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ABSTRACT

We report the discovery of emission lines in the optical spectra of ultracompact massive galaxies (UCMGs) from IN-
SPIREincluding relics, which are the oldest galaxies in the Universe. Emission-lines diagnostic diagrams suggest that all
these UCMGs, independently of their star formation histories, are ‘retired galaxies’. They are inconsistent with being star-
forming but lie in the same region of shock-driven emissions or photoionization models, incorporating the contribution from
post-asymptotic giant branch (pAGB) stars. Furthermore, all but one INSPIRE objects have a high [O I]/He ratio, resembling
what has been reported for normal-size red and dead galaxies. The remaining object (J11424-0012) is the only one to show
clear evidence for strong active galactic nucleus activity from its spectrum. We also provide near-UV (far-UV) fluxes for 20 (5)
INSPIRE objects that match in GALEX. Their NUV — r colours are consistent with those of galaxies lying in the UV green
valley, but also with the presence of recently (< 0.5 Gyr) formed stars at the sub-per cent fraction level. This central recent
star formation could have been ignited by gas that was originally ejected during the pAGB phases and then re-compressed and
brought to the core by the ram-pressure stripping of Planetary Nebula envelopes. Once in the centre, it can be shocked and
re-emit spectral lines.

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

2008; Naab et al. 2014) and have evolved passively and undisturbed

1 INTRODUCTION from their first intense and fast high-z star formation (SF) burst.

Relic galaxies (Trujillo et al. 2009, 2014; Ferré-Mateu et al. 2017)
are the local descendants of high-redshift red nuggets that have
completely missed the size-growth evolutionary phase (Daddi et al.
2005; Trujillo et al. 2007; Buitrago et al. 2008; van Dokkum et al.
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Since they are made almost exclusively of ‘in situ’ very old stars,
like the innermost regions of massive galaxies (e.g. La Barbera et al.
2019; Barbosa et al. 2021) they provide a unique opportunity to
track the evolution of this stellar component, which is mixed with
the accreted one in normal early-type galaxies (ETGs). They are the
ideal systems to investigate and understand the mass assembly in the
early Universe with the amount of detail currently available only for
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galaxies in the local Universe. Moreover, since the number density
of relics and its redshift evolution depends strongly on the processes
acting during the size growth and how they are modelled, counting
relics at low-z is an incredibly valuable way to disentangle between
different galaxy evolution models.

Recent claims have reported the presence of a sub-per cent fraction
of young stellar populations in the innermost region of very massive
galaxies and bright cluster galaxies (Salvador-Rusifiol et al. 2021).
This is the region where the pristine (i.e. in situ), oldest stars should
dominate the light budget (Barbosa et al. 2021). Moreover, the same
amount of younger stars (~ 1 per cent) have also been found in
the most extreme relic in the local Universe, NGC 1277 (Salvador-
Rusifiol et al. 2022), by fitting near-ultraviolet (NUV) and optical
line-strength indices. Since NGC 1277 has not experienced any
mergers or interactions with other galaxies, the presence of younger
stars in its centre indicates that the gas for the formation of these
new stars must be associated with the galaxy itself, i.e. with intrinsic
processes rather than external ones. Dopita et al. (2000) highlight
that the presence of gas and dust at the centres of passive galaxies
may originate from the mass-loss of evolved stars. According to their
simulation and analysis, in high-pressure interstellar environments
like the centres of massive ETGs or UCMGs and relics, the material
in the shocked shell of planetary nebulae (PNe) will cool and its
expansion reversed, causing a collapse into the denser central region.
This will, in turn, recompress the dusty material ejected during the
AGB phase of stellar evolution and allow the cold dusty clouds to
fall intact (without being destroyed by the hot interstellar medium)
towards the nucleus of the galaxy. During this process, the gas could
be shocked, creating shock-driven emission lines and, in some cases,
form a small percentage of new stars, as in NGC 1277.

