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ABSTRACT

Context. Massive elliptical galaxies are thought to form through a two-phase process. At early times (z > 2), an intense and fast
starburst forms blue and disk-dominated galaxies. After quenching, the remaining structures become red, compact, and massive (i.e.
red nuggets). Then, a time-extended second phase, which is dominated by mergers, causes structural evolution and size growth. Given
the stochastic nature of mergers, a small fraction of red nuggets survive, without any interaction, massive and compact until today:
these are relic galaxies. Since this fraction depends on the processes dominating the size growth, counting relics at low-z is a valuable
way of disentangling between different galaxy evolution models.
Aims. In this paper, we introduce the INvestigating Stellar Population In RElics (INSPIRE) Project, which aims to spectroscopically
confirm and fully characterise a large number of relics at 0.1 < z < 0.5. We focus here on the first results based on a pilot study
targeting three systems, representative of the whole sample.
Methods. For these three candidates, we extracted 1D optical spectra over an aperture of r = 0.40′′, which comprises ∼30% of
the galaxies’ light, and we obtained the line-of-sight integrated stellar velocity and velocity dispersion. We also inferred the stellar
[α/Fe] abundance from line-index measurements and mass-weighted age and metallicity from full-spectral fitting with single stellar
population models.
Results. Two galaxies have large integrated stellar velocity dispersion values (σ? ∼ 250 km s−1), confirming their massive nature.
They are populated by stars with super-solar metallicity and [α/Fe]. Both objects have formed ≥80% of their stellar mass within a
short (∼0.5−1.0 Gyr) initial star formation episode occurred only ∼1 Gyr after the Big Bang. The third galaxy has a more extended
star formation history and a lower velocity dispersion. Thus we confirm two out of three candidates as relics.
Conclusions. This paper is the first step towards assembling the final INSPIRE catalogue that will set stringent lower limits on the
number density of relics at z < 0.5, thus constituting a benchmark for cosmological simulations, and their predictions on number
densities, sizes, masses, and dynamical characteristics of these objects.

Key words. galaxies: formation – galaxies: evolution – galaxies: kinematics and dynamics – galaxies: stellar content –
galaxies: star formation

1. Introduction

A two-phase formation scenario is becoming increasingly
favoured to explain the formation of massive early-type galax-
ies (ETGs; e.g., Naab et al. 2009; Oser et al. 2010; Hilz et al.
2013; Rodriguez-Gomez et al. 2016; Zibetti et al. 2020). Accord-
ing to this scenario, a first phase characterised by an intense
and fast dissipative series of processes occurring at early cosmic
times (z > 2), forms blue, disk-dominated, and centrally concen-
trated galaxies (van der Wel et al. 2011) that form stars ‘in situ’
at a high rate (star formation rate, SFR≥ 103 M� yr−1): the so-
called blue nuggets (Barro et al. 2013; Dekel & Burkert 2014;
Zolotov et al. 2015; Tacchella et al. 2016). Subsequently, the star

formation quenches, for reasons that are still heavily debated
(see e.g., Martín-Navarro et al. 2019 and references therein) and
the blue nuggets quickly and passively evolve into compact ‘red
nuggets’ (Daddi et al. 2005; Damjanov et al. 2009).

These high-z red nuggets can typically reach masses similar
to those of local giant elliptical galaxies (M? > 1011 M�), which
indicates that a large portion of the mass is assembled during this
first formation phase. However, their sizes are only about a fifth
of those of local ETGs of similar masses (Daddi et al. 2005;
Trujillo et al. 2007; van Dokkum 2008; Werner et al. 2018).
Thus, during a second phase, at lower redshifts, red nuggets must
increase in size, becoming, over billions of years, the present-day
giant ETGs.
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After the second and more time-extended phase, the stars
formed during the first phase become the ‘core’ of today’s ETGs
and occupy their innermost regions. Stars ‘accreted’ during the
second phase, instead, live preferentially at larger radii (e.g.,
Spavone et al. 2017), although it has also been shown that major
mergers and accretion of more massive satellites can deposit
stars at the centres of the hosts (Amorisco 2017).

Since theoretical evidence suggests that massive (M? >
1011 M�) halos at z = 2 typically experience no more than
one or two major mergers until z = 0 (Genel et al. 2008;
Khochfar & Silk 2006), and this is not enough to account for
the required mass and size growth; a series of minor dry merg-
ers (i.e. accretions of small gas-poor satellites) seems to be
the preferred channel for size evolution, building extended stel-
lar envelopes around compact galaxy cores (Naab et al. 2009;
van Dokkum et al. 2010; Oser et al. 2010, 2012; Tortora et al.
2018a; Stockmann et al. 2020). Together with a continuous
addition of larger, newly quenched (blue) galaxies to the qui-
escent population (e.g., van der Wel et al. 2009; Saglia et al.
2010; Carollo et al. 2013; Cassata et al. 2013), this scenario may
explain the observed increasing average size of quiescent galax-
ies with decreasing redshift (e.g., van der Wel et al. 2014). The
early domination of in situ star formation and the subsequent
growth by stellar mergers is also in good agreement with pre-
dictions from semi-analytical models (e.g., De Lucia et al. 2006;
Guo & White 2008; Guo et al. 2011; Shankar et al. 2010) and
with observational results in the local Universe (Coccato et al.
2010; Longobardi et al. 2015; Iodice et al. 2017; Pulsoni et al.
2018; Ferré-Mateu et al. 2019; Zibetti et al. 2020).

Unfortunately, in local giant galaxies, the accreted material
contaminates the in situ component1 that encodes the informa-
tion about high-z baryonic processes, affecting, along the line-
of-sight (LOS), its spatial and orbital distributions, and thus
irreversibly limiting our resolving power (e.g., Naab et al. 2014;
Ferré-Mateu et al. 2019). This makes it very difficult to obser-
vationally separate star formation history from assembly history.
Fortunately, given the stochastic nature of the merging processes,
a small fraction of massive quiescent and very compact galaxies
must exist at all redshifts, although this fraction should decrease
with time.

Relic galaxies, which are red nuggets that survived intact to
the present-day Universe without experiencing any merger or
interaction, provide a unique opportunity to track the formation
of the pristine in situ galaxy stellar component, which is oth-
erwise mixed with the accreted one in normal massive ETGs
(Trujillo et al. 2009). A detailed study of the stellar population
of a large, statistical sample of high-z red nuggets would require
prohibitive integration times with the current available facilities.
Thus, relics are the only systems that allow us to study the physi-
cal processes that shaped the mass assembly of massive galaxies
in the high-z Universe with the amount of details currently reach-
able only in the nearby Universe (e.g., high spatial resolution and
spectroscopic signal-to-noise ratio).

However, the exact fraction of such systems at lower redshift
critically depends on the physical processes shaping the size and
mass evolution of galaxies, such as the relative importance of
major and minor galaxy merging (e.g., Naab et al. 2009; Oser
et al. 2010, 2012; Oogi & Habe 2013; Quilis & Trujillo 2013;
Wellons et al. 2016). Moreover, many questions have still to be

1 It has been shown that for more massive galaxies, the accreted com-
ponent starts to dominate the mass and light budgets at smaller radii
than for less massive systems (e.g., Seigar et al. 2007; Cooper et al.
2013; Rodriguez-Gomez et al. 2016; Spavone et al. 2017, 2020).

answered: how many relics exist in the Universe at each red-
shift, and how many survive until the present day? How can they
passively evolve through cosmic time without experiencing any
interaction? What can we learn on the merging history and the
evolution of the most massive ETGs? Is there a physical sce-
nario, predicted by hydrodynamical cosmological simulations,
able to explain all the current observational results at all z? These
topics are currently heavily debated.

At high redshift (z > 1), the number density of com-
pact quiescent galaxies is measured to be in the range ρ ∼
10−5–10−4 Mpc−3 (e.g., Bezanson et al. 2013; Saracco et al.
2010; Cassata et al. 2010, 2013; van der Wel et al. 2014). In
the local Universe, so far, only three relics have been spectro-
scopically confirmed: Mrk 1216, PGC 032873, and NGC 1277,
(Trujillo et al. 2014; Ferré-Mateu et al. 2017, hereafter F17).
Based on these three confirmed relics, F17 obtained a lower
limit to the number density (ρ) of relics in the local Universe
of 6 × 10−7 Mpc−3. This is also consistent with the number den-
sity of massive object that formed early and evolved varying
their stellar mass by less than 30% predicted from either semi-
analytical models (Millennium simulations – Quilis & Trujillo
2013) or hydrodynamical simulations (Illustris – Wellons et al.
2016).

The three local relics have large rotation velocities (V ∼

200–300 km s−1) and high central stellar velocity dispersions
(σ? > 300 km s−1); moreover, their morphology and density pro-
files match those found in high-z red nuggets and in nearby fos-
sil groups remarkably well (e.g., NGC 6482, see Buote & Barth
2019). A further confirmation of the genuine relic nature of one
of these three systems, NGC 1277, came from the uni-modal and
uniquely red colour distribution of its globular cluster popula-
tion (Beasley et al. 2018). For Mrk 1216, Buote & Barth (2019)
found a highly concentrated dark matter (DM) halo, reflecting
the extremely quiescent and isolated evolution of its stars, and a
larger DM fraction within the effective radius.

From a stellar population point of view, the three objects
found by F17 have a single stellar population with super-
solar metallicities and old ages out to several effective radii.
Their stars are also characterised by a large [Mg/Fe] over-
abundance, which is consistent with early and short star forma-
tion episodes (within timescales <1 Gyr, Thomas et al. 2005).
Finally, the three relics also have a bottom-heavy stellar initial
mass function (IMF), with the fraction of low-mass stars being
at least a factor of 2 larger than that found in the Milky Way
(Martín-Navarro et al. 2015; F17). This result is in good agree-
ment with the proposed tight relation between IMF slope and
galaxy velocity dispersion (e.g., Conroy & van Dokkum 2012;
Cappellari et al. 2012; Tortora et al. 2013; La Barbera et al.
2013; Spiniello et al. 2014). However, while for ETGs with
‘normal sizes’ the bottom-heavy IMF is concentrated only in the
very centre (Sarzi et al. 2018; Parikh et al. 2018; La Barbera et al.
2019; Barbosa et al. 2021), for the F17 relics the IMF remains
virtually invariant with radius. A possible working hypothesis
may be that the excess of dwarf stars originates in the first phase
of the mass assembly, the only one that relics have experienced
(Smith 2020).

