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VIOLENT RELAXATION IN ISOLATED STAR CLUSTERS

Abstract. We study the effect of initial mass function and stellar evolution on the survivability of isolated star
clusters after instantaneous gas expulsion. Our model clusters form with a centrally peaked star-formation efficiency
profile according to the local-density-driven cluster formation model. We perform direct N —body simulations of
N, =10* star clusters with global star-formation efficiencies ranging from 0.13 to 0.50.

We have found that the stellar evolutionary mass-loss does not affect the number of bound stars of star clusters
with high global SFE ( SFEgl >0.2), and the decrease in final bound mass fraction is only due to stellar evolution.

But star clusters with lower global SFE are affected more by stellar evolutionary mass-loss and survive with less
number of stars than if it would consist of single-mass non-evolving stars. High-SFE clusters also do not expand
much after violent relaxation, while clusters with SFE, =0.15 and 0.20 expand significantly. The global SFE as low

as SFE, =0.30 is sufficient for a cluster to almost keep its mass and size at the time of gas expulsion in our models.

Keywords. galaxies: star clusters: general — methods: numerical — stars: kinematics and dynamics — open
clusters and associations: general.

1 Introduction
Stars do not form in isolation. Instead they form in large groups and clusters within dense clumps in
giant molecular clouds. Different stellar-feedback mechanisms as stellar winds, radiation pressure and

photo-ionizing radiation coming from massive stars (>8M ;) can drive the star-forming gas with the

speed about 10km/s (i.e. roughlylOpc/Myr) [1, 2, 3, 4, 5]. Star-formation efficiency (SFE), the

fraction of star-forming gas mass converted into stars, reported by observations of nearby star- forming
regions to be usually less than 30% [6, 7, 8]. That means, more than 70% of total mass is driven from the
embedded clusters by the gas expulsion, which leads to the instability in the star cluster. Lada and Lada
[9] reported that about 90% of star clusters in the solar neighborhood are disrupted after gas expulsion.
There are many works dedicated to the topic of survivability of young star clusters after gas expulsion in
the literature [eg. 10, 11, 12, 13, 14, 15, 16, 17, among many others].

Shukirgaliyev et al. [16] proposed a new approach to study the survivability of star clusters after
instantaneous gas expulsion. They consider star clusters formed according to the local-density-driven
cluster formation model of Parmentier and Pfalzner [18]. That is in their model clusters the volume
density profile of stars are steeper than that of the residual and total gas, as a consequence of star-
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formation taking place with a constant efficiency per free-fall time in a centrally concentrated, spherically
symmetric clump gas [18]. They reported that, such star clusters with a centrally peaked SFE profile are
more resilient to the instantaneous gas expulsion than the model clusters considered earlier [e.g. 13, and
references therein]. The model star clusters of Shukirgaliyev et al. [16] survive the instantaneous gas

expulsion with a critical global SFE of SFE,, = 0.13 instead of SFE, = 0.33 as estimated previously.

In this study we consider the survivability of isolated cluster models only in contrast to Shukirgaliyev
et al. [16], who mainly focused on the survivability of star cluster in the tidal field of our Galaxy, orbiting
in the solar neighborhood. The isolated cluster models in Shukirgaliyev et al. [16] have been considered
mainly to test their new initial conditions and simulations. Their isolated model clusters are consist of
equal-mass, non-evolving stars, while their model clusters of the solar neighbourhood consist of evolving
stars with masses sampled according to the initial mass function (IMF) of Kroupa [19]. Therefore, the
decrease of the cluster bound fractions at the end of violent relaxation caused by coupled effect of two
mass-loss mechanisms: stellar evolution and tidal stripping [16, 20, 21, 22]. The intermediate case of
isolated model clusters consist of evolving stars is now being considered in the framework of this study in
addition to Shukirgaliyev et al. [16].

We compare the survivability of isolated model clusters of Shukirgaliyev et al. [16], which consist of
equal-mass stars with our new simulations with full stellar mass spectrum where additionally stellar
evolution taken into account. The gas expulsion is assumed to be instantaneous in both cases.
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Figure 1 - Density profiles of the star cluster (black dashed line), of the residual (solid lines), and initial (dotted lines) gas for
different SFE o in scaled physical units. A total stellar mass M, = 6000M syny and a 3D half-mass radius 7;, = 1.26 pc

are assumed. Note that the stellar density profile is a Plummer profile.

