energy release
by Fig.[8, which shows the distributions of luminosity ratios fofuring the 50 minutes in which the emission is seen to decay, i.e.
stars older and younger thaf®3 years. Both samples appeathe second observation segment in Eig. 12, is absuk 10%°
to be composed of variable stars, but the difference between®@s. This last value is certainly a lower limit to the total energy
older and the younger stars is not very striking, apart from tg&nitted during the flare, as it includes neither the tail, nor the
presence of a tail of high amplitude variability in the youngétse (and probably the peak) of the flare. Although considerably
sample. fainter than flares reported by Preibisch etlal. (1993).kH«

A more striking discriminant of X-ray variability is the pres-92 (IC 348), and by Preibisch et al. (1995) on P1724 (Orion) this
ence or absence of stroitfj, emission. Because we collectedlare is nevertheless among the most powerful events observed
H,, information for our stars from several sources in the liteftom T Tauri stars, comparable to that observed by Montmerle
ature, we lack a consistent basis for comparing the strengtredfl- (1983) on ROX 20 in the Ophiuchi region.
the line. We have therefore classified the stars qualitatively as Another powerful X-ray flare in an NGC 2264 member is
being either emitters or non-emitterskéf. flux. The incidence observed in the Einstein IPC data whose analysis is reported
of variability in the emitters is much higher than among thodB Simon et al.[(1985). Their source 4 likely undergoes a flare
characterized as ndi, emitters. This can be seen by considefuring their third observation (reportddy ~ 3.1 10*'), the

0.001

—2 -1
Log(Pew)

o
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Fig. 10.Light curves for three X-ray sources with clear evidence for variability. For each source, background subtracted count-rates, binned in
2000 seconds intervals, are shown as function of time along with error bars (solid vertical lines) derived from counting statistics. Gaps have
been suppressed in the time axis; between gaps the scale is as indicated by the 2 ksec bar at the bottom right. The source sequence number is
indicated in the upper left corner of each plot. Vertical lines represent gaps in the observation between adjacent bins: thin dotted lines represent
gaps larger tha@- 10° sec., while thick dashed lines separate the different observations. The number at the bottom of the line gives the width of

the gap in units 0f0® and10° seconds, for the dotted and dashed lines, respectively. The dotted horizontal lines indicates the average count-rate

as derived from the light curve. The arrows in the top panel (source X-85) indicate the part of the light curve which is shown in more detail in

Fig.[12.

only one in which it is clearly visible. We do not detect any X-39: The second brightest X-ray source in our list. This
HRI X-ray source within the IPC error circle for this source anglource is identified with the W UMa system W92. Simon et al.
estimate an upper limit on its luminosity 512 103° ergss—!, (1985), observing this source with the Einstein IPC (their source
a factor of at least 6 less than the Simon etlal. (1985) value. 4), were not able to identify it unambiguously because of the
It is quite likely that these are not isolated cases. Sevelalv resolution of their observations. Assuming the distance of
other sources show signs of sudden brightening at about M@&C 2264 they estimated drg(Lx) ~ 31.4 lower than our
same level, but, as already pointed out, their low statistic ahaninosity (Log(Lx) = 31.70) by a factor of about 2. If at the
the poor sampling of the light curves does not permit furtheistance of NGC 2264 X-39 would be brighter in the X-rays than
study. The long uninterrupted observations with CHANDRAnNy of the W UMa systems studied by McGale etlal. (1996) by
and/or XMM will give us the opportunity to shed further lighta factor of at least 15. This star is thus likely to be a foreground

on this subject. object.
X-67: The brightest X-ray source in our field of view. It
8. Comments on individual sources is associated with the O7 V star S MON. Its X-ray emission