The paper is organized as follows. In Section 2 we briefly describe
the data used in this paper, highlighting the definition and selection
of ultracompact massive galaxies (UCMGs) and the confirmation of
their relic nature. In Section 3 we analyse the emission lines, obtain
ratios, and plot diagnostic diagrams to investigate their origins. In
Section 4 we focus on the UV, analysing the NUV — r colours. We
then discuss the findings and conclude in Section 5 investigating
which could be the possible source of both colour and emission
lines.

Throughout the paper, we assume a standard ACDM cosmology
with Hy=69.6kms~'Mpc™!, Q, =0.714 and Qy = 0.286 (Bennett
et al. 2014).

2 THE SAMPLE

In this paper, we leverage the INvestigating Stellar Population In
RElics (INSPIRE; Spiniello et al. 2021b, 2024; D’ Ago et al. 2023;)
data set. INSPIRE is based on an ESO Large Programme that targets
52 spectroscopically confirmed UCMGs at 0.1<z<0.4 with the X-
Shooter spectrograph (XSH; Vernet et al. 2011). These objects were
initially found in Tortora et al. (2016) from the Kilo Degree Survey
(KiDS; Kuijken 2011) third data release (DR3; de Jong et al. 2017),
and then spectroscopically confirmed in Tortora et al. (2018) and
Scognamiglio et al. (2020) (hereafter T18 and S20, respectively) with
low signal-to-noise (SNR) and medium-resolution optical spectra.
For each galaxy, structural parameters and stellar masses have been
derived from ugri KiDS photometry (Roy et al. 2018; Tortora et al.
2018; Scognamiglio et al. 2020). All objects are UCMGs in the sense
that they are clear outliers in the stellar mass-size plane (see fig. 2
in Spiniello et al. 2021a), having very small sizes (with effective
radii R, <2 kpc) with respect to the overall population of passive
galaxies with relatively large stellar masses (M, > 6 x 101°Mg,).
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Stellar masses and sizes for the entire INSPIRE sample are provided
in table 1 of Spiniello et al. (2024, hereafter S24).

From UVB-to-NIR high-resolution, medium signal-to-noise
(SNR) spectra,! we have measured the integrated stellar kinematics
(D’Ago et al. 2023), as well as stellar population age, metallicity,
[Mg/Fe] abundances, and the IMF slope (Martin-Navarro et al. 2023;
Maksymowicz-Maciata et al. 2024). Of these UCMGs, 38 have been
classified as relics, since they formed more than 75 per cent of their
stellar masses already by z > 2 (Spiniello et al. 2021b, 2024). Hence,
INSPIRE has enlarged by at least a factor of 5 the number of nearby
fully confirmed relics, providing the first statistically significant
sample of these objects. Here, we focus on optical emission lines
and UV colours, aiming at investigating on their sources and on
whether a correlation exists between UV-light, emission lines, and
the degree of relicness (DoR). The DoR 1is a dimensionless number
ranging from O (non-relic) to 1 (extreme relic), that quantifies how
extreme and peaked the SFH of these UCMGs is. We refer the reader
to Spiniello et al. (2024, hereafter S24) for more details on how the
DoR is computed.

We use here the 52 INSPIRE UVB+4-VIS XSH spectra to measure
emission lines, as described in the next section.

3 EMISSION LINES

In roughly half of the spectra released in the third INSPIRE data re-
lease (DR3, S24), we observe convincing evidence for emission lines
from [O11] (A ~ 3727 A) and [N 1] (A ~ 6583 A) in the combined
UVB+VIS spectra. This is broadly consistent with the statistics,
based on a much larger sample of normal-sized galaxies (~ 300 000
galaxies from SDSS DR4; Adelman-McCarthy et al. 2006), of Yan
et al. (2006): 38 percent of all red galaxies have detectable [O11]
emission.

Weak emissions are also detected in [O 1] (A ~ 5007 A) and [S 11]
(A ~ 6720 A). Finally, HB and Ho also have very weak emission
components in some cases, although they are contaminated by
stellar absorption lines. No other emission lines are detected in the
wavelength range [2700-9500] A.

