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ABSTRACT

Dust in early-type galaxies (ETGs) may originate from internal or external sources. In this paper, we study the stellar
populations of particularly dusty ETGs to search for evidence of the dust’s origin. Using the Southern African Large
Telescope (SALT), we obtained long-slit optical spectra within the effective radius (R, ), along the major axis of 15 nearby
ETGs, selected from the Galaxy and Mass Assembly (GAMA) and Herschel Astrophysical Terahertz Large Area Survey
(Herschel-ATLAS) surveys for their high levels of interstellar dust. Using full spectrum fitting and Lick index fitting we
analysed their major axis kinematics and stellar population characteristics. We used stellar population models from the
newly developed semi-empirical Medium-resolution Isaac Newton Telescope library of empirical spectra (SMILES) library
and from the empirical MILES library. Kinematic results show that most of our sample of dusty ETGs are rotationally
supported and there are no detectable kinematic discontinuities. 12 of our sample of 15 dusty ETGs show evidence of
young/intermediate age stellar population components suggesting ongoing/recent star formation. Using simulations, we
show that these recent (=1 Gyr) populations are not artefacts of the fitting process or data. As a check with a control
sample we use stacked Sloan Digital Sky Survey spectra and find that dusty ETGs show a component with intermediate
age, whereas non-dusty ETGs do not. Age, metallicity, and o-element abundance ratio increase with increasing central
velocity dispersion in the SALT spectra, as seen in previous studies of ETGs, but with larger scatter in our sample. Given
our stellar population findings, we discuss formation scenarios that might cause or rule out a high dust/molecular gas

content.
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1 INTRODUCTION

Early-type galaxies (ETGs), including E and SO galaxies, are con-
sidered to be end points of galaxy evolution. Their smooth ellip-
tical or lenticular morphology and lack of spiral arms can result
from gravitational interactions and mergers (A. Burkert & T. Naab
2003; F. Bournaud, C. J. Jog & F. Combes 2005, 2007; C. J. Con-
selice 2014; G. Martin et al. 2018). In general ETGs also have low-
star formation rates, older stellar populations, and low levels of
gas and dust in their interstellar medium (ISM; L. M. Young et
al. 2011; L. Cortese et al. 2012), however, a number of authors,
e.g. P. Goudfrooij & T. de Jong (1995), identified some ETGs that
contained higher than expected levels of dust.

More recently, using far-infrared and submillimeter observa-
tions, e.g. from the Herschel Space Observatory,! a number of
investigations, e.g. K. Rowlands et al. (2012) and N. K. Agius et al.
(2013), showed that the ISM of some ETGs contains significant
amounts of dust. Using data from the Herschel Reference Survey
(HRS), M. W. L. Smith et al. (2012) detected dust in 24 per cent
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of the E galaxies and 62 per cent of the SO in their sample of 62
nearby ETGs, with the dust detected ETGs having a mean dust to
stellar mass ratio (log(M4/M..)) of ~—4.3. This is ~6 times higher
than the mean for their overall sample of ETGs including dust
non-detected, but is ~50 times lower than in late type galaxies
(LTGs) in the HRS. From a sample of 38 ETGs observed with
Spitzer P. Martini, D. Dicken & T. Storchi-Bergmann (2013) de-
termined that approximately ~60 per cent of typical ETGs have
>10° Mg of interstellar dust and it is now widely accepted that
the ISM of some ETGs contains large amounts of dust (N. K.
Agiusetal. 2013,2015;J. 1. Davies et al. 2019). It has also been con-
firmed that some ETGs have substantial molecular gas reservoirs,
e.g. T. A. Davis et al. (2015) and A. E. Sansom et al. (2019), leading
to some level of ongoing star formation, e.g. K. Schawinski et al.
(2007), A. Werle et al. (2020), and Y. H. Lee et al. (2023).
Possible origins of dust in ETGs divide into sources either in-
ternal or external to the galaxy. Internal sources include forma-
tion during cooling of hot ISM and ejection of dust by evolved
massive stars (E. Griffith, P. Martini & C. Conroy 2019). External
sources include accretion or gas-rich mergers (M. W. L. Smith
et al. 2012). ISM which has been externally sourced can have
different angular momentum to the receiving galaxy, which may
result, for a period of a few dynamical times (i.e. about 100 Myr
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for central regions), in a kinematic misalignment between the
ISM and stellar population (T. A. Davis et al. 2011; R. Bassett et al.
2017; F. van de Voort et al. 2018; D. H. W. Glass et al. 2022).

Despite ongoing replenishment from massive evolved stars,
dust has a relatively short lifetime in the ISM due to destruc-
tion through mechanisms such as astration, shocks, and particle
collision-driven sputtering, see for example B. T. Draine & E.
E. Salpeter (1979) and R. Schneider & R. Maiolino (2024). B.
T. Draine & E. E. Salpeter computed a likely dust destruction
time-scale (zgyust) of 0.001 < Tguse < 0.1 Gyr, while M. S. Clemens
et al. (2010) used infra-red observations to calculate a dust grain
destruction time of <0.046 Gyr. More recently, M. J. Michatowski
et al. (2019) used far-IR and submillimeter measurements to cal-
culate dust lifetimes for a sample that included 42 elliptical and
lenticular galaxies, finding a longer tqus of 2.5£0.4 Gyr. This
longer t4u5 could suggest that the dust source is mainly internal,
driven by fast grain growth in the ISM (M. J. Michalowski et al.
2019). However, dust lifetime would also be extended if it is re-
plenished by external sources such as gas-rich minor mergers (S.
Kaviraj et al. 2012). Order-of-magnitude variations in dust mass
between ETGs of the same morphological type and stellar mass
measured by P. Martini et al. (2013) led them to conclude that
at least some of the dust in some ETGs originates from external
sources. T. Kokusho et al. (2019, their fig. 2) plotted dust mass
versus stellar mass for the 260 ETGs in ATLAS®P revealing no
correlation, which indicates that continuous mass-loss from stars
is not a significant source of dust mass in ETGs.

As the evolutionary paths of ETGs are not yet fully understood,
see for example F. Bournaud, C. J. Jog & F. Combes (2007), S.
Eales et al. (2015), and M. Cappellari (2016), there is not a con-
sensus as to the relative contribution of internal versus external
sources of dust. High-dust content, gas reservoirs, and stellar
populations of different ages or metallicities could be pointers
towards interactions or merger events which have affected the
galaxies’ evolutionary paths. Therefore, it is of interest to inves-
tigate the stellar population properties of dusty ETGs, to identify
evidence of past events or any trends that might point towards
the dust source.

There have been some optical surveys of ETGs, some of which
have associated dust or gas measurements. The small sample
of ETGs studied by A. F. Crocker et al. (2011) revealed that 55
per cent of galaxies with molecular gas detections and only 11
per cent of those without molecular gas, had young simple stellar
population (SSP) equivalent ages. The larger ATLAS?P survey (M.
Cappellari et al. 2011) used infrared colours from the Wide-field
Infrared Survey Explorer (WISE) survey (E. L. Wright et al. 2010)
and showed that there is warm circumstellar dust in their ETGs,
even at old stellar population ages (G. V. Simonian & P. Martini
2017), with stellar population (SP) parameters determined by R.
M. McDermid et al. (2015). The ATLAS?*® ETGs also have CO
molecular gas observations (L. M. Young et al. 2011) and AKARI
satellite mid- and far-infrared data, from which T. Kokusho et al.
(2017, e.g. their fig. 12) showed that higher cold gas fractions
are associated with younger mass-weighted mean SP ages. Other,
similar trends have been found between the amounts of cool ISM
and mean SP ages, for example in the study of A. Le$niewska
et al. (2023), who selected ~2000 elliptical galaxies using r-band
Sersic indices >4, from the GAMA sample, with data from the
Herschel Space Observatory used to characterize their dust prop-
erties. A. Le$niewska et al. (2023, their fig. 1) showed that specific
dust mass descreases with luminosity-weighted average SP age in
those galaxies, with a dust-removal time-scale of 2.26 Gyr. M. J.
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Michatowski et al. (2024) showed that a similar time-scale applies
to neutral HI and molecular H, gas as well as dust in ETGs.
Recently, for post starburst (PSB) galaxies, K. D. French et al.
(2023) used optical observations from the Mapping Nearby Galax-
ies at Apache Point Observatory (MaNGA) survey (K. Bundy et al.
2015) and submm CO observations with Atacama Large Millime-
tre/submillimeter Array (ALMA) array and found that molecular
gas mass decreases with PSB age since the starburst, over several
hundred million years (K. D. French et al. 2023, their fig. 11).

Whist these general trends have been found between cold ISM
contents and average SP ages in ETGs, their more detailed star
formation histories have not been well studied in relation to their
cold ISM content. In this current work, we look at the breakdown
with time of SP contributions for a small sample of very dusty
ETGs, selected from GAMA and Herschel surveys, using new op-
tical spectra from the Southern African Large Telescope (SALT).

Information on the physical properties of stellar populations
and kinematics in an ETG is encoded within the absorption fea-
tures in its composite optical spectrum (G. Worthey et al. 1994; C.
Conroy 2013), with the most frequently studied properties being
stellar population age, metallicity, and the abundance ratio of -
elements to iron ([«/Fe]), where a-elements are O, Ne, Mg, Si, S,
Ar, Ca, and Ti (G. Worthey, B. Tang & J. Serven 2014). However,
extraction of these parameters is non-trivial due to degenera-
cies between the parameters e.g. age and metallicity (G. Worthey
1994). For ETGs there are already well known trends between
the key stellar population parameters, i.e. mean population age,
metallicity and [«/Fe], and overall galaxy mass, aliased by cen-
tral velocity dispersion (op), with more massive ETGs tending
towards higher stellar metallicities, and earlier/shorter star for-
mation time-scales resulting in older stellar populations, see for
example F. La Barbera et al. (2014).

