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A B S T R A C T 

We study the recent star formation histories of 10 galaxies in the Fornax A galaxy group, on the outskirts of the Fornax cluster. The 
group galaxies are gas-rich, and their neutral atomic hydrogen (H I ) was studied in detail with observations from the MeerKAT 

telescope. This allowed them to be classified into different stages of pre-processing (early, ongoing, advanced). We use long-slit 
spectra obtained with the South African Large Telescope (SALT) to analyse stellar population indicators to constrain quenching 

time-scales and to compare these to the H I gas content of the galaxies. The H α equi v alent width, EW(H α), suggest that the 
pre-processing stage is closely related to the recent ( < 10 Myr) specific Star Formation Rate (sSFR). The early-stage galaxy 

(NGC 1326B) is not yet quenched in its outer parts, while the ongoing-stage galaxies mostly have a distributed population 

of very young stars, though less so in their outer parts. The galaxies in the advanced stage of pre-processing show very low 

recent sSFR in the outer parts. Our results suggest that NGC 1326B, FCC 35, and FCC 46 underwent significantly different 
histories from secular evolution during the last Gyr. The fact that most galaxies are on the secular evolution sequence implies 
that pre-processing has a negligible effect on these galaxies compared to secular evolution. We find EW(H α) to be a useful tool 
for classifying the stage of pre-processing in group galaxies. The recent sSFR and H I morphology show that galaxies in the 
Fornax A vicinity are pre-processing from the outside in. 

K ey words: galaxies: e volution – galaxies: groups: individual: Fornax A – galaxies: ISM – galaxies: star formation. 
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 I N T RO D U C T I O N  

he physical process(es) that describe the transition of star-forming
lue galaxies to red galaxies are of fundamental importance to our
nderstanding of galaxy evolution. Galaxies evolve along the star
ormation main sequence until star formation ceases, and the galaxy
oins the passive red population. This halt in star formation may be
ue to a number of different physical processes (Peng et al. 2010 ,
012 ). If there is a sharp break in the star formation history of a
alaxy, implying a rapid transition to quiescence ( < 1 Gyr), it is often
eferred to as ‘quenching’. This is in contrast to ‘ageing’ which
escribes the normal star formation sequence in which a blue galaxy
ill eventually end up as a red galaxy with old stellar populations,
ithout the need for a particular event that impedes star formation.
hysical processes that lead to quenching are strongly determined
 E-mail: Ilani.Loubser@nwu.ac.za 
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y the environment. Although the influence of the environment has
een well demonstrated in galaxy clusters (Balogh et al. 1999 ; Boselli
t al. 2016 ), environmentally driven star formation quenching also
ccurs in groups (e.g. Barsanti et al. 2018 ; Davies et al. 2019 ; Bidaran
t al. 2022 ; Wang et al. 2022 ). Different mechanisms are expected to
uench star formation on different time-scales (e.g. Schawinski et al.
014 ; Cortese, Catinella & Smith 2021 ). Studying these time-scales
an constrain the physical processes that go v ern galaxy evolution. 

The Fornax galaxy cluster is still actively assembling (Drinkwater
t al. 2001 ; Iodice et al. 2017 ). This, together with its proximity to
s (20 Mpc), means that galaxy interactions and processes can be
tudied in great detail, and hence Fornax continues to be the focus of
everal major observing programmes across different wavelength
egimes with Southern-hemisphere facilities. Campaigns include
eep optical imaging from the Fornax Deep Surv e y (FDS; Iodice et al.
016 ; Venhola et al. 2018 ; Peletier et al. 2020 ), deep H I observations
rom the MeerKAT Fornax Survey (MFS; Serra et al. 2016 , 2023 ),
bservations with ALMA (Zabel et al. 2019 ; Morokuma-Matsui
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t al. 2022 ), integral field spectroscopy from the Fornax3D Survey 
F3D; Sarzi et al. 2018 ), as well as the SAMI-Fornax Dwarf Surv e y
Romero-G ́omez et al. 2023 ). 

H I can reveal the effects of physical processes, e.g. ram pressure,
as stripping, thermal heating, and tidal interactions (e.g. Cowie & 

cKee 1977 ; Nulsen 1982 ; Koribalski et al. 2004 ; Rasmussen et al.
008 ; Chung et al. 2009 ; Yoon et al. 2017 ; de Blok et al. 2018 ;
leiner et al. 2019 , 2021 ; Ramatsoku et al. 2020 ), before the effects of

hese mechanisms manifest themselves in the stellar properties. The 
FS surv e y is rev ealing a wealth of interesting findings regarding

he effects on galaxies in the Fornax cluster environment. Serra 
t al. ( 2023 ) present a sample of six galaxies with long one-sided
tarless H I tails radially orientated (in projection) within the cluster. 
he properties of the H I tails represent the first unambiguous 
vidence of the ram pressure that shapes the distribution of H I in
he Fornax cluster. Low-mass galaxies are especially susceptible to 
nvironmental effects, and the study of H I in Fornax dwarf galaxies
resented in Kleiner et al. ( 2023 ) suggests rapid removal of H I from
ornax dwarfs, which produces a population of quiescent early-type 
warfs in the cluster. 
Ram-pressure stripping is not widespread in poor clusters and 

alaxy groups, since it requires a dense intracluster medium (ICM) 
nd large velocities of galaxies relative to it (Gunn & Gott 1972 ;
oselli & Gavazzi 2006 ). The higher velocity dispersion in clusters

eads to shorter interaction times, which reduces the effect of tidal 
nteractions on galaxies (Boselli & Gavazzi 2006 ). In group environ- 

ents, with lower velocity dispersions, mergers and strangulation are 
ore pre v alent (e.g. Barnes 1985 ; Moore et al. 1996 ; Zabludoff &
ulchaey 1998 ; McGee et al. 2009 ; Jung et al. 2022 ; Loubser et al.

022 ), and results show slower time-scales for the quenching of star
ormation (De Lucia et al. 2012 ; Wetzel et al. 2013 ). Furthermore,
he properties of group galaxies appear to correlate with the group 
alo mass and virial radius, also suggesting that quenching in groups
s different from quenching in clusters (Weinmann et al. 2006 ; Woo
t al. 2013 ; Haines et al. 2015 ). 

It is well known that galaxies in cluster environments are more 
ikely to have suppressed star formation rates and less cold gas than
alaxies of similar stellar mass in less dense environments. Ho we ver,
he suppression of star formation in the outer regions of clusters
annot be reproduced by models in which star formation is quenched 
n infalling galaxies only once they enter the cluster, but is consistent
ith some of them being first (gently) quenched within galaxy groups

Haines et al. 2015 ). This is also reproduced by simulations (Bah ́e
t al. 2013 ). In particular, spiral galaxies with low star-formation
ates in the outskirts of clusters requires the presence of external 
environmental) mechanisms that can transform and quench galaxies 
efore they fall into the cluster (Zabludoff et al. 1996 ; Fujita 2004 ;
orter et al. 2008 ; Haines et al. 2013 ; Fossati et al. 2019 ). This non-
ecular evolution of galaxies that occurs in the group environment 
rior to entering a cluster is widely referred to as ‘pre-processing’. 
Two virial radii south-west of the Fornax cluster centre lie the 

alaxy group, Fornax A, centred around NGC 1316. 1 (Schweizer 
980 ; Mackie & Fabbiano 1998 ; Goudfrooij et al. 2001 ; Iodice et al.
017 ; Raj et al. 2020 ; Kleiner et al. 2021 ). The Fornax A group
ppears to be in an early stage of assembly with respect to the
luster core (Raj et al. 2020 ). The central velocity of the Fornax
 group is 1778 km s −1 with a velocity dispersion of 204 km s −1 
 NGC 1316 is often also referred to as Fornax A. For clarity, we refer to the 
roup as Fornax A, and the central galaxy as NGC 1316 throughout the rest 
f the paper. 

