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Abstract

We study the structure, interstellar absorption, color–magnitude diagrams (CMDs), kinematics, and dynamical
state of embedded star clusters in the star-forming region associated with the giant molecular cloud G174+2.5. Our
investigation is based on photometric data from the UKIDSS Galactic Plane Survey catalog and astrometric data
from the Gaia DR3 catalogs. First, we recover all the known embedded clusters and candidate clusters in the region
using surface density maps. Then, for the detected clusters, we determine their general parameters: the center
positions, radii, number of stars, and reddening. To evaluate the reddening, we use both the NICEST algorithm and
the Q-method. Both methods produce consistent extinction maps in the regions of the four studied clusters.
However, the Q-method yields a much smaller color scatter in the CMD. For four clusters in particular
(S235 North-West, S235 A-B-C, S235 Central, and S235 East1+East2), we were able to compute individual
membership probabilities, the cluster distances, the cluster masses, and their average proper motions. By building
on these results, we have studied the clusters’ kinematics and dynamics. Moreover, we estimate the mass of the gas
component and the star formation efficiency in the regions of these four clusters. Finally, we provide an estimate of
the total energy of the stellar and gas components in the area of these four clusters to determine whether the clusters
are bound (here, we consider a “cluster” as the system “stars + gas”). The gravitational bound strongly depends on
the region for which we estimate the gas mass. If we consider the mass of the entire cloud, all these four clusters
turn out to be bound.

Unified Astronomy Thesaurus concepts: Open star clusters (1160); Intergalactic dust clouds (810); Star formation
(1569); Stellar kinematics (1608)

1. Introduction

Young star clusters are among the main sources of
information about the process, rate, and efficiency of star
formation. Their study allows one to establish the form of the
initial mass function, to probe the position of the spiral arms of
the Galaxy, and to investigate the gravitational interaction of
newly born stars and their interaction with the parental gas
cloud on a variety of scales. In general, they are excellent
benchmarks of the theory of star formation (C. J. Lada &
E. A. Lada 2003; G. Carraro 2020). The employment of
thermal imaging cameras and spectrometers with optical and
infrared-optimized telescopes over the past decades (for
example, M. W. Werner et al. 2004; M. F. Skrutskie et al.
2006; A. Lawrence et al. 2007) has made it possible to study
systematically the clusters’ emergence inside molecular clouds.
Clusters in this early evolutionary stage are often referred to as
embedded star clusters (S. Stahler 2018). Much work has been
done over the years to unravel the properties of these objects
(C. J. Lada & E. A. Lada 2003; A. M. Sobolev 2017; S. Stahler
2018). Perhaps the most important outcome is that most stars
form in such protoclusters, and that only a small fraction of
these protoclusters survive their emergence from molecular
clouds and become long-lived open clusters. Currently, about
3000 embedded clusters and cluster candidates are known, and
the corresponding information can be found in various studies

and catalogs (see, for example, E. Bica et al. 2003a; C. J. Lada
& E. A. Lada 2003; M. S. N. Kumar et al. 2006; O. Solin et al.
2012; D. Camargo et al. 2016; J. Ryu & M. G. Lee 2018, etc.).
In particular, the studies of D. Arzoumanian et al. (2011) and

P. André et al. (2014) have shown that stars form in thin
filaments of molecular gas. At the same time, observations
indicate that dense gas in the star-forming molecular clouds
(E. Schisano et al. 2014; V. Könyves et al. 2015) has a
multiscale, fractal structure. At close distances, we can clearly
distinguish the fine structure of clouds—thin filaments with
stars forming in them. For more distant regions, on the
contrary, small structures are not resolved well during
observations, but large ones are visible. In this case, we cannot
trace in which particular thin filaments individual stars are
born, but it becomes clear that concentrations of young stars are
located within large-scale structures. The origin of filaments
and their general properties are still not completely understood,
but filaments have become one of the main components of the
modern star formation paradigm (P. André et al. 2014). For the
purpose of this study, it is very important to underline that star
clusters are found to form in the large-scale gaseous filaments.
This study is devoted to the search and characterization of

young star clusters in one of the nearest star formation regions,
which is associated with the giant molecular cloud (GMC)
G174+2.5. In this region, J. H. Bieging et al. (2016) indicate
evidence for gas filaments of different scales. Besides, this area
contains four regions of ionized hydrogen from the Sharpless
catalog visible in the optical range: Sh2-231, Sh2-232, Sh2-
233, and Sh2-235. The G174+2.5 complex is located in the
Perseus spiral arm, and the estimate of its distance ranges from
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1.4 to 2.5 kpc (Y. M. Georgelin et al. 1973; F. P. Israel &
M. Felli 1978; N. J. I. Evans & G. N. Blair 1981; T. Foster &
C. M. Brunt 2015). The most valuable estimate of this complex
distance by the trigonometric parallaxes of the maser sources
was 1.56 kpc (R. A. Burns et al. 2015). The H II region Sh2-
235 is generated by the O9.5V star BD +35°1201
(Y. M. Georgelin et al. 1973), which ionizes and scatters the
surrounding molecular gas.

The Sh2-235 molecular complex is a region of ongoing star
formation, where one can observe objects in different
evolutionary phases. There are also young star clusters around
Sh2-235. These clusters were detected from the analysis of
Spitzer data in the vicinity of Sh2-235 (L. E. Allen et al. 2005;
L. Chavarría et al. 2014) and from 2MASS images in the
direction of the IRAS source 05382+3547 in the same vicinity
(M. S. N. Kumar et al. 2006). Recently, the gas component of
the region, and young stellar objects and their spatial
distribution have been studied in more detail (see, for example,
A. Porras et al. 2000; L. K. Dewangan & B. G. Anandarao
2011; L. K. Dewangan et al. 2016; R. A. Burns et al. 2019).
H. Beuther et al. (2002) and A. G. Ginsburg et al. (2009)
indicated that the gas dynamics around a star cluster associated
with the source IRAS 05358+3543 (star cluster 7 in our
designation; see below) is determined by the outflows from
young stellar objects. However, the characteristics of star
clusters and their kinematics remain unstudied.

The latest studies of the clusters in this region of star
formation were carried out by M. S. Kirsanova et al. (2008) and
D. Camargo et al. (2011). D. Camargo et al. (2011) estimate the
fundamental parameters of extremely young open star clusters
(OSCs) in this region, while M. S. Kirsanova et al. (2008)
discuss the possibility of sequential star formation in this
region. The more recent work of M. S. Kirsanova et al. (2014)
continues the study of the mechanisms of star formation in the
region. They conclude that the clusters S235 East1, S235 East2,
and S235 Central most likely formed as a result of induced star
formation caused by the expansion of the H II region. By
contrast, the S235 A-B-C cluster is quite distant from the
expanding H II shell and therefore most likely has a
spontaneous star formation mechanism (M. S. Kirsanova
et al. 2008). Such diversity in one region allows us to study
how the characteristics of clusters differ depending on star
formation mechanisms.

R. A. Burns et al. (2019) marked that star clusters in the
G174+2.5 complex are connected with the filaments twisted
around the Sh2-235 H II region. They proposed that clusters
S235 East1, S235 East2, S235 Central, and S235 A-B-C could
belong to the filament directed approximately along the line of
sight.

These previous studies were conducted with 2MASS data
(M. F. Skrutskie et al. 2006), which are shallow and have poor
spatial resolution. To improve on this, we exploit much fainter
and better resolution data from the UKIDSS catalog
(A. Lawrence et al. 2007). In particular, we employ data from
the UKIDSS Galactic Plane Survey (GPS), which covers
almost the entire Milky Way band. For the purpose of studying
the kinematics of stars in the clusters, we complement infrared
photometry with the data from the Gaia DR3 catalog (Gaia
Collaboration et al. 2023), which gives better accuracy of the
proper motions and a larger sample of stars than previous Gaia
releases.

The paper is therefore organized as follows. In Section 2, we
present an overview of the catalog data used in the work. In
Section 3, we present the NICEST absorption map in the region
and discuss the selection of the filaments in our region.
Section 4 is devoted to the identification of clusters and the
determination of their parameters. The kinematics of cluster
stars is discussed in Section 5. In Section 7, we estimate the
mass of some clusters. In Section 8, we determine gas masses
and star formation efficiencies in the regions of the four
clusters. Section 9 includes an analysis of the possible future
fate of some of the clusters under consideration. Finally, our
conclusions are summarized in Section 6.

2. UKIDSS and GAIA DR3 Data

This work uses data from the UKIDSS GPS catalog (version
DR10PLUS; P. W. Lucas et al. 2008; hereinafter referred to as
UKIDSS). The UKIDSS survey was carried out between 2005
and 2014 at the United Kingdom Infrared Telescope (UKIRT)
in Hawaii, using the Wide Field Camera (WFCAM). All the
details of this survey can be found in M. Casali et al. (2007). To
study the G174+2.5 region, we took an area with the center at
the point R.A.= 84°.7 and decl.= 35°.9 and a radius of 60′.
This area covers a number of H II regions and a large gas-dust
filament. We consider the resulting sample to be complete
down to magnitudes J≈ 18.0, H≈ 18.0, and K≈ 17.0. These
values are obtained from the magnitude distribution of the stars
in the field, shown as a histogram in Figure 1. We defined the
limit of completeness as the magnitude beyond which the
number of stars in the region decreases. The resulting limits are
shallower compared to the reported limits for uncrowded fields
in UKIDSS (P. W. Lucas et al. 2008). The UKIDSS
completeness is superior to 2MASS catalog, which can be
considered as complete up to magnitudes J≈ 15.8, H≈ 15.1,
and KS≈ 14.3 (M. F. Skrutskie et al. 2006). Due to this
circumstance, we expect to obtain a more complete sample of
low-mass stars compared to previous studies. It is worth noting
that, when one takes into account stars with fainter stellar
magnitudes, the results of star counts can give a different result
compared to the case of brighter stars. These differences may
manifest themselves in the small-scale structure of clusters.
Some overdensities can blend with the field or with neighbor

Figure 1. Histogram of the stellar magnitudes in the J, H, and K bands for a
sample from the UKIDSS catalog in the G174+2.5 region.