Star formation time-scales in ETGs will influence [«/Fe]. Dur-
ing the first ~0.1 Gyr of a galaxy’s star formation history (SFH)
massive stars have evolved and produced core-collapse super-
novae, which enrich the interstellar medium with a wide range of
elements, producing high [«/Fe]. As lower mass stars evolve the
proportion of Type 1a supernova increases, preferentially seeding
the ISM with iron peak elements i.e. Fe, Cr, Co, Ni, Cu, and
Mn, thus reducing the overall [«/Fe] in subsequently formed
stars. Therefore, shorter star formation time-scales lead to higher
[a/Fe] in stars (G. Worthey et al. 2014; C. J. Walcher et al. 2015).

To study the stellar population properties in dusty ETGs found
in the Herschel-ATLAS survey (S. Eales et al. 2010) we used data
from the GAMA survey (S. P. Driver et al. 2009) and obtained new,
major axis, optical, long-slit spectroscopic observations for 15 of
the dustiest ETGs, with the SALT. These dusty ETGs are nearby
(z < 0.06), with the majority being morphological type SO and
the remainder type E. From these spectra we extracted results for
luminosity weighted mean stellar population age (Age; ), metal-
licity ([M/H].), and «-element abundance ([«/Fe].) using full
spectrum fitting (M. Cappellari 2017) and Lick index (G. Worthey
et al. 1994) SSP fitting. In the remainder of this paper, luminosity
weighted results are denoted using subscript L.

An SSP is a collection of stars that originated at the same time
from the same molecular gas, hence all the stars have identical
ages and chemical compositions. We used SSP template spectra
from the well established Medium-resolution Isaac Newton Tele-
scope library of empirical spectra (MILES)? (A. Vazdekis et al.

2http://research.iac.es/proyecto/miles/pages/ssp-models.php
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2010; J. Falcon-Barroso et al. 2011). We also made use of a recently
developed library of semi-empirical MILES stellar population
models with variable [«/Fe] abundance ratios (SMILES; A. T.
Knowles et al. 2021, 2023). Both MILES and sMILES SSPs use
overall metallicity ((M/H]) therefore metallicity results from our
fittings are also in terms of [M/H].

In Section 2, we describe the criteria for sample selection and
characteristics of the target dusty ETGs, and in Section 3 we
describe the SALT observations and data reduction. In Section 4,
we describe our measurements of the stellar kinematics, stellar
population properties, and histories. Section 5 gives a discussion
of our results and our conclusions are summarized in Section 6.
We assume flat A Cold Dark Matter cosmology, with Hy = 70 km
s7! Mpc!, Qy =0.3,and Q, =0.7.

2 SAMPLE SELECTION

Target dusty ETGs were chosen from a sample of galaxies of all
morphological types from the GAMA survey (S. P. Driver et al.
2009) equatorial regions, as described initially by N. K. Agius
et al. (2013) and updated by D. H. W. Glass (2024). The updated
sample is based on GAMA II data (J. Liske et al. 2015; S. P. Driver
et al. 2022) and pre-release data from GAMA-KiDS-GalaxyZoo
(Kelvin, private communication), see also R. Porter-Temple et al.
(2022) and B. W. Holwerda et al. (2024). An Initial Complete Sam-
ple was constructed with flow-corrected redshift limits of 0.002
< z < 0.06, r-band effective radii >1.2 arcsec, absolute Petrosian
magnitudes (M;) <—17.4 derived from Sloan Digital Sky Survey
(SDSS; D. G. York et al. 2000) photometry and appropriate GAMA
IT target observational and spectral quality flags. These GAMA
data contain galaxies in lower-density (field and group) environ-
ments. Galaxies with evidence of strong active galactic nuclei
(AGN) were then removed using multiple methods as described
in detail in D. H. W. Glass (2024), resulting in a Parent Sample
of 4458 galaxies. Galaxies with strong AGN were removed from
the sample because of potential contamination of submillimeter
spectra from cool dust emission, or non-thermal radiation, asso-
ciated with the central AGN, making it difficult to extract dust
properties by spectral fitting.

ETGs within the Parent Sample were identified using GAMA II
morphological classifications (L. S. Kelvin et al. 2014; A. J. Moffett
et al. 2016), based on SDSS imaging. However, the depth and
angular resolution limits of SDSS images may allow LTGs with
weak spiral features to be identified as ETGs. Additional LTGs
with weak spiral features were identified and removed using pre-
release morphology classification statistics from GAMA-KiDS-
GalaxyZoo. These classifications are based on imaging from the
Kilo-Degree Survey (KiDS; J. T. A. Jong et al. 2013), with signif-
icantly better depth and angular resolution than SDSS. The re-
maining ETGs with SDSS r-band ellipticities <0.7, where GAMA-
KiDS-GalaxyZoo is most effective in ruling out weak spiral galax-
ies, were assigned final morphological classifications of ETGs as
Elliptical or Lenticular, giving 608 E type and 461 SO type galaxies
(D. H. W. Glass 2024; D. H. W. Glass et al. in preparation).

A subsample of dusty ETGs was extracted from this ETG sam-
ple, based on 250 pm emission (assumed to be from cool dust)
at >4o0 detection within Herschel-ATLAS DR1 (E. Valiante et al.
2016), leading to a sample of 202 dusty ETGs, i.e. approximately
20 per cent of the morphologically classified ETG sample.

From the sample of 202 dusty ETGs, 32 were targeted for IRAM
30m observations, which reveal molecular gas detections (Glass
et al. in preparation). Of these 32 dusty ETGs, 14 were also ob-
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served using SALT. Hence we have a sample of dusty, molecular
gas-rich ETGs, for which we can study their stellar populations.
An additional dusty ETG, GAMAG65075, had been observed with
SALT previously (K. Vaghmare et al. 2018) and is included in this
work.

These 15 dusty ETGs, all from field and group environment
(A. S. G. Robotham et al. 2011), form the sample for this paper.
A list of their key physical properties is given in Table 1 and
their location on a plot of Ha emission line equivalent width
versus log;o([N 11]A6584/H ) emission line strengths, WHAN di-
agram, (R. Cid Fernandes et al. 2010, 2011) is presented in Fig. 1.
No galaxies with strong AGN are included in our SALT sam-
ple because of filtering during the sample build. Three galax-
ies, GAMAS85416, 298980, and 569555 (cyan), are shown as star-
forming. GAMA272990 and 227264 (magenta) are shown as hav-
ing weak AGN. The remainder are emission-line retired or line-
less retired, see Fig. 1. GAMA227266 and 546040 (white) are not
plotted as they have no detected emission lines (line-less retired).

Using stellar and dust masses from spectral energy distribution
fitting in GAMA 113> MAGPHYSO06, the selected dusty ETGs have
log stellar mass (M,.) from 10.0 to 11.3 (M) and log dust mass
(My) from 6.7 to 7.8 (M), see Table 1. GAMA II dust mass values
are combined warm and cold dust derived from MAGPHYS (E.
da Cunha, S. Charlot & D. Elbaz 2008), giving dust mass ratios
(DMR), i.e. Myq/M,, from 7.3x 107> to 1.3x 1073, with a mean of
5.4x 107 versus a mean DMR of 2.8x 10~* for the 606 E and
461 SO type galaxies in the Parent Sample. We plot dust mass
and SFR versus stellar mass in Fig. 2 to show the relatively high-
dust content of our 15 selected dusty ETGs (Fig. 2 upper panel)
and their location mostly within the Green Valley below the star-
forming main sequence (Fig. 2 lower panel).

3 OBSERVATIONS AND DATA REDUCTIONS

We obtained longslit optical spectra for 14 of our dusty ETGs
between 2019 and 2021, using the Robert Stobie Spectrograph
(RSS; E. B. Burgh et al. 2003) on SALT (D. A. H. Buckley, G.
P. Swart & J. G. Meiring 2006). All observations used an 8 ar-
cmin long by 1 arcsec wide slit, aligned along the target ETGs’
major axes, and a 900 lines/mm transmission grating (PG0900),
giving a spectral range of 3777-6850A. The detector has three
2048 x 4096 pixel CCD chips separated by 1.5 mm gaps, covering
an 8 arcmin field of view with a pixel scale of 0.1267 arcsec pixel !
(unbinned). We chose the grating angle to minimize Lick indices
falling into the CCD chip gaps. On-chip binning of 2 x 4 was used
to improve signal to noise (S/N) ratio, giving an image size of
3072 x 1024 pixels, spectral sampling of ~1A/pixel and spatial
sampling of ~0.5 arcsec pixel!. Median zenith V-band seeing at
SALT was ~1.5 arcsec* (L. Catala et al. 2013). Observations for
the fifteenth ETG, GAMAG65075, taken in 2014 by K. Vaghmare
et al. (2018) using the same instrument setup, were downloaded
from the SALT Data Archive.> A summary of the observations is
given in Table 2.

SALT and RSS were designed to have improved throughput
in the blue part of the spectrum (D. A. H. Buckley et al. 2006;
D. A. H. Buckley et al. 2008). This spectral region (~3500-4500
A) contains many age sensitive absorption features, including

3https://www.gama-survey.org
“https://pysalt.salt.ac.za/proposal_calls/current/ProposalCall.pdf
Shttps://ssda.saao.ac.za
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Table 1. Physical properties of the 15 target dusty ETGs. Stellar mass, dust mass, and their uncertainties were obtained from GAMA II MAGPHYSV06
parameters mass_stellar_best_fit and mass_dust_best_fit. Half-light radius, ellipticity, and major axis position angle were recovered from GAMA II SERs-
ICCATSDSSV09 parameters GALRE_r, GALELLIP_r, and GALPA_r. Redshift was recovered from GAMA II DISTANCESFRAMESV14 parameter Z_HELIO.

Visual morphology was recovered from D. H. W. Glass (2024).

