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Chengze Liu,1 Patrick Côté,2 Eric W. Peng,3, 4 Joel Roediger,2 Hongxin Zhang,5, 6 Laura Ferrarese,2

Ruben Sánchez-Janssen,7 Puragra Guhathakurta,8 Xiaohu Yang,1 Yipeng Jing,1 Karla Alamo-Mart́ınez,9

John P. Blakeslee,2 Alessandro Boselli,10 Jean-Charles Cuilandre,11 Pierre-Alain Duc,12 Patrick Durrell,13

Stephen Gwyn,2 Andres Jordán,14, 15 Youkyung Ko,3 Ariane Lançon,12 Sungsoon Lim,2, 16 Alessia Longobardi,10
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ABSTRACT

We present a study of ultra compact dwarf (UCD) galaxies in the Virgo cluster based mainly on

imaging from the Next Generation Virgo Cluster Survey (NGVS). Using ∼100 deg2 of u∗giz imag-

ing, we have identified more than 600 candidate UCDs, from the core of Virgo out to its virial radius.

Candidates have been selected through a combination of magnitudes, ellipticities, colors, surface bright-

nesses, half-light radii and, when available, radial velocities. Candidates were also visually validated

from deep NGVS images. Subsamples of varying completeness and purity have been defined to explore

the properties of UCDs and compare to those of globular clusters and the nuclei of dwarf galaxies with

the aim of delineating the nature and origins of UCDs. From a surface density map, we find the UCDs

to be mostly concentrated within Virgo’s main subclusters, around its brightest galaxies. We identify
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several subsamples of UCDs — i.e., the brightest, largest, and those with the most pronounced and/or

asymmetric envelopes — that could hold clues to the origin of UCDs and possible evolutionary links

with dwarf nuclei. We find some evidence for such a connection from the existence of diffuse envelopes

around some UCDs, and comparisons of radial distributions of UCDs and nucleated galaxies within

the cluster.

Keywords: galaxies: clusters: individual (Virgo) — galaxies: evolution — galaxies: dwarf — galaxies:

nuclei — galaxies: star clusters: general

1. INTRODUCTION

Roughly two decades ago, investigators reported the

discovery of a potentially new class of stellar system in

the Fornax cluster (Hilker et al. 1999; Drinkwater et al.

2000; Phillipps et al. 2001). These systems appeared to

bridge the gap between normal globular clusters (GCs)

and early-type galaxies (including the subset of compact

elliptical galaxies), and so were named as ultra-compact

dwarf galaxies (UCDs). Since then, such objects have

been identified around field galaxies (e.g., Norris & Kan-

nappan 2011; Jennings et al. 2014) as well as in galaxy

groups and clusters: i.e., Virgo (Haşegan et al. 2005;

Jones et al. 2006), Abell 1689 (Mieske et al. 2005), Cen-

taurus (Mieske et al. 2007a), Hydra (Wehner & Har-

ris 2007), Abell S0740 (Blakeslee & Barber DeGraaff

2008), Coma (Madrid et al. 2010), the NGC 1023 group

(Mieske et al. 2007b), the Dorado group (Evstigneeva

et al. 2007a), the NGC 5044 group (Faifer et al. 2017),

the NGC 3613 group (De Bórtoli et al. 2020) and the

NGC 1132 fossil group (Madrid 2011). While UCDs

have luminosities comparable to faint dwarf elliptical

(dE) galaxies, their sizes (∼10 to 100 pc) are smaller

than “normal” dEs and yet larger than typical GCs.

Due to their compact sizes and high stellar densities,

they pose significant challenges for standard models of

dwarf galaxy formation (see, e.g., Strader et al. 2013).
UCD formation models, which remain mostly quali-

tative in nature, generally invoke one of two basic sce-

narios. The first posits that UCDs may simply be the

most massive members of the GC population, associ-

ated with the high-luminosity tail of the GC luminosity

function (e.g., Mieske et al. 2002) or possibly arising

through mergers of massive star clusters (e.g., Fellhauer

& Kroupa 2002). The second asserts that UCDs are

the surviving nuclear star clusters of nucleated dwarf el-

liptical galaxies (dE,Ns) whose surrounding low surface

brightness envelopes were removed via tidal stripping

(e.g., Bekki et al. 2001). Of course, it is entirely possible

that UCDs are not a monolithic population: i.e., that

they are manifested through both scenarios (Haşegan

et al. 2005; Hilker 2006; Mieske et al. 2006; Da Rocha

et al. 2011).

In recent years, evidence has mounted in favor of a

tidal stripping origin for at least some of these objects.

Arguably the strongest evidence comes from studies of

the internal kinematics of UCDs: analyses of their inte-

grated light show that UCDs can have high dynamical-

to-stellar mass ratios (Forbes et al. 2014; Janz et al.

2015), while adaptive optics (AO) assisted integral-field

unit (IFU) spectroscopy has enabled the discovery of

supermassive black holes (SMBHs) in several systems

(Seth et al. 2014; Ahn et al. 2017, 2018; Afanasiev et al.

2018). Concurrently, a kinematic study of the UCD pop-

ulation around M87 has shown that they follow radially-

biased orbits (Zhang et al. 2015). Meanwhile, photo-

metric studies have revealed the presence of UCDs with

asymmetric/tidal features (e.g., Jennings et al. 2015;

Mihos et al. 2015; Voggel et al. 2016; Schweizer et al.

2018), UCDs with diffuse envelopes, which populate an

apparent sequence in strength from dE,N to UCD (e.g.,

Drinkwater et al. 2003; Haşegan et al. 2005; Penny et al.

2014; Liu et al. 2015a), and clustering of GCs around

UCDs (Voggel et al. 2016). With regards to stellar

contents, investigators have found color-magnitude and

mass-metallicity relations (e.g., Côté et al. 2006; Brodie

et al. 2011; Zhang et al. 2018), the absence of color

gradients (Liu et al. 2015a), and similarities in stel-

lar populations to nuclei (e.g., Paudel et al. 2010; Janz

et al. 2016). Additionally, N-body simulations and semi-

analytic models have demonstrated the viability of tidal

stripping (within a cosmological framework) to trans-

form dE,Ns to UCDs (e.g., Bekki et al. 2003; Pfeffer

& Baumgardt 2013; Pfeffer et al. 2014, 2016, Mayes

et al. 2020, in prep.). From this it seems clear that

at least some portion of the population (e.g., massive

UCDs) represent the stripped remnants of nucleated

dwarf galaxies.

A prerequisite for the development and testing of any

quantitative UCD formation model is reliable data on

the physical properties of these objects, drawn from

surveys with well-understood selection functions. Such

data has proved elusive, though, and existing UCD sam-

ples are usually built from heterogeneous programs. Al-

though they have been across a wide range of environ-

ments, most UCDs are located in groups and clusters, or



NGVS XXXIV. Ultra-Compact Dwarfs in the Virgo Cluster 3

associated with massive galaxies (e.g., Liu et al. 2015a).

As the richest concentration of galaxies near the Milky

Way (MW), the Virgo cluster is an ideal environment

for a comprehensive UCD survey. A handful of systems

were first discovered in Virgo by Haşegan et al. (2005)

through a combination of Keck spectroscopy and HST

imaging from the ACS Virgo Cluster Survey (Côté et al.

2004). Additional UCDs were later found in both imag-

ing and/or spectroscopic programs (e.g., Jones et al.

2006; Chilingarian & Mamon 2008; Brodie et al. 2011;

Strader et al. 2013; Liu et al. 2015a,b; Sandoval et al.

2015; Zhang et al. 2015; Ko et al. 2017). These studies

have tended to focus on UCDs associated with M87 or a

few other of the brightest galaxies in Virgo. Currently,

the largest UCD sample in this cluster contains∼150 ob-

jects, spread over the M87, M49 and M60 regions (Liu

et al. 2015a).

Given its enormous extent on the sky, a wide-field

imaging survey is essential for building a homogeneous

and complete sample of Virgo UCDs. The Next Genera-

tion Virgo cluster Survey (NGVS; Ferrarese et al. 2012)

is a deep, multi-band (u∗griz) imaging campaign of the

Virgo cluster carried out with the MegaCam instrument

on the Canada France Hawaii Telescope (CFHT). The

survey covers an area of 104 deg2 and is typified by ex-

cellent image quality, with a median FWHM of 0.54′′

in the i-band (see their Figure 8). In principle, we can

use these NGVS images to measure half-light radii for

all compact Virgo objects brighter than g ∼ 21.5 mag

and larger than rh ∼ 10 pc (see Liu et al. 2015a), po-

tentially producing the largest and the most complete

sample of UCDs in any environment. The analysis pre-

sented here builds on previous NGVS papers that have

focused on the photometric and kinematic properties of

UCDs (e.g., Liu et al. 2015a,b; Zhang et al. 2015). It also

complements other papers in the NGVS series dealing

with other stellar systems in Virgo, including globular

clusters (i.e., Durrell et al. 2014; Powalka et al. 2016a;

Longobardi et al. 2018), galaxies (Guérou et al. 2015;

Sánchez-Janssen et al. 2016; Ferrarese et al. 2016; Roedi-

ger et al. 2017; Ferrarese et al. 2020), and their nuclei

(i.e., Spengler et al. 2017; Sánchez-Janssen et al. 2019).

This paper is structured as follows. In §2 we provide

an overview of the NGVS and the data products used

in our analysis, while §3 describes the methodology we

have used to identify UCD candidates. In §4 we present

our results, including a new catalog of UCD candidates,

and draw attention to a number of particularly interest-

ing sub-samples therein. We discuss these findings in §5,

and in §6, summarize our conclusions and outline direc-

tions for future work. Throughout this study, we adopt

a common distance to all UCDs (16.5 Mpc Mei et al.

Figure 1. The areal coverage of our optical and near-
infrared imaging, organized by exposure length (top: long,
bottom: short). The NGVS achieved 100% completeness for
the long exposures in the u∗giz bands and in the gz bands for
the short exposures; short exposures in the u∗i bands were
only partially completed. The NGVS-IR (Ks-band, Muñoz
et al. 2014) imaging only covers the center of sub-cluster A,
while the UKIDSS (K-band, Lawrence et al. 2007) data cover
most of the NGVS footprint.

2007; Blakeslee et al. 2009), corresponding to a distance

modulus of (m-M) = 31.09 and physical scale of 80 pc

arcsec−1.

2. DATA

2.1. Overview

The primary source of data used in this study is the

NGVS. The survey footprint covers the two main sub-

clusters of Virgo (A and B, centered on M87 and M49,

respectively) out to their virial radii (i.e., R200 = 5.◦38

for Virgo A and 3.◦33 for Virgo B). As described in

Muñoz et al. (2014) and Liu et al. (2015a), the NGVS

is an ideal resource for the study of compact stellar sys-

tems, e.g., GCs, UCDs and dwarf nuclei. The NGVS

imaging consists of short and long exposures, where the

former can be used to find UCDs brighter than g ∼ 18.5
mag. Such objects are interesting given that they de-

fine the extreme of UCD formation (and, in some cases,

even host supermassive black holes; Seth et al. 2014,

Ahn et al. 2018).

Figure 1 shows the final observing status of the NGVS,

organized by exposure length. We have excluded the

r-band since those observations had to be partially sac-

rificed due to CFHT’s dome shutter failure in 2012A.

For the long exposures, the survey is fully complete in

the remaining bands, while only partial areal coverage

was achieved for the short exposures in the u∗ (∼ 50%

completeness) and i (∼ 57% completeness) bands.

Near-infrared imaging has proved to be a powerful

tool for UCD selection (Muñoz et al. 2014; Liu et al.

2015a). As shown in the upper right corner of Figure 1,

we have deep Ks-band images in the central 4 deg2 of

sub-cluster A (NGVS-IR; Muñoz et al. 2014), which we
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Figure 2. Summary of the spatial dependence of the multi-
wavelength photometry used to select UCDs, divided by ex-
posure length (left: long exposure catalog, right: short expo-
sure catalog).

have previously used to select a high-purity UCD sample

around M87 (Liu et al. 2015a). Alternatively, as shown

in the bottom-right panel of Figure 1, K-band imag-

ing from UKIDSS (Lawrence et al. 2007) covers a large

fraction of the NGVS footprint. About ∼ 70% of the

bright objects [g0 < 21.5 mag, where g0 is the aperture-

corrected magnitude measured within a 16-pixel diame-

ter (∼ 3′′) and corrected for Galactic extinction] in the

NGVS have counterparts in the UKIDSSK-band. Thus,

although UKIDSS is much shallower than the NGVS-IR

(5σ limiting magnitude ∼18.4 and ∼24.4 mag, respec-

tively), it is nonetheless useful for separating UCDs from

background galaxies among the bright objects.

We summarize the combinations of imaging data at

hand, separated by exposure length, in Figure 2. For

the case of the long exposures (left panel), the footprint

is simply divided into two areas depending on the avail-

ability of UKIDSS K-band imaging. The short expo-

sure map (right panel) is much more complicated owing

to the incompleteness in the associated u∗ and i band

imaging.

Full details on the reduction of NGVS images can be

found in Ferrarese et al. (2012). To generate a homo-

geneous catalog of compact objects, we run SExtractor

(Bertin & Arnouts 1996) in double-image mode. We de-

tect objects in the g-band and then measure a set of pa-

rameters, including aperture magnitudes, in the u∗giz

bands. In this study, we measure the luminosity and

color of all detected objects with aperture magnitudes.

To minimize systematics, we apply aperture corrections

that account for PSF variations within, and between,

fields. Specifically, we use corrected 3.0′′-diameter aper-

ture magnitudes to represent total magnitudes and cor-

rected 1.5′′-diameter aperture magnitudes to estimate

colors.

For the catalog generation and magnitude correction,

we follow the method of Liu et al. (2015a), with one ex-

ception. Liu et al. (2015a) subtracted models of the dif-

fuse light from nearby massive galaxies (M87, M49, and

M60), whereas this is avoided in the current analysis to

have a homogeneous catalog. We generate independent

catalogs based on the short and long exposure images

and then merge them into one afterwards. We adopt

measurements from the short exposure catalog for those

objects which are saturated in the long exposures; oth-

erwise measurements are taken from the long exposure

catalog.

