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ABSTRACT

Context. The dispersal of protoplanetary disks sets the timescale that is available for planets to assemble, and thus it is one of the
fundamental parameters in theories of planetary formation. Disk dispersal is determined by several properties of the central star, the
disk itself, and the surrounding environment. In particular, the metallicity of disks may affect their evolution, but controversial results
have been published so far: disks in low-metallicity clusters appear to disperse rapidly, while some evidence supports the existence of
accreting disks that are several million years old in the Magellanic Clouds.
Aims. We study the dispersal timescale of disks in Dolidze 25, the young cluster in the proximity of the Sun with the lowest metallicity,
to understand whether disk evolution is affected by the low metallicity of the cluster.
Methods. We analyzed Chandra ACIS-I observations of the cluster and combined the resulting source catalog with existing optical
and infrared catalogs of the region. We selected the disk-bearing population in a circular region with a diameter of 1◦ centered on
Dolidze 25 from criteria based on infrared colors, and we selected the disk-less population within a smaller central region from the
X-ray sources with O infrared counterparts. In both cases, criteria were applied to discard contaminating sources in the foreground or
background. We derived stellar parameters from isochrones that were fit to color-magnitude diagrams.
Results. We derived a disk fraction of ∼34% and a median age of the cluster of 1.2 Myr. To minimize the effect of incompleteness and
spatial inhomogeneity in the list of members, we restricted this calculation to stars in a magnitude range within which our selection
of cluster members is fairly complete. We also adopted different cuts in stellar masses. When we compare this estimate with existing
estimates of the disk fraction of clusters younger than 10 Myr, the disk fraction of Dolidze 25 appears to be lower than what is expected
based on its age alone.
Conclusions. Even though our results are not conclusive given the intrinsic uncertainty on stellar ages estimated from isochrone
fitting to color-magnitude diagrams, we suggest that disk evolution in Dolidze 25 may be affected by the environment. Given the poor
O-star population and low stellar density of the cluster, it is more likely that the disk dispersal timescale is dictated more by the low
metallicity of the cluster than by external photoevaporation or dynamical encounters.

Key words. techniques: photometric – protoplanetary disks – stars: formation – stars: pre-main sequence – X-rays: stars –
open clusters and associations: individual: Dolidze 25

1. Introduction
The dispersal of protoplanetary disks is a crucial topic in astron-
omy for its importance in setting the time that is available
for the formation of planetary systems around young stars
(e.g., Helled et al. 2014). The timescale for disk dispersal has
been observationally set by determining the fraction of stars
in clusters at different ages that still host a protoplanetary disk
(Haisch et al. 2001; Hernández et al. 2007; Richert et al. 2018).
It has been found that most of the disks disperse in a few million
years (Myr): Starting from disk fractions as high as 60%–80%
in very young clusters, the typical fraction in 5 Myr old clusters
is about 20%. In ≥10 Myr old regions, such as the TW Hydra,
σOri, and NGC 7160 associations, primordial disks become

? Candidate members and X-ray sources catalogues are only avail-
able at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/
cat/J/A+A/650/A157

exceedingly rare, as attested by the very low incidence of less
than 5% (Sicilia-Aguilar et al. 2006a; Hernández et al. 2007).
However, these numbers must be interpreted as a general trend
because individual stars may retain their disks for longer times
(e.g., Armitage et al. 2003).

The trend outlined before refers to disks whose evolution is
not affected by the surrounding environment. In the past decades,
several environmental feedback mechanisms that might affect
the dispersal of protoplanetary disks have been explored.

Local stellar density is important because during the dynam-
ical evolution of the parental cluster, stars can experience close
encounters with other members during which the mutual grav-
itational interaction may affect the evolution of their disks.
During these encounters, part of the disk material can be dis-
persed in the surrounding medium or may even be captured
by the other star (Clarke & Pringle 1993; Pfalzner et al. 2005;
Thies et al. 2010). The importance of close encounters is studied
by simulating the dynamical relaxation of clusters with different
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stellar densities with the aim of estimating the rate of destruc-
tive encounters in a time interval comparable to the disk life-
times. For instance, Clarke & Pringle (1993) found that a den-
sity of about 100 stars/pc3 is required for a 1% likelihood of
potentially destructive close encounters for 100 AU disks in
1 Myr. Steinhausen & Pfalzner (2014) found that only a negligi-
ble fraction of protoplanetary disks experiences destructive close
encounters in 2 Myr in clusters with a stellar density lower than
3000 stars/pc3. Vincke et al. (2015) found that in clusters with a
stellar density smaller than 90 stars/pc3, no disks shrink to 10 AU
by close encounters within 5 Myr, while about 10%–17% can be
dispersed down to 100 AU.

The typical stellar density of known clusters in the Milky
Way shows that only the most extreme clusters such as the
Arches cluster may have a stellar density so high as to result in
a significant probability for destructive encounters (Olczak et al.
2012). However, a more destructive feedback would be provided
by externally induced photoevaporation even in these cases. The
disks are then dispersed because of the incidence of energetic
UV radiation (e.g., Johnstone et al. 1998) that is emitted by
nearby massive stars. UV photons dissociate and ionize hydro-
gen molecules and atoms, which increases the gas temperature
to more than one thousand degrees and drives a photoevapora-
tive wind away from the disk. Because the UV radiation is pro-
vided by massive stars, externally induced photoevaporation is
expected to be important in clusters with at least a few thousand
members that are expected to host massive stars (Weidner et al.
2010), and the effects of photoevaporation are more dramatic
within a few parsecs from such massive stars. Direct obser-
vations of evaporating disks were obtained in the Trapezium
in Orion (O’dell & Wen 1994; Bally et al. 2000; Fang et al.
2016), Cygnus OB2 (Wright et al. 2012; Guarcello et al. 2014),
NGC 2244 (Balog et al. 2006), NGC 1977 (Kim et al. 2016), and
Carina (Mesa-Delgado et al. 2016). Indirect evidence support-
ing a fast erosion of protoplanetary disks in the proximity of
massive stars was obtained by observing a decline of the disk
fraction close to massive stars or in regions with high local UV
fields in massive clusters and associations such as NGC 2244
(Balog et al. 2007), NGC 6611 (Guarcello et al. 2007, 2009,
2010a), and Pismis 24 (Fang et al. 2012). Richert et al. (2015)
instead found no evidence supporting a lower disk fraction near
massive stars in the sample of massive clusters included in the
Massive Young Star-forming complex Study in the infrared and
X-ray (MYStIX) project (Feigelson et al. 2013), suggesting that
evidence supporting the external disks photoevaporation found
by earlier studies was affected by selection effects. This has been
refuted by careful later studies of NGC 6231 (Damiani et al.
2016), Cygnus OB2 (Guarcello et al. 2016), and Trumpler 14
and 16 (Reiter & Parker 2019), for instance.

The metallicity of disks, which is typically assumed to be
equal to that of their parental clusters, is also expected to play
an important role in determining disk dispersion timescales by
affecting the relative content of dusts, which regulates important
disks properties such as opacity. The first and so far only obser-
vational confirmation of a fast erosion of disks selected from
infrared photometry in low-metallicity environments has been
provided by Yasui et al. (2009, 2010, 2016a) and Yasui et al.
(2016b), who derived the disk fractions in six clusters in the
outer Galaxy, characterized by [O/H] ∼ −0.7 dex and a dust-
to-gas ratio of ∼0.001. The clusters of their sample younger than
1 Myr (Cloud2-N and -S, Sh2-209, and Sh2-208) have a disk
fraction between 7 ± 1% and 27 ± 7%, which is far lower than
the typical disk fraction of 60%–80% that is observed in clus-
ters with similar ages but solar metallicity. Similarly, the only

cluster in their sample with an age of 2–3 Myr (Sh2-207) has a
disk fraction of 5.1±4.6%, while clusters with this age and solar
metallicity have a disk fraction of 30%–40%.

Yasui et al. (2010) stated that a faster dispersal of proto-
planetary disks in low-metallicity environments is unlikely to
be a consequence of a more efficient dust aggregation pro-
cess, which instead is expected to proceed slowly because of
the low dust content. Alternatively, the authors considered it
more likely that the ionization fraction in low-metallicity disks
is larger than in disks with higher metallicity, which increases
their accretion rates. This hypothesis was supported by previous
works (e.g., Hartmann et al. 2006; Hartmann 2009) claiming
that accretion is mainly driven by magnetorotational instabil-
ity (MRI; Balbus & Hawley 1991), whose efficiency increases
with increasing disk ionization rate. Gorti & Hollenbach (2009)
also claimed that far-UV (FUV) photons penetrate disks with a
low dust-to-gas ratio more deeply, and that the dispersal time of
disks decreases with increasing dust opacity. The general con-
sensus has in past years shifted toward a more important role of
the magnetically driven disk wind in removing mass and angu-
lar momentum from the disk, which also drives mass accretion
toward the inner disk (Suzuki et al. 2010; Bai & Stone 2013;
Simon et al. 2013). Because in this picture MRI is still respon-
sible for triggering the magnetohydrodynamic (MHD) turbu-
lence that drives the vertical gas outflow (Suzuki et al. 2010) and
both mass accretion and mass-loss rate are expected to increase
with increasing penetration depth of ionizing photons (Bai et al.
2016), the low disk opacity in low metallicity can still be respon-
sible for a faster disk dispersal than at solar metallicity.

Some studies explored the possibility that low metallic-
ity increases the effectiveness of photoevaporation in remov-
ing gas and small dust grains from protoplanetary disks. This
is in line with the results obtained by Gorti & Hollenbach
(2009). Focussing on photoevaporation induced by X-ray pho-
tons emitted by the central stars (Ercolano et al. 2008, 2009),
Ercolano & Clarke (2010) have found that the disk dispersal
timescale due to photoevaporation (tphot) increases with the
disk metallicity following the relation tphot ∝ Z0.52. Following
these authors, the higher efficiency of photoevaporation in low-
metallicity disks is due to lower dust opacity. It is interesting to
note that according to Ercolano & Clarke (2010), disk dissipa-
tion timescales are instead expected to strongly decrease with
increasing disks metallicity when disks are mainly dispersed
by planet formation because the higher metallicity results in a
more efficient solid coagulation into planetesimals (Pollack et al.
1996; Hubickyj et al. 2005). This is in line with evidence that
showed that the incidence of Jovian planets around dwarf stars
increases with the metallicity of the stars (e.g., Fischer & Valenti
2005). The higher efficiency of photoevaporation in low metal-
licity has more recently also been confirmed by the simulations
presented by Nakatani et al. (2018a,b). On the other hand, these
models did not include the effects of metallicity over the stel-
lar UV and X-ray emission. For instance, coronal X-ray radia-
tion is dominated by line emission from highly ionized atomic
species, and thus it depends on the abundance of heavy elements
(Pizzolato et al. 2001).

In the context of disk evolution in low-metallicity environ-
ments, it is worth mentioning the evidence of more intense
accretion rates found in stars with a disk in the Magel-
lanic Clouds. Several works that focused on accretors in
low-metallicity star-forming complexes of the Large Magel-
lanic Clouds (De Marchi et al. 2010, 2017; Spezzi et al. 2012;
Biazzo et al. 2019), on average with Z = 0.007 (Maeder et al.
1999), and Small Magellanic Clouds (e.g., De Marchi et al. 2011)
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reported higher mass accretion rates than for stars with masses
similar to that of the Milky Way (e.g., Beccari et al. 2015). The
higher accretion rates and longer accretion timescales in low-
metallicity star-forming regions have been interpreted by the
authors as a consequence of a less intense radiation pressure
experienced by the inner disks when the dust content is smaller.
These results can also be understood if the disk photoevapora-
tion discussed above is overwhelmed by other effects that can
result in longer disk lifetimes and higher accretion rates: Higher
ionization, which induces far higher mass accretion rates, and
a lower disk opacity, which results in a lower disk temperature,
lower viscosity, and thus longer viscous timescale (Durisen et al.
2007), or a slower formation of protoplanets because the con-
centration of solid bodies is lower and thus the grain aggregation
process is less efficient. All this slows the dispersal of protoplan-
etary disks down (Dullemond & Dominik 2005).

2. Dolidze 25

The young open cluster Dolidze 25 (also known as C 0642+0.03
or OCL-537; l = 212◦, b = −1.3◦) is one of the best tar-
gets in which to study the evolution and dispersal timescale
of protoplanetary disks in a low-metallicity environment. It is
one of the known rare cases of Galactic low-metallicity envi-
ronments. The cluster metallicity was determined for the first
time by Lennon et al. (1990) on the basis of high-resolution
spectroscopy of three OB stars that were found to be defi-
cient in metals by a factor of ∼6. This was later confirmed by
Fitzsimmons et al. (1992) and Negueruela et al. (2015). The lat-
ter authors derived a metallicity −0.3 dex below solar for silicon
and of −0.5 dex below solar for oxygen. Even through these val-
ues are not as low as those reported by Lennon et al. (1990) and
are not fully inconsistent with the radial slope of the metallicity
gradient in our Galaxy, Dolidze 25 is confirmed as one of the
young clusters with the lowest metallicity known in our Galaxy
when the observed data-point dispersions is taken into account
(Rolleston et al. 2000; Esteban et al. 2013).

