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A B S T R A C T 

Relic galaxies are massive compact quiescent galaxies that formed at high-redshift and remained almost unchanged since then. 
In this work, we search for analogues to relic galaxies in the TNG50 cosmological simulations to understand relic formation and 

test the ability of TNG50 to reproduce such rare objects. Using stellar mass, age, radius, quiescence, and stellar assembly criteria, 
we find five subhaloes in TNG50 that could be potential relic analogues. We compare their properties with other constraints 
imposed by a sample of 13 observed relic galaxies. We find one analogue in TNG50 that simultaneously satisfies most of the 
av ailable observ ational constraints, such as metallicity and morphology. It also sho ws similarities to the confirmed relic NGC 

1277, regarding environment and dark matter fraction. By taking into account a degree of relicness, a second relic analogue 
may also be considered. Ho we ver, the central parts of the brightness and density profiles of the analogues are less steep than 

that of real relic galaxies, possibly due to limited numerical resolution. We identify two formation pathways of relic analogues 
in TNG50 depending on their environment: they either have their remaining gas stripped during the infall into a cluster at z � 

1.2 or consume it before z > 1.5. They are then deprived of significant star formation, leaving their stellar populations almost 
unaltered during the last 9 Gyr. We also find that the analogue progenitors at z ∼ 4 inhabit more massive haloes than progenitors 
of quiescent galaxies with similar stellar mass at z ∼ 0. 

Key words: galaxies: elliptical and lenticular – galaxies: evolution – galaxies: formation. 
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 I N T RO D U C T I O N  

arly-type galaxies (ETGs) are among the most massive galaxies 
nown, reaching stellar masses ( M ∗) abo v e 10 11 M �. Numerous
tudies in the past couple of decades have been dedicated to the
nderstanding of the stellar assembly and size evolution of massive 
TGs throughout cosmic time (Daddi et al. 2005 ; Faber et al. 2007 ;
rujillo et al. 2007 ; Buitrago et al. 2008 ; Bezanson et al. 2009 ;
opkins et al. 2009 ; Taylor et al. 2010 ; van Dokkum et al. 2010 ;
ewman et al. 2012 ; Szomoru, Franx & van Dokkum 2012 ; van der
el et al. 2014 ), with many of them suggesting that ETGs observed

t z ∼ 0 have formed through the size growth of the initially compact
uiescent galaxies found at higher redshifts. Some of these works 
ndicate that such compact progenitors are in the cores of ETGs
bserved at z = 0 (Barbosa et al. 2021 ). 
 E-mail: rodrigoff@ufr gs.br (RFF); ana.chies@ufr gs.br (ALCS); 
ristina.furlanetto@ufrgs.br (CF) 
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A currently popular formation and e volution frame work for ETGs
s the so-called two-phase formation scenario (Bezanson et al. 2009 ;
aab, Johansson & Ostriker 2009 ; Oser et al. 2010 ; Hilz, Naab & Os-

riker 2013 ). In this idealized scenario, the first phase would happen
t high-redshift ( z > 2), with the ETG progenitors undergoing wet
ergers accompanied by intense star formation (Dekel et al. 2009 ),

rowing very quickly in stellar mass – up to M ∗ ∼ 10 11 M � – while
till remaining compact in size. The outcome of this first phase would
e the red nug g ets , the massive ( M ∗ ∼ 10 11 M �) compact quiescent
alaxies observed at high redshift (Daddi et al. 2005 ; Damjanov et al.
009 ; Schreiber et al. 2018 ; Valentino et al. 2020 ). The second phase,
n which quiescent compact galaxies would undergo dry mergers 
ith other smaller galaxies, would explain the increase in stellar size

Daddi et al. 2005 ; Trujillo et al. 2007 ; van Dokkum et al. 2010 ),
hange in internal structure and evolution of chemical gradients 
Spolaor et al. 2010 ; Cappellari 2016 ; Mart ́ın-Navarro et al. 2018 ) of
assive ETGs. The two-phase scenario has foundations on numerical 

imulations of galaxy formation (Bournaud, Jog & Combes 2007 ; 
aab et al. 2009 ) and in the last decade it has been explored both
bservationally (Taylor et al. 2010 ; Newman et al. 2012 ; Barro et al.

http://orcid.org/0000-0002-1275-864X
http://orcid.org/0000-0003-3220-0165
http://orcid.org/0000-0001-6838-431X
http://orcid.org/0000-0001-8271-1794
http://orcid.org/0000-0002-5897-7813
mailto:rodrigoff@ufrgs.br
mailto:ana.chies@ufrgs.br
mailto:cristina.furlanetto@ufrgs.br


246 R. Flor es-Fr eitas et al. 

M

2  

2  

e  

t  

h  

a  

f  

c  

t  

s  

o  

2  

2  

s  

o  

t  

T  

w  

M  

r  

s
 

i  

2  

r  

t  

d  

2  

2  

e  

t  

r  

s  

w  

(
v

 

t  

e  

f  

t  

e  

e  

f  

t  

N  

o  

n  

g  

e  

2  

V  

o  

s
 

s  

i  

o  

g  

o  

i  

g  

2  

r  

f  

s  

s  

w  

e  

a  

A  

s  

l  

i  

e  

2  

M  

c  

c  

i  

d
 

s  

t  

s  

S  

t  

t  

r
=  

T  

X  

�  

i

2

I  

a

2

W  

s  

r  

A  

a  

m  

t  

e  

c  

I  

a  

c  

i  

t  

o
 

i  

s  

v  

b  

f  

‘  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/245/6522199 by U
niversidade Federal do R

io G
rande do Sul user on 06 April 2022
013 ; Zibetti et al. 2020 ) and theoretically (Oser et al. 2012 ; Hilz et al.
013 ; Wellons et al. 2015 ; Zolotov et al. 2015 ; Rodriguez-Gomez
t al. 2016 ). Unfortunately, detailed direct observational studies of
he first phase are still severely affected by the lack of resolution in
igh-redshift observations. None the less, remarkable results have
lready been obtained for this epoch and provided insights about the
ormation of ETGs (van der Wel et al. 2011 ). A workaround for the
urrent observational limitations is to investigate analogue systems
hat are close to us. Given the stochastic nature of galaxy mergers, we
hould expect to find today in the galaxy population, a small fraction
f objects that have not experienced the second phase (Trujillo et al.
009 ; Quilis & Trujillo 2013 ; Poggianti et al. 2013b ; Stringer et al.
015 ), and thus have remained unaltered since their formation, in the
ense that they did not have any significant star formation episodes
r mergers since z ∼ 2. Ideally, they would remain untouched since
hen, allowing us to understand the properties of ETG progenitors.
hese analogues of the high-redshift compact quiescent galaxies,
hen found in the nearby Universe, are called relic galaxies (Ferr ́e-
ateu et al. 2015 ). Moreo v er, the study of these objects at low

edshifts can complement high-redshift studies which have intrinsic
patial resolution limitations. 

In the last decade, a number of relic candidate galaxies have been
dentified nearby ( z � 0.05) (Trujillo et al. 2014 ; Ferr ́e-Mateu et al.
017 ; Yıldırım et al. 2017 ; Spiniello et al. 2021 ) and have had their
elic nature verified by different works, which imposed constraints on
heir initial mass functions (IMF), globular cluster populations and
ynamical properties (Ferr ́e-Mateu et al. 2015 ; Mart ́ın-Navarro et al.
015 ; Yıldırım et al. 2015 , 2017 ; Beasley et al. 2018 ; Buote & Barth
019 ; Mart ́ın-Nav arro, v an de Ven & Yıldırım 2019 ; Alamo-Mart ́ınez
t al. 2021 ; Kang & Lee 2021 ; Spiniello et al. 2021 ). More recently,
he surv e y INSPIRE is looking to confirm new relic candidates at
edshifts up to z = 0.5 (Spiniello et al. 2021 ). Relic galaxy candidates
hould have properties similar to the red nug g ets of the distant past,
hich means that they should be massive ( M ∗ ∼ 10 11 M �), compact

 R e ≤ 1.5 kpc), quiescent, and – since they are already evolved –
ery old (age > 10 Gyr). 

Observationally, we can study relic galaxies in the nearby Universe
o gain insight on the general processes of galaxy formation and
 volution. Ho we ver, we cannot directly observe their individual
ormation process. Cosmological simulations offer a great oppor-
unity to study how the properties of individual compact galaxies
volve with time (Wellons et al. 2015 ; Stringer et al. 2015 ; Wellons
t al. 2016 ; Rodriguez-Gomez et al. 2016 ; Furlong et al. 2017 ),
ree from the constraints and biases that are present when one
ries to reconstruct the history of galaxies using real observations.
evertheless, cosmological numerical simulations also have their
wn limitations and biases, only recently achieving the resolution
ecessary to reproduce well many properties of real observed
alaxies and their scaling relations (Schaye et al. 2015 ; Dubois
t al. 2016 ; Genel et al. 2018 ; Naiman et al. 2018 ; Nelson et al.
018 ; Pillepich et al. 2018b ; Springel et al. 2018 ; Dav ́e et al. 2019 ;
ogelsberger et al. 2020 ). Thus, searching for analogues of rare-type
bjects – such as relic galaxies – in cosmological simulations also
erves as a test-bed to the numerical models themselves. 

In this work, we take advantage of the IllustrisTNG simulation
uite to check if one of the state-of-the-art cosmological simulations
s able to generate a population of uniformly old massive compact
bjects, and if these objects have similar properties to the relic
alaxies found in the nearby Universe. Inspired by the characteristics
f the known relics and the selection criteria already employed
n observational studies that look for massive compact quiescent
alaxies (Poggianti et al. 2013a ; Saulder, van den Bosch & Mieske
NRAS 512, 245–264 (2022) 
015 ; Tortora et al. 2016 ; Spiniello et al. 2021 ), we search for
elic analogue candidates in the IllustrisTNG simulations. We search
or old massive compact quiescent galaxies at z = 0 in TNG50
imulations; select relic galaxy analogue candidates based on their
tellar assembly; compare the properties of the selected candidates
ith constraints from real observations; characterize the cosmic

volution of the relic analogue candidates; determine the best relic
nalogue candidates and discuss their formation in the simulation.
s observational counterparts of relic galaxies, we use part of the

ample of Yıldırım et al. ( 2017 , hereafter Y17 ), which contains at
east 13 relics galaxies. All these galaxies have already been studied
n detail in other works (van den Bosch et al. 2012 ; Mart ́ın-Navarro
t al. 2015 ; Yıldırım et al. 2015 ; Beasley et al. 2018 ; Werner et al.
018 ; Buote & Barth 2019 ; Mart ́ın-Navarro et al. 2019 ; Alamo-
art ́ınez et al. 2021 ; Kang & Lee 2021 ), allowing us to have a good

haracterization of the sample, in order to constrain properties of
andidate relic analogues found in TNG50. In addition to literature
nformation, we also use Hubble Space Telescope ( HST ) imaging
ata from the Y17 sample, performing simple structural analysis. 
This paper is structured as follows. In Section 2 , we present the

imulation data and observational sample. In Section 3 , we present
he methods employed o v er the simulation data, simulation sample
election, mock images generation, and photometric methods. In
ection 4 , we present the global properties, primordial halo proper-

ies, formation pathways of the best relic analogue candidates, and
he relics number density in TNG50. In Section 6 , we summarize the
esults and present our conclusions. We adopt a solar metallicity Z �
 0.0134 (Asplund et al. 2009 ) and a standard � CDM cosmology.
he cosmological parameters are taken from Planck Collaboration
III ( 2016 ): H 0 = 67.74 km s −1 Mpc −1 , �m 

= 0.3089, and
� 

= 0 . 6911, which are the same cosmological parameters adopted
n the IllustrisTNG simulations. 

 DATA  

n this section, we provide the details of the cosmological simulations
nd observations used throughout this work. 

