Universita degli Studi di Cagliari

PhD DEGREE
Physics

Cycle XXXIV

TITLE OF THE PhD THESIS

The low HI-mass galaxy population in the Fornax galaxy cluster

Scientific and Disciplinary Sector(s)

FIS/05
PhD Student: Alessandro Loni
Supervisor Dott. Paolo Serra, Dott. Andrea Possenti,

Prof. Luciano Burderi

Final exam. Academic Year 2020/2021
Thesis defence: February 2022 Session



UNIVERSITA DEGLI STUDI DI CAGLIARI

DipARTIMENTO DI Fisica
DortorATO DI RICERCA IN Fisica

CicLo XXXIV

Pu.D. THEsIS

The low HI-mass galaxy population in the
Fornax galaxy cluster

S.S.D. FIS 05

CANDIDATE

Alessandro Loni

SUPERVISOR PuD CoORDINATOR

Dott. Paolo Serra
Dott. Andrea Possenti
Prof. Luciano Burderi Prof. Paolo Ruggerone

Final examination academic year 2020/2021
February 2, 2022






Contents

(L__Introduction|

[1.2  Galaxy evolution in dense environments| . . . . . .. ... ... ... ..

(1.3 Environmental interactions shaping the cold gas content of galaxies|

(1.3.2 Cold gasstripping] . . . . ... ... ... .. ..........
(1.4 The Fornax galaxy clustery . . . ... ... ... ... .. ... .....

[[.5 Photometric and spectroscopic Fornax catalogues| . . . . . . .. .. ...

2 The ATCA survey of the Fornax galaxy cluster|

2.2 ATCA rvations an I onf. ... ...

[2.3.1 HI detection properties| . . . . . . .. ... ... ... .....
232 MgtoM,ratiol . . . . . . . . ..
[2.3.3  Linking HI properties with H, and SFR| . . . . .. ... ... ..
[2.3.4  HI properties as a function of 3D location in Fornax cluster]. . . .

2.5 Summary| . ... ... ...

3 The HI mass function of the Fornax galaxy cluster]

[3.4  Supportingtools|. . . . . .. ...
[3.5 Testing of the Bayesian method|. . . . . . ... ... ... ... ... ..
(3.5.1 Fifty galaxies above M, /2| . . . . . ... ... ... ... ...,
[3.5.2  Sixteen galaxies above the ATCA detection hmutf . . . . . . . ..

[3.7  Conclusion and future perspective| . . . . . . .. .. ... .. ... ...

21
21
27
28
28
30
33
37
39
43



4 Morphological transformation in Fornax: the case of NGC 1436 83

1__Intr 10 1 83

B2 MeerKAT observations . . . . . . ... ... ... ... .. ... .. 87
3 ALMA observations| . . . . . . . . . . ... 89
¥4 MUSE observations|. . . . . . .. ... .. .. .. ... ... ... ... 91
.5  Morphology and kinematics of the multi-phase gas discf . . . . . .. . .. 91
@.6  Star formation history|. . . . . . . ..o Lo 101
M7 Discussion]. . . . . . . .o 113
8__Conclusion| 117
[Appendix A | 123
(Appendix B | 131
[Appendix C | 133

Bibliograp 135



Chapter 1

Introduction

1.1 Overview of the thesis

The topic of this thesis is the study of galaxy evolution in the Fornax galaxy cluster based
on blind interferometric radio data taken with the Australia Telescope Compact Array
(ATCA) and the MeerKAT telescope, plus ancillary multi-wavelength data. The ATCA
survey of the Fornax cluster consists of observations performed between December 2013
and January 2014. Studies based on these data are presented in Chapt. 2] and Chapt. [3
The MeerKAT Fornax Survey (MFS - Serra et al.[|2016)) is currently 25% complete and
is collecting data with all 64 antennas of the MeerKAT telescope. Although the MFES is
still on-going, the currently available data have a sensitivity and a resolution a factor of
~ 10 better than those of the ATCA survey. A study based on these data is presented in
Chapt. 4

Chapt. 2] which is based on [Loni et al.| (2021), draws a global picture of the cluster.
Here, we present the neutral hydrogen properties of Fornax galaxies along with properties
of other galaxy components derived from ancillary data. This study provides information
on the evolutionary state of Fornax members as well as of the cluster as a whole. Two main
points are treated: the comparison between Fornax galaxies and non-cluster galaxies and
the time scales which shape the neutral hydrogen content of infalling Fornax members.

In Chapt. 3] we discuss the first attempt to measure the HI mass function (HIMF) of
the Fornax cluster using a new Bayesian approach, which includes both HI detections
and non-detections in the analysis. This new technique was firstly developed to study the
evolution of the HIMF as a function of redshift by Pan et al.[|(2020). Here, we adapt the
code to the case of constant redshift and we apply it to real data for the first time.

The improved resolution and sensitivity of the MFS data with respect to the ATCA
Fornax survey provide a spectacular opportunity to study in details individual Fornax
members. Hence in Chapt. i} we present the study of NGC 1436, a low-My, Fornax
galaxy which appears to be evolving from a spiral to a lenticular morphology (Raj et al.
2019). Our MeerKAT data show this galaxy to have a truncated Hi-disc. The data set
used in this study includes also molecular gas observations carried out with the Atacama
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Large Millimeter/submillimeter Array (ALMA) and optical data obtained with the Multi-
Unit Spectroscopic Explorer (MUSE) on the ESO Very Large Telescope. The aim of
this chapter is to derive the star formation history (SFH) of NGC 1436, which helps us
to understand the physical processes behind the optical morphology and the inter-stellar
medium (ISM) properties of this galaxy.

In the rest of the current chapter we provide a brief overview on how galaxy evolution
depends on environment (Sect. . Then, we introduce the main environmental pro-
cesses which can shape the gas content of galaxies (Sect.[I.3)). Finally, we introduce our
target, Fornax (Sect. [[.4)), and the Fornax photometric and spectroscopic catalogue used
in much of this thesis (Sect. [I.3]).

1.2 Galaxy evolution in dense environments

Studies on the relative abundance of red early-type galaxies and blue late-type galaxies as
a function of environment have shown a clear relation between galaxy morphology and
local density (Hubble & Humason |1931}; Oemler||1974; Dressler|1980). By studying 55
nearby galaxy clusters, Dressler| (1980) found that the fraction of elliptical and lenticular
(S0) galaxies increases and that of spiral galaxies decreases with increasing local density
in all clusters (Fig. [[.I). Based on galaxy morphological classification, the author also
showed that most SOs in clusters are not spirals whose gas was removed and thus lost their
capability of forming new stars. This suggests that galaxies in clusters were born and grew
as ellipticals and SOs due to the long time scales required for a proto-galaxy to collapse.
Indeed, the disc formation of a collapsing proto-galaxy would likely be interrupted by the
interactions with other forming galaxies, whose encounters become more frequent as the
density of the environment increases (Aarseth et al.||1979). In this picture, SOs in clusters
have never had the morphology of modern spirals.

However, observations at higher redshift (z~1) show that: (1) in dense environment
the fraction of SOs was smaller in favor of a larger fraction of spirals, while the fraction of
more massive systems generally classified as ellipticals is similar with respect to what is
observed today; (i) in the field the fraction of SOs and spirals appear similar from z~1 to
z~0. These evidences show that: (i) an actual morphological transformation from spirals
to SOs happens; (i1) galaxy evolution is faster in denser environments (Dressler & Gunn
1983; Dressler et al.[[1997, 1999; [Fasano et al.|2000; [Diaferio et al.[2001; Postman et al.
2005) and, as a consequence, the relative abundance of red early-type galaxies and blue
late-type galaxies changes with time (for a review on the time scales of galaxy evolution,
we refer the reader to Cortese et al.[[2021))

More recently, the morphology-density relation has been revisited in light of a more
quantitative, objective classification of galaxies based on kinematics. Using the specific
angular momentum as defined in Emsellem et al.| (2011)), Cappellari et al. (2011)) found
an increment of fast rotators (S0s), a decrement of spirals and a rather constant number
of slow rotators (ellipticals) as the density of the local environment increases (Fig. [I.2)).
Altogether, these studies suggest that physical mechanisms that depend on the local envi-
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Figure 1.1: The figure from Dressler| (1980) shows an increment of the fraction of ellip-
tical (E) and lenticular (SO) cluster galaxies and a decrements of the fraction of spiral (S)
and irregular (Irr) cluster galaxies as the density of the local environment increases. The
morphological classification of galaxies was based on optical imaging.
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Figure 1.2: The figure from Cappellari et al.[(2011) is similar to Fig. but here galaxies
were classified according to the stellar kinematics. Also in this case, the fraction of spirals
decreases (green markers) and the fraction of SOs (blue color - the fast rotators class)
increases as the density of the local environment increases. The fraction of elliptical
galaxies (red colour — the fast rotators class) is rather constant with respect to the variation
of the local environment density.

ronment might be responsible for the optical morphology of a galaxy.

In this context, galaxy clusters are the densest environments where galaxies can form,
interact and evolve. They are the largest gravitationally bound systems in the Universe
and can host from 100 to 1000 galaxies in a few Mpc®. They are also characterized by
a dense intra-cluster medium (ICM), which is denser and hotter in the center of clusters.
In general, the density of the ICM depends on the mass of its host cluster, thus massive
galaxy clusters (M>10" M) are charactherized by a denser ICM with respect to less
massive systems.

In these conditions, environmental interactions between galaxies, as well as between
galaxies and the ICM, are likely to happen. The nature of these interactions can be either
hydrodynamical (such as in the case of ram pressure stripping; Gunn & Gott|[1972) or
gravitational (such as in the case of tidal interactions; [Toomre & Toomre||[1972). While
the density of the ICM is a key factor for hydrodynamical interactions, the number den-
sity of galaxies is important for tidal interactions, and depend on the velocity of galaxies
(with respect to the ICM or other galaxies, respectively). These interactions (which we
will describe in more detail in Sect. [[.3) deplete the cold gas reservoirs of galaxies, af-
fecting their star formation activity and, therefore, their optical morphology— contributing
decisively to the transformation of gas-rich, star-forming spirals into gas-poor, quiescent
SOs.

Observations show that clusters, too, grow both through mergers and accretion of
smaller systems, which include subclusters and galaxy groups (Drinkwater et al. 2001a;
Furusho et al. 2001} Paolillo et al.|2002; Takahashi & Yamashita[2003). In particular,
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mergers are responsible of the thermal state of clusters by inducing turbulence in the ICM,
whose temperature increases. X-ray emission can trace these interactions (Bykov et al.
2015). A cluster which shows signs of recent merging events should shape the cold gas
content of in-falling galaxies differently with respect to what a more dynamically evolved
(virialized) cluster does (Roberts & Parker2019)).

In less dense environments such as groups of galaxies, which can host an order of
magnitude less galaxies with respect to clusters, the density of the intragroup medium
(IGM) is lower than that of the ICM. However, there is evidence that, although the gas
removal due to gravitational and hydrodynamical interactions is less effective, it can still
take place (Hester|2006; [Westmeier et al.|2013; |Serra et al.| 2013} Hess & Wilcots|2013;
Catinella et al.|2013; /de Blok et al.|2018; Jones et al.|2019; (Cortese et al.|2021f Boselli
et al.|[2021)). Furthermore, several galaxies observed in clusters today, entered the main
cluster as part of a group of galaxies, where gas removal might have begun. The lower
velocity dispersion of the galaxy population means that, in groups, tidal interactions are
more likely to happen, making them more effective than ram pressure stripping — the
opposite situation than the one in clusters. The lower efficiency of ram pressure stripping
in galaxy groups also depends on the lower density of the IGM. However, ram pressure
stripping can still occur (e.g., Freeland & Wilcots|[2011). The term “pre-processing” is
commonly used to refer to both gravitational and hydrodynamical interactions which take
place in groups of galaxies falling into clusters (e.g. Boselli & Gavazzi2006; Bianconi
et al.[2018; Kleiner et al.|2021)).

In general, the balance between hydrodynamical and gravitational interactions de-
pends on the mass of the host halo (group or cluster) which determines the density of the
gas medium (IGM or ICM), on the velocity dispersion of its members, on the number
density of galaxies, and also on galaxy properties such as their mass and orbit (Stevens
et al.[1999).

Thus, galaxy evolution depends on several factors, and discriminating where and
through which processes a galaxy has become red and quenched (i.e., it has stopped form-
ing stars) is not trivial. Typically, a galaxy that is passive now has spent a few billion years
in its host halo (e.g., McGee et al.|2009; Han et al.|2018])). Therefore, most likely, multiple
hydrodynamical and gravitational processes have played a role in shaping the cold gas
content and halting the star formation of the galaxy. Furthermore, cold gas can also evap-
orate or be ejected via internal processes (e.g. heating/ejection by nuclear activity and
stellar feedback [Croton et al.|2006; De Lucia et al.[2019), making it even more difficult to
understand the role played by the environment in the quenching processes.

One of the most powerful tools in the study of galaxy evolution in dense environ-
ments is the observation of galaxies’ neutral hydrogen through the 21 cm wavelength
emission line (HI), which gives us information on the evolutionary state of galaxies as
well as a global picture of the cluster. The evolution of galaxies depends on the evolution
of their atomic hydrogen reservoir, which is the primary reservoir of fuel for star forma-
tion. Since it typically extends to the outskirts of galaxies, HI gas is the first component
that is affected by tidal interactions, ram-pressure stripping and mergers. Indeed, clus-
ter galaxies are usually deficient in atomic hydrogen with respect to non-cluster galaxies
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(Giovanelli & Haynes| 1983; Haynes & Giovanelli |1986; |Solanes et al.[2001; |Boselli &
Gavazzi|2006). HI is, therefore, a crucial observable for understanding galaxy evolution
in dense environments (Hughes & Cortese 2009; |(Chung et al. 2009).

1.3 Environmental interactions shaping the cold gas con-
tent of galaxies

In the previous sections we saw that galaxies are not isolated, non-interacting systems.
Galaxies are constantly influenced by gravitational and hydrodynamical interactions with
other systems or environments. Typically, these interactions can lead a galaxy to become
fully quenched, losing its capability of forming new stars. However, there are less frequent
cases of rejuvenation, too, which consists in fuelling a quenched galaxy with gas. These
processes might cause galaxies to restart their star formation activity (Trager et al.|2000;
Y1 et al.[2005]; Serra et al. 2008}, (Cortese & Hughes 2009; Thilker et al. 2010).

We also saw that the balance between these types of interactions depends both on
galaxy properties — including their orbits — and on environment properties, such as the
number density of galaxies and the IGM/ICM density. Therefore, we expect galaxy evo-
lution to proceed differently in different environments. In the rest of the thesis, we will
focus on the impact of a low-mass cluster - the Fornax cluster - on the cold gas content
of its members. In this section, we review the main processes which are often recalled in
the literature for explaining galaxy quenching, although we must keep in mind that more
than one process might simultaneously affect the gas content of any given galaxy.

1.3.1 Starvation

The first requirement for a galaxy to not form stars is halting cold gas accretion onto the
system, which would otherwise supply material to form new stars. In general, the re-
plenishment of gas in galaxies is a necessary process which has been proposed to explain
the constant SFR of late-types for much of the Hubble time. Indeed, the cold gas deple-
tion time, defined as T4ep = Mg,,/SFR 1is roughly a few billion years for both molecular
and atomic phases (Boselli et al.2014b), thus shorter than the Hubble time. As a con-
sequence, if gas accretion had not occurred, today’s galaxies would not be forming new
stars. In dense environment the hot dense medium plays a role in halting gas accretion
in infalling galaxies from their own hot halo — either by removing the hot halo itself, or
by preventing it from cooling. In clusters of galaxies, there is evidence that gas accretion
is halted when galaxies cross the virial radius for the first time or even before (2-3 X Ry;;
- Bekki et al.[2002; [Bahé et al.|2013}; Maier et al.[2016). Finally, when gas accretion is
halted in infalling galaxies, star formation can still occur for a certain time if their cold gas
reservoirs have not been removed by other environmental interactions. In the literature,
the lack of cold gas replenishment and the consequent quenching through exhaustion of
the remaining cold gas is referred to as starvation or strangulation (Larson et al.[1980;

6
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Figure 1.3: This figure from Kenney et al.| (2004) shows a Virgo cluster galaxy whose gas
is being removed by ram pressure stripping. The HI (black contours) is truncated within
the stellar body and partially extraplanar.

Balogh & Morris|2000).

1.3.2 Cold gas stripping

Several mechanisms might be responsible for an active cold gas removal in galaxies.
Satellite galaxies might be unable to retain the cold gas at their ourskirts while interacting
with the environment. We have already mentioned that, among environmental interac-
tions, hydrodynamical mechanisms can play a role in an active gas removal from galaxies.
For example, while a galaxy is moving through its host halo, it feels a pressure exerted
by the ICM (Gunn & Gott||[1972)). This process is called ram pressure stripping, whose
conditions for stripping gas depend on the square of the velocity of the galaxy relative
to the ICM as well as on the density of the ICM. If this pressure exceeds the gravita-
tional force that binds the ISM to the galaxy, then the gas will be removed. In general,
an in-falling galaxy would be on an eccentric orbit along which its velocity and the ICM
density change as a function of time and space, respectively. Hence, it is most likely
that any in-falling galaxy will experience ram pressure stripping sooner or later. Fig. [[.3]
from |[Kenney et al.| (2004) shows the effect of ram pressure stripping on a Virgo galaxy,
NGC 4522 whose HI is truncated within the stellar body and partially extraplanar.
Besides gas removal, the leading side of the galaxy along the orbit might actually be
compressed causing a temporary enhancement in the SFR (e.g. Vulcani et al.| 2018} Ra-
matsoku et al.[2019) Furthermore the stripped gas on the opposite side may remain bound
to the galaxy, fall back and induce a later starburst (Vollmer et al.|[2001)). Fig.[T.4]from
Ramatsoku et al.| (2019) shows both the HI emission and SFR surface density obtained
by H, emission in a galaxy which is experiencing ram pressure stripping. The SFR sur-
face density map shows an enhancement of SFR in the western region of the disc which
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Figure 1.4: This figure from Ramatsoku et al.[(2019) shows the SFR surface density map
and the HI emission of a galaxy which is experiencing ram pressure. HI contour levels

correspond to column densities of 3, 6, 9, ... x 10! atoms cm™2.

coincides with the location of the bright HI. While the long term effect of environmental
interactions is usually the quenching of star formation, these studies show that the actual
path to quenching can be complex.

The motion of a galaxy thorough the ICM can also cause viscous stripping, which oc-
curs at the boundary between the ISM and the ICM and consists in the removal of the outer
layer of the ISM due to the viscosity momentum transferred with the ICM (Nulsen|1982).
Since the time scales and the duration of the mass loss due to ram pressure stripping and
viscous stripping are different, they are referred as to instantaneous and continuous strip-
ping, respectively (Roediger & Hensler|2005). In the former, stripping the main galaxy
disc happens in a short phase from 20 to 200 Myr, while the latter is a continuous process
that in general causes a slow decrease of the disc mass (and radius) with a rate of 1 My /yr
(Roediger & Hensler 2005). Viscous stripping is usually accompanied with a thermal
evaporation of the ISM caused by the rise of temperature due to heat transfer between
the cold ISM (< 10* K) and the hot ICM (~ 107 — 108 K). In general, the efficiency of
ram pressure stripping increases when the ICM (and the ISM) presents turbulent motion
(e.g. when a galaxy passes through a dense region with bright X-ray emission - Shin
& Ruszkowski 2013 [Domainko et al. 2006), thus clusters which underwent a merger
are more efficient environments to remove the ISM through hydrodynamical interactions.
Furthermore, since low-mass clusters are characterized by a less dense ICM with respect
to more massive systems, we expect ram pressure stripping to take longer to remove the
cold gas. These environments should allow HI tails to survive longer, possibly providing
us with a good opportunity to observe the gas stripping in action.

The nature of the second class of environmental interactions is gravitational. The
condition for these processes to strip material is the variation (both temporal and spatial)
of the external gravitational potential that the outskirts of disc galaxies feel (Binney &
Tremaine |1987). The main difference with hydrodynamical interactions is that the former

8
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Figure 1.5: The figure from de Blok et al. (2018) shows the perturbed HI distribution (in
blue) of the M8 triplet of galaxies by tidal interactions.

only removes gas, while the latter is able to affect both the gas and the stellar component
of the disc. Galaxy-galaxy tidal interactions are included in this category of mechanisms.
In clusters, the typical velocity of a galaxy is of the order of the velocity dispersion of the
cluster, which is larger than the internal velocity dispersion of the galaxy. Therefore,
galaxy encounters are high-speed in nature. These encounters can displace the weakly
bound material in the disc of galaxies. An example of tidal interactions, though not in a
cluster, is shown in Fig. @ Furthermore, the heated ISM becomes less bound and, thus,
more susceptible to disruption by further encounters and by tidal interactions with the
cluster potential. Multiple high-speed encounters are refereed to as galaxy harassment.
The effects of harassment in disc galaxies falling into the cluster was firstly simulated by
Farouki & Shapiro| (1981). These authors show that the disc of a galaxy can be entirely
destroyed by one or two passages through the cluster. Galaxies might also experience a
substantial amount of mass loss as the heating pushes stars onto unbound orbits, while the
change in the orbits of stars which stay bound to the disc might change the morphology
of the disc itself.

Simulations also suggest that harassment is an efficient mechanisms to transform late-
type spirals in dwarf galaxies, and ealy-type spirals to elliptical and SO galaxies (Aguerri
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& Gonzalez-Garcia2009). Other simulations focused on the HI content of galaxies show
that a cluster crossing time is sufficient for low-mass galaxies — and a few pericenter
passages for more massive galaxies — in order to deplete the cold gas content of galaxies
which experience harassment (Marasco et al.|2016).

1.4 The Fornax galaxy cluster

Fornax is the closest representative of the class of low-mass clusters (~5x10'* M, within
the virial radius, Ry;; = 700 kpc; Drinkwater et al.[2001a), located in the southern sky at
a distance of 20 Mpc (Blakeslee et al. [2009). This distance makes our target the second
closest galaxy cluster to us after the more massive Virgo. Therefore, the study of Fornax
is crucial for understating the evolution of galaxies in the context of hierarchical structure
formation. One of the aim of this thesis is addressing the question of how galaxy evo-
lution proceeds in the low-mass Fornax cluster, where we expect ram pressure stripping
to be less effective than in more massive systems (e.g. the Virgo and the Coma clusters).
Indeed, the density of the Fornax ICM and the velocity dispersion are roughly a factor
of two lower than those of Virgo, while the number density of galaxies in Fornax is two
times higher (see Table 1 inJordan et al. 2007 and references therein). If, on the one hand,
these conditions make ram pressure stripping less effective, on the other hand they would
increase the probability of low-speed encounters among Fornax galaxies, and thus of tidal
interactions.

Due to its close proximity, Fornax has been extensively imaged and observed at a
number of wavelengths by a range of telescopes and instruments. A recent large campaign
of optical observations provides images and photometry of Fornax members down to a
magnitude of ~28 mag/arcsec? (Peletier et al.[2020a). Studies on several single Fornax
objects can now rely on high-quality integral-field spectroscopic data (Sarzi et al. 2018]),
which are powerful tools to study the star formation history (SFH) and kinematics of
galaxies (Pinna et al.|[2019a)b), and to understand the interplay between galaxies and
the cluster environment. Furthermore, a recent collection of spectroscopic observations
provides velocities for numerous Fornax galaxies within R,;; (Maddox et al.[2019|— see
Sect. [L.3] for further details).

Fornax was also observed in radio wavelengths which has enabled the study of the
cold gas content of Fornax members (Zabel et al|2019; [Loni et al.|2021] Chapt. ]in this
thesis) leading to the conclusion that galaxies in the cluster center are gas poor. Currently,
the MeerKAT Fornax Survey is still ongoing and will provide the most sensitive 1-2 GHz
data of the cluster to date (Serra et al.2016). A more complete introduction to previous
radio observations of the Fornax cluster is provided in Chapt. 2}

X-ray observations of the Fornax cluster reveal that the peak of the X-ray emission
coincides with the central dominant galaxy, NGC 1399 (Paolillo et al.|[2002). Further-
more, the X-ray data show asymmetries in the ICM (Scharf et al.| 2005} Su et al.|2017),
whose origin is due to a minor merger and multiple encounters that involved NGC 1399
and NGC 1404 (Sheardown et al.|2018]). The latter is an elliptical galaxy ~60 kpc away

10
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from NGC 1399. Recent studies on the magnetic field of Fornax corroborate the finding
of sloshing in the ICM (Anderson et al.|2021). The cluster center also shows evidence of
asymmetries in temperature and metallicity distributions. Murakami et al.| (2011]) found
that 71 kpc north of the center, the ICM has a lower temperature and higher Fe abun-
dance with respect to south (93-143 kpc), probably do to the recent dynamical evolution
of Fornax.

Although, in general, Fornax shows a more dynamically evolved state than Virgo
(Grillmair et al.|[1994; Jordan et al.|2007), its growth is not over at all. The Fornax re-
gion includes two main substructures (Drinkwater et al.|2001a)). The first is the cluster
itself centred on NGC 1399, whose interaction with NGC 1404 is revealed by the per-
turbed ICM distribution. Here, three well defined groups of galaxies with different light
and colour distributions, kinematics, and stellar populations were found by combining the
Fornax Deep Survey imaging (lodice et al.2019b) with Fornax 3D spectroscopy (lodice
et al. [2019a) in the two-dimensional projected phase space: the core, the north-south
clump and the infalling galaxies (see Fig. 7 in lodice et al.|[2019a). The core is still domi-
nated by NGC 1399, which is one of only two slow-rotators inside the virial radius (NGC
1427 is the other one, located on the east side of the cluster). The NS-clump is located in
the high-density region of the cluster (within 0.4R,;; ~ 0.3 Mpc in projection), where the
X-ray emission is still bright. It hosts the reddest and most metal-rich galaxies, all of them
fast-rotating early-type galaxies. The bulk of the gravitational interactions between For-
nax galaxies as well as most of the intra-cluster baryons (i.e. diffuse light, globular clus-
ters and planetary nebulae Cantiello et al.[2018; |Spiniello et al.[|2018}; fodice et al.[2019b)
are found in this NS clump, where galaxy growth is still ongoing through the accretion of
mass onto galaxies’ outer regions (Spavone et al.[2020). The third group of objects in the
cluster includes the infalling galaxies, which are distributed nearly symmetrically around
the core in the low-density region outside ~ 0.4R,;; ~ 0.3 Mpc in projection. The majority
of these galaxies are late-types with ongoing star formation. Most of them exhibit signs
of interaction with the environment and/or minor mergers in the form of tidal tails and
disturbed molecular and atomic gas (Zabel et al.[2019; Raj et al.|2019; Loni et al. 2021).
Previous work had also shown that numerous dwarf galaxies are currently falling into the
centre of the cluster (Drinkwater et al. 2001b; Schroder et al. [2001; [Waugh et al.|2002).
Recently, the population of Fornax dwarf galaxies has been inspected by Venhola et al.
(2018) with ~ 3x deeper data than Ferguson| (1989b)). These authors classified 564 galax-
ies as dwarfs (M- > —18.5 mag), providing new data to study the evolution of galaxies in
the Fornax cluster. Venhola et al.[(2019) show a radial variation of the fraction of early-
type dwarfs, which increases towards the center of the cluster, suggesting that the cluster
environment is responsible for transforming the morphology of its members.

Finally, the other major structure in the Fornax volume is the infalling group centred
on NGC 1316 (Fornax A), located ~ 1.5 Mpc south-west of the cluster center. The central
galaxy is a peculiar lenticular formed through a 1:10 merger 2 Gyr ago (Schweizer|1980;
Horellou et al.|2001; lodice et al.[2017b; Serra et al.[|2019). The group hosts mostly blue,
gas-rich, star-forming galaxies with various levels of HI asymmetries and gas deficien-
cies, likely caused by on-going interactions. Such interactions are demonstrated by the
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abundant intra-group neutral and ionised gas detected with HI and Ha imaging
et al.[2021)). Whether this group is currently interacting with the large-scale Fornax cluster
environment is currently an open question.

In this thesis we focus our attention on the central part of Fornax (R< Ry;;).

1.5 Photometric and spectroscopic Fornax catalogues

In the rest of the thesis, we need exhaustive spectroscopic and photometric catalogues
which includes Fornax members within the central Fornax cluster region (rougly 1X Ry;).
In this section we present our work on cleaning published catalogues from duplicates and
cross-matching photometric and spectroscopic catalogues, and we present a first charac-
terization of galaxy properties based on their photometry and position in phase-space.

1.01
0.8+

.©0.6-
e

= _
1073
(o] 1
— ]

8 10 12 14 16 18 20 22
m, [mag]

I Ratio

Photometric catalogue
I (FDS: lodice et al 2019, Raj et al 2019,Vehnola et al. 2018;
Lee-Waddell et a. 2018; this work)

Spectroscopic catalogue
WS (Maddox et al. 2019)

Figure 1.6: Comparison between the joint photometric catalogue and the cleaned spectro-
scopic catalogue. The top histogram indicates the level of completeness of the spectro-
scopic catalogue against the joint photometric one in each magnitude bin.

We inspected and compared the spectroscopic catalogue of Maddox et al.|(2019) with
a photometric catalogue obtained joining all the photometric catalogues published from
the Fornax Deep Survey (FDS) collaboration where we further add the photometry of
NGC 1427A whose photometry was measured in [Lee-Waddell et al.| (2018). The for-
mer is a compilation of several spectroscopic surveys, which also includes foreground
and background sources with respect to the Fornax cluster and Fornax compact stellar
systems (e.g. globular clusters). It also includes duplicates. Thus, we firstly made sure

12
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to take all sources within the Fornax velocity range applying a velocity cut from 600 to
3000 km s~!(Drinkwater et al.[2001a). Then we removed compact stellar systems (CSSs,
which are not expected to host interstellar matter, hence Hi) identified by the following
flags in Maddox et al. (2019): GS (Globular System), GC (Globular Cluster), GCC (Glob-
ular Cluster Candidate), KnownCSS (Known Compact Stellar System), NewCSS (New
Compact Stellar System). Furthermore, we also removed all sources smaller than 2 arcsec
(190 pc at the distance of Fornax) based on size measurements by [Venhola et al. (2018}
see below), since they fall into the classification of CSS (even though they had no CSS
flag in Maddox et al.|2019). The final spectroscopic catalogue consists of 81 unique For-
nax galaxies, some of which are however present multiple times in the catalogue. We
removed duplicates as follows: we collected sources within a matching radius of 1 ar-
cmin in subgroups of objects. Then, using optical FDS images we verified whether or
not objects in the same subgroup were part of the same extended Fornax source. If so,
we applied two criteria to decide which spectroscopic measurement to keep and reject the
others. The first criterion was that of keeping the closest optical velocity to that measured
(and converted in optical convention) with the ATCA telescope (we will show these mea-
surements in Chapt. [2). Whenever this comparison was not possible due to lack of HI
detections, we applied a second criterion: since almost all spectroscopic surveys included
in Maddox et al.| (2019) have a resolution (fibre aperture) of 2 arcsec, we kept the closest
spectroscopical measurements to the center of the source. The final result of these steps
is a spectroscopic catalogue of 81 unique galaxies with no duplicates.