The determination of the main parameters of Dolidze 25,
such as distance and age, is quite controversial. The first esti-
mates were based on the few massive stars (about ten OB stars).
Moffat & Vogt (1975) determined a distance of 5.25 kpc from
UBVHα photometry. Lennon et al. (1990) placed the cluster at
3.6 kpc from an isochrone fit to the upper main sequence of the
cluster. Turbide & Moffat (1993) determined an age of ∼6 Myr
and a distance of ∼5 kpc from optical photometry. More recently,
Delgado et al. (2010) analyzed UBVRIJHK photometry of the
central area of Dolidze 25 and identified 214 candidate cluster
members. They set the cluster distance equal to 3.6 kpc. These
authors claimed that two distinct populations belong to the clus-
ter: A younger pre-main-sequence population that is 5 Myr old,
and an older population with an age of 40 Myr. Following stud-
ies found no evidence for such an old cluster population. For
instance, Negueruela et al. (2015) set an upper limit to the clus-
ter age of ∼3 Myr by noting that none of the most massive stars
of Dolidze 25 (the O6 V star S33 and the O7 V stars S15 and S17,
following the nomenclature on the WEBDA1 database) show
evidence of any evolution off the main sequence, and adopted
a distance of 4.5 kpc from the trigonometric parallax distance of
the HII region IRAS 06501+0143 in the proximity of the clus-
ter. Cusano et al. (2011) analyzed data of Dolidze 25 that were
obtained with VIMOS at the VLT, 2MASS, and Spitzer. They set
a distance of 4 kpc from the spectroscopic parallax of three OB

1 https://webda.physics.muni.cz/
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Fig. 1. WISE 12 µm image of the area surrounding Dolidze 25. The red
circle marks the area within which we selected stars with a disk, the red
box delimits the ACIS-I FoV, the dashed yellow boxes encompass the
regions identified and studied by Puga et al. (2009), and the segment in
the upper right corner shows the angular extent corresponding to 10 pc
at the distance of Dolidze 25.

members and an average age of 2 Myr. They also found evidence
for a significant age spread and a sequential star formation pro-
cess throughout the whole area. Kalari & Vink (2015) estimated
an age between 2 and 3 Myr for cluster members in the center of
Dolidze 25 selected from infrared photometry and the analysis
of the Hα line, and found no evidence of a higher accretion in
members with a disk with respect to the coeval populations with
solar metallicity. In this paper, we adopt a distance to Dolidze 25
equal to 4.5 ± 0.5 kpc, estimated from the Gaia EDR3 counter-
parts of the 10 OB stars included in the Negueruela et al. (2015)
catalog and with an error on the parallaxes smaller than 0.2 mas.

Dolidze 25 is part of a vast star-forming complex called Sh2-
284 by Sharpless (1959). The most comprehensive determina-
tion to date of the pre-main-sequence population of the entire
area was performed by Puga et al. (2009) based on the analy-
sis of Spitzer observations. They selected a total of 155 class I
and 183 class II objects that were clustered in different regions
of the complex: In the central cluster Dolidze 25; around the
large HII cavity surrounding the central cluster, which is ionized
by the stars S33, S15, and S17; and in the compact HII regions
IRAS 06439−0000, IRAS 06446+0029, and IRAS 06454+0020.
The pillars and globules containing young stars that point toward
the central cluster apparently support the hypothesis of some
level of triggered star formation across the area (Cusano et al.
2011). Figure 1 shows the WISE (Wright et al. 2010) image
at 12 µm of the area surrounding Dolidze 25. We mark the
large area within which we searched for stars with a disk, the
field observed with Chandra ACIS-I, and the regions identified
and analyzed by Puga et al. (2009). In this paper we adopt the
nomenclature defined by Puga and collaborators to indicate these
regions.

3. Multiwavelength catalog

In this section we describe the multiwavelength catalog of the
studied area. This catalog includes archival optical and infrared
data. We also describe an X-ray catalog that was built from spe-
cific observations performed with Chandra ACIS-I.

A157, page 3 of 37

https://webda.physics.muni.cz/
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140361&pdf_id=1


A&A 650, A157 (2021)

N

E

101.500 101.450 101.400 101.350 101.300 101.250 101.200 101.150 101.100

0.450

0.400

0.350

0.300

0.250

0.200

0.150

0.100

101.500 101.450 101.400 101.350 101.300 101.250 101.200 101.150 101.100

0.450

0.400

0.350

0.300

0.250

0.200

0.150

0.100

Fig. 2. Combined Chandra ACIS-I Images of Dolidze 25. In the left panel, we show an RBG image, with events in the hard energy band marked
in red, those in the medium band (1.21–1.99 keV) are plotted in green, and those in the soft band are shown in blue. In the right panel, the white
polygons mark the contours of the continuum emission at 8 µm from Spitzer-IRAC, while the red circles mark the position of the validated X-ray
sources.

3.1. Chandra ACIS-I observations

Dolidze 25 was observed with Chandra ACIS-I on 2013
December 1 and 3 (Obs.IDs: 14565 and 16543, respectively;
P.I.: Guarcello). The two observations were copointed at
RA = 06:45:05.10 and Dec = +00:16:15.60, with exposure times
of 76.67 and 68.44 ks and both with a roll angle of 53◦. We
produced the Level 2 event files from the Level 1 files using
the CIAO (Fruscione et al. 2006) script chandra_repro. We then
combined the two event files using the tool merge_obs. Before
merging the two event files, we registered the astrometry of
the Obs.ID 16543 onto the 14565 through the following pro-
cedure: we first ran Wavdetect (Freeman et al. 2002) to detect
sources in the two images separately, considering only the 100
brightest detected sources; we then matched the two result-
ing catalogs with a closest-neighbor approach; and we finally
updated the astrometry of the event files using the CIAO tool
WCS_update. Exposures maps in three bands (broad: 0.5–7 keV;
soft: 0.5–1.2 keV; hard: 2–7 keV) were calculated using the stan-
dard CIAO tools asphist, mkinstmap, and mkexpmap.

Source detection in the three energy bands was performed
using the Wavdetect and the PWDetect (Damiani et al. 1997)
detection algorithms. Wavdetect detected a total of 696 sources
in the broad energy band (272 in the soft band, and 420 in
the hard band) adopting a threshold of 10−4, while PWDetect
detected 367 sources in the broad band (657 in the soft band, 191
in the hard band) adopting a threshold of σ = 4.6. The resulting
six catalogs were merged in a unique list containing 2105 candi-
date sources adopting a closest-neighbors approach and visually
inspecting the photon distributions in the event files. Although
this list was clearly dominated by spurious detections, mainly
in the soft band, we decided to temporarily keep it because we
validated each candidate X-ray source with a rigorous approach.

Photon extraction and source validation were performed
using the IDL software ACIS Extract2 (AE, Broos et al. 2010).

2 The ACIS Extract software package and User’s Guide are available
online at http://personal.psu.edu/psb6/TARA/AE.html.

AE performs photon extraction by defining the point spread
function (PSF) at 1.5 keV for each source, reducing the PSF size
of crowded sources to 40%. The individual background regions
are defined as an annulus centered on each source, with an inner
radius equal to 1.1 times the 99% of the PSF, and the outer
radius set in order to encompass 100 background photons. For
sources in crowded regions, AE constructs a background model
that accounts for the contamination due to nearby bright sources.
In this latter case, the background model is improved after mul-
tiple iterations and extractions.

The AE estimates the probability for each source of being
a background fluctuation, and it saves it in the parameter
prob_no_source (PB). Following most of the existing works on
similar data analysis (e.g., Wright et al. 2014), we considered
sources as probable spurious sources when they met PB > 0.01.
We thus pruned our list by removing all isolated sources with
PB > 0.01. If a group of crowded sources met the requirement
PB > 0.01, we removed only the faintest source and then we
repeated the photon extraction process for the remaining sources
in the attempt of improving their PB. After repeating the pro-
cedure five times and after a visual inspection of the sources
marked by AE as probable spurious detections due to the hook-
shaped feature discovered in the Chandra PSF3, we removed
1487 sources from the initial list, producing a final list of 618
confirmed sources. Figure 2 shows an RGB Chandra ACIS-I
image of the combined event files and the positions of the val-
idated X-ray sources, together with the contours of the diffuse
emission at 8 µm from Spitzer-IRAC observations.

In each of the five iterations of the photons extraction pro-
cess, we allowed AE to correct the source positions. Following
the AE guidelines, three position estimates were calculated for
each source: the mean data position, which is obtained from the
centroid of the extracted events and is typically used for on-axis
sources (θ < 5′); the correlation position, which is calculated
from the correlation between the PSF and the events distribution
and is typically used for off-axis sources (θ > 5′); and the maxi-
mum likelihood position, which is calculated from the maximum

3 http://cxc.harvard.edu/ciao/caveats/psfartifact.html

A157, page 4 of 37

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140361&pdf_id=2
http://personal.psu.edu/psb6/TARA/AE.html
http://cxc.harvard.edu/ciao/caveats/psfartifact.html


M. G. Guarcello et al.: Dispersal timescale of protoplanetary disks in the low-metallicity young cluster Dolidze 25

Table 1. Optical and infrared catalogs.

Catalog Bands Initial Selected Criteria References

VPHAS+ DR2 ugriHα 79 470 39 828 f Primary= 1 Drew et al. (2014, 2016)
Detected in ≥2 bands

IPHAS DR2 riHα 64 300 40 165 mergedClass = 1,2 Barentsen et al. (2014)
Detected in ≥2 bands

visual inspection
Pan-STARRS DR1 grizy 77 335 74 098 Qual = 4 Chambers et al. (2016)

Detected in ≥2 bands
Visual inspection

Gaia DR2, EDR3 G,BP,RP 43 919 43 919 Gaia Collaboration (2016)
Delgado UBVRIJHK 1673 1186 Detected in ≥2 bands Delgado et al. (2010)
CoRoT 2090 2090 Debosscher et al. (2009)

Affer et al. (2012)
Carone et al. (2012)

Guenther et al. (2012)
Sebastian et al. (2012)
COROT Team (2016)

LAMOST DR4 370–900 nm 145 145 Luo et al. (2016)
UKIDSS DR10 JHK 114 024 64 949 priorsec = 0 Lawrence et al. (2007)

merged_class = −1
Detected in ≥2 bands

2MASS PSC JHK 18 422 17 521 ph_qual , F, E,U Cutri et al. (2003)
rd_ f lg , 6

cc_ f lg , p, d, s, b
Spitzer-IRAC [3.6],[4.5],[5.8],[8.0] 62 336 62 294 Visual inspection Puga et al. (2009)
WISE [3.4],[4.6],[12], 15 774 15 766 cc f , D, P,H, 0 Cutri (2012)

[22] qph , C, X,U

likelihood image of source neighborhood and is typically used
for crowded sources. The catalog of the X-ray sources, which is
made available at the CDS, is described in Appendix A.

3.2. Optical and infrared catalogs

We collected the optical and infrared data available in a circu-
lar area with a radius of 0.5◦ (39.3 pc at the distance of 4500 pc)
centered on Dolidze 25 in order to cover not only the cluster, but
also a significant part of the surrounding parental cloud. Table 1
shows the list of the catalogs we used. Some of these catalogs
were not directly necessary for the aim of this paper, but they
were included nevertheless for future analysis of the stellar pop-
ulation of Dolidze 25 and Sh2-284. In Table 1 we show the
total number of sources in the selected region for each catalog,
together with the number of sources we retained after pruning
spurious sources, artifacts, and sources with unreliable photom-
etry following the various explanatory manuals or the references
listed in the last column. The criteria adopted to clean each cat-
alog are summarized in the criteria column.

The optical photometry is provided by the Second Data
Release of the VST Photometric Hα Survey of the Southern
Galactic Plane and Bulge (VPHAS+, Drew et al. 2014), the Sec-
ond Data Release of the INT WFC Photometric Hα Survey
of the Northern Galactic Plane (IPHAS, Barentsen et al. 2014),
the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS, Chambers et al. 2016), the Second and Early
Third Data Release of the Gaia catalog (Gaia Collaboration
2016), which provides parallaxes for 31 531 sources and radial
velocities for 205 sources, and the optical catalog published by
Delgado et al. (2010) that is based on observations taken with

ALFOSC at the 2.6 m Nordic Optical Telescope (NOT), which
only covers a small 7′ × 8′ central area. Infrared photome-
try is provided by the Two Micron All-Sky Survey (2MASS)
Point Source Catalog (Cutri et al. 2003) and the tenth data
release of the UKIRT InfraRed Deep Sky Surveys (UKIDSS,
Lawrence et al. 2007) in the JHK bands, together with the cat-
alog obtained from observations with Spitzer-IRAC during the
Cycle 4 (2005 March 28, Program ID: 3340, P.I.: Neiner), pre-
sented in Puga et al. (2009), and the AllWISE Source Catalog
(Wright et al. 2010). We also included 2090 optical light curves
obtained from the Convection, Rotation and Planetary Transits
satellite (CoRoT, Baglin et al. 2006) taken with a cadence of
32 s or 512 s; and the spectral classification of 145 stars obtained
from the Fourth Data Release of the Large sky Area Multi-
Object Spectroscopic Telescope (LAMOST) based on observa-
tions of the 4 m telescope located at the Xinglong Observatory
northeast of Beijing (China, Luo et al. 2015). Figure 3 shows the
spatial coverage of the catalogs included in the multiband cata-
log. Most of them have a rather uniform distribution, with a clear
overdensity of sources in the center of the field that roughly cor-
responds to the cavity cleared by Dolidze 25. Another overden-
sity is detected westward of the central cavity. The distribution
of the UKIDSS sources is easily explained by the fact that the
adopted pruning criteria removed most of the sources at the CCD
edges.

3.3. Merged catalog

The optical, infrared, and X-ray catalogs were merged into
a multiwavelength catalog with the procedure described in
detail in Appendix B. The catalog contains 101 722 entries.
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Fig. 3. Spatial coverage of the sources with good photometry in the catalogs. A central overdensity, corresponding to the approximate location of
Dolidze 25, is evident in all the catalogs.

In particular, 463 of the 618 X-ray sources matched at least
one optical-infrared (OIR) counterpart. Considering the multiple
coincidences between X-ray, optical, and infrared sources, the
catalog contains a total of 593 X+OIR sources, with an expected
contamination by spurious coincidences of about 10%.

4. Selection of stars with a disk

Stars with a disk were selected by adopting criteria based on
2MASS, UKIDSS, IRAC, and WISE photometry. However,
these methods potentially also select various types of contam-
inants, for instance, extragalactic sources, giants with circum-
stellar dust, PAH-contaminated sources, and foreground stars. In
order to obtain an inclusive selection of stars with a disk from
which all possible contaminants were removed, we first selected
all stars that met at least one of the criteria defined to select stars
with a disk, and then we pruned the list by applying different
tests, each aimed at selecting specific classes of contaminants
(see Fig. 4).

