NGC 1436: the making of a lenticular galaxy in the Fornax cluster
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ABSTRACT

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 HI 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 disc 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 effectively 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 HI 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.

Key words: Galaxies: individual: NGC 1436 — Galaxies: evolution — Galaxies: ISM — Galaxies: star formation — Galaxies:
cluster

E'@ Eﬁgljaillhglgsgﬁ%irrso.loni@armagh.ac.uk (AL)



1 INTRODUCTION

Due to their discy structure and old stellar populations lenticular
galaxies (SOs) share properties both with spirals and ellipticals (Hub-
ble 1936; van den Bergh 1976). The distribution and fractional num-
ber of lenticular galaxies in the Universe at different epochs (lower
at higher redshift and outside groups and clusters of galaxies) sug-
gest that they form mainly (but not always, c.f. van den Bergh 2009)
from the evolution of blue star-forming spiral galaxies in dense en-
vironments (Dressler 1980; Dressler et al. 1997; Fasano et al. 2000;
Postman et al. 2005). Although there are still many open questions
about how this morphological transformation happens, it is clear that
environmental interactions can play an important role (e.g. Merritt
1983; Moore et al. 1996).

A peculiar characteristic of the morphological evolution of galax-
ies in dense environments is that it proceeds outside-in. This trans-
formation requires, in the first place, to stop cold gas accretion onto
galaxies, which would otherwise supply material to form new stars.
This process is commonly referred to as "starvation" (Larson et al.
1980). Then, the cold gas, mainly made of neutral atomic hydrogen
(H1), may be actively removed from the outer disc, where the weaker
gravitational potential is not able to hold it in place against the ac-
tion of environmental interactions. Therefore, whereas the outskirts
of galaxies, which are experiencing cold gas removal, are quenched
quickly if no further cold gas is supplied, star formation can continue
in the inner - and still HI rich - part of these systems. The outside-in
transformation of galaxies which live in dense environments is op-
posite to what happens to field and void galaxies, where accretion
of gas from the intergalactic medium generally keeps fuelling star-
formation in the outer disc (e.g. Bell & de Jong 2000; Boselli &
Gavazzi 2006; Boselli et al. 2006).

Through the study of the distribution and kinematics of the cold
gas, one can gain information on which kind of interactions a galaxy
might have experienced after its starvation has begun (if at all). On the
one hand hydrodynamical interactions (e.g. ram pressure stripping
Gunn & Gott 1972; Abadi et al. 1999; Quilis et al. 2000), which only
affect the gas component, cause highly asymmetric perturbations
in the cold gas distribution, producing HI tails which trail along
the orbit of the galaxy. On the other hand, the footprint of tidal
interactions in the cold gas distribution and possibly in the stellar disc
is more symmetric as one can see in some two tailed objects in Arp
(1966), whose evolutionary scenarios are discussed and modelled by
Struck & Smith (2012). Indeed, these interactions can cause two long
streams of material in opposite directions (although they can have
very different sizes).

The main difference between starvation and starvation plus active
gas removal concerns different quenching time scales. Although in
the literature there are several definitions of quenching timescale (see
Cortese et al. 2021 for a discussion), starvation implies longer time
scales for a galaxy to halt its star formation (roughly 4 Gyr; Boselli
et al. 2014b) with respect to the shorter time scales due to active gas
removal (of the order of a few hundreds of Myr). If the study of the
cold gas distribution and kinematics can help us understand the cause
of relatively recent gas removal, the analysis of the stellar populations
and, thus, of the star formation history (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 (dis-
tance ~ 20 Mpc; Jensen et al. 2001; Tonry et al. 2001; Blakeslee
et al. 2009; Spriggs et al. 2021), NGC 1436 (FCC 290), is a per-
fect target to study "how" and "how quickly" the evolution of spirals
into SO’s can happen in dense environments. This galaxy is located
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Figure 1. Optical g—band image of NGC 1436 from the Fornax Deep Sur-
vey (Peletier et al. 2020) showing the morphological distinction between the
inner star-forming regions characterised by flocculent spiral features and the
quiescent and smoother outer disc. The footprint of the Fornax3D observa-
tions for NGC 1436 (Sarzi et al. 2018) (white squares) and the map of the
Hea emission detected in the MUSE data by lodice et al. 2019b (yellow) are
also shown. The latter measurements set the extent of the star-forming disc
(Rsp 59, dashed green line), while the cyan isophotal radius measured
at 25 mag arcsec™2 in B-band (de Vaucouleurs et al. 1991) gives an overall
indication for the extent of NGC 1436.

