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ABSTRACT

Aims. The CMa R1 star-forming region contains several compact clusters as well as many young early-B stars. It is associated with
a well-known bright rimmed nebula, the nature of which is unclear (fossil HII region or supernova remnant). To help elucidate the
nature of the nebula, our goal was to reconstruct the star-formation history of the CMa R1 region, including the previously unknown
older, fainter low-mass stellar population, using X-rays.
Methods. We analyzed images obtained with the ROSAT satellite, covering ∼5 sq. deg. Complementary VRI photometry was per-
formed with the Gemini South telescope. Colour-magnitude and colour-colour diagrams were used in conjunction with pre-main
sequence evolutionary tracks to derive the masses and ages of the X-ray sources.
Results. The ROSAT images show two distinct clusters. One is associated with the known optical clusters near Z CMa, to which
∼40 members are added. The other, which we name the “GU CMa” cluster, is new, and contains ∼60 members. The ROSAT sources
are young stars with masses down to M� ∼ 0.5 M�, and ages up to 10 Myr. The mass functions of the two clusters are similar, but the
GU CMa cluster is older than the cluster around Z CMa by at least a few Myr. Also, the GU CMa cluster is away from any molecular
cloud, implying that star formation must have ceased; on the contrary (as already known), star formation is very active in the Z CMa
region.
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1. Introduction

CMa R1 is an association of bright stars and clusters distributed
around and in the vicinity of the long (200′) arc-shaped ion-
ized reflection nebula Sh2-296 (Sharpless 1959: l = 224.6◦,
b = −2◦), located at a distance d ∼ 1 kpc (Shevchenko et al.
1999; Kaltcheva & Hilditch 2000). In the absence of conspic-
uous exciting early-type stars inside the arc, the source of ion-
ization is still being debated. The CMa R1 nebulae are found
within the boundaries of the OB1 association, which approxi-
mately are: 222◦ < l < 226◦ and −3.4◦ < b < +0.7◦ (Ruprecht
1966). Clariá (1974a,b) studied the space distribution of O and B
stars, based on UBV photometry obtained for 247 stars. The esti-
mated E(B− V) colour excess confirms the existence of a group
of young OB stars together with excited gas and obscuring mat-
ter, which belong to the CMa OB1 association. Clariá used these
data to derive an age of 3 Myr.

� Based in part on observations obtained at the Gemini Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under a cooperative agreement with the NSF on
behalf of the Gemini partnership: the National Science Foundation
(United States), the Science and Technology Facilities Council (United
Kingdom), the National Research Council (Canada), CONICYT
(Chile), the Australian Research Council (Australia), Ministério da
Ciência e Tecnologia (Brazil) and Ministerio de Ciencia, Tecnología
e Innovación Productiva (Argentina).

In the early years of the “propagating star formation” mod-
els (Elmegreen & Lada 1977), Herbst & Assousa (1977) sug-
gested that the “CMa R1 ring” (Sh2-296) could be an old super-
nova remnant (SNR), which was inducing star formation in CMa
R1. Indeed, linear polarization observations are consistent with a
model of compression by a supernova shock (Vrba, Baierlein &
Herbst 1987). Alternatively, Reynolds & Ogden (1978) proposed
that the nebula and star formation were induced by strong stellar
winds, or by an evolving, “fossil” HII region, as also suggested
by Blitz (1980) and Pyatunina & Taraskin (1986). However, be-
cause they are found to be in pressure equilibrium with the parent
molecular cloud once they have opened a cavity (see the example
of M 17, Townsley et al. 2003; or Orion, Güdel et al. 2008), stel-
lar winds cannot compress the surrounding medium and induce
star formation. On the other hand, we now know many exam-
ples of HII “bubbles” apparently triggering star formation near
their edges (e.g., Deharveng et al. 2008; Zavagno et al. 2007),
but these bubbles have well-defined exciting stars.

To this day, the nature of the Sh2-296 nebula remains a mys-
tery, yet we see that star formation is going on in the vicinity
of the nebula. The location of the Sh2-296 arc and of other vis-
ible sites of star formation, in particular the associated nebulae
Sh2-292 (IC 2177) and Sh2-297 (HD 53623), with respect to the
cold dust distribution, are shown in Fig. 1, in the form of IRAS
100 μm contours, superimposed on a DSS optical (R) image. It
is clear that the sites of star formation correspond to the largest
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Fig. 1. Finding chart of the CMa OB1/R1 region. Far-infrared IRAS-ISIS contours superimposed on a 3× 3 square degrees optical image extracted
from the Digitized Sky Survey. The grey contours correspond to data obtained at 100 μm, tracing the dust component. The field-of-view of X-ray
observations are indicated for: ROSAT (white lines); XMM-Newton (blue) and Chandra (yellow). The large rectangular white box shows the area
covered by the optical survey of OB stars by Shevchenko et al. (1999), while the small square box including GU CMa corresponds to the area
where Gemini observations of unresolved X-ray sources were carried out. Objects discussed in the text are labelled by their names. North is up
and east is to the left.

dust column densities, mainly distributed along the edge of the
arc.

The molecular gas around CMa R1 has also been studied in
the course of millimeter surveys of the third galactic quadrant.
The 12CO(1 → 0) Columbia survey of May et al. (1988), with a
spatial resolution of 0.5◦, reveals the extent, down to low densi-
ties, of the molecular clouds in the CMa R1 region. Taking into
account the relatively low spatial resolution of the survey, the
12CO contours match the IRAS 100 μm maps. The densest re-
gions are outlined in the 13CO(1 → 0) Nanten survey of Kim
et al. (2004), which has a better spatial resolution (8.8′ spacing).
These regions are the “backbone” of molecular clouds, where
the earliest stages of star formation can be found. Here they are
not so well correlated with IRAS maps, but, as expected, underlie
the other nebulae. These CO maps, with which we will compare
the young stars distribution, give precious clues about the star
formation history of the region. (See below, Sect. 6 and Fig. 12,
for further discussion.)

Earlier works already contain evolutionary information
about the stellar population in the CMa R1 region. A survey of
early-type stars was done by Shevchenko et al. (1999) covering
a 4 sq. deg. rectangular area that overlaps the Sh2-296 arc, re-
vealing 88 members of the CMa R1 association (74 B stars, no
O star) with ages between 8 and 0.5 Myr, apparently suggesting
an extended period of star formation activity that is still ongoing.

Shevchenko et al. (1999) also point out that two other bright
B stars, GU CMa and FZ CMa, seem to be older than the associ-
ation and may not have been formed in the same star formation
episode. Other early B stars associated with Sh2-296 include Z
CMa, a double system (Koresko et al. 1991; Haas et al. 1992)
containing a FU Orionis object (Hartmann et al. 1989) and a
Herbig Be star, with a common age of about 0.3 Myr (van den
Ancker et al. 2004).

In addition, three embedded stellar clusters, NGC 2327,
BRC 27, and VdB-RN92, are found along the outer rim of Sh2-
296, in the vicinity of Z CMa. These clusters were studied by
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Soares & Bica (2002, 2003), who used JHK data from 2MASS
(“The Two Micron All Sky Survey”, Skrutskie et al. 2006).
Based on colour-magnitude diagrams, they estimated ages of
1.5 Myr (NGC2327 and BRC27) and 5–7 Myr (VdB-RN92),
spanning the same age range as the sample of Shevchenko et al.
(1999).

We note, however, that such surveys, by construction, miss
the most numerous, fainter low-mass (<2 M�) star population,
which may have a different spatial distribution, as well as differ-
ent ages. The most efficient method to find young stars including
low-mass ones is to use X-rays, the lower-mass limit being only
a question of sensitivity for a given instrument, i.e., of exposure
time and distance to the star-forming region. The reasons are
twofold: (i) young stars of all masses produce X-rays (except
perhaps A stars, see, e.g., Stelzer et al. 2005), independently
of their circumstellar environment: massive stars via shocks in
their winds, with a typical X-ray-to-bolometric luminosity ratio
LX/Lbol ∼ 10−7, low-mass stars via their magnetic activity, with
LX/Lbol ∼ 10−5−10−3; (ii) X-ray satellites have a wide field-
of-view, covering up to several square degrees in one exposure.
(For reviews, see Feigelson & Montmerle 1999; Favata & Micela
2003; Güdel 2004.)

By having access in this way to a much more complete
census of the stellar population, down to low-mass stars, we
will show in this paper how we can significantly improve our
knowledge of the evolution of star formation in the area, both
in time (from colour-colour diagrams) and in space (wide field-
of-view of X-ray telescopes), and thus investigate whether Sh2-
296, whatever its nature, may have triggered star formation in
the CMa R1 region and its vicinity.

More precisely, in order to obtain a stellar sample covering as
large a range of masses and ages as possible, we have analyzed
archival X-ray data from the PSPC detector aboard the ROSAT
satellite, because of its wide Field of view (1◦ radius, or an area
of ∼3 sq. deg.).

We will proceed along the following steps: (i) identify the
X-ray sources, by comparison with data from optical and IR sur-
veys, as well as from dedicated Gemini VRI observations; (ii)
put the counterparts on appropriate colour–magnitude diagrams
and deduce their evolutionary status (mass and age) using PMS
evolution models; (iii) study the spatial distribution of the X-ray
sources and relate it to the mass distribution in its vicinity. In fu-
ture papers, we will “zoom in” towards more restricted regions
in the Z CMa region, using XMM-Newton/EPIC (circle of 15′ ra-
dius) and Chandra/ACIS (square FOV, 17′ × 17′).

Although we have used the XMM-Newton and Chandra
source positions, when available, to validate the ROSAT posi-
tions in Field 2, we defer a more detailed analysis of these fields
(source luminosities, spectra, etc.) to a future study (see prelimi-
nary results by Rojas et al. 2006) for several reasons: (i) as shown
in Fig. 1, the XMM-Newton and Chandra observations cover a
much smaller area than the ROSAT fields; (ii) the 50 ks XMM-
Newton total exposure is heavily affected by solar flares, and thus
requires a detailed treatment to recover as much information as
possible; (iii) in contrast, the Chandra observations are much
more sensitive (total exposure of 80 ks in two observations) and
thus contain many sources which ROSAT is unable to detect in
Field 2: obviously this would distort the comparison between the
two ROSAT fields.

