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Abstract

As the largest gravitationally bound systems in the Universe, galaxy clusters are a
unique laboratory for studying the extremes of galaxy evolution. The general con-
sensus is that the large cluster-scale halo and the hot intracluster medium plays a
significant role in the morphological and colour transformation of galaxies. How-
ever, its effect on details of baryonic processes in cluster galaxies remains unknown.
I use the gas-phase chemical abundance to trace the cumulative effect of the gas
inflow /outflow modulated star formation history of a galaxy. Current observations
of the gas-phase chemical abundance of star-forming galaxies in the cluster envi-
ronment are highly uncertain. This thesis aims to answer whether, when and how
environment affect the chemical evolution star-forming galaxies.

I present the first observation of cluster-scale radial metallicity gradients from star-
forming galaxies in two CLASH clusters at z ~ 0.35: MACS11154-0129 and RXJ1532+4-3021,
using observations with the DEIMOS spectrograph on the Keck II telescope. 1
use observations for RXJ1532+3021 to quantify the systematic uncertainties in
the flux calibration of DEIMOS spectrograph. We find that the gas-phase metal-
licity of galaxies decreases as a function of projected cluster-centric distance for
MACSJ1115+0129, i.e., galaxies near the cluster core are metal-rich compared to
galaxies in the cluster outskirts. Star-forming galaxies in MACSJ111540129 are
0.20 dex metal-rich compared to counterpart field galaxies. The negative cluster-
scale metallicity gradient in our observations is not driven by the stellar mass of
galaxies.

Star-forming galaxies in RXJ1532+3021 shows a bimodal radial metallicity distribu-
tion and their mass-metallicity distribution is consistent with local field galaxies. We
suspect that either interloper galaxies or an in-plane merger causes the bimodality of
the radial metallicity distribution in RXJ15324-30, indicating that the cluster-scale
abundance gradient can probe the dynamical state of a cluster.

We speculate that the negative cluster-scale metallicity gradient originates from
ram-pressure stripping and/or strangulation processes in the cluster environments.
The truncation of star formation in galactic outskirts due to ram pressure stripping
(disk truncation) can observationally bias the aperture-based integrated metallic-
ity measurements towards the central metal-rich part of the galaxy. To quantify
this observational bias, I use a semi-analytic model of ram pressure stripping and
conduct mock observations of disk truncated galaxies from the IFU survey of local
galaxies.

Our ram pressure stripping model predicts a typical cluster-scale metallicity gradient
of —0.03dex/Mpc and a minimal metallicity enhancement of +0.02dex at a fixed
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stellar mass. The gas removal and subsequent quenching preferentially removes the
low stellar mass galaxies from the cluster core. The small cluster-scale metallicity
gradient predicted by our ram pressure stripping model is driven by the removal
of the low mass galaxies from the cluster cores, which introduces a negative stellar
mass gradient for the surviving population of star-forming cluster galaxies. Thus,
our model shows that observational bias introduced by ram pressure stripping is
not sufficient to explain the observed stellar mass independent negative cluster-
scale abundance gradient and the metallicity enhancement on the mass-metallicity
relation.

To identify the physical processes driving environment dependent chemical evolu-
tion, I use the new generation of cosmological simulation, in particular IllustrisTNG
simulation. I investigate the evolution of the mass-metallicity relation for the star-
forming cluster galaxies at z = 0, by tracking them back in cosmic time. The
simulation predicts that star-forming cluster galaxies have higher gas-phase metal-
licity compared to field galaxies at z < 1.0. The metallicity enhancement predicted
by simulation is qualitatively consistent with observations.

MustrisTNG simulation predict the first systematic signature of “chemical pre-
processing” of infalling cluster galaxies, i.e., the metallicity enhancement of cluster
galaxies appears prior to their infall into the central cluster potential. In fact, in-
falling cluster galaxies show a ~ 0.05 dex higher metallicity compared to field galax-
ies at z < 0.5 at a given stellar mass. By estimating the gas mass inflow rate and the
metallicity of inflowing gas, we identify that the accretion of pre-enriched gas and
the reduced gas mass inflow rate are key drivers of chemical evolution in the over-
dense environment, particularly in the stellar mass range 10° < M, < 10 M. The
signature of environment-dependent changes in properties of inflowing gas extends
to infalling galaxies, i.e., for galaxies well outside the virial radius of clusters. Our
work with [lustrisTNG motivates future observations of the chemical pre-processing
and the pre-enrichment of inflowing gas in dense environments.
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Chapter 1

Introduction

Space is big. Really big. You just won’t belicve how vastly, hugely,
mind-bogglingly big it 1s. I mean, you may think it’s a long way
down the road to the chemist, but that’s just peanuts to space.

—Douglas Adams, The Hitchhiker’s Guide to the Galaxy

Galaxies live in a variety of environments — from voids to giant galaxy clusters,
either in isolation or surrounded by hundreds and thousands of galaxies (Figure 1.1).
Galaxy clusters form by the gravitational collapse of the largest overdensities in the
primordial Universe. They are the first structure to undergo gravitational collapse,
because of which galaxies residing in these massive clusters undergo accelerated
evolution compare to galaxies in the average density Universe.

Separating the effect of external and internal drivers in galaxy evolution, i.e., “Nur-
ture” versus “Nature” has been a long-standing debate in extragalactic astronomy
(see review by De Lucia & Blaizot 2007). In the present day Universe, galaxy
clusters only contain about 10% of the total galaxy population and contribute less
than 1% to the cosmic star formation density. However, their contribution to the
cosmic star formation density can be as large as 50% at higher redshift (z > 2 or
nearly 10 Gyr ago; Chiang et al. 2017). Understanding how environmental processes
affect galaxy evolution is key to understanding the rise and fall of the cosmic star
formation density (Madau & Dickinson 2014) and the physics of galaxy evolution in
general.

1.1 Environment and galaxy evolution

Galaxies in the low redshift Universe can be broadly separated into two categories:
spirals and ellipticals. Spiral galaxies are rotation supported galaxies with a domi-
nant flattened disk and blue colours produced by young stellar population indicative

3



4 Introduction

Figure 1.1: Abell 1689. Photo credit: NASA, ESA

of the ongoing star formation. They are classified as ‘spirals’ because stars and gas
density in the galactic disk reveal a clear spiral pattern. Elliptical galaxies are
spheroidal systems supported by the random motion of stars. Elliptical galaxies
have red colours suggestive of the old stellar population, which indicates little or no
ongoing star formation activity. Historically, spiral and elliptical galaxies are also
called as late- and early-type galaxies. Lenticular or SO type galaxies are interme-
diate between spirals and ellipticals. They have a thin disk component without any
clear spiral arm pattern.

The correlation between galaxy morphology and environment has been known for
more than half a century, i.e., galaxies in the low density Universe are largely disky-
spirals whereas galaxies in dense regions are mostly SO or ellipticals (Hubble &
Humason 1931; Shapley 1933; Abell 1965). Dressler (1980) first established this as
“morphology-density” relation using a sample of 55 rich galaxy clusters. Since then
numerous other studies have corroborated this relation (e.g., Poggianti et al. 1999;
Van der Wel 2008).

Studies of local galaxies find that the fraction of blue, star-forming galaxies decreases
with the environmental density (Kauffmann et al. 2003a, 2004; Baldry et al. 2006).
Dependence of galaxy colour on the environmental density is partly a by-product of
the morphology-density relation because SO and elliptical galaxies have lower star
formation rate than spiral galaxies. Observations of late-type galaxies show a sys-
tematic decrease in the mean star formation rate (SFR) with the environmental
density in the local Universe (Balogh et al. 1999; Lewis et al. 2002; Balogh et al.



§1.1 Environment and galaxy evolution 5

2004; Casado et al. 2015; Brown et al. 2017a). The excess of red, and elliptical galax-
ies and the sparseness of blue spiral galaxies in high density environment suggest
that environment plays a significant role in quenching the star formation in cluster
galaxies.

Observations in the local Universe (distances less than 100 Myr) show that the effects
of stellar mass and environment on the star formation (SF) quenching are separable,
indicating a stellar mass independent quenching mechanism at play in overdense
environments (Van Den Bosch et al. 2008; Peng et al. 2010; Kovac¢ et al. 2014).
Local field galaxies show a monotonic decrease in the SFR with the stellar mass
(main sequence, Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007). The
SFR-stellar mass main sequence relation does not change in the cluster environment
(Lagana & Ulmer 2018), but the fraction of passive galaxies increases significantly
in cluster environments (Peng et al. 2010; Paccagnella et al. 2016; Erfanianfar et al.
2016). Peng et al. (2012) and Kovac et al. (2014) observed that the quenched
fraction of central! galaxies primarily depends on the stellar mass, whereas the
environment-dependent mechanisms have to be invoked to explain the quenched
fraction of satellite? galaxies.

Observations of high redshift cluster galaxies indicate that the effect of stellar mass
and environment on the SF quenching can be separated even at z ~ 3 (Muzzin
et al. 2012; Lee et al. 2015; Darvish et al. 2017). In contrast, Kawinwanichakij et al.
(2017) used data from the ZFOURGE survey and showed that the environmental
quenching efficiency at z > 0.5 depends on the stellar mass of galaxies, suggesting
inseparability of stellar mass and environmental quenching mechanisms at higher
redshifts. Kawinwanichakij et al. (2017) found that the environmental quenching
efficiency is very low at z > 1.5, in particular for low mass galaxies (log(M./Mg) <
10.0). However, the environmental quenching mechanisms can account for nearly
all passive low mass galaxies at z < 1.0 (Kawinwanichakij et al. 2017). Local
studies also find that environmental quenching dominates for low mass galaxies
(log(M,./My) < 10.0; Peng et al. 2010).

Some observations of high redshift clusters (z ~ 1.5) find a higher fraction of star-
forming galaxies in the cluster core compared to cluster outskirts, i.e., a complete
reversal of the trend observed in local studies (Tran et al. 2010, 2015). However, the
average SFR per galaxy in the cluster core is still smaller than in cluster outskirts
(Tran et al. 2015). Recent simulations by Chiang et al. (2017) predict that the cosmic
star-formation peaks for galaxies in the protocluster environment at an earlier epoch
than for field galaxies, before subsequently dropping at a sharper rate than for field
galaxies. Indeed, enhanced star-formation activity has been observed in high redshift
protoclusters (z ~ 2.5; Shimakawa et al. 2018).

A number of physical processes related to the environment have been invoked to
explain the observed evolutionary differences in the properties of field and cluster
galaxies. These are outlined in the following subsections.

Lin the center of the host dark matter halo
2not in the center of the host dark matter halo



6 Introduction

Figure 1.2: Ram pressure stripping of spiral galaxy ESO 137-001. The blue streaks are
the stripped star forming regions. The cluster center is to the top-right of the image.
Photo credit: NASA/ESA/STScl

1.1.1 Galaxy harassment

Galaxy harassment is the cumulative effect of high-speed encounters between mem-
ber galaxies and cluster substructures. Simulations show that the disks of the in-
falling galaxies can be completely destroyed after first or second passage through
the cluster potential (Moore et al. 1996). Galaxy harassment has been primarily
speculated as the source of the morphological transformation of spiral galaxies into
elliptical or SO type galaxies (George et al. 2013; Bialas et al. 2015). Haynes et al.
(2007) speculate that galaxy harassment is responsible for the observed highly asym-
metric galactic profile and disturbed HI disk of the galaxy NGC 4254 in the Virgo
cluster.

Numerical simulations predict that the sensitivity of an infalling galaxy to be ha-
rassed depends on the orbits of the infalling galaxy into the cluster potential as
predicted by numerical simulations (Mastropietro et al. 2005; Smith et al. 2015).
Furthermore, galaxy harassment is found to be efficient at morphological transfor-
mation only if the galaxy passes within 40 — 100 kpc from the cluster center (Smith
et al. 2015). Dwarf galaxies on radial orbits through a cluster are completely de-
stroyed by tidal interactions. Therefore, the surviving dwarf galaxies preferentially
follow large pericentric orbits through the cluster (Annunziatella et al. 2016).
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1.1.2 Ram pressure stripping

Ram pressure stripping (RPS) is a wind drag experienced by a galaxy moving
through the hot intra-cluster medium (ICM) that can strip the gas associated with
the galaxy. Figure 1.2 shows a spectacular example of RPS in the spiral galaxy ESO
137-001, where the star-forming gas can be seen trailing behind the galaxy. Gunn &
Gott (1972) proposed that ram pressure exerted by the ICM on infalling galaxies is
proportional to the density of the ICM at the location of the galaxy and the square
of its infall velocity. This simple model of RPS can explain the gas deficiency of
cluster galaxies (e.g., Chung et al. 2009; Boselli et al. 2014a). The neutral HI disk in
most field galaxies has a spatial extent almost two times greater than the stellar disk
(Cormier et al. 2016), whereas the neutral HI disk in cluster galaxies is smaller than
or has the same size as the stellar disk due to RPS (Chung et al. 2009; Boselli et al.
2014b). Molecular gas is also affected by RPS although to a lesser extent because
it exists deeper within the galaxy potential (Boselli et al. 2014b). The gas removal
due to RPS in cluster environments has been used to explain the transformation
of spiral galaxies into SO-type galaxies in galaxy clusters (e.g., Aragén-Salamanca
et al. 2006; Bedregal et al. 2011).

Tails of neutral hydrogen gas can be seen trailing behind the stellar disks of galaxies
in some spectacular displays of RPS (Figure 1.2, Chung et al. 2009; Cortese et al.
2010; Scott et al. 2015). Usually, the stripped gas remains loosely bound and does
not form stars. However, some observations find ~ 100 kpc-scale neutral gas trails
with a molecular gas component, out to a large distance from the stripped galaxy
(Jachym et al. 2014, 2017). Simulations show that the high pressure and density in
massive clusters can induce SF in the gas trailing behind the galaxy by compressing
the stripped gas (Kapferer et al. 2009; Tonnesen & Bryan 2012). Extreme ram
pressure can even strip the star-forming regions of galaxies producing a “jellyfish”
like geometry (Owen et al. 2006; Cortese et al. 2007; Owers et al. 2012; Poggianti
et al. 2017). Bellhouse et al. (2017) found clear signatures of the on-going star
formation in the stripped part of the galaxy.

Simulations predict that ram pressure can also lead to a short burst of star-formation
in infalling cluster galaxies by compressing the gas supply, especially for galaxies with
peripheral orbits (Bekki 2014; Steinhauser et al. 2016). Observations found an excess
of post-starburst galaxies in clusters compared to the field environment, suggesting
rapid quenching of SF (Dressler & Gunn 1982; Muzzin et al. 2014; Paccagnella et al.
2017). Muzzin et al. (2012) found an excess of post-starburst galaxies in the cluster
core compared to the cluster outskirt at z ~ 1. Lopes et al. (2014) found a small
increase in the fraction of blue galaxies at ~ 0.4 Rag®, before finally decreasing in the
cluster center. Galaxies on their first infall can experience ram pressure compression
that leads to a burst of star formation and rapid consumption of the gas supply,
followed by a rapid quenching of SF. Consolandi et al. (2017) found enhanced SF
in the leading end of an infalling galaxy with the stripped material falling back

3 the radius within which the mean density is 200 times the critical density of the Universe
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suggesting ram pressure compression in the leading end of the galaxy and stripping
in the trailing end.

1.1.3 Strangulation

Ram pressure stripping can lead to an abrupt quenching of star formation. However,
often only the loosely bound hot gaseous halo is stripped leaving a reduced amount
of gas available for future star formation. The galaxy with stripped hot gaseous halo
would continue to form stars until it consumes its remaining cold gas supply. This
gradual quenching of star formation in a galaxy due to the absence of gas inflows
to replenish the dwindling gas supply is referred to as strangulation (Larson et al.
1980; Balogh et al. 2000; Weinmann et al. 2009; Peng et al. 2015).

Scudder et al. (2012) found that gas exhaustion due to strangulation seems to be
the dominant mechanism of SF suppression in compact group galaxies at z ~ 0.
Observations of star-forming cluster galaxies over the past 10 Gyr find non-zero
but low specific SFR (sSFR, SFR per stellar mass) for cluster galaxies compared to
field galaxies, suggesting slow SF quenching indicative of the strangulation (Wagner
et al. 2016; Rodriguez del Pino et al. 2017). A decreasing fraction of post-starburst
galaxies with increasing cluster-centric distance also indicates that the star formation
in cluster galaxies quenches slowly (~ 1Gyr; Paccagnella et al. 2016).

Taranu et al. (2014) used hydrodynamical simulations to show that long SF quench-
ing time-scales are more effective at reproducing the cluster-centric gradients in
colours of cluster galaxies than the rapid quenching mechanisms such as ram pres-
sure stripping. However, most semi-analytic models of strangulation over-predict
the fraction of quiescent red galaxies in clusters in particular at the low mass end
(log(M,/Mg) < 10.0; Baldry et al. 2006; Kimm et al. 2009; Guo et al. 2011). The
assumption of instantaneous stripping of the hot gaseous component of the galaxy
after the infall has been speculated as the reason behind the excessive quenching in
semi-analytic models. Hydrodynamic simulations with gradual stripping of hot gas
over a period of ~ 1 Gyr are slightly better at reproducing the colour distribution of
satellite cluster galaxies (McCarthy et al. 2008; Kang & van den Bosch 2008).

Separating the effects of ram pressure stripping, strangulation, and harassment on
galaxy properties is not straightforward (e.g., Annunziatella et al. 2016). Different
physical mechanisms must be invoked to explain all the observed properties of cluster
galaxies. For example, both RPS and tidal interactions can be effective at removing
the hot gaseous halo surrounding the galaxy. However, observationally constrain-
ing/identifying the responsible mechanism can be extremely challenging.

The gas-phase metallicity is a perfect tool to understand how the environment affects
the evolution of star-forming galaxies because it represents the cumulative effect of
gas inflow/outflow modulated star-formation history of a galaxy. Even the most
recent burst of star-formation can affect the gas-phase metallicity of a galaxy because
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the most massive stars distribute their metal yield into the interstellar medium on
a relatively short time-scale (< 1Myr). Hence, all the environmental processes
affecting the star formation and gas content of a galaxy on short and long time-
scale should leave an imprint on its gas-phase metallicity.
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1.2 Chemical Evolution of Star-forming Galax-
ies

In astronomy, all elements except hydrogen and helium are collectively termed as
‘metals’, because elements heavier than helium are mostly produced through nuclear
reactions in stars. The relative abundances of all metals compared to hydrogen is
often referred as the metallicity. The gas-phase metallicity of a galaxy is the relative
abundance of total number of heavy elements relative to the number of hydrogen
atoms in the interstellar medium (ISM). In extragalactic astronomy, metallicity is
often defined by relative oxygen abundance and represented as 12 + log O/H for
convenience.

The young, massive stars in star-forming regions produce Lyman continuum photons
that ionises the surrounding ISM gas producing H II regions. The recombination of
the ionised gas produces nebular emission lines of Hydrogen and collisionally excites
forbidden lines from metal ions in the HII region such as [N II] A6583, [O III] A5007.
The flux of the Hydrogen emission lines primarily depends on the Lyman continuum
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flux from young, massive stars, and hence is a direct proxy for the instantaneous
SFR of the entire galaxy. The ratio of nebular emission lines give insight into
physical properties of the ionised gas, such as ISM metallicity, electron density,
pressure.

Direct estimation of the ISM metallicity depends on the electron temperature (7¢),
which requires observation of temperature sensitive line ratios, e.g., [OIII] A4363
to [OIII] A5007. However, most auroral emission lines such as [O II1]\4363 are ex-
tremely weak, and hence difficult to observe. Often, theoretical and empirical cali-
brations based on strong emission line ratios such as [O I1] AA3726, 3729, [N IT] A6583,
and Ha A6563 are used (Kewley & Dopita 2002; Pettini & Pagel 2004; Kewley &
Ellison 2008; Kewley et al. 2013b).

Galaxies in the local Universe show a clear relationship between the stellar mass
and the gas-phase metallicity, i.e., galaxies with higher stellar masses have higher
metallicities as compared to galaxies with lower stellar masses. This is usually
termed the mass-metallicity (MZ) relation. The correlation between the metallicity
and stellar mass was first presented by Lequeux et al. (1979) for a sample of nearby
irregular blue compact galaxies. Many observational studies have confirmed the
existence of the MZ relation for local galaxies (Tremonti et al. 2004; Lee et al. 2006;
Ellison et al. 2008; Zahid et al. 2012; Andrews & Martini 2013). Tremonti et al.
(2004) used nearly 50,000 local galaxies from the Sloan Digital Sky Survey (SDSS),
and found a relatively tight MZ relation for local galaxies extending over 3 orders
of magnitude in the stellar mass (Scatter = 0.1 dex; Figure 1.3).

9.2 T T T T T T T T T T T T T T T T T T T T T

= log(SFR)=—1.45

~ i / ' -1.3 ]
Figure 1.4: The mass- 288 | -1.15 _|

.. . oT)] / -1

metallicity relation rela- o L / ~085 A
tion for SDSS galaxies. & L / :8-;5 -
The coloured lines rep- L -0.4 i
resents MZ relations for 86 :8:%5 _
galaxies in bins of differ- i 18g5 i
ent star formation rates. | +0.35 |
The grey shaded area en- i 1825 ]
compasses 60% and 90% 8.4 +t0.8 |
Of the data" Figure re- 1 | L 1 1 | I 1 | | | I 1 1 | 1 | 1 1 1 1 | 1 1 | | |
produced from Mannucci 9 9.5 10 10.5 11 11.5
et al. (2010) log(M.)

Observations of high redshift galaxies confirm the existence of the MZ relation at
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redshifts up to z ~ 3.5, although with an offset towards lower metallicity (Maiolino
et al. 2008; Zahid et al. 2013; Sanders et al. 2015; Wuyts et al. 2016; Onodera et al.
2016; Suzuki et al. 2017). Zahid et al. (2014a) established a universal logarith-
mic MZ relation up to z < 1.6, where only the stellar mass at which metallicity
saturates evolves with redshift, and attribute this to the change in the gas mass
fraction of galaxies at higher redshifts. The absolute comparison of the MZ relation
across cosmic time is uncertain because the normalisation of the MZ depends on the
metallicity indicator used (Kewley & Ellison 2008). Additionally, it remains unclear
whether the empirical metallicity calibrations derived from local studies can be used
to measure metallicity of high redshift galaxies (Kewley et al. 2013a; Shapley et al.
2014).

Several authors have investigated the relationship between the intrinsic scatter in
the MZ relation and the varying SFRs of galaxies. Ellison et al. (2008) reported
that galaxies with higher sSFRs have systematically lower gas-phase metallicity
compared to galaxies with lower sSFRs at the same stellar mass. Mannucci et al.
(2010) and Lara-Lépez et al. (2010) show that the MZ relation is just a 2-dimensional
projection of more fundamental metallicity-relation (FMR) between the stellar mass,
metallicity and SFR (Figure 1.4). Mannucci et al. (2010) found that the FMR does
not evolve till z < 2.5, and that the observed evolution of the MZ relation can be
accounted by the higher SFRs of high redshift galaxies. However, other observations
find that the FMR evolves at high redshifts (Zahid et al. 2014b; Sanders et al. 2015;
Oi et al. 2017)

The anti-correlation between the SFR and metallicity is slightly counter-intuitive
because the higher SFR implies a higher rate of metal production in a galaxy.
Moreover, it is unclear how metallicity, which represents the cumulative star for-
mation history, depends on the instantaneous SFR. Telford et al. (2016) show that
the signal-to-noise (S/N) cuts on individual emission lines, choice of metallicity di-
agnostics, and the aperture effects strongly affect the observation of a fundamental
metallicity relation. Observations of spatially resolved galaxies in surveys like CAL-
[FA and MaNGA also question the existence of a FMR (Barrera-Ballesteros et al.
2017; Sanchez et al. 2017). By comparing the metallicity at one effective radius for
all star-forming CALIFA galaxies, Sanchez et al. (2017) do not observe any correla-
tion between the metallicity and SFR.

1.3 Chemical evolution of cluster galaxies

Comparative analysis of the MZ relation in cluster and field environments is used to
disentangle the effect of environment and stellar mass on the chemical evolution of
galaxies. Numerous observations have focused on the how environment influences
the chemical evolution of star-forming galaxies (e.g. Shields et al. 1991; Skillman
et al. 1996; Mouhcine et al. 2007; Cooper et al. 2008; Ellison et al. 2009; Scudder
et al. 2012; Hughes et al. 2013; Pasquali et al. 2012; Peng & Maiolino 2014; Darvish
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Figure 1.5: The average metallicity as a function of environmental overdensity for star-
forming central (coloured dashed lines) and satellite (coloured solid lines) galaxies for
different stellar masses. Horizontal black dashed lines indicate the average metallicity of
the central galaxies in a stellar mass range given in legend. Solid black lines indicate a sim-
ple parameterization of environmental-dependent metallicity evolution. Figure reproduced
from Peng & Maiolino (2014).



§1.3 Chemical evolution of cluster galaxies 13

et al. 2015a; Pilyugin et al. 2017a), unfortunately without conclusive results.

1.3.1 In the local Universe

Shields et al. (1991) presented the first evidence of an environmental dependence of
the metallicity, by analysing spectra of HII regions of spiral galaxies in the Virgo
cluster. Ellison et al. (2009) found that local star-forming cluster galaxies from SDSS
data are 0.03 — 0.05dex more metal-rich compared to the field galaxies. However,
the metal enhancement depends on the local overdensities such as the presence
of a nearest neighbour, rather than the large-scale cluster membership. Late-type
isolated spiral galaxies in the Virgo cluster follow a similar MZ relation as isolated
galaxies in field environments, further indicating insignificance of large-scale cluster
membership (Hughes et al. 2013). The large scatter in the chemical abundance
with respect to environmental density suggests a minimal role of environment in
the chemical evolution of star-forming galaxies in the local Universe (Pilyugin et al.
2017a).

Semi-analytic models of galaxy formation predict different evolutionary pathways
for central and satellite cluster galaxies. Pasquali et al. (2012) found significant
offset in the gas-phase metallicity of central and satellite cluster galaxies at a fixed
stellar mass. Peng & Maiolino (2014) further analysed the differential metallicity
evolution of central and satellite cluster galaxies with environmental overdensity and
found a strong dependence of the satellite metallicity on environmental overdensity
(Figure 1.5). In fact, the metallicity of low stellar mass satellite galaxies (< 10'° M)
increases by almost 0.1 dex in the highest overdensity bins. The metallicity of central
galaxies is largely independent of the environmental overdensity.

Petropoulou et al. (2012) observed that the slope of the MZ relation becomes flatter
for dwarf galaxies (10® — 10° M) in two massive cluster, in particular for galaxies in
the Coma cluster. This suggests that the environmental imprint on the metallicity is
stronger for dwarf cluster galaxies. Pilyugin et al. (2017a) also found a statistically
significant (~ 0.05 dex) metallicity enhancement for low stellar mass galaxies (109! —
10%5Mg). By comparing the metallicity of cluster galaxies at small (< 0.3 Ragg.) and
large (> 0.8 Rago.) cluster-centric distance, Ellison et al. (2009) found that galaxies
near the cluster centre are (.03 dex more metal-rich compared to galaxies at larger
distance. Petropoulou et al. (2012) also found a negative correlation between the
cluster-centric distance and the metallicity of SF cluster galaxies, further indicating
that the environmental density affects the metallicity of SF galaxies as the density
in a cluster environment decreases with cluster-centric distance.