. o ) has been studied by Snow et &l. (1981), who detected sig-
X-27: This HRI source has no visible counterpart either cat@ticant luminosity variability in three Einstein IPC observa-
logued orinthe DSS plate (see Appendix). Itlies within the argg s No evidence of variability is apparent in our data for this

surveyed by Flaccomio et al. {1999) with CCD photometry. Weyrce. Itd.og(Lx /Li ) is about -5.4, at the upper extreme of
looked for counterparts in the CCD frames analized in that wogk,, 1. /1, ) ratio found by Sciortino et al[ {1990).

and we found a faint counterpart in the | band frame close to
the center of our identification circle. It is likely to be a very
reddened, embedded, source.
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Fig. 11. Same as Fi@g.10. Note that while the sources in[Fig. 10
observed in all 6 observational segments, these light curves refer
to the north field (segments 1,2 and 3).
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tracks. We compare masses and ages of our X-ray sources with
those of the sample studied by Flaccomio et al. (1999), which,
though restricted to the southern core of NGC 2264, achieved a
good degree of completeness by using several complementary
selection methods. We find that our X-ray sources are represen-
tative of the whole population of NGC 2264 members in terms
of distributions of ages and masses and suggest that sufficiently
deep X-ray observations provide one of the best methods of
selecting the important population of WTTS in SFRs.

The long time span of the observations permit a study of
the time variability properties of our source sample. Using
different, complementary techniques, we find that variability
is significantly more widespread among stars with stréling
emission (i.e. CTTS) and also, to a lesser degree, among the
youngest sources. We tend to interpret this latter result as a
byproduct of the strong dependence of variability on whether
the star is a CTTS or a WTTS. Indeed we have indications
that, among our X-ray sources, CTTS are on average slightly
younger than WTTS< Log(Agecrrs) > = 5.97 &+ 0.08,
< Log(AgewrTs) > = 6.18 £ 0.05; results of the two sample
tests performed by ASURV: 0.7% - 6%). We are thus induced to
give a more fundamental role to the dependence of variability
on the PMS class of the star. This result points to a role of the
accretion process and/or of the circumstellar disk either in the X-
ray emission mechanism or in its modulation. With the present
&fata we are not able to say what the nature of this role might
BY we confirm that X-ray luminosities of CTTS and WTTS are
comparable, so that accretion is not likely to be responsible for a
significant part of the emission. On the other hand we can envi-
sion a couple of mechanisms that might explain the influence of
disks on X-ray luminosity of CTTS: one is the distortion of the
coronal magnetic field due to the presence of the accretion disk,
which might, for example, produce large loops that extend to
the inner part of the disk or induce stresses on the magnetic field
due to the accretion flow. Another is the variable extinction due
to a non-homogeneous disk or wind occulting the X-ray emit-
ting region of the star. Both these hypothesis are susceptible of
verification with improved optical data and with new, deeper
and spectrally resolved X-ray observations.

Fig. 12. Flare on the source X-85. Photons are binned in 400 seconds

intervals. The dotted horizontal line indicates the average count réteknowledgementsiVe thank Dr. E. Young for providing the catalog

computed forthe restofthe light curve, i.e. excluding the interval showfi spectral types prior to publication. EF, GM, SS, FD acknowledge
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Table 3. List of detected X-ray sources

Nx RAs000 DEC2000 Ratemax € Ratemin e < Log(Lx) >* SNR Py, Identifications
hms o [c/ksec.] [c/ksec.] lergs s 1]

1 640 05.8 93550.2 5.68 1.9 1.58 0.5 30.83 6.0 V2844), S42, S45, S46

2 640 09.7 941438 2.60 0.7 1.68 0.4 30.77 10.6 90 VeR252), S53

3* 64010.1 93858.9 5.17 1.0 1.13 0.4 30.86 9.2 99 S54{066

4* 64011.1 93811.2 0.93 0.4 0.93 0.4 30.35 4.9 '8G85™)

5* 64013.1 92451.2 4.83 1.4 2.25 0.8 30.84 9.1 25

6* 640 13.5 92027.2 4.75 1.6 1.81 0.7 30.97 6.8

7* 640 20.6 93631.2 3.06 0.8 1.98 0.6 30.76 119 90 W42{V/2874, MX8)

