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An alternative hypothesis posits the direct formation of
metal-rich CSSs through starbursts triggered within their host
galaxy environments. Interactions with host galaxies can
induce gas in ows toward the centers of gas-rich dwarfs
(A. W. Graham 2002). M. Du et al. (2019) showed that the
high ram pressure experienced during rapid passages near
massive host galaxies promotes star formation through gas
compression, increasing the stellar density in the central region,
while also con ning metals within the dwarf, leading to the
rapid enrichment of new stellar populations. Independently,
D. Williamson & H. Martel (2018) obtained similar results
through wind tunnel experiments, also nding that ram
pressure con nes gas and metals to dwarf galaxies, which
would otherwise have escaped their shallow potentials. In
addition, cosmological zoom-in simulations, such as the FIRE
simulations, which resolve scales below individual star-
forming clouds, support this picture (e.g., R. Feldmann et al.
2017; M. Sparre et al. 2017; X. Ma et al. 2018). These studies
show that bursty star formation (BSF), typical in dwarfs and
high-redshift galaxies, is followed by energetic feedback-
driven out ows and gas infall on timescales shorter than
100 Myr. The BSF features have also been noticed in many
other studies (see L. V. Sales et al. 2022, and references
therein), though the underlying physics of these features
remains poorly understood. For this work, we term this
scenario the BSF scenario to differentiate it from the TS
scenario to explain the formation of CSSs—characterized by
rapid, short-lived bursts of star formation, primarily driven by
environmental factors in the vicinity of a more massive host.
This process compresses gas and induces bursts of star
formation over timescales typically spanning 100-200 Myr,
leading to substantial variability in star formation rates and
often showing a strong peak.

While many studies have addressed the formation and
evolution of low-mass dwarf satellites (see L. Mayer 2010;
A. P. de Almeida et al. 2024, and references therein), the
formation of the metal-rich CSSs (i.e., outliers in the mass—
metallicity relation in the 108-10° M. mass range) has not
been studied in a cosmological context. In this work, we
quantitatively assess the relative likelihood of different
formation pathways of metal-rich CSSs using a large-volume
cosmological simulation.

The outline of this Letter is as follows: We introduce the
IustrisTNG simulation and sample selection in Section 2. In
Section 3.1, we present CSSs selected based on our criteria in
TNG50, along with their mass—metallicity evolutionary
trajectories. Section 3.2 shows the star formation history and
chemical enrichment history. In Section 3.3, we present the
orbital characteristics of our CSSs. In Section 3.4, we provide
chemodynamics information on the surrounding gas properties
of these CSSs. Section 3.5 gives the information of the features
of our CSSs in [ /Fe] — [Fe/ H] space. We discuss our results
in Section 4. Finally, in Section 5, we summarize our main
results and conclusions.