Strangulation of galaxies with stellar mass < 1012 M, after infall can explain the
higher fraction of metal-rich galaxies in the accreted region of the phase-space dia-
gram compare to the phase-space region occupied by infalling galaxies for a cluster
at z = 0.4 (Maier et al. 2016). Peng et al. (2015) show that slow quenching with a
~ 4 Gyr timescale via strangulation can explain the higher metal content of quies-
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cent galaxies compared to star-forming galaxies. Darvish et al. (2015a) found that
star-forming galaxies in a filamentary structure at z ~ 0.53 are 0.10 — 0.15 dex more
metal-rich compared to field galaxies at the same redshift. These observations show
that the galactic metallicity is pre-processed in the intermediate density filamentary
structure of the cosmos.

1.3.2 In the high redshift Universe

Only a limited number of observations of the MZ relation in cluster environment
exist at high redshift (z > 1.0), and with contradictory results. Kacprzak et al.
(2015) estimated the metallicity of 43 cluster members at z ~ 2.0 and found a
minimal (0.02 dex) metal enhancement for high redshift cluster galaxies. Tran et al.
(2015) also found no environmental dependence in the metallicity of SF cluster
galaxies at z = 1.67. Whereas, Shimakawa et al. (2015a) found that galaxies in
a protocluster at z ~ 2.5 are chemically enriched relative to the counterpart field
galaxies. In contrast, Valentino et al. (2015) found that high redshift cluster galaxies
are metal-poor compared to field galaxies due to their excess gas content.

High-redshift observations of the mass-metallicity relation are highly susceptible to
the brightness limit and choice of emission line diagnostics. Most high redshift ob-
servations rely on the [N II]/Ha emission line ratio to estimate metallicity. However,
this line ratio does not consider the evolving ionization parameter in high redshift
Universe (Kewley et al. 2015), and differences in the ionization properties of galaxies
in cluster and field environments (Kewley et al. 2016).

1.3.3 In cosmological simulations

Numerical simulations serve as a laboratory for astronomers, where we can conduct
the experiment of building a Universe from scratch over and over again. Dark-
matter only simulations are excellent at reproducing the cosmic distribution large-
scale structure from the inhomogeneities in the cosmic microwave background (e.g.,
Springel et al. 2006). However, detailed properties of a galaxy depends on the as-
trophysical phenomena that affect the evolution of baryonic component under the
gravitational potential of dark matter. Hydrodynamic simulations incorporates the
details of baryonic physical processes such as star-formation, feedback, cooling as
a subgrid parametrised prescription. Earlier version of hydrodynamic simulations
fail to reproduce the key properties of galaxies such as stellar mass function, mor-
phologies, gas and stellar components (e.g., Scannapieco et al. 2012, and references
therein).

The new generation of cosmological hydrodynamic simulations reasonably recover
the observed properties of galaxies such as stellar mass function, mass-metalllicity
relation, star formation rate (Vogelsberger et al. 2014b; Schaye et al. 2014; Bahe
et al. 2016; Torrey et al. 2017; Pillepich et al. 2018; Genel et al. 2017). They
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Figure 1.6: Top panel: Comparison of gas-phase oxygen abundance in star-forming
field (black) and satellite (blue/orange) galaxies in EAGLE simulations. The width of the
shaded region represents the 1o statistical uncertainties on the median trend. The solid
curves surrounded by green shaded regions show observational data from Pasquali et al.
(2012). The red shaded regions represents the stellar mass range that could suffer from
numerical resolution of EAGLE simulations. Bottom panel: Ratio of logarithmic metal-
licity between satellite and field galaxies. The dashed line show predictions from EAGLE
for galaxies with sSFR > 10~ 'yr~! and the difference in the mass-weighted mean metallic-
ity within a 3D aperture of 30 proper kpc (pkpc) as dash-dotted lines. The environmental
predictions from EAGLE simulations matches with Pasquali et al. (2012) observation with
local SDSS data. Figure reproduced from Bahe et al. (2016)
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have sufficient volume (~ (300 Mpc)?) to produce massive galaxy clusters with halo
masses comparable to those observed (~ 10'® Mg; Vogelsberger et al. 2014b; Schaye
et al. 2014; Vogelsberger et al. 2017). Thus, the new generation of cosmological
hydrodynamic simulations make a powerful tool to understand the physics of the
observed chemical enhancement of cluster galaxies, because they self-consistently
model the formation of galaxies and their environment. Also, availability of a full 3-
dimensional formation history in simulations is extremely useful to understand how
and when the imprint of environmental processes appears on the metallicity.

Earlier cosmological simulations found an elevated galaxy metallicity of satellite
galaxies compared to centrals (Davé et al. 2011; De Rossi et al. 2015). Genel
(2016) uses Illustris simulations (Vogelsberger et al. 2014a) to understand the phys-
ical mechanism responsible for metallicity enhancement of satellite galaxies. The
MZ relation of the central and satellite galaxies from the Illustris simulations is in
qualitative agreement with observations from Pasquali et al. (2012). Genel (2016)
compares the chemical evolutionary history of central and satellite galaxies in the
narrow stellar mass range of 2 — 3 x 10 M. For this stellar mass range, Illus-
tris simulations show that the central concentration of star formation and different
star formation histories are responsible for the metallicity enhancement of satellite
galaxies compare to central galaxies.

Using EAGLE simulations, Bahe et al. (2016) found that star-forming galaxies re-
siding in massive halos have systematically higher global gas-phase metallicity than
galaxies in average density environments (Figure 1.6). By analysing the radial metal-
licity profiles of galaxies in EAGLE simulations, Bahe et al. (2016) show that the
metallicity enhancement of satellites is driven by an increased average metallicity
at a fixed galacto-centric distance, and the stripping of low metallicity gas from the
galactic outskirts. They speculate that the reduction in inflow of metal-poor gas
and/or increased contribution of stellar ejecta to the depleted gas is responsible for
the increased metallicity of satellite galaxies at a fixed galacto-centric radius.

1.4 Motivation

Current observations of the gas-phase metallicity of cluster galaxies are plagued by
poorly understood systematic errors such as projection effects, interlopers, selection
biases and metallicity diagnostics. The MZ relation studies in the local Universe
relies on stacking the data from large galaxy surveys such as SDSS, because only
a small fraction of galaxies in the local galaxy clusters are actively forming stars.
For example, Ellison et al. (2009) combine data from 625 galaxy clusters to achieve
a sample of ~ 1300 cluster galaxies with nebular metallicity measurements, i.e.,
only 2 star-forming galaxy per cluster. The scatter introduced by the cluster-to-
cluster variation can easily overwhelm the signature of the environmental dependent
chemical evolution.

The formation history of a galaxy cluster can influence the physical properties of
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cluster galaxies, including their metallicity. Observations show a deficit in the frac-
tion of star-forming galaxies in clusters regions that are in the process of fall into
the cluster potential (a process referred to as ‘pre-processing’, Wetzel et al. 2013).
Recent observations by Bianconi et al. (2018) found that the fraction of star form-
ing galaxies in infalling groups does not change with respect to the cluster-centric
distance, suggesting that gravitational and tidal interactions in infalling groups are
efficient at quenching the star formation. Thus, combining data from hundreds of
galaxy clusters at different stages of their formation history can dilute the small
signatures of the environmental dependence of the MZ relation.

Differences in the definition of environment make the comparison across observa-
tional studies ambiguous. Ellison et al. (2009) found slightly different environmen-
tal dependence of the MZ relation (0.02 — 0.05dex), by using the distance to the
cluster center, the distance to the 10 nearest galaxies and cluster halo mass as a
measure of environment. Pilyugin et al. (2017a) also found a minimal dependence
of the MZ relation on the environment, using the number of neighbours within a cer-
tain projected distance and velocity phase-space to separate the local SDSS galaxies
into low- and high-density environment. On the other hand, Pasquali et al. (2012)
and Peng & Maiolino (2014) separated the SDSS galaxies into centrals and satel-
lites and found a strong correlation between the metallicity of satellite galaxy and
environmental overdensity (Figure 1.5).

Additionally, the normalisation of metallicity measurements depends on the metal-
licity diagnostic. Kewley & Ellison (2008) showed that both the slope and the
saturation metallicity of the MZ relation depends on the choice of metallicity diag-
nostic. Even the relative metallicity measurement could be affected by the system-
atic uncertainties introduced by the metallicity diagnostics (Kewley & Ellison 2008;
Andrews & Martini 2013). On top of that, SFR cuts or brightness limit of observa-
tions can bias the observation against cluster galaxies undergoing the environmental-
dependent transformations because they will preferentially have lower SFRs.

The new generation of cosmological simulations can help us untangle the complex
interplay of various physical processes undergoing in galaxy clusters. In the current
generation of numerical simulations, we can track the detailed properties of gas
inflows and outflows as a function of environment and place constraints on their
relative significance on the chemical evolution of cluster galaxies. The predictions
from simulations can guide us to design future observations aimed at observing the
small environment-dependent chemical enrichment signatures.

In this thesis, I observe galaxy clusters at intermediate redshift (z ~ 0.35) to have
a statistical sample of star forming galaxies per galaxy cluster. The differences in
the relative MZ relation between various galaxy clusters help us understand the
effect formation history of a galaxy cluster has on the chemical evolution of its
star-forming cluster galaxies. I present the first observation of a negative gradient
in the integrated metallicity of cluster galaxies with the cluster-centric distance.
Using HlustrisTNG cosmological simulations, I make the first systematic predictions
of the chemical pre-processing of infalling cluster galaxies and identify that the
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inflow of enriched gas (pre-enrichment) is driving the chemical evolution in overdense
environments. My Ph.D. dissertation combines observations, theoretical models,
and cosmological simulations to identify the drivers of the chemical evolution in the
cluster environment.

1.5 Thesis Outline

This thesis aims to answer several fundamental questions: whether the environment
affects the chemical evolution of star-forming galaxies, and what the physical drivers
of galaxy evolution in the cluster environment are?

Chapter 2 presents our work on quantification of flux calibration errors of the
DEIMOS spectrograph. It presents our observation and data reduction technique
with DEIMOS.

Chapter 3 presents observations of a cluster-scale abundance gradient in two galaxy
clusters at z ~ 0.35; MACS11154-0129 and RXJ1532+43021, using observations from
Keck/DEIMOS. My observations show that the cluster-scale abundance gradient
is an alternate method to identify the environmental effects on chemical evolu-
tion.

In Chapter 4, I investigate whether truncation of the star formation in the outer
galactic disk is sufficient to reproduce observations of cluster-scale abundance gra-
dients and metallicity enhancement on the mass-metallicity relation. I use a self-
developed analytic model of ram pressure stripping and conduct mock observations

of CALIFA galaxies.

Chapter 5 presents the chemical enrichment history of galaxies in a set of new gen-
eration cosmological hydrodynamical simulations (IllustrisTNG). By identifying the
progenitors of the present day cluster galaxies, I investigate whether the metallicity
enhancement of cluster galaxies emerges before or after infalling on to the main
cluster halo.

Chapter 6 summarises the main conclusions of my thesis. It briefly describes the
current and future work stimulated by my thesis.



Chapter 2

DEIMOS /Keck flux calibration

Context and Contribution

This chapter is originally submitted as Keck-DEIMOS flux calibration: A
case study from an extragalactic survey , A. Gupta, T. Yuan, M. Kaasinen,
L. Kewley, submitted, PASP. This chapter is included in the thesis as
a representation of my contribution to quantification of flux calibration
errors for DEIMOS spectrograph at Keck-11I telescope. The whole paper
was written by myself with suggestions provided by co-authors.

2.1 Introduction

Optical spectroscopy has played a vital role in shaping the modern understanding
of our Universe such as cosmic expansion (see review by Tegmark et al. 2004), large-
scale structure formation (e.g., Broadhurst et al. 1990; Eisenstein et al. 2005; Blake
et al. 2011) and the evolution of fundamental physical properties of galaxies with
redshift (e.g., Cowie et al. 1996; Le Fevre et al. 2005; Kobulnicky & Kewley 2004;
Lilly et al. 2007; Zahid et al. 2011; Yuan et al. 2013a).

Multi-object spectroscopy is the simultaneous spectroscopy of hundreds of targets
spread over a wide field of view (FOV). Multi-object slit spectroscopy is ideal for
observing crowded regions of the Universe such as globular clusters (Pota et al. 2013),
galaxy clusters (Tanaka et al. 2013; Richard et al. 2011; Bayliss et al. 2011; Ebeling
et al. 2014) and for conducting large spectroscopic surveys of field galaxies (e.g.,
Davis et al. 2002; Scoville et al. 2007; Jones et al. 2009; Cooper et al. 2012; Newman
et al. 2013; Darvish et al. 2015b). Almost all modern telescopes have optical or
near-infrared multi-object spectrograph, e.g., GMOS at Gemini with 30 — 60 slits
and a FOV of 5.5" x 5.5" (Oke et al. 1995), DEIMOS at Keck-II with 150 — 200 slits
and FOV of 16’ x 4’ (Faber et al. 2003), VIMOS at VLT with 40 — 200 slits and
FOV of 4 x 7" x 8 (LeFevre et al. 2003), MOIRCS at Subaru with 40 slits and FOV
of 4 x 7" (Suzuki et al. 2008) and MOSFIRE at Keck-I with ~30 slits and FOV of
6.1' x 6.1 (McLean et al. 2012).

19
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The absolute flux calibration of a spectrograph is essential to extract accurate in-
formation from a spectrum. Estimating physical quantities such as star formation
rates (e.g., Kennicutt, Jr. 1998), dust extinction (e.g., Calzetti et al. 2000) and lu-
minosity of supernovae (e.g., Riess et al. 1998) depends on the accuracy of the flux
calibration. Stellar population models are based on stellar spectral libraries that
are flux calibrated (e.g., Bruzual & Charlot 2003). Moreover, accurate flux calibra-
tion of data from individual instrument is essential in order to combine and analyse
multi-wavelength data from different instruments (e.g., Sobral et al. 2015).

The standard method of flux calibration with any spectrograph is to observe a spec-
trophotometric flux standard star and derive the flux scaling relation. However, ac-
curate flux calibration of the DEep Imaging Multi-Object Spectrograph (DEIMOS)
on Keck-II is non-trivial. DEIMOS is a large spectrograph with a single slitmask of
size 28 inches and 8 2048 x 4096 pixel science CCDs. Each spectrum spans 2 CCDs;
referred to as the ‘blue’ and the ‘red’ sides (Faber et al. 2003). The large slitmask
size, in combination with instrument flexure, leads to uneven slit illumination for
different CCDs, which can result in systematic differences in the response of different
CCDs. The brightness of the source is dependent on its location with respect to the
readout amplifier (Bohlin et al. 2014).

Quantifying the flux calibration errors for DEIMOS is challenged by the systematic
differences among CCDs. For this reason, DEIMOS has been primarily used for
redshift identification, kinematic analysis and equivalent line widths measurements
in the extragalactic community where absolute flux-calibration is not necessary (e.g.,
Schenker et al. 2012; Ebeling et al. 2014; Bellstedt et al. 2017). Flux-calibrated
DEIMOS data has a much wider scientific application and can be extremely useful
in studies such as emission line ratio analysis of galaxies in 0.5 < z < 1.6, where a
subset of the strong emission lines span across both the optical and near infra-red
wavelengths (e.g., Sobral et al. 2015; Kaasinen et al. 2016). However, no literature
has reported the quantitative errors of DEIMOS flux calibration, even after 16 years
of its commissioning. This motivates us to present a simple case study on the flux
calibration of DEIMOS with the goal of providing a quantitative reference on using
DEIMOS in a flux-calibrated manner.

In this paper, we investigate the systematic differences in the absolute flux calibra-
tion of DEIMOS across its 8 CCDs. We compare two DEIMOS flux calibration
techniques recommended by Keck: (i) separate flux calibration curves for each CCD
(slitless mode) and (ii) a single flux calibration curve for all CCDs (longslit mode).
Our observations are summarised in Section 2.2. We describe the data reduction in
Section 2.3, including the longslit and slitless modes of flux calibration. We describe
our testing methods in Section 2.4 and conclude in Section 2.5. All magnitudes are
expressed in the AB system.
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Figure 2.1: Derivation of the sensitivity curve using the standard star G191B2B for the
blue CCD of DEIMOS. The absolute spectrum of the star is obtained from the CALSPEC
Calibration Database. Left panel: The black curve shows the observed stellar spectrum.
The blue dashed line represents the stellar absorption features identified using the absolute
stellar spectrum. Middle panel: The observed stellar spectrum after correcting for the
stellar absorption (black). The blue curve represents the best-fit absorption profile. Right
panel: The blue curve represents the stellar blackbody profile corrected spectrum. The
blue curve represents the sensitivity curve for the blue CCD before normalisation. The
black curve is same as in the middle panel.

Table 2.1: Observation summery - DEIMOS flux calibration

Targets a(J2000) d(J2000) Mask airmass Exposure time
RXJ1532430 15:32:53.8% 430:20:58? Multi-slit 1.09 5 x 1200s
G191-B2BP 05:05:30.6  +52:49:54 Long-slit 1.19 45s
G191-B2B¢ 05:05:30.6  +52:49:54  no mask (CCD1) 1.19 15s
G191-B2B° 05:05:30.6  +52:49:54  no mask (CCD2) 1.19 15s
G191-B2B¢ 05:05:30.6  +52:49:54  no mask (CCD3) 1.19 15s
G191-B2B¢ 05:05:30.6  +52:49:54  no mask (CCD4) 1.19 15s

Notes:

& Coordinates of the BCG centroid (J2000)

b Used for telluric correction and longslit mode flux calibration
¢ Slitless mode flux calibration

Seeing ~ 0.8"
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2.2 Sample selection and Observations

To quantify the accuracy of flux calibration for DEIMOS, we use the data from
our Gravitationally Lensed-galaxies Observable With-Adaptive Optics (GLOW-AO)
survey (Chapter 1). In the GLOW-AO survey, we observe 8 strong lensing clusters
from the Cluster Lensing And Supernova survey with Hubble (CLASH; Postman
et al. 2012), including RXJ1532+3021. The GLOW-AO survey targets lensed galax-
ies in the redshift range of 0.8 < z < 1.6 that can be followed-up with adaptive
optics. A single DEIMOS slitmask can have ~ 150 slits but the candidate lensed
galaxies only occupy 10-20 slits. We fill the rest of the slitmask with bright cluster
members and field galaxies.

All observations were conducted on UTC February 24, 2014 with a 600ZD grating,
an OG550 filter and a central wavelength of 7500 A. The wavelength coverage of
our spectra is 5500 A — 9800 A with a dispersion of 0.65 A pixel™. The slit width of
all observations was 1”. Table 2.1 summarises the observations for the data used in
this paper.

We use the spectrophotometric standard DA-type white dwarf star G191B2B (my =
11.74) to flux calibrate our data (Oke 1990; Rauch et al. 2013) because white dwarfs
are relatively simple objects with fewer metal lines compare to other stars. We
obtain its absolute spectrum from the CALSPEC Calibration Database!. A bright
white dwarf star HIP 23694 was simultaneously observed to estimate the accuracy of
our flux calibration technique for bright targets. HIP 23694 has r-band magnitude
m, = 9.72 (Munari et al. 2014). We use the data obtained for the cluster RX
J1532+-3021 (z = 0.35) to quantify and compare the accuracy of our flux calibration
techniques for faint targets.

To measure the differential sensitivity of DEIMOS CCDs, we acquire a separate
spectrum of the standard star by manually repositioning the star on each CCD. Tra-
ditionally, the longslit mode is used to acquire the standard star spectrum. However,
in the longslit mode the star is positioned on the 3rd and 7th CCDs of DEIMOS.
Manually repositioning the standard star on DEIMOS CCDs can be achieved more
easily in the slitless mode because the star remains in the FOV during small telescope
adjustments.

For the slitless mode observations, we first centre the standard star G191B2B using
the 1”7 longslit, which positions the stellar spectrum on the 3rd and 7th CCDs.
We then remove the slitmask and acquire an image to confirm the location of the
standard star on the detector. Finally, we reposition the star on each CCD through
incremental telescope adjustments and image acquisitions, acquiring a spectrum for

each desired CCD.

1 See http://www.stsci.edu/hst/observatory/crds/calspec.html
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Figure 2.2: Normalised sensitivity curves for the blue (left panel) and red (right panel)
CCDs from the longslit mode observation of the standard star G191B2B. The black curve
in each panel represents the normalised spectroscopic throughput for the respective CCDs
provided by the Keck observatory. The grey curve in both panels shows the atmospheric
transparency curve®. Our sensitivity curves nearly follows the general shape of the Keck
spectroscopic throughputs. The difference between our sensitivity curves and Keck spec-
troscopic throughputs is because of atmospheric absorption (Keck throughput considers
only the response from the telescope and instrument).

2.3 Data Reduction

We reduce the data in two steps. We use the spec2d pipeline (Cooper et al. 2011;
Newman et al. 2013) to reduce the raw spectra. The spec2d pipeline produces a 2-
dimensional (2D) slit spectra for each object after correcting for the instrument bias,
flat-fielding, slit-tilt and cosmic rays. The spec2d pipeline also performs wavelength
calibration of the data. Secondly, we apply our IDL-based code, to correct for
the atmospheric absorption, instrument sensitivity and to flux calibrate the 2D slit
spectra.

We compare the accuracy of flux calibration using two techniques: (i) longslit mode
and (ii) slitless mode. The longslit mode is the traditional flux calibration technique
in which a single stellar spectrum is acquired by placing a longslit on the standard
star. In the longslit mode, a single scaling relation is used to convert the net signal
across all DEIMOS CCDs into the absolute flux density. The slitless mode is the non-
traditional flux calibration technique in which we derive a separate scaling relation
for each CCD by acquiring a separate standard star spectrum on each CCD. By
comparing the longslit and slitless mode techniques, we quantify the effect of the
differential CCD sensitivity on the flux calibration accuracy.
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2.3.1 Longslit Mode
Instrument sensitivity correction

For instrument sensitivity correction, we use the longslit mode observation of the
standard star G191B2B (Section 2.2). In this work, we define the sensitivity curve as
the dimensionless quantity representing the convolution of the instrument response
and the atmospheric absorption as a function of wavelength. Figure 2.1 shows the
derivation of the sensitivity curve from the observed stellar spectrum for the blue
CCD. We first extract the stellar 1D-spectrum by fitting a Gaussian curve along the
spatial profile from the 2D slit spectrum and integrating the flux within the full width
at half maximum (FWHM). The intrinsic stellar features such as stellar absorption
at 6563 A and the underlying black body profile at 60920 K (Gianninas et al. 2011)
were fitted and removed. The sensitivity curve is represented by the normalised 1D
stellar spectrum after correcting for the intrinsic stellar features. The normalisation
is necessary because sensitivity curve represents the relative instrument sensitivity
convolved with the atmospheric absorption as a function of wavelength.

Figure 2.2 shows the derived sensitivity curves for the blue and red CCDs. Our
sensitivity curves matches the normalised spectroscopic throughputs? (black curves
Figure 2.2) provided by the Keck observatory, except for the clear telluric bands at
6850 —6960 and 7580 —7700A. The difference between the normalised Keck through-
put and our sensitivity curves is because Keck spectroscopic throughputs represent
the convolution of the telescope and instrument response, and does not include at-
mospheric absorption®. Also, different observing conditions such as variations in
seeing and airmass can also contribute to the difference in the Keck spectroscopic
throughputs and the sensitivity curves derived by us.

We divide all 2D slit spectra by the derived sensitivity curves to simultaneously
correct for the atmospheric absorption and instrument response function. This cal-
ibration is also useful in applications of DEIMOS in non-flux calibrated cases.

Flux Calibration

In the longslit mode of flux calibration, we utilise the longslit mode observation of
the spectrophotometric standard star G191B2B. We define the flux calibration curve
(Fee) as:

_ Nc(e” /hour)

- F¥(erg/s/cm2)’

where N, is the observed signal from the standard after correcting for the instru-
ment sensitivity (Section 2.3.1), and F, is the absolute flux density of the standard
star. Both N, and F; are wavelength dependent. Note that the units for DEIMOS

FCClongslit ()\)

(2.1)

2 See https://www2.keck.hawaii.edu/inst /deimos /ripisc.html
3 See http://www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints/ ex-
tinction
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Figure 2.3: The coloured curves show the flux calibration curves (Fccgtess(A)) for the
different DEIMOS CCDs derived from the slitless mode observations of the standard star
G191B2B. The black curve represents the Fccionggiit(A) derived form the longslit mode in
Section 2.3.1. The gap at ~ 7500 A indicates the switch in CCDs from the blue to the
red.

spectra are e~ /hour. The absolute flux density (F;) for standard star G191B2B
is obtained from the CALSPEC Calibration Database!. We obtain N, by dividing
the 1D stellar spectrum with the sensitivity curve derived in Section 2.3.1, simulta-
neously correcting for the instrument sensitivity and the atmospheric absorption in
the observed stellar spectrum.

Figure 2.3 shows the derived flux calibration curve from the longslit mode observa-

tions of the standard star (Fcciongsiit(A)). The median conversion factor (Fcciongsiit(A))

for the blue and red CCDs is 660 (e~ /hour)/(erg/s/cm~2/A) and 850 (e~ /hour)/(erg/s/cm 2/ A
respectively. To perform flux calibration in the longslit mode, we divide the in-

strument sensitivity corrected spectra of target objects by Fcciongsit(A) (the black

curve in Figure 2.3), irrespective of the CCD the individual spectrum was observed

on.

2.3.2 Slitless Mode

We consider the differential DEIMOS sensitivity to perform flux calibration using the
slitless mode observation by deriving a separate flux calibration curve (Fecgjigiess(A))
for each CCD. The flat-fielding and wavelength calibration in slitless observation
mode is not straightforward. It is impossible to take arc and flat-fielding calibration
frames in the slitless mode because the effective “slit” is the entire FOV. Therefore,
we use the calibration frames from the longslit mode observation of the standard
star.
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Figure 2.4: Left panel: Comparing the sensitivity of individual CCDs derived via the
slitless mode. The black line represents the sensitivity curve we derived from the longslit
mode in Section 2.3.1. The gap at ~ 7500 A indicates the gap in CCDs from the blue to
the red. Right panel: The difference between the sensitivity curve of individual CCD
and the sensitivity curve derived in the longslit mode (black curve in left panel of Figure
2.4). The sensitivity curves of individual CCDs shows wavelength dependent variations
that can vary by more than 10% from the longslit mode sensitivity curve.

To check the accuracy of the wavelength calibration, we match the stellar absorption
feature at 6563 A and atmospheric absorption at 7600 A. We estimate a constant
wavelength offset between 5 — 30 A depending on the CCD and correct for it while
deriving the sensitivity curve for each CCD. In the slitless mode, the spectra of all
objects in the FOV is acquired. To identify our standard star, we match the stellar
absorption features in the observed stellar spectrum with the absolute flux density
spectrum of the standard star.

