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A B S T R A C T 

We study the evolutionary path of the Fornax Cluster galaxy NGC 1436, which is known to be currently transitioning from a 
spiral into a lenticular morphology. This galaxy hosts an inner star-forming disc and an outer quiescent disc, and we analyse data 
from the MeerKAT Fornax Survey, ALMA, and the Fornax 3D survey to study the interstellar medium and the stellar populations 
of both disc components. Thanks to the combination of high resolution and sensitivity of the MeerKAT data, we find that the H I 

is entirely confined within the inner star-forming disc, and that its kinematics is coincident with that of the CO. The cold gas disc 
is now well settled, which suggests that the galaxy has not been affected by any environmental interactions in the last ∼1 Gyr. 
The star-formation history derived from the Fornax 3D data shows that both the inner and outer discs experienced a burst of star 
formation ∼5 Gyr ago, followed by rapid quenching in the outer disc and by slow quenching in the inner disc, which continues 
forming stars to this day. We claim that NGC 1436 has begun to ef fecti vely interact with the cluster environment 5 Gyr ago, 
when a combination of gravitational and hydrodynamical interactions caused the temporary enhancement of the star-formation 

rate. Furthermore, due to the weaker gravitational binding H I was stripped from the outer disc, causing its rapid quenching. At 
the same time, accretion of gas onto the inner disc stopped, causing slow quenching in this region. 

K ey words: galaxies: indi vidual: NGC 1436 – galaxies: evolution – galaxies: ISM – galaxies: star formation – galaxies: clusters: 
individual: Fornax cluster. 
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 I N T RO D U C T I O N  

ue to their discy structure and old stellar populations, lenticular
alaxies (S0s) share properties both with spirals and ellipticals
Hubble 1936 ; van den Bergh 1976 ). The distribution and fractional
umber of lenticular galaxies in the Universe at different epochs
lower at higher redshift and outside groups and clusters of galaxies)
uggest that they form mainly (but not al w ays, c.f. van den Bergh
009 ) from the evolution of blue star-forming spiral galaxies in dense
nvironments (Dressler 1980 ; Dressler et al. 1997 ; Fasano et al. 2000 ;
ostman et al. 2005 ). Although there are still many open questions
bout how this morphological transformation happens, it is clear that
nvironmental interactions can play an important role (e.g. Merritt
983 ; Moore et al. 1996 ). 
 E-mail: alessandro.loni@armagh.ac.uk , alessandro.loni@inaf.it (AL); 
aolo.serra@inaf.it (PS); marc.sarzi@armagh.ac.uk (MS) 
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A peculiar characteristic of the morphological evolution of galax-
es in dense environments is that it proceeds outside in. This
ransformation requires, in the first place, to stop cold gas accretion
nto galaxies, which would otherwise supply material to form new
tars. This process is commonly referred to as ‘starvation’ (Larson,
insley & Caldwell 1980 ). Then, the cold gas, mainly made of neutral
tomic hydrogen (H I ), may be actively removed from the outer disc,
here the weaker gravitational potential is not able to hold it in place

gainst the action of environmental interactions. Therefore, whereas
he outskirts of galaxies that are experiencing cold gas removal are
uenched quickly if no further cold gas is supplied, star formation can
ontinue in the inner – and still H I rich – part of these systems. The
utside-in transformation of galaxies that live in dense environments
s opposite to what happens to field and void galaxies, where accretion
f gas from the intergalactic medium generally keeps fuelling star
ormation in the outer disc (e.g. Bell & de Jong 2000 ; Boselli &
avazzi 2006 ; Boselli et al. 2006 ). 
Through the study of the distribution and kinematics of the cold

as, one can gain information on which kind of interactions a
© 2023 The Author(s) 
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Figure 1. Optical g −band image of NGC 1436 from the Fornax Deep 
Surv e y (Peletier et al. 2020 ) showing the morphological distinction between 
the inner star-forming regions characterized by flocculent spiral features 
and the quiescent and smoother outer disc. The footprint of the Fornax3D 

observations for NGC 1436 (Sarzi et al. 2018 ) (white squares) and the map of 
the H α emission detected in the MUSE data by Iodice et al. (2019b) (yellow) 
are also shown. The latter measurements set the extent of the star-forming 
disc ( R SF = 59 arcsec, dashed green line), while the cyan isophotal radius 
measured at 25 mag arcsec −2 in B -band (de Vaucouleurs et al. 1991 ) gives 
an o v erall indication for the e xtent of NGC 1436. 
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alaxy might have experienced after its starvation has begun (if 
t all). On the one hand, hydrodynamical interactions (e.g. ram 

ressure stripping; Gunn & Gott 1972 ; Abadi, Moore & Bower 1999 ;
uilis, Moore & Bower 2000 ) that only affect the gas component

ause highly asymmetric perturbations in the cold gas distribution, 
roducing H I tails that trail along the orbit of the galaxy. On the other
and, the footprint of tidal interactions in the cold gas distribution and
ossibly in the stellar disc is more symmetric as one can see in some
wo tailed objects in Arp ( 1966 ), whose evolutionary scenarios are
iscussed and modelled by Struck & Smith ( 2012 ). Indeed, these
nteractions can cause two long streams of material in opposite 
irections (although they can have very different sizes). 
The main difference between starvation and starvation plus active 

as removal concerns different quenching time-scales. Although in 
he literature there are several definitions of quenching time-scale 
see Cortese, Catinella & Smith 2021 for a discussion), starvation 
mplies longer time-scales for a galaxy to halt its star formation 
roughly 4 Gyr; Boselli et al. 2014b ) with respect to the shorter time-
cales due to active gas removal (of the order of a few hundreds of

yr). If the study of the cold gas distribution and kinematics can
elp us understand the cause of relatively recent gas removal, the 
nalysis of the stellar populations and, thus, of the star-formation 
istory (SFH) of a galaxy is crucial to distinguish between slow 

starvation-like) and fast (stripping-like) quenching. 
One of the members of the nearby Fornax galaxy cluster (distance 
20 Mpc; Jensen et al. 2001 ; Tonry et al. 2001 ; Blakeslee et al.