Unfortunately, the SNRs of most emission lines are generally low
(< 10), with the exception of J11424-0012 (which will be discussed
later). Moreover, the continuum underlying [O I1] has many narrower
absorption features that could bias the measurement of the flux.
Hence, to compute the equivalent width (EW) of the line and flux in
emission, we first subtract the stellar component and then perform a
fit to the emission lines.

To compute EWs and fluxes, we use a Python code, based on
the LMFIT library,” that fits emission lines with Gaussian profiles.
We also note that for [O11](A3736,29), He+[N 11](16548,83) and
[Sm](16716,31), the fit is performed using several Gaussians simul-
taneously. However, in order to ensure that the results are based only
on reliable measurements, we consider only lines with an SNR> 2
and a FWHM> 1 A.

The fluxes of all emission lines that pass the above thresholds are
provided in the central block of columns in Table 1, along with their
uncertainties, in units of 107'7 erg s~'cm™2A~'. We note that the
velocity dispersion of the emission lines is similar to that of the stars,
which disfavour an origin due to AGN or extreme shock waves.

'Publicly available through the ESO Phase 3 Science Archive
Zhttps:/Imfit.github.io/Imfit-py/
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Figure 1. The distribution of INSPIRE galaxies in logHo — log[O 11] EWs,
and colour-coded by DoR. Objects on the left side of the black dashed lines
are classified as ‘High [O11]/Ha’. The only ‘Low [O11]/Ha’ galaxy from the
INSPIRE sample is J1142+0122, which shows clear sign of AGN activity
in its spectrum. Squares denote objects with a match in GALEX.

In the following, we will make use of line-line plots and emission
line diagnostic to investigate the possible origin of emission in
UCMGs and relics.

3.1 [O ul/Ha bimodality

Yan et al. (2006, hereafter Y06) reported the discovery of a bi-
modality in [Oii]/ Ha ratio among ~300000 galaxies from the
fourth SDSS Data Release (DR4; Adelman-McCarthy et al. 2006).
One mode is largely associated with star-forming galaxies, while
the other mode contains galaxies with line ratios compatible with
low ionization nuclear emission-line regions (LINERs). Narrow-
line Seyferts and transition objects mostly fall in between the two
dominant populations, consistent with the picture that both SF
and AGNs (or some other sources, e.g. pAGBs) might contribute
substantially to the emission in these objects. In Fig. 1, we reproduce
the log([O11]gw) — log(Hogw) diagnostic plot used by Y06 for the
INSPIRE galaxies® to check whether a bimodality exists also in
this sample (i.e. with objects with higher DoR falling in the LINERs
region while non-relic UCMGs being more compatible with star-
forming galaxies).

All but one object are classified as’High [O1]/Ha’ galaxies,
according to the threshold set by equation (6) in Y06. Indeed, Y06
showed that the bimodality in [OII]/He ratio echoes the galaxies’
colour bimodality and the great majority of red galaxies reside in
the ‘High [O 1]/Ha’ category. Moreover, even though, in theory, SF
models can explain a high [O 1I]/He ratio, they would predict much
lower [N 11)/[O 11] ratios (for solar or supersolar metallicities) than the
one observed for the INSPIRE sample (Gutkin, Charlot & Bruzual
2016).

The only system classified as ‘Low [O1]/He’ is J11424-0012
(DoR= 0.18, i.e. non-relic). This is the only INSPIRE object that

3Note that, in Fig. 1, we plot the EWs of the lines, rather than their fluxes.
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Figure 2. The BPT diagrams with the classifying scheme (dashed lines, from left to right): SF demarcations from Kewley et al. (2001); Kauffmann et al. (2003);
SF (Kewley et al. 2001) and AGN/LINER (Kewley et al. 2006) demarcations; maximum SF value (Kewley, Geller & Jansen 2004). Top: The line ratios of
INSPIRE points, colour-coded by the DoR, on top of predictions from SF models (grey dots). Squares are galaxies with a match in GALEX. Middle: Emission
line ratios from the shock models by Alarie & Morisset (2019) with the parameters as described in the legend and in the text. Bottom: Emission line ratios from

the MP23 photoionization models with parameters as shown in the legend.

has a spectrum consistent with a Seyfert 1 AGN, with broad and
strong Ho emission. This system will be further investigated in
an upcoming publication. The three extreme relics for which a
secure measurement of the [O1I] and He lines is possible seem to
have a higher log([O 1] gy ) than objects with lower DoR. However,
unfortunately, we do not have a large enough sample to draw firm
conclusions.

