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ABSTRACT

In the most prominent current scenario of galaxy formation, galaxies form hierarchically through the
merger of smaller systems. Such mergers could leave behind dynamical signatures that may linger long after
the event. In particular, the globular cluster system (GCS) of a merging satellite galaxy may remain as a
distinct subpopulation within the GCS of a massive galaxy. Using the latest available globular cluster veloc-
ities and metallicities, we present the results of a search for grouping in the GCS of our nearest large spiral
galaxy neighbor, M31. A modified friends-of-friends algorithm is used to identify a number of possible
merger remnants in projected position, radial velocity, and [Fe/H] parameter space. Numerical simulations
are used to check that such merger remnants are indeed plausible over the timescales of interest. The identifi-
cation of stellar streams associated with these groups is required in order to confirm that they represent

merger remnants.

Subject headings: galaxies: formation — galaxies: individual (M31) — galaxies: interactions —
galaxies: kinematics and dynamics — galaxies: star clusters — globular clusters: general

1. INTRODUCTION

In hierarchical structure formation scenarios, galaxies
form at least in part from the merger and accretion of
smaller clumps of matter (see, e.g., Searle & Zinn 1978; Cole
et al. 2000). Clumping in the early universe is believed to
have resulted from small perturbations in the primordial
density field, instabilities that triggered the growth of struc-
ture from the ““ bottom up.” Such primordial clumps would
then evolve into dwarf galaxies like those observed in the
present epoch or perhaps merge to form more massive
galaxies.

There are indications that such mergers are ongoing, as is
evident from observations of the Sagittarius dwarf galaxy’s
current interaction with the Milky Way (Ibata, Gilmore, &
Irwin 1995; Dohm-Palmer et al. 2001; Newberg et al. 2002).
There are also indications of tidal distortions in M31’s
dwarf satellite NGC 205 (Walterbos & Kennicutt 1987;
Bender, Paquet, & Nieto 1991). Furthermore, a wide-field
imaging survey of M31 by Ibata et al. (2001) has revealed
the presence of a giant stream of metal-rich stars within the
halo of M31. This feature may have originated from tidal
interactions with M31’s dwarf companions, NGC 205 and
M32. Either the process of satellite accretion is not uncom-
mon or we are observing our Galaxy and M31 at particu-
larly unique stages of their evolution. Recent studies by
Reitzel & Guhathakurta (2002) and Ferguson et al. (2002)
have also found signs of substructure and tidal trails in the
M31 halo that support the possibility of past accretion
events.

Globular clusters (GCs) have been identified within some
of the dwarf satellites of the Milky Way (Da Costa &
Armandroff 1995; Hodge et al. 1999; Oh, Lin, & Richer
2000) and M31 (Grebel, Dolphin, & Guhathakurta 2000),
as well as in the dwarf members of distant galaxy clusters
(see, e.g., Durrell et al. 1996; Miller et al. 1998). Based on
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their positions, distances, and radial velocities, there are
four Milky Way GCs that are believed to be associated with
the Sagittarius dwarf galaxy (Ibata, Gilmore, & Irwin 1994;
Ibata et al. 1997; Bellazzini, Ferraro, & Ibata 2003). Ulti-
mately, these clusters—M54, Arp 2, Terzan 7, and Terzan
8—will have their orbits randomized by the strong potential
of the Milky Way, and they will presumably take their place
as bona fide members of the Galactic globular cluster
system (GCS).

Therefore, in the context of hierarchical galaxy forma-
tion, one would expect that the GCSs of massive galaxies
could include the cannibalized GCs of accreted dwarfs. For
instance, this seems to be a plausible mechanism for build-
ing up the GCSs of giant elliptical galaxies (see, e.g., Coté,
Marzke, & West 1998). Such a scenario raises the question
of whether the GCSs of merged dwarf galaxies would
remain distinct dynamical entities or instead become hope-
lessly mixed with the larger galaxy’s GCS. If they remain
recognizable over significant timescales, satellite GCS rem-
nants could provide us with a powerful dynamical probe of
the formation and evolution of galaxies.

The first significant effort at distinguishing subgroups
within the GCS of an external galaxy was performed for the
M31 system by Ashman & Bird (1993). These authors sug-
gested that an apparent subclustering in the positions and
velocities of M31 GCs represents a surviving signature of
progenitor gas clouds from which the galactic halo itself
may have formed. Ashman & Bird employed a technique in
which GCs were grouped based on deviations from global
mean velocities and the velocity dispersions between each
cluster and its NV nearest neighbors. Their sample included
144 M31 GCs with spectroscopic data from Huchra,
Brodie, & Kent (1991), many of which had large velocity
uncertainties (=450 km s—1).