o
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d  
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Maddox et al. 2019 ). The environment is not as dense as that of
he cluster core (with a velocity dispersion of 318 km s −1 ; Maddox
t al. 2019 ), and unlike Fornax, the photometric properties of galaxies
o not exhibit any clear trend with group-centric distances (Iodice 
t al. 2019 ; Raj et al. 2020 ). It is suggested that NGC 1316 itself
ormed about 1 to 2 Gyr ago through a merger between a lenticular
nd a Milky Way-like galaxy (Lanz et al. 2010 ; Serra et al. 2019 ).
ogether with subsequent intragroup interactions (Schweizer 1980 ; 
odice et al. 2017 ), this event supplied the intragroup medium (IGrM)
ith neutral and ionized gas (Kleiner et al. 2021 ). Six of the nine

ate-type galaxies in Fornax A show an up-bending break in their
ight profiles (i.e. steeper towards the centre), suggestive either of 
trangulation slowly stopping star formation in their outskirts, or 
nhanced star formation in the outer discs (see discussion in Raj
t al. 2020 ). Many of the details of the physical processes at work on
alaxies in Fornax A are not yet clear (Raj et al. 2020 ; Kleiner et al.
021 ). 
The Fornax A group is an ideal system to study pre-processing in

roup environments. It is located at the cluster-centric distance (two 
irial radii) where pre-processing is believed to occur (Lewis et al.
002 ; Fujita 2004 ; Mahajan, Raychaudhury & Pimbblet 2012 ; Bah ́e
t al. 2013 ; Haines et al. 2015 ). Using MeerKAT commissioning data,
leiner et al. ( 2021 ) classified the Fornax A galaxies detected in H I

nto different stages of pre-processing (early, ongoing, advanced) 
ccording to their neutral hydrogen (H I ) morphology, content, and
osition relative to gas scaling relations (atomic and molecular). 
Constraining time-scales of quenching can be very informative. 

or instance, starvation implies longer time scales for a galaxy to
ease its star formation (on the order of a few Gyr; Wetzel et al.
013 ; Boselli et al. 2014 ) compared to shorter time-scales due to
ctive gas removal, e.g. ram-pressure stripping (on the order of a
ew hundreds of Myr; see Cortese, Catinella & Smith 2021 for a
iscussion). To constrain time-scales, we need to probe the stellar 
opulations of galaxies. This is particularly useful where we can 
ombine or compare stellar populations with detailed studies of the 
old gas distribution and kinematics probing relatively recent gas 
emoval (see Loni et al. 2023 for an example of a Fornax member,
GC 1436). Since observations only provide a single snapshot during 

he evolution of a galaxy, we need to devise parameters that can
escribe the specific star formation rate (sSFR) of a given galaxy
 v er different time-scales. F or e xample, the H α emission line from
 II regions traces the recent SFR on the order of the last 10 Myr,
hile the H δ or D4000 Å absorption features and the g –r colour

oughly trace the SFR av eraged o v er the last 800 Myr (Balogh et al.
999 ; Kauffmann et al. 2003 ). Together, these optical features allow
or a view into the change in the star formation rate (e.g. Wang &
illy 2020 ; Corcho-Caballero et al. 2021 , 2023a , b ; Weibel, Wang &
illy 2023 ). 
In this paper, we study the stellar populations of 10 galaxies in the

ornax A galaxy group. Nine of these galaxies were classified into
ifferent stages of pre-processing based on highly resolved MeerKAT 

bservations (Kleiner et al. 2021 ). Here, we analyse stellar population 
ndicators to compare the stellar populations of the galaxies to 
heir gas content, and constrain quenching time-scales. We measure 
rofiles of the equi v alent width of H α (EW(H α)), construct an
geing diagram of EW(H α) against g –r colours for the galaxies, and
t stellar population models to describe the star formation histories 
f the galaxies, both in their centres and their outskirts. 
In Section 2 , we describe our South African Large Telescope

SALT) observations, as well as the existing optical photometric 
ata and H I data that we draw upon. In Section 3 , we present our
mission line measurements, in particular the equi v alent width of
MNRAS 527, 7158–7172 (2024) 
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Table 1. The Fornax A galaxies observed with SALT. We also list their FCC and FDS catalogue names. The pre- 
processing classification is from Kleiner et al. ( 2021 ), except for NGC 1341 which was outside their field of view. H I 

masses are from Kleiner et al. ( 2021 ), except NGC 1341 which was estimated as described in Section 2.3 (and marked 
with a � ). 

Name FCC FDS RA Dec. Pre-processing H I mass 
(deg) (deg) (M �) 

NGC 1326B FCC 39 FDS25 0001 51.3331 –36.3849 early 4.6E + 09 
NGC 1310 FCC 13 FDS28 0420 50.2643 –37.1017 ongoing 4.8E + 08 
NGC 1316 FCC 21 FDS26 0001 50.6741 –37.2082 ongoing 6.8E + 07 
ESO 301-IG11 FCC 28 FDS26 0000 50.9767 –37.5100 ongoing 1.4E + 08 
NGC 1326 FCC 29 FDS25 0000 50.9842 –36.4647 ongoing 2.3E + 09 
FCC 35 FCC 35 FDS25 0008 51.2673 –36.9277 ongoing 3.3E + 08 
NGC 1317 FCC 22 FDS26 0254 50.6845 –37.1038 advanced 2.8E + 08 
NGC 1316C FCC 33 FDS26 0003 51.2432 –37.0096 advanced 1.7E + 07 
FCC 46 FCC 46 FDS22 0244 51.6043 –37.1278 advanced 1.2E + 07 
NGC 1341 FCC 62 FDS22 0000 51.9932 –37.1493 not classified 2.7E + 08 � 
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3 Su et al. ( 2022 ) consolidated previous FDS photometric catalogues for 
consistent measurements. Their sample contains eight of our 10 galaxies, 
and we compared the photometric measurements used here from different 
sources with their consistent measurements. The mean difference between 
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 α. We convert our measurements into parameters that probe stellar
opulations of different ages in Section 4 , and do full-spectrum
tting of stellar population models in Section 5 . We combine our
ndings with previous results from multiwavelength data, and use

t to interpret the process(es) at work in Fornax A in Section 6 . We
ummarize our conclusions in Section 7 . 

 DATA  

.1 SALT obser v ations and data reduction 

e observed the 10 Fornax A galaxies listed in Table 1 using the
obert Stobie spectrograph (RSS) on SALT (Burgh et al. 2003 ;
obulnicky et al. 2003 ), programme numbers 2019-2-ML T -002 and
021-1-SCI-019 (PI: Loubser). We use the RSS long-slit mode, with
he 8 arcmin slit orientated as shown in Figs 1 and 2 . The slits were
ligned in the direction of the major axis, except for NGC 1316
here the slit was aligned with the H I gas morphology to probe the

et/interstellar medium interaction (for a separate study). We set the
G1300 grating at an angle of 44.5 ◦, which corresponds to a spatial
cale of 0.127 arcsec and a spectral scale of 0.33 Å per unbinned
ixel. The rest wavelength range covered by the spectra is 4780 to
790 Å. Using 2 × 2 binning, we obtain science exposures of 3 × 820
econds per target (for all 10 galaxies, all three exposures per target
ere taken consecutively), in intermediate seeing conditions (up to
 maximum 2.5 arcsec), and in grey time. We also observe a Th–
r arc for wavelength calibration directly after each set of science

xposures, and a spectrophotometric standard star for relative flux
alibration during the observing semester. 

Basic corrections and calibrations such as the o v erscan, gain,
ross-talk corrections and mosaicking are performed by the SALT
cience pipeline, PYSALT 2 (Crawford et al. 2010 ), developed in
he PYTHON / PYRAF environment. We also perform subsequent data
eduction steps in PYSALT by following the standard long-slit data
eduction techniques. Cosmic rays were remo v ed from the two-
imensional spectrum using the SALT crclean algorithm. The
wo CCD gaps were filled with interpolated pixel v alues; ho we ver,
e a v oided these tw o w avelength ranges during measurements and

pectral fitting. We perform wav elength calibration, sk y subtraction,
nd flux calibration on the two-dimensional spectra. The three
NRAS 527, 7158–7172 (2024) 
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xposures for each target were then combined by taking the median
nd applying a 3 σ clipping algorithm. 

.2 Photometric data 

or the Fornax A galaxies, we use FDS data by Raj et al. ( 2020 )
or all galaxies, except for NGC 1316 and FCC 46 which were not
art of their sample. For NGC 1316, we use the FDS measurements
rom Iodice et al. ( 2017 ), and for the dwarf galaxy FCC 46, we use
he FDS measurements from Venhola et al. ( 2018 ). In particular, we
se g –r colours measured from FDS by Iodice et al. ( 2017 ), Venhola
t al. ( 2018 ), and Raj et al. ( 2020 ). They are listed in Table 2 . 3 We
btain the estimated stellar mass M ∗ from the FDS photometric data
nd the empirical relation from Taylor et al. ( 2011 ) which assumes a
habrier (Chabrier 2003 ) initial mass function (IMF) 

log 10 

(
M ∗
M �

)
= 1 . 15 + 0 . 70( g − i) − 0 . 4 M i , (1) 

here M i is the absolute magnitude in the i band. The stellar masses
re indicated in Table 2 . The stellar mass of the early-type central
roup galaxy, NGC 1316, is given as between 5.2 and 8.3 × 10 11 M �
n Iodice et al. ( 2017 ). For our purposes, it suffices to use the mean
f 6.7 × 10 11 M � in Table 2 . 
The ef fecti ve half-light radii, R e (in arcsec), of the Fornax A

alaxies are also taken from Iodice et al. ( 2017 ), Venhola et al.
 2018 ), and Raj et al. ( 2020 ), and derived from the r -band FDS
ata. We extract EW(H α) along the slit out to at least R e for most
alaxies, except NGC 1326 (0.3 R e ), NGC 1316 (0.6 R e ), and NGC
317 (0.9 R e ). In these three cases, the equi v alent width of H α became
oo noisy to accurately measure beyond these radii. 