4.1. Initial list of candidate stars with a disk

The preliminary list of candidate stars with a disk was pro-
duced by selecting all sources satisfying at least one of the cri-
teria defined by Gutermuth et al. (2009), Guarcello et al. (2013),
Koenig & Leisawitz (2014):
1. from the IRAC [3.6]–[4.5] vs. [4.5]–[5.8] diagram, sources

with
[3.6]–[4.5]> 0.7 AND [4.5]–[5.8]> 0.7;

2. from the IRAC [3.6]–[5.8] vs. [4.5]–[8.0] diagram, sources
with
[4.5]−[8.0] > 0.5 AND
[3.6]−[5.8] > 0.35 AND
[3.6]−[4.5] ≤ 0.5 + 0.14 × ([4.5]−[8.0] − 0.5);

3. from the IRAC [3.6]–[4.5] vs. [5.8]–[8.0] diagram, sources
with
[3.6]–[4.5]> 0.2 AND [5.8]–[8.0]> 0.3;

4. from the IRAC [4.5]–[5.8] vs. [5.8]–[8.0] diagram, sources
with
−0.1≤ [4.5]–[5.8]< 1.4 AND [5.8]–[8.0]> 0.2;

5. from the WISE [3.4]–[4.6] vs. [4.6]–[12] diagram, sources
with
2≤ [4.6]–[12]< 4.5 AND
[3.4]−[4.6] > 2.2 − 0.42 × ([4.6]–[12]) AND
[3.4]−[4.6] > 0.46 × ([4.6]–[12])− 0.9;

6. from the WISE [3.4]−[4.6] vs. [4.6]–[12] diagram, sources
with
[3.4]−[4.6] > 0.25 AND
[3.4]−[4.6] < 0.9 × ([4.6]–[12])− 0.25 AND
[3.4]−[4.6] > −1.5 × ([4.6]–[12]) + 2.1 AND
[3.4]−[4.6] > 0.46 × ([4.6]–[12])− 0.9 AND
[4.6]–[12]< 4.5;

7. from the J − H vs. [3.4]–[4.6] diagram, sources with
H − K > 0 AND
H − K > −1.76 × ([3.4]−[4.6]) + 0.9 AND
H − K < (0.55/0.16) × ([3.4]−[4.6]) − 0.85 AND
[3.4]≤ 13.

These criteria were applied only to sources whose errors in the
relevant magnitudes were smaller than 0.1m and colors lower
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Fig. 4. Summary flowchart of the procedure adopted to select stars with
a disk and pruned candidate contaminants from the list. In each step rep-
resented by an oval, the list is pruned of a given class of contaminants.
For any selection of contaminants, sources are verified with the corre-
sponding test shown in the boxes. A detailed description of the tests is
provided in the text.

than 0.15m. The loci defined by these criteria are shown in
Fig. 5 and in Figs. D.1 and D.4. The resulting preliminary list
of candidate stars with a disk contains 862 sources. This list was
then pruned by removing different classes of contaminants, as
explained below.

4.2. Candidate giants with circumstellar dust

Evolved giants with circumstellar dust can have intrinsic infrared
colors that can mimic the spectral energy distribution (SED) that
is typical of stars with a disk. In order to account for this contam-
ination, we used the PARSEC isochrones4 (Bressan et al. 2012)
in order to define the expected loci in some color–magnitude dia-

4 http://stev.oapd.inaf.it/cmd

grams in which giants with circumstellar dust and zero extinction
can be found. We then projected these loci along the specific
extinction vectors. We defined these loci after testing differ-
ent compositions of the circumstellar dust using the available
options on the PARSEC web interface. After inspecting all the
possible criteria, we used those resulting in independent selec-
tions. We list them below.

– Stars in the r vs. r − i Pan-STARRS diagram brighter than
the line drawn by projecting the point [-0.1,11] along the extinc-
tion vector.

– Stars in the J vs. J−K diagram brighter than the line drawn
by projecting the point [0,11] along the extinction vector.

– Stars in the [4.5] vs. [4.5]–[8.0] diagram with
[4.5]−[8.0] < 0.

– Stars in the [3.4] vs. [3.4]–[4.6] diagram brighter than the
line [3.4] = 1.56 × ([3.4]−[4.6]) + 9.31.

– Stars in the [3.4]–[4.6] vs. [12]–[22] diagram with
[12]−[22] < 1.9 AND
[3.4] − [4.6] < ([12]−[22]) − 0.45
(criterion defined by Koenig & Leisawitz 2014).
– SED analysis (see below).
These loci are shown in the Figs. 5, D.1, D.2, and D.4. For

each star, the tests were considered positive, that is, suggesting
that the star is a contaminant, when the star was located in the
defined locus of giant stars. The SED test was applied to the
candidate stars with a disk that met at least one of the other
criteria adopted to select candidate giants. In this test, we used
the Python SED fitter tool sed f itter5 developed by Robitaille
(2017). The tool allowed us to fit the observed SEDs with syn-
thetic SEDs produced from an extensive set of models of young
stellar objects (YSOs) with different properties of the central
star, disk, envelope, bipolar cavities, and surrounding medium.
We added the WISE, Pan-STARRS, and SDSS filters to the
available convolved filters using the Python codes mk f ilter.py
and f iltermanage.py that are publicly available6. We considered
this test to be positive when the observed SED did not fit that of
any YSO model7.

For each candidate star with a disk selected as possible back-
ground giant, we thus counted the number Ntest of tests that we
were able to perform and the number Npositive of positive tests. As
shown in Fig. 4, we removed stars for which Npositive ≥ 0.5Ntest
from the list of stars with a disk as candidate giants.

4.3. Candidate extragalactic sources

The infrared colors of galaxies of different types (e.g., AGN and
PAH galaxies) in the IRAC and WISE bands are similar to those
of stars with a disk. However, they can be distinguished from
YSOs by their typical blue optical colors and faint magnitudes.
We discarded candidate galaxies from the sample of stars with
a disk in two steps. First, we adopted an approach similar to
the one used to select giants with circumstellar dust by defin-
ing tests aimed at selecting candidate galaxies and counting the
number of positive over the total number of tests for each star
with a disk. These tests were defined by adopting criteria intro-
duced by other authors (Gutermuth et al. 2009) or by plotting
the extragalactic sources included in existing surveys in infrared

5 https://sedfitter.readthedocs.io/en/stable/
6 https://github.com/mpound/YSOproject
7 With the SED fitting as a test, we attempted to break the degeneracy
between highly extinguished background giants with circumstellar dust
and stars with a disk showing infrared excesses at the longest wave-
length.
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Fig. 5. Subset of the infrared and optical-infrared diagrams of all sources in the studied field that meet the criteria of good photometry (e.g., error
in magnitude smaller than 0.1m and in color smaller than 0.15m). The dashed lines show the isochrones for ages 0.5 Myr, 1.5 Myr, 3 Myr, 5 Myr,
8 Myr, and 10 Myr, and with metallicity Z = 0.004 (Delgado et al. 2010) from the PARSEC models, plotted adopting a distance of 4.5 kpc and
AV = 2.7m. Red dots mark the selected stars with a disk that we retained in the final list. We also show the loci defined to select stars with a
disk and contaminants, delimited by red and green lines. In particular, we show the loci expected to be populated by giants, stars with unreliable
excesses, foreground stars, and YSOs with a disk in these diagrams. All diagrams are shown in Appendix D.

diagrams (Stern et al. 2005; Treister et al. 2006; Rafferty et al.
2011; Koenig & Leisawitz 2014). We show this list below.

– candidate PAH galaxies from the IRAC [4.5]–[5.8] vs.
[5.8]–[8.0] diagram, with the criteria
[4.5]−[5.8] < 1.05 × ([5.8]−[8.0] − 1)/1.2 AND
[4.5]−[5.8] < 1.05 AND [5.8]−[8.0] > 1.

– PAH galaxies from the IRAC diagram [3.6]–[5.8] vs. [4.5]–
[8.0], with the criteria
[3.6]−[5.8] < 1.5 × ([4.5]−[8.0] − 1)/2 AND
[3.6]−[5.8] < 1.5 AND [4.5]−[8.0] > 1 AND
[4.5] > 11.5.

– candidate AGN from the IRAC diagram [4.5] vs. [4.5]–
[8.0], with the criteria
[4.5]−[8.0] > 0.5 AND
[4.5] > 13.5 + ([4.5]−[8.0] − 2.3)/0.4 AND
[4.5] > 13.5;

– candidate AGN from the IRAC diagram [4.5] vs. [4.5]–
[8.0], with the criteria
[4.5]−[8.0] > 0.2 AND
([4.5] > 14.5 − ([4.5]−[8.0] − 1.2)/0.3 or [4.5]> 14.5);

– candidate galaxies from the WISE diagram [3.4]–[4.6] vs.
[4.6]−[12] with the criteria
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[4.6]−[12]> 2.3 AND
[3.4]−[4.6]> 0.2 AND
[3.4]−[4.6]< 1.0 AND
[3.4]−[4.6] < 0.46 × ([4.6]–[12])− 0.78 AND
[3.4] > 13.0.

These loci are shown in the Figs. D.1 and D.4. We then
marked each source for which Npositive ≥ 0.5Ntest as a candidate
extragalactic contaminant.

We then took advantage of the expected blue optical colors
and faint magnitudes of extragalactic sources to reclassify some
sources marked as possible galaxies as stars with a disk. We first
used the catalogs published by Brescia et al. (2015) and Usatov
(2018) to define a locus populated by extragalactic sources in the
following diagrams: r vs. r − i, g vs. g − r, and r vs. g − r (both
VPHAS and Pan-STARRS, see Fig. D.2). We then repeated the
adopted strategy by calculating the ratio Npositive/Ntest for each
source, where here a test is positive when the given star is located
in these loci of extragalactic sources. We then reclassified the
sources for which Npositive < 0.5Ntest as stars with a disk. This
procedure should in principle also help us to avoid discarding
genuine stars with a disk with blue optical colors due to accretion
and/or scattering (discussed in Sect. 4.6), which are expected to
be more blue in g − r than in r − i.

We also reclassified candidate extragalactic sources with a
high excess in r − Hα as stars with a disk. This excess is typical
of accreting stars with a disk. To select these stars, we used the
IPHAS and VPHAS r − i vs. r − Hα diagrams (see Fig. D.3).
In the first diagram we selected sources with r − Hα higher
than the colors of the zero-age main sequence (ZAMS) locus
with EWHα = −40 Å and EB−V = 1 defined by Barentsen et al.
(2011), while in the second diagram we used an ad hoc lower
limit for r − Hα. We also reselected candidate galaxies with
[3.6] < 15.3m as stars with a disk. This limit was chosen by
plotting the sources from the extragalactic catalogs compiled by
Treister et al. (2006) and Rafferty et al. (2011) in the [3.6] vs.
[3–6]–[4.5] diagram.

4.4. Candidate shock- or PAH-dominated sources

Another class of possible contaminants are sources whose pho-
tometry in the [5.8] and [8.0] bands is contaminated by nebu-
lar PAH emission or unresolved knots of shock emission. We
followed the prescription presented in Gutermuth et al. (2009)
to select candidate contaminants of these two classes, and
discarded those whose SED did not fit any YSO model (3
candidate unresolved knots of shock emission, and 63 PAH-
contaminated sources). The typical loci populated by PAH-
contaminated sources and unresolved shocks in the [3.6]–[4.5]
vs. [4.5]–[5.8] diagram are shown in Fig. D.1

4.5. Foreground stars and unreliable excesses

The YSOs that lie in the foreground of Dolidze 25 can contam-
inate our list of members with a disk. Even though Gaia EDR3
parallaxes cannot be used to identify low-mass stars associated
with Dolidze 25 and the Sh2-284 cloud because of their large
distances, they can still be useful to select and discard stars in
the foreground. However, because distances obtained by sim-
ply inverting Gaia parallaxes are not fully reliable for distances
larger than 1 kpc (e.g., Bailer-Jones et al. 2018), we also adopted
a photometric criterion. We thus selected and removed as candi-
date foreground objects stars with a disk with a parallax error
smaller than 0.2 mas, a distance from Gaia parallaxes smaller

than 2.5 kpc, and the color i − z from Pan-STARRS lower than
0.25m.

We also defined the following criteria to select objects with
unreliable excesses:

– Stars bluer than the expected pre-main sequence locus in
the i vs. i − z (Fig. D.2) or J vs. J − K (Fig. 5) diagrams.

– Stars with blue colors in the i−z vs. z−y diagram (Fig. D.3).
– Stars with colors in the g − r vs. r − i (Fig. D.3) or J − H

vs. H − K (Fig. 5) diagrams typical of low-extinction sources.
– Stars lying in the branch populated by low-extinction M

stars in the r − i vs. i − J diagram (Fig. 5).
– Stars with [3.6]−[4.5] < 0.15 and [5.8]−[8.0] < 1.2 in the

[3.6]−[4.5] vs. [5.8]–[8.0] diagram (Fig. D.4).
– Stars with [4.5]−[5.8] < −0.3 in the [3.6]–[4.5] vs. [4.5]–

[5.8] diagram (Fig. D.1).
Objects selected according to one of the above conditions

were removed from the list of stars with a disk when their SEDs
were compatible with photospheric models with an extinction
AV between 0m and 100m, or when they were not compatible
with any YSO model, or when low extinction or distance were
suggested by other diagrams.

4.6. Blue stars with excesses

Candidate stars with a disk populating the expected locus of
foreground main-sequence stars in optical color–magnitude dia-
grams are not necessarily contaminants (stars in the foreground
or galaxies, which have already been removed from the list at
this step, however). They can also be genuine stars with a disk
that we retained in our list of disks by classifying them as blue
with excesses, (BWE; Guarcello et al. 2010b) stars with a disk.