The joint photometric catalogue includes Fornax early-type galaxies (ETGs) from
lodice et al.[| (2019a), late-type galaxies (LTGs) from Raj et al.| (2019) and dwarf galax-
ies from Venhola et al. (2018). Since some of the objects were included in more than
one FDS catalogue (e.g. the dwarf catalogue of Venhola et al.|2018|includes some LTGs
in Raj et al.[2019), we made sure to have a photometric catalogue without duplicates.
Also in this case, any time we found duplicates, we inspected FDS images. In general,
although LTGs magnitudes are slightly brighter with respect to those of the duplicate
galaxies found in the dwarf catalogue, they agree within the uncertainties.

While the Fornax membership of ETGs and LTGs is well known, the same is not true
for the dwarf galaxies, many of which do not have a redshift. Venhola et al.| (2018]) used
four different criteria to establish whether a dwarf is a Fornax galaxy or not: a color cut,
a surface brightness cut, a visual inspection of the image and a concentration parameter
cut. The color cut criterion is based on the comparison between the magnitude of galaxies
which belong to Fornax according to their redshift with the magnitude of galaxies with
no redshift. The surface brightness cut relies on the fact that the surface brightness of
cluster galaxies decreases with decreasing total flux while that of distant galaxies should
stay constant (Binggeli et al.|[1984)). Furthermore, non cluster galaxies are likely to have
some sort of structure (e.g. bars, spiral arms) and they are homogeneously distributed
around the center of the cluster independently of the distance. Whenever the evaluation
of structures was hard to decide between elliptical background galaxies and dwarf Fornax
members, they performed the concentration parameter cut. The concentration parame-
ter takes into account the ratio between the radii which contain the 80% and 20% of the
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Figure 1.7: Colour-magnitude diagram of the final Fornax photometric and spectroscopic
catalogue (Table [I.1)), which includes 79 galaxies with photometry from [Venhola et al.
(2018), Todice et al.| (2019a), Raj et al.|(2019), Lee-Waddell et al.| (2018), this work, and
redshift from the compilation in Maddox et al. (2019). See text for details on how this
final catalogue was assembled.

light of a galaxy. Early-type galaxies have a higher concentration parameter than dwarf
galaxies. Among Fornax members with redshift measurements, it is worth noting that
Venhola et al.[ (2018) included all galaxies within the velocity range 745-2241 kms™',
while we had previously selected galaxies within 600-3000 km s~!from the spectroscopic
catalogue. Thus, we cross matched the background galaxy catalogue (provided by Ven-
hola et al.|2018) with our spectroscopic catalogue (see above) in the velocity ranges 600-
745 kms~'and 2241-3000kms~!. The match resulted in two objects that are actually
included both in the dwarf Fornax catalogue and that of background galaxies, thus we did
not need to add any further objects in the photometric Fornax catalogue. This is most
likely due to the uncertainty on the redshift of these galaxies, which might make them
both Fornax and background galaxies given the lower and upper velocity limits adopted
by [Venhola et al.| (2018). Finally, the authors performed a self-completeness check, test-
ing the source finding algorithm after introducing artificial objects within the data. They
estimated an efficiency of 50% when searching for galaxies with m, = 21 mag, while the
efficiency increases as the magnitude of galaxies decreases.

Having taken all aforementioned steps to clean the spectroscopic and photometric cat-
alogues, we searched for a match between objects in the cleaned spectroscopic catalogue
with objects included in the cleaned photometric one. All but six objects in the former
catalogue were also included in the latter. We inspected FDS images at the position of the
six objects with a spectroscipic but not a photometric measurement and we realized that
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Figure 1.8: Distribution of all spectroscopically confirmed Fornax members (Table [1.1)
on the sky. We adopted the same color coding as in Fig.[T.7] The dashed gray circle shows
R,;: and is centred on the brightest elliptical of Fornax: NGC 1399.
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Figure 1.9: Phase space diagram of the spectroscopically confirmed Fornax members.
Here we used the same color coding as in Fig.[[.§]

these are extended (larger than 2 arcsec) objects, and this should be included in our final
catalogue. Proceeding as in |lodice et al. (2019a), we estimated their total magnitude in
r-band. Following this, we could straightforwardly associate a magnitude to each of the
81 objects with a redshift.

Fig.[1.6)shows the ratio between the number of galaxies with both redshift and magni-
tude measurements and the number of galaxies with just photometry but no redshift, as a
function of apparent magnitude. All bins with m, brighter than 16.5 mag have a complete-
ness higher that 50%. Thus we decided to build a spectroscopic catalogue with all objects
with magnitude lower than m, =16.5 mag, which includes 79 galaxies. Information on
the photometry and velocity of Fornax galaxy members which have both measurements
are provided in Table [I.T} The total completeness of the catalogue is ~85%. We made
the choice to classify all galaxies with m, > 13.5 mag as dwarf galaxies. While visual in-
spection was also used to further classify the morphology of brighter dwarfs and brighter
galaxies whose photometry was measured in this work into the class of ETG and LTG
galaxies.

In Fig. we show the color-magnitude diagram which shows a segregation between
dwarf, LTGs and ETG galaxies. Focusing on the y axes, LTGs also show bluer colors as
expected.

In Fig. [[.§] we show the 2D distribution of all galaxies included in Table Within
0.5 R,;; we find the 73% of all ETGs, 40% of all LTGs and 38% of all dwarfs. Thus, the
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majority of the spectroscopically confirmed Fornax members in the center of the cluster
are ETGs. In the figure, the aforementioned NS clump stands out clearly as an elongated
concentration of ETGs just east of NGC 1399.

The additional kinematic information is provided in Fig.[I.9] Here, we show the pro-
jected phase-space diagram. We used a cluster systemic velocity of vy, = 1442 kms™'and
a cluster velocity dispersion of oy = 318 kms~!(Maddox et al.[2019). We proceed as
in Jaffé et al. (2015)) to draw caustic curves. We set M,;; = 5 x 101*My, R,;; = 700 kpc
(Drinkwater et al.|[2001a) and a cluster concentration parameter equal to 6 (Navarro et al.
1996; the exact value of this parameter does not change the result significantly). The inner
triangle shows the virialized area where it is most likely to find old members of the Fornax
cluster (Rhee et al.|[2017)). Within this area, we find 52% of all ETGs, 11% of all LTGs,
20% of all dwarfs. The top histogram in the projected phase-space diagram shows the
distribution of galaxies as a function of the distance from the center of the cluster (where
we can draw similar results mentioned above while commenting on Fig. [[.8)). The right
histograms shows that the velocity distribution of ETGs and dwarfs peak at the systemic
velocity of the cluster.

We make use of the final Fornax catalogue in Table [I.1] to study the distribution of
HI detections relative to that of all other cluster members in Chapt. [2] and to include HI
non-detections in the analysis of Fornax” HIMF in Chapt. [3]
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Name RA [him:s]  Dec [dim:s]  m,[mag] e[mag] mg[mag] ez[mag] Velocity [km/s]
FCC143 03:34:59.10 -35:10:10.00 12.6600 0.030000 13.3600 0.020000 1364.0
FCC147 03:35:16.80 -35:13:34.00 10.5000 0.010000 11.1400 0.010000 1294.0
FCC1438 03:35:16.80 -35:15:56.00 11.7000 0.010000 12.3300 0.010000 726.6
FCC153 03:35:30.90 -34:26:45.01 11.7000 0.030000 11.9400 0.020000 1587.1
FCCl61 03:36:04.00 -35:26:30.00 10.4700 0.010000 11.1800 0.010000 1324.0
FCCl167 03:36:27.50 -34:58:31.00 9.2700 0.020000 9.8600 0.010000 1877.0
FCC170 03:36:31.60 -35:17:43.00 10.9900 0.010000 11.6400 0.010000 1724.0
FCC177 03:36:47.40 -34:44:17.00 11.8000 0.010000 12.5200 0.010000 1568.8
FCC184 03:36:56.90 -35:30:24.00 10.0000 0.040000 10.7600 0.010000 1302.0
FCC190 03:37:08.90 -35:11:37.00 12.2600 0.010000  12.9200 0.010000 1740.0
FCC193 03:37:11.70  -35:44:40.01 10.6900 0.020000 11.4200 0.010000 921.0
FCC213 03:38:29.20 -35:27:01.99 7.8900 0.090000 8.5700 0.090000 1425.0
FCC219 03:38:52.10 -35:35:37.99 8.5700 0.040000 9.2800 0.080000 1947.0
FCC276 03:42:19.20 -35:23:36.00 10.1500 0.020000 10.4500 0.060000 1388.0
FCC277 03:42:22.60 -35:09:10.01 12.3400 0.020000 12.7400 0.010000 1640.0
FCC301 03:45:03.50 -35:58:17.00 12.6500 0.010000 12.9900 0.050000 1005.0
FCC310 03:46:13.70 -36:41:43.01 11.8100 0.040000 12.1900 0.050000 1373.0
FCC083 03:30:34.98 -34:51:14.19  10.8400 - - - 1510.0
FDS4 DWARF001  03:41:03.60 -33:46:44.76  12.8435 0.086590 13.4974 0.101726 1290.0
FCCI121 03:33:36.40 -36:08:25.00 8.7900 0.030000 9.3300 0.040000 1638.0
FCC176 03:36:45.00 -36:15:22.00 11.7400 0.010000 12.5100 0.010000 1399.0
FCC179 03:36:46.30 -35:59:57.99 10.6800 0.010000 11.4400 0.010000 972.1
FCC263 03:41:32.60 -34:53:16.99 12.7000 0.020000 12.9100 0.050000 1732.6
FCC285 03:43:02.20 -36:16:24.01  13.0200 0.030000 13.1500 0.020000 891.0
FCC290 03:43:37.10 -35:51:13.00 11.0800 0.010000 11.4000 0.010000 1392.0
FCC308 03:45:54.70 -36:21:25.00 12.5400 0.010000 12.8700 0.010000 1515.0
FCC312 03:46:18.90 -34:56:37.00 10.8900 0.090000 11.4000 0.020000 1932.0
FCC235 03:40:09.20 -35:37:23.00 12.8500 - 13.1700 - 2023.0
FCC067 03:28:48.72 -35:10:41.34  13.0200 - - - 1336.0
03:31:08.10 -36:17:19.00 13.6200 0.030000 14.1600 0.020000 1827.0
03:36:54.30 -35:22:23.00 13.5800 0.010000 14.2400 0.010000 1657.0
03:33:07.06 -34:48:20.16 14.4746 0.136908  14.9939 0.155594 1365.0
03:33:09.19 -35:43:05.16  16.0964 0.197405 16.5335 0.219851 1686.3
03:41:45.41 -33:47:29.40 153627 0.140364 159172 0.160912 828.0
03:45:12.29 -35:34:15.24 154917 0.226263 15.6647 0.236115 806.0
03:45:45.38 -36:20:45.96 15.6050 0.108310 15.9744 0.118630 891.0
03:37:23.33  -34:54:00.36  16.0722 0.164491 16.6933 0.191691 1315.4
03:38:09.17 -34:31:07.68 14.6089 0.129557 15.2431 0.151467 1138.3
03:40:50.40 -35:44:54.60 15.0978 0.120180 15.7794 0.142156 1368.0
03:39:19.70 -35:43:28.92 154275 0.163722 15.9997 0.188509 781.0
03:37:04.54 -35:35:24.36 152505 0.131069 15.9441 0.155495 1059.4
03:38:16.66 -35:30:27.72 16.3438 0.151762 16.9681 0.176996 2012.3
03:38:06.55 -35:26:23.64 14.1693 0.105080 14.9055 0.125978 853.6
03:39:13.32  -35:22:17.04 14.5402 0.127615 15.2405 0.151647 824.0
03:40:23.52 -35:16:35.76  16.1018 0.174497 16.6736 0.200896 2044.9
03:38:21.48 -35:15:34.92 153976 0.097648 16.0360 0.114281 2191.6
03:38:19.25 -35:07:44.76  14.9245 0.106346  15.5430 0.123852 1393.6
03:40:33.84 -35:01:22.44 15.0140 0.135684 15.6781 0.159803 2265.0
03:40:27.00 -36:29:56.04 15.6069 0.140934 16.2427 0.164834 1404.0
03:36:12.86  -36:09:59.40 15.5136 0.125372 16.1361 0.146153 1485.0
03:33:03.60 -33:43:29.28 16.1310 0.170201 16.7770 0.199565 1283.0
03:33:57.34 -34:36:43.20 16.4459 0.156912 16.9053 0.175716 1242.6
03:33:56.18 -34:33:42.48 16.3285 0.107483 16.8837 0.123238 2254.0
03:34:30.82 -34:17:50.64 14.6853 0.126086 15.3058 0.146913 1186.3
03:32:47.69 -34:14:19.32 14.0861 0.091484 14.7360 0.107370 2020.2
03:34:29.47 -35:32:47.40 13.7403 0.109556 14.5104 0.132445 1236.0
03:31:47.64 -35:03:05.04 14.5493 0.142756 15.2866 0.171193 1655.3
03:33:34.18 -36:36:20.16 15.8469 0.188124 16.3181 0.211282 849.0
03:34:07.03 -36:27:57.60 16.3026 0.141509 16.7993 0.159930 1479.0
03:33:03.31 -36:26:35.16 16.4133 0.199712 17.0784 0.235271 1275.0
03:35:24.07 -36:21:49.68 14.8830 0.087517 15.4826 0.101450 1983.0
03:32:10.56 -36:13:10.56 15.8666 0.153290 16.3044 0.170749 1723.0
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03:33:12.74 -36:01:02.64  15.1395 0.142643  15.8480 0.169848 1611.0
03:30:46.20 -35:33:00.36 15.1049 0.161236  15.6954 0.186485 1672.8
03:50:36.72  -35:54:33.84 13.5423 0.094510 14.2127 0.111483 1367.0
03:49:49.01 -35:56:44.52 14.5670 0.117219 15.4330 0.145098 1326.0
03:42:45.55 -33:55:12.36  13.8524 0.093898 14.5075 0.110345 1225.0
03:43:22.66 -33:56:19.68 14.5661 0.123577 15.2404 0.145911 1088.0
03:42:27.22 -33:52:14.88 16.1498 0.122973  16.7031 0.140933 2196.0
03:41:21.19 -33:46:09.84 15.0469 0.147177 15.6251 0.169710 1710.0
03:44:44.42 -35:41:01.32 15.8915 0.113795 16.5082 0.132467 1620.0
03:41:31.75 -35:35:22.56  16.0028 0.143830 16.6041 0.166797 1977.3
03:42:17.26 -35:32:26.52 15.7625 0.147669 16.3364 0.170097 976.9
03:44:32.83 -35:11:4524 15.5321 0.127403 16.1677 0.149000 789.0
03:41:41.33  -35:10:13.08 15.1591 0.094543 15.8280 0.111481 1551.0
03:41:12.86 -35:09:31.32 16.1330 0.205774 16.6774 0.235311 1493.0
03:45:14.09 -36:56:12.12 145409 0.121881 15.1640 0.142104 1980.0
03:45:33.80 -37:04:58.01 14.1700 - - - 1228.0
03:31:24.86 -35:19:51.80  13.6800 - - - 1265.0

Table 1.1: Table of confirmed spectroscopic members with m, < 16.5 mag. The total
completeness of the catalogue is ~ 85%. All galaxies with m, > 13.5 mag are classified
as dwarfs. The further classification between ETGs and LTGs is based on morphology.
The first column (name) shows ETGs with red color, LTGs in blue and dwarf galaxies in
orange. The photometry of these galaxies was measured in lodice et al. (2019a)), Raj et al.
(2019),|Venhola et al.|(2018)), Lee-Waddell et al.| (2018]). Photometry of four galaxies was
measured in this work. Velocity measurements are from Maddox et al. (2019).
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Chapter 2

The ATCA survey of the Fornax galaxy
cluster

Based on|Loni et al.| (2021])

2.1 Introduction

This chapter is based on recent published results (Loni et al.[2021). The aim of this
work 1is to study galaxy evolution in the Fornax cluster through the analysis of the neu-
tral hydrogen emission (HI). For a proper introduction of our target, see Sect.[I.4] In
this section, we summarize some important points which make Fornax an ideal target to
study galaxy evolution. As mentioned in Chapt. [I] galaxy evolution proceeds faster in
dense environment due to environmental interactions (Dressler & Gunn||[1983]; [Dressler
et al.||1997,1999; [Fasano et al.[[2000; Diaferio et al.|2001; |Postman et al.[2005]). Indeed, a
cluster galaxy can interact with other galaxies or the intra cluster medium (ICM). These
interactions, whose nature can be both hydrodynamical and gravitational (e.g. tidal inter-
actions and ram pressure stripping, Gunn & Gott|1972; Toomre & Toomre||1972), deplete
the cold gas content of galaxies and, since it is the fuel for star formation, they affect the
ability of a galaxy to form new stars (see Sect.[I.3]for a brief introduction to the role of
environmental interaction in gas removal and in quenching galaxies). Therefore, in gen-
eral, galaxy evolution in dense environments depends on the number density of galaxies,
the velocity dispersion of galaxies and the density of the ICM.

Fornax is at a distance of 20 Mpc with a mass of 5x10'3 M, within the virial radius
Ry = 700 kpc (Drinkwater et al.|2001a). Thus, Fornax is the closest representative of
the class of the low-mass galaxy cluster with a mass an order of magnitude lower than the
closer (16 Mpc, Fouqué et al.[2001) and more massive Virgo cluster. Differences between
Fornax and Virgo concern also the number density of galaxy, the velocity dispersion of
their members and the ICM density. On the one hand, the density of the Fornax ICM and
the velocity dispersion of Fornax members are ~ 2X lower than those of Virgo. On the
other hand, the number density of galaxy is ~ 2x higher in Fornax (Jordan et al. 2007).
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As a consequence, the balance between hydrodynamical and gravitation interactions in
Fornax is not the same as in Virgo. For example, since ram pressure stripping depends
on the squared velocity of a galaxy with respect to the ICM and on the density of the
ICM, it should be ~ 10x less effective in Fornax than in Virgo. On the contrary, low-
speed encounters between galaxies which cause tidal interactions are expected to be more
frequent in Fornax.

The best tracer for environmental interactions is HI because it extends to the very
outskirts of galaxies (in isolated galaxies the HI radius is ~ 1.5% the optical one) and thus
is the first component that is affected by tidal interactions, ram-pressure stripping and
mergers. Therefore, observation of galaxies’ HI gives us information on the evolutionary
state of galaxies (e.g., Hughes & Cortese| 2009} |(Chung et al. 2009) as well as a global
picture of the cluster. Indeed, cluster galaxies are usually deficient in atomic hydrogen
with respect to non-cluster galaxies (Giovanelli & Haynes||1983; [Haynes & Giovanelli
1986; Bosell1 & Gavazzil[2006).

Fornax HI content was inspected in previous works typically though single-dish ob-
servations. Here, we list these studies and summarize their findings. [Bureau et al. (1996)
used the Parkes radio telescope to measure the amount of atomic hydrogen in 21 undis-
turbed galaxies with morphologies SO/a or later, located within 6 deg from NGC 1399
and with ¢z < 2520 kms~!. The eight galaxies within R,;, did not show any peculiar value
in the My,/I-band infrared luminosity ratio with respect to the rest of the sample. The
same ratio evaluated for Ursa Major galaxies, a lower density environment than Fornax,
led them to conclude that the observed Fornax galaxies are not HI deficient.

The first blind HI survey of Fornax was carried out by Barnes et al.|(1997), also with
the Parkes telescope. They detected HI in eight galaxies within an area of 8 x 8 deg?. Of
those, two galaxies are within the cluster Ry;,: ESO 358G-063 and NGC 1365. Thanks to
the survey sensitivity, they excluded the existence of a significant population of optically
undetected HI clouds with HI mass greater than 103 M.

The number of HI detections within the Fornax central region increased with the tar-
geted survey by Schroder et al.| (2001). They found Hi in 37 out of 66 galaxies. Of those,
14 are within R,;;, while the rest lies within 5 deg from the centre of the cluster. They
found a lack of HI in the cluster centre, and measured the HI deficiency parameter to be
0.38 + 0.09 (as defined in [Solanes et al.|[1996). This shows a modest HI depletion in
Fornax (usually, galaxies with HI deficiency parameter > 0.3 are considered to be HI defi-
cient, e.g. Dressler| 1986; |Solanes et al.[2001). Furthermore, the My,—to—blue light ratio
of Fornax galaxies - mean value (0.68 + 0.15) My/L, - is a factor 1.7 lower than in the
field. They also showed that the velocity dispersion of the sample of HI deficient galaxies
is lower than that of the remaining HI detected galaxies. This difference in velocity dis-
persion agrees with the deficient galaxies having more radial orbits (as shown in Dressler
1986), which makes them good candidates for ram-pressure stripping (as discussed in
Solanes et al.[|2001)).

Waugh et al.| (2002) presented a blind survey of Fornax based on the HI Parkes All
Sky Survey (HIPASS — Barnes et al.[2001) data with a My, limit of 1.4 x 10® M. They
detected 110 galaxies within an area of ~620 deg? around the cluster. Of those, nine HI
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Figure 2.1: Layout and detections of our ATCA HI survey. The green outline includes
the 15-deg? region where the average noise is 2.8 mJy beam™' (see section . The red
contours represent the lowest reliable HI column density — 30~ over 25 kms™ — of our
16 detections. The grey dashed circle is R,;;. The background optical image comes from
the Digital Sky Survey (blue band). The yellow contours show the X-ray emission in
the Fornax cluster detected with XMM-Newton (Frank et al.[2013)) and convolved with a
3 arcmin FWHM gaussian kernel. These contours are spaced by a factor of 2, with the

lowest level at 3.7 counts deg™2 s~!.
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Figure 2.2: ATCA HI contours overlaid on an optical image for all our HI detections,
sorted according to increasing HI mass. The g-band optical images come from the Fornax
Deep Survey (lodice et al.[2016} |[Venhola et al.[2018; Peletier et al.|2020b)) for all galaxies
except FCC 323, whose g-band optical image comes from the DESI Legacy Imaging
Surveys, DR8 release, (Dey et al.[2019). In each panel we show the 30 column density
sensitivity - values reported in the top right corner - with white colour, while cyan contours
represent steps of 3” from it (n =0, 1, 2, ...). We show the PSF on the bottom-left corner

of each panel, and a 5 kpc scale bar in the bottom-right corner.
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Figure 2.3: Integrated HI spectra of our Fornax HI detections (in red) sorted according to
increasing HI mass as in Fig. [2.2] We compare our spectra to spectra from the literature
(shown in black; see top-left corner for details). We also show the barycentric velocity
obtained from our HI spectra (vertical red line) and from optical spectra (vertical blue

line; Maddox et al.[2019)).
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CHAPTER 2. THE ATCA SURVEY OF THE FORNAX GALAXY CLUSTER

detections are within R;,. The authors confirmed a HI depletion in the HI detections (all
late types) near the centre of the cluster, and suggested that Hi-rich galaxies detected in the
outer parts of the cluster are infalling towards the cluster for the first time. HI detections
are arranged in a large scale sheet-like structure with a negative velocity gradient from
south-east to north-west.

Waugh! (2005) presented the result of the deepest blind HI survey of the cluster so far:
the Basketweave survey of Fornax carried out with the Parkes telescope. This survey used
a new scanning technique, which improved the sampling and the noise level compared to
HIPASS. Hi was detected in 53 galaxies within 100 deg? down to a detection limit of 108
M,. Of those, 15 were new detections, which confirmed the results of Waugh et al. (2002).
In addition, the author presented higher resolution HI observations (2 arcmin, 3.3 kms™')
of 28 individual Fornax galaxies carried out with the Australia Telescope Compact Array
(ATCA). Of those, six are within R,;,. Within this region, ESO LV-3580611 was marked
as having an intriguing HI morphology with an elongation to the north-east of the system.
As suggested in Schroder et al. (2001), also [Waugh! (2005) pointed out that this galaxy
may be moving towards us.

The only other Fornax galaxy within R,; with resolved HI imaging is NGC 1365
(van der Hulst et al.[ 1983} Jorsater & van Moorsel [1995). The latter study observed an
elongated HI distribution to the west of the system. They suggested that it may be caused
by the interaction with the ICM.

All previous blind HI surveys of Fornax were carried out with the Parkes telescope.
Their angular resolution of 15 arcmin was insufficient to study the HI morphology of the
detected galaxies, which is a powerful tracer of environmental effects. Better angular
resolution was achieved with the interferometric observation of a few selected galaxies in
Fornax (see references above), but those observations covered only a small portion of the
cluster volume. Here we present the first, blind, interferometric HI survey of the Fornax
cluster.

Our survey was carried out with the ATCA and covers an area of 15 deg? centred on
NGC 1399 with a spatial and velocity resolution of 67" X 95”(~ 6 x 9 kpc at a distance of
20 Mpc) and 6.6 kms~!, respectively. The average column density sensitivity within the
survey area is 2x10'° cm™ (30 over 25 kms™!) and the My, sensitivity is 2x107 My, 3o
over 100 kms™'). Initially, a case study by [Lee-Waddell et al.| (2018) revealed the tidal
origin of NGC 1427A using spatially resolved HI images from a subregion of our ATCA
mosaic. In Sect[2.2] we describe observations and data reduction. In Sect[2.3] we present
the HI detections, their HI images and spectra. We also compare their HI mass, H, mass
and SFR relative to non-cluster control samples, and compare their spatial and velocity
distribution with those of the general Fornax population. In Sect. 2.4 we discuss our
results, which we then summarise in Sect]2.5] We include supplementary material on
each galaxy in Appendix [A]
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2.2. ATCA OBSERVATIONS AND DATA REDUCTION

2.2 ATCA observations and data reduction

Our blind Fornax survey covers an area of 15 deg? (defined at a sensitivity level 3 X higher
than in the best region of the HI cube), spanning from the centre of the cluster to a distance
slightly further than R,;,. The observations were carried out with the ATCA in the 750B
configuration, from December 2013 to January 2014 (project code C2894ﬂ The cluster
was observed for 336 hrs using 756 diftferent pointings with a spacing of 8.6 arcmin (1/4
of the primary beam FWHM at 1.4 GHz)

The 64 MHz bandwidth, centred at 1396 MHz, was divided into 2048 channels, pro-
viding a velocity resolution of 6.6 kms~'. We reduced the data using the MIRIAD software
(Sault et al. [1995). PKS B1934-638 and PKS 0332-403 were chosen as the bandpass
calibrator and the phase calibrator, respectively. The latter was observed at 1.5 hr in-
tervals between on-source scans. We flagged strong radio frequency interference based
on Stokes V visibilities. After flagging and calibration we further processed a restricted
frequency range 1407.2 MHz - 1419.6 (which corresponds to the velocity range of 166 -
2783 kms™!), which includes all spectroscopically confirmed Fornax galaxies (Maddox
et al.|[2019). Within this range we used the UVLIN task of MIRIAD to fit and subtract
continuum emission using 2nd-order polynomials.

We obtained the dirty cube with the INVERT task using natural weights to maximise
surface-brightness sensitivity. We used MOSMEM and RESTOR to clean and restore HI emis-
sion, respectively. The restoring Gaussian PSF has a major and minor axis FWHM of 95
and 67 arcsec, respectively, and a position angle of 0.4 deg. The root mean square (RMS)
noise level of the final cube goes down to 2.0 mJy beam™' in the most sensitive region.
Within the survey area the RMS noise is < 6.0 mJy beam™' and, on average, 2.8 mly
beam™'. This corresponds to a 30~ HI column density sensitivity of Ny ~ 2x10" cm™= as-
suming a line width of 25 km s~! and a 30 My, sensitivity of ~2x107 M, over a linewidth
of 100 kms~!. We searched for Hi sources with the SoFiA source-finding package (Serra
et al]2015) within the survey footprint (see the green outline in Fig. 2.T)). By smoothing
and clipping, we convolve the input cube with a set of kernels and detect emission above
3.50 of the local noise level of each kernel. Reliable detections are identified based on
the reliability algorithm presented in|Serra et al.| (2012)), which assumes that true sources
have positive total flux and that the noise is symmetric around 0. For one faint source,
NGC 1436, visual inspection was necessary to improve the SoFiA detection mask used to
estimate galaxy parameters. Lastly, our final list of HI detections includes a faint source
which did not pass the reliability test, but which we consider a genuine detection given its
spatial correspondence with the known optical source FCC 323.

'Data available on https://atoa.atnf.csiro.au/query.jsp
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2.3 Hi detections in the Fornax cluster

2.3.1 HI detection properties

We detect HI in the 16 galaxies listed in Table@ Of these, three are new HI detections:
FCC 090, FCC 102, FCC 323. The last is the only galaxy with no previous redshift
measurement. In Fig. 2.1 we show the location of our HI detections on the sky and in
Fig. 2.2) we show the HI morphology of each galaxy. In these figures, red and white
contours, respectively, represent the lowest reliable HI column density contour, defined as
3 times the local RMS assuming a typical HI linewidth of ~25 kms~! (see Table and
top-right corner of each panel in Fig.[2.2).

Fig.[2.3|shows the integrated ATCA HI spectra of our 16 detections. We calculated the
error bars by summing in quadrature the statistical uncertainty — derived from the local
RMS (Table 2.1)) and the number of independent pixels detected in each channel — and
the flux-scale uncertainty. We find the latter to be £20% based on the flux ratio calculated
for a sample of selected bright point sources between our radio continuum image and the
Northern VLA Sky Survey (Condon et al.|1998).