2. HlustrisTNG Simulations and Sample Selection

The 1ustrisTNG Project (hereafter TNG; F. Marinacci et al.
2018; J. P. Naiman et al. 2018; D. Nelson et al. 2018;
A. Pillepich et al. 2018a; V. Springel et al. 2018) is a suite of
magnetohydrodynamic cosmological simulations run with the
moving-mesh code AREPO (V. Springel 2010). The suite
encompasses three distinct runs, TNG50, TNG100, and
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TNG300, characterized by cubic volumes of approximately
50, 100, and 300 Mpc side lengths, respectively. The simula-
tions are run with gravo-magnetohydrodynamics (MHD) and
incorporate a comprehensive subgrid model (see R. Weinberger
et al. 2017; A. Pillepich et al. 2018b, for details). TNG has
successfully reproduced many fundamental properties and
scaling relations of observed galaxies. In particular, D. Nelson
et al. (2019a) highlight TNG50’s ability to realistically
reproduce galactic out ows due to supernovae and black hole
feedback. TNG50’s high resolution facilitates detailed studies,
with A. Pillepich et al. (2019) noting the consistency in star-
forming galaxy thickness compared to observations. Addition-
ally, the simulated barred galaxies (D. Zhao et al. 2020) further
testify to the reliability of TNG100. TNG galaxies are identi ed
and characterized with the Friends-of-Friends (FoF; M. Davis
et al. 1985) and SUBFIND (V. Springel et al. 2001) algorithms.
Halos are dark matter regions containing galaxies and consist
of a smooth component and gravitationally bound subhalos.
Merger trees for subhalos are constructed using the SubLink
algorithm, which identi es descendants through a three-step
process based on shared particles and a merit function; the
algorithm also addresses undetected subhalos by allowing
snapshot skips and determines the main progenitor based on its
mass history (see V. Rodriguez-Gomez et al. 2015, for details).
Resolution elements (gas, stars, dark matter, and black holes)
belonging to an individual galaxy are gravitationally bound to
its host subhalo. The adopted cosmology of the TNG project is
the Planck 2015 (Planck Collaboration et al. 2016), given
by 2, = 0.6911, Q,,= 0.3089, Q, = 0.0486, g= 0.8159, n =
0.9667, and h= 0.6774.

We use the TNG50 (aka TNG50-1; D. Nelson et al. 2019a;
A. Pillepich et al. 2019) simulation, for its exceptional
resolution and statistical signi cance, making it highly suitable
for studying the evolution of dwarf galaxies. TNG50 has
2 x 2160° initial resolution elements (baryon mass of 8 x 10*
Me ). Dark matter particles are resolved at masses of 4.5 x 10°
Me . The size resolution is de ned by the softening lengths of
the collisionless components (dark matter and stars), which
scale with cosmic time, starting at 576 comoving pc until z= 1,
after which they are xed at a physical size of 288pc
(A. Pillepich et al. 2019). The gas softening length begins at 74
comoving pc, with the smallest gas cell size being 8 pc. This
resolution approaches or exceeds that of modern “zoom-in”
simulations of individual massive galaxies, while the volume
contains ~20,000 resolved galaxies with Mx > 10" M.

2.1. Sample Selection

From TNG50, which at z= 0 samples thousands of 10%-
10% M, galaxies, we select the metal-rich CSSs based on their
z= 0 properties. Our selection criteria do not impose any
conditions on their evolution.

We use the selection criteria presented and motivated in
M. A. Norris et al. (2014) and already used by S. Kim et al.
(2020) and G. Chen et al. (2022). To be selected as a metal-rich
CSS, a TNG50 galaxy must meet the following three
conditions at z= 0:

(A) Compactness: effective radius r, 600 pc.

(B) Galaxy stellar mass: Mx = 108-10%° M., calculated
within re.

(C) Metallicity: adjusted ([Z/H]) > —0.45 (Note: the adjust-
ment of ([Z/ H]) by —0.75 dex to align with observational



The Astrophysical Journal Letters,  979:L33 (14pp), 2025 February 1

Bian et al.

» BSF-CSSs v TS-CSSs Observed CSSs
0.2 |—| |
Bete= I_I JI:.'—I M | H |
0 I S = - 0.0 —1
3.75 0.1 / | L
3.50 . . I
F g || 0
2 14,236946, 386288 L
_ 325 00 04 08 1.2 1.6 2.0 4 A;.' A%
@) PDF of Ordinary Dwarfs _.—-0.1
2 =
9 3.00 T
2 N 02 ]
3 Y |
. -0.3 F
A re x o
g 2 -0.4 )
. 1l
8.00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 0.0 2.5 14 12 10 8 6 4 0 5
10910(M+/Mo) PDF (Age) [Gyr] PDF