2

The Astrophysical Journal, 979:162 (23pp), 2025 February 1 Permyakova et al.



clusters. Otherwise, the previously undetected overdensities
can be found.

However, the UKIDSS photometry of our region is
characterized by uneven completeness of data in the J and H
bands (see Figure 2). There are squared regions with a
complete lack of data in these bands, which is related to the
UKIRT sky coverage strategy. Concentrations of stars with
missing photometry are also observed in regions with high
absorption. This circumstance prevents us from estimating the
membership probability, absorption, and mass of individual
stars in these regions with our methods (Sections 4.2, 6.1, and
the Appendix), since they require photometry data in all three
bands. Nevertheless, the K band does not have “empty” fields.
Therefore, we base our star counts and the surface density
mapping on the K band, which is generally uniform. If the
cluster falls into the region with no J or H photometry, we
register it but we cannot perform further investigation.

The catalog also contains several false detections. Some of
them are located on the frame boundaries—usually two or three
stars with almost identical coordinates, and some are
concentrated around bright stars (O. Solin et al. 2012). Due
to their compact structure, such groups make a significant
contribution to the surface density. Some of them look like real
clusters, but in UKIDSS images they appear as single bright
stars. We find these false sources using the HDBSCAN
(R. J. G. B. Campello et al. 2013) algorithm of the scikit-learn
library (F. Pedregosa et al. 2011) of the Python language
(F. Pedregosa et al. 2011), using the dbscan_clustering
function. Clustering is carried out along equatorial coordinates.
To find false sources at frame boundaries, we ran the program
using the parameters min_cluster_size= 2 and cut_distance=
0 6 (this value corresponds roughly to a 3σ chop given the
typical positional errors in UKIDSS catalog astrometry). In this
case, the search was conducted among all the stars in the
region. We searched for groups of false sources concentrated
around bright stars only among stars with K-band magnitudes
less than 13 mag. In this case, we use the parameters
min_cluster_size= 3 and cut_distance= 5 0. The latter value
was chosen experimentally so that the algorithm would

highlight the largest groups of false sources around bright
stars. In each selected group, we retain the star with known
photometry in the largest number of bands and remove the
remaining stars from the sample.
The original catalog data were supplemented with extinction

values determined using the NICEST method (M. Lombardi
2009; for details, see Section 3) and rectangular x, y coordinates
(for more details, see V. M. Danilov & A. F. Seleznev 2020).
The x, y axes form a right-handed Cartesian coordinate system.
The (x, y) plane coincides with the tangential plane.
Rectangular coordinates were constructed so that their center
coincides with the center of the region under consideration, and
the x and y axes are directed toward increasing R.A. and
declination, respectively. The projection of the celestial sphere
onto a plane is necessary for plotting the surface density maps
and radial density profiles using the kernel density estimation
(KDE) method (see Section 4.1).
We also used the latest release of Gaia DR3 (Gaia

Collaboration et al. 2016, 2023) data to obtain information
on the proper motions and the parallaxes of stars and
L. Chavarría et al. (2014) for the data on the positions and
classes of the young stellar objects (YSOs). The comparison of
sources in the UKIDSS and Gaia DR3 catalogs, and the YSO
list was carried out with TOPCAT (M. B. Taylor 2005) using
the equatorial coordinates of the stars with the maximum error
of 1″.

3. NICEST Absorption Map and Filament Extraction

We used data from the UKIRT deep sky infrared survey
(A. Lawrence et al. 2007) together with data from the 2MASS
survey (M. F. Skrutskie et al. 2006) to construct NICEST
(M. Lombardi 2009) extinction maps. The NICEST method is
similar to conventional methods for determining interstellar
extinction in regions of low and moderate column density, but
it has been specifically designed to search for small-scale
structures of absorbing matter in regions of strong extinction. It
is based on a comparison of the observed colors in the J, H, and

Figure 2. Star distribution maps for the UKIDSS sample of the G174+2.5 region; stars without magnitude data in the J (a) and H (b) bands.
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K bands and the stars’ absolute colors corresponding to zero
absorption.

We have constructed an absorption map for the G174+2.5
region with the center and radius indicated above. When
constructing it, we did not consider UKIDSS catalog stars for
which there were no photometric data in two bands, or for
which the magnitude uncertainty was larger than 1 mag. Also,
due to the inaccuracy of the UKIDSS catalog for bright stars,
we replaced the UKIDSS photometry with 2MASS for stars
brighter than 12 mag in each band using the TOPCAT software
(M. B. Taylor 2005). 2MASS photometry was corrected to the
UKIDSS photometric standard using Equations (6) and (8) of
S. T. Hodgkin et al. (2009).

The extinction map of the star formation region G174+2.5
was obtained with a resolution (FWHM) of 1 0–1 5. The pixel
size was set to FWHM/3. The extinction map in the star-
forming region G174+2.5 is shown in Figure 3, left panel. It is
important to note that the NICEST method is a statistical
method and does not provide the ability to determine extinction
for individual stars. One can readily see that the high-
absorption regions follow the structure of the molecular gas
filaments in the region around the known clusters in Figure 3,
right panel. These filaments were extracted using the GetFila-
ments algorithm (A. Menʼshchikov 2013) based on the map of
the brightness temperature integrated over the local standard of
rest (LSR) velocity range (−28, −2) km s−1 of the 13CO(2−1)
line in the star-forming region G174+2.5 (J. H. Bieging et al.
2016).

The average extinctions for clusters with the individual
membership probabilities (indicated in the paper as 10
(S235 North-West), 11 (S235 A-B-C), 12 (S235 Central), and
14 (S235 East1+East2)) are given in Table 2.

4. Study of Clusters

4.1. Surface Density Maps

We constructed surface density maps to identify areas
potentially containing previously undiscovered clusters. The
maps were constructed using stars with interstellar extinction–

corrected K-band magnitudes: K0= K – AK. We chose this
bandwidth because in other bands (J and H) the catalog
coverage is not uniform (see Section 2), which would affect the
detection of clusters. The value of the total extinction in the K
band for every star was taken directly from the extinction map
(see Section 3) for the coordinates of the star. Correcting the
magnitudes for interstellar extinction increases the contrast of
the stellar density map, which is important for star-forming
regions, where differential extinction is common.
Surface density maps were constructed using the KDE

method (for a detailed description of the method, see
B. W. Silverman 1986; A. F. Seleznev 2016). We use a
biquadratic kernel with different kernel half-widths and for
different limiting magnitudes K0,lim (Figure 4).
The stellar density maps in Figure 4 are the starting point to

identify star clusters and candidate star clusters in the G174
+2.5 star formation region. In this figure, areas of the increased
stellar density identified as clusters or cluster candidates are
marked with numbers. Some of the increased density areas are
visible on both maps ( =K 110,lim and =K 170,lim ), and some
of the areas are visible only on one. For convenience, all the
clusters we found have a common numbering in this paper. We
summarize the correspondence between the numbers used and
the names of known clusters in the Table 1. In the same table
we list the clusters and cluster candidates. The positions of the
concentration centers on the map were determined as the
coordinates of the local density maxima on the map plotted
with the kernel half-width hKDE= 0 5 and the limiting
magnitude =K 150,lim .
Figures 4(a) and (b) show that the East2 cluster does not

stand as an isolated object, but rather as a deformation of the
East1 cluster halo (both are marked in Table 1 and in
Figure 4(b) as number 14). This result differs from what
M. S. Kirsanova et al. (2008) and D. Camargo et al. (2011)
obtained using 2MASS data. This can be understood if we
underline that M. S. Kirsanova et al. (2008) and D. Camargo
et al. (2011) did not account for the effects of interstellar
extinction. That said, the map in Figure 4 cannot be very
accurate due to the statistical nature of the extinction obtained

Figure 3. The left panel shows the absorption distribution in the star-forming region G174+2.5 obtained by the NICEST method. The yellow circles show the areas
occupied by clusters, and the numbers are the cluster IDs in this work. The right panel shows a map of the filaments identified in the star-forming region G174+2.5
using the GetFilaments algorithm (A. Menʼshchikov 2013). Filaments of different scales are shown in different colors: blue—0.8 pc, green—3 pc, and red—12 pc.
The scale of both panels is the same.
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by the NICEST method, which can produce density distortions
on small scales.

We do not see any extended stellar structure associated with
the filament passing through Sh2-233 (filament WB 673
following M. S. Kirsanova et al. 2017) on the enlarged
fragment of the density map of this filament region in
Figure 4(c). Separate condensations of stars seem as being
“strung” along the filament. However, if we can speak about
the presence of some elongated structures at all, they seem to
be rather oriented perpendicularly to the molecular filament and
crossing it in the “knots”—condensations of stars.