We compare our spectra to those obtained from previous observations. In particular,
we use HIPASS spectra from the BGC catalogue (Koribalski et al.|2004) or HIPASS
data reprocessed by us. Since HIPASS data do not show any emission at the position of
NGC 1436 and ESO 358-G016, we used Green Bank Telescope data (GBT - |Courtois
et al. 2009) and Parkes data (Bureau et al.||{1996) as comparison, respectively. On the
other hand, HIPASS spectra of ESO 358-G015 and ESO 358-G051 are noisy, so we used
comparison spectra from Matthews et al.| (1998) and [Theureau et al.| (1998), respectively,
based on Nanacy data. Furthermore the literature spectra of ESO 358-G015 and ESO 358-
G016 were rebinned to our ATCA channel-width. For consistency, we calculated the
uncertainties in the comparison spectra by combining the noise in the spectrum and the
flux-scale uncertainty of each survey, except for ESO 358-G016 for which the flux-scale
uncertainty was not provided. For this galaxy, the error bars are shown as the RMS of the
spectrum. In each panel of Fig. @ we also show the velocity v, derived from optical
spectroscopy (Maddox et al.[2019) and the barycentric HI velocity vy; derived from our
ATCA spectra.

We estimated the HI mass (My;) of our detections from the integrated HI flux using
Eq. 50 in Meyer et al. (2017) and adopting the same distance of 20 Mpc for all galaxies
(Mould et al. [2000). The uncertainty on My, is obtained from the error bars of the spec-
trum (Fig. 2.3). We report HI fluxes and masses in Table 2.1} Our HI fluxes agree with
those in the literature within 1o for nine out of 13 galaxies, and within 20 for 11 of them.
The two cases with a discrepancy larger than 2.50- are NGC 1436 and ESO 358-GO51.
The comparison spectrum for NGC 1436 comes from GBT data (Courtois et al. 2009) and
shows that we are most likely missing HI flux from the blue-shifted part of the system.
For this galaxy, the total HI flux recovered by ATCA is lower than the GBT flux by 2.50
(corresponding to a factor of 2.8). The reason of this discrepancy arises from a combina-
tion of low S/N and the presence, in at least some of the blue-shifted channels, of artefacts
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Figure 2.4: Cumulative histogram of the

ATCA Hi masses of our Fornax sample. Figure 2.5: HI disc size as a function of

ATCA My for our resolved HI detections.
Dashed line and the blue shaded area show
the scaling relation and 30 scatter respec-
tively in (Wang et al.|2016).

in this part of the ATCA cube. The case of ESO 358-G051 is less clear since the ATCA
cube does not show any obvious artefacts and the galaxy well detected. However the total
HI flux recovered by ATCA is lower than the Nancay flux by 30~. Based on the current
data it is possible that some of the emission is spread over multiple ATCA beams and
therefore is too weak to be detected. Future MeerKAT data will clarify this issue [Serra
et al. (2016). Finally, the HI mass of FCC 323 is below the typical sensitivity of our data
quoted in Sec. 2.2] because of the narrow linewidth as well as the low value of the local
noise (Table |2;1'[) Our detections cover about three of magnitude in My, from FCC 323
(M = 8 x 10° M) to NGC 1365 (Myy; = 1.5 x 10'° M,,). Fig. [2.4] shows the cumulative
histogram of the HI masses of our sample.

Due to the improved resolution of ATCA over a single dish, we detected, in half of the
sample, a variety of HI morphologies (see Fig. [2.2)) including offsets between optical and
HI centres, truncated discs, asymmetries and HI tails, which we describe in this section
and in Appendix [A] following the same order in which galaxies are shown in Fig. 2.2]
(from the lowest to the highest HI mass): the HI distribution in FCC 102 is offset with
respect to the optical centre towards the north. We also notice a large difference between
Vopt and v, ~100 km s~!. However, this is consistent with the large uncertainty on Vopt
given that the latter was measured from absorption lines for this galaxy (Natasha Mad-
dox, priv. comm.); the HI peak of FCC 090 corresponds to the optical centre but the Hi
distribution has an elongation to the south; HI in ESO-LV 3580611 (FCC 306) is more
extended to the north although there is no offset between optical and HI centre (Waugh

29



CHAPTER 2. THE ATCA SURVEY OF THE FORNAX GALAXY CLUSTER

2005); the HI morphology of NGC 1437B (FCC 308) is asymmetric and more extended
to the south; HI in NGC 1351A (FCC 067) shows an elongation towards the south; the
Hi1 of ESO 358-G063 (FCC 312) is more extended to the east side of the disc and the
HI contours appear to be compressed on the west side; in NGC 1427A (FCC 235), we
detected a HI tail which points to the south-east, away from the cluster centre, consistent
with the tidal origin of this galaxy discussed in |[Lee-Waddell et al.| (2018)); the HI distri-
bution in NGC 1365 (FCC 121) is extended to the north and appears to be compressed in
the south-west part of the disc (see also Jorsater & van Moorsel 1995). We mark these H1
disturbed galaxies with star markers in all subsequent figures.

The remaining half of the galaxies are either unresolved (or nearly so) and centred
on the stellar body, or do not show noticeable asymmetries. One of them hosts a HI disc
unusually truncated within the stellar disc, NGC 1436. This case will be discussed in
detail in later sections as well as in Chapt. 4] of this thesis.

A final case worth commenting on is FCC 120. This galaxy has been detected with
Parkes and the spectrum in [Schroder et al.| (2001) shows an evident double horn profile
that is ~100 km s~! wide, while we detect a single-peak profile (within the uncertainties
- see Fig. 2.3). Careful visual inspection of our HI cube did not reveal any HI emission
missing from our SoFiA detection mask. The regular HI morphology of this galaxy in
Fig. @ and the good agreement between vy, and vopy in Fig. @ suggest that our HI
characterisation of this galaxy is correct. Future, deeper data from the Meerkat Fornax
survey may confirm this (Serra et al.|2016).

We estimated the HI size for all our resolved HI detections using the method of [Wang
et al.[2016 from the HI intensity maps of our galaxies. We considered a galaxy resolved
if its surface brightness profile deviates from the shape of the point-spread function. We
measured the HI diameter where the surface density is 1 M, pc~2 and is then deconvolved
with the HI beam. In Fig. 2.5] we show that both disturbed and regular galaxies follow
the HI size-mass scaling relation of Wang et al.| (2016) within the 30 scatter. This can
be understood as asymmetric HI features usually have a low surface brightness and do
not significantly contribute to the total My, of galaxies. In Fig[2.5] we also show the HI
unresolved galaxies. The upper limit on their size were set equal to the ATCA beam minor
axis.

2.3.2 Mpyg; to M, ratio

Given the abundant (albeit subtle) HI asymmetries and offsets in our Fornax sample,
which might be tracing environmental interactions within or on their way to the Fornax
cluster (whether with other galaxies, the large-scale potential or the intergalactic medium),
we study the amount of HI in these galaxies in search of signs of HI depletion. In order
to do so, we evaluated the ratio between My, and stellar mass (M,) for each galaxy in
our sample. The M, values are derived using the WISE W1 (3.4 um) in—band luminos-
ity, WI-W2 colour and the prescription given by Cluver et al.| (2014), with the custom
photometry further defined in Jarrett et al.| (2019), and assuming a common distance of
20 Mpc for all galaxies. We show the distribution of our sample on the My,/M,—vs—M,

30



2.3. HI DETECTIONS IN THE FORNAX CLUSTER

plane in Fig.[2.6

We compare galaxies in Fornax with a sample consisting of void galaxies from the
Void Galaxy Survey (VGS - |[Kreckel et al. 2012) and field galaxies from the Herschel
Reference Survey (HRS - Boselli et al.|2014a). We also used the xGASS M,-My,/M,
scaling relation, which shows the weighted median of log,,(Mu,/M.) as a function of M,.
This was obtained from 1177 galaxies selected only by stellar mass (M, = 10°-10'!> M)
and redshift (0.01 < z < 0.05; [Catinella et al.|2018)). In Fig.[2.6we extrapolate the xGASS
trend down to 10’ M, (black dashed line) and show that it is consistent with the non-

cluster sample of galaxies.
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ers) are compared with non-cluster galax-
ies from VSG+HRS (grey circles). Red
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and normal galaxies, respectively. We
show Fornax galaxies with a distorted HI
morphology with star-shaped markers (see
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line the xGASS scaling relation. The black
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Figure 2.8: We compare Fornax galaxies (same colour coding of Fig{2.6) with Virgo
cluster galaxies from HRS (light purple circles). Dark purple circles show the average
scaling relation obtained from Virgo cluster galaxies (Cortese et al.|2011)

Our sample of Fornax HI detections appears to be systematically offset with respect
to our VGS+HRS comparison sample and to the xGASS scaling relation. A two-sample
Kolmogorov—Smirnov test on the distribution of offsets from the xGASS scaling relation
rejects the null hypothesis that Fornax and VGS+HRS galaxies are drawn from the same
parent sample (p-value = 0.004, KS statistic = 0.43). Indeed, ten out of 16 Fornax galaxies
are below or at the lower edge of the distribution of non-cluster galaxies. Their offset
from the xGASS scaling relation is larger than the RMS deviation of VGS+HRS galaxies
from it, thus indicating HI deficiency. For illustrative purposes we henceforth label these
HI deficient galaxies in red colours in Fig. 6 and in all other upcoming figures in this
chapter.

HI deficiencies measured from plots like our Fig. [2.6] should be taken with caution
because of the large My, scatter at at fixed M, (e.g. Maddox et al.2015). This scatter is to
first order driven by Hubble type or, equivalently, by galaxy properties that correlate with
Hubble type, such as the star formation rate (SFR). For this reason, in Sect. m we fur-
ther analyse how the HI deficiency at fixed M, relates to the H, and SFR of these galaxies.
Furthermore, in the present section we estimate HI deficiencies as proposed by |Haynes
& Giovanelli| (1984) and recently revisited by Jones et al. (2018a), where the measured
My, is compared with an expected My, calculated based on galaxies’ optical size and
Hubble type. For this purpose, we use the coefficients summarised by Boselli & Gavazzi
(2009) and originally given in Haynes & Giovanelli| (1984)), Solanes et al.| (1996)), Boselli
& Gavazzi (2009), and adopt the optical sizes and Hubble types listed in Table [2.1] for
our galaxies. Fig.[2.7|shows the comparison between the expected and the measured My;.
The dashed line, a factor of 3 below the 1:1 relation, is the typical threshold below which
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galaxies are considered HI deficient using the Haynes & Giovanelli’s (1984) method (e.g.
Cortese et al. 2011). Also in this case, Fornax galaxies appear offset towards lower HI
masses and there is a good match between galaxies labelled as HI deficient based on our
Fig.[2.6]and those below the dashed line in Fig.

From these figures, we see that not all galaxies with a disturbed HI morphology are HI1
deficient. Thus, HI morphological disturbances, whatever their exact nature (e.g. tidal or
hydrodynamical, which is difficult to establish with the current data), allow us to identify
cases of environmental interactions before a significant fraction of the cold interstellar
medium is removed. Combining HI morphological information and My,-M, ratio may
reveal likely new members of the cluster (we come back to this point in Sect[2.4).

Fornax galaxies with a disturbed HI morphology cover the full M, range. However,
we measure a stronger HI depletion for low mass galaxies: the average offset from the
xGASS scaling relation in Fig. [2.6]is —0.86 dex and —0.33 dex for M, below and above
3x10°, respectively. We show the threshold of 3x10° M, with a vertical dashed blue line
in Fig. 2.6

We already mentioned the problematic detection of NGC 1436. Although we are
probably missing some flux, it remains a deficient galaxy even if we estimate the HI mass
from the GBT flux (Table|2;1'[) with a logo(My,/M,) = —2.0 and an offset from the xGASS
scaling relation of —0.93 dex.

Fig. 2.6 shows also eight galaxies where we did not detect HI emission but H, was
detected with with the Atacama Large Millimeter/submillimeter Array (ALMA) (Zabel
et al.|2019). For these galaxies we calculated the My, upper limit as 3% the local noise
(Table 2.1)) of the cube and assuming the CO line width of these galaxies estimated by
the PV diagrams in Zabel et al. (2019). Some of these galaxies appear to have too little
HI given the molecular gas content and star formation rate, as we discuss in following
sections. We show the optical morphology of these galaxies in Appendix [B]

Finally, Fig. [2.8] shows the comparison between Fornax and Virgo galaxies (from
HRS - Boselli et al. 2014a)) belonging to Virgo clouds A, B, N, E and S (as defined by
Gavazzi et al.||[1999) with 10° <M, <10'' My. Here we show the Virgo cluster galaxies
and the average scaling relation obtained from them in the same M, range (Cortese et al.
2011). Since Virgo is populated by HI poor galaxies with respect to field galaxies (Davies
& Lewis |1973; |(Chamaraux et al. [1980; [Cayatte et al.|[1994; Hughes & Cortese 2009;
Chung et al. 2009), this scaling relation is shifted towards lower gas fractions with respect
to XxGASS (Fig. 2.6). Although Fornax and Virgo galaxies experience different cluster
environments, the distribution of Fornax galaxies cover the whole range of My,/M, of
Virgo galaxies, reaching the same level of HI deficiency.

2.3.3 Linking HI properties with H, and SFR

The ratio between molecular and atomic gas mass (Mpy,/My;) can be useful to identify
anomalous galaxies where, for example, only the atomic phase is affected by the environ-
ment or HI is not efficiently converted to H,. We thus compared the atomic and molecular
gas reservoirs of our detections (see Fig. [2.9). For this purpose, we used H, masses from
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with downward arrows. The dashed
black line represents the SFR scaling re-
lation in (Whitaker et al.|[2012).

limits with upward arrows.

Zabel et al.| (2019) for all our HI detections except for FCC 323 (no molecular gas data
available). We also include in this analysis the eight galaxies detected with ALMA (Zabel
et al.[2019) that are not detected in HI (upper limits in Fig.[2.6]and Fig.[2.8} see Sec.[2.3.2).
We also scaled the molecular upper limit from [Zabel et al. (2019) to be consistent with
a line width of 100 kms~!. As a comparison, we used the xGASS M, -My, | My, scaling
relation in Catinella et al.|(2018)), which describes the typical My, / My, ratio as a function
of M, atz=0.

For M,>10° M, 55% of all Hi detected galaxies are also H, detected, while this frac-
tion drops to zero for M, <10° My, (likely because the lower metallicity of these objects
makes CO progressively harder to detect). In the rest of this section we therefore focus on
the higher M, range. Here, we see that about half of the galaxies are consistent with the
xGASS sample, while most of the remaining galaxies are above the XGASS scaling (see
Fig.2.9). In particular, galaxies with a distorted HI morphology are compatible with the
xGASS trend with the exception of NGC 1427A whose lack of molecular gas is puzzling
(see Zabel et al.|2019). Although this galaxy has a normal (and large) HI mass for its
stellar mass, no molecular gas was detected with ALMA. The agreement with the scaling
relation holds also for NGC 1437B, which is the only HI deficient galaxy with a distorted
morphology in this range of M,.

The detection with the highest My,/My; ratio is NGC 1436. Although we might be
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missing HI flux (Sect. @), this mass ratio remains high even if we use the My, value
estimated from the GBT flux (with a My,/My, = 1.7). Other three galaxies, NGC 1386,
NGC 1387 and NGC 1380, may be even more peculiar as the lower limit on their My,/Myy,
ratio is already an order of magnitude above the xGASS scaling relation. High My,/My;
ratios have also been measured in Virgo galaxies (Cortese et al.[2016).

Given the broad distribution of My,/My, ratio in Fornax, we further investigate
whether their star formation rate follows standard scaling with M, and My,. In partic-
ular, we are interested in understanding whether the general offset of Fornax galaxies
towards low My,/M, ratios in Fig. @ is associated with a decrease of SFR at fixed M,.

We start by comparing Fornax galaxies with the same sample of non-cluster galaxies
used in Sect. [2.3.2] SFR of both samples of Fornax galaxies and non-cluster galaxies
are evaluated using eq. 2 in Boquien et al. (2016)). We set the scaling coefficient for the
infrared 24 ym band (W4) equal to 6.17. We adopted the calibration factor for near UV
231 nm band (NUV) to be logoC = -43.17 (Kennicutt & Evans|[2012). NUV fluxes come
from (Cortese et al.2012) and IRSA catalogues (Leroy et al.2019). The former catalogue
does not include all our HI detections, thus we used the latter to get the NUV flux from
Fornax HI galaxies. W4 was obtained using custom software optimised for performing
aperture photometry on resolved galaxies (Jarrett et al.|2013; Cluver et al.|[2014; Jarrett
et al. 2019). Then, we removed the contribution from the evolved stellar populations
using the method of Helou et al. (2004) which consists of scaling and subtracting the
W1 light (a proxy of evolved stellar population) from W4 as described in (Cluver et al.
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(2017). For a fraction of galaxies, NUV and W4 fluxes were not available (3/212 non-
cluster galaxies; 11/24 Fornax galaxies). In these cases, we calculate the SFR from the
W3 (12um) luminosity — with stellar emission subtracted (as for W4)— and the TIR-to-
MIR relation using eq. 4 in Cluver et al.| (2017), where L5 ,n 1s the continuum-subtracted
spectral (v X L,) luminosity. Our conclusions below do not change if we calculate SFR
from WISE data alone.

Fig.[2.10shows that the majority of the Fornax galaxies have a SFR below the values
predicted by the scaling relation of Whitaker et al.| (2012). Furthermore, the difference
between the SFR of Fornax galaxies and that predicted from Whitaker et al. (2012) in-
creases towards lower M,. That is, the SFR-M, relation in Fornax is steeper than that of
non-cluster galaxies. This might indicate a stronger SFR decrease in low-mass galaxies,
similar to what observed for their HI reservoirs (as discussed in Sect.[2.3.2)) and their H,
reservoirs (Zabel et al.|2019). Also when compared to the HRS+VGS comparison sam-
ple, Fornax galaxies appear to be offset towards lower SFR values, mirroring the results

in Fig. [2.6]

Among the four galaxies with the highest My,/My; ratio in Fig. @, NGC 1386 is
the only one with a higher SFR than expected. This is likely due to the presence of
an AGN (Rodriguez-Ardila et al.[2017) which affects the SFR measurement. The other
two HI undetected galaxies, NGC 1380 and NGC 1387, reside at the lower edge of the
comparison sample. We notice that NGC 1380 is also highly H, deficient in |[Zabel et al.
(2019).

In Fig. 2.11] we investigate whether, in Fornax, the low SFR (at fixed M,; Fig. 2.10)
can be related to the Hi deficiency (Fig. [2.6)). This figure plots the SFR and My,/M, devia-
tions from the respective scaling relations (Fig.[2.10]and Fig.[2.6) against one another. We
find that Fornax galaxies mostly populate the area of the plot of HI deficient galaxies with
low SFR, following the trend of non-cluster galaxies in the comparison sample. That is,
in Fornax, a decrease in My, is accompanied by a decrease in SFR just like in non-cluster
galaxies. In Sec. [2.4] we present an interpretation of this result.

On top of this general trend we see a few outliers. The most evident ones are ESO 358-
G060 and the H1 undetected NGC 1386. While the high SFR in NGC 1386 might be an
artefact caused by the presence of an AGN, the case of ESO 358-G060 is more compli-
cated. We carefully inspected this galaxy’s WISE images and no SFR from W3/W4 with
old stellar population subtraction was detectable. Therefore, we calculated its SFR the
from NUV flux alone using eq. 12 in [Kennicutt & Evans| (2012). Although ESO 358-
G060 is HI rich, its SFR is lower than that any galaxy of the comparison sample with
a similar M,. It is worth noting the cases of NGC 1436 which lies at the upper edge
of the comparison sample of HI deficient galaxy (bottom-left quadrant of Fig. 2.11)) and
NGC 1427A which shows a low SFR although its large HI reservoir. All these cases will
be discussed in Sect. 2.4
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2.3.4 HI properties as a function of 3D location in Fornax cluster

In this section we compare the distribution of our HI detections and that of the general
population of Fornax galaxies. Thus, we made use of the cleaned spectroscopic catalogue
we obtained in Sect. [I.5] It includes 81 spectroscopically confirmed Fornax members.
We extracted these 81 objects by removing duplicates and compact stellar system (which
are not expected to host any HI) from the catalogue of Maddox et al.| (2019), which is
a recent compilation of spectroscopic observations undertaken within the Fornax region.
We evaluated a completeness of our cleaned catalogue higher than 50% in each magnitude
bin below m, < 16.5 mag (see Fig. [[.6) by a cross-match with the joint photometric
catalogues whose photometry was measured by the Fornax Deep Survey (Venhola et al.
2018} [odice et al. 2019a; Raj et al. 2019), Lee-Waddell et al.|2018, and some unpublished
one was measured in this work. The total completeness of the catalogue is ~85%.

Fig.[2.12] shows the comparison between the 2D distribution of our Fornax HI detec-
tions with that of all spectroscopic Fornax members (Maddox et al.[2019) included within
our survey footprint. Keeping in mind that the area of the sky that we observed is not sym-
metric, most of the galaxies in our sample are located south of the centre of the cluster,
while only four out of 16 detections are located north of it.

Almost all our HI detections (88% of the sample) are located farther than 0.5 R.;;
in projection (the only exceptions being NGC 1427A at 0.2 R,;,, and ESO 358-G051
at 0.4 Ry;;). In contrast, only 52% of all Fornax galaxies in our footprint are outside
0.5 Ryir-

The same effect, with the addition of the kinematical information, can be seen in the
projected phase-space diagram shown in Fig. We used a cluster systemic velocity
of vgys = 1442 kms™" and a cluster velocity dispersion of oy = 318 kms™' (Maddox
et al.[|2019). In order to draw caustic curves we proceeded as in Jafté et al.| (2015) using
M = 510" My, Ry = 700 kpc (Drinkwater et al. 2001a)) and a cluster halo concen-
tration parameter equal to 6 (Navarro et al.|1996; the exact value of this parameter does
not change the result significantly). The inner triangle shows the virialised area where
it is more likely to find old members of the Fornax cluster (Rhee et al.[2017). From the
right histogram in Fig. [2.13] we see that the spectroscopic Fornax members have a peak
at the cluster systemic velocity, while velocities of our HI detections cover all velocity
range without any preferred velocity. Thus, both Fig. 2.12] and Fig. [2.13] show that the
HI galaxy sample does not follow the distribution of spectroscopic galaxies (we refer the
reader to Fig.[T.8]and Fig. [I.9]for the detailed 2D distribution and projected phase-space
diagram of ETGs, [lodice et al.|2019a, LTGs, Raj et al.| 2019, dwarfs, |Venhola et al.[|2018
and galaxies whose photometry was measured in this work).

In Fig. 2.13] we also see that 11 out of 16 galaxies are within the escape velocity
boundary in projection (black lines). It is worth noting that the HI deficient galaxies
FCC 120 and ESO-LV 3580611 are located outside the caustic curves. Among HI dis-
turbed galaxies, six out of eight are redshifted with respect to the recessional velocity of
the cluster.

Both Fig. 2.12] and Fig. [2.13]show that some galaxies in our sample are not just close
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Figure 2.12: Distribution of our Fornax
the Fornax cluster. Here, we used the

HI detections on the sky (blue and red . '
markers) compared to that of all Fornax Same colour cgdlng as Fig. R.12] We
galaxies in our footprint (grey circles; show the caustic curves of the cluster
Maddox et al] 2019). The green and with black dashed lines. Histograms:

gray contours are the same as Fig. -] black and gray colours represent HI de-
tected galaxies and all Fornax members,

respectively. The area within the black
triangle shows the virialised area of the
cluster

by one another on the sky but also in velocity. The clearest case is that of NGC 1365
and its three neighbours: FCC 102, FCC 090 and ESO 358-G016. They are all within a
region of 250 kpc and a velocity range of 200 kms™'. These galaxies might be part of a
substructure which is accreting onto the cluster (as suggested by Drinkwater et al.[2001a)).
In addition, most galaxies in this substructure exhibit indications of ongoing interactions
with one another and/or with the intergalactic medium. Both HI elongations in FCC 102
and NGC 1365 point in projection to the north, while HI in FCC 090 is elongated towards
the south. FCC 090, FCC 102 and NGC 1365 form a triplet of galaxies which lies along
a line that points towards the centre of the cluster. ESO 358-G016 has a regular HI dis-
tribution and it lies in projection to the north of NGC 1365. All but NGC 1365 are HI
deficient galaxies. The existence of a sub-group centred on NGC 1365 is also consistent
with the large scale structure around Fornax (the Fornax-Eridanus supercluster), which is
mainly made by several groups of galaxies that are assembling to form the cluster along
the filament (Nasonova et al.|2011)).

On the east of the cluster centre, we also see that FCC 323 and NGC 1437B are near
each other on the sky in projection (~120 kpc apart), as well as in velocity (~10 kms™
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difference). The unresolved HI morphology of FCC 323 does not reveal, at this time,
whether there is an ongoing interaction between those galaxies. We mark it as a potential
subgroup.

Another intriguing galaxy is ESO 358-G060. Among the galaxies with M, < 10° M,
it is the only one with a normal HI content compared to non-cluster galaxies (see Fig. 2.6),
and it shows no evidence of on-going interactions with the Fornax environment (see
Fig. 2.2). Given its position just outside the caustic curves in Fig. 2.13] we discuss
in Sect. 2.4] whether it might not have entered the cluster yet. Another, similar case is
NGC 1437A. It is a HI rich galaxy which shows a quite regular HI morphology. It is also
just outside the caustic curves in Fig. 2.13] However, unlike the undisturbed ESO 358-
G060, the optical appearance of NGC 1437A is peculiar, similar to that of NGC 1427A,
since they both exhibit an arrow shaped optical morphology as pointed out in |[Raj et al.
(2019). The MeerKAT Fornax Survey (Serra et al.2016) will deliver a higher resolution
H1 image of this object and will be able to reveal any HI asymmetries that might be hidden
by projection effects within the ATCA beam.

2.4 Discussion

The population of HI detected Fornax galaxies exhibits several interesting features. De-
spite the limited resolution of our data, half of all detections reveal HI asymmetries and
offsets relative to the stellar body (Fig.[2.2). Furthermore, the HI sample as a whole is
gas-poorer and is forming stars at a lower rate than samples of non—cluster galaxies in
the same M, range (Fig. and Fig. , and half of the galaxies with M,>10° M,
have an anomalous My,/My; ratio. Finally, the HI detections are distributed in a notice-
ably different way with respect to the majority of cluster galaxies both on the sky and
in projected phase space (Fig. [2.12) and Fig. 2.13). This body of evidence suggests that
the Fornax environment is influencing the evolution of these galaxies, which may be the
most recent arrivals in the cluster. In particular, the difference between the 3D distribution
of HI detected galaxies compared with that of spectroscopically confirmed Fornax mem-
bers, indicates that HI is a crucial observable to test the volume of the cluster where HI
rich galaxies become HI deficient, before a complete HI removal in the inner part of the
cluster.

An outstanding question is how long it takes for a galaxy to lose its HI — the dominant
component of the interstellar medium — as it falls into a cluster. In the case of Fornax we
can gain some insight through a joint analysis of Fig. 2.11] and Fig. 2.13] If we assume
that HI is being actively removed from within galaxies in Fornax (as suggested by the
frequently disturbed HI morphologies - see Fig. 2.2), the lack of HI detections in the
virialised region of Fig. 2.13] implies that HI removal happens on a time scale Ty joss
shorter than the cluster’s crossing time: Thpjoss < Teross ~ Rvir/O0a ~ 2 Gyr (see
Sect. |T3_7f|; this 7. 1 similar to that estimated from simulations, 1.2 + 0.5 Gyr
independent of cluster mass; Rhee et al. 2017)). Hence, we expect that our 16 detections
will have lost most of their HI by the time they reach the pericentre.

39



CHAPTER 2. THE ATCA SURVEY OF THE FORNAX GALAXY CLUSTER

On the other hand, Fig. m suggests that, so far, HI has been lost slowly in our HI
detections (having been removed and/or consumed, and not replenished). In that figure,
our Fornax HI detections are distributed along the same correlation defined by non-cluster
galaxies. Thus, for those Fornax galaxies, the SFR has so far had sufficient time to respond
to a variation in HI mass — just like outside clusters. Since the transition from HI to new
stars happens through the intermediate phase of H,, this ‘equilibrium’ between HI and
SFR implies that H; is depleted faster than HI is lost in galaxies currently at the cluster’s
outskirts, giving the entire cycle of Hi-to-H,-to-SFR enough time to ‘see’ the varying HI
content. Thus, while for Fornax as whole Tyyjoss < Teross ~ 2 Gyr (see above), for our
HI detections in the outer regions of Fornax Tyyoss has so far been >y, o1 ~ 1-2 Gyr
(Bigiel et al.|2008). (The H, depletion time T, gep is only marginally shorter in Fornax, in
particular at its outskirts, and anyway with large variations from galaxy to galaxy; |Zabel
et al.[2020.)

It is likely that, further inside Fornax, HI is removed faster than what we estimated
above for galaxies at the cluster’s outskirts. Indeed, simulations indicate that for a galaxy
within 0.5 Ryir, Thiess < 0.5 Gyr (Marasco et al.|2016). Such a rapid HI removal may
not leave sufficient time for the SFR to ‘track’ the decrease in HI mass in Fig. [2.T1]
resulting in galaxies moving to the left of the non-cluster sample. A confirmation of
this effect may come from the eight H,-detected galaxies (most of them H,-deficient;
Zabel et al.|2019) where HI has already been removed at least down to the ATCA My,
sensitivity (left-pointing arrows in Fig. 2.11)), and possibly by some HI detections closer
to the cluster centre (e.g. NGC 1436). Indeed, these galaxies occupy a region to the left
of the comparison sample, showing that their SFR is still significant despite their low HI
content. For these galaxies, HI is likely to have been removed faster than H, is depleted:
THLloss < TH,.depl- 1his conclusion is supported by the anomalously high My,/My; ratio of
these galaxies in Fig. [2.9] (in the M, range where we have a reliable comparison).

Within the picture discussed above, Hi-detected galaxies in the outer regions of Fornax
are thus first infallers, which are starting to interact with the Fornax environment and will
lose most of their HI by the time they reach the pericentre. Even at the current early
stage of infall, they already show a relatively large diversity in HI morphology (Fig.[2.2)
and mass (Fig. 2.6). More specifically, we found two morphologically undisturbed HI
rich galaxies (12% of the HI detections); four morphologically disturbed HI rich galaxies
(25% of the HI detections); four morphologically disturbed HI deficient galaxies (25% of
the HI detections); six morphologically undisturbed - within the ATCA resolution - HI
deficient galaxies (38% of the HI detections).

