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Abstract

Low-mass compact stellar systems (CSSs; Må< 1010 Me) are thought to be a mixed bag of objects with various
formation mechanisms. Previous surveys of CSSs were biased to relatively high-density environments and cannot
provide a complete view of the environmental dependence of the formation of CSSs. We conduct the first-ever
unbiased flux-limited census of nearby quiescent CSSs over a total sky area of ∼200 deg2 observed by the GAMA
spectroscopic survey. The complete sample includes 82 quiescent CSSs, of which 85% fall within the stellar mass
range of classical compact ellipticals (cEs). By quantifying the local environment with the normalized projected
distance D/Rvir to the nearest luminous neighboring galaxy, we find that these CSSs have a bimodal D/Rvir

distribution, with one group peaking near ∼0.1 × Rvir (satellite) and the other peaking near ∼10× Rvir (field). In
contrast to the CSSs, ordinary quiescent galaxies of similar masses have a unimodal D/Rvir distribution. Satellite
CSSs are older and more metal-rich than field CSSs on average. The bimodal D/Rvir distribution of quiescent CSSs
reinforces the existence of two distinct formation channels (tidal stripping and born-to-be) for cEs and may be
understood in two mutually inclusive perspectives, i.e., substantial tidal stripping happens only when satellite
galaxies travel sufficiently close to their massive hosts, and there exists an excess of high-density cE-bearing
subhalos close to massive halos.

Unified Astronomy Thesaurus concepts: Compact dwarf galaxies (281); Compact galaxies (285); Galaxy formation
(595); Stellar populations (1622); Tidal interaction (1699); Elliptical galaxies (456)

1. Introduction

There exist a variety of compact stellar systems (CSSs) that lie
in between classical globular clusters and ordinary galaxies in the
size–luminosity plane (106Må/Me 1010; 10Re 600 pc).
Well-known types of CSSs include supermassive star clusters,
ultracompact dwarfs (UCDs; Hilker et al. 1999; Drinkwater et al.
2000; Brodie et al. 2011), and compact ellipticals (cEs;
Chilingarian et al. 2009; Huxor et al. 2013; Norris et al. 2014;
Chilingarian & Zolotukhin 2015; Kim et al. 2020).

One prevailing scenario for the origin of these intermediate-
mass CSSs is that they are the central remnants of tidally stripped
nucleated galaxies. This scenario is motivated by the fact that
many CSSs are spatially associated with more massive neighbor
galaxies or lie in galaxy clusters/groups (e.g., Chilingarian et al.
2009; Price et al. 2009). Discoveries of tidal streams and
overmassive central black holes in several CSSs support the tidal
stripping scenario (e.g., Seth et al. 2014; Pechetti et al. 2022). A
series of circumstantial evidence for this scenario has been found
for the UCD system in the Virgo cluster (Liu et al. 2015a; Zhang
et al. 2015). UCDs follow mass–metallicity relations similar to

nuclear star clusters, instead of ordinary globular clusters (Zhang
et al. 2018). Alternatively, CSSs, especially those at the low-mass
end, may be simply supermassive star clusters or their merger
products (e.g., Fellhauer & Kroupa 2002; Mieske et al. 2012).
Ordinary galaxies may evolve into compact galaxies through
environmental regulation of star formation (Du et al. 2019). The
discovery of apparently isolated cEs implies that they may be born
to be compact galaxies (e.g., Huxor et al. 2013; Paudel et al. 2014;
Rey et al. 2021), and some of them may be merger remnants of
smaller galaxies (e.g., Paudel et al. 2014). Some group/cluster cEs
may be ejected via a three-body interaction and become isolated
(Chilingarian & Zolotukhin 2015).
Given their intermediate nature, it is conceivable that CSSs

constitute a mixed bag of various formation mechanisms that
depend on properties such as mass and environment. A vast
majority of previous studies focused on CSSs located in
relatively high-density environments (e.g., galaxy groups,
clusters). Chilingarian & Zolotukhin (2015) and Kim et al.
(2020) are among the few studies that selected large samples of
cEs (195 and 138, respectively) over a large sky area that
covers different environments, thanks to the Sloan Digital Sky
Survey (SDSS; York et al. 2000).
Previous studies lack a complete (either in a volume-limited

