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ABSTRACT

We use cosmological simulations from the Aquarius Progstiidy the orbital history of the
Large Magellanic Cloud (LMC) and its potential associatidgth other satellites of the Milky
Way (MW). We search for dynamical analogs to the LMC and findlzhsilo that matches the
LMC position and velocity at either of its two most recentipentric passages. This suggests
that the LMC is not necessarily on its first approach to the MWlvided that the virial mass
of the Milky Way is as high as that of the parent Aquarius halgy, = 1.8 x 10'?2 M. The
simulation results yield specific predictions for the piositand velocity of systems associated
with the LMC prior to infall. If on first approach, most shodld close to the LMC because
the Galactic tidal field has not yet had enough time to digp#ivem. If on second approach,
the list of potential associates increases substantiadlyause of the greater sky footprint
and velocity range of LMC-associated debris. Interesyinglir analysis rules out an LMC
association for Draco and Ursa Minor, two of the dwarf sphiais suggested by Lynden-Bell
& Lynden-Bell to form part of the “Magellanic Ghostly Strear®ur results also indicate that
the direction of the orbital angular momentum is a powesdst bf LMC association. This test,
however, requires precise proper motions, which are ulablaifor most MW satellites. Of
the 4 satellites with published proper motions, only the BiMagellanic Cloud is clearly
associated with the LMC. Taken at face value, the properonstof Carina, Fornax and
Sculptor rule them out as potential associates, but thislasion should be revisited when
better data become available. The dearth of satelliteslglassociated with the Clouds might
be solved by wide-field imaging surveys that target its sumtings, a region that may prove
a fertile hunting ground for faint, previously unnoticed Maaftellites.

Key words: galaxies: haloes - galaxies: formation - galaxies: evofutigalaxies: kinematics
and dynamics.

1 INTRODUCTION Magellanic Galaxy”, to quote Lynden-Bell (1982). This ideas
prompted searches for evidence that other satellites nhighe
The Large and Small Magellanic Clouds (LMC and SMC, re- been in the past associated with the Clouds. This is encedrag
spectively) are unusual satellite galaxies. They are diaegly part, by the “polar” distribution of the brightest Galacsatellites,
bright, and so close to the Milky Way (MW) that recent studies which seems to trace the orbital path of the Clouds (Lyndef-B
have concluded that fewer than one in ten MW-like systems are 11976)!Lynden-Bell & Lynden-Bell (1995), for example, segted
expected to host satellites with properties similar to theuds a possible association between the LMC, SMC, Draco, Ursaiin
(Boylan-Kolchin et al.. 2010; Busha etlal. 2010; Liuetial. @01  Carina and Sculptor as part of a common “Ghostly Stream”.
Guo et al! 2011). The short crossing time at their presenacal
tocentric distance suggests that they may have alreadyletedma
number of orbits in the Galactic potential (Murai & Fujimd880;
Lin & Lynden-Bell|1982] Gardiner et &l. 1994; van der Marebét
2002) while their proximity suggests that they form a bouad.p

The association between different satellites has receatly
ceived renewed attention, motivated mainly by coherencthén
position and velocities of satellite pairs such as Leo IV &rd
V (Belokurov et al.l 2008)) and of satellites near the Sagitta
stream; e.g., Segue 1 (Niederste-Ostholt et al. 12009), é3odit