In many respects, the M31 GCS provides an ideal target
in the search for substructure and grouping. More than 435
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confirmed GCs have been identified in M31 (Barmby et al.
2000). A recent spectroscopic study of the M31 GCS by
Perrett et al. (2002) has now pushed the number of clusters
with radial velocities and metallicities beyond 300. In addi-
tion, Perrett et al. (2002) quote typical velocity uncertainties
for the majority of the clusters of £12 km s~ a significant
improvement over many previous studies. The time is right
to take a closer look for signatures of hierarchical formation
within the M31 GCS.

There are several important things to consider in this type
of study. One must define what is to be regarded a signifi-
cant ““ grouping ”’ in the available parameter space. In other
words, appropriate grouping criteria must be established a
priori. Furthermore, one must investigate the likelihood
that any observed groups may be mere coincidental associa-
tions rather than actual substructure. A greater difficulty is
the interpretation of the significance of the grouping results:
do the groups represent true merger remnants that have
survived to the present epoch?

In this paper, we develop a technique to identify potential
dynamical remnants within a galaxy’s GCS. This group-
finding algorithm is described in § 2. In § 3, we apply the
group-finding technique to the sample of M31 GCS posi-
tions, velocities, and metallicities from Perrett et al. (2002).
We identify several potential groups of clusters in this
sample. Monte Carlo simulations are performed on ran-
domized GC populations to characterize the significance of
the identified groups. Section 4 describes our use of N-body
simulations to investigate whether these groups could repre-
sent actual merger remnants. Finally, the results of this
study are summarized in § 5.

2. THE TECHNIQUE OF GROUP IDENTIFICATION

In most applications, simulated data have the advantage
over observational data in that they provide full three-
dimensional positional and dynamical information. Obser-
vational data are, of course, less ideal: we must cope with
projected positions and line-of-sight velocities, and we can,
at best, make generalized assumptions about the true
dynamical behavior of any system. In addition, every
observed parameter carries with it an uncertainty, the value
for which may vary from object to object even within the
same data set. These are some of the considerations that
must be made when devising a group-finding algorithm for
observational data.

2.1. Group-Finding Algorithm

The basic technique used in our group identification is a
friends-of-friends algorithm. This algorithm links together
particles that fall within a specified distance in parameter
space. Each distinct set of joined particles constitutes a
group. In the case of the M31 GCS observations, the param-
eter space is defined by X- and Y- (projected) positions,
radial velocity v,, and metallicity [Fe/H].

The appropriate weighting of these parameters must be
determined in advance in order to set the group-linking
criteria. Since each parameter has units, each must be con-
verted to an equivalent unitless quantity on the same scale
before calculating distances in parameter space. For exam-
ple, if X'and Y each span a range of 100’, the velocities range
over 600 km s~!, and metallicity spans only 3 dex, an appro-
priate metric must be devised such that the group is not

defined principally based on [Fe/H] because of its com-
paratively small numerical range. In essence, the metric
puts all of the parameters on to the same effective scale. In
addition to the metric, the group-finding algorithm requires
a linking length that defines the maximum allowable dis-
tance between successive group members in the specified
parameter space.

Therefore, for each GC, the algorithm links a nearby GC
toitif

(As)*= ny,.z(Axi)2< 7?, (1)

where As is the total separation (in parameter space) of the
neighbor to the GC in question, ; is the scaling or weighting
factor defined for parameter i, Ax; is the separation between
the GC and its neighbor in parameter 7, and ¢ is the linking
length. Traditionally, % is specified as a fraction, A, of the
mean interparticle spacing for the entire system:

% = AAs . )

The advantage of using a friends-of-friends technique
over average-density methods is that it can follow elon-
gated structures, features that may be expected in tidal
disruptions.

The error bars associated with each input parameter are
accommodated by the addition of an ‘“uncertainty ellip-
soid” surrounding each GC in the available parameter
space. A GC’s parameter-space neighbor is linked with it if
the minimum distance between the uncertainty ellipsoids is
less than the specified linking length.