The morphologically undisturbed Hi-rich galaxies are ESO 358-G060 and
NGC 1437A. They both reside outside the caustic curves in projection (Fig. 2.13) and,
given their low M,, they should be easily perturbed by the Fornax environment. Thus,
we speculate that they are recent Fornax members which have not yet had enough time to
be significantly affected by the cluster. One possible caveat is the low resolution of our
images, which may hide HI disturbances in particular in the case of the optically peculiar
galaxy NGC 1437A. Another possibility is that they are outside the cluster volume or in a
region with lower ICM density. ESO 358-G060 is also an outlier in Fig. 2.TT] where the
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relatively high My,/M, does not correspond to a high SFR. In this galaxy no SFR was de-
tectable from WISE W3/W4 bands (after subtracting the old stellar population light), and
the NUV contribution to star formation is low. Several physical processes might account
for the low SFR with respect to the large HI reservoir: for example, an inefficient HI to H,
conversion due to a small amount of dust, a large angular momentum which prevents the
HI from collapsing, and/or an HI external origin (e.g. see|Geréb et al. 2016, [2018)).

The morphologically disturbed Hi-rich galaxies are ESO 358-G063, NGC 1351A,
NGC 1427A, NGC 1365. We discuss the last galaxy when we focus our attention on
the HI detected subgroup of interacting galaxies. ESO 358-G063 and NGC 1351A, are
both disc galaxies north of NGC 1399. They are both quite isolated from all other For-
nax Galaxies in RA, Dec and velocity in projection (see Fig. 2.12] and Fig. 2.13). Thus,
their slightly HI disturbed morphologies described in Sect[2.3] might be due to the inter-
action with the ICM of the Fornax cluster. Furthermore, the agreement of My,/My; of
ESO 358-G063 and NGC 1351A with the xGASS scaling relation in Fig. 2.9 suggests
that they are recent Fornax members, thus the cluster environment has not had enough
time to significantly deplete their HI reservoirs. The last morphologically disturbed HI
rich galaxy is NGC 1427A. This is the galaxy with the second-highest HI mass in our
sample of Fornax HI detections. In Fig. [2.12] and Fig. 2.13] we see that NGC 1427A is
the closest HI detected galaxy to the centre of the cluster in projection, but it has also the
highest velocity. Thus, it may be a new Fornax member which is infalling from the fore-
ground. As already mentioned, |Lee-Waddell et al. (2018) studied the origin of the HI tail
using the same data we present here. They concluded that, unlike previously suggestions,
ram-pressure is unlikely to be the main process shaping the galaxy’s optical appearance.
Instead, NGC 1427A is most likely a recent merger remnant, thus shaped by tidal forces.
The recent merger might be the cause of the low molecular column density and/or its low
metallicity, resulting currently undetected by ALMA (Zabel et al. 2019; it is the upper
limit with the highest M, in Fig. 2.9). NGC 1427A is also the second HI rich outlier
with low SFR in Fig. 2.T1] The Hi-to-H, conversion might be inefficient to have a SFR
consistent with its My,/M, ratio.

The only HI deficient and morphologically disturbed galaxies which do not belong to
the NGC 1365 subgroup are: ESO-LV 3580611 and NGC 1437B. They are very close to
one another on the sky but have significantly different velocities. The former is outside the
caustic curve in projection (Fig. 2.13)), which supports the hypothesis of an new infalling
Fornax member made by Schroder et al.| (2001)). The latter has a velocity similar to the
recessional velocity of the cluster. HI and molecular morphologies (the latter detected by
Zabel et al.|2019) are elongated in the same direction. This suggests that both gas phases
are experiencing the same environmental interaction. |Raj et al.|2019 detected a tidal tail
in NGC 1437B, which may be due to a recent fly-by of another galaxy. As mentioned in
Sect[2.3.4] although the evidence is not strong, NGC 1437B might be part of a subgroup
of interacting galaxies which includes FCC 323. Thus, FCC 323 might be the fly-by
galaxy that NGC 1437B has interacted with.

It is difficult to comment on the morphologically undisturbed HI deficient galaxies,
since their symmetric HI distribution may be a consequence of the ATCA resolution.
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However, a very peculiar case is the truncated HI disc of NGC 1436. It is the closest
spiral galaxy to the centre of the cluster detected in Hi. Raj et al. (2019) observed an
ongoing morphological transition into lenticular: the spiral structure is found only in
its inner region, while the outer disc has the smooth appearance typically found in SO
galaxies.

The inner part of NGC 1436 appears regular also in H,, and the galaxy is just mod-
erately H, deficient (Zabel et al. 2019). It is also the only galaxy detected both in HI1
and H, which shows a high My,/My, ratio in Fig. @ These results and the evidence of
morphological distortions only in the outer part of the galaxy suggest that this galaxy may
have gone through a quick interaction with the cluster environment, which did not affect
the inner spiral structure yet. This idea is corroborated by the fact that NGC 1436 lies on
the upper edge on the comparison sample in Fig. 2.TT} which means that despite its HI
deficiency it is still forming stars at a significant rate. In Chapt. ] of this thesis we study
this galaxy in more detail.

Finally, we focus on the NGC 1365 subgroup. We discussed all the HI morpholo-
gies and the 3D distribution of the subgroup members in Sect2.3.1] and Sect[2.3.4] re-
spectively. As mentioned earlier, NGC 1365 is the only HI rich galaxy of the subgroup
(Fig. 2.6) with a My, at least two orders of magnitude larger than the other members.
The HI distribution both in NGC 1365 and in FCC 102 is elongated to the north, while it
is elongated to the south in FCC 090. ESO 358-GO016 is the only galaxy with a regular
HI morphology. It is also the only galaxy located north of NGC 1365. We propose two
scenarios in order to explain the properties of the subgroup and its members: the former
is a case of interaction between galaxies and the cluster environment which is responsi-
ble of the high My,/M, ratio of the low mass members. In contrast, due to to its deep
gravitational potential, NGC 1365 has been able to retain its HI, although some of it has
been perturbed. The latter scenario we propose, it is a case of preprocessing in a group of
galaxies where the local environment of the subgroup was able to affect the My,/M, ratio
of the low mass members before the group began to interact with the cluster environment.

In general, although we found a large variety of HI properties in our sample of HI
detections, we detected an overall trend towards HI disturbances and deficiency in Fornax.
Fig. 2.6 makes evident an already evolved state of Fornax HI galaxies where ~2/3 of the
galaxies are Hi deficient. Fig.[2.6]also shows that the Fornax environment is more effective
in altering the gas content of galaxies with M, < 3 x 10° M, (see Sect.

Zabel et al.| (2019) presented a similar study, where they compare Fornax and field
galaxies based on their molecular gas properties. They found some molecular deficiency
in all their detections except NGC 1365. However, galaxies with M, < 3x10° M, are both
more H,-deficient and morphologically disturbed with respect to more massive galaxies,
whose molecular gas morphology is always regular. We do not observe such a clear
difference in HI. Indeed, we observe disturbed HI morphologies across our entire M,
range, confirming that atomic hydrogen is the best tracer of early interactions. Despite
this difference between HI and H, morphologies, we also note some similarities between
our results and those inZabel et al. (2019)). Indeed, the mass range of molecular disturbed
galaxies is also characterised by a stronger HI depletion. Conversely, the HI depletion
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is weaker in the mass range in which galaxies show regular molecular-gas morphologies
(M, > 3x10° My; Sect. Thus, both gas phases show that the Fornax environment
is more effective in altering the gas content of low-mass galaxies compared to high-mass
galaxies.

Finally, our results are in agreement with the FDS and the Fornax 3D survey (F3D)
results (Iodice et al.[2019a,b). Indeed, almost all galaxies with a disturbed HI morphology
are of late type and belong to the group of the infalling galaxies in (lodice et al.|2019a)),
which are symmetrically distributed around the cluster’s central region. These galaxies
have active star formation and are located in the low-density region of the cluster, where
the X-ray emission is faint or absent. Our results show that they are interacting with the
cluster environment. Deeper into the cluster, the lack of HI detections is consistent with
the result that this region is dominated by evolved early-type galaxies. Some of these
galaxies have been able to retain part of their H, reservoirs (Zabel et al.[|2019), but not
their HI.

2.5 Summary

The blind ATCA HI survey of the Fornax galaxy cluster covers a field of 15 deg? out
to a distance of ~ R,;, from the cluster centre. It has a spatial and velocity resolution of
67” x95”and 6.6 kms™!, respectively, and a 30- Ny, and My; sensitivity of ~2 x 10cm™
and ~2 x 10"M,, respectively. The survey revealed Hi emission from 16 Fornax galaxies
covering a mass range of about three orders of magnitude, from 8 x 10° to 1.5 x 10'° M,,.
These galaxies exhibit a variety of disturbances of the HI morphology, including asym-
metries, tails, offsets between HI and optical centres and a case of a truncated HI disc
(Fig. 2.2). This suggests environmental interactions within or on their way to Fornax
(whether with other galaxies, the large-scale potential or the intergalactic medium), sup-
ported by the offset of Fornax galaxies towards low My,/M, ratios with respect to the
xGASS M,-My,/M, scaling relation (Fig. @) and resulting in HI deficiencies similar to
those observed in the Virgo cluster (Fig. [2.8). The HI sample of Fornax galaxies is also
forming stars at a lower rate than samples of non-cluster galaxies at fixed M, (Fig.[2.10).
This deficit of SFR is consistent with the deficit of HI when compared to non-cluster
galaxies (Fig.[2.11).

Our 16 detections reside outside the virialised region of the cluster — where the dis-
tribution of the general population of Fornax galaxies is clustered (see also Sect. [I.5)
— both on the sky and in the projected phase space diagram (Fig. [2.12] and Fig. 2.13).
This result implies that HI is lost down to the ATCA sensitivity within a crossing time
(THLlss < Teaoss ~ 2 Gyr), and that our HI detections are recent arrivals in the clus-
ter. They still reside at the outskirts of Fornax, where their HI and SFR properties
suggest that HI has so far been lost on a time scale longer than the H, depletion time
(THLloss = THydept ~ 1—2 Gyr). In the cluster’s central regions HI removal is likely to
proceed faster (Thijoss < TH,depl)- This is supported by the relatively high SFR of HI-
undetected, H,-detected galaxies and by the anomalously high My,/Myy, ratios of galaxies
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in those regions (Fig.[2.9] Fig.[2.12and Fig.[2.13). These are galaxies where SFR is likely
to be proceeding relatively unperturbed after rapid removal of the HI.

This picture is enriched by the new detection of the NGC 1365 subgroup — where both
pre-processing and early interaction with the cluster environment are plausible scenarios
to account for the HI properties of its members — and by the detection of several galaxies
with peculiar ISM properties, such as some HI-rich but H,-poor and low-SFR galaxies
(NGC 1427A, ESO 358-G060). The future MeerKAT Fornax Survey (Serra et al.[|2016)
will observe this cluster with a better resolution and sensitivity than those of our ATCA
survey, enabling a further step forward in the study of the evolution of Fornax galaxies.
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Chapter 3

The HI mass function of the Fornax
galaxy cluster

3.1 Introduction to the HIMF

The idea of measuring the HIMF, which defines the number of galaxies per unit of volume
as a function of My, was firstly introduced by |Briggs| (1990) as a tool for evaluating the
completeness of optical catalogues against 21-cm HI surveys. Optical catalogues might
suffer of bias towards bright galaxies, while blind HI surveys might in theory detect HI
emission from faint optical objects which are HI rich, for example low surface brightness
galaxies (LSB - e.g. Schombert et al.|[1992; |de Blok et al. [1996). From the original
purpose, since its shape tells us how HI in the local Universe is distributed, the HIMF has
been crucial to constrain theories of cosmology and galaxy evolution (e.g. [Vogelsberger
et al. 2014; Lu et al.|2014; Crain et al.|[2015). Many factors contribute to making the
stellar and HI mass functions at least partly independent of one another and, therefore,
both are important for a comparison to models. First of all, galaxies with the same stellar
mass show a large scatter in their HI content (Maddox et al.|20135)). Secondly, free floating
HI clouds with no optical counterpart might also contribute to the HIMF. And, finally,
especially in dense environment, the opposite scenario of having bright galaxies with no
HI - at least down to the sensitivity of observations - is common (e.g. Haynes & Giovanelli
1986)). Generally, having an optical counterpart to cross-match HI objects is important to
gain deeper insights into the processes governing the evolution of galaxies (Durbala et al.
2020).

In recent years, large blind HI surveys have collected data which were used to estimate
the HIMF of the local universe. Specifically, HIPASS with the Parkes telescope (Zwaan
et al.[2005)) and ALFALFA with the Arecibo telescope (Jones et al.|2018b)) have measured
the HIMF, which can be parameterized well as a Schechter function:

_ dn _ My, ol My,
d(My,) = dlog,g (M) dV = ln(lO)qb*( M ) exp (— 7 ) (3.1

where dn is the number of galaxies within a dlog,, (My;) bin and a volume dV. ¢, is a
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normalization factor, M, is the knee above which the number of HI rich galaxies decreases
exponentially, and « describes the power-law trend at the low-mass end of the HIMF. As
an example, we show in Fig. |3:1'| three HIMFs with the same normalization factor, the
same knee but different @. Focusing our attention on the low-mass end of the HIMF, we
see that when « assumes values lower than -1, we obtain a steep HIMF with an increasing
number of objects with lower My,. When @ = —1, the number of objects stays constant
(flat HIMF), while this number decreases when « is higher than -1, which is the case of a
falling HIMF.

L3R = M1\ _ .
l0g10(#5) =0.60 1= ~115  logio()=9.40 — dny
n2 _ Mo\ _ _
l0g10(2:2)=0.60  @z=~1.00  logi(5)=9.40 — dn;
M
oan(83) =050 @= 080 lovu(i)=940— o,
]
|
1 |
10° 1 |
|
' M
c |
© |
|
|
|
100_
|
. , A
10* 106 108 1010

10910(Mui/Mg)

Figure 3.1: The figure shows a steep (purple), falling (red) and flat (green) HIMF with the
same normalization factor ¢., and the same knee, M. (black dashed line).

HIPASS and ALFALFA observed different parts of the sky with different sensitivities.
The former covered the entire Southern sky below declination +2° (21341 deg?), while
the latter observed a smaller portion of the sky (~6900 deg?) with a higher sensitivity
and angular resolution (according to Jones et al.[2018b, the maximum volume over which
ALFALFA can probe the low-mass slope of the HIMF is about four times larger than what
was probed by HIPASS). The different sky coverage, sensitivity and resolution should be
taken into account while interpreting the different HIMF parameters measured by HIPASS
and ALFALFA. The former measured @ = —1.37 £ 0.03 and log,, (M./My) = 9.86 =
0.03, while the latter found an « value of —1.25 + 0.02 and log,, (M../Mg) of 9.94 + 0.01.

As mentioned in the previous chapters, the HI content varies with environment. There-
fore, we might expect to measure a HIMF with a different shape if we select sample of
galaxies in voids, walls, groups or clusters of galaxies. For example, in dense environ-
ment HI removal is more effective in low-mass galaxies than more massive systems and,

48



3.1. INTRODUCTION TO THE HIMF
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Figure 3.2: The figure shows the comparison between two different HIMFs which predict
a distribution of HI masses consistent with that observed from the ATCA HI survey of the
Fornax galaxy cluster (Loni et al.|[2021)). The figure also shows that one of the ATCA
detection is below the nominal detection limit. However, [Loni et al.| (2021) argued that
this was a real detection due to the correspondence between HI emission (measured in
consecutive spectral channels) and a know Fornax member, FCC 323. This result was
further confirmed by more sensitive data (Serra et al.[2016).

in general, HI rich galaxies are less abundant than in less dense environments. Thus, in
clusters, @ might be more positive and M, smaller — although the latter might be difficult
to constrain given the general lack of HI. Increasing the sensitivity of our HI surveys is
important to detect a significant number of HI deficient galaxies and thus measure the
slope of the low-mass end of the HIMF.

Several studies show a dependency of the low-mass end of the HIMF with environ-
ment, finding a flatter or even falling trend in denser environments (e.g., |(Gavazzi et al.
200355 Springob et al.|2005]; Kovac et al.|2005; |Pisano et al.|2011; [Said et al.|2019; Jones
et al.[2020). It’s interesting to note the agreement between the falling optically-selected
HIMF of the Virgo cluster measured by |Gavazzi et al.| (2005) and that obtained by blind
HI observations by Davies et al. (2004). |Gavazzi et al.| (2005) argued that this correspon-
dence suggests that free-floating HI clouds do not significantly contribute to the HIMF
and, since they did not survey HI in early-type galaxies, the slope of the HIMF is mainly
driven by late-type galaxies. In less dense environment, Moorman et al.| (2014) show that
the HIMF measured from a sample of void and walls dwarf galaxies - less affected by Hi
removal - shows an increasing number of objects with low My, (i.e., @ < —1).
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It is also worth noting that there is an apparent disagreement on the dependency of
the low-mass end slope with environment based on HIPASS and ALFALFA data. Specif-
ically, HIPASS found a steeper HIMF in high-density environments (Zwaan et al. 20035),
while ALFALFA found a flatter HIMF (Jones et al.|2018b). However, due to the lack of
optical surveys covering the same portion of the sky observed by HIPASS, [Zwaan et al.
(2005)) defined high-density environments according with the density of HIPASS HI de-
tections, while ALFALFA relied on optical observations. The different definition of high-
density environment, which might be opposite in the most extreme case of galaxy clusters
where we have no HI emission in the densest central part of these systems, makes the
comparison of the HIPASS and ALFALFA results difficult. Finally, Jones et al.| (2018b)
compared the HIMF in the ALFALFA spring sky (dominated by the Virgo cluster) with
that in the fall sky (dominated by a local void). Analysing the Fall sky, they found a steep-
ening of the low-mass end, which they argue is due to the gas-rich filaments connected to
Virgo. These authors also confirmed the limited constraints on M, using a small volume
as that of the Virgo cluster. Indeed, systems like Virgo simply do not contain a sufficient
number of HI-rich galaxies to constrain M..

In general, these studies are extremely important to test cold dark matter models of
galaxy evolution (e.g. |Press & Schechter|1974) and to constrain the role of physical pro-
cesses that add or remove HI from galaxies (e.g., Gunn & Gott|1972; [Toomre & Toomre
1972;Sheen et al.|2012}; |Oh et al.|[2018)).

Our goal here is to study the HIMF of the Fornax cluster. Fig. [3.2] shows that the lim-
ited number of HI detections in our ATCA HI survey of Fornax is well fitted by different
HIMFs owing to a degeneracy between a and M. for small and/or shallow samples. Thus,
it is impossible to conclude whether the low-mass end of the HIMF of the low-mass For-
nax cluster might be described by a flat, steep or even falling trend. In other words, we
cannot easily compare the impact of the Fornax environment in shaping the HI content
of galaxies with that of other, denser environments (Gavazzi et al.| 2005} Springob et al.
20055 |[Kovac et al.|2005; [Pisano et al.|2011; [Said et al.[2019; |Jones et al.[2018b). Fig. @
does not however consider the many ATCA HI-non detections (64 of the 79 galaxies in-
cluded in our catalogue in Table[I.T])) which might host Hi below the ATCA detection limit
(blue vertical line) and thus might contain information about the shape of the HIMF. In
this chapter we attempt to include the many ATCA HI non-detections in the study of the
Fornax HIMF using a new Bayesian method developed by Pan et al.| (2020).

In this chapter we modify the original code of Pan et al. (2020) in order to measure the
HIMEF of the Fornax cluster using both ATCA Hi-detections and ATCA HI non-detections.
This is the first attempt to use this method on real data to characterise the HIMF of a
cluster. This strategy aims to estimate the main parameters @ and M, (the only parameters
with environmental physical meaning, since ¢, in environmental HIMFs is arbitrary -
Jones et al. [2016), from the measurements of integrated HI fluxes at the position and
velocity of HI detected and non-detected galaxies. In fact, given the large uncertainty on
the value of M., derived from a small volume as that of a cluster, we will mainly focus our
attention on measuring a.

The chapter is organized as follows: in Sect[3.2]and Sect.[3.3] we introduce the method
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of |Pan et al. (2020) to infer the best-fitting HIMF parameters using this new approach. In
Sect.[3.4]we show the supporting tools our code relies on to estimate the best-fitting HIMF
parameters. In Sect[3.5] we show all steps we made and results we obtain to test our code
on artificial datasets. Finally, we show the first results of the measured HIMF of Fornax
using a Schechter function in Sect.[3.6] Hence, we draw some conclusions in Sect.

3.2 Bayesian HIMF below the nominal noise threshold

The knowledge of the position and redshift of HI non-detected galaxies has been used
to estimate the average My, in galaxies, including the signal hidden in the noise. This
technique, known as HI stacking, consists in co-adding de-redshifted spectra at the known
location of non-detected galaxies in order to improve the S/N. As mentioned, stacking
measures just the average HI content of galaxies in the stack (Delhaize et al.|2013}; Rhee
et al.[[2018) but does not provide any information on the distribution of HI masses. In
a different context, new techniques based on a maximum-likelihood approach (Mitchell-
Wynne et al.|2014; Zwart et al.[2015]) were used to model the source counts of faint radio
continuum sources below the nominal detection threshold. [Pan et al.|(2020) extended this
technique to determine the HIMF directly from the Hi-line flux distribution constructed
from extracting integrated fluxes across an appropriate number of spectral channels at
the redshift and position of galaxies in simulated HI cubes. This technique, applied to
real data, can therefore provide more information than just the average HI mass measured
with traditional stacking. In this chapter we modify and apply this technique to our ATCA
Fornax HI data.

3.3 Formalism

We indicate with f,, the HI fluxes from which we measure HI masses using Eq. 50 in
Meyer et al.| (2017). These measurements consists of the sum of the intrinsic flux from
the source, f, plus the contribution from the noise, f,, which can be positive or negative:
fm = f + f.. Following the same approach used by [Pan et al. (2020), we assume that
the number of sources in a given patch of sky follows a Poissonian distribution, thus the
probability of finding n; objects within the observed portion of sky and the i-th flux bin
Unis Ji + DSl 18:
Pi (l’l,‘ E(a’, M* ) i!

where dn/df is related to the definition of HIMF (see first identity in Eq.[3.I). Thus, dn
counts the number of HI galaxies in the observed sky within a given (infinitesimal) flux
bin df, and depends on the HIMF paramenters a, M, etc. Although these dependencies
make clear the relation between dn/df and the shape of the HIMF, for brevity they will be
omitted from now on. 4; in Eq.[3.2]is the theoretically expected number of HI sources in

/l’.’l[ —A;
dn ) _Ale (32)
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the i-th bin. In real observation we must take into account how 4; is affected by the noise
in the data. We can express this as the convolution of dn/d f with the noise:

max dn fmi +Afm,-
v= [ dfuPulfo = 1) (33)
fm[n df m

where P, (f,) is the distribution of the noise f,, while f,;, and f,,, define the integration
interval. In the case of Gaussian noise, Eq. [3.3]assumes the following form:

f;nux d fm T Afm i 1 2
/1i=f df n dfm—exp( (fm = f)z)
fmin f RMS \/ﬁ 2 RMS

e dn 1 fm, - f fm,' + Afm, - f
J. "fd—é[f( )= (P s
Fuin f V2 RMS V2 RMS
where RMS = VNounTchandv, and Ng,, is the number of channels over the flux-
density profile of the HI line for each galaxy, o ., is the RMS per channel, and dv is the

channel width. Assuming that the number of sources in different flux bins are indepen-
dent, the likelihood for all flux bins is:

L:HP(n

i=bin

3.4)

dn
; W) 3.5)

Finally, we are ready to evaluate the (posterior) probability of having a HIMF with a
certain shape given the total number of N objects through the Bayesian’ inference:

dn dn
P P 3.6
(77) = £-#(57) 0
The prior probability, which is the last term in the above equation, expresses our a

priori knowledge on the shape of the HIMF, hence on its parameters. Furthermore, since
we do not compare different models, Eq.[3.6]does not include the evidence term.

3.4 Supporting tools

While developing our code, we made used of the same tools used in [Pan et al.| (2020).
Specifically, we used the Bayesian Blocks method by [Scargle et al.| (2013)) to determine
suitable flux bins, and MULINESTEl, a Bayesian inference tool (Feroz et al.2009; Buchner
et al]2014) based on a nested sampling technique (Skilling[2004), to evaluate Eq.[3.6
The Bayesian Blocks method allows varying bin (block) widths in order to be robust
to statistical fluctuations and is ideal for distributions of fluxes from astrophysical sources.
Instead of an arbitrary a priori binning, it produces a binning that adapts itself to the data,
where the optimal segmentation of the data is obtained with blocks where the data are

'https://johannesbuchner.github.io/PyMultiNest/
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statistically consistent with a constant flux. Thus it produces narrow bins where the data
are denser and wider where they are more diffuse. The parameter p0 in equation (11) in
Scargle et al.[(2013) allows to determine how many bins are generated. In general, a small
p0O will be more robust to statistical fluctuations in the data, however it might result in a
overly coarse binning. The optimal value of p0 is typically determined empirically.

Once we have a distribution of fluxes useful to evaluate Eq[3.6) MULTINEST samples
the prior parameter space through a nested sampling technique and produces the posterior
samples providing the marginalized likelihood and the best-fitting value of all parameters
with associated error estimate. Finally, we chose to adopt the median of the posterior
samples as the best estimate of each parameter.

3.5 Testing of the Bayesian method

Before applying our code to the ATCA Fornax HI data we tested it by taking an input
HIMF and verifying that the code is able to recover it within the errors. We started by
fixing the input values of the HIMF parameters «, ¢. and M, in Eq.[3.T]as well as the min-
imum and maximum allowed HI mass M,;, and My,,x. This sets the number of galaxies
in each mass bin between M,;, and M. Supposing that the predicted (integer) number
of galaxies in the i-th bin is n;, we generated n; random My, values assuming a uniform
probability function between the My, bin edges. We repeated this step for each bin, thus
obtaining a catalogue of HI mass values between M., and M.« and following the input
HIMF. Since the Bayesian part of the code evaluates the distribution of fluxes plus noise,
we converted our simulated My, values to fluxes using Eq. 50 in Meyer et al.| (2017) and
adopting the same distance of 20 Mpc for all galaxies (Mould et al.|[2000) (the adopted
distance and the adopted flux-mass conversion is the same as in Chapt. ). These fluxes
represent f, i.e., the intrinsic flux from sources in the sky. Finally, we added Gaussian
noise to simulate realistic fluxes, f,,, which we binned with the Bayesian Block method.
We used MULTINEST to obtain the best parameter fits.

Since, the aim of this part is to test how reliable our code is, we made a series of
experiments with different input parameter values. They were chosen to simulate different
input HIMFs which have a steep, falling or flat trend in the power-law part of the mass
function, as well as different M, and ¢, values. Finally, we verified whether our code is
able to measure the input parameters comparing them with the best fit parameters obtained
with MULTINEST.

The next subsections show the results of two sets of experiments. The former has
input HIMFs which have 50 galaxies above M.,/2. The latter is a more similar case to
that of our ATCA survey of Fornax, with 15 galaxies above the 30 detection limit of
2x107 Mg, (calculated assuming a linewidth of 100 kms™"). In both cases, we set RMS
to be consistent with the ATCA noise level. Thus, we set 0wy = 2.8 mJy beam™! and
dv = 6.6kms™!. Then, we set the number of channels to be Ny, = 15, under the assump-
tion that in low-mass galaxies (the larger population in a cluster where HI is efficiently
removed) the linewidth is ~100 kms~!.
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Parameter  Prior probability

distribution

log, (M§;3) Uniform € [-3, 6]
1og10(§j—;) Uniform € [8, 11]

a Uniform € [-2, 0]
log, (MM—‘;) Uniform € [0, 7]
log (AK/I—“;‘) Uniform € [9, 14]

Table 3.1: Prior parameter ranges used in all experiments with 50 galaxies above M, /2
and 15 galaxies above the ATCA detection limit while testing a Schecther function

(Eq.3.1).

In Table. [3.1] we show the uniform priors used to sample the prior parameter space.
M nin and M, correspond to the conversion of f,,;, and f,,,. which define the integration
interval in Eq.[3.3]

3.5.1 Fifty galaxies above M, /2

We performed 25 experiments which have the only constrain of having 50 galaxies above
M,./2. Fig.[3.3] shows the input parameters used for testing each shape of HIMF: steep
(¢ < —1), falling (@ > —1) and flat (¢ = —1). We note that ¢. is not a free parameter,
but is determined by our requirement of having 50 galaxies above M, /2. We further set
log, o (Muin/Mo) and log, o (Mmax/Mg) to 4 and 12.5.

In the rest of the section, we show the procedure and results obtained for three rep-
resentative HIMFs, one for each shape. Each subsequent figure will have three panels.
The left and right panels of the first row refer to the case of the steep and falling HIMFs,
respectively, while the bottom panel refers to the flat HIMF. In Appendix [C] we provide
results of all 25 experiments.
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Figure 3.3: Set of parameters used in experiments with 50 galaxies above M, /2. Results
of all experiments are reported in Appendix [C}
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Figure 3.4: Number of galaxies in each My, bin for the case of a steep (top left), falling
(top right), and flat (bottom) input HIMF with 50 galaxies above M. /2. In each panel, the
top legend shows the input parameters set in Eq. 3.1] while the bottom panel indicates
the total number of objects (Ntor), the number of HI galaxies above M, (N(My,> M.)),
and the ratio of galaxies above the ATCA detection limit and the total number of objects
(N(My;> 3x RMS)/Ntor) generated from the input HIMF.
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Figure 3.5: Panels are ordered as in Fig. Each panel shows the f flux histogram before
including noise. A zoom around 0 Jy km s~!shows that there are no negative fluxes.
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Figure 3.6: Panels are ordered as in Fig. Each panel shows the random Gaussian
noise generated for the corresponding experiment.
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Figure 3.7: Panels are ordered as in Fig. Each panel show the f,, flux histogram
which results from the sum of Gaussian noise (Fig. [3.6) on top of f (Fig.[3.5). A zoom
around 0 Jy km s~!'shows that now there are negative fluxes.
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Figure 3.8: Panels are ordered as in Fig. Each panel consists in a rebin of f,, (Fig. ,
using the Bayesian Block method (Scargle et al.[2013). A zoom around O Jy kms™'is

shown on the top right of each panel.
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Corner plots
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Figure 3.9: Corner plots corresponding to the experiment with a steep HIMF (top left
panel Fig.[3.4), with 50 galaxies above M, /2. Top histograms show the marginal posterior
probability densities. The blue curves are the cumulative distribution (integrating over the
grey histograms from left to right). The best-fitting parameters are shown by the blue dots
(in histograms) and orange dots (in all other panels which show the correlation among
parameters) with 1o error bars.
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Corner plots
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Figure 3.10: Corner plots corresponding to the experiment with a falling HIMF (top right
panel Fig. 3.4), with 50 galaxies above M, /2. Please, refer to Fig. [3.9]for further details.
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Corner plots
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Figure 3.11: Corner plots corresponding to the experiment with a flat HIMF (bottom panel
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Figure 3.12: Panels are ordered as in Fig. Each panel shows the comparison be-
tween the input parameter values (in red) used for generating the initial distribution of
My, (Fig. 3.4) and correpsonding best-fitting parameter values and error bars obtained
with our code.

