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Abstract

Post-starburst (PSB) galaxies are the galaxies in which star formation has recently been sharply
truncated, as indicated by strong Balmer absorption lines alongside weak or absent nebu-
lar emission lines. PSBs are believed to be an important transitional state between the star-
forming and quiescent populations, and could be important candidates for the “fast” quenching
route. From observations alone, it is challenging to figure out what mechanisms produce PSBs
and how important PSBs are to the growth of the red sequence. Combining simulations and

observations is one of the most important methodologies to answers these questions.

In this thesis, I run a set of binary merger simulations, with a variety of black hole feedback
models, progenitor galaxies, orbits and mass ratios, to reproduce PSBs. I find that only major
mergers on prograde-prograde or retrograde-prograde orbits in combination with a mechan-
ical black hole feedback model can form galaxies that can be selected by the traditional PSB
selection method. The difficulty in reproducing the very young PSBs in simulations potentially
indicates that new sub-resolution star formation recipes are required to properly model the
process of star formation quenching. I develop the SEDmorph code to create mock datacubes
of the simulated galaxies, in order to investigate the radial gradients in the spectral indices of
PSBs. In my simulations, I find the gradients are caused by the fact that the starburst peaks at

the same time at all radii, but is stronger and more prolonged in the inner regions.

To find out the contribution of the fast quenching route to the growth of the red sequence,
I study the population of rapidly quenched galaxies (RQGs) in the SIMBA cosmological hydro-
dynamic simulation at 0.5 < z < 2, comparing directly to observational PSBs in the UKIDSS
Ultra Deep Survey via their colour distributions and mass functions. I find that the fraction of
quiescent galaxies that are rapidly quenched in SIMBA is 59% (or 48% in terms of stellar mass),
which is higher than observed. A similar “downsizing” of RQGs is observed in both SIMBA and
the UDS, with RQGs at higher redshift having a higher average mass. However, SIMBA pro-
duces too many RQGs at 1 < 24 < 1.5 and too few low mass RQGs at 0.5 < zq < 1. SIMBA also
shows various inconsistencies in star formation and chemical enrichment histories, including
an absence of short, intense starbursts. These results will help inform the next generation of

galaxy evolution models, particularly with respect to the quenching mechanisms employed.
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INTRODUCTION

Galaxies are the bridge between the universe and the stars. Figuring out galaxy formation
and evolution helps us understand not only galaxies themselves but also the universe they live
in and the stars they host. How galaxies shut down their star formation and migrate onto
the red sequence is one of the key problems in astrophysics. A crucial part of this puzzle is
to understand the galaxy quenching mechanisms and the transiting galaxy populations (e.g.,
post-starburst galaxies, PSBs). Analysis of the star formation histories (SFHs) of quiescent
galaxies has revealed at least two different quenching mechanisms that operate on different
timescales, fast and slow quenching. While observations provide the ground truths for galaxy
quenching problems, simulations work as a great tool to interpret observations, constrain the-
ories, and understand galaxies and the Universe. Combining simulations and observations is

one of the most important methodologies for astronomy research.
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1.1 Galaxy evolution

Galaxies in the local Universe display a strong bimodality in the colour-magnitude diagram
(Baldry et all, 2004; Schawinski et all, Z0T14)), which is illustrated in Most mas-
sive galaxies in the local Universe can be classified into two distinct groups: the red sequence
(quiescent, elliptical galaxies) and the blue cloud (star-forming, spiral galaxies), with a small
population populating the green valley, the intermediate region in the colour-magnitude dia-
gram. However, it should be noted that there are exceptions like blue ellipticals and red spirals

(see e.g. Schawinski et all, 2009; Masters et all, 20T0)

The galaxies in the red sequence are different from those in the blue cloud in many aspects.
The red sequence galaxies tend to have morphologies of earlier types (ellipticals or lenticulars),
while blue cloud galaxies are usually in morphologies of late types featuring a rotating disc, a
spiral structure, and a more or less prominent bulge. The red galaxies are usually gas-poor with
little/no star formation, occupying the high-mass galaxy population, while the blue galaxies
are usually gas-rich with active star formation, dominating the low-mass galaxy population.
In terms of stellar populations, the red sequence galaxies are dominated by older, low-mass
stars, resulting red colours, very little UV flux and strong 4000 A break, which blue cloud
galaxies have more younger, high-mass stars, leading to the blue optical colour, strong UV flux,
strong Lyman and Balmer breaks. As for kinematical properties, the red early-type galaxies
are supported by the random motion of stars with high velocity dispersion, although also have
rotating components. 1/3 of local early-type galaxies are confirmed to be slow rotators and
the remaining 2/3 are actually fast rotators (Cappellari et all, Z0T1; Emsellem et all, ZOTT).

In contrast, star-forming late-type galaxies are generally dominated by ordered rotation.

The galaxy bimodality is found at both lower redshifts (e.g. Baldry et all, 2004; Schaw
inski et all, 20T4) and higher redshifts (e.g. Williams et all, 2009; Brammer ef all, 20T1) but
dominant galaxy types are different. The early-type galaxies dominate the high-stellar mass
galaxies at the lower redshift but their relative number density decreases with the increasing
redshift. The early-type galaxies lose the dominating role around z ~ 1: the late-type galax-
ies start to dominate the high-mass end. At the low-mass end, the population of quiescent
galaxies also shows a decreasing trend at higher redshift, as a result, the star-forming galaxies

dominate the stellar function at all masses at z > 2.5 (Muzzin et all, Z0T3).
The importance of quiescent galaxies shows a similar trend to the early-type galaxies when
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Figure 1.1: The u—r colour-mass diagram for a SDSS sample (with 0.02 < z < 0.05 and M, < —19.5)
discussed in Schawinski et all (Z0T4). The left-top panel shows all galaxies in the sample while the
right panels show the subsamples of early-type galaxies (right-top) and late-type ones (right-bottom).
The galaxies show a clear bimodality distribution in u — r colour-mass space as seen in the left-top
panel. Most of the early-type galaxies lie in the red sequence with a long tail extending to the blue
cloud at lower stellar masses. The contours on this figure are linear and scaled to the highest value in
each panel. Figure obtained from Schawinski ef all (2(14)



Chapter 1. INTRODUCTION

considering the redshift evolution. The quiescent galaxies make up the majority of the high-
mass population in the local universe but their dominating role is challenged at higher redshift:
at z = 1 — 2, the star-forming galaxies contribute to about a half of the most luminous objects
Williams_et_all (Z0O0Y). As for stars, observations have also revealed results that the total
number of stars that live in quiescent galaxies (i.e. the total stellar mass), as well as the
total number of quiescent galaxies, continue to increase since a redshift of z ~ 1; in contrast,

the stellar mass density of star-forming galaxies remains almost constant (see and

related papers: Bellet-all, 2004 [Tbert et all, 20T3; Muzzin et all, 2Z013). Quiescent galaxies
have little in-situ star formation activity, thus, the steady growth of the red sequence implies

a steady conversion of star-forming galaxies into quiescent ones.
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Figure 1.2: Galaxy stellar mass function up to z = 4 for the star-forming population (top panel) and
for the quiescent population (middle panel). Each colour represents a redshift bin of variable step size
with the exact values shown in the top panel. The number density of star-forming galaxies remains
almost constant since a redshift of z ~ 1, while the total number of quiescent galaxies continues to
increase. The bottom panel shows the percentage of quiescent galaxies as a function of stellar mass in
the same redshift bins. Figure obtained from [bherf et all (2013).