.1 Simulations 

e use the publicly available suite of IllustrisTNG cosmological
imulations (Nelson et al. 2019b ; Pillepich et al. 2019 ), which is a se-
ies of gra v o-magnetohydrodynamical simulations ev olved with the
REPO code (Weinberger, Springel & Pakmor 2020 ) that incorporates
 comprehensive galaxy subgrid model. This galaxy model imple-
ents different AGN feedback modes, individual chemical element

racing, and other rele v ant baryonic processes (check Weinberger
t al. 2017 and Pillepich et al. 2018b for details). TNG50 is the most
omputationally demanding and highest resolution realization of the
llustrisTNG project, evolving dark matter, gas, stars, black holes,
nd magnetic fields within a uniform periodic-boundary cube of 51.7
omo ving Mpc. F or this work, we make use of TNG50-1 because it
s the run with the highest spatial and mass resolution, enabling us
o better resolve compact simulated galaxies. General characteristics
f the simulation used here are presented in Table 1 . 
The information about the particles inside the simulation is stored

n hierarchical files called ‘snapshots’, each corresponding to a
pecific time in the virtual universe. These snapshots carry positions,
elocities, and other properties for each particle in the entire TNG50
ox. The larger structures inside the simulation are identified using a
riends-of-friends (FoF) algorithm, which recognizes what are called
FoF haloes’ – or simply haloes – based on overdensities of dark
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Table 1. Characteristics of the TNG50-1 simulation, 
from top to bottom: box side-length, initial number of 
gas cells and dark matter particles, the target baryon 
mass, roughly equal to the average initial stellar particle 
mass, the dark matter particle mass, the z = 0 Plummer 
equi v alent gravitational softening of the collisionless 
components, the minimum comoving value of the adap- 
tive gas gravitational softening and total run time. Data 
from Pillepich et al. ( 2019 ). 

Simulation TNG50-1 
L box (cMpc) 51.7 
N gas 2160 3 

N DM 

2160 3 

m baryon (M �) 8.5 × 10 4 

m DM 

(M �) 4.5 × 10 5 

ε ∗( z = 0) (pc) 288 
ε gas, min (pc) 72 
CPU time (h) ∼130 × 10 6 
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atter particles. Subsequently, the SUBFIND algorithm (Springel et al. 
001 ; Dolag et al. 2009 ) detects substructures in these haloes which
re them referred to as ‘subhaloes’: the structures of gravitationally 
ound particles in the simulation that are analogous to galaxies. The 
roperties of each halo and subhalo are available in group catalogues 
enerated with these algorithms. 
In this work, we make use of snapshot data, group catalogues, and

upplementary data catalogues, 1 the latter being generated by post- 
rocessing of snapshot data. To access the data and partly process it,
e use the PYTHON library ILLUSTRIS PYTHON and a JupyterLab 
ork-space, hosted and provided by the TNG collaboration. In 
rder to analyse in more detail the gas dynamics of the simulated
alaxies, we also downloaded and processed snapshot data from one 
f the subboxes of TNG50-1. 2 The subboxes in TNG simulations 
re fixed regions in the larger simulation box which have snapshot
ata with higher time resolution, allowing us to analyse in more 
etail the internal dynamics of some subhaloes. To identify and 
race the subhaloes in the subboxes, we use the supplementary 
atalogue created by Nelson et al. ( 2019b ). We also use the stellar
ssembly supplementary catalogue of Rodriguez-Gomez et al. ( 2016 ) 
o determine stellar mass in situ fractions. 

.2 Obser v ations 

n this section, we briefly describe the observational sample used as
 reference to impose constraints on the properties of relic analogue 
andidates found in the TNG50 simulation. The observational sample 
s composed of 13 nearby massive compact elliptical galaxies (CEGs) 
hat are presented in Yıldırım et al. ( 2017 ) and further considered as
elic galaxies in other works. The original Y17 sample is considerably 
iased towards objects with high-velocity dispersion and is composed 
f only 16 galaxies. In order to a v oid ambiguity regarding the
elic nature of galaxies in our observational sample, due to signs
f relatively younger stellar populations or recent interaction, three 
alaxies from Y17 sample are not considered in this work (NGC
282, NGC 3990, and UGC 3816). For the photometric analysis, 
e use drizzled H -band images ( HST F160W filter) retrieved from

he Hubble Le gac y Archiv e (HLA), programme GO: 13050 (PI: van
 https://www.tng-pr oject.or g/data/
 Videos produced with this data are available online in the Supplementary 

aterial of this publication. 

3

o
4

en Bosch). In order to have a homogeneous photometric analysis, 
e only consider the images of 11 galaxies (see Fig. 3 ). NGC
277 simply lacks HST H -band imaging, while PGC 12562 drizzled
mages have failed guide star and do not have the same exposure
ime or pixel scale as the rest of the sample, therefore we do not
resent photometric analysis for them here. In Table 2 , we present
ome rele v ant properties of the observ ational sample. 

The distances adopted to these galaxies are luminosity distances 
omputed from their redshifts. As well as the physical scale 
kpc arcsec −1 ), the distances are computed with the cosmology 
odule from ASTROPY , using the FlatLambdaCDM object with 

he cosmological parameters adopted in this work. The redshift for 
ach galaxy was taken from the NASA Extragalactic Database, being 
he redshift measurement with the smallest uncertainty. 

 M E T H O D S  

n this section, we outline the methods employed to select and analyse
elic analogues in TNG50. 

.1 Simulation methods and definitions 

n this subsection, we describe the fiducial choices adopted and the
ethods applied for the analysis of the simulation data. Stellar mass

 M ∗), star formation rate (SFR), and other rele v ant quantities for this
ork are measured in two different 3D spherical apertures: inside 

wo stellar half-mass radius 3 ( R e, ∗) and inside 30 kpc. The first
perture is commonly used in TNG-related works and the latter is
ommonly used in studies regarding the EAGLE simulations, being 
ssociated with the 2D Petrosian apertures that are frequently used in
bservational studies (Schaye et al. 2015 ). We adopt the centre of the
ubhaloes as the position of the most bound particle 4 and throughout
he paper, we adopt the 30 kpc aperture as the fiducial choice, using
he 2 R e, ∗ aperture for comparisons and sample selection tests. 

The group catalogue of TNG50 provides instantaneous SFR 

erived from the gas cells in each subhalo, but in order to use a
uantity closer to real observables in galaxies, during the sample 
election we compute the SFR in finite time-scales, similar to what
s done in previous works using TNG data (Donnari et al. 2019 ). We
imply sum the initial masses of the stellar particles formed in the
revious 200 Myr and 1000 Myr – relative to the snapshot of interest –
nd divide it by the respective timescale. For the purpose of this work,
e adopt the timescale of 1000 Myr, which we consider appropriate

or the selection of long quiescent objects at z ∼ 0. Quiescent objects
re selected as subhalos with sSFR ≤ 10 −11 yr −1 . 

The mass-weighted age and metallicity profiles are constructed, 
sing spherical shells with radial bins 0.2 kpc wide, evenly spaced,
rom R min = 0.05 kpc to R max = 40 kpc, computing median values
or the quantities in bins which have at least 100 stellar particles.

e use the same radial bins and limits for the stellar surface density
rofiles, which depend on the orientation with respect to the line of
ight. Since all the galaxies analysed here have unambiguous rotation 
isks (see Section 4.3 ), for simplicity, we reorient the objects to be
ace-on, then we compute the surface densities in circular annuli. 

e perform rotations in the reference frame of the subhaloes so
hat their principal axes become parallel to the Cartesian axes of a
ew reference frame, with the intrinsic minor axis of the subhalo
MNRAS 512, 245–264 (2022) 

 This quantity is computed in three dimensions, it corresponds to the radius 
f a sphere containing half of the total stellar mass in a subhalo. 
 The particle with the minimum gravitational potential energy. 

https://www.tng-project.org/data/
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M

Table 2. Properties of the observational sample, from left to right: galaxy identifier, stellar mass, dark matter-to-stellar mass ratio, 
elliptical half-light radius, stellar metallicity, age, central velocity dispersion – all from Yıldırım et al. ( 2017 ) – and adopted distance. 

ID log( M ∗/ M �) log( M DM 

/ M ∗) R e, ell log( Z ∗/Z �) Age σ c D 

(kpc) (Gyr) (km s −1 ) (Mpc) 

MRK 1216 11.34 + 0 . 11 
−0 . 10 2.47 + 2 . 68 

−5 . 11 3.0 ± 0.1 – – 335 ± 6 96 ± 2 

NGC 0384 10.96 + 0 . 05 
−0 . 05 1.86 + 0 . 84 

−0 . 68 1.8 ± 0.1 0.05 ± 0.05 13.7 ± 0.36 240 ± 5 62 ± 2 

NGC 0472 11.07 + 0 . 06 
−0 . 11 1.36 + 1 . 35 

−0 . 51 2.4 ± 0.1 0.03 ± 0.03 13.4 ± 0.31 252 ± 7 79 ± 2 

NGC 1270 11.31 + 0 . 10 
−0 . 12 1.93 + 1 . 49 

−3 . 96 2.2 ± 0.1 0.34 ± 0.02 14.0 ± 0.50 376 ± 9 74 ± 2 

NGC 1271 11.06 + 0 . 07 
−0 . 07 1.92 + 0 . 65 

−0 . 66 2.0 ± 0.1 0.13 ± 0.02 14.0 ± 0.50 302 ± 8 89 ± 2 

NGC 1277 11.13 + 0 . 06 
−0 . 07 −0.91 + 3 . 58 

−1 . 44 1.3 ± 0.1 – – 355 ± 5 75 ± 2 

NGC 1281 11.00 + 0 . 08 
−0 . 08 1.49 + 1 . 57 

−2 . 54 1.6 ± 0.1 0.21 ± 0.03 14.0 ± 0.50 263 ± 6 63 ± 2 

NGC 2767 11.12 + 0 . 09 
−0 . 08 1.54 + 0 . 83 

−3 . 52 2.4 ± 0.1 0.11 ± 0.02 14.0 ± 0.50 247 ± 9 74 ± 2 

PGC 11179 11.16 + 0 . 06 
−0 . 08 0.81 + 1 . 97 

−3 . 00 2.1 ± 0.1 0.11 ± 0.03 14.0 ± 0.50 292 ± 7 103 ± 2 

PGC 12562 10.74 + 0 . 10 
−0 . 09 2.92 + 1 . 08 

−4 . 93 0.7 ± 0.1 0.23 ± 0.03 14.0 ± 0.50 260 ± 7 70 ± 2 

PGC 32873 11.28 + 0 . 04 
−0 . 04 2.47 + 0 . 48 

−0 . 46 2.3 ± 0.1 0.27 ± 0.02 14.0 ± 0.50 308 ± 9 113 ± 2 

PGC 70520 10.95 + 0 . 10 
−0 . 12 2.85 + 0 . 87 

−0 . 75 1.6 ± 0.1 0.09 ± 0.02 14.0 ± 0.50 259 ± 8 75 ± 2 

UGC 2698 11.58 + 0 . 01 
−0 . 03 −1.05 + 1 . 32 

−1 . 32 3.7 ± 0.1 0.20 ± 0.02 14.0 ± 0.50 351 ± 8 95 ± 2 
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5 This flag indicates if a subhalo is from cosmological origin (1) or not (0), 
in the sense that they may not have formed due to the process of structure 
formation and collapse. Some subhaloes will represent fragments or clumps 
produced from already formed galaxies. 
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eing parallel to the z-axis. The rotation matrices are obtained by
iagonalization of the moment of inertia tensor, computed using the
tellar particles within 2 R e, ∗, following a similar method already
mployed in other works which use TNG data (Pillepich et al. 2019 ;
ulsoni et al. 2020 ). We also compute stellar surface densities inside
 R e, ∗ ( � e, ∗) as a compactness metric. We simply use the following
quation: 

 e , ∗ = 

M ∗( < R e , ∗) 