In addition to the imaging that forms the basis of

this study, there are many past spectroscopic programs

targetting the Virgo cluster that we can draw upon.

Ferrarese et al. (2012) summarized the relevant pro-

grams for Virgo compact stellar systems (i.e., GCs,

UCDs and dE,Ns) as of 2012; these include radial veloc-

ity measurements from various MMT/Hectospec, Mag-

ellan/IMACS, VLT/VIMOS and AAT/AAOmega pro-

grams (see the paper for details). Since then, a number

of NGVS-motivated spectroscopic programs have been

undertaken (see, e.g., Zhang et al. 2015, 2018; Toloba

et al. 2016; Spengler et al. 2017; Longobardi et al. 2018).

We have collected radial velocities from these and other

previous works (Binggeli et al. 1985; Hanes et al. 2001;

Côté et al. 2003; Brinchmann et al. 2008; Strader et al.

2011, 2012; Pota et al. 2013; Blom et al. 2014; Norris

et al. 2014; Li et al. 2015; Pota et al. 2015; Forbes et al.

2017; Ko et al. 2017; Toloba et al. 2018), as well as from

the NASA/IPAC Extragalactic Database (NED)1, the

SIMBAD Astronomical Database2 (Wenger et al. 2000)

and the Sloan Digital Sky Survey (SDSS, Abolfathi et al.

2018). In all, we have a total of 31,346 velocity measure-

ments for objects in the NGVS footprint brighter than

g0 = 21.5 mag. This database includes foreground stars,

GCs, UCDs, galaxies in Virgo, and background galax-

ies. In what follows, we make use of this large velocity
catalog to eliminate contaminants from our photometric

UCD selection, as well as to recover UCDs that miss our

cuts.

2.2. Size Measurements

Size is the defining parameter of UCDs3. As shown

by Liu et al. (2015a), the excellent image quality of the

NGVS allows us to measure reliable sizes for compact

objects in Virgo (mainly GCs, UCDs, and galactic nu-

clei) larger than ∼10 pc (see their Section 2.3). We

measure half-light radii using the KINGPHOT package

1 https://ned.ipac.caltech.edu/
2 http://simbad.u-strasbg.fr/simbad/
3 Unless stated otherwise, we use the term “size” to refer to an

object’s half-light radius, rh, exclusively.
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Figure 3. Left panel: Comparison of rh measurements for UCDs based on different fitting radii, rfit (7 vs 15 pixels), with
data taken from Liu et al. (2015a). Right panel: Comparison of rh measured using different data (blue circles, ACSVCS data,
Haşegan et al. 2005) or different methods (orange squares, ISHAPE software, Ko et al. 2017).

(Jordán et al. 2005), focusing on the g and i bands be-

cause of the former’s depth and the latter’s exquisite

seeing. Comparisons of the two sets of rh measurements

show that they are consistent with each other (see Fig-

ure 3 in Liu et al. 2015a). Jordán et al. (2005) show that

KINGPHOT rh measurements are biased to larger val-

ues when rh & rfit/2 (where rfit is fitting radius within

which we adopt KINGPHOT), which is ∼50 pc for an

rfit = 7 pixels (used in Liu et al. 2015a) at the distance

of Virgo. This choice of rfit is reasonable since previ-

ous works shows that most UCDs are smaller than 40

pc (Brodie et al. 2011; Chiboucas et al. 2011; Strader

et al. 2011; Penny et al. 2012). However, in the interests

of determining whether there are larger UCDs in Virgo,

we run KINGPHOT with rfit = 15 pixels in this study.

Thus, our KINGPHOT measurements would be biased

for objects with rh & 110 pc.

The left panel of Figure 3 compares our UCD rh mea-

surements from Liu et al. (2015a) for the two values of

rfit above. We note that the larger rfit yields slightly

larger sizes when rh . 16 pc. Otherwise, the two sets

of rh measurements are statistically equivalent, so we

therefore adopt the KINGPHOT measurements made

with rfit = 15 pixels. The right panel of this figure

shows a comparison between the rh measurements from

this work and those from previous studies. The blue

circles are taken from Haşegan et al. (2005), who mea-

sured rh using KINGPHOT and HST data (ACSVCS,

Côté et al. 2004). The orange squares denote the rh

measurements from Ko et al. (2017), who used ISHAPE

software and NGVS data. From this figure, we can see

that our rh measurements are consistent with the mea-

surements from previous studies, even though they used

different methodologies and/or data sets.

3. UCD SELECTION

We select UCD candidates within the multi-

dimensional parameter space of magnitude, ellipticity

(e ≡ 1 − b/a), color, surface brightness, and half-light

radius, which we now describe and justify4. We begin

by adopting simple magnitude cuts of 14.0 < g0 < 21.5

mag, where the lower bound corresponds to the satura-

tion limit of our g-band short exposures and the upper

bound to the limit of accurate measurements of half-

light radii (see §2 in Liu et al. 2015a for details). We

also apply a simple cut on ellipticity, adhering to the

empirical result that most spectroscopically-confirmed

UCDs in Virgo (i.e., vr < 3500 km/s) have e < 0.3 (see,

e.g., Zhang et al. 2015).

As we have previously shown (Muñoz et al. 2014; Liu

et al. 2015a; Powalka et al. 2016a,b), the combination

of u∗giKs photometry proves to be a highly effective

tool for discriminating extragalactic GCs and UCDs

from background galaxies and foreground stars. Un-

4 It is worth bearing in mind that UCD selection criteria are often
driven as much by observational details, such as limiting magni-
tudes and angular resolution, as by considerations of formation
physics.
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The points are colored by their associated radial velocity measurements, reflected in the color bar at top. Right panel: The
distribution of mean surface brightness, 〈µg〉e, (in broad bins of radial velocity; top) and (g − z)0 color as a function of 〈µg〉e
for the objects lying within our selection region on the left. The dotted polygon shows the next layer of our selection, based on
surface brightness, and the points are colored by their associated radial velocities.

fortunately, Figure 1 shows that we only have Ks-band

imaging for the central 4 deg2 of sub-cluster A from the

NGVS-IR (see Muñoz et al. 2014 for details). Moreover,

in the u∗ and i bands, only partial coverage is available

in the short exposure category. In an attempt to bal-

ance homogeneity and accuracy, we base the color por-

tion of our UCD selection on our u∗, g, i, z and UKIDSS

K-band photometry. The UKIDSS data, although shal-

lower than that from NGVS-IR, is sufficient for our pur-

pose, i.e. to select UCD candidates with g0 < 21.5 mag.

We will describe our u∗giKs- and u∗gizK-based selec-

tions and compare their results in the following two sub-
sections.

3.1. u∗giKs-Based Selection

In the left panel of Figure 4, we show the cuts em-

ployed as part of our u∗giKs-based selection. There,

we plot in the (u∗ − i) vs. (i − Ks) plane, the ∼2000

objects from our spectroscopic catalog that satisfy our

magnitude and ellipticity cuts. The points have been

colored by their measured radial velocities and can be di-

vided into three main groups: background galaxies (red

dots; v & 3500 km/s), Virgo members (green and cyan

dots; 0 . v . 3500 km/s), and foreground stars (blue

and purple dots; v . 0 km/s)5. It is clear that Virgo

members can be readily distinguished from background

galaxies and foreground stars in the u∗iKs color-color

diagram. To isolate Virgo members, we therefore adopt

the following color cuts:
1.400 ≤ (u∗ − i)0 ≤ 2.800;

− 0.427 ≤ (i−Ks)0 ≤ 0.700;

(i−Ks)0 ≤ −1.127 + 0.700× (u∗ − i)0;

(i−Ks)0 ≥ −1.917 + 0.900× (u∗ − i)0.

(1)

which are indicated by the irregular polygon in the fig-

ure.

The right-hand panel of Figure 4 shows the (g − z)0

color as a function of mean effective surface brightness,

〈µg〉e, which is the average surface brightness measured

within the half-light radius. The points show those ob-

jects that passed our color cuts in the u∗iKs diagram

and, again, are colored according to their radial ve-

locities. It is clear from the distribution that we can

use surface brightness to further improve the purity of

our Virgo sample by removing background galaxies and

some foreground stars. The dotted polygon shows the

5 Note that this very basic redshift classification is not strictly cor-
rect; some Virgo members do indeed have negative radial veloci-
ties, such as objects belonging to the M86 group (see, e.g., Boselli
et al. 2018; Park et al. 2012) and many stars have positive radial
velocities (Katz et al. 2019).
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exact cuts in surface brightness that we adopt, which

are described by the following functions:

0.620 ≤ (g − z)0 ≤ 1.500;

〈µg〉e ≥ 15.000 mag/arcsec
2
;

〈µg〉e ≤ 18.750 mag/arcsec
2
,

when 1.163 ≤ (g − z)0 ≤ 1.500;

〈µg〉e ≤ 27.692− 7.692× (g − z)0,

when 0.909 ≤ (g − z)0 ≤ 1.163;

〈µg〉e ≤ 20.700 mag/arcsec
2
,

when 0.620 ≤ (g − z)0 ≤ 0.909.

(2)

The combination of the cuts applied to this point

leaves us with a broad sample of Virgo members that

includes compact elliptical galaxies, galactic nuclei (in

low-mass galaxies), UCDs, and GCs. To isolate the

UCDs within this sample, we apply one final set of cuts

based on our measured half-light radii, which are:

11 < 〈rh〉 < 100 pc;

|rh,g − rh,i|
〈rh〉

≤ 0.5;

rh,g,error

rh,g
≤ 15%;

rh,i,error

rh,i
≤ 15%.

(3)

where 〈rh〉 represents the weighted mean of the half-

light radii measured in the g and i bands. These cuts

mimic ones often used in previous studies to separate

UCDs and GCs (e.g., Brodie et al. 2011; Strader et al.

2011; Penny et al. 2012). Though arbitrary, this is not

an unreasonable choice since the typical size of either

MW or extragalactic GCs is ∼3 pc and most GCs are

smaller than ∼ 10 pc (e.g., van den Bergh et al. 1991;
Jordán et al. 2005). Furthermore, Liu et al. (2015a) have

shown that rh measurements based on NGVS imaging

are reliable for bright objects (g0 < 21.5 mag) larger

than rh ∼ 10 pc (see §2.3 of their paper). The lower

limit on 〈rh〉 used in this study roughly matches the

limiting resolution of NGVS imaging.

3.2. u∗giz- and u∗gizK-Based Selection

Given the lack of deep Ks-band imaging over most

of the NGVS footprint, we have developed an alterna-

tive strategy for selecting UCDs based on the u∗, g, i,

z and (where available) K bands. As seen in Figure 1,

the NGVS imaging is not fully complete in the u∗ and

i bands for the short exposures. As argued in Muñoz

et al. (2014), the u∗ band is essential when selecting

UCDs due to its sensitivity to young/hot stellar pop-

ulations, which allows for the removal of background

star-forming galaixes. The left panel of Figure 5 shows

the u∗gz color-color diagram for the same spectroscopic

sample (following the same color-coding) as in Figure 4.

In this case, we can see that the spaces occupied by back-

ground galaxies, Virgo members, and foreground stars

more heavily overlap with each other. Nevertheless, the

Virgo members still form a relatively tight sequence in

this plane, such that we can select a sample of these

objects with high completeness, albeit with more con-

tamination. We adopt a color selection (represented by

the polygon) within this diagram of the form:
0.850 ≤ (u∗ − g)0 ≤ 1.790;

0.620 ≤ (g − z)0 ≤ 1.500;

(g − z)0 ≤ 0.190 + 0.770× (u∗ − g)0;

(g − z)0 ≥ −0.300 + 0.930× (u∗ − g)0.

(4)

The objects that satisfy these cuts are plotted in the

plane of color versus surface brightness in the right-hand

panel of Figure 5. Although many contaminants pass

our color-color cuts, it is possible to eliminate most of

these following the same cuts on surface brightness that

we applied to our u∗giKs sample (Equation 2; dotted

polygon in this panel). These cuts are not as effective

as before, however, and leave behind a number of back-

ground galaxies (red dots). Fortunately, we can remove

most of these residual contaminants wherever we have

K-band data. Figure 6 shows the gzK color-color di-

agram for those objects from our spectroscopic catalog

that satisfy our u∗gz and surface brightness cuts. For

a given (g − z)0 color, background galaxies tend to be

redder in (z−K)0 than Virgo members, and we use the

following relationship to isolate the latter:

(z −K)0 ≤ 1.480 + 0.780× (g − z)0. (5)

After this, we apply the same size cuts as before (Equa-

tion 3) to arrive at our sample of UCD candidates.

3.3. Comparing our Selection Methods

In this section, we compare the UCD catalogs derived

from the two selection methods described above. For

this comparison, the best region within the NGVS foot-

print is the center of sub-cluster A, where we have u∗, g,

i, z, Ks (NGVS-IR), and K (UKIDSS) band fluxes and

radial velocities for ∼2000 objects. Among this sample,

71 are spectroscopically-confirmed UCDs that were al-

ready known from previous work (mainly Strader et al.

2011 and Zhang et al. 2015).

As described in §3.1, we divide these objects into three

groups according to their radial velocities: background

galaxies (v > 3500 km/s), Virgo members (0 < v < 3500

km/s) and foreground stars (v < 0 km/s). Within
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Figure 5. As in Figure 4 but based on the u∗gz color-color diagram instead.