.3 MeerKAT H I 

he H I observations of Fornax A were taken during the commis-
ioning of the MeerKAT telescope, 4 in preparation for the MeerKAT
he g– r colours used here and the ones from Su et al. ( 2022 ) is only 0.02 mag, 
he largest difference being 0.07 mag for NGC 1316. The difference has a 
egligible effect on our results. 
 Operated by the South African Radio Astronomy Observatory (SARAO). 

https://pysalt.salt.ac.za
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Figure 1. Optical, composite ( g , r , and i band) FDS image of the galaxy with H I from Kleiner et al. ( 2021 ) o v erlaid as contours. The position and orientation 
of the SALT slits are indicated in red, and the H I beam size is shown in the bottom left corner. 

Figure 2. Optical FDS image for NGC 1341 that was outside the field of 
view of Kleiner et al. ( 2021 ). The position and orientation of the SALT slit 
are indicated in red. 
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 ornax Surv e y (MFS), and are described in Kleiner et al. ( 2021 ).
ll H I mass detections reported in Table 1 are from Kleiner et al.

 2021 ), except NGC 1341, which was outside the field of view
f the MeerKAT commissioning observations, but was previously 
etected in H I by Courtois & Tully ( 2015 ). We estimate the H I mass
f NGC 1341 using the observations reported in Courtois & Tully
 2015 ) (their table 3), and similar to Kleiner et al. ( 2021 ), we use
quation (50) in Meyer et al. ( 2017 ) and a distance of 20 Mpc to
ornax A. We emphasize that the observations do not have the same
ensitivity as the MeerKAT commissioning data and we use this H I

ass only as an estimate. 
Kleiner et al. ( 2021 ), in their MeerKAT study of Fornax A, define

he pre-processing stages as: (i) early – galaxies that have not yet
 xperienced pre-processing, hav e e xtended H I discs and a high H I

ontent with a H 2 -to-H I ratio that is an order of magnitude lower
han the median for their stellar mass; (ii) ongoing – galaxies that
re currently being pre-processed, display H I tails and truncated H I

iscs with typical gas fractions and H 2 -to-H I ratios; (iii) advanced
MNRAS 527, 7158–7172 (2024) 
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Table 2. Optical properties of the Fornax A galaxies observed on SALT. We measure the redshift ( V ) from the SALT spectra (with a spectral 
resolution of 35 km s −1 ) and compare it to previous measurements from the literature (compiled by Maddox et al. 2019 ). The references for the 
redshift data in the literature are M19 (Maddox et al. 2019 ), F1989 (Ferguson 1989 ), and the Two Micron All Sky (Jarrett et al. 2000 ; Skrutskie 
et al. 2006 ) Redshift Surv e y (2MRS; Huchra et al. 2012 ). We also list the SALT integrated equi v alent width measurements of H α and the radius 
of the aperture. The stellar masses are from the FDS surv e y (Iodice et al. 2017 ; Venhola et al. 2018 ; Raj et al. 2020 ). Galactic extinction E ( B − V ) 
is taken from Schlafly & Finkbeiner ( 2011 ). The photometric properties [ r and g –r magnitude, ef fecti ve half-light radius ( R e ) in arcsec] are from 

the FDS surv e y (Iodice et al. 2017 ; Venhola et al. 2018 ; Raj et al. 2020 ). 

Name V SALT V Lit Log EW(H α) M ∗ E ( B − V ) r ( g –r ) R e 

(km s −1 ) (km s −1 ) (M �) (mag) (mag) observed (arcsec) 

NGC 1326B 957 1005 (F1989) 1.0250 (1.0 R e ) 1.8E + 09 0.018 –18 .92 0 .34 53.0 ± 2.0 
NGC 1310 1817 1807 (2MRS) 1.0373 (1.0 R e ) 4.7E + 09 0.021 –19 .4 0 .55 27.6 ± 0.2 
NGC 1316 1810 1760 (2MRS) 0.2706 (0.6 R e ) 6.7E + 11 0.018 –23 .6 0 .74 87.0 ± 2.0 
ESO 301-IG11 1320 1396 (2MRS) 1.2037 (1.0 R e ) 2.9E + 09 0.021 –18 .4 0 .56 22.1 ± 0.5 
NGC 1326 1320 1363 (F1989) 1.0390 (0.3 R e ) 2.9E + 10 0.017 –21 .51 0 .78 48.2 ± 1.0 
FCC 35 1863 1827 (M19) 1.7890 (1.0 R e ) 1.7E + 08 0.018 –16 .55 0 .18 17.1 ± 0.4 
NGC 1317 1998 1941 (2MRS) 0.1576 (0.9 R e ) 1.7E + 10 0.018 –21 .34 0 .79 35.4 ± 0.1 
NGC 1316C 2043 1974 (M19) 0.9815 (1.0 R e ) 1.4E + 09 0.019 –18 .08 0 .68 22.6 ± 0.5 
FCC 46 2313 2268 (M19) 0.1649 (1.0 R e ) 2.0E + 08 0.017 –17 .27 0 .53 8.5 ± 0.8 
NGC 1341 1908 1881 (M19) 1.3707 (1.0 R e ) 5.5E + 09 0.014 –19 .43 0 .53 20.6 ± 0.4 
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Figure 3. The Fornax A galaxies on the BPT diagram (Baldwin, Phillips & 

Terlevich 1981 ). The demarcation lines of Kauffmann et al. ( 2003 ) and 
K e wley et al. ( 2001 ) are indicated. We plot all galaxies with filled symbols 
for line ratios within 0.3 R e and empty symbols for the apertures from 0.3 R e 

to the maximum R e used. The three different stages of pre-processing are 
given in blue, green, and red, for early, ongoing, and advanced stages, while 
NGC 1341 (grey) was not classified. For NGC 1326, we only measure the 
central aperture, and for FCC 46, we do not detect any emission lines in the 
outer aperture. 
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galaxies are H I deficient, no H I in the outer disc, and H 2 -to-H I

atios that are an order of magnitude higher than the median for their
tellar mass. 

The MFS is currently being e x ecuted and is mapping the distribu-
ion and kinematics of H I in the Fornax cluster using the MeerKAT
elescope. The surv e y footprint co v ers the central region of the cluster
ut to the virial radius, and extends out to two virial radii towards the
outh-west to include the Fornax A group. The MFS observations
mpro v e the sensitivity and resolution of previous H I observations
y at least an order of magnitude (Serra et al. 2023 ). We include the
nalysis of the SALT spectra for NGC 1341 here, although its H I

ass (with the same sensitivity as for the other Fornax A galaxies)
ill only be measured upon completion of the MFS surv e y. The MFS
esign, observations, and H I data reduction are described in detail
n Serra et al. ( 2023 ). 

For the H 2 and CO measurements that allowed Kleiner et al.
 2021 ) to classify the different stages of pre-processing, we refer
o Morokuma-Matsui et al. ( 2019 ), Zabel et al. ( 2019 ), Kleiner et al.
 2021 ), and Morokuma-Matsui et al. ( 2022 ). 