Instrument sensitivity correction

We derive a separate sensitivity curve for each DEIMOS CCD from the slitless
mode observations of the standard star G191B2B (Figure 2.4) using the procedure
described in Section 2.3.1. Figure 2.4 shows the difference in the sensitivity of
different DEIMOS CCDs with respect to the sensitivity curve derived from the
longslit mode observation of the same standard star. The difference between the
CCD sensitivity curves can be as large as 10% and are wavelength dependent (Figure
2.4: right panel). The slitless mode sensitivity curve for chip 3 and 7 shows the best
agreement with the sensitivity curve from the longslit mode observation as would
be expected.
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Flux Calibration

We use equation (2.1) to derive a separate flux calibration curve for each CCD from
the slitless mode observations of the standard star. We derive N, for each CCD
by dividing the observed stellar spectrum with the respective sensitivity curve of
the CCD (left panel of Figure 2.4). The flux calibration curves derived for different
CCDs are compared in Figure 2.3. We observe wavelength dependent differences as
large as 50% between the Fccgitless(A) for different DEIMOS CCDs (Figure 2.3). To
conduct flux calibration in the slitless mode, we divided the 2D slit spectra with the
derived Fecgipess(A) after matching with DEIMOS CCDs.

2.3.3 Galactic Extinction

We correct spectra of extragalactic targets for Galactic extinction using the parametri-
sation by Fitzpatrick (1999). The average extinction for RXJ1532+43021 targets is
E(B — V) = 0.067, which leads to minimal change in the observed flux density
of targets. For stellar targets, we apply an E(B — V') = 0.0005 (Groenewegen &
Lamers 1989).

2.3.4 Slit-loss Estimation

Estimating slit-loss is crucial to quantify the statistical and systematic errors in the
flux calibration. Almost 80% of our targets are galaxies at z ~ 0.35 that have an
angular size greater than the average seeing (~ 0.7”) and the slit width (1.0”) of our
observations. Hence, only a fraction of light from the observed galaxies is captured.
The same is true for the longslit mode observations of the standard star.

Modified longslit calibration

Without the slit-loss correction, the longslit mode observation underestimates the
light from the standard star, thereby overestimating the flux in the science target
spectrum. The 2D slit spectra are generated by the summation of photons within
the slit-width, giving us a spectrum at each pixel along the slit. In the longslit
mode the slit width is 1”7, whereas the slitless mode observations have no aperture.
Therefore, the total flux observed for the standard star in the longslit mode is less
than the total flux in the slitless mode. The loss of flux due to the finite slit width
in the longslit mode accounts for the difference in median Fcc(\) values derived
from the longslit versus slitless mode (Figure 2.3). We derived a slit loss factor of
0.85 in the longslit mode, by taking the ratio of the total stellar flux in the longslit
versus the slitless mode observations. Thus, the modified flux calibration curve for
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Figure 2.5: Comparison between the R-band spectroscopic magnitudes measured for
star HIP 23694 across different CCDs. Left panel: slitless mode. Right panel: longslit
mode. The mean and the 1-sigma standard deviation are displayed in the legend of each
panel. The dashed line represents the photometric magnitude for the star form the APASS
survey (Munari et al. 2014).

the longslit mode is given by,

o Fcclongslit <>\)

Fcciongslit(/\) - 0.85 (22)

where FcCiongsiit(A) is derived in the longslit mode in subsection 2.3.1. The slit-loss
factor between the longslit mode and the slitless mode is equivalent to the loss factor
for an 0.7” (seeing of the observations) object observed with a 1” slit width. We use
the Fecjy,,qi(A) to conduct flux calibration in the longslit mode.

Aperture correction for the test galaxy sample

Most galaxies in our sample were observed with an average seeing of 0.7” and are
spatially resolved. To calculate the absolute flux of an integrated galaxy spectrum,
we need to correct for the flux lost due to the limited slit width. We obtain the
2D spatial extent of galaxies from the Sloan Digital Sky Survey (SDSS; Alam et al.
2015) photometric data. Assuming the same Gaussian width (o) for the modelled
profile and the SDSS photometric data, the slit loss factor is given by:

= eflving , (2.3)
erf(0.5/\/§JSD55)
where ogpgg is from the SDSS data (Alam et al. 2015). The modelled photometric
magnitudes in the SDSS catalog are generated by integrating flux within the FWHM.
The extra factor of erf(v/In2) in the numerator accounts for the SDSS aperture size.
To perform aperture correction, we divide the flux calibrated spectra with the slit-
loss factor from Equation (2.3).
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2.4 Comparing flux calibration techniques

2.4.1 Using stellar spectra

To compare the accuracy of our two flux calibration schemes (Section 2.3.1), we
estimate the absolute flux of a bright test star HIP 23694 that was observed across
multiple DEIMOS CCDs. The star HIP 23694 (m, = 9.72) was observed on the
Ist, 2nd and 3rd CCD of DEIMOS. We use the value of Fecgpess(A) derived in
Section 2.3.2 to calibrate the stellar spectra in the slitless mode after matching with
DEIMOS CCDs. For the longslit mode flux calibration, we use the Fecj,,qi(A)
irrespective of the DEIMOS CCD (Section 2.3.4).

We derive synthetic r-band spectroscopic magnitudes from the absolute flux cali-
brated spectra for our test star (Pickles & Depagne 2010). The average flux density
within a photometric filter is given by,

JAS (SN
<fr(/\) >= f)\Sr()\>d)\ )

(2.4)

where S,.()) is the filter response curve and f(\) is the flux calibrated spectrum.
We convert the average flux density to an AB magnitude using,

A< fr(N) >
m, = —2.5log (%) — 48.60, (2.5)

where ), is the pivot-wavelength of the filter given by:

S (A)dA
M=\ TE N (2.6)

We use the Sloan r-band filter response curve to derive the spectroscopic magnitude
because the APASS R-band magnitudes are given in terms of the Sloan r-band
magnitudes (Doi et al. 2010).

Figure 2.5 shows the estimated spectroscopic magnitudes for the test star HIP 23694
from our two flux calibration schemes. The mean spectroscopic magnitude is con-
sistent with the absolute magnitude of the standard star within 1-sigma errors, sug-
gesting systematic consistency in the absolute flux measurement from both modes
of flux calibration. We estimate a scatter of Amjgngqit = 0.11 in the spectroscopic
magnitude of the test star in the longslit mode of flux calibration, whereas in the
slitless flux calibration mode the scatter is only Amygjitiess = 0.03.

The longslit mode flux calibration results in a 10.7% precision in the absolute flux
density across DEIMOS CCDs as opposed to the 2.8% precision in the slitless mode
(Am = —2.51og(f1/f2)). Thus, by correcting for the differential profile of DEIMOS
CCDs, we improve the flux calibration accuracy from ~ 11% to 3% for a test star
of magnitude m, = 9.72.
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2.4.2 Using galaxy spectra

To estimate the accuracy of flux calibration on faint targets, we apply our cali-
bration schemes on a set of test galaxies. Our test galaxies are selected from the
observation of the galaxy cluster RXJ1532+3021 because a single DEIMOS slitmask
simultaneously observes nearly 100 objects. We apply the following criteria:

(i) a strong continuum (fy > 10~ 7erg/s/cm~2/A) to minimises statistical error
in the spectrometric magnitude measurements,

(ii) a lack of absorption and emission features to reduce spectral feature contami-
nation, and

(iii) a similar number of galaxies from each of the DEIMOS CCD.

We compare the synthetic spectroscopic magnitudes (Equation (2.4) and (2.5)) with
the SDSS photometric magnitudes to estimate the statistical and systematic uncer-
tainties in our flux calibration schemes. DEIMOS spectra covers full spectral range
for the SDSS r— and i—bands, hence we calculate synthetic spectroscopic r— and
i—band magnitudes for our test galaxies. Slit-losses for spatially resolved sources are
accounted by applying a correction factor to each test galaxy (Section 2.3.4).

For faint targets, the slitless mode does not improve the accuracy of flux calibration
significantly. We quantify the flux calibration accuracy and precision by estimating
the mean and the 1-sigma error in the offset between the synthetic spectroscopic
magnitudes and the SDSS photometric bands. The systematic offset in synthetic
spectroscopic magnitudes for both photometric bands and both modes of flux cali-
bration is statistically zero (Figure 2.6). We do not observe any systematic offsets
suggesting that slit-loss factors were estimated correctly (Section 2.3.4). The slit-
less flux calibration mode results in slight increase in the 1-sigma scatter in the
Am ~ 0.25 (Figure 2.6: left panel) compared to the longslit mode Am ~ 0.20 (Fig-
ure 2.6: right panel). The accuracy of absolute flux calibration is ~ 20% in both
calibration modes.

2.5 Conclusions

We quantify the statistical and systematic errors associated with DEIMOS flux
calibration. In this paper, we investigate two techniques of flux calibration for
DEIMOS/Keck-1II: the slitless mode, where we derive a separate flux calibration
curve for each DEIMOS CCD, and the longslit mode where a single flux calibration
curve is used for all CCDs. We use the spectrophotometric standard G191B2B
(my = 11.74) to flux calibrate the data.

We conclude following from this exercise:

e Various CCDs of DEIMOS have slightly different sensitivity curves, with rel-
ative differences as large as 10% and wavelength dependent (Figure 2.4).
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Figure 2.6: Comparison between the synthetic spectroscopic magnitude and the SDSS
photometric magnitude in r—band (black dots) and i—band (red triangles). The data
points in the left panel were calibrated using the slitless mode whereas the data points
in right panel were calibrated using the longslit mode. Each data point is colour coded
based on its location on the DEIMOS CCD. The dashed line is where x = y.

e The precision in the absolute flux density of the star HIP 23649 (m, = 9.72)
improves from 11% to 3% after accounting for the differential sensitivity of

DEIMOS CCDs.

e The flux calibration accuracy for faint targets (m, ~ 21.0) with DEIMOS is
~ 20% for both modes of flux calibration in our test case. The slitless mode
result in slightly enhanced calibration error compared to the longslit mode for
faint targets.

Our work demonstrates that the flux calibration technique for DEIMOS should be
chosen based on the average brightness of the targets. The slitless calibration mode
is recommended for bright targets (m, < 10.0). However, for faint targets a single
calibration curve from the longslit mode is sufficient to achieve an absolute flux
calibration accuracy of 20%. For faint targets the low S/N is the limiting source of
errors rather than the differential CCD sensitivity. This implication is not surprising
but has never been quantified before. In this paper, we report limitations and provide
a quantitative reference for the flux calibration of DEIMOS.

This work is based on data obtained at the W. M. Keck Observatory. We are grateful
to the Keck Observatory staff for assistance with our observations, especially Jim
Lyke, Marc Kassis and Luca Rizzi. We thank Prof. Micheal Cooper, for his help
with spec2d pipeline. L. Kewley gratefully acknowledges the support of an ARC
Future Fellowship and ARC Discovery Project DP130103925. The authors wish to
recognize and acknowledge the very significant cultural role and reverence that the
summit of Mauna Kea has always had within the indigenous Hawaiian community.
We are most fortunate to have the opportunity to conduct observations from this
mountain.
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Chapter 3

Cluster-scale abundance gradient
for star-forming cluster galaxies

Context and Contribution

This chapter is originally published as Radial Distribution Of ISM Gas-phase
Metallicity In CLASH Clusters at z ~ 0.35: A New Outlook On Environmental
Impact On Galaxy Evolution, A. Gupta, T. Yuan, K. Tran, D. Martizzi,
L. Kewley, 2016, The Astrophysical Journal, 831, 104. This chapter is
included in the thesis as a representation of my contribution showing the
existence of a negative cluster-scale abundance gradient for star-forming
cluster galaxies. I planned and conducted the observations, and reduced
and analysed the data presented in this paper. The whole paper was
written by myself with suggestions provided by co-authors.

3.1 Introduction

Understanding the effect of cluster environment on galaxy formation and evolution
is a central topic in extragalactic astronomy. A galaxy falling into the dense en-
vironment of a galaxy cluster experiences many high-speed tidal encounters with
the cluster members and the cluster potential, leading to the removal of gas and
disk destabilization (galaxy harassment, Moore et al. 1996). At the same time, the
hot intra-cluster medium (ICM) interacts with the interstellar medium (ISM) of the
galaxy and strips off its gas reservoir through ram pressure (ram pressure stripping,
Gunn & Gott 1972; Dressler & Gunn 1983; Gavazzi et al. 1995). The galaxy loses a
large fraction of the halo gas as it moves through the cluster, resulting in a gradual
decline of star formation as it slowly runs out of fuel (strangulation, Larson et al.
1980). Additionally, if the dynamical friction time is sufficiently short, the galaxy
will ultimately reach the cluster center and merge with the central brightest cluster
galaxy (BCG; galactic cannibalism, Ostriker & Tremaine 1975; Hausman & Ostriker
1978; De Lucia & Blaizot 2007). All of the above processes are directly associated
with the mass and ICM gas distribution (e.g., Gunn & Gott 1972; Dressler 1980;
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De Lucia & Blaizot 2007; Bialas et al. 2015). Although the functional form of the
density profile of the cluster is universal (e.g., Navarro et al. 1997; Huss et al. 1999),
the exact structure of the local mass and ICM gas density depends on the dynamical
state of the cluster (Dressler & Shectman 1988; Serna & Gerbal 1996; Adami et al.
2005).

Gas-phase metallicity provides a fossil record of the formation history of galaxies,
modulated by galactic-scale gas flows. Metallicity can trace the impact of mass
and environment on galaxy evolution. The mass-metallicity relation in the local
universe has minimal dependence on environment as shown by most observations
and simulations in local field and cluster galaxies (Tremonti et al. 2004; Mouhcine
et al. 2007; Ellison et al. 2009; Davé et al. 2011; Scudder et al. 2012; Hughes et al.
2013). Cluster galaxies are shown to have slightly enhanced metallicity with respect
to field galaxies at a fixed stellar mass (~ 0.04 dex), but the enhanced metallicity
is driven by the local over-density instead of the large-scale cluster environment
(Ellison et al. 2009).

More recent studies such as Peng & Maiolino (2014) find a stronger correlation
of metallicity with environmental over-density in the local the Sloan Digital Sky
Survey (SDSS) galaxies. Darvish et al. (2015a) found that galaxies in the filamentary
structure at z ~ 0.5 have ~ 0.15 dex higher metallicity than their counterpart field
galaxies. In high density environments such as inner regions of the galaxy clusters,
the gas phase metallicity is higher by 0.08 —0.20 dex than counterpart field galaxies
(Mouhcine et al. 2007). Studies at higher redshift (z ~ 2) are inconclusive about the
environmental dependence of metallicity (e.g., Kacprzak et al. 2015; Tran et al. 2015;
Valentino et al. 2015; Shimakawa et al. 2015b). Most studies on the environmental
dependence of mass-metallicity relation select field versus cluster galaxies, but the
local environment density depends on the cluster-centric distance, thus complicating
the dependence of metallicity on cluster environment.

Galaxy properties such as color, morphology and luminosity show a strong depen-
dence on the density (or cluster-centric distance) in galaxy clusters. The morphology-
density relation shows that the elliptical galaxy fraction is higher in the cluster core
than the cluster outskirts (e.g., Dressler 1980; Houghton 2015). Similarly, the en-
vironmental dependence of the luminosity function shows that the most luminous
(or most massive) galaxies exist in the densest parts of the universe, i.e., the cores
of galaxy groups and clusters (Davis et al. 1988; Zandivarez & Martinez 2011). In
addition, the red galaxy fraction decreases with cluster-centric distance (Martinez
et al. 2008; Ribeiro et al. 2013), implying an increasing star formation rate with
cluster-centric distance. Simulations of galaxy clusters can reproduce the color dis-
tribution of cluster members by assuming a decreasing star formation rate after
galaxies enter the cluster (Balogh et al. 2000). A recent study by Maier et al. (2016)
finds a higher fraction of metal rich galaxies in the accreted region of the galaxy
cluster than galaxies in the infalling region. However, there is no comprehensive
study on the radial dependence of cluster member metallicities.

The radial metallicity distribution can constrain the mass assembly of galaxy clus-
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ters and the effect of cluster environment on individual cluster galaxy evolution.
Both simulations and X-ray observations find that the X-ray plasma in galaxy clus-
ters have higher metallicities in the cluster core than at larger cluster radius (De
Grandi & Molendi 2001; Hlavacek-Larrondo et al. 2013), representing the excess
average star formation in the cluster core. The observed negative radial gradients
in ICM metallicity are often used as a constraint in galaxy cluster simulations (e.g.,
Kapferer et al. 2007; Cora et al. 2008; Rasia et al. 2015; Martizzi et al. 2016). Re-
cent simulations by Martizzi et al. (2016) show that the ICM metallicities can be
explained by a simple “regulator” model of stellar yield and gas accretion. Martizzi
et al. (2016); Rasia et al. (2015) also find a mild correlation between stellar metallic-
ity and cluster-centric distance, with X-ray luminous (cool-core) clusters exhibiting
steeper metallicity gradients than non-cool core clusters. These results imply that
the chemical evolution of individual cluster galaxies is intimately linked with the
local ICM properties of the cluster. Observations of the ISM gas-phase metallicity
in galaxies as a function of the ICM density (or cluster-centric distance), there-
fore provide new insights into the interplay between cluster galaxies and the cluster
environment.

We present the first observations of the radial distribution of global ISM metallicity
of star-forming galaxies in galaxy clusters. This work is based on optical spectra
obtained with the DEIMOS spectrograph on Keck II telescope. The large field of
view (FOV) of the DEIMOS spectrograph allows the observation of cluster members
to large distances (r ~ 2 X r,;) as compared to the small central region probed
by X-ray observations (< 200 kpc). We investigate the global metallicity of star-
forming galaxies as a function of radial distance in two X-ray luminous clusters,
MACS111540129 and RXJ1532+3021 at z ~ 0.35, and compare our observations
with the Rhapsody-G simulations from Martizzi et al. (2016).

We organize this paper as follows. In Section 3.2, we describe the cluster sam-
ple selection, observations, data reduction and the derived quantities including the
metallicity diagnostics. The main results of this paper are presented in Section 3.3.
In Section 3.4, we discuss the possible mechanisms responsible for the origin of a
cluster scale metallicity gradient. Throughout this work, we assume a standard
ACDM cosmology with h = 0.696, Q4 = 0.714 and Q,; = 0.286 (Hinshaw et al.
2013).

3.2 Observations and data reduction

3.2.1 Cluster Sample Selection

The data used in this paper are part of our Gravitationally Lensed-galaxies Observed
With-Adaptive Optics (GLOW-AQ) survey. For the GLOW-AQO survey the galaxy
clusters were selected from the Cluster Lensing And Supernova survey with Hubble
(CLASH, Postman et al. 2012) clusters. Our GLOW-AO survey was designed to
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Table 3.1: X-ray and optically derived properties of galaxy cluster sample

Cluster z kT® Lo’ TSy Mg, i 0% (km/s) MZ
(keV) (10%* erg s71) (Mpc/h) (10'°My /h) (105 Mg /h)
MACS1115+0129 0.352 8.0+0.4 21.1+04  1.78 113£0.10 29409 960 + 147  1.91 + 0.61
RXJ15324-3021  0.362 55£04 20509 1.47 0.64+0.09 38=+1.7 1487 £213 3.78+£0.73
Notes.

@ Redshift derived from SDSS spectra of central BCG.

b kT is the temperature and Lp,; is the total luminosity derived from the X-ray data (Postman
et al. 2012).

¢ ryir is the virial radius, My, is the total halo mass at the virial radius, and ¢, is concentration
parameter at the virial radius of the cluster derived by combining the strong and weak lensing
observations (Merten et al. 2015).

4 5, is the radial velocity dispersion from our observations and My is the halo mass estimated
from the velocity dispersion.

detect lensed galaxies in the redshift range of 0.8 < z < 1.6 that can be observed with
adaptive optics. The CLASH galaxy clusters were originally selected from a sample
of X-ray bright clusters based on their gravitational lensing strength. The GLOW-
AO survey is optimized for lensed galaxies to be followed up with AO observations
using the OSIRIS instrument at the Keck I telescope. We, therefore select clusters
that have at least one bright star (Rap < 18.0) within a radius of 60” from the
central bright cluster galaxy (BCG). In order to perform a comprehensive analysis
of the effect of cluster environment on the abundance gradient, we choose galaxy
clusters with at least 15 cluster members. This restricted our cluster sample to 2
out of the 8 observed galaxy clusters, MACS1115+0129 and RXJ1532+3021.

MACS1115+01 (Ebeling et al. 1998) and RXJ15324-30 (Ebeling et al. 2010) are mas-
sive clusters with M > 10 M, (Postman et al. 2012). Table 3.1 lists the derived
physical and observational parameters for the selected clusters. X-ray morphology
maps for both clusters exhibit minimal disturbances, highlighting the dynamically
relaxed nature of the clusters (Allen et al. 2007). However, radio mini-halos were
found around the central ~200 kpc of RXJ1532+4-30, suggesting a possible dynam-
ical disturbance in the central region of this cluster (Kale et al. 2013). No radio
disturbance is found in MACS1115+01. The non-uniform large scale temperature
distribution from X-ray observations of RXJ1532+30 suggests a past minor merger
with a cooler sub-cluster (Hlavacek-Larrondo et al. 2013). Spectroscopic data for
MACS1115401 and RXJ1532+30 are very limited. Our optical spectra provide im-
portant data to investigate dynamical structures of the clusters through the velocity
and metallicity distributions of cluster members.

3.2.2 Local comparison field sample

We derive our field comparison sample from the Sloan Digital Sky Survey (SDSS)
for our mass-metallicity study (AdelmanMcCarthy et al. 2006). Despite being at
a lower redshift, SDSS galaxies were used as the comparison sample as there is
little evolution in the ISM properties of field galaxies between z ~ 0.1 to z ~
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Table 3.2: Priority list of targets

Objects Priorities®
Lensed candidates 1000
Photometric z (0.8 < z < 2.5) 900
NGS galaxies 800
LGS galaxies 600
Galaxies (Rap < 24.0) 100

Notes:
Objects is the category of galaxies in the DEIMOS mask.

& Priorities is the number we assign by us while designing the DEIMOS mask.

0.35 (Kewley et al. 2013a). The stellar mass of SDSS galaxies was calculated from
the SDSS photometry using the stellar templates from Bruzual & Charlot (2003)
with Chabrier IMF (Chabrier 2003)!. The SDSS sample was selected to match
the stellar mass range of our DEIMOS cluster data (8.5 < log(M,/Mg) < 11.0).
To ensure > 20% aperture coverage for each galaxy and minimize the aperture
effects (Kewley et al. 2005), we select SDSS galaxies within the redshift range of
0.05 < z < 0.10. We select star-forming galaxies using the standard BPT diagram
criteria described in Kewley et al. (2006). We further restrict the SDSS sample by
selecting galaxies with S/N > 5.0 for the following emission lines, [OII]AA3726, 3729,
HAA4861, [OIII]AN4959, 5007, [NITJAAN6549, 6583, Ha 6563 and [SITJAN6T17,6731.
The final sample of 55759 SDSS star-forming galaxies is used to compare with our
cluster member sample.

3.2.3 Mask Design and Spectroscopy

The mask for MACS11154+01 was designed using publicly available Hubble Space
Telescope (HST) images and photometric catalogs. Because the HST images cover
only the central ~ 120", we used Canada France Hawaii Telescope (CFHT) color
images offered by C. J. Ma and Harald Ebeling (private communication) to select
potential cluster members and background lensed galaxies. Lensed galaxy candi-
dates were identified based on their morphology, position around central brightest
cluster galaxy (BCG) and photometry. The highest priority slits were placed on
candidate lensed galaxies and cluster members. The subsequent priorities of objects
are listed in Table 3.2. Galaxies that can be observed with a natural guide star, i.e.
a Rap < 18.0 star at a separation of < 30” radius from the central BCG, are referred
to as NGS. Similarly, galaxies referred as LGS can be observed with laser guide star,
i.e. they have a star with Rap < 18.0 within a 60” radius. The remainder of the
mask was filled with galaxies with Rap < 24. We designed each mask to have at
least two stars with Rap < 15 on each side to ensure proper mask alignment.

! See http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/Data/stellarmass.html
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Table 3.3: Observation summery

Targets «(J2000) 5(J2000) Mask airmass Exposure time
MACSJ11154+01  11:15:52.1*  +01:29:53* Multi-slit 1.06 3 x 1200s
RXJ1532+430 15:32:53.8*  430:20:58% Multi-slit 1.09 5 x 1200s
G191-B2BP 05:05:30.6  +52:49:54 Long-slit 1.19 45s
G191-B2B¢ 05:05:30.6  452:49:54  no mask (CCD1) 1.19 15s
G191-B2B¢ 05:05:30.6  +52:49:54  no mask (CCD2) 1.19 15s
G191-B2B¢ 05:05:30.6  452:49:54  no mask (CCD3) 1.19 15s
G191-B2B¢ 05:05:30.6  452:49:54  no mask (CCD4) 1.19 15s
Notes:

& Coordinates of the BCG centroid (J2000)

b Used for telluric correction and longslit mode flux calibration
¢ Slitless mode flux calibration

Seeing ~ 0.8”

3.2.4 DEIMOS Observations

All observations were conducted with the DEIMOS spectrograph (Faber et al. 2003)
at the KECK II telescope on UTC February 24, 2014. We used the 600ZD grating
at A\, = 7500A and the OG550 filter. Our spectra had a wavelength coverage of 5500
A — 9800 A with a dispersion of 0.65 A /pixel. The slit width for all observations
was 1” and all slits had a constant position angle the same as the DEIMOS mask.
A DA-type white dwarf star G191-B2B (Rauch et al. 2013) of Vap = 11.74 was used
for flux calibration. We developed a robust technique to flux calibrate the DEIMOS
observations by deriving the separate sensitivity function of individual CCDs of the
spectrograph (Chapter 2). Absolute flux calibrated spectrum of the star G191-B2B
was obtained from the ESO archive?. Table 3.3 summarizes the observations for the
data used in this paper. The mask for MACS1115+01 was observed with a total
integration time of 1 hour split into 3 x 20 minutes exposures to eliminate cosmic
rays. The mask for RXJ1532+30 had a total integration time of 1 hour 40 minutes
(5 x 20 minutes exposures). Each mask had a 130 slits and the average seeing
during observations was ~ 0.8".

3.2.5 Data reduction

We reduced the data in two stages. First, we used the publicly available spec2d
pipeline written by Michael Cooper (Cooper et al. 2011) to reduce the raw data. The
pipeline generates 2D slit-spectra after performing the bias removal, flat-fielding,
slit-tilt correction, cosmic ray rejection and wavelength calibration. Secondly, we
used our IDL-based code (Chapter 2) to correct for atmospheric absorption, derive
instrument sensitivity and flux calibrate the 2D slit spectra.

2 See http://www.eso.org/sci/observing/tools/standards/spectra.html
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Figure 3.1: DEIMOS spectra of cluster members in MACS1115+01. Left panel: An
example of emission line galaxy spectrum at z = 0.351 and line-profile fittings in following
order, [OIII]-HS, [NII]-Ha and [SII]. Right panel: An example of absorption line galaxy
spectrum (black curve) with the pPXF fit (red curve) at z = 0.347. Blue curve shows the
error spectrum supplied to the pPXF.