The optical colors of stars with ongoing accretion and with
thick disks can be affected by the emission from accretion hot
spots that are heated by the accreting material and light scattered
along the line of sight by the dust in the disks. In the paradigm
of magnetospheric accretion (Muzerolle et al. 1998), the accret-
ing material funneled by the magnetic field falls onto the star
at free-fall velocities of a few hundred km s−1. The energy
released by the accretion shock heats the surrounding stellar
atmosphere up to more than 10 000 K (accretion hot spot), emit-
ting soft X-rays, UV, and optical radiation at short wavelengths
(Calvet & Gullbring 1998). In addition, micron-size dust grains
in protoplanetary disks can scatter part of the optical stellar emis-
sion along the line of sight. Because short-wavelength optical
photons are more efficiently scattered than long-wavelength pho-
tons, the scattered light modifies the optical SED of stars with
a disk, which causes optical colors to appear bluer than photo-
spheric values (e.g., Guarcello et al. 2010b).

We selected the candidate stars with a disk with optical col-
ors bluer than the expected pre-main-sequence locus in the fol-
lowing diagrams: r vs. r − i, and g vs. g − r, and r vs. g − r
(both VPHAS and Pan-STARRS, see Fig. D.2), and discarded
from our list of stars with a disk the sources that are bluer than
the expected pre-main-sequence locus in the J vs. J−K diagram
(e.g., they have J − K colors typical of foreground objects), or
have [3.6]−[4.5] < 0.2, [5.8]−[8.0] < −0.3, or whose SED does
not fit any YSO model.

4.7. Final list of stars with a disk

After the pruning process, the list of stars with a disk contains
659 stars. Figures 5, D.1–D.4 show the color–color and color–
magnitude diagrams of all stars with good photometry in the
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Fig. 6. Spitzer-IRAC image in the [8.0] band
of Dolidze 25 and the surrounding Sh2-284
complex. The positions of selected stars with a
disk are marked (red circles). The black square
delimits the field observed with Chandra.

studied field, selected stars with a disk, and the loci we used
to define all the adopted tests. Figure 6 shows the spatial distri-
bution of the stars with a disk in Dolidze 25 and the surround-
ing Sh2-284 cloud. Compared with the selection of stars with a
disk made by Puga et al. (2009), we selected about twice more
objects (659 vs. 329 sources).

5. Candidate young stars without a disk

The intense magnetic activity of pre-main-sequence stars
produces a stronger X-ray emission than in older stars
(Montmerle et al. 1996). Young stars in star-forming regions can
thus be selected and separated from other sources in the same
field of view by requiring detection in X-rays observations. As
explained in Sect. 3.1, the central cavity of Sh2-284 populated
by Dolidze 25 stars was observed with Chandra ACIS-I, and
we detected and validated 618 X-ray sources. Of these sources,
486 match at least one optical-infrared star in our multiwave-
length catalog (when the multiple coincidences are considered,
our catalog contains 542 X-ray sources with OIR counterparts,
see Sect. 3.3).

Although the sample of X+OIR sources is expected to be
dominated by young stars in the area, it can still contain a signif-
icant number of sources that are not associated with Dolidze 25,
such as magnetically active stars that are not in the pre-main-
sequence phase, which must be identified and removed from the
list of candidate members of the cluster. First, we considered
the 131 X-ray sources that do not match any OIR source. These

sources can either truly be members of Dolidze 25 with very
high extinction, false-negatives produced in the catalog-merging
procedure, or extragalactic sources. Figure 7 shows the distribu-
tion of the mean photon energy and the net counts in the broad
energy band of all the validated X-ray sources. We separately
show those of the X-ray sources with and without an OIR coun-
terpart. The distribution of the mean photon energy of all X-
ray sources and those with OIR counterparts peaks at ∼2.2 keV.
The distribution of the mean photon energy of the X-ray sources
without counterpart has two peaks, one peak at ∼2.5 keV and
another at about 4 keV. This may suggest that this sample con-
tains both stars and extragalactic sources. However, the typical
net counts of these sources is ≤10 photons, which precludes fur-
ther investigation. Because we cannot distinguish between these
two possibilities, we removed the X-ray sources without OIR
counterpart from the list of disk-less members. The exception
to this is a group of 16 X-ray sources without OIR counterparts
that has a net count of more than 50 photons and a mean photon
energy between 1.2 and 3.2 keV. We retained this in our list. We
will attempt to constrain their nature by analyzing their X-ray
spectra in a forthcoming work.

Then we selected and removed the X+OIR sources that are
likely in the foreground or in the background. In order to search
for extragalactic contaminants among the X-ray sources with
OIR counterpart, we used the IRAC and WISE color–color and
color–magnitude diagrams in which we defined the typical loci
of extragalactic sources (Figs. D.1 and D.4). Only 6 X+OIR
sources that were not classified as disk-bearing members popu-
late these loci. Two of these sources lie in the loci of extragalactic
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Fig. 7. Distribution of the mean photon energy and net counts in the
broad energy band for the validated X-ray sources. We show the X-ray
sources with and without OIR counterpart separately.

sources in more than half of the diagrams in which they can
be plotted, and thus they were removed from the list of candi-
date disk-less young stars. In order to select candidate X+OIR
sources in the foreground, we first removed 43 X+OIR sources
with errors in the Gaia parallaxes smaller than 0.2 mas and dis-
tances from parallax smaller than 2.5 kpc. We also removed other
20 X+OIR sources with large parallax errors that lay in the fore-
ground or BWE loci in most of the diagrams in which they can be
plotted. After this pruning, we compiled a list of 379 candidate
unique X-ray sources with at least one OIR counterpart. These
are candidates for being disk-less young stars of Dolidze 25. As
expected, the removed X+OIR sources have an almost uniform
spatial distribution.

Figure 8 shows a selection of optical and infrared diagrams
of all stars in the ACIS FoV that match the criteria for good
photometry, the candidate stars with a disk (inside the ACIS
FoV), the members without a disk, and the X+OIR sources
removed from the list of disk-less stars. In the optical color–
magnitude diagrams, the pre-main-sequence locus at the dis-
tance and extinction of Dolidze 25 is well defined by the selected
candidate members of the cluster. Two candidate members with-
out a disk show a significant excess in Hα although they are not
included in the list of stars with a disk, and would need to be
further investigated to discern their nature. The X+OIR sources
discarded from the list of members clearly show colors of fore-
ground and background sources. Figure 9 shows the spatial
distribution of both disk-less and disk-bearing stars inside the
cavity hosting Dolidze 25. With respect to the regions identified
by Puga et al. (2009), we have identified a new group of mem-
bers that is rich in disk-less stars within the cavity between the
RN and Cl2 regions.

6. Comparison with members from the literature
and final selection

The list of members compiled by Delgado et al. (2010) over a
small area at the center of Dolidze 25 includes 29 stars with IR

excesses, 102 main-sequence stars, and 103 pre-main-sequence
stars. From these stars, we retrieved in our list of members 8 of
their stars with infrared excesses (3 disk-less and 5 with a disk),
9 of their main-sequence members (all as disk-less members),
and 20 of their pre-main-sequence stars (17 disk-less and 3 with
a disk). After verifying the positions in the various optical and
infrared diagrams of the stars selected by Delgado et al. (2010)
and not by us, we added only one star from their lists of mem-
bers, while the other stars do not lie together with the other clus-
ter members in all color–color and color–magnitude diagrams
and thus were not included in our list of members.

Puga et al. (2009) selected 155 class I and 183 class II
sources in the area around Dolidze 25 from specific Spitzer-
IRAC observations of Sh2-284. Our list of disk-bearing mem-
bers has 116 class I and 153 class II sources in common with
their list. We discarded 17 of their members as probable contam-
inants. With the exception of 3 stars that we added in our list, the
few stars in the Puga et al. (2009) list that are not included in our
list do not meet the criteria we defined for good photometry in
the IRAC bands.

Negueruela et al. (2015) studied optical spectra of the bright-
est stars in the field of Dolidze 25. Because the criteria that
we defined to select and discard candidate giant stars with cir-
cumstellar dust (Sect. 4.2) and foreground stars (Sect. 5) are not
designed for intermediate massive members of Dolidze 25, these
stars were automatically discarded from our list of members. We
thus analyzed the stars included in the list of Negueruela et al.
(2015) separately and included 11 of these OB stars in our list
of members. According to Gaia data, we confirm that stars S9
and HD 48691 (from parallaxes) and HD 48807 (from proper
motion) are likely stars in the foreground. We also confirm the
infrared and Hα excesses of the stars S24 and SS57, classified
as Herbig Be stars by Negueruela et al. (2015). When we con-
sider the stars with errors in parallax smaller than 0.2 mas among
these stars, the median distance of these stars is 4.5±0.5 kpc. As
explained in Sect. 2, this is the distance value that we adopted to
plot the isochrones in all the color-magnitude diagrams shown in
the paper.

Cusano et al. (2011) performed a spectroscopic and photo-
metric analysis of 23 pre-main-sequence objects in the center of
Dolidze 25. Two of the 6 stars identified by Cusano et al. (2011)
as disk-less members are detected in X-rays and classified as
disk-less members in our work as well. Because the spectro-
scopic evidence supporting the membership to Dolidze 25 of
the remaining 4 stars is solid, we changed their status to disk-
less members. We also selected 12 of the 17 stars in the list of
class II objects of Cusano et al. (2011) as stars with a disk. Of
the remaining 5 stars, 3 do not match our criteria for good pho-
tometry in the diagrams we used to select stars with a disk, and
two were discarded as likely background giant contaminants (an
F0V and F2V star, according to the spectral classification pro-
vided by Cusano et al. 2011). We reclassified these five stars as
stars with a disk of Dolidze 25. We also classified two other stars
classified as class I objects by Kalari & Vink (2015) as class II
objects.

Our final list of confirmed young stars associated with
Dolidze 25 and Sh2-284 contains 667 stars with a disk, 424 stars
without a disk, and 10 spectroscopically confirmed massive and
intermediately massive stars. The final catalog of the candidate
young stars in Dolidze 25 and the surrounding area, available at
the CDS, is described in Appendix F.
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Fig. 8. Diagrams of all sources in the ACIS FoV that meet the criteria of good photometry (gray points). Figure layout and symbols are the same
as in Fig. 5. The large dots are: candidate stars with a disk inside the ACIS FoV (red), candidate young stars without a disk (blue), and X+OIR
sources in the foreground or background (yellow).

7. Disk fraction in Dolidze 25

In this section we calculate and analyze the disk fraction of
Dolidze 25, where we selected both the disk-bearing and disk-
less stellar population. A simple visual inspection of Fig. 9
shows that the spatial distribution of selected members inside
the ACIS FoV is not homogeneous. The candidate members are
apparently separated into two main populations: the main clus-
ter inside the cavity, and a population in the north along the
bright rim of the cavity, mainly composed of cluster 2, the bright-
rimmed cloud RN, and a population of disk-less sources between
these two groups. An accurate analysis of the disk fraction in
Dolidze 25 needs to account for any possible difference between

the properties of these two populations, such as stellar age and
mass content.

7.1. Analysis of the spatial distribution of members

A detailed analysis of the subclustering in Dolidze 25, which
would require high-quality astrometric and stellar dynamic data
as well, is beyond the scope of this paper. However, we wish
to verify whether suitable statistical tests support the exis-
tence of two separated groups of cluster members. With this
aim, we calculated the minimum spanning tree (MST) of the
cluster (Barrow et al. 1985). The MST consists of the unique
set of branches connecting all points in a 2D scatter plot
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Fig. 9. IRAC image in the [8.0] band of the field around Dolidze 25,
together with the position of candidate stars with a disk (red), without
a disk (yellow) and spectroscopic members (blue). We also indicate the
limits of the Chandra ACIS-I field with a square.

with the minimum total length and without producing closed
loops. We calculated the MST of the selected members using
the analyses of phyogenetics and evolution (ape) R package
(Paradis & Schliep 2018).

Figure 10 shows the MST built on all the candidate mem-
bers found in the ACIS FoV. In order to discern between clus-
tered and nonclustered members, we also estimated the critical
branch length as the branch length at which the cumulative dis-
tribution of the branch lengths changes slope (Gutermuth et al.
2009). This calculation resulted in a critical branch length of
34.′′3, corresponding to a projected distance of 0.75 ± 0.08 pc
at a distance of 4.5 kpc. We then considered all members that are
separated from the closest member by a distance smaller than
the critical branch length as clustered, and we called the remain-
ing stars “sparse”. In Fig. 10, clustered stars are marked with
filled dots and the sparse population with empty dots. The MST
confirms the presence of two main stellar groups: a group inside
the cavity, corresponding to the main cluster, and an elongated
northern group lying along the front of the cavity (called here-
after the central and northern populations, respectively). Several
other small groups are identified, but the identification of these
groups as real subclusters is beyond the scope of our work. We
also applied the method introduced by Allison et al. (2009) to
explore the presence of mass segregation in the cluster. We con-
clude that our data do not support this possibility.

7.2. Extinction across the field

To estimate a reliable disk fraction for Dolidze 25 and com-
pare it with that of other clusters, we need to quantify indi-
vidual stellar parameters. We need to estimate the median age
of cluster members to compare the disk dispersal timescale in

Fig. 10. Minimum spanning tree built on all the members selected inside
the ACIS FoV. Members without a disk are marked with blue dots and
those with disks with red dots. The yellow stars mark the position of
the most massive members. Filled dots mark the position of clustered
members, i.e., members that are closer than 34.′′3 to at least one other
member (see the text).

Dolidze 25 with that of other young clusters, while stellar masses
are necessary to account for the incompleteness of our selection.
Stellar parameters were evaluated by placing cluster members
in derreddened color–color and color–magnitude diagrams after
individual extinctions were evaluated. Individual extinctions can
in principle be estimated by calculating the displacement along
the extinction vector of stars in color–color diagrams from a rep-
resentative isochrone drawn assuming zero extinction.

The reliability of the estimate of individual extinctions may
depend on the particular diagram that is used. A better esti-
mate is possible if the adopted isochrone is sufficiently regular
in order to avoid unrealistic discontinuities in the distribution
of the resulting extinctions, and if the slope of the isochrone is
sufficiently different from that of the extinction vector in order
to avoid that photometric uncertainties would result in too large
extinction uncertainties.

