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Abstract

Green Valley (GV) galaxies are essential to the understanding of galaxy forma-
tion and evolution, which, in turn, is necessary to understand our Universe. In this
thesis we explore a novel way to define the GV, using the 4000A break strength,
which is more resilient to dust and less model dependent, thus carrying less inher-
ent systematics compared with traditional methods. This method finds a cleaner
stratification between each GV region; divided into lower (IGV), middle (mGV)
and upper (uGV) green valley. We find comparable results between novel (4000A
break) and traditional (dust-corrected colour) methods of selecting GV galaxies -
i.e., similar fractions of AGN galaxies and matching transition timescales. How-
ever, a more in-depth analysis finds nuanced differences, such as more homoge-
neous stellar population properties between different types of galaxies in the novel
definition. Furthermore, we find results suggesting a more rapid transition from
Blue Cloud (BC) to GV than from GV to Red Sequence (RS). This thesis also tests
how well hydrodynamical simulations, EAGLE and IllustrisTNG (TNG100), are
able to reproduce the observed trend on the 4000A break vs stellar mass plane. We
find both simulations match the location of the BC, however produce the RS and
GV at a higher 4000A break value than observations. Comparison of GV galaxies
between observation and simulations find both simulations to overproduce quies-
cent fractions. As this is mostly seen for M, > 101> M, it is assumed mostly to
be due to the subgrid physics of AGN feedback. Finally, we also compared “Twin”
galaxies, having similar overall properties such as morphology, colour, stellar mass,
etc, but one hosts an AGN and the other doesn’t. From this, we find AGN galaxies

to be generally more evolved and metal rich than their non-AGN “twin”.



Impact Statement

The work I have carried out during my PhD provides an alternative path from which
we can improve our understanding of galaxy evolution. This thesis proposes a novel
way to select galaxies that are transitioning from highly star forming to quiescent
(i.e. no longer forming stars). The main advantage of this novel method is its re-
silience to dust and is model independent. The dust content of the galaxy changes
its appearance such that the observables may suggest older and more metal rich
populations with respect to the real properties, thus introducing significant degen-
erates. The studies outlined in this thesis explore the properties of galaxies that
are in transition, selected using this novel method. This is then compared with
the traditional method to test for similarities and differences. Additionally, we
also analyse how well the state-of-the-art hydrodynamical simulations can repro-
duce the observational trends for this new way of defining and selecting transitional
galaxies. Therefore, this definition is impactful in two different ways. Firstly, the
new method can be effortlessly implemented in upcoming surveys and observations
from facilities such as James Webb Space Telescope (JWST), WEAVE, Dark En-
ergy Spectroscopic Instrument (DESI), etc. Secondly my work makes use of both
observation and simulation data, thus providing the simulation community with an
alternate avenue upon which they can constrain and improve their models. The im-
provements to simulations in turn will help the observational community to better
understand the physical mechanisms associated to galaxy formation and evolution.
All the work outlined in this thesis have either been published, after peer review,
or is under peer review in a well established journal, MNRAS. My work has been

well received and cited by researchers in the field of galaxy formation and evolu-
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tion. Finally, the work produced during my PhD has also been presented in multiple
conferences across Europe and US.

My work directly deals with improving our understanding of galaxy evolution.
Therefore, such information can be very useful beyond academia, as many people
are interested in the field of Astrophysics, regardless of their background. Better un-
derstanding of galaxy formation and evolution can be used in outreach programmes
or TV documentaries such as “Wonders of the Universe” and “Stephen Hawking’s
Universe” to attract the new generation of astronomers and astrophysicists. Finally,
my work consists of using large volumes of data, thus exploiting different types of
statistical analysis. Hence, the methods used in this thesis can be useful to a wider

audience in the era of “Big Data”.
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Chapter 1

Introduction

Throughout history there have been constant efforts to better our understanding of
galaxy formation and evolution. Much progress has been made, in multiple avenues,
however there are still many unanswered questions, one key question being the
quenching of star formation.

The understanding of galaxy evolution, therefore quenching of star formation,
will eventually help us to better understand our Universe. We believe our Universe
consists mainly of three components (i) baryons (ii) dark matter (DM) and (iii) dark
energy (DE). Baryons usually refer to observable matter, which is considered to
make up 5% of the Universe. The vast majority of the cosmic budget is in the form
of dark matter and dark energy. We have yet to directly observe dark matter, as
one hypothesis suggests these are weakly interacting massive particles (WIMPs),
or dark energy. While we have not observed dark matter or energy directly, we
have inferred them from observations, i.e., the existence of DM from the relation
between galactic rotational velocity and their radii and DE are used to explain the

acceleration of expansion of the Universe.

1.1 Galaxy formation

There are many steps to galaxy formation and evolution. Below is a list of some of
the physical processes which is deemed important to galaxy formation and evolu-
tion, where most of the information are taken from Mo et al. (2010) and Ferreras

(2019).
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1.1.1 Gravitational instability

The initial conditions of the Universe are thought to be homogeneous and isotropic,
however had such conditions remained unchanged, there would be no structure for-
mation. Therefore, the dominant hypothesis suggests quantum fluctuations to pro-
duce instability at the beginning of the Universe. This instability destroys both
homogeneity and isotropy of the Universe causing dense clusters to form, which
have an increased gravitational pull. This causes a positive feedback effect that fur-
ther increases the density and gravity in these regions. While gravity in some areas
increases, more and more matter is accreted creating under-dense regions, where
the matter is pulled from. Note such effects are thought to grow exponentially, for-
mulated as 6 o< ¢, for galactic scales, while on cosmological scales, this growth rate
of the density is described as & o t%, due to the expansion of the Universe, where
o > 0 usually. The values of the parameters are normally determined/constrained

through cosmological modelling.

1.1.2 Gas Cooling

Owing to the gravitational instability, regions of the Universe become dense enough
such that cooling effects, introduced by bremsstrahlung emission, atomic excitation
and de-excitation, and recombination become important. The temperature of the
halo usually determines which of these effects are in place to cool the gas. Further-
more, the rate of cooling is heavily dependent on the composition of the gas (Suther-
land and Dopita, 1993), as hydrogen and helium act as inefficient coolants, while
gas with metals tend to cool faster. Once the over-dense region cools enough, a large
quantity of gas can flow in. This eventually leads to the build-up of molecules,
which are fundamental to the transformation of gas into stars. Eventually, such
behaviour will lead to the formation of proto-galaxies, surrounded by dark mat-
ter halos. In addition, the formation of disc galaxies is thought to arise due to the
conservation of angular momentum of the infalling gas during this phase of galaxy

formation.
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1.1.3 Star Formation

Further cooling of gas in dark matter halos leads to additional infall of gas, where
after an extended period of time, the gas will lose energy through photon emission
or hydro-processes, whereas DM only loses energy through rare collisions. This
causes the collapse of gas under its own gravity and DM’s pull, leading to a rapid
increase in density and temperature. With the presence of effective cooling, this be-
comes a runaway process, where eventually the gas starts fragmenting and clumping
together, which eventually produces pre-stellar cores. These processes can occur in
similar regions, leading to the formation of a galaxy. Note, while large efforts have
been made to study such topics, fundamental questions remain unanswered. One
such area of research regarding star formation is the initial mass function (Salpeter,
1955; Kroupa, 2001, 2002; Chabrier, 2003), which determines the number of stars

with different stellar mass produced at the initial formation of the system.

Furthermore star formation can be categorised into two groups. The first state
of star formation is termed the self-regulated star formation, which occurs in large
areas of the galaxies, i.e. the disc of galaxies. The second state is known as star
bursts, which occurs in a dense, small region of galaxies, i.e. the centre of galaxies,

where there is a large accumulation of gas.

1.1.4 Feedback processes

Note at the infant stages of unravelling the mysteries of the Universe, it was thought
that the gas cooled efficiently, and stars formed, where eventually enough stars
would form to create a galaxy. However, such prediction produced large disagree-
ment with the observations, that reveal an abundance of hot gas and relatively low
amount of cold gas and stars. Therefore, there must be some physical mechanism

that is heating up the gas, hence preventing stars from being formed so efficiently.

A possible explanation invokes feedback processes. In this subsection we will
discuss the two prominent feedback mechanisms that are thought to be the root

cause of lack of stars/cool gas in the local Universe.
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1.1.4.1 Supernovae

One such mechanism is known as supernova feedback, where stars at the end of
their life explode, releasing a large quantity of energy into their surroundings. This
energy will heat up the gas in the vicinity as well as eject it from the galaxy; the
ejected material is known as a galactic wind. Both heating and ejection will quench
star formation in galaxies as they will no longer have sufficient cool gas from which
to continue forming new stars (Dekel and Silk, 1986). Supernovae are largely clas-
sified into Type Ia and Type II. Type II supernovae occur at a shorter timescale com-
pared to Type la supernovae and are more prominent in late-type galaxies (LTGs),
due to short lived massive stars. In such an event, there is a violent core collapse,
where most of the iron remains trapped within the core as a neutron star or a black
hole. In contrast, Type Ia supernovae are found in both LTGs and early-type galax-
ies (ETGs). These occur due to low mass binary systems M, < 8 M., where a
white dwarf accretes matter from a companion star in a binary system steadily in-
creasing its mass. If the mass of the star reaches above the Chandrasekhar limit
(M, = 1.44 M) the star will collapse causing a supernova. This will release a large
amount of Fe into the interstellar medium (ISM). However, this process typically
takes longer than Type II supernova owing to the presence of a white dwarf. Note,
the frequency and type of supernovae are strongly dependent on the initial mass
function (IMF), which remains a heavily debated topic. Such mechanisms are suf-
ficient to explain the lack of cool gas or low efficiency in the conversion of gas
into stars, especially in moderate to low mass galaxies, however for more massive

galaxies other physical mechanisms are necessary to explain the observations.

Via the study of a galaxy’s chemical composition, we are better able to un-
derstand not only their chemical enrichment history (CEH), but also the types of
supernovae they have experienced. Type II and Ia supernovae not only vary in
timescales, but they differ in the elements they release into the ISM. The core col-
lapse, Type I, supernovae mostly release ¢ elements, thus increasing the amount
of Mg in the ISM. In contrast, Type Ia supernovae, will release large quantities of

Fe into the ISM. Therefore the analysis of abundance ratio between these two el-
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ements, will enable us to infer the CEH of the galaxy. For example high [Mg/Fe]
implies very little Type Ia supernovae/high occurrence of Type II supernovae. In

contrast, low [Mg/Fe] suggests a higher incidence of Type la supernova, therefore

a different CEH.

1.1.4.2 AGN feedback

For high mass systems, we need processes that are more energetic and affect larger
areas. One such mechanism proposed to explain the lack of stars/cold gas in massive
galaxies is the presence of active galactic nuclei (AGN). Every galaxy has a super-
massive black hole (SMBH) at its centre, which is believed to co-evolve along with
its host galaxy (Somerville et al., 2008), due to it accreting large amounts of gas
from its surroundings. This in turn causes the presence of AGN activity, which
generally releases a large quantity of energy along a perpendicular direction to the
spin of the super massive black hole (SMBH). Furthermore, the energy from AGN
can heat or eject the surrounding gas, preventing further star formation (Nelson

et al., 2018; Dashyan et al., 2019).

Similar to supernovae, AGN are also thought to work predominantly in two
modes. One of the AGN modes is mostly observed at high redshift, known as the
quasar-mode, where there is a very high level of material accretion. This results
in a high level of energy injected into the surrounding. The second mode of AGN
feedback is known as radio-mode, which has a lower accretion rate. This mode is
also called maintenance mode, and prevents the cooling by continuously heating up
the gas, essentially quenching star formation. These events are thought to turn on
and off with timescales of 10° yr, where the whole life cycle of AGN is believed to
last for several Gyr (Schawinski et al., 2015). However, we still do not understand
the details of how AGN behave such as their life-cycle or when and where the

SMBH forms.

1.1.5 Mergers

Galaxies under gravity never form in isolation, as the growth of the inital density

fluctuations of dark matter creates dense and sparse regions. In each dense re-
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gion, there are usually filaments of galaxies, forming the well-known cosmic web.
Therefore, it is very likely that throughout their life-time, there will be interactions
between galaxies/dark matter halos. These interactions may cause the merging of
two dark matter halos and their galaxies. If such merging happens between halos
of similar masses, known as major merger, then the gas of the initial galaxies is
shock-heated and settles back into hydrostatic equilibrium in the form of one new
halo and galaxy (Barnes and Hernquist, 1998). However, if the merging happens
between halos of different masses, then such an event is less efficient, which leads to
the smaller galaxy and its halo acting as a satellite. This satellite halo will orbit the
larger halo for a large period of time, where the gas from the satellite can be accreted
by the central halo via various mechanisms. Depending on the environment and
stellar mass of the galaxies, the satellite galaxy can experience galaxy harassment
(Richstone, 1976), strangulation (Balogh et al., 2000; Balogh and Morris, 2000) or
ram-pressure stripping (Gunn and Gott, 1972), where in each scenario, its gas can
be removed, causing the halting of star formation. Additionally, such processes, es-
pecially major mergers, are thought to lead to the morphological transformation of
galaxies, from disc to spheroid, due to such events disrupting the dynamical prop-

erties of the galaxies.

Both major and minor mergers can be sub-categorised into two more types
of merging events. The first is known as dry mergers, where two galaxies that
are quiescent, with little to no on-going star formation, or have little gas, merge
together. In this instance, the quiescent galaxies prominently remain quiescent but
increase in stellar and halo mass. The second type of mergers is coined wet mergers,
where there is at least one galaxy with plenty of gas. Wet mergers provide the more

massive galaxy with a fresh supply of gas which in turn reignites star formation.

1.2 Galaxy Properties

The previous section briefly describes the initial stages of galaxy formation,
whereas in this section we will describe the properties of galaxies that are observ-

able and the physical processes associated with them. As galaxies are objects con-
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taining many stars clumped together to form various stellar populations, the study

of their various properties will enable us to extract their formation history.

1.2.1 Morphology

One of the very first discoveries about galaxies were related to their morphological
variety (Hubble, 1926a,b). Based on their morphology alone, Hubble proposed a
classification system, shown in Fig. 1.1, which he was able to observe using Mount

Wilson’s 100-inch telescope.

(Normal spirals)

(Ellipticals) Sa Sb Sé
® ® - ®
EO E3 E6 SO

(Barred spirals)

Figure 1.1: This shows the different types of galaxy morphology as proposed by Hubble.
One key aspect of this figure is that it does not show the evolution of galaxy
morphology, even though elliptical galaxies are generally early type (older)
galaxies, while spiral galaxies are late type (younger) galaxies. This figure is
taken from Abraham (1998).

Galaxies are primarily classified into either disc or elliptical, based on how
their stars, gas and dust are distributed. Elliptical galaxies have little cold gas and
dust and appear spheroidal with no spiral arms. Due to its shape, its gas, dust
and stars are mostly dominated by random motion (Mo et al., 2010). Note, most
early type galaxies (ETGs) happen to be elliptical. Furthermore, ETGs encom-
pass Lenticular galaxies too, which have large bulge and disc, with no spiral arms.
These galaxies typically have a Hubble classification of SO. They can contain large
amounts of dust within their discs, similar to disc galaxies, however, they have very
little ongoing star formation. On the other hand, disc galaxies are flat and disc
like with, some, displaying spiral arm like features. For such systems, most of the
motion of gas, stars and dust in the outer-parts are supported by rotational motion.

Some spiral galaxies also have a bulge at the centre, whose structure is upheld by
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random motion, like elliptical galaxies. These are known as classical-bulges. Typi-
cally, late type galaxies (LTGs) are disc galaxies. As previously mentioned, the disc

galaxies can be transformed into ellipticals, via mergers.

Along with the two main classifications, an additional group exists - these
galaxies are known as Irregular. These are less common in the present Universe
and do not fit into either the disc or elliptical morphology. Irregular galaxies are
usually smaller in size, and do not have any structural shape. They have a high
amount of ongoing star formation, hence they appear bright. These galaxies also

have a lot of gas and dust present.

There are multiple ways of identifying the morphological classification of
galaxies. The simplest solution consists of visual inspection (Lintott et al., 2008;
Smethurst et al., 2015). However, systems less prone to the subjectivity of visual
inspection consist of the use of non-parametric measurements known as CAS - con-
centration, asymmetry and smoothness. Elliptical galaxies will have a high con-
centration and smoothness and low asymmetry due to their homogeneous structure,
while the opposite is true for the spiral galaxies. Further information on the CAS
system can be found in Conselice (2003). Another method implemented to classify
galaxy morphology consists of comparing the bulge-to-total light fractions (B/T),
which estimates, roughly, how bulge- or disk-dominated a galaxy happens to be.
This is determined by the use of the Sérsic index (n) (Sersic, 1968; Ciotti and Bertin,
1999), which determines the surface brightness at a given distance. The profile can
be simplified as

I(R) = Ipe®)"", (1.1)

where [ is the intensity at the centre of the galaxy, R = 0, R is the projected radius
of the galaxy where the flux is being measured, R, is the half-light radius. The
parameter n determines, how quickly light decays as we move away from the centre

of the galaxy.
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1.2.2 Colour

In addition to their morphology, galaxies also vary in their colour. Colour is de-
fined as the flux ratio between two different filters. These filters can cover any
spectral waveband. Galaxies vary in their colour owing to their stellar populations,
as young stars are more luminous at near-ultraviolet (NUV) wavelengths whereas
the old stars will emit most their photons in redder wavelengths, i.e. optical and
near-infrared (NIR). Therefore by contrasting the magnitude of a galaxy in different
wavelength ranges, we are able to infer the properties of their stellar populations.
By using stellar population models (Bruzual and Charlot, 2003; Maraston, 2005;
Conroy and Gunn, 2010; Vazdekis et al., 2012), their star formation history (SFH)
can be determined. However, this is rather complicated, as the colour of a galaxy
is also sensitive to its chemical enrichment history (CEH), as well as dust. Both
an increase in metallicity or dust can redden the galaxy therefore creating an entan-
glement between the three properties of galaxies. The entanglement between age
and metallicity, specifically, is known as the age-metallicity degeneracy (Worthey,
1994; Ferreras et al., 1999), which is an issue yet to be fully solved.

The colours of galaxies can be measured photometrically and spectroscopi-

cally. For each galaxy in a given filter, the apparent magnitude is calculated by

my = —2.5log IOIF(;UX(A)dA

TCON)dA’ (1.2)

where the subscript x indicates the passband chosen, as shown in Tab. 1.1 (York
etal., 2000). F(A) is the spectral energy density of the observed galaxy, C(4) is the
energy density for the given waveband for either the Vega star or an AB reference,
x(A) is the response function of the filter in a certain waveband and finally A is the
integrating variable regarding wavelength (Roche et al., 2009; Blanton and Roweis,

2007).

1.2.3 Dust

As mentioned above, the colour of a galaxy enables us to probe the SFH or CEH.

However, understanding such processes is complicated due to the presence of dust,
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Table 1.1: This table shows the 5 standard spectroscopic wavebands, ugriz, adopted to cal-
culate fluxes in SDSS (York et al., 2000).

Filter Central wavelength (A) Waveband (A)

u 3543 2980. - 4130.
g 4770 3630. - 5830.
r 6231 5380. - 7230.
1 7625 6430. - 8530.
z 9134 7730. - 11230.

which consists of fine particles that absorb and scatter photons from the stars. Dust
can affect the spectroscopic and photometric observations of a galaxy in two dif-
ferent ways: (1) Light may get absorbed and scatted away from the line of sight
towards the observed, this is commonly known as dust extinction, (ii) light origi-
nating from sources not on the line of sight can be scattered into the path towards
the observed. This second point complicates the correction of the dust effects, as it
depends on wide range of properties including dust composition as well as the dis-
tribution of dust within the light emitting region. The cobined effect of (i) and (ii) is
termed dust attenuation. Due to the nature of dust, the extinction/attenuation curve
is non-trivial, as it scatters more light at bluer wavelengths than redder wavelengths,
making the galaxy appear redder than they should (Cardelli et al., 1989; Fitzpatrick,
1999). While we can correct for such effects, this process is very complicated. For
example, a simple model treats dust as a homogeneous screen in front of the galaxy
(Calzetti et al., 2000), whereas a more realistic modelling assumes that dust parti-
cles are densely located around star forming regions, with young stars, while other
regions with less gas have little dust (Charlot and Fall, 2000). Depending on the
assumption of dust geometry and distribution, the dust extinction/attenuation curve
can vary drastically (Tress et al., 2018; Salim and Narayanan, 2020, and references
within), hence any correction applied will have some level of systematic associated

to it.

1.2.4 4000A and Balmer breaks

Beyond colour, spectra (the distribution of flux as a function of wavelength) pro-

vide a more accurate representation of the stellar populations in a galaxy. From
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the spectrum of a galaxy, we are able to probe various properties using targeted
absorption features, as well as the overall shape of the continuum (the latter being
the information that standard colours usually provides). These features are matched
against stellar population models to better constrain their SFH and CEH. This thesis
is based on the adoption of the 4000A break as a proxy of evolution, therefore we

include this sub-section, where we will briefly discuss this spectral window.

The 4000A break in a galaxy is caused by the pile up of absorption lines in
the spectra of stellar atmospheres. To understand better the origin of this break
and its dependence with the age and metallicity of the stellar populations, we show
in Fig. 1.2 a few stellar spectra from the MILES library (Sanchez-Blazquez et al.,
2006), roughly corresponding to solar metallicity, and for a range of effective tem-
peratures, as labelled. Let us consider, for simplicity, the evolution of a simple
stellar population, i.e. all stars are formed at the same time, with the same chemical
composition. As the population ages, the hotter, more massive — and thus short-lived
— stars will die out earlier, so that the contribution to the integrated spectra will be
dominated by stars at progressively lower temperature. The figure shows that the
population will become redder, and a prominent break at 4000A will form, mostly
contributed by lower-mass stars. Such behaviour results in the 4000A break being
sensitive to the average age of the galaxy (Bruzual, 1983; Poggianti and Barbaro,
1997). However, in addition to this age sensitivity caused by the temperature de-
pendence of the dominant stars, the break is produced by a large number of “metal”
absorption lines, so that chemical composition will also affect the variation of the
break. Moreover, this metallicity dependence will be more prominent at the older

ages when the spectra is dominated by the older, hence cooler, stars.

Note also the presence of the Balmer break, at a shorter wavelength (3645A).
This feature is caused instead by the pile up of Balmer absorption lines of Hy-
drogen (i.e. photo-excitation transitions from the energy level n=2, as a resonant
photon is being absorbed). At the lowest energy, the n=2 to n=3 transition produces
the absorption of a photon at a wavelength of 6563A (termed Har), with the next

one in the series caused by a n=2 to n=4 jump at 4861A (HP), and so on. Since
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Figure 1.2: Stellar spectra of different effective temperature from the MILES library
(Sanchez-Blazquez et al., 2006), characterised by Cenarro et al. (2007). Each
colour corresponds to a different effective temperature, as indicated by the leg-
end. The vertical dashed-dotted line at 4000A marks the position of the break
used in this thesis to characterize green valley galaxies. The inset shows a
zoomed-in portion of this region. Note the spectra are all normalized to have
the same V' band flux.

the energy levels scale like E, o 1/n?, as the transitions involve higher values of
n (from the original state n=2 that characterizes the Balmer series), the absorption
lines are found at progressively smaller steps, asymptoting towards a wavelength
corresponding to the n=2 to n=co transition (i.e. ionisation from a n=2 state), which
takes place at 3645A, termed the Balmer break. At shorter wavelengths, photons
will induce this ionisation of Hydrogen from n=2, and will be absorbed, producing
a decrease in the net flux blueward of the break. Note this break is evident in the
star with Tegr ~17,000 K, shown in the figure. The prominence of the break at these
temperatures can be explained by a combination of the energy transitions involved
and the temperature of the gas in the stellar atmosphere (Saha, 1921). This tem-

perature dependence will therefore induce an age sensitivity of the Balmer break
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in stellar populations, and, as it is only caused by hydrogen, it does not have a di-
rect dependence on metallicity — only indirectly through blending of neighbouring
lines in the same spectral region at the effective resolution of the observation. How-
ever, please note these two breaks (Balmer and 4000A) are independent, and can be
distinguished at the resolution of the SDSS spectrograph.

In addition to the Balmer break, the lower order Balmer absorption lines are
also defined as strongly age-sensitive indicators. The lowest order feature, Ha,
however, suffers from strong contamination if ionised diffuse gas is present (in
star-forming galaxies or AGN), and even small levels of star formation can af-
fect quite substantially the absorption line. Hf is one of the most commonly used
age-indicators, quite often matched against a metal-sensitive index, such as [MgFe]
(see, e.g. Kuntschner and Davies, 1998). It is one of the traditional Lick indices
(Trager et al., 1998), and has undergone a number of revisions, to decrease its sen-
sitivity to chemical composition (e.g. Cervantes and Vazdekis, 2009). The higher
order lines Hy and Hé are also used in the analysis of stellar populations (Worthey
and Ottaviani, 1997), and are less dependent on emission line corrections, as the
corresponding emission lines are significantly weaker than Ha or HB. However,
they also suffer from a substantial sensitivity to variations in the non-solar abun-
dance ratios (Thomas et al., 2004), so the best approach to constrain the population
properties is to combine a range of line strengths with different sensitivity to these

parameters.

1.2.5 Redshift

Cosmological redshift affects the spectra of galaxies in two ways. Studying galaxies
at varying redshift means we are essentially observing them at different distances.
Thus, galaxies that are at high redshift will have increasingly higher receding veloc-
ities, which in turn will introduce a Doppler shift on the wavelengths. Additionally,
the expansion of the Universe will also cause the wavelengths to be “stretched”.

This “stretching” effect is formulated as

. )vobs -1

PR (1.3)
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where A is the wavelength a photon is emitted at and A, is the wavelength we
observe the photon at. This effect may necessitate the use of different instruments,
that have different wavelength coverage, to observe galaxies, in the same spectral
window at rest-frame, at higher redshift.

The second effect imposed by different redshifts is more physical, where we
are essentially looking at different cosmological times. Thus, observations at higher
redshift equates to the analysis of galaxies as if they were the progenitor version of
what is seen at present time, statistically. Galaxy surveys at multiple redshifts will
be equal to observations at different stages of their evolution. Therefore, the direct
study of changes to their intrinsic properties over varying redshift bins will help us
better understand galaxy evolution, as these results will be from direct observations
rather than modelling. Our understanding of galaxy evolution mainly comes from
low redshift surveys, where their SFH is inferred. However, in recent years, there
have been multiple surveys looking at intermediate redshift, such as LEGA-C (van
der Wel et al., 2016) and VANDELSs (McLure et al., 2018), which have enabled us to
study the properties of galaxies at higher redshift. Furthermore, more observations
will be employed in the near future, such as JWST (Gardner et al., 2006), WEAVE
(Dalton, 2016), MSE (McConnachie et al., 2016) and WAVES (Driver et al., 2019),
which focus on galaxies at higher redshifts, enlarging the sample size, enabling for

better statistical robustness.

1.2.6 Environment

Galaxy environment can be largely divided into four categories, in ascending or-
der of density, (1) void (i1) field (ii1) groups and (iv) clusters. Environment is
thought to play an important role in galaxy evolution, indicated by trends such
as the morphology-density relation, which finds an over-representation of ellipti-
cal galaxies in cluster regions and spiral galaxies to dominate the fields (Dressler
and Shectman, 1987). This is mostly thought to be due to galaxies in dense spaces
undergoing galaxy-galaxy interactions such as harassment, strangulation and ram-
pressure stripping, which are various forms of interaction (Pasquali, 2015). In ad-

dition, galaxies in dense environments are also likely to experience mergers, which
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in conjunction in the aforementioned mechanism will cause morphological trans-
formations. This will result in differences between the properties of galaxies in
dense-vs-sparse regions. Therefore, galaxies in clusters are thought to be redder,
older, more metal rich, have lower SFR and gas fraction than their field counter-

parts (Kauffmann et al., 2004).
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Figure 1.3: Relation between age (left) and metallicity (right) for different stellar masses of
centrals (grey lines) and satellites (black lines). The dashed lines show the 16th
and 84th percentile, while the solid line show the median value. Both figures
are taken from Pasquali (2015), which is an amended figure from Pasquali et al.
(2010).

Note, while galaxy environment is thought to be important, previous studies
have noted its impact depends on (i) stellar mass of the galaxy and (i) whether the
galaxy is considered central (i.e. most massive system in the halo) or satellite (i.e.
orbiting the most massive system). While we find differences in stellar populations
between high- and low-density environments, most of these differences are seen in
low mass galaxies, with log M,,/Mg < 10.5 (Peng et al., 2010), which are most
likely to be satellite systems. Additionally, looking at satellite systems, we find
comparable trends between cluster and field, where the satellites are older, more
metal rich, have lower SFR and gas fractions compared to centrals (Thomas et al.,

2010; Rogers et al., 2010; Pasquali et al., 2012; La Barbera et al., 2014), see Fig. 1.3.
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1.2.7 Luminosity function

One of the fundamental properties of galaxies is related to their luminosity. The
luminosity function is defined by the number of galaxies in a given luminosity bin.

Typically, the luminosity function is fit by a Schechter function (Schechter, 1976),

d(L)dL = (é) aexp (—é) i—f (1.4)
where L, is the characteristic luminosity, & is the slope of the faint end and P is
the normalisation factor. Note the luminosity function varies with the properties
of galaxies mentioned above, such as their morphology, colours redshift and envi-
ronment. For example, red galaxies have higher characteristic luminosity, higher
L* value, shallower faint-end slope, and lower o value, compared to blue galax-
ies (Baldry et al., 2004). Note the luminosity is directly related to the mass of the
system as a greater number of stars means a more massive and luminous galaxy .
Therefore, the luminosity function can be converted to study the mass function of
the system (Bell et al., 2003). This will vary in a similar manner to the luminos-
ity function, where there will be a higher density of red galaxies in the high mass

regime and a greater number of blue galaxies in the low mass regime.

1.2.8 Scaling relations

Most of the aforementioned observable properties of galaxies are strongly corre-
lated with one another; most importantly the mass, size, luminosity and colours
of galaxies. There are three important scaling relations; the Tully-Fisher relation
(TFR), fundamental plane (FP) and colour-magnitude (CM) relation. The TFR cor-
relates the total luminosity of the galaxy to their rotational velocity, which can be
defined in its simplest form as L o vi#__ (Tully and Fisher, 1977).

The FP plane is a 3-dimensional relation between the size, velocity dispersion
and surface brightness of early type galaxies (Bernardi et al., 2003). This can be

formulated as

logR, = alogo +b (W), +c (1.5)

where R, is the effective radius of the galaxy, (u,), is the mean surface brightness
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within R, and o is the velocity dispersion. Note a, b and ¢ are some constant factor
which can be obtained from observations - for example a,b,c are found, in r band,
to be 1.390, 0.314 and -8.867, respectively, for elliptical galaxies from the Sloan
digital sky survey (La Barbera et al., 2010). Within this FP, each of the properties
are also correlated to one another. One relation is known as the Faber-Jackson
relation which relates the total luminosity, which combines the surface brightness
(1) and size of the galaxy, to the velocity dispersion as L «< 6% (Faber and Jackson,
1976), where o > 0, thus indicating that the luminosity of a galaxy scales with its
velocity dispersion. The second relation is known as the Kormendy relation which
formulates the trend between the size (R,) and surface brightness (u,) of the galaxy
as 1L, o< RY, where y < 0, hence the surface brightness decreases as the size of the
galaxy increases (Kormendy, 1977).

The final relation, colour-magnitude (Bower et al., 1992a,b), again relates
mostly to ETGs that are quiescent. This relation shows that the more luminous,
more massive, ETGs also happen to be redder, with a very low level of scatter.
As mentioned previously, age, metallicity and dust result in galaxies having redder
colours, however, ETGs are known to have very little dust (Calzetti et al., 2000),
therefore this reddening with stellar mass can be mostly associated to the age and
metallicity of galaxies. This enables us to study the SFH of galaxies. However,
one of the biggest issues with the interpretation of this relation, regarding their stel-
lar populations, is the effect of the age-metallicity degeneracy mentioned above.
Sophisticated methods for studying ages and metallicities of stellar populations in
galaxies, through spectroscopy, have helped mitigate this age-metallicity degener-
acy. For instances, Graves et al. (2009) study such relations, where they find that the
metallicity, measured using [Fe/H], might be the main driver of the tight correlation
between the colour-magnitude relation at fixed velocity dispersion, whereas the age

of the galaxy causes the small spread that is observed.

1.2.9 Nuclear Activity

Most of the flux we observe from galaxies is expected to come from their stars and

gas. However, most galaxies will have, in their core, a supermassive black hole
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(SMBH). If there is sufficient gas in the galaxy, the SMBH will accrete this gas,
emitting a large amount of radiation at various wavelengths. The flux from such
process can be great enough to contaminate the flux observed from the galaxy in
two distinct ways. The flux from the AGN will have its own continuum, therefore

contaminating the stellar continuum. Hence, to study the stellar populations of a
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Figure 1.4: Both figures show the demarcation line for different types of nebular emission
activity. On the left panel the line labelled Ka03 is from Kauffmann et al.
(2003), which marks the upper limit of SF galaxies. Between Ka03 and KeOl
(Kewley et al., 2001, both solid curved lines) lines, resides the composite galax-
ies, strong star forming galaxies and AGN. The straight line on the left panel
separates strong, Seyfert, and weak, LINER, AGN. Finally, the straight line on
the right panel from Kewley et al. (2006), also separates LINER and Seyfert
AGN. This figure is taken from Schawinski et al. (2007), with slight amend-
ments.

galaxy, the AGN continuum must be accounted for and subtracted. Additionally,
powerful AGN can heat up the surrounding gas, therefore causing a large broaden-
ing of emission lines, such as [OIII] or Ha. AGN activity takes place in the centre
of the galaxy, thus while its flux typically originates from a small region, its impact
is thought to be felt within the whole galaxy and in some extreme instances by their
surrounding galaxies (Dashyan et al., 2019).

Note, as the AGN affects the spectra of the galaxy, we are able to identify if
a galaxy hosts an AGN or not by studying targeted emission line ratios, in opti-

cal wavebands. Fig. 1.4 shows an updated figure of the BPT diagnostic diagram
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(Baldwin et al., 1981), which plots the ratio between [OIII}/Hf and [NII]/Ha. The
emission lines are caused by different physical mechanisms, thus, enabling the cat-
egorisation of galaxies depending on their ratios. Each of these plots shows the
regions where different types of galaxies, SF, composite, LINER and Seyfert AGN
lie - see caption for more detail. Owing to the lack of emission lines in quiescent

galaxies, as they have no star formation, they cannot be located in the BPT diagram.

1.3 Simulations

The properties of galaxies can be observed or simulated. Both of these methods
complement to each other to better our understanding of galaxy formation and evo-
lution. Observations improve our understanding by showing the relation between
different galactic properties thus enabling us to infer the physics behind the physical
mechanisms. Simulations, on the other hand, enable us to encode the behaviour of
these processes, in order to reproduce the observed results. Hence, observations can
be used to constrain the simulations and the simulations facilitate the interpretation
of the observational results. In terms of simulations, they come in two main flavours
(1) Semi-Analytic Modelling (SAM) (i1) Hydrodynamical simulations. In both types
of modelling, there are still large amounts of disagreement in their detailed results
but modelers have mostly come to the consensus on what physical processes are

key to reproduce the observed galactic properties.

1.3.1 Semi-Analytic Models

This type of simulation is the most simplistic of the two, as SAMs do not solve
the fundamental equations regarding gravity or hydrodynamics for the particles. In-
stead these models are built on top of the DM halo merger tree and the galaxies are
defined by their global properties, such as their stellar mass, SFR, BH mass, stellar
metallicity, etc (Somerville and Davé, 2015, and references within for more detail).
The evolution of galaxies in such simulations is determined by sets of simplified
equations that are supposed to encapsulate the behaviour of the galactic properties,
such as stellar feedback, growth of black hole, AGN feedback, star formation, etc.

The parameters of the physical equations are fine-tuned such that they are able to
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reproduce the observational trends at z = 0. Due to the simplistic nature of these
simulations, they are very cost effective and easy to run. Therefore, multiple sim-
ulations with slight changes in the parameter values can be done in a short time to
study their effects. Additionally, the effect of various physical mechanisms, such as
stellar feedback or AGN feedback, can be tested by simply “turning them off” or

2 2

on .

1.3.2 Hydrodynamical simulations

These are the second types of simulations, which are more sophisticated as they
solve the equations of motion and gravity (Springel and Hernquist, 2003). How-
ever, similar to the SAMs, they also use simplified equations, sub-grid physics, to
model the remaining physical processes, such as heating and cooling of gas, star
formation, seeding of black hole and its accretion. Such simplification of physics is
necessary owing to the resolution limit, lack of computational power and our lim-
ited knowledge of such processes. The parameters of the sub-grid equations are also
fine-tuned to reproduce the observed trend at z ~ 0, such as the luminosity function
(Schaye et al., 2015), colour-bimodality (Trayford et al., 2015; Nelson et al., 2018),
mass-metallicity relation (Pillepich et al., 2018b), etc. These simulations follow
galaxy formation and evolution in a cosmological box, typically varying from 50
Mpc (McAlpine et al., 2016; Pillepich et al., 2019; Nelson et al., 2019a) to 300 Mpc
(Springel et al., 2018; Pillepich et al., 2018a), allowing us to analyse the particles

within, at different redshift intervals.

1.4 QOutline of this thesis

The main objective of this thesis is to study the properties of galaxies that are cur-
rently quenching their star formation therefore in transition from young to old. In
this section, we will first briefly describe the overall concept of galaxy evolution
and then describe the different chapters of this thesis.

To understand the evolution of galaxies, the aforementioned galactic proper-
ties must be studied with regards to various physical mechanisms. Fig. 1.5 shows a

simple schematic diagram describing some of the potential channels of galaxy evo-
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lution. Here we see, two distinct regions occupied by young and old galaxies. The

existence of such population in observations will be discussed in Chapter 2.2.
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Figure 1.5: Diagram illustrating different evolutionary tracks that a galaxy might follow as
it goes from young to old. As seen from diagram, there are 3 distinct path that a
galaxy could follow for their evolution. A-Track shows early quenching of star
formation followed by multiple merging events. B-Track shows the opposite
where galaxies appear to have late quenching, where galaxies have accumulated
most of their mass through conversion of their gas into stellar masses, then it
quenches its star formation. C-Track is a mixture of the previous 2 tracks. This
diagram is an amended diagram from Faber et al. (2007), also shown in Ferreras
et al. (2013b).

Due to the collapse of gas particles under their own gravity, galaxies are formed
with low mass and young stellar populations. As they convert more of their gas into
stars, they will experience a steady increase in their stellar mass and will follow the
tracks shown by the black arrows in A-, B- or C-track. Eventually, owing to feed-
back mechanisms, such as supernovae or AGN, or environmental processes, such
as ram-pressure stripping, strangulation or harassment, these galaxies will run out
of cold gas, quenching their star formation. Once the quenching of star formation

begins, the average age of the galaxies increases causing them to transition from
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the region occupied by young to old galaxies. Depending on the mechanism under
which these galaxies quench their star formation they will follow the black arrows
of A-, B- or C-track. For example, quenching via the A-track could be due to envi-
ronmental mechanisms, as the galaxies have relatively low stellar masses, whereas
quenching via track C could be due to AGN feedback, as these galaxies are more
massive, or it could be a combination of various physical processes. Depending
on the dominant physical mechanism for stopping star formation, the time taken
to transition from the young stellar population region to the old galaxies area will
vary; as discussed in Chapter 2.2. Furthermore, in the A and C evolution tracks,
once these galaxies quench their star formation they can experience dry mergers.
This increases their stellar mass, while keeping their average age relatively old, as
shown by the white arrow tracks. In some instances, galaxies will undergo wet-
mergers, ignite new episodes of star formation, in which case they will experience

an increase in stellar mass but a drop in the average age.

1.4.1 Chapter 2

The general idea of galaxy evolution is well understood, however the details are very
much a debated topic. For instance, the average age of the galaxies are estimated
or inferred from the galaxy properties. Therefore, to understand the evolution of
galaxies, we must recreate such a schematic diagram using observable parameters.
Chapter 2 of this thesis will try to summarise the past effort into doing exactly
this. Here we introduce the concept of Blue cloud (BC), Green Valley (GV) and
Red sequence (RS), which is used as a substitute for young, transitioning and old
galaxies, respectively. We will discuss the various parameters used in previous
studies to define the evolutionary sequence. For each definition, we will outline
the properties of galaxies in transition, the timescales associated to the transition
from young to old and finally the different physical mechanisms associated to these

timescales.
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1.4.2 Chapter 3

Many of the past methods of defining the evolutionary sequence require some form
of correction or modelling - the use of colour requires dust correction, or the use of
the star formation rate requires some form of modelling of the stellar initial mass
function. Therefore, in this chapter we present a new way of defining the evolution-
ary sequence, which consists of using the 4000A break. We then compare this novel
method against a traditional method, based on the colour of the galaxy, finding it
to be more resilient to the systematics associated to dust correction. Furthermore,
since it is an observable, measured directly from the spectra, its calculation does
not require any modelling. After dividing the GV region, defined using both 4000A
break and colour, into terciles -lower GV (IGV), middle GV (mGV) and upper GV
(uGV) - we study and compare the properties of transitioning, GV, galaxies. Over-
all, we find similar results between both definitions of the GV, which are also in
agreement with previous studies (Martin et al., 2007), such as the high fraction of
AGN galaxies in GV. However, unlike traditional methods, we find the new GV def-
inition provides a cleaner stratification between different regions of the evolutionary
sequence and yields a more homogeneous stellar population between different types

of galaxies i.e., star forming, quiescent and LINER.

