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Mock observations of simulated star cluster on solar orbit

With the advent of the Gaia DR2 catalog, which contains astrometric and photometric parameters for a
large number of stars, measured with a high degree of accuracy, data about the cosmos and the Universe,
including Star clusters in our Galaxy, are growing. However, when observed, the cluster stars are lost against
the background of stars in the dense Galactic field. In addition, observational data alone is not sufficient to
study real clusters from birth to destruction. In this regard, a number of numerical simulations of star clusters
have been running to explain the processes and to determine the membership of cluster stars. And for this,
we need to conduct a mock observation of model clusters. In this paper, we performed analyses on the output
data from numerical simulations and developed a method for conducting mock observations of model clusters.

We took one model of a star cluster with an age of 350 Myr, with a mass of 6000 M_ (©, and with a star
formation efficiency SFE=0.25, and put it in different galactic longitudes and at different distances from the
Sun. In conclusion, using this method, we can put a cluster at any point on the celestial sphere, and this in turn
allows you to compare with the real observed clusters and evaluate the possibility of detecting physical
parameters in them.
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KyH opbuTacbiHgafbl CaHAbIK MOAENbAEHTEH YN AbI34bl WOFbIpAapabl 6aKblnay

oFapbl A9NAIKNEH 6/WeHEeTIH, XyA4bl34apAblH, Y/KeH CaHblHA apHa/ifaH aCTPOMETPUAJBIK, KaHe
boTOMETPUANBIK NapameTpaepi bap Gaia DR2 KaTanorbiHbIH Nanga 601ybIHbIH apKacbiHAa, Fapbilw neH fanam
YOHE COHbIH, iWiHae, 6i3iH [anakTUKaaafbl *KYAAbI3 WOFbIPAAP Typaabl AepeKkTep apTbin Kenedi. [JereHmeH
FanaKTUKaHbIH, Tbifbl3 epiciHAeri Xynabi3gap GOHbIHbIH, dCepiHeH DaKkbliay KesiHAe My/Abl3 WOFbipaapbl
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Mock Observations of Simulated Star Cluster on Solar Orbit

*ofanbin KeTedi. COHbIMEH KaTap HaKTbl KnacTepnepai TyFaHHaH blAblpafaHfa AeniH 3epTTey YLWiH Tek BaKplaay
nepekTepi KeTkinikcia. OcbifaH 6alnaHbICTbl NPOUECTEPAl TYCIHAIPY KaHe Kynapi3aapaplH  LWOFbipFa
MYLLENITIH aHbIKTAY YLLIIH KyAAbl3 WOFbIPAAPbIHbIH, BipKaTap caHablK MoAenbaeynepi *Kyprisineai. An on ywiu
’acanfaH Knactepnepai orwa 6akblnay »Kyprisy kepek. byn makanaga 6i3 caHAbIk, MoAenbaey HITUKeNEePiH
TaNdadblK *KaHe MOAeNbAiK KnacTepaepaiH acnaHd chepacbiHaa onila Hakplnay aficiH asipieqix.

Macbl 350 MUANMOH Xbla, maccacbl 6000 M_ (O »aHe »yaapi3 Ty3iny tuimainiri SFE=0.25 6onatbiH 6ip
KYNObI3 WOFbIPbIHBIH, YATICIH a/bIM, OHbl SPTYPI raNakKTUKaNbIK BOMAbIKTA KaHe KYHHEH apTypAi KaLlbIKTbIKTa
opHanacTbipAbiK. KopbITbiHAbIMAK Kene, OCbl 3A4ICTi KoNAaHa oTbipbIn, 6i3 KnacTepai acnaH cdepacbiHbiH, Ke3
Ke/NreH HyKTeCiHe OpHanacTbipa anambi3 XKaHe Oyn e3 KeseriHAe HaKTbl OakbllaHaTbiH KaacTepaepmeH
CaNbICTbIpyFa }KaHe onapaafbl GU3MKablk NapameTpaepai baranayfa MyMKiHAIK bepeai.