The discussion above has showed strong evidences of the conversion of star-forming galax-
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ies into quiescent ones. However, how and why galaxies shut off their star formation and build
up the red sequence remains unclear. A natural idea is that the star-forming galaxies deplete
their gas supply and the star formation is gradually quenched. As shown in Figure 1.3, the Uni-
verse’s global star formation rate density has declined by a factor of ~ 10 since z ~ 2 (Madaii
& Dickinson, 20T14), and as the number density of star-forming galaxies has remained rela-
tively constant during the same time, this strongly indicates that typical star-forming galaxies
are gradually decreasing their star formation rate over the past several billion years (Gyr).
However, morphological observations suggest that gas depletion is probably not the dom-
inant quenching mechanism. A blue spiral galaxy is unlikely to experience a morphologi-
cal transformation when it is quenched by simple gas depletion, while observations reveal a
strong correlation between quiescent galaxies and a predominantly spheroid morphology at
all redshifts (e.g. Bellef all, POT2; Lang et all, 2014; Briice_ef all, 2Z0T4; Brennan et all, DOT5;

Ownsworth_ef all, 20T6). Meanwhile, simple gas depletion can take a timescale of several
Gyr, which makes it hard to explain the existence of quiescent galaxies in the relatively young
Universe (out to z ~ 4 or more, e.g. Straatman et all, 20T4). Further analysis of the star for-
mation histories (SFHs) of quiescent galaxies leads to growing evidence of the existence of
fast quenching mechanisms, alongside other relatively slow quenching mechanisms such as
depletion of gas supply (e.g. Moutard et all, 20T6; Pacifici et all, 2016; Maltby et all, ZOTS;
Rowlands et all, 20T8F; Wu et all, 20OT8; Belli ef all, 2019). Many mechanisms can be re-
sponsible for the quenching of a galaxy. They broadly fall into two categories, internal and
external. Popular internal mechanisms to shut off star-formation are active galactic nucleus
(AGN) feedback and morphological quenching. AGN can heat up the cold gas in the galax-
ies by thermal feedback and/or expel the cold gas by kinetic feedback, leading to a reduced
gas content for star formation (Kaviraj et all, 2007a; Smethurst_et all, ROT7; French et all,
2018; Pawlik ef all, 20T8). The morphology of galaxies can likewise prevent star formation
or accelerate gas depletion. Once a galaxy acquires a spheroid-dominated morphology, disc
stabilisation may stop gas cloud fragmentation and therefore halt the star formation (Martig
et_all, Z009). A prominent bulge is argued to be an important condition for quenching star
formation Bell'et al] (Z012). In contrast, the presence of bars is believed to funnel gas content
into the galaxy centres (Athanassoula, T992) and increase the gas depletion efficiency. For
massive halos above 10'2M,, the inflowing gas can be heat up by the viral shock, thus the

accreted gas does not collapse to form new stars (Birnboim & Dekel, P003; Keres et all, PO0S).
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Figure 1.3: The history of cosmic star formation. The Universe’s global star formation rate density has
declined by a factor of ~ 10 since z ~ 2. Figure obtained from Madau & Dickinsorl (Z0T14).

The hot gas in the halo fails to cool down because of radio mode AGN feedback (Crofon ef all,
P00K) or “gravitational” heating of the intracluster medium (Khochfar & Ostriker, 2008). The

hot gas halo is promoted to drive both mass quenching and environment quenching (Gabor &
Davé, DOT5).

Various external mechanisms can shut-off star formation and make galaxies quiescent, de-
pending on the intermediate environment of the galaxies. Ram-pressure stripping can remove
the cold gas content of satellite galaxies when they fall into a group or cluster (Giinn & Goff 111,

1972); ‘strangulation’ prevents the galaxies from retaining a gaseous halo that is required to

continually fuel the disc in the cluster environment (Larson et all, [980; Balogh & Morris,

2000); fast encounters with other galaxies might disturb the star formation within the galaxies

(‘harassment’, Gallagher III & Ostriket], 1T972; Moore et all, T998). In less dense environments,

mergers are more likely to be responsible for quenching: the powerful starbursts triggered by a
merger may quickly consume the gas content and the following stellar feedback (and possibly
AGN feedback) could violently heat and expel the remaining gas (e.g. Barnes, 1992; Naah &
Burkerf, 2003; Bournaud et all, Z005).
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1.2 Post-starburst galaxies

1.2.1 Definition and properties

Post-starburst (PSB) galaxies, also sometimes referred to as E+A or K+A galaxies, may occupy
an important transitional state between the star-forming and quiescent populations, and could
be an important candidate for the “fast” quenching route. These galaxies have experienced a
rapid decline in their star formation following a previous period of very rapid star formation.
Catching these galaxies as they transition to quiescence may provide important constraints on
the causes of the rapid quenching which is not possible from archaeological studies of already-
quiescent galaxies. They are identified by their excess population of intermediate-age (A- or
F-type stars), but deficit or absence of hotter, younger stars (O- and B- types) leading to strong
Balmer absorption lines, a strong Balmer break, and weak or absent nebular emission lines
from star formation. An example spectrum of a PSB is shown in Figure 1.4. PSBs account
for only about 1 per cent of local galaxies (Gofo et all, 2Z008; Wong et all, POT2), however
they may account for a significantly larger fraction of the galaxy population at higher redshifts

(Tran_et_all, Z0044; Wild et _all, Z009; Vergani et all, Z010; Whitaker et all, 2012; Wild et all,

b 4y LA,
20716; Rowlands et all, 2018b; Belli_ef all, 20T9). Despite being rare, their number density
is sufficient to account for a significant fraction of the growth of the red-sequence at z < 2,

although the precise fraction is still debated (Tran et all, 2004d; Wild et all, 2009, 2010; Belli