2 Model description

Our model clusters have a Plummer density profile and are in virial equilibrium together with the
gravitational potential of the residual star-forming gas, immediately before gas expulsion. The density
profile of residual gas is recovered for a given global SFE using the Eq. A.7 of Shukirgaliyev et al. [16],
assuming that our model clusters have been formed with a constant star-formation efficiency of

€ ;= 0.05from centrally concentrated, spherically symmetric gas clump. As a consequence of that, the

volume density profiles of the residual and the total gas have a shallower slope that that of stars [18, 16].
Figure 1 shows the volume density profile of stars (black dashed line), of the residual (colored solid lines)

and of the initial total gas (colored dash-dotted lines) of M, = 6000M g, cluster with a global SFE of

0.05,0.15 and 0.40 for illustration.
Isolated model clusters of Shukirgaliyev et al. [16] have number of star N, =10000in their
simulations. In this study, we run a new set of simulations of isolated clusters in order to qualify the effect
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of stellar mass function and stellar evolutionary mass loss on the cluster survivability. For that we chose
M, = 6000M g, model clusters, which have N, =10455 stars when we sample stellar masses with

IMF of Kroupa [19]. Upper and lower limits of m,, =100M g, and m,, =0.08M , have been

adopted for the IMF. We use the same normalization of our N-body units to physical as in Shukirgaliyev
et al. [16] standard case. That is our M, =6000M i, model clusters have a half-mass radius of

r, =1.26 pc at the time of gas expulsion.

We generate the initial phase-space distribution of star in our model clusters using the program
mkhalo from falcON package [23] with specially developed Gas Potential plug-in [16, 21]. The high-
presicion direct N -body code phiGRAPE-GPU [24] has been used for our N -body simulations, which
ended at time about ¢ =1Gyr .

3Bound fraction of isolated models

The bound fraction is the fraction of cluster mass immediately after gas expulsion, remaining bound
to the cluster at a given time. The bound fraction could be also considered as a number fraction of bound
stars. In case of clusters consist of non- evolving (i.e. constant mass) equal-mass stars, the bound fractions
in terms of mass and number of stars are the same. But when we consider clusters consist of evolving
stars, stellar masses decrease with time and two bound fractions become different. Therefore in this study
in contrast to Shukirgaliyev et al. [16] we consider both, bound mass fraction and bound number fraction
of our isolated model clusters.

We use the same method as we used in Shukirgaliyev et al. [16] to define the bound fraction of model
clusters. That is, instead of defining the bound fraction based on the total (i.e., kinetic + potential) energy
of stars as the fraction of stars with a negative

total energy (solid lines in Fig. 2), we eliminate unbound stars by iterative calculations of the total
energies of stars after removing of currently unbound ones. This method, described in the appendix of
Shukirgaliyev et al. [16] gives us the opportunity to to define the final bound fraction early on in the
evolution of clusters. Otherwise, the bound fraction of model clusters, which are super-virial after gas
expulsion, can be overestimated by the early method based on the total energies of stars [see the appendix
of 16, for more details]. Figure 2, brought here from Shukirgaliyev et al. [16] for the sake of clarity,
shows the comparison of the two methods of defining of the bound fraction of isolated model clusters.
Dashed lines show the bound fraction calculated by a new technique, while the solid lines correspond to
the bound fractions calculated by the old technique. Figure 2 shows that the instantaneous bound fraction
converges toward the final bound fraction determined with our technique by the end of the simulations.
This shows that with our calculation method we can estimate the final bound fraction even before the
inner part of the cluster starts to collapse back and return to virial equilibrium. We caution, however, that
with this method we underestimate the final bound fraction of a cluster with a low global SFE during their
early evolution after instantaneous gas expulsion. This is caused by removing all un- bound stars,
including the centrally concentrated ones, which contribute the most to the gravitational field of the
cluster [see Fig. B.2. in 16]. This is the reason for the unusual behavior of the final bound fractions of
isolated clusters with a global SFE of 0.13 and 0.15, which is 0 at # <1 Myr, and why they rise at an
early time in the evolution instead of decreasing.
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Figure 2 - Time evolution of the bound fraction F}, of isolated models (N = 10*) as defined by two methods: defined by the
fraction of stars with a negative total energy (solid lines), and defined by recalculating the total energy of stars in an iterative

process (see text for details; dashed lines). The vertical dotted line corresponds to = 20 Myr when we scale the isolated

models with the same scale factor as for a non-isolated model with M, = 6000M sun » Which also has N = 104 .

(This figure brought here from Shukirgaliyev et al. [16] for the sake of clarity.)