Clearly, in order to validate these various scenarios and test
the predictions for the size evolution from different models, more
relic statistics are needed, extending the redshift boundaries to
bridge the gap with the high-z Universe. This constitutes one of
the main goals of the INvestigating Stellar Population In Relics
(INSPIRE) Project, which we present in this paper.

The starting point of the INSPIRE project is an approved
ESO Large Program (LP; ID: 1104.B-0370, PI: C. Spiniello) of
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154 hr of observations on the X-shooter spectrograph (XSH, Ver-
net et al. 2011) at the ESO Very Large Telescope. The LP is
spread over two years and targets 52 confirmed ultra-compact
massive galaxies (UCMGs) with redshifts 0.1 < z < 0.5
and with red colours, found in the Kilo Degree Survey (KiDS,
Kuijken 2011) Data Release 3 (DR3, de Jong et al. 2017) from
a dedicated project (Tortora et al. 2016, 2018b; Scognamiglio
et al. 2020).

Ultra-compact massive galaxies are outliers in the mass-
size relation (e.g., Shen et al. 2003) since they have very small
sizes (Re ≤ 1.5 kpc) despite their relatively large stellar masses
(M? ≥ 8 × 1010 M�)2. They are therefore the perfect relic can-
didates, to test whether they are populated by a very old single
stellar population, formed in situ, likely with a super-solar [α/Fe]
and metallicity, and with very little or no sign of subsequent star
formation events. Proving this, and thus constraining the stel-
lar population of these objects, is, indeed, the main goal of the
INSPIRE Project.

By means of a detailed stellar population analysis on the
sample of 52 KiDS-confirmed UCMGs (relic candidates), once
observations are completed, we will build the largest sample of
relics at z < 0.5 obtaining a precise relic number density and
its evolution in the low-to-intermediate redshift window. The
INSPIRE catalogue will represent a fundamental benchmark for
ongoing and future cosmological simulations, which will have
to be able to reproduce the number density and characteristics
of these systems in order to predict the formation and evolution
of local massive galaxies. Here in this pilot paper we present the
preliminary results on the first three INSPIRE targets, demon-
strating that our observation and data analysis strategy works,
and therefore that we will be able to assess the true (relic) nature
of the candidates.

This paper is organised as follows. In Sect. 2, we give an
overview of the INSPIRE ESO LP, including details on the
sample definition and the current status of the observations and
analysis. In Sect. 3, we introduce the pilot study based on the
first three fully observed and analysed galaxies. We describe
how we obtained the final UVB+VIS spectrum for each sys-
tem and how we calculated the line-of-sight velocity distribution
and the stellar population parameters from full spectral fitting.
Finally, in Sect. 4 we present the results of this study, including
a comparison to F17, and in Sect. 5 we draw our conclusions.
Throughout the paper, we assume a standard ΛCDM cosmology
with H0 = 69.6 km s−1 Mpc−1, Ωvac = 0.714 and ΩM = 0.286
(Bennett et al. 2014).

2. The ESO Large Program INSPIRE

The INSPIRE project aims to characterise the kinematical,
dynamical, and stellar population properties of 52 confirmed
UCMGs at redshift 0.1 < z < 0.5 with unprecedented detail.
These objects have been selected because their multi-band pho-
tometry is consistent with having old stellar populations, from
multi-band photometry (see Sect. 2.1 for more details).
INSPIRE has been designed to obtain spectra with a signal-

to-noise (S/N) high enough for detailed spectroscopic stellar
population analysis, which is the only way to confirm the relic
nature of the stellar populations of these UCMGs. Furthermore,
the large wavelength range of XSH is particularly suitable to
infer the IMF slope at its low-mass end, which represents one

2 This definition is given in Tortora et al. (2016). Note however that
different studies have adopted slightly different criteria on masses and
sizes to define compact galaxies and UCMGs.

of the main pillars of the project. In fact, a very wide wavelength
interval (also covering the near-infrared where cold dwarf stars
contribute up to 30% of the stellar light (Worthey 1994)) is cru-
cial in breaking the stellar population degeneracies between vari-
ations in age, metallicity, elemental abundances, and IMF slope
(Spiniello et al. 2014; La Barbera et al. 2019).

In the following sections, we describe how the relic candi-
dates targeted by the INSPIRE project have been selected, and
we give some details regarding the strategy and the current sta-
tus of the observations. The full sample will be presented in
the first INSPIRE Data Release, expected at the beginning of
2021, where we will also describe in more detail the main goals
and scientific objectives of the project. Constraints on the IMF
will be presented in a dedicated forthcoming publication, since
this requires very careful treatment of the telluric atmospheric
absorption lines in the infrared, and possibly a more sophisti-
cated approach to the stellar population analysis.

2.1. Sample definition

With a dedicated collaboration project, our team has started a
systematic census of UCMGs in the redshift range 0 < z < 0.5
within the KiDS footprint. Thanks to its exquisite image qual-
ity (angular scale of 0.21′′/pixel and a median r-band seeing
of ∼0.65′′; Kuijken 2011; de Jong et al. 2015), KiDS is opti-
mally suited for the purpose of carrying on a complete census of
these ultra-compact systems. In Tortora et al. (2018b, hereafter
T18), we presented ∼1000 candidates, with Re ≤ 1.5 kpc and
M? ≥ 8 × 1010, collected from the first 333 deg2 of KiDS (DR3,
de Jong et al. 2017).

We also recently started a programme to spectroscopically
confirm these candidates using public spectra from the literature
(2DFLenS, SDSS, and GAMA) as well as new spectroscopy.
We currently confirmed ∼100 of them (T18 and Scognamiglio
et al. 2020, hereafter S20). Although these spectra allowed us to
estimate the redshifts and thus confirm the extragalactic, ultra-
compact, and massive nature of these objects, their S/Ns were
too low to use them for any stellar population analysis.

We built the largest sample of spectroscopically confirmed
UCMGs at redshifts 0.1 < z < 0.5. This redshift range is an
important link between the very small sample of ultra-compact
galaxies in the local Universe and the large population of high-
redshift red nuggets. In particular, it represents a sweet spot
where it is possible to survey larger volumes with large-sky pho-
tometric surveys but also to target the candidates with spectro-
scopic surveys/facilities (Damjanov et al. 2013, 2014, 2015a;
Buitrago et al. 2018), as they are brighter than the higher-z
counterparts. Currently, this is the only way to enable statistical
studies of structural, dynamical, and environmental properties of
UCMGs (see e.g., Damjanov et al. 2015b; Tortora et al. 2020).

Among the ∼100 spectroscopically confirmed UCMGs, half
of them have broad-band colours consistent with old stellar pop-
ulations, typical of red and dead galaxies. To show this, and thus
select the optimal relic candidates, we compared the UCMG’s
g − i colours to those of single-burst stellar population models
from Bruzual & Charlot (2003). We then only selected objects
consistent with a formation epoch that occurred at least 8 Gyr
ago (also allowing for super- and sub-solar metallicities), as
visible from Fig. 1, where the g − i colour (in the observed-
frame) is plotted against the redshift. Blue points in the figure
are the ∼100 UCMGs for which we have spectroscopic redshifts
available. The systems selected for the INSPIRE ESO LP are
plotted in green, while the three magenta diamonds show the
position of the three systems that we study in this pilot paper, as
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Fig. 1. g− i colour plotted versus redshift for the spectroscopically con-
firmed UCMGs in KiDS (∼100, T18; S20). The relic candidates, targets
of the XSH INSPIRE LP, are plotted as green points. The three objects,
which are the focus of this study, are plotted as magenta diamonds. Blue
points are UCMGs from T18 and S20 consistent with younger stellar
ages. Two out of the three confirmed relics of F17 are plotted as yellow
triangles (colours are taken from the SDSS DR16). Lines show single-
burst old stellar population models (Bruzual & Charlot 2003) with solar
(Z = 0.02, solid lines), sub-solar (Z = 0.008, dotted), and super-solar
(Z = 0.05, dashed) metallicity and ages of 12 Gyr (black) and 8 Gyr
(red).

described in Sect. 3. Finally, the yellow triangles show the posi-
tions of two of the three confirmed local relics in F17 (NGC1277
and PGC 032873) that are also in the SDSS footprint. For these
objects, the g− i colour is computed using the ‘modelMag’ from
the SDSS DR16 (Ahumada et al. 2020). Unfortunately, the third
relic in F17 (Mrk 1216) is not in the SDSS footprint and thus we
do not have magnitudes available for this object.

The 52 INSPIRE targets span a very wide range in right
ascension and declination (i.e. the optimum observability from
Paranal spread over a full year) and are all brighter than 20 mag
in the r-band. Since the effective radii of the galaxies are very
small and there is no possibility to spatially resolve them from
the ground (without adaptive optics), we required relatively
‘poor’ conditions for the observations (seeing up to 1.2′′, CLR
nights, grey lunar phase up to a Moon FLI of 0.6). This increased
the efficiency of the service mode under a LP.

For all 52 systems, we have multi-band optical photometry
available from the KiDS (DR3) catalogue, structural parameters
derived in Roy et al. (2018) and spectroscopic redshifts retrieved
from the literature (from SDSS, Ahn et al. 2012, 2014; 2dFLenS,
Blake et al. 2016; GAMA, Driver et al. 2011) or calculated
through new spectroscopic observations presented in previous
papers of our group (T18 and S20).