For telluric correction, we used the long-slit mode observation of the standard star
G191-B2B, which is a DA type white dwarf star with an effective temperature of
60920K (Rauch et al. 2013). The atmospheric absorption profile convolved with
instrument response curve was derived from stellar 1D spectrum after removing
the intrinsic stellar absorption features and the underlying blackbody profile. All
2D spectra were divided by the derived sensitivity curve to correct for instrument
sensitivity and telluric absorption.

We used the process described in Chapter 2 to flux calibrate 2D slit spectra from
DEIMOS. The 1D-spectrum of the observed objects was extracted by fitting a Gaus-
sian curve to the spatial slit profile and integrating the flux within the full width
half maxima (FWHM). For galaxies where Gaussian fitting was not possible, we
used FWHM calculated from the point spread function (PSF) of alignment stars on
the DEIMOS mask to extract 1D spectrum.

3.2.6 Emission line fitting

We visually inspected all 2D slit spectra to estimate an initial redshift by iden-
tifying strong emission lines like [OII] AA3726,3729, HfS, [OII1]A4959, 5007, He,
[NII]A6583. Multiple Gaussian profiles were fit to emission lines simultaneously de-
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pending on their separation in wavelength. For the [OII] doublet AA3726, 3729, we
fit a double Gaussian with 5 free parameters: redshift, flux peak-1, flux peak-2, line
width and continuum level. A similar double Gaussian function was used for the
[SIIJAN6T717,6731 doublet. We fit a triple Gaussian to the [NII], Ha emission lines
using 6 free parameters: redshift, flux-Ha, flux-[NII], line width-He, line width-[NII]
and continuum level. The ratio of [NII|]A6548 to [NII]\6583 was constrained to its
theoretical value of 1/3 (Osterbrock 1989). The [OIII], HB emission line group was
simultaneously fit using 4 Gaussians with 8 free parameters: redshift, flux-[OIII],
width-[OI11], flux-H/3, width-H/3, flux absorption-Hf, width absorption-H/S and con-
tinuum level. Figure 3.1: left panel presents the example of emission line fits for
cluster member in MACS1115+01 at z = 0.351. We identified 73 redshifts out of
127 slits in the redshift range of 0.05 < z < 1.13 for the mask MACS1115+01. For
RXJ1532+30, 83 redshifts were identified out of the 139 slits in the redshift range
of 0.036 < z < 0.992.

We identify and fit emission lines to 14 and 21 cluster members in MACS1115+01
and RXJ15324-30 respectively. Ratios of major emission lines, [OIII]/Hf, [NII]/He,
[SII]/He and [NII] /[SII] for the cluster members in MACS1115+01 and RXJ1532+-30
are given in Table 3.4 and Table 3.5 respectively.

3.2.7 Absorption line galaxies

Spectra with no apparent emission lines but with a strong continuum were visually
inspected for Na 5872, Mg\ 5174 and Balmer absorption lines, to estimate an initial
redshift. We performed single stellar population fitting using the penalised pixel-
fitting routine (pPXF, Cappellari & Emsellem 2004) to fine-tune the redshifts of the
absorption line galaxies. We used the MILES stellar population models (Vazdekis
et al. 2010) to best match the spectral resolution of our observations. The sky-
lines and bad pixels were masked before fitting the continuum models. The right
panel in Figure 3.1 shows the example of fit from pPXF for a cluster member in
MACS1115401 at z = 0.347. Using pPXF, we calculated the redshift of 8 absorp-
tion line galaxies for MACS11154-01 (Table 3.6) and 15 galaxies for RXJ1532+30
(Table 3.7).

3.2.8 Active galatic nuclei (AGN) removal

Abundance calibrations using strong emission lines are only robust for star-forming
galaxies. Therefore, we need to remove AGNs from our cluster member sample.
Galaxies can be classified on the basis of their global energetics using optical strong
emission line ratios such as [O III]/HB and [N II]/Ha (Baldwin et al. 1981, BPT).
The hard ionizing radiation field from AGN increases the intensity of the metal ion
forbidden lines (e.g., N*, OT*) as compared to the hydrogen recombination lines.
Kewley et al. (2001, hereafter Ke01) developed a theoretical “maximum starburst
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Figure 3.2: Optical BPT diagnostic diagrams for the observed cluster members for
MACS1115+401 (left panel) and RXJ1532+30 (right panel). The data points in each panel
are color coded with stellar mass (log(M./Mg)). The red (Kewley et al. 2001) and blue
(Kauffmann et al. 2003b) curves divide the galaxies into three subclasses i.e. star forming,
composite and AGN. The blue contours show line ratios for the local comparison sample.
AGN galaxies are removed to ensure star forming sample for the optical diagnostics.

line” on the BPT diagram using a combination of stellar population synthesis, pho-
toionisation and shock models. An “empirical star-forming line” was developed by
Kauffmann et al. (2003b, hereafter Kau03) using the SDSS data. Using Ke01 (red
curve) and Kau03 (blue curve), we can separate galaxies into star-forming, com-
posite and AGN groups on the [O IIIJ/HfS and [N IIJ/Ha BPT diagram (Figure
3.2). The AGN versus star-forming classification was developed for z ~ 0 galaxies.
Because the redshift evolution between z ~ 0 and z ~ 0.35 is negligible on the BPT
diagrams, the z ~ 0 classification can be used for our cluster sample at z ~ 0.35.
Our results remain unchanged even if we use the new redshift dependent classifica-
tion by Kewley et al. (2013a). For analysis of metallicity gradients, we use galaxies
below the KeOl line, thus incorporating both the star-forming and the composite
galaxies.

3.2.9 Stellar mass

We derived the stellar mass from SDSS broad-band photometry (u,g,r,1,2) us-
ing the Le Phare package (Arnouts et al. 1999; Ilbert et al. 2006) with the stel-
lar templates from Bruzual & Charlot (2003) and Chabrier IMF (Chabrier 2003).
The stellar templates have seven exponentially decreasing star formation models
(SFR o< e7*/7) with 7 = 0.1,0.3,1,2,3,5,10,15,30 Gyr and three metallicities. To
correct for dust attenuation in stellar continuum, the Calzetti et al. (2000) models
were used with E(B — V) = 0 to 0.6. The stellar templates with stellar population
ages from 0 to 13 Gyr were used. Throughout this paper, we have used the median
of the generated mass distribution as the stellar mass of our galaxies. The typi-
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cal error from Le Phare in the mass estimation from the SDSS photometry is 0.2
dex.

3.2.10 ISM parameters

We use a new theoretical calibration by Dopita et al. (2016) to derive the global
metallicities for our selected cluster member galaxies. Direct measurement of the
ISM metallicity requires observations of extremely weak auroral emission lines such
as [OIIT]\4363, which is difficult for high redshift galaxies. Thus, the metallicity is
often determined via theoretical and empirical calibrations based on strong emission
lines such as Ha and [NII]. The strength of these emission lines depends on the
ionization conditions in the galaxies i.e., ionization parameter and ISM pressure. The
new calibration by Dopita et al. (2016) using the log([NII]/Ha) and log([NII}/[SII])
ratios is independent of ionization conditions and scales linearly with the oxygen
abundance (a proxy for metallicity; 12 + Log(O/H)).

We use the Dopita et al. (2016) calibration given by:

12 + log(O/H) = 8.77 + log([N1I] /[SI])+

0.264 log([NI1]/He), (8.1)

to derive the metallicity for both our cluster galaxies and the local comparison
sample. We require a signal to noise (S/N) of 3 for all necessary emission lines
to derive the metallicity. Using an independent metallicity calibration such as the
Pettini & Pagel (2004, N2) does not affect our results. We also determine the
ionization properties of the cluster galaxies using [OIII]/HS and [NII]/Ha. We
found no statistically significant relationship between the ionization state of the gas
and cluster radius, given our small sample size.

3.3 Results

3.3.1 Cluster member identification

We identified cluster members based on the radial velocity of galaxies around the
redshift of the central BCG. The peak of the redshift distribution for each mask
coincides with the redshift of the central BCG of the respective clusters (Figure
3.3). We used an initial radial velocity cut of £10,000 km/s and a further 2.5¢ clip
on the radial velocity with a basic outlier rejection.

We identified 22 cluster members for MACS1115+01, of which 14 are emission line
galaxies. The radial velocity distribution of selected cluster members is represented
by the blue bars in Figure 3.4. The normality in velocity dispersion has been used
to characterize the dynamically relaxed state of a galaxy cluster (e.g., Yahil & Vidal
1977; Ribeiro et al. 2013). A one sided Kolmogorov—Smirnov (KS) test yields a
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Figure 3.3: Redshift distribution of all objects observed on the DEIMOS mask. Left
panel: MACS1115401, and right panel: RXJ1532+30. The black line in each panel
indicates the redshift of the clusters. The peak in histogram at the cluster redshifts clearly
indicates detection of cluster members.

probability of 55% for the velocity distribution of MACS1115+01 to be drawn from
the normal distribution, indicating the dynamically relaxed state of the galaxy clus-
ters. The velocity dispersion for MACS1115+401 is 0,4 = 960+ 147 km/s. Assuming
virialization, the total mass of MACS11154+01 is Mg = 1.91 £ 0.61 x 10> M /h,
which is within the 1o error of the virial mass calculated from the gravitational
lensing observations (M, = 1.13 x 105 M /h, Merten et al. 2015, Table 3.1). We
find no obvious dependence of the stellar mass of cluster member galaxies on the
position around the cluster centre, for both emission line (Figure 3.5: left panel -
diamonds) and absorption line (Figure 3.5: left panel - circles) systems.

For RXJ15324-30, we identify 36 cluster members, from which 21 are emission line
galaxies. The cluster member mass of RXJ15324-30 also appears to be indepen-
dent of the spatial position around the central BCG (Figure 3.5: right panel). For
RXJ1532430, the probability of the radial velocity distribution (Figure 3.4: red
bars) to be drawn from a normal distribution is only 5% according to the KS-test.
The observed velocity dispersion for RXJ15324-30 is 04 = 14874213 km/s. Assum-
ing a virialized state for the cluster RXJ1532+4-30, the total cluster mass estimated
from the velocity dispersion would be M,y = 3.78 £+ 0.73 x 10" Mg /h, nearly
6 times the mass calculated from the gravitational lensing observations (M, =
0.64 x 10 M /h, Merten et al. 2015, Table 3.1). We discuss the discrepancy in
the mass estimation from the radial velocity dispersion and gravitational lensing in
Section 3.4.1.
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3.3.2 Mass-metallicity relation (MZR)

In Figure 3.6, we show the MZR for the star forming cluster members in the two
clusters (colored diamonds) and we compare the cluster MZR with the MZR for the
local sample (contours). The metallicities of cluster members and SDSS sample were
derived using the strong emission line diagnostics log([NII]/Ha) and log([NII}/[SII])
(See Section 3.2.10). The stellar mass derived from SDSS photometry (Section
3.2.9). After applying a S/N cut of 3 for the necessary emission lines, the metallic-
ities could be for 12 and 16 cluster members for MACS11154-01 and RXJ15324-30
respectively.

Both clusters show a positive correlation between stellar mass and gas phase metal-
licity. The MZR for MACS1115+01 (Figure 3.6: left panel) has an offset of 0.2 dex
to higher metallicity compared to the local field sample at a fixed mass. A double
two-sided KS-test yields the probability of stellar mass and metallicity distribution
of the cluster members and the local comparison sample to be derived from the same
parent population as 28.9% and 0.03% respectively for MACS1115+01. Thus, the
cluster members for MACS11154-01 show enhanced metallicity irrespective of the
stellar mass, indicating the impact of cluster environment on the chemical evolution
of galaxies.

The MZR for RXJ15324-30 (Figure 3.6: right panel) follows nearly the same distri-
bution as the SDSS local comparison sample. The median offset in metallicity for
RXJ1532430 and the SDSS sample is within the errors of our observations. The
KS-test probability of stellar mass and metallicity distribution of cluster members
and the local comparison sample to be derived from the same parent population is
7.6% and 28.9% respectively. This implies that the mass-metallicity distribution of
RXJ15324-30 and the local comparison sample are subsamples of the same parent
population.
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Figure 3.5: Spatial distribution of all cluster members with absorption line galax-
ies shown as circles and emission line galaxies shown as diamonds. Left panel:
MACS1115+01, and right panel: RXJ1532+30. The square box in each panel shows
the location of the central bright cluster galaxy (BCG) for each cluster. The large box
in each panel represents the field of view of the DEIMOS mask used in our observations.
The data is color coded with stellar mass (log(M,/Mg)) through out this paper. This
figure does not show evidence of mass segregation for both clusters as the spatial location
of cluster member is independent of their stellar mass.

The metallicity offset in MACS1115+01 (0.2 dex) is significantly higher than the
metallicity offset observed in any previous studies of the MZR in the field versus clus-
ter galaxy sample. In contrast, the MZR for RXJ15324-30 is consistent to the local
comparison sample. Earlier studies of the MZR in cluster versus field galaxy samples
constrain the environmental dependence to be around 0.04 dex (Ellison et al. 2009),
significantly less than the metallicity offset observed for MACS11154-01. However,
the cluster galaxy sample for studying the environmental dependence of MZR is
usually collected from a large number of clusters without considering the internal
variations among the galaxy clusters. Combining the metallicity data from multiple
clusters might be responsible for the non-detection of a metallicity difference be-
tween field and cluster galaxies in previous studies. The extremely different MZR
for MACS1115+01 and RXJ1532+30 in our observations supports this hypothe-
sis.

3.3.3 The metallicity gradient in galaxy clusters

We observe an anti-correlation between the cluster member metallicity and projected
distance for MACS1115+01 (Figure 3.7: left panel). Using the linear regression
after a 20 outlier rejection, the metallicity gradient for MACS11154-01 is —0.15 +
0.08 dex/Mpec. The observed metallicity gradient is not driven by the stellar mass
of galaxies because there is no preferential occurrence of high mass galaxies towards
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Figure 3.6: The mass-metallicity relation for cluster members. Left panel:

MACS1115+01, and right panel: RXJ15324+30. The contours in each panel repre-
sents the MZR for the local comparison sample from SDSS (see Section 3.2.2). The
red and blue histogram in each panel represents the mass and metallicity distribution of
the cluster members and SDSS control sample respectively. The metallicity distribution
for MACSJ11154-01 and the local comparison sample is clearly different.

the cluster centre. The Spearman rank correlation coefficient for MACS1115+01 is
p = —0.682 with a significance of 0.021. Therefore, the Spearman rank probability
of no correlation between the metallicity and the projected distance is 2.1% for
MACS1115+401.

The metallicity versus projected distance distribution for RXJ15324-30 (Figure 3.7:
right panel) is different from MACS1115+01. A slight negative gradient (—0.09 £
0.12 dex/Mpc) was derived for RXJ15324-30 after a 20 outlier rejection. The Spear-
man rank correlation coefficient for RXJ15324-30 is p = —0.044 with a significance of
0.87 i.e., the probability of no correlation between the metallicity and the projected
distance is 87%. Thus, the metallicity gradient in RXJ1532430 is statistically flat
considering all observed cluster members.

Interestingly, the metallicity versus projected distance for RXJ15324-30 seems to
show two branches. If we exclude the low-mass galaxies (log(M./My) < 9.5), the
linear regression after a 2-sigma rejection for the rest of the cluster members yields
a negative metallicity gradient of —0.14 4+ 0.05 dex/Mpc (Figure 3.8: dashed line;
hereafter upper branch). Similar linear regression fitting for the low-mass galaxies
(log(M,/My) > 9.5) yields a positive abundance gradient of 0.3 £ 0.2 dex/Mpc
(Figure 3.8: dotted line; hereafter lower branch). We speculate that the lower-mass
galaxies constituting the positive radial gradient are either interlopers or a group of
in-plane mergers from a sub-cluster.
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Figure 3.7: Radial metallicity distribution for individual clusters, where metallicity is
derived using N2S52 method described in Section 3.2.10. Left panel: MACS11154-01,
and right panel: RXJ1532+30. The dashed line in each figure is the best linear fit to
the data. The slope and standard error in slope of the best-fitting line are labelled in
each figure. The metallicity of cluster members in MACS11154+01 anti-correlates with the
projected distance, whereas the radial metallicity distribution of RXJ1532+4-30 is bimodal
that is collectively equivalent to a flat metallicity gradient.

3.4 Discussion

We present the first detections of negative radial gradients in the gas-phase metallic-
ity of galaxies in cluster environment. We survey two CLASH clusters, MACS1115+401
and RXJ1532+-30, with the DEIMOS/Keck-II detecting 22 and 36 cluster members
for each respectively. The gas-phase metallicities are derived for a sample of 12
and 16 star-forming galaxies in MACS1115+01 and RXJ1532+4-30 respectively, us-
ing strong emission line diagnostics.

3.4.1 Gas-phase metallicity gradient and cluster dynamics

Even though MACS1115+01 and RXJ1532+30 are both massive clusters with M, ~
10* Mg /h, the observed metallicity distribution is significantly different. The
gas-phase metallicities of star-forming galaxies in MACS1115+01 exhibit an anti-
correlation with projected distance, with a gradient of —0.1540.08 dex/Mpc (Figure
3.7: left panel), whereas the metallicity distribution of RXJ1532+30 with projected
distance is suggestive of bimodal (Figure 3.7: right panel). In addition, the MZR of
MACS11154-01 exhibits an elevated metallicity by 0.2 dex for cluster members as
compared to the local SDSS sample (Figure 3.6: left panel). In contrast, the MZR
of RXJ15324-30 is statistically similar to the local comparison sample (Figure 3.6:
right panel).
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Contrary to X-ray morphology studies that conclude the relaxed nature of both
clusters (Allen et al. 2007), the redshift distribution from our study indicates that
the two clusters have different dynamical states. A standard KS-test suggests the
redshift distribution of RXJ1532+30 is non-Gaussian as opposed to the Gaussian
redshift distribution of MACS1115+01. The comparison of virial mass estimated
from the velocity dispersion measurement of our observations to the virial mass
estimated from weak lensing also suggests differences in the dynamical state. From
the velocity dispersion, we calculate the virial mass for MACSJ1115 to be M, =
1.9140.61 x 10'® M, /h, consistent with the lensing mass within the 1-sigma errors
(Mg = 1.13 £0.1 x 10 Mg /h, Merten et al. 2015). For RXJ1532, the estimated
virial mass is My = 3.78 4+ 0.73 x 10" Mg /h from velocity dispersions, about 6
times larger than the lensing mass (M,;, = 0.64 £ 0.09 x 10'® M /h, Merten et al.
2015). In fact, the presence of radio mini-halos and the inhomogeneity in large
scale X-ray temperature distributions in RXJ1532 also indicate possible unrelaxed
dynamics (Kale et al. 2013; Hlavacek-Larrondo et al. 2013).

The two branches in the radial metallicity distribution of RXJ1532+30 could be
the result of a minor merger with a cooler sub-cluster or a group of interloper
galaxies. The upper branch (log(M,./Mg) > 9.5) cluster members of RXJ15324-30
exhibit a negative abundance gradient with a slope matching the metallicity gradient
of MACS1115401 (Figure 3.7, Figure 3.8). However, the lower branch galaxies
(log(M./Mg) < 9.5) exhibit a positive metallicity gradient.

The existence of low mass galaxies in a separate substructure is confirmed by a
virial mass analysis. We measure a velocity dispersion of 773.6 & 162.3 km s~ for
RXJ1532+4-30 after excluding the lower branch galaxies, which estimates the virial
mass for RXJ1532+30 to be M, = 1.02 £ 0.55 x 10 My /h. The estimated virial
mass after excluding the lower branch galaxies is consistent with the lensing mass
within 1-sigma errors, suggesting that the low-mass galaxies belong to a separate
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Figure 3.9: Projected phase space diagram for the observed clusters. Left panel:
MACS1115+01, and right panel: RXJ1532+30. Emission line galaxies are represented
as diamonds and absorption line galaxies as circles. The data is color coded with stellar
mass. There is inconclusive evidence of mass segregation from the projected phase space
diagram for the two clusters. The open circles in the right panel represent galaxies that
belong to the lower branch (log(M,. /Mg < 9.5)) in Figure 3.8. The random positions of
the merging sub-cluster galaxies suggests an in-plane merger.

substructure and/or are a population of interloper galaxies. The possibility of a
minor merger between a cooler sub-cluster and RXJ15324+30 was first suggested
by Hlavacek-Larrondo et al. (2013) based on the spatial asymmetry in the large
scale X-ray temperature of RXJ15324+30. We hypothesize that the upper branch
galaxies (log(M,/Mg) > 9.5) belong to the dynamically relaxed massive component
of the cluster RXJ1532+30, with a metallicity gradient similar to the dynamically
relaxed cluster MACS11154+01. The lower branch galaxies belonging to a merging
cooler sub-cluster and/or interloper galaxies that are misidentified as cluster galaxies
due to projection effects. To understand whether projection effects play a role in
our metallicity gradient measurements, we compare our results with the metallicity
gradient from Rhapsody-G simulations.

3.4.2 Comparison with Rhapsody-G simulations

We compare our data to the RHAPSODY-G simulations performed with the RAM-
SES (Teyssier 2002) adaptive mesh refinement (AMR) code (Hahn et al. 2015,
Martizzi et al. 2016, Wu et al. 2015) because the mass rage of simulated clus-
ters matches the mass of observed clusters. The RHAPSODY-G sample currently
includes cosmological hydrodynamical zoom-in simulations of 10 massive galaxy
clusters of virial mass My, ~ 6 x 10 Mg /h. The simulations assume standard
ACDM cosmology with 2y = 0.25, Qy = 0.75, €, = 0.045, h = 0.7. The dif-
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ferent cosmological parameters of the observations and simulations will introduce
an offset in distance measurement up to 20 kpc. In the RHAPSODY-G terminol-
ogy, the simulations used for our comparison have ‘R4K resolution’: dark matter
particle mass mam = 8.22 x 108h~! Mg; initial baryonic matter resolution element
my = MamS/(Q — Q) = 1.80 x 1034~ My; maximum resolution reached in
these simulations is Az = 3.8h~! kpc (in physical units). Gas cooling, star forma-
tion, metal enrichment from supernovae, supernova feedback and AGN feedback are
included in RHAPSODY-G.

These simulations successfully reproduce the mass distribution, baryonic abun-
dances, cool core/non-cool core dichotomy and SZ properties of observed clusters
(Hahn et al. 2015). We select simulated cluster member galaxies with star forma-
tion rate greater than 1M, yr~! to best compare with the observations of metallicity
gradient. Note that the absolute metallicity of the simulations is lower than that
of observations, therefore we can not directly compare the absolute simulated and
observed metallicities. This offset may be related to the observational metallicity
calibration used (e.g., Kewley & Ellison 2008). We do not compare the impact of
environment on the mass-metallicity relation in simulations because there are no
field galaxies in the simulations. However, we can investigate signatures of relative
metallicities, such as metallicity gradients, in the Rhapsody-G simulations. We note
that a direct comparison with the simulations of Taylor & Kobayashi (2015), who
use a sophisticated supernova feedback and chemical evolution prescription, was not
possible because their current simulations do not contain relaxed clusters on the
mass scales of interest here.
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We select the simulated galaxy cluster, which has the closest value of concentration
to the observations. The concentration is a proxy for the age and dynamical state of
the cluster (Dutton & Maccio 2014). Therefore, we use the concentration parameter
of the simulations (cyi; = 7vir/7's, Where the r;, is the virial radial and ry is the scale
radius of the density profile of the cluster) to match with the observations. Both
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MACS11154-01 and RXJ15324-30 have similar concentration parameters resulting in
the selection of the halo-377 for both clusters. Observationally, the similar concen-
tration of MACS1115+01 and RXJ15324-30 does not fully rule out the dynamically
unrelaxed nature of RXJ15324-30 because concentration is not strongly affected by
minor merger events.

The comparison simulated cluster exhibits a negative abundance gradient of —0.044+
0.03 dex/Mpc (Figure 3.10). The negative metallicity gradient in the simulation is
not driven by the stellar mass in accordance with the mass-independent abundance
gradient of our observations. The existence of a negative metallicity gradient in
simulations confirms that the observed metallicity gradient is not a projection effect,
but the shallower slope may be related to a lack of information about the projection
axis of the observed clusters. To compare the metallicity gradients in the simulations
with the observations, we have projected the simulated galaxies onto the plane of the
sky. However, for a non-spherically symmetric halo the projected distance depends
upon the axis of projection onto the sky, thus affecting the observed metallicity
gradient.

3.4.3 Origin of cluster-scale metallicity gradient
Truncation of galactic-disk

Galaxies moving through the dense environment of galaxy clusters experience high
speed interactions with other cluster members, leading to destabilization of the outer
disk (galaxy harassment, Moore et al. 1996). In addition, the gas component of a
galaxy experiences a ram pressure due to the hot ICM, leading to the removal of cold
gas in the outer disk of the galaxies (ram pressure stripping, Gunn & Gott 1972;
Dressler & Gunn 1983; Gavazzi et al. 1995). In combination, the galaxy harass-
ment and ram pressure stripping result in truncation of the outer galactic-disk as
the galaxy falls into the cluster environment. Metallicity measurements via strong
emission lines in high redshift galaxies are biased towards the high surface bright-
ness regions, thus the truncation of the outer disk of galaxy biases the metallicity
measurements to the inner metal-rich galactic-disk (e.g., Yuan et al. 2013b; Genel
2016). Therefore, as the galaxy falls into the galaxy cluster, a consecutive decrease
in the galactic-disk size as a result of the loss of outer-disk due to ram pressure
stripping or galaxy harassment, would result in successive high metallicity measure-
ments in spatially non-resolved observations. This effect might play a role in causing
the observed negative abundance gradient in the global metallicity of star-forming
cluster members.

Morphological changes in the galaxy as a function of radial distance are a direct
consequence of the galactic-disk destabilization/truncation due to galaxy harassment
and /or ram pressure stripping. Unfortunately, the existing imaging data from CFHT
and SDSS is not deep enough to observe these morphological changes, and HST data
only spans the inner ~300 kpc of the cluster. Thus, we require deeper imaging data
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in the outskirts of galaxy clusters to observe the morphological changes in star-
forming galaxies with radial distance. Separating the effect of ram pressure and
galaxy harassment is impossible with the current sample, as both galaxy clusters
in our current sample are X-ray luminous. Future metallicity gradient observations
with a broader sample of X-ray luminous (ram pressure dominant) and the X-ray
non-luminous (galaxy harassment dominant) clusters can help to distinguish the
relative role of ram-pressure stripping and galaxy harassment. Finally, in order to
understand the effect of disk truncation on metallicity gradients, deep imaging and
spatially resolved spectroscopic observations are required.

Self-enrichment via strangulation

In addition to disk truncation due to ram pressure stripping or galaxy harassment,
the ICM also strips the galaxy of the loosely bound hot/warm halo gas (fuel for
future star formation). Depriving the galaxy of a fresh supply of gas results in a
gradual decline in star formation as the galaxy consumes its existing cold gas reser-
voir (strangulation, Larson et al. 1980). The dilution from the inflowing pristine
gas in the strangulation mode does not exist, which results in self-enrichment of the
galaxy as it goes through successive cycles of star formation. Assuming the infall
time-scale for galaxies in inner region of the cluster is greater than the infall time-
scale for galaxies in the outskirts, the star-forming galaxies in the inner regions,
which have undergone more cycles of star formation would be more metal rich com-
pared to galaxies in outskirts. Thus, preferential self-enrichment of galaxies in the
inner regions of the cluster as compared to the galaxies in the outskirts can also
generate the observed negative abundance gradient. In order to study the self en-
richment of galaxies in galaxy clusters due to strangulation, we require integral field
spectroscopy of a mass-matched sample of star-forming cluster galaxies at different
radial distances in the cluster.

