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ABSTRACT

We model the dynamical interaction between the Small andéd.dfagellanic Clouds
and their corresponding stellar cluster populations. al ¢s to explore whether the lack
of old clusters £ 7 Gyr) in the Small Magellanic Cloud (SMC) can be the resultlod t
capture of clusters by the Large Magellanic Cloud (LMC), &l &s their ejection due to the
tidal interaction between the two galaxies. For this puepwee perform a suite of numerical
simulations probing a wide range of parameters for the oftihe SMC about the LMC. We
find that, for orbital eccentricities > 0.4, approximately 15 per cent of the SMC clusters
are captured by the LMC. In addition, another 20 to 50 per oéit$ clusters are ejected into
the intergalactic medium. In general, the clusters losteySMC are the less tightly bound
cluster population. The final LMC cluster distribution stsow spatial segregation between
clusters that originally belonged to the LMC and those thateacaptured from the SMC.
Clusters that originally belonged to the SMC are more likelye found in the outskirts of
the LMC. Within this scenario it is possible to interpret thiference observed between the
star field and cluster SMC Age-Metallicity Relationshipsdges> 7 Gyr.

Key words: methods: numerical — galaxies: individual: SMC — Mageltaliouds — galaxies:
star clusters.

1 INTRODUCTION morphology and internal kinematics of the Magellanic Syste
— - . - (in gas and stars) are naturally explained by interacticata/éen
Erll?)t\fxllrf‘ocls deelzltel_ra(fsgll\i;gzalll\;iglgllrgjg &ﬁé;gﬁjggi’l&;&i‘; 15 the LMC and SMC, rather than gravitational interactionshwtite
: ; o . Milky Way. They examined the gas and stellar kinematic cen-
unexpl(;:uned ag_d co?sr?tutes ofne of t_he m%st |nt|r|g_umgre_5_1@[;n tres of the LMC; the warped LMC old stellar disk and bar; the
ohur un ers_tan dmﬁ ° th N LMCl o_rmatlfonlzn evl(l) utlon.llln;?d y gaseous arms stripped out of the LMC by the SMC in the diractio
they mentioned t att. e population of old Small Magella m@. of the Magellanic Bridge; the stellar debris from the SMCrsee
E)ill\c((:))nzl%T(;erstr?;silgilzzrdﬁﬁ:?:jfrﬁoegyﬁgz;y(;na?hit:(gt(;;s in the LMC disk field; etc., to strongly reinforce the suspits
. ) ’ —1 oflde Vaucouleurs & Freeman (1972) that the interaction with
catalo.gued.a.md studlled clusters performed bv Rlattl (2and)he Milky Way is not responsible for the LMC’s morphology. More-
latest identified relatively old SMC cluster (Piatti 201a)total of over, these conclusions provide further support that thgeManic

only six relatively old clusters remain to be studied in théaxy. Clouds (MCs) are completing their first infall to our Galaxy.
From this result, it arises the possibility of connecting tirigin

of the oldest LMC cluster population to stripping events nfiant

SMC star clusters. Indeed, it is curious in this context thatold- As far as MC'’s star clusters are considered, Bekki et al.4200
est SMC cluster is at the young and metal-rich extreme of MEL proposed that differences in the birthplaces of both MCsiitial
globular cluster distribution. masses between the two caused the LMC cluster age gap and the

Besla et al.|(2012) have showed that the observed irregular lack of old SMC clusters They suggested that the LMC/SMC were
formed as different entities rather than as a binary prdéogan
order to explain the difference in the MCs star cluster fdarama

* E-mail: ddc@fcaglp.unip.edu.ar history. On the other hand, Piatti ef al. (2002) suggestat tthe
+ E-mail: fgomez@pa.msu.edu SMC was formed from the detachment of some part of the LMC
1 E-mail: andres@mail.oac.uncor.edu containing gas and/or star clusters. Notice that both warksed
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at explaining the remarkably complementary age-metbflicla-
tionship observed in the MCs.

In this Letter we trace for the first time the MCs star cluster
dynamical behaviour from numerical simulations in ordereie
plore the possibility that SMC globulars have been stripmeicby
the LMC. In Sect R we deal with the computation of the stastelu
orbits, whereas in Se¢il 3 we discuss the probability oftehusap-
ture in terms of different scenarios and parameter valneSett[%
we summarise our results.