If the LMC/SMC are truly physically associated, then it is (Koch et al.| 2009), and Segue 2 (Belokurov et al. 2009). These
likely that they were once part of a larger system: the “Geat ideas have received support from the realization that matsi-s
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lites should have been accreted into the Milky Way as part of paths before, during, and after their accretion into thekiviVay
multiple systems and have gained momentum because tekéng t halo.
predictions of such scenario has become possible usingtieal This paper is organized as follows. In 9&c. 2 we provide 4 brie
cosmological simulations_(Sales et al. 2007a; Li & Helmi 00  description of the Aquarius simulations. We analyze thét @ftan
D’Onghia & Lake| 2008] Ludlow et al. 2009; Klimentowskietal. LMC candidate in Se€._ 3.1, and the spatial and kinematicasti®s
2010). of their associated subhalos in SEC]3.2. We use thesegésult
The Magellanic Clouds are also unusual in their kinematics. explore in Sed._3]3 which satellites of the Milky Way mightvea
The latest proper motion measurements of stars in the Laage M been associated with the Clouds in the past.Sec. 4 summanize
ellanic Cloud |(Kallivayalil et al. 2006; Piatek et al. 20G8¥icate main conclusions.
that the LMC has a much higher tangential velocity than previ
ously thought ¥; ~ 370 km/s), raising questions as to whether
the LMC and SMC are actually bound to each other or even to
the Galaxy as a whole. Besla et al. (2007), for example, hagd u
the new kinematic data to revise earlier orbital models,(seg,
van der Marel et al. 2002) and concluded that the LMC and SMC
must be on the first pericentric passage of their orbit arahed
Milky Way if the MW virial mass is of the order of- 10'2 M, as 2.1 The Aquarius Project

argued by Klypin et al. (2002). . . - . .
The discussion above depends sensitively on the assumed! e Aquarius Project (Springel et al. 2008) is a series ommes

virial mass of the Galaxy. Bright satellites are more common logical siml.JIations.of the formation of six dark matter h@lmith
around more massive primaries (Guo et al. 2011), and higfier p mass pon3|§tent with that expected for the halo Qf the MillgyW
mary masses make it easier to accommodate high orbitalspeed 1€ Simulations assume theCDM cosmology, with parameters
the satellites. Even a factor of two increase in virial massmake ~ Chosen to match th&/MAP 1-year data (Spergel et'al. 2003): mat-
a difference(Piatek et 4. 2008: Shattow & Ldeb 2009), whigh  ter density parametef2yr = 0.25; cosmological constant term,
certainly within the current uncertainty in virial massiggttes Qs = 0.75; power spectrum normalizatioss = 0.9; spectral
for the Milky Way (Battaglia et &l 2005; Smith & etldl. 2007; S!oP&:ns = 1, and Hubble parametefi, = 0.73.

2 THE NUMERICAL SIMULATIONS

Sales et al_2007b; Li & White 2008; Xue ef bl. 2008; Reid ét al. The halos were identified in a large N-body simulation of a
2009 Gnedin et al. 2010). cube 137 {00 A~ ') Mpc comoving on a side, a lower resolution
' version of the Millennium-1I Simulation| (Boylan-Kolchirt all

The escape speedsat= 50 kpc from a Navarro-Frenk-White ’ : h
halo with virial magd Mago = 2 x 102 M,, is of order~ 500 2009). This volume was resimulated using the same power spec

km/s, which would mean that the Clouds are safely bound to the {'um and phases of the original simulation, but with addiio
Galaxy despite their high speed. Further, Beslalet al. (pebaw high-frequency waves added to regions encompassing thil ini
that virial masses as high as that imply a radial period dfgbsut Lagrangian volume of each halo. The high-resolution regias

3 Gyr and hence the possibility that the LMC and SMC have com- PoPulated with low-mass particles and the rest of the voluiitie
pleted multiple orbits around the Galaxy. A first infall seeio is, particles of higher mask (Power etlal. 2003).

on the other hand, compelling for a number of reasons, imedud The six Aquarius halos are labelled "Ag-A” through "Ag-F".

the recent successful modeling of the Magellanic Streamtiask Each was resimulated at different resolutions in order $ess nu-
relic of a recent interaction between the clouds befordlifito merical convergence. A suffix,to 5, identifies the resolution level,

the Milky Way (Besla et dl. 2010). with level 1 denoting the highest resolution. Between leveind 5,

- the particle mass ranges fram, = 2 x 10> M, to = 3 x 105 M.

dAtz=0, the six halos have similar “virial” mass, roughly between
1 and2 x 10'2 M. For further details of the Aquarius Project, we
refer the reader to Springel et al. (2008) and Navarro|e2aL ().