009 ; Spriggs et al. 2021 ), NGC 1436 (FCC 290), is a perfect
arget to study ‘how’ and ‘how quickly’ the evolution of spirals
nto S0s can happen in dense environments. This galaxy is located 

0.5 ×R vir = 350 kpc south-east from the centre of the cluster, and
t has a systemic velocity of 1392 km s −1 similar to the recessional
elocity of the Fornax Cluster (1442 km s −1 , Maddox et al. 2019 ).
either the 2D distribution of the Fornax galaxies nor their position 

n the projected phase space diagram (Iodice et al. 2019a ) shows
n y ob vious companion for NGC 1436. The closest galaxy with a
nown redshift is FCC 298, which is at 17 arcmin ∼100 kpc and
230 km s −1 away from NGC 1436. Deep optical observations from

he Fornax Deep Survey (Peletier et al. 2020 ) suggest that NGC 1436
s in the transitional stage to become a S0 (Raj et al. 2019 ; Iodice
t al. 2019b ). In Fig. 1 , we see that the disc of NGC 1436 shows
wo distinct parts: a clumpy inner disc with a tightly wound spiral
tructure, abundant dust with numerous star-forming regions, and an 
uter disc which appears featureless (no dust, spiral arms, or star
orming regions). Raj et al. ( 2019 ) measured a break in the surface
rightness (SB) slope at their boundary. 
Data from the Fornax 3D survey (Sarzi et al. 2018 ) obtained

ith the Multi-Unit Spectroscopic Explorer (MUSE) on the ESO 

ery Large Telescope also sho w ho w this galaxy is still forming
tars in the inner disc (see the H α emission in Fig. 1 ) while its
utskirts appear to be already quenched (Iodice et al. 2019b ). This
s further supported by the Atacama Large Millimeter/submillimeter 
rray (ALMA) measurement of Zabel et al. ( 2019 ), which reveals

he presence of molecular gas only within the inner disc. Zabel 
t al. ( 2021 ) found that the radial profile of the H 2 -to-dust ratio
n NGC 1436 drops suddenly at a radius of 3.5 kpc, suggesting
hat environmental interactions were more efficient in removing dust 
ather than H 2 . 

In this multiwavelength picture of NGC 1436, high resolution H I 

ata were still missing. Indeed, the H I resolution and sensitivity of
he recent interferometric ATCA H I surv e y of F ornax ( ∼1 arcmin
nd ∼10 7 M �, respectively; Loni et al. 2021 ) are insufficient to (i)
stablish whether the galaxy has recently interacted with the cluster 
nvironment (ii) reco v er the same total H I flux of a single dish (the
TCA H I flux is 2.8 × lower than that measured with the Green Bank
elescope – by Courtois et al. 2009 ). 
In this paper, we present H I data of NGC 1436 from the MeerKAT

 ornax Surv e y (Serra et al. 2023 ), whose resolution and sensitivity
re at least a factor of 10 better than those of the previous ATCA
 I data. We then compare the H I distribution and kinematics with

hose of CO (Zabel et al. 2019 ). This will establish whether the cold
as disc is well settled (if they are both distributed regularly and
o-rotate), and thus whether NGC 1436 is currently in a state of
lo w e volution (no sign of recent interactions such as asymmetries).
inally, using MUSE data from the Fornax 3D surv e y (Sarzi et al.
018 ), we measure and compare the SFH of the inner star-forming
isc with that of the outer quiescent disc. By performing this analysis,
e aim to understand in which epoch environmental interactions 
ight have become rele v ant for this galaxy, and what consequences

hese had for its evolution. 
The paper is organized as follows: in Section 2 , we present the
eerKAT, ALMA, and MUSE data. In Section 3 , we analyse the

istribution and kinematics of H I and CO. In Section 4 , we describe
he MUSE data analysis and the measurement of the SFH of the
uiescent and star-forming disc. In Section 5 , we discuss the most
ikely evolutionary scenario which explains both the distribution and 
inematics of the cold gas disc and the SFH of the quiescent and
tar-forming discs of NGC 1436, and in Section 6 , we summarize
ur results. 
MNRAS 523, 1140–1152 (2023) 
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 DATA  

.1 MeerKAT 

e study the distribution and kinematics of H I in NGC 1436 using
ata products from the MeerKAT Fornax Survey. The survey goals,
esign, observations, and H I data processing are described in Serra
t al. ( 2023 ). Here we make use of the H I subcubes and moment
mages of NGC 1436 at a resolution of 11 arcsec and 66 arcsec
see table 2 in Serra et al. 2023 ). The 11 arcsec cube has a noise
evel of 0.28 mJy beam 

−1 and a 3 σ H I column density sensitivity of
.5 × 10 19 cm 

−2 . The 66 arcsec cube has a noise level of 0.29 mJy
eam 

−1 and a 3 σ H I column density sensitivity of 1.3 × 10 18 cm 

−2 .
n both cases, the column density sensitivity is calculated assuming
 linewidth of 25 km s −1 . The spectral resolution of both cubes is
.4 km s −1 . 

.2 ALMA 

he ALMA observations of the 12 CO(1–0) line used in this work,
hose data reduction is described in Zabel et al. ( 2021 ), consist
f a combination of high-resolution data from the ALMA Fornax
luster Surv e y obtained with the 12-m configuration array (Zabel
t al. 2019 ) and deep data from the ALMA archive (Morokuma-
atsui et al. 2022 ) obtained with the Atacama Compact Array. The

nal cube has a velocity resolution of 10 km s −1 , a synthesized beam
ize of 2.68 arcsec ×2.06 arcsec, and a noise level of ∼2.0 mJy
eam 

−1 . 