8* 64021.0 92403.5 3.84 1.3 < 1l.24 < 30.65 4.8 95

9 640 26.0 926 08.5 1.27 0.6 < 0.97 < 30.42 4.6

10* 64026.1 93804.8 10.54 1.6 1.45 0.4 30.77 12.1 99 W48(S94, MX17)

11 640 27.3 93356.3 0.83 0.3 0.83 0.3 30.29 4.5

12* 640 28.4 93548.2 1.78 0.6 1.13 0.3 30.43 7.7 W51(S96, F29, MX24)

13 640 28.6 931025 3.77 1.1 < 0.62 30.64 12.8 V38(S§8 s99-™ O77™, F31)

14* 640 28.8 94219.0 1.55 0.5 < 0.92 30.34 6.9 S101(MX25)

15* 640 30.5 946 15.3 0.78 0.2 0.66 0.2 30.27 7.2 S108(0ANX32)

16* 64031.2 93109.3 2.25 0.7 1.12 0.4 30.45 7.0 95 W56(V41, S1117'0882, MX36)

17* 64032.7 95135.7 6.46 1.0 2.09 0.7 30.90 11.9 99 S118(M362X40)

18* 64036.1 91854.1 3.10 1.1 1.58 0.5 30.57 7.2 'F92

19* 640 36.4 948 25.3 1.29 0.4 1.15 0.3 30.44 6.3 S130(MX52)

20* 64037.0 93108.8 1.70 0.6 < 0.99 30.37 6.4 90 F102

21 64037.0 95507.4 3.43 1.1 3.22 0.9 30.90 8.3 W68(V48136), S135(MX57)

22 64037.0 94725.9 6.58 2.2 3.48 0.6 31.13 14.2 W66(V46132, MX53),
W67(V47™, S133, MX56)

23* 64037.8 93459.0 0.76 0.3 0.56 0.2 30.12 55 S1H110, MX62, H16™)

24* 640 38.3 94721.4 1.78 0.5 <0.72 < 30.41 14.2 W74(V52, S142, MX66)

25* 640 38.5 93659.0 0.90 0.4 < 0.51 < 30.18 4.6 95 MX68

26" 64039.9 93504.1 0.92 0.3 0.87 0.3 30.34 6.7 W77(V58150™, F134, MX73, H18")

27 64040.9 93428.4 1.86 0.7 < 0.97 < 30.48 4.6 95

28 64041.2 95059.1 3.22 1.0 < 1.32 30.86 6.6 W78(S136, MX77, H20™),
S152(087", MX74)

29" 64041.3 948 14.9 324 05 1.26 0.5 30.74 11.9 99 S158(MX80)

30" 64041.6 932220 1.67 0.7 < 0.72 < 30.36 4.6 95 S166(MX87)

31" 64042.1 939246 7.73 2.3 1.00 0.4 30.69 10.4 95 W83(58165™)

32* 64042.3 94012.8 1.58 0.5 < 0.97 30.38 6.0 S1684(MX84, H23™)

33* 64043.1 946 03.4 4.88 1.9 4.25 0.7 31.01 20.6 wa88(V6$169, MX92)

34" 64043.3 95101.6 1.75 0.5 1.30 0.4 30.49 71 95 S170(MX91)

35* 640445 94817.4 1.89 0.5 1.59 0.3 30.58 10.2 S172

36 640445 93224.1 0.95 0.4 < 0.44 30.02 4.7 F188

37" 640449 95744.2 2.48 0.8 2.48 0.8 30.77 4.6 S175

38 64044.9 945441 3.22 0.4 < 0.93 30.69 15.0 99 S177(MX101)

39" 640 45.9 949215 21.53 1.6 20.29 1.1 31.70 52.0 90 W92(V67, S181, MX106)

40* 640 46.6 93233.6 1.17 0.6 < 1.06 < 30.42 4.7 F207(MX112)