The discussion above highlights the fact that basic issugs s
as whether the LMC and SMC are on their first approach, or boun
to each other, or truly associated with other MW satellitemain
unresolved. These questions are clearly interrelatedefample,
the relative positions and velocities of satellites of da#C as-
sociates would be very different if the Clouds are on firstex-s

ond approach. Careful modeling is therefore required terpret 2.2 Identification of the LMC analog

current data, especially because the orbit of the Clouds|dhm We search the Aquarius simulations for accretion eventsésalt
eroded quickly by dynamical friction and by tidal mass Idssit- in systems with kinematics similar to that of the LMC. In peutar,
ing the applicability of models such as that of Besla et 200(2, we look for relatively massive systems (i.e., with masseseding
which assume that the Clouds evolve in a rigid Galactic gaen 1% of the main halo mass) that are accreted relatively recéingly

We address these issues here by using the Aquarius Projectafter > = 1), and that have, at pericenter, distances and velocities
a series of cosmological simulations of the formation of dkili of order50 kpc and400 km/s, respectively.
Way-sized halo in the LCDM paradigr (Springel et al. 2008)- B Our best candidate is a system that accretes into the main Ag-
cause of their extraordinary numerical resolution, we dnle & A halo atz = 0.51 (t = 8.6 Gyr, i.e.,~ 5 Gyr before the present
trace the orbits not only of massive subhalos, but also dfisiols time). Just before accretion, aty = 0.9 (tiq = 6.6 Gyrs), this
within subhalos, thus enabling a realistic assessmeneafarbital subhalo has a virial mass 8200 = 3.6 x 10'° M. Our analysis

below focuses on this “LMC-analog” halo and its substruesuas-
sociated to the same friends-of-friends group (“LMCa gfotfigr
1 The virial massMago, is defined as the mass contained withigo, the s_hort) in the Ag-A-3 simulation. This level-3 S'mUIat'o_nSha par-
radius of a sphere of mean density 200 times the criticalityefos closure, ticle massm,, = 4.9 x 10* Mg, and therefore LMCa is resolved
perit = 3H?/8wG. This choice defines implicitly the virial radius of the ~ With more thar00, 000 particles. SUBFIND.(Springel et al. 2001)
halo, 7200, and its virial velocity,Vaoo. is used to identify self-bound substructures within LMCat;a
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Figure 1. Left panel: Time evolution of the galactocentric distance of the “LM@atg” (LMCa) halo (solid black curve) as well as that of itsokalos
(dashed curves), identified @f (vertical arrow). Note the complex orbital evolution of asisted subhalos, which include a few that are temporasiptured

by LMCa after being “ejected” from the main halo during thaatidissociation of a group accretedtat 4 Gyr. The LMC analog enters the virial radius of
the main halo (marked by the dotted line)tat 9 Gyr and reaches its first pericentertat 9.6 Gyr. After first pericenter the subhalo los&&% of its mass
and its orbital apocenter is reduced~0250 kpc, about half of its first turnaround distance. A non-rgigle fraction of subhalos~ 4%) are ejected into
very eccentric orbits after first pericenter, whereas atlsettle onto more bound orbits with shorter periods. Theareabhalo reaches its second pericenter
att ~ 13.3 Gyr still surrounded by some of its most bound companigtight panel:Radial and tangential velocity of the main subhalo as a fanaf
time. Shaded areas correspond to the observed velocitg &M (+30) based on the proper motion measurements of Kallivayaél §2006). Blue dotted
vertical lines indicate the times,, andtz, (near first and second pericenter passages) when the kiosroh MCa best matches that of the LMC.