A direct consequence of self-enrichment of galaxies with radial distance would be
mass segregation (i.e., preferential existence of high-mass galaxies in the inner cluster
radii). However, we do not observe any obvious mass segregation in our data within
our errors. The lack of an apparent mass segregation might be a a result of one or
more of the following: (i) selective removal of massive quenched galaxies due to our
sample bias of star-forming galaxies, (ii) mass growth as a function of infall time
depends on the details of star formation history, such as mergers and ram pressure-
enhanced star formation rate (Dressler & Gunn 1983; Gavazzi et al. 1995), (iii)
projection effects leads to uncertainty in radial distance measurement (discussed in
the subsequent subsection).

Systematic uncertainties due to projection effects

Observational measurements of the absolute cluster-centric distance are impossible,
we only have information about the projected distance of a galaxy in a triaxial cluster
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halo. Adding the line of sight velocity of the galaxy relative to the galaxy cluster
can reduce the uncertainty in the absolute cluster-centric distance measurement. A
recent study by Maier et al. (2016) uses a projected phase space diagram to separate
the cluster members into groups of accreted versus infalling galaxies. Adding the
line of sight velocity via the projected phase-space diagram does not improve the
signature of mass segregation in our observations (Figure 3.9). In addition, the low
mass cluster members for RXJ1532+30 (lower branch on Figure 3.8) do not occupy
any special location on the projected phase-space diagram (Figure 3.9: right panel),
which we propose belongs to an in-plane merging cooler sub-cluster and /or interloper
galaxies. However, even the projected phase-space diagram does not contain full 3
dimensional information about a galaxy cluster, and therefore, is insufficient to rule
out the uncertainty in radial distance measurements.

Our current simulations do not have sufficient resolution to fully investigate the
effects of disk truncation and self-enrichment on the origin of metallicity gradient.
A more detailed analysis of galaxy tracking in simulations with high resolution
is required to properly study the effects influencing the metallicity distribution in
cluster satellites. Moreover, to fully understand the origin of cluster-scale metallicity
gradients, we require metallicity gradient observations with a broader sample of a
range of X-ray luminosity and dynamical state.

3.5 Conclusions

Using the multi-object optical spectrograph DEIMOS on the Keck II, we observe
two CLASH clusters at z ~ 0.35, MACS11154+01 and RXJ1532+30. We analyse the
gas-phase metallicity of star-forming galaxies derived from [NII]/[SII] and [NII]/He,
as a function of projected distance from the central BCG. Our main results are:

e For MACS1115+01, we identify 22 (14 - emission line galaxies) cluster mem-
bers corresponding to a velocity dispersion of o4 = 960 £+ 147 km/s. For
RXJ1532430, we identify 36 (21 - emission line galaxies) cluster members
corresponding to a velocity dispersion of o, = 1487 + 213 km/s. The virial
mass estimated from the velocity dispersion is consistent with the gravitational
lensing mass for MACS1115+01, but is 6 times more than the gravitational
lensing mass for RXJ15324-30.

e We observe a significant metallicity enhancement in the star-forming galaxies
in MACS1115+01 (0.2 dex) at a fixed stellar mass with respect to the local
field galaxies. This is the largest metallicity enhancement observed for galaxy
clusters to date. The mass-metallicity relation of RXJ15324-30 is consistent
with the mass-metallicity relation of local field galaxies. The significant dif-
ference between mass-metallicity relation of MACS1115+01 and RXJ15324-30
show that the non-detection of metallicity enhancement in galaxy clusters in
previous studies might be due to the combination of data from multiple clus-
ters with different mass-metallicity relation.
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e We present the first observation of a negative abundance gradient in the
global metallicity of star-forming galaxies in galaxy clusters. We observe
an abundance gradient of —0.15 4+ 0.08 dex/Mpc for MACS1115+01 and a
bimodal like metallicity distribution for RXJ15324-30. The upper branch
galaxies in RXJ1532+30 also show a negative abundance gradient similar to
MACS11154+01 (—0.14 4+ 0.05 dex/Mpc). We speculate that the lower branch
galaxies in RXJ15324-30 belong to a merging sub-cluster and /or are interloper
galaxies. The velocity dispersion after excluding the lower branch galaxies is
773.6+162.3 km/s, which gives a virial mass consistent with the lensing mass,
suggesting a separate substructure for the lower branch galaxies.

e Star-forming galaxies in a simulated galaxy cluster also exhibit a negative
abundance gradient, but with a shallower slope (—0.04 £ 0.03 dex/Mpc).

e We speculate that the origin of the negative abundance gradient in galaxy
cluster could be due to (i) the truncation of outer galactic-disk due to galaxy
harassment or ram pressure stripping, and (ii) the self-enrichment of galaxy
after the ICM cuts off the gas supply for star formation.

e We hypothesize that a cluster-scale gradient in the ISM metallicity of galaxy
members exists in clusters that (i) are X-ray luminous (i.e., have enough hot
ICM), and (ii) in a relatively relaxed dynamical state (i.e., no significant recent
merger).

In our follow-up work, we will use the Rhapsody-G simulations at significantly higher
resolution to investigate the origin of metallicity gradients in galaxy clusters. To
fully test our hypothesis, we require deep imaging and integral field spectroscopy
for galaxy clusters with different X-ray and dynamical properties.
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Table 3.4: Data table for observed emission line galaxies in MACS1115+401

objid a (J2000) d (J2000) A log(M./Mg)®  log([OII]/HB)¢ log([NII]/Ha)¢ log([SIT]/Ha)¢  log([NII]/[SII])®
1115020-0 11:15:46.29 +1:29:24.29 0.353 10 R SO -0.39 £0.05 -0.63+0.04 0.23£0.06
1115026-0 11:15:38.34 +1:30:24.95 0.351 10.64 0.53+0.02 -0.17£0.01 -0.44+0.01 0.28+0.01
1115042-0 11:15:44.46 +1:31:25.64 0.341 9.53 -0.14+0.03 -0.46+0.03 -0.54+0.04 0.09+0.05
1115069-0 11:16:3.18 +1:30:17.96 0.352 10.94 -0.3+0.08 -0.63£0.08 -0.124+0.02 -0.51£0.08
1115072-0 11:15:58.20 +1:32:26.88 0.349 9.57 - = -0.67 +£0.09 -0.52+0.04 -0.15+0.09
1115077-0 11:15:24.19 +1:33:18.07 0.354 9.37 -0.11£0.02 -0.65+0.1 -0.39£0.02 -0.26+0.1
1115088-0 11:16:10.62 +1:29:58.70 0.35 9.51 - - = -0.04+0.17 = =
1115096-0 11:15:38.65 +1:29:32.89 0.345 9.27 -0.6+0.11 -0.32 £0.07 -0.34+£0.05 0.02+0.08
1115103-0 11:15:48.81 +1:32:2.62 0.355 10.22 = = -0.28+0.07 -0.59+0.07 0.31+0.07
1115112-0 11:16:2.41 +1:28:52.93 0.36 9.66 - SO -0.29 £0.05 -0.28+0.06 -0.01+£0.07
1115116-0 11:15:59.81 +1:31:7.18 0.346 9.6 -0.45+0.11 -0.29 £0.04 -0.38+0.04 0.09£0.05
1115117-0 11:16:3.94 +1:28:56.28 0.35 10.25 -0.62£0.05 -0.47+0.02 -0.65+0.02 0.18+0.03
1115119-0 11:15:20.70 +1:32:1.28 0.357 10.15 -0.56+0.05 -0.47+0.04 -0.55%0.02 0.08+0.04
1115121-0 11:16:2.93 +1:30:56.52 0.345 9.7 - = -0.28 +0.09 -0.31+£0.07 0.02+0.1
Notes:

& 7z represents the best-fitting redshift to the DEIMOS spectra using the emission lines.
b log(M, /M) is the stellar mass derived from the SDSS photometry (See Section 3.2.9).
¢ log([OIII]/Hp), log([NII]/Ha), log([SII] /Her) and log([NII]/[SII]) are the emission line ratios derived from the DEIMOS spectra (See Section

3.2.6).
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Table 3.6: Data table for observed absorption line galaxies in MACS11154-01

objid a (J2000) 5 (J2000) 7% log(M,./Mg)P
1115025 11:15:43.51 +1:30:9.94 0.347 10.66
1115043 11:15:31.53 +1:31:8.65 0.354 10.54
1115057 11:15:55.28 +1:30:34.99 0.359 10.59
1115064 11:15:55.62 +1:31:34.79 0.351 10.88
1115076 11:16:6.40 +1:29:32.96 0.351 10.5

1115098 11:15:41.69 +1:29:33 0.353 10.3

1115100 11:15:26.86 +1:29:31.96 0.352 11.06
1115115 11:16:1.60 +1:30:24.01 0.351 11.44

Notes:

& 7 represents the best-fitting redshift to the DEIMOS spectra using the absorption lines
(See Section 3.2.7).
b log(M,/Mg) is the stellar mass derived from the SDSS photometry (See Section 3.2.9).

Table 3.7: Data table for observed absorption line galaxies in RXJ1532+30

objid a (J2000) 0 (J2000) 72 log(M./Mg)?
1532009 15:32:52.90 +30:21:0.25 0.359 10.69
1532012 15:32:49.90 +30:21:30.46 0.359 10.52
1532018 15:32:40.86 +30:21:8.72 0.361 10.74
1532019 15:32:40.66 +30:20:30.84 0.364 10.78
1532027 15:32:39.24 +30:22:37.16 0.36 10.8
1532031 15:33:11.13 +30:19:59.67 0.359 10.92
1532065 15:32:52.44 +30:19:45.37 0.358 10.61
1532069 15:32:51.11 +30:22:24.46 0.356 10.53
1532071 15:32:49.76 +30:22:18.12 0.359 10.39
1532075 15:32:46.03 +30:20:49.74 0.361 10.27
1532077 15:32:57.06 +30:19:26.58 0.364 9.66
1532088 15:33:5.65 +30:20:51.04 0.362 10.23
1532090 15:33:4.68 +30:22:28.13 0.36 10.59
1532100 15:33:12.61 +30:22:19.88 0.362 10.45
1532112 15:33:20.26 +30:21:43.27 0.36 11.07
Notes:

& Same as Table 3.6, but for galaxy cluster RXJ1532+30.



Chapter 4

Disk truncation via ram pressure
stripping simulation using
CALIFA galaxies

Context and Contribution

This chapter is originally published as Survival of Massive Star-forming Galax-
ies in Cluster Cores Drives Gas-Phase Metallicity Gradients : The Effects of Ram
Pressure Stripping, A. Gupta, T. Yuan, D. Martizzi, K. Tran, L. Kewley,
2017, The Astrophysical Journal, 842, 75. This chapter is included in
the thesis as a representation of my contribution in understanding the
physical origin of metallicity enhancement of star-forming cluster galax-
ies. I have developed the model and the conducted the scientific analysis
presented in this paper. The whole paper was written by myself with
suggestions provided by co-authors.

4.1 Introduction

Understanding the link between internal properties of galaxies such as stellar mass,
gas fraction, chemical abundance and the large-scale environment continues to be
a rich area of research. Numerous studies have established that galaxy clusters
have significantly larger fractions of elliptical and SO-type galaxies relative to the
field galaxy populations (Dressler 1980; Poggianti et al. 1999; Van der Wel 2008).
Galaxies in local galaxy clusters have lower star-formation rates and are deficient
in both the molecular and atomic gas compared to field galaxies (Kauffmann et al.
2004; Balogh et al. 2004; Chung et al. 2009; Hughes & Cortese 2009; Cortese et al.
2011; Boselli et al. 2014a; Odekon et al. 2016; Brown et al. 2017a). The removal of
the cold/hot gas reservoir for an infalling galaxy via ram pressure stripping (RPS;
Gunn & Gott 1972) by the hot diffuse intracluster medium (ICM) can explain some
of the differences between cluster and field galaxies such as lower gas fraction and
lower star formation rates in cluster galaxies (Abramson et al. 2011; Chung et al.
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2009; Boselli et al. 2014b).

The gas-phase metallicity of a galaxy is regulated by its star-formation history and
galactic gas inflows/outflows. The interactions between the ICM and circum-galactic
medium (IGM/CGM) can potentially affect the chemical evolution of cluster galax-
ies. Previous studies testing for environmental effects on chemical evolution have
focused on measuring the stellar mass-metallicity relation (the MZ relation) variation
with the local density. Observations of the MZ relation find minimal to negligible
evidence of environmental influence (Cooper et al. 2008; Ellison et al. 2009; Scudder
et al. 2012; Hughes et al. 2013; Pasquali et al. 2012; Peng & Maiolino 2014; Darvish
et al. 2015a; Pilyugin et al. 2017b). For example, Ellison et al. (2009) and Pilyugin
et al. (2017b) find that galaxies in high density environments have an enhanced
metallicity of ~ 0.05dex compared to field galaxies. However, both Ellison et al.
(2009) and Pilyugin et al. (2017b) conclude that the metal enhancement depends
more strongly on the local environment density than the large-scale environment
density at redshift z ~ 0.

In Chapter 3, we measure the integrated gas-phase metallicities of cluster galaxies
in MACS J1115401 (z = 0.35) and study the correlation of the galaxy’s metallicity
with the projected cluster radius. Using this complementary method of testing for
environmental effects on chemical evolution, we find that MACS J1115+01 has a
negative cluster-scale metallicity gradient of —0.15 £ 0.08 dex/Mpc. In addition,
cluster galaxies are on average ~ (.20 dex more metal rich relative to field galaxies
at a fixed stellar mass. Ellison et al. (2009) also observed that galaxies at small
cluster-centric distance (< 0.3 R200) have a higher median metallicity than galaxies
at larger cluster-centric distance (> 0.8 R200) by ~ 0.03 dex.

In Chapter 3, we propose two scenarios that can potentially explain the observed
negative cluster-scale metallicity gradient: disk truncation due to ram pressure strip-
ping and self-enrichment due to strangulation. Self enrichment leads to the physical
enhancement in the metallicity of cluster galaxies, whereas disk truncation can in-
troduce an observational bias in the integrated metallicity measured from a fixed
aperture/slit.

Truncation of the gas disk by RPS can introduce a purely observationally-driven
increase in the integrated gas-metallicities of an individual galaxy. RPS removes
the gas reservoir outside the galactic radius where the gravitational restoring force
is equal to the pressure gradient exerted on the infalling galaxy by the ICM (Gunn &
Gott 1972). Stripping of gas from the outer-galactic disk instantaneously suppresses
the star formation in the outer part of the galaxy. The metallicity measurements
via optical strong emission lines are sensitive to star-forming regions of the galaxy.
Thus, the integrated emission line flux for a cluster galaxy with truncated galac-
tic disk will be biased towards the central metal-rich part of the galaxy, resulting
in an enhanced integrated metallicity measurement. For example, Hughes et al.
(2013) used disk truncation to explain the enhanced metallicity of cluster galaxies.
They truncate the radial metallicity profile of NGC 4254 from Skillman et al. (1996)
to 1.5 R. and estimate a metallicity enhancement of 0.1 dex. However, their use
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of a fixed truncation radius does not consider the scatter in the truncation radius
caused by different orbital parameters and physical properties of infalling galax-
ies. Thus a detailed model of RPS in a cluster environment is required to better
understand how disk truncation increases the observed gas-metallicities of cluster
members and potentially produces cluster-scale metallicity gradients as measured in
Chapter 3.

In this paper, we focus on the effect of disk truncation on the integrated metallicity
of cluster members. We simulate RPS in a galaxy cluster using the semi-analytic
prescription by Luo et al. (2016) and Tecce et al. (2010). We select galaxies from
the Calar Alto Legacy Integral Field Area (CALIFA) survey data release 3 (Sanchez
et al. 2012) and distribute them uniformly in a galaxy cluster. We manually trun-
cate the 3-dimensional (3D) datacubes of CALIFA galaxies based on the stripping
radii calculated from the RPS model. We then conduct mock slit observations of
the truncated CALIFA galaxies redshifted to z = 0.35 to estimate their integrated
metallicity and compare with the cluster member metallicity gradients from Chap-
ter 3. This paper is organized as follows. In Section 4.2, we describe the sample
selection, the mock observation technique and the metallicity estimation. Our an-
alytic model for the ram pressure stripping is described in Section 4.3. In Section
4.4, we describe the simulation of disk truncated cluster galaxies. In Section 4.5, we
compare our results with observations. In Section 4.6, we discuss the strengths and
weakness of our model. We assume a standard ACDM cosmology with €y = 0.30,
Qp = 0.70, 0, = 0.05, h = 0.7.

4.2 Simulating Slit Spectroscopy of Cluster GGalax-
ies at z ~ 0.35

Disk-truncation due to RPS of outer galactic-disk introduces an observational bias
in the integrated metallicity measurements via slit spectroscopy. To determine if
RPS can generate an increase in the gas-phase metallicity of cluster galaxies with
decreasing cluster-centric distance, we first start with integral field unit (IFU) spec-
troscopy of nearby field galaxies. We can quantify the strength of the observational
bias introduced in the integrated metallicity measurements by disk truncation after
manually truncating the IFU datacubes using a semi-analytic model of RPS and
conducting mock slit observations.

4.2.1 CALIFA: IFU spectroscopy at z ~ 0

We select our sample from the publicly available integral field data from the third
data release (DR3) of the Calar Alto Legacy Integral Field Area (CALIFA) survey
(Sénchez et al. 2012). We choose the CALIFA survey because it has better spatial
resolution per galaxy compared to other ongoing local IFU surveys because of the
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Figure 4.1: Left panel: The comparison of the mass distribution of the CALIFA DR3
(red histogram) with the SDSS DR7 (black histogram) sample. The CALIFA DR3 sample
is biased towards the high stellar mass galaxies. The median stellar mass of full CAL-
IFA DR3 sample is 10" M whereas the median stellar mass of SDSS DR7 is 10105 M.
Right panel: The mass distribution of selected galaxies from the CALIFA sample (blue
histogram) and SDSS DR7 (black histogram). We select CALIFA galaxies by using the
stellar mass function of SDSS DR7 and populating it with CALIFA galaxies. The stel-
lar mass distribution of our selected CALIFA galaxies and SDSS DR7 have a KS-test
probability of 0.99 to be drawn from the same parent sample.
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narrower redshift range (~ 400pc Sénchez et al. 2016). Specific details of DR3
are presented in Sanchez et al. (2016) and Walcher et al. (2014). CALIFA DR3
contains about 650 galaxies in the redshift range of 0.005 < z < 0.03. The primary
CALIFA sample is derived from the Sloan Digital Sky Survey Data Release 7 (SDSS
DR7; York et al. 2000; Abazajian et al. 2009). We select CALIFA galaxies with
reliable stellar disk scale length provided in the Méndez-Abreu et al. (2017) catalog,
restricting our sample to 280 galaxies. Fach CALIFA datacube has a spatial field of
view of 74” x 64" on a rectangular grid of 1”. The average spatial resolution is 2.7”,
corresponding to an average physical resolution of ~ 1kpc. The CALIFA survey
has two resolution modes, low-resolution (V500) and high-resolution (V1200), with
a spectral coverages of 3740 — 7500 A and 3650 — 4840 A respectively. In this study,
we will use the datacubes in the low-resolution mode (V500) that have a full width
half maximum (FWHM) spectral resolution of 6 A because we need a wide spectral
coverage to measure the gas-phase metallicity.

To simulate disk truncation in cluster galaxies, we require a representative sample
of field galaxies. The SDSS DR7 survey has ~ 1 million galaxies and typically
represents field galaxies. Using the stellar mass estimates by Gonzalez Delgado
et al. (2014) for the CALIFA sample, we find that the CALIFA DR3 sample is
biased towards higher stellar mass relative to the full SDSS DR7 data (Figure 4.1:
left panel). Stellar masses of the SDSS DR7 galaxies are taken from the MPA-
JHU catalogs (?Brinchmann et al. 2004). We generate the stellar mass function of
SDSS DR7 galaxies and populate it with CALIFA DR3 galaxies. Due to the limited
number of galaxies with stellar masses below 10%! M, in the CALIFA sample, we only
match the stellar mass function at stellar mass M, > 10%! M. The blue histogram
in the right panel of Figure 4.1 shows the stellar mass distribution of the selected
CALIFA galaxies. A two sided Kolmogorov—Smirnov (KS) test yield a probability of
99% for the stellar mass distribution of the SDSS sample and the selected CALIFA
sample to be derived from the same parent population. Our final sample consists of
91 galaxies in the mass range of 9.29 < log(M../My) < 10.93.

4.2.2 Redshifting CALIFA to z, = 0.35

The clusters observed in Chapter 3 were at a redshift of z, ~ 0.35, whereas the av-
erage redshift of the selected CALIFA sample is z ~ 0.013. To redshift the CALIFA
galaxies to zq ~ 0.35, we use basic cosmology equations of angular size variation
and surface brightness dimming. The mean redshift of the selected CALIFA sample
is z ~ 0.013, leading to an average reduction in angular size and total flux by a
factor of 0.054 and 9 x 10~ respectively.

The observations in Chapter 3 were conducted with the DEIMOS spectrograph on
the Keck-II telescope, which is a multi-slit spectrograph in seeing-limited conditions.
To consider the effect of beam smearing in high-redshift observations, we match the
spatial resolution of the redshifted datacubes with DEIMOS /Keck observations. The
seeing of DEIMOS observations in Chapter 3 was 0.”8, corresponding to a spatial
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Figure 4.2: Top panel: Wavelength-collapsed Ha intensity map for a random sample
of 5 galaxies from the stellar mass-matched CALIFA sample at z ~ 0. Bottom panel:
Redshifted, wavelength-collapsed Hoav intensity map at zq = 0.35, with a seeing of 0.”8.
The thick black lines in each panel represent the 5” x 1”7 DEIMOS slit. The angular scale
before and after redshifting is marked on the top right of each panel. To generate a 1D slit
spectrum, we integrate the flux inside the slit for each wavelength slice in the datacube.

resolution of 3.952kpc at z,. The average seeing of CALIFA data is 2.”7, with a
spatial sampling of 1”. We convolve each wavelength slice in redshifted datacubes
with the point spread function (PSF) of DEIMOS observations. The top panel
in Figure 4.2 shows the wavelength-collapsed Ha intensity maps for five randomly
selected galaxies from the CALIFA sample and the corresponding Ha intensity map
in the bottom panel after redshifting the datacubes to z, = 0.35 and convolving
with a seeing of 0.”8 .

4.2.3 Mock slit spectroscopy

We estimate the metallicity of cluster galaxies in Chapter 3 using integrated spec-
tra from Keck/DEIMOS observations. To make a realistic comparison with the
cluster-scale abundance gradient observed in Chapter 3, we conduct mock DEIMOS
observations of the selected CALIFA galaxies after redshifting them to z,. We gen-
erate a single slit spectrum for each redshifted IFU datacube by positioning a 5" x 1”
DEIMOS slit on the galaxy center (Figure4.2: bottom panel) and integrating the
flux within the slit.

4.2.4 Emission line fitting and metallicity estimation

We extract emission line fluxes by following the same procedure as described in
Chapter 3. In summary, we fit multiple Gaussian profiles to the 1D slit spec-
trum. The initial redshift is taken from the CALIFA catalog. We extract emis-
sion line fluxes of the following strong emission lines: Hp, [OI11] A 4959, 5007, He,
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INII} A6583 and [SII] AA6717,6731. We remove galaxies with signal-to-noise (S/N)
< 3 for any emission line. The AGN galaxies are removed using the [OIII]/HS and
[NII]/Ha diagram and the theoretical calibration of Kewley et al. (2001).

The metallicity of the star-forming galaxies is derived using the new diagnostic by
Dopita et al. (2016) based on the ratio of [N II]/Ha and [N II]/[SII]. The metallicity
calibration by Dopita et al. (2016) is given by:

12 + log(O/H) = 8.77 + log([N 1] /[S 1]+

0.264 log([N 11} /Ha). (4.

Out of the 91 galaxies in the mass-selected CALIFA sample, we can reliably measure
the metallicity of 61 galaxies after implementing the S/N cut and removing AGN
galaxies.

4.3 Modeling the effect of disk truncation on gas
metallicity measurements

RPS leads to many physical changes in properties of galaxies in the cluster environ-
ment. The atomic and molecular gas are observed trailing behind infalling cluster
galaxies, giving direct evidence of RPS in cluster environments (Abramson et al.
2011; Boselli et al. 2014b; De Grandi et al. 2016). Observations of jellyfish galax-
ies show extreme stripping events where even the dense star-forming regions are
stripped (Owen et al. 2006; Cortese et al. 2007; Owers et al. 2012; McPartland et al.
2016; Monroe et al. 2017). The gas removal by RPS can explain why cluster galaxies
are HI deficient compared to field galaxies and why the HI deficiency increases as the
galaxy moves closer to the cluster center (Hughes & Cortese 2009). The HI disk for
field galaxies extends beyond the stellar disk (Cormier et al. 2016), whereas the HI
disk in cluster galaxies is usually smaller or the same size as the stellar disk (Chung
et al. 2009; Boselli et al. 2014b). The gas removal due to RPS in cluster environment
has been used to explain the formation of SO-type galaxies in rich galaxy clusters
(Sun et al. 2006; Aragén-Salamanca et al. 2006; Bedregal et al. 2011). The RPS
leads to reduction in total mass and size of the gaseous disk of satellite galaxies, a
phenomenon we refer to as disk truncation.

Disk galaxies in the local universe have a universal negative internal metallicity
gradient (Zaritsky et al. 1994; Sdnchez et al. 2014; Ho et al. 2015). If the progenitor
of a cluster satellite exhibited a negative internal metallicity gradient before falling
into the cluster, its integrated metallicity after disk truncation might be modified
because of the removal of the low-metallicity outer portions of the disk. This picture
is somewhat simplified because it ignores satellite-satellite interactions and residual
star formation in the satellites that may lead to the production of more metals.
However, in our treatment, we will neglect satellite-satellite interactions and residual
star formation and focus on the zeroth order effect of disk truncation. Our goal is to
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test whether a simple disk-truncation model is sufficient to explain the metallicity
gradient for cluster satellites observed in Chapter 3.

4.3.1 Our disk truncation model

Studying disk truncation in cluster satellites in its full complexity is very challenging
because the simulation of full physics of multi-phase interstellar medium (ISM)
and its hydrodynamical interaction with the ICM requires sophisticated modeling
and can only be achieved using expensive, high-resolution numerical simulations
(Roediger & Hensler 2005; Steinhauser et al. 2016; Luo et al. 2016). Hydrodynamical
simulations use RPS of cold gas to obtain the star formation rate suppression and
color transformation in simulated galaxy clusters (Abadi et al. 1999; Balogh et al.
2000; Roediger & Hensler 2005; Roediger & Briiggen 2007; Hefl & Springel 2012;
Steinhauser et al. 2016).