Table 1. Application of our Photometric UCD Selection Methods (u∗giKs, u∗giz, u∗gizK) to a Spectroscopic Training Set.

u∗giKs u∗giz u∗gizK

velocity v < 0 0 < v < 3500 v > 3500 v < 0 0 < v < 3500 v > 3500 v < 0 0 < v < 3500 v > 3500

Obj. Type Stars UCDs dE,Ns BGs Stars UCDs dE,Ns BGs Stars UCDs dE,Ns BGs

g0 < 21.5 & e < 0.3 183 71 17 841 183 71 17 841 183 71 17 841

Color-Color Diagram 21 71 9 14 55 69 10 91 55 69 10 91

〈µg〉e 8 69 6 1 10 68 7 17 10 68 7 17

〈rh〉 2 67 4 0 2 66 5 14 2 66 5 14

gzK · · · · · · · · · · · · · · · · · · · · · · · · 2a 66b 5c 1

a These two “stars” lie in the NGVS-1+1 field, where many Virgo members have negative radial velocities. We consider these two objects
as UCDs, in which case all three of our selection methods successfully cull the stars from our training set.

b Two of these objects are included in our final UCD catalog, while the remaining three have half-light radii of 0.0, 10.1 and 10.8 pc.

c These 5 objects are included in the Virgo Cluster Catalogue (VCC; Binggeli et al. 1985).

the “Virgo” group, we only consider two sub-classes

of objects: UCDs and galaxies classified in previous

or contemporaneous studies as nucleated dwarf ellip-

tical galaxies, which have identifiable point sources at

their centers (Binggeli et al. 1985; Sánchez-Janssen et al.

2019; Ferrarese et al. 2020). Diffuse, non-nucleated

dwarfs are explicitly excluded in our selection pipeline.

As listed in Table 1, we have 183 stars, 71 UCDs, 17

dE,Ns, and 841 background galaxies (BGs) which satisfy

our magnitude and ellipticity criteria (i.e., 14.0 < g0 <

21.5 mag and e < 0.3). Following this, we successively

apply our color, surface brightness, and size cuts, with

the choice of colors being the only variable. Table 1

presents the number of objects from each group that

survive each step of our selection functions.

For the u∗giKs-based selection, the color and surface

brightness cuts are quite effective at eliminating most of

the contaminants. In the end, we find 2 stars (∼ 1%),

67 UCDs (∼ 94%), 4 dE,Ns (∼ 24%) and zero BGs sat-

isfying all of the criteria6. For comparison, we find that

2 stars (∼ 1%), 66 UCDs (∼ 93%), 5 dE,N’s (∼ 29%)

6 These percentages represent the fraction of objects, within each
group, with g0 < 21.5 mag and e < 0.3 that survive all of the
selection criteria.
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Figure 6. gzK color-color diagram for u∗gz-selected UCD
candidates. Different colors indicate different radial veloci-
ties as given by color bar. The black dotted line is used to
separate background galaxies and UCD candidates.

and 14 BGs (∼ 2%) pass the cuts in our u∗giz-based se-

lection. Thus, both methods achieve a completeness of

> 90% with respect to UCD selection. Conversely, the

former method is much better than the latter in culling

BGs from the sample. With the addition of K-band

data though, we can reduce the number of BGs that pass

our u∗giK-based selection from 14 to 1, which compares

very favourably with the results of our u∗giKs-based se-

lection.

As for the other contaminants, we note that all three of

our selection methods pass two objects from our training

set that are labelled as foreground stars. In fact, these

two objects are really UCDs that have negative radial

velocities through their association with the M86 sub-

group. This shows that the combination of optical and

near-infrared photometry removes most foreground and

background objects. Where this photometric combina-

tion falls short is in rejecting dE,Ns, but we can easily

accomplish this through visual inspection since nuclei

are surrounded by obvious envelopes.

To summarize, our tests in the central 4 deg2 of

sub-cluster A show that a u∗gizK-based selection of

UCDs can be a reliable alternative to that based on

u∗giKs. Hereafter, we mainly rely on our u∗gizK se-

lection method to detect UCD candidates wherever K-

band data is available, and u∗giz otherwise.

3.4. Data Inputs for the Full Catalog

Based on the material presented to this point, the se-

lection of UCDs would ideally rely on data in the u∗gzK

bands for color and surface brightness cuts, and in the

g- and i-bands for size cuts. However, as shown in Fig-

ure 2, we do not possess imaging in the u∗, i and K

bands over the full NGVS footprint. In Table 2, we

list the available combinations of photometric data and

the corresponding selection method applied in each case.

Approximately 90% of bright objects (g0 < 21.5 mag)

detected in the NGVS have data in either the u∗gizK

or u∗giz bands; all other objects are covered by some

subsample of the five available bands.

Table 2 also shows the number (NUCDs) and the frac-

tion (fUCDs) of UCDs selected by each method. Most

of our UCD candidates (∼91%) are selected through ei-

ther the u∗gizK- or u∗giz-based methods, which were

discussed in previous sections. It is noteworthy that only

∼37% (286) of these candidates are selected from ∼60%

of our catalog that has u∗gizK data. Proportionally, we

expect to find ∼145 UCD candidates from ∼30% of the

catalog. However, 465 candidates (∼60%) are selected

from the ∼30% of the catalog that do not have K band

data. As described above, K band data is efficient to

eliminate BGs. This suggests that the portion of our

UCD sample selected via the u∗giz-based method is in-

flated through contamination by BGs. Note that the

other selection methods we have employed contribute

just 28 objects to our UCD sample (or ∼3%). In all, we

have identified 779 UCD candidates based on photome-

try alone.

Finally we note that if only g- and z-band data are

available, we select UCD candidates using the following

color cut:

0.620 ≤ (g − z)0 ≤ 1.500. (6)

Also, if i-band half-light radii are not available, we apply

the following cuts to the corresponding g-band value:
11 < rh,g < 100 pc;
rh,g,error

rh,g
≤ 15%.

(7)

3.5. Spectroscopically-Selected Virgo Members

In Figures 5 and 6, we see that a few confirmed

Virgo members fall outside our color selection windows.

Some of these objects lie close to the window boundaries

though and therefore could be UCD candidates. The

purpose of our color selection criteria are, first and fore-

most, to reduce or eliminate contamination from back-

ground galaxies. For these few cases, if we know from

their radial velocities that they are not background ob-

jects, then we do not require color criteria. We assume

that the Virgo members are UCDs if they satisfy our
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Table 2. Summary of Multi-Band Datasets Over the NGVS Footprint and the Corresponding
UCD Selection Methods.

Bands fObjs Selection Method NUCDs fUCDs NUCDs,class=1 fUCDs,class=1

(1) (2) (3) (4) (5) (6) (7)

u∗gizK 59.0% u∗gzK + 〈µg〉e + 〈rh〉 286 34.5% 235 38.4%

u∗giz 29.3% u∗gz + 〈µg〉e + 〈rh〉 465 56.2% 363 59.3%

u∗gzK 2.4% u∗gzK + 〈µg〉e + rh,g 4 0.5% 0 0.0%

u∗gz 0.2% u∗gz + 〈µg〉e + rh,g 1 0.1% 0 0.0%

gizK 3.8% gzK + 〈µg〉e + 〈rh〉 1 0.1% 0 0.0%

giz 0.1% gz + 〈µg〉e + 〈rh〉 0 0.0% 0 0.0%

gzK 4.3% gzK + 〈µg〉e + rh,g 9 1.1% 0 0.0%

gz 0.9% gz + 〈µg〉e + rh,g 13 1.6% 0 0.0%

gi+spec · · · (vr < 3500 km/s) + 〈rh〉 49 5.9% 14 2.3%

Total 100% · · · 828 100% 612 100%

NOTE– (1) the available filter combinations; (2) the fraction of the parent sample covered
by each filter combination; (3) the UCD selection method employed; (4) the number of UCD
candidates selected; (5) the fraction of all UCD candidates selected; (6) the number of UCDs
which survive visual inspection; (7) the fraction of all classified UCDs.

Figure 7. Gaia BP/RP flux excess factor – (IBP +IRP )/IG
– as a function of G-band magnitude. Gray dots are Gaia
sources in the NGVS footprint. Blue circles are UCD candi-
dates which have a Gaia counterpart. Red stars are objects
classified as stars (class = 5) in this study. The black dot-
ted line shows an excess factor of 1.7, a division that is found
to separate stellar and extended sources.

size cuts (Equation 3, or 7 if i-band data are not avail-

able). This assumption is reasonable as most objects in

the literature in this size range are UCDs. There are

∼8000 Virgo objects with v < 3500 km/s and do not

satisfy our color or/and surface brightness cuts. Among

these objects, we find an additional 49 UCD candidates

through this “perturbation” method and henceforth re-

fer to them as “spectroscopically-selected UCD”.

In Table 1, we recover 66 of the 71 known UCDs us-

ing either our u∗giz- or u∗gizK-based methods (the re-

maining five do not meet all of our selection criteria). In

reality, two of these five “missing” UCDs are included in

the spectroscopically-selected UCD sample. The three

remaining UCDs have 〈rh〉 = 0.0 (due to the bad image

quality in this region), 10.1 and 10.8 pc individually:

i.e., two of the three are slightly smaller than our size

criterion.

3.6. Visual Inspection

As explained above, we have objectively selected 828

UCD candidates: 779 and 49 based on photometric and

spectroscopic information, respectively. As a final hedge

against contamination, we execute one last step — vi-

sual inspection of the NGVS images, whereby we clas-

sify each candidate as either a: (1) = probable UCD;

(2) = dwarf nucleus; (3) = background galaxy; (4)

= blended object; (5) = star; (6) = star-forming

region.

Some contaminants can be difficult to identify from

visual inspection alone and, in such cases, we classify

objects using additional information. For example, a

nucleated dwarf galaxy (class = 2) usually contains a
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Figure 8. UCD candidates are divided into six classes by visual inspection. From left to right: UCD – class = 1; nucleated
dwarf elliptical galaxy (dE,N) – class = 2; background galaxy – class = 3; blended object – class = 4; star – class = 5; star-
forming region – class = 6. The image size in each panel is 120 × 120 pixels, where 120 pixels ∼ 22.32′′ ∼ 1.8 kpc at Virgo
distance.

nucleus at its photocenter (although some are slightly

off-centered) and a stellar halo component surrounding

it. Some UCDs are also embedded in low-surface bright-

ness envelopes (e.g., Haşegan et al. 2005) making it dif-

ficult to distinguish dE,Ns from UCDs with envelopes.

We therefore classify objects as dE,Ns only when they

appear in either the VCC (Binggeli et al. 1985) or NGVS

galaxy catalogs (Ferrarese et al. 2020). Background

galaxies are identified with the help of redshift measure-

ments, and all objects with vr > 3500 km/s are immedi-

ately classified as such (class = 3). Blended objects

(class = 4) are relatively easy to identify, although

they may not be separable in NGVS images if they are

too close. We make use of Gaia DR2 data (Riello et al.

2018) to help further separate UCDs and stars (class

= 5), in that stars can have significant proper motions

(i.e., 3σ significance) and UCDs can be resolved in Gaia

imaging (see Voggel et al. 2020). Figure 7 shows the

BP/RP flux excess factor, which is defined as flux ratio

(IBP + IRP )/IG, as a function of Gaia G band mag-

nitude. Briefly, the fluxes in BP and RP bands (IBP

and IRP ) are measured in a window of 3.5× 2.1 arcsec2

while the flux in G band (IG) is derived from PSF fit-

ting. For point sources, the flux excess factor should be

&1 (the BP and RP filters overlap at around 6500Å and

are broader than the G band, especially at the red side,

see Evans et al. 2018). As shown in Figure 7, most of

Gaia targets have small flux excess factors while the ex-

cess factor of extended objects can be much larger: e.g.,

most of our UCD candidates (blue circles) in Figure 7

have excess factors of 2–4. We draw a line at an ex-

cess factor of 1.7 and classify sources below this level as

stars. Finally, the star-forming regions (class = 6) are

also easy to identify due to their blue colors.

In summary, among our 828 UCD candidates, we find

612 probable UCDs (598 identified on the basis of pho-

tometry alone), 41 nucleated dwarf galaxies, 132 back-

ground galaxies, 12 blended objects, 14 stars and 17

star-forming regions. Representative images for these

six types of objects are shown in Figure 8. As can be

seen in the final two columns of Table 2, 235 of the pho-

tometrically identified UCDs are u∗gizK-selected while

the remaining 363 are u∗giz-selected. The UCD can-

didates initially selected based on other methods (i.e.,

u∗gzK, u∗gz, gizK, giz, gzK, and gz) are classified as

contaminants after visual inspection — one of the rea-

sons that we only test the u∗giz- and u∗gizK- selection

methods in §3.3.

3.7. Catalog of UCD Candidates

Tables 3 and 4 present observed and derived parame-

ters for all of our UCD candidates7. Since visual inspec-

tion is inevitably subjective, we list all 828 objectively-

selected candidates in these tables. We plan to measure

radial velocities in future spectroscopic campaigns and

assess their Virgo membership directly. Indeed, some

of these “contaminants” (such as apparent star-forming

regions with UCD-like sizes) are interesting in their own

right and will be investigated in future papers.

3.8. Summary of UCD Selection Function

Given the complexity of our methodology, Figure 9

summarizes our UCD selection function in the form of

a flowchart. An inspection of this figure shows that our

selection process involves two main channels: one based

on photometry (right) and the other on spectroscopy

(left), which we now describe.

We begin with the photometric algorithm. There are

346,948 objects in the NGVS that satisfy our magni-

tude (14.0 < g0 < 21.5 mag) and ellipticity (e < 0.3)

cuts. All of these objects have g- and z-band data, while

u∗-, i- and K-data are more limited. Note that only

objects detected in our short exposures lack u∗- and i-

band data (see Figure 2), and so are drawn from the

bright end of the UCD luminosity function. We then

apply successive cuts based on each object’s color (or

colors), surface brightness (Equation 2), position in the

gzK diagram (Equation 5; if K-band data available),

and half-light radius (Equation 3 if i-band data avail-

able; otherwise Equation 7). Our color cuts are based

7 See https://gax.sjtu.edu.cn/data/UCDs.html
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Figure 9. The “Pachinko Machine” plot illustrating the UCD selection methods used in this study. Our UCD selection is
based on the combination of magnitude (14.0 < g0 < 21.5 mag), ellipticity (e ≡ (1 − b/a) < 0.3), color-color diagram, surface
brightness and half-light radius cuts and visual inspection. In total, a sample of 612 UCDs were identified in NGVS imaging.
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on the u∗gz diagram (Equation 4) for those objects hav-

ing u∗-band data; otherwise, we consider the (g−z) color

alone (Equation 6).