3.2 BPT and WHAN diagnostic diagrams

We use the classical emission-line diagnostics diagram (Baldwin,
Phillips & Terlevich 1981; Rola, Terlevich & Terlevich 1997;
Kauffmann et al. 2003) to further investigate on the possible source
generating emission lines in red UCMGs, including in those classified
as relics (0.34 <DoR< 0.7) and extreme relics (DoR> 0.7). This

approach effectively differentiates between a star-forming (SF) and
an active galactic nucleus (AGN) origin by examining the ratios of
various emission lines. We start by producing the classical ‘Baldwin,
Phillips & Terlevich’ (BPT) diagrams (Baldwin et al. 1981). In
these diagrams, two main tracks of galaxies are visible and separate.
Star-forming objects will dominate the left-bottom region, whereas
‘AGN-like’ objects will lie on the right side. Traditionally, AGNs
can then be further divided into subcategories occupying different
positions in the diagrams: Seyfert galaxies in the upper part and
LINERs towards the bottom region. Both theoretical and empirical
classifications have been reported in the literature (e.g. Kewley et al.
2001, 2004, 2006; Kauffmann et al. 2003). In the upper panel of
Fig. 2 we show these diagrams for the INSPIRE objects where
emission lines are securely detected, again colour-coded by their
DoR. The large uncertainty on the HB emission, mainly due to the
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low SNR in the blue, prevents us from obtaining an estimate of
the extinction from the Balmer decrement. For comparison, in the
same panel, we also show the line ratios produced by SF models
with an age < 3 Myr, corresponding to ionization by OB stars (grey
dots). Clearly, the INSPIRE objects are not well reproduced by
SF models, having a too high [N1]/Ha and [ST]/He ratios. The
SF models could still reproduce the observed [O 11]/He ratio (up to
log [Oll]/Ha = 0.32, the maximum value allowed by the SF models,
as shown by the vertical dotted line in Fig. 2), but only if no correction
for internal dust extinction is considered. For instance, He/HB = 4
would correspond to a correction of 4+0.27. The UCMG line ratios
can instead be reproduced by shock and/or photoionization models
that include the contribution of pAGB stars, as shown in the middle
and low panels of Fig. 2.

First, we consider the shock models from Alarie & Morisset
(2019), available in the Mexican Million Database (3MdB: Morisset,
Delgado-Inglada & Flores-Fajardo 2015).* The models were derived
using the MAPPINGS V code (Sutherland & Dopita 2017), which
allows us to retrieve emission lines produced in a shocked gas, both
with and without the presence of the so-called precursor.’ The middle
panel of Fig. 2 displays the line ratios produced by the shock models
with parameters as described in Allen et al. (2008). In particular, we
consider:

(i) only pure shock models, since adding the precursor would
produce [O1IJ/HP ratios much higher than the value observed in
INSPIRE UCMGs;

(i1) models with solar (Z = 0.0183, blue and light blue) and twice
solar (Z = 0.0358, red) metallicities;

(iii) models with shock velocities vy, with values between 100 km
s~! (small points) and 500 km s~! (big circle);

(iv) pre-shock densities of ny = 1 cm™ (light blue) and ny = 1
cm~3 (blue) for the solar metallicity models and ny = 1 cm™3 (the
only available) for the supersolar models;