~ 0.5%Ryj; = 350 kpc south-east from the center of the cluster, and
it has a systemic velocity of 1392 km s~ 'similar to the recessional
velocity of the Fornax cluster ( 1442kms~!, Maddox et al. 2019).
Neither the 2D distribution of the Fornax galaxies nor their position
in the projected phase space diagram (Iodice et al. 2019a) show any
obvious companion for NGC 1436. The closest galaxy with a known
redshift is FCC 298, which is at 17’ ~ 100 kpc, and ~230 km s~ away
from NGC 1436. Deep optical observations from the Fornax Deep
Survey (Peletier et al. 2020) suggest that NGC 1436 is in the tran-
sitional stage to become a SO (Iodice et al. 2019b; Raj et al. 2019).
In Fig. 1 we see that the disc of NGC 1436 shows two distinct parts:
a clumpy inner disc with a tightly wound spiral structure, abundant
dust with numerous star-forming regions, and an outer disc which
appears featureless (no dust, spiral arms, or star forming regions).
Raj et al. (2019) measured a break in the surface brightness slope at
their boundary.

Data from the Fornax 3D survey (Sarzi et al. 2018) obtained with
the Multi-Unit Spectroscopic Explorer (MUSE) on the ESO Very
Large Telescope also show how this galaxy is still forming stars in
the inner disc (see the Ha emission in Fig. 1) while its outskirts
appear to be already quenched (Iodice et al. 2019b). This is further
supported by the Atacama Large Millimeter/submillimeter Array
(ALMA) measurement of Zabel et al. (2019), which reveals the pres-
ence of molecular gas only within the inner disc. Zabel et al. (2021)
found that the radial profile of the Hj-to-dust ratio in NGC 1436
drops suddenly at a radius of 3.5 kpc, suggesting that environmental
interactions were more efficient in removing dust rather than Hj.

In this multi-wavelength picture of NGC 1436, high resolution
Hi data were still missing. Indeed, the HI resolution and sensitivity
of the recent interferometric ATCA HI survey of Fornax (~ 1” and
~ 107 Mo, respectively; Loni et al. 2021) are insufficient to (i)



establish whether the galaxy has recently interacted with the cluster
environment (ii) recover the same total HI flux of a single dish (the
ATCA Hi flux is 2.8 lower than that measured with the Green Bank
Telescope — by Courtois et al. 2009).

In this paper we present HI data of NGC 1436 from the MeerKAT
Fornax Survey (Serra et al. 2023), whose resolution and sensitivity
are at least a factor of 10 better than those of the previous ATCA
HI data. We then compare the HI distribution and kinematics with
those of CO (Zabel et al. 2019). This will establish whether the cold
gas disc is well settled (if they are both distributed regularly and
co-rotate), and thus whether NGC 1436 is currently in a state of
slow evolution (no sign of recent interactions such as asymmetries).
Finally, using MUSE data from the Fornax 3D survey (Sarzi et al.
2018), we measure and compare the SFH of the inner star-forming
disc with that of the outer quiescent disc. By performing this analysis,
we aim to understand in which epoch environmental interactions
might have become relevant for this galaxy, and what consequences
these had for its evolution.

The paper is organized as follows: in Sect 2 we present the
MeerKAT, ALMA and MUSE data. In Sect. 3 we analyse the distri-
bution and kinematics of Hi and CO. In Sect. 4 we describe the MUSE
data analysis and the measurement of the SFH of the quiescent and
star-forming disc. In Sect. 5 we discuss the most likely evolutionary
scenario which explains both the distribution and kinematics of the
cold gas disc and the SFH of the quiescent and star-forming discs of
NGC 1436, and in Sect. 6 we summarise our results.

2 DATA
2.1 MeerKAT

We study the distribution and kinematics of HI in NGC 1436 using
data products from the MeerKAT Fornax Survey. The survey goals,
design, observations and HI data processing are described in Serra
et al. (2023). Here we make use of the HI subcubes and moment
images of NGC 1436 at a resolution of 11””and 66" (see Table 2 in
Serra et al. 2023). The 11" cube has a noise level of 0.28 mJy beam ™!
and a 30~ HI column density sensitivity of 4.5 x 10'? cm™2. The
66 cube has a noise level of 0.29 mJy beam™! and a 3¢~ HI column
density sensitivity of 1.3 x 10'8 ¢cm~2. In both cases the column
density sensitivity is calculated assuming a linewidth of 25 kms~!.
The spectral resolution of both cubes is 1.4 kms™!.

2.2 ALMA

The ALMA observations of the 12CO(1-0) line used in this work,
whose data reduction is described in Zabel et al. (2021), consist
of a combination of high resolution data from the ALMA Fornax
Cluster Survey obtained with the 12-m configuration array (Zabel
et al. 2019) and deep data from the ALMA archive (Morokuma-
Matsui et al. 2022) obtained with the Atacama Compact Array. The
final cube has a velocity resolution of 10 kms™!, a synthesized beam
size of 2.68”x2.06”, and a noise level of ~2.0 mJy beam™L.

