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A B S T R A C T 

Near-infrared long-slit spectroscopy has been used to study the stellar population (SP) of the low luminosity active galactic 
nuclei (AGNs) and matched analogues (LLAMA) sample. To perform the SP fits we have employed the X-shooter simple stellar 
population models together with the STARLIGHT code. Our main conclusions are: The star formation history of the AGNs is 
v ery comple x, presenting man y episodes of star formation during their lifetimes. In general, AGN hosts have higher fractions 
of intermediate-age SP (light-weighted mean ages, < t > L � 4.5 Gyr) when compared with their analogues ( < t > L � 8.0 Gyr). 
AGNs are more affected by reddening and require significant fractions of featureless continuum and hot dust components. The 
ratio between the AGN radiated energy and the gravitational potential energy of the molecular gas ( E Rad / E PG 

) for the AGN is 
compared with the < t > L and a possible anticorrelation is observed. This suggests that the AGN is affecting the star formation 

in these galaxies, in the sense that more energetic AGN [log( E Rad / E PG 

) � 3] tend to host nuclear younger SP ( < t > L � 4 Gyr). 
We found that the recent ( t < 2 Gyr) returned (recycled) stellar mass is higher in AGN than in the controls. We also provide 
evidence that the mass-loss of stars would be enough to feed the AGN, thus providing observational constraints for models that 
predict that AGN feeding is partially due to the recycled gas from dying stars. 

K ey words: galaxies: acti ve – galaxies: evolution – galaxies: ISM – galaxies: star formation – galaxies: stellar content. 
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 I N T RO D U C T I O N  

rom the seminal investigations that spotted the correlation between
he mass of supermassive black holes (SMBHs) with the velocity
ispersion of their host galaxy bulges, it has become accepted that
here should be a connection between the active galactic nuclei
AGNs) accretion and star formation (SF) processes (e.g. Magorrian
t al. 1998 ; Ferrarese & Merritt 2000 ; Gebhardt et al. 2000 ). Equally
ell-established is the coexistence of nuclear SF and AGN activity
ithin the inner regions of galaxies, which strongly suggests a

ymbiotic relationship between the growth of SMBHs, through gas
ccretion, and the assembly of galaxies through SF (Heckman &
est 2014 ; Madau & Dickinson 2014 , for a comprehensively

e vie w). 
In the galaxy evolution framework, AGN is an important phase in

he life cycle of a galaxy, during which its central SMBH accretes
aterial from its vicinity, the circumnuclear environment (a few

undred pc). The amount of required material to fuel an AGN is
 E-mail: riffel@ufrgs.br 
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mall 1 when compared with the amount of material available in the
enters of spiral galaxies. The mechanism responsible for making this
aterial lose angular momentum and ultimately feed the AGN is not
 consensus (e.g. Silva-Lima et al. 2022 ), however, when falling into
he deep potential well of an SMBH loses a huge amount of energy.
art of this energy is released in the form of radiation, winds, and
elativistic jets. 

Theoretical investigations and numerical simulations examining
as inflows in the vicinity of galactic nuclei have shown that they
an give rise to episodes of SF, particularly in the nuclear region (e.g.
i Matteo, Springel & Hernquist 2005 ; Hopkins & Hernquist 2010 ;
ubovas et al. 2013 ; Heckman & Best 2014 ; Zubovas & Bourne 2017 ;
ercedes-Feliz et al. 2023 ; Weinberger et al. 2023 ). In this context,

ne of the most frequently invoked processes for regulating SF is
GN feedback (e.g. Terrazas et al. 2020 , and references therein).
ccording to some studies, the energy released by the AGN can
eat the gas (or remo v e it) preventing SF (e.g. Granato et al. 2004 ;
 abian 2012 ; Zubo vas et al. 2013 ; King & Pounds 2015 ; Zubovas &
 To sustain a Seyfert galaxy with a bolometric luminosity of 10 45 erg s −1 , 
ssuming a characteristic radiative efficiency of accretion of 10 per cent, only 

0.2 M � yr −1 are required (see Rosario et al. 2018 ). 
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ourne 2017 ; Trussler et al. 2020 ) or, as suggested in other studies,
hese outflows and jets, depending on the AGN luminosity, can 
ompress the galactic interstellar medium, and therefore act as a 
atalyser, triggering or boosting the SF (e.g. Rees 1989 ; Hopkins 
012 ; Nayakshin & Zubovas 2012 ; Zubovas et al. 2013 ; Bieri et al.
016 ; Zubovas & Bourne 2017 ) and even form stars inside the outflow
e.g. Ishibashi & Fabian 2012 ; Zubovas et al. 2013 ; El-Badry et al.
016 ; Wang & Loeb 2018 , for observational examples, see Maiolino
t al. ( 2017 ); Gallagher et al. ( 2019 )]. 

Mercedes-Feliz et al. ( 2023 ), using the cosmological hydrodynam- 
cal simulations from the feedback in realistic environment (FIRE), 
ith a no v el implementation of hyper-refined accretion-disc winds 
emonstrate that strong quasar winds, persisting for o v er 20 Myr,
rive the formation of a central gas cavity and significantly reduce 
he surface density of SF across the galaxy’s disc. This shows that
he suppression of SF occurs mainly by limiting the availability 
f gas for SF rather than by ejecting the pre-existing cold gas
eservoir (pre venti ve feedback dominates over ejective feedback). 
hese authors also found that locally positive feedback is observed, 

n the sense that higher local SF efficiency is detected in compressed
as at the edge of the cavity produced by the winds from the central
ngine. Thus positive and negative feedback are taking place in 
ifferent galaxy locations (e.g. Bessiere & Ramos Almeida 2022 ). 
From observations, for instance, we have learned that nuclear SF 

s common in AGN (e.g. Terlevich, Diaz & Terlevich 1990 ; Storchi-
ergmann et al. 2001 ; Cid Fernandes et al. 2004 ; Davies et al. 2007 ,
009 ; Riffel et al. 2007 , 2009 , 2011b , 2016 , 2021b , 2022 , 2023b ;
artins et al. 2010 ; Storchi-Bergmann et al. 2012 ; Esquej et al.

014 ; Ruschel-Dutra et al. 2017 ; Hennig et al. 2018 ; Mallmann et al.
018 ; Burtscher et al. 2021 ; Dahmer-Hahn et al. 2022 ). Ho we ver,
omparing the AGN life-cycle ( ∼ 0.1–10 Myr; Novak, Ostriker & 

iotti 2011 ; Schawinski et al. 2015 ) with nuclear starbursts ages ( ∼1-
00 Myr; Hickox et al. 2014 ) is very difficult, since the uncertainties
ssociated with the latter may be larger than the AGN life-cycle. 
tudies have indicated that the proportion of young to intermediate- 
ge stars in the vicinity of AGN is often correlated with the AGN’s
uminosity . Typically , the most luminous AGN tend to exhibit higher
ractions of these younger stellar populations (Cid Fernandes et al. 
004 ; Riffel et al. 2007 , 2009 ; Ellison et al. 2016 ; Bessiere et al. 2017 ;
uschel-Dutra et al. 2017 ; Zubovas & Bourne 2017 ; Mallmann et al.
018 ; Ellison et al. 2021 ; Riffel et al. 2021b , 2023b ). For instance,
ome studies have found that the age of the starburst is connected to
he AGN’s luminosity (Davies et al. 2007 ; Riffel et al. 2022 , 2023b ),
hile no correlation between X-ray luminosity and the fraction of 
oung stellar populations was identified in other analysis (Burtscher 
t al. 2021 ). It’s worth noting that the complexity of the results found
n local AGN studies may partly stem from the luminosity acting as
 ‘third parameter’, and the fact that studies on the optical bands may
e strongly affected by reddening effects. 
The stellar populations, consisting of stars with varying ages, 
etallicities, and formation histories, are the fundamental building 

locks of galaxies. Analysing these stellar ensembles can offer 
ritical insights into the evolutionary trajectories of galaxies, the 
ynamics of SF, and the role of feedback mechanisms in shaping 
he galaxies. Thus it is fundamental to investigate if there is an
ssociation between nuclear activity and SF, by studying the stellar 
opulation properties in the inner few tens of parsec of AGN o v er a
ide range of AGN luminosities and comparing them with inactive 

ources with similar host galaxy properties. To disentangle the 
nderlying continuum of AGN is a difficult task since at least three
ain components have to be fitted together, namely: the host galaxy 

tellar populations (characterized by their ages and metallicities), the 
GN accretion disc, and hot dust components (representing the torus 
mission, for details see Riffel et al. 2009 ). The wavelength region
ost sensitive to the AGN featureless components (accretion disc 

nd hot dust emission) and the stellar population at the same time
s the near-infrared (NIR 

∼= 

0.8–2.4 μm) where the AGN featureless 
ontinuum (FC), the hot dust (HD), and the stellar population (SP)
omponents can be fitted together and disentangled (Riffel et al. 
009 , 2011b , 2022 ). Additionally, the NIR also offers the possibility
o fit the stellar population content in the brighter type 1 sources,
hich in the optical will have their underlying stellar population 
ut-shined by the accretion disc emission (e.g. Riffel et al. 2009 ). 
One adequate sample to study the role played by the AGN and star-

ormation processes is the complete volume-limited sample of nearby 
GN (selected by their 14–195 keV luminosity) with its control 
alaxies called Low Luminosity AGN and Matched Analogues sample 
LLAMA, described in Davies et al. 2015 ). The stellar populations
n the optical range of the type 2 LLAMA AGN and controls have
een studied by Burtscher et al. ( 2021 ) who found that the young
tellar populations are common inside the nuclear region of the AGN.
o we v er, the y hav e shown that these young populations are not

ndicative of ongoing SF, but rather than to recent cessation in the
tar-formation providing evidence for models that see AGN activity 
s a consequence of nuclear SF. Building upon the previous study,
ere we study the nuclear stellar populations of the entire (type 1, type
, and controls) LLAMA sample using NIR spectra, thus offering a
ore statistically complete analysis in a spectral region less sensitive 

o dust attenuation and sensitive to the three main components of the
GN spectral energy distribution. This paper is structured as follows: 

n Section 2 we present the sample observations and data reduction
rocess. The fitting procedures are described in Section 3 . Results
re presented in Section 4 . We discuss possible implications of the
ndings in Section 5 and conclusions at Section 6 . Along this paper
e have adopted in the calculations the galaxies distances listed by
avies et al. ( 2015 ) and the Kroupa ( 2001 ) initial mass function

IMF). 

 SAMPLE,  OBSERVATI ONS,  A N D  DATA  

E D U C T I O N  

.1 The LLAMA sample of AGN and control galaxies 

he selection of the sample, along with a well-matched control 
ample, holds the utmost importance in comprehending the impact 
f AGN activity on SF. Our study focuses on the LLAMA sample
Davies et al. 2015 ), which consists of 20 AGN meticulously chosen
rom the Switft /BAT all-sky ultra-hard X-ray (14–195 keV) surv e y
n its 58-month edition (Ajello et al. 2012 ). The use of ultra-hard
-rays as a selection criterion presents a significant advantage, as 

t is mainly unaffected by obscuration, except for the most heavily
bscured sources known as Compton-thick (e.g. LaMassa et al. 2010 ;
ales et al. 2011 , 2014 ; Ricci et al. 2015 ). According to Martini et al.
 2003 ), the less luminous the AGN are, the more diverse the fuelling
echanism becomes. To focus on ‘genuine’ AGN, which are more 

ikely to be fuelled by a unified mechanism, we selected the most
uminous sources (log L X /(erg/s) > 42.5). Moreo v er, we further refine
ur selection to include only local AGN ( z < 0.01), corresponding
o distances of approximately ≤40 Mpc or less, giving us access to
 scale of up to a few hundred parsecs ( � 200 pc). 

Additionally, the LLAMA sample incorporates a control group of 
9 galaxies chosen to match the AGN sample in terms of distance,
ubble type, stellar mass (measured by H band luminosity), and 

xis ratio (inclination). This matched control sample plays a vital 
MNRAS 531, 554–574 (2024) 
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Table 1. Main properties of our sample and observations. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Source RA DEC K z D Morph. Instrument/ Slit Width Aperture P.A. 

