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Sell your cleverness and buy bewilderment. Cleverness is mere opinion.
Bewilderment brings intuitive knowledge.
Rumi (Persian poet, 13th century)
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Abstract

The purpose of this thesis is to examine how the ionized gas metallicity is distributed in ram-
pressure stripped (RPS) galaxies in clusters at intermediate redshifts. The ram pressure exerted
by the hot intracluster medium on the galaxy interstellar medium can efficiently remove gas
from galaxies in massive dark matter haloes, and it is considered the most important physical
process for the evolution of cluster galaxies. At low redshifts, it has been shown that RPS galax-
ies often display extraplanar tails of ionized stripped gas, which can reach several tens of kpc
away from the disk. At higher redshifts, in the last few years there have been a few works find-
ing clear signatures of RPS tails, but a study of the gas metallicities of RPS galaxies in distant
clusters has not been conducted so far.

By analyzing the distribution ofmetallicity in these galaxies, we hope to gain insight into the
physical processes responsible for the observed chemical compositions and how they change
over time in galaxy clusters. Additionally, we aim to establish a correlation between gas-phase
metallicity and other galaxy characteristics, such as stellar mass, in the presence of ram pressure
stripping. Spatially resolved studies of gas metallicities, of their dependence on galaxy environ-
ment and their evolution can enhance our comprehension of the intricate interplay of physical
mechanisms that have influenced the characteristics of galaxies over the course of cosmic his-
tory.

In this work, I study the RPS galaxies classified by Moretti et al. (2022) in the first two ob-
served clusters, Abell2744 and Abell370, within the MUSE-GTO program at redshifts 0.308
and0.375 (Richard et al., 2021). I investigate the spatially-resolvedmetallicities of galactic disks
and stripped-out tails by employing both theoreticalmethods, such as photoionizationmodels,
and empirical calibrations. Moreover, by obtaining the representative median metallicity val-
ues of disks and tails as well as integrating each galaxy’s disk and tail spectra, I study the global
gas-phase metallicity and its relation with other galaxy characteristics.

Initially, I explore the metallicity trend along the disks and tails of individual galaxies. In
certain instances, the metallicity can be measured only in the vicinity of the outer edges of the
disk, while in other cases it is detected much farther away, up to a distance of around 50kpc
from the disk. Then, I examine the spatially-resolvedmass-metallicity relation (rMZR) in RPS
galaxies for the subset of galaxies where the stellar-continuum emission is sufficiently bright to
determine the spatially resolved stellar mass surface density. Next, I determine the global mass-
metallicity relation (MZR) using two distinct approaches: stacking the spectra of each galaxy’s
disk and tail separately and calculating their median metallicities as a representative value of
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each disk and tail.

In general, the observedmetallicity trendwith projected distance indicates that the gradients
in disks tend to be either negative or flat, while gradients in tails are typically negative, with
varying slopes thatmay be influenced by projection effects. Additionally,massive galaxies (with
log(M)> 9.7) have tails with metallicities lower than anywhere in their disks. On the other
hand, galaxies with the lowest masses (log(M)∼ 8) exhibit a uniform, flat gradient across both
their disk and tail.
Furthermore, this study indicates that the rMZR of the disks and tails are generally flat or

positive, with tail spaxels consistently displaying lower surfacemass densities compared to their
disk counterparts.
Finally, the two aforementioned approaches to study the MZR reach similar conclusions.

A clear positive correlation between global metallicity and galaxy stellar mass, similar to the
MZR for galaxy diskswell known in the literature, is observed for both disks and tails separately.
The global metallicity values of the tails and disks within each galaxy are quite similar, but tail
metallicities generally are slightly lower than those of the disk, with a few exceptions to this
trend where the global metallicities in the tails are higher than those in their corresponding
disks. Overall, the observations suggest that different formation or enrichment processes may
be at work in the tails compared to the disks, and are consistent with a scenario of mixing of
intraclustermediumand interstellar gas that progressively dilutes themetallicity along the tails.
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1
Introduction

1.1 Galaxy Evolution

The distribution of galaxies in the universe is highly inhomogeneous, meaning that there are re-
gionswith a higher density of galaxies and regionswith just a few galaxies in a large volume. It is
assumed that this inhomogeneous distribution of galaxies is due to the initial conditions of the
universe, such as the density fluctuations that existed shortly after the Big Bang (e.g. Ostriker
and Steinhardt 1995; Komatsu et al. 2011). Therefore, as the universe evolved and expanded,
these initial density fluctuations grew and intensified under the influence of gravity, leading to
the formation of structures such as galaxy clusters, groups, and filaments (e.g. Peebles 1993;
Cooray and Sheth 2002). These structures are believed to have formed through a hierarchical
process in which smaller structures merged into larger ones over time (e.g. Benson et al. 2000;
Springel et al. 2006)

Galaxy clusters are large groups of galaxies that are bound together by gravity. They are the
largest virialized structures in the universe, with sizes ranging from a fewmillion to over a hun-
dred million light-years across. Galaxy clusters are more massive than galaxy groups, with dark
matter halomasses typically between 1014 and 1015 solarmasses for galaxy clusters, while galaxy
groups typically have halo masses between 1012 and 1014 solar masses (Kravtsov and Borgani,
2012). Also, The number of galaxies in a typical galaxy cluster can range from several hundred
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to thousands, while galaxy groups typically contain between 2 and 50 luminous galaxies. In
contrast, other environments such as voids or filaments can have very few galaxies in a relatively
large volume.

Galaxies come in various shapes and sizes, ranging from elliptical and spiral to irregular, and
their evolution over cosmic time is a fascinating area of research in astrophysics. Galaxy evo-
lution is a complex process driven by various physical mechanisms such as accretion, mergers,
feedback, and star formation. Understanding these processes is crucial for astronomers to com-
prehend the formation and evolution of galaxies over cosmic time (e.g., Madau andDickinson
(2014)).

The evolution of galaxies is closely linked to the processes of star formation and gas metal-
licity. Star formation is a fundamental process that plays a vital role in galaxy evolution (e.g.,
Kennicutt andEvans (2012)). The rate of star formation is known to correlatewith the gas con-
tent of galaxies (e.g., Schruba et al. (2011)), and the feedback from stars affects the interstellar
medium (ISM) and regulates the star formation rate (SFR) (e.g., Ostriker and Shetty (2011)).
The metallicity, or the abundance of elements heavier than helium, of the ISM is also an essen-
tial factor in star formation (e.g., Krumholz et al. (2012)). High metallicity leads to efficient
cooling of gas, fragmentation, and the formation of stars, while low metallicity inhibits star
formation by reducing cooling and increasing gas pressure.

The star formation rate in galaxies on a cosmic scale has been found to evolve over cosmic
time, with a peak at redshift z ∼ 2-3 (Madau and Dickinson, 2014). The SFR then declines
towards lower redshifts, with a decrease of a factor of 10 from the peak to the present day
(Madau and Dickinson, 2014). The fact that the star formation rate was much higher in the
past than it is today led to a rapid increase in the abundance of heavy elements within galaxies,
which has had important implications for the evolution of galaxies over cosmic time. In fact,
themetal content of galaxies has been enriched over time by nucleosynthesis in stars and by the
injection ofmetals into the ISMby supernovae and other astrophysical processes (e.g.,Woosley
and Weaver (1995); Matteucci (2012)). The observed metallicity distribution of galaxies can
thus provide valuable insights into the history of star formation and metal enrichment (e.g.,
Maiolino and Mannucci (2019)). For instance, recent observations of high-redshift galaxies
have revealed that the chemical enrichment of galaxies was not uniform throughout the uni-
verse. Instead, there were significant variations in themetallicity of galaxies depending on their
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location and environment (e.g., Kashino et al. (2017)). This also indicates that the chemical
evolution of galaxies is a complex and dynamic process that depends on a variety of factors.

Additionally, the environment in which a galaxy resides plays a significant role in its evolu-
tion. For example, galaxies in dense environments such as galaxy clusters are subject to more
interactionswith other galaxies and the hot intraclustermedium,which can affect their star for-
mation rates, gas content, and morphologies. Studies have shown that galaxies in clusters have
lower star formation rates and gas fractions compared to those in the field (e.g., Dressler (1980);
Gómez et al. (2003)). Tidal interactions between galaxies, which are frequent in galaxy groups
where the galaxy relative velocities are lower, can also have a significant impact on the evolu-
tion of galaxies, shaping their structure, star formation history, and ultimately their observed
properties. On the other hand, the external gas pressure in dense environments, especially in
clusters, can strip the gas from the galaxy, leading to a halt in star formation and the transfor-
mation of a star-forming galaxy into a passive one (e.g., Gunn and Gott (1972); Boselli and
Gavazzi (2006)). Understanding the impact of the environment on galaxy evolution is a key
area of research in astrophysics, as it can shed light on the physical processes that govern the
formation and evolution of galaxies in the Universe.
In conclusion, the study of galaxy evolution is a rapidly advancing field that promises to

shed light on some of the most fundamental questions about the Universe. While many ques-
tions remain unanswered, the combined efforts of observational studies, theoretical models,
and computer simulations are helping to unlock the secrets of how galaxies form, grow, and
evolve over cosmic time.

1.2 Chemical Evolution of Galaxies
The chemical evolution of galaxies is a complex process that is shaped by a variety of physical
processes, including star formation, supernovae explosions, gas accretion, and galactic winds.
The study of the chemical abundances of galaxies has provided valuable insights into their for-
mation and evolution, as well as the physical processes that govern the production and distri-
bution of chemical elements. Over the past few decades, advances in observational techniques,
such as high-resolution spectroscopy and integral field spectroscopy, have shed light on the role
of different physical processes in shaping the chemicalmakeup of galaxies, as well as the connec-
tion between chemical abundances and other properties of galaxies, such as theirmorphologies,
star formation rates, and ages (e.g.,Matteucci andGreggio 1986; Tinsley 1980;Mollá andDíaz
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2005).

There have been various techniques devised over time to determine the chemical abundances
present in galaxies. Typically, the two main components that are examined to obtain such in-
formation are the stars and the interstellar medium. Many studies have gathered data on the
metallicity of the stellar populations, both in our and in external galaxies (e.g. Anders and
Grevesse 1989; Kormendy and Kennicutt 2004; Zoccali et al. 2008; Buder et al. 2018). Stellar
metallicity, or the abundance of elements other than hydrogen and helium in a star’s atmo-
sphere (typically determined from absorption lines), is a crucial variable in astronomy because
itmay provide information about the age, formation process, and likelihood of hosting planets.
In our own Galaxy, low metallicity stars, commonly known as ”metal-poor” stars, are usually
older and originated in the early universe when there were less heavy elements. On the other
hand, ”metal-rich” stars, or stars with greater metallicities, formed in areas with higher levels
of heavy element enrichment. There are a large number of studies on stellar metallicities but
a comprehensive examination of this subject is beyond the scope of this thesis since the main
focus of this work is on the gas-phase metallicity (see Sec.1.2.1) of particular types of galaxies
in two clusters (Chap.2).

Studies on the chemical history of galaxies can investigate either the spatially resolved or the
global chemical content. Spatially resolved studies involve the analysis of the distribution of el-
ements within a galaxy, often using integral-field unit (IFU) spectroscopy (see Sec.1.3) to mea-
sure the chemical composition of different regions. Global studies, on the other hand, focus
on the overall chemical composition of a galaxy, measuring the average abundance of elements
across the entire galaxy or within a certain area. Both approaches have their strengths andweak-
nesses, and can provide important insights into the formation and evolution of galaxies.