πR 

2 
e , ∗

, (1) 

here M ∗( < R e, ∗) is the stellar mass inside an spherical region of
adius R = R e, ∗. In order to check the consistency with projected
bservational measures, we also estimated similar quantities con-
idering subhalo particles within cylinders with radial aperture R e, ∗
nd different random axial orientations (see Supplementary Mate-
ial). Our main trends and findings are preserved when calculating
roperties inside such cylinders, instead of in a spherical region. 
We also perform a stellar kinematics analysis, by building kine-
atic maps using square pixels. We do not generate mock integral
eld unit observations, instead we compute the values in each pixel
irectly from the line-of-sight velocities of the stellar particles, using
 similar approach as other works based on TNG data (Pillepich et al.
019 ; Pulsoni et al. 2020 ). As a fiducial choice, we use square pixels
ith 0.5 kpc side, which is roughly comparable to the resolution of the
inematic maps presented in Y17 . Maps with higher resolution have
lso been computed and are available as supplementary material. For
ach i th pixel in our maps, we compute weighted velocities ( V i ) and
elocity dispersions ( σ i ): 

 i = 

∑ N i 
n w n V n 

∑ N i 
n w n 

; σi = 

∑ N i 
n w n ( V n − V i ) 2 

N i 
N i −1 

∑ N i 
n w n 

, (2) 

here n is the index for each particle inside the projection of a given
ixel, V n is the line-of-sight velocity of the n -th particle relative
o the subhalo, which has a peculiar velocity V sys , and w n is the
eight used. In this work, V sys is simply the mass-weighted sum of

ine-of-sight velocities of all particles in the subhalo and w n is the
ass of the particles. We also compute the maps using luminosity
eights, but the results do not change significantly. Moreo v er, we
nly compute the kinematic quantities in pixels which have at least
 i = 100 particles. 
NRAS 512, 245–264 (2022) 
For the cosmic evolution analysis, we use the merger trees of
he simulation constructed with the SUBLINK algorithm, which links
rogenitor subhaloes to their unique descendants in future snapshots
ased on the particles that the y hav e in common and a merit function
hat takes into account the binding energy of the particles of the
escendants (Rodriguez-Gomez et al. 2015 ). We track the evolution
f the subhaloes along their main progenitor branches, computing
uantities directly from the snapshot data when necessary and only
nalysing their properties in the time interval in which they are well
esolved. We consider that a subhalo is well resolved once it has at
east 5000 stellar particles and this condition is satisfied o v er the last
2.75 Gyr for all the objects in the final sample studied here. From
he merger trees of TNG, we can also obtain the number of mergers
hat a subhalo has already gone through. We classify the mergers by
he stellar mass ratio of the galaxies involved ( M 1 / M 2 ). We define:
ajor mergers if M 1 / M 2 ≥ 1/4, minor mergers if 1/4 > M 1 / M 2 ≥

/10 and micro mergers if 1/10 > M 1 / M 2 ≥ 1/100. 
When analysing the environment of subhaloes in the simulation,

e refer to the FoF halo in which a galaxy inhabit as its host halo.
s the halo mass, we use its virial mass ( M 200, c ), which is the total
ass of a sphere around the centre of the halo with a mean density

f 200 times the critical density of the universe. When we declare
hat a simulated galaxy is a satellite of a halo, we only mean that it is
ssigned to this halo by the SUBFIND algorithm and it is not the most
assive subhalo in the halo. 

.2 Sample selection in TNG50 

e first select all the subhaloes at z = 0 which have M ∗ ≥ 10 9 . 75 M �
nd SubhaloFlag = 1. 5 Then, we perform multiple searches for
elic analogue candidates, each with slightly different criteria, in
rder to contemplate different selections that could be adopted
n order to select old compact massive quiescent galaxies in a
ypothetical surv e y. F or the queries applied, we consider stellar half-
ass radius ( R e, ∗), stellar mass ( M ∗), SFR, specific star formation
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Table 3. Queries used to search for relic analogue candidates in TNG50, 
each query uses a different combination of apertures, criteria for size and 
quiescence selections. Additionally, the candidates are selected to be older 
than 9.5 Gyr along their age profiles. The rightmost column indicates the 
number of subhalos selected by a given query. See the details of each criteria 
in Section 3.2 . 

Query Aperture Size Quiescence N 

A1 2 R e, ∗ R e, ∗ SFR 31 
A2 2 R e, ∗ R e, ∗ sSFR 31 
A3 2 R e, ∗ M ∗ − R e, ∗ relation SFR 37 
A4 2 R e, ∗ M ∗ − R e, ∗ relation sSFR 38 
B1 30 pkpc R e, ∗ SFR 23 
B2 30 pkpc R e, ∗ sSFR 24 
B3 30 pkpc M ∗ − R e, ∗ relation SFR 23 
B4 30 pkpc M ∗ − R e, ∗ relation sSFR 24 
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6 We repeat the searches using r -band luminosity-weighted age profiles and 
the final selected sample remains unchanged. 
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ate (sSFR), and mass-weighted age profiles, with M ∗, SFR and sSFR
eing measured in the 2 R e, ∗ and 30 pkpc (proper kpc) apertures. 
For each selection quantity we adopt a threshold. For M ∗, we

onsider 10 10 . 5 M � as the minimum value, since the observed 
elic galaxies are expected to have M ∗ ∼ 10 11 M �. By applying a
hreshold 0.5 dex smaller, we account for plausible existing intrinsic 
 ∗ underestimations in the simulation and also allow the possibility 

o find less massive relic analogues. Note that, given the limited size
f the simulation box, the expected number of massive quiescent 
alaxies could be relati vely small. This lo w M ∗ threshold also
artially takes into account subtle variations in the stellar mass value 
ssigned to the subhalos due to the way their structures are identified
y the SUBFIND algorithm. 
For the R e, ∗, we first assume that it can be at maximum equal to the

lliptical half-light radius ( R e, ell ) of real relic galaxies, a commonly
sed size measurement in observational studies. In the observational 
ample used here (from Y17 ), the maximum half-light radius in the
 band is R e, ell = 3.7 ± 0.1 kpc. Other studies often classify massive
alaxies as compact if their half-light radii are smaller than 2 kpc
Tortora et al. 2016 ; Buitrago et al. 2018 ; Spiniello et al. 2021 ). Here,
e assume that relic analogues in the TNG50 simulation could have 

lightly larger sizes, so the maximum R e, ∗ used in the searches is
 kpc. Secondly, we search for relic analogues without using fixed 
hresholds for R e, ∗ but selecting the most compact simulated galaxies 
t a given M ∗. More specifically, we selected subhalos below the 25th
 e, ∗ percentile in log( M ∗) bins of 0.25–0.5 dex, along the interval
0 9 . 75 − 10 12 . 5 M �. The first (second) size criteria is depicted as R e, ∗
 M ∗ − R e, ∗) in Table 3 . 

In the case of SFR, we consider an upper limit of SFR = 1 M �yr −1 ,
hich, for the time-scale adopted, would correspond to an increase 
f less than 4 per cent in stellar mass for a subhalo with the minimum
ass adopted ( M ∗ = 10 10 . 5 M �). Such value of SFR is more than 3

rders of magnitude abo v e the smallest non-v anishing SFR v alue
SFR min ) in TNG100-1 for the same timescale (Donnari et al. 2019 ).
ince TNG100-1 has lower resolution than TNG50-1 and that higher 
ass resolution implies even smaller SFR min , the adopted SFR 

hreshold is not significantly affected by resolution effects in the 
ontext of this work. Alternatively, for selecting quiescent galaxies 
e consider a maximum sSFR = 10 −10.5 yr −1 , even more flexible

han the commonly adopted division value in literature – 10 −11 

r −1 – which roughly corresponds to the minimum in the bimodal 
istribution of sSFR, independent of the stellar mass of the galaxy 
Wetzel, Tinker & Conroy 2012 ). 

Finally, we select only the subhaloes that are older than 9.5 Gyr
 v er all radial bins used to construct their profiles, thus accepting that
ome residual star formation could still be happening until z ∼ 1.5.
he age profile criteria is the most restrictive one, drastically reducing

he number of candidates in our queries. 6 In Table 3 , we briefly list
he different criteria used to search for relic galaxy analogues as
escribed in this subsection. 
After applying all the queries listed in Table 3 , we find a total of

8 unique relic analogue candidates. We decided to study simulated 
alaxies with stellar assembly closer to the theoretical definition 
f ideal relics, in order to see if their resulting properties at z =
 match the properties of relic galaxies in observations. Thus, we
roceed the selection of relic analogues by applying an additional 
ut o v er the stellar populations ages of the 48 candidates, selecting
nly those subhalos with more than 75 per cent of stellar mass
omposed by populations older than 9.5 Gyr, reducing the sample 
o only 11 relic analogue candidates. Then, taking advantage of 
he simulations, we analyse the stellar-size evolution of these 11 
bjects and notice that 4 of them have passed through significant and
brupt changes in their half-mass radii ( � R e, ∗ � 1 kpc) since z ∼
.5, possibly due to strong interaction with their respective massive 
eighbours. These latter objects are thus not considered in the final
ample since they could not represent relic galaxy analogues at z = 0.
e further analyse the stellar surface density and surface brightness 

istribution of the remaining candidates, noticing that two subhaloes 
ave stellar streams around them, indicating recent interactions or 
ngoing mergers. These two objects are not considered in the final
nalogue candidates sample. Therefore, the final sample of relic 
nalogue candidates analysed in detail in this work is composed 
f five subhaloes, with general properties presented in Table 4 . We
eave for a future work, the detailed study of the 48 simulated massive
ld compact quiescent galaxies found initially, because such objects 
ay be part of a broader category with more diverse formation

istories than relic galaxies, and thus need to be compared with
 more complete observational sample. 

.3 Degree of relicness 

revious works hav e e xplained the properties of the relic candidates
n terms of a degree of relicness, which is related to how far into
he path, to become a typical nearby massive ETG, a compact relic
as mo v ed (Ferr ́e-Mateu et al. 2017 ; Alamo-Mart ́ınez et al. 2021 ;
piniello et al. 2021 ). In the context of this work, it is a degree which

s highest for relic candidates that had the most passive evolution in
he last 9.5 Gyr, that is, have not significantly changed their stellar
tructure and populations since z = 1.5, either by star formation
r accretion. Therefore, in order to quantify the relicness of relic
nalogue candidates in the TNG50, we define a score which captures
ssential features of relic galaxies. To achieve the highest score, a
elic analogue candidate should simultaneously satisfy the following 
onditions: 

(i) Do not display stellar populations younger than 3 Gyr (no 
ecent star formation); 

(ii) Have ≥ 95 per cent of M ∗ composed of stellar populations 
lder than 9.5 Gyr (strong age uniformity); 
(iii) Have R e, ∗ below median if compared to galaxies of similar 
 ∗ and have σ c ≥ 200 km s −1 (structural similarity); 
(iv) Ha ve super -solar metallicity and super -solar [Mg/Fe] elemen- 

al abundance (chemical similarity); 
MNRAS 512, 245–264 (2022) 
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Table 4. Properties of the TNG50 final sample of relic analogue candidates at z = 0. For columns with two numerical quantities 
outside (inside) parenthesis, the values refer to 30 kpc (2 R e, ∗) aperture. From left to right: subhalo identifier, stellar mass, total dark 
matter mass, stellar half-mass radius, maximum of the spherically averaged rotation curve, mass-weighted age, mass-weighted 
stellar metallicity, [Mg/Fe] stellar relative abundance (solar units). 

Subhalo ID log( M ∗/ M �) log( M DM 

/ M �) R e, ∗ V max Age log( Z /Z �) [Mg/Fe] 
(kpc) (km s −1 ) (Gyr) 

6 10.98 (10.8) 11.13 1.57 396.9 11.30 (11.39) 0.33 (0.41) 0.54 (0.54) 
63875 10.66 (10.48) 11.04 1.62 459.3 11.34 (11.71) 0.26 (0.34) 0.51 (0.51) 
282780 10.57 (10.38) 11.48 1.32 299.5 11.85 (12.22) 0.27 (0.39) 0.52 (0.51) 
366407 11.21 (11.04) 12.85 1.79 543.9 12.10 (12.26) 0.34 (0.42) 0.54 (0.54) 
516760 10.81 (10.62) 12.25 1.36 361.8 10.87 (11.15) 0.29 (0.39) 0.51 (0.51) 
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(v) Have � 75 per cent of M ∗ composed of stellar populations
lder than 9.5 Gyr (weak age uniformity). 

