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ABSTRACT

This paper presents the third data release of the INvestigating Stellar Population In RElics (INSPIRE) project, comprising 52
ultra-compact massive galaxies (UCMGs) observed with the X-Shooter spectrograph. We measure integrated stellar velocity
dispersion, [Mg/Fe] abundances, ages, and metallicities for all the INSPIRE objects. We thus infer star formation histories
and confirm the existence of a degree of relicness (DoR), defined in terms of the fraction of stellar mass formed by z = 2, the
time at which a galaxy has assembled 75 per cent of its mass, and the final assembly time. Objects with a high DoR assembled
their stellar mass at early epochs, while low-DoR objects show a non-negligible fraction of later formed populations and hence
a spread in ages and metallicities. A higher DoR correlates with larger [Mg/Fe], supersolar metallicity, and larger velocity
dispersion values. The 52 UMCGs span a large range of DoR from 0.83 to 0.06, with 38 of them having formed more than 75
per cent of their mass by z = 2. Of these, nine are extreme relics (DoR>0.7), since they formed the totality (> 99 per cent) of
their stellar mass by redshift z = 2. The remaining 14 UCMGs cannot be considered relics, as they are characterized by more
extended star formation histories. With INSPIRE we built the first sizeable sample of relics outside the local Universe, up to z
~ (.4, increasing the number of confirmed relics by a factor of >10, and opening up an important window to explain the mass
assembly of massive galaxies in the high-z Universe.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation — galaxies: kinematics and dynam-
ics — galaxies: star formation — galaxies: stellar content.

massive passive compact galaxies (Nanayakkara et al. 2022; Carnall
et al. 2023), the so-called ‘red nuggets’ (Damjanov et al. 2009).
Massive relics (Trujillo et al. 2009) are nearby old ultra-compact According to the two-phase formation scenario (Naab, Johansson &
massive galaxies (UCMGs) that descend from those high-redshift Ostriker 2009; Oser et al. 2010; Naab et al. 2014; Huertas-Company

et al. 2016), red nuggets are formed at high redshift from an intense

and fast dissipative series of processes that generate, after star
* E-mail: chiara.spiniello@physics.ox.ac.uk formation (SF) quenches, a massive, passive, and very compact

1 INTRODUCTION
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galaxy. Then, after this dissipative phase is concluded (at z ~ 2,
Zolotov et al. 2015), a second phase starts, characterized by gas
inflows, dry mergers, and interactions. This accretion phase, which
is much more extended in time than the first one, is responsible for the
dramatic structural evolution and size growth of early-type galaxies
(ETGs) from z ~ 2 to today (Buitrago et al. 2018).

As the time-scale for the initial phase is extremely short, observing
massive galaxies at such stages is incredibly challenging. However,
relics, slipping passively through cosmic time without interacting
with any other structure, reached the nearby Universe as compact
as they were when they formed and populated only by very ancient
stars. Hence, as relics of the ancient Universe, they allow us to study
the physical processes that shaped the mass assembly of galaxies in
the high-z Universe with the amount of details only achievable in the
nearby Universe.

Since the discovery and spectroscopic confirmation of three relics
in the local Universe (Trujillo et al. 2014; Yildirim et al. 2015, 2017;
Ferré-Mateu et al. 2017), a lot of work has been devoted to the
search and confirmation of red UCMGs (e.g. Damjanov et al. 2015a,
b; Tortora et al. 2016, 2018; Charbonnier et al. 2017; Scognamiglio
et al. 2020). These are the perfect ‘bonafide’ relic candidates, having
red colours, very small sizes, and large stellar masses.! The number
density of relics in the local Universe is very small (i.e. ~6 x 1077
Mpc—3, Ferré-Mateu et al. 2017). However, systematic surveys of
UCMGs have shown that their number density rises by almost two
orders of magnitude between z = 0 and z ~ 0.5 (Trujillo, Carrasco &
Ferré-Mateu 2012; Damjanov et al. 2013, 2014, 2015a; Poggianti
et al. 2013; Sanders 2014; Charbonnier et al. 2017; Tortora et al.
2018; Scognamiglio et al. 2020; Lisiecki et al. 2023). This should
imply that relics are more common at intermediate redshifts too,
and hence, reliable statistical samples can be built at these redshifts.
The main goal of the INvestigating Stellar Population In RElics
(INSPIRE), described in the next section, is, indeed, to build the
first statistically large sample of spectroscopically confirmed relics
outside the local Universe.

The paper is organized as follows. The state of the art in the
topic and the current status of the INSPIRE project, observations,
and previous results are described in Section 2; the data analysis
and stellar kinematics are presented in Section 3; and the stellar
population analysis is presented in Section 4. The main results,
including the relic confirmation and characterization, are presented
in Section 5. Finally, we present our conclusions and outline the
future development of INSPIRE in Section 6.

Throughout the paper, we assume a standard Lambda cold dark
matter cosmology with Hy = 69.6 km s~ Mpc™!, 2, =0.714, and
Qum = 0.286 (Bennett et al. 2014).

2 THE INSPIRE PROJECT

INSPIRE builds up on a long process dedicated to a systematic
census of UCMGs in the redshift range 0.1 < z < 0.4. First, we
carried out a photometric selection of ultra-compact galaxies in the
Kilo Degree Survey (KiDS, Kuijken 2011) DR3 footprint (de Jong
et al. 2017), leveraging on its exquisite image quality (angular scale
of 0.21 arcsec pixel "' and a median r-band seeing of ~0.65 arcsec, de
Jong et al. 2015) and wide-sky coverage (Tortora et al. 2016, 2018).
Then, with a multisite and multitelescope spectroscopic follow-up

I Different works use different thresholds for the stellar mass and the half-
light radius. Generally, the low-mass limit is a few times 10'°Mg, and the
upper size limit is ~1.5-2.5 kpc.
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campaign, we confirmed 117 of them, obtaining low signal-to-noise
ratio (SNR) and medium-resolution optical spectra from which we
infer the redshifts (Tortora et al. 2018; Scognamiglio et al. 2020,
hereafter T18 and S20, respectively). However, to finally confirm
them as relics of the ancient Universe, it is necessary to constrain
their stellar population parameters, demonstrating that the great
majority of their stellar mass has assembled at very high redshift
through a single, very short SF episode. This is the main goal of the
INSPIRE Project, which aims at building the first large catalogue
of spectroscopically confirmed relics at 0.1 < z < 0.4. This redshift
range represents a positive step forward in bridging the gap between
the very small sample of relics in the local Universe with the large
population of high-redshift red nuggets.

The INSPIRE data have been collected as part of an ESO Large
Programme (LP, ID: 1104.B-0370, PI: C. Spiniello) that started
in P104 (2019 October) and was completed in 2023 March to
obtain high SNR spectra with the X-Shooter spectrograph (XSH,
Vernet et al. 2011) of 52 UCMGs at redshift 0.1 < z < 0.4. These
objects all have g — i broad-band colour compatible with that of
a stellar population with integrated ages >8 Gyr (considering a
solar, supersolar, and a subsolar metallicity, see fig. 1 in Spiniello
et al. 2021b). They also all have very small sizes (with effective
radii R, <2 kpc), large stellar masses (M, >6 x 10'°Mg ), and
are clear outliers in the stellar mass—size plane (see fig. 2 in
Spiniello et al. 2021a). Due to high SNR, wide wavelength spectra
(covering from the UVB to the NIR), we are able to infer the stellar
kinematics and population properties [age, metallicity, elemental
abundance, and low-mass end of the initial mass function (IMF)
slope] of these UCMGs, hence confirming or refuting their relic
nature.

2.1 Previous results

In this section, we summarize the main results previously obtained
by INSPIRE, which have been presented in previous papers of the
series. In Spiniello et al. (2021a), the Pilot Program of the Survey, we
have presented several quantitative tests to validate our observational
set-up and strategy and our methods to infer kinematics and stellar
population parameters. We have also obtained preliminary results
on three systems, completely observed during the first semester of
observations. With the first data release (Spiniello et al. 2021b,
hereafter INSPIRE DRI1), we have carried out a precise stellar
population analysis for 19 UCMGs. In particular, we have estimated
the stellar population ages, metallicities, and [Mg/Fe] abundances
from their UVB and VIS spectra. 10 of them have been confirmed as
relics (implying a preliminary successful rate for the survey of ~50
per cent) since they had formed more than 75 per cent of their stellar
masses early on in cosmic time through an SF burst.

The third paper of the series (Martin-Navarro et al. 2023) focuses
instead on the stellar IMF, hinting at a possible dwarf-rich IMF in
relics with respect to non-relics, although larger number statistics
will be necessary to confirm this result.

Finally, in DR2 D’Ago et al. (2023, hereafter INSPIRE DR?2),
the fourth paper of the series, we have performed a detailed stellar
kinematic study on 40 objects, focusing on all sources of systematic
uncertainties that affect the determination of the integrated stellar
velocity dispersion. This quantity might be useful, in the future, as a
selection criterion to identify reliable relic candidates. In fact, from
DRI, we have shown that, at equal stellar mass, relics (and especially
extreme relics) have larger velocity dispersion values than normal-
sized ETGs and ultra-compact non-relics. However, this result needs
to be confirmed with a larger statistical sample of galaxies.
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In INSPIRE DRI, we adopted an operational definition of ‘relic’
as a way to identify objects that had formed the great majority
of their stars at very high z. Now that the INSPIRE sample is
completed, we move away from this empirical definition and define
instead a quantitative number, the ‘degree of relicness’ (DoR), for
all the 52 UCMGs based on their star formation histories (SFHs).
As we will discuss in Section 5, the DoR not only provides a
useful parameter to quantify how ‘extreme’ the SFH is, enabling
an operative definition of relics, but it also serves as a means to
quantify the relative contribution of very old and lately formed
(or accreted) stars. Finally, a larger number statistic, which is now
achieved, will also allow us to assess whether the DoR correlates
with morphological (sizes), photometrical (colours), and structural
(boxyness/discyness) properties and/or with the environment in
which UCMGs live, and hence shed light on their formation
mechanisms.