 ME A SUREM ENTS  F RO M  O P T I C A L  DATA  

.1 Emission line measurements 

e fit the stellar continuum and measure any emission lines present
n our SALT spectra using the penalized Pixel-Fitting 5 ( PPXF ; Cappel-
ari & Emsellem 2004 ; Cappellari 2017 ) and the Gas and Absorption
ine Fitting 6 ( GANDALF ; Sarzi et al. 2006 ) codes, respectively, using
ingle-age stellar-population templates from the MILES library of
azdekis et al. ( 2015 ) 7 During the PPXF stellar template fitting, we
rst mask regions potentially affected by emission, as well as the two
ALT CCD chip gaps. Upon determining the optimal combination
f stellar templates, we then fit the emission lines with Gaussian
unctions. We fit for the Balmer H α and H β recombination lines, and
he [O III ] λλ4959, 5007, [O II ] λλ6300, 6363, [N II ] λλ6548, 6583,
nd [S II ] λλ6713, 6730, forbidden lines. We use a multiplicative
olynomial of the 6th degree to adjust the shape of the continuum
NRAS 527, 7158–7172 (2024) 
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o  

i  

t
T  
o account for flux calibration differences. Therefore, we do not
erive the stellar reddening using the shape of the continuum. SALT,
iven its design, has a varying pupil size during observations, which
recludes accurate absolute flux calibration. We (i) only use emission
ine ratios of lines adjacent to each other (Fig. 3 ), and (ii) note whether
r not the lines were detected abo v e an amplitude-to-noise ratio (A/N)
f 2 (Table 3 ): 
(i) We are interested in the H α equi v alent width as an indicator

f star formation o v er the last 10 Myr, and assume that H α emission
s directly associated with star formation. Therefore, we checked
he line ratios indicating star formation on the Baldwin–Phillips–
erlevich (BPT) diagram (Baldwin, Phillips & Terlevich 1981 ) pre-
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Table 3. Emission line detections (with A/N > 2) in the SALT spectra of 
Fornax A galaxies. Central (‘c’) refers to lines detected within 0.3 R e , while 
outer (‘o’) to lines detected in 0.3 R e to the maximum R e used (see Table 2 ). 
For NGC 1326, we only measure the central aperture. For FCC 46, we do not 
detect any emission lines in the outer aperture, and for NGC 1316, we do not 
detect any emission lines with A/N > 2 in the outer aperture. 

Name c/o Lines detected 

NGC 1326B c H α, H β, [O III ] 
o H α, H β, [O III ], [S II ] 

NGC 1310 c H α, [S II ], [N II ] 
o H α, H β, [S II ], [N II ] 

NGC 1316 c H α, [N II ] 
o –

ESO 301 −IG11 c H α, H β, [S II ], [N II ] 
o H α, H β, [S II ], [N II ] 

NGC 1326 c H α, H β, [S II ], [N II ] 
FCC 35 c H α, H β, [S II ], [O III ], [N II ] 

o H α, [S II ], [O III ] 
NGC 1317 c H α, H β, [O III ] 

o H α, [S II ], [N II ] 
NGC 1316C c H α, H β, [S II ], [N II ] 

o H α, [S II ], [N II ] 
FCC 46 c H α, [O III ] 

o –
NGC 1341 c H α, H β, [S II ], [N II ] 

o H α, H β, [S II ], [N II ] 
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ented in Fig. 3 . We also indicate the demarcation lines by Kauffmann
t al. ( 2003 ) and K e wley et al. ( 2001 ). Line ratios from AGN lie
bo v e the K e wley et al. ( 2001 ) line, and for star formation below the
auffmann et al. ( 2003 ) line, with the composite part of the diagram

n between the two lines. We plot all the galaxies on the BPT-diagram
with filled symbols for 0.3 R e apertures and empty symbols for the
pertures that range from 0.3 R e to 1.0 R e ). Ho we ver, not all detected
ines (H α, H β, [N II ], and [O III ]) were detected abo v e an A/N of 2
T able 3 ). W e also indicate the three different stages of pre-processing
y using different colours (blue for early, green for ongoing, red for
dvanced, and grey for NGC 1341 which was not classified). There 
re some caveats to the BPT diagram, such as that not all lines were
etected abo v e an A/N of 2, and that other ionization mechanisms,
.g. shocks, can also lead to AGN-like emission (K e wley et al. 2006 ).
evertheless, only the data points of NGC 1316 fall within the 
GN part of the BPT diagram (as expected, see e.g. Maccagni et al.
021 ), while the rest lie in the star forming or composite sections of
he diagram. We therefore assume that, apart from NGC 1316, the 
onizing photons in the galaxies originate from the underlying stellar 
opulation. In particular, the contribution to the H α emission is 
ssumed to originate entirely from young massive O and B stars
e.g. Kennicutt 1998 ). There might be some particular cases, e.g. 
ost-AGB stars, for which H α emission can be produced by other 
rocesses, but in statistical terms and on integrated scales the emis-
ion from young stars dominates (Corcho-Caballero et al. 2023a ). 

(ii) Line detections can also be used as a qualitative time-scale 
ndicator for quenching, and we indicate the lines present in the 
pectra (abo v e an A/N of 2) in Table 3 . If star formation is ongoing,
hen O stars keep [O III ] present. If star formation is quenched, O stars
re the first to disappear, whereas B stars keep hydrogen ionized for
onger. The ratio [O III ]/H α can be considered an indicator of recent
uenching (Citro et al. 2017 ; Quai et al. 2018 ), but we refrain from
sing this ratio because of the lack of absolute flux calibration and we
se the presence of the emission lines only as a qualitative indication
f quenching. 
.2 EW(H α) measurements 

e use H α emission line equi v alent width (EW) measurements as
n indicator of star formation to probe quenching along the long-slit.
he EW of the nebular lines is measured in the rest frame by dividing

he line flux by a measure of the surrounding continuum. To allow
irect comparison with previous work, we measure the EW(H α) 
ollowing the definition in Corcho-Caballero et al. ( 2023a , b ): 

W (H α) ≡
∫ 6575 

6550 

( 

F λ( λ) 
F B λR −F R λB 

λR −λB 
+ λF R −F B 

λR −λB 

− 1 

) 

d λ (2) 

here F B and F R correspond to the mean flux per unit wavelength
omputed in the 6470–6530 Å and 6600–6660 Å bands, with central 
avelengths λB = 6500 Å and λR = 6630 Å, respectively. With this 
efinition, positiv e and ne gativ e values of EW denote emission and
bsorption, respectively. The limiting detectable EW(H α) measure- 
ent depends on the A/N of the line and the surrounding continuum,

s well as the velocity dispersion of the line (Sarzi et al. 2006 ). For
 barely detected H α line (A/N = 2) with dispersion 80 km s −1 ,
he limiting EW is 1.5 Å for a continuum with S/N = 6 (Belfiore
t al. 2018 ). The higher EW(H α) corresponds to younger stellar
opulations. We list the integrated equi v alent width measurements 
f H α and the radius of the aperture in Table 2 , and use it in Figs 4 to 7 .

.3 g –r colours from the FDS sur v ey 

e use g– r colours from the FDS surv e y (Iodice et al. 2017 ; Venhola
t al. 2018 ; Raj et al. 2020 ), as included in Table 2 . Optical colours
uch as g –r may be substantially affected by dust extinction. The
ux calibration of SALT is not accurate enough to use the shape of

he continuum to correct for dust extinction (see Section 3.1 ). For
he same reason, and because H β line emission is often weak, we do
ot use the H α and H β emission line measurements to correct for
ust extinction in g –r colours. Typically, colour excesses for internal
 xtinction on resolv ed re gions of CALIFA galaxies (of all types)
ange between E ( g –r ) = 0.1 and 0.3 mag (Corcho-Caballero et al.
021 ). Therefore, we rather use a ( g– r ) intrinsic = ( g– r ) observed − E ( g –
 ) correction where E ( g –r ) is 0.2 ± 0.1. This is sufficient for our
urposes to interpret the ageing diagram ( AD ) in Section 4.2 , where
e indicate both the observed colours and the estimated correction 
n the diagram. The estimated correction will not change our main
onclusions from Section 4.2 . Galactic extinction E ( B − V ), taken
rom Schlafly & Finkbeiner ( 2011 ), is small and is given in Table 2
or reference. 

The FDS data allow for the colour profiles to be extracted out to
e veral ef fecti ve radii. We use the azimuthally averaged g –r colour,
ut we also examined the surface photometry profiles ( g and r ),
articularly within the central R e of Raj et al. ( 2020 ). Any relative
hanges between the g and r profiles within R e (see also the g –r colour
aps presented in Raj et al. 2020 ), or differences compared to the

verage g– r colour, are significantly smaller than the uncertainty on 
ust correction or the spread of the ageing sequence or the expected
ariations in H α. 