Figure 1. Left: the mass-size distribution of CSSs in TNG50 at z = 0. The blue and red triangles represent the CSSs in TNG50 selected based on our criteria. Blue
triangles denote BSF-CSSs, and red triangles represent TS-CSSs. The distribution of ordinary dwarf galaxies is indicated by the gray density scale since they are
numerous. Observed CSSs (I. Chilingarian & I. Zolotukhin 2015; A. Guérou et al. 2015; J. Janz et al. 2016; A. Ferré-Mateu et al. 2018; S. Kim et al. 2020) are
overlaid using gray crosses. The classi cations are described in the text following Figure 2. M32 is represented by a blue star. The black dashed line corresponds to the

- T . . 4/5 .
minimum size limit of stellar systems, and the dark-gray lled region represents the zone of avoidance (r, < 2.24 x 10~%pc - % ; see D. Burstein et al. 1997;

I. Misgeld & M. Hilker 2011, for details). The horizontal dashed line corresponds to a Plummer-equivalent gravitational softening length at z = 0. In the upper and
right subpanels, M= and r, distributions are shown as histograms, as well as that of ordinary dwarf galaxies (gray). Right: mass-weighted stellar age vs. metallicity of
TNG50 CSSs. The M32-like samples are marked by black circles. Gray contours show the overall distribution of CSSs from observations. The age and shifted
metallicity distributions are shown as histograms in the upper and right panels. The gray arrow in the upper corner of the right subpanel indicates that we apply a
uniform 0.75 dex rescaling to the metallicities of TNG50 galaxies to align them with the observed scaling relation (E. N. Kirby et al. 2013), as in Figure 2.

data is detailed in Section 2.1.1.) This additional
condition is aimed at identifying CSSs that deviate from
the mass—metallicity relation of TNG50 galaxies.

We further exclude objects younger than 3 Gyr because their
very limited number of old star particles makes it dif cult to
trace their evolution using only star particles at z= 0. The
above selection procedures result in a sample of 227 CSSs in
the TNG50 simulation. The selected CSSs (triangles in
Figure 1) are outliers from the mass—size relation of ordinary
dwarf galaxies (gray contours). These ordinary dwarfs consist
of galaxies other than CSSs in the same mass range. BSF-CSSs
(blue triangles) are generally more metal-rich and younger than
TS-CSSs (red triangles). TS-CSSs have metal-rich but older
stellar populations, similar to those typically found in high-
mass early-type galaxies (I. Chilingarian et al. 2009), betraying
their genesis within the centers of massive galaxies. These two
types of CSSs are similar in mass, while BSF-CSSs are
generally more compact than TS-CSSs (left panel of Figure 1).

2.1.1. Rescaling of Metallicity in TNG50

We adopt a solar metallicity value of Z, = 0.0127, with solar
abundance values for other elements taken from M. Asplund
et al. (2009). By tting the mass—metallicity relation for
ordinary dwarf galaxies with M« = 10%-10'° M., we derive

([Z/H]) = 0.17 x logm(% — 1.46, which is overall higher

than the universal stellar mass—stellar metallicity relation for
dwarf galaxies as reported by E. N. Kirby et al. (2013). To

align the metallicities of ordinary dwarf galaxies in TNG50
with the observational data from E. N. Kirby et al. (2013) for a
similar mass range, we apply a uniform downward adjustment
of —0.75dex to the metallicities of all galaxies within the
10%-10%° M, mass range.

Since detailed comparisons between TNG50 metallicities
and the observational data cited in E. N. Kirby et al. (2013)
have not been made and would need to account for
observational biases and differences in calibration methods,
this adjustment serves to make our analyses more comparable
overall. Importantly, this rescaling adjusts the absolute values
but preserves the relative differences, ensuring that the selected
CSSs remain more metal-rich than ordinary dwarfs within the
same mass range. Furthermore, as shown in the right panel of
Figure 1, the age—metallicity distribution in TNG50 aligns well
with observations post-adjustment, supporting the consistency
of our approach.