2 NUMERICAL SIMULATIONS

In order to investigate whether the above-mentioned hygsish

of a cluster. In the last equation we have used the usualiosat
r = |x| andv = |v|. The density profile turns out to be:

M a

p(r) = %mv

4
though we added a cut in this distribution at different fimus$ of
the tidal radius,R;, of each galaxy (see details below). The tidal
radius of the LMC (SMC) is 74 (26) kpc for an initial separatio
of 100 kpc, and 46 (15) kpc for an initial separation of 60 Kpce
considered cut to the initial cluster distributions &g 0.5R; and,

as a limiting case, a cut at 10 kpc for both galaxies. Theadhigidial
extent of a galaxy’s cluster population is still a matter eldte. Us-
ing numerical simulations, Bekki (2005) (see &lso Bekki &h¥gi
2006) finds that this extent can be approximated as a fracfion

may be true, we ran a series of numerical experiments. Weechos the half-mass radius of the host’s dark matter halo. Therhals
10*° Mg, as the unit of mass, 1 kpc as the unit of distance, and the radius, Ry, of the MCs can be estimated &, = 0.6R200 (see

gravitational constar® = 1. This yields 4.7147 Myr as the unit of
time and a unit of velocity equal to 207.4 km’s The experiments
consisted in following the evolution of the MCs in mutual gra
tational interaction on bound orbits, plus 100 point massesnd
each cloud representing the clusters. The initial distdrstereen
both galaxies was 100 kpc.

We simulated the MCs through Hernquist potentials
(Hernquist 1990):
GM
Br) =~ @

where M is the mass and is the scale-length of the model. We
usedMr, = 1.8 x 10" M, andar, = 21.4 kpc for the LMC, and
Ms = 2.1 x 10" Mg, andas = 7.3 kpc for the SMC|(Besla et al.
2012).

We wanted to generate initial conditions for the bounded bi-
nary orbits of the MCs with different eccentricities, in erdo see
whether exchanges of clusters may be possible in diffeanmtas-
ios. However, since the MCs are not point masses, a Kepledan
centricity and its associated elliptic orbit are not defind there-
fore defined the eccentricity as

Ta —Tp

e= ,
Ta + Tp

@)

wherer, andr, are the pericentric and apocentric distances of
the rosette orbit between the two spherical potentialpects/ely.
Then, to obtain an orbit of one galaxy about the other withvargi
e, we first integrated a test orbit with a chosen initial sepana
and with a guess on the initial velocity (perpendicular & thdius
joining both MCs, i.e., we started at the apocentre of thé)oaid
computed the resulting eccentricity. The initial separagiconsid-
ered were 60 and 100 kpc. By iterating this process, thealnié-
locity corresponding to the desiredvas found. Finally, the initial
positions and velocities of the MCs thus generated wereslated
to the centre of mass coordinate system.

We then distributed 100 clusters of mas M, around each
galaxy, with positions and velocities following the copeading
Hernquist distribution function with isotropic velocityisprersion
(Hernquist 1990):

M 1
8v/2m3a3w3 (1 — s2)5/2
X [3 arcsin s + s(1 — s%)/2(1 — 25%)(8s* — 8s% — 3)} ,

fx,v)=
(3)

where(x, v) is a point of the phase spaae,= (GM/a)*/?, and
s = (—E)"?/w, beingE = 1v* + &(r) the energy per unit mass

Willman et al.l 2004), wherd?20o corresponds to the virial radius
of the halo. Considering®zo0 = 117.1 (57.1) kpc for the LMC
(SMC) (Besla et &ll. 2012), we obtain®, = 70.3 (34.3) kpc.
These values are consistent with the tidal radii obtainednaém
initial separation of 100 kpc between the clouds is considler

Since the MCs are fixed potentials, there is no dynamical
friction in their orbits. To make the simulations more refd,
we added this acceleration to the velocitiesof the MCs in
their orbits by using Chandrasekhar’s dynamical frictiomiula
(Chandrasekhar 1943; Binney & Tremaine 2008):

dV2

T (®)

2 "2 V2
= —4nrG"Map1 In A {/ v fl(v)dv] -,
0 V3
where the subindex 1 refers to the galaxy causing the frictize
subindex 2 refers to the galaxy being decelerateds the relative
velocity of the MCs, and\ is the Coulomb factor defined in our
case as:

2
U
A= —2

M2 (7“) ’ (6)

wherer is the distance between the MC's centres, atiglr) is
the mass of the galaxy 2 enclosed intdr he distribution function
of the velocities of the galaxy 1f: (v), should be obtained from
Eg. [3) by integrating to all positions. Unfortunately, thés no
closed form for the primitive, so that the integral of Hg. (#&s
approximated with:

/Ov2 v f1(v)dv ~ é (erf(m) )

2 2
&)
with = 2v2+/a1 M;. This approximation gives an error of less
than 6 per cent at any..

