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NGC 2516 OPEN STAR CLUSTER:
SIMULATIONS AND MOCK OBSERVATIONS

Abstract
This study examines the NGC 2516 open star cluster using numerical simulations and comparisons with
observational data. By employing the phi-GRAPE-GPU code, we reconstructed the cluster’s orbit over 123 Myr
to identify its birthplace within the Galaxy. Over 70 simulations were conducted, refining the initial parameters
of the star cluster to better match present-day observations. The analysis revealed that the standard mass function
parameters could not fully replicate the unique characteristics of NGC 2516. To address this, we adjusted the
mass function to align more closely with the observed stellar properties. The results demonstrate morphological
similarities between the simulated and observed clusters. However, the simulations also include additional tidal tail
stars that are absent in observational data, possibly due to observational limitations. These findings highlight the
need for more detailed analyses and comparisons. In future studies, we plan to apply machine learning techniques

to more accurately identify and classify stars in the tidal tails.
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Introduction

Studying the history of star clusters provides insight into the history of our galaxy. Star clusters
form from large molecular clouds [1, 2]. Additionally, open star clusters (OC) are formed in the arms
of galaxies. They are young and reside near the galaxy’s disk. [3-5].
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After the Gaia telescope was activated, it began collecting observational data from both near and
distant space, including information on the star clusters (SC) within our Galaxy. Gaia provides highly
accurate astrometric data (such as right ascension a, declination 6, proper motion by right ascension
, proper motion by declination and parallax m) and photometric data (such as absolute magnitude G
and color indices (GBP-GRP)) with minimal error [6].

This data enables the identification of star cluster memberships, which is crucial for understanding
the evolution of our Galaxy. In the work, Gaia’s data was utilized to determine the membership of
stars in various clusters, including NGC 2516 [7].

One of the young open clusters (OCs) of the Milky Way is NGC 2516, also known as Caldwell 96
(or the Sprinter), the cluster situated in the southern sky within the constellation Carina at coordinates
a = 119.5270°, 8 = —60.8000° [8], and discovered by Abb¢ Lacaille in 17511752 [9]. This cluster
lies at a heliocentric distance of X = 26.65 pc, Y = —394.41 pc, and Z = —112.85 pc. It exhibits
velocities of U =-21.99 km/s, V =—-25.02 km/s, and W = —4.51 km/s. The age of NGC 2516 is 123
Myr, with a mass of M| = 1973.3M. Its half-mass radius is 7.9 pc, and its tidal radius is 18.3 pc, The
cluster contains 2690 members [7].

In this paper, we conduct a tailored simulation of the NGC 2516 cluster by using Phi-GPU code.
We identify the birthplace of the cluster within the Galaxy. Subsequently, we determine the initial
parameters of the cluster stars for further comparison with observations. All simulations are carried
out following a gas expulsion event [10—13].

Materials and Methods

Galactic Context of NGC 2516

We have calculated the cluster’s initial position and velocity by performing a backward N-body
simulation of its orbit for 123 Myr using the phi-GRAPE-GPU code as in the work [14]. To model
the Milky Way, we used a three-component axisymmetric Plummer-Kuzmin potential [15]. Thus,
the place of birth and the initial velocities of the cluster were determined. Table 1 presents both the
current and initial positions and velocities of NGC 2516 based on observational data. Pang et al.
illustrates the locations of all identified members of the 13 target clusters in Galactic coordinates, as
shown in Figure 1 [7]. And NGC 2516 has been shown as pink color.
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Figure 1 — 2D projection of identified member stars
of each target cluster in Galactic coordinates (I, b).
Each of the 13 clusters for which the members are obtained
via Gaia Early Data Release 3 in study [7]
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Table 1 — Current and initial position and velocity of NGC 2516 in Galactocentric cartesian coordinates

Age [Myr] X [pc] Y [pc] Z [pc] VX [km/s] VY [km/s] VZ [km/s]

123 8.1510714 -3.94570 -8.95693 -1.52141 2.234854 -5.2921946
483E+03 41569E+02 80551E+01 | 11034E+01 8042E+02 487E+00

0 5.74054 5.674317 -5.87520 -1.51544 1.6857979 -7.6864457
50590E+03 4345E+03 98540E+01 | 07861E+02 7T17E+02 765E+00

After identifying the cluster’s initial birthplace, we proceeded to determine the initial parameters
of the selected cluster. Over 70 models of star clusters with varying parameters orbiting NGC 2516
were generated to align with present-day observations [16].

Results and Discussion

To compare the simulation results with the observed data, three types of star distributions were
analyzed: the stellar mass distribution, the cumulative distribution of star numbers, and the mass
function. Figure 2 illustrates these distributions for the member stars of NGC 2516, as reported by
Pang et al. (2021) [7].
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Figure 2 — Mass function and cumulative mass and number distributions
of member stars of NGC 2516

The initial mass function (IMF) proposed by Kroupa (2001), which we used in our simulations [ 13],
may not be a good fit for NGC 2516. Our further analysis revealed that NGC 2516 follows a distinct
mass function that the Kroupa (2001) IMF cannot replicate [17]. We attempted to adjust the Kroupa
IMF to better align with the observations at an age of 123 Myr.