2.3 MUSE

The MUSE data used in this work were collected as part of the
Fornax 3D survey (Sarzi et al. 2018). The MUSE telescope (Bacon
et al. 2010) ensures high-quality 3D spectroscopy with: (i) a spatial
sampling of 0.2”"x0.2””in a field of view of 1’x1’, per pointing; (ii) a
wavelength range of 4650-9300 A with a nominal spectral resolution

of 2.5 A (FWHM) at 7000 A and a spectral sampling of 1.25 A/pixel.
Due to the combination of different, slightly offset, exposures taken
at different position angles (PAs), the average spectral resolution is
2.8 A (FHWM). The data reduction, performed using the MUSE
pipeline version 1.6.2 (Weilbacher et al. 2012, 2016) is described in
Sarzi et al. (2018).

3 MORPHOLOGY AND KINEMATICS OF THE COLD GAS
DISC

Since HI discs are usually more extended than the stellar ones, they
are excellent tracers of recent/on-going interactions with the local
environment. As mentioned in Sect. 1, previous results on the Hi
emission in NGC 1436 (Loni et al. 2021) are not exhaustive and also
have a large discrepancy with single dish data from Courtois et al.
(2009). The high sensitivity, spatial and spectral resolution of the
MeerKAT Fornax Survey data fulfils well our needs, providing us
with an ideal data-set to study in detail the properties of the cold
gas disc of NGC 1436. The high-resolution cube allows us to gain
information both on the HI morphology and kinematics, while the
low-resolution cube, with better column density sensitivity, might
recover more flux.

Fig. 2 shows both the 11" and 66" resolution HI images, while
the bottom left panel shows their comparison after smoothing the
former to the resolution of the latter. Note that the 11”image was
made with a different Briggs robust and a different detection mask
than the 66"’ image, and therefore could in principle miss some of the
66" outer flux (see Serra et al. 2023). We see that the match between
these contours is excellent, meaning that NGC 1436 does not host any
diffuse, low-column density HI in excess of the HI detected at high
resolution. This implies that the Hi disc is sharply truncated and does
not extend beyond the inner, star-forming disc of NGC 1436. Since
the data are extremely sensitive, and the HI cubes do not show any
evidence of distortions, asymmetries or tails at low column density,
we can confidently rule out any recent disturbance to the gas disc,
while we see the presence of a HI depression in the center of the
galaxy.

The agreement between the 11”7 and 66" HI data cubes is also
clear in the bottom right panel of Fig. 2, where we compare the
spectra extracted using the respective detection masks. We also show
the single-dish spectrum (GBT - Courtois et al. 2009), whose total
flux is consistent with those measured with MeerKAT within 1o
Using Eq. 50 in Meyer et al. (2017), we estimate the total Mg; to
be (1.9 £0.2) x 108 M. Based on ATCA data, Loni et al. (2021)
pointed out that NGC 1436 is a Hi-deficient galaxy with a large
My,/My; ratio. These results do not change if we use the MeerKAT
My value, which is 40 larger than the ATCA one, the same M,
value calculated in Loni et al. (2021), and the My, value by Zabel
et al. (2021) (which is a factor ~1.4 smaller than that used in Loni
et al. 2021 from Zabel et al. 2019). Indeed, (i) the offset between
the My/M, ratio of NGC 1436 and the XGASS Myy-M scaling
relation (Catinella et al. 2018) is still larger than the RMS deviation
of a sample of non-cluster galaxies (Kreckel et al. 2012; Boselli et al.
2014a) and (i) the My, /My; ratio of NGC 1436 is 1.0+0.1, resulting
~ 12 o above the xGASS weighted average of logo(My,/My,).

The top left panel in Fig. 3 shows the g-band Fornax Deep Survey
optical image (Iodice et al. 2016; Venhola et al. 2018; Peletier et al.
2020) of NGC 1436 where we overlay both the 117 MeerKAT Hi1
image contours (red and black contours are the same as in the top
right panel of Fig. 2) and the CO contours (white color) from Zabel
et al. (2021). Here, we can see that the CO follows the HI ring and
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Figure 2. The top panels show the MeerKAT HI image at a resolution of 66" (left) and 11”(right). In each panel the value on the top left gives the level of
the lowest HI contour (shown in red), which is calculated as the 3o sensitivity over a 25 kms~'line width. The HI 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 (/) 66" Hi image (2) lowest reliable contour of the 11”HI image (3) 11”image convolved to a 66" resolution. With the same colors we show the 30
column density sensitivity of the respective HI image (top of the image) and their PSFs (bottom-left). The g-band optical image comes from the Fornax Deep
Survey (Peletier et al. 2020). The bottom right panel shows spectra extracted from the 11”(red) and 66" (green) cubes, and from single-dish data (GBT, Courtois
et al. 2009 - black), respectively. The legend 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 —

and the 10%

MeerKAT flux uncertainty measured in Serra et al. (2023). The spectral axis shows velocity in the optical convention.

that there is no CO detected in the center of the galaxy. In the top
right panel of the figure we show the HI velocity field within the
lowest reliable HI contour, where we see that the HI disc is regularly
rotating with a slight PA warp at the edge of the disc. This is visible
as an anticlockwise rotation of the outer isovelocity contours. The
bottom panels show the position-velocity diagrams (PVDs) along
the kinematical major axis (left, PA = 330°) and minor axis (right,

PA = 240°) of both HI (background colour) and CO (contours). The
rotational velocity of HI and CO are consistent with one another

and follow the typical rotation of a settled disc. Judging from the
appearance of the velocity field and the HI PVD, we see that the
rotation curve is rising in the inner ~half of the HI disc, and flattens
further out.

