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Abstract

The formation pathways of compact stellar systems (CSSs) are still under debate. We utilize the NewHorizon
simulation to investigate the origins of such objects in the field environment. We identified 55 CSS candidates in
the simulation whose properties are similar to those of the observed ultracompact dwarfs and compact ellipticals
(cEs). All but two most massive objects (cE candidates) are a result of a short starburst. Sixteen are formed by tidal
stripping, while the other 39 are intrinsically compact from their birth. The stripped objects originate from dwarf-
like galaxies with a dark halo, but most of their dark matter is stripped through their orbital motion around a more
massive neighbor galaxy. The 39 intrinsically compact systems are further divided into associated or isolated
groups, depending on whether they were born near a massive dark halo or not. The isolated intrinsically compact
objects (seven) are born in a dark halo and their stellar properties are older and metal-poor compared to the
associated counterparts (32). The stripped compact objects occupy a distinct region in the age—metallicity plane
from the intrinsically compact objects. The associated intrinsically compact objects in our sample have never had a
dark halo; they are the surviving star clumps of a massive galaxy.

Unified Astronomy Thesaurus concepts: Compact dwarf galaxies (281); Compact galaxies (285); Ultracompact
dwarf galaxies (1734); Hydrodynamical simulations (767)

, Christophe Pichon’ ®,

1. Introduction

From a few parsec scales (star clusters, usually globular
clusters (GCs)) to the 10 kpc scale (massive elliptical galaxies),
many astronomical objects with various masses embroider space.
Nearly a century ago, there was a clear separation between star
clusters and galaxies in terms of size. Not only are stellar clusters
relatively smaller in mass compared to massive galaxies, but they
are also clearly smaller (Reg < 30pc) than dwarf spheroidal
galaxies of similar mass (Rer> 500pc). However, the gap
between these two different types of objects is gradually being
filled with observational data points. Compact elligtical (cE)
galaxies, which are more massive (108 <M, < 10’ M) than
GCs but smaller (100 < Regr < 900 pe) than typical galaxies in
the same mass range, are found in galaxy cluster environments
(Rood 1965; Faber 1973; Price et al. 2009). Additionally, less
massive stellar systems (10° < M,, < 10°® M,.)) with much smaller
sizes (a few tens of parsec), known as ultracompact dwarfs
(UCDs), have also been reported (Hilker et al. 1999; Drinkwater
et al. 2000; Phillipps et al. 2001; Hasegan et al. 2005). When
boundaries between the two are gradually fading, the key
question now arises: What defines a galaxy? (Forbes &
Kroupa 2011; Willman & Strader 2012).

Recently, the Archive of Intermediate Mass Stellar Systems
(AIMSS) survey (Forbes et al. 2014; Norris et al. 2014; Janz
et al. 2016) attempted to find the possible origins of compact
stellar systems (CSSs) within this gap by aggregating vast
amounts of observed catalogs with additional observations.
Several possible formation scenarios for these galaxies have
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been suggested (Bekki et al. 2001b; Martinovi¢ & Micic 2017;
Ferré-Mateu et al. 2018; Urrutia Zapata et al. 2019; Mahani
et al. 2021), but they could be simplified as follows: are they
intrinsic or not? If CSSs are intrinsically smaller than the main
branch of spheroidal galaxies, cEs can be treated as the lower
mass end of classical luminous elliptical galaxies (Wirth &
Gallagher 1984; Kormendy et al. 2009; Kormendy &
Bender 2012), while UCD galaxies can be considered the high
mass end of GCs (Marks et al. 2012; Norris et al. 2019). If they
are not intrinsically smaller, the most plausible scenario is that
they are the tidally stripped remnants of more massive galaxies,
as some CSS is often found in tidal streams around neighboring
massive host galaxies (Huxor et al. 2011; Paudel et al. 2013;
Liu et al. 2015; Voggel et al. 2016; Ferré-Mateu et al. 2018).
The stellar population of the object, its star formation (SF)
history, the existence of a supermassive black hole, and the
surrounding environment can all be used to build possible
explanations (Francis et al. 2012; Mieske et al. 2013; Seth et al.
2014; Afanasiev et al. 2018; Ferré-Mateu et al. 2018, 2021;
Rey et al. 2021; Chen et al. 2022). However, the main obstacle
in revealing the formation scenario in observation is that we
cannot trace the entire evolutionary history of the object
throughout cosmic time.

