N

N

The Next Generation Virgo Cluster Survey. XXIII.
Fundamentals of Nuclear Star Clusters over Seven
Decades in Galaxy Mass
Ruben Sanchez-Janssen, Patrick Coté, Laura Ferrarese, E. W. Peng, Joel
Roediger, J. P. Blakeslee, Eric Emsellem, Thomas Puzia, Chelsea Spengler,

James Taylor, et al.

» To cite this version:

Ruben Sanchez-Janssen, Patrick Coté, Laura Ferrarese, E. W. Peng, Joel Roediger, et al.. The Next
Generation Virgo Cluster Survey. XXIII. Fundamentals of Nuclear Star Clusters over Seven Decades
in Galaxy Mass. The Astrophysical Journal, 2019, 878 (1), pp.18. 10.3847/1538-4357 /aaf4fd . hal-
02347256

HAL Id: hal-02347256
https://hal.science/hal-02347256
Submitted on 26 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-02347256
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

THE ASTROPHYSICAL JOURNAL, 878:18 (25pp), 2019 June 10 https://doi.org/10.3847/1538-4357 /aafdfd

© 2019. The American Astronomical Society. All rights reserved.

CrossMark

The Next Generation Virgo Cluster Survey. XXIII. Fundamentals of Nuclear Star
Clusters over Seven Decades in Galaxy Mass

Rubén Sanchez-Janssen'* , Patrick Cétéz, Laura Ferrarese>” , Eric W. Per1g4’5 , Joel Roediger2 , John P. Blakeslee”
Eric Emsellem®’ @, Thomas H. Puzia® @, Chelsea Spengler2 , James Taylor9 , Karla A. Alamo-Martinez®,
Alessandro Boselli'° , Michele Cantiello11 , Jean- Chaﬂes Cuillandre12 Pierre-Alain Ducl3’14 Patrick Durrell'

Stephen Gwynz, Lauren A. MacArthur'®, Ariane Langon , Sungsoon Lim*®, Chengze Liu'’®, Simona Mei'®'%-?°

Bryan Mlller , Roberto Mufioz®, J. Chrlstopher Mihos*? Sanjaya Paudel®* @, Mathieu Powalka'? @, and Elisa Toloba24
'STFC UK Astronomy Technology Centre, Royal Observatory, Bldckford Hill, Edinburgh, EH9 3HJ, UK; ruben. sdnchez -janssen @stfc.ac.uk
N&C Herzberg Astronomy and Astrophysics, 5071 West Saanich Road, Victoria, BC, VOE 2E7, Canada
~ Gemini Observatory, Northern Operations Center, 670 N. A’ohoku Place, Hilo, HI 96720, USA
4 Department of Astronomy, Peking University, Beijing 100871, People’s Republic of China
5 Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, People’s Republic of China
European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching, Germany
7 Centre de Recherche Astrophysique de Lyon and Ecole Normale Supérieure de Lyon, Observatoire de Lyon, Université Lyon 1, 9 avenue Charles André, F-69230
Saint-Genis Laval, France
8 Institute of Astrophysics, Pontificia Universidad Catélica de Chile, Av. Vicuiia Mackenna 4860, 7820436 Macul, Santiago, Chile
Department of Physics and Astronomy, University of Waterloo, Waterloo, ON N2L 3G1, Canada
9 Laboratoire d’ Astrophysique de Marseille—LAM, Urlulversue d’Aix-Marseille & CNRS, UMR7326, 38 rue F. Joliot-Curie, F-13388, Marseille Cedex 13, France
INAF-Osservatorio Astronomico di Teramo, Italy
2 Canada-France-Hawaii Telescope Corporation, Kamuela, HI 96743, USA
" 3 Observatoire Astronomique, Université de Strasbourg & CNRS UMR 7550, 11 rue de I'Université, F-67000 Strasbourg, France
AIM Paris Saclay, CNRS/INSU, CEA /Irfu, Université Paris Diderot, Orme des Merisiers, F-91191 Gif sur Yvette Cedex, France
Department of Physics and Astronomy, Youngstown State University, One University Plaza, Youngstown, OH 44555, USA
Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
7 Center for Astronomy and Astrophysics, Department of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China
18 LERMA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 06, F-75014 Paris, France
19 University of Paris Denis Diderot, University of Paris Sorbonne Cité (PSC), F-75205 Paris Cedex 13, France
20 yet Propulsion Laboratory, Cahill Center for Astronomy & Astrophysics, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, California, USA
Gemlm Observatory, Casilla 603, La Serena, Chile
Depanment of Astronomy, Case Western Reserve University, Cleveland, OH, USA
3 Korea Astronomy and Space Science Institute, Daejeon 305-348, Republic of Korea
Department of Physics, University of the Pacific, 3601 Pacific Avenue, Stockton, CA 95211, USA
Received 2017 October 23; revised 2018 November 28; accepted 2018 November 28; published 2019 June 7

b}

s

Abstract

Using deep, high-resolution optical imaging from the Next Generation Virgo Cluster Survey, we study the
properties of nuclear star clusters (NSCs) in a sample of nearly 400 quiescent galaxies in the core of Virgo with
stellar masses 10° < My /M, < 10" The nucleation fraction reaches a peak value f, ~ 90% for My ~ 10° M,
galaxies and declines for both’ higher and lower masses, but nuclei populate galaxies as small as My ~ 5 X
10° M;,. Comparison with literature data for nearby groups and clusters shows that at the low-mass end nucleation
is more frequent in denser environments. The NSC mass function peaks at Mysc ~ 7 x 10° M, a factor 3—4 times
larger than the turnover mass for globular clusters (GCs). We find a nonlinear relation between the stellar masses
of NSCs and those of their host galaxies, with a mean nucleus-to-galaxy mass ratio that drops to
Mysc/M, ~ 3.6 x 107> for My ~ 5 x 10° M, galaxies. Nuclei in both more and less massive galaxies are
much more prominent: Mysc o< MY*® at the low-mass end, where nuclei are nearly 50% as massive as their
hosts. We measure an intrinsic scatter in NSC masses at a fixed galaxy stellar mass of 0.4 dex, which we interpret
as evidence that the process of NSC growth is significantly stochastic. At low galaxy masses we find a close
connection between NSCs and GC systems, including very similar occupation distributions and comparable
total masses. We discuss these results in the context of current dissipative and dissipationless models of NSC
formation.

Key words: galaxies: clusters: individual (Virgo) — galaxies: dwarf — galaxies: nuclei — galaxies: photometry —
galaxies: star clusters: general — globular clusters: general

1. Introduction rarest density peaks (Diemand et al. 2005), but also to more
The very central regions of galaxies are extreme astro- recent epochs as a product of recurrent gas inflows followed by
physical environments, sites where numerous complex associated star formation events. As a result, these inner
mechanisms operate simultaneously. They mark the bottom regions feature the highest galactic stellar densities and the
of the galactic potential well, where matter has been shortest relaxation times, and it is no accident that they also
accumulating throughout the entire galactic history. A fraction harbor the two types of known compact massive objects
of their constituent material can be traced back to the earliest (CMOs), namely massive black holes (MBHs) and nuclear star
generations of stars that formed during the rapid collapse of the clusters (NSCs).
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NSCs are compact stellar systems with half-light radii in the
range of 1-50 pc and stellar masses stretching from as low as
10* M, to as high as 108 M. On average, they tend to be larger
and more massive than the typical globular cluster (GC), but
remarkably, their central stellar surface densities can be even
more extreme—among the highest known, sometimes exceed-
ing . = 10° M, pc™~ (e.g., Lauer et al. 1998; Hopkins et al.
2009). These central stellar densities are only rivaled by those
of some GCs and ultracompact dwarfs (UCDs; Hilker et al.
1999; Drinkwater et al. 2000). UCDs also present remarkable
similarities with NSCs in terms of stellar population content
(Chilingarian et al. 2008; Norris et al. 2014; Liu et al. 2015a).
All this, combined with the fact that UCDs tend to live in close
proximity to massive galaxies (Hacegan et al. 2005; Hau et al.
2009; Liu et al. 2015a) and as a population have distinct
kinematical properties from galactic GC systems (GCSs; Zhang
et al. 2015), has led to the suggestion that a non-negligible
fraction of UCDs may represent the remnants of tidally
disrupted nucleated galaxies (Drinkwater et al. 2003; Pfeffer &
Baumgardt 2013, but see Mieske et al. 2006 and De Propris
et al. 2005 for arguments against this scenario). The discovery
(Seth et al. 2014; Ahn et al. 2017) that M60-UCD 1 in the
Virgo cluster harbors an MBH contributing ~15% of the total
mass lends further support to the nuclear origin of (at least) the
most massive UCDs. The threshing scenario has also been put
forward to explain the chemical, structural, and dynamical
anomalies of the most massive GCs in the Local Group, like
wCen in the Galaxy (Lee et al. 1999; Hilker & Richtler 2000;
Bekki & Freeman 2003) and MayallII/G1 in M31 (Meylan
et al. 2001; Bekki & Chiba 2004; Ma et al. 2007).

NSCs inhabit galaxies spanning a wide range of masses,
morphological types, and gas content, and nucleation seems to
be a complex function of all these parameters (Binggeli et al.
1987; Binggeli & Cameron 1991; Carollo et al. 1998; Boker
et al. 2002; Walcher et al. 2005; Cote et al. 2006, 2007;
Seth et al. 2006; Lisker et al. 2007; Georgiev et al. 2009;
Glass et al. 2011; Turner et al. 2012; den Brok et al.
2014; Georgiev & Boker 2014). Interestingly, galaxies and
NSCs display a variety of scaling relations, including with
their stellar masses (e.g., Scott & Graham 2013; Georgiev
et al. 2016) and their stellar populations or colors (Walcher
et al. 2005; Turner et al. 2012; Georgiev & Boker 2014). This
suggests that their formation is intricately linked to that of
their host galaxy. And perhaps it is not entirely surprising that
some of these scaling relations may be similar to those
followed by MBHs, a picture that further relates the two
families of CMOs (Ferrarese et al. 2006a; Wehner & Harris
2006; Graham & Spitler 2009).

Formation scenarios for NSCs can be broadly divided into
two categories. The first one involves a dissipationless process,
whereby the orbits of pre-existing dense star clusters decay as a
result of dynamical friction and produce mergers in the central
regions of the galaxy (Tremaine et al. 1975; Capuzzo-
Dolcetta 1993; Capuzzo-Dolcetta & Miocchi 2008a, 2008b;
Agarwal & Milosavljevi¢ 2011; Arca-Sedda & Capuzzo-
Dolcetta 2014; Gnedin et al. 2014). The second scenario
consists of a dissipative mode through in situ central star
formation driven by gas inflows and condensation (Bekki et al.
2006; Bekki 2007; Antonini et al. 2015), with the first seeds
developing perhaps as early as the epoch of reionization
(Cen 2001). The latter growth mechanism is of course
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regulated by the availability of sufficient gas reservoirs in the
central regions and internal feedback mechanisms. Most likely
both processes contribute to some degree to the formation of
the NSCs we observe in the Local Universe (Hartmann et al.
2011; Antonini et al. 2015), and hybrid scenarios involving the
coalescence of gas-rich star clusters have been proposed
(Guillard et al. 2016). The heterogeneity of the proposed
formation scenarios is consistent with observations of the
stellar populations in NSCs. They tend to be rather complex,
showing evidence of multiple generations of stars and younger
mean ages and higher metallicities than typical in GCs (Rossa
et al. 2006; Walcher et al. 2006; Puzia & Sharina 2008; Paudel
et al. 2011). But the relative weight of the different formation
mechanisms and how this breakdown depends on host galaxy
properties are unknown. Related and perhaps more funda-
mental questions are what determines whether a galaxy forms
an NSC in the first place and what mechanisms regulate its
subsequent growth.

Considering all the unknowns about the origin and growth of
NSCs, it is fundamental to accurately characterize their
occurrence and how they relate to their host galaxies. In this
contribution we take a step forward in this direction and present
a comprehensive study on the abundance and properties of
NSCs in a volume- and mass-limited sample of galaxies in the
Virgo cluster spanning seven decades in stellar mass. Focusing
our study on cluster galaxies presents several advantages. First,
the high densities in clusters directly translate into large galaxy
samples and into studies with significant statistical power.
Second, it is also straightforward to translate abundance results
into volume-limited quantities—and this is a much harder
exercise in the field. Finally, because all these galaxies share a
common (overdense) environment, statistically speaking they
first collapsed at similarly early epochs and have been subject
to roughly the same amount of environmental effects. In the
particular case of quiescent galaxies in the cores of clusters as
massive as Virgo, star formation activity is expected to have
ceased at least 5-6 billion years ago (e.g., Mistani et al. 2015).
The lack of substantial star formation activity in the recent past
for these red-sequence cluster galaxies implies that their NSCs
should have been polluted to a lesser degree than those at the
centers of gas-rich, more luminous disk galaxies—but our
knowledge about the stellar populations of faint NSCs is still
limited (Spengler et al. 2017; Ordenes-Bricefio et al. 2018).
Readers interested in the properties of NSCs in those star-
forming systems are referred to recent works by Georgiev &
Boker (2014), Carson et al. (2015), and Georgiev et al. (2016).
Georgiev et al. (2009) present a study on the nuclei of lower-
mass dwarf irregulars.

This paper is organized as follows. Section 2 describes the
methods for NSC detection and the measurement of NSC
properties in the Next Generation Virgo Cluster Survey (NGVS)
images. In Section 3 we study the nucleation fraction in the core
of the Virgo cluster, followed by an investigation of the scaling
relations between NSCs and their host galaxies in Section 4.
Section 5 presents a discussion on the previous results in the
context of NSC formation models and on the relationship to other
star cluster systems. Finally, in Section 6 we summarize the main
findings of this work and lay out our conclusions. Throughout this
manuscript we use a common distance modulus (m — M) =
31.09 mag for all candidate Virgo members, corresponding to the
mean distance of D = 16.5Mpc to the Virgo cluster derived
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Figure 1. Structural characterization of the nucleated low-mass galaxy
VCC 1070 in the NGVS. The gray points show the surface brightness profile
as measured by ELLIPSE. The maroon and orange lines correspond to the
seeing-convolved best-fit Sérsic profiles to the galaxy and NSC components,
respectively. The inset image shows a gri composite of the galaxy. Note the
remarkable prominence of the NSC in VCC 1070.

through the surface brightness fluctuations method (Mei et al.
2007; Blakeslee et al. 2009). This translates into a physical scale
of 80 pc arcsec™ .

2. Detection and Characterization of NSCs in the NGVS

Detailed descriptions of the NGVS and its associated data
products are given elsewhere (Ferrarese et al. 2012, 2016).
Briefly, here we only use data on the core of Virgo, which for
our purposes refers to the square region roughly centered on
M87 and 2° = 0.58 Mpc = 0.37 R,;; on the side. This area was
imaged in the u’griz’K, bandpasses, and galaxies were detected
using a ring median filter algorithm optimized to extract low
surface brightness objects. Virgo members were then identified
using a combination of colors and structural and quantitative
morphological parameters, which were further complemented
with a visual inspection by several members of our team. This
process resulted in a parent sample of 404 galaxies in the core
of Virgo spanning approximately seven decades in stellar mass,
105 < My/M,, < 10'2 (Ferrarese et al. 2016). In this study we
are only interested in the NSCs of quiescent galaxies, and we
accordingly discard 24 objects that have evidence of ongoing
star formation activity (see Roediger et al. 2017).

The structural characterization of these galaxies is presented
in full in L. Ferrarese et al. (2019). Here we only provide the
most salient details pertaining to the analysis of NSCs. A full
isophotal analysis is carried out using a semi-automated code
that (i) extracts image cutouts and masks contaminants and
cosmetics; (ii) performs isophotal fitting and extracts one-
dimensional profiles for the surface brightness, ellipticity,
major-axis position angle, isophotal center, and deviations of
the isophotes from pure ellipses; and (iii) carries out parametric
fits to the surface brightness profiles while accounting for the
effects of the point-spread function (PSF; see Figure 1). The
galaxy body is modeled with a single Sérsic (1968) function,
which provides an adequate description of these smooth, nearly
oblate galaxies (Sdnchez-Janssen et al. 2016). If necessary, a
central nuclear component is included in the fits. NSCs are also
modeled with Sérsic functions, but with a few exceptions these
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nuclei remain unresolved despite the exquisite image quality of
the NGVS (PSF FWHM = 0.6 arcsec in the i-band). All the
quoted errors correspond to the 1o formal uncertainty of the
fitted Sérsic profiles. The analysis is carried out independently
in each of the photometric bands.

The detection of barely resolved or unresolved NSCs is
always challenging. The operational definition of NSCs in this
paper requires the existence of a luminosity excess above the
main stellar distribution in the core regions of the galaxies. The
identification of such objects is based on the relative quality of
the Sérsic and double Sérsic fits (as measured by the fit x?),
complemented by a visual inspection of color and unsharp-
masked images of the galaxies. In the Virgo core we classify
107 galaxies as nucleated. The formal limiting magnitude for
unresolved sources in the NGVS is g = 259 mag (Ferrarese
et al. 2012), and this translates into a limiting mass for NSCs
log(Mnsc/M) ~ 4.5. However, because the nuclei are addi-
tionally visually classified, the effective detection threshold in
this study may be slightly higher (see details in Section 4.2.1).

Stellar masses for the galaxies and the NSCs are obtained
through modeling of their spectral energy distributions (SEDs) in
the u/griz’ bands. Details will be presented in J. Roediger et al.
(2018, in preparation), but essentially we employ the Flexible
Stellar Population Synthesis models of Conroy et al. (2009),
assuming exponentially declining star formation histories and a
Chabrier initial mass function. The SEDs are fit to a grid of
50,000 synthetic models with metallicities in the 0.01 < Z/Z,, <
1.6 range, star formation timescales 0.5 < 7 < 100 Gyrfl, and
luminosity-weighted ages between 5 and 13 Gyr. In this work we
carry out several comparisons between the NGVS data and other
samples from the literature for which multiwavelength photo-
metry is not always available. Thus, for the literature samples we
convert the luminosities to masses using the M, /L ratios derived
from the above SED fitting procedure. Specifically, for galaxies
we use the median relation between the M, /L ratios as a function
of luminosity in the corresponding band (usually g or i) so that
we account for mass-dependent variations. For NSCs we simply
use the median M, /L from our sample of nuclei. Typical
uncertainties for these stellar masses are o(log M) ~ 0.15 dex
and o(log Mnsc) =~ 0.20dex. The photometric properties of
galaxies and NSCs in the core of Virgo are presented in Table 4
and Table 5, respectively.

Because faint NSCs are unresolved and hard to distinguish
from stars, we quantify the likelihood of contamination by chance
superposition of galactic stellar interlopers over the geometric
center of a galaxy as follows. We first compute the density of stars
in the Virgo core, p,, using a catalog of largely unresolved sources
brighter than g = 25 mag (0.2 mag fainter than the faintest NSC
in the sample). These sources are assigned probabilities of being
either stars, GCs, or background galaxies using a mixture model
algorithm that incorporates information about their SED and
structure (E. W. Peng et al. 2018, in preparation). From that
catalog we only select the ~5500 sources with P(star) > 0.5 that
have colors 0.5 < (g—i) < 1.15, which is roughly the range
expected for NSCs and UCDs (see Liu et al. 2015a and
Figure 3). We further assume a maximum nucleus—galaxy offset
of R = 2 arcsec (equivalent to 160 pc), which is the maximum
distance found by Cote et al. (2006) in their analysis of
ACSVCS nuclei. In our case the great majority of nuclei are
found within 0.4 arcsec of the galaxy center (L. Ferrarese et al.
2019). Using these numbers we estimate a total number of
p, TR? =~ 1.5 x 1073 stars per galaxy. Equivalently, this implies
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Figure 2. Fraction of nucleated galaxies in different environments as a function
of galaxy stellar mass. The Virgo, Fornax, and Coma clusters are represented
with circles, squares, and triangles, respectively. The two diamond symbols
correspond to the satellites of three nearby spiral-dominated galaxy groups.
Shaded regions and error bars indicate the corresponding 68% Bayesian
credible interval, and the figures at the top show the total number of NGVS
galaxies in each stellar mass bin. Note how, at fixed stellar mass, the fraction of
nucleated galaxies in Virgo is always lower than that in Coma. The rapid
decline toward low masses implies that the faintest nucleated low-mass galaxy
in Virgo has a stellar mass My ~ 5 x 10° M.

that in this worst-case scenario no more than one galaxy in the
Virgo core would be affected by a star being close enough to its
center to be mistaken for an NSC.