41* 640 46.8 93243.1 2.29 0.8 < 1.06 30.40 6.8 99 W95(S186, F211™, MX112, H26™)

42* 64046.9 954 31.6 2.47 0.7 2.26 0.6 30.73 7.0 99 S183

43 64047.1 94855.3 0.78 0.3 0.68 0.3 30.27 59 S184, S187

44* 64048.1 93641.4 2.14 0.7 0.69 0.2 30.44 6.6 95 W97(S191,'F218X117)

45* 640 48.2 93252.2 3.39 1.1 < 0.65 < 30.60 8.2 95 W101(S193, F221, MX121)

46™* 640 48.7 92156.3 2.69 0.8 <1.12 30.52 8.5 99 V73 (F223)

47" 64049.8 94734.1 0.95 0.3 0.66 0.2 30.19 6.5 95 S198(QIBX125)

48 640 50.6 95711.6 224 07 1.89 0.6 30.65 5.2 S197

49* 64050.9 944 47.8 2.42 1.2 < 0.57 30.17 6.3 W108(V78, S206, MX132)

50" 64051.6 928439 1.96 0.7 < 0.91 30.49 8.0 F250 (MX134, H34™)

51 64051.8 952139 1.16 0.4 1.16 0.4 30.44 4.8 S213(MX135), S214(MX140)

52* 64052.7 944241 0.99 0.3 0.78 0.3 30.27 7.4 S215

53" 64052.9 94456.6 1.48 0.5 0.90 0.3 30.36 8.6 32(1®98™, MX141)

54" 64053.4 93326.7 0.79 0.3 0.79 0.3 30.28 55 W115(V83217", F263, MX143, H35")

55* 64053.6 930 39.6 1.62 0.6 < 0.49 < 30.26 53 99 W116(V83, S218, F262, MX144)

56 64053.6 94707.8 1.22 0.4 < 1.00 30.46 53

57" 64054.1 92953.8 0.91 0.4 0.58 0.2 30.14 51 95 F264

58" 64054.3 92004.2 1.03 0.3 < 1.03 30.39 5.3 W118(F266, MX147)

59* 64055.3 937249 1.45 0.5 1.05 0.3 30.40 9.0 W119(S228)

60" 64055.5 94019.2 0.88 0.4 <041 29.99 4.7

61 64056.5 92515.9 0.93 0.4 < 0.51 < 30.23 4.6 99

62" 64056.7 93749.1 1.09 0.4 0.77 0.3 30.39 9.0 W126(V88236™, MX158, H41™)

63" 64056.7 93009.2 1.02 0.3 1.02 0.3 30.38 5.5 90 W127(S235,"F2BIX159)

64 64058.2 93053.8 3.97 1.2 < 1.09 30.50 4.9 V931(5244[, S245°™, F298, MX269, H43Y),
S238(0102", F290, MX163)

65" 640 58.6 93331.2 1.08 0.5 0.58 0.2 30.15 6.0 W132(V9$5242, F294, MX166)

66 64058.7 93921.6 1.12 0.5 < 0.45 < 30.20 4.7 95 0103 (MX168)

67" 64058.7 95348.4 87.35 3.2 77.19 5.8 32.30 106.8 /245

68 64059.1 95524.2 2.05 0.7 1.81 0.5 30.63 6.8 V93249)

69" 64059.2 95306.6 1.20 0.4 0.86 0.3 30.31 6.1 99 S247

70* 64059.3 94619.1 0.91 0.4 0.69 0.3 30.25 71 S24B144™
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Table 3. (continued)

