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Abstract. In this paper, we carried out photometric and kinematic study of
two poorly studied open clusters NGC 7031 and NGC 7086 utilizing the optical
wavelength of Gaia DR3. We identified 613 and 226 candidates for respective
clusters as highly probable astrometric members. Fitting King’s profile within
RDPs, we estimate both core and limiting radii. For each cluster, we construct
CMDs and fit them with suitable isochrones with metallicities (Z = 0.01189
+ 0.00023 & 0.01121 + 0.00025) and different ages (8.468 £ 0.007 & 8.617
+ 0.021; log yr''), therefore, the heliocentric distances are 701 & 26 & 942
+ 31 pc for NGC 7031 and NGC 7086, respectively. Moreover, the collective
mass (Mc) in solar mass units may be deduced with MLR of 1072 £+ 33 &
598 + 25 and LF concluded that the average absolute (M) magnitudes are
7.51 + 0.36 & 6.54 + 0.39 for respective clusters. The overall mass function
reflects the slopes (a) for Salpeter’s value (2.35) within the uncertainty, i.e.,
anagc 7031 = 2.73 £ 0.25 & angc 7086 = 2.67 £+ 0.32.

The present study and the dynamical analysis for different evolving times
demonstrate that the clusters are dynamically relaxed, where the dynamical
evolution parameter 7 > 1. According to a kinematical analysis, we have
obtained that the coherent convergent point (Ao, D,) is (-83°.99 £+ 0°.11, -
24°.02 + 0°.20; NGC 7031) & (-80°.69 =+ 0°.11, -17°.51 + 0°.24; NGC 7086).
Finally, we have computed their linear separation distance to be about 55.08
+ 7.42 pc, which reflects that the clusters are not binary and/or pair clusters.

Key words: open clusters: NGC 7031 and 7086 — astrometric — color magni-
tude diagrams CMDs — photometric — kinematics
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1. Introduction

Open star clusters (OCs) are uniform stellar systems with abundant gas and
dust that originated along the Galactic plane under identical physical scenar-
ios. They are found in varied ranges of stellar mass but contain tens to a few
thousand stars spread across comparable distances, ages, and initial chemical
compositions. As a result, each of these systems makes an excellent laboratory
for researching the creation and evolution of stars, and it may be utilized to test
and constrain theories regarding stellar evolution (Joshi et al., 2016). In addi-
tion to offering details on the physics, motion, and development of stars, OCs
also show the Milky Way’s disk structure (Kharchenko et al., 2013). Because
of their ability to accurately determine the amount of interstellar reddening to-
wards them, their chemical abundances, distances, and ages, OCs are a great
tool for studying the structural, dynamic, and chemical evolution of the galaxy.
This is demonstrated by the ability to create two-color diagrams (TCDs) and
color-magnitude diagrams (CMDs) from UBV photometric data, and then com-
pare these diagrams with stellar models and isochrones.

According to earlier studies, the percentage of OCs in gravitationally inter-
acting pairs' is not insignificant in this situation (Angelo et al., 2022). At a
distance of 50-60 kpc, the Magellanic Clouds (MCs) make it simple to iden-
tify binary clusters (Hatzidimitriou & Bhatia, 1990). It appears from studies of
the Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC) that
about 10% of clusters are binary and/or pair clusters (Pietrzynski & Udalski,
2000) far from each other appearing to be close due to a viewing angle (Con-
rad et al., 2017). Some research (Subramaniam et al., 1995) has found that the
Milky Way’s binary cluster percent age is less than this (~ 8 %; 18 probable
pairs) and stated that a cluster pair is termed a binary cluster if the separation
is < 20 pc.

Also, de La Fuente Marcos & de La Fuente Marcos (2009) used information
from the Dias et al. (2002) and WEBDA? (Netopil et al., 2012) catalogs for a
volume-limited sample of OCs that were situated at the solar circle. They used
the physical (as opposed to projected) separation between pairs of OCs as their
primary selection criterion, presuming that two objects are part of an interacting
system when their separation is less than three times the average tidal radius
(r¢) for clusters in the Milky Way disc ~10 pc (Binney & Tremaine, 2008). Based
on the results of their process, they concluded that, like what has been proposed
for the Magellanic Clouds (e.g., Bhatia & Hatzidimitriou (1988); Hatzidimitriou
& Bhatia (1990); Pietrzynski & Udalski (2000); Dieball et al. (2002)), at least
~ 10 % of all OCs seem to be involved in some kind of interaction with another
cluster.

IThe term ” pairs” is used simply to describe either unbound or gravitationally bound groups of
interacting OCs or even random alignments in the sky. The term ”binary cluster” is specifically
used to refer to clusters of two OCs that are gravitationally bonded.