GAMA Redshift Half-light Ellipticity Mass of Mass of Visual Position Dust mass
radius (Re) (e) stars (M) dust (My) Morphology angle ratio (Myq/M,)
arcsec x 10" (M) x10% M@) (deg) x 1074
65075 0.0055 30.8 0.336 2.36700 5.531043 Lenticular 69.8 2.341042
79849 0.0452 4.7 0.423 4.4910:% 24.6738 Lenticular 4.7 5.497230
85416 0.0194 5.9 0.665 0.977918 6.7579¢7 Elliptical 80.1 6.9911-3¢
99687 0.0480 6.6 0.624 5.651522 32,9187 Lenticular 124.6 5.821173
136847 0.0277 8.1 0.298 4.3410.3 9.41311:42 Lenticular 44.9 21754
227264 0.0249 6.8 0.449 2.8375:99 5.667979 Lenticular 83.0 2.0075-2
227266 0.0249 9.6 0.112 9.7071:6¢ 7.0407:33 Elliptical 58.2 0.7375-29
272990 0.0411 3.8 0.254 3.3410% 22.67517 Elliptical 2.9 6.77° 18
298980 0.0271 3.8 0.322 1.0310% 7.967 048 Elliptical 153.8 7.7571:28
422436 0.0259 8.3 0.584 6.98797 16.21333 Lenticular 141.7 2.337508
546040 0.0266 11.8 0.086 6.577981 34.2733 Lenticular 117.5 5.2111%
560238 0.0213 8.6 0.295 2.447520 9.287113 Lenticular 24.7 3.801 08
569555 0.0569 2.7 0.392 2.46753 29.57643 Lenticular 77.0 11.971339
570227 0.0433 5.6 0.578 411157 59.7522 Lenticular 7.3 14.541321
3576053 0.0520 6.1 0.179 21.937948 50.41956. Elliptical 8.0 2.30754
102 higher-order Balmer lines, which respond strongly to A and F
Strong AGN type stars produced by star formation episodes within the past
. one or two Gyr. This instrument therefore facilitates detection of
any intermediate age components that may be embedded in old
stellar populations of ETGs.
L Raw RSS data were processed through the SALT Data Pipeline
10 (S. M. Crawford et al. 2010) to give bias and gain corrected
) } longslit spectra in Flexible Image Transport System (FITS) file
= Star Forming . Weak AGN .
< » format. These data were further reduced using a sequence of
z Emission Line Retired IRAF tasks (D. Tody 1986) adapted from the SALT Long Slit Re-
s duction Recipe,® including wavelength calibration, background
' 100 subtraction, flux calibration, and geometric distortion correction.
During wavelength calibration the spectra were binned to a fixed
Line.Less Retired 1.25 A per pixel scale. As th.e target galaxies were significantly
) smaller than the RSS field, night sky spectra extracted away from
O 65075 @ 227264 () 546040 e the galaxy light were used for background subtraction. Median
(> 79849 O 227266 <] 560238 : b t f lt 1 f h t t d t
lo-1] © s @ 2200 A sessss combination of multiple exposures of each target was used to
V 99687 { 298980 O 570227 improve S/N ratio, create a variance image and remove cosmic
> , 130847 ;‘ 122430 ,A 3070053 , , ray artefacts. We used IRAF task aptrace to trace the galaxy centre
-15 -1.0 -0.5 0.0 0.5 1.0

10910([NI1]A6584/Ha)

Figure 1. He emission line equivalent width  versus
log1o([N11]16584/H ) emission line ratio, WHAN diagram (R. Cid
Fernandes et al. 2010, 2011), with the selected dusty ETGs highlighted.
For reference, the grey points show our Initial Complete Sample (see
Section 2) of galaxies with >30 detection of relevant emission lines.
Emission line strengths and equivalent widths were sourced from GAMA
IT GAUSSFITSIMPLEVOS. The vertical demarcation between Star forming
and Strong AGN is set at log;o([N 11]16584/H r) = —0.32 (D. H. W. Glass
2024). Error bars, illustrated top right in the plot, are based on median
uncertainties from GAMA II GAUSSFITSIMPLEVO5 for the plotted
Initial Complete Sample galaxies. Galaxy and Mass Assembly (GAMA)
catalogue numbers (CATAID) and symbols shown in the legend box are
also used in Fig. 2.
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in the 2D longslit spectra. Spectral resolutions were determined
as ~4.5 A at red wavelengths and ~5.5 A at blue wavelengths, by
fitting a Gaussian curve to lines in arc lamp spectra, giving a mid-
spectrum resolving power of ~1050. The variable pupil of SALT
makes absolute flux calibration impractical, therefore we used
reduced SALT standard star spectra for relative flux calibration,
to provide an approximate correction of the spectrum continuum
shape, accurate to within 210 per cent. We masked the chip gaps
to avoid artefacts from the CCD chip edges being included in the
reduced spectra.

Spectra from the RSS are affected by partial scattering of light
within the instrumentation light path (I. Y. Katkov et al. 2019),

Shttps://www.saao.ac.za/~brent/Kniazev_longslit.pdf
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Figure 2. The top panel plots dust mass (My) versus stellar mass (M,.)
showing the relatively high-dust content of the 15 selected ETGs com-
pared with the 608 E type (purple dots) and 461 SO type (orange dots)
galaxies in the Parent Sample. The lower panel plots star formation rate
(SFR) versus M. The grey cloud of dots shows the overall Parent Sample
of 4458 galaxies and the black line represents the Galaxy Main Sequence
according to equation (5) of A. Saintonge et al. (2016). Most of the 15
dusty ETGs fall below the Galaxy Main Sequence, but have relatively
high SFRs compared with most ETGs in the Parent Sample. The symbols
used are identified by GAMA catalogue number in Fig. 1 legend. Data
were sourced from GAMA II MAGPHYSVO06 best_fit parameters. Error
bars show 1-sigma uncertainties calculated from GAMA II MAGPHYSV06
16th and 84th percentiles.

resulting in redistribution of light in both spatial and spectral
directions in sufficient quantities to broaden spectral absorption
features and reduce their contrast. When using full spectrum fit-
ting this broadening will cause an overestimate of the calculated
velocity dispersions (o) and reduction in contrast will systemati-
cally bias the stellar population fitting. We corrected for scattered
light using the method of I. Y. Katkov et al. (2019), where a
scattered light profile is determined from a longslit spectrum of a
point source, e.g. a standard star, observed using the same instru-
ment setup as the science observations. Scattered light was re-
moved from the science observations by subtracting the scattered
light profile from the observed longslit spectra of the target galax-
ies. To assess the effect of scattered light removal we measured o,
age, and metallicity from spectra covering the central R./8 radius
aperture of each target ETG, with and without scattered light.
We used full spectrum fitting with Penalized PiXel-Fitting (PPXF)
described in Section 4.2. Removal of scattered light reduced o
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results by amounts less than than their 1-sigma uncertainties
and increased metallicity results by less than their 1-sigma uncer-
tainties. Age results were generally unaffected. Therefore, in the
remainder of this paper we analysed apertures extracted from the
longslit spectra with scattered light removed.

As described in Section 4 below we applied full spectrum fitting
to extract results for Ager, [M/H]., and [«/Fe];, from the central
R./8 radius aperture of each target ETG. These R./8 apertures
have S/N ratios of typically 44 per wavelength bin, see Table 3. In
addition, we developed PYTHON code to extract spatially binned
1D apertures from the reduced, scattered-light removed longslit
spectra, based on S/N ratio. J. Ge et al. (2018) measured the effect
of S/N ratio on fitted values for age and metallicity when using
PPXEF for full spectrum fitting, showing that both bias and scatter
in fitted age and metallicity results are proportional to (S/N)~L.
In practice we selected the S/N ratio to give at least five apertures
for each target ETG, see the last column in Table 2, giving 20 <
S/N ratio < 30 per 1.25 A wavelength bin at ~5100-5200 A. We
used these apertures to construct o, Ager, and [M/H];, profiles
along the slit, i.e. radially along the major axis, by full spectrum
fitting. There was insufficient S/N to measure [«/Fe];, for the
radial profiles.

The methodology for estimation of «a-element enhancement
by full spectrum fitting is less well established than for age
and metallicity, see for example Y. Liu (2020) and E. Pernet, A.
Boecker & 1. Martin-Navarro (2024). Therefore, we developed a
methodology and supporting PYTHON code to estimate «-element
enhancement by Lick index fitting of SSPs.

4 ANALYSIS AND RESULTS

We used penalized pixel fitting (M. Cappellari & E. Emsellem
2004) with PPXF version 8.2.37 (M. Cappellari 2017, 2023) to
extract stellar kinematics parameters, line-of-sight velocity, and
velocity dispersion, and luminosity weighted stellar populations
parameters, Age;,, [M/H];, and [«/Fe]y, from the spatially binned
1D spectral apertures by full spectrum fitting between 3800 and
6800 A. PPXF fits a linear combination of template SSP spectra
to the target spectrum using a pixel-to-pixel chi squared (x?2)
minimization algorithm. Throughout we used the PPXF default
value of bias = None, to bias the higher order Gauss-Hermite
moments (h3, h4) towards zero, giving a Gaussian . We used
a multiplicative Legendre polynomial (order 10) in PPXF. Mul-
tiplicative polynomials compensate for inaccuracies in the rela-
tive flux calibration of our SALT spectra and for dust reddening,
without needing to use a specific reddening curve (M. Cappellari
2017). Order 10 allows the polynomial to fit our spectra over
scales that enable fits to continuum variations while preserving
the absorption line strengths. Additive polynomials were not used
as they can modify the depth of absorption lines. We used PPXF
keyword norm_range between 3800 and 6800 A to obtain lumi-
nosity weighted stellar population parameters.

We sourced template SSP spectra from the MILES Library of
SSPs (A. Vazdekis et al. 2010; J. Falcon-Barroso et al. 2011), built
using empirical star spectra, Bag of Stellar Tracks and Isochrones
(BaSTT) isochrones, and Chabrier initial mass function (IMF) and
with [«/Fe] reflecting those of the local solar neighbourhood
pattern. We also sourced SSPs from a recently developed library

7From https://pypi.org/project/ppxf/
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Table 2. Summary of longslit observations using SALT/RSS. GAMA65075 was observed by K. Vaghmare et al. (2018) and spectra from these observations
were obtained from the SALT Data Archive. The last column indicates the number and S/N ratio of spatial bins used to extract spectra for the major axis
profiles described in Section 3. Notes: [1] Date format used is YYYYMMDD. [2] Average value for images in the observing block. [3] Measured east from
north in degrees.