there are more thad50 LMCa subhalos with masses exceeding 3 RESULTS
1% 10°Mg.
As may be seen from Fifl 1, the LMCa group turns around
attia = 5 Gyr (z = 1.3) from a distance of, = 480 kpc (all
distances and velocities quoted are physical unless ékpbtated 3.1 The Orbit of the LMCa Group
otherwise). LMCa reaches its first pericentet,at; = 9.5 Gyr,
with pericentric distance ;1 = 63 kpc) and speedif,er1 = 355 The left panel of Fig. 11 shows the radial evolution of LMCa éisd
km/s) comparable to those of the LMC. The LMCa orbit becomes 250 most massive associated subhalos (identifieghaithin the
substantially more bound after first pericenter due to dyoam  same friends-of-friends group). This shows the compleitairbe-

friction and tidal mass loss, so that it reaches a distanoalgf240 haviour of LMCa subhalos as the group gets disrupted in ta ti
kpc at its second apocenter,tat= 11.5 Gyr. Its radial period re-  field of the primary halo. As emphasized by Sales et al. (2p07a
duced t03.8 Gyr, it goes through pericenter againtgt,» = 13.3 and| Ludlow et al.|(2009), many satellites undergo drastangles
Gyr, with similar pericentric distance and speed as the (ase in energy and angular momentum during pericentric passage;
right panel of Fig[lL). ing some systems to achieve escape velocity and to leaveithe p
The best match to the kinematic properties of the LMC occurs Mary halo altogether.
just after each of these pericentric passages, at timesvehatill Interestingly, the LMCa group itself contains captured-“es
denotet;, andts,. These are shown in the right panel of Hig. 1 capees” from another group. As may be seen in the left panel of
with vertical dotted lines. At these times, the virial masthe host Fig.[, a number of subhalos belonging to LMCatatwere ac-
halo is1.6 and1.8 x 10'? My, respectively. At = t1,(t2;), the tually accreted much earlier into the main halo and ejeatmah fit
satellite is at a distance 65(69) kpc, with radial velocityV, = when their parent group was disruptediat- 4 Gyr. By chance

78(89) km/s and tangential velocity; = 347(300) km/s. In the these were then temporarily captured by LMCa&abefore plung-

analysis that follows we focus on the properties of LMCa asd i  ing again into the main halo.

associated subhalosiat, andtzy. These changes limit the applicability of the usual proce-
dure of looking for satellite associations by searching dbr
jects of common energy and/or angular momentum (see, e.g.,
Lynden-Bell & Lynden-Bell 1995). Instead of making simpls-a
sumptions we shall use directly the 6D information from timets
lations to assess the probability that other Milky Way disl are
associated with the LMC.
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first pericenter (t,)

second pericenter (tzp)

Figure 2. Aitoff projection of all particles belonging to the LMCa grp at two different times,1;,, (near 1st pericenter, left panel) afig, (near 2nd pericenter,
right panel), when the kinematics of the most massive LMCebw (shown by a green circle) matches best that of the LaageNanic Cloud (see Fifi] 1).
Dots denote all individual particles within the virial radiof the LMCa at the time of identification;,y. Those colored black are still bound to LMCa; grey
are those that have become unbound as a result of the tideddtion with the primary halo. Particles in red are thoderggng to self-bound substructures
of LMCa. The positions in the sky of all known Milky Way sattdk are also shown and labelled in blue. The orbital pathM€h is shown by the dashed
green curve; a magenta curve traces the location of the MagelStream, taken from Nidever et al. (2010). The refezeiname of the simulation has been
rotated so that the position in the sky and the proper motidMa match those of the LMC. Note how all particles and sulitires associated with LMCa
stretch along the orbital path. At, (panel on the left) most associated subhalos lie near the k¢ tidal stripping has not yet had enough time to disrupt
the system. Atz (panel on the right) the particles and subhalos associathd MCa are more widely spread across the sky but still ttheeorbital path.
The LMCa footprint can be used, together with velocity infiation, to investigate whether other Milky Way satelliteé been associated with the LMC in

the past. See text for further details.

3.2 Position and Kinematics of the LMCa Group

We plot in Fig[2 the position in the sky (in an Aitoff projeti)
of all particles identified at;q to belong to LMCa. The panel on
the left corresponds to first pericenter,, and that on the right to
second pericentety,. The simulation reference frame has been ro-
tated so that the position in the sky and the direction of amotf
the main LMCa subhalo (indicated by a green circle) coineiith
those of the LMC. The orbital path is shown by a green dasimed li
the line in magenta traces the Magellanic Stream (Nidevall et
2010). Particles in black are those currently still bound.Ca,
those in grey correspond to tidally stripped LMCa materfir-
ticles in red highlight the LMCa substructures that remagif-s
bound.