?https://webda.physics.muni.cz/
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In the present work, we carried out the extensive astrometric, photometric,
and kinematic analysis of a poorly studied pair and/or binary clusters NGC 7031
(known as Collinder 430, FSR 294, MWSC 3466, NGC 7031, OCL 210, or Theia
2164) and NGC 7086 (known as Collinder 437, FSR 309, MWSC 3520, NGC
7086, OCL 214, or Theia 2737) open clusters (Hunt & Reffert, 2023), which are
located very near to the disc of the Milky Way (MW) according to Gaia Mission
Collaborations data release 3 Gaia Collaboration (2022). Table 1 presents the
the fundamental and astrophysical parameters of NGC 7031 and NGC 7086,
which are derived from the literature like Dias et al. (2002), Svolopoulos (1961),
Hoag et al. (1961), Lindoff (1968), Hassan & Barbon (1973), Kopchev & Petrov
(2008), Yontan et al. (2019), Hassan (1967), Rosvick & Robb (2006), and Hunt
& Reffert (2024).

In what follows, Section 2 describes the Gaia DR3 data we used. The struc-
tural analysis of the OCs is given in Section 3 followed by the discussion and
selection of the probable members to construct CMDs in Section 4 with various
photometric parameters. Luminosity, mass functions, and mass segregation are
described in Section 5. Section 6 deals with evolving times and escape velocity.
The ellipsoidal motion and the kinematical structure are presented in Section
7. We close finally with conclusions in Section 8.

2. Data sample

In this study, we have extracted our target with the aid of the most recent
Gaia mission collaborations data release 3 of Gaia Collaboration (2022) to get
the astrometric data. A new era in astronomy began with the launch of the
European Space Agency (ESA) mission Gaia as it contains the five-parameter
astrometry for approximately 1.8 billion sources along their position in the sky
(a, 0), parallaxes (7; mas) and the right ascension and declination components
of the proper motion (1%, ps; mas yr')? with limiting magnitude of G = 21
mag. With uncertainties in the respective proper motion, components are up
to 0.02 — 0.03 mas yr* (at G < 15 mag), 0.07 mas yr'! (at G ~ 17 mag), 0.50
mas yr'! (at G ~ 20 mag) and 1.40 mas yr'! (at G = 21). The uncertainties in
the parallax values are ~ 0.02 — 0.03 mas for sources with G < 15 mag, ~ 0.07
mas for sources with G = 17 mag, ~ 0.50 mas at G = 20 mag, and ~ 1.30 mas
at G = 21. The DR3 is complemented with data of the radial velocity (V) for
about 7 million stars from DR2 Gaia Collaboration et al. (2021). The source list
has a slight change to DR2 with some notable changes. The significant advance
of DR3 over DR2 is the large improvement in the accuracy of the astrometric
parameters; a factor of 2.00 in the proper motion accuracy and a factor of about
1.50 in the parallax accuracy. Astrometric errors were suppressed by 30 — 40%
for the parallax and by a factor of 2.50 for the proper motion.

3(, = po cos )
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In our calculations, the downloaded data was taken from the Gaia DR3 cata-
log of Gaia Collaboration (2022). Although the apparent diameters of these two
open clusters are about 14.0 and 12.0 arcmin, respectively, we need to download
the data diameter of both by about 20 arcmin to reach the background field
stars. Therefore, we get from the Gaia DR3 catalog a complete worksheet data
including the angular distance from the center, right ascension, and declination
for G mag for NGC 7031 and NGC 7086.

3. Structural analysis of the open clusters

The initial phase of analyzing a cluster involves determining its structural at-
tributes, such as the central coordinates and the outermost boundary. Despite
some catalogs providing this information, the accuracy of the listed centers and
sizes is not always reliable. For the analysis of structural and essential character-
istics in this research, we consistently employ the ASteCA software suite. This
package has been utilized in the examination of numerous clusters in previous
studies and has yielded outstanding outcomes, e.g. Perren et al. (2020).

3.1. Determination of the new center of the clusters

In contrast to globular clusters where the center is typically clear to the naked
eye, the core of an OC might not be as easily discernible. The Automated
Stellar Cluster Analysis (ASteCA) code of Perren et al. (2015) employs a widely
used technique to ascertain an OC’s central coordinates by identifying the point
with the highest spatial density. This is achieved by fitting a two-dimensional
Gaussian kernel density estimator (KDE) to the cluster’s spatial layout. What
sets ASteCA apart from similar methods is its ability to operate without preset
initial values, though they can be provided for semi-automatic operation. The
tool ensures consistent convergence. This approach is less dependent on the
binning of the area because it determines the KDE’s bandwidth using Scotts
rule Scott (1992), a recognized standard. It also simultaneously calculates the
maximum density estimate in both spatial dimensions, reducing the impact
that densely packed areas might have on pinpointing the central coordinates.
Moreover, the process is adaptable to various coordinate systems and is equally
effective with data expressed in pixels or degrees.