3. Nucleation Fraction

We first turn our attention to the occurrence of NSCs in the
core of Virgo. In Figure 2 we show with solid circles f;, the
fraction of nucleated galaxies in the NGVS as a function of
galaxy stellar mass for objects with masses My < 10° M. The
number of galaxies in the Virgo core area more massive than
this limit drops quickly, as indicated by the numbers at the top
of Figure 2. This results in too uncertain estimates of the
nucleation fraction for more luminous galaxies. For complete-
ness, in the 10° < My/M. < 10'> mass range we derive the
fraction of nucleated galaxies in Virgo from the ACSVCS
(Cote et al. 2006), which is not limited to the core region and
therefore has stronger statistical power at the high-mass end.
Throughout this paper, and unless otherwise stated, all
uncertainties associated with binomial proportions correspond
to the 68% Bayesian credible interval.

Consistent with previous work we find that the nucleation
fraction is very high at intermediate masses, such that at
My ~ 10° M, over 90% of the galaxies in the core of Virgo
harbor an NSC. The nucleation fraction was found by Cote
et al. (2006) to drop sharply for massive galaxies, a behavior
that is often attributed to the highly disruptive power of the
MBHs that inhabit the central regions of these galaxies (see
Antonini 2013 and Section 5). Interestingly, we find that f; also
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decreases toward lower masses, albeit at a slightly slower rate,
so that the NSC occupation distribution almost resembles a
lognormal function. At low masses this decline is well described
by f, o log M!/*. We identify a threshold value below which
no low-mass galaxy with (ug>e < 28 mag arcsec™? in the core
of Virgo is nucleated, My ~ 5 x 10° M, (see Figure 2). This
indicates that either NSC formation is highly inefficient in low-
mass halos or, alternatively, some mechanism enhances NSC
disruption in these shallow potentials. The strong dependence
of the nucleation fraction on galaxy mass also implies that
care must be taken when comparing different samples if they
span different mass ranges. The global nucleation fraction is an
ill-defined quantity, unless the mass range under study is
specified.

In Figure 2 we also explore the dependence of the nucleation
fraction on the global environment, that is, the mass of the host
potential where the galaxies reside. We include data on the
fraction of early-type nucleated galaxies in the Coma (den Brok
et al. 2014) and Fornax clusters (Muiioz et al. 2015) as well as
in three spiral-dominated groups in the Local Universe, namely
the Milky Way (MW), M31, and M81. For these two data sets
we use the published i-band magnitudes and luminosity-
dependent mass-to-light ratios, which vary nonlinearly in the
range 0.5 < M,/L; < 1.7 (see Zhang et al. 2017). For the
NSCs we use the median M, /L; = 1.3 from our sample of
Virgo nuclei. Details of the methodology used to identify
nucleated galaxies in the nearby groups and to estimate their
stellar masses are provided in the Appendix. It is also important
to remark that the effective spatial resolutions are almost
identical for the different cluster samples, because the larger
distance of Coma is compensated by the use of Hubble Space
Telescope (HST)/Advanced Camera for Surveys (ACS)
imaging. We thus sample a wide range of host halo masses,
from My, ~ 10" M, for Coma to My, ~ 10" M_, for Virgo and
Fornax to My, ~ 10'> M, for the three groups with L* centrals.
We note that the three cluster samples only include galaxies
from roughly the same physical regions, 0.2-0.25 R;., and so
can be directly compared.

We find that in all environments the nucleation fraction is a
similarly strong function of galaxy stellar mass, but we unveil a
secondary dependence on host halo mass: at fixed My the
fraction of galaxies harboring NSCs is larger in denser
environments. While the f;, curves in Virgo and Fornax display
almost identical behavior, at all stellar masses the nucleation
fraction is systematically larger in Coma and smaller in the
nearby groups. The effect is perhaps best appreciated by
comparing the integrated nucleation fraction within the
common [107, 109] M, mass range, where 77%, 53%, and
56% of the galaxies host an NSC in Coma, Virgo, and Fornax,
respectively. The figure for the three spiral-dominated groups
combined drops to 29%, but it is necessarily a noisier
measurement due to the reduced satellite sample size (only
14 galaxies in this mass range). It would be interesting to
explore to which extent the high nucleation fraction in massive
clusters like Coma holds toward lower stellar masses, i.e.,
whether the threshold mass for NSC occurrence we find in
Virgo is roughly universal or also varies with host halo mass.
We conclude that while stellar mass is the main parameter
governing NSC occurrence, NSC abundance is also enhanced
in high-density environments.
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Figure 3. Colors of NSCs in the core of the Virgo cluster. Left: The (g—i)
colors of the NSCs are shown against the mass of the nucleus. The two
quantities are correlated, and the dashed line shows the best-fit relation.
Right: The colors are now plotted against the color of the host galaxy. The
correlation is much weaker. In both panels the symbols are color-coded
according to Mysc.
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4. Scaling Relations between NSCs and Their Host Galaxies

Having established the frequency with which NSCs occur in
Virgo galaxies, we explore their colors, their masses, and the
relation to the properties of their host galaxies.

4.1. Colors of NSCs

In Figure 3(a) we show the relation between NSC masses and
NSC (g—i) colors for the galaxies in the core of Virgo. We note
that this is a slightly reduced subsample where we have excluded
12 objects that have highly uncertain (g—i) colors (o, > 0.3 mag).
Consistent with previous work (e.g., Turner et al. 2012) we find
that the colors of NSCs correlate with Mysc, such that more
massive nuclei tend to be slightly redder (Pearson’s correlation
coefficient » = 0.6). The dashed line in this panel shows the best-
fit relation, (g—i) = 0.17 + 0.1 log Mnsc. The median color for
the sample is (g—i) = 0.73, which as shown by Roediger et al.
(2017) is remarkably consistent with the peak of the galaxy color
distribution at low masses. In the right panel, Figure 3(b) shows
the same colors now plotted against the colors of the host
galaxies. The dashed line indicates the identity relation. The two
quantities are only weakly correlated (r = 0.23), and we consider
this to be an indication that the connection is only a secondary
effect. As we will show in the next section, less massive galaxies
(which are bluer) tend to have less massive NSCs. And because
the mass of an NSC is correlated with its color, we naturally find
marginally bluer nuclei in bluer galaxies. The mean color
difference is only (A(g — 1)) = ((g — Dgatlaxy — (& — DNsc) =
0.06, which indicates that NSCs have marginally bluer colors than
their host galaxies. This is confirmed upon inspection of the
fraction of NSCs that have (A(g — 7)) > 0, which amounts to
75%. This is in agreement with previous work (Paudel et al.
2011), indicating that NSCs may be marginally younger and/or
more metal-poor than the bulk of stars in the galactic body. A
more detailed analysis of the SEDs and the stellar population
content of NSCs using NGVS data is presented in Spengler et al.
(2017).

4.2. Relation to the Host Galaxy

4.2.1. The NSC-to-galaxy Mass Relation

In Figure 4 we show the relation between the stellar masses
of the NSCs and those of their host galaxies. The NGVS data
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Figure 4. NSC-to-galaxy mass relation. The NGVS data for the core region are
represented with circles, but here we also include literature data for early-type
galaxies in Virgo, Fornax, and Coma (see text for details). The error bar shows
the typical uncertainty in the mass estimates. The shaded region at the bottom
indicates the NSC mass equivalent to the 100 detection limit in the NGVS,
including the contribution of the underlying galaxy light. The three dashed
lines, from right to left, correspond to constant NSC mass fractions of 0.1%,
1%, and 10%. Note that while more massive galaxies harbor more massive
nuclei, the relation is nonlinear. The best-fit relation is plotted as a solid line
together with the 68% and 95% confidence intervals. We measure an intrinsic
scatter for the relation of nearly 0.4 dex, which we interpret as evidence of
stochastic NSC growth.

for the core region are represented with circles, but here we also
include data for other early-type galaxies in Virgo (from the
ACSVCS; Cote et al. 2004), Fornax (ACSFCS; Turner et al.
2012), Coma (den Brok et al. 2014), and the sample of Virgo
and Fornax faint dEs from Lotz et al. (2004). The three dashed
lines, from right to left, correspond to constant NSC mass
fractions of 0.1%, 1%, and 10%. The shaded region at the
bottom of the panel indicates the NSC mass equivalent to the
100 detection limit for unresolved sources in the NGVS,
log(Mnsc/Mg) =~ 4.5 (see Ferrarese et al. 2012). Two sources
contribute to the local background against which NSCs are
detected, namely the underlying galaxy stellar light and the sky
brightness. Here the galaxy term is estimated by computing the
Poisson noise associated with the average galaxy central
surface brightness as a function of stellar mass. It is only
dominant for relatively massive galaxies, log(Mnsc/Ms) 2,
8.5, whereas the sky brightness is the main source of noise for
fainter systems. We note that our effective detection threshold
may be slightly higher than shown. NSCs are additionally
visually classified, and it is possible that in this process we have
discarded extremely faint nuclei that may fall below the
detection limit in a single band (therefore giving them a
questionable visual appearance).

An important conclusion that can be readily drawn from
Figure 4 is that, contrary to what we have found regarding the
nucleation fraction, the NSC-to-galaxy stellar mass relation for
early-type cluster galaxies seems to be independent of
environment. All galaxies in Virgo, Fornax, and Coma exhibit
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Table 1
Bayesian Fit to the NSC-to-galaxy Stellar Mass Relation
Parameter Prior Posterior
log(Mysc/ M) [5.0, 9.0] 7294313
log(M},/ M) (6.0, 11.0] 9.737519
8 [0.0, 10.0] 0.4673%3
6 (0.0, 10.0] 0.43+0%
InV [-5.0, 2.0] —1.83%0%

Note. The priors for the parameters listed above are assumed to be uniform
within the closed intervals shown in the second column. The posterior figures
correspond to the median of the marginalized posterior distribution and the
associated 68% confidence interval.

the same behavior, albeit with large intrinsic scatter. The
universality of the NSC-to-galaxy stellar mass relation suggests
that the mass of an NSC is primarily controlled by the galaxy
mass, but its large intrinsic scatter indicates that the process of
mass deposition in the nuclear region is probably quite
stochastic in nature (see discussion below). It is also evident
that even though more massive galaxies host the most massive
nuclei, the relation is nonlinear, featuring significant steepening
at the massive end. The shape of the relation is very
reminiscent of the stellar-to-halo mass relation (SHMR), so
we provide a quantitative description using the following five-
parameter functional form:

1
log Mysc = log Misc — >

My

+ Blog| —
0 g(m:)

M \o

(i)
m

L+ (5)

where Mg is a characteristic NSC mass, My, is a characteristic
galaxy stellar mass, 3 is the slope of the relation at the low-
mass end, and 6 and y determine the massive end slope. This
expression has been shown to provide an adequate description
of the SHMR in all environments and at all redshifts (see
Behroozi et al. 2013; Grossauer et al. 2015) and will help us
better interpret our results on NSC properties in the larger
context of galaxy formation in a v cold dark matter (CDM)
framework.

We carry out a Bayesian fit to Equation (1) while
simultaneously allowing for intrinsic scatter at a fixed galaxy
stellar mass, parameterized by a variance V. Because of the
universality of the Mygc—Mix relation, and unless otherwise
stated, we perform the analysis on the combined data set shown
in Figure 4. We have verified that fitting only the NGVS data
does not modify the results. We assume uniform priors for the
parameters in closed intervals as indicated in Table 1, and we
keep v = 1 because it is largely unconstrained by the data, due
to the small sample size at high masses (see also Grossauer
et al. 2015).

The last column of Table 1 shows the median and 68%
confidence interval for the marginalized posterior distributions
of the parameters. The corresponding best-fit relation is plotted

+ ey
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as a solid line in Figure 4, together with the 68% and 95%
confidence intervals. According to this fit, NSC masses scale as
Mnsc x My at the low-mass end, a behavior that extends
for over four decades in galaxy stellar mass. This is a shallower
slope than what was found by den Brok et al. (2014) in Coma,
B =0.57 £ 0.05, and by Scott & Graham (2013) using a
compilation from literature data, 3 = 0.6 & 0.1.

The NSC-to-galaxy stellar mass relation features a char-
acteristic mass for nuclei Mygc ~ 2 x 107 M, in galaxies with
stellar masses My ~ 5 x 10° M. The ratio (Mysc/My) ~
3.6 x 1073 that we infer is in perfect agreement with the mean
NSC mass fraction obtained in the ACSVCS and ACSFCS
studies (Cote et al. 2006; Turner et al. 2012), which can be
simply explained by their sample being dominated in number
by intermediate-mass cluster galaxies. We also measure an
intrinsic scatter at a fixed galaxy stellar mass of ~/V = 0.4 dex,
which is consistent with the value of ~0.36 dex measured by
den Brok et al. (2014) in Coma. The value of V is anticorrelated
with the estimated uncertainties in the measurements of Mysc,
such that if the uncertainties are underestimated, then V will be
smaller. We interpret this large intrinsic scatter as indication
that the process of NSC growth is quite stochastic (see
Section 5), and note that high stochasticity is a general
characteristic of star formation processes in all low-mass halos
(Ricotti et al. 2016).

4.2.2. Relation to Galaxy Structure

There are previous claims in the literature that nucleation and
the properties of NSCs are related to galaxy structure. For
example, den Brok et al. (2014) found that at a fixed galaxy
luminosity, galaxies tend to have more luminous clusters when
they have higher Sérsic indices and rounder shapes. The
relation between galaxy structure and nucleation will be
explored in detail in a different paper of this series (P. Coté
et al. 2018, in preparation). Here we only point out that there is
a tendency for nucleated galaxies to have slightly smaller
effective radii at a fixed galaxy luminosity, but the trend is not
statistically significant considering the small sample size. We
will address this question in detail once the full NGVS sample
is available.

4.3. The NSC Mass Function in Virgo

The histogram in Figure 5 shows the NSC mass function
(NSCMF) in the core of Virgo. The solid line with circles
shows the best-fit Gaussian function with parameters
p = 5.82dex and o = 0.68. This functional form is selected
for historical reasons and to facilitate a direct comparison with
previous work on other compact stellar systems, such as GCs
and UCDs. As already noted by Turner et al. (2012), the
observed distribution is nothing but the convolution of the
nucleation fraction with the nucleus-to-galaxy mass relation,
and there is no obvious physical reason for this quantity to be
normally distributed. The shaded vertical region in Figure 5
indicates our 100 detection limit of log(Mnsc/Mz) = 4.5 (see
Section 4.2.1). The sharp cutoff of the NSCMF at low masses
suggests that we may be missing a small fraction of the nuclei
below this mass limit, but the declining nucleation fraction
toward low masses leads us to the conclusion that it has to be a
very small number.

We compare the NSCMF in the NGVS with that derived
from the den Brok et al. (2014) data set for Coma early-type
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Figure 5. The NSCMF in the core of Virgo is shown here with a filled
histogram. The best-fit Gaussian function is also plotted with circles, as well as
the mass functions for other samples of NSCs and GCs from the literature. For
reference, the typical NSC in Virgo is nearly four times as massive as the
typical GC. The shaded vertical region indicates our 10c detection limit
for NSCs.

galaxies (triangle line). We transform their i-band magnitudes
to stellar masses and obtain the best-fit Gaussian parameters
p=6.08 and o = 0.59. Thus, the Coma NSCMF is very
similar to ours, but it features a slightly more massive turnover
mass, which we attribute to the brighter cutoff in the Coma
galaxy sample (M; < —14 mag). We also compare with the
combined samples from the Virgo and Fornax ACS surveys
(Turner et al. 2012; square-hexagon line). The bias is even
more acute for these samples, which provide a very uniform
sampling of the massive end of the NSCMF but lack galaxies
fainter than M, ~ —15 and therefore miss a large fraction of
the faintest nuclei. Interestingly, a comparison with the GC
mass function (GCMF; Jordan et al. 2007; dashed Gaussian
curve) shows that the average NSC is nearly four times as
massive as the typical GC in Virgo galaxies. The two mass
functions naturally have very different widths, and it is perhaps
not surprising that the faintest NSCs have masses virtually
identical to those of the faintest GCs—which raises the
question, how different are these NSCs from ordinary
faint GCs?

5. Discussion

The present study contains three important results pertaining
to the formation of NSCs and its relation to their host galaxies.
First, to a high degree it is galaxy mass that regulates NSC
formation and growth, in the sense that both very massive and
very faint galaxies have low likelihoods of hosting nuclei.
However, a secondary dependence on environment seems to
indicate that the efficiency of NSC formation is also affected to
some degree by the mass of the host halo, such that at fixed
stellar mass galaxies in denser environments have a higher
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Figure 6. Star cluster occupation distribution in the core of Virgo as a function
of galaxy stellar mass. The fractions of galaxies hosting an NSC, GCs, and the
two types of clusters simultaneously are represented with circles, triangles, and
squares, respectively. Shaded regions and error bars indicate the corresponding
68% Bayesian credible interval. The remarkable similarity between these
occupation distributions indicates a close connection between the different
families of compact stellar systems.

probability of being nucleated. Finally, even if environment
somewhat regulates the likelihood of a given galaxy hosting an
NSC, the universality of the NSC-to-galaxy mass relation
indicates that the mass of the central star cluster is primarily
controlled by the galaxy mass—albeit with a large scatter,
which probably is an indication of the stochastic nature of NSC
growth. We now turn to discuss the implications of these
results in the context of NSC formation scenarios.

5.1. The Connection between NSCs, GCs, and DM Halo Mass

As has been previously discussed, it is natural to wonder
about the relationship between the different families of star
clusters in galaxies and about the role of total galaxy mass in
the establishment of these relations. This is particularly true for
GCs and NSCs, because the early decay and merging of dense
star clusters seems a viable—perhaps even unavoidable—
mechanism in the centers of galaxies. Also, the total mass of a
GCS has been shown to correlate with the DM halo mass of the
galaxy (Peng et al. 2008; Spitler & Forbes 2009; Georgiev et al.
2010; Hudson et al. 2014), and one may naively expect similar
behavior for other compact stellar systems.

5.1.1. NSCs and GCs

In Figure 6 we reproduce the NSC occupation distribution in
Virgo but now also include the fraction of galaxies that host
GCs (triangles). GC candidates are selected from the mixture
model classification by E. W. Peng et al. (2018, in preparation),
and their numbers are counted to g < 24.5 (~0.6 mag fainter
than the GC luminosity function [GCLF] turnover magnitude
in Virgo) within a distance <2.5 R, from the center of the
galaxy (excluding the NSC). A local background level is
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determined in an annulus between 4 and 10 R, and subtracted
to account for contamination by stellar and extragalactic
interlopers and by the rich GCS of M87. The final number
Ngc of GCs is corrected to the full GCLF. Consistent with
previous work, Figure 6 shows that all galaxies more massive
than M, ~ 10° M_, host at least one GC (Peng et al. 2008;
Georgiev et al. 2010). Remarkably, the fraction of galaxies
containing GCs decreases toward lower masses at exactly the
same rate as the nucleation fraction. Within the uncertainties,
the two curves are indistinguishable from each other, which
lends support to the idea that these two types of stellar systems
are closely interconnected—perhaps both being the result of
similar underlying physical processes.

While the GC and NSC occupation distributions are
identical from a statistical point of view, this is not entirely
the case on a galaxy-per-galaxy basis. In the same figure we
show with squares the fraction of galaxies that simulta-
neously host an NSC and GCs. As before, here we do this
exercise for galaxies with stellar masses ranging from
My = 10° M, to My = 10° M,,, and all figures discussed in
this section are only valid for objects within this mass range.
The NSC+GC occupation distribution is slightly different
from the NSC one, in the sense that at fixed galaxy stellar
mass there is a lower fraction of galaxies that host the two
types of star clusters. The breakdown of the star cluster
occupation fraction in the core of Virgo is as follows: 43% of
the galaxies in the mass range under study do not host any
type of compact star cluster; 18% are non-nucleated galaxies
that have GCs; 22% have both an NSC and GCs (the squares
in Figure 6); and 17% of the galaxies have NSCs but no GCs.
Of course, with the current data set we cannot rule out the
possibility that the latter subpopulation at some point did
have GCs that have been stripped during the orbital evolution
within the cluster, or that their GCs merged to form the NSC.
A perhaps even more intriguing possibility is that the NSC
is indistinguishable from a regular old GC located at the
bottom of the potential well. Detailed studies of the stellar
populations in these low-mass NSCs are required to explore
this hypothesis.