In the rest of this section we show results obtained by fitting the
HI kinematics of the high-resolution cube with the Tilted Ring Fit-

ting Code! (TiRiFiC - J6zsa et al. 2012). TiRiFiC models the galaxy
in rings, where the model parameters are fitted to best reproduce
the HI geometry and kinematics in the data (further details in Jézsa
et al. 2007). This allows us to measure the HI surface brightness
profile and to find the best-fitting values for geometric parameters
(e.g. inclination, PA) and for the rotation curve. We followed two
modelling approaches. In the former, we model our galaxy with a
flat disc (i.e., we forced TiRiFiC to fit a single value for PA and
inclination across all rings). In the latter, we forced TiRiFiC to fit a
flat rotation curve, but allowed the disc to warp letting the inclina-
tion vary. Between these two approaches, we obtained better results
modelling NGC 1436 with a flat disc. We further improve the out-
put flat disc model by using an advanced feature of TiRiFiC, which

I The software is available at the following link https://gigjozsa.
github.io/tirific/index.html
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Figure 3. Top-left: comparison between the HI 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 HI and CO along the major axis (green line on the top left panel) and minor axis. The background image shows the HI while
the green contours show the CO emission at 2.5¢, increasing in steps of 2. Cyan contours show the negative signal in the CO ALMA cube, whose absolute level

is the same as that of the first positive green contour.

allows us to fit and interpolate some model parameters in groups of
model rings rather than for each ring independently. Eventually, we
chose the model that better follows the distribution and kinematics
of the observed HI based on visual inspection. Appendix A includes
a visual comparison between the data and the TiRiFiC model.

Fig. 4 shows the HI rotation curve and the surface brightness (SB)
of NGC 1436 obtained through our TiRiFiC fitting. As anticipated,
the velocity increases with galactocentric distance in the inner re-
gions, and it reaches a plateau at ~50”. In the bottom panel, we
show the derived SB, which peaks at 45”". The best-fitting model
shows some low level fluctuations, which are unlikely to be real and
disappear when convolving the profile with the 11”7 beam (orange
line in Fig. 4). It is worth noting that, if we use our best model as
first guess and let PA and inclination vary, we obtain the same SB
and rotational velocity.

The HI disc diameter of NGC 1436, measured where the surface
brightness is 1 Mg pc2, is ~110”(~ 11 kpc). This allows us to verify
that NGC 1436 is 2.260 above - and thus in agreement with - the HI

size - mass relation (Wang et al. 2016) similarly to the truncated Hi
discs in the Virgo cluster.

In general, by studying the distribution and kinematics of both
H1 and CO, we appreciate the high level of symmetry of the cold
gas in NGC 1436. Both HI and CO are distributed within a settled
ring where they are co-rotating, with no hints of any recent tidal or
hydrodynamical disturbances. Given that the orbital time at the disc’s
edge is of ~300 Myr (as derived from the de-projected rotational
velocity of ~130 kms~!at a radius of ~ 6.7 kpc) we can rule out
strong interactions in the last few orbital times, roughly 1 Gyr.

4 STAR FORMATION HISTORY

The analysis on the cold gas disc establishes that previous interac-
tions between the local environment and NGC 1436 left the galaxy
with a relaxed truncated Hi disc and a clear demarcation between the
star-forming inner disc regions and passively-evolving outer ones. In
this section, we now aim at reconstructing the history of this morpho-
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logical transition by tracing the SFH imprinted in the inner and outer
stellar populations. For this we adopt a non-parametric approach
based on single-age stellar population models (SSP) and on the use
of the Penalised Pixel-Fitting 2 (pPXF; Cappellari & Emsellem 2004)
and the Gas and Absorption Line Fitting codes® (GandALF; Sarzi
et al. 2006; Falcén-Barroso et al. 2006) to fit the MUSE data. How-
ever, rather than aiming at a regularized SFH solution (Cappellari
2017) we decide to exploit the axisymmetry of the system to capture
the uncertainties of the SFH-reconstruction, as done earlier using
MUSE data by Martinsson et al. (2018).

More specifically, we derive the SFH for two sets of spectra ex-
tracted from sectors of elliptical annuli covering the star-forming and
quiescent disc, respectively, as shown in Fig. 5. Since the stellar pop-
ulations within such annular sectors should be rather similar for the
inner and outer disc, respectively, beyond the short timescales (<100
Myr) corresponding to the orbital times between adjacent sectors,
we use the variance between the SFHs recovered in such sectors to
estimate the uncertainty. In total we define 18 sectors in the inner
disc and 8 sectors in the outer disc, with average S/N per pixel of 100
and 20, respectively. Where necessary, foreground and background
sources were masked out before extracting these aperture spectra,
which we also corrected for foreground Galactic extinction using the
Calzetti dust extinction law (Calzetti et al. 2000) and a AV 0.029
value in the direction of Fornax from Schlafly & Finkbeiner (2011).