ot all, POTY).
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Figure 1.4: An Example spectrum of a PSB from the SDSS (spec-0524-52027-0492). This galaxy has
strong Balmer absorption and weak emission lines. The short-lived O- and B- types leave the main
sequence and go as supernovae after the starburst (in ~ 107 yr), resulting in weak or absent nebular
emission lines from star formation. The intermediate-age populations (A- or F-type stars) dominate the
galaxy spectrum after the death of the O- and B- types stars, leading to the strong Balmer break. The
weak emission lines in this spectrum are more consistent with shock or AGN-dominated ionization than
ionization from star formation. Figure obtained from French (Z02T).
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Post-starburst galaxies are believed to be a transiting type between star-forming and qui-
escent populations for many reasons. PSBs at 0.5 < z < 1.0 have intermediate values of the
structural asymmetry and concentration parameters in between quiescent and star forming
galaxies (Vergani et al), 2010). The Sérsic indices of PSBs also have an intermediate value of
as revealed in Mendel et all (2Z013). In visually inspections, PSBs are also reported to have
intermediate morphologies in the Galaxy Zoo project (Wong et all, PO12). Structural analysis
of post-starburst galaxies often reveals a connection with quiescent galaxies: they are more
likely to have high central concentration and be more bulge-dominated than an average field
galaxy with similar stellar mass(ran_et_all, 2004H; Gotd, Z005). Lack of disk-like structures
is commonly found in PSBs Mendel et all (2013). The findings motivate astronomers to take
PSBs as a possible migrating path from the star-forming blue cloud to the quiescent red se-
quence. The contribution of PSBs to the growth of the red sequence is under debate, which I

discuss more in the next section.

1.2.2 Identifying post-starburst galaxies
Traditional selection criteria

Traditionally, post-starburst candidates are selected based on strong Balmer absorption lines
like H6, absorption line or Hy absorption line, with weak or absent nebular emission lines,
usually Ha line (e.g. Gota et all, 2003; Quintero et all, Z004; Balogh et al], Z005) or the [OII]
emission line (e.g. Dressler & Gunn, [[983; Zabludoft et all, T996; Poggianti et all, 1999).
However, Yan et all (2006) warn that using [OII] line directly as a proxy for star formation rate
may end up with seriously incompleteness sets of PSBs since the W[OII] in AGN-like galaxies
can be as large as those in star-forming galaxies. On the other hand, Wild et all (2020) find

that using H6, and W[OII] alone results in a high contamination rate in their samples, possibly

due to dust attenuation of the OII line.

For galaxies at high redshift, for which spectra cannot be easily obtained, people sug-
gest alternative PSB identification criteria based on broad-band multi-wavelength photometry.
Whitaker ef all (2012) use the U —V and V —J rest-frame colours to select quiescent galaxies
and the transitional younger quiescent galaxies, based on the fact that quiescent galaxies have
a strong 4000 A break, resulting red U — V colours and blue V —J colours compared with

star-forming galaxies at the same U — V colour.
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Figure 1.5: The tracks in PC1 vs PC2 (top panel) and D,,4000 vs H5, (lower panel) of model (BC03)
top-hat starbursts of 0.03 Gyr duration, superimposed on a composite early-type galaxy spectrum. The
tracks are coloured by the burst mass fractions of the model: 0.5 per cent (orange), 1 per cent (red)
and 3 per cent (blue) and 20 per cent (purple). Asterisks indicate times after the initial starburst of
0.001, 0.01, 0.1, 0.5, 1.0 and 1.5 Gyr. The grey-scale contours show the distribution for the spectra of
high stellar surface mass density, low-z SDSS galaxies in the spectral indices spaces. PC1 is equivalent
to Dn(4000), PC2 measures excess Balmer line strength. The PCA method can detect older and weaker
PSBs compared to H6, alone. Figure obtained from Wild et all (2007).

The traditional method that employs emission lines will not select post-starburst galaxies
with low-level residual star formation, or those that contain a narrow line AGN (Yan et all,

200§; Wildef-all, 2007), and the samples can be contaminated by dust obscured star-forming
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galaxies (Poggianti & Wi, 2000; Wild et all, 2020). Hence, Wild et all (Z007/) promote a
second spectroscopic diagnostic using the stellar continuum alone to identify galaxies with
stronger Balmer absorption than expected, following previous studies using D,,4000 and HS o

(Kauffmann et all, 2003)

Wild et all (2007) applied a Principal Component Analysis (PCA) to the stellar continuum
of model spectra between 3750 and 41504, finding the first component (PC1) to correlate
strongly with the 4000A break strength, while the second component (PC2) provided the
excess Balmer absorption line strength over that expected for the 4000A break strength. The
method is analogous to using D,;4000 vs. Ho 5, however has the added benefit of being able to
combine information from all the Balmer absorption lines as well as the shape of the continuum
in order to increase the SNR of the measurement, as well as rotating the parameter space so
that the PSBs are easily identified lying above the star-forming main sequence. This means that
older and weaker PSBs can be detected with the PCA compared to H6, alone (see
and Wild et all, 2007, for a direct comparison). As the emission lines are not used, the
method is sensitive to galaxies that contain narrow line AGN, and those galaxies that do not

completely shut off their star formation.

Super-colour analysis

When galaxy spectra are unavailable, multi-wavelength photometry can be used to identify
post-starburst galaxies. Wild et all (2014) introduce a super-colour technique to classify galaxy
spectral energy distribution (SED) shapes, in which principal component analysis is applied to
the observed photometry. The PCA method compresses the complicated SEDs into a few linear
combinations of observed bands, called super-colours. In Wild et all (2016), super-colour
analysis is slightly updated to classify galaxies in a slightly wider redshift range (0.5 < z < 2).
Details of the super-colour technique can be found in the two papers cited above, here I provide

a brief summary of the key features.

The super-colour analysis involves projecting the multi-wavelength photometry onto pre-
computed eigenvectors (or equivalently eigenspectra) that were determined from a large li-
brary of 44,000 model SEDs created by combining the Bruzual & Charlof (2003) stellar popula-
tion synthesis model with ‘stochastic star formation histories (Kautfmann et all, 2003; Gallazzi
et all, 2005) and two component dust attenuation (Charlof & Fall, 2000). The precise details

of this library are irrelevant, as it simply defines the weighting vectors for the projection of
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any other dataset. This method therefore allows the direct comparison of simulated and real
data so long as the same observed wavebands are used. Wild et all convolve the model SEDs
with a filter set that covers a wide wavelength range from blue-optical to near-infrared. How-
ever, each galaxy is observed at a single redshift in reality, with only several filters covering
the wavelength range of interest. The observation data are sparsely sampled and are mas-
sively “gappy” compared to the eigenvectors which are computed using small steps in redshift
in order to cover all possible combinations of observed photometry for galaxies over the full
redshift range of 0.5 < z < 2. This is accounted for using the “gappy PCA” method of
(1999), leading to formal errors on the final super-colours which depend slightly on
redshift.
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Figure 1.6: A subsample of UDS galaxies with UDSz spectra (coloured dots) in SC1-SC2 space. Each
colour stands for a galaxy population: orange for PSBs, red for quiescent galaxies, and others for
different type of star-forming galaxies. The distribution of stochastic burst model galaxy in SC1-SC2
space is plotted in grey-scale for comparison. Figure obtained from Wild et all (2014).