2.2 Data Release 3: the complete sample

This paper presents the complete INSPIRE sample, comprising 52
UCMGs at 0.1 < z < 0.4, all with R, <2 kpc and M, >6 x 10'°M,
of which 12 are new and still unpublished. For each UCMG,
we have optical and NIR photometry from KiDS and VIKING
(Edge, Sutherland & VIKING Team 2014), structural parameters
derived in Roy et al. (2018), and stellar masses inferred from
SED fitting in the ugri bands (T18, S20). In this paper, we add
to these morpho-photometric characteristics precise measurements
of the stellar velocity dispersion, stellar age, metallicity, and [Mg/Fe]
inferred from an integrated spectrum encapsulating 50 per cent of
the light (R50, see Section 3 for more info). All these quantities
are released as part of a high-value catalogue to the ESO Science
Portal.

Table 1 gives a summary of the photometric and structural
characteristics of the complete INSPIRE sample. These are taken
from T18 and S20 and based on the analysis of optical images from
the KiDS Survey, as detailed below. Specifically, together with ID
and coordinates, we list the INSPIRE Data Release (DR) where the
UCMG has been first presented and the sample from which it is
drawn. Then, we provide g-, - and i-band magnitudes, corrected by
extinction, the circularized effective radii (R ), Sérsic index (n), and
axis ratio (g). These last three quantities have been calculated as the
median of the quantities inferred from g, r, and i images. Measures
in each single band are reported in T18 and S20 for all 52 systems.
They are obtained by fitting a point spread function (PSF) convolved
Sérsic profile to the images using the code 2DPHOT (La Barbera et al.
2008).2 Uncertainties on the sizes, given the range covered by the
INSPIRE objects, are of the order of 20 per cent for objects with
effective radii larger than 0.2 but rise up to more than 50 percent
for even smaller objects, as visible from fig. B2 in T18. We refer
the reader to the same paper, where the quality of these structural
parameters is assessed through simulated images. Finally, the last
column of the table lists stellar masses, also taken from T18 and S20
and inferred from SED fitting in the ugri bands.

Fig. 1 shows 6 arcsec x 6 arcsec cut-outs obtained combining the
g, r, and i bands from KiDS images. We note that the astrometry is
not perfect in few cases. We have thus realigned the galaxy centres
by fitting them with a Gaussian. The galaxies appear all very small
and compact on the sky, although in many cases hints of a flattened

2The source code of the package is available on request to the authors.
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edge on structure can be seen.* Unfortunately, since the PSF of
KiDS images is comparable to the sizes of the INSPIRE galaxies,
it is impossible to obtain a detailed morphological classification.
Obtaining photometric data with better spatial sampling and higher
resolution, either via AO supported imaging or from space, is the
only way to infer more precise structural parameters for these ultra-
compact galaxies.

3 DATA ANALYSIS AND STELLAR
KINEMATICS

The data reduction and analysis have already been extensively
described in previous papers. We refer the readers to INSPIRE DR1
and INSPIRE DR2 for a complete description and for histograms of
the distribution in right ascension (RA), declination (Dec.), redshift,
as well as stellar masses, Sérsic indices, and axis ratios. In this final
datarelease (DR3), we add 12 new systems to those already presented
in DR1 and DR2, completing the spectroscopic analysis for the 52
galaxies in the INSPIRE sample.

We highlight the main steps of the analysis in the following. As
in the previous papers, we reduce the data with the standard ESO
XSH pipeline (v3.5.3) under the ESO Reflex Workflow (Freudling
et al. 2013, version 2.11.3) until the creation of a two-dimensional
(2D) spectral frame per each observation block and per each arm
of the detector. Then, we extract a one-dimensional (1D) integrated
spectrum encapsulating 50 percent of the light. We obtain in this
way an integrated 1D spectrum comparable in light fraction to
that extracted at the R., but taking into account the seeing during
observations. Given the very small apparent sizes of these UCMGs,
the spectra are completely seeing-dominated. Hence, we extract the
R50 1D spectra starting from the surface brightness profiles of the 2D
spectra and then integrating them up to the aperture that encapsulates
50 per cent of the total light but contains a mix of light from inside
and outside the real effective radius (we refer the readers to INSPIRE
DRI for a more detailed description on the 1D extraction). Finally,
we correct the VIS and NIR arms for telluric absorption lines, using
the code MOLECFIT* (Smette et al. 2015, v.4.2).

Once a 1D spectrum is obtained for each arm (combining together
the different scientific exposures), we measure the redshift and the
SNR of each galaxy independently from the three arms, using the
entire spectral coverage.” Then, we convolve all of them to the
same final resolution [full width at half-maximum (FWHMyg, =
2.51 A), at rest frame] and join them together, producing the final
spectrum that we use to compute the stellar velocity dispersion and
stellar population parameters, via full spectrum fitting, using stellar
templates with the same FWHM.

Both single-arm spectra and the combined and smoothed ones are
publicly released as part of the INSPIRE ESO Phase 3 collection.®
A detailed description of how the arms have been joined together and
how the data have been smoothed at the final resolution is provided
in the data release description, while the final UVB + VIS smoothed
spectra are shown in Appendix C.

3In the particular case of 7102640033, a second galaxy can be seen in the field
of view. However, we stress that this object does not fit into the X-Shooter
slit and hence does not influence the results presented in this paper.
“http://www.eso.org/sci/software/pipelines/skytools/molecfit

SWe use the IDL code DER_SNR (Stoehr et al. 2008, https://www.stecf.org/
software/ ASTROsoft/DER_SNR) which estimates the SNR directly from the
flux, assuming that the noise is uncorrelated in wavelength bins spaced two
pixels apart and that it is approximately Gaussian distributed.
Ohttps://archive.eso.org/scienceportal/home?data_collection = INSPIRE
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Table 1. Morpho-photometric characteristics of the INSPIRE final sample. Magnitudes (gri in the AB system), median effective radii (R ) in arcseconds and
kpc, median Sérsic indices (n), median axis ratios (g), and stellar masses have all been inferred from KiDS images.