1.4.3 Chapter 4

To fully understand galaxy formation and evolution, observations and simulations
must be compared. While many works are still needed for simulations, they are
able to reproduce many of the fundamental relations seen in observations at z ~ 0
(Trayford et al., 2015; Pillepich et al., 2018a; Nelson et al., 2018). In this chapter,
we test how well two state-of-the-art simulations, EAGLE and IllustrisTNG, repro-
duce the evolutionary sequence, when using the novel definition. Such evaluation
finds that both simulations reproduce the location of the BC fairly well but fail to
match the location of observational GV and RS, where IllustrisTNG does slightly
worse than EAGLE. Furthermore, comparison of galaxies in the GV between ob-
servations and simulations finds that simulations typically find a higher fraction of

quiescent galaxies, as well as older galaxies, suggesting that the quenching mech-
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anism implemented in both simulations is too strong. The disagreement between
simulations and observations is greatest at high stellar mass, log M, /Mg, = 10.5,
suggesting AGN feedback to be too strong, as many studies have found AGN to
be important in quenching star formation at high stellar masses (Kauffmann et al.,

2003; Schawinski et al., 2007; Trayford et al., 2017; Lacerda et al., 2020).

1.4.4 Chapter 5

AGN are thought to be important in quenching star formation in galaxies, however
the exact mechanisms of AGN are poorly understood. In this chapter, we try to
understand the exact role of AGN by continuing the study of del Moral-Castro et al.
(2019) and del Moral-Castro et al. (2020), where they select a sample of nearby
”Twin” galaxies - these are pairs of galaxies with overall similar properties such as
stellar mass, ellipticity, magnitude in r band and morphology, but one hosts an AGN
and the other does not. We compare the properties of 10 pairs of “Twin” galaxies
in terms of their location on the evolutionary sequence, defined using 4000A break,
finding that AGN galaxies are more evolved than their SF counterpart - even if they
are considered “twins”. Further analysis shows that AGN galaxies are older and
more metal rich than their ”twin” SF galaxies, indicating that galaxies hosting AGN
have a different star formation history (SFH) than SF galaxies. Independent of the
galaxy type, we find evidence of inside-out quenching, where the stellar populations
in the central region are older and more metal rich than in the outer region. We
compared the properties of "twin” galaxies with a larger sample from SDSS, finding
the difference between AGN and SF galaxies to be statistically small but significant

and physical.



Chapter 2

Green Valley

This chapter will focus mostly on the Green Valley (hereafter GV) - consisting of
how it is traditionally defined and the properties of galaxies selected under such def-
initions. While we mainly focus on results in the optical wavebands and from ob-
servations, we will also discuss some of the discoveries made from different wave-

length ranges and simulations.

2.1 Exploration of galaxy bimodality/ Defining GV

Strateva et al. (2001) was one of the earliest works to uncover and explore the bi-
modal distribution, with ~ 150000 galaxies from SDSS (York et al., 2000), using
(u* —r*) vs g (see Fig. 2.1). The galaxies were distributed such that they yielded
a high density at the blue and red colours, with a sparse region in between. This
bimodal behaviour was also seen in other colours - u* — g*, g* —r* and r* —i* -
however u* — r* showed the cleanest signal. Each mode was fitted with a Lorentzian
profile. Later works opted to use slight variations of this diagram, such as, u —r vs
M, (Baldry et al., 2004) - where the distributions were fitted with a Gaussian profile.
Additionally, multiple functional forms were fit to define the locus regions of BC
and RS, which varied from a high order polynomial to the Schechter function.
Other surveys, such as GALEX (Martin et al., 2005), enabled further explo-
ration of this bimodal distribution by providing a cleaner/wider separation between
BC and RS; via the use of UV data. Galaxies were observed in the near-ultraviolet

(NUYV) as well as the far-ultraviolet (FUV), and galaxy bimodality was explored via
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Figure 2.1: Colour, u* — g*, vs magnitude in g* diagram, where the scattered data points
are galaxies. The solid lines show the dense regions which can be thought of as
the blue and red found for the distribution of SDSS galaxies. The dashed line
down the middle separates the blue and red peak at different g* bin. This figure
is taken from Strateva et al. (2001).

(NUV-r)g.1 and (FUV-1)o.1 vs M, (Wyder et al., 2007; Martin et al., 2007), see
Fig. 2.3. Note, the o ; subscript here indicates the measurement being carried out
at an equivalent redshift, z = 0.1. At shorter wavelengths (NUV and FUV), spectra
are highly sensitive to young stars, while older stellar populations affect the redder
wavelengths. Therefore the combination of ultraviolet (NUV or FUV) and optical
(r) magnitudes provide a cleaner separation between young and old stellar popula-
tions compared to the use of only optical magnitudes. Using a double Gaussian to
fit the galaxy distribution in (NUV-r).; vs M, (.1 was insufficient due to the exis-
tence of surplus galaxies amid the bimodal distribution (see Fig. 2.2). Therefore,
the sparse region in between was thought to be a region (Wyder et al., 2007), and

not just the tail of the two distributions.

Another approach to study quenching of star formation and evolution in galax-
ies consists of analysing galaxies over long cosmological periods. Faber et al.
(2007) makes use of both DEEP2 (Davis et al., 2003) and COMBO-17 (Baade

et al., 1999) surveys to study the change in the luminosity function of blue and
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Figure 2.2: Histogram density of galaxies for different colours defined as (NUV-r)q; for
different absolute magnitude in r bins, Mg 1. The width of each magnitude
binds are 0.5 wide, with the text showing the mid point. The observed data
points are shown by empty circles with error bars while the double gaussian fit
is shown in the solid line. The blue and red lines show the limits of the blue
and red galaxies considered when fitting the Gaussian function, independently.
Note the excess galaxy in between (Wyder et al., 2007)

red galaxies. Analysis of the luminosity function shows a differing evolution for
blue and red galaxies, where the number density of blue galaxies remains constant
from z ~ 1 to present time, as the Schechter function (¢*) appears constant for the
different redshift bins. In contrast, there is an increase in the number density of red
galaxies from z ~ 1 to z =0, as ¢* increases by ~ 0.5dex between the 2 redshift
ranges (Faber et al., 2007). Note the rise in the number of red galaxies only pertains

to L* (the luminosity where the gradient of the slope changes rapidly).

Recent studies have opted to use galaxy colour, as a proxy for age, to split the

galaxies into different regions in combination with their stellar mass - u* — r* or
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g* — r* vs stellar mass (Schawinski et al., 2014; Bremer et al., 2018; Kelvin et al.,
2018; Phillipps et al., 2019), see Fig. 2.3. Furthermore, colour-stellar mass diagrams
have also been explored in state-of-the-art hydrodynamical simulations to define
the evolutionary sequence (Trayford et al., 2015, 2017; Nelson et al., 2018; Correa
et al., 2019). Galaxies are binned into different stellar masses, and within each bin
the galaxies are divided, either through their morphological classification, galaxy
type (i.e. star forming or quiescent) or simply their colour. From the distribution
of galaxy parameters, they define the location of BC, RS and thus GV in between
them - usually characterizing the border between each region with a linear fit. While
the simulations do very well in reproducing the general distribution of galaxies as
well as reproducing their bimodality, a detailed analysis shows some inconsistency.
For example, the slope of the RS, in colour vs stellar mass plane, is found to be
inconsistent between observation and simulation, where simulation RS slopes are
shallower than those from observations. This is noted to be owing to the mismatch

in the mass-metallicity relation (Trayford et al., 2015; Nelson et al., 2018).

Additionally, rather than using the colours of galaxies, which can be thought
of as an observable parameter, previous papers have also opted to use their SFR
(Salim et al., 2007; Schiminovich et al., 2007; Koyama et al., 2019; Trussler et al.,
2020). Note, the calculation of SFR requires modelling, therefore can be prone to
systematics depending on the choice of IMF, M/L ratio and SSP models. Again,
they classify the galaxies into different stellar mass bins - as it is thought to be one
of the fundamental parameters (Kauffmann et al., 2003). In each individual bins,
the average SFR is calculated and depending on the position within the diagram a
BC (or main star forming sequence, MSFS), GV (deviation from MSFS) and RS
(further deviation away from MSFS) is defined (Peng et al., 2015; Trussler et al.,
2020). A linear fit is then used to define the borders of BC, GV and RS for all stellar

masses (see top right panel of Fig. 2.3).

Other than using optical colours and parameters derived from the optical wave-
bands, many papers have tried to study the bivariate distribution using galaxies ob-

served in the NIR or MIR (Walker et al., 2013; Lee et al., 2015). These works
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Here we show 3 different ways that the evolutionary sequence of galaxies are
shown. Left panel: distribution of galaxies from GALEX survey in colour,
(NUV —r)o.1,corr» VS absolute magnitude, M, 1 o shown in Wyder et al.
(2007). Similarly, right panel shows the distribution of SDSS on SFR vs stellar
mass plane defined in Trussler et al. (2020). Bottom panel: shows the BC, GV
and RS defined on the colour, # — r(dust corrected), and stellar mass plane from
Schawinski et al. (2014).
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involve surveys such as NOAO Extremely Wide-Field Infrared Imager (NEWFIRM,
Whitaker et al., 2011), NEWFIRM Medium BAND Survey (NMBS, van Dokkum
et al., 2009), All-Wavelength Extended Growth Strip International Survey (AEGIS,
Davis et al., 2007), Wide-field Infrarred Survey Explorer (WISE, Wright et al.,
2010), etc. In the infrared, analogously to optical, magnitudes in two filter band-
passes can be subtracted, to obtain their colour, to define the distribution of galaxies
- such as U-V (Brammer et al., 2009), U-B (Mendez et al., 2011), or difference
between the combination of MIR wavebands, 3.4, 4.6, 12, and 22 um (Lee et al.,
2015).
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Figure 2.4: Left: shows the distribution of galaxies in the MIR vs luminosity plane, where
various evolutionary regions have been defined. The MIR SF Sequence, MIR
GV and MIR Blue cloud correspond to the optical BC, GV and RS, respec-
tively. Right: maps the MIR selected regions from the left panel on the optical
optical colour vs stellar mass plane. Each panel shows the distribution of galax-
ies at differing location of evolutionary sequence in MIR vs luminosity plane
(Lee et al., 2015).

Defining the galaxy distributions using IR observations can produce bivariate
distributions of galaxies (see left of Fig. 2.4). However, galaxies identified to be
SF or transitioning in the IR plane are typically found in the RS for optical colours
(see right of Fig. 2.4). Furthermore, a recent study which analysed a sub-mm sur-

vey, H-ATLAS (Valiante et al., 2016), define a so-called ’green mountain” (GM),
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where the most luminous galaxies in IR have a unimodal distribution, with the peak
located at the GV in optical g* — r* (Eales et al., 2018). The differing distribution
between optical and sub-millimeter observations was attributed to Malmquist bias,
where in the optical, samples are over-represented by galaxies that are most lumi-
nous in the optical wavebands and galaxies, which are most luminous in IR, are

over-represented in the submillimeter survey.

2.2 Properties of GV galaxies

In this section, we will discuss various properties that GV galaxies possess, which
were obtained using the GV definitions mentioned above. Note, that while colour
can be used to define the evolutionary sequence of the galaxies, they are heavily
affected by dust. Wyder et al. (2007) found the effect of dust causes an artificial
spread of the BC and Salim et al. (2009) found it to be as high as 1/4 of the colour
variation in BC. Dust can also a produce misplacement of BC galaxies into GV/RS
(Brammer et al., 2009). The effect is most prominent in BC for star forming galax-
ies, as these galaxies have the highest amount of dust, whereas galaxies that are
considered quiescent have very little gas and dust, so these are the least affected.
Correcting for dust, by adopting an attenuation law (Cardelli et al., 1989; Calzetti
et al., 2000), can mitigate such effects, however depending on the chosen law, there

can be a significant level of systematics (Salim and Narayanan, 2020).

2.2.1 Morphology

The SFH of galaxies in the GV can be explored using various line indices, i.e.
D,(4000) (Balogh et al., 1999) and HSs (Worthey, 1994). For a passively evolv-
ing population, D,,(4000) is sensitive to a longer timescale compared to Hd,, thus
galaxies with different SFH will be located on different areas of this space. Using
such diagrams, galaxies are thought to transition smoothly from BC to RS, as the
stellar population of the galaxies get older (Kauffmann et al., 2003; Brinchmann
et al., 2004). Furthermore, study of the stellar population properties yielded a low
level of scatter for galaxies in BC and RS, but a high level of scatter in the GV,

suggesting a significantly lower homogeneity in the GV (Martin et al., 2007). One
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such reason could be owing to galaxy morphology. While BC and RS are domi-
nated by LTGs and ETGs respectively, the GV is found to host a mixture of both
galaxy types (Brammer et al., 2009; Schawinski et al., 2014). This result is fur-
ther supported, when studying the evolution of galaxies in a limited mass range,
10.25 < log M, /Mg < 10.75, as a morphological transformation occurs first in the
BC, followed by the quenching of star formation (Bremer et al., 2018). In addition,
the study of GV galaxy morphology using their Sérsic index, effective radius and
stellar mass surface density (obtained from K-band surface brightness profiles) fur-
ther supports this scenario, as it shows that most of the GV galaxies already have
some kind of prominent bulge (60%) with some remnants of a disc (Bremer et al.,
2018). In contrast, using a different waveband to support such transitioning reason
finds slightly different results. A study using infra-red data on the A2199 superclus-
ter finds MIR SF sequence is dominated by LTGs (93%). These galaxies are thought
to first quench their star formation, becoming GV LTGs (32%) then transform into
GV ETGs (68%). Finally, these galaxies evolve into ETGs (90%) that dominate
the MIR blue cloud (MIRBC) galaxies (Lee et al., 2015). Note such discrepancy
between results can be expected if the GV galaxies are defined in different wave-
bands. Therefore, while both studies are comparing GV galaxies, they are defined
in a different manner, thus they could be selecting the same sets/types of galaxies
to belong to differing regions (see right of Fig. 2.4). Furthermore, the two studies
cited above have galaxies in different environments, where we discuss the impact

of environment below.

For the study of galaxy morphology, we can make use of an extended set of five
parameters related to the surface brightness distribution, thus providing more infor-
mation than the standard classification. These parameters are (i) concentration, (ii)
asymmetry, (iii) smoothness (CAS) (Conselice, 2003) (iv) Bulge-to-Total Decom-
position (B/T) (Simard et al., 2002) and (v) Gini Coefficient/M»q (Lotz et al., 2004).
For GV galaxies, both colour and stellar mass are shown to have intermediate values
between the blue and red galaxies, where the median stellar mass for blue, green and

red galaxies are log M, /M =9.6, 10.3 and 10.7, respectively (see Fig. 2.5). Simi-
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Figure 2.5: The bivariate distribution of galaxies from AEGIS, within the redshift range
0.4 <z < 1.2 in multiple planes. Displayed are the galaxies colour (U-B), in
rest frame, concentration (C), asymmetry (A), smoothness (S), bulge-to-total
light fraction (B/T) and stellar mass. The data points, contours and histograms
in blue, green and red shows the result for BC, GV and RS galaxies, respec-
tively. The diagonal panels show the normalised histogram of various parame-
ters. This figure is taken from Mendez et al. (2011).

larly, all morphological parameters, concentration, asymmetry, smoothness and B/T
indicate that GV galaxies tend to have intermediate properties between BC and RS
galaxies (see Fig. 2.5). The main exception to this rule is that BC galaxies have
a higher fraction of mergers (19%=+1%) than both GV (14%=+2%) and RS galax-
ies (12%=+2%), indicated by asymmetry and Gini Coefficient/M;o (Mendez et al.,
2011). Note, this suggests a fraction of these galaxies could have undergone reju-

venation events (Thomas et al., 2010).

Furthermore, a more detailed analysis - study of the structure of GV galax-
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Figure 2.6: Fractions of galaxies with different structure for blue (blue), green (green) and
red (peach) galaxies, defined using the galaxy colour (u* — r*). This figure can
also be found in Kelvin et al. (2018).

ies - within a limited mass range 10.25 < log M,,/Mg < 10.75, reveals an over-
representation of rings and morphologically lens-like (they have a faint/shallow
surface brightness in the middle but a sharp edge) galaxies (53.23fg:§j%) compared
to BC (37.301‘:32%) and RS (25.00f§}(2)%). The aforementioned features are also
more likely to be found in barred galaxies, by an increased factor of ~ 20 — 30%,
compared to their unbarred counterpart (Kelvin et al., 2018). One possible expla-
nation for over-representation of such structure in GV could be owing to the higher
fraction of SO-Sa type galaxies found in the GV. While there is a strong indication
for GV galaxies favouring rings and lens like structure, there is little evidence sup-
porting the higher fraction of galaxies with bars or tidal features (see Fig. 2.6), in
agreement with a lower fraction of mergers in the GV. Such results suggests that the

quenching of star formation could be non-violent, where the gas supply is gradually

exhausted, favouring inside-out quenching.

2.2.2 Transition timescale

In addition to galaxy morphology, the GV also holds the information regarding

quenching timescales/time taken to evolve from BC to RS. It was the dominant
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belief due to the sparsity of the GV, that the transition must occur rather rapidly.
However, based on SFH modelling and galaxy formation simulations, it has been
found that such timescale can have a high variance (Schawinski et al., 2014; Wright
et al., 2019; Correa et al., 2019). While there is a variety of timescales associated
with transitioning galaxies, most studies assume an exponentially decaying SFR

over time. Such SFH is formulated as
SFR(t) = SFR(0)e™"/7, 2.1)

where SFR(0) represents the peak of SF activity, and 7 is the rate of decay of star
formation, also quoted as the e-folding time (Lee et al., 2010; Schawinski et al.,
2014; Smethurst et al., 2015; Phillipps et al., 2019). Note while such modelling is
sufficient for a rough estimation of the SFR decay, this does not explore in detail
the nuances of SFH in actual galaxies - such as galaxies with later episodes of star

formation or galaxies with constant SFR.

As mentioned in the previous section, the spectral indices, D, (4000) vs H4
can be used to determine the SFH of galaxies - especially those with SFH defined in
equation 2.1. Hence, by constructing various SFH, with different rate of quenching,
the transitioning timescales for galaxies are found to vary from 50 Myr to 7 Gyr.
However, in the majority of cases, 50%, the transition timescale has been found
to be ~ 2Gyr (Martin et al., 2007). The vast variation in the transitioning can be
partially explained by separating the galaxies into late- and early-types. It has been
noted that, most fast transitioning galaxies are ETGs, which have a transitioning
time of T < 250Myr (see Fig. 2.7). Galaxies with slow quenching/transitioning
timescales are usually LTGs, that have timescales of 7 2 1 Gyr (Schawinski et al.,
2014; Smethurst et al., 2015). This behaviour is reproduced in simulations, where
elliptical galaxies have slightly shorter quenching timescales, T ~ 1.0Gyr, com-
pared to disc galaxies, g ~ 1.5Gyr (Correa et al., 2019). This large variation in
the transition timescale suggests that galaxies of differing morphologies are likely
to experience a very different form of quenching. Note, such studies based only on

GV galaxies during transition can lead to some bias. Most GV galaxies are likely to
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Figure 2.7: Distribution of galaxies in colour-colour space. The black contours shows the
galaxy distribution of all galaxy type(top left), all ETGs (top right) and LTGs
(bottom right). In each of these panels the blue and orange contours show
the GV LTGs and ETGs respectively. Bottom left panel shows the different
SFH, assuming different quenching timescales, where blue quenches the most
rapidly and the green data points quench the slowest. Each small (big) points
show evolution in spaces of 100 Myr (1 Gyr). Most ETGs galaxies seem to
follow the most rapid quenching timescale (7o < 250Myr) and LTGs locus
reside close to the evolution track shown by slow quenching timescale, 7o >
1 Gyr (Schawinski et al., 2014)

have rather long transition timescales, whereas galaxies that transition very rapidly
are most likely to be found in the RS already (Martin et al., 2007; Smethurst et al.,
2015, and references therein).

A more general study, without the separation of morphology, of different
evolutionary stages currently finds transitioning timescales varying between 1.5-
4.0 Gyr. Furthermore, the rate of decay or the e-folding times are estimated to be
T ~ 4Gyr for GV and 6 Gyr for BC galaxies (Phillipps et al., 2019). By evolv-
ing the galaxies colour, they also showed that, similarly to how GV galaxies end

up in RS, BC galaxies should also evolve to GV, i.e., eventually quench their SF.
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The timescale for which the galaxies end up quenching their star formation is also
shown to depend on the model used. Assuming a ’closed-box”, where there is no
expulsion of material via outflow, or a "leaky-box” (i.e material loss through out-
flow, models can give differing timescales). Assuming the leaky-box” model, for
the same set of galaxies slightly longer times are found, 5-7 Gyr, with a shorter
decay rate, e—folding timescale ~ 1 Gyr, compared to the “closed-box” model; 2-
5 Gyr for quenching timescale and e—folding ~ 2 — 4 Gyr (Trussler et al., 2020).
Additionally, they found that while the “closed-box” model was able to match the
observations in most instances, the ”leaky-box”” model mostly failed at reproducing
the observed trend for stellar mass higher than 10°8 M. This, along with results
from other studies (Kauffmann et al., 2003; Brinchmann et al., 2004; Phillipps et al.,
2019), heavily suggests that the quenching timescale is strongly dependent on stel-
lar mass. As previously mentioned, a similar exercise can be carried out for RS
galaxies to estimate their past transitioning timescales, which find their quenching
timescales to be shorter than current GV galaxies. This supports two main hy-
potheses (i) quenching in the local Universe is slower than at high redshift (ii) most
current GV galaxies have a longer quenching timescale and galaxies that quench
rapidly are mostly in the RS (Martin et al., 2007; Salim, 2014). The long quenching
timescale is further supported by the existence of the Green Mountain (GM), when

selecting galaxies based on sub-millimeter surveys (Eales et al., 2018).

In addition to observational studies, the quenching timescales are also studied
in detail using state-of-the-art hydrodynamical simulations such as EAGLE (Schaye
et al., 2015; Crain et al., 2015) and IllustrisTNG (Pillepich et al., 2018a; Marinacci
et al., 2018; Springel et al., 2018; Nelson et al., 2018; Naiman et al., 2018). EA-
GLE has used both colour and sSFR - in contrast to TNG100, which has only used
colour - to define the evolutionary sequence, finding the median transition timescale
to be Afgreen ~ 1.6 Gyr, with 10th-90th percentile spread is ~ 0.7 — 3.8 Gyr (Tray-
ford et al., 2017; Wright et al., 2019; Nelson et al., 2018). Such large variation in
quenching timescales are mostly associated to the differing halo mass and stellar

mass. For low mass systems, log M, /Mg < 9.6, the quenching timescale is esti-
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Figure 2.8: This shows the median timescale for galaxies to become passive at current red-
shift, z = 0. The galaxies have been separated in centrals (blue) and satellites
(red), where the solid lines show the median value, dashed line show 1¢ and
shaded regions show 16" and 84'" percentile. Both central and satellite galax-
ies show an increase in Tp with mass for low mass, then a decrease in 7y with
increase in mass for high mass - indicating different modes of quenching. The
blue and red lines at bottom panel show the number of galaxies in each stellar
mass bin considered (Wright et al., 2019)

mated to be 7y ~ 4(3) Gyr for central (satellite) galaxies. This is noted to decrease,

7o 2 3.0Gyr, for intermediate mass galaxies 9.7 < log M, /Mg, < 10.3. Finally

for the highest stellar mass objects, log M, /Mg, 2 10.30, both central and satellite

galaxies have the shortest quenching timescales 7p < 1.5Gyr (Wright et al., 2019)

- see Fig. 2.8.
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2.2.3 Quenching mechanisms

Both observational and simulation studies (Phillipps et al., 2019; Correa et al.,
2019), find heavy dependency between stellar mass and quenching timescale. There
could be multiple reasons for this. One such possible avenue could be as different
quenching mechanisms are dominant in different stellar mass bins. It is strongly
believed that environmental quenching plays an important role in low mass galaxies
and mass quenching is significant in high mass systems. In this section, we will

describe such physical processes relevant to different stellar masses.

At low stellar mass, it is strongly believed that environment plays an impor-
tant role (Kauffmann et al., 2004; Peng et al., 2010; La Barbera et al., 2014), where
galaxy-galaxy interactions would lead to quenching. Galaxy interactions can cause
tidal stripping, where the gas from one galaxy, usually the one with smaller stellar
mass, is accreted, by the more massive galaxy (Johnston et al., 1999). However,
a more common scenario of the environmental effect is known as ram-pressure
stripping. This occurs when a satellite galaxy falls into a dense cluster - as shown
by Kauffmann et al. (2004), where galaxies in the densest environments happen
to be RS galaxies. In such instance, the gas, from the interstellar medium (ISM)
of the infalling galaxy is rapidly removed by the surrounding intracluster medium
(ICM), which in turn causes rapid quenching of star formation (Abadi et al., 1999;
Schawinski et al., 2007). Due to the density and temperature of the intergalac-
tic medium (IGM), infalling galaxies are unable to accrete additional gas, further
contributing to the quenching of star formation, known as strangulation (van den
Bosch et al., 2008). Such a combination of processes is expected to produce very
rapid quenching timescales, T ~ 200Myr (Steinhauser et al., 2016) - T ~ 2Gyr
(Wright et al., 2019), as mentioned above. Note, Trussler et al. (2020) assume var-
ious models in terms of galaxy quenching and evolution. At log M, /Mg < 9.8,
the leaky-box model, which mimics the tidal stripping/ram-pressure stripping be-
haviour, finds a good fit to the observed mass-metallicity relation. However, at
higher stellar mass such model fails to match the observation. Instead, a closed box

model, which behaves similarly to only galaxy strangulation/starvation, is able to
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match the observed trend. Note, such a mechanism is expected to take a longer
time to quench the star formation of a galaxy, ~ 5Gyr, as it is not a pure dynami-
cal process. This hypothesis is supported by the low fraction of GV galaxies with
tidal features found by Kelvin et al. (2018). Furthermore, this is consistent with
simulations where the longest quenching timescales are found in intermediate mass
bins 9.7 < log M, /Mg < 10.3, for both central and satellite galaxies (see Fig. 2.8).
Moreover, local events such as supernovae are also expected to suppress star for-
mation in galaxies by heating and evaporating the dense star-forming clouds or by
ejecting the gas reservoir from the galaxy into the intergalactic medium (Silk and

Rees, 1998; Bower et al., 2006; Dalla Vecchia and Schaye, 2012).

Finally, in the high stellar mass regime, log M, /M, 2 10.3, owing to a drop
in the quenching timescale, Tp < 1.5Gyr, it is speculated that AGN feedback
with combination of major merging quenches the star formation. In addition, the
quenching timescales of galaxies are thought to be independent of their environment
(Kauffmann et al., 2004; Peng et al., 2010; La Barbera et al., 2014). On the observa-
tion end, the GV is found to contain high fraction of AGN, as high as 50% (Martin
et al., 2007). A more detailed study reveals that most galaxies hosting AGN happen
to be high mass, and strong AGN (L[OIII]> 107L,) are more important at the initial
stages of quenching star formation as these galaxies still have relative high sSFR.
In contrast, weak AGN galaxies have sSFR that deviate from the main sequence re-
gion to the quiescence area, indicating that such AGN maintain the quiescence state
(maintenance mode) by preventing the gas within the galaxy from cooling down
(Kauffmann et al., 2003; Ho, 2008; Salim, 2014). Furthermore, rather than using
single aperture fibre studies, surveys of galaxies using Integral Field Spectroscopy
(IFS) have shown AGN to reside predominantly in the BC/GV region (Sanchez
et al., 2018; Lacerda et al., 2020) - see Fig. 2.9. Note, for such studies, these galax-
ies have been classified as AGN using the BPT scheme (Baldwin et al., 1981). There
are two major caveats that might result in inconsistencies with other studies (i) the
emission lines used to classify galaxies into low-ionization nuclear emission-line

region (LINER) could be due to emission from old hot stars (Belfiore et al., 2016)
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(i1) a galaxy classified as SF in the optical might still harbour an AGN at the cen-
ter of the galaxy that is more readily observed in different wavebands. Furthermore,
study of galaxies at different scales indicate that the presence of AGN heavily favour
inside-out quenching as most galaxies would have older stellar populations in the
central region compared to the outer region (Lacerda et al., 2020). Such results are
in agreement with most state-of-the-art simulations as they have found the AGN is
necessary to reproduce the fundamental scaling relations and bimodal distribution
of the galaxies (Somerville et al., 2008; Hopkins et al., 2008; Schaye et al., 2015;
Trayford et al., 2015). Note the initial I1lustris simulation (Vogelsberger et al., 2014;
Genel et al., 2014; Sijacki et al., 2015) only implemented one mode of AGN feed-
back, but were unable to reproduce the bimodal distribution of galaxies in the high
stellar mass regime at our current redshift. Therefore, in IllustrisTNG (Pillepich
et al., 2018a; Weinberger et al., 2018) a more efficient AGN feedback mode was
implemented, which properly reproduced the observed properties of galaxies even
at high stellar mass. The mismatch, specifically at high stellar mass, with one mode

of AGN, provided strong evidence for the need of AGN to quench star formation.

Furthermore, simulations provides us with an unique ability to study the impact
of AGN by running multiple simulations, with same sub-grid physics and initial
conditions but with one major difference - one implements a black hole seed mass
and AGN sub-grid physics, while the other run has no AGN (Hirschmann et al.,
2017; Dashyan et al., 2019). Such simulations find that AGN greatly impacts the gas
contents and the SFH of not only their host galaxies but also their satellite galaxies,
where simulations with AGN consistently produce a higher fraction of quiescent
galaxies for a given cosmological time. Similarly, they also find that galaxies have
a lower fraction of gas for AGN simulations for a given time and radii compared to

no-AGN simulations (Dashyan et al., 2019).

Note, so far we have mainly discussed negative feedback of AGN, which
causes quenching of star formation. However, there have been studies showing the
AGN imparts a positive feedback, where it enhances the star formation rate. This

was most evident when looking at SFR computed using IR luminosities, which
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Figure 2.9: The figure shows the integrated SFR, calculated from He, vs stellar mass. The
dotted data points show non-AGN galaxies, while the black and blue star sym-
bol show galaxies hosting AGN, type 1 and 2, respectively. The dotted black
like shows the SFMS, where the filled area represents the 10 variations. The
left and bottom panels show the histograms of all galaxies in grey, and AGN
type 1 and 2 in hatched and unfilled, respectively. The inset shows the distance,
A(logSFR), of individual galaxies from the SEMS (Lacerda et al., 2020).

found that galaxies in the GV that host an AGN are at the upper end of the star
forming main sequence (SFMS), above the non-AGN counterpart (Mahoro et al.,
2017). Additionally, AGN galaxies in the GV showed a higher fraction (38%) of
galaxy-galaxy interactions compared to their non-AGN counterpart (19%) (Mahoro
et al., 2019). This suggests the high SFR of GV galaxies, in IR, could be due to a
combination of AGN feedback, through positive feedback, and galaxy-galaxy inter-
action - albeit galaxies without signatures of interaction but with evidence of AGN

feedback still had higher SFR than their no-AGN counterparts.

2.2.4 Reverse evolution?

So far all evolutionary tracks assume a transition from BC to GV to RS. However
in reality, the picture is more complex than this owing to rejuvenation. Galax-

ies in both the field and dense environments can undergo minor mergers, which
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gives the galaxy a fresh supply of gas initiating star formation (Faber et al., 2007,
Gaibler et al., 2012). Such events will cause RS galaxies to move “down” to GV
or BC, as seen by the higher fraction of merging galaxies in Mendez et al. (2011).
Such galaxies tend to generally have younger stellar populations as well as lower
o/ Fe abundance ratio (Thomas et al., 2010). However, such galaxies are hard to
identify as they might simply be galaxies that have formed recently. Simulations
have also seen such behaviour where galaxies do not simply evolve from BC to
RS and stay there. IllustrisTNG galaxies tend to be constantly moving up and
down the evolutionary sequence. However, only a fraction, 10%, at highest stellar
mass, log M, /Mg = 11.0, of galaxies will truly experience ’rejuvenation’ - suffi-
cient enough star formation to cause them to move from RS to GV or BC - and an
even smaller fraction (1%) will experience multiple rejuvenation episodes (Nelson

et al., 2018).

2.2.5 Green Valley and the evolution of galaxies

The study of galaxy formation and evolution is one of the key facets of astrophysics,
where many important discoveries have been made over the past decades. Owing
to the complexity of the physics, there are still many unknowns, especially with
regards to the fundamental mechanisms under which galaxies quench their star for-
mation and the timescales associated to these processes. Attempts to answer such
questions have been made via the use of (i) high quality surveys (York et al., 2000)
and (i) cosmological hydrodynamical simulations (Schaye et al., 2015; Pillepich
et al., 2018a). One of the main discoveries, pertaining to galaxy evolution, is the
existence of a bimodal distribution in optical wavebands (Strateva et al., 2001).
This bimodal distribution can be constructed using properties such as their colour-
magnitude (Graves et al., 2007; Baldry et al., 2004; Martin et al., 2007), colour-
stellar mass (Schawinski et al., 2014; Trayford et al., 2015; Nelson et al., 2018),
SFR-stellar mass (Schiminovich et al., 2007; Wright et al., 2019; Trussler et al.,
2020), UV] bi-colour (Williams et al., 2009) and recently D,,(4000)-velocity dis-
persion (Angthopo et al., 2019). The existence of such bimodal distributions has

been attributed largely to the ability to categorise galaxies into two distinct groups -
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Star Forming (SF) and Quiescent (Q). Regions occupied by SF, primarily late-type
galaxies (LTGs), and Q galaxies, predominantly early-type galaxies (ETGs), are
labelled blue cloud (BC) and red sequence (RS), respectively, in the colour-mass
diagram. The region between BC and RS, coined the Green Valley (GV), is thought
to host transitioning galaxies.

The GV population is thought to define a class of its own , rather than a mix
between BC and RS (Wyder et al., 2007). Therefore, the study of GV galaxies has
given us a unique insight into how galaxies evolve. Previous studies find multi-
ple evolutionary paths (Faber et al., 2007; Salim, 2014; Schawinski et al., 2014),
where ETGs are thought to have shorter quenching timescales, T < 250 Myr, com-
pared to LTGs, t 2 3.5Gyr (Schawinski et al., 2014). Furthermore, low mass sys-
tems (logM, /Mg < 9.6) are thought to quench their star formation mainly due
to environmental reasons, i.e. strangulation, galaxy harassment and ram-pressure
stripping (Kauffmann et al., 2004; Peng et al., 2010; Pasquali et al., 2010, 2012;
La Barbera et al., 2014). These have relatively low quenching timescales T ~ 2 Gyr
(Wright et al., 2019). Intermediate mass systems (9.6 < logM, /Mg, < 10.3) quench
their star formation through stellar feedback, such as supernovae (Somerville et al.,
2008), starvation (Phillipps et al., 2019) or AGN feedback (Dekel and Silk, 1986;
Dalla Vecchia and Schaye, 2012) and are expected to have longer quenching
timescales, T ~ 5Gyr . Finally, most massive systems have the shortest quenching
timescales T < 1.5Gyr, as they quench mostly through major mergers, AGN feed-
back and halo heating (Faber et al., 2007; Mclntosh et al., 2014). Therefore, the
different quenching mechanisms being dominant in different stellar mass regimes

explain the strong correlation between stellar mass and quenching timescale.



Chapter 3

A detailed exploration of Green

Valley galaxies

3.1 Introduction

In the previous chapter, we discussed the main results from the literature regard-
ing the green valley (GV). This entailed the selection and different definition of the
GV to select transitioning galaxies, as well as the study of their galactic proper-
ties, such as their morphology, structure, and galaxy type (i.e. Star forming, Com-
posite, AGN or Quiescent). We also summarised the main results regarding their
stellar population properties, such as their average age and metallicity, as well as
their quenching/transition timescale from BC to RS. However, we also pointed out
some of the caveats of the traditional methods, as they require various forms of cor-
rection/modelling i.e. the use of colour to define the GV requires dust correction -
which varies depending on the dust attenuation models used, hence hosting inherent
systematics - or the use of SFR requiring some form of modelling. In this chapter,
we propose a novel way of defining and selecting the transitioning galaxies, with
uses the 4000A break, and compare our results with a more traditional approach
based on the colour of galaxies. This work is based on the following published
papers Angthopo et al. (2019) and Angthopo et al. (2020), hereafter A19 and A20,

respectively.
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3.2 Sample Selection

3.2.1 Spectroscopic Data

We select the sample and retrieve the spectra from Data Release 14 of the Sloan
Digital Sky Survey (SDSS, Abolfathi et al., 2018). SDSS is a full-sky survey that
includes spectroscopic observations of galaxies with Petrosian r-band magnitude
in the range 14.5< rap <17.7. Our selection criteria identifies targets with rela-
tively high signal-to-noise ratio, snMedian_r>10. Furthermore, we limit our study
within the redshift interval 0.05<z<0.10. After the implementation of our selec-
tion criteria, the data set comprises 228,880 spectra. We choose the stellar velocity
dispersion as the main stacking parameter, instead of the standard choice of ei-
ther the total luminosity or the stellar mass of the galaxy. The velocity dispersion
(o) is found to correlate more strongly with the underlying population properties
(see, e.g., Bernardi et al., 2003; Thomas et al., 2005; Ferreras et al., 2019), and
is less prone to potential systematics, as it is measured in a straightforward way
from the absorption line spectra. The velocity dispersion can be mapped onto stel-
lar mass (M,) by use of an empirical scaling relation obtained from SDSS data:
logM, /M, = (1.8440.03)1og(c/100kms~!) + (10.3 £ 0.3), with the uncertain-
ties quoted at the 68% level. Note also that the velocity dispersion of the spheroidal
component correlates well with black hole mass, more strongly than does stellar
mass (Giiltekin et al., 2009). This will enable us to refine AGN fractions in the
GV. The sample is divided into six velocity dispersion bins between =70 and
250kms~! in steps of Ac=30kms~!. We note that with the adopted range of
o, along with the constraint on the S/N of the spectra, the estimates of velocity
dispersion provided by the SDSS SPECOBTJ catalogue are reliable !

The SDSS spectra cover the wavelength range 3800-9200 A, with variable res-
olution, from R=1,500 at 1=3,800 A, increasing to R=2,500 at 1=9,000 A (Smee
et al., 2013). The spectra are dereddend with respect to foreground extinction,
adopting the standard Milky Way dust law (Cardelli et al., 1989). The correction

required was determined by the extinction parameter A,, quoted in the SDSS cat-

'Mttp://classic.sdss.org/dr7/algorithms/veldisp.html
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alogues, evaluated in the g band. Once the foreground dust correction is applied,
the spectra are brought to the rest frame, and the individual estimates of the 4000A
break are measured, adopting the following definition (Balogh et al., 1999):

1 2

m/xl B(A)dA. 3.1)

R
D, (4000) = %, where (&)

and (AB AB AR AR) = (3850,3950,4000,4100)A. Note that our definition con-
trasts with the traditional approach, originally defined by Bruzual (1983) that in-
tegrate ®(v) in wavelength space. We believe our definition has an easier inter-
pretation, as the flux ratio between two spectral intervals that straddle the 4000A
break. These two definitions can be compared via a rescaling with a constant factor
~1.07 between the old and the new definition, with a slight dependency upon the

underlying population, see Fig. 3.1.
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Figure 3.1: The ratio of D,,(4000) index measured using following Eq. 11 of Bruzual (1983)
and D,(4000) index calculated using Eq. 3.1. The density plot and contours
show the distribution of ratio for the SDSS galaxies. The dashed black line

marks the 1.0 value.

We use the D,,(4000) index to define the GV. For comparison, we contrast the

newly defined GV with the traditional one based on colours from broadband pho-
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tometry. We adopt %! (g — r) as the reference colour, i.e. all galaxies are measured
at a fiducial redshift z=0.1. The colours are taken from the flux ratios as measured
within the 3 arcsec fibres of the SDSS classic spectrograph — to be consistent with
the analysis of the observed spectra — and the K-correction needed to bring them
to the fiducial redshift is measured directly from the spectra, following the standard
approach (see, e.g. Hogg et al., 2002), adopting a standard cosmology (€2,, = 0.3;
Qp=0.7, H="70kms ! Mpc~!). As reference, our K-correction in (g — r) stays
below 0.14 mag (below 0.085 mag in 90% of the sample), and the median correction
applied is +0.04 +0.03 mag. The colour is also corrected for intrinsic dust absorp-
tion, following the dust parameters of Kauffmann et al. (2003) and adopting the
Calzetti et al. (2000) attenuation law. Note we use Ay as baseline for the correction,

where we find, at z=0.1, AY! = 1.16A;! and A)! = 0.884}".

3.2.2 Defining the Green Valley

For the definition of the Green Valley, there are multiple methodologies one can
follow. In this section we will describe in detail the main approach, which were
adopted in A19 and A20, as well as outline a different approach that was imple-
mented to make a catalogue for our ~ 228,000 SDSS galaxies - identifying each

galaxy as belonging to BC, GV or RS.

3.2.2.1 A19 and A20 method

We base our definition of the GV on the relative distribution of the star-forming
(SF) and quiescent (Q) subsamples. We make use of the MPA-JHU SDSS cata-
logues (Kauffmann et al., 2003; Brinchmann et al., 2004) that provide a classifica-
tion of the galaxy spectra from nebular emission lines into star-forming (BPT=1,2),
composite (BPT=3), Seyfert AGN (BPT=4), LINER AGN (BPT=5) or quiescent
(BPT=-1), where the latter class means no emission lines are present. We follow a
probability-based approach, defining a probability distribution function (PDF) for
the BC, #g¢ (defined using the SF galaxy distribution, BPT= 1), and a PDF for
the RS, Zrs (defined using the Q galaxy distribution, BPT = —1). These functions

are assumed to depend on two parameters only, the stellar velocity dispersion (o)



3.2. Sample Selection 65

and an additional parameter (7); that serves as a proxy of the stellar age of the un-
derlying populations. We model the PDFs as a Gaussian distribution described by

the formulation:

L)

(02T ’

where 1 (o) and s (o) are the mean and the standard deviation of the distribution of

cgzk(ﬂf;d) = (3.2)

7 corresponding to galaxies in the velocity dispersion bin given by o, respectively.
We now propose the ansatz that these Gaussian distributions be interpreted as the
probability distribution function (PDF) of blue cloud galaxies (for k<=SF) and red
sequence galaxies (for k=Q). Once the PDFs are defined for the BC and RS, the
green valley subset is assumed to follow a probability distribution function given

by:

Py (7:0) 1 —%[HGY%G)}Z (3.3)
gv(mio)=————¢ 2l sav(@ | .
ng(G)\/ 27

where the width of the Gaussian is chosen

1
sav(0) = 75(0), (3.4)
and the mean is given by

QZSF[‘LLSF(G);G] EQQ[,MQ(G);G]. (3.5)

We emphasize these constraints are purely empirical and defined ad hoc. The con-
straint on the mean implies that at the peak of the GV PDF, a BC galaxy and a RS
galaxy are indistinguishable from a probabilistic point of view. The constraint on
the width ensures that the GV does not include large fractions of galaxies in the BC
or RS regions. However, for a given velocity dispersion bin, it is still possible to
select a galaxy as belonging to the GV, even if they reside towards the peak of BC

or RS distribution.

Figs. 3.2 and 3.3 present the probability functions obtained for the six velocity

0.1(

dispersion bins, defined using D,(4000) index and dust corrected colour, g—r),

respectively. Both cases show the well-known trend towards higher break strengths
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Figure 3.2: This figure presents the distribution of SF (blue) and Q (red) galaxies, which are
used to define the probability distribution function (PDF) for the BC (£?g¢) and
RS (PRs), respectively, for different velocity dispersion bins. For the PDF, we
assume them to follow a Gaussian distribution. The midpoint of the GV, shown
by a star symbol, is located where HPgc = HPrs. This shows the definition of
the GV population using 4000A break strength.

or redder colours as velocity dispersion increases. The mean position of the GV is
represented by a star symbol. Note the significant difference between the choice of
break strength and colour regarding the overlap of the SF and Q subsets. A colour-
based approach produces more mixed subsamples that complicates the selection of
GV galaxies, whereas the 4000A break strength produces a sharper separation?.

Note, D,(4000) provides an alternative, clean separation between BC, GV and RS
without requiring any dust correction or K-correction. Therefore, D, (4000) carries
a lower systematic uncertainty from the modelling associated to these corrections.
This alternative definition of the GV requires low SNR spectroscopic data, as the
4000 A break is relatively wide and can be measured even at low spectral resolution

(e.g., Hathi et al., 2009; Hernan-Caballero et al., 2013). Note, this methodology can

2Colours such as (u— g) or (u— r) produce very similar results to (g — r), however we chose the
latter as the observations have markedly lower uncertainties.



3.2. Sample Selection 67

o
o
S

Frequency
I
[}
o

2.00}
0.1 _ :

0.00 . (g—nselection

15.0 _——_130<a< 160 (km/s) E
& 1 ]
(&} 4
£ 1
=S 10 0_ ]
o'
)
—
I

Frequency

0.0 0.5 1.0 1.5 6.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
01(g —r) mag 0l(g—r) mag 01l(g — r) mag

Figure 3.3: Same as Fig. 3.2 but for *!(g — r) colour (dust-corrected).

be easily used for upcoming/future spectroscopic surveys on the horizon such as
WAVES (Driver et al., 2019), WEAVE (Dalton, 2016), DESI (DESI Collaboration
et al., 2016) or J-PAS (Benitez et al., 2014).

We apply this method independently within each velocity dispersion bin. The
actual selection of GV galaxies follows a Monte Carlo sampling method. For
each galaxy within a given velocity dispersion bin, a uniform random deviate (r)
is obtained between 0 and 1, and the galaxy is accepted into the GV subset if
Pcy|m;0] > r. Fig. 3.4 presents an example of this selection criterion, within a
velocity dispersion bin 130 < o < 160kms~!, where the blue, red and green lines
show the BC, GV and RS density distributions, respectively. The green star, again,
shows the midpoint of the GV. The black line represents the probability of a GV
with the given D,(4000) to be a GV galaxy. The red data points show the r value,
randomly assigned to each galaxy, and the black unfilled data points around the red
data points indicate the galaxies that are not selected. Note our multiple runs will

assign a random r value to the same galaxy, hence in the next iteration there will
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be a different set of galaxies, i.e. the vertical location of red dots would change.
This shows, while our solution is not unique, galaxies with D, (4000) or colour
value near the green star, gy, will have a high probability of being selected as GV

during multiple iterations, decreasing as D,,(4000) departs from the ugy.
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Figure 3.4: Example of selected and unselected galaxies using the method described above.
The blue, red and green lines outline the regions of defined BC, RS and GV, re-
spectively. The black line shows the probability of a galaxy with that D,,(4000)
value to be selected as GV galaxy, i.e. Zgy. The red dots are random values, r,
also ranging from 0 to 1, for galaxies with with a given 4000A break strength.
If Py > r, we select them to be GV galaxy, otherwise we exclude them, indi-
cated by the black unfilled circles.

We will compare here two choices, the dust-corrected colour — defined by (g —
r) as observed at a fiducial redshift z=0.1 — and the dust uncorrected strength of the
4000A break. We adopted the dust correction values from Kauffmann et al. (2003),
using the Calzetti et al. (2000) attenuation law, thus enabling a fair comparison
to the analysis of Martin et al. (2007), hereafter MO7. Note we use Ay, instead
of A, as baseline for the correction. Figure 3.5 shows the location of the three
key evolutionary regions following this methodology, according to D,,(4000) (left

0.1(

panel), %!(g — r) (uncorrected, centre panel, shown for reference), or *!(g — r)

(dust-corrected, right panel). The points with error bars show the mean and standard



3.2. Sample Selection 69

o5 b T ol SN S 3 reolour (dust ~cor)
N L . J L & . x — s q
i 250 I . 700 i
of ] ol ] ]
o[ - 600 = 1 |40
@ 1T < L o _
= = ] 500 St B
[ 1 <4300
© 4 «© 111 [ ]
—l 4150 <[ 4400 wwf ]
L L ] of
<[ J ©of 111 0
—L ol 4300 of 715200
I 4100 [ oF ]
O 4 bt ] of ]
=L L oL 200 _f
[ Data points ] C|> ] 100
=} Green Valley | 5 ¢ 4 ol ]
—r - —§— Red Seq. © 100 or b
[ 4 Blue Cloud | - S :
(S PO T e B Ol dd 1y v e 1y 1y 1) g T S P W
© 100 200 300 400 S 100 200 300 400 I 100 200 300 400
Velocity Dispersion (km/s) Velocity Dispersion (km/s) Velocity Dispersion (km/s)

Figure 3.5: Left: Distribution of SDSS galaxies with S/N > 10 on the D,,(4000) vs velocity
dispersion plane. The colour map traces number density of individual galaxies
on the diagram, where the colour bar to the right of each panel maps the den-
sity to colour. The BC, GV and RS regions are shown by magenta, gray and
red data points, where the points locate the mean of each region and errorbars
span one standard deviation (i.e. the corresponding to their respective Gaus-
sians in figure 3.2 and 3.3). Centre: Distribution of galaxies on the *!(g — r)
colour (dust-uncorrected, shown for reference) vs velocity dispersion plane.
Right: Equivalent distribution with the dust-corrected *!(g — r) colour. Note
the D, (4000) measurements have not been corrected for dust, as the correction
is negligible for our purposes.

deviation of each subsample. For reference, individual data points are shown as a
density plot. Note the impact on the GV definition between the colour distribution
before and after the dust correction is applied. Comparatively, the equivalent dust
correction for D,(4000) is smaller, resulting in a minor shift of the mean in the
definition of the RS, BC and GV subsets, with a maximum AD,,(4000)~ 0.06 dex,
as discussed in Section 3.7.2; a similar exercise for colour yields a maximum change
of 0.5dex. Thus, the 4000A break strength produces a clean representation, even
without dust correction, of the three phases of evolution under study. Once the GV
is defined, we further separate it into terciles. The lower tercile represents galaxies
closer to the BC, and is hereafter defined as the lower Green Valley (IGV). The upper
tercile is closer to the RS and is termed the upper Green Valley (uGV) and the region

in between can be classified as middle Green Valley (mGV). If we interpret the GV
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as a transition region where galaxies quench their star formation, we can portray the

IGV and uGV as the starting and ending stages of this transition, respectively.

3.2.2.2 SDSS Green Valley Probability Catalogue

Note, while the method outlined above is the one we use for this and other upcoming
chapters, we are also able to assign to each galaxy, on the D,(4000) vs velocity
dispersion plane, a probability of it belonging to the Blue Cloud (Ppc), Green

Valley (@GV), or Red Sequence (@RS). Each probability can be written:
P =mPy(m;0), (3.6)

where & is given by Eq. 3.2 and 7, is a weight factor dependent on the number of

galaxies in BC, GV or RS, in a given velocity dispersion bin.

To assign a probability to an individual galaxy, we firstly obtain the PDF av-
erages: Upc, Ugv, Urs, and “widths”: spc, sgy and sgs for 11 bins from 50 to
350km/s. Then we interpolate between the velocity dispersion bins with a third
order polynomial that enables us to find the effective u; and s; in each group, BC,
GV and RS, at any velocity dispersion. For each galaxy, we obtain its (%),
along with (%) and s;(%;). To determine 1, we select all galaxies with veloc-
ity dispersion within an interval centered at the ¢ of the chosen galaxy, with width
Ao=15km/s, and then assign them either to the BC, GV or RS. For any galaxy sit-
ting on adjacent regions, we assign them evenly to their overlapping regions; e.g., if
they overlap between BC and GV, they are equally likely to count towards the BC
or GV. Thus we obtain 7 for each galaxy. Once we obtain Py, we normalise the
total probability to unity. Note we assign galaxies with D,,(4000)>1.99, Pre=1,
and @Bc = @GV:O, as we know that galaxies with a high 4000 A break strength
are old and quiescent. Likewise galaxies with D,,(4000)<0.8 are assigned Ppc=1,
and @GV = @RS=O. A small number of galaxies from the catalogue is shown in
Tab. 3.1 for reference. The full catalogue can be found in the online version of the
paper. Note owing to the methodology used, the probabilities presented here are not

unique solutions, but a realisation of the three groups. Thus if one were to carry out



3.2. Sample Selection 71

Table 3.1: The normalised probability of a galaxy in SDSS set belonging to either BC, GV
or RS; as shown by the final three columns. This table shows an excerpt of the
full set, where we give the SDSS spectral identification numbers (plate, Julian
date and fibre ID) along with the 4000A break strength and velocity dispersion
(measured within the 3 arcsec diameter fibres of the spectrograph).

SDSS ID Velocity Probabilities
plate  mjd fibreID D,(4000) dispersion Ppc Poy  Prs
km/s
315 51663 560  1.012 645 0970 0.009 0.021
326 52375 86  1.584 99.2  0.001 0.026 0.973
326 52375 119 1.509 1046  0.011 0360 0.629
326 52375 150  1.777 1682  0.000 0.000 1.000
327 52294 147 1.651 1479  0.001 0.013 0.986
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Figure 3.6: The probability of galaxies belonging to the Blue Cloud (top left), Green Valley
(bottom left) and Red Sequence (bottom right). Blue colours represent galaxies
with a low probability of residing in the three regions, as labelled, while red
shows high probability (see colour bar for reference). For ease of visualisation,
the resulting density plots have been modified with a Gaussian smoothing ker-
nel.

the outlined steps, the results should not be identical, but statistically equivalent.
Fig. 3.6 illustrates the probability density of galaxies residing in BC, GV or RS,

obtained following the aforementioned methodology.
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3.2.3 Spectral Stacking

For most the analysis in this chapter, we collect subsamples of GV galaxies and
then stack them to produce high quality spectra. High S/N is needed for a robust
analysis of the stellar population content. However, more importantly, our moti-
vation to stack the spectra is to average out galaxy-to-galaxy variations, leading to
a set of “super-spectra” for which the variations between different regions of the
selection plane are only caused by the transitional mechanisms that give rise to the

BC/GV/RS distribution.

We follow the standard procedure for the stacking of the SDSS spectra (see,
e.g. Ferreras et al., 2013a). The stacking was carried on spectra that were de-
reddened and brought to a rest-frame wavelength in the air system, applying a nor-
malisation according to the median flux in the rest-frame interval 5000-5500A. The
process implies resampling the flux within each spectral pixel following a linear
split between adjacent pixels according to the amount of overlap between the orig-
inal pixel and the sampled pixel. Each resulting stack is then corrected for nebular
emission by performing spectral fitting with the STARLIGHT code (Cid Fernan-
des et al., 2005). In the stacking procedure, we exclude Seyfert AGN (BPT=4) and
Composite systems (BPT=3), since prominent AGN luminosity contaminates the
continuum, affecting the colours and the 4000A break strength, parameters used
in the definition of the GV. The residuals with respect to the best fit spectrum are
then used to fit Gaussian profiles within the standard emission regions, which are
then removed from the stacks (see La Barbera et al. 2013 for details). In order to
compare the spectral features across the wide range of velocity dispersion, we con-
volve all stacks with a Gaussian kernel to produce a velocity dispersion of 235 km/s
in all cases. Fig. 3.7 compares the stacked data of uGV and 1GV galaxies in two
important regions: the interval around the age-sensitive Balmer indices Hy and HO
(top panels) and the region covering the metallicity-sensitive indices Mgb and (Fe)
(bottom panels). From top to bottom, we show the stacked spectra; the S/N; and
the difference between uGV and 1GV spectra, in three velocity dispersion bins, as

labelled.
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Figure 3.7: Here we compare the stacked spectra within two important spectral windows.
The first is located around the Hy and HO absorption lines (top panels) and the
second neighbours the HB and Mg+Fe complex (bottom panels). In each panel,
the top, mid and bottom sub-panels show fluxes of the IGV (in blue) and the
uGV (in red), with a small arbitrary vertical offset to avoid crowding; the signal
to noise ratio on a logarithmic scale; and the relative flux difference between
uGV and IGV spectra. The title on top of each sub-panel shows the velocity
dispersion bin we are looking at. Note, we convolve all stacks to a common
velocity dispersion equivalent of 235 km/s.
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3.2.4 Uncertainty of the stacked spectra

One of the key constraints in our sample selection is the signal to noise ratio of in-
dividual spectra (snMedian_r>10) in order to avoid stacking large numbers of noisy
data. This constraint results in stacked spectra with a very high S/N (see Fig. 3.7)
when computed with the standard statistical noise carried from the individual data.
Such high values of S/N lead to underestimated uncertainties on the derived param-
eters, as the higher values of the best-fit ¥ reflect the shortcomings of population
synthesis models at this level of detail. Therefore to ensure our results have more
realistic uncertainties, we adapt the noise level including two estimates — added in
quadrature — that take into account additional sources of uncertainty in the stacking
procedure. (1) We create Monte Carlo realisations of each stack by using the uncer-
tainty of individual fluxes. We carry out the same analysis for these stacks as our
original set, therefore giving us a more robust statistical uncertainty of the derived
parameters. (2) For each velocity dispersion bin, we bootstrap the subsample, se-
lecting, at random, only 60% of the galaxies. We carry out the same process as for
the original stacks, therefore incorporating the systematical uncertainty in our error
bars caused by the sample selection. Bins comprising fewer galaxies are expected

to carry a larger uncertainty, accounting for sample selection systematics.

Additional systematics may be expected, inherently to the methodology
adopted here. One such systematic relates to the use of SSP models (Bruzual and
Charlot, 2003; Vazdekis et al., 2012), that carry their own systematic uncertainties
that depend upon the stellar library, isochrones and initial mass function (IMF) cho-
sen. Furthermore, the use of STARLIGHT to perform spectral fitting will carry
additional uncertainties. One way to mitigate this systematic would involve com-
parisons among independent spectral fitting algorithms, such as pPXF (Cappellari
and Emsellem, 2004) or FIREFLY (Wilkinson et al., 2017). Another source of
uncertainty arises from the emission line correction that we apply to the Balmer
absorption lines. However, our use of a battery of emission line diagnostics, and
the comparison with spectral fitting — that mask out such regions — mitigates this

potential systematic.
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Figure 3.8: Fractions of different types of galaxies in uGV (top) and IGV (middle). The
classification of these galaxies are based upon their nebular emission proper-
ties, where the standard BPT (Baldwin et al., 1981) diagram, is used to group
them into SF (blue), AGN/LINER (grey) and quiescent (red). The left and
right panels show results corresponding to 4000A strength and dust-corrected
colour selection of GV galaxies. The bottom panel shows the difference be-
tween upper—lower GV.

3.3 Fractions of Galaxy Types

One of the simplest analysis concerns the distribution of segregated samples based
on nebular emission. The different types of galaxies are identified following the
BPT standard classification system (see Fig. 1.4 and Baldwin et al., 1981). Ta-
ble 3.2 shows the distribution of galaxy spectra in the upper (uGV) and lower (1GV)
green valley, with respect to velocity dispersion. For reference, we show three selec-
tion criteria, from top to bottom, the 4000A break strength, the uncorrected (g — r)
colour evaluated at a fiducial redshift of z=0.1, and the dust-corrected colour, all

measured within the SDSS spectroscopic fibre.

A graphical version of this Tab. 3.2 is shown Figure 3.8, which shows the
fraction of star-forming, quiescent and AGN galaxies as a function of velocity dis-

persion, on the upper and lower GV, contrasting the difference between a selec-
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tion based on break strength (left), or dust-corrected colour (right). Both meth-
ods give the expected decreasing (increasing) trend of star-forming (quiescent)
galaxies towards increasing velocity dispersion, reflecting the effect of downsiz-
ing. At the massive end (6:200-250kms_1), the fraction of AGN in the uGV
(IGV) is ~3045% (~50+7%) according to the D,,(4000) definition, comparable to
the equivalent fractions from the dust-corrected colour selection, namely ~374+6%
(~51£8%). Our estimate of the fractional contribution of AGN is compatible with
the analysis of previous study (see Martin et al., 2007, Fig. 20), further support-
ing the idea that the 4000A break strength can be accurately used to define the GV
without the need for dust correction. Moreover, looking at the distribution of the
4000A break strength of MO7 in their transition region (see Martin et al., 2007, Fig.

3), the index range is fully compatible with our definition of the GV.

3.4 Line Strength Analysis

In the previous section, we make use of the emission lines and their ratios to iden-
tify and study the different types of galaxies in the GV. In this section, we use their
absorption feature, which requires emission line correction, to study the stellar pop-
ulation of GV galaxies. These two sets of results can be thought of as a zeroth order
analysis, as we are studying directly the observables, with minimal dependency on

the need for any modelling.

3.4.1 General Trends

For the study of stellar populations, we select a battery of standard indices from
the Lick system: H[}, Mgb, Fe5270, Fe5335, G4300 (Trager et al., 1998), the
higher order Balmer indices Hyr and Hdr (Worthey and Ottaviani, 1997), as
well as the D, (4000) (hereafter D4k, Balogh et al., 1999) index already used for
the definition of the GV. We combine the iron abundance indices into an aver-
age (Fe) =(Fe5270+Fe5335)/2, and also measure the standard index [MgFe] =
\/Mgb(0.72 x Fe5270 +0.28 x Fe5335) (Thomas et al., 2003). These indices can

be split into two categories — age- and metallicity-sensitive. The Balmer indices,

D, (4000) and G4300 are usually considered age-sensitive, while the others are
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metallicity-sensitive. However any and all spectral indices mentioned here (and,
unfortunately, elsewhere) suffer from the age-metallicity degeneracy (e.g., Worthey,

1994, Ferreras et al., 1999).

This approach, solely based on the observed line strengths, is meant to assess
in a model-independent way the variations between different regions across the GV.
Fig. 3.9 shows the line strengths measured in the stacks, where we include the spec-
tra of SF, LINER and Q galaxies, plotted with respect to velocity dispersion. We
note these measurements are taken from the stacks that are smoothed to a common
velocity dispersion of 235 km/s. Within each subfigure, the left (right) panels corre-
spond to a selection of GV galaxies based on 4000A break strength (dust-corrected
O-1(¢ —r) colour). Each panel shows independently the trends in the upper, middle
and lower GV, as labelled, including an error bar obtained from bootstrapping the
sample. For both selection methods, the D, (4000) index increases strongly with ve-
locity dispersion in all three regions of the GV, in agreement with previous studies
(see, e.g., Kauffmann et al., 2003; Graves et al., 2009). However, at low velocity
dispersion, the D4k selection produces overall slightly higher values of the break,
along with a wider range, towards lower values of the Balmer indices, consistently
supporting the hypothesis that the D4k selection produces a GV with older and more
homogeneous populations, especially at the low-mass end. At the high mass end,
both selection criteria give rather similar results, although the IGV set defined by
D4k appears to give marginally lower values than the colour-based 1GV. However,
this behaviour is not paralleled by the Balmer lines, so the mapping into population
trends becomes less trivial. Nevertheless, both D4k- and colour-based definitions
of the GV find strong trends in all age-sensitive indices with respect to velocity dis-
persion, and give robust confirmation of the well-known age-mass relation (see, e.g.

Gallazzi et al., 2005).

Both selection methods unsurprisingly produce the lowest (i.e. youngest) break
strengths and highest (i.e. youngest) Balmer indices in the IGV at the low-mass end,
whereas at high velocity dispersion, the differences between IGV and uGV are mi-

nor. We should keep in mind that the age-sensitive indices presented in Fig. 3.9
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Figure 3.9: Comparison of group of line strengths of GV galaxies selected by 4000A break
strength (D4k) or dust-corrected %! (g — ) colour (col). Each panel presents
the results for IGV (blue), mGV (green) and uGV (red) as labelled. Top panel:
From top to bottom, shows the age-sensitive spectral indices D, (4000), Hf3,
Hyr and HSp. Bottom panel: From top to bottom shows the metallicity-
sensitive indices [MgFe]’, (Fe), Mgb, and the age-sensitive index G4300. All
measurements are given as equivalent widths, in A, except for D,,(4000), which
is a dimensionless ratio.
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behave differently with respect to the age distribution, with the Balmer indices be-
ing more sensitive to recent star formation episodes compared to D, (4000) (Pog-
gianti and Barbaro, 1997). Regardless of the GV selection method, as we traverse
from 1GV to uGV, we find a decrease in the line strengths of all Balmer indices,
thus indicating a smooth transition from the younger IGV to the predominantly
quenched, passively evolving uGV. It is worth noting that the colour-based selection
produces overall higher Balmer indices, possibly implying the presence of younger
(but dustier) galaxies, with respect to the D4k selection. Even though the colour se-
lection includes an intrinsic dust correction, biases may appear as the correction is
prone to systematics regarding the derivation of the dust corrections as well as vari-
ations of the dust attenuation law caused by the diverse range of dust geometry and
chemical composition in galaxies (see, e.g. Tress et al., 2018; Salim and Narayanan,
2020). Moreover, note that the K-correction applied to bring the observed colour
within a fiducial value (z=0.1 in our case) may also introduce an additional system-
atic: the median K-correction applied is 0.04 mag but there is an obvious depen-
dence with redshift — with the correction trivially vanishing at z=0.1 — and a more
subtle trend with the intrinsic colour — with the K-correction being larger in the red-
der galaxies. The difference in this correction with respect to the intrinsic colour
can be as high as ~0.1 mag, thus comparable with the interval that defines the GV.
Such behaviour can introduce a correlation in the selection of the GV. In contrast,
the 4000A break selection depends very little on dust correction (see Fig. 3.22) and
is independent of K-correction (as the index is directly measured on the rest-frame

spectra).

The bottom panels of Fig. 3.9 present the results for metal-sensitive indices
along with G4300. The index G4300 increases with velocity dispersion, roughly
following a very similar trend as D,(4000). Note that this index separates more
smoothly the IGV, mGV and uGV, confirming a strong correlation with the 4000A
break. For [MgFe]’, (Fe) and Mgb, we find the expected positive correlation with
increasing velocity dispersion (e.g., Sansom and Northeast, 2008). The line strength

[MgFe]’ — that can be approximately considered a total metallicity indicator — shows
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that, in general, the D4k selection features slightly more metal rich populations
compared to the colour selection, in all GV regions. By comparing (Fe) and Mgb,
we find both produce similar trends. As we move up the GV, from IGV to uGV, the
data show increasing metallicity. It is worth mentioning here that the dependence
of these indices on age — due to the age-metallicity degeneracy — is such that higher
values of the index could also be explained by older ages. Section 3.6 is devoted to a
comparison of the stacked spectra with population synthesis models via spectral fit-
ting, to be able to break such degeneracies. Moreover, we show below (Section 3.5)
an analysis of stellar ages based on simple stellar populations.

Therefore, Fig. 3.9 validates both selection methods for GV galaxies but the
D4k method is more insensitive to dust corrections. This results in subtle but mea-
surable differences with respect to the colour-based GV selection method. These
differences are especially important at low velocity dispersion, where the contribu-
tion from dusty, star-forming galaxies may introduce a larger systematic regarding

the dust correction.

3.4.2 Difference regarding (nebular) activity

Rather than simply studying the trends of line strength with regards to velocity dis-
persion, we can also study variation of the stellar population properties between
different types of galaxies, such as quiescent, star-forming and LINER AGN sys-
tems. Moreover, as systems with nebular emission are expected to be significantly
affected by dust, we want to explore the differences between the D4k selection
(minimally affected by dust) and the colour selection (that applies a dust correc-
tion, but may be affected by systematics from this correction). Therefore, we make
two stacks of galaxies within each velocity dispersion bin within each GV region.
One stack consists of only Q galaxies (Qgqck) and another is made up of star form-
ing, LINER AGN and Q galaxies (Ally,q). Comparison between these two stacks
provides useful insight on the properties of GV galaxies and the potential biases
caused by the selection method. Fig. 3.10 shows the difference in the age-sensitive
indices between the Qg;qcr and Ally ... The top and bottom panels show the dif-

ference in results for uGV and IGV galaxies, respectively. Solid and dashed lines
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Figure 3.10: Differences in age-sensitive line strengths between uGV (top panel) and IGV
(bottom panel) between Oy« (stacks of Q galaxies only) and All . (stacks
consisting of SF, LINERS and Q galaxies). The light red and blue dotted
data shows the difference for colour selection, while dark red and blue solid
lines show the difference in the D4k selection. Similarly, the numbers in dark
(light) red and dark (light) blue show the pcc of D,,(4000) (colour) selection
data points. The error in each data points are quoted at the 1 o level.

show the results for the D4k and colour-based selection, respectively. The numbers
in each panel represent the Pearson correlation coefficient (pcc). In uGV galaxies,
a decrease in the difference of D, (4000) with respect to velocity dispersion is evi-
dent, for both D4k (pcc =—0.92 +0.02) and colour selection (pcc=—0.90 £0.01).
This trend can be attributed to the lower contribution of star-forming galaxies as
velocity dispersion increases (see Table 3.2). It should be noted that the variation
in AD,(4000) (leftmost panels) for the D4k selection should be, by construction,
minimal, as we are constraining the D, (4000) index within certain values. Note,
in contrast, the different trends found in the Balmer indices. For the uGYV, inclu-
sion of SF galaxies increases Balmer absorption in both definitions of the GV, as
expected from the decrease in average age. Furthermore, the values of pcc show a
stronger correlation/anti-correlation in uGV in comparison to IGV; this effect can
be attributed to a lower percentage of SF and AGN galaxies in uGV in contrast to

IGV with increasing velocity dispersion. We find a more homogeneous distribution
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Figure 3.11: Same as Fig. 3.10 but for metallicity sensitive indices and G4300.

of stellar populations when GV galaxies are selected according to D4k, whereas the
colour-based selection produces larger differences in the indices in both uGV and

1GV.

Fig. 3.11 shows the results for the remaining line strengths. Note the age-
sensitive G4300 behaves similarly to D,(4000), as in Fig. 3.9. Both Figs. 3.10 and
3.11 show that in all cases, the line strength variations are significantly smaller for
the D4k selection, confirming that a more homogeneous distribution of GV galaxies
is produced when selecting the sample on break strength. A colour-based selection,
even after a careful dust correction is applied, produces a more complex mixture
of galaxies, regarding nebular activity. We argue that the D4k selection results in a
more representative sample of transitioning galaxies from the BC to the RS. Note
that for the metallicity sensitive indices, the difference between stacks gives a neg-
ative value, that may suggest lower average metallicities when stacking only quies-
cent galaxies. Moreover, note that [MgFe]’ also increases with stellar age, so that an
age-dependent explanation would need to invoke younger populations in Q galax-
ies. In contrast, the colour selection yields positive variations in the metal-sensitive
indices, as expected if Ally,. is dominated by younger, metal-poor, star-forming

galaxies. This result further supports the idea of population contamination when
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adopting colour selection. This contamination seems to affect not only the age-
but also the metallicity-sensitive indices at all values of the velocity dispersion, al-
though the difference appears to decrease towards higher velocity dispersion, where

the number of SF galaxies, hence contamination from dusty BC galaxies, decreases.

3.5 SSP Analysis

To first order, we can use the information obtained from the various line strength
to estimate the physical properties of the galaxies, such as their age and metallic-
ity. Therefore, in this section, we produce easy-to-interpret ‘SSP-equivalent’ ages,
instead of a more complex combination of populations, left to Section 3.6. SSP-
derived ages should be interpreted as a luminosity-averaged age, as if the whole
stellar content of the galaxy were formed in a single burst. An alternative definition
— based on composite age distributions following a predefined functional form of
the star formation rate — can be prone to biases due to the specific form adopted. We
show both estimates of age in this chapter to be able to assess the actual variations
in the underlying populations of GV galaxies. We follow a Bayesian approach,
probing a large volume of SSPs from the MIUSCAT population synthesis models
(Vazdekis et al., 2012), comparing the observed and the model line strengths with a

standard y? statistic:

2.2 =Y {A"(I’Z)r, 3.7)

i i

where A(t,Z) = O; — M;(t,Z) is the difference between the observed line strength
and the model prediction for the ith index, and o; is the corresponding uncertainty.
The grid of SSP models comprise 8,192 synthetic spectra. The stellar age ranges
from 0.1 to 13.5 Gyr, in 128 logarithmically-spaced steps, and metallicity ([Z/H]),
varies from —2.0 to +0.2 dex, with 64 steps. We note the original models have a
reduced set of metallicity steps (seven in total) and we interpolate (bi)linearly for a
given choice of (log) age and metallicity.

Since the signal-to-noise ratio of the data is very high (Fig. 3.7), we need to
apply offsets to the individual indices to account for potential variations due to

differences in the [Mg/Fe] abundance ratio of the populations or, indeed, due to
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an extended age distribution. Our modus operandi involves computing the best
fit solution (i.e. giving the minimum Yx?2) for a fiducial stack. This fiducial stack
is chosen as the one that gives the lowest value of y? for the best fit. We then
define the offsets for each line strength from this best fit solution, and apply these
offsets (8;), such that A;(t,Z) = O; — M;(t,Z) — J; in equation 3.7 — to all the stacks
in the sample. Given the large S/N of the spectra, we also add in quadrature —
as a potential systematic error, and in order to produce conservative error bars — an
additional amount corresponding to 5% of the measured line strength. The resulting
x? distributions are bivariate functions of age and metallicity. We fix the stellar
initial mass function to Kroupa (2001). Note that the results for alternative choices
of the IMF, such as Chabrier or Salpeter, give very similar results, and that, within
the range of velocity dispersion values considered in this sample, no substantial

variations of the IMF are expected (see, e.g. Ferreras et al., 2013a).

3.5.1 Quiescent-only stacks

For the most robust set of results, we focus on the subsample of quiescent galax-
ies in the upper and lower portions of the GV. Note, while SSPs can be used to
estimate the ages of various types of galaxies, it is found that this type of analysis
is most robust for the interpretation the SFH of Q galaxies, as their stellar popu-
lations trace SSPs most closely. Furthermore, the difference in stellar age of the
quiescent galaxies serves as a proxy of the time galaxies spend on the GV. We now
resort to stacking all the quiescent spectra from SDSS, following standard proce-
dures (see, e.g. Ferreras et al., 2013a). Within a given bin of velocity dispersion,
we create one stack in the upper GV and another one in the lower GV. The result-
ing spectra — mostly featuring S/N above 100 per A in the regions of interest — are
analysed by measuring a set of age- and metallicity-sensitive spectral indices: HS,
Mgb and (Fe) =(Fe5270+Fe5335)/2 (Trager et al., 1998); Hyr and Hér (Worthey
and Ottaviani, 1997); [MgFe]’ (Thomas et al., 2003) and the 4000A break strength
(Balogh et al., 1999). We correct for nebular emission as mentioned in Section 3.2.3,
which follows the methodology laid out in appendix B of La Barbera et al. (2013).

The observed line strengths are compared with synthetic stellar population models
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(Vazdekis et al., 2012), producing SSP-equivalent ages. The top panels of Fig-
ure 3.12 show the SSP-equivalent ages of uGV and IGV galaxies with respect to o,
and the bottom panels plot the age difference between these two regions (Atgsp), that
can be interpreted as a effective quenching timescale. We emphasize that these dif-
ferences concern GV galaxies spectroscopically classified as quiescent. The well-
known mass-age trend is readily apparent, with more massive galaxies (higher o)
featuring older ages (Gallazzi et al., 2005). It is worth noticing that both the colour
and break strength selection produce very similar trends. However at the highest
values of velocity dispersion (¢ >190kms™!) the dust-corrected colour selection

seems to provide, as absolute SSP ages, older galaxies.
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Figure 3.12: This figure presents the SSP equivalent ages for stacked galaxies in IGV (blue)
and uGV (red) for different velocity dispersion bins. The left and right panels
correspond to the two different GV selection methods; 4000A break and dust-
correct colour, respectively. The bottom panels takes the difference in SSP
ages between uGV and 1GV galaxies (defined as Afgsp), thus indicating the
transition timescale. The shaded regions extend over the 1 ¢ uncertainties.

A clearer visualization of this putative GV “traversing time” can be provided
by the difference between SSP ages between the uGV and the 1GV. The data feature
a trend of increasing Atgsp with velocity dispersion, implying the GV transit times
in more massive galaxies become longer, from Atgsp ~1.5 Gyr at 6=100kms~! to
~3.5Gyr at 6=200kms~!. These values are roughly in line with recent estimates

of observed and modelled GV galaxies (Smethurst et al., 2015; Wright et al., 2019;
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Rowlands et al., 2018), and our analysis suggests a clear trend with respect to ve-
locity dispersion.

Intriguingly, the figure suggests a mass scale — corresponding to the highest
velocity dispersion of the stacks — above which the age difference Atgsp decreases,
towards GV transition times around 1 Gyr at 6=250kms~!. These trends can also
be found in MO7, where a high fraction of AGN with high luminosity is suggestive
of short quenching timescales. In line with M07, we also see a slower quenching
regime at lower velocity dispersion (¢ <200km/s). Such behaviour can be inter-
preted as two different modes of quenching on either side of this mass scale (if we
assume that the transition always proceeds from BC to RS), or the presence of a
substantial amount of rejuvenation in higher mass galaxies. Rejuvenation might be
due to positive feedback from AGN. This is expected to play a role in early gas-rich
phases of massive galaxies, where AGN outflows and processing jets are likely to
overpressurise interstellar gas clouds and induce star formation, as in Cen A (Crock-

ett et al., 2012; McKinley et al., 2018; Keel et al., 2019).

3.5.2 All Stacks

We can also calculate the SSP equivalent age and metallicity for Allg, to see
how the stellar population of different types of galaxies behave. Note, Allg,ck
refers to stacked spectra that include star-forming, quiescent and LINER-like galax-
ies, which are the stacks used for this section. Fig. 3.13 shows the corresponding
probability contours of the bivariate likelihood &(t,Z) derived from the spectral
stacks of the uGV (red) and IGV (blue) galaxies, selected according to 4000A break
strength in solid lines; for comparison, we show the contours for colour selection
in faint dashed lines. Both sets of contours are slightly smoothed by a Gaussian
kernel, and shown at the equivalent 1, 2 and 3 ¢ confidence levels, with each panel
representing a velocity dispersion bin. Note the expected positive correlation be-
tween velocity dispersion and either SSP-equivalent age or metallicity. We note
that the method is especially good for determining relative variations in the stellar
age, whereas metallicity is less well constrained. The difference in age between

IGV and uGV galaxies is apparent. We marginalize over metallicity, producing the
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trends in SSP-equivalent age shown in Fig. 3.14, with the error bars given at the
1 o level. We show the uGV and IGV trends with respect to velocity dispersion in
the D4k-selected (left) and colour-selected (right) GV. The bottom panels show the
age difference between the two. The dashed grey lines in the bottom panels show
the analysis when restricting the stacks to quiescent galaxies, as shown in Fig. 3.12.
Both sets of stacks feature a similar increasing trend with o, except at the highest
velocity dispersion bin, where the quiescent sample shows a significant decrease.
Note, this is as expected as in the Ally,q includes SF therefore complicating the
interpretation of stellar ages using the SSP equivalent analysis. Furthermore, the
presence of SF galaxies at high D4k and high velocity dispersion also indicates that
such galaxies would have long quenching timescales, as they are expected to have

formed at high lookback-time.
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Figure 3.13: The contours represent the likelihood derived from the line strength analy-
sis of SSP-equivalent age and metallicity, where each line represents the 1, 2
and 3 o levels. These contours correspond to the results from All,., where
the solid lines show the results from the 4000A break strength and semi-
transparent dash-dotted lines present the result for *!(g — r) dust-corrected
colour. The blue (red) contours represent IGV (uGV) stacks.

Rather than looking at only the SSP ages to study the transition timescales, we

can use their metallicities to study similar properties. Overabundances in [Mg/Fe]
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Figure 3.14: The SSP-equivalent ages calculated from age- and metallicity-sensitive line
strengths for different velocity dispersion bins for Allg,.. The blue and red
lines show results for IGV and uGV for D4k- (left) and dust-corrected colour
(right) definition of GV. The bottom panels show the difference in SSP equiv-
alent ages between uGV and IGV, where the dashed grey lines show the result
from Qe as seen in Fig. 3.12, and the solid grey lines displays the trend for
Al lstack-

are traditionally associated with short and intense star formation episodes where the
delayed Fe-rich contribution from type Ia supernovae is not incorporated into stars
(see, e.g., Thomas et al., 1999). Standard models based on a single or double degen-
erate progenitor imply delays between 0.5 and 2 Gyr (Matteucci and Recchi, 2001).
Therefore, populations with super-solar [Mg/Fe] are expected to have been formed
over similar timescales. Thus, an estimate of [Mg/Fe] provides a stellar clock that
has been exploited, for instance, to show that massive early-type galaxies must have
formed their central regions within a dynamical timescale. Here we look for poten-

tial variations of [Mg/Fe] in the stacked GV spectra, following the proxy adopted in
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La Barbera et al. (2013). This proxy allows one to use standard, solar-scaled pop-
ulation synthesis models to measure [Mg/Fe]. The procedure involves constraining
a grid of SSP models using two different sets of line strengths, one involving age-
sensitive indices along with an Mg-sensitive index (obtaining a metallicity [Zy/H];
in this case we use Mgb) and another one involving the same age-sensitive indices
plus a Fe-sensitive index (producing [Zyg/H], here we use (Fe)). The difference,
i.e. [Zmg/ZE.] is the adopted proxy for [Mg/Fe].

Fig. 3.15 plots [Zyg/ZF.] against velocity dispersion for both definitions of the
GV, where the numbers in the legend represent the pcc. Our estimate of pcc along
with its uncertainty involves 100 Monte Carlo realisations. For each realisation, we
remove at random one data point and calculate the resulting pcc; this is done to miti-
gate the effect of outliers. The pcc is quoted as the median of the distribution and the
uncertainty is one standard deviation. The data points are shifted horizontally by an
arbitrary amount to avoid overcrowding. In the D4k selection (left panel), the uGV
behaves differently with respect to IGV and mGYV, which behave in a similar manner
to each other. Both mGV (pcc=+0.77 £0.06) and 1IGV (pcc=+0.59 £0.14) show
a weak but significant correlation with velocity dispersion, whereas the abundance
ratio in uGV galaxies (pcc=—0.24 +0.14) seems rather constant. Interestingly, the
colour-based selection (right panel) shows an increasing trend in all subsamples of
the GV, although [Zye/Zr.] appears to flatten in uGV galaxies with o 2150 km/s.
The trends support the scenario of a more extended star formation history in lower

mass galaxies (see, e.g., de la Rosa et al., 2011).

3.6 Spectral Fitting

In order to look in more detail at the stellar population content of GV galaxies,
we carried out spectral fitting, by use of the STARLIGHT code (Cid Fernandes
et al., 2005), to produce best-fit composite mixtures. Variations of these mixtures
across the GV will inform us of the transition between the IGV to the uGV — note
that depending on whether the dominant mode is quenching or rejuvenation, it is

possible to evolve in both directions. STARLIGHT performs linear superpositions
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Figure 3.15: This shows the variation in abundance ratio proxy [Zmg/Zr.] for different ve-
locity dispersion bins. Left and bottom panels show the result for 4000A break
and colour selection. In each panel, the blue, green and red lines represent the
IGV, mGV and uGV galaxies, respectively. Additionally, the numbers quoted
on the top right side state the Pearson correlation coefficient (pcc) between
[Zmg/Zre] and velocity dispersion, where the colour coding follows that of
the lines.

of simple stellar population (SSP) spectra supplied by the user, selecting a best fit
by minimizing a y? statistic with an MCMC sampler. For this chapter, we use a grid
of N,=138 SSPs from the models of Bruzual and Charlot (2003, hereafter BC03),
adopting a Chabrier (2003) IMF. Our grid consists of 28 distinct stellar ages and 6
different metallicities. The age ranges from 1 Myr to 13 Gyr, spaced logarithmically,
and the metallicity varies from [Z/H]=—2.3 to +0.4.

We mask out the standard spectral regions where nebular emission may be
prominent. The fitting range we chose — 3500-7500A— includes a number of age-
and metallicity-sensitive regions such as those targeted in the previous section.
Spectral fitting provides an alternative approach to individual line strength analysis;
the larger amount of information, including the stellar continuum from the NUYV,
optical and NIR windows, allows for constraints on more complex distributions of

stellar ages and metallicities.

3.6.1 Luminosity-weighted parameters

Fig. 3.16 shows the luminosity-weighted averages of some key stellar population
parameters of the GV stacks as a function of velocity dispersion. The top (bottom)

panels show the D4k- (colour-) based selection, respectively. The blue dashed,
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green dotted and red solid lines represent the result for IGV, mGV and uGV, respec-
tively. Each panel quotes the corresponding Pearson correlation coefficient (pcc).
In each panel, from top to bottom, we show the average stellar age, (¢), a parameter,
At, defined below, that keeps track of the width of the age distribution, the average
total metallicity, ([Z/H]), and the dust attenuation applied as a foreground screen,

Ay. The average age is defined as:

(log 1) = %xj log ¢;, (3.8)
j=1

where x; is the normalized luminosity weight (i.e. }_;x; = 1) and #; is the age of the
j-th SSP in the basis set (see Cid Fernandes et al., 2005, for details). The average
age shows the well-established trend, where velocity dispersion, roughly a proxy
for galaxy mass, is positively correlated with the average age (e.g., Gallazzi et al.,
2005). Galaxies on the uGV are consistently older at all values of velocity disper-
sion. The age difference between mGV and 1GV is less prominent than between
these two and the uGV. A possible explanation for this trend is discussed in Sec.
3.7.3. The age difference between the uGV and IGV stays in the region 0.5-1 Gyr,
a consistent result with respect to the SSP analysis shown in Sec. 3.5.

The uncertainties of the parameter estimates are obtained by making 20 Monte
Carlo realizations of each stack, by adding noise consistently with the uncertainties
in each flux bin, and re-running each one of them through STARLIGHT. The real-
izations produce a distribution from which the standard deviation of the parameter
estimates is quoted as the uncertainty. Galaxies in the IGV have a smoother age
trend with respect to velocity dispersion.

The second age indicator, At (second panel from the top), is extracted from the

cumulative stellar mass profile:
€ (s) =Y xj(t <s). (3.9)
J

Defining the inverse of this function as 7(y) = ¥~ !(y), we take the time interval

At = 1(0.70) — 7(0.30), i.e. the time lapse spanning the epochs when the galaxy,



3.6. Spectral Fitting 93

D4k sel.

— ———T T T —
— & IGV l(%{(/((%orr] =_+0699651;00.0011 7
$->-c’ L-®& mov BV (GO Z ¥0:521 303 B
| -8 uGv R
G250 e el 1

= e e
= Lt —e———& L LogEReeTTT i
~ - ’:::::._--_::;_--_';_"_::: ————— i
0.00¢F ———t—————+—+——f—+——————+—— :
—_ F 16V (Corm) = +0.54 £ 0.20 T 1 1
| mGV (Corr) = +0.59 + 0.04 g
= | uGV (Corr) = +0.71 £ 0.05 by i
& 5.00f LS
~— F T PR B
+— F a— = —~— I - - ]
I € e o e T T - i
<1 0.00 - - -
- | | | — —
0.25_1Gk/((10rr)=+0.69 X e @ e -
F mGV (Cori) = +0.87 +0.03 & ...ttt @ IS R
— I WGV (Corr) = +0.82 £ 0. - = E
= o R T =
L 0.00fF g ]
N o S ]
= _0.25F .
e s —— I —

[ - S T
0.50 & T i:: _____ n
= L T i
< M Z % 5%% 0 T—e— @ 1
| meV (€ = 2887589 T E— e i
0.00

L 1 L L L 1 L L L 1 L L L 1 L L L 1 L L L 1 L L L 1 L
100 125 150 175 200 225 250
o (km/s)

- -
0.00 P |'q P R | | | |
. G o b 1

— R A A A
~ |- uGV (Corr) = +0.60 % 0.20
>~500F T e E
@) -
- s
+—~ Sy PRI 13
N0 S S — o =

[ TR ,
0.25 el o izt 1

+ 0,
[ mGV (Corr) = +0.89 + 0.
0.

: : uGV (Corr) = +0.86 04 —___
T 0.00Fy gt 3
= _0.25F &7 =
o l L L L l L L L l L L L l L L L l L L L l L L L l A
T e T T L e A
0.50 e a0 - .
N e T e
< [T S iy
_\ | L L L | L L L | L L | L L | L L | L -—-‘u \_
0.00900 125 150 175 200 225 250
o (km/s)

Figure 3.16: Population parameters - from top to bottom, average age, our defined quench-
ing timescale Af, average metallicity and dust attenuation - for D4k- (top) and
colour-selection (bottom). In each panel, the blue, green and red data points
are labels for IGV, mGV and uGYV, respectively. Again, with the same colour
coding, the numbers in each panel indicate the Pearson correlation coefficient
for IGV, mGV and uGV.
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or its progenitors, formed between 30% and 70% of its total stellar mass. The
motivation behind this definition is to provide a GV transition interval that could
be related, for instance, with a quenching timescale. However note three important
caveats. Firstly, if the galaxy has experienced a rejuvenation episode, the recently
formed stars will be given more weight, thus leading to high Ar values: even if
the actual quenching timescale is relatively short. Secondly, we are dealing with
stacks that include star-forming galaxies. Therefore, our definition of Ar should
be considered as an effective GV timescale, rather than a true quenching interval.
Additionally, we are considering Allg,.ks, SO While we have fewer number of SF
galaxies in high velocity dispersion bins, they still represent 19-28% of the galaxies
in the stack, depending on the selection method and GV location. This will further
complicate this parameter and its interpretation as being a true quenching timescale
indicator. Finally, for the purpose of our analysis, we select the time taken to form
30% and 70% of the total stellar mass, however, our definition can be changed
such that we could have used 50% and 90% or other similar intervals. We use
30% and 70%, as these intervals have the lowest estimated uncertainty associated
to them, whereas the use of 90% will carry a large uncertainty. Owing to these
complexities, here, we find Ar increases in all cases, whereas previous results from
the literature noted that the quenching timescale evolves in a complex way with
velocity dispersion, with an initial increase, followed by a decrease at the massive
end (Gabor et al., 2010; Wright et al., 2019), similar to what is found in Fig. 3.12,

when considering only quiescent galaxies.

The third panel from the top shows the average total metallicity, calculated in

a similar manner to average age, namely:
Ny
([2/H)) =) xj[Z/H);, (3.10)
j=1

where [Z/H]|; is the individual SSP metallicity of the jth component. A strong posi-
tive trend is also found between total metallicity and velocity dispersion, once more

in agreement with previous studies of the general population (see, e.g., Gallazzi
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et al., 2005; Graves et al., 2010). At the low mass end, the colour-based selection
(panels on the bottom), shows a consistent trend towards a higher metallicity in the
uGV with respect to the IGV. However, this trend is less evident in the D4k selection
(top panels), which is less sensitive to contamination from dusty, star-forming (and
possibly lower metallicity) galaxies, especially in the 1GV; resulting in a weaker
correlation for D4k selected samples in comparison to a colour-based GV. The D4k
selection shows that, within error bars, metallicity does not segregate within the GV
at fixed velocity dispersion. This result suggests a potential bias when selecting GV
according to colour. The next (bottom) panels of Fig. 3.16, for both selection meth-
ods, show the monotonically decreasing trend of dust attenuation with ¢, consistent
with previous studies (e.g., La Barbera et al., 2014), featuring a clear stratifica-
tion from 1GV to uGV, with mGV galaxies having, once more, properties closer
to IGV galaxies. This information can also help assess potential biases related to
the dust correction needed in the colour-based selection. It is worth mentioning the
small difference in Ay at the lowest velocity dispersion in colour-based GV galax-
ies. One could argue that the dust correction could be partly responsible for this
result, whereas the D4k selection shows the Ay stratification between uGV, mGV

and 1GV at all values of ©.

Fig. 3.17 shows the variation in average metallicity as a function of Az and aver-
age age, as labelled. The results of a D4k (colour) selection of GV galaxies is shown
on the top (bottom) panels, following the same colour coding as the previous figure
to represent the uGV, mGV, IGV stacks. The marker size maps velocity dispersion.
Focusing on the D4k selected sets, we find two different trends in the sample; 1)
at low metallicity (([Z/H]) < +0.1), GV galaxies have short Az (<3 Gyr); ii) at
higher metallicity, GV galaxies have a broader distribution of At, a result indicative
of rejuvenation. In this region, galaxies have higher velocity dispersion and feature
older stellar populations. Moreover, IGV and mGV galaxies have relatively shorter
At, with respect to uGV systems, that have Ar 25 Gyr. Therefore, a higher frac-
tion of uGV galaxies at the massive end appear to have undergone more substantial

episodes of rejuvenation. The standard age-metallicity relation can be found in the
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figure, with a significant stratification towards older populations at fixed metallic-
ity in uGV galaxies. This effect is more pronounced in the D4k selection, whereas
the colour-based selection produces a more complex mixture at low velocity dis-
persion, as expected from the contribution of dust, more prevalent at this end of the

distribution.

3.6.2 Star Formation History (SFH)

The next step in the analysis of the spectral fitting constraints is the star forma-
tion history, namely the distribution of SSP weights, x; as a function of age — i.e.
marginalized with respect to metallicity. Note that individual SFHs constrained on
a galaxy by galaxy basis are rather uncertain with any population fitting code, and
STARLIGHT is no exception. However as we are dealing with stacked spectra
covering a large number of galaxies, we can assume that the derived SFHs repre-
sent statistical trends in the various regions of the GV probed here. Fig. 3.18 shows
the luminosity-weighted output for IGV (blue), mGV (green) and uGV (red). The
histograms bin the age intervals in a linear manner. The average age and metallic-
ity, quoted in each panel, have been calculated using the SSP ages of the basis set,
along with their corresponding weights, following equations 3.8 and 3.10. The left
and right panels show the results at the lowest and highest velocity dispersion bins,
70< ¢ <100km/s and 220< ¢ <250km/s, respectively. The upper (lower) panels
show the results for the D4k (colour) selection, as labelled. Note these results are
robust regarding the relative weight contributions, whereas absolute estimates may
carry larger uncertainties. To assess the statistical uncertainty, we perform for each
stack a Monte Carlo set of 20 realizations of spectra with the same flux distribu-
tion and noise compatible with the stack under consideration, following an identi-
cal methodology. The shaded regions in the figure show the expected uncertainty
from this comparison. Note that spectral fitting inherently constrains luminosity-
weighted properties. A translation into mass-weighted values unavoidably carries
additional uncertainties, related to the mapping from luminosity into stellar mass.
For instance, a recent episode of star formation can bias the results as the hot, mas-

sive stars present in young populations contribute significantly more than their cool,



3.6. Spectral Fitting 97

0.3 . D4kse1 ——
0.1F ¢

T - T ]
< 0.0F T J[ ]
N C T ]
R t + ; :
r { F 16V I H ]
-0.2F + mGv+ 3

C + uGv I ]
~0.3t g ———j

At (Gyr) (t) (Gyr)
01(q —

0.3— (g _r) sel ——
0.2 * $§ f— %
o.1f—:i§:_*— f— # f * ]

= | ! ]
N OO # s # o E
~0.1f —::—# ]

C H+ 16V I ]
-0.2F + mGv+ 3
4+ uGv ]

-0.3 T ———

At (Gyr) (t) (Gyr)

Figure 3.17: Relation between the average metallicity, ([Z/H]) and At, or average age, (1).
The blue, green and red data points indicate results for IGV, mGV and uGV
galaxies, respectively. The increase in the size of the data points, show an in-
crease in the velocity dispersion and the error bars indicate the 1o level. The
top and bottom panels show the results for 4000A break and colour selection
of GV galaxies, respectively. Finally, note the uncertainty in average metal-
licity remains constant, whereas the error bar in Azy increases with average
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Figure 3.18: The luminosity weighted star formation history for D,,(4000) (top) and colour
(bottom) selected GV galaxies, at the lowest, 70 < o < 100km/s (left), and
highest, 220 < o < 250km/s (right), velocity dispersion bins. Note t = 0 in-
dicates today. Again the blue, green and red curves shows the SFH for 1GV,
mGV and uGV, respectively, and the shaded curved have been found by Monte
Carlo realization of the spectra and running them through STARLIGHT to
obtain their SFH. The text in each panel indicates the average age and metal-
licity of the stacks.

low-mass (although equally young) counterparts.

At low velocity dispersion (left panels) the stellar populations are mostly
young. As we traverse the GV from IGV to uGV, more weight is given to the older
components, increasing the average age from (¢) ~0.3 Gyr in the IGV to ~1 Gyr
in the uGV, for the D4k selection, whereas the colour-based selection produces a
more homogeneous distribution, with undistinguishable age differences “across the
valley”, and a significantly larger scatter. In all cases, the SFHs concentrate within
the most recent ~2 Gyr, with small, subdominant old populations that become, only
slightly, more prominent in the uGV. At high velocity dispersion (right panels), the
SFHs evolve towards older components, with average (luminosity-weighted) ages

~ 2 —-3Gyr.
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Fig. 3.19 shows the variation of the mass fraction in old (>10 Gyr) stars with

respect to velocity dispersion and average age, for the D4k (top) and colour (bottom)

selection. Both cases produce similar increasing trends of the old contribution in
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the most massive galaxies and towards higher average ages. The latter statement
is not trivial, as this diagnostic is sensitive to whether the age distribution changes
its width with respect to average age. The D4k selection produces consistently
higher old stellar fractions at all values of velocity dispersion, in IGV and mGYV,
whereas the colour-based selection, once more, shows some mixing at the low mass
end. Regardless of the selection process, uGV galaxies display more of a difference
with respect to mGV and IGV galaxies. Note that at low velocity dispersion, the
colour selection yields a lower fraction in old stars, specially in the uGV. This is
interesting as even though both selection methods feature not too dissimilar low
fractions of Q galaxies (7.3 +0.4% for D4k, and 4.2 +0.4% for colour), we see a
greater number of SF galaxies in the colour-based selection (namely 70.0 +1.3%
in the D4k selection versus 78.4 +2.1% for the colour selection). This could be a
further indication of a possible bias due to dust attenuation that causes BC galaxies
to “creep” into the GV (Schawinski et al., 2014). This theory is further supported at
intermediate velocity dispersion bins, 100< ¢ <190 km/s, where even though there
is a lower contribution of SF galaxies in the D4k Selection of the uGV, a higher

fraction of old stars is found in the colour-based GV stacks.

3.6.3 Mass-weighted population properties

In addition to the luminosity-weighted properties presented above, we can extend
the analysis by use of the stellar mass to light ratio (Y,) provided by the popu-
lation synthesis models for each SSP. Although this translation carries additional
uncertainty, it is a way to assess whether the older components are more dominant
than expected from a simple fit to the observations, which are inherently biased
towards the most luminous stars. Mass-weighted parameters provide a more physi-
cal interpretation of the SFHs. The analysis is based on models with a fixed initial
mass function, namely Chabrier (2003). We stress that within the velocity disper-
sion probed by this sample, no significant variations from a “standard” IMF are
expected (see, e.g., Ferreras et al., 2013a; La Barbera et al., 2013).

Fig. 3.20 is the equivalent of the best-fit stellar parameters shown in Fig. 3.16

for the mass-weighted case, using the same line and colour coding. Similarly to the
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luminosity-weighted values, a general increase is found in average age with velocity
dispersion but the absolute values are higher, as expected, and plateau at the mas-
sive end. Regarding GV sub regions, we also find here more affinity between 1IGV
and mGYV, whereas uGV galaxies appear older. This result is consistent regardless
of the GV selection method, confirming that a selection based on the 4000A break
provides a homogeneous population. An increased scatter is evident in the mass-
weighted estimates, partly due to the added uncertainties regarding the translation
from light to mass. The Ar parameter shows a significant difference with respect
to the luminosity-weighted counterpart, with overall high values and a decreasing
trend with velocity dispersion, and no segregation regarding GV location (i.e. IGV,
mGV and uGV). Note, though, there is an anti-correlation, that is weaker in com-
parison to Fig. 3.16. Estimates of average metallicity are now higher, and appear

rather flat with respect to velocity dispersion, within error bars.

3.7 Discussion

In this chapter, we define the GV via a novel method, using the 4000A break and
study the stellar population properties of these GV galaxies in detail. We contrast
the results obtained from this novel method, to the traditional approach based on
the dust-corrected broadband colours. In this section, we explore the implications

of this analysis as well as discuss potential biases/caveats.

3.7.1 Aperture Bias

The classic SDSS 3 arcsec diameter fibres map the central region of galaxies, ~3-
5 kpc, hence introducing potential biases with regards to stellar mass (velocity dis-
persion, as more massive galaxies are generally larger. Therefore, for more massive
galaxies we are studying the very central regions and lower fraction of the overall
galaxies, whereas for less massive galaxies we study an overall higher fraction and
region. To assess this bias, we use the JHU/MPA catalogue (Kauffmann et al., 2003)
and compare the colour within the aperture with the modelled colour for the whole
galaxy (Fig. 3.21). The difference between these two definitions of colour shows

a minimal trend with stellar mass. Due to D,(4000) tracing the average age in a
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Figure 3.21: Comparison between the (g-r) colour measured inside the 3 arcsec fibre and
the same colour measured for the whole galaxy (i.e. through the surface
brightness modelling, which is determined from the official SDSS model mag-
nitudes). The data is colour coded with respect to their stellar mass, indicated
by the colour bar on the right. Finally, the unity line, 1:1 correspondence, is
shown by the black line.

similar manner to colour, we expect a similar, minor, difference between D,,(4000)
inside the fibre and D,,(4000) measured in the whole galaxy.

Though there is no bias in relation to stellar mass, we do see an offset be-
tween the colour in the fibre and that of the whole galaxy. Therefore, a similar
behaviour in D,,(4000) is expected. The inconsistency in colour between fibre and
whole galaxy is partially due to biases from surface brightness modelling, as well
as from the presence of gradients in population content. One physical mechanism
that can give rise to these gradients is the inside-out/outside-in quenching. For in-
stance, inside-out quenching will result in younger populations outside of the reach

of the fibre (Kelvin et al., 2018). The opposite will be true when a galaxy is un-
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dergoing outside-in quenching. Another cause for such behaviour would be galaxy
morphology. More specifically, spiral galaxies with a strong bulge will produce a
greater difference between fibre and whole galaxy estimates of both the colour and

D, (4000).

3.7.2 Dust-related systematics

Another potential bias in the analysis could arise due to dust. The traditional se-
lection of GV galaxies, based on colours derived from broadband photometry, is
affected by dust attenuation. In order to remove the effect of dust, a model is ap-
plied to derive a colour correction term. However, these corrections are subject to
uncertainties that depend on the model fitting as well as on additional systematics
related to the details of dust attenuation in galaxies. It is worth emphasizing that
the net effect of dust is to impose an effective, wavelength-dependent attenuation
law. However, in detail, it is a result of a wide range of mechanisms involving
scattering and absorption of photons from the illuminating source (i.e. the underly-
ing stellar populations) by the dust particles. The effective attenuation depends not
only on the composition of dust, but also on its distribution within the galaxy (see,
e.g., Galliano et al., 2018). The dust is typically concentrated around star-forming
sites, and motivates the birth cloud model, where a time-dependent dust attenua-
tion provides a suitable description of the net attenuation law (see, e.g., Charlot and
Fall, 2000). Observationally, star-forming galaxies feature a wide range of effective
attenuation laws beyond the standard ones that fit the Milky Way average extinc-
tion curve (Cardelli et al., 1989) or the average attenuation of star-burst galaxies
(Calzetti et al., 2000). The variation of the parameters that describe the attenua-
tion law also appear to correlate (Tress et al., 2018; Salim and Narayanan, 2020).
Therefore, such trends can lead to significant systematics in the dust correction.

To illustrate the dependence of the 4000A break and colour-selection of GV
galaxies with respect to dust attenuation, therefore the systematics associated with
dust correction, we compare in Fig. 3.22 the difference between the trends found
for the location of the BC (blue); GV (green) and RS (red), as a function of veloc-

ity dispersion. Each one corresponds to the mean of the PDF associated to each
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Figure 3.22: This tests the systematics associated with dust correction when defining the
evolutionary sequence, i.e. BC (blue), GV (green) and RS (red), using 4000A
break strength (top) and (g — r) colour (bottom). This presents the difference
in BC, GV and RS locations after dust correction, where we consider two
different dust attenuation law: Calzetti et al. (2000), solid lines, and Cardelli
et al. (1989), dashed lines. The systematics associated to each method can be
obtained by taking the difference between solid and dashed lines.
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sub-population (see Sec. 3.2.2). The top and bottom panels display the difference
between BC, GV and RS with and without dust correction for D,,(4000) and colour,
respectively. To test for systematics we apply either a Milky Way extinction law
(Cardelli et al., 1989, dashed lines) or a Calzetti et al. (2000, solid lines) law. Note
the small difference when using the selection based on break strength (top panels),
especially on GV galaxies, at the level AD,(4000) <0.03, whereas the colours (bot-
tom panels) are not only substantially affected — with correction terms comparable
to the actual separation between BC and RS, but are also heavily dependent on the
attenuation law adopted, and thus prone to systematics from the variance regarding

the details of dust composition and geometry.

Due to the systematics of the dust, correction using different dust attenuation
laws will change the location of the galaxies in the evolutionary sequence. This will
affect the fraction of different galaxy types in BC, GV and RS. This can be analysed
from Table 3.2, which shows the fraction of galaxies in the IGV and uGV, when se-
lected according to either D4k or colour, with the latter shown with and without a
dust correction. A graphical description of this table can be found in Fig. 3.8. Note
the D4k-selected GV yields a larger population of SF galaxies, than the uncorrected
colour selection, especially towards high velocity dispersion (o ~200 km/s), along
with a lower percentage of Q galaxies. Such a trend could be down to two reasons.
Firstly, dust could have reddened the galaxies to different amounts, so that SF galax-
ies occupy a wider region, leading to broader Gaussian PDFs when performing a
colour-based selection. Secondly, due to our GV definition being dependent on the
PDF of SF galaxies, the GV might have been shifted towards the RS in the colour-
based approach. This explains the large (small) percentage of Qs (SF) population in
IGV 72.54+13.5% (7.5 +4.3%)and uGV 82.2 +13.5% (8.9 +-4.4%), at the highest
velocity dispersion (220 < ¢ < 250km/s).

The introduction of a dust correction makes the D4k- and colour-based selec-
tions closer together (see also Fig. 3.8), illustrating the importance of dust correc-
tion when using colours. In more detail, note that the dust-corrected colour-based

GV gives a lower fraction of Q galaxies in both IGV and uGYV, with respect to the
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D4k selection. Although this might seem counter-intuitive, note that the largest
effect when applying the dust correction of the colours is to increase the number
of SF galaxies. Therefore, we deduce that most of the galaxies that appear on the
GV after the dust correction is applied originate from the RS defined by the dust-
uncorrected classification — as the effect of the correction is always to make the
colours bluer. Another interesting trend can be seen when going from intermediate
(0=160-190 km/s), to high (6=190-220 km/s) velocity dispersion, where we see an
increase in the SF population in both D4k and dust-corrected %! (g — r) selection of
IGV and uGV. Note this trend is not seen in the dust uncorrected *! (g — r) selection.

Moreover, note the difference in the line strengths between the full GV stacks
and those consisting exclusively of Q galaxies — shown in Figs. 3.10 and 3.11. The
D4k-selected sample shows a more homogeneous distribution, in contrast with the
larger variations found in the colour-based selection. Furthermore, we also find
differences in the transition timescale Atgsp, when considering Qg o and Allg e, in
Figs. 3.12 and 3.14, where the D, (4000) selection shows a smoother trend compared
to the colour selection in both instances, suggesting the colour selection gives a
more complex mixture of populations at different locations of the GV. These results
illustrate the highly non-trivial issue of the systematics expected in the selection of
GV galaxies, and leads us to adopt the D4k selection as a more robust representation

of the GV.

3.7.3 Interpretation of the GV as a transition region

We now take the D4k-selected GV as our standard sample. The differences in the
stellar population properties of the three different areas of the GV, at fixed velocity
dispersion, reflect the nature of the GV as a transition phase. The line strength re-
sults allow us to see in a model-independent way these variations. Fig. 3.9 shows a
substantial difference in the higher order Balmer lines, especially Hog, with respect
to the other indices, such as Mgb, Fe5270, Fe5335. Hop is especially sensitive to
recent episodes of star formation (see, e.g., Martin et al., 2007) and thus may imply,
when considering stacked spectra, that the contribution from rejuvenated galaxies

dominates the flux, especially at high velocity dispersion. Also note that at low ve-
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Figure 3.23: Relation between the sSFR and D4k (rop) and sSFR and dust-corrected colour
(bottom). The numbers on the top right corner note the Pearson correlation co-
efficient (pcc), where D, (4000) shows a stronger (anti)-correlation with sSFR,
in comparison to colour.

locity dispersion, the trend of HOp is smoother, tentatively meaning that a smoother
decaying (or truncated) star formation is in operation, suggesting a quenching mech-

anism — of otherwise younger populations — at the low-mass end.

Further supporting the results from line strength analysis, the population con-
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straints based on SSP ages provide additional evidence towards rejuvenation at
high velocity dispersion. The parameter Afgsp estimates the transition timescales,
where we see a drop Afgsp ~ 1.0 Gyr for the highest velocity dispersion bin
220 < 0 < 250km/s, when only considering Qg (Fig. 3.12). However, this be-
haviour is not seen when we consider Ally, (Fig. 3.14), where for the greatest
velocity dispersion bin, we see an increase in Azgsp ~ 5.— Gyr - suggesting greater
difference in the ages of stellar populations between 1GV and uGV, thus a longer
transition timescale. Furthermore, we find similar trends when considering results
from spectral fitting analysis (Fig. 3.16), where the parameter Ar is defined as an
estimator of the width of the stellar age distribution, and stays at Az <2 Gyr for
o <170km/s (luminosity-weighted) — corresponding to a more compact age distri-
bution — followed by very large values of Ar at the massive end, as expected from the
presence of two or more disjoint star formation events across cosmic time, expected
when rejuvenation produces a significant young component. Moreover, Fig. 3.19
emphasizes that the fraction of old (>10 Gyr) stars in uGV galaxies is high in mas-
sive galaxies and low at small velocity dispersion. Therefore, in this SDSS-based,
low-redshift sample, quenching appears at late cosmic times in low-mass galaxies,
whereas at the massive end one can only measure recent rejuvenation events on
an otherwise old population. The mass-weighted results (Fig. 3.20) feature more
scatter — as expected from the added uncertainties in Y,,when converting the SSP
contributions into mass fractions — but interestingly produce a decreasing trend of
At with velocity dispersion, implying that the rejuvenation events at the massive
end cannot involve a large mass fraction of young stars. Nelson et al. (2018) also
explored the fractional contribution of rejuvenated galaxies in the IllustrisSTNG sim-
ulation, finding that ~ 10% of the subset of massive galaxies (M,/Mg > 10''"M)
have undergone rejuvenation once and ~ 1% have experienced more than one re-
juvenation event. Note our analysis shows rejuvenation to be dominant in stacked
spectra at the massive end. However, the percentage of different types of galaxies in
the stacks (Tab. 3.2 and Fig. 3.8) are roughly in agreement with the numerical sim-

ulations. Focusing on the uGV at high velocity dispersion (220<0 <250 km/s) we
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find 19% are star-forming galaxies. If we assume that a fraction of these SF galax-
ies are simply transitioning from BC to RS, with the remainder representing reju-
venation events, 1.e. galaxies that have dropped down from the RS, we might find
similar fractions of rejuvenated systems as those found in the literature (Thomas
et al., 2010; Nelson et al., 2018). A similar argument can be made for galaxies in
IGV and mGV. However, the fractional contribution from star-forming galaxies is

higher, and we expect a smaller contribution from rejuvenation events.

Regarding metallicity, we recover the standard mass-metallicity relation, as
shown in Fig. 3.16. Although on a speculative tone, note the metallicity trend be-
tween uGV and IGV gets inverted between low- and high velocity dispersion (in
the luminosity weighted version). Such a trend would be a consequence of fresh,
lower metallicity gas contributing to the rejuvenation events at the massive end of

the sample.

Concerning the transition from BC to RS, previous work from the literature in-
dicates a rapid evolution through the GV due to its sparsity (see, e.g., Baldry et al.,
2004; Taylor et al., 2015). However, this transition time depends on morphology.
For instance, Schawinski et al. (2014) distinguish at least two morphologically-
related transition paths. Early-type galaxies are thought to traverse the GV in a
rapid manner, quenching their star formation very quickly and moving onto the RS,
while, in contrast, late-type galaxies are expected to undergo a slower quenching
process. This is supported by Kelvin et al. (2018), where they look at structural
variations with respect to colour and morphology, and argue in favour of inside-out
formation, which is related to slow quenching, instead of a violent transformative
event. Additionally, the observational constraints from the stacked spectra give
timescales between 2 to 4 Gyr (Phillipps et al., 2019). We are able to recover such
trends when using SSP-equivalent ages for Qy,.«, Where we find a variation in tran-
sitional timescale ranging from from 1.0 —3.5 Gyr. Carrying out similar analysis by
stacking spectra regardless of nebular activity (Fig. 3.14), also yield similar results,
albeit there is no drop in transition timescale for the highest velocity dispersion.

However, the difference between uGV and IGV luminosity-weighted average ages,
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from spectral fitting, results in a lower transition time ~1.0 Gyr. Interpreting At as
a transition timescale leads to a higher value =5 Gyr, with respect to Phillipps et al.
(2019). Note this is to be expected as (i) STARLIGHT is robust at tracing aver-
age parameters but produce weaker constraints on the details of the SFH; (ii) The
parameter Az traces the transition time in a slightly different manner, as it is very
sensitive to recent bursting episodes (see Sec. 3.6.1 for details), while the method-
ology adopted by Phillipps et al. (2019) uses a fixed exponentially decaying SFH,

thus making it less sensitive to rejuvenation effects.

In addition, state of the art simulations give further support to a rapid transition
through the GV; Wright et al. (2019) state that low velocity dispersion galaxies
feature relatively long quenching timescales, Tp 23 Gyr. This timescale increases
with velocity dispersion; but at the highest values of velocity dispersion, they find a
drop to g 2 Gyr. As for the physical mechanism that produces this transition, it is
stated that in low-mass galaxies it is mostly due to processes such as ram pressure
stripping, while in more massive galaxies quenching operates though events such as
stellar feedback (Wright et al., 2019). Finally, in the most massive systems, major

mergers and quasar-mode AGN are thought to quench star formation.

Finally note the similar behaviour between 1GV and mGYV, in contrast with
uGV for the D4k-selected sample. Interestingly, this behaviour between the differ-
ent GV regions was also seen by Phillipps et al. (2019) in their study of “green”
galaxies using sSFR. They noted a lower transition time going from their “IGV” to
“mGV” — selected by sSFR;gy/sSFR,,,gv ~1.6, giving 2 Gyr — with respect to their
“mGV” to “uGV” — selected by sSFR,,gv/sSFR,gy ~ 2.5, giving 3—4 Gyr. Fig.
4.5 shows the relation between D4k and sSFR (fop) and between colour and sSFR
(bottom). The relation with D4k presents a stronger correlation (pcc=—0.925) com-
pared to colour (pcc=—0.847), therefore it is not surprising that sSSFR behaves in a
similar manner to the 4000A break strength. This similarity reinforces the trends

found here.
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3.8 Conclusions

We present in this Chapter a novel method for the selection of transitioning galax-
ies, by defining the green valley based on 4000A break strength, and comparing
our results with the the standard selection based on dust-corrected colours from
broadband photometry. For both methodologies, we carry out a detailed analysis of
the stellar population of galaxies residing in the GV. We make use of a large sam-
ple of high quality spectroscopic data from the Sloan Digital Sky Survey (SDSS).
The new definition adopts the well-known spectral index D, (4000) of Balogh et al.
(1999), whereas the colour-based approach uses the SDSS-defined, dust corrected

colour 1(

g —r), i.e. K-corrected to redshift z=0.1, see Fig. 3.4. The “population”
indicator, i.e. either D,(4000) or %!(g — r), is plotted against velocity dispersion
(o), and the sample — defined between 70 and 250 km/s — is split into six bins in
o. A probability-based approach is followed, where the star-forming and quiescent
samples define a Blue Cloud (BC) and a Red Sequence (RS), respectively, and an
intermediate population, i.e., the green valley (GV) is introduced, and further split

into three regions, lower (IGV), middle (mGV) and upper (uGV), based on the value

of the population indicator.

Our results show overall consistent properties between the new definition, that
is more resilient to potential systematics from the dust properties, and the dust cor-
rected selection based on colour, with similar fractions between star-forming (SF)
and quiescent (Q) galaxies with respect to velocity dispersion (see Table 3.2). More
importantly, both definitions of the GV find a high fraction of AGN in uGV (IGV)
- D,(4000) finds ~ 30+ 5% (~ 50 + 7%), which is similar to the dust-corrected
colour selection, ~ 37 6% (~ 51 =8%), see Fig. 3.8. Additionally, the study of
SSP equivalent ages finds similar ages and similar transitional timescales for Qg c«
(Allgqcr), where Atgsp varies from 1.0 —3.5Gyr (0.5 — 5.0Gyr) between both se-
lection methods. This shows the validity of both selection methods in defining the
GV, and selecting transitioning galaxies to study their general galactic properties.
However, when studying the stellar population properties in more detail, subtle dif-

ferences are found between these two selection criteria that may affect the interpre-
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tation of galaxy evolution between the BC and RS regions. For instance, Figs. 3.10
and 3.11 show the difference between the line strength indices in spectral stacks
comprising either the full set of GV galaxies, or only the quiescent subsample. The
colour-based selection produces a different, more complex population mixture, part
of which may be a systematic bias caused by dust attenuation and the subsequent
correction. We also find that the population properties of IGV and mGV galaxies
are closer together, with the uGV sample representing an altogether different set,
with older, less dusty and more extended population mixtures (see Figs. 3.16 and
3.17).

The population analysis, based on spectral fitting of high quality stacked data,
reveals the standard age- and metallicity- positive correlations with velocity disper-
sion (or alternatively mass). Moreover, we define a parameter, Az, that describes
the width of the age distribution, and find an interesting different between low- and
high-o galaxies (Fig. 3.17). The former have rather narrow widths (Ar <0.3 Gyr),
whereas the latter feature more extended distributions (At 24 Gyr). This result is
consistent with the idea that at the low-mass end, the data reveal quenching of star
formation, whereas massive galaxies display significant (luminosity weighted) late
events, which would imply rejuvenation. The mass-weighted equivalent (Fig. 3.20),
although presenting more uncertainty from the conversion of light into mass, con-
firms that these events do not contribute very large amounts in terms of the mass

fraction.



Chapter 4

Evaluating hydrodynamical
simulations with Green Valley

galaxies

4.1 Introduction

In the previous chapter, we explored in detail the stellar population properties of
galaxies in the green valley (GV) solely from the observational point of view. To
select and define the transitioning galaxies, we used a novel definition of the GV. In
this chapter, we use the same method to define the evolutionary sequence of galaxies
from simulations, i.e. Blue cloud (BC - occupied by SF galaxies), GV (dominated
by transitioning galaxies) and Red Sequence (RS - hosting mostly quiescent galax-
ies). This novel definition is used to test how well the state-of-the-art cosmological
hydrodynamical simulations, EAGLE and [llustrisTNG, are able to reproduce the
observational trends. This chapter is based on the work carried out in Angthopo

et al. (2021)

4.2 Sample

We present here some details of the simulation and observational data explored in
this chapter, while a more detailed explanation of the simulations can be found in

the relevant papers quoted below. In this chapter, we focus our description mainly
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on the aspects more relevant to the analysis of green valley galaxies, especially on

the way AGN feedback has been implemented in the simulations.

4.2.1 The EAGLE (RefLL0100N1504) simulation

EAGLE (Schaye et al., 2015; Crain et al., 2015) is a cosmological hydrody-
namical simulation, which consists of multiple runs with varying box sizes and
resolutions.  For this project, we make use of the fiducial EAGLE simula-
tion, termed RefLO100N1504 (hereafter Ref100), that use a comoving box size
of L=687~! Mpc=100Mpc, which contains 10543 dark matter (DM) particles.
The baryonic and dark matter particles have a mass of mg=1.81><106M@ and
Mmgm=9.70x10°M,, respectively. EAGLE is constructed with the base code of
GADGET 3 (Springel, 2005), where EAGLE use and modify the subgrid physics,
smoothed particle hydrodynamics (SPH) formulation and the time step definition.
In terms of physics, EAGLE uses a flat ACDM cosmology, where Q,,=0.307,
Qp=0.693, Q,=0.048, h=0.6777, 03=0.8288 - these values are taken from the
Planck Collaboration et al. (2014).

Similarly to all other galaxy simulations, EAGLE models their galaxy forma-
tion and evolution through a number of prescriptions known as “subgrid physics”.
This aims to describe the radiative cooling and photoheating, reionization of hy-
drogen, star formation, stellar mass loss and Type Ia Supernovae feedback due to
star formation and AGN activity, and growth of supermassive black holes (SMBH).
Most of the methods in EAGLE follow Schaye and Dalla Vecchia (2008), where
the gas pressure, rather than its density, determines the star formation rate, tracing
better the Kennicutt-Schmidt law. The simulations are also known to fail matching
the observed number of high mass galaxies, as they have an ’overcooling’ problem
for stellar feedback. This is thought to be owing to their limitation on the resolu-
tion. To solve this issue, the method outlined in Dalla Vecchia and Schaye (2012)
is implemented, which assumes stellar feedback to be a stochastic process. Ad-
ditionally, the gas particle with the highest density is converted to a collisionless
particle, that is then treated as a seed of a black hole, which typically has a mass of

mpp = 10°h~ M. This behaviour is only applied to galaxies with a high dark mat-
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ter halo mass, above mh,thm:mloh_lM@. Similarly to stellar feedback, the AGN
feedback energy is also injected stochastically. There is thought to be two major
modes of AGN feedback, ’quasar-’ and ’radio’-mode. However, EAGLE tends to
implement only the AGN feedback mode, which behaves more like quasar-mode
feedback, as the thermal energy rate being inserted is proportional to the gas accre-
tion rate where the SMBH is situated. Note, this prescription was necessary, due to
the lack of resolution of simulations, which is thought to make the two modes of

AGN indistinguishable (Naab and Ostriker, 2017).

EAGLE uses the Bondi mass accretion rate, defined in Bondi and Hoyle
(1944): rgopai = (47tG2m2BHp)/(c§ +v2)3/2, where p represents the density of
the gas near the SMBH, ¢, represents the sound speed and Vv is the relative velocity
of the gas with respect to the black hole. The Bondi mass accretion rate is then used

to calculate the mass accretion rate for the black hole, formulated as:
Macer = MBongi X min [Cy;! (cs/ V), 1], (4.1)

where Cy;; relates to the viscosity and is a free parameter, set at 27 for this simula-
tion; Vj is the rotation of the gas around the black hole. Thus, EAGLE accounts for
the angular momentum of individual particles (Rosas-Guevara et al., 2015), in con-
trast to IlustrisTNG (see below). Note, while the “subgrid” physics that describes
the AGN feedback is encapsulated in one equation, thus mimicking one mode of
AGN feedback, the accretion rate depends on the mass of the black hole so the
AGN feedback behaviour will vary for different stellar mass galaxies (Wright et al.,
2019). The mass accretion rate is then contrasted with the Eddington mass accre-
tion rate, and the lower value of the two is chosen to describe the black hole growth.

Here we formulate the Eddington mass accretion rate as:

471:GmBHmp

gy = 4.2)

&-Oorc

where €. = 0.1 represents the radiative accretion efficiency, and or is the standard

Thomson cross-section. This equation can be quoted in terms of AGN luminosity,
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Lagy = mppé&-c?, and the Eddington Luminosity can be written as Lgzg = 1.25 X
1038 (mpy /M) erg/s. Note, we have only discussed some of the “subgrid physics”
in this section, however other details regarding the EAGLE simulation can be found
in Schaye et al. (2015) and Crain et al. (2015). All of the simulated parameters, both
spectroscopic and photometric, are computed within the central 3 kpc of a galaxy,
which roughly corresponds to the aperture size of SDSS fibres. Additionally, for
the measurement of the specific star formation rate, which is defined as SFR/M,., we
use the SFR and stellar mass within 3 kpc as well, once more mapping the effective
extent of the SDSS fibre. However, we use the stellar mass measured over the
whole galaxy, for both simulation and SDSS, for all other purposes - i.e. defining

the evolutionary sequence.

4.2.2 The HlustrisTNG (TNG100) simulation

[lustrisTNG is an improved version of the original Illustris simulation (Vogels-
berger et al., 2014; Genel et al., 2014), which is built upon the AREPO code
(Springel, 2010). Similarly to EAGLE, there are multiple runs with different vol-
umes of which we make use of the TNG100 run. The data are publicly avail-
able (Nelson et al., 2019b), and has a box size of L=75h""1 Mpc~110Mpc, with
the same number of inital dark matter particles and gas cells, Ngas:NDM:18203.
The mass of the baryonic and dark matter particles are mpgryon=1.4 X 106M@ and
Mmam=7.5 x 10°M,,, respectively (Pillepich et al., 2018a; Marinacci et al., 2018;
Springel et al., 2018; Nelson et al., 2018; Naiman et al., 2018). The TNG100 simu-
lation has the highest redshift set at z = 127, where the initial cosmological param-
eters are set as: Q,,, = Qg,, + Q,=0.3089, Q,=0.0486, Q,=0.6911, h=0.6774 and
03=0.8159, following the constraints proposed by the Planck collaboration (Planck
Collaboration et al., 2016). The subgrid physics for IllustrisTNG includes radiative
cooling, star formation and SN feedback, black hole formation and growth along
with AGN feedback; as in EAGLE and the original Illustris project. However, Illus-
trisTNG incorporates three key improvements with respect to Illustris, which are the
growth and feedback of supermassive BHs and galactic winds and stellar evolution

and gas chemical enrichment (Weinberger et al., 2018; Pillepich et al., 2018b).
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Gas particles in TNG100 are stochastically converted to star particles if the
density of the gas reaches a critical threshold, ng=0.13 cm™3. This number is fine
tuned to reproduce the observed Kennicutt-Schmidt law at z = 0. Each of the star
particles is assumed to have a Chabrier (2003) initial mass function and age. These
stellar populations will evolve over time, where they return a fraction of their mass
and elements to the neighbouring interstellar medium. Both core collapse SNII,
within the mass range m,=8-100 M, and type Ia SN are included in the TNG100
simulation. The less massive stars, m, =1-8 M), evolve through the AGB phase.
More detailed information regarding stellar evolution can be found in Pillepich et al.

(2018Db).

TNG100 has two modes of AGN feedback. During the low-accretion state
of SMBH, TNG100 assumes kinetic AGN feedback rather than the bubble model
(Sijacki et al., 2007). When the SMBH has a high accretion rate, TNG100 ap-
plies a model of thermal feedback, similar to EAGLE, where energy is injected
to the surrounding area continuously. On the other hand, during low accretion
rates, TNG100 uses kinetic feedback, where BH driven winds are created. The
initial black hole seed mass and halo mass threshold are mgy = 8 x 10° h_lM@ and
My, thres=7.38 X 10'°M.,, respectively. Note, these are greater than those of EA-
GLE, which may be important as discussed below. The rate of accretion is similar
to that of EAGLE, however TNG100 tries to distinguish between two modes of
AGN feedback - kinetic and thermal. They are differentiated by the definition of

the Eddington ratio, formulated as:

Apgq = 24 (4.3)

The Bondi mass accretion rate is formulated in a slightly different manner to EA-

GLE:
4nG*mi,p

4.4
3 ) 4.4)

MBondi =

1/2
where ¢, = [cg therm T (B? /47rp)] , thus encapsulates both thermal and magnetic

processes. The Eddington mass accretion rate also varies from that of EAGLE
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(equation 4.2), as the radiative efficiency of a black hole is twice, &=0.2 (Pillepich
et al., 2018b), that of EAGLE, &,=0.1 (Crain et al., 2015). The mode of AGN
feedback is determined by the accretion rate threshold y, such that Ag;; < ¥ means
low accretion rate and results in kinetic feedback and Agy; > x enforces thermal
feedback, as this resembles a high accretion rate (Weinberger et al., 2017). The

threshold, ¥, is given by the equation:

B
. mMBH
X = min IX() (m) 701] s (45)

which introduces a mass dependency. Both x( and 3 are set as free parameters. The
0.1 threshold sets a hard limit, enabling SMBH with high mass to experience either
thermal or kinetic feedback, as without such criterion, all SMBH, at high black
hole mass, would only experience kinetic mode AGN feedback (Weinberger et al.,
2018). All the parameters of TNG100, with the inclusion of the spectroscopic in-
dex D,(4000), are measured within an aperture that resembles the central 3 kpc of a
galaxy - similar to EAGLE. Note the measurements of the 4000A break are carried
out from synthetic spectra constructed from the SFH of galaxies in both simula-
tions. The creation of these spectra is discussed below in Section 4.3.1. Again, the

exception to this is the total stellar mass, which is measured for the whole galaxy.

4.2.3 Observational data (Sloan Digital Sky Survey)

The details of the observational data can be found in Chapter 3. Here we briefly
outline the main selection criteria for the observational data. The catalogue consists
of galaxies with r-band magnitude between 14.5 and 17.7 AB. The coverage of the
SDSS spectrograph varies from 3,800 to 9,200A. The resolution increases from
1500 at 3800A to 2500 at 9200A (Smee et al., 2013). We select galaxies in redshift
with 0.05 < z < 0.1, to avoid redshift and aperture bias. Finally, all the spectra must
have snMedian_r >10, giving us a total of ~228,000 spectra.

In Chapter 3, we chose velocity dispersion as the fundamental parameter, as it
has the highest correlation with the population properties, following the well-known

observational trend (see, e.g., Bernardi et al., 2003; Ferreras et al., 2019). Veloc-
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ity dispersion is a “clean” observable in spectra with high S/N, with significantly
fewer uncertainties than stellar mass — another important parameter that correlates
strongly with population properties. However, in simulated data, the velocity dis-
persion of a galaxy is a complicated quantity that depends on many details of the
formation process, especially the dynamics associated to the mass accretion his-
tory. Additionally, accurate measurements of velocity dispersion are further inhib-
ited owing to the resolution limit of simulations. Stellar mass provides a compar-
atively more robust indicator of the global properties of a galaxy in a simulation.
Therefore, in contrast with Chapter 3, we adopt stellar mass as the main parameter
in the analysis of the trends. We convert the six velocity dispersion bins of our pre-
vious study, 70<c<250kms~!, to stellar mass bins, by use of the observed trend
logM,/M=(1.84 +0.03)1log 6100 + (10.3 + 0.3), derived from stellar masses as
quoted in the SDSS galSpecExtra catalogue (Brinchmann et al., 2004), where o1¢9
is the velocity dispersion, measured in units of 100 kms~!. Tab. 5.1 shows the mass
bins derived using this conversion, along with the newly defined blue cloud (BC),
green valley (GV) and red sequence (RS). Note this conversion between velocity
dispersion and stellar mass is solely done for the stellar mass bins. For individual
galaxies we use the stellar masses given by the galSpecExtra catalogue (Brinch-

mann et al., 2004).

We follow a similar approach to what is outlined in Chapter 3, where we define
BC, GV and RS using the observed distribution of SF and Q galaxies, identified
with the BPT diagram (see Fig. 1.4 and, Baldwin et al., 1981), within a fixed stellar
mass bin. We define the probability distribution function (PDF) for the BC (#p¢)
and RS (Pgs), respectively, assuming a Gaussian distribution. From these, we
define the PDF of GV galaxies (Zgy) as another Gaussian peaking at the value
of D,,(4000) for which &g = Hgs, i.e. both subsets are indistinguishable at this
value of the 4000A break strength. Again the GV is divided into terciles, defining
the upper (uGV), middle (mGV), and lower (IGV) green valley. We find good
agreement between the BC, GV and RS defined with respect to stellar mass or

velocity dispersion, within statistical uncertainties. The only significant deviation



4.3. Data Pre-processing 121

Table 4.1: Blue cloud (BC), green valley (GV) and red sequence (RS) defined using the
spectral feature, D, (4000) index, as proposed in Chapter 3. Here, we use the
stellar mass as the fundamental parameters (rather than the velocity dispersion),
for a better comparison with the simulations. The values stated in columns 2,
3 and 4 presents the D, (4000) values associated with the different stellar mass
bins, shown in column 1.

logM, /M, BC GV RS

10.03-10.30 | 1.20 = 0.08 | 1.40 £ 0.07 | 1.67 £ 0.13
10.30 - 10.51 | 1.25 £ 0.09 | 1.47 £0.06 | 1.72 £ 0.11
10.51 - 10.68 | 1.28 £0.10 | 1.52 £ 0.05 | 1.75 £ 0.10
10.68 — 10.81 | 1.30 £ 0.10 | 1.54 & 0.05 | 1.77 £ 0.09
10.81-10.93 | 1.32 £ 0.10 | 1.57 £ 0.04 | 1.78 = 0.08
10.93 - 11.03 | 1.34 £ 0.12 | 1.60 & 0.04 | 1.79 & 0.08

was found at the highest mass bin: 10.93<logM,/M:<11.03, where a difference
is found in the definition of the GV at the level AD, (4000)~0.1 dex. At the stellar
mass, logM,/Mq 2>10.5, the BC is sparsely populated, therefore the probability-

based methodology is less accurate.

4.3 Data Pre-processing

Before carrying out the analysis, we need to pre-process both the observational and
simulation data to homogenise their distributions in order to minimise selection bi-
ases, and to produce synthetic spectra from the simulated galaxies with the same
instrumental signature as the SDSS data. Note the spectra and the simulation pa-
rameters are extracted within a R=3 kpc aperture, to make a consistent comparison
with SDSS, while the stellar mass, for both simulation and SDSS, is derived for
the whole galaxy. This section focuses on the methodology adopted to prepare the

samples so that a direct comparison could be made.

4.3.1 Synthetic spectra

Our comparison uses the z = 0.1 snapshot of the simulations, comparable to the red-
shift range of the SDSS database (differences between z =0 and z = 0.1 are minimal
for this analysis). In both EAGLE and TNG, we produce a simple stellar population
(i.e. single age and chemical composition) for each stellar particle, mixing those

populations into composites for all particles in the same galaxy. The stellar parti-
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cles have mass above 10°M ., therefore this approach is well justified and does not
suffer from any issues related to the sampling of the IMF. Due to the mass resolu-
tion of the stellar component in state-of-the-art simulations at present, the low SFR
regime is typically sampled by the creation of a few or eventually just one 10°M,
star particle. Note these will in turn produce a bias in the spectra, towards younger

luminosity-weighted ages.

To produce spectra comparable to those from the 3 arcsec fibre-fed spectro-
graph of the classic SDSS data, we combine the spectra from all stellar particles
within a 3 kpc galacto-centric radius. For reference, the SDSS fibre radius maps a
physical distance of 2.8 kpc at redshift z = 0.05 for a vanilla flavoured ACDM cos-
mology with Q,, = 0.3, = 0.7. The synthetic spectra are taken from the population
synthesis models E-MILES (Vazdekis et al., 2016), based on a fully empirical stel-
lar library (Sanchez-Blazquez et al., 2006) and Padova isochrones (Girardi et al.,
2000). The E-MILES spectra extend from the far UV to the mid-IR (1680A to
5 um), spanning stellar ages from 6.3 Myr to 17.8 Gyr (we restrict the oldest ages
to the cosmological age of the Universe at the fiducial redshift, ~12.4 Gyr), and
metallicity ranging from [M/H]=—1.71 to 4+0.22. Note, for galaxies that are more
metal rich than maximum metallicity in E-MILES models, we artificially decrease
it down to +0.22. The models adopt a Chabrier (2003) IMF, and we perform a
bilinear interpolation in age and metallicity of the E-MILES SEDs. To avoid sys-
tematics caused by the modelling of dust attenuation, and taking advantage of the
insensitivity of the 4000A break strength to typical amounts of dust in galaxies (see
Fig. 3.22), we do not include dust in the modelling of the synthetic spectra. Finally,
the data are convolved to the R~2,000 resolution of the SDSS classic spectrograph,
in quadrature with a Gaussian function mimicking the kinematic kernel that corre-
sponds to each stellar mass bin, following the trend presented above, between stellar

mass and velocity dispersion.

Previous work in the literature regarding the dust modelling in EAGLE and
TNG100 (Trayford et al., 2015, 2017; Nelson et al., 2018) find a level of agreement

with the observational constraints. We emphasize in this chapter that the effect
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of dust on the spectra of galaxies represents an additional layer of complexity in
galaxy formation models that go beyond the scope of this thesis. Our main aim is to
explore the evolution of the stellar population properties across the green valley to
probe the more fundamental aspect of how feedback is implemented in models to
shape the star formation history of galaxies. The use of the D,,(4000) index to define
the location of the GV allows us to bypass the complexity of dust, avoiding potential
biases produced by the effect of dust attenuation on other observables, most notably
colours based on broadband filters. Fig. 3.22 shows a dust correction on the SDSS
data causes a change in the position of the D, (4000)-defined BC, GV and RS by less
than 0.06 dex. Just as a test of the actual effect of dust attenuation on our data, we
applied the dust model described in Negri et al. (private communication), which is a
modification of the dust model of Trayford et al. (2015) for the EAGLE simulation.
We found negligible changes in the definition of the BC, GV, RS when using the
D,,(4000) index, as expected.

4.3.2 Homogenisation of simulation and observation data

A fundamental step in the comparison between observations and simulations in-
volves ensuring that similar galaxy samples are considered. Different selection
effects in observations and simulations will yield samples with incompatible dis-
tributions of stellar mass, hence the need for a homogenisation process. More
specifically, the Malmquist bias imposed by the r<17.77 AB limit for spectro-
scopic follow-up (see, e.g., Abolfathi et al., 2018) implies that low mass galaxies
(M, < 10°M,,) are missed in SDSS, with a clear trend with redshift. In contrast,
simulations are biased against high mass galaxies (M, > 101°M,,) due to their vol-
ume limitation (see, e.g., Schaye et al., 2015). Therefore, for a fair comparison
between these data sets, we must ensure the distributions, in what we regard to be
the fundamental parameter, are statistically compatible.

From the original samples, we select sets that are “homogeneous” regarding
stellar mass — which is the parameter we assume to act as the major driver of the
stellar population content. Note we have to proceed with two different sets of com-

parisons: one between SDSS and EAGLE and another one between SDSS and
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Figure 4.1: Histograms of stellar mass after the homogenisation process between SDSS,
in blue, and simulation data, in red - showing EAGLE (/eft) and IllustrisTNG
(right). The inset panels show, with the same colour coding, the histograms
before homogenisation. A KS test is carried out, after the homogenisation pro-
cess, to confirm the SDSS and simulation data originate from the same parents
sample. Each panel shows the corresponding D and p statistic of the test. Note
that the SDSS sample requires a slightly different homogenisation sampling
depending on the simulated set.

TNG100. Moreover, we homogenise a pair of samples by finding a pivor stellar
mass, so that below (above) this mass we randomly exclude simulated (observa-
tional) galaxies, as we have a lower fraction of observational (simulated) galaxies.
Here the pivot mass bin is chosen as the one for which there is a greater fraction
of observed galaxies in a mass bin compared to the fraction of simulated galaxies.
Fig. 4.1 shows the histogram of the homogenised mass distribution of EAGLE (left)
and TNGI100 (right) galaxies, with respect to SDSS. The blue and red hatched areas
represent SDSS and simulation histograms, respectively. Note various other forms
of homogenisation were attempted, which consisted of not using any pivot stellar
mass. Each method had its own drawback or were unsuccessful. For example, our
first attempt simply consisted of using the fractions of galaxies in stellar mass bins
from the simulation. However, in the low mass bins, to match the simulated fraction,
we would have to use the same observed galaxies multiple times. This approach can
be justified, as we could potentially treat the small number of galaxies we do have in
a given stellar mass bin as a representative of the larger sample. However, the major

caveat is that SDSS favours the brighter subset of the low mass galaxies, potentially
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introducing some bias, thus affecting the analysis further down the line. Another
attempt considered simply taking the absolute number of galaxies in each stellar
mass bin present in simulations - as the total number simulated galaxies were sig-
nificantly smaller than the total number of observed galaxies. However, this method
would yield too few galaxies at high stellar mass, log M,./Mg 2 10.8, of the order
of unity, making our analysis too susceptible to Poisson noise. Therefore the use of
this pivot mass for homogenisation enabled us to match the two distributions while

including as high number of galaxies as possible for the given data.

To numerically assess the level of homogeneity between the respective stellar
mass distributions of observations and simulations, we carried out a Kolmogorov-
Smirnov test (hereafter KS-test, see, e.g., Dodge, 2008). When comparing the stel-
lar mass distribution of the original samples, we get high values of the D-statistic
(~0.56) between simulated and SDSS data (in both the EAGLE and TNG100 sim-
ulations), leading to a low probability that the samples are produced by the same
parent distribution. However, after homogenisation, the D-statistic becomes, by
construction, low (~6-7x107%) with high values of the probability (=>90%) that
the samples originate from the same distribution. However, note that we compare
SDSS individually with either EAGLE or TNG100. We do not aim at creating a
joint SDSS-EAGLE-TNG100 homogenised sample as this will reduce further the
size of the working sample, restricting the stellar mass range. Therefore we have
two sets of SDSS galaxies: one for EAGLE and a different set for TNG100. We
note this will lead to some differences between the two sets of galaxy spectra from
SDSS, quantified below. Additionally, variations between the two simulation data
sets are also expected due to the different cosmological volumes probed, as well as
the prescriptions to model the subgrid physics that controls the stellar mass growth
in galaxies. We emphasize that this procedure is needed for a fully consistent com-
parison of the simulations with observational data. Note that in all samples, we
make no distinction between satellite and central galaxies, as an environmental anal-

ysis is beyond the scope of this thesis (see Chapter 6).
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4.3.3 Comparing homogenised samples

Since the homogenisation procedure results in different SDSS subsamples when
comparing EAGLE and TNG100 simulations, we want to assess the level of overlap
between these two pairs of samples. In each pair (i.e. either SDSS-EAGLE or
SDSS-TNG100) we follow the methodology laid out in Chapter 3 (made up of A19
and A20) to define the uGV, mGV and IGV subsamples within each stellar mass bin
— defined as the lower-, mid-, and upper-GV, respectively, which are meant to map
three regions, defined by splitting the GV into three terciles of the 4000 A break
strength for individual stellar mass bins, that follow the transition from BC into
RS. In each subset, for instance the mid green valley, mGV within the 10.30-10.51
(log) stellar mass bin, we cross-correlate the SDSS-EAGLE and SDSS-TNG100,
and identify the matching number of galaxies in both sets, expressing this number
as a fraction with respect to the total in each bin. Fig. 4.2 shows a comparison
of these fractions as a function of stellar mass, where the blue, green and red data

points refer to IGV, mGV and uGV, respectively.
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Figure 4.2: Fraction of matching SDSS galaxies in the EAGLE homogenised simulation
for IGV (blue), mGV (green) and uGV (red) galaxies. The error bars assume
Poisson noise. The fractions are similar when selecting GV galaxies from the
homogenised TNG100 sample.

The error bars have been obtained assuming Poisson noise in the count of over-
lapping galaxies. The fractional match decreases with increasing stellar mass in all

subsets. This is due to (i) the independent homogenisation of EAGLE and TNG100,
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and (ii) the selection of GV galaxies is probability-based, therefore we do not find a
unique solution, being subject to Poisson noise. The difference in fractional match
shown in Fig. 4.2 will lead to differences in the retrieved SDSS parameters for EA-
GLE and TNG100 sample, as seen below, specially in Section 4.4.4 and 4.4.5.

4.3.4 Galaxy Classification

Observationally, galaxies are traditionally classified regarding nebular emission into
quiescent (Q), star-forming (SF), Seyfert AGN, LINER AGN, or composites (i.e. a
mixture of those). Ratios of targeted emission line luminosities allow us to separate
the ionization environments expected in the ISM of galaxies (Baldwin et al., 1981;
Cid Fernandes et al., 2011). This is an important classification scheme, as both
star formation activity and AGN are essential mechanisms in galaxy evolution, and
the path to quiescence still remains an open question (Martin et al., 2007; Dashyan
et al., 2019; Man et al., 2019). Our simple methodology does not take into account
nebular emission when creating the synthetic spectra from simulations. Therefore,
we need to get back to physical parameters in order to classify the simulated galax-
ies as Q, SF or AGN. Regarding SMBH activity, we compare the black hole accre-

tion rate with respect to the Eddington ratio:

Agda = Dacer (4.6)

However, a non-trivial issue is to define the actual values of the threshold ratio to
segregate galaxies according to AGN activity. Our aim here is to reclassify the end
product of the simulation galaxies into SF, Seyfert and LINER AGN, and Q based
on their inherent properties, obtained from their respective runs. Note, this does not
change the simulation itself but how we classify and interpret the end product. This
is required for a fairer comparison, as this ensures that the homogenised sample of
observed and simulated galaxies have similar baseline fractions of different galactic
types to begin with. Therefore, comparison of fractions of different galaxy types,
Sections 4.4.2 and 4.5.2.3, is made more robust than if we had a mismatch in a

fraction of different galaxy types.
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Observational studies find that Seyfert AGN have Eddington ratios between
—2 < log(Aggq) < —1 (Heckman et al., 2004; Schulze et al., 2015; Georgakakis
et al., 2017; Ciotti et al., 2017), whereas lower accretion rates correspond to ra-
diatively ineffective AGN, i.e. LINER or even no AGN. Some studies suggest a
lower limit for LINER AGN around log(Agg4) ~ —6 (Heckman et al., 2004; Li and
Xie, 2017), while others choose values as low as log(Agsq) ~ —9 (Ho, 2008, 2009).
Studies using SDSS galaxies have calculated the Eddington ratio from [OIIl] emis-
sion, finding log(Agqy) ~ —4 (Kewley et al., 2006). For the simulated galaxies, we
adopt our own Eddington ratio limits, along with specific star formation rate (sSFR),
to classify galaxies as Seyfert AGN, LINER AGN, SF (including composite) or Q.
Note the sSFR used here has been calculated using the instantaneous SFR. An al-
ternative selection would use the average SFR over some timescale, but previous
work from the literature have shown that measuring SFR in different ways makes
little difference at low redshift (Donnari et al., 2019, 2021b). Furthermore, the cri-
terion to select the corresponding values of Agy; and sSFR is to impose equivalent
global ratios of Seyfert, LINER, SF and Q to those found in the full homogenised
SDSS samples. Note we are interested in the relative mass-dependent variation of
these fractions, and that the homogenisation in mass makes the comparison between

SDSS and the respective simulation meaningful.

EAGLE only imposes one form of AGN feedback, therefore it is not possi-
ble to differentiate between Seyfert or LINER AGN activity. From the simula-
tions, we retrieve the black hole mass and their accretion rate — at the fiducial
redshift z = 0.1 — and we use Eq. 4.6 to find Agyy in each galaxy. Comparing
the total fraction of Seyfert AGN with respect to SDSS, we obtain a threshold
log(Aggq) 2 —2.0. We proceed similarly with the LINER galaxies, obtaining a
range —4.2 < log(Agqy) < —2.0. Moreover, for LINERs we also impose a con-
straint on log sSFR (yr~!)< —10.5 to make sure SF activity is minimal. Note that
most of the SDSS galaxies hosting LINERs have a sSFR similar to Q. Galaxies
with —4.2 < log(Aggq) < —2.0 but with logsSFR> —10.5 are classified SE. Fi-
nally, galaxies with log(Agsy) < —4.2 and log sSSFR< —11 (> —11) are considered
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to be Q (SF). These criteria are summarised in Tab. 4.2, where the constraints are
shown for both EAGLE and TNG100 simulations. In each case, the table shows the
limits on Agy; and sSFR as well as the fraction of galaxies of a given type in the
homogenised simulations. The values in brackets show the percentage of different
types of galaxies observed in the SDSS homogenised sample, identified via the BPT
diagram (Baldwin et al., 1981; Kewley et al., 2001; Kauffmann et al., 2003). Both
observation and simulation data contain SF and composite galaxies (classified with
a BPT parameter either 1 or 3 in the SDSS galSpecExtra catalogue of Brinchmann

et al. 2004), while we exclude low S/N star forming galaxies (BPT parameter 2).

The TNG100 simulation adopts two modes of AGN feedback — thermal and
kinetic feedback — determined by Eq. 4.3 and 4.5, as defined in Weinberger et al.
(2018). The fiducial approach fixes B = 2 and o = 2 x 1073, following Habouzit
et al. (2019). However with this choice of parameters we get too many Seyfert
AGN galaxies. To solve this, we carry out a similar procedure to EAGLE, adopting
our own thresholds. Doing so may introduce a bias, as we exclude Seyfert AGN
galaxies, and either consider them to be LINER AGN or SF galaxies in the frac-
tion estimates. However, note the exclusion of Seyfert AGN in the simulation data
is justified, for our purposes, as we find a low fraction of Seyfert AGN in the ob-
servations. Furthermore, similarly to EAGLE, this is a necessary step as we have
to ensure the ratios of Seyfert, LINER, SF, and Q galaxies are consistent, when
comparing the properties of observational and simulation data. The comparison be-
tween the homogenised SDSS and TNG100 sets gives log(Agyq) 2 —1.4, slightly
different to that of EAGLE. This is due to different subgrid physics regarding black
hole growth and AGN feedback, as well as TNG100 having a larger black hole
seed. For LINER AGN we find —4.2 < log(Agqq) < —1.4 gives consistent frac-
tions with respect to the observations. In TNG100, the threshold logsSFR= —11.0
gives a similar fraction of Q/SF galaxies with respect to the observations. Note this
choice produces a slightly higher percentage of Q galaxies in TNG100 (29.85%)
compared to the observations (25.97%). Furthermore, a slightly higher discrepancy
between TNG100 and SDSS than EAGLE and SDSS can be seen for Q fractions,
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which might result in the greater deviation from the observation in TNG100 than
EAGLE that we see in later sections. However, when trying to get the percentages
of TNG100 Q galaxies closer to the SDSS sample, we were unable to reduce the
fraction of Q galaxies simply by reducing the log sSFR threshold, owing to there be-
ing a lack of galaxies with SFR> 0. To decrease the fraction of Q galaxies, such that
it matches the observational fraction better, we had to change the Eddington ratio
criteria instead, i.e. decrease the lower limit from —4.2 < log(Agss) < —1.4. Such
exercise would result in better fractional matching between SDSS and TNG100 Q
galaxies (i.e. both would have ~ 25.97% rather than ~ 29.97% we see in Tab. 4.2),
but this result would cause an equivalent increase in LINER galaxy fraction (i.e.
>> 10.31%). Note, this balancing issue was not present in the EAGLE simulation,
showing that TNG100 has a harder time reproducing the observational fractions,
especially in regards to the SFR.

Finally, note despite the slight variation in the selection criteria and in the
homogenisation procedure, the parameter thresholds obtained to produce results

matching the SDSS observations are very similar.

4.4 Confronting observations and simulations in the

Green Valley

The state-of-the-art simulations explored in this chapter are capable of matching the
general fundamental properties of galaxies (Pillepich et al., 2018b; Nelson et al.,
2018), as well as the bimodality of galaxies in colour (Trayford et al., 2015; Nel-
son et al., 2018). Note, while these papers find a qualitative agreement between
observation and simulations, they also identify subtle discrepancies. Here, we fo-
cus on how well simulations reproduce the bimodality of galaxies on the D,,(4000)
vs log M,/Mg, plane. More specifically, we look at the mass dependence of the
fractions of AGN, SF and Q galaxies in the GV. Given that the GV is a transi-
tional region where quenching processes efficiently drive galaxies to quiescence,
this comparison allows us to analyse the ability of the subgrid physics imposed in

the simulations to reproduce the observational data.
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4.4.1 Blue Cloud, Green Valley and Red Sequence

Our first analysis of the data — before focusing on the GV — involves a comparison
of the BC, GV and RS between SDSS and simulations. Note similar studies have
been already performed on the colour-mass plane, finding general agreement of the
simulations with observations (see, e.g., Trayford et al., 2016, 2017; Kaviraj et al.,
2017; Nelson et al., 2018) and on the SFR-mass plane (Furlong et al., 2015; Donnari
et al., 2019). We revisit this comparison with our new definition of the BC, GV, RS

regions, looking for hints that could help improve the simulations.

4.4.1.1 Comparison with EAGLE (RefLO100N1504)

Fig. 4.3 shows the distribution of EAGLE galaxies (left) on the D, (4000) vs
log M./Mg plane, after sample homogenisation. The blue, green and red data points
with error bars represent the observational (i.e. SDSS) BC, GV and RS. The red
and blue histograms on the side panels show the distribution of EAGLE and SDSS
galaxies, respectively — likewise for TNG100 on the rightmost panel. We find a mis-
match in the distribution, of about 0.1 —0.2dex at low D, (4000), but better agree-
ment at high D,,(4000) between SDSS and EAGLE for RS. Combining this with the
stellar mass distribution, we see that while there is an overall qualitative agreement,
EAGLE seems to produce BC, GV and RS regions with higher D, (4000), and the
mismatch increases from BC to RS. This difference is greatest in the lowest mass
bins, 9.5 < logM, /Mg, <10.5. The higher value of D, (4000) at low-intermediate
mass could be due to the mass-metallicity relation, being shallower in EAGLE with
respect to the observations (Schaye et al., 2015; Trayford et al., 2017).

One reason for the shallowness of the mass-metallicity relation could be due to
galaxies having more efficient chemical enrichment at low mass compared with the
observations. D,(4000) is sensitive to metallicity (Balogh et al., 1999), one of the
manifestations of the age-metallicity degeneracy. This could be more prominent in
our diagram but not in previous studies, such as Trayford et al. (2015), as D,,(4000)
has a larger range of values compared to the colour, (g — r), of the galaxy, hence
better highlighting the difference. Moreover, the inclusion of only one mode of

AGN feedback — resembling quasar-mode AGN, which happens to be dominant in
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Figure 4.3: Distribution of galaxies on the D, (4000) vs stellar mass plane. The gray dots
represent the simulation data after homogenisation in EAGLE (left) and Illus-
trisTNG (right). The contours map areas of constant number density on the
plot. The blue, green and red solid lines follow the observational definition
of the BC, GV and RS, respectively. The error bars are given at one standard
deviation from the mean. The histograms in the adjacent panels display the dis-
tribution of 4000A break strength in observations (blue) and simulations (red).

high mass galaxies (Shankar et al., 2006; Faber et al., 2007; Smethurst et al., 2015)
— could offer another potential explanation for this trend. AGN feedback plays an
important role in quenching star formation (Martin et al., 2007; Gongalves et al.,
2012; Wright et al., 2019; Dashyan et al., 2019), therefore specially for lower mass
galaxies, quasar mode AGN could lead to quenching of star formation that operates
too quickly. A combination of these two affects could also cause the trends we
see here, where the red sequence features a shallower gradient with respect to the

observations.

4.4.1.2 Comparison with IlustrisTNG (TNG100)

In the TNG100 simulated galaxies (see Fig. 4.3, right), a better agreement is found
in the BC with respect to EAGLE; also evident from the histograms shown on the
right. However, there is significant disagreement in the GV and RS, of ~ 0.1 —0.3
dex. Note the gradient of the RS on the D,,(4000) vs stellar mass plane is shallower
in TNG100 with respect to SDSS. It is also shallower than the EAGLE data, with



4.4. Confronting observations and simulations in the Green Valley 134

an excess of RS galaxies at low mass (< 10'°M,,). Additionally, at the massive end
(above 10'%3M.,), a more drastic decrease in the number of BC galaxies is appar-
ent. Note, the fraction of galaxies in the GV is lower in TNG100 with respect to
the observations, specifically for 1.5 <D, (4000)< 1.8, as shown by the histogram.
Note that previous work in the literature (Nelson et al., 2018) find better agreement
when looking at bimodality with respect to (g-r) colour. However, at lower stellar
mass, 9 < log M, /Mg < 10, they also find a surplus of galaxies in the simulated
red sequence, suggesting over-quenching. More specifically, at low stellar masses,
recent comparisons find a shallower mass-metallicity trend with respect to the ob-
servations (Nelson et al., 2018), which might offer a possible explanation to the

excess of RS galaxies in TNG100.

4.4.2 Fractional Variation in the Green Valley

Although we already find limited differences between the EAGLE and TNG100
simulations in the BC, we find a significant difference in the RS, so we focus on
the analysis of the GV region, as it is a transition region where quenching processes
are expected to leave stronger imprints, and where different feedback prescriptions
are expected to be more prominent. Note that we start with ~ 226 872,13 475 and
22232 SDSS, EAGLE and TNG100 galaxies, respectively with log M, /Mg, 2 9.0.
After homogenisation we are left with 88588 (39.05% of total) EAGLE-SDSS and
5822 (43.21% of total) EAGLE galaxies and 90709 (39.98% of total) TNG100-
SDSS and 9906 (44.56% of total) TNG100 galaxies. The number of galaxies is fur-
ther reduced to 630 (10.82% of homogenised sample) for EAGLE and 486 (4.91%
of homogenised sample) for TNG100 when considering only the GV. For the SDSS-
EAGLE and SDSS-IllustrisTNG samples, we find 6491 (7.32%) and 6448 (7.11%)
galaxies, respectively in the GV. Even though there are similar fractions of EAGLE
and TNGI100 galaxies after homogenisation, there is a greater drop in TNG100
compared to EAGLE. Using these GV galaxies we then compare the fraction of dif-
ferent types of galaxies regarding nebular emission (as defined in Sec. 4.3.4), in the
IGV, mGV and uGV. The classification separates galaxies into either SF, Q, LINER

or Seyfert AGN. Fig. 4.4 compares the fraction of galaxies segregated by type as a
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Figure 4.4: Difference between the fractions of observational and simulated GV galaxies
as a function of stellar mass. The black dotted, green dash-dot, blue and red
lines show the difference for Seyfert AGN, LINER AGN, star forming (includes
composite) and quiescent galaxies. Left and right panels show the results for
EAGLE and TNG100, respectively. From top to bottom, we show the results
for upper (UGV), mid (mGV) and lower (IGV) green valley (see text for details).
The error bars show the propagated Poisson uncertainty.

function of stellar mass in EAGLE (left) and TNG100 (right), with respect to the
observational constraints from SDSS. The horizontal dashed line at zero represents
the ideal case where simulations and observations match perfectly. The top, middle
and bottom panels correspond to the uGV, mGV and 1GV, respectively. The lines
are colour coded, as labelled. In IGV and mGV, EAGLE is able to reproduce the
general trend with respect to SF and Q galaxies at low stellar mass; as most data
straddle the zero point. However, for most massive galaxies > 10'98M., EAGLE
tends to overproduce (underproduce) quiescent (SF) galaxies. In uGV, the result is
noisier but it is nevertheless able to reproduce the fractions of observed galaxies.
Note for low mass, M, < 10!19°M,, the fraction suggests an overproduction of SF

galaxies in simulations. In addition, there is a consistent underproduction of Seyfert
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AGN galaxies, however the samples include very few Seyfert AGN galaxies, so the
statistics is not so significant. The trend for LINERs galaxies is noisier, so we can-
not deduce any mass trend of the mismatch with respect to the observations.

TNG100 also shows a similar level of mismatch with respect to the observa-
tional data, with an overproduction (underproduction) of Q (SF) GV galaxies. The
overproduction of quiescent galaxies seems to increase with respect to stellar mass,
in both 1IGV and mGV. Similar to EAGLE, there is a reasonable agreement be-
tween SDSS and TNG100 in the uGV. Note in IGV and mGV, for the most massive
galaxies, > 10'%3M,,, we find an underproduction of SF galaxies. Whereas in the
uGYV, TNG100 seems consistent with the observations. The fraction of Seyfert AGN
shows little difference. However this is once more owing to low number statistics.
The fractions for LINER galaxies is consistent with the observations as it straddles
the zero point, similar to EAGLE but noisier.

There could be many reasons for the discrepancies found between the GV
galaxies in observations and simulations. We explore them in Sec. 4.5. Note the
overabundance of Q galaxies, along with the lack of SF galaxies in the simulation
GV may indicate too rapid quenching with respect to the observations. This is con-
sistent with the fact that both EAGLE and TNG100 feature a RS with a greater
4000A break strength than the SDSS observations.

4.4.3 Specific Star Formation Rate

In addition to the comparison based on the BPT classification of the nebular emis-
sion lines, presented above, it is possible to further test the models by comparing
the behaviour of the specific star formation (sSFR) rate, defined as the instantaneous
star formation rate per unit stellar mass. sSFR is a powerful indicator of the ongo-
ing stellar mass growth. Fig. 4.5 (left) shows sSFR against stellar mass. The blue,
green and red dashed lines with error bars show the mean observational sSFR in the
IGV, mGV and uGYV, respectively, whereas the shaded regions delimit the results
from the simulations. Note for galaxies with SFR= 0, we set their logsSFR(yr!)
at —15.5, and these galaxies are excluded when calculating the mean sSFR for each

stellar mass bin. The black and gray data points correspond to individual galaxies
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in the GV for simulations and SDSS, respectively. Galaxies with logsSFR< —14
(hereafter defined in yr~!) represent fully quiescent systems, i.e. with negligible
star formation. The text labels on the figures state the percentage of galaxies with
SFR=0, thus have had their sSFR set to log sSSFR = —15.5, for their respective
stellar mass bins. Note these galaxies might have residual star formation, unde-
tectable due to the resolution limit of simulations. However, the minimum SFR
we find is 0.00071 and 0.00032 M, yr~! for EAGLE and TNG100, respectively.
These estimates roughly translate to log sSSFR = —14.2 for the most massive galax-
ies. Therefore, even without the limit in resolution regarding the star formation
histories, these galaxies would have a lower SFR than the SDSS sample. Note, for
observational galaxies with undetectable star formation, their sSFR have artificially
been put around log sSSFR = —12.0 following a gaussian distribution (Brinchmann
et al., 2004; Donnari et al., 2019). We argue, since we are focusing on GV galaxies
and in a stellar mass range, log M, /M, = 10'003=11-03 "that the fraction of galax-
ies with undetectable star formation should be low. This is further backed up by the
low fraction of Q galaxies present in the GV — see Sec. 4.5.2.3. EAGLE produces
a trend of sSFR with stellar mass that is close to the observations. The SDSS data
feature a wider separation between 1GV and uGYV, whereas the simulations show
significant overlap. Moreover, the simulations show overall higher values of the
sSFR with respect to the observations. This mismatch may be due to a system-
atic offset, as the sSFR of the simulations is retrieved from the output of the star
formation activity, whereas the observational constraints are determined indirectly
from standard relations involving emission lines (see, e.g., Kennicutt, 1998). How-
ever, whilst simulation galaxies have higher SFR in the star-forming subsample,
they produce a higher fraction of galaxies with no star formation, thus this trend is
consistent with our analysis based on the fraction of Q and SF galaxies, shown in

the previous subsection.

The right hand panel of Fig. 4.5 corresponds to the TNG100 simulation. The
overall trend with respect to stellar mass is consistent, but the simulations produce

values that are systematically higher, and the mismatch is similar with EAGLE
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Figure 4.5: Distribution of GV galaxies on the sSFR vs stellar mass plane. The observa-
tions (simulations) are shown as gray (black) dots. The results for EAGLE
and TNG100 simulations are presented on the left and right panels, respec-
tively. In both panels, the blue, green and red dotted lines, with errorbars
representing one standard deviation, show the observational constraints of the
IGV, mGV and uGV (bottom to top). The blue, green and red shaded regions
show one standard deviation covered by the IGV, mGV and uGV from the
simulations, respectively. Note the mean and standard deviation excludes all
galaxies without any star formation (SFR = 0), i.e. following the convention
log sSSFR(yr~')=—15.5, to remove any systematics on the simulations due to
the numerical resolution limit. The text labels show the different stellar mass
bins and the percentage of galaxies which have their sSFR set to —15.5 for
simulations and observations.
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galaxies. While the SFR is systematically higher, we do find a higher fraction of
galaxies, in TNG100, with no ongoing star formation, thus indicating that some
quenching implementation may act as a run away process, disabling any further
star formation, unlike what is seen for EAGLE. Furthermore, at the massive end,
logM,/M, 2 10.6, most TNG100 GV galaxies lack star formation whereas the
observations feature a significant number of SF galaxies, once more supporting the

argument towards an excess of Q galaxies in the simulations at the massive end.

All the estimation of the SFR, thus sSFR, have been done using the instanta-
neous value of SFR for the simulation, whereas the observed SFR is mostly calcu-
lated using Hor luminosity, which is sensitive to timescales of 100 Myr. Hence, there
could be potential biases. However Donnari et al. (2021a,b) analyse the variation in
the quiescent fraction in different stellar mass bins for TNG100, defined using SFR
measured over different time periods. They found, regardless of the time interval,
- 1.e. instantaneous, 100 Myr or 300 Myr - the fraction of quiescent galaxies in a

stellar mass bin were very similar.

Even though we are comparing galaxies with similar D, (4000), the simulated
galaxies happen to lie lower on the evolutionary sequence in comparison to observa-
tions (Fig. 4.3), thus we are potentially comparing the SFR of upper BC simulated
galaxies vs IGV observation galaxies. Therefore, the higher sSFR found for the star
forming galaxies is somewhat expected. Note, the caveat is further discussed in

Section 4.5.

4.4.4 Average Ages

The next step in the analysis of GV galaxies involves the comparison of the trend in
average age, between observations and simulations. For the observational (SDSS)
data, we adopt the same procedure as in Chapter 3 (taken from A19 and A20),
stacking the spectra, following Ferreras et al. (2013a). The stacks are presented to
STARLIGHT (Cid Fernandes et al., 2005), to extract star formation histories. This
code performs full spectral fitting with an MCMC-based algorithm that finds the

best-fit weights of a set of simple stellar populations (SSP). From these weights the
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average age is calculated as follows:

(logt) = %leog t, 4.7)
j=1

where x; is the normalised luminosity weight and ¢; is the stellar age corresponding
to the j-th SSP. For spectral fitting we use 138 SSPs from the Bruzual and Char-
lot (2003) models, where the age varies from 0.001 to 13 Gyr and total metallicity
varies from 10~ to 0.05, with 0.02 corresponding to solar metallicity. The ages in
the simulated galaxies are determined directly from the stellar growth of the galax-
ies, i.e. by taking into account the distribution of stellar particles within a R=3 kpc
aperture size; to better match the SDSS classic spectra, taken through optical fi-
bres that map a 3 arcsec diameter. Analogously to the spectral stacking performed
in the SDSS data, the star formation histories for each galaxy within the same bin
(in stellar mass and location on the GV) are stacked to create a joint distribution
of stellar ages from which the average is determined. The uncertainties in both
cases are obtained from a bootstrap, where each realization randomly stacks 60%
of the galaxies in each stellar mass bin. The uncertainties of average stellar ages
vary between ~ 0.1 — 0.7 Gyr for observational constraints, from STARLIGHT, and
~ 0.3 — 0.5 Gyr for simulated galaxies. Note that the stellar ages can be weighed
either by luminosity or by mass. The former are better constrained by the spectra,
whereas the latter are more physically motivated. Similarly to the dilemma be-
tween velocity dispersion and stellar mass — where the former is better constrained
by the observations, and the latter is the preferred choice for simulations, in this
case luminosity-weighted ages are more accurately constrained by the observational

spectra, whereas mass-weighted ages suffer less systematic in the simulations.

Taking into account that relative age variations are more robustly constrained
than absolute estimates, we decide to quote our results as a relative age difference,
given by:

Ayi(1) = Y — Via, (4.8)

where y represents either the average age, ¢, or quenching timescale, T (see be-
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Figure 4.6: Relative luminosity, Az;, weighted average stellar ages, shown as a function
of stellar mass. Comparison in the relative difference for EAGLE (TNG100)
are shown in the left (right) panels, each one separated into panels that cor-
respond (from bottom to top) to the IGV, mGV, uGV. The relative ages are
measured with respect to a fiducial one (¢;;) corresponding to mGV galaxies in
the 10.68< logM,/M <10.81 mass bin of the simulation data, quoted in each
figure (see text for details). The dashed shaded lines show the relative values
for the simulated data, while the solid lines present the relative difference in
ages for observational data. The uncertainties are obtained from bootstrapping
either when stacking the spectra (for observations) or SFH (for simulations)

low). The index k={L,M} denotes whether the parameter is luminosity- or mass-
weighted, while i denotes the chosen stellar mass bin. Note for each of the four
parameters explored — namely luminosity-weighted average age and quenching
timescale, and mass-weighted average age and quenching timescale — we select
a single fiducial value throughout, defined as the estimate from simulations in the
mGYV, at mass bin 101968 <M,/M., < 10198, We then subtract this fiducial value,
both in simulation and observation parameters, across all stellar mass bins and GV

regions. Therefore, by construction, Ay, for the fiducial bin will be zero for sim-
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Figure 4.7: Same as Fig. 4.6 but for relative, Azy;, mass weighted average stellar ages.

ulations, whereas the value of Ay in this fiducial bin for the observed data will

account for systematic offsets between observations and simulations.

Fig. 4.6 and 4.7 show the relative, luminosity and mass weighted, average stel-
lar ages in the observations (solid lines) and the simulations (filled dashed lines),
with EAGLE (TNG100) shown in the left (right) panels. In each case, the top, mid
and bottom panels show the result of uGV, mGV and IGV, respectively. The values
quoted in the mid panel show the actual estimate of the stellar age corresponding
to the fiducial mass bin. The luminosity-weighted ages show an increasing trend
with stellar mass in all cases, consistent with the well-established mass-age relation
(Kauffmann et al., 2003; Gallazzi et al., 2005). In all three regions of the GV, EA-
GLE produces galaxies that are both older, in luminosity weights, than the observed
constraints (by about 2.8 Gyr at the fiducial bin), and with a steeper mass-age slope
(see Tab. 4.3). The luminosity-weighted estimates show a substantial systematic

offset between the spectral fitting results (i.e. the data points) and the constraints
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Table 4.3: Slopes of the relation between average age and stellar mass. The slope (@) is
obtained from a linear fit to the function Af, s = atlog M,/M¢, + B (see Fig. 4.6
and 4.7). The uncertainty is quoted at the 1 o level.

Lum-weighted
EAGLE SDSS

Mass-weighted
EAGLE SDSS

IGV  +331£049 +40.92£0.20 +3.62+0.72 +2.314+0.95
mGV  +2.824+0.22 +0.99+0.18 +2.40+£0.74 +40.52+1.23
uGV  +3.09+0.27 +0914+0.22 +2.234+0.52 +3.11+1.81
Lum-weighted Mass-weighted
TNG100 SDSS TNG100 SDSS
IGV  +240+0.16 +0.92+0.18 +40.85£0.28 +1.08+0.69
mGV  +190+£047 +0.98+0.22 +40.09+0.40 +3.28£0.59
uGV  +1.16+0.31 +1.10£0.11 —-0.56+0.58 +4.14+1.80

from the star formation histories of the cosmological simulations (i.e. the shaded
regions), in all GV regions and in both EAGLE and TNG100. There is a slightly
better agreement with observations in the slope of the luminosity-weighted esti-
mates of TNG100, (see Tab. 4.3), and the fiducial age is also slightly closer to the

observational constraints (~2.0 Gyr).

In both cases, the mass-weighted average ages show better agreement with ob-
servations, both regarding the systematic offset and the slope, although with larger
error bars. However, note the discrepancy at the massive end of the TNG100 uGYV,
where observational galaxies have substantially older ages. Note previous work
hinted the upper part of the GV could be the least homogeneous, as one could have
a more complex mixture of galaxies evolving from the BC to the RS via quench-
ing, as well as galaxies moving “backwards” due to mild, but frequent episodes of

rejuvenation (Thomas et al., 2010; Nelson et al., 2018, A20).

Note, the difference in the average age could be solely due to the systematics
associated with calculating one based on the chosen spectral fitting algorithm, for
observation, and other using their true SFH, for simulation. For this reason, we
mostly focus on the relative trends of average age, as these are less affected by such
systematics. Alternatively, there is a potential for using a spectral fitting algorithm
on the simulated spectra as well, but this brings further complexity, as the spectra

is constructed using modelling, introducing a further dependence on the choice of
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Table 4.4: Equivalent of Table 4.3 for the quenching timescale, 7p. The slope (@) is
obtained from a linear fit to the function Atg » = otlogM,./ Mg + B (see
Fig. 4.8and 4.9). The uncertainty is quoted at the 1 o level.

Lum-weighted Mass-weighted
EAGLE SDSS EAGLE SDSS
IGV  +1.32£096 —-0.74+1.16 —1.25+0.70 —1.924+1.17
mGV  +0.71+0.98 —-0.03+0.64 +0.30+£0.48 —1.83+£1.31
uGV  —1.08£1.36 —0.85+1.33 —1.384+0.68 —8.04+2.12
Lum-weighted Mass-weighted
TNG100 SDSS TNG100 SDSS
IGV  +1.61+£0.72 —-0.68+£1.12 —-0.40£0.89 —1.31£1.66
mGV  —-0.13+£0.78 -0.20+£1.35 +0.07£0.72 —-0.20£3.17
uGV  —1.334+0.92 —-027+£2.06 —-0.69+0.77 +1.85+2.09

population synthesis model. Therefore, depending on which SSP models we use
or IMF we assume, the spectra will vary thus giving us different results through
spectral fitting. Therefore, by using the true SFH, we ensure the average age is
accurate in simulation data, avoiding these biases, even if we do have some system-
atic differences. Furthermore, as outlined in Section 4.3.3, the number of matching
observational galaxies in SDSS-EAGLE and SDSS-TNG100 set is quite low. De-
spite this, we find the average ages of the observed galaxies, both luminosity and
mass weighted, to be very similar. This indicates, while our approach, for selecting
GV galaxies might yield highly different sets of galaxies in the SDSS-EAGLE and
SDS-TNG100 samples (see Fig. 4.2), their parameters, such as the average age or

metallicity, are still comparable.

4.4.5 Quenching timescales

In Chapter 3, we presented a parameter that — under a number of simplifying as-
sumptions — can serve as a proxy of the quenching timescale. It is defined as the

time interval between two percentile levels of the stellar age distribution, namely:

T = t70 — 130, 4.9)

where ¢, represents the cosmic time when the cumulative stellar mass function

reaches a percentile level of x. Therefore 7p is the time that the system takes to
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Figure 4.8: Equivalent of Fig. 4.6 for the relative luminosity-weighted quenching
timescale, ATp, quoted with respect to a fiducial value (7g, riq), also taken from
mGV galaxies in the 10.68< logM,/M; <10.81 mass bin of the simulation
data, and quoted in each figure.

go from a stellar mass content of 30% to 70% of the final amount. Similarly to av-
erage age estimates we bootstrap 60% of the galaxies to obtain uncertainties in the
range ~ 0.07-2.3 Gyr for the observational data, derived from STARLIGHT, and
~ 0.1-0.8 Gyr for simulated data, directly from the star formation histories. In a
simple scenario where the galaxy builds up the stellar content in a monotonic way,
this parameter scales with the rate at which stellar mass grows. Ideally, one would
consider higher levels of the percentile (i.e. x), in order to represent more accurately
the final stages before quenching ensues. However, our choice is motivated by the
unavoidable uncertainties of the analysis, notwithstanding the systematics related to
the derivation of the star formation history from full spectral fitting, following the

STARLIGHT code (Cid Fernandes et al., 2005).

Fig. 4.8 and 4.9 shows the relative trends in both luminosity- and mass-
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Figure 4.9: Equivalent of Fig. 4.8 for mass weighted quenching timescale.

weighted quenching timescale, respectively. The symbols and panels are analogous
to those presented in Fig. 4.6, comparing the results for EAGLE and TNG100 in the
left and right panels, respectively. The slopes of these relations, assuming a simple
linear trend, are quantified in Table 4.4. We emphasize that 7y is less robust than the
derivation of an average age, as presented above. Similarly, we can see that there are
also large discrepancy between the observational sets of galaxies compared to the
average ages. However, we note that the constraints are imposed on stacked spectra
of galaxies with very similar properties (same stellar mass and in the same GV re-
gion), and feature a high signal to noise ratio. Therefore, the relative variations in Tgp
among the stacked data are more reliable than individual measurements of the same
parameter. We also note that, similarly to the average age shown above, we present
the data as relative to a fiducial bin, chosen to be the 10!0-68 <M,/Mg < 101081
interval in mGV simulated galaxies. Two fundamental pieces of information should

be looked for in the figures: the general trend with stellar mass, and the overall
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offset between SDSS data and simulations. In the luminosity-weighted case (left
panels), both simulations reproduce the general trend of the observations, with an
overall flat slope. There is a substantial offset between both, with SDSS data featur-
ing shorter values of 7y, analogous to the systematic in average age. Interestingly,
this offset is reversed in the mass-weighted case, where the comparison suggests
that the simulations quench star formation more rapidly. Moreover, this behaviour

also appears in the TNG100 comparison.

Note the sign reversal of Aty between the luminosity-weighted and the mass-
weighted cases, that appears in both EAGLE and TNG100. This sign change im-
plies the observations produce shorter 7y than the simulations when luminosity-
weighted, but longer values of 7o when weighed by mass. This result could be
caused by the fact that the D,(4000) index is sensitive to the presence of younger
stellar populations from a recent episode of star formation (Poggianti and Bar-
baro, 1997). However, this could also be explained by the way STARLIGHT con-
strains the weights of individual SSPs when performing spectral fitting. Luminosity
weighting puts high weights in a short and recent period of time. Hence the result-
ing 7Q is short. In contrast, the mass-weighted SFH distributes evenly the weights
of the different stellar populations, producing a more extended distribution that re-
sults in a longer 7p. Simulations distribute the weight of the individual star particles
evenly for all ages, hence is not so sensitive to the difference between luminosity

and mass weighing.

4.5 Discussion

This chapter focuses on how simulations behave regarding the proposed classifica-
tion of GV galaxies, presented in this thesis, following a probability-based method-
ology applied to the distribution of 4000A break strength in a large sample of SDSS
(classic) spectra with relatively high signal-to-noise ratio. The definition of the GV
along with three sub-regions (lower-, mid-, and upper-GV, denoted IGV, mGV, uGV,
respectively) was presented and analysed in Chapter 3. We contrast here the obser-

vational properties with two state-of-the-art cosmological simulations, EAGLE and
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Iustris TNG. Since the GV can be interpreted as a transition region where galaxies
evolve from actively star-forming to quiescent systems, it should be considered a
fundamental sample where the physical mechanisms of feedback, described in cos-
mological simulations by an overly simplified set of equations compared to the real
thing, loosely termed subgrid physics, can be put to the test. In a way, constraints
based on GV galaxies provide “the next order” in our perturbative approach towards
galaxy formation, the lowest order being the standard constraints on the galaxy lu-
minosity/mass function, the Tully-Fisher relation and the mass-metallicity relation

(Schaye et al., 2015; Pillepich et al., 2018b).

4.5.1 Potential Caveats

4.5.1.1 Population synthesis models

In order to follow the same definition of the GV in the simulations as in Chapter
3, we had to create synthetic spectra by combining the star formation and chemi-
cal enrichment history of the simulations with the E-MILES population synthesis
models of Vazdekis et al. (2016). Once the mock spectra were created, we mea-
sured the 4000A break strength following the same D,,(4000) index (Balogh et al.,
1999). A possible systematic lies in the choice of models, including stellar evolu-
tion/isochrone prescriptions and stellar libraries. One would consider contrasting
the results with respect to independent population synthesis models, such as BCO3
(Bruzual and Charlot, 2003) or FSPS (Conroy and Gunn, 2010), beyond the scope
of this project. We note, though, that our analysis is mostly focused on relative
variations of the stellar ages, which present significantly smaller systematics than

absolute age estimates.

4.5.1.2 Green Valley definition

An additional caveat regarding the mismatch between simulations and observations
may be due to the actual definition of the GV. Previous studies of the EAGLE and
TNG100 samples selected GV galaxies based on colour, or on the SFR vs stellar
mass plane (Trayford et al., 2015, 2017; Wright et al., 2019; Nelson et al., 2018;

Correa et al., 2019). Our selection, based on 4000A break strength is motivated by
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a fully empirical approach, and requires the “projection” of the output from the sim-
ulations on the observational plane by creating synthetic spectra (Sec. 4.3.1) whose
D,,(4000) is measured. This step may introduce a systematic that can affect the com-
parison. An alternative approach would require defining the GV in the simulations
independently, similarly to Trayford et al. (2015) and Wright et al. (2019) for EA-
GLE and Nelson et al. (2018) for TNG100, thus having independent definitions of
the GV for EAGLE, TNG100 and SDSS. Using this methodology, we would have
different GV locations for EAGLE, TNG100 and SDSS on the D,,(4000) vs stellar
mass plane. This would produce independent IGV, mGV and uGV samples in each
data set. However this method is counterproductive to the aim of this project, as we
are aiming at comparing the empirical definition of the GV, based on SDSS data,
with model predictions. Thus by projecting simulations onto the observational plane
and comparing the results enables the improvement of the subgrid physics such that
the models can reproduce the BC, GV and RS morphology as found in the observa-
tions. Moreover, by focusing on the GV in this manner, we isolate the cause of the
discrepancy i.e. the overabundance of Q GV population and lack of SF GV galaxies

hinting towards over quenching or too rapid quenching in the simulations.
4.5.2 Contrasting observations with simulations

4.5.2.1 Overall distribution

Hydrodynamical simulations have been shown to successfully reproduce the funda-
mental scaling relations of galaxies. Furthermore, there have been multiple studies
on the bimodality that find a qualitative agreement between observation and sim-
ulations: in EAGLE, multiple studies have focused on colour (g-r) at z = 0.1, to
find an overall agreement with the distribution with observation (Trayford et al.,
2015). Implementing a more sophisticated treatment of dust attenuation — where
younger stellar populations are dustier than older systems — a better agreement with
data from the GAMA survey was obtained (Trayford et al., 2017). Note these au-
thors report a red sequence that appears slightly flatter than observed, in agreement
with our Fig. 4.3. The flatter red sequence gradient was attributed to a flatter mass-

metallicity relation (Schaye et al., 2015). This discrepancy is also evident in the
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definition based on the D,,(4000) index, as it is also sensitive to metallicity.

Concerning TNG100-based comparisons, Nelson et al. (2018) correct for dust
attenuation, finding a good quantitative agreement of the bimodality with the obser-
vations on the colour vs stellar mass plane. We also find good qualitative agreement
on the colour vs stellar mass plane, by applying a simple dust correction with the
Calzetti et al. (1994) law. However, our analysis based on the D,(4000) index,
which is significantly less sensitive to dust attenuation, shows a greater discrep-
ancy (Fig. 4.3), and this behaviour is similar in the EAGLE simulations. This
result would suggest that the prescriptions chosen by the simulations, especially
manifesting on the mass-metallicity relation, are able to reproduce and explain the
observed colours, whereas the 4000A break selection of GV suggests these pre-
scriptions are not good enough to explain in detail the properties of the underlying
stellar populations. Note that both broadband colours and D,,(4000) suffer from the
age-metallicity degeneracy (see, e.g. Worthey, 1994), whereas the latter has a negli-
gible dependence on dust. Therefore, the subgrid physics needed to constrain either
may introduce independent biases. We argue here that the 4000 A break strength
is a more fundamental observable, as it removes the highly complex layer of dust
production, destruction, geometry, radiative transfer, etc, needed to produce reliable

estimates of broadband photometry.

Additionally, the discrepancy between observations and simulations could be
to the magnitude limit on the observation, where we do not observe galaxies in
SDSS below r < 17.7. However, in simulations we do not impose such criteria due
to the already small sample size. Therefore, observations might be missing faint
galaxies with stronger 4000A break, found in the simulations. However, we argue,
this effect will be most prominent, if at all, in the low mass regime, owing to the
Malmquist bias. This could be used to explain the mismatch in the RS gradient,
however in high stellar masses log M, /Mg 2 10.2, this effect will be minimal,
i.e. not enough to explain the abundance of galaxies with D,(4000)2> 1.80 seen in
simulation but not observations. Wu et al. (2021) compares the LEGA-C survey

with TNG100 at intermediate redshift, 0.6 < z < 1.0, finding a good match between
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the simulated and observed D,,(4000) index. However, they find already that most of
the quiescent galaxies, especially for high mass systems with D,,(4000)> 1.6, have
weaker EW(HO) and very little star formation in the recent history, with very few
galaxies to have experienced rejuvenation in the last 1 Gyr, which as they evolve to

7z~ 0.1, would have a stronger D,,(4000) - as seen in this chapter.

4.5.2.2 Overquenching

We discuss here the potential explanation of the mismatch of the bimodality shown
with 4000A break strength as a result of overquenching. Note most of our analysis
is carried out on the GV.

Although qualitatively there is good agreement between the two simulations, in
EAGLE we find the RS features a D, (4000) index ~0.1 dex higher than the SDSS
constraints at stellar mass < 10'0°M/M,. TNG100 also produces a RS with an
even greater D, (4000) strength, ~0.2 dex higher than SDSS. Both simulations pro-
duce the BC in agreement with the observations, therefore indicating a mismatch
with respect to feedback/quenching mechanisms that eventually produce the RS.
This hypothesis is backed by the fraction of galaxies classified via nebular emis-
sion (Fig. 4.4) that shows a higher fraction of Q galaxies in the GV, especially at
the massive end. Note that the definition of quiescence versus star formation is
less prone to biases than the definition of AGN activity (Tab. 4.2). Therefore, the
excess of Q GV galaxies in simulations appears to be quite robust. Luminosity-
weighted average ages (Fig. 4.6), consistently show older galaxies in the simulated
systems in all GV regions, IGV, mGV and uGV. Between the two sets, TNG100
features the larger discrepancy towards a larger excess of Q galaxies and older av-
erage ages. Fig. 4.5 shows the simulated GV galaxies with slightly higher sSFR
than the observations, but within 16 in all IGV, mGV and uGV. The greatest differ-
ence between simulations and observations is due to the former lacking any ongoing
star formation, where EAGLE and TNG100 have 28% and 100% GV galaxies with
log sSFR < —15.5 at the highest stellar mass bins > 10'°8!M.. While EAGLE
produces a consistent level of scatter, 0.5 — 0.8 dex, matching the observations, a

lower scatter, 0.2 — 0.5dex, is seen for TNG100 at high stellar mass, > 1010'68M@.
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Previous studies of GV galaxies in both EAGLE and TNG100 suggest quench-
ing timescales 1.5< gy <7.0 Gyr (Trayford et al., 2016; Wright et al., 2019; Nelson
et al., 2018; Correa et al., 2019), a range that mostly agrees with the constraints de-
rived from SDSS and GAMA data (Schawinski et al., 2014; Phillipps et al., 2019,
A20), with a heavy dependence on their stellar mass and morphology. Our study of
GV and quenching timescale also gives values within this limit in both observations
and simulations, as shown in Fig. 4.8 and 4.9. However, note our sample is less
homogeneous than the previous studies, as we stack the SFHs regardless of galaxy
type or morphology, thus we are unable to find a clear trend with respect to stel-
lar mass. The mass-weighted quenching timescale supports overquenching/ rapid
quenching as the primary reason for the discrepancy between observations and sim-
ulations: we obtain more extended SFHs for SDSS than both EAGLE and TNG100,
To(0bs) > 1p(sim). Note both EAGLE and TNG100 reproduce the expected de-
creasing quenching timescale with stellar mass, as found in the literature (Kauff-
mann et al., 2003; Gallazzi et al., 2005). However for the luminosity-weighted
quenching timescale, we find a reversal of this trend, where the observational con-
straints show a shorter 7. This effect could be due to rejuvenation (Faber et al.,
2007; Mclntosh et al., 2014), where a recent episode of star formation will bias the
luminosity-weighted estimates towards the younger (i.e. lower M/L) component.
Since our estimate of 7y is based on the difference in the stellar age distribution at
the 30% and 70%, in luminosity weighting, a recent episode of rejuvenation can
drastically increase the 7y parameter, however if the episode is of a significant frac-
tion, it will have an inverse effect, where 7y decreases drastically as seen in Fig. 4.8

and 4.9.

4.5.2.3 Simulation Star Formation Histories

We have shown that various indicators suggest overquenching or a more rapid
quenching of GV galaxies in both EAGLE and TNG100 simulations with respect
to the observational evidence provided by SDSS spectra. It is also interesting to
explore the fact that we find a higher fraction of Q galaxies and lower sSFR in

TNG100 with respect to EAGLE, however EAGLE produces slightly older average
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Figure 4.10: Cumulative frequency of the mass-weighted star formation history of galaxies
for different stellar mass bins, as labelled. The blue, green and red data points
show results for IGV, mGV and uGV respectively. The solid and dashed lines
show the mass-weighted star formation history in TNG100 and EAGLE sim-
ulations, respectively. The shaded region shows the uncertainty on the SFH,
which represents the 10 variation in the SFH of individual galaxies.
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ages and shorter quenching timescales, suggesting earlier and more rapid quench-
ing. This scenario is illustrated in Fig. 4.10, that shows the mass-weighted SFHs,
as cumulative functions with stellar age, where blue, green and red data correspond
to the IGV, mGV and uGYV, respectively. The solid and dashed lines are the results
of TNG100 and EAGLE, respectively. At low stellar mass (< 10'068M..) there
is qualitative agreement between the two simulations. We note that in these stel-
lar mass bins, both simulations produce similar average ages. Increasing from this
stellar mass range, EAGLE features a quicker accumulation of stellar mass at early
times compared to TNG100, as shown by the steeper increase of the cumulative

distribution.

The fact that EAGLE galaxies undergo quicker quenching but still feature
higher SFRs shows the nuance and complication we face when trying to under-
stand galaxy formation and evolution. Normally, a low sSFR, specially in the GV,
is associated to faster quenching. However our results illustrate that this is not al-
ways the case as parameters such as SFR, are sensitive to young stars. For instance,
estimates based on recombination lines are mostly sensitive to the ionising flux from

short-lived O and B type stars, therefore only encompass the very recent SFH.

Therefore in this study we see two distinct and different effects in EAGLE
and TNG100 simulations. EAGLE shows a more rapid quenching at early times,
whereas TNG100 quenches galaxies at later times, both showing an excess of Q
GV galaxies with respect to the observational constraints, but with subtle differ-
ences. We argue that this difference may be, partly, caused by the difference in the
definition of the black hole seed mass and halo mass threshold. In EAGLE, the
choice is 10°4~ M, for the BH seed and 10!°4~ M, for the halo mass threshold,
whereas TNG100 adopts values about 8 times higher in both cases. This increase
in the TNG100 simulation is justified to mitigate slow early growth (Pillepich et al.,
2018b), but it might also delay the onset of AGN feedback into a stage that removes
all chances of a later stage of star formation at the observed redshift (z = 0.1), thus

overproducing Q galaxies in the GV.

Fig. 4.11 shows the quenched fraction in both observation and simulation data
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Figure 4.11: Comparison of the quenched fraction as a function of stellar mass in SDSS
(filled) and simulations (dashed). The left and right panels show the results
for EAGLE and TNG100 data, respectively. Quiescent galaxies in SDSS are
selected via the BPT classification (—1, corresponding to no emission line
detectable). Simulated quiescent galaxies are selected using the criteria stated
in Tab. 4.2. From bottom to top, each panel corresponds to the IGV, mGV and

uGV.
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with respect to all galaxy types (concerning nebular emission). The SDSS galaxies
are flagged as quenched if their BPT classification is —1 (i.e. no detected emission
line). For the simulations, a quenched galaxy follows the criteria shown in Tab. 4.2,
namely: log(Aggq) < —4.2 and log sSSFR < —11.0. The filled and dashed lines
show results for SDSS and simulations. Left and right panels show the results for
EAGLE and TNG100, respectively. From bottom to top, the panels represent the
IGV, mGV and uGYV, evolving from the part of the GV closest to the BC towards
the RS. This figure, along with Fig. 4.10 allows us to provide an explanation for
our results. Both EAGLE and TNG100 show an overall agreement with respect to
their SDSS counterpart, where there is an increase in GV quiescent galaxies with
stellar mass. In IGV and mGV, we find a good qualitative agreement between both
simulations and observations. The simulations produce a higher quenched fraction
with increasing stellar mass. The exception to this is the uGV, where there is a
constant fraction of quenched galaxies. Both simulations are able to reproduce
a trend matching the observations. Both EAGLE and TNG100 simulations also
produce a similar rate of increase in the quiescent population. Note the general
low fraction of Q galaxies in the GV. This is owing to GV being mostly populated
by LINER and Seyfert-type galaxies (Martin et al., 2007; Angthopo et al., 2019),
further indicating the importance of having the correct subgrid physics for AGN

feedback in hydrodynamical simulations.

The slower quenching leads to younger stellar components in TNG100 than
EAGLE, thus we find younger luminosity-weighted average ages for TNG100,
teig = 2.98 £0.08 Gyr, than EAGLE, #g; = 3.77 £0.33 Gyr, (Fig. 4.6). The rapid
change in the quenched fraction of GV galaxies and the higher number of galax-
ies with zero SFR (Fig. 4.5) provides an explanation for the observed excess of
Q GV galaxies in TNG100 (Fig. 4.4); with respect to SDSS and EAGLE. Fur-
thermore, the number of galaxies with zero SFR increases as we go from 1GV to
the uGV. This occurs at stellar masses above > 10'0-°M,, where the kinetic feed-
back is switched on, thus suggesting the excess of kinetic feedback at late times

might be the reason for this behaviour. This is supported when we study the re-
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Figure 4.12: Distribution of galaxies in EAGLE (left) and TNG100 (right) in the black
hole mass vs specific star formation (within 3 kpc) diagram. The contours
outline the density of galaxies in a given area. The density plot indicates the
number of galaxies in a given area, where the redder areas are occupied by
a higher number of galaxies than the bluer regions. Note, the galaxies with
logsSFR= —14.5[yr"!] corresponds to galaxies with SFR= 0.

lation between sSFR and black hole mass between the two simulations, as seen
in Fig. 4.12. EAGLE (left panel) shows that an increase black hole mass results
in the steady decrease of sSFR, where galaxies still have some ongoing SFR at
high black hole masses, log mpy/Mg 2 8.0. However, in TNG100 (right panel),
we find a distribution focused around two points, where a clear divide can be seen
around log mpy /Mg ~ 8.0, where the AGN is thought to change from thermal to
kinetic feedback. On the one hand at low black hole masses, where they experi-
ence thermal feedback, we find many galaxies with on-going star formation, with
a dense region around log (sSFR/yr—!) ~ —10. On the other hand, when the black
hole mass goes above log mgy /Mg 2 8.0, we find most of the SFR= 0, set our
log (sSFR/yr~!) = —14.5. This further supports the claim that kinetic feedback
implemented in TNG100 is too powerful. Note there are some galaxies with some
SFR, above the IOS'OM@ black hole mass, however this could be where galaxies
experience rejuvenation as stated in Nelson et al. (2018). Such events are thought
to be prominent at high stellar mass, > 10'"°M_, beyond the stellar mass interval

explored in our study.
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4.5.3 Subgrid interpretation

We explore in this section the details of the subgrid physics implemented in the
simulations that could give rise to the differences presented above. Given the mass
range we are studying, a valid assumption is to consider AGN feedback as respon-
sible for the mismatch. Previous work in the literature noted a strong dependence of
quenching within the stellar mass values studied (Kewley et al., 2006; Croton et al.,
2006; Hopkins et al., 2006). For galaxies with stellar mass lower than 10°"M,
EAGLE finds very low AGN activity and most quenching is due to stellar feedback
or environment (see, e.g. Crain et al., 2015). Above 10°"M, — corresponding to the
mass range probed in this study — EAGLE galaxies quench star formation via AGN
feedback (Bower et al., 2017). Note even within this regime, EAGLE has two dis-
tinct intervals where the SMBH grows at different rate compared to the stellar mass.
If the stellar mass is 10%7 <M, /Mg < 10'93 EAGLE has slow growth in SMBH,
while more massive galaxies undergo a rapid increase in the super-massive black
hole accretion rate (Wright et al., 2019). This coincides with the same mass regime
where we see a drastic increase in the fraction of Q galaxies, with an excess over
the observed constraint. Therefore we can assume the increase in SMBH accretion

rate, while self-regulated, could be too rapid.

In TNG100, both the black hole mass and the Eddington ratio have a strong de-
pendence on how much energy is injected back onto the environment and in which
form. In TNG100, primarily the AGN feedback, particularly the kinetic BH-driven
winds, have been demonstrated to suppress star formation above 10'%> M., (Wein-
berger et al., 2017; Nelson et al., 2018; Terrazas et al., 2020; Davies et al., 2020;
Donnari et al., 2021a), hence the choices in subgrid physics of SMBH seed, growth
or feedback are probably the cause of the discrepancies we have seen in this anal-
ysis. Specifically at the massive end, > 10'°>M,,, we find a substantial difference
between SDSS and TNG100, where the simulation switches from predominantly
thermal feedback:

AEierm = € pigh€-Mprc®, (4.10)
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to kinetic feedback:

AEyin = & rinMBHC?, (4.11)

thus injecting a higher amount of energy onto the interstellar medium (ISM) (Wein-
berger et al., 2017). Therefore we suspect that the kinetic feedback, along with the
delay in SMBH growth imposed by the higher thresholds in the choice of seed mass,
may be responsible for the over-quenching found in GV galaxies (see also Li et al.,
2019, who found a similar discrepancy). At fixed stellar mass, the black hole mass
in TNG100 is greater than the estimates derived from observations (see Fig. 4.13
and Li et al., 2019), hence we should expect the energy output, as shown in Eq. 4.11,
to be overestimated in this simulation. The overmassive black holes could also lead
to the overquenching in the quasar mode as well, as more energy is injected to the
surrounding ISM, thus yielding a higher fraction of Q galaxies in the GV. More-
over, Terrazas et al. (2020) found a sharp decline in the SFR at M, ~ 1010°M_,
which corresponds roughly to the black hole mass of Mgy ~ 1039M, in TNG100,
further supporting this assumption and what we see in Fig. 4.12. Note this sharp de-
cline in star formation could mean TNG100 galaxies feature more rapid quenching
timescales, compared to both EAGLE and SDSS. However the bulk of the quenched
galaxies might reside already in the RS, rather than the GV. At the same time, the de-
pendence of the quenched fraction with stellar mass in TNG100 matches the SDSS
data, when a different definition is adopted to classify star-forming and quiescent
galaxies in the general population (Donnari et al., 2021b). In contrast, EAGLE’s
stellar mass vs black hole mass relation, Fig. 4.13, finds good agreement with ob-
servations. However, we still find inconsistencies in the quenched fraction between
observation and simulation, within GV, suggesting the parameters, which have been
fine tuned for the AGN feedback “subgrid” physics to be too powerful. Moreover,
the use of one mode of AGN feedback, regardless of the stellar mass might be too

simplistic.
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Figure 4.13: The relation between total stellar and black hole mass for EAGLE and
TNG100, shown in red and blue, respectively. The purple and green data
points outline the observed stellar and black hole mass, obtained from
Schramm and Silverman (2013) and Reines and Volonteri (2015), respec-
tively. Finally the black line with shaded area shows the relation obtained
in Héring and Rix (2004).

4.6 Conclusions

We make use of a recent definition of GV galaxies based on 4000A break strength,
which uses SDSS classic spectra, and a probabilistic approach to separate BC, GV
and RS (see Chapter 3 for more details), to explore two of the latest, state-of-the-art
cosmological hydrodynamical simulations: EAGLE, (RefLO100N1504), and Illus-
trisSTNG (TNG100-1). We model the simulated galaxies to obtain a set of mock
spectra without accounting for the effects of dust and by including the contribu-

tion from all the stellar particles in a cylinder within 3 kpc galacto-centric radius to



4.6. Conclusions 161

mimic the 3 arcsec (diameter) SDSS fibre aperture. We make use of the E-MILES
population synthesis models (Vazdekis et al., 2016) to create the spectra. The study
projects the simulated data on the observationally motivated plane, comparing these
simulations with high quality spectroscopic data from the classic SDSS survey (e.g.

Abolfathi et al., 2018).

The galaxy samples need to be homogenised to avoid selection biases. Al-
though we homogenise in the stellar mass range 9 < log M, /Mg < 12, our analysis
focuses on a narrower region, 10.03 < log M,,/Mg < 11.03, which is the stellar
mass range obtained by converting velocity dispersion to stellar mass. Regarding
nebular activity, that allows us to classify the observed spectra, we define a number
of criteria based on the sSFR and the Eddington ratio of SMBH growth to separate
the simulated galaxies into Seyfert AGN, LINER, Q or SE. We use the global frac-
tions of the homogenised observational sample to define the constraints, and focus
on differences in the trends with respect to stellar mass. Despite the different sub-
grid physics implemented in these two simulations, we find similar constraints in

EAGLE and TNG100 (Tab. 4.2).

A reasonable agreement is found in general between observations and simu-
lations, where the simulations are able to produce the bimodal distribution on the
D,,(4000) vs stellar mass plane. Both EAGLE and TNG100 correctly produce the
location of the BC. However EAGLE features a RS that appears too high regarding
the 4000A break strength (by AD,(4000)~ +0.1 dex), while TNG100 produces a
RS with an even higher discrepancy (AD,(4000)~ +0.2 dex). Furthermore, as pre-
viously noted, both simulations produce a RS with a shallower gradient compared
to SDSS constraints, with TNG100 producing the flattest RS (Fig. 4.3). Such a dis-
agreement in the RS is expected to produce a similar mismatch in the GV, the main
focus of our analysis. Due to the sparsity of the GV in optical bands, we only focus
on 10.82% EAGLE and 4.91% IllustrisTNG galaxies of the homogenised samples.
Even so, the analysis yields large constraining capabilities to improve the simula-
tions. We emphasize that the analysis of GV galaxies provides a fundamental con-

straint beyond the zeroth order constraints such as the galaxy stellar mass function,
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the Tully-Fisher relation, or the mass-metallicity relation, and focuses narrowly on
the subgrid physics that regulates the SFH of galaxies via feedback. Our analysis,
based on the dust-resilient D,,(4000) index provides a robust definition of the green
valley and is complementary to previous comparisons, such as, e.g., Trayford et al.
(2015, 2017); Nelson et al. (2018) for the galaxy colour or SFR vs. galaxy stellar
mass planes across the simulated galaxy populations.

We find both EAGLE and TNG100 overproduce (underproduce) the frac-
tion of Q (SF) galaxies in the IGV and mGV' in galaxies with stellar mass
1011-OM,. Moreover, the overproduction of quiescent GV galaxies is more preva-
lent in TNG100 than EAGLE (Fig. 4.4), supported by the comparison of sSFR.
While both EAGLE and TNG100 produce galaxies with sSFR marginally greater,
by ~ 0.1dex, than the observations, they match the overall trend. However, both
models still show overquenching as there are greater fractions of fully quenched
galaxies with respect to the observations (Fig. 4.5). Furthermore, a comparison
between simulations shows TNG100 produces more completely quenched galax-
ies than EAGLE. Note, by using a different definition of the SFR, Donnari et al.
(2021a) have found good agreement with SDSS in the general galaxy population,
1.e. not focusing on the GV, to better than 10 per cent, in the transitional mass scale
of 1010-11M..

Despite EAGLE having a lower fraction of Q GV galaxies than TNG100, we
find they produce overall older GV galaxies, both in luminosity and mass weighting,
and undergo more rapid quenching at high stellar mass. In comparison to the obser-
vations, both simulations produce older luminosity-weighted stellar ages. EAGLE
and TNG100 produce up to 3.5Gyr and up to 2.8 Gyr older galaxies, respectively,
with a dependence on stellar mass. EAGLE yields a steeper gradient of the correla-
tion between luminosity-weighted average age and stellar mass, whereas TNG100
is able to produce a slope that roughly matches the SDSS-based constraints. The
luminosity-weighted quenching timescale (7g) shows a more extended transition

time in simulations with respect to the SDSS data, a result that is reversed in mass-

'1GV, mGV and uGV represent the lower-, mid- and upper- green valley, defined as three terciles
of the 4000A break strength distribution within bins at fixed stellar mass
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weighted 7y (Fig 4.8 and 4.9). However both simulations are able to reproduce the
observational trend, more specifically a decrease in the mass-weighted quenching
timescale with respect to stellar mass.

Finally, at the massive end, 109>~ 11-OM_ EAGLE GV galaxies undergo more
rapid quenching compared to TNG100 (Fig. 4.10). Both simulations show signs
of overquenching, where, at higher stellar mass 10'%5~11.0M_ there is a higher
quenched fraction with respect to SDSS. While both over-produce quenched galax-
ies, we find a larger discrepancy between TNG100 and SDSS, up to 0.62 (fractional
excess), compared to EAGLE and SDSS, with a difference up to 0.50 (Fig. 4.11).
This shows that while TNG100 galaxies tend to quench at later times than EAGLE,
they also quench more efficiently on the GV. This suggests that EAGLE allows
for later episodes of star formation, when measured using the instantaneous SFR,
which gives results that appear to be more in agreement with constraints from the
SDSS sample (Fig. 4.5). Along with Fig. 4.12, previous multiple studies have noted
the strong quenching nature of the kinetic black hole-driven winds (Terrazas et al.,
2020; Davies et al., 2020), therefore we ascribe this difference to AGN feedback,
which sterilises the ISM of TNG100 galaxies, resulting in an excess of quiescent
galaxies on the GV. This chapter illustrates the power of the green valley — defined
by use of the 4000A break strength — as a key laboratory where feedback prescrip-

tions can be put to the test on state-of-the-art simulations of galaxy formation.



Chapter 5

Testing the role of AGN feedback on

“twin galaxies”

5.1 Introduction

In this thesis, we have explored the stellar populations of GV galaxies, defined using
a novel method, through the use of the 4000A break, uncovering the importance and
abundance of AGN in the GV (see Chapter 3). Furthermore, we also make use of
state-of-the-art hydrodynamical simulations to study how well the simulations are
able to reproduce the observational trends in Chapter 4. There we find that the
quenching mechanisms implemented in simulations to be too efficient, specifically

> 10'95M,, where AGN is thought to be essential

~Y

for high mass systems, M,
in quenching of star formation. Furthermore, the study of super massive black hole
(SMBH) and AGN in simulations have shown them to be essential for the formation
of quiescent galaxies at high stellar mass (Trayford et al., 2017; Pillepich et al.,
2018a; Nelson et al., 2018; Terrazas et al., 2020). Therefore, in this chapter we
focus on a direct study of the effect of AGN on their stellar populations through
the use of the “Twin” concept introduced in del Moral-Castro et al. (2019), whose
sample was then expanded in del Moral-Castro et al. (2020). From the study of
these “Twin” galaxies, they analyse the dimensionless spin parameter (Ag) defined
in Emsellem et al. (2007). The main result find bars to play an important role, where

AGN galaxy with a bar have a higher Az compared to their SF twin with a bar 56%
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of the time. When considering only unbarred galaxies, AGN galaxies have a higher
Ag greater than their SF twin 100% of the time, giving rise to the hypothesis that
AGN galaxies may have a different SFH than their SF twin counterpart.

The material in this chapter is taken from Testing the role of AGN on the star
formation and metal enrichment of “twin galaxies”, Angthopo et al. (Submitted to

MNRAS).

5.2 Methodology

5.2.1 CALIFA data and twin galaxy selection

For the selection of twins, which refers to two galaxies that are almost identical in
overall appearance and are similar in general properties, such as mass, luminosity,
ellipticity and morphology, we make use of the 3D optical data (third data release)
of the Calar Alto Legacy Integral Field Area survey (hereafter CALIFA, Sanchez
et al., 2012, 2016). The CALIFA survey observed ~ 667 galaxies within redshift
0.005 < 7 <0.03. The parent sample was reduced to 404 galaxies by Méndez-Abreu
et al. (2017), who disregarded those that presented signs of interaction, merging
activity, or had a high inclination angle (i > 70°), for a reliable characterisation
of morphology. Furthermore, they also check for the presence of bright stars that
could contaminate the systems. For each target that we choose to study, the survey
provides three data cubes: V500, V1200, and COMBO. The V500 data cubes have
low spectral resolution, covering a wavelength range of 3745 < A < 7500A with
R ~ 850 at A ~ 5000A. The V1200 data cubes have higher resolution but cover a
narrower spectral window, 3650 < A < 4840 A with R ~ 1650 at A ~ 4500A. The
COMBO data cubes are a combination of the high and low resolution data cubes,
where the high resolution spectra, via convolution with a smoothing kernel, are
degraded to match the lowest resolution spectra of the sample. The combined data
cubes are produced to overcome the vignetting affecting the other sets.

We give below a brief description of the selection process of twin galaxies -
differing in nuclear activity. More details can be found in the papers presenting

the original definition (del Moral-Castro et al., 2019, 2020). We start with the se-
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lection of the AGN sample, identified with the ratios of emission line luminosities,
applying the standard BPT classification method (Baldwin et al., 1981) to the cen-
tral spaxel. The lines are isolated making use of the fitting codes PPXF (Cappellari
and Emsellem, 2004) and Gandalf (Sarzi et al., 2006; Falcén-Barroso et al., 2006).
An AGN is selected if the data meet the required criteria for a Seyfert galaxy in all
four different BPT diagrams - three defined in Kewley et al. (2001) and one defined
in Cid Fernandes et al. (2010), that compare the line ratios [OIII}/HB, [NII]/Ha,
[SII/He, [OI)/He, and [OIIT]/[OII]. The AGN galaxies are included in the sample
only if they are considered to be isolated. Following the isolation criteria detailed
in Barrera-Ballesteros et al. (2014), from the whole CALIFA sample, galaxies are
discarded if they meet all three criteria: (i) they have neighbouring galaxies within
250kpc (ii) they have neighbours with a systemic velocity difference smaller than
1000km s~! (iii) their SDSS r-band magnitude difference, with the neighbouring
galaxy, is less than 2mag. The original sample was assembled to study the re-
solved galactic properties (del Moral-Castro et al., 2019). This original sample
was expanded upon, where the differences in angular momentum was explored (del
Moral-Castro et al., 2020). In addition, only galaxies with a spiral morphology, and
types Sa/SBa to Sbc/SBbc are included, thus enforcing a “simpler” mass assem-
bly history, rejecting the effect of major mergers. This selection criteria yielded 19
AGN galaxies.

To find the corresponding twin galaxies to these AGN (hereafter identified as
SF galaxies'), a control sample of star forming galaxies were selected. For the SF
galaxy to be considered a twin, firstly they have to be isolated and have to match
the Hubble morphology of the AGN galaxy. In addition, the stellar mass differ-
ence between AGN and SF galaxies has to be Alog(M,/Mg) < 0.25 dex, the ab-
solute magnitude difference AM, < 0.70mag, the difference in SDSS-r band disc
ellipticity Ae < 0.2. The selected candidates are then visually inspected to ensure
similarity before they are selected as twins. These criteria were imposed in del

Moral-Castro et al. (2020), however we further restrict the stellar mass difference

"However, note that the AGN galaxies in these systems also feature ongoing star formation. This
is just a convention to identify the different twin members.
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Table 5.1: List of twin galaxies, identified to be visually indistinguishable, where both are
star-forming galaxies but only one of them has an AGN (we refer to the other
one as SF). Columns 1 and 2 shows the galaxy ID and morphological classifica-
tion, taken from Walcher et al. (2014), respectively. Col. 3 shows whether the
galaxy has been identified to be an AGN or SF galaxy (del Moral-Castro et al.,
2020), where AGN galaxy also has evidence of on-going star formation. Col.
4 indicates the twin number a galaxy belongs to. Cols. 5 and 6 lists the total
stellar mass (Walcher et al., 2014) and the central velocity dispersion (measured
within a 3 arcsec aperture), which was derived in del Moral-Castro et al. (2020),
respectively. Finally, col. 7 shows the physical scale.

Galaxy =~ Morph. Type Twin logM,/Ms o (km/s) scale (pc/”)

&), 2) 3 & ©) (6) (7
Group 1

NGC2253  SBbc SF 1 10.50 109.1 257

NGC1093  SBbc AGN 1 10.43 107.4 349

NGC5947  SBbc SF 1 10.56 119.3 402

NGC6004  SBbc SF 1 10.63 100.8 301

NGC2906 Sbc  AGN 3 10.46 114.0 165

NGC0001 Sbc SF 34 10.58 131.9 305

NGC2916 Sbe  AGN 4 10.64 149.6 276
Group 2

NGC2639 Sa AGN 2 11.09 210.8 247

NGCO0160 Sa SF 2,6 10.99 216.1 349

NGC7311 Sa AGN 6 10.96 206.9 310
Group 3

NGC7466 Sbe  AGN 7 10.68 128.7 509

NGC5980 Sbc SF 7,8 10.69 121.8 320

UGC00005 Sbc AGN 8 10.74 117.9 485
Group 4

NGC6394 SBbc AGN 5 10.86 105.8 596

UGCI12810 SBbc SF 5 10.81 114.0 543

to Alog(M,/Mg) < 0.20 dex and introduce a velocity dispersion constraint, where
the difference in velocity dispersion in the central region, within a 3 arcsec aperture,
Ao < 30km/s. Note the velocity dispersion constraint is less than the typical mea-
surement error in CALIFA, however this hard constraint on ¢ further ensures that
these twin pairs, AGN and SF, galaxies are as similar as possible as ¢ is thought to
be one of the fundamental parameters of galaxy evolution (Graves et al., 2010; Fer-
reras et al., 2019). The final sample comprises 8 AGN galaxies in total and 10 twin
pairs — note that sometimes one SF can be associated to more than one AGN galaxy

as twin. Tab. 5.1 shows the twin sample. From left to right each column shows the
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galaxy name with their morphological classification, their “status” (AGN/SF), the
twin pair identification number for this work, stellar mass, velocity dispersion and
their scale, i.e. the mapping from an angular measurement (arcsec) to a physical
length (kpc). Finally, the sample is separated into four groups, based on the prop-
erties of the evolutionary diagram, discussed below. Note, to treat each group as a

unique set, we ensure that each of the SF galaxies only belongs to one group.

For the galaxies used, we display the stamp-like images (Figs. 5.1 and 5.2),
obtained from the CALIFA collaboration using SDSS images, of the various twins.
Each row corresponds to a twin pairing, where the left-most galaxy is an AGN,
while the rest are SF. This shows the SF galaxy to be visually indistinguishable from
the AGN galaxies. Furthermore, it displays the similarity in colour and morphology.
Finally, for the different groups identified, see Sec. 5.3.1 for details of the group,
we have framed the respective twins accordingly, where Group 1, 2, 3 and 4 twins

are framed in black, red, blue and green, respectively.

5.2.2 Assessing the effect of aperture

Note for our twin galaxies, we make 3 sets of data, within different aperture radii,
in order to explore the effect of AGN activity on its host galaxy. An example of the
3 apertures we have chosen to analyse the stellar populations is shown in Fig. 5.3,
quoted in terms of radius, R< 1.5” (top), R< 2.2kpc (middle) and R< 1.5R.y¢
(bottom). We have chosen these 3 apertures for two reasons; (i) to determine of
stellar population differences between Twin galaxies, which enable us to study the
extent of impact of the AGN (i.e. if we find a substantial difference between AGN
and SF galaxies in the outer region, this indicates that its effect can be global) (ii) the
R< 2.2kpc specifically enables us to compare with the SDSS data set. Finally, the
spectra from individual spaxels, with S/N> 3 per spaxel, are summed up within each
aperture, leading to a high signal to noise ratio, S/N> 100 per spaxel. Additionally,
the spectra are brought to rest-frame using the velocity maps computed in del Moral-

Castro et al. (2020).
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NGC1093 NGC5947 [\ [c{ep P LX] NGC6004

NGC2906 NGC0001
- .
.
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NGC2639 NGC0160
NGC7311 NGC0160
0

Figure 5.1: Stamp like SDSS images of AGN galaxies (left column) and their SF twin(s).
Each of the image has a field of view of 90” x90”, where North is up and East
is left. The different coloured frames separate the twins into their respective
groups. For example, the black and red frames indicate Group 1 and Group 2
twins, respectively.

Twin 2 Twin 4 Twin 3 Twin 1

Twin 6
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NGC6394+ UGC12810

A

Twin 5

Figure 5.2: Continuation of Fig. 5.1. Here we show the images of the remaining groups,
where the blue and green frames indicate groups 3 and 4, respectively.

5.2.3 Nebular emission correction

Before proceeding with the analysis of the stellar populations, we must ensure we
can measure the spectral features accurately. By construction, this sample com-
prises of disc galaxies, i.e. Sa/SBa to Sbc/SBbc, hence these galaxies have strong
emission lines. We correct for nebular emission following the methodology outlined
in La Barbera et al. (2013), where we fit each of the observed spectra with linear su-
perpositions of simple stellar populations from the Bruzual and Charlot (2003) pop-
ulation synthesis models, using STARLIGHT (Cid Fernandes et al., 2005). Note
the use of different synthesis models, such as eMILES or FSPS (Vazdekis et al.,
2016; Conroy and Gunn, 2010), are thought to produce very similar results. For
each spectrum, the best fit is subtracted from the original one. The difference pro-
duces the nebular emission component, where the lines are fitted with a Gaussian

function. The fitted lines are then removed from the original spectra. However, as
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Figure 5.3: The map of stellar flux for one of our galaxies, namely UGC00005, constructed
from a CALIFA survey data cube. Each panel shows the different apertures
used for this study, where we sum the spectra from invidivual spaxels. Top,
middle and bottom: panels show in black, the most central radial aperture,
within R<1.5”, the intermediate radial aperture, which matches the SDSS fibre
R< 2.2 kpc, and the maximum radial aperture, R< 1.5R. ¢, respectively, which

encapsulates the whole galaxy,

all the galaxies in the twin sample have strong emission lines, we opt not to measure

the HP index in the analysis of populations, as the subtraction is expected to carry

substantial systematic uncertainties.

5.2.4 SDSS reference sample

This chapter studies the properties of the sample of twin galaxies with respect to

their evolutionary stage, using the methodology described in chapter 3 (based on
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Angthopo et al., 2019). Here we briefly describe the methodology used to define
the evolutionary sequence. We characterize the blue cloud (BC), green valley (GV)
and red sequence (RS), with a large sample of galaxy spectra from SDSS (Gunn
et al., 2006; Abolfathi et al., 2018). Moreover, the large sample maps the general
distribution of galaxies at low redshift, that can be taken as reference to compare
the properties of the twin AGN/SF sets. The SDSS data correspond to galaxies
with a Petrosian r-band magnitude 14.5 < ryp < 17.7. The spectral coverage of the
SDSS spectrograph spans from 3800-9200A with resolution R = A /A2 of 1500 at
3800A and 2500 at 9200A (Smee et al., 2013). In order to remove a substantial bias
from the fixed aperture, we restrict the redshift of the sample within 0.05 < z < 0.1.
Furthermore, for our measurements to be robust, we only select galaxies with high
signal-to-noise ratio in the  band, SNr2 10, leaving us with ~ 228,000 spectra. We
make use of the GalSpecExtra catalogue (Brinchmann et al., 2004) to retrieve the
stellar mass, BPT classification, and foreground dust. We calculate the D,,(4000)
strength using a slight variation of the definition from Balogh et al. (1999), in the
same manner as Eq. 3.1 in Chapter 3. Note we also follow the methodology outlined

in Chapter 3 for the definition the GV.

5.2.5 Identifying Type 2 AGN in SDSS spectra

In Section 5.3.2, we contrast the CALIFA-based sample of twin systems with the
general galaxy population from SDSS. For this study, the AGN galaxies in CALIFA
have been selected as type 2, whereas the SDSS sample is only classified, regarding
AGN activity, through a simpler classification based on the BPT diagram, that does
not distinguish between type 1 and type 2 AGN. We apply an additional selection
criterion to those SDSS galaxies classified as having an AGN, to remove all possi-
ble type 1 AGN. The motivation for this is derived from recent studies indicating
that type 1 and 2 AGN may not be just explained by a difference in orientation
(see, e.g., Ramos Almeida et al., 2011; Villarroel and Korn, 2014; Spinoglio and
Fernandez-Ontiveros, 2021; Gkini et al., 2021), in contrast to the unification model
(e.g., Antonucci, 1993).

Previous studies from the literature typically impose a threshold in the width



5.2. Methodology 173

of the emission lines to discriminate between type 1 and 2 AGN. Here we follow
an alternative approach. From the SDSS catalogues, we select the subset of SF
(BPT classification = 1) and Seyfert AGN (BPT classification = 4) galaxies. In both
sets, we measure the equivalent width of the Ha line from the MPA/JHU catalogue,
and define a simple proxy of the relative amplitude of the line with respect to the

continuum, as follows:

He' — G
Y

Ao —
Ho T

(5.1

where ¢7/a" and €y denote the flux of emission and continuum at the location of

the He line (A = 6564.61A in vacuum), respectively. We divide the SF galaxies
into different bins according to their EW(Ha) and calculate the mean (usr) and
standard deviation (osr) of the distribution of Ay values. These estimates are used
to differentiate between type 1 and 2, so that a Seyfert AGN galaxy is considered
type 2 if, for a given EW(Ha) its Apq is located within 2057 below the mean of
the distribution of line amplitudes for the SF subset. This criterion results in 1,574
type 1 and 5,499 type 2 AGN galaxies — consistent with previous studies (Villarroel
and Korn, 2014). The second motivation for the use of 205r in the classification is
more empirical, where we argue that for a given EW(Ha), if the Ay, is too small,

it must be due to the width of the line, i.e, corresponding to a type 1 AGN.

Fig. 5.4 illustrates this selection criterion. The blue, red and green data points
show the distribution of SF, type 2 and type 1 Seyfert galaxies, respectively. Note,
while our method is a crude approximation, visual inspection of the spectra of in-
dividual galaxies confirms a low level incidence of broad line AGN galaxies in our
type 2 definition. Furthermore, for a more robust test, we plot the stacked spectra
of SF (BPT = 1), type 1 and type 2 Seyfert AGN (BPT = 4). Fig. 5.5 shows the
stacked spectra of SF, type 1 and 2 AGN for different bins of EW(Ha) in blue,
green and red, respectively (following the same colour scheme as Fig. 5.4). For
each bin, we make 50 stacks, consisting of 30% of type 1 and 2 AGN galaxies and
5% of SF galaxies; selected at random. We then plot the mean spectrum, where the
error bar (filled colour) indicates the minimum and maximum flux in each stack at

a given wavelength. The spectra are normalised in the displayed spectral window,
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Figure 5.4: Scatter points show the distribution of SF (blue), type 1 AGN (green) and type 2
AGN (red), on the Ay vs EW(Ho) plane. The inset shows the overall distribu-
tion of galaxies, whereas the central panel focuses on the region where we find
the highest number of type 2 Seyfert galaxies. The black line shows the median
Apq of SF galaxies within different EW(Ho) bins, and the error bars map the
1 o value of the SF galaxy distribution. We use 2 ¢ to discriminate between
type 1 and type 2 AGN (see text for details). Finally, the top (EW(Ha)) and
right (Agq) panels show the histogram of type 1 and 2 Seyfert AGN and SF
galaxies, where the colouring system is the same as that of the scatter points.

dividing it by the minimum flux in each individual stack. The figure illustrates the
expected trend, where galaxies classified as type 1 have a clear signature of a broad
component. At the lowest EW(Ha), where we have the highest number of galaxies,
we find the cleanest separation, where the green line features a wider Ha line com-
pared to both red and blue lines. This is also evident at higher EW(Ha), but there
are fewer galaxies with a broad component (type 1) in this case. It is possible that
this procedure still suffers from some level of cross contamination. However, due
to the wide distribution of SF galaxies, it is most likely that the method falsely flags
type 2 AGN as type 1. We argue this false classification will only lower the num-

ber of galaxy samples therefore leaving the stellar population properties, in general,
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Figure 5.5: We present the stacked spectra of SF (blue) and Seyfert AGN galaxies. For
Seyfert AGN, we divide them into type 1 (green, T1) and type 2 (red, T2), based
on their EW(Ha) and Ay, values. We focus in a strong emission line region,
Ho+[NII], where the stacks correspond to 30% (5%) of the total galaxies in
the EW(Ha) bins.

unchanged.

5.3 Stellar population differences

In this section, we study various properties of the twin galaxy sample from inte-
grated spectra within three different circular apertures. Additionally, we test the
robustness and the statistical significance of the results by comparing them with a
larger, general sample from SDSS. The redshift range of the SDSS and CALIFA
samples is slightly different, therefore a selection bias could be present in the com-
parison as: 1) the two samples correspond to different cosmic time, and/or ii) we
are affected by an aperture bias, as we observe different regions of the galaxies. We

argue cosmic time is not a major issue as it does not vary significantly between the
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different redshift ranges probed by the samples, < 1 Gyr. Regarding the latter, we
assess the effect by producing CALIFA spectra within apertures that are equivalent
to the area covered (in physical size) by the 3" diameter of the fibers of the original

SDSS spectrograph.

5.3.1 Differences in the evolutionary stage of twin galaxies

In order to compare the evolutionary stage of twin galaxies, we adopt the D,(4000)-
stellar mass plane in Figure 5.6 — instead of the standard colour-stellar mass diagram
(Schawinski et al., 2014; Bremer et al., 2018). Each panel corresponds to a different
twin. The blue, green and red filled regions depict the BC, GV and RS respectively;
defined by the SDSS data (Chapter 3 and Angthopo et al., 2019). The black filled
circles, grey squares and unfilled circles show the result for measurements within
three different apertures, namely 1.5”, 2.2 kpc, and 1.5R, rr (all defined by radius),
respectively - Fig. 5.3 illustrates, for a single galaxy, the aforementioned apertures.
The first one (R<1.5") concerns the data from the innermost region of the galaxies,
thus studying the immediate vicinity where the AGN has the highest impact. It
also takes into account the smearing of the point spread function. The R<2.2 kpc
is justified for a comparison between SDSS data and this sample, by matching the
aperture size to the physical extent of the SDSS fibre at the median SDSS redshift
(z~0.077). Note the median redshift of the CALIFA survey is z~0.015. The last
choice of aperture (1.5R.7y) is meant to explore most of the galaxy, within the
reach of the CALIFA survey. Note the D, (4000) measurements are carried out on
spectra that have been smoothed to a common velocity dispersion, ~ 220km/s (i.e.
approximately the maximum value in the sample). In each twin, the AGN galaxy is
shown in black, while the SF counterpart(s) are shown in blue, green or red. The
strongest trend in this sample shows that 9 out of 10 twin pairs have an AGN with
a greater 4000A break than their SF counterparts, even amongst twin samples, in
both their central regions (1.5”), and within 2.2 kpc, indicating the importance of
AGN in quenching star formation (Schawinski et al., 2007; Bell, 2008). The case
for a 2.2 kpc aperture — defined to match results with SDSS spectra — shows that

most AGN galaxies, ~ 71%, reside in the GV. Here we have identified galaxies as
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residing in GV, even if they are slightly above BC or below RS; this is owing to
us defining GV galaxies to be any galaxy that are not fully inside the RS or BC,
due to low number statistics. Note using an alternate way to select GV galaxies,
i.e. not overlapping the green region, finds only 3 of these Twin AGN galaxies to
be in the GV. However, previous work from the literature based on SDSS, MaNGA
and CALIFA data have also noted that a high fraction of AGN, specifically LINER
galaxies occupy the GV (Martin et al., 2007; Sanchez et al., 2018; Angthopo et al.,
2019; Lacerda et al., 2020). In addition, both AGN and SF galaxies show a decrease
in 4000A break strength radially outward, thus indicating older stellar populations
in the centre, suggestive of inside-out quenching (Kelvin et al., 2018). The only
exception to this trend is seen in the 3 SF galaxies belonging to twin 1 and twin
5, where the stellar populations within 2.2 kpc have a greater D, (4000) index than
those within 1.5”. All 4 SF galaxies are barred spiral galaxies, indicating younger
stellar populations at the most central region. Note, del Moral-Castro et al. (2019)

also found similar results in the pilot study regarding twin galaxies.

Using the aperture of the innermost region, i.e. 1.5”, the twin(s) are binned
into different groups (as labelled in Fig. 5.6), based on their location in the diagram.
Group 1 (G1) consists of twins 1, 3 and 4, as their AGN galaxy resides in the RS,
whereas their SF galaxies reside in either the BC or GV. Group 2 (G2) consists of
twins 2 and 6, since both their AGN and SF galaxies are in the RS. Group 3 (G3) is
made up of twins 7 and 8, as both AGN and SF galaxies reside in the GV/BC region.
Finally, twin 5 alone is grouped in G4 as this is the only twin with the AGN galaxy
in the GV, whereas its SF counterpart is clearly in the BC. The grouping is robust
as it does not depend significantly on the adopted aperture. Using the R<2.2kpc
spectra to define the groups, we find ~22% of the grouping would change, as twin
4 would be on its own group and twin 5 would join twins 7 and 8. Similarly, using
the 1.5 Re¢r aperture, the grouping structure would remain the same, but twins 5, 7

and 8 would be put together.

From these groups, we aim to test whether variations in stellar properties are

caused either by the presence of an AGN, or by the galaxies being at different stages
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Figure 5.6: We display the location of our twin galaxies on the D,(4000) vs stellar mass
plane. The blue, green and red filled regions respectively map the BC, GV and
RS defined in chapter 4. In each panel, we show the twin galaxy pair, where
galaxies hosting AGN are represented by black circles, and the coloured circles
represent their SF counterparts. Note the D,(4000) are measured within 1.5”
aperture (filled circle data points), similar to the PSF of CALIFA. The black
gray and the unfilled circle shows the results within 2.2kpc and R< 1.5Rc/,
respectively. The uncertainties of the 4000A break are calculated using a Monte
Carlo realisation method, however it is minuscule, AD,,(4000)< 0.01, due to the
high singal to noise ratio of the spectra.

of evolution. It is evident for G1 that AGN galaxies are more evolved than SF

galaxies within 1.5”. Note that while the D,(4000) vs stellar mass diagram is a

proxy of evolution, as galaxies are expected to transition from the BC to RS via

the GV, the actual path could be complicated by rejuventaion events (Thomas et al.,

2010). We argue that rejuvenation should not play an important role in our sample

as (i) these galaxies are selected to be isolated, therefore it is unlikely they have

undergone a major merging event. However recent minor mergers cannot be ruled

out and (ii) state-of-the-art simulations, [llustrisTNG, have noted that rejuvenation

events are more prominent at high stellar mass > 10" M, (Nelson et al., 2018), thus

above the mass range probed by this sample.
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5.3.2 Contrasting with the general galaxy population (SDSS)

Fig. 5.6 therefore suggests that AGN galaxies tend to be more evolved compared to
their twin SF counterparts. In addition, previous works have noted AGN galaxies to
be generally older than their SF counterpart, as AGNs mostly occupy GV, whereas
most of SF galaxies are located in the BC (Sdnchez et al., 2018; Lacerda et al.,
2020). However, our result is more focused, as it targets sets of carefully defined
pairs with very similar overall properties except for the presence of an AGN. Owing
to the small sample size, we address now the statistical significance of our results,
by comparing the sample with a large, general distribution of galaxies from the

SDSS.

5.3.2.1 Line strengths

The differences found in Fig. 5.6 are still open to a potential sample selection ef-
fect. We need to assess whether the population properties of the twin galaxies is
comparable with the general sample, i.e. are these galaxies a fair representation of
their counterparts in SDSS, or are they statistical outliers? We compare key line
strengths, D, (4000), H34 and [MgFe]’ within the 2.2 kpc aperture with respect to
the distribution of galaxies in SDSS. We select spiral galaxies from SDSS, making
use of the Galaxy Zoo catalogue (Lintott et al., 2008), choosing the spiral flag set to
1. Additionally, we do not smooth the spectra of the twin galaxies to ¢ ~ 220km/s,
unlike in previous and future sections, as the SDSS spectra are not smoothed ei-
ther. Note, the smoothing has a small effect on the line strength, where we find
the largest differences for [MgFe]’, with a maximum offset of ~0.26 dex. Fig. 5.7
shows the distribution of 4000A break strength for each twin — where the SDSS
sample is restricted to the same stellar mass, within AlogM,, /M, = £0.2 dex of the
AGN twin stellar mass. The vertical dashed lines locate the D,(4000) index for the
twin galaxies: black for the AGN, coloured lines for SF systems. The solid blue and
grey histograms show the distribution of SDSS galaxies classified as SF and type 2
Seyfert, respectively.

In G1, both twins 1 and 3 show the AGN galaxies close to the peak of the type 2

AGN distribution. In contrast, the AGN galaxy of twin 4 is offset with respect to the
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Figure 5.7: The general distribution of D,(4000) index for SF (blue kernel density estima-
tion, KDE, histogram) and type 2 Seyfert AGN (gray KDE histograms) galaxies
in SDSS. Note, the SDSS galaxies are selected to be within a range of stellar
mass, that is compatible with the AGN galaxy of each twin. The black vertical
lines in each panel indicate the 4000A break for AGN, while the dashed-dotted
lines, in diverse colours, show the line strength location of SF twins. Note,
these line strengths are measured within 2.2 kpc aperture and their spectra have
not been smoothed to a common velocity dispersion, unlike in previous sec-
tions. See text for details.

peak of the Seyfert distribution, by = 1c. SF galaxies in all 3 twins belonging to
group 1 are more representative of the general sample, and are located towards the
peak of the SDSS SF galaxy distribution. Note, while the corresponding histogram
for the complete sample is not shown (to avoid overcrowding), it also peaks at the
same location as the ”SF” sample, indicating a high absolute number of SF galaxies
within the chosen stellar mass. SF galaxies in G2 are located near the tail end of the
SDSS SF galaxy distribution, whereas the AGN are neighbouring the peak of SDSS
type 2 Seyfert distribution. Thus, while possible, such twin pairings are unlikely if
extracted randomly from a larger, general sample. G3 and G4 show similar trends,
to that of G1, where the 4000A break of the AGN is located close to the peak of
the distribution of Seyferts. For each twin, the SF galaxies tend to have their 4000A
break close to the peak of the SDSS SF distribution. Therefore, if we were to

extend the sample to a larger survey, we would find that twins 1, 3,4, 5, 7 and 8 are
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Figure 5.8: Same as Fig. 5.7 for the distribution of Ho, line strengths.

representative samples of the general population. Note, here we have assumed that
twins at the peak of their respective distribution are more representative of twins
on a larger sample, due to high number statistics. However, it is likely that for SF
galaxies to be considered twins of AGN, such as for twins 2 and 6, they have to be
away from the peak of their respective distribution, hence we require a larger twin

sample to draw a strong conclusion.

Fig. 5.8 and Fig. 5.9 show the H84 and [MgFe]’ distribution for AGN and SF
galaxies, with the colour-coded vertical lines once more representing the individual
measurements of galaxies in the twin samples. The SDSS distributions follow the
same labelling system as Fig. 5.7. All twins in G1 have H§4 for AGN and SF
galaxies compatible with respect to the SDSS distribution, with the exception of
NGC5947 in twin 1. Similarly to D,(4000), the H4 strength of SF galaxies in
G2 are at the tail end of the distribution, while AGN galaxies are located closer to
the peak of type 2 Seyfert AGN. G3 and G4 suggest a high likelihood of finding
both AGN and SF galaxies with the observed Hd,, with the exception of twin 7
where the AGN is located = 10 away from the peak of the distribution. For G1,
G3 and G4, the [MgFe]’ index in both AGN and SF galaxies resembles that of the

larger SDSS sample, once more with the exception of NGC5947. In comparison,
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Figure 5.9: Same as Fig. 5.7 for the distribution of [MgFe]’ line strengths.

G2 shows the twin SF galaxy to deviate away from the peak location by = 10,
whereas the AGN galaxies appear closer to the peak of the distribution in type 2
Seyfert systems. The inclusion of H4 and [MgFe]’ shows, given their position in

the evolutionary sequence, how alike the twin galaxies are to a larger parent sample.

5.3.2.2 Testing the significance of the relative differences

We focus here on one key question: how significant is the difference found in the
D,,(4000) vs stellar mass plane between the twin pairs, with respect to a random
pairing of galaxies with similar mass? Additionally, are the differences between the
twin pairings significant too, regarding H84 and [MgFe]’. To answer such ques-
tions, we look at the relative difference in several spectral indices between the twin
samples, measured within a 2.2 kpc aperture, and compare it with random pairings
of galaxies with similar stellar mass (within AlogM, /Mg = £0.2 dex) from SDSS.

We define the relative difference as follows:

_Yi-"

5(¢) =g,

(5.2)

where W and W, are the line strengths of the galaxies in each pair. Note we use

this definition for 4000A break strength and [MgFe]’. However, this parameter can
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vary largely when W includes ‘zero’ as a possible measurement, i.e, the range of
Ho,. Thus, we make an amendment to the relative difference defined as

_ Y-

v - 4

(5.3)
where W, is Hoy specifically, which varies from —6.0 to +6.0, with many
galaxies having Ho, close to 0, hence the inclusion of 1.0+ |¥;| in the denominator,

rather than simply W, stops the 8 (¥) from diverging greatly from 0.
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Figure 5.10: The blue (gray) shows the distribution of relative difference of the D, (4000)
index between pairs of SF (SF and type 2 Seyfert AGN) galaxies from SDSS
(assuming a Gaussian distribution). The vertical dashed lines show the rela-
tive difference between our twin samples, as labelled, and the black vertical
line indicates the average relative difference of all twins in their respective
panel. The panels are split according to their stellar mass, where left and
right panels represents galaxies between 10.28 < log M, /M < 10.78 and
10.66 < log M, /M¢, < 11.16, respectively.

Fig. 5.10 shows as vertical lines the observed relative difference in the twin
sample, where the blue, red, green and orange lines show differences for individual
twins, as labelled, while the black vertical line shows the average of the four twins.
Note twin 1 has multiple pairs comprising of 1 AGN and 3 SF galaxies, therefore we
show the average of the three pairs. The SDSS data are represented as a Gaussian
distribution (i.e. taking the mean and standard deviation of the SDSS sample to pro-

duce a Gaussian equivalent). The blue distribution shows the result when selecting
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random pairs from the subset of only SF galaxies, in SDSS and the grey distribution
corresponds to random pairings that include SF and type 2 Seyfert AGN galaxies.
Note these pairings can be SF-SF, SF-AGN or AGN-AGN. The figure is split ac-
cording to stellar mass, where the left panel shows differences for SDSS galaxies
within 10.28 < log M,./M < 10.78 and the right panel shows differences within
10.66 < log M, /M < 11.16. We find all twins (except twin 4) to have relative
differences within 16 (20) of the SDSS distribution for both SF and AGN galax-
ies. Note, while the variation seems to be statistically small, the relative difference
is generally positive, suggesting the results found in Fig. 5.10 represent physical
differences in the evolutionary stage of twin galaxies, so that galaxies hosting an
AGN have stronger 4000A break strengths than their SF counterparts - even when
considering “twin” galaxies.

Fig. 5.11 shows the amended relative difference in HS4 (top panel) and the rel-
ative difference in [MgFe]’ (bottom panel). The labelling and colour coding follows
the same system presented in Fig. 5.10. Both figures further support the claim pre-
sented before, where we find the relative difference between twins to be statistically
small, within 10, but of physical significance. For example, we find 8 (HJ,4) val-
ues are consistently less than 0. Moreover, we find the same physical significance
for metallicity sensitive index, as &,([MgFe]’) = 0. Both of these results suggest
that, while at a small statistical significance, AGN are likely to be older and more
metal rich; at least within 2.2 kpc. In the general sample, such trends are expected,
even within similar stellar mass regime, however, we emphasize here that we are
visually-selecting “twin” pairs, where SF closely resembles the overall properties
of that of AGN galaxies. Finally, the analysis of average relative difference be-
tween the low mass regime, 10.28 < M, < 10.78 Mg, and the high mass regime,
10.66 < M, < 11.16 Mg, consistently finds lower mass twins to have greater differ-

ence, irrespective of the spectral indices.

5.3.3 Inner vs Outer regions

We consider now the difference in line strength between the smallest aperture, 1.5”,

and the largest one, extending to 1.5 R. 7y, by comparing the age-sensitive indices,
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Figure 5.11: Same as Fig. 5.10 but for Hf4 (top) and [MgFe]’ (bottom).

D,,(4000) and Héy, as well as the metallicity-sensitive index, [MgFe]. We define

the absolute difference between line strengths with respect to aperture as:
AY =P(R<1.5")—W(R<1.5Rcs¢), 5.4)

where P represents the different indices — either D,,(4000), H4 or [MgFe]'.

5.3.3.1 Age Sensitive Indices

Fig. 5.12 shows AD,(4000) vs AH8, for galaxies split in panels with respect to the
four groups. The different colours denote different twins, as labelled. AGN galax-

ies are indicated by a circular data point, whereas SF galaxies are shown by a cross.
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G1 galaxies —i.e. twins 1, 3 and 4 in the top-left panel, show a clean trend where
galaxies hosting the AGN have a greater difference between the central and outer
regions in both indices. AGN galaxies have a difference of AD,(4000)=> 0.2 and
AHO4 < —2.6. Both AGN and SF galaxies feature an older central part compared
to the outer regions, favouring the idea of inside-out quenching (e.g. Spindler et al.,
2018; Kelvin et al., 2018). In G2, twins 3 and 4, the 1.5 R. ¢ aperture spectra show
similar 4000A break, regardless of galaxy type (see Fig. 5.6). In contrast, the SF
systems have a consistently lower difference between central and outer apertures
AD,(4000) <0.2 and AH§4 = —2.6, indicating that the presence of an AGN pref-
erentially quenches the central region. The G4 twins (bottom-right panel) show a
similar trend, where the radial difference in 4000A break strength is greater in the
AGN system, although the difference here is more subtle. Note that G4 is defined
by a twin where the AGN is in the “lower” part of the GV and the SF is in the
BC. This figure shows that, in addition, the radial trends are shallower, and less

distinguishable between AGN and SF galaxies.

G2 galaxies show substantial gradients, once more suggesting older popula-
tions in the central regions. However, there is no clear difference between AGN
and SF members, a result that could be expected from the fact that G2 twins both
have the central spectra in the RS, and the 1.5 R. ¢ spectra in the upper portion of
the BC. We can thus assume that the SF galaxy, while being classified as SF, is a
system closer to the end of its star formation cycle. This is further supported by
their earlier disc morphological classification (Sa). In a general context, group G2
is an anomaly in our sample, considering their SF galaxies are far from the peak of
the general SF distribution in SDSS. In G3 both AGN and SF galaxies reside in the
lower part of the GV. Here, a substantial difference is found in the radial gradient of
4000A break strength, with larger variations in the SF systems with respect to the

AGN, whereas Ho4 has similar variations within this group.

5.3.3.2 Metallicity Sensitive Indices

Fig. 5.13 shows the equivalent of Fig. 5.12, replacing HS4 with the metallicity-

sensitive index [MgFe]’, following the same labelling and colour coding. Once
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Figure 5.12: Difference in age-sensitive line strengths, D, (4000) and H&4, between the
central region (1.5”) and the largest aperture (1.5R¢ss). In each panel, the
circular and cross symbols show results for AGN and SF galaxies, respec-
tively. We split the panels into four sets, depending on their group number
(stated at the bottom left corner). Each colour identifies a different twin, as la-
belled within individual panels. Note we repeat some SF galaxies (NGCO0160,
NGCO0001 and NGC5980), causing some overlapping of data points, as some
twins have the same SF galaxy. However, their error bars might vary slightly
between panels, as the uncertainties are calculated from a set of Monte Carlo
realisations; i.e. same SF galaxy within different twin sets will have different
errorbars but statistically similar.

more, G1 galaxies show the clearest trend, where AGN systems have a greater dif-
ference in [MgFe]’ (A[MgFe]’ > 0.6), with respect to their SF twin counterpart
(A[MgFe]’ < 0.5). This trend suggests a more metal rich population in the central
regions regardless of galaxy type, as A[MgFe]’ 20, however, the AGN consistently
have higher gradients. G3 and G4 galaxies show no clear difference between AGN
and SF galaxies, given the error bars, but they consistently feature negative radial

gradients in metallicity (A[MgFe]” > 0.25). A slightly more significant trend is
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Figure 5.13: Same as Fig. 5.12, showing a line strength diagram comprising D, (4000), age
sensitive index vs [MgFe]’, metallicity sensitive index.

shown in G2, where in both twins, SF galaxies have a greater difference between
apertures, A[MgFe]’ 0.8, compared to their AGN counterpart A[MgFe]” < 0.8.
Note, there are large uncertainties associated to the data points.

These results suggest an alternative view of the radial extent of AGN feedback.
If we were to believe low-to-intermediate AGN activity only affects the formation
history within a relatively small region around the centre, we should consistently
find greater differences in the AGN galaxy of each twin. The data are not con-
clusive, and reveals mixed distributions. Furthermore, del Moral-Castro et al. (in
prep.) will investigate these results further using spectral fitting. The implications

of this are discussed in Sec. 5.4.

5.3.4 SSP Parameters

In this section, the SSP equivalent ages and metallicites are estimated for the twin

galaxies within the 3 different apertures. We make use of the MIUSCAT population
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synthesis models (Vazdekis et al., 2012), constructing a grid consisting of 8192
synthetic spectra, 128 ages varying from 0.1 to 13.5 Gyr in a logarithmic scale.
Similarly, the metallicity varies from [Z/H]=-2.0 to +0.2 also in log steps. The best
fit to the SSPs adopts a x? statistic defined as follows:

2(t,2) =%, [Mr (5.5)
where A;(t,Z) = O; — M;(t,Z) — 6; is the difference between the observed and model
index with an offset (6;) for the ith index. This offset is introduced due to the high
S/N in our observed spectra, at a level where the SSP models are not capable of fully
reproducing all the details, such as the &/ Fe abundance ratio. As we are interested
more in the relative difference between AGN and their twin SF galaxies, this offset

brings the model line strength values more in line with the observed results. The

uncertainties 0; = \/ Gfm +(0.050;)2, encapsulate both the statistical error in the
index along with an extra term amounting to 5% of the index value. This way
we account for both the systematics associated with our methodology and include
a conservative uncertainty in our calculations. The x? statistic involves a set of
seven different spectral indices: D, (4000), H54 and Hy, (age sensitive indices), and
Mgb, Fe5270, Fe5335 and [MgFe]’ (metallicity sensitive indices). The likelihood
corresponding to the SSP-equivalent estimates of age and metallicity are obtained
by marginalising over the unwanted parameter. While some indices are described as
“age-sensitive” and others are “metallicity-sensitive”, all of the indices suffer from

the age-metallicity degeneracy (Worthey, 1994).

5.3.4.1 Age parameters

Figs. 5.14, 5.15 and 5.16 shows the SSP equivalent age for the central 1.5”, 2.2 kpc
and 1.5Rcss apertures, respectively. The black data points show the ages of the
AGN galaxy in each twin, while the other colours represent the ages of SF galaxies.
Circle, square, pentagon and triangle symbols denote G1, G2, G3 and G4, respec-
tively. We find 80%, 40% and 60% of the AGN galaxies in the twin being equal

or older than their SF counterpart for G1 galaxies inside of the 1.5”, 2.2kpc and
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1.5R¢yr apertures, respectively. In G2, AGN galaxies have equal or younger av-
erage ages compared to their SF counterpart 83% of the time, even though in the
evolutionary sequence, within a 1.5” aperture, we find these AGN to have a stronger
4000A break. G3 twins show no clear trend in the inner regions (1.5” and 2.2 kpc)
but show older populations in AGN with respect to SF galaxies, for both twins,
in the 1.5R.zs aperture. G4 follows the opposite trend, where the AGN galaxy is
older within both 1.5” and 2.2kpc apertures, but is younger, than the SF galaxy,

when considering the largest aperture.
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Figure 5.14: SSP equivalent average ages for the most central region (within 1.5”), for twin
galaxies in all 4 groups. Note, circular, square, pentagon and triangle symbols
identify G1, G2, G3 and G4 respectively. From left to right we show the ages
for twins 1, 3,4, 2, 6, 7, 8 and 5. In each instance, the black and colour data
points show results for AGN and SF galaxies, respectively. For the errorbars,
we make 100 Monte Carlo realisations of each spectra and calculate the >
best fit, which is then used to calculate the normalised likelihood value. From
this we obtain 10 confidence level, shown by the errorbars on each data point.

If we consider all the twins in the different groups, in all apertures, we find that
50% of twins show equal or older populations in the AGN galaxies (70% in 1.5”,
30% within 2.2kpc and 50% for the largest aperture). This indicates that the AGN
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Figure 5.15: Same as Fig. 5.15 but within R<2.2 kpc, to match the SDSS aperture.

exerts the most impact within the most central region of the galaxy.
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5.3.4.2 Metallicity parameters
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Figure 5.17: Same as Fig. 5.14 for the SSP equivalent metallicity of the twin pairs, within
1.5”, following an identical notation.

Figs. 5.17, 5.18 and 5.19 shows the SSP-equivalent metallicities, within the
central 1.5”, 2.2 kpc, and 1.5 R, ss apertures, respectively. The symbols and colours
are equivalent to those shown in Fig. 5.14. Similarly to the age estimates, within
1.5”, G1 galaxies have AGN that are more metal rich than the SF galaxies 80% of
the time. G2 and G3 show no clear trend. Finally G4, also shows AGN galaxies
to be more metal rich. In the 2.2kpc aperture G1 and G3 host AGN galaxies that
are equal or more metal rich than their SF counterpart 100% of the time. G4 shows
the SF galaxy to be more metal rich, however the differences are within 10. For
the more metal rich AGN galaxies, we sometimes find them to be younger than
their SF counterpart, perhaps a sign of the age-metallicity degeneracy. However
in section 5.5, we show the bivariate confidence levels in age and metallicity for 2
twins, rejecting a substantial bias from this degeneracy, specifically for twins where
we find the AGN galaxy to be more metal rich. Therefore, at least within a 2.2 kpc

aperture, the metallicity trend indicates that the presence of an AGN is potentially
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related to a different star formation history, with respect to the SF counterpart. This
is further backed up by the spectra in the largest aperture, 1.5 Rz trends, where we
find that the AGN galaxies in G1 and G4 are more metal rich compared to their SF
counterpart. Note, while we find strong evidence showing AGN galaxies are likely

to be more metal rich, some twins show large overlap between AGN and SF twins.
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Figure 5.18: Equivalent figure to Fig. 5.15, with the same colour coding and labelling sys-
tem, but for the SSP equivalent metallicity of the twin pairs, within R<2.2 kpc,
to match the SDSS aperture.

Furthermore, rather than looking at an individual group within a fixed aperture,
if we look at all the different groups and in all apertures, we find AGN galaxies to
be more metal rich 73% of the time compared to their SF counterparts. Breaking
this into different apertures, we find 70%, 80% and 70% of AGN galaxies to be
more metal rich in the 1.5”, 2.2 kpc, and 1.5 Ry, respectively. Note, some of these

galaxies have values, which are compatible within 10.

5.4 Discussion

This chapter explores the transitional role of AGN activity by analysing pairs of

galaxies defined as twins, inasmuch as they feature similar large galaxy-scale prop-
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Figure 5.19: Same as Fig. 5.16 for the SSP equivalent metallicity of the twin pairs, within
R<1.5R.sy, following an identical notation.

erties but one presents AGN activity and the other one does not. The definition
of these twin pairs follows the methodology laid out in del Moral-Castro et al.
(2020). In this section we discuss the potential implications of our results, from
the radial influence of AGN activity on the galaxy, to testing two alternative hy-
potheses, either an “on-off” AGN switching mode, or the possibility of the twins
having different evolutionary paths. Owing to the small sample size (10 twins com-
prising 8 AGN and 7 SF galaxies, noting that some AGN galaxies have multiple SF
pairs), we mostly find mixed trends in the behaviour of the individual twins. A key
reason for such difference could be due to their differing location on the evolution-
ary sequence, as galaxies on the BC have different stellar populations with respect
to those on the GV or RS. Nevertheless, a statistical comparison of the CALIFA
spectra measured within 2.2 kpc with respect to a more general sample from SDSS
suggests that many of these twins — twin pair 1, 3, 4, 5, 7 and 8 — are representative
of the larger sample, taken from SDSS (see Figs. 5.7, 5.8, and 5.9), thus providing

strong motivation for similar studies in larger data sets.
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5.5 Age-Metallicity Degeneracy

The line strengths are all prone to the age-metallicity degeneracy (Worthey, 1994),
therefore affecting the estimation of our SSP equivalent ages and metallicities. This
degeneracy implies that the effect of an old stellar population can be mimicked by
a higher metallicity, producing very similar colours or even line strengths (Ferreras
et al., 1999). To break such degeneracy, we make use of a battery of line strengths
with different sensitivity to age and chemical composition. Our set of indices com-
prises: D,(4000), Hé4, Hys, Mgb, Fe5270, Fe5335 and [MgFe]’. The spectra have
a high S/N, which helps to break such degeneracy. Fig. 5.20 shows a bivariate plot
with the confidence levels for the SSP-equivalent age and metallicity of twins 5 and
8. The contours are shown — from the inside out — at the 1, 2, and 3 o level. The
solid red (dashed blue) contours correspond to the twin with (without) an AGN.
A large overlap between these contours would mean a substantial age-metallicity
degeneracy, so that the best-fit SSP parameters would be affected by it. We find
no overlap between AGN and SF contours for twin 5, indicating that similar trends
to twin 5 in R< 1.5Reff should be independent of the age-metallicity degeneracy.
Twin 8 shows some level of overlap between the contours, indicating there might
be some level of degeneracy, however within 16 we find there to be no overlap in
the confidence levels, therefore indicating that the difference in age/metallicity is
robust. Furthermore, our 2 analysis consists of manually boosting the uncertainty
by adding, in quadrature, 5% of the index value due to our models not being ac-
curate enough to explain the observations. Therefore, our confidence levels should
be tighter, thus breaking the age-metallicity degeneracy, as we are unlikely to have

large overlaps on the contours.

5.5.1 Radial effect of AGN activity

Both AGN and SF galaxies present mostly older stellar populations in the inner part
of the galaxy, with a decreasing gradient as we move radially out (Sec. 5.3), where
AGN galaxies, generally, tend to be older and more metal rich compared to their
twin SF — as shown by their stronger D, (4000), [MgFe]’ indices, and lower Hd,

- in agreement with del Moral-Castro et al. (in prep.), who adopt a full spectral
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Figure 5.20: Contours of SSP-equivalent age and metallicity, denoting different confidence
levels - from inside-out it indicates the 1, 2 and 3 o levels. This figure
shows the result for twin 8 galaxies, corresponding to the largest aperture
(R<1.5Resy). The red solid and dashed blue contours show the results for the
AGN and SF galaxy, respectively.

fitting approach. Sanchez et al. (2018) also find similar results in the MaNGA sur-
vey, using the derived star formation rate and gas density of their sample. Similarly,
studies of stellar populations at different radii in CALIFA unveil similar trends, not-
ing a decrease in age and metallicity for different types of galaxies at increasing
radii (Bitsakis et al., 2019; Lacerna et al., 2020; Kalinova et al., 2021). All three
results favour inside-out quenching (Lipari et al., 1994; Tacchella et al., 2015; Li
et al., 2015; Breda et al., 2020), which suggests a galaxy may run out of gas with-
out any interaction with other galaxies, involving internal processes, for instance,

through secular evolution.

5.5.2 “On-off” AGN hypothesis

Here we invoke a simple “on-off” AGN mode to explain our results. This scenario
is motivated by the fact that most galaxies experience AGN events but some happen

to be in an active phase (“on” state), while others are dormant (“off” state). The



5.5. Age-Metallicity Degeneracy 197

timescale of individual “on-off” events is expected to be around ~ 10°yr, where
the whole life cycle lasts for ~ 107 — 10 yr (Schawinski et al., 2015). In such a
cyclic behaviour, it is possible to explain the similarities and differences in twin
pairs. G1 features the largest variation between AGN and SF systems, where AGN
galaxies, measured within a 1.5” aperture, reside near the RS but SF galaxies reside
either in the BC or GV. In addition, G1 twins display a greater radial difference
between the central region and the largest aperture, 1.5 R sf, for AGN galaxies, with
respect to the SF counterparts (see Fig. 5.12 and Fig. 5.13). Fig. 5.14 also shows
generally an older population in the central region for AGN galaxies with respect
to their SF counterpart. Such behaviour seems antithetical to the “on-off” AGN
mode, however it can still be applicable, provided the AGN twin has a different
formation time compared to the SF equivalent. Therefore, these AGN galaxies may
be in a state closer to the end of their AGN life cycle, whereas the SF galaxies —
while still experiencing some form of AGN activity — have been formed in more
recent cosmological times. The G4 twin further supports this idea, as the AGN is
located close to the GV but their SF galaxy is located in the BC. However, since
the AGN galaxy can be thought of as just entering the GV, we can assume it lies in
a state more representative of the middle of its AGN life-cycle, resulting in similar
properties between AGN and SF counterparts — unlike the G1 twins (see Fig. 5.12
and 5.13).

G2 and G3 twins have AGN and SF galaxies with more similar population
properties, regardless of the aperture size. There is no clear distinction between
AGN and SF galaxies at the central region or in the largest aperture (see Fig. 5.12
and 5.13), favouring the “on-off” AGN hypothesis. G2 and G3 twins show similar
behaviour between their AGN and SF galaxies, however this could be due to differ-
ent reasons. G2 twins are both old, have very weak Ho emission, and are classified
as Sa, thus featuring prominent central bulges. These properties indicate that the
AGN in G2 may be undergoing maintenance mode activity (BariSi¢ et al., 2019),
explaining the similarity found in the stellar populations of AGN and SF twin pairs.

In contrast, G3 twins have strong Ho emission lines for both AGN and SF members
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and they are classified as late spirals. Therefore rather than invoking maintenance
mode, we can think of these galaxies as undergoing more active “on-off” events
at the start or middle of the AGN life cycle. Additionally, the analysis of the SSP
equivalent ages (Figs. 5.14, 5.15 and 5.16) gives no clear difference between AGN
and SF galaxies. Note that previous studies, such as Lacerda et al. (2020) and
Angthopo et al. (2019), noted AGN hosts are more evolved than SF galaxies, as the
former are mainly located in the GV, whereas the latter mostly reside in the BC.
However, in comparison between this targeted set of twin galaxies, such behaviour
seems less clear. Within the “on-off” AGN hypothesis, this contrast could be due to

their different formation times.

5.5.3 “no-AGN” hypothesis

At low and intermediate stellar mass (M, < 10193 M) there is ample evidence
suggesting that stellar feedback and environmental mechanisms are sufficient to
quench star formation (Feldmann et al., 2010; Naab et al., 2014), where we find
greater relative difference in line strengths between AGN and their SF twin coun-
terpart (see Fig. 5.10 and 5.11). However, at the massive end, AGN activity has
been necessary to explain quiescent galaxies (Silk and Rees, 1998; Nelson et al.,
2018). Thus, we propose an alternative simple model, which is an alternative to the
“on-off” case, to explain the properties of the twin pairs. In the “no-AGN” hypoth-
esis we assume that, within same stellar mass, some galaxies will quench their star
formation through AGN activity while others will (i) not experience any AGN (ii)
will not quench their SF through AGN but through different physical mechanisms.
Therefore, galaxies that quench via AGN will have one set of signatures and galax-
ies quenching through stellar feedback, starvation or environmental effects would
have a different set of signatures. This would be analogous to how different phys-
ical mechanisms could lead to different quenching timescales (Wright et al., 2019;
Correa et al., 2019; Phillipps et al., 2019). Thus, the “no-AGN” hypothesis would
imply that in twin galaxies, we should find statistically significant differences be-
tween the stellar populations of AGN and SF twin pairs. Previous work in the

literature, such as del Moral-Castro et al. (2019) and del Moral-Castro et al. (2020),



5.6. Summary 199

have found strong evidence supporting the “no-AGN” hypothesis, where they find
AGN galaxies to consistently display higher angular momentum than their SF coun-
terpart. Note that variations in angular momentum are related to larger timescales,
that cannot be explained in the context of a simple “on-off”” AGN switch model (as-
suming similar formation time for these “twin” systems), as the AGN duty cycle is
rather short-lived, of order ~ 107 yr. For such a short-lived cycle, we would expect
rather small differences in line strengths, as stellar population indicators vary over

timescales of order ~100 Myr or more.

In this work, the analysis of G1 twins generally shows older populations in
AGN galaxies. Fig. 5.12 shows the highest difference in the D,(4000) index, be-
tween the outer and inner regions, for galaxies in twins 3 and 4. This trend, while
possible, would be unlikely, if we were to assume a simple “on-off” scenario. Fur-
thermore, we find the biggest radial gradient in Ho4 between the 1.5” and 1.5R. ¢
apertures in the AGN galaxy. However as this index is sensitive to short timescales
— with respect to 4000A break strength — this is somewhat expected. The estimation
of SSP metallicity, Figs. 5.17 and 5.18, shows AGN galaxies are generally more
metal rich compared to their SF counterparts, within 1.5” and 2.2 kpc apertures.
Once more, such variation in metallicity is expected over longer timescales, indi-
cating a different chemical enrichment history, which implies timescales that are
longer than those expected from the “on-off” AGN switching mode. The analysis
of the G4 twin yields a similar result, where we find the metallicity of AGN galaxies

consistently greater than their SF counterpart.

5.6 Summary

In this chapter, we have investigated the stellar population properties of a carefully
defined sample of twin galaxies (del Moral-Castro et al., 2020), selected from the
CALIFA IFU survey. Galaxies in twins are expected to appear undistinguishable
from the point of view of size, mass, morphology and inclination, with the only
difference being the presence or absence of an AGN. We project this sample onto a

dust resilient evolutionary plane spanned by D,(4000) vs stellar mass; following the
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methodology outlined in Chapter 3. The original 11 twin sample (20 twin pairs) is
reduced to 8 twins (10 twin pairs), due to a new selection criteria restricting differ-
ences in velocity dispersion and stellar mass, to maximise the similarities between
twins concerning the stellar populations. We study stacked spectra within three dif-
ferent apertures — the most central region, (R<1.5"), a region that matches, on aver-
age, the single fibre of the SDSS legacy spectra at 0.05 < z < 0.1 (R<2.2kpc), and
a much more extended aperture, probing out to R<1.5R.7r. We find similar frac-
tions of AGN (6/8 - NGC1093, NGC2639, NGC2906, NGC2916, NGC6394 and
NGC7466) and SF (5/7 - NGC5947, NGC2253, NGC6004, NGC2916, NGC0160)
galaxies to reside in the GV, within 2.2 kpc aperture. However, we find evidence
of the role of AGN in quenching, as AGN galaxies in a twin system have greater
D, (4000) than their SF counterpart 90% of the time, regardless of aperture size
(Fig. 5.6).

The sample is divided into a set of groups depending on their location in this
diagram (i.e. whether they live on the RS, GV, or BC). We base this classification
on spectra in the most central (1.5,”) aperture as AGN activity is thought to impact
more significantly the immediate vicinity. We grouped twins 1, 3 and 4 into group
G1 as they all have their AGN in the RS, while the SF counterpart resides in the BC.
Similarly, group G2 (twins 2 and 5) have their AGN in the RS but the SF system
also resides in the RS. Group G3 (twins 7 and 8) have both AGN and SF in the GV.
Finally, G4 (twin 5) has the AGN in the GV, while the SF galaxies are in the BC.

The twin sample is compared with a general distribution of galaxies from
SDSS, with similar stellar mass. All twin AGN galaxies were selected in the CAL-
IFA sample as type 2 Seyfert AGN, therefore, we need to select the same type in the
SDSS sample. We separate type 1 and 2 AGN in the Seyfert sample from SDSS.
This novel method makes use of the equivalent width of the Hox line in SF galaxies,
to calibrate the peak of Hor emission in lines without a broad component. Twins 1,
3,4,5,7 and 8 were found to be representative of galaxies from the larger SDSS
sample (Fig. 5.7). Furthermore, relative difference, in line strengths, for twins are

found to be within 30 and all but one twin had difference within 16 when com-



5.6. Summary 201

paring with the distribution of relative difference for random pairs (either SF-SF
or SF-AGN) of SDSS galaxies (Fig. 5.10). Note, due to the small sample size, we
do not find any strong conclusive results. However, we always find the relative
variation for 4000A break and [MgFe]'to be positive, > 0, and HJ, to be negative,
2 0, indicating a consistent physical difference caused by AGN activity. This moti-
vates the extension of this methodology to a larger sample to confirm whether such
positive difference between “twin” samples is due to the effect of the AGN on the
evolution of the star formation history of galaxies.

Analysis of a targeted set of line strengths showed a mixture of behaviour
regarding the stellar populations. These results were discussed in the framework
of two alternative hypotheses, one invoking “on-off” switching of the AGN, and
the other assuming that some galaxies may not experience AGN activity at all.
AGN galaxies generally have stronger 4000A break and [MgFe]’ and weaker HJ,
within 1.5” and 2.2 kpc aperture — indicating an older and more metal rich popu-
lation. However converting these line strengths to SSP equivalent ages and metal-
licities shows there is no clear trend in stellar age between AGN and SF galaxies
(Figs. 5.14, 5.15 and 5.16). In contrast to age, 70%, 80% and 70% of AGN galaxies
appear more metal rich within 1.5”, 2.2kpc and 1.5 Reyf (Figs. 5.17,5.18 and 5.19),
respectively indicating AGN galaxies have a different star formation and chemical
enrichment histories. Note we can rearrange the grouped twins into sets where
groups 1 and 4, which have a bar, feature consistent differences between AGN and
SF galaxies, mostly supporting the no-AGN theory, whereas groups 2 and 3, that
lack barred galaxies, show more similarities than differences between AGN and SF
galaxies, supporting the on-off AGN switching mode hypothesis. The diversity of
the results in this sample shows the complex behaviour of AGN, thus no definitive
conclusion can be drawn. However, this work provides a strong justification for a
larger study that adopts the methodology implemented in this chapter to study the

effect of AGN on the evolution of star formation in galaxies.



Chapter 6

Conclusion and Future Outlook

6.1 Thesis Summary

In the recent history, many strides have been made towards bettering our understand
of galaxy formation and evolution. On the one hand, large surveys have enabled us
to identify the key general trends of galaxies such as their stellar mass/luminosity
function (Wyder et al., 2007; Faber et al., 2007), mass-metallicity relation (Gallazzi
et al., 2005; Tremonti et al., 2004), their fundamental plane (Graves et al., 2010),
etc. On the other hand, increase in computational power, thus leading to improve-
ments in simulations, have enabled us to explain the observed trends using different
modelling of the physical mechanisms. Combination of observation and simula-
tions, has enabled us to further explore key aspects of galaxy evolution, such as
their morphology density relation (Dressler, 1980; Dressler and Shectman, 1987),
galactic kinematics (Ciotti and Bertin, 1999; Cappellari et al., 2011; Pillepich et al.,
2019) or their bimodal distribution (Strateva et al., 2001; Baldry et al., 2004; Wyder
et al., 2007); the latter being the focus of this thesis. From the exploration of this
bimodal distribution, we have discovered a third region, which hosts transitioning
galaxies (Baldry et al., 2004). Therefore, we can construct a simple evolutionary
track to explain the formation and evolution of galaxies (see Fig. 1.5). The exis-
tence of a bimodal distribution enables us to categorise most galaxies in the observ-
able universe into late-type galaxies (LTGs) and early-type galaxies (ETGs). LTGs

are typically disc-like (many have spiral arms), have young average age, high star
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formation and dust, are thought to mostly occupy the so called Blue Cloud (BC). In
contrast ETGs host old stellar populations, are elliptical, have low to little on-going
star formation and dust - mostly reside in a region known as the Red Sequence (RS).
Finally, the region between BC and RS, which hosts galaxies that are in transition,
is coined the GV. The BC, GV and RS have been defined using multiple galaxy
parameters such as their colour-magnitude (CMD, Martin et al., 2007; Graves et al.,
2007), UV bi-colour (Williams et al., 2009), colour-mass (Schawinski et al., 2014;
Trayford et al., 2015; Bremer et al., 2018; Nelson et al., 2018) and SFR-mass (Salim
et al., 2007; Koyama et al., 2019; Trussler et al., 2020) relations.

There are many studies on the region of GV, but each of the aforementioned
are prone to substantial systematics as they either require some form of correction
or modelling. For example, the use of colour to define BC, GV and RS, is heav-
ily susceptible to the effects of dust extinction/attenuation (Cardelli et al., 1989;
Fitzpatrick, 1999; Calzetti et al., 2000). The correction will be biased by the as-
sumptions made, e.g. whether dust is modelled as being distributed around the
galaxies homogeneously or more densely packed around star forming regions. The
chemical composition of the dust grains will also affect the dust correction (Tress
et al., 2018; Salim and Narayanan, 2020), as these parameters will change the slope
of the dust extinction law. Therefore, dust correction carries a high level of sys-
tematics, see Fig. 3.22 in Chapter 3. In this thesis, we try to avoid some of these
systematics by using a novel way of defining the evolutionary sequence, i.e. BC,
GV and RS, through the use of the spectral index measured around the 4000A
break, known as the D,(4000) index. Being a spectral index, it is prone to the
“Age-Metallicity” degeneracy (Worthey, 1994), so the variation in the evolutionary
sequence could be due to the metallicity of the galaxy rather than their age; simi-
lar to what happens with colour. However, the D, (4000) index is measured over a
shorter wavelength range than colour, so it is less sensitive to dust (see Fig. 3.22).
If we consider the change in location of the BC, i.e. most dusty galaxies, we find
5Dn(4000)%§fmmcs ~ 0.002, where §D,,(4000)= AD,,(4000)" — AD,,(4000)“/z,

systematics
whereas Scolias " ~ 0.1.
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Due to its resilience to dust, we use the 4000A break as a novel method to defin-
ing the GV, and compare this with a more traditional method, i.e. dust-corrected
colour, see Fig. 3.5, in Chapter 3. For this, we divide the galaxies into different
velocity dispersion bins. In each individual bin, we select Star-Forming (SF) and
Quiescent (Q) galaxies, where we use the mean (u;) and standard deviation (sy)
within each bin (where k is BC, GV or RS), to model a probability distribution
function of the BC () and RS (Hgg) in the form of a Gaussian function. From
this we define the midpoint of the GV, located at Ppc(0; ) = Prs(0; ), where
the width of GV equals sgy (0; ) = sgs(0;7)/2.0. Note, as we follow a proba-
bilistic approach, our selection of GV galaxies does not yield a unique solution (see

Fig. 3.4).

Analysis of galaxies in transition, residing within GV, shows a high fraction of
AGN in the lower (1GV) and upper (uGV) green valley (Fig. 3.8 - fagny ~ 30% —
50%) as well as the transition timescale for both 4000A break and colour selection.
In addition, previous studies, have found quenching timescales 7p ~ 1.0 — 5.0Gyr,
where for low mass systems, M, < 1098 Mg, it was thought that environment was
the dominant form of quenching - i.e. ram pressure stripping, strangulation and
galaxy harassment. For intermediate stellar mass systems, M, ~ 10°% — 10193 M,
stellar feedback and AGN are thought to quench the star formation, which have
a longer timescale than for lower stellar mass. Finally, most massive systems,
M, > 10'93M,, have the shortest quenching timescales and are thought to quench
their star formation predominantly through mix of major mergers and AGN (Wright
et al., 2019; Phillipps et al., 2019). Note, in each of the stellar mass bins, there is
also a spread in the quenching timescale, owing to their morphology, where ETGs
will experience faster quenching compared to LTGs (Schawinski et al., 2014). This
behaviour is also seen in our studies, for both selection methods (Chapter 3), when
contrasting the transition timescale, Azgsp, where for stacks consisting of only quies-
cent galaxies we find a shorter transition timescale, which is representative of ETGs,
(Fig. 3.12, where Atgsp ~1.0-3.5 Gyr) compared to stacks that include SF, LINER

and Q galaxies - these stacks can be thought of as a proxy of LTGs - (Fig. 3.12,
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where Atgsp ~0.5-5.0 Gyr). Note, similar to Wright et al. (2019), we also find a
heavy dependency between velocity dispersion and transition timescale - suggest-

ing different modes of quenching.

Both selection methods of GV galaxies find qualitative agreement in galac-
tic properties for general trends, although a more detailed analysis of the stellar
population showed important differences. To the zeroth order, the most obvious
difference is a cleaner stratification between the different evolutionary regions in
D,,(4000) compared to colour selection. We are also able to identify more nuanced
differences between the two selection criteria. For example, the use of the 4000A
break to select transitioning galaxies revealed a more homogeneous stellar popu-
lation regarding different types of galaxies, i.e. Star-Forming (SF), LINER AGN
or Quiescent (Q) - see Figs. 3.10 and 3.11. The higher difference in line strengths
when using colour selection rather than D, (4000) shows that even when we do
correct for dust, this might not be the true correction, hence, galaxies that should
belong in the BC are found instead in the GV. Moreover, studying the stellar ages of
the galaxies in IGV, middle (mGV) GV and uGV, we find lower differences between
the populations in IGV and mGV compared to uGYV, for 4000A break selection (see
Figs. 3.9, 3.16 and 3.17), implying a non-linear transition from BC to RS. Such
behaviour suggests that the transition from BC to GV occurs more rapidly with re-
spect to the transition between GV or RS. Note, this behaviour is not present in the
colour-based selection, possibly from contamination of populations from different

regions, due to dust, making the transition more homogeneous.

In Chapter 4 we turned our attention to two state-of-the-art simulations, EA-
GLE and IllustrisTNG, testing how well they are able to reproduce the observed
trends with regards to BC, GV and RS. Note similar studies were done in Tray-
ford et al. (2015, 2017), for EAGLE, and Nelson et al. (2018), for TNG100, find-
ing a good qualitative agreement between observation and simulations, when using
colour, (g-r). To begin with, we carry out a similar analysis, but on the stellar
mass vs D, (4000) plane, where we find both simulations are able to reproduce the

location of the BC. However, both simulations produced too many galaxies with
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stronger 4000A break than seen in (SDSS) observations, thus failing to match the lo-
cation of GV and RS (see Fig. 4.3). TNG100 produced more galaxies with stronger
4000A break, AD,,(4000)~ +0.2 dex, compared to EAGLE, AD,,(4000)~ 0.1 dex,
suggesting a stronger quenching in TNG100 than EAGLE and SDSS. We also find
the slope of the RS to be shallower in both simulations compared to SDSS, where,
again, TNG100 finds a flatter slope than EAGLE - this behaviour was faulted to
the mismatch in the mass-metallicity relation (MZR) in simulations (Schaye et al.,
2015; Nelson et al., 2018). As the discrepancy affects the RS, but not the BC, this
suggests the star formation subgrid physics is correct. However, this mismatch con-
cerns the quenching mechanism in simulations. Thus, we choose to focus and study
the variation of stellar populations in GV. To the zeroth order, we examined the ca-
pability of simulations to reproduce the fraction of different types of galaxies as seen
in the observations, within the same region. For the observations, the different types
of galaxies are based on their emission line ratios, i.e. through the BPT classifica-
tion system (Baldwin et al., 1981), whereas for simulations, we define the different
types of galaxies based on their Eddington ratio, Ag4y, and specific star formation
rate, sSSFR, to match the observational fractions for the homogenised sample; see
Tab. 4.2 for the selection/definition criteria for different types of galaxies. Both Ag 4,
and sSFR, were fine tuned to produce the same fraction of SF, Q, Seyfert AGN and
LINER AGN for the homogenised sample of simulations and observations. Both
simulations were able to reproduce the fraction of LINER and Seyfert galaxies ir-
respective of stellar mass or GV region, however at the high stellar mass regime,
M, > 10'95M,,, they overproduce the fraction of Q galaxies (Figs. 4.2 and 4.11).

Such behaviour suggests an overquenching of galaxies in simulations.

The overquenching in simulations were further supported when studying the
luminosity weighted average ages of galaxies, where EAGLE (TNG1000) produced
systematically older galaxies than seen in observation, ~ +3.77 +0.33 (42.98 £+
0.08) Gyr. In contrast, there was good agreement between the mass weighted aver-
age ages of observations and simulations. Note, our results showed a higher frac-

tion of quiescent galaxies in TNG100 compared to EAGLE, however the EAGLE
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galaxies were found to be older. The study of their SFH showed good agreement
between EAGLE and TNG100 at low mass, where we also found good agreement
in the fraction of quiescent galaxies between simulations, but for more massive sys-
tems, it revealed that the quenching of star formation started at an earlier time in
EAGLE compared to TNG100, but TNG100 had more rapid and stronger quench-
ing events, inhibiting any star formation in the recent past (Fig. 4.10). There could
be multiple reasoning for such a behaviour, where one hypothesis could be due to
the SMBH and subgrid physics regarding AGN feedback. Specifically, EAGLE has
a lower threshold halo mass to convert a gas particle to a black hole, with a lower
black hole seed mass, compared to TNG100, explaining the earlier onset of quench-
ing. The higher threshold mass explains the later onset of quenching in TNG100.
Additionally, the higher black hole seed mass and the two modes of AGN feedback,
thermal and kinetic feedback, where the latter an order of magnitude more efficient
causing it to inject a large quantity of energy into the surrounding, causing a very
rapid quenching of star formation and prevents further star formation. This hypoth-
esis is supported as we see a lack of star forming galaxies with a high black hole

mass (see Fig. 4.12 and Terrazas et al., 2020; Davies et al., 2020).

In our study of GV galaxies, the importance of AGN was consistently iterated,
both from observations and simulations (chapter 2, 3 and 4). Hence, chapter 5 anal-
yses the properties of galaxies hosting AGN and their effect on the host’s stellar
population more directly. This studies “twin” galaxies, following the pilot study
of del Moral-Castro et al. (2019, 2020). We select pairs of galaxies, with simi-
lar overall properties - i.e., stellar mass, velocity dispersion, magnitude in r band,
morphology and inclination - but one hosts an AGN and the other is simple star
forming. For each galaxy, the stellar populations within 3 distinct radii apertures
are analysed - R< 1.5”, R<2.2kpc and R< 1.5 R.rr. For each of the apertures we
studied the location of “twin” galaxies, both AGN and SF, on the evolutionary se-
quence, consistently finding AGN galaxies to be more evolved than their SF “twin”
counterpart (see Fig. 5.6). Additionally, similar to previous studies carried out us-

ing SDSS (Martin et al., 2007; Angthopo et al., 2019), CALIFA (Lacerda et al.,
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2020) and MANGA (Séanchez et al., 2018) survey, we find most of our AGN galax-
ies, within R< 2.2kpc, to be located in the GV. Furthermore, we used the innermost
aperture to divide the twins into different groups - depending on their position in the
evolutionary sequence. This yielded 4 distinct groups. Furthermore, a comparison
of spectral indices - D,(4000), H54 and [MgFe]’- with SDSS galaxies suggested
the AGN to be older or more metal rich than their SF, even amongst “twin” pairs,

suggesting this behaviour to be physical - seen in Figs. 5.10 and 5.11.

Finally, the difference between AGN and their SF twin were tested against two
hypothesis, “on-off” switching of the AGN or no-AGN. The former would mean
that there are more similarities between the twins than differences, whereas the lat-
ter would exhibit the opposite trend. We found, owing to the small sample, a mixed
signal supporting both hypotheses. The study of SSP equivalent stellar ages found
no clear trend between AGN and SF galaxies, however, the SSP equivalent metal-
licities found AGN galaxies to be more metal rich compared to their SF twin. Note,
the variation in metallicity supports the no-AGN hypothesis, as such differences
accumulate over a long period of time, hence indicating a different SFH. Neverthe-
less, such trends can be explained within the “on-off” scenario assuming that AGN

galaxies have an earlier formation time compared to their SF twin.

6.2 Implications

To summarise, this thesis makes use of a novel definition of GV, defined using the
spectroscopic index 4000A break, and compares it against a traditional method,
based on colour. Moving forward, this novel method provides a new avenue upon
which one can define the GV, with little systematics associated to it. Moreover,
this definition is timely as many spectroscopic surveys will be available in the near
future, such as WAVES (Driver et al., 2019) , WEAVE (Dalton, 2016), DESI (DESI
Collaboration et al., 2016) or MSE (McConnachie et al., 2016). From each of these
surveys, we can measure the 4000A break. Such definition of the GV finds a more
homogeneous population among different galaxy types, therefore enabling a cleaner

study of stellar population properties. A further implication of our study is related
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to state-of-the-art hydrodynamical simulations, where we find in both EAGLE and
TNGI100, the subgrid physics of AGN feedback to be too powerful. Hence, for
future runs of such simulations, further fine tuning is required in the subgrid physics.
Finally, our work from Chapter 4 hints towards a different way of looking at the
SMBH and AGN feedback, where we try to explain the observed behaviour between
“twin” samples using two “opposite end spectrum’ hypotheses - “on-off” AGN or
not-AGN. While, we have a small statistical sample, the implication of this chapter
can be thought of as a fundamental way to understand the role of AGN feedback on

the star formation history of galaxies.

6.3 Future work

In this thesis we have explored many avenues regarding the evolution of galaxies,
using a novel definition of GV. In our analysis, we do not discriminate between the
different types of environment. As mentioned in Chapter 1, the environment that a
galaxy resides in can determine the key properties of galaxies. One such key result
the existence of the morphology-density relation (Dressler, 1980), which finds high
number of elliptical galaxies in high-density environments and low-density regions
to be mostly dominated by disc type galaxies. The existence of such relation has
been explored in two main contexts: “Is such a relation due to intrinsic properties,
in regards to their early stages of formation?” or “do such relations come about
due to external factors, i.e. galaxy-galaxy interactions?”. Further studies of galax-
ies and their environment have found evidence supporting both results where (i)
low mass systems seem to be affected more by their environment (ii) the impact
of environment also depends on whether the galaxy is a central (the most massive
galaxy in a group) or a satellite (all other galaxies in a group) (Peng et al., 2010;
Pasquali et al., 2012; La Barbera et al., 2014; Pasquali, 2015). Galaxies in a clus-
ter/group environment happen to be redder, more metal rich, older and with a lower
star formation rate (Kauffmann et al., 2004), as they are thought to quench faster
through processes such as strangulation and ram pressure stripping (Gunn and Gott,

1972; Balogh et al., 2000; Balogh and Morris, 2000; Trussler et al., 2020). On
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the other hand, galaxies in the field or in voids, i.e. sparser environments, tend to
have a more extend period of star formation, hence resulting in slower quenching
timescales. Physical mechanisms such as supernovae and weak AGN are thought to

be the dominant form of quenching in these galaxies (Wright et al., 2019; Lacerda

et al., 2020).

2.2
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D,(4000)
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Figure 6.1: BC, GV and RS defined for EAGLE (top) and TNG100 (bottom), shown by
blue, green and red data points respectively. The scatter points show the simu-
lated galaxies, where left and right panels show centrals and satellites, respec-

tively.
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In Chapter 3, we discussed the possibility of defining the BC, GV and RS us-
ing simulations rather than observations. Therefore, a future project could consist
of the analysis of transitioning galaxies selected from a GV defined by simulations,
as in Wright et al. (2019). Fig. 6.1 presents such exercise, where we make use of the
sSFR to identify SF and Q galaxies within different stellar mass bins, after which
we follow a similar approach as outlined in chapter 2 to define BC, GV and RS.
However, we carry out an additional step, where we find a best fit for a polynomial
function to express the BC, GV and RS. Note in TNG100, for the RS specifically,
we combine two polynomial functions below and above M, ~ 10'>M., as one
function yields a RS that does not follow the distribution. From this we find dif-
ferent functional forms and locations for GV and RS between the two simulations.
Additionally, we find the view of BC, GV and RS changes depending on whether
the galaxy is central or satellite and depending on the simulation. Note we have a
very sparse Central RS in EAGLE, whereas TNG100 shows a high density of RS
centrals around M, ~ 1010 Mg . Therefore, future studies can analyse the stellar
population properties, such as their quenching timescales, and SFHs, to explain the
differences in evolutionary sequence between the two selection criteria; especially
with respect to environment. Furthermore, we can compare this with central and

satellite estimates from SDSS.

The first order approximation simply analyses the difference in galactic and
stellar population properties for centrals and satellites. However, with access to ad-
vanced simulations and high quality observations, we are able to carry out a more
in-depth analysis of galaxies and their environment. One such study makes use of
the mean infall time of a galaxy into a group/cluster to study the effect of environ-
ment (Pasquali et al., 2019). Note, the mean infall time (7, ), indicates how long it
has been since a galaxy has come inside the virial radius of a cluster. Fig. 6.2, shows
a projected phase space (PPS) diagram, made up of Vi ps/0 (line of site velocity
over group velocity dispersion) and Ry /Ryir (projected group-centric radius of the
galaxy normalised by virial radius). The colour coding shows the infall time (Tjuf),

where each of the black lines indicate different zones. These zones divide the PPS
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diagram into different sections based on the infall time of the galaxy. Zone 1 hosts
galaxies, which have the earliest infall time, thus have been in a cluster environment

for the longest time. Zone 9 have galaxies which have “fallen” in most recently.

New zones é
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R proj /R vir

Figure 6.2: The projected phase space diagram of galaxies mapped with respect to infall
time, obtained from simulations. Each zones from 1 to 9 indicate a different
mean infall time as denoted by the colour bar on the right. This figure is an
amended version from Pasquali et al. (2019).

While the PPS diagram regions are constructed using simulations, the y and x
axis can be calculated for observational data. Therefore, we make use of the PPS
diagram to study the effect of environment and infall time on SDSS galaxies. We
obtain the different regions (in phase space) from a catalogue constructed by Sam-
paio et al. (2021) based on the groups catalogue of Yang et al. (2007). Note, galaxies
which have a very high Ry /Ryir can be thought of as field galaxies, i.e. do not be-
long to any group. Fig. 6.3 presents the fraction of galaxies in these zones and fields
for different velocity dispersion bins. The red, green and blue indicate different re-
gions the PPS diagram, as labelled. The black lines (indicated to be “All”’) represent
the field galaxies. From top to bottom, we show the results for RS, GV and BC

(where each region is defined following the steps outline in Chapter 2). Similar to
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previous studies (Kauffmann et al., 2004; Pasquali et al., 2012; La Barbera et al.,
2014), we also find galaxies with low velocity dispersion to be more affected by
environment - indicated by a large scatter in the fractions, whereas for galaxies with
high velocity dispersion we see a convergence in fractions, regardless of their en-
vironment. Furthermore, it is also evident that most low mass BC galaxies belong
to the field, whereas low mass RS galaxies mostly happen to be in the very central

regions, Zone 1 — 3, of clusters/group.
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Figure 6.3: The fractions of galaxies in different infall time zones (proxy for group/cluster
environment) shown by red, green and blue data points, and in field environ-
ments (shown by black data points). Top, middle and bottom: panels show the
fractions for RS, GV and BC, respectively. Note, for individual stellar mass
bins the summation of fractions in BC, GV and RS equals to one.

Further work on such topic requires the study of different types of galaxies,

1.e. AGN, Q, SF or LINER, in different zones at different phase of the evolutionary
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sequence. Furthermore, we are also able to determine whether these galaxies are
centrals and satellites, identified in Yang et al. (2007), enabling us to relate them to
their environment and evolutionary sequence. Additionally, future work could also
consist of using intermediate-high redshift survey data such as LEGA-C (van der
Wel et al., 2016), SUBARU (Sugai et al., 2012), JWST (Gardner et al., 2006), to
study the properties of galaxies at higher redshift. These studies can be contrasted
with galactic properties at low redshift as a way of studying galaxies in different
evolutionary stages. Additionally, some surveys probe galaxies at intermediate red-
shifts in different environment, enabling us to study their properties at the initial
stages, before a galaxy experiences the effect of both its environment and secular
evolution: such effects are very challenging to disentangle in low redshift galaxies.
Additionally, we can also see in detail how the evolutionary sequence truly changes
at different cosmic time. For example both Wright et al. (2019) and Correa et al.
(2019) use the EAGLE simulation to study BC, GV and RS within different redshift
bins, z ~ 1.0, finding the RS to become more sparse at higher redshift.

In addition to the analysis of stellar populations at higher redshift, we can also
make use of the integral field spectroscopy (IFS) data from surveys such as SAMI
(Croom et al., 2012, 2021), CALIFA (Sanchez et al., 2012), MUSE (Bacon et al.,
2014, 2017) and MAGPI (Foster et al., 2021). From such surveys we are able to
study radial trends of galactic properties, such as their age and metallicity, as we
move away from the central region. Such analysis can improve our knowledge re-
garding inside-out quenching. For example, we can select BC, GV and RS galaxies,
identified within their central regions, and analyse how their radial gradients might
change in different evolutionary stages. Furthermore, in dense environments, we
can also study population variations in the outer regions of galaxies to study the
frequency of outside-in quenching and mergers. Finally, we can also identify AGN

galaxies to study the extent of their impact.
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