We used a tree code (Barnes & Hut 1986; Hernquist|1987) to
perform the experiments. But since we considered both MCs as
two particles not being point masses, we modified the tree-alg
rithm in order to self-consistently follow their evolutisnAt each
time step, we first started by assigning a null mass to botaxgal
ies. This avoids the MCs being attracted to each other asKapl
potentials, but allowing the 200 clusters to be gravitalyninflu-
enced one to each other and to accelerate their host galafies
computing all these accelerations, we put the two Herngpistres
centred at the positions where the galaxies were found ttithe,
and added the accelerations produced by them on the clastérs
on each other as well. The system was then evolved in timeaand
new time step was taken.
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Figure 1. Example of the total potential of the MCs along the line jomi
their centres. The LMC and the SMC are here located-at0 andr = 100
kpc, respectively; the saddle point determining the repetidal radii is at
r = 74.53 kpc. The straight line shows the value of the potentiglat the
saddle point; the grey areas correspond to the regions akimie of each
galaxy, when the value of the equipotentia) is taken as a reference.

100 150

3 RESULTS

For each chosen value, we integrated five different realisations
of the cluster distributions —using different seeds in eeabe—,
in order to be able to estimate the statistical uncertainti®ur-
ing the execution of each experiment, we kept track of the mem
bership of each cluster in order to detect any possible exgEha
between both galaxies. To this purpose, we first computepdbie
tion of the saddle point corresponding to the MCs, i.e., thiatpat
which the acceleration due to both galaxies is zero, as eifesdp

in Fig.[. This point, which lies on the line joining the cesrof
the MCs, approximately determines the instantaneous raahilis
of each galaxy. Note that this is an approximate value duéeo t
fact that the equipotential corresponding to the saddlatpsinot
spherical around the centres of the MCs.

Let the potential of this saddle point at any titlee P (). We
might now decide whether a given cluster belongs to one adhano
galaxy by comparing both its distance to the galaxy centitfstie
respective tidal radii, and its energy (per unit mass) radb the
galaxies with®,. Fig.[d shows in grey the regions of membership
when this criterium is chosen. This procedure satisfagtarorks
when dealing with static potentials. However, in our cashas a
serious drawback: sinc@,(t) depends on time, it could happen
that some clusters have energies slightly befayat a given time,
and slightly aboveb, at the next time step, so that they are "lost”
due to the shifting o, without their dynamical status having been
significantly changed.

Since we are interested in real star cluster exchanges betwe
the MCs, we considered a star cluster to belong to a galaxypwhe
ever the former is located inside the tidal radius of theelaitre-
spective of the energy. It might happen that a star clustdriciw
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Figure 2. Percentage of clusters that initially belonged to the SM@, an
at the time of the third apocentre, were captured by the LM@nt® and
crosses refer to experiments without and with dynamicatiém, respec-
tively. The latter were slightly shifted to the right for attee readability.
Also shown are the results of experiments with dynamicatiém but with
initial separation between the galaxies of only 60 kpc (agiegies, slightly
shifted to the left). The error bars correspond to the stahdeviation com-
puted from the 5 experiments done for each case.

we recomputed the membership as described above/JFig. Zshow
the percentage of clusters that initially belonged to theCSamd,
at the time of the third apocentre, were captured by the LM. F
these experiments we considered a cut to the initial ragitehe of
the cluster population equal ;. We present the results both with
(filled circles) and without (crosses) dynamical frictidxs can be
seen, when the dynamical friction is taken into accountthee far
less captures than in the other case, specially at largatiites,
notwithstanding the closer pericentres of the former clisis. may
be explained by the fact that the closer a pericentre, thé emtiae
time of high interaction, so the MCs interact more strongly/dur-
ing a shorter period of time when the dynamical friction iegant.
In any case, captures appear to be a frequent, non-negligiaure
of the interaction between the MCs. Hig. 2 also shows theoougtc
of an additional experiment including dynamical frictidout with
the galaxies initially separated 60 kpc instead of 100 kpefccir-
cles). It is clearly seen that this parameter doesn’t playiepor-
tant role in the rate of captures. In general, when dynarfiiicaion

is taken into account, approximately 15 per cent of the SMG-cl
ters are captured by the LMC, fer> 0.4.