ID RA Dec. DR Sample magg mag, mag; (Re) (Re) (n) (q) M

KiDS (deg) (deg) (AB) (AB) (AB) @] (kpc) (10""Mp)
JO211-3155 32.8962202 —31.9279437 1 T18 21.28 19.78 19.28 0.24 1.07 8.10 0.48 0.88
J0224—-3143 36.0902655 —31.7244923 1 T18 20.91 19.25 18.62 0.29 1.55 6.06 0.39 271
J0226—-3158 36.5109217 —31.9810149 1 T18 20.63 19.25 18.76 0.35 1.32 3.65 0.60 0.69
J0240-3141 40.0080971 —31.6950406 1 T18 20.58 19.05 18.59 0.19 0.81 8.10 0.27 0.98
J0314-3215 48.5942558 —32.2632678 1 T18 21.00 19.57 19.07 0.15 0.66 5.54 0.39 1.00
J0316—2953 49.1896388 —29.8835868 1 T18 21.19 19.66 19.13 0.20 1.02 3.52 0.31 0.87
JO317-2957  49.4141028 —29.9561748 1 T18 20.51 19.10 18.63 0.26 1.05 5.01 0.21 0.87
J0321-3213 50.2954390 —32.2221290 1 T18 20.67 19.23 18.74 0.31 1.37 4.93 0.39 1.23
J0326—-3303 51.5140585 —33.0540443 1 T18 20.94 19.48 18.99 0.32 1.43 3.66 0.35 0.93
JO838+0052  129.5304520  0.8823841 1 S20 20.65 19.29 18.75 0.31 1.28 4.02 0.41 0.87
J08424+0059  130.6665506  0.9899186 1 S20 21.12 19.60 19.06 0.23 1.01 3.27 0.29 0.91
J08444-0148  131.0553886  1.8132204 2 S20 21.25 19.78 19.26 0.26 1.14 6.56 0.49 0.71
JO8474+0112 1319112386  1.2057129 1  SDSS-GAMA 19.67 18.41 17.98 0.46 1.37 3.33 0.27 0.99
JO857—-0108  134.2512185 —1.1457077 1 S20 20.72 19.21 18.70 0.34 1.40 2.94 0.33 1.00
J0904—-0018  136.0518949 —0.3054848 2 S20 20.59 19.11 18.64 0.26 1.16 4.82 0.32 1.30
J0909+0147  137.3989150  1.7880025 2  SDSS-GAMA 20.06 18.68 18.16 0.30 1.05 9.97 0.77 1.05
J0917—-0123  139.2701850 —1.3887918 2 S20 20.86 19.21 18.66 0.27 1.37 3.05 0.41 2.19
J0918+0122  139.6446428  1.3794780 1 T18 20.67 19.13 18.57 0.33 1.71 6.06 0.51 2.26
J09204-0126  140.1291393  1.4431610 2 S20 20.97 19.52 19.05 0.33 1.51 6.92 0.68 0.98
J0920+0212  140.2320835  2.2126831 1 SDSS-GAMA 20.35 18.87 18.43 0.34 1.48 1.99 0.32 1.03
J102640033  156.7231818  0.5580980 2 SDSS-GAMA 18.45 17.39 16.97 0.34 1.02 3.18 0.29 1.48
J10404+0056  160.2152308  0.9407580 2 S20 20.95 19.52 18.49 0.31 1.29 4.57 0.36 0.93
J11144-0039  168.6994335  0.6510299 2 S20 20.45 19.00 18.55 0.34 1.52 4.93 0.25 1.62
J1128—-0153  172.0885023 —1.8890642 2 T18 19.87 18.56 18.07 0.35 1.27 6.69 0.31 1.30
J114240012  175.7023296  0.2043419 2 SDSS-GAMA 17.80 17.02 16.57 0.71 1.40 3.60 0.23 0.84
J1154—-0016  178.6922829 —0.2779248 2 T18 20.90 19.52 18.73 0.22 1.06 4.36 0.19 0.64
J1156—-0023  179.2186145 —0.3946596 2  SDSS-GAMA 20.06 18.83 18.08 0.26 1.04 6.53 0.38 1.39
J120240251  180.5132277  2.8515451 2 S20 20.97 19.43 18.96 0.31 1.49 6.47 0.89 0.68
J12184-0232  184.7355807  2.5449139 2 S20 20.78 19.23 18.71 0.31 1.40 2.75 0.26 0.93
J1228—-0153  187.0640987 —1.8989049 2 S20 20.27 18.85 18.37 0.36 1.61 2.87 0.54 1.15
J14024-0117  210.7400749  1.2917747 3 S20 21.34 19.96 19.44 0.17 0.68 6.43 0.46 0.66
J141140233  212.8336012  2.5618381 2 S20 20.49 18.86 18.41 0.21 1.07 2.83 0.30 1.55
J1412—-0020  213.0038281 —0.3440699 3  SDSS-GAMA 20.74 19.19 18.67 0.33 1.42 6.13 0.39 1.20
J14144-0004  213.5646898  0.0809744 3  SDSS-GAMA 20.41 18.99 18.50 0.31 1.42 4.26 0.42 1.18
J141740106 2143685124  1.1073909 3  SDSS-GAMA 18.97 17.90 17.51 0.49 1.48 3.92 0.33 0.91
J1420—0035  215.1715599 —0.5864629 3  SDSS-GAMA 20.30 18.95 18.45 0.34 1.35 5.67 0.62 0.99
J14364-0007  219.0481314  0.1217459 2 SDSS-GAMA 19.55 18.27 17.85 0.39 1.40 2.65 0.19 1.15
J1438—-0127  219.5218882 —1.4582727 3  SDSS-GAMA 20.65 19.29 18.74 0.28 1.20 4.11 0.38 0.88
J1447—-0149  221.9657402 —1.8242806 3  SDSS-GAMA 19.86 18.61 18.16 0.44 1.51 3.06 0.45 0.86
J1449—-0138 2223504660 —1.6459975 3  SDSS-GAMA 20.86 19.40 18.92 0.35 1.44 5.81 0.33 1.03
J14564-0020 2242361596  0.3353906 3 S20 20.88 19.46 18.97 0.12 0.50 553 0.20 0.71
J1457-0140  224.3397592 —1.6691725 3 S20 20.99 19.43 18.93 0.34 1.66 4.60 0.53 1.51
J1527—-0012  231.7772381 —0.2065670 3 S20 21.37 19.67 19.08 0.23 1.26 5.77 0.23 1.74
J1527-0023  231.7522351 —0.3997483 3 S20 21.21 19.64 19.14 0.22 1.12 9.16 0.75 1.15
J2202-3101  330.5472803 —31.018381 2 T18 20.93 19.43 18.93 0.31 1.45 4.24 0.39 1.10
J2204-3112  331.2228147 —31.200261 2  SDSS-GAMA 20.84 19.32 18.86 0.35 1.39 6.36 0.31 0.90
J2257-3306  344.3966471 —33.114445 2 T18 20.80 19.42 18.95 0.29 1.18 431 0.41 0.93
J2305—-3436  346.3356634 —34.603091 1 T18 21.26 19.69 19.12 0.31 1.29 3.89 0.40 0.86
J2312—-3438  348.2389042 —34.648591 1 T18 20.90 19.32 18.79 0.24 1.25 2.25 0.43 1.34
J2327-3312  351.9910156 —33.200760 1 T18 20.99 19.35 18.80 0.28 1.51 5.94 0.67 1.57
J2356—-3332  359.1261248 —33.533475 2 T18 21.31 19.81 19.27 0.22 1.06 4.28 0.34 0.98
J2359-3320  359.9851685 —33.333583 1 T18 21.11 19.59 19.05 0.24 1.04 4.49 0.39 1.07

We stress that, although spectra covering the entire XSH wave-
length range (from the UVB to the NIR) are obtained and made
available to the astronomical community, for the moment we limit
our analysis and base our results only on the UVB + VIS. This is
mainly because the single stellar population (SSP) modelling is much
better understood in this wavelength range, while more investigation
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is needed in the NIR, especially regarding carbon-sensitive indices
which are systematically underestimated by the current SSP models
(Eftekhari et al. 2022).

We rederive stellar velocity dispersion values (o,) for all the
INSPIRE objects, using the same parameters in the Penalized Pixel-
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Figure 1. Colour-composite gri KiDS images of the 52 INSPIRE galaxies. Each panel has dimension of 6 arcsec x 6 arcsec and shows the ID of the
corresponding galaxy on the top and its redshift on the bottom-left corner. For more details on astrometry and centring, see the text (Section 2.2).

fitting software’ (PPXF; Cappellari & Emsellem 2004; Cappellari
2017) for each of the galaxies. We fix the wavelength range of
the fit to [3500-9000] A, and the additive Legendre polynomial
degree (DEGREE) to 13. We use the keyword CLEAN to perform
a sigma-clipping on the spectra and clean them from residual bad
pixels. As stellar library for the fit, we use the E-MILES SSP models
(Vazdekis et al. 2016). These models are an extention of the MILES
models (Sdnchez-Blazquez, Gorgas & Cardiel 2006; Vazdekis et al.
2015), covering the spectral range [1680-50000] A and have a
spectral resolution of FWHM~2.5 A in the wavelenght range used for
the fit.

In INSPIRE DR2 we have performed a comprehensive series
of tests to assess the uncertainties on the velocity dispersion mea-
surements arising from changing the fitted region, the mask for bad

"https:/pypi.org/project/ppxf/

pixels, the degree of the additive polynomial, the resolution and
SNR of the input spectrum, and the number of moments of the line-
of-sight velocity distribution fitted by the routine. By means of a
bootstrapping procedure realized ad hoc for the purpose, we showed
that the uncertainties on o, are of the order of 10-15 percent for
the lowest SNR spectra (~20 per A) and ~5 per cent for the highest
SNR ones (~80 per A), as visible from fig. 6 in the INSPIRE
DR2. Hence, we split the 52 UCMGs into three groups and assign
a different uncertainty (Ao ,) to them. The low SNR group, with a
relative error of 15 percent on the velocity dispersion, comprises
spectra with mean SNR ranging from 15 to 25. The objects in the
medium SNR group, with spectra with mean SNR from 25 to 35,
have an uncertainty on the stellar velocity dispersion of 10 per cent,
while objects in the high SNR group (>35) have an uncertainty of 5
per cent.

Table 2 presents the characteristics of the INSPIRE sample
that have been estimated from the 1D spectra directly. The typical
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Table 2. Spectroscopic properties of the INSPIRE sample: redshift, SNR
in the three arms and their mean, and velocity dispersion obtained from the
smoothed and combined 1D spectrum. Galaxies are listed in descending order
of mean SNR per A and split into three groups, as described in the text.

ID KiDS z SNR SNR SNR  SNR o,

UVB VIS NIR mean (kms™!)
J1142+40012  0.1077 579 1241 582 800 129+6
J1026+0033  0.1743 389 1136 569 698 225411
7141740106 0.1794 399 1077 266  58.1 203+ 10
12312-3438 03665 321 724 336 461 221+11
1090940147 02151 207 753 376 445 401+£20
J0847+0112  0.1764 246 775 312 444 244412
J0224-3143 03839 209 712 363 428 283+ 14
J1228—-0153 02973 232 701 340 424 191+10
J1128—0153 02217 211 692 308 404 192410
JI41140233 03598 241 732 224 399 21711
J083840052 02702 226 652 318 399 189+9
J0918+0122 03731 176 702 316 398 242412
12327-3312 04065 196 728 258 394 227411
J0321-3213 02947 219 664 267 383 2111l
J1436+0007 02210 211 672 242 375 193%19
J1447-0149 02074 247 647 221 372 18749
J1156—0023 02552 226 609 265 367 177+18
J0314-3215 02874 207 546 312 355 178+9
J0326-3303 02970 214 545 267 342 17317
J0226—3158 02355 229 587 205 340 185%19
J0240-3141 02789 179 545 269 331 216+22
J0920+0126 03117 179 556 247 327 190%19
J1438-0127 02861 179 594 202 325 218+22
JI114+0039 03004 195 540 237 324 181+18
J0920+0212 02800 170 550 219 313 246+25
J2204-3112 02581 144 541 204 296 227423
J0317-2957 02611 201 517 155 290 187419
J2359-3320 02888 156  49.1 212 286 267 %27
J0917-0123 03602 122 503 229 285 239424
J0316—2953 03596 143 464 244 283 192%19
J1040+0056 02716 115 467 262 281 240424
12305-3436 02978 143 468 211 274 295+30
J0211-3155 03012 139 467 214 273 245425
J1202+0251 03298 147 459 211 273 165%17
J0844+0148 02837 129 450 233 270 224422
J0842+0059 02959 124 415 255 265 324+32
J1154-0016 03356 166 428 196 263 163+£16
J0904—0018  0.2989 126 443 214 261 20521
J2257-3306 02575 178 400 200 259 185+19
J2202-3101 03185 131 476 170 259 221422
J0857-0108 02694 157 433 186 258 166+ 17
J121840232 03080 146 420 189 252 17117
J1420-0035 02482 134 398 155 229 209+31
J1449-0138 02655 102 403 159 221 192+29
J1456+0020 02738 119 396 144 220 194429
7141440004 03030 117 374 153 215 205+3l
12356-3332 03389 115 342 148 201 162+24
J1457-0140 03371 125 341 124 197 203 +30
J1402+0117 02538 124 340 119 195 166+25
J1412-0020 02783 105 311 142 186 339+5]
J1527-0012 04000 7.1 327 146 181 237+36
J1527-0023 03499 9.0 304 135 177 188+28
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Figure 2. Distribution of the stellar velocity dispersion measurements for
the entire INSPIRE sample.

uncertainties on the redshift are of the order of 0.1-0.5 per cent.
The last column of the table reports the stellar velocity dispersion
values obtained via full spectral fitting, as described above, and the
associated uncertainties. The objects are ordered from the highest
to the lowest mean SNR, and the three groups are separated by a
horizontal line. We note that we take the arithmetic mean of the
SNRs computed from each single arm (listed in the table), using all
the pixels, to split the systems into the groups.