GAMA Galaxy SALT Night observed Exposure Airmass Slit angle Number of apertures
semester [Note 1] (s) [Note 2] [Note 3] @ S/N ratio
65075 2014-1 20140511 900 x 2 1.21 70.6 10 @ 30
20140613 900 x 2 1.19 70.6
79849 2019-1 20190426 600 x 4 1.22 4.7 7@ 25
85416 2020-1 20200510 648 x 3 1.20 80.1 7 @ 30
99687 2020-1 20200514 844 x 3 1.22 124.6 7@ 25
20200514 843 x 3 1.28 124.6
136847 2019-2 20200124 500 x 4 1.27 44.9 6@ 25
227264 2020-1 20200524 646 x 4 1.33 83.0 7@ 25
227266 2020-1 20200622 801 x 3 1.27 58.2 13@25
20200724 802 x 3 1.3 58.2
272990 2019-2 20200324 500 x 3 1.27 2.9 5@ 30
298980 2019-1 20190426 698 x 3 1.22 153.8 5@ 25
20190426 698 x 3 1.3 153.8
422436 2019-2 20191201 468 x 4 1.28 141.7 11 @ 30
546040 2020-2 20210222 924 x 2 1.18 117.5 10 @ 30
20210324 924 x 2 1.34 117.5
20210410 924 x 2 1.26 117.5
560238 2020-2 20210222 671 x 3 1.20 24.7 10 @ 30
569555 2019-1 20190511 501 x 4 1.19 77.0 4@ 20
570227 2019-1 20190512 586 x 3 1.19 7.3 6@ 20
20190522 586 x 3 1.2 7.3
3576053 2019-2 20191122 538 x 2 1.29 8.0 5@ 20
20191206 450 x 2 1.29 8.0
20200114 678 x 2 1.27 8.0

Table 3. Kinematic results for the central R./8 apertures from full spec-
trum fitting using PPXF with MILES SSPs. V is line of sight recession
velocity and oy is line of sight velocity dispersion. Uncertainties shown
are 1-sigma errors calculated by PPXF. The value given for maximum
rotation velocity (Vimax ) is a lower limit, measured from the velocity profile
described in Section 4.1, see also for example the top panel of Fig. 4. S/N
ratio is the mean per 1.25 A wavelength bin in the central spectrum region
between 4500-5500 A.

from 0.03 to 14.0 Gyr, total metallicity (denoted [M/H]ssp in A. T.
Knowles et al.) from —1.79 to 0.26, and [«/Fe] from —0.2 to 0.6.
As for the MILES SSPs we chose sSMILES SSPs with a Chabrier
IMF.

We assumed that the galaxy physical centre was the point of
maximum signal on the spatial axis of the longslit spectrum,
determined by IRAF task apall during geometric distortion cor-
rection. We fitted spectra from apertures covering the central R./8

GAMA % o0 Vinax S/N Ratio radius of each target ETG and apertures extracted along the major
(km s™1) (km s~1) (km s™1) axis based on S/N ratio, using MILES SSPs and sMILES SSPs
with an [«a/Fe] enhancement of 0 (later referred to as SMILES
65075 1633 + 6 125.3 £12.5 99 421 2D fits). From these fits we obtained results for V, o, their 1-
79849 13229 £6 1599 £ 100 180 36.9 sigma uncertainties, Ager, and [M/H], (see Section 4.2). We also
85416 5789 + 13 99.8 £13.3 179 59.4 . .
99687 14040 + 6 138.0 + 111 170 452 fitted spectra from.apertures covering the central R./8 radius of
136847 8143 + 6 164.9 + 11.1 117 3.1 each target ETG using the full grid of sMILES SSPs (later referred
227264 7400 + 6 117.4 +10.3 96 42.5 to as SMILES 3D ﬁtS), to obtain results for V, o, their l-sigma
227266 7422 + 4 200.7 &+ 7.4 47 45.1 uncertainties, Ager, [M/H]., and [«/Fe];. (see Section 4.3).
272990 12077 +7 156.0 +11.4 68 56.7 We also used PYTHON code, previously developed by A. T.
298980 8015 + 12 189.8 +17.8 44 54.5 Knowles et al. (2023), to find the best-fitting SSP for the central
422436 7639 £ 6 140.8 +11.4 187 30.9 R./8 aperture of each target ETG, by Lick index fitting. From the
546040 7858 £ 4 177.5£7.9 63 34.9 best-fitting SSP we took values for Age, metallicity, and [«/Fe]
560238 6325+ 5 146.2 £ 9.1 70 43.9 (see Section 4.4).
569555 16622 £ 20 94.2 4 24.9 71 39.4
570227 12733 +7 165.6 £11.8 69 32.0
3576053 15157 £ 6 199.0 £9.7 152 47.8

of semi-empirical star spectra, SMILES® (A. T. Knowles et al.
2023). The sMILES SSP library provides a grid of spectra with ages

8From the MILES website at https://cloud.iac.es/index.php/s/
WnxBSX6G3CnaTkD
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4.1 Stellar kinematics and profiles

The line-of-sight recession velocity (V) and central velocity dis-
persion (o,) were derived from the central R./8 aperture spectrum
of each target, using PPXF (M. Cappellari 2017) with MILES
SSPs. These stellar kinematics are presented in Table 3. In Fig. 3,
we compare these oy results with oy results from fittings using
SMILES SSPs with an [«/Fe] enhancement of 0 (SMILES 2D fits),
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Figure 3. Plot of oy for the central R./8 aperture of each target ETG,
showing that oy results from PPXF fittings using SSPs from the MILES and
SMILES libraries are within 1-sigma uncertainties for each target ETG.

and oy results from fittings using SMILES SSPs with the full grid
of [a/Fe] values (SMILES 3D fits). Fig. 3 shows the oy results
from MILES, sMILES 2D, and sMILES 3D fittings are in good
agreement within their 1-sigma uncertainties for all 15 targets,
with an average standard deviation of 2.6 km s™! from the mean
of their three measured oy values. These dusty ETGs cover arange
of only ~100 < 0y < 200 km s}, typical of intermediate mass
ETGs.

We also extracted V, o, Agey, and [M/H], from spatially binned
apertures along the major axis using MILES and sMILES 2D
fittings with PPXF. From these results we plotted profiles of rota-
tional velocity (Vgot), o, Ager, and [M/H], along the major axis of
each target ETG. An example is shown in Fig. 4 and the full set of
profiles are available in online Supplementary Material. We find
significant rotational support for all targets, with most lying close
to the line of rotationally supported oblate spheroids. R. Bassett
et al. (2017) found similar results for dusty ETGs. The kinematic
profiles do not show any evidence of kinematic discontinuities,
however, the S/N is not very high (see last column in Table 2).
For the rest of the paper we concentrate mainly on results from
central values (within R./8).

4.2 Average age and metallicity by full spectrum fitting

As described above we extracted stellar population Age; and
[M/H];, using MILES and sMILES 2D fittings. We used linear
regularization (W. H. Press et al. 1992), controlled using the PPXF
regul keyword as discussed in M. Cappellari (2017, 2023), to
smooth the solution for the stellar population parameters. The
solution calculated by PPXF is defined by the weight of each
individual template spectrum making up the solution and linear
regularization constrains the weights between adjacent spectra
on the age-metallicity grid to deliver a smoothed solution. We
tested a range of values for regul between 10 and 500 and se-
lected a value of 100, based on Cappellari® and consistent with
M. Cappellari (2023) and J. Woo et al. (2024), to give a smoothed
solution without overblurring. We maintained this value of regul
throughout to facilitate comparison of results from all fittings.
Whilst PPXF fitted gas emission lines and stellar populations si-
multaneously, we only use results from the stellar population fits.
We masked gaps between the RSS detector chips using the PPXF

%https://pypi.org/project/ppxf/
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Figure 4. Example profiles of rotational velocity (Vget), line-of-sight
velocity dispersion (o), Ager, and [M/H];, along the major axis of
GAMA272990, with the x-axis showing position relative to the galaxy
centre. Results from fitting with MILES SSPs are shown in blue, results
obtained using SMILES SSPs with [«/Fe] = 0.0 are shown in red. Vertical
orange lines show the spatial centre, Re/8 and Re. VR is the line-of-
sight velocity for the aperture minus the central line of sight velocity.
A complete set of major axis profile plots are available in the online
Supplementary Material.

goodpixels keyword. These fittings delivered Age;, and [M/H]y,
calculated by PPXF as the total luminosity weighted mean of the
ages and metallicities of the template SSP spectra contributing to
the solution (M. Cappellari 2017).

We estimated uncertainties in Age; and [M/H]. using Monte
Carlo simulations. 100 test spectra were generated by adding ran-
dom Gaussian noise, based on the S/N ratio, to each bin of the
observed spectrum. Each test spectrum was fitted using PPXF and
uncertainties were calculated as the standard deviation of the 100
outputted Age;, and [M/H];, values. Note that this Monte Carlo
approach accounts for random flux errors, but not for any un-
known systematic errors in the fits. This is valid for our analysis,
where we are making relative comparisons between galaxies and
samples.