Conditions (i) and (ii) capture features of an idealized relic
alaxy, which is the absence of young stellar populations and
trong uniformity in age. Conditions (iii) and (iv) capture important
hemical and structural features compatible to what is expected from
bservations, with the sample presented in Section 2.2 serving as
n observational reference. And finally, condition (v) captures the
eaker age uniformity in objects that would not necessarily be similar

o real relic galaxies, but none the less, have great amounts of old
tellar populations. The conditions listed abo v e are hierarchical in
he sense that (i) has the highest weight. Therefore, candidates which
atisfy all conditions, receive score 5, candidates which satisfy all
onditions e xcept (i), receiv e score 4, those which satisfy only (iii),
iv) and (v) receive score 3, and so on, up to candidates which satisfy
nly condition (v), which receive score 1. Candidates which have
core ≥ 4 are considered strong relic galaxy analogues throughout
his work. 

.4 Mock obser v ations 

ince the current work only uses single band photometric data
or the real galaxies, a fair juxtaposition would be to compare
he light distribution of the relic analogue candidates with the
eal relic galaxies. In order to do that, we generate HST H -band
ock observations using a PYTHON pipeline which runs SKIRT

Camps & Baes 2015 , 2020 ). As the candidates presented here have
egligible SFR and low cold gas content, the steps necessary to
enerate the mocks are greatly simplified as there is no significant
oung stellar component or dusty interstellar medium. Each stellar
article in the simulation is considered as a Single Stellar Population
SSP) with GALEXEV spectral energy distributions (Bruzual &
harlot 2003 ) based on its stellar mass, absolute metallicity and
ge. Since each stellar particle is representing an SSP, they are
patially modelled with a smoothing length of a truncated Gaussian
missivity profile equal to the distance to its 64th neighbour particle,
nstead of being considered as a point source (Trayford et al.
017 ). Then, we define a wavelength grid co v ering an y spectral
eatures we want to probe within the HST H -band filter response
unction and, for each wavelength bin, 10 7 photon packets are
aunched assuming isotropic emission until they reach the virtual
etector. 
For each relic candidate, we produce observations in three different

rientations aligned with the simulation box axis xy , xz , and yz .
KIRT outputs a data-cube with a SED for each pixel. HST H -band
road-band images are then generated by convolving the data-cube
ith the filter response function of the HST H band. This produces a
NRAS 512, 245–264 (2022) 
oise-less image which is then matched to HST observational features
y properly convolving it with the telescope point spread function
nd assigning correct noise levels. 

.5 Photometric methods 

o build the brightness profiles from the H-band images, we
easure intensities inside elliptical apertures and annuli. First, we

se SEXTRACTOR (Bertin & Arnouts 1996 ) to generate segmentation
aps, from these maps we construct the masks simply by removing

he galaxy segmentation in each image. We identify the centre
f the galaxies as the brightest pixel inside their segmentation
nd use it as a first guess for the fitting of elliptical isophotes
ith PHOTUTILS isophotal analysis routines (Bradley et al. 2020 ).
nce the models capture the o v erall brightness distribution in the
ata, we estimate the mean ellipticity ( ε) and position angle (PA)
rom the model elliptical isophotes, excluding the innermost and
utermost ellipses. Then, we perform simple aperture photometry
sing elliptical apertures with fixed ε and PA, building brightness
rofiles and computing mean and total intensities for different
emimajor axes. 

.6 Potential issues when comparing simulations and 

bser v ations 

ne has to be careful when comparing properties of simulated
alaxies with those of real galaxies, either because the quantities
n the simulation do not match real observables or because scaling
elations in the simulations are shifted with respect to the their
bservational counterparts (Donnari et al. 2019 ; Popping et al.
019 ). In the case of this work, the lack of a large samples of
bserved and simulated relics does not allow us to perform a
obust comparison between the two populations, and both relic
amples could be affected by different selection biases. In the
ext section, we will frequently compare the properties of relic
nalogue candidates to other galaxies in the TNG50 simulation.
e note that this is done loosely, comparing with the face values

f real galaxies. In this way, we can investigate if the candidates
eviate from the o v erall population of simulated quiescent galaxies
n the same sense as the observed relic galaxies deviate, e.g. relic
alaxies seem to be α-enhanced systems, so simulated analogues
hould have α-enhancement with respect to the median values of
ther simulated quiescent galaxies. In fact, we talk more in terms
f what is expected from the observational constraints, checking
nd discussing how much the analogue candidates satisfy such
xpectations. 



Relic galaxy analogues in TNG50 251 

Figure 1. Global properties of subhaloes in TNG50 versus their stellar mass (in 30 pkpc aperture). Panel (a): Half-mass radius ( R e, ∗). Panel (b): Stellar 
metallicity ( Z ). Panel (c): Stellar-to-dynamical mass ratio ( M ∗/ M dyn ) inside 1 R e, ∗. Panel (d): Stellar surface density inside 1 R e, ∗ ( � e, ∗). Panel (e): [Mg/Fe] 
elemental abundance. Panel (f): Black hole-to-stellar mass ratio. Quiescent subhaloes are shown as orange circles, non-quiescent subhaloes are shown as grey 
circles, relic analogue candidates are shown as coloured diamonds. Median values for the global properties of the quiescent subhaloes in each stellar mass bin 
are shown as orange circles connected by black solid lines, 25th and 75th percentiles are indicated by the bars. The stellar mass bins edges are represented by 
the orange ticks at the top of the panels, in log( M ∗): 10.14, 10.35, 10.63, 10.92, 11.26, 12. The edges are chosen so that there are at least 50 data points in each 
bin, except for the higher mass bin, which has a lower number of points. 
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7 We also use a spherical aperture with radius equal to 2 R e, ∗, but only for test 
purposes, since the results and conclusions presented throughout this work 
remain unchanged independently of which of the two apertures is used. 
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Although TNG50-1 run has a high resolution, having stellar 
oftening length ( ε ∗) of 0.288 kpc, we still have to be careful when
nalysing stellar structures inside 2.8 ε ∗. Such caution is justified 
ecause this is the minimum separation between particles below 

hich the gravitational forces are Newtonian (Pillepich et al. 2018b ). 
nother important aspect for the conclusions drawn in this work is

he volume of the simulation. Since TNG50 simulates a box with only 
50 cMpc in size, it has an intrinsic statistical limitation regarding 

he number of rare objects that we can find. 

 RESULTS  

n this section, we discuss the properties and the cosmic history of
he five relic analogue candidates, comparing them to other quiescent 
alaxies in TNG50 and what is expected from the observational 
onstraints, regarding their metallicity, α-enhancement, age, stellar 
tructure, and kinematics. 

.1 Global properties and profiles 

ere, we describe the properties of the objects in our final sample of
ve relic analogue candidates, comparing them with other quiescent 
alaxies from TNG50 and the constraints imposed by observations. 
e briefly discuss many global and spatially resolved properties of 

he subhaloes, in order to have a comprehensive characterization for 
ach candidate. The main goal of this section is to check which
ubhaloes have characteristics in accordance to relics. Rele v ant 
roperties of the five relic analogue candidates are presented in 
able 4 . Global properties – such as M ∗, metallicity, and [Mg/Fe] –
resented as scalar values in Fig. 1 , are calculated within a spherical
perture of 30 kpc of radius. 7 

.1.1 Chemical properties and a g e 

n panel (b) of Fig. 1 , we plot mass-weighted stellar metallicity
ersus stellar mass of relic candidates, also comparing with other 
uiescent galaxies in the simulation. As we can see in this panel,
he candidates are metal-rich objects that lie abo v e the median
alues for quiescent galaxies of similar M ∗, with subhaloes 6 and
66 407 being the most metal-rich systems among the candidates. 
s shown in Table 2 , relic galaxies from Y17 sample have super-

olar metallicities, similar to what is observed in the central parts
f the most massive and oldest nearby ETGs (Gallazzi et al. 2005 ;
anter et al. 2008 ; Gonz ́alez Delgado et al. 2014 ), thus, the super-
olar metallicities in the relic analogue candidates agrees with what is
xpected from the observational constraints. In panel (b) of Fig. 2 , we
resent metallicity profiles for all the candidates. We can see that the
etallicity of these subhalos decreases significantly from the centre 

o regions at R > 1 R e, ∗, none the less, most of them exhibit super-
olar mass-weighted metallicities inside 2 R e, ∗, as is expected from
he properties of observed relics, which have metal-rich populations 
n their central parts (Ferr ́e-Mateu et al. 2017 ; Yıldırım et al. 2017 ).

e note that Subhalo 6 and Subhalo 366407 remain super-solar 
MNRAS 512, 245–264 (2022) 

art/stac187_f1.eps


252 R. Flor es-Fr eitas et al. 

M

Figure 2. Radial distribution of different properties of the relic analogue 
candidates. Panel (a): Stellar [Mg/Fe] elemental abundance, in solar units. 
Panel (b): Stellar metallicity, in solar units. Panel (c): Mass-weighted stellar 
age. Panel (d): Stellar surface density. For details regarding the estimate of 
each profile, see Section 3 . 

o  

f  

(
 

c  

u  

t  

s  

3  

s  

i  

t  

l  

o  

f  

t  

a  

a  

e  

o  

T  

p  

F  

b  

s  

r
 

p  

w  

w  

v  

I  

c  

o  

p  

u  

t  

i  

a  

l  

r

4

I  

w  

a  

o  

f  

c  

t  

(  

v  

m  

t  

F
 

c  

w  

p  

n  

o  

w  

a  

o  

e  

p  

b  

2  

i  

s  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/245/6522199 by U
niversidade Federal do R

io G
rande do Sul user on 06 April 2022
ut to 4 R e, ∗ ( ∼ 10 kpc), in better agreement to what is expected
rom metallicity profiles of the observational sample considered here
check fig. 10 in Y17 ). 

A further interesting analysis into the chemical properties of the
andidates, is the stellar [Mg/Fe] elemental abundance, which can be
sed as a proxy for α-enhancement. We can see in panel (e) of Fig. 1
hat the relic analogue candidates are among the most α-enhanced
ubhaloes for their respective stellar masses, with subhaloes 6 and
66407 being the most extreme cases among the candidates. The
patial distribution of [Mg/Fe] throughout the subhaloes – shown
n panel (a) of Fig. 2 – seems to be nearly uniform, presenting
NRAS 512, 245–264 (2022) 
ypical values around 0.55 dex, with the most extreme radial gradients
ocated in the region enclosed by 1 R e, ∗. The relatively high values
f [Mg/Fe] of the candidates are in accordance with these objects
orming the majority of their stellar content in a shorter time-scale
han other quiescent subhaloes. In general, the global metallicity
nd α-enhancement for most of the relic analogue candidates are in
greement with what is expected from the observations (Ferr ́e-Mateu
t al. 2017 ; Yıldırım et al. 2017 ). Ho we ver, the spatial distribution
f their chemical properties do not agree so well with observations.
he simulated galaxies have more abrupt changes in their metallicity
rofiles inside 2 R e, ∗, in some cases reaching � log ( Z ) ∼ 0.4 dex (see
ig. 2 ). Nevertheless, we note that subhaloes 6 and 366407 present
oth roughly uniform [Mg/Fe] profiles and monotonic decreasing
uper-solar metallicity out to 10 kpc, qualitatively similar to the real
elic galaxies considered as reference in this work. 

Another important feature in observed relic galaxies is their age
rofiles, which have been used during the sample selection of this
ork (see Section 3.2 ). The only constraint during the selection
as that all the selected subhaloes should have age profiles with
alues abo v e 9.5 Gyr. Here, we analyse the shape of such profiles.
n panel (c) of Fig. 2 , we present mass-weighted age profiles of the
andidates. Despite the fact that these simulated galaxies are quite
ld up to 30 kpc, some of them have age differences within their
rofiles that can reach 2 Gyr. Subhaloes 6 and 366407 are the most
niformly old objects, showing maximum age differences smaller
han 500 Myr throughout their profiles. This near uniformity in age
s another evidence in fa v our of these two objects being strong relic
nalogues. We have also computed the age profiles using r -band
uminosity weights, but there was no significant difference in the
esults. 