or flux-limited sense) and large-sky-area (covering a variety of
environments) census of CSSs that allows for an unbiased
investigation of the formation of CSSs. This is because most
large-scale spectroscopic surveys such as SDSS suffer from the
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fiber-collision problem, which severely affects the census of
CSSs on small scales. The Galaxy and Mass Assembly
spectroscopic survey (GAMA; Driver et al. 2011) largely
overcomes the fiber-collision problem by adopting a multipass
observing strategy. Moreover, GAMA significantly improves
the completeness level of compact galaxies (Baldry et al.
2010). In this work, we perform the first flux-limited census of
nearby CSSs based on the GAMA survey and study the
structural properties and stellar populations of CSSs over
different local environments. Throughout this work, we assume
a flat ΛCDM cosmology with Ωm= 0.3, ΩΛ= 0.7, and
h0= 0.7.

2. Sample Selection

2.1. Compact Stellar Systems

The latest data release of GAMA (DR4; Driver et al. 2022)
covers three equatorial regions (field IDs: G09, G12, and G15)
and two southern regions (field IDs: G02 and G23). The
equatorial regions are 95% complete down to r; 19.7 mag.
The G02 and G23 fields are complete down to r; 19.8 and
19.4 mag, respectively. The GAMA collaboration did not
observe galaxy candidates that meet their selection criteria but
had already been observed by preexisting spectroscopic
surveys (e.g., SDSS). So a complete spectroscopic sample (as
used in this work) in the GAMA sky area includes those
observed by both the GAMA team and other preexisting
surveys (Driver et al. 2011).

To measure the size of CSSs that are usually marginally
resolved in ground-based images, we turn to the Hyper
Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara
et al. 2018) wide-layer imaging survey, which surpasses
previous surveys in its combination of sky coverage and
imaging quality (e.g., i-band seeing ∼0 6; rlimit; 26 mag).
The GAMA fields G09, G12, G15, and part of G02 fall within
the sky coverage of the latest data release of HSC-SSP (DR3;
Aihara et al. 2022), with an overlapping area of ∼200 deg2 in
total. Our CSS sample is selected from this overlapping sky
area of GAMA and HSC-SSP (hereafter GAMA-HSC).

The selection procedure starts from all GAMA-HSC objects
with heliocentric velocities > 500 km s−1 and redshift< 0.17.
Then, we measure the effective radii Re of these objects with
GALFIT (Peng et al. 2010) by adopting single Sérsic models.
The median of the Re measured in all available bands is used in
our analysis. Our experiments suggest that reliable Re can be
measured with GALFIT down to 1/3 × the FWHM of the
point spread function (PSF) within 20% uncertainties (see
Appendix appendix for more details). For the unresolved
objects (i.e., Re< 1/3 × the FWHM of the PSF), we
conservatively adopt half the FWHM of the PSF as the upper
limit of Re. We select objects with Re< 600 pc following
previous searches of CSSs (e.g., Norris et al. 2014;
Chilingarian & Zolotukhin 2015; Kim et al. 2020; Rey et al.
2021). Next, we exclude objects that fall above the lower
boundary of the 95% range of the size–magnitude distribution
of ordinary dwarf galaxies, as illustrated by the green shaded
region in Figure 1. Lastly, we carry out a visual inspection of
images of the above-selected CSS candidates to exclude H II
regions that are part of other galaxies.

The above selection procedure results in a sample of 395
CSSs candidates. By using a demarcation at log sSFR=−11,
where sSFR≡ SFR/Må (see Section 3.2), we divide the sample
into 313 star-forming and 82 quiescent CSSs, 12 of which are
unresolved. None of our CSSs exhibits broad emission lines
that would be a signature of Type 1 active galactic nuclei
(AGNs). The smallest heliocentric velocity of this sample turns
out to be 887 km s−1. We will focus on the 82 quiescent CSSs
(hereafter CSSs for brevity) in the rest of the paper. Figure 1
shows the size–magnitude distribution of our CSSs (red data
points).
It is worth noting that any large-scale spectroscopic galaxy

surveys inevitably miss some of the most compact galaxies
(with respect to spatial resolution) in order to maintain
reasonable survey efficiency. Nevertheless, GAMA makes an
effort to significantly alleviate this potential issue by relaxing
the star–galaxy separation criteria for the input catalog of
photometric candidates. According to Baldry et al. (2010),
GAMA is nearly complete at Δsg> 0.05 mag, where Δsg is the