To support and clarify the formation and evolution of compact
systems, theoretical, more specifically numerical predictions, are
attempting to find such objects in simulations. The idealized
simulations in a closed box attempt to elucidate the tidal
stripping process of existing dwarf or spiral galaxies with central
concentrations (Bekki et al. 2001a, 2001b; Pfeffer & Baum-
gardt 2013), or to address possible formation via star cluster—
cluster collisions (Kroupa 1998; Fellhauer & Kroupa 2002;
Briins et al. 2011; Urrutia Zapata et al. 2019). However,
hydrodynamic simulations on a cosmological scale are mostly
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Table 1
General Properties of the CSSs

ID* log My log Reft© Group® log My max® 10g Ronax " Age® [Z/H]
1 8.78 2.29 Stripped 9.30 3.25 336104 —0.09101¢
2 8.24 2.11 Stripped 8.93 3.30 573798 —0.20*914
3 7.90 242 Tsolated . 3707860 —1.36:00
4 7.79 225 Tsolated 9.78+9% —1.80%00%
5 7.75 1.99 Stripped 9.33 3.42 7.029% —0.179%
6 7.69 2.12 Associated i 7.4479% —0.65503)
7 7.59 1.98 Stripped 8.33 3.18 8.0110:50 —0.657091
8 7.60 1.80 Associated . 5047033 —0.1430;
9 7.41 1.87 Associated 2427590 —0.57+09!
10 7.36 2.01 Associated 242790 —0.54+399
11 7.34 1.95 Associated 459900 —0.14+399
12 730 1.82 Isolated 7105000 —1.82758%
13 727 1.68 Associated 3.09703 —0.0159 %
14 7.24 1.76 Associated 133589 —0.22%3%
15 7.21 1.86 Stripped 8.74 3.50 9.46754) —0.8310H
16 7.18 1.67 Associated 0927590 —0.50%399
17 7.14 2.00 Associated 1.5610:% —0.34739
18 7.14 2.02 Associated 7.04+9% —0.979%
19 7.11 1.72 Associated 6.771 000 —0.38300
20 7.12 1.92 Tsolated 9.8470:46 —2.55409%
21 7.07 1.81 Associated 433700 —0.467000
22 7.07 1.39 Associated 1172599 —0.1629%
23 7.06 1.89 Associated . e 7122559 —0.3273%9
24 7.05 233 Stripped 8.86 3.51 5.907528 —0.607908
25 7.05 1.91 Stripped 8.74 3.50 9.47+3:%0 —0.9313%
26 7.05 1.76 Associated e - 5.88+0:00 —0.347991
27 7.05 1.89 Associated 6.3079% —0.2750%
28 7.04 1.89 Associated 7.245000 —0.847000
29 7.03 1.70 Associated 0.91+9:% —0.2479%
30 7.02 2.23 Isolated 9.2275:50 —1.4570%¢
31 7.02 1.90 Associated 556799 —0.2510%
32 7.00 2.20 Associated B o 9.5979% —0.9819%
33 6.99 2.54 Stripped 8.79 3.44 7.1275% —0.60+391
34 6.98 1.90 Stripped 8.34 3.40 9.27+9% —1.10+399
35 6.97 2.16 Stripped 7.77 3.14 8.079% —0.91%9%
36 6.94 1.78 Stripped 9.22 3.50 6.97+038 —0.419%
37 6.94 2.16 Tsolated 8.667000 —2.09307
38 6.92 1.87 Associated 683799 —0.1830%)
39 6.89 1.78 Associated 1487590 —0.215399
40 6.89 2.13 Associated 6.981000 —0.335097
41 6.86 1.26 Associated B o 1174599 —0.22+399
42 6.86 2.12 Stripped 9.33 3.53 7.1859% —0.763%
43 6.85 224 Stripped 8.18 2.80 9.04+9%0 —0.64+001
44 6.85 2.08 Stripped 8.50 3.38 8.59+0:%0 —0.8679%
45 6.85 1.63 Associated . 1155060 —0.135330
46 6.83 2.29 Isolated 6.871000 —1.20%307
47 6.83 2.12 Associated 7215899 —0.6319%
48 6.81 1.91 Associated 2.327900 —0.1870%
49 6.80 1.91 Associated 1.4379%0 —0.2673:%
50 6.79 1.92 Associated 2814090 0.06*300
51 6.79 223 Stripped 8.12 3.56 7997599 —0.9919:%
52 6.76 2.13 Associated . 5541000 —0.21536%
53 6.75 1.85 Associated 346100 —0.09330
54 6.74 1.81 Associated 4115399 —0.0473%9
55 6.72 2.46 Stripped 9.15 3.53 2.5743% —0.341399
Notes.