.1.2 Stellar component structure 

t is expected that any relic analogue in the simulation will be compact
hen compared with galaxies of similar stellar mass. In panels (a)

nd (d) of Fig. 1 , we compare the size and stellar surface density
f the candidates with other galaxies in the simulation. As expected
rom the selection criteria employed in Section 3.2 , relic analogue
andidates are all below the median size of quiescent galaxies in
he M ∗ − R e, ∗ diagram. In particular, the most massive candidates
subhaloes 6 and 366407) are almost 1 de x a way from the median
alues of their bins, being very compact for their respective stellar
asses. The compactness of these two objects is also evident by

heir ef fecti ve stellar surface densities ( � e, ∗), sho wn in panel (d) of
ig. 1 . 
In order to analyse the internal structure of the candidates, we also

onstruct stellar surface density profiles ( � ∗( R )) of the subhaloes,
hich are shown in panel (d) of Fig. 2 . One noticeable feature
resent in all candidates is a core region inside R ≤ 0.8 kpc with
early constant density. This is in contrast with the structure of
bserved relic galaxies at z ∼ 0 and quiescent galaxies at z > 0.5,
hich have a steeper surface density profile in their innermost parts,

s can be seen in Yıldırım et al. ( 2017 ) (their fig. 6). Such regions
f nearly constant density are within the 3 ε ∗ limit, where numerical
ffects may be important. There is a very high number of stellar
articles inside this region and at the same time, gravitational forces
ecome Newtonian only at a separation of 2.8 ε ∗ (Pillepich et al.
018a ). Therefore, we speculate that the high number of particles
nside a potential which is not Newtonian could generate artificial
tructures that are not observed in real compact galaxies. This core
egion is also present in their brightness profiles (Section 4.2 ).
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Figure 3. H -band images of both observed and simulated galaxies analysed in this work. Simulated galaxies are identified by their subhalo ID’s. All images are 
normalized by the intensity at the half-light radius of each galaxy ( I e ). They have the same scale (asinh) and approximately the same FOV (20 kpc × 20 kpc). 
Each isophote represents fractional values of I e , from the outermost to the innermost isophotes, the fractions are: 0.1 (green), 1.0 (orange), 3.0 (red). For more 
details, see Section 2.2 . 
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lthough the density profiles of the relic analogue candidates seem 

o be discrepant from observations in their central regions, the outer 
arts of their stellar surface density profiles are comparable with the 
alues observed in the Y17 galaxies (see their fig. 6), going from
 ∗(1 kpc) ∼ 10 9.6 M �kpc −2 to � ∗( ∼ 20 kpc) ∼ 10 6 M �kpc −2 . The

ensity profiles of the relic analogue candidates also present visible 
hanges in their slopes, suggesting that these subhaloes have different 
tructural components, which is reinforced by the light distributions 
nd kinematic maps presented in the next subsections. 

.1.3 Mass fractions 

he dynamical analysis done by Y17 showed that the compact 
lliptical galaxies used in their work have high stellar-to-dynamical 
ass ratios M ∗/ M dyn in the inner regions, with a mean value of
 ∗/ M dyn ( R < R e, ell ) = 0.89 for their whole sample. In the simulation,
e measured M ∗/ M dyn inside 1 R e, ∗ considering M dyn as the total
ass of all types of particles, and we show the results in panel

c) of Fig. 1 . We can see that the relic analogue candidates have
igher M ∗/ M dyn than other quiescent subhaloes of similar M ∗, with
ubhalos 6, 366407, and 516760 having the highest M ∗/ M dyn values
mong the candidates, in agreement to what is expected from the 
bservational sample. The dark matter mass fractions inside 1 R e, ∗
 f DM 

) of these 3 candidates are 15.7 per cent, 24.4 per cent, and
7.9 per cent, respectively, while the median f DM 

of Y17 sample is
nly ∼11 per cent inside 1 half-light radius. In order to draw more
obust conclusions about these mass fractions, a more complete and 
etailed dynamical analysis is needed, allowing to compare more 
irectly M ∗/ M dyn and f DM 

between observations and simulations. 
o we ver, gi ven the complexity of this dynamical modelling, this

nalysis is left to a follow-up study . Additionally , Subhalo 6 is special
mong the relic analogue candidates because of its very low total dark 
atter-to-stellar mass fraction, which reaches log( M DM 

/ M ∗) = 0.15.
s discussed further in Section 4.4 , this low dark matter fraction is a
esult of the interaction of this object with its current galaxy cluster. 

Another interesting property to check in the relic analogue 
andidates is their black hole (BH) masses. Panel (f) of Fig. 1
hows that central BH masses of the TNG analogues are not much
istant from the median value for quiescent galaxies of similar 
ass in the simulation, in contrast with the observational sample 

f Y17 . Ho we ver, it is important to note that the Y17 sample
s biased towards galaxies with ‘o v ermassiv e’ black holes, and
aybe this can contribute to the discrepancy . Additionally , given

he immense dynamical scale involved in BH growth and feedback, 
his kind of modelling still remains a challenge for cosmological 
imulations (Vogelsberger et al. 2020 ; Hopkins et al. 2022 ). Thus,
t can potentially contribute to discrepancies between the properties 
f simulated and real relic galaxies, e.g. the stellar density in their
entral regions. 

.2 Light distribution 

esides the distribution of mass traced by the stellar particles in the
imulation, it is also rele v ant to address the structure of the relic
nalogue candidates using their projected light distributions. It is im- 
ortant to check whether their o v erall morphologies are compatible
o those of observed relics. Here, we are taking a step further in
he comparison of the simulation with observations, creating mock 
bservations of the candidates in a specific photometric filter ( HST -
160W) and analysing if their light distributions are qualitatively 
imilar to the ones of real galaxies from Y17 – also observed with
he filter F160W ( H band) of HST . 

In Fig. 3 , we show the H -band images for the real and simulated
alaxies used in this work. From the images we can qualitatively
MNRAS 512, 245–264 (2022) 
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Figure 4. Brightness profiles for the relic analogue candidates in TNG50 
and galaxies from the observational sample. The intensities are normalized 
by the intensity at the ef fecti ve radius. The blue shaded stripe indicates the 
region inside three softening lengths. Dashed and solid lines indicate two 
different random orientations for the same galaxy. The inset is the same plot 
with radial axis in log scale to highlight the profiles in the inner regions of 
the subhaloes. 
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nalyse the shape of the isophotes 8 and notice two important features.
irst, the simulated galaxies appear to have shallower brightness
rofiles in their cores. As we can see in Fig. 3 , the inner isophotes
f the simulated galaxies enclose a smaller area than in the real
nes, meaning that in the centre, they reach relatively smaller
ractional values of their I e . Secondly, both observed and simulated
amples have galaxies with discy isophotes, having morphologies
hat resemble the S0 visual classification in some cases (e.g. NGC
271, PGC 32873 PGC 70520, Subhalo 6 and Subhalo 366407).
he first feature arises from the underlying discrepancy between the

nner stellar surface densities of real relic galaxies and the simulated
alaxies, as discussed in Section 4.1.2 . The results presented in Fig. 4
how that the brightness profile shape of the simulated galaxies is
ifferent from the shape of real relics at R < 1 kpc. Similarly to the
urface density profile, there is a region inside R < 0.8 kpc which
as nearly constant brightness levels. 

Regarding more detailed descriptions of the morphology, we can
ee in Fig. 3 that both real and simulated galaxies do not have
erfectly elliptical isophotes with constant ε and PA. In fact, some
f the real galaxies used as observational constraints in this work
eem to have more complex structures. For example, galaxies NGC
270, NGC 0374, NGC 0472, and NGC 2767 were photometrically
ecomposed by Lucatelli & Ferrari ( 2019 ) based on the curvature
f their light profiles, showing evidence for substructures – such as
iscs – in their inner regions. The simpler analysis done here already
hows the two most important aspects regarding the light distribution:
 v erall morphological resemblance between some subhaloes in the
imulation and some of the real relics, and discrepant light profile
lopes in the inner regions ( R < 1 kpc) of all simulated galaxies. 

.3 Stellar kinematics 

nother approach to study the structure of galaxies is to analyse
heir kinematic maps. In this subsection, we present some kinematic
aps that can give us a glimpse on the orbital structures of the
NRAS 512, 245–264 (2022) 

 The value for each isophote is actually the brightness ratio I / I e , where I e is 
he intensity at the half-light radius. 

9

t

elic analogue candidates of TNG50. In the velocity maps of Fig. 5 ,
ll the candidates present evidence of a rotation disc, which we
ould already infer from their apparent S0-like morphologies (see
ig. 3 in Section 4.2 ). They also present a region with relatively
igh velocity dispersion within 1 R e, ∗ and, in general, the central
elocity dispersion ( σ c ) observed in the maps can be greater if we
se higher spatial resolutions or random line-of-sights (see maps
n Supplementary Material). Therefore, the maximum σ observed
n the privileged face-on projections of Fig. 5 are considered here
s minimum values for σ c of these subhaloes. Additionally, if the
ravitational softening artificially decreases the central density of
ubhaloes, it may also reduce the velocity of stellar particles in the
entre, possibly underestimating σ c of the subhaloes in comparison
o real galaxies. 

The higher values of σ are observed in the centre of subhaloes 6 and
66407, reaching ∼200 and ∼300 km s −1 , respectively. Although
ubhalo 6 reaches this high σ c , it is still a relatively low-velocity
ispersion if directly compared with σ c face values of observed
elic galaxies (see Table 2 ). Since the kinematic maps presented in
his work are not the derived from mock integral field spectroscopy
bservations, comparison between absolute values of velocities must
e taken carefully. Considering this limitation and analysing the
vailable kinematic maps in Fig. 5 , we conclude that subhaloes 6 and
66407 are the only candidates that have σ c minimally comparable
o the observations, at least by order of magnitude. Nevertheless, it is
lso important to note that the Y17 sample is biased towards objects
ith high central velocity dispersions (see Y17 Introduction section).
Regarding the rotational support, all galaxies in our observational

ample are classified as fast rotators by Y17 [following the classi-
cation scheme of Emsellem et al. ( 2011 )], although UGC 2698

s only at the edge of being classified as fast rotator (see Y17
iscussion). Further kinematic analysis would be required in order

o confirm whether the relic analogue candidates presented here
ould be classified as fast rotators according to some commonly used
riteria in observational studies. Nevertheless, we can expect that the
imulated galaxies in TNG50, even the fast rotators, will have lower
otation-to-dispersion ( V / σ ) values if compared to observations. This
xpectation is supported by a recent work of Pulsoni et al. ( 2020 ),
hich showed that fast rotators ETGs in TNG50 and TNG100
ave shallower V / σ profiles than real ETGs, with many of the real
TGs that they compared, being from ATLAS 

