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Chemodynamical simulations of cluster galaxies
Yastthiro Shioya {Tohoku University), Kenji Bekki (UNSW} &
W. I. Couch (UNSW)

1 Introduction

We numerically investigated (1) evolutionary links between ultra-compact dwarf
galaxies (UCDs) discovered in elusters and naclear star cluster (NCs) in late-
type galaxies and (2) formation and evolution of L+4A’'s formed by galaxy merg-
ing this year. In this report, we describe numerical results obtained in these two
investigation and provide some observations implications of the results. These
two sets of numerical simufation results are/will be published (Bekki et al. 2004,
Apl, 610, L13; Bekki et al. 2005, accepted in MNRAS).

2 Evolutionary links between UCDs and NCs

2.1 Formation of stellar galactic nuclei via cluster mergers

A new type of sub-luminous and extremely compact “dwarf galaxy” has been
recently discovered in an ‘all-object’ spectroscopic survey centered on the Fornax
Cluster (Drinkwater et al. 2000). These “dwarl galaxies”, which are members of
the Fornax Cluster, have intrinsic sizes of less than 100 pe and absolute B band
magnitude ranging from —13 to —11 mag and are thus called *ultra-compact
dwarf” (UCD) galaxies. Although these UCDs are suggested to origmmate from
stellar nuclel of bright nucleated dwarf galaxies (Drinkwater 2000; Bekki et al.
2601, 2003), it is unclear how such massive nuclei are formed in the central
region of dwarf galaxies.

Recent Hubble Space Telescope {HST) photometric observations have discov-
ered very luminous nuclear clusters (NCs), with [-band absolute magnitudes
{(My) ranging from ~8 to —14 mag, in the central regions of late-type spirals
{Phillips et al. 1996; Carollo et al. 1998; Matthews et al. 1999; Boker et al.
2002, 2004a,h). The observation that some of the bright NCs are quite massive
- that 1s their luminosity does not derive from a small number of hot young
stars — has ralsed the question as to how such massive NCs can be formed in
the central regions of late-type spiral galaxies (Boker et al. 2004a,b).

In order to understand the formation processes of UCDs and NCs {(very
massive star clusters, VMSCs), we investigate the dynamical evolution of a
sell-gravitating system composed of smaller star clusters (SCs), via numerical
simulations carried out on a (GRATE board {Sugimoto et al. 1990). Each of the
individual SCs that merge with one another to form a VMSC, are assumed to
kave a Plummer density profile (e.g., Binney & Tremaine 1887} with luminosities
{ Lsc) and central velocity dispersions (.} consistent with the relation observed



for GCs {Djorgovski et al. 1897):
Do o 0o " (1)
The scale length {a4) of a SC is determined by the formula
toe = G My [604:7, (2)

where (G and M. are the gravitational constant and the mass of the SC, re-
spectively (More details can be found in our paper, Bekki et al. 2004, Apl,
610, L13). We investigate structural and kinematical properties of these merger
remnants of SCs. We mainly describe the equal-mass 3D model with N =
12 (the “fiducial” maodel), because this model shows both typical behavior of
VMSC lormation and one of the most interesting results m the present study.
The mass, length, time, and velocity units are 2.0 x 10° My, 34.0pc, 2.1 x

105 yr, and 15 9kms™ .

2.2  Simulation results

As seen from the fiducial model shown in Figure 1, smaller SCs repeatedly
merge with one another to form bigger clusters through the process of dynamical
collapse of the SC systern, These bigger clusters then merge to form a single
VMSC with an outer diffuse stellar envelope, within ~ 107 yr. The VMSC has
an effective radius (R} of 1944 pe (2.85 R, of the progenitor SC) and within
5R. a mass of 2.1 x 107 My, which corresponds to My = —12.9 mag and is
19.2 times more massive than the mass of the criginal SCs.