2.2. Metric and Linking-Length Determinations

In order to define a suitable metric to be used in the defi-
nition of a group, a method was devised to test the group-
finding algorithm on simulated associations using a range of
scalings and linking lengths. Groups of objects with various
population sizes, spatial distributions (e.g., spherical, linear,
and curved streams), galactocentric positions, and orienta-
tions were created, with general parameters similar to those
of Local Group dwarf galaxies. The simulated groups were
given internal velocity dispersions of o, = 6-12 km s~ !,
mean metallicities of ([Fe/H]) = —1.2 to —1.6 dex, and
[Fe/H] spreads of ojge/m = 0.3-0.5 dex (Mateo 1998;
Da Costa et al. 2000).

The GCs in these simulated groups were then superposed
over a background designed to mimic a realistic distribution
of M31 GCs. This background of several hundred GCs
consisted of the following components:

1. arandom, metal-poor, spherical halo distribution;

2. a rotating, metal-rich, thick disk distribution inclined
at 1223 to the line of sight; and

3. a rotating, intermediate-metallicity, ellipsoidal bulge
distribution.

Projected positions, radial velocities, and metallicities for
the fabricated group members and additional background
objects were analyzed using the group-finding algorithm.
The procedure was cycled through a range of linking lengths
and parameter scalings to determine the optimal combina-
tion for group retrieval. A minimum group membership of
ngce = 4 clusters was specified to define a group.
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Setting the X- and Y-scaling to vy = vy = 1.0 arcmin~!

to define the baseline, it was found that the best recovery
rate occurred when A = 0.1, and the velocities were scaled
by v, = 0.13 km~! s for cases in which metallicities were not
considered in the group recovery. With the addition of
metallicity information, the optimal velocity and [Fe/H]
scalings were found to be v, = 0.14 km~! s and Ve/n) = 9.7
dex~!, respectively, with a linking length given by A = 0.09.
These optimal linking-length and parameter-scaling values
were used to search for grouping in the GCS of M31.

3. SUBSTRUCTURE IN THE M31 GCS
3.1. The GCS Sample

The best available spectroscopic sample of =300 GC
positions, radial velocities, and metallicities as defined in
Perrett et al. (2002) was examined for signs of grouping.
Quoted errors on individual velocities and metallicities were
used to define the uncertainty ellipsoids about each data
point in parameter space. Uncertainties on the target posi-
tions were typically around 072-1”0; these were deemed
to be negligible, and thus position uncertainties were not
incorporated in the analysis.

The group-finding algorithm was used to analyze the data
based on the parameter scalings and linking lengths deter-
mined in § 2.2. Again, a minimum of four clusters was
required in order to define a group. A search for groups was
conducted in position /velocity /metallicity parameter space
for the sample of 301 GCs with published spectroscopic
metallicities. Roughly one dozen groups were initially
flagged within the GC population. The robustness of these
groups was then tested against small (~10%) changes in the
specified parameter scalings and linking length. Groups that
were not found to be stable against these perturbations were
rejected.

At this point it should be noted that the inclusion of
metallicity information may not necessarily improve the
effectiveness of the group-finding results. The [Fe/H] uncer-
tainties for many of the M31 GCs remain quite large (+0.3—
0.9 dex). This reduces the significance of metallicity as a
linking parameter because of the increased limits of each
uncertainty ellipsoid in this dimension. Furthermore, it has
been demonstrated that the dwarf galaxies of the Local
Group exhibit a wide variety of star formation histories and
metallicities (see Mateo 1998 and references therein). For
example, Grebel & Guhathakurta (1999) report a large
(~1 dex) spread in stellar metallicities within the M31 satel-
lites And VI and And VII. Similar spreads have been found
in the GCSs of some dwarf elliptical galaxies (J. Lotz 2002,
private communication). As a result, proximity in metal-
licity is not necessarily a very suitable criterion for group
identification within a hierarchical formation scenario.

For these reasons, the complete available sample of 321
M31 GC positions and velocities was also examined for
grouping without the inclusion of [Fe/H] information.
Again, roughly a dozen potential groups were identified and
then tested for stability against small changes in the group-
ing criteria. The majority of the resulting groups correspond
to those found when metallicity was included as a linking
parameter.

