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Abstract. Relic galaxies are massive, compact, and quiescent objects observed in the local Universe that have not experienced any
significant interaction episodes or merger events since z ≈ 2 , remaining relatively unaltered since their formation. These galaxies
with "frozen" history can provide important clues about the intrinsic processes related to the formation and evolution of massive
Early-Type Galaxies (ETGs). Using the high-resolution cosmological simulation TNG50-1 from the Illustris Project, we investigate
the assembly history of a sample of massive, compact, old, and quiescent subhalos split by 10% of satellite accretion fraction. We
compare the evolutionary pathways at three cosmic epochs: z = 2, z = 1.5, and z = 0, using the orbital decomposition numerical
method to investigate the stellar dynamics of each galactic kinematical component and their environmental correlations. Our results
point to a steady pathway across time that is not strongly dependent on the mergers or the environment.

Resumo. Galáxias relíquias são objetos massivos, compactos e quiescentes observados no Universo local que não sofreram nenhum
episódio de interação significativa ou eventos de fusão desde z ≈ 2 , permanecendo relativamente inalteradas desde sua formação.
Essas galáxias com história "congelada" podem fornecer pistas importantes sobre os processos intrínsecos relacionados à formação e
evolução de galáxias massivas do tipo Early-type (ETGs). Usando a simulação cosmológica de alta resolução TNG50-1 do Projeto
Illustris, investigamos o histórico evolutivo de uma amostra de subhalos massivos, compactos, antigos e quiescentes, separados
pela fração de acreção de satélites de 10%. Comparamos os caminhos evolutivos em três épocas: z = 2, z = 1.5 e z = 0, usando
o método numérico de decomposição orbital para investigar a dinâmica estelar de cada componente cinemático e suas correlações
ambientais. Nossos resultados apontam para um caminho estável ao longo do tempo que não depende muito das fusões ou do ambiente.
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1. Introduction

The difference between massive early-type galaxies (ETGs)
and their counterparts at high redshift (z ≳ 2) is considerable
(Trujillo et al. 2007; Buitrago et al. 2008; Belli, Newman, & Ellis
2014). Observations and numerical studies suggest that high-
redshift ETGs tend to be compact and smaller in comparison
with the local analogs, with half-light radii smaller by a factor
of ∼ 3 (van der Wel et al. 2014; Naab, Johansson, & Ostriker
2009). A standard scenario for the formation and evolution of
ETGs is the two-phase scenario (Trujillo et al. 2007). The initial
phase of formation at z > 2 is characterized by the rapid growth
of the stellar mass by wet mergers leading to a phase with a high
star formation rate (SFR), while there is no significant growth of
size (e.g., van Dokkum et al. 2015; Zibetti et al. 2020). Due to the
quick increase of mass and star formation, one expects that these
compact and massive objects quench and become passive. The
first stage of formation is the so-called ‘red nugget’. The second
stage refers to a growth in size surrounding the nugget by dry
mergers with other smaller structures. The two-phase scenario
associated with the assembly history of ETGs is currently being
investigated by observational and numerical approaches (Flores-
Freitas et al. 2022; Zhu et al. 2022). Relic galaxies are defined
as massive, compact, and quiescent objects observed in the local
Universe that have not experienced any significant interaction
episodes or important merger events since z ∼ 2 (the preserved
nugget), therefore remaining mainly unaltered since their forma-
tion.
2. Methods

To perform the evolutionary dynamical analysis we use the
highest resolution cosmological simulation of Illustris Project:

TNG50-11 (Pillepich et al. 2018), since we are interested in re-
solving the stellar kinematics of each kinematical component on
a galactic scale. We select a sample of 156 massive, compact,
quiescent, and old subhalos at z = 0, based on the observational
literature for mass and size (Belli, Newman, & Ellis 2014) (M ≥
1010 M⊙, Re ≤ 4 kpc), quiescence (sSFR < 10−11 M⊙ yr−1), and
age (≥ 5 Gyr) parameters. To obtain a sample of Relics, we adopt
the threshold of 10% for the satellite accretion to separate be-
tween Relics and compact ETGs (cETGs). The Relics group is
composed of 99 subhalos that have experienced a quiet accretion
merging history. The cETGs sample is composed of the remain-
ing 57 subhalos, which even though have experienced mergers,
are still compact at z = 0. We employ the dynamical decompo-
sition method from Zhu et al. (2022) to investigate the dynamics
of each kinematical component (bulge, disk, and hot inner stellar
halo) for both samples. This method consists of characterizing
the stellar orbits of each component from the phase-space of en-
ergy E and angular momentum Lz. In this method, we consider
that the stellar particles will have a distribution of the orbital cir-
cularity λz, thus stellar particles with similar energy and angular
momentum remain on similar orbits. The representation of the
orbital parameters for each component can be seen in Fig. 1.

3. Results and discussions

We analyze each stellar component distribution in three differ-
ent redshifts, aiming to trace the evolutionary stellar pathways
of cETGs and Relic galaxies. Overall, the total sample com-
posed by cETGs and Relic galaxies share similarities in terms

1 https://www.illustris-project.org/
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Figure 1. Upper panels: Stellar orbit distribution, p(r, λz) in the phase-
space of circularity (λz, r) of two simulated galaxies in TNG50: Relic
(left) and a cETG (right) at z = 0. The kinematical components are
separated by the dashed dark lines. Lower panels: Stellar, gas, and dark
matter mass over time of the subhalos in the upper panels in red, green,
and black lines, respectively. Dashed lines in magenta and blue indicate
z = 2 and z = 1.5. Satellite accretion is illustrated as colored solid lines
below the components lines (gas, stars, and DM).

Figure 2. Stellar total mass, mean age, and mean metallicity to each
kinematical component at z = 0 for Relics and cETGs color-coded by
the satellite accretion.

of assembly history, considering general aspects such as age,
metallicity, compactness, and environment. At z = 2, our sample
exhibits similar dynamic characteristics in all kinematic compo-
nents (bulge, disk, and hot inner stellar halo).

The spread of stellar ages and metallicities among the stel-
lar masses across the components (Fig. 2) illustrates the role of
accretion over disk, bulge, and halo. It is expected that some
cETGs are outliers in the distribution for higher masses (M⋆
within 7 kpc) due to late accretion. Except for these outliers, the

Figure 3. Local density distribution on three different moments, at z =
0 (left), z = 1.5 (middle), and z = 2.0 (right). The Relics and cETGs
were traced using the progenitor of the subhalos at each given redshift.

subhalos that experienced significant accretion (50%, 60%, and
70%) overlap with Relic subhalos in each evaluated component.
The kinematic behavior of stellar mass distributions, as indicated
by the accretion fraction, suggests that the significant accretions
in cETGs do not appear to be a key factor in distinguishing them
from the Relics pathway sample when assessing overall dynam-
ical perspectives evaluated in each kinematical component com-
puting also, age and metallicities (Fig. 2).

At z = 0, the sample’s environmental distribution illustrates
a wide range of halo masses, equally encompassing Relics, and
cETGs. In addition to the overall distribution at z = 0, we in-
vestigated the evolution of local density (within 2 Mpc) for pro-
genitors at z = 2, and z = 1.5 (Fig. 3). Our findings indicate
a higher number of Relics in denser environments compared to
cETGs in the same mass range at all evaluated redshifts. We ex-
plore the Fdisk,⋆ and Fhalo,⋆ dependence on the environment by
looking at the subhalos located in a cluster-like halo, to compare
with the ones located in the field. This result supports the trends
aforementioned, where the similarities among the sample persist
even when exploring extreme environmental cases, suggesting
that the effects of local galactic dynamics on these objects out-
weigh the influences from the environment.
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