Star clusters in the region of the WB 673 filament were first
mentioned by D. A. Ladeyschikov et al. (2016), who showed
that they lie close to the molecular gas clumps WB89 668 and
WB89 673. These two clumps are marked in Table 1 and in
Figure 4(c) as numbers 3 and 5, respectively. An extensive
analysis of the stellar content of the star formation complex in
GMC G174+2.5 has been done by D. Camargo et al. (2011),

who explained that the S235 North-West (M. S. Kirsanova
et al. 2008) cluster (10 in the table) was discovered almost
simultaneously (and independently) by S. E. Koposov et al.
(2008) and named Koposov 7, and, somewhat earlier, by
D. Froebrich et al. (2007) in a 2MASS study, indicated as
FSR 784.
A comparison of the list of star clusters given in Table 1 and

the list of clusters from D. Camargo et al. (2011) shows that
they analyzed the 2MASS catalog with very high resolution.
We plotted the stellar density maps using the KDE method with
a kernel half-width hKDE= 4′ and hKDE= 2′. Therefore, many
clusters from D. Camargo et al. (2011) fall inside the larger
cluster on the maps in Figure 4 and in Table 1. Therefore, we
consider the BDSB 71, BDSB 72, and BDSB 73 clusters
(E. Bica et al. 2003b) as subclusters of the cluster S235 A-B-C.
In particular, BDSB 71 is located on the southern margin of
S235 A-B-C, BDSB 72 falls deep inside S235 A-B-C, and
BDSB 73 appears as a weak condensation north of S235 A-B-C

Figure 4. Stellar density maps of the G174+2.5 region based on UKIDSS data. Red numbers indicate areas of increased stellar density considered in the work. Shades
of gray indicate the levels of surface density of stars (see the scales corresponding to the pictures). In Figures 4(a), (c), and (d), the blue circles show the H II regions,
with names next to them. In Figure 4 (b) the green rectangles show the areas of Figures 4(c) and (d). Panel (a): the entire area. Kernel half-width hKDE = 4′, limiting
magnitude =K 110,lim . Panel (b): the entire area. Kernel half-width hKDE = 2′, limiting magnitude =K 170,lim . Panel (c): the area of the WB 673 filament. Kernel
half-width hKDE = 2′, limiting magnitude =K 150,lim . Panel (d): area of S235 A-B-C. Kernel half-width hKDE = 0.′5, limiting magnitude =K 150,lim .
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in Figure 4(d), but we consider it as a part of the S235 A-B-C
halo. Such differences in the identification of clusters may also
be partly due to the difference in the limiting magnitude of the
catalogs (UKIDSS is deeper than 2MASS) and the lack of
absorption accounting by D. Camargo et al. (2011). For these
reasons, we can see fainter stars than could be seen with
2MASS. These stars can blur and change the small-scale
structure of clusters on density maps. This leads to a visible
difference in the structure of clusters compared to previous
studies based on shallower surveys.

The complex structure of S235 A-B-C, consisting of
several subclusters (Figure 4(d)), was already noted by
M. S. Kirsanova et al. (2008). However, the coordinates of
the BDSB 71, BDSB 72, and BDSB 73 clusters do not coincide
with the positions of the local density maxima in Figure 4(d),
which shows the cluster region S235 A-B-C on a larger scale.
This is not unexpected given the different spatial resolution of
UKIDSS and 2MASS. That said, these substructures are most
probably transients, and dynamic evolution will eventually lead
to their merging (S. J. Aarseth & J. G. Hills 1972).

Cluster PCS 2 from D. Camargo et al. (2011) along with
S233IR cluster falls inside the object 7 from Table 1. On the
maps, they do not differ. IRAS 05361+3539 is noticeable as a
weak compact condensation south of object 7 on the maps in
Figures 4(a) and (c). However, on the map in Figure 4(b)
( =K 170,lim ) it seems rather as part of the halo of cluster 7. The
cluster CBB 1 (D. Camargo et al. 2011) on the maps in
Figure 4 does not differ from the IRAS 05361+3539 cluster.
Most likely, these clusters also could be considered as
subclusters. The cluster CBB 2 (D. Camargo et al. 2011) is a
very faint group of stars in the nearest vicinity of S235 Central
cluster (12 in Table 1), northeast of it. We do not identify CBB
2 as an independent object in this work.

4.2. Determining Cluster Parameters

We study the structure of the clusters using the radial density
profiles plotted by the KDE method with a kernel half-width of

0.′5 and a limiting magnitude =K 15lim . Radial density
profiles of all clusters in the G174+2.5 region exhibit a
maximum, significantly larger than the background level.
The cluster radius is determined from the radial density

profile under the assumption that the cluster is spherically
symmetric. The profile is built for distances from the cluster
center that are several times larger than the apparent size of the
cluster. Next, we consider the part of the density profile that
obviously belongs to the background. The background level is
drawn so that the areas of the density profile fluctuations above
and below this level are the same. Then, the cluster radius is
defined as the abscissa of the first intersection of the
background level with the radial density profile. To obtain
the confidence interval for the radial density profile and
determine the radius error, secondary samples (20 pieces) are
formed with the same density distribution as the original one.
Next, using the KDE method, new radial density profiles are
constructed from these secondary samples. The spread of
density values at nodes characterizes the confidence interval of
the original profile. The cluster radius error was determined as
the abscissa of the intersection of the background level with the
lower confidence interval of the profile. This method is
described in more detail in A. F. Seleznev (2016), and the
obtained radii are shown in Table 1, while the radial density
profiles of the clusters are shown in the Figure 5.
For the cluster areas, limited by the circles with the

previously determined radii (see Figure 3), the number of stars
in the cluster was estimated by comparison with the field
regions where there are no cluster stars. That is, we subtract the
number of stars in the region that includes only the field stars
from the number of stars in the region with the cluster. For
some areas of clusters, the comparison region is a ring around
the cluster circle, and the area of the ring is equal to the area of
the circle. For the clusters in close groups, we select several
comparison areas outside the cluster group. Every comparison
area is a circle equal in area to the cluster circle. Then, we
average the number of stars in the comparison fields. We
consider only stars with K< 15 to determine the cluster star
number, since the surface density maps for this limiting
magnitude show the largest contrast for most clusters.
Otherwise (with a larger limiting magnitude), this method
can give negative values for the number of stars in some cases.
The number of stars in clusters with membership probabilities
(see below) was determined by a direct counting. We consider
the threshold membership probability of a star of 0.7 to be
counted as a cluster member. The results of the star counts are
shown in Table 1.
We use the UPMASK package (A. Krone-Martins &

A. Moitinho 2014) to estimate the membership probability of
stars in the clusters. UPMASK does not use any model
hypothesis. The only assumption is the spatial homogeneity of
the field star density in the considered area compared to the
cluster. Although the coordinate space plays an important role
in the UPMASK method, photometric parameters (or informa-
tion about proper motions and parallaxes) are also used. Initial
clustering is performed using the information contained in the
photometry. After this, the clustering of the selected groups in
the coordinate space is checked. Thus, for a real field with
some density fluctuations, in the photometric space the field
stars will not be related, since they do not have a common
origin. Therefore, they will not be selected as cluster members

Table 1
Coordinates of Star Clusters and Cluster Candidates in the Star-forming Region

G174+2.5

No. Name
R.A.

(J2000.0)
Decl.

(J2000.0) R
Stars’
Number

(deg) (deg) (arcmin)

1 84.074 36.522 2.5 13
2 84.093 36.662 1.9 29
3 WB89 668 84.221 36.181 1.4 9
4 84.333 36.391 2.1 13
5 WB89 673 84.508 35.970 1.2 9
6 84.626 35.878 2.6 11
7 S233IR 84.794 35.755 2.5 14
8 84.943 35.581 1.7 10
9 85.133 35.847 1.4 13
10 North-West 85.190 35.919 2.4 67

Koposov 7
FSR 784

11 S235 A-B-C 85.214 35.686 5.5 326
BDSB
71,72,73

12 Central 85.278 35.824 1.3 35
13 S232IR 85.276 36.152 0.7 12
14 East1,East2 85.372 35.819 3.2 75
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Figure 5. Radial density profiles of the clusters. The profile is shown by thick black lines, the confidence interval is shown by thin gray lines, the cluster radius
position is marked by red, and the background level is plotted by blue. The number of the cluster is shown at the top of each panel.
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at the beginning in most iterations of the algorithm and will
therefore have a low membership probability.

For our clusters we used the following parameters of the
UPMASK algorithm. The minimum number of stars per cluster
was chosen to be 20 in all cases. A. Krone-Martins &
A. Moitinho (2014) obtained the best cluster detection results
with values of between 10 and 25 stars per clustering. In our
case, when we use smaller values in clusters 10 (S235 North-
West) and 12 (S235 Central), UPMASK cannot estimate the
membership probabilities of the stars. Therefore, we adopt a
larger value for the parameter of stars per cluster. To obtain the
probability estimate, 2000 runs of the algorithm are performed
for stars with known photometry in all three UKIDSS bands
(J, H, and K ). We use the equatorial coordinates of stars,
magnitudes in the J, H, and K bands, color indices J –H, J – K,
and H – K, and the errors in these magnitudes as the input data
for UPMASK.

This algorithm is used only for clusters with well-defined
clustering of stars on the maps, namely 10 (S235 North-West),
11 (S235 A-B-C), 12 (S235 Central), and 14 (S235 East1
+East2). Only information about stars located in regions
containing clusters is used to estimate membership probabil-
ities. For clusters 11 (S235 A-B-C) and 14 (S235 East1
+East2), such regions are circles with centers coinciding with
the centers of the clusters and radii equal to the radii of the
clusters. For clusters 10 (S235 North-West) and 12
(S235 Central) we had to use circles with a radius of twice
the cluster radius, since the smaller regions did not contain
enough stars for UPMASK to work. We cannot estimate the
membership probability for clusters 5 (WB89 673) and 6, due
to insufficient photometric data for stars in this region (see
Figure 2). We cannot process the cluster areas 1, 2, 3
(WB89 668), 4, 7 (S233IR), 8, 9, and 13 (S232IR) with
UPMASK, either, because of low number statistics.

Here and below, we assume that clusters 10 (S235
North-West), 11 (S235 A-B-C), 12 (S235 Central), and 14
(S235 East1+East2) include stars with membership probabil-
ities greater than 0.7. There is currently no generally accepted
agreement on what membership probability threshold is best to
use. An estimate of 0.7 is quite strict and allows us to exclude
most background stars, which can significantly affect the
estimate of cluster parameters.

For clusters 10 (S235North-West), 11 (S235 A-B-C), 12
(S235 Central), and 14 (S235 East1+East2), an attempt was
made to estimate the distance modulus. To do this, we
superimposed theoretical isochrones to the absorption-corrected
photometric sequences of clusters (Figures 6 and 7). We use the
solar-metallicity isochrones for UKIDSS filters in the J, H, and K
bands from the Padova suite of models (A. Bressan et al. 2012).
The combination of sequences with isochrones was carried out
in such a way that the majority of stars were between isochrones
with a decimal logarithm of age 6.1 and 6.7.