 The identification number of the CSSs.

® The stellar mass inside the half-mass radius in M.

¢ The half-mass radius of the stellar system in parsec.

4 The grouping of each stellar system.

¢ The stellar mass inside the half-mass radius at the maximum epoch in M, (for the stripped sample).
T The half-mass radius of the stellar system at the maximum epoch in parsec (for the stripped sample).
& The median age and the 16% and 84% percentiles of the stellar particles inside 3 Regr in Gyr.

" The median metallicity and the 16% and 84% percentiles of the stellar particles inside 3 Rey.
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inadequate or have failed to provide clues to the given question,
mainly due to computational costs. Just a few years ago,
cosmological hydrodynamic simulations were difficult to achieve
spatial and mass resolutions sufficient to decompose the detailed
structure of compact systems within a satisfactory volume,
typlcal spatial and stellar mass resolutions being 1kpc and
10°7® M_.,, respectively (Vogelsberger et al. 2014; Schaye et al.
2015; Dubois et al. 2016). Of course, despite this poor condition,
some approaches have been attempted to overcome this
limitation and address the question (Chabanier et al. 2020;
Mayes et al. 2021).

We finally appear to have the resolution sufficient to study
the formation of relatively massive CSSs in a hydrodynamic
simulation on a cosmological scale. Using I11ustrisTNG
(Springel et al. 2018) with a spatial resolution of about
<300 pc, Deeley et al. (2023) attempted to find the formation
pathways of cE galaxies. Under the sufficient volume of the
simulation, a diversity of formation pathways is found, and the
overall distribution of the cEs in the parameter space matches
well with observations.

We are attempting to push the analysis to the lower mass
end, covering UCD galaxies, using the NewHorizon simula-
tion (Dubois et al. 2021). By sacrificing the volume coverage of
the simulation box, NewHorizon increased the spatial and
stellar mass resolutions (approximately ~34pc in spatial
resolution and ~10* M., in stellar mass for a single particle).
In this paper, we discuss observation data, simulation
specifications, and sample selection criteria in Section 2. In
Section 3, we present the size-mass relation and stellar
metallicity—mass relation, and the dynamical mass of the CSSs
in NewHorizon and discuss their possible formation
scenarios.

2. Methodology
2.1. Simulation

NewHorizon is a hydrodynamic simulation using RAMSES
(Teyssier 2002), an adaptive mesh refinement code, covering a
spherical region with a radius of approximately 10 Mpc. From
the initial conditions of the Horizon-AGN simulation
(Dubois et al. 2016), NewHorizon targets a field region as
a zoom-in region. The simulation utilized cosmological
parameters in accordance with the 7-yr Wilkinson Microwave
Anisotropy Probe (WMAP-7) data (Komatsu et al. 2011),
including a Hubble constant of Hy=70.4kms 'Mpc', a
total mass density of 2, =0.272, a total baryon density of
Qp =0.0455, a dark energy density of 2, =0.728, a power
spectrum amplitude of og=0.809, and a spectral index of
ns=0.967. The (highest) mass resolutions of the dark matter
(DM) and stellar particle are 1.2 x 10 and 1.3 x 10* M., for
each, respectively. Also, the corresponding maximum spatial
resolution for the mesh structure is 34 pc at z=0. New-
Horizon has a high time output cadence of 15Myr on
average. As we will discuss more in the following sections, it
allows us to trace the orbital motion of our target objects in
great detail. SF can take place when the hydrogen number
density of the gaseous cell is above 10 Hcem . SF is modeled
using the Schmidt law, with varying SF efﬁmency depending
on the turbulent Mach number of the cloud and the virial
parameter. For stellar feedback, the feedback from Type II
supernovae is included based on the mechanical feedback
scheme (Kimm et al. 2015). A detailed description of
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NewHorizon can be found in Dubois et al. (2021). The
NewHorizon simulation has been run to z=0.17.