This paper is therefore organized as follows. Section 2
describes archival ROSAT/PSPC observations of the CMa R1
region and the general characteristics of the X-ray data.
Stellar identifications based on optical and near-IR counterparts
searched in published catalogues are described in Sect. 3. The

Gemini observations, which were obtained specifically to search
for additional counterparts in the case of unresolved X-ray
sources, and their analysis, are presented in Sect. 4. Ages and
masses of the ROSAT sources are derived from colour-magnitude
diagrams in Sect. 5.

The last section gives a summary of the results, followed by
a discussion and conclusions. Appendix A gives details on the
ROSAT data analysis, and Appendix B gives complementary re-
sults of the Gemini data analysis.

2. Search for young stars based on X-ray data

The power of X-ray observations to discover large samples of
PMS stars has been illustrated in a variety of star-forming re-
gions. In particular, following up on pioneering ROSAT obser-
vations, intermediate to distant clouds have been covered by
Chandra: the Orion nebula (Garmire et al. 2000; Feigelson et al.
2002, 2003; Flaccomio et al. 2003), part of the Rosette nebula
and molecular cloud, together with M17 (Townsley et al. 2003;
Wang et al. 2008, 2009); Mon R2 (Kohno et al. 2002); RCW38
(Wolk et al. 2002); M16 (Linsky et al. 2007), and by XMM-
Newton: M8 (Rauw et al. 2002); Carina (Albacete Colombo et al.
2003); Vela OB2 (Jeffries et al. 2009); Orion (López-Santiago
& Caballero 2008); and others. Up to thousands of point X-ray
sources per cloud are detected, almost all identified with young
stars, down to the brown dwarf regime. More than 1600 X-ray
sources were detected in the Orion Nebula Cluster during an ex-
ceptionally deep survey (∼1 Ms), the “Chandra Orion Ultradeep
Project” (COUP: Getman et al. 2005a,b), and several hundred
others have been found in the recent “XMM-Newton Extended
Survey of Taurus” (XEST: Güdel et al. 2007).

However, in spite of the much improved sensitivity and angu-
lar resolution of Chandra and XMM-Newton over ROSAT, there
are spatial limitations to these observations. To map a wide area
(several square degrees), a mosaic is necessary: for instance, 5
Chandra fields for the Rosette nebula and associated molecu-
lar cloud (Wang et al. 2008, 2009), 28 XMM-Newton fields to
map the densest molecular clouds of Taurus (Güdel et al. 2007).
In the case of Sh2-296, two overlapping archival ROSAT/PSPC
fields exist (see Fig. 1), covering ∼5 sq. deg. in total, which we
are analyzing in this paper. The present ROSAT work on CMa
R1 is related to a similar study based on observations of two
other giant molecular clouds, Monoceros and Rosette (Gregorio-
Hetem et al. 1998). The ROSAT images provided the identifica-
tion and characterization of several dozen sources,making up the
bright end of the low- to intermediate-mass young star distribu-
tion in the associated clusters. In particular, a useful correlation
is found between the intrinsic X-ray luminosity of the sources
and their optical and near-IR magnitudes. This correlation was
similar to the one found previously by Feigelson et al. (1993)
and Casanova et al. (1995) from ROSAT studies of the nearby
Chamaeleon I and ρ Ophiuchi clouds, respectively, suggesting a
general validity which we will use in the present paper. The main
interest in this correlation is that it is weakly dependent on ex-
tinction, which is essential for the study of young stars, because
of the comparable absorption cross-sections in the near-IR and
keV ranges (Ryter 1996).

The two ROSAT observations we analyze are the following.
By order of increasing RA, the first Field (“Field 1” hereafter),
HEASARC ID RP201011 (PI J.G.H.), pointing axis αJ2000 =
7h00m, δJ2000 = −11◦30′, has an exposure of 19.7 ks. (For pre-
liminary results, see Gregorio-Hetem et al. 2003.) “Field 2”,
HEASARC ID RP201277 (PI H.Z.), pointing axis αJ2000 =
7h04m, δJ2000 = −11◦33′, has a much shorter exposure of 4.6 ks,
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Fig. 2. ROSAT PSPC X-ray contours and fields-of-view superimposed on a digitized POSS(R) image of the CMa R1 region. Grey contours show
the same IRAS-ISIS data at 100 μm as Fig. 1. The observations of Field 1 are indicated by yellow contours and of Field 2 by black contours. The
white crosses indicate the association members identified in the optical survey by Shevchenko et al. (1999), within the area outlined by a white
rectangular box.

and has been partially published as part of a survey of Herbig
AeBe stars, here Z CMa (Zinnecker & Preibisch 1994). In such
exposures, the number of X-ray counts per source is in general
too small to allow deriving a spectrum, or even a good hardness
ratio. Therefore, the intrinsic X-ray luminosity of the sources,
known to be PMS stars in this case, is based on the count rate,
assuming an average plasma temperature (here kTX ∼ 1 keV),
and is corrected for extinction using the column density given
by NH = 2.1 × 1021AV cm−2 (e.g., Vuong et al. 2003), AV being
determined by independent methods (see below). A typical value
of the approximate X-ray luminosity L̃X for AV ∼ 1 is based on
the ROSAT count-to-flux ratio 1 ct ks−1 = 9×10−15 erg s−1 cm−2

(see details in Appendix A). The corresponding lower limits to
the stellar X-ray luminosities are L̃X,min ∼ 6 × 1029 erg s−1 for
Field 1, and L̃X,min ∼ 1 × 1030 erg s−1 for Field 2.

Figure 2 is a composite image of Fields 1 and 2, superim-
posed on a digitized POSS(R) image. The analysis of Field 1
(west of Sh2-296; exposure ∼20 ks) reveals 61 X-ray sources,
the majority of them (47) located in the more sensitive central
part of the ROSAT field. Field 2 (overlapping Sh2-296; exposure
∼5 ks) contains 37 more sources, which appear much more con-
centrated in the central region; the outer regions are probably not
sufficiently exposed to reveal additional sources. The clustering
of Field 2 sources does appear in Field 1, in the form of an ex-
tended area of emission, but, being close to the edge of the PSPC
FOV, the sources are not resolved individually and thus are not
included in the list of Field 1 sources. In contrast, these sources
are resolved in Field 2. Five sources are detected in the over-
lapping area between the two fields. In total, 98 ROSAT sources
were detected in these fields. Table A.1 lists 56 distinct sources
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Fig. 3. Diagram J −H vs. H −K of resolved CMaX sources detected in
ROSAT fields 1 (filled circles) and 2 (open circles). Full lines indicate
the main sequence and red giant branch, and dashed lines are used to
show the direction of the interstellar reddening vector. Error bars are
shown for a representative CMaX source.

belonging to Field 1, and 37 belonging to Field 2, and 5 more
being detected in both fields. Most of the sources have at least
one optical counterpart. Based on their count rates and the esti-
mate of their bolometric luminosities (see next section), we find
log(L̃X/Lbol) lying in the −6 to −4 range, typical of low-mass
young stars.

What is equally remarkable is the absence of sources in some
areas. In Field 2, the near-absence of sources elsewhere than in
the most sensitive central PSPC ring is very likely an observa-
tional bias resulting from the short exposure: except perhaps for
the brightest, several of the sources visible in Field 1 would not
be detected in Field 2 (detection limit: log L̃X = 30). In con-
trast, in Field 1 the absence of sources outside the detected X-ray
clustering is very significant. In particular, in the overlapping
area between Field 1 and the survey area of Shevchenko et al.
(1999, see Fig. 2), no star is detected north and south of GU
CMa (α ≈ 7h02m). It is therefore clear that the clustering of X-
ray sources visible in Field 1 corresponds to a physical cluster,
spatially distinct from the B stars identified by Shevchenko et al.
(1999). GU CMa certainly belongs to this new cluster, and it
is probable that FZ CMa does too, confirming the suspicion of
Shevchenko et al. (1999) that these stars may have originated in
a different star formation episode. We will address this question
in detail in the next sections, adopting the name “GU CMa” for
the new cluster.

Appendix A describes the X-ray observations and Table A.1
lists the 98 sources detected in the ROSAT fields, which we name
CMaX-(number) for convenience. Two methods were adopted to
look for counterparts of the CMaX sources: (i) using available
catalogues (described in Sect. 3), and (ii) in case no counterpart
was found, using photometric data from follow-up Gemini ob-
servations (see Sect. 4).

3. Stellar identifications

From the available images and catalogues listed below, we found
at least one optical and/or infrared counterpart for 91% of the
ROSAT sources, 13 of them having known spectral types; the
most massive are five B2-3 type stars. Nine X-ray sources co-
incide with the emission line stars surveyed by Clariá (1974)

and/or Schevchenko el al. (1999); their identifications from these
catalogues are denoted by “C” and “S” respectively in Table A.1.
We note that Z CMa, FZ CMa and GU CMa are detected re-
spectively as CMaX-63, -57, and -48. In addition, nine ROSAT
sources coincide with the Soares & Bica clusters: two in BRC27
(CMaX-74, -75), three in NGC2327 (CMaX-76, -77, -81), and
four in vdB-RN92 (CMaX-66, -68, -72, -73). These identifica-
tions are also noted in Table A.1.

Optical counterparts for the CMaX sources of Field 1 were
first identified on a POSS(R) plate kindly digitized for us by the
MAMA1 device. However the corresponding MAMA data are
not available for Field 2, so for consistency we use the USNO
catalogue for the identification and R magnitudes of the opti-
cal counterparts in both fields. The 2MASS catalogue was also
used to obtain the IR photometry of the stellar counterparts in the
JHK bands. The adopted positional accuracy of the optical coun-
terparts is based on the brightest star located inside the ROSAT
error circle. Table A.1 gives these errors, which are less than
10 arcsec for sources in the central areas, and 30 arcsec at the
edge of the fields.