The universal IMF Kroupa [17] has the following form:

§(m) xm™* =m™, (1)
where,
ap =+4+0.3+0.7, 0.01 <m/M; < 0.08,
o =4+1.3+0.5, 0.08 < m/My < 0.50,
g =+23+0.3, 0.50 < m/Ms < 1.00,
a3 =—+2.3+0.7, 1.00 < m/Ms,
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We tried to change values of from equation 1 as well as limits for different The lower and upper
limits for initial stellar masses kept the same as in previous simulations our works as [18]:

My = 0.08Mg, m,,, = 100M,. )

Our best-matching IMF has the following values for:
ay = +0.6, 0.08 <m/M, < 0.75,

ap =431, 0.75 <m/Mg < 100.

Figure 3 shows the mass distributions of NGC 2516 (a grey area) and the best-matching simulated
cluster (blue lines). The blue dashed line shows the mass distribution of all stars including neutron
stars and black holes in the simulation. The blue solid line includes only optically visible stars (about
mag for a distance of 400 pc) within the Jacobi radius. In Figure 3 we present the cumulative mass
and number distribution profiles. The line colors and styles are the same as in Figure 2. That is the
solid line shows optically visible stars that can be observed from the Solar system, while the dashed
line corresponds to all simulated stars, including brown dwarfs, white dwarfs, neutron stars, and
black holes (if such exists). Comparing the two panels of Figure 3, since the mass difference is
smaller than the number of stars, we can understand that the mass excess comes primarily from low-
mass stars. Additionally, the simulated cluster also has tidal tails and ex-members that escaped during
the violent relaxation, which cannot be included in observational data. That is clear if we compare the
proper motions in simulation and observation (Figure 6).
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Figure 3 — Stellar mass distributions in NGC 2516 (grey area)
and best-matching simulation (blue).
The dashed line represents all stars, while the solid line corresponds
to the visible stars in the simulations

Using the methods described by Kalambay et al. [19], we produced the mock observational
data for our simulations using only the last snapshot corresponding to the age of 123 Myr (Gaia
Collaboration 2019 [20]). We present the proper motions in the equatorial coordinates in Figure 5.
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Figure 4 — Cumulative number and mass distribution profiles of a simulated (purple)
and actual (black) NGC 2516 star cluster. The dashed line indicates all stars,
whereas the solid line represents only the visible stars from the simulations
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Figure 5 — Proper motions in right ascension and declination
of NGC 2516 from observations (left panel) and simulations (right panel)

The actual observational data from [7] is presented in the left panel, while our best-matching
simulation is shown in the right panel of Figure 5. The observations have a wider spread of proper
motions than the simulation. The positions of optically visible stars (the all-sky view) projected onto
the sky are presented in Figure 6, where again, the simulated cluster is in the right panel, while the
observed one is in the left.
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Figure 6 — An all-sky view of NGC 2516 (left) and its tailored simulation (right)

Figure 6 shows that the simulation accurately reproduces the current observed location of the
cluster. Additionally, the simulation reveals extra stars surrounding the main cluster, which may have
been excluded in observations, possibly being filtered out along with stars from the Galactic field.

Conclusion

The orbit of the NGC 2516 cluster was modeled to determine its birthplace within the Galaxy.
Following this, over 70 simulations were conducted to estimate the initial parameters of the star
cluster. To achieve this, we analyzed the widely accepted formula for the mass function distribution
but found that its standard parameters did not align with observations. Therefore, we adjusted the
parameters specifically for our cluster. These revised parameters were subsequently compared to
observational data for NGC 2516.

Morphological similarities between the simulation and observations were identified. However,
the simulation includes a greater number of stars in the celestial sphere, which may correspond to tail
stars that, during observations, could be mistaken for field stars. This discrepancy arises because stars
in the tidal tails have distinct motions and can be dispersed around the cluster.

Figures 5 and 6 highlight stars that differ from the main cluster. These findings call for a more
detailed investigation and comparison with other studies. In the future, we aim to utilize machine
learning techniques to more accurately identify stars in the tidal tails.
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NGC 2516 IHAIIBIPAHKBI 7KYJI/1bI3 IOT bIPbI:
MOJAEJIBJAEY K9HE KOPAMAJI BAKBIJIAYJIAP