.3 MUSE 

he MUSE data used in this work were collected as part of the
 ornax 3D surv e y (Sarzi et al. 2018 ). The MUSE telescope (Bacon
t al. 2010 ) ensures high-quality 3D spectroscopy with: (i) a spatial
ampling of 0.2 arcsec × 0.2 arcsec in a field of view of 1 arcmin

1 arcmin, per pointing; (ii) a wavelength range of 4650–9300 Å
ith a nominal spectral resolution of 2.5 Å (FWHM) at 7000 Å

nd a spectral sampling of 1.25 Å/pixel. Due to the combination
f dif ferent, slightly of fset, exposures taken at different position
ngles (PAs), the average spectral resolution is 2.8 Å (FHWM).
he data reduction, performed using the MUSE pipeline version
.6.2 (Weilbacher et al. 2012 ; Weilbacher, Streicher & Palsa 2016 ),
s described in Sarzi et al. ( 2018 ). 

 M O R P H O L O G Y  A N D  KINEMATICS  O F  T H E  

O L D  G A S  DISC  

ince H I discs are usually more extended than the stellar ones, they
re excellent tracers of recent/on-going interactions with the local
nvironment. As mentioned in Section 1 , previous results on the H I

mission in NGC 1436 (Loni et al. 2021 ) are not e xhaustiv e and also
ave a large discrepancy with single dish data from Courtois et al.
 2009 ). The high sensitivity, spatial, and spectral resolution of the

eerKAT F ornax Surv e y data fulfils well our needs, pro viding us
ith an ideal data set to study in detail the properties of the cold
as disc of NGC 1436. The high-resolution cube allows us to gain
nformation both on the H I morphology and kinematics, while the
ow-resolution cube, with better column density sensitivity, might
eco v er more flux. 

Fig. 2 shows both the 11 arcsec and 66 arcsec resolution HI images,
hile the bottom left panel shows their comparison after smoothing

he former to the resolution of the latter. Note that the 11 arcsec image
NRAS 523, 1140–1152 (2023) 
as made with a different Briggs robust and a different detection
ask than the 66 arcsec image, and therefore could in principle miss

ome of the 66 arcsec outer flux (see Serra et al. 2023 ). We see that the
atch between these contours is excellent, meaning that NGC 1436

oes not host any dif fuse, lo w-column density H I in excess of the H I

etected at high resolution. This implies that the H I disc is sharply
runcated and does not e xtend be yond the inner, star-forming disc of
GC 1436. Since the data are extremely sensitive and the H I cubes
o not show any evidence of distortions, asymmetries, or tails at low
olumn density, we can confidently rule out any recent disturbance
o the gas disc, while we see the presence of a H I depression in the
entre of the galaxy. 

The agreement between the 11 arcsec and 66 arcsec H I data cubes
s also clear in the bottom right panel of Fig. 2 , where we compare
he spectra extracted using the respective detection masks. We also
how the single-dish spectrum (GBT, urtois et al. 2009 ), whose total
ux is consistent with those measured with MeerKAT within 1 σ .
sing equation 50 in Meyer et al. ( 2017 ), we estimate the total M H I 

o be (1.9 ± 0.2) × 10 8 M �. Based on ATCA data, Loni et al.
 2021 ) pointed out that NGC 1436 is a H I -deficient galaxy with
 large M H 2 / M H I ratio. These results do not change if we use the
eerKAT M H I value, which is 4 σ larger than the ATCA one, the

ame M � value calculated in Loni et al. ( 2021 ), and the M H 2 value
y Zabel et al. ( 2021 ) (which is a factor ∼1.4 smaller than that used
n Loni et al. 2021 from Zabel et al. 2019 ). Indeed, (i) the offset
etween the M H I / M � ratio of NGC 1436 and the xGASS M H I - M � 

caling relation (Catinella et al. 2018 ) is still larger than the RMS
eviation of a sample of non-cluster galaxies (Kreckel et al. 2012 ;
oselli, Cortese & Boquien 2014a ) and (ii) the M H 2 / M H I ratio of
GC 1436 is 1.0 ± 0.1, resulting ∼12 σ abo v e the xGASS weighted

verage of log 10 ( M H 2 / M H I ). 
The top-left panel in Fig. 3 shows the g -band Fornax Deep Surv e y

ptical image (Iodice et al. 2016 ; Venhola et al. 2018 ; Peletier et al.
020 ) of NGC 1436 where we o v erlay both the 11 arcsec MeerKAT
 I image contours (red and black contours are the same as in the

op right panel of Fig. 2 ) and the CO contours (white colour) from
abel et al. ( 2021 ). Here, we can see that the CO follows the H I ring
nd that there is no CO detected in the centre of the galaxy. In the
op-right panel of the figure, we show the H I velocity field within the
owest reliable H I contour, where we see that the H I disc is regularly
otating with a slight PA warp at the edge of the disc. This is visible
s an anticlockwise rotation of the outer iso v elocity contours. The
ottom panels show the position–velocity diagrams (PVDs) along
he kinematical major axis (left, PA = 330 ◦) and minor axis (right,
A = 240 ◦) of both H I (background colour) and CO (contours).
he rotational velocity of H I and CO are consistent with one another
nd follow the typical rotation of a settled disc. Judging from the
ppearance of the velocity field and the H I PVD, we see that the
otation curve is rising in the inner ∼half of the H I disc and flattens
urther out. 