We have also used the XMM-Newton and Chandra data,
when available, to check the consistency of the positional accu-
racy of the optical counterparts to the CMaX sources located in
the center area of Field 2, which corresponds to the best ROSAT
resolution. Sixteen CMaX sources (listed in Table A.2) have
been detected by XMM-Newton and Chandra in this area, con-
firming the identifications based on ROSAT positions.

Figure 3 shows the J −H vs. H −K diagram obtained for the
near-IR counterparts. This diagram indicates that most CMaX
sources do not suffer high extinction. Those above the main
sequence are located in the direction of the reddening lines,
allowing a reliable extinction correction. As explained below
(Sect. 4.3), the reddening was estimated from the visual extinc-
tion derived from star counts, and checked using two control
regions containing field stars. However, four objects present a
real H − K excess (appearing to the right side of the dashed line
in Fig. 3), which is an indicator of the presence of circumstel-
lar matter. Among them, we find the well-known Herbig star
Z CMa, which has H − K ∼ 1.5 mag. There are also some of
the X-ray fields for which we could not find any counterpart. In
that case, the position of the X-ray centroid is indicated between
parentheses in Table A.1. Since these sources have X-ray lumi-
nosities in the range log(L̃X) ∼ 29.4−30.4, one would expect a
counterpart brighter than R ∼ 16, based on the abovementioned
(LX,MR) correlation holding for young low-mass stars (further
discussed in Sect. 4.4). In a search for counterparts fainter than
the POSS(R) plate or USNO limit (R ∼ 19 mag), we have ob-
tained deeper observations in the V , R and I bands with the
Gemini South telescope. Combining them with the 2MASS cata-
logue, we obtain altogether VRIJHK photometry for the detected
counterparts. The search for these additional, faint counterparts
to the unresolved ROSAT sources, which we name the “Gemini
candidates”, is discussed in the next Section.

4. Search for faint counterparts

4.1. Gemini VRI images and optical magnitudes

Five fields were observed with Gemini, searching for optical
counterparts to X-ray contours for which the centre is “empty”.

Their positions, all within the ROSAT Field 1, are shown
in Fig. 4. We use the correlations between X-ray luminosities

1 Machine Automatique à Mesurer pour l’Astronomie, Observatoire
de Paris; now discontinued operation.
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Fig. 4. X-ray sources (green contours) and observed Gemini fields (blue squares, labelled by the corresponding CMaX numbers), superimposed
on the POSS(R) image. The X-ray contours were extracted from the ROSAT image using a block bin factor of 30 (see Sect. 4.4), smoothed using
a Gaussian PSF with σ = 2 pixels.

and absolute magnitudes (log(L̃X) vs. MR and log(L̃X) vs. MJ),
obtained for young low-mass stars and displayed in Figs. A.1
and A.2. These correlations show 1σ deviations of 1.4 mag in R
band and 1.2 mag in J. We estimated the expected apparent R
and J magnitudes of these counterparts, using a distance mod-
ulus of 10 mag, with the result that these magnitudes are well
above the POSS(R) and 2MASS limits. Yet the counterparts to
such bright X-ray sources do not have corresponding optical
magnitudes: CMaX15, for example, should be associated with
an object having R = (13.2 ± 1.4) mag, but the brightest ob-
ject within the X-ray contours has R = 17.1. These numbers are
consistent with the published USNO accuracy (σ = ±0.3 mag).
The LX/MR ratio in this case is 3.9 orders of magnitude higher
than the average value observed in T Tauri stars, i.e., 2.8σR away
from the correlation. This fact motivated us to search for multi-
ple faint counterparts that could correspond to unresolved X-ray
emitters.

Table 1 gives coordinates of the centroid of the target ROSAT
sources, their X-ray properties, and their expected R and J ap-
parent magnitudes. It also gives the number of candidate coun-
terparts for each field, as explained in Sect. 4.2, and their extinc-
tion, detailed in Sect. 4.3.

The observations were done with the Acquisition Camera at
the 8.1 m Gemini South telescope, which provides ∼2′ × 2′ im-
ages with a resolution of 0.12 arcsec/pixel. We used the V

(λc = 540 nm), R(λc = 640 nm) and I (λc = 790 nm) filters,
with total exposure times of 360 s for the V images, and 300 s
for R and I. The fields containing sources CMaX-15, 37, and
55 were observed in 2001, October (Program ID: GS-2001B-
Q41), while CMaX-17 and 42 were observed in 2003, February
(Program ID:GS-2003A-Q06). This last run had weather condi-
tions better than those of the first run. The usual data reduction
has been made using bias, flat-field, and dark corrected images
provided by the Gemini Observatory.

The photometric calibration of the images was performed
using common objects in the USNO B1.0 catalogue (Monet
et al. 2003) for the I filter and in the NOMAD catalogue
(http://www.navy.mil/nomad.html) for the V and R filters.
The number of objects used in the calibration is typically 20 in R
and I, and 5 in V . The brighter objects, which are saturated in the
Gemini images, have not been used in the calibration procedure.
We have transformed the USNO R magnitude into the Landolt
system using the expression given by Kidger (2003). No colour
correction was applied.

Figure 5 shows a comparison between the magnitudes in the
NOMAD and USNO catalogues and those obtained using our
calibration (Monet et al. 2003). We have measured the magni-
tudes of over a hundred stars in each field. The RMSs of these
differences are: 0.26 (V), 0.44 (R) and 0.35 (I). These numbers
are consistent with the published USNO accuracy (±0.3 mag).
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Table 1. List of CMaX sources observed with Gemini.

X-ray source Expecteda Candidatesb

CMaX RA Dec Err Cnts/ks S/N logLX J R Optical Near-IR AV

J2000 J2000 (′′) (erg/s) (mag) (mag) (mag)
15 07:00:15 –11:18:51 10 1.9 4.8 30.39 11.8 13.3 12 6 1.23± 0.03
17N 07:00:19 –11:22:10 9 0.38 1.7 29.69 14.0 16.5 4 4 0.6± 0.3
17S 07:00:20 –11:23:20 9 1.31 4.3 30.23 12.3 14.0 12 5 0.6± 0.3
37 07:01:25 –11:08:50 15 2.1 5.3 30.44 11.7 13.1 15 5 0.4± 0.6
42 07:01:34 –11:11:16 10 1.8 4.5 30.37 11.9 13.3 32 9 0.4± 0.6
55S 07:02:07 –11:17:11 30 0.59 2.0 29.88 13.4 15.6 5 3 1.2 ± 1.0
55N 07:02:08 –11:16:15 30 0.72 2.6 29.97 13.1 15.2 2 1 1.2 ± 1.0

Columns description: (1) CMaX number; (2, 3) coordinates; (4) diameter of the position error circle; (5, 6) count rate and respective signal-to-noise
ratio; (7) X-ray luminosity; (8, 9) Statistically expected near-IR and optical magnitudes calculated by adopting the correlation logLX /absolute
magnitude found for young stars (see Sect. 4.4); (10, 11) Number of possible optical counterparts within the X-ray contours, and number of
corresponding objects found in the 2MASS catalogue; (12) adopted visual extinction based on a standard reddening law.
Notes: (a) The estimated errors are σJ = 1.2 mag. and σR = 1.4 mag.; (b) (less than 50% of the candidates have near-IR counterpart).

Fig. 5. Difference between our calibrated and catalogue magnitudes as a
function of catalogue magnitude for objects in our Gemini fields. From
top to bottom, the panels give the V , R, and I measurements.

4.2. Finding candidate counterparts

The nominal angular resolution of the standard ROSAT image
shown in Fig. 2 is 30 arcsec/pixel. To bring out spatial details
in X-rays, we extracted images having an enhanced resolution
(5 arcsec/pixel) for each of the Gemini fields, by adopting a
blocking factor of 10. In this way we can map X-ray contours,
including sub-structures, in order to look for unresolved optical
candidates that may contribute to the X-ray emission.

The resulting X-ray maps, superimposed on the Gemini
I-band images, are given in Fig. 6 (as examples) and in
Appendix B (for completeness). Two sources, CMaX-17 and
CMaX-55, can be broken down into distinct sub-structures, for
which the count rate was then integrated within the X-ray con-
tours, using the same count-to-flux ratio as used for the original
sources themselves (see above, Sect. 2). We name them CMaX-
17S (south) and 17N (north), and similarly CMaX-55S and 55N.
For three other sources, CMaX-15, CMaX-37, and CMaX-42, no
sub-structure is statistically significant.

Figure 6 illustrates two different cases, CMaX-15 and
CMaX-17(N+S). Comparing the X-ray contours and the spa-
tial distribution of the stars, we find that many (up to 30) rel-
atively bright objects fall within the X-ray contours, indicat-
ing that one or more of these objects contributes to the X-ray
emission. Conservatively, we first consider them all as candidate

Fig. 6. Optical image obtained by Gemini (I band) of CMaX-17 (top)
and CMaX-55 (bottom), two examples of “extended” CMaX sources.
Black contours show the X-ray map having enhanced resolution (5 arc-
sec/pixel), while the nominal resolution (30 arcsec/pixel) is illustrated
by the grey line. A red circle indicates the ROSAT nominal position er-
ror; red crosses show the 2MASS sources present in the Gemini field,
while blue squares show the putative candidates.
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counterparts to the unresolved ROSAT sources. Other objects are
also visible on the optical image, but they are fainter and no reli-
able Gemini photometry could be obtained for them. Therefore,
we restrict our analysis to objects brighter than R = 21 mag.

To further characterize candidate counterparts, we searched
for near-IR sources within the Gemini fields using the 2MASS
catalogue. These sources are shown by crosses in Fig. 6, while
the relevant optical-near-IR identifications (i.e., within the X-ray
contours) are indicated by open squares. More than half of the
visible objects within the X-ray contours are too faint to appear
in the 2MASS catalogue (limiting magnitude J = 17). As a con-
sequence, as shown in Table 1, only a fraction (∼46%) of the
candidates have VRIJHK data (6 of 12 for CMaX-15, 9 of 16 for
CMaX-17, etc.).

We now have a first list of optical candidates selected on the
basis of position (within the X-ray contours) and brightness (R <
21). But this list may still include foreground and background
objects, and we have to find their intrinsic colours (using VRI
photometry from Gemini, and JHK photometry from 2MASS
when available), to establish their young-star nature, and to do
so we must now consider interstellar extinction and IR excess
(possibly indicative of circumstellar disks).