(v) models with transverse magnetic fields of 1074, 1, 5, 10 uG
cm?/2,

Secondly, we use the models by Martinez-Paredes et al. (2023,
MP23 hereafter) who recently presented a large set of photoionization
models, which are publicly available in the CB_19 table of 3MdB. We
refer to MP23 for details of how the models were computed and the
description of their parameters. In short, the photoionization code
cLouDY (Ferland et al. 2017, v. 17.03) has been used to compute
emission line ratios adopting as a ionizing source the population
synthesis models described in Plat et al. (2019) and Sénchez et al.
(2022) that include the contribution from pAGB stars (also defined
as HOLMES: hot low-mass evolved stars). We select from the MP23
models the ones that give line ratios close to those measured in
the INSPIRE galaxies. They are displayed in the bottom panel of
Fig. 2, where the models are chosen to have the following:

(i) a single stellar population (SSP) with a Kroupa IMF up to 100
solar masses (RB—SSP-Kroup—-MU100) and an age of 1 Gyr as the
ionizing source. However we note that similar line ratios would be
obtained changing the age of the models up to 10 Gyr;

(i1) metallicity of Z = 0.03 ([M/H] = 0.22), as from the stellar
population analysis performed in S24 we conclude that UCMGs
are consistent with supersolar metallicities. We note that selecting

“https://sites.google.com/site/mexicanmillionmodels/
5The precursor is where the gas entering the shock is photoionized by the UV
radiation emitted by the shocked gas.
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Figure 3. The WHAN diagram (Cid Fernandes et al. 2011) for the INSPIRE
galaxies, colour-coded by their DoR. Squares are objects with a match in
GALEX. Dashed lines separate SF from LINERs and AGNs. The only system
consistent with being a LINER is J1142+4-0012.

models with solar metallicities would produce BPT ratios only
slightly shifted to the SF region;

(iii) an ionization parameter log U < —3;

(iv) a density ny = [10, 100] cm~3;

(v) values of the HB fraction defining the thickness of the ionized
cloud between 0 and 1;

(vi) CNO gas abundances: C/O = [0.1, 0.44],
AN/O =[-0.25,0,0.25],% 12 + log OH = 9.14.

With the exception of J11424+0012, models with ionization dom-
inated by pAGB stars allow to reproduce well the emission line
ratios observed in the INSPIRE UCMGs. Nevertheless, as shown
by Stasifiska et al. (2008) and further discussed by Cid Fernandes
et al. (2011), retired galaxies (i.e. emission-line galaxies that have
stopped forming stars and are ionized by hot low-mass evolved stars)
have the same location in the BPT diagram as galaxies hosting weak
AGNSs. According to Lee et al. (2024), photoionization by pAGB
stars and interstellar shocks can only be distinguished with in-depth
analysis, for instance using temperature predictions.

To try to more precisely separate pure SF galaxies, AGN hosts
(strong and weak) and passive galaxies (i.e. retired, red, and dead
galaxies) we use the so-called WHAN diagram (Cid Fernandes et al.
2011) showing the [N 1I]/He ratio against the He EW. This is plotted
in Fig. 3 for the INSPIRE galaxies for which we could measure Ho
and [N11] emissions with high confidence. Here, all galaxies with
reliable emission lines but J1142+0012 lie in the ‘retired galaxies’
region, hence completely ruling out SF and disfavouring an AGN
origin as the most probable source of emission lines in UCMGs
and relics (with no DoR dependence). We therefore argue that the
emission lines in INSPIRE UCMGs can be explained by either the
presence of pAGB stars or shocks of the gas produced by the mass-
loss of evolved stars, which collects at the centres of the UCMGs.

%Defined in MP23 as the deviation from the (N/O) to (O/H) ratio as defined
in Gutkin et al. (2016)
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4 UV DETECTION

To acquire an independent line of evidence on the possible origin
of emission lines, in this section we look at the UV fluxes for
INSPIRE objects. Unfortunately, the SNR of X-Shooter spectra of
single galaxies is too low in the UV. Hence, to investigate whether the
INSPIRE UCMGs have detectable UV fluxes, we cross-match the
INSPIRE catalogue with data from the Galaxy Evolution Explorer
(Morrissey et al. 2007), matching sources to GALEX photometry
within 10 arcsec. We caution the reader that the spatial resolution
of GALEX is suboptimal when matching ultracompact galaxies, with
sizes smaller than the nominal survey resolution (FWHM= 6 arcsec).
However, we checked that no other source was present within this
radius in the u-band images from SDSS or the g-band images from
PanStarrs. Thus, we are confident that the detected emission comes
from the UCMGs themselves.