To derive the SFH from each of these aperture spectra, we fit
them with pPXF and GandALF using SSP models from the MILES
library of Vazdekis etal. (201 5)* which coversa range in age between
30 Myr and 14 Gyr, with total metallicity —2.27 <[M/H]< 0.4 dex,

2 https://www-astro.physics.ox.ac.uk/~mxc/software/
3 https://star.herts.ac.uk/~sarzi/

4 The MILES stellar-population model library can be found at the following
link http://miles.iac.es/
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Figure 5. Comparison between the reconstructed MUSE image, MUSE Ha
emission and the MeerKAT HI data for NGC 1436 informing the location of
the MUSE aperture spectra used in our star-formation history analysis. As in
Fig. 1 the cyan and green ellipses indicated, respectively, the isophotal level
at 25 mag/arcsec? in B-band and the limit of the star-forming disc, where the
He 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 HI column
density of 4.5 x 10'°cm™2, which are best fitted by the shown red ellipse
setting the radius of the Hi disc at Ry 70 ”’. 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 our SFH analysis, where the former avoid
the bulge regions (inside 9””) and extend to the limit of the MUSE central
pointing whereas the latter start at the edge of the HI disc and reach out to the
25 mag/arcsec? B-band isophote.

and a-element overabundance [a/Fe] between 0 and 0.4 dex. Since
without a dedicated methodology (e.g. Martin-Navarro et al. 2019,
2021) we do not expect to be able to capture variations in the stellar
initial mass faction (IMF) through direct spectral fitting, here we
further restrict the fits to using models with a Kroupa IMF (Kroupa
2001).

As in Sarzi et al. (2018), we first fit the MUSE data with pPXF
to measure the stellar kinematics using only the bluer part of the
MUSE spectrum in the 4800 — 5850 A spectral range. Subsequently,
we extend the GandALF fitting range out to 6850 A to also include
the typically strong Ha, [N 11], and [S 11] emission and in turn better
constrain the overall contribution of the emission-line spectrum to our
models. During the pPXF fit we mask regions potentially affected
by emission and adopt an additive correction for the shape of the
continuum. Using a shorter wavelength range speeds up the pPXF
fitting process and delivers robust kinematic results owning to the
presence of several strong stellar absorption features at the bluer end
of the MUSE spectra. The GandALF fit is constrained to the pPXF
kinematics, but is allowed to change the optimal combination of SSP
templates in the stellar models in response to the additional use of
emission lines in the fit, which are represented by Gaussian functions.
In particular, we include both the HB and He recombination lines
and the [O m1]144959, 5007, [N 1]215198, 5200, [O 11]216300, 6363,
[N 11]216548, 6583, [S 11]A16713, 6730 forbidden ones, tying all lines
to the same, optimally-adjusted line profile, while also accounting
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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 7-th order polynomial, whose shapes are shown in the bottom
panels, respectively.
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Figure 7. Sample normalised 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 useing a 7-th 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 gray bands highlight the unreliable measurements of the fractional SFR at younger ages (see text).

for the varying spectral resolution of the MUSE spectra (e.g., Guérou and lead to biased SFH results. For these reasons we decide to omit
et al. 2016). the HB line from our GandALF fits for the outer quiescent disc,
Ideally, the GandALF fit would include a two-component redden- where Ho emission from diffuse ionised gas is only barely detected.
ing correction: the first affecting the whole spectrum to mimic diffuse Finally, we note that in the fits we further ignore the wavelength re-
dust; and the second affecting the emission line spectrum only, rep- gion around the NaDA15896, 5890, as often this part of the spectrum
resenting dust localised in emission line regions and matching the presents strong continuum shape issues related to the relative flux
observed Balmer decrement (e.g., Oh et al. 2011). However, the qual- calibration.
ity of the relative flux calibration of the MUSE data is insufficient to
grant such an approach, and we resort to using a multiplicative poly- Figure 6 shows examples of aperture spectra extracted in the outer
nomial correction instead. This still allows us to obtain very good quiescent disc (left) and in the inner star-forming disc (right) of
fits to our aperture spectra, but the use of multiplicative polynomials NGC 1436, along with our best GandALF fit to them. Residuals
effectively introduces a nuisance parameter in our analysis as poly- from the sky emission-line subtraction process are evident in the
nomial correction of varying order will lead to fits of very similar outer-disc aperture spectra but do not affect the overall quality of our
quality beyond a certain minimum order. Furthermore, not being able fit nor our SFH results, in particular as these artifacts do not interest
to account for dust reddening limits our control over unrealistic val- the more age- and metallicity-sensitive absorption-line features in
ues for the Balmer decrement and spurious Hp line detections, which our fitting range. The fits in Fig. 6 include a 7-th order multiplicative

in turn can affect the stellar-template optimal combination process polynomial adjustment that is more substantial in the case of the
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Figure 8. Final normalised 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 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 Ha maps
to measure or place an upper limit on the present-day star-formation rate 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 over
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 cover an area of 12.5 kpc?

and 18 kpc?, respectively.

central star-forming regions, where such a correction is also needed
to mimic the impact of reddening by dust.