Perrett et al. (2002) identified significant bimodality in
their sample of M31 GC metallicities, in confirmation of
earlier reports made by Huchra et al. (1991) and Ashman &
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Bird (1993). The centrally concentrated, rapidly rotating,
metal-rich cluster system is consistent with a bulge popula-
tion (Perrett et al. 2002). The group-finding results in the full
GCS data sample both with and without metallicities
revealed a couple of relatively large groups that correspond
to a sizable fraction of this metal-rich bulge population. A
third grouping analysis was therefore also performed on the
sample of 231 GCs in the metal-poor population as defined
by Perrett et al. (2002). Metallicity was not used as a linking
parameter in this test. Several tentative groups persisted
within the central region even within this metal-poor popu-
lation, yet the memberships of all but one of these groups
were not robust to small variations in the linking criteria.
Ultimately, groups with average galactocentric radii within
the central 10’ of the galaxy were rejected because of the
higher probability of false detections, an effect that is con-
firmed by the Monte Carlo simulations presented in § 3.3.
Additionally, any cannibalized dwarf GCSs would be
extremely difficult to recover within the dense inner regions
of the galaxy; this effect is also noted in the numerical
simulation results discussed in § 4.

3.2. Grouping Results

In the M31 GCS, there is evidence for the presence of 10
unique GC groups of ngc > 4 members with mean galacto-
centric radii beyond 10'. The positions of these groups are
shown in Figure 1, and the data for the group members are
provided in Table 1. Five of these groups were identified in
all three search cases described above. Three additional
groups (groups 7, 8, and 10) resulted from a search of the
full sample of 321 GCs without the inclusion of [Fe/H]
information. Two further groups can be considered as ten-
tative identifications: group 3 was found only when metal-
licity was included as a linking parameter, and group 4
resulted only from the search of the metal-poor population.

50 - : A

Y (arcmin)
o

50 - |

| \ |
50 0 —-50
X (arcmin)

Fic. 1.—Positions of the groups identified in the M31 GCS. GC group
members are shown with matching symbols, and their data are presented in
Table 1. M31’s dwarf companions (NGC 205 and M32) are shown by the
large ellipses.
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TABLE 1 All of the groups listed in Table 1 are stable to small pertur-
M31 GC GrouPs bations in the linking criteria.
An eleventh group is also listed in Table 1; despite the fact