(h:m:s) (d:m:s) (mag) (Mpc) Telescope (arcsec) (arcsec) (deg) 

Sample 
NGC 1365 03:33:36.4 −36:08:26.3 6.373 0.00546 18 Sb Tspec/Blanco 1 1.1 2.0 0 
MCG-05-14-012 05:43:32.9 −27:39:05.0 10.80 0.00992 41 S0 + Tspec/SOAR 

2 1.1 2.0 80 
NGC 2110 05:52:11.3 −07:27:22.4 8.140 0.00765 34 S0 − SpeX/IRTF 5 0.8 1.5 20 
NGC 2992 09:45:42.0 −14:19:34.9 8.590 0.00771 36 Sa SpeX/IRTF 3 0.8 2.0 50 
MCG-05-23-016 09:47:40.1 −30:56:55.9 9.349 0.00849 35 S0 + Tspec/SOAR 

2 1.1 2.0 45 
NGC 3081 09:59:29.5 −22:49:34.7 8.910 0.00798 34 S0/A Tspec/Blanco 4 1.1 2.0 90 
NGC 3783 11:39:01.7 −37:44:19.0 8.649 0.00973 38 Sab Tspec/SOAR 

2 1.1 2.0 90 
NGC 4235 12:17:09.8 + 07:11:29.6 8.396 0.00755 37 Sa GNIRS/GEMINI 6 0.3 1.8 113 
NGC 4388 12:25:46.8 + 12:39:43.4 8.004 0.00842 39 Sb GNIRS/GEMINI 6 0.3 1.8 64 
NGC 4593 12:39:39.4 −05:20:39.0 7.985 0.00831 37 Sb Tspec/SOAR 

2 1.1 2.0 40 
NGC 5128 13:25:27.6 −43:01:08.8 3.942 0.00183 3.8 S0 0 Tspec/SOAR 

2 1.1 2.0 135 
ESO 021-G004 13:32:40.6 −77:50:40.8 8.248 0.00984 39 S0/a Tspec/SOAR 

2 1.1 2.0 100 
MCG-06-30-015 13:35:53.7 −34:17:44.1 9.582 0.00775 27 E Tspec/SOAR 

2 1.1 2.0 90 
NGC 5506 14:13:14.9 −03:12:27.2 8.188 0.00608 27 Sa Tspec/SOAR 

2 1.1 2.0 90 
NGC 5728 14:42:23.9 −17:15:11.4 8.171 0.00932 39 Sa SpeX/IRTF 5 0.8 1.5 36 
ESO 137-G034 16:35:14.1 −58:04:48.1 8.258 0.00914 35 S0/a Tspec/SOAR 

2 1.1 2.0 0 
NGC 6814 19:42:40.5 −10:19:25.1 7.657 0.00522 23 Sbc SpeX/IRTF 7 0.8 3.7 0 
NGC 7172 22:02:01.8 −31:52:11.6 8.317 0.00868 37 Sab Tspec/Blanco 1 1.1 2.0 97 
NGC 7213 22:09:16.2 −47:10:00.0 7.035 0.00584 25 Sa Tspec/Blanco 1 1.1 2.0 113 
NGC 7582 23:18:23.6 −42:22:14.0 7.316 0.00525 22 Sab Tspec/Blanco 1 1.1 2.0 119 

Control sample 
NGC 0718 01:53:13.3 + 04:11:45.3 8.739 0.00578 23 Sa Tspec/Blanco 1 1.1 2.0 135 
NGC 1079 02:43:44.3 −29:00:11.7 8.344 0.00484 19 S0/a Tspec/SOAR 

2 1.1 2.0 90 
NGC 1315 03:23:06.6 −21:22:30.7 9.734 0.00539 21 S0 + Tspec/SOAR 

2 1.1 2.0 90 
NGC 1947 05:26:47.6 −63:45:36.0 7.497 0.00367 19 S0 − Tspec/SOAR 

2 1.1 2.0 90 
ESO 208-G021 07:33:56.2 −50:26:35.0 7.878 0.00362 17 S0 − Tspec/SOAR 

2 1.1 2.0 110 
NGC 2775 09:10:20.1 + 07:02:16.5 7.037 0.00450 21 Sab Tspec/SOAR 

2 1.1 2.0 90 
NGC 3175 10:14:42.1 −28:52:19.4 7.786 0.00363 14 Sa Tspec/SOAR 

2 1.1 2.0 45 
NGC 3351 10:43:57.7 + 11:42:13.0 6.665 0.00260 11 Sb Tspec/SOAR 

2 1.1 2.0 110 
ESO 093-G003 10:59:26.0 −66:19:58.3 8.621 0.00611 22 S0/a Tspec/SOAR 

2 1.1 2.0 135 
NGC 3717 11:31:31.9 −30:18:27.8 7.518 0.00578 24 Sb Tspec/SOAR 

2 1.1 2.0 90 
NGC 3749 11:35:53.2 −37:59:50.3 8.705 0.00901 42 Sa Tspec/SOAR 

2 1.1 2.0 120 
NGC 4224 12:16:33.7 + 07:27:43.6 8.609 0.00862 41 Sa Tspec/SOAR 

2 1.1 2.0 60 
NGC 4254 12:18:49.6 + 14:24:59.3 6.929 0.00803 15 Sc Tspec/SOAR 

2 1.1 2.0 90 
NGC 4260 12:19:22.2 + 06:05:55.6 8.538 0.00592 31 Sa Tspec/SOAR 

2 1.1 2.0 50 
NGC 5037 13:14:59.3 −16:35:25.1 8.599 0.00619 35 Sa Tspec/SOAR 

2 1.1 2.0 45 
NGC 5845 15:06:00.7 + 01:38:01.7 9.112 0.00555 25 E Tspec/SOAR 

2 1.1 2.0 135 
NGC 5921 15:21:56.5 + 05:04:13.9 8.096 0.00494 21 Sbc Tspec/SOAR 

2 1.1 2.0 20 
IC 4653 17:27:06.9 −60:52:44.1 10.08 0.00640 26 S0/a Tspec/SOAR 

2 1.1 2.0 131 
NGC 7727 23:39:53.8 −12:17:34.8 7.688 0.00599 26 Sa Tspec/Blanco 1 1.1 2.0 10 

Notes. (1) Galaxy name; (2) Right Ascension; (3) Declination; (4) K band magnitude (Jarrett et al. 2003 ); (5) Redshift taken from NED ( https://ned.ipac. 
caltech.edu/); (6) Distance from Davies et al. ( 2015 ); (7) Morphology, as compiled by Davies et al. ( 2015 ) and converted to De Vaucouleurs ( 1959 ) system; (8) 
Spectrograph and telescope used; (9) Slit width of the instrument; (10) Aperture integrated for final spectra; (11) Position angle of the slit, in degrees East of 
North. 
1 Obtained under project 2016B-0912; 2 Obtained under project SO2021B-004; 3 Obtained under project 2017A022; 4 Obtained under project 2016A-0621; 5 

Data published by Riffel, Rodr ́ıguez-Ardila & Pastoriza ( 2006 ); 6 Data published by Mason et al. ( 2015 ); 7 Data published by Riffel et al. ( 2019 ). 
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ole within the LLAMA framework, as it enables us to calibrate
ur results against a comparable set of galaxies that solely differ
rom the AGN sample in terms of their nuclear accretion rate. We
onsider this control sample selection integral to the o v erall inte grity
nd robustness of the LLAMA project. The main properties of the
ample are summarized in Table 1 . For more details see Burtscher
t al. ( 2021 ) and Davies et al. ( 2015 ). 

.2 Obser v ations and data reduction 

ut of our sample, five AGNs had literature spectra available (taken
rom Riffel et al. 2006 ; Mason et al. 2015 ; Riffel et al. 2019 , see
able 1 for more details). A detailed discussion of their observations
NRAS 531, 554–574 (2024) 

i  
nd reductions can be found in their respective papers, but they
ollowed the standard observation and reduction processes for the
IR (see discussion below for our sample). 
The remaining 15 AGNs and 19 controls were observed as part of

his w ork, emplo ying either the SpeX spectrograph attached to the
nfrared Telescope Facility (IRTF; Rayner et al. 2003 ), or employing
he Triplespec 4 spectrograph, which was mounted on the Victor M.
lanco telescope until 2019 (where it was named ARCoIRIS), or
ounted on the SOAR telescope since then (and where it is named
ripleSpec 4.1). From now on, we refer to Triplespec 4 as Tspec,
egardless of which telescope it was mounted on. During daytime
alibrations, we took flat fields and hollow cathode lamps (CuHeAr),
n order to correct for discrepancies in sensitivity between pixels and

https://ned.ipac.caltech.edu/
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o wavelength calibrate the target. Galaxies were observed using 
ither ABBA pattern (i.e. nodding the object along the slit), or
bserved in an A-Sky-A pattern, to remove sky emission. Also, 
ach galaxy observed was preceded or followed by an A0V star with
imilar airmass, which was then used to remo v e telluric absorptions,
s well as to flux calibrate the spectra. Lastly, although we observed
ollow arcs during daytime, the objects were λ-calibrated using sky 
mission lines, which are more reliable than arcs because they are 
aken at the same time as the target. 

Both SpeX and Tspec standard data reduction is performed using 
he SPEXTOOL IDL package (Vacca, Cushing & Rayner 2003 ; Cushing, 
acca & Rayner 2004 ). This pipeline follows the standard NIR
ata reduction process and consists of flat-field correction, sky 
ubtraction, a combination of observations to impro v e the signal-
o-noise (S/N) ratio, wavelength calibration, telluric absorptions 
orrection, merging of the different orders, and flux calibration 
mploying the same A0V correction. 

After the data reduction, we corrected our spectra for galactic 
eddening using a Cardelli, Clayton & Mathis ( 1989 , hereafter CCM )
aw, and then corrected for redshift (this was done also for the
iterature data) and homogenized the spectral resolution of them. An 
xample of the final reduced spectra for four galaxies, namely: NGC 

081 (AGN), NGC 2992 (AGN), IC 4653 (control galaxy, hereafter 
NT), and NGC 0718 (CNT) are shown in Fig. 1 , together with

he identification of the most prominent absorption- and emission- 
ine features. The remaining sources are shown as supplementary 
aterial. Observing information and some general properties of the 

alaxies are shown in Table 1 with a full description of the sample
ade in Davies et al. ( 2015 ). The main AGN properties are shown

n Table 2 . 

 STELLAR  POPULATION  FITTING  

he integrated spectra of galaxies are comprised of various com- 
onents, including for example the underlying stellar, gas, and 
ust emission contributions (Bica & Alloin 1987 ; Schmidt et al. 
991 ; Riffel et al. 2009 , 2011b , 2022 ; Walcher et al. 2011 ; Conroy
013 ; Gomes & Papaderos 2017 , and references therein). In the
ase of active galaxies, additional considerations must be given to 
omponents such as the AGN torus and accretion disc (Riffel et al.
009, 2022 ; Burtscher et al. 2015 ). The process of stellar population
tting involves determining the percentage contribution of these 
omponents to the integrated spectrum. 

It is important to note that due to the large number of parameters
nvolved (such as age, metallicity, kinematics, reddening, and AGN 

omponents), numerous techniques have been employed o v er the 
ears to separate the different components of a galaxy’s spectrum (see 
alcher et al. 2011 ; Conroy 2013 , for a re vie w). As a result, v arious

tting codes have been developed by different research groups, each 
ith their own priorities in mind (e.g. Cid Fernandes et al. 2005 ;
cvirk et al. 2006 ; Tojeiro et al. 2007 ; Kole v a et al. 2009 ; S ́anchez

t al. 2016 ; Cappellari 2017 ; Gomes & Papaderos 2017 ; Wilkinson
t al. 2017 ; Johnson et al. 2021 ). Naturally, comparisons among these
ifferent codes have been conducted, demonstrating that, in general, 
he codes yield consistent results when applied to the same data with
he same input parameters (e.g. Kole v a et al. 2008 ; Dias et al. 2010 ;
oddard et al. 2017 ; Gomes & Papaderos 2017 ; Cid Fernandes 2018 ;
e et al. 2018 ; Woo et al. 2024 ). 
For the purpose of conducting stellar population fitting, we use the 

oftware STARLIGHT (Cid Fernandes et al. 2004 , 2005 ; Asari et al.
007 ; Cid Fernandes 2018 ). We opted for this particular choice pri-
arily to ensure consistency with previous studies conducted by our 
eam, enabling easier comparisons of the results. The STARLIGHT code 
ts the complete absorption and continuum features in the observed 
pectra by combining in different proportions the base-set elements. 
t excludes emission lines and spurious data, employing a blend of
omputational techniques derived from semi-empirical population 
ynthesis and evolutionary synthesis models (Cid Fernandes et al. 
004 , 2005 ). 
In essence, the code fits an observed spectrum, represented as 
 λ, using a combination of N � simple stellar populations (SSPs)

n varying proportions. The visual extinction ( A V ) is modelled by
TARLIGHT as foreground dust lanes. In the fits we use the CCM
Cardelli et al. 1989 ) e xtinction la w. The modelled spectrum, M λ, is
btained through the following equation: 

 λ = M λ0 

N � ∑ 

j= 1 

x j b j,λ r λ ⊗ G ( v � , σ� ) , (1) 

here x j is the population vector, b j , λ is the j th base element (see
elow), r λ is the reddening factor of the j th component normalized
t λ0 , the reddening term is represented by r λ = 10 −0 . 4( A λ−A λ0 ) , M λ0 

s the synthetic flux at the normalization wavelength (we have used
norm 

= 12 230 Å in the rest frame). The convolution operator is ⊗
nd G ( v � , σ � ) is the Gaussian distribution used to model the line-of-
ight velocity distributions of the stars, which is centred at velocity
 � with dispersion σ � . The final fit is carried out through a chi-square
inimization, as follows: 

2 = 

∑ 

λ

[( O λ − M λ) w λ] 2 , (2) 

here emission lines and spurious features are excluded from the fit
y fixing w λ = 0 at the corresponding wavelengths. 
For the base of elements, in this paper, we used as simple

tellar population (SSP) the evolutionary population synthesis (EPS) 
odels of Verro et al. ( 2022b ). These models have been computed
ith the new X-shooter Spectral Library (XSL; Verro et al. 2022a ).
he base of elements comprises SSPs with four metallicities ( Z
 0.25, 0.63, 1, and 1.53 Z �) and 25 ages ( t = 0.050, 0.063, 0.079,

.1, 0.126, 0.158, 0.200, 0.251, 0.316, 0.398, 0.501, 0.631, 0.794, 
, 1.259, 1.585, 1.995, 2.512, 3.162, 3.981, 5.012, 6.310, 7.943, 10,
nd, 12.589 Gyr). They have been selected to have Kroupa ( 2001 )
MF and the PARSEC/COLIBRI isochrones (Chen et al. 2015 ; Pastorelli
t al. 2020 ), co v er younger ages and are on the models safe-range
see fig. 19 of Verro et al. 2022b ). 

Additionally, to account for the accretion disc featureless con- 
inuum (FC) we have used a power law of the form F λ ∝ λ−α

e.g. Koski 1978 ; Cid Fernandes et al. 2005 ; Riffel et al. 2009 ).
e employed three dif ferent v alues for α, namely: 0.25, 0.5, and

.75. To properly account for the hot dust emission component, eight
lanck distributions (black-body, BB), with temperatures ranging 
rom 700 K to 1400 K, in steps of 100 K, were included in the fits.
he lower limit was chosen because lower temperatures are hard to
etect in this spectral range (Riffel et al. 2009 ) and the upper limit
s very close to the sublimation temperature of the dust grains (e.g.
arvainis 1987 ; Granato & Danese 1994 ). For more details on the
ffects of these components in the NIR spectra and on the definition
f our base of elements see Riffel et al. ( 2009 , 2022 ). The components
sed in the fits are shown in Fig. 2 . 