 QU EN C H IN G  TIME-SCALE  I N D I C ATO R S  

.1 The presence of [O III ] 

s mentioned in Section 3.1 , if star formation is ongoing and short-
i ved supermassi ve O and early B stars are present, then O stars
eep the emission line [O III ] present. If star formation is quenching,
 stars are the first to disappear, while B stars keep hydrogen
MNRAS 527, 7158–7172 (2024) 
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M

Figure 4. The AD for Fornax A galaxies based on apertures of 0.3 R e to 1.0 R e . The black dot–dashed curve indicates the secular ageing sequence (and its spread 
in grey) of Corcho-Caballero et al. ( 2023a ). The colour of the data points corresponds to their pre-processing category (blue for early, green for ongoing, red for 
advanced, and grey for uncategorized), and the size of the symbol to the amount of H I , from the smallest red circle (1.4E + 08 M �, FCC 46) to the large blue 
circle (6.2E + 09 M �, NGC 1326B). The solid symbols include an estimated correction of E ( g– r ) = 0.2 ± 0.1, and transparent symbols indicate the observed 
g– r colour, without any correction for the possible effect of dust extinction, as discussed in Section 3.3 . The vertical blue line separates the ‘Quenched’ and 
‘Retired’ parts of the diagram as described in Section 4.2 . 
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Figure 5. EW(H α) profiles in steps of 0.15 R e . The plot illustrates the spatial 
change in the recent sSFR along the slit position. The grey dashed line 
indicates where H α is an absorption line (below the grey dashed line). 
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onized. As Table 3 shows, we detect [O III ] in NGC 1326B, FCC
5 (central and outer regions), and in NGC 1317 and FCC 46
central region; see also Romero-G ́omez et al. 2023 ), implying –
t least qualitatively – that star formation is ongoing or recent in
hese galaxies. These are the galaxies that are remo v ed from the
ecular evolution sequence (defined as the continuous evolution of a
alaxy driven by the consumption of gas through uninterrupted star
ormation until quiescence is reached) as discussed in Section 4.2 . 

.2 The ageing diagram 

e place our galaxies on an AD (see Fig. 4 ) that describes the
orrespondence between the fraction of stars formed during the last
NRAS 527, 7158–7172 (2024) 
10 Myr, as traced by the equi v alent width EW(H α), and the fraction
f stellar mass formed on scales of ∼1 Gyr, using the optical colour
– r (Corcho-Caballero et al. 2021 , 2023a , b ). The expectation is
hat quenching proceeds outside-in, even though this process is more
ubtle in groups than in clusters. Hence, we plot the EW(H α) for
he apertures ranging from 0.3 R e to 1.0 R e on the AD and colour the
ata points by their pre-processing category (blue for early, green
or ongoing, red for advanced, and grey for uncategorized). The
ize of the symbol corresponds to the amount of H I observed with
eerKAT, from the smallest red circle (1.4E + 08 M �, FCC 46) to

he large blue circle (6.2E + 09 M �, NGC 1326B), except for NGC
341 which was beyond the footprint of Kleiner et al. ( 2021 ), and we
stimate the H I mass from the observations reported in Courtois &
ully ( 2015 ). The H α emission of NGC 1316 is more difficult to
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Figure 7. The EW(H α) against projected distance (in degrees) from the 
group centre for Fornax A galaxies is plotted using the 0.3 R e to 1.0 R e 

apertures. Symbol colours and sizes are the same as in Fig. 4 . 
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nterpret due to its significant AGN activity, and we only measure 
he EW(H α) out to 0.6 R e . Therefore, NGC 1316 is not shown in the
lot. NGC 1326 is also not plotted since we only probed the central
art of the galaxy. 
This diagram allows insight into the recent changes in the sSFRs

f galaxies and allows us to separate galaxies go v erned by secular
volution (ageing) from systems whose star formation was inter- 
upted during the last ∼Gyr (quenching). The vertical axis of the AD

epresents an estimate of the average sSFR over the last few Myr
nd traces the mass fraction of short-lived O and B stars that are
ble to ionize the interstellar medium (ISM). The horizontal axis 
f the AD represents an estimate of the average sSFR over ∼0.1–
 Gyr and traces the fraction of intermediate-age stellar populations, 
ominated by A-type stars. Ageing can be understood as the sequence 
f secular evolution (from blue emission to red absorption), indicated 
n Fig. 4 , which takes place o v er sev eral Gyr. Sudden quenching of
tar formation implies a faster transition through the blue absorption 
omain on a time-scale of the order of ∼300 Myr (Corcho-Caballero 
t al. 2023a ). We compare our results in the AD with those in Corcho-
aballero et al. ( 2023a ), and indicate their secular ageing sequence in
lack (and its spread in gre y). The y used large statistical samples of
ore than 9000 galaxies from the Calar Alto Le gac y Inte gral Field
rea (CALIFA) and Mapping Nearby Galaxies at Apache Point 
bservatory (MaNGA) surv e ys, in combination with predictions 

rom IllustrisTNG-100, for emission within 1.5 R e in stellar mass. 
he spread in grey covers around 90 per cent of these samples. 
Most environmental quenching processes can not only diminish 

tar formation, but can also enhance star formation efficiency, which 
ill lead to the depletion of the gas reservoir in very short time-

cales (Zinn et al. 2013 ; Cresci et al. 2015 ; Corcho-Caballero et al.
023b ). The ageing sequence describes objects whose star formation 
aries smoothly o v er time (the last ∼3 Gyr; Abramson et al. 2016 ),
nd implies the normal slow transition from a blue, star forming 
alaxy to a red old galaxy. These objects end in the ‘Retired’ part of
he diagram. Galaxies that experienced quenching episodes during 
he last ∼Gyr, will feature significantly lo wer v alues of EW(H α),
ue to the lack of O and B stars, while still displaying a stellar
ontinuum dominated by intermediate stellar populations (see e.g. 
orcho-Caballero et al. 2023a , b ). These galaxies will end in the

Quenched’ part of the AD . 
Fig. 4 suggests that the sSFR (as measured in the 0.3 R e –1.0 R e 

pertures) on scales of the last few Myrs (on the y -axis) is related to
he pre-processing stage. The sSFR of NGC 1326B (early stage) 
s particularly high beyond 1.0 R e (as seen in Fig. 5 ) but not as
ronounced within 1.0 R e . The AD further suggests that FCC 35,
GC 1326B, and FCC 46 have histories different from secular 

geing during the last Gyr (i.e. they are more ‘blue’ than expected
nd have diminished recent sSFR as measured from EW(H α)). 
he transparent symbols in Fig. 4 indicate the observed g –r colour

( g –r ) observed ), without any correction for the possible effect of dust
xtinction, and the solid symbols indicate the estimated ( g –r ) intrinsic ,
s discussed in Section 3.3 . The star-forming galaxies NGC 1326B
nd FCC 35 are likely to have more significant internal extinction and
ocated leftward from the secular evolution sequence, whereas FCC 

6 will have less internal extinction and the estimated ( g –r ) intrinsic is
ikely too blue. 

These three galaxies (FCC 35, NGC 1326B, and FCC 46) are all
rom different pre-processing classes, and the amount of recent star 
ormation ( y -axis) corresponds to the stage of pre-processing, with
CC 46 at an advanced stage of pre-processing according to its H I

ontent and morphology. We also note that the recent sSFR of FCC
5 is one of the highest in our sample, but very asymmetric (i.e. with
 higher SFR on one side of the galaxy). 

Statistical studies using the AD (Corcho-Caballero et al. 2023a , b )
how that although quenched galaxies are fairly rare (3 to 10 per cent
t z < 0.1), they are more likely to be lower mass systems in dense
n vironments. We in vestigate the relationship with stellar mass in
ection 4.4 . 

.3 Equi v alent width H α radial profiles 

ntegral field spectroscopic observations reveal that not all regions 
ithin a single galaxy are necessarily concentrated in one location on

n ageing diagram, such as in Fig. 4 , but are often broadly extended
long the ageing sequence (Corcho-Caballero et al. 2021 ). We show
he EW(H α) profiles in steps of 0.15 R e in Fig. 5 . Errors were obtained
y measuring and comparing both sides of the galaxy from the centre
nd taking the variance of the two measurements of the same aperture
n both sides of the galaxy. 
The only galaxy that shows a clear EW(H α) profile that decreases

owards the centre is the early-stage pre-processing galaxy NGC 

326B, suggesting it is not yet quenched in the outer parts. From
 cosmological context, we expect that the central regions of star-
orming galaxies are formed at earlier times (‘inside-out’ growth), 
nd are more evolved with a lower sSFR than outer regions, which can
till be gas rich (de Jong 1996 ; Bell & de Jong 2000 ; Mu ̃ noz-Mateos
t al. 2007 ; Gonz ́alez Delgado et al. 2015 ; Belfiore et al. 2018 ).
o we ver, if star-forming galaxies are experiencing strangulation, 

heir outer discs would not have cold gas to sustain star formation. 
NGC 1341 (unknown stage of pre-processing), NGC 1310, and 

SO301-IG11 (both ongoing stage of pre-processing) have flat 
W(H α) profiles within 1.0 R e , inferring that their population of
ery young stars ( < 10 Myr) is distributed throughout the galaxy.
SO301 −IG11, which we could measure further than 1.0 R e shows
 much smaller fraction of very young stars outside of 1.0 R e than the
arly-stage galaxy NGC 1326B. 

FCC 35 (ongoing stage of pre-processing), FCC 46, NGC 1316C, 
nd NGC 1317 (all three advanced stage of pre-processing) still 
how some fraction of very young stars, but only in the centres of
he galaxies. A large fraction of very young stars is found only in the
ase of FCC 35. 