2.2. Sample Selection

For the stellar particles, we performed galaxy detection using
the AdaptaHOP algorithm (Aubert et al. 2004) with the most
massive sub-node mode (Tweed et al. 2009). We only
considered stellar systems with more than 50 particles.

We first selected the main sample at redshift 0.17, the latest
snapshot of the simulation, with the following criteria:

1. My, > 10° M., and R.; < 900 pc, where Ry is the half-
mass radius.

2. The mean stellar age of the compact system is larger than
1 Gyr to avoid transient star clumps. When we inspect all
the CSSs detected, 71% of them are kinematically
dispersed within 1 Gyr. Subsequently, 70% of those that
survived the first Gyr remain compact for the next 2 Gyr.
A choice of a larger value than 1 Gyr as our selection
criterion would lead to a small sample size, but the main
conclusions do not change.

3. We use objects that are 100% free from low-resolution
DM particles, including neighboring massive dark halos,
if any, (see Section 2.3 for our classification of associated
and isolated objects). This is to exclude objects possibly
formed by numerical artifacts. Due to the zoom-in nature
of the simulations, low-resolution DM particles can easily
travel through the boundary and affect the stability of the
encountered gas cells. To address this, we define
contaminated objects by measuring the maximum con-
tamination fraction from their birth to the last snapshot.
Nearly 80% of CSSs initially found in NewHorizon are
contaminated by low-resolution DM particles.

Under these sample selection criteria, we select 55 objects as
a reliable sample. We were able to follow all of them from their
birth to the final snapshot. We also measure the stellar
metallicity and the dynamical mass Mgy, inside 3 R.s, Where
Myyn = My + Mpm —|— Mg,s. Because DM partlcles are much
more massive (~10 M) than star particles in NewHorizon,
compact objects in our investigation often have few DM
particles inside 3 R.¢r. Therefore, we measure the DM mass of
our objects inside 3 Ry, not directly counting DM particles but
by fitting the DM profile using the NFW profile (Navarro et al.
1996). Table 1 presents the key properties of the compact
objects in NewHorizon.

2.3. Observation

For the comparison, we used observational data covering a
wide range of sizes and masses from GCs) to dwarf elliptical
galaxies. We use the AIMSS catalog Paper III (Janz et al. 2016)
for reference. The metallicity is converted from both iron and
alpha element abundances: [Z/H]=[Fe/H] + 0.94[a/Fe]
following previous studies (Thomas et al. 2003). The sources
of the observed data are given in (Janz et al. 2016).

3. Results and Discussion
3.1. Formation Mechanisms

We first divide our sample into two subsamples by
comparing the mass and size at their birth and the last snapshot
(z~0.17). The first is the sample that goes through tidal
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stripping. We traced all the evolution pathways of the compact
systems from their birth and defined the maximal point of their
size (stellar half-mass radius). If the size and mass decreased by
at least half of the maxima, we define them as a tidally stripped
sample. We call this subsample stripped. The second is the
sample that is intrinsically small in terms of its size and mass.
We call this subsample intrinsic. In NewHorizon, 29% of the
sample (16/55) is classified as stripped, and the rest (71%, 39/
55) is intrinsic. Figure 1 shows 40 randomly chosen CSSs in
NewHorizon at the last snapshot, as described in Section 2.2.
The magenta circle indicates 1 R.¢ of each sample, and for the
stripped sample, the green circle shows 0.1 R at its maximum
size. We further divide the intrinsic sample into associated or
isolated depending on whether the object in question was inside
the virial radius of any dark halo of mass >10° M., at its birth.