3D (Cappellari et al.
011 ). Pulsoni et al. ( 2020 ) show that very few fast rotators in the
imulation reach V / σ ≥ 1 within 1 R e, ∗ and suggest that the angular
omentum distribution in the simulations could be different from

he real galaxies. 
We do not attempt any detailed photometric or kinematic structure

ecomposition in this work, but the kinematic results shown here
uggest that the relic analogue candidates in our final sample have
ultiple components, in accordance with previous results already

resented in Sections 4.1.2 and 4.2 . Our relic analogue candidates
ave dense cores with radius of ∼ 1 kpc, which are dominated by
ispersion, and more extended ( R > 3 kpc) well-defined rotation
iscs. Such structures are still present even if we change the
esolution of the maps. 9 The clear rotational patterns and high
entral velocity dispersions present in subhaloes 6 and 366407 are
n qualitative agreement with theap kinematic maps of the real relics
see appendix B of Y17 ), thus, supporting the hypothesis that these
wo objects represent strong relic analogues. 
 We encourage the reader to check kinematic maps with higher resolution in 
he Supplementary Material available online. 
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Figure 5. Mass-weighted kinematic maps constructed from stellar particles using square pixels 0.5 kpc wide. Velocity maps are constructed from the edge-on 
orientation, while velocity dispersion maps are constructed from the face-on orientation (for random orientations check the Supplementary Material). Dashed 
circles indicate 1 and 3 R e, ∗. To the left of each map, we show the respective stellar surface density for the same orientation. 
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Figure 6. Cosmic history of subhalo 6 represented by the evolution of many of its properties. Panel (a): Stellar (blue), gas (orange), and dark matter (grey) 
half-mass radii, dot–dashed line represents three softening lengths. Panel (b): Stellar (blue), gas (orange), cold gas (green), dark matter (grey), and host halo 
(red) masses. Panel (c): Instantaneous SFR in different apertures. Panel (d): Instantaneous BH accretion. Panel (e): Radial distance to centre of host halo. Panel 
(f): Stellar mass fractions with respect to z = 0 in different apertures (blue), relative in situ (red) and ex situ (purple) fractions in each snapshot. In panel (b), the 
gas represented in orange is all gravitationally bound gas, while the cold gas represented in green is only the gas inside 30 pkpc which has temperature < 10 5 K. 
Black shaded regions indicate the epochs in which the subhaloes are not considered to be resolved. Blank intervals in a curve usually indicate that the quantity 
is not computed in a particular snapshot, or in case of logarithmic axes, the quantity had a zero value and could not be represent in the plot. 
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.4 Cosmic history 

o far we have investigated several properties of the relic analogue
andidates at z = 0 and compared them with the expected properties
f relic galaxies. Now we analyse in detail the cosmic history of
ach relic candidate in the simulation. In this section, we aim to
haracterize the stellar assembly of the candidates, analysing in detail
heir size evolution, stellar in situ mass fractions and star formation
istory, often comparing their stellar assembly to what is expected
or idealized relic galaxies (early and rapid stellar build-up followed
y null or negligible growth). Also and equally important, we aim
o study the evolution of gas and dark matter of the candidates,
nalysing how these components are affected by internal or external
echanisms. We suggest the reader to check the videos we produced

sing snapshot data, available online as Supplementary Material.
xcept when it is explicitly mentioned, stellar mass ( M ∗) corresponds

o a 30 kpc aperture. 

.4.1 Subhalo 6 

n Fig. 6 , we present the cosmic evolution for many properties of
ubhalo 6. This subhalo already formed 80 per cent of its stellar
ontent at z ∼ 1.9, mostly through in situ star formation, as can be
een in panels (c) and (f) of Fig. 6 . At z ∼ 1.7, the subhalo already
ssembled 100 per cent of its current stellar mass, after a gas rich
inor merger at z ∼ 1.75 triggered the last burst of star formation

panel c), which was accompanied by activity in the central black
ole (panel d). This merger slightly increased the ex situ fraction
panel f) by up to ∼10 per cent, as expected. Soon after, at z ∼ 1.2
NRAS 512, 245–264 (2022) 
8.7 Gyr ago) this relic analogue candidate experiences a change in
nvironment, entering in the progenitor halo of the most massive
luster ( M 200 , c > 10 14 M �) of the simulation at z = 0. Subhalo 6
emains a satellite of this cluster since then and during the infall, it
radually loses dark matter, having log( M DM 

/ M ∗) = 0.15 at z = 0.
ecent work by Engler et al. ( 2021 ) showed that satellite galaxies in
NG simulations suffer tidal stripping of their dark matter structure
s they enter in their host halo, regardless of their stellar mass (check
heir section 4). This seems to be the case for subhalo 6 (see panel
 in Fig. 6 ), which already performed 5 pericentric passages since z
 1.2 and lost ∼90 per cent of its dark matter content (see panel b

n Fig. 6 ). Moreo v er, almost all remaining gas at z ∼ 1.2 is remo v ed
rom this subhalo during the first approach to the host halo centre
Fig. 6 , panels a, b, and e). Before entering the cluster, Subhalo 6 has
 well-defined gas disc, which is not present anymore at z ∼ 1.2. By
isually analysing the complex gas dynamics around this galaxy we
otice that the gas disc is apparently destroyed between z = 1.3 and
 = 1.2. We see that it does not have any significant BH accretion
round the time the disk is destroyed ( ∼ 8.8 Gyr ago) nor is close to
he centre of its current host halo, as shown in panel (e). We suggest
hat the destruction was caused mainly due to instabilities in the gas
ntroduced by the close passage of neighbouring galaxies. Ho we ver,
urther analysis is needed in order to tell exactly what destroyed
he gas disk. Nonetheless, the very early intense consumption and
ubsequent loss of gas prev ented an y recent star formation in subhalo
, contributing for is uniformly old age at z = 0. 
During the infall into the cluster, the stellar size was moderately

ffected, the galaxy shrunk ∼0.4 kpc and lost ∼19 per cent of its
tellar content [see panels (a) and (f) in Fig. 6 ]. Given that the dark
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Figure 7. Cosmic history of Subhalo 63875 represented by the evolution of many of its properties. Same as in Fig. 6 . 
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atter content of this subhalo may have been considerably stripped, 
e suggest that the stellar component has diminished also due to tidal

tripping. Additionally, the in situ stellar component of this subhalo 
rew by ∼5 per cent during the loss of its M ∗, implying that more
f the original in situ component survi ved, relati vely to the ex situ
ne. Both components were assembled prior to z ∼ 1.7, so the ex
itu component does not represent a population of younger stars, just
omething that came from an early merger at z = 1.75. Although
he stellar mass assembly of subhalo 6 occurred very early ( z > 1.5)
nd that it is still a very compact and old object, we cannot neglect
he interaction of this simulated galaxy with its parent cluster. In
ther words, we cannot claim this is a completely untouched relic 
nalogue, as it would be the case for an idealized relic. None the less,
he o v erall star formation history of this object is evidence in support
f it representing a strong relic analogue. 
It is important to note, that the decrease in mass of the subhalo

omponents, specially in the outskirts ( R > 30 kpc), can possibly
appen artificially due to the method employed to identify substruc- 
ures in the simulation (see Section 2.1 for a very brief description).
s a satellite subhalo delves deeper into its parent halo, the dark
atter or gas on its outskirts could be assigned to the parent halo,

ecreasing the size and mass of the subhalo as it mo v es inwards,
egardless of whether or not the outer parts have been physically 
tripped away. This is an important caveat that may introduce an 
mbiguity for gas and dark matter stripping in subhalo 6 and other
atellite subhaloes analysed in this section. 

.4.2 Subhalo 63875 

n Fig. 7 , we present the cosmic evolution for many properties of
ubhalo 63875, as in Fig. 6 . The star formation of this subhalo can
e divided into two epochs (panel c). In the first epoch, which lasted
ntil z ∼ 1.8, ∼87 per cent of the current stellar mass of the subhalo
as formed, almost 100 per cent in situ , as shown in panel (f). The
econd epoch consisted of star formation activity in the outer parts
 R > 3 kpc) of the subhalo, a continuously declining star formation
pisode which lasted until z ∼ 0.6. This second epoch helps to drive a
ecrease of the stellar age of this candidate, with populations younger
han 9.5 Gyr contributing almost 19 per cent to its M ∗ at z = 0 (see
he Appendix). Consequently, this second star formation epoch left 
n imprint in the age profile of subhalo 63875 (see panel c in Fig. 2 ),
ith stars at R = 5 kpc being almost 2 Gyr younger than in the centre.
his subhalo is also a satellite in a massive cluster ( M 200, c ∼ 10 14 

 �) and similarly to Subhalo 6, had ∼80 per cent of its dark matter
emo v ed, having log( M DM 

/ M ∗) = 0.384 at z ∼ 0. This object entered
ts host halo at z ∼ 0.8 and had a very well-defined gas disc at z ∼
.6, which was completely destroyed after the subhalo made its first
ericentric passage at z ∼ 0.45 (see panel (e) of Fig. 7 and videos
n Supplementary Material). Thus, the stripping interaction with the 
luster seems to be the main driver behind the gas supply removal in
his simulated galaxy, even if we consider only the cold gas supply.
egarding the stellar size, the R e, ∗ of this subhalo remains nearly
onstant – ∼1.7 kpc since z ∼ 0.8 – even after it lost ∼12 per cent
f its stellar mass during the infall. 
Although Subhalo 63875 assembled most of its stellar component 

t z > 2 and was not affected by any mergers since then, the
xtended star formation episode which started around z = 1.75 is
ot compatible with the expected history of a relic galaxy, because it
ontaminates this relic candidate with non-negligible young stellar 
opulations. 

.4.3 Subhalo 282780 

n Fig. 8 , we present the cosmic evolution for many properties of
ubhalo 282780, as in Fig. 6 . This candidate formed the bulk of its
tellar content very early, reaching already 90 per cent of its z = 0
tellar mass at z ∼ 2 (panel f). Ho we ver, similarly to Subhalo 63875,
 prolonged star formation episode in the outer parts ( R > 3 kpc)
MNRAS 512, 245–264 (2022) 
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Figure 8. Cosmic history of Subhalo 282780 represented by the evolution of many of its properties. Same as in Fig. 6 . 
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onsumed part of the surrounding gas until z ∼ 0.5, giving rise to a
ontamination of 14 per cent in mass of stellar populations younger
han 9.5 Gyr. 

This subhalo only recently became a satellite of its current cluster,
ntering it at z ∼ 0.35. Similarly to subhalo 63875, it has a very
ell-defined gas disc before the first pericentric passage ( z ∼ 0.16),
hich is subsequently destroyed. During the infall, this simulated
alaxy seems to be suffering from ram-pressure stripping, briefly
resenting jellyfish-like gas morphology 10 at z ∼ 0.18, which is
ccompanied by a very small and short star formation episode in
he outer parts. Although the subhalo made just one pericentric
assage, significant size changes are observed in the dark matter
omponent of this simulated galaxy (panel a of Fig. 8 ), with R DM 

ecreasing from ∼ 60 to ∼25 kpc after the passage. This suggests
trong stripping acting upon this subhalo during the close encounter
ith the central galaxy in the host halo, with the caveat of mass-

oss ambiguity already mentioned in Section 4.4.1 . None the less,
his object retained more dark matter and lost relatively less gas
ompared with other candidates (subhaloes 6 and 63875). Regarding
he stellar size, we can see in panel (a) that the R e, ∗ increased by
bout 1 kpc since z ∼ 2. A small part of this growth can be explained
y the star formation in the outer parts of the subhalo which increased
ts M ∗ by 10 per cent at maximum (see panels c and f). Additionally,
t is possible that some effect of artificial expansion due to resolution
ffect takes place between z ∼ 2 and z = 1, since in this epoch, the
ravitational softening length is changing. 
Comparing the evolution of stellar fractions between the candi-

ates, we see that Subhalo 282780 has the most flat stellar fractions
ince z ∼ 2 (panel f), implying little change in its amount of stellar
ass, thus fa v ouring the hypothesis of this object being a strong

elic analogue. Ho we ver, as sho wn in the Appendix, more than 10
NRAS 512, 245–264 (2022) 

0 Check the videos in Supplementary Material available online. 
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er cent of the mass of this galaxy is made of populations younger
han 9.5 Gyr, a non-negligible contamination. 

.4.4 Subhalo 366407 

n Fig. 9 , we present the cosmic evolution for many properties of
ubhalo 366407, as in Fig. 6 . This subhalo goes through a very early
 z > 3) star formation burst, as can be seen in panel (c), followed
y a weaker but still significant (SFR > 10 M � yr −1 ) star formation
pisode in its outer parts at z ∼ 2. Additionally, as shown in panel (d),
he first star formation burst at z > 2 is accompanied by significant
lack hole accretion, which then ceases after z ∼ 1.5. A couple of
icro and minor mergers happened between z = 3 and z = 2, also

ncreasing the subhalo’s stellar mass, which by then reaches 97 per
ent of its current value at z = 0. For the next ∼10 Gyr, this galaxy
emains as a central in its parent dark matter halo – check panel
e) – not being affected by mergers and only slightly increasing its
 e, ∗ by ∼0.6 kpc, as shown in panel (a). In contrast, since z ∼
.5 this subhalo continuously accrete gas from its surroundings, but
oes not have any star formation until z ∼ 0.25, when it experiences
 relatively small star formation episode, forming a faint ring of
ounger stellar particles in the outskirts ( R ∼ 30 kpc). Nonetheless,
he amount of stellar mass from populations younger than 9.5 Gyr
n this galaxy is only ∼1 per cent (see the Appendix), which is a
ery small contamination, not enough to change the overall structure
nd properties of this relic candidate. Therefore, we consider that the
osmic history of subhalo 366407 is at least reconcilable with the
dealized relic formation scenario. 