2.1.2. M31-M32 Analogs in TNG50

In our sample of TNG50 CSSs, we identify 131 galaxies
with stellar masses ranging from 10%° to 10%* Mg, similar to
those of M32. We then get six M32 analogs located in
environments closely resembling the M31-M32 system by
restricting the stellar mass of the host galaxies to
MMt = 101091012 p, (A, Tamm et al. 2012; J. Sick
et al. 2014). Their ages and metallicities are highlighted by
black circles in the right panel of Figure 1. Among the six M32
analogs, 1D 414930, 448833, and 475019 also have similar
ages and metallicities to M32.
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2.2. Merger Trees of CSSs via Star Particles Matching

The standard SubLink algorithm typically relies on dark
matter particles to track progenitors. However, this method fails
for CSSs owing to their low (or even absent) dark matter
content. Instead, we use the unique IDs of star particles in each
CSS at z= 0 to trace back their progenitors across snapshots.
Speci cally, we identi ed progenitors by matching star particle
IDs from each CSS with those in earlier snapshots, selecting
galaxies that hosted the largest number of these particles. This
approach allowed us to construct merger trees for 147 CSSs not
tracked by the default method, ensuring the evolutionary
continuity of our CSS sample. We implement a matching
threshold of 10” M., roughly corresponding to 100 star
particles, to validate the gravitational association of these
particles with their respective galaxies throughout the simula-
tion timeline. Our method effectively identi es progenitors that
share signi cant common star particles with CSSs, offering a
robust alternative to traditional dark-matter-based tracking.

2.3. ldentifying CSS Host Galaxies in TNG50

To streamline the identi cation of CSS host galaxies in
TNG50 at z = 0, we selected galaxies with stellar masses above
10° M. and used spatial coordinates to conduct a proximity
search for potential hosts. We locate the 10 nearest neighboring
galaxies for each CSS as the potential host. The highest-mass
galaxy among these neighbors was initially considered as the
potential host. If a CSS spent most of its evolution time outside
of this galaxy (D> Ry;), the next-highest-mass galaxy was
evaluated as a potential host. To enhance the analysis of galaxy
trajectories in TNG50, we use cubic spline interpolation to
address the simulation's relatively low temporal resolution.
This approach generates a detailed time series, distributed
across 1000 uniform points, which signi cantly improves the
resolution of the trajectory plots. While the majority of CSSs
are hosted by central galaxies in TNG50, there are still 31 CSSs
whose host galaxies are identi ed as satellite galaxies of
larger mass.

3. Results
3.1. Two Formation Channels of Metal-rich CSSs in TNG50

The 227 CSSs identi ed in the TNG50 simulation stand out
as signi cant outliers, approximately 2 -3 above the typical
stellar mass—metallicity relation for ordinary dwarf galaxies, as
shown by Figure 2 (triangles). We then track the evolution of
these CSSs on the stellar mass—metallicity (M«—([Z/ H])) plane
over time (individual thin trajectories in Figure 2). We thus
categorize them into two distinct types based on whether they
follow the trend of ordinary dwarf galaxies on the mass—
metallicity relation before reaching peak mass on the CSS
track: BSF-dominated CSSs (BSF-CSSs; blue triangles;
accounting for 173/ 227; 76%) that quickly evolve to higher
masses and metallicities before experiencing a moderate
decrease in mass, and TS-dominated CSSs (TS-CSSs; red
triangles; accounting for 54/227; 24%) that reach high
metallicity on the Mx—([Z/H]) plane, where metallicity
increases as TS substantially reduces their mass.