Figure 1. Upper panel: g-band absolute magnitude distributions for galaxies
from the NASA Sloan Atlas catalog (NSA; Blanton et al. 2011) within the
same redshift range as our sample for ordinary dwarf galaxies from Eigenthaler
et al. (2018), and for CSSs in this work, are plotted as gray, green, and red
histograms, respectively. Lower panel: Re–Mg distribution. Red squares
represent our CSSs and symbols with arrows attached indicate unresolved
CSSs. The black contours enclose the central 68% and 95% of NSA galaxies.
Only 3000 randomly chosen galaxies in the NSA catalog are plotted (gray
dots). The green shaded region encloses 95% of ordinary dwarf galaxies.
Nuclear star clusters (Brodie et al. 2011; Misgeld & Hilker 2011) are plotted as
filled triangles. UCDs (Zhang et al. 2015; Liu et al. 2020; Saifollahi et al. 2021)
and cEs (Huxor et al. 2013; Paudel et al. 2014; Guérou et al. 2015) are plotted
as blue and purple dots, respectively. CSSs from Norris et al. (2014) are plotted
as small brown squares. M32, M60-UCD1 (Strader et al. 2013), and M59-
UCD3 (Liu et al. 2015b) are plotted as filled stars. The diagonal lines represent
constant g-band surface brightness.

7 Only objects with redshift quality flag nQ � 3 are considered for our
analysis, following Liske et al. (2015).
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PSF minus model magnitude difference. For comparison,
the completeness limit of the SDSS main survey is Δsg>
0.24 mag. It is not straightforward to estimate the fraction of
potentially missed CSSs due to the Δsg limit imposed by
GAMA. However, we point out that our conclusion in this
paper would not change if the Δsg limit is raised, for instance,
to Δsg> 0.24 (including 63, or 77%, of our CSSs).

2.2. Control Sample of Ordinary Galaxies

We also select a control sample of ordinary quiescent
galaxies from the same sky fields of GAMA. For each CSS in
our sample, we randomly select an ordinary galaxy that has log
SFR and Mlog that are each within ±0.3 dex of the CSS. Here
the “ordinary” galaxies are defined to be above the upper
boundary of our CSS sample on the Re–Mg plane. We have
repeated the random sampling of ordinary galaxies for several
tens of times and found that the relevant conclusion for the
control sample in this work does not vary. So, the following
analysis will be based on one of these randomly selected
control sample.

3. Analysis

3.1. Quantifying the Local Environment

To quantify the local environment, we derive D Rlog vir for
both the CSS and control samples, where D is the projected
distance to the nearest luminous neighboring galaxy that is at
least 2.0 mag more luminous and has a radial velocity within
±500 km s−1 of the galaxy in question, and Rvir is the virial
radius of the selected luminous neighbor, approximated to be
67 times its effective radius (Kravtsov 2013). We note that

D Rlog vir was derived by requiring the nearest luminous
neighbor to have Mr<−21 mag in Kim et al. (2020). We also
calculate D Rlog vir for our samples in the same way as Kim
et al. (2020) in order to check the influence of different
definitions on our results. As will become clear in Section 4.1,
the sample can be divided into field and satellite subsamples,
with a demarcation at D/Rvir; 0.4.

We also derive the projected galaxy number density
parameter: ( )( )h =

p
-logk

k

d

3 1

4 k
3 (Argudo-Fernández et al. 2015),

where dk is the projected distance to the fifth (i.e., k = 5)
nearest galaxy in Mpc. Only neighbors with Mr<−18.6 are
considered in the ηk calculation, corresponding to the GAMA
completeness limit (i.e., r = 19.72 mag) at the distance of the
most distant CSS in our sample.