1.2.1 Gas-PhaseMetallicity

In the interstellar medium (ISM), ionized gas regions known as HII regions are formed due to
the presence of hot, massive stars. The ionizationmechanism of these regions is driven primar-
ily by the energetic photons emitted by these stars, which have sufficient energy to produce a
plasma of ionized hydrogen, HII (Osterbrock and Ferland, 2006). The ionizing photons have
an energy greater than 13.6 eV, the ionization potential of hydrogen. The HII regions can ex-
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tend over several dozen parsecs and are characterized by the emission of strong recombination
lines such as Hα, produced by the recombination of free electrons and hydrogen ions (Oster-
brock and Ferland, 2006). The ionization state of the gas in HII regions is also affected by sev-
eral factors, including the temperature and density of the gas and the presence of dust grains
that can absorb and scatter ionizing radiation (Draine and Li, 2001). Therefore, the phrase
”gas-phase metallicity” refers to the gas-content metallicity of an individual HII region, or of
all galactic HII regions integrated.

The metallicity of galaxies can vary widely, with some galaxies having low metallicities that
are similar to those of the early universe, while others have high metallicities that indicate sig-
nificant enrichment from previous generations of stars (Pettini and Pagel, 2004). Some key
observed relations of gas-phasemetallicity are themass-metallicity relation (MZR), fundamen-
tal metallicity relation (FMR), and metallicity gradients.
TheMZR is a correlation between the gas-phase metallicity of galaxies and their stellar mass

(e.g. Fig.1.1), with more massive galaxies generally having higher metallicities (Tremonti et al.
(2004); Zahid et al. (2014)). The FMR, on the other hand, describes the relationship between
gas-phase metallicity, star formation rate, and stellar mass (Mannucci et al., 2010) suggesting
that for a given stellar mass, galaxies with higher star formation rates tend to have lower metal-
licities. These relations provide a framework for understanding the chemical enrichment of
galaxies and can be used to study how the metallicity of galaxies evolves over cosmic time.

Metallicity gradients have been shown to be an important diagnostic tool for understand-
ing the evolution of galaxies. The various spatially resolved studies have revealed the existence
of metallicity gradients, where usually the metallicity decreases with increasing distance from
the galaxy center. This gradient is thought to be the result of the different metal enrichment
histories of the inner and outer regions of the galaxy, following an inside-out disk growth (e.g.
Prantzos and Boissier 2000; Pérez-Montero 2014). Moreover, studies have found that metal-
licity gradients can vary significantly between different galaxy types and at different epochs in
cosmic history (Bresolin et al., 2009). For example, some studies have found that themetallicity
gradient steepens with increasing redshift, as indeed expected for an inside-out growth of disks
in which the outer galaxy regions were more metal-poor in the past and have been enriched by
star formation and supernova explosions at later times than the galaxy center. Other studies
have found that metallicity gradients can be affected by factors such as the morphology of the
galaxy, its mass (e.g. Fig.1.2), and its star formation history (Ho et al., 2015).
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Figure 1.1: Taken from Mannucci et al. (2010). In the left‐hand panel, the mass–metallicity relation of local SDSS galaxies is
presented, where the thick central line represents themedian relation and the grey‐shaded areas correspond to the 64 and 90
percent of all SDSS galaxies. Furthermore, the coloured lines display the median metallicities of SDSS galaxies with distinct
values of SFR as a function of stellar mass (M!). In the right‐hand panel, the median metallicity is depicted as a function of
SFR for galaxies of varying (M!). It is observed that, for all galaxies with log((M!)) < 10.7, metallicity decreases with
increasing SFR at a constant (M!).

Figure 1.2: Taken from Belfiore et al. (2017). the shape of the metallicity gradient, i.e. the metallicity as a function of effective
radius, Re (using theMaiolino et al. (2008) calibration based on R23, on the left, and Pettini and Pagel (2004) calibration based
on O3N2, on the right) in 0.25 dex mass bins for log(M!/M!) = 9.0 − 11.0. For each mass bin, the shaded region
represents the error on the median gradient.

The primarymethod used to estimate the abundance of emission lines in galaxies is through
the determination of electron temperature (Te) in the associated HII region (Aller (1984);
Stasińska (2005)). This method relies on the strong correlation between electron temperature
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andmetallicity, where highermetallicities result in lower electron temperatures due to the cool-
ing effect of metal-based forbidden emission lines in HII regions (Pagel et al. 1979; Garnett
1992). To determine Te, auroral lines (i.e. Collisional forbidden lines) of specific ions are used,
such as [O III] λ4363 and [N II]λ5755, which have a strong temperature dependence (Oster-
brock, 1989). To determine electron density (ne), ratios of different emission lines of the same
ion are used, such as [S II]6716/6731 or [O II]3726/3729, which have a strong density depen-
dence (Osterbrock, 1989). OnceTe andne are determined, the oxygen abundance is calculated
using theoretical models of the ionized gas and the observed emission lines of specific ions (e.g.
[OIII]λ4363/5007 is one of the most widely used) which have known ratios with respect to
the oxygen abundance. This method is widely accepted as the preferred technique for estimat-
ing abundances since it is a direct probe of the physics of ionized regions. However, the weak
auroral lines in individual galaxy spectra, especially formetal-rich objects, often prevent the use
of this method to estimate abundances (Kewley and Ellison, 2008).

Alternatively, the conventional approach, knownas the strong-line calibrationmethod, aims
to determine the correlation between the level of oxygen abundance present in an HII region
and a particular combination of strong emission-line ratios observed in its spectrum. This
combination of strong line ratios is calibrated based on the HII region’s metallicity (measured
via a direct method or a theoretical one such as photoionization models). Consequently, this
correlation is commonly referred to as a ”calibration” and is utilized to transform metallicity-
sensitive emission-line ratio combinations into reliable estimations of the region’s metallicity.
A plethora of calibrations utilizing emission lines from various elements have been proposed in
the literature, including works by Dopita and Evans (1986), Pilyugin (2001), Kewley and Do-
pita (2002), Pettini and Pagel (2004), Tremonti et al. (2004), Maiolino et al. (2008), Marino
et al. (2013), Pilyugin and Grebel (2016) and Curti et al. (2017), among numerous others.
Some commonly used line ratios include [OII]λ3727, [OIII]λ5007, [NII]λ6583, [SII]λ6716,
and [SIII]λ9069 over Hβ or Hα. These lines are often preferred over others because they are
less affected by systematic uncertainties and are less prone to biases associated with strong ion-
ization or temperature variations.

An alternative to direct methods that is widely used involves utilizing photoionizationmod-
els to estimate or interpret the relative intensity of certain key nebular lines, such as [OIII],
[NII], and [SII], in order to derive an estimate of the metallicity of the gas. The basic premise
of the method is that the intensity of these nebular lines is proportional to the ionization state
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of the gas and the abundance of heavy elements, particularly oxygen. The photoionization
models use assumptions about the ionizing radiation field and the geometry of the HII region
to calculate the ionization state of the gas and the resulting nebular line strengths. However,
the method has several limitations, including uncertainties in the assumed input parameters
and simplifications in the model geometries that do not fully reflect the complex structures of
real HII regions. Many studies have utilized this method to derive metallicity estimates for a
variety of astrophysical objects, including nearbyHII regions in theMilkyWay and other galax-
ies, as well as more distant galaxies at higher redshifts (e.g., Zahid et al. (2013); Sánchez et al.
(2013); Kewley and Ellison (2008)). However, it is important to note that the method relies
on a number of assumptions and simplifications, and that theremay be systematic biases or un-
certainties in the derivedmetallicity estimates (e.g., Kewley andDopita (2002); Pérez-Montero
(2014)). The conventional method for estimating the gas metallicity typically involves employ-
ing sophisticated photoionizationmodels like CLOUDY (Ferland et al., 2013) orMAPPINGs
(Sutherland and Dopita (1993); Dopita et al. (2013)) to construct a set of models. From this
model grid, several line ratios are selected and proposed as indicators of the gas metallicity.

1.3 Integral-field spectroscopy
Integral-Field Unit (IFU) spectroscopy is a powerful technique for studying the physical prop-
erties of galaxies. Unlike traditional slit spectroscopy, IFU spectroscopy provides spatially re-
solved spectra of galaxies, allowing astronomers to study the distribution of physical properties
(such as gas kinematics, metallicity, and age) across different regions of a galaxy. The process
involves dividing the field of view into small regions, which are typically referred to as spaxels,
and acquiring a spectrum for each of these regions. There are different types of spectroscopic
methods used in astronomy, including fiber-fed and image slicer integral field spectroscopy.

Bundle-fiber Integral FieldUnits (IFUs) are specialized instruments used in astronomical ob-
servations to capture spectra frommultiple points across a two-dimensional field. They consist
of a bundle of optical fibers that collect light from various points in the field and transport it
to a spectrograph for analysis.
MaNGA(MappingNearbyGalaxies atApachePointObservatory) is an exampleof abundle-

fiber IFU survey that is designed to study the properties of galaxies. Using the 2.5m Sloan
Telescope (Gunn et al., 2006), the observations are conducted with 17 hexagonal fiber bundles
(IFUs). The size of these IFUs ranges from 19 to 127 fibers, and they have on-sky diameters
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Figure 1.3: Taken from Law et al. (2016). The figure depicts a 127 fiber integral field unit (IFU) on the MaNGA galaxy 7495‐
12704. The image on the left presents a three‐color RGB image of the galaxy from SDSS, where a hexagonal bounding box
outlines the footprint of the MaNGA IFU. The image on the right displays a grayscale g‐band image of the galaxy that is
zoomed in, with colored circles indicating the positions of each of the 127 optical science fibers.

between 12′′ and 32′′. MaNGA (DR17) measured the spectrum across the faces of∼ 10, 000

local galaxies in the redshift 0.01 < z < 0.15 across 2700deg2. The MaNGA instrument
suite consists of 92 single fibers for sky subtraction and a set of twelve 7-fibre mini-bundles
for flux calibration (Yan et al., 2016). All fibers are fed into the dual beamBOSS spectrographs,
which have a spectral resolution ofR % 2000 and span thewavelength range of 3600 to 10300
( Smee et al. (2013); Bundy et al. (2015)).

CALIFA (Calar Alto Legacy Integral Field Area survey) is another bundle-fiber IFU that
was designed to study the properties of galaxies. CALIFA uses 331 fibers to obtain spectra over
a field of view of 1.3 × 1.3 arcminutes. The spectra cover a wavelength range of 3700 to 7200
Angstroms, allowing for the measurement of a wide range of properties, including stellar ages,
metallicity, and gas kinematics (Sánchez et al., 2012). CALIFA has been used to study the spa-
tially resolved properties of over 600 galaxies.

The Multi Unit Spectroscopic Explorer (MUSE, Bacon et al. (2010)) is one of the most ef-
fective instances of an integral-field spectrograph based on image-slicers which is mounted on
the 8.2mVery Large Telescope (VLT) of the European SouthernObservatory’s (ESO), located
in Chile. It features a modular design made up of 24 identical IFU modules that, when used
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Figure 1.4: https://www.iac.es/en/outreach/multimedia‐gallery/media/four‐galaxies‐califa‐survey. Four galaxies from the
CALIFA survey. The top row shows SDSS images of the galaxies. The center row shows a map of the stellar velocity within
the galaxy; in blue regions, stars are, on average, moving towards us, in red regions, away from us with respect to the galaxy
systemic velocity. The bottom row shows the velocity dispersion ‐ whether motion is uniform or mixed.

in Wide Field Mode, collectively sample a continuous 1′ × 1′ field of view. Each IFU’s image-
slicer acts as an entry slit, resulting in a spatially resolved spectrum of the whole subfield that
is sampled at 0.2 arcsec/pixel. The majority of the optical domain is spectrally sampled by the
instrument between 4800 and 9300, with a resolution of 2.6Å with R (i.e. λ/∆λ) that rises
fromR=1770 toR=3590 as onemoves from the blue to red portions of the spectrum. MUSE
combines the measurement capabilities of a top-notch spectrograph with the discovery possi-
bilities of a sizable imaging equipment.