During the fitting process, Gand ALF finds the best combination of
our adopted stellar population templates returning a corresponding
list of best-fitting weights. Since each MILES model corresponds to
a stellar population with an initial mass of one solar mass, accounting
for the distance to the object allows us to turn each of these weights
into a stellar mass formed at the look back time corresponding to
the age of the i-th SSP model. Given that only a few SSP templates
receive a non-zero weight during the GandALF fit, to estimate the
SFH in each sector s we bin the resulting initial stellar-mass values
M ffp in 1-Gyr-wide age bins between 0 and 6 Gyr and in 2-Gyr-wide
bins beyond that. Dividing the total stellar mass M(z;) formed in the
J-th time bin by the corresponding time bin width At;, we obtain the
average star-formation rate (SFR) in that bin SFR(;) = M(t;)/At;.
This effectively gives us a SFR history for each sector, which we
divide by the total stellar mass formed over time, M=% ;M(t;) to
derive the fractional stellar mass formed per unit time in each sector.

This normalised SFH varies strongly from sector to sector in both
the inner disc and the outer disc. This variation largely reflects the
uncertainties in our template-optimisation process. To estimate these
uncertainties and obtain a more reliable average trend we calculate
the average and standard deviation of the normalised star formation
histories across all sectors assigning S FR(t;) = 0 to sectors and age
bins with no non-zero weights. Fig. 7 shows the normalised SFHs
for the inner and outer disc obtained after this averaging, using a 7-th
order multiplicative correction as in Fig. 6. The average values and
corresponding uncertainties on the normalised star-formation history
(coloured large circles and shaded regions, respectively) already in-
dicate that both central and outer regions went through a recent peak
of star-formation some 4 Gyrs ago. event was much more pronounced
in the inner disc (by a factor 4-5) and more rapidly quenched in the
outer disc.

However, we note that in the quiescent outer disc our GandALF
fit seems to require a small contribution from very young SSPs. The
presence of such young stars is at odds with the notable absence
of any star-formation activity and it is certainly a bias in the tem-
plate mix adjustment process, which in turn may stem from intrinsic
limitations in our ability to constrain the presence of young stellar
populations using the MUSE spectra, as indeed these do not extend
down to important features (e.g. the D4000 break and Ho). For this
reason we decided to repeat our analysis while also removing all SSP
templates younger than 1 Gyr and include this second set of fits in the
overall averaging and variance estimation process for the normalised
SFHs. We highlight that the actual choice of polynomial order is also
quite arbitrary, as the quality of the fit does not change significantly
while varying the polynomial order between 6 and 15. Treating this
as an additional source of uncertainty we thus repeat our fits varying
the polynomial order within the above limits, including the corre-
sponding results in the derivation of the final normalised SFH and
associated uncertainties for the inner and outer disc.

Fig. 8 shows the final normalised SFH in the outer quiescent disc
(left) and inner star-forming disc (right) obtained combining the
normalised SFHs from their corresponding apertures, considering
20 different fits (10 polynomial orders, and including or excluding
SSP templates younger than 1 Gyr). The clearer trends of Fig. 8
confirm the picture drawn from our simpler analysis shown in Fig. 7,
according to which NGC 1436 experienced a burst of star formation
between 3 to 4 Gyr ago that saw the birth of ~50% and ~20% of all
the stars that ever formed in the inner and outer disc, respectively.
Such an activity faded considerably in the past 3 Gyr, and most
dramatically in the outer disc where the absence of any present star-
formation activity (from the Ha data) is consistent with the lack of star
formation between 1 and 2 Gyr in our reconstructed SFH. Clearly,
our ability to assess the rate of recent decline in star formation in
NGC 1436 is limited by the aforementioned biases in recovering the
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Figure 9. The left panel shows an example from the TNG50 simulation run (Pillepich et al. 2019) of a disk galaxy that recently fell in a Fornax-like cluster
environment in this simulation (Galdn-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 center as a function of time, whereas the dot-dashed blue line follows the evolution of star-formation
activity. The horizontal dashed purple line indicate the virial radius of this particular Fornax-like TNG50 cluster. The right panel shows the SFR map of the
target TNGS50 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.