These selection criteria dramatically reduce our origi-

nal photometric sample from 346,948 objects to 779 can-

didate UCDs. With the assist of Gaia (see Figure 7), 11

of these candidates are re-classified as stars. To further

reduce the number of contaminants, we place a cut on

radial velocities (when available) and visually inspect

the candidates (see Figure 8). Another fifty-one candi-

dates are removed for having a radial velocity in excess

of v = 3500 km/s and 119 more are removed following

visual inspection. The latter group is comprised of 27

dE,Ns, 81 background galaxies and 11 blended objects.

Our final photometric UCD sample contains 598 UCD

candidates.

We now describe the spectroscopic selection function

depicted in Figure 9. As stated earlier, this path is in-

tended to select UCD candidates that fall outside our

color and/or surface brightness selection windows. Us-

ing this approach, we find 49 more candidates which

meet our radius cuts, while visual inspection shows

that they are comprised of 14 probable UCDs, 17 star-

forming regions, 14 dE,Ns, 3 stars and 1 blended object.

Overall, we have identified 612 UCD candidates, the

majority of which (598) come from our photometric se-

lection function. This constitutes the largest sample of

UCD candidates identified to date. While we would pre-

fer a simple and homogeneous selection, the lack of data

in the u∗, i, and K bands over the full NGVS footprint

necessitates certain compromises. That said, the great

majority (598/612 ' 97.7%) of these UCD candidates

have been selected based on their u∗giz or u∗gizK col-

ors.

We refer to the full group of candidates as the “all

UCD sample”. Within this group, 235 candidates have

been selected on the basis of their u∗gizK data, so we

refer to this as the “u∗gizK UCD sample”. We also

have a “spec-UCD sample”, which contains the 203 can-

didates that have been spectroscopically confirmed as

members of the Virgo cluster. The “all UCD sample”

has the highest completeness but the largest number

of contaminants. Conversely, the “spec-UCD sample”

has the fewest contaminants but is inevitably biased

by the choice of spectroscopic targets. Finally, the

“u∗gizK UCD sample” strikes the greatest balance be-

tween completeness, contamination, and homogeneity

(see Table 1).

3.9. UCDs from Previous Studies

As nearest rich cluster of galaxies, many previous in-

vestigations have studied UCDs in virgo (e.g., Haşegan

et al. 2005; Jones et al. 2006; Evstigneeva et al. 2007b;

Strader et al. 2011; Liu et al. 2015a; Zhang et al. 2015;

Ko et al. 2017). Our sample contains 186 UCDs that

have already been reported, while 29 systems from pre-

vious work are excluded. We list the properties of each

member of the latter group in Table 5, including name,

right ascension, declination, ellipticity, magnitude, half-

light radius, radial velocity, the sources of velocity mea-

surements, and the primary reason why it is not included

in our sample. Among these 29 UCDs, six are fainter

than g0 = 21.5 mag, three have high ellipticity (e > 0.3),

12 do not satisfy the radius criteria, four are located just

outside the selection window in (g− z)0 vs. µg diagram,

two are classified as background galaxies by gzK dia-

gram, and two escaped detection in the NGVS images

because they are projected close to saturated stars. We

also note that 9 of these 29 UCDs lack radial velocity

measurements.

4. RESULTS

To understand the nature and origin of UCDs — and

the extent to which they differ from other compact stel-

lar systems — it is important to first understand how

their properties compare to those of GCs and nuclei,

where evolutionary links to UCDs may exist. To this

end, we now describe various samples of each class of

compact stellar system in Virgo available to us.

Globular Clusters:

• ACSVCS GCs: The sample of GCs from the HST

ACS Virgo Cluster Survey. The objects with

pgc > 0.95 are included in this sample, where pgc
represents the probability that an object is a GC

(Peng et al. 2006a; Jordán et al. 2009).

• Bright GCs: A magnitude-limited (g0 < 21.5

mag) sample of NGVS objects that satisfy our

UCD selection criteria but have 〈rh〉 < 11 pc. This

sample includes GC candidates without velocity

measurements and GCs with vr < 3500 km/s.

Background galaxies with vr > 3500 km/s are re-

moved from the sample.

• Spec GCs: The subset of bright GCs with radial

velocities vr < 3500 km/s.

Ultra Compact Dwarfs:

• All UCDs: Our full sample of 612 UCD candi-

dates, which satisfy all of our selection criteria and

pass our visual inspection. Amongst this sample,

203 (∼1/3) have vr < 3500 km/s; all others lack

radial velocity information.
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Table 5. The properties of UCDs which are in previous studies but not included in this study.

Name αJ2000 δJ2000 e g0 〈rh〉 vr vsource Note

(deg) (deg) (mag)) (pc)) (km/s)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

S1508 187.6308727 12.4235661 0.07 22.018 · · · 2419 S11 g0 > 21.5 mag

S825 187.7126346 12.3554004 0.16 21.613 · · · 1142 S11 g0 > 21.5 mag

S723 187.7239811 12.3393933 0.07 21.737 · · · 1398 NED,S11 g0 > 21.5 mag

H44905 187.7378222 12.3944049 0.20 21.921 · · · 1564 NED,S11 g0 > 21.5 mag

H30401 187.8279366 12.2624564 0.18 21.593 · · · 1323 NED,S11 g0 > 21.5 mag

T15886 188.1520299 12.3491986 0.23 22.974 · · · 1349 NED,S11 g0 > 21.5 mag

S991 187.6937514 12.3382605 0.34 20.701 16.67 1004 S11 e > 0.3

S672 187.7280306 12.3606434 0.31 20.739 15.50 735 S11 e > 0.3

NGVS-J124002.08+105517.2 190.0086686 10.9214418 0.50 21.338 3.48 · · · · · · e > 0.3

NGVS-J122926.23+081658.8 187.3593098 8.2829991 0.05 21.373 9.06 465 MMT14 〈rh〉 < 11 pc

NGVS-J123009.17+074127.5 187.5381980 7.6909633 0.08 19.449 10.76 · · · · · · 〈rh〉 < 11 pc

NGVS-J123015.56+083445.0 187.5648407 8.5791729 0.07 20.822 10.33 -129 MMT14 〈rh〉 < 11 pc

H20718 187.5818069 12.1568298 0.03 20.989 10.76 876 MMT09,S11 〈rh〉 < 11 pc

M87UCD-31 187.7305441 12.4110907 0.02 20.860 10.09 1301 MMT09 〈rh〉 < 11 pc

M87UCD-14 187.7681413 13.1784860 0.12 20.200 10.83 1345 MMT09,AAT12 〈rh〉 < 11 pc

NGVS-J122849.25+075919.4 187.2051905 7.9887156 0.03 21.179 13.37 · · · · · · |rh,g − rh,i| > (rh,g + rh,i)/2

NGVS-J123004.35+073932.2 187.5181421 7.6589449 0.09 21.437 11.19 1043 MMT14 |rh,g − rh,i| > (rh,g + rh,i)/2

S8005 187.6925322 12.4064233 0.02 20.444 27.91 1883 S11 |rh,g − rh,i| > (rh,g + rh,i)/2

S9053 187.7013369 12.4946708 0.16 21.313 30.25 829 S11,IMACS16 |rh,g − rh,i| > (rh,g + rh,i)/2

S686 187.7242079 12.4718872 0.05 20.499 16.31 817 S11 |rh,g − rh,i| > (rh,g + rh,i)/2

S6003 187.7922587 12.2744282 0.08 21.277 14.19 1818 S11 |rh,g − rh,i| > (rh,g + rh,i)/2

NGVS-J122806.14+065909.0 187.0255686 6.9858243 0.19 20.200 27.66 · · · · · · (g − z)0 VS. µg diagram

NGVS-J123949.21+110135.3 189.9550398 11.0264758 0.03 21.080 12.73 · · · · · · (g − z)0 VS. µg diagram

NGVS-J124216.65+114428.6 190.5693756 11.7412681 0.06 21.273 12.44 · · · · · · (g − z)0 VS. µg diagram

NGVS-J124244.72+111240.5 190.6863239 11.2112384 0.12 20.491 32.90 · · · · · · (g − z)0 VS. µg diagram

NGVS-J122708.94+074228.3 186.7872607 7.7078639 0.08 19.340 47.81 · · · · · · (g − z)0 VS. (z − KUKIDSS)0 diagram

NGVS-J122828.60+070228.2 187.1191854 7.0411563 0.11 20.646 28.26 · · · · · · (g − z)0 VS. (z − KUKIDSS)0 diagram

S887 187.7038900 12.3654400 · · · 21.190 · · · 1811 S11 Fail to detect

H30772 187.7419100 12.2672800 · · · 20.750 · · · 1225 NED,S11 Fail to detect

NOTE– (1) UCD name; (2) RA; (3) Dec; (4) Ellipticity; (5) g band magnitude; (6) Half-light radius; (7) Radial velocity; (8)The source of velocity measurement;
(9) The reason why this UCD is not included in this study.

• u∗gizK UCDs: The subset of 235 UCDs selected

from u∗gizK data, a fraction of which have veloc-

ity measurements.

• Spec UCDs: The subset of 203 UCDs with vr <

3500 km/s.

Stellar Nuclei:

• All nuclei: The entire sample of 551 nuclei from

the NGVS galaxy catalog (Sánchez-Janssen et al.

2019; Ferrarese et al. 2020).

• Bright nuclei: The subset of 339 bright (g0 <

21.5 mag) nuclei from the NGVS galaxy catalog.

• u∗gizK nuclei: The sample of 41 nuclei that sat-

isfy our UCD selection criteria and are classified

as dE,Ns by visual inspection (i.e., class=2).

In the analysis that follows, we mainly focus on the

bright GCs, u∗gizK UCDs and bright nuclei sam-

ples. This means that, for the first time, we are using

homogeneous samples of GCs, UCDs and nuclei selected

from the same data set using consistent selection crite-

ria. We also use the ACSVCS GCs, all UCDs and all

nuclei samples when we require higher completeness,

while the spec GCs and spec UCDs samples are drawn

on when cleaner samples are required.

A complementary approach is to study individual

UCDs with special properties that can shed light on

their origins. For example, Seth et al. (2014) found a

supermassive black hole (SMBH) in M60-UCD1, which

comprises 15% of the system’s total mass. This single

piece of evidence strongly suggests that the progenitor

of M60-UCD1 was a nucleated dwarf galaxy.

In this section, we will summarize the basic statistical

properties of our UCD samples, compare to those of

GCs and nuclei, and examine interesting sub-samples of

UCDs found in the NGVS (e.g., Liu et al. 2015b).

4.1. Spatial Distribution

The upper two panels of Figure 10 show number den-

sity maps for our all UCDs sample in Virgo. Durrell

et al. (2014) found that the spatial distribution of Virgo

GCs is similar to that of its X-ray-emitting gas, so we

compare the distribution of UCDs (color-coded number

density map) and X-ray gas (contours) in panel (a) of

Figure 10. Consistent with Durrell et al. (2014), we find

the densest concentrations of UCDs (i.e., the brightest

regions in the map) are located in the regions that have

the greatest amount of X-ray gas. This finding is also
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Figure 10. The number density map of 612 all UCDs (upper panels) and 235 u∗gizK UCDs (lower panels) identified in the
NGVS. The maps have been smoothed with a Gaussian kernel with fixed FWHM ≈ 12′. The white solid polygon in each panel
denotes the NGVS survey region. We have no UKIDSS K-band data above the white dashed line in each panel. The contours
in left panels show the distribution of X-rays from the Rosat all sky survey in the 0.4-2.4 keV energy range (Böhringer et al.
1994). In the right panels, we show the locations of a few bright galaxies (black crosses) and known galaxy sub-structures (color
circles). The contours in panel (d) show the number density contours of ΣUCD = 5, 8, 15, 30 and 60 deg−2.

consistent with the observed correlation between num-

ber of UCDs and the X-ray gas mass of their host (NUCD

vs. Mgas; see Figure 17 in Liu et al. 2015a).

The number density map shown in the panel (b) is the

same as in the panel (a), but overlaid with known sub-

structures in the cluster (i.e., the colored circles). The

locations and radii of the substructures are taken from

Boselli et al. (2014). Most of the UCDs are concentrated

in sub-cluster A (green), sub-cluster B (blue) and sub-

cluster C (yellow) (see also Liu et al. 2015a). There are

far fewer UCDs in the other three substructures: the

W’ (cyan), W (purple) and M clouds (red). This may

be due, in part, to the fact that these three substruc-

tures are located farther away from us (Mei et al. 2007;
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Figure 11. The distribution of z-band magnitudes (left panel) and stellar masses (right panel) for compact stellar systems
in Virgo. Blue short-dashed line: all UCDs sample (612 candidates); green solid line: u∗gizK UCDs sample (235 candidates);
orange dotted line: spec UCDs sample (203 candidates); black long-dashed line: 92 UCDs from Liu et al. (2015a); cyan line:
ACSVCS GCs sample (Jordán et al. 2009); magenta line: all nuclei sample (Ferrarese et al. 2020).

Cantiello et al. 2018), making it more difficult to iden-

tify UCDs (by size). At the same time, the reduced gas

mass (see the contours in panel a) in these substructures

are also likely to be a factor. This is especially true for

the M cloud, which shows no significant amount of X-ray

gas. Based on the NUCD-Mgas scaling relation (Liu et al.

2015a) then, the absence of UCDs in this region would

not be surprising. In addition, the edges of the NGVS

footprint cut through the M and W clouds. This may

be another reason why we do not detect many UCDs in

these regions.