.1 Uncertainties on the fits 

tatistical analysis plays a crucial role in interpreting spectral fitting 
ndings, as evident from its widespread application (e.g. Panter 
MNRAS 531, 554–574 (2024) 
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Figure 1. Final reduced and redshift-corrected spectra for NGC 3081 (AGN), NGC 2992 (AGN), IC 4653 (CNT), and NGC 0718 (CNT). For each galaxy we 
show – the redshift and reddening corrected spectra – from top to bottom the, J , H , and K bands, respectively. The flux is in units of 10 −15 erg cm 

−2 s −1 . The 
shaded grey area represents the uncertainties and the brown area indicates the poor transmission regions between different bands. The remaining spectra are 
shown in on-line material. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/554/7665772 by guest on 04 July 2024
NRAS 531, 554–574 (2024) 



The role of recycled gas in AGN feeding 559 

Table 2. Main AGN properties. 

Source Activity L 

obs 
X L 

int 
X M SMBH log L H log N H log ( L 

′ 
CO ) log L [O III ] log L H 2 

Type erg s −1 erg s −1 10 6 M � L � cm 

−2 K km s −1 pc 2 erg s −1 erg s −1 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

ESO021-G004 Sy 2 42.56 42.70 52.1 ± 38.4 3 10.53 23.8 8.083 38.68 ± 0.46 –
ESO137-G034 Sy 2 42.71 42.76 21.5 ± 15.8 3 10.44 24.3 7.820 40.66 ± 0.45 38.81 ± 0.45 
MCG-05-14-012 Sy 1.0 42.64 42.65 2.29 ± 0.68 1 9.60 ≤21.9 – 39.21 ± 0.46 –
MCG-05-23-016 Sy 1.9 43.51 43.50 27.1 ± 8.74 1 9.94 22.2 7.445 39.62 ± 0.46 38.31 ± 0.45 
MCG-06-30-015 Sy 1.2 42.92 42.91 7.38 ± 1.98 1 9.59 20.9 7.109 39.65 ± 0.47 37.62 ± 0.45 
NGC1365 Sy 1.8 42.63 42.60 19.7 ± 5.77 1 10.58 22.2 8.782 – 38.12 ± 0.45 
NGC2110 Sy 2 43.63 43.63 150 ± 110 3 10.44 23.0 7.603 40.15 ± 0.45 39.11 ± 0.46 
NGC2992 Sy 1.8 42.55 42.52 22.8 ± 6.74 1 10.31 21.7 8.472 39.99 ± 0.45 39.26 ± 0.46 
NGC3081 Sy 2 43.07 43.29 36.6 ± 26.9 3 10.15 23.9 7.749 40.57 ± 0.45 38.73 ± 0.45 
NGC3783 Sy 1.2 43.58 43.58 11.2 ± 3.61 1 10.29 20.5 7.955 40.76 ± 0.45 38.02 ± 0.45 
NGC4235 Sy 1.2 42.66 42.64 55.8 ± 15.9 1 10.43 21.3 7.754 39.39 ± 0.45 –
NGC4388 Sy 2 43.64 43.70 8.40 ± 0.2 2 10.65 23.5 8.151 – 39.00 ± 0.46 
NGC4593 Sy 1.0/1.2 43.20 43.20 12.4 ± 3.91 1 10.59 ≤19.2 8.146 39.70 ± 0.45 –
NGC5128 Sy 2 43.00 43.02 66.3 ± 48.9 3 10.22 23.1 – – 37.12 ± 0.46 
NGC5506 Sy 2 43.31 43.30 22.4 ± 17.2 3 10.09 22.4 7.874 – 38.74 ± 0.45 
NGC5728 Sy 2 43.23 43.36 23.0 ± 2.3 2 10.56 24.2 8.531 40.50 ± 0.45 39.04 ± 0.46 
NGC6814 Sy 1.5 42.76 42.75 11.6 ± 3.67 1 10.31 21.0 7.491 39.57 ± 0.45 37.73 ± 0.45 
NGC7172 Sy 2 43.46 43.32 53.4 ± 39.3 3 10.43 22.9 8.658 38.60 ± 0.45 –
NGC7213 Sy 1 42.50 42.49 6.46 ± 2.01 1 10.62 ≤20.4 7.959 39.26 ± 0.45 38.47 ± 0.45 
NGC7582 Sy 2 42.68 43.29 30.5 ± 22.4 3 10.38 24.2 8.917 39.29 ± 0.45 38.38 ± 0.45 

Note. (1) Source name; (2) Activity type, as compiled by Davies et al. ( 2015 ), with the exception of ESO021-G004, whose classification w as tak en from 

Burtscher et al. ( 2021 ); (3) Logarithm of the observed hard X-ray luminosity (14–195 keV) from Ricci et al. ( 2017 ); (4) Logarithm of the intrinsic hard X-ray 
luminosity (14–195 keV) from Ricci et al. ( 2017 ); (5) The Black Hole mass, published by Caglar et al. ( 2020 ), derived from: 1 broad H α emission, 2 megamaser 
or 3 stellar velocity dispersion; (6) Integrated H -band luminosity (given by the 2MASS total magnitude Skrutskie et al. 2006 ); (7) Neutral absorbing column, 
from Ricci et al. ( 2015 ), based on modeling 0.3–150 keV spectrum; (8) The CO luminosities, from Rosario et al. ( 2018 ); (9) Measured [O III ] luminosity, and 
(10) Measured H 2 luminosity. 
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each bin, thereby accounting for uncertainties arising from noise effects and 
spectral similarities. 
3 Note ho we ver that it is limited by the younger age available in the XSL 

models. 
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t al. 2007 ). The practice of av eraging results serv es to diminish
ncertainties (Cid Fernandes et al. 2013 ). Incorporating statistical 
nterpretation is also advantageous for generating uncertainty es- 
imations, a feature not readily available in STARLIGHT standard 
utput. 
A viable approach to obtain such estimations involves perturbing 

he input spectra, considering realistic error prescriptions (Cid 
ernandes et al. 2013 ). Here we followed Dametto et al. ( 2014 ) and
imulated 100 spectra for each galaxy within our sample employing 

onte Carlo approach. The simulated flux for each wavelength ( λi )
s computed assuming a Gaussian distribution of the uncertainties, 
eing the mean flux in each λi the measured flux ( F λi 

) value, and the
tandard deviation is given by the errors derived in the data reduction
which include the propagation of uncertainties o v er all the data
eduction steps). 

During its likelihood-guided sampling process of the parameter 
pace, STARLIGHT offers a single best-fitting set of parameters from 

he numerous trials during the fitting process. Nevertheless, it is 
mportant to note that these individual solutions may not al w ays be

athematically unique. In light of this, we proceeded with stellar 
opulation fitting on all the simulated spectra, aiming to derive an 
verage value for each galaxy, along with the associated standard 
eviation. This approach allows us to gain a more robust and 
omprehensive understanding of the results, considering the inherent 
ncertainties present in the analysis. 

 RESULTS  

.1 Fitting approach 

he results of the stellar population fitting are the fractional con- 
ributions, in light and mass (in the case of the stellar ones), of
ach one of the base components (the so-called population vector). 
hey can be separated into stellar population components and AGN 

omponents. An example of the results of the fitting, the population
ectors, binned population vectors (see below), as well as mean ages
nd metallicities are shown in Fig. 3 , where we show the fits for four
ources, namely NGC 3081, NGC 4235, IC 4653, and NGC 0718, two
GN hosts and two control sources, respectiv ely. F or each galaxy,
e show on the upper top panel the observed spectrum (black)

nd the synthetic spectrum (red); in the middle panel the ‘pure’
mission-spectrum (difference between the observed and synthetic 
pectrum). On the bottom panel : from left to right, SFH summed o v er
ll metallicities in light ( x ) and mass ( μ) fractions; SFH considering
ifferent metallicities (they are labelled); binned population vectors 
see below); AGN FC continuum and HD contributions are on the
wo last panels. The plots for the remaining spectra are shown in the
upplementary material. 

To consider the impact of noise on the data, which can obscure
ifferences between similar spectral components, as well as the 
ge-metallicity de generac y (e.g. Worthe y et al. 1994 ), besides the
pproach presented in Section 3.1 we also adopted the approach used
y Cid Fernandes et al. ( 2005 ) and used the binned (or condensed)
opulation vectors 2 as defined in Riffel et al. ( 2009 , 2022 ): 

xy : sum of the per cent contribution of SSPs with ages 50 ≤t
100 Myr. This vector is representative of the younger (ionizing) 

opulation. 3 
MNRAS 531, 554–574 (2024) 
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Figure 2. The base of elements comprises SSPs with four metallicities ( Z 
= 0.25, 0.63, 1, and 1.53 Z �) and 25 ages ( t = 0.050, 0.063, 0.079, 0.1, 
0.126, 0.158, 0.200, 0.251, 0.316, 0.398, 0.501, 0.631, 0.794, 1, 1.259, 1.585, 
1.995, 2.512, 3.162, 3.981, 5.012, 6.310, 7.943, 10, and, 12.589 Gyr). The 
accretion disc (FC) is described as a power law of the form F λ ∝ λ−α (we 
used α = 0.25, 0.5, and 0.75). Hot dust emission component are described as 
eight Planck distributions (black-body, BB), with temperature ranging from 

700 K to 1400 K, in steps of 100 K. For display purposes on the bottom plot 
we zoom in the SSPs. The identification of the components are on the labels. 
For details see the text. 
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xiy : sum of the per cent contribution of SSPs with ages in the
ange 100 Myr < t ≤ 700 Myr. This represents the peak of the Balmer
bsorption lines. 

xio : sum of the per cent contribution SSPs with ages in the range
00 Myr < t ≤ 2 Gyr. Being the representative of the AGB peak
ontribution. 

xo : sum of the per cent contribution 2 Gyr < t ≤ 13 Gyr. Represents
he older underlying population. 

HD: sum of the per cent contribution of all Planck function
omponents, representing hot dust emission. 
NRAS 531, 554–574 (2024) 
FC: sum of the per cent contribution of all power-law featureless
omponents, representing the AGN accretion disc contribution. 

If limited to selecting only two parameters to describe the stellar
opulation composition of a galaxy, the optimal choice would
ndoubtedly be its mean age and mean-metallicity. Therefore, we
ave followed Cid Fernandes et al. ( 2005 ) and computed the mean
ges (the logarithm of the age, actually) for each galaxy weighted by
he stellar light 

 log t � 〉 L = 

N � ∑ 

j= 1 

x j log t j , (3) 

nd weighted by the stellar mass, 

 log t � 〉 M 

= 

N � ∑ 

j= 1 

μj log t j . (4) 

ubsequently, we convert these quantities into ages in Gyr (e.g.
emoving the logarithmic scale). 

The light-weighted mean metallicity is defined as 

 Z � 〉 L = 

N � ∑ 

j= 1 

x j Z j , (5) 

nd the mass-weighted mean metallicity is defined by: 

 Z � 〉 M 

= 

N � ∑ 

j= 1 

μj Z j . (6) 

Note that all these values are limited by the elements included in the
ase. In principle, the mass-weighted properties are more physical,
ut, since the stellar M / L is non-constant, the y hav e a much less
irect relation with the observed spectrum than the light-weighted
nes. For more details see Cid Fernandes et al. ( 2005 ). 
Besides the actual stellar mass of the galaxy 4 ( M � ), STARLIGHT

lso outputs the mass that has been processed into stars throughout
he galaxy’s life ( M 

ini 
� ). Using this, one can compute the mass that

as returned to the interstellar medium, as M 

Ret 
� = M 

ini 
� - M � . These

uantities are listed in Table 3 . 
Finally, these quantities have been derived as the mean value of

ll the fitting on the simulated spectra with the uncertainty being its
tandard deviation (see Section 3.1 ). 

.2 Stellar population properties 

n Fig. 4 we show the distribution (mean and median values are also
hown) of the results of the 100 simulated spectra for each galaxy
see Section 3.1 ) for the binned population vectors as well as for
ean ages and metallicities for the AGN hosts (blue) and control

alaxies (red). The mean values and their standard deviations are
ummarized in Table 3 . 

The stellar populations, using the UV/Optical arms of X-shooter
pectra, of part of the present sample (mostly Sy 2 sources) of
LAMA AGN have been studied by Burtscher et al. ( 2021 ); ho we ver,
sing the Bruzual & Charlot ( 2003 ) SSP models, including ages
ounger than 50 Myr in the base of elements. Aiming to compare
he optical and NIR stellar population results fairly, we have fitted
he X-shooter UV/Optical 5 using the same approach as used for the
norm 
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Figure 3. Spectral fitting results for NGC 3081 (AGN, Sy 2), NGC 4235 (AGN, Sy 1), IC 4653 (CNT, star-forming) and NGC 0718 (CNT, passive) for 
the original spectrum (e.g. without the perturbations described in Section 3.1 ). For each galaxy, on top panel : observed (black) and synthetic (red) spectra, 
light-weighted mean age, and metallicity. middle panel : emission-line free spectrum (observed −synthetic spectrum) and a horizontal line showing the zero 
point for the continuum. bottom panel : from left to right, SFH summed o v er all metallicities in light ( x ) and in mass ( μ) fractions; SFH considering different 
metallicities (they are labelled); binned population vectors; AGN feature-less continuum and hot-dust contributions are on the two last panels. The plots for the 
remaining sources are shown in on-line material. 
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The role of recycled gas in AGN feeding 563 

Figure 4. Mean stellar population properties of the sample obtained after fitting the 100 simulated spectra (see Section 3.1 ). In blue AGN hosts and red control 
galaxies. Mean (dotted line) and median (full line) are shown. Population vectors are defined as follows: xy ≤ 100 Myr, 100 Myr < xiy ≤ 700 Myr, 700 Gyr 
< xio ≤ 2 Gyr, and 2 Gyr < xo ≤ 13 Gyr. HD and FC are the sum of the per cent contribution of the Planck function and the power-law featureless components, 
respectively. Mean age and metallicities are defined according to equations ( 3 ), ( 4 ), ( 5 ), and ( 6 ). The mean values and their standard deviations are listed in 
Table 3 . 
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ho we v er, the y hav e no contribution in the stellar mass fraction. 
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IR spectral range described abo v e. The results of these fittings
re shown in Fig. 5 and summarized in Table 4 . It is also worth
entioning that the results obtained by Burtscher et al. ( 2021 ) using

he Bruzual & Charlot ( 2003 ) models are in good agreement with
hose found here when fitting the X-shooter data with the XSL
odels (see Section 4.2.5 for a comparison on the derived stellar
asses). 