Fig. 2 shows the distribution of o, for the final INSPIRE sample.
As expected from the range in stellar masses covered by the galaxies,
the peak in velocity dispersion is ~215 km s~!, with however a long
tail towards larger velocity dispersion values. In Section 5, we will
show that this tail correlates with the DoR of the objects, as already
hinted in INSPIRE DRI1: galaxies with a higher DoR have overall
larger stellar velocity dispersion with respect to galaxies of equal
stellar mass but lower DoR.

4 STELLAR POPULATIONS ANALYSIS

Following the steps of previous INSPIRE papers, we use line-
indices to derive the [Mg/Fe] abundance for each UCMG, and then
the PPXF; (Cappellari & Emsellem 2004; Cappellari 2017) to perform
a full spectral fit of the UCMGs spectra, computing integrated, mass-
weighted ages, and metallicities. The two processes are described in
the next sections.

For both the line-indices and the full-spectral fitting, we use the
MILES models described in Vazdekis et al. (2015) with BaSTI
theoretical isochrones® (Pietrinferni et al. 2004, 2006). These models
allow the user to investigate a broad range of stellar ages from
30 Myr to 14.5 Gyr (sampled at logarithmic steps), metallicities in
the range —1.79 <[M/H]<+0.40 and a suite of stellar IMF slopes.
The fitted range for the PPXF stellar population analysis is [3525—
7500] A, which corresponds to entire range covered by the SSP
libraries.

8http://www.oa-teramo.inaf.it/BASTI.
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Figure 3. Mg,-Fe24 index—index plot used to infer the [Mg/Fe] for all the
INSPIRE objects. The grid shows MILES SSPs with two different ages
(10 Gyr in black and 5 Gyr in grey), covering a range of metallicities and
[a/Fe] values. The direction of variation for age, metallicity, and [«/Fe] is
given by the arrows in the bottom-right corner. The [«/Fe] is orthogonal to the
other parameters and hence can be inferred even without a precise estimate
of age and metallicity. The INSPIRE galaxies are colour-coded and have
different symbols, according to the Data Release to which they belong to. A
typical error-bar is shown on the right-top corner of the plot.

4.1 SSP-equivalent [Mg/Fe] abundances from line-indices

The [Mg/Fe] abundance is often used as a proxy for the time-scale
efficiency of the SF episode. For a fixed IMF, a large [Mg/Fe] value
indicates a very quick quenching of SF, which occurs before Type Ia
supernova explosions can pollute the interstellar medium with iron
(e.g. Matteucci 1994; Thomas et al. 2005; Gallazzi et al. 2006, 2021).
Hence, since relics should have formed the (almost) totality of their
stellar mass in a very fast SF burst, they are expected to have a very
large [Mg/Fe] abundance. Indeed, a high, supersolar ratio has been
measured for the three local relics (Ferré-Mateu et al. 2017; Yildirim
et al. 2017; Martin-Navarro et al. 2018) and for the confirmed relics
in INSPIRE DRI.

Since measuring [a/Fe] from full-spectral fitting requires further
tests (see e.g. Vazdekis et al. 2015 and Liu 2020), we estimate
the [Mg/Fe] via the analysis of line-index strengths from Mg and
Fe lines. To reproduce exactly what has been done in INSPIRE
DR1, we use the Mg, (5177 A) and the mean of 24 different
iron lines present in the spectral range [3500-7000] A. Combining
many different Fe-lines helps to minimize the dependency on other
elemental abundances (e.g. [Ti/Fe]) which might fall in the Fe-indices
bandpasses. We have however tested our result against a different
combination of Fe-lines, finding results overall consistent within the
uncertainties.

We use the code SPINDEX from Trager, Faber & Dressler (2008)
to calculate the strengths of these features from the galaxies’ spectra,
all convolved to acommon velocity dispersion of 402 kms~!, equal to
the maximum stellar velocity dispersion (the same of J0909+4-0147).
We then measure the line-index strengths of the same spectral
features in SSP models brought to the same resolution. We use
two sets of ages (5 and 10 Gyr, justified by the results of DR1),
metallicities ranging from —0.35 to +0.4, and a bimodal IMF with
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I' = 1.3 (resembling a Kroupa IMF). We note that the MILES
models do not allow to control the [Mg/Fe] directly, but this can
be approximated to [«/Fe], which is the parameter we can change
in the SSPs. The version of the MILES models we employ here is
available only at two different [«/Fe] abundances: 0.0 (solar) and 0.4.
We note that a new version of the MILES models has very recently
been released (Knowles et al. 2023). These models allow for variation
in [a/Fe] from —0.2 to 40.6 with steps of 0.2. However, as pointed
out by the authors of the SSP models, for [a/Fe] enhancements
from scaled-solar to 0.4, the abundance pattern predictions from
the new models and that obtained from the old ones show only
minimal differences for old SSP ages over a wide range of total
metallicities.

The result of the line-indices analysis can be visualized via the
Mg,-Fe,4 index—index plot, shown in Fig. 3. In this plot, age and
metallicity are degenerate, both increasing from the bottom-left
corner to the top right one. The [«t/Fe] varies instead in an orthogonal
direction, as shown by the arrows in the bottom-right corner of
the figure. Therefore, this particular pair of indices allows us to
estimate the [Mg/Fe] for all the UCMGs, even before having a precise
constraint on the age and metallicity. In order to build a finer grid,
we linearly interpolate the models (0.0 and 0.4 in [«/Fe]) in steps
of Ala/Fe] = 0.1. We prefer not to extrapolate the models outside
the original boundaries. We then directly estimate the [Mg/Fe] from
the plot, taking as value the [a/Fe] of the closest model to each
point on the 10 Gyr grid. Given that there is no prior on age and
metallicity and these will slightly shift the model grids, we assign
an uncertainly of 0.1 to all the [Mg/Fe] values, which is equal to the
step between the models. We could have computed a more precise
estimate of the [Mg/Fe] by interpolating the models over a fine
grid, also in age and metallicity. However we decided not to do
so since these ‘SSP-equivalent’ [Mg/Fe] estimates, which are listed
in the second column of Table 3, will only be used to select SSP
models with a given [«/Fe] as input in the full-spectral fitting, as
detailed in Section 4.2. We note that for six DR1 systems we find
an estimate that deviated by £0.1 from that estimated in INSPIRE
DRI1. This might be due to small differences in the line-indices mea-
surements that could be caused by the different smoothing applied
here.’

4.2 Mass-weighted stellar ages and metallicities from
full-spectral fitting

Mass-weighted stellar ages and metallicities are obtained with PPXF
performing a full-spectral fitting on the integrated 1D R50 spectra.
Also in this case, for consistency, we use the MILES single SSP
models as stellar templates for the fit. For our purposes, we use
models with ages from 1 Gyr to the age of the Universe at the
redshift of each object' (logarithmic sampled with steps of Alogt
= 0.5 Gyr). In future INSPIRE publications, we will extend the
analysis to the UVB arm (at wavelengths bluer than 3500 A) in order
to increase the sensitivity to younger ages. This is motivated by the
finding of Salvador-Rusifiol et al. (2021) and Salvador-Rusifiol et al.
(2022), which detected residual sub-one per cent recent SF in massive
ETGs and in the local relic NGC1277.

9In DRI the largest velocity dispersion value was o = 300 km s~ !, and hence
both galaxies and SSP were convolved to that resolution.

10Given the sampling of the SSPs in age (Aage = 0.5 Gyr), we allow models
up to 0.5 older than the age of the Universe at the galaxies’ redshifts.
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Table 3. Results of the stellar population analysis. The first block of columns after the ID lists the ‘SSP-equivalent’ [Mg/Fe] abundances, and the mass-
weighted ages and metallicities in the unregularized case (unr) and using the maximum regularization allowed by the data (rmax). Uncertainties are obtained
via bootstrapping. In the third block of columns, we list the minimum fraction of stellar mass assembled by z = 2, the cosmic time at which the galaxies had
formed 75 per cent of their mass, the cosmic time of final assembly, and the age of the Universe at the redshift of the galaxies. Galaxies are ordered from the
highest (most extreme relic) to the lowest (extended SFH) DoR, which are listed in the last column and the horizontal line separates the extreme relics.