Figure 1 represents the re-estimated center using the ASteCA method (as
well as the images of the clusters taken from the STScl Digitized Sky Survey?).
According to our analysis, the new centers of NGC 7031 are less by about 0°.1564
in right ascension and exceeded by about 0°.0013 in declination, and in the same
manner for NGC 7086 our obtained right ascension is less by about 0°.0153 in
right ascension and exceed with 0°.083 in declination as compared with those
obtained with Dias et al. (2002) and WEBDA. Table 2 reports the updated

4nttps://archive.stsci.edu/cgi-bin/dss_form
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centers of the clusters in the equatorial (o, §) and Galactic (I, b) coordinate
systems. Figure 2 displays in three photometric bands G, Ggp, and Ggrp the
uncertainty in photometric magnitudes 0.05 for G < 21 mag.
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Figure 1. The images (left panel) and the
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contour maps (right panel) show the centers

according to the Kernel density estimation technique (KDE) applied by ASteCa of both
NGC 7031 (top) and NGC 7086 (bottom).

3.2. Radial stellar surface density

and cluster radii

To investigate the inner structural parameters of NGC 7031 and NGC 7086, we
analyze the radial density profiles (RDP). The RDP is often calculated by divid-

ing the number of stars that lie inside

each ring by its area, and then creating

concentric circular rings around the designated cluster center with increasing
radius values, i.e., the observable regions of each cluster were divided into many
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Figure 2. Photometric uncertainties in Gaia bands (G, Ggp, and Grp) with G mag-
nitudes which are used to clean the cluster field stars by rejection stars (the green
x symbol) with uncertainties more than 0.02 in G mag and 0.05 in color-magnitude
Gpp-Grp, respectively.

Table 2. Our new center estimate of NGC 7031 and NGC 7086.

Coordinates NGC 7031 NGC 7086

a 21" 06™ 345.46 21" 30™ 23°.33
) 504 52™ 35%.08 51% 40™ 59°.20
1° 91°.5932 94°.8009

b° 2°.3251 0°.2690

concentric rings that centered around the cluster center. The number density
(r;) in the ith zone may be found using the formula (r;=N;A;), where (IV;) is
the number of stars and (A4;) is the ith zone’s area. First, we adopted the new
central coordinates of the clusters as given in Table 2 and downloaded new row
data with 14.00 and 12.00 arcmin for both clusters respectively with Gaia DR3
and then, following Perren et al. (2015), generated concentric square rings using
an underlying 2D histogram or grid in the observed frame’s positional space.
This positional histogram’s bin width is equal to 1% of the spatial dimension
that covers the smallest range in the observed frame. Therefore, for each cluster,
the fitted RDP could be utilized with King’s profile (King, 1962) equation,

o
Lt (r/re)*

where f, is the central surface density (i.e., maximum density), fi, is the
background surface density, and r. is the core radius (distance from the obtained
center to the point at which the value of p(r) becomes half of the central density
fo). As seen in Figure 3, we created two RDPs using King’s model for both
clusters, which was fitted using Equation (1). Table 3 lists our obtained results
with RDPs of NGC 7031 and NGC 7086.

p(r) = fog+ (1)
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Comparing our results of f, and fj,, with those of Yontan et al. (2019), we
found a large difference between our and their results in central and background
densities in both clusters. We claim that their results are not reliable because
the values of f, are less than fi,4, which is not consistent with the King model;
rather than their results depend on Gaia DR2, which clear from Figure 3 of
Yontan et al. (2019). So, we are satisfied with our results from RDP (Figure 3)
using the recent data of Gaia DR3, which is consistent with the King model (i.e.,
fo > fvg)- Therefore, their error in estimating the King model fitting parameters
(i.e., fo, fog, and r.) on both clusters may reflect on core, limiting, and tidal
radii.

The limiting radius (r.; arcmin) in expansion may be defined as the point
into which the gravitational pull from the Galaxy center as well as the gravita-
tional acceleration from the cluster center (von Hoerner, 1957). . was calcu-
lated by comparing p(r) to a background density level py (i.e., pp = fog + 30bg),
where the uncertainty of fy, is o4g. The following formula provides the value of
re (Bukowiecki et al., 2011).

Jo

3 Obg

Tel =T -1 (2)

According to Table 3, we found a difference in numerical values of the core
radius (r.) for both clusters as compared with those obtained by Hunt & Reffert
(2024), which may account for the difference in the distance and the number of
members.

3.3. Tidal radii

According to von Hoerner (1957), the tidal radius is the distance from the
cluster center at which the gravitational acceleration created by the cluster
equals the tidal acceleration caused by the parent galaxy. Jefiries et al. (2001)
have introduced a relation between the tidal radius (r¢; pc) and the total mass
(Mc; M) as (see section 5)

ry = 1.46/ Mc. (3)

Our estimated values of tidal radii (pc) for both clusters NGC 7031 and
NGC 7086 are 14.94 £+ 0.26 and 12.30 + 0.29, respectively.