Among the 52 INSPIRE objects, 20 have a match, with near-UV
(NUV) magnitudes ranging between 21.3 and 24.1, and spanning a
wide range of DoR, from non-relics (DoR < 0.34) with an extended
SFH, to extreme relics (DoR> 0.7) that have assembled all their
stellar mass within the first 2 Gyr after the Big Bang (S24). In
addition, 5 UCMGs have also been detected in the far-UV (FUV) but
only one of them is a relic, according to the INSPIRE classification
(J09204-0212, DoR= 0.64). The final block of columns of Table 1
provides FUV and NUV magnitudes, as well as NUV — r colours.

The top panel of Fig. 4 shows the NUV — r colour’ versus the
DoR for the 20 detected objects. We also plot the objects without
a match in GALEX as black crosses at the top of the panel to show
that, perhaps surprisingly, no correlation with the DoR is found. The
galaxies’ colours lie perfectly in between the mean colour computed
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by Ardila et al. (2018, table 1) for red and dead (quiescent) galaxies
(4.54 £+ 1.00, red-shaded region) and the mean colour estimated for
active galactic nuclei (AGNs, 2.48 £ 1.24, yellow-shaded region).
They are consistent with the UV green valley (Salim 2014) and
lie at the redder end of those measured in post-starbust galaxies
where the UV flux is mainly caused by intermediate-age pAGB stars
(Melnick & De Propris 2013). The NUV — r colour of the matched
INSPIRE objects are instead generally redder than these computed
for star-forming galaxies (2.01 £ 0.68; Ardila et al. 2018).

However, another equally valid scenario can reproduce the NUV —
r colour of the INSPIRE objects. Indeed, they can be perfectly
fitted with an overall old stellar population plus the addition of a
small percentage of young stars, as suggested by Salvador-Rusifiol
et al. (2021). This is shown in the bottom panel of Fig. 4 where
we plot predictions on the NUV — r colour obtained from the E-
MILES single stellar population models (SSPs; Vazdekis et al.
2016). In particular, we computed the expected colour for an old
stellar population (10 Gyr) with solar metallicity to which a small
percentage (<5 per cent) of young stars (< 0.5 Gyr) is added,
also with solar metallicity.® We explore the colour variation due
to changes in age and metallicity of the main old population, finding
negligible effects on the main conclusions.

Importantly, we point out that the presence of a sub-per cental
population of young stars is not in disagreement with our analysis of
the main ionization mechanism of emission lines (Section 3). In fact,
the latter constrains the presence of SF on a much shorter time-scale
(of the order of few Myr) compared to UV colours.

7Optical r-band magnitudes have been retrieved from KiDS DR4 (Kuijken
etal. 2019).

8We stress that this assumption does not change the results as the effect of
changing the metallicity on the NUV — r colour is negligible.

Fraction of young stars

Figure 4. Top: NUV — r colour for the INSPIRE galaxies with a detection
in GALEX plotted versus their DoR. On the top, black crosses indicate objects
without a match to show that both detection and non-detection cover a wide
range of DoR. The red and yellow lines (upper and lower and shaded regions)
indicate the mean colour (and standard deviation) for quiescent and AGNs,
respectively (Ardila et al. 2018). Bottom: NUV — r prediction from E-MILES
SSP (Vazdekis et al. 2016) old models with a small percentage of younger
stars, as reported in the legend. The green shaded region shows the NUV — r
range covered by INSPIRE galaxies.

To further address this issue, we estimate the star formation rate
(SFR) for the only six systems with a match in GALEX and a
measured Ho emission (J0844+0148, J0847+0112, J1218+0232,
J1447-0149, J1456+0020, J2356-3332).° First, we convert the Ha
flux into a total luminosity, considering it unresolved, as the spectra
are fully seeing-dominated (see S24). Secondly, we translate Ho
luminosities into SFRs following Kennicutt (1998). In particular, we
use equation (12) and table 1 of Kennicutt & Evans (2012):

log M, [Meyr'] = log(Lu,) — log Cx, ey

where log C, = 41.27 (Murphy et al. 2011). The resulting SFRs for
the six systems range between 0.01 and 0.02 Mgyr—'.