The lower two panels of Figure 10 show number den-

sity maps for our u∗gizK UCDs sample. As noted above,

and as can be seen in the plots, this sample is notice-

ably cleaner. We also point out that the number densi-

ties from the all UCDs sample are higher in the regions

without UKIDSS K-band data (above the white dashed

lines in panels (a) and (b)), indicating elevated contami-

nation in this region. The u∗gizK UCDs are mainly con-

centrated around a handful of luminous galaxies: e.g.,

M87, M49, M60, M59, M86 and M89 (black crosses).

The galaxies with low densities of UCDs cannot be seen

in this map as we smooth the distribution using a large

kernel (∼12’ ∼ 60 kpc).

Table 8 of Liu et al. (2015a) presents estimates of the

number density of contaminants in the NGVS based on

four control fields. The mean density for our u∗giz-

selection method is 2.25 deg−2. As demonstrated in

§3.3, our u∗gizK-selection method should be much

cleaner by comparison. Indeed, Liu et al. (2015a) es-

timated the contaminant number density using their

u∗giKVISTA selection method to be just 0.9 deg−2 (the

last row of their Table 8). The contours in panel (d)

represent number densities of ΣUCD = 5, 8, 15, 30 and

60 deg−2. We note that there are a few regions with

ΣUCD > 5 deg−2 that fall outside of any known sub-

structures. They may be intracluster UCDs or UCDs

associated with low- or intermediate-mass galaxies (e.g.,

Fahrion et al. 2019). We intend to focus on these regions

in future papers.

4.2. Luminosity and Stellar Mass Distribution

Our homogeneous sample provides us with an oppor-

tunity to carry out a study of the UCD luminosity func-

tion (UCDLF). The left panel of Figure 11 shows his-

tograms of z-band magnitudes for a variety of UCD

samples, which are identified in the upper-left corner.

The distribution for the all UCDs sample (blue, short-

dashed histogram) has a higher peak value than all other

UCD samples, which we suspect is due to contamination

(especially at the faint end). Note that the truncation

at z0 ∼ 21.0 mag is the result of our magnitude cut at

g0 = 21.5 mag and is therefore artificial.

For the other, smaller samples of UCDS, we find a

peak at roughly z0 ∼ 19.75 mag. Note that the spec

UCDs sample (orange dotted line) may be biased be-
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cause brighter UCDs are more amenable to spectro-

scopic follow-up. The u∗gizK UCDs sample (green solid

line) has higher completeness than the spec UCDs sam-

ple but is limited by the shallow UKIDSS K-band imag-

ing, which may cause us to miss some objects at the faint

end. The UCD sample from Liu et al. (2015a) (black

long dashed line) is the best available based strictly on

the u∗giKs selection method, where the Ks-band data

reach to ∼ 24 mag. For comparison, we also show in

Figure 11 the GC luminosity function (GCLF) from

the ACSVCS (cyan line), which exhibits the well-known

turnover for this population (e.g., Jordán et al. 2007;

Villegas et al. 2010). Despite the fact that three of our

UCDLFs also exhibit turnovers, we cannot ensure that

these features are authentic. It is quite probable that,

depending on where we place our (subjective) size cut

(set at rh = 11 pc), the prominence and location of this

peak would change.

The right panel of Figure 11 shows distributions of

stellar mass for UCDs and nuclei. Stellar masses have

been determined using the relationships between stellar

mass-to-light ratios and colors from Bell et al. (2003).

We calculate four sets of stellar masses, based on the

relations for (u − g), (u − i), (u − z) and (g − z) col-

ors (see their Table 7), and use the mean value for each

object in the figure. Other than the all UCDs sample,

there appears to be a peak in the UCD stellar mass func-

tion at M∗ ∼ 106.6 M�, roughly equivalent to that seen

in the UCDLF. Again though, because of our selection

criteria, we cannot be sure whether this is a genuine

characteristic of the UCD population.

The magenta lines in both panels of Figure 11 show

the luminosity and mass functions for the all nuclei

sample that consists of 551 dE,N nuclei. The nuclei

LF shows a clear turnover around z0 ∼ 20.5 mag and

M∗ ∼ 106.2 M� and covers a larger stellar mass range

(105.0 .M∗ . 108.5 M�) than UCDs. Sánchez-Janssen

et al. (2019) studied the mass function of nuclei in the

Virgo core region and found a peak at M∗ ∼ 106.08 M�,

which is consistent with the result in this study.

4.3. Color Distribution

It is well established that bimodal color distributions

are a common feature of GC systems in massive elliptical

galaxies (e.g., Gebhardt & Kissler-Patig 1999; Kundu

& Whitmore 2001; Peng et al. 2006a). Interestingly, a

bimodal color distribution has also been observed for the

UCDs surrounding M87 (Liu et al. 2015a), making it the

only galaxy in the Virgo cluster that shows significant

UCD color bimodality.8 With our new UCD sample, we

can examine for the first time the color distribution for

UCDs distributed over the entire Virgo cluster.

Figure 12 shows the color distribution for the ACSVCS

GCs (the first row, magenta histogram), bright GCs

(the second row, cyan histograms), u∗gizK UCDs (the

third row, green histograms) and bright nuclei (the

forth row, purple histogram). All objects are brighter

than g0 = 21.5 mag. Because we have only g and z data

for the ACSVCS GCs, the first row shows only a (g − z)0

distribution. By contrast, a total of six color indices –

(u∗−g)0, (u∗−i)0, (u∗−z)0, (g−i)0, (g−z)0 and (i−z)0

– are shown (from left to right) in the second, third and

forth rows. The distributions of GCs, UCDs and nuclei

have red tails for all indices except (i − z)0 for the nu-

clei. To quantify the bimodality of color distributions,

we use Gaussian Mixture Modeling (GMM; Muratov &

Gnedin 2010) and assume a homoscedastic distribution:

i.e., two sub-populations having the same dispersions.

As described by Muratov & Gnedin (2010), a dimen-

sionless peak separation ratio D (see Equation A3 in

their paper) should be larger than 2 for a bimodal dis-

tribution. We measure D for the color distribution in

each panel of Figure 12. The D parameters for GCs

and UCDs are larger than 2 while those for nuclei are

smaller than 2. In addition, the unimodal distribution

is rejected at a level better than 1% for bright GCs and

better than 0.1% for ACSVCS GCs and u∗gizK UCDs.

The best-fit GMM models are shown in Figure 12 as

well. For those distributions found to be bimodal, blue

and red curves are used to represent the individual com-

ponents (with vertical dashed lines marking their respec-

tive means), while the black curves represent their sums.

Conversely, where unimodal distributions are favored,

we show the best-fit Gaussians (black curves) and the

corresponding means (vertical dashed lines).

In the case of a bimodal color distribution, GMM also

yields the probability that a given object belongs to the

blue or red component. We therefore calculate the frac-

tion of objects belonging to the blue sub-population,

fblue. The fblue, based on the (g − z)0 color index, is

77% (±4%), 84% (±1%) and 89% (±3%) for ACSVCS

GCs, bright GCs and UCDs. Based on ACSVCS data,

Peng et al. (2006a) concluded that the blue GC fraction

for individual galaxies ranges from 85% to 40%, and de-

creases with increasing host galaxy luminosity.

There are two main reasons why the blue fractions

are different between ACSVCS and bright GCs. First,

8 The bimodal UCD color distribution for M49 reported in Liu
et al. (2015a) has low statistical significance.
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ACSVCS GCs (g0 <2 1.5 mag), fblue,gz = 77% ± 4%

NGVS GCs (g0 < 21.5 mag), fblue,gz = 84% ± 1%

u*gizK UCDs (g0 < 21.5 mag), fblue,gz = 89% ± 3%

339 Nuclei (g0 < 21.5 mag), unimodal color distribution
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Figure 12. The color histograms for ACSVCS GCs (the first row, magenta histogram), bright GCs (the second row, cyan
histograms), u∗gizK UCDs (the third row, green histograms) and bright nuclei (the forth row, purple histogram). All objects
are brighter than g0 = 21.5 mag. Colors plotted, from left to right, are: (u−g)0, (u− i)0, (u−z)0, (g− i)0, (g−z)0 and (i−z)0.
For the bimodal color distributions, we show blue and red Gaussian components (blue and red curves) and their sums (black
curves). For the unimodal color distributions, we plot the best fit single Gaussians using black curves. The vertical dashed
line(s) shows the mean(s) of the associated color distribution(s).

the blue fraction of bright GCs is calculated over the

entire cluster which contains many more dwarf galax-

ies (which have higher fblue) than the ACSVCS galaxy

sample. Second, as described in Jordán et al. (2005),

almost all the GCs in the Virgo cluster can be resolved

in ACSVCS imaging, which enables a very clean GC

selection (see Peng et al. 2006a; Jordán et al. 2009),

while our bright GC sample is contaminated by many

background galaxies when the K-band data is not avail-

able (see Table 1). Therefore, our bright GC sample

contains more dwarf galaxies and is less pure than the

ACSVCS GC sample, causing it to have a higher blue frac-

tion. For nuclei, we can see from the last row of Fig-

ure 12 that the vast majority are blue with just a few

having red colors. Since a unimodal distribution is pre-

ferred for this group, we are unable to calculate a blue

fraction on the basis of GMM alone. However, consid-

ering that the blue and red components for GCs and

UCDs cross at (g − z)0 ∼ 1.1, we can split the nuclei

distribution at this color to calculate their blue fraction.

In so doing, we find an fblue ∼ 95%.

To summarize, for objects brighter than g0 = 21.5,

GMM fitting shows that GCs and UCDs exhibit bimodal

color distributions while the nuclei follow a unimodal

distribution with a small tail to red colors. Ordering

these groups of compact stellar systems by fblue, from

low to high, yields: ACSVCS GCs < bright GCs . UCDs

< bright nuclei.

4.4. Size Distribution
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Figure 13. Left panel: Mean half-light radius vs. (g − z)0

color for spec GCs (cyan filled circles) and UCDs (all UCDs:
blue open circles; u∗gizK UCDs: green filled semi-circles;
spec UCDs: orange filled semi-circles). The four larger cir-
cles are those UCDs that are known to host SMBHs: i.e.,
M60-UCD1 (Seth et al. 2014), M59-UCD3 (Ahn et al. 2018),
M59cO (Ahn et al. 2017) and VUCD3 (Ahn et al. 2017). The
five thicker blue circles denote the five bright UCDS in Fig-
ure 14 that have not yet been studied for SMBHs. The verti-
cal black dotted line shows the (g−z)0 color, which is used to
divide the GCs and UCDs into red and blue sub-populations.
Right panel: rh distribution for all UCDs (blue long-dashed
line), u∗gizK UCDs (green solid line), spec UCDs (orange
short-dashed line), and spec GCs (cyan dotted line). The
horizontal black dotted line in both panels shows a half-light
radius of 11 pc, which is used to separate UCDs from GCs.

In order to select UCDs, we have measured half-light

radii for all bright objects (g0 < 21.5) in the NGVS foot-

print using KINGPHOT. The left panel of Figure 13

plots 〈rh〉 versus (g − z)0 for our all (blue open cir-

cles), u∗gizK (green filled semi-circles), and spec UCDs

samples (orange filled semi-circles), and spec GCs sam-

ple (cyan dots). It is worth noting that the majority

of UCDs with very blue colors, (g − z)0 . 0.7, lack

radial velocity measurements, a situation we aim to im-

prove upon through dedicated spectroscopic follow-up.

The right panel shows the distribution of half-light radii

for both UCDs and GCs. The dotted horizontal line

marks 〈rh〉 = 11 pc, the size used to separate GCs from

UCDs, while the dotted vertical line indicates the color,

(g − z)0 = 1.1, used to divide the UCDs into blue and

red sub-populations (see §4.3).

The mean rh of UCDs is rh = 19.8 pc with a standard

deviation of σrh = 6.8 pc. For sub-populations, the

mean rh and standard deviations are rh = 20.0 pc and

σrh = 6.8 pc for the blue UCDs, and rh = 14.6 pc and

σrh = 3.8 pc for the red UCDs. The blue UCDs are

larger and cover a wider range in half-light radius than

red ones.

As discussed in Liu et al. (2015a), when comparing

to HST-based values, we find that we overestimate the

half-light radii of smaller objects (rh . 11 pc). Thus,

we suspect that many diffuse GCs are included in our

UCD sample. This may explain why we see such a high

degree of similarity between the color distributions of

our NGVS-based samples of GCs and UCDs.

At the time of writing, SMBHs have been detected

in four Virgo UCDs. These objects (all of which were

objectively identified by our selection function) are indi-

cated by the large circles in the left panel of Figure 13).

These are M60-UCD1 (Seth et al. 2014), M59cO (Ahn

et al. 2017), VUCD3 (Ahn et al. 2017) and M59-UCD3

(Ahn et al. 2018). Interestingly, all four objects are

quite red, with colors of (g − z)0 ∼ 1.35. Based on

the color-magnitude relation for UCDs, we know that

the redder systems tend to be brighter. To date, no

blue UCD is known to contain a SMBH, although we

have many promising bright, blue UCD candidates in

our sample. These are obvious targets for future spec-

troscopic searches for SMBHs.

4.5. Sub-samples of Unique UCDs

As noted above, we find no significant color differ-

ences between our UCD and GC samples. However,

some UCDs, by virtue of their extreme or unusual prop-

erties, have a special significance for understanding the

origin of these systems and their relationship to “nor-

mal” GCs. In this section, we pause to consider these

unique UCDs.

4.5.1. The Brightest UCDs

We begin with the subset of UCDs that are known

to contain a SMBH. The first such detection was made

in M60-UCD1, where Seth et al. (2014) found a SMBH

of mass ∼ 2.1 × 107 M�. The inferred mass fraction

(15%) suggests that the progenitor of M60-UCD1 was

a dwarf galaxy. Soon afterwards, an even more mas-

sive system in Virgo, M59-UCD3, was co-reported by

Liu et al. (2015b) and Sandoval et al. (2015). Later,

Ahn et al. (2018) showed that this UCD also contains

a SMBH of mass 4.2× 106 M�. SMBHs have also been

found in two more Virgo UCDs, M59cO and VUCD3

(Ahn et al. 2017). The discovery that UCDs can harbor

SMBHs is crucial evidence of a dE,N origin for at least

some UCDs.