Empirically, the limiting radius lags between 2 — 7 times the core radius.
Therefore, we obtained values of 10.04 and 3.91 arcmin for NGC 7031 and
NGC 7086, respectively. On the other hand, other inner structural parameters
may be deduced for OCs. First, the concentration parameter (C' = ryr.) King
(1966) defined the C' as the ratio of the cluster limiting and core radii and
can be indicated by the concentration of the cluster’s center. Santos-Silva &
Gregorio-Hetem (2012) reversed King’s definition of the C' parameter from King
(1966) and expect that young clusters will have low C' values since many of their
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Figure 3. The RDPs of both NGC 7031 (top) and NGC 7086 (bottom). The dashed
green lines were applied with the King’s density distribution model, the horizontal
dashed lines denote the background field density (fpq; stars arcmin™). The vertical
dotted green lines, vertical solid red lines, and vertical solid green lines indicate the
cluster core (7¢), limiting (r), and tidal (r;) radii (in arcmin), respectively.

members are still concentrated in the center and haven’t had enough time to
spread out of their borders. Based on Table 3, we arrived at a reasonable C'
range (Santos-Silva & Gregorio-Hetem, 2012) as 1.20 + 0.08 and 4.20 + 0.49.
Second, Bonatto & Bica (2009) defined density parameters for compact OCs
known as the density contrast parameter (i.e., . = 1+ f,fpg) and give values
7 < 0. < 23. Our computed J. are 2.760 £+ 0.60 and 2.986 + 0.58 for both
clusters respectively, and we may conclude that NGC 7031 and NGC 7086 are
scattered concerning their background density.
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Table 3. Our inner structural properties of NGC 7031 and NGC 7086 as compared
with (1) Yontan et al. (2019) and (2) Hunt & Reffert (2024).

Parameters NGC 7031 NGC 7086 References

(fo; stars arcmin?)  16.319 & 0.780 24.366 £ 5.473 Current work
1.978 £ 0.059 3.602 £ 0.280 (1)

(fbg; stars arcmin™)  9.276 + 0.402 12.381 + 0.228  Current work
4.006 £ 0.443  5.009 £ 0.171 (1)

(r¢; arcmin) 10.7153%98 1.492:93 Current work
3.241 £ 1.816 1.517 4+ 0.255 (1)

(r¢; pe) 2.19 £+ 0.68 0.41 4+ 0.02 Current work
2.23 2.51 (2)

(re; arcmin) 10.04 3.91 Current work

(re; PC) 2.05 £ 0.70 1.08 + 0.03 Current work
9.97 10.66 (2)

(r¢; arcmin) 15.4515%3 5.515:08 Current work

(r¢; pc) 3.16 £ 0.56 1.51 £0.18 Current work
9.974 10.656 (2)

C 1.20 + 0.08 4.20 4+ 0.49 Current work

dc 2.760 + 0.60 2.986 4+ 0.58 Current work

4. CMDs and member stars of the clusters

The highly accurate determination of cluster star members can be achieved
by combining radial velocities, distances, and proper motions, either alone or in
combination. Large spectroscopic surveys created for various objectives can now
be used to identify cluster members (Allende Prieto et al. (2008); Gilmore et al.
(2012); De Silva et al. (2015)). Spectroscopic observations require a telescope-
time-focused methodology, which limits our ability to comprehend the charac-
teristics of several clusters. Furthermore, no spectroscopic survey to determine
the radial velocities of all Milky Way stars is scheduled. Fortunately, many
techniques exist to distinguish cluster members from field stars because clus-
ter stars share the same spatial origin (e.g. Krone-Martins & Moitinho (2014);
Javakhishvili et al. (2006); Balaguer-Ntnez et al. (1998)). These techniques typ-
ically consider the proper motions of the stars.

Perren et al. (2015) with the ASteCA code used two methods to estimate the
overall number of likely cluster members. The first uses the integral of the RDP
from zero to rt above the estimated star field density and is based on the three-
parameter (3P) King profile fitting. Only a decent tidal radius and convergence
of the 3P fit are required for this method to be effective; otherwise, the result
may be greatly overestimated. The second method is based on a straightforward
star count (ny;), or the approximate number of field stars inside the cluster
region, is obtained by multiplying the field density value (d¢ie;q) by the area
(Ae) of the cluster (which is determined by the r. radius). After deducting this
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amount from the actual number of stars inside the r; boundary (ney1), the
final estimated number of cluster members, n.;, is obtained:

Nel = Neltfl — Afield Acl- (4)

Both approaches depend on the degree of completeness since they provide
the approximate number of members down to the lowest observed magnitude.

By looking for a significant stellar over-density and contrasting it with the
surrounding stellar field, the membership probability is assigned using the proper
motion and parallax that are accessible from the Gaia DR3 database with the
ASteCA code. In this investigation, the cluster most probable candidates are
limited to stars with membership probabilities P > 50%. As a result, we have
613 and 226 candidates for NGC 7031 and NGC 7086, respectively.