1D [Mg/FC] Tunr frmax At [M/H]unr [M/H]rmax A[M/H] er*BB:S 75 Ifin tUni, z DoR
KiDS (£0.1dex) (Gyr) (Gyr) (Gyr) dex dex dex (Gyr) (Gyr) (Gyr)

JO847+0112 0.3 120 11.6 02 0.30 0.35 0.02 0.9988 £ 0.0002 09+0.3 2.0+0.7 11.52 0.83
J2305-3436 0.3* 10.5 10.1 0.2 0.32 0.34 0.02 0.9980 £ 0.0007 1.0£03 2.0+£0.7 10.29 0.80
J0909+0147 04 114 111 0.3 0.27 0.31 0.02 0.9950 £+ 0.0013 09+0.2 3.0+4.0 11.11 0.79
J2204-3112 0.3 11.0 106 03 0.27 0.30 0.02 0.9992 £ 0.0003 1.0+ 04 25+09 10.67 0.78
J1438—-0127 04 10.5 10.1 0.4 0.05 0.11 0.05 0.9971 £ 0.0013 09+0.3 30+ 1.1 10.40 0.78
1104040056 04 109 106 03 0.27 0.28 0.02 0.991 +£ 0.003 1.0+0.3 3.0£3.9 10.54 0.77
J0842+0059 0.4 105 10.0 0.2 0.22 0.26 0.02 0.983 £ 0.007 1.1 +£0.3 35+1.8 10.31 0.73
JO211-3155 0.3 104 99 0.2 0.26 0.28 0.03 0.989 + 0.003 1.1 £0.3 35+4.0 10.26 0.72
J2359-3320 0.2 104 9.7 0.2 0.34 0.33 0.03 0.993 £ 0.002 14+04 3.0£39 10.38 0.71
1092040212 0.3 104 99 0.3 0.23 0.26 0.03 0.968 £ 0.012 09+0.2 7.0+38 10.46 0.64
J1412—-0020 0.0 103 93 0.3 0.40 0.32 0.03 0.93 +0.03 1.9+0.6 45+4.1 10.48 0.61
J1449-0138 0.3 109 102 03 0.21 0.25 0.03 0.961 £ 0.016 1.3+0.3 6.5+38 10.60 0.60
J0224-3143 0.3 9.8 9.4 0.3 0.18 0.21 0.03 0.976 £ 0.004 09+£02 9.0 £3.7 9.53 0.56
J0838+4-0052 0.3* 105 9.8 0.5 0.11 0.13 0.04 0.85 £ 0.05 1.9+0.6 6.0 +3.3 10.56 0.54
J0317-2957 0.4 106 103 03 0.17 0.19 0.04 0.949 £ 0.018 1.1£03 10.0 £4.0 10.64 0.51
J2202-3101 0.2 104 95 0.5 0.18 0.22 0.03 0.82 £ 0.07 1.5+04 8.0£29 10.10 0.48
J1457-0140 0.2 9.2 8.5 0.5 0.11 0.12 0.05 0.81 £ 0.07 2.1+£0.7 7.0£2.7 9.93 0.47
J08444-0148 04 9.8 9.1 0.1 0.12 0.17 0.05 0.91 £0.03 1.5+04 10.0 £ 4.0 10.43 0.45
J1218+0232 0.3 102 93 0.4 0.06 0.14 0.05 0.89 + 0.04 1.5£05 9.5+33 10.20 0.45
J2356—-3332 0.2 8.9 7.9 0.7 0.25 0.29 0.05 0.90 £ 0.02 1.7+ 0.6 9.5+39 9.92 0.44
J0917-0123 0.4 9.6 8.4 0.3 0.10 0.18 0.04 0.89 + 0.04 1.6 £0.5 9.5+39 9.73 0.44
J0918+4-0122 0.2* 9.3 8.6 0.3 0.20 0.23 0.05 0.90 £ 0.03 1.6 £ 0.5 9.5+4.0 9.62 0.43
J0240-3141 0.0 9.1 8.5 0.7 0.29 0.29 0.02 0.90 + 0.03 1.9£0.6 10.0 3.9 10.47 0.43
J0314-3215 0.2* 9.0 8.1 0.5 0.22 0.26 0.05 0.87 £ 0.02 1.8 £0.6 10.0 £ 4.1 10.39 0.42
J1420—-0035 0.1 105 9.2 0.5 0.29 0.30 0.03 0.87 £ 0.05 22+08 10.0 £3.9 10.77 0.41
J14114-0233 0.2 8.5 7.8 0.5 0.15 0.18 0.04 0.84 £ 0.04 1.7+ 0.5 9.5+4.1 9.74 0.41
J1114+0039 0.2 9.2 8.2 0.5 0.21 0.25 0.03 0.86 + 0.04 1.9+£0.6 10.0 £ 3.6 10.27 0.40
J0316—2953 0.4* 9.1 8.0 0.3 —-0.10 0.02 0.08 0.83 £ 0.06 1.9+0.5 9.5+4.1 9.74 0.40
J1228-0153 0.3 10.1 9.0 0.6 0.05 0.09 0.05 0.82 + 0.08 23+£0.7 9.5+38 10.3 0.39
JO857—-0108 0.2 10.1 9.1 04 0.21 0.21 0.04 0.80 £ 0.05 26+09 9.5+4.0 10.56 0.39
J1447-0149 0.1 109 9.8 0.7 0.13 0.18 0.04 0.82 + 0.07 25+09 10.5+423 11.19 0.38
J1527-0012 0.2 8.7 7.7 0.6 0.124 0.18 0.05 0.79 £ 0.05 2.7+09 85+£32 9.4 0.38
J1527-0023 0.2 8.4 7.4 0.9 0.11 0.12 0.09 0.81 £ 0.06 24+£0.8 9.5+34 9.82 0.37
J0321-3213 04 8.8 8.7 04 0.06 0.04 0.05 0.81 £ 0.06 24407 10.0 £ 3.7 10.32 0.37
J2312—-3438 0.3 9.0 8.6 0.4 0.012 0.03 0.04 0.80 + 0.07 25+£0.7 9.5+39 9.68 0.36
J1414+0004 0.2 9.9 8.4 0.5 0.07 0.14 0.06 0.80 £ 0.08 25+09 10.0 £ 4.1 10.24 0.36
J1202+0251 0.2 8.5 7.3 0.7 0.18 0.18 0.06 0.78 + 0.06 26+£09 9.5 £3.1 10.0 0.36
J1128—-0153 0.0 103 94 0.5 0.26 0.25 0.02 0.75 £ 0.09 29+ 1.1 10.5+4.3 11.04 0.34
J1436+0007 0.1 100 84 0.8 0.25 0.27 0.03 0.72 + 0.09 3.1+£1.1 105+ 44 11.05 0.33
J1417+0106 0.0 8.6 8.0 0.6 0.19 0.18 0.03 0.72 £ 0.08 36+1.2 10.5+3.6 11.49 0.33
J0904—-0018 0.1 8.6 7.8 0.5 0.36 0.28 0.04 0.70 + 0.10 32+1.1 10.0 £ 3.8 10.28 0.32
J1402+0117 0.0 9.0 8.5 0.9 0.17 0.17 0.05 0.70 £ 0.07 32+1.1 10.5 +4.1 10.72 0.31
J1156—-0023 0.0 7.3 6.7 0.8 0.20 0.20 0.03 0.69 + 0.06 3.6+£1.2 10.5 £ 4.1 10.7 0.30
J1026+0033 0.3 9.9 9.3 04 0.03 0.03 0.03 0.67 £ 0.05 36+ 1.5 11.5+32 11.55 0.29
J2257-3306 0.1 8.3 8.5 0.7 0.20 0.21 0.03 0.63 +0.12 8.1 +3.1 10.0 £4.2 10.68 0.27
J0920+0126 0.1* 8.5 7.0 0.9 0.14 0.14 0.05 0.56 £ 0.13 85+34 9.5+39 10.16 0.25
J0326—-3303 0.3 8.0 8.4 0.6 —0.08 —0.09 0.05 0.50 £0.17 33+1.2 10.0 £ 3.5 10.3 0.25
J114240012 0.3 6.3 53 0.6 0.13 0.11 0.04 042 +£0.12 115+ 4.8 120+ 3.3 12.32 0.18
1145640020 0.0 5.3 53 1.1 0.08 0.12 0.06 0.32 £ 0.09 87+34 10.0 £ 2.1 10.52 0.17
J1154—-0016 0.0 3.8 3.8 0.8 —0.05 —0.05 0.07 0.17 £ 0.14 83+34 9.5+33 9.95 0.11
J0226—-3158 0.0 5.0 53 1.0 0.18 0.21 0.04 0.09 £ 0.30 7.1+32 9.5+25 10.9 0.12
J2327-3312 0.2 2.7 2.7 0.5 0.17 0.16 0.04 0.00 £ 0.18 84 +35 9.0+ 04 9.34 0.06

Note. *For these systems the new estimate is 0.1 x higher/lower than that of DR1.
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The PPXF fit is performed in 2D, only letting age and metallicity
vary in the models. In fact, as already done in INSPIRE DRI, we
use, for each galaxy, only models with the [o/Fe] ratio equal to that
estimated from line-indices. In future INSPIRE publications, we
will improve on this aspect by implementing a PPXF fit in 3D, or
even 4D, also varying the IMF slope, which is kept fixed to a bimodal-
distribution with a low-mass end slope of I' = 1.3. In fact, the DR1
data hinted at a difference in the low-mass end of the IMF slope
between relics and non-relics (Martin-Navarro et al. 2023); however,
a much higher SNR is necessary to measure IMF variations and
break the degeneracies with the other stellar population parameters
(e.g. Conroy & van Dokkum 2012; La Barbera et al. 2013; Spiniello
et al. 2014). We will investigate how a variable IMF might influence
the other stellar population parameters and whether or not the slope
correlates with the DoR in a forthcoming paper, stacking galaxies
with similar DoR or other parameters.