In Figure 7(a) we also study the relation between the mass of
the NSC and the total mass of the GCS (Mgcs), which we
derive using the following Monte Carlo method. For each
nucleated galaxy we randomly sample a normal distribution
with a mean value Ngc and standard deviation ANgc, which
are extracted from the GC candidate catalog. The resulting
number of GCs is rounded to the closest integer number Zgc,
and if the galaxy has at least one GC (Zgc > 1), we assign each
a mass according to a normally distributed GCMF. Jordan et al.
(2007) show that the GCMEF is not universal but rather exhibits
a dependence on the luminosity /stellar mass of the host galaxy
such that fainter systems feature lower turnover masses and
narrower mass functions. Therefore, for each nucleated galaxy
in the NGVS we draw GCs from a normal GCMF with
turnover masses and logarithmic dispersions consistent with
the (extrapolated) relation shown in Figure 14 from Jordan
et al. (2007). The masses of the Zgc clusters are summed
to obtain a total mass for the GCS, and this Monte Carlo
process is repeated 10,000 times for each galaxy. We record
the mean GCS mass and its standard deviation, which are
plotted against the masses of the NSCs in the top panel of
Figure 7. We note that at low Mgcs values there is an
unavoidable level of discreteness in the mean masses caused by
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Figure 7. Masses of NSCs in the core of the Virgo cluster. Top: The estimated
total mass of the GCS within 2.5 R, is shown against the mass of the nucleus.
The two quantities are consistent with each other for masses Mysc < 10" M.
The number of GC candidates is artificially biased low in more massive
galaxies because of the aperture used to estimate their numbers (open symbols;
see text for details). Bottom: The ordinates show the peak DM halo mass for
each galaxy from abundance matching plotted vs. the mass of the nucleus. The
two masses are correlated, but the relation differs from the constant mass
fraction (shown as a dashed line for M,/Mnsc = 10°).

galaxies that are consistent with having a single GC. In these
cases the mean mass simply corresponds to the turnover mass
of the GCMF evaluated at the corresponding galaxy stellar
mass. The properties of the GCSs in the core of Virgo from
NGYVS data will be discussed in more detail in future papers of
this series.

Figure 7(a) shows that Mysc and Mgcs track each other
remarkably well for masses Mysc < 10’ M, which corre-
sponds to My < 3 x 10° M. In comparison more massive
galaxies seem to feature depleted GCSs, but this is an artifact
caused by the way the number of GCs is estimated. As
described above, GC candidates are only selected within a
projected distance R < 2.5 R, from the center of the galaxy.
While this is distant enough to account for the majority of GCs
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in low-mass systems, more massive galaxies certainly have
GCSs extending far beyond this limit. As a result, we are
progressively missing a larger fraction of the GCS as we move
toward larger masses, and hence the apparent bend in the trend
displayed in Figure 7(a).

In summary, for low-mass galaxies the data once again
show a close connection between the two types of compact
stellar systems, now in terms of their total masses. We
conclude that while the presence of GCs is not a sufficient
condition to form an NSC in low-mass galaxies (Miller et al.
1998; den Brok et al. 2014), the two families of star clusters
are probably simply different manifestations of the prevalent
mode of star formation at early times. Indeed, both the star
cluster occupation fractions and the relation between the total
masses of GCSs and NSCs can be qualitatively understood
under a scenario where only the galaxies that happen to form
enough proto-GCs within the dynamical friction cone develop
an NSC—which, in turn, grows proportionally to the size of
the GC population. We will further develop this idea in
Section 5.3.

5.1.2. NSCs and DM Halo Mass

We now attempt a comparison between Mygc and the DM
halo masses M;,. To determine M; we make use of the SHMR
obtained by Grossauer et al. (2015) for the NGVS via
abundance matching. This technique relies on the assumption
that there exists a univocal relation between stellar and DM
halo masses, such that the nth-ranked galaxy occupies the nth
most massive halo. We warn that this approximation most
likely breaks down at the lowest masses probed by the NGVS
due to the inefficiency of galaxy formation at these scales. For
reference, Fattahi et al. (2016) show that in the APOSTLE
simulation half of the halos with masses M}, = 10%3 M, remain
fully dark. This in turn results in a systematic offset between
the actual halo masses of the simulated galaxies and the M,, that
would be inferred from the different abundance matching
models. We finally note that because the Virgo sample is
essentially comprised of satellites, the matching procedure is
carried out at peak halo mass, and accordingly M), represents
the maximum DM halo mass ever attained by the galaxy—
which occurs at the redshift of infall and not at z = 0. Present-
day My, /M, ratios are expected to be much smaller due to the
preferential stripping of DM halos relative to the stellar
component as galaxies orbit within the cluster potential well
(e.g., Smith et al. 2013, 2015).

With all these caveats in mind, in the lower panel of Figure 7
we show the NSC masses in the core of Virgo plotted against
the estimated M;. Uncertainties in the stellar mass determina-
tions and in the SHMR are plotted as error bars in Figure 7.
This panel shows that there is a linear relation between
log Mysc and log My, but it deviates from the constant mass
fraction relation. For reference, the diagonal dashed line shows
the expected relation if nuclear and halo masses were offset by
a constant mass ratio My, /Mysc = 10°. This difference actually
is a direct result of the different low-mass slopes for the SHMR
and the NSC-to-galaxy stellar mass relation. The abundance
matching exercise by Grossauer et al. (2015) indicates that
M, o< M3, whereas we obtain Mysc Mf'%. Hence, we find
a stronger degaendence of the mass of the nucleus on halo mass,
Mnsc Mﬁ' . We note that 3, the SHMR slope at the low-mass
end, is still poorly constrained and its value is highly debated in
the literature. Nevertheless, most recent works find it to be in
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the range 0.3 < 8 < 0.45 (e.g., Behroozi et al. 2013; Moster
et al. 2013; Brook et al. 2014; Sawala et al. 2015), and
therefore the claim that NSC masses depend strongly on DM
halo mass seems robust—provided the abundance matching
approximation remains valid.

5.2. Comparison with Models for NSC Formation

We now interpret these results in the light of current models
for NSC formation and explore to what extent they reproduce
the observations in Virgo. Specifically, we compare the NGVS
data against the models from Mclaughlin et al. (2006,
hereafter M06) and Antonini et al. (2015, hereafter A15).
MO6 present a fully analytic model for the self-regulated
growth of NSCs, where feedback from stellar winds and
supernovae drives a superwind from the nucleus with a
momentum flux directly proportional to the Eddington
luminosity. When the NSC reaches a critical mass, the
superwind can escape the galaxy, thus halting accretion and
freezing Mnsc. Al5, on the other hand, make predictions for
both the nucleation fraction and the NSC-to-galaxy stellar mass
relation within a cosmological framework for galaxy formation.
Their model comes in two flavors. The first one simply consists
of a purely dissipationless process, whereby star clusters
migrate to the galactic center and merge under the effect of
dynamical friction (hereafter the C1iN model). It is therefore
very similar in spirit to Gnedin et al.”’s (2014), but like most of
these models it suffers from the limitation of not capturing the
hierarchical buildup of galaxies or any dissipative process
related to star formation. The second model (GxeV) addresses
the latter aspects, as it first follows the growth and merger
histories of galaxies and their DM halos and then incorporates a
recipe for the formation of NSCs with a treatment for
dissipative processes leading to nuclear star formation. This
proves to be an important element, because according to their
calculations more than half of the total NSC mass is accounted
for by in situ star formation, and dissipative processes appear to
become increasingly important with galaxy mass. The A15
models also take into account the disruptive effects of MBHs,
which will become relevant when addressing NSC occurrence
in high-mass galaxies.

5.2.1. The NSC Occupation Distribution

In Figure 8 we again reproduce the nucleation fraction in
Virgo, now in direct comparison with the two sets of models
from A15 (M06 do not make predictions for this quantity).
The dissipationless C1iN scenario (dashed line) is able to
reproduce, at least qualitatively, the peaked form of the NSC
occupation distribution. However, it predicts too high of an
efficiency for NSC formation at intermediate to high galaxy
masses. At the same time it underpredicts the nucleation
fraction for masses below log(My /M) = 8.5. The solid line
corresponds to the NSC occupation fraction in the dissipative
model. Here in situ star formation contributes significantly to
the growth of NSCs in massive galaxies, and therefore the
nucleation fraction departs even more from the observed
behavior. If taken at face value, the results at the low-mass
end are even more discouraging for the GxeV model, which
predicts f, ~ 100% for all masses M, < 10'° M. Yet the
observations indicate a steady decline of f;, toward low
masses. However, A15 warn against putting too much trust
in these numbers, because the identification of NSCs against
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Figure 8. Same as Figure 6, but now the lines show the predictions for the NSC
occupation fraction from the models by Antonini et al. (2015). The dashed line
corresponds to a purely dissipationless model (C1iN) of NSC growth via
dynamical friction—driven mergers of pre-existing dense star clusters. The solid
line is for a dissipative semianalytic model (GxeV) that incorporates gas
inflows and in situ star formation. See text for discussion.

the galaxy background in the dissipative GxeV model is
poor and the algorithm does not follow the evolution of
individual star clusters, only the average nuclear mass
infall rate.

The sudden drop in f; at high masses My 2 10° M, is a well-
known result that is traditionally interpreted in the literature as
the result of cluster disruption by the MBHs that inhabit the
galactic centers. We note that the onset of this decline is
perfectly consistent with recent results indicating that the MBH
occupation fraction is high above My ~ 10° M, (Miller et al.
2015; Nguyen et al. 2018). In the Al5 models MBHs
contribute to halting NSC formation and growth in two
important ways. First, their strong tidal field enhances mass
loss from star clusters as they decay toward the center, while
simultaneous dynamical heating decreases their binding
energy. This all contributes to a significant reduction in the
amount of mass deposited in the NSC, if not implying the full
disruption of the inspiraling star clusters. It is not clear at this
stage why the Virgo galaxies seem to have a lower NSC
occupation fraction at high masses compared to the models.
One possibility is that the semianalytic formalism fails to
capture the structural nonhomology of early-type galaxies.
Emsellem & van de Ven (2008) show that for density profiles
with Sérsic indices n 2 3.5 tidal forces become disruptive
nearly everywhere and therefore hinder the efficient collapse of
gas and its subsequent transformation into stars. Given the
observed n—My relation in Virgo (Ferrarese et al. 2006b), this
mechanism should operate in a majority of the early-type
galaxies more massive than My ~ 10'° M. Alternatively, it is
possible that the difference is an effect associated with the
efficiency of star cluster disruption by MBHs as implemented
in the semianalytic model.

10

Séanchez-Janssen et al.

For low-mass galaxies, however, this framework is unlikely
to apply for two reasons. First, in several scenarios of MBH
formation the occupation fraction is expected to be a relatively
strong increasing function of galaxy mass (Volonteri 2010 and
references therein). Many of these low-mass galaxies probably
do not host an MBH at all. But even if they do, its mass would
need to be larger than M.~ 108 M, to efficiently disrupt
inspiraling star clusters and halt any further NSC growth (see
the discussion in A15 about the importance of this character-
istic mass scale). According to the observed M.—Mj relation
(McConnell & Ma 2013), this value is well above the expected
black hole masses in My < 10° M, galaxies.

Galaxies in the core of Virgo with stellar masses below this
limit have light profiles well described by Sérsic indices in the
range 0.5 <n < 1.5 (Ferrarese et al. 2016), which, as
Emsellem & van de Ven (2008) show, feature compressive
tidal forces in the central regions that are conducive to NSC
formation. And yet the observations indicate that fewer lower-
mass galaxies eventually form nuclei. Possible solutions to this
puzzle range from stellar feedback preventing cold gas from
reaching the nuclear regions of these galaxies (El-Badry et al.
2016) to the presence of very cuspy halos such that DM is a
dominant mass component in the very central regions of these
galaxies.

We propose instead that a more likely explanation for the
paucity of NSCs toward low galaxy masses is simply a low
initial number of dense star clusters. We have shown that the
existence of GCs is tightly linked to the presence of NSCs, and
numerous studies have now established that the total mass of a
GCS correlates tightly with the DM mass of the galaxy (Peng
et al. 2008; Spitler & Forbes 2009; Georgiev et al. 2010;
Hudson et al. 2014). If this holds for very low mass galaxies
and they form a low number (but high mass fraction) of bound
star clusters, then it is natural to expect that many faint galaxies
simply lack the ingredients to form an NSC seed in the first
place.

5.2.2. The NSC-to-galaxy Stellar Mass Ratio

In Figure 9 we show the NSC-to-galaxy mass ratio as a
function of galaxy stellar mass for the NGVS and the literature
samples, with symbols as indicated in the legend of Figure 4.
These two figures are essentially equivalent, but Figure 9 does
a better job at highlighting the increasing prominence of NSCs
toward lower masses. As in Figure 4, the horizontal dashed
lines indicate constant NSC mass fractions of 0.1%, 1%, and
10%, from bottom to top. To better illustrate the dramatic
dependence of the nuclear mass fraction on host stellar mass,
large diamonds show the mean Mygc/My ratio in bins of
constant galaxy stellar mass. The mass ratio spans nearly three
orders of magnitude, with a mean value that drops to ~0.36%
for galaxies with My ~ 3 x 10° M., and then increases for
both more and less massive galaxies. This minimum value for
Mnsc/Mx is very similar to the constant mass ratio found in the
Virgo and Fornax ACS surveys (Cote et al. 2006; Turner et al.
2012). But Figure 9 indicates that the ratio is anything but
constant. The increasing prominence of NSCs is exacerbated at
the lowest mass scales, where a few nuclei are ~50% as
massive as their hosts. The trend is present in all the samples of
cluster low-mass galaxies included in Figure 4, but it is only
thanks to the significant extension toward the low-mass end
enabled by the NGVS that we can assess its statistical
significance with confidence. We will now discuss these results
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Figure 9. NSC-to-galaxy stellar mass ratio for the NGVS and literature
samples. Symbols are as in Figure 4. The large diamonds show the mean
relation in bins of stellar mass, and they highlight the strong dependence of the
nuclear mass fraction on host mass. The thin solid line corresponds to the best-
fit Mnsc—Msx relation. The mass ratio spans nearly three orders of magnitude,
with the most prominent nuclei being almost 50% as massive as their host
galaxies. The thick lines correspond to different predictions from a dissipative
model (solid) and two different dissipationless models for NSC formation
(dashed and dashed—dotted lines). See text for details.

in the context of dissipative and dissipationless models of NSC
formation. More specifically, there is a clear prediction from
models of NSC growth via GC inspiraling that the nuclear mass
fraction should scale as Mysc/My o< My "> (Antonini 2013;
Gnedin et al. 2014). A simple inspection of Figure 9 indicates
that this behavior does not hold at high galaxy masses, and this
is a clear indication that additional (dissipative) mechanisms
have to be invoked to explain these NSC masses.

The thick dashed-dotted line in Figure 9 shows the
prediction for the Mysc/Mx ratio from the feedback-
regulated model by M06. We use their Equation (10) with
the following parameters: A = 0.05 for the wind thrust
efficiency, Z = 0.5Z. for the stellar metallicities, and
vy = 200km s~ for the velocity of the superwind. These
values are chosen to reproduce the NSC mass fraction at the
intermediate-mass regime, where the kink of the Mysc/Mx
ratio occurs, but it is clear that at lower masses the analytical
relation is too shallow compared to the data. This is because
in this model the self-regulated mass of the nucleus scales as
Mysc o Mz '/, which is inconsistent with our best-fit slope
(see Table 1). It follows that if feedback played a relevant
role in setting the initial masses of NSCs, additional growth
mechanisms are required to explain their present-day stellar
content.

The solid and dashed thick lines in Figure 9 correspond to
the predictions for the Mysc/Mx ratio from the dissipative
(GxeV) and dissipationless (C1iN) models by A1S5, respec-
tively. It is interesting—or perhaps worrying—that these two
models seem to reproduce the observed trend at low masses.
While predicting the correct slope for the Mysc—My relation
can be seen as a significant success, it also means that this
relation provides little to no discriminating power on possible
formation scenarios. The similarity between the dissipationless
and dissipative models indicates that, essentially, at low galaxy
masses NSC growth is controlled by the average nuclear mass
infall rate, independently of whether the NSC is constituted by
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stellar or gaseous material. The stellar population properties of
the NSCs do differ in the dissipative and dissipationless
scenarios, and detailed studies of the least massive NSCs will
clarify if the complex star formation histories found in the
nuclei of intermediate-mass galaxies (Monaco et al. 2009; Seth
et al. 2010; Paudel et al. 2011) are mirrored at the smallest
scales.

As already mentioned, the very low mass ratio predicted by
all these models for My > 10'° M, galaxies is troubling.
However, these massive NSCs in Virgo and Fornax are quite
peculiar systems that do not resemble the nuclei found in
lower-mass objects in a number of ways. They feature more
flattened morphologies and very large half-light radii, and
their colors show increased scatter compared to lower-mass
systems—with a predominance of nuclei that are even redder
than their host galaxies (Cote et al. 2006; Turner et al. 2012).
In light of these properties it has been proposed that these
massive NSCs resemble the “dense stellar cores” that form in
some numerical simulations as a result of dissipative
processes involving mergers and/or nuclear gaseous inflows
(Mihos & Hernquist 1994). The observed discrepancy
between data and models implies that the formation mechan-
isms of such a mass excess in the central regions of the most
massive galaxies are not fully captured by current NSC
formation models, even when they incorporate dissipative
processes.

Overall, the shape of the NSC-to-galaxy stellar mass ratio
indicates the existence of two well-defined mass regimes.
Below My ~ 5 x 10° M., NSCs become increasingly promi-
nent, and we will now discuss this finding in the context of
dynamical friction—driven coalescence of dense star clusters.

5.3. A Scenario for Biased NSC Formation

We have shown that the present-day galaxy mass (stellar or
total) seems to be the main parameter controlling not only
whether a galaxy harbors an NSC but also its subsequent
growth. This is in line with previous work, but our results
further demonstrate that this simple picture is incomplete.
Our finding that at fixed stellar mass the nucleation fraction
shows a secondary dependence on the mass of the host halo
indicates that NSC occurrence is a more complex phenom-
enon that depends on properties related to the global
environment. We are not aware of any model for NSC
formation that reproduces this effect in early-type galaxies,
but the result is very reminiscent of the discovery by Peng
et al. (2008) that the GC specific frequencies in Virgo
galaxies are also biased toward dense environments.
Specifically, the average GC mass fraction for My <
5 x 10° M, galaxies increases from the galaxy cluster
outskirts to the center. Peng et al. (2008) were able to show
that, at least qualitatively, the trend can be explained by the
preferential formation of GCs in the earliest collapsing halos
that can efficiently form stars before reionization. In this
biased scenario, the galaxies that inhabit the central cluster
regions would have collapsed first, starting to form stars
earlier and doing so at higher star formation rates (SFRs) and
higher star formation surface densities (Xgggr) than the
systems that are presently found in the cluster outskirts.
Old GCs are believed to form precisely in regions featuring
high Yspr and enormous pressure (Harris & Pudritz 1994;
Elmegreen & Efremov 1997; McLaughlin 1999; Ashman &
Zepf 2001; Kruijssen 2015; Pfeffer et al. 2018). This,



THE ASTROPHYSICAL JOURNAL, 878:18 (25pp), 2019 June 10

together with the fact that satellites residing in higher-density
environments are accreted at earlier times and form stars
rapidly (Liu et al. 2016), naturally results in higher present-
day GC mass fractions for the innermost systems.

Here we speculate that the same biased formation channel
for star clusters is responsible for the observed environmental
dependence of the nucleation fraction toward low galaxy
masses. It is well established that the clustering of DM halos
is a strong function of mass and formation time, especially
for ancient, low-mass halos (Gao et al. 2005; Wechsler et al.
2006; Dalal et al. 2008; Lacerna & Padilla 2011). This is
equivalent to saying that at fixed peak mass subhalos form
earlier in more massive host halos, an effect known as
assembly bias. All the low-mass cluster galaxies shown in
Figure 2 inhabit regions with similarly high mean overdensity
(R/Ryir < 0.25) and are therefore expected to be the most
ancient population in these clusters. For reference, subhalos
in virial equilibrium in the cores of massive clusters have
typical infall times of £, = 6 Gyr (Oman et al. 2013). Thus,
at fixed galaxy stellar mass all these subhalos did reach a
similar peak halo mas.s,25 but those in the core of Coma
attained it at earlier times than those in the core of Virgo (or
Fornax). In fact, prior to infall the subhalos in denser
environments were at all times more massive than those in
slightly less dense regions.