Nx RA5000 DEC32000 Ratemax err Ratemin err < LOg(Lx) > SNR Piar Identifications
hms o [c/ksec.] [c/ksec.] lergs s 1]
71 64059.5 93511.8 1.63 0.6 084 0.3 30.39 6.3 W136(S251, U16805, MX173)
72* 6 40 59.6 95151.4 0.87 04 0.87 04 30.31 4.8 S253(MX172)
73* 6 4059.9 92851.3 2.18 0.6 <124 30.71 7.1 F308 (MX176)
74* 64100.1 952253 1.24 0.4 1.20 0.4 30.45 6.4 W137(V98254, MX175)
75* 641 00.3 92910.4 3.47 0.9 1.90 0.6 30.92 7.0 99 S257(F309, MX179)
76 64100.4 94504.3 0.60 0.2 < 0.58 30.16 6.1 S288(0106™, MX177)
7T 64100.7 95127.2 3.29 1.4 143 04 30.54 10.2 96259, MX178)
78* 64101.0 932449 187 05 0.72 0.2 30.38 7.2 90 W139(V98, 326813, MX181, H4T")
79 641013 934519 1.65 06 048 0.2 30.19 6.7 90  F314(5261S262 ™, 0107")
80™ 64101.3 934 08.6 200 0.7 <0.77 30.36 7.3 V100(S263, F315, MX182)
81 64101.6 948 25.8 353 05 1.67 0.6 30.87 17.8 99 ’V8926§, S266, MX183)
82* 64101.8 93844.1 0.89 0.3 0.65 0.2 30.19 6.5 W146(V'103267, MX186)
83 64101.9 95252.4 3.03 09 266 0.8 30.83 11.3 VTO$2681,326§)
84* 64102.2 95159.1 1.51 0.6 1.41 0.4 30.52 9.1 V18270, MX187)
85" 64102.4 93457.7 8.72 1.0 1.26 0.4 30.98 19.7 99 W149(V105, S271, F321, MX189)
86™ 64102.5 93514.1 0.87 0.3 0.69 0.2 30.22 6.7 W150(S272, F322)
87 64102.5 927238 128 05 0.82 0.3 30.29 5.4 V108(F324, MX188)
88* 64103.1 95356.6 3.85 0.7 < 1.65 30.59 10.9 99
89™ 64103.4 93119.4 4.71 0.8 2.01 0.6 30.95 16.8 V109279, F330, MX195)
90* 64103.7 92739.1 146 0.6 097 03 30.36 6.3 335
91* 64103.9 94914.2 1.12 0.3 1.10 0.5 30.42 8.0 95 S281(MX196)
92 64103.9 93020.9 157 0.6 < 0.53 < 30.27 4.7 99
93* 64104.0 93521.8 0.59 0.2 0.59 0.2 30.15 4.7 S282(F339)
94* 64104.2 948 26.6 0.81 0.3 0.65 0.2 30.19 6.4 W156(V113285, MX198)
95 64104.2 95157.2 9.40 1.1 4.74 1.9 31.34 23.4 99 V110(S284, MX199),V13286)
96* 64104.6 9 36 28.6 097 04 0.62 0.2 30.20 6.9 W159(V'118290, F349, MX207)
97 64104.8 95319.1 127 04 125 04 30.47 6.6 S288, S295
98™ 64105.3 93315.0 2.54 0.8 1.04 0.5 30.50 9.2 W160(S296, F351, MX213)
99 641 05.6 93137.9 1.37 0.5 <071 30.22 53 95 F357, F352
100* 64105.7 931024 1.41 0.4 0.73 0.2 30.41 7.3 W162(S298, F353, MX215)
101* 641 06.0 93625.3 4.82 1.3 141 04 30.84 15.2 99 W164(V1,22303™, F360, MX219, H53")
102 64106.1 954 21.7 2.51 0.8 < 1l.42 30.53 5.7 90 S297, 0171
103* 641 06.3 929339 3.86 1.2 < 0.93 30.66 6.6 F361
104 641067 927336 566 0.8 203 08 31.03 144 99  \igE367, MX225, H56"), F371 (H54™)
105* 64107.0 92749.4 1.73 0.5 0.85 0.3 30.49 10.1 99 E3[10X227)