These UCMGs are the optimal relic candidates: they have
been confirmed to be massive (M? ≥ 6 × 1010 M�) and compact
(Re ≤ 2 kpc) extragalactic objects and are consistent with hav-
ing passive stellar populations. We note that the size and mass
selection criteria used here to select relic candidates are slightly
more relaxed than those used for UCMGs in T18 and S20. In
fact, these systems were originally selected to have Re ≤ 1.5 kpc
and M? ≥ 8×1010 M� on the basis of their photometric redshifts.
However, after recomputing these quantities using the spectro-
scopic redshifts instead, some sizes (stellar masses) resulted to

Fig. 2. Stellar mass-size relation for high-z nuggets (black points, from
Szomoru et al. 2012), the F17 local relics (yellow triangles), and the
relic candidates targeted by INSPIRE (green points and magenta dia-
monds), compared to the relation for normal SDSS ETGs (grey line,
from Shen et al. 2003). By selection, all UCMGs are clear outliers of
the local stellar mass-size relation, and high- and low-z systems lie on
the same region of the diagram.

be slightly larger (smaller) for some objects, which could still
be interesting, on the basis of their stellar population proper-
ties. Because the validation of UCMGs is based merely on the
measured values, without taking into account any uncertainties
(which in some extreme cases, i.e. for very small radii, can be
as high as 50–80%: see e.g., T18), and we need to build a statis-
tically large sample, we relaxed both the compactness and mas-
siveness thresholds. Thus we selected, for the XSH Proposal,
galaxies with Re < 2 kpc3 and M? ≥ 6 × 1010 M�.

All these objects have similar or slightly smaller sizes and
masses than the three confirmed local relics of F174 and high-
z red nuggets, and they lie below the mass-size relation defined
from normal-size ETGs of equal masses at similar redshift (Shen
et al. 2003; Roy et al. 2018), as can be seen from Fig. 2. In terms
of their morphology, like the confirmed local relics, the majority
of the INSPIRE targets show compact elongated disk-like shapes
typical of the massive galaxy population at redshifts z > 2 (F17;
van der Wel et al. 2011). Finally, the KiDS images, which usually
go as deep as 26 mag arcsec−2 in the r-band surface brightness
(see Fig. 3 in T18), do not seem to reveal signatures of tidal tails,
asymmetries, or any other features that could indicate any past
or current interaction or stripping (see Fig. 2 in T18 and Fig. 1
in S20)5.

3 We note that this also better aligns our size criterion to that used for
the three confirmed relics of F17 and other papers in the literature.
4 We note that by adopting an upper size threshold of Re = 1.5 kpc,
T18 selects only the most compact objects. By relaxing this criterion,
we would most likely have found a few more objects as massive as the
three F17 galaxies.
5 One of our targets, J0847+0112, is in the wide layer of the Hyper
Suprime-Cam Subaru Strategic Program of the GAMA survey (https:
//hsc.mtk.nao.ac.jp/ssp/survey/). Also in this case, from the
publicly available deep multi-band images (r ∼ 26 mag) of their DR2,
we do not detect any prominent structure. However, a hint of a very
faint small tidal feature east of the galaxy can be seen in the i-band.
Further investigation on the possible nature of this feature (likely some
background sources at higher redshift) will be performed in the future.
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2.2. Observation strategy and current status

The observing strategy was set to be the same for all the sys-
tems: we chose slit widths of 1.6′′, 1.5′′, and 1.5′′, respectively
for UVB, VIS, and NIR to ensure minimal slit loss. The XSH
slit length is 11′′, which ensures that we cover within the slit
a region far enough from the galaxy, allowing us to perform a
proper sky subtraction. For this purpose, we used a dithering
scheme (in the NODDING MODE) with multiple frames where
the galaxy is offset by a small amount from the centre of the slit
(jitter box of 0.2′′ along the slit width and a shift of 2′′ along the
slit length). The position angle (PA) was always aligned with the
major axis of the galaxies, which was inferred from the r-band
KiDS images.

We scheduled from 1 to 4 OBs (of one hour each) per sys-
tem, based on their surface brightness luminosities (obtained per-
forming a Seŕsic fit) averaged within the effective radius (〈µe〉)
and aperture magnitudes in the r-band (obtained from the KiDS
catalogue). To determine the integration times for each target,
we used the ESO XSH exposure time calculator with a template
spectrum of an elliptical galaxy and testing both an extended
spatial distribution and a point-like source, since our objects are
very compact on the sky (r-band Re ∼ 0.2−0.6′′). In particu-
lar, the integration times are driven by the quality of the spectra
we need to reach in terms of S/N, in order to achieve the scien-
tific goal of accurately constraining the integrated stellar popu-
lation parameters, including a precise estimate of the stellar IMF
slope. Based on our previous experience and on literature results
(Cid Fernandes et al. 2014; Ge et al. 2018; Costantin et al. 2019),
an integrated S/N ≥ 15 per Å allows the recovery of stellar
age, metallicity, and [α/Fe] with uncertainties smaller than 0.1
dex (using both full-spectral fitting with single stellar population
modelling and line index measurements), and thus the confirma-
tion of the relic’s nature. However, a much higher S/N (>40 per Å,
based on our experience) is required, at least in the NIR, to also
properly infer the low-mass end slope of the IMF (see e.g., La
Barbera et al. 2019). For this purpose, XSH is the ideal instru-
ment since its very large wavelength baseline allows one to break
the degeneracies between the stellar population parameters and at
the same time obtain a secure and precise constraint (with 10%
accuracy) on the low-mass end slope of the IMF. We will con-
strain the IMF, fitting the full UVB-to-NIR wavelength range (at
least for the objects with the highest S/N spectra) in a forthcoming
paper of this series since this requires a more careful analysis of
the infrared spectrum. In this way, we will be able to draw a sce-
nario to explain the different observations derived for relics and
normal-size galaxies. At the time of writing, the first period of
observations (ESO-P104) has concluded, and 42 hours of obser-
vations have been carried out on 17 galaxies.

The first INSPIRE Data Release, and the associated dedi-
cated paper, comprising all the spectroscopic observations car-
ried on during the first semester (running from October 2019
until March 2020) is planned for the first half of 2021. Mean-
while, to test our observations, data reduction, and analysis
strategy, we present here the initial results for a pilot study
focusing on three systems, representative of the whole sample,
and for which the spectroscopic observations have already been
completed: KiDS J0224−3143, KiDS J0314−3215, and KiDS
J0847+0112.

Another necessary step, which is the subject of ongoing
work, is the correction of the telluric atmospheric absorption
lines, which severely affect the red part of the VIS and the
NIR arms. Therefore, for the moment, we limit the analysis to
the UVB and blue part of the VIS (from ∼350 to ∼650 nm),

which is sufficient to derive the line-of-sight velocity distribution
(LOSVD)6 and to break the stellar age-metallicity degeneracy,
and thus constrain the stellar age and metallicity from full spec-
tral fitting and α abundance from line indices with uncertainties
smaller than 10%.

3. The INSPIRE pilot study: KiDS J0224−3143,
KiDS J0314−3215, and KiDS J0847+0112

Observations for KiDS J0224−3143, KiDS J0314−3215, and
KiDS J0847+0112, to which we gave priority to test our strat-
egy, data reduction, and analysis routines, were completed in
2019. We highlight that these three objects are representative
of the whole sample as they span a relatively wide range in
redshift, stellar masses, sizes and magnitudes. In particular,
KiDS J0224−3143 is the most massive system in our sample
(M? = 2.7 × 1011 M�), and among the galaxies with the high-
est redshift (z = 0.3841 ± 0.0001, corresponding to a Universe
that is 9.5 Gyr old7) KiDS J0314−3215 is slightly less mas-
sive and closer (z = 0.2874 ± 0.0001, when the Universe was
10.4 Gyr old), but it is one of the smallest systems in the cur-
rent sample, with an effective radius of only Re = 0.65 kpc,
corresponding roughly to 0.16′′ on the sky (a single pixel in
XHS). Finally, KiDS J0847+0112 is brighter than the other two
(magr = 18.41 mag), and it is one of the INSPIRE galaxies with
the lowest redshifts (z = 0.1764 ± 0.0001, when the Universe
was 11.5 Gyr old).

The main morpho-photometric characteristics of these three
objects are listed in Table 1. The first block (separated by verti-
cal lines) gives the KiDS ID and the coordinates of the objects;
the second block lists a number of properties derived from the
r-band KiDS images (shown in Fig. 3), which is the band with
the best resolution and seeing from KiDS. In particular, we
list the total magnitude (MAG_AUTO, in the KiDS catalogue,
which is obtained from sextractor, Bertin & Arnouts 1996)
and the average surface brightness within the effective radius in
the r-band. We also give the effective radius, Re, Sérsic index,
n, and axis ratio, q, always in the same band and calculated
fitting a PSF convolved Sérsic profile to the images with the
code 2dphot (La Barbera et al. 2008). These latter two quan-
tities demonstrate that the objects are bulge-dominated but elon-
gated, thus hinting at a disk-like shape (see also T16; T18; S20).
Finally, in the last block, we provide the spectroscopic redshifts,
the median (of the values for g, r and i bands) effective radii con-
verted into kpc, and the associated stellar masses as derived in
S20.

Quantities that refer to the XSH observations are given in
Table 2. These include the position angle, PA, which is always
aligned with the photometric major axis, the final exposure time
on target, the median seeing of the observations, and the spec-
troscopic redshift directly inferred from the XSH final spectra.
The redshifts we derive from these new spectra are qualitatively
consistent (within 5%) with those derived in T18 (and reported
again in S20) for the first two galaxies, but more reliable thanks

6 Here we limit the analysis to the first two moments of the LOSVD,
namely velocity and velocity dispersion, but we note that the final S/N
of the spectra, as well as the covered wavelength range are good enough
to get a reliable estimate of the higher Gauss-Hermite moments, h3 and
h4, representing skewness and kurtosis, respectively. These will be pre-
sented in the data release 1 paper, already in preparation.
7 The age of the Universe has been calculated using Ned Wright’s
Javascript Cosmology Calculator (http://www.astro.ucla.edu/
%7Ewright/CosmoCalc.html) and assuming general cosmology with
Ωvac = 0.714.
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Table 1. Structural and spectral parameters of the three relic candidates that we study in detail in this paper as part of the pilot study of the INSPIRE
project.