If we extrapolate back in time to the epoch of GC formation
(z 2 2), we will find a scenario equivalent to that proposed by
Peng et al. (2008), namely that low-mass galaxies in Coma
started forming stars earlier than those in Virgo, and at higher
SFRs and Xggr. These conditions were conducive to the
formation of bound young massive clusters (YMCs), and if
cluster formation efficiency was close to universal (McLaughlin
1999) and galaxies formed YMCs proportionally to their mass at
that epoch (Kruijssen 2015), then one naturally expects a larger
mass fraction in star clusters in the more biased (proto-)Coma
galaxies.*®

The YMCs that were born closer to the center of the
potential well and survived the early disruption phase
(Kruijssen et al. 2011) were able to merge within a few
dynamical times. Simple dynamical friction arguments (e.g.,
Lotz et al. 2001) indicate that, for My < 10° M,, galaxies, a
star cluster with the GCMF turnover mass would decay from
a distance of ~1 kpc in less than a few billion years. In this
context it is important to recall that DM halos grow their
central potential very rapidly at early times, but during the
subsequent long-lasting slow-accretion regime the material
builds up predominantly in the outskirts and the central
densities change very little (Wechsler et al. 2002; van den
Bosch et al. 2014). Under these conditions, and considering
the very low masses of the faintest nucleated galaxies in
Virgo—almost comparable to those of regular GCs—the
dynamical friction—driven orbital decay of bound star clusters
has probably been a very efficient mechanism throughout a
large fraction of the galaxy’s history.

Baryons of course complicate this simple picture, and
dissipative processes have probably contributed to some extent

25 This statement is of course only valid for galaxies that have not suffered
significant stellar mass loss after infall. While this is generally true for the
average satellite population (Watson & Conroy 2013), it may be less valid for
low-mass galaxies in the cores of massive clusters (Smith et al. 2015).

26 Note that if this scenario is correct, it also implies that the low-mass galaxies
in clusters like Coma must feature higher GC mass fractions (or specific
frequencies) than those in Virgo.
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to the growth of NSCs in low-mass galaxies. The mass
distribution of (non-cuspy) low-mass galaxies favors nuclear
gas inflows (Emsellem & van de Ven 2008), and with all
likelihood the last star formation events in these quiescent
galaxies took place in the central regions.

Admittedly, this scenario is highly speculative. But the
proposal that nucleated early-type cluster galaxies are a biased
subpopulation is actually not new, but rather consistent with
previous results in the literature. These galaxies have a
tendency to inhabit the inner and higher-density cluster regions
(Binggeli & Cameron 1991; Lisker et al. 2007), their velocity
distribution reveals a preference for circularized orbits (Lisker
et al. 2009), and there is tentative evidence that they feature
higher GC mass fractions than non-nucleated cluster galaxies
(Miller et al. 1998; Sanchez-Janssen & Aguerri 2012). The
results presented here just add another element in support of
this picture, but many questions remain unanswered. For
example, why does this scenario result in ~50% of all the mass
in old star clusters ending up in the NSC regardless of galaxy
mass? What is the nature of the observed change in the mass
fraction slope at high masses? If a larger fraction of stars in
cluster galaxies indeed form in bound star clusters, the naive
expectation is that the NSC mass fraction should depend on
environment, but this is not observed. Finally, this scenario
must also provide an explanation for the mildly bluer colors
and younger ages of NSCs relative to their host galaxies (e.g.,
Spengler et al. 2017).

5.4. UCDs, Satellite Disruption, and Mass Deposition on
Stellar Halos

Soon after their discovery UCDs were already suspected to
be the surviving nuclei of disrupted satellites (Bekki et al.
2003; Drinkwater et al. 2003; Goerdt et al. 2008). Subsequent
work has shown that they probably constitute a mixed bag of
objects with galactic and star cluster origins and that there is a
trend for NSCs (GCs) to be dominant at the high-mass (low-
mass) end (Hagegan et al. 2005; Evstigneeva et al. 2007;
Mieske et al. 2008, 2012; Norris et al. 2014; Zhang et al.
2015; Pfeffer et al. 2016). An important link between UCDs
and nucleated galaxies was recently discovered by Liu et al.
(2015a) using NGVS imaging. They presented evidence that a
fraction of the UCDs surrounding M87 and M49 are
embedded in low surface brightness envelopes whose
prominence correlates with the distance to these massive
galaxies. Thus, the innermost UCDs show no evidence of
such stellar halos, whereas the envelopes surrounding the
most distant systems are so prominent that they unambigu-
ously are nucleated galaxies. The nature of the intermediate
objects in this morphological sequence is unclear at the
moment, but the progression toward less prominent envelopes
with galactocentric distance is consistent with the tidal
stripping picture (e.g., Pfeffer & Baumgardt 2013). Alter-
natively, the objects with envelopes may simply be nucleated
galaxies with very prominent NSCs, like those we find at the
low-mass end. However, we note that (i) there is no overlap
between the sample of UCDs from Liu et al. (2015a) and our
nucleated low-mass objects, and (ii) unlike with the UCDs,
we do not find a correlation between the distance to M87 and
the prominence of the NSC.

We note in passing that the recent hydrodynamic cosmolo-
gical simulations by Ricotti et al. (2016) offer an intriguing
alternative for the origin of these envelopes. These authors
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Table 2
Inferred Stellar Masses for the Progenitors of Stripped NSC Candidates in the
Local Group

Cluster Mge/M, M, /M References
wCen 2.5 x 10° 6.3 x 10° )
M54 2.0 x 10° 40 x 108 (1)
NGC 2419 1.3 x 10° 1.9 x 10® )
M19 0.9 x 10° 0.9 x 10 e
Mayall I1/G1 46 x 10° 15.0 x 108 )
G78 24 x 10° 5.9 x 10® 3)
G213 1.8 x 10° 3.6 x 10® 3)
G280 2.2 x 10° 5.0 x 10° 3)

Note. (1) Mackey & van den Bergh (2005), (2) Meylan et al. (2001),
(3) Fuentes-Carrera et al. (2008).

followed the formation of very low mass galaxies (My. < 10° M)
before reionization, and in their simulations the majority
of the stars formed in dense star clusters. The more massive
clusters remained bound after gas was expelled by ongoing
star formation, but those with masses <10* M, dissolved
and expanded until they became bound by the DM halo. If
the surviving more massive clusters merged driven by
dynamical friction, the object left behind closely resembled
a (low-mass) UCD with an envelope (see also Milosavljevic¢
& Bromm 2014).

Coming back to the threshing scenario, Ferrarese et al.
(2016) show that the observed Mysc—My relation can be
inverted and used in combination with the abundance of UCDs
to provide an estimate of the amount of intracluster light in the
core of Virgo contributed by disrupted satellites. An even
simpler and direct application of this relation is to compute the
mass in stars contributed to the stellar halos of other massive
galaxies by the putative progenitors of UCDs. The three most
massive UCDs in the Virgo cluster are not located close to M87
but reside in the infalling group dominated by the massive early
types M60 and M59 (Chilingarian & Mamon 2008; Liu et al.
2015b; Sandoval et al. 2015). The stellar masses of these UCDs
are in the (0.5-1.5) x 10° M, range, and if they are the
remnants of threshed progenitors that followed the observed
mean relation in Figure 4, then their parent galaxies had stellar
masses in excess of My ~ 10'° M. M59 hosts the first and
third most massive of the UCDs, and under this scenario
approximately 15%-25% of its stellar mass would have been
accreted in two distinct merger events. This figure is consistent
with recent cosmological hydrodynamic simulations of stellar
halo formation, which indicate a larger contribution of accreted
mass in the stellar halos of more massive galaxies (Rodriguez-
Gomez et al. 2016).

Given the observed universality of the Mysc—Mjx relation, a
similar exercise can be attempted in the Local Group, where
some of the most massive GCs have long been suspected of
being a distinct subpopulation. Specifically, wCen, M54,%” and

%7 The case of M54 is notably special. The cluster is still embedded within the
disrupting stellar body of the Sagittarius dSph, and therefore its accreted origin
is unambiguous. However, Bellazzini et al. (2008) show that M54 coexists with
a distinct nuclear component that can be differentiated in the velocity—
metallicity phase space. These authors suggest that they formed independently
and M54 plunged to the central region driven by dynamical friction. Because it
is impossible for us to quantify how common this feature is among the Virgo
nucleated galaxies, here we simply take the view that the two components
constitute the NSC of Sagittarius.
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NGC 2419 in the MW and Mayall II/G1 in M31 are canonical
examples of stripped NSC candidates. Evidence for the nuclear
origin picture for these systems includes very high surface mass
densities, large internal metallicity spreads and significant
elemental abundance variations, unusually high eccentricities,
and the presence of kinematic subpopulations (Ibata et al.
1994, 1995; Norris & Da Costa 1995; Sarajedini & Layden
1995; Norris et al. 1997; Lee et al. 1999; Pancino et al. 2000;
Meylan et al. 2001; van den Bergh & Mackey 2004). Recently,
the lower-mass GC M19 has been shown to have an intrinsic
abundance spread of o[Fe/H] = 0.17 dex, only surpassed by
wCen and M54 in the Galactic GCS (Yong et al. 2016). This is
highly suggestive of a nuclear origin as well, and so we include
MI19 in the list of putative surviving NSCs. Finally, Fuentes-
Carrera et al. (2008) found that three additional high-velocity
dispersion clusters in M31 exhibit very large abundance
spreads, and they are included in our analysis as well
(Table 2).

We invert our best-fit Mygc—Mjx relation to infer the stellar
masses for the progenitor galaxies of these star clusters under
the assumption that they are indeed fully stripped NSCs. To do
this we first compute the masses of the clusters using My,
measurements from the literature, as indicated in the last
column of Table 2. For all clusters we then assume a common
(g — V) = 0.4 color and My/L, = 2.7 (e.g., van de Ven et al.
2006; Noyola et al. 2010). The second column shows the
present-day GC masses, here assumed to be identical to Mysc-
The third column corresponds to the expected mean stellar
masses for the parent galaxies, M, ,, which range from 10% Mg,
to 10° M. We recall that the significant intrinsic scatter of the
Mnsc—My relation implies that these values can be a factor
~2.5 larger or smaller. In any case, it is clear that only a
handful of these (presumably) disrupted systems can contribute
>10° M., to the stellar halos of the central galaxies in the Local
Group.

This aligns well with mounting evidence from both
numerical (Bullock & Johnston 2005; Cooper et al. 2010;
Deason et al. 2016; van Oirschot et al. 2017) and observational
work (Fiorentino et al. 2014; Deason et al. 2015) that the bulk
of the accreted stellar halo in MW-sized galaxies is contributed
by a small number of relatively massive satellites with stellar
masses of 10°%-10'° M. For reference, the MW is thought to
have a stellar halo M, ~ 1 x 10° M., corresponding to
roughly 2% of its stellar mass (Carollo et al. 2010; Licquia
& Newman 2015). M31’s halo is slightly more massive,
M,y ~ 4 x 10° M, amounting to nearly 4% of its stellar mass
(Courteau et al. 2011; Sick et al. 2014). Comparison with
Table 2 indicates that 30%—-100% of the mass in these halos
can be accounted for by the progenitors of (known) NSC
candidates. This is only a crude comparison and the
uncertainties are important—e.g., we assume that the galaxy
stars are fully stripped, but depending on the orbital
configuration a fraction of that material can remain bound
and form an “envelope” around the nucleus (e.g., Pfeffer &
Baumgardt 2013; Liu et al. 2015a); also, a non-negligible
fraction of the material released by a threshed satellite is
deposited in the inner rather than the outer halo, where stars
mix with a pre-existing in situ population (Zolotov et al. 2009).
But if indeed the subset of massive, peculiar GCs in the Local
Group are the remnants of disrupted galaxies, we propose that
relatively massive nucleated satellites constituted a significant
fraction of the building blocks for the stellar halos in the MW
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and in M31. A better understanding of the relation between the
stellar populations of NSCs and their host galaxies can guide us
to identify coherent structures in the multidimensional spatial—
kinematical-chemical phase space originating from material
stripped from these galaxies.

6. Conclusions

In this study we use deep, high spatial resolution optical
imaging from the NGVS to detect and characterize the NSCs in
a volume- and mass-limited sample of nearly 400 galaxies
in the core of the Virgo cluster spanning seven decades in
stellar mass. Here we focus on the occurrence of NSCs as a
function of galaxy mass and environment and on mass scaling
relations with their host galaxies. Our main conclusions are as
follows:

1. The NSC occupation distribution is a strong function of
galaxy stellar mass. It peaks at f, ~ 90% for My ~
10° M, galaxies and then declines monotonically for both
more and less massive galaxies. The distribution is
shaped by the interplay between the disruptive effects of
MBHs at the high-mass end and (possibly) a low initial
number of dense star clusters at the low-mass end, where
S, o< log M!/*. We identify a characteristic mass Mj
~ 5 x 10° M., below which no galaxy in the core of
Virgo is nucleated.

2. We compare the NSC occupation distribution in Virgo
with other environments spanning a wide range of host
halo masses, including the Coma and Fornax clusters and
the MW, M31, and M81 groups. We unveil a secondary
dependence of f; on environment, such that at fixed
galaxy stellar mass nucleation is more frequent in more
massive host halos.

3. NSCs have integrated colors that primarily depend on
their stellar mass, such that more massive nuclei are
redder. Because Mysc and My are also correlated, redder
NSCs inhabit redder galaxies, but the poor correlation
between these quantities indicates this is only a weaker
relation.

4. There is a universal, nonlinear relation between Mysc and
My, such that the nucleus-to-galaxy stellar mass ratio
drops to Mnsc/My ~ 3.6 X 107> for galaxies of mass
My ~ 5 x 10° M. NSCs in both more and less massive
galaxies are much more prominent, with the latter scaling
as Mysc Mﬁ‘%. This implies that the faintest nucleated
galaxies in the core of Virgo host NSCs that are nearly
50% as massive as the galactic body itself. However, we
also measure an intrinsic scatter in the Mysc—My relation
of 0.4dex, which we interpret as evidence of the
stochastic growth of NSCs.

5. This universal relation can be inverted to infer the masses
for the progenitors of UCDs and massive GCs in the
Local Group under the hypothesis that they are the NSCs
of tidally disrupted satellites. From this exercise we
conclude that relatively massive nucleated satellites
constituted a significant fraction of the building blocks
for the stellar halos of L* galaxies.
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6. We construct the first volume- and mass-limited NSC
mass function in Virgo, which peaks at Mysc =~ 7 X
10°M, and has a standard deviation of 0.68 dex.
Comparison with the GCMF indicates that the average
NSC in Virgo is 3-4 times as massive as the
typical GC.

7. We find a close connection between NSCs and GCs, in
the sense that the fraction of galaxies hosting either type
of star cluster system decreases toward lower masses at
the same rate. Additionally, the total mass of the GCS is
similar to the NSC mass for My < 10° M., galaxies, but
the relation breaks down at the high-mass end, due to a
combination of excessively prominent NSCs and an
apparent scarcity of GCs.

8. The mass of an NSC exhibits a (logarithmic) linear
relation with the estimated peak DM halo mass, but its
slope is steeper than the corresponding slope if the NSC
mass fraction were constant, Mysc M}:'z.

9. Current models for NSC formation, including dissipa-
tive and dissipationless processes, reproduce, at least
qualitatively, the observed trends. Unfortunately, neither
the nucleation fraction nor the Mygc—My relation seems
to have enough discriminative power to distinguish
between these scenarios or quantify their relative
contribution to NSC formation. We are however able
to show that a model for self-regulated growth of nuclei
driven by stellar feedback is not sufficient to explain the
observed NSC masses. We speculate that galactic
nuclear formation is best explained by a biased process
whereby dense star clusters preferentially form and
aggregate in the earliest collapsing halos, and that the
subsequent level of growth is determined by the average
nuclear mass infall rate.

We find that My ~ 10°° M., seems to be a very interesting
mass scale where (i) the NSC occupation fraction peaks, (ii) the
NSC mass fraction reaches a minimum, and (iii) the NSC and
GC occupation fractions stop tracking each other. This
remarkable coincidence is highly suggestive of the existence
of an underlying physical mechanism(s) regulating the growth
of both NSCs and their host galaxies. These three observational
results shall inform numerical and theoretical models for the
formation of NSCs. In future NGVS papers we will expand the
study of NSCs to the entire virial volume of Virgo, where we
can investigate whether the occupation fraction depends on
clustercentric position or local environmental density. We will
also extend the studies on NSC occurrence and its relation to
NSC hosts to star-forming galaxies as well as improve the
statistics at the high-mass end. Constructing a large sample of
NSCs in galaxies in the 10°~10'" M, range is the next critical
step to fully understand the nature of the rare and extended
NSCs that produce the bend in the Mysc—My relation. Finally,
we plan to exploit the multiwavelength «/griz’ photometry
provided by the NGVS to carry out studies of their stellar
population content through modeling their SEDs (e.g.,
Spengler et al. 2017).
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Table 3 The authors thank Fabio Antonini for providing the data
Nucleation of Early-type Satellites in the Local Volume from his semianalytic models in electronic format. R.S.J.
Name Host log M/M., Nucleation would like to thank Diederik Kruijssen, Nadine Neumayer,

Joel Pfeffer, and Anil Seth for useful discussions and

ESZC 205 xzi gg; } suggestio.ns. Th<.3 authors acknowle@ge the thorough and
NGC 147 M31 8.33 0 constructive review of the manuscript by an anonymous
NGC 185 M31 8.29 0 referee. T.H.P. acknowledges support from the FONDECYT
KDG 61 MS1 7.57 1 Regular Project grant (No. 1161817) and CONICYT project
Sag dSph MW 7.49 1 Basal AFB-170002. S.M. acknowledges financial support
F8D1 Ms81 7.45 0 from Institut Universitaire de France, of which she is a senior
KDG 64 Mgl 745 1 member. This work is supported in part by the Canadian
EEGW& ﬁg} ;i 8 Advanced Network for Astronomical Research, which has
Cas dSph M31 709 0 been made possible by funding from CANARIE under the
IKN M81 705 0 Network-Enabled Platforms program. This research used the
Fornax MW 701 0 facilities of the Canadian Astronomy Data Centre, operated by
DDO 78 M8l 7.01 0 the National Research Council of Canada with the support of
BK6N M81 6.85 0 the Canadian Space Agency. The authors further acknowledge
Leo I MW 6.81 0 use of the NASA/IPAC Extragalactic Database, which is
Peg dSph M31 6.69 0 operated by the Jet Propulsion Laboratory, California Institute
And I M3l 6.69 0 of Technology, under contract with the National Aeronautics
KKH 57 MS81 6.49 0 .. .

Cetus M31 6.49 0 and Space Administration.

Sculptor MW 6.33 0

CKT 2009-d0934+70 MS1 6.25 0

And XXIII M31 6.21 0 Appendix

oo e o 5 NSCs in the MW, M31, and M81 Systems

And ITT M31 6.13 0 In Figure 2 we include two data points corresponding to the
And IT M31 6.09 0 nucleation fraction in the MW, M31, and M81 groups. As has
Tucana MW 6.09 0 . . . k o
And V M31 6.0 0 been broadly discussed in the literature, robustly identifying
And XVIII M31 6.05 0 NSCs is in many cases far from trivial. Here we detail the
Leo II MW 6.05 0 process we have followed in this work to perform nucleation
CKT 2009-d0955+70 M81 6.05 0 classification for nearby satellites. The interested reader is
And XXV M31 6.05 0 referred to Section 4.2 in Turner et al. (2012) for a more
Carina MW 6.01 0 detailed discussion on other systems that feature structural and
Draco MW >89 0 kinematical peculiarities in their nuclear regions but that we do
Sex dSph MW 5.89 0 )

And XV M31 580 0 not classify as nucleaFed. ’

CKT 2009-d1006-+-67 MS1 535 0 We select all candidates from Karachentsev et al.’s (2013)
And XIX M31 573 0 Updated Nearby Galaxy Catalog. We transform the listed
CKT 2009-d1014+68 MS81 573 0 B-band magnitudes to the V-band assuming (B — V) = 0.7 and
And XVI M31 5.69 0 compute stellar masses using My/Ly = 1.6 (Woo et al. 2008).
And IX M31 5.65 0 We further select only galaxies with stellar masses in the
Bol 520 M3l 3.65 0 10° < My/M., < 10° range with early-type morphologies
And X M3l 3.7 0 (T < 0) and whose main perturber is any of the three central
CVn 1 MW 5.57 0 . . .
And XIV M31 5.49 0 spirals. The final sample consists of 55 nearby satellites
And XXVIIT M31 5.49 0 (Table 3).