In the rest of this section, we show results obtained by fitting the H I

inematics of the high-resolution cube with the Tilted Ring Fitting
ode 1 (TiRiFiC—J ́ozsa et al. 2012 ). TiRiFiC models the galaxy in

ings, where the model parameters are fitted to best reproduce the
i geometry and kinematics in the data (further details in J ́ozsa

t al. 2007 ). This allows us to measure the HI surface-brightness
rofile and to find the best-fitting values for geometric parameters
e.g. inclination, PA) and for the rotation curve. We followed two

https://gigjozsa.github.io/tirific/index.html
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Figure 2. The top panels show the MeerKAT H I image at a resolution of 66 arcsec(left) and 11 arcsec (right). In each panel, the value on the top left gives the 
level of the lowest H I contour (shown in red), which is calculated as the 3 σ sensitivity o v er a 25 km s −1 line width. The H I contours increase by a factor of 2 at 
each step. The PSF and a 5 kpc scale bar are shown on the bottom-left and bottom-right corner, respectively. The bottom-left panel shows with green, red, and 
purple contours the (i) 66 arcsec H I image, (ii) lowest reliable contour of the 11 arcsec H I image, and (iii) 11 arcsec image convolved to a 66 arcsec resolution. 
With the same colours, we show the 3 σ column density sensitivity of the respective H I image (top of the image) and their PSFs (bottom-left). The g -band optical 
image comes from the Fornax Deep Surv e y (Peletier et al. 2020 ). The bottom right panel shows spectra extracted from the 11 arcsec (red) and 66 arcsec (green) 
cubes, and from single-dish data (GBT, Courtois et al. 2009 – black), respectiv ely. The le gend shows the total fluxes obtained from these data. The uncertainties 
on the total MeerKAT fluxes are calculated by summing in quadrature the statistical uncertainties – derived from the local RMS and the number of independent 
pixels detected in each channel – the 10 per cent MeerKAT flux uncertainty measured in Serra et al. ( 2023 ). The spectral axis shows velocity in the optical 
convention. 
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odelling approaches. In the former, we model our galaxy with a 
at disc (i.e. we forced TiRiFiC to fit a single value for PA and

nclination across all rings). In the latter, we forced TiRiFiC to 
t a flat rotation curve, but allowed the disc to warp letting the

nclination vary. Between these two approaches, we obtained better 
esults modelling NGC 1436 with a flat disc. We further impro v e the
utput flat disc model by using an advanced feature of TiRiFiC, which 
llows us to fit and interpolate some model parameters in groups of
odel rings rather than for each ring independently . Eventually , we

hose the model that better follows the distribution and kinematics 
f the observed H I based on visual inspection. Figure A1 in
ppendix A includes a visual comparison between the data and the 
iRiFiC model. 
Fig. 4 shows the H I rotation curve and the SB of NGC 1436

btained through our TiRiFiC fitting. As anticipated, the velocity 
ncreases with galactocentric distance in the inner regions, and it 
eaches a plateau at ∼50 arcsec. In the bottom panel, we show
he derived SB, which peaks at 45 arcsec. The best-fitting model
hows some low-level fluctuations, which are unlikely to be real 
nd disappear when convolving the profile with the 11 arcsec beam
orange line in Fig. 4 ). It is worth noting that if we use our best model
s first guess and let PA and inclination vary, we obtain the same SB
nd rotational velocity. 

The H I disc diameter of NGC 1436, measured where the SB is
 M � pc −2 , is ∼110 arcsec ( ∼11 kpc). This allows us to verify that
GC 1436 is 2.26 σ abo v e – and thus in agreement with – the H I

ize–mass relation (Wang et al. 2016 ) similarly to the truncated H I

iscs in the Virgo cluster. 
In general, by studying the distribution and kinematics of both 
 I and CO, we appreciate the high level of symmetry of the cold
as in NGC 1436. Both H I and CO are distributed within a settled
ing where they are co-rotating, with no hints of any recent tidal
MNRAS 523, 1140–1152 (2023) 
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Figure 3. Top-left: comparison between the H I and CO gas distribution from the MeerKAT (red and black contours as in the top-right panel of Fig. 2 ) and 
ALMA (white contours) data, with corresponding beam sizes shown in the lower-left corner of this panel (in black and white, respectively). Bottom panels: 
comparison of the PV diagram of H I and CO along the major axis (green line on the top left panel) and minor axis. The background image shows the H I , while 
the green contours show the CO emission at 2.5 σ , increasing in steps of 2. Cyan contours show the ne gativ e signal in the CO ALMA cube, whose absolute level 
is the same as that of the first positive green contour. 
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r hydrodynamical disturbances. Given that the orbital time at the
isc’s edge is of ∼300 Myr (as derived from the de-projected
otational velocity of ∼130 km s −1 at a radius of ∼ 6.7 kpc), we
an rule out strong interactions in the last few orbital times, roughly
 Gyr. 

 STAR-FORMATION  HISTORY  

he analysis on the cold gas disc establishes that previous interactions
etween the local environment and NGC 1436 left the galaxy with
 relaxed truncated H I disc and a clear demarcation between the
tar-forming inner disc regions and passively evolving outer ones.
n this section, we now aim at reconstructing the history of this
orphological transition by tracing the SFH imprinted in the inner

nd outer stellar populations. For this, we adopt a non-parametric
pproach based on single-age stellar population models (SSP) and on
he use of the penalized pixel-fitting 2 (pPXF; Cappellari & Emsellem
NRAS 523, 1140–1152 (2023) 

 https:// www-astro.physics.ox.ac.uk/ ∼mxc/software/ 

a  

3

004 ) and the Gas and Absorption Line Fitting codes 3 (GandALF;
alc ́on-Barroso et al. 2006 ; Sarzi et al. 2006 ) to fit the MUSE
ata. Ho we ver, rather than aiming at a regularized SFH solution
Cappellari 2017 ), we decide to exploit the axisymmetry of the
ystem to capture the uncertainties of the SFH reconstruction, as
one earlier using MUSE data by Martinsson et al. ( 2018 ). 
More specifically, we derive the SFH for two sets of spectra

xtracted from sectors of elliptical annuli co v ering the star-forming
nd quiescent disc, respectively, as shown in Fig. 5 . Since the stellar
opulations within such annular sectors should be rather similar for
he inner and outer disc, respectively, beyond the short time-scales
 � 100 Myr) corresponding to the orbital times between adjacent
ectors, we use the variance between the SFHs reco v ered in such
ectors to estimate the uncertainty. In total, we define 18 sectors
n the inner disc and 8 sectors in the outer disc, with average S/N
er pixel of 100 and 20, respectively . Where necessary , foreground
nd background sources were masked out before extracting these
 ht tps://st ar .her ts.ac.uk/ ∼sar zi/

art/stad1422_f3.eps
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Figure 4. Results from tilted-ring analysis of the MeerKAT H I data, showing 
the TiRiFiC H I rotation curve (top panel) and H I surface-brightness profile 
(bottom panel). The latter shows clearly the abrupt transition towards the H I 

deficient and quiescent outer disc beyond a radius of 55 arcsec. 
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Figure 5. Comparison between the reconstructed MUSE image, MUSE H α

emission, and the MeerKAT H I data for NGC 1436 informing the location of 
the MUSE aperture spectra used in our SFH analysis. As in Fig. 1 , the cyan and 
green ellipses indicated, respectively, the isophotal level at 25 mag/arcsec 2 in 
B -band and the limit of the star-forming disc, where the H α emission is traced 
by the yellow contours. The extent of the gas reservoir in NGC 1436 is traced 
here by the red contours for a limiting H I column density of 4 . 5 × 10 19 cm 