Following INSPIRE DRI, we perform the PPXF fit using the two
most extreme values of the regularization parameter, thus deriving the
minimally (REGUL = 0, hereafter ‘unr’) and maximally smoothed
(REGUL = MAX_REGUL, hereafter ‘rmax’) solutions consistent
with each spectrum and its SNR. The MAX_REGUL changes from
system to system and it is calculated by rescaling the noise until the
x? increases by Ax2 = /2 x DoF, where the degree of freedom is
approximated to be equal to the number of pixels used in the fit.
Unlike for the kinematics, we only use multiplicative polynomials
for the stellar populations to preserve the line strengths. We set
the multiplicative polynomial degree MDEGREE = 10 (see the tests
performed in appendix A of the INSPIRE Pilot). To estimate reliable
uncertainties on the mass-weighted ages and metallicities, we run a
bootstrap routine consisting in repeatedly fitting a PPXF model to a
spectrum obtained by adding random noise to the original one. The
random noise is within three times the RMS obtained by subtracting
from the original spectrum a median smoothed version of itself. We
repeat this procedure 256 times and use the standard deviation as
uncertainty on the measured stellar population parameters. At this
stage, we also vary the MDEGREE (within £+2) and the REGUL
parameter (within MAX_REGUL—5 and MAX_REGUL).

Fig. 4 shows two examples of PPXF fits for the olderst (top) and the
youngest (bottom) UCMGs. In the left panels, the galaxy spectrum is
plotted in black, while the best-fitting SSP template is overplotted in
red. The right panels show the mass and metallicity inferences from
the weights of the SSP models, used to build the best fit, in the rmax
case.

Results obtained in the two extreme PPXF configurations (unr
and rmax) can be seen in the scatter plots of Fig. 5. In the top
panel, we plot the formation epoch of each galaxy, defined as the
difference between the age of the Universe at the redshift of each
object and the stellar age derived from full spectral fitting (fyn; -
— tga) for the unr case (x-axis) versus the rmax one (y-axis). This
quantity is a proxy for the formation age of the systems: the closer
this number is to zero, the earlier the object assembled its stellar
mass in the history of the Universe. Smoother solutions clearly
imply younger ages. Since in principle, regularized and unregularized
solutions should be statistically equivalent, the fact that they produce
mass-weighted mean ages that are only marginally consistent within
the plotted error bars demonstrates that our bootstrapping routine
produces uncertainties that only take into account the uncorrelated
noise in the spectra but are not sensitive to systematics arising from
the regularization of the fits.

The bottom scatter plot shows the different estimates of [M/H] in
the two cases. As expected, younger ages (in the rmax case) translate
into higher metallicities. However, since the difference between the
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two PPXF runs is small, the regularization does not play a major
role in constraining the stellar metallicity. The histograms on the
corners of each panels show the distribution of formation ages and
metallicities for the two regularizations.

All stellar population results are summarized in Table 3, where we
report the [Mg/Fe] values estimated from line-indices analysis and
the mass-weighted ages and metallicities for the unr and the rmax
cases. These quantities are used to compute SFHs, and in particular
the fraction of stellar mass assembled in cosmic time. Specifically,
this latter quantity is computed from the age-[M/H] weights fractions
maps’ (density maps) shown in the right panels of Fig. 4, by flipping
the age axis and marginalizing over metallicity. This quantity will be
used in the next section to estimate the DoR and assess how many
of the INSPIRE UCMGs can be classified as relics of the ancient
Universe.

5 RESULTS

In INSPIRE DRI we have computed the fraction of mass assembled
within 3 Gyr after the big bang (fi,,_,), i.e. by z = 2, assumed to
be the end of the first phase (Zolotov et al. 2015), the cosmic time at
which 75 per cent of the stellar mass was in place (¢;5), and the time
of final assembly, i.e the cosmic time at which the entire totality (100
percent) of the stellar mass was in place (#5,). This allowed us to
weigh the contribution by ancient stars separating them from those
formed in later episodes of SF (if any) and how much they extended
in cosmic time. Here, we compute the same quantities for all the 52
INSPIRE objects and list them in Table 3, alongside with the stellar
population results.

To produce the stellar mass assembled in cosmic time, we start
from the density maps, like the ones shown in the right panels of
Fig. 4. We flip the age axis and sum over all metallicity values,
computing in this way the fraction of mass assembled at each age bin
since the big bang to the redshift of the galaxy. In INSPIRE DRI we
use the fi. and 175 to classify UCMGs in relics and non-relics.
In particular, the quantities we quote in the table are the minimum
f Mgy and the maximum #;5 of the four different estimates obtained
from four different PPXF configurations:

(i) an unregularized fit using models with [«a/Fe] equals to the
[Mg/Fe] value estimated from line-indices,

(ii) the fit using the maximum regularization and models with
[a/Fe] = [Mg/Fe],

(iii) an unregularized fit using models with [«/Fe] = [Mg/Fe]+-0.1,

(iv) an unregularized fit using models with [a/Fe] = [Mg/Fe]—0.1.

The uncertainty is assumed to be the standard deviation between
the same four estimates.

The uncertainties we associate with f,V,;BB:3 and 75 are assumed
to be the standard deviation on the four measurements. It is very
interesting to note thathigh fy;- . have much smaller uncertainties.
This is because for extremely peaked SFHs, the PPXF configurations
do not play a major role and the four estimates are very similar.
This is not true for systems with a more time-extended SFH. Finally,
the remaining two columns of the same block list instead the final
assembly time (#4,, 100 per cent of the mass formed) and the age of
the Universe at the redshifts of the objects (tuni, z)-

5.1 The DoR

In INSPIRE DRI, we used the minimum fraction (among those
obtained from different PPXF set-ups) of stellar mass assembled at
z = 2 and the maximum cosmic time at which 75 percent of the
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Figure 4. The PPXF fits for the oldest (top) and the youngest (bottom) galaxies. The left panels show the fits, with the galaxy spectrum in black, the SSP
best-fitting template in red, residuals in grey, and pixels masked out from the fit in blue. The right panels show the age—metallicity density map obtained for the
maximum regularized case. They represent the mass-weighted fraction assigned by PPXF to each input SSP.

stellar mass was in place to classify the 19 systems analysed there
into three groups: extreme relics, relics, and non-relics. Here, we
also consider the cosmic time of final assembly in order to resolve
the diversity of the entire INSPIRE sample. We need to be able
to disentangle between an object that had formed the majority of
its stellar mass early on in cosmic time but then underwent a very
time-extended SF from an object that assembled a similar quantity
of stellar mass during the first burst, but then completed its formation
still at high z.

In addition, this time, we combine these three quantities together
defining a number for each object, hence expressing the relicness
with a simple parameter that quantifies the mean SFH and that gives
asense of the diversity of galaxies in terms of their stellar populations.
The DoR is defined as
0.5Gyr N 0.7Gyr + (tuni — 6n) » 1 0

t75 tuni 3

DOR = fM:BB:} +

The equation is motivated by the very recent findings of Labbé
et al. (2023) that it takes about 500-700 Myr to form a galaxy with
M, ~ 10""M,. Hence, the minimum time to form 75 per cent of the
stellar mass is set to 0.5 Gyr, while the minimum time to assemble all
the mass is set to 0.7 Gyr. The third addendum is related to the final
assembly time (i.e. the time at which a galaxy has formed the 100
per cent of its stellar mass), but rescaled to the age of the Universe at
the redshift of each galaxy.

The average of these three single addenda in the equation is
allowed to vary from O to 1, with 1 denoting systems that have
formed the totality of their stellar mass in the shortest possible
time.'! A higher DoR indicates an earlier formation epoch with
almost no contribution from stars brought in through accretion or
formed in later SF episodes. A lower DoR instead means that,
although a fraction of stars are old and were formed at very high
z, there is a non-negligible percentage (> 25 per cent, according to
the DR1 threshold) of later formed populations with different ages
and metallicities. Hence galaxies with low DoR are characterized by

I Ag a reference, NGC1277, the most extreme relic known so far in the local
Universe, has a DoR of ~0.95.

MNRAS 527, 8793-8811 (2024)

a much more time-extended SFH. However, it is important to stress
that the definition of the DoR, linearly combining the fy; . the
t75 (middle), and the (fyn — #n)/tuni 1s motivated only by the stellar
population analysis and the choices made in INSPIRE DRI.

We caution the reader that a one-to-one comparison between the
relic definition in INSPIRE DRI and this updated one is not
straightforward. In fact, in DR1, we analysed two 1D extracted
spectra for each galaxy (R50 and optimally extracted, see Spiniello
et al. 2021b for more details) and considered the mean (lower limits
for the) fraction of mass and #;5 when classify UCMGs in relics and
non-relics. Nevertheless, a direct comparison between the ages and
metallicities obtained in the two DRs is presented in Appendix A.
Overall, a very good agreement is found, with only two galaxies
presenting different stellar population parameters: J0226—3158,
which is ~4 Gyr younger now, and J0316—2953 for which the
metallicity is lower in this DR3 with respect to the supersolar value
inferred in DR1. J0226—3158 is the only object for which the relic
classification has dramatically changed in this DR3. In DRI we
inferred a mean fy+ of 0.685, while now the fraction went down
to 0.09 £ 0.3. For the four extreme relics already presented in DR1,
nothing has changed here: they have still formed the great majority
of their stars (', >099) at z > 2.

In a forthcoming publication, already in preparation, we will use
a more sophisticated machine-learning-based grouping algorithm
to identify ‘families’ within the 52 UCMGs. We will feed the
code with the morphological, photometrical, kinematical, and stellar
population parameters searching for clustering and grouping, and
then comparing these results with the DoR grading.