One property that unifies the four UCDs with known

SMBHs is their luminosity: they are all very bright.

Based on this, we have carried out a search for bright

UCDs using the NGVS short-exposures. Figure 14
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NGVS−UCD725 v= 440 km/s
M59−UCD3 g=16.71 mag

MBH = 4.2× 106 MO •

(Ahn et al. 2018)

NGVS-UCD753 v=1307 km/s
M60-UCD1 g=17.36 mag

MBH = 2.1× 107 MO •

(Seth et al. 2014)

NGVS-UCD719 v= 710 km/s
M59cO g=17.90 mag

MBH = 5.8× 106 MO •

(Ahn et al. 2017)

NGVS-UCD761 v= 848 km/s
g=18.74 mag

NGVS-UCD431 v= 713 km/s
VUCD3 g=18.76 mag

MBH = 4.4× 106 MO •

(Ahn et al. 2017)

NGVS-UCD218 v= -93 km/s
g=18.85 mag

NGVS-UCD736 v= 536 km/s
g=18.91 mag

NGVS-UCD453 v=1291 km/s
VUCD5 g=18.92 mag

NGVS-UCD357 v=1226 km/s
VUCD1 g=18.98 mag

Figure 14. NGVS g-band images for the brightest nine
UCDs in Virgo cluster. Radial velocities used to confirm
cluster membership are available for each of these objects.
Four of these UCDs are known to host SMBHs, the masses
of which are reported in the panels. The image size in each
panel is 120 × 120 pixels, where 120 pixels ∼ 22.32′′ ∼ 1.8
kpc at Virgo distance.

presents g-band cutouts for the nine brightest UCD can-

didates in our sample, which shows that M59-UCD3,

M60-UCD1 and M59cO are the brightest three UCDs

in all of Virgo, and the only three brighter than g0 = 18

mag. The next brightest UCD, NGVS-UCD761, with

g0 = 18.74 and (g − z)0 = 1.11, represents a new

detection and is a tantalizing target for future SMBH

searches.

Figure 15 shows the locations of the 23 UCDs in Virgo

that are brighter than g0 = 19.5 mag. The red stars

represent the three brightest systems. We note that

the third- (M59cO) and fourth-brightest UCDs (NGVS-

UCD761) are separated by a significant magnitude gap

(∆g0 = 0.84 mag). The fourth (g0 = 18.74 mag) to

ninth-ranked (g0 = 18.98 mag) UCDs are shown as

black squares in Figure 15, while blue triangles repre-

sent UCDs in the range of 19.0 < g0 < 19.5 mag.

Interestingly, all 23 UCDs with g0 < 19.5 mag are

located in Virgo’s three main sub-clusters (black dotted

circles). About half of these objects are in Cluster A

(centred on M87) — 4 with 18.5 < g0 < 19.0 and 11

19.0 < g0 < 19.5. Curiously, the brightest three UCDs

are all located in Cluster C, a much smaller sub-cluster

centred on M60. On the contrary, only one bright UCD

(20th-ranked; g0 = 19.39) is found in Cluster B (centred

Cluster A

Cluster B

Cluster C
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No UKIDSS K band Data

g0<18.0 mag

18.5<g0<19.0 mag

19.0<g0<19.5 mag

Figure 15. The spatial distribution of bright u∗gizK UCDs

with g0 < 19.5 mag. Red stars show the three UCDs with
g0 < 18.0 mag. Black squares show the six UCDs with 18.5 <
g0 < 19.0 mag (note that there are no UCDs are in the
magnitude range 18.0 < g0 < 18.5 mag). Blue triangles show
the fourteen UCDs with 19.0 < g0 < 19.5 mag. Contours
show the surface density distributions for the sample of 235
u∗gizK UCDs (see Figure 10). The large dotted circles show
Virgo’s three main sub-clusters: i.e., clusters A, B and C,
which are centred on M87, M49 and M60, respectively.

on M49). It is puzzling why Cluster C is so special

in this regard. Perhaps the fact that this substructure

contains two massive galaxies in close proximity to one

another makes it a conducive environment to forming

bright UCDs (e.g. through tidal stripping).

4.5.2. The Largest UCDs

Figure 16 shows g-band cutouts for the nine largest

UCDs in our sample. The largest, NGVS-UCD769

(〈rh〉 = 58 pc9.), also happens to be the brightest

(g0 = 19.11 mag) and reddest one ((g − z)0 = 1.27) of

this sub-sample; the remaining eight all have (g− z)0 .
1.1. There is, interestingly, no overlap between the nine

brightest and nine largest UCDs in our sample. Only

two of the largest UCDs currently have measured radial

velocities.

We note that three UCDs in Figure 16 (NGVS-

UCD549, 506 and 757) have bright neighbors. Recall

9 Note that the largest nucleus in Virgo has rh ∼ 60 pc (Côté et al.
2006)
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that when we measure the half-light radius of an object,

KINGPHOT fits the image using PSF-convolved King

models within a fitting radius, rfit (15 pixels here). In

Figure 3, we compare rh measurements based on differ-

ent fitting radii, rfit = 7 or 15 pixels. The measurements

are fully consistent even for the UCDs surrounding the

three most luminous galaxies in the Virgo cluster (M87,

M49 and M60). We conclude then that light from neigh-

boring galaxies does not seriously affect our rh measure-

ments. In addition, we test our measurement procedure

by injecting artificial UCDs across a range of environ-

ments covered by the NGVS footprint. We find that the

KINGPHOT measurements are quite robust unless the

UCD falls very close to a bright point source, like the

blended objects shown in Figure 8.

Using the ACSVCS data, Jordán et al. (2005) found

the vast majority of GCs in the Virgo cluster are smaller

than rh = 10 pc, with their average size being 〈rh〉 =

2.70 ± 0.35 pc. In addition, they found no correlation

between half-light radius and luminosity for bright GCs

(z ≤ 22.9 mag). Meanwhile, using ACSVCS data as

well, Côté et al. (2006) found that nuclei follow a size-

magnitude relation, with more luminous nuclei having

larger half-light radii. A similar result has been found

for UCDs, although not as tight (i.e., more luminous

UCDs are usually larger; Côté et al. 2006; Penny et al.

2014). Dabringhausen et al. (2012) have also reported

that UCDs follow a size-magnitude relation, while GCs

do not.

It is worth pointing out that, several GCs in our

MW are also larger than rh = 10 pc (van den Bergh

& Mackey 2004). Such extended star clusters (ESCs)

have also been found around other nearby galaxies, e.g.,

M31 (Huxor et al. 2005, 2014), Scl-dE1 (Da Costa et al.

2009), M51 (Hwang & Lee 2008) and NGC 6822 (Hwang

et al. 2011). These ESCs mainly populate the faint

end of the GCLF (Peng et al. 2006b; Liu et al. 2016),

with those around the MW and M31 being fainter than

MV = −7 (van den Bergh & Mackey 2004; Hwang et al.

2011). Conversely, the typical UCD is brighter than

ESCs by two magnitudes or more (−13 < MV < −9

mag; Willman & Strader 2012), and more still for the

largest UCDs. Therefore, it is quite likely that the

largest UCDs in Virgo originate under different circum-

stances than “normal” GCs.

4.5.3. UCDs with Asymmetric/Tidal Features

If tidal stripping of dE,Ns produce UCDs, then we

should be able to find some objects undergoing such

a transformation (i.e., UCDs that exhibit asymmetries

and/or tidal features). Of course, this exercise may be

complicated by short transformation timescales and/or

NGVS−UCD769 v=1262 km/s
rh = 58.0 pc g=19.11 mag

NGVS−UCD650
rh = 55.7 pc g=19.39 mag

NGVS−UCD549 v= 817 km/s
rh = 44.4 pc g=20.26 mag

NGVS−UCD558
rh = 43.6 pc g=20.33 mag

NGVS−UCD83
rh = 43.5 pc g=20.09 mag

NGVS−UCD506
rh = 43.2 pc g=20.00 mag

NGVS−UCD654
rh = 39.3 pc g=19.81 mag

NGVS−UCD145
rh = 39.0 pc g=20.46 mag

NGVS−UCD757
rh = 38.9 pc g=20.18 mag

Figure 16. NGVS g-band images for the largest nine UCDs
in Virgo cluster. The image size in each panel is 120 × 120
pixels, where 120 pixels ∼ 22.32′′ ∼ 1.8 kpc at the distance
of Virgo.

potentially low surface brightnesses of any stripped ma-

terial (Pfeffer & Baumgardt 2013). Nonetheless, a few

UCDs with asymmetric or tidal features have indeed

been found in recent years through deep surveys (e.g.,

Jennings et al. 2015; Mihos et al. 2015; Voggel et al.

2016; Schweizer et al. 2018). Another potential compli-

cation surrounds the interpretation of such features –

for instance, several GCs around the MW are known to

possess prominent tidal structures, such as NGC 6715

(Ibata et al. 1994; Bellazzini et al. 2008), Palomar 5

(Odenkirchen et al. 2001), and ω Cen (Ibata et al. 2019).

However, most of these objects have been flagged by

other studies as unusual members of the MW GC sys-

tem (Johnson et al. 2015; Milone et al. 2017; Gratton

et al. 2019), such that they are commonly held as rem-

nants of nucleated satellites that were disrupted by the

MW’s tidal field (e.g., Bekki & Freeman 2003; Majewski

et al. 2003; Küpper et al. 2015).

The high sensitivity of the NGVS images (µg . 29

mag arcsec−2; Ferrarese et al. 2012) allows us to search

for such features within our UCD sample. Our search

indeed results in a handful of UCDs with apparent asym-

metries. If confirmed as being tidal in origin, these

features would offer direct evidence that at least some

UCDs are the descendants of nucleated galaxies.

Figure 17 shows one candidate tidal structure asso-

ciated with NGVS-UCD330. This UCD (vr = 1628

km/s) is a satellite of VCC 1250 (vr = 1963 km/s).
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VCC1250

v = 1963 km/s

NGVS g band image

25 arcsec

NGVS−UCD330

v = 1628 km/s
g = 19.90 mag
rh = 19.7 pc

HST F475W band image

Figure 17. NGVS g-band image for galaxy VCC 1250. The
small panels shows the NGVS and HST images of NGVS-
UCD330, a UCD that shows signs of an extra-tidal structure.
The inset image with red contours is taken from the HST
ACS Virgo Cluster Survey.

It was previously identified as VCC1250 1 by Haşegan

et al. (2005), who also noted that it appeared to be

embedded in a diffuse envelope. Both the NGVS and

HST images in Figure 17 reveal an asymmetric struc-

ture emanating from this object and pointing towards

VCC 1250. Thus, NGVS-UCD330 may be an example

of a UCD caught in the act of losing what remains of

its diffuse envelope. The putative tidal stream associ-

ated with this UCD is unusual in that we only detect

one arm. However, we cannot rule out the second arm

as being hidden by projection or surface brightness ef-

fects. Follow-up spectroscopy of this object would help

us determine its origins.

4.5.4. UCDs with Envelopes

Using HST imaging, Haşegan et al. (2005) found three

UCDs in Virgo that are embedded within shallow en-

velopes — evidence that they may be related to the

nuclei of dE,Ns with extremely low surface brightness

and/or compact stellar halos. There are 22 UCD can-

didates in our sample that also have HST imaging from

the ACSVCS (Côté et al. 2004). We have checked these

HST images to look for envelopes. Some systems, like

NGVS-UCD298 (top panel of Figure 18), show no evi-

dence of envelopes in either the ACSVCS or NGVS im-

ages. Others, like NGVS-UCD414 (middle panel of Fig-

ure 18), have small envelopes that are visible only in the

NGVS−UCD298, g=20.85 mag, v=1113 km/s

NGVS−UCD414, g=19.71 mag, v=1327 km/s

NGVS−UCD190, g=19.89 mag, v= 759 km/s

Figure 18. HST F475W (∼ SDSS g-band) images (left pan-
els) and NGVS g-band images (right panels) for 3 UCD can-
didates, NGVS-UCD298, 414 and 190 (from top to bottom
panel). Each of these objects are confirmed radial velocity
members of the Virgo cluster (i.e., vr < 3500 km/s). The
image size in each panel is ∼ 0.9 kpc ×0.9 kpc.

ACSVCS images thanks to its exceptional image qual-

ity. The remainder, like NGVS-UCD190 (bottom panel

of Figure 18), have large (yet still diffuse) envelopes that

can be seen in both ACSVCS and NGVS images. In all,

we find about half of the 22 UCD candidates with HST

imaging are embedded in diffuse envelopes that are vis-

ible in the space-based images.

The above comparison demonstrates that we can de-

tect envelopes around UCDs in the NGVS imaging, pro-

vided they are large enough. Our search reveals 41 in-

stances of such features, and these cases have been ac-

cordingly flagged in Table 4. Most of these UCDs are

found around M87 and M60/M59, with just a couple lo-

cated sub-cluster B. Note that, in this section, we have

focused on UCDs with envelopes that are obvious based

on visual inspection — which is admittedly subjective.
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NGVS−UCD719, v= 710 km/s NGVS−UCD753, v=1307 km/s

NGVS−UCD509, v=1271 km/s NGVS−UCD735, v=1241 km/s

NGVS−UCD395, v=1304 km/s NGVS−UCD469, v=2104 km/s

Figure 19. NGVS g-band images for 4 UCDs (upper four
panels) and HST F475W (∼ SDSS g band) images for 2
UCDs (lower two panels) having visible envelopes. Each of
these objects are confirmed radial velocity members of the
Virgo cluster (i.e., vr < 3500 km/s). The image size in each
panel is the same with Figure 18.

Because this sample is not suitable for statistical anal-

ysis, we will postpone the detailed investigation of the

properties of UCD envelopes to future work (Wang et

al., in prep.). In the next section though we will intro-

duce a parameter, ∆env, to examine basic properties of

the envelope.