At this point, we compute the stellar mass that would be formed in
~0.5 Gyr (the oldest age of the young stellar population component
in Fig. 4) with a constant rate of star formation of 0.02 Mgyr™!
(as inferred from He), finding that it would be of the order of

9Excluding J1142+0012 which is an AGN.
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M, Ha ~ 10’Mg. This is also in agreement with empirical relations
(e.g. Elbaz et al. 2007) and simulations (e.g. Ciesla, Elbaz & Fensch
2017) predicting that SFRs < 0.1 correspond to M, <108M,. In Fig.
4, the fraction of young stars required to explain the NUV —r
colour depends significantly on the age of the young component,
ranging from ~ 0.001 (fyoung = 0.07 Gyr) to ~ 0.04 (tyoung = 0.5
Gyr). Hence, since the typical mass of INSPIRE objects is M, >
6 x 10'°M, this implies a stellar mass in the young component
M*,NUV—r > 6 x 107M®.

In conclusion, since M, Nuv—, > M, no, €ven assuming that all the
Ho emission comes from newly formed stars (10’My,), this is not
enough to explain the NUV — r colour.'” However, we must stress a
couple of important points. First, the assumption of a constant SFR
might not be correct. Indeed, the SFR could decrease with time or
even more likely occur in a bursty fashion (e.g. due to residual AGN
activity), which would make extremely hard to detect it on very short
time-scales as those probed by He (< 10 Myr). Secondly, in the
case of a non-universal IMF, within the integrated galactic stellar
initial mass function (IGIMF) theory (Kroupa & Weidner 2003),
i.e. assuming that the IMF slope steepens with decreasing SFR, the
ionizing photons that produce Ho emission would be significantly
lower, given the smaller number of massive stars, than for a standard
IMF, meaning that the above value of M, y, might be significantly
underestimated.

5 DISCUSSION AND CONCLUSIONS

In this paper we have reported the detection of emission lines and
significant NUV emission in the UVB 4 VIS spectra of about half of
the INSPIRE UCMGs, including some of the most extreme relics.

The [O11] emission line, which is the strongest that we detect in
the INSPIRE galaxies, has been widely used in the literature as
an empirical SF rate indicator, calibrated through comparison with
Hydrogen lines (e.g. Gallagher, Bushouse & Hunter 1989; Rosa-
Gonzélez, Terlevich & Terlevich 2002; Kewley et al. 2004). However,
the situation is controversial as the same emission line, and others
such as [N11] and He, have been detected in spectra of red and dead
elliptical galaxies at different redshifts (Caldwell 1984; Yan et al.
2006; La Barbera et al. 2019; Maseda et al. 2021), where SF is not
expected. Another possible origin for emission lines in red ETGs
comes from the photoionization by exposed cores of evolved stars
with ages greater than 100 Myr, such as pAGBs (Greggio & Renzini
1990; Binette et al. 1994; Yan & Blanton 2012; Papaderos et al. 2013;
Belfiore et al. 2016) and PNe (Taniguchi, Shioya & Murayama 2000).
Alternatively, AGNs and especially LINERs, fast shock waves, and
cooling flows might also produce [O 11] emission (Ferland & Netzer
1983; Halpern & Steiner 1983; Dopita & Sutherland 1995; Groves,
Dopita & Sutherland 2004). Hence, we have analysed the emission
line ratios to understand what is most likely causing them in the
‘building blocks’ of massive ETGds, the oldest and densest galaxies
in the nearby Universe.