In addition to numerical averages for Age;, and [M/H];, PPXF
generates two plots from each fitting, with typical examples pre-
sented in Fig. 5, for central R./8 apertures. Upper panels show
plots of the fit between the observed spectrum and the spectrum
generated by PPXF by combining template SSPs. Lower panels
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Figure 5. Example outputs from luminosity weighted PPXF full spectrum fitting for GAMA422436 (left panels) and GAMA99687 (right panels). For each
target the upper plot shows relative flux versus wavelength with the observed spectrum in black, the best-fitting stellar spectrum generated by combining
template SSPs in red, the gas emission fit in magenta, fitting residuals in green, and masked areas in grey. The lower plots show a grid of [M/H]y, versus
logip Ager,, with white dots showing the position of each MILES template SSP. Post-regularization (luminosity weighted) template weight fraction at
each grid point is represented by colour. See M. Cappellari (2023) for a full explanation of PPXF plots. GAMA422436 contains a single old, metal-rich
stellar population at >10 Gyr. In contrast GAMA99687 contains two distinct stellar population groupings, at 0.9 Gyr and <10 Gyr, both at subsolar

metallicity. A complete set of PPXF output plots are presented in Fig. Al.

show the weights fraction of SSPs used in the solution on an age
versus metallicity grid. The left side column shows a galaxy where
there is a single old, metal-rich stellar population, the right side
column is an example of a galaxy where there is an intermediate
age and an old age component in the stellar population. In our
sample of 15 dusty ETGs, there are 15 with old population com-
ponents of ~10 Gyr or greater, 11 with intermediate components
of 0.5 $ Gyr 5 2,i.e. GAMA79849, 85416, 99687, 136847, 227264,
272990, 298980, 560238, 569555, 570 227, and 3576053, and four
with young components of ~0.1 Gyr or less, i.e. GAMA65075,
85416, 227 264, and 298980. A complete set of PPXF age versus
metallicity grids for our 15 target ETGs are presented in Fig. Al
of the Appendix.

From the GAMA groups catalogue G3CGal version 10, (A. S. G.
Robotham et al. 2011), available from the GAMA survey website,
11 of our dusty ETGs are in small groups containing between 2
and 19 galaxies, and 4 are isolated. We find examples of dusty
ETGs with intermediate age populations both within groups
(e.g. GAMA136847, 570227) and isolated (e.g. GAMA272990,
3576053). Therefore, there are no clear trends of dusty ETGs SFH
with group membership from that catalogue.

To check if the intermediate age population components were
artefacts from full spectrum fitting we used PPXF to fit synthetic
test spectra which we generated by combining MILES SSPs. The
SSPs used had either a metal-rich ([M/H]= + 0.06) or metal-
poor ([M/H] = —0.35) population. The SSPs were normalized,
converted to an S/N ratio of 30 per wavelength bin by adding
Gaussian noise, blurred to SALT instrument resolution of 5A

MNRAS 548, 1-19 (2026)

and trimmed to our science spectra wavelengths. We generated
test spectra with only old population components of 13, 12, and
11 Gyr and test spectra with old population components of 13
and 12 Gyr plus a 2 per cent mass-weighted young component
of 0.1 Gyr or intermediate age component of 1 Gyr. With these as
input spectra, and using MILES SSPs for fitting, PPXF produced a
solution containing only old population components in the first
case, similar to the lower left panel of Fig. 5, and a solution with
old and young or intermediate age population components in the
second case. This recovery of the correct age components was
true irrespective of the metallicity of the old and intermediate
age components (see the top three rows in Fig. A2). The metal-
licity was generally well recovered for an old model, and for the
old component of composite age models, but not for the 1 Gyr
component of composite models, where metallicity was overes-
timated. To assess the effect of early, extended star formation
we generated another synthetic test spectrum containing equally
mass-weighted components of 13, 8.5, 5.5, 3.5, 2.5, 1.5, and 1
Gyr, chosen to give approximately equal log;o(age) increments
across the age range, and fitted this with PPXF. The solution
contained a spread of ages between ~13 and 0.6 Gyr, but with an
apparent dearth of stars around 3 to 5 Gyr. Again, PPXF returned
a metallicity anomalously higher than the test spectrum for the
youngest component. We present age versus metallicity grids
from these synthetic spectra fittings in Fig. A2 of the Appendix.
These tests help to show that PPXF is not producing solutions
with spurious intermediate age components. This was our main
goal for these tests, however, the simulations do reveal limitations
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Figure 6. Upper panels show Age, [M/H], and [«/Fe] from PPXF full spectrum fitting and Lick index SSP fitting of the central R./8 apertures versus
0p. Results are shown as points with 1-sigma error bars, for 13 dusty ETGs, excluding the highest H, emitters GAMA298980 and GAMA569555. Trend
lines show Tukey biweight regression lines with a cutoff parameter of ¢ = 3.5 fitted to the points. GAMAS85416 is shown with open symbols. Results
from PPXF full spectrum fitting are luminosity weighted. Ages in the left panel show a loose trend, increasing with increasing o and there appears to
be a systemic difference between ages from PPXF full spectrum fitting and those from Lick index SSP fitting. Metallicities in the centre panel show a
loose trend, increasing with increasing oy. [«/Fe] results from full spectrum fitting, in the right panel, show a loose trend, decreasing with increasing
0p. [a/Fe] from Lick index analysis appear to be systemically higher than from full spectrum fitting, with an accompanying change of slope. The lower
panels provide a comparison with best-fitting lines for ETGs in ATLAS?P (R. M. McDermid et al. 2015), and for the F. La Barbera et al. (2013) stacked
spectra analysed by A. T. Knowles et al. (2023), from SSP fits to Lick indices. Shaded areas in the lower panels show the 1-sigma confidence interval on

the slope of each best-fitting line.

in these PPXF fits to discrete models where the metallicities of
younger components may not be accurately recovered. We note
that intermediate age components in our fits to dusty ETG spectra
are generally metal-poor rather than metal-rich.

Results from fitting the major axis spatially binned apertures
using MILES and sMILES SSPs were used to plot major axis Ager,
and [M/H], profiles for each target, with an example shown in
the lower two panels of Fig. 4. The full set of these profiles are
available as Supplementary Material online. The plots show rela-
tively close agreement in fits using MILES SSPs and sSMILES SSPs,
mostly within the estimated errors, as seen for example in Fig. 4.
The profiles generally show Age;, is constant or decreasing with
increasing radius, which aligns qualitatively with results within
R, from previous investigations of ETGs, e.g. CALIFA (R. M.
Gonzalez Delgado et al. 2015, their fig. 9), SAMI (1. Ferreras et al.
2019, their fig. 9), and MaNGA (Y. Liu 2020 their fig. 13), while
SAURON (H. Kuntschner et al. 2010, their fig. 12) shows age to
be constant or increasing with radius within R.. I. Y. Katkov, A.
Y. Kniazev & O. K. Sil’chenko (2015) produced major axis stellar
population profiles of nine ETGs using full spectrum fitting of
longslit spectra from SALT and found two (NGC2917 and 3375)
of the nine ETGs to have age decreasing with increasing radius

in the central regions. The profiles from our fittings generally
show [M/H];, decreasing with increasing radius, which aligns
qualitatively with results within R, from previous investigations
of ETGs, e.g. SAURON, CALIFA (R. M. Gonzalez Delgado et al.,
their fig. 12) and MaNGA.

Age; and [M/H]y, results for the central R./8 aperture of each
target ETG, obtained using MILES and sMILES SSPs, are pre-
sented in Table 4. Results for GAMA298980 and 569555 appear
anomalous, with unexpectedly low metallicities for their masses
(IM/H]y of —0.73 and —1.09 dex, respectively, from MILES SSP
fits). These two targets show the highest H« equivalent widths,
see Fig. 1, highest SFRs, see Fig. 2, and they have strong emis-
sion lines in their spectra making it difficult to fit older stellar
populations and absorption lines accurately. Therefore these two
galaxies have been excluded from our subsequent plots.

Central R./8 aperture Age;, and [M/H]y, results are plotted ver-
sus oy in Fig. 6. For comparison we include in Fig. 6 (lower panels)
trends from ATLAS?P which analysed spectra with a wavelength
range from 4800 to 5380 A (R. M. McDermid et al. 2015) and
trends from Lick indices SSP fitting of high S/N, stacked, passive
galaxy spectra by A. T. Knowles et al. (2023), based on SDSS
stacked spectra from F. La Barbera et al. (2013). For fits to our
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Table 4. Ager, [M/H]y, and [«/Fe]y, results from PPXF full spectrum fitting and Lick index SSP fitting, for the central R./8 apertures. Uncertainties are

1-sigma values calculated by Monte Carlo simulations.

GAMA Full spectrum fitting Lick index SSP fitting
MILES SSPs SMILES SSPs (2D grid) SMILES SSPs (3D grid)

Ager, [M/H]L Ager [M/H]y, Ager, [M/H]L [et/Fe]L Ager, [M/H]L [a/Fe]L

(Gyr) (dex) (Gyr) (dex) (Gyr) (dex) (dex) (Gyr) (dex) (dex)
65075  6.77+044 —0.15£0.03 4.70+0.33 —0.01£0.02 5914031 —0.02£0.02 025+001 294103 014730 0.32700
79849 536039 0.04£0.03 6.60+£045 —0.06£003 623+£032 —0.05+£0.03 0.01£001 287705 007755 0257008
85416  1.79+0.20 —0.06£0.09 1.60+0.17 002£005 1774018 —0.03£0.07 021+002 2501023 —0.1073% 0.4275%
99687  7.514£0.30 —0.16£0.02 7.73£027 —0.17£0.02 824028 —017£002 007001 49472 —0.10%07 0237520
136847 8354040 0.07+£0.03 891033 0.04+003 889034 007+002 010£001 229707 026799 017790
227264  4.89+024 0.03+£0.03 437+£022 007+£002 459£023 005+002 017+002 232193 006701 015799
227266 10.12+0.29 019£0.02 9.90+0.23 017+£001 10894021 014+001 009+001 6.091% 017739 021758
272990  3.34£031 —0.07£0.03 3.54£0.25 —0.05£0.03 3.65£0.21 —0.08£0.02 005+001 1.98%01  0.06:2 0.227597
298980  1.524+0.30 —0.73+011 1.134+0.16 —0.43£0.08 1224011 —043+£0.05 018+002 2.73%18  —0.497327 0.607559
422436 1212+£028 0124002 11.72+£030 0.11£0.01 1248+029 012£001 011+£001 11.507%3) —0.04759¢ 0.2210:03
546040  12.524+0.28 014+001 12514020 011+001 1281020 013+001 0084001 1050739  0.08%90% 0.22790
560238  8.53+046 018+£0.02 892£0.37 013+£001 9.40£0.34 012+£002 011+0.01 549703%  01779%  0.1375%
569555  2.784+0.28 —1.09£0.07 2014022 —0.85£0.06 2024026 —0.82+£0.06 —0.04+£003 191707 —0.66733) 0.447018
570227 693044 —0.01£0.04 7.94£0.30 —0.06=0.02 7.84£043 —0.06£0.03 0.04£001 2477548 023709 016700
3576053 4.874+040 0.08+£003 5754044 0.00+003 5534032 001+£003 002+002 22570% 009950  0.28759¢

dusty ETGs we performed a Tukey biweight fit for each of our
data sets using STATSMODELS.ROBUST.NORMS.TUKEYBIWEIGHT
with cutoff parameter ¢ = 3.5. This provides a straight line fit to
the trends that is more robust against individual outlier points
than simple linear regression.