−2 , 
which are best fitted by the shown red ellipse setting the radius of the H I disc 
at R HI = 70 arcsec. Finally, the white dashed lines show the location of the 
annular sectors used to extract the aperture spectra in both the inner and outer 
disc for + ur SFH analysis, where the former a v oid the bulge regions (inside 
9 arcsec) and extend to the limit of the MUSE central pointing, whereas the 
latter start at the edge of the H I disc and reach out to the 25 mag/arcsec 2 

B -band isophote. 
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perture spectra, which we also corrected for foreground Galactic 
xtinction using the Calzetti dust e xtinction la w (Calzetti et al. 2000 )
nd an A ( V ) = 0.029 value in the direction of Fornax from Schlafly &
inkbeiner ( 2011 ). 
To derive the SFH from each of these aperture spectra, we fit them

ith pPXF and GandALF using SSP models from the MILES library 
f Vazdekis et al. ( 2015 ) 4 , which co v ers a range in age between
0 Myr and 14 Gyr, with total metallicity −2.27 ≤[M/H] ≤0.4 dex,
nd α-element o v erabundance [ α/Fe] between 0 and 0.4 dex. Since
ithout a dedicated methodology (e.g. Mart ́ın-Navarro et al. 2019 , 
021 ) we do not expect to be able to capture variations in the stellar
nitial mass faction (IMF) through direct spectral fitting, here we 
urther restrict the fits to using models with a Kroupa IMF (Kroupa
001 ). 
As in Sarzi et al. ( 2018 ), we first fit the MUSE data with pPXF

o measure the stellar kinematics using only the bluer part of the
USE spectrum in the 4800–5850 Å spectral range. Subsequently, 
e extend the GandALF fitting range out to 6850 Å to also include

he typically strong H α, [ N II ], and [ S II ] emission and, in turn, better
onstrain the o v erall contribution of the emission-line spectrum to our 
odels. During the pPXF fit, we mask regions potentially affected 

y emission and adopt an additive correction for the shape of the
ontinuum. Using a shorter wavelength range speeds up the pPXF 

tting process and delivers robust kinematic results owning to the 
resence of several strong stellar absorption features at the bluer end 
f the MUSE spectra. The GandALF fit is constrained to the pPXF
inematics, but is allowed to change the optimal combination of SSP
emplates in the stellar models in response to the additional use of
mission lines in the fit, which are represented by Gaussian functions. 
n particular, we include both the H β and H α recombination lines
 The MILES stellar-population model library can be found at the following 
ink http:// miles.iac.es/ 

r  

o  

o  

t  
nd the [ O III ] λλ4959, 5007, [ N I ] λλ5198, 5200, [ O II ] λλ6300, 6363,
 N II ] λλ6548, 6583, [ S II ] λλ6713, 6730 forbidden ones, tying all lines
o the same, optimally adjusted line profile, while also accounting 
or the varying spectral resolution of the MUSE spectra (e.g. Gu ́erou
t al. 2016 ). 

Ideally, the GandALF fit would include a two-component red- 
ening correction: the first affecting the whole spectrum to mimic 
iffuse dust and the second affecting the emission line spectrum only,
epresenting dust localized in emission line regions and matching 
he observed Balmer decrement (e.g. Oh et al. 2011 ). Ho we ver, the
uality of the relative flux calibration of the MUSE data is insufficient
o grant such an approach, and we resort to using a multiplicative
olynomial correction instead. This still allows us to obtain very 
ood fits to our aperture spectra, but the use of multiplicative
olynomials ef fecti vely introduces a nuisance parameter in our 
nalysis as polynomial correction of varying order will lead to fits of
ery similar quality beyond a certain minimum order. Furthermore, 
ot being able to account for dust reddening limits our control o v er
nrealistic values for the Balmer decrement and spurious H β line 
etections, which, in turn, can affect the stellar-template optimal 
ombination process and lead to biased SFH results. For these 
easons, we decide to omit the H β line from our GandALF fits for the
uter quiescent disc, where H α emission from diffuse ionised gas is
nly barely detected. Finally, we note that in the fits we further ignore
he wav elength re gion around the NaD λλ5896, 5890, as often this
MNRAS 523, 1140–1152 (2023) 
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art of the spectrum presents strong continuum shape issues related
o the relative flux calibration. 

Fig. 6 shows examples of aperture spectra extracted in the outer
uiescent disc (left) and in the inner star-forming disc (right) of NGC
436, along with our best GandALF fit to them. Residuals from the
ky emission-line subtraction process are evident in the outer-disc
perture spectra but do not affect the o v erall quality of our fit nor
ur SFH results, in particular, as these artifacts do not interest the
ore age- and metallicity-sensitive absorption-line features in our
tting range. The fits in Fig. 6 include a seventh-order multiplicative
olynomial adjustment that is more substantial in the case of the
entral star-forming regions, where such a correction is also needed
o mimic the impact of reddening by dust. 