We present the mock images of two representative cases of
stripped and intrinsic samples in Figures 2 and 3. The mock
images were made by using SKIRT (Camps & Baes 2020) for
the SDSS gri bands. For dust extinction, we used a dust-to-
metal ratio of 0.3 with the THEMIS model (Jones et al. 2017).
Figure 2 shows the orbital motion of a stripped sample with an
apparent central concentration. From panels 1-7, we can see
that the dwarf galaxy orbits around the massive spiral galaxy
(M4 ~10"%7 M) at the center and gradually gets its envelope
stripped. One can clearly see a change in morphology from a
diffuse to a compact system. The inset diagram shows the time
sequence of mass and size of the dwarf galaxy, including the
seven snapshots shown in the main diagram. It should be noted
that the detailed time sequence can be inspected thanks to the
high time cadence of outputs (15 Myr) of NewHorizon.

We also present an example of the intrinsic sample
formed near a host galaxy in Figure 3. It first formed in the
giant molecular cloud on the outskirt of a spiral arm at
dhost = 15 kpc, where dy means the distance to the center
of the host galaxy. Before the minor merger happens, it
orbits around the host a few times with negligible change of
dhost (dnost ~ 20 kpc). The first minor merger happened
(between panels 2 and 3), and the fluctuation of the
gravitational potential leads the stellar system to migrate
away from the host galaxy (dhosc~ 50kpc). When two
subsequent minor mergers occur (panels 4 and 5), the CSS
moves away from the galaxy, and its distance from the host
galaxy increases to ~80 kpc. The change in size and mass of
such objects is more explicitly discussed in the next section.

3.2. Size—Mass Plane

The size—mass distribution of the compact samples is shown
in Figure 4, where we present the compact systems in
NewHorizon compared with the observational data. The
magenta (at M. ~ 10%° M, and Re ~ 100 pc) and green-filled
circles (at M, ~ 2.5 x 107M@ and R ~ 25 pc) correspond to
the stripped and intrinsic samples presented in Figures 2 and 3.

The open circles show the compact systems in New-—
Horizon at the final snapshot (z=0.17). The magenta, green,
and blue circles represent the stripped, intrinsically associated,
and intrinsically isolated samples. The stripped samples are
connected with dotted lines to dark-filled circles that show their
properties of the time when they had the maximum size (that is,
in the past). The horizontal black dashed line corresponds to the
maximum resolution that the NewHorizon simulation can
reach (34 comoving pc). We also present the zone of avoidance
in terms of dynamical stability proposed by Burstein et al.
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(1997). We find that the two massive samples (above 10 M)
have a size and mass comparable with the observed cE
galaxies. The less massive samples are comparable to the
observed UCDs in terms of mass but show a little offset from
the observed distribution in size, probably because of the
limited spatial resolution of the simulation.

The intrinsic samples are born roughly with the present size
and mass. On the other hand, the stripped samples are born like
ordinary dwarf galaxies but become compact through tidal
stripping. The time spent between the maximum size epoch
(dark circles) and the epoch of the present size (open circles) is
0.9 £ 0.7 Gyr, which is roughly a crossing time in the host-
satellite system we have from NewHorizon. This means that
the transformation of a dwarf from an extended to a compact
system is dramatic and quick if conditions are met. This
requires a further remark. The two most massive CSSs in our
sample including the one in Figure 2 are the cases where the
central part survived to become a compact object after
stripping. The other stripped objects are instead the surviving
star clumps that were off-center in the dwarf galaxies.