106* 64107.1 92553.8 145 0.6 088 0.3 30.32 6.9 OLE374, MX229)
107* 64107.3 931221 1.39 0.5 <0.51 < 30.24 54 99 F372
108* 64107.7 944 04.9 124 0.2 092 0.3 30.47 9.0 90 W169(V126309, MX231)
109* 64108.2 93044.2 0.79 0.3 0.79 0.3 30.27 5.2 W175(S310, F378, MX233)
110* 641 08.5 94254.1 0.78 0.3 0.74 0.2 30.25 7.2 W173(S312, MX236)
111* 64108.8 92342.1 5.67 1.0 2.27 0.8 30.90 16.0 95 F381(MX240)
112* 64109.0 94116.6 150 05 0.71 0.2 30.32 8.1 99 W174(V129, S315, MX238)
113* 641 09.6 92801.1 128 0.6 < 0.50 < 30.26 4.8 V130
114* 641 09.7 92712.1 2.76 0.8 241 0.8 30.77 14.2 V132(F385, MX245)
115* 64110.0 92747.7 4.82 0.9 3.74 0.5 30.95 17.7 V133(F386, MX247)
116* 64111.9 92629.2 0.56 0.2 0.56 0.2 30.12 4.9 W183(F398,"H59
117 64112.6 95244.1 3.57 1.0 239 0.7 30.81 10.2 W184(V138327™, MX255, H60™),
S328(MX257)
118* 64113.0 927334 2.81 0.9 1.22 0.4 30.67 13.3 W189(V14B401, MX262)
119* 64113.0 92304.2 0.52 0.2 0.52 0.2 30.09 4.8 MX263
120 64113.2 92612.7 4.68 0.7 3.50 1.1 31.05 15.6 VI@B4061, F402,
MX261', MX266', H62™)
121* 64113.2 91349.6 1.97 0.8 <134 < 30.59 4.9 90
122 64113.3 95509.2 1.52 0.4 1.52 0.4 30.56 6.0 W186($3318332, MX258)
123* 64113.4 92437.1 1.66 0.7 <0.51 < 30.28 4.5 99 MX264
124* 64113.4 92807.6 1.35 0.5 0.87 0.3 30.31 5.7 F404(MX268)
125* 64114.4 93714.1 9.60 0.9 0.60 0.2 30.95 21.8 99
126* 64114.6 93325.6 120 04 0.65 0.3 30.39 6.3 W191(S335, F409, MX270)
127* 64114.7 93234.1 1.06 0.4 0.90 0.3 30.33 6.6 S336(F411, MX271)
128* 64115.4 946 42.8 3.21 1.5 1.30 0.5 30.65 12.5 V148339, M367", MX274)
129 64115.8 92618.4 5.39 0.9 4.33 1.2 31.02 19.6 90 V147(F416, MX281)
130 64116.3 92633.4 094 05 <051 < 30.24 4.7 95
131* 64116.4 92951.4 3.21 1.3 < 1.06 < 30.58 4.7 V150(S343, M368™, F418, MX285)
132* 64116.6 93618.9 0.60 0.3 < 0.45 < 30.10 4.7 F420(MX286)
133* 64117.9 92926.7 0.73 0.3 0.73 0.3 30.24 4.9 S346(F422, MX290)
134* 64118.0 93342.6 235 0.7 < 0.85 30.30 6.5 99 W198(V152, S348, F424)
135* 64118.3 93351.5 8.58 1.0 1.00 04 30.93 19.2 99 W199(V1,53349™, F426, MX295, H68")
136* 64118.3 93127.8 2.28 0.4 < 1.45 30.54 11.4 99 F427(MX297)
137 64118.5 93944.1 0.59 0.2 0.51 0.2 30.08 53 338AX294, H67™), S351(MX298)
138* 64119.7 93143.9 248 0.8 <1.23 30.60 12.1 V15% (S353, F434, MX304)
139* 641 20.6 94539.1 146 04 <1.01 30.54 9.7 95 V157 (S355, MX306)
140* 641 20.7 94734.2 0.60 0.2 0.60 0.2 30.15 4.8 MX305
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Table 3. (continued)