Figure 19 presents NGVS g-band images for four

UCDs (upper four panels) and HST F475W (∼SDSS g-

band) images for two UCDs (lower two panels) that are

confirmed radial velocity members of the Virgo cluster

and possess clear stellar envelopes. We see in both sets of

imaging that these envelopes have near-zero ellipticity.

From a morphological perspective, UCDs with diffuse

envelopes look quite similar to dE,Ns, adding weight

to the argument of an evolutionary connection between

the two classes. Moreover, NGVS-UCD719 (lower-left
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e=1−b/a
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Spec UCDs

Figure 20. The ellipticity distributions of all UCDs (blue
histogram), u∗gizK-UCDs (green histogram) and spec-UCDs

sample (orange histogram).

panel of Figure 19, also known as M59cO; Chilingarian

& Mamon 2008) and NGVS-UCD753 (lower-right panel

of Figure 19, also known as M60-UCD1; Strader et al.

2013) are two of the four UCDs known to possess central

SMBHs (Seth et al. 2014; Ahn et al. 2017). We do not,

however, observe any tidal features around them (e.g.,

Küpper et al. 2010; Jennings et al. 2015; Schweizer et al.

2018).

As with tidal features, the interpretation of envelopes

around Virgo UCDs is also potentially complicated by

the fact that similar structures have recently been de-

tected around the MW GCs NGC 7089 (Kuzma et al.

2016) and NGC 1851 (Kuzma et al. 2018). Once again

though, these GCs are unusual in their chemistries

(e.g., possessing broad dispersions in their abundances of

iron and neutron-capture elements; Johnson et al. 2015;

Milone et al. 2017), suggesting that they are actually

the remnant nuclei of disrupted nucleated galaxies.

5. DISCUSSION

We have selected candidate Virgo UCDs from a

combination of ellipticity, magnitude, colors, surface

brightness, half-light radii, visual inspection and, when

available, radial velocity. At the outset, we im-

posed a requirement that ellipticity e < 0.3 since

most spectroscopically-confirmed UCDs are quite round

(Zhang et al. 2015). We show the ellipticity distributions

of our UCD samples in Figure 20 to gauge the impact

this has on our selection function. As can be seen, the

ellipticity distributions peak at ∼0.05-0.07, and decrease

to roughly zero by e ≈ 0.3. We conclude then that the

criterion e < 0.3 does not significantly bias our selection

of UCDs.
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Figure 21. Mosaic of g-band images for 20 objectively selected UCD candidates from the NGVS. The image size is 120× 120
pixels (where 120 pixels = 22.32′′ ∼ 1.8 kpc in Virgo cluster). The upper row shows five nucleated dwarf galaxies (dE,N) from
the VCC catalog (Binggeli et al. 1985). All of them are confirmed spectroscopic members of the Virgo cluster (i.e., vr < 3500
km/s). Another five dE,Ns shown in the second row include two VCC galaxies (ID=613 and 141) and three newly discovered
galaxies from the NGVS (ID=257, 497 and 401; Ferrarese et al. 2020). Four of these five dE,Ns do not have radial velocity
measurements, but they are likely cluster members given their extended, low surface brightness envelopes. The rightmost
galaxy in this row (ID=141) is an ultra-diffuse galaxy (UDG) that has a large extent (larger than the figure size) and very
diffuse structure (e.g., Toloba et al. 2018). The third row shows five UCDs with apparent envelopes while the bottom row shows
another five UCDs that have no discernible envelope. All these ten UCDs are radial velocity members of the cluster (vr < 3500
km/s). The contours in each of the first 15 panels show the isophotes with constant surface brightness level. The innermost
isophote is 25 mag/arcsec2 and each interval between successive isophotes is 0.5 mag/arcsec2. The 10 dE,Ns (the top two rows)
have been sorted by the size of the stellar halo while the UCDs (the bottom two rows) by the envelope parameter, ∆env.

Our selection yields a catalog of more than 600 can-

didates within the ∼100 deg2 footprint of the NGVS,

making it the largest and most homogeneous UCD cat-

alog for any environment to date. Moreover, our selec-

tion algorithm also produces samples of bright GCs and

galactic nuclei, such that we can compare directly the

properties of these different populations.

Our large and complete sample also makes it possible

to identify groups of UCDs with extreme or interesting

properties, which may shed light on UCD origins in gen-

eral. In this section, we examine our results using both

approaches and discuss the implications for models of

UCD formation.

We begin by noting that the nuclei of dwarf galaxies

are embedded in stellar envelopes that can vary widely in
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Figure 22. The envelope parameter, ∆env, distribution for the spec GCs (cyan), all UCDs (blue), u∗gizK UCDs (green), spec
UCDs (orange), u∗gizK nuclei (black) and bright nuclei (red). We have divided the UCDs into two subgroups at ∆env = 0.06,
shown by the dotted vertical line.

surface brightness (see, e.g., Ferrarese et al. 2006; Spen-

gler et al. 2017; Toloba et al. 2018). In other words,

when we visually classify our UCD candidates, it can be

difficult to distinguish UCDs with faint envelopes from

nuclei in low-mass galaxies. To solve this, we remove

from our samples any objects that have been classified

as galaxies in either the VCC (Binggeli et al. 1985) or

the NGVS galaxy catalogs (Ferrarese et al. 2016, 2020).

Figure 21 shows a mosaic of NGVS g-band images for

representative sub-samples of ten dE,Ns and ten UCDs.

Most of these objects are confirmed radial velocity mem-

bers of Virgo. Note that this mosaic is an updated

version of Figure 32 in Liu et al. (2015a), which was

based on just ∼ 100 UCD candidates near M87, and

that the dE,Ns have been sorted by the prominence of

their stellar envelopes. We can see that the envelopes

of the first few dwarfs are significant, making it easy

to identify these systems as galaxies. However, as the

envelopes become progressively smaller and fainter, the

distinction between dE,Ns and UCDs becomes blurred.

For instance, it is difficult to distinguish the dE,Ns in

the second row of Figure 21 from the UCDs in the third

row, based on morphology alone. Note that the systems

in the second row are classified as galaxies in either the

VCC (ID = 613 and 141, Binggeli et al. 1985) or NGVS

galaxy catalogs10 (Ferrarese et al. 2016; Sánchez-Janssen

et al. 2019; Ferrarese et al. 2020). Finally, as the bottom

row of Figure 21 illustrates, most of our UCD candidates

do not have visible envelopes, or they are too diffuse to

detect with NGVS imaging.

Figure 21 prompts an obvious question: might there

be an evolutionary sequence that links dE,N galaxies to

UCDs, with the latter representing the end-state of se-

vere and continuous tidal stripping? Such a link was

suggested by Liu et al. (2015a) who examined the dis-

tribution of dwarf galaxies and UCDs in the cores of the

Virgo A and B sub-clusters. Armed with a cluster-wide

sample of UCDs and galaxies, we can now revisit this

claim. Bekki & Yong (2012) found from their numeri-

cal simulations a morphological sequence similar to that

shown in Figure 21 (see the lower panel of their Fig-

ure 2). During the transformation from a dwarf galaxy

to a bare nucleus, they showed that the stellar halo is

stripped efficiently and decreases in size steadily over

time. In other words, the physical extent of a given

UCD envelope may indicate which stage the system falls

along the evolutionary sequence from dE,N to UCD.

10 Of course, in both of these catalogs, galaxy classifications were
based on several properties, not just morphology.
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To further explore such a connection, Liu et al.

(2015a) introduced a parameter to describe the strength

of a UCD’s envelope. This parameter is defined as

∆env ≡ g16 − g32, where g16 and g32 are g-band mag-

nitudes measured within apertures of 16 (∼3.0′′) and

32 pixels (∼6.0′′) diameter, respectively. Based on this

definition, point-like sources should have ∆env ' 0 while

extended sources will tend to have ∆env > 0.

Figure 22 shows the distribution of envelope param-

eters for compact objects in the NGVS. The GCs are

closely distributed around ∆env ∼ 0, with a small tail

to ∆env > 0.06 (marked by the dotted vertical line).

The low envelope strengths of GCs are to be expected

given the vast majority of them are unresolved in NGVS

imaging. Meanwhile, the dE,Ns show much larger enve-

lope strengths (∆env > 0.06). For UCDs, the envelope

strengths typically fall between those of GCs and dE,Ns.

Following Liu et al. (2015a), we subdivide the UCDs into

two groups at ∆env = 0.06. UCDs with ∆env > 0.06,

whose envelopes are clearly evident, more closely resem-

ble nuclei and are thus distinct from GCs.

Previous studies have found dramatic differences in

the cumulative radial distributions of UCDs and dE,Ns

in galaxy clusters (e.g., Drinkwater et al. 2002, 2004;

Mieske et al. 2004b; Jones et al. 2006; Mieske et al.

2007a; Liu et al. 2015a; Pfeffer et al. 2016), but the sit-

uation between UCDs and GCs is less clear (e.g. Mieske

et al. 2004a, 2012). Generally, GCs are highly concen-

trated towards cluster centers, while dE,Ns are less con-

centrated, and UCDs lie intermediate between the two.

If the majority of UCDs are nothing more than the high

luminosity tail of the GC population, then we might

reasonably expect the radial distributions of GCs and

UCDs to resemble each other. On the other hand, if

most UCDs form through tidal stripping of dE,Ns, then

we should expect the UCD radial profile to have a high

central concentration: i.e., stripped galaxies would tend

to lie deeper in the gravitational wells of their hosts. As

noted in §4, our UCD sample most certainly contains

some number of GCs because bright, extended GCs (al-

though rare) do exist and we systematically overestimate

the sizes of GCs. We can, however, invoke ∆env to pro-

duce a UCD sample that is more heavily weighted to

objects born of tidal stripping.

The right panel of Figure 23 shows the cumulative

radial distribution of UCDs, bright GCs (cyan lines),

and bright nuclei (red lines) in the core of sub-cluster

A (DM87 < 20Re,M87). Here, we separate the UCDs

into two groups: those without envelopes (∆env ≤ 0.06;

brown line) and those with (∆env > 0.06; purple line).

Consistent with previous studies, the ordered sequence

of systems from high to low concentration in this re-
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gion goes: GCs, UCDs without envelopes, UCDs with

envelopes, and dE,Ns. As expected, the UCDs with en-

velopes are less centrally concentrated than those with-

out. The difference in radial distributions between GCs

and UCDs with ∆env > 0.06 is clear.

In the left panel of Figure 23, we show, for the first

time, the radial distribution of UCDs, GCs, and nu-

clei over the entire Virgo cluster. In the outer regions,

the distributions of bright GCs and dE,Ns grow at sim-

ilar rates. This makes sense since, at large cluster-

centric distances, GCs will be found around the indi-

vidual galaxy members. On the other hand, there is

a clear difference in how bright GCs and UCDs with

envelopes are distributed in the outskirts of the clus-

ter. Most notably, the distribution of UCDs with en-

velopes exhibits clear bumps that coincide with the loca-

tions of the three luminous galaxies, M86, M60 and M49

(marked by the black vertical lines). This indicates that

the UCDs with envelopes are mainly associated with gi-

ant galaxies, where the gravitational potential is deep

enough to strip the diffuse components of dE,Ns.

Another way we can attempt to isolate those UCDs

formed via tidal stripping is by increasing the value of

our size cut to rh > 20 pc. In the right-hand panels

of Figure 24, we examine the color-magnitude relation

of UCDs with ∆env > 0.06 or rh > 20 pc and com-

pare to those for the bright GCs (upper-right panel)

and bright nuclei (lower-right panel). Meanwhile, the

left-hand panels show a similar comparison, but using

our u∗gizK UCDs sample instead. Placing more restric-

tive cuts on rh and ∆env has the effect of removing many

red UCDs at faint luminosities (z0 & 18.5 mag). The

color-magnitude relation for the u∗gizK UCDs sample

is

(g − z)0 = −0.12(±0.01)z0 + 3.13(±0.05), (8)

while that for our more restricted UCD sample is,

(g − z)0 = −0.13(±0.01)z0 + 3.35(±0.04), (9)

which are shown as blue solid lines in Figure 24.

At face value, it looks like the distributions of UCDs

and nuclei overlap well in the color-magnitude plane.

This compares well with previous work (e.g., Côté et al.

2006; Brodie et al. 2011) which found general agree-

ment between the color-magnitude relations of nuclei

and UCDs, in the sense that brighter UCDs and nu-

clei tend to be redder. However, as seen in lower-right

panel of Figure 24, there is a lack of blue UCDs at

bright magnitudes (z0 . 18.0) and that UCDs are bluer
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than nuclei at faint magnitudes (z0 & 18.0). To eval-

uate the significance of these differences, we have run

a 2D Kolmogorov-Smirnov Test (Peacock 1983; Fasano

& Franceschini 1987) on the distributions for UCDs

and nuclei. The resulting p-values are quite small, im-

plying that the distributions do not share a common

parent. Also, in agreement with previous work (e.g.,

Brodie et al. 2011), we find that UCDs occupy a nar-

rower range of color than GCs, especially at faint mag-

nitudes. The color-magnitude relations of UCDs, nuclei

and GCs are thought to be the result of an underly-

ing mass-metallicity relation for each population, with

more massive systems tending to have higher metallici-

ties, and GCs tending to have higher metallicities than

UCDs and nuclei at a given mass (especially at low

masses; Zhang et al. 2018).

As described in the introduction, recent studies are

finding more support for the galactic nuclei origin for

UCDs. For UCDs formed this way, one would expect

to find some transition objects: e.g., UCDs with tidal

streams. However, only a small number of UCDs have

been found to show such tidal structures (e.g., Figure 17,

Jennings et al. 2015; Mihos et al. 2015; Voggel et al.

2016; Schweizer et al. 2018). On the other hand, many

more UCDs were found to show diffuse, but circular, en-

velopes as shown in Figure 19, Figure 21 and also previ-

ous studies (e.g., Drinkwater et al. 2003; Haşegan et al.