During the fitting process, GandALF finds the best combination of
ur adopted stellar population templates returning a corresponding
ist of best-fitting weights. Since each MILES model corresponds to
 stellar population with an initial mass of one solar mass, accounting
or the distance to the object allows us to turn each of these weights
nto a stellar mass formed at the look back time corresponding to
he age of the i th SSP model. Given that only a few SSP templates
eceive a non-zero weight during the GandALF fit, to estimate the
FH in each sector s we bin the resulting initial stellar-mass values
 

SSP 
i,s in 1-Gyr-wide age bins between 0 and 6 Gyr and in 2-Gyr-wide

ins beyond that. Dividing the total stellar mass M s ( t j ) formed in the
 th time bin by the corresponding time bin width � t j , we obtain the
 verage star -formation rate (SFR) in that bin SFR s ( t j ) = M s ( t j )/ � t j .
his ef fecti vely gi ves us an SFR history for each sector, which we
ivide by the total stellar mass formed o v er time, M s = � j M s ( t j ) to
erive the fractional stellar mass formed per unit time in each sector.
This normalized SFH varies strongly from sector to sector in both

he inner disc and the outer disc. This variation largely reflects the
ncertainties in our template-optimization process. To estimate these
ncertainties and obtain a more reliable average trend, we calculate
he average and standard deviation of the normalized star-formation
istories across all sectors assigning SFR s ( t j ) = 0 to sectors and age
ins with no non-zero weights. Fig. 7 shows the normalized SFHs for
he inner and outer disc obtained after this averaging, using a seventh-
rder multiplicative correction as in Fig. 6 . The average values and
orresponding uncertainties on the normalized SFH (coloured large
ircles and shaded re gions, respectiv ely) already indicate that both
entral and outer regions went through a recent peak of star formation
ome 4 Gyrs ago. This event was much more pronounced in the inner
isc (by a factor 4–5) and more rapidly quenched in the outer disc. 
Ho we ver, we note that in the quiescent outer disc our GandALF

t seems to require a small contribution from very young SSPs. The
resence of such young stars is at odds with the notable absence of
ny star-formation activity and it is certainly a bias in the template
ix adjustment process, which, in turn, may stem from intrinsic

imitations in our ability to constrain the presence of young stellar
opulations using the MUSE spectra, as indeed these do not extend
own to important features (e.g. the D4000 break and H δ). For this
eason, we decided to repeat our analysis while also removing all
SP templates younger than 1 Gyr and include this second set of
ts in the o v erall av eraging and variance estimation process for the
ormalized SFHs. We highlight that the actual choice of polynomial
rder is also quite arbitrary, as the quality of the fit does not change
ignificantly while varying the polynomial order between 6 and 15.
reating this as an additional source of uncertainty, we thus repeat our
ts varying the polynomial order within the abo v e limits, including

he corresponding results in the deri v ation of the final normalized
FH and associated uncertainties for the inner and outer disc. 
NRAS 523, 1140–1152 (2023) 
Fig. 8 shows the final normalized SFH in the outer quiescent
isc (left) and inner star-forming disc (right) obtained combining the
ormalized SFHs from their corresponding apertures, considering
0 different fits (10 polynomial orders, and including or excluding
SP templates younger than 1 Gyr). The clearer trends of Fig. 8
onfirm the picture drawn from our simpler analysis shown in Fig. 7 ,
ccording to which NGC 1436 experienced a burst of star formation
etween 3 and 4 Gyr ago that saw the birth of ∼50 per cent and ∼20
er cent of all the stars that ever formed in the inner and outer disc,
espectively. Such an activity faded considerably in the past 3 Gyr and
ost dramatically in the outer disc where the absence of any present

tar-formation activity (from the H α data) is consistent with the lack
f star formation between 1 and 2 Gyr in our reconstructed SFH.
learly, our ability to assess the rate of recent decline in star formation

n NGC 1436 is limited by the aforementioned biases in reco v ering
he SFH in the last 1 Gyr. As a sanity check, in the inner disc we can
t least provide an estimate for the fractional stellar mass formed in
he last Gyr assuming that stars formed at their present-day level over
his period of time. Using the MUSE H α maps of Iodice et al. ( 2019a )
nd restricting our analysis to emission-line regions firmly classified
s H II regions, we obtained the total SFR in the regions subtended
y our inner-disc sectors, using the Calzetti, Liu & Koda ( 2012 )
onversion SFR(M � yr −1 ) = 5.5 × 10 −42 L H α (erg s −1 ) and taking
 distance of 20 Mpc. The estimate derived in this way (blue cross
n Fig. 8 ) is consistent with the upper edge for the fractional stellar

ass formed in the last 1 Gyr. Similarly, from the H α map of the
uter disc, we measure a 3 σ SFR upper limit (red downward arrow)
sing the eight sectors of the outer disc. Finally, the reconstructed
FH of NGC 1436 shows that before the onset of its recent starburst,
ome 4 to 5 Gyrs ago, this disc galaxy was evolving according
o the cosmological picture with its star-formation activity having
lready peaked at a redshift between 1 and 2, or some 8 to 10 Gyrs
go (L ́opez Fern ́andez et al. 2018 ). In fact, the steeper decline in
tar-formation activity in the inner regions at these earlier times is
onsistent with the commonly observed inside-out evolution of disc
alaxies (e.g. Kepner 1999 ; Nelson et al. 2016 ; Johnston et al. 2022 ).
n summary, our SFH analysis indicates that both the inner and outer
isc populations went through three main star-formation phases: (i) a
ather typical build-up activity and a steady decline in star-formation
ctivity until some 5 Gyr ago, (ii) a burst of star formation peaking
etween 3 and 4 Gyr ago, and (iii) a final drop in star formation until
resent times, gradually reducing it by two orders of magnitude in the
nner disc and completely quenching star formation in the outer disc.