Fig. [3.4] shows the input number of galaxies in each My, bin where the bottom panel
of each plot specifies the total number of galaxies, the number of objects above the knee,
and the ratio between galaxies above the ATCA detection limit, 3X RMS over 100 km s,
and the total number of objects. The upper legend shows the input HIMF parameters
of the experiment. As mentioned in the previous section, we used these numbers for
generating an integer number of random My, values in each bin. Then, we converted the
My, values to fluxes which represent the intrinsic fluxes from the sources in the sky which
are distributed as shown in Fig.[3.5] Finally we added Gaussian noise (Fig. [3.6)) obtaining
a realistic distribution of fluxes for an ATCA like survey (Fig.[3.7). These fluxes were
then re-binned using the Bayesian Blocks method with a p0=0.5 (Fig.[3.8). We also note
that using different values of pO does not change our results.

Fig.s 3.9 [3.10]and3.1T]are corner plots of each experiment which show how the prior
parameter space was sampled by MULTINEST. Before discussing whether the Bayesian
method returns the correct HIMF values, it is worth discussing how the output parameters
are correlated with one another. In general, all parameters show a weak (if any) correlation
with M ... Instead, we see that the slope a varies with M,,;,. More precisely, a increases
as M, decreases. This trend becomes flatter as M, decreases in experiments where
defines a falling HIMF. Indeed, although M,,;, was sampled all the way down to 1 Mg, a
falling HIMF might no have objects below a certain My, > 1 Mg, thus the trend becomes
flatter, meaning that the same slope might be fine for different values of M,,;,. The other
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Figure 3.13: Panels are ordered as Fig. Each panel shows the comparison between
the predicted number of objects in each My, bin from the input HIMF (so that from the
input parameters set in Eq. [3.1] - see top legend Fig. [3.4) and the predicted number of
objects from the output HIMF where we set as the value of parameters in Eq. [3.T]equal to
the best parameter fit obtained with our code (see Fig.[3.12)
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Figure 3.14: Comparison between the input parameter values (in red) used for generating
the initial distribution of My, and the best-fitting parameter values obtained with our code
for all 25 experiments with 50 galaxies above M, /2. Results of all experiments are also
reported in Appendix [C]

main parameter, which define the total number of objects is ¢. and indeed we observe
a similar correlation between this parameter and M,,;,. It is also worth commenting the
correlation between « and ¢.. A larger « defines a HIMF with a lower number of objects
in the low-mass end. The code tries to sample the posterior parameter space in a way
useful to preserve the total number of sources and it therefore shifts upwards the HIMF
by making ¢, larger. Finally, there is a degeneracy between M, and « consistent with
what shown in Fig. [3.2] whereby a higher M. can give a similarly good fit if @ becomes
lower.

Thus, we observe that all parameters which tune the total number of objects (@ and ¢..)
and the one which defines how many objects are above the RMS are well correlated with
one another. The code samples the posterior parameter space in a reasonable way to pre-
serve the total number of objects it estimates (including those below the noise threshold).

A visual comparison between the input values for log,,(M.) and « with the best fit
obtained with our code is shown in Fig. [3.12] Black crosses show 1o uncertainty (see
also top legend in Fig.[3.13). In these three experiments the predicted values are consistent
with the input values within uncertainties. Finally we show in Fig. [3.13] the comparisons
between the number of objects in each My, bin from the input HIMFs with that from
the best-fitting HIMFs. The blue shades represents 1, 2, 30~ of all sampled HIMFs by
MULTINEST. Fig. shows a comparison between the input values for log,,(M.) and
« with the best fit for all 25 experiments (see also Appendix [C)). The clear conclusion
is that our code is successful at recovering the input HIMF parameters within the error
bars for cases like the ones presented in this section. In particular, the agreement between
input and output « (the low-mass-end slope of the HIMF and the main focus of this work)
is excellent. Below we see to what extent this conclusion holds in cases more similar to
the one of our ATCA Fornax HI dataset.
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3.5.2 Sixteen galaxies above the ATCA detection limit
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Figure 3.15: Set of parameters used in experiments with 15 galaxies above the ATCA
detection limit. Results of all experiments are reported in Appendix g
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Figure 3.16: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit.

64



3.5. TESTING OF THE BAYESIAN METHOD
6107 6x10°
102 102 |
4 %10
4107 3x10°
7 10! 0 3x10° 2x10°
-~ -
C c
8 1014 8 2x10° 10°
o 10° (&)
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
10°
10°;‘||| [T 1 1 Jl”" ” | | | |
0 2 4 6 8 10 0 20 40 60 80 100
Flux [Jy km/s] Flux [Jy km/s]
10! 10t
]
C
>
8 10°
0.0 0.5 1.0 15 2.0
0
b 1117 |
0 20 40 60

Flux [Jy km/s]

Figure 3.17: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit. A zoom around 0 Jy km s~'shows
that there are no negative fluxes.
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Figure 3.18: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit.
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Figure 3.19: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit. A zoom around 0 Jy km s~ !shows

that now there are negative fluxes.
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Figure 3.20: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit.
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Corner plots
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Figure 3.21: Corner plots corresponding to the experiment with a steep HIMF (top left

panel Fig.[3.16), which predicts 15 galaxies above the ATCA detection limit. Please, refer
to Fig. 3.9 for further details.
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Corner plots
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Figure 3.22: Corner plots corresponding to the experiment with a falling HIMF (top right
panel Fig.[3.16), which predicts 15 galaxies above the ATCA detection limit. Please, refer
to Fig. 3.9 for further details.

68



3.5. TESTING OF THE BAYESIAN METHOD

Corner plots

—_
(=3
(=]

e
9
o

Probability
o o
[ %} w
(%3] (=]

o
=)
S

0
log1o(¢p+/Mpc3)

N

!
!

a1

(9}

o

s . 4

<

o0

3

(@)}

kel
9 10 11
10g10(M+/M )

[
[N

l0g10(M+/M o)
s

©

-1.25 -1.00 -0.75

i@
-

i o

a
-0.8
-1.0
(s
-1.2
-1.4
0 5
I()glo(,\/,min/M [0} )
~7.5

o]

250

|09 10(Mm|n
o N
o w

10.0 12.5
|0910(Mmax/Mo)

Figure 3.23: Corner plots corresponding to the experiment with a flat HIMF (bottom panel
Fig. 3.16)), which predicts 15 galaxies above the ATCA detection limit. Please, refer to
Fig. 3.9 for further details.
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Figure 3.24: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit.

We performed 25 experiments which have the only constrain of having the same num-
ber of direct HI detections as in our ATCA survey (Chapt. 2) — that is, 15 galaxies above
My, = 2x107 My, (in our data we have 16 detections but one is formally below the 3 o
detection limit). Due to discretisation and binning effects in some experiments the actual
number of objects above the ATCA detection limit might vary by one or two with respect
to the requested number. For similar reasons, these experiments do not always have ob-
jects above M.. Similarly to Sect.[3.5.1] in the rest of the section we show the procedure
and results we obtained for the case of steep, falling and flat HIMF. We also adopt the same
convention of Sect.[3.5.1]to present the figures in the current subsection. While using the
Bayesian Block method for binning our input fluxes, we set p0 = 0.8 (Fig.[3.20). Also in
this case, a different value of p0 does not change our results. As mentioned before, it is
worth noting that not all our experiments have objects above M, (e.g. see top left panel in
Fig.[3.16). Similarly, some experiments with a falling slope have a lower total number of
objects with respect to the number of confirmed Fornax members included in our cleaned
spectroscopic catalogue (which are 64 below m,=16.5 mag; Sect.[I.3)), plus the 16 ATCA
HI detections (see Chapt. [2} [Loni et al|2021)). Fig.s[3.21} [3.22]and [3.23]show corner plots
which refer to the steep, falling and flat experiments in Fig [3.16] respectively. Corner
plots show the same correlations among parameters as for the experiments with 50 galax-
ies above M, /2. In general, the best-fitting parameter values agree with the input values
within 1o (see Fig. [3.24] and Fig. [3.25)), although we must notice larger uncertainties of
each parameters with respect to these obtained in the set of experiment with 50 galaxies
above M, /2 (see Fig.[3.12) and [3.14] for a comparison).

70



3.5. TESTING OF THE BAYESIAN METHOD

loguo(e; ): 0:2489%435  a: -12318L,,  loguo(fr-) : 970023833 logio(s ): 0655918322 a: -0.8663%8  loguo(ff-): 10.156*8353
o dnout o dnip —RMS 0 dNou o dn, —RMS
10°

5
10 102
104

c c
T 103 ko]
10t
102
10!
100 10°
10 10° 105 107 10° 10% 100 10° 105 107 10° 10%
10g10(Mui/Mo) 10g10(Mui/Mo)
|ogm(%):o.4559:g§g§ a:-0.994*3%88  logio(f-): 10.158*355
0 dnout e dnin ——RMS
10°
102
C
e
10!

10°

100 10° 105 107 10° 109
10g10(Mui/Mo)

Figure 3.25: Similar to Fig. for the case of three experiments with the only constrain
of having 15 objects above the ATCA detection limit.
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Figure 3.26: Similar to Fig. for set of experiments with 15 galaxies above the ATCA
detection limit. Results of all experiments are also reported in Appendixg

More in detail, we find that some HIMF parameters can be estimated more reliably
than others. For example, M, is poorly constrained and typically overestimated in these
experiments (Fig. [3.26). As mentioned in Sect. 3.3] such poor constraints on M, are
expected when the number of Hi-rich galaxies is low. However, the parameter at the core
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of our scientific investigation, i.e., the slope a of the low-mass end of the HIMF, can still
be determined reliably.
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Figure 3.27: Comparison between «;, and the best-fitting a for the set of experiment with
15 objects above the ATCA detection limit. On the y-axis, we plot the difference between
best-fitting @ and a;,. For presentation purpose, the values of a;, are slightly displaced
from the real value in order to separate the different experiments with the same «;,.
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Figure 3.28: The figure shows the predicted number of galaxies in each HI mass bin from
the best fitting HIMF compared and the input HIMF for the case where the discrepancy
between the best-fitting @ and the input one is larger.
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Fig.[3.27)shows the comparison between a;, and the best-fitting values of this param-
eter. In all experiments but two, the best-fitting values agrees with the input values within
1 0. In the two remaining cases within 2 o~. The typical uncertainty is 0.13. In Fig. [3.2§]
we show the comparison between the number of galaxies in each Hi-mass bin from the
best-fitting HIMF compared and the input HIMF in the case where discrepancy between
the best-fitting o and the input one is the largest. In general, 10~ shade follows the input
HIMF.

Based on these results we conclude that, while we wait for more sensitive HI blind
surveys of Fornax (e.g., the MeerKAT Fornax Survey; [Serra et al. 2016), it is worth
applying our method to the ATCA data currently in hand in order to start constraining
the shape of the low-mass HIMF in this cluster. By construction, our conclusions will
hold as long as the underlying distribution of HI masses follows a Schechter function. We
will come back to this point in the next Section.

3.6 Results: the Schechter HIMF of the Fornax cluster

Although the results obtained in the set of experiments with 15 galaxies above the ATCA
detection limit (see Sect. [3.5.2)) have large uncertainties, they predict HIMF parameters
which agree with the input parameters within 1o, and just in a few cases within 20. In
particular, the low-mass-end slope of the HIMF, which is our main science interest, can
be estimated reliably (albeit with significant error bars). Hence, we are ready to use our
code on real data.

We make use of the Fornax spectroscopic catalogue introduced in Sect. [I.5] for ex-
tracting spectra at the position of the HI non-detections in the ATCA cube. As shown in
Fig.[L.6] the catalogue has a completeness higher than 50% in all bins with a magnitude
lower than m, = 16.5 mag, and 85% overall. Therefore, we decided to measure the inte-
grated HI flux of all spectroscopically confirmed Fornax members brighter than that limit.
This choice ignores possibly free-floating HI clouds that recent blind HI surveys are able
to detect (e.g. [Kleiner et al]2021)). In general, as mentioned in Sect. 3.1 any HIMF study
based on optical catalogues would suffer of the same blindness”.

The integrated flux of 64 HI non-detections was measured using a linewidth of
100 kms~'- which correspond to roughly 15 independent channels in the ATCA data
cube - centered at the optical velocity converted to the radio conventimﬂ All but one
ATCA HI detections were also included in the spectroscopic catalogue, thus we do not
extract spectra at these positions. For these 15 galaxies plus FCC 323 (whose redshift
was measured for the first time in Loni et al.|[2021)), we used the HI fluxes obtained in
Chapt. 2] Fig.[3.29] shows an example of a spectrum — not yet corrected for the beam —
where we have no detected HI emission.

2When analysing radio data, where all channels across a spectrum have the same width in frequency,
it is customary to convert frequency to velocity using the convention v,,4, = ¢ (1 —v/vp), where v and
vo are the observed and rest-frame frequency, respectively. This is different from the velocity convention
commonly used at optical wavelengths, v,pica = ¢ (Vo/v —1).
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At the position of the HI non-detected galaxies, any real HI emission present below the
noise level has obviously not been deconvolved with the dirty ATCA beam. Therefore,
unlike for real detections where the sum of pixel values is divided by the integral of the
restoring Gaussian beam in order to measure the integrated flux, in this case we divide
by the integral of the dirty beam. The MIRIAD task used to get the dirty beam at the
position of each HI non detection in the ATCA mosaic cube is MOSPSF. We extracted each
spectrum using an aperture of 1.5x1 arcmin, which is the size of the restoring beam.

Finally, we build a catalogue with all these fluxes plus the flux of our 16 ATCA HI
detections, which we refer to as the on catalogue. We also build a control, off catalogue
where the fluxes of the ATCA HI detections are still included, but where the HI flux of
the non-detections is measured 800 kms™' away from the optical velocity. Basically,
the off catalogue includes 64 measurements of pure noise plus the flux of all 16 ATCA
Hi-detections. We will show that the off catalogue serves as a critical comparison to
correctly interpret our results based on the on catalogue. We show later in this section
that our results obtained from both catalogues do not depend on the linewidth we used to
measure the integrated fluxes.

FO0778 - 0

w1V ,AVAA.,A/L b it it
R (BT

—0.010,

Flux density [Jy]

0 e Velocity tkm/s] e » e
Figure 3.29: The figure shows an example of a (ATCA dirty beam corrected) spectrum
extracted from the ATCA cube (see Chapt. [2) at the position of a HI non-detected source.
We show the optical velocity of the source previously converted to radio convention with
a vertical blue line. The spectral windows within which we measured the integrated flux
is enclosed within the dotted blue lines.

We adopt the same prior ranges used in both set of experiments in Sect. [3.5] (see
Table[3.1)) and p0 = 0.8 while using the Bayesian block as in Sect.[3.5.2] We then run our
Bayesian code on the on and off catalogues. In the rest of the section, the left and right
panel of each figure refer to results obtained with the on and off catalogue, respectively.
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Figure 3.30: We show the histogram of fluxes obtained with the on (left) and off (right)
catalogues. Each inner panel shows a zoom around 0 Jy kms™!, where integrated fluxes

of HI non-detections are denser.
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Figure 3.31: We show the binning of fluxes included in the on (left) and off (right) cata-
logues obtained with the Bayesian block (Scargle et al.|2013) using a p0 = 0.8. A zoom

around 0 Jykms~'on the top right of each panel shows the width of bins closer to the

ATCA detection limit.
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Corner plots
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Figure 3.32: Corner plots showing how the parameter space was sampled in the case of
the on catalogue. Please, refer to Fig.[3.9|for further details.
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Figure 3.33: Corner plots showing how the parameter space was sampled in the case of
the off catalogue. Please, refer to Fig.[3.9] for further details.
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Figure 3.34: The figure shows the number of objects predicted in each mass bin by the
HIMFs measured using the on (left) and off (right) catalogues. Integrated fluxes of HI
non-detections are measured using a linewidth of 100 kms™!

Fig. shows the flux distributions obtained using the on (left panel) and off (right
panel) catalogues, respectively, while Fig. [3.31]shows how the fluxes are re-binned using
the Bayesian Block method. Fig.s [3.32]and [3.33] do not show any significant difference
between how the parameter spaces of priors were sampled in the case of the on and off
catalogues, respectively.

The left panel in Fig. - shows the best-fitting parameters obtained from the on cat-

alogue, which are log,, (52 ) = 0.3397023, & = —1.09*3.057 and log,, (2£:) = 9.873*5.55%.
As we mentioned in Sect.[3.1]and Sect.[3.5.2] since the main interesting parameter which
can be reliably estimated in a small cosmic volume as that of a cluster is «, in what fol-
lows we limit our analysis to this parameter. Comparing the best-fitting « value with those
obtained by both HIPASS (¢ = - 1.37 +£0.03) and ALFALFA (-1.25 + 0.02), which
observed larger volumes, we see that the Schechter HIMF of optically selected galaxies
in Fornax (m, <16.5 mag) is marginally flatter. This result seems to be consistent with
what expected. Indeed, dense environments would efficiently remove HI from infalling
low-mass galaxies, affecting the low-mass end of the HIMF. Flattening in this part of the
HIMF was also observed in other dense environments (e.g. Springob et al.[2005}; [Kovac
et al.|2005; |Pisano et al.|2011; Said et al.[[2019).

Our results on a flat slope of the low-mass end of the HIMF in Fornax is thus consistent
with the expectation and previous literature on HI in clusters. However, we stress that the
result was obtained under the assumption that the distribution of HI masses follows a
Schechter function also below the noise level. What would happen if this were not the
case? Our analysis of the off sample is meant to provide an answer to this question. By
construction, the off catalogue does not follow a Schechter function, but is characterised
by a (possibly Schechter-like) HIMF down to the ATCA detection limit, plus a large
number of objects with zero HI flux. Surprisingly, when running our Bayesian code on
the off catalogue our result is consistent with the best-fitting parameters we obtain for the
on catalogue (see Fig. [3.34). Indeed, the best fit parameters of the on and off catalogues
agree within the uncertainties. Fig. [3.35] shows that this agreement happens also when
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using a larger linewidth to measure the integrated HI fluxes.
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Figure 3.35: The figure shows the number of objects predicted in each mass bin by the
HIMFs measured using the on-(left) and off-(right) catalogues. Integrated fluxes of HI

non-detections are measured using a linewidth of 250 kms™!.

In summary, our method applied to our Fornax sample of HI detections and non-
detections measures a flat Schechter HIMF with a slope @ = —1.09700¢; in agreement
with other HIMF measured in dense environment. However, we found an identical re-
sults within the uncertainties, @ = —1.09*)0%. using the control off catalogue. Since the
latter does not follow a Schechter function by construction, it is likely that also the on
catalogue does not follow a Schecthter function. To be more precise, we cannot estab-
lish whether the on sample follows a Schechter function, but the nearly identical results
returned by our code for the on and off samples suggest that, most likely, it does not. In
other words, it is possible that most of the HI undetected galaxies in Fornax have a mass
well below the detection threshold, thus indistinguishable from zero (like in the off cat-
alogue). This suggests that, in Fornax, we have a small number of HI rich galaxies that
approximately follow a Schechter function (at least those detected with the ATCA tele-
scope - see Fig. [3.30), and a large number of galaxies which host a HI mass well below
the ATCA detection limit (~ 2 X 10’M ,). We would thus be detecting a catastrophic fall
of the HIMF below an HI mass of the order of 1 x 10’M,, in Fornax.

Although this might appear an unexpected result, standard stacking of about 470 spec-
tra extracted at the position of Hi-non detected galaxies within the virialized area of the
Coma cluster show that there is no hidden signal within the noise (Healy et al. 2021]).
This suggests that, in clusters, the HIMF might not follow a Schechter function down to
arbitrarily low My, values, but instead drop quickly to zero towards low My, (in the case
of the Coma dataset, the HI mass detection limit was 1 x 103M,). We made a similar test
by performing a standard stacking of our 64 Fornax spectra to verify whether real signal
was hidden in the noise. Before co-adding all spectra, we shifted them in order to have
all sources centered at 0 kms~'. We also weighted each spectrum with the inverse of the
squared RMS. The latter was measured across all HI free channels (in other words, across
channels where HI emission is not supposed to be). Finally, we co-added these weighted
spectra and divided for the sum of the weights (as in[Fabello et al|2011). Fig.[3.36] shows
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Figure 3.36: The figure shows the stacked spectrum obtained with the overlapping chan-
nels of 64 (dirty beam corrected) weighted spectra extracted at the position of HI non-
detected Fornax galaxies with a magnitude lower than 16.5. We shifted each spectrum to
have the velocity of the source centered at 0 kms™'. Each spectrum was also weighted
with 1/RMS?, where we measured the RMS across HI free channels. The stack of the
weighted spectra was normalised by the sum of all weights.

that there is no signal above the noise around 0 kms~'. Thus, we are justified to think

that also the Fornax HIMF might not follow a Schechter function at all My, values, and
anyway that the HIMF drops fast below My~ 1 X 10’M,. This might be a result of the
several gas removal and exhaustion mechanisms described in Chapt. [T}

3.7 Conclusion and future perspective

We adopted a new Bayesian approach to measure the parameters of a Schechter-like HIMF
in the Fornax galaxy cluster below the nominal noise threshold with the goal of measuring
the slope a of the low-mass end of the mass function. The main assumptions behind this
method are that: (7) the distribution of sources in the sky is Poissonian; (i7) the number of
sources within a certain My, bin is convolved with the noise distribution (Eq. @
Before applying this method to real data, we tested our code with 2 sets of 25 exper-
iments, both with a Schechter HIMF (Eq. 3.1)). In the former we put 50 galaxies above
M. /2 to firmly establish that the code works in an ideal situation, when many galaxies
are detected and the total sample (both detections and non-detections) used to derive the
HIMF is large. In the latter, we used 15 galaxies above the ATCA detection limit to sim-
ulate the more challenging case of the ATCA HI survey of the Fornax cluster (Loni et al.
2021). In both cases the best-fitting slope @ was consistent with that of the input HIMF
(see Fig. [3.14] and Fig. [3.26). Despite the larger uncertainties obtained with the ATCA-
like set of experiments with respect to that with 50 galaxies above M., /2, we were still
able to estimate the slope of the input HIMF within an average uncertainty of +0.13.
Following these tests we moved to real data. We used the Fornax spectroscopic cat-
alogue (see Chapt. [[.5] and Sect. 3.6) to extract the spectra of all 64 confirmed Fornax
members brighter than m, = 16.5 mag. We measured the integrated HI flux at the posi-
tion and velocity of ATCA HI non-detected galaxies in the spectroscopic catalogue using
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Figure 3.37: Similar to Fig. for the case of experiments with the only constrain
of having 50 galaxies above M, /2 assuming a Schechter+6 HIMF. In this experiment
we used an input slope a of -1.15, a charachteristic mass log,,(M./My) of 9.40 and a
normalization factor log,,(¢./Mpc?) of 1.87. The blue shades represent 1, 2, 30~ of all
sampled HIMFs by MULTINEST. The red circles show the number of objects in each
My, bin of the input HIMF. The red vertical line shows where the input HIMF is truncated
(M,,). Below this threshold, the red circle shows the position of the 6. Purple open
circles show the predicted number of objects from the output Schechter+é HIMF. The
solid vertical purple line shows the best-fitting value of M,, whose 1 o uncertainties are
shown with dashed vertical purple lines. The open purple circle below the best-fitting
value of M, shows the position of the output 6.
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a linewidth of 100 kms™!. These fluxes plus the fluxes of our ATCA Hi-detections (we
measure the latter as described in Chapt. [2)) form the on catalogue which we used for our
analysis. We also made a control off catalogue which includes 64 measurements of pure
noise and fluxes of our 16 ATCA detections.

We found a flat slope, @ = —1.09+*097, in the Schechter HIMF of the Fornax cluster
which is flatter than those measured in larger volume of the local Universe by HIPASS
(@ = —1.37+0.03, Zwaan et al.|2005) and ALFALFA (@ = - 1.25 + 0.02, Jones
et al.[2018b). Although this result is consistent with our expectation — due to HI removal
in cluster galaxies through environmental interactions — we found an identical slope using
the control off catalogue which, by construction, does not follow a Schechter function.
This suggests that also the on catalogue, i.e., our sample of galaxies in Fornax cluster,
does not follow a Schechter HIMF below the ATCA detection of 107 M,. Rather, it
rapidly drops to zero below this limit. This interpretation is supported by recent findings
of no signal hidden in the noise by stacking about 470 spectra extracted at the position of
HI non-detected galaxies in the Coma cluster (Healy et al.|2021). Therefore, we might
be discovering that a general property of galaxy clusters is a sudden drop of the HIMF
below a certain My, threshold, which so far we found to be of ~ 10’M 4, in the case of the
low-mass Fornax cluster and ~ 108M , in the case of more massive clusters like Coma.

If the above conclusion is correct, a better formalism to study the distribution of HI
masses in clusters including the HI non-detections would be one where the HIMF is de-
scribed by a Schechter function down to a limiting HI mass, plus a delta function with
much lower HI mass (possibly zero). We have already begun to test a modified code
which assumes the modified Schecther+¢6 function, and promising results were obtained
for the case of 50 galaxies above M. /2. The code was able to fit well @, M, and M,,
which is the My, where the Schechter function is truncated, and thus below which the
distribution of HI objects does not follow a Schechter function (see Fig. [3.37). In future
work we will test this modified code against a case more similar to that of our ATCA data
(as in Sect. [3.5.2)) and, eventually, apply it to the ATCA data themselves.
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Chapter 4

Morphological transformation in
Fornax: the case of NGC 1436

4.1 Introduction

Galaxy morphology depends on galaxy evolution and thus on the physical processes
which galaxies go through during their life. Observations at redshift z = 0 show us the
end-products of all these processes, and thus it is not trivial to understand exactly what a
given morphology tells us about the history of a galaxy.

Due to environmental interactions, galaxy evolution is faster in dense environments,
resulting in significant morphological transformations and, in a faster quenching of galax-
ies (Dressler & Gunn/[1983}; Dressler et al.|[1997,1999; Fasano et al. 2000; |Diaferio et al.
2001} |Postman et al.2005).

In the last decades, lenticular galaxies (SOs) in clusters, which show a discky struc-
ture but old stellar populations, have received significant attention. Indeed these galaxies
appear to be the result of the evolution of star-forming spiral galaxies observed at redshift
z ~ 0.5 in clusters (e.g. Dressler et al.[1997). The question of how this transformation
proceeds has been debated and still stands. Many physical processes, whose nature can
be either hydrodynamical (affecting gas alone) or gravitational (affecting also the stellar
component of galaxies), have been invoked (see Chapt. [I] for an introduction on these
interactions). In general, more than one process might be necessary to quickly halt the
star formation activity. The first requirement is to stop cold gas accretion onto galaxies,
which would otherwise supply material to form new stars. Then, a faster quenching might
happen if the cold gas reservoir is actively removed through environmental interactions.
For example, ram-pressure and turbolent/viscous stripping can cause the rapid truncation
of star formation (e.g., Quilis et al.[2000). Additionally, repeated tidal interactions pro-
mote the further evolution into ealy-type morphologies, causing a gradual increase of the
buldge-to-disc light (Moore et al.|1996).

Furthermore, although mergers between galaxies are not frequent in clusters at red-
shift z = 0 (Gottlober et al.[2001)), they can occur between members of groups of galaxies,
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which are then said to be experiencing pre-processing before falling into the main cluster.
Thus, the SOs that we observe in local clusters might be the result of mergers which took
place in an in-falling group of galaxies (Poggianti et al.||[1999; Hinz et al.|2003; Cortese
et al.|[2000).

It is worth noting that each of these processes leaves a footprint on different galaxy
components. Indeed, a galaxy whose gas accretion is halted, would progressively lose
its ability to form stars. This process, commonly referred to as “starvation”, might cause
a color gradient which is opposite to that observed in isolated galaxies (Boselli et al.
2006)), as young stars might only be found in the inner part of galaxies. A further active
cold gas removal through environmental interactions affects their outskirts accelerating
the outside-in morphological transformation.

Of course, a galaxy can experience both starvation and cold gas removal. The balance
between these interactions is one of the elements which determine the morphology of
galaxies that we observe today and how much time was necessary to halt star formation
in these systems. Therefore, understanding the causes of quenching and morphological
transformation requires not only the study of the star-forming disc of cluster galaxies but
also an actual comparison between the the star-forming disc and the quiescent, gas-poor
outer regions.

A key point to understand the physical processes a galaxy experienced is the study of
the cold gas disc which typically extends at the outskirts of galaxies. Especially HI discs
can be ~ 1.5x larger than the stellar disc, and due to a weaker gravitational potential,
HI at larger distance is less bound to the system. Thus it is the first galaxy component
which feels environmental interactions. By studying the distribution and kinematics of
the cold gas, one can gain information on which kind of interaction a galaxy experienced
recently. For example, ram-pressure stripping causes highly asymmetric perturbation in
the cold gas distribution of a galaxy, producing HI tails which trail along the orbit of the
galaxy. While the footprint of tidal interactions in the cold gas distribution and possibly
in the stellar disc, is more symmetric. Indeed, these interactions in general cause two long
streams of material in opposite directions (although they can have very different sizes).
However, both a galaxy which experienced starvation and a galaxy which experienced gas
removal in a sufficiently remote time, would nowadays show show a highly symmetric
cold gas distribution. How can we understand whether the gas was used up or removed?

The main difference between starvation and starvation plus active gas removal con-
cerns different quenching timescales. Although in the literature there are several defi-
nition of quenching timescale (we refer the reader to Cortese et al. 2021, where these
definitions are discussed), starvation implies longer time scales for a galaxy to halt its
star formation (rougly 4 Gyr Boselli et al.[2014b) with respect to the shorter (of the order
of a few hundreds of Myr) time scales due to active gas removal. Thus, if the study of
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 his-
tory (SFH) of a galaxy are crucial to distinguish between slow (starvation-like) and fast
(stripping-like) quenching.