We find emission lines for galaxies at all DoR, including some
of the most extreme relics. All but one object (J11424-0012) have
a high [O1)/Ha ratio, typical of red and dead galaxies (YO06).
La Barbera et al. (2019) also found strong [O1I] emission in the

10We note that we did not apply any correction for extinction. However, for
the 5 systems for which HB emission is also measured, the SFRs can increase
up to a factor of 3, given that the Balmer decrement values range between
~ 1 and ~ 5 (although with very large uncertainties on HB). This is still not
enough to explain the NUV — r colours through the Ho fluxes.
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core of massive, giant ETGs with very old stellar populations, the
region where the ‘pristine’ stellar population dominates the light.
A high [O1]/Ha is characteristic of ‘retired galaxies’ (Y06) and
this conclusion is further corroborated by the lack of clear and
strong Ho emission, which is still present in a number of systems
but very weak. In BPT and WHAN diagrams, the line ratio of
INSPIREobjects cannot be reproduced by SF models. Hence,
we fully exclude that the main ionization mechanism is on-going
star formation. Line ratios are, instead, fully consistent with those
predicted by shock models (Alarie & Morisset 2019) and by models
that include the contribution from HOLMES stars (Martinez-Paredes
et al. 2023). Both of these scenarios advocate for internal and passive
processes, rather than external or environmental ones (e.g. mergers
or interactions). Importantly, this opens up new insights into the
understanding of the mass assembly and cosmic evolution of the
local massive ETGs.

We also looked at the NUV — r colours for the 20 INSPIRE
galaxies with a match in GALEX. They are very similar to those
measured for post-starbust galaxies (Melnick & De Propris 2013).
This may hint at the UV emission being powered by the same
mechanisms (evolved stars) plus, possibly, some AGN contribution
(Ardila et al. 2018), which is, however, disfavoured by the line ratio
analysis. It should also be pointed out that the time-scales for the SF
traced by emission lines and UV colours are different. In addition,
the INSPIRE NUV — r colour can be reproduced with an overall
old population (~ 10 Gyr) plus a sub-percent young population
(~ 0.1-0.5 Gyr). Given also the very recent results on NGC 1277
(Salvador-Rusifiol et al. 2022) where this is indeed demonstrated
from UV and VIS line-index analysis, we cannot exclude that the
UV colours are due, at least partially, to a sub-per cent contribution
of star formation. In this case, since the relics did not interact with
any other galaxy after the very first assembly phase at high-z, the
emissions (and the possible residual SF causing blue UV colours)
must have been caused by intrinsic processes. One possible scenario
able to explain all the lines of evidence presented here is the one
outlined in Dopita et al. (2000). The authors attribute the origin of
the gas in the centres of red and dead massive ETGs to the mass-loss
due to evolved stars. In particular, pAGBs and PNe, which share the
velocity dispersion of the native stellar population, give the largest
contribution to the gas mass. A simple calculation, which assumes
the PN birth rate of (¢ ~ 4 x 1072 yr~! Lg'; Mendez & Soffner
1997), the typical luminosity and size of UCMGS (L~ 6 x 10'°
Lo, Re < 1.7 kpc), and the amount of mass-loss by each PN to the
interstellar medium (ISM), ~ 0.4M,, leads to a gas loss rate by all
the PNe of about 0.24 Mg, yr~'. This means that in less than 10° yr,
they can feed more than 108 My, of gas and dust into the UCMGs.
This gas, given the high relative motion of the PN envelopes through
the ISM of such very dense stellar systems with high stellar velocity
dispersion (> 200 km s~'; D’Ago et al. 2023), does not evaporate
but collapses in dense clouds. These then infall radially towards
the centre, where they can be shocked, possibly causing emission
lines, and heated, therefore forming new stars at a sub-percentage
level.

The analysis we presented here allowed us to completely exclude
that the emission lines are caused by star formation, but it is
unfortunately unable to disentangle between shock-driven emission
or pAGBs stars. Furthermore, a small contribution from the central
AGN is still possible, although disfavoured. The only way forward
in this sense is to obtain high spatial resolution spectroscopy and
(far and near) UV-deep imaging to be able to resolve the stellar
populations and the internal structure of the most compact and dense
massive galaxies in the nearby Universe.
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