Lastly, we mention that 22 of the 82 CSSs belong to groups
with at least 10 member galaxies according to the GAMA
galaxy group catalog (G3C; Robotham et al. 2011).

3.2. Stellar Population Modeling

Stellar masses of our CSSs are estimated by fitting
broadband spectral energy distribution with the Code Investi-
gating GALaxies Emission (CIGALE; Boquien et al. 2019),
using the optical photometry from SDSS and HSC-SSP and
near-infrared photometry from the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010). Star formation rates
(SFRs) are estimated from Hα luminosities offered by
GAMA DR4 by adopting the formula [ ] =-MlogSFR yr 1

( )[aLlog H erg s−1]− 41.27 (Kennicutt & Evans 2012),
where Hα is corrected for internal dust extinction from the

Balmer decrement by assuming an intrinsic flux ratio of
(Hα/Hβ)= 2.86.
Luminosity-weighted stellar ages and metallicities [Z/H] are

estimated by performing a joint fitting of the (Gaussian)
emission lines (if any) and spectral continuum (3540Å–
5700Å) of the spectra with the Penalized PiXel-Fitting (pPXF;
Cappellari 2017) package by using the MILES stellar library
and nonparametric star formation histories. The individual
spectrum was corrected for the Galactic extinction (Schlegel
et al. 1998) and shifted to the rest frame before the fitting.

4. Results

4.1. Environmental Distribution

The distribution of the environmental parameters of our
CSSs and the control sample (Section 3.1) are shown in
Figure 2. The CSSs appear to follow a bimodal D Rlog vir
distribution, with one group of CSSs peaking around

D Rlog vir ∼ −1 and the other group peaking around
D Rlog vir ∼ 1. In contrast to the CSSs, the control sample

appears to follow a unimodal distribution, which peaks at
D Rlog vir in between the two groups of CSSs. The projected

number density ηk distribution appears to be unimodal for both
samples. To verify this visual impression, we turn to the Python
implementation of Gaussian Mixture Models (GMM) and use
the Bayesian information criterion (BIC) to select the minimum
number Ncomp of Gaussian components that can adequately
describe the observed distributions.
The GMM fitting results are illustrated in Figure 2. For

CSSs, the BIC reaches minimum at Ncomp = 2. With Δ
(BIC);−40 (for our default luminous neighbor selection
method; left panel) or −30 (for the Kim et al. 2020 method;
middle panel), the two-component models are strongly favored
against one-component models. The two best-fit Gaussian
subcomponents of the CSSs intersect at D Rlog vir ∼ −0.4. For
the control sample, the BIC reaches minimum at Ncomp = 1,
verifying their unimodal distribution. The GMM fitting also
verifies the visual impression of unimodal ηk distributions for
both samples.

4.2. Structural Properties of CSSs and Their Hosts

Given the above results, we split our CSSs into field and
satellite subsamples by using D Rlog vir = −0.4.
The stellar size–mass distributions of the subsamples are

exhibited in Figure 3. Number density contours that enclose 68%
of the CSSs in each subsample are overplotted to guide the
comparison between the subsamples. As indicated by the parallel
lines of equal surface mass densities, the satellite CSSs cover a
surface mass density range of [ ]S M2 log pc 4e

2  on the
size–mass plane. The distribution of the field subsample is
clustered at a similar surface mass density range, albeit with a
tail extending to lower mass densities.
To probe the morphologies of the nearest luminous

neighboring galaxies of the satellite CSSs, we use the Sérsic
indices (n) provided by the NSA catalog to classify the
neighbors into early-type galaxies (ETGs; n> 2.5) and late-
type galaxies (LTGs; n< 2.5). Not all of the neighboring
galaxies have n measurements. For those with n measurements,
83% (20) of the satellite CSSs have ETG neighbors. This
finding is in line with the well-known “galactic conformity”
phenomenon (Weinmann et al. 2006).
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4.3. Stellar Populations of CSSs

Luminosity-weighted stellar ages and metallicities of the
field and satellite subsamples of CSSs are shown separately in
Figure 4. Contours that enclose 68% of the CSSs in each
subsample, and the median values are indicated in Figure 4.
Literature samples of cEs are also plotted for comparison
purposes. Our CSSs cover nearly the same ranges of age and
metallicities as the literature cEs. The satellite CSSs have
significantly older median ages and higher median metallicities
than the field CSSs. Systematically higher metallicities for
satellite cEs were also reported by Kim et al. (2020).