To correct magnitudes for extinction, data on the color
excesses of stars in clusters were obtained by two methods: (1)
the Q-method (see the Appendix) and (2) by the total extinction
in the K band, estimated with the NICEST method (see
Section 3). To do this we use the coefficients for the total
extinctions AJ/AV= 0.28170, AH/AV= 0.18251, and AK/AV=
0.11281 listed in the output page of an isochrone (J. A. Cardelli
et al. 1989; J. E. O’Donnell 1994; A. Bressan et al. 2012).4 It is

worth noting here that, due to the uneven coverage of the
UKIDSS catalog in the J and H bands, it is impossible to
determine the absorption by the Q-method for some stars and
they fall out of our sample. However, the absorption maps in
cluster regions plotted using the Q-method data show a similar
reddening distribution to the maps plotted using the NICEST
data for UKIDSS photometry (see Section 3). The results of the
isochrone fitting for the absorption-corrected cluster sequences
are shown in Figure 6 (for the Q-method) and Figure 7 (for the
NICEST method).
Since the clusters are extremely young, they contain a large

number of pre-main-sequence stars. Consequently, the clusters
have fairly wide photometric sequences along the magnitude
axis, which makes it difficult to match them with isochrones.
We fit the isochrones to the cluster sequence by eye so that the
points of the sequence lie mostly above the isochrone for

( ) =tlog 6.7. In Figure 7, the cluster sequences have a
considerable number of stars far from the isochrones along
the color index axis, and the sequences themselves are rather
diffuse. The large scatter of points in the color–magnitude
diagrams (CMDs), when we use the extinctions obtained by
NICEST, is due to the fact that this method does not take into
account the deviations of the reddening values of individual
stars from the average in the region. For this reason, we cannot
use such diagrams to determine distances to clusters. When we
use the individual reddening values estimated with the
Q-method, the scatter on the CMDs becomes significantly
smaller (Figure 6). In this case the cluster sequences are located
within the range of color indices of the isochrones and it is
possible to estimate the distance to the clusters (see Table 2).
To obtain the error, we shift the photometric sequences of
clusters by the color index error values. Next, we determine the
distance to the cluster using these shifted sequences. We take
the difference between these values and the original distance as
an error.
Another method to determine the cluster distance is the use of

stellar parallaxes from the Gaia DR3 catalog. To estimate the
distance, we use the inverse of the average parallax of cluster
member stars. The results are listed in Table 2. We list there the
distance estimate obtained by radio interferometry for the maser
source in the cluster S235 A-B-C (R. A. Burns et al. 2015) as a
reference point for comparison. Despite the photometric method
being approximate, our distance estimates are consistent with the
previously obtained values (N. J. I. Evans & G. N. Blair 1981;
T. Foster & C. M. Brunt 2015). Our photometric distances have
larger scatter than distances from parallaxes. It is important that
our values obtained from parallaxes agree well with the
R. A. Burns et al. (2015) value obtained from the maser
sources’ trigonometric parallaxes.

5. Kinematics

We take advantage of Gaia DR3 data to investigate the
clusters’ kinematics. The mean values of the proper motions of
the clusters are listed in Table 2.
To study the kinematics of YSOs in clusters, we plot their

residual velocity (Figure 8(a)). The residual velocity is
calculated as the difference between the YSO velocity
and the average velocity of all stars in clusters 10
(S235 North-West), 11 (S235 A-B-C), 12 (S235 Central), and
14 (S235 East1+East2) with membership probabilities greater
than 0.7. In general, the tangential velocities of young stellar
objects are distributed chaotically. However, in the regions of4 http://stev.oapd.inaf.it/cmd
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clusters 10 (S235 North-West), 11 (S235 A-B-C), and 14
(S235 East1+East2), there are a small number of YSOs with
velocity vectors directed away from the centers of the
corresponding clusters. This may indicate a possible partial
expansion of the young star subsystem. Further study of the
kinematics using plots of velocity components versus position
of star did not reveal any signs of cluster expansion (see
below). Nevertheless, we found in cluster 14 (S235 East1
+East2) a deviation from the motion of the cluster as a whole.

Additionally, we considered the residual velocities of
clusters with respect to the same centroid. In Figure 8(b), it
is seen that the velocities of clusters 12 (S235 Central) and 14
(S235 East1+East2), located on the boundary of the H II
region, are quite close and directed away from the center of
this region. The residual velocity vector of cluster 10

(S235 North-West) is directed tangentially to the boundary of
the H II region. In cluster 11 (S235 A-B-C), the velocity vector
direction is opposite to other clusters in the region. Most likely,
this can be associated with the fact that cluster 11 (S235 A-B-
C) formed independently of other clusters in the region, and
whose formation is possibly associated with the expansion of
the H II shell (M. S. Kirsanova et al. 2008, 2014). Unfortu-
nately, the errors in the residual velocities of the clusters are
large (especially for clusters 12 (S235 Central) and 14
(S235 East1+East2)), which does not allow us to talk about
the statistical significance of this result.
Figure 8(b) also shows the residual velocities of the massive

stars in the region (see Table 3). These stars are really massive
because zones of ionized hydrogen form nearly all of them. It is
well seen in the images in the R band and in 3.6 μm. S235B

Figure 6. Color–magnitude diagrams of clusters 10 (S235 North-West), 11 (S235 A-B-C), 12 (S235 Central), and 14 (S235 East1+East2), combined with isochrones
(A. Bressan et al. 2012). The color excesses and absorption in the K band were obtained by the Q-method (see description in the Appendix). Class I YSOs are shown in
red, class II YSOs in blue, and other stars in black. Colored lines show the isochrones, and different colors indicate different decimal logarithms of age (see the legend).
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also is a massive star; it was shown in P. A. Boley et al. (2009).
Stars S235 YSO1 and S235 YSO2 (from here on, the numbers
1 and 2 are part of the designation of these massive stars;

classes of young stellar objects will be indicated by numbers I
and II) are very bright in the IR, and consequently they have a
large luminosity and large mass.

Figure 7. Color–magnitude diagrams of clusters 10 (S235 North-West), 11 (S235 A-B-C), 12 (S235 Central), and 14 (S235 East1+East2), combined with isochrones
(A. Bressan et al. 2012). The color excesses and absorption in the K band were obtained by the NICEST method (see Section 3). Designations are the same as in Figure 6.

Table 2
Extinction, Distances (in kpc), and Proper Motions of the Clusters

No. Ak Photometric Distance Distance from Gaia ϖ Distancea pmRA pmDec
(Q-method) (NICEST) (kpc) (kpc) (kpc) (mas yr−1) (mas yr−1)

10 0.92 ± 0.07 0.76 ± 0.02 1.7 ± 0.3 1.9 ± 0.4 0.50 ± 0.36 –2.59 ± 0.31
11 1.25 ± 0.05 1.13 ± 0.02 1.9 ± 0.3 1.6 ± 0.2 1.56 0.06 ± 0.18 –2.82 ± 0.15
12 0.97 ± 0.09 0.97 ± 0.03 2.2 ± 0.4 1.7 ± 0.4 0.35 ± 0.23 –2.80 ± 0.25
14 0.82 ± 0.11 0.88 ± 0.02 1.7 ± 0.2 1.6 ± 0.2 0.26 ± 0.26 –2.82 ± 0.22

Note.
a Distance to the H2O masers in S235AB-MIR (R. A. Burns et al. 2015).
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We obtained velocities of these stars by a cross-correlation
with Gaia DR3 using TOPCAT (data on star S235 YSO1 are
absent in Gaia DR3). The correspondence for star S235 was
found at the distance of about 2″ (the star of 10 mag in G band);
for star S235E, at the distance of about 1.″5 (the star of 13 mag
in G band); and for the rest of the stars, at the distance of about
1″ (the stars of 16–19 mag in G band).

The comparison of the list of young stellar objects and the
list of the cluster members shows that star S235A belongs to
cluster S235 A-B-C (11); it is young stellar object of class I.
Stars S235C and S235C_E also are young stellar objects of
class I, but are not cluster members according to our estimates.
Other stars are not in the available list of YSOs (L. Chavarría
et al. 2014). However, when we compared the positions of
massive stars with the list of YSOs from L. K. Dewangan &
B. G. Anandarao (2011), we found that S235B most likely also
belongs to class I. For the rest of the stars, we did not find
information about their classes. Star S235 is outside the cluster
regions, stars S235B and S235E are not cluster members, and
stars S235 YSO1 and S235 YSO2 both are members of cluster
S235 Central (12). The membership (nonmembership) of these

stars in clusters by our estimates is rather questionable because
many of them are surrounded by bright nebulosities, and their
magnitudes and colors could be distorted.
Stars S235B and S235C_E have small velocities with respect

to cluster S235 A-B-C. Star S235E has a small velocity with
respect to the cluster S235 East1+East2. Star S235 YSO2 has a
large velocity with respect to the cluster S235 Central. The
large velocities of stars S235A and S235C with respect to
cluster S235 A-B-C may be an argument in favor of the fact
that S235 A-B-C may not be gravitationally bound (see below).
To study the clusters’ internal kinematics, we consider the

radial and tangential velocity components of the cluster
members. These velocity components are plotted relative to
the center of the cluster in the tangential plane. The dependence
of these velocity components on the position of stars in the
cluster can help to track possible rotation of the cluster, its
compression or expansion, possible irregularities of motion
within the cluster, and differences in the velocity distribution of
YSOs and other stars in the cluster. Here, by the position of the
star in the cluster, we mean the distance from the center of the
cluster and the position angle of the star relative to the R.A. axis.

Figure 8. The left figure shows a map of residual velocities of YSOs. Class I YSOs are shown in red, and class II YSOs in blue. Filled markers are YSOs of the
clusters, and unfilled markers are YSOs of the field. The right figure shows a map of the residual velocities of clusters (red) and massive stars (green) in the region. The
circles show the errors. Velocities are given in degrees per year (for display in the figure, values are multiplied by 40,000 for YSOs and by 400,000 for clusters).