 DI SCUSSI ON  

everal properties of the multi-phase gas disc indicate that NGC
436 has not experienced any significant tidal or hydrodynamical
nteraction in recent times: (i) the highly symmetric morphology
nd settled kinematics of the H I disc observed with MeerKAT at a
esolution of ∼10 arcsec ∼1 kpc; (ii) the absence of H I disturbances,
symmetries or tails down to a column density of ∼10 18 cm 

−2 

resolution ∼60 arcsec ∼6 kpc); (iii) the perfect match between
he regular morphology and kinematics of the various gas phases
atomic, molecular, and ionized). The fact that the disc is settled now
oes not imply that NGC 1436 has never experienced environmental
nteractions in the past. For example, in the Virgo cluster, some of
he most gas-poor galaxies that went through ram-pressure stripping
re symmetric systems with a severely truncated H I disc (Yoon et al.
017 ). That is, after a few orbital periods any sign of interactions
ould disappear. Given the orbital time of NGC 1436 (300 Myr at
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Figure 6. Examples of GandALF (orange) to the MUSE spectra (blue) extracted in the outer (left) and inner disc (right). The green line shows the emission 
line best fit. The middle panel shows the residuals of the fit. The gap within the residuals indicates that we excluded that wavelength range from the GandALF 
fit. The vertical dashed red lines show the emission lines we fitted. In both cases shown, we used a seventh-order polynomial, whose shapes are shown in the 
bottom panels, respectively. 

Figure 7. Sample-normalized SFH of the quiescent (left) and the star-forming disc (right) of NGC 1436 obtained combining the results from the 8 and 18 
sectors shown in Fig. 5 and while using a seventh-order multiplicative polynomial correction for the continuum shape as illustrated in the examples of Fig. 6 . 
In both panels, the black dots represent the average fractional stellar mass formed within each age bin in each of our disc sectors, whereas the larger filled 
circles and shaded regions indicate the overall averages and standard deviations for the fractional SFRs, calculated including also zero fractional SFR values 
from individual sectors. The empty circles and grey bands highlight the unreliable measurements of the fractional SFR at younger ages (see text). 
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he edge of the H I disc – Section 3 ), NGC 1436 has not undergone
ny significant environmental interaction in the last few orbits, say 
1 Gyr. Thus we wonder ‘whether’, ‘when’, and ‘how’ interactions 
ith the Fornax Cluster environment were rele v ant for the history of
GC 1436. 
Useful insights come from our reconstructed SFH for the inner and 

uter disc of this galaxy. The SFH of the quiescent and star-forming
isc of Fig. 8 indeed suggests that NGC 1436 was not a member
f the cluster earlier than ∼6 Gyr ago, with the Fornax environment
ecoming rele v ant for its e volution starting around 5 Gyr ago. Indeed,
etween 14 and 5 Gyr, NGC 1436 seem to have followed the expected
osmic evolution for star-formation activity (L ́opez Fern ́andez et al. 
018 ) while also following a typical inside-out evolution. That is,
p to ∼5 Gyr ago, NGC 1436 seems to have formed its stars as a
egular spiral in a low-density environment, without being affected 
y strong tidal or hydrodynamical interactions. Since entering the 
luster, it must have taken ∼1 Gyr for NGC 1436 to reach its first
ericentre passage ( τ cross is indeed about 2 Gyr for Fornax where 
 vir = 700 kpc and σ cl = 318 km s −1 , Drinkwater, Gregg &
olless 2001 ) when interactions between the galaxy and the Fornax
nvironment would have been more extreme. 

Drawing from the inferred rise and decline of star-formation 
ctivity, we thus speculate that ∼4 Gyr ago, at about pericentre,
 tidal interaction and/or ram pressure was able to compress and
hen remo v e the majority of the H I content from the galaxy outer
isc, causing a temporary SFR enhancement followed by a rapid 
uenching of its star formation. NGC 1436 could only keep some H I

ithin the inner star-forming disc, thanks to the stronger gravitational 
inding. Ho we ver, by the time gas removal from the outer disc
as complete, the accretion of cold gas onto the galaxy must
ave completely stopped. Therefore, the subsequent evolution (with 
GC 1436 now moving away from pericentre) must have been 

haracterized by a fully quenched outer disc and a starving inner
isc. This would explain why the SFR of the inner disc has decreased
n the last few Gyr, but not gone to zero. The look-back time of the
nvironmental interactions, which caused the enhancement of the 
MNRAS 523, 1140–1152 (2023) 
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M

Figure 8. Final normalized SFH for the quiescent (left) and the star-forming disc (right) obtained by combining the GandALF results of 20 different fit runs 
that (i) varied the order of the multiplicative polynomial correction between 6 and 15 and (ii) considered either the entire MILES SSP library or only SSP models 
older than 1 Gyr. In both panels, the black dots represent the average fractional SFR obtained from the individual fit runs (the same as the large filled circles in 
the example shown in Fig. 7 ). The larger filled circles and shaded regions represent the average and standard deviation of the average fractional SFR of the single 
runs, including those equal to 0. For the earliest age bin, where our SFH reconstruction is unreliable (open circles and shaded grey band), we uses the MUSE 

H α maps to measure or place an upper limit on the present-day SFR across our inner or outer disc sectors, respectively, converting these in estimate (blue cross, 
right panel) or upper-limits (red downward arrow, left panel) on the fractional SFR of the first 1 Gyr by assuming such an activity remained constant o v er this 
period of time. On the top right of each panel, we report the total M � subtended by our 8 outer and 18 inner disc sectors, which co v er an area of 12.5 kpc 2 and 
18 kpc 2 , respectively. 