4.3. Interstellar reddening

The large-scale extinction models of Amôres & Lépine (2005),
which are based on gas (HI and CO) and dust (IRAS) col-
umn densities, have a ∼0.5◦ spatial resolution. They give AV =
0.4 mag for the foreground extinction in the direction of CMa
R1. This is however a lower limit on a smaller spatial scale, since
the presence of CMa cloud must be also taken in account. We
have thus estimated the extinction towards the ROSAT sources
using star counts.

First we used the digitized POSS(R) image of the entire
ROSAT field with a resolution of 2.5′ (Sect. 3). More accurate es-
timates were kindly provided by Cambrésy (2002, private com-
munication), who obtained an extinction map of the CMa R1
region based on source counts in the J band, from the near-IR
DENIS catalogue. This method is the same as that used for the
North America and Pelican nebulae (Cambrésy et al. 2002).

Aiming to obtain the extinction in both optical (VRI) and
near-IR (JHK) bands, the conversion of Aλ/AV was done by
adopting the reddening law from Cardelli et al. (1989) and the
reddening-to-selective extinction ratio RV = 4, which Terranegra
et al. (1994) estimate in the direction of CMa R1. Last column
of Table 1 gives the adopted visual extinctions and deviations of
these values, measured in each Gemini field.

In order to check whether the magnitudes were correctly de-
reddened, field stars were selected in two control regions. A
first region considers stars in a local area (1.5′ radius around
the X-ray source centroid), indicated by crosses in Fig. 6 (ex-
cluding the candidates). The colours of the stars in this area
were corrected by using the same extinction as adopted for the
candidates. The other region is located around α(J2000) ∼ 07h,
δ(J2000) ∼ −10◦ (upper right-hand corner of Fig. 1), which is be-
yond the lowest IRAS contour and thus is free of cloud con-
tamination. In this case, the stars were de-reddened by using the
foreground extinction AJ = 0.12 mag (equivalent to the value
AV = 0.4 mentioned previously from Amôres & Lépine (2005)).
Figure 7 displays the (J−H)0 vs. (H−K)0 diagram (de-reddened
near-IR colours) for the objects studied in the Gemini fields. The
intrinsic colours of the ZAMS stars (Siess et al. 2000) and gi-
ants (Bessell et al. 1998) are also plotted. The comparison with
field stars of the control regions indicates that the extinction

Fig. 7. Near-IR colour–colur diagram of the possible counterparts of
the X-ray sources studied in the Gemini fields (triangles). A typical er-
ror bar is shown for illustration. Two control groups of field stars are
indicated by: (i) crosses for objects near (∼1 arcmin) to the centre of
the Gemini image; and (ii) open squares corresponding to stars located
in a distant region free from obscuration. The full lines represent the
zero age main sequence and giant intrinsic colours. Interstellar redden-
ing vectors are indicated by dashed line for B8V and M7III stars.

corrections given in the last column of Table 1, can be applied to
the optical magnitudes of the Gemini candidates.

4.4. Confirmed candidates

The intrinsic colours of the Gemini candidates were then ana-
lyzed for two different purposes: (i) near-IR colour-colour dia-
grams, looking for H-K excesses; (ii) optical colour-magnitude
diagrams, to confirm their young star nature and determine their
masses and ages.

It can be noted in Figs. 7 and B.2 (Appendix B) that three
counterparts in Gemini fields show H−K excess. Even consider-
ing deviations on the corrections for extinction, the H−K excess
is still high for these objects. This indicates the presence of cir-
cumstellar matter, as suggested for other four objects in Fields 1
and 2 (Sect. 3). The relevant sources are indicated by an asterisk
in Table A.1.

The discussion of the optical characteristics of the counter-
parts in Gemini fields is based on the colour-magnitude diagram,
using the R and I bands, and a distance modulus of 10 mag.
Figure 8 displays the absolute red magnitude (MRo) as a func-
tion of (R − I)0 (both corrected for extinction), compared to the
theoretical models calculated for the ZAMS, 10 Myr, 1 Myr, and
0.1 Myr, in the mass range from 0.1 to 7 M� (Siess et al. 2000).

Optical colours (Fig. 8) and near-IR colours (Fig. 7) were
both used to select the counterparts, based on colour excess.
Therefore the objects having colours similar to the Field stars
(located in the left side of the ZAMS) were disregarded, while
the objects showing (H − K) or (R − I) excess (appearing above
the ZAMS) were kept as counterparts. Adding this constraint,
we can establish a final list of confirmed young star counter-
parts, which is given in Table 2. Among the selected counter-
parts, CMaX42-1 is the only one that is not associated to a near-
IR source. In order to have a homogeneous sample of objects,
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Fig. 8. Colour–magnitude diagram of the optical candidates to be coun-
terparts of the X-ray source CMaX15. R- and I-band data were extracted
from Gemini images and corrected for reddening using the extinction
estimated for each field (see text). An error bar typical of faint objects
is shown for illustration. The field stars are indicated by crosses, while
candidates are shown by triangles (filled symbols represent near-IR
sources). The theoretical lines (intrinsic colours and isochrones) were
taken from Siess et al. (2000). The isochrones 0.1 Myr, 1 Myr, and
10 Myr, and the zero age main sequence (full lines) and evolutionary
tracks for 0.1, 0.5, 1, 2, and 7 M� (dotted) are plotted. The absolute MR

magnitude was obtained by adopting a distance modulus of 10 mag.

we decided to exclude this object of the overall analysis. This
exclusion does not affect our results, since it is the faintest coun-
terpart of CMaX42, giving a small contribution to the total X-ray
luminosity, as explained below.

The unresolved ROSAT sources in Field 1 are thus found to
have up to two or four plausible counterparts each. There are two
extreme possibilities: (i) all the counterparts contribute more or
less equally to the X-ray luminosity, or (ii) only one dominates
the X-ray emission.

To do so, we compare the values of LX of the original ROSAT
sources, with the “integrated” J and R magnitudes of the con-
firmed counterparts, obtained by summing the individual J and
R luminosities (derived from the individual J and R magni-
tudes), and converting back the result into magnitudes. For a
given CMaX source, we list in Table 2 the two extreme mag-
nitudes (mentioned above): the “integrated” magnitudes Rint and
Jint, and the individual magnitudes of the brightest candidate.

In Appendix A we compare the integrated magnitudes to the
X-ray luminosity. More precisely, we show in Figs. A.1 and A.2
a diagram of LX versus MRo and MJo. The Gemini “integrated”
candidates are found to lie on the high side, within ∼2σ of the
nominal correlation. This suggests that the X-rays are dominated
by a small number of candidates (which would diminish the ab-
solute magnitudes for a given X-ray luminosity). But since the
evidence is not clear-cut, we will conservatively assume that the
X-ray emission is spread among the candidates, in other words
that all the candidates listed in Table 2 (excepting CMaX42-1)
are X-ray emitting young stars, to be added to the list of the re-
solved CMaX sources.

5. Stellar masses and ages

The stellar masses and ages of the resolved CMaX sources
(Table A.1), and of the faint Gemini counterparts for the

Fig. 9. Diagram of absolute J magnitude as a function of the J − H
colour (both corrected for extinction). The CMaX sources in Field 1
are represented by filled circles, sources in Field 2 are shown by open
circles. Five representative Gemini sources are shown by triangles. The
zero age main sequence (ZAMS) and isochrones (0.1 to 20 Myr) are
indicated by full lines and evolutionary tracks (0.1 to 7 M�) by dotted
lines.

unresolved sources, were derived from different colour-
magnitudes diagrams, and compared with the pre-main sequence
evolutionary models of Siess et al. (2000). For the CMaX
sources we used the near-IR MJ vs. J − H diagram (Fig. 9). For
the Gemini candidates we used the MR vs. R−I diagrams (Figs. 8
and B.3), since magnitudes are too faint, making a comparison
difficult with the isochrones in the near-IR colour–magnitude di-
agram. Only near-IR isochrones are used in the comparison of
age distribution of CMaX resolved sources in Fields 1 and 2.

From Fig. 9, we find that 18 resolved CMaX sources are lo-
cated “outside” the isochrones (adopting error bars of ±0.3 mag
in J − H), so we could determine masses and ages only for
40 of them in Field 1, and for 31 in Field 2. The error bars of
J − H color indicate that errors of 30% to 50% can be expected
for age and mass. For this reason, to estimate these parameters
we decided to adopt ranges (or bins) defined by the isochrones
separation (5–10 Myr, for example), instead of nominal values
(7.5 ± 2.5 Myr, for example). These determinations are listed
in Table A.1, except for sources marked with “??”. Among the
18 objects with undetermined age and mass, 14 are located to
the right side of the 0.1 Myr isochrone: this is probably due
to the presence of circumstellar matter typical of YSOs. On the
other hand, four objects located to the left side of the isochrones
are probably not the right counterparts of the CMaX sources.
Indeed, other faint objects are found within 30′′ of the center of
the corresponding X-ray contours, but the lack of photometry for
these four objects does not affect the age and mass distribution
of CMaX sources.

Considering that counterparts identified in the Gemini fields
have MJ > 5 mag., most of them appear outside of the
isochrones of the near-IR colour–magnitude diagram. Thus,
Fig. 9 does not show the distribution of all the Gemini coun-
terparts, but, for illustration, only of the five brightest sources
per field. In this case, optical colours are more appropriate to
determine the stellar parameters: their ages and masses were es-
timated from MR vs. R − I diagrams shown in Figs. 8 and B.2
(Appendix B). From Fig. 9, one object (CMaX15-1) is approx-
imately 20 Myr old and has a mass ∼1 M�, in agreement with
the result (10–20 Myr, 0.5–1.0 M�) obtained from Fig. 8 and
indicated in Table 2.
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Table 2. List of possible additional faint counterparts to CMaX sources.