2005). Bekki & Yong (2012) have established that dif-

fuse and circular envelopes can indeed be found around

nuclei when the stellar halos of dwarf galaxies have been

mostly stripped by tidal forces. Pfeffer & Baumgardt

(2013) have also demonstrated that while the stellar ha-

los of dwarf galaxies are reduced during the tidal strip-

ping, they can still be visible at later stages, especially

for the more massive and extended UCDs. By contrast,

tidal streams are often much fainter and only can be

observable for those UCDs that are still experiencing

significant stripping.

Two decades have passed since the discovery of UCDs,

and yet, we still lack an understanding of what fraction

of them originate through the formation of GC systems

versus tidal stripping. One of the chief reasons for this

is the difficulty of identifying a given compact stellar

system as a bare nuclear star cluster based on its in-

tegrated light. More locally though, following years of

study using high-resolution spectroscopy and resolved

photometry, we now know that the GC system of the

MW includes several unusual objects. These anoma-

lous GCs tend to have very high surface mass densi-

ties, large intrinsic metallicity dispersions, spreads in

the abundances of s-process elements, complex sub-giant

branches, kinematic subpopulations, and tidal streams

(see the review of Gratton et al. 2019, and references

therein). Many of these (massive) GCs are thought to be

remnants of nucleated dwarf galaxies (e.g., M54 (Ibata

et al. 1994), ω Cen (Bekki & Freeman 2003)), and thus

can be considered local examples of UCDs.

Beyond the Local Group, however, there is no consen-

sus definition for what is a UCD. Investigators typically

base their selection on arbitrary size (10 . rh . 100)

and luminosity/mass cuts (106 . M∗ . 108 M�), or

simply observational limits (e.g., rh > 11 pc in this

study). As a result, it is very challenging to isolate

within current UCD samples those that are GC-like from

those that are nuclei-like, as discussed by Hilker (2011).

Nevertheless, recent work makes it clear that many

UCDs (e.g., massive UCDs, UCDs with tidal structures

or diffuse envelopes) are indeed the nuclei of stripped

dwarfs. Moreover, based on the Guo et al. (2011) semi-

analytic model, Pfeffer et al. (2014) have demonstrated

that both massive GCs (M∗ & 105 M�) and UCDs can

form via tidal disruption of dwarf galaxies. Also, Mayes

et al. (in prep.) use the EAGLE simulation suite (Crain

et al. 2015) to show that there is an overlap between

stripped nuclei and “normal” GCs in the stellar mass

range M∗ . 2× 106 M�.

To date, there are ∼103 known UCDs in the local uni-

verse, more than half of which were found on the basis

of photometric data alone. Obtaining spectroscopic ob-

servations for larger samples of UCDs (to measure radial

velocities, velocity dispersions, and stellar populations)

will be essential for understanding their nature. Fortu-

nately, the next generation of ground- and space-based

observatories promise to ameliorate this current deficit.

6. SUMMARY AND CONCLUSIONS

Using deep, wide-field u∗, g, i, z imaging from the Next

Generation Virgo Cluster Survey (NGVS) and K band

data from the UKIDSS, we have carried out a systematic

search for UCDs across the entire Virgo cluster (∼ 104

deg2). We describe our search methodology — which is

based on a combination of photometric (magnitude and

color) information, half-light radius and surface bright-

ness measurements, and radial velocity measurements,

when available — and present a sample of 612 UCD can-

didates. Among this UCD sample are 235 candidates

selected on the basis of deep u∗gizK data (our high-

est purity subsample) and 203 UCDs that are confirmed

radial velocity members of the cluster (i.e., vr < 3500

km/s). This is the largest and most homogeneous sam-

ple of UCDs presented to date for any cluster environ-

ment, and the first of its kind for the Virgo cluster. Our

principal findings can be summarized as follows:
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1. We construct the first number density map for

UCDs in the Virgo Cluster, and show that UCDs

are highly concentrated towards the largest and

brightest galaxies: e.g., M87, M49, M60-M59 and

M86 (see also Liu et al. 2015a).

2. The UCDs, as a population, have bimodal color

distributions. The fraction of UCDs belonging

to the blue population is 89% ± 3%. This is

slightly higher than that of bright GCs (84%±1%

for NGVS GCs and 77% ± 4% for ACSVCS GCs)

and slightly smaller than that of bright nuclei

(95%).

3. We measure the mean half-light radius for UCDs

to be 19.8±6.8 pc. The blue UCDs (20.0±6.8 pc)

are systematically larger than their red counter-

parts (14.6± 3.8 pc). The largest UCD candidate

in our sample is NGVS-UCD769 with rh = 58.0

pc.

4. Based on our analysis (i.e., number density maps

and color distributions), we find no dramatic dif-

ferences between UCDs and the brightest GCs

(i.e., those objects with g0 < 21.5 mag). How-

ever, when we rely on the cleanest possible UCD

sample (with reduced contamination from GCs),

some differences begin to appear (i.e., in their cu-

mulative radial distributions and color magnitude

relations).

5. We identify a number of UCDs having proper-

ties that point to a connection with the nuclei of

dwarf galaxies. This includes the most luminous

and largest UCDs, UCDs with obvious stellar en-

velopes, and UCDs embedded in diffuse asymmet-

ric structures.

6. There are tight color-magnitude relations for

UCDs and dwarf nuclei, with brighter objects be-

ing redder. At the faint end, UCDs and nuclei are

bluer and have a narrower color range than GCs.

Some obvious extensions of this work present them-

selves, most of which involve spectroscopic observations,

e.g., the property of envelopes of UCDs, searching for

SMBHs in massive UCDs, the specific frequencies for

the UCDs around massive galaxies. Our radial veloc-

ity survey for UCD candidates brighter than g0 ∼ 19.5

mag is complete, allowing membership to be established

for candidates brighter than Mg ∼ −12, which corre-

sponds to a stellar mass of ∼ 106.9 M� (Bell et al. 2003).

It will be valuable to extend this work to the limit of

our photometric catalog (g ∼ 21.5 mag) and thus ob-

tain a complete sample of UCDs down to a stellar mass

of ∼ 106.1 M�. AO-assisted IFU spectroscopy for se-

lect UCDs (i.e., the brightest and largest objects, or

those objects embedded in stellar envelopes) will allow

the detection of SMBHs in these objects and provide

a first glimpse into the SMBH occupation fraction in

a magnitude-limited UCD sample. Finally, while the

NGVS has made it possible to identify UCDs larger

than rh ∼ 11 pc throughout the Virgo cluster, space-

quality imaging will be needed to extend this work to

the smaller radii and fainter magnitudes typical of GCs;

in the future, high-resolution imaging from the Euclid

or Roman space telescopes will allow the GC/UCD size-

magnitude relation(s) to be mapped roughly to the level

of the GCLF turnover using spatially complete samples

and unbiased structural measurements.

ACKNOWLEDGMENTS

The NGVS team owes a debt of gratitude to the direc-

tor and the staff of the Canada France Hawaii Telescope

who helped make the survey a reality. This work is based

on observations obtained with MegaPrime/MegaCam,

a joint project of CFHT and CEA/DAPNIA, at the

Canada France Hawaii Telescope (CFHT) which is op-

erated by the National Research Council (NRC) of

Canada, the Institut National des Sciences de Univers

of the Centre National de la Recherche Scientifique

(CNRS) of France, and the University of Hawaii. This

work is based in part on data products produced at Ter-

apix available at the Canadian Astronomy Data Centre

as part of the Canada-France-Hawaii Telescope Legacy

Survey, a collaborative project of NRC and CNRS.

C.L. acknowledges support from the National Nat-

ural Science Foundation of China (NSFC, Grant No.

11673017, 11833005, 11933003, 11621303, 11973033 and

11203017). C.L. is supported by Key Laboratory for

Particle Physics,Astrophysics and Cosmology, Ministry

of Education, and Shanghai Key Laboratory for Parti-

cle Physics and Cosmology(SKLPPC). This work is sup-

ported by 111 project No. B20019. EWP acknowledges

support from the National Natural Science Foundation

of China through Grant No. 11573002. HXZ acknowl-

edges a support from the CAS Pioneer Hundred Talents

Program and the National Natural Science Foundation

of China (NSFC, Grant No. 11421303, 11973039). AL

acknowledges support from the French Centre National

d’Etudes Spatiales (CNES). EWP thanks Karina Voggel

for discussions in which she suggested the use of Gaia

data in UCD selection.

This work was supported in part by the Sino-

French LIA-Origins joint exchange program, by the

French Agence Nationale de la Recherche (ANR) Grant



30 Liu et al.

Programme Blanc VIRAGE (ANR10-BLANC-0506-01),

and by the Canadian Advanced Network for Astronom-

ical Research (CANFAR) which has been made possible

by funding from CANARIE under the Network-Enabled

Platforms program. This research used the facilities

of the Canadian Astronomy Data Centre operated by

the National Research Council of Canada with the sup-

port of the Canadian Space Agency. This research has

made use of the NASA/IPAC Extragalactic Database

(NED), which is funded by the National Aeronautics

and Space Administration and operated by the Califor-

nia Institute of Technology. This research has made use

of the SIMBAD database, operated at CDS, Strasbourg,

France. This publication has made use of data prod-

ucts from the Sloan Digital Sky Survey (SDSS). Funding

for SDSS and SDSS-II has been provided by the Alfred

P. Sloan Foundation, the Participating Institutions, the

National Science Foundation, the U.S. Department of

Energy, the National Aeronautics and Space Adminis-

tration, the Japanese Monbukagakusho, the Max Planck

Society, and the Higher Education Funding Council for

England. This work is based in part on data obtained

as part of the UKIRT Infrared Deep Sky Survey.

This research uses data obtained through the Tele-

scope Access Program (TAP), which has been funded

by the National Astronomical Observatories, Chinese

Academy of Sciences, and the Special Fund for Astron-

omy from the Ministry of Finance. Observations re-

ported here were obtained at the MMT Observatory, a

joint facility of the University of Arizona and the Smith-

sonian Institution.

Facility: CFHT - Canada-France-Hawaii Telescope.

APPENDIX

As described in §3, we use strict half-light radius criteria to select UCD candidates, including: (1) a radius cut

(11 < 〈rh〉 < 100 pc); (2) a requirement that the half-light radii measured in the g and i bands are in rough agreement

(|rh,g − rh,i|/〈rh〉 ≤ 0.5); and (3) a condition that the fraction radius errors are smaller than 15% in both bands

(rh,g,error/rh,g ≤ 15% and rh,i,error/rh,i ≤ 15%). In this section, we take a closer look at objects that do not satisfy our

radius criteria (but satisfy all other selection criteria). We divide such objects into three groups: objects with larger

errors; objects with larger differences between two bands and; objects with smaller radius measurements.

Objects with larger errors (i.e. rh,g,error/rh,g > 15% or/and rh,i,error/rh,i > 15%): We visually inspected the

imaging for objects with larger errors for their radius measurements. Most of these objects are blends or have poor

image quality (i.e., sources located close to chips gaps or near saturated objects). We can not classify these objects as

bonafide UCDs using the NGVS images alone.

Objects with larger differences (i.e. |rh,g − rh,i|/〈rh〉 > 0.5): The differences in image quality (PSF) is the

primary reason for large differences in radius measurements. If an object is larger than 11 pc in both the g and i

bands, then we believe it be may indeed be a UCD candidate although the radius difference between two bands is

large. We list nine such objects in Table 6.

Objects with smaller radius measurements (i.e. 〈rh〉 < 11 pc): Most objects with smaller measured radii are

likely to be GCs. However, if they have visible envelopes, then they are viable UCD candidates. We find eight objects

that have half-light radii slightly below our rh = 11 pc limit but appear to show diffuse envelopes. These are listed in

Table 6.

To ensure our samples are as homogeneous as possible, we have not used these 17 UCD candidates in our analysis

but they are included here for completeness.
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Table 6. The probable UCD candidates not included in the main sample.

ID αJ2000 δJ2000 g0 rh,g rh,i vr vsource
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with visible 4 187.1924549 13.7198340 19.743±0.001 11.69±1.04 9.75±0.65 1022 AAT12

envelopes 5 188.3663498 10.6465580 20.490±0.002 9.95±0.24 11.13±0.45 · · · · · ·
6 187.6404154 10.3641505 19.421±0.001 10.45±0.31 7.80±0.43 143 MMT09,AAT12

7 187.1115755 13.0907153 19.996±0.001 10.06±0.31 8.54±0.33 1040 MMT09,AAT12

8 187.4479438 9.8971556 20.915±0.002 10.16±0.55 8.44±0.40 · · · · · ·

NOTE– (1) Object ID number; (2) R.A.; (3) Decl.; (4) Aperture-corrected g magnitude within a 3-arcsec diameter
aperture; (5) Half-light radius in g band; (6) Half-light radius in i band; (7) Radial velocity; (8) The source of velocity
measurement: AAT12: Anglo-Australian Telescope (AAT) 2012 program; MMT09: Multiple Mirror Telescope (MMT)
2009 program (Ferrarese et al. 2012).
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Küpper, A. H. W., Kroupa, P., Baumgardt, H., & Heggie,

D. C. 2010, MNRAS, 401, 105,

doi: 10.1111/j.1365-2966.2009.15690.x

Kuzma, P. B., Da Costa, G. S., & Mackey, A. D. 2018,

MNRAS, 473, 2881, doi: 10.1093/mnras/stx2353

Kuzma, P. B., Da Costa, G. S., Mackey, A. D., & Roderick,

T. A. 2016, MNRAS, 461, 3639,

doi: 10.1093/mnras/stw1561

Lawrence, A., Warren, S. J., Almaini, O., et al. 2007,

MNRAS, 379, 1599,

doi: 10.1111/j.1365-2966.2007.12040.x

Li, B., Peng, E. W., Zhang, H.-x., et al. 2015, ApJ, 806,

133, doi: 10.1088/0004-637X/806/1/133
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