3.3. Mass—Metallicity Plane

We also check the stellar mass—metallicity distribution of the
compact systems in Figure 5. The definition and color scheme
for the circles and crosses are the same as those of Figure 4. We
consider the solar metallicity value to be 0.02, following
Anders & Grevesse (1989). We find that the NewHorizon
sample of compact systems shows a wide variety of metallicity,
from [Z/H]= -2 to 0.5, covering the observed values of
UCDs (blue crosses) with similar masses. The two most
massive stripped objects (see Section 2.2 for definition) have a
stellar mass that is more comparable to those of cEs. We
present the 1D histogram of the 53 UCD candidates (excluding
the two cE candidates) using kernel density estimation with
Silverman’s rule of thumb in the right section of the figure. The
sum of the three groups (solid black curve) has a comparable
shape of PDF to that of the observed UCDs.

The intrinsically associated objects (N =32) have high
metallicities that are typical of massive galaxies instead of
dwarf galaxies. The intrinsically isolated objects (N =7) have
low metallicities of [Z/H] < —1.0, which is more comparable
to those of dwarf galaxies. As we will discuss in Section 3.4,
some of them have only a negligible dark halo in the final
snapshot (z =0.17).

We also present our sample in the age—metallicity plane in
Figure 6. Both age and metallicity are mass-weighted mean
values within 3 R.¢. Note that the three groups are reason-
ably distinct in this diagram, too. The mean ages and
metallicities (with 16% and 84% percentiles) are 4.23:8 Gyr
and [Z/H] = —0.37)} for the intrinsically associated samples
(green symbols/contours), 8.7} Gyr and [Z/H] = —1.8%03
for the intrinsically isolated sample (blue symbols/con-
tours), and 8.0°13 Gyr and [Z/H] = —0.7793 for the stripped
samples (magenta symbols/contours), respectively.

3.4. Dynamical Mass Ratio

We show our samples in the dynamical versus stellar mass
plane in Figure 7. For the stripped samples, the open circles
show the final stage (z=0.17), and the filled circles show the
values at their maximum size, as in Figure 4. They had
Mgyn/My ~10 when they had their maximum size but
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Figure 1. The mock images of 40 random-selected CSSs at the last snapshot (z = 0.17) in NewHorizon. The samples with two circles are those that are heavily
stripped as discussed in the text. The magenta circles show 1 R in the final stage. The green circles show the 0.1 Ry, if the sample is formed by tidal stripping,
where Ry, is the half-ma i
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Figure 2. The mock images of a tidally stripped sample in NewHorizon. Subpanels 1-7 show the time evolution of the compact system orbiting around the massiv
My ~

e
10'%7 M) spiral galaxy. The stellar mass (blue solid line) and the half-mass radius (green dashed line) as a function of time are presented in the inset diagram.
The seven vertical lines mark the seven snapshots in the main diagram.

Figure 3. The mock images of an intri

mple in NewHorizon. See the text for definitions. Subpanels 1-5 show the time evolution of the compact system.
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Figure 4. The size—mass relation of the galaxies at z = 0.17. The crosses with different colors show the observed catalog data of Janz et al. (2016), and the circles
show the simulation samples. The magenta circles correspond to the stripped objects, the green circles show the intrinsically associated samples, and the blue circles
show the intrinsically isolated sample. The gray-filled circles are the points when the stripped samples were at their maximal points in terms of size (R.¢), and they are
connected with a dotted line to their z = 0.17 counterparts (open circles). The intrinsically compact objects (green and blue circles) also have a short dotted line that
shows the change in their size and mass since their birth. Their birth properties are not shown here for the sake of clarity. The magenta- and green-filled circles are the
objects shown in Figures 2 and 3, respectively. The maximum spatial resolution of the simulation (black dashed line) and the zone of avoidance (black dotted line) are

provided as a reference.
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Figure 5. The stellar mass—metallicity relation of the compact objects. The marker for each sample is identical to that of Figure 4. The right panel shows [Z/H]
histograms of the UCD candidates in NewHorizon (magenta, green, and blue curves for stripped, intrinsically associated, and intrinsically isolated samples,
respectively) scaled by their counts (12, 19, and 7). Their sum (solid black curve) is compared with the observed UCDs (blue dashed curve) for the same PDF weight.

eventually lost most of their dark matter content through tidal
stripping. This is not just from the size decrement of the stellar
system (in R.g) but, more importantly, from the stripping of
DM npatrticles of the system itself. This is consistent with the
earlier study of Smith et al. (2016) in the sense that DM halo
stripping precedes stellar stripping when a small galaxy orbits
around its host galaxy. Obviously, all of our stripped samples
have a massive neighboring galaxy.