.4.5 Subhalo 516760 

n Fig. 10 , we present the cosmic evolution for many properties of
ubhalo 516760, as in Fig. 6 . This galaxy remains a central galaxy

n its halo and evolves mostly isolated during its history, only having
 micro merger at z ∼ 0.35. It has a late star formation episode in the

art/stac187_f8.eps
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Figure 9. Cosmic history of subhalo 366407 represented by the evolution of many of its properties. Same as in Fig. 6 . 

Figure 10. Cosmic history of subhalo 516760 represented by the evolution of many of its properties. Same as in Fig. 6 . 
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utskirts at z ∼ 1, which increased the total M ∗ by ∼13 per cent, but
art of this increase was gradually reverted until z ∼ 0. Regarding 
he gas component, we can see in panel (a) of Fig. 10 that the half-

ass radius of gas continuously increases since z ∼ 0.8. Ho we ver,
his should not be taken as a radius increase of a symmetric gas
tructure during the time interval involved. After the micro merger 
ith a small satellite at z ∼ 0.36, the subhalo forms a kind of gas tail

check videos in Supplementary Material), which results in a very 
arge size for the gas component. Any increase in gas mass possibly
ssociated with an increase in gas radius is ruled out if we look at the
anel (b), where we see that the gas mass decreases since z ∼ 0.8.
his object’s relatively late ( z ∼ 1) star formation peak result in a
ass contribution of young stellar populations that goes o v er 20 per

ent (see the Appendix). Considering also the recent micro merger 
t z ∼ 0.36, this candidate must inevitably be disregarded as a strong
elic analogue. 
MNRAS 512, 245–264 (2022) 
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M

Table 5. Criteria used to classify the relic analogue candidates considering a degree of relicness, for details on the definition of the relicness 
score, see Section 3.3 . Weak a g e uniformity : � 75 per cent of M ∗ composed of stellar populations older than 9.5 Gyr. Super-solar Z & 

[Mg/Fe] : super -solar a verage metallicity and [Mg/Fe]. Compact & high σ c : R e, ∗ below median at similar M ∗ and σ c > 200 km s −1 . Strong a g e 
uniformity : ≥ 95 per cent of M ∗ composed of stellar populations older than 9.5 Gyr. No young contaminant : No stellar populations younger 
than 3 Gyr. Subhalo 6 is the only candidate which satisfy all the criteria, being the strongest relic galaxy analogue among the candidates. 

ID Weak age Super-solar Compact Strong age No young Relicness 
uniformity Z and [Mg/Fe] and high σ c uniformity population score 

6 Y Y Y Y Y 5 
63875 Y Y N N Y 2 
282780 Y Y N N N 2 
366407 Y Y Y Y N 4 
516760 Y Y N N Y 2 
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 DISCUSSION  

n Section 3.2 , we select 48 relic analogue candidates from TNG50
nd after analysing the stellar assembly, size evolution and stellar
urface density, we narrow down to five subhaloes that could be po-
ential relics. Here, we summarize the results presented in Section 4 ,
udging which of the 5 subhaloes candidates could represent strong
elic analogues in TNG50. More specifically, we consider strong relic
nalogues the candidates that have properties compatible to what is
xpected from observations and that did not have significant changes
n their stellar population or structure since their formation ( z >
.5). We refer here to the degree of relicness, which is a measure of
ow much a relic galaxy has preserved its red nugget properties. In
ection 3.3 , we describe the score adopted to quantify the relicness
f the five simulated relic candidates analysed throughout this work
nd, in Table 5 , we present the relicness score for each candidate. 

.1 Which are the best relic analogues in TNG50? 

he five simulated relic analogue candidate galaxies analysed in the
revious section do not suffer any major or minor mergers since z ∼
.7 and also have super-solar stellar metallicities and [Mg/Fe]. This
s in agreement with the proposed scenario in which a relic galaxy
ould form rapidly at high redshift and then e volve passi vely until
 = 0. 

Subhaloes 63875 and 282780 are satellite galaxies and also the less
assive candidates (see Table 4 ), having overall properties closer to

he median values of other quiescent galaxies with similar M ∗ (check
catter plots of Section 4.1 ). Even though subhalo 282780 formed
ery early and is the second oldest in the candidates sample, it is the
ne with the lowest M ∗ and σ c . Relaxing the constraints imposed by
17 sample, towards less extreme σ c and M ∗/ M dyn , subhalo 282780

ould maybe be considered an intermediate-mass relic analogue,
s the one disco v ered by Ferr ́e-Mateu et al. ( 2018 ), PGC012519.
o we ver, Subhalo 282780 has non-negligible star formation activity

xtending until z ∼ 1, so it would have a lower degree of relicness.
oreo v er, > 14 per cent of its stellar mass is made from stellar pop-

lations younger than 9.5 Gyr, a considerable mass fraction of stars
hat are not old, another property disfa v ouring this object as a strong
elic analogue. Subhalo 63875 presents an even more extended and
ignificant star formation activity [panel (c) in Fig. 7 ], with an even
igher mass fraction of young stellar populations. Additionally, this
andidate also exhibits a peculiar pattern in its isophotes and velocity
aps, having what seems to be a disk that is warped or distorted

check Figs 3 and 5 ). The similarity of subhaloes 282780 and 63875
ith real relics is more due to their early stellar assembly than to their
lobal properties and cosmic histories, as the relicness score suggests.
hus, we do not consider these objects as strong relic analogues. 
NRAS 512, 245–264 (2022) 
The youngest candidate in the sample, Subhalo 516760, is a central
alaxy in its local environment and only accreted residual amounts of
tellar mass after z ∼ 1.5. It deviates in many of the plots presented in
ection 4.1 , in a direction which is in agreement with observational
xpectations for relics, e.g. being very compact, metal-rich and
trongly dominated by stars at R < 1 R e, ∗ (see Fig. 1 ). Ho we ver, it has
lso been recently ( z ∼ 0.36) crossed by a very small satellite, which
ffects its inner structure, thus, decreasing its degree of relicness. In
ddition, this subhalo has the most extended star formation activity
mong the candidates, being the most proportionally contaminated
y young stellar populations, in terms of mass (check the Appendix).
he morphology of this subhalo, as shown in Fig. 3 is also visually
iscrepant from the observed relic galaxies, presenting some boxy
sophotes as opposed to discy, like the galaxies from Y17 or the
ed nuggets observed at high- z (van der Wel et al. 2011 ). This
imulated galaxy has an evident rotation disc, but its central velocity
ispersion is slightly lower ( σ c ∼ 175 km s −1 , see Fig. 5 ) than
hat is expected from the Y17 sample. The star formation activity

hat happened after z ∼ 1.5 clearly left an impact in the age profile
f this candidate, decreasing its uniformity in age and consequently
ecreasing its degree of relicness. We consider that this candidate has
nough properties that differ from the observational and theoretical
xpectations for relic galaxies, which is captured by the relicness
core (see Table 5 ) defined in Section 3.3 . Thus, we disregard subhalo
16760 as a strong relic analogue – even in the context of a degree of
elicness. In contrast, Subhalo 366407 is a more promising candidate.
ooking at its global properties, we already noticed that it follows
lmost all the observational expectations of relic galaxies, being very
ompact, metal-rich, alpha-enhanced and strongly dominated by stars
t R < 1 R e, ∗ (see Fig. 1 ). This candidate is a central galaxy in its
arent dark matter halo and e volves passi vely until z ∼ 0.25, when
t presents some negligible star formation activity in its outskirts
 R ∼ 30 kpc), slightly decreasing its degree of relicness. Ho we ver,
he mass fraction of stellar particles younger than 9.5 Gyr in this
ubhalo is only ∼1 per cent, the lowest among the candidates (check
he Appendix). Apart from the very faint young stellar ring formed in
he outskirts, this subhalo is o v erall morphologically similar to real
elics, having discy isophotes as shown in Fig. 3 . Additionally, from
he kinematic maps in Fig. 5 , we see that there is a clear well-defined
otation pattern in this object and also that its central σ reaches at least
00 km s −1 , both features in agreement with characteristics of real
elics from Y17 . Subhalo 366407 is also the oldest object among the
andidates, with a very flat age profile, similar to Subhalo 6 (see panel
c) in Fig. 2 ). Given all these properties, we consider that Subhalo
66407 represents a strong relic analogue with an intermediate degree
f relicness, since it already started its path to become more similar
o an ETG, analogous to what is suggested by Ferr ́e-Mateu et al.
 2017 ) in the case of MRK 1216. 
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Finally, Subhalo 6, which is a satellite galaxy in a cluster 
nvironment, seems to be the best relic analogue candidate in our 
ample. It is a uniformly old object, has super-solar metallicity and 
Mg/Fe] out to 4 R e, ∗, discy isophotes, a minimum σ c of 200 km s −1 ,
 clear rotation disk, and high M ∗/ M dyn within 1 R e, ∗ ( ∼0.84); all
roperties in agreement to what is expected from the observations of
eal relics. Additionally, it is close to the centre of the most massive
luster in the simulation and has a very low dark matter-to-stellar 
ass fraction (log M DM 

/ M ∗ = 0.15). This is peculiarly similar to
GC 1277 that also has low dark matter-to-stellar mass fraction (log 
 DM 

/M ∗ = −0 . 91 + 3 . 58 
−1 . 44 ) according to orbit-based dynamical models

rom Yıldırım et al. ( 2015 , 2017 ) and which is a confirmed relic
esiding close to the centre of the Perseus Cluster (Abell 426) – one
f the closest massive clusters known. Although the constraints on the 
ark matter fraction are poor – as one can see by the uncertainties (see
able 2 ) – the similarity in environment to NGC 1277 is interesting.
ince it satisfies most of the observational constraints imposed by 
17 sample, and, its stellar structure and populations have not 

hanged significantly since z ∼ 1.5, we consider that subhalo 6 
epresents a strong relic analogue. 

.2 Number density 

ther authors have shown that relic galaxies are more likely to be
ound in denser environments (Poggianti et al. 2013b ; Stringer et al.
015 ; Peralta de Arriba et al. 2016 ), so the presence of a relic analogue
n a massive cluster of the simulation would not be surprising if the
mall simulated universe of TNG50 reproduced well the number 
ensities of different classes of galaxies. Previous studies predict 
elic number densities at z ∼ 0 that are of the order of ∼6 × 10 −7 

pc −3 (Ferr ́e-Mateu et al. 2017 ; Quilis & Trujillo 2013 ), if we
pply this estimate to the volume of TNG50, we would expect to
nd less than one relic in the simulation ( ∼0.1). Ho we ver, the real
elic number density may be a function environmental density, likely 
eing higher in clusters. Since TNG50 is already able to produce 
assive ( M > 10 14 M �) clusters, this can possibly explain why we

ould find at least one relic-like object in the simulation (Subhalo 
), despite its relatively small comoving volume. If we consider 
hat the 13 observed galaxies of Y17 used in this work are good relic
epresentatives, and compute the relic number density inside a sphere 
ontaining all of them (with radius R = 113 ± 2), we estimate a value
f ∼2 × 10 −6 Mpc −3 . Considering that we find at least 1 strong relic
nalogue and that the volume of TNG50 box at z = 0 is 51.7 Mpc 3 ,
 crude estimate of the relic number density in the simulation is
 × 10 −6 . This is still larger than the observational estimate, but less
han an order of magnitude different. Furthermore, the observational 
stimates could be affected mainly by two issues, first, a bias due
o lack of completeness in the sample adopted as reference, and 
econd, the distance estimates assumed here. Additionally, it could 
lso be that TNG50-1 simulation o v erestimates the relic number 
ensity, perhaps due to a more efficient early quenching that may 
ot happen in the population of real relic galaxies at z > 1.5. The
ngoing INSPIRE surv e y may pro vide a more complete sample of
elic galaxies with reliable distance estimates, constraining relic 
umber density at different redshifts; consequently, the results of 
his work can possibly be tested in the near future. 