4 Results

We use the technique described above to find the bound fractions of our newly simulated star
clusters. Since we are looking at the multi-mass stars and turn on the stellar evolution, we consider two
bound fractions, one in terms of number fraction, and the other in terms of mass fraction. In Fig. 3 we
compare bound fraction evolution of two isolated models. The left panels show the bound fraction
evolution of previous model clusters consist of equal-mass stars. The right panels show the bound number
fraction evolution on top panel and bound mass fraction evolution in bottom panel of our newly simulated

clusters, consist of IMF sampled evolving stars. The SFE, =13 model cluster does not survive the

instantaneous gas expulsion when is consist of multi-mass evolving stars (see blue lines in the right
panels).

Figure 3 shows that after # =20 Myr the bound number fraction of all model clusters become
almost a constant, so the decreasing of the bound mass fraction of star clusters with IMF is only due to
stellar evolution. Therefore we assume that the violent relaxation is over before # =20 Myr and then we
measure the final bound fraction, that is the bound fraction at the end of violent relaxation at = 20 Myr .

Figure 4 presents the comparison of the final bound fractions of our model clusters as a function of
global SFE, in terms of number fraction in the left and of mass fraction in the right panel. Single mass
model clusters and evolving clusters with IMF are represented by green and red colours, respectively.
There is almost no difference between the two types of models when we look at the final bound number
fraction for a high global SFE (SFE o > 0.2). The decrease in final bound mass fractions of star clusters

with IMF mostly caused only by the stellar evolutionary mass-loss and also by Poisson noise in the phase
space distribution of stars. The model cluster with the highest SFEs (SFE o = 0.5) save almost all of its

stars after instantaneous gas expulsion (see bound number fraction). Therefore its bound mass fraction at
the end of violent relaxation is almost the same as if it did not lose any star during its evolution with mass-
loss caused by only the stellar evolution (the horizontal dashed line on the right panel of Fig. 4). It also do
not too much differ in its bound mass at the end violent relaxation from other two high SFE clusters (
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SFE, =0.3and SFE, =0.4). These three model clusters do not expand much after the violent
relaxation too (see Fig. 5). The half-mass radius of model clusters at the end of violent relaxation

normalized to their half-mass radii immediately after gas expulsion1 as a function of the global SFE are
provided in Fig. 5. As we see from our models, the highest observed SFE, as high as SFE o = 0.3 ,is

sufficient to keep the embedded clusters almost unchanged in terms of mass and size after gas expulsion.
[See e.g. 25, to learn about the expansion of star clusters after gas expulsion].
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Figure 3 - Bound fraction evolution of isolated clusters. The top panels show the evolution of bound number fraction, while the
bottom panels show the evolution of bound mass fraction of equal-mass star clusters in the left panels and IMF sampled evolving
star clusters in the right panels. X-axis is given in logarithmic scale. The color-coding corresponds to global SFE shown in the
key in the lower right panel. The black line in the lower right panel corresponds to the mass-loss due to pure stellar evolution
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Figure 4 - The final bound fractions of isolated model clusters measured at £ = 20 Myr as a function of global SFE. The left

panel shows final bound fractions in terms of number fraction of stars, while the right panel corresponds to the final bound mass
fractions. The equal-mass star clusters are marked with green colour, while model clusters with stellar evolution are shown by red

When we look at star clusters with global SFE lower than SFE; <0.25, their final

bound number fractions are decreased together with their final bound mass fractions when the IMF
and the stellar evolution are introduced in the simulations. This is an effect of the fast evolution of most
massive stars, when almost 15% of the total stellar mass is lost within early 20 Myrs . Due to the stellar

evolutionary mass-loss, the central gravitational well of multi-mass clusters becomes much weaker, than
that of single-mass clusters, and therefore loses more stars (hence mass). The escape of some very
massive stars also have negative influence in the survivability of multi-mass low SFE clusters. The
Poisson noise in the initial phase-space distribution of stars also can cause a scatter in the final bound
fractions of low-SFE clusters [see 20, for more details].