CMaX RA Dec Rint R V − R R − I Jint J J − Hd H − Kd Age Mass
J2000 J2000 (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (Myr) (M�)

15-1 7 00 13.364 −11 18 53.43 16.5e 17.1a 0.29 1.08b 14.4e 14.77 0.70 ± 0.06 0.19 ± 0.07 10–20 0.5–1.0
15-2 7 00 13.509 −11 19 11.14 18.3 0.70 0.78 16.84 0.66 ± 0.28 0.81 ± 0.28c ?? ??
15-3 7 00 15.325 −11 18 58.56 18.6 0.73 0.79 16.71 0.38 ± 0.29 0.68 ± 0.34c ?? ??
15-4 7 00 15.378 −11 19 3.78 19.7 1.6 1.56b 16.45 0.76 ± 0.19 0.29 ± 0.24 10–20 0.1–0.5

17N 7 00 18.724 −11 22 24.02 18.8 0.89 0.90b 16.59 0.50± 0.25 0.58± 0.30c ?? ??
17S1 7 00 18.806 −11 23 16.10 16.9e 17.1 0.9 0.79b 15.4e 15.58 0.77 ± 0.1 0.14 ± 0.14 20–50 0.5–1.0
17S2 7 00 18.886 −11 23 23.67 19.2 1.22 1.15b 16.71 0.89 ± 0.22 0.14 ± 0.29 20–50 0.1–0.5

37-1 7 01 22.297 −11 09 9.29 17.7 0.9 0.97b 16.18 0.65 ± 0.15 -0.1 ± 0.24 10–20 0.5–1.0
37-2 7 01 23.560 −11 08 26.77 18.2 1.61 1.67b 15.71 0.73 ± 0.12 0.07 ± 0.16 1–2 0.5–1.0
37-3 7 01 24.356 −11 09 03.00 15.9e 16.3a -0.3 0.88b 14.3e 14.78 0.55 ± 0.06 0.11 ± 0.08 5–10 0.5–1.0

42-1 7 01 35.313 −11 10 12.23 17.2 0.73 0.73b 20–50 0.5–1.0
42-2 7 01 35.437 −11 10 44.07 15.6e 15.7a -0.08 0.86b 13.9e 14.44 0.35 ± 0.06 0.08 ± 0.08 2–5 0.5–1.0
42-3 7 01 35.473 −11 10 14.46 16.4 0.74 0.71b 14.70 0.73 ± 0.08 0.21 ± 0.08 10–20 0.5–1.0

55N 7 02 8.021 −11 16 17.65 18.2e 18.2a 0.98 1.08b 15.6e 15.67 0.64 ± 0.1 0.35 ± 0.13 10–20 0.1–0.5
55S 7 02 8.139 −11 17 35.46 18.9 0.6 0.74 16.46 0.73 ± 0.2 0.58 ± 0.22c ?? ??

Notes: (a) Magnitudes adopted from the NOMAD and/or USNO catalogues, when the estimation from Gemini images are unavailable, due to
saturation; (b) counterparts selected according to the R − I excess; (c) counterparts having H − K excess; (d) the 2MASS catalogue was used to
obtain the JHK magnitudes, for which error bars are provided; (e) Rint and Jint represent the “integrated” magnitudes (see Sect. 4.2), which are
shown together with the brightest object of each group.

Fig. 10. Age and Mass distribution of the studied sample in Field 1 (top)
and Field 2 (bottom). Dashed lines are used to show the contribution of
additional counterparts in Field 1, detected by Gemini.

We have compared our results with the cluster ages estimated
by Soares & Bica (2002, 2003; see above, Sects. 1 and 3). Soares
& Bica (2002) give an age of ∼1.5 Myr for NGC 2327 and BRC
27. Five resolved CMaX sources belong to these clusters, for
which we have obtained similar ages. For the older cluster VdB-
RN92 (5–7 Myr, Soares & Bica 2003) we have identified four
other CMaX sources, but only one of them (CMaX-68) has com-
patible age, while the others seem to be massive stars for which
the age determination is uncertain.

Figure 10 presents the results, in the form of two panels,
showing the broad distributions of ages and masses for all the
CMaX sources in Field 1 and Field 2 respectively. The percent-
age of sources for the each bin was obtained by dividing the
number of objects in the bin by the total number of sources in
each field.

As concerns the Gemini candidates, two possibilities are ex-
plored in the histograms (for Field 1; see Table 2), considering:
(i) only the 40 counterparts of resolved CMaX sources (indicated

by full lines in Fig. 10); (ii) the brightest Gemini stars as coun-
terparts to unresolved CMaX sources, leading to 40 + 5 objects
(dashed lines in Fig. 10). Note that objects outside the isochrones
of Fig. 9 have not been included in the distributions of ages and
masses.

We comment on these results in the next section.

6. Conclusions
6.1. Summary of results

One way to elucidate the nature of the ionized “CMa R1 ring”
or “Arc” (Sh2-296) is to investigate the stellar population in its
vicinity, more precisely to reconstruct the star formation history
of the region. Until the present work, only the bright-star end
of the population (from early B stars to F and K giants), i.e.,
the high-mass/young population, was surveyed. In the present
paper, we used the most powerful tool to find the low-mass,
older late-type population, namely their X-ray emission result-
ing from magnetic activity. To this end, we analyzed or reana-
lyzed archival ROSAT data.

Two overlapping PSPC fields exist, which cover a wide area,
over nearly 5 sq. deg., i.e., the equivalent of a mosaic of 20
XMM-Newton fields, or 80 Chandra fields. The price to pay,
however, compared to these satellites, is a relatively modest sen-
sitivity, especially in one of the two fields which has a short ex-
posure. More precisely, we find that our ROSAT survey is limited
to M� ∼ 0.5 M�, as opposed to the usual limit of M� ∼ 0.1 M�
easily reached for typical XMM-Newton or Chandra observa-
tions of star-forming regions.

The two ROSAT fields (see Figs. 1 and 2), labelled by or-
der of increasing Right Ascension, are “Field 1”, west of the
CMa ring (20 ks exposure), and “Field 2”, centred on the Herbig
star Z CMa and overlapping most of the ring but with a short
exposure (5 ks). Fifty-six sources are detected in Field 1, and
37 in Field 2, 5 more being detected in the overlap area be-
tween Field 1 and Field 2. Note that, since the exposure is
4 times shorter in Field 2 than in Field 1, the expected number of
sources, if similar in nature, would be 2 times less, i.e., 28: there-
fore, X-ray sources seem more numerous in Field 2 relative to
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Fig. 11. Spatial distribution of the CMaX sources, in galactic coordinates, compared to: (left) visual extinction (Dobashi et al. 2005) and (right)
CO maps: 13CO is indicated by grey areas and 12CO by full line contours. The 2◦ circles (dotted lines) show the ROSAT fields. The different age
bins of Fig. 10 are represented by triangles (<5 Myr), squares (5–10 Myr), and circles (>10 Myr). The position of emission line stars detected by
Shevchenko et al. (1999) is shown by dots. Large crosses indicate Sh-292, GU CMa, FZ CMa, Sh-297 (ordered by increasing galactic longitude).

Field 1, although the difference is marginally within Poissonian
errors. In all, ∼100 sources are detected.

To identify the ROSAT sources, we searched catalogues
(USNO and 2MASS), and digitized plates (POSS(R)), in or-
der to characterize them via their colours. Not too surprisingly,
most of the X-ray sources have no known counterpart, and we
used our own photometry from the POSS(R) plate (Field 1), or
USNO magnitudes when unavailable (Field 2), supplemented
by 2MASS data. For five sources having no counterpart inside
the position error circle, we observed the corresponding fields
with Gemini South to find possible fainter counterparts and de-
termine their VRI magnitudes. The spatial distribution of the
sources suggests the existence of two distinct X-ray clusters.
One is visible in Field 2, closely associated with Z CMa and
the CMa ring, that includes previously known optical clusters
studied by Soares & Bica (2002, 2003), and which we will name
globally the “Z CMa cluster” hereafter; and a new one, discov-
ered in Field 1, west of the CMa ring, which includes the bright
star GU CMa (B2V), spatially distinct from the previous one.
We name this newly discovered cluster the “GU CMa cluster”.

The presence of circumstellar matter is suggested for 7 coun-
terparts that show H − K excess. This excess does not affect the
estimation of stellar parameters such as mass and age, which
were derived from MJo vs. (J − H)0 diagram. Three figures
summarize our X-ray source characterization. Figure 9 shows a
colour–magnitude diagram for our sample, and PMS evolution-
ary tracks (Siess et al. 2000). This yields mass and age estimates
for the sources, which are summarized in broad bins in Fig. 10
for the two clusters separately: masses <1, 1−2, >2 M�, ages
<5, 5−10, >10 Myr. Figure 11 locates the position of the ROSAT
sources with respect to the molecular gas of the region, traced by
12CO, and 13CO for the densest regions, compared to the visual
extinction map from Dobashi et al. (2005).

6.2. Discussion

Although the error bars on masses and ages are large (∼30%),
Fig. 10 shows significant similarities and differences between
the Z CMa and GU CMa clusters.

(i) The mass functions above 1 M� are similar, with a max-
imum in the 1−2 M� range. Below 1 M�, however, our sample
is incomplete, essentially because it misses the X-ray faint, low-
mass stars. This is exemplified by the Gemini sources in the GU
CMa cluster: they are mostly detected as groups, and thus tend to
fill the <1 M� mass bin. For both clusters, this mass bin should
therefore be considered only as indicative of the low-mass, faint
population.

(ii) The age distribution is more significant. The GU CMa
cluster appears older than the Z CMa cluster: 35–38% of the
GU CMa members (depending on whether or not the Gemini
sources are taken into account) are older than 10 Myr, whereas
nearly 70% of the Z CMa cluster stars are younger than 5 Myr.
(Conversely, ∼45% of the GU CMa members are younger
than 5 Myr, and 13% of the Z CMa members are older than
10 Myr: we will return to this point below). In both clusters,
the intermediate-age population is similar (∼17% between 5 and
10 Myr).

