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ABSTRACT

We present new imaging and spectroscopic observations of six ultracompact dwarf (UCD) galaxies in the Virgo
Cluster, along with reanalyzed data for five Fornax Cluster UCDs. These are the most luminous UCDs: —14 mag <
My < —12 mag. Our Hubble Space Telescope imaging shows that most of the UCDs have shallow or steep cusps in
their cores; only one UCD has a flat “King” core. None of the UCDs show tidal cutoffs down to our limiting surface
brightness. Spectroscopic analysis shows that Virgo UCDs are old (older than 8 Gyr) and have metallicities in the range
from [Z/H] = —1.35to +0.35 dex. Five Virgo UCDs have supersolar [a/Fe] abundance ratios, and one Virgo UCD has
a solar abundance ratio. The supersolar [/ Fe] abundances are typical of old stellar populations found in globular clus-
ters and elliptical galaxies. We find that Virgo UCDs have structural and dynamical properties similar to Fornax UCDs.
The Virgo and Fornax UCDs all have masses ~(2-9) x 10" M, and mass-to-light ratios ~(3—5) M, /L, y. The dy-
namical mass-to-light ratios for Virgo UCDs are consistent with simple stellar population model predictions: the
Virgo UCDs do not require dark matter to explain their mass-to-light ratios. We conclude that the internal properties of
Virgo UCDs are consistent with them being the high-mass/high-luminosity extreme of known globular cluster pop-
ulations. We refrain from any firm conclusions on Fornax UCD origins until accurate age, metallicity, and a-abundance
estimates are obtained for them. Some of our results, notably the fundamental plane projections, are consistent with the
formation of UCDs by the simple removal of the halo from the nuclei of nucleated dwarf galaxies. However, the ages,
metallicities, and abundances for Virgo UCDs are not consistent with this simple stripping model. It might be consistent
with more sophisticated models of the stripping process that include the effects of gas removal on the chemical evolution
of the nuclei.
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1. INTRODUCTION

Recent spectroscopic surveys of the Fornax and Virgo galaxy
clusters have revealed a new class of compact stellar system,
ultracompact dwarf galaxies (UCDs) with properties interme-
diate between the largest globular clusters (GCs) and the smallest
dwarf galaxies. The defining properties of the first UCDs found
are that they are significantly more luminous than most known
GCs (—14 < My < —12), but they are mostly unresolved in
ground-based sky survey images. In this paper we present de-
tailed observations of a new sample of UCDs in the Virgo Cluster
in order to test hypotheses for the formation of these objects.

The Fornax Cluster UCD objects were discovered indepen-
dently in studies of GC systems around the central galaxy NGC
1399 (Minniti et al. 1998; Hilker et al. 1999) and in studies of
compact dwarf galaxies in the cluster (Drinkwater et al. 2000;
Phillipps et al. 2001). Confirmed UCDs have subsequently been
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found in the Virgo Cluster (Hasegan et al. 2005; Jones et al.
2006), and UCD candidates have been identified in the more dis-
tant cluster Abell 1689 (Mieske et al. 2004). At low luminosities
(My > —12) the distinction between UCDs and GCs is not clear
(see discussions in Drinkwater et al. [2004] and Mieske et al.
[2006]), but in this paper we focus on the most luminous objects
(14 <My < —12).

Given their intermediate nature, most formation hypotheses
for UCDs relate them to either GCs or dwarf galaxies. They could
be highly luminous intracluster GCs (e.g., Mieske et al. 2002).
Alternatively, UCDs may result from the tidal disruption of nu-
cleated dwarf elliptical galaxies. This process can leave the nu-
cleus intact on intracluster orbit (Bekki et al. 2001, 2003) as a
UCD. Other formation scenarios include UCDs being the evolved
products of massive super star clusters formed in galaxy mergers
(Fellhauer & Kroupa 2002), or primordial objects (Phillipps et al.
2001).

It is hard to provide definitive observational tests of these dif-
ferent scenarios for UCD formation. This is partly because the
various scenarios do not always make very different predictions,
but the observational picture also remains far from complete.
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TABLE 1
SPECTROSCOPY TARGETS

Exposure Times

Name Object type R.A. (J2000.0) Decl. (J2000.0) (s)
Strom 417 .cocveeeiiriienne M87 GC 12 31 01.29 +12 19 25.6 3x1800
ucCD 12 30 07.61 +12 36 31.1 3 %1800
VUCD 3/Strom 547......... UCD/M87 GC 12 30 57.40 +12 25 44.8 3 x1800
ucCDh 12 31 04.51 +11 56 36.8 3x1800
ucb 12 31 11.90 +12 41 01.2 3x1800
UCD 12 31 28.41 +12 25 03.3 3 x 1800
ucCDh 12 31 52.93 +12 15 59.5 2 x 1800
dE.N 12 32 02.70 +11 53 25.0 (1x1800) + (2 x 1200)
E 12 30 31.92 +12 29 27.4 1x721

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and

arcseconds.

The observational tests can broadly be divided into statistical
population studies (e.g., the distribution of UCDs compared to
other objects) and detailed studies of the internal properties (e.g.,
internal velocity dispersion) of the UCDs. In this paper we focus
on the latter.

Our previous investigations have focused on the Fornax Clus-
ter UCDs. We used Hubble Space Telescope (HST') imaging and
ESO Very Large Telescope spectroscopy to compare the five
original UCDs to GCs and nucleated dwarf galaxies ( Drinkwater
et al. 2003). We concluded that UCDs were distinct from known
GC populations, as they followed a different relation between
internal velocity dispersion and luminosity. The UCD properties
were, however, consistent with the threshing model in which the
dwarf galaxy nuclei survived tidal disruption with no significant
change to their luminosity or velocity dispersion.

The tidal disruption hypothesis was also supported by Hasegan
et al. (2005) in their analysis of 10 compact “dwarf-globular
transition objects” found in HSTimages of Virgo Cluster galaxies.
The transition objects of Hasegan et al. have slightly lower lumi-
nosities (—12 < My < —11) than the Fornax UCDs, but the
brighter ones were found to be significantly different to GCs,
both in size and in following galaxy-scaling relations. Hasegan
et al. suggest that bona fide UCDs are also distinguished
by the presence of dark matter, as some of their objects have
6 <M/Ly <09.

A detailed analysis of the stellar populations of compact ob-
jects in the Fornax Cluster (Mieske et al. 2006) has reached quite
different conclusions. They measured spectroscopic metallicities
for 26 compact objects with luminosities spanning both UCDs and
GCs and found a break in the distribution at about My = —11.
The more luminous objects have a narrow metallicity distribu-
tion with mean [Fe/H] = —0.62 + 0.05, whereas the less lumi-
nous objects show a much broader range of metallicity and a
significantly lower mean (0.56 dex lower). There is a break in the
size-luminosity relation for these objects at the same luminosity.
Mieske et al. note that the metallicity of the dwarf galaxy nuclei
in their sample is significantly lower than that of the UCDs, which,
in turn, are better matched by models of massive young star clus-
ters. They therefore suggest that the UCDs in the Fornax Cluster
are formed as a result of galaxy mergers, but note that the prop-
erties of the Virgo Cluster UCDs are more consistent with the
stripping model.

In this paper we present new imaging and spectroscopic obser-
vations of the Virgo Cluster UCDs listed by Jones et al. (2006).
These are analyzed along with existing data for the luminous
Fornax Cluster UCDs (Drinkwater et al. 2003). In § 2 we describe
the high-resolution spectroscopic observations, and in § 3 we de-

scribe the corresponding HST imaging. We present an overview
of our results in § 4 by comparing the UCDs with other objects in
various projections of the fundamental plane. In § 5 we inves-
tigate the UCD dynamics in more detail, calculating their mass-
to-light (M/L) ratios, and in § 6 we examine the ages and
chemical composition of their stellar populations. Our main
results and conclusions are given in § 7. We use distance moduli
of 30.92 and 31.39 mag for the Virgo and Fornax Clusters,
respectively (Freedman et al. 2001).

2. SPECTROSCOPY

Observations of the six Virgo UCDs, a comparison M87 GC
(Strom 417), a comparison dwarf galaxy nucleus (VCC 417),
and the NGC 4486B galaxy (its central part) were carried out on
2003 April 6—7 with the Echelle Spectrograph and Imager (ESI)
on the Keck II telescope in the echellette mode (Table 1). A slit
width of 0.75” was used, providing an instrumental resolution of
~50 km s~! (FWHM) or 1/AJ = 6000. The wavelength range
is 390011000 A, distributed over 10 echelle orders, with a dis-
persion of 11.4 km s~! pixel~!. The exposure times are given in
Table 1. In addition, standard stars of spectral types in the range
between G8 III and MO III (Table 2) were observed for use as
templates for the radial velocity and velocity dispersion measure-
ments and line index calibrators. The standard stars were observed
in two ways: held centered in the slit, and also moving perpen-
dicularly across the slit (“‘smeared’’) to simulate the appearance
of extended sources that overfill the slit and consequently have

TABLE 2
STELLAR TEMPLATES

Template No. Template Spectral Type [Fe/H] Reference
HD 040460 K1 III —0.50 1
HD 048433 K1 I -0.26 2
HD 137704 K4 111 —0.43 2
HD 139195 KO 111 —0.17 2
HD 139669 K5 11 —0.13 3
HD 141680 G8 III -0.28 2
HD 142574 MO 11T ... ...
HD 143107 K2 11 -0.32 2
HD 145148 K1.51V
HD 145675 KoV 0.31 4
HD 147677 KO 11 —0.08 2
HD 148513 K4 111 0.04/—0.31 2,5
HD 149161 K4 111 —0.23 2

Rererences.— (1) Cottrell & Sneden 1986; (2) McWilliam 1990; (3) Valdes
et al. 2004; (4) Peterson 1978; (5) Luck & Challener 1995.
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TABLE 3

HEeLIOCENTRIC LINE-OF-SIGHT VELOCITIES AND VELOCITY DISPERSIONS OBTAINED WITH THE WAVELENGTH RANGE 8400—-8750 A,
IncLubing CaT ABSORPTION LINES

Direct FrrTiNnGg

Cross-CORRELATION

Vhelio o Vhelio o
OBJECT (kms™ (kms™") Templates (kms™") (kms™1)
VUCD 1.t 1227.8 £ 1.7 338 £ 1.7 6 12254 £ 3.7 340 + 1.6
VUCD 3/Strom 547............... 710.6 + 3.5 377+ 14 2,8 711.4 + 34 378 + 1.6
VUCD 4. 919.7 £ 1.7 239 +22 6 916.5 £ 4.2 213 +£22
VUCD 5. 1293.1 £ 1.7 274 £ 1.7 6 1290.3 + 3.0 249 £ 2.0
VUCD 6. 21053 £ 1.7 246 £ 1.8 6 2101.7 £ 3.9 222 +22
VUCD 7 988.3 + 2.7 36.7 £ 3.7 6 985.7 £ 5.0 356 + 1.6
Strom 417 . 1863.5 £ 1.6 264 £+ 2.1 6 1860.6 + 3.0 258 +£2.0
VCC 1407 ..... . 1018.9 £+ 3.2 293 +25 1,2,3,4,6 1019.4 £ 5.7 26.6 £ 2.1
NGC 4486B.......cooveviienne 15584 £ 4.2 211.3 £ 438 2,3,7,8, 11, 12 1546.9 + 32.8 198.1 £ 15.5

Nortes.— In the direct-fitting method, the best-fitting template stars were used to determine velocities and velocity dispersions. The best-
fitting templates (as numbered in Table 2) are given in the “Templates” column. The ¢ and vyj;, values are the mean values using all ob-
servations of the best-fitting template(s). In the cross-correlation method, o and vy, are the mean values using all stellar templates.

slightly lower spectral resolution. The seeing was a stable 0.8”
the first night, and ranged from 0.8” to 1.1” the second. The first
night was photometric; the second had occasional light cirrus.

The data were reduced using scripts in IRAF and IDL spe-
cifically written to handle the ESI data format and idiosyncrasies,
but that otherwise are standard procedures for CCD data. Spectra
were extracted over a 1.5” aperture centered on the peak, taking
in nearly all the light from the UCDs and GCs. The relative flux
scale was determined using nightly observations of Feige 34.
The signal-to-noise ratio (S/N) for each integration ranges from
~15to 25 pixel ™!, yielding a final S/N of 30—50 after co-adding
the multiple observations of each target.

The radial velocity and velocity dispersion of our objects were
determined using two different techniques: the direct-fitting
method (as described and implemented by van der Marel 1994)
and the cross-correlation method (Tonry & Davis 1979; as im-
plemented in RVSAO/IRAF). In the direct-fitting method the
template-star spectrum (Table 2) is broadened with Gaussian
functions of variable o in velocity space. The resulting set of
spectra are then compared with the object spectrum. The best-
fitting Gaussian function is determined by x? minimization in
pixel space. The second method is to cross-correlate the object
spectrum with the stellar template spectrum to determine the width

of the cross-correlation peak and the redshift. The correlation
width is used to estimate the velocity dispersion by comparison
with results from artificially broadening the template stars by con-
volution with Gaussian functions of known width. This method
is less sensitive to the exact match between template and object
spectra than the direct-fitting method.

Velocities and velocity dispersions were obtained from the
CaT (84008750 A) and Mg b (5100—5250 A) regions. The mea-
sured values are given in Tables 3 and 4 and are consistent,
within the measurement errors, for the two techniques and the
two wavelength regions. The exception is VUCD 3. In the fol-
lowing discussion we use values obtained as the mean of the two
wavelength regions and use the direct-fitting method, as it gives
smaller measurement errors. The adopted velocities and veloc-
ity dispersions for the observed objects are shown in Table 5. Our
measurements for NGC 4486B are in good agreement with Bender
et al. (1992). There were almost no differences in the velocity
and velocity dispersion measurements obtained with smeared
and unsmeared stellar templates.

The two wavelength regions give significantly different veloc-
ity dispersions for VUCD 3: 2249 kms~! for the Mg b region, but
only ~38 km s~! for the CaT region. This discrepancy appears to
be real. We suspect this may be because the ratio of giant to dwarf

TABLE 4

HELIOCENTRIC LINE-OF-SIGHT VELOCITIES AND VELOCITY DISPERSIONS OBTAINED WITH THE WAVELENGTH RANGE 5100—5250 A
INncLubING Mg b ABsorPTION LINES

Direct FrrTiNnGg

Cross CORRELATION

Vhelio o Vhelio o
OBIECT (kms™1) (kms~") Templates (kms~") (kms~")

12195 £ 1.3 344+ 1.6 2 1225.1 £9.3 328 £ 6.1

7164 £ 1.2 46.5 + 1.6 9 717.4 + 12.7 514 £4.7

9125+ 1.5 239+ 1.8 2 916.8 £ 5.8 15.7 £ 8.3

1285.8 = 1.0 289 + 1.5 2 1291.8 £ 6.3 26.0 + 6.8

2096.7 £ 1.4 257+ 1.8 2 2103.1 £ 6.8 204 + 7.6

980.7 + 3.5 392 £ 44 2 986.6 + 7.7 333 +£ 6.0

Strom 417 ..o 1857.1 £ 1.4 28.8 £ 1.6 2 1863.4 £ 6.7 251+ 6.9

VCC 1407 ..o 1018.8 + 3.3 314 £ 2.7 1,2,6,11 10202 £ 7.5 28.5 £ 6.5
NGC 4486B.....c.oceveveernennne 1556.3 + 8.7 199.1 £5.0 2,6,8,9 1558.7 £ 52.1 230.4 £ 26.3

Notes.— In the direct-fitting method, the best-fitting template stars were used to determine velocities and velocity dispersions. The
best-fitting templates (as numbered in Table 2) are given in the “Templates” column. The ¢ and vy, values are the mean values using
all observations of the best fitting template(s). In the cross-correlation method, o and vy,;, are the mean values using all stellar templates.
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TABLE 5

ApoPTED RaADIAL VELOCITY AND VELOCITY DISPERSION
oF VIRGO CLUSTER OBJECTS

Vhelio o
Object (kms™1) (kms™")
1860.3 + 1.5 27.6 £ 1.9
12237 £ 1.5 341+ 1.7
7135+ 2.4 42.1 £ 1.5
916.1 £ 1.6 239 +2.0
1289.5 + 1.4 282+ 1.6
2101.0 £ 1.6 252+ 1.8
984.5 + 3.1 38.0 £ 4.1
1018.9 + 3.3 304 £ 2.6
1557.4 + 6.5 2052 + 4.9

population contributions to the continuum is varying rapidly in
this object compared to the other UCDs. This might be expected
because this object also has a much higher metallicity than the
other UCDs (see § 6), so that the relative contribution of the higher
gravity dwarf stars to the blue-green (Mg b) region of the spec-
trum is greater, leading to broader lines in this region compared
to the other UCDs. The CaT region is dominated by giant stars,
no matter the metallicity of the UCDs. Modeling of this effect
could lead to a better understanding of the stellar populations, but
a more extensive library of stars is required.

3. IMAGING

We obtained images of the Virgo UCDs in the course of HST
snapshot program 10137. The data were taken with the Advanced
Camera for Surveys (ACS), High Resolution Channel (HRC),
through the F606W and F814W filters. Exposure times were 870 s
in F606W and 1050 s in F814W. The HRC scale is 0.025” pixel ~!.
For the image analysis we used MultiDrizzle® (*.mdz) files re-
trieved from the HST archive.

To measure the total magnitudes, we plotted curves of growth
(integrated magnitude vs. circular aperture radius) to find an aper-
ture radius large enough to enclose all the light from an object. The
instrumental F606W and F814W magnitudes were transformed
into Landolt Vand I band following Sirianni et al. (2005). The re-
sulting " magnitudes and V" — I colors are listed in Table 6.

We have also used HST imaging data (program 8685) for
Fornax UCDs and a dE,N (FCC 303), initially presented in
Drinkwater et al. (2003), as one of the aims of this work is to

3 See http://stsdas.stsci.edu/multidrizzle /.

TABLE 6
Virgo UCD PHOTOMETRY

my MV V-1

Name (mag) (mag) (mag)

VUCD ..o 18.66 —12.26 0.96
VUCD 3/Strom 547......... 18.34 —12.58 1.27
VUCD 4....cceiiiiicn 18.62 —12.30 0.99
VUCD 5. 18.60 —12.32 1.11
VUCD 6.....cvvviiine 18.82 —12.10 1.02
VUCD 7.cooovviiiiiiicnne 17.48 —13.44 1.13

Notes.—The F-band apparent magnitude my is determined as
described in § 3 and is corrected for foreground dust extinction
(Schlegel et al. 1998). The absolute magnitude My is computed as-
suming a Virgo Cluster distance modulus of 30.92 mag (Freedman
et al. 2001). The ¥ — I color is reddening-corrected.
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TABLE 7
Fornax UCDs anp a Fornax dE,N (FCC 303): PHOTOMETRY

my MV

Object R.A. (J2000.0) Decl. (J2000.0) (mag) (mag)
UCD l........... 03 37 03.30 —35 38 04.6 19.20 —12.19
UCD 2........... 03 38 06.33 —3528 58.8 19.12 —12.27
UCD 3........... 03 38 54.10 —353333.6 17.82 —13.57
UCD 4........... 03 39 35.95 —3528245 18.94 —12.45
UCD S........... 03 39 52.58 —35 04 24.1 19.40 —11.99
FCC 303........ 03 45 14.08 —36 56 12.4 15.90 —15.49

Nortes.—The V-band apparent magnitude my is determined as described in
§ 3 and is corrected for foreground dust extinction (Schlegel et al. 1998). The
absolute magnitude M) is computed assuming a Fornax Cluster distance mod-
ulus of 31.39 mag (Freedman et al. 2001). Units of right ascension are hours,
minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds.

compare Virgo UCDs with Fornax UCDs and dwarf nuclei. The
data consist of 1960 s exposures taken with the Space Telescope
Imaging Spectrograph (STIS) in unfiltered mode (SOCCD). The
STIS has a scale of 0.0507” pixel ~'. We reprocessed the STIS
images with MultiDrizzle to ensure that the data reduction method
for the Fornax UCD images was consistent with that of the Virgo
UCD images. The instrumental AB magnitudes were transformed
into ¥ band using the relation

50CCD =V 40.2165+0.5831(B — V) — 2.267(B — V)*
+2.6626(B— V) —1.128(B — V)*

(H. Ferguson 2000, private communication; see also Gregg &
Minniti 1997). We used B — V' colors for UCDs and FCC 303
from Karick et al. (2003). The total  magnitudes for Fornax
UCDs and FCC 303 are presented in Table 7.

The images of Virgo and Fornax UCDs were modeled using
the two-dimensional fitting algorithm GALFIT (Peng et al. 2002)
and assuming empirical King, Sérsic, and Nuker models for the
luminosity profile.

The King profile is characterized by the core radius R, and the
tidal radius R; and has the following form:

1 1 «
_ , 1
[+ ®/RN 1+ (Rt/RC)z]l/”} )

I(R) = I {

where [ is the central surface brightness. We tried both the stan-
dard model with a = 2 and a generalized model with variable «.
The King model provides a good fit to GC luminosity profiles
when the concentration index ¢ = log (R,/R.) = 0.75-1.75 and
to elliptical galaxy luminosity profiles if ¢ > 2.2 (Mihalas &
Binney 1981).

The Sérsic power law is often used to fit luminosity profiles of
galaxies and has the following form:

1/n
IR) = I.g exp{—k l(;:ﬁ) — 1] }, (2)

where R, is the half-light (effective) radius, I is surface bright-
ness at the effective radius, n is the concentration parameter
(n = 4 for a de Vaucouleurs profile, and #» = 1 for an exponential
profile), and k is a constant that depends on n.
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Fic. 1.—Virgo UCD images in the F606W filter ( first column) and residual maps after subtracting (PSF-convolved ) GALFIT models from the UCD images. All the

images have a size of ~5.4” x5.4" (=401 pc x401 pc).

The Nuker law is as follows:

R - R aq(v-B)/a
I(R) = 1,207/ <R—b> [1+<R—b> ] )

It is a double power law, where (3 is the outer power-law slope, v
is the inner slope, and « controls the sharpness of the transition
(at the “break” radius Rp) from the inner to the outer region.
Note that I, = I(Rp). The Nuker law was introduced by Lauer
et al. (1995) to fit galaxy centers.

GALFIT convolves the analytic profile with the point-spread
function (PSF) and determines the best-fitting model parameters
by minimizing residuals between the model and original two-
dimensional image.

We derived artificial PSFs for ACS HRC images in the F6O6W
and F814W filters using the TinyTim software* and MultiDrizzle
as follows. First, we generated ACS HRC PSFs with TinyTim;
these include all the distortions, so they represent the PSF in raw
images. We then implanted these PSFs in empty distorted images
(*.fit files), at the location of each target observed, and passed
them through MultiDrizzle using the same parameters as were
used for the data. This produces model PSFs that are processed
the same way as the real data. For the STIS imaging, the gener-
ation of the PSF is more straightforward and is achieved through
a single pass of TinyTim.

The quality of the GALFIT model fits in the inner regions of
each object is shown in Figures 1 and 2. These figures present

4 See http://www.stsci.edu/software /tinytim /.
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Fic. 2.—Fornax UCD images ( first column) and residual maps after subtracting (PSF convolved ) GALFIT models from the UCD images. All the images have a size

of ~6.6" x 6.6"” (=607 pc x 607 pc).

residual maps after subtracting the (PSF-convolved) model
from each object. The quality of the models in the outer regions
is better shown in Figures 3 and 4. For these figures we used
the ELLIPSE task in IRAF to produce one-dimensional sur-
face brightness profiles for the objects and (PSF-convolved)
GALFIT models.

The 2 values of the fits (see Peng et al. 2002) are shown in
Tables 8 and 9. We use x?2 values to choose the best model for
each object (see the last rows of Tables 8 and 9).

From Figures 1-4 and the x?2 values in both filters we can see
that the Virgo UCDs are poorly fitted with the standard King
model (o = 2), but are very well fitted with the Nuker law—
a double power law (except VUCD 7, which requires a two-
component model). King models predict a truncation radius,
beyond which stars are stripped from the cluster by the galactic
tidal field. None of the UCDs show this tidal cutoff down to our
limiting surface brightness. Also, a main feature of King models
is their central cores—the regions of constant surface brightness.
We have found from Nuker models that only one UCD has a flat
core (VUCD 5); all other UCDs have shallow or steep cusps in
the center (Table 8).

Generalized King models (with a variable a-parameter) pro-
vide better fits to the data than standard King models. The pa-
rameter « controls both the slope of the profile and the transition
from the main body into R,. When we relax the a-parameter, we
can better fit the extended outer parts of the UCDs. However,
King models have a tidal cutoff and do not fit the data as well as
untruncated Nuker models do.

To fit a standard King model to the F606W data for VUCD 3,
we had to fix R, at 1 pixel (1.9 pc). There is no convergency if we
leave R, as a free parameter (perhaps because R. becomes too
small, <1 pixel). The lack of a good King fit to the F606W data
for VUCD 3 is seen in Figure 3. We also failed to fit any of the
King models to the F814W data for this object. There was no
convergency with R, either fixed or relaxed.

Sérsic models do not provide good fits to the Virgo UCDs
either. In the majority of cases, the model profiles drop faster than
the data. The fit seems good in the case of VUCD 3, but this
object has a very steep profile (a very high index ). Models with
a Sérsic index n > 2 become very sensitive to the sky determina-
tion, flat-fielding, the accuracy of the PSF being used, and how
well the assumed profile agrees with the data (see the online
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Fig. 3.— Surface brightness profiles for Virgo UCDs, measured in the F606W images. The instrumental magnitudes have been transformed into the ¥ band. The

open circles represent UCD profiles; the dashed line represents the best-fitting model

GALFIT manual).’ The more centrally concentrated a galaxy pro-
file is (the larger the Sérsic index # is), the more extended an outer
wing it has. Because of this behavior, if (for example) a profile
already has a high intrinsic index n, a small underestimation of
the background can make n even higher and can cause large
errors in the magnitude and size. When fitting VUCD 3 data in
the two passbands, we obtained quite different parameters: e.g.,
the difference in R, was 39%. This could be due to the above
reasons.

We conclude that the Nuker law appears to be the best model
for all Virgo UCDs except VUCD 7, in which case the King core +
Sérsic halo model is the best one.

The situation is different for the Fornax UCDs. There is no
universal model for them. Two objects (UCD 3 and UCD 5) are
best fitted by two-component models. The other three have very
steep profiles that are hard to model. In the case of UCD 1 the
best model is Sérsic. The best model for UCD 2 is the generalized
King law, and in the case of UCD 4 it is the Nuker law.

The residual maps of Fornax UCD 3 reveal faint structure to
the northwest of the core. This is very likely a background spiral

5 See http://zwicky.as.arizona.edu/~cyp/work/ galfit/ TFAQ.html.

convolved with the PSF.

galaxy along the line of sight. This structure affected the profile
fits to UCD 3 to the extent that the two-component models gave
very inconsistent results. For this object we therefore restricted
the model fits to the bottom half of the image. The model pa-
rameters for UCD 3 in all the tables are from these fits to half the
images, although we show the images and plots in Figures 2 and
4 for the whole-image fits to reveal the background object.

The UCD structural parameters obtained from the fits are
summarized in Tables 8 and 9. The Nuker fits gave us the outer
power-law slope (3, the inner slope -, the a-parameter, the break
radius R, the surface brightness of the profile at the break radius
1y (Rp), and ellipticity € = 1 — b/a (b/a is the minor-to-major
axial ratio). From Sérsic models, we obtained the half-light ra-
dius R.g, Sérsic index n, ellipticity ¢, and the integrated magni-
tude my 4. The King fits gave us the core radius R, tidal radius
R,, concentration parameter ¢ = log (R;/R.), central surface bright-
ness 4y, and ellipticity e. All the GALFIT models assume a
constant ellipticity that is fitted at the same time as the other pa-
rameters. The R s values and the integrated magnitudes for the
King and Nuker models were obtained via numerical integration
of the luminosity profiles (defined by egs. [1] and [3]). We also
obtained half-light radii from the observational data directly (R obs)-
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In this case, the data were not PSF-deconvolved, and the half-
light radii may be overestimated. The structural parameters for
Virgo UCDs were averaged between the two filters.

For further analysis we had to decide what R.g to choose for
our objects. We could not take just the best model R because,
for example, in the case of Virgo UCDs the best model is Nuker.
For all the Nuker models in Tables 8 and 9 (except for VUCD 1
and VUCD 5) the total volume under the profile (the integrated
luminosity) converges very slowly. It makes R estimations un-
certain and results in unphysically large R values. This is why
we chose generalized King Rt values. The generalized King
models fit the Virgo UCD data better than standard King and
Sérsic models, and they are finite in extent. In addition to this,
generalized King Ry values are consistent with the observa-
tional half-light radii (R, obs)

In the case of the Fornax UCDs we also chose the generalized
King R.y for one-component UCDs and the King Ry for the
cores of the two-component objects. The Sérsic fits seem unre-
liable, as all of the models have very high index 7 (see above).
Nuker models are not good for Ry estimation for the reason
explained above.

We list the best values of the various parameters of the Virgo
and Fornax objects in Table 10. These are used in § 4 for analysis

of the scaling relations. In Table 10 we quote three values of ef-
fective radius R.g in the case of two-component objects (VUCD 7,
UCD 3, UCD 5, and FCC 303): the total, only the core, and
only the halo. These were obtained via numerical integration of
the model luminosity profiles. Table 10 also contains the total
V-band apparent magnitude my, the mean surface brightness
within the effective radius (1)) 4, and ellipticity e. The my val-
ues are observational values copied from Tables 6 and 7, except
for the core and halo magnitudes of the two-component ob-
jects, which are model values taken from Tables 8 and 9 (King +
Sérsic models). The (1) 4 values were derived from Ry and
my as follows:

(1) o = my + 5 log Regr + 1.995, (4)

where R.g is measured in arcseconds. The € figures are the best
model values from Tables 8 and 9.

The ellipticities of the UCDs given in Table 10 show that some
of the objects are significantly noncircular; the maximum (core)
ellipticity is 0.24 for Fornax UCD 5.

We have compared the distribution of UCD ellipticities with
those reported for GCs in NGC 5128 (Harris et al. 2002) and the



1730 EVSTIGNEEVA ET AL. Vol. 133
TABLE 8
STRUCTURAL PARAMETERS FOR VIRGO UCDs FroMm ACS HRC PHOTOMETRY
Parameter VUCD 1 VUCD 3 VUCD 4 VUCD 5 VUCD 6 VUCD 7 Core VUCD 7 Halo®
Re obsereereneenninineninisininenns 15.4 28.1 29.4 22.5 22.1
Nuker

X3 (F606W).....ooveeneee 0.39 0.41 0.35 0.38 0.24
Xf (F814W) .o, 0.38 0.43 0.34 0.36 0.27

13.3 . 19.2

18.49 18.55

6.3 73.3 9.1 19.3 5.2

16.42 22.00 17.24 18.73 16.45

2.52 1.95 3.92 0.99 19.48

2.69 3.17 2.34 4.02 2.24

0.23 1.53 0.33 0.00 0.50

0.06 0.15 0.15 0.01 0.04

Sérsic
X,% (FO06W ) ..o 0.48 0.42 0.40 0.39 0.29 0.37 0.37/0.37
X3 (F814W) .ooviine 0.44 0.45 0.38 0.38 0.31 0.37 0.36/0.37
Revooeeiiiiiiniiniiieice 11.1 64.3 19.3 18.1 12.9 9.2 214.1/223.4
T foeeevenvensennenneeennesnennens 18.75 17.69 18.85 18.64 19.05 18.68 18.01/17.85
Plareeeeeeecieereee e eie e eee e 2.2 10.9 2.1 1.9 3.1 2.2 1.4/2.1
€ oareereerereete et 0.07 0.16 0.16 0.01 0.04 0.12 0.05/0.05
King, a =2

Xf (F606W) ..o 0.45 0.55 0.37 0.37 0.27 0.37
Xf (F814W)..ooveiee. 0.42 e 0.36 0.37 0.29 0.36

11.2 21.8 17.8 15.2 10.4
TP ot eeeneerersenerneneereneerensenens 18.66 e 18.54 18.59 18.93 18.42
R 3.6 1.9 5.8 6.6 2.7 3.1
Ry 124.0 00 302.7 172.5 355.6 130.2
Coteeeteeeie ettt 1.54 1.71 1.42 2.12 1.62
H  eoeeeeeseeneeneisese s 14.91 13.79 15.96 15.98 14.98 14.38
€ oatrereerere ettt 0.06 0.17 0.15 0.01 0.04 0.11

King with Variable «
Xf (F606W) ..o 0.41 0.53 0.36 0.37 0.25
Xf (F814W).. 0.40 0.35 0.37 0.28
@ 3.74 0.63 3.95 2.24 4.45
R... 11.3 18.7 22.0 17.9 14.8
TP foeeveeneensenmenennnennenens 18.63 18.18 18.52 18.60 18.84
R, 43 1.8 6.7 6.7 32
Ry oo, 360.0 247.5 1217.4 200.5 2352.5
Coteerteeeie et 1.92 2.14 2.26 1.48 2.87
JU) 17 wevrvenenenneneneieens 14.68 13.78 15.76 15.97 14.81
€ oterreerere et 0.06 0.17 0.15 0.01 0.04 . e
Best model.................... N N N N N K S

Nortes.—All parameters are the mean of the two passbands, Vand I, except the King models for VUCD 3 (see explanation in the text). Units: R, obs, Re,
Ry, R., and R, are in parsecs; p1(R5) and p1 ) are in mag arcsec™2; and my 4 is in magnitudes. The py(Rp), Hoy»> and my o1 values are corrected for

extinction in our Galaxy.

 The first number is for a King + Sérsic model, and the second number is for a Sérsic + Sérsic model.

Milky Way (MW; Harris 1996; online catalog version of 2003
February). The two-sample Kolmogorov-Smirnov (K-S) test
indicates that the UCD ellipticities are consistent with both the
MW GC distribution (the significance level® is 53% or 66% de-
pending on the ellipticity used for two-component UCDs, core or
halo) and the NGC 5128 GC distribution (the significance level

S By significance level we mean the (percentage) probability that the K-S test
statistic is as large as measured for the null hypothesis that the data sets are drawn
from the same distribution. Small values of the significance indicate that the
distributions differ significantly.

is 38% or 63%). The Wilcoxon test gives similar results: the UCD
ellipticities are consistent with the MW GC distribution at the 42%
or 36% significance level and with the NGC 5128 GC distribution
at the 27% or 46% significance level.

4. FUNDAMENTAL PLANE RELATIONS

In this section we compare UCDs with GCs and galaxies by
their position in both the luminosity—velocity dispersion plane and
k-space (the fundamental plane as defined by Bender et al. 1992).

First we revise the luminosity-velocity dispersion correla-
tion for UCDs and other types of stellar systems proposed in
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TABLE 9
STRUCTURAL PARAMETERS FOR ForRNaX UCDs anp A dE,N (FCC 303) rrom STIS PHOTOMETRY
Parameter UCD1 UCD2 UCD3 UCD3Core UCD3Halo® UCD4 UCDS5 Core UCD 5 Halo® FCC 303 Core FCC 303 Halo®
Reobscoeeevecuniienncan 332 29.5 80.7 31.3
Nuker
0.61 0.64 0.51 0.50
36.7 4.3 318.7 7.3
20.67 16.53 24.38 16.92
0.34 0.73 1.90 20.00
3.03 2.38 7.04 2.13
0.91 0.58 1.10 0.88
€ ettt 0.18 0.01 0.03 0.05
Sérsic
X3 .......................... 0.60 0.66 0.47 0.47/0.47 0.69 0.47 0.47/0.47 1.03 1.03/1.03
Re oo 36.9 26.6 8.6 106.6/103.2 24.1 6.0 134.5/135.5 25.2 696.3/692.8
19.01  19.03 20.29 17.98/17.94 18.97 20.45 19.54/19.58 18.76 15.95/15.95
9.9 6.8 1.7 1.3/1.5 5.5 1.1 6.9/6.3 10.7 0.6/0.6
€ et 0.19 0.01 0.02 0.03/0.03 0.05 0.24 0.16/0.15 0.03 0.10/0.10
King, a =2
0.67 0.63 0.47 0.52 0.47 1.03
48.9 28.3 10.9 26.0 6.0 259
18.71  18.98 20.00 18.88 20.19 18.78
1.8 2.3 3.6 2.8 4.0 1.2
5761.2 1457.5 119.2 987.6 30.7 2403.9
3.51 2.80 1.52 2.55 0.89 3.30
14.21 14.70 15.74 14.89 15.13 13.32
0.18 0.01 0.03 0.05 0.24 0.03
King with Variable «
0.64 0.62 0.51
0.74 1.23 332
22.4 23.1 29.5
TP fot eveveerenenerneneenes 19.00 19.10 18.82
R.... 1.8 2.2 3.0
Ricvoiiiiiiiiieis 378.0 487.1 4501.2
2.32 2.35 3.18
14.21 14.67 14.94
0.18 0.01 0.05
S Gen. K K+S/S+S K S N K/S S K/S S

Notes.—Units: R, obs, Re, Ry, Re, and R, are in parsecs; (i, (Ry) and ju  are in mag arcsec2; and my ot 18 in magnitudes. The p (Rp), ftg , and my o values are

corrected for extinction in our Galaxy.

? The first number is for a King + Sérsic model, and the second number is for a Sérsic + Sérsic model.

Drinkwater et al. (2003). Figure 5 represents the absolute /' mag-
nitude versus central velocity dispersion relation for Fornax and
Virgo UCDs, GCs (including the most massive and luminous
ones: G1 in M31, the Galactic GC w Cen, and NGC 5128 massive
GCs) and galaxies. The UCD data were obtained in the present
work (Tables 10 and 12), except central velocity dispersions for
Fornax UCDs, which were taken from Hilker et al. (2007). The
velocity dispersion for Fornax UCD 1 was derived from CaT
region using the cross-correlation method and only one stellar
template (G6/G8 IlIw type).” The data for GCs are from the
following: M31 GCs, Djorgovski et al. (1997 and references
therein); G1, Djorgovski et al. (1997 and references therein),

7 The UCD 1 velocity dispersion was measured and used by Drinkwater et al.
(2003).

except for half-light radius (required for Fig. 6), which was
taken from Barmby et al. (2002); MW GCs, w Cen, and LMC
and SMC GCs (most of which have old ages) from McLaughlin
& van der Marel (2005; photometry is based on Wilson models);
NGC 5128 GCs, Martini & Ho (2004); Strom 417, spectroscopy
from this work ( Table 12), photometry from Hagegan et al. (2005).
We also plot “dwarf globular transition objects” from Hasegan
etal. (2005). Data for galaxies were obtained from the following:
giant ellipticals, Faber et al. (1989); NGC 4486B, spectroscopy
from our data and Bender et al. (1992), photometry from Faber
et al. (1989); the compact elliptical galaxy M32, Faber et al.
(1989) and Bender et al. (1992); dE,Ns and dwarf nuclei, Geha
et al. (2002, 2003); FCC 303, photometry from this work, spec-
troscopy from Hilker et al. (2007); VCC 1407, velocity dispersion
from this work, magnitude from the NASA/IPAC Extragalactic
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TABLE 10 15
ADpOPTED PHOTOMETRIC PARAMETERS FOR VIRGO AND Fornax UCDs r
aND THE FCC 303 GaLaxy =) F
~ 1=
2 I
Reﬁ' my <N/V>eﬁ' Q0 [
Object (pc) (mag) (mag arcsec™?) € 2 osf
2 [
Virgo < [
0 -
VUCD ..o 11.3 18.66 16.58 0.06
VUCD 3....coeueee 18.7 18.34 17.34 0.15 6
VUCD 4........cc... 22.0 18.62 17.98 0.15 [
17.9 18.60 17.51 0.01 I
14.8 18.82 17.32 0.04 NI
96.8 17.48 20.06 .. =0
10.4 18.42 16.15 0.11 = WL
VUCD 7 halo....... 214.1 18.01 22.31 0.05 E" r
14 L
Fornax RN
224 19.20 18.13 0.19 r
23.1 19.12 18.12 0.01 2 ]
. 89.7 17.82 19.76 B v v b v b e e b L
UCD 3 core........ 10.9 20.00 17.36 0.03 -2 -1 0 ! R 3 4 5
UCD 3 halo........ 106.6 17.98 2030 0.03 x, ~ log (Mass)
UCD 4. 29.5 18.94 18.47 0.05
UCD 5. 312 19.40 19.05 . Fic. 6.—Fundamental plane for dynamically hot stellar systems (as defined
UCD 5 core.. 6.0 20.19 16.25 0.24 by Bender et al. 1992). Top, Edge-on view; bottom, face-on view. Symbols are
UCD 5 halo.. 1345 19.54 2237 0.16 the same as in Fig. 7. The sources of the data are described in the text. [See the
FCC 303, . 660.0 15.90 2218 - electronic edition of the Journal for a color version of this figure.]
FCC 303 core ...... 25.9 18.78 18.03 0.03
FCC 303 halo ...... 696.3 15.95 22.35 0.10 VUCD 3/Strom 547 and Strom 417 were previously considered

Database. All the My magnitudes were dereddened, and all the
velocity dispersions for GCs and UCDs were aperture-corrected
to give the standard values (the central velocity dispersions) used
in the literature for the comparison with Galactic GCs.

From Figure 5 we can see that there is no gap between bright
GCs and UCDs and that the Virgo UCDs have velocity dis-
persions and luminosities similar to those of the Fornax UCDs.

—
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25—
F XGl row Cen
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Fig. 5.— Comparison of the internal dynamics of UCDs with GCs and gal-
axies. The sources of the data are described in the text. [See the electronic edi-
tion of the Journal for a color version of this figure.]

to be M87 GCs (Strom et al. 1981). These are the two brightest
M87 GCs according to Hanes et al. (2001) list. Now we see that
these GCs lie in the same part of M) -0 plane as UCDs and can
be equally considered as UCDs. The UCDs, along with tran-
sition objects of Hagegan et al. (2005), appear to follow ap-
proximately the same relation between luminosity and velocity
dispersion as old GCs. To make a firm conclusion as to whether
the UCDs lie on the extrapolation of the GC relation, more data
on the velocity dispersions for bright GCs (such as NGC 5128
and M31 GCs) or fainter UCDs (e.g., recently discovered in the
Fornax Cluster; Drinkwater et al. 2004) are required. There is
an overlap in the luminosities and velocity dispersions of the
dE,N nuclei and the properties of bright GCs, transition objects
of Hasegan et al., and UCDs, which is consistent with the strip-
ping hypothesis for GC, transition object, and UCD formation.
Next we consider the location of UCDs relative to other stellar
systems in the s-space (Fig. 6). The k-space is a space in which
axes are combinations of three observable parameters (central
velocity dispersion, effective radius, and mean intensity inside ef-
fective radius) into physically meaningful parameters. The x-space
parameters as defined by Bender et al. (1992) are as follows:

k1 = (logog + log Reff)/\/z, (5)
k2 = (logog +2log Iy — log Reir) / V6, (6)
k3 = (log o — log L — log Retr) /V/3, (7)

where oy is the central velocity dispersion in km s, Rug is the
half-light radius in kiloparsecs, and I is the mean intensity
inside R, defined as 10~04({#)er—26-42) and measured in V-band
solar luminosities pc 2. The x-variables have the following phys-
ical meanings: x| is proportional to the logarithm of the mass, x;
is proportional to the logarithm of the surface brightness cubed
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times the M /L ratio, and k3 is proportional to the logarithm of the
M/L ratio.

As expected, objects are distributed more widely in the k-k;
plane, the face-on projection of the fundamental plane, than in
the k-3 plane, the edge-on projection. In the x,-x3 plane we
show that the UCDs lie on the same tight correlation between
mass and M/L ratio as the bright GCs and transition objects
of Hasegan et al. (2005), but the fainter GCs (k; < 0) show little
if any correlation in this plane. This corresponds approximately
to a mass of 10 M, at which Hasegan et al. (2005) also find
a turnover in scaling relations for GCs and other low-mass sys-
tems in other projections of the fundamental plane. Consistent
with previous discussions (e.g., Burstein et al. 1997), we find that
this relation does not intersect that of giant elliptical galaxies in the
same k-k3 plane.

By contrast, in the x;-x, plane we find that the UCDs are
clearly not on the main GC relation (as defined by the MW and
M31 GCs). The UCDs lie in a region away from this sequence in
the direction of increasing mass (k). The NGC 5128 GCs also
lie off the main GC relation between it and the UCDs. We must
note here that the UCDs are from magnitude-limited samples
(equivalent to 0.6 < k), so these data do not actually provide
evidence for a gap between UCDs and GCs. There is a relatively
empty region in the plane at (x , x,) values of around (0, 3.5-4.5)
at masses intermediate between GCs and UCDs but low x, values.
According to Bastian et al. (2006), young massive star clusters,
ifevolved to ages of 10 Gyr, would occupy this region of the fun-
damental plane. Bastian et al. note that not many of these are ex-
pected to survive to such ages, but even those not disrupted would
be unlikely to appear in the existing observational data sets due
to the following selection effects. First, there are no UCDs in this
region, as our UCD samples are limited to higher masses (lumi-
nosities, strictly speaking). Second, GCs in this region would
have high mass and presumably would only be found in external
galaxies like the NGC 5128 objects, but they would have much
lower surface brightness values, so it would not be possible to
measure their velocity dispersions even if they could be detected.

It is interesting to note that the more massive objects (0 <
k1 < 1.5) show the opposite correlation between x; and k; to the
lower mass systems in Figure 6. Since 3 (M/L) is increasing for
the high-mass objects, it must be 73 that is decreasing for these
objects. This agrees with the mass-size relation observed for ob-
jects in this mass range (e.g., Kissler-Patig et al. 2006; Hasegan
et al. 2005).

In both fundamental plane projections we also show the pa-
rameters of the nuclei of a sample of nucleated dwarf elliptical
galaxies in the Virgo Cluster (Geha et al. 2002). The nuclei with
masses similar to those of the UCDs lie in the same region of
both plots as the UCDs. This is consistent with the threshing hy-
pothesis for UCD formation from disrupted dwarf elliptical gal-
axies. The UCDs are mostly well separated from complete dwarf
elliptical galaxies in the fundamental plane; the closest galaxy to
UCDs is M32, the prototype “compact elliptical” galaxy that is
also thought to have formed through a disruptive process (e.g.,
Choi et al. 2002).

5. MASSES AND MASS-TO-LIGHT RATIOS

In this section we estimate the masses of the UCDs using
dynamical models. The masses and M /L ratios of the UCDs are
important physical parameters for the understanding of their
origin. In particular, the M/L ratio is an indicator for possibly
existing dark matter and/or violation of dynamical equilibrium
or isotropy of stellar orbits. If UCDs were the counterparts of
GCs, one would expect M /L values as predicted by simple stellar
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population (SSP) models (e.g., Bruzual & Charlot 2003; Mar-
aston 2005). If UCDs were of “galaxian origin”—formed in
dark matter halos—they might still be dominated by dark mat-
ter and show high M/L values. M/L ratios larger than expected
from SSPs can, however, also be caused by objects that are out
of dynamical equilibrium, e.g., tidally disturbed stellar systems
(Fellhauer & Kroupa 2006).

5.1. Method

The UCD masses were estimated from the measured velocity
dispersions and their structural parameters. We showed in § 3
that the UCD light profiles can be fitted by various functions. A
simple King profile often is not the best choice to represent UCD
surface brightness profiles. However, most mass estimators avail-
able in the literature are based on the assumption of a King profile.
In order to be not restricted to King profiles, we used a more gen-
eral approach, using software developed by H. Baumgardt (see
Hilker et al. 2007).

The first stage is to deproject the observed density profile (ei-
ther King, generalized King, Sérsic, Nuker, or King + Sérsic),
calculate its distribution function f(£) under the assumption of
spherical symmetry and an underlying isotropic velocity distri-
bution, and finally create an N-body representation of the UCD.
It is assumed that mass follows light (e.g., mass segregation is
neglected). Besides the projected profile parameters, the total
mass of the stellar system and the number of test particles are
needed. The resulting model is a list of x, y, and z positions and v,
vy, and v, velocities for all particles that correspond to the spec-
ified structural parameters and the given mass. From this model,
the central as well as the global projected velocity dispersion can
be calculated. The projected half-mass radii for all the models
were also derived and were in very good agreement with the half-
light radius values in Tables 8 and 9.

In the second stage, the velocity dispersion seen by an observer
is simulated. In order to do this, all test particles are convolved
with a Gaussian whose FWHM corresponds to the observed
seeing. The fraction of the light (Gaussian) falling into the slit at
the projected distance of the observed object (the size of the slit
in arcseconds and the distance to the object in megaparsecs are
input parameters) is then calculated. These fractions are used as
weighting factors for the velocities. The weighted velocities of
all particles whose ““light” falls into the slit region are then used
to calculate the mimicked observed velocity dispersion oyeqd-

The total “true” mass of the modeled object, M., which
corresponds to the observed velocity dispersion o, iS not
known a priori. One has to start with a first guess of the total
mass, Mgycss, from which the “true”” mass can be calculated as
Mie = Mguess(aobs/amod)2~

In the case of the Nuker and Sérsic functions, the models were
truncated at large radii to avoid the unphysical infinite extensions
of UCD light profiles. The truncation radius of the Nuker model
was fixed to 2 kpc. The truncation radius of the Sérsic model was
set to 20 times the effective radius, thus ranging between a few
hundred parsecs and a few kiloparsecs for the UCDs in our sam-
ple. The true tidal radii of the UCDs depend on their distances to
the cluster center R and the enclosed mass m, of the potential
they are living in. They can be estimated by the formula: r, =
(Gm.1202, )" RE3, where veir. is the circular velocity of the clus-
ter potential and G is the gravitational constant. The estimated
tidal radii of the UCDs range between 1 and 4 kpc, thus justifying
the chosen truncation radii.

A more detailed description of the mass determination process
and mass values for Fornax UCDs are presented in Hilker et al.
(2007). In this paper the discussion is focused on the Virgo UCDs.
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TABLE 11

DynamicarL MoDELING RESULTS FOR DIFFERENT LIGHT
PROFILE REPRESENTATIONS

Vol. 133

TABLE 12

ApoPTED VELOCITY DisPERSIONS (CENTRAL AND GLOBAL), MASSES,
AND Mass-To-LiGHT RaTios ForR Virco UCDs

o9 o M M/Ly o) o M M/Ly
Object (km s") (km s™") (10" Mo)  (Mo/Lo) (km s™") (km s") (10" Mz)  (Mo/Ly)
Nuker 3934+2.0 322424 2.8+0.5 4.04+0.7
522+£25 358+£1.5 5.0+0.7 5.4+09
40.0+1.2 30.7+2.6 32405 4540.8 26.9 +2.3 213+2.0 24406 34409
81.3 £ 15. 33.7+£104 1.8+ 0.9 20+1.0 325+23 26.4+ 1.6 29404 3.9+ 0.6
273+1.5 19.7+ 3.0 294+0.7 40+1.1 20.6+22 234+18 1.84+05 2.9+09
315+ 15 26.1£2.5 30£05  41£08 451415 272446 88+21  43+1.1
283+1.0 20.6 +3.6 22+06  37+1.1 Strom 417 317414 264+£27 27405  6.6+15
Sérsic Note.—The values are based on the generalized King models for the one-
component fits and on King + Sérsic models for the two-component fits.
40.1+1.6 327+£22 26+£0.3 3.8+0.6
61.0+4.5 31.1£9.0 5.7£2.6 6.1 £2.8
268+ 1.4 223425 21405 30407 eled velocity dispersions in annuli of 0.5 pc within the central
315+ 1.6 26.5+1.9 29404 39406 5 pc for each object. The uncertainty of the global velocity dis-
30.240.8 234431 15404 25407 persion is the sum of the observational uncertainty and the un-
) certainties as propagated from the mass uncertainty of the profile
King, o' =2 fitting parameters.
VUCD 1.......... 39.8+0.8 326+2.4 2.7+0.4 394+0.6 5.3. Results
VUCD 4.......... 27.7+1.1 21.8+2.8 24+0.6 33+0.8
VUCD §S......... 31.6 £0.7 264+£2.0 29+£04 39406 The results of the modeled object masses and velocity disper-
VUCD 6......... 30.5+0.6 22.7+£53 1.8+£07 29+13 sions for the King, generalized King, Sérsic, Nuker, and King +
Strom 417 ....... 317+ 14 264+27 27405  66+15 Sérsic functions are presented in Table 11. These results are

King with Variable o

393+2.0 322424 28+0.5 4.0+0.7
522+£25 358+ 1.5 50£0.7 54+09
269423 213+2.0 24+0.6 34+09
325+£23 264+1.6 29+04 39+0.6
29.6 £2.2 223+1.8 1.8£0.5 29+09
King Core + Sérsic Halo
VUCD 7.......... 451+1.5 272+4.6 8.8+2.1 43+1.1

Note.— Parameters: oy, central velocity dispersion; o, global velocity dis-
persion; M, mass; M/Ly, M/L ratio.

5.2. Uncertainty Analysis

The uncertainties of the modeled masses were estimated from
the uncertainty in the observed velocity dispersion Ao and the
differences of the model parameters for surface brightness pro-
files in the Vand / bands. On one hand, maximum and minimum
model masses were simulated that correspond to the observed
velocity dispersion of (gps + Ac) and (oops — Ao), respectively.
The average of the differences (M max — Mirue) and (Mipye — Minin)
defines the first mass uncertainty. On the other hand, models were
created that simulate o,ps from the profile parameters in ¥ and 1
separately, as well as from combinations of their parameters (i.e.,
R, of V'and R, of I) to mimic the uncertainties in the profile
parameters. The maximum and minimum mass deviations from
M define the second uncertainty. Both uncertainties then were
summed to derive the total mass uncertainty.

The uncertainties for the M/L ratios were propagated from the
mass uncertainties and the uncertainty in the luminosity (assumed
to be 0.05 mag in the absolute magnitude). The luminosities were
derived from the apparent J” magnitudes given in Table 10, the dis-
tance to the Virgo Cluster as mentioned in the introduction, and a
solar absolute /" magnitude of My o = 4.85 mag.

The uncertainty of the central velocity dispersion was esti-
mated from the observational uncertainty plus the scatter of mod-

based on the surface brightness profile parameters in Table 8 and
the observed velocity dispersions in Table 5. For Strom 417 we
used surface brightness profile parameters obtained by Hasegan
et al. (2005) from King model fits.

The masses and M/L values of the different models in general
agree with each other within the uncertainties. On average, the
masses of the Nuker profile models are slightly higher than those
derived from the other profiles, whereas the masses of the Sérsic
profile models are on the low side. As discussed in § 3, the gen-
eralized King models give the most stable estimates in the case of
one-component profile fits. Therefore, the masses from the gen-
eralized King models and from the King core plus Sérsic halo
models in the case of VUCD 7 were adopted for further analyses
(see Table 12).

The Virgo UCDs have masses and M/L ratios in the range
M =~ (2-9) x 107" M, and M/L ~ (3—5) M /L. y. The Fornax
UCD masses and M/L ratios are in the same range (Hilker et al.
2007).

In order to compare our results with other dynamical mass
estimators, we calculated masses using the King mass estimator
(e.g., Queloz et al. 1995) and the virial mass estimator (Spitzer
1987). Both methods assume a constant M /L ratio as function of
radius, an isotropic velocity distribution, and that the object is in
virial equilibrium. We consider the UCDs to be in virial equilib-
rium, as their ages (estimated in § 6) are much greater than their
crossing times (T ~ Reg/o =~ 0.4—4 Myr).

The King mass estimator takes the form

9 uRcag

MK ) (8)

227G ap
where o is the central projected velocity dispersion (from Table 11,
standard King model), R, is the core radius (from Tables 8 and 9,
standard King model), G is the gravitational constant, and p, v, and
p are constants that depend on the concentration ¢ and are tabulated
in King (1966) and Peterson & King (1975). The y, v, and p values
are the mean of the two passbands for Virgo UCDs, except for
VUCD 6. In the case of VUCD 6 we used the V' passband only, as
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TABLE 13
Masses AND Mass-To-LiGHT RaTios FRoM KING AND VIRIAL Mass ESTIMATORS

My My /Ly My Myie/Ly

Object (107 Me) (Mo /Le) (107 Me) (Mo /Le)
VUCD 1. 2.940.1 4.1+0.3 27+£04 38+0.7
VUCD 3....... 54+0.7 5.8+£0.8
VUCD 4....... 25402 35403 234+0.5 3.1+£0.7
VUCD 5....... 2.84+0.1 37402 2.84+04 3.84+0.6
VUCD 6....... 2.14+0.1 35403 1.7£0.4 2.8+£0.8
VUCD 7T....ccoeeu.. 16.2+5.7 79+29
Strom 417 ............. 22+£0.2 5.6+£0.9 22+0.5 54+13

the 7 passband gives an unreasonably high mass estimate. The
R., 4, o, and p values for Strom 417 were taken from Hasegan
et al. (2005).

The virial mass estimator is as follows:

R 2
Mvir ~9.75 Eféa ) (9)

where ¢ is the global projected velocity dispersion (from Table 12)
and Ry is the half-light radius (from Table 10). The R value for
Strom 417 was taken from Hagegan et al. (2005).

The results of these two mass estimators are given in Table 13.
The uncertainties of the calculated masses were propagated from
the uncertainties in R, and o for the King mass estimator and the
uncertainties in R and o for the virial mass estimator, where the
uncertainty in R, was estimated from the difference of R, in the V/
and [ profile.

Both the King and the virial masses are consistent with the
masses and M/L ratios indicated in Figure 6, and with the masses
derived from the dynamical models (Table 12). The exception is
VUCD 7 for which the virial mass estimate is 1.8 times larger than
the dynamical model mass. This may be due to the inability of the
simple virial estimator to correctly model the prominent core struc-
ture of this object, but the difference is not significant given the large
uncertainty in the virial mass estimate for this object.

In Table 14 we compare the dynamical M/L estimates for
Virgo UCDs with the predicted stellar M/L ratios of SSP models
by Maraston (2005). To obtain the SSP model values, we used
UCD ages and metallicities derived in § 6 (Fig. 9). The uncer-
tainties of the M/L values are based on the age and metallicity
ranges. The dynamical M/L values are consistent with the SSP
model predictions within the uncertainties for both Salpeter and
Kroupa initial mass functions (IMFs). It implies that Virgo UCDs
do not require dark matter to explain their M/L ratios. This con-
clusion applies to the central region, where we have velocity
dispersion data covered by our spectroscopic observations. An
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increasing dark matter contribution toward larger radii cannot
be ruled out with the present data.

The M/L ratios of Fornax UCDs are discussed in Hilker et al.
(2007).

The M/L ratio of Strom 417 (6.6 & 1.5) is larger than the M /L
value predicted by the SSP models with a Kroupa IMF, but is in
agreement (within the uncertainties) with the predictions from
the models with a Salpeter IMF. This M/L ratio is consistent with
the high value reported for this object by Hasegan et al. (2005),
but our result is based on their King model fit to this object. For
this reason our measurement is not an independent confirmation
of their result.

6. AGES AND CHEMICAL COMPOSITIONS

In this section we estimate the ages, metallicities, and abun-
dances of our objects using the Lick /IDS index analysis. Lick/IDS
absorption-line indices were measured as defined by Worthey et al.
(1994) in the wavelength region 4800—6500 A. We could not
use the spectral region 3900—4800 A due to low S/N. The line
indices HG, Mg b, Fe 45270, and Fe 15335, together with 1 o un-
certainties, are listed in Table 15. Before measuring the indices
we shifted the spectra to the rest-frame wavelengths. Since our
spectra have much higher resolution (cgg; =~ 0.3 A in the blue
wavelength range) than the Lick/IDS system (opi =~ 3.6 A at
the HG—Fe 15335 wavelength range), we smoothed our spec-
tra to the resolution of the Lick data with a Gaussian of disper-
sion (ofick — aéSI)l/ 2 oLick- The estimated size of the smoothing
kernel is ~17 ESI pixels (Gaussian o). After broadening, the
Lick indices for our objects and for the Lick/IDS standards (nine
stars) were measured as described in Worthey et al. (1994). The
uncertainties on the indices were calculated according to Cardiel
et al. (1998) based on the noise spectrum of each galaxy/GC.

To check the agreement between our instrumental system and
Lick/IDS system, we calculated the difference between measured
and published (Worthey et al. 1994) indices for all observations of
the nine calibration stars. Figure 7 shows our standard-star mea-
surements versus the published values (Worthey et al. 1994). The
mean offsets between our instrumental system and the Lick/IDS
system are listed in Table 16. The index measurements were cor-
rected for the offsets.

The Lick index measurements for the NGC 4486B galaxy
were also corrected for the effects of internal velocity dispersion
as described in Davies et al. (1993). UCDs, GCs, and dE,Ns have
small internal velocity dispersions compared to the Lick/IDS
broadening function. There is no need to apply velocity disper-
sion correction for these objects.

We have not corrected the dE,N (VCC 1407) spectrum for any
halo contribution because the nuclear light dominates in the

TABLE 14

Mass-To-LiGHT RaTios aND V' — [ CoLors FOR VIrRGo UCDs FrRoM SSP MobpeLs BY MarasToN (2005)
IN COMPARISON TO THE DyNaMICAL Mass-To-LiGHT RaTios AND OBSERVED V' — I COLORS

Age Range Metallicity Range V' —=1)ops V=D V=D (M/Ly)gyn (M/Ly)g, (M/Ly )

Object (Gyr) (dex) (mag) (mag) (mag) Mo/Le) (Mo/Le) (Mo /L)
VUCD 1..cccovinen 815 —1.35t0 —0.33 0.96 0.91-1.16 0.89-1.13 4.0+£0.7 45+19 29+1.2
VUCD 3....ccccvmne 12-15 0.00-0.35 1.27 1.19-1.30 1.16-1.27 54+0.9 8.7+2.1 56+14
VUCD 4................ 815 —1.35to —0.33 0.99 091-1.16 0.89-1.13 34409 45+19 29+1.2
VUCD 5. 815 —0.33-0.00 1.11 1.07-1.22 1.05-1.20 39+0.6 6.1+2.3 39+1.5
VUCD 6................ 815 —1.35to —0.33 1.02 091-1.16 0.89-1.13 29+09 45+19 29+1.2
VUCD 7..oovvnn 815 —1.35t0 —0.33 1.13 0.91-1.16 0.89...1.13 43+1.1 45+19 29+1.2
Strom 417 ............. 4-12 —1.35-0.00 0.82-1.19 0.81-1.16 6.6+ 1.5 4.1+£26 26+1.6

Note.—Here “sp” denotes results for a Salpeter IMF, and “kr” denotes results for a Kroupa IMF.
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TABLE 15
Lick/IDS INDICES

Vol. 133

Hp Mg b Fe 15270 Fe 15335 (Fe) [MgFe]’

A) A) A) A) A) A)
2.06 £ 0.14 220 +£0.13 1.56 + 0.15 1.19 £ 0.17 1.38 £ 0.16 1.79 £ 0.15
1.40 £ 0.14 499 £ 0.12 2.69 £0.13 237 £0.15 2.53 £0.14 3.60 £ 0.14
2.16 £ 0.18 142 £0.16 1.41 £ 0.18 1.18 £ 0.21 1.30 £ 0.20 1.38 £0.17
1.82 £ 0.17 3.30 £ 0.15 2.11 £0.17 1.90 + 0.19 2.01 £0.18 2.60 £ 0.17
227 £0.16 1.58 £0.15 1.40 + 0.17 0.87 = 0.19 1.14 £ 0.18 1.41 £0.17
1.90 £ 0.32 245 +£0.29 1.75 £ 0.33 1.09 + 0.38 1.42 £ 0.36 1.96 £+ 0.33
2.18 £0.23 2.86 £ 0.20 1.82 +£0.23 1.47 £ 0.25 1.65 £ 0.24 222 +£0.23
2.08 £ 0.24 220 +£0.21 1.63 =+ 0.24 1.53 £ 0.27 1.58 £ 0.26 1.88 £ 0.24
1.39 £ 0.04 5.24 + 0.04 2.93 £ 0.04 2.60 £ 0.05 2.77 £ 0.05 3.86 £+ 0.04

central 1.5” of our extraction; this object is already on the old
envelope, and its indices agree well with the other Virgo dwarf
elliptical galaxies measured by Geha et al. (2003).

The NGC 4486B galaxy does not have a distinct halo like the
dEs do, and the problem is the opposite of the dE problem. When
subtracting “sky” from along the short slit like EST (20""), one
really subtracts a component of galaxy light from farther out, so
then one ends up subtracting too much stellar light, which then
alters the actual physical extent of what one samples. However,
since ellipticals (especially the likes of NGC 4486B) are very
peaked in the center and have very modest (if any) line-strength
gradients, the error in the measured indices is very small.

To translate measured line indices into age and metallic-
ity estimates, we used the SSP models of Thomas et al. (2003).
These models predict Lick indices for a wide range of ages (1—
15 Gyr) and metallicities ([Z/H] = —2.25, —1.35, —0.33, 0.0,
+0.35, and +0.67 dex), and are tabulated for several different abun-
dance ratios ([a/Fe] = —0.3, 0.0, +0.3, and +0.5).

To estimate [«/Fe] for the UCDs, we plot Mg b (an indicator
of a—elements) versus (Fe) (an average of the indices Fe 15270
and Fe /5335) in Figure 8, overlaid with isochrones and iso-
metallicity lines from Thomas et al. (2003). Five UCDs and
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Fig. 7.—Our standard-star index measurements vs. published values from
Worthey et al. (1994).

Strom 417 (a GC) have supersolar abundance ratio, [«/Fe] ~
+0.3— + 0.5, and one UCD appears to have solar abundances,
[a/Fe] & 0.0. The supersolar abundances ([a/Fe] & +0.3) are
typical of old stellar populations like GCs and elliptical galaxies.
The [/ Fe] traces the timescale of star formation activity in gal-
axies. The majority of a-elements are produced rapidly by Type II
supernovae, while Fe is produced by Type Ia SNe on longer time-
scales. Supersolar [«/Fe] indicates rapid enrichment from Type II
supernovae and implies that the galaxy/GC has undergone a short
burst of star formation activity. The solar and subsolar abundance
ratios indicate slower chemical enrichment or a more quiescent
star formation history (van Zee et al. 2004).

The nuclei of nucleated dwarf ellipticals, taken from Geha
etal. (2003), are also shown in the same plot. The majority of the
dE nuclei data are consistent with solar [a/Fe] abundance ratios,
while the majority of UCDs have supersolar [/ Fe] abundances.
This provides evidence that the Virgo UCDs and typical dE,N
nuclei are different in that they have different formation histories.
Our dE,N (VCC 1407) lies, however, along the UCD relation,
together with two dE,Ns from Geha et al. (2003).

In Figure 9 we show the age-sensitive Hf index versus
the metallicity-sensitive [MgFe]’ index (MgFe] = Mgb x
(0.72Fe A5270 + 0.28Fe 45335)]!/?) and compare them with the
SSP models of Thomas et al. (2003). The [MgFe]’ is largely in-
dependent of [a/Fe] and serves best as a tracer of total metal-
licity (Thomas et al. 2003), and Hf is less [a/Fe]-sensitive than
other Lick Balmer line indices (Thomas et al. 2004). As we can
see from the plot, the Virgo UCDs are old (older than 8 Gyr) and
have metallicities between [Z/H] = —1.35 and +0.35 dex. The
SSP models in Figure 9 are shown for the abundance ratio [o/Fe] =
+0.3. The conclusion about UCD ages and metallicities remains
the same if we use [a/Fe] = 0.0 and +0.5 models.

As a consistency test, we used the Virgo UCD ages and metal-
licities derived from Figure 9 and Maraston (2005) SSP models
to predict photometric colors and to compare them with the ob-
served ones. The results are summarized in Table 14. The ob-
served colors of Virgo UCDs are in very good agreement with the
colors predicted from the derived ages and metallicities.

The ages, metallicities, and abundances of Virgo UCDs are
similar to those found for GCs in the galaxies M49 and M87 in
the Virgo Cluster by Cohen et al. (2003, 1998). According to Cohen
et al. (2003), the M49 GCs have metallicities in the range from
[Z/H] = —1.3 to +0.5 dex and in mean are older than 10 Gyr.
The metallicity and age parameters for M49 and M87 GCs are
basically identical. The GC systems of both of these galaxies are
a-enhanced by a factor of about 2 above the solar value.

We also find that the Virgo UCDs have older integrated stel-
lar populations on average than the present-day dE,N nuclei.
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TABLE 16

TueE MEaN OFFSETS BETWEEN OUR INSTRUMENTAL SYSTEM
AND THE Lick/IDS SysTEM

Index Lick — ESI  rms Scatter  Lick rms per Observation
0.00 0.12 0.22
—0.13 0.05 0.23
—0.04 0.09 0.28
—0.08 0.21 0.26

Notes.—The mean offsets were calculated as average differences between
the published index values and our measurements for all observations of nine
calibration stars. The outliers (1 or 2 for each index) were excluded. The rms
scatter about the mean is also given. The rms uncertainty per observation of
the Lick calibrators (Worthey et al. 1994) is given in the last column.

However, we note that UCDs are not distinct from the oldest
dE,N nuclei of Geha et al. (2003), and our dE,N, VCC 1407, lies
with the UCDs.

The general trend of UCDs to lower metallicities and older
ages than the dE nuclei in Figure 9 is not consistent with the
naive threshing model in which UCDs are identical to the present-
day nuclei of dE galaxies. These results may, however, be consistent
with variations of the threshing hypothesis in which the parent
objects are disrupted at an early time when star formation is still
going on and gas is present (e.g., Mieske et al. 2006). In this
scenario, the stripping selectively halts the star formation in the
stripped objects (UCDs), giving them lower metallicities and
older ages compared to the nuclei which continue to form stars.
However, this may not be consistent with the [a/Fe] abundances
found in Virgo UCDs: their supersolar abundances imply rapid
enrichment in a short burst of star formation. This seems to be in-
consistent with gas stripping over an extended period, unless the
stripping process caused a very sudden halt to the star formation.
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Fic. 8.—Comparison of our data, Mg b vs. (Fe), with model grids from
Thomas et al. (2003). Open squares represent dE,Ns from Geha et al. (2003).
Elliptical galaxies from Trager et al. (2000) are shown with crosses. Other sym-
bols represent our data. Thomas et al. (2003) models with variable [«/Fe] are
plotted for ages of 1—15 Gyr in increments of 1 Gyr (dotted lines, from left to
right) and metallicities of —2.25, —1.35, —0.33, 0.0, +0.35, and +0.67 dex
(dashed lines, from bottom to top). [See the electronic edition of the Journal for
a color version of this figure.]
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Fic. 9.—Comparison of our data, H3 vs. [ MgFe]’, with model grids from
Thomas et al. (2003). Open squares represent dE,Ns from Geha et al. (2003).
Elliptical galaxies from Trager et al. (2000) are shown with crosses. Other sym-
bols represent our data. Thomas et al. (2003) models are plotted for ages of 1, 2,
3,4,6,8, 10, 12, and 14 Gyr (dotted lines, from right to left), metallicities of
—2.25, —1.35, —0.33, 0.0, +0.35, and +0.67 dex (dashed lines, from bottom to
top), and [a/Fe] = +0.3. [See the electronic edition of the Journal for a color
version of this figure.]

We also measured the near-infrared Ca n triplet (CaT) index
for Virgo UCDs (as defined in Cenarro et al. 2001) to compare it
with the metallicity derived from the Lick indices above. SSP
models predict a strong dependence of the CaT index on metal-
licity for subsolar metallicities (Vazdekis et al. 2003; Maraston
2005). GCs are found to follow the model predictions very well
for metallicities typical of Galactic GCs (up to about a solar met-
allicity; Saglia et al. 2002; Maraston 2005), whereas normal and
dwarf elliptical galaxies deviate from SSP model predictions
(Saglia et al. 2002; Michielsen et al. 2003). Michielsen et al.
(2003) obtained CaT values for a sample of dEs and found that
four of five dEs with independent metallicity estimates have
CaT ~ 8 A, which is much higher than expected from their low
metallicities (— 1.5 < [Z/H] < —0.5). Saglia et al. (2002) found
that the CaT values for bright ellipticals (7.3 £ 1.0 A) are lower
than predicted by SSP models for their ages and metallicities
(0.0 < [Z/H] < +0.7).

The CaT index values for our Virgo objects are listed in Table 17.
The uncertainties were calculated based on the noise spectrum of
each object. The resolution of the Cenarro et al. (2001) stellar
library is very close to our spectral resolution, so no correction
for resolution was needed. The measured indices for stars in com-
mon with the Cenarro et al. library showed good agreement be-
tween our instrumental system and Cenarro et al. system. The CaT
index for the NGC 4486B galaxy was corrected for the effects of
internal velocity dispersion using a K-type stellar template (see
Cenarro et al. 2001).

Figure 10 presents the [Z/H ] metallicity versus the CaT index
for the Virgo UCDs, Strom 417 (a GC), VCC 1407 (adE,N), and
the NGC 4486B galaxy. The metallicities were derived from the
Lick indices (Fig. 9). In Figure 10 we also plot Maraston (2005)
SSP model predictions with a Salpeter IMF for ages of 4, 9, and
15 Gyr. It is hard to make any strong conclusions from this figure



1738 EVSTIGNEEVA ET AL. Vol. 133
TABLE 17 10 I T T T T I T T T T T T T T T T T T I T
CaT INDEX | e uCDs |
- A Strom417 R
CaT L @ VUCD3/Strom547 g
Object A 9 W VCC1407 o
- O NGC4486B T T
VUCD ..o 7.51 £0.32 - 2T
VUCD 3/Strom 547......... 6.92 + 0.27 r—-——---- 4Gyr | L7 e b
5.71 :I: 0.45 8 __ ............... 9 Gyr __
7.97 £ 0.35 ~ | |
6.13 + 0.41 =< [ ]
6.37 £ 0.71 % - E
8.62 £ 0.45 (&} B 1
6.90 + 0.51 v u
7.32 + 0.09 i ]
due to the large uncertainties in the data, but it appears that for 6 - =
subsolar metallicities the Virgo UCDs and Strom 417 follow the i ]
SSP model predictions (within the uncertainties). VUCD 3 de- i
viates strongly from the model predictions. It has a supersolar ~ | | | | LT
metallicity and lies in the plot with NGC 4486B and other Es S 2 5' = 1 = o 5' = o —— 0 5'

from Saglia et al. (2002). There are no CaT data for GCs at these
metallicities available in the literature yet, so we cannot conclude
whether VUCD 3 is globular-like or not. Our dE,N (VCC 1407)
lies with the UCDs in the [Z/H ] versus. CaT plot. The CaT value
for VCC 1407 is consistent with the SSP model predictions
(within the uncertainties). However, as we already mentioned
above, one of the five dEs studied by Michielsen et al. (2003)
also has a CaT in agreement with the model predictions for its
metallicity, but all the rest do not. Given that GCs are known to
follow SSP model predictions (for subsolar metallicities), whereas
dE and E galaxies do not (Saglia et al. 2002; Michielsen et al.
2003), then Figure 10 suggests that the Virgo UCDs have CaT
indices more like GCs than galaxies.

7. SUMMARY AND CONCLUSIONS

In this paper we have presented new imaging and spectro-
scopic observations of six Virgo Cluster UCDs (discovery reported
by Jones et al. 2006), along with reanalyzed data for five Fornax
Cluster UCD:s (initially presented by Drinkwater et al. 2003). These
are the most luminous UCDs: —14 < My < —12. The main re-
sults of our analysis of these data are as follows:

1. From HST imaging we find that most of the UCDs have
shallow or steep cusps in their cores; only one UCD has a flat
“King” core. We also find that none of the UCDs show tidal
cutoffs down to our limiting surface brightness. These properties
are not consistent with the standard King models with flat cores
and tidal cutoffs used for most GCs. However, recent work has
shown that GCs can have such parameters. Noyola & Gebhardt
(2003) obtained inner logarithmic slopes of profiles for 28 Ga-
lactic GCs and found that the slopes span a continuous range from
zero to 0.6, featuring central cusps as well as flat King cores. It is
known that young GCs can have extended halos (e.g., Elson et al.
1987), but McLaughlin & van der Marel (2005) have now shown
that extended halos are a generic characteristic of massive GCs—
both young and old—in the Magellanic Clouds.

2. Fundamental plane projections reveal (1) that Virgo UCDs
have properties similar to those of Fornax UCDs and (2) that the
UCDs and transition objects of Hagegan et al. (2005) appear to
follow the same relation between luminosity and velocity disper-
sion as old GCs.

In the x-k3 plane the UCDs lie on the same tight correlation
between mass and M/L ratio as the bright GCs and transition

(2/H]

Fic. 10.—Comparison of our data, metallicity vs. CaT index, with Maraston
(2005) SSP model predictions (Salpeter IMF). The SSP models are plotted for
ages of 4, 9, and 15 Gyr.

objects of Hasegan et al. (2005), but the fainter GCs (x; < 0)
show little if any correlation in this plane. This corresponds to a
mass of ~10° M, at which Hasegan et al. (2005) find a turnover
in scaling relations for low-mass systems in other projections of
the fundamental plane.

In the -k, plane the UCDs are not on the main GC relation
as defined by the MW and M31 GCs, but the available data do
not provide any evidence for a gap between UCDs and GCs in
this plane.

The dE,N nuclei in the Virgo Cluster with similar masses/
luminosities to the UCDs lie in the same region of all funda-
mental plane projections as the UCDs. This is consistent with the
threshing hypothesis for UCD formation from early-type dwarf
galaxies by the removal of low surface brightness envelope.

3. The age and metallicity analysis shows that Virgo UCDs
are old (older than 8 Gyr) and have metallicities ranging from
[Z/H] = —1.35 to +0.35 dex.

The observed colors of Virgo UCDs are in agreement with the
colors predicted from the derived ages and metallicities.

Five UCDs and Strom 417, a GC, have supersolar abundance
ratios, [a/Fe] &~ +0.3— + 0.5, and one UCD has a solar abun-
dance ratio, [a/Fe] ~ 0.0. The supersolar [a/Fe] abundances are
typical of old stellar populations found in GCs and elliptical
galaxies.

Virgo UCDs and typical present-day dE,N nuclei are different
in that they have different [/ Fe] abundance ratios and, therefore,
have different formation histories.

The ages, metallicities, and abundances of Virgo UCDs are
similar to those found for GCs in the galaxies M49 and M87 in
the Virgo Cluster.

UCDs generally have lower metallicities and older ages than
dE nuclei: this is not consistent with the naive threshing model in
which UCDs are identical to the present-day nuclei of dE galaxies.

Measurements of the near-IR CaT index suggest that Virgo
UCDs have stellar populations more like those found in GCs
than in dE and E galaxies.
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4. The Virgo and Fornax UCDs all have masses ~(2—9) x
107 M, and M/L ratios ~(3—5) M /L¢, y.

UCDs are more massive than transition objects of Hasegan
et al. (2005) and all known GCs for which dynamical mass es-
timates are available.®

Although the UCDs are more massive than known GCs, they
are within the theoretical limits for the most massive GCs formed
in galaxies as large as M87 and NGC 1399 (see eq. [8] of Kravtsov
& Gnedin 2005).” Recent simulations ( Yahagi & Bekki 2005;
Bekki & Yahagi 2006) confirm that GCs can escape the potential
of these galaxies.

The UCD masses are close to the estimated masses of some
young massive GCs such as NGC 7252:W3, NGC 7252:W30,
and NGC 1316:G114 (Maraston et al. 2004; Bastian et al. 2006 ),
whose origin is suggested to be by early mergers of lower mass
stellar clusters (Kissler-Patig et al. 2006). As these objects evolve
they will lose mass, and their structural parameters will also
change (e.g., Fellhauer & Kroupa 2005). It is not clear whether
they will still have the same masses (and other parameters) as
UCDs after the very long evolution times demanded by our old
age estimates for the Virgo UCDs.

The dynamical M/L ratios for Virgo UCDs are consistent with
the SSP model predictions (by Maraston 2005) within the un-
certainties. It implies that Virgo UCDs do not require dark mat-
ter to explain their M/L ratios. This conclusion applies to the
central region, where we have velocity dispersion data covered
by our spectroscopic observations. An increasing dark matter
contribution toward larger radii cannot be ruled out with the
present data.

Note that while the structural properties and internal veloc-
ity dispersions have been measured for all the UCDs, the ages
and metallicities (and the interpretation of the M/L ratios) are
limited to the Virgo UCDs for which we have this data. The
high-resolution spectra for Fornax UCDs used by Hilker et al.
(2007) have too low S/N for the Lick index measurements. Also,
no Lick standards were observed for the calibration onto the
Lick/IDS system. Mieske et al. (2006) present [ Fe/H ] metallic-
ities and HJ3 indices for 26 compact objects in Fornax, including
UCD 2, UCD 3, and UCD 4 and four more objects with lumi-
nosities similar to our five Fornax UCDs. The metallicities de-
rived for Virgo UCDs are total metallicities [Z/H]. The [Z/H]
and [Fe/H] are related as follows: [Fe/H] = [Z/H] — 0.94][«/Fe]
(Thomas et al. 2003). Assuming Fornax and Virgo UCDs have
similar mean «-abundances, [a/Fe] = +0.3, the bright Fornax
compact objects in Mieske et al. (2006) have mean metallicity
[Z/H] ~ —0.34, which is similar to the mean metallicity for Virgo
UCDs. The H3 indices in Mieske et al. (2006 ) are not calibrated,
so no reliable conclusions can be drawn, but the appearance at
least is for the Fornax objects to have higher Hf (2.02-2.86 A),
and hence younger mean ages compared to the Virgo UCDs. This
suggests a difference in formation time, if not mechanism, for
UCD:s in the two galaxy clusters. However, we prefer to refrain

8 The systems with dynamical masses are G1, (7—17) x 10¢ M, (Meylan
etal. 2001); w Cen, 5 x 10° M, (Meylan et al. 1995); NGC 5128 GCs, (1-9) x
10° M, (Martini & Ho 2004); and the transition objects of Hasegan et al. (2005),
(0.5-2.5)x 107 M.

® The mass of M87 within 32 kpc is (2.4 £ 0.6) x 10'2 M_, according to Wu
& Tremaine (2006), and the mass of NGC 1399 within 50 kpc is ~2.0 x 10'2 M,
as found by Richtler et al. (2004).
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from any firm conclusions on Fornax UCD origins until accurate
age, metallicity, and a-abundance estimates are obtained for them;
these should in turn be compared to the properties of Fornax
Cluster GCs and dwarf galaxy nuclei. In the following discussion
our conclusions focus mainly on the Virgo UCDs.

The common feature in all the above results is that our detailed
measurements of the internal UCD properties give values consis-
tent with the observed properties of GCs. In all the parameters we
have investigated there is no evidence for any gap between GCs
and UCDs. The ages, metallicities, and abundances of the Virgo
UCDs are similar to those found for GCs in the two brightest
Virgo galaxies (M49 and M87). This suggests that UCDs and
GCs could have the same formation epoch and the same star for-
mation history. Theoretical work shows that such massive objects
as UCDs could form in M87 and NCG 1399 and subsequently
escape the host galaxy potential (Kravtsov & Gnedin 2005;
Yahagi & Bekki 2005; Bekki & Yahagi 2006). The surface bright-
ness structure of the UCDs is not different to that of GCs in the
MW and Magellanic Clouds. The M/L ratios of the Virgo UCDs
are consistent with SSPs as in GCs.

We therefore conclude that the internal properties of Virgo UCDs
are consistent with them being the high-mass/high-luminosity ex-
treme of known GC populations.

Some of our results, notably the fundamental plane projec-
tions, are consistent with the formation of UCDs by the simple
removal of the halo from the nuclei of nucleated dwarf galaxies.
However, the ages, metallicities, and abundances for Virgo UCDs
are not consistent with this simple stripping model. It might be
consistent with more sophisticated models of the stripping process
that include the effects of gas removal on the chemical evolution
of the nuclei.

As we have shown that the Virgo UCDs are old, we note that
definitive tests of theories of their formation by stripping pro-
cesses or the evolution of merger-formed massive star clusters
will need to consider the effects of gas processes (especially gas
removal) over these long timescales.
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