With this in mind, in this chapter we study the cold gas morphology and kinematics,
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and the SFH of one particular galaxy in Fornax: NGC 1436.

Why is this galaxy so intriguing? NGC 1436 is located ~ 0.5 X R,;; = 350 kpc
away from the center (Fig. [2.12)) and it has a systemic velocity similar to the recessional
velocity of Fornax (Fig.[2.13) (Loni et al.[2021) and Chapt. [2). By the study of the surface
brightness profile of NGC 1436 and according to the radius where a break in the surface
brightness occurs, |Raj et al. (2019) divided the galactic disc in two parts: an inner and an
outer disc. The clumpy, inner disc shows a tightly wound spiral structure with abundant
dust (giving it an overall red colour) and numerous blue star-forming regions, while the
outer disc appears featureless (no dust, spiral arms, or star forming regions). Thus, they
argued that NGC 1436 is moving from a spiral to a lenticual morphology outside-in and,
therefore, we have the exquisite opportunity to study a galaxy which is most likely evolv-
ing from a spiral to an SO morphology. |[lodice et al.| (2019a) drew similar conclusions
with the additional observation of a settled, inner ionised-gas disc that co-rotates with the
stars, and with their finding that this gas is ionised by young stars, implying ongoing star
formation in the inner disc. This result is further supported by the molecular emission,
which was only detected within the inner disc (Zabel et al.|[2020) and shows a similar
kinematics as that of stars and Ha.

The idea of a morphological transformation of NGC 1436 is also supported by the
truncated HI disc, which seems to extend just as far out as the inner star-forming disc (Loni
et al/2021}; Chapt[2). However, caution must be taken while interpreting those ATCA HI
observations. Indeed, Loni et al.|(2021) highlighted some problems in recovering the total
HI flux from this galaxy, and the low signal-to-noise ratio means that the HI morphology is
not well constrained (Chapt[2). In this chapter, we will show new HI data from MeerKAT
which confirm the existence of a truncated HI disc.

In Fig. .1} we show the optical image of this galaxy, where the spiral structure is
visible in the inner star-forming disc. This structure is extended out to a star-forming
radius Rsg = 6.8 kpc. The spiral pattern disappears further out. In Fig. 1] we also show
the ellipse corresponding to a surface brightness of 25 mag/arcsec? in B-band, which
has semi-major axis R,s = 8.6 kpc. In this work we study the causes of the outside-
in morphological transformation which is evident both from the lack of HI and spiral
structure in the outer, quiescent disc of NGC 1436. We address the question of whether
these causes are linked to gas stripping or just starvation and, therefore, we investigate the
role played by the Fornax cluster environment in shaping the morphology of NGC 1436.
In order to discriminate which environmental interaction is most likely responsible for it,
we study the star-forming and quiescent disc of NGC 1436. We derive the star formation
history of these two regions and thus, we measure the speed of SF quenching at different
locations within the galaxy. The comparison between these SFHs should allow us to
discriminate between a starvation or ram-pressure evolutionary scenario which has led to
the current morphology of this a galaxy.

In this chapter we use data from the MeerKAT telescope to inspect the HI emission of
the galaxy with a sensitivity of at least a factor of 10 better than that of the ATCA blind H1
survey of the Fornax cluster (Loni et al. 2021). We then compare the HI distribution and
kinematics with that of H, using data from the Atacama Large Millimeter/submillimeter
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Figure 4.1: The figure shows the FDS optical image in g—band of NGC 1436
where the star-forming disc is within Rsg = 59 arcsec (the dashed lime line),
while the quiescent disc is further out of it. In the figure we also show R,s = 88.5 arcsec
(solid cyan line), which indicates the isophotal radius measured at 25 mag/arcsec? in B-

band (]de Vaucouleurs et a1.| 1991)).

Array (ALMA) (Zabel et al|[2019). This should establish whether the cold gas disc is
well settled or not, and thus whether NGC 1436 is currently in a state of slow evolution.
Finally, using data from the Multi-Unit Spectroscopic Explorer (MUSE) on the ESO Very
Large Telescope we measure and compare the SFH of the inner star-forming disc with that
of the outer quiescent disc. By performing this analyses, should then be clear in which
epochs the galaxy might have experienced environmental interactions, whose strength is
measured by smooth or sharp variations in the SFH.

We must remember that NGC 1436 is a Fornax member and it is not the only lentic-
ular in the cluster. The SFH of three more SOs — which do not host any HI according to
results of the blind ATCA HI survey of the Fornax cluster (Loni et al.2021] and Chapt. [2)—
, FCC 170, FCC 153 and FCC 177, were derived by [Pinna et al.| (2019bja). As expected,
these authors found that the stellar mass growth of lower-mass galaxies is delayed com-
pared to that of higher-mass galaxies. Indeed, younger stars (2 Gyr old) were observed in
FCC 177, which has the lowest mass, while the most massive SO of the sample, FCC 170,
only hosts old stars mainly formed in two epochs, 10 and 14 Gyr ago. FCC 170 is in

86



4.2. MEERKAT OBSERVATIONS

the high-density region of Fornax (see Fig. f.2] and Fig. [I.8), where tidal interactions
are supposed to be the main mechanism of stripping (lodice et al.|2017a)). Furthermore,
FCC 170 might have also belonged to an in-falling subgroup of galaxies, where pre-
processing might have begun to shape the morphology of the galaxy (Iodice et al.[2019b).
By studying the spatial distribution of metallicity, Pinna et al.|(2019b) proposed that the
the oldest stars (14 Gyr old) were formed in situ in a short time, probably accelerated by
the pre-processing occuring in the in-falling subgroup. The youngest stellar population
(10 Gyr old), which show a different chemistry, might be the result of a minor merger.
Cold gas removal was then proposed as the cause of the global quenching of the galaxy.

The remaining two SOs, FCC 153 and FCC 177 are located outside the densest region
of the cluster (see Fig.[#.2]and Fig.[I.§). [Pinna et al| (2019a) found a distinction in age in
their outer and inner discs. Both outer discs are older than the inner ones. These authors
proposed an evolutionary scenario similar to FCC 170, where gas accretion — which ex-
plains the different stellar population found in the inner and outer discs — happened before
the cluster velocity dispersion became to high to make mergers unlikely (1-1.5 Gyr Bour-
naud et al.|[2009). Furthermore, since the local environment of these galaxies is not as
extreme as that of FCC 170, a milder impact of the Fornax environment and a potential
lack of pre-procesing might have allowed FCC 153 and FCC 177 to form stars in more
recent epochs.

Once we discriminate which physical process is responsible for the SFH and the cur-
rent morphology of NGC 1436, the comparison with the evolutionary scenario of the
three aforementioned SOs can help understand whether Fornax has a favorite channel to
transform spirals into SOs.

The chapter is organized as follows: in Sect [d.2] Sect f.3] and Sect .4 we present
MeerKAT, ALMA and MUSE observations, respectively. In Sect. .5 we study the dis-
tribution and kinematics of Hi and H,. In Sect. .6] we describe MUSE data analysis and
the SFH of the quiescent and star-forming disc of NGC 1436. In Sect. .7 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 disc of NGC 1436.

4.2 MeerKAT observations

The MeerKAT Fornax Survey (Serra et al.|2016)), which is currently on-going, has begun
to collect data of the central part of the cluster in October 2020 using all 64 available
antennas. In this chapter we use data from 24 mosicked pointings. Each pointing was
observed for 2x5 h between October 2020 and February 2021 with the 32k zoom mode
of the SKARAB correlator, which samples a 107 MHz band from 1337 to 1444 MHz
with 32,768 channels, each with a width of 3.265 kHz. We used a subset of these data
which consists of 12000 rebinned channels with a width of 6.53 kHz (1.38 kms~! for HI
at z = 0) that cover a velocity range from 216 to 4347 kms~!. We used the Container-
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Figure 4.2: Layout of 24 pointings of the MeerKAT Fornax survey. The green outline
includes the region where the average noise is 0.29 mJy beam™'. The grey dashed circle
is Ryi;. The background optical image comes from the Digital Sky Survey (blue band).
The yellow contours show the X-ray emission in the Fornax cluster detected with XMM-
Newton (Frank et al.|2013) and convolved with a 3 arcmin FWHM gaussian kernel. These
contours are spaced by a factor of 2, with the lowest level at 3.7 counts deg™ s™'. The
position of NGC 1436 that we show with a red circle, is outside the X-ray emission and
within the lower noise region of the MeerKAT data cube. We also show the position of
three SOs galaxies whose SFHs was studied in (Pinna et al.|[2019a,b)) with blue circle. One
of them, FCC 170 is within the X-ray emission in projection.
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ized Automated Radio Astronomy Calibration (CARACal) pipelineﬂ to reduce the data.
Here, we summarize the main steps to obtain the final HI data cube. We observed PKS
B1934-638 or 0408-658 as the primary calibrator (depending on which one was visible)
and J0440-4333 as the secondary calibrator. The latter was observed for 2 min every
~1 h between on-source scans. We flagged strong radio frequency interference (RFI)
based on Stokes Q visibilities. After flagging, we used CARACal’s crosscal worker to
derive and then apply, delay, bandpass and gain calibration to the data. At this point, we
flagged RFI in the cross-calibrated target visibilities based on Stokes Q. Then we used
CARACal’s selfcal worker to perform a self calibration of the data (phase only; solu-
tion interval 2 minutes). This step also provides us a model of the continuum emission.
Since, we are interested in spectral line emission, we subtracted the continuum emission
in two steps. The former subtracts the continuum model obtained with selfcal from the
visibilities, while the latter performs a subtraction of a polynomial fit to the continuum
in the visibility plane in four spectral sub-windows using UVLIN (this strategy ensures
to have a good polynomial fits even if oscillations in the beseline are present). Then,
we performed a first blind cleaning of the HI cubes using CARACal’s line worker and
a second cleaning which made use of masks provided by the Source Finding Applica-
tion (SoFiA; Serra et al.|[2015; Westmeier et al. 2021ﬂ The same worker also restores
clean components with the restoring beam. Finally, we mosaicked these 24 pointing. We
made HI cubes at different resolutions of which we use two in this work. The former
has a resolution of 67x65 arcsec?, a noise level of 0.29 mJy beam™' and a 30~ HI col-
umn density sensitivity of Ng; ~ 1.28 x 10'® atoms/cm™2. The latter has a resolution of
12x9.5 arcsec?, a noise level of 0.28 mJy beam™! and a 30 HI column density sensitivity
of Nur ~ 4.50 x 10! atoms/cm~2. In both cases the column density sensitivity is cal-
culated assuming a linewidth of 25 kms™'. In Fig. we show the footprint of these
24 pointings, which covers the central part of the cluster and extends to the south-east.
NGC 1436 is located in the lower noise part of the mosaic.

4.3 ALMA observations

The ALMA data used in this thesis are those presented in|Zabel et al.|(2021)). They consist
of a combination of data in |[Zabel et al. (2019) and data from the ALMA archive (project
ID: 2017.1.00129.S, PI: Kana Morokuma).

As part of the ALMA Fornax Cluster Survey (Zabel et al.[2019), the 2CO(1-0) emis-
sion from NGC 1436 was observed with a single pointing using the ALMA telescope in
the C36-1 configuration (12 m), which is characterized by a primary beam of ~ 55 arcsec
at ~ 115GHz. The spectral window to target the '>CO(1-0) rotational line was cen-
tred at 114.547 GHz with a bandwidths of 1.875 GHz wide covered by 3840 channels.

IThe CARACal pipeline is available at the following link https://caracal.readthedocs.io/en/
latest/

“Two version of SoFiA are available at the following links https://github.com/SoFiA-Admin/
SoFiA, https://github.com/SoFiA-Admin/SoFiA-2/
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Figure 4.3: Similar to Fig. Here, we show the two dedicated MUSE pointings on
the star-forming and quiescent disc observed as part of the Fornax 3D survey (F3D;

eralj20rs).

The spectral windows of the remaining band 3 observations were centered at 113.001,
100.939, 102.544 GHZ with bandwidths of 2 GHz divided in 128 channels.

The archival data were obtained using the Morita Array (the reader finds details on
the survey in Morokuma-Matsui et al.|2019) in 2017 November 30. Its primary beam is
~ 90 arcsec at ~ 115 GHz. The spectral window covering the '2CO(1-0) was centred on
114.756 GHz, with a bandwidth of 1.875 GHz, covering 3840 channels.

The data reduction of both datasets was performed by [Zabel et al.| (2021) using the
Common Astronomy Software Applications package (CASA, version 5.1.1 —
et al/2007). The two datasets were combined using the task concat and cleaned inter-
actively using the task tclean (Hogbom|[1974). The final data cube was obtained using
a Briggs weighting scheme with a robust parameter of 0.5. The velocity
resolution is 10 kms~'and the synthesized beam size is 2.68x2.06 arcsec. The sensitivity

reached is ~2.046 mJy beam™!.
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4.4 MUSE observations

The integral field spectroscopic data used in this work (program ID: 296.B—5054(Af|)
were collected as part of the Fornax 3D survey (F3D; Sarzi et al.|2018]), using the Multi
Unit Spectroscopic Explorer (MUSE) on the UT 4 at the Very Large Telescope (VLT)
(Bacon et al. [2010) in the Wide-Field Extended mode. This ensures high-quality 3D
spectroscopy with: (i) a spatial sampling of 0.2”x0.2” in a field of view 1’x1’ large; (ii) a
wavelenght range of 4650-9300 A with a nominal spectral resolution of 2.5 A at FWHM
at 7000 A and a spectral samplig of 1.25 A/pixel. However, due to a combinations of
different slightly offset exposures taken at different position angles, the average spectral
resolution is 2.8 A at FHWM.

The observations of NGC 1436 were carried out in August 2016, January 2017 and
July 2017. Two MUSE pointings, which do not cover the whole galaxy, were dedicated to
observing the star-forming and the quiescent disc of NGC 1436, respectively (Fig. 4.3).
Each pointing was observed 4 times with an exposure time of 900 s for each. As for
the majority of F3D targets, dedicated sky exposures of 3 min were taken within each
observing block for the evaluation of the sky background.

The MUSE pipeline version 1.6.2 (201/2012; Weilbacher et al.|[2016) was used by
Sarzi et al.[(2018)) to reduce the data under the ESOREFLEX environment (Freudling et al.
2013)). This procedure includes a set of bias and overscan subtraction, internal flat fielding
(to correct the pixel-to-pixel response variation), wavelength calibration, determination of
the line spread function, illumination correction with twilight flats (to account for large-
scale variation of the illumination of the detectors), and illumination correction with lamp
flats (to correct for edge effects between the integral—field units). The sky subtraction
was performed in two steps: (i) by fitting and subtracting a sky model spectrum on each
spaxel of the field of view; (ii) by using Zurich Atmospheric Purge algorithm (ZAP; Soto
et al.|[2016) which is useful to reduce residual sky contamination.

4.5 Morphology and kinematics of the multi-phase gas
disc

As mentioned in Sect. d.I] previous results on the HI emission in NGC 1436 (Loni et al.
2021} see also Chapt. 2 are not exhaustive and have a large discrepancy with single dish
data from Courtois et al.| (2009). Here, we address the question of whether NGC 1436
has a truncated HI disc or not. We extracted sub-cubes from the two MeerKAT mosaics
at different resolution and sensitivity. The former has a resolution of 65x67 arcsec® with
a 30~ HI column density sensitivity of Ny ~ 1.28 x 10'® atoms/cm™2 (hereafter, low-
resolution cube). The latter has a resolution of 12x9.5 arcsec’> with a 30~ HI column
density sensitivity of Ny ~ 4.50 x 10" atoms/cm™? (hereafter, high-resolution cube).
In both cases, the sensitivity is calculated assuming a linewidth of 25 kms~!(see also

3http://archive.eso.org/eso/eso_archive_main.html
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Sect. {.2). In theory, the high-resolution cube allows us to gain information both on
the HI morphology and kinematics, while the low resolution cube with better sensitivity
should recover more flux than the former cube.

By using the Smooth + Clip (S+C) finder in SoFiA, we search for HI emission in
both high- and low-resolution MeerKAT cubes. This procedure involves interactively
smoothing the input cube with a set of kernels with different size. After smoothing the
cube, the noise is evaluated and voxels with absolute value above a user-defined threshold
are added to a source detection mask. We set the detection threshold to be 3.5 X the local
noise. Then we use a friends-of-friends algorithm to merge pixels into objects if they are
adjacent along at least one of the three axes of the cube and reject all detected objects
with a size smaller than 5 spatial pixels or 5 channels. We further evaluated the reliability
of these detections using the reliability algorithm presented in Serra et al. (2012)), which
assumes that true sources have positive flux while the noise is symmetric around 0. In
general, even using other settings in the S+C algorithm (e.g. size of merging radii) on
both high and low-resolution cube, SoFiA detected only one reliable HI source, which is
clearly associated with NGC 1436.

Fig. #.4] shows both momO0 maps, while the bottom panel shows the comparison be-
tween contours of the low-resolution mom( map (green) and those obtained by convolv-
ing the high-resolution momO map to the same resolution of the lower one (purple). Here
we can see that the match between these contours is excellent, meaning that spatial dis-
tribution of the HI flux recovered from the high-resolution image is the same as the one
from the low-resolution image. That is, 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.
Furthermore, the center of the galaxy shows a strong HI depression. Finally, none of
the HI cubes shows any sign of the presence of distortions, asymmetries or tails at low
column density. Since the data are extremely sensitive, we can confidently rule out any
recent disturbance to the gas disc.

The agreement between the low- and high-resolution views of HI in NGC 1436 is also
evident in Fig. 4.3 where we compare the spectra extracted from these cubes. Here, the
uncertainties on the total HI fluxes shown in the legend are calculated by summing in
quadrature the statistical uncertainties — derived from the local RMS measured by SoFiA
and the number of independent pixels detected in each channel. We also show the HI
spectrum extracted from single dish data (GBT - Courtois et al.[2009) as a comparison
(see Sect.[2.3).

Having established that the high-resolution cube was able to recover the same total Hi
flux measured from more sensitive data, we can study the HI kinematics at high resolution
being confident that we are not missing any information. Therefore, in the rest of this
section we show results obtained from the analysis of the high-resolution data.

Fig. 4.6 shows the moment-1 velocity field, and thus the kinematics of the HI within
the lowest reliable HI contour shown in the top right-panel of Fig. [4.4] Here, we see that
the HiI disc is regularly rotating. Furthermore, judging from the appearance of the velocity
field, we can already see that the rotation curve is rising in the inner half of the HI disc,
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Figure 4.4: Top panels show the mom0 maps of the low-resolution cube (left) and the
high-resolution cube (right). On the top left of each panel, we show values of the 30~ col-
umn density sensitivity, which represent the outer red contour. Black contours represent
steps of 2" from it (n =0, 1, 2, ...). We show the PSF on the bottom-left corner of each
panel, and a 5 kpc scale bar in the bottom-right corner. The bottom panel shows a fur-
ther comparison between the previous mom( maps. Green contours are the same of the
low-resolution mom(Q map. In red, we show the lowest reliable contour of the 10 arcsec
mom0, while in purple contours obtained by convolving the 10 arcsec momO to the same
resolution of the 60 arcsec mom0. Steps between contours are the same of before. Values
with the same colors on the top of the image, represent their 30- column density sensitivity
of the respective mom0 map. Green and black PSFs are the same of the 60 and 10 arcsec
cube, respectively. In purple the PSF of the convolved MeerKAT cube at a resolution of
60 arcsec.
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Figure 4.5: The figure shows spectra extracted from the 10 arcsec (red), 60 arcsec (green)
MeerKAT cubes, and from single dish data (GBT Courtois et al.| 2009 - black), respec-
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Figure 4.6: The figure shows the mom1 maps obtained by the 10 arcsec MeerKAT cube.
In particular it shows the HI kinematics within the lowest reliable HI contour shown in the
top-right panel of Fig. #.4 We show the PSF on the bottom-left corner, and a 5 kpc scale

bar in the bottom-right corner.
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and flattens further out. Also, there is a slight PA warp at the edge of the disc, which is
visible as an anticlockwise rotation of the outer isovelocity contours.

We also show the channel maps of the high resolution cube rebinned in velocity to
23 kms™! channels for presentation purpose (Fig. . In the two middle rows, we can
see how the rotating HI has a depression in the center of the galaxy similarly to that
observed in the mom0 map in the top-right panel in Fig. [4.4]

Although the resolutions are not the same, we can compare HI and H, in NGC 1436.
The latter was studied by Zabel et al.| (2019) and also described in this thesis (see
Sect. .3). We are interested in understanding how the H, is distributed and how it is
rotating with respect to the HI. Fig. [f.8]shows the high-resolution MeerKAT momO map
where we overlaid H, contours. Here, we can see that H, follows the HI ring and that
there is no H, in the center of the galaxy.

We also compare the kinematics of these two cold gas phases in Fig. f.9] and in
Fig. where we see that HI and H, are co-rotating. This final comparison establishes
with no doubt that the cold gas disc of NGC 1436 is well settled.

In the rest of this section we show results obtained by fitting the HI kinematics of the
high-resolution cube with the Tilted Ring Fitting Codeﬂ (TiRiFiC -J6zsa et al.|2012). This
allows us to measure the HI surface brightness profile and to find the best-fitting values
for geometric parameters (e.g. inclination, position angle) and the rotation curve. The
required input for TiRiFiC consists of a first guess of the inclination and position angle
of the galaxy, its systemic velocity and central coordinates. Furthermore a measure of
the RMS of the input cube is needed. TiRiFiC models the galaxy in rings and sub-rings,
where the model parameters are fitted to best reproduce the HI geometry and kinematics
in the data (further details in J6zsa et al.|2007). We performed several runs of TiRiFiC.
For the first run, we set our first guess on the rotation velocity equal to 130 km s~ the
inclination equal to 48 deg, the position angle equal to 33 deg and the systemic velocity
equal to 1390 kms™!. These first guesses are based on visual inspection of moment im-
ages, channel maps and position-veloxity diagrams. In each subsequent run we adjusted
the input parameter values to improve the quality of the model. In general, we used as
input the output of the previous run. We made two main experiments. In the former, we
model our galaxy with a flat disc (i.e., we forced TiRiFiC to fit a unique value for PA and
inclination across all rings). In the latter, we forced TiRiFiC to fit flat rotation curve, but
allowed the disc to not be flat. Between these two experiments, we obtained better results
modelling our galaxy with a flat disc. Therefore, we further improve the output flat disc
model by using an advanced feature of TiRiFiC, which 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.

In Fig.[d. 11| we show a channel-map similar to Fig. where we have also re-binned
the TiRiFiC model in order to show a comparison between data and model. We show the

4The software is available at the following link https://gigjozsa.github.io/tirific/index.
html
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Figure 4.7: The figure shows a channel-map obtained from the 10 arcsec cube, which
was previously rebinned to have velocity resolution of 23 kms~!(the original resolution
is 1.38 kms™!). Black contours are the same of the top-right panel in Fig.
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Figure 4.8: The figure shows the MeerKAT 10 arcsec momO (same contours as these
shown in the top-right panel of Fig. f.4) where we overlaid the H, mom0 map contours
(white - [Zabel et al.[2019). Both MeerKAT and ALMA PSF are shown on the bottom-left
of the figure. ALMA PSF (white) is within the MeerKAT PSF (black).
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Figure 4.9: The figure shows the comparison between the HI kinematics (left - same as
Fig. .6) and that of H, (right). White contours in the figure on the left are the same
of Fig. .8] which represents the distribution of H, within the HI disc. On the right, we
overlaid the HI velocity contours (same contours on the left panel). On the bottom-left of
each panels, we show MeerKAT (black) and ALMA (white) PSF.
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VRAD
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Figure 4.10: PV-diagram of the HI emission of NGC 1436 (measured from the high-
resolution cube) where we overlay contours of the H, PV-diagram (Zabel et al.|2020).
Green contours increase with a step of 2 shows the positive H, emission, while the gray
contour is set at the same (negative) level of the first green contour.
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Figure 4.11: This figure shows the channel-map of re-binned MeerKAT data (black -
same data used in Fig. and TiRiFiC re-binned model (green) at the same velocity
resolution (black contours). Contours are set at the same level of ~3X the noise of the re-
binned MeerKAT data, with subsequent contours increasing at each step by 2" (n=1,2,3

).
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Figure 4.12: The figure shows some TiRiFiC outputs obtained by fitting the MeerKAT

data. In the top panel we show the rotation curve. In the bottom panel, we show the
TiRiFiC SBR (blue) and that obtained by convolving it with the MeerKAT beam (orange).

same contours at ~3Xo (where o is the RMS of the re-binned cube), with subsequent
contours increasing at each step by 2" (with n=1,2,3 ..), both for the data and the model.
In general, the model nicely follows the HI rotation in the data.

Fig. .12) shows the rotation curve of NGC 1436 obtained through our TiRiFiC fit-
ting. As anticipated, the velocity increases with increasing distance from the center of the
galaxy in the inner regions, and it reaches a plateu at ~50 arcsec. In the bottom panel, we
show the derived surface brightness profile (SBR). The best-fitting model shows some up
and down, which is unlikely to be real. If convolved with the MeerKAT beam, it shows a
more regular trend. The HI SBR has a peak at a radius of 45 arcsec.

In general, by studying both the cold gas distribution and kinematics (both Hi and H,),
we appreciate the high level of symmetry of NGC 1436. Both HI and H, are distributed
within a settled ring where they are co-rotating, with no hints of any recent tidal or hy-
drodynamical disturbances. Given that the orbital time at the disc’s edge is of ~300 Myr
(rotational velocity ~130 kms™'at a radius of ~ 6.7 kpc) we can rule out strong interac-
tions in the last few orbital times, so for a period of the order of ~1 Gyr. Any conclusions
on the processes shaping the properties of NGC 1436 must explain these results, too.
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4.6 Star formation history

The second analysis we performed on NGC 1436 concerns the SFH of the quiescent and
star-forming disc of the galaxy. To reach our goal, we used two software: the Penalised
Pixel-Fitting codeﬂ (pPXF; (Cappellari & Emsellem 2004; Cappellari [2017) and the Gas
and Absorption Line Fitting codeﬁ (GandALF; Sarzi et al.| 2006} Falcon-Barroso et al.
2000).

Here, we describe how we infer the distribution of stellar ages, and thus the SFH, in
the inner star-forming disc and in the outer quiescent disc of NGC 1436. Both are defined
by elliptical annuli whose position angle and ellipticity are those obtained in Sect.[d.3|with
TiRiFiC. For the inner disc we avoid the galaxy centre (out to 9 arces) and, we cover the
star forming disc (whose size is Rsg = 59 arcsec) out to 44 arcsec. The elliptical annulus
used to study the quiescent disc starts just outside the truncated HI disc, which has a semi
major axis of Ry; = 70 arcsec, slightly larger than the star-forming disc and reaches out
to Rys. This conservative choice ensures that spectra extracted in this region of the disc
are not contaminated by signal from the star-forming disc (see Fig. f.13]for a comparison
between Ry and Rgp). To reconstruct the SFH in the star-forming disc and the quiescent
regions outside it we extract and analyse a series of spectra from sectors of these elliptical
annuli (hereafter called apertures”). Since stellar populations within such regions should
be rather similar beyond timescales corresponding to the orbital times between adjacent
sectors, this approach allows to use the variance between the SFHs recovered in such
apertures to estimate the uncertainty in our overall SFH for the star-forming disc and
quiescent regions (more on this below). In order to have a similar signal to noise in
each aperture, the apertures are defined to all have an identical area for the inner disc,
and an identical area for the outer disc. Since the signal is stronger in the inner MUSE
pointings, we could use a higher number of apertures there (18) with respect to the outer
pointing (8 apertures). Fig.[d.14]shows the 8 and 18 apertures we used to extract spectra
from the outer and inner MUSE pointings respectively. Both MUSE pointings include
extra-galactic sources, some of which are within the elliptical annuli. Therefore, before
extracting spectra, we masked these sources (white squares in Fig. [.14).

In Fig. .19 and Fig. f.16] we show examples of spectra extracted from an aperture
in the quiescent disc and from an aperture in the star-forming disc, respectively. In gen-
eral, all spectra extracted from apertures in the quiescent disc show contamination from
the sky and no bright emission lines from the ionized gas, while spectra extracted from
the star-forming disc have negligible sky contamination (relative to the bright stellar con-
tinuum) but bright ionised-gas emission lines. GandALF overcomes the problem of sky
contamination by masking these lines.

With the aim of estimating the SFH, each aperture spectrum was fitted by pPXF and
GandALF using spectral templates from the MILES single-age stellar population (SSP)

SaIDL and python version of pPXF are availeble at the following link https: //www-astro.physics.
ox.ac.uk/~mxc/software/
®GandALF is availeble at the following link https://star.herts.ac.uk/~sarzi/
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Figure 4.13: Comparison between the red ellipse — which follows the geometry of the
lowest reliable HI contour, whose HI column density is shown on the top right of the
figure (the same of Fig.[.4] right panel) — and the lime dashed ellipse — which follows the
star-forming disc of the galaxy. Red ellipse has a semi-major axis of Ry; = 70 arcsec,
while the lime dashed ellipse has a semi-major axis of Rsg = 59 arcsec. We also show
in the figure Rys = 88.5 arcsec (solid cyan line), which indicates the isophotal radius
measured at 25 mag/arcsec” in B-band (de Vaucouleurs et al.|1991).
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Figure 4.14: Left pannel shows sectors of the elliptical annulus overlaid to the MUSE im-
age of the outer pointing from which we extracted MUSE spectra. Right pannel shows the
same for the inner MUSE pointing. White squares are extra-galactic sources we masked.
The red ellipse has the same size of the truncated Hi disc (see also Fig. d.13). R,s is the
isophotal radius measured at 25 mag/arcsec” in B-band (de Vaucouleurs et al.|[1991)

model library of [Vazdekis et al|20157] We use the whole set of SSP templates with
a Kroupa initial mass function (Kroupal2001)). This set covers a range in age between
30 Myr and 14 Gyr, with total metallicity —2.27 <[M/H]< 0.4 dex, and a-element over-
abundance [a/Fe] between 0 and 0.4 dex. These stellar templates are optimally combined
by Gandalf to obtain the stellar spectrum model that - together with nebular emission
when necessary - best matches the observed spectrum. This optimal combination of SSP
models can then be used to construct a SFH through the sum of weighted single-age delta
functions.