SFH in the last 1 Gyr. As a sanity check, in the inner disc we can at
least provide an estimate for the fractional stellar mass formed in the
last Gyr assuming that stars formed at their present-day level over this
period of time. Using the MUSE Ha maps of Iodice et al. (2019a)
and restricting our analysis to emission-line regions firmly classified
as Hmregions we obtained the total star-formation rate in the regions
subtended by our inner-disc sectors, using the Calzetti et al. (2012)
conversion SER(Mp/yr) = 5.5x10™*2 Ly, ergs and taking a distance
of 20 Mpc. The estimate derived in this way (blue cross in Fig. 8) is
consistent with the upper edge for the fractional stellar mass formed
in the last 1 Gyr. Similarly, from the He map of the outer disc,
we measure a 30- SFR upper limit (red downward arrow) using the 8
sectors of the outer disc. Finally, the reconstructed SFH of NGC 1436
shows that before the onset of its recent starburst, some 4 to 5 Gyrs
ago, this disc galaxy was evolving according to the cosmological
picture with its star-formation activity having already peaked at a
redshift between 1 and 2, or some 8 to 10 Gyrs ago (Lépez Fernandez
etal. 2018). In fact, the steeper decline in star-formation activity in the
inner regions at these earlier times, is consistent with the commonly
observed inside-out evolution of disc galaxies (e.g., Kepner 1999;
Nelson et al. 2016; Johnston et al. 2022). In summary, our SFH
analysis indicates that both the inner and outer disc populations went
through three main star-formation phases: (i) a rather typical build
up activity and a steady decline in star-formation activity until some
5 Gyr ago, (ii) a burst of star formation peaking between 3 and 4
Gyr ago, and (iii) a final drop in star-formation until present times,
gradually reducing it by two orders of magnitude in the inner disc
and completely quenching star formation in the outer disc.

5 DISCUSSION

Several properties of the multi-phase gas disc indicate that NGC 1436
has not experienced any significant tidal or hydrodynamical interac-

tion in recent times: (7) the highly symmetric morphology and settled
kinematics of the HI disc observed with MeerKAT at a resolution
of ~ 10"~ 1 kpc; (ii) the absence of HI disturbances, asymme-
tries or tails down to a column density of ~ 1018 ¢m=2 (resolution
~ 60" ~ 6 kpc); (iii) the perfect match between the regular morphol-
ogy and kinematics of the various gas phases (atomic, molecular and
ionised). The fact that the disc is settled now, does not imply that
NGC 1436 has never experienced environmental interactions in the
past. For example, in the Virgo cluster, some of the most gas-poor
galaxies which went through ram-pressure stripping are symmetric
systems with a severely truncated Hi disc (Yoon et al. 2017). That is,
after a few orbital periods any sign of interactions would disappear.
Given the orbital time of NGC 1436 (300 Myr at the edge of the H1
disc - Sect. 3), NGC 1436 has not undergone any significant envi-
ronmental interaction in the last few orbits, say ~ 1 Gyr. Thus we
wonder "whether", "when" and "how" interactions with the Fornax
cluster environment were relevant for the history of NGC 1436.

Useful insights come from our reconstructed SFH for the inner and
outer disc of this galaxy. The SFH of the quiescent and star-forming
disc of Fig. 8 indeed suggests that NGC 1436 was not a member
of the cluster earlier than ~6 Gyr ago, with the Fornax environment
becoming relevant for its evolution starting around 5 Gyr ago. Indeed,
between 14 and 5 Gyr NGC 1436 seem to have followed the expected
cosmic evolution for star-formation activity (Lépez Ferndndez et al.
2018) while also following a typical inside-out evolution. That is,
up to ~ 5 Gyr ago NGC 1436 seems to have formed its stars as a
regular spiral in a low-density environment, without being affected
by strong tidal or hydrodynamical interactions. Since entering the
cluster it must have taken ~ 1 Gyr for NGC 1436 to reach its first
pericentre passage (Tcross 1S indeed about 2 Gyr for Fornax where
Ryir =700 kpc and o) = 318 km s~!, Drinkwater et al. 2001) when
interactions between the galaxy and the Fornax environment would
have been more extreme.



Drawing from the inferred rise and decline of star formation ac-
tivity, we thus speculate that ~ 4 Gyr ago, at about pericentre, a
tidal interaction and/or ram-pressure was able to compress and then
remove the majority of the HI content from the galaxy outer disc,
causing a temporary SFR enhancement followed by a rapid quench-
ing of its star formation. NGC 1436 could only keep some HI within
the inner star forming disc thanks to the stronger gravitational bind-
ing. However, by the time gas removal from the outer disc was com-
plete, the accretion of cold gas onto the galaxy must have completely
stopped. Therefore, the subsequent evolution (with NGC 1436 now
moving away from pericentre) must have been characterised by a
fully quenched outer disc and a starving inner disc. This would ex-
plain why the SFR of the inner disc has decreased in the last few
Gyr, but not gone to zero. The lookback time of the environmental
interactions, which caused the enhancement of the SFR, is consistent
with the conclusion of Iodice et al. (2019a) that NGC 1436 is an
intermediate infaller in Fornax.