(iii) The most important difference is the space distribution
of the X-ray sources, compared with the gas (13CO: Kim et al.
2004; 12CO, May et al. 1988) and dust (Dobashi et al. 2005)
distributions (Fig. 11; see also Figs. 1 and 2). The Z CMa clus-
ter X-ray sources are extremely well correlated with the CMa
ring and 13CO emission from dense gas, consistent with the high
fraction of these sources being very young. This demonstrates
that an active star formation episode is currently going on, likely
induced by the ring, especially if the X-ray source number ex-
cess in Field 2 over Field 1 noted above is real. This qualitatively
confirms previous optical and IR studies, but adds several tens of
young low-mass stars to the existing census. In contrast, the GU
CMa cluster is located in a “vacuum”, comparatively far from
the dense 13CO gas, just at the limit of the lower-density 12CO
gas. This is also consistent with the older age of this cluster.

We thus have now evidence for two distinct episodes of star
formation, as previously suspected by Schevchenko et al. (1999)
for a couple of bright stars (GU CMa and FZ CMa): star for-
mation in the Z CMa region is currently going on, fueled by
dense molecular material at the edge of the CMa ring, but, in the
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absence of such material, must have ceased several Myr ago in
the GU CMa cluster.

Yet this evidence is not clearcut: why is there a significant
fraction (16%) of old stars in the Z CMa region (a previously
known result, as recalled in the Introduction, which we confirm
and extend on the basis of lower-mass stars)? And conversely,
why is there a significant fraction of young stars (44%) in the
GU CMa cluster? A possible answer is a mixing, due to stellar
proper motions, of the two clusters: at a distance of ∼1 kpc, the
centroids of the two clusters would be ∼17 pc apart (∼1◦ on the
sky). Mixing could start to be visible if the stars had a proper
motion of order a few km s−1, which is reasonable, provided the
centroids themselves would not have moved significantly. The
main objection against such an interpretation is the lack of a
“well-mixed” population between the two clusters, which appear
spatially very distinct. However, there may be some extinction
effect: the “intercluster” region is within a low-density, but ex-
tended region visible in 12CO (Fig. 11) and in the IRAS data
(Fig. 1), possibly yielding column densities high enough to hide
faint X-ray sources. More sensitive X-ray observations would be
needed to clarify this point.

A related question is that of the connection between the
newly discovered GU CMa cluster, and the surrounding molec-
ular clouds. Figure 11 shows that the GU CMa cluster lies in a
cavity, roughly symmetrical (with respect to 13CO contours) to
the cavity associated with the CMa ring. This could suggest that
the GU CMa cluster cavity has been excavated by stellar winds
and/or supernovae from the now defunct high-mass end of the
cluster stars. No diffuse X-ray emission is visible in our ROSAT
PSPC data, but this is not too surprising in view of the sensitivity
required to detect this emission (see the example of Orion with
XMM-Newton, Güdel et al. 2008). Some diffuse X-ray emission
does appear to exist in this region in the 3/4 keV ROSAT diffuse
background (Snowden et al. 1997), but it is on a large scale and
not directly related to the CMaX region in particular. An inter-
esting test of the stellar wind excavation hypothesis would be
to obtain a census of circumstellar disks (in the near-IR range)
around the youngest stars of the cluster (i.e., with ages <5 Myr
and noted by triangles in Fig. 11), which, under normal condi-
tions should have still retained their original disk (e.g., Dahm
& Hillenbrand 2007). Indeed, stellar winds in OB associations
are known to be able to quickly blow away disks, as is the case,
for instance, in the Sco-Cen association (Preibisch & Zinnecker
1999). Along these lines, we note that this hypothesis is indeed
consistent with the very small number of sources with near-IR
excess in the GU CMa cluster.

6.3. Concluding remarks

By analyzing archival ROSAT data, which give access to the pre-
viously unknown low-mass (M� ∼ 0.5 M�), old stellar popula-
tion, we have shown in this paper that star formation in the CMa
R1 region has been going on for more than 10 Myr, but in two
separate episodes, each giving rise to a distinct cluster. The older
one, which we name the “GU CMa” cluster, has been discovered
only by way of X-ray observations, supplemented by our photo-
metric characterization of the X-ray sources. Given its location
far from dense molecular material, it is clear that star forma-
tion has now ceased in this cluster. The existence of a younger
cluster, which is observed around the Herbig star Z CMa, has
been known for some time as a result of previous surveys, but
our X-ray observations add several tens of low-mass stars to the
existing census. A puzzling question remains, which is the pres-
ence in both clusters of a small, but significant fraction of young

(<5 Myr) and older (>10 Myr) stars. Spatial mixing between the
two clusters is a possibility, but more sensitive X-ray observa-
tions would be needed (to lower the mass limit and/or overcome
the extinction) to clarify this point.

At any rate, there does not seem to be any connection be-
tween the GU CMa cluster and the CMa ring. The star formation
episode that gave rise to GU CMa and its cluster likely predates
the ring, perhaps by as much as a few Myr. Only the clusters in
the Z CMa region appear related to the ring. It is entirely possi-
ble that other older clusters like the GU CMa cluster exist in the
region, in particular inside the ring, east of Z CMa. As demon-
strated with the discovery of the GU CMa cluster, observations
with wide-Field X-ray telescopes like ROSAT are very power-
ful to detect such clusters, but unfortunately that era is over, and
even with a moderate field-of-view like the EPIC camera aboard
XMM-Newton, a mosaic of many fields is required to map large
areas. Until this is done, the origin of the CMa ring will likely
remain an unsolved problem.
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Appendix A: X-ray emission in CMaR1
A.1. Sources detected in CMa R1

The ROSAT PSPC 2◦ image of Field 1 was obtained with an ex-
posure of 20 ks and pointed towards α = 07h01m, δ = −11◦24′
(J2000 coordinates). Due to a strong background emission of in-
strumental and cosmic origin in the spectral range 0.1–0.4 keV
(see Gregorio-Hetem et al. 1998), the sources were analyzed in
the 0.4–2.4 keV range. The X-ray data derived from the ROSAT
image analysis is given in Table A.1, along with stellar identifi-
cations.

Sixty-one X-ray sources were detected, 48 of them hav-
ing S/N > 3.5, with X-ray luminosities in the range of 6 ×
1030 erg s−1 to 8 × 1032 erg s−1. Following Gregorio-Hetem
et al. (1998) the approximate X-ray luminosities (L̃X) were de-
rived by using the correspondence between count-rate and X-ray
flux given by 1 cnt ks−1 	 9 × 10−15 erg s−1 cm−2. The as-
sumed visual extinction, temperature and distance are respec-
tively AV = 1 mag, kTX = 1 keV, and d ∼ 1 kpc for all the
sources.

A similar procedure was adopted to obtain L̃X for the sources
detected in the ROSAT Field observed by Zinnecker & Preibisch
(1994). This other PSPC image was pointed to α = 07h03.7m,
δ = −11◦33′ and had an exposure of 5 ks. We have identified
42 sources in this field, five of them coinciding with the sources
identified in the first Field (described above). The range of X-ray
luminosities in this sample is 1030 erg s−1 to 9.8 × 1030 erg s−1.

A.2. X-ray luminosity compared to optical and near-IR
luminosities

Figure A.1 shows the diagrams LX versus MRo (dereddened ab-
solute magnitude) of the sample, compared to the correlation of
X-ray emission with the optical absolute magnitude, expected
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Table A.1. X-ray sources detected in CMa R1 by ROSAT.

CMaX Err Cnt/ks S/N logLx RA Dec R AV J H K Age Mass
(′′) J2000 J2000 (mag) (mag) (mag) (mag) (mag) (Myr) (M�)

1 30 16.7 ± 1.6 10.4 31.25 6 57 52.6 −11 27 23 9.7 1.0 8.9 8.7 8.6 <1 3.0–5.0
2 30 5.0 ± 0.8 6.3 30.72 6 58 17.6 −11 37 10 15.7 1.0 14.5 13.9 13.8 05–10 1.0–1.5
3a 30 17.9 ± 1.6 11.2 31.28 6 58 42.6 −11 42 00 9.0 0.5 8.4 8.2 8.1 <1 3.0–5.0
4b 30 19.4 ± 1.4 13.9 31.31 6 59 02.0 −11 00 38 10.8 0.4 11.5 11.4 11.4 05–10 1.5–2.0
5c 30 5.0 ± 0.9 5.6 30.72 6 59 10.7 −11 40 03 8.3 0.5 7.7 7.5 7.4 <1? >5
6 30 7.0 ± 0.9 7.8 30.87 6 59 10.7 −11 57 30 13.0 1.0 11.2 10.8 10.7 02–05 2.0–3.0
7 30 5.1 ± 0.8 6.4 30.73 6 59 31.0 −11 58 18 11.8 0.9 11.0 10.6 10.6 02–05 2.0–3.0
8 20 2.4 ± 0.6 4.0 30.40 6 59 51.1 −11 15 52 12.7 0.5 11.2 10.7 10.5 01–02 2.0–3.0
9 12 1.4 ± 0.4 3.5 30.17 (7 00 00.5) (−11 14 09) – – – – – – –