Recent advances in observational techniques, such as IFU spectroscopy, have allowed as-
tronomers to obtain detailed spatially resolved measurements of the chemical abundances in
galaxies (e.g., Sánchez et al. 2012; Belfiore et al. 2017). One of the key findings of spatially re-
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solved chemical evolution studies is that the metallicity of a galaxy varies significantly across its
different regions. This variation is often linked to the different star formation histories of the
regions, with metal-rich regions corresponding to those with higher star formation integrated
over time, thus higher stellar density (e.g., Ho et al. 2015; Annibali et al. 2019).

1.4 Ram-Pressure Stripping and the GASP survey
Ram-pressure stripping is a well-known process that can significantly impact the evolution of
galaxies in dense environments such as galaxy clusters. It occurs when the hot and dense in-
tracluster medium (ICM) interacts with the interstellar medium (ISM) of a galaxy, exerting a
pressure that can strip the galaxy of its gas and halt its star formation (Gunn and Gott, 1972).

Observations have revealed numerous examples of ram-pressure stripped galaxies in clusters,
such as the famous jellyfish galaxies (Fumagalli et al. (2014); Poggianti et al. (2016)). These
galaxies exhibit elongated and distorted tails of ionized gas that have been stripped up to sev-
eral tens of kpc from the galaxy as it moves through the ICM (e.g. see Fig.1.5). The extent of
the stripping can vary depending on the properties of the galaxy, such as its velocity, mass, and
inclinationwith respect to the ICM, as well as the density and pressure of the ICM (Boselli and
Gavazzi, 2006).

The GAs Stripping Phenomena in galaxies with MUSE, also known as GASP (Poggianti
et al., 2017), is a large ESO project which focuses on the physical mechanisms behind gas re-
moval from disk galaxies. It explores the relation between the stellar mass, environment, and
other features of individual galaxies and aforementioned phenomena (e.g. Fritz et al. (2017);
Vulcani et al. (2018); Jaffé et al. (2018); Moretti et al. (2018); Bellhouse et al. (2021)) with the
integral-field spectrograghMUSE.
GASP has been the subject of multiple follow-up campaigns at varying wavelengths. Specif-

ically, the JVLA,MeerKAT, APEX, ALMA and LOFAR telescopes have been used to observe
the neutral hydrogen gas physics, CO emission, magnetic field, and low-frequency emission
(e.g. Moretti et al. (2018, 2020); Ramatsoku et al. (2020); and Müller et al. (2021)). Further-
more, optical and UV data from the HST and ASTROSAT satellites have been employed to
conduct detailed analyses of the star-forming regions within GASP galaxies (e.g. George et al.
(2018)). Lastly, Chandra X-ray observations have been used to investigate the interaction be-

11



tween the hot X-ray-emitting ICM and the hot galaxy corona (Poggianti et al. (2019b); Campi-
tiello et al. (2021)).
Poggianti et al. (2017) analyzed a sample ofGASP galaxies and found that ram-pressure strip-

ping can cause an initial increase and a subsequent reduction in the star formation rates of galax-
ies, with the strongest effect observed in the most massive galaxies. Franchetto et al. (2021b)
also found that the stripped gas in these galaxies was more metal-poor than the gas that re-
mained within the galaxies. In another study, Poggianti et al. (2019b) investigated the role
of ram-pressure stripping in shaping the properties of cluster galaxies. They found that ram-
pressure stripping is a dominant mechanism in quenching star formation in galaxies in dense
environments and can significantly alter the properties of galaxies, including their morphology
and gas content. This suggests that ram-pressure stripping can play a key role in shaping the
evolution of a large fraction of cluster galaxies, at least at low redshifts (Vulcani et al., 2022). In
recent years, some studies have detected distinct indications ofRPS tails also at higher redshifts,
but no analysis of the metallicities of stripped gas in RPS galaxies in distant clusters has been
undertaken thus far.

1.5 Goals and outline of this Thesis
The primary objective of this thesis is to investigate the gas-phasemetallicity properties of galax-
ies undergoing ram pressure stripping at intermediate redshifts z ∼ 0.35.
The study of the spatially resolved metallicity distribution of these galaxies is expected to

provide insight into the physical processes that cause the observed metallicity gradients and
their evolution over cosmic time. Moreover, this study seeks to establish a connection between
the gas-phase metallicity and other galaxy properties, such as stellar mass, in the context of ram
pressure stripping. This investigation is intended to contribute to the wider field of galaxy evo-
lution, and to provide a better understanding of the complex interplay of physical mechanisms
that shape the properties of galaxies throughout cosmic history. The thesis is organized as fol-
lows:
Chapter 2 provides a detailed introduction to the MUSE data and MUSE GTO programs,

which were instrumental in collecting the galaxy and cluster samples used in this study. Addi-
tionally, prior studies on various properties of this sample were consulted in the preparation of
this thesis.
Chapter 3 details the various techniques utilized to examine both the stellar and gas compo-
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Figure 1.5: A jellyfish galaxy, known as JO201, with trailing tentacles of stars hangs in inky blackness These blue tendrils are
visible drifting below the core of this galaxy, and give it its jellyfish‐like appearance. This particular jellyfish galaxy lies in the
constellation Cetus. Credit: ESA/Hubble NASA, M. Gullieuszik and the GASP team.

nents of galaxies, including the use of integrated quantities such as stellar disk definition, stellar
mass, dust extinction correction, and star-forming region selection. Additionally, this chapter
includes an exploration of the stacking process used to enhance the signal-to-noise ratio of the
data.
Chapter 4 outlines several approaches employed to determine themetallicities of ionized gas

in galaxies undergoing ram pressure stripping at intermediate redshift. This chapter provides
an analysis of the relative merits of these different techniques and offers a comparison of their
measurements.
Chapter 5 presents several analyses related to the metallicity properties of galaxies and the

main results of this work. These analyses include the creation of metallicity maps, the deter-
mination of metallicity profiles along the disks and tails of galaxies, and an examination of
the mass-metallicity relationship. Additionally, this chapter offers comparisons with previous
studies and explores various physical mechanisms that may be responsible for the observed dif-
ferences in metallicity characteristics among RPS galaxies.
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Finally, in Chapter 6, I summarise the results of this thesis where future perspectives are also
presented.
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2
Galaxy and Cluster Sample

The MUSE is an exemplary integral-field spectrograph that utilizes an image-slicer with great
efficacy. DeepMUSE data provide the opportunity to study in detail many clusters at interme-
diate redshifts, thanks to theMUSEGuaranteedTimeObservations (GTO)program (Richard
et al., 2021) and other lensing studies of Hubble Deep and Ultra Deep Fields.

In this thesis, I work on Abell 370 and Abell 2744 (A370 and A2744, hereafter), the first
two clusters that have been observed within the MUSE GTO program. The clusters are part
of the Frontier Fields (FFs) (Lotz et al., 2017) and A2744 is also part of the MAssive Clusters
Survey (MACS, Ebeling et al. (2001)). For both clusters a 2×2MUSEmosaic exists, for a total
exposure time of 20hrs for A2744 and∼ 19hrs for A370 (Richard et al., 2021) with excellent
seeing (∼ 0.61− 0.66 arcsec). In this thesis, I will use the sample of galaxies classified as ram-
pressure stripped (RPS) by Moretti et al. (2022). These authors looked over the MUSE data
cubes and the HST RGB images (F435W+F606W+F814W) defining as RPS galaxies those
with extraplanar, unilateral tails or debris with emission lines in the MUSE data cubes, as well
as unilateral tails or debris from HST images that have been verified to belong to the galaxy
by the MUSE redshifts. As a result, I have 12 RPS galaxies (plus A370-02 which has not a
sufficient number of spaxels with well-detected Hα emission line) in both clusters to explore
their chemical evolution (see Table.2.1, Figs.2.1 and 2.2).

A370 is at redshift 0.375 (Lah et al., 2009) and is a massive cluster with a reported mass of
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IDs Z RA Dec M!/M![log]
A370_01 0.3738 02:39:54.452 -01:33:36.41 10.6± 0.2
A370_03 0.3580 02:39:54.044 -01:33:52.09 9.7± 0.2
A370_06 0.3593 02:39:51.031 -01:33:45.05 10.0± 0.2
A370_07 0.3803 02:39:53.266 -01:34:47.27 9.8± 0.2
A370_08 0.3872 02:39:54.759 -01:34:53.29 10.1± 0.2
A370_09 0.3454 02:39:53.334 -01:35:21.56 10.0± 0.1
A2744_01 0.2919 00:14:19.920 -30:23:58.93 8.5± 0.3
A2744_03 0.3026 00:14:24.941 -30:23:46.45 7.9± 0.2
A2744_04 0.2941 00:14:21.400 -30:23:02.06 8.0± 0.2
A2744_06 0.2933 00:14:19.440 -30:23:26.96 10.0± 0.1
A2744_09 0.2956 00:14:22.393 -30:23:03.65 10.6± 0.1
A2744_10 0.2958 00:14:25.056 -30:23:05.85 9.3± 0.1

Table 2.1: RPS galaxy sample. Note: The galaxies with the lowest stellar masses, A2744‐03 and A2744‐04, have a low S/N.
Thus we are not able to subtract the stellar continuum.

8 × 1014M! within 500 kpc and a velocity dispersion of ∼ 1300 km s−1 (Lagattuta et al.,
2017). This cluster contains 153 spectroscopically confirmed members in the MUSE field of
view. According to Moretti et al. (2022), A370 contains 7 RPS galaxies (Fig.2.1) that are lo-
cated from the center out to∼ 0.15R200* whereR200 = 2.57Mpc (Lah et al., 2009).

A2744 (also knownas thePandora cluster) is another intermediate redshift cluster at z=0.306
(Owers et al., 2011). With a mass of ∼ 2 × 1015M! (Jauzac et al., 2016), it is more massive
than A370 and contains 227 spectroscopically confirmed members in theMUSE field of view.
At the redshifts of these clusters, all main emission lines up to λ ∼ 6700Å rest-frame are in-

cluded in theMUSE spectra, thus we can derive dust correction andmetallicity measurements
with standard methods.

*R200 is approximately the virial radius of a cluster, defined as the clustercentric radius of a sphere whose
density is 200 times the critical density of the Universe at that redshift.
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Figure 2.1: Taken from Moretti et al. (2022). RGB images of the sample RPS galaxies in A370 obtained from HST data while
red ellipses indicate the boundary of stellar disks, calculated by the authors.
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Figure 2.2: Taken fromMoretti et al. (2022). RGB images of the sample RPS galaxies in A2744 obtained from HST data while
red ellipses indicate the boundary of stellar disks, calculated by the authors.
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3
Spectral Analysis

A number of spatially-resolved characteristics and parameters, as well as integrated quantities,
of the gaseous and stellar components of our galaxy sample can be analyzed through the study
of MUSE data. Stellar mass, stellar disk definition, gas kinematics, ionization mechanism, and
star-formation rate (SFR) characteristics of the sample are partly obtained in the previous study
(Moretti et al., 2022). In order to accomplish the aims of this thesis (Chap.1), I need to study
disk and tail spectra by analyzing them to obtain the global and spatially-resolved chemical com-
position of the galaxy sample. In this chapter, I introduce the tools and techniques that I em-
ploy to achieve these objectives.