The upper left two panels of Fig. 6 show broad comparabil-
ity between the Age; and [M/H];, results obtained from PPXF
full spectrum fittings using either MILES or SMILES SSPs. All
Ager, and [M/H]y, results from PPXF fittings show a loose trend
of increasing Ager, and [M/H],, with increasing oy, qualitatively
reproducing the positive correlations seen in ATLAS®P results
(R. M. McDermid et al. 2015). The large scatter, particularly in
Agey,, partly results from the intermediate age subcomnponents
required to fit most of these Dusty ETG spectra (see Appendix).
Results from Lick indices SSP fitting are discussed in Section 4.4.

4.3 Average age, metallicity, and a-element abundance by
full spectrum fitting

We obtained values for [«/Fe],, for the central R./8 aperture of
each target ETG by repeating full spectrum fitting using PPXF
as described in Section 4.2. We used template SSPs from the
three dimensional age-metallicity-o-element abundance grid of
SMILES SSPs (A. T. Knowles et al. 2023). We edited the PPXF
MILES_UTIL.PY routine to add the «-element abundance dimen-
sion thus enabling PPXF to assemble a three dimensional grid
of SSPs (sMILES 3D) and we altered our PPXF setup routine
to calculate and report luminosity weighted average «-element
abundance in addition to age and metallicity. From these fittings
we obtained values for V, oy, Ager, [M/H]y, and [«/Fe], and their
1-sigma errors.

Values for oy, matched the results obtained in Sections 4.1
and 4.2 within their 1-sigma uncertainties, see Fig. 3. Results for
Ager, [M/H]y, and [«/Fe];, are presented in Table 4 and plotted
in Fig. 6. Age;, and [M/H];, results generally match those from
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our previous full spectrum fittings (MILES and sMILES 2D). Our
results show apparent trends of increasing Age;, and [M/H];, with
increasing oy, which agree qualitatively with the more well de-
fined trends from the ATLAS?P project (R. M. McDermid et al.
2015). However, unlike ATLAS3P, our PPXF full spectrum fitting
results have a trend of decreasing [«/Fe];, with increasing oy. E.
Pernet et al. (2024) found that full spectrum fitting, e.g. using
PPXF, with «-element dependent SSPs, gives a decreasing trend
of [«/Fe] with increasing o (see their fig. 1). This is in contrast to
previous results that show an increasing trend of [«/Fe] proxies
with o, for example in J. Johansson, D. Thomas & C. Maraston
(2012), C. Conroy, G. J. Graves & P. G. van Dokkum (2014), F.
La Barbera et al. (2014), and R. M. McDermid et al. (2015). E.
Pernet et al. conclude that the decreasing trend is an artefact of
using full spectrum fitting with SSPs built from stellar population
models which do not take account of variations in abundances of
individual -elements. This is the likely cause of the decreasing
trend in our [«/Fe];, results obtained from PPXF full spectrum
fitting over a large wavelength range with sMILES SSPs. Earlier
studies, including those cited above, did not reveal this artefact
because they were either relying mostly on Mg Lick indices to
estimate [«/Fe] (e.g. J. Johansson et al. 2012; F. La Barbera et
al. 2014; R. M. McDermid et al. 2015) or their full spectrum fits
were constrained by their data to a narrow range, making the Mg
features again their main source of information about [«/Fe] (e.g.
R. M. McDermid et al. (2015)). Varying individual elements C.
Conroy et al. (2014) showed that [O/Fe] and [Mg/Fe] increase
strongly with o, but they did not show any fits varying [«/Fe] as
a whole.

4.4 Average age, metallicity, and a-element abundance
from Lick index SSP fitting

We fitted values for age, [M/H], and [«/Fe] from the central R./8
apertures by using Lick indices (G. Worthey et al. 1994) to select
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the best fitting SSP. We adapted the process and PYTHON code
developed by A. T. Knowles et al. (2023), described in their section
4.2. We used the following 15 Lick indices - H5, Hér, G4300,
Hya, Hys, Fe4383, Ca4455, Fe4531, HB, Mgb, Fe5270, Fe5335,
Fe5406, Fe5709, and Fe5782, as used in A. T. Knowles et al. (2023).
These indcices mostly avoided SALT chip-gap wavelengths in the
rest-frame corrected spectra of our Dusty ETGs, due to our careful
choice of grating setup. Sensitivity to [«/Fe] is dominated by
[Mg/Fe] in these Lick indices fits. The code continuum normal-
izes the target spectrum and SSPs, measures Lick line indices and
performs multiple searches from different starting points using
a Powell minimization algorithm to determine the single best-
fitting SSP, see A. T. Knowles et al. for a full explanation. An
initial fit was used to identify the single SMILES SSP which best
fits the Lick indices from the observed spectrum. This provided
a base line for removal of emission lines. SSP fitting was then
performed on the emission line removed observed spectrum us-
ing SMILES SSPs, to give an age-[M/H]-[«/Fe] solution. 1-sigma
errors were estimated by perturbing the emission line removed
observed spectrum with randomized flux errors and performing
a Monte Carlo simulation, see the example diagnostic plots in
Fig. 7. The upper panel shows number of fitting results on the
y-axis for each of age, [M/H], and [«/Fe] from each of two Monte
Carlo simulations of 100 cycles using the perturbed input spec-
trum, see A. T. Knowles et al. (2023). The lower panel shows con-
tour plots of reduced yx 2, normalized by the best fit, for Age versus
[M/H] and [M/H] versus [«/Fe], from the Lick index SSP fitting.
Each contour line is generated from the reduced x2 achieved
from fitting the individual SSPs represented on the x and y axes.
The zone with lowest reduced x2 represents the best-fitting age-
[M/H]-[«/Fe] solution.

Lick index SSP fitting results are presented in Table 4 and plot-
ted in Fig. 6 for comparison with results from PPXF full spectrum
fitting. The age plot shows a loose positive trend with increas-
ing oy, with wide scatter of the results around the best-fitting
lines. The metallicity plot shows a positive trend with increasing
00, again with wide scatter of the results around the best-fitting
lines. However, our Lick index SSP fitting delivers systemically
younger ages and higher metallicities when compared with our
results from full spectrum fitting and the R. M. McDermid et
al. (2015) results for ETGs in ATLAS3P. Lick indices SSP fits to
composite populations are known to be biased to the youngest
components, in fitted age, and to the older components, in fitted
metallicity (P. Serra & S. C. Trager 2007). Our Lick index SSP fits
may be dominated by young stellar population components, seen
in the age versus metallicity grids from PPXF composite fits in Fig.
A1. This effect would not be seen in Lick index SSP fits of passive
ETGs, such as in the F. La Barbera et al. (2013) data set. In the
right panel of Fig. 6, the best-fitting line to the [«/Fe] abundance
results from Lick index SSP fitting shows a shallow positive trend
with increasing oy, again with wide scatter. The shallow slope of
the best-fitting line indicates only a loose trend with oy. A positive
trend was also seen in the ATLAS®P results and I. Y. Katkov et al.
(2015) also reported a positive trend between [«/Fe] and o, from
Lick index analysis and full spectrum fitting with NBURSTS for 21
ETGs, nine of which were observed using SALT.

A. T. Knowles et al. (2023) applied the Lick index SSP fitting
process to spectra from 24 781 nearby passive ETGs (0.05 < z <
0.095) with o, between 100 and 300 km s~!, from F. La Barbera
et al. (2013, 2014) and F. La Barbera, I. Ferreras & A. Vazdekis
(2015), stacked into bins of oy to provide 18 stacked spectra with
S/N ratios greater than several hundred. From these stacked SDSS
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Figure 7. Example diagnostic plots from Lick index SSP fitting of
GAMAA422436. The upper panel shows fitting results from each of two
Monte Carlo simulations of 100 cycles using a perturbed input spectrum.
Blue data were generated from fits starting at 1 Gyr, red data from fits
starting at an 7 Gyr. The lower panel shows age versus metallicity and
metallicity versus [o/Fe] contour plots of normalized reduced x2 across
these parameter spaces. Degeneracies between parameters can be seen
for age and metallicity. In these plots Z = [M/H] in fits to sSMILES SSPs
(as defined in Section 4). These 2-parameter plots are shown at the best
fit for the third parameter in each case (see Lick index SSP fitting results
shown in Table 4).

spectra, A. T. Knowles et al. extracted best-fitting SSP results for
age, [M/H], and [«/Fe]. As a control sample we also plot the A. T.
Knowles et al. trend lines in Fig. 6. Our dusty ETGs are compared
with A. T. Knowles et al. in more detail in the Supplementary
Material. These best fit lines show close agreement between age,
[M/H], and [«/Fe] results from A. T. Knowles et al. with results
from ATLAS?P (R. M. McDermid et al. 2015). Without the outlier
GAMAS85416, [a/Fe] values and trend from our results show close
agreement with the A. T. Knowles et al. and R. M. McDermid
et al. trendlines. Like GAMA298980 and 569555, GAMAS85416
has relatively high Ha equivalent width, high SFR, and strong
emission lines in its spectra, making it difficult to fit the older
stellar populations and absorption lines accurately.

Differences in age and metallicity results from our spectra ver-
sus A. T. Knowles et al. results are unlikely to be due to the
Lick index SSP fitting method, because the same method was
used for both analyses, but may be due to differences in average
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Figure 8. Lick indices SSP fits to SDSS stacks for non-dusty ETG (two left panels) and dusty ETGs (two right panels). See description of contours in Fig.
7. Inner contours show 68 per cent confidence levels for three fitted parameters, whilst other contours illustrate the shape of chi-squared space further

out from the best fits.

properties between our dusty ETGs and the passive ETGs from A.
T. Knowles et al. (2023).