And XXIX M31 541 0 Of these, only one satellite galaxy is considered to be
CKT 2009-d0944+69 M8l 5.37 0 nucleated in the MW system, namely the Sagittarius
And XXVII M31 5.33 0 dSph (Mateo 1998; Monaco et al. 2005). In M31 we count
UMin MW 5.25 0 M32 and NGC 205 as unambiguously having NSCs. Finally,
And XVIT M31 521 0 for satellites in the M81 group we have visually inspected the
And XXIV M3l 321 0 HST images for all the candidate galaxies from Chiboucas et al.
And XIII M31 5.13 0 L
And XXVI M31 501 0 (2013). Only two systems, KDG 61 and KDG 64, are identified

as nucleated.
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Table 4
Photometry of NGVS Galaxies
ID M, Au M, Ag M, Ar M; Ai M, Az log (My/M:)  Nucleation
NGVS J12:26:20.07+12:30:37.1 —11.95 004 —1297 002 —1351 001 —13.76 002 —13.85 0.04 7.3 0
NGVS J12:26:20.39+12:34:27.3  —1127 036 —1202 0.5 —1253 0.2 —1255 020 —1270 0.30 6.8 0
NGVS J12:26:22.61+12:47:11.0  —12.53 0.05 —13.49 002 —1401 0.02 —1426 003 —1440 0.05 7.5 1
NGVS J12:26:23.64+13:22:247  —11.44 023 —1249 003 —13.02 004 —13.17 004 —1338 0.07 7.0 1
NGVS J12:26:24.044-12:25:00.5 -860 062 -961 020 —10.18 0.18 —1037 034 —-9.85 047 5.8 0
NGVS J12:26:26.21+12:39:10.6 —944 051 —1060 0.3 —1120 0.14 —1140 022 —11.65 0.28 6.3 0
NGVS J12:26:26.30+11:44:08.0 —9.10 0.84 -981 044 —1050 032 —10.74 055 —11.86 033 6.0 0
NGVS J12:26:26.97+12:54:23.6 -9.62 096 —1052 012 —11.14 068 —11.50 063 —11.79 0.53 6.3 0
NGVS J12:26:27.83412:45:52.7 —9.14 059 —1022 028 —1081 022 —1126 056 —11.20 0.54 6.2 0
NGVS J12:26:28.06+12:55:142  —13.16 023 —14.19 0.1 —14.84 010 —1516 0.17 -16.02 0.0l 7.9 1
NGVS J12:26:31.314-12:29:32.4 —824 042 911 034 —964 036 —1029 112 —11.16 041 5.8 0
NGVS J12:26:32.25+12:36:38.5 —17.47 023 —1858 0.02 —1928 001 —1957 001 —19.77 0.02 9.8 0
NGVS J12:26:32.68+13:25:25.8  —10.16 024 —1094 011 —11.61 0.5 —11.73 019 —1222 028 6.4 0
NGVS J12:26:33.21+12:44:347  —1398 023 —1548 011 —1618 0.10 —1655 0.17 —1681 0.19 8.5 1
NGVS J12:26:35.84413:22:44.7 -895 033 -976 028 —1048 028 —10.84 043 —11.51 0.85 6.0 0
NGVS J12:26:36.32+12:48:10.0  —12.38 0.16 —1320 007 —13.76 0.07 —1400 0.11 —14.18 0.13 7.4 1
NGVS J12:26:37.74+12:43:48.1 —785 094  —-867 034 914 030 —943 077 —948 142 5.3 0
NGVS J12:26:38.09+11:53:30.7  —10.65 040 —11.62 0.13 —12.17 0.3 —1237 019 —1234 0.53 6.7 1
NGVS J12:26:38.25+13:04:442  —11.68 0.60 —1290 048 —1341 047 —1371 068 —1396 0.19 7.2 1
NGVS J12:26:39.814+12:30:48.8 ~ —14.01 0.01 —1518 011 —1576 0.10 —16.02 0.17 —16.11 0.19 8.2 1
NGVS J12:26:41.15+12:50:43.5  —12.03 0.09 —13.11 004 —13.61 005 —14.03 006 —1414 0.09 7.4 0
NGVS J12:26:42.11+13:22:33.3 —749 023 —9.19 0.11 -941 010 —991 017 -1028 0.19 5.6 0
NGVS J12:26:43.314+12:17:440  —11.73 0.10 —1270 0.15 —13.13 0.09 —1348 0.17 —13.65 0.19 7.1 1
NGVS J12:26:44.62+13:11:16.4 -832 024  —9.11 031 -957 028 -979 055 —9.87 0.19 55 0
NGVS J12:26:46.58413:16:00.6  —11.21 024 —12.16 0.08 —13.08 009 —1328 0.14 —1513 0.19 7.1 0
NGVS J12:26:46.70+11:41:55.1 -833 023 861 052 -905 050 —-934 0.17 991 0.19 5.3 0
NGVS J12:26:47.06+12:27:143  —1547 001 —1661 011 —1727 0.0 —17.61 0.17 —17.77 001 8.9 1
NGVS J12:26:47.884+13:22:449  —11.44 0.04 —1246 002 —1301 001 —1323 003 —1339 0.04 7.0 0
NGVS J12:26:48.25+12:31:35.8  —1025 074 —1096 026 —11.54 023 —11.94 054 —1224 061 6.5 0
NGVS J12:26:48.36+13:21:17.7  —1027 041 —12.12 060 —1238 031 —1277 0.61 —1253 0.67 6.8 0
NGVS J12:26:48.494+12:23:59.6 ~ —10.74 0.14 —1157 0.04 —1201 004 —1231 008 —1240 0.19 6.7 0
NGVS J12:26:49.16+12:18:38.1 —830 041 -939 042 974 042 —1020 052 —10.13 0.19 5.7 0
NGVS J12:26:49.59+12:10:43.0 -9.70 028 —10.72 0.07 —1127 0.12 —11.50 0.13 —11.54 061 6.3 0
NGVS J12:26:50.74+11:33:27.5 —1541 006 —1604 006 —1626 006 —1641 006 —16.89 0.08 8.4 0
NGVS J12:26:50.83+13:10:36.9  —1531 0.08 —1587 0.09 —16.15 0.09 —1627 009 —1641 0.10 8.4 0
NGVS J12:26:51.99+12:39:08.2 -950 029 —1055 023 —11.08 021 —1139 039 —11.11 047 6.3 1
NGVS J12:26:54.36+11:39:502  —16.09 0.01 —17.17 011 —17.70 0.10 —17.96 0.17 —18.04 0.01 9.1 1
NGVS J12:26:55.15+12:43:13.6 -8.64 029 -963 083 —1008 089 —1040 073 —1023 127 5.8 0
NGVS J12:26:55.63+12:51:33.6 -932 029 -1026 017 —1070 0.14 —10.82 024 —1095 047 6.0 0
NGVS J12:26:55.95+12:59:40.0  —10.86 035 —11.88 021 —12.85 0.16 —13.03 073 —1320 043 7.0 0
NGVS J12:26:56.47+12:57:43.3  —11.66 020 —1247 006 —13.00 0.07 —1329 0.11 —1346 0.16 7.1 0
NGVS J12:26:56.67+11:36:12.6 -7.68 107 -873 034 —929 040 935 063 934 075 5.3 0
NGVS J12:26:57.65+12:25:16.2 —-972 026 —11.06 008 —11.65 007 —11.88 0.2 —11.99 0.19 6.5 0
NGVS J12:26:58.93+12:33:13.5 -791 023 -999 088 —1045 094 —1035 0.88 —11.90 0.81 5.8 0
NGVS J12:26:59.05+12:30:20.5  —1327 0.07 —1424 003 —1491 003 —1513 004 —1536 0.06 7.9 0
NGVS J12:27:02.60412:34:47.1 —1134 037 —1239 0.6 —13.11 0.5 —1339 018 —13.59 027 7.1 0
NGVS J12:27:03.08+12:33:38.8  —14.82 002 —1596 0.11 —1656 001 —16.82 001 —1698 0.1 8.6 1
NGVS J12:27:03.76+11:31:51.0 —9.12 023 —10.00 047 —1022 047 —1066 084 —11.61 1.23 5.9 0
NGVS J12:27:03.814+12:51:59.2 —11.72 0.08 —1279 0.04 —1345 005 —13.66 006 —13.87 0.10 7.2 0
NGVS J12:27:06.074+13:19:253  —11.95 005 —12.86 0.03 —1336 003 —13.57 004 —13.77 0.06 7.2 0
NGVS J12:27:08.42+13:20:08.7  —13.62 0.06 —1472 001 —1529 0.02 —1552 003 —1558 0.03 8.0 1
NGVS J12:27:10.65+12:46:03.6 -930 023 -922 028 —981 073 —10.16 0.10 —1041 0.19 5.7 0
NGVS J12:27:11.20+12:06:52.3  —12.16 0.09 —13.17 006 —13.67 005 —1400 0.06 —13.68 0.19 7.4 1
NGVS J12:27:11.24412:02:17.4  —1222 004 —1326 0.11 —1382 001 —14.17 0.7 —1410 0.5 7.4 1
NGVS J12:27:12.75+13:13:14.6 -931 047 —1028 0.12 —10.80 0.13 —1099 025 —10.87 0.35 6.1 0
NGVS J12:27:13.34412:44:052  —1748 023 —18.79 0.11 —1943 0.10 —19.78 0.17 —19.99 0.19 9.9 1
NGVS J12:27:14.21+12:54:09.6  —10.00 053 —10.67 0.17 —11.19 0.0 —11.41 017 —11.97 08l 6.3 0
NGVS J12:27:15.014+12:50:55.9  —12.11 023 —12.11 048 —12.87 040 —11.61 046 —1181 051 6.4 0
NGVS J12:27:15.46+12:39:41.4  —12.58 0.63 —13.05 012 —1375 0.0 —13.70 0.11 —1458 024 7.2 0
NGVS J12:27:15.46413:24:448  —1052 058 —11.41 022 —11.83 015 —1207 028 —11.96 0.39 6.6 0
NGVS J12:27:16.78+12:32:07.8 -881 023 —982 0.1 —1034 006 —1051 018 —10.52 045 5.9 1
NGVS J12:27:19.524+12:13:159  —10.50 030 —11.48 0.15 —1220 0.19 —1245 027 —12.83 0.83 6.7 0
NGVS J12:27:19.62+13:05:13.3 -932 027 -1032 0.2 —10.88 0.11 —11.16 025 —11.05 035 6.2 0
NGVS J12:27:20.29+11:41:42.8 -9.56 023 —1056 011 —11.11 010 —11.87 026 —11.78 049 6.5 0
NGVS J12:27:21.114+13:06:40.3 ~ —12.13 0.07 —13.12 004 —13.70 0.04 —1391 0.06 —1407 0.09 7.3 0
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Table 4
(Continued)
ID M, Au M, Ag M, Ar M; Ai M, Az log (My/M.)  Nucleation
NGVS J12:27:22.17412:04:07.4 —12.68 006 —13.57 002 —14.11 002 —1433 003 —1438 0.05 7.5 1
NGVS J12:27:23.46+12:19:54.1 —1245 0.08 —1341 003 —1395 0.03 —1423 004 —14.13 0.09 7.5 1
NGVS J12:27:25.104+-13:24:21.9 —11.14 034 —1226 009 —12.81 009 —13.00 013 —13.08 025 6.9 0
NGVS J12:27:26.914+11:45:11.6 -7.68 1.07 -9.12  0.87 -9.48 0.77 —932 140 -9.83  0.59 5.3 0
NGVS J12:27:26.95+11:56:33.4 -10.13 024 —11.06 008 —11.55 006 —11.77 010 —11.70 026 6.4 0
NGVS J12:27:27.38+12:17:25.0 -1647 023 —17.73 011 —1839 0.10 —18.74 0.17 —1891 0.0l 9.4 0
NGVS J12:27:29.53+12:16:09.1 -992 033 —11.05 0.1 —11.68 0.14 —1197 021 —1382 0.83 6.5 0
NGVS J12:27:29.55+11:44:04.1 -933 036 —1051 0.13 —11.02 0.10 —11.37 022 —11.79 037 6.3 0
NGVS J12:27:29.78+12:15:07.2 —1142 023 —1225 011 —12.60 011 —1296 0.18 —1224 0.19 6.9 1
NGVS J12:27:30.38+13:12:55.1 —-891 1.05 -938 0.34 -9.79 031 —10.02 047 —10.62 033 5.6 0
NGVS J12:27:32.014+11:36:54.7 —13.01 003 —14.11 001 —14.69 001 —1493 002 1507 0.04 7.8 1
NGVS J12:27:33.114+11:31:43.3 —8.43 096 -966 024 —1028 023 —10.68 041 —11.02 0.19 5.9 0
NGVS J12:27:33.184-11:31:55.7 -10.80 040 —11.57 012 —12.08 012 —1235 018 —12.19 0.19 6.7 1
NGVS J12:27:34.39+12:48:12.1 -1023 051 —11.68 0.19 —12.67 021 —1260 032 —1332 0.19 6.8 0
NGVS J12:27:35.60412:37:26.3 —11.07 054 —1206 017 —1260 020 —13.01 026 —12.88 0.33 6.9 0
NGVS J12:27:37.45+12:22:40.9 -832  1.11 —-893 049 -939 047 -9.57 064 —10.60 120 5.4 0
NGVS J12:27:39.24+12:52:47.6 —12.89 0.11 —13.80 004 —1433 004 —1450 006 —1498 0.10 7.6 1
NGVS J12:27:40.49+13:04:44.3 —18.79 023 —-20.09 0.11 —-20.78 0.10 —21.10 0.17 —2131 0.19 10.5 1
NGVS J12:27:41.244+12:18:57.2 -16.26 023 —17.52 011 —18.13 0.10 —1844 017 —1859 0.19 9.3 1
NGVS J12:27:41.674+12:29:16.3 -1047 020 —11.39 007 —11.94 006 —12.10 0.11 —12.19 0.15 6.6 0
NGVS J12:27:42.11+412:05:22.7 —1395 0.02 —14.88 0.11 —1533 001 —1571 001 —1573 0.02 8.1 0
NGVS J12:27:43.434+11:58:04.6 -10.05 023 —-1126 011 —11.79 0.0 —11.92 017 —12.14 040 6.5 0
NGVS J12:27:44.394+12:33:25.9 -927 076 —1066 026 —11.06 016 —11.15 032 —11.52 046 6.2 0
NGVS J12:27:44.524+12:59:01.3 —1458 007 1567 003 —1637 0.03 —1656 003 —1678 0.04 8.5 1
NGVS J12:27:45.424+12:52:22.5 —1222 009 —13.06 003 —13.58 004 —13.72 006 —13.90 0.09 7.3 0
NGVS J12:27:45.65+13:00:31.9 -19.13  0.11 —=20.17 0.07 —20.72 0.0 —2121 004 —21.65 0.19 10.5 0
NGVS J12:27:46.47+11:44:28.9 -1041 023 —11.57 008 —12.11 009 —1236 013 —1239 026 6.7 0
NGVS J12:27:49.49+12:29:58.7 -10.63 023 —11.52 009 —1205 009 —1232 016 —1257 026 6.7 0
NGVS J12:27:53.17412:22:58.8 -9.44 041 —1031 015 —1084 019 —11.08 025 —1146 0.76 6.1 0
NGVS J12:27:53.424+12:58:22.9 —847 0.79 -9.15 027 -9.73 035 -9.88 0.17 -9.71  0.19 5.6 0
NGVS J12:27:53.574+12:17:35.8 -17.51 023 —18.74 011 —1952 0.0 —19.87 0.17 —2032 0.19 9.9 1
NGVS J12:27:54.564+12:36:16.2 -10.58  0.14 —11.52 007 —1206 007 —1227 010 —1246 0.15 6.6 0
NGVS J12:27:55.224+12:22:09.5 —14.10 027 —1503 008 —1554 007 —15.85 0.12 —1550 022 8.2 0
NGVS J12:28:00.33+11:30:34.7 -9.75 045 —-1068 0.12 —1127 0.2 -11.70 020 —11.95 033 6.4 0
NGVS J12:28:00.44+11:56:59.6 —12.30 0.04 —13.39 001 —13.94 001 —1423 002 —1439 0.04 7.5 1
NGVS J12:28:03.74-+12:46:41.2 -9.09 044 1005 006 —10.62 0.17 -10.79 027 -10.50 0.56 6.0 1
NGVS J12:28:04.79+11:36:16.5 -10.60 024 1171 012 —12.19 011 —1248 015 —1262 035 6.7 0
NGVS J12:28:05.92412:50:15.5 -9.67 021 -10.71 0.07 —11.24 007 —1145 0.10 —11.49 0.19 6.3 0
NGVS J12:28:06.53412:53:53.3 —13.70 001 —14.80 001 —1537 0.0 —1563 001 —1576 0.02 8.1 1
NGVS J12:28:06.77+12:58:43.2 —11.00 023 —12.11 012 —1261 012 —13.02 019 —1327 024 7.0 1
NGVS J12:28:07.904+12:24:07.9 —8.76  0.59 -992 0.7 -1033 0.14 —1049 025 —10.50 0.19 5.9 0
NGVS J12:28:08.61412:05:35.8 -15.77 002 -1698 001 —1755 002 —18.00 001 —18.11 0.02 9.1 1
NGVS J12:28:10.07+12:43:29.4 —11.74 030 —12.67 020 —12.88 024 —13.07 027 —1332 025 7.0 0
NGVS J12:28:10.284-12:48:32.2 —1145 008 —1220 004 —1275 005 —12.86 0.12 —1324 0.18 6.9 1
NGVS J12:28:12.24+11:58:13.3 -10.60 0.16 —11.75 0.04 —1225 006 —12.53 009 —1255 026 6.7 1
NGVS J12:28:12.60+12:45:33.9 -838 143 -921 042 -9.71  0.33 -9.68 057 —1025 026 5.5 0
NGVS J12:28:12.81413:00:54.0 —11.09 0.10 —12.12 0.04 —12.61 004 —12.84 007 —12.82 0.12 6.9 0
NGVS J12:28:12.86412:54:56.5 -777  1.07 -8.72 040 -9.02  0.39 -930 037 —1037 1.21 5.3 0
NGVS J12:28:14.87+11:47:23.6 -1622 001 —1795 0.11 —1839 0.0 —18.74 0.17 —18.77 0.19 9.4 1
NGVS J12:28:15.414+12:33:37.2 —8.65 0.29 -978 0.17 -1050 0.17 —11.08 033 —11.52 045 6.1 0
NGVS J12:28:18.74+11:42:00.9 —13.65 0.04 —14.84 002 —1555 003 —1568 003 —1590 0.06 8.1 1
NGVS J12:28:20.08+13:18:37.2 -831 0.74 -833 133 -855 032 -9.77  0.90 —8.90 0.19 5.5 0
NGVS J12:28:20.184-13:21:35.5 -9.62 103 —1040 036 —1095 028 —11.03 045 —1090 0.19 6.1 0
NGVS J12:28:21.59+12:38:45.4 —842 023 -944 032 -987 025 1016 0.62 —10.64 0.34 5.7 0
NGVS J12:28:21.66+12:08:04.0 —11.16 071 —1222 037 —1347 038 —13.30 048 —1393 056 7.1 1
NGVS J12:28:23.37+11:34:46.9 —12.17 006 —13.15 002 —13.69 003 —13.86 004 —1405 0.10 7.3 0
NGVS J12:28:23.64+13:11:44.7 —14.12 002 —1527 001 —1580 0.10 —16.05 002 —1622 0.2 8.3 1
NGVS J12:28:26.264+12:20:45.2 —11.20 023 —1221 011 —1276 010 —1296 024 —13.15 050 6.9 1