Table 3
Massive Stars in the Region of Sh2-235

Star R.A. Decl. Other Name Reference
(h) (m) (s) (°) (’) (”)

S235 05 40 59.3 +35 50 46 BD+35°1201 (1)
S235A 05 40 52.8 +35 42 19 (2)
S235B 05 40 52.4 +35 41 29 (2)
S235C 05 40 51.4 +35 38 30 (3)
S235C_E 05 40 57.8 +35 38 19
S235E 05 41 35.3 +35 48 31
S235 YSO1 05 41 11.1 +35 50 02 IRS2 (1)
S235 YSO2 05 41 07.0 +35 49 35 IRS1 (1)

Note. (1) L. K. Dewangan et al. (2016), (2) L. K. Dewangan & B. G. Anandarao (2011), (3) L. Chavarría et al. (2014).
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In the case of the translational motion of the cluster stars in
the absence of any internal motions of the stars, we should see
a clear sinusoidal sequence on the plots of velocity component
versus positional angle. This sinusoidal sequence should have
the same amplitudes of maximum and minimum and the
distance of π radians between the points of intersection of the
sequence with the abscissa axis. When we add some bulk
rotation over the translational motion, the sinusoidal sequence
on the plot of tangential component versus positional angle will
show a displacement up or down along the ordinate axis (the
tangential velocity component). When we include expansion or
contraction of the cluster kinematics, we will see a similar
displacement in the radial component versus positional angle
plot. If the apex of the cluster stars’ motion is located close to
the cluster (projected onto the celestial sphere), or the cluster
has some other internal motion, the humps of the sinusoidal
sequence become asymmetrical. When the cluster stars in the
outer parts of the cluster have a larger velocity dispersion
compared to the cluster core, the plots of velocity components
versus distance will show an increase in the scatter of values
with distance.

Figures 9, 10, and 11 show the trends of “tangential
component–positional angle,” “radial component–positional
angle,” “tangential component–distance” and “radial comp-
onent–distance” for clusters 10 (S235 North-West), 11

(S235 A-B-C), and 14 (S235 East1+East2), respectively. In
the cluster 12 (S235 Central), the number of stars with known
velocities is not enough to analyze the kinematics.
From the inspection of these plots we can provide the

following conclusions:

1. The trends of the velocity components versus positional
angle for clusters 10 (S235 North-West) and 11 (S235 A-
B-C) show a clear sinusoidal sequence with the same
maximum and minimum amplitudes.

2. The intersection of these sequences with the abscissa axis at
angles 0 and π radians for the radial component and
π/2 and 3π/2 radians for the tangential component indicates
that the clusters move predominantly from north to south.

3. The trend of the velocity components versus distance
from the cluster center does not show any dependence.

4. For cluster 14 (S235 East1+East2), plots of the velocity
components versus positional angle show a deviation
from the exact sinusoidal form (the left slope is larger
than the right slope). This might be due to the small
number of stars with known velocities in some parts of
the cluster. Another possibility is the presence of motion
irregularities inside the cluster. We consider the close
position of the apex of a majority of stars to the cluster
center as the most probable reason of the deviation of the
plot (in Figure 11) from an exact sinusoidal for cluster 14

Figure 9. Plots “tangential component–positional angle,” “radial component–positional angle,” “tangential component–distance” and “radial component–distance” for
cluster 10 (S235 North-West). Class I YSOs are shown in red, class II YSOs in blue, and other stars in black.
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(S235 East1+East2). The trend of the velocity compo-
nents versus distance for cluster 14 (S235 East1+East2)
does not show a radial dependence similar to the clusters
10 (S235 North-West) and 11 (S235 A-B-C).

5. We also note that the distribution of YSOs in clusters
10 (S235 North-West), 11 (S235 A-B-C), and 14
(S235 East1+East2) on the plots in Figures 9, 10, and
11 does not deviate from the distribution of other stars.

6. There is also no dependence of the distribution of
velocity components in clusters on the mass of stars (for
more details on determining the mass of stars, see
Section 6.1).

6. Clusters’ Mass Determination

Since we know the probabilities of membership of stars in
clusters 10 (S235 North-West), 11 (S235 A-B-C), 12
(S235 Central), and 14 (S235 East1+East2), we can attempt
to estimate their masses. In order to achieve this, we use two
methods: the first is the comparison with the evolutionary
tracks of stars, and the second is a dynamic mass estimate.

6.1. Comparison with Evolutionary Tracks

We use evolutionary tracks of the Padova suite of models
(A. Bressan et al. 2012) to determine the mass of clusters from

the color–magnitude diagrams. We use evolutionary tracks with
masses from 0.1 to 8 Me with steps of 0.1 Me for masses less
than 1.0 Me and steps of 0.5 for masses greater than
1.0 Me. We count the number of stars between two adjacent
tracks and multiply this number by the average mass of the stars
for which these tracks are built. For stars located to the right of
the track for the lowest-mass star, we assume the masses of all
stars are equal to 0.1 Me. Calculations are carried out for tracks
built in the “H–K versus K” color–magnitude diagram.
The mass estimate obtained in this way may be under-

estimated. This can happen for several reasons:

1. Due to the high absorption in the region and the limitation
of the catalog depth, most low-mass stars may not be
visible.

2. Some of the stars included in the cluster might not have a
magnitude in all passbands, and therefore they remain un-
accounted for during selection by the UPMASK program.

3. For some stars, the extinction has not been determined,
since their parameter Q goes beyond the boundaries in
which the unreddened sequence is determined.

4. We may erroneously consider a massive star to be low-
mass one due to an underestimation of the absorption value.

The outcome of the computation of the photometric mass
Mph is summarized in Table 4.

Figure 10. The same as Figure 9 for cluster 11 (S235 A-B-C).
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Since this method allows us to determine in what mass range
an individual star is located, we can study the distribution of
stars of different masses within the cluster. Figure 12 shows
that the massive stars of cluster 11 (S235 A-B-C) are located
mainly in the central part of the cluster. Clusters 12
(S235 Central) and 14 (S235 East1+East2) have a small
number of massive stars, and they seem to be uniformly
distributed. By contrast, in cluster 10 (S235 North-West)
massive stars are located mainly at the periphery.

It is also possible to plot a cluster mass function (Figure 13).
To do this, we count cluster stars in mass intervals of width
0.1Me (for M<= 1.0Me) or 0.5Me (for M> 1.0Me) and
plot lg(M) versus ( ( ( )))lg dN d lg M . Here, lg(M) is the decimal
logarithm of the mass of the center of the interval, dN is the
number of stars in the interval, and d(lg(M)) is the width of the

interval in which the stars were counted. Figure 13 shows that
in the region of low masses (to the left of lg(M)=−0.2) there
is a strong decrease in the number of stars. This reflects
incompleteness in the catalog. The slope of the mass function
to the right of lg(M)=−0.2 for clusters 10 (S235 North-West),
11 (S235 A-B-C), and 14 (S235 East1+East2) is close to the
Kroupa parametric mass function (P. Kroupa 2001). In cluster
12 (S235 Central), due to the small number of stars, the mass
function is characterized by a large change in the number of
stars in neighboring mass intervals.
To estimate the total cluster mass, we use the assumption

that the masses of stars in clusters are distributed according to
the initial mass function (IMF). We also assume that we see all
bright stars with masses greater than 0.6 Me. Then, using the
IMF, we can calculate the number of low-mass stars that we

Figure 11. The same as Figure 9 for cluster 14 (S235 East1+East2).

Table 4
Mass of the Clusters in Me and the Velocity Dispersion of Cluster Stars

No. Mph MKr NKr Md σ2

(km s−1)2

10 113 ± 17 209 ± 36 485 ± 84 186,000 ± 10,000 213.3 ± 1.2
11 530 ± 79 873 ± 99 1664 ± 157 172,000 ± 5000 154.9 ± 0.4
12 56 ± 10 91 ± 15 189 ± 44 59,000 ± 5000 97.3 ± 0.6
14 95 ± 15 156 ± 30 320 ± 64 31,000 ± 2000 53.3 ± 0.3
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cannot see. Next, we simply add the mass of these stars to the
mass obtained from massive stars. We obtain the IMF from the
power-law mass spectrum proposed by Kroupa (P. Kroupa
2001), which reads:

( ) ( )x µ a-m m , 1

where the exponent varies depending on the mass of the star:




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The IMF is also given by Equation (1) with exponent α–1. To
count stars, it is necessary to find a normalization coefficient,
individual for each cluster. To determine the coefficient, we
take stars with masses greater than 0.6 Me. Using the curve_fit
method of the SciPy library of Python, we combine a segment
of the Kroupa mass function with an exponent α= 2.3 with the
selected segment of the cluster mass function. Next, using the
normalized function, we determine the number of stars with
masses less than 0.6 Me. We convert the ( ( ( )))lg dN d lg M
values of the Kroupa mass function at points with masses 0.15,
0.25, 0.35, 0.45, and 0.55 Me into the number of stars in
0.1 Me intervals. To get the total number of stars in a cluster,
we add this number of stars to the number of stars with masses

greater than 0.6 Me. We calculate the total mass of stars with
masses less than 0.6 Me as the sum of the products of the
number of stars in the mass interval and the average mass of the
interval. To estimate the total mass of the cluster, we add the
mass found from visible stars with M� 0.6Me with the mass
determined from the Kroupa function for stars with
M< 0.6Me. The resulting cluster masses (MKr) and number
of stars (NKr) are given in Table 4. The masses and number of
stars calculated from the Kroupa IMF are almost 2 and 3 times,
respectively, larger than the values obtained from visible stars.
Previously, masses of these clusters were calculated by

D. Camargo et al. (2011) and E. Chen et al. (2024). The
estimates obtained by E. Chen et al. (2024) are compatible with
masses of clusters 12 (S235 Central) and 14 (S235 East1
+East2) that we obtained from visible stars, while they are
approximately 2 and 10 times lower for clusters 11 (S235 A-B-
C) and 10 (S235 North-West), respectively. D. Camargo et al.
(2011) determined the masses only for two clusters considered
in our work. The mass estimate for cluster 12 (S235 Central) is
in agreement with ours, whereas for cluster 14 (S235 East1
+East2) it is approximately half as much. The discrepancies are
most likely due to differences in methods for determining
whether stars belong to clusters, the size of the regions of these
clusters, and the use of different catalogs (UKIDSS gets fainter
than 2MASS).