After several tests, we adopted the Pan-STARRS diagram
Qrizy vs. i − z (Fig. 11) to estimate individual stellar extinctions.
Qrizy is the reddening-free color index (r− i)− (i− z)×Er−i/Ez−y

(similar to those defined by Damiani et al. 2006) where the ratio
Er−i/Ez−y in the Pan-STARRS bands is equal to 2.214 accord-
ing to the reddening law of Cardelli et al. (1989) and O’Donnell
(1994; in Appendix C we summarize the extinction coefficients
adopted in all the bands used in this work). Because the opti-
cal colors of disk-bearing stars may not be fully representative
of their stellar properties due to the emission from accretion
hotspots, light scattered by the disk, and the partial occultation of
the stars by their disks (see Sect. 4.6), we calculated individual
extinction for the members with and without a disk, but we used
only the estimate from the latter to derive the extinction map and
median extinction of the cluster. As evident in the right panel of
Fig. 11, the PARSEC isochrones in the Qrizy vs. i − z diagram,
considering only the PMS stage, present an horizontal segment
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Fig. 11. Pan-STARRS Qrizy vs. i−z diagram of all sources in the studied
field with errors in colors smaller than 0.15m. The blue dots mark the
observed colors of the candidate members of Dolidze 25, and the yel-
low dots mark their positions after dereddening their colors. The dashed
lines mark the zero-extinction low-metallicity PARSEC isochrones for
the pre-main-sequence phase assuming an age of 1.5 Myr.

at about Qrizy = 0.1, which results in an unrealistic discontinuity
in the distribution of the resulting extinctions. We thus averaged
the i−z values of the isochrones, increasing those for points with
Qrizy > 0.1 by 0.07m and decreasing those with Qrizy < 0.1 by the
same amount. Moreover, we restricted the calculation of extinc-
tion from Qrizy vs. i−z only for stars with −0.15m ≤ Qrizy ≤ 0.7m,
which is the range covered by the adopted isochrone.

We computed the individual extinctions for 241 candidate
disk-less members. The 25%, 50%, and 75% quantiles of the
resulting AV distribution are equal to 1.7m, 2.3m, and 3.2m,
respectively. Figure 12 shows the distributions of individual
extinctions of all disk-less members. We separately plot those of
the stars in the central group, the northern group, and the sparse
population. The right panel also shows the resulting extinction
map of the entire ACIS field, plotted together with the con-
tours marking the emission levels at 8.0 µm in IRAC images,
which help to visualize the distribution of nebular dust emission.
Although the highest extinction values are observed where the
dust emission is higher, such as in the northern part of the field,
the AV distributions of the central and northern groups are quite
similar. The differences are within one magnitude.

7.3. Mass and age of cluster members

Masses and ages of candidate members were estimated by
interpolating their positions in selected derreddened color–
magnitude diagrams on a grid computed using the 0.5–10 Myr
low-metallicity PARSEC isochrones. Details of how individual
masses and ages were calculated are provided in Appendix E.
Figure 13 shows the distribution of individual stellar ages calcu-
lated for the disk-less and disk-bearing candidate members (the
latter only within the ACIS field). The age distribution shows
a clear peak at about log(age) ∼ 6.0 Myr, with a median age

equal to log(age)median = 6.2 Myr, with a standard deviation of
0.3 Myr.

Our estimate of the median age of Dolidze 25 is smaller than
the estimate presented by Delgado et al. (2010), who selected
two populations of candidate members from optical and infrared
photometry, the youngest with a median age of log(age) =
6.7 ± 0.2 Myr coexists with a population older than 40 Myr, and
by Turbide & Moffat (1993), who estimated an age of 6 Myr by
fitting the upper main sequence to 12 candidate bright members.
These differences can be understood as a consequence of the
fact that our study is the first that selects disk-less members (for
which age estimation from color-magnitude diagrams is more
reliable) down to the low-mass star regime. In addition, the exis-
tence of an old population suggested by Delgado et al. (2010)
was not confirmed by other authors. Our estimate is instead more
similar to what was found by Negueruela et al. (2015), who set
an upper limit to the cluster age of 3 Myr from the photomet-
ric analysis of the most massive stars in the clusters (one O6V
and two O7V stars), by Cusano et al. (2011), who estimated an
age between 1 and 2 Myr from the photometric analysis of clus-
ters members selected from spectroscopy, and by Kalari & Vink
(2015), who estimated an age between 2 and 3 Myr for cluster
members in the center of Dolidze 25 selected from infrared pho-
tometry and the analysis of the Hα line.

In order to compare the photometric depth of our selections
in the central and northern part of the cavity, Table 2 shows the
10% and 50% quantiles of the mass distributions for the central,
northern, and sparse stellar populations. The average distribu-
tions of the central and northern populations show similar quan-
tiles, suggesting that any possible difference in the average value
of disk fraction may not be a consequence of a different depth of
the list of members.

Figure 14 shows the comparison between the mass distri-
bution of all cluster members inside the ACIS FoV with the
slope of the Salpeter–Kroupa initial mass function (IMF), that
is, α = 2.35 (Kroupa & Weidner 2003). The resulting slope,
restricting the linear interpolation in the mass range 0.8–2 M�,
is consistent with the α = 2.35 value. Thus, even if the low
metallicity of the cluster could have affected its IMF, we do
not find any clues that would support a deviation of the IMF
in Dolidze 25 with respect to the Salpeter–Kroupa slope.

7.4. Completeness

Estimating the completeness of our list of members, which was
compiled by combining the outcome of several selection criteria
that were different from each other, is an almost impossible task.
We can still try to assess the fraction of real cluster members per
magnitude bin that we missed to select by comparing the catalog
of sources inside the field observed with ACIS with that in a
control field.

In order to select the control field, we noted that the region
in the south and southwest do not show any prominent nebu-
lar emission at 12 µm (see Fig. 1). We thus selected an annular
region between 22.′8 and 30.′6 from the center of the studied
field and with δ ≤ −0.0876678, encompassing an area almost
equal to that of the ACIS FoV. When we derived the magni-
tude distribution in a given bands, sources in this field whose
error in the particular band is smaller than 0.1m form the “con-
trol” sample. We then selected all sources in the ACIS FoV that
were not selected as members and whose error in the particular
band was smaller than 0.1m. These sources are the “ACIS FoV”
sample. The two samples should contain the same foreground
population, while the background population at the faint end of
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Fig. 12. Left: distribution of the individual extinctions of all disk-less members. We separately plot those for sources in the central cluster, northern
group, and in the sparse population. The vertical lines mark the median and the 25% and 75% quantiles of each distribution. Right: extinction map
in the ACIS field. The red lines mark the emission level at 8.0 µm from IRAC images. The green boxes roughly delimit the central and northern
groups.

Fig. 13. Distribution of individual stellar ages for candidate members
within the ACIS field. The vertical lines mark the median value of the
distribution. The distribution peaks at about log(age) ∼ 6.0 Myr, with a
median age equal to log(age)median = 6.2 Myr.

the magnitude distributions is expected to be richer in the con-
trol field because the extinction is lower than in the ACIS FoV
sample. The latter sample should also contain any member of
Dolidze 25 that we missed to select, for instance, because of the
strong variability in IR (Morales-Calderón et al. 2011) and X-ray
(Stassun et al. 2007) bands that is typical of pre-main-sequence
stars. The “members” sample instead contains all selected mem-
bers whose error in the given magnitude is smaller than 0.1m.

Figure 15 shows the normalized magnitude distributions of
the three samples at [3.6] and in the z Pan-STARRS bands. These
two bands were selected because most of the members have good

Table 2. Stellar masses and ages in the central and northern field.

Field Q10 Q50 log(median age)
[M�] [M�] [Myr]

Central 0.5 0.9 6.2
Northern 0.6 1.0 6.2
Sparse 0.5 1.2 6.3

Notes. Q10 and Q50 are the 10% and 50% quantile, respectively.

Fig. 14. Mass function of the disk-less and disk-bearing candidate mem-
bers of Dolidze 25 (the latter considered only if inside the ACIS field).
The vertical red lines mark the median mass value. The dashed black
line is obtained from a linear fit in the log–log space on the mass distri-
bution between 0.8 and 2 M� (values marked with dotted green lines).
The red line shows the normalized Salpeter–Kroupa IMF with α = 2.35
(Kroupa & Weidner 2003).
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Fig. 15. Magnitude distribution at [3.6] and zPanSTARRS bands for the control, ACIS FoV, and members samples.

Table 3. Disk fraction resulting when different cuts in stellar masses are applied.

To/From 0.6 M� 0.8 M� 0.9 M� 1.0 M� 1.2 M� 1.5 M� 1.8 M�
0.8 M� 18, 44

0.29± 0.06
0.9 M� 27, 61 9, 17

0.31± 0.05 0.35± 0.9
1.0 M� 38, 87 20, 43 11, 26

0.30± 0.04 0.32± 0.06 0.30± 0.08
1.2 M� 54, 121 36, 77 27, 60 16, 34

0.31± 0.04 0.32± 0.04 0.31± 0.05 0.32± 0.07
1.5 M� 73, 148 55, 104 46, 87 35, 61 19, 27

0.33± 0.03 0.35± 0.04 0.35± 0.04 0.37± 0.05 0.41± 0.07
1.8 M� 82, 168 64, 124 55, 107 44, 81 28, 47 9, 20

0.33± 0.03 0.34± 0.04 0.34± 0.04 0.35± 0.04 0.37± 0.06 0.31± 0.09
2.0 M� 85, 175 67, 131 58, 114 47, 88 31, 54 12, 27 3, 7

0.33± 0.03 0.34± 0.03 0.34± 0.04 0.35± 0.04 0.37± 0.05 0.31± 0.07 0.30± 0.15

Notes. Each cell shows the number of stars with and without a disk and the disk fraction.

photometry in them (in particular, 82% and 77% of the members
have errors smaller than 0.1m in [3.6] and zPanSTARRS, respec-
tively). The [3.6] band is a useful test because the extinction
effects are negligible. The fraction of missed members that can
be estimated from the comparison between the control and ACIS
FoV samples is about 3% at ∼15m and 5% at ∼16m. For fainter
magnitudes, the intrinsic incompleteness of the IRAC catalog
becomes dominant. Only at the faintest magnitude bin does the
control sample become more numerous than the ACIS FoV sam-
ple because of the highly extinguished background population.
Because the effect of extinction is stronger, the distributions of
zPanSTARRS magnitudes are slightly more messy, but they suggest
that the selection of members may be significantly incomplete
for magnitudes fainter than 18m. We therefore consider the inter-
val 13m ≤ zPanSTARRS ≤ 18m to be fairly complete. Appendix H
shows the magnitude distributions of the three samples in the
photometric bands we studied.

7.5. Disk fraction

We can now calculate the disk fraction in Dolidze 25 consid-
ering the completeness of our sample. In the whole ACIS field

we selected 222 stars with a disk and 424 members without a
disk. To account for multiple matches, we counted all the candi-
date disk-less members with multiple OIR counterpart and the
disk-bearing sources with multiple infrared counterparts. The
resulting numbers are 218 and 384 for disk-bearing and disk-
less stars, respectively, which means an average disk fraction of
34% ± 2%. When the populations of the central cluster and the
northern rim are considered separately, the resulting disk frac-
tions are 30%± 3% and 43%± 3%, respectively. This difference
is expected from the presence of a slightly younger population
along the rim and for the decline of sensitivity in the ACIS-I
detector at large off-axis angles.

In the previous section we have found that our list is fairly
complete in the zPanSTARRS magnitude range between 13m and
18m. In this magnitude range, the disk fraction is equal to
34%±4% (93 unique disk-less and 48 unique disk-bearing stars).
Following the low-metallicity PARSEC isochrone at log(age) =
6.2 Myr, this magnitude range corresponds to stars more massive
than 1.5 M�. However, Table 3 shows that the resulting value
for the disk fraction does not strongly change when different
cuts in stellar masses are adopted. When we only consider the
mass intervals that result in an error in disk fraction smaller than
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Fig. 16. Disk fraction vs. age of 58 clusters with ages between 0 and
10 Myr. Nearby clusters, e.g., closer than 1 kpc to the Sun, are marked
with large black dots, massive clusters are marked with red dots, and the
low-metallicity star-forming regions studied by Yasui et al. (2010) are
plotted in green. The average estimate of the disk fraction in Dolidze 25
we obtained by accounting for completeness is marked with stars.

0.05, the values of the disk fraction range from 0.304 ± 0.041 to
0.364 ± 0.049.

We can now compare the disk fraction of Dolidze 25 by
adopting the value of 34%± 4% with that of 58 other clus-
ters younger than 10 Myr, which provides a wide range of star-
forming environments. These clusters are listed in the table in
Appendix G. The table provides their ages, distances, disk frac-
tions, and references. When different estimates were available
from different authors, we favored estimates based on selections
of disk-bearing members from infrared photometry and/or disk-
less members from X-ray observations or from proper motions
or radial velocities. We mark the relevant publication in bold
in Table G.1. Results are shown in Fig. 16, where we sepa-
rately marked clusters closer than 1 kpc to the Sun, whose disk
fraction estimate is expected to be less affected by incomplete-
ness and whose metallicity is expected to be more similar to
the solar values than those of more distant clusters; massive
clusters in which evidence is found that supports a rapid dis-
persal of disks through massive stars or close stellar encoun-
ters; and low-metallicity clusters in the outer Galaxy. For the
massive clusters we show an average value of the disk fraction,
which is typically about 15%–20% higher than the values mea-
sured in the cluster core. The nearby clusters follow the well-
known narrow decline of the disk fraction with age. The disk
fraction in Dolidze 25 is more than 15%–20% lower than that
of the nearby clusters with similar ages. We incidentally note
that the disk fraction of Dolidze 25 is similar to that of the aver-
age value observed in coeval massive clusters with ages between
1 and 2 Myr, where externally induced photoevaporation and
close encounters have induced a fast dispersal of protoplanetary
disks, such as NGC 6611 (Guarcello et al. 2010a), CygnusOB2
(Guarcello et al. 2016), NGC 2244 (Balog et al. 2007), and Pis-
mis24 (Fang et al. 2012). This comparison thus suggests that the

Fig. 17. Histogram of the FUV (top panel) and EUV (bottom panel)
fields for the candidate member. The FUV fluxes are in units of the
Habing flux G0, with 1 G0 = 1.6 × 10−3 erg cm−2 s−1 (1.7 G0 is equal
to the average interstellar UV field in the solar neighborhood in the
912–2000 Å band, Habing 1968). The vast majority of candidate cluster
members lies in areas of very low values of the local UV field.

disk dispersal in Dolidze 25 occurred faster on average than in
coeval clusters within 1 kpc from the Sun. The timescales are
similar to those occurring in massive clusters. Figure 16 also
shows that the disk fraction observed in Dolidze 25 is larger than
that found in the low-metallicity clusters in the outer Galaxy by
Yasui et al. (2010). Two hypotheses may explain this discrep-
ancy. The first hypothesis is the difficulty of obtaining a com-
plete census of members of the distant young clusters still in the
embedded phase in the outer Galaxy, and the second is a stronger
metallicity effect throughout the disk dispersal timescale in the
outer Galaxy. Future observations may help distinguish between
these two possibilities.

7.6. Can O stars photoevaporate disks in Dolidze 25?

In this section we verify whether the dispersal timescale in
Dolidze 25 may have been affected by externally induced pho-
toevaporation. As explained in Sect. 1, photoevaporation can be
induced externally by the UV radiation that is emitted by nearby
massive stars. Dolidze 25 hosts ten OB stars (Moffat & Vogt
1975), only five of which are O stars: O6V star S33, O7V star
S17, O7.5V star S15, and the two O9.7V stars S1 and S12. In
order to estimate the intracluster UV field, we adopted the values
corresponding to their spectral classes provided by Martins et al.
(2005) as FUV and EUV fluxes emitted by these stars. We thus
calculated the total FUV and EUV local field at the position of
each selected cluster member by projecting and summing the
contributions from these O stars. In this calculation, we used
the projected distances from the cluster members to the O stars,
which results in an overestimate of the real incident flux.

The resulting distributions of local UV fields at the positions
of the candidate cluster members are shown in Fig. 17. By com-
paring these values with those for the members of the young
cluster NGC 6611 (Fig. 15 in Guarcello et al. 2013), where the
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disk fraction only decreases in the cluster core that hosts about
50 OB stars (Hillenbrand et al. 1993), it is possible to verify
that the intracluster UV field in Dolidze 25 is similar to that in
the outskirts of NGC 6611, where no environmental effects on
disk dispersal timescales are observed. The low disk fraction in
Dolidze 25 is thus more likely a consequence of a faster dispersal
of disks that is due to their low metallicity.

8. Conclusions

We have analyzed two specific Chandra ACIS-I observations
(76.67 and 68.44 ks long) and archival data of the open cluster
Dolidze 25 in order to calculate the disk fraction of the clus-
ter and compare it with that of other clusters and associations
younger than 10 Myr. Our work is motivated by the fact that
Dolidze 25 is part of a star-forming region that counts among
those with the lowest metallicity in the Galaxy (Lennon et al.
1990; Fitzsimmons et al. 1992; Negueruela et al. 2015). Proto-
planetary disks in low-metallicity environments are expected
to evolve on a different timescale than those formed in high-
metallicity environments. However, the results obtained to date
on the effects of metallicity on disk dispersal are quite controver-
sial, notwithstanding the importance of this topic. For instance,
any effect of metallicity on the disk dispersal timescale would
mean that the disk evolution and planet formation in early epochs
of our Galaxy, when the metallicity was lower than at present,
was different than today.

On one hand, observational studies of star-forming regions
in the outer Galaxy, characterized by very low metallicity, have
demonstrated that disks can be dispersed very quickly, with a
disk fraction ≤20% even at 1 Myr and almost zero after 2 Myr
(Yasui et al. 2009, 2010, 2016a,b). The conclusions of these
studies was a strong theoretical confirmation of the models pre-
sented by Ercolano & Clarke (2010). On the other hand, the
selection of accreting disks older than 10 Myr in the Magel-
lanic Clouds that was performed by several authors (Spezzi et al.
2012; De Marchi et al. 2010, 2017; Biazzo et al. 2019) suggests
that accretion timescales can be longer, even though accretion
rates are higher in low-metallicity environments. This might
be due to several effects, such as a weaker effect of the radia-
tion pressure on the inner disks in low-metallicity environments
(De Marchi et al. 2017), or a lower disk temperature due to the
lower dust opacity that results in longer accretion timescales
(Durisen et al. 2007). It must be noted that the authors of these
studies adopted different diagnostics to select young stars. In
the observational works by Yasui and collaborators, disks were
selected from near-infrared (NIR) photometry and are therefore
sensitive to the micron-size dust emission from disks, while
the studies on the Magellanic Clouds are based on photomet-
ric evidence of accretion in disks, which were not selected in the
infrared, however.

We have compiled a multiband catalog of the sources
within 0.5 deg from Dolidze 25 by combining the X-ray cata-
log with an extensive list of available optical and infrared cat-
alogs of the region: VPHAS+, IPHAS, Pan-STARRS, the opti-
cal catalog published by Delgado et al. (2010), Gaia DR2 and
EDR3, CoRoT, LAMOST, 2MASS PSC, UKIDSS DR10, the
Spitzer-IRAC catalog obtained by Puga et al. (2009), and the
AllWISE Source Catalog. The catalogs were combined by
adopting a close-neighborhood approach or a maximum likeli-
hodd approach, in the latter case considering available photom-
etry together with the angular separation between sources of the
various catalogs. Multiple coincidences, false positives, and false
negatives resulting from the matching procedure were properly

treated in order to reduce their effect on the final multiband cat-
alog, which contains 101 722 entries.

We selected 667 disk-bearing stars that populate different
recent star-forming sites of Sh2-284 that were previously discov-
ered by Puga et al. (2009): together with Dolidze 25 at the center
of the cavity, we studied the clusters Cl2 and Cl3 and the bright-
rimmed clouds RN, RS , and RE. These stars were selected by
adopting criteria based on the Spitzer-IRAC, WISE, and JHK
colors, together with specific criteria defined in order to select
and discard foreground and background contaminants. Inside the
ACIS FoV, centered on Dolidze 25, we found 222 stars with a
disk. The disk-less population of Dolidze 25 (424 sources) was
instead selected from the 618 sources detected in X-rays, dis-
carding those without optical or infrared counterpart, which are
expected to be strongly contaminated by extragalactic sources,
and X-ray+OIR sources with optical and infrared colors typical
of foreground and background sources.

The spatial distribution of the candidate young stars asso-
ciated with Dolidze 25 and Sh2-284 confirms the existence of
multiple regions in the area and does not support the presence of
mass segregation. The main concentrations in the central cavity
are Dolidze 25 and the young stars associated with the northern
rim of the cavity that is cleared by the cluster itself. We derived
an extinction map of the whole area and verified that an aver-
age difference of less than 1 mag of extinction exists between
the central and the northern regions of the cavity. We estimated
masses and ages of the candidate members. We do not find con-
vincing evidence that would support a deviation of the IMF in
Dolidze 25 from the universal slope due to the low metallicity
of the cluster. We also estimated the median age of the cluster
equal to log(age)median = 6.2 Myr, with a standard deviation of
0.3 Myr.

Our estimate of the disk fraction of the cluster slightly
changes when different selections are adopted that aim to mini-
mize the incompleteness effects. We adopted an average value
of ∼34%. By collecting the estimate of the disk fractions of
58 clusters and associations younger than 10 Myr, we found
evidence supporting a lower disk fraction of Dolidze 25 than
in star-forming environments with solar metallicity and similar
age. In particular, the disk fraction in Dolidze 25 is similar to
the fractions found in massive clusters, where disk dispersal in
the proximity of massive stars is accelerated by the externally
induced disk photoevaporation. Because the massive population
of Dolidze 25 (counting only five O-late stars) does not produce
an intracluster UV field intense enough to induce disk photoe-
vaporation, this difference is more likely due to the low metal-
licity of the cluster and not to other environment feedback.

Our conclusions depend on the reliability of the age esti-
mate of the cluster. We estimated stellar ages by fitting suitable
isochrones to the distribution of cluster members in color-
magnitude diagrams. This procedure can be affected by large
uncertainties, and it also depends on the reliability of the adopted
models to describe the pre-main-sequence phase. This can have
a strong effect on our conclusions: For instance, with a mean
cluster age of 3 Myr rather than 1.2 Myr, our estimate of disk
fraction would be similar to those of the other clusters. Bearing
this caveat in mind, we claim that the disk fraction in Dolidze 25
is likely to be affected by the low metallicity of this star-forming
region.
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Appendix A: Catalog of X-ray sources in Dolidze 25

In this appendix we describe the catalog of X-ray sources in
Dolidze 25.

Table A.1. X-ray catalog of Dolidze 25.

Index Field Units Description

1 Member_ID . . . Stellar ID in the members catalog
2 ACIS_DES . . . X-ray identifier
3 RA deg Right Ascension
4 Dec deg Declination
5 Counts_B counts Counts in the broad band
6 Counts_S counts Counts in the soft band
7 Counts_H counts Counts in the hard band
8 OFFAXIS_ANGLE arcmin Off-axis angle
9 SRC_AREA pixel2 Average aperture area for merged observations
10 PSF_FRAC . . . Average PSF fraction at 1.5 keV for merged observations
11 PROB_KS . . . Lowest p-value for the nonvariable null hypothesis
12 MEAN_ARF_B cm2/count Mean effective area in the broad band
13 MEAN_ARF_S cm2/count Mean effective area in the soft band
14 MEAN_ARF_H cm2/count Mean effective area in the hard band
15 BKG_CNTS_B counts Counts in the background area in the broad band
16 BKG_CNTS_S counts Counts in the background area in the soft band
17 BKG_CNTS_H counts Counts in the background area in the hard band
18 BACKSCAL_B . . . Background scaling factor in the broad band
19 BACKSCAL_S . . . Background scaling factor in the soft band
20 BACKSCAL_H . . . Background scaling factor in the hard band
21 NET_CNTS_B counts Net counts in the broad band
22 NET_CNTS_S counts Net counts in the soft band
23 NET_CNTS_H counts Net counts in the hard band
24 NET_CNTS_SIGMAUP_B counts 1σ upper bound of the net counts in the broad band
25 NET_CNTS_SIGMAUP_S counts 1σ upper bound of the net counts in the soft band
26 NET_CNTS_SIGMAUP_H counts 1σ upper bound of the net counts in the hard band
27 NET_CNTS_SIGMALO_B counts 1σ lower bound of the net counts in the broad band
28 NET_CNTS_SIGMALO_S counts 1σ lower bound of the net counts in the soft band
29 NET_CNTS_SIGMALO_H counts 1σ lower bound of the net counts in the hard band
30 PBS_B . . . Log(10) p-value for the null-hypothesis of no source in the broad band
31 PBS_S . . . Log(10) p-value for the null-hypothesis of no source in the soft band
32 PBS_H . . . Log(10) p-value for the null-hypothesis of no source in the hard band
33 PHOTFLUX_B photons cm−2 s−1 Photon flux in the broad band
34 PHOTFLUX_S photons cm−2 s−1 Photon flux in the soft band
35 PHOTFLUX_H photons cm−2 s−1 Photon flux in the hard band
36 ENERMED keV Median photon energy
37 ENERQ25 keV 25th percentile of the photon energy distribution
38 ENERQ75 keV 75th percentile of the photon energy distribution
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Appendix B: Multiwavelength catalog and the
merging process

Table B.1. Intermediate steps of the catalog merging process.

Step Master Slave Output Method (1) Matched Spurious Multiple Resolved (2)

1 VPHAS+ IPHAS Inter_1 close-neigh. (0.6′′) 33 770 189 22 2
2 Inter_1 Pan-STARRS Inter_2 Close-neigh. (0.6′′) 45 193 395 262 18
3 Inter_2 Gaia Inter_3 Close-neigh. (0.5′′) 36 843 234 208
4 Inter_3 Delgado2010 Inter_4 Close-neigh. (0.7′′) 1107 18 4
5 Inter_4 CoRoT Inter_5 Close-neigh. (0.7′′) 2051 28 16
6 Inter_5 LAMOST Optical Close-neigh. (1.0′′) 138 4 4
7 UKIDSS 2MASS Inter_6 Close-neigh. (1.0′′) 14 753 93 13 5
8 Inter_6 IRAC Inter_7 Close-neigh. (0.9′′) 43 630 305 108 14
9 Inter_7 WISE NIR ML (TH = 0.975) 13 714 ∼9% 835
10 NIR Optical OIR close neigh. (0.6′′) 65 125 772 674
11 OIR Chandra XOIR ML (TH = 0.8, three iter.) 593 ∼13% 150 71

Notes. (1)Close neighbors with the matching radius or ML with the adopted threshold (see text). (2)Resolved multiple coincidences (see text).

In this appendix, we describe the merging process we adopted
to compile the multiwavelength catalog. We merged the catalogs
two by two, defining a “master” catalog in each step that was
matched with a “slave” catalog. Before merging, the astrometry
of each catalog was anchored in the Gaia astrometry by match-
ing them with a close-neighbors approach, adopting a radius of
5′′, and then correcting for the median of the differences of the
celestial coordinates of the matched sources. Table B.1 shows
each step of the merging sequence together with other useful
information: The matched catalogs and the name of the output
catalog, the number of matched sources, the expected number of
spurious coincidences, the initial number of multiple matches,
and the resolved multiple coincidences after a visual inspec-
tion (see below). We adopted two merging methods: a close-
neighbors approach, in which we searched for and merged the
pairs of sources in the two catalogs separated by a spatial offset
smaller than a given tolerance (the matching radius rmatch), and
a maximum likelihood (ML) method, adapting to our case the
algorithm described in Smith et al. (2011).
In the close-neighbors method, the matching radius is fixed by
analyzing how the expected number of false positives grows
as a function of the matching radius. If the stars in the cat-
alogs were uniformly distributed within the area, the number
of spurious coincidences could be calculated easily as Nsp =
NmasterNslave × Amatch/Atotal, where Nmaster and Nslave are the num-
ber of master and slave sources, respectively, while Amatch/Atotal
is the ratio between the matching area πr2

match over the area cov-
ered by the catalogs. This is not our case (see Fig. 6). We thus
estimated the number of expected false positives by rigidly shift-
ing the slave catalog in four directions by 5′. In this way, we ran-
domized the slave catalog and kept the information of the spatial
distribution of the slave sources. We then merged the master and
the four randomized slave catalogs adopting a set of increasing
rmatch. For each value of the matching radius, we took the mean
number of matches obtained with the four randomized slave cat-
alogs. As an example, in Fig. B.1 we show how in step 10 the
distribution of total (Ntotal), spurious (Nspurious), and real (Nreal)
coincidences varies as a function of the matching radius. The y-
axis shows the differential increment of the coincidences (e.g.,
the difference between the number of matches obtained with
the given rmatch with those obtained with the previous match-
ing radius). In this case, for rmatch between 0.′′6 and 0.′′7, the
increment of the estimated values of Nspurious is comparable with

Fig. B.1. Distribution of total (Ntotal), spurious (Nspurious), and real (Nreal)
coincidences in the match of the optical and the infrared catalogs. The
distribution of Nspurious becomes comparable to that of Nreal for rmatch
between 0.′′6 and 0.′′7.

that of the expected real matches Nreal = Ntotal − Nspurious, which
motivated our choice of fixing rmatch = 0.′′6.

The close-neighbors method can fail when one of the two
catalogs, typically the master, is deeper than the slave. In this
case, the chances of false positives can be too high, which also
results in an excess of multiple and spurious matches. After each
match, we verified the relative depth of the matched catalog with
that of the slave and master catalogs in color-magnitude dia-
grams, and we counted the number of coincidences with sources
that are fainter than the relative magnitude limit. If this number
was too high, we improved the results of the match by using
a ML method that also compared the magnitude of candidate
counterparts with the expected magnitude distribution of the real
counterparts. We adopted and modified the algorithm introduced
by Smith et al. (2011) as explained in detail by Guarcello et al.
(2015). Briefly, the method is based on the calculation of the
likelihood ratio for each pair of sources,

A157, page 22 of 37

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140361&pdf_id=18


M. G. Guarcello et al.: Dispersal timescale of protoplanetary disks in the low-metallicity young cluster Dolidze 25

LR =
q (m) f (r)

n (m)
, (B.1)

where f (r) is the radial distribution function of the separation
between the master and slave sources, calculated as

f (r) =
1

2πσ2
pos

exp
 −r2

2σ2
pos

 , (B.2)

where r is the positional offset between two sources and σpos
the positional uncertainties. The quantities q(m) and n(m) are
the magnitude probability distributions of the correlated sources
(i.e., the real counterparts) and the observed magnitude prob-
ability distribution of all the master sources in some represen-
tative bands, respectively. The distribution n(m) was calculated
directly from the whole master catalog, and q(m) from a reli-
able set of expected real counterparts in the master catalog (com-
puted as described below). After LR was calculated, it must be
used to estimate the reliability that the given pair of sources are
true counterparts of an astronomical source. To do this, we first
calculated the distribution of LR values from 200 000 test slave
sources uniformly distributed across the field and matched with
the master sources of the pair. The reliability associated with
each pair by definition is the probability that the given slave
source is the real counterpart of the master source, and it can
be calculated as

Ri j = 1 −
Ngt

Nsim
, (B.3)

where Ri j is the reliability that the given i j pair is a real coin-
cidence, Nsim is the number of simulated LR values, and Ngt is
the number of simulated LR values higher than the one observed
between the i j pair Ngt = N

(
LRsimul > LRi j

)
. This reliability is

then compared with a given threshold. To estimate the threshold,
we merged the master catalog with a slave catalog whose coor-
dinates were rigidly shifted in four directions, taking the mean
of the resulting matches with varying the threshold. We typically
fixed the threshold as the value resulting in a number of spurious
coincidences, which is about 10% of the real matches.

As shown in Table B.1, we used the ML method in
two matches: steps 9 and 11. In the first (match of the
UKIDSS+2MASS+IRAC catalog as master with the WISE cata-
log as slave), we adopted as representative bands the JHK bands
from UKIDSS or 2MASS (choosing for each source the one with

Table B.2. Iterations in the OIR-X match.

Iter. Ntotal Single Double Multiple Unique X-ray

1 589 235 89 146 459
2 591 360 136 95 463
3 593 360 136 97 463

the smallest error when they were both available) and the [3.6]
band from IRAC. The expected correlated population necessary
to calculate q(m) was obtained from a close-neighbors match
with rmatch = 0.′′7. In step 11 (the match of the optical-infrared
catalog as master and the Chandra catalog as slave), we adopted
as representative bands the r band from VPHAS+, IPHAS, and
Pan-STARRS, the J magnitude from 2MASS or UKIDSS (the
one with the smallest error, when they were both available), and
the [3.6] band from Spitzer-IRAC. We performed the match in
three iterations, updating the expected correlated population in
each run and thus the q(m) distributions. In the first iteration
it was defined from a close-neighbors match with rmatch = 1′′,
while in the second and third runs, it was obtained from the
ML match performed in the previous iteration. As shown in
Table B.2, this strategy did not improve the total number of
matches, but it reduced the number of multiple coincidences in
the second iteration (the single, double, and multiple columns).

Each step shown in Table B.1 produced a number of multi-
ple matches. These multiple coincidences were retained in the
merged catalog and were then visually inspected when possible.
When the merged catalogs provided photometry in similar bands
(such as VPHAS+ vs. IPHAS or 2MASS vs. UKIDSS), or when
hypotheses can be made a priori on the nature of the merged
sources (e.g., the X+OIR sources are expected to be mainly pre-
main-sequence stars), it is possible to inspect the multiple coin-
cidences in order to resolve some of them, that is, by separat-
ing some of the multiple coincidences that are likely false pos-
itives. This iteration was particularly important for the X+OIR
match (step 11), as shown in Table B.1. For this match, we also
searched for false negatives, that is, nearby OIR sources that are
likely real counterparts of unmatched X-ray sources. We per-
formed this search within 5′′ from each X-ray source without
an OIR counterpart and merged nine OIR sources that from their
colors, magnitudes, and proximity to an unmatched X-ray source
are likely pre-main-sequence stars.
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Appendix C: Extinction coefficients

Table C.1. Extinction coefficients Cλ.

UBVRI IPHAS VPHAS Pan-STARRS Gaia UKIDSS 2MASS IRAC WISE

AU = 1.55 Ar = 0.86 Au = 1.54 Ag = 1.17 AG = 0.86 AJ = 0.29 AJ = 0.29 A1 = 0.07 Aw1 = 0.07
AB = 1.30 Ai = 0.65 Ag = 1.19 Ar = 0.87 ABP = 1.07 AH = 0.18 AH = 0.18 A2 = 0.06 Aw2 = 0.06
AV = 1.01 AHα = 0.81 Ar = 0.85 Ai = 0.68 ARP = 0.65 AK = 0.12 AK = 0.12 A3 = 0.055 Aw3 = 0.002
AR = 0.82 Ai = 0.68 Az = 0.52 A4 = 0.056 Aw4 = 0.00001
AI = 0.61 Az = 0.50 Ay = 0.43

AHα = 0.81

In this appendix we summarize the extinction coefficients Cλ,
where Aλ = CλAV .

Appendix D: Color–color and color–magnitude
diagrams used to select and classify members

In this appendix we show the diagrams that we used to select
stars with a disk and discard contaminants together with the dia-
grams shown in Fig. 5.

Fig. D.1. Infrared diagrams of all sources in the studied field that meet the criteria of good photometry. Figure layout and symbols are the same
as in Fig. 5. We show the loci that are expected to be populated by stars with a disk (class II and class I YSOs separated), extragalactic sources,
giants with circumstellar dust, unreliable stars with excesses, PAH contaminated sources, and unresolved shock knots.
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Fig. D.2. Pan-STARRS color–magnitude diagrams of all sources in the studied field that meet the criteria of good photometry. Figure layout and
symbols are the same as in Fig. 5. We show the loci that are expected to be populated by blue stars with excesses, giants, and galaxies (see the
text).
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Fig. D.3. Optical color–color diagrams of all sources in the studied field that meet the criteria of good photometry. Figure layout and symbols are
the same as in Fig. 5. We show the loci that are expected to be populated by accreting stars with a disk, stars with unreliable infrared excesses,
and possible foreground stars. In the IPHAS r − Hα vs. r − i diagram, the solid black lines are ZAMS at increasing extinction, and the dashed
lines mark the locus of A stars, as defined by Drew et al. (2005).The solid green line is a ZAMS with EWHα = −40 Å and EB−V = 1 defined by
Barentsen et al. (2011).
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Fig. D.4. Infrared diagrams of all sources in the studied field that meet the criteria of good photometry. Figure layout and symbols are the same
as in Fig. 5. We show the loci that are expected to be populated by stars with a disk, extragalactic sources, giants with circumstellar dust, and
unreliable stars with excesses.
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Appendix E: Details of individual mass and age
estimates

Table E.1. Diagrams used to estimate stellar parameters.

Diagram N(nodisk) N(disks) Log(median age) Completeness range
[Myr] [M�]

i vs. i − z (∗) 194 94 6.34 0.8–2.0
r vs. g − r (∗) 142 67 6.30 1.0–1.4
r vs. r − i (∗) 156 69 6.07 1.0–2.2
r vs. r − z (∗) 177 79 6.17 1.0–2.0
r vs. r − y (∗) 174 74 6.11 1.0–2.2
G vs. Bp − Rp (∗∗) 124 55 6.25 1.0–2.0
J vs. J − K 161 24 6.15 0.8–1.8
Averaged values 226 111 6.18 0.8–2.0

Notes. (∗)From Pan-STARRS. (∗∗)From Gaia/DR2.

Fig. E.1. Derreddened diagrams used to estimate stellar parameters. Low-metallicity PARSEC isochrones (blue lines) were corrected for the
distance (4500 pc), while stellar magnitudes and colors were derreddened using the individual extinctions calculated in Sect. 7.2. Stars whose
parameters were estimated from the given diagram are marked in red, and the remaining stars are shown in green.

Individual parameters of candidate members were estimated
by interpolating their positions in selected derreddened color–
magnitude diagrams on a grid computed using the 0.5–10 Myr
low-metallicity PARSEC isochrones. This method allows esti-
mating the parameters of a large sample of cluster members
easily because it only requires the use of good photometry. How-
ever, it relies on several assumptions, such as a good knowledge
of individual stellar extinctions and the use of stellar models
that properly describe the pre-main-sequence phase. Because of

the intrinsic uncertainties associated with this technique, results
slightly change when different color-magnitude diagrams are
adopted, and no strong argument exists that allows us to pre-
fer one diagram over the others a priori. We therefore calculated
stellar parameters from seven diagrams listed in the first columns
of Table E.1. In all cases, we discarded stars with errors in the
involved colors larger than 0.15m and 0.1m in magnitudes. In
order to take the photometric errors into account, the interpola-
tion in a given diagram was repeated 300 times for each star, each
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Fig. E.2. Mass function distributions of both disk-less and disk-bearing candidate members of Dolidze 25 (the latter considered only if they were
inside the ACIS field) obtained from each of the adopted diagrams. The solid black line is obtained from a linear fit in the log–log space on the
mass distribution between the two limits marked with the vertical lines. The red line shows the normalized Salpeter–Kroupa IMF with α = 2.35
(Kroupa & Weidner 2003). The range of completeness and the shape of the mass distribution change slightly when individual masses are estimated
from different diagrams. The average distribution is obtained by averaging the values obtained from the adopted diagrams for each star.

time drawing the input values of magnitude and color from a
normal distribution centered on the nominal values and with a σ
equal to the photometric errors. The values of mass and age asso-
ciated with each star from the given diagram and their errors are
thus set as the median value and the standard deviation, respec-
tively, of the resulting distribution of results.

The second and third columns of Table E.1 show the num-
ber of members with and without a disk for which the given
diagram allowed us to estimate mass and age. These numbers
vary because stars may lie outside the isochrone grid in given
derreddened diagrams (mainly because of photometric uncer-
tainties, incorrect individual extinction, or blue and red excesses
due to disks), which prevents an estimate of their stellar param-
eters. This is shown in Fig. E.1. In these diagrams, we corrected
the low-metallicity PARSEC isochrones with age ranging from
0.5 Myr to 10 Myr for the factor −5. + 5 × log(4500), where
4500 pc is the distance to Dolidze 25. Stellar magnitudes and
colors were instead dereddened using the individual extinctions
found in Sect. 7.2 and adopting the extinction coefficients listed
in Appendix C.

The resulting mass distributions are shown in Fig. E.2, which
shows the resulting distribution changes by adopting different

diagrams to estimate stellar parameters. We also compared the
observed slopes (calculated by adopting the limits listed in
the fifth column of Table E.1) of the mass distribution with
that of the normalized Salpeter–Kroupa IMF with α = 2.35
(Kroupa & Weidner 2003). We do not see convincing evidence
supporting a deviation of the mass function from the univer-
sal law. In order to obtain a unique mass distribution (the one
shown in the bottom right panel in Fig. 14), we calculated for
each star the average mass value from the individual estimates
obtained from the various diagrams in which the star was located
inside the isochrones grid. In this distribution, the observed slope
matches the normalized Salpeter–Kroupa IMF slope in the mass
range 0.8–2 M�.

Figure E.3 shows the resulting distributions of stellar ages
as calculated from each adopted diagram and the resulting aver-
age values. None of the distributions obtained from the diagrams
show a predominant age, which may be due to a real age spread
or to uncertainties associated with the method. The resulting
median values are listed in Table E.1. The averaged distribution
instead shows a dominant peak at about 1 Myr, with a median
age equal to 1.6 Myr, which is the average cluster age adopted in
this work.
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Fig. E.3. Distribution of stellar ages of both disk-less and disk-bearing candidate members of Dolidze 25 (the latter considered only if they were
inside the ACIS field). The vertical red lines mark the median age values. The average distribution is obtained by averaging the values obtained
from the adopted diagrams for each star.
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Appendix F: Catalog of the candidate young stars
in Dolidze 25

In this appendix we describe the catalog of the young stars in
Dolidze 25 and the surrounding area.