Semi-analytic models of galaxy formation usually have a simplistic description of
the RPS of the gaseous component in cluster galaxies. Most semi-analytic models
follow the prescription by Gunn & Gott (1972) for both the hot and the cold gas to
calculate the stripping radius and the mass loss (McCarthy et al. 2008; Tecce et al.
2010; Guo et al. 2011; Luo et al. 2016). Comparisons with hydrodynamical simu-
lations suggest that most semi-analytic models overestimate the strength of RPS,
producing a larger fraction of red galaxies in clusters (Guo et al. 2013; Wang et al.
2014; Steinhauser et al. 2016). To test the effect of disk truncation on integrated
metallicity observations, we choose a simplified approach that allows us to explicitly
parameterize the physics of disk truncation.

We use an analytic model of disk truncation that depends only on the orbital pa-
rameters of the satellite galaxy and the local ICM properties. The procedure is
summarized as follows:

1. We assume that the mass-selected CALIFA galaxies (for details see § 4.2.1) are
uniformly distributed in the cluster as a first order initial condition for RPS
to act upon (further discussed in Section 4.6.1). We assign the orbital velocity
to each galaxy using the radial velocity distribution for MACS J11154+01 from
Chapter 3 (§ 4.4).

2. We use the analytic model to calculate the stripping radius for each galaxy
Tsrip (§ 4.3.2). We then “simulate” disk truncation for all galaxies, i.e., we
create mock datacubes for galaxies where the flux at radii r > rgyp, is set to
zero (§ 4.4).

3. We conduct mock DEIMOS observations of the simulated disks and measure
the integrated metallicity for each simulated cluster galaxy (§ 4.2.4). We

calculate the cluster-scale metallicity gradient following the same procedure of
Chapter 3.
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4. The above procedure generates one realisation of the disk truncation simu-
lation with a cluster-scale metallicity gradient measurement. We repeat the
above process until the mean cluster scale metallicity gradient converges (Fig-
ure 4.9), which requires a minimum of 150 realisations.

Our procedure does not take into account the full dynamics of the disk interaction
with the ICM. We will discuss the ramifications of our assumptions in Section 6.
Our current approach, albeit simple, provides a useful framework to understand the
physical effect of disk truncation on the cluster galaxy metallicity.

4.3.2 An analytic model for the ram pressure stripping of
cold gas

The multi-phase ISM of a galaxy can be divided into a cold and a hot component,
primarily composed of the molecular hydrogen and neutral/ionized hydrogen, re-
spectively. Explicit modeling of the stripping of different phases of the ISM requires
properly designed numerical studies and is beyond the scope of our model. Both
numerical simulations and observations show that the warmer neutral/ionized gas is
stripped first (McCarthy et al. 2008; Chung et al. 2009; Boselli et al. 2014b; Stein-
hauser et al. 2016), but the stripping of the hot gas would not instantaneously affect
the star formation rate because of large cooling timescales. The stripping of the
cold gas component from the outer disk of a galaxy would quench the star forma-
tion almost immediately, resulting in the loss of emission line flux from the stripped
part of the galactic disk. Thus, the stripping of the cold gas from the outer parts
of the galactic disk will directly affect the average metallicity measurement for the
satellite galaxy.

We follow the prescription by Gunn & Gott (1972) to model the RPS of gas in a
galaxy falling into the ICM. We assume that the cold gas is fully stripped beyond the
galacto-centric radius at which the internal gravitational potential energy density of
the satellite galaxy is balanced by the RP. We define rg,i, as the galactic radius at
which the ISM pressure is equal to the RP exerted by the ICM. The RP experienced
by a galaxy at a cluster-centric distance of R falling into the ICM with an orbital
velocity of v, is

P’r.p. - pICM(R)Ugrba (42)

where prop(R) is the ICM density at R. The cold gas is gravitationally bound with
the ISM of the galaxy. Thus, the cold gas will be stripped only if the RP exceeds the
gravitational restoring force due to the ISM (Pigy). We use Equation (4.3) given by
Tecce et al. (2010) to determine the Pigy

Pisat = 27G[S. (r) + 3, ()] (1), (4.3)

where X, (r) is the stellar surface mass density and ¥,(r) is the surface mass density
of the gas. At rsyip, Prp = Pism, and thus we can equate (4.2) and (4.3), for a galaxy
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at a cluster-centric distance of R
QWG[Z* (Tstrip) + 2 (Tstrip)]zg(rstrip) = pICM(R)Ugrb‘ (4-4)

To estimate rgip we need to model the stellar and gas surface mass density profile
(X4(r) & 34(r)), and the ICM density profile (picm(R)). The cold gas disk at radius
> Tepip from the galactic center will be stripped away.

We assume that both the stellar disk and the gas disk follow exponential surface
density profiles

Y. (r) = S0 exp(—r/ry) (4.5)

and
Ng(r) = Egoexp(—r/ry), (4.6)

where 7, and r, are the scale length of stellar and gas disks, respectively, and ¥,
and X4 are the corresponding central surface mass density. The total stellar mass of
an exponential surface density disk is given by M, = 27r2¥,, and the total gas mass
is M, = 27r7"§290. We assume the same scale length for both the stellar and the cold
gas disk, i.e., . = ry, which is corroborated by the spatially resolved observations of
the molecular gas for local field galaxies (Bigiel & Blitz 2012; Cormier et al. 2016).
The ratio of central surface mass density of the gas and the stellar disk is equal to
the molecular gas fraction (M,/M.,) of the galaxy,

Yo M,

= = fgas- 4.
SRR VAL (4.7)

The molecular gas fraction for local field galaxies depends weakly on the stellar mass
and has a typical value of f,,s = 0.1 (Boselli et al. 2014a). Thus, for a complete
model of the gas and stellar surface density profiles, we only require the total stellar
mass M, (obtained from the CALIFA catalogs) and the scale length of stellar disk
r.. We use Méndez-Abreu et al. (2017) catalog to obtain r, for CALIFA DR3
galaxies.

We evaluate the RP stripping radius (7suip) in Equation (4.4), using the modelled
stellar and gas surface density profile (Equation (4.5) to (4.7)) as

2
_ T prom(R)v5,
Tstrip =——=n

_ 48
2 QWGEzofgas (1 + fga8> ( )

The modelled stripping radius (rg.ip) depends weakly on the ICM density (prom)
and the orbital velocity (v2,) of the satellite galaxy. A similar model of RPS has
been used in various semi-analytic models of galaxy evolution (De Lucia et al. 2004;
Tecce et al. 2010; Guo et al. 2011).

Different models can be used to generate the ICM density profile (piom) of the
cluster. We use the Makino et al. (1998) model to generate the ICM density profile
of MACS J1115+01. According to Makino et al. (1998), if the dark matter halo
of the cluster follows the Navarro, Frenk and White (NFW; Navarro et al. 1997)
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density profile,
Ps

(R/Rs)(1+ R/R,)*

where ps and R, are the scale density and scale length; then the ICM density is
given by:

poum(R) =

(4.9)

I (4.10)

where pg is the central gas density and B is the ratio of the gravitational energy to
the kinetic energy. In this formalism, B is given by:

R (BRs/R)
priem(R) = pgoe™” (1 + —) ;

 AnGumyp R}

B
ET'x ’

(4.11)

where p is the mean particle weight, m,, is the proton mass and T'x is the temperature
of the hot ICM gas. The central gas density (py) is given by,

beps C
Pg0 = gQ—meB In(1+¢)— 7o

c -1
X {/ *(1+ :U)B/"’“”dx} :
0

again taken from Makino et al. (1998), where f, is the ratio of the gas mass to the
total baryonic fraction in the cluster and ¢ is the concentration parameter given
by the ratio of the virial radius to the scale length. Observationally, f, ranges
from 0.7 — 0.9 (Gonzalez et al. 2013). We adopt f, = 0.8. Thus, we require
only four parameters, ps (scale density of NFW profile), R (scale length of NEFW
profile), kTx (X-ray temperature) and ¢ (concentration parameter) to determine
the density profile of the hot ICM. To compare with the cluster-scale metallic-
ity gradient observations for MACS J11154-01, we use the cluster parameters for
MACS J1115401 provided by Merten et al. (2015) to model the density profile of
ICM (ps = 0.61 x 10'®> h2M_ Mpc >, R, = 0.62 Mpc/h, kTx = 8.0 keV and ¢ = 2.9).
Thus, the stripping radius in Equation (4.8) only depends on R and v,.,. Before
constructing a more realistic model of disk truncation in a galaxy cluster, we inves-
tigate the effect of the internal metallicity gradient on the cluster-scale metallicity
gradient using an idealised approach in next subsection (§ 4.3.3).

(4.12)

4.3.3 Internal metallicity gradients vs. cluster-scale gradi-
ents

[F'U observations of local field galaxies indicate the existence of a universal negative
internal metallicity gradient for local disk galaxies (Zaritsky et al. 1994; Sanchez
et al. 2014; Ho et al. 2015). The observation of metallicity enhancement via trun-
cation of outer-galactic disk is based on the assumption that all galaxies have a
negative internal metallicity gradient. To quantify the effect of an internal metallic-
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Figure 4.3: The predicted
cluster-scale metallicity gradient
(VZ,) as a function of the internal
metallicity gradient (V Zg,1) of the
infalling galaxy from the idealised
model of disk truncation described
in Section 4.3.3. The blue solid line
and shaded region represent the

e
—_

L T
F — MACS J1115+01
f - - Sanchez et al., (2014)

o
o

the mean and 1o error for the VZ
observed for MACSJ1115+01 in
Chapter 3.  The black dashed
line represent the characteristic
VZga for the CALIFA sam- ! *
ple from Sanchez et al. (2014). -0.3 -*

For infalling galaxies with a ——
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'gal

ity gradient on cluster-scale metallicity gradient, we manually place a galaxy with
fixed internal properties (such as stellar mass and internal metallicity gradient) at
different cluster-centric distances.

We define VZ, as the cluster-scale gradient in the integrated metallicity of star-
forming cluster galaxies and V Zg, as the internal metallicity gradient of a satellite
galaxy. We assume that a 10'°M,, galaxy with a particular VZ, is falling into the
cluster with an orbital velocity of 1000 km/s. The empirical stellar mass-size relation
is used to estimate the stellar disk scale length for this 101°M, galaxy (Mosleh et al.
2013). We manually place the satellite galaxy at different cluster-centric distance
and estimate the stripping radius at each cluster-centric distance using our RPS
model (Equation (4.8)). We estimate the integrated metallicity (Ziy(R)) at each
cluster-centric distance by taking an intensity-weighted average of VZ,, within
Tstrip Using following equation:

Tstrip(R)
Zint(R) = / exp(—r/re)V Zgadr, (4.13)
0

where we assume an exponentially declining profile for the intensity (Hughes et al.
2013). We perform a linear fit between Z,(R) and the cluster-centric distance
to estimate VZ,. To estimate the relation between VZ, and VZg,, we assume
that the internal metallicity gradient of the infalling galaxy varies between —0.6 <
VZg < 0.0dex/r. (Yuan et al. 2011; Jones et al. 2013; Ho et al. 2015) and measure
VZ, for each value of the VZg,.

Figure 4.3 shows that VZ, is directly proportional to the VZg, of the satellite
galaxy, i.e., VZy = 0.54 x VZg,. Our RPS model predicts a VZ of —0.05 dex/Mpc,
when adopting a VZg, = 0.1dex/r., characteristic for CALIFA galaxies (Sanchez
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Figure 4.4: Top panel: The wavelength-collapsed Ha intensity map for 5 CALIFA
galaxies (Same as top panel in Figure 4.2). Middle panel: Truncated Ha intensity
map, where the stripping radius is calculated using R and v, specified in each panel.
The dashed-circle represents the truncation region. Bottom panel: The truncated Ha
intensity map after redshifting galaxies to zq = 0.35, with a seeing of 0.”8. The black
lines represents the 5” x 1”7 DEIMOS slit. To generate a 1D-slit spectra, we integrate the
flux inside the DEIMOS slit.
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et al. 2014). By using the CALIFA sample to simulate cluster galaxies at z, = 0.35,
we neglect the possible evolution in the internal metallicity gradients of star-forming
galaxies out to a redshift of z, = 0.35.

The evolution of the internal metallicity gradient of star-forming galaxies with red-
shift is contentious. Star-forming galaxies at z ~ 0 have a universal negative internal
metallicity gradient (Sénchez et al. 2014; Ho et al. 2015). The adaptive-optics ob-
servations of lensed galaxies show that the internal metallicity gradient steepens
with redshift (Yuan et al. 2011; Jones et al. 2013). In contrast, seeing limited ob-
servations of non-lensed galaxies find a flat metallicity gradient for high redshift
galaxies (Wuyts et al. 2016). Yuan et al. (2013b) show that low spatial resolu-
tion in seeing limited conditions leads to gradient flattening in the high-redshift
observations. If VZ observed for MACS J11154+01 in Chapter 3 is caused only by
the truncation of outer-galactic disks, then we predict an VZg, = —0.28 dex/r, for
MACS J1115401 cluster members in this idealised model. This internal gradient is
significantly steeper than any observations of high-redshift galaxies and is unlikely
to be real. Nevertheless, the variation in VZg, would introduce scatter in the ob-
served VZ; and would be interesting to conduct observations to measure VZg, for
MACS J1115+01 cluster members.

Using a single galaxy with fixed internal properties disregards the scatter introduced
in the predicted VZ,. due to the scatter in internal properties of infalling galaxies.
To realistically simulate disk truncation in MACS J11154-01, we use a stellar mass
selected sample of CALIFA galaxies.

4.4 Simulating disk truncation in a galaxy clus-
ter

We simulate disk truncation in a galaxy cluster by uniformly distributing the mass
selected CALIFA galaxies at different cluster-centric radii. The stripping radius
for each galaxy is evaluated using Equation (4.8). To compare with the observa-
tions from Chapter 3, we model the ICM density profile using Equations (4.10) to
(4.12), where the cluster parameters were obtained from Merten et al. (2015) for
MACS J1115+01. We neglect the central 200 kpc region in the cluster because the
stripping radius becomes almost negligible beyond 200 kpc (i.e., cold gas is com-
pletely stripped off the cold gas; Figure 4.5). Note that our results do not change
significantly by using a minimum cluster-centric radius of 500 kpc as used in Chapter

3.

The observations in Chapter 3 give us the velocity dispersion along the line-of-sight
(010s = 960 km/s) for the cluster members. To assign orbital velocity, we assume that
our simulated galaxy cluster is isotropic, i.e., all three components of velocities have
the same Gaussian distribution with dispersion equal to o},s. The orbital velocity is
given by v, = /02 + U; + v2. Thus, vy, follow a Maxwell-Boltzmann distribution
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Figure 4.5: The variation of stripping radius (7strip) versus cluster-centric distance for
the selected CALIFA galaxies. The stripping radius is calculated by assuming a uniform
distribution of galaxies in the cluster and the Gaussian distribution of the orbital velocity.
Galaxies with 74, greater than 0.5 kpc are shown on the figure. Each data points
corresponds to the wavelength-collapsed Ha map of the galaxies at z; = 0.35 and observed
with a seeing of 0.8”. The dashed circle in each Ha map defines the stripping boundary
corresponding to the rgip. The 7grip shows a clear positive correlation with the cluster-
centric distance, i.e., the size of galactic disk (where ISM emission line/cold gas can be
detected) decreases near the cluster center. The large scatter in the stellar mass of infalling
cluster galaxies results in a large scatter in the rg,i, at a particular cluster-centric distance.
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with mean = 1532km/s and dispersion = 646 km/s. We assign the orbital velocity
independent of a galaxy’s position in the cluster.

4.4.1 Galaxies with truncated galactic disks

We compare the VZ, observation from Chapter 3 to VZ, observed for the mass
matched sample from CALIFA DR3. We define T-CALIFA as the sample of cluster
galaxies at 24 = 0.35 with truncated galactic disks for which metallicity is estimated
via the mock DEIMOS observations. The stripping radius rsip for each T-CALIFA
galaxy is estimated using Equation (4.8) after assigning orbital parameters, i.e.,
cluster-centric radius and orbital velocity. To simulate the disk truncation, we set the
flux at r > reyuip to zero for each wavelength slice, thereby suppressing the emission
line flux outside the stripping radius. We emphasize that our disk truncation model
removes only the cold gas at r > 74ip. Other components of the galaxy such as
stars, dust and the halo are intact (§ 4.5.3). However, because we are simulating
observed emission line fluxes, it is reasonable to cut off data at r > rg,, because
no emission line would be detected at r > rg,ip. After disk truncation, we redshift
the galaxies to zq (§ 4.2.2) and conduct mock observations with DEIMOS (§ 4.2.3).
The metallicity is estimated using emission line ratios [N II]/Ha and [NII]/[STI] (§
4.2.4) extracted from the 1D-slit spectrum for each T-CALIFA galaxy.

Figure 4.4 gives a figurative description of our disk truncation simulation for a
random sample of 5 galaxies. The truncation radius for each galaxy is calculated
after assigning the galaxy an orbital velocity and distance from the cluster center.
The middle row in Figure 4.4 shows the truncated galactic disks after reassigning
the flux outside rgyip, to zero. After truncating the galactic disk, we redshift the
galaxies to zq = 0.35 (§ 4.2.2) and convolve with the PSF of 0.”8 (Figure 4.4:
bottom panel). We truncate the galactic disk before redshifting to avoid spatial
resolution effects in disk truncation. The 1D spectrum of the truncated galaxy is
extracted by integrating the flux within a 5” x 1”7 DEIMOS slit (§ 4.2.3) at each
wavelength slice. Figure 4.5 shows the relation between 7y, and cluster-centric
distance for the full mass selected CALIFA sample. The mean stripping radius gets
smaller as cluster galaxies move closer to the cluster center. The stellar mass of
infalling galaxies varies almost 2 orders in magnitude, resulting in a large scatter in
the rg.ip Of galaxies at a particular cluster-centric distance.

4.4.2 Comparison sample

To estimate the metallicity enhancement due to disk truncation, we compare the
mass-metallicity relation for the T-CALIFA galaxies with the following control sam-
ples:
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Figure 4.6: Top-left panel: The MZ relation comparison between MACS J1115+01
and the local SDSS galaxies (Figure 6 in Chapter 3). We observe an metallicity enhance-
ment of +0.20 £ 0.13dex/Mpc for cluster members at a fixed stellar mass. Top-right
panel: The comparison of MZ relation for T-CALIFA galaxies with the SDSS7 sam-
ple for one realisation of disk truncation simulation. The contours in left and middle
panel represents the MZ relation for the local SDSS galaxies (25%, 50%, 70% and 90%).
Bottom panel: The MZ relation comparison between T-CALIFA (diamonds) and NT-
CALIFA (black circles) galaxies sample for one realisation of disk truncation simulation.
The cluster data points in each panel are color coded with stellar mass. The red solid
and black dashed line represents the best linear fit to MZ relation of the cluster galaxies
sample and the respective comparison sample in each panel. The fit parameters are in-
dicated in the figure legend, where Zyt_carira is the best-fit asymptotic metallicity for
T-CALIFA galaxies, Zyspssy is the best-fit asymptotic metallicity for the SDSS7 sample
and Zp NT—cALIFA is the best-fit asymptotic metallicity for the NT-CALIFA sample. The
difference between the best-fit asymptotic metallicity to the T-CALIFA sample and the
control sample represents the metallicity offset due to disk truncation.
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Figure 4.7: The distribution of metallicity offset between the MZ relation for the T-
CALIFA galaxies and the control samples using the all realisations of the disk truncation
simulation. Left panel: Comparison with SDSS7 sample. The red circle represents
the mean (40.05dex) and the 1-o scatter (0.02 dex) in the metallicity offset distribution.
Right panel Comparison with NT-CALIFA sample. The red circle represents the mean
(40.02 dex) and the 1-0 scatter (0.02 dex) in the metallicity offset distribution. The solid
blue line in each panel represents the metallicity enhancement at a fixed stellar mass
observed for MACS J11154-01 in Chapter 3 (Figure 4.6: top-left panel). Disk truncation
leads to a mean metallicity enhancement of 0.02dex, but the metallicity enhancement
from disk truncation is significantly less than the metallicity enhancement observed for
MACS J1115401 (0.20 + 0.13 dex).
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SDSS7 (Fiber spectroscopy)

To have a direct comparison with the metallicity offset in the mass-metallicity re-
lation observed in Chapter 3, we use the SDSS DR7 galaxy sample as one of our
control sample. The stellar mass and emission line flux measurements for SDSS
DR7 galaxies are taken from the publicly available MPA-JHU catalogs ' (Kauff-
mann et al. 2003a; Brinchmann et al. 2004). We use the same selection criteria as
in Chapter 3 to ensure a consistent comparison sample. In brief, we remove galaxies
with aperture coverage of < 20% leading to a redshift selection of 0.05 < z < 0.1 and
remove AGN galaxies using the Baldwin-Phillips-Terlevich (BPT) diagram (Baldwin
et al. 1981; Phillips et al. 1986; Veilleux & Osterbrock 1987) procedure described
in Kewley et al. (2006). We further remove galaxies with signal-to-noise (S/N) ra-
tio < 3.0 for any of the following emission lines: [OII] AX 3726, 3729, HS A 4861,
[O ITI] AX 4959, 5007, [N II} AA 6549, 6583, Ha A 6563 and [SII| AN6717, 6731.

Non-truncated CALIFA sample

We define NT-CALIFA as the mass selected CALIFA galaxy sample redshifted to
za for which no disk truncation is performed. We extract the mass-metallicity
relation for NT-CALIFA sample to directly compare the effect of disk truncation on
metallicity. We use the same stellar mass matched sample of galaxies from the full
CALIFA DRS3 catalog as used for the T-CALIFA sample, redshift them to z,4 = 0.35,
extract 1D slit spectra and measure the global metallicity again using emission line
ratios [N II]/Ha and [N II}/[SII]. The NT-CALIFA sample undergo the exact sample
treatment as the T-CALIFA sample except for the disk truncation. The metallicity
enhancement observed between T-CALIFA and NT-CALIFA samples can only be
attributed to the bias introduced in the metallicity measurement because of disk
truncation.

4.5 Comparison with observations

We extract the integrated metallicity of disk truncated cluster galaxies at zq (T-
CALIFA; § 4.4.1). To measure the metallicity we use emission line ratios [N II] /[STI]
and [NII]/H o and apply a S/N cut of 3 for all necessary emission lines. Addition-
ally, we remove galaxies that have an AGN or the star-formation rate is less than
0.2 Mg/yr (§ 4.2.4). Méndez-Abreu et al. (2017) provide measurement of r, for
nearly 280 CALIFA DR3 galaxies out of the full CALIFA DR3 sample of 650 galax-
ies. The stripping radii estimation requires accurate measurement of r,, further
limiting the sample size of galaxies with reliable gas-phase metallicity estimates. To
estimate the scatter introduced by the RP model, we perform multiple realisations of
the disk truncation simulation, each time redistributing the mass matched CALIFA

! See http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/Data/stellarmass.html
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Figure 4.8: Left panel: The distribution of gas-phase metallicity of cluster members
in MACS J1115+401 with respect to projected distance from the cluster center (Figure 7
in Chapter 3). Right panel: The distribution of integrated metallicity of star-forming
galaxies in T-CALIFA sample with the cluster-centric distance for one realisation of disk
truncation simulation. Each data point in both panels is color coded with the stellar mass.
The dashed line in each panel represents the best linear fit to the data and the best-fit
slope is labeled in the panel. We extract the intercept metallicity and the VZ for each
realisation of disk truncation simulations to understand the distribution of V Z predicted
by our disk truncation simulation.

galaxies in the galaxy cluster and reassigning the orbital velocity based on the Gaus-
sian random distribution. The mean cluster-scale metallicity gradient converges in
about 150 realisations of disk truncation simulation, but to avoid underestimation
of scatter we repeat our disk truncation simulation for 200 realisations. Out of the
91 galaxies in the mass matched CALIFA sample, we are left with 25-30 galaxies
per realisation for which metallicities could be determined.

4.5.1 Offset in the stellar mass-gas metallicity relation

The metallicity enhancement produced by disk truncation can be quantified by
estimating the offset between the mass-metallicity (MZ) relation of the T-CALIFA
sample and control samples. We compare the MZ relation for the T-CALIFA sample
with two control samples: SDSS7 and NT-CALIFA (§ 4.4.2). We use the logarithmic
form proposed by Zahid et al. (2013) parameterised as

1+ (Aj\j())_y] : (4.14)

to fit the MZ relation, where Z; is the asymptotic metallicity, M, is the characteristic
mass and 7 represents the power law slope. The control samples are fit keeping all
three parameters free. To estimate the metallicity offset between the T-CALIFA and

12 4+ log(O/H) = Z, — log
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Figure 4.9: The distribution of the intercept metallicity and the VZ from the disk
truncation simulation using full realisations of the T-CALIFA sample. Left panel: The
intercept distribution with a mean metallicity of 8.69 + 0.09 shown as red circle. Right
panel: The red circle represents the mean (VZ,= —0.03dex/Mpc) and the 1-sigma
scatter (0.06 dex/Mpc) in the VZ, distribution from the disk truncation simulation. The
Blue diamond represents VZ observed for MACS J1115+401 cluster in Chapter 3 (Figure
4.8: left panel). The VZ. observed for MACS J1115+01 is consistent with the VZ,
produced from disk truncation simulations within 1-sigma errors.

control samples, we fit the T-CALIFA sample as a single parameter model keeping
the My and ~ fixed to the comparison control sample’s best-fit values. The difference
in the asymptotic metallicity (Zp) for the T-CALIFA sample and the comparison
control sample is equivalent to the metallicity offset between two samples.

In Chapter 3, we observe a 0.20 £+ 0.13 dex metallicity enhancement for cluster
members in MACS J1115+01 at a fixed stellar mass (Figure 4.6: top-left panel).
Figure 4.6 shows one realisation of the MZ relation of the T-CALIFA sample in
comparison with the SDSS7 (Figure 4.6: top-right panel) and the NT-CALIFA
sample (Figure 4.6: bottom panel). The fit parameters for the MZ relation of
the T-CALIFA galaxies and the referenced control sample are listed in the legend of
Figure 4.6. For a statistical estimate of the metallicity offset between the T-CALIFA
and control samples, we measure the metallicity offset for each realisation of disk
truncation simulation.

Figure 4.7 gives the distribution of the metallicity offset between the T-CALIFA
and the control samples. Our model predicts a mean metallicity enhancement of
0.02 dex for the disk truncated CALIFA galaxies with a 1-sigma scatter of 0.02 dex
on the MZ relation. Disk truncation produces the slightly higher mean metallicity
enhancement between the T-CALIFA and the SDSS7 sample but within the statis-
tical uncertainties. The truncation of outer-galactic disk due to the RPS produces a
0.02 dex enhancement in the integrated metallicity of cluster galaxies at a fixed stel-
lar mass. The mean metallicity enhancement from disk truncation is significantly
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less than the metallicity enhancement observed for MACS J1115+01 in Chapter 3
(0.20 £+ 0.13 dex).