X Y . o that this group lies close to the galaxy center, the mean
b GC (arcmin)  (arcmin)  (kms™) [Fe/H] radial velocity of its group members (—155 km s~!) is con-
Lo B484-S310 46.69 2831 —1044+12 —1954059 siderably higher than the systemic velocity of M31 (—300
B480 44.36 818 —135+12 —1.86=+0.66 km s!). This group deviates significantly from the GCS
DAOS84 42.76  —11.08 —192+12 —1.79+0.72 rotation curve determined by Perrett et al. (2002) and in fact
B376-S309 4222 —10.64 —142+£20 —2.18+0.99 is moving counter to the general rotation at that major-axis
B374-S306 41.14 —10.50 -96+12 —1.90 £ 0.67 position.
2 B229-5282 30.25 —-230 —103 +£88 —1.81+0.74 The association of a group with NGC 205 is clearly
giggg ;ggg 522 *{‘;g i 3 *{'Sg i 8?2 evident in Figure 1 (group 5 in Table 1). The mean velocity
: : - o : of the NGC 205 group is v, = —259 km s~!, with o, = 78
B216-S267 26.90 1.02 -84 +12 —1.87+0.39 1 . . . y .
B223-S278 26.45 2368 —101+£12 1134051 km s, a result that is consistent with NGC 205’s systemic
3 B203-S252 2119  —036 —199+12 —090 L 032 velocity of —242 4 3 km s~! (de Vaucouleurs et al. 1991).
B190-S241 20.95 238 —864+12 —1.03+009 It is interesting to note that none of the groups recovered
B198-5249 19.98 0.02 —105+12 —1.13+0.30 in this analysis overlap with the associations found by
B206-S257 19.75 —223  —151423 —145+0.10 Ashman & Bird (1993). This may be partly attributable to
B200 18.07 -1.57  —153+£12 —0.91 +0.61 the larger sample of higher precision velocities used here.
SR B141-5197 14.83 8.06 —180+£12 —1.59+0.21 Ashman & Bird (1993) also indicated that their method may
BI37-S195 1379 850 -215+12 -121+029 produce false hits in the presence of GCS rotation. In an
DAOS8 13.13 6.19 —1254 12 —0.87 4007 effort to reduce this effect, they applied a KMM mixture-
B102 12.63 1334 236+ 12 —-1.57+0.10 . . . .
modeling technique to remove the rotating metal-rich
B105-S166 9.71 10.83 —-238+12 —1.13£0.32 . . . . .
5 B11.S63 112 1374 157450 —1.54 034 (disk /bulge) population from their grouping analysis, thus
B328-S54 311 3550 243423 —1.51 + 0.28 decreasing their sample from 144 GCs to 95 “halo ” objects
B324-S51 295 3642  —299 +135 —1.39 & 0.40 (Huchra et al. 1991). However, Perrett et al. (2002) found
B9-S61 1.11 3247 335452 —1.57+0.26 that even the metal-poor cluster population demonstrates
6°....... B126-S184  —2.76 —2.04 —1824+14 —1.20+0.47 significant rotation, a factor that may also have biased the
NB91 -2.93 —1.19  —187£10 —0.71 £0.33 Ashman & Bird (1993) grouping results.
NB83 —4.23 0.84  —150+ 14 —1.26+0.16 The majority of the clusters in the inner and outer sub-
Bl06-SI68  —-4.54 043 —90£43 -086%0.68 systems found by Saito & Iye (2000) are included in the
; g?g‘gé‘;g *‘;'g‘; 22"3‘2 7411(6)2 i g 71.(7)‘1‘ i 8‘11; metal-rich (bulge) population inferred from the KMM
""""" i S : B s : results of Perrett et al. (2002). The bulk of inner subsystem
B16-S66 —8.99 2135 —406+12 —-0.78 £0.19 f d by Saito & I 2000 d h ¢
BI2-S64  —1079 2298 358412 —1.65+0.19 ound by Saito & Iye (2000) was recovered here as two
B4-S50 117 2570 373412 —1.26 + 0.59 central groups; the memberships of these inner groups were
8 V3l ~19.06 711 —4334+ 12 —1.59 +0.06 not stable, and these are not listed in Table 1 for reasons
V216 —20.17 096 —465+12 —1.15+0.26 discussed above.
B33-S95 —21.57 1.78 —439+12 —-133+0.24
B31-S92 —23.12 1.88 —400+£12 —1.22+£0.40 . .
B28-S88 2364 254 434412 —1.87+0.29 3.3. Monte Carlo Simulations
B453 —23.69 5.64  —4d6£12 -2.09£0.53 A series of Monte Carlo simulations was performed to
BIS ~26.57 778 —460 £ 12 —0.35 4096 investigate the likelihood that the identified M31 GC groups
DAO39 —26.73 592 —478+12 —1224+041 o .
are mere chance associations on the sky. Randomized popu-
[ B57-S118 —24.94 —-7.16  —437+12 —-2.12+£0.32 . .
B34-596 2643 240 540412 —101+022 lgtlons of 321 GCS were generated based on the GC posi-
B458 06.44 —6.37 521412 —1.18+0.67 tions and radlal VelOCltleS from Perrett et al. (2002)
B49-S112 2749 741 481+ 12 —2.14+055 Metallicities were not included in the randomized tests
DAO48 ~27.91 —6.55 —490 + 12 —2.01 +0.99 because of the large [Fe/H] uncertainties in the data.
10....... B81-S142  -2522 1236 —430+12 —1.74+0.40 Furthermore, the eight nontentative outer groups in our
B66-S128  —29.50  —13.18 =389+ 12 —2.10+0.35 sample were found without the need to incorporate any
B65-S126 3324 1581 =378+ 12 —1.56 +0.03 metallicity information in the group finding.
B43-5106 3358  —1138 -—4l4+12 -242+0.51 First, the cumulative distribution observed in projected

B40-5102 —35.38 —11.94 —463+12 —-098+0.48

position along the major axis of the galaxy was used to select
B342-S94 —40.35 —12.27 479 +12 —1.62+0.02

a random cluster X-position with roughly the same underly-

Mo giiés” :32:?3 :431(15 :zggi E :;?Eigg ing distribution as that seen in the M31 GCS. Next, the
B335 4395  —487 —514+12 —1.05+026 cumulative distribution in projected minor-axis location of

BoD195 _47.14 438 —5504+12 —1.64+0.19 the 70 nearest objects in X was used to generate a random-
B327-S53  —47.65 —351 —528+12 —233+049 ized (but realistic) value of the Y-position for each target.

B443 —50.41 —485  —532+12 -237+0.46 Similarly, the cumulative distribution in radial velocity for
B319-S44  —51.99 —1.81  —=535+12 2274047 the 70 nearest objects in X was used to generate a random-
B315-838  —55.62 -LI3 =559 +12 —1.88+£0.52 ized v, for each target. This procedure generated a popula-

o Tentati tion of GCs that shares similar observed properties with the

entative group. . . . .. . .
b Central group. observed data—including spatial distribution and rotation

profile—while eliminating any small-scale correlations that
may exist in the data set.
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F1G. 2.—Grouping results in 1000 randomized populations. Top: Distri-
bution in mean galactocentric radius of the false groups found in the
randomized data. Roughly 50% of the false hits originated within the cen-
tral 10" of the galaxy (shaded bins). Bottom: Number distribution of groups
with galactocentric radii greater than 10’ that were identified in the random-
ized data. The number of groups found in the actual M31 GCS data is
shown by the dashed line.