5. Summary and Discussion

We have taken a complete (in a flux-limited sense) census of
quiescent CSSs over a total sky area of ∼200 deg2 at z< 0.1.
The sky area was observed by the spectroscopic survey of
GAMA and the wide-field imaging survey of HSC-SSP.
GAMA largely overcomes the fiber-collision problem that has
plagued the census of galaxies at small scales for most existing
large-area spectroscopic surveys and thus provides a unique
opportunity to explore the environmental dependence of the
formation of CSSs in an unbiased way. We selected 82
quiescent CSSs and studied their small-scale environmental
distribution, structural properties, and stellar populations.

Figure 2. Normalized distribution of the environmental parameters of CSSs (red filled histogram) and control sample (gray hatched histogram). The left panel is for
the projected distances to the nearest luminous neighboring galaxy selected with the default method described in the text, and the middle panel is for the projected
distances to the nearest luminous neighboring galaxy selected with the method in Kim et al. (2020). The projected distances have been normalized by the virial radii of
the selected nearest neighbors. The right panel shows the distributions of the projected number density of nearby galaxies. The best-fit Gaussian curves from the GMM
fit to each sample are overplotted on the histograms. The inset figure in each panel shows the ΔBIC ≡ BIC(Component = n) − BIC(Component = 1) for a GMM fit
with a different number n of components. See Section 3.1 for details of the environmental parameters plotted here.

Figure 3. Size–mass distribution of our CSSs. Iso-number density contours
that enclose 68% of the field and satellite CSSs are overplotted with the same
color scheme as the data points. The arrows indicate unresolved CSSs.
Literature cEs (Guérou et al. 2015; Ferré-Mateu et al. 2018) and CSSs (Janz
et al. 2016) are plotted as purple dots and brown squares, respectively. Lines of
iso-  ( )pS º M R2e e

2 are indicated by brown slanted lines. The brown dashed
line represents the maximum effective stellar mass density
(  S -M10 pcmax

5.5 2) expected for CSSs in the local universe (Hopkins
et al. 2010).

Figure 4. Age−[Z/H] diagram. The median values of the field and satellite
subsamples of our CSSs are shown as big filled squares. The contour curves
enclose 68% of the CSSs in each of our subsamples. Literature CSSs (Janz
et al. 2016) or cEs (Chilingarian & Zolotukhin 2015; Guérou et al. 2015; Ferré-
Mateu et al. 2018; Kim et al. 2020) are plotted with symbols indicated in the
legend. The error bars of the median values of our CSSs are determined by
random resampling of the original subsamples with replacement for 1000
times.
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We quantify the local environment by using the normalized
projected distance (D/Rvir) to the nearest luminous neighboring
galaxy and find that these CSSs have a bimodal distribution,
with one peak near ∼0.1× Rvir and the other peak near
∼10× Rvir. Such bimodal distribution is not seen in ordinary
quiescent galaxies.

We divide the CSSs into field and satellite subsamples based on
their bimodal D/Rvir distribution and find that the field and satellite
CSSs follow similar mass–size distributions. Based on full-
spectrum stellar population fitting, we find that the satellite CSSs
are older and more metal-rich than field CSSs on average. A
majority (83%) of satellite CSSs have early-type hosts.

The majority (85%; Figure 3) of our CSSs fall within the stellar
mass range of cEs (108−1010 Me). A closely relevant study by
Kim et al. (2020) found an environmental dependence on the
metallicity distribution of cEs, i.e., satellite cEs (especially those
inhabiting rich groups), tend to have higher metallicities than field
cEs of comparable masses, while field cEs largely follow the
mass–metallicity relation of massive ordinary ETGs. A natural
explanation for the different metallicity distributions is that, first,
satellite cEs have experienced tidal stripping that significantly
reduced the mass but barely affected the metallicities, and second,
field cEs may be born to be the low-mass extension of more
massive ellipticals. Our finding of the bimodal D/Rvir distribution
of quiescent CSSs reinforces the existence of two distinct
formation channels of cEs (e.g., Huxor et al. 2011; Janz et al.
2016; Ferré-Mateu et al. 2018).