Figure 12. Map of the positions of stars in clusters 10 (S235 North-West), 11 (S235 A-B-C), 12 (S235 Central), and 14 (S235 East1+East2). The color indicates the
mass obtained by comparing the positions of stars on the CMD with evolutionary tracks.
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6.2. Dynamic Mass of Clusters

A dynamic estimate of the cluster mass can be obtained
based on the assumption of virial equilibrium and cluster
homogeneity using the following equation (A. F. Seleznev
et al. 2017):

( )s
=M

R

G

5

3
. 3

2

Here, M is the cluster mass, σ2 is the cluster velocity
dispersion, R is the cluster radius, and G is the gravitational
constant. By velocity dispersion σ2, we mean the mean square
of the star’s velocity relative to the centroid of the velocities of
the cluster stars (A. F. Seleznev et al. 2017).

The velocity dispersion can be found from the dispersion of
proper motions of the stars (σpmR.A. and σpmDecl.), assuming
that the distribution of radial velocities is the same as the
distribution of velocities in one tangential direction:

( ) ( )s s s= +1.5 . 42
pmRA
2

pmDec
2

However, the estimate of dispersion obtained by
Equation (4) is an overestimate, since it contains errors in
measured proper motions. To determine the true velocity
dispersion from the observed one, we use the method proposed
by M. V. Kulesh et al. (2024).

The method stands on the assumption that the observed
distribution of a random variable (σobs) is a convolution of the
true distribution (str) and the distribution of the error of this
variable (σerr). If we assume that all distributions are Gaussian
and described by the function

( ) ( )
( )

s p
=

-
s

-

f x e
1

2
5

0

x m 2

2 0
2

(where σ0 is the standard deviation and m is the mathematical
expectation), then

( )s s s s= + + . 6obs
2

tr
2

err
2

KDE
2

Here, sKDE
2 takes into account the contribution of the

distribution broadening due to the use of the KDE method
when constructing this distribution. Thus, the true dispersion of
the proper motion in declination or R.A. is calculated using the
equation:

( )s s s s= - - . 7tr
2

obs
2

err
2

KDE
2

Following M. V. Kulesh et al. (2024), we assume a normal
distribution of the velocity errors, and, to find the dispersion of

Figure 13. Mass functions of clusters 10 (S235 North-West), 11 (S235 A-B-C), 12 (S235 Central), and 14 (S235 East1+East2) (in black). The Kroupa initial mass
function is shown in green.
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their distribution, we use the distribution of their squares:

( ) ( )
( )

s p
=

-
s
-

g x
x

e
1

2 2
. 8

0

x m 2

2 0
2

Here, the notation is similar to that in Equation (5). We cannot
use a Gaussian to find the dispersion of velocity errors since we
only know their absolute values.

To obtain the distribution of velocities and their errors, we
use the KDE method with the kernel given by Equation (5).
The values of the kernel half-widths (σKDE) for constructing
the distribution of velocities and their errors were selected
manually, so that the peak of the distribution was clearly
distinguished. To construct the distribution of errors in proper
motions in declination, smaller values were used than for
errors in R.A. It is worth remembering that the distribution of
squared errors is defined in the interval (0, ∞). We
approximate the resulting distributions with functions given
by Equations (5) and (8) multiplied by the number of stars
used to construct the distribution. To find the parameters of
the approximating functions, we use the curve_fit() function
of the Python SciPy library. The standard deviations
obtained by the program are the observed dispersions of the
quantities under consideration. An example of the distribution
of proper motions by declination and R.A., errors of these
values, and functions approximating them is shown in

Figure 14 for cluster 14 (S235 East1+East2). Next, we
calculate the dispersion using Equations (7) and (4). To find
the dynamic masses of clusters, we substitute the resulting
dispersions and radii of the clusters in which the star
memberships are determined into Equation (3). Estimates of
the three-dimensional dispersion (σ2) obtained from proper
motions using Equation (4) and cluster dynamical masses
(Md) are given in the Table 4.
The mass estimates obtained using Equation (3) are several

orders of magnitude larger than the one determined from
evolutionary tracks. This may be due to the unaccounted-for
mutual interaction between stars and gas, and the fact that
clusters are most probably not stationary (out of virial
equilibrium). As shown in V. M. Danilov (2024), the use of
the virial theorem for an isolated system to determine the mass
of a real cluster can lead to an overestimation of the cluster
mass by more than 2 times. It is also worth underlining that the
stars in the region under consideration have high extinction and
large magnitudes in the optical band, which complicates the
determination of their proper motions. For this reason,
estimates of the velocity dispersion of cluster stars obtained
from the proper motions of the Gaia catalog may be
overestimated. The errors of the proper motions given in the
catalog may also be underestimated. In turn, one can expect a
bias toward larger dynamical masses.

Figure 14. Distribution of proper motions of stars and their errors in cluster 14 (S235 East1+East2) (black). Functions that approximate distributions are shown in red.
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7. Mass of Gas

To estimate the mass of molecular gas in the region, we use
observational data on emissions in the 12CO(1–0) and
13CO(1–0) lines. They were extracted from the Extended
Outer Galaxy Survey (E-OGS; C. Brunt 2004), which was
carried out on the 13.7 m telescope of the Five College Radio
Astronomy Observatory (FCRAO) with the Second Quabbin
Observatory Imaging Array (SEQUOIA), a 32 pixel focal
receiver. The telescope beam size is 45″ for 12CO(1–0) and 46″
for 13CO(1–0). The observed frequency was set to
115.27120 GHz for the 12CO(1–0) line and 110.20135 GHz
for the 13CO(1–0) line. The spatial step was 22 5, which is 2
times smaller than the half-power beamwidth (HPBW).
Spectral resolution was 0.127 km s−1 for the 12CO(1–0) line
and 0.133 km s−1 for the 13CO(1–0) line. The noise level sTmb

for 12CO(1–0) was 1.1 K and for 13CO(1–0) was 0.63 K on the
main-beam temperature scale. Observations of the G174+2.5
region were carried out in 2000 January. The line emission map
of both CO isotopes covers an area of size ¢ ´ ¢150 150 with the
center R.A.= 85°.0 and decl.= 36°.12. To process data in CO
lines and calculate physical parameters, we used the MIRIAD
package (R. J. Sault et al. 1995).

Emission maps of 12CO(1–0) and 13CO(1–0) were converted
into column density maps in a way similar to the method
described in D. A. Ladeyschikov et al. (2021). We used the gas
column density equation using the LTE approach described by
J. G. Mangum & Y. L. Shirley (2015):

( )
( )

( )

( )

ò
ò

ò

t

t p m
t n=

- -n
N

h

S

Q

g f
d

1 exp

3

8

exp

exp 1

1
,

9

J

E

kT

h

k T

3 2
rot

u

ex

ex

where S= J2/([2J+ 1]), gJ= 2J+ 1 is the statistical weight,
Qrot; (kTex/h/Brot)+ 1/3 is the partition function for linear
molecules, and f= 1 is the filling factor we adopted, with Tex
being the excitation temperature of the rotational line. The
constants Brot, Eu, and μ were taken from the Cologne Database
for Molecular Spectroscopy (H. S. P. Müller et al. 2001). For
12CO(1–0) they are Brot= 57.6 GHz, Eu= 5.53 K, and
μ= 0.11 · 10−18 esu; for 13CO(1-0), Brot= 55.1 GHz, Eu=
5.29 K, and μ= 0.11 · 10−18 esu.

The line-integrated optical depths of the CO lines were
estimated from the ratio of the main-beam brightness tempera-
tures integrated over the line profiles of the optically thick
12CO(1–0) and optically thin 13CO(1–0) lines using the equation:
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where the isotopic ratio R= 80.
Tex was determined using the optically thick 12CO(1–0) line

according to the equation:
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where TB
12 is the peak brightness temperature of 12CO,

Tbg= 2.7 K, and T0= hν/k.
To convert N(CO) to N(H2), we use the abundance ratio

[CO]/[H2]= 8 · 10−5 (R. Simon et al. 2001). This value is

supported by the abundance of atomic carbon [C]/[H]
(J. A. Cardelli et al. 1993; U. J. Sofia et al. 2004;
B. D. Savage & K. R. Sembach 1996) by observations of
interstellar absorption lines.
Finally, the mass of molecular gas in every pixel of the map

is calculated from the column density of molecular hydrogen
using the equation

( ) ( )m=M N m AH , 122 H H2

where m = 2.8H2
is the mean weight of molecular interstellar

gas, mH is the mass of a hydrogen atom, and A is the area of the
pixel at the plane of the sky at a distance equal to the
photometric distance to the cluster (Table 2) in cm2.
We estimate the gas mass in each cluster region using the

integration of the cluster area in the mass-in-pixel maps. Errors
of masses, column densities, and temperatures were estimated
using the UNCERTAINTIES package of python and the root-
mean-square (rms) maps of 12CO(1–0) and 13CO(1–0). The
resulting gas masses (Mg) are given in the Table 5.
The above method allows us to estimate the mass of gas

located along the line of sight in the region under consideration.
This means that we account for the mass of gas not only inside,
but also behind and in front of the cluster. Assuming that this
gas was swept out of the cluster during evolution, but was in
the region of the cluster at the time of its formation, we estimate
the efficiency of star formation using the following equation:

( )=
+
M

M M
SFE , 13

g

cl

cl

where Mg is the mass of gas in the region with the cluster, and
Mcl is the mass of the cluster, which we take as the estimate
calculated using the Kroupa IMF (MKr in Table 4). See Table 5
for the obtained estimates.
Typically, estimates of star formation efficiency (SFE) are in

the range 0.03–0.42 (see, for example, E. A. Lada 1992;
C. J. Lada & E. A. Lada 2003; S. T. Megeath et al. 2016). Our
values range from 0.04 to 0.17, which are quite close to the
observed averages.
Differences in estimated SFE between regions may be due to

both variations in the mode of star formation and differences in
age. The older the cluster, the more parent gas has managed to
leave it. Accordingly, in more evolved clusters, we expect to
obtain a greater estimate of the efficiency of star formation due
to the smaller amount of remaining gas than in younger
clusters. During induced star formation, it is expected that gas
from the cluster region will be removed not only by the
radiation of the stars, but also by the pressure of the expanding
H II shell. Thus, the estimate of the efficiency of star formation,
due to the smaller amount of gas remaining in the cluster, may
be higher than during spontaneous star formation. However, it
is worth remembering that due to possible features of the

Table 5
Mass of the Gas in Me and Energy of Clusters

No. Mg SFE E Eallcloud

(Me · s−2 · km2) (Me · s−2 · km2)

10 1260 ± 20 0.14 ± 0.02 21,100 ± 3800 –89,400 ± 6000
11 4360 ± 30 0.17 ± 0.02 47,300 ± 7800 –54,600 ± 9100
12 2180 ± 20 0.04 ± 0.01 –1900 ± 1100 –105,600 ± 4600
14 2150 ± 20 0.07 ± 0.01 –3000 ± 1200 –106,800 ± 4600
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history of the evolution of the gas component of a particular
region that are unknown to us, the assumptions voiced above
may not be fulfilled.

The highest SFE values are associated with clusters 10
(S235 North-West) and 11 (S235 A-B-C). Cluster 10
(S235 North-West) is located near the boundary of the H II
region, so we can assume that star formation in it is most likely
induced. Cluster 11 (S235 A-B-C) is located at a considerable
distance from the expanding envelope, and therefore its
formation is probably unrelated to the expansion of S235. At
the same time, in cluster 10 (S235 North-West) a lower
absorption value is observed compared to 11 (S235 A-B-C).
This may indicate that some gas has been removed from region
10 (S235 North-West) and, as a result, leads to an over-
estimation of the SFE in the cluster. The lowest efficiencies are
observed in clusters 12 (S235 Central) and 14 (S235 East1
+East2) with induced star formation, which was triggered by
the expansion of the H II region S235 (M. S. Kirsanova et al.
2008, 2014). As can be seen, the smallest SFE in the region
under consideration is most likely associated with regions of
induced star formation. However, the differences in SFE
estimates between clusters are not so significant as to indicate
in this case that there is a strict relationship between SFE and
the process of the cluster formation. Moreover, in the clusters
under consideration, the efficiency does not appear to depend
on their age. In the studied clusters, the ages are estimated to be
3 (10 (S235 North-West), 11 (S235 A-B-C), 14 (S235 East1
+East2)) and 5 (12 (S235 Central)) million years (D. Camargo
et al. 2011). In younger clusters, there is a scattering of SFE
estimates, and in more evolved clusters, contrary to expecta-
tions, SFE is lower.

The obtained SFE estimates are approximate, since this value
is influenced by many factors. So, we can only see the gas that
is in the cluster now. However, gas is swept out of the cluster
during the process of evolution. In addition, a significant
portion of the gas is ionized and not visible in molecular lines.
All this leads to an underestimation of the gas mass and an
increase of SFE. Estimates of the cluster’s mass may also
contain inaccuracies. Some of the low-luminosity stars are not
visible due to photometric limitations and significant absorp-
tion in the region. Although we try to take into account the
mass and number of low-mass stars using the Kroupa mass
function, these estimates may still not correspond to the actual
mass of the cluster.

8. Dynamical State of the Clusters

Recently, V. M. Danilov (2024) considered the problem of
the dynamics of an embedded cluster inside the parental gas-
dust cloud within the framework of the gross dynamic
approach. We use his results to evaluate the total energy of
the clusters with the aim to estimate their possible future. If we
determine the sign of the total energy, we can infer whether the
system is gravitationally bound or not.

The derivation of the total energy equations is based on the
method of dynamically isolated k groups (clusters) of stars,
developed in V. M. Danilov (1984). It allows us to describe the
dynamics of spherically symmetric clusters of stars that are
nonstationary in a regular field. In such systems, changes in the
total energies of groups of stars are caused by the interactions
of these groups with each other and their interactions with the
variable force field of the system. This method is also
applicable to describe cluster-gas systems.

The total energy is calculated on the assumption that the
system consists of two components: stars (1) and gas (2). It is
assumed that the radius of the stellar component is less than or
equal to the radius of the gas component. In the method used,
both subsystems are considered as homogeneous gravitating
spheres with coinciding centers of mass. For each of these
subsystems we need to know the mass, radius, and velocity
dispersion. To estimate the kinetic energy of the stellar and
gaseous subsystems, we used the equation

( )s
=T

M

2
. 14i

i i
2

Here, Mi is the mass of the cluster or gas and si
2 is the velocity

dispersion of the cluster stars or the dispersion of nonthermal
gas motion. The potential energy of the system consists of the
potential energy of each of the subsystems (first term in every
equation) and the energy of their interaction (second term):
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where Mi are masses, Ri are radii of subsystems, and G is the
gravitational constant. Thus, the total energy of the system
results in:

( )W= + - = + W + + W -WE E E T T , 171 2 12 1 1 2 2 12

where W12 is the potential energy of interaction of the stellar
subsystem with the gas subsystem
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It is worth highlighting that the calculations in
V. M. Danilov (2024) were carried out for the case when all
subsystems are spherically symmetric and their centers
coincide. The clusters we are considering, however, have a
more elongated shape or, like cluster 11 (S235 A-B-C), a
hierarchical structure. Also, when estimating the total energy
of the system taking into account the gas mass of the entire
cloud, it is obvious that the geometric centers of the cloud
and clusters will not coincide. For such complex shapes,
energy calculations are not possible, so to obtain approximate
energy estimates we use equations for the spherically
symmetric case.
To calculate the total energy, we take the following values.

The radius of both the stellar and gas components is taken as
the radius in which the probabilities of membership of stars in
clusters were determined (see Section 4.2). The velocity
dispersion of the cluster stars is defined in Section 6.2. For
the total mass of the cluster we use the mass obtained using the
Kroupa’s mass function (see Section 6.1), while the mass of the
gas in each region is defined in Section 8. We considered the
dispersion of gas velocities in the regions of clusters to be equal
to the average dispersion of the nonthermal motion of the
clumps, and the values are taken from T. Shimoikura et al.
(2018). Note that by dispersion we mean the value of σ2, and
T. Shimoikura et al. (2018) means the value of σ, so these
values were squared. Plugging these quantities into
Equations (14), (15), and (16), we recover the potential and
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kinetic energies of the stellar and gaseous subsystems. Hence,
substituting them into equation Equation (17), we obtain an
estimate of the total energy of the systems. The calculated
values E are shown in Table 5.

The total energy in clusters 12 (S235 Central) and 14
(S235 East1+East2) is negative, which may indicate that the
cloud-cluster system is gravitationally bound. However, the
energies of star clusters (without the gas) in all cases are larger
than zero. One can argue that they are gravitationally unbound
and, in the process of further evolution and removal of the gas
from the region, will eventually disperse or lose a significant
number of stars. That said, as discussed above (see
Section 6.2), the velocity dispersion of cluster stars is most
probably overestimated. Accordingly, the estimates of the
kinetic energy of clusters and the total energies would also be
overestimated. It is also worth noting that the velocity
dispersions of cluster stars greatly exceed the velocity
dispersions of gas. Such an excess is observed both for the
gas dispersion values obtained by T. Shimoikura et al. (2018)
and for those estimated from the gas velocities obtained in the
work of M. S. Kirsanova et al. (2014).

Additionally, the energy of the systems was calculated under
the assumption that the entire cloud exerts a gravitational
influence on the cluster. The mass of the cloud in this case
was determined as in Section 8 in a region with center
R.A.= 85°.255 and decl.= 35°.76 and radius 18’, and at an
average distance of 1.86 kpc. The resulting mass of the gas:
Mg= 21560± 70 Me. The calculated total energy values for
this case (Eallcloud) also are given in Table 5. The total energy of
cluster-gas systems is negative in all cases—most likely the
systems are gravitationally bound.

9. Conclusions and Discussion

In this work, we have studied the wide vicinity of the star
formation region located in GMC G174+2.5 using the
UKIDSS catalog to find previously unknown clusters and
determine the parameters of all clusters.

1. We found 14 clusters on the surface density map, 6 of
which are previously unknown embedded clusters. All
detected clusters are located in the molecular gas
filaments. In the surface density map of the S235 A-B-
C cluster region, we also found a number of local
density maxima. We consider these density maxima to
be subclusters of S235 A-B-C rather than separate
clusters.

2. For all clusters, we estimated the radii and field density
levels in the cluster areas using the KDE method. Also,
we have counted the cluster star numbers and for four
clusters estimated the membership probabilities of stars
using the UPMASK package.

3. The individual reddenings of stars in the region were
determined using the NICEST method and Q-method at
the base of the UKIDSS photometry. Using NICEST
data, we built the map of the absorption distribution in the
region. The areas of increased absorption coincide with
the filaments of molecular gas identified by the GetFila-
ments algorithm.

4. The estimates of distance to clusters 10 (S235 North-
West), 11 (S235 A-B-C), 12 (S235 Central), and 14
(S235 East1+East2) are in the range from 1.7 to 2.2 kpc.

It indicates that these clusters belong to the studied star
formation region.

5. We use the proper-motion data from Gaia DR3 to
estimate the average velocities of stars in clusters. Also,
we study the internal kinematics of stars in some clusters:
clusters 10 (S235 North-West) and 11 (S235 A-B-C)
appear to move as single units (with respect to their
centers) without noticeable internal motions of stars,
while cluster 14 (S235 East1+East2) may have irregula-
rities of stellar movement.