One thousand realizations of the randomized GC popula-
tions were performed, and each was tested for grouping in
position and velocity parameter space. The results of these
Monte Carlo tests are shown in Figure 2. The top panel of
Figure 2 shows the radial distribution of the groups found
in the randomized data. Roughly half of these “ false hits ™
were recovered within the central 10" of the galaxy, a region
that appears to be too dense to yield reliable group detec-
tions. The fact that the spatially compact (metal-rich) GC
population demonstrates rapid rotation also adds to the
likelihood of detecting chance conglomerations in position-
velocity parameter space. Therefore, neglecting all of the
groups with mean radii within 10" of the galaxy center, we
obtain the number distribution of random-data groups
shown in the bottom panel of Figure 2.

If we exclude the two tentative groups and the central
group, the remaining eight groups observed in the actual
M31 data set (Table 1) lie above ~97% of the randomized
runs. This suggests that the substructure found in the M31
GCS is significant overall. If we further exclude the group
associated with NGC 205, this result still lies above ~91%
of the randomized runs. Therefore, it is unlikely that a/l of
the groups are chance associations, although the majority
may indeed be. For example, there is nearly a 60% chance
that three or more of the groups are not real. With the cur-
rently available data, it is not possible to determine if the
individual groups are dynamically bound structures, nor
can we gauge the specific degree of internal contamination
by background clusters.

4. MODELING THE FATE OF THE GCSs

Based on the discovery of apparent substructure in the
M31 GCS, it is worthwhile to investigate the plausibility
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that the proposed groups are a result of merger events. To
accomplish this, it is instructive to consider the fate of a
dwarf satellite’s small GC population during a merger with
a massive galaxy. N-body simulations were performed to
follow the evolution of a dwarf galaxy GCS over timescales
of 721 Gyr as it interacts with an external potential rep-
resenting a massive spiral galaxy. The form of the ga-
lactic potential and the modeling of the dwarfs are discussed
in §§ 4.1 and 4.2, respectively. The interpretation of the
simulation results is presented in § 4.3.

4.1. The Galactic Potential

In this study, the galactic potential was assumed to be
rigid and time-independent and was built from three com-
ponents: a spheroidal bulge potential (Hernquist 1990), a
Miyamoto & Nagai (1975) thick disk, and a logarithmic
halo. The forms of these potentials were based on the
modeling of the Sagittarius dwarf galaxy by Johnston,
Spergel, & Hernquist (1995) and Helmi & White (2001). The
potentials are

Paisk = dok ) (3)
¢m+w+v%+wf
—GMypy
¢bulge = T;ge ’ (4)
and
Phalo = Upgro In (17 +d?) (5)

where Gis the gravitational constant, r and R represent radii
in spherical and cylindrical coordinates, respectively, and z
is the height above the galactic plane. The masses (M), scale
lengths (a, b, ¢, and d), and velocity (vhao) in the above
potentials were selected to reproduce the characteristics of
the Milky Way. The components of our Galaxy are better
understood than those of M31, and we can expect the over-
all effects of satellite disruption within M31 to be quite
similar. The adopted component parameters are provided
in Table 2 and have been selected following the work of
Johnston (1998).

The representation of the massive galaxy by a fixed poten-
tial neglects any exchange of energy between the satellite
and its parent galaxy. However, typical masses of dwarf
satellites are several orders of magnitude smaller than
that of either the Milky Way or M31. As a result, the effects
of dynamical friction and energy exchange between the
satellite and the massive galaxy can be neglected over the

TABLE 2
GALAXY MODEL PARAMETERS

Parameter Adopted Value

3.4 x 1010 M,
1 x 10" M,
128 kms!
6.5kpc
0.26 kpc
0.7 kpc
12.0 kpe
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timescales of interest here (Helmi & White 2001; Binney &
Tremaine 1987, p. 427).

4.2, The Model Dwarf

The dwarf satellite galaxy in each simulation was mod-
eled as a Hernquist sphere with a density distribution given
by

Msatf 1 (6)

p(r) = o r(r+s)3

(Hernquist 1990), which corresponds to a cumulative mass
distribution of

2

(r+s)2 ’

My, is the total satellite mass and s is a scale length that
defines the half-mass radius of the distribution: setting
M(Vl/z) = M,/2 in equation (7) gives Fipp = (1 + \/E)S
This analytical mass model is an approximation of the de
Vaucouleurs R!/4 profile applicable to galaxies and bulges
(de Vaucouleurs 1953).