E. Flaccomio et al

.. HRI observations of PMS stars in NGC 2264

Nx RA5000 DEC32000 Ratemax err Ratemin err < LOg(Lx) > SNR Piar Identifications
hms o [c/ksec.] [c/ksec.] lergs s 1]
141* 64121.0 93337.8 2.61 0.9 0.76 0.3 30.40 8.1 90 W204(V159, 835440, MX308, H70")
142* 64121.2 93216.2 1.77 0.6 0.57 0.2 30.23 5.3 99 F441(MX309)
143* 641217 94534.1 0.78 0.3 0.54 0.2 30.11 5.5 V161(S359, MX310)
144* 64122.0 94314.9 1.11 0.4 0.76 0.3 30.28 7.4 S360(MX312)
145* 641221 94354.0 4.85 1.8 1.96 0.3 30.75 17.4 95 W206(V1,62362, MX313)
146 64123.1 927259 4.48 0.8 3.04 0.9 30.93 18.1 W208(V168447, MX319)
147* 64123.4 94719.1 0.79 0.3 0.59 0.2 30.15 4.7
148* 64124.4 93251.7 0.90 0.3 0.90 0.3 30.33 5.8 F452(MX324)
149 64125.8 934428 1.71 0.5 1.13 0.3 30.43 8.4 95 S370(F456, MX330) S372(F457)
150" 64127.2 93507.6 3.28 1.3 1.13 0.4 30.53 9.3 V170(S373, F460, MX335)
151" 64127.3 95119.2 0.79 0.3 0.79 0.3 30.27 4.6 W212(V'168374™)
152* 641 28.7 939 14.6 5.81 1.7 < 3.62 < 31.05 5.8 S382
153* 64128.9 93841.0 3.48 1.1 1.80 0.6 30.70 13.2 V178380)
154" 64129.3 93937.9 6.19 1.7 2.70 0.4 30.94 16.0 W214(V178381, MX339)
155" 64131.6 948 36.5 1.60 0.6 1.36 0.4 30.51 8.9 V177(S388)
156 64132.4 93809.1 2.39 0.8 <0.77 30.54 6.1 95 V181 (S394)
157* 641329 91902.5 1.68 0.6 < 0.97 30.36 6.3 90 W220(F473)
158* 64137.3 94511.5 154 05 < 0.89 30.33 6.5 99 V185(S407, H74™)
159* 64139.8 94029.0 10.53 2.0 0.74 0.3 30.89 11.3 99 V1@421™, H77T™)
160 641427 944 41.3 3.23 1.4 < 0.89 < 30.54 4.7
161" 641429 94300.2 1.26 0.4 0.89 0.3 30.32 5.3 S433
162* 64143.9 94050.3 1.17 0.4 0.77 0.3 30.26 5.8 \V2(8438™, H79™)
163* 64145.3 944 44.1 1.00 0.3 1.00 0.3 30.37 5.6 S441
164" 64145.4 94713.9 1.28 0.4 0.90 0.3 30.33 53
165 64147.4 93803.9 2.39 0.7 1.78 0.5 30.63 7.3 S446
166 64148.1 942445 9.19 2.8 2.03 0.6 30.92 15.7 95 V2(855450), S449
167 64149.5 94104.1 1.22 0.4 1.22 0.4 30.46 5.2 S454
168 64150.3 92951.4 6.01 15 < 3.99 31.14 6.7 99 S459, S465
169 641 55.0 930 14.0 1.56 0.5 1.56 0.5 30.57 5.7 S475, S478

2 maximum likelihood X-ray luminosity - see text

* denotes unique counterparts - see text and plates
! part of a visual double system, unresolved by the other authors
™ denotes that the counterpart is reported as a NGC 2264 member in the cited paper
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Fig. A.1. Finding charts for the sources with no cataloged counterpart
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