We employed the ASteCA code and the PARSEC v1.25 of Bressan et al.
(2012) theoretical isochrones for each CMD of the clusters, as well as the Gaia
DR3 photometric magnitudes (G,Gpp, Grp) for our candidates, to derive the
cluster metallicity (Z) and ages (in a log scale). Therefore, the best-suited metal-
licities are 0.01189 £ 0.00023 & 0.01121 # 0.00025 and the ages (log yr!) are
8.468 + 0.007 & 8.617 £ 0.021 for NGC 7031 and NGC 7086, respectively. Our
fitted CMDs for (Ggp — Grp,G) mag are shown in Figure 4.

We approximated the reddening with magnitudes Ggp and Ggrp from CMDs
using most likely members from Gaia DR3 using the formula E(Ggpp — Grp) =
1.289 x E(B — V) (Cardelli et al., 1989). After correcting the observed data for
reddening Ag = 2.74x E(B—V) using a line-of-sight extinction coefficient (Aq)
in the G-band calculated by Casagrande & VandenBerg (2018) and Zhong et al.
(2019), we were able to obtain Ag values of 2.55 & 1.93 and E(Gpp — Grp) of
1.197 4+ 0.08 & 0.908 + 0.05 for NGC 7031 and NGC 7086, respectively.

The distance moduli (m — M) for NGC 7031 and NGC 7086 are 9.229 +
0.037 and 9.869 + 0.001 mag, respectively. This indicates that the photometric
distances (dpnot; Pc) in the same manner are approximately 701 + 26 and 942
+ 31, which are slightly different from those obtained by Yontan et al. (2019).

We calculated the mean proper motion on both sides (u, p5) in the follow-
ing with adopted members using the stellar space distribution as illustrated in
the upper and lower panels of Figure 5, and the results yielded the following
numerical values (—3.03, —2.53; NGC 7031) and (—3.09, —3.26; NGC 7086) in
mas yr' units. On the other hand, their Gaussian distributions are displayed in
the left and right panels of Figure 6 with numerical values (0.571; NGC 7031)
and (0.622; NGC 7086) in millarcsec units. Then the reflected astrometric dis-
tances (dpiz; pc) are 1752 £ 42 and 1608 £ 40, which are consistent with those
obtained by Hunt & Reffert (2024), Yontan et al. (2019), and Cantat-Gaudin
et al. (2018). All our astrophysical parameters devoted to both clusters are rep-
resented in Table 4 as compared by different authors.

We deduce that the distances to the Galactic center R . should be included
based on our estimated dppo: distances, which are defined as
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Figure 4. The CMDs of NGC 7031 (left) and NGC 7086 (right). The fitted extinction
was corrected by Bressan et al. (2012).

Ry = \/Rg + (d cosb)? — 2 R, d cosb cosl (5)

where R, = 8.20 + 0.10 kpc (Bland-Hawthorn et al., 2019). The following
relationships can be used to calculate the projected distances toward the Galac-
tic plane (X, Y5) and the distance away from the Galactic plane (Z)). The
findings are shown in Table 4.

Xo =dcosbcosl, Yy =dcosbsinl, Zg =dsinb. (6)

5. Luminosity and mass functions

Each cluster’s members are formed under similar physical conditions (same mor-
phology) from the same molecular cloud at the same time. Therefore, the OC
luminosity function (LF), which may be viewed as a projection of its CMD
on the magnitude axis, indicates the distribution of member stars according to
different absolute magnitude intervals.

Based on our previously mentioned NGC 7031 and NGC 7086 worksheet
row data from DR3 Gaia Collaboration (2022) we have updated central posi-
tions, and astrophysical and photometric parameters, on this context, we have
computed LF of both clusters as seen in the upper panel of Figure 7, where the
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Figure 5. Mean proper motion distribution and their contours for NGC 7031 (top)
and NGC 7086 (bottom).

estimated average values of absolute magnitudes (Mcg; mag) of each cluster are
7.51 + 0.36 & 6.54 £ 0.39 for NGC 7031 & NGC 7086, respectively.

Empirically, the well-established mass-luminosity relation (MLR) links LF
and mass function (MF) together. Additionally, absolute magnitudes (M¢; mag)
and collective masses (M¢; M®) attributed to adopted isochrones on CMDs for
estimated ages, distance modulus, and reddening are taken into account. These
findings were reported by Evans et al. (2018).

The initial mass function (IMF), which is defined as an initial arrangement
of the star’s masses, can be studied with great benefit from OCs mass spectrum,
which contains both very low and very high mass stars (Scalo (1998); Phelps &
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Figure 6. Parallax Gaussian distribution fitting diagrams for NGC 7031 (left) and
NGC 7086 (right).

Janes (1993); Durgapal & Pandey (2001); Piatti et al. (2002); Piskunov et al.
(2004); Sung & Bessell (2004); Yadav & Sagar (2002); Yadav & Sagar (2004);
Bisht et al. (2017); Bisht et al. (2019)). The IMF, or present-day mass function
theoretically, was defined by Salpeter (1955) as the total number (dN) the den-
sity of stars spread along a logarithmic mass scale in a mass bin (dM) with the
central mass (M),

N
Log (ZM) = —a Log(M) + constant, (7)

where « is a dimensionless quantity that describes the slope of the straight
line representing the MF-like lower panel of Figure 7, and it is dedicated as
a characteristic of dynamical evolution for massive stars (> 1M¢). Salpeter’s
power law states that as mass increases, there are fewer stars in each mass range.
Our calculated slopes from least-square fitting the MF data are 2.73 4+ 0.25 &
2.67 £ 0.32 for NGC 7031 and NGC 7086, respectively, and agree with Salpeter
(1955) results.

Our study indicates that the stars with the following (Mg; mag) ranges are
included in the MFs calculations: (-0.405 > (M¢g) > 9.116 & 1.333 > (M¢) >
6.057; NGC 7031) and (0.806 > (M¢g) > 8.545 & 1.915 > (M¢) > 5.038; NGC
7086). The average mass (M¢), total mass (M¢), and slopes (a) are provided
in Table 5.
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Table 4. Our obtained astrophysical and photometric parameters of NGC 7031 and
NGC 7086 as compared with those of (1) Hunt & Reffert (2024), (2) Yontan et al.
(2019) and (3) Cantat-Gaudin et al. (2018).

Parameters NGC 7031 NGC 7086 References

N 613 226 Current work
264 963 (1)
208 543 (2)
171 622 (3)

(u&; mas yr't) -3.03 -3.09 Current work
-1.242 4+ 0.122 -1.656 £ 0.148 (3)

(fis; mas yr!) -2.53 -3.26 Current work
-4.205 + 0.130 -1.629 + 0.143 (3)

(dpiz; pc) 1752 £ 42 1608 + 40 Current work
1402 1667 (1)
136513%; 16161275 (3)

(dphot; pC) 701 £+ 26 942 + 31 Current work

Z 0.01189 £ 0.00023 0.01121 +£ 0.00025 Current work

log(age yr™) 8.468 £ 0.007 8.617 £ 0.021 Current work

Ac 2.55 1.93 Current work

E(B —V)mag 0.929 + 0.006 0.704 £+ 0.001 Current work

E(Gep — GRP)mag 1.197 £ 0.08 0.908 £ 0.05 Current work
1.254 1.277 (1)

(m — M)mag 9.229 £ 0.006 9.869 £ 0.001 Current work

(X@; kpe) -0.050 £ 0.007 -0.135 £ 0.012 Current work
-0.033 0.128 (1)

(Yo; kpe) 1.750 £ 0.042 1.602 £ 0.040 Current work
1.401 1.662 (1)

(Z@; kpe) 0.071 + 0.008 -0.008 £ 0.009 Current work
0.056 0.006 (1)

(Rge; kpe) 8.432 £ 0.092 8.487 £ 0.093 Current work

6. Evolving times and escape velocity

The interactions between stars in OCs result in energy exchange (Inagaki &
Saslaw (1985); Baumgardt & Makino (2003)). The spatial distribution of OCs
is less dense than that of globular clusters. In the event of a force of contraction
and/or destruction, massive stars exhibit mass segregation towards the cluster
core, compared to fainter stars. Numerous OCs have recently been observed
to exhibit this phenomenon (Piatti (2016); Zeidler et al. (2017); Dib & Basu
(2018); Rangwal et al. (2019); Bisht et al. (2020); Joshi et al. (2020)). Following
a Maxwellian stability equilibrium (i.e., dynamical evolution), the cluster’s ki-
netic energy (velocity distribution) approaches one (Yadav et al. (2013); Bisht
et al. (2019)) within dynamical relaxation time (Treiqr; Myr) which is the char-
acteristic time required for dynamical evolution to be completed. T}.¢;q,; depends
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Figure 7. The true LFs for NGC 7031 and NGC 7086 are shown in the top panel.
These LFs were constructed by taking the cluster’s (m — M) into consideration while
converting the observed G magnitudes of its member stars into absolute magnitudes
Mg. The lower panel displays MFs that were obtained using the most likely members;
Salpeter’s power-law fitting is indicated by solid lines in this panel.

on both cluster diameter and the number N of member stars (Lada & Lada,
2003), and according to Spitzer & Hart (1971) is given by

8.9 x 105 N/2 RY/?
VMc log(0.4 N)

where Ry, which can be determined using the transformation outlined by

Sableviciiite et al. (2006), is the radius (in pc) containing about 50% of the
cluster mass,

Trelaz =

(8)

Rp = 0.547 X 1o X (:—‘*)0-486, 9)

where the tidal and core radii are denoted, respectively, by r. and r;. There-
fore, the derived (Rp; pc) values are 3.07 & 0.57 and 0.97 £+ 0.01. In the same
manner the (Tyejaz; Myr) are 1.515 and 0.267 for both NGC 7031 and NGC
7086, respectively. In addition to the relaxation time, we focus on estimating
the evaporation time (7ep, ~ 10%T,e1a2; Myr), which is how long it takes to
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Table 5. Our estimated average absolute magnitudes, average mass, total mass, and
the IMF slopes for NGC 7031 and NGC 7086 as expressed with recent literature (1)
Hunt & Reffert (2024).

Parameters NGC 7031 NGC 7086 References
(Mg;mag) 7.51 £0.36 6.54 =£0.39 Current work
(Mc; M) 1072 + 33 598 + 25 Current work
1403 + 124 4271 + 300 (1)
(Ma;Mg)  1.75 2.64 Current work
o 2.73 £0.25 2.67 £ 0.32 Current work

Table 6. Table 6: Our dynamical evolution times and escape velocity for NGC 7031
and NGC 7086.

Parameters NGC 7031 NGC 7086

Tretar (Myr) 1515 0.276
Tew (Myr) 151.50 27.60
T 194 1550

Vise (km s7') 251 £16 447 £ 21

evacuate every member star from internal stellar encounters (Adams & Myers,
2001). By calculating the dynamical evolution parameter (i.e., 7 = age/Treiaz),
we may characterize and specify the dynamic state of clusters. We concluded
that our 7 > 1 for every cluster, therefore, these clusters are considered to be
dynamically relaxed OCs.

Low-mass stars continue to set off the cluster, primarily at slow speeds
via Lagrange points Kiipper et al. (2008). The escape velocity (Vese; km s7!)
of rapid gas removal from the cluster when it remains bound in the face is

(Vesc = Rye/2G Mc / 37‘?) (Fich & Tremaine (1991); Fukushige & Heggie

(2000)), where the gravitational constant is G = 4.3 x 107% kpc Mél (km s71)2.
In light of these achieved dynamical parameters, different times, and escaping

velocities are shown in Table 6.

7. Ellipsoidal motion and the kinematical structure

To evaluate the coherent and uniform movements within a confined spatial re-
gion of gravitationally bound stellar assemblies in the Galactic framework, we
applied a computational methodology formulated by Elsanhoury et al. (2018)
and Bisht et al. (2020). This approach was utilized to determine the velocity
ellipsoid parameters (VEPs) and the overall kinematics of the clusters. The
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analysis focused on cluster members identified by their celestial coordinates (a;,
d;) with their proper motion (u},, ps,), distance (d;), and radial velocity (V;.)
with specific velocities (Hunt & Reffert, 2024) being 12.05 + 7.69 km st (NGC
7031) and -16.10 & 3.16 km s! (NGC 7086). Furthermore, we investigated their
spatial velocity components (V, V,, V;; km s1) along the z, y, and z axes of a
solar-centric coordinate system.

The determination of space velocity components in Galactic coordinates
(U, V,W; km s!) employs the transformation equations outlined by Liu et al.
(2011) and their distribution is shown in Figure 8.

U = —0.0518807421V,, — 0.8722226427V,, — 0.4863497200V, (10)
V = +0.4846922369V,, — 0.4477920852V,, + 0.7513692061V~,, (11)

W = —0.8731447899V,, — 0.1967483417V,, + 0.4459913295V’,. (12)
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Figure 8. The distribution of the spatial velocity components for the member stars
of NGC 7031 (black dots) and NGC 7086 (gray dots) in the Galactic coordinates.

Additionally, the apex coordinates of the cluster are ascertained through the
apex diagram (AD) method, as illustrated in Figure 9, employing formulae for
constructing the AD diagram as described by Chupina et al. (2001) and Chupina

et al. (2006):
A, =tan~! <Vy>7 (13)
Vi

D, = tan~! (V) (14)

and
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Figure 9. The AD diagram for NGC 7031 (left panel) and NGC 7086 (right panel)
with a cross mark denoting the location of their convergent point (Ao, D,).

The AD diagram facilitates an analysis of the cluster’s kinematic structure
and the identification of its internal kinematic substructures. This diagram, cre-
ated from the individual apexes of stars, showcases the distribution of stars
within the equatorial coordinate system, where the apex equatorial coordinates
(in degrees) are labeled A, (right ascension) and D, (declination). These co-
ordinates result from solving a geometrical problem involving the intersection
points of stars’ spatial velocity vectors with the celestial sphere.

Concerning other kinematic parameters, the cluster center (x., y., z; kpc)
is derived by calculating the mass center of N stars using equatorial coordinates
(i, 9;) and distance d;. The solar motion elements, indicating the Sun’s velocity
relative to the star group being studied, are defined as

U@ = —U7 V@ = —‘7, and W@ = -W

Additionally, this study pioneers in estimating the solar apex location
(la,ba) in Galactic coordinates and their corresponding equatorial coordinates
(a,04) for both NGC 7031 and NGC 7086 OCs. We obtained the numerical
kinematical results and the solar motion elements arranged in Table 7. The an-
gular separation angle between NGC 7031 and NGC 7086 is about 3°.81 (i.e.,
55.08 + 7.42 pc) as depicted in Figure 10.