.2.1 Optical versus NIR fits 

he results of our optical and NIR fits are in very good agreement
Figs 5 and 6 ) in terms of the stellar population ages. The main
ifference between optical and NIR results is in the metallicities and 
C components. 
The NIR fits, in general, show higher metallicities than the optical 

nes, especially when looking at the control galaxies. The optical 
esults show small differences in Z between controls and AGN with 
oth samples spanning a large range of metallicities (on average 
GN presents a slightly higher metallicity than controls). On the 
ther hand, the NIR fits do show a larger difference between mean
etallicities in both samples. We attribute this difference to the 

act that the optical spectral range has more features sensitive to 
etallicity than the NIR window and/or to the higher SNR of the

ptical data when compared with the NIR ones. Regarding the FC
omponents in the NIR, we see a tail towards a larger fraction in the
istribution of FC fractions in AGN when compared with the optical 
esults. This may be related to the de generac y between the FC and
D components (see Riffel et al. 2022 , for details). Finally, it is
orth mentioning that in the NIR we can fit also the type 1 sources. 

.2.2 Stellar population components 

hat emerges from this is that the AGN hosts have larger fractions
f intermediate-age, less metallic stellar populations when compared 
ith the control sample. Additionally, the AGN show higher redden- 

ng and, as expected only they require significant fractions of FC and
D components to fit their underlying spectrum. 
In Burtscher et al. ( 2021 ) we have shown that the LLAMA AGN

how, in general, a recent cessation of their star formation, i.e. it
appened at least 6 Myr ago. We cannot examine this here because
f the very young age limitations in our base (see Section 3 ), but
n the younger stellar populations bin, we do not see any significant
ifference in both samples, with AGN exhibiting only a slightly 
igher mean value for xy . 
Our results (Fig. 4 ) show that AGN present a lower fraction of

he old stellar population when compared with controls ( μo panel).
he lower μo fractions are therefore compensated by the higher 

raction of younger stellar populations 6 (e.g. one fraction comes 
MNRAS 531, 554–574 (2024) 
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M

Figure 5. Mean stellar population properties of the Sy 2 sample obtained after fitting UV/Optical spectral region of the 100 simulated spectra (see Section 3.1 ). 
In blue AGN hosts and red control galaxies. The mean (dotted line) and the median (full line) values are shown. 
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own, the other has to go up), thus, AGN present larger fractions
f intermediate-age populations when compared with the control
ources. This is directly reflected in the < t > L mean/median values
4.7/4.5 Gyr for AGN and 7.5/6.9 Gyr for the controls) as well
s in the < t > M 

mean/median values (7.5/8.0 Gyr for AGN and
0.2/10.2 Gyr for the controls). 
Based on high angular resolution integral field observ ations, Rif fel

t al. ( 2022 ) found that the inner region ( R � 125 pc) of AGN is
rimarily composed of intermediate-age SP (with an average age
 t > L � 1.5 Gyr). They also observed a correlation between the

olometric luminosity of AGN and the mean age of their stellar
opulations, indicating that more luminous AGN tend to have larger
mounts of intermediate-age stars. This has been interpreted as
uggesting a delay between the formation of new stars and the
riggering/feeding of the AGN. In this sense, these intermediate-
ge stars contribute to the gas supply around the supermassive black
ole through mass-loss during stellar evolution. This gas, which has
 low velocity (a few hundred km s −1 ), combines with the existing
as which is flowing towards the central region of the host galaxy
e.g. Cuadra et al. 2006 ; Fathi et al. 2006 ; Davies et al. 2007 ; Riffel
t al. 2008a , 2022 , 2023b ; M ̈uller S ́anchez et al. 2009 ; Riffel, Storchi-
ergmann & Winge 2013b ; Audibert et al. 2019 ; Diniz et al. 2019 ;
torchi-Bergmann & Schnorr-M ̈uller 2019 ; Audibert et al. 2021 ) and
eeding the SMBH. 

Furthermore, studies have detected young to intermediate-age
opulations in the inner regions of AGN host galaxies (e.g. Oli v a et al.
995 ; Gonz ́alez Delgado, Heckman & Leitherer 2001 ; Imanishi &
ada 2004 ; Davies et al. 2005 , 2007 ; Riffel et al. 2007 , 2009 , 2010 ,

011a , 2015 , 2022 , 2023b ; Storchi-Bergmann et al. 2012 ; Diniz
t al. 2017 ; Mallmann et al. 2018 ; de Lorenzo-C ́aceres et al. 2020 ;
NRAS 531, 554–574 (2024) 

7  
urtscher et al. 2021 ; Salvador-Rusi ̃ nol et al. 2021 ; Dahmer-Hahn
t al. 2022 ). These populations are predominantly composed of short-
ived stars ( t 
 0.2 − 2 Gyr; M 
 2 − 6 M �) that release significant
mounts of material into the nuclear environment (from ∼30 per
ent–80 per cent of their masses; Bertolami 2016 ). This material
an fuel the SMBH with additional gas, thereby enhancing AGN
rightness or triggering its activity or alternatively, it can cool down
nd form new stars (e.g. de Lorenzo-C ́aceres et al. 2020 ; Salvador-
usi ̃ nol et al. 2020 , 2021 ; Benedetti et al. 2023 ). 

.2.3 The FC and HD components 

s can be seen in Table 3 the FC component is required to fit
he spectral energy distribution of almost all the AGNs, being
he only exception NGC 5128. This component is also required
n 63 per cent (12/19 sources) to fit the control galaxies, with a
aximum contribution of 10 per cent. The de generac y of the FC and
 young stellar population is a well-known and common problem in
he study of the stellar content of active galaxies (e.g. Koski 1978 ;
id Fernandes et al. 2004 , 2005 ; Riffel et al. 2009 , and references

herein). This de generac y is due to the fact that the continuum of a
eddened young starburst ( t � 5 Myr) is indistinguishable from an
GN-type continuum. In the optical, broad components in polarized

ight of Sy 2 galaxies only show up when this component is larger
han ∼20 per cent (Cid Fernandes & Terlevich 1995 ). Taking our
esults into account, one could say that in the NIR the young and
C components can be separated for values larger than 10 per cent
the maximum value reached in the control sample). Thus, for
our AGN (ESO021-G004, ESO137-G034, NGC5728, and NGC
172) the FC component could not be distinguished from a young
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M

Figure 6. Same as Fig. 4 , but for the NIR spectral region. 
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7 Obtained using the equation log( M � /M �) = log( L H / L �) – 0.06, which 
has been derived comparing multiband photometry, to the integrated H -band 
luminosity of the galaxies studied in Koss et al. ( 2011 ). 
8 The aperture of the NIR data (see Table 1 ) is in median 70 per cent of the 
aperture of the X-shooter data (1.8 arcsec × 1.8 arcsec). 
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tellar population component. This is in agreement with the results
resented in Riffel et al. ( 2022 ) who found that the FC can be
ssociated with the accretion disc emission only for sources with
C � 15 per cent. 
The HD component is necessary to fit 60 per cent (12/20) of

he AGN, while it is only required in one of the control galaxies
NGC 3717), with a very low contribution (2 per cent, within
he uncertainties of our fits, see supplementary material). This
omponent is very common in type 1 sources and is detected in
round 50 per cent of type 2 sources (e.g. Riffel et al. 2006 , 2009 ,
010 , 2022 ; Martins et al. 2010 ; Gaspar et al. 2019 ). For caveats
n hot dust versus featureless continuum fitting see Riffel et al.
 2022 ). 

.2.4 Comparison of Seyfert 1 and Seyfert 2 fits 

n Fig. 7 we compare the fitting results obtained for Sy 1 (green)
nd Sy 2 (yellow). In general, type 1 objects show higher fractions
f xy and xiy than the type 2 objects, while Sy 2 sources present
igher fractions of the older populations ( xio and xo ). In terms of
ean ages, the Sy 1 galaxies display a mean value of < t > ∼3 Gyr
hile the type 2 objects are characterized by slightly older mean ages

 < t > ∼5 Gyr). In terms of mass fractions, the mean values of all
opulation vectors are quite similar. The same trend is also seen in
he < t > M 

values. Both samples have similar reddening distributions
ith type 1 galaxies displaying a tail towards higher A V values. In

erms of the stellar metallicities, Sy 2 galaxies have slightly higher
ean metallicities when compared with the Sy 1 ones. Finally, the
C and HD components are higher in type 1 sources, with the latter
howing up only in one source (with a quite spread solution around
ts value, see Section 4.2.3 for more details). The results presented
NRAS 531, 554–574 (2024) 
ere suggest that LLAMA type 1 and type 2 AGN essentially host
tars with the same ages, with type 1 sources showing a small bias
o younger values. 

.2.5 Stellar masses comparison 

ne of the derived quantities when fitting the stellar populations
sing STARLIGHT is the stellar mass. The values we derived when
tting the NIR (optical) stellar populations are listed in Table 3 (and

n Table 4 for optical). 
In Fig. 8 we compare the masses derived by Davies et al. ( 2015 )

sing the H -band luminosity, L H , 7 with those obtained with the SP
ts (top panels). We also compare in the bottom histograms of Fig. 8

he masses we obtained with those obtained by Burtscher et al. ( 2015 ,
21) for the Sy 2 of our sample and our fits using the X-shooter data

SP-OPT) with our NIR fits (SP-NIR) and those derived by Davies
t al. ( 2015 , D15) for the entire galaxy. 

The median mass derived for our sample using STARLIGHT fits of
he NIR spectral range is log( M � /M �) = 9.04 and for the optical
og( M � /M �) = 8.7. The median mass we have previously inferred
rom the optical (Burtscher et al. 2021 ) is log( M � /M �) = 8.8 and the
edian total mass of the galaxy inferred from the H -band luminosity

Davies et al. 2015 ) is log( M � /M �) = 10.35. These values are roughly
onsistent with the fact that our apertures 8 co v er 10–15 per cent of the
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Figure 7. Mean stellar population properties of the Sy 1(green) and Sy 2 (yellow) sources obtained after fitting the NIR spectral region of the 100 simulated 
spectra (see Section 3.1 ). The mean (dotted line) and the median (full line) values are shown. 
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ass of bulge of the LLAMA sample (see Burtscher et al. 2021 , for
 discussion) which has a median bulge/total ratio of 0.25 (Lin et al.
018 ). It is worth mentioning that the values we have derived with
he NIR data are on average two times larger than those obtained with
ptical data (16 times lower than those derived using L H , while when
sing the optical range the values are 35 times lower than those using
he L H ). We attribute this to the fact that the NIR is more sensitive
o the less luminous redder population, thus reflecting better the L H 

alaxy mass estimates. 

 DISCUSSION  

.1 Comparison between the stellar population and host galaxy 
roperties 

olecular gas serves as the essential fuel for the birth of stars. Un-
erstanding the SFH and SFR linked to each unit mass of molecular
as offers critical insights into both: the physical characteristics of 
he molecular phase and the surrounding conditions of star-forming 
egions within it. 

To facilitate a comprehensive comparison of stellar population 
roperties with the broader characteristics of host galaxies, we 
onducted measurements of emission line fluxes of the [O III ] λ5007

and of the warm H 2 line λ 2.1213 μm on the pure emission line
pectrum. 9 To do this we have employed the IFSCUBE code (Ruschel-
utra et al. 2021 ) fitting one single Gaussian to each line. 
Additionally, following the methodology presented in Riffel et al. 

 2021b , 2023b ) we have computed the star formation rate o v er the
 With the underlying stellar population contamination subtracted. 

w
2  
ast 100 Myr for our sources using the stellar population fits. We also
ollected the CO luminosities, L 

′ 
CO , from Rosario et al. ( 2016 ) for all

he LLAMA galaxies (AGN and controls). The comparison of these 
uantities with the stellar population properties is shown in Fig. 9 . 
When comparing the AGN and controls distribution, it becomes 

lear that in terms of [O III ] both samples sho w dif ferent distributions,
ut this is expected as discussed in Rembold et al. [ 2017 , see also
iffel et al. ( 2023b ) and references therein]. When comparing the

O III ] luminosity with < t > L there and < Z > L no correlations are
een for AGN and controls. Ho we ver, AGN tend to sho w lo wer ages
nd metallicities when compared with their controls. 

The hot molecular H 2 is not correlated with < t > L . This may
ndicate that in AGN the excitation of the molecular gas is mostly
ue to AGN. In fact, this is in agreement with the fact that H 2 emission
s mostly due to thermal excitation mechanisms associated with the 
GN (e.g. Reunanen, Kotilainen & Prieto 2002 , 2003 ; Rodr ́ıguez-
rdila et al. 2004 ; Rodr ́ıguez-Ardila, Contini & Viegas 2005 ; Riffel

t al. 2013a , 2021a , b ; Colina et al. 2015 ; Motter et al. 2021 ; Bianchin
t al. 2022 ; Holden et al. 2023 ). 

L 

′ 
CO shows an increasing trend with < t > L , however, there is

o significant difference relative to the control ones. We also found
hat the H 2 luminosities are well correlated with L 

′ 
CO , with no clear

eparation between AGN and controls. In general, our results show 

hat AGN hosts tend to have higher SFR o v er the last 100 Myr than
he control sources. 