Figure 2 shows the comparison between the locations of all of the simulated
VMSCs in the My — og plane and the corresponding observations (Drinkwater
et al. 2003). Here only (5) UCD points are plotted, since data for NCs s not
available. The locations of the simulated brighter VMSCs are consistent with
the observations, and both the simulated and observed dala points are closer to
the Faber-Jackson relation than to the My — op relation of GCs (Djorgovski et
al. 1997). This implies that the origin of UCDs structural and kinematically
properties is significantly different to that of GCs, and is closely associatced with
physics of multiple merging of 5Cs. Thus the present results on the scaling
relations of VMSCs clearly show that the scaling relations of VMSCs formed
from multiple SC merging are significantly different both from those of their
progenitor SCs {or GCs) and from those of dynamically hot early-type galaxies.

2.3 Discussions and conclusions

We have demenstrated that if VMSCs are formed from the multiple merging of
SCs, with the observed scaling relations of GCs, the scaling relations of VMSCs
are very different from those of GCs. Ongoing and future photometric and
spectroscopic observations (e.g., HST ACS and Keck 10m) of the structural and
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Figure 1. Morphological evolution of twelve equal-mass star clusters {SCs) pro-
jected onto the @ — z plane for the fiducial modet (with an initial total mass of
2.4 x 107 My). The length and the time are given in our units (34.0 pc and 2.1
x 10% yr, respectively). Here the time 7' represents the time that has elapsed
since the start of the simulation.
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Figure 2: Correlations of op with My for the simulated VMSCs (filled squares)
and the observations (crosses). The results of 60 models, including both equal-
mass 2D/3D models and multi-mass ones, are shown. Only 5 UCDs with known
ag (Drinkwater et al. 2003) are plotted (no velocity dispersion data for NCs are
available). For comparison, the observed relations are given by a dashed line for
GOCs (Djorgovski et al. 1997) and a dotted line for Es (Faber & Jackson 1978).



kinematical properties of VMSCs will therefore be able to assess the viability of
the “cluster cannibalism” scenario of stellar nucleus formation.

Although we have not discriminated between UCDs and NCs in this report,
there exists a possible remarkable difference 1n the size distribution between
the two: The observed effective radii range from 15pe to 30 pe for UCDs and
from 2.4 pe to bpe for NCs. This difference can possibly be ascribed to the
young stelfar populations with compact spatial distributions within NCs (i.e.,
the size distributions for old populations of NCs could not be so different from
those of UCDs). However, it is cqually possible that the difference is due to
the differences in formation processes between UCDs and NCs. Differences in
scaling relations hetween UCDs and NCs, if any, would tell us something about
the origin of the difference between UCDs and NCs.

3 Origin of E+A’s

3.1 Why “spectrodynamical simulations” 7

Recent high resolution imaging, photometric and spectroscopic studies of E4+A
galaxies undertaken with the Hubble Space T'elescope (HST) and large ground-
based telescopes have revealed a considerable diversity in the morphological,
structural, and kinematical properties between E4+A’s (Norton el al. 2001
Yang ct al. 2004). For example, Norton et al. (2001) investigated the inter
nal kinematics of the E4A galaxies in the Z96 sample and found that most of
them were dynamically supported, with v/¢ and ¢ ranging from 30kms™' to
200kms™* (here v is the rotational velocity and o is the velocity dispersion).
This plethora of observational data on B4+ A galaxies, when taken in its entirety,
raise many questions, the most significant being: (i) Can model(s) of galaxy in-
teractions and merging {(e.g., minor vs major merging) explain self-consisiently
the observed dynamical, photometric, and spectroscopic properties of E4A’s?.
(11) What mechanism drives the formation of disky E4+A’s that dominates E+A
populations in clusters of galaxies? (1) What is the origin of the positive and
negative color gradients observed in E4+A’s? (iv) Are there any differences be-
tween the structural and kinematical properiies of the old and young stellar
populations in E-A galaxies? Although previous theoretical studies have tried
to understand possible star formation histories of E+A galaxies (Barbaro &
Poggianti 1997; Poggianti et ai. 1999; Shioya & Bekla 2000; Shioya et al. 2002;
2004), they had difficulty in addressing the above questions due to the limita-
tions of the one-zone spectrophotometric models that they adopted. In order
to properly tackle the above questions, the dynamical and spectrophotomet-
ric properties of E-+A galaxies need to be investigated joinély in an explicitly
self-consistent manner. Therefore, numerical simulations combined with
stellar population synthesis codes - which enable us to predict not
only structural and kinematical properties but also photometric and



spectroscopic ones — are indispensable in solving the above important
problems related to the formation and evolution of E+ A galaxies.

3.2 Results: 2D spectral distributions

We investigate the structural, kinematical, chemnical, photometric, and spectro-
scopic properties of E+4A galaxies in an explicitly self-consistent manner, thereby
making considerable progress toward answering the above question. In particu-
tar, we investigate both radial gradients m the spectrophotometric properties as
well as the projecied (2D) distributions of Balmer absorption, rotational velocity
and velocity dispersion in E+A galaxies formed from galaxy interactions and
merging. Since the details of our spectrodynamical models are given in Bekki
et al. (2006, MNRAS in press), we here describe one of the main results.

The star formation histories, which determine the final spectrophotomelric
properties of the remnant interacting /merging galaxies, differ quite significantly
in our simulations, being dependent on the gas mass fraction (f;), the bulge-
mass fraclion (i), and the mass ratio of the merging two disks (o). Figure 3
shows an example of this dependence. The structural and kinematical prop-
erties of the simulated E4A’s are also diverse, depending mainly on ms and
the orbital configurations. We however describe only one result from our most
representative model which show the typical and/or most interesting behavior
in E+A formation and evolution.

Figure 4 clearly shows that the 2D disiributions of EW(H$) and EW({H3)
absorption have very flattened shapes along the z-axis, and the direction of
elongation is coincident with the major axis of the mass distribution of young
stars with W(H6) > 6A{shown in Fig. 4). It also shows that both EW(Hé)
and EW(H/) are larger in the inner regions of the E4A, and therefore have a
negative radial gradients. These results are all due principally to the centralized
starbursts during dissipative merging in this model. The flattened 2D distri-
bution can also be seen in the optical (V — I) and near-infrared (I — K) color
distributions, which confirms that the Hattened shape is due to the flattened
distribution of young stars in the core of the E-+A’s.

3.3 Summary of the simulation results

Because of the page limitation of this report, we here summarize the most
important three results obtained in this GRAPE project on E4A formation.
(1) E++A ellipticals formed by dissipative major galaxy merging show positive
radial gradients in color (i.e., bluer colors at their center) and negative radiai
gradients in Balmer absorption line strength, due to the larger fraction of A-
type stars in their inner regions. These color and line index gradients become
shallower as {ime passes by, because of the aging of the poststarburst stellar
population. These numerical models, however, cannot explain the E4 A galaxies



that are observed to have negative radial gradients in both color and Balmer
absorption line strength.

(2} The dynamical and spectroscopic properties of E4+A ellipticals formed by
dissipative major galaxy merging have 2D distributions which can be remarkably
different, depending on the orbital parameters of the merger. Furthermore,
such differences also exist between the old and young stars in these galaxies.
For example, E+ A ellipticals with kinematically decoupled cores {K1)(s) have
a very flattened Hé absorption distribution, with differences in rotation and
velocity dispersion belween the old and young stars. Future spatially resolved,
integral field unit spectroscopy with 8-10m class telescopes should hbe ahle to
bring the past KDC formation sites in young E-+A ellipticals into relief and thus
provide an evidence that KDCs can be formed from dissipative major merging.

{3) The 2D distributions of colors and Balmer ahsorption lines in E4A ellipti-
cals show a larger internal dispersion compared with those of ‘passive’ ellipticals
with weak Hé& (~04). The internal color dispersion of ellipticals formed by ma-
Jjor merging becomes smaller as the 4+ A phase passes, and therefore there will
be an anti-correlation between the size of this dispersion and Hé strength in
the post-E+A phase. These resuits imply that the large color dispersion in the
21 photometric properties of E+A ellipticals provides further evidence for the
transformation from gas-rich late-type spirals into passive ellipticals.
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Figure 3: Star formation histories of major galaxy mergers between gas-rich
spirals for the model with f, = 0.2 (thin solid) and the model with f; = 0.5 (theck
solid) for 2.4 Gyr. These two models are examptes of merger-driven massive
starbursts with a subsequent rapid decline in star formation rate.



Figure 4: The two-dimensional (21)) distributions of EW (H#) {left) and EW({H3)
{right} projected onto the -z plane in the major merger model at T' = 28 Gyr.
The abscissa and the ordinate represent the r-axis and the z-axis, respectively.
Here we divide the 3kope x 3kpe central region inte 20 x 20 grid points and
thereby estimated the SED of each grid point. For clarity, the grid points with
EW(HE) (and EW(ILH)) less than 0A are shown in the darkest color. Note that
the 2D distributions show the strong Balmer line absorption to be elongated
along the z-axis,
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ABSTRACT

Recenty, very massive compact stellar systems have been discovered in the intracluster regions of galaxy clusters
and in the nuclear regions of late-type disk galaxies. It is unclear how these compact steltar systems—known as
“ultracompact dwarf” (UCD)} galaxies or “nuclear clusters” (NCs)—form and evolve. By adopting a formation
scenario in which these stellar systems are the product of multiple merging of star clusters in the central regions
of galaxies, we investigate, numerically, their physical properties. We find that physical correlations among velogity
dispersion, luminosity, effective radius, and average surface brightness in the stellar merger remnants are quile
different from those observed in globular clusters. We also find that the remnants have triaxial shapes with or without
figure rotation, and these shapes and their kinematics depend strongly on the initial number and distribution of the
progenitor clusters. These specific predictions can be compared with the corresponding results of ongoing and future
observations of UCDs and NCs, thereby providing a better understanding of the origin of these enigmatic objects,

Subject headings: galaxies: dwarf — galaxies: nuclei — galaxies: star clusters — globular clusters: general

1. INTRODUCTION

A new type of subluminous and extremely compact “dwarf
gakaxy™ has been recently discovered in an “all-object” spec-
troscopic survey centered on the Fornax Cluster (Drinkwater
ei al. 2000). These dwarf galaxies, which are members of the
Fornax Cluster, have intrinsic sizes of less than 100 pc and
absolute B-band magnitude ranging from — 13 to — 11 mag and
are thus called “ultracompact dwarf” (UCD) galaxics. Although
these UCDs are suggested to originate from stellar nuclei of
bright nucleated dwarf galaxies (Drinkwater et al. 2000; Bekki
et al. 2001, 2003}, it is unclear how such massive nuclei are
formed in the central region of dwarf galaxies.

Recent Hubble Space Telescope (HST) photometric observa-
tions have discovered very luminous nuclear clusters {NCs), with
{-band absolute magnitodes (M) ranging from —8 to — 14 mag,
in the central regions of late-type spirals (Phillips et al. 1996,
Carollo et al. 1998; Matthews et al. 1999, Boker ct al. 2002, 2004a,
2004b), The observation that some of the bright NCs are quite
massive-—that is, their luminosity does not derive from a small
number of hot young stars—has raised the question as o how
such massive NCs can be formed in the central regions of late-
type spiral galaxies (Boker ct al. 2004a, 2004b).

One formation scenario for these very massive star clusters
(VMSCs) is that ordinary star clusters (8Cs), which can quickly
spiral into the nuclear regions of galaxies because of dynamical
friction, merge with one another to form a single VMSC (ie,,
galactic stellar nuclet; Tremaine et al. [975). The physical prop-
erties of VMSCs formed in this way, however, have not been
theoretically/numerically investigated extensively (e.g., Fell-
haver & Kroupa 2002). In particular, theoretical predictions of
the corrclations between their structural and kinematical prop-
erties (e.g., central velocity dispersion) are generally considered
to be important, because such dynamical correlations (or “scaling
relations”) for a self-gravitating system are generally considered
to help discriminate between different formation mechanisms
(e.g., Djorgovski 1993). In the light of recent discoveries of

Li3

UCDs and NCs, it is thus timely and important to discuss whether
such a merger scenario (referred to as “cluster cannibalism” in
galactic nuclei) is consistent with their observed properties.

The purpose of this Letter is to provide the first theoretical
predictions on the structural and kinematical properties of
VMSCs formed by dissipationless multiple cluster merging
based on self-consistent numerical simulations of nucleus for-
mation, We focus particularly on correlations among propertics
such as luminosity (L), effective radius (R,), central velocity
dispersion {o,). and surface brightness at R,. The predicted
scaling relations combined with current and future observations
of UCDs (e.g., Drinkwater et al. 2003} and NCs {c.g., Boker
et al. 2004a, 2004b) can provide new insight into the origin of
galactic stellar nuclei. Dissipative formation, which is an al-
ternative formation scenario for VMSCs (Boker et al. 20044,
2004b), will be discussed in forthcoming papers,

2. THE MODEL

We investigate the dynamical evolution of a sell-gravitating
system composed of smaller SCs, via numerical simulations car-
ried out on a GRAPE board (Sugimoto et al. 1990}, Each of the
individual SCs that merge with one another to form a VMSC is
assumed fo have a Plummer density profile {e.g., Binney &
Tremaine 1987) with luminositics (L.} and central velocity dis-
persions {0y} consistent with the relation observed for globular
clusters (GCs; Djorgovski et al. 1997):

Lo o o4l

ey
The scale length (ag) of an SC is determined by the formula

dge = GMy /60, {2)
where G and M. are the gravitational constant and the mass of

the SC, respectively. Since the mass-to-light ratio (Myo/Lyc) s
assumed to be constant for all SCs, aq. and oy are determined
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by equations (1} and (2) for a given Lg. (or M), The normal-
ization factor in equation (1) is determined by using the cbserved
typical mass (6 x 10° M), the half-mass radius (10 pc), and
the central velocity dispersion (7 km s7%) for GCs (e.g., Binney
& Tremaine 1987),

An SC system is assumed to have cither a uniform disk dis-
tribution (reterred to as two-dimensional models) or a uniform
spherical distribution (three-dimensional) and to be fully self-
gravitating (i.e., not influenced dynamically by its host galaxy).
For the two-dimensional models, an 5C system is assumed (o
have only rotation initially (no velocity dispersien), with its ro-
tational velocity (V) at a distance (r) from its center given by

Viry = GV (), 3)
where V, (r) is the circular velocity at » for this system and C,,
is a parameter that determines how far the system deviates from
virial equilibrivm (i.e., 0 5 C £ 1). For three-dimensional mod-
eis, an SC system is supported only by its random motions; s
one-timensional isotropic dispersion (o)} at radius r is given by

U i\
olry = C, N — %—Q 4

where U(r) is the gravitational potential of the system. Here
an SC system with €, = 1 means that the systcm is in virial
cquilibrium (or supported fully by rotation). We present the
results of models in which all of the SCs are within ~100 pc
of cach other, because they are the most consistent with ob-
servations of the structural properties of VMSCs.

We investigate two different representative cases: (1) the SC
system is composed only of equal-mass SCs (“equal-mass”
case) and (2) the SC system is composed of SCs with different
masses (“multimass” case). For (1), each SC is assumed to
have a mass of 2 x 10° M, (or M, = ~10.35 mag) and
a,. = 6.8 pc. For (2), the SCs are assumed to have a luminosity
(M) function consistent with that observed:

(M) = constant e™¥~Ho 7200, ()

where M (V) = —7.27 mag and ¢, = 1.25 mag (MHarris 1991).
The number of SCs (V) in a system is a free pararneter, tanging
from 2 to 20 for the equal-mass case and 2 to 200 for the multimass
one. The model with the maximum N, of 200 corresponds 1o the
most massive VMSCs that have been observed (Drinkwater et al.
2003). In our simulation, the masses of the stelfar particles in the
SCs are assumed 10 be equal, so that the total number in the
sirnulation depends on Ny.. For example, the particle number in
the multimass model with Ny = 200 is 214,858. We describe
the cqual-mass three-dimensional model mainly with N = 12
and C, = 0.5 {the “fiducial” model), because this model shows
both typical behavior of VMSC formation and one of the most
interesting results in the present study. Also, we describe the
{1} scaling refations of the simulated VMSCs and (2) paramcter
dependences of VMSC properties, based on 60 different models.
The mass, length, time, and velocity units are 2.0 x 10° M,
34.0 pe, 2.1 % 10° yr, and 159 km 57",

3. RESULTS

As seen from the fiducial model shown in Figure 1, smaller
SCs repeatedly merge with one another to form bigger clusters
through the process of dynamical collapse of the SC system.

Z~axis

Z—axis

X~axis

X—axis

Fic. 1.—Moarphological evolution of 12 equab-mass SCs projected oato the x-
2 plane for the fiductal madel (with an initial total mass of 2.4 x 107 M), The
length and the time are given in our units {34.0 pc and 2.1 % 10° yr, respectively).
Here the time T represeats the time that has elapsed since the start of the simulation.

These bigger clusters then merge to form a single VMSC with
an outer diffuse stellar envelope, within ~107 yr. The VMSC has
an effective radius (R,) of 19.4 pc (2.85 R, of the progenitor 5C)
and within 53R, a mass of 2.1 x 107 M, which corresponds to
M, = —12.9 mag and is 10.2 times more massive than the mass
of the original SCs. Figure 2 shows the structural and kinematical
properties of the VMSC. Three different nonspherical shapes can
be clearly seen in the three projected mass distributions, which
suggests that the VMSC is a triaxial system. The ellipticity (e),
defined as € = 1 — b/g, where @ and b are the long and the short
axes, respectively, in the isodensity contotir of the projected mass
profile, is estimated to be 0.14 for the x-y projection, 0.08 for
the x-z projection, and (.27 for the y-z projection at the effective
radius of the VMSC. Because of efficient conversion of the initial
orbital energy of the SCs into internal rotational energy during
the SC merging process, the final VMSC has a nonnegligible
amount of rotation that is indicated by moderately high V, /g,
(~0.3), where o, and V,, are the central velocity dispersion and
the maximum line-of-sight velocity of the VMSC for cach pro-
jection. It should be noted here that a flattened triaxial system
with nonnegligible rotation is remarkably different from typical
GCs that have no net rotation and quite spherical shapes (mean
e = 0.07; e.g., White & Shawl 1987).

The simulated VMSCs show interesting correlations between
their structural and kinematical parameters (Fig. 3). First, more
fuminous VMSCs have larger central velocity dispersions {g,),
and this correlation can be expressed as o, oc L2, the slope of
which is similar to that (0.25} of the Faber-Jackson (1976) relation
derived for elliptical galaxies. Second, more luminous VMSCs
have larger etfective radii and the correlation can be expressed as
R, oc IM* although the dispersion in this relation is moderately
large. This can be compared with the corresponding relation
(R, o< L'™) derived for elliptical galaxies (Kormendy 1985},
Third, L is more strongly correlated with the central surface bright-
ness (7,,) than the half-light averaged surface brightness (). Al-
though a single line is fitted to all the data points for the L-f,
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relation, it is possible that the relation is different over the range
—12<M,<—10 mag and —14 < M, < —12 mag (i.c, there is
a hint of V-shaped distribution in Fig. 3).

Figure 4 shows the comparison between the locations of all
of the simulated VMSCs in the M,~¢, plane and the correspond-
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Fig. 3.—Correlations of stroctural and kinematical parameters with Af, (V-band
absolute magnitude) for the VMSCs in 40 models including equal-mass two-
dimensional and threa-dimensional models with €, = 0 and 0.5, Projected central
velocity dispersion {o,; top fefi), half-light averaged surface brightness (1; top right),
effective radius (R,; bottom leff), and central surface brightness (T, bottom right)
are plotted against M,. Here the central surface brightness [, is expressed ay
0.1L1r/R;,, where L and R, are the total luminosity of a VMSC and the radius
within which 10% of L iy included, respectively. The best-fit scaling relation for
the VMSCy is derived for euch panel using the least-square ftting method and
described as a dotted line with the derived relation (e.g., o, o< L™"").

ing observations (Drinkwater et al. 2003). Here only five UCD
points are plotted, since data for NCs are not available. The
locations of the simulated brighter VMSCs are consistent with
the observations, and both the simulated and the observed data
points are closer to the Faber-Jackson refation than to the
M,-g, relation of GCs (Djorgovski et al. 1997). This implies thal
the origin of UCDs’ structural and kinematically properties is
significantly different than that of GCs and is closely associated
with the physics of multiple merging of 5Cs. Thus the present

25 - L ey : :
L : L = o,% for Bs ]
2 — ——— L g7 for GCs
’é‘ . - P - % .l": * _
gs IR Tl 1
o - -/"/“ .-x -‘- b -
<) L - o
a1

af 4
2z 1
05 - . Simulation |
. x Ohservation 7
e 1 1 ! | . | 3

-8 -10 12 14

M, {mag)