The relative role that gravitational and hydrodynamical processes
might have played to drive such a morphological transformation is
not clear. In the literature there is evidence that both tidal interactions
and ram pressure might separately trigger a temporary enhancement
in star-formation activity and the removal of cold gas (Toomre &
Toomre 1972; Barnes 2004; Li et al. 2008; Poggianti et al. 2017;
Vulcani et al. 2018; Ramatsoku et al. 2019; Molnar et al. 2022). Al-
ternatively, a combination of both gravitational (possibly a merger)
and hydrodynamical interactions might have been at work in the
specific case of NGC 1436. For example, NGC 1436 might have
experienced tidal interaction near pericentre, which may have trig-
gered a central SFR enhancement while, at the same time, moving
some gas to large radius via tidal forces, from where it could more
easily be stripped by ram pressure. In this case, NGC 1436 would
share a similar evolutionary path to that of the Fornax galaxies with
one-sided HI tails described in Serra et al. (2023).

Interestingly, the recent evolution of NGC 1436 can also be ob-
served in cosmological simulations. For instance, looking at the
TNGS50 simulation (Pillepich et al. 2019), among the 16 present-
day disc galaxy found in Fornax-like environments (Galdn-de Anta
et al. 2022) we find six currently star-forming objects that entered
their cluster environment between 3 and 5 Gyrs ago and had only
one pericentre passage. Among these, the left panel of Fig 9 shows
the SFH of the simulated galaxy that matched more closely the one
inferred from our SFH analysis. The right panel of this figure shows
that the disc of this simulated object also appears to be forming stars
only in its inner part while its outskirts have already been quenched,
as for NGC 1436.

6 SUMMARY

Using HI cubes from the MeerKAT Fornax Survey (Serra
et al. 2023), with a resolution of 11”7 and 66", sensitivity
Nur(3o, 25 kms ™) = 4.5x10' cm™2 and 1.3x10'8 cm™2, respec-

tively, and a spectral resolution of ~1.4kms™!, we have investigated
the distribution and kinematics of the Hi in NGC 1436 finding that: (i)

the HI distribution is truncated within the inner and still star-forming
disc (ii) the HI kinematics is consistent with that of CO (Zabel et al.
2019) and ionized gas (Iodice et al. 2019a), and thus NGC 1436
has not experience 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
the SFHs of the outer (currently quiescent) and inner (still star-
forming) part of the disc of NGC 1436, which show (i) a faster

evolution of the inner disc with respect to the outer disc from 14 to
5 Gyr ago (ii) a burst of star formation ~ 4 ago in both parts of the
disc (iii) a steady decline and a fast quenching of the star formation
activity in the inner and outer disc, respectively.

These findings suggest that before the star formation burst,
NGC 1436 was evolving in a low-density environment outside the
Fornax cluster. While falling into the cluster and approaching its
pericentre, environmental interactions have promoted a temporary
enhancement in SFR. These interactions were also able to remove
Hi from the outskirts of the galaxy, which caused the fast quenching
of the outer disc. The lack of subsequent cold gas accretion onto the
inner disc is causing its current slow quenching.

Similar evolutionary paths have been observed in cosmological
simulations (Pillepich et al. 2019) in disc galaxies evolving in Fornax-
like clusters (Galan-de Anta et al. 2022).

7 FUTURE PLAN

This work demonstrates how mapping the star-formation history in
galaxies with deep Hi data is effective for understanding both the past
and on-going impact of gravitational and hydrodynamic processes
on galaxies moving from low to high density environments.

As a next step, we will apply the stellar-population analysis ap-
proach used for NGC 1436 to the other galaxies in the Fornax cluster
with available VLT-MUSE data and detected with MeerKAT. Mainly
coming from Fornax3D sample (Sarzi et al. 2018), they will result in
a sample of 13 galaxies covering a range of HI morphologies, galaxy
mass, and position within the cluster that will provide an ideal basis
for further comparisons with the predictions from numerical simula-
tions. At the same time, we intend to improve our constraints on the
young stellar population by taking also into account data extending
beyond the MUSE spectral range. For instance, we intend to collect
near-IR data using the NIRWALS integral-field spectrograph (Wolf
et al. 2018) mounted on the South African Large Telescope (SALT),
which will cover absorption bands from thermally-pulsating asymp-
totic giant branch stars that are good indicators of intermediate age
populations (between 0.3 and 2 Gyr, Maraston 2005).
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APPENDIX A:

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Figure A1. We show the comparison between the channel-maps of the 11”cube (green) and the TiRiFiC model (blue) used to measure the rotational velocity
and SB in Fig. 4. For presentation purpose, we re-binned the channel-maps in velocity to 23 kms~! channels. We show the same contours at ~30- (where o is
the RMS of the re-binned cube), with subsequent contours increasing as x2" (with n=1,2,3 ..), both for the data and the model. In general, the model follows the
Hi rotation in the data, and in the two middle rows, we can see how TiRiFiC nicely models the HI depression visible in the center of the galaxy. Black contours
are the 11””Hr1 image (Fig. 2).
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