The fact that a bimodal distribution instead of a skewed
unimodal distribution is observed for the CSSs may be
understood from two plausible perspectives. First, in the tidal
stripping framework, substantial tidal stripping happens only
when satellites travel sufficiently close to the massive host
(e.g., Pfeffer & Baumgardt 2013; Mayes et al. 2021). Second,
in the hierarchical structure formation framework, CSSs inhabit
higher-density subhalos than do the ordinary satellites and thus
have a higher degree of central concentration toward massive
halos (e.g., Diemand et al. 2005).

This work is supported by the Strategic Priority Research
Program of the Chinese Academy of Sciences (No. XDB
41000000), the National Key R&D Program of China
(2017YFA0402600, 2017YFA0402702), the NSFC grant
(Nos. 12122303, 11973038 and 11973039), and the science
research grants from the China Manned Space Project (Nos.
CMS-CSST-2021-A07, CMS-CSST-2021-B02).. We also
thank support from the CAS Pioneer Hundred Talents
Program. G.W.C. acknowledges the support from the China
Scholarship Council (No. 201906340241). Z.S.L. acknowl-
edges the support from the China Postdoctoral Science
Foundation (2021M700137).

GAMA is a joint European–Australasian project based around
a spectroscopic campaign using the Anglo-Australian Telescope.
The GAMA input catalog is based on data taken from the SDSS
and the UKIRT Infrared Deep Sky Survey. Complementary
imaging of the GAMA regions is being obtained by a number of
independent survey programmes including GALEX MIS, VST
KiDS, VISTA VIKING, WISE, Herschel-ATLAS, GMRT and
ASKAP providing UV to radio coverage. GAMA is funded by
the STFC (UK), the ARC (Australia), the AAO, and the
participating institutions. The GAMA website is http://www.
gama-survey.org/.

This paper is based on data collected at the Subaru Telescope
and retrieved from the HSC data archive system, which is
operated by the Subaru Telescope and Astronomy Data Center
(ADC) at NAOJ. Data analysis was in part carried out with the
cooperation of the Center for Computational Astrophysics
(CfCA), NAOJ.

Appendix A
Test of the Effective Radius Measurements

We use mock galaxies to evaluate the limitation of HSC-SSP
images for measuring the Re of nearby CSSs. The test results are
shown in Figure 5. Specifically, we use the best-fit double-Sérsic
parameters of the compact elliptical NGC 5846cE (Chilingarian &
Bergond 2010) and a series of single-Sérsic profiles with different
Sérsic indices to create PSF-convolved mock galaxy images for
the test. The mock galaxies have intrinsic Re= 240 pc and V-band
absolute magnitude of −17.07 mag. Each of the mock galaxies is
put at a range of redshifts and randomly placed at blank sky
regions of the HSC-SSP images. We use GALFIT to fit these
mock galaxies with either single (filled symbols in Figure 5) or
double (open symbols) Sérsic components and compare the
output Re to the input in Figure 5. Given this test, a single-Sérsic
GALFIT fitting can recover Re to within 20% at a limit of
Re> 1/3 PSF FWHM, below which the galaxies are regarded to
be unresolved.

Figure 5. Comparison of the input and best-fit Re (by GALFIT) of mock
galaxies. The squares correspond to mock galaxies with the same structural
parameters with the cE NGC 5846cE, and the other symbols correspond to
single-Sérsic mock galaxies with different Sérsic indices n. The same mock
galaxies are put at a series of redshift, i.e., 0.1, 0.05, 0.02, 0.01, and 0.006. The
filled (open) symbols correspond to GALFIT fitting with single (double) Sérsic
functions. The vertical dashed lines indicate the Re measurement limit adopted
in our work, which is about 1/3 × PSF FWHM. Note that a Gaussian
distribution has Re ; 1/2 × FWHM.
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