FiG. 4, —Correlations of o, with M, for the simulsted VMSCs { filled squares)
and the ohservations {erosses). The results of 60 models. including both eqgual-
mass two-dimensional/three-dimensional models and multimass ones, are
shown. Only five UCDs with known g, (Drinkwater et al, 2003) arc plotted
{no velocily dispersion data for NCs are available). For comparison, the ob-
served relations are given by a dashed line for GCs (Djorgovski et ul. 1997}
and a dotted line Tor elliptical galaxics (Faber & Jackson 1976).
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results on the scaling relations of VMSCs clearly show that the
scaling relations of VMSCs formed {from multiple SC merging
are significantly different both from those of their progenitor SCs
(or GCs) and from those of dynamically hot early-type galaxies.

The parameter dependences of structural and kinematical
properties of the simulated VMSCs can be summarized as fol-
lows: First, VMSCs arc likely to be more flattened (¢ =
0.2 ~ (1.3) in the two-dimensional models than in the three-
dimensional models for given parameter values of €, and
Nge Second, friaxial VMSCs in some two-dimensional models
show large V, /o, (~0.4) and figure rotation such as barred
galaxies. Third, the multimass three-dimensional models with
large Ngo (=50) show both smaller ¢ (i.e., less flattened) and
smaller V, /o, (i.e., less strongly supported by rotation). This is
because a larger number of SCs merge with one another from
random directions in the multimass three-dimensional moedeis.
These results suggest that the structural and kinematicat prop-
erties of steflar galactic nuclei (i.e., NCs and UCDs) can differ,
depending on the merging histories of 3Cs,

4, DISCUSSIONS AND CONCLUSIONS

We have demonstrated that if VMSCs are formed from the
multiple merging of 5Cs, with the observed scaling relations
of GCs, the scaling relations of VMSCs are very different from
those of GCs. Ongoing and future photometric and spectro-
scopic observations (e.g., HST Advanced Camera for Surveys
and Keck 10 m) of the structural and kinematical properties of
VMSCs will therefore be able to assess the viability of the
cluster cannibalism scenrario of stellar nucleus formation.

We have also shown that (1) the intrinsic shapes of VMSCs
are more likely to be triaxial, and (2} some VMSCs can have
rotational kinematics. We thus suggest that further observations
that provide better statistics on (1) the e distributions of the pro-
jected isophotal shapes of VMSCs (which strongly depend on the
intrinsic shapes of VMSCs) and (2) the locations of VMSCs on
the € — V, /g, planc (which depend on the internal kinematics of
VMSCs) will help discriminate between differemt VMSC for-
mation scenarios.

Our study also has other important implications. First, the
significant amount of rotation observed for the metal-poor pap-

Vol. 610

ulations in the most massive Galactic GC « Cen (e.g., Norris et
al. 1997) provides evidence that » Cen may have originated from
the nucleus of a dwarf galaxy. A growing number of observations
and theoretical studies have recently suggested that w Cen was
previously a nucleus of an ancient nucleated dwarf orbiting the
young Galaxy (e.g., Hilker & Richtler 2000, 2002; Bekki &
Freeman 2003). The present study has demonstrated that VMSCs
formed from SC merging can have a significant amount of ro-
tation (i.c., larger V, /o) because of the conversion of orbifal
energy into intrinsic rotational energy. Therefore, the rotational
kinematics of the metal-poor populations of o Cen reflect the
past merging of SCs in the central region of its host galaxy.

Second, we can significantly underestimate the mass-to-light
ratios (M/L) of VMSCs, in particular those with large V) /o, it we
estimate the M/L by adopting the commonly used formula in which
ML is derived only from the central velocity dispersion and ef-
fective radius (c.g., Meylan et al. 2001). This is simply because
the implicit assumption (in the formula) that kinematical energy
can be accurately measured by the central velocity dispersion g,
alone is not valid for these VMSCs. Accordingly, the real values
of M/L for UCDs may be even larger than the moderately large
values (M/L = 2—4) that are observed (Drinkwater et al. 2003),
if UCDs indeed have rotational kinematics—something that future
spectroscopic chservations of UCDs can confirm.