NGVS J12:28:27.724+12:33:29.9 -8.56  0.97 —8.98 047 —9.67 0.38 -9.67 0.67 -945  0.19 5.5 0
NGVS J12:28:28.06+12:49:25.3 —14.83 001 —1596 011 —1653 010 —1673 017 —16.87 0.19 8.6 1
NGVS J12:28:29.72+11:58:19.6 -925 035 -10.17 0.13 —1065 0.13 —10.83 0.19 —1093 0.19 6.0 0
NGVS J12:28:31.154+11:31:59.9 —897 0.85 -970 028 —10.19 024 —10.53 049 1031 0.19 5.9 0
NGVS J12:28:31.99+12:59:16.6 -9.63  0.96 -9.57 029 —10.04 032 —1032 0.17 —8.93 0.19 5.8 0
NGVS J12:28:32.13412:32:09.7 —8.40 0.50 -9.07 0.77 -9.40 045 -8.87 0.79 —895 0.19 5.1 0
NGVS J12:28:32.40+11:44:40.7 —1353  0.16 —14.08 006 —14.61 010 —14.80 0.17 —1524 0.13 7.7 1
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NGVS J12:28:35.75412:10:57.2 -7.76  0.23 —8.69  0.28 -9.18  0.27 -9.52  0.64 —9.81 0.19 5.4 0
NGVS J12:28:36.07+11:40:16.5 —831 045 -931 023 —-9.68 020 —10.18 036 —1027 1.00 5.7 0
NGVS J12:28:39.87412:58:40.5 -10.05 062 —1094 0.15 —11.55 015 —11.58 026 —12.00 0.53 6.3 0
NGVS J12:28:41.714+12:54:57.2 —1539 023 —-1650 0.1 —17.04 0.10 —17.30 0.17 —1746 0.19 8.8 1
NGVS J12:28:42.66+12:32:59.4 —13.68 006 —14.69 002 —1529 002 —1553 003 —1564 0.03 8.0 1
NGVS J12:28:43.314+11:45:18.1 —1745 023 —1871 0.0 —1925 001 —19.70 001 —19.93 0.02 9.9 0
NGVS J12:28:44.65+11:59:37.2 -922 026 —10.15 0.07 —1056 0.07 —1089 0.13 1085 0.26 6.0 0
NGVS J12:28:44.914+12:48:34.3 —12.53 003 —13.54 001 —1406 001 —1428 002 —1442 0.03 7.5 0
NGVS J12:28:45.79+12:01:18.6 —1240 0.10 —13.29 003 —13.88 004 1405 005 —1398 0.15 7.4 0
NGVS J12:28:46.92+12:38:31.5 -1031 089 —11.15 0.14 —11.79 006 —11.97 023 —1201 030 6.5 1
NGVS J12:28:47.37412:49:48.5 -7.52  1.08 -8.59 041 -9.66  0.56 -9.20 0.29 -9.01 053 5.2 0
NGVS J12:28:48.93+11:53:10.4 —8.59 1.04 -964 030 —10.17 028 —1051 042 —1023 058 5.9 0
NGVS J12:28:49.114-12:07:54.5 -11.77 010 —1271 003 —1328 0.10 —13.38 007 —1352 0.14 7.1 0
NGVS J12:28:49.98+12:47:46.7 -10.69 0.09 —11.59 0.03 —12.13 0.03 —12.34 005 —1247 0.08 6.7 0
NGVS J12:28:51.02412:07:09.0 -8.87 0.17 -9.69 071 —10.03 0.80 —10.28 0.88 —10.24 0.57 5.8 0
NGVS J12:28:51.07+11:34:24.8 -956 046 —1050 0.18 —1095 0.15 —11.12 023 —1146 0.0 6.1 0
NGVS J12:28:51.304+11:57:26.9 -1038 0.19 —11.52 007 —12.11 009 —12.14 015 —1200 0.19 6.6 0
NGVS J12:28:52.76+12:44:12.3 -9.60 038 —10.63 028 —11.40 025 —11.58 0.54 —11.33 036 6.3 0
NGVS J12:28:53.714+13:11:51.2 —-891 029 —1007 014 —1052 015 —1080 033 —1090 0.60 6.0 0
NGVS J12:28:53.73+12:58:53.7 —9.09 041 -995 0.6 —1032 0.14 —-1059 021 —1095 0.39 5.9 0
NGVS J12:28:55.574+12:42:24.6 —11.50 0.12 —12.38 004 —12.86 004 —13.15 006 —13.37 0.09 7.0 0
NGVS J12:28:55.65+12:25:42.3 -9.00 023 —9.64 036 -9.96 039 —1065 050 —10.76 0.19 5.9 0
NGVS J12:28:56.04412:42:54.8 -737 023 -8.81 0.11 -9.53  0.55 —9.49 141 —9.23 031 5.4 0
NGVS J12:28:56.13+13:26:42.2 -10.61 068 —11.25 0.15 —11.61 017 —11.86 047 —13.05 0.17 6.5 0
NGVS J12:28:57.56+13:14:31.0 -17.52 003 —1871 001 —19.38 001 —19.68 001 —19.92 0.02 9.8 0
NGVS J12:28:57.68+11:57:20.2 -993 025 —11.08 0.10 —11.62 006 —11.85 0.12 —11.55 0.34 6.5 1
NGVS J12:28:58.14+12:39:42.2 —1391 0.04 —1544 001 —16.18 002 —16.54 001 —16.80 0.02 8.5 1
NGVS J12:28:58.84412:54:28.8 —13.03 0.14 —13.76 004 —1423 005 —1445 010 —1441 0.13 7.6 0
NGVS J12:28:59.15+12:02:30.4 -10.07 026 —10.68 030 —11.33 038 —11.50 042 —10.86 1.34 6.3 1
NGVS J12:28:59.50+11:55:23.4 -11.02 036 —11.62 035 —12.13 033 —1275 096 —10.12 1.20 6.8 1
NGVS J12:28:59.82412:38:54.2 —12.38 006 —13.62 0.02 —14.18 0.02 —1453 003 —1460 0.06 7.6 1
NGVS J12:29:01.16412:33:30.8 —8.68 0.1 -9.68 0.19 —1028 0.18 —10.52 035 —10.89 0.80 5.9 0
NGVS J12:29:01.17412:25:50.2 —7.07 049 —8.09 048 —851 0.39 —891  0.26 —8.88 047 5.1 0
NGVS J12:29:02.02+12:26:05.5 -10.74 021 —11.87 007 —1240 007 —1255 010 —1291 026 6.8 0
NGVS J12:29:03.01413:11:01.7 —18.11 023 —19.54 001 —2024 0.0 —20.59 017 —20.81 0.19 10.2 1
NGVS J12:29:03.26+12:05:58.9 -8.37 0.81 -891  0.80 -9.72  0.73 -9.39  0.17 -9.70 031 5.3 0
NGVS J12:29:05.134+12:09:13.6 -10.65 0.8 —11.71 016 —12.19 017 —1257 025 —1342 0.19 6.8 1
NGVS J12:29:05.42412:01:52.5 -11.07 011 —12.16 004 —1274 007 —1291 006 —12.83 0.19 6.9 0
NGVS J12:29:09.24412:29:45.6 -938 023 —1071 017 —1123 015 —1130 024 —1132 0.29 6.2 0
NGVS J12:29:09.56+12:33:29.3 -732 079 —-1055 0.12 —-1063 0.16 —11.33 043 —1044 0.19 6.2 0
NGVS J12:29:11.82413:09:48.7 —10.11 058 —11.09 011 —11.94 027 —12.18 026 —12.64 039 6.6 0
NGVS J12:29:12.31411:31:11.9 -9.11 048 1040 0.14 —-10.80 0.10 —11.09 0.16 —10.64 0.19 6.1 1
NGVS J12:29:14.85+12:58:41.7 —1398 001 —1518 0.1 —1574 0.0 —16.00 0.17 —16.13 0.0l 8.2 1
NGVS J12:29:17.55413:04:42.6 -932 023 -1014 030 —1032 0.5 -1034 135 -1095 0.19 5.8 0
NGVS J12:29:19.28412:22:37.2 -11.96 023 —12.89 0.11 —1347 010 —13.73 017 —1398 0.19 7.3 0
NGVS J12:29:20.274+12:01:16.4 —11.50 023 —1251 008 —13.12 024 —1340 017 —13.40 0.19 7.1 0
NGVS J12:29:20.734+13:22:12.0 —8.74 054 —10.13 031 —1050 032 —1056 0.63 —1035 0.19 5.9 0
NGVS J12:29:21.55412:28:03.4 -9.89 034 -1017 0.8 -1066 0.16 —10.74 031 —11.57 0.19 6.0 0
NGVS J12:29:22.40+11:49:17.7 —828 0.89 -953 028 —10.08 026 —10.13 0.38 —9.98 041 5.7 0
NGVS J12:29:23.524+12:27:02.9 —14.70 003 —1598 0.1 —16.54 0.10 —16.82 001 —17.03 0.0l 8.6 1
NGVS J12:29:26.27+13:06:50.3 -7.84 021 —8.64 095 -926 0.69 -9.60 1.12 —6.65 0.4 5.4 0
NGVS J12:29:28.67+12:29:46.3 —12.74 006 —13.76 002 —1430 002 —1443 004 —1469 0.06 7.5 1
NGVS J12:29:31.38412:34:12.1 -10.77  0.07 —11.86 0.02 —1237 0.02 —1257 004 —1268 0.06 6.8 0
NGVS J12:29:33.61413:11:44.6 —12.13 005 —12.89 004 —1322 003 —1329 004 —1339 0.05 7.1 0
NGVS J12:29:34.524+13:19:56.2 —11.59  0.08 —12.77 0.03 —13.33 003 —1361 005 —13.81 0.08 7.2 0
NGVS J12:29:35.56+12:03:36.0 —747 023 -931  0.69 -921 0.79 -9.87 112 —9.01 0.19 5.6 0
NGVS J12:29:35.57+13:12:40.1 —888 047 —1038 0.15 —10.88 0.16 —11.04 024 —1145 045 6.1 0
NGVS J12:29:38.104-13:05:18.2 —-897 044 —1020 0.74 1055 0.16 —1089 0.79 —948 0.88 6.0 0
NGVS J12:29:38.15412:24:35.5 -9.49 020 —-1079 029 —11.26 022 —11.41 029 —10.82 0.40 6.3 0
NGVS J12:29:39.06+11:38:00.3 —13.32 0.1 —14.34 004 —1484 004 —1521 005 —1523 0.14 7.9 1
NGVS J12:29:39.24412:32:53.7 —1392 004 —1508 001 —1563 001 —15.89 002 —16.10 0.03 8.2 1
NGVS J12:29:39.324-12:25:00.3 —8.96 0.85 -977 0.4 —1031 0.14 —1048 022 —11.25 058 5.8 0
NGVS J12:29:39.65+12:14:15.8 —11.19 086 —11.19 029 —11.64 0.15 —1206 022 —12.10 0.76 6.5 0
NGVS J12:29:39.70411:52:05.2 -925 025 —1024 010 —1077 0.11 —1111 0.17 —11.10 0.19 6.1 0
NGVS J12:29:40.38+12:57:38.5 -9.06 025 -9.87 030 —1059 033 —1058 053 —11.06 0.30 5.9 0
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NGVS J12:29:41.284-12:02:45.9 —11.72 015 —12.87 004 —1343 006 —13.63 007 —13.61 0.19 7.2 1
NGVS J12:29:41.394+11:34:19.3 -1022 045 —11.37 018 —11.73 0.13 —12.12 022 —1203 052 6.6 1
NGVS J12:29:41.52412:29:56.9 -8.61 038 -988 022 —-10.17 020 —1028 034 —10.59 041 5.8 0
NGVS J12:29:43.194+12:39:18.8 —-891 042 1016 0.11 —1055 024 —10.76 026 —11.12 043 6.0 0
NGVS J12:29:44.09+12:48:19.6 -12.23 006 —13.07 002 —13.63 002 —13.78 004 —1393 0.03 7.3 1
NGVS J12:29:46.27+12:55:27.8 -933 106 —1041 029 —10.89 031 —11.23 0.64 —11.24 088 6.2 0
NGVS J12:29:47.20+13:04:34.4 -10.75 0.10 —11.81 004 —1235 002 —12.54 004 —1265 0.19 6.8 0
NGVS J12:29:47.74+12:34:17.2 —8.04 0.67 -926 041 -928 0.32 -9.82 1.13 -8.04 0.19 5.5 0
NGVS J12:29:48.87413:25:46.0 -19.23 023 —-20.54 001 —21.24 002 -21.59 002 -21.86 0.0l 10.7 0
NGVS J12:29:50.47+12:04:42.5 -721 023 —8.62 0.1 -9.04 0.36 -922 052 -9.88 0.17 5.2 0
NGVS J12:29:52.01413:19:28.0 -970 022 —1084 011 —1129 0.09 —1158 0.18 —11.76 0.32 6.3 0
NGVS J12:29:53.00+11:57:44.3 —1426 0.12 —1425 003 —1473 004 —1492 005 —1496 0.08 7.8 1
NGVS J12:29:53.78412:37:17.9 —11.23 023 —1220 021 —12.63 021 —1292 028 —1327 039 6.9 0
NGVS J12:29:54.77+12:55:51.4 -7.37 096 —9.16 0.26 -9.56 0.26 -9.60 0.86 -9.36  0.12 5.4 0
NGVS J12:29:55.50413:20:58.2 -9.12  0.60 -987 024 —1037 022 1059 045 1045 0.6 5.9 0
NGVS J12:29:56.24+12:40:17.4 —8.06 0.53 —9.46 041 -9.47  0.36 -9.86 0.70 -9.95 1.18 5.6 0
NGVS J12:29:56.34413:13:12.3 —12.33 050 —13.39 010 —14.32 017 —1412 017 —1478 035 7.4 1
NGVS J12:29:58.26+13:16:20.8 —11.56  0.10 —12.61 0.03 —13.09 004 —1329 007 —1335 0.10 7.1 1
NGVS J12:29:58.67+11:54:42.5 -7.11 023 -8.87 0.11 —-890 0.10 —10.19 0.50 —9.10 0.19 5.7 0
NGVS J12:29:59.08+12:20:55.4 —1740 023 —1853 0.1 —1920 0.10 —19.54 0.17 —1991 0.19 9.8 1
NGVS J12:30:00.94412:44:11.3 -8.19  0.39 -9.54 051 -986 045 —10.14 074 —1045 047 5.7 0
NGVS J12:30:01.15+13:07:04.9 -1035 021 —11.53 003 —1205 0.0 —12.18 0.19 —1241 0.19 6.6 1
NGVS J12:30:01.824-12:56:52.5 -943 024 —1055 009 —1101 010 —1120 0.14 —11.28 0.19 6.2 0
NGVS J12:30:01.87+12:12:59.7 -943 021 -1060 0.15 —11.00 0.13 —11.35 0.16 —11.24 0.19 6.2 0
NGVS J12:30:04.38+412:30:35.7 —-829 035 -9.46 0.14 -998 017 —10.18 029 —1028 0.60 5.7 0
NGVS J12:30:05.12+12:38:48.7 -7.86 136 —8.65 0.59 —9.02 047 -9.54 139 —8.69 0.86 5.4 0
NGVS J12:30:05.914+12:27:12.1 —-6.93 023 —843  0.52 -885 0.72 -921 135 -826 0.19 5.2 0
NGVS J12:30:06.08412:22:37.9 —12.13 006 —13.23 002 —13.69 003 —13.94 004 —14.04 0.08 7.3 0
NGVS J12:30:06.214+12:41:18.4 —11.36 030 —1235 008 —1276 007 —1296 017 —13.15 0.14 6.9 1
NGVS J12:30:07.20+12:35:28.2 —8.55 058 —8.96 0.62 —8.85 1.04 -934 135 —931 1.24 5.3 0
NGVS J12:30:07.86+12:23:19.9 -950 019 —1060 0.06 —11.08 005 —11.20 0.10 —11.50 0.21 6.2 1
NGVS J12:30:10.884-12:11:43.6 -13.71 007 -1470 003 —15.16 003 —1545 004 —1542 0.07 8.0 1
NGVS J12:30:13.90412:56:48.8 —8.60 0.23 -972 1.02 —11.48 0.10 —11.58 0.17 —1027 0.19 6.3 0
NGVS J12:30:15.05+13:20:31.0 —828 0.3 —9.55  0.64 -9.98 0.31 -9.97 0.7 —1055 0.19 5.6 0
NGVS J12:30:15.274+12:30:57.3 —11.07 023 —12.02 006 —1244 006 —1268 009 —12.82 0.19 6.8 0
NGVS J12:30:15.76+12:59:54.0 -9.12 049 -10.07 024 -10.60 021 —10.95 030 —11.22 0.39 6.1 0
NGVS J12:30:15.99+13:18:27.6 —11.02  0.09 —12.05 003 —1255 001 —12.81 017 —12.85 0.10 6.9 1
NGVS J12:30:17.42412:19:42.8 -17.96 023 —-19.29 0.11 -1996 0.0 -20.31 017 —20.61 0.19 10.1 1
NGVS J12:30:17.45+12:14:28.3 —1148 0.14 —1268 006 —13.12 005 —13.32 017 —1254 0.19 7.1 0
NGVS J12:30:18.00+12:02:30.5 -10.80 029 —1191 0.10 —1246 0.11 —1266 0.14 —1227 0.72 6.8 0
NGVS J12:30:18.214+12:34:17.3 —10.54 024 —11.55 008 —11.98 0.09 —1239 016 —1220 0.19 6.7 0
NGVS J12:30:19.94411:43:21.0 -10.06 091 —10.57 028 —1096 029 —11.55 017 —1133 0.76 6.3 0
NGVS J12:30:20.43412:49:00.4 -9.62 023 —1042 0.67 —1099 034 —11.00 0.7 —11.49 0.69 6.1 0
NGVS J12:30:21.67411:40:16.7 -7.80 0.23 -828 0.38 —838 046 -9.58 095 —721 132 5.4 0
NGVS J12:30:23.85+12:26:07.2 —-896 023 —1144 026 —1205 029 —1213 048 —1059 0.19 6.6 0
NGVS J12:30:24.05+13:18:45.0 —745  0.69 -9.02 044 -9.58  0.56 -9.71  0.65 —9.64 145 5.5 0
NGVS J12:30:24.48+13:19:55.8 —12.19  0.12 —13.04 005 —1359 005 —13.87 006 —1395 0.10 7.3 0
NGVS J12:30:24.56+12:47:34.4 -10.95 023 —11.95 0.10 —1251 009 —1271 013 —12.83 021 6.8 0
NGVS J12:30:26.92+12:56:08.2 -953 036 —1062 031 —11.14 024 —11.75 027 —12.11 140 6.4 0
NGVS J12:30:27.534+12:52:25.6 -840 0.23 -9.00 042 -945 041 -9.72 047 —9.15 039 5.5 0
NGVS J12:30:28.29412:58:57.1 -10.58 022 —1142 0.0 —11.84 0.09 —12.15 014 —1236 027 6.6 0
NGVS J12:30:30.48+13:05:39.3 -10.00 0.16 —11.02 006 —1146 006 —11.66 0.10 —11.74 031 6.4 0
NGVS J12:30:31.974+12:29:24.6 -1579 023 —-17.33 011 —18.03 0.0 —1841 0.17 —1873 0.19 9.3 0
NGVS J12:30:32.18412:51:51.2 -9.66 023 —1081 019 —1131 0.09 —1136 025 —11.50 1.30 6.2 1
NGVS J12:30:33.32412:54:02.3 —12.33 006 —13.34 003 —13.85 003 —14.17 004 —1423 0.06 7.4 0
NGVS J12:30:34.65+12:27:29.2 —11.93 0.11 —12.88 004 —1348 005 —13.97 008 —13.04 0.10 7.3 0
NGVS J12:30:35.124+13:11:20.2 -921 039 -1044 0.3 —11.16 0.15 —11.30 0.19 —11.18 045 6.2 0
NGVS J12:30:37.24+12:46:09.2 -10.92 023 -—12.13 011 —1273 010 —12.82 017 —13.16 0.19 6.9 0
NGVS J12:30:37.35+13:00:33.3 —-996 032 -1093 0.10 —1136 0.08 —1145 0.14 —11.91 0.0 6.3 0