Similarly to [Sarzi et al.|2018| we first fit the MUSE data with pPXF to measure the
stellar kinematics by using the bluer part of the MUSE spectrum [4800-5850] A and
subsequently extend the fitting range to [6850] in the GandALF fit. During the pPXF we
mask regions potentially affected by emission and allow for an additive correction for the
shape of the continuum, A shorter range for the pPXF fit speeds up the fitting process and
delivers robust results since most strong stellar absorption lines fall in the bluer end of
the MUSE spectra. The GandALF fit then holds to the pPXF kinematics, but allows to
change again the optimal combination of SSP templates in the stellar models in response
to the additional use of emission lines in the fit and also in the use of reddening or of a
multiplicative polynomial correction for the continuum shape.

"The MILES stellar-population model library can be found at the following link http://miles.iac.
es/
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Figure 4.15: Example of a MUSE spectrum extracted from an aperture in the quiescent
disc of NGC 1436. All spectra extracted from apertures in the quiescent disc, show con-
tamination from the sky.
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Figure 4.16: Example of a MUSE spectrum extracted from an aperture in the star-forming
disc of NGC 1436.
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We used two different GandALF emission line setup depending on whether the spec-
trum to be fitted was extracted from the inner or outer disc. This setup includes a list
of emission lines which GandALF can fit or ignore. One of the reason why we used two
different emission line setup for the star-forming and quiescent disc of NGC 1436, respec-
tively, resides in the fact their ionised gas content is very different. The star-forming disc
hosts a significant amount of ionised gas, which results in bright emission lines through-
out the MUSE spectrum wavelength range. On the contrary, the quiescent disc shows only
a few, very weak emission lines. As a result, while in the star-forming disc we can (and,
in fact, we must) fit all known forbidden and recombination lines in order to minimise
the error in the SFH determination, in the outer disc many weak lines are better ignored.
A case in point is the HB line. If we fit it in the outer disc spectra, we find it to have
extremely low signal-to-noise ratio and to be unphysically brighter than what would be
expected based on the (also weak) Ha emission. The theoretical Ha/Hg ratio is 2.86, and
higher values can be observed in case of dust absorption, but in the outer disc we often
find unphysical, lower values. An important difference in the GandALF setup is therefore
that, in the outer disc, we ignore any weak HS emission.

Furthermore, although in theory GandALF can fit the data using two reddening com-
ponents (Sarzi et al.|2018]) which model (i) extinction of the entire spectrum due to diffuse
dust and, (if) extinction due to dust localised in the star forming regions to reproduce the
observed Balmer decrement, we could not use this strategy due to flux calibration errors.
In practice, with this strategy we would get bright and broad (in wavelength) residuals in
the fit. Thus, we included instead a multiplicative polynomial in our fit in order to correct
these errors. In general a polynomial order between 6 and 15 is required to have low
residuals in both MUSE pointings.

In the fitting process, GandALF finds the best combination of MILES templates which
better reproduces the data. In practice, the output of GandALF is a list of 1272 weights
M?3P, which, once accounting for the distance to the object, give the stellar mass of the
i-th SSP at the time of its birth., one for each SSP model included in the set of templates
(see above). In Fig. f.17] and Fig. f.18 we show the comparison of the GandALF fits
and the MUSE spectra extracted from an aperture of the outer and inner MUSE pointing,
respectively. In Fig. we show an example of the weights M>S? assigned by GandALF
to the MILES SSP templates to model some observed spectra (the figure ignores differ-
ences in [@/Fe], and in the rest of our analysis we focus on the distribution of weights in
age). It is worth noting that the best fits typically include just a few SSP templates with
a non-zero weight. For example, in the left panel of the figure, which shows the weights
for an aperture in the outer disc, the youngest SSP with a weight different from zero is
5 Gyr old. In the right panel of the same figure, the youngest SSPs used to fit the spectrum
extracted from the star-forming disc is just 30 Myr old. The exact distribution of weights
along the time axis varies strongly from aperture to aperture in the inner disc, and from
aperture to aperture in the outer disc. This variation reflects the uncertainty in our result,
and indeed we use it to estimate error bars on the recovered SFHs (see below).

In order to estimate the SFH in each aperture, we bin the weights Mffp in age bins
(note the additional index a, which indicates the aperture). Since the sensitivity to discrim-
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Figure 4.17: Top panel: best combination of SSP templates (GandALF fit) to model the
MUSE data (spectrum - same as Fig. i.15). The green line shows the emission line best
fit. The bottom panel shows the residuals of the GandALF fit with the data. The lack of
residuals indicates that GandALF did not fit that wavelenght range. The vertical dashed
red line shows the HB wavelength. In this experiment we did not fit this line in emission.
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Figure 4.18: Top panel: best combination of SSP templates (GandALF fit) to model the
MUSE data (spectrum - same as Fig. .16). The green line shows the emission line best
fit. The bottom panel shows the residuals of the GandALF fit with the data. The lack of
residuals indicates that GandALF did not fit that wavelenght range. The vertical dashed
red line shows the position of HB, which makes clear that the large residuals are not
centered in the line.

0.2
) ) 4.0 ) 1.0
o 0.0
30 0.8
-0.5
-0.2
2 250 & ® 063
(=] o
=04 ® 5 =-10 ® )
i 20T £ @]
= 0.6 . 2 15 0.4%
—0. 15 -1
®
_ 1.0
0.8 —2.0 0.2
0.5
6 8 10 12 00 25 50 7.5 10.0 12.5
Age (Gyr) Age (Gyr)

Figure 4.19: Left panel: MILES templates weights assigned by GandALF while fitting
the the MUSE spectrum in Fig. [.T7] Right panel: MILES templates weights assigned
by GandALF while fitting the the MUSE spectrum in Fig. [.18]
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inate between stellar populations decreases as the age of the stars increases, we decided to
use a bin width of 1 Gyr between 0 and 6 Gyr, and to group older stars in bins 2 Gyr wide.
We calculate the stellar mass M, (¢;) formed in the j-th time of the a-th aperture by adding
all weights falling in that bin, i.e., M,(¢;) = ZiMiS(fP where the summation includes only
the SSPs templates formed within the j-th time bin in the a-th aperture. Then, dividing
the total stellar mass formed in the j-th time bin by the correpsonding binwidth Az;, we
obtain the average SFR in that bin SFR,(t;) = M,(t;)/At;. We have thus obtained the SFH
(SFR as a function of time) of each aperture. In order to compare the SFH of apertures
with a different total stellar mass we divide the SFH by the total stellar mass formed at all
times M, = X;M,(t;) (i.e., the sum of all weights for that aperture). Therefore, our final
result for each aperture is a normalised star formation history SFR, norm(tj) = SFR,(t;)/ M,
showing the fractional stellar mass formed per unit time as a function of time.
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Figure 4.20: SFH of the quiescent (left) and the star-forming disc (right) obtained with 8
and 18 apertures, respectively. In both cases we used a polynomial of order 15 to correct
flux calibration errors. In these experiments we used the whole set of SSP models to fit
spectra of the star-forming disc, while we removed SSPs younger than 250 Myr in the case
of the quiescent disc. In both panels: black dots represent the average fractional stellar
mass formed within the bin edges measured in each aperture. While the larger colored
dots are the mean of the average fractional SFR calculated including also the apertures
where the SFR was zero. Colored shades show the uncertainties in the fractional stellar
mass formed in each age bin. Please, refer to the text for details on how uncertainties
were calculated.

The procedure just described delivers a first estimate of the SFHs of the quiescent and
star-forming disc by, which we obtain averaging, for each time bin, the SFH measured in
all apertures (as mentioned above, we have 18 apertures for the star-forming disc and 8
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apertures for the quiescent disc). That is, we calculate SFR;orm(2j) = Zo(SFR; norm(Z;))/Na
where N, is the number of apertures. Both for the quiescent and star-forming disc, we
take the standard deviation 0SFR,om (%)) of the SFR, norm(?j)) values in the j-th time bin as
the uncertainty of our measurement in that bin.

We highlight that, unlike in other work in the literature, we include in the average and
standard deviation calculation all apertures, also those where SFR, norm(?;) = 0 because
GandALF returned no models with non-zero weight. As mentioned above, typically Gan-
dALF returns a relatively low number of SSP models with non-zero weight and, therefore,
it is common for an aperture to have null SFR, ;o:m(?;) in some time bins. We believe that
including these null values in the calculation of SFRyom(?;) and 0SFRyom(%;) is the correct
way of fully taking into account the uncertainties of our GandALF fits.

In Fig. #.20] we show the normalised SFHs of the quiescent and star-forming disc,
respectively. These SFHs were obtained using a multiplicative polynomial of order 15.
Since the quiescent disc does not host any star formation activity, we used a subset of
MILES templates which does not include SSP models younger than 250 Myr.
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Figure 4.21: SFH of the quiescent (left) and the star-forming disc (right) obtained with
set of pPXF and GandALF runs. In the case of the outer disc: (i) we always used a poly-
nomial of order 15 to correct flux calibration errors and (ii) we progressively removed the
youngest SSP models of previous run. In the case of the inner disc: (i) we used polyno-
mial of different orders to correct flux calibration errors and (ii) we used the whole library
of SSP models in all runs. In both panels: black dots represent the average fractional
stellar mass formed within the bin edges measured in each run. While larger colored dots
are the mean of the average fractional SFR including all runs where this value was zero.
Colored shades show the uncertainties in the fractional stellar mass formed in each age
bin. Please, refer to the text for details on how uncertainties were calculated.
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When performing our GandALF fits we have had to make a number of choices. Some
can be easily motivated based on our understanding of NGC 1436. E.g., the outer disc
shows no sign of ionised gas emission, and therefore it is reasonable to not fit the ex-
tremely low-SNR Hp line, which might otherwise systematically bias our SFH given its
overlap with its stellar absorption line counterpart, which is a particularly sensitive to the
stellar population age. Other choices are more arbitrary. For example, in the outer disc
no star formation is ongoing. It is therefore reasonable to exclude MILES SSP templates
younger than a certain age from the fit, but what should the actual age cut be? Like-
wise, we include in the fit a multiplicative polynomial of order 15, but we have verified
that the quality of the fit does not change significantly for orders slightly below or above
this value. Which polynomial order should we then adopt? All these arbitrary choices
have some effect on the recovered SFH, and we thus attempt to include the resulting SFH
variations in our uncertainties as follows.

We run pPXF/GandALF multiple times on the aperture spectra extracted from the
outer pointing, setting a progressively higher lower-limit on the age of the SSPs included
in the fit. The first run does not include SSPs younger than 50 Myr. In the last run, the
younger stars are 600 Myr old. In all runs we used a multiplicative polynomial of order
15.

Similarly, we run pPXF/GandALF multiple times on the aperture spectra extracted
from the inner pointing. In the star-forming disc, given the on-going star formation, we
do not apply any lower limit to the age of the SSP templates. However, we have noticed
that the SFH changes slightly depending on the order of the multiplicative polynomial
included in the fit. We therefore repeated the fit for orders 6, 7, 8, 9, 10, 11, 12, 13, 14,
15. For all these values the residual of the fit is of small.

In both cases, we calculated the standard deviation of the SFHs obtained in the var-
ious GandALF runs. We compare this standard deviation to the uncertainty obtained by
propagating the errors 6SFR; o (2;) from each GandALF run (Fig. , and take as fi-
nal uncertainty the largest value between the two. Also in this case, while calculating
the mean and the standard deviation over the various GandALF runs, we included in the
calculation all runs, also those where SFRom (1) = 0.

We show in the left and right panels of Fig. 4.21] the SFHs of the quiescent and star-
forming disc, respectively. From 14 to 4 Gyr the SFH of the outer disc stays constant, then
it suddenly drops by about an order of magnitude and continues to decrease until it reaches
a value consistent with no SFR in the youngest bin (fractional stellar mass/Gyr ~ 107
between 0 and 1 Gyr ago). The SFH of the star-forming disc shows a first drop between
6-8 Gyr, followed by a burst in the average fractional SFR between 3-5 Gyr. Finally it
shows an even more sharp drop between 2-3 Gyr (at about the same time when the SFH
of the outer disc also drops.). However, instead of continuing to decrease, the fractional
SER stay constant in the last 3 Gyr.

Multiplying the fractional stellar mass formed in the most recent time bin of the inner
disc by the total stellar mass formed at all times in the same region, which is 1.1x10'° M,
we obtain a SFR of roughly 2.8 x 1072 My/yr. In order to check whether this value is
consistent with other SFR measures, we converted the MUSE Ha map (Sarzi et al. 2018)
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Figure 4.22: SFR map obtained from the Ha map using SFR(Mg/yr) =
5.5x10 %Ly, (erg/s) provided by (Calzetti et al. 2012). The Fig also shows the same

18 apertures in Fig.[f.14]
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into a SFR map using the conversion SFR(My/yr) = 5.5x107* Ly,(erg/s) provided by
Calzetti et al.| (2012) and assuming a distance of 20 Mpc (Blakeslee et al. 2009). We do
this including only MUSE lines of sight where the standard BPT line ratios are those of
HII regions, and we are thus confident that the Ha emission can be converted into a SFR.
Then we measure the total SFR by summing the SFR of all 18 apertures used to derive
the SFH of the star-forming disc (Fig. f.22). The result is an He SFR of ~0.06 My/yr,
within a factor of ~2 of the estimate based on our modelling of the MUSE spectra. Given
the vastly different methods used, the agreement is remarkable and strengthens our SFH
results.

In summary, we observed a rather flat SFH in both parts of the disc from 14 to 10 Gyr.
Then, while the SFR of the outer disc stays constant until 5 Gyr ago, the inner disc expe-
riences 2 main phases: first a drop, and then a rapid enhancement in the fractional SFR,
which ends ~3 Gyr ago. Then both parts of the disc show a sharp drop in the fractional
SFR (rougly an order of magnitude in the outer disc and even more in the inner disc).
Finally, the fractional SFR in the outer disc keeps decreasing to zero while that of the
inner disc stays constant to a value remarkably consistent with that of the SFR measured
from the Ha emission. An interpretation of the differences in the SFHs of these two part
of the disc are provided in the next section.

4.7 Discussion

Several properties of the multi-phase gas disc indicate that NGC 1436 has not experi-
enced any significant tidal or hydrodynamical interaction in recent times: (i) the highly
symmetric morphology and settled kinematics of the HI disc observed with MeerKAT at
a resolution of ~ 10 arcsec ~ 1 kpc; (ii) the absence of HI disturbances, asymmetries or
tails down to a column density of ~ 10'® cm™2; the perfect match between the regular
morphology and kinematics of the various gas phases (atomic, molecular, ionised). The
fact that the disc is settled now, does not imply that NGC 1436 has never experienced
environmental interactions in the past. However, given the orbital time of 300 Myr at
the edge of the HI disc (Sect. .5), we can rule out significant interactions 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.

Significant insights come from the SFH of the inner and outer disc. The SFHs of
the quiescent and star-forming disc that we see in Fig. .21 suggest that NGC 1436 was
not a member of the cluster earlier than ~6 Gyr ago, and just 5 Gyr ago the Fornax
environment became relevant for the evolution of NGC 1436. Indeed, between 14 and 5
Gyr the decrease of the SFR in the inner disc and the rather constant SFR in the outer disc
are consistent with what we expect from spirals which do not live in dense environments.
That is, up to ~ 5 Gyr ago NGC 1436 seems to have formed its stars as a regular spiral,
without being affected by strong tidal or hydrodynamical effects as those discussed in
Chapt. [T} It was thus likely evolving in a relatively low-density environment, and its
infall into Fornax must have happened after z ~ 1. Once infall into Fornax did start,
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since the crossing time of the Fornax cluster is roughly 2 Gyr (T¢ro5s ~ Ryir/0c; Where
Ry = 700 kpc oy = 318 kms™!, Drinkwater et al.[2001a), it must have taken ~ 1 Gyr
for NGC 1436 to reach its pericenter. This must have been the time of the most extreme
interactions between the galaxy and the Fornax environment. At this point in time, indeed,
the SFR of the galaxy changes both in the inner and in the outer disc.

In the outer disc we see a sharp drop of the SFR about 4 Gyr ago. After this sharp drop,
the SFR continues to decrease to the current value of zero. We thus speculate that ~ 4 Gyr
ago, at about pericenter, ram-pressure stripping was able to remove the majority of the H1
content from the galaxy outer disc, causing the fast quenching of its star formation. NGC
1436 could only keep some HI within the inner star forming disc thanks to the stronger
gravitational binding. However, by the time gas removal from the outer disc is complete,
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 explain
why the SFR of the inner disc has decreased in the last few Gyr, but not gone to zero.
The main open question in this case is why, at the same time when the SFR of the outer
disc suddenly drops to zero and just before the SFR of the inner disc starts decreasing to
its current low (but non-zero) value, the SFR of the inner disc experienced a temporary
increase. At the moment we do not have a robust answer to this, but we speculate that ram
pressure itself may have temporarily enhanced the SFR, as might happen during a brief but
significant phase in the life of many ram-pressure stripped galaxies (Poggianti et al.|2017;
Vulcani et al.|[2018; Ramatsoku et al. 2019). Alternatively, near pericenter the galaxy
experienced a tidal interaction, which may have triggered 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.

Following these events, NGC 1436 seems to have evolved more quietly, as demon-
strated by the properties of the inner gas disc. The galaxy may now be past apocenter and
on its way towards its second pericenter, where a new round of interactions may await it.

According to this interpretation, the galaxy has thus been severely affected but not
completely quenched during its first passage through the centre of Fornax 4 Gyr ago,
which might be reasonable for a high-mass galaxy (M, ~ 1 x 10'° M) moving within a
low-mass cluster like Fornax.

Although we answered the questions about “whether”, "when” and "how” the For-
nax environment has become relevant for the evolution of NGC 1436, we still wonder
“whether” the Fornax cluster environment has a favorite channel to transform spirals into
lenticulars.

The SFH of the quiescent and star-forming disc of NGC 1436 shares some similarities
with those of the three SOs, FCC 170, FCC 153 and FCC 177, whose SFHs was studied
in Pinna et al.| (2019a,b). Unfortunately, due to the different galaxy inclinations, the geo-
metric definition we adopted is not the same as in Pinna et al.|(2019alb)). Looking back in
time, the disc of FCC 170, FCC 153 and FCC 177 formed their mass in long time scales
and thus, their history before entering in Fornax is similar to NGC 1436 where they did
not suffer of early quenching. Furthermore, all these three galaxies show episodes of SFR
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enhancement in some regions of the disc at different time: FCC 170 between 13-14 and
10 Gyr ago; FCC 153 and FCC 177 between -10 Gyr ago and multiple episodes between
0-4 Gyr ago in their nuclear region.

However, according to our interpretation NGC 1436 should not have experienced any
important episodes of pre-processing, while Pinna et al.| (2019a,b) suggests that merger
events might be the cause of the bursty SFH of SOs. They suggest that since FCC 153
and FCC 177 are not in the denset part of the cluster (see Fig[d.2), they were able to form
stars for longer time.

In general the study of the SFHs of a sample of only four lenticulars is not exhaustive
to see whether Fornax has a favourite way to transform spirals to SOs. Furthermore, HI
has never been detected in FCC 170, FCC 153 and FCC 177. Thus although FCC 170 is
within the part of the cluster where tidal interactions are expected to be relevant (lodice
et al.[2017a)), it is very challenging to discriminate which was the most effective environ-
mental interaction that removed their cold gas.
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Chapter 5

Conclusion

In this thesis we studied the evolution of galaxies in the Fornax galaxy cluster. Being
the closest (20 Mpc; Blakeslee et al.|2009) representative of the class of low-mass galaxy
clusters (~5x10'* M,, within the virial radius, R,;; = 700 kpc; Drinkwater et al.2001a)),
Fornax is an ideal target to study galaxy evolution in dense environment, which could
highlight important differences with the evolution of galaxies observed in more massive
clusters.

The Fornax cluster environment is expected to affect galaxy evolution differently from
that of the closer (16 Mpc) and more massive (~ 8x10'* M, Karachentsev et al.|2014)
Virgo cluster. On the one hand, the density of the Fornax ICM and the velocity dispersion
of Fornax galaxies are a factor of two lower that those in Virgo. On the other hand,
the number density of galaxy is two times higher (Jordan et al.[2007). Therefore the
impact of ram-pressure stripping in removing cold gas from galaxies should be smaller in
Fornax than in Virgo. While tidal interactions that can affect both the cold gas and stellar
distribution should be more effective in Fornax.

Differences between these two clusters also concern the population of bright massive
galaxies. The fraction of ETGs with respect to the total number of galaxies is higher
in Fornax, which suggests that bright massive galaxy accretion happened earlier than in
Virgo, providing the Fornax environment enough time to quench them though environ-
mental interactions. Another possible scenario involves pre-processing that these galax-
ies might have experienced while falling into Fornax. In both cases, this is not what is
observed in the younger Virgo (Ferguson||1989aj).

Although Fornax has a more dynamically evolved state than Virgo, there is evidence
that its growth is not over yet. The Fornax region includes two main substructures: the
main cluster centered on NGC 1399 and an infalling subgroup of galaxies dominated by
NGC 1316, also known as Fornax A (Drinkwater et al.[2001a)). In both substructures there
is evidence of accretion of new Hi-rich galaxies (e.g. Schroder et al. 2001; Waugh et al.
2002f Serra et al.|[2019; [Kleiner et al.|[2021)

Due to its proximity, Fornax has been imaged and observed at a number of wave-
lengths by a range of telescopes and instruments, providing us with a good opportunity to
study both the statistical properties of the cluster and individual Fornax members.
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We performed two statistical studies based on the interferometric HI data collected
with the ATCA telescope. HI is a key driver of galaxy evolution as it is the primary
reservoir of fuel for star formation. In general, due to environmental interactions, cluster
galaxies are HI deficient with respect to field and void galaxies and therefore their evo-
lution proceeds faster. Previous blind HI surveys of Fornax were carried out with single
dish data with a resolution of a factor of 15 worst than that of our ATCA data and a similar
HI mass sensitivity, and thus they were not able to observed the resolved HI morphology
of galaxies, which might reveal important information on on-going interactions.

Our ATCA observations covers a field of 15 deg2 out to a distance of ~ R,;; from the
cluster centre. Mosaicking these data as described in Sect. 2.2] we obtained a HI cube
with spatial and velocity resolution of 67 X 95”and 6.6 kms™!, respectively, and with a
30" Ny and My sensitivity of ~2 x 10cm™ and ~2 x 10”M,, respectively.

With the aim of studying the evolution of galaxies in the Fornax cluster, we searched
for HI emission within the ATCA footprint and detected 16 Fornax galaxies, whose HI
morphology is often disturbed. The ATCA resolution was good enough to detect offsets
between the optical and the HI centers, HI tidal tails and a possible case of truncated HI
disc. Furthermore, the HI mass range of our ATCA HI detections covers about three orders
of magnitude (from 8 x 10° to 1.5 x 10'° My).

We carried out a comparison between the projected 3D distribution of the HI detec-
tions and that of the general population of spectroscopically confirmed members of the
Fornax cluster. For this purpose we made use of the spectroscopic catalogue of Maddox
et al.[ (2019) from which we removed duplicates and compact stellar systems. The latter
are not expected to host any HI and thus are not useful for our purpose of studying the
removal of cold gas from galaxies in Fornax. This ’cleaned” catalogue, compared with all
the photometric catalogues published from the Fornax Deep Survey (FDS) collaboration
(lodice et al.[(2019a)), Raj et al.|(2019) and |Venhola et al. (2018) - whose data are at least
~ 3% deeper data than previous photometric surveys, e.g., [Ferguson (1989b)), shows that
our spectroscopic catalogue has a completeness higher than 50% in all magnitude bins
brighter than m, = 16.5 mag, and ~ 85% overall (please, see Sect. [I.5]for further details
on how we obtain this catalogue). The final catalogue includes 79 galaxies brighter than
m, = 16.5 mag, of which 15 are detected in HI with ATCA. One additional ATCA HI
detection did not have previous optical redshift measurements. Thus, thanks to a newly
spectroscopic ATCA detetion, we have knowledge on the velocity of a total of 80 Fornax
galaxies brighter than m, = 16.5 mag.

The 2D distribution and the projected phase-space diagram of HI detections compared
with that of the general population of spectroscopically confirmed Fornax members show
that the sample of HI rich galaxies consist of recent arrivals into the cluster. Indeed, they
reside outside the densest part of the cluster where old Fornax galaxies are more likely to
be (see Fig.[2.12]and Fig.[2.13} see also Fig.[I.8and Fig.[T.9]to see a detailed distribution
of ETGs, LTGs and dwarfs galaxies in Fornax). This result implies that HI is lost down
to the ATCA sensitivity within a crossing time (Tgrjoss < Teross ~ 2 Gyr) and that HI
detections are Fornax members since a time shorter than 7.

Although only massive galaxies are expected to keep some HI after the first pericenter
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passage, HI emission was detected in low-mass galaxies too (down to a stellar mass of
~ x10%My). This further confirms that we detected HI in recent Fornax arrivals. The
3D distribution of HI detections and the HI morphological inspection also revealed the
existence of interacting sub-groups of galaxies. The most evident one is dominated by
NGC 1365 which encloses 4 galaxies within a region of 250 kpc and a velocity range of
200 kms™!.

Thus, Hi-rich Fornax galaxies which are currently falling into the cluster are both
interacting with the cluster environment and possibly experiencing pre-processing. Con-
sequences of these interactions are (i) an overall HI deficiency of Fornax galaxies with
respect to the field — the field comparison sample included the HRS sample with Virgo
excluded (Boselli et al.|2014a) and void galaxies (VGS - Kreckel et al.[2012) (Fig. @) -
and (ii) large H,-to-HI ratio (Fig. [2.9).

A further comparison with the HI content of Virgo galaxies shows that, although the
nature and the efficiency of physical mechanisms that removed HI in Virgo and Fornax
galaxies might have been different, the level of HI deficiency in both clusters is similar.
This suggests that both the time from the first infall of HI detected galaxies in Fornax and
Virgo and pre-processing can play a role in the level of observed HI deficiency.

Finally, the Hi-detected Fornax galaxies are also forming stars at a lower rate than
non-cluster galaxies at fixed M, (Fig.2.10). This deficit of SFR is consistent with the
deficit of HI when compared to non-cluster galaxies (Fig. 2.11). This implies that HI
detections on their way to the Fornax cluster have used/lost gas on a time scale longer
than the depletion time (Ty,4ep1 ~ 1-2 Gyr Zabel et al.|2020), giving the SFR sufficient
time to adjust itself to the slowly varying gas content — as in the field.

There is evidence that the HI removal in the central part of the cluster is likely to
proceed faster (Turloss < TH,.dept)- Furthermore, HI non detected galaxies that in some
cases are also slightly H, deficient (Zabel et al.[2019) can still form stars at a relatively
unperturbed rate (Fig. [2.T1).

The HI mass function (HIMF) provides further elements to statistically study the HI
content of the whole Fornax cluster. Assuming that it is similar to that of the local Uni-
verse, it should follow a Schechter function, which is described by three main parameters:
the slope a of the low-mass power-law part of the function, the characteristic HI mass M,
above which the number of HI objects decreases exponentially and a normalization factor
¢.. The HIMF is particularly important to study the impact of the cluster environment
in shaping the HI content of cluster members. Indeed, due to active gas removal through
environmental interactions, one would expect to measure a flat or even falling HIMF in
clusters. This has been observed by several previous studies in a range of local overden-
sities but never before in Fornax. We therefore attempted to measure the slope of the
low-mass end of the Fornax HIMF.

Unfortunately the low number of ATCA HI detections is not enough to constrain this
parameter (Fig. [3.2). Thus, inspired by [Pan et al] (2020), we explored a new Bayesian
method to measure the HIMF in Fornax using both direct HI detections and the integrated
HI flux at the position of HI non detected galaxies. The main goal is to estimate the slope
a, while M, derived from a small volume as that of a cluster is not well constrained due to
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the small number of objects with a large HI mass (Jones et al.|2016), and ¢.. is of marginal
interest. The Bayesian method relies on two assumptions: 7) the distribution of sources
in the sky is Poissonian; (if) the number of sources within a certain My, bin is convolved
with the noise distribution (Eq.[3.3).

We firstly tested our Bayesian code with two sets of experiments. The former has
the only requirement of having 50 galaxies above M, /2, while the latter aims to simulate
the case of the ATCA HI survey and thus, it includes only 15 galaxies above the ATCA
detection limit (My, = 2x107 Mg). In both of them we simulated input Schecther
HIMFs with different shapes: steep (@ < —1), falling (¢« > —1) and flat (¢ = —1). In
each experiment we fixed the input parameters to generate a distribution of HI fluxes
which we then perturbed with Gaussian noise. Finally we applied the Bayesian method to
find the best-fitting parameter values. Results on recovering the input HIMF parameters
are excellent in the case of 50 galaxies above M, /2 (Sect.[3.5.1] and Appendix [C). The
second set of experiments with 15 galaxies above the ATCA detection limit also provided
best-fitting parameter values in agreement with the input ones although they have larger
uncertainties. For the reasons explained above, we are mainly interested in recovering a
whose the average uncertainty on the best-fitting @ is +0.13 (Fig. 3.27} Sect. [3.5.2 and
Appendix [C).

Finally we applied this method to the real ATCA data. We measured the Schechter
HIMF of the Fornax cluster using an on catalogue which includes integrated flux measured
at the position of all spectroscopically confirmed Fornax members with a m, < 16.5 mag
(80 sources in total of which 16 are the ATCA HI detections whose flux was measured
with SoFiA, see Sect. . The Bayesian code estimates a slope, @ = — 1.09+70 07,
which is flatter than those measured in larger volume of the local Universe by HIPASS
(@ = -1.37 £0.03, Zwaan et al.[2005) and ALFALFA (¢ = - 1.25 + 0.02, Jones
et al.|2018b). This would seem to imply an agreement with the results reporting a flat
HIMF in other local overdensities. However, we obtained an identical result by running
our code on a control off catalogue, which includes 64 measurements of pure noise plus
the integrated HI flux of our 16 ATCA detections. This strongly suggests that the HIMF
of the Fornax cluster does not follow a Schechter function below the ATCA detection
limit (like the off catalogue). Therefore, we find that the HIMF in Fornax, which seems to
follow a Schechter function roughly down to the ATCA My, detection limit of ~ 107 M ¢,
drops rapidly to zero below this level. If so, a better formalism to study the distribution
of HI masses in clusters including the HI non-detections would be one where the HIMF is
described by a Schechter function down to a limiting HI mass, plus a delta function with
much lower HI mass (possibly zero). It is worth noting that such a modified Schetchter
plus delta HIMF is different from the case of a falling Schecther function with @ < —1,
which would be truncated at My~ M., thus above the typical HI detection limit.