Fig. 6 shows the DoR defined above plotted versus the fy-
(top), the 75 (middle), and the (fyy; — tn)/funi (bottom). The coloured
regions in the first two panels identify the zone where non-relics
(blue), relics (red), and extreme relics (magenta) will lie, following
the INSPIRE DRI approach. The same colour code as in DR1
is used in these panels. However, from the figure, it appears that
the definition used in DR1 does not allow one to really appreciate
the diversity of the 52 UCMGs, spanning different final times and
fractions of masses formed at high z. For instance, the objects that
would not pass the threshold of fy«  >0.75 cover a very large
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Figure 5. Scatter plots of the formation ages (top) and stellar metallicities
(bottom) derived from the unr versus the rmax PPXF fits. As expected, ages
are younger in the latter case. The points on the metallicity plot (lower panel)
lie on the one-to-one line, shown in red. The histograms show the distribution
of the parameters in the two cases separately.

range of fraction of mass formed at high z, from 0.72 £ 0.09 to
as little as 0.00 £ 0.18. Also, some of them have #;5 only slightly
larger than 3 Gyr, while some others have much larger values. This
is also valid for the final assembly time and objects that have been
classified as relics in DR1. In conclusion, the DoR is a much robust
and informative way to quantify the fraction of mass formed at early
times and the SFHs for all the UCMGs in the INSPIRE sample.
Nine out of the 52 systems stand out from the overall distribution,
having DoR>0.7, which translates into very high fractions of mass
formed within 3 Gyr from the BB (>0.98), and very short #;5 (<1.5)
and t5, (<3.5). These are clearly the most extreme cases: they were
completely formed 3 Gyr after the big bang. On the other extreme
of the distribution, seven UCMGs have formed 75 per cent of their
stellar mass in a much longer time (#75 > 7 Gyr), and therefore they
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cannot be considered relics of the ancient Universe. The remaining
36 systems span a large range of DoR (0.25 <DoR<0.7).

Fig. 7 shows the cumulative fraction of mass formed in cosmic
time since the BB for the unregularized case (top) and the one
with the maximum regularization (bottom) for the entire INSPIRE
sample.The galaxies are colour-coded by their DoR, as indicated
in the coloured bar on the top. The figure highlights how different
the SFHs of the 52 UCMGs are. All systems with DoR > 0.7 (red
and orange lines) have completely assembled their mass a couple of
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Figure 7. Cumulative fractions of mass formed in cosmic time since the BB
for the unr (top) and the rmax (bottom) case for the entire INSPIRE sample.
The galaxies are colour-coded by DoR.

Gyr from the BB. These can be considered extreme relics. Moving
towards lower and lower DoR, the distribution of fM?BB=3 becomes
instead more heterogeneous, in both the top and bottom panels.
Interestingly, a similar diversity in the SFHs has also very recently
been extended to compact galaxies at lower masses. For instance,
Grebol-Tomas, Ferré-Mateu & Dominguez-Sanchez (2023) recently
computed SFHs and formation time-scales of compact galaxies with
9.9 <log (M,/Mg) < 10 from the Mapping Nearby Galaxies at APO
(MaNGA) Survey (Bundy et al. 2015). Using a machine learning
grouping algorithm, they found three clearly distinct groups: galaxies
that have remained mostly unchanged since their early formation
epoch, galaxies with a more extended and continuous SF, and
galaxies with an initial very low star-forming rate that than increases
with time.

5.2 Relic characterization

The corner plot of Fig. 8 shows the results of the stellar population
analysis once all galaxies have been colour-coded by their DoR,

MNRAS 527, 8793-8811 (2024)

as defined above. Extreme relics with DoR > 0.7 are plotted in
red, while galaxies with a more extended SFH (i.e. non-relics, DoR
< 0.25) are plotted in blue. This is in line with the colour-coding
used in previous INSPIRE publications, but much more flexible. By
construction, a higher DoR implies a lower #3, and a higher fM,'BB:3’
i.e. an earlier final assembly with a higher fraction of stellar mass
formed at z > 2. Clearly, this also means that galaxies with higher
DoR have older integrated ages, as visible from the plot.

The 52 INSPIRE UCMGS span a large range in stellar velocity
dispersion (~130—400 km s~'). For normal-sized galaxies, it is well
known that the stellar population parameters and the SFHs correlate
with it, in the sense that galaxies with higher o, have overall older
integrated ages and larger metallicities (e.g. McDermid et al. 2015).
This is true also for UCMGs.'?> However, we note that the definition
of relics based on the cumulative mass fraction assembled in cosmic
time does not directly depend on the stellar population parameters:
UCMGs with very similar velocity dispersion (and also similar
integrated age and metallicity) can have very different DoR (e.g.
J1228—-0153 with DoR = 0.39, o, = 191 £ 10 and J1438—-0127
with DoR =0.78, 0, =218 =+ 11).

An interesting result, which confirms what was already hinted at
in INSPIRE DRI, is that while galaxies with low DoR values are
uniformly distributed around o ~ 200-240 km s~!, there is a high
fraction of UCMGs with high DoR that have larger o,. This means
that the stellar velocity dispersion can potentially be used, in the
future, to select the most reliable relic candidates among UCMGs
(see e.g. Saulder, van den Bosch & Mieske 2015).

Fig. 9 shows the stellar mass versus the stellar velocity dispersion.
The galaxies are colour-coded by their DoR, as in the previous
figure. We have already shown in fig. 12 of INSPIREDRI1 and
fig. 10 of INSPIRE DR2 that at equal stellar mass, relics tend
to have, on average, larger stellar velocity dispersion values than
non-relics and than normal-sized galaxies. Here, we do not wish
to compare normal-sized galaxies with UMCGs, but only galaxies
of very similar sizes but different DoR. Due to the larger number
statistics, we now see that although some of the less extreme relics
(i.e. yellow and orange points, with DoR~0.3-0.6) have similar o,
than non-relics of similar stellar mass and size, the majority of the
systems with DoR>0.7 (red points) have larger velocity dispersions.
Being the o, a proxy for the total mass of a system, given the virial
theorem, and since all the plotted galaxies have very similar sizes
and stellar masses, this plot implies that objects with a high DoR
have larger mass-to-light ratios than objects with lower DoR. One
of the possible physical motivations for this could be the fact that
these objects are characterized by a steeper low-mass end of the
IMF slope, since dwarf stars contribute substantially to the mass
but only add a few per cent to the optical light (Conroy 2013). This
seems to be the case, as we showed in Martin-Navarro et al. (2023),
although with very limited number statistics (five relics and five
non-relics). Alternatively, relics could have more dark matter or dark
haloes with a higher central mass density. However, this seems to be
in strong contrast with recent results showing that NGC1277, one
of the three very well-studied extreme relics in the local Universe,

12Comparing relics and their properties with ATLAS®P normal-sized galaxies
of similar masses (e.g. fig. 22 in Cappellari 2016), the INSPIRE objects
seems to have exactly the stellar population characteristics that one would
expect by extrapolating the parameters of normal-sized ETGs beyond the
ZoE. At equal stellar masses, smaller galaxies are older, have larger stellar
velocity dispersion values, richer metallicities, and higher [«/Fe]. Relics are
the extreme tails of these distributions.
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Figure 8. Correlation between the stellar population parameters. The INSPIRE galaxies are colour-coded by the DoR, with red being the most extreme relics
and blue indicating objects with a relatively more extended SFH. Galaxies with higher DoR are older (by definition), more metal-rich, and have higher [Mg/Fe]

ratios and velocity dispersion values.

is dark-matter-deficient up to 5 R. (Comerdn et al. 2023). We will
tackle this problem in future dedicated publications (i) precisely
constraining the IMF and (ii) performing a detailed dynamical model
of the galaxies in the INSPIRE final sample. We finally note that it is
not surprising that we do not find extreme relics at very high masses,
as it is very rare for such massive galaxies to form in such short
time-scales.

6 SUMMARY AND CONCLUSIONS

In this paper, we have presented the complete sample of the Inves-
tigating Stellar Populations In RElics (INSPIRE) Survey. The goal
of INSPIRE has been to study the kinematics and stellar population
parameters of a sample of UCMGs with effective radii Re <2 kpc and

stellar masses M, >6 x 10'© M, to build the first sizeable catalogue
of spectroscopically confirmed relics at 0.1 < z < 0.4. Observations
were based on an ESO Large Program, which was completed in 2023
March. The data have been made available to the community through
three ESO Data Releases (DR1: Spiniello et al. 2021b, DR2: D’ Ago
et al. 2023), the last of which has been described in this paper.

For each of the 52 UCMGs we have derived highly accurate
spectroscopic redshifts, precise estimates of the integrated stellar ve-
locity dispersion and the associated uncertainties, ‘SSP-equivalent’
[Mg/Fe] from line-indices and mass-weighted stellar ages, and metal-
licities from full-spectral fitting. All these quantities are released in
a publicly available catalogue, together with morpho-photometric
characteristics derived from KiDS and VIKING multiband images.

In this paper, we have:
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Figure 9. The M,—o relation for the INSPIRE sample. Galaxies are colour-
coded by their DoR and the symbol size scales with the R, . Objects with a
high DoR (red) have overall larger stellar velocity dispersion compared to
galaxies with lower DoR but equal stellar mass.

(1) added 12 new, still unpublished systems to the previous DRs,
releasing their UVB, VIS, and NIR spectra, as well as the combined
spectrum smoothed at a resolution of FWHM=2.51 A, that of the
SSP models. All spectra have been extracted from an aperture that
encapsulates 50 per cent of the light, but that takes into account that
the data are seeing-dominated,

(i) (re-)computed the stellar velocity dispersion (o) for all the
INSPIRE galaxies using the code PPXF with a uniform configura-
tion,

(iii) obtained stellar ages, metallicities, and [Mg/Fe] abundances
for 33 new systems (DR2 and DR3) and for the 19 systems already
presented in DR1 from the smoothed 1D UVB + VIS spectra.