5 DISCUSSION

In this section, we discuss the results for our sample of dusty
ETGs, where possible comparing them to reported results for
non-dusty ETGs to put them into a wider context.

5.1 Age, metallicity, and «-element abundance ratios

From our PPXF fits for age;, and [M/H];, 12 of the dusty ETGs
in our sample of 15 showed evidence of younger stellar popu-
lation components. After excluding results from GAMA298980
and 569555, our results from full spectrum fitting show both
Age;, and [M/H],, increasing with increasing op. These trends
are well known for ETGs in general, see e.g. A. Gallazzi et al.
(2006), C. Conroy et al. (2014), R. M. McDermid et al. (2015),
and Y. Liu (2020). However, when we compare our age and
metallicity results from Lick index SSP fitting with results de-
rived using the same method for high S/N ratio stacked spec-
tra of passive galaxies (A. T. Knowles et al. 2023) and with
our results from full spectrum fitting (see Fig. 6), we find our
Lick index SSP fitting gives younger age populations and slightly
higher metallicity, for our dusty ETGs sample compared with
passive ETGs. We suggest this discrepancy is due to the sen-
sitivity of Lick index SSP fitting to the presence of younger
stellar population components aged 2.5 Gyr (P. Serra & S. C.
Trager 2007). Tests using different Balmer lines in the SSP fit
support this suggestion (details are given in the Supplementary
Material).

Excluding GAMAS85416, which has a high [«/Fe] enhance-
ment for its oy, our [«/Fe] results from Lick index SSP fitting re-
produce those of R. M. McDermid et al. (2015) and A. T. Knowles
et al. (2023), with a slightly positive trend with increasing oy,
indicating that we do not detect any difference in star formation
durations for dusty ETGs compared to other ETGs of similar o.
The negative trend with increasing o in our [«/Fe];, results from
full spectrum fitting can be explained by a bias introduced by
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full spectrum fitting using PPXF with a-enhanced SSPs (E. Pernet
et al. 2024).

5.2 Check using SDSS stacked spectra

As a check of our findings, we used the SDSS spectroscopic data
base (data release 18) to search for GAMA galaxies classified as
ETGs (E or SO) in our Parent sample. We found 710 matches, with
360 having stellar velocity dispersion in the range 100 to 200 km
s~! (similar to our SALT sample). Amongst these we selected the
dustiest and non-dustiest using the following criteria:

Dustiest subset:

Detection >50 at 250 um from Herschel-ATLAS.

Dust mass of >5 x 10° M, from GAMA MAGPHYs SED fits.

These critera resulted in 29 galaxies with good quality SDSS
spectra (S/N ratio > 10).

Non-dustiest subset:

Non-detection at 250 um from Herschel-ATLAS.

Dust mass of <3 x 107> M from GAMA MAGPHYS SED fits.

These criteria resulted in 51 galaxies with good quality SDSS
spectra (S/N ratio > 10).

The above two spectral datasets were stacked to maximize
signal-to-noise in the SDSS optical spectra, leading to a dusty and
non-dusty stacked spectrum respectively. The stacking software
used corrects for Galactic extinction, rebins to a linear wavelength
scale in rest-frame air wavelengths, and outputs a median average
of the input spectra (F. La Barbera, private communication; F.
La Barbera et al. 2013). These stacked spectra have S/N ratio
per 0.5 Angstrom bin of ~57 and ~131 for the dusty and non-
dusty stacked spectra, respectively, calculated in the 4500 to 5500
Angstrom wavelength range. We fitted these two stacked spec-
tra with our SSP fitting software (see Section 4.4) to determine
how their luminosity weighted stellar population properties com-
pared. After correcting the spectra for residual line emission the
dusty ETG stack was found to have a luminosity-weighted average
age of 6.12 £ 0.59 Gyr and the non-dusty ETG stack was found to
have age of 8.96 £0.21 Gyr. Thus, the dusty ETG SDSS stack is
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2.8 +£0.6 Gyr younger than the non-dusty ETG SDSS stack, sup-
porting our finding from the SALT spectra that dusty ETGs gen-
erally have a population of younger stars than non-dusty ETGs.
Fig. 8 shows the difference between SSP fits to these two SDSS
stacks. The left panels show old age, non-dusty ETGs; the right
panels show younger age, dusty ETGs. No difference is found in
mean metallicity or [«/Fe] ratio.

To investigate their star formation histories we used PPXF to
map the age and metallicity distributions for these two SDSS
stacks (see Section 4.2). The results are shown in Fig. 9 where we
again see evidence of a low-level, intermediate age contribution
to the stellar population in the dusty ETGs (right panels). The
non-dusty ETG stack shows no such intermediate age population
(left panels). For these SDSS stacked spectra, we also show grids
scaled to highlight the contributions in these grid plots (lowest
panels in Fig. 9).

Therefore, we find evidence of intermediate age (=1 Gyr) pop-
ulations in dusty ETGs from two independent sources of optical
spectra (SALT and SDSS).

5.3 Origins of dust

In this paper, we set out to investigate the origins of dust in our
sample of dusty ETGs by looking for differences in their stel-
lar kinematics and stellar populations when compared to non-
dusty ETGs. From our stellar population full spectrum fits we
find evidence of intermediate-age populations, as well as older
populations, in most of these dusty ETGs. Intermediate age pop-
ulations (0.5 to ~2 Gyr) could be associated with the acquisition
of ISM, including dust, into these galaxies. We use the PPXF age
versus metallicity grids, see Fig. A1, to test the following simple
evolutionary scenarios. A caveat to note is that metallicities are
not well constrained in younger components of composite stel-
lar populations. See also M. Cappellari (2023), their fig. 15 and
discussion.

(i) An early burst of star formation, then quiescence providing
for self-enrichment of the ISM with metals during early star for-
mation and enrichment of the ISM with dust expelled by evolved
stars. This scenario may apply to GAMA227266, 422436, and
546040 where their PPXF plots show single, old, high-metallicity
stellar populations. The origin of the dust is unclear in these three
galaxies, with no evidence of any young stars.

(ii) An early burst of star formation plus an intermediate age
burst of star formation, then quiescence. This scenario is as (i)
above with the addition of a second burst of star formation ~1
Gyr ago, triggered by secular evolution and using ISM enriched
by evolution of the older stars. In this scenario, the more recently
formed stars would have higher metallicity than the old popula-
tion. While many of the age versus metallicity grids in Fig. Al
show intermediate age stellar population components at 0.5
Gyr 5 2, none of these have higher metallicity than the older
stellar population components.

(iii) As (ii) above but with the second burst of star formation
triggered by externally accreted gas e.g. from a minor merger,
with metallicity of the gas determined by the SFH of the merging
(secondary) galaxy. In this scenario more recently formed stars
could have higher, lower or identical metallicity than the old
population. Notwithstanding the uncertainties in metallicities
noted above, from our age versus metallicity grids in Fig. Al
we attempted to estimate mean metallicity of the intermediate
age stellar population component for these galaxies. From this,
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using the stellar mass versus metallicity scaling relation from J.
Trussler et al. (2021), their fig. 2, we estimated the stellar mass
of the postulated secondary galaxy. Using stellar masses of our
dusty ETGs from Table 1, we estimated the stellar mass ratio be-
tween the primary and secondary galaxies, see Table 5. All ratios
are >4:1 which is widely accepted as the mass ratio boundary
between major and minor mergers, see for example A. W. Man,
A. W. Zirm & S. Toft (2016). The postulated secondary galaxy
could have brought in dust and gas, which would have to survive
since that intermediate age about 0.5-2 Gyr ago. This time-scale
is consistent with the time-scale for ISM removal in ETGs of
~22.3 Gyr, measured by M. J. Michatowski et al. (2024).

(iv) Early continuous star formation followed by quenching
and secular evolution e.g. star formation in a late-type galaxy
followed by quenching and morphological shift to ETG. This
scenario is similar to scenario (i) but with star formation and
ISM enrichment happening over a more extended time-scale. Our
tests with synthetic spectra in Section 4.2 indicate that continuous
star formation will show in the top right corner of the age versus
metallicity grid as older and younger foci connected by a less
dense zone, see lower right panel in Fig. A2. While this pattern ap-
pears in some of our observed age versus metallicity grids in Fig.
A1 all these observed grids (e.g. GAMA79849, 272990, 570227),
have an additional intermediate age component, making this an
unlikely scenario for evolution of any of the ETGs in our sample.

(v) Early continuous star formation as (iv) above but with the
second burst of star formation triggered by externally accreted
gas. The two connected foci discussed in (iv) plus a separate
intermediate population component is seen strongly in the age
versus metallicity grid for GAMA272990 and less strongly in the
grids for GAMA79849 and 570227. Therefore this scenario may
represent what happened in these three dusty ETG galaxies.

SFHs in the majority of dusty ETGs in our sample fit with
formation scenarios which include ISM injection e.g. from an
ISM-rich minor merger, which would support the theory that
at least part of the dust is externally sourced. In scenarios (i),
(ii), and (iii), we would expect the population from an old star
formation burst to be [«/Fe] enhanced, while in scenarios (iv)
and (v) extended early star formation should give a population
less [«/Fe] enhanced. Three dimensional age versus metallicity
versus [«/Fe] grids from PPXF full spectrum fitting would al-
low determination of age;, [M/H];, and [«/Fe];, for each stellar
population component however, the bias in [«/Fe], results from
PPXF full spectrum fitting with «-enhanced SSPs shown by E.
Pernet et al. (2024), and shown in our Fig. 6, prevent use of our
data in this way. We note that our [«/Fe] results from Lick index
SSP fitting match those of F. La Barbera et al. (2013) and R. M.
McDermid et al. (2015), see Fig. 6 and Supplementary Material,
and all of the ETGs in our sample show an overall [«/Fe]; > 0,
see Table 4 and Fig. 6.