Figure 3 shows the star formation history along with the
enrichment history of [Fe/ H] and [ /Fe] for each CSS in our
sample, reconstructed from the stellar populations at z= 0,
compared to a randomly selected group of 100 isolated
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Figure 2. Evolution of CSSs on the stellar mass—metallicity diagram and their
classi cation. Thin trajectories represent individual galaxies that end up in the
region of CSSs. The CSSs selected according to our criteria at z= 0 in TNG50
can be classi ed as BSF-CSSs (blue triangles) or TS-CSSs (red triangles). The
black solid line represents the tted data for ordinary dwarf galaxies in TNG50.
The gray arrow in the upper right corner of the main panel indicates the
uniform 0.75 dex rescaling we apply to the metallicities of TNG50 galaxies in
this gure, to better align them with the observed scaling relation (E. N. Kirby
et al. 2013). We calculate the stellar mass of each CSS within the effective
radius, re.. For comparison, M32 is represented by the blue star. We
approximate M32’s mass within r, based on the total mass from J. Korme-
ndy & L. C. Ho (2013). The selected M32-like CSSs in TNG50 are indicated
by black circles. The distribution of ordinary dwarf galaxies at z = 0 is plotted
as the gray shaded region. The adjusted metallicity distributions at z = 0 (solid
lines) and at the time of the earliest progenitor according to the merger tree
(dashed lines), as well as the metallicity distributions of ordinary dwarfs at
z = 0, are shown as histograms in the right panel. In the top panel, we show the
ratio of maximum stellar mass to the mass at z = 0 for all CSSs, with the mass-
loss fraction shown on the right-hand axis. The blue star in this panel represents
the mass ratio between the outer stellar halo of M31 (Mouter halo, m31; €.0-,
K. M. Gilbert et al. 2012) and the stellar mass of M32 (Mx \3,). Other legends
are consistent with the main panel.

ordinary dwarf galaxies (Iso-dwarfs). Figure 4 shows the
characteristics of the stellar age distribution for each CSS. All
BSF-CSSs experienced rapid star formation bursts (Myr
timescale), which are accompanied by high [Fe/H] and [ /
Fe] in stars compared to isolated dwarf galaxies. This rapid
formation results in BSF-CSSs having a narrower age
distribution compared to isolated dwarf galaxies and TS-CSSs,
as illustrated in Figure 4. In contrast, TS-CSSs exhibit more
extended star formation histories with relatively smoother
metal enrichment. The distinct signatures of CSSs can
potentially be measured using full spectral tting methods,
without the need for data with exceptionally high spatial
resolution. This suggests that a detail analysis of integrated
spectra could reveal key features of the formation period and
subsequent evolution of CSSs.

For these BSF-CSSs, we traced their main progenitors using
the star particles at z= 0. The progenitors of BSF-CSSs are
typically much less massive dwarf galaxies, making it dif cult
to reliably trace their formation back to even earlier times, due
to the limitations of the simulation's resolution. To address this,
we set a threshold of approximately 10” M. (about 100 star
particles) for the minimum number of matched particles—
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Figure 3. Evolution of each CSS recovered from their stellar population at z = 0. Each row represents a galaxy, with panels displaying 100 randomly selected Iso-
dwarfs (top), BSF-CSSs (middle), and TS-CSSs (bottom). From left to right, the panels show the star formation history, [Fe/ H], and [ /Fe].
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Figure 4. (Age) vs. oage Of CSSs. We plot the mass-weighted average age,
(Age), vs. the age dispersion, age, for each CSS at z= 0. Red triangles
represent TS-CSSs, while blue triangles represent BSF-CSSs. BSF-CSSs are
younger and have a narrower age distribution (typically with ag.<1 Gyr)
compared to TS-CSSs.

beyond this limit, only a very small number of particles could
be reliably traced.

To gain further insights, we attempted to track BSF-CSSs
using not only the star particles at z= 0 but also those present
in their progenitors across successive snapshots. This method
allows us to trace progenitors backward in time, providing
additional clues about their earlier evolutionary stages. Our
analysis reveals that the progenitors of 34 BSF-CSSs

originated as material stripped from satellite galaxies orbiting
central galaxies. These stripped fragments continued their
orbital trajectories around the central galaxies. Over time, due
to the stronger dynamical friction acting on the more massive
satellite galaxies, some of these fragments eventually merged
with the central galaxies. However, for the majority of BSF-
CSS progenitors, the earliest identi able stage shows them as
bound satellites within the halo of the central galaxy. This
diversity in origins underscores the complex nature of BSF-
CSS progenitors. Importantly, whether they formed as
stripped debris or as independent infalling systems, the
starburst activity and environmental interactions that drive
the formation of BSF-CSSs remain consistent across the
population.