ISince clusters have the same stellar density profile at the time of instantaneous gas expulsion, their
half-mass radii immediately after gas expulsion are identical too.
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Figure 5 - The half-mass radii of isolated model clusters at the end of violent relaxation as a function of global SFE,
normalized to the cluster half-mass radii immediately after gas expulsion (7, (0) =1.26 PC). The green and the red filled

circles correspond to the single-mass and multi-mass clusters, respectively.
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5 Conclusions

We considered the survivability of isolated model clusters, consist of multi-mass evolving stars after
instantaneous gas expulsion. Our model clusters formed with a centrally-peaked SFE profile, as a
consequence of star formation process happening with a constant efficiency per free-fall time according
to the model of Parmentier and Pfalzner [18]. All our model clusters have a Plummer density profile
immedi- ately before gas expulsion and are in virial equilibrium with gravitational potential of the residual

gas. We consider M. =6000M g, clusters with different global SFE range from SFE, =0.13to

SFE, =0.5. The IMF of Kroupa [19] with the mass limits of m,,, =0.08M g, and m,, =100M

has been adopted. All stars lose their mass according to the stellar evolution code SSE [26]. We use high-
precision direct N -body code phiGRAPE-GPU for our simulations.

We calculated the bound fraction of model clusters based on their energies using the technique
described in Sec. 3. Then we compare our results with the results in Shukirgaliyev et al. [16] obtained for
isolated clusters, consist of non-evolving single- mass stars.

We have found that SFE, = 0.3 is sufficient to save almost all stars (> 80% ) and keep the cluster

Sun

compact after violent relaxation. The model cluster with SFE, = 0.13 does not survive the instantaneous

gas expulsion when the IMF and the stellar evolution are introduced in the simulations. The
SFE, = 0.15 model cluster survives the instantaneous gas expulsion, although with a small final bound

fraction.

The stochastic effect is high in low SFE clusters due to low number of high-mass stars [20].
Therefore in the next study we plan to consider more random realizations and study the stochastic effects
due to the mass-function in more detail. We do not consider any effect from dark matter due to relative
small scales [27].
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OKIIAYJIAHFAH JKYJIIBI3JBIK IIOFBIPJIAPABIH KAPKBIH/BI PEJTAKCALISICEI

AnHorammsi. Ocbl KyMbIcTa OacTamkbl Macca (QYHKIMACH MEH OSKYIObI3AAp AaMyBIHBIH OKYJIIBI3IBIK
LIOFBIPJIAHY IbIH, JIE3MIK ra3 BIFBICTHIPBUIYBIHAH KEHIHI CaKTallyblHa ocepi KapacThIpbLiaibl. JKyinel3 TY3ULyiHIH
tuimautiri (KOXKT) KeprimikTi THIFBI3ABIKIICH AHBIKTAJIATBIH MOJEIBIE COHKEC, 3€PTTENIN OTHIPFAH SKYJIABI3IIBIK
kiacrepiiep opranslk mbsiHFa e XOKT-men kypeinagst. XKymapi3 tysinyinig taimMairiri 0.13-nen 0.50 apanbirbinaa

JKATAThIH XKYJIIBI3BIK IIOFBIPIAHyIap/BbIH Tikenel N-body Monensaeyi N, = 10? sxarnaii yuiin opbiHaanFas.
MaccaHbIH KYIIBBIAP IBOJTIOMHUACH ceOeOIHeH JKoramysl )kahaHIBIK KYIIBI3 TY3UTYiHIH THIMIUTITI Korapsl (
SFE o> 0.2) >KYIABI3ABIK MIOFBIPIAHYIAPAArel OaiIaHBICKAH KYJIIBI3NAP CaHBIHA ocep CTIEUTIHI, aKbIPFBI

OaitnaHbICKaH (pakUSHBIH Maccachl TEK JKYIIbI3NAp JaMybl apKacblHAa (OailIaHBICKaH XYJIABI3AAD CAHBIHBIH
azalobl ceOeOiHeH emec) KEeMUTIHI TaObUTFaH. AJaiina, SFEgl =0.15TeMenney WIOFBIpIAHYNAP KYIABI3IAP

SBOJIIOLMSACHIHAH OOJIATBIH Macca JKOFATYbIHBIH 9CEpiHe YIIbIpal, Maccanapbl Oipliei, IBOJIOLUSIFA KaThICIAHThIH
KYJIBI3JIapaH TYPaThIH KacTepiepre Kaparanaa OaillaHbICKaH JKYJIIbI31ap CaHbl a37ay OOJIBII CaKTaJIbIN Kalafbl.