The observed outside-in pre-processing strongly fa v ours envi- 
onmental processes, as opposed to internally triggered quenching 
echanisms such as AGN or supernovae (Croton et al. 2006 ; Fitts

t al. 2017 ). 
MNRAS 527, 7158–7172 (2024) 
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Figure 8. NGC 1316C inner spectrum (0.3 R e ) before (top) and after (bottom) 
emission line and sky line residual removal. The observed spectrum is shown 
in blue, and the best-fitting stellar absorption template combination is shown 
in orange [using the Maraston & Str ̈omb ̈ack ( 2011 ) models, the ELODIE 

stellar library (Prugniel et al. 2007 ), and a Kroupa IMF (Kroupa 2001 )]. 
The fluxes are relative as no absolute flux calibration was performed, and in 
particular the flux in the bottom plot is normalized. 
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.4 The effect of stellar mass 

warf galaxies will react differently to the IGrM than more massive
alaxies. Fig. 6 displays the EW(H α) against stellar mass for Fornax
 galaxies, using apertures of 0.3 R e to 1.0 R e . Both the ongoing and

dvanced pre-processing galaxies have a wide spread o v er stellar
ass. Therefore, the signatures we see in the outer parts of galaxies

annot be attributed to stellar mass alone. Ho we ver, the galaxies
emo v ed from the ageing sequence, and in particular the dwarf
alaxies (FCC 35 and FCC 46), are the lowest stellar mass galaxies
n our sample. 

.5 The effect of spatial distribution 

e consider the spatial projected distribution of the galaxies with
espect to the centre of the group, as that can also influence the
ikelihood of pre-processing. Fig. 7 illustrates the projected distances
in degrees) from the centre (NGC 1316) as given in Raj et al. ( 2020 ).

e find no obvious correlation between the projected distances and
he pre-processing stage or recent sSFR. Raj et al. ( 2020 ) also find no
lear trend in the properties of Fornax A galaxies with group-centric
istances in their photometric analysis. This is also the case when we
onsider galaxies with the closest projected distances to the cluster
see fig. 2 in Kleiner et al. 2021 ). Ho we v er, the galaxies remo v ed
rom the ageing sequence (FCC 35, NGC 1326B, and FCC 46) are
ome of the galaxies f arthest aw ay from the group centre, but closest
o the main Fornax cluster. 

 FITTING  STELLAR  POPULATION  M O D E L S  

e now turn our attention to the stellar absorption features and
t evolutionary population synthesis models (e.g. Worthey 1994 ;
eavens, Jimenez & Lahav 2000 ; Cid Fernandes et al. 2005 ; Ocvirk

t al. 2006 ; Kole v a et al. 2009 ; Vazdekis et al. 2010 ; Maraston &
tr ̈omb ̈ack 2011 ). While this can describe star formation episodes
 v er longer time-scales, it is based on assumptions rather than a
odel-independent approach such as the AD , and both methods

hould be regarded as complementary. 
We use the Fitting IteRativEly For Likelihood analYsis ( FIREFLY ;
ilkinson et al. 2017 ) code 8 to fit stellar population models. FIREFLY

s a chi-squared minimization fitting code that fits combinations
f single-burst stellar population models to spectra, following an
terative best-fitting process controlled by the Bayesian information
riterion. Stellar population synthesis assumes that the stellar pop-
lations in galaxies consist of the sum of single stellar populations
SSPs), populations that consist of stars all born at the same time and
ith the same metallicity. All solutions within a statistical cut are

etained with their weight, as fully described in Wilkinson et al.
 2017 ). No additive or multiplicative polynomials are employed
o adjust the spectral shape. All spectra were corrected for fore-
round Galactic extinction using the reddening maps of Schlegel,
inkbeiner & Davis ( 1998 ), even though the Galactic extinction is
mall (see Table 3 ). Before using FIREFLY , we subtract the emission
ines using the GANDALF Gaussian fits described in Section 3.1 . In
ig. 8 , we show the inner spectrum (the aperture within 0.3 R e ) of
GC 1316C as an example both before and after subtraction of the

mission lines and some residual cosmic rays or sky lines. 
The SSP analysis assumes that the observed spectrum is composed

f the sum of discrete populations (single-burst stellar populations),
NRAS 527, 7158–7172 (2024) 
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S  

u  
n contrast to continuous star formation. This time-averaged approx-
mation is an idealized representation that is only valid for certain
alaxy populations, such as early-type galaxies that are believed to
av e e xperienced relativ ely short and intense bursts of star formation
n the past. In reality, many galaxies undergo multiple episodes of
tar formation and may have more complex star formation histories.
evertheless, SSPs can still provide useful insights into the average
roperties of the stellar population, particularly when studying
ntegrated light. Ho we ver, it should be interpreted with additional
onstraints, such as multiwavelength observations or spatially re-
olved studies. Here, we focus on the differences between the inner
nd outer apertures (i.e. gradients rather than absolute properties),
hich eliminates, to some extent, the systematic uncertainty inherent

n different stellar population models and ingredients (Loubser &
 ́anchez-Bl ́azquez 2012 ; Ratsimbazafy et al. 2017 ). 
We use models by Maraston & Str ̈omb ̈ack ( 2011 ) that are

alculated keeping the energetics fixed but vary the input stellar
pectra, as well as models by Vazdekis et al. ( 2015 ). We experiment
ith three different empirical libraries, namely MILES (S ́anchez-
l ́azquez et al. 2006 ), STELIB (Le Borgne et al. 2004 ), and ELODIE

Prugniel et al. 2007 ). Testing different combinations of models and
ibraries allows us to understand the systematic uncertainty involved
n the fit of the model (Groenewald & Loubser 2014 ; Loubser et al.
016 , 2021 ). Here, we present the combination of Maraston &
tr ̈omb ̈ack ( 2011 ) and ELODIE (Prugniel et al. 2007 ). Ho we ver,
sing Vazdekis et al. ( 2015 ) and MILES (S ́anchez-Bl ́azquez et al.

http://www.icg.port.ac.uk/firefly/
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006 ) does not alter the conclusions. Because we do not expect
o be able to capture variations in the initial mass function (IMF)
hrough spectral fitting, we use the Kroupa IMF (Kroupa 2001 ) 

odels. Again, the results hardly change if we use a Salpeter IMF
Salpeter 1955 ). 

Wilkinson et al. ( 2017 ) e xtensiv ely tested the effect of the adopted
avelength range when fitting stellar population models by using 
ock galaxy spectra and a star cluster for which the age and
etallicity are known. They concluded that ELODIE-based models 

ead to consistent ages when a large wavelength range is used, but
ail to do so when bluer wavelength ranges are not taken into account
approximately below 4300 Å, the region particularly sensitive to 
eatures from younger stars). Similar to the MUSE analysis reported 
n Loni et al. ( 2023 ) for the Fornax galaxy NGC 1436, we exclude
tellar templates below 1 Gyr; this not only impro v es the model fits,
ut also impro v es the consistenc y between the results we obtain using
ifferent model and library combinations. 
We fit the central apertures (within 0.3 R e ) and the outer apertures

0.3 R e to 1.0 R e , both sides of the galaxy combined) of all galaxies
o determine their mass-weighted SSP-equi v alent ages. We interpret 
he difference as an indicator of age gradients, rather than trying 
o derive a full star formation history with limited information. 
tellar templates below 1 Gyr were excluded, although for NGC 

316, we found that templates for very young stars ( < 1 Gyr) had
o be considered to obtain good fits. Because it is a complex AGN
ost galaxy, this does not necessarily imply the presence of younger 
tellar populations, and we do not draw conclusions from the stellar
opulation fit of NGC 1316. We only extract a central aperture 
or NGC 1326. Fig. 9 displays the gradients, coloured by pre- 
rocessing stage. For completeness, we also show the best-fitting 
IREFLY combinations of single-burst stellar population models to 
ur spectra (inner and outer apertures) in Appendix A . 
We only see a significant age gradient for FCC 35, and notable age

radients for NGC 1310 and FCC 46 (as the uncertainties inherent 
n age determination increase for older SSP-equi v alent ages, see 
oubser et al. 2016 ). NGC 1310 and FCC 35 are both in an ongoing
tage of pre-processing, and FCC 46 is in an advanced stage of pre-
rocessing. The mass-weighted SSP-equi v alent age of NGC 1310 is
ounger in the inner region, whereas for FCC 46, it is older in the
nner region, although for FCC 46, both the inner and outer regions
ave ages older than 10 Gyr. For FCC 35, the mass-weighted SSP-
qui v alent age is much younger in the outer region. This gradient is
pposite to the recent sSFR gradient measured using the EW(H α)
rofiles, which is enhanced in the centre. The recent sSFR is also
symmetric, and clearly FCC 35 had a very dramatic star formation
istory and evolution (see discussion in Section 6.1 ). 