The principal component amplitudes indicate the contribution of each eigenspectrum in
the SED and are termed “super-colours” (SC) as they are equivalent to a traditional colour, i.e.
they are weighted linear combinations of the observed fluxes. (20T14) found that
the first three eigenspectra are required to account for > 99.9% of the variance in the model
SEDs, and can thus be used to accurately, succinctly and uniquely describe and reconstruct the

shape of all galaxy SEDs. The 10-band observed photometry, for galaxies over a wide redshift
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range, are compressed into just 3 numbers with little loss of information. Each super-colour
indicates a particular property of the galaxy SEDs: SC1 describes the red-blue slope of the
SED, indicating the average sSFR; SC2 changes the strength of the 4000 A or Balmer break,
indicating the fraction of stellar mass formed in the last ~ 1 Gyr as well as the metallicity of
star-forming galaxies; SC3 also controls the exact SED shape around the 4000 A break and

helps to break the degeneracy between metallicity and burst fraction.

With the library of ‘stochastic burst’ model SEDs, Wild et all (2014) find that post-starburst
galaxies tend to locate in specific region in the super-colour space (Figure 1.6). They confirmed
that the super-colour technique can detect post-starburst galaxies with similar properties to

those detected in high-redshift spectroscopic surveys such as the VVDS.

1.2.3 Potential mechanisms to form PSBs

At high redshift, the morphologies of PSB galaxies are strongly suggestive of an extremely
intense and rapid quenching process, such as a major gas-rich merger, multiple mergers or
protogalactic collapse. Almaini et all (2017) find that massive PSBs at redshift (z > 1) are
significantly smaller than comparable quiescent galaxies at the same stellar mass and epoch
which is strongly suggestive of a recent dissipative collapse event associated with the shut off in
star formation (see also Yano et all, POT6). This appears to depend on stellar mass and epoch,
with lower mass and lower redshift PSBs more similar in structure to equivalent quiescent

galaxies (Maltby et all, 20T8; Pawlik et all, ZOTS).

At lower redshift, galaxy mergers have long been proposed as a possible formation mecha-
nism for PSBs shortly after the discovery of E+A galaxies (Lavery & Henry, T988). A substantial
fraction of PSBs are found with faint tidal features or companion galaxies (Zabludoff et afl,
1996; Chang et al], 200T; Pawlik et all, Z0T8). In addition, PSBs at low-redshift can have sur-
prisingly high fractions of mass formed in the starburst of typically 20%, but occasionally as
much as 70% (Kaviraj et all, Z007a; Pawlik et all, Z018), which again supports major mergers
as the only mechanism known in the local Universe to be able to feed sufficient gas into the
central regions of a galaxy in a short enough time (see also the discussion in Weaver et all,
20T18). Such a scenario is consistent with the results from the cosmological hydrodynamic
simulation EAGLE, where Davis_et all (20T19) find that local (z ~ 0) simulated post-starburst
galaxies are predominantly caused by major mergers. Pawlik et all (2019) used the same EA-

GLE simulations, post-processed to produce mock optical spectra, to find that in addition to
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1.2. Post-starburst galaxies

classical major mergers, a range of different processes can create weak PSB features detectable
in modern spectroscopic surveys. These include harassment by multiple smaller galaxies as

well as rejuvenation from gas brought in by infalling small satellites.

During a galaxy merger, the discs of the galaxies are typically destroyed and the gas compo-
nents are funnelled into the galaxy centre, leading to a powerful centralised starburst followed
by rapid quenching of the star formation (e.g. Barnes, 1992; Naab & Burkert, 2003; Bournaud
et all, Z005). However, this induced starburst may not cause sufficient quenching to produce
remnants with no ongoing star formation, as without a mechanism to expel the gas directly,
the remnant typically continues to form stars (e.g. Sandersef all, T988; Hopkins et all, 2008§;
Tohansson et all, 2009). The more or less complete prevention of star formation in quiescent
galaxies is the primary motivation for black hole feedback in the current generation of galaxy
evolution simulations. In this model, an active galactic nucleus (AGN) can heat up the cold
gas in the galaxies by thermal feedback and/or expel the cold gas by mechanical feedback,
resulting in a lack of material for further star formation. Several studies suggest that PSBs
may harbour an excess fraction of AGN compared to normal galaxies (e.g. Yan et all, D0O0&;
Wild et all, 2007, 20T0; Pawlik ef all, 2OT8), however the short duty cycles of AGN, compared

to the observed post-starburst features, hamper any direct comparison.

It is also possible that external conditions play a role in the ultimate quenching of post-
merger remnants, which may explain why PSB galaxies are more common in (some) clusters
and intermediate density environments (e.g. Zabludoff et all, T996; Poggianti et all, 2009;
Socolovsky et all, 2Z0T8; Pawlik et all, 20T8; Paccagnella et all, 201T9). Ram-pressure stripping,
strangulation or harassment may all play a role in suppressing further star formation in merger

remnants that find themselves in dense environments.

Starburst in galaxy mergers

Galaxy mergers play an important role in creating the post-starburst galaxies as discussed
above; they are one of the major topics of this thesis. Hence it is critical to know what processes
happen during the galaxy merger and how these processes lead to the enhancement of star
formation activity. Here I give a brief summary below. A more detailed review can be found

in Bournaud (2O711).

When a galaxy flies through/closely interact with another galaxy, the gravity triggers a
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mass accumulation from the latter galaxy along the wake of the first one, the accumulated
mass slows down the first galaxy in return. This mechanism is named dynamical friction. The
dynamical friction reduces the relative velocity of the interacting galaxies and drives them to

merge into a single, more massive one.

During the merger, the stars in merging galaxies experience a rapid and significant vari-
ation in the mass distribution and the gravitational potential. Such a violent relaxation dra-
matically changes the orbits of the stars. Some stars lose their energy and sink into the galaxy
centre, resulting in a compact core. Other stars can gain more energy and move onto higher
orbits or even become unbound and escape the galaxies. The escaped stars carry away a sub-
stantial fraction of the initial energy, leaving a low-energy system, also helping shape a compact
remnant. The violent relaxation during the merger effectively destroys the disc components
of the progenitor galaxies and produces elliptical-like remnants, or forms new bulges/builds

up pre-existing bulges if it is a minor merger (Hopkins et all, 2010).

Valley of potential '

Interacting
Companion

Figure 1.7: Simplified description of the gas response in a galaxy interaction. The gas within the co-
rotation radius suffers a negative gravity torque due to the valley of potential, these gas loses their
angular momentum and inflows to the galaxy centre, fuelling the centralized starburst during the
merger. On the contrary, the gas outside the co-rotation radius undergoes a positive gravity torque
and gain more angular momentum, which drives the outer disk material to form the so-called “tidal”
tails. Figure obtained from Bournand (201T).

The tidal field disrupts the gas within the disks and expels the gas to form the so-called
“tidal” tails. However, the tidal field is not the only mechanism that affects the distribution
of the gas; the gravity torque also plays a critical role. A simplified description of the gas
response to gravity torque during the mergers is provided in Figure 1.7. The tidal field from a
companion breaks the symmetry of the gravitational potential, creating a valley of potential.
The gas within the co-rotation radius suffers a negative gravity torque due to the valley of
potential, these gas loses their angular momentum and inflows to the galaxy centre, fuelling
the centralized starburst during the merger. On the contrary, the gas outside the co-rotation

radius undergoes a positive gravity torque and gain more angular momentum, which drives
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the outer disk material to form the so-called “tidal” tails.

Besides the gas inflow and outflow, the interaction between galaxies also increases the
turbulence of gas, leading to a dense gas excess and finally a starburst. Such a starburst is
spatially extended. Starbursts outside the central kpc are observed in many merging systems,
for instance, in the Mice galaxies (Barnes, 2Z004)and in the Antennae galaxies (Wang et all,
2004).

Mergers can induce centralized starburst via inflowing gas and spatially extended starburst
via turbulent gas. Reproducing the latter one could be expensive in SPH simulation since
resolving ISM turbulence requests a very high resolution. Hence, I will focus on the nuclear

starburst galaxies and their descendant PSBs in this thesis.

1.2.4 PSBs in simulations

The development of spectral synthesis models allowed the first theoretical explorations of the
unusual spectral properties of PSB galaxies (e.g. Couch & Sharples, T987; Poggianti et all,
[999; Shioya et all, 2004) leading to a basic understanding of their star formation histories.
However, significant progress on understanding the formation mechanisms was only made

once the dynamics of the gas in galaxies could be tracked in detail.

Early hydrodynamic gas-rich merger simulations combined with simple star formation laws
showed that gas rich mergers could lead to star formation histories characterized by strong,
short bursts (Mihos & Hernquist, 1994a, 1996). Combining hydrodynamical galaxy merger
simulations with spectral synthesis models, led Bekki et all (2005) to reproduce the positive
colour gradient and negative radial H6 gradient observed in local PSBs by Pracy et al] (2005).
A similar analysis was carried out by Wild et all (2009), at higher resolution and using more so-
phisticated star formation and feedback models, including a comparison between models with
and without BH feedback. They also found that the stellar continuum properties of PSB galax-
ies at 0.5 < z < 1 could be reproduced by merger simulations with starburst mass fractions
larger than ~ 5 —10% and decay times shorter than ~ 108 yr. BH feedback was not required
to reproduce the stellar continuum features of PSB galaxies, although they did not investigate
the emission line properties. Similar simulations were carried out by Snyder et al] (201T),
who again concluded that the role of AGN feedback in ceasing star formation and producing

PSB features was negligible. Since these studies were undertaken the sub-resolution recipes
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used in the hydrodynamic simulations have become much more sophisticated and the spa-
tial resolution has increased, motivating a revisit of the question of how the unusual spectral

properties of post-starburst galaxies can be reproduced.

1.3 The rapid quenching route

Some proposed quenching mechanisms operate on a short time scale and can cause the rapid
quenching of galaxies. For example, AGN feedback has a timescale shorter than 0.2 Gyr (Kavi-
raj et all, 2ZO1T), ram-pressure stripping operates on galaxy cluster crossing time-scales, which
is a few ten’s of Myr (Abadi et all, 1999). These mechanism could result in a rapid truncation
of star formation, or quenching, forming galaxies named as rapidly quenched galaxies (RQGs).
As the result of rapid quenching, the light of RQGs is dominated by A- and F-type stars since
O- and B-type stars die with supernova a few million years after the quenching event. RQGs
have little/no emission lines but strong Balmer absorption lines and break. RQGs have the
same spectrum properties as the PSBs, probably the only difference is that PSBs have stronger
Balmer absorption features because of the huge population of A- and F-type formed during the
starbursts before their rapid quenching. Actually rapidly quenched galaxies are selected by the
same method used to select PSBs, therefore, RQGs are equivalent to PSBs in the observational

work, this is only a matter of differing terminology.

The contribution of the rapid quenched route to the growth of the red sequence has been a
topic of research for the last decade. Wild et all (2009) used spectra from the VVDS survey to
estimate that ~40% of the mass growth of the quiescent population at z ~ 0.7 is contributed
by PSBs, and Wild et all (20020) combine photometry and spectra from the UDS survey to
estimate a value of 25-50% at z ~ 1. Belli et all (2019) estimate that fast quenching accounts
for ~ 20% of the growth of the red sequence at z ~ 1.4 and ~ 50% by z ~ 2.2. The importance
of the rapid quenching route appears to decrease with decreasing redshift and may rapidly
diminish at 2 < 1 (Wild et all, POTH; Rowlands et all, 20T8H), and appears to also depend
on stellar mass and environment. Socolovsky et al] (2018) find a much higher percentage
of ~ 70% of quiescent cluster galaxies with 9.0 < log(M/My) < 10.5 and 0.5 < z < 1.0
have rapidly quenched. There is a strong link with galaxy morphology, with rapidly quenched
galaxies being highly compact (Yano et all, D0T6; Almaini ef all, 2017; Maltby et all, 2OT8),
and compact galaxies at intermediate redshifts found to have faster quenching times than

normal-sized galaxies (Wiret all, Z0T8; Nogueira-Cavalcante et all, 2019).
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The works on the observation side motivate me to investigate the topic with simulations.
In this thesis, I run a set of binary merger simulations to reproduce post-starburst galaxies. The
merger simulations are also used to investigate radial gradients in the spectral indices of PSBs.
In order to study the statistical properties of PSBs/RQGs, a large sample is required. Hence,
I research the SIMBA cosmological hydrodynamic simulation. SIMBA is found to reproduce a
bimodality in quenching timescales (Rodriguez Montero et all, 2019), which provides a great
platform to further investigate the contribution of different pathways to quenching and the

growth of the red sequence.

1.4 Thesis outline

In this thesis, I present my work on the analysis of post-starburst galaxies and the fast quench-
ing route using simulations and mock observations. I then compare the results to observations,
trying to interpret the formation of PSBs and their importance to the big picture of galaxy evo-

lution.

This thesis is structured as follows:

e In Chapter 2, I introduce the simulations used throughout my PhD projects.

e In Chapter 3, I give the details of SEDmorph, the code I developed to convert simulation

results into mock observations.

e Chapter 4 utilises the binary merger simulation set and investigates the origin of the

radial gradients in PSBs and constraining their formation mechanism.

e Chapter 5 looks at the SIMBA cosmological simulation and studies the population of

rapidly quenched galaxies.

e In Chapter 6, I summarise the work of my thesis and discuss future plans and directions.
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SIMULATIONS

In this chapter, I will introduce the simulations used throughout my PhD project. The simula-
tions include a set of binary merger simulations run by myself and a cosmological simulation
run by my collaborators. The binary mergers simulations are run with a variety of black hole
feedback models, progenitor galaxies, orbits and mass ratios; they are used to investigate the
properties and the formation of post-starburst galaxies. In this chapter, I will give the details
of the sub-resolution physics of the simulations, setting up of the model galaxies and the merg-
ers. The cosmological simulation SIMBA is investigated in order to figure out the contribution
of the post-starburst galaxies/rapidly quenched galaxies to the growth of the red sequence.

SiMBA is described in the second section of this chapter.

2.1 Binary merger simulations

Our binary merger simulations are run with the N-body smoothed particle hydrodynamics
(SPH) code, SPHGal (Hiiet all, 20T4); Eisenreich et all, Z017), which is an updated version

of the Gadget-3 code (Springel, 2005). Like Gadget-3, SPHGal computes gravitational forces
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with a hierarchical tree algorithm.” Additionally, gravitational softening is applied to reduce
artificially strong two-body encounters between the massive particles. Compared with the
original Gadget-3 code, SPHGal replaces the spline kernel with a Wendland C* kernel and
increases the number of neighbours in the SPH kernel to 100. The code employs a set of
new features including the pressure-entropy formulation of SPH, an updated estimate of ve-
locity gradients, a modified artificial viscosity switch with a modified strong limiter, artificial
conduction of thermal energy and a time step limiter (see Lahén et all, 2018, for more de-
tails). Together these changes reduce numerical artefacts in the fluid mixing and improve the

convergence rate of the SPH calculation.

2.1.1 Stellar sub-resolution physics

The subresolution astrophysics models in SPHGal are based on those by Scannapieco et al!
(2005, 2006), updated by Aumer et all (Z013), and include gas cooling, star formation, chem-
ical evolution and stellar feedback. In this model, the gas component cools with a rate de-
pendent on its temperature, density and metal abundance. Assuming that the gas is optically
thin and in ionisation equilibrium, the cooling rates are calculated following Wiersma et all
(P009), on an element-by-element basis. The effects of a uniform redshift-dependent ionising
UV/X-ray background (Haardf & Madati, 2001) are also included assuming z = 0. The cooling

rates are calculated over a temperature range of 10> < T < 10° K.

Dense and cold gas particles are able to form stars, once the gas density p, is greater than
Peric = 1.6x10723 g/cm3, i.e nyy = 10 em ™2, and the gas temperature is less than T = 12000 K.

For a star-forming gas particle with a mass of my, its star formation rate is estimated as
Mg
SFRZESFR_, (21)
Ly

where egpr = m, /m, is the star formation efficiency, and ¢ is the free-fall time derived from

the harmonic oscillator frequency in a spherically symmetric cloud:

The free-fall time ¢t is often replaced with a similar estimate of the dynamical time-scale

1SPHGal offers an option to combine the standard tree algorithm with a particle-mesh (PM) scheme for long-range
gravitational forces, but I turned PM off as it is unnecessary in my merger simulations.
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tayn ~ (47’[Gpg)_1/ 2. Hence, the volume density of SFR can be given by

dp, _ s  Ps 2.3)
dt dt — ey, '
implies a star formation rate proportional to pz/ 2 matching the Kennicutt-
Schmidt law for star-forming galaxies (Schmidf, T959; Kennicuff_Id, T998). can
be rewritten into
dl;# - —Zﬂ. (2.4)
yn
Integrating over At, the length of the current time step, the probability P that a

gas particle converts into a stellar particle in the current time step is:

At
P=1—exp (GSFR ) =1—exp (eSFRAt,/47'pog). (2.5)

tdyn

Here I adopt a fixed efficiency of egpr = 0.02 in the merger simulations. At each time step,
SPHGal computes P from for gas particles that are eligible to form stars. The
code then draws random numbers to decide which gas particles actually form stars during the

time step.

To track the chemical evolution in the simulations, every baryonic particle contains 11
elements (H, He, C, Mg, O, Fe, Si, N, Ne, S, Ca) that evolve based on models of chemical
release rates from wamoto et all (T999) for supernovae type Ia (SNIa), Woosley & Weaver
(1995) for supernovae type II (SNII) and Karakas (2010) for asymptotic giant branch (AGB)
stars. The star particles distribute the metals to the surrounding gas particles by the stellar
feedback of SNIa, SNII and AGB stars. The metallicity diffusion implementation by Aumer ef all
(P0T13) is included here to smooth the variations in the metallicity between neighbouring gas

particles.

The stellar particles provide feedback the surrounding gas via SNII 3 Myr after their for-
mation, followed by the SNIa for which feedback is released repeatedly every 50 Myr from a
stellar age of 50 Myr until 10 Gyr, with the assumption that the ejecta mass decays proportion-
ally to t—1 Maoz et all (Z0UTT) and the total release is 2 SNIa per 1000M ® of stellar mass. The
total feedback energy by SN to the interstellar matter (ISM) is given by

1
ESN = EmejectvgN (2.6)
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where m,j,., is the mass of SN ejecta, vgy is the velocity of SN ejecta (we adopt vgy =

4000 km/s here) and the SN ejecta in our model is metallicity dependent.

The thermal and kinetic feedback of SN are achieved by a distance dependent multiphase
method. The phases here are the free expansion (FE) phase, the adiabatic SedovTaylor (ST)
phase ([Taylot, 1950; Sedov, 1959) and the snowplow (SP) phase (McKee & Ostriked, 1T977;
Blondin et all, T998). The gas particles that are closest to the SN receive the feedback in the FE
phase with momentum conservation and the feedback energy is in kinetic form only. At greater
distances, the shocked ISM mass exceeds the SN ejecta mass, gas particles in this outer region
then receive feedback in the ST phase with heating. In the ST phase, the feedback energy
are in both thermal (70%) and kinetic (30%) forms. At even larger distances, the velocity of
the SN ejecta decreases further, finally dispersing the shock. Gas particles in this outermost
region receive feedback in the SP phase with efficient radiative cooling. Again both thermal
(70%) and kinetic (30%) energy is assumed, however the total amount of energy decreases

with distance from the SN.

Both the energy and enrichment feedback from AGB stars are dealt with in the same fashion
as that from the type Ia SNe. However, as the wind velocity of AGB ejecta is just 25 km/s, much

smaller than vgy, only the FE phase is included for AGB feedback.

2.1.2 Thermal black hole feedback model

We run a set of merger simulations without black hole (BH) feedback and find that extra
centrally injected energy is required in order to suppress the star formation in the merger
remnants sufficiently to obtain the small Ha equivalent widths observed in many post-starburst
galaxies. I investigate two different black hole models: a “classical” model with thermal energy
injection only (Springel et all, Z005; Johansson ef all, 200Y), and an “updated” model with

both thermal and mechanical energy injection (Choi et all, Z012).

In the classic model the unresolved gas accretion onto the BH is parameterised by the
BondiHoyleLyttleton model (Hoyle & Lyttleton, 1T939; Bondi & Hovyle, 1944; Bondi, 1952), in

which the BH accretion rate is given by:

anaMz,p

5= —(CSZ 202 2.7)

where p is the gas density, ¢, is the sound speed of the surrounding gas, v is the velocity of
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the BH relative to the surrounding gas, and a is a dimensionless efficiency parameter set to
enable the self-regulation of the BH mass growth and ensure that the BH accretion reaches the
Eddington regime in a gas-rich environment (Iohansson et all, Z009). Physically, we should
have a = 1, however Springel et al] (Z005) and Johansson et all (Z009) use a value of @ = 100
to account for the underestimated gas density or the overestimated gas temperature near the
Bondi radius. As the spatial resolution of the simulations is increased, the local gas density
and temperature is more accurately modelled, and a must be decreased. Here I set a = 25
and confirmed that this value allows the BHs in the merger remnants to grow onto, and stay

on, the Mgy — o relation (van_den Bosch, DOTH).

o)

The accretion rate is limited to the Eddington accretion rate:

47TGMBHmp

Mgy = ———— (2.8)
€,07C

where m,, is the proton mass, o'y is the Thomson cross-section and €,. is the radiative efficiency.
Here I adopt €, = 0.1, the mean value of radiatively efficient accretion onto a Schwarzschild

BH (Shakura & Sunyaev, 1973). Thus, the final (inflowing) accretion rate is given by:

Min = min(MB: Medd)~ (2.9)

The radiated luminosity of the BH is given by:
L, = €,.M;,c2. (2.10)

We assume that a fraction, €, of radiated energy couples with the surrounding gas leading to
the feedback energy:
Efeeq = €5 L, = €5 €, M;c>. (2.11)

We adopt a fixed value of €, = 0.05, a value that is widely chosen in the literature (Springel

(D

t all, 2005; Di Matteo et all, 2005; lohansson et all, 200Y9; Johansson et all, 2009; Choi et all,

2017). The choice of this value for e ¢ is motivated by the fact that in combination with the

thermal feedback model the simulations are able to reproduce the observed Mg — o relation.

In this classical thermal black hole feedback model, all the feedback energy is distributed as

thermal energy into the ~ 100 gas particles closest to the BH, weighted by the SPH kernel. The
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gas around the BH is therefore heated by the BH feedback and expands, reducing its density,

which leads to a cessation in star formation.

In my merger simulations, I assume that the binary BHs merge as soon as their separation
drops below the smoothing length and their relative velocity drops below the local sound
speed of the surrounding gas. Due to the limited spatial resolution the BHs can wander away
from the centre of the galaxies, especially in unequal-mass mergers. To ensure the successful
merging of the BHs during the final coalescence of their host galaxies, at every time step I
re-locate the BH to the minimum potential in the central region of the galaxy (see Jlohansson

et_all, 2009, for more discussion on this procedure).

2.1.3 Mechanical black hole feedback model

It has been suggested that a strong wind from an accreting BH might convey energy, mass and
momentum from the centre to the surrounding gas (De Kool et all, 2001; Moe et all, Z00Y;
Dunn_et all, 20T0), causing the gas outflows and the regulation of star formation in the host
galaxies (Tremonfi et all, 2Z007; Feruglio et al], Z010). To simulate this effect I create a third
set of simulations in which I adopt the mechanical BH feedback model developed by Choi et

al. (2012; 20714).

In this model the total accretion rate onto the BH is given by:
Macc = Min - Mout (2.12)

where M,,, is the outflowing mass loss rate, and M, is calculated as above (Eqn. EZZ9) with
M 5 computed with an ‘alternative averaging (AA)’ method (see Choiet all, DOT2). We further

define the kinetic energy rate of the outflowing wind:

. . 1.
E, =€€,My.c* = EMoutva (2.13)

where €, and €, are, respectively, the radiative efficiency and fraction of the radiated energy
that couples to the surrounding gas (as above), and v,, is the velocity of the wind assuming

energy conservation and a single wind velocity.

Following Choi et all (Z012) I define the ratio of the mass outflow rate to the mass accretion
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rate as:

Y =M,y /Myee = 2eferc2/vli. (2.14)

Since the momentum is conserved, the total accretion rate M, and the kinetic energy rate

E,, can be solved out as:

. . 1
Mg = My —— (2.15a)
1+
E,= efercszL (2.15b)
1+

Inspired by observations of broad absorption line winds (Crenshaw et all, 2003; Moe et all,
2009), we assume a wind velocity of v,, = 10,000km/s. With the widely adopted feedback
efficiencies of €€, = 0.1 x 0.05 = 0.005, Eqn. T4 gives ¢ = 0.9, i.e., 90% of the inflowing
mass is ejected in an AGN wind, with both energy and mass carried from the BH to the outskirts
of the galaxy. This outflowing gas collides with the ambient ISM on its way out, resulting in
a momentum-driven flow. I simulate this phenomenon by allowing the emitted wind particle
to share its momentum with its 2 nearest neighbouring gas particles. As the gas particles all
have the same mass in my simulation, all three gas particles gain the same velocity increment
of Av ~ (v,,/3) km/s. This treatment conserves the momentum but decreases the total kinetic
energy. To conserve the total energy, the residual energy is deposited into these three particles

in form of thermal energy.

Choi ef all (2012) include an additional thermal feedback component in their simulations
to simulate the effect of X-ray radiation from the AGN on the surrounding gas. However, I
found that this was too effective at suppressing star formation, eliminating the starburst during
the merger phase and preventing the appearance of the strong Balmer absorption lines seen
in PSB galaxies. I therefore only ran one simulation with this effect included. I note that the
updated stellar feedback model used in this project, compared to the stellar feedback model
used in Chai ef all (Z0T2), may in part be responsible for the dramatic suppression of star
formation seen in my simulations when including this additional thermal X-ray BH feedback

component.

2.1.4 Galaxy models

The progenitor galaxies are set up following the method given in Iohansson ef all (2009)

assuming a ACDM cosmology with Q,, = 0.30, Q, = 0.70, and Hy, = 71km/s/Mpc, with
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Table 2.1: Parameters for the progenitor disc galaxies. Total masses, M, are given in units of 101°M,
scale radii and heights are in kpc, N is particle number, m gives the individual particle masses, € the
gravitational softening lengths and SFR is in M /yr. Other parameters are defined in the text.