Oran koca, SFE g KOFapbl IIOFBIPNIAHYNIAP KAPKBIHIBI pesaKCcalysIaH KeWiH KaTTbhl KEHEeHMEWTiHi, ai
SFE, =0.15nen 0.20 TeH KiacTepyiep — aWTapiBIKTAH YIFailaThIHBI ajablHFaH. Bi3miH Momenbae SFE, =0.30

CHSIKTBI TOMEH >kahaH/BIK >KYJIIBI3 TY3UTYiHIH THIMALTIr KiacTep ra3 BIFBICTHIPBUTY Ke3iHJE ©3iHIH Maccachl MEH
OIIIIEMIH CaKTay NEPIiK YIIiH )KEeTKUIIKTI OOJBII MIBIKTHI.

Tyiiin ce3amep. rajakTHKaIap: >KYIABI3ABI MOFBIPIAP: KAl - JMICTEpP: CAHIBIK- JKYINbI3Ap: KHHEMAaTHKa
JKOHE JIHAMUKA - MIAIIBIPAHKbI TIOFBIpIap MEH OipIIeCTIKTep: JKajIIbl
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BYPHAS PEJIAKCALIUSA B U30JIMPOBAHHBIX 3BE3/ITHBIX CKOIIVIEHHUAX

AnHotanusi. B pabore wuccrnemyercs BIMSHHME HadalbHOM (YHKIMM MacC W 3BE3IHOH HBOJNIONUHM Ha
BBDKHBAEMOCTh H30JIMPOBAHHOIO 3BE3JHOTO CKOIUICHWsSI TOCIE MTHOBEHHOIO BBIIyBaHWs Tasa. Mccnemyembie
MOJIENbHBIE KJacTepbl 00pasytorcss ¢ mpodmaeM dpdexktuBHOCTH 3Be3nooOpazoBanus (SFE), umerommm
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LEHTPAIBHBI MUK, B COOTBETCTBUH C MOJENbIO (OPMUPOBAHUS KIACTEPOB, B KOTOPOil 3Ta 3(¢EeKTHBHOCTH
OTIpeNIeISIeTCS JIOKATBHOM IIIOTHOCTBIO. BBIIO BEITONHEHO TIpsi- Moe N -body MomennpoBaHie 3BE3AHBIX CKOTUICHHIA

4 . .
¢ N, =10"u rnoGansHol 3 peKTHBHOCTHIO 3B€31000pa3oBanys, Jexkameil B quanasone ot 0.13 1o 0.50.

Bei10 00HapykeHO, YTO MOTEPsl MAcChl 32 CYET DBOJIOLMH 3Be3] HE BIHACT HA KOHEYHOE YMCIIO CBS3aHHBIX
3B€3]] B 3BE3/IHBIX CKOIUICHHSX C BBICOKOH Ti100anbHON 3¢ QeKTUBHOCTBIO 3Be3noo0OpazoBanus ( SE. E, > 02), un

KOHEYHasi Macca CBA3aHHON (pakiMy yMEHbLIAETCS TOJBKO M3-3a 3BE3IHOM DBONIIOLMK (HE M3-32 YMEHBIICHHS
YUCIa CBSA3aHHBIX 3Be3xd). OMHAKO 3BE3NHBIC CKOIUIe- HHS C 0OoJiee HHM3KOH TIIIOOATbHOM SFEgl = (.15 6onpre

MOJABCPIKCHBI BJIHUAHUIO MMOTEPU MACCHI 3a CUCT 3B63]1HOI‘/II 3BOJJIIOIUH W BBDKHWBAKOT C MCHBIIUM YUCJIOM 3BEC3J, YEM

CKOIUIEHHS, COCTOSAIIME H3 HEBOTIONUOHUPYIOMIMX 3BE3J ONHONW Macchl Takike CKOIUIEHHA C BRICOKOH SFE o HE

pacUIMpsIOTCS CHABHO Tocie OypHOHM pemakcaiuy, Torga kak kiactepsl ¢ SFEy = 0.15 m 0.20 3naunTensHO
pacumpstorcs. B Hameld Mojenu Takod HM3KOH Ti100anbHOHW 3(QQEKTUBHOCTH 3BE3J000pa3oBaHMs, Kak

SFE, =0.30 , oxasbisaeTcst I0CTaTOMHO UL TOTO, YTOOBI KIacTep MOYTH COXPAHHMI CBOIO Maccy U pasMep BO

BpPEMs BLITCCHCHUS rasa.
KuroueBble ¢J10Ba. rajakTHKH: 3BC3/IHBIC CKOIIJICHMA: 061_]11/16 - MCTOJBbI: YHCJICHHBIC - 3BC3/Ibl: KHHCMAaTHUKa U
JAWHAMHKa - paCCCAHHbIC CKOIUICHUA U accorualus: O6HII/IC
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