10 30 5.1 ± 0.7 7.3 30.73 7 00 03.4 −11 47 45 – – 9.6 9.6 9.6 < 1 3.0–5.0
11 10 2.8 ± 0.5 5.6 30.47 7 00 03.8 −11 15 26 14.8 0.4 13.7 13.2 13.0 20–50 1.0–1.5
12 5 3.7 ± 0.6 6.2 30.59 7 00 05.2 −11 31 46 14.8 0.8 13.4 12.8 12.7 05–10 1.0–1.5
13 12 1.2 ± 0.3 4.0 30.10 7 00 08.0 −11 37 00 14.9 0.5 14.1 13.4 13.2 05–10 1.0–1.5
14 12 2.2 ± 0.4 5.5 30.36 7 00 12.5 −11 34 33 16.6 0.8 13.8 13.1 12.9 02–05 1.0–1.5
15 10 1.9 ± 0.4 4.8 30.30 (7 00 14.5) (−11 18 51) – – – – – – –
16 10 2.0 ± 0.5 4.0 30.32 7 00 17.0 −11 08 03 13.7 0.4 12.6 12.4 12.3 >50 1.5–2.0
17 9 1.3 ± 0.3 4.3 30.14 (7 00 19.8) (−11 23 20) – – - - – – – –
18 8 1.1 ± 0.3 3.7 30.06 7 00 26.5 −11 26 33 14.9 0.8 13.1 12.4 12.2 02–05 1.0–1.5
19 30 4.6 ± 0.8 5.8 30.69 7 00 27.1 −11 51 26 13.4 0.8 12.4 12.1 12.0 10–20 1.5–2.0
20d 5 62.7 ± 1.9 33.0 31.82 7 00 37.6 −11 14 45 7.8 0.7 6.6 6.0 5.9 <1? >5
21 30 41.6 ± 1.9 21.9 31.64 7 00 40.4 −11 04 35 12.3 0.9 10.6 9.9 9.7 <1 1.0–1.5
22 6 2.0 ± 0.4 5.0 30.32 (7 00 41.3) (−11 34 50) – – – – – – –
23 5 3.4 ± 0.5 6.8 30.55 7 00 43.4 −11 17 14 14.3 0.5 12.9 12.3 12.2 02–05 1.5–2.0
24∗ 8 1.1 ± 0.4 2.8 30.06 7 00 45.4 −11 31 00 16.9 0.5 15.9 15.6 15.0 ?? ??
25 8 0.4 ± 0.2 2.0 29.62 7 00 45.5 −11 20 29 17.0 0.8 16.0 15.7 15.6 ?? ??
26 12 1.2 ± 0.3 4.0 30.10 7 00 54.6 −11 34 12 14.0 0.8 13.2 12.8 12.7 20–50 1.0–1.5
27∗ 10 2.2 ± 0.5 4.4 30.36 7 00 55.5 −11 21 45 15.7 0.7 14.6 14.3 14.1 01–02 0.1–0.5
28 8 0.9 ± 0.3 3.0 29.98 7 00 55.8 −11 26 25 15.8 0.8 13.6 12.8 12.6 ?? ??
29 5 2.5 ± 0.4 6.3 30.42 7 01 00.8 −11 19 29 15.4 1.0 12.8 12.1 11.9 <1 0.5–1.0
30 12 2.1 ± 0.5 4.2 30.34 7 01 04.1 −11 39 48 16.4 0.7 15.2 14.4 14.2 05–10 0.1–0.5
31 9 0.8 ± 0.3 2.7 29.93 7 01 06.9 −11 31 23 10.6 0.7 9.4 9.0 8.8 <1 3.0–5.0
32 8 2.1 ± 0.4 5.3 30.34 7 01 11.2 −11 27 50 11.4 0.9 10.8 10.6 10.5 02–05 2.0–3.0
33 15 0.9 ± 0.3 3.0 29.98 7 01 13.1 −11 21 01 16.4 1.0 14.9 14.4 14.3 ?? ??
34 8 1.3 ± 0.3 4.3 30.14 7 01 16.3 −11 25 58 15.2 1.0 13.7 13.0 12.9 05–10 1.0–1.5
35 8 0.7 ± 0.3 2.3 29.87 7 01 20.1 −11 17 44 15.6 0.7 13.3 12.9 12.8 20–50 1.0–1.5
36 15 1.1 ± 0.3 3.7 30.06 7 01 24.4 −11 09 06 16.2 0.5 14.8 14.2 14.1 20–50 0.5–1.0
37 15 2.1 ± 0.4 5.3 30.34 (7 01 25.0) (−11 08 50) – – – – – – –
38 5 3.5 ± 0.4 8.8 30.57 7 01 26.8 −11 28 21 13.5 0.8 12.3 12.0 11.9 10–20 1.5–2.0
39 8 0.8 ± 0.3 2.7 29.93 7 01 29.2 −11 21 30 15.4 0.8 14.1 13.5 13.5 10–20 1.0–1.5
40 10 2.0 ± 0.4 5.0 30.32 7 01 30.4 −11 22 29 16.9 1.2 15.4 14.8 14.8 ?? ??
41 8 1.6 ± 0.4 4.0 30.23 7 01 34.0 −11 25 33 15.3 0.8 13.8 13.2 13.1 10–20 1.0–1.5
42 10 1.8 ± 0.4 4.5 30.28 (7 01 34.3) (−11 11 16) – – – – – – –
43 15 0.6 ± 0.3 2.0 29.80 07 01 35.1 −11 36 38 14.3 1.3 12.1 11.8 11.7 10–20 1.5–2.0
44 8 1.2 ± 0.3 4.0 30.10 7 01 35.8 −11 17 36 13.6 0.8 12.8 12.5 12.4 10–20 1.0–1.5
45 10 1.2 ± 0.4 3.0 30.10 7 01 41.1 −11 32 57 12.9 1.0 12.2 11.9 11.9 10–20 1.5–2.0
46 15 1.4 ± 0.4 3.5 30.17 (7 01 43.0) (−11 10 20) – – – – – – –
47 8 2.1 ± 0.4 5.3 30.34 7 01 45.9 −11 30 33 15.4 0.7 13.4 12.7 12.5 01–02 0.5–1.0
48e 15 2.7 ± 0.4 6.8 30.45 7 01 49.3 −11 18 07 7.5 1.7 6.3 6.2 6.0 ?? ??
49 9 1.5 ± 0.4 3.8 30.20 7 01 49.5 −11 16 41 12.2 1.7 10.8 10.3 10.2 02–05 2.0–3.0
50 12 1.1 ± 0.3 3.7 30.06 7 01 52.4 −11 20 18 13.4 1.3 12.1 11.7 11.5 05–10 1.5–2.0
51 8 1.3 ± 0.4 3.3 30.14 7 01 56.3 −11 24 07 16.5 1.2 14.3 13.6 13.4 10–20 1.0–1.5
52 8 2.3 ± 0.4 5.8 30.38 7 01 58.7 −11 15 45 13.5 1.7 12.3 11.6 11.5 01–02 2.0–3.0
53 14 1.5 ± 0.4 3.8 30.20 7 02 04.4 −11 19 44 14.1 1.2 13.4 13.0 12.9 >50 05–1.0
54 15 0.5 ± 0.3 1.7 29.72 (7 02 05.5) (−11 26 50) – – – – – – –
55 30 0.6 ± 0.3 2.0 29.80 (7 02 07.4) (−11 17 11) – – – – – – –
56 30 5.3 ± 0.8 6.6 30.75 7 02 38.9 −11 30 39 12.8 0.9 9.9 8.9 8.6 ?? ??
57 f 30 2.3 ± 1.0 2.3 30.40 7 02 42.6 −11 27 12 8.0 1.6 7.8 7.8 7.7 <1? >5
58 30 2.0 ± 1.0 2.0 30.32 7 02 47.3 −11 28 08 16.6 1.6 14.9 14.3 14.1 >50 1.0–1.5
59 30 1.9 ± 1.0 2.0 30.31 7 02 51.3 −11 24 03 17.5 4.0 14.6 13.7 13.4 05–10 1.0–1.5

Columns description: (1) Source name: CMaX 1 to 56 (Field 1), CMaX 62 to 98 (Field 2), CMaX 57 to 61 (both fields); (2–5) X-ray data;
(6, 7) Coordinates of the optical counterpart, when available; (8, 9) R magnitude and visual extinction (AV ), obtained from available catalogues;
(10–12) Near-IR magnitudes from the 2MASS catalogue; (13, 14) The estimation of age and mass is based on near-IR.
Notes: Stars previously identified (Clariá 1974, indicated by “C and Shevchenko et al. 1999, indicated by “SEI”): (a) HD 51896 (F5), (b) SS 75,
(c) HD 52014 (F5), (d) HD 52385 (K0), (e) GU CMa, HD 52721 (B2V), C 63 , SEI 158; (f) FZ CMa (B2.5), C 67, SEI 159; (g) Z CMa (Bpe),
C 76, SEI 161; (h) BD -111762 (B2), C 77, SEI 92; (i) C 14, SEI 94. Members of clusters: (j) vdB-RN92, (k) BRC 27. Objects detected by
XMM-Newton and/or Chandra are indicated by “x”. Relevant sources: (*) H − K excess.
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Table A.1. continued.

CMaX Err Cnt/ks S/N logLx RA Dec R AV J H K Age Mass
(′′) J2000 J2000 (mag) (mag) (mag) (mag) (mag) (Myr) (M�)

60 30 1.5 ± 0.9 1.6 30.20 7 03 30.4 −11 48 07 13.7 2.4 13.5 13.0 12.8 20–50 1.0–1.5
61x 30 1.7 ± 0.9 1.9 30.27 7 03 33.5 −11 34 27 15.2 2.6 13.5 12.8 12.5 05–10 1.0–1.5
62x 30 1.5 ± 0.9 1.7 30.20 7 03 42.1 −11 35 14 15.5 2.5 13.4 12.6 12.4 02–05 1.5–2.0

63∗,g,x 30 2.5 ± 1.0 2.5 30.43 7 03 43.2 −11 33 06 9.1 3.4 6.5 5.2 3.8 ?? ??
64x 30 2.9 ± 1.1 2.7 30.49 7 03 47.5 −11 31 49 13.8 1.3 13.5 12.8 12.6 01–02 0.5–1.0
65 30 1.2 ± 0.8 1.5 30.11 7 03 48.2 −11 41 46 14.0 0.3 13.6 12.8 12.6 ?? ??