Figure 9. The left panel shows an example from the TNG50 simulation run (Pillepich et al. 2019 ) of a disc galaxy that recently fell in a Fornax-like cluster 
environment in this simulation (Gal ́an-de Anta et al. 2022 ) identified through the SUBFIND algorithm (Springel et al. 2001 ). As inferred from our SFH analysis 
for NGC 1436, this simulated object experienced a burst of star formation upon its first pericentre passage, followed by a steady drop in star-formation activity. 
The purple line traces the radial distance from the cluster centre as a function of time, whereas the dot-dashed blue line follows the evolution of star-formation 
activity. The horizontal dashed purple line indicates the virial radius of this particular Fornax-like TNG50 cluster. The right panel shows the SFR map of the 
target TNG50 disc galaxy at z = 0. Black contours show the surface mass density, which highlight that, similarly to NGC 1436, the star formation is occurring 
just within the inner part of the disc. 
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FR, is consistent with the conclusion of Iodice et al. ( 2019a ) that
GC 1436 is an intermediate infaller in Fornax. 
The relative role that gravitational and hydrodynamical processes
ight have played to drive such a morphological transformation

s not clear. In the literature, there is evidence that both tidal
nteractions and ram pressure might separately trigger a temporary
NRAS 523, 1140–1152 (2023) 
nhancement in star-formation activity and the removal of cold gas
T oomre & T oomre 1972 ; Barnes 2004 ; Li et al. 2008 ; Poggianti
t al. 2017 ; Vulcani et al. 2018 ; Ramatsoku et al. 2019 ; Moln ́ar et al.
022 ). Alternatively, a combination of both gravitational (possibly a
erger) and hydrodynamical interactions might have been at work

n the specific case of NGC 1436. For example, NGC 1436 might
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av e e xperienced tidal interaction near pericentre, which may have 
riggered a central SFR enhancement while, at the same time, moving 
ome gas to large radius via tidal forces, from where it could more
asily be stripped by ram pressure. In this case, NGC 1436 would
hare a similar evolutionary path to that of the Fornax galaxies with
ne-sided H I tails described in Serra et al. ( 2023 ). 
Interestingly, the recent evolution of NGC 1436 can also be 

bserved in cosmological simulations. For instance, looking at the 
NG50 simulation (Pillepich et al. 2019 ), among the 16 present- 
ay disc galaxy found in Fornax-like environments (Gal ́an-de Anta 
t al. 2022 ) we find six currently star-forming objects that entered
heir cluster environment between 3 and 5 Gyrs ago and had only
ne pericentre passage. Among these, the left panel of Fig. 9 shows
he SFH of the simulated galaxy that matched more closely the one
nferred from our SFH analysis. The right panel of this figure shows
hat the disc of this simulated object also appears to be forming stars
nly in its inner part, while its outskirts have already been quenched,
s for NGC 1436. 

 SUMMARY  

sing H I cubes from the MeerKAT Fornax Survey (Serra et al. 2023 ),
ith a resolution of 11 arcsec and 66 arcsec, sensitivity N HI (3 σ ,
5 kms −1 ) = 4.5 × 10 19 cm 

−2 and 1.3 × 10 18 cm 

−2 , respectively,
nd a spectral resolution of ∼1.4 km s −1 , we have investigated the
istribution and kinematics of the H I in NGC 1436 finding that: (i)
he H I distribution is truncated within the inner and still star-forming
isc, (ii) the H I kinematics is consistent with that of CO (Zabel et al.
019 ) and ionized gas (Iodice et al. 2019a ), and thus NGC 1436
as not experienced any recent environmental interactions in the last 
1 Gyr (a few orbital times of the interstellar medium). 
With Fornax 3D data (Sarzi et al. 2018 ), we further reconstructed

he SFHs of the outer (currently quiescent) and inner (still star-
orming) part of the disc of NGC 1436, which show (i) a faster
volution of the inner disc with respect to the outer disc from 14 to
 Gyr ago, (ii) a burst of star formation ∼4 Gyr ago in both parts
f the disc, and (iii) a steady decline and a fast quenching of the
tar-formation activity in the inner and outer disc, respectively. 

These findings suggest that before the star-formation burst, NGC 

436 was evolving in a low-density environment outside the Fornax 
luster. While falling into the cluster and approaching its pericentre, 
nvironmental interactions have promoted a temporary enhancement 
n SFR. These interactions were also able to remo v e H I from the
utskirts of the galaxy, which caused the fast quenching of the outer
isc. The lack of subsequent cold gas accretion onto the inner disc is
ausing its current slow quenching. 

Similar evolutionary paths have been observed in cosmological 
imulations (Pillepich et al. 2019 ) in disc galaxies evolving in Fornax- 
ike clusters (Gal ́an-de Anta et al. 2022 ). 

 F U T U R E  PLAN  

his work demonstrates how mapping the SFH in galaxies with deep 
 I data is ef fecti ve for understanding both the past and on-going

mpact of gravitational and hydrodynamic processes on galaxies 
oving from low- to high-density environments. 
As a next step, we will apply the stellar-population analysis 

pproach used for NGC 1436 to the other galaxies in the Fornax
luster with available VL T -MUSE data and detected with MeerKAT. 
ainly coming from Fornax3D sample (Sarzi et al. 2018 ), they will

esult in a sample of 13 galaxies co v ering a range of HI morphologies,
alaxy mass, and position within the cluster that will provide 
n ideal basis for further comparisons with the predictions from 

umerical simulations. At the same time, we intend to impro v e our
onstraints on the young stellar population by taking also into account 
ata extending beyond the MUSE spectral range. For instance, we 
ntend to collect near-IR data using the NIRWALS integral-field 
pectrograph (Wolf et al. 2018 ) mounted on the South African Large
elescope (SALT), which will co v er absorption bands from thermally 
ulsating asymptotic giant branch stars that are good indicators of 
ntermediate age populations (between 0.3 and 2 Gyr, Maraston 
005 ). 
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f-muse-data-cubes-of-the-fornax3d-surv e y); (iii) the ALMA F or-
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project code 2015.1.00497.S and 2017.1.00129.S, respectively). 
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PPENDIX  A :  
igure A1. We show the comparison between the channel maps of the 11 arcsec
elocity and SB in Fig. 4 . For presentation purpose, we re-binned the channel ma
where σ is the RMS of the re-binned cube), with subsequent contours increasing a
odel follows the H I rotation in the data, and in the two middle rows, we can se

alaxy. Black contours are the 11 arcsec H I image (Fig. 2 ). 
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 cube (green) and the TiRiFiC model (blue) used to measure the rotational 
ps in velocity to 23 km s −1 channels. We show the same contours at ∼3 σ
s × 2 n (with n = 1,2,3. . . ), both for the data and the model. In general, the 

e how TiRiFiC nicely models the H I depression visible in the centre of the 
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