When considering the total returned mass, a difference in the 
mount of returned mass o v er the galaxy’s lifetime is seen in AGN
hen compared with the parent control sample. Ho we ver, it is
orth mentioning that taking the M 

Ret 
� by populations younger than 

 Gyr ( M 

Ret(2Gyr) 
� ) and taking the ratio o v er the total returned mass
MNRAS 531, 554–574 (2024) 
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M

Figure 8. Stellar masses comparisons. The dotted line on the top panels is a linear regression over all data points using a bootstrap scheme of 1000 realizations. 
In the bottom panels, the different samples are labelled as follows: SP-OPT (black) our fits using the x-shooter data from Burtscher et al. ( 2021 , with B21 (blue) 
being the fits obtained by these authors). SP-NIR (red) are our fits in the NIR and D15 (orange) are the masses estimated by Davies et al. ( 2015 ) for the entire 
galaxy. 
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older populations are also releasing mass during this time 
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 M 

Ret(2Gyr) 
� / M 

Ret 
� ) AGN do show a higher fraction than the control

alaxies. The mean value for AGN (0.07) is ∼2.3 higher than the
alue found for the controls (0.03; see Fig. 9 ). Additionally, when
ividing by M � , AGN show smaller values for this ratio than the
ontrols. This means that AGN have essentially the same M � as the
ontrols, but since they are still forming stars, they are still building
heir mass up, and thus this indicates that AGN are currently receiving
n extra amount of gas. 

To assess whether the material released by stars is sufficient to fuel
he AGN, we conducted a straightforward analysis by calculating the

ass accretion rate, Ṁ , needed to generate the AGN luminosity. This
alculation is expressed as follows: 

˙
 = 

L bol 

ηc 2 
(7) 

The bolometric luminosity, L bol , was determined based on the
ethodology outlined in Ichikawa et al. ( 2017 ), given by the

quation: 

log L bol = 0 . 0378( log L X:2 −10 ) 
2 − 2 . 00 log L X:2 −10 + 60 . 5 , (8) 

here the intrinsic hard X-ray luminosity from Table 2 was em-
loyed. Adopting an efficiency value of η = 0.1 (e.g. Laor & Netzer
989 ; King 2008 ), we determined Ṁ for our galaxy sample. 
Upon comparing Ṁ with the stellar mass returned (in M � yr −1 ), we

bserv ed that, on av erage, the returned mass from the intermediate
opulation ( M 

Ret(2Gyr) 
� /2Gyr) is of the same order as the mass required
NRAS 531, 554–574 (2024) 
o sustain AGN luminosity. Note ho we ver that this is the lower limit
f mass that is being released since the older population ( t > 2 Gyr)
s also present in the galaxies and is also releasing mass during these
ast two Gyr. 10 When considering the mean returned mass per year
 v er the entire galaxy lifetime ( M 

Ret 
� /13 Gyr), the returned mass is

pproximately six times the mass necessary to maintain the AGN. It
s noteworthy that if this analysis were conducted using L X instead of
olometric luminosity, the resulting ratios would be approximately
0 and 120 for the mass returned o v er the last 2 Gyr and the galaxy’s
ntire lifetime, respectively. 

This simple e x ercise clarifies that there is sufficient recycled
aterial being released by the stars in the central region (inner 100–

00 pc) of the galaxies to sustain AGN luminosities (e.g. there is no
eed for extra gas to feed the AGN). 

.2 Stellar ages and AGN properties 

e have also explored the impact/regulation that the energy injected
y the AGN in the host galaxy may have on the star formation of
ur sources. Therefore we have collected several properties from
iterature such as L 

obs 
X , L 

int 
X , N H which are only available for the AGN

ample (listed Table 2 ). We have computed the Eddington luminosity



The role of recycled gas in AGN feeding 569 

Figure 9. Comparisons of stellar population properties with the host galaxy properties. 
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11 In the sense that the stellar metallicities are lower in AGN than in controls 
and that in the gas phase oxygen abundances are lower in the AGN dominated 
regions when compared with the SF dominated regions. 
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sing the SMBH, M •, masses listed in Table 2 and the following
quation (Rybicki & Lightman 1979 ): 

 Edd = 1 . 26 × 10 46 erg s −1 M •
10 8 M �

. (9) 

lso, follo wing Rif fel et al. ( 2022 ) the Eddington ratio was obtained
rom L Bol [see equation ( 8 )] and calculated using the observed
nd intrinsic hard X-ray luminosities ( λobs = L 

obs 
Bol /L Edd and λint = 

 

int 
Bol /L Edd ). 
We have compared these properties with < t > L . No clear

orrelation is seen between these properties and the host galaxy’s 
ean age for the stellar population, as shown by their Pearson rank

orrelation coefficients ( R and p ): log N H ( R = −0.30, p = 0.19),
og L 

obs 
X ( R = −0.29, p = 0.21), log L 

int 
X ( R = −0.20, p = 0.40), log

obs ( R = −0.29, p = 0.22), and log λint ( R = −0.21, p = 0.37). 
In Riffel et al. ( 2022 ) we have found that there is a positive

orrelation between the bolometric luminosity of the AGN with < t >
 

, ho we ver, if we consider only the LLAMA sample, no correlation
s found ( R = −0.44, p = 0.0542), but when including the lower
uminosity Gemini NIFS surv e y sources (AGNIFS surv e y Riffel et al.
017 , 2022 ) fitted with the XSL models as described in Section 3 , a
ositive correlation is observed (for LLAMA + AGNIFS we found 
 = 0.37, p = 0.0234). Thus, our results reinforce the conclusion

hat there is a delay between the formation of new stars and the
riggering/feeding of the AGN. 

.3 Metallicities 

e find that the mean stellar metallicity of the AGN hosts is lower
han those of the controls. This result is in agreement with the finding
f Riffel et al. ( 2023b ) who found that for regions R < 0.5 R e the
GN hosts metallicity has lo wer v alues when compared with their
ontrol galaxies and larger radii values. 

These results are additionally in agreement with those derived 
sing the nebular emission. do Nascimento et al. ( 2022 ) derived the
xygen abundances in Seyfert galaxies from MaNGA, and found 
hat the inner regions of these galaxies display lower abundances 
han their outer regions. Armah et al. ( 2023 ), for instance, studying
he B ASS sample (K oss et al. 2022 ; Oh et al. 2022 ) have shown
hat the more luminous Seyfert galaxies have lower gas metallicities. 
ur stellar metallicity estimates are qualitatively in agreement with 

hose obtained through the gas phase abundances. 11 Ho we ver, it is
ot a direct comparison as the gas metallicity represents the recent
hemical evolution of galaxies, since it depends on the ionizing 
ource (and on the production and release of oxygen to the galaxy
SM), whereas the mean stellar metallicity is an average over the
ntire lifespan of galaxies, including all generations of stars. Thus, 
tellar and nebular metallicities indeed indicate distinct evolutionary 
hases and respond differently to various processes that go v ern
he chemical evolution of galaxies (Asari et al. 2007 ). It is worth

entioning that the stellar and gas metallicities are derived using 
adically different methods that they should not be compared in 
uantitative terms (Cid Fernandes et al. 2007 ). There is a huge scatter
n such a comparison, but the metallicities estimated using the stellar
MNRAS 531, 554–574 (2024) 
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opulation fitting tend to be higher when compared with the nebular
ne [see fig. 5(e) of Asari et al. 2007 ]. 

.4 AGN feedback energy considerations 

he AGN’s accretion energy release can be approximated using
ts hard X-ray luminosities to infer its bolometric luminosity. Here
he bolometric luminosity was calculated using the intrinsic X-ray
uminosity together with equation ( 8 ). 

During the typical accretion phase duration when the power
manating from the central engine remains relatively constant ( t AGN ),
 portion of the emitted energy will interact with the molecular gas.
o we ver, this interaction (termed radiation coupling: εr ) is very
ncertain (e.g. Harrison et al. 2018 ), but theoretical models of AGN
eedback propose a value of ∼5 per cent (e.g. Di Matteo et al. 2005 ).
rom the abo v e, we can roughly estimate the accretion power that
ould influence the molecular gas as E Rad ≈ εr L bol t AGN (see Rosario
t al. 2018 , for details) and thus affect the star-formation in the AGN
osts. Here we adopted εr = 0.05 (Di Matteo et al. 2005 ) and t AGN 

 1 Myr (Hickox et al. 2014 ; Schawinski et al. 2015 ). 
According to Rosario et al. ( 2018 ) the coupling mechanism can

ake several forms, including direct radiation absorption by molecular
r atomic clouds, or the influence of a mechanical agent like a thermal
ind or relativistic particles within a jet. Assuming that E Rad is
istributed across all the molecular gas within the central region of
GN hosts, then its effect on the molecular gas by comparing it to the
ravitational potential energy experienced by this gas, and so, this
an give us some insight if the feedback might have enough power
o affect the stability of this gas parcel. 

Since the areas we are probing are small and in the central region of
he galaxies (see Table 1 ) the dominant factor go v erning gravitational
otential is the baryonic matter, encompassing both stars and gas.
o we ver, the molecular gas fraction ( f gas ) in the LLAMA galaxies

s small and corrections for H I mass are small for disc galaxies (see
igiel et al. 2008 ; Rosario et al. 2018 , for details), we can assume that

he potential energy experienced by this molecular gas is dominated
y the stellar mass within this region (e.g. the values we have derived
or it inside the extracted area of each spectrum) and its modulus can
e approximated as: 

 PG ≈ G 

M � M H 2 

ηR 

(1 + f gas ) , (10) 

here R is the radius of a circular region that will enclose the same
rea as the area extracted for each spectrum 

12 and f gas = 

M H 2 
( M H 2 + M � ) 

ith M H 2 = αCO × L 

′ 
CO . We have followed Rosario et al. ( 2018 ) and

dopted αCO = 1 . 1 M �pc −2 / (Kkms −2 ) which is the most adequate
alue for metal-rich nearby galaxies (Sandstrom et al. 2013 ). We
ssumed η = 1, which means that the gas is uniformly distributed
n a disc of size R within a uniform gravitational potential. Finally,
e have corrected the L 

′ 
CO for aperture size 13 using the half-power

eamwidths quoted by Rosario et al. ( 2018 ) as the radius of the CO
bservations. Finally, for M � we have used the values quoted in Table
 . 
Taking the abo v e assumptions as our baseline, since log( E Rad / E PG )
 0 for all the sources (in fact, it ranges from 1.5 to 4.5 dex; Fig. 10 ) it
eans that the energy injected by the AGN is enough to dynamically

isturb the molecular gas within our aperture. The E Rad / E PG ratio is
ompared with the AGN hosts < t > L (top panel) and < t > M 

(bottom
NRAS 531, 554–574 (2024) 

2 R = 

√ 

(slit width × aperture) /π . 
3 L 

′ 
CO corrected = L 

′ 
CO (Area NIR aperture/Area Radio Aperture). 

5

B  

e  
anel) in Fig. 10 , where a anticorrelation is observed with the stellar
opulation mean age ages (with Pearson coefficients R = −0.51 and
 = 0.0294 for < t > L and R = −0.53 and p = 0.0241 for < t > M 

).
his can be interpreted as the fact that the AGN is affecting the star

ormation in these galaxies, in the sense that more energetic AGN
log( E Rad / E PG ) � 3] tend to host younger nuclear stellar populations
 t > L � 4Gyr ( < t > M 

� 7Gyr) or that these galaxies do have a
ore extended SF history since the LLAMA AGN do no have a

arger amount of molecular gas when compared with their controls
Rosario et al. 2018 ). 

It is worth mentioning that the trend observed here might be a
aveat of the correction for aperture of the L 

′ 
CO , which assumes a

niform distribution of the molecular gas within the APEX beam
ollecting area. For instance, high-resolution ALMA observations of
 volume-limited sample of X-ray selected AGN part of the galactic
ctivity, torus, and outflow surv e y (GATOS) rev ealed the imprint of
GN feedback in the central gas concentration of Seyfert galaxies.
he GATOS AGN with higher luminosity show more outflows and
ore molecular gas deficits, supporting a scenario in which AGN
inds are more likely to push away the gas in the centre as the AGN

uminosity increases (Garc ́ıa-Burillo et al. 2021 ). The same is also
bserved in hot molecular gas (H 2 ; Riffel et al. 2023a ). To confirm
he results obtained for the LLAMA AGN sample, we need resolved
bservation of the cold gas with ALMA. 

.5 The role played by the recycled material in AGN fuelling 

asically to trigger or sustain an AGN what is required is that
nough fuel reaches the accretion disc. Such fuel (e.g. gas) can have
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n external origin, coming from mergers or tidal interactions (e.g. 
raujo et al. 2023 ; Raimundo, Malkan & Vestergaard 2023 ; Rembold

t al. 2024 , and references therein). In the case of the LLAMA AGN,
avies et al. ( 2017 ) has studied the environment of these sources.
hey mostly are in small or large groups, so external gas could be
tripped out of other galaxies or minor mergers could play some role.
o we ver, this gas will unlikely directly feed the AGN, since it would
ave to reach the inner region of the g alaxy. Such g as could perturb
he gas already in the g alaxy [LLAMA g alaxies are mostly spirals,
ee Table 1 , thus having enough recycled + pristine gas to keep
F and AGN activity (Vazdekis et al. 1996 )], making it reach the
entral region more ef ficiently, ho we ver, while it moves inwards it
ould also form stars. Finally, Davies et al. ( 2017 ) concluded that the
LAMA AGN do not show evidence of environmental dependence. 
The observational results presented here show that AGN do 

ave a larger fraction of intermediate-age stellar populations when 
ompared with their matched analogues. Such an intermediate age 
opulation is dominated by massive (M 
 1 . 5 − 10 M �; 200 Myr � t
 2 Gyr) evolved stars (e.g. Dottori et al. 2005 ; Maraston 2005 ; Riffel

t al. 2007 , 2008b , 2015 , 2022 , 2023b ; Salaris et al. 2014 ; Dahmer-
ahn et al. 2022 , in the RGB and TP-AGB phases), that do release
 high amount of enriched material to the nuclear environment. 