KiDS RAJ2000 DecJ2000 nr qr magr 〈µe〉 r Re r zspec 〈Re〉 M?

(deg) (deg) (AB) (AB) (′′) (kpc) (1011 M�)

J0224−3143 36.090266 −31.724492 6.5 0.39 19.25 17.98 0.25 0.3853 1.54 2.7
J0314−3215 48.594256 −32.263268 6.36 0.38 19.57 16.98 0.15 0.2888 0.65 1.0
J0847+0112 131.911239 +1.205713 4.38 0.25 18.41 18.69 0.47 0.17636 (∗) 1.36 0.98

Notes. The first three columns show the ID, right ascension, and declination of the objects. The central block lists their morpho-photometric
characteristics derived from the KiDS r-band images shown in Fig. 3. The last three columns list quantities derived in S20. (∗) Derived from
GAMA.

KiDS J0314-3215 KiDS J0847+0112KiDS J0224-3143

10” E

N

Fig. 3. Cutouts of 1′ × 1′ of the KiDS r-band images for the three relic candidates that we study in this paper. Spatial scale and image orientation
are common to all the cutouts and are shown in the first and third panels, respectively.

Table 2. Summary of spectroscopic observations.

KiDS P.A. Exp.T. Median zXSH
(degrees) (sec.) Seeing (′′)

J0224−3143 310.9 11240 1.2 0.3841
J0314−3215 263.4 8430 0.8 0.2874
J0847+0112 314.4 5620 1.1 0.1764

Notes. We list: ID, position angle of the slit, final exposure time on
targets, median seeing, and inferred redshift of the three relic candidates
studied in this paper.

to the better quality of the new spectra. For J0847+0112, the red-
shift estimate we compute is consistent with the one inferred by
the GAMA Survey (z = 0.17636).

3.1. Data reduction and extraction of the 1D spectra

The data has been reduced with the ESO XSH pipeline (v3.3.0)
under the EsoReflex workflow (Freudling et al. 2013) until the
production of the 2D flux-calibrated spectra. The extraction of
the 1D ones, which is described in more detail below, was instead
performed making use of IDL and Python routines specifically
developed for the purpose.

As mentioned before, the spatial resolution of XSH is not
good enough to resolve such compact objects. In fact, in all the
cases, the effective radii in arcseconds (0.25′′, 0.15′′, and 0.47′′

in the r-band for KIDS J0224−3143, KiDS J0314−3215, and
KiDS J0847+0112, respectively) are much smaller than the see-
ing (which varied from ∼0.8′′ to ∼1.2′′ for these three systems).
In the extreme case of KiDS J0314−3215, the half-light radius is
comparable to a single detector pixel. This means that the spec-
tra are completely seeing dominated. Thus, the most meaningful
approach to compare the galaxies with each other is to try to
extract the spectra from an aperture that contains more or less
the same fraction of light for the three objects, given the see-
ing during observations and their surface brightness profiles. We
therefore used the following procedure: (i) we extracted the sur-
face brightness profiles of the three objects directly from the 2D
spectra (collapsing the 2D frame in the dispersion direction and
assuming spherical symmetry); (ii) we integrated these profiles
up to the radius where the flux reaches the null value, which we
consider as the radius containing the total light; (iii) we com-
puted the same integral for different apertures (i.e. integrating
only up to smaller and smaller radii); and (iv) we took the ratio
between these integrals and the total one to obtain the fraction of
light as a function of the aperture radius.

We find that extracting from a fixed aperture of r = 0.4′′,
corresponding to the five innermost central pixels, roughly cor-
responds to 30% of the total light for all three objects8. With
this aperture, we maximise the S/Ns of the extracted spectra and
make sure to probe a region dominated by baryons. This strategy
will be revised in the forthcoming papers of this series, where

8 This percentage varies from 0.27 to 0.35 according to the different
seeing values of the various OBs.
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we will also test an optimal extraction procedure, which should
allow us to further increase the final S/N of the 1D spectrum
(Naylor 1998) by ∼10%.

Before extracting the spectra, we applied a simple clipping
procedure to identify and interpolate the bad pixels, cosmic ray,
and sky residuals directly on the 2D frames of each single expo-
sure for each arm. On average, we only interpolate ∼4% of the
total pixels. We then performed the 1D extraction for each OB,
in each arm separately, over an aperture of ±0.40′′ centred on the
photometric centre of the object (the pixel with the largest flux),
which was chosen to maximise the S/N of the final spectra. We
also ran the code MOLECFIT (Smette et al. 2015; Kausch et al.
2015) on the VIS arm9. Then, we obtained a final spectrum for
each system in each arm, summing the spectra relative to differ-
ent OBs, weighted for their corresponding errors. Finally, after
extracting and summing, we joined together the UVB and VIS
final spectra for each galaxy, as described in the next section.

3.2. UVB and VIS combination

To correctly infer the stellar population parameters, it is cru-
cial to analyse a sufficiently large wavelength range. This is
the only way to break the age-metallicity (Worthey 1994) and
metallicity-[α/Fe] degeneracy (e.g., Spiniello et al. 2014) and
study how these stellar population parameters correlate with
galaxy masses (Spinrad 1962; Frogel et al. 1978; Faber & French
1980; Cenarro et al. 2003) or other morpho-photometric char-
acteristics and environments (Trager et al. 2000, 2008; Trager
2006). For this reason, we need to combine the UVB and VIS
arms, in order to simultaneously fit a larger number of stellar
absorption features arising from different chemical species (e.g.,
CaK, CaH, G4300, Mg, Fe, Na, Balmer lines, TiO). However,
since the two spectra from the two different arms of XSH have
different nominal resolutions (RVIS = 5000, RUVB = 3200), a
spectral convolution needs to be performed in order to bring
the VIS and UVB spectra to the same final resolution, before
combining the two sections. For this purpose, we first shifted
the spectra to the rest-frame wavelength and then convolved
each spectrum with a Gaussian function with a variable sigma
(following the prescription of Cappellari 2017). The kernel of
the Gaussian broadening function is computed as follows:

kernel(λ) = exp
(
−λ2

2 η(λ)2

)
, (1)

where λ is the wavelength measured in Å and η is defined as

η(λ) =

√
FHWM2

fin − FHWMXSH(λ)2

2.3548
, (2)

with a full width half maximum FWHMXSH = λ/Rarm for each
arm, and FWHMfin = 2.51 Å at the restframe wavelength. This
latter final value was chosen to be equal to that of the stellar tem-
plates and the single stellar population models used in the next
section. The final combined 1D spectra are plotted in Fig. 4 in
units of 10−17 erg s−1 cm−2 Å−1 and at rest-frame wavelength. In
the figure, red dashed lines highlight the stellar absorption lines,
typical of ETGs, which are used to derive stellar kinematics and

9 We note that the telluric correction we applied here must be further
improved, especially at wavelengths redder than 7000 Å, which are not
used in this paper. A more accurate correction will be performed in
the redder part of the VIS and in the NIR in forthcoming publications
presenting the full INSPIRE data and the inference on the IMF.
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Fig. 4. Final 1D spectra extracted from an aperture of five pixels (±0.4′′
from the photometric centre) for the three systems presented in this pilot
paper, from the one at highest redshift (KiDS J0224−3143, top panel) to
the one at the lowest redshift (KiDS J0847+0112, bottom panel). The
spectra are plotted in rest-framed wavelength and fluxes (in units of
10−17 erg s−1 cm−2 Å−1). Red dashed lines highlight the stellar absorp-
tion lines, typical of ETGs, that are used to derive stellar kinematics
and population parameters. Grey vertical shaded boxes show the regions
where the UVB and VIS spectra were joined for each system. The pur-
ple boxes show regions contaminated by telluric lines that we corrected
with MOLECFIT.

population parameters in the next sections. Grey vertical shaded
boxes show the regions where the UVB and VIS spectra were
joined, while purple ones show the region contaminated by tel-
luric lines that we corrected with MOLECFIT. To avoid possible
problems of flux calibration at the boundaries of the two arms,
we manually assigned a very large error to these pixels so that
they would not be considered in the stellar template fitting pro-
cedure described in the next sections.

We infer the final S/N in the central part of the final spec-
tra, from a region of 500 Å, centred around the Mgb and Fe5270,
Fe5335 absorption lines (5000–5500 Å rest frame). The result-
ing values are reported in Table 3. We note that, for two of the
objects, the resulting S/Ns are slightly lower than expected. For
the next semester of XSH observations (P105), we revised the
integration times on the basis of the results obtained from these
three spectra.

3.3. Stellar kinematics

The stellar velocity and velocity dispersion were derived
using the Penalised Pixel-fitting software (pPXF; Cappellari &
Emsellem 2004; Cappellari 2017). In particular, we used the lat-
est python version of pPXF, v7.2.010.

As suggested by the author of the code, to fit the kinemat-
ics we used an additive Legendre polynomial but did not use

10 The package is available here: https://pypi.org/project/
ppxf/
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Table 3. Final results of the kinematics pPXF fit obtained with ADEGREE = 20 and MDEGREE =−1 in the spectra range between 3500–6500 Å
and a comparison with the results presented in S20 (last five columns, separated by a vertical line).