For each satellite, roughly 10,000 particles were distrib-
uted according to this density profile. Dwarf galaxies of sev-
eral masses were considered within the range from 107 to 10°
M. Ten of the particles were given a somewhat more
extended distribution about the dwarf and were designated
to be its GCs; these GCs were each assigned masses of
5 x 10° M. The remaining mass of the simulated dwarfs
was equally divided among the rest of the particles. The
number of particles used to represent the dwarf was suffi-
cient to model its disruption, while being small enough to
efficiently run the required number of simulations.

A series of 85 simulations was run in order to explore a
reasonable range of parameter space by altering the initial
conditions of the incident satellite. Table 3 lists the ranges of
initial conditions that were tested. The total dwarf masses
(Ms,,) were selected to span a range between those of a typi-
cal dwarf spheroidal (dSph) and a typical dwarf elliptical
and include the mass of their 10 GCs. The range in satellite
half-mass radii (R;/;) was chosen to correspond to typical
values of dwarf galaxy core radii—a reasonable assumption
if light follows mass. Rgc is the scale radius of the dwarf’s
GCS. The satellites were assigned a starting galactocentric
distance (D) and a position angle (0) above the plane of the
disk. The azimuthal angle was taken to be ¢ = 0, since the
potential is axisymmetric. The parameters « and (3 dictate
the initial partition of velocity in the X-Z and X-Y planes,
respectively, in units of circular velocity such that
a? + (32 = 1 for circular orbits.

M(r) = Mgy (7)

TABLE 3

INITIAL CONDITIONS FOR N-BODY
SIMULATIONS

Parameter Initial Conditions

Mmoo

107-109 M.,
0.2-0.4 kpc
(1-2)Ry )2
20-100 kpe
0°-90°
0-0.9
0-0.9
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These N-body simulations were performed using the
Barnes-Hut tree code! and modified to include an external
potential. The tree code algorithm is based on the com-
monly used hierarchical force method described by Barnes
& Hut (1986).

It should be noted that the simulations presented here are
intended to be illustrative and not to reproduce the detailed
characteristics of this complex interaction. The addition of
evolving potentials for the bulge, disk, and halo compo-
nents and the incorporation of effects such as dynamical
friction, disk-shocking, and gasdynamics would permit a
more comprehensive investigation of the merger event itself.

4.3. Grouping in the Simulation Results

Using the scaling and linking lengths determined in the
previous step (A = 0.1, 7, = 0.13 km~!s), the N-body simu-
lation results were analyzed to investigate the likelihood of
identifying the cannibalized dwarf’s GCs as a group in
parameter space. The three-dimensional positions and
velocities were projected into an orientation similar to that
of M31 (i = 77°7) and were superposed on the background
components described in § 2.2. The group-finding algorithm
was then applied to the simulation results at various time
steps.

Two parameters, Q and Qn.x, Were defined in order to
quantify the retrieval efficiency of the satellite’s GCS:

ol

Qmax = max (”ﬁ) ) (9)
k

Ny

where N is the total number of groups containing at least
one of the dwarf’s original GCs, ngc is the number of the
GCs in group k, and n, is the total number of objects
(including background) that were identified in group k. The
sum in Q is calculated only over those groups that contain
one or more GCs and reflects the general contamination of
the GC groups by background objects. Q.x 1S the maxi-
mum ratio of the number of satellite GCs in a group to the
total number of objects allocated to that group and there-
fore indicates whether a bona fide group has been found.
For perfect group recovery with no contamination,
0= Omax = 1.

To demonstrate, let us examine a particular simulation
with an initial dwarf position angle 90° (o = 0.9, 3 = 0) and
Mg = 10° M, at a time step of 1.2 Gyr. The group-finding
algorithm returned GC group memberships as follows: 6 of
the 10 dSph GCs were in the same group and had one addi-
tional background object included, one GC was allocated to
a background group with three additional members, one
GC was allocated to a background group with four addi-
tional members, and two GCs were not identified as mem-
bers of any group. For this case with N =3 groups
containing one or more GCs,

1/6 1 1
Q—g(?+z+g>—0.44 (10)

! Treecode, version 1.4 distributed by J. E. Barnes.
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Omax = max(g, 1 g) =0.86 . (11) 08 : f