.3 Formation of the relic analogues 

revious work by Wellons et al. ( 2015 ), argue that compact elliptical
alaxies are just e xtreme representativ es of a smooth distribution
f galaxy properties, being an expected outcome from the different 
ombinations of physical processes galaxies may undergo. Addi- 
ionally, in Illustris, Wellons et al. ( 2016 ) found massive compact
alaxies at z ∼ 0 that remained nearly undisturbed since z ∼ 2,
nd predict that these compact relics should predominantly live in 
nder-dense environments or as satellites in larger groups at the 
ocal Universe. The formation of the best relic analogue – subhalo 
 – found in this work also emphasizes the role of environment,
ince almost all the remaining gas of subhalo 6 was remo v ed at
arly epochs during its infall into its parent halo. The combination of
his gas supply removal and the very early substantial star formation
aturally gives rise to the relic nature of this object in the simulation
nd could possibly be one formation pathway to explain the formation 
f the observed real relics. In fact, Ferr ́e-Mateu et al. ( 2017 ) and
ther authors already suggested that the relics with most extreme 
roperties are expected to be in rich environments, such as the
luster in which subhalo 6 resides. Our finding thus provide a direct
upport for this hypothesis drawn from an observational perspective. 
he second best relic analogue found in TNG50, Subhalo 366407, 
as age, metallicity, and [Mg/Fe] profiles similar to Subhalo 6, but
oes through very different environmental interactions throughout 
ts history. First, Subhalo 366407 is a central galaxy in its local
nvironment, thus, not suffering stripping of its gas. Instead, the 
alt in its star formation activity arises from the depletion of cold
as. Possibly as a consequence of this different origin without gas
tripping, the density profile of this relic analogue is more extended
han the one of subhalo 6 (see panel d in Fig. 2 ). 

From an observational perspective, a broader explanation on the 
iverse formation pathways of compact elliptical galaxies has been 
resented by Ferr ́e-Mateu et al. ( 2018 , 2021 ). Here, we present
esults indicating that the relic analogues in TNG50 – a subset of
ompact quiescent galaxies in the simulation – can also be formed 
y distinct pathways depending on the environment, in alignment 
ith the hypothesis proposed by Ferr ́e-Mateu et al. ( 2017 ). 

.4 Notes on primordial halo properties 

ne important aspect, but still difficult to explore directly in ob-
ervations, is the formation environment of relic galaxies and other 
ompact quiescent galaxies in general. Fortunately, this aspect can 
e partially explored through the use of cosmological simulations. In 
his section, we briefly discuss some simpler properties of the relic
nalogue candidates primordial host haloes, such as virial mass and 
as mass fraction. 

In Fig. 11 , we show the properties of the parent haloes which
osted the z = 4 progenitors of the relic candidates found at z = 0.
n the top panel of this figure, we can see that the relic analogues
subhaloes 6 and 366407 – at z = 4 seem to be in relatively more
assive haloes than other quiescent galaxies of similar mass at z =

. Reg arding the g as mass fraction in the parent haloes, in the bottom
anel of the figure, we see that subhalo 6 does not deviate strongly
rom the median values of quiescent population. In contrast, subhalo 
66407 is far below the median values of other quiescent subhalos
ith similar mass at z = 0. Considering that this candidate is the
ldest relic candidate in the sample, it may have already consumed
ignificant amounts of its surrounding gas at z = 4, thus explaining
ts behaviour in the lower panel of Fig. 11 . Our results regarding the
irial mass are aligned with the idea of old galaxies observed at z 

0 being formed in the most massive dark matter haloes at high
edshift. In this sense, the relic galaxies found in the nearby Universe
ould be just the extreme case of old galaxies with a head start,

hat formed first and were not significantly contaminated by younger 
tellar populations afterwards. 
MNRAS 512, 245–264 (2022) 
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M

Figure 11. Properties of the parent haloes at z = 4. M ∗ corresponds to the 
stellar mass of the subhalo at z = 0. Top panel shows the virial mass ( M 200, c ) 
and in the bottom panel, the total gas mass fraction ( f gas ). Coloured diamonds 
represent relic analogue candidates, orange dots are quiescent objects, grey 
points are non-quiescent objects. Median values for quiescent galaxies are 
computed for each mass bin and represented by the larger orange circles 
connected by black solid lines, error bars are simply the 25th and 75th 
percentiles for each mass bin. The stellar mass bins edges are represented 
by the orange ticks at the top of the panels, as in Fig. 1 . 
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A recent work using the TNG50 simulation (Du et al. 2021 )
peculates that the initial spin of parent dark matter haloes may
lay an important role, controlling the size evolution of galaxies.
he primordial spin thus could have an impact in the formation of

elic analogues as those found here; ho we ver, this kinematic analysis
s considerably more complex, lying beyond the scope of this work. 

 SUMMARY  A N D  C O N C L U S I O N S  

TGs are the most massive galaxies observed today and the exact
echanisms responsible for their formation are still subject of great

ebate. In the simplified two-phase formation scenario, ETGs should
 xperience a v ery intense stage in terms of stellar assembly at high-
edshift ( z > 2), with their progenitors being v ery compact, massiv e
nd quiescent already at z ∼ 2. If a galaxy undergoes only through
his first phase and survives unaltered until today ( z = 0), it is called a
elic galaxy. These rare objects are very useful for the study of galaxy
 volution, because they allo w us to have a glimpse in the formation
f ETGs, acting like a window to the high-redshift Universe. 
In order to understand what influences the formation of a relic

alaxy, we searched for relic galaxy analogues in one of the
osmological simulations from the IllustrisTNG Project, pushing the
imits of current state-of-the-art cosmological simulations in terms of
ompact galaxy formation. We consider as strong relic analogues, the
bjects at z = 0 in the simulation that have global properties similar
NRAS 512, 245–264 (2022) 
o objects in the observational sample used as reference in this work,
n addition to not having their stellar components significantly altered
ince z ∼ 1.5. 

We use the highest resolution simulation run available in the
llustrisTNG Project (TNG50-1) and start by searching for old
ompact massive quiescent galaxies at z = 0. After applying different
riteria for compactness, quiescence and age, we find 48 relic
nalogue candidates. Once confirmed that TNG50 could generate
uch compact simulated galaxies, we filter this first sample, selecting
 final sample of objects that had more than 75 per cent of their
ass composed of populations older than 9.5 Gyr and that did

ot suffer significant stellar size changes since z ∼ 1.5. Only five
ubhaloes remain and are considered in this work as the best relic
nalogue candidates. Then, we check if any of these objects could
e considered relic galaxy analogues by comparing their properties
ith what is expected from observational works – like Yıldırım et al.

 2017 ) – and the idealized scenario for the formation of relics. We
lso analyse the formation histories of the relic analogue candidates,
n order to determine the main physical mechanisms that prevented
hem to significantly increase stellar masses and sizes o v er a period
f more than 9 Gyr. 
We find that the TNG50 simulation is already able to produce

t least one simulated galaxy with many properties similar to real
elic galaxies at z ∼ 0. Thus, we consider that this object – subhalo
 – represents the strongest relic analogue. This is moti v ated by
he fact that subhalo 6 is the candidate that satisfies most of the
onstraints imposed by the observational sample used as reference in
his work, and even has a peculiar similarity with one of the real relic
alaxies (NGC 1277). Another subhalo found in this work – subhalo
66407 – can be considered as a strong relic analogue if a certain
egree of relicness is accepted. Subhalo 366407 has stellar mass,
tellar size, metallicity, morphology, and central velocity dispersion
n accordance with being a relic analogue. Although Subhalo 366407
as a stellar assembly and star formation very similar to what
s expected from the idealized scenario of a relic, it has a small
ontamination of young (age < 3 Gyr) stellar populations in its
utskirts ( ∼1 per cent in mass), originated from recent gas accretion.
his contamination is the reason we invoke the degree of relicness for
ubhalo 366407, since it already started to assemble relatively young
tellar populations. Another three simulated galaxies in TNG50 were
tudied as potential relic galaxy analogues, but because they do
ot satisfy most observational constraints adopted in this work (see
ection 5.1 ), we consider that they may not meaningfully represent

he evolution of real relic galaxies. 
Nevertheless, none of the relic analogue candidates simultaneously

atisfy all the constraints imposed by Yıldırım et al. ( 2017 ) sample.
ll relic candidates in TNG50 have central regions less dense

han observations, which we suspect may be caused by numerical
esolution issues, as was already suggested by recent work (Zanisi
t al. 2021 ). Therefore, we stress the fact that the objects found
n the simulation are not perfect analogues, since their internal
tructure may not fully reflect the ones of real galaxies. Also, relic
alaxies are rare in the real Universe, thus, it would not be surprising
o not find any of them in the small comoving box simulated in
NG50. Ho we ver, the finding of at least one strong relic analogue in
NG50 is in rough agreement with our observational number density
stimation (2 ×10 −6 Mpc −3 ), which considers the 13 galaxies in the
bservational sample adopted as reference here. 
Regarding the formation of relics in TNG50, we conclude that the

wo relic analogues described here represent two distinct formation
athways for relic galaxies. These are closely connected to the
nvironment in which the relic progenitors evolved, as previously

art/stac187_f11.eps
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iscussed in observational works (Ferr ́e-Mateu et al. 2017 ). Subhalo 
 might represent real relic galaxies which are satellites in dense 
nvironments, while Subhalo 366407 might represent the relics 
hich evolved more isolated. We also briefly explore properties of 

he haloes in which these relic candidates formed, checking if their 
rogenitors formed in gas-rich and massive host haloes. We find that 
he relic analogues seem to be formed in more massive haloes than
ther quiescent galaxies with similar stellar mass at z = 0. Regarding
he gas fraction, we find that relic analogues do not follow any clear
rend with respect to other simulated quiescent galaxies of similar 
tellar mass at z = 0. It is important to note that TNG was tuned
o match z = 0 observations, so a better match is expected at this
edshift. Ho we v er, an y conclusions we draw for high-redshift ( z > 1)
re directly affected by the cosmological and subgrid models adopted 
n the simulation. 

In summary, we study one of the most recent cosmological 
imulations and compare its results to observations, aiming to 
nderstand the formation of relic galaxies and test the ability of
he simulations to reproduce such rare objects. Future high-redshift 
bservations and relic-directed spectroscopic surv e ys will help to 
onstrain even more the first stages of ETG assembly. The next 
eneration of cosmological simulations with no v el techniques, higher 
esolution, and larger volumes will provide new insights into the 
pen questions of galaxy formation and evolution. This work aims to 
onnect observations with simulations, an approach that we believe 
an be very fruitful, since it promotes a synergy between these two
uccessful branches of modern astronomy and astrophysics. 
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PPENDI X:  STELLAR  POPULATI ONS  AG ES  

n this appendix, we show the stellar mass fraction contribution of
tellar populations with different ages in the simulated galaxies. 

igure A1. Cumulative stellar mass fraction as a function of age in stellar
opulations for each relic analogue candidate. Different lines represent
umulative histograms with different bin widths. Dashed black lines represent
istograms with regular bin widths of 1 Gyr, while solid grey lines represent
istograms with bin edges at particular age values: 0, 3, 9.5, and 13.6 Gyr ( z
 0, z ∼ 0.25, z ∼ 1.5, and z ∼ 20). Coloured annotations show mass fraction

ontributions of young (blue, age ≤ 3 Gyr), intermediate (green, 3 Gyr < age
9.5 Gyr), and old (red, 9.5 Gyr < age) stellar populations. 
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