8. Conclusion

In the current study, we used Gaia DR3 to determine the photometric and
astrometric properties of the star clusters NGC 7031 and NGC 7086. With
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Figure 10. The angular separation between NGC 7031 and NGC 7086.

Table 7. Our obtained results of VEPs for NGC 7031 and NGC 7086 with their solar

motion elements.

Parameters NGC 7031 NGC 7086

Ve (kms?t) 951 £ 0.32 12.78 4 0.28
V, (kms?t)  -90.27 + 9.50 -77.96 + 8.83
V. (kms') -40.46 + 6.36 -24.93 £ 4.99
A, -83°.99 + 0°.11  -80°.69 & 0°.11
D, -24°.02 4+ 0°.20  -17°.51 4 0°.24
U (kms?t)  97.91 +9.90 79.46 + 8.91
V (kms?')  14.63 + 3.83 22.37 4+ 4.73
W (kms') -8.58 £ 0.34 -6.94 + 0.38

z. (kpc) 2.276 + 0.048  1.860 + 0.043
ye (kpc) -2.148 + 0.046  -1.423 + 0.038
2. (kpc) 3.850 + 0.062  2.963 £ 0.054
Se (kms™t)  99.37 £ 9.97 82.84 4+ 9.10
(Ia, ba) -8.50, 4.95 -15.73, 4.80
(a4, 84)° -83.99, 24.02 -80.70, 17.52

membership probabilities P > 50%, we assessed the most probable member
stars to be 613 and 226 for respective clusters. We derived all the parameters
using these Gaia-based likely members. Our results are in good agreement with
the estimated parameters found in several of the most recent prior investigations.
Under or overestimated numerical values in Tables 3 and 4 depending on the
number of possible candidates, method of estimation and the data used. The
following summarizes the main findings of the current studies:

e The distances from the cluster centers where the density of the cluster
merged with the background density are named the clusters’ limiting radius ;.
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Our estimates are 10.04 and 3.91 arcminutes for NGC 7031 and NGC 7086,
respectively.

e We created the proper motion and parallax histograms of these Gaia-
based probable members by utilizing the most likely members of the two clusters
that were found using the Gaia DR3 mean proper motion data. The results we
computed are as follows:

* (uX, Ws)Nccrost is about (-3.03, -2.53; mas yrt), Plxnac 7031 is equal to
0.571 mas, and the corresponding distance dpix (NGC 7031) = 1752 £ 42 pc.

* (uX, Ts)Nacross is about (-3.09, -3.26; mas yrt), Plxnac 7os6 is equal to
0.622 mas, and the corresponding distance dpix (NGC 7086) = 1608 £ 40 pc.

e The ages (in a log scale) of NGC 7031 and NGC 7086 were determined
to be 8.468 + 0.007 and 8.617 + 0.021, by fitting their CMDs with the theo-
retical isochrones of Bressan et al. (2012) using Gaia DR3. According to Gaia
photometry, their isochrone-based distances are 701 £+ 26 and 942 + 31 pc for
respective clusters. The distances of both clusters from the galactic plane, Zq),
as well as their projected distances from the Sun, X, and Y, and the galactic
centers Iy, were then calculated and are all shown in Table 4.

e Total masses (in solar units) are 1072 £ 33 and 598 + 25 for respective
clusters. As compared with Hunt & Reffert (2024) for total mass (M¢; M©) for
both clusters, we found a slight difference in NGC 7031 due to our estimation
and Hunt & Reffert (2024), on the other hand, a large difference in NGC 7086
which we recall for the number of candidates (i.e., 226; current work & 963;
Hunt & Reffert (2024)). The initial mass function (IMF) slope was determined,
i.e. angeorosr = 2.73 £0.25 and aygceross = 2.67 £ 0.32, and they were found
to be reasonably consistent with the value reported by Salpeter in 1955.

e We deduced that NGC 7031 and NGC 7086 are dynamically relaxed clus-
ters with notable mass segregation based on the computation of their relaxation
time.

e We presented the first complete estimation of the space velocities and
kinematic parameters of both clusters, therefore, the convergent points (-83°.99
+ 0°.11, -24°.02 + 0°.20) and (-80°.69 + 0°.11,-17°.51 &+ 0°.24) with respective
clusters.

e Ultimately, we estimate that the age difference between NGC 7031 and
NGC 7086 is 120 Myr, the linear separation between the two clusters is about
55.08 £ 7.42 pc and the distance difference along the line of sight is 228 pc. Since
these findings do not meet the requirements for a binary cluster, we conclude
that the two clusters are not genuine binary clusters and are most likely not
produced from the same Giant Molecular Cloud (GMC).
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