The idea of a sudden drop of the HIMF below a limiting mass is supported by recent
findings of no signal hidden in the noise by stacking about 470 spectra extracted at the
position of HI non-detected galaxies in the Coma cluster (Healy et al.[2021). Therefore,
we might be discovering that a general property of galaxy clusters is a truncation of the
Schechter-like HIMF below a certain My; threshold, which so far we found to be of ~
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10’M ., in the case of the low-mass Fornax cluster and ~ 108M ,, in the case of more
massive clusters like Coma. The exact value of this threshold will strongly depend on
the selection function of the spectroscopic galaxy catalogue used, and for this reason we
cannot at the moment draw any conclusions on the apparent difference between the values
found in Fornax and Coma.

Thus, based on our ATCA survey, the comparison of HI detections with the general
Fornax population, the comparison of Fornax with other, nearby, more massive clusters
(Virgo and Coma) and the Bayesian study of the distribution of HI masses including the
non-detections, we conclude that:: (i) whatever the nature of the environmental interac-
tions in Fornax, the level of HI deficiency is similar to that observed in Virgo; (ii) evolu-
tion of Fornax galaxies can be affected both by interactions with the cluster environment
and by pre-precessing (e.g. the NGC 1365 sub-group); (iii) the sample of HI detections
consists of recent Fornax arrival whose gas has been used and removed over a long time
scale, comparable to the H, depletion time; (iv) HI removal is faster than a cluster cross-
ing time in galaxies which are reaching pericenter; (v) galaxies with no HI but H; can still
form stars at a relatively unperturbed rate; (vi) probably as a consequence of point (iv)
above, the HIMF of galaxies in the Fornax cluster most likely follow a Schechter function
only down to My;~ 10’M o, and drops rapidly below this limit, suggesting that Fornax is
efficient at rapidly removing all HI from small galaxies.

The final part of this thesis consists in the study of the only possible truncated HI disc
detected with ATCA: NGC 1436. Since the ATCA data at the position of this galaxy have
a low signal-to-noise ratio, its HI morphology is not well constrained (Chapt [2)). This is
not the only reason why this galaxy attracted our attention. Indeed in the literature there
are results showing that this is a lenticualr in the making (Raj et al. 2019; lodice et al.
2019a)).

It is known that in clusters, spiral galaxies can evolve into lenticulars (e.g. Dressler
et al.| [1997). We therefore asked ourselves whether the on-going transformation of
NGC 1436 is caused by its interaction with the Fornax environment. To answer this ques-
tion we analysed both the cold gas properties and the stellar populations of NGC 1436.
The former analysis is based on MeerKAT HI observations collected as part of the on-
going MeerKAT Fornax Survey (Serra et al.[2016). We obtained HI data with a resolution
of 12x9.5 arcsec? (~ 1 kpc at the distance of Fornax) and a 30~ HI column density sensi-
tivity of Ny ~ 4.50 x 10! atoms/cm™2 assuming a linewidth of 25 kms~!. Furthermore
we carried out a comparison between HI and H,. The latter data were presented in |Zabel
et al.[| (2021) and have a resolution of 2.68x2.06 arcsec with an average sensitivity of
~2.046 mJy beam™!.

Both HI and H; distributions show a high level of symmetry suggesting that this galaxy
is not currently interacting with the Fornax environment (Fig. .4 Fig.[4.8). This idea is
further supported by the consistency between the extremely regular kinematics of the two
cold gas phases (Fig.[#.9)and Fig.[4.10). We can therefore rule out substantial interactions
occurred within the last few orbital times (~1 Gyr), but any sign of more ancient interac-
tion would have washed out by now. We must therefore find a different way to investigate
further into the past history of NGC 1436.
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This is where the analysis of the stellar populations becomes crucial. In general stellar
populations depend on the distance from the center of the galaxy and this is particularly
true for highly symmetric system such as NGC 1436. Thus, by deriving the SFHs of two
different regions of the galaxies we inspected the evolutionary path of this galaxy. Specif-
ically we measured the SFH of the quiescent disc and of the star-forming disc (Fig. [d.21].
By looking at epochs between 14 and 6 Gyr ago we propose that this galaxy was not a
Fornax member at that time. This is because we observe a situation very similar to that of
field galaxies, with a faster evolution of the inner disc, which is characterized by shorter
depletion time with respect to the outer disc. Thus, we imagine this galaxy as a typical
field spiral galaxy: older in the center — and with a decreasing SFR — and bluer and still
able to form new stars for a long time at its outskirts.

Then NGC 1436 entered in the cluster and spent roughly 1 Gyr (half of the Fornax
crossing time) to reach its pericenter 5 Gyr ago. Here, the interaction with the Fornax
environment proved fatal for the HI in the galaxy’s outer disc, which was stripped away.
While Fornax was removing HI from the outer disc of NGC 1436, it also promoted an
enhancement in SFR in the inner disc. And thus, if the nature of environmental interaction
was hydrodynamical, we imagine NGC 1436 as a typical ram-pressure stripped galaxy
with a temporary increment of SFR. However we cannot really rule out the scenario of a
tidal interaction, whose signatures would now be impossible to observe.

The impact of the interaction between NGC 1436 and the Fornax environment on the
SFH of the now-quiescent outer of the galaxy disc are drammatic. Indeed, in the last
5 Gyr, the SFR has dropped to zero. In contrast, looking at the SFH in the same age
window of the star-forming inner disc we find that it shows a significant drop (following
that initial enhancement), but it does not drop to zero, reaching a SFR consistent within a
factor 2 with the SFR measured from Ha data. This suggests that the inner gaseous disc,
too strongly bound to the galaxy to be stripped, is slowly consuming whatever gas was left
after the last burst of star formation, with no further gas accretion from the surrounding
medium.

Thus the fate of the outer disc, which appeared on track to continue forming stars for
a longer time than the inner star forming disc, suddenly changed 5 Gyr due to interactions
with the Fornax cluster environment.

The evolutionary scenario of this lenticular in the making shares some similarities with
those proposed for other three lenticulars in Fornax: FCC 170, FCC 153 and FCC 177
(Pinna et al. 2019alb). Indeed in all of them there is an epoch where gas was quickly
removed and since then, these galaxy has began to quench. However, not a merger (as
proposed for FCC 170, FCC 153 and FCC 177) but ram-pressure might be responsi-
ble for the temporary enhancement of SFR we measured in the inner star forming disc
of NGC 1436. However, we cannot firmly rule out that a merger and a subsequent re-
shuffling of the stellar populations in the last 5 Gyr is responsible for the observed SFH
of these parts of NGC 1436.
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Appendix A

From Loni et al.|(2021)

In this section, we describe in detail each galaxy of our sample of HI detections from
Loni et al| (2021)), Chapt. 2] Whenever possible we compare the information estimated
from our HI data with observations at other wavelengths. The galaxies are sorted accord-
ing to increasing HI mass as in Fig.[2.2]and Fig.[2.3]

FCC 323

According to |[Ferguson| (1989b), FCC 323 is a dE2/ImV. This is the faintest among our
HI detections and, for the first time, we detected it in HI and thus measured its reces-
sional velocity of vy = 1502 kms™!. FCC 323 has a My, = (0.8+0.3)x107 M, and a
M, = (0.6+0.6)x10% M,. The Fornax environment might have strongly affected the HI
reservoir of FCC 323. It has the highest My,/M, offset from the (extrapolated) xGASS
scaling relation in Fig. [2.6] Its closest galaxy both on the sky and velocity is NGC 1437B
(120 kpc and 12 kms™! away), leading us to think that FCC 323 and NGC 1437B might
be part of a subgroup or a pair of galaxies.

FCC 120

FCC 120 is classified as ImIV by [Ferguson (1989b). The HI emission associated with
the galaxy seems to be quite regular. The ATCA spectrum in Fig. [2.3] shows one peak
(within the uncertainties), which is different from the 100 - kms™' - wide double horn
spectrum detected by Schroder et al. (2001) based on Parkes data. Even if the latter data
shows strong RFI at a velocity of 1250 km s~!. this RFI does not affect the detection of
the galaxy. However, v,y from Maddox et al. (2019), agrees with our vy, Deeper HI
data (Serra et al.[2016) may confirm this. FCC 120 has a My; = (0.4+0.1)x10® M, and a
M, = (1.6+0.5)x10% M.
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FCC 102

FCC 102 is an irregular ImIV classified by Ferguson (1989b). We detect HI emission
associated with FCC 102 for the first time. Although the HI morphology is not resolved,
the HI is offset towards the north with respect to the optical centre. The difference be-
tween vy from Maddox et al.| (2019), and vy, from ATCA data is almost 100 kms™'.
However, those values are still consistent due to the large uncertainty on vy, which was
measured from absorption lines for this galaxy (Natasha Maddox, priv. comm.). Re-
cently this galaxy was detected during MeerKAT test observations in preparation for the
MeerKAT Fornax Survey [Serra et al.[(2016), confirming our ATCA HI results. FCC 102
has a My; = (0.5+0.1)x10® My, and a M, = (1.6+0.5)x10® M. The comparison with HI
belonging to non-cluster galaxies with similar M, in Fig. 2.6 shows that FCC 102 is HI
deficient.

We identify FCC 102 to be part of the NGC 1365 infalling subgroup. It lies between
NGC 1365 and FCC 090 both on the sky and in velocity (see Fig. 2.12] and Fig. 2.13).
Furthermore the HI elongation of FCC 102 is in the same direction as the HI elongation
of NGC 1365.

NGC 1436

NGC 1436 is the closest HI detected spiral to the centre of the cluster (see Fig [2.12]and
Fig. 2.13). [Ferguson| (1989D) classify this galaxy as ScIl. The HI emission associated
with NGC 1436 is confined well within the stellar body suggesting a truncated HI disc.
However, Fig.[2.3]shows that the ATCA spectrum compared with that based on GBT data
(Courtois et al. 2009) misses flux from the blushifted part of the disc. The reason of this
discrepancy arises from a combination of low S/N and the presence, in at least some of
the blue-shifted channels of the ATCA cube, of artefacts. The HI spectrum of NGC 1436
from |Schroder et al. (2001) is more similar to that obtained with the GBT than to ours.
The My, estimated by the ATCA flux is (0.6+0.2)x10% M, while the M, of the galaxy
is (1.6+0.4)x10'® M,. Whether adopting the ATCA or the GBT HI flux measurement,
NGC 1436 would still be an Hi deficient galaxy (see Sect[2.3.2). Similarly, it would still
be the (HI and H,0pt) detection with the largest My,/My; ratio in Fig. @

The high offset from the scaling relation in Fig.[2.9] the truncated HI disc in Fig.[2.2]
and the molecular spiral structure detected by Zabel et al. (2019) show that NGC 1436
may have gone through a quick interaction with the cluster environment, which did not
affect the inner spiral structure yet.

Furthermore, Raj et al.[(2019) found that NGC 1436 appears to be transforming into
a SO in its morphological evolution. They found spiral arms only in the central region
whereas its outer disc resembles the smooth structure typically found in the discs of SO
galaxies. The truncated HI disc agrees with the observation of a passively-evolving outer
optical disc, which is being shaped by the Fornax environment.
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FCC 090

FCC 090 is classified as a peculiar elliptical galaxy by Ferguson| (1989b). We detected HI1
emission in FCC 090 for the first time. The HI morphology of FCC 090 is elongated to-
wards the south. FCC 090 has a My, = (0.6+0.1)x10% Mg and a M, = (1.3+0.3)x10° M.
Its My, /M, ratio makes it a HI deficient galaxy, which lies on the edge of comparison
sample of non-cluster galaxies (Fig. [2.6).

FCC 090 is part of the NGC 1365 infalling subgroup. Within the subgroup, the HI
morphology of FCC 090 is the only one which is extended towards the south; it is the
farther galaxy from NGC 1365; it has the highest velocity in phase space. FCC 090 is
also the westernmost galaxy in the triplet of the aligned HI disturbed galaxies. Besides
FCC 090, this triplet includes FCC 102 and NGC 1365.

The HI and molecular distributions (Zabel et al. 2019) are difficult to compare due to
the different resolutions between ATCA and ALMA. The molecular distribution extends
beyond the stellar body showing a tail that points to the west in projection but it is still
within our HI detection that does not show any peculiarity in that direction. Our knowl-
edge on Hi in FCC 090 as well as its belonging to the NGC 1365 subgroup, corroborates
the idea of an infalling galaxy which is loosing the external gas envelope.

In the sample of dwarf galaxies studied by Hamraz et al. (2019) FCC 090 is one out
of two outliers in the Fornax cluster with a very blue inner part. Recently, Zabel et al.
(2020) showed that depletion time is shorter than usual (0.5 Gyr rather than 2 Gyr) which
may be a consequence of the environmental interactions taking place in it.

ESO 358-G016

ESO 358-G016 is classified as Sdm (edge-on) by |Ferguson (1989b). It has a
My, = (0.7+0.2)x108 M, and a M, = (1.2+0.2)x10® M,. ESO 358-GO016 is the only
member of the NGC 1365 infalling subgroup with a regular HI morphology. Like all the
low mass members of the subgroup, it is a HI deficient galaxy. It is also the second closest
galaxy to NGC 1365 both on the sky and in phase space. Raj et al.|2019 suggested that
ESO 358-G016 might have experienced disruptions of the outer disc due to the gravita-
tional potential of the cluster. If that is the case, some HI survived in this process.

ESO 358-G015

ESO 358-G015 is classified as a peculiar Scd-1III by Ferguson|(1989b). It has a regular H1
morphology, with a systemic velocity close to the recessional velocity of the cluster. It has
a My = (0.9£0.2)x10° Mg, and a M, = (7.6+2.1)x10® My, Fig.2.6]shows that ESO 358-
G015 is a H1 deficient galaxy. Furthermore, it is one of the four HI detected galaxies that
are north of NGC 1399. Raj et al.| (2019) identified a lopsided tail pointing to the centre
of the cluster. They also suggested ESO 358-G015 to be a galaxy that is being pulled into
the cluster centre, in the southern direction. The quite regular HI morphology does not
provide clear support to this hypothesis.

125



APPENDIX A.

ESO 358-G051

ESO 358-GO051 is classified as SBcd-III by |[Ferguson| (1989b). The HI distribution is
regular and peaks on the optical centre. It is located north of NGC 1399 and it is the
closest HI deficient galaxy from it (~0.4 R,;;). In general, among all our HI detections,
only NGC 1427A is closer to NGC 1399. ESO 358-G051 has a My; = (1.0+0.2)x10% M,,
and a M, = (2.1£0.5)x10° M,. Fig. shows that ESO 358-G051 is a HI deficient
galaxy.

Raj et al.| (2019) marked this galaxy as a recent infaller with strong central Ha emis-
sion powered by star formation. lodice et al.| (2019a)) observed an ionised gas distribution
extended towards the north. This is the opposite direction with respect to the H,0pt elon-
gation detected by |Zabel et al.| (2019). However, the HI distribution does not seem to be
disturbed, perhaps due to the ATCA resolution. Although ESO 358-GO051 is a HI defi-
cient galaxy, the unresolved HI morphology does not provide information about on going
interaction with the Fornax environment.

ESO-LV 3580611

ESO-LV 3580611 is classified as SBm-III by |[Ferguson| (1989b)). The HI morphology
shows a lopsided HI distribution in the northern part of the system. However, opti-
cal and HI distribution share the same centre. It has a My, = (1.1+£0.2)x10® M, and a
M, = (1.0+£0.4)x10% M,. ESO-LV 3580611 is also one of the two HI deficient galaxies
in our sample that is outside the caustic curves (Fig. [2.13). [Schroder et al.| (2001)), based
on the high deviation of ESO-LV 3580611 from the Tully-Fisher relation, suggested that
this galaxy is falling into the cluster from the background.

According to Raj et al. (2019), ESO-LV 3580611 may have experienced disruptions
in the outskirts of the disc due to gravitational potential well of the cluster. Thus, similarly
to ESO 358-G016, HI has survived during the infall.

NGC 1437B

NGC 1437B is classified as Sd (edge-on) by Ferguson| (1989b)). The HI distribution shows
an elongation to the south, while the HI peak corresponds to the optical centroid (Fig.[2.2)).

This galaxy is located on the south east of the cluster, close to FCC 323 both on the sky
and in velocity (see Fig.[2.12]and Fig.[2.13). Given the small separation of only 120 kpc
with a difference of ~10kms~! in velocity, they might be part of an interacting subgroup
of galaxies. NGC 1437B has a My; = (2.4+0.5)x10% M, and a M, = (5+1)x10° M,, and
it is a Hi rich galaxy.

Fig. [2.9] shows that the Fornax environment has not strongly affected the My,/Mpy,
ratio yet. On the other hand, contrary to the case of NGC 1436, the two gas phases are
probably experiencing the same environmental effect. Indeed, although the scales are
different, we found consistency between the southern HI elongation of NGC 1437B and
the elongation of the molecular morphology detected by |Zabel et al.| (2019). Thus, the
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agreement between its My,/My; ratio and the XGASS scaling relation might be due to a
slower evolution with respect to that taking place in NGC 1436.

Raj et al.|(2019) did not observed any hint of optical morphological transition from the
late-type spiral structure, which supports the hypothesis of a recent infaller. However, they
found an optical disturbance in form of tidal tail, which points to the south in projection
and might be due to a recent fly-by of another galaxy in the cluster. The HI morphology
agrees with the optical detected tail. If FCC 323 and NGC 1437B belong to the same
subgroup, the former may be the fly-by galaxy that NGC 1437B has interacted with.

NGC 1351A

Classified as Sc (edge-on) by Ferguson| (1989b). The HI distribution shows a projected
elongation towards the south. It has a velocity similar to the recessional of the cluster
(Fig. 2.13). NGC 1351A has a My, = (5£1)x10® My, and a M, = (3.5+£0.8)x10° M.
The HI reservoir is similar to that of non-cluster galaxies with the same M, (Fig. [2.6).
NGC 1351A is isolated both on the sky and in projected phase space (Fig. [2.12] and
Fig.[2.13). Thus, the HI asymmetry might be due to the interaction with ICM. [Zabel et al.
(2019)) detected a slightly more diffuse east side in the H,0pt distribution.

NGC 1437A

NGC 1437A is classified as SdIII by Ferguson (1989b). The HI morphology is quite
regular and its HI content is comparable with that of non-cluster galaxies with the
same M, (see Fig.s 2.2] and R.6). NGC 1437A has a My, = (6+1)x10° M, and a
M, = (1.0+0.3)x10° M,. Although the optical appearance of NGC 1437A is not regular
and the location of its star forming regions suggests that the galaxy is travelling in a south-
east direction (Raj et al.[2019), the HI distribution does not show any strong asymmetries.
Thus, ram-pressure and tidal interaction might not be the cause of the asymmetric star
forming regions. However, the poor resolution of the HI image may hide HI asymmetries
in projection.

ESO 358-G060

ESO 358-G060 is a low mass galaxy classified as Sdm (edge-on) by Ferguson| (1989b).
The Hi morphology is regular. ESO 358-G060 has a My = (1.1+0.2)x10° My, and a
M, = (1.0+£0.6)x10® M,,. Fig. m shows that ESO 358-G060 has a HI reservoir com-
parable with that of non-cluster galaxies with the same M,. As discussed in Sect]2.3.2]
we pointed out that the Fornax cluster environment is more effective in altering the gas
content for galaxies with M, < 3x10° M. This supports the idea that ESO 358-G060
is a likely new Fornax member which has not been affected by the cluster environment
yet. Raj et al.| (2019) observed irregular star-forming regions making the hypothesis of
a disruptions due to the gravitational potential well of the cluster centre, during the fall.
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However, since the HI distribution is not perturbed yet by environmental interactions, in-
ternal feedback might be the cause of the irregular star forming regions. Furthermore
no H,0pt was detected by Zabel et al. (2019) and it is a dust poor galaxy as discussed
in Sect[2.4] Overall, this galaxy is forming star with lower rate than that predicted for
galaxies with similar My,/M, (Fig.[2.11).

ESO 358-G063

Classified as Scd (edge-on) by [Ferguson| (1989b)). The atomic hydrogen distribution is
more extended to the south-east part of the system. On this side, HI contours are more
spaced with respect to the opposite side of the disc where HI emission seems to be con-
fined within the stellar body. ESO 358-G063 has a My, = (1.7+0.3)x10° M, and a
M, = (1.1+£0.3)x10'° M,. Despite the asymmetries in the HI distribution, ESO 358G-
063 1s not HI deficient, and the molecular gas detected by Zabel et al. (2019) has a regular
morphology. Thus, the galaxy has just started to interact with the cluster environment.
The idea is supported by its position in projected phase space (Fig.[2.13) where the galaxy
is just outside the caustic curves. |Raj et al.|(2019) found irregular star-forming regions in
the ill-defined spiral arms of ESO 358-G063, which may be signs of minor mergers.

NGC 1427A

NGC 1427A is classified as Im-IIT by |[Ferguson (1989b). The HI morphology shows
a very long tail pointing to the south-east in projection (opposite direction to the cen-
tre of the cluster - we refer the reader to |[Lee-Waddell et al. (2018) for a detailed
study about the origin of the tail). NGC 1427A has a My, = (2.1+0.4)x10° M,, and a
M, = (2.3+0.5)x10° M. This is the second most massive HI galaxy of our sample,
which has an HI content comparable to that of non-cluster (see Fig. [2.6). NGC 1427A
is the closest HI detection to the centre of the cluster (0.2 R,;;). Due to its high velocity
(see Fig. 2.13) it is not clear whether NGC 1427A is already virialised in the cluster or
not. If it is virialised, it may decrease its velocity while reaching its apocentre. It is the
only My,/My, upper limit with M, > 3x10° M, in Fig. 2.9 Despite the large HI reservoir
no H,0pt was detected by |[Zabel et al.|(2019). This may be due to a recent merger which
involved the NGC 1427A progenitors that might have lowered its metallicity. The HI-
to-H,0pt conversion might be inefficient to have a SFR consistent with its My,/M, ratio

(Fig. 2.TT).

NGC 1365

NGC 1365, the large barred spiral galaxy (SBbc(s)I by Ferguson| 1989b), is the most
massive galaxy in our sample. The optical morphology shows a well defined spiral struc-
ture, three northern arms and two more compressed southern ones. The HI morphology
(Fig. shows a very prominent extension to the north of the system and more dense
contours corresponding to the two compressed optical arms. A very detailed study on the

128



structure of NGC 1365 is made by Jorsater & van Moorsel (1995). They also suggested
that the motion of the galaxy through the ICM can account for its unwinding arms.

NGC 1365 has a My; = (1.5+0.3)x10'° Mg and a M, = (6.2+1.3)x10'° M, Fig.[2.6
shows that NGC 1365 is the only galaxy in our sample which is at the upper edge of the
comparison sample of non-cluster galaxies due to its high My,/M,. Besides evidence of
environmental interactions from its morphology, the strong gravitational potential appears
to have been able to hold a sufficient amount of HI to make it comparable with the general
behaviour of local galaxies (see also Fig.[2.9).

NGC 1365 is the main member of the detected infalling subgroup of galaxies located
to the south-west of the cluster. It is also the only galaxy in the subgroup with a normal
HI content. The existence of the NGC 1365 subgroup is also supported by [Drinkwater
et al. (2001a) which found NGC 1365 to be part of a substructure.

There is a H1 hole in the centre of the system where Zabel et al.|(2019) detected warped
H,0pt emission due to the central bar. HI absorption was also investigated in Ondrechen
& van der Hulst (1989).
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Appendix B

From Loni et al.[(2021)

1 57.48° 57.45° 57.42°
55.35° 55.32° 57.69° 57.66° 57.63°

NGC 1387 N o NGC 1386 NGC 1380

Declination (J2000)

55.71° 55.68° 54.27° 54.24° 54.21° 54.21° 54.18° 54.15° 54.12° 54.09°
Right Ascension (J2000)

Figure B.1: Optical images of the eight H,-rich Hi-undetected galaxies (Zabel et al.[2019)
for which we evaluated the My,/My, ratio (Fig[2.9). They are sorted according to increas-
ing My, upper limit. The g-band optical images come from the Fornax Deep Survey

(lodice et al.|2016; Venhola et al.|2018; Peletier et al.[|[2020b). We show a 5 kpc scale bar
in the bottom-right corner.
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Appendix C

Experiment | Number of Input parameters Best-fitting parameters
. N « ¢« i
Number galaxies | logq (Mq;o? ) logg (I\}‘Z—O) a logq (W) logq (I\A,'[[@ ) a
1 13527 1.96 9.4 1.3 | 194740063 | 9.474+0.098 | -1 3080023
2 3602 1.98 94 115 | 19757008 | 9.414¥0:078 | 115240031
3 1164 1.98 9.4 -1.0 | 2.009*90% | 9.38700% | -0.98*00%
4 497 1.98 9.4 -0.85 | 1.9897004¢ | 9.387+007 | -0.835+70:023
5 273 1.97 9.4 0.7 | 196170046 | 9.427+0.072 | .0.706*003
6 16014 1.97 9.6 -1.3 | 1.985*0057 | 9.508*0.08% | -1.204*005
7 3742 1.96 9.6 115 | 1.9447006. | 9.622+0086 | _1.154+0023
8 1183 1.97 9.6 10 | 196740062 | 9.599*0:08% | -0.999*003
9 497 1.97 9.6 -0.85 | 1.9727004 | 9.597+0:077 | .0.844+0.02¢
10 267 1.96 9.6 0.7 | 1.909+3061 | 9.656+0:98¢ | -0.759+9052
11 17678 1.95 9.8 -13 | 196710053 | 9.792#0.082 | -1.295+0-06
12 4066 1.96 9.8 -L15 | 1.968700% | 9.788+0.081 | -1.146*0023
13 1192 1.96 9.8 10 | 194240098 | 98167008, | -1.01239038
14 478 1.95 9.8 -0.85 | 1.94872053 | 9797+0.082 | .0.85+003)
15 268 1.96 9.8 0.7 | 1.937+3048 | 98347009 | .0.715+0029
16 19957 1.94 10.0 1.3 | 193430046 | 9.997+0.0%0 | 1.306+0013
17 4313 1.95 100 | -1.15 | 2.002*05 | 9.943+007, | -1.122*002,
0.049 0.068 0.03

18 1187 1.94 10.0 -LO | 1.99%001 | 9.96170058 | -0.977003,
19 485 1.95 100 | -0.85| 1.957*304 | 9.986+0:07% | .0.844+0023
20 257 1.94 10.0 0.7 | 194743032 1 10.031#0:063 | -0.695+9024
21 23050 1.94 10.2 -13 | 19724008 | 10.1667008T | -1.2910013
22 4467 1.93 102 | -115| 1.921*3%5. | 10.207+007 | -1.156*0019
23 1228 1.94 10.2 1.0 | 1934400328 1 10.199*0077 | -1.004*9-02
24 474 1.94 102 | -0.85| 1.935*004 | 10.218*0:968 | .0.847+002,
0.049 0.088 0.031

25 256 1.94 10.2 0.7 | 1.905*304 | 10.247+0:088 | -0.729*303)

Table C.1: The table refer to the set of 25 experiment described in Sect. Input
parameter columns correspond to the set of parameters shown in Fig. [3.3] Best-fitting pa-

rameters columns refer to the best-fitting parameters obtained with the method described
in Chapt3using priors listed in Table 3.1}
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Experiment | Number of Input parameters Best-fitting parameters
Number galaxies | logq (MZ*C ) logq (&”—g) a log;q (M"::c3) logq (1\1‘,/[’—;) a

1 332 0.67 8.4 -13 | 026870446 | 92827105 | 13310173
2 152 0.79 8.4 -115 | 054410203 | 9.473%0012 | -1.109+09%7
3 76 0.89 8.4 -1.0 | 0.696*0283 | 9.163*)97 | -1.089*0)42
4 42 0.94 8.4 085 | 0.8702%8 | 9.026*)18. | -0.95670133
5 29 0.99 8.4 0.7 | 09691023 | 9.465*09% | -0.799*0115
6 309 0.51 8.8 1.3 | 0.164104%2 | 9.572+0957 | -1.336*015,
7 119 0.61 8.8 -115 | 035570298 | 9.551%0933 | -1.143309%
8 57 0.71 8.8 -1.0 | 023570602 | 9.415+197 | -1.296*02¢8
9 36 0.85 8.8 085 | 0.84702% | 9.461*103 | -0.882+09%3
10 25 0.95 8.8 0.7 | 0.687+3219 | 9.714*0816 | 0.884+0088
11 251 0.29 9.2 13| 02491035 | 9.7+0858 | 123701
12 100 0.46 9.2 -115 | 03791923 | 9.782*0772 | -1.109*99%
13 55 0.63 9.2 -1.0 | 04947025 | 9.804*0734 | -1.043+00%
14 29 0.73 9.2 -0.85 | 0.696701%% | 9.713*0D3 | -0.893+0.88
15 20 0.89 9.2 0.7 | 0.811*9208 | 9.712+0.768 | .0.773+0143
16 227 0.12 9.6 L3 | 015710385 | 9.732¢081 | -1.236109%
17 90 0.34 9.6 -115 | 030250228 | 10.117+5273 | -1.098*00%8
18 40 0.52 9.6 -1.0 | 04667205 | 10.158*0251 | -0.994*00¢6
19 25 0.65 9.6 -0.85 | 067870187 | 9.919+068¢ | .0.865+0073
20 20 0.87 9.6 0.7 | 0.83*0292 | 10.016*05% | -0.754*011
21 201 -0.06 10.0 -1.3 | 0.168*038 | 9.87078 | -1.218+9%¢
22 70 0.16 100 | -1.15 | 0.276*325> | 10.04*0839 | -1.09+000
23 38 0.4 10.0 -1.0 | 044170189 | 1034670499 | -0.995+007
24 24 0.64 100 | -0.85 | 0.656703%5 | 10.15670:338 | -0.8660-958
25 18 0.84 10.0 -0.7 | 0.699*0212 | 10.357*0437 | -0.842+0-148

Table C.2: The table refer to the set of 25 experiment described in Sect. Input pa-
rameter columns correspond to the set of parameters shown in Fig. [3.15] Best-fitting pa-
rameters columns refer to the best-fitting parameters obtained with the method described
in Chapt[3|using priors listed in Table[3.T}
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