KiDS V∗ σ? χ′2 SNR ID S20 SNRS20 SNRGAMA σ?,S20 σ?,GAMA

(km s−1) (km s−1) (5000–5500 Å) (3600–4600 Å) (4500–6500 Å) (km s−1) (km s−1)

J0224−3143 −2 ± 4 259 ± 4 0.94 31 41 3.69 211 ± 40
J0314−3215 6 ± 4 183 ± 4 1.00 19 45 3.09 195 ± 46
J0847+0112 −23 ± 4 250 ± 5 0.98 15 L4 15.56 276 ± 7

Notes. We note that the S/N is calculated around the Mgb for the XSH spectra, in a bluer region in S20 and over a larger wavelength window
([4500–6500] Å) for the GAMA spectrum of KiDS J0847+0112. The velocity dispersion of the GAMA spectrum is computed using pPXF in the
same configuration used for the XSH spectra. The uncertainties on the XSH velocity and velocity dispersion values are computed as standard
deviation of the distributions shown in Fig. 5, whereas the central values are obtained with the best configuration.

any multiplicative ones. This approach helps to correct the con-
tinuum shape during the fit, which is only performed to obtain
the two first moments of the Gauss-Hermite series (velocity and
velocity dispersion). The final chosen grade for the polynomial
additive degree is 20, but we investigate the impact of a different
choice in the Appendix A.

The fit was performed between 3500–6500 Å, where strong
stellar absorption lines are present (CaK, CaH, Hγ, G-band,
Hβ, Fe, Ca, Mg, NaD, see Fig. 4). During the fit, we carefully
set the good-pixel region by hand, manually masking out the
region where the UVB and VIS spectra were joined (i.e. the
grey regions in Fig. 4) and assigning larger errors to the regions
where the deepest telluric line in the optical range was removed
by MOLECFIT (i.e. purple regions in Fig. 4). In addition, we
also used a sigma clipping method similar to that described in
Cappellari et al. (2002). In practice, we ran the fit for the first
time and selected all the galaxy pixels that deviated more than
3 sigma, in terms of the RMS11, from the best fitting template
spectrum. We then repeated the fit a second time with the same
parameters as before but masking out all the pixels selected dur-
ing the previous step.

To fit the LOSVD, we did not apply any linear regularisation
to the weights of the stellar templates (i.e. we set the correspond-
ing keyword in pPXF REGUL = 0), which are instead tested to
recover the stellar populations, as described in Sect. 3.4, and, in
more detail, in Appendix C.

As stellar templates for fitting the velocity and velocity dis-
persion, we tested both single empirical stars and single stellar
population (SSP) models. We thus verified that the kinematical
results do not depend on the template sets used for the fit. In
particular, as empirical stars, we employed the full MILES stel-
lar library, which consists of 985 stars spanning a large range in
atmospheric parameters (Sánchez-Blázquez et al. 2006; Falcón-
Barroso et al. 2011). The spectra cover the 3525–7500 Å range
and have a spectral resolution of FWHM = 2.51 Å12. As SSPs,
we instead used the MILES models by Vazdekis et al. (2015)
with a bimodal stellar IMF with a fixed slope of Γ = 1.3 and
BaSTI theoretical isochrones13. The stellar population parame-
ters of the models, which are also used to study the stellar pop-
ulations of the three galaxies, are described in more detail in the
next section.

11 We note that for the fit we do not use the noise provided by the
pipeline but an RMS-noise-computed smoothing the spectra with a
medial filter with a kernel of 13 pixels.
12 The MILES library, v9.1, is available on the project’s website:
http://research.iac.es/proyecto/miles/pages/stellar-
libraries/miles-library.php
13 http://www.oa-teramo.inaf.it/BASTI

The result of the kinematics fit obtained with the SSP models
is listed, for each galaxy, in Table 3. We note that, since the spec-
tra are in the rest-frame wavelength, the velocity that we quote,
which is the systemic velocity relative to the nominal redshift
of the system, should be consistent with zero. In the same table,
we also list the S/N calculated around the Mgb, summing up the
fluxes between 5000 and 5500 Å and dividing them by the sum
of the errors over the same range and the reduced χ2 of the fit.
We do not list the results obtained with stars, but these are always
consistent within a 1-sigma error with those obtained using SSP
models.

Uncertainties on the estimated values for the LOS kinemat-
ics due to: i) a variation of the additive polynomial; ii) the use of
different templates; and iii) re-scaling of the noise are taken into
account, on top of the random errors given in output by a single
fit. For this purpose, we developed a semi-automatic routine that
repeats the fit multiple times, following a classical Monte Carlo
perturbation. In particular, the routine simulates the observed
spectrum 256 times, pixel by pixel, each time adding a random
noise generated using a Gaussian distribution with the observed
flux at that pixel as central value and the RMS noise as standard
deviation. Then, we ran the fit on these 256 new spectra, var-
ied the grade of the additive polynomial between 16 and 24 (±4
from the optimal value), and rescaled the noise by a constant fac-
tor in order to maintain the reduced χ′2 between 0.9 and 1.114.
Hence, in this way, we obtained a distribution of velocity and
velocity dispersion measurements with associated uncertainties,
which are shown in Fig. 5. The final quoted values of the uncer-
tainties listed in Table 3 were then computed as standard devi-
ations. The central values that we report are instead the values
obtained from the original observed spectrum using the best-fit
configuration (minimum χ2, ADEGREE = 20).

An estimate of the stellar velocity dispersion at the effective
radius for two of these three objects was already presented in
S20. Given the much lower S/N of the spectra used in that paper,
the resulting uncertainties on the values were, of course, much
larger than the ones inferred here. Nevertheless, the values are
very close to each other for KiDS J0314−3215, and within 1.5σ
error for KiDS J0224−3143. KiDS J0847+0112 has been tar-
geted by the GAMA Survey. We downloaded the GAMA spec-
trum and calculated the velocity dispersion using pPXF with the
same configuration. Also in this case, the result is in fair agree-
ment and consistent within 2σ errors. The values of the velocity
dispersion presented in S20 (and GAMA) from the low-quality
spectra are listed in Table 3, along with the S/N and the ID of the
objects.

14 The χ′2 is equal to the χ2 divided by the degree of freedom, which is
equivalent, in this case, to the number of good pixels, Ngood pixels.
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Fig. 5. Distribution of velocities and velocity dispersions computed
repeating the kinematical fit 256 times, changing the parameters and
setup, as described in the text, to estimate the uncertainties associated
with velocity and velocity dispersion. The values reported in Table 3
are instead those obtained with the best-fit configuration on the original
observed spectrum.

3.4. Stellar populations

As already stated, our working hypothesis is that relics are galax-
ies that have been formed via a short and intense star formation
‘burst’ during the first phase of the formation scenario proposed
for massive ETGs, and then have evolved passively and undis-
turbed ever since. As such, they should ideally not have any signs
of recent star formation episodes and be well represented by a
single, very old stellar population with super-solar α abundance
and metallicity. The large [α/Fe] originates because the quench-
ing of the star formation occurs before Type Ia supernova explo-
sions can pollute the interstellar medium with iron (e.g., Gallazzi
et al. 2006, 2014; Thomas et al. 2005).

The super-solar metallicity is expected, because these objects
are relatively massive, and thus, following the mass-metallicity
relation (e.g., Gallazzi et al. 2005), one would expect that they
are populated mainly by metal-rich stellar populations.

Furthermore, pPXF allows one to extract distributions only
in the 2D parameter space defined by age and metallicity, thus,
for an estimate of [α/Fe], we took a different approach. We first
inferred the [α/Fe] via line-index measurements and then ran
the full-spectral fitting code using only models with the ‘right’
value of [α/Fe] for each system. In detail, we used the SPIN-
DEX code from Trager et al. (2008) to calculate the line-index

Fig. 6. Line-index inference on the [α/Fe] abundance of the relic can-
didates. In this index-index plot, the classical Mgb index (Trager et al.
2008) is plotted against the Fe24 index, which is the mean of the 24 iron
lines present in the spectral range we considered here (3500−6500).
The grid represents the strengths of MILES SSP models with varying
metallicity (dotted) and [α/Fe] (solid; we colour-coded – in black – the
original models and – in green – the interpolated ones), as indicated in
the plot but with a fixed age of 10 Gyr. To show the effect of a varying
age, which does not affect the inference on [α/Fe], we also plot younger
models with an age of 5 Gyr with less thickness. Black arrows in the
top left of each panel indicate the direction in which the model grid
will move if the corresponding parameters increase. Both galaxies and
SSP line strengths are calculated after convolving the spectra to a final,
common resolution of σ = 270 km s−1.

strengths of the Mgb and the many iron (Fe) lines present in the
wavelength range at our disposal. We then produced the classi-
cal Mgb-Fe index-index plot, which allowed us to obtain an esti-
mate of the [α/Fe] and a first guess of the total metallicity for the
three objects. To minimize the error bars and obtain a constraint
that was as secure as possible, and as independent as possible
on other elemental abundances (e.g., [Ti/Fe], as for Fe5015), we
took the mean of 24 different iron lines,15 creating the Fe24 index
that is plotted on the x-axis in Fig. 6. We overplotted the line
strengths obtained from MILES SSP models with varying total
metallicity and [α/Fe] and two different fixed values of the age
(10 and 5 Gyr). Both galaxies and SSP spectra were smoothed to
a common resolution of σ = 270 km s−1 before the indices were
computed.

Given that the publicly available version of the MILES mod-
els only allows for two different [α/Fe] abundances (0.0 and 0.4),
we linearly interpolated the models between these values (for
each different age and metallicity values) to build a finer grid
(∆ = 0.1). The interpolated models are plotted in green, while
the original ones are plotted in black. We simply assumed the
one of the closest models as the [α/Fe] value and assigned an
error bar equal to the step between the models (0.1).