We reviewed published results to see if we could find similar
analyses of the SFH of ETGs that had not been selected for their
dusty nature. R. M. McDermid et al. (2015) studied the SFH in
a large sample of ETGs from the ATLASP survey. They show
differential mass fractions versus time for galaxies grouped into
dynamical mass bins (R. M. McDermid et al., their fig. 14). Their
plot gives a broad indication that the SFH time-scale of lower
mass galaxies extend over longer times, however it does not in-
dicate detailed histories of individual galaxies. The galaxies in
our current sample correspond to intermediate mass bins in their
data, which do not show star formation younger than 3 Gyr.
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Figure 9. Top: Luminosity-weighted PPXF fits to SDSS stacked spectra for non-dusty ETGs (left panels) and dusty ETGs (right panels). Middle: Grid
showing SSPs fitting these spectra (linearly scaled with default PPXF colour palette). See description in Fig. 5. Bottom: Alternative scaling (square-root
power law, with reversed colour coding) to highlight where the fitted SSPs are for these SDSS stacked spectra. As well as old stars in both stacks, an
intermediate age population shows up in the dusty ETGs stack but is missing in the non-dusty ETGs.

Table 5. Estimation of the mass ratio of Primary to Secondary galaxies
for the minor merger scenario discussed in Section 5.3 item (iii).

GAMA Metallicity of Mass of Mass Ratio
Secondary Secondary Primary: Secondary
[M/H] x 101 M)

79849 —0.25 1.0 4.5:1

99687 —0.2 0.53 10:1

136847 —0.2 0.53 8:1

227264 —0.2 0.53 5:1

272990 —-0.1 0.35 9:1

570227 —0.2 0.53 8:1
3576053 —0.2 0.53 41:1

More recently, E. J. Johnston et al. (2022) analysed a sample
of 78 individual lenticular galaxies from their BUDDI-MANGA
project. They show that on average, for lenticular galaxies with
stellar masses >10' M, stellar mass formed before 3 Gyr ago,
with most of the mass forming at much earlier times (E. J. John-
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ston et al., their fig. 10). It is a similar picture for their sample
of Sa bulges (K. Jegatheesan et al. 2024, their fig. 6, top middle
panel). The same group have also studied three individual el-
liptical galaxies, from MUSE data and plotted their results in a
similar way to our Fig. Al. Their three ellipticals have older star
formation that shows no signs of intermediate age populations as
young as ~1 Gyr (see K. Jegatheesan et al. 2025, their fig. 9).

Therefore, our sample of dusty ETGs reveals more intermedi-
ate age contributions to the stellar mass than for other samples of
ETGs that are not selected by their levels of dust content. How-
ever, from a sample of ETGs selected for their H1 detections, N.
F. Boardman et al. (2017) show maps which indicate the presence
of younger populations (their figs 27-29).

5.4 GAMA272990

GAMA272990 is particularly interesting because previous work
has shown it to have a clear E morphology, with evidence for
high-molecular gas and dust content and here we show that it
has younger components in the stellar population. Using sub-
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millimeter observations of CO from the ALMA, A. E. Sansom et
al. (2019) showed the presence of a massive, extended rotating
molecular gas disc of 10 arcsec diameter. Further analysis by D.
H. W. Glass et al. (2022) confirmed that the molecular gas disc is
star forming and has asymmetry, suggesting a minor merger in
relatively recent times.

Our stellar kinematic results show that GAMA272990 sits be-
low the line of isotropic oblate spheroids that are flattened only by
rotation, as expected for elliptical galaxies (M. Cappellari 2016).
Our major axis profiles show stellar o, Ager, and [M/H], all
reducing with increasing radius, with no discontinuities within
R. (see Fig. 4). Full spectrum fitting revealed the presence of
three stellar populations within the central R./8 aperture, one
old population at 10 Gyr and two intermediate age compo-
nents, one at ~3 Gyr and one aged between 0.5 and 1.5 Gyr, see
Fig. Al. Bridging between the £10 Gyr and ~3 Gyr populations
suggests some level of early ongoing star formation as discussed
in Section 5.3 scenario (v). Lick index SSP fitting indicates that
[«/Fe] is enhanced within the central R./8 radius aperture. Our
results support the conclusion of D. H. W. Glass et al. (2022) that
GAMAZ272990 has undergone a gas-rich merger resulting in the
molecular gas disc structure, elliptical morphology, and rejuve-
nated star formation. We therefore suggest a link between that
merger, which contributed to the molecular gas, and the youngest
age stellar population component, see the age versus metallicity
grid for GAMA272990 in Fig. Al.

6 CONCLUSIONS

We obtained major-axis, longslit optical spectra of 15 particularly
dusty ETGs using SALT. Their classification as ETGs was based
on morphology determined using carefully analysed survey data,
including SDSS images (A. J. Moffett et al. 2016) plus informa-
tion from KiDS images (D. H. W. Glass 2024). For each target
we extracted S/N based profile apertures along the major axis,
mostly within ~R., and an aperture covering the central R./8
radius. From the major axis apertures we extracted kinematic
profiles, i.e. V and o and stellar population profiles, i.e. Ager,
[M/H]y, using full spectrum fitting. From the central R./8 radius
aperture we extracted these parameters plus [«/Fe];, using both
full spectrum composite fits and Lick index SSP fits. Our main
findings are:

(i) Results from full spectrum fitting show the dusty ETGs
in our sample have comparable luminosity weighted population
ages compared to passive galaxies at the same o,. However, ages
from Lick index SSP fitting are systematically younger than from
full spectrum fitting. PPXF full spectrum fitting provides evidence
of younger stellar population components in 12 of the 15 targets,
see Fig. Al, i.e. all except GAMA227266, 422436, and 546040, but
with only weak evidence of a younger stellar population compo-
nent in GAMA560238.

(ii) Full spectrum fitting and Lick index SSP fitting of the cen-
tral R./8 aperture of our dusty ETGs both show stellar popu-
lation average age and metallicity increasing with oy, but with
large scatter, see Fig. 6. Average age estimates are systematically
younger from SSP fitting because that is more sensitive to younger
populations.

(iii) We tested stacked SDSS spectral data for dusty and non-
dusty ETGs from our GAMA Parent Sample, to provide a test of
our results using different data and to allow us to select a control
case. These SDSS spectra show evidence of an intermediate age
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contribution to the stellar population in the dusty ETGs stack,
which is not present in the non-dusty ETGs stack.

(iv) Several history scenarios were considered against our find-
ings of intermediate age populations in most dusty ETGs in our
sample. A past influx of gas from an interaction or merger could
have produced intermediate age stars, but more work is needed
to understand why dust would still be present.

(v) Three of our 15 dusty ETGs observed with SALT optical
spectroscopy show no evidence for anything other than an old
stellar population. The high level of dust found in these three
galaxies is unexpected, given the old age of the population. Their
gas and dust masses will be explored further in Glass et al., in
preparation.

(vi) Using PPXF age versus metallicity grids (see Fig. A1) we
find that the contributions from intermediate age stellar popula-
tion components have lower metallicities than the host galaxies
(but note that metallicities are uncertain in the intermediate age
component). These lower metallicities and intermediate age com-
ponents, along with our tests of simple star formation scenarios,
suggest that at least some of the dust in our dusty ETG sample is
externally sourced, e.g. via minor mergers.

Future spectroscopic studies of these ETGs and the parent
GAMA sample, at high S/N (e.g. 4MOST-WAVES survey'® or
DESI survey!'!) and an improved understanding of the use of full
spectrum fitting using SSPs with individual «-element enhance-
ments, are needed to clarify these findings.
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APPENDIX A: STELLAR POPULATION
WEIGHTS PLOTS

In this appendix, we present output plots from PPXF luminos-
ity weighted full spectrum fitting using MILES SSPs, made with
‘baseFe’ models from the MILES website (https://research.iac.es/
proyecto/miles/). These show a grid of [M/H]y, versus log;o Ager.,
with post-regularization template weight fraction at each grid
point represented by colour, seen in the colour scale to the right
side of each grid. See Fig. 5 and M. Cappellari (2023) for a full
explanation of PPXF weights plots.

Fig. Al shows PPXF fits for our sample of dusty ETGs ob-
served with SALT. Fig. A2 shows PPXF fits for various models
constructed from MILES SSPs.
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Figure Al. Presented below is an [M/H];, versus log;o ager, grid for the central R./8 aperture of each target ETG, observed with SALT and fitted
using MILES SSPs. Grids for GAMA227266, 422436, and 546040 show old, high-metallicity stellar populations. Grids for GAMA99687, 136847, 227264,
560238, and 3576053 contain an old, high-metallicity stellar population component, and an intermediate age, lower metallicity component. Grids for
GAMA79849, 272990, and GAMAS570227 show early continuous star formation and an intermediate age component. As discussed in Sections 4.2 and
4.4, spectra for GAMA85416, 298980, and 569555 contain strong emission lines, which may have led to anomalous results from full spectrum fitting.
GAMAG65075 grid contains an old, uncertain metallicity stellar population component, a young, high-metallicity component and a trace intermediate
age components.
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Figure A2. Presented below are [M/H], versus log;o agey, grids from PPXF luminosity-weighted full spectrum fitting of synthetic test spectra made
using MILES SSPs, as described in Section 4.2. The top two grids show outputs from fitting synthetic SSPs with equally weighted components of 13, 12,
and 11 Gyr, with [M/H] = + 0.06 (metal rich) and [M/H] = —0.35 (metal poor) populations on the left and right sides, respectively. The next two grids
show old populations, with a 2 per cent mass-weighted, metal-rich, younger component of 1 Gyr. The third row shows old populations, with a 2 per cent
mass-weighted, metal-poor, younger component of 1 Gyr. The fourth row shows a 1-Gyr populations only, with metal-rich (left) or metal-poor (right)
SSP. The lowest row, on the left, shows the fit to a 1 Gyr SSP with intermediate metallicity of [M/H] = —0.25. The lowest row, on the right, shows the fit
to a model with a spread of equally mass-weighted components from 13 to 1 Gyr, to simulate continuous star formation. White points show the values
of the input SSPs for each model fitted. The layout of each grid is as described in Fig. Al.
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