Very recently Choi et al. ( 2023 ) have used the suite of cosmological
ydrodynamical simulations of massive galaxies and supermassive 
lack hole formation presented in Choi et al. ( 2017 ) to investigate
he origins of the gas-accreted by the SMBH. The y hav e found
hat recycled gas generated within the host galaxies, e.g. ejected 
rom evolved stars (SN and AGB stars) contributes, on average, 
ith ∼40 per cent of the fuel for AGN. This gas also contributes to

he formation of new stars but in a lower fraction ( ∼ 20 per cent),
eing the external gas the major source of fuel for the formation of
ew stars. In their simulations, in-situ star formation has a higher 
ontribution from pristine and cosmic web accretion compared to 
lack hole feeding. 
Nev ertheless, the y argue that this does not imply that a higher

roportion of the o v erall rec ycled gas released by evolved stars
ontributes directly to the feeding of the black holes. In reality, given
hat the total gas used in star formation far exceeds the gas accreted
y black holes, the sheer volume of recycled gas consumed by star
ormation greatly surpasses the quantity acquired by black holes. 
o we v er, the y show that the relatively higher proportion of recycled
as within the black hole mass budget, as compared to that attributed
o star formation, suggests that recycled gas is notably efficient in 
eeding the SMBH, surpassing the other sources of gas entering the 
ost galaxy. This is because this high metallicity gas cools down 
ery efficiently and because it is abundantly released very close to 
he centre of the galaxy. Finally the lower (but still high, < Z > L 

 0 . 4 Z �) stellar metallicity found in the AGN when compared with
he control galaxies can be attributed to the fact that spiral galaxies
o have a high amount of gas that has never been converted into stars
Vazdekis et al. 1996 ). This is associated with the fact that molecular
as is very turbulent in more luminous AGN (Garc ́ıa-Burillo et al.
021 ), thus making the mix of the low and high metallicity gas more
fficient in AGN than in the control galaxies. Therefore diluting the 
 v erall gas phase metallicity in AGN. 
The gas released by the intermediate age stars has a low velocity

a few hundred km s −1 ) and is accreted together with the gas already
vailable in the central region (e.g. Cuadra et al. 2006 ; Davies et al.
007 ; Riffel et al. 2022 , 2023b ). It has been demonstrated in previous
orks that this extra amount of gas will trigger the AGN or make it
ore powerful and/or form new stars (e.g. Ciotti & Ostriker 2007 ;
iotti, Ostriker & Proga 2010 ; Leitner & Kravtsov 2011 ; Segers et al.
016 ; Salvador-Rusi ̃ nol et al. 2020 , 2021 ; Benedetti et al. 2023 ; Riffel
t al. 2023a , and references therein). 

The larger fractions of stellar material released by the AGN when
ompared with the controls agree with the results found in the
imulations, in the sense that besides being more abundant on AGN
han in the controls, this gas is released very close to the AGN and
he stars provide an efficient angular momentum sink making the 
as falling more efficiently towards the SMBH (Hopkins 2012 ). In
his way, this recycled material acts as a ‘seasoning,’ making the
upermassive black hole ‘food’ more fla v ourful. 

 C O N C L U S I O N S  

e have used near-infrared spectroscopy to study the stellar popu- 
ation of the complete LLAMA sample (20 AGNs) and compared 
hem with their matched analogues (19 inactive galaxies). Therefore 
e have employed the new XSL models together with the STARLIGHT

ode. Our main conclusions can be summarized as follows: 

(i) The star formation history of the sources is very complex, 
resenting many episodes of star formation during their lifetimes. 
(ii) Optical and NIR properties derived for type 2 AGNs and 

ontrols are in very good agreement. For the NIR we have also
tted the type 1 sources and provided their stellar properties. 
(iii) AGN hosts have higher fractions of intermediate-age, less 
etallic stellar populations when compared with the control sample. 
he AGNs are more affected by reddening and, as expected, only

hey require significant fractions of FC and HD components to fit
heir underlying continuum. We have obtained mean/median values 
f the < t > L (4.7/4.5 Gyr for AGNs and 7.5/6.9 Gyr for the controls)
s well as in the mean/median values for < t > M 

(7.5/8.0 Gyr for
GNs and 10.2/10.2 Gyr for the controls). 
(iv) No correlations between host galaxy gas properties (e.g. CO 

uminosity , hot H 2 luminosity , [O III ] luminosity) have been observed
ith age. 
(v) The E Rad / E PG ratio for AGN is compared with the < t > L and

n anticorrelation is observed with the stellar population mean age 
with Pearson coefficients R = −0.48 and p = 0.043). This suggests
hat the AGN is affecting the star formation in these galaxies, in the
ense that more energetic AGNs (log( E Rad / E PG ) � 3) tend to host
ounger nuclear stellar populations < t > L � 4 Gyr ( < t > M 

� 7 Gyr).
(vi) The role played by the stellar recycled material in AGN 

uelling is discussed. We found that the recent ( t < 2 Gyr) returned
recycled) stellar mass is higher in AGN than in the controls. We dis-
uss and provide evidence to models that support that AGN feeding
s, at least, partially driven by the recycled material originating from
tellar evolution. 

In general, our results point towards the fact that the central
egion of AGN are dominated by young to intermediate-age stellar 
opulations when compared with their control galaxies. We also 
rovide evidence that the mass-loss of stars would be enough to feed
he AGNs, thus providing observational constraints for models that 
redict that AGN feeding is primarily due to the recycled gas from
ying stars. 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for useful suggestions that helped 
mpro v e the paper. We thank Ena Choi, Roberto Cid Fernandes, and
atalia Vale Asari for the useful discussion. RR acknowledges sup- 
ort from the Fundaci ́on Jes ́us Serra and the Instituto de Astrof ́ısica
e Canarias under the Visiting Researcher Programme 2023–2025 
MNRAS 531, 554–574 (2024) 



572 R. Riffel et al. 

M

a  

f  

d  

F  

t  

1  

a  

t  

t  

E  

I  

N  

3  

a  

0  

P  

k  

N  

a  

R  

0  

C  

N  

f  

M  

C  

A  

I  

b  

1

D

T

R

A  

A  

A
A  

A
A
B
B
B
B
B  

B
B
B  

B  

B
B
B
C
C
C

C  

C  

C  

 

C
C
C  

C  

C  

C
C
C
C
C
C  

C
D
D  

D  

D  

D  

D
D
d  

D  

 

 

D
D
D
D  

d
D  

E  

E  

E
E
F
F  

F
G  

G
G  

G  

G
G
G
G
G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/554/7665772 by guest on 04 July 2024
greed between both institutions. RR, also acknowledges support
rom the ACIISI, Consejer ́ıa de Econom ́ıa, Conocimiento y Empleo
el Gobierno de Canarias and the European Regional Development
und (ERDF) under grant with reference ProID2021010079, and

he support through the RAVET project by the grant PID2019-
07427GB-C32 from the Spanish Ministry of Science, Innovation
nd Universities MCIU. This work has also been supported through
he IAC project TRACES, which is partially supported through
he state budget and the regional budget of the Consejer ́ıa de
conom ́ıa, Industria, Comercio y Conocimiento of the Canary

slands Autonomous Community. RR also thanks to Conselho
acional de Desenvolvimento Cient ́ıfico e Tecnol ́ogico (CNPq, Proj.
11223/2020-6, 304927/2017-1 and 400352/2016-8), Funda c ¸ ˜ ao de
mparo ̀a pesquisa do Rio Grande do Sul (FAPERGS, Proj. 16/2551-
000251-7 and 19/1750-2), Coordena c ¸ ˜ ao de Aperfei c ¸oamento de
essoal de N ́ıvel Superior (CAPES, Proj. 0001). LGDH ac-
nowledges support by National Key R&D Program of China
o.2022YFF0503402. LM thanks FAPESP (grant 2022/03703-1)

nd CNPq (grant 306359/2018-9) for partial funding of this research.
AR thanks financial support from FAPERGS (21/2551-0002018-
), CNPq (303450/2022-3, 403398/2023-1, 441722/2023-7) and
APES (88887.894973/2023-00). ARA acknowledges Conselho
acional de Desenvolvimento Cient ́ıfico e Tecnol ́ogico (CNPq)

or partial support to this work through grant 312036/2019-1.
T thanks the support from CNPq (process 312541/2021-0).
RA and AA acknowledge funding from the State Research
gency (AEI-MCINN) of the Spanish Ministry of Science and

nnovation under the grant ‘Tracking active galactic nuclei feed-
ack from parsec to kiloparsec scales’, with reference PID2022-
41105NB-I00. 

ATA  AVA ILA BILITY  

he data will be made available under reasonable request. 

E FEREN C ES  

jello M. , Alexander D. M., Greiner J., Madejski G. M., Gehrels N., Burlon
D., 2012, ApJ , 749, 21 

raujo B. L. C. , Storchi-Bergmann T., Rembold S. B., Kaipper A. L. P.,
Dall’Agnol de Oliveira B., 2023, MNRAS , 522, 5165 

rmah M. et al., 2023, MNRAS , 520, 1687 
sari N. V. , Cid Fernandes R., Stasi ́nska G., Torres-Papaqui J. P., Mateus A.,

Sodr ́e L., Schoenell W., Gomes J. M., 2007, MNRAS , 381, 263 
udibert A. et al., 2019, A&A , 632, A33 
udibert A. et al., 2021, A&A , 656, A60 
arvainis R. , 1987, ApJ , 320, 537 
enedetti J. P. V. et al., 2023, MNRAS , 522, 2570 
ertolami M. M. M. , 2016, A&A , 588, A25 
essiere P. S. , Ramos Almeida C., 2022, MNRAS , 512, L54 
essiere P. S. , Tadhunter C. N., Ramos Almeida C., Villar Mart ́ın M., Cabrera-

Lavers A., 2017, MNRAS , 466, 3887 
ianchin M. et al., 2022, MNRAS , 510, 639 
ica E. , Alloin D., 1987, A&A, 186, 49 
ieri R. , Dubois Y., Silk J., Mamon G. A., Gaibler V., 2016, MNRAS , 455,

4166 
igiel F. , Leroy A., Walter F., Brinks E., de Blok W. J. G., Madore B.,

Thornley M. D., 2008, AJ , 136, 2846 
ruzual G. , Charlot S., 2003, MNRAS , 344, 1000 
urtscher L. et al., 2015, A&A , 578, A47 
urtscher L. et al., 2021, A&A , 654, A132 
aglar T. et al., 2020, A&A , 634, A114 
appellari M. , 2017, MNRAS , 466, 798 
ardelli J. A. , Clayton G. C., Mathis J. S., 1989, ApJ , 345, 245 
NRAS 531, 554–574 (2024) 
hen Y. , Bressan A., Girardi L., Marigo P., Kong X., Lanza A., 2015,
MNRAS , 452, 1068 

hoi E. , Ostriker J. P., Naab T., Somerville R. S., Hirschmann M., N ́u ̃ nez A.,
Hu C.-Y., Oser L., 2017, ApJ , 844, 31 

hoi E. , Somerville R. S., Ostriker J. P., Hirschmann M., Naab T., 2023, The
Origins of Gas Accreted by Supermassive Black Holes: The Importance
of Recycled Gas . 

id Fernandes R. , 2018, MNRAS , 480, 4480 
id Fernandes R. , Jr, Terlevich R., 1995, MNRAS , 272, 423 
id Fernandes R. , Gu Q., Melnick J., Terlevich E., Terlevich R., Kunth D.,

Rodrigues Lacerda R., Joguet B., 2004, MNRAS , 355, 273 
id Fernandes R. , Mateus A., Sodr ́e L., Stasi ́nska G., Gomes J. M., 2005,

MNRAS , 358, 363 
id Fernandes R. , Asari N. V., Sodr ́e L., Stasi ́nska G., Mateus A., Torres-

Papaqui J. P., Schoenell W., 2007, MNRAS , 375, L16 
id Fernandes R. et al., 2013, A&A , 557, A86 
iotti L. , Ostriker J. P., 2007, ApJ , 665, 1038 
iotti L. , Ostriker J. P., Proga D., 2010, ApJ , 717, 708 
olina L. et al., 2015, A&A , 578, A48 
onroy C. , 2013, ARA&A , 51, 393 
uadra J. , Nayakshin S., Springel V., Di Matteo T., 2006, MNRAS , 366, 358
ushing M. C. , Vacca W. D., Rayner J. T., 2004, PASP , 116, 362 
ahmer-Hahn L. G. et al., 2022, MNRAS , 509, 4653 
ametto N. Z. , Riffel R., Pastoriza M. G., Rodr ́ıguez-Ardila A., Hernandez-

Jimenez J. A., Carvalho E. A., 2014, MNRAS , 443, 1754 
avies R. I. , Sternberg A., Lehnert M. D., Tacconi-Garman L. E., 2005, ApJ ,

633, 105 
avies R. I. , M ̈uller S ́anchez F., Genzel R., Tacconi L. J., Hicks E. K. S.,

Friedrich S., Sternberg A., 2007, ApJ , 671, 1388 
avies R. I. , Maciejewski W., Hicks E. K. S., Tacconi L. J., Genzel R., Engel

H., 2009, ApJ , 702, 114 
avies R. I. et al., 2015, ApJ , 806, 127 
avies R. I. et al., 2017, MNRAS , 466, 4917 
e Lorenzo-C ́aceres A. , Vazdekis A., Falc ́on-Barroso J., Beasley M. A., 2020,