We have con rmed that all CSSs selected based on our
criteria are satellite galaxies, primarily associated with massive
host galaxies. The majority (~75%) of these CSSs are found
within 0.1R;, of their host halos but formed outside 2reh°St of
their host galaxies, as illustrated in Figure 5(a). Panel (b) shows
that all these CSSs have signi cantly more massive hosts, with
an average halo mass of ~10™® M, . This is consistent with the
observation (e.g., M. A. Norris et al. 2014; J. Janz et al. 2016;
A. Ferré-Mateu et al. 2018) that CSSs are often associated with
massive galaxies.

In general, BSF-CSSs experience their rst pericentric
passage later than TS-CSSs, suggesting more rapid transforma-
tions (Figure 5(c)). In panel (d) we show the probability that
any given central galaxy in TNG50 hosts at least one satellite
CSS. Approximately half of M31-mass galaxies host at least
one CSS, in contrast to around 20% of Milky Way—mass
galaxy hosts. Panel (e) examines how the average number of
CSSs varies with the host stellar mass. Over half of the CSSs in
our sample are hosted by galaxies with stellar masses
exceeding M31. Combining panels (d) and (e), it becomes
clear that if TS were the only mechanism involved (represented
by the red line), the frequency of CSSs would be too low at the
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et al. 2014). (e) The average number of CSSs as a function of the stellar mass of their host galaxies. The number of CSSs hosted by galaxies with a mass around

10*2 M, in the Virgo Cluster is indicated by the blue point in this panel.

high-mass end; for instance, in the Virgo Cluster, there are
10-20 CSSs hosted by galaxies with M«; 102 M,
(L. Ferrarese et al. 2020), a number consistent with the CSS
predictions (black line) from TNG, while the TS prediction
would be for just over one CSS for galaxies with masses larger
than 10% M,

3.2. Differences in Evolutionary Pathways

In panels (a)-(f) and (g)-(I) of Figure 6, we present the
evolution of several physical properties of CSSs, distinguishing
between two formation pathways. We identify four M32-like
CSSs dominated by BSF and two dominated by TS,
represented by the colored lines in Figure 6. The orbits and
morphology of two typical CSSs are shown in the bottom
panels. The SFR in BSF-CSSs increases signi cantly during
the rst pericentric passage (Figure 6(a)). These star formation
bursts generally last 1 Gyr, yet they lead to dramatic changes
in the stellar mass content, morphology, and chemical
composition of the CSSs. In comparison, TS-CSSs exhibit

less bursty SFRs during their rst pericentric passage (see panel
(9)). Although BSF-CSSs assemble their masses later (see
Figure 5(c)), their masses grow more rapidly during their rst
pericentric passages than TS-CSSs (see panels (b) and (h) of
Figure 6). In addition, BSF-CSSs retain more than half of their
peak stellar masses, while TS-CSSs lose roughly 60%-90% of
their peak stellar masses by z= 0. The gas mass, Mg.s, and
effective radius, r,, of BSF-CSSs also decrease faster (panels
(c) and (d) of Figure 6), indicating rapid gas consumption. As
shown by the inset images in panels (m) and (n) of Figure 6
from t= 7.31 Gyr (purple star) to t= 7.61 Gyr (yellow star),
high-density gas clouds collapse, enhancing the stellar density
in the central region. Instead, TS-CSSs undergo slow
morphological transformations, requiring multiple pericentric
passages to lose substantial mass, as illustrated by panels (0)
and (p) of Figure 6. For BSF-CSSs, the metallicity of the gas
increases by 1 dex and that of the stars by 0.8 dex, as shown by
panels (e) and (f), while the gas metallicity of TS-CSSs does
not increase signi cantly during the rst pericentric passage
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