By making use of pPXF, we constrained, at this point, the
mass-weighted stellar age and metallicity for the three relic
candidates, after fixing the [α/Fe] to the value read from the
index-index plot. We ran the fit using only SSP models with

15 Fe3619, Fe3631, Fe3646, Fe3683, Fe3706, Fe3741, H10Fe, FeBand,
Fe4033, Fe4046, Fe4064, Fe4326, Fe4383, Fe4457, Fe4592, FeII4550,
Fe4920, Fe5015, Fe5270, Fe5335, Fe5406, Fe5709, Fe5782, and
Fe6497. The band-pass definition and reference for all the indices can
be found on the MILES SSP website (http://research.iac.es/
proyecto/miles/).
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Each panel shows the galaxy spectrum (black) with the best-fit stellar template (red) overplotted on it. The residuals for the good pixels are shown
in green; blue lines are the pixels that have been masked out via our sigma-clipping routine, while grey shaded regions have been excluded from
the fit by hand.

[α/Fe] = 0.2 for KiDS J0847+0112 and of 0.3 for the other two
systems as templates, but, given the error bars from Fig. 6, we
tested the impact that changing the [α/Fe] has on the kinematics
and on the stellar populations in Appendix B.

This time, again following the prescriptions given within the
code documentation, we remove the additive polynomial (ADE-
GREE =−1), which could affect the line strength of the spectral
features, and use a multiplicative one instead (MDEGREE = 10,
but we tested the impact of this assumption on the results in
Appendix A).

As starting guess for velocity and velocity dispersion, we use
the values obtained in Sect. 3.3, which are also listed in Table 3.
The fitting results for KiDS J0224−3143, KiDS J0314−3215,
and KiDS J0847+0112 are plotted in Fig. 7. The galaxy 1D

spectrum is plotted (in rest-frame wavelength) in black, and the
best-fit template is overplotted in red. The residuals of the fit are
shown in green; blue lines are the pixels that have been masked
out via our sigma-clipping routine, while grey shaded regions
have been excluded from the fit by hand because they correspond
to tabulated emission or sky lines (as highlighted on the top x-
axis of the panel).

We note that the velocity dispersion values obtained with
this new pPXF setting are slightly lower, but overall consis-
tent (within 2σ uncertainties), with those given in the previous
section (given in Table 3). The impact of performing the fit with
α-enhanced SSP models is described in the Appendix B.

Furthermore, using the same semi-automatic routine already
employed to estimate the errors on the kinematic parameters,
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Fig. 8. Histograms of the distribution of mass-weighted mean ages and
metallicities inferred when repeating the fit 256 times; changing the
parameters, the set-up, and the regularization, as described in the text.
These distributions were only used to estimate the uncertainties on the
values reported in Table 4. The mean ages ([M/H]) of the distributions
shown here are not identical to the values found with the best possible
setup (listed in the table) but do not differ by more than 1 Gyr (0.04 dex).

we also obtain a realistic estimate of the standard deviation on
the stellar population parameters. We repeated the fit 256 addi-
tional times on each spectrum (i.e. for each system) at every run,
randomly simulating a new spectrum according to the 1σ RMS
noise level obtained during the first fit, changing the MDEGREE
from 6 to 14 (±4 from the chosen value) and the regularization
from 0 to MAX_REGUL. The distribution of the different mean-
ingful values of the age and [M/H] for each galaxy are plotted in
Fig. 8. The standard deviation of each distribution is assumed
as uncertainties on the values listed in Table 4. We note that we
only used this procedure to compute the standard deviation on
the central values of the mass-weighted stellar population param-
eters, which were instead calculated in the best possible config-
uration (producing the best χ′2 and with MDEGREE = 10).

We performed the stellar population fit in two different ways:
once fixing the regularisation parameter to null (REGUL = 0),
and a second time considering instead the maximum regular-
isation still consistent with the galaxy spectrum and its S/N
(MAX_REGUL). Hence, with MAX_REGUL, the derived star
formation history (SFH) is the smoothest (minimum curvature
or minimum variation) one still consistent with the spectral
observations. On the other hand, with REGUL = 0, the derived
SFH gives a much larger weight to a much smaller number
of templates, thus possibly discarding secondary star forma-
tion episodes. Considering these two extreme cases, is therefore
important to interpret the inferred SFH and draw conclusions
on the ‘relicness’ of the three galaxies, which is discussed in
Sect. 4. Finally, in Appendix C, we describe tests on more val-
ues for the REGUL parameter and study the impact that this has
on the derived stellar population parameters and on the SFH.

To set the MAX_REGUL, we used a total number of SSP mod-
els ranging from 90 to 110, depending on the galaxy, with ages
ranging from 1 to the age of the Universe at the redshift of each
object (9.5, 10.5, and 11.5 for KiDS J0224−3143, J0314−3215,
and J0847+0112, respectively) with steps of ∆t = 0.5 Gyr and
five different total metallicity bins (in terms of the star’s total
metal abundance, [M/H] = {−0.66,−0.25,+0.06,+0.26,+0.04}.
For each galaxy, we only used models with the [α/Fe] value
we estimated from Fig. 6. The MAX_REGUL found for each
galaxy is reported in Table 4. We note that the spectrum
of KiDS J0314−3215 allows for a much smoother solution
(MAX_REGUL = 600) and thus requires a more extended SFH,
with respect to the other two objects. We comment further on
this in the next section.

4. Results

The final results of the pPXF stellar population fitting are
reported in Table 4, both for the unregularised (REGUL = 0)
case and that with the maximum regularisation (REGUL =
MAX_REGUL). In the table, for each system we list the mass-
weighted stellar population parameters with associated uncer-
tainties and also the formation redshifts (zform) for both cases.
Formation redshifts were obtained with ΛCDM general cosmol-
ogy in the following way. First, we calculated the age of the Uni-
verse at the redshift of each galaxy, tuni(zgal), then we subtracted
the age of the Universe at the formation redshift, tuni(zform), and
made it equal to the mass-weighted age estimated from the SSP
fitting (also listed in the table):

tuni(zgal) − tuni(zform) = tSSP. (3)

Finally, we solve for zform.
The stellar population parameters derived for the three relic

candidates analysed here confirm that these objects are indeed
mainly populated by old stars. This is also fully consistent with
our previous findings, based on photometric colours (see Fig. 1)
and low-resolution spectroscopy (T18; S20)16.

4.1. Relic confirmation

In order to assess whether there systems are relics or not, in
Fig. 9, we plot the cumulative stellar mass formed at each time,
starting from the Big Bang (BB). We do so for the main setups
and assumptions we made in the paper (i.e. for the two extreme
regularisation values, assuming the [α/Fe] as computed via line-
index analysis or taking the two extreme [α/Fe] values permitted
by the SSP models.

From the figure, it is clear that KiDS J0847+0112 (bottom
panel) has the most ‘extreme’ star formation history, when con-
sidering all the possible sources of uncertainties due to the differ-
ent configurations and setups. It formed the totality of its stellar
mass at most 2 Gyr after the BB, most likely even before and
over very short timescales (∼0.5–1.0 Gyr), and then it had no
further star formation episodes.

The star formation history of KiDS J0224−3143 (top panel)
is not that different from that of KiDS J0847+0112 for the best
16 We stress that the spectra previously available for two of these three
systems, which showed no signs of emission lines and were typical of
an evolved population, had a very low S/N (∼3 per Å), which prevented
us from performing a detailed stellar population analysis. For KiDS
J0847+0112, the results obtained from the GAMA spectra, of compara-
ble S/N but lower spectral resolution (R ∼ 1300), are in good agreement
with those obtained from the new XSH spectrum.
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Table 4. Results of the stellar population pPXF fit obtained for each galaxy with MDEGREE = 10 and ADEGREE =−1 in the spectra range from
3500–6500 Å, for REGUL = 0 and for REGUL = MAX_REGUL (listed in the table for each system).

KiDS REGUL Age [M/H] χ′2 Age of the [α/Fe]? zform
(Gyr) (dex) Universe (Gyr) (dex)

J0224−3143 0 9.1 ± 0.4 0.24 ± 0.03 0.9920 9.5 0.3 ± 0.1 10.65
J0224−3143 11 8.6 ± 0.4 0.24 ± 0.03 1.0297 9.5 0.3 ± 0.1 6.02
J0314−3215 0 9.1 ± 0.5 0.10 ± 0.04 1.0000 10.4 0.3 ± 0.1 4.65
J0314−3215 600 7.9 ± 0.5 0.10 ± 0.04 1.0267 10.4 0.3 ± 0.1 2.64
J0847+0112 0 11.0 ± 0.3 0.35 ± 0.03 1.0001 11.5 0.2 ± 0.1 9.20
J0847+0112 62 10.6 ± 0.3 0.34 ± 0.03 1.0264 11.5 0.2 ± 0.1 6.04

Notes. The uncertainties associated with the measurements include both the random error obtained directly from the fit and the systematics,
estimated repeating the fit multiple times, changing the configuration and setup, also including the regularization of the fit (always between 0 and
MAX_REGUL). We also list the age of the Universe at the redshifts of the system, the [α/Fe] inferred from the line indices, and the redshift at
which these objects formed. See the text (Sect. 3.4) and Appendix C for more details.

configuration. However, it is fair to highlight that considering
[α/Fe] = 0, which is however very unlikely given the estimate
obtained from the index-index plot, only ∼70% of the stars were
assembled during the first formation episode.

Finally, for KiDS J0314−3215 (middle panel), in the case
of an unregularised fit, one main star formation episode formed
80% of the stars ≤0.5 Gyr after the BB, and then the assem-
bly was completed with another fast (1 Gyr long) episode that
started 2 Gyr after the BB. Considering the unlikely configura-
tion with [α/Fe] = 0, the second star formation burst occurred
instead only 4 Gyr after the BB. However, this galaxy has the
highest MAX_REGUL (600), and thus a much smoother SFH
is compatible with its spectrum too. In the MAX_REGUL case,
the galaxy completed its assembly (i.e. ≥95% of the stellar mass
in place) only ∼5 Gyr after the BB, and therefore we cannot
classify it as a relic. The formation redshift of this object is
also lower than that of the other two, in both the unregularised
(zform,J0314 = 4.65) and the regularised (zform,J0314 = 2.64) config-
urations. However, we note that the majority of the stellar mass
of this galaxy (80%) is characterised by an old and metal rich
population. Thus, we speculate that although this object cannot
be classified as a relic (i.e. having only one short star formation
burst early on in cosmic time), it did not go through a numerous
series of interactions during the second phase of its formation
scenario. This also explains why it is so compact. Finally, for
KiDS J0314−3215, we derived a velocity dispersion value lower
than that inferred for the other two objects. We conclude that this
system might therefore be less massive than we thought, and thus
it might even not classify as a UCMG any longer (not passing the
mass threshold).