MNRAS , 498, 1002 
e Vaucouleurs G. , 1959, in Fl ̈ugge S., ed., Handbuch Der

Physik/Encyclopedia of Physics, Astrophysik IV: Sternsys-
teme/Astrophysics IV: Stellar Systems. Springer, Berlin, Heidelberg, p.
275, 

i Matteo T. , Springel V., Hernquist L., 2005, Nature , 433, 604 
ias B. , Coelho P., Barbuy B., Kerber L., Idiart T., 2010, A&A , 520, A85 
iniz M. R. et al., 2017, MNRAS, 469, 3286 
iniz M. R. , Riffel R. A., Storchi-Bergmann T., Riffel R., 2019, MNRAS ,

487, 3958 
o Nascimento J. C. et al., 2022, MNRAS , 513, 807 
ottori H. , D ́ıaz R. J., Carranza G., L ́ıpari S., Santos J., Jr, 2005, ApJ , 628,

L85 
l-Badry K. , Wetzel A., Geha M., Hopkins P. F., Kere ̌s D., Chan T. K.,

Faucher-Gigu ̀ere C.-A., 2016, ApJ , 820, 131 
llison S. L. , Teimoorinia H., Rosario D. J., Mendel J. T., 2016, MNRAS ,

458, L34 
llison S. L. et al., 2021, MNRAS , 505, L46 
squej P. et al., 2014, ApJ , 780, 86 
abian A. C. , 2012, ARA&A , 50, 455 
athi K. , Storchi-Bergmann T., Riffel R. A., Winge C., Axon D. J., Robinson

A., Capetti A., Marconi A., 2006, ApJ , 641, L25 
errarese L. , Merritt D., 2000, ApJ , 539, L9 
allagher R. , Maiolino R., Belfiore F., Drory N., Riffel R., Riffel R. A., 2019,

MNRAS , 485, 3409 
arc ́ıa-Burillo S. et al., 2021, A&A , 652, A98 
aspar G. , D ́ıaz R. J., Mast D., D’Ambra A., Ag ̈uero M. P., G ̈unthardt G.,

2019, AJ , 157, 44 
e J. , Yan R., Cappellari M., Mao S., Li H., Lu Y., 2018, MNRAS , 478, 2633
ebhardt K. et al., 2000, ApJ , 539, L13 
oddard D. et al., 2017, MNRAS , 465, 688 
omes J. M. , Papaderos P., 2017, A&A , 603, A63 
onz ́alez Delgado R. M. , Heckman T., Leitherer C., 2001, ApJ , 546, 845 
ranato G. L. , Danese L., 1994, MNRAS , 268, 235 

http://dx.doi.org/10.1088/0004-637X/749/1/21
http://dx.doi.org/10.1093/mnras/stad1340
http://dx.doi.org/10.1093/mnras/stad217
http://dx.doi.org/10.1111/j.1365-2966.2007.12255.x
http://dx.doi.org/10.1051/0004-6361/201935845
http://dx.doi.org/10.1051/0004-6361/202039886
http://dx.doi.org/10.1086/165571
http://dx.doi.org/
http://dx.doi.org/10.1051/0004-6361/201526577
http://dx.doi.org/10.1093/mnrasl/slac016
http://dx.doi.org/10.1093/mnras/stw3175
http://dx.doi.org/10.1093/mnras/stab3468
http://dx.doi.org/10.1093/mnras/stv2551
http://dx.doi.org/10.1088/0004-6256/136/6/2846
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1051/0004-6361/201525817
http://dx.doi.org/10.1051/0004-6361/202140593
http://dx.doi.org/10.1051/0004-6361/201936321
http://dx.doi.org/10.1093/mnras/stw3020
http://dx.doi.org/10.1086/167900
http://dx.doi.org/10.1093/mnras/stv1281
http://dx.doi.org/10.3847/1538-4357/aa7849
http://dx.doi.org/10.48550/arXiv.2312.08449
http://dx.doi.org/10.1093/mnras/sty2012
http://dx.doi.org/10.1093/mnras/272.2.423
http://dx.doi.org/10.1111/j.1365-2966.2004.08321.x
http://dx.doi.org/10.1111/j.1365-2966.2005.08752.x
http://dx.doi.org/10.1111/j.1745-3933.2006.00265.x
http://dx.doi.org/10.1051/0004-6361/201220616
http://dx.doi.org/10.1086/519833
http://dx.doi.org/10.1088/0004-637X/717/2/708
http://dx.doi.org/10.1051/0004-6361/201425567
http://dx.doi.org/10.1146/annurev-astro-082812-141017
http://dx.doi.org/10.1111/j.1365-2966.2005.09837.x
http://dx.doi.org/10.1086/382907
http://dx.doi.org/10.1093/mnras/stab3382
http://dx.doi.org/10.1093/mnras/stu1243
http://dx.doi.org/10.1086/444495
http://dx.doi.org/10.1086/523032
http://dx.doi.org/10.1088/0004-637X/702/1/114
http://dx.doi.org/10.1088/0004-637X/806/1/127
http://dx.doi.org/10.1093/mnras/stx045
http://dx.doi.org/10.1093/mnras/staa2368
http://dx.doi.org/10.1038/nature03335
http://dx.doi.org/10.1051/0004-6361/200912894
http://dx.doi.org/10.1093/mnras/stz1329
http://dx.doi.org/10.1093/mnras/stac771
http://dx.doi.org/10.1086/432714
http://dx.doi.org/10.3847/0004-637X/820/2/131
http://dx.doi.org/10.1093/mnrasl/slw012
http://dx.doi.org/10.1093/mnrasl/slab047
http://dx.doi.org/10.1088/0004-637X/780/1/86
http://dx.doi.org/10.1146/annurev-astro-081811-125521
http://dx.doi.org/10.1086/503832
http://dx.doi.org/10.1086/312838
http://dx.doi.org/10.1093/mnras/stz564
http://dx.doi.org/10.1051/0004-6361/202141075
http://dx.doi.org/10.3847/1538-3881/aaf4b9
http://dx.doi.org/10.1093/mnras/sty1245
http://dx.doi.org/10.1086/312840
http://dx.doi.org/10.1093/mnras/stw2719
http://dx.doi.org/10.1051/0004-6361/201628986
http://dx.doi.org/10.1086/318295
http://dx.doi.org/10.1093/mnras/268.1.235


The role of recycled gas in AGN feeding 573 

G  

H  

H
H  

H  

H  

H
H
I  

I
I
J  

J
K
K
K  

K
K
K  

K
K
L  

L
L
L
M
M
M
M
M
M
M  

M
M
M
M  

N
N
O
O
O  

P
P
R
R  

R
R
R
R
R
R  

R
R

R  

R  

R  

R  

R  

R  

R  

R  

R
R
R
R  

R
R  

 

R
R
R
R
R  

R
R  

R
R  

R
R  

S  

S  

S  

S  

S  

S
S
S
S  

S  

S  

S
S
S  

S  

T
T
T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/554/7665772 by guest on 04 July 2024
ranato G. L. , De Zotti G., Silva L., Bressan A., Danese L., 2004, ApJ , 600,
580 

arrison C. M. , Costa T., Tadhunter C. N., Fl ̈utsch A., Kakkad D., Perna M.,
Vietri G., 2018, Nat. Astron. , 2, 198 

eckman T. M. , Best P. N., 2014, ARA&A , 52, 589 
ennig M. G. , Riffel R. A., Dors O. L., Riffel R., Storchi-Bergmann T.,

Colina L., 2018, MNRAS , 477, 1086 
ickox R. C. , Mullaney J. R., Alexander D. M., Chen C.-T. J., Ci v ano F. M.,

Goulding A. D., Hainline K. N., 2014, ApJ , 782, 9 
olden L. R. , Tadhunter C. N., Morganti R., Oosterloo T., 2023, MNRAS ,

520, 1848 
opkins P. F. , 2012, MNRAS , 420, L8 
opkins P. F. , Hernquist L., 2010, MNRAS , 407, 447 

chikawa K. , Ricci C., Ueda Y., Matsuoka K., Toba Y., Kawamuro T.,
Trakhtenbrot B., Koss M. J., 2017, ApJ , 835, 74 

manishi M. , Wada K., 2004, ApJ , 617, 214 
shibashi W. , Fabian A. C., 2012, MNRAS , 427, 2998 
arrett T. H. , Chester T., Cutri R., Schneider S. E., Huchra J. P., 2003, AJ ,

125, 525 
ohnson B. D. , Leja J., Conroy C., Speagle J. S., 2021, ApJS , 254, 22 
ing A. , 2008, New Astron. Rev. , 52, 253 
ing A. , Pounds K., 2015, ARA&A , 53, 115 
ole v a M. , Prugniel Ph., Ocvirk P., Le Borgne D., Soubiran C., 2008,

MNRAS , 385, 1998 
ole v a M. , Prugniel P., Bouchard A., Wu Y., 2009, A&A , 501, 1269 
oski A. T. , 1978, ApJ , 223, 56 
oss M. , Mushotzky R., Veilleux S., Winter L. M., Baumgartner W., Tueller

J., Gehrels N., Valencic L., 2011, ApJ , 739, 57 
oss M. J. et al., 2022, ApJS , 261, 2 
roupa P. , 2001, MNRAS , 322, 231 
aMassa S. M. , Heckman T. M., Ptak A., Martins L., Wild V., Sonnentrucker

P., 2010, ApJ , 720, 786 
aor A. , Netzer H., 1989, MNRAS , 238, 897 
eitner S. N. , Kravtsov A. V., 2011, ApJ , 734, 48 
in M.-Y. et al., 2018, MNRAS , 473, 4582 
adau P. , Dickinson M., 2014, ARA&A , 52, 415 
agorrian J. et al., 1998, AJ , 115, 2285 
aiolino R. et al., 2017, Nature , 544, 202 
allmann N. D. et al., 2018, MNRAS , 478, 5491 
araston C. , 2005, MNRAS , 362, 799 
artini P. , Regan M. W., Mulchaey J. S., Pogge R. W., 2003, ApJ , 589, 774 
artins L. P. , Riffel R., Rodr ́ıguez-Ardila A., Gruenwald R., de Souza R.,

2010, MNRAS , 406, 2185 
ason R. E. et al., 2015, ApJS , 217, 13 
ercedes-Feliz J. et al., 2023, MNRAS , 524, 3446 
otter J. C. et al., 2021, MNRAS , 506, 4354 
 ̈uller S ́anchez F. , Davies R. I., Genzel R., Tacconi L. J., Eisenhauer F.,

Hicks E. K. S., Friedrich S., Sternberg A., 2009, ApJ , 691, 749 
ayakshin S. , Zubovas K., 2012, MNRAS , 427, 372 
ovak G. S. , Ostriker J. P., Ciotti L., 2011, ApJ , 737, 26 
cvirk P. , Pichon C., Lan c ¸on A., Thi ́ebaut E., 2006, MNRAS , 365, 46 
h K. et al., 2022, ApJS , 261, 4 
li v a E. , Origlia L., Kotilainen J. K., Moorwood A. F. M., 1995, A&A, 301,

55 
anter B. , Jimenez R., Heavens A. F., Charlot S., 2007, MNRAS , 378, 1550 
astorelli G. et al., 2020, MNRAS , 498, 3283 
aimundo S. I. , Malkan M., Vestergaard M., 2023, Nat. Astron. , 7, 463 
ayner J. T. , Toomey D. W., Onaka P. M., Denault A. J., Stahlberger W. E.,

Vacca W. D., Cushing M. C., Wang S., 2003, PASP , 115, 362 
ees M. J. , 1989, MNRAS , 239, 1P 
embold S. B. et al., 2017, MNRAS , 472, 4382 
embold S. B. et al., 2024, MNRAS , 527, 6722 
eunanen J. , Kotilainen J. K., Prieto M. A., 2002, MNRAS , 331, 154 
eunanen J. , Kotilainen J. K., Prieto M. A., 2003, MNRAS , 343, 192 
icci C. , Ueda Y., Koss M. J., Trakhtenbrot B., Bauer F. E., Gandhi P., 2015,

ApJ , 815, L13 
icci C. et al., 2017, ApJS , 233, 17 
iffel R. , Rodr ́ıguez-Ardila A., Pastoriza M. G., 2006, A&A , 457, 61 
iffel R. , Pastoriza M. G., Rodr ́ıguez-Ardila A., Maraston C., 2007, ApJ ,
659, L103 

iffel R. A. , Storchi-Bergmann T., Winge C., McGregor P. J., Beck T., Schmitt
H., 2008a, MNRAS , 385, 1129 

iffel R. , Pastoriza M. G., Rodr ́ıguez-Ardila A., Maraston C., 2008b,
MNRAS , 388, 803 

iffel R. , Pastoriza M. G., Rodr ́ıguez-Ardila A., Bonatto C., 2009, MNRAS ,
400, 273 

iffel R. A. , Storchi-Bergmann T., Riffel R., Pastoriza M. G., 2010, ApJ , 713,
469 

iffel R. , Ruschel-Dutra D., Pastoriza M. G., Rodr ́ıguez-Ardila A., Santos J.
F. C.Jr, Bonatto C. J., Ducati J. R., 2011a, MNRAS , 410, 2714 

if fel R. , Rif fel R. A., Ferrari F., Storchi-Bergmann T., 2011b, MNRAS , 416,
493 

iffel R. , Rodr ́ıguez-Ardila A., Aleman I., Brotherton M. S., Pastoriza M.
G., Bonatto C., Dors O. L., 2013a, MNRAS , 430, 2002 

iffel R. A. , Storchi-Bergmann T., Winge C., 2013b, MNRAS , 430, 2249 
iffel R. et al., 2015, MNRAS , 450, 3069 
iffel R. A. et al., 2016, MNRAS , 461, 4192 
iffel R. A. , Storchi-Bergmann T., Riffel R., Dahmer-Hahn L. G., Diniz M.