TyliH ce3aep: KyNabi34bl WOFbIPAAP, FAaNaKTUKANbIK KOOPAMHATTAP KYMeCi, 3KBAaTOP/IbIK, KOOpAMHATTap
XKyMeci, caHablK MoAenbagey.
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MHUMble HaﬁJ'IPOAEHVIFl MoZeNnnpyemblx 3Be34HbIX CKONJ1EHUU Ha CONTHEYHOM Op6VITe

C noasneHnem KaTanora Gaia DR2, cogeprKallero actTpomeTpuyeckme n GoToMeTpuyeckmne napameTpsi
Ona B6ONbLIOro YNcNa 3Be3/, MU3MEPEHHbIE C BbICOKOW CTEMeHb TOYHOCTH, AaHHble O KOCMoce U BceneHHow
PacTyT, B TOM YMCAe JaHHble O 3Be34HbIX CKONAEHMAX B Hawen ManakTmke. OgHako Npu HabaoaeHUN 3Be3bl
CKOMEHMA TepatoTcA Ha GoHe 3Be34, B MAOTHOM nose [anaktuku. Kpome Toro, ogHux HabnatogaTenbHbIX
OAHHbIX HEeAOCTAaTOYHO A1 M3YYEHWMA peasibHbIX CKOMAEHWIM OT poXKAeHMA A0 pacnaga. B cBAsm c aTmm
NPOBOAMUTCA PAL YNCAEHHbIX CUMYNALMIA 3BE3AHbBIX CKONAEHUI 414 0OBACHEHMA NPOLLECCOB M onpeaeneHua
NPUHAANEXKHOCTM 3Be34, CKOMAeHWA. A ANA 3TOT0 HaM HYXHO MPOBECTM MHMMoe HabaogeHue 3a
MOAENbHbIMKU  KnacTepamu. B 3ToM cTaTbe Mbl MPOBEAM aHAAM3  BbIXOAHbIX [AAHHbIX YMCAEHHOro
MOZENNPOBaHNA M pa3paboTanm MeTos NpoBeaeHUA MHMMbIX HADOAEHNI MOAEbHbIX CKOMIEHUI.

Mbl B3A1M OAHY MOAENb 3BE3AHOr0 CKoMmaeHua ¢ Bo3pactom 350 maH neT, maccon 6000 M_ (O u
3bdeKTMBHOCTLIO 3Be34000pa3oBaHmna SFE=0.25 1 pasmecTuUan ee Ha pasHbIX rafiakTUYecKMxX A0AroTax U Ha
pa3HbiX pacctoAaHuAx oT ConHua. B 3akntoveHwe caenaH BbIBOA: C MOMOLLBIO 3TOrO0 METOAA Mbl MOXKEeMm
NOCTaBMTb CKOM/EHWe B Nt0OYI0 TOURY HebecHOoM chepbl, a 3TO B CBOKO 04epeb NO3BOSET CPABHUTb C peasibHO
HabAto4aeEMbIMM CKOMNEHUAMM M OLLEHUTb BO3MOXKHOCTb ODHApPYKeHWA B HUX QU3MYECKUX NapPaMeTPOB.

Kniouesble c0Ba: 38e3/1HOE CKOMN/IEHWE, raflakTUYECKan CUCTEMA KOOPAMHAT, 3KBAaTOPMabHAA CUCTEMA
KOOPAMHAT, YNCNEHHOE MOAENNPOBaHME.

Introduction

There are a lot of rarefied gas and dust in space,
the so-called molecular clouds. Stars appear in such
Molecular clouds. And the volume of such gas is very
large, and this leads to the formation of stars in groups
[1, 2]. The number of such stars in groups reaches
from 103 to 107 stars, and they can be considered

peers, since they appear almost at the same time on a
relatively galactic time scale. During the formation of
stars, there is a response coming from massive stars
in the form of ionizing radiation, stellar winds and
light pressure can easily destroy an entire molecular
cloud [3, 4]. The size and dynamic state of the cluster
play an important role, since stars can live in the
parent cluster for up to several billion years
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depending on it [5]. Also, The secular evolution of
star clusters, especially the time of their decay, can
vary greatly depending on the cluster mass, density
profile and the impact of the galactic tidal field [6, 7,
8, 9].

Along with the development of technology, new
methods of exploring the cosmos and the Universe
are growing. Analyzing this data, we will get a
detailed understanding of star clusters, and this in turn
gives a new understanding of the Galaxy and the
Universe as a whole. Studying star formation in our
Galaxy and in other galaxies leads to knowledge
about the evolution of galaxies [10, 11].

Also, when conducting observations, the study
of groups of stars is relatively easier than single stars.
And in extra galactics it is impossible to observe
single stars at all. Due to the fact that the stars in the
groups are almost the same age, we are given
privileges when determining the ages of the stars of
the group. Therefore, the study of the population of
star clusters and their age distribution allows us to
learn the history of star formation in the vicinity of
the Sun and in galaxies [12]. It is very important for
us to know the processes in clusters for a correct
understanding of observational data, and a wrong
understanding can distort information about the
universe as a whole.

However, despite the improvement of
telescopes, there remain difficulties in observing star
clusters, separating stars belonging and not belonging
to the cluster, and, consequently, difficulties in
studying the structure and determining various
parameters of the cluster. To understand the evolution
of star clusters, we perform numerical simulations.
This significantly reduces the study time from birth to
the collapse of one cluster than the study through
observation. To do this, we will need to develop a
method for observing numerical models of clusters.

In addition, conducting imaginary observations
of model clusters makes it possible to evaluate the
possibility of detecting so-called tidal structures in
actually observed star clusters, which, according to
numerical modeling, should be observed in middle-
aged clusters evolving in the tidal gravitational field
of the Galaxy. Difficulties in detecting these
structures are associated with a small number of stars
in them, which is why they were lost against the
background of stars of a dense galactic field. With the
advent of the GAIA DR2 catalog, which provides
astrometric and photometric parameters for an
unprecedented large number of stars, measured with
a high degree of accuracy and homogeneity, the
search for tidal tails became possible. The main Gaia
DR2 catalog [13] contains five-parameter astrometric
solutions  (coordinates, proper motions and

parallaxes) for 1,330 million stars, visible stellar
magnitudes in the Gaia G photometric band, as well
as in the red GRP and blue bands GBP, for 1.380
million stars. Gaia's array of astrometric and, in a
number of respects, photometric data is
unprecedented in volume and accuracy. In the last 2-
3 years, using these data, structures that are
presumably tidal tails have been detected in several
clusters [14, 15, 16, 17], but this is clearly not enough
to confidently confirm the results of numerical
modeling and to further study the dynamic evolution
of star clusters.

In this paper, methods are discussed and the
results of imaginary observations of model clusters
are presented. The initial data for numerical
simulations are done in the same way as in [18, 19,
20] works, using the Phi-GRAPE code.

Development of instruments for mock

observations of star clusters

Our simulation of the dynamics of a stellar
cluster is carried out in a Cartesian galactocentric
coordinate system. To make a comparison with real
star clusters that are located in our Galaxy, the first
step is to translate the positions and velocities of the
cluster star into spherical galactic and equatorial
coordinate systems, while placing the cluster at
different points of view and different distances from
the Sun.

After running the simulation of the star clusters,
we will get the output data (file.dat), which contains
information about each star given in Table 1. In
addition, the first three lines of each file (snapshot)
show the snapshot number, the number of particles
(stars) in the cluster and the age of the cluster in NB-
units.

We introduce  Cartesian  galactocentric
coordinates of the so-called Local Standard of Rest
(LSR) - a point in space that defines the origin of the
coordinate system in stellar astronomy.

XLsr=8178 pc (+-13pC), Ysr=0.0 pc, ZLSRZO.ODC,

VXLSR:0.0 km/s, VYLSR:224737 km/s,
VZLSRZO.O km/s. (1)

Coordinates of the Sun relative to LSR;:
X©®=0.0 pc, YO=0.0 pc, Z(=20.8pc (+- 0.3 pc),

VX(®=11.10 km/s, VY (©O=12.24 km/s,
VZ(©=7.25 km/s. 2



M.T. Kalambay et.al.

Table 1
Designation in the Denoted value Unit of
code measurement
ind Name (numbering) of stars
m Mass at the moment of a given age NB
X,Y,Z Cartesian coordinates (from the center of the Galaxy) NB
VX,VY,VZ Cartesian velocities (from the center of the Galaxy) NB
mO0 Initial mass NB
277 Metallicity of the star
t0 The time of the appearance of a star NB
event Type of star
SSE MAss Star mass Msun
SSE Spin Rotation of the star on its axis
SSE Rad Star radius Rsun
SSE Lum Star luminosity Lsun
SSE Temp Star temperature Kelvin K
SSE MV Absolute magnitude
SSE BV Color indicator

To rotate the coordinate system around the Z axis
by the required angle (¢), we will perform the
following operations:

Xe=X-C0S¢+Yy-sin ¢,
Y c=-X-Sing+y-cos ¢,
Zs=1, (3)

VXg =VX-C0S¢p+Vy-Sin ¢,
VYg =-VvX-Sing+Vvy-cos ¢,
VZs =vz. (@)

After we can transfer from a galactocentric system to
a heliocentric one:

X,= Xe — X©O = Xisr,
Y.=Yc - YO - Yisg,
Z,=Zc—Z2(O —Zisr, (5)

VX,=VXs—-VXE®O — VXisr,
VY, =VYs - VYO - VVYisr,
VZ*Z VZG - VZ@ — VZLSR.

Next, we find the galactic spherical coordinate
system, there are distance d, galactic longitude | and
galactic latitude b, also the radial velocity Vr, proper
motions in | and b — pml and pmb.

d=y (X2 + Y2 + Z22),
I=atan2(Y,, X,),

b=asin(Z,/d), (6)

V,=cosl-cosb-VX, + cosb-sinl-VY, + sinb- VZ,.
pm= (-sinl-VX,+ cosl-VY,) /d, @)
pmy= (-sinb-cosl-VX, - sinl-sinb-VY,+cosh-VZ, )/d.

Thus, we rotate our cluster relative to us by the
required angle and find its spherical galactic
coordinates. Then, using the Python package [21], we
switch to the equatorial coordinate system.

Results

We took one model of a star cluster with an age
of 350 Myr, a mass of 6000M_ © and a star formation
efficiency SFE=0.25. Using our method, we put the
cluster models in a certain position relative to the Sun
and calculated the spherical coordinates, distances,
proper and radial motions of stars in this cluster
position. Figure 1-2 show the spatial and velocity
distribution of the stars of this cluster in
galactocentric Cartesian coordinates. In all N-body
simulations that have been launched in the potential
of the galaxy, stars appear that refer to tidal tails. It
can be seen that the cluster began to collapse, forming
at the same time at some distance from the center
(220-280 pc) clearly distinguishable tidal structures.
Also, the velocities of the tidal tail stars differ from
the cluster stars, and thus we can notice them in the
velocity distribution too. After that, we put the same
model in different places along the galactic longitude
and at different heliocentric distances (Table 2).
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Table 2

Ne | Galactic longitude | Heliocentric Right ascension | Declination Color on
(1) [degree] distances (d) [pc] (a) [degree] (8) [degree] plots

1 |270.7° 200 pc 131.5° -52.7° blue

2 |865° 1000pc 315.7° 45.02° orange

3 | 277.02° 2000pc 145.25° -53.7° red

Figures 3-5, for example, show the results of
such a study of a model cluster located in the plane of
the galactic disk at a different heliocentric distance
and at a different galactic longitude. As we can see,
the tidal tails, which are very clearly visible in Figures
1-2, are no longer quite noticeable. It may depend on
the angle of view. And of course, the further away the
cluster is, the smaller it becomes (Figure 5).
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Figures 6-8 show diagrams of right ascension -
declination and proper motion in right ascension —
proper motion in declination for stars of this cluster.
After putting the model cluster on the celestial sphere,
the appearance of our cluster may change. But still,
the heliocentric distance plays a big role in
observation.
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Figure 1 — Spatial distribution of the stars of the model cluster in galactocentric Cartesian coordinates
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Figure 2 — Velocity distribution of the stars of the model cluster in galactocentric Cartesian coordinates
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Conclusion

Runs for numerical simulation of star clusters
were carried out repeatedly with different initial data.
From these runs, one model was chosen with the Age
= 350 Myr, mass is 6000M, and star formation
efficiency SFE=0.25. Also, the chosen cluster rotates
around the center of the Milky Way galaxy at a
distance equal to the Solar distance. The simulation
clearly shows that clusters have a tidal tail that starts
at a distance from the center with 220 pcs. To
compare numerical models with real observational
data, it is necessary to conduct a mock observation of
cluster stars from the simulation. To do this, a code
has been developed for putting our cluster on the
celestial sphere. The results show that depending on
the galactic longitude and distance, a star cluster may
have a different shape. Since the same model was
placed at different angles and distances from us (but
the cluster still remains in its orbit). In addition,
particles of one tidal tail are sometimes visible, and
the second is not observed, and sometimes it
coincides with the angle of vision and is not visible,
this confuses observers. However, we can say that by

Recent Contributions to Physics. Ne4 (83). 2022
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the proper motion of the stars in the right ascension
and declination, that the particles of the tails differ
from the main cluster.
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