Considering the most plausible setups and assumptions,
KiDS J0224−3143 and KiDS J0847+0112 are characterised, for
at least 95% in mass, by stellar populations that are only 1–2 Gyr
younger than the age of the Universe at their redshifts (at z =
0.3841, tUni ∼ 9.5 Gyr and at z = 0.1764, tUni ∼ 11.5 Gyr).
They formed through only one star formation burst at very
high redshifts (zform,J0224 = 10.65; zform,J0847 = 9.20, inferred
from the mass-weighted median ages calculated by pPXF for
the unregularised case and zform,J0224 = 6.02, zform,J0847 = 6.04
for the regularised one) and have a large stellar velocity dis-
persion, a super-solar metallicity and super-solar α abundances.
KiDS J0314−3215, although also mainly characterised by an
old stellar population, has experienced at least two star forma-
tion episodes and reached 95% of the stellar mass ∼4.5 Gyr after
the BB.

We will provide a more rigorous definition of ‘relicness’
when we analyse the full INSPIRE dataset, in future publica-
tions. In summary, we can conclude that two out of three galax-
ies are classified as relics in the sense that they only had one
SF episode, very early on in cosmic time, and they had already
assembled 95% of their total stellar mass 2 Gyr after the BB.

4.2. Comparison with the three local relics of F17

Here we briefly qualitatively compare our findings on the first
two confirmed relics in the nearby Universe (0.15 < z < 0.4)
with the properties of the three local systems confirmed and stud-
ied by F17. As one can see from Fig. 2, in a stellar mass-size
plane, the INSPIRE UCMGs (green points) and the three local
relics of F17 (yellow triangles) lie on the same region, although
our objects are on average smaller but slightly less massive.

In terms of morphology, the two new confirmed relics show a
compact disk-like shape (also in line with the axis ratio inferred
from Roy et al. 2018, q = 0.39, 0.38, 0.25 respectively for KiDS
J0224−3143, J0314−3212, and J0847+0112), very similar to
that of massive red nuggets at high-z (z ∼ 2, Buitrago et al.
2008; van der Wel et al. 2011) and of the local relics. KiDS
J0224−3143, however, looks slightly more roundish from the
KiDS high spatial resolution r-band image shown in Fig. 3. This
is also the galaxy with the larger Sérsic index (n = 6.5), although
all three objects have very peaked profiles with n > 4. This
galaxy, according to the stellar mass of M? = 2.7 × 1011M�,
estimated in T18, is the most massive relic ever found.

The velocity dispersion values we inferred for the new
nearby relics are lower than the ones reported in F17 for the
three local objects. We speculate that this might be due to the fact
that, given the smaller apparent sizes on sky of these objects, we
are integrating over larger physical radii. If the velocity disper-
sion profiles are centrally peaked and then decrease with radius,
as, for example, in the case of NGC1277 (Trujillo et al. 2014),
which is the most extreme relic in F17, we expect to measure
a smaller dispersion since we cover a larger spatial aperture for
the galaxies. In fact, looking at Fig. 2 in F17, one can see that for
r ∼ 0.5−1 Re and beyond, the stellar velocity dispersion values
are measured to be around σ? ∼ 250 km s−1, thus perfectly con-
sistent with the values we find for KiDS J0224−3143 and KiDS
J0847+0112. KiDS J0847+0112, for which we infer a velocity
dispersion ∼50 km s−1 lower, might still be consistent if it has
a very peaked sigma profile similar to that of NGC1277, but it
could also simply be a lower mass galaxy.
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Fig. 9. Star formation histories obtained with pPXF from the spectra
of the three objects extracted within an aperture of radius r = 0.4′′,
corresponding to five XSH pixels. The time x-axis corresponds to the
time since the BB, and the vertical solid line in each panel shows the
age of the Universe at the redshift of the corresponding object. Black
lines show the cumulative stellar mass fraction inferred from the unreg-
ularised mass-weighted pPXF fit with the best value of [α/Fe] esti-
mated from line indices (Fig. 6). Green lines instead show the results
of the fit performed with the regularization set to the MAX_REGUL.
Finally, coloured dashed lines show the impact of performing the fit
(with REGUL = 0) using models with different [α/Fe].

Finally, looking at the derived SFH, plotted in Fig. 9,
we seem to observe a ‘degree of relicness’, which is in line
with what was already reported by F17. The SFH of KiDS
J0847+0112 is, in fact, more ‘extreme’, especially when con-
sidering all the possible setups and uncertainties in the [α/Fe]
estimate.

At the same time, in this sense, even KiDS J0314−3215
might be considered as a less extreme relic, since it is never-
theless dominated by very old stars (80% of the stellar mass

rather than 95%). This means that this galaxy might have expe-
rienced little interaction after the first mass assembly episode,
but this ‘accreted’ component comprises at most 20% of its stel-
lar mass17. Further investigation is required to understand the
implication of this on the size growth and time evolution of this
object.

In conclusion, as in F17, we cannot make any secure state-
ment on the basis of only a few objects (five in total). We there-
fore stress the need for a larger galaxy sample, which is one of
the main goals of the INSPIRE survey. Hence, we will further
investigate the existence of the ‘degree of relicness’, especially
in connection with the environment and other structure parame-
ters (e.g., size or colours) and assess, in this way, the path that
red nuggets undergo to become normal ETGs.

5. Conclusions and future perspectives

Relic galaxies, the untouched survivors of the massive and com-
pact high-z red nuggets, provide a unique opportunity to track
the formation of the in situ component formed at high-z dur-
ing the first phase of the formation scenario, which is mixed
with the accreted one in normal massive ETGs. Since studying
in detail the stellar population of a statistically large sample of
high-z red nuggets would require very long integration times,
relics are ideal laboratories that allow us to investigate the physi-
cal processes that shaped the mass assembly of massive galaxies
in the high-z Universe. Hence, the conditio-sine-qua-non to build
a complete and comprehensive model for the star formation and
cosmic evolution of massive galaxies in the Universe is enlarging
the sample of relic galaxies for which stellar population proper-
ties, including the IMF, can be studied in great detail. This is one
of the main goals of the INSPIRE project, which we introduced
in this paper.

Further to introducing the new survey, as well as its cur-
rent status and the observing strategy, we presented here results
based on three systems, representative of the whole sample.
KiDS J0224−3143 is the most massive UCMG in our dataset,
KiDS J0314−3215 is one of the most compact objects, and KiDS
J0847+0112 is one of the objects at the lowest redshift.

In particular, in this paper we have:
(i) Presented the combined final XSH UVB+VIS spectrum for

each object, also correcting for the different resolutions of
the two arms18;

(ii) Calculated the values of the integrated (from a five-pixel
aperture) stellar velocity and velocity dispersion with the
pPXF code, also testing the impact of the fitting setup on
the final results;

(iii) Inferred the [α/Fe] abundance by comparing line-index
strengths of Mg and Fe lines in the galaxies with those of
Vazdekis et al. (2015) SSP models with a Kroupa IMF, a
range of ages, metallicities, and [α/Fe] abundances (inter-
polated to cover a finer grid);

(iv) Inferred mass-weighted mean age and [M/H], performing
full-spectral fitting of the spectra in the 3500−6500 Å wave-
length range and presented results for the two possible
extreme cases in terms of smoothness of the inferred SFH;

17 We note that some papers still classify galaxies as relics when the
recent star formation is up to 30% in mass (e.g., Quilis & Trujillo 2013).
18 We have neglected the NIR arm, which will be presented in the forth-
coming papers of the survey since this arm requires a much more precise
treatment given the presence of very strong atmospheric telluric absorp-
tions
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(v) Estimated uncertainties on the kinematics and stellar pop-
ulation parameters repeating the fit multiple times, and
changing at each run the noise level, the degree of the poly-
nomial used to adjust the continuum, and the good-pixel
region;

(vi) Confirmed two of the three galaxies as relics, proving that
they formed the majority (>95%) of their mass at very high
redshifts (z ≥ 6), and, in addition, they are also characterised
by a super-solar metallicity andα abundance, similarly to the
three confirmed local relics of Ferré-Mateu et al. (2017).

In conclusion, we confirmed two of the three galaxies analysed
here as relics. If we extrapolate this result to the whole INSPIRE
sample, this means that we might confirm ∼27 UCMGs as relics
and thus increase by a factor of ∼8 the number of known relic
galaxies, also extending the sample to relatively higher redshifts.

Once the full INSPIRE sample is fully reduced and analysed,
we will be able to compute precise number density of relics in
the redshift window 0.1 < z < 0.5 and compare our findings
with the predictions from state-of-the-art hydrodynamical cos-
mological simulations. This will allow us to study, in detail, the
mechanisms responsible for the dramatic size growth measured
from z ∼ 1 to the present-day Universe and thus disentangle the
possible merger scenarios. We will also investigate the forma-
tion scenario and mass assembly of these extremely compact and
massive passive objects, for both relics and younger UCMGs.
In particular, the presence of a conspicuous number of young
very compact and very massive galaxies will seriously challenge
current hydrodynamical simulations that predict the formation
of such objects only in gas-rich environments of the young,
high-redshift Universe (e.g., Zolotov et al. 2015). Thus, a mea-
surement of the relative abundance of post-star-forming and old
compact galaxies and its evolution with redshift will provide a
key test for any models of massive galaxy formation.