R., Sch ̈onell A. J., Dametto N. Z., 2017, MNRAS , 470, 992 
iffel R. et al., 2019, MNRAS , 486, 3228 
iffel R. A. , Bianchin M., Riffel R., Storchi-Bergmann T., Sch ̈onell A. J.,

Dahmer-Hahn L. G., Dametto N. Z., Diniz M. R., 2021a, MNRAS , 503,
5161 

iffel R. A. et al., 2021b, MNRAS , 504, 3265 
iffel R. et al., 2022, MNRAS , 512, 3906 
iffel R. A. et al., 2023a, MNRAS , 521, 1832 
iffel R. et al., 2023b, MNRAS , 524, 5640 
odr ́ıguez-Ardila A. , Pastoriza M. G., Viegas S., Sigut T. a. A., Pradhan A.

K., 2004, A&A , 425, 457 
odr ́ıguez-Ardila A. , Contini M., Viegas S. M., 2005, MNRAS , 357, 220 
osario D. J. , Mendel J. T., Ellison S. L., Lutz D., Trump J. R., 2016, MNRAS ,

457, 2703 
osario D. J. et al., 2018, MNRAS , 473, 5658 
uschel-Dutra D. , Rodr ́ıguez Espinosa J. M., Gonz ́alez Mart ́ın O., Pastoriza

M., Riffel R., 2017, MNRAS , 466, 3353 
uschel-Dutra D. et al., 2021, MNRAS , 507, 74 
ybicki G. B. , Lightman A. P., 1979, Radiative Processes in Astrophysics.

Wiley-Interscience, New York, 393 p. 
alaris M. , Weiss A., Cassar ̀a L. P., Piovan L., Chiosi C., 2014, A&A , 565,

A9 
ales D. A. , Pastoriza M. G., Riffel R., Winge C., Rodr ́ıguez-Ardila A.,

Carciofi A. C., 2011, ApJ , 738, 109 
ales D. A. , Ruschel-Dutra D., Pastoriza M. G., Riffel R., Winge C., 2014,

MNRAS , 441, 630 
alvador-Rusi ̃ nol N. , Vazdekis A., La Barbera F., Beasley M. A., Ferreras I.,

Negri A., Dalla Vecchia C., 2020, Nat. Astron. , 4, 252 
alvador-Rusi ̃ nol N. , Beasley M. A., Vazdekis A., Barbera F. L., 2021,

MNRAS , 500, 3368 
 ́anchez S. F. et al., 2016, Rev. Mex. Astron. Astrofis., 52, 21 
andstrom K. M. et al., 2013, ApJ , 777, 5 
chawinski K. , Koss M., Berney S., Sartori L. F., 2015, MNRAS , 451, 2517 
chmidt A. A. , Copetti M. V. F., Alloin D., Jablonka P., 1991, MNRAS , 249,

766 
egers M. C. , Crain R. A., Schaye J., Bower R. G., Furlong M., Schaller M.,

Theuns T., 2016, MNRAS , 456, 1235 
ilva-Lima L. A. , Martins L. P., Coelho P. R. T., Gadotti D. A., 2022, A&A ,

661, A105 
krutskie M. F. et al., 2006, AJ , 131, 1163 
torchi-Bergmann T. , Schnorr-M ̈uller A., 2019, Nat. Astron. , 3, 48 
torchi-Bergmann T. , Gonz ́alez Delgado R. M., Schmitt H. R., Cid Fernandes

R., Heckman T., 2001, ApJ , 559, 147 
torchi-Bergmann T. , Riffel R. A., Riffel R., Diniz M. R., Borges Vale T.,

McGregor P. J., 2012, ApJ , 755, 87 
erlevich E. , Diaz A. I., Terlevich R., 1990, MNRAS , 242, 271 
errazas B. A. et al., 2020, MNRAS , 493, 1888 
ojeiro R. , Heavens A. F., Jimenez R., Panter B., 2007, MNRAS , 381, 1252 
MNRAS 531, 554–574 (2024) 

http://dx.doi.org/10.1086/379875
http://dx.doi.org/10.1038/s41550-018-0403-6
http://dx.doi.org/10.1146/annurev-astro-081913-035722
http://dx.doi.org/10.1093/mnras/sty547
http://dx.doi.org/10.1088/0004-637X/782/1/9
http://dx.doi.org/10.1093/mnras/stad123
http://dx.doi.org/10.1111/j.1745-3933.2011.01179.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16915.x
http://dx.doi.org/10.3847/1538-4357/835/1/74
http://dx.doi.org/10.1086/425245
http://dx.doi.org/10.1111/j.1365-2966.2012.22074.x
http://dx.doi.org/10.1086/345794
http://dx.doi.org/10.3847/1538-4365/abef67
http://dx.doi.org/10.1016/j.newar.2008.06.006
http://dx.doi.org/10.1146/annurev-astro-082214-122316
http://dx.doi.org/10.1111/j.1365-2966.2008.12908.x
http://dx.doi.org/10.1051/0004-6361/200811467
http://dx.doi.org/10.1086/156235
http://dx.doi.org/10.1088/0004-637X/739/2/57
http://dx.doi.org/10.3847/1538-4365/ac6c05
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
http://dx.doi.org/10.1088/0004-637X/720/1/786
http://dx.doi.org/10.1093/mnras/238.3.897
http://dx.doi.org/10.1088/0004-637X/734/1/48
http://dx.doi.org/10.1093/mnras/stx2618
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1086/300353
http://dx.doi.org/10.1038/nature21677
http://dx.doi.org/10.1093/mnras/sty1364
http://dx.doi.org/10.1111/j.1365-2966.2005.09270.x
http://dx.doi.org/10.1086/374685
http://dx.doi.org/10.1111/j.1365-2966.2010.16817.x
http://dx.doi.org/10.1088/0067-0049/217/1/13
http://dx.doi.org/10.1093/mnras/stad2079
http://dx.doi.org/10.1093/mnras/stab1977
http://dx.doi.org/10.1088/0004-637X/691/1/749
http://dx.doi.org/10.1111/j.1365-2966.2012.21950.x
http://dx.doi.org/10.1088/0004-637X/737/1/26
http://dx.doi.org/10.1111/j.1365-2966.2005.09182.x
http://dx.doi.org/10.3847/1538-4365/ac5b68
http://dx.doi.org/10.1111/j.1365-2966.2007.11909.x
http://dx.doi.org/10.1093/mnras/staa2565
http://dx.doi.org/10.1038/s41550-022-01880-z
http://dx.doi.org/10.1086/367745
http://dx.doi.org/10.1093/mnras/239.1.1P
http://dx.doi.org/10.1093/mnras/stx2264
http://dx.doi.org/
http://dx.doi.org/10.1046/j.1365-8711.2002.05181.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06771.x
http://dx.doi.org/10.1088/2041-8205/815/1/L13
http://dx.doi.org/10.3847/1538-4365/aa96ad
http://dx.doi.org/10.1051/0004-6361:20065291
http://dx.doi.org/10.1086/517999
http://dx.doi.org/10.1111/j.1365-2966.2008.12936.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13440.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15448.x
http://dx.doi.org/10.1088/0004-637X/713/1/469
http://dx.doi.org/10.1111/j.1365-2966.2010.17647.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19061.x
http://dx.doi.org/10.1093/mnras/stt026
http://dx.doi.org/10.1093/mnras/stt045
http://dx.doi.org/10.1093/mnras/stv866
http://dx.doi.org/10.1093/mnras/stw1609
http://dx.doi.org/10.1093/mnras/stx1308
http://dx.doi.org/10.1093/mnras/stz1077
http://dx.doi.org/10.1093/mnras/stab788
http://dx.doi.org/10.1093/mnras/stab998
http://dx.doi.org/10.1093/mnras/stac740
http://dx.doi.org/10.1093/mnras/stad599
http://dx.doi.org/10.1093/mnras/stad2234
http://dx.doi.org/10.1051/0004-6361:20034285
http://dx.doi.org/10.1111/j.1365-2966.2005.08628.x
http://dx.doi.org/10.1093/mnras/stw096
http://dx.doi.org/10.1093/mnras/stx2670
http://dx.doi.org/10.1093/mnras/stw3276
http://dx.doi.org/10.1093/mnras/stab2058
http://dx.doi.org/10.1051/0004-6361/201423542
http://dx.doi.org/10.1088/0004-637X/738/1/109
http://dx.doi.org/10.1093/mnras/stu468
http://dx.doi.org/10.1038/s41550-019-0955-0
http://dx.doi.org/10.1093/mnras/staa3419
http://dx.doi.org/10.1088/0004-637X/777/1/5
http://dx.doi.org/10.1093/mnras/stv1136
http://dx.doi.org/10.1093/mnras/249.4.766
http://dx.doi.org/10.1093/mnras/stv2562
http://dx.doi.org/10.1051/0004-6361/202142432
http://dx.doi.org/10.1086/498708
http://dx.doi.org/10.1038/s41550-018-0611-0
http://dx.doi.org/10.1086/322290
http://dx.doi.org/10.1088/0004-637X/755/2/87
http://dx.doi.org/10.1093/mnras/242.3.271
http://dx.doi.org/10.1093/mnras/staa374
http://dx.doi.org/10.1111/j.1365-2966.2007.12323.x


574 R. Riffel et al. 

M

T  

V
V  

V
V
W
W
W
W  

W  

W
Z
Z  

S

S

A

A

P  

o  

A  

c

1 
 

R
2

 

L
3

 

N
4

 

S
5

 

G
6

 

v
7

 

0
8

 

d
9

 

C
1

 

J
1

 

9
1

 

A
1

 

M

T

D
ow

nloaded from
 https://academ

ic.oup.com
/

russler J. , Maiolino R., Maraston C., Peng Y., Thomas D., Goddard D., Lian
J., 2020, MNRAS , 491, 5406 

acca W. D. , Cushing M. C., Rayner J. T., 2003, PASP , 115, 389 
azdekis A. , Casuso E., Peletier R. F., Beckman J. E., 1996, ApJS , 106, 307
erro K. et al., 2022a, A&A , 660, A34 
erro K. et al., 2022b, A&A , 661, A50 
alcher J. , Gro v es B., Budav ́ari T., Dale D., 2011, Ap&SS , 331, 1 
ang X. , Loeb A., 2018, New Astron. , 61, 95 
einberger R. et al., 2023, MNRAS , 523, 1104 
ilkinson D. M. , Maraston C., Goddard D., Thomas D., Parikh T., 2017,

MNRAS , 472, 4297 
 oo J. , W alters D., Archinuk F ., Faber S. M., Ellison S. L., Teimoorinia H.,

Iyer K., 2024, MNRAS , 
orthey G. , Faber S. M., Gonzalez J. J., Burstein D., 1994, ApJS , 94, 687 

ubovas K. , Bourne M. A., 2017, MNRAS , 468, 4956 
ubovas K. , Nayakshin S., King A., Wilkinson M., 2013, MNRAS , 433, 3079

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

ppendix A. Final reduced spectra. 

ppendix B. Individual stellar population fits. 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors.
ny queries (other than missing material) should be directed to the

orresponding author for the article. 
NRAS 531, 554–574 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
Departamento de Astronomia, Instituto de F ́ısica, Universidade Federal do
io Grande do Sul, CP 15051, 91501-970 , Porto Alegre, RS, Brazil 
 Instituto de Astrof ́ısica de Canarias, Calle V ́ıa L ́actea s/n, E-38205 La
a guna, Tenerife , Spain 
 Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80
andan Road, Shanghai 200030, China 
 Departamento de Astrof ́ısica, Universidad de La Laguna, E-38205 Tenerife,
pain 
 Max-Planc k-Institut f ̈ur e xtr aterrestrisc he Physik, Postfac h 1312, D-85741
arching, Germany 
 Centre for Extragalactic Astronomy, Department of Physics, Durham Uni-
ersity, South Road, Durham DH1 3LE, UK 

 NAT – Universidade Cidade de S ̃ ao Paulo, Rua Galv ̃ ao Bueno, 868, 01506-
00, S ̃ ao Paulo, SP, Brazil 
 Laborat ́orio Nacional de Astrof ́ısica – Rua dos Estados Unidos 154, Bairro
as Na c ¸ ˜ oes. CEP 37504-364 Itajub ́a, MG, Brazil 
 Observat ́orio Nacional, Rua General Jos ́e Cristino 77, CEP 20921-400 S ̃ ao
rist ́ov ̃ ao, Rio de Janeiro, RJ, Brazil 

0 Instituto Nacional de Pesquisas Espaciais, Av. dos Astronautas, 1758 -
ardim da Granja S ̃ ao Jos ́e dos Campos/SP - 12227-010, Brazil 
1 Departamento de F ́ısica/CCNE, Universidade Federal de Santa Maria,
7105-900 Santa Maria, RS, Brazil. 
2 Department of Physics and Astronomy, University of Alaska Anc hor a g e,
nc hor a g e , AK 99508-4664, USA 

3 Department of Astronomy and Joint Space-Science Institute , Univer sity of
aryland, College Park, MD 20742, USA 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
© 2024 The Author(s). 
Open Access article distributed under the terms of the Creative Commons Attribution License 
e, distribution, and reproduction in any medium, provided the original work is properly cited. 

m
nras/article/531/1/554/7665772 by guest on 04 July 2024

http://dx.doi.org/10.1093/mnras/stz3286
http://dx.doi.org/10.1086/346193
http://dx.doi.org/10.1086/192340
http://dx.doi.org/10.1051/0004-6361/202142388
http://dx.doi.org/10.1051/0004-6361/202142387
http://dx.doi.org/10.1007/s10509-010-0458-z
http://dx.doi.org/10.1016/j.newast.2017.12.004
http://dx.doi.org/10.1093/mnras/stad1396
http://dx.doi.org/10.1093/mnras/stx2215
http://dx.doi.org/
http://dx.doi.org/10.1086/192087
http://dx.doi.org/10.1093/mnras/stx787
http://dx.doi.org/10.1093/mnras/stt952
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stae1192#supplementary-data
http://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 SAMPLE, OBSERVATIONS, AND DATA REDUCTION
	3 STELLAR POPULATION FITTING
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION

