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Abstract. We present high spatial resolution optical photometry of NGC 2244 in the Rosette Nebula using the
NOAO MOSAIC Imager at Kitt Peak. We obtained BV IR and Hα images of the central cluster and surrounding
nebulae, and present results for 138 sources selected from X-ray observations with the ROSAT PSPC and HRI.
Color-magnitude diagrams of the cluster show a large number of the stars are still undergoing contraction onto
the main sequence. The faintest X-ray selected cluster members have the highest X-ray-to-optical luminosities
(Lx
∼
> 7 × 1030 erg s−1; Lx/Lbol ≈ 10−2 to 10−3) and indicate they are a population of young active late-type

stars. Hα emission from the X-ray emitters is also remarkable. We have extended the detections of PMS stars
in NGC 2244 well into the range of K spectral types. While most of the cluster stars are located in the color-
magnitude diagrams in between the ZAMS and the 3 Myrs isochrone, significantly younger low mass stars exist
and confirm earlier reports that star formation is still going on in the Rosette Nebula/NGC 2244 region.

Key words. galaxy – open clusters and associations: individual: NGC 2244 – stars: early-type – stars: late-type –
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1. Introduction

Young open clusters provide a laboratory to study a large
number of stars with the same origins. Often found embed-
ded in nebula and molecular clouds, young open clusters
also provide an excellent place to study star formation for
a wide range of initial stellar masses, evolution onto the
main sequence, and interactions with the ISM. X-ray ob-
servations have shown many young open cluster members
to be very active young stars and strong emitters of X-ray
radiation. Such X-ray observations have proved an invalu-
able tool for detecting T Tauri stars (e.g. Wichmann et al.
1996 and references therein).

As far as X-ray observations are concerned nearby
young open clusters have all their own difficulties. Large
reddening by the interstellar medium or internal clus-
ter gas makes it rather difficult to detect X-ray emis-
sion of stars in these clusters. Another problem of nearby
clusters is the separation between older foreground stars
and cluster members, which is often difficult to achieve.
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For instance, the 2–3 Myrs old star cluster associated
with the Orion Nebula has been extensively studied with
ROSAT (Gagné et al. 1995). This region is located at a
distance of about 400 pc and the cluster covers a rela-
tively large sky area. The separation of cluster members
from the large population of foreground stars is still in-
complete. Clusters at larger distances (1000–2000pc) are
concentrated to a smaller field and essentially all stars in
these directions are clusters members and thus contami-
nation by foreground stars is low.

Here we present an in-depth study of the young open
stellar cluster NGC 2244. Pérez et al. (1987) obtain a
cluster distance of 1.67 kpc, while a more recent study
of the cluster member star V 578 Mon (HD 259135) by
Hensberge et al. (2000) points to a distance of 1.39 kpc.
For our considerations we adopt a mean cluster distance
of 1.5 kpc. NGC 2244 is embedded in the Rosette Nebula
(NGC 2237), which itself is one of the most massive nebu-
lae known. The NGC 2244 and NGC 2237 complex is part
of the Mon OB2 association. Here we provide a summary
of the major nebulae and cluster properties. For a more
detailed compilation we refer the reader to Pérez et al.
(1991).

Celnik (1983) estimated that the nebulae consists of
5400M� in dust form and 23 000M� of gas in the ion-
ized cloud (Celnik 1985). The apparent diameter of the
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nebula is about 60′, whereas the star cluster is concen-
trated to the inner nebula region. NGC 2244 is one of
the youngest known open clusters (age ∼3 Myrs; Massey
et al. 1995) and contains 12 bright OB stars of spectral
types ranging from O4 to B2 within a region of less than
30′×30′ (Pérez et al. 1987). These OB stars are estimated
to contribute about 99% of the bolometric luminosity of
the entire stellar cluster (Cox et al. 1990). While Pérez
et al. (1991) claim that stars with M < 4.0 M� do not
exist in NGC 2244 – directly contradicting that star for-
mation and the initial mass function is universal – the H-R
diagram in Massey et al. (1995) provides dozens of stars of
intermediate spectral types in a pre-main sequence (PMS)
phase. Only little is known about late-type stars in this
young region, nevertheless, they must exist.