66 j,x 30 6.2 ± 1.4 4.3 30.82 7 03 51.5 −11 34 56 – – 11.0 10.8 10.7 01–02 3.0–5.0
67x 30 2.1 ± 1.0 2.2 30.35 7 03 52.5 −11 26 17 16.0 1.4 13.7 12.9 12.6 ?? ??
68 j 30 2.0 ± 1.0 2.1 30.34 7 03 54.0 −11 32 37 14.1 2.3 14.6 13.7 13.3 2–5 0.5–1.0
69h 30 7.9 ± 1.6 4.9 30.93 7 03 54.4 −11 28 29 9.4 1.5 9.4 9.4 9.4 <1? >5
70 30 2.2 ± 1.0 2.2 30.37 7 03 54.8 −11 42 37 15.1 0.3 12.0 11.5 11.3 01–02 1.5–2.0
71x 30 4.9 ± 1.3 3.7 30.72 7 03 55.7 −11 29 32 14.9 2.5 12.9 12.2 12.0 02–05 1.5–2.0
72i, j 30 1.6 ± 0.9 1.9 30.25 7 03 56.8 −11 34 42 11.0 7.0 10.5 10.2 10.1 ?? ??
73 j,x 30 2.9 ± 1.1 2.7 30.50 7 04 00.4 −11 34 00 12.7 7.0 12.1 10.9 10.2 <1 2.0–3.0
74∗,k 30 9.2 ± 1.8 5.3 31.00 7 04 01.4 −11 23 35 12.6 2.5 11.5 10.8 10.3 02–05 2.0–3.0
75k,l,x 30 6.4 ± 1.5 4.3 30.84 7 04 02.3 −11 25 39 10.8 1.3 10.4 10.3 10.3 1–2 3.0–5.0
76m 30 3.8 ± 1.3 3.0 30.61 7 04 06.6 −11 18 35 10.9 6.0 13.1 12.2 11.6 02–05 2.0–3.0
77m 30 3.0 ± 1.1 2.7 30.51 7 04 09.2 −11 30 08 14.2 0.8 13.7 13.0 12.9 01–02 1.0–1.5
78 30 2.2 ± 1.2 1.9 30.38 7 04 11.3 −11 16 48 13.4 3.5 12.0 11.4 11.1 05–10 2.0–3.0
79 30 4.1 ± 1.3 3.2 30.64 7 04 12.1 −11 21 10 13.8 2.9 14.4 13.4 13.1 ?? ??
80 30 2.1 ± 1.0 2.1 30.36 7 04 12.3 −11 39 23 12.0 1.2 11.3 11.0 11.0 05–10 2.0–3.0

81m,n 30 3.2 ± 1.2 2.7 30.54 7 04 13.2 −11 19 01 7.8 3.5 10.9 10.6 10.5 01–02 3.0–5.0
82o,x 30 3.8 ± 1.2 3.0 30.61 7 04 15.9 −11 24 06 9.4 1.4 9.0 8.9 8.9 <1? >5
83p 30 3.5 ± 0.8 4.3 30.58 7 04 17.4 −11 43 10 10.9 0.6 10.2 10.1 10.0 02–05 3.0–5.0
84x 30 3.5 ± 0.8 4.3 30.58 7 04 18.3 −11 42 36 13.8 0.0 12.0 11.5 11.3 02–05 1.5–2.0
85 30 4.2 ± 1.3 3.3 30.66 7 04 18.8 −11 24 47 14.7 0.8 14.6 13.9 13.7 05–10 0.5–1.0
86x 30 2.9 ± 1.1 2.6 30.50 7 04 19.1 −11 33 48 13.4 0.4 13.1 12.4 12.2 02–05 0.5–1.0
87 30 3.0 ± 1.2 2.6 30.51 7 04 20.0 −11 22 22 13.2 0.9 14.4 13.3 12.7 ?? ??
88 30 1.8 ± 0.9 1.9 30.29 7 04 20.6 −11 36 44 16.7 0.7 14.6 13.7 13.5 ?? ??
89x 30 3.5 ± 1.2 2.9 30.57 7 04 26.3 −11 31 21 13.8 0.8 12.5 11.6 11.2 ?? ??
90 30 4.0 ± 1.3 3.1 30.63 7 04 25.3 −11 34 28 13.2 1.1 11.7 11.1 10.9 <1 1.5–2.0
91x 30 5.2 ± 1.7 3.1 30.75 7 04 29.8 −11 47 21 12.1 0.0 11.2 10.5 10.3 ?? ??
92x 30 2.3 ± 1.1 2.2 30.39 7 04 31.0 −11 32 42 14.0 0.8 13.9 13.1 12.9 01–02 0.1–0.5
93 30 2.8 ± 1.1 2.4 30.47 7 04 37.0 −11 30 59 14.0 0.0 14.0 13.8 13.7 ?? ??
94 30 1.6 ± 1.0 1.5 30.23 7 04 48.4 −11 15 07 15.7 0.4 14.8 14.4 14.1 >50 1.0–1.5
95 30 5.4 ± 1.8 3.0 30.76 7 04 52.5 −11 38 21 14.7 0.2 13.2 12.4 12.1 ?? ??
96x 30 3.4 ± 1.5 2.3 30.56 7 04 56.3 −11 29 33 12.5 1.2 11.5 10.9 10.2 01–02 2.0–3.0
97 30 0.9 ± 0.6 1.7 30.00 7 05 15.5 −11 31 06 14.8 0.0 13.2 12.8 12.7 20–50 1.0–1.5
98 30 0.9 ± 0.6 1.7 30.00 7 05 15.7 −11 32 05 14.4 0.0 12.8 12.1 12.0 01–02 1.0–1.5

Notes: Stars previously identified (Clariá 1974, indicated by “C” and Shevchenko et al. 1999, indicated by “SEI”): (l) SEI 99; (n) SEI 111;
(o) HD 53339 (B3), C84, SEI114; (p) HD 53396 (B9), SEI 112. Members of clusters: (k) BRC 27; (m) NGC 2327. Objects detected by
XMM-Newton and/or Chandra are indicated by “x” (see list in Table A.2).

Table A.2. List of ROSAT sources observed by XMM-Newton or
Chandra.

CMaX 2MASS Sourcea RAb Decb

61 07033347−1134269 C20 07 03 33.46 −11 34 26.7
62 07034209−1135139 C38 07 03 42.07 −11 35 13.7
63 07034316−1133062 C40 07 03 43.13 −11 33 06.5
64 07034751−1131489 C47 07 03 47.50 −11 31 48.6
66 07035152−1134557 C54 07 03 51.50 −11 34 55.7
67 07035249−1126168 C57 07 03 52.38 −11 26 17.7
71 07035575−1129315 C66 07 03 55.73 −11 29 31.3
73 07040041−1133596 C77 07 04 00.35 −11 33 59.2
75 07040234−1125393 X41 07 04 02.48 −11 25 37.5
82 07041588−1124055 X54 07 04 15.94 −11 24 04.0
84 07041833−1142359 X09 07 04 18.42 −11 42 33.9
86 07041912−1133480 X14 07 04 19.21 −11 33 48.8
89 07042625−1131207 X11 07 04 26.35 −11 31 20.0
91 07042982−1147208 X06 07 04 29.97 −11 47 19.9
92 07043099−1132417 X32 07 04 31.11 −11 32 38.9
96 07045632−1129332 X13 07 04 56.44 −11 29 32.0

Note: (a) Source number in the Chandra (C) or XMM-Newton (X) im-
ages; (b) respective J2000 coordinates. Positional deviations from the
coordinates of near-IR counterparts (2MASS) are less than 2 arcsec for
Chandra sources and less than 3.3 arcsec for XMM-Newton sources.

for young stars. This correlation was obtained by comparing
the magnitudes to the mean X-ray luminosities (L̃X) estimated
for ROSAT sources detected in the Chamaeleon I (Cha I) cloud,
adopting the conversion 1 cnt ks−1 = 3× 1028 erg s−1 (Feigelson
et al. 1993).

Taking into account that the extinction cross-section at 2 μm
and at 2 keV are almost the same (e.g., Ryter 1996), the X-ray
emission was compared to the J band magnitude in order to
check whether these data show the same correlation as previ-
ously found for young, low-mass stars, i.e., the log(L̃X) versus
MJo diagram (Casanova et al. 1995), which is presented in
Fig. A.2. The Cha I sources were also plotted for comparison:
since they are much closer (d = 140 pc) than CMa R1, the same
ROSAT sensitivity allows to probe fainter, lower-mass young
stars.

The absolute magnitudes of the Cha I sources were es-
timated by adopting a distance modulus of 5.73 and were
dereddened by using their visual extinctions, when available.
Otherwise, AV = 1 mag was adopted. The Cha I correlation
was established on the basis of 16 sources with well-determined
magnitudes and extinctions (see Casanova et al. 1995, for
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Fig. A.1. The distribution of the CMaX sources (circles) in the diagram of log(LX) as a function of de-reddened absolute magnitudes MRo. Error
bars of the optical magnitudes are shown for one illustrative example. Triangles indicate the five counterparts detected by Gemini, for which details
are shown in the corner box. In this case, the horizontal bars show the possible range of magnitudes, when one or all counterparts contribute to the
integrated X-ray luminosity (see text, Sect. 4.4). The Cha I X-ray data, represented by crosses, were extracted from Feigelson et al. (1993). The
full line indicates the correlation obtained for the Cha I sources, which have well determined LX and extinction. Dashed lines are used to indicate
the 2σ deviation from the linear fit.

Fig. A.2. The same as Fig. A.1, showing the diagram of log(LX) as a function of de-reddened absolute magnitudes MJo. Error bars for J magnitudes
are not plotted, since they are smaller than the symbols for most of the sources.

details; also Lawson et al. 1996). Figures A.1 and A.2 show the
distribution of the Cha I sources and the corresponding linear re-
gression: log(L̃X[erg s−1]) = 31.10(±0.3)− 0.22MRo, and for the
J band log(L̃X[erg s−1]) = 31.00(±0.4) − 0.33MJo. Dashed lines
are used to indicate the 2σ deviation.

Both diagrams, log(L̃X) vs. MJo, and log(L̃X) vs. MRo, show
that total absolute magnitudes are compatible with the X-ray
luminosities typical of young stars, but tend to deviate from
the Cha I correlation as the counterparts become brighter. Also,
in the upper right-hand box of the diagrams, we zoom on
the Gemini counterparts. For these sources, the Gemini points

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912140&pdf_id=12
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912140&pdf_id=13
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Fig. B.1. Optical image (Gemini I band) of CMaX-15 (left), 37 (middle), and 42 (right). The same as Fig. 6.

Fig. B.2. Colour–magnitude diagram of the optical candidates to be counterparts of the X-ray sources CMaX-17, 37, 42, 55. The same as Fig. 8.

are above the correlation, indicating that other, undetected (ab-
sorbed?) stars may also contribute to the unresolved X-ray emis-
sion. We defer a more detailed analysis of these diagrams to a
later study.

Appendix B: Results of the Gemini observations

In this Appendix we show the continuation of the figures pre-
sented in the body of the paper.
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