4.5.2 Cluster-scale metallicity gradient

In Chapter 3, we observe VZ, = —0.15 4+ 0.08 dex/Mpc in the integrated metallicity
of star-forming galaxies for MACS J1115+01 (Figure 4.8: Left panel). Our disk
truncation simulation aims at understanding the contribution of RPS in the V.Z
observed for MACS J11154+01. We have simulated disk truncation using the IFU
datacubes from the CALIFA survey and manually truncate them using a semi-
analytic model of RPS. The right panel in Figure 4.8 shows the distribution of the
integrated metallicity of the T-CALIFA sample with the cluster-centric distance for
one realisation of the disk truncation simulation. We perform robust linear regression
to derive the VZ, for each realisation of the disk truncation simulation.

Figure 4.9 shows the distribution of the intercept metallicity and VZ, produced
from multiple realisations of the disk truncation simulation (§ 4.4). Our disk trun-
cation simulations produce a mean VZ, of —0.03 dex/Mpc with a 1-sigma scatter
of 0.06 dex/Mpc in the integrated ISM metallicity of star-forming galaxies. The
mean cluster-scale metallicity gradient from the disk truncation simulation is shal-
lower than the VZ, observed for MACS J1115+4-01, although both are consistent
with each other within 1-sigma standard deviations. We require measurement of
VZ. in more galaxy clusters to distinguish the existing VZ, distribution from the
V Z, distribution produced by the truncation of outer-galactic disk. We investigate
the origin of the scatter in our simulated cluster-scale metallicity gradient in the
following subsection (§ 4.5.3).

Figure 4.10: The distribution
of stellar mass gradient in our
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Figure 4.11: The comparison of stellar mass gradient (VM) and the estimated cluster-
scale metallicity gradient (VZ). Left panel: The VM measured before stripping versus
VZ. The VM} in y-axis is the best-fit slope between the stellar mass and cluster-centric
distance (see the Appendix). The red dashed line represents the best linear fit and has
a slope of 0.39 £ 0.09 log(M, /Mg)/dex. Right panel: The VM after stripping versus
VZ.. The VM for each realisation is estimated by only including the simulated satellite
galaxies with metallicity measurements (see the Appendix). The dashed line represents
the best linear fit and has a slope of 1.00 £+ 0.12 log(M,/Mg)/dex. The blue box in each
panel represents the mean and 1-sigma measurement error in the VZ. and the VM}
observed for MACS J1115+01 in Chapter 3. The VZ; from disk truncation simulation is

most sensitive to the VM introduced by RPS.
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4.5.3 The scatter in cluster-scale metallicity gradient

The predicted cluster-scale metallicity gradient from our disk truncation simula-
tion ranges from —0.21to + 0.18 dex/Mpc (Figure 4.9: right panel). To simulate
cluster galaxies, we uniformly distribute the mass selected CALIFA galaxies with
respect to the cluster-centric distance (§ 4.4.1). We define VM as the best-fit
slope between the stellar mass of simulated cluster galaxies and the cluster-centric
distance (see the Appendix). Before truncating the galactic disk, we measure a
mean VM= —0.00 log(M./Mg)/Mpc (Figure 4.10) because of the uniform dis-
tribution of selected CALIFA galaxies with respect to the cluster-centric distance.
The redistribution of galaxies in the cluster for each realisation introduces a scatter
of 0.08 log(M./Mg)/Mpc in the VM before stripping the galactic disks (Figure
4.10).

The RPS shifts the VM distribution towards negative values and increases the
scatter. The mean VM after disk truncation is —0.05 log(M./Ms)/Mpc with a
1-sigma scatter of 0.12 log(M,./Mg)/Mpc (Figure 4.10). The VM after truncation
is estimated by only including galaxies with measurable metallicities (see the Ap-
pendix). The KS-test yields a probability of nearly zero for the VM distribution
before and after truncation to be derived from the same distribution. The negative
V M} implies that the star-forming galaxies near the cluster center are more massive
than the star-forming galaxies in the cluster outskirts.

Our RPS model does not directly affect the stellar mass of cluster galaxies. The cold
gas supply of the low-mass galaxies near the cluster center gets completely stripped of
due to RPS. The star formation in fully gas stripped low mass galaxies is suppressed
instantaneously resulting in the complete loss of emission line flux. Therefore, we
cannot measure the metallicity of the fully gas stripped low mass galaxies near the
cluster center via optical emission lines. A disk truncation simulation realisation
with an initial VM of zero can have a negative VM after truncation because of
the selective removal of the low mass galaxies from the cluster core.

We find that the VZ. predicted by our disk truncation simulation has a direct
correlation with the VM measured after performing disk truncation. The VZ
shows a weak correlation with the VM prior to disk truncation (Figure 4.11: left
panel). We find a slope of 0.39 £ 0.09 log(M. /M) /dex between the V M} measured
before disk truncation and the cluster-scale metallicity gradient. On comparing the
VZ, with the VM measured after disk truncation, we find a significantly steeper
slope of 1.00 £ 0.13 log(M, /M) /dex (Figure 4.11: right panel). The best-fit slope
of 1.00 log(M. /M) /dex between the VZ, and the VM after disk truncation imply
that the cluster-scale metallicity gradient in our disk truncation simulation is most
sensitive to the VM introduced by RPS. The negative VM introduced by the
RPS results in a negative VZ, because massive galaxies are also metal-rich.

The VM¢ observed in Chapter 3 for MACS J11154-01 is —0.03 £ 0.17 log(M.. /M) /Mpc.
The large measurement error in the VM for MACS J1115+4-01 does not rule out that
the observed VZ is induced by VM. Almost 85% of disk truncation realisations lie
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outside the 1-sigma range of the VZ, and the VM observed for MACS J1115+4-01 in
Chapter 3 (Figure 4.11: right panel). To separate the effect of VM from the effect
of VZga1, we select disk truncation realisations with V= 0.00 after truncation.
We estimate a mean VZ, of —0.01 dex/Mpc with 1-sigma scatter of 0.05 dex/Mpc
for disk truncation realisations with zero V.M after truncation. The stellar mass in-
dependent VZ, is statistically consistent with the VZ, = —0.05 dex/Mpc predicted
in Section 4.3.3 for a cluster galaxy with V Z,, equivalent to the characteristic V Zg,
of CALIFA galaxies (—0.1dex/r.; Figure 4.3). The negative cluster-scale metallic-
ity gradient in our disk truncation simulation is caused by the negative gradient in
stellar mass induced by the selective removal of low mass galaxies from the cluster
core.

4.6 Discussion

4.6.1 Assumptions in disk truncation model and theoretical
uncertainties

Here, we discuss some of the inherent assumptions in our RP model and their poten-
tial effect on the RP strength and thus the metallicity gradient measurements:

e Effect of inclination angle: The basic equation of RP stripping by Gunn
& Gott (1972) assumes that galaxies are falling face-on in the cluster, i.e.,
the infalling galaxies experience maximum RP. Hydrodynamical simulations
of RP stripping suggest that the inclination angle does not play a significant
role as long as the galaxies are not moving at an almost edge-on geometry
(Roediger & Briiggen 2006; Jachym et al. 2009; Steinhauser et al. 2016). The
total mass loss due to stripping is not affected by the inclination angle but the
mass-loss rate is highest for galaxies falling face-on in the cluster (Steinhauser
et al. 2016). Hence, we are safe to neglect the role of inclination angle on RP
stripping strength.

e Sharp cut-off in radial gas profile: Our model assumes that all the cold
gas outside the 74, will be removed instantaneously, causing a sharp cut-
off in the radial profile of cold gas. Most semi-analytic models with a sharp
cut-off in cold gas profile overproduce the fraction of quenched galaxies in the
cluster (Guo et al. 2013), suggesting an overestimation of the RP stripping
effect. Recent simulations by Luo et al. (2016) relaxes this assumption by
assuming that only a fraction of cold gas is removed outside of the stripping
radius. However, the continuous cold gas depletion models also fail to improve
the over-estimation of the quenched galaxy fraction. Our model uses a sharp
cut-off in the radial cold gas profile, thus our results correspond to maximum
RP stripping.
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e Galactic orbits in the cluster: The Gunn & Gott (1972) formalism assumes
that all galaxies are falling into the cluster in radial orbits and are on their
first pass through the cluster. Three-dimensional hydrodynamical simulations
suggest that the RPS strength depends on the orbit of the infalling galaxies.
McCarthy et al. (2008) show that galaxies with peripheral orbits undergo a
single RP stripping event whereas galaxies with radial orbits undergo multiple
RP stripping events depending on the number of pericentric passage. However,
more than 80% of the total mass-loss occurs on the first passage. Steinhauser
et al. (2016) show that galaxies with extreme radial orbits undergo significant
RPS, whereas galaxies in peripheral orbits only experience mild stripping of gas
mass. Thus, the assumption about the galactic orbit would significantly effect
the average RPS experienced by satellite cluster galaxies. Our RP prescription
assumes that all satellite galaxies have radial orbits, thus providing a upper
bound to RP stripping in clusters.

e Instantaneous gas stripping: The RP model assumes instantaneous strip-
ping of cold gas and that the surface gas profile inside the stripping radius
remains unaltered. The metallicity measurements via optical emission lines
are sensitive only towards the star-forming regions. The RPS timescales are
of the order of tsyi, ~ 10 — 100 Myr, whereas the depletion timescale of clus-
ter galaxies are tgep ~ 1Gyr. Thus, the star-formation is instantaneously
suppressed in the truncated region of the galaxy because tgip, << tgep. The
star-formation inside the stripping radius continues at least till ¢ ~ tqep. Re-
laxing the instantaneous stripping assumption would not significantly affect
the RP strength and its effect on integrated metallicity.

e ICM density profile: To describe the ICM density, we use the re-scaled
NFW density profile, re-scaled based on the baryonic fraction and the kinetic
energy (Makino et al. 1998). Tecce et al. (2010) show that the analytic form
for the ICM density overestimates the RP particularly for galaxy cluster at
z > 0.5. The analytic form of the ICM density assumes that the galaxy
cluster are relaxed dynamical structures that might not be true particularly at
high redshift. Our simulated galaxy cluster is at z = 0.35 and is a dynamically
relaxed system as suggested by the X-ray observations (Allen et al. 2007). The
analytic form is expected to provide a good description of the density profile of
the cluster. The stripping radius changes logarithmically with the ICM density
Tstrip X IN(pren ), 1.€., Tsrip depends weakly on the ICM density. Changing the
ICM density profile would not significantly affect the cluster-scale metallicity
gradient distribution.

e Stellar and gas disk scale length: To model the surface mass density of
the stellar and gaseous component of galaxies, we assume that both the stellar
disk and the gaseous disk have the same scale length. Neutral HI gas disks
can extend up to twice the stellar disk size (Swaters et al. 2005; Bosma 2016,
and references therein), but the cold gas disk closely follows the stellar disk
(Bigiel & Blitz 2012; Cormier et al. 2016). However, the stripping radius in
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Equation 4.8 is directly proportional to the scale length of the cold gas disk,
therefore uncertainty in the gas disk scale length can significantly affect the
stripping radii. We assume same scale length for both gas and stellar disk
because otherwise the RPS model would not have an analytic solution.

Radial distribution of cluster galaxies: To setup our disk truncation sim-
ulation, we assume that galaxies are uniformly distributed across the cluster
radius. The surface density distribution of both red and blue satellite galax-
ies follows the NFW profile, albeit with different concentration parameters
(Collister & Lahav 2005; Budzynski et al. 2012; Zenteno et al. 2016). The
RPS can modify the radial distribution of star-forming galaxies in the cluster.
Ascertaining the radial distribution of star-forming galaxies in clusters with-
out RP is non-trivial both observationally and via simulations. A uniform
radial distribution provides a first order initial condition for the RPS to act
upon. Choosing a different initial radial density distribution without invok-
ing the stellar mass segregation would not significantly affect the predicted
cluster-scale metallicity gradient distribution.

A uniform radial distribution underestimates the average RPS particularly at
radii close to the cluster center. Underestimating the average RPS can poten-
tially affect the mean metallicity enhancement of the MZ relation. To assess
the effect of the radial distribution on the MZ relation, we weight galaxies
according to the radial distance while fitting the MZ relation. Galaxies near
the cluster center have higher weights than galaxies in the outskirts. We do
not observe a significant change in the mean and 1-sigma scatter of the metal-
licity enhancement. Thus, the effect of RPS on the gas-phase metallicity is
unaffected by the radial distribution of galaxies in the cluster.

Redshift evolution of internal properties of galaxies: We neglect any
redshift evolution in the stellar mass function of field galaxies and VZg, by
matching the stellar mass function with the SDSS DR7 data at z ~ 0 and
simply redshifting the CALIFA galaxies to z,. The shape of the stellar mass
function does not change significantly at intermediate redshift but the char-
acteristic galaxy mass is higher in the high redshift clusters than in the local
galaxy clusters or field galaxies (Vulcani et al. 2011). An absolute shift in the
characteristic stellar mass would not affect the cluster-scale metallicity gradi-
ent. Observations of local field galaxies show that all isolated spiral galaxies
have the same internal metallicity gradient within £0.14 dex/Rss (Ho et al.
2015; Sanchez et al. 2016). However, the internal metallicity gradient of spiral
galaxies evolves with redshift (Yuan et al. 2013b; Jones et al. 2013; Wuyts
et al. 2016). In our simulation, we redshift the CALIFA galaxies from an av-
erage redshift of z = 0.01 to z, = 0.35. This assumes no metallicity gradient
evolution till redshift of z4 = 0.35, which might not be true. If the inter-
nal metallicity gradient of infalling galaxies steepens with redshift then the
cluster-scale metallicity gradient distribution from disk truncation would shift
towards more negative values (see § 4.3.3).



86 Disk truncation via ram pressure stripping simulation using CALIFA galaxies

Considering all assumptions incorporated in our disk-truncation model and the re-
sults from recent hydrodynamical simulations, the analytic model of RP stripping
used in semi-analytic models corresponds to maximum stripping strength (Stein-
hauser et al. 2016; Natarajan et al. 2017). The cluster-scale metallicity gradient
estimated via our disk-truncation model provides an upper-bound to cluster-scale
metallicity gradient produced purely by RP stripping.

4.6.2 Origin of cluster-scale metallicity gradient in the RPS
simulation

RPS introduces a mean negative gradient in the stellar mass of galaxies with the
cluster-centric distance (Figure 4.10). RP completely strips off the cold gas supply
of the low stellar mass galaxies in the cluster core, i.e., only high stellar mass galax-
ies continue to form stars in the cluster core. Numerical simulations of RPS also
conclude that the gas fraction lost due to stripping is higher for low mass galaxies
(Bekki 2009). The metallicity measurements via optical emission lines are sensitive
only to star-forming galaxies. Thus, selective quenching of the low mass galaxies in
the cluster core introduces a negative gradient in the stellar mass of star-forming
galaxies. The mean negative cluster-scale metallicity gradient in our disk trunca-
tion simulation is caused by the negative stellar mass gradient (Figure 4.11: right
panel).

Our simulation predict a nearly flat VZ, purely by the stripping of outer galac-
tic disk that is inconsistent with the VZ, in observations (—0.01 dex/Mpc com-
pared to —0.15 £+ 0.08 dex/Mpc). Our maximal RPS model predicts significantly
smaller metallicity enhancement of the MZ relation than observations (+0.02 dex
compared to +0.20dex). We suspect that additional physical mechanisms such as
self-enrichment via strangulation might be necessary to fully reproduce the observed
cluster-scale metallicity gradient and metallicity enhancement of the MZ relation.
Observations of more galaxy clusters are required to fully sample the existing cluster-
scale metallicity gradient distribution and differentiate from the metallicity gradient
distribution produced purely by disk truncation.

4.7 Conclusion

The truncation of the outer-galactic disk in the cluster environment due to RPS
has been used to explain the enhanced metallicity of cluster galaxies compared to
counterpart field galaxies (Hughes et al. 2013). In Chapter 3, we present the first
observation of a cluster-scale gradient in the ISM metallicity of star-forming cluster
members. We hypothesize that the self-enrichment of cluster members via strangu-
lation and/or the truncation of outer-galactic disk can produce a negative gradient
in the integrated metallicity of cluster members. In this paper, we simulate disk-
truncation using an analytic model of RPS. We use a stellar-mass matched sample
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of CALIFA galaxy (Figure4.1) to create a mock sample of disk truncated cluster
galaxies. We compare the prediction from our disk truncation simulations with the
observations from Chapter 3 by conducting mock DEIMOS observations.

Our model of disk truncation results in a mean cluster-scale metallicity gradient of
—0.03dex/Mpc with a 1-sigma scatter of 0.06 dex/Mpc (Figure4.9: right panel).
The cluster-scale metallicity gradient observed for MACS J1115+01 in Chapter 3
lies within the cluster-scale metallicity gradient distribution produced by our disk
truncation simulation (Figure4.9: right panel). We estimate a metallicity enhance-
ment of +0.02dex by comparing the MZ relation of the selected CALIFA galaxies
before and after disk truncation (Figure 4.7: right panel). The metallicity enhance-
ment from disk truncation is significantly smaller than the metallicity enhancement
observed for MACS J1115+01 (4+0.20dex). The random distribution of galaxies in
the clusters produces a 0.08 log(M./Mg)/Mpc scatter in the stellar mass gradient
of cluster members. The scatter in stellar mass distribution is the primary source
of scatter in the cluster-scale metallicity gradient estimated in our disk truncation
simulation.

RPS induces a negative gradient in the stellar mass of star-forming galaxies (Figure
4.10). The stellar mass of a galaxy remains unaffected in our RPS model, but RPS
leads to complete loss of the gas supply of low mass galaxies in the cluster core.
Only massive galaxies continue to form stars in the cluster cores, resulting in a neg-
ative gradient in the stellar mass of star-forming cluster galaxies with cluster-centric
distance. The cluster-scale metallicity gradient predicted in our disk truncation sim-
ulation is most sensitive to the stellar mass gradient induced by the RPS (Figure
4.11: right panel). The mass segregation induced by the selective removal of low
mass galaxies drive the negative cluster-scale metallicity gradient predicted in our
simulation.

The stellar mass independent cluster-scale metallicity gradient predicted by our disk
truncation simulation is —0.01 dex/Mpc with a 1-sigma scatter of 0.05dex/Mpc,
which is significantly smaller than the gradient of —0.15 £+ 0.08 dex/Mpc observed
in MACS J1115401. Some of the assumptions in our RPS model such as the sharp
cut-off in the radial gas profile and single infall in radial orbits only maximize the
strength of RP in galaxy clusters (§ 4.6.1). Thus, the truncation of outer galactic
disk via RPS alone can not explain the cluster-scale metallicity gradient observed
in MACS J1115+01.

Observations of cluster-scale metallicity gradients in more galaxy clusters are re-
quired to characterise the full range of cluster-scale metallicity gradients existing in
galaxy clusters. A flat mean cluster-scale metallicity gradient and the small metal-
licity enhancement of the MZ relation in our disk truncation simulation suggest
that additional physical mechanisms such as strangulation are likely to be required
to reproduce the observed cluster-scale metallicity gradient. In the future, we plan
to incorporate a simple chemical evolution model with stripped neutral Hydrogen
to understand the effect of strangulation on the integrated cluster member metal-
licities.
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Chapter 5

Chemical pre-processing of
star-forming cluster galaxies

Context and Contribution

This chapter is originally accepted as Chemical pre-processing of cluster galax-
ies over the past 10 billion years in the IllustrisTNG simulations, A. Gupta, T.
Yuan, P. Torrey, M. Vogelsberger, D. Martizzi, K. Tran, L. Kewley, F.
Marinacci, D. Nelson, A. Pillepich, L. Hernquist, S. Genel, V. Springel, in
press, MINRAS. This chapter is included in the thesis as a representation
of my contribution to understanding the origin of metallicity enhance-
ment for star-forming cluster galaxies in IllustrisTNG simulation. The
analysis technique was conceived and conducted by me. The whole paper
was written by myself with suggestions provided by co-authors.

5.1 Introduction

The chemical abundance of galaxies encodes the cumulative history of baryonic pro-
cesses such as star formation and gas inflow/outflow. Observations clearly show that
the cluster environment causes morphological and color transformations of galax-
ies (e.g., Dressler 1980). However, the impact of cluster-scale overdensities on the
chemical evolution of galaxies remains controversial. Observations at z ~ 0 find
a minimal difference (at most 0.05 dex) in the mass-metallicity relation (MZR) of
cluster and field star-forming (SF) galaxies (Ellison et al. 2009; Pasquali et al. 2012;
Pilyugin et al. 2017a). On the other hand, significant dependencies of the gas-phase
metallicity on the cluster-centric distance and the cluster dynamic state are observed
(Petropoulou et al. 2012; Gupta et al. 2016). Observations of the MZR at z > 1.0
are reported for only a handful of clusters with conflicting results (Tran et al. 2015;
Valentino et al. 2015; Kacprzak et al. 2015).

In a hierarchical ACDM Universe, massive clusters form through the merger of
smaller galaxy groups. Physical properties of group galaxies may be modified prior
to accretion onto the main cluster, a process referred to as “pre-processing” (e.g.,

89
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Zabludoff & Mulchaey 1998; Hou et al. 2014). The most recent observational
evidence of pre-processing includes H I-deficiency and quenching of SF in galaxy
groups (Brown et al. 2017b; Bianconi et al. 2018), though the significance of group
pre-processing is debatable (e.g., Berrier et al. 2009). Darvish et al. (2015a) find
~ 0.10 dex higher metallicity for galaxies in a filamentary structure at z ~ 0.5 than
the counterpart field galaxies, suggesting a pre-processing role of galaxy filaments
on the metallicity. Whether, when and how the chemical abundance of galaxies is
altered in the cluster formation history remains an open question.

Current observations are plagued by poorly understood systematic errors such as
projection effects, interlopers, selection biases and metallicity diagnostics. These
errors can easily overwhelm the chemical enrichment signal as a function of en-
vironment, particularly at high redshifts. In addition, the diverse definition of
environment makes comparisons across different studies ambiguous (Ellison et al.
2009; Peng & Maiolino 2014). Cosmological simulations with a full 3-dimensional
formation history of cluster galaxies are a powerful tool to overcome observational
biases and understand the physics of the environmental dependence of the chemical
evolution (Davé et al. 2011; Genel 2016; Bahe et al. 2016).

In this Letter, we explore the MZR evolution as a function of the formation history
of galaxy groups and clusters in HlustrisTNG, a large-scale cosmological simula-
tion. Using a novel method of separating progenitor cluster galaxies into accreted
and infalling categories, we report for the first time a clear systematic signature of
“chemical pre-processing” in cluster galaxies over the past 10 Gyrs. We show the
effectiveness of pre-enriched gas inflows in driving the chemical evolution of cluster
galaxies out to twice the virial radius.

5.2 Methods

Our results are based on the IllustrisTNG simulations (Pillepich et al. 2018; Nel-
son et al. 2017; Springel et al. 2017; Marinacci et al. 2017; Naiman et al. 2018).
The galaxy formation model is an updated and extended version of the Illustris
model (Vogelsberger et al. 2013; Torrey et al. 2014). Details of the model modifica-
tions are described in Weinberger et al. (2017) and Pillepich et al. (2017). We use
the TNG100 simulation that has a volume of ~ (100 Mpc)? and m;, = 9.4 x 10° M,
where my, is the baryonic mass per particle.

From the TNG100 simulation, we select all halos with Mgy, > 1013 M, where
Moo is total mass enclosed within Ragg. (the radius within which the mean density
is 200 times the critical density of the Universe at the halo redshift). This leads to
a selection of 127 galaxy clusters and groups at z = 0. The mean cluster halo mass
of our sample is 10*** M. We define the boundary of a cluster as twice the Ry, of
the cluster halo, which is similar to the splashback radius (Diemer et al. 2017). Out
of all Friends-of-Friends (FOF) subhalos associated with the cluster at z = 0, all
galaxies whether centrals or satellites residing within twice the Rgpp. make up our
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Figure 5.1: The assembly history of the most massive galaxy cluster (1044 M) in

the TNG100 simulation from the projected spatial distribution of cluster members. The

red circles and green asterisks represent accreted (zinfan > 2) and infalling (zipfan < 2)

cluster members respectively.

The solid black circles corresponds to the Rsgg. of the

dark matter halos associated with the progenitor cluster galaxies. The dashed-black circle

represents the cluster boundary (2x Rago.) at each snapshot. All distances are represented

in projected comoving scale. Throughout this Letter we present the evolution of physical

properties of galaxies in six redshift slices z = [0.0,0.2,0.5, 1.0, 1.5, 2.0].



92 Chemical pre-processing of star-forming cluster galaxies

941z=00  .-_ " {lz=020 ' '
T (lookback) = 0.0 Gyr T (lookback) 21 Gyr

= 927 // O P 1t /‘,__'_ o ._____._' ]

e 00 PY : e '.‘"X/X o

0 . _@® - 1t - ]

2 0re gaA 4 .*XT/ -4 X

c—: A_AA e \.:.\ >A<A' L oL, A
8.6 L , , , , . .
9.4 z—050 RN o lz=10 ' '

T (lookback)' 5.0 Gyr T (lookback)-— 7. 7Gyr

/m: 92 ,’/ ...... .!_—- 1 ’// ““‘_;__)_‘A:T J

S S % X ,‘.i’x A

gootesrx kA 2 4 g% w

+ ,A——’ PG "' x - =

e\ XA’A T \-\- x - :"‘ \\

— 88F A ..‘,‘.:;-,-«-*‘ X 1L Xx__’:¢ s \\ -
8.6 L . . R IR . .
9417=15 I I z=20 I I

T (lookback) = 93 Gyr T (lookback) = 10. Gyr

= 927 ,\__,’ _‘,* 1T ,/’____‘._. ’

5 \\ II ,’/ A /\\ 7 - -

&b [ ! ,' L  » ,":‘," x ]

R IR P X

+ ’ . /‘: ! .:." .‘4:{‘ S~

e 1 X PR ". 2
N 38l /xx PR Y 1L /',x/{za“’ ® Accreted]
. DT gA% X toting
seb =" , R e A Field
100 3x10” 6x10° 2x10" 10’ 3x10" 6x10° 2x10"

M. (Mc/h) M. (Mc/h)

Figure 5.2: Evolution of the mass-metallicity relation for the accreted cluster (red circles),
infalling cluster (green asterisks) and field galaxies (blue triangle). At any given redshift,
we are plotting the mean SFR-weighted gas-phase metallicity of galaxies with SFR> 0.
The coloured dashed and dotted lines represents the 16th and 84th percentiles. The
accreted cluster members show nearly 0.10 — 0.18 dex metal enhancement with respect to
field galaxies at each stellar mass bin at z < 1.5. The infalling cluster members show
0.05 — 0.08 dex metal enhancement with respect to field galaxies at z < 0.5 suggesting
chemical pre-processing of infalling galaxies.
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cluster member galaxy sample. Note that we exclude flybys and satellite galaxies in
the process of splashing back at z = 0 from our analysis.