The interstellar reddening to NGC 2244 is low, how-
ever, reddening due to the nebula gas has to be taken into
account. Massey et al. (1995) report an average cluster
reddening of E(B−V ) = 0.48, individual reddening val-
ues for stars in NGC 2244 are determined in the range
E(B−V ) = 0.08 ... 0.98. The differential reddening across
the cluster is obviously a result of the surrounding nebula
gas. We will further address this point in Sects. 2.1 and 3
where we present and discuss our X-ray results.

ROSAT X-ray observations of NGC 2244 provide over
130 unclassified X-ray sources in the direction of this clus-
ter. Since the spatial distribution of these X-ray sources
peaks at the center of the cluster these X-ray emitters
should be associated with optically faint cluster members.
Note that the number of nearby foreground stars is negli-
gible as we will show in the present work. Optical photom-
etry of these objects will allow us to place them on the H-R
diagram and determine if they have yet to arrive on the
main sequence. These X-ray detections and the low age
of the cluster made it an ideal candidate to study cluster
evolution and evolution onto the main sequence.

In order to study the population of active late-type and
PMS stars in NGC 2244 we processed archival ROSAT
PSPC and HRI observations (presented in Sect. 2.1) and
we conducted optical photometry with the Kitt Peak
MOSAIC Imager. The optical observations and data re-
ductions are presented in Sect. 2.2. In Sect. 3 we discuss
the results and focus on the 138 X-ray-selected sources.
We present the identifications and a summary table of
X-ray and optical properties (Sect. 3.1), color-color dia-
grams in Sect. 3.2 and use the derived ratio of X-ray to
optical luminosity to help distinguish the nature of the
X-ray emitters in Sect. 3.4. Lastly, we discuss the evolu-
tionary states of the active stars and implications for star
formation processes in Sect. 4.

2. Observations

2.1. ROSAT observations

We processed archival ROSAT PSPC and HRI data of
the Rosette Nebula to search for discrete X-ray sources in
the central cluster and the surrounding nebula. Standard

Table 1. ROSAT observation log.

ROR detector date exposure (s)

WG200196P PSPC Apr. 2, 1992 4300
Oct. 5, 1993 12 850

WG202155H HRI Apr. 5–11, 1996 18 800

Fig. 1. ROSAT PSPC image in the hard (0.5–2.0 KeV energy
band). The image is centered on NGC 2244.

procedures in the EXSAS software package have been used
for data reduction. Table 1 provides a summary of the
ROSAT observations included in our analysis, and in-
cludes: the ROSAT observation request (ROR) No., the
detector (PSPC or HRI), and the date and exposure time
of the data set.

In Fig. 1, we show a PSPC image of the Rosette Nebula
produced in the hard (0.5–2.0 KeV) energy band. The
hard band image demonstrates a large number of X-ray
sources in this sky direction. It is worthwhile to mention
that the ROSAT observations of the Rosette Nebula do
not provide any evidence for diffuse X-ray emission, pos-
sibly associated with the nebula or due to an interaction
with the stellar cluster.

In the 17 ksec PSPC observation we detected 119 X-ray
sources within a radius of 36′ centered on NGC 2244. The
later 18 ksec HRI pointing revealed 47 X-ray sources, 28 of
them are also detected in both X-ray observations, and
21 PSPC detected X-ray sources lie outside the smaller
HRI field of view. As a detection limit a threshold of 4σ
above the local background count rate has been chosen.
In order to test the pointing accuracy of the ROSAT ob-
servations we used the optical positions of the early-type
stars as listed in the Simbad stellar database to identify
the X-ray counterparts in our ROSAT source lists; note
that at least the O stars (e.g. the central star HD 46150)
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and the early B stars are expected to show X-ray emis-
sion. In fact, 9 of the X-ray sources detected in the PSPC
image are positionally coincident with early type stars of
spectral types O4–B3, 7 of them are also detected in the
HRI image of the cluster. The offsets between optical and
X-ray positions of these stars have been chosen to be
smaller than 10′′. We mention that the nominal on-axis
resolution of the PSPC and HRI instruments are ≈20′′

and ≈5′′, respectively. Cross correlations of the X-ray and
optical positions of these identifications then have been
used to minimize boresight errors in the X-ray positions.
We obtained ∆RA = 2.8′′, ∆Dec = −4.3′′ and ∆RA =
1.7′′, ∆Dec = 2.1′′, respectively for the PSPC and HRI
pointing. All detected X-ray sources have been corrected
appropriately.

As far as the X-ray emission of stars in NGC 2244
is concerned it is important to convert the reddening
values into equivalent absorption columns towards the
stars. Adopting the average conversion relation NH =
5.9 × 1021 cm−2 E(B−V ), we derive an average column
density towards NGC 2244 of NH = 2.8× 1021 cm−2 with
variations in the range 0.5 ... 5.8× 1021 cm−2. Note that
even the lowest reddening observed in NGC 2244 attenu-
ates the X-ray flux in the ROSAT band below E < 0.4 keV
by a factor of ∼20. In the case of the PSPC data, a de-
tection in the soft energy band (E < 0.4 keV) is thus a
clear indicator for an X-ray emitting foreground star. Four
X-ray sources are counterparts of stars in the foreground
that are listed in Simbad. Based on the detection in the
PSPC soft band image below E < 0.4 keV we detected
a fifth foreground star among the 138 X-ray emitters.
The vast majority are, however, associated with optically
fainter stars, and thus requiring sensitive follow-up optical
observations we undertook.

2.2. Optical observations with the KPNO MOSAIC
imager

We observed the young open cluster NGC 2244 with the
8k × 8k MOSAIC Imager at Kitt Peak in February 1998.
The MOSAIC Imager when used with the 0.9 meter tele-
scope provides a 1 deg×1 deg field of view. To fully cover
the entire Rosette Nebula and regions off the nebula to de-
termine the population of foreground stars, we obtained
images at the central cluster position (RA: 06h31m55.s50 &
Dec: +04◦56′34.′′31) and 4 offset positions. For each field
10 dithered exposures were taken in BV RI and Hα fil-
ters. While the reductions for the 4 offset fields are still in
progress, we present the results of our observations of the
central field of NGC 2244 and concentrate on the X-ray
selected stars.

The CCD images were processed with the standard
procedures in the MSCRED package in IRAF. The as-
trometry of the MOSAIC images is based on a cross corre-
lation with stars listed in the Tycho catalog. The reduced
single frames were then stacked to derive one deep image
of NGC 2244 in each of the distinct filters.

Table 2. Summary of optical results.

Filter Number Limit

B 4879 19.5
V 8550 19.5
R 15 618 19.8
I 25 615 19.5

In order to search for objects in our images and to de-
rive magnitudes we ran SExtractor (version 2.1) on the im-
ages. A 5σ threshold above the combined sky and nebula
background was chosen for secure object detection. Stars
in the field with existing photometric data were used to
calibrate our observations. Extended objects, presumably
extragalactic background objects, were excluded from the
analysis. We show the dithered and combined R band im-
age of the central portion of NGC 2244 in Fig. 2.

Results from the central field yielded over 25 000 stars
in the I band. Table 2 summarizes the number of detec-
tions in selected filters and limiting magnitudes.

To demonstrate the quality of our optical data, Fig. 3
provides the errors of the magnitudes derived in the
V band. As can be seen these errors are <0.02 mag in
general for stars brighter than V < 17 mag and do not
become appreciable until >19 mag. Note these errors re-
flect only the internal error and systematic errors might be
larger, particularly, at V < 10 mag when stellar images are
saturated. The magnitude errors in the other filter bands
are similar to the V band errors.

The absolute calibration of the magnitudes derived in
the BV RI filter bands is based on a regression analysis
with existing photometry for stars in NGC 2244 listed
in Simbad, WEBDA, the Tycho catalog, and in Massey
et al. (1995). In Fig. 4 we show the differences between
our values and V magnitudes taken from the literature as
a function of V . For the calibration of the Hα magnitudes
we used a flux calibrated high resolution spectrum of the
A2V star HD 46107 obtained with AMOS at the Lick 3 m
telescope (Berghöfer & Christian 2002). The spectrum was
folded with the filter transmission to derive the absolute
Hα magnitude for this star and correct all measured Hα
magnitudes.

3. Results

3.1. Source identifications

The two source lists with X-ray emitters detected in the
ROSAT PSPC and HRI observations have been cross
matched to identify identical X-ray sources. For cross iden-
tification we allowed a maximum offset of 25′′ between
PSPC and HRI position. In a few cases the HRI was able
to resolve two close X-ray sources that appeared as a single
source in the PSPC image. Based on this cross identifica-
tion we produced a combined X-ray source list, which we
used as an input list for a cross identification with our
data base of optical photometry for stars in NGC 2244.
As maximum offsets between X-ray and optical position



T. W. Berghöfer and D. J. Christian: X-ray emitting stars in NGC 2244 893

Fig. 2. MOSAIC R-band image of NGC 2244. Field size is 1◦ × 1◦.

we allowed 25′′ and 5′′, respectively for a PSPC and an
HRI source. As a preference the brightest optical counter
part was accepted to be the right match within the error
circle around the X-ray source. In some cases another opti-
cally fainter object appeared closer to the X-ray position,
which was accepted as an alternative identification. Note
that the preference to the optically brightest object may
result in some missidentifications in the range of late B and
early A stars. However, these stars can also be unresolved
binaries with late-type companions. For a detailed dis-
cussion of X-ray emission from such stars, which actually
should be avoid of X-ray emission, we refer to Berghöfer
& Schmitt (1994b). All identifications have been carefully
checked by a visual inspection of the X-ray and optical
images.

We present the optical and X-ray results for the 138 X-
ray sources with high quality photometric information in
Table 3. Table 3 includes the sources J2000 optical posi-
tions and offset to the most accurate X-ray positions (HRI
position in case of an HRI detection, otherwise PSPC posi-
tion), HRI and PSPC count rates and derived luminosities
and the MOSAIC BV IR&Hα magnitudes. Remarks and
comments about source identifications, source confusion

or other information are given in the last column of the
Table. In two cases with no optical counter part within the
error circle around the X-ray position, the X-ray position
is listed in Table 3.

3.2. X-ray properties

In order to test for long term variability and for a consis-
tency check we first compare the derived PSPC and HRI
X-ray luminosities and upper limits of the X-ray sources
covered by both observations. The PSPC and HRI de-
rived X-ray luminosities of the detected early-type stars
are consistent within the errors. This result confirms ear-
lier long-term variability studies of early-type stars, which
showed that early-type stars are rather constant X-ray
emitters (e.g., Berghöfer & Schmitt 1994a). Furthermore,
this demonstrates that the PSPC and HRI observations
of NGC 2244 are consistent.

Only in the case of the eclipsing binary HD 259135,
consisting of two early B components within a 2.4 days or-
bit (Hensberge et al. 2000), we find evidence for variability
in an early-type star. During the PSPC observation this
star showed an ≈10 times larger flux than during the later
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Fig. 3. As an example the photometric error as a function
of magnitude is shown for all stars detected in the combined
V band image. The second (smaller) distribution of stars to
the left of the main distribution is due to different exposure
times in the final stacked image at the position of gaps in the
single frames.

Fig. 4. Deviations of our V band photometry from values ob-
tained in previous studies of NGC 2244 plotted as a function of
V magnitude. The large deviations in the range V < 10 result
from saturation of stellar images.

HRI observation. It is suggestive that the observed X-ray
variability is related to the binary nature of this star. For
all other X-ray emitters we find that long term variations
in X-ray flux are smaller than a factor of ≈10, similar to
variations of the solar X-ray flux.

Fig. 5. X-ray luminosity distribution function of the X-ray
emitters in NGC 2244, excluding foreground stars and early-
type stars in the cluster.

In order to convert count rates into X-ray luminosi-
ties we adopted a model spectrum of a thermal plasma
(Raymond-Smith 1977) with a temperature of 1.0 keV,
typical of late-type star X-ray emission, simulated en-
ergy conversion factors for the effective areas of the
ROSAT PSPC and HRI, and a mean cluster distance of
1.5 kpc. These simulations take into account interstellar
foreground absorption of NH = 3 × 1021 cm−2. We de-
rive conversion factors of 2.5×10−11 erg cm−2 count−1 and
6.0 × 10−11 erg cm−2 count−1, respectively for the PSPC
and the HRI.

Next we investigate the X-ray luminosities of the X-ray
emitters detected in the PSPC observation of NGC 2244,
excluding stars that are identified as early-type stars or
foreground stars. In Fig. 5 we plot the respective cumula-
tive X-ray luminosity distribution function. The observed
X-ray luminosities range from log(Lx) = 30.5 up to 32.0,
which is a clear indicator for very active late-type PMS
stars (e.g., Wichmann et al. 1996; Gagné et al. 1995). Note
that late-type dwarfs usually exhibit significantly lower
X-ray luminosities below log(Lx) ≈ 29 (Schmitt 1997).

3.3. Color-magnitude diagrams

We constructed a color-magnitude diagram using V and
B − V colors (Fig. 6). Stars detected in the ROSAT im-
ages are marked with diamonds. The solid line represents
the zero-age main-sequence (ZAMS) for the NGC 2244
cluster; a reddening to the cluster of EB−V = 0.48
and a distance modulus of 12.26 (WEBDA open cluster
database, Lausanne; Massey et al. 1995) is adopted. Note
that Massey et al. (1995) report large variations in the
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reddening towards the early-type stars in NGC 2244. They
provide minimum and maximum values for the reddening
of EB−V = 0.38 and 0.85, whereas the individual measure-
ments vary in the range 0.08 ≤ EB−V ≤ 0.98. The two
dashed lines in Fig. 6 provide the location of the ZAMS
for reddenings of EB−V = 0.38 and 0.85, the dotted lines
correspond to EB−V = 0.08 and 0.98.

Taking into account the differential cluster reddening,
the early-type stars in our sample are located close to or
to the right of the ZAMS. This is expected due to the
short PMS phase of early-type stars and confirms that
our results are consistent with the spectroscopic results
by Massey et al. (1995).

For stars fainter than V ∼> 14 (spectral type later
than ≈mid A) the color-magnitude diagram shows a larger
spread in B−V color. Stars to the left of the ZAMS plot-
ted for EB−V = 0.08 are assumed to be stars in the fore-
ground of NGC 2244. The bulk portion of the fainter stars
is concentrated in the color range 0.7 ∼< B − V ∼< 1.3. An
individual dereddening of these stars requires optical spec-
troscopy and cannot be done within the analysis of our
photometry data. However, the deviations of the points
from the ZAMS are in most cases explainable by redden-
ing values that are compatible with those found in previ-
ous studies for this field. A significant number of stars are
located in the color-magnitude diagram to the right of the
ZAMS when assuming a reddening of EB−V = 0.98. This
may show that these stars are significantly younger than
the average cluster member in NGC 2244 or even more
embedded into the nebula and exhibiting even higher red-
dening values, which we cannot distinguish on the basis of
existing data. Apart from this discussion it is clear that
the optically fainter low-mass stars in the 3 Myrs old clus-
ter NGC 2244 must be in a PMS phase.

To further investigate the evolutionary status of the
late-type stars in NGC 2244, we take a closer look at the
low-mass stars in the color-magnitude diagram in Fig. 7.
For comparison the ZAMS and isochrones representing
stellar ages of 0.1, 0.5, 1, and 3 Myrs are plotted as-
suming the average cluster reddening of EB−V = 0.48.
The isochrones are based on the model computations of
D’Antona & Mazzitelli (1994). Adopting the tabulated
stellar parameters and photometry values in Schmidt-
Kaler (1982) the isochrones have been converted from the
theoretical plane into the plane of the color-magnitude di-
agram. As can be seen, most of the stars are located to the
left of the 3 Myrs isochrone, which is offset to the ZAMS
by about 0.4 mag in B − V . When assuming a reddening
in the range 0.08 ≤ EB−V ≤ 0.98 approximately half of
the stars are consistent with an age of ≈3 Myrs. Within
the range of observed cluster reddening vastly all X-ray
emitters detected in NGC 2244 are consistent with an age
of ≈3 Myrs.

However, even when assuming lowest cluster reddening
about 45% of the cluster stars are located in between the
ZAMS and the 3 Myrs isochrone thus indicating an age
significantly older than 3 Myrs. This finding is suggestive
of an earlier star formation phase in or near the Rosette

Fig. 6. Color-magnitude diagram of the stars in NGC 2244.
The X-ray detected stars are marked with larger diamonds.
The solid line provides the zero-age main-sequence (ZAMS)
assuming a distance modulus of 12.26 and the average clus-
ter reddening of EB−V of 0.48. The dashed lines represent
the cluster ZAMS for the lower and upper reddening limits
of EB−V = 0.38 and 0.85, whereas the dotted lines reflect the
ZAMS location assuming the minimum (EB−V = 0.08) and
maximum (EB−V = 0.98) reddening measured for individual
stars in NGC 2244 (Massey et al. 1995).

Nebula/NGC 2244 complex. We will further discuss these
older stars in Sect. 4. Additionally, stars exist to the right
of the 3 Myrs isochrone when adopting EB−V = 0.98. This
demonstrates that stars significantly younger than 3 Myrs
exist, star formation is still in progress, and continuous
star formation likely has happened (cf. Pérez et al. 1987,
1989)

PMS stars are known to be very active stars showing
strong X-ray and Hα emission. For our sample of stars we
now explore the Hα properties. To be able to search for
Hα emission, the magnitudes in Hα need to be normalized
to the continuum flux. According to Sung et al. (2000) the
combined quantity Hα−(V +I)/2 provides a good measure
for the flux in the Hα line. We employed a high resolution
optical spectrum of the A2V star HD 46107 (No. 23 in
Table 3) taken with AMOS at the Lick 3 m telescope and
the observed photometry of this star to calibrate Hα −
(V + I)/2. We find that Hα− (V + I)/2 = +0.07 provides
the dividing line between Hα emission and absorption.
This value includes a small correction of the weak Hα
absorption in the spectrum of this A star.

To study a large dynamic range, we plot the Hα−(V +
I)/2 vs. V − I colors in Fig. 8. Here we have also included
the 4093 stars with detections in our V,R, I, and Hα im-
ages and indicated the X-ray emitters as diamonds. The
majority of X-ray emitters as well as a significant fraction
of the non X-ray emitters have very strong Hα emission
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Fig. 7. Color-magnitude diagram of the lower mass stars in
NGC 2244. The X-ray detected stars are marked with dia-
monds, the solid lines represent the ZAMS and isochrones for
stellar ages of 0.1, 0.5, 1, and 3 Myrs (see text). The dashed
lines provide evolutionary tracks for stars with stellar masses of
1.0 and 2.0 M�. An average cluster reddening of EB−V = 0.48
has been assumed. The horizontal bar with arrows indicates
the range of reddening observed for stars in this cluster.

and show up at values less than 0.07 on the ordinate. This
again confirms that these stars are in the PMS phase.

3.4. X-ray to optical luminosities

We now investigate the properties of our 138 X-ray emit-
ters by comparing their X-ray to optical luminosities.
Berghöfer et al. (1997) and previous studies have well es-
tablished that X-ray emission of early-type stars obeys the
relation Lx/Lbol ∼ 10−7. and late-type stars have ratios
on the order of Lx/Lbol ∼ 10−6 to 10−3 (Mathioudakis
et al. 1995; Fleming et al. 1995).

In Fig. 9 we show the ratio of the X-ray to optical
luminosity plotted against the V magnitude. This fig-
ure shows a remarkable correlation of increased X-ray lu-
minosity for the fainter cluster members and indicates
these are young, coronally active stars. For stars fainter
than V ∼> 14 we find fx/fv ratios in the range 10−2.5

to 100.5, which translates in Lx/Lbol ≈ 10−2 to 10−3

when assuming bolometric corrections listed in Schmidt-
Kaler (1982). The optically bright OB stars with fx/fv

∼
<

10−3.7 and V ∼< 10 are consistent with earlier analyses
and result in Lx/Lbol ∼ 10−7 (Chlebowski et al. 1989;
Berghöfer et al. 1997). A group of roughly 20 stars falls
in the range V = 10 − 14. These stars should be of
spectral types mid B to A. Since no X-ray production
mechanism is know to generate X-ray emission in such
stars they should be devoid of any X-ray emission (cf.

Fig. 8. Hα − (V + I)/2 versus V − I diagram of NGC 2244.
All secure photometric detections are included. X-ray selected
stars are marked with larger diamonds (see text).

Fig. 9. log(fx/fv) vs. V diagram of NGC 2244.

Berghöfer & Schmitt 1994b and references therein).
According to the standard hypothesis these stars do have
unresolved late-type companions that are responsible for
the X-ray emission.

The average luminosities of our sample are on the
higher end for active late-type stars, with Lx

∼
> 7 ×

1030 erg s−1 and Lx/Lbol ≈ 10−2 to 10−3; late-type dwarfs
usually produce soft X-ray emission with luminosities be-
low 1030 erg s−1. However, this is in agreement with find-
ings for young PMS late-type stars in star forming regions
(e.g., in Orion); Gagné et al. (1995) report X-ray luminosi-
ties up to several 1031 erg s−1 for PMS stars in Orion.
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Fig. 10. log(fx/fv) vs. Hα diagram of NGC 2244. The verti-
cal line indicates the dividing line between Hα emission and
absorption.

In Fig. 10 we provide a plot of the X-ray-to-optical
fluxes fx/fv as a function of Hα. This plot shows a very
strong clustering among the late-type stars at fx/fv ∼
10−1.5 to 10−2 and weak Hα emission. For larger fx/fv

ratios the spread in Hα − (V + I)/2 magnitudes is most
extreme, reaching from the absence of Hα emission up to
strong Hα emission. This result is consistent with find-
ings obtained for late-type stars in the solar neighbor-
hood (Mathioudakis & Doyle 1991). However, since the
X-ray and optical observations were taken at two differ-
ent epochs we cannot exclude that significant time vari-
ability in the X-ray and Hα properties among the latest
spectral types appear and more massive late-type stars
(spectral types late A–F) show rather constant X-ray-to-
optical properties. A second but smaller group of stars can
be found at fx/fv

∼
< 10−4. These stars can be identified

as the early-type stars in our sample, which are scattered
around the dividing line between Hα emission and absorp-
tion. A lower number of stars with Hα in emission appears
near fx/fv ∼ 10−3. Two of these stars are identified to be
(late-type) foreground stars, the other four objects have V
magnitudes in the range V = 12.8 ... 14.4 mag. These ob-
jects are presumably PMS stars of intermediate spectral
types, e.g. Herbig Ae/Be stars.

4. Conclusions

We have used the Kitt Peak MOSAIC wide field Imager
to obtain high-resolution optical photometry of the very
young cluster NGC 2244 in the Rosette Nebula. Based
on these data we optically identified 138 X-ray sources,
which we detected in archival ROSAT PSPC and HRI
images of this cluster. Optical and X-ray properties of the
X-ray and non-X-ray emitters were compared. The optical

photometry allowed us to study the location of the cluster
stars in the color-magnitude diagram well into the range
of K spectral types.

An accurate age dating for the individual stars is dif-
ficult to achieve due to the large differential reddening
across the Rosette Nebula region and additional spec-
troscopic observations are required. However, our wide
field imaging photometry of NGC 2244 demonstrates that
many of the cluster stars must be in a PMS phase.
Furthermore, we find that roughly 50% of the fainter clus-
ter members are consistent with an age of ≈3 Myrs. Even
taking into account lowest cluster reddening a significant
fraction of stars is located closer to the ZAMS than to
the 3 Myrs isochrone. Therefore, the age of these stars
should be significantly older than 3 Myrs. According to
earlier studies of the early-type stars in the direction of
the Rosette Nebula, up to 30% of these stars are found
to be non-members of NGC 2244 (see Pérez et al. 1991
and references therein). Pérez et al. suggested that these
stars are surrounding NGC 2244 and are members of the
Mon OB2 association. This might also be the case for the
stars of later spectral types that appear to be older than
3 Myrs in this study.

Additionally, about 5% of the stars are far off to the
right of the 3 Myrs isochrone. Assuming maximum clus-
ter reddening cannot explain their location in the color-
magnitude diagram and suggests that these stars are sig-
nificantly younger than 3 Myrs and have been formed quite
recently. This indicates that the Rosette Nebula is still an
active star forming region. However, we cannot completely
exclude that these stars are even deeper embedded in the
nebula and the apparently younger age is a result of even
higher reddening. On the other hand our results confirm
earlier reports of continuous star formation in the Rosette
Nebula (Pérez et al. 1987, 1989).

A large fraction of the late-type stars in NGC 2244
shows Hα emission. In the case of the X-ray emitters
among these stars, the majority are also Hα emitters.
For the late-type cluster members the observed X-ray
luminosities and X-ray to optical luminosity ratios of
Lx
∼
> 7×1030 erg s−1 and Lx/Lbol ≈ 10−2 to 10−3 demon-

strate activity levels at the upper end so far observed for
late-type PMS stars. The lower number of early-type stars
in the Rosette Nebula shows X-ray properties consistent
with the canonical value of Lx/Lbol ∼ 10−7.

The comparison of the Hα properties with the X-ray
to optical flux ratios show substantially different Hα prop-
erties ranging from the absence of Hα emission to strong
emission for the latest spectral types (K–M stars). More
massive late-type stars provide more constant fluxes in the
Hα line and in the X-rays. Mathioudakis & Doyle (1991)
report a similar behavior among late-type stars in the so-
lar neighborhood. Since no definite explanation exists for
this observation we can only speculate that variability in
the Hα line and the X-ray flux, which were not simultane-
ously observed, lead to the large differences in the activity
indicators for the latest spectral types observed.
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In summary, with our combined X-ray and wide field
optical photometry study of the stellar content in the
NGC 2244/Rosette Nebula region we were able to iden-
tify activity PMS stars in this young and active region
in our Galaxy. Further spectroscopic observations shall be
carried out to obtain physical parameters for selected late-
type PMS stars in this cluster independent of reddening
effects resulting from the surrounding nebula.
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