3.1 Disk/Tail Configuration

We utilize the disk masks provided in Moretti et al. (2022) based on the MUSE g-band recon-
structed image to define the galaxy boundary and be able to identify what is within the galaxy
disk and what is the stripped matter. The centroid of the brightest central region on the map
was used to designate the galaxy’s center. Then, bymasking the galaxy itself and, if any, its com-
panions, the local background sky’s surface brightness was determined. The stellar isophote
that corresponds to surface brightness 1.5, 3, and 5σ* above the reported sky background
level was then defined. Then, an ellipse was fitted to each isophotal level to define the galaxy

*sigma refers to the standard deviation of the background level.
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Figure 3.1: A370‐01 Hα [erg cm−2s−1arcsec−2] map over‐layered by disk masks. What I consider as the disk boundary
in this work is denoted by the red ellipse. SExTractor and GalFit disk parameters (in this galaxy fully overlapping), described
in Sec.3.1, are compatible with the 5σ contours. Note: The values on both axes denote the designated number of spaxels in
the MUSE sight‐line.

boundary.

Weuse the resultantmask todistinguishbetween the galaxy’smainbody and its ram-pressure
stripped tail. Therefore, in this thesis, what I recognise as the disk and the tail correspond to
the elliptical area within and outside of the 5σ contour, respectively. Furthermore, as shown
in Fig.3.1 (and more completely in Fig.3.2 and Fig.3.3) I compare disk masks with Nedkova
et al. (2021) disk parameters for these two clusters. These authors present structural catalogues
for Hubble Frontier Fields (HFF) galaxies that supplement the data release (v3.9) of HFF-
DeepSpace (Shipley et al., 2018). When comparing our results with their computations of
position angle and ellipticity parameter in the F435Wband (the closest one to g-band), which
were based on two separate algorithms, GALFIT and SExtractor, I find a considerable degree
of compatibility.
I visually inspected the only three cases with position angle incompatible to Hα maps and

concluded that our results are better in accordance with Hubble RGB images. Note that disk
boundaries are determined fromg-band andF435Wband inMoretti et al. (2022) andNedkova
et al. (2021), respectively. Thus, incompatibility in the following figures withHαmaps are due
to the difference between the luminosity in those bands and Hα’s.
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Figure 3.2: A370 Hα [erg cm−2s−1arcsec−2] map over‐layered by disk masks. What I consider as the disk boundary in
this work is denoted by the red ellipse. SExTractor and GalFit disk parameters, described in Sec.3.1, are totally compatible
with the 5σ contours in A370‐03, A370‐07, and A370‐09, while, position angles are slightly different in the other two
galaxies.
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Figure 3.3: A2744 Hα [erg cm−2s−1arcsec−2] map over‐layered by disk masks. What I consider as the disk boundary
in this work is denoted by the red ellipse. SExTractor and GalFit disk parameters are compatible with the 5σ contours in all
cases except two with the lowest masses, A2744‐03 and A2744‐04 whose faintness might affect the calculation of both
position angle and inclination parameters.
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3.2 Spectral analysis

MUSE spectra are corrected for the extinction caused by dust in our Galaxy, as detailed in Pog-
gianti et al. (2017). The stellar-only component of the spectrum in each spaxel of each galaxy
is derived using the spectrophotometric fitting algorithm SINOPSIS (Fritz et al. (2017)) and is
subtracted from each spaxel’s spectrum to obtain the emission-only component. Moretti et al.
(2022) determined the galaxy stellar masses via Chabrier (2003) inirial mass function (IMF), as
shown inTable 2.1, using the SINOPSIS spectral fitting of theMUSE data inside the areas that
comprise galaxy disks by summing the mass contribution from all the spaxels.

The gas kinematics, emission line fluxes, and associated errors are obtained using the soft-
ware HIGHELF (M. Radovich et al. 2023, in preparation), which is based on the LMFIT
Python package, and fits Gaussian line profiles using either one or two components. Through-
out this thesis, I only use emission line measurements with a signal to noise ratio S/N≥ 2.
These fluxes are then corrected for the intrinsic dust extinction using the Cardelli et al. (1989)
extinction curve assuming an intrinsic Balmer decrement ofHα/Hβ = 2.86.

Diagnostic line ratios are employed to distinguish star-forming regions (which are assumed
to be collections of unresolved HII regions) from areas that are ionized by other mechanisms.
Individual HII regions have typical sizes of tens to hundreds of parsecs, and hence are not re-
solved with our spatial resolution. The conventional BPT diagrams from Baldwin et al. (1981)
and the categorization system from Kewley et al. (2001), Kauffmann et al. (2003) are used to
identify the sources driving the ionized gas. They are able to distinguish between regions that
are dominated by star formation, composite emission (which combines star formation and an-
other ionization source), Active Galactic Nuclei (AGN), and Low-Ionization Nuclear Emis-
sion Region (LINER) emission, as seen in the Fig.3.4 and Fig.3.5.

In the following, I include only spaxels that are characterized as star-forming using the [N
II]/Hα vs [O III]/Hβ † BPT diagram according to the demarcation lines proposed either by
Kewley et al. (2001) or Kauffmann et al. (2003). Those spaxels that lie between these two lines
of demarcation are labeled as composite (a combination of star formation and another ioniza-
tion source) and will be considered separately in the following.

†[N II]λ5683Å, Hαλ6563Å, [O III]λ5007Å, and Hβλ4861Å
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Figure 3.4: BPT diagram of all spaxels in the galaxy sample. They are classified as star‐forming (SF), composite (Comp), and
AGN/LINER. The dotted and dashed lines indicate the Kauffmann and Kewley demarcation lines in [OIII]/Hα vs [NII]/Hβ
BPT diagram.
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Figure 3.5: Blue spaxels are those dominated by star formation, green ones are classified composite, gray spaxels lie either in
the LINER/shocked or AGN region. The values on both axes denote the designated number of spaxels in theMUSE sight‐line.

3.3 Stacking The Spectra

In the following, in addition to studying spatially resolved metallicities, I will also consider
global metallicity measurements representative of the whole galaxy, or of the whole disk or tail
separately. The three-dimensional data obtained by MUSE surveys not only made the inte-
grated analysis possible, but also enabled a direct comparison between the disk and tail proper-
ties.

Moreover, using integrated values, I will also look into the global mass-metallicity relation
(MZR), as well as study the relation between the stripped-gas tail’s oxygen abundance and its
parent galaxy’s mass. Therefore, in order to provide another analysis on chemical evolution of
RPS galaxies, I integrated the disk and tail spectra of each galaxy and study them separately. As
an alternative method, I will also use the median metallicity in the disk and the tail separately.
In both methods, I only consider spaxels powered by star formation and composite emission.
To build stacked spectra, I bring each spaxel’s spectrum to its rest-frame using the reported

Hα velocity map (Moretti et al., 2022). Then, I sum up the fluxes within the mutual wave-
length range and proceed with the whole fitting process and 12+log(O/H) measurements as
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Figure 3.6: A370‐01 disk’s stacked spectrum in the rest‐frame. Note that the stellar continuum is subtracted from each
spaxel’s spectrum, prior to stacking. Only the region of interest for this thesis is shown, from 3500Å to 6800Å. In this
range I have the essential nebular lines of [OII], [SII], [OIII], and H Balmer lines to measure the metallicity based on strong
emission‐lines.

discussed in 3.2. As an example, A370-01 disk’s stacked spectrum is shown in Fig.3.6. It con-
tains all the employed emission-lines in metallicity measurements.
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4
Gas-phase Metallicity Measurements

The quantity known as metallicity refers to the relationship between the total mass of baryons
and themass of all metals, or chemical elements heavier than helium. Oxygen is themost abun-
dant heavy element in the universe in terms of mass. The abundance ratio of oxygen to hydro-
gen (O/H) is a typical way to characterize the metallicity of a gas, with the underlying premise
being that the abundances ofmetals scale correspondingly to the solar abundance ratios. There-
fore, I use the terms oxygen abundance and metallicity interchangeably.

At least in the sub-solar regime, determining the electron temperature of the nebula (also
known as the Te technique; Pagel et al. (1992); Izotov et al. (2006)) through the detection of
weak auroral lines is generally considered themost accurate approach todetermine the gas phase
oxygen abundance. These lines, however, are typically undetectable at the average depth of the
MUSE GTO observations and other comparable spectroscopic surveys since they are much
fainter thanHβ. As discussed in Chapter 1, strong line diagnostics ratios can be calibrated the-
oretically (using photoionizationmodels) or empirically (using samples of HII regions with di-
rectmethod abundances) to give an indirectmeasure of the gas phasemetallicity in the absence
of direct temperature measurements. In this thesis I employ both photoionizationmodels and
empirical calibrations.
Althoughbothphotoionizationmodels and empirical calibrations are valuable tools to study

gas metallicity, one of the main differences between the two approaches is the level of complex-
ity and accuracy. Photoionization models can provide detailed predictions of the ionization
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state and properties of the gas, but they rely on assumptions and uncertainties in the input
parameters. Empirical calibration, on the other hand, is based on observational data and can
be more straightforward, but it may not capture the full complexity of ionization processes in
galaxies. Therefore, using both photoionizationmodels and empirical calibration in this study
creates an opportunity to validate the conclusions through cross-validation and improve the
overall accuracy and robustness of the results.

4.1 EmpiricalMetallicityMeasurement

Strong-line ratio metallicity measurements can be different for various calibrations even when
employing the same diagnostics ratios (e.g. Kewley and Ellison (2008)). In this thesis, I use two
widely used empirical calibrations, each of which requires a specific set of emission lines that
MUSE can identify at intermediate redshifts and which have undergone a great deal of testing.
As a result, it will be possible to conduct research on the chemical evolution from intermediate
to lower redshifts in the future.

4.1.1 L. S. Pilyugin and E. K. Grebel(2016)

The first calibration that I adopt in this work is based on Pilyugin and Grebel (2016), PG16
hereafter. This empirical calibration provides simple expressions relating the oxygen abun-
dance in HII regions with the intensities of the three pairs of strong lines R2([OII]3727 +

3729/Hβ),R3([OIII]4959+5007/Hβ) andN2([NII]6548+6584/Hβ) calledR-calibrations,
or pairs of S2([SII]6717 + 6731/Hβ), R3, and N2 called S-calibration. Pilyugin and Grebel
(2016) observed that their calibration agree with the Te-based abundances within a deviation
of 0.1 dex across the entire metallicity range of HII regions (see Fig.4.1). To accomplish this,
they divided the metallicity range of HII regions into upper and lower branches relative to
N2 (i.e., the high-metallicity objects, the ”upper branch” and the low-metallicity objects, the
”lower branch”) and adopting a value of log(N2) = −0.6 as the boundary between the upper
and lower branches.