These quantities allowed us to derive the SFHs of the galaxies
in the entire INSPIRE sample and hence define, for each of the
UCMGs, a DoR, based on the fraction of stellar mass assembled
3 Gyr after the BB (z > 2), on the time at which the galaxy had
formed 75 percent of its stellar mass and on the cosmic time of
final assembly (100 percent of the stellar mass formed), taking
into account the redshifts of the systems. The DoR is defined as a
dimensionless value that varies from 1 (the most extreme case: a
galaxy that has fully assembled 700 Myr after the BB) to O (a galaxy
that is still forming stars today).

Among the 52 INSPIRE UCMGs, nine can be defined as ‘extreme
relics’, since they had formed >99 percent of their stellar mass
by z = 2, corresponding to a DoR>0.7. According to the simpler
definition given in INSPIRE DRI, 38 objects would be classified as
relics, having formed more than 75 per cent of their stellar mass by
z = 2 (0.34 <DoR<0.64). This number nicely confirms (and even
increases) the initial expectation of the survey which predicted that
50 percent of the sample would be classified as relic, following
this simple, operational definition. However, here, in this final data
release, we have defined a much more informative classification
of these UCMG:s, assigning a DoR to each system, that takes into
account these SFH parameters in a roubst way. The DoR is found
to correlate with the stellar velocity dispersion, [Mg/Fe], metallicity,
and (by construction) age.

Among the 38 relics, the different DoR represents different SFHs,
with some systems that have formed all their stars just 2 Gyr after the
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big bang (extreme, DoR > 0.7) and some others with much longer
tin (0.34 < DoR < 0.64). The remaining 14 UCMGs are instead
systems that are still forming stars or that stopped much later on in
cosmic time. These objects could pose problems to simulations that
will have to explain the presence of multiple SF episodes but a lack
of growth. We note however that these systems, or at least a fraction
of them, could also be ‘stripped’ objects that were much bigger in
size but then lost part of their materials. Unfortunately with ground-
based observations and INSPIRE integrated and seeing-dominated
spectra we cannot disentangle between these cases.

In conclusion, the INSPIRE Survey has successfully built a
sizeable catalogue of relics and younger UCMGs, which is released
to the community. This opens up the opportunity to study in
great detail the first phases of formation and mass assembly of
massive galaxies at high z, but with the ease of being in the nearby
Universe.
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APPENDIX A: COMPARISON WITH DR1

In this appendix, we show a direct comparison between the stellar
population results obtained in DR1 (Spiniello et al. 2021b) and those
presented here for 19 objects. For consistency, we only consider here
the optimally extracted spectra from DRI, the only one we use in
this DR3.

Here, below we briefly list the main (small) differences between
DR1 and this paper.

(i) Fitting region: in DR1, we restrict the fit to the spectral region
[3500=7000] A, while here we go slightly redder, up to 7500 A. The
spectral range used for the fit does play a role both in measuring
the velocity dispersion (see the tests in INSPIRE DR2) and in
determining the SFHs for a couple of systems with low DoR. This
is probably caused by the presence of a noisy region around 7100-
7200 A for them (this is also visible from the bottom panel of Fig.
4), showing J2327—-3312, the youngest galaxy in the INSPIRE
sample. However, this does not affect the main conclusions or the
classification obtained in the paper.

(i) PPXF version: the version 7.4 was used in DRI, whereas
version 8.2.4 is used in this paper.

(iii) Cleaning and masking: we slightly improve the masking of
bad pixel regions and additionally used the CLEAN keyword in
PPXF.
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Figure A2. Same as in Fig. A1 but with the metallicity estimates.

Overall, a fair agreement is found for the majority of the systems
for both age and metallicity, with however a small systematic effect
towards slightly older ages, as shown in the top panels of Figs A1 and
A2. The bottom panels of each plot the histograms of the difference
between the age and metallicity computed in the two DRs. For both
the unr and the rmax cases, a Gaussian fit to the difference shows no
systematic differences and a spread of about 1-2 Gyr for the age and
of ~—0.1 for [M/H]. With the exception of two galaxies:

(1) J0226—3158. For this galaxy, a much older stellar age was
inferred (~10 Gyr) in DR1, compared with the one we infer here
(~6 Gyr), for both the unregularized and the regularized cases.

(i1) J0316—2953. For this galaxy, the age estimates agree within
1.50 (with the ones estimated here being ~1 Gyr older), but the
inferred [M/H] values differ by 0.2 dex. In DR1J0316—2953 resulted
to be slightly supersolar, while here it has [M/H] values below solar
now with the new analysis. The disagreement is however smaller
when considering the rmax case.

APPENDIX B: UCMGS AND RELICS NUMBER
DENSITY

With the final INSPIRE sample at our disposal and the relic
confirmation described above, we can update the lower limit to the
number density of relics (and UCMGs) obtained in previous DRs.
This number provides an important constraint for galaxy assembly
models and simulations.

Following the approach of T18, already used also in INSPIRE
DRI, the number density is defined as

— farea X Nconf’ (Bl)
Vkips.z

where Ncone 1s the number of objects. We considered both the 38
systems that have eraBB=3 > (.75 and the entire sample of 52 UCMGs.
The Vkips. . is the cosmic comoving volume contained within the
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Figure B1. Number density of INSPIRE UCMGs (blue square) and relics
( fM;BB:3 >0.75, red square) versus redshift. The black points and lines are the
UMCGs from T18. The green triangle shows the lower limit inferred from
the three local relics by Ferré-Mateu et al. (2017). The shaded yellow region
highlights the region predicted by simulations. This has been computed as
the lowest limit presented in Quilis & Trujillo (2013). The cyan line and
region show the number counts for compact galaxies in the COSMOS area
(Damjanov et al. 2015a).

redshift window covered by INSPIRE (0.1 < z < 0.41), and is
calculated as follows: Vkips.z = (Vz=041 — Vz=0.1). Finally, firea 1S
a normalization factor used to normalize the number of objects to
the full sky area. It is defined as the ratio Agy/Axips, where Agy, =
41253 deg? is the full sky area and Agips = 333 deg? is the KiDS
DR3 effective area within which the UCMGs are found (de Jong
et al. 2017).

The number density for the 38 relics (red point, log p ~ 2.8 x 1077
Mpc~3) and the entire INSPIRE sample (blue point, logp ~
3.9 x 1077 Mpc~3) is shown in Fig. B1. This second value, although
does not represent a benchmark for simulations wishing to compare
the number of predicted relics, is useful for comparing our findings to
the many works computing the number density of UCMGs, without
any distinctions between old and younger systems (e.g. Tortora et al.
2018; Scognamiglio et al. 2020). In the same figure, we also show
the lower limit estimated by Ferré-Mateu et al. (2017) from the three
local relics (green triangle) and the trend inferred by T18 (black
points) considering all UCMGs found in KiDS. The yellow region
shows the zone predicted by Quilis & Trujillo (2013), who used the
semi-analytical simulations from Guo et al. (2011) and Guo et al.
(2013) to define ‘relic compacts’ galaxies with mass changing less
than 10 per cent from z ~ 2. A mild evolution is found with redshift
for all the mentioned studies. The cyan region and line represent
the number densities from Damjanov et al. (2015a) inferred for
galaxies in the COSMOS survey. In this case, no redshift evolution is
found.

Our estimates are slightly below the value reported by F17 and the
limit predicted by simulations. However, we stress that this number
has to be considered as a lower limit on the relic number density,
as the completeness and the selection function of the UCMGs/relics
have not been taken into account.
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APPENDIX C: 1D SPECTRA

In this appendix, we show the 1D R50 spectra for all the galaxies
in the INSPIRE sample, ordered and divided by SNR group, as
described in Section 3 and Table 2. In particular, Fig. C1 shows the
spectra with mean SNR > 35, Fig. C2 those with medium SNR (25
< SNR < 35), and Fig. C3 those with SNR ranging from 15 to 25.
For display purposes, the spectra have been smoothed with a median
filter with a nine-pixel width. There are two slightly noisy regions
(around 4200 A, and around 7200 A) where the three arms have
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been joined together, and two very noisy ones, which correspond
to the large telluric bands. All these have been masked out from
the analysis of the stellar kinematics and populations. We remind
the reader that, for this DR, the stellar population parameters have
been constrained from the spectral region [3500-7500] A. In this
region, the SSP behaviour is solid and well studied; the influence of
possible changes in the IMF slope and of very small (< 1 per cent)
SF residuals are negligible. In future INSPIRE papers we will focus
more on the UVB and NIR regions.
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Figure C1.
after restframing and rebinning to a final resolution of FWHM=2.51 A. Residual
masked out for the kinematics and stellar population analysis.

1D smoothed spectra (9-pixel wide median filter) for the systems in the high SNR group (SNR > 35). The single-arm spectra are joined together

s from telluric lines have not been removed from the spectra, but have been
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Figure C2. Same as the previous figure, but for the spectra in the medium SNR group (25 < SNR < 35).
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Figure C3. Same as the previous figure, but for the spectra in the low SNR group (SNR < 25).
This paper has been typeset from a TEX/IATEX file prepared by the author.

© The Author(s) 2023.
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 527, 8793-8811 (2024)

€202 Joquieoaq zz uo Jasn IAILOVNI - Aisioaun munL Aq 268551 ./€6.8/€/L2G/RI0IMe/Seuw/wod"dno-olwapeoe//:sdjy oy papeojumod


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 THE INSPIRE PROJECT
	3 DATA ANALYSIS AND STELLAR KINEMATICS
	4 STELLAR POPULATIONS ANALYSIS
	5 RESULTS
	6 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: COMPARISON WITH DR1
	APPENDIX B: UCMGS AND RELICS NUMBER DENSITY
	APPENDIX C: 1D SPECTRA