NGVS J12:30:40.414+12:37:17.8 -9.06 023 —1005 011 —1044 010 —1064 035 —10.63 0.19 5.9 1
NGVS J12:30:42.65+12:47:26.1 -883 101 —10.02 042 -1060 0.10 —1039 0.78 —10.15 0.19 5.8 0
NGVS J12:30:46.32+12:05:56.7 —13.00 0.04 —13.52 003 —13.80 003 —13.83 004 —13.97 0.04 7.3 0
NGVS J12:30:46.32+12:36:49.5 -825 073 —9.25 047 -9.76  0.10 -9.87 053 —1035 0.19 5.6 0
NGVS J12:30:46.88+13:12:50.4 -10.79 0.15 —11.53 005 —12.04 004 —1229 006 —1246 0.18 6.6 0
NGVS J12:30:47.20+11:32:15.4 —11.16 0.12 —1226 006 —1279 0.05 —13.01 007 —13.17 0.10 6.9 0
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NGVS J12:30:48.58412:02:42.7 —13.67 004 —14.15 002 —1420 002 —13.88 005 —14.09 0.06 7.3 0
NGVS J12:30:49.03+13:13:25.8 —1339 0.03 —14.34 002 —14.83 001 —1506 002 —15.15 0.03 7.8 0
NGVS J12:30:49.42412:23:28.0 -21.51 023 -2255 010 -23.09 010 -2340 010 -23.66 0.10 11.4 0
NGVS J12:30:50.59+12:44:11.7 —12.29 0.04 —13.32 002 —13.78 0.02 —1400 004 —14.16 0.04 7.4 1
NGVS J12:30:53.26+11:39:15.5 -836 1.01 -8.56 0.1 -9.54  0.50 -9.89  0.86 —9.04 092 5.6 0
NGVS J12:30:55.66+13:20:53.8 —1243 007 —1330 0.02 —1373 0.02 —1394 003 -13.99 0.06 7.3 0
NGVS J12:30:57.37+13:13:51.7 -9.05 053 —1003 021 —1048 0.16 —1071 028 —11.13 0.19 6.0 0
NGVS J12:30:57.774+12:16:15.5 —16.88 0.04 —1822 0.02 —1894 0.02 —19.32 003 —19.65 0.02 9.7 1
NGVS J12:30:58.81+411:42:30.8 —12.76 009 —13.77 005 —1436 005 —1448 017 —14.60 0.09 7.6 0
NGVS J12:31:03.19412:21:10.5 -1032 033 —11.14 019 —11.67 021 —11.87 029 —11.88 034 6.5 0
NGVS J12:31:03.28+4-12:04:40.6 -1047 017 —1148 006 —12.14 007 —12.13 009 —1231 0.15 6.6 0
NGVS J12:31:03.98+11:50:10.2 —12.70  0.10 —13.59 0.04 —1424 005 —1442 005 —1450 0.10 7.5 0
NGVS J12:31:05.15412:29:38.3 -9.64 023 —1064 011 —1098 0.10 —1127 0.17 —1146 0.19 6.2 0
NGVS J12:31:05.67+12:49:38.9 -7.56 125 -9.00 0.73 -9.20 0.5 -9.37 096 —9.24 134 5.3 0
NGVS J12:31:09.67413:21:15.5 -7.58 093 -8.56  0.53 -9.05 0.34 -9.64 059 —9.87 0.82 5.4 0
NGVS J12:31:10.42413:05:50.5 —1237 009 —1334 004 —13.86 003 —1407 005 —14.19 0.06 7.4 1
NGVS J12:31:11.64413:06:51.7 —11.77 007 —12.89 003 —1336 003 —13.60 004 —13.67 0.07 7.2 0
NGVS J12:31:11.78412:03:48.5 -7.04 1.12 —841 034 -924 0.5 —924 079 —1032  0.90 5.3 0
NGVS J12:31:12.69+13:07:27.4 —12.14 005 —13.13 003 —13.59 003 —13.84 004 —13.89 0.05 7.3 0
NGVS J12:31:15.73+12:19:54.4 —14.61 002 —1589 0.1 —1650 0.10 —1690 001 —17.15 0.0l 8.6 1
NGVS J12:31:16.554+12:03:58.2 —834 085 —8.74 0.29 -937  0.38 -9.18  0.59 -9.08 031 5.2 0
NGVS J12:31:18.87+13:19:54.7 —11.56 007 —12.61 004 —13.10 002 —13.34 004 —1338 0.05 7.1 1
NGVS J12:31:19.41412:40:13.2 —6.19  0.23 —830 0.66 —8.88  0.81 —8.82 041 —873 120 5.1 0
NGVS J12:31:19.434+12:44:16.9 —13.89 001 —1492 011 —1542 0.10 —1565 0.17 —1576 0.0l 8.1 1
NGVS J12:31:19.574+12:36:41.5 —13.13  0.03 —1422 001 —1472 001 —1504 002 —15.13 0.03 7.8 0
NGVS J12:31:20.29+11:31:49.4 -10.12 026 —10.88 006 —11.17 007 —1145 020 —11.59 0.17 6.3 0
NGVS J12:31:24.424+13:20:56.7 —-9.60 037 —1086 021 —1126 0.17 —11.54 029 —11.78 0.54 6.3 0
NGVS J12:31:28.07412:51:18.3 -1093 0.17 -1159 0.12 —11.89 0.3 —12.12 015 —1237 030 6.6 0
NGVS J12:31:28.82412:06:50.3 -9.11 023 —1253 031 —1367 046 —1273 0.17 —1384 0.19 6.8 0
NGVS J12:31:30.70+12:59:00.2 —-690 023 —8.38 0.70 —8.52 0.3l —943 136 —8.96 023 5.3 0
NGVS J12:31:30.924+12:56:11.2 —835 093 -8.83 031 -928  0.29 —9.47  0.67 -9.83  0.52 5.4 0
NGVS J12:31:31.68411:36:11.1 —13.08 0.2 —1422 006 —1475 007 —15.13 008 —1531 0.08 7.9 1
NGVS J12:31:32.54+11:37:29.1 —17.11 023 —1837 0.11 —1897 0.10 —19.30 0.17 —19.53 0.19 9.7 1
NGVS J12:31:33.35+12:03:49.7 —1335 0.04 —1446 001 —1490 002 —15.19 003 —1532 0.03 7.9 1
NGVS J12:31:33.924+12:04:03.2 —11.00 021 —1225 015 —1272 009 —13.02 016 —1253 0.17 7.0 1
NGVS J12:31:34.12+12:54:17.6 —6.65 138 -9.11  0.80 -951 0.88 —10.13 0.51 —741 0.19 5.7 0
NGVS J12:31:35.09411:54:46.9 —8.66 0.39 -9.38  0.61 -993 057 —1038 098 —1099 0.08 5.8 0
NGVS J12:31:35.384-12:10:07.4 -11.22 050 —1244 011 —13.32 011 —1253 017 —1343 029 6.7 0
NGVS J12:31:36.134+12:20:12.2 —6.65 024 —8.03 049 -836 0.17 —8.47 0.17 —6.51  0.19 4.9 0
NGVS J12:31:36.42+13:05:19.7 -11.07 020 —1235 011 —1277 010 —13.07 017 —13.16 0.19 7.0 0
NGVS J12:31:37.224+12:46:30.8 —9.40 0.79 -976 021 —10.16 0.19 —1038 031 —1042 0.19 5.8 0
NGVS J12:31:38.75411:49:44.7 -8.92  0.07 -995 029 -1029 025 -10.62 054 —11.27 035 5.9 1
NGVS J12:31:41.52+11:48:04.6 -7.63 023 —774  0.11 —8.88 043 -929 0.17 -8.82 0.19 5.3 0
NGVS J12:31:43.84411:51:51.3 -7.85 0.56 -891 0.29 -9.49 045 -9.58 058 —1047 0.19 5.4 0
NGVS J12:31:44.034+12:36:44.6 —11.32  0.11 —1248 004 —1298 004 —1323 006 —13.50 0.10 7.0 0
NGVS J12:31:47.45+12:58:14.4 -830 0.23 -9.07 0.62 -9.44 024 -958 077 —10.02 0.93 5.4 0
NGVS J12:31:47.86+12:18:21.5 -8.12 127 -9.38 036 —1008 036 —10.09 0.49 -9.93  0.90 5.7 0
NGVS J12:31:48.01412:21:33.1 -950 142 1134 055 —11.63 007 —12.10 048 —11.99 0.74 6.6 0
NGVS J12:31:51.334+12:39:25.2 —1543 001 —1659 011 —17.19 0.0 —17.54 017 —17.61 0.01 8.9 1
NGVS J12:31:52.01412:28:54.5 —1424 001 —-1536 011 —1591 0.0 —16.17 001 —1634 0.0l 8.3 1
NGVS J12:31:52.90+12:15:59.1 —12.10 023 —1329 0.03 —1391 004 —1421 003 —1441 0.02 7.5 1
NGVS J12:31:53.09+13:15:44.1 —8.00  1.00 -997 065 1027 057 —-1023 079 —10.16 0.80 5.7 1
NGVS J12:31:55.114+12:56:43.0 -7.54 096 —796 044 —8.69 0.10 —-897 0.17 -871 0.19 5.1 0
NGVS J12:31:55.93412:10:27.0 —1530 0.02 -1656 011 —17.14 0.0 —1748 017 —17.72 0.0l 8.9 1
NGVS J12:31:56.40+11:58:21.6 —13.02 0.07 —14.03 003 —14.69 002 —1495 003 —15.11 0.04 7.8 1
NGVS J12:32:00.19+13:04:55.4 —13.19 0.07 —1420 002 —14.61 003 1492 003 —1463 0.19 7.8 0
NGVS J12:32:00.75+12:37:13.2 —1335 0.03 —14.53 001 —1504 001 —1533 001 —1547 0.2 7.9 1
NGVS J12:32:01.124+13:04:31.5 —-899 066 —1015 036 —1070 035 —1097 040 —11.65 0.75 6.1 0
NGVS J12:32:01.88+13:24:02.0 —6.74 0.23 —7.99 048 —8.57 045 —890 0.59 -9.75  1.07 5.1 0
NGVS J12:32:02.74+11:53:24.3 —15.10 001 —-1630 011 —1689 010 —1722 017 —1737 0.19 8.8 1
NGVS J12:32:03.77+13:04:25.1 —8.71 1.8 -9.84 031 —1037 021 —1034 0.32 -9.67 0.19 5.8 0
NGVS J12:32:03.79412:34:010.0 —822 032 -895 033 -935  0.14 -9.56 047 —1037 0.8 5.4 0
NGVS J12:32:04.80+12:23:42.0 -9.71 023 -1075 0.08 —11.22 0.08 —1148 0.13 —11.78 0.27 6.3 0
NGVS J12:32:05.63+11:49:03.6 —14.87 002 —1572 001 —1608 002 —1629 002 —1641 0.02 8.4 1
NGVS J12:32:07.65+12:26:02.9 —12.12 012 —1324 005 —13.74 005 —1406 006 —1425 0.11 7.4 1
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Table 4
(Continued)
ID M, Au M, Ag M, Ar M; Ai M, Az log (My/M.)  Nucleation
NGVS J12:32:09.31412:50:20.2 —13.16 003 —14.22 001 —1471 001 —1498 002 —1505 0.02 7.8 1
NGVS J12:32:10.28+12:33:02.2 -10.74 057 —11.11 026 —11.70 0.17 —11.98 029 —12.60 0.4l 6.5 0
NGVS J12:32:10.50413:25:09.7 -16.83 001 —17.92 011 —1850 0.10 —18.76 0.17 —19.01 0.19 9.5 1
NGVS J12:32:11.36412:30:24.9 —13.00 006 —14.10 0.02 —1459 002 —14.89 002 —15.14 0.05 7.8 1
NGVS J12:32:12.24+12:03:41.5 —13.76 002 —14.90 011 —1542 0.0 —1575 001 —15.84 0.01 8.1 1
NGVS J12:32:14.524+11:47:26.5 -1091 0.8 —11.23 008 —11.65 008 —11.90 0.12 —11.81 0.19 6.5 0
NGVS J12:32:22.52+12:19:32.1 —11.18 0.13 —11.89 110 —12.18 041 —12.62 010 —12.66 0.19 6.8 0
NGVS J12:32:23.58411:53:36.1 —14.62 002 —1568 001 —16.15 001 —1646 002 —16.59 0.02 8.4 0
NGVS J12:32:24.044+11:45:31.5 -988 042 —1073 010 —1128 012 1133 016 —1149 024 6.2 0
NGVS J12:32:25.47+12:08:52.9 -9.72 023 -10.63 0.18 —1093 0.19 —11.48 028 —11.64 0.34 6.3 0
NGVS J12:32:25.50413:05:29.3 -823 0.23 -989 0.11 -1027 021 —1040 039 -10.59 0.19 5.8 0
NGVS J12:32:26.214+12:43:48.2 —828 0.65 -9.32 033 -9.86 0.28 -9.72 053 —1052 1.03 5.5 0
NGVS J12:32:26.224+11:45:01.7 -787 0.77 —8.87 0.60 -9.83  0.69 -9.85 0.85 —9.26 043 5.6 0
NGVS J12:32:26.53+11:37:20.7 -560 023 —10.06 0.88 —1021 034 —1029 0.53 —1091 0.19 5.8 0
NGVS J12:32:29.96411:50:01.3 -10.21 058 —11.00 020 —11.56 0.8 —11.84 033 —1262 096 6.5 0
NGVS J12:32:32.48+11:42:00.3 —822 030 —9.07 024 —9.48 024 -998 035 —1035 0.65 5.6 0
NGVS J12:32:33.45412:47:21.6 -940 020 —1052 024 —1099 021 —11.12 024 —1130 0.20 6.1 0
NGVS J12:32:34.714+12:38:21.1 —12.34 0.16 —13.66 006 —14.11 006 —1425 008 —1447 0.15 7.5 0
NGVS J12:32:38.96412:17:36.7 -8.75 0.38 -9.67 0.1 —10.14 0.14 —1039 022 —1042 038 5.8 0
NGVS J12:32:39.13+13:19:47.5 —1242  0.10 —1346 003 —1397 003 —1423 004 —1438 0.07 7.5 0
NGVS J12:32:39.994-11:53:43.7 -792 023 -9.00 1.24 —9.40 0.64 -9.18 1.07 —10.14 0.19 5.2 1
NGVS J12:32:40.80+12:46:15.9 -16.19 001 —1740 0.11 —17.92 0.0 —1821 0.17 —1832 0.0l 9.2 0
NGVS J12:32:50.56412:08:20.8 -9.67 015 —1059 010 —11.17 0.09 —1130 021 —11.52 0.8 6.2 1
NGVS J12:32:54.114+12:48:27.2 —11.84 0.08 —12.80 0.04 —13.34 004 —13.61 004 —13.74 0.06 7.2 0
NGVS J12:32:54.784+11:57:26.2 —8.01 1.08 -922 040 -961 060 —10.02 0.87 -998 1.19 5.6 0
NGVS J12:32:55.32+12:20:58.0 —6.48 0.23 —841 0.55 —-8.89 0.35 -9.04 0.17 -7.63 127 5.2 0
NGVS J12:32:55.32412:38:06.9 -10.90 0.14 —11.91 005 —1241 005 —1270 006 —12.76 0.09 6.8 0
NGVS J12:32:55.36412:45:33.2 —-9.06 059 —1039 020 —10.87 0.17 —1097 027 —11.30 0.19 6.1 0
NGVS J12:32:55.68413:13:56.9 -850 051 -9.53  0.29 -978 021 —1026 032 —1035 043 5.7 0
NGVS J12:33:00.82+11:54:52.6 -581 023 —8.18 055 —8.79  0.58 -9.05 0.72 —9.46  0.84 5.2 0
NGVS J12:33:03.96+12:53:15.4 —8.18  0.87 -9.48 035 -9.96 0.32 -993 017 —10.18 0.19 5.6 0
NGVS J12:33:05.74413:09:39.7 —11.30 009 —12.30 004 —12.81 004 —1299 005 —1329 0.14 6.9 0
NGVS J12:33:05.99411:32:01.3 -9.64 017 —1101 004 —11.62 005 —11.87 005 —12.07 0.11 6.5 1
NGVS J12:33:06.02+11:55:22.9 -733 023 —8.14 047 —8.55  0.50 -8.60 0.17 —8.03 0.19 5.0 0
NGVS J12:33:06.414+13:18:11.1 —11.94 0.17 —12.87 008 —1345 007 —13.66 013 —1394 0.12 7.2 1
NGVS J12:33:07.21+13:08:24.6 —6.98  0.06 ~7.86 0.5 —8.40  0.60 —8.18  1.04 —859 0.11 4.8 0
NGVS J12:33:07.52+12:12:13.4 -1021 023 1128 016 —11.75 013 —1248 023 —12.66 035 6.7 1
NGVS J12:33:07.97412:30:08.9 -7.82 023 -9.60 092 —10.13 0.84 —1022 048 —1091 047 5.7 0
NGVS J12:33:08.68412:10:57.8 -948 020 —1046 011 —1092 010 —1138 012 —1122 0.19 6.3 0
NGVS J12:33:09.53+12:16:57.3 —11.95 0.09 —13.14 004 —13.66 0.04 —1404 006 —14.02 0.11 7.4 0
NGVS J12:33:10.17412:05:09.9 -1023 021 —11.04 011 —11.51 007 -11.73 015 —11.80 025 6.4 1
NGVS J12:33:11.87412:42:55.7 -7.19  0.23 -8.10  0.60 —8.90  0.60 -9.06 1.29 —9.06 143 5.2 0
NGVS J12:33:14.014+12:51:28.2 —14.94 023 -1623 0.11 —1683 0.10 —17.13 017 —1724 0.19 8.7 1
NGVS J12:33:14.02411:46:53.6 —8.68  0.58 -924 044 -9.79  0.38 -9.84 020 —10.12 0.56 5.5 0
NGVS J12:33:15.734+11:52:07.0 —-9.67 048 —11.00 025 —1149 018 —11.80 025 —1239 1.08 6.4 0
NGVS J12:33:15.83+13:13:10.3 -7.88  0.79 -933  1.08 -9.87 0.32 -9.80 1.08 -9.29 037 5.5 0
NGVS J12:33:16.88+12:16:56.2 -1055 036 —11.58 0.09 —12.17 0.09 —1228 0.12 —1244 0.17 6.6 0
NGVS J12:33:16.91412:34:54.5 —1140 0.10 -12.31 003 —12.80 004 —13.05 007 —13.30 0.08 7.0 0
NGVS J12:33:17.194+11:37:36.4 -7.80 0.3 -945 024 —-991 032 —1011 050 —10.68 0.78 5.7 0
NGVS J12:33:17.38+412:34:54.5 —8.07  0.60 -953 019 -10.18 020 —1049 0.30 —9.04 0.19 5.8 0
NGVS J12:33:19.79+12:51:12.5 —1540 023 —-1626 0.11 —1659 0.10 —16.81 0.17 —1690 0.19 8.6 0
NGVS J12:33:22.53+11:38:29.4 -10.77 012 —11.92 005 —1247 005 —1271 007 —1275 0.08 6.8 0
NGVS J12:33:24.734+12:24:11.3 -9.17 058 —10.10 0.17 —10.69 0.17 —1090 032 —10.87 0.52 6.0 0
NGVS J12:33:25.21413:24:58.5 —1149 024 —12.83 007 —13.18 007 —13.57 010 —13.71 020 7.2 0
NGVS J12:33:29.44413:17:22.8 —8.06 036 -836 0.79 —8.80  0.60 -934  0.32 -923  0.72 5.3 0
NGVS J12:33:30.724+13:00:21.5 -7.95 0.64 -9.00 0.60 —9.55 044 -9.79  0.60 -9.97 136 5.5 0
NGVS J12:33:32.45+12:15:45.0 -725 111 —8.80 0.11 -9.66 0.29 -9.52  0.17 -9.63 1.25 5.4 0
NGVS J12:33:36.86+13:21:45.4 —7.65 1.30 -8.18 0.32 —-8.90 0.28 —9.11  0.66 —926 1.15 5.2 0
NGVS J12:33:40.314+12:44:13.6 —11.95 0.08 —1291 005 —1342 003 —13.68 005 —13.88 0.05 7.2 1