We employ the PG16 S-calibration to prevent any bias that R2 may cause, since the ratio of
R2 ismore susceptible to dust contamination than the redder portion of the wavelengthwhere
N2 and R3 are located. Moreover, Moretti et al. (2022) showed that the [O II]/Hα line ratio
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Figure 4.1: Taken from Pilyugin and Grebel (2016). For the calibrating 313 HII regions, the left panel displays the oxygen
abundance (O/H)S (S‐calibration) as a function of oxygen abundance (O/H)Te (direct method, grey points). The abun‐
dances in bins of 0.1 dex in (O/H)Te are shown by the black dots, which are their average values. Also, the bars represent
the average values of the variations in oxygen abundances in bins. The dashed lines represent the 0.1 degree variations from
one‐to‐one relation, whereas the solid line represents the equal values. The right panel displays the normalized histogram
of the discrepancies between the (O/H)S and (O/H)Te abundances.

in the stripped tails of the galaxies in our sample is remarkably higher when compared to the
disk regions of the same galaxies. This suggests a lower density of gas and/or potential interac-
tion with the neighboring intergalactic environment, and may affect the R2-based metallicity
estimate leading to unreliable results.
Regarding the S-calibration, the metallicity in the upper-branch ( logN2 > −0.6) follows

the formula

(O/H) = 8.424 + 0.030× log(R3/S2) + 0.751×
log(N2) + [−0.349 + 0.182× log(R3/S2) + 0.508log(N2)]× log(S2)

(4.1)

and in the lower-branch ( logN2 < −0.6 )

(O/H) = 8.072 + 0.789× log(R3/S2) + 0.726× log(N2)+

[1.069− 0.170× log(R3/S2) + 0.022× log(N2)]× log(S2). (4.2)
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4.1.2 Pettini, M. & Pagel, B. E. J. (2004)

Another empirical calibration I use in this thesis was introduced by Pettini and Pagel (2004),
P04 hereafter. This is an empirical method, calibrated via electron temperature measurements,
that determines the oxygen abundance in H II regions, particularly with an eye to their appli-
cation to the analysis of star-forming galaxies at high redshift. This calibration is based on the
O3N2 index, defined asO3N2 ≡ log[([OIII ]λ5007/Hβ)/([NII]λ6584/Hα)] according
to the formula:

12 + log(O/H) = 8.73− 0.32×O3N2 (4.3)

This equation is valid only for O3N2 < 1.9, corresponding to a minimum metallicity of
∼ 8.1. Hence, spaxels withO3N2 ≥ 1.9 are excluded in the analysis. They represent< 5%of
our set of spaxels in each galaxy, except in A2744_04 inwhich they are∼ 30%of usable spaxels.

Figure 4.2: Taken from Pettini and Pagel (2004). O3N2 index comparison of oxygen abundance of 137 extragalactic HII
regions fromvarious studies in the local local group. Filled squares represent sixmeasuredmetallicities obtained by employing
photoionization models in the galaxies M51 ,NGC 925, and NGC 1637 and the rest are borrowed from different studies (see
references therein) that employedTe basedmetallicitymeasurements. More specifically, crosses are fromNGC101, triangles
are from 30 Dor (LMC) and NGC 346 (SMC), and squares are taken from different studies on blue compact galaxies. The
long dashed line is the best fit of Eq.4.3 in the aforementioned valid range while the short‐dash lines encompass 95% of the
measurements.

Moreover, since this calibration depends on line ratios that are relatively near in wavelength
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and changes monotonically with metallicity, this index has the benefit of reducing uncertainty
caused by flaws in flux calibration or extinction correction. Consequently, even in further stud-
ies of non-RPS/RPS galaxies at higher redshifts, it provides a good calibration tomeasure their
metallicities where I lose the relevant lines due to the limited wavelength range of MUSE and
the redshift effect. Moreover, the P04 calibration is widely used at z > 0, hence it is convenient
to compare with other works.

Notably, a probable systematic error in the super-solar metallicity regime affects the calibra-
tion (Stasińska, 2002), which is empirical in nature and anchored to the abundances of 137
HII regions, of which six are determined thorough photoionizationmodels and the rest by the
direct method as shown in Fig.4.2. Additionally, it should be emphasized that since [N II] and
[O III] come from ions with a significant difference in ionization potential, changes in the ion-
ization parameter, which are uncalibrated, consistently influence this diagnostic ratio (see, for
instance, Blanc et al. (2015)).

4.2 PYQZ
For a specific set of emission line fluxes, the pyqz algorithm (Dopita et al. (2013); Vogt et al.
(2015)), aPythonpackage, concurrentlydelivers themetallicity and ionizationparameter (logQ)
values. In order to interpolate the log(Q) and 12+log(O/H) values, a finite number of diagnos-
tic line ratio grids was produced using the MAPPINGS code (Sutherland and Dopita (1993),
Dopita et al. (2013)). Pyqz’s grids are flat and unwrapped, thus they allow us to disentangle
the effects of log(Q) and 12+log(O/H) on the emission line ratios.

Pyqz createsN (i.e. N=400 set as default) randomly chosen sets of emission-line fluxes, Gaus-
sianly distributed in accordance with the given flux errors, considering the available emission
lines of each spectrum. The algorithm calculates the metallicity and the ionization parameter
for each set, then does a two-dimensional Gaussian kernel density estimate to create the prob-
ability density function (PDF) from the discrete distribution of the metallicity and ionization
parameter values. To determine the metallicity uncertainty (Vogt et al., 2015), the algorithm
additionally propagates the PDF according to the flux measurement uncertainty, and defines
the metallicity errors as the 1σ contours of the PDF.

In this work, I utilize two different versions of pyqz. Firstly, I employ the latest official ver-
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Figure 4.3: The MAPPINGS IV grid taken from Dopita et al. (2013) paper. The grey dots represent the SDSS dataset as used
by Kewley et al. (2006), while the points with error bars are from the van van Zee et al. (1998) dataset. The models grids on
this diagram is shown for two values of kappa (κ‐distribution of electron energies) ; κ = ∞ (black lines) andκ = 20 (green
lines). There are a number of reasons why this diagnostic diagram is valuable. Firstly, it is effective in clearly distinguishing
between log(q) and 12+log(O/H). Secondly, the corrections for reddening can be easily applied. Lastly, the diagram only
requires a limited amount of spectral coverage.

sion of pyqz (v0.8.4). This uses MAPPINGS V (Sutherland and Dopita, 2017) to generate
diagnostic line ratio grids that span the ionization parameter range of 6.5 ≤ logQ ≤ 8.5 and the
range of 8.11 ≤ 12+log(O/H) ≤ 8.985. Secondly, I employ the same modified version of pyqz
(private communication) that was used by Franchetto et al. (2021a). This makes use of MAP-
PINGS IV (Dopita et al., 2013) to produce diagnostic line ratio grids (see Fig.4.3 and covers
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the range 7.39 ≤ 12 + log(O/H) ≤ 9.39, that works well even in the extremely high metal-
licity range, and the 6.5 ≤ logQ ≤ 8.5 ionization parameter range. This pyqz version covers
a wider range of line ratios with respect to the latest official version (v0.8.4), thus allows us to
recover metallicities for a larger number of spaxels.

I choose to employ Hα and Hβ fluxes together with [OIII]4959,5007, [NII]6548,6583 ,
and [SII]6716,6730 doublets as inputs. I only utilize the strongest line flux of each doublets
in our measurements to reduce measurement uncertainty and calculate the amplitude of the
weaker line using the ratio of the relative Einstein coefficient. As a result, the necessary emission
line ratios are (1.3×[OIII]5007)/([SII]6716+[SII]6730) and (1.3×[NII]6583)/([SII]6716+[SII]6730).

4.3 Error Estimation

Through the use of Markov Chain Monte Carlo (MCMC) simulations, the inferred P04 and
PG16 metallicity uncertainties are calculated by randomly perturbing (under the assumption
of a Gaussian noise distribution) all recorded line fluxes by their measurement errors 1000
times. Thus, the metallicities are the median of these samples and the reported errors are their
standard deviations. Nevertheless, I point out that since the systemic contributions are not
taken into account, these values likely underestimate the actual uncertainty.

In the case of pyqz, the algorithm reports the uncertainty based on flux errors. It also suffers
from not taking into account the systematic uncertainty, whereas Franchetto et al. (2020) of-
fered an estimation on systematic error in relation to the grid uncertainty. In a nutshell, they
discovered that a model uncertainty of 0.1 dex translates into a systematic error on the metal-
licity estimate of 0.05 dex for the highest metallicities (i.e., 12 + log (O/H) = 9.39), and up to
0.3 dex for the lowest metallicities (i.e., 12 + log (O/H) = 7.39). The majority of oxygen abun-
dances in our sample are over 8.95 and the aforementioned systematic uncertainty for these
abundances is around 0.05 dex thus 0.05 dex are added to the measured metallicity errors.
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4.4 Method Comparisons

Even when using the same emission line ratios, different calibrations can provide findings that
vary (e.g. Peña-Guerrero et al. (2012)). In this thesis, I employ four independent abundance
measurements to show the outcomes of various metallicity calibrations. Regardless of the ab-
solute abundance scale problem (which is beyond the scope of this work to resolve), there is a
strong correlation between the metallicity calibrations (Fig.4.4, 4.5, and 4.6). Note that some
spaxels are not included in the aforementioned figures because only one of the two methods
that are being compared canprovide ametallicity estimate. This usually happens either because
the P04 calibration requires a lower number of lines with sufficient S/N than other calibrators,
or because pyqz[v0.8.4] fails to provide an estimation at extremely low metallicities. There-
fore, despite their correlations, the calibrations may act slightly differently in individual cases
(e.g. metallicity gradient).

I compare the P04 and PG16 calibration behaviors of star-forming and composite HII re-
gions in Fig.4.4, which shows all the spaxels in our sample, and examine their disks and tails
separately. As shown in Fig.4.4 upper panel, the correlation between the two metallicity indi-
cators does not change significantly when including or excluding composite spaxels. On the
other hand, the estimates given by the two indicators differ themost in the tails: in fact, the tail
points are the most deviant from the total correlation, and the tail and disk fit relations slightly
differ.

Fig.4.4 illustrates that PG16 metallicities are systematically lower than P04 in the whole
metallicity range. Also, presumably, the additional diagnostic ratios that PG16 employ, as well
as the mixing of ICM-ISM gas may explain how disk and tail metallicities behave differently
and have distinct slopes. In addition, the mixing hypothesis could clarify why there are more
dispersed points from their linear fit in the tails (bottom panel).
The two separate versions of pyqz (v0.8.4 and modified) have a significant correlation and

generally exhibit a similar behavior in both HII region types (star-forming and composite) as
well as in the disks and tails, as shown in Fig.4.5, which contains all spaxels of our sample. How-
ever, their linear correlation slightly declines at low metallicities (pyqz [v0.8.4] < 8.4), close to
the lower limit of the pyqz [v0.8.4] metallicity range. Moreover, the whole trend is deviated
from the one-to-one relation by ∼ 0.3 dex at high and ∼ 0.7 dex at low metallicity. One of
the two pyqzmethods will be selected for the rest of the analysis after comparing themwith the
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Figure 4.4: Top panel: Comparison of the metallicity estimates obtained with the PG16 and P04 methods for all star‐forming
(SF) and composite (Comp) spaxels in our galaxies. Their relationship is modeled via a linear approach and least square fit
where MetP04 = α× MetPG16 + β. The dashed red line represents the one‐to‐one relation while the black and the
pink dashed lines are SF+Comp (all spaxels) and SF linear fits, respectively. Middle panel: Disk (green) and tail (blue) spaxels
are linearly modeled, distinctly. Bottom Panel: Residuals from the fit to all points (black line in top panel) with standard
deviation (std) values. It is noteworthy that the clustered area at low metallicities is attributed to two low‐mass galaxies,
namely A2744‐03 and A2744‐04. Their spectra, however, do not provide any information about the stellar continuum.

two empirical methods and evaluating their inherent characteristics.