 PRE-PROCESSING  A N D  QU E N C H I N G  IN  

O R NA X  A  

n this section, we discuss the galaxies individually and combine our
esults obtained from the stellar population indicators with the for- 
ation histories derived from all the multiwavelength observations 

vailable. 
In the discussion below, we also use the projected phase–space 

nalysis for the Fornax A group by Raj et al. ( 2020 ). They showed
hat most of the group members are located in the region of recent
nd intermediate infallers. The ancient infallers are the central galaxy 
GC 1316 and the barred spiral galaxy NGC 1317. The bright spiral
alaxies in the Fornax A group (NGC 1310, NGC 1326A, FCC
35, and NGC 1341) are intermediate infallers. NGC 1316C, ESO 

01-IG11, NGC 1326, and NGC 1326B are recent infallers. 
We also note that the crossing time of the group is ∼ R vir / σgr =

 . 38 Mpc / 204 km s −1 ∼ 1 . 8 Gyr, using R vir from Drinkwater et al.
 2001 ) and σ gr from Maddox et al. ( 2019 ). In contrast, the time-scale
or pre-processing is only 240 Myr for a 10 8 M � H I dwarf galaxy
Kleiner et al. 2021 ). 

.1 Individual galaxies 

.1.1 NGC 1326B 

he galaxy is a recent infaller in the group (Raj et al. 2020 ), in an
arly stage of pre-processing (Kleiner et al. 2021 ), and has the highest
 I mass and H I fraction of our sample plotted on the AD . The SALT

lit was placed along the major axis. Therefore, we could extract
W(H α) up to 1.5 R e . The AD implies a recent history ( < 1 Gyr)
ignificantly different from secular ageing, with very recent star 
ormation still present at a moderately high rate. The EW(H α)
rofile varies along the slit within 1.0 R e , but is consistently at its
ighest between 1.0 R e and 1.5 R e . It is the only galaxy to show a clear
W(H α) profile that decreases towards the centre, as the outermost
isc (beyond 1.0 R e ) has a high sSFR and is gas rich. 
The gradient from the mass-weighted SSP-equi v alent ages is 

elatively flat and only slightly younger in the centre. This agrees
ith the results from FDS imaging, that is, that the outer disc of the
alaxy is redder than its inner disc with ( g − i) h out −h in = 0.36 mag
Raj et al. 2020 ), although this is on a scale of more than 2.0 R e . It
as an extended H I symmetric disc, but low-molecular gas content
with no CO detected by ALMA; Morokuma-Matsui et al. 2022 ). It
oes not interact with NGC 1326A, and lies close to the virial radius
f the group (Drinkwater et al. 2001 ), in the direction of the Fornax
luster. 

.1.2 NGC 1310 

GC 1310 is an intermediate infaller in the group (Raj et al. 2020 ),
nd is in an ongoing pre-processing stage (Kleiner et al. 2021 ). The
W(H α) profile has slight variations but ho v ers around log EW(H α)
1 out to 1.0 R e , indicating a spatially extended high recent sSFR,

hich is still consistent with the secular ageing sequence of the
D . The galaxy has extended H I features that are disturbed and
symmetric, and the outer disc appears redder than the inner disc with
verage ( g –i) h out −h in = 0.44 mag (Raj et al. 2020 ) on a scale of more
MNRAS 527, 7158–7172 (2024) 
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han 3.0 R e . Our gradient from the mass-weighted SSP-equi v alent
ges also shows a younger population at the centre. 

.1.3 NGC 1316 

e placed the slit in the direction of the gas detected and not on
he major axis of the stellar halo and therefore derived an EW(H α)

easurement only to 0.6 R e . This giant radio galaxy, the brightest
roup galaxy (BGG), has a unique history in that it displays both
ngoing and advanced stages of pre-processing (Kleiner et al. 2021 ).
t had a merger 1 to 2 Gyr ago (Schweizer 1980 ; Serra et al. 2019 ).
arge amounts of H I (Mackie & Fabbiano 1998 ; Serra et al. 2019 ;
leiner et al. 2021 ), molecular gas (Morokuma-Matsui et al. 2019 ),

nd dust (Schweizer 1980 ; Lanz et al. 2010 ) are detected. 
The H α emission is likely to be, at least in part, a result of the

GN as also shown in Fig. 3 . The mass-weighted SSP-equi v alent
ge is also difficult to interpret. We had to include very young stellar
emplates to obtain a good fit to the observed spectra. This does,
o we ver, not necessarily imply massive fractions of very young
tellar populations. 

.1.4 ESO 301-IG11 

his galaxy is in an ongoing stage of pre-processing (Kleiner et al.
021 ). The slit was placed along the major axis, and we could extract
W(H α) up to 1.5 R e . The integrated value is consistent with the
ecular ageing sequence of the AD . We measure a flat EW(H α)
rofile within 1.0 R e , showing that the population of very young stars
 < 10 Myr) is distributed throughout the galaxy, with a much smaller
raction of very young stars outside of 1.0 R e . The galaxy is blue in
olour, although the outer stellar disc is redder than the inner disc (Raj
t al. 2020 ). The gradient from the mass-weighted SSP-equi v alent
ges is relatively flat. 

.1.5 NGC 1326 

his galaxy is a recent infaller into the group (Raj et al. 2020 ), and is
n an ongoing stage of pre-processing (Kleiner et al. 2021 ). We could
nly measure the flux from within the central core of the galaxy (out
o 0.3 R e ) and not from the extended diffuse stellar halo. We therefore
id not include this galaxy in the AD along with the integrated values
rom the other galaxies. NGC 1326 is the most massive late-type
alaxy in the sample, and shows plenty of star-forming regions (Raj
t al. 2020 ). 

.1.6 FCC 35 

his galaxy is an intermediate infaller in the group (Raj et al. 2020 ),
nd is in an ongoing stage of pre-processing (Kleiner et al. 2021 ). It
as the highest EW(H α) of the group sample (that is, very recent high
SFR). Its EW(H α) profile decreases from the centre outward. The
pectra show extremely strong and narrow emission lines indicative
f a blue compact dwarf or an active starburst H II galaxy. We also
ote that the recent sSFR of FCC 35 is very enhanced but asymmetric
i.e. more so on the side of the galaxy in the direction of the long H I

ail). Neither tidal nor hydrodynamical forces can be ruled out from
he H I analysis, but it is clearly currently/recently undergoing some
nteraction(s) (Kleiner et al. 2021 ). 

This is one of the bluest galaxies (Venhola et al. 2018 ; Raj et al.
020 ), with an outer disc bluer compared to its inner disc with ( g −
) h out −h in = –0.36 mag. This is also evident in the mass-weighted
NRAS 527, 7158–7172 (2024) 
SP-equi v alent age gradient, which is younger in the outer region.
his gradient is opposite to the recent sSFR gradient suggested by

he EW(H α) profile, which is enhanced in the centre. It has a long
 I tail pointing away from the group centre, and is not H I deficient,

uggesting a recent displacement of gas (Kleiner et al. 2021 ). 

.1.7 NGC 1317 

GC 1317 is an ancient infaller into the group (Raj et al. 2020 ) in
n advanced stage of pre-processing (Kleiner et al. 2021 ). The AD

mplies recent histories that are not too different from secular ageing,
ith some measurable very recent star formation, although among

he lowest in the sample (like all three the advanced-stage galaxies).
he H I disc has settled, which suggests that the galaxy has not
een affected by any recent ( < 1 Gyr) environmental interactions.
he galaxy has a red colour (Raj et al. 2020 ), and is H I deficient

with H I clouds nearby), as discussed in Kleiner et al. ( 2021 ). 
The gradient from the mass-weighted SSP-equi v alent ages is

elatively flat. Raj et al. ( 2020 ) found no star formation beyond
he inner 0.5 arcmin disc. This agrees with the results from phase–
pace analysis that suggest that the galaxy has passed through the
ericentre and lost its gas through interactions with the IGrM (see
lso Serra et al. 2019 ). 

This galaxy can be transitioning from a spiral to a lenticular galaxy,
imilar to NGC 1436 (Loni et al. 2023 ). Fig. A7 shows an older
uter disc and a younger inner region still forming stars, and Fig. 5
lso shows quite well how the EW(H α) profile decreases at larger
adii. The pre-processing is advanced, as the H I disc is well settled,
omparable to NGC 1436. 