Fig.[2 shows the complex footprint on the sky traced by LMCa
and its debris, and how it changes substantially from firsetwond
pericentric passage. At first approach (left panel of Eig.n®st
LMCa subhalos cluster around the LMC because tidal strgppin
has not yet had enough time to disrupt the system. Nevesthele
there are a few tidally-stripped systems (those more lgdsaind
to LMCa attiq), and they roughly trace the orbit of LMCa along
a nearly polar circle. The sky is not uniformly populated bg t
stream; for example, because the pericentric passagesonear
the Southern Galactic Pole very few LMCa subhalos have acghan
of reaching the northern Galactic cap hy. Some systems stray
from the orbital plane despite their previous associatio,these

cases are rare and correspond to subhalos populating thlartsut
of the LMCa group at;q.

The orbital path is still discernible in the tidal streamextand
pericenter, but the debris populates now both hemispherései
sky. At this time LMCa has lost more th&a0% of its original mass
to tides, compared with onl§0% att¢ = t¢1,,. The distribution of
the debrie on the sky would certainly be wider for a progerito
larger mass than the one considered here

Blue asterisks in Fig]2 indicate the position of all known
Milky Way satellites, including the ultra-faint dwarfs disvered by
SDSS, which are located mainly in the northern Galactic 8ap-
eral dwarfs lie along the debris path and therefore couldmi@lly
have been associated with the LMC. These include-at,, Sex-
tans (Sex), Draco (Dra), Segue 3 (Seg3), Pisces Il (Pisati)|p-
tor (Scl), Fornax (For), Tucana (Tuc), Carina (Car), LeaHd the
SMC. Because the debris is more spread out,athe list includes
then further dwarfs, such as those in the constellation of Le

Of course, true association requires not only coinciderite w
the LMCa tidal stream in projection, but also in distance egldc-
ity. We investigate this in Fid.]3, where we plot the Galaetucic
distance and radial velocity of LMCa particles for= ¢, (left)
andt = to, (right). Color coding is the same as in Hig. 2. Data for
all known Milky Way satellites are also shown in each panai, f
comparison. Since the LMCa debris is confined to specifioregi
in the (, V;.) plane, these data may be used to test the association
of any individual dwarf with the LMC, subject to assumingtttiee
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Figure 3. Galactocentric distance versus radial velocity for altipbes in the LMCa group, compared with those of known Milkyy\dwarfs. Color coding is
the same as in Fifl] 2. Left and right panels corresporidtat1, andt = ¢2p,, respectively. For reference, the local escape velocity évarro-Frenk-White
halo [Navarro et al. 1995, 1997) is indicated by the blue{daghed curves, for two values of the concentratios, 10 and20. Note that the tidal debris from
LMCa is constrained to a well defined region in thel(;-) plane, a fact that may be used to gauge the likelihood ofcéestsmn with the LMC of individual

dwarfs.

LMC is either on its first or second approach to the Galaxy. We
explore these associations next.

3.3 Association with the Clouds

To be deemed an “LMC associate” a satellite must satisfyaet le
the following three conditions: (i) it should fall in the estial
sphere within the footprint of the LMCa group; (ii) it shouté at
a Galactocentric distance consistent with that of LMCaiglag at
the same location in the sky; and (iii) it should have Galeeidric
radial velocity also consistent with LMCa in the same regilon
principle a further condition involving the tangential @eity could
be added to the list, but the preliminary nature of most prope-
tion estimates for Milky Way satellites implies the reswdte un-
likely to be conclusive at this stage. We discuss this furtigow.

3.3.1 Sky proximity

We can quantify the proximity in the sky of any dwarf to the LKIC
stream by computing the angular distance to thenearest LMCa
particle in projection and comparing that with the probiapif ob-
taining a similar distance (or smaller) for a random poirthia sky.
The histograms in Fid.]4 show the distribution of the angdiar
tance to the 50th nearest LMCa partialgy, computed for 10,000
random points in the celestial sphere; the median of theligion
is atdm = 4° anddy;, = 2° for the first and second pericenter
passages, respectively. As may be seen from the insertg.[4 ffie
footprint of the LMCa stream is traced faithfully by regiosetis-
fying d50 < diim (Shown in red) and we shall use this condition to
decide which dwarfs are likely to be associated with the LMC.
According to Figl4, at first pericenter orflydwarfs satisfy the
proximity condition specified above but, because the LMQ#-fo
print covers a much larger fraction of the sky at second peric

ter, 17 dwarfs pass this constraint then. These numbers are reason-
ably insensitive to our choice of n=50, especially at firsiqanter;
choosing the 100th nearest neighbour resultslikely-associated
dwarfs att1, and22 attay,.

3.3.2 Radial velocity

Figs.[B and[b are then used to check which of these candi-
date dwarfs are also associated with the stream in distarntteea
locity. The various panels in these figures show the Galactoic
distance and radial velocity of each of the dwarfs in the LMk
footprint, together with those of all LMCa particles closieaindim
in the sky from each dwarf. This enables an intuitive test biclw
satellites have distances and velocities consistent wMIC lasso-
ciation.

For example, the top left panel of Fig. 5 corresponds to the
SMC and it shows that there are plenty of LMCa particles with
distances and radial velocities coincident with the SMC &t fi
approach, endorsing a true association between the LMCland t
SMC. An opposite example is provided by Draco; the data inBig
show that, although it is within the LMCa footprint, all ofethpar-
ticles associated with LMCa at Draco’s location have digar
velocities and/or distances. This is because Draco isgsgjeonto
the trailing stream at first pericenter, and one would expeen
very large negative radial velocities at Draco’s Galaatbge dis-
tance. A similar analysis may be carried out for each dwalif/id-
ually, but it should be clear from Fifj] 5 that, aside from th¢GS
only Carina and Fornax seem to have a reasonable chancengf bei
associated with the Clouds if they are on first approach.

The situation is less clear-cut at second pericenter, lsedie
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Figure 4. Distribution function oféso, the angular size (radius) of the circle that containsStheearest LMCa particles in projection, computed ¥or 000
random points in the celestial sphere. Left and right pac@isespond té = ¢1, andt = t2;, respectivelydsg is a useful measure of proximity to the LMCa
stream in the sky for any given point. In the inserted Aitofips, red is used to highlight points witgy < d1;,,, Wheredy;,,, is the median of the random
distribution. Black points correspond #gp > 415, - ASs demonstrated by the Aitoff inseri& is a useful measure of association with the stream. We show
in each panel the values &% corresponding to each Milky Way dwarf, and retain only thestl d50 < d;, as potentially associated with the LMC.

LMCa footprint is larger, and because the stream now hasplault
wraps, which allows for a wider range of velocities in a gidérec-
tion in the sky to be consistent with LMCa association. Tlgatri
panel of Figl# indicates that dwarfs pass the sky proximity test;
these are shown (two per panel except in the middle left) g
Inspection of each panel shows that, aside from the SMCn€&ari
Canes Venatici Il, Sculptor, Leo Il, Leo IV, and Leo V couldann-
ciple be associated with the LMC. The situation of Fornaxpé&3a
Venatici |, and Sextans is less clear but one would be hasspee
to rule out an association in such cases. Bootes (1 and 2)eSkg
LeoT, Willman | and Coma are all unlikely to be associatechwit
the LMC.

3.3.3 Orbital angular momentum

The sky proximity and radial velocity constraints discukabove
are sensitive to the fact that we consider here a single LM®-1o
alike system. This is compounded by the relatively low mass
of LMCa, compared with thd.3 x 10'' M, suggested by the
abundance-matching analysis|of Boylan-Kolchin étlal. (Q0A

jection, the direction of the orbital angular momentum of C&
and its associated substructures at first and second peitcess-
sage. Because of the nearly polar orbit the direction of tiggikar
momentum of most LMCa-associated material is roughly on the
Galactic plane, pointing in the direction of the Sun from @aac-
tic center; i.e.] = 180°, b = 0°. This tight alignment is preserved
at second approach, albeit with larger scatter.

In Galactocentric Cartesian coordinates, with tieaxis
pointing away from the Surl/-axis defined positive in the direc-
tion of Galactic rotation, and positivE-axis in the direction of
the Galactic North Pole, this implies that thecomponent of the
orbital angular momentumj &) of associated satellites should be
negative and much larger in magnitude thanor jz. This may
be seen in Tablg]1, which lists the components of uhié vec-
tor identifying the direction of the (average) angular motoen of
particles associated in the sky with the candidate dwadstified
in the previous subsection. Note that, with no exceptioa,aihgu-
lar momentum points clearly toward X, the anti-Galactic center
direction.

This result makes strong predictions regarding the tamgent
velocity of the candidate satellites, which can be checlgairst
observation for the few satellites with available propertioms

more massive subhalo may leave a broader footprint on the sky (SMC: Kallivayalil (2006b), Carina:_Piatek et/al. (2003)prRax:

and lead to a wider range of radial velocities consistertt wilC-
associated debris. More conclusive statements aboutklénthod
of association of the candidate satellites identified inghevious
subsections require accurate measurements of the propienriro
order to constrain their tangential velocity and to verifiatt they
follow orbits roughly aligned with the orbital plane of theviC.
Indeed, as we show below, the direction of the orbital arrgule:
mentum of a dwarf might be one of the cleanest tests of adgntia
with the Clouds.

This is shown in Fig[]7, where we show, in an Aitoff pro-

Piatek et al.[(2007) and Sculptor: Piatek etal. (2006))péaetion

of Table[1 and Figl]7 shows that, of the four satellites with-pu
lished spatial velocities, only the SMC appears associattdthe
LMC. None of the other three (Carina, Fornax, and Sculp@eehss
obviously associated with the Clouds according to this Wethas-

ten to add, however, that, as the recent revision to the prope
tion of the LMC illustrates| (Kallivayalil et al. 2006), prepmotion
measurements are exceedingly difficult, and hence our asioci
should be revisited when new, more accurate data becomke avai
able.
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Figure 5. Galactocentric radial velocity and distance for dwarf¢eilsquares) deemed possibly associated with the LMC aogptal the criterion of FiglK;
i.e., 050 < O1im att = t1,. Each panel also shows tireand V- of all LMCa particles (dots) within a circle of radidg;,,, centered at the position of each
dwarf. This probes graphically whether the positional asgimn indicated by proximity to the stream in the sky isroborated by the velocity data. This test
indicates that the SMC is the only known satellite clearlyogsated with the LMC if the Clouds are on their first pericenapproach. Aside from the SMC
only Carina and Fornax seem marginally consistent with arCladsociation. On the other hand, this test seems to rulefmgsible association for all other

candidates.

4 SUMMARY AND CONCLUSIONS

We use cosmological N-body simulations from the Aquarius
Project to study the orbit of the LMC and its possible assaria
with the SMC and other Milky Way satellites in light of new per
motion datal(Kallivayalil et al. 2006; Piatek etlal. 2008)e ¥éarch
the simulations for LMC dynamical analogs; i.e., accretaiohs-
los with pericentric distance<( 50 kpc) and velocity £ 400 km/s)
matching those of the Clouds.

One suitable candidate (LMCa) is3a6 x 10'° M, system
accreted at ~ 0.5 (t = 8.7 Gyr) by Ag-A, a halo that, at = 0
has a virial mass of.8 x 10'2M. LMCa turns around from a
distance of480 kpc att.. ~ 5 Gyr (z = 1.3), accretes into the
Milky Way halo att = 8.6 Gyr (z = 0.5), and completes two
pericentric passages hy= 0.

We use the positions and velocities of particles belonging t
LMCa before infall in order to trace the orbital evolutionld¥1C-
associated satellites and to inform the analysis of thdili@ed
that other Milky Way satellites were accreted in assocmtigth

the Magellanic Clouds. Our main conclusions may be summdriz
as follows.