As a last step in ourmethod evaluation, I compare the empirical calibrations with the pair of
pyqz methods in Fig.4.6. PG16 and P04 are quite well correlated with both pyqz metallicities
with a tilt with respect to the one-to-one relation. Despite their correlation, PG16 seems to be
clumped at metallicities∼ 8.4− 8.6 (which suggests a limited range of flexibility towards the
highest metallicities), while P04 is distributed in a wider range of metallicities with a lower de-
viation from the linear fit (see Fig.4.6). Furthermore, the lower number of emission line ratios
that P04 requires make it a better option both for galaxies at higher redshifts than A370 and
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Figure 4.5: pyqz [v0.8.4] vs pyqz [modified] . Top panel: Comparison of the metallicity estimates of star‐forming (SF) and
composite (Comp) spaxels using the two pyqz methods. Their relationship is modeled via a linear approach and least square
fit where Metpyqz[v0.8.4] = α×Metpyqz[modified] + β. The dashed red line represents the one‐to‐one relation while
the black and the pink dashed lines are SF+Comp (all spaxels) and SF linear fits, respectively. Middle panel: Disk (green) and
tail (blue) spaxels (star‐forming and composite together) are linearly modeled, separately. Bottom Panel: Residuals from the
fit to all points (black line in top panel) with standard deviation (std) values.

A2744 (where we lose the [SII]6716AA and [SII]6730AA emission-lines) and those regions
with insufficient SII S/N ratios. Therefore, P04, a widely utilized approach, will be employed
in this study as the empirical calibration.
Additionally, pyqz [modified] is superior to pyqz [v0.8.4] because, as discussed in Sec.4.2, it
takes into account a considerably larger range of metallicities and ionization parameters. As a
consequence, thediagnostic line ratios of several of theobserved spaxels fall out of thepyqz[v0.8.4]
grids while they are covered by the pyqz[modified] grids. Moreover, this latter method allows
me to compare our findings to those of earlier studies at lower redshifts (Franchetto et al. (2020)
and Franchetto et al. (2021b)). Therefore, based on this extensive comparison, the metallicity
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Figure 4.6: The top panels represent a distinct comparison between PG16 and two versions of pyqz that I employ. Also, the
same comparisons for P04 are located at the bottom. They include all spaxels in the whole sample whether they are SF or
composite. Note, the red dashed dotted is one‐to‐one relation and blue solid line is a simple linear fit to data points. The
dashed lines represent the standard deviation (σ) of metallicities on the y axis from the linear fit. Note that, as previously
stated, the fit follows the formula: Yaxis = α×Xaxis + β.

calibrations used in this work will be P04 and pyqz[modified] (pyqz, hereafter). In the fol-
lowing I will keep analyzing both indicators to assess whether results depend on the indicator
choice.
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5
Results

This study aims to investigate the distribution of gas-metallicity along the disk and tail of RPS
galaxies. Keeping inmind that the 3D spatial distribution of the stripped gaswith respect to the
disk is unknown, I try to conduct an accurate analysis of the projected abundance distribution.
I employ different methods to calculate the metallicity, obtaining the metallicity gradient, the
representative median values for disks and tails, and stacking disk and tail spectra.

Figure 5.1: A370‐01 metallicity maps. The black ellipses identify the 5σ contour over the background which are recognized
as the disk boundary. The left panel shows the 12+log(O/H) map calculated by pyqz and the right corresponds to P04. Since
they employ distinct emission lines to compute metallicity (as mentioned in Sec.4.4), they do not necessarily share the same
usable spaxels.

As shown in Fig.5.1, I measure the metallicity value for each spaxel that satisfies the BPT di-
agram criteria (star-forming + composite) discussed in sec.3.2 and SNR cutoff (i.e. > 2). The
values on both axes denote the designated number of the MUSE coordinates in pixels. This is
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important to note because while in principle the disk can be deprojected using the axial ratio,
the deprojection procedure is impossible for the tail because the tail orientation is unknown.
In this figure I compare the metallicity maps of pyqz (left panel) and P04 ( right panel) of the
galaxy A370-01, while Fig.5.2 and Fig.5.3 show the full sample.

These figures (5.2 and 5.3) show that I can measure the gas metallicities also in regions out-
side of the stellar disk, in some cases only close to the disk outskirts and in other cases far from
the disk, up to ∼ 50 kpc away (e.g. A370-08). Since the two metallicity diagnostics do not
have a one-to-one relationship, as demonstrated in Sec.4.4, they have different absolute values.
Additionally, pyqz maps often have fewer usable spaxels than P04 maps because it employs
additional emission-line ratios. The galaxies A370-06, A370-08, A2744-04, and A2744-10 all
clearly exhibit this phenomenon.
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Figure 5.2: P04metallicity maps of 12 RPS galaxies in A370 and A2744 clusters. Each map’s black outlined ellipse represents
the 5σ contour, which is the boundary of the galaxy disk (see Sec.3.1). Each plot also shows a scale corresponding to 10kpc
at the cluster redshift. Note that the values on both axes denote the designated number of spaxels in the MUSE sight‐line.
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Figure 5.3: pyqz metallicity maps of 12 RPS galaxies in A370 and A2744 clusters. The 5σ contour, which is the boundary of
the galaxy disk (see Sec.3.1), is depicted as a black ellipse on each map. Additionally, a scale for 10kpc at the cluster redshift
is included for each plot. The designated number of spaxels in the MUSE sight‐line is indicated by the values on both axes.
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5.1 Metallicity trendwith projected distance
In order to investigate the behavior of oxygen abundances as we move further from the central
region of galaxies to their tails, I compute the metallicity as a function of angular distance, or,
equivalently, the number of spaxels from the center. Themetallicity gradients of all galaxies are
shown in Figs.5.4, 5.5, and 5.6, where I separate star-forming and composite spaxels to observe
any significant changes in their behavior. The error bars are σ percentiles, while the median
values indicate each radial bin’s (minimum five spaxels) median by taking both star-forming
and composite regions into account. Below, I present a list of several observed features that can
be noted upon initial examination.

i. TheP04 andpyqzmetallicity trendsqualitatively agreewithone another, except inA370-
03 (Fig.5.4) where they differ only for the part of the tail that is closer to the disk, and
in A2744-09 where the tail’s trend is flat with respect to the disk using pyqz, while the
metallicity increases in the tail for P04. As highlighted in Section 4.4, it is worth men-
tioning that pyqz and P04 employ distinct emission line ratios for the determination of
metallicity, and thus may not share the same set of usable spaxels.

ii. No large systematic difference in the metallicity gradient behaviors of SF and composite
spaxels is seen since they almost always follow the same path. However, in some of the
disks, the most deviant points are composite (typically down to lowmetallicity), and in
A2744-09 there is a systematic offset between the star-forming and composite spaxels.

iii. Disk gradients are typically negative or flat which is aligned with the previous studies
(Franchetto et al. (2020); Franchetto et al. (2021a)) with two positive exceptions, A370-
06, and A2744-10 (P04). Note that A370-06 has a large number of spaxels in the out-
skirts with AGN-like line fluxes, which can affect the gradients by contaminating the
disk fluxes.

iv. Disk to tail gradients are mostly negative, i.e. the metallicity in the tail is generally lower
than in the corresponding disk andmetallicity declines with distance along the tail. The
slope in the tail is often not the same as the slope in the disk (e.g. A370-03). This may
be the result of projection effects, since I am unable to establish the actual separation of
tail spaxels from the galactic center.

v. As shown in Fig.5.4, 5.5 and 5.6, overall, the global gradient (disk + tail) is generally neg-
ative or almost flat (except A2744-09 and A2744-10 which have sharp positive slopes).
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Moreover, ionization characteristics (composite vs SF) of tails and disks are not necessarily
coupled. In some galaxies, these properties agree, being both tail and disk dominated either
by SF (e.g. A370-07, A2744-03, AA2744-04, A2744-10) or by composite emission (A370-06).
However, there are some galaxies where the emission in the tail has probably a different ori-
gin from that in the disk (see Poggianti et al. (2019a), Tomičić et al. (2021)). For instance, in
A370-01 the tail is mostly composite while the disk is mostly SF. Also, there are cases such as
A370-08 where the disk is dominated by composite emission, while in the tail numerous spax-
els are found both in the composite and in the SF regime.

In the case of composite emission, themeasured line ratiosmay be affected by another ioniza-
tion source (in addition to star formation), which inprinciple canbeAGNorLINERemission,
shocks, or high turbulence due for example tomixing. Since only photoionization from young
massive stars is included in the model grids that pyqz has adopted, this would result in inac-
curate metallicity estimates. In particular, in RPS tails, it has been suggested that composite
emission may arise from the complex process of ISM-ICM mixing (e.g. see Franchetto et al.
(2020)) that can lead to a contamination of the emission lines used for the metallicity determi-
nation. In some of the galaxies in my sample I see a large number of composite spaxels even in
the disk, suggesting that ICM-ISMmixing could affect also the disk, or that some of the spaxels
erroneously assigned to the disk are actually extraplanar (tail) seen in projection. This requires
further investigation in future work as I discuss in Chap.6. However, neither the general form
of thenegative gradients nor the comparisonof the two separatemetallicitymeasurementmeth-
ods are much altered by the composite points (see Sec4.4).

It is interesting to assess whether the observed trends depend on galaxy stellarmass. The two
lowest mass galaxies (of the order of log(M!/M!) ∼ 8) have trends consistent with a flat gra-
dient across disk and tail, although with a large uncertainty and a few points. The only galaxy
in which the tail metallicity appears to be consistently higher than in the disk (pyqz), or at least
to have a growing outward gradient (P04), is A2744-10, with a mass log(M!/M!) = 9.3. As
mentioned above, pyqz and P04 results do not agree for A2744-09 and it is therefore hard to
draw any conclusion for this galaxy. For all the other galaxies (all with log(M!/M!) ≥ 9.7)
the tail reaches metallicities lower than anywhere in their disk.

This finding is in line with the sole existing study to date, as reported in Franchetto et al.
(2021b),which examined theprojected tail star-forming clumpsof 3RPSgalaxieswith log(M!/M!)
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equal to 10.96 , 11.21, and 11.50 at redshifts∼ 0.05. This study revealed a maximum metal-
licity difference of ∼ 0.2 dex between the nearest and farthest parts of the tails from the disk
by using the same modified version of pyqz used in this thesis. It should be noted that the pro-
jected tail lengths observed in the sample of Franchetto et al. (2021b) is approximately 20-40
kpc. In contrast, our own typical projected tail lengths are equal to or less than 20 kpc (with
only one exceptionof∼ 50 kpc), and at considerably higher redshifts. Also, since theirwork an-
alyzed integrated spectra of star-forming clumps, while here I use the metallicity of individual
spaxels*, a direct comparison with Franchetto et al. (2021b) cannot be performed. However,
my results shown above are qualitatively similar to those in low-z RPS galaxies by Franchetto
et al. (2021b), in the sense of a lowermetallicity in tails compared to disks in high-mass galaxies.