NGVS J12:33:40.81412:34:16.4 —1247 009 —13.55 003 1399 002 —1426 003 —1452 0.05 7.5 1
NGVS J12:33:40.91412:22:56.7 —11.50  0.10 —1250 0.04 —13.02 004 —1325 006 —13.43 0.08 7.0 0
NGVS J12:33:44.704+11:40:57.1 -972 039 —1076 0.15 —1159 024 —1154 0.6 —11.84 0.17 6.3 1
NGVS J12:33:47.06+11:46:53.8 —1221 039 —1322 007 —13.88 009 —1404 012 —14.04 023 7.4 1
NGVS J12:33:48.67+12:46:48.1 —12.60 005 —13.72 002 —1426 002 —1457 003 —1468 0.03 7.6 1
NGVS J12:33:49.57+13:02:20.3 -1091 023 —11.33 020 —11.85 0.14 —1240 030 —11.76 0.19 6.7 1
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Table 4
(Continued)
ID M, Au M, Ag M, Ar M; Ai M, Az log (My/M.)  Nucleation
NGVS J12:33:51.12+4-12:57:30.3 —-11.16 0.13 —12.06 007 —-1254 0.07 -12.78 0.10 —12.81 0.14 6.9 1
NGVS J12:33:51.62+13:19:20.9 —-15.62 023 —-1684 0.11 -1744 0.10 -1777 0.17 —-1795 0.19 9.0 0
NGVS J12:33:52.35+13:14:54.6 —-8.32 141 875 1.04 -9.13  0.61 -9.64 049 —-1020 1.31 55 0
NGVS J12:33:52.50+12:07:02.5 -990 069 -1079 0.15 -—-11.17 0.15 —11.52 023 —1145 0.1 6.3 0
NGVS J12:33:58.18+13:13:14.9 -897 023 —-1020 034 -1060 023 —10.71 047 -9.81 0.19 6.0 0
NGVS J12:34:01.39+12:43:11.2 -1096 029 —-1198 0.09 —-1249 0.07 -12.77 0.12 —1292 0.22 6.8 1
NGVS J12:34:06.56+11:50:12.1 —-1226 0.12 —-13.20 0.04 —-1373 0.04 —-14.02 006 —14.16 0.07 7.4 1
NGVS J12:34:06.74+12:44:29.7 —1453 003 -1562 0.11 -16.18 0.10 -1649 0.0l —-16.69 0.02 8.5 1
NGVS J12:34:07.61+12:38:52.6 —8.81 042 -9.76 0.16 —1022 0.13 —-1044 023 —-1031 0.60 5.8 0
NGVS J12:34:07.83+11:45:48.1 -840 023 -1049 o0.11 -11.14 0.0 -11.13 0.17 -—11.12 0.19 6.1 1
NGVS J12:34:08.81+11:34:30.7 —6.50 0.23 —-8.03 0.79 —8.79 0.68 —-8.63 0.17 -9.31  0.63 5.0 0
NGVS J12:34:08.98+12:44:24.8 -11.10 0.15 —-12.07 0.06 —12.88 0.08 —-13.19 0.10 —1348 0.15 7.0 1
Table 5
Photometry of NGVS Nuclei
D M, Au M, Ag M, Ar M; Ai M, Az log (My /M)
NGVS J12:26:22.61+12:47:11.0 —2.75 0.62 —8.28 0.04 —8.89 0.01 —7.73 0.09 —5.57 0.48 5.0
NGVS J12:26:23.64+13:22:24.7 —6.27 0.02 —7.36 0.01 —7.89 0.02 —8.12 0.02 —-7.97 0.06 52
NGVS J12:26:28.06+12:55:14.2 —7.53 0.03 —8.58 0.03 -9.20 0.03 -9.26 0.04 —9.69 0.02 5.6
NGVS J12:26:33.21412:44:34.7 —8.78 0.05 —10.46 0.26 —11.22 0.21 —11.45 0.23 —11.90 0.04 6.5
NGVS J12:26:36.32+12:48:10.0 —8.71 0.04 -9.74 0.03 —10.21 0.03 —10.48 0.06 —10.53 0.03 6.1
NGVS J12:26:38.09+11:53:30.7 —6.85 0.68 —7.47 0.13 —8.03 0.62 —8.29 0.69 —8.42 0.00 52
NGVS J12:26:38.25+13:04:44.2 —8.91 0.28 -9.99 0.20 —10.49 0.20 —10.70 0.24 —10.82 0.94 6.2
NGVS J12:26:39.81+12:30:48.8 —8.82 0.00 —9.92 0.01 —10.45 0.01 —10.79 0.04 —10.84 0.03 6.2
NGVS J12:26:43.314+12:17:44.0 -9.16 0.03 —10.16 0.11 —10.68 0.06 —10.90 0.08 —11.07 0.00 6.3
NGVS J12:26:47.06+12:27:14.3 -9.90 0.09 —11.08 0.06 —11.65 0.03 —11.98 0.05 —12.16 0.07 6.7
NGVS J12:26:51.99+12:39:08.2 —6.86 0.77 —7.59 0.02 —-8.07 0.77 —8.21 0.72 —8.25 1.08 52
NGVS J12:26:54.36+11:39:50.2 —9.99 0.03 —10.41 0.04 —10.69 0.01 —10.79 0.01 —10.86 0.08 6.2
NGVS J12:27:03.08+12:33:38.8 —9.78 0.19 —10.80 0.11 —11.29 0.16 —11.59 0.16 —11.68 0.03 6.6
NGVS J12:27:08.42+13:20:08.7 —8.46 0.43 -9.39 0.03 —9.88 0.14 —10.13 0.15 —10.32 0.02 6.0
NGVS J12:27:11.24+12:02:17.4 —7.24 0.19 —7.99 0.01 —8.76 0.01 —8.88 0.01 -9.21 0.01 5.5
NGVS J12:27:13.34+12:44:05.2 —11.33 0.02 —13.40 0.01 22.47 0.01 —13.41 0.02 —15.11 0.01 7.3
NGVS J12:27:16.78+12:32:07.8 —6.32 0.00 —7.28 0.01 —-7.92 0.07 —8.14 0.01 —8.20 0.55 5.2
NGVS J12:27:22.17+12:04:07 .4 —-7.97 0.00 —8.94 0.01 —-9.50 0.06 -9.76 0.07 —9.86 0.08 5.8
NGVS J12:27:29.78+12:15:07.2 —6.88 0.02 —7.93 0.34 —8.32 0.29 —8.56 0.29 —8.66 0.00 5.3
NGVS J12:27:32.014+11:36:54.7 —7.40 0.01 —8.36 0.01 —8.95 0.01 -9.16 0.01 -9.33 0.00 5.6
NGVS J12:27:33.18+11:31:55.7 —7.96 0.00 —8.55 0.43 —8.03 1.12 —7.96 0.01 —131.09 0.00 5.1
NGVS J12:27:39.24+12:52:47.6 —8.34 0.22 -9.33 0.16 —9.78 0.17 —10.03 0.21 —10.16 0.23 59
NGVS J12:27:41.24+12:18:57.2 -9.69 0.00 —11.08 0.01 —11.78 0.01 —12.11 0.01 —12.31 0.00 6.8
NGVS J12:27:44.52+12:59:01.3 —8.89 0.61 —9.89 0.06 —10.36 0.07 —10.63 0.14 —10.68 0.17 6.2
NGVS J12:27:53.57+12:17:35.8 —15.59 0.00 —131.09 0.01 —15.00 0.01 —17.58 0.01 —13.90 0.05 9.0
NGVS J12:28:00.44+11:56:59.6 —7.95 0.00 —8.89 0.01 —-9.43 0.06 —9.67 0.01 —9.57 0.05 5.8
NGVS J12:28:03.74+12:46:41.2 —8.11 0.13 -9.01 0.04 —9.49 0.14 —-9.64 0.13 —9.80 0.17 5.8
NGVS J12:28:06.53+12:53:53.3 —8.70 0.00 -9.70 0.01 —10.18 0.01 —10.45 0.01 —10.49 0.00 6.1
NGVS J12:28:06.77+12:58:43.2 —8.36 0.36 —9.29 0.30 -9.75 0.35 —10.00 0.39 —10.07 0.15 59
NGVS J12:28:08.61+12:05:35.8 —9.75 0.00 —11.01 0.01 —11.67 0.48 —11.95 0.01 —12.18 0.22 6.7
NGVS J12:28:10.28+12:48:32.2 —7.75 0.03 —8.61 0.05 —9.11 0.01 —9.38 0.42 —-9.12 0.12 5.7
NGVS J12:28:12.24+11:58:13.3 —-5.93 0.06 —6.67 0.01 —7.26 0.54 —7.28 0.01 —7.99 1.47 4.8
NGVS J12:28:14.87+11:47:23.6 —9.48 0.00 —11.02 0.01 —131.09 0.01 —11.89 0.01 —12.44 0.00 6.7
NGVS J12:28:18.74+11:42:00.9 —9.88 0.06 —10.93 0.04 —11.44 0.04 —11.70 0.05 —11.80 0.07 6.6
NGVS J12:28:21.66+12:08:04.0 —6.69 0.01 —7.49 0.02 —7.95 0.24 —8.16 0.03 —8.51 0.47 52
NGVS J12:28:23.64+13:11:44.7 —8.68 0.04 -9.67 0.01 —10.04 0.03 —10.33 0.42 —10.29 0.01 6.1
NGVS J12:28:26.26+12:20:45.2 —-7.93 0.00 —8.88 0.01 —-9.34 0.01 -9.57 0.20 —9.65 0.40 5.8
NGVS J12:28:28.06+12:49:25.3 —8.84 0.00 -9.90 0.01 —10.43 0.01 —10.73 0.01 —10.80 0.00 6.2
NGVS J12:28:41.71412:54:57.2 —-9.47 0.00 —10.62 0.01 —11.07 0.01 —11.43 0.01 —11.57 0.00 6.5
NGVS J12:28:42.66+12:32:59.4 —8.87 0.29 -9.93 0.14 —10.37 0.18 —10.55 0.17 —10.75 0.02 6.1
NGVS J12:28:46.92+12:38:31.5 —7.16 0.76 —8.00 0.04 —8.41 0.05 —8.64 0.05 —8.83 0.68 5.4
NGVS J12:28:57.68+11:57:20.2 —5.58 0.70 —6.81 0.01 —7.35 0.11 —7.30 0.07 28.03 0.00 4.8
NGVS J12:28:58.14+12:39:42.2 —11.41 0.09 —13.02 0.03 —13.33 0.09 —13.92 0.01 —14.13 0.12 7.5
NGVS J12:28:59.15+12:02:30.4 —6.77 0.30 —7.66 0.02 —8.15 0.01 —8.37 0.52 —8.51 0.67 53
NGVS J12:28:59.50+11:55:23.4 —6.91 0.97 —8.02 0.36 —8.48 0.49 —8.65 0.01 —8.76 0.00 5.4
NGVS J12:28:59.82+12:38:54.2 —5.63 0.00 —7.20 0.01 —7.61 0.01 —7.10 0.07 —7.44 0.10 4.8
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Table 5
(Continued)
ID M, Au M, Ag M, Ar M; Ai M, Az log (M /M)
NGVS J12:29:03.01+13:11:01.7 —15.17 0.00 —17.61 0.01 —18.12 0.01 —18.62 0.01 —18.95 0.00 9.4
NGVS J12:29:05.13+12:09:13.6 —8.10 0.11 -9.13 0.22 -9.61 0.17 —9.84 0.30 —10.05 0.00 5.9
NGVS J12:29:12.31+11:31:11.9 -7.59 0.29 —8.46 0.01 —8.92 0.01 —9.15 0.05 —9.46 0.00 5.6
NGVS J12:29:14.85+12:58:41.7 —6.81 0.01 —-7.71 0.01 —8.32 0.01 —8.44 0.01 —8.19 0.03 53
NGVS J12:29:23.52+12:27:02.9 —-9.23 0.00 —10.36 0.03 —10.84 0.03 —11.15 0.04 —11.26 0.03 6.4
NGVS J12:29:28.67+12:29:46.3 =7.77 0.77 —-9.52 0.04 —9.98 0.03 —10.23 0.14 —8.65 0.12 6.0
NGVS J12:29:39.06+11:38:00.3 —8.46 0.24 —9.36 0.07 —10.00 0.12 —10.25 0.13 —1043 0.18 6.0
NGVS J12:29:39.24+12:32:53.7 -9.64 0.05 —10.77 0.03 —11.24 0.04 —11.52 0.04 —11.63 0.09 6.5
NGVS J12:29:41.39+11:34:19.3 —8.29 0.20 —9.23 0.07 —-9.77 0.05 —9.97 0.04 —10.16 0.39 59
NGVS J12:29:44.09+12:48:19.6 —7.28 0.01 —8.37 0.03 —8.78 0.01 —8.98 0.01 -9.16 0.07 5.5
NGVS J12:29:53.00+11:57:44.3 —7.98 0.00 -9.09 0.04 —9.64 0.10 —9.87 0.20 —10.06 0.01 5.9
NGVS J12:29:56.34+13:13:12.3 -9.87 0.11 —10.88 0.05 —11.27 0.03 —11.56 0.09 —11.74 0.12 6.6
NGVS J12:29:58.26+13:16:20.8 —7.49 0.75 —8.62 0.05 —-9.07 0.17 —9.31 0.69 -9.17 0.00 5.6
NGVS J12:30:01.15+13:07:04.9 —5.81 0.00 —7.01 0.04 —7.24 0.01 —7.84 0.94 —6.71 0.00 5.1
NGVS J12:30:06.21+12:41:18.4 —6.57 0.03 —7.49 0.03 —8.18 0.13 —8.64 0.01 —8.50 0.30 54
NGVS J12:30:07.86+12:23:19.9 —6.25 0.05 —-7.23 0.01 —7.53 0.08 —7.87 0.01 —7.84 0.06 5.1
NGVS J12:30:10.88+12:11:43.6 —8.66 0.07 —9.67 0.12 —10.18 0.06 —10.39 0.10 —10.54 0.12 6.1
NGVS J12:30:15.99+13:18:27.6 —6.82 0.02 —7.64 0.06 —8.05 0.08 —8.26 0.01 —8.40 0.12 5.2
NGVS J12:30:17.42+12:19:42.8 —12.17 0.02 —15.03 0.03 —14.88 0.01 —15.89 0.01 —15.34 0.03 8.3
NGVS J12:30:32.18+12:51:51.2 —8.20 0.00 —6.30 1.33 —6.74 0.14 —7.23 0.58 —6.34 0.00 4.8
NGVS J12:30:40.41+12:37:17.8 —6.11 0.02 —6.68 0.02 —7.00 0.03 —7.21 0.04 —7.48 0.04 4.8
NGVS J12:30:50.59+12:44:11.7 —8.39 0.03 —9.45 0.09 -9.90 0.11 —10.13 0.14 —10.22 0.04 6.0
NGVS J12:31:10.42+13:05:50.5 —9.06 0.03 —10.13 0.06 —10.63 0.05 —10.82 0.07 —10.94 0.04 6.3
NGVS J12:31:15.73+12:19:54.4 —11.21 0.04 —12.52 0.02 —13.06 0.03 —13.37 0.03 —13.54 0.03 7.3
NGVS J12:31:18.87+13:19:54.7 —6.56 0.47 —7.86 0.32 —8.35 0.04 —8.54 0.07 —8.76 0.01 53
NGVS J12:31:19.43+12:44:16.9 —-9.46 0.00 —10.43 0.01 —10.86 0.05 —11.09 0.01 —11.22 0.00 6.4
NGVS J12:31:31.68+11:36:11.1 —8.71 0.32 —9.69 0.10 —10.29 0.15 —10.49 0.15 —10.66 0.11 6.1
NGVS J12:31:32.54+11:37:29.1 —12.61 0.04 —14.22 0.03 —14.46 0.03 —15.33 0.03 —15.87 0.04 8.1
NGVS J12:31:33.35+12:03:49.7 —8.71 0.00 —9.67 0.04 —10.06 0.01 —10.41 0.18 —10.48 0.00 6.1
NGVS J12:31:33.92+12:04:03.2 —7.23 0.12 —8.20 0.42 —8.67 0.09 —8.91 0.31 -9.09 0.19 5.5
NGVS J12:31:38.75+11:49:44.7 —7.20 0.10 —8.24 0.05 —8.64 0.12 —8.92 0.07 -9.09 0.06 5.5
NGVS J12:31:51.33+12:39:25.2 —9.63 0.03 —10.78 0.07 —11.30 0.08 —11.54 0.09 —11.67 0.03 6.5
NGVS J12:31:52.01+12:28:54.5 —9.58 0.09 —10.76 0.08 —11.27 0.09 —11.49 0.12 —11.60 0.03 6.5
NGVS J12:31:52.90+12:15:59.1 —10.64 0.00 —12.18 0.08 —12.41 0.01 —13.10 0.06 —13.22 0.02 7.2
NGVS J12:31:53.09+13:15:44.1 —-7.02 1.20 —-7.39 1.01 —-791 0.85 —8.39 0.96 —8.59 1.19 53
NGVS J12:31:55.93+12:10:27.0 —5.60 0.00 -9.29 0.07 -9.71 0.13 —9.98 0.10 —10.10 0.04 59
NGVS J12:31:56.40+11:58:21.6 —7.55 0.21 —8.58 0.19 -9.07 0.05 —9.31 0.12 -9.39 0.05 5.7
NGVS J12:32:00.75+12:37:13.2 —7.76 0.00 —8.82 0.01 —-9.23 0.01 -9.50 0.01 -9.61 0.00 5.7
NGVS J12:32:02.74+11:53:24.3 -9.72 0.12 —10.77 0.10 —11.16 0.04 —11.59 0.14 —11.78 0.03 6.6
NGVS J12:32:05.63+11:49:03.6 —8.90 0.03 —9.28 0.04 -9.05 0.02 -9.27 0.60 -9.01 0.04 5.6
NGVS J12:32:09.31+12:50:20.2 —8.54 0.00 —9.46 0.01 -9.92 0.01 —10.17 0.01 —10.23 0.00 6.0
NGVS J12:32:10.50+13:25:09.7 —11.81 0.03 —12.69 0.07 —12.81 0.14 —12.98 0.12 —13.10 0.02 7.1
NGVS J12:32:11.36+12:30:24.9 —6.46 0.00 —7.95 0.01 —8.47 0.01 —8.74 0.01 —8.10 1.38 5.4
NGVS J12:32:12.24+12:03:41.5 —8.88 0.00 —10.00 0.01 —10.41 0.01 —10.82 0.01 —10.90 0.00 6.3
NGVS J12:32:39.99+11:53:43.7 —5.87 0.00 —6.58 0.42 —7.14 0.07 —7.22 0.07 —-7.17 0.18 4.8
NGVS J12:32:50.56+12:08:20.8 -7.61 0.06 —8.60 0.21 -9.02 0.01 -9.25 0.54 —-9.50 0.05 5.6
NGVS J12:33:05.99+11:32:01.3 -5.97 0.05 —7.51 0.07 —7.82 0.15 —8.18 0.09 —8.37 0.05 5.2
NGVS J12:33:06.41+13:18:11.1 —7.57 0.07 —8.80 0.07 —9.23 0.07 —9.48 0.10 —9.54 0.08 5.7
NGVS J12:33:07.52+12:12:13.4 —6.98 0.00 —7.84 0.06 —8.32 0.03 —8.51 0.01 —8.66 0.12 53
NGVS J12:33:10.17+12:05:09.9 —8.29 0.05 —9.35 0.16 —9.82 0.03 —10.12 0.14 —10.13 0.07 6.0
NGVS J12:33:14.01+12:51:28.2 —7.88 0.01 -9.03 0.01 -9.56 0.01 —9.86 0.01 -9.96 0.00 5.9
NGVS J12:33:40.31+12:44:13.6 -9.70 0.03 —10.83 0.04 —11.34 0.04 —11.57 0.05 —11.66 0.03 6.6
NGVS J12:33:40.81+12:34:16.4 —8.04 0.20 —8.96 0.09 -9.64 0.01 —10.14 0.08 -9.73 0.00 6.0
NGVS J12:33:44.70+11:40:57.1 —7.48 0.15 —8.78 0.15 —-9.36 0.34 —10.23 0.09 —10.36 0.24 6.0
NGVS J12:33:47.06+11:46:53.8 —8.34 0.54 -9.17 0.35 -9.73 0.28 -9.93 0.37 —10.00 0.30 5.9
NGVS J12:33:48.67+12:46:48.1 -9.29 0.03 —10.43 0.06 —10.95 0.05 —11.21 0.08 —11.27 0.03 6.4
NGVS J12:33:49.57+13:02:20.3 -5.72 0.00 -7.02 0.33 —7.54 0.29 -7.75 0.52 —7.69 0.00 5.0
NGVS J12:33:51.124+12:57:30.3 —-7.52 0.07 —8.47 0.13 —8.92 0.13 —9.19 0.42 —9.28 0.13 5.6
NGVS J12:34:01.39+12:43:11.2 —6.08 0.10 —7.09 0.01 —7.50 0.01 =7.79 0.02 —7.78 0.06 5.0
NGVS J12:34:06.56+11:50:12.1 -9.02 0.05 —10.17 0.12 —10.67 0.01 —10.98 0.10 —11.05 0.03 6.3
NGVS J12:34:06.74+12:44:29.7 -9.56 0.10 —10.68 0.03 —11.18 0.03 —11.38 0.04 —11.43 0.08 6.5
NGVS J12:34:07.83+11:45:48.1 791 0.00 —8.86 0.01 —-9.22 0.01 —9.60 0.01 —-9.74 0.00 5.8
NGVS J12:34:08.98+12:44:24.8 —5.70 0.10 —6.77 0.01 —7.04 0.03 —7.30 0.04 —-7.27 0.12 4.8
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