0.6 = -

The high Q. indicates that it is very likely that we can @ L ]

detect a group that contains a significant fraction of the dis- 0.4 [ -

rupted satellite’s GCS, here with only 14% contamination

by background objects. The moderate-to-low Q ratio 0.2 -

reflects the fact that some of the satellite’s GCs were r ]
allocated to other groups to which they do not truly belong. 0 e : : :

The orbital periods of the satellite debris within the Lr I I I T ]
potential of the parent galaxy are of the order of 1 Gyr. The r ]
probability of detection clearly depends to a large degree on 0.8 - =
the relic’s location in its orbit, as there is a decreased likeli- L .
hood of finding a group if the GCS debris is fore or aft of ; 0-6 - E
the bulge or obscured in the rotating disk particles. There- o 04l B
fore, the likelihood that the detection of a group in a gal- Tr ]
axy’s GCS reveals the remnant of a real accretion event is 02 —_ Mean h
comparatively low if the group is superposed over the dense I Median ]
part of the disk or the bulge of the galaxy. Not surprisingly, ol v v v by ) Ll Ll L

0 1 2 3 4 5

satellite GCS remnants are also most easily observable at
large galactocentric radii because of their significantly lower
degree of disruption over the relevant timescales.

In reality, we rarely know the orbital parameters of past
(or even present) satellite galaxies. We can therefore exam-
ine the average Q-values of a large sample of the simulations
having a variety of initial position angles and incident veloc-
ities to get some idea of the likelihood of group detection for
a satellite on a random orbit. The mean and median values
of Q and Qp.x for satellites with an initial galactocentric
radius of 40 kpc are shown in Figure 3. The average and
median Q-values decrease with time, as expected. The Q
results indicate that it is not likely that we can recover the
complete GCS of the satellite dwarf in a single, uncontami-
nated group. However, the Q. plot shows that one signifi-
cant grouping of clusters associated with the cannibalized
dwarf galaxy can generally be found up to several Gyr after
the initial encounter.

5. CONCLUSIONS

The numerical simulation results presented in this study
reveal that it is possible to identify some fraction of a dis-
rupted satellite’s initial GCS based on grouping in projected
position and radial velocity. This can be accomplished for
timescales of 7> 1 Gyr after the initial encounter, although
generally not without some significant degree of back-
ground contamination in the group membership.

In the Milky Way, there are three-dimensional data avail-
able that trace a distinct stellar stream associated with the
Sagittarius dwarf merger. It is then relatively easy to pick
out any GCs that coincide with this stream in both distance
and velocity, although even here the results are somewhat
controversial (for example, see Minniti, Meylan, & Kissler-
Patig 1996). At the distance of M31, we have projected data
and are only now beginning to uncover signs of stellar
streams and substructure (Ibata et al. 2001). These observed
streams extend well beyond the spatial limits of the current

Time Elapsed (Gyr)

Fi6. 3.—Average Q ratio (top) and Q. values (bottom) of a series of
simulations with a range of initial conditions at an initial distance of 40 kpc.
The dashed and solid lines show smoothed fits to the mean and median
values, respectively, in time step bins.

cluster sample (on a line connecting NGC 205 and M32),
and thus cannot be directly matched with any of the GC
groups identified in this study. Large-area surveys (e.g.,
Massey 2002; Lee et al. 2002) will help to provide the neces-
sary additional stellar astrometry and to reveal any new GC
candidates in M31. Nonetheless, Lynden-Bell & Lynden-
Bell (1995) demonstrated that it is possible to use streams of
GCs to trace the orbits of potential merger remnants within
the Milky Way (see also Yoon & Lee 2002). Streams or
groups of GCs in nearby massive galaxies may also provide
a viable means of identifying the orbits of any recently
merged satellites.

We have found significant signs of grouping in projected
position and radial velocity within the GCS of M31. Do
these M31 GC groups represent the signatures of past accre-
tion events? Without accurate distances or dynamics, the
correlation of M31 GCS groups with past accretion events
remains tenuous. In follow-up studies, the identification of
a stellar stream coincident with a grouping of GCs would
lend the necessary credibility to the notion that a galaxy’s
GCS—and by extension the galaxy itself—formed at least
partly in a hierarchical manner.

The authors wish to thank Larry Widrow and Geraint
Lewis for useful comments and related discussions. The
authors are also grateful to Josh Barnes for making his
Treecode software available and to the anonymous referee
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by funding from the Natural Sciences and Engineering
Research Council of Canada.
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