We restrict this analysis to a stellar mass range of 10° — 10'%5 M. The lower stellar
mass cut is to minimize numerical uncertainties such that there are at least 1000
stellar particles per galaxy (a single star particle in TNG100 has a mass of about
10Mg). We impose the upper mass cut of < 10'%° M, to reduce contaminations
from active galactic nuclei (AGN) activities (Pillepich et al. 2018). The removal
of high-mass star-forming (M, > 1095 M) galaxies does not change our results
significantly because environmental effects are more efficient for low mass galaxies.
We select 3567 cluster member galaxies with stellar mass 107 — 1095 M, without
any star formation rates (SFR) cut at z = 0. Most cluster galaxies at z = 0 are not
forming stars.

Our field galaxy sample consists of 8900 galaxies at z = 0 that reside in host halos
of mass Mygo. < 10'2° Mg, have SFR> 0, and 10° < M, < 10'*°°M,. We focus
on the SFR-weighted gas-phase metallicity represented in terms of fractional oxy-
gen abundance (12 + log(O/H)) to facilitate a direct comparison with the nebular
metallicity observations. Throughout this Letter the stellar mass and SFR are mea-
sured within twice the stellar half mass radius. Our SFR-weighted gas metallicity
is independent of aperture and has been found to provide a good approximation of
the global metallicity from observations (Davé et al. 2011; Bahe et al. 2016; Torrey
et al. 2017).

We track all z = 0 cluster and field galaxies back in time, but galaxies with stellar
mass between 10° — 10%% M, and SFR > 0 at a given redshift, will only be shown
in Figure 5.2, 5.3 and 5.4. We use merger tree catalog based on the technique of
Rodriguez-Gomez et al. (2015) to track progenitors of the cluster and field galaxy
samples at z = 0. At each redshift slice, we use the host halo of the progenitor
central cluster galaxy to identify the cluster center and the cluster boundary based
on its Rogp.. We estimate zy,ra for each progenitor of the present-day cluster member
galaxy as the earliest time (highest redshift) at which the galaxy crosses the cluster
boundary (R < 2X Rago. of the central cluster halo) for the first time. Using ziygn,
we separate progenitor cluster galaxies into two subgroups at each redshift slice:
accreted (zinfan > 2) and infalling (zinn < 2) galaxies.

This technique can unambiguously separate the infalling galaxies from the accreted
cluster galaxies that are on their second passage into the cluster potential. At
each redshift, the progenitors of the field galaxy sample form our comparison sam-
ple. Figure 5.1 shows the assembly history of the most massive cluster in TNG100
(Maygoe. = 10'*4 M) through the projected spatial distribution of progenitors at a
few redshift snapshots. At high redshift (z ~ 1.5), progenitor cluster galaxies have
a comoving spatial extent of ~ 10 — 20 Mpc/h, consistent with the recent work by
Chiang et al. (2017).
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Figure 5.3: Gas mass inflow rate versus stellar mass for the accreted cluster (red circles),
infalling cluster (green asterisks) and field (blue triangles) galaxies. Only star-forming
galaxies (SFR> 0) are included in the analysis at any given redshift. The data points
represent the mean gas mass inflow rate, and the lines indicate the 16th and 84th per-
centiles for the respective sample. At each redshift snapshot, cluster satellite galaxies have
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consistently lower gas inflow rates compared to field galaxies.
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5.3 Results

5.3.1 Cosmic evolution of the mass-metallicity relation with
environment

Figure 5.2 shows the stellar mass versus SFR-weighted gas-phase metallicity for our
three galaxy samples (accreted cluster, infalling cluster, and field) at six different
redshifts. We restrict our gas metallicity analysis only to galaxies with SFR > 0
at any given redshift. We bin the data by stellar mass such that each stellar mass
bin has nearly the same number of galaxies at z = 0. At any given redshift, we
use the same stellar mass bins defined at z = 0 and only plot bins that have at
least 10 galaxies. The MZR of accreted and infalling galaxies is consistent with the
MZR of the field galaxy sample at z = 2.0. Signs of the environmental dependence
of metallicity emerge around z = 1.5, in particular the low mass accreted galaxies
(< 10%5 Mg) are ~ 0.05 dex more metal-rich compared to counterpart field galaxies.
At z < 1.0, the gas-phase metallicity of accreted cluster galaxies show a consistent
metallicity enhancement of 0.15 — 0.20 dex with respect to field galaxies.

The MZR of infalling galaxies lies persistently in between accreted and field galaxies
for z ~ 0 — 2, signalling the action of chemical pre-processing in infalling galaxies
before they are fully accreted onto their respective clusters. The low mass infalling
galaxies (< 10%°Mg) at z = 0.5 show an offset of ~ 0.05dex from the counter-
part field galaxies. The metal enhancement permeates to even higher mass infalling
galaxies (< 10 M) at z ~ 0.2. The infalling galaxies have not crossed the clus-
ter boundary (2% Rago.), hence the metallicity offset between infalling cluster and
field galaxies appears prior to infall. Our MZR analysis shows for the first time a
systematic signature of chemical pre-processing in infalling galaxies. In this Letter,
we use the term pre-processing more broadly to describe the modification in the
properties of galaxies prior to infall onto the main cluster irrespective of their prior
group membership.

The MRZ evolution of cluster and field shows a qualitative agreement with obser-
vations (Ellison et al. 2009; Pilyugin et al. 2017a), though a detailed quantitative
comparison with observations is not feasible because of discrepancies in emission
line diagnostics (Kewley & Ellison 2008), the choice of nucleosynthesis yields in the
simulations, diverse definition of environments, and selection effects. Most obser-
vations find a maximum of 0.05dex metallicity enhancement for cluster galaxies
(Pilyugin et al. 2017a), significantly lower than the one predicted by simulations.
Contamination by interlopers or infalling galaxies due to projection effects and the
lack of dynamic time estimates can easily wash out the metallicity enhancement in
observations. Also, a higher SFR cut in observations specifically removes cluster
galaxies undergoing change due to the environment. We test different SFR cuts and
find a maximum SFR cut of 0.1 Mg /yr is required to observe the environment driven
changes in the metallicity, any higher SFR cut will dilute the observed metallicity
enhancement.
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The simulation shows a 1-sigma scatter of ~ 0.20dex in the MZR. The large scat-
ter underlines the cluster-to-cluster variation and shows the challenge of detecting
the metallicity enhancement with relatively small cluster samples in observations.
Meanwhile, we notice that the scatter of the simulated MZR at z ~ 0 seems to
be large in comparison with observations (e.g., Pilyugin et al. 2017a). We plan to
investigate the origin of the scatter in more detail in a future work. Simulations
predict no significant evolution in the average metallicity of the highest mass bin
(10 — 10195 M) between z = 2.0 to z = 0.0 for any galaxy sample. The average
metallicity in the highest mass bin is biased towards galaxies with either extremely
low SFRs and/or significant AGN contribution.

5.3.2 Properties of gas accretion in high-density environ-
ment

To understand the origin of the environmental dependence of the MZR and the
chemical pre-processing, we investigate the gas accretion history of our three samples
using Monte Carlo tracer particles (Genel et al. 2013). At any given redshift, we
measure the tracer flux associated with baryons entering the galaxy for the first time
over a time interval of 1 Gyr. We then multiply the tracer count with an effective
tracer mass to estimate a “raw gas mass inflow rate” (Nelson et al. 2015). The
median number of tracer particles associated with the gas mass inflow rate is about
800 — 15000.

Figure 5.3 shows the average gas mass inflow rate for the three samples (accreted,
infalling and field) in six redshift slices. We find that the gas mass inflow rate is
consistently lower by 0.4 — 1.0dex for accreted and infalling cluster galaxies com-
pared to field galaxies across all redshift slices. The difference in the average gas
mass inflow rate between cluster (accreted and infalling) and field galaxies increases
slightly with cosmic time, i.e., increases from ~ 0.4dex at z = 2.0 to ~ 1.0dex at
z < 0.5. Almost 50% of accreted cluster galaxies with non-zero gas mass inflow rate
and SFRs have been accreted onto the main cluster in the past 2 Gyrs. In TNG100,
cluster galaxies have on average 0.5 dex lower SFRs than field galaxies at all epochs.
Torrey et al. (2017) show that the MZR of field galaxies evolves through either the
accretion dominant or enrichment dominant phase.

Figure 5.4 shows the redshift evolution of the mean metallicity of the inflowing gas.
The average metallicity of the baryons associated with the raw gas mass inflow rate
is defined as the mean metallicity of inflowing gas. The mass abundance of all metals
used in Figure 5.4 relates to the oxygen number abundance by a simple multiplicative
factor ( ~ 0.03). The average metallicity of the inflowing gas increases with cosmic
time, irrespective of the galaxy sample or the stellar mass bin. However, galaxies
in the cluster environment (accreted or infalling) receive more metal-rich inflowing
gas than galaxies in the field, and relatively more so at lower redshifts (Figures
5.4). Even at z = 1.5, accreted cluster galaxies are receiving almost 1.3 times more
metal-rich gas than field galaxies; at z ~ 0 the difference in metal content can be
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Figure 5.4: Cosmic evolution of the mean metallicity of the inflowing gas for cluster
(red), infalling (green) and field (blue) galaxies. The solid and dashed lines represent
galaxies in stellar mass bins labeled in the figure. The inflowing gas for both accreted and
infalling cluster galaxies is 2 — 3 times more metal rich at z = 0 than field galaxies. Note
that we are plotting the total metal content not the fractional oxygen abundance.
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as large as a factor of 3. Yet, the inflowing gas mass rate is ~ 1.0 dex lower for
cluster galaxies than field galaxies. We also find a secondary positive correlation
in the metallicity of inflowing gas and the stellar mass, consistent with previous
suggestions (Fraternali 2017; Kacprzak et al. 2016).

The average metallicity of the inflowing gas for infalling galaxies continues to lie
in-between accreted cluster and field galaxies at all epochs (Figure 5.4). In fact,
at z < 0.5, infalling galaxies are accreting 1.5 — 2 times more metal-rich gas com-
pared to field galaxies. The infalling galaxies have never crossed the boundary of
the central cluster potential (2x Rgpo.) and are receiving metal-rich gas compared
to field galaxies, suggesting that enriched gas inflows can be significant at distances
larger than 2x Rggp.. Figure 5.3 and Figure 5.4 suggest that the enriched gas in-
flows contribute significantly to the chemical enrichment of galaxies in overdense
environments.

5.4 Discussion and Conclusion

Using the [1lustrisTNG cosmological simulation, we demonstrate the first systematic
signature of “chemical pre-processing” of infalling cluster galaxies, namely galaxies
which will be accreted by z = 0 into a massive host. Before infall, these galaxies
exhibit a ~ 0.05dex enhancement in the MZR in comparison to field galaxies, a
difference observable at low redshifts (z < 0.5, Figure 5.2). The simulation also
predicts a systematic pre-enrichment of the gas which is available for inflow into
cluster galaxies (Figure 5.4). At z < 1.0, cluster galaxies (both already accreted
and infalling) accrete gas which is 2 — 3 times more metal-rich compared to field
galaxies.

We suggest that infalling galaxies exhibiting pre-processing signatures may or may
not belong to smaller, infalling groups, a distinction that will be checked in a follow-
up paper. The underlying pre-processing physical mechanisms do not act necessarily
on the cluster galaxies themselves, but rather on the gas around them which is avail-
able for accretion. Gas removal via gravitational or hydrodynamic interactions in
infalling groups has instead previously been suspected as the cause of pre-processing
of infalling galaxies (Cortese et al. 2006; Scott et al. 2015). Our definition of cluster
boundary to separate infalling and accreted cluster galaxies is similar to the splash-
back radius (Diemer et al. 2017). The signature of chemical pre-processing can be
used as an observational identification for the splashback radius.

The metallicity enhancement of cluster galaxies on the MZR is qualitatively consis-
tent with observations and recent investigations of cosmological simulations (Davé
et al. 2011; Genel 2016; Bahe et al. 2016). Genel (2016) attribute the metallicity
enhancement to either the reduced inflow of metal-poor gas or SFR concentration
towards the inner, more metal-rich parts for galaxies with stellar mass ~ 1093 M.
Observations show that environmental processes are mostly effective for galaxies
with M, < 10'® M (Peng et al. 2010). Chapter 4 shows that star formation sup-
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pression in the galactic outskirts due to ram pressure stripping (RPS) can not di-
rectly produce a significant enhancement in the SFR-weighted metallicity. However,
a relative increase in the metallicity of cluster galaxies compared to field galaxies
due to suppression of pristine gas inflow by RPS can not be ruled out. We also
consistently find lower gas mass inflow rates for both infalling and accreted cluster
galaxies compared to field galaxies in the simulation.

The pre-enrichment of the inflowing gas in clusters follows the cosmic evolution of
intra-cluster medium (ICM) enrichment (Vogelsberger et al. 2017). Peng & Maiolino
(2014) also suggested that the mixing of the inflowing gas with the metal-rich ICM
can be responsible for the pre-enrichment of inflowing gas in the cluster environ-
ment. We speculate that the inflow of pre-enriched gas in combination with the
suppression of gas inflows drive the chemical pre-processing of infalling galaxies and
the metallicity enhancement of star-forming cluster galaxies. Carefully designed
observations are needed to confirm the chemical pre-processing of infalling galaxies
and the pre-enrichment signal in overdense environment.
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Chapter 6

Concluding Remarks

6.1 General Summary

Local environment transforms star-forming galaxies with spiral disks into spheroidal
ellipticals with little or no on-going star formation activity. The chemical abundance
of a galaxy (ratio of heavy elements to Hydrogen) is a cumulative product of its
star-formation activity modulated by gas inflows and outflows. However, whether
environment plays a role in the chemical evolution is still under debate. In this
thesis, I use observations, semi-analytical models, and cosmological hydrodynamic
simulations to study how the environment impacts the chemical evolution of star-
forming galaxies.

In the first part of my thesis, I observe two galaxy clusters at z ~ 0.35, MACS1115+4-01
and RXJ1532+430, with DEIMOS at Keck-II telescope. In Chapter 2, I conduct a
systematic quantification of the flux calibration errors for DEIMOS. We find that the
standard flux calibration techniques result in a flux calibration accuracy of ~ 20%
for extragalactic objects (Figure 2.6).

In Chapter 3, I find for the first time that the gas-phase metallicity of star-forming
cluster galaxies shows a negative correlation with distance from the cluster center,
i.e., galaxies towards the cluster center are metal enhanced compared to galaxies in
the cluster outskirt (Figure 3.7). The negative cluster-scale gradient is independent
of the stellar mass within the limitations of our sample. On the MZ relation, star-
forming cluster members for MACS11154+01 are 0.20 dex metal-rich compared to
counterpart field galaxies.

In contrast, star-forming cluster members for RXJ15324-30 show a bimodal metal-
licity distribution with the projected cluster-centric distance (Figure 3.8). The low
stellar mass galaxies (log(M./Mg) < 9.5) show a positive cluster-scale metallicity
gradient whilst galaxies in the high stellar mass bin (log(M./Mg) > 9.5) exhibit
a negative cluster-scale gradient similar to one observed for MACS11154+01. The
MZ relation of cluster members of RXJ1532+30 is statistically consistent with field
galaxies (Figure 3.6). I speculate that the low stellar mass galaxies in RXJ1532+30
are part of a merging sub-cluster and/or interlopers. The X-ray observations also
show evidence of minor merger with a cooler sub-cluster for RXJ1532+30 (Hlavacek-
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Larrondo et al. 2013).

The different cluster-scale metallicity distribution and the MZ relation of the MACS1115+01
and RXJ1532+30 suggests that differences in the dynamical state of galaxy clusters

can get imprinted on the chemical properties of the cluster members. Local studies

of the MZ relation in high density environments combine data for more than 100
galaxy clusters to achieve a statistically significant sample of star-forming cluster
galaxies (Ellison et al. 2009). However, combining data for galaxy clusters at vari-

ous stages of their formation history can dilute environment-dependent metallicity
enhancement signatures.

The cluster-scale abundance gradient provides a new outlook on identifying the en-
vironmental impact on the chemical evolution of galaxies. In Chapter 3, I speculate
that the negative cluster-scale gradient observed for MACS1115+01 and massive
galaxies in RXJ15324-30, can be produced by the disk-truncation via ram pressure
stripping (RPS) and/or strangulation. Disk truncation is the concentration of star
formation in the central part of a cluster galaxy due to the RPS of the gas from
galactic outskirts. Observations of integrated metallicity in disk-truncated galax-
ies would be biased towards the central, metal-rich part, resulting in the relative
metallicity of cluster galaxies compare to field galaxies.

Observations and cosmological simulations suggest that the observational bias intro-
duced by the disk truncation might be sufficient to explain the observed metallicity
enhancement of cluster galaxies (Hughes et al. 2013; Genel 2016; Bahe et al. 2016). 1
combine semi-analytic model of RPS and mock-observation techniques, to test if disk
truncation is sufficient to explain the enhanced metallicity of the MZ relation and the
negative cluster-scale abundance gradient, as observed for MACS1115+01. In Chap-
ter 4, I generate disk-truncated cluster galaxies by applying semi-analytic model of
RPS on galaxies selected from CALIFA survey. We conduct mock-observations of
disk-truncated galaxies with same observational constraints as used for our obser-
vations in Chapter 3, to make the uncertainties into metallicity measurement from
integrated light comparable.

I find that disk truncation produces a minimal cluster-scale abundance gradient
or the metallicity enhancement for cluster galaxies on the MZ relation (Figure 4.7
and 4.9). In fact, the small negative cluster-scale metallicity gradient predicted
by disk truncation is because the RPS preferentially strips off the gas supply and
quenches the star formation for the low mass galaxies near the cluster core. Prefer-
ential removal of low stellar mass galaxies from the cluster cores produces a negative
stellar mass gradient (Figure 4.10 and 4.11). Numerical simulations show that the
semi-analytical model of RPS overestimates the effect of the RPS because of inherent
assumptions such as radial orbits, instantaneous stripping (Steinhauser et al. 2016,
for more see Section 4.6). My disk-truncation simulation provides an upper-limit on
the influence of disk truncation on the integrated metallicity measurement.

The integrated metallicity measurement via nebular emission lines are luminosity
weighted, and thus are inherently biased towards the central parts of the galaxy.
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Hence, our disk-truncation simulations suggest that the complete suppression of
SFR in the galactic outskirts does not significantly affect the integrated metallicity
measurement. Other physical processes such as strangulation or enriched inflows
are needed to explain the observation of negative abundance gradients and higher
metal content of cluster galaxies observed in Chapter 3.

In the last part of my thesis, I use the new generation of cosmological hydrody-
namical simulation, (IllustrisTNG; Pillepich et al. 2018) to understand the complex
interplay of physical processes governing the chemical evolution in the cluster envi-
ronment. We utilise the full formation history of cluster galaxies to identify when
and where the environment imprints its signature on the chemical evolution of galax-
ies.

In Chapter 5, I make the first predictions of a systematic signature of the “chemical
pre-processing” of cluster galaxies. The infalling! cluster galaxies exhibit signs of
higher chemical abundance than the counterpart field galaxies (Figure 5.2). The
chemical pre-processing signature appears at z < 0.5 and is stronger for low mass
galaxies. The accreted? cluster galaxies at z < 1.5 are 0.10 — 0.15 dex metal rich
compare to field galaxies irrespective of the stellar mass bin. The metallicity en-
hancement of cluster galaxies in simulations is qualitatively consistent with obser-
vations.

MustrisTNG simulations also predict systematic pre-enrichment of the inflowing gas
in high density environments, in particular at z < 1.0 (Figure 5.4). The inflowing gas
for both infalling and accreted cluster galaxies is 2 — 3 times more metal-rich com-
pared to the gas flowing into field galaxies. In fact, the evolution of pre-enrichment
of inflowing gas follows the evolution of ICM enrichment, suggesting that the mixing
with the enriched ICM is responsible for the enrichment of inflowing gas.

Using simulation and observations in this thesis (Chapter 3 and 5), I show that envi-
ronment plays a secondary but significant role in the chemical evolution of galaxies.
I find that galaxies in high density environment are 0.10 — 0.15 dex metal rich com-
pare to field galaxies. I prove that suppression of star-formation in outer galactic
disks because of RPS, is not sufficient to explain high metal content of cluster galax-
ies. Using cosmological hydrodynamic simulations, I identify that the accretion of
pre-enriched gas and the reduced gas mass inflow rate are key drivers of chemical evo-
lution in the high density environment, in particular for galaxies in the stellar mass
range 10° < M, < 10'©Mg. This thesis shows that the signature of environment-
dependent changes in properties of inflowing gas extends to infalling galaxies, i.e.,
for galaxies well outside the virial radius of clusters.

Lyet to cross the cluster boundary
2have crossed the cluster boundary at least once
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6.2 Future Work

During my PhD, I have gained extensive experience with simulations and observa-
tions, ideally placing me to tackle the debate on the physical drivers of the baryonic
cycle in the cluster environment in unprecedented detail. Cosmological simulations
are an excellent tool to understand selection effects and observational biases and
can greatly improve the design of future observations aimed at observing the small
environment dependent chemical signatures.

6.2.1 Observations

Using mock observations from cosmological simulations, I find that the key criteria
to successfully detect the environment-dependent chemical evolution signatures in
observations are (1) a well-defined cluster sample with a range of dynamic states, (2)
a self-consistent control field sample, (3) a minimal SF cut of SFR > 0.1 M, /year,
(4) a minimal number of clusters to minimize cluster-to-cluster variations, (5) a
large covering distance (~ 3 X Ryn.) and, (6) reliable metallicity diagnostics across
different redshift ranges.

Chemical pre-processing of infalling galaxies and cluster-scale Abundance
Gradient

In Chapter 5, I make first prediction of chemical pre-processing of infalling galax-
ies. I will use deep and wide-field spectroscopic observations of intermediate red-
shift (0.2 < z < 0.6) galaxy clusters to observationally confirm the chemical pre-
processing signature. Most current spectroscopic follow-ups target galaxies within
one virial radius, but my work with IllustrisTNG simulations suggests that obser-
vations of galaxies out to 2 — 5 Rogg. are required to identify signature of chemical
pre-processing.

In Chapter 3, the two clusters show that the cluster-scale abundance distribution
depends on the dynamical state or the formation history of the galaxy cluster (Fig-
ure 3.7). By selecting a larger and dynamically diverse sample of galaxy clusters at
intermediate redshift (0.2 < z < 0.6), I will confirm the existence of a cluster-scale
abundance gradient and its dependence on the dynamical state of the cluster. I
will also analyse the dependence of the cluster-scale scale abundance gradient on
other global properties of galaxy clusters such as the X-ray temperature and the
halo mass.

Cosmic Evolution of Cluster-scale Abundance Gradient

In Chapter 5, I show that the onset of environmental impact on metallicity evolu-
tion of galaxies happens between z = 1.5 and z = 2.0 (Figure 5.2). The impact is
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most significant for galaxies of log(M,/Mg) < 9.5. The past 3 —4 years have seen an
explosion in the number of confirmed galaxy clusters at z > 1.0 using a variety of ob-
servational techniques in surveys such as Wylezalek et al. (CARLA; 2013), Franck
& McGaugh (CCPC; 2016) and Paterno-Mahler et al. (COBRA; 2016). Hence,
deeper spectroscopic surveys aimed at identifying the epoch of onset of environ-
mental impact on galaxy evolution are extremely timely. I will use near-infrared
spectrographs such as MOSFIRE /Keck, KMOS/VLT, to acquire deep spectroscopic
data for galaxy clusters at redshift z > 1.0.

6.2.2 Quantitative Comparison with IllustrisTNG simula-
tions

In Chapter 5, I focused on the properties of the inflowing gas such as mass inflow
rate and metallicity, and how those change in the overdense environment. I am
currently working on a follow-up paper analysing the properties of the gas out-
flows and their dependence on the large-scale environment. This work will track
the properties of gas flowing in and out of cluster galaxies, and their relative effect
on the chemical evolution of star-forming cluster galaxies in unprecedented details.
My work with IllustrisTNG simulations shows that simulations are excellent tool
for understanding the relative significance of various observational biases and se-
lection effects. By incrementally incorporating various observational effects such as
projection and SFR cut in simulated cluster galaxies, I will constrain their relative
significance in the cluster-scale abundance gradient and the mass-metallicity relation
observations.

This thesis focuses on the gas-phase metallicity and its dependence on the environ-
ment, but observations of other baryonic components such as gas, dust and stars are
essential to construct a cohesive picture of baryonic cycle in cluster environment.
ALMA has revolutionised the understanding of gas physics in high redshift Universe
especially for the high redshift galaxy clusters and protoclusters. Future observa-
tions with ALMA of cold gas in intermediate redshift galaxy clusters would provide
useful insight into gas dynamics in galaxy clusters.
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Appendix A

The offset from the
mass-metallicity relation

From observations presented in Chapter 3, we separate the effect of mass and
environment on the chemical evolution by sudying the offset in cluster member
metallicity from the mass-metallicity relation of the local comparison sample. For
MACS1115+401, cluster members in the inner parts show enhanced metallicity at a
fixed stellar mass range compared to cluster members in the outskirts (Figure A.1:
left panel). In contrast, cluster members in RXJ1532+30 do not show a correlation
between the metallicity offset and the projected distance (Figure A.1: right panel).
The existence of the negative gradient in the offset from mass-metallicity relation
for MACS1115+01 suggests that the cluster-scale negative abundance gradient is
not driven by the stellar mass of galaxies. However, our conclusion is limited by the
small sample size of our data.
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Figure A.1: The offset from the mass-metallicity relation of the local comparison sample
(Figure 3.6: red curve) with the projected distance. Left panel: MACS11154-01, and
right panel: RXJ15324+30. The dashed line represents the best linear fit. The slope
and standard error in slope are labelled in each figure. The blue and red error bar repre-
sents the scatter and median metallicity offset of the comparison sample and the cluster
data. The offset from the MZR also exhibit anti-correlation with the projected distance
for MACS11154-01, which suggests that the metallicity enhancement towards the cluster
center is not driven the stellar mass.



Appendix B

Estimation of stellar mass gradient
in disk truncation simulation

In section 4.5.3, we compare the stellar mass gradient in our disk truncation simu-
lation with the predicted cluster-scale gradient in integrated metallicity. The VM
is the best-fit slope between the stellar mass of galaxies and the cluster-centric dis-
tance for a single realisation of disk truncation simulation. For each realisation
of disk truncation simulation, we measure a VM, before and after applying the
RPS model. The VM after stripping is measured by only including galaxies for
which gas-phase metallicity can be estimated. Figure B.1 shows the stellar mass
distribution for three realisations of the disk truncation simulation before and after
stripping. For realisations with an initial VM equal to either positive or nega-
tive, the VM after truncation remains statistically unchanged (Figure B.1: top &
bottom rows). Whereas, the disk truncation realisation with a zero VAL before
stripping can have a VM after stripping (Figure B.1: middle row).
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Figure B.1: Examples demonstrating the estimation of VM for different realisations of
disk truncation simulations. The left column shows the stellar mass distribution with the
cluster-centric distance before implementing the RPS model. The right column shows the
stellar mass distribution of truncated cluster galaxies with measurable gas-phase metal-
licities. The dashed line in each panel represents the best linear fit to the data. The
data points in each figure are color coded with stellar mass. The V

cluster-centric distance (Mpc)

cluster-centric distance (Mpc)

o before stripping

is positive in first row, zero in the middle row and negative for the last row. The VM}

for the first and the last row remains statistically the same after stripping but the VM

shifts to negative value for the middle row after stripping.
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