Third, the observed young stellar populations in NCs (e.g.,
Béker et al. 2004b} can be due to nuclear star formation triggered
by dynamical interaction between an NC and its surrounding
interstellar gas. Recent numerical simulations have suggested that
dynamical interaction between self-gravitating traxial systems
with figure rotation and the surrounding gas can cause rapid gas
transfer to the central region and trigger subsequent starbursts
there (Bekki & Freeman 2002). The present study has shown
that some triaxial VMSCs have figure rotation (particularly when
they are formed from SCs with initial disky distributions). There-
fore, we suggest that the observed young populations in NCs
may be due to past dynamical interaction between the triaxial
NCs with figure rotation and the surrounding gas.

K. B. and W. J. C. acknowledge the financial support of the
Australian Research Council throughout the course of this work,

REFERENCES

Bekki, K., Couch. W. I, & Drinkwater, M. J. 2001, Apf. 552, [L105

Bekki, K., Couch, W. I, Drinkwalter, M. J., & Shioya, Y. 2003, MNRAS, 344, 399

Bekki, K., & Freeman, K. C. 2002, Apl, 574, L.2]

. 2003, MNRAS, 346, 1.11

Binney, J., & Tremaive, S. 1987, Galactic Dynamies (Princeton: Princeton
Univ, Press)

Boker. T, Laine. 5.. van der Marel. R. P, Sarzi. M., Rix, H.-W., Ho, L. C.,
& Shields, I. C. 2002, Al, 123, 1389

Boker, T, Sarzi, M., McLaughlin, I). E.. van der Marel, R. ., Rix, H.-W.,,
Ho, L. C.. & Shields, J. C. 2004z, AJ, 127, 105

Boker, T, et al. 2004b, in The Formation and Evolulion of Massive Young
Star Clusters, ed. H. J. G. L. M. Lamers. A. Notu, & . J. Smith {(San
Francisco: ASP), in press (astro-ph/403067)

Carolio, C. M., Stiavelll, M., & Mack, ). 1998, Al, 116, 68

Djorgovski, 8. 1993, ie ASP Conf. Ser. 48, The Globular Cluster—Gulaxy
Connection, ed. G. H. Smith & J. P. Brodie {San Francisco: ASP), 496

Djorgovski, 8. G., Gal, R. R., McCarthy, I. K., Cohen, J. G., de Carvalho,
R. R.. Meylan, G., Bendinelli, O., & Parmeggiani, GG. 1997, Apl, 474, L19

Drinkwater, M. 1., Gregg, M. D., Hilker, M., Bekki, K., Couch, W. I,, Ferguson,
1. 8., Jones, I, B., & Phillipps, S. 2003, Nature. 423, 519

Drinkwater, M. i, Jones, I. B., Gregg, M. D.. & Phillipps, §. 2000. Publ
Astron. Soc. Australiz, 17, 227

Faber, 8. M.. & Jackson, R. E. 1976, ApJ, 204, 668

Fellhauver, M., & Kroupa, P. 2002, Ap&SS, 281, 355

Harris. W. E. 1991, ARA&A, 29, 543

Hilker, M., & Richtler, T. 2000, A& A, 362, 895

. 2002, in ASP Conf. Ser. 265, Omege Centauri: A Unique Window
into Astrophysics. ed. ¥. van Leeuwen, . D. Hughes, & G. Pictto (San
Francisco: ASP), 59

Kormendy, J. 1985, Apl. 295, 73

Matthews, 1. Do et al. 1999, AF 118, 208

Meylan, G., Sarajedini, A., Jablonka, P., Djorgovski, 8. G.. Bridges. T., &
Rich, R. M. 2001, A, 122, 830

Nomis, 1. E., Freeman, K. C.. Mayor, M., & Seitzer, P. 1997, Ap}, 487, L.187

Phillips, A. C., Illingworth, G. ., MacKenty, J, W., & Franx, M. {996, Al
111, 1560

Sugimoto, D., Chikada, Y.. Makino, 1., ito, T, Ebisuzaki, T, & Umemura, M.
1990, Natuge, 345, 33

Trematne, 5. D, Osiriker, §. P, & Spitzer. L., It 1975, Apl, 196, 407

White, R. E., & Shawl, S. J. 1987, Apl, 317, 246