Fig.[3 shows, for the case = 0.7 with dynamical friction,
the original distribution of energies of the SMC'’s clustex® have
averaged the values of the five experiments in order to rethece
noise). Each bin is subdivided into three parts, dependimghe
fate of the clusters. Those captured by the LMC corresponieo
lower parts, limited by dashed lines (blue online); thosé&Whvere
left unbounded from both galaxies are piled above the |diteited
by thick lines (red online), and those which remained bodride

has acquired too much energy— be assigned to a MC, even thoughthe SMC are represented by the upper parts, piled on top. As ca
it might be unbounded from both MCs. However, in such a case, be seen, the energy region from which the clusters are sttippt

our bookkeeping would still result reasonable, since theduster
will quickly escape and go beyond any tidal radii.

We ran each experiment until the apocentre following thelthi
pericentre of the orhit is reached; longer times might intpky fu-
sion of the galaxies or the tidal disruption of the SMC (Belal.

2012). For each experiment, we logged the MC to which every

cluster initially belonged to and, at the final time of intagon,

© RAS, MNRAS000,[113

from the SMC correspond to those less bounded, i.e., thodefa
out from the galaxy. Also, we may expect the intergalacticlione
to be filled with clusters lost from the SMC. Approximately Bér
cent of its clusters are ejected. The experiments done wtiitero
eccentricities showed the same trend.

It might be suspected that our choice of initial conditions
favours the loss of clusters since, even though they aréafipdo-
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Figure 3. Distribution of initial binding energies of the SMC'’s cless,
for the casee = 0.7 and with dynamical friction, averaged over the five
experiments. For each bin, the clusters captured by the LIbi@( areas),
those unbounded at the end of the experiment (middle araad)those
that remained bounded to the SMC (upper areas) are also sitwerbins
correspond to spherical shells of constant width.

cated inside their respective galactic tidal radii at thgitreing of
the integrations, some of them have energies above thesspoldit
between the MCs. However, this should not be a big concengsin
previous tidal interactions with other galaxies, or eves khilky
Way, are expected to expand the original cluster radiatidigton,
leaving some clusters on high energy orhits (Muzzio 1986).
Nevertheless, we ran an additional set of experimentsjadons
ering dynamical friction, with all the clusters initiallygred inside
the tidal radiiand having energies below the threshold of the saddle
point. Note that this condition imposes a more centrallyceon
trated radial distribution of clusters than before. In wiaiows,
the initial eccentricity of the SMC'’s orbit about the LMC igdid at
e = 0.7, as this is the preferred eccentricity in the models present
by|Besla et al. (2012). The experiments yieldddt 3 per cent of
captures of SMC's clusters by the LMC, wher@ast 7 and20+6
per cent of LMC’s and SMC's clusters were thrown into the finte
galactic medium, respectively. Interestingly, similarqentages of
captured clusters were obtained when different cuts foirttial
radial extent of the cluster populations were considered.ckts
at0.5R; and 10 kpc, we found that7 + 3 and 15 + 3 per cent
of SMC clusters were captured by the LMC, respectively. & th
latter experiment we found th&t+ 3 and29 + 7 per cent of the
LMC and SMC clusters were ejected into the intergalacticiomad
respectively.
We compared the final spatial distribution of the simulated
LMC'’s cluster population with the observed distributiorogted
by |Piatti et al. [(2009, see their Fig. 10). Since our models ca
only be compared to the distribution of old halo-like pressu
supported stellar clusters, we selected from the old dissteple
of Piatti et al. [(2009) only those with ages 7 Gyr. Note that this
is approximately the time at which the MCs may have startéad-to
teract with each other (Besla el ial. 2012; Kallivayalil €12013).
Using these old clusters we find a mean cluster projectedrdist
with respect to the LMC'’s centre of approximately 5 kpc. Ider
to compute the projected distance in our models, we coreidée
z = 0 plane of our simulations as the plane of the sky, and pro-
jected the simulated 3D distances onto that plane. Our raedét
an initial separation between the clouds of 100 kpc and aociliet
cluster’s radial distribution aR; yielded a final mean LMC clus-