Angarna

Ocoi xymbicta NGC 2516 manmbipaHKbl KYJ1/IbI3 TIOFBIPBIH CAHIBIK MOJICIIBJICY YKOHE OaKbUIay JepeKTepiMeH
CaJIBICTBIPY apKpuIbl 3eprTeyiep xyprizinai. Phi-GRAPE-GPU koabiH naiiaanana OTBIPBII, KYJIIBI3AAP MOFBIPHI-
HBIH opOuTacsl 123 MIiIH KbUTFa Kepi Kapail ecemnrenin, oHbIH [ amakTukanarsl nmaiaa OOIFaH OpPHBI aHBIKTAJIJIBL.
Byrinri Gakpmaymapra colikec KeNEeTiH KYJIAbI3Iap IIOFBIPHIHBIH OacTankbl MmapaMeTpiepiH aHpIKTay yria 70-
TEH acTaM MOENbACY Kyprizinai. Tanaay HOTHKECIHAE CTaHAAPTTH Macca (GYHKUMACHIHBIH mapameTrpiepi NGC
2516-HbIH Oiperell cumarramMaiapblH TOJBIFBIMEH KOpPCETe alIMaWTBhIHBI aHBIKTAJ/Ibl. bysl MoceseHi miemly YIuiH
Macca (YHKIMSCHI KYJABI3IAp/AbIH OakbUIaHFaH KacHeTTepiHe colikecTenaipinai. Horwxkenep mozpenbiaey MeH
OakplIay apachlHAaFbl MOP(HOIOTUSUIBIK YKCACTBIKTApAbI KopceTTi. [lereHMeH, MOfIeNbey JIepeKTepinae OaKpuiay
ozicTepiHzeri mekreynepre OaillaHbICThl OaKplIaylap/ia aHbIKTaJIMaFraH TOJBICY KYHPBIKTAPBIHAAFBI JKYJIIBI3AAP
TaOBUIABL. Bynm HOTIKeNmep KOCHIMINA Talaylap MEH CaNbICTHIPYIAapIbIH KaXeTTUTriH kepcererdi. bomammakra
TOJBICY KYWPBIFBI KYJIIBI3IAPhIH ATIPEK aHBIKTAy *KOHE JKIKTEY VINiH MAIIHMHAJIBIK OKBITY SICTePiH KOJTaHYIbI
JKOCTIapIIar OTBIPMBI3.

Tipek co3aep: NGC 2516, caHAbIK MOJENb/ELY, KYIABI3AADP IIOFBIPHI, TaJlaKTUKAHBIH ABOJIOIHUSICHI, Macca
(YHKIMSACHI.
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PACCESHHOE 3BE3/IHOE CKOIIVIEHUE NGC 2516:
MOJAEJIUPOBAHUE U MHUMBIE HABJIIOJAEHUSA

AHHOTAIUA

B nanHOM HCCllenoBaHUM H3y4daeTcs paccestHHoe 3Be3qHoe ckoruieHrne NGC 2516 ¢ ucnonb30BaHUEM UHCIICH-
HBIX CUMYJISIIMI M CpaBHEHMH ¢ HaOmonarebHBIMK TaHHbIMU. Mcnonbsys kox phi-GRAPE-GPU, mb1 BoccTano-
BWJIM OPOMTY CKOILIEHUs 32 TocyeHue 123 MIiTH j1eT, 4ToOBI OIIPe/IeInTh MECTO ero poXkaeHus B ['anakruke. bouro
BBINOIHEHO Oosee 70 cuMyISIMiA JUTsl yTOYHEHHUS Ha9a IbHBIX TApaMETPOB 3BE3HOTO CKOIUICHHS M MIX TTPUBEICHUS
B COOTBETCTBHE C COBPEMEHHBIMH HAOMIOICHUSMU. AHAIIN3 [T0KA3aJl, YTO CTaHJAPTHBIE TapaMeTpbl (PYHKIMH Macc
HE MOT'YT B ITOJTHOH Mepe OTpa3uTh yHUKanbHbIe XapakTepucTuku NGC 2516. B cBs13u ¢ 9TUM MBI CKOPPEKTHPOBAIH
(dyHKIMIO Macce [uist oJiee TOYHOTO COOTBETCTBUS HAOJIOAAEMBIM 3BE3/IHBIM CBOICTBaM. Pe3ynbrarhl 1eMOHCTpH-
PYIOT MOpdosoruYecKkrne CXoACTBa MEXy MOJICITUPYEMbIMU M HAOIIOAaEMBIMH CKOTUIEHUSAMHU. OJTHAKO CUMYIISILIUN
TaKKe BKJIIOYAIOT JIOTIOJHUTENBHbIEC 3B€3/1bI MPWJINBHBIX XBOCTOB, KOTOPbIE OTCYTCTBYIOT B HAOIIOAEHHSX, BEPO-
ATHO, W3-3a OTPAHUYCHUI METO/0B HAONIONCHNH. DTH pe3yabTaThl MOTIEPKUBAIOT HEOOXOANMOCTD JaTbHEHIINX
uccien0BaHuil u Oonee rTyOOKHUX cpaBHEHHU. B Oymaymux paboTax Mbl INIAHUPYEM MCHOJIB30BAaTh METOABI MAIIMH-
HOTo 00yueHHs /iJIst OoJiee TOUHOTO ONPEACICHUs U KIIaCCU(HUKAIIMK 3B€3/] IPUIIUBHBIX XBOCTOB.

KuroueBnie ciioBa: NGC 2516, unciieHHbIC CUMYJISIIIAHN, 3BE3HbBIC CKOIUICHUS, SBOJIOIHS [ anakTuku, QyHK-
LU Macc.
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