In addition, by inferring the stellar population parameters,
including the IMF slope at the low-mass end (at least for the
objects with highest S/N spectra) of relics, we will investigate
the mechanisms that regulated the star formation at high-z, when
the density and temperature of the Universe were much higher.
According to theoretical work (e.g., Chabrier et al. 2014), high
density, temperature, and turbulence of the gas are key param-
eters that drive the fragmentation of molecular clouds. Higher
density and a higher temperature make fragmentation easier,
forming more dwarf stars, hence a bottom-heavier IMF.

Finally, measuring the stellar velocity dispersion from spec-
troscopic data and stellar masses via stellar population analysis
will allow us to compute the ratio between stellar and dynami-
cal mass (M?/Mdyn) for individual objects, a potentially valuable
tracer of the likely mechanism by which galaxies grow (e.g.,
Hopkins et al. 2009; Hilz et al. 2013). Specifically, if galaxies
experience merger-driven growth, the ratio measured within the
effective radius should decrease with time (Tortora et al. 2014,
2018a); this decrease would be stronger in the case of minor
mergers (van de Sande et al. 2013). Hence, under the hypoth-
esis that relics experienced very little or no mergers at all, they
should all show a very high M?/Mdyn, and thus a small amount
of dark matter within the effective radius. However, for one for
the confirmed relics in the local Universe, Mrk 1216, Buote &
Barth (2019) found the opposite from Chandra X-ray observa-
tions: the internal (within Re) DM fraction of this object is two
times higher than the typical fractions found in nearby massive
normal-sized ETGs.

The only way to investigate further is to enlarge the sam-
ple of confirmed relics for which these kinds of studies can
be performed, also pushing the redshift boundaries and finding

systems living in different environments. This is indeed what we
will achieve thanks to INSPIRE.
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Appendix A: Testing the effect of changing the
grade of the polynomials in the fits

Fig. A.1. Velocity dispersion obtained as function of the additive poly-
nomial degree in pPXF. We show here the results obtained using α-
enhanced SSP, and we refer the reader to Appendix B to see the effect
that changing [α/Fe] has on the resulting velocity dispersion values.
The results stabilise, for all the galaxies around ADEGREE∼ 20, which
is the final choice we adopted for the results given in Table 3.

As highlighted in the main body of the paper, we performed two
different pPXF fits, one for the kinematics and one for the stel-
lar populations, with different configurations of the program. In
particular, we used an additive Legendre polynomial to correct
for the continuum shape when inferring the velocity and velocity
dispersion, while we used a multiplicative polynomial when cal-
culating age and metallicity. In this Appendix, we motivate the
choice of the polynomial degree that we use in the main text in
both cases, and we also demonstrate the robustness of the pre-
sented results against the use of different values, within a wide
range of possibilities.

Fig. A.2. Mass-weighted mean metallicity (top) and age (bottom) as
function of the multiplicative polynomial degree in pPXF for each
galaxy. The results stabilise for MDEGREE∼ 10 (until ∼20), which is
the final choice we adopted for the results given in Table 4.

For the grade of the additive polynomial (ADEGREE), we
test values from 4 to 29, with steps of 1 and finally chose ADE-
GREE = 20, which stabilises the results against changes of other
parameters (e.g., stellar templates, good-pixel region, see the text
for more details) while contemporarily minimising the reduced
χ′2. A demonstrative plot of the effect of the additive polynomial
degree on the velocity dispersion is provided in Fig. A.1.

For the multiplicative polynomial (MDEGREE) used to
infer the stellar population parameters in Sect. 3.4, we tested
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degrees from 4 to 25 and finally chose MDEGREE = 10. The
mass-weighted mean ages and metallicities derived by vary-
ing the grade of the multiplicative polynomial are shown in
Fig. A.2. For all the objects, the results are on average stable
for 8<MDEGREE< 20. Above this degree, the mean age of
KiDS J0224−3143 becomes ∼0.5 Gyr younger, which is within
the errors. We note that we report the results of this test for the
REGUL = 0 case, but we conducted the same investigation for
REGUL = MAX_REGUL, finding fully consistent results.

Appendix B: Testing the effect of changing the
[α/Fe] values in the full-spectral fit

Fig. B.1. Impact on stellar velocity dispersion of varying the [α/Fe]
abundances of the SSP models used for the pPXF fit. Different colours
indicate the results for the three different objects, as highlighted by the
legend.

In the main body of this paper, we used two different approaches
to derive the stellar population parameters. First, we inferred the
[α/Fe] from line-index measurements (see Fig. 6), and then we
obtained age and metallicity by performing a full spectral fit-
ting with SSP models with the previously inferred α abundances,
as templates. The line strength inference, although solid, might
suffer from degeneracy between variation of [α/Fe] and varia-
tion of single elemental abundances (e.g., Ti/Fe, which contam-
inates many optical iron lines). Hence, here in this Appendix,
we test the impact of using models with different [α/Fe] on the
results presented in the paper. For this purpose, for each galaxy
we repeated the pPXF fit in 2D (varying age and metallicity)
five times, each time using models with different α abundances
(from 0.0 to 0.4 with a step of 0.1, see main body). We did that
for both the REGUL = 0 and REGUL = MAX_REGUL cases.
The impact of a varying [α/Fe] on the stellar velocity dispersion
is shown in Fig. B.1 (the regularisation does not influence the σ?
values), while the impact on the stellar age and metallicity can
be visualised in Fig. B.2. Increasing [α/Fe], the velocity disper-
sion and the metallicity decrease, while the inferred population
gets older. However, this effect is much less evident for KiDS
J0847+0112, the most extreme relic, and it is much larger for
KiDS J0314−3215, which is the object with the most extended
SFH. For KiDS J0224−3143, if one assumes a [α/Fe] = 0, then
the inferred mass-weighted age becomes younger (∼6 Gyr),

Fig. B.2. Impact on stellar population parameters of varying the
[α/Fe] abundances of the SSP models used for the pPXF fit. The top
panel shows the variation on the inferred (mass-weighted) metallicity,
whereas the bottom panel shows the variation in the (mass-weighted)
stellar age. Filled symbols refer to the fits performed with REGUL = 0,
while empty symbols refer to the regularised fits. Different colours indi-
cate the results for the three different objects, as highlighted by the leg-
end.

confirming what was already found in Fig. 9. However, as
already stated, this result would contradict the results inferred
from the index-index plot (Fig. 6). This test confirms our result
that KiDS J0847+0112 and KiDS J0224−3143 are indeed relic
galaxies.

Appendix C: Testing the effect of different
regularisation values on the stellar populations

In order to give a meaningful interpretation of the template
weights, in terms of the SFH and metallicity distributions of
individual galaxies, a regularised fit should be tested. However,
it is not trivial to properly set the REGUL parameter (see e.g.,
Sect. 4.2 in Shetty & Cappellari 2015). For this reason, in this
Appendix we undertake an investigation into the impact of dif-
ferent choices for the regularisation parameter on the results.
In particular, following the prescriptions described in the pPXF
documentation, we:

A28, page 17 of 19

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038936&pdf_id=12
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038936&pdf_id=13


A&A 646, A28 (2021)

Fig. C.1. 2D density plot showing the weights attributed to the SSP models by pPXF during the fit, in a log (age), [M/H] space (for simplicity,
we also plot ages in linear scale on the top x-axis). Each column shows results for a different galaxy, while each row corresponds to the different
results obtaining increasing the REGUL from 0 (top) to MAX_REGUL (bottom). The weight fractions are reported on the vertical colour-bars,
where yellow indicates the maximum weight and dark blue indicates zero weight. The upper limit of the age axis is slightly higher (∼10%) than
the age of the Universe at the redshift of the objects, in order to take into account possible uncertainties in the value computed from the stellar
population analysis.

– Performed a number of unregularised fits (REGUL = 0),
each time rescaling the input noise spectrum until obtaining a
reduced χ′2 (χ2 divided by the number of fitted pixels, Ngood pixels)
as close as possible to 1. All the other parameters for the fit were
kept fixed (fitted region: 3500−6500, ADGREE =−1);

– Performed a number of regularised fits, with the noise
level set before, each time increasing the REGUL parameter
until the new χ2 increases by ∆χ2 =

√
(2 × Ngood pixels). In the

remainder of this Appendix, we refer to the value of the REGUL

keyword that optimises the χ′2 as MAX_REGUL since, as
already mentioned in Sect. 3.4, it produces the smoothest pos-
sible star formation history.

For each galaxy, we tested five different values of REGUL,
between 0 and MAX_REGUL (specifically i×MAX_REGUL,
with i = [0.00, 0.25, 0.50, 0.75, 1.00]). As expected, when
increasing the regularisation, the fit uses an increasing number
of SSP templates, and the resulting solution, in terms of age
and metallicity, is smoothed. However, this only causes very
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minor changes for the two newly confirmed relics, whereas it
affects the results much more in terms of inferred mean ages
and metallicities for KiDS J0314−3215. This can be visualised
from Fig. C.1, where we plot, for each of the galaxies (each
column) in the form of a 2D density panel, the distribution of
the weights (dark blue = 0, light yellow = maximum weight)
that the pPXF attributes to the SSP templates for the five cases
with increasing regularisation (top row REGUL = 0, bottom
row REGUL = MAX_REGUL). No matter which regularisation
value is used for KiDS J0847+0112, the fit uses only very old

and metal-rich models. The mean values are almost identical for
all cases. For KiDS J0224−3143, a young and metal-poor pop-
ulation (age ∼ 1.5 Gyr) pops up when increasing the REGUL
parameter. However, this contributes very little to the mass bud-
get of the galaxy, as the inferred mean age is always consistently
old. For KiDS J0314−3215, instead, increasing the smooth-
ness of the fit, the distribution of the weights gets much more
broad, and younger models with lower metallicities are used
in the fit too. The inferred age is, in this case, roughly 1.5 Gyr
younger.
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