Franchetto et al. (2021b) presents three possible scenarios to explain the observed lowmetal-
licity values in the tails of their three galaxies. The first scenario proposes that the progressively
lower-metallicity gas observed further out in the tailmight have been removed from the gas disk
at large galactocentric radii where typically is less metal-enriched, following the inside-out for-
mation of disk galaxies. The second scenario suggests that the observedmetallicity values in the
tails are due to contamination of an additional ionization source that might alter the observed
line ratios and metallicity measurements via photoionization models. The third scenario pos-
tulates that the low metallicity values in the tails are due to mixing with the metal-poor ICM.
The authors find that scenario two is not the most plausible, as the observed trends are real
(by comparing their result with an empirical method) and not due to a systematic bias in the
metallicity estimates. However, they do not exclude the possibility that exotic processes might
produce artifacts in themetallicitymeasurement. They also find that scenario one is unrealistic
due to simulations showing that the tails maintain their radius or get wider with distance from
the disk, and therefore the observed ionized gas was not stripped from well beyond the stellar
disk. Therefore, the authors suggest that the third scenario, which invokes the mixing between
the stripped ISM and the ICM, is themost plausible one and provide a rough estimation of the
mixing impact on the final measurement of gas metallicity.

The metallicity profiles of high-mass galaxies presented in this work generally show qualita-
tively similar trends to those observed in low redshift RPS massive galaxies, with some notable
exceptions (e.g. A2744-09, A2744-06). The first scenario can be ruled out for the same reasons

*TheMUSE spatial resolution is not sufficient to identify individual star-forming clumps in z∼0.3 RPS galax-
ies.
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explained in Franchetto et al. (2021b): given the morphology of the stripped gas, this cannot
be stripped far beyond the stellar disk. The second scenario is also unlikely, because a strong
declining trend is observed in the tails also when considering only star-forming spaxels (e.g.
A370-03, A370-08 and others). Therefore the results presented in this thesis support the third
scenario, suggesting thatmixing of ICMand stripped ISM is efficient also at these redshifts and
is the reason for the metallicity trends observed in the tails in distant clusters.
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Figure 5.4: Metallicity gradients were computed using two different methods: pyqz (left panel) and P04 (right panel). Disk
and tail spaxels are color‐coded with light and dark green, and light and dark blue, respectively. The median uncertainties
for disk and tail spaxels are provided in Tab.5.1 and 5.2. Triangles represent composite spaxels (Comp) and squares are star‐
forming (SF). The bold plus markers are median 12+log(O/H) values in each angular distance bin while associated error bars
(and shades) represent 1σ percentile. Also, the stellar‐mass of galaxies is written in the left panels in solar mass units.
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Figure 5.5: Metallicity gradients with two different methods, pyqz(left panel) and P04(right panel). Details follow the same
properties as described in Fig.5.4.
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Figure 5.6: Metallicity gradients with two different methods, pyqz(left panel) and P04(right panel). Details follow the same
properties as described in Fig.5.4.
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5.2 Mass-Metallicity Relation
The stellar-mass (M!) and metallicity (Z) of galaxies are directly impacted by the cycling of
baryons in and out of them. As a result, the mass-metallicity relation (MZR) of galaxies serves
as a key empirical constraint for models of galactic evolution that try to explain how galaxies
form throughout cosmic time. In the following, I distinguish disk and tail spaxels to observe
their MZR separately. I employ the stellar mass of each spaxel that is obtained byMoretti et al.
(2022) using the SINOPSIS spectral fitting, and the global stellar mass which is the sum of the
mass of all spaxels, as previously described in Sec.3.2. Thus, in the following I will discuss the
spatially-resolved and global mass-metallicity relation.

5.2.1 Spatially-ResolvedMass-Metallicity Relation
The relationship between the stellar-mass surface densityΣ! and its local metallicity is known
as the spatially-resolved mass-metallicity relation (rMZR) (e.g., Rosales-Ortega et al. (2012);
Sánchez et al. (2013); Gao et al. (2018)). Due to its ability to accurately recreate the global
metallicity and the metallicity profile over the galactocentric radius, the rMZR is seen by some
authors to be amore basic relationship than the globalMZR (Barrera-Ballesteros et al., 2016)).

Figure 5.7: A370‐01 spatially‐resolved MZR. The disk and tail spaxels with their accompanying metallicity uncertainty are
color‐coded in purple and teal, respectively. The bold plus markers provide the median metallicity values in stellar mass bins
with 0.25 dex width. Also, the median value errorbars represent the 1σ percentile deviation from the median value in each
bin.

As an example, in Fig5.7 I present the resolved mass-metallicity relation of A370-01, the
most massive galaxy in the sample, while in Figs.5.8 and 5.9 the rMZR of six other galaxies is
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provided. Please note that SINOPSIS (see Section 3.2) cannot calculate the surface density of
stellar mass for galaxies A2744-03 and A2744-04, since their spectra do not contain any infor-
mation about the stellar continuum. Moreover, the surface density of stellarmass forA2744-10
is not yet available.

Fig.5.7 illustrates that in both metallicity diagnostics, P04 and pyqz, metallicity rises as we
approach the more massive spaxels, which is consistent with other findings on rMZR (e.g.
Rosales-Ortega et al. (2012); and Yao et al. (2022)). The tail of the galaxy does not reach the
highest surface mass density reached in the disk and at any givenmass density its medianmetal-
licity trend follows that of the disk, with values that are similar or slightly lower.

In Fig.5.8 and 5.9, the rMZR of six other galaxies have been illustrated. In these cases the
rMZR of the disk is mostly flat or positive (only A370-01 and A370-09) and one case slightly
negative (A2744-06). The stellar-mass surface densities of tail spaxels consistently populate the
lower end of the density range observed in the disks, and they do not necessarily illustrate the
same trend as the disks regardless of their parent galaxy stellar mass values (see Tab.2.1). More-
over, the presence of spaxels in the tails with significantly lowermetallicities than any disk spaxel
of similar surface mass density is a noteworthy finding. This may indicate different formation
or enrichment processes in the tails compared to the disk, as already mentioned previously.

51



Figure 5.8: Spatially‐resolved MZR of A370‐03, A370‐07, and A370‐08. The disk and tail spaxels with their accompanying
metallicity uncertainty are color‐coded in faded purple and teal, respectively. The bold plus markers provide the median
metallicity values in stellar‐mass surface density bins with 0.25 dex width. Also, the median value errorbars represent the
1σ percentile deviation from the median value in each bin.
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Figure 5.9: Spatially‐resolvedMZR of A370‐09, A2744‐06, and A2744‐09. The disk and tail spaxels with their accompanying
metallicity uncertainty are color‐coded in faded purple and teal, respectively. The bold plus markers provide the median
metallicity values in stellar‐mass surface density bins with 0.25 dex width. Also, the median value errorbars represent the
1σ percentile deviation from the median value in each bin.
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5.2.2 GlobalMass-Metallicity Relation (Stacked Spectra)
Spectral features can be weak in each spaxel’s individual spectrum, especially for low-mass or
low-surface-brightness galaxies (e.g. A2744-03 andA2744-04), making it difficult to obtain ac-
curate typical metallicity measurements. By stacking many spectra, I can average out the noise
in their observations and enhance the detectability of spectral features, thus obtainingmore ac-
curatemetallicitymeasurements. Moreover, stacking spectra allowsme to study the properties
of the galaxy sample in a statistical manner, rather than just individual spaxels. This is particu-
larly useful for studying the global mass-metallicity relation (MZR). By stacking the spectra of
spaxels in disk and tail separately, I can obtain a robust measurement of the MZR which will
provide valuable insights into the chemical evolutionof galaxies by combining the results of this
thesis with previous studies (e.g. Maiolino et al. (2008); Mannucci et al. (2010); Bothwell et al.
(2013); Curti et al. (2020); and Franchetto et al. (2020)) and futureworks at different redshifts.

Figure 5.10: Measured global MZR of all galaxies in the sample from stacked spectra of disks (red with yellow fit) and tails
(dark blue with blue fit) via second order polynomial fit. Left and right panel represent pyqz and P04 MZR, respectively. In
both panels, errorbars represent the metallicity uncertainty as discussed in Sec.4.3. In the right panel, the tail’s metallicity
of A2744‐10 (i.e. the one with a steep positive metallicity gradient Fig.5.6) is much higher than the disk’s by 0.11dex,
exceptionally. The solid black line represents the Kewley and Ellison (2008) fit with 0.1dex uncertainty illustrated with the
blue shaded‐area.

Fig.5.10 shows the MZR (2nd order polynomial fit) that I derive for the stacked spectra of
individual galaxies. For two reasons, disks and tails are investigated independently. First, it
is important to determine if tails and disks go along the same MZR. Second, I may examine
the global metallicity difference between the disk and the tail as a function of stellar-mass and
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metallicity.

Therefore, considering Fig.5.10, no significant dissimilarity is seen in both pyqz and P04
mass-metallicity relations of tails and disks. They notably follow the same path with a positive
slope (which is consistent with previous studies such as Maiolino et al. (2008); Sánchez et al.
(2019); Nadolny et al. (2020); and etc) in each metallicity diagnostic. Note that the MZR ex-
hibits a rather constant slope with increasing stellar mass in the pyqz model, while, in P04, the
MZR demonstrates a marked tendency to flatten out at higher stellar masses. As illustrated in
the right panel of Fig.5.10, the MZR introduced by Kewley and Ellison (2008) is compared
with the findings of this work. Kewley and Ellison (2008) employed a sample of 27,730 star-
forming galaxies at z<0.1 obtained from the SDSS DR4 catalog (thus fibre-integrated spectra)
using the Salpeter (1955) IMF and the P04metallicity calibration in their analysis. Converting
the Salpeter (1955) IMF to the Chabrier (2003) IMF, our findings are in agreement with their
relation within the reported uncertainty of 0.1 dex.

Furthermore, the globalmetallicity values of thedisks and tails of individual galaxies exhibit a
relative similarity, with the tailmetallicities generally being slightly lower than those of their par-
ent galaxy’s disk, which is consistent with previous studies by Fossati et al. (2016), Gullieuszik
et al. (2017), and Franchetto et al. (2021a). Nevertheless, some exceptions exist, such as the
galaxies A370-07 and A2744-03 in pyqz and a galaxy, A2744-10 , in the P04 diagnostic, where
the tail global metallicities are somewhat higher than their corresponding disk values.

The process of stacking spaxels together results in a combined spectrum that is the sum of
their individual luminosity-weighted spectra. However, the presence of highly luminous spax-
els with of highermetallicity can lead to a situation where those regions dominate the resultant
stacked spectrum, potentially biasing the derived properties. This is similar to what happens
when stacking spectra with different star formation histories, that can lead to biases in the de-
rived properties such as the age and dust content. Therefore, by analyzing the medianmetallic-
ity, we are taking into account the distribution of metallicities within the sample and are less
susceptible to these biases.