ter's projected distance of 17 kpc. The large mean distabtzered

in these experiments can be attributed to the large cut dered

for the initial radial distribution of clusters. In fact,a@lexperiments
with an initial separation between the clouds of 60 kpc, dms &
much smalle?, (see Se¢l]2), yielded a projected mean cluster dis-
tance of 10 kpc from the LMC's centre. For experiments wittscu
at0.5R; and 10 kpc, and initial separation of 100 kpc, we obtained
projected mean cluster distances of 16 and 9 kpc, resphrtive

is interesting to note that in all cases we found a spatialeseg
tion between the clusters that originally belonged to thed_&hd
those that were captured from the SMC. For instance, in the si
ulations with an initial separation of 100 kpc and an initidlial

cut at 10 kpc, we found projected mean distances of 7 and 21 kpc
for the original and captured LMC clusters, respectivelghdugh
less significant, the same was found in simulations with &rain
separation of 60 kpc, where the resulting projected medardiss
were 10 and 12 kpc, respectively. Thus, captured SMC ckisier
more likely to be found in the outskirts of the LMC.

4 CONCLUSIONS

In this work we have explored the scenario in which the older
and more metal poor stellar clusters observed in the LMCatre,
least partially, a sub-population of stellar clusters aegd from the
SMC. For this purpose, we have performed and analysed acfuite
numerical simulations of the interaction of MCs in isolatigrob-
ing a large number of different orbital configurations aniiah
radial cluster distributions. The SMC was populated withisard
bution of halo-like pressure-supported stellar clustemeasented
as point masses. In all cases the simulations were allowedbtae
for three orbital periods, since longer interaction timesild likely
result in the complete disruption of the SMC (Besla et al.2)01

It has been long known that tidal interactions between gegax
can result in swapping and lost of stellar clusters fromrttespec-
tive hosts (see e.g. MuzZzio 1987). However, this is the first that
this scenario is explored in the context of the interactietwieen
the MCs. Our results show that, for orbits of the SMC about the
LMC with eccentricities larger than = 0.4, a total of approxi-
mately15 per cent of the SMC stellar clusters are captured by the
LMC. In addition, a fraction of 20 to 50 per cent of its clustare
expelled into the intergalactic medium.

Not surprisingly, only the least bound clusters are losthzy t
SMC. As shown by Bekki et all (2004), the tidal interaction be
tween the MCs can induce the formation of new stellar clgster
in the inner regions of the galaxies, especially in the SM@ &s
the less massive object and thus more susceptible to tHdiéth
However, these newly formed clusters are more tightly bdorits
host and thus more likely to remain bound during the intévact
Note that the formation of clusters in the LMC should not lg-tr
gered until the LMC has interacted violently with the SMC,ahu
later on, when the pericentric passages of the SMC get sriflyi
close to the LMC's centre (approximately 10 kpc apart, Betlal.
2004). The final LMC cluster distribution shows an spatigree
gation between clusters that originally belonged to the L@
those that were captured. Clusters that originally beldrigethe
SMC are more likely to be found in the outskirts of the LMC.

Recently, Piatti & Geisler (2013) presented a detailed amp
ison of the Age-Metallicity Relationships (AMRs) obtainfdm
field stars and stellar clusters for both the LMC and SMC. Thei
analysis provided evidence for the formation of stars inLN&C
between 5 and 12 Gyr, within the well-known cluster age gafh w

© RAS, MNRAS000, 13
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almost negligible chemical enrichment. The cluster and #éVIRs This paper has been typeset fromgXmMATEX file prepared by the
of the LMC show a satisfactory match only for the last 3 Gyrilevh author.
for older ages ¢ 11 Gyr) the cluster AMR is a remarkable lower
envelope to the field AMR. On the other hand, the field and etust
AMRs observed in the SMC seem to perfectly agree for the last
7 Gyr, time after which the population of clusters becomeg ne
ligible. Interestingly, for ages, 12 Gyr the mean metallicity of
the SMC's field stars agrees remarkably well with that of thed.
clusters. This reinforces our hypothesis that, at leadtghigr the
older clusters observed in the LMC were originally membéitbe
SMC's cluster population.
Fully self-consistent hydrodynamical simulations of theei-
action of the MCs and the addition of tidal field of the Milky Wa
would be required to further explore this scenario. We défier
analysis to a follow-up paper.
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