Near each pericentric passage the kinematic properties of
LMCa match approximately those of the LMC. This implies that
(i) the orbit of the LMC is not particularly unusual given thelo
virial mass, and that (ii) it is difficult to decide, using gritine-
matical data, whether the LMC is on first approach or has dyrea
completed a full orbit.

If the LMC is on first approachthen most of its associated
subhalos should be tightly clustered around its locatidthadugh
rare, some LMC-associated systems may still be found wedlyaw
from the LMC but along the orbital path of the group. Sinceaoh
them has completed a single orbit there are strong positéaatial
velocity correlations that may be used to identify whichefides
might have been accreted together with the LMC.

Of the known Milky Way satellites only the SMC is clearly
associated with the LMC. A case can also be made for Fornax,
Carina, and Sculptor, but it is not a particularly compejlione.
This is particularly true when considering available propetion
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Figure 6. Same as Fid.]5 but for the second pericenter passage. Bebausteeam covers a wider area in the sky, the number of cateditivarfs increases.
We showtwo dwarfs per panel; arrows indicate systems that lie beyoagliited region. In each panel red (blue) dots are streatitlparin thed;,,, circle
around the dwarf indicated by a red (blue) square. This eseonfirms the association of the SMC, and suggests thetadether dwarfs have kinematics
consistent with association with the LMC. See text for fartHiscussion.

data, which suggest that the orbital planes of these thtediss ysis of|Boylan-Kolchin et al.| (2010), then we would expectait
are not aligned with that of the Clouds. have of ordef’ subhalos with peak circular velocities exceediig
km/s (Springel et al. 2008). This, according to the recentdehof
Font et al.|(2011), is the minimum halo potential depth resflito
host a luminous dwarf.

Although the numbers seem modest, one may be encouraged
by the fact that the LMC does have at least one companion (the
SMC), so the possibility that they are part of a larger “Méays@t
Galaxy” should not be dismissed too quickly. The surrougsliof
the Clouds might be hiding a trove of new Milky Way satellites
awaiting discovery.

If the LMC is near itssecond pericentethen several further
dwarfs qualify for association. Leo Il, Leo IV and Leo V, inrpa
ticular, show strong spatial and velocity coincidence i tidal
debris from LMCa, making them prime candidates for past@sso
ation with the LMC. Persuasive, but hardly conclusive, sasn
also be made for a handful of other dwarfs, such as Canes Ve-
natici Il and Leo I. These tentative associations may be firoge
or refuted using the full spatial velocity, for which our sifations
make a strong prediction: it must be such that the directfdhe
orbital angular momentum should point unambiguously irethig-
Galactic center direction.

We expect then few, if any, known Milky Way satellites to
be associated with the Clouds, especially if they ardiim ap-
proach The simulations, however, make a very clear prediction in
that case: most satellites associated with the Clouds teive dis-
perse and should therefore be very near them. How many could We would like to thank Volker Springel and Adrian Jenkins for
we expect? The number depends strongly on the virial maggeof t their important contributions to the simulations in whidlistwork
Clouds and is, therefore, highly uncertain. If the mass ibigh is based on. The simulations for the Aquarius Project were ca
as1.3 x 10' M, as suggested by the abundance-matching anal- ried out at the Leibniz Computing Centre, Garching, Germahy
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(1,b) ~ (170°,—10°). Of the 4 dwarfs with measured full spatial motions only théCSseems obviously associated with the LMC.
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Table 1. Cartesian components of the unit vector that charactetimeslirection of the (average) angular momentum of LMCaiglag near each candidate
LMC-associated satellite, according to the discussiorigfffand Figl®. For each dwarf, first and second rows listesbtt = ¢1,, andt = ¢, respectively.
Note that, because of the nearly polar orbit of LMCa, the saxgnomentum points in all cases in theX direction, i.e., to the Sun from the Galactic center.
The angular momentum direction is also listed for satsllitgth published proper motions (third row), and may be usealssess their possible association
with the Clouds.

Name time ix Jiv iz
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