.1.8 NGC 1316C 

his recent infaller in the group (Raj et al. 2020 ) is in an advanced
tage of pre-processing. It has little H I (unresolved), in a settled
isc, suggesting that the galaxy has not been affected by any recent
nvironmental interactions. The EW(H α) profile decreases outwards
between 0.5 and 1.0 R e ), and the galaxy lies on the secular ageing
equence in the AD . The gradient from the mass-weighted SSP-
qui v alent ages is relatively flat. 

.1.9 FCC 46 

his early-type dwarf is in an advanced stage of pre-processing
Kleiner et al. 2021 ). It is a very small galaxy, and has very little H I

unresolved) that appears kinematically decoupled from the stellar
ody. The AD implies a recent history significantly different from
ecular ageing and little to no recent star formation in the outer
egions. The galaxy is quenched according to the AD . The EW(H α)
rofile decreases sharply between 0.6 and 1.0 R e . The gradient from
he mass-weighted SSP-equi v alent ages sho ws older stars in the
entral region, although both the central and outer regions have ages
lder than 10 Gyr. H I analysis infer that it has recently experienced
 star-forming event, such as a minor merger with a late-type dwarf
here it accreted H I that is now in a polar ring (kinematically
ecoupled from the stellar body) rotating around the optical minor
xis (Kleiner et al. 2021 ). 

.1.10 NGC 1341 

his galaxy, an intermediate infaller in the group (Raj et al. 2020 ),
as relatively high EW(H α) over all radii, indicating that the very
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oung stars are spatially distributed throughout the galaxy. It has an 
ntegrated value that is consistent with the secular ageing sequence 
n the AD . The galaxy is outside the field of view of the MeerKAT
ommissioning observations, but H I has previously been detected by 
ourtois & Tully ( 2015 ). The outer disc of this galaxy is somewhat

edder than its inner disc with ( g –i) h out −h in = 0.08 mag (Raj et al.
020 ), and the gradient from the mass-weighted SSP-equi v alent ages
s relatively flat. Based on the AD alone, we can suggest that the
alaxy is in the early or ongoing stage of pre-processing. Further 
esults based on the EW(H α) profiles suggest that it is in an ongoing
tage. 

.2 The Fornax A group 

he most common physical mechanisms in group environments that 
an transform galaxies from star-forming to quiescent objects are 
erging and strangulation (Barnes 1985 ; Zabludoff & Mulchaey 

998 ; McGee et al. 2009 ). The number of galaxies in the Fornax
 group is nearly ten times lower than that of the Fornax cluster

ore (Venhola et al. 2019 ; Raj et al. 2020 ), where the transformation
f star-forming galaxies into quiescent galaxies is more efficient. 
ornax A has only one early-type galaxy, NGC 1316 (an S0).
he absence of early-type galaxies in the group confirms that 

he group is in a different stage of evolution. The fact that most
alaxies (five out of eight) are on the secular evolution sequence 
mplies that pre-processing does not have an immediate effect on 
he stellar populations and o v erall a ne gligible effect compared to
ecular evolution. The EW(H α) profiles show that the environmental 
ransformation in Fornax A is quenching galaxies from the outside 
n. 

Ho we ver, it should be noted that Fornax A, in its early mass
ssembly phase, is not representative of most nearby galaxy groups. 
ne example of a similar group is IC 1459 (Iodice et al. 2020 ), where

he central and peculiar S0 galaxy is quite similar to NGC 1316, and
ll other members are late-type galaxies with an abundance of H I , as
n Fornax A. In general, other nearby groups will be more advanced
n their evolution and galaxy transformation. 

 SU M M A RY  

e study the stellar populations of 10 galaxies in the Fornax A galaxy
roup. Nine of these galaxies were studied in detail with observations 
rom the MeerKAT telescope and classified into different stages of 
re-processing (Kleiner et al. 2021 ). We analysed their stellar popu- 
ation indicators to compare them to the gas content of the galaxies.
o achieve this, we measured profiles of the equi v alent width of
 α, constructed an ageing diagram of EW(H α) against g –r colours
f the galaxies using the outer region EW(H α) measurements, and 
tted single-burst stellar population models to describe the relative 
tar formation histories of the galaxies in their centres and in their
utskirts. 
We find that the very recent star formation corresponds closely to 

he stage of pre-processing, with the early and ongoing stage galaxies 
n the upper part of the AD , and the advanced stage galaxies in the
ower half of the AD , which probe very recent sSFR on the y-axis
EW(H α)). Using the colour g– r as an indicator for sSFR o v er 0.1
o 1 Gyr, the AD shows that NGC 1326B (early), FCC 35 (ongoing),
nd FCC 46 (advanced) have histories significantly different from 

ecular ageing within the last Gyr. It is possible that star formation
as first enhanced, which led to the depletion of gas reservoirs. For

he two dwarf galaxies (FCC 35 and FCC 46), this agrees with the
onclusions of the H I analysis (Kleiner et al. 2021 ). These tw o dw arf
alaxies have the lowest stellar mass in our sample. 

The fact that these three galaxies (NGC 1326B, FCC 35, and
CC 46) are all from different pre-processing classes suggests 

hat the stage of pre-processing does not relate to the position
f a galaxy relative to the secular ageing sequence on the x -axis.
he process(es) that mo v ed these galaxies from the secular ageing
equence must act on timescales less than 1 Gyr. This strongly
uggests an environmental effect such as ram pressure stripping, as 
trangulation, for example, w ould tak e several Gyr, and the galaxies
ill not deviate strongly from the ageing sequence. The fact that most
alaxies (five out of eight) are on the secular evolution sequence
mplies that pre-processing has a negligible effect, at least on the
tellar properties, compared to secular evolution. 

We also analysed the spatially-resolved measurements of 
W(H α). The only galaxy that shows an EW(H α) profile that
ecreases towards the centre is the only early-stage pre-processing 
alaxy in our sample, NGC 1326B, which suggests that it is not yet
uenched in the outer parts. Our results suggest that the stage of pre-
rocessing is related to the distribution and mass fraction of the very
oung ( < 10 Myr stars): the early stage galaxy (NGC 1326B) has an
ncreasing profile with high sSFR in the outer regions; the ongoing
tage galaxies reveal a distributed population (all o v er the galaxy) of
ery young stars (except for FCC 35 which still has a very high sSFR
n the centre); and the advanced stage of pre-processing galaxies show 

 decreasing profile with very low recent sSFR in the outer regions.
ased on our measurements, we suggest that NGC 1341 (previously 
nclassified) is in an ongoing stage of pre-processing. The outside- 
n pre-processing strongly suggests environmental processes, as 
pposed to internally triggered quenching mechanisms such as AGN 

r supernovae. 
There is no correspondence between the pre-processing stage and 

he mass-weighted SSP equi v alent age gradients ( > 1 Gyr). We only
ee a significant age gradient for FCC 35, and notable age gradients
or NGC 1310 and FCC 46. Both FCC 35 and NGC 1310 are in an
ngoing stage of pre-processing. The mass-weighted SSP-equi v alent 
ge of NGC 1310 is younger in the inner region, while for FCC 35,
t is much younger in the outer re gion. F or FCC 35, this gradient is
pposite to the recent sSFR gradient measured by EW(H α), which is
nhanced in the centre. The recent sSFR is also asymmetric. Clearly,
CC 35 had a very dramatic SFH and evolution. 
In summary, we show that the AD and EW(H α) profiles can be

seful tools to classify the stage of pre-processing in group galaxies,
nd we conclude that the environmental transformation in Fornax A 

s pre-processing the galaxies from the outside in. 
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PPENDI X  A :  BEST-FITTING  FIREFLY  

O M B I NAT I O N S  O F  SINGLE-BURST  STELLAR  

OPULATI ON  M O D E L S  

e show the best-fitting FIREFLY combinations of single-burst stellar 
opulation models to our spectra here. As discussed in Section 5 , we
ocus on the differences between the inner (left) and outer apertures
right). This is complementary to the mass-weighted SSP-equi v alent 
ge gradients represented in Fig. 9 . In all cases, stellar templates
elow 1 Gyr were e xcluded, e xcept for NGC 1316 (as discussed in
ection 5 ). 

Figure A1. NGC 1326B. 

Figure A2. NGC 1310. 

Figure A3. NGC 1316. 

Figure A4. ESO 301-IG11. 
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Figure A5. NGC 1326. As we only extracted a central aperture for NGC 

1326, we show the spectral fit and star formation history of the central 
spectrum instead of the star formation history of the central versus outer 
apertures. 

Figure A6. FCC 35. 

Figure A7. NGC 1317. 

Figure A8. NGC 1316C. 

Figure A9. FCC 46. 

Figure A10. NGC 1341. 
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