Table F.1. Catalog of the members of Dolidze 25 and Sh2-284.

Index Field Units Description

1 ID . . . Star ID
2 RA deg Star right ascension
3 DEC deg Star declination
4 MAGU_VP mag VPHAS DR2 u-band magnitude
5 ERRMAGU_VP mag Error of the VPHAS/DR2 u-band magnitude
6 MAGG_VP mag VPHAS DR2 g-band magnitude
7 ERRMAGG_VP mag Error of the VPHAS/DR2 g-band magnitude
8 MAGR_VP mag VPHAS DR2 r-band magnitude
9 ERRMAGR_VP mag Error of the VPHAS/DR2 r-band magnitude
10 MAGHA_VP mag VPHAS DR2 Hα-band magnitude
11 ERRMAGHA_VP mag Error of the VPHAS/DR2 Hα-band magnitude
12 MAGI_VP mag VPHAS DR2 i-band magnitude
13 ERRMAGI_VP mag Error of the VPHAS/DR2 i-band magnitude
14 MAGR_IP mag IPHAS DR2 r-band magnitude
15 ERRMAGR_IP mag Error of the IPHAS/DR2 r-band magnitude
16 MAGI_IP mag IPHAS DR2 i-band magnitude
17 ERRMAGI_IP mag Error of the IPHAS/DR2 i-band magnitude
18 MAGHA_IP mag IPHAS DR2 Hα-band magnitude
19 ERRMAGHA_IP mag Error of the IPHAS/DR2 Hα-band magnitude
20 MAGG_PAN mag Pan-STARRS g-band magnitude
21 ERRMAGG_PAN mag Error of the Pan-STARRS g-band magnitude
22 MAGR_PAN mag Pan-STARRS r-band magnitude
23 ERRMAGR_PAN mag Error of the Pan-STARRS r-band magnitude
24 MAGI_PAN mag Pan-STARRS i-band magnitude
25 ERRMAGI_PAN mag Error of the Pan-STARRS i-band magnitude
26 MAGZ_PAN mag Pan-STARRS z-band magnitude
27 ERRMAGZ_PAN mag Error of the Pan-STARRS z-band magnitude
28 MAGY_PAN mag Pan-STARRS y-band magnitude
29 ERRMAGY_PAN mag Error of the Pan-STARRS y-band magnitude
30 MAGU_DEL mag U-band magnitude from Delgado et al. (2010)
31 ERRMAGU_DEL mag Error of the U-band magnitude from Delgado et al. (2010)
32 MAGB_DEL mag U-band magnitude from Delgado et al. (2010)
33 ERRMAGB_DEL mag Error of the U-band magnitude from Delgado et al. (2010)
34 MAGV_DEL mag U-band magnitude from Delgado et al. (2010)
35 ERRMAGV_DEL mag Error of the U-band magnitude from Delgado et al. (2010)
36 MAGR_DEL mag U-band magnitude from Delgado et al. (2010)
37 ERRMAGR_DEL mag Error of the U-band magnitude from Delgado et al. (2010)
38 MAGI_DEL mag U-band magnitude from Delgado et al. (2010)
39 ERRMAGI_DEL mag Error of the U-band magnitude from Delgado et al. (2010)
40 MAGJ mag 2MASS or UKIDSS DR10 J-band magnitude
41 ERRMAGJ mag Error of the 2MASS or UKIDSS DR10 J-band magnitude
42 MAGH mag 2MASS or UKIDSS DR10 H-band magnitude
43 ERRMAGH mag Error of the 2MASS or UKIDSS DR10 H-band magnitude
44 MAGK mag 2MASS or UKIDSS DR10 K-band magnitude
45 ERRMAGK mag Error of the 2MASS or UKIDSS DR10 K-band magnitude
46 MAG1 mag Spitzer-IRAC [3.6]-band magnitude
47 ERRMAG1 mag Error of the Spitzer-IRAC [3.6]-band magnitude
48 MAG2 mag Spitzer-IRAC [4.5]-band magnitude
49 ERRMAG2 mag Error of the Spitzer-IRAC [4.5]-band magnitude
50 MAG3 mag Spitzer-IRAC [5.8]-band magnitude
51 ERRMAG3 mag Error of the Spitzer-IRAC [5.8]-band magnitude
52 MAG4 mag Spitzer-IRAC [8.0]-band magnitude
53 ERRMAG4 mag Error of the Spitzer-IRAC [8.0]-band magnitude
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Table F.1. continued.

Index Field Units Description

54 MAGW1 mag WISE [3.4]-band magnitude
55 ERRMAGW1 mag Error of the WISE [3.4]-band magnitude
56 MAGW2 mag WISE [4.6]-band magnitude
57 ERRMAGW2 mag Error of the WISE [4.6]-band magnitude
58 MAGW3 mag WISE [12]-band magnitude
59 ERRMAGW3 mag Error of the WISE [12]-band magnitude
60 MAGW4 mag WISE [22]-band magnitude
61 ERRMAGW4 mag Error of the WISE [22]-band magnitude
62 PARALLAX milliarcsec Stellar parallaxes from Gaia EDR3
63 ERR_PARALLAX milliarcsec Error of the stellar parallaxes from Gaia EDR3
64 DISK . . . Equal to 1 for stars with a disk
65 XMEMBER . . . Equal to 1 for disk-less members
66 SPECTR_LITER . . . Equal to 1 for spectroscopic members
67 AV mag Individual stellar extinction
68 ERRAV mag Error of the individual stellar extinction
69 AGE Myr Log(10) of individual stellar age
70 ERRAGE Myr Error of the Log(10) of individual stellar age
71 MASS M� Individual stellar mass
72 ERRMASS M� Error of the individual stellar mass
73 IPHAS_DES . . . IPHAS DR2 stellar designation
74 VPHAS_DES . . . VPHAS DR2 stellar designation
75 DELGADO_DES . . . Delgado et al. (2010) stellar designation
76 COROT_DES . . . CoRoT stellar designation
77 TWOMASS_DES . . . 2MASS PSC stellar designation
78 UKIDSS_DES . . . UKIDSS DR10 stellar designation
79 IRAC_DES . . . Puga et al. (2009) stellar designation
80 WISE_DES . . . AllWISE Source Catalog stellar designation
81 ACIS_DES . . . Stellar designation in the X-ray sources catalog
82 GAIADR2_DES . . . Gaia DR2 stellar designation
83 GAIAEDR3_DES . . . Gaia EDR3 stellar designation
84 PANSTARRS_DES . . . Pan-STARRS stellar designation
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Appendix G: Disk fractions and ages of the clusters
plotted in Fig. 16

Table G.1. Age and disk fraction of the clusters plotted in Fig. 16.

Cluster Age DF Dist. References
[Myr] [pc]

Nearby and not massive clusters
ηCha 710

4 0.40 ± 0.05 94 Megeath et al. (2005), Rugel et al. (2018)
LowCent-Crux 1010

10 0.09 ± 0.03 100 Pecaut & Mamajek (2016)
Taurus 1.52

1 0.64 ± 0.05 130 Luhman & Mamajek (2012), Ribas et al. (2014)
Kraus et al. (2017), Galli et al. (2019), Manzo-Martínez et al. (2020)

NGC 1333 0.51
0 0.66 ± 0.06 135 Ribas et al. (2014)

Coronet 1.21.9
0.5 0.50 ± 0.13 138 Ribas et al. (2014)

UpperSco 911
7 0.16 ± 0.06 140 Carpenter et al. (2006), Sung et al. (2009), Ribas et al. (2014)

Lupus 1.251.5
1 0.52 ± 0.05 140 Ribas et al. (2014), Merín et al. (2008)

ChaI 2.02.5
1.5 0.52 ± 0.06 160 Ribas et al. (2014)

ChaII 2.04
0 0.84 ± 0.09 178 Alcalá et al. (2008), Ribas et al. (2014)

IC 348 2.252.5
2 0.41 ± 0.06 300 Lada et al. (2006), Hernández et al. (2007), Sung et al. (2009)

Ribas et al. (2014), Richert et al. (2018), Manzo-Martínez et al. (2020)
25 Orionis 8.510

7.0 0.09 ± 0.05 330 Briceño et al. (2007), Hernández et al. (2007)
Sung et al. (2009), Ribas et al. (2014)

GammaVel 7.58
7 0.06 ± 0.01 345 Hernández et al. (2008), Jeffries et al. (2017), Manzo-Martínez et al. (2020)

Berkeley59 1.82.0
1.6 0.50 ± 0.06 400 Richert et al. (2018)

NGC 2068/2071 23
1 0.54 ± 0.13 400 Flaherty & Muzerolle (2008), Sung et al. (2009)

L1630N 1.52
1 0.97 ± 0.3 400 Spezzi et al. (2015)

Lynds1641 1.52
1 0.51 ± 0.02 400 Fang et al. (2013)

σOri 2.53
2 0.36 ± 0.04 414 Hernández et al. (2007), Ribas et al. (2014), Manzo-Martínez et al. (2020)

λOri 56
4 0.19 ± 0.04 414 Hernández et al. (2010), Kounkel et al. (2018), Manzo-Martínez et al. (2020)

OriOB1b 55.5
4.5 0.15 ± 0.02 414 Hernández et al. (2007), Briceño (2009), Manzo-Martínez et al. (2020)

Flame/NGC 2023 0.81
0.6 0.71 ± 0.08 414 Richert et al. (2018)

ONC Flank 1.71.9
1.5 0.43 ± 0.06 414 Richert et al. (2018)

Serpens South 1.82.6
1 0.58 ± 0.19 415 Richert et al. (2018)

Serpens 0.51
0 0.75 ± 0.16 415 Winston et al. (2007), Sung et al. (2009)

W40 0.80.9
0.7 0.79 ± 0.07 500 Richert et al. (2018)

LkHα101 1.51.8
1.2 0.56 ± 0.08 510 Richert et al. (2018)

RCW36 0.91.0
0.8 0.81 ± 0.07 700 Richert et al. (2018)

CepA 1.41.7
1.1 0.65 ± 0.1 700 Richert et al. (2018)

CepC 2.23.1
1.3 0.44 ± 0.12 700 Richert et al. (2018)

CepOB3b-East 3.54
3 0.32 ± 0.04 700 Allen et al. (2012)

CepOB3b-West 3.54
3 0.50 ± 0.06 700 Allen et al. (2012)

MonR2 1.71.9
1.5 0.64 ± 0.07 830 Richert et al. (2018)

Trumpler37 2.62.9
2.3 0.49 ± 0.07 900 Sicilia-Aguilar et al. (2006b), Sung et al. (2009)

Distant and not massive clusters

NGC 7129 33.5
2.5 0.33 ± 0.22 1260 Stelzer & Scholz (2009)

Sh2-106 0.81.2
0.4 0.53 ± 0.1 1400 Richert et al. (2018)

NGC 2282 3.55
2 0.58 ± 0.06 1650 Dutta et al. (2015)

IC 1795 45
3 0.50 ± 0.05 2000 Roccatagliata et al. (2011)

AFGL333 2.03
1 0.55 ± 0.5 2000 Jose et al. (2016)
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Table G.1. continued.

Cluster Age DF Dist. References
[Myr] [pc]

Massive clusters (∗)
OMC 1.51.7

1.2 0.45 ± 0.07 414 Richert et al. (2018)
NGC 2264 3.13.4

2.8 0.36 ± 0.05 751 Wang et al. (2008), Sung et al. (2009)
Park & Sung (2002), Balog et al. (2007)

NGC 2244 1.71.9
1.5 0.36 ± 0.05 913 Mariñas et al. (2013), Rapson et al. (2014)

M 8 2.32.4
2.2 0.41 ± 0.06 1300 Richert et al. (2018)

NGC 6530 0.71.5
0.3 0.20 ± 0 1300 Damiani et al. (2006)

CygnusOB2 1.53
0 0.29 ± 0.11 1450 Guarcello et al. (2016)

NGC 2362 2.52.9
2.1 0.12 ± 0.04 1480 Dahm & Hillenbrand (2007), Sung et al. (2009), Richert et al. (2018)

NGC 6231 45
3 0.05 ± 0.01 1585 Damiani et al. (2016), Baume et al. (1999), Sung et al. (2013)

Pismis24 1.852.7
1.0 0.33 ± 0.05 1700 Fang et al. (2012)

NGC 6611 1.22.6
0.3 0.34 ± 0.03 1750 Guarcello et al. (2010a)

W3Main 3.03.5
2.5 0.07 ± 0.02 1950 Bik et al. (2014)

M 17 1.11.3
0.9 0.60 ± 0.15 2000 Richert et al. (2018)

Trumpler14 1.01.5
0.5 0.10 ± 0.01 2700 Reiter & Parker (2019)

Trumpler16 3.03.5
2.5 0.07 ± 0.01 2800 Reiter & Parker (2019)

Low-metallicity clusters
NGC 1893 1.41.8

0.8 0.71 ± 01 3600 Prisinzano et al. (2011)
Sh2-207 2.53

2 0.05 ± 0.05 9000 Yasui et al. (2010)
Sh2-208 0.50.5

0.5 0.27 ± 0.06 9000 Yasui et al. (2016a)
Sh2-209Main 0.751

0.5 0.10 ± 0.01 10 000 Yasui et al. (2010)
Sh2-209Sub 0.751

0.5 0.07 ± 0.01 10 000 Yasui et al. (2010)
Cloud2-N 0.751

0.5 0.09 ± 0.04 12 000 Yasui et al. (2010)
Cloud2-S 0.751

0.5 0.27 ± 0.07 12 000 Yasui et al. (2010)

Notes. (∗)Here we show an average DF value, which is typically 15%–20% higher than the values of the cluster core.
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Appendix H: Magnitude distributions

In this section we show the magnitude distributions of the mem-
bers, control, and ACIS FoV samples, as defined in Sect. 7.4.

Fig. H.1. Magnitude distributions of the members (black), control (blue), and ACIS FoV (red) samples in the given photometric bands.
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Fig. H.1. continued.
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Fig. H.1. continued.
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