For the intrinsic samples, the filled circles show the values
at their birth, while the open circles show the final stage

(z=0.17). Most importantly, all the intrinsically associated
objects (green circles) are DM-free from birth to the final stage.
Together with the fact that they have high metallicities that are
typical of massive galaxies, this supports the idea that they are
not born as galaxies but as star clumps of a massive galaxy.
On the contrary, the intrinsically isolated objects (blue
circles) are born with a dark halo. Some lose their DM halo,
while others leave the halo through cosmic evolution. In the
end, the intrinsically isolated objects are almost DM-free like
their associated counterparts, but in essence, they are different.
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Figure 6. The metallicity and age distribution of 38 UCD candidates. The
magenta, green, and blue colors represent the stripped, intrinsically associated,
and intrinsically isolated samples. The contours for each color are the kernel
density estimation of each sample.
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Figure 7. The ratio between the stellar and the dynamical masses inside 3 Reg.
The symbols follow the same scheme as in previous figures. The open circles
show the present properties. The closed circles show the properties of the time
when they were maximum in size in the past in the case of the stripped objects
and the birth properties in the case of the intrinsic objects.

3.5. Formation Pathways

The purpose of this study was to pin down the origin of
CSSs; most importantly, whether they were born intrinsically
compact or stripped to become compact. NH covers a small
volume yet shows a diversity of the formation pathways of
compact systems, even down to the mass range of UCDs. In the
previous sections, we have checked whether size, metallicity,
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age, and stellar/dynamical masses provide a hint for their
origins.

Two objects have mass compatible with the observed cEs,
ie., My /Mg ~ 1087'°, In NewHori zon, both of them are the
remaining centers of much more massive dwarf galaxies after
tidal stripping.

The origins of the other objects (53 UCD candidates) need a
more careful inspection. The DM content or dynamical mass
does not provide much information on their formation
pathways because both intrinsic and stripped systems are
virtually devoid of DM when they are detected as compact
systems. The intrinsic UCD candidates show a bimodal
metallicity distribution. The metal-rich (32) intrinsically
associated objects have a metallicity typical of a massive
galaxy, i.e., [Z/H] ~ 0. Their stellar ages are in the range of
1-7 Gyr, which is also typical of the stellar age of the disk of a
massive galaxy. The distance to their neighboring massive
galaxy is 175" kpc, which is well within one virial radius of a
massive galaxy. None of them has a meaningful dark halo
associated. As a result, if we define a galaxy as a stellar system
with a dark halo, these associated compact systems are not
galaxies but star clumps belonging to a massive galaxy.

Seven of the intrinsic objects were formed without a massive
neighboring galaxy, hence classified as intrinsically isolated.
They are born in their own dark halo. Most of them have large
ages (mean stellar age ~7.8 Gyr) and thus formed early, just
like more massive galaxies. They all have a low metallicity
(mean stellar metallicity ~ —1.5), which makes sense con-
sidering their birth positions. The distance to their nearest
massive galaxy is dpos = 1607014 kpc when they are detected
finally as compact objects. Many of them were later captured
by the potential well of a massive galaxy, while some are still
away from any significant dark halo. At the final stage (i.e.,
when they are observed), most of them have no or negligible
amount of DM within 3 R.; because of the tidal stripping that
was more effective to DM than to stars. We conclude that the
isolated intrinsically compact objects are the DM-stripped
result of dwarf galaxies born away from massive galaxies.

Finally, we discuss the stripped compact objects. They
appear somewhat distinct in the age—metallicity plane. They are
as old as intrinsically isolated compact systems but much more
metal-rich. Their DM content (within 3 R.¢) has decreased by
orders of magnitudes since their maximum size epoch. They all
are well within 1 virial radius of a typical massive galaxy,
dhost = 847337 kpe. They seem compatible with the typical
satellite dwarf galaxies near a massive galaxy. After their early
birth, they get their dark halo tidally stripped through their
orbital motion inside the host galaxy halo.