In Fig.5.11 I present theMZRusing themedianmetallicity value for the disk and tail regions,
with the inclusion of only those spaxels that meet both the BPT diagram and SNR criteria (see
Sec.3.2). In this case, the global metallicities of the disks and tails within individual galaxies
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Figure 5.11: Measured MZR of all galaxies in the sample by assigning global median metallicity values to disks (red with
orange fit) and tails (dark blue with blue fit) via second order polynomial fit. Left and right panel represent pyqz and P04MZR,
respectively. In both panels, errorbars represent the median value of metallicity uncertainty disks and tails that are obtained
as discussed in Sec.4.3. Also, due to the lack of usable individual spaxels in A2744‐01, there is no median metallicity value
available for the disk of this galaxy.

demonstrate a degree of similarity. However, it is noteworthy that the metallicities of the tails
are generally slightly lower than those of the disks in their respective parent galaxies, with the
exceptionof three cases, namelyA2744-03 in the pyqz, andA2744-09 andA2744-10 in theP04
metallicity diagnostic. Therefore, the overall trends remain consistent with those observed in
Figure 5.10, where the MZR of the tail galaxies follows that of the disks, though with slightly
but systematically lower metallicities at masses above log M 9.2. Also, the pyqz MZR (shown
in the left panel) exhibits a flatter trend at high stellar mass, which is marginally distinct to the
stackedMZR discussed earlier.
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IDs log(M!) Stacked Disk Stacked Tail Median Disk Median Tail
A370_01 10.6 8.76±0.001 8.71±0.013 8.75±0.025 8.69±0.071
A370_03 9.7 8.71±0.003 8.72±0.030 8.71±0.019 8.69± 0.078
A370_06 10.0 8.83±0.017 8.80±0.027 8.82±0.042 8.78±0.072
A370_07 9.8 8.78±0.005 8.76±0.019 8.78±0.020 8.74±0.062
A370_08 10.1 8.76±0.010 8.76±0.018 8.75±0.038 8.73±0.080
A370_09 10.0 8.71±0.003 8.63±0.020 8.69±0.013 8.61±0.069
A2744_01 8.5 8.18±0.036 8.18±0.029 – 8.31±0.061
A2744_03 7.9 8.31±0.015 8.28±0.050 8.30±0.038 8.32±0.061
A2744_04 8.0 8.22±0.026 8.20±0.047 8.21±0.035 8.20±0.047
A2744_06 10.0 8.80±0.002 8.80±0.047 8.82± 0.029 8.78±0.068
A2744_09 10.6 8.67±0.001 8.60±0.046 8.73±0.036 8.82±0.082
A2744_10 9.3 8.59±0.001 8.69±0.031 8.65±0.034 8.75± 0.081

Table 5.1: The P04 stacked and median metallicity values of individual galaxies. The log(M!) values are in theM! unit.
The uncertainties in the stacked spectra metallicity are determined according to the method outlined in Sec.4.3, and the
median metallicity errors are obtained by averaging the uncertainties of spaxels within disks and tails.

IDs log(M!) Stacked Disk Stacked Tail Median Disk Median Tail
A370_01 10.6 9.13±0.068 9.04±0.070 9.08±0.055 8.93±0.069
A370_03 9.7 9.17±0.079 9.11±0.057 9.12±0.068 8.98±0.061
A370_06 10.0 9.23±0.098 9.15±0.087 9.13±0.085 –
A370_07 9.8 9.09±0.051 9.16±0.056 9.08±0.057 9.05±0.061
A370_08 10.1 – – 9.06±0.076 8.82±0.064
A370_09 10.0 9.06± 0.059 8.98±0.053 9.03±0.053 8.97±0.059
A2744_01 8.5 7.78±0.091 7.73±0.103 – 8.37±0.065
A2744_03 7.9 8.46±0.063 8.50±0.059 8.41±0.068 8.54±0.053
A2744_04 8.0 8.23±0.081 7.69±0.050 8.16±0.073 8.18±0.063
A2744_06 10.0 9.20±0.079 9.14±0.061 9.15±0.070 9.08±0.050
A2744_09 10.6 9.17±0.109 – 9.10±0.063 9.08±0.050
A2744_10 9.3 8.87±0.103 8.81±0.051 8.80±0.052 –

Table 5.2: The pyqz metallicity values. The unit of log(M!) is M!. The uncertainties in the stacked spectra metallicity
are determined according to the method outlined in Sec.4.3, and the median metallicity errors are obtained by averaging the
uncertainties of spaxels within the disks and tails.
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6
Conclusion and Discussion

In this thesis, I have studied the chemical evolution of galaxies at intermediate redshift that are
undergoing ram-pressure stripping, investigating how intrinsic properties of galaxies, such as
their stellar mass, as well as environmental factors, influence the metallicity of the ISM and
stripped-out gas in these entities. In order to do that, I use the data collected by MUSE via
the MUSE GTO program and prior detection of RPS candidates in Abell370 and Abell2744
clusters provided byMoretti et al. (2022).

In thiswork, I focused on the gas content of 12RPS galaxieswhosemetallicitieswere studied
with theoretical and empirical methods. Initially, four methods were adopted, two photoion-
ization models (i.e. pyqz[v0.8.4] and pyqz[modified]) and 2 empirical calibrations (P04 and
PG16). Then, through an extensive comparison, based on their tight correlation or superior-
ity, P04 and pyqz[modified] were selected for the rest of analysis.

InChapter 5, I explored themetallicity profile along the projected disk and tail of individual
galaxies by considering both starforming and composite regions. Moreover, I studied spatially-
resolvedMZR of the disks and tails separately of those galaxies that contain meaningful stellar-
continuum information. Also, the global MZR was studied via two approaches, stacking the
spectrum of disks and tails and obtaining the median value of their metallicities. The main
results of this study are listed below.
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i. P04 and pyqz generally agree on metallicity trends, except for A370-03 and A2744-09,
where employing different emission line ratios by those methods may be responsible of
differences.

ii. In principle, composite emission is prone to inaccuracy due to other ionization sources
such as AGN, LINER, shocks, or high turbulence. This issue is even more complex in
RPS tails, where composite emissionmay arise from ISM-ICMmixing. The presence of
numerous composite spaxels in some of the disks suggests either the effect of mixing on
the disk or misidentification of extraplanar spaxels as disk. The metallicity gradients of
SF and composite spaxels show little systematic difference, as they usually follow a simi-
lar path. Although composite spaxels can be themost deviant in some disks, especially at
lowmetallicities, they do not significantly alter the negative gradients or the comparison
of metallicity measurement methods.

iii. Most disk gradients are negative or flat, except for A370-06, which may be affected by
AGN-like line fluxes, andA2744-10 (P04). Tail gradients are usually negative, with vary-
ing slopes from the disk, likely due to projection effects. Also, in most cases, the major-
ity of tail metallicities are below the disks. As a result, the overall gradient (disk + tail)
is negative or nearly flat, with the exception of A2744-09 and A2744-10 which have
steep positive slopes. The present finding is consistent with the only existing study of
ram-pressure stripped galaxies, which is at low redshift, Franchetto et al. (2021b). The
authors provided an approximate calculation and indicated that the low metallicity val-
ues observed in the tails are a result of mixing with themetal-poor ICM. Themetallicity
profile displayed in this thesis (see Chap.5) also supports this finding, and a comparable
conclusion can be reached.

iv. The galaxies with a log(M!/M!) greater than or equal to 9.7 show tails with metallici-
ties lower than those anywhere in their disks. Instead, the gradients across the disk and
tail of the two lowest mass, approximately log(M!/M!)∼ 8, galaxies (with high degree
of uncertainty and only a few available points) show a consistent trend of being flat.

v. The spatially-resolved relationbetweenmetallicity and surface stellar-mass density (rMZR)
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of the disks are generally flat or positive, with only A2744-06 showing a slight negative
trend. Tail spaxels, on the other hand, consistently display lower surface mass densities
compared to their disk counterparts, regardless of the parent galaxy’s stellar mass values
(Tab.2.1). The presence of tail spaxelswith substantially lowermetallicities than any disk
spaxel with a similar surface mass density is a significant discovery. This observation fur-
ther reinforces the idea that different formation or enrichment processes are at work in
the tails compared to the disk, and further investigation is necessary to comprehend the
underlying mechanisms.

vi. In this work, two different approaches were used to study the global mass-metallicity re-
lation, which involved stacking the spectra and computing themedianmetallicity values
in both the disks and tails. The results from both methods are qualitatively consistent,
regardless of using either the P04 or pyqz diagnostic.

vii. The global mass-metallicity relations of tails and disks in both pyqz and P04 exhibit the
same trends. They share a similar positive slope, as observed in previous studies likeKew-
ley andEllison (2008),Maiolino et al. (2008), Sánchez et al. (2019),Nadolny et al. (2020),
and others. Additionally, the global metallicity values of the tails and disks within each
galaxy are relatively alike, with tail metallicities generally being slightly lower than those
of the disk, which is consistent with previous studies by Franchetto et al. (2020), Gul-
lieuszik et al. (2017), and Franchetto et al. (2021b). However, there are some exceptions
to this trend, as seen in the galaxies A370-07 and A2744-03 in pyqz and A2744-10 in
the P04 diagnostic, where the global metallicities in the tails are somewhat higher than
those in their corresponding disks.

In conclusion, the observations presented in this study suggest that the metallicity distribu-
tion in the tails of galaxies is shaped both by the metallicity of the parent galaxy and by the
mixing with the metal-poor intracluster medium as a result of ram-pressure stripping. This
finding is supported by the observed steep negative gradients in massive (metal-rich) galaxies.
The flat metallicity gradients of low stellar mass galaxies may be consistent with the mixing sce-
nario too, considering that in low-mass galaxies the (low)metallicity of the interstellar medium
can approach the value of the ICMmetallicity.
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6.1 Future Prospects

While this Thesis presents novel findings regarding gas metallicity in RPS galaxies at intermedi-
ate redshift, it also underscores the importance of conducting additional research in this area.
One of the upcoming objectives is to complete the investigation ofmetallicity features of the

RPS galaxies in the remaining MUSE-GTO (Richard et al., 2021) clusters. The 10 remained
galaxy clusters that have been observedwithin theMUSE-GTOprogram are in a redshift range
between ∼ 0.3 and ∼ 0.5. Moreover, in order to extend this work, completing the study of
all galaxy members in all MUSE GTO clusters, regardless of whether they are affected by ram
pressure stripping or not, is one of the future goals. As there has been a lack of comprehen-
sive investigation at these redshifts, conducting an ensemble analysis of these cluster members
would provide valuable insights into the chemical evolution of galaxies located at intermediate
redshifts. However, it will be challenging since we partially lose essential emission-lines such as
Hα due to the limited wavelength range of spectrographs such as MUSE. So, this will require
a detailed analysis of the emission lines and metallicity calibrations that we could use in an ho-
mogeneous way up to z ∼ 0.5, since at z ∼ 0.4we already lose [SII]λ6716,6731,Hα(λ6563),
and [NII]λ6583Å.

Furthermore, to fully comprehend the effects of the environment, it is necessary to study
galaxies in both cluster and field environments at intermediate redshifts. While several stud-
ies have been carried out in the local Universe, limited investigations have been conducted at
higher redshifts. The present work presents a first valuable contribution to the study of cluster
galaxies at intermediate redshifts focusing on twomassive clusters at z∼0.35. Recent studies by
Ebeling et al. (2014), McPartland et al. (2016), and Nadolny et al. (2020) have demonstrated
the importance of studying different galaxy environments to understand the evolution of the
physical properties of galaxies. However, to build on these studies, we need to expand the sam-
ple size of cluster and field galaxies at intermediate redshifts and investigate a broader range of
physical properties.

Also, future observations of a large number of galaxies at intermediate redshifts, along with
simulations and theoretical models, will be essential in order to fully understand the evolution
of metallicity in galaxies. Using existing observations, it is recommended that a future compar-
ison be conducted to examine the study presented in Franchetto et al. (2020), which utilized
similar methodologies to those employed in this thesis, but using different apertures, as it rep-
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resents the sole analogous low-z study available in relation to this work. Such a comparison
will also require a careful assessment of resolution effects. Recent studies, such as Maier et al.
(2019) andKashino et al. (2019), have shown that themass-metallicity relation evolves strongly
with redshift, with galaxies at higher redshifts having lower metallicities for a given stellar mass.
Also the scatter in themass-metallicity relation evolves with redshift, becoming larger at higher
redshifts. Therefore, a comprehensive understanding of the metallicity evolution of galaxies
at intermediate redshifts in different environments will be essential for constraining galaxy for-
mation and evolution models.
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