6. The masses of four clusters were determined in two ways.
The dynamic method gives greatly overestimated values,
which is due to the lack of consideration of the gas
component and large errors in determining proper
motions. On the contrary, masses determined photome-
trically may be underestimated. This is possible because
stars with large magnitudes are not visible due to
limitations in the completeness of the catalog and high
extinction in the region. The total mass of the clusters was
obtained using Kroupa’s initial mass function. Addition-
ally, based on the emission data of the lines of 12CO(1–0)
and 13CO(1–0), the gas masses in the areas of the clusters
were determined.

7. We estimated SFE based on the obtained masses of gas
and cluster stars. SFE ranges from 0.04 to 0.17 Me yr−1,
close to the values of SFE in the Milky Way known from
the literature. The lowest estimates are observed in
regions 12 (S235 Central) and 14 (S235 East1+East2)
with induced star formation. The SFE estimate in the 10
(S235 North-West) cluster (also with induced star forma-
tion) may be overestimated due to an underestimate of the
gas mass. Thus, in the region under consideration,
induced star formation is characterized by lower SFE
values, while spontaneous star formation (cluster 11
(S235 A-B-C)) is characterized by slightly larger values.
However, the differences in the SFE estimates between
clusters are not significant enough to confidently assert
the connection between SFE and the cluster formation
process.

8. The total energies of four clusters were estimated
considering both stellar and gas components. The
gravitational boundness of the systems under considera-
tion depends on the region for which the gas mass is
estimated. Thus, when we take into account the mass of
the entire cloud, all four cluster-gas systems appear to be
gravitationally bound. When we take into account the gas
only in the cluster regions, only clusters 12
(S235 Central) and 14 (S235 East1+East2) are probably
gravitationally bound.

It should be noted that both star counts and the analysis of
the dynamical state of the clusters in our paper are based on an
assumption of a spherical symmetry. However, the real
structure and formation path are expected to differ from one
cluster to another. Star formation in the clusters S235 North-
West (No. 10 in Table 1), S235 Central (No. 12 in Table 1), and
S235 East1, East2 (No. 14 in Table 1) was most probably
induced by an expanding H II region Sh2-235 (M. S. Kirsanova
et al. 2008, 2014). Consequently, these clusters have a flattened
form. Star formation in the cluster S235 A-B-C (No. 11 in
Table 1) was, by contrast, spontaneous. Nevertheless, this
cluster has a nonuniform structure and consists of some
subclusters (Figure 4(d)).
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In addition, the formation of some clusters in the envelope
complicates the determination of the gas mass. A remarkable
part of the gas there is ionized and is not visible in the
molecular lines. Thus, our investigation can be considered as
an attempt to use simple models for a complex star formation
region.

It is interesting that star formation region G174+2.5 seems
to be a part of a larger structure containing H II regions,
supernova remnants, and OB stars. This complex has a
dumbbell structure with the approximate center at (173, 0)
and the larger axis perpendicular to the Galactic plane (see
Figure 5 in J.-H. Kang et al. 2012). This possibly indicates an
even more tangled star formation history. However, to get a
more detailed picture of the cluster kinematics and dynamics in
this fascinating region, we need high-resolution IR photometry
and astrometry.
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Appendix
Determination of the Interstellar Absorption Using the

Q-method

To estimate the individual absorption for stars, we used the
Q-method first proposed by H. L. Johnson & W. W. Morgan
(1953). The essence of the method consists in comparing the
position of the star relative to the unreddened sequence on a Q
parameter versus color index diagram. The parameter Q is
extinction-free (H. L. Johnson & W. W. Morgan 1953), and is
constructed from a combination of the color indices and a ratio
of the color excesses. This ratio can be obtained from the
extinction law. For UKIDSS photometry we use the following
expression for the Q parameter:

( ) ( ) ( )= - - -Q J H k H K , A1R

where (J−H) and (H−K ) are color indices,
kR= E(J−H)/E(H−K )= 1.423 (J. A. Cardelli et al. 1989;
J. E. O’Donnell 1994), and E(J−H) and E(H− K ) are color
excesses for the corresponding color indices.
We plot the zero-reddening sequence using the stars of the

Pleiades and Praesepe star clusters (from N. Lodieu et al.
2019). Then, we approximate this sequence by the least
squares on the plane (the parameter Q, the color index H–K )
by two segments of a parabola (Figure 15). Since the
magnitudes of the stars in the Pleiades and Praesepe clusters
are given in the 2MASS photometric system, they were
transformed into the UKIDSS photometric standard using
Equations (6)–(8) of S. T. Hodgkin et al. (2009). For fitting,
we use the curve_fit function of the Python SciPy library.
We obtained the following equations for the left and right
segments, respectively:

( ) · · ( )- = + +H K Q Q0.1573 0.2338 0.0157, A22

( ) · · ( )- = - +H K Q Q0.0337 0.4941 0.3561. A32

Figure 15. The zero-reddening sequence. The Pleiades and Praesepe stars are shown by the gray dots, and the unreddened sequence described by the Equation (A2)
and Equation (A3) is shown by solid black lines. Blue lines are the boundaries of the unreddened sequence. The red dotted lines show the coordinates of the
intersection point of the segments (see text for explanations).
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We calculate the color excess of a star as follows. For a star, the
parameterQ is calculated using the Equation (A1). ThisQ value is
then substituted into the equation of left (Equation (A2)) or right
(Equation (A3)) segment to obtain the dereddened color index.
The segment selection method is described below. Color excess is
calculated as the difference between the original color index and
the calculated absolute color index. We convert the color excess
obtained by the Q-method to the absorption in the selected band
using the coefficients obtained by J. A. Cardelli et al. (1989) and
J. E. O’Donnell (1994) from the extinction curve: AJ/AV=
0.28170, AH/AV= 0.18251, and AK/AV= 0.11281, so AK≈
1.6185E(H−K ) and AK≈ 1.1373E(J−H). These coefficients
are extracted from the isochrone tables (A. Bressan et al. 2012). A
limitation of the use of the Q-method is the range of Q values for
which the zero-reddening sequence is determined; in this work, it
is Qä [–0.10; 0.44].

In the plots of parameter Q versus color index for clusters of
the G174+2.5 region, we see both stars that lie close to the
zero-reddening sequence and reddened stars located to the right
of the absolute sequences. We consider as unextincted those
stars whose distance to the right segment (Equation (A3)) of the
zero-reddening sequence along the H–K color index axis is less
than 0.022. This value is the half-width of the right zero-
reddening sequence.

We determine the width of each segment of the zero-
reddening sequence individually by shifting the corresponding
segment rightward and leftward along the color index axis. The
shift to the left or to the right was carried out until 10% of the
Pleiades and Praesepe stars belonging to this segment remained
to the left or right of it, respectively. Thus, between the
boundaries of one segment there are 80% of the stars belonging
to this segment. The distance between the shifted sequences of
the segment was taken as the width of this segment. The width

of the left segment along the color index axis turns out to be
0.098, while that of the right segment is 0.044. The boundaries
of the unreddened sequence obtained in this way are indicated
in Figure 15 by blue lines.
When using the Q-method, the main problem is choosing

which segment of zero-reddening sequence a star belongs to,
without knowing the spectral type of that star. We tried to get
around this issue in the following way. In the Pleiades and
Praesepe luminosity functions constructed using absolute
magnitudes, the stars of the left and right segment occupy
different magnitude ranges. The stars on the left segment are
brighter, while the stars on the right segment are dimmer. These
ranges overlap only in a small range of values (see Figure 16).
A similar separation is observed for all adopted bands.
We define a magnitude limit at which the number of stars in

the left segment still significantly exceeds the number of stars in
the right segment. The limit value is the same in both clusters
when using the absolute magnitudes. When constructing the
luminosity function from apparent magnitudes, the initial limit
value is shifted by the distance modulus of the corresponding
cluster. In this case, the sizes of the ranges of values in which the
luminosity functions of the stars of the left and right segments
are located, and the areas of their intersection, do not change.
Their relative position does not change, either. Therefore, we
assume that the same separation of stars in the left and right
segments exists for the clusters under study. Then, by combining
the luminosity function of the Pleiades and Praesepe with the
luminosity function of the cluster, it is possible to approximately
determine the limit value of the magnitude of our clusters.
For all stars in the cluster whose magnitude is less than this

limiting value, the color excess is determined by the left
segment (Equation (A2)) of the absolute sequence, and for the
rest by the right (Equation (A3)).

Figure 16. Combined luminosity functions of cluster 11 (S235 A-B-C) and the Pleiades. The luminosity function of the Pleiades stars belonging to the left segment is
shown in orange, and the luminosity function of the right segment is shown in blue. The luminosity function of cluster 11 (S235 A-B-C) is shown in red. The black
vertical line is the limiting value.
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The combination is carried out as follows. First, we add the
average extinction for the cluster under study, determined by
the NICEST method, to the absolute magnitudes of the Pleiades
and Praesepe stars. Then, we shift these luminosity functions to
the right until their left edge coincides with the left edge of the
cluster’s luminosity function. From these shifted luminosity
functions of the Pleiades and Praesepe, the limiting value for
the cluster is determined. An example of combining the
luminosity function of cluster 11 (S235 A-B-C) and the
Pleiades luminosity function is shown in Figure 16. We also
note that, when using limiting values defined for the same
cluster but for different bands, the number of stars assigned to
the left segment might vary.

When using this method of selecting the segment from which
the absorption is determined, a discontinuity may occur in the
photometric sequences on the CMD of clusters. This is due to
the fact that unreddened stars do not lie strictly on the absolute
sequence, but occupy a region around it (limited by blue lines in
Figure 15). If there are no or few stars in the cluster with a Q
parameter near 0.44, then, after correction for extinction, there
will also be few stars on the CMD in the region with H–K color
indices of about 0.15. These values are the coordinates of the
intersection point of the left and right segments of the absolute
sequence (marked by the red dotted line in Figure 15).
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