For the two cE candidates, the median values of stellar ages
in the final stage are 3.4 and 5.77]"§ Gyr (from 16%-84% in
the age distribution). The large dispersions are compatible with
the extended star formation histories found in cEs (Ferré-Mateu
et al. 2018, 2021). For the UCD candidates, the age dispersion
(16%—84%) is strikingly small, i.e., 2.3 Myr, which effectively
indicates a single burst. We find no clear difference between
the stripped and the intrinsic samples in UCD candidates.
Regardless of their pathways, UCDs in NewHorizon are
single-burst objects. In the case of stripped UCD candidates,
the mean age dispersion at the time of their maximum size was
1.1 Gyr, almost 3 orders of magnitudes larger than the value at
the final stage. This is because the stripped UCD candidates are
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the remnant star clumps of dwarf galaxies, rather than the
stripped dwarf galaxies themselves.

4. Summary

CSSs such as UCDs and cEs have properties in between
ordinary galaxies and GCs, and their origin as to whether they
are intrinsically compact or made compact later is a subject
of heated debates. We have used the recent NewHorizon
simulation to study the issue. Thanks to its high spatial and mass
resolutions, we can inspect low-mass objects down to the regime
of UCDs. Besides, the high time cadence of the outputs of
15 Myr allows us to monitor the motion and change of low-mass
systems in great detail. We specifically target the stellar systems
smaller than the ordinary elliptical galaxies and with a stellar
mass in the range of M, ~ 10°~° M. A careful inspection of the
samples against numerical artifacts resulted in 55 CSSs. As a
result, we have 53 UCD candidates 10° <My /M, < 108) and
two cE candidates (M, /M. > 10%). The main results can be
summarized as follows.

All of the UCD candidates are a result of a single quick
starburst, while the cE candidates show a substantially more
extended SF history. Regarding their origins, we found both
stripped and intrinsic cases. The two cE candidates are born
diffuse but later transformed to be compact via tidal stripping.
Although our mass range is much smaller, Deeley et al. (2023)
also found stripped cases of cE candidates in the TNG
simulation. Of the UCD candidates, 39 out of 53 are born
compact, nearly as they are today, hence intrinsically compact.

If we divide the intrinsically compact systems into two
subsamples based on their birth environment, the systems born
in isolated environments (intrinsically isolated: N=717) are
older and metal-poor compared to those born inside or near a
massive host galaxy (intrinsically associated sample: N = 32).
Most of the intrinsically compact objects have a negligible
amount of DM within 3 R in the final stage (when observed).
The isolated objects are born as star clumps inside a dwarf
galaxy with a dark halo, hence qualifying as classic galaxies;
but the dark halos get stripped through tidal interactions with
neighboring galaxies in due course. The intrinsic compact
objects born associated with a massive galaxy, on the contrary,
do not have a dark halo throughout their entire life. They are
the surviving star clumps of their host galaxy, rather than
galaxies in the classical sense.

The tidally stripped samples (stripped: N =16) in the
NewHorizon simulation originate from the dwarf galaxies of
M, <1089 M. with a dark halo. Most of their mass in the
envelope is stripped when they orbit around a massive galaxy
over a timescale of 1 Gyr. Tidal stripping affects DM much
more than star particles, and eventually, the dynamical mass of
the final product becomes virtually the same as the stellar mass
within 3 Reff-

The gap between galaxies and star clusters is gradually being
filled, which makes it even more confusing to determine what
defines a galaxy than ever before. Our study may raise a related
question to this issue. The stellar systems residing in the gap
appear to form through a complex mixture of diverse formation
pathways.

Our investigation is based on the NewHorizon simulation,
which covers only a small volume of a field environment,
whereas most of the observed data of compact objects are from
cluster regions. It is essential to perform a high-resolution
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simulation on dense regions to study the environmental effect
on the formation processes of compact systems.
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