Property Sa Sc Sd Scp3
M,;, 134.1 134.1 134.1 44.7
Myic 2.5 3.2 3.5 1.17
Mg 0.5 0.9 1.6 0.3
Myuige 2.5 1.4 0.4 0.47
Mpy 128.6 128.6 128.6 42.9
B/T 0.5 0.3 0.1 0.3333
Feas 0.17 0.22 0.31 0.22
Tdise 3.75 3.79 3.85 2.63
Zdise 0.75 0.76 0.77 0.53
Fhulge 0.75 0.76 0.77 0.53
c 9

A 0.33

Niotal 800000 800000 800000 266666
Npum 400000 400000 400000 133333
Nyisc 181818 233333 257143 77778
Nggs 36364 66667 114286 22222
Npuige 181818 100000 28571 33333
Mpy 3.2 x 10°M,

Mparyon 1.4 x 10°M,

€pMm 137 pc

€p 28 pc

SFR ~1 ~2 ~5 ~0.5
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the aim to mimic disc galaxies observed in the local Universe. A summary of the progenitor
galaxy parameters used in this project can be found in Table PZI. The primary galaxies have
a virial velocity of v,;, = 160km/s, resulting in a total virial mass of M,;. = vfir /10GH, =
1.34 x 10'2 M. The majority of this mass (Mp,; = 1.286 x 10'2M,, ) is in the dark matter
(DM) halo, which has a Hernquist density profile with a concentration parameter of ¢ = 9
(Hernquist, M990). The baryonic mass fraction is 0.041, distributed between a gaseous disc
(Mgqs), a stellar disc (My;,. ) and a stellar bulge (Mpy4,), With foqs = Mgqs/(Mgqs + Maisc 1)
determining the gas fraction in the disc. Each progenitor galaxy has a total particle number of
8x 10°. Half are DM particles and half baryonic, yielding a mass resolution of 1.4 x 10°M,, and
3.2 x 10°M,, for baryonic and DM particles respectively. The gravitational softening lengths

are €p,, = 28 pc and epy; = 137 pc for the baryonic and dark matter components respectively.

The disc has an exponential mass profile with scale length ry;,., determined by assuming
that the disc material conserves specific angular momentum during the disc formation with
a constant halo spin of A = 0.033 (Mo et all, T998). The scale height of the stellar disc
is set to z4;,. = 0.274;.. The gaseous disc has the same scale length as that of the stellar
disc and the vertical structure of the gaseous disc is determined such that it is in hydrostatic
equilibrium (Springel et all, 2Z005). The stellar bulges follow a Hernquist (1T990) profile with a
scale length of ;5. = 0.274;5. The mass of the bulges are determined by the parameter B/T,
the stellar bulge-to-total stellar mass ratio. By choosing different bulge-to-total stellar mass
ratios and corresponding gas fractions, I create 3 progenitor galaxies of different morphology
types, aiming to roughly mimic the average properties of Sa, Sc, and Sd galaxies. The specific
values are chosen loosely based on values for local SDSS galaxies, by combining the range of
i-band luminosity B/T values from Gadofti (2009), with the range of atomic and molecular

gas mass fractions from Saintonge et al] (2016).

For the simulations with BH feedback the progenitor galaxies host BHs at their potential
minima. The mass of the BH is given by the My — o relation, with o calculated from the

distribution of the bulge star velocities (van-den Bosch, DOTH).

In order to build accurate spectral models, as well as include the feedback from old stars,
we must initialise the stellar particles with their ages and metallicities. For the stellar particles

in the bulge, I adopt an exponentially decaying star formation rate (SFR) over the time:

SFRy(t) = Ce (t=t)/7, (2.16)
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where t; = 10.2 Gyr is the start of the simulation, C is a normalisation factor, and T = 1 Gyr is
the timescale of the exponential decline. I assume that the star formation in the bulge started

at a cosmic time of t = 0.5 Gyr, leading to a negligible SFR compared to the disc by t.

For the stellar particles in the disc, I follow Lahén et all (Z018) and adopt a linearly de-
caying SFR with an initial SFR at t; = 10.2 Gyr similar to that found in local star-forming disc
galaxies. I then run the galaxies in isolation and iteratively adjust the initial SFR estimate un-
til the SFR transitions continuously from the initial value to the actual SFR at the start of the
simulation (see Table 21). By requiring that the integration of the star formation rate history
ove time is equal to the total stellar mass at the start of the simulation, the age distribution of

the stellar particles can be obtained.

To be fully consistent with the employed sub-resolution models, we must also initialise the
metallicity distribution. Here I adopt a uniform, log-linear radially decaying metallicity profile
with the Milky Way as a reference (Zaritsky et all, 1994). Using the observed Oxygen gradient
of 0.0585 dex/kpc, I set up the galaxies with roughly solar total metallicities. When assigning
metal elements to individual stellar particles, I assume a scatter of 0.2 dex motivated by the
the maximum measurement error in Kilian-Montenbruck et all (1994) and fix an upper limit
on the metal mass fraction of 5% to prevent the stellar particles from becoming unphysically

metal heavy.

Due to element recycling, stars with later cosmic formation times tend to have higher
metallicities. To reproduce this phenomenon, I firstly randomly sample the age of individual
stellar particles from the age distributions with an age scatter of At = 100 Myr. I then sort
the stellar particles by their assigned metal mass fraction, and re-assign their ages keeping the

same overall age distribution.

We additionally create a lower mass galaxy (Scp3), a smaller version of the Sc galaxy with
a mass of one third that of the Sc galaxy. This is done by reducing v,;, to 160/+3km/s ~
111km/s. The particle numbers of each component are reduced by one third to keep the mass

resolution per particle constant.

2.1.5 Merger Simulations

After initialising the progenitor galaxies, I run the galaxy models in isolation for 0.5 Gyr to

even out any numerical artefacts from the initial idealised setup. I then set up the merger
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simulation with these relaxed galaxies at t,, = 10.7 Gyr, on parabolic trajectories with three

different initial orbital configurations as introduced by Naab & Burkerf (2003):

1. GOO: i]_ = 00, iz = 00, W, = 00, Wy = Oo;
2. GO7: i; =—109°, iy = 71°, w; =—60°, w, =—30°;

3. G13: i]_ = _1090, iz = 1800, W, = 600, Wy = 00.

where i; and i, denote the inclinations of the two discs relative to the orbital plane, and w;
and w, denote the arguments of the orbits’ pericenter. GOO is a symmetric prograde-prograde
orbit. Both galaxies are orientated in the orbit plane and their angular momenta are parallel to
the orbital angular momentum. GO7 is a retrograde-prograde orbit with both galaxies inclined
with respect to the orbital plane. G13 is retrograde-retrograde orbit, with one galaxy inclined
while the other is not. The angular momentum of the second galaxy is anti-parallel to the

orbital angular momentum.

The initial separation rg,, of the two progenitor galaxies is given by their average virial
radii while the pericentre distance r,, is given by the sum of their disc scale lengths. Thus, for
the equal-mass mergers (1:1) the initial separation is re, = (160 + 160)/2kpc/h ~ 225kpc,
the pericentre distance is r, = 2 x 2.7kpc/h ~ 7.6kpc. For the unequal-mass merger (3:1),
the initial separation is ry, = (160 + 111)/2kpc/h ~ 135.5kpc, and the pericentre distance
is r, = (2.7 4+ 1.90) kpc/h ~ 6.5 kpc. The progenitor galaxies approach each other following

nearly parabolic orbits and interact under their own gravity.

We run a set of simulations with different progenitor galaxies and orbits. For the equal-
mass mergers [ select 6 illustrative combinations of progenitor galaxies (2xSa, Sa_Sc, Sa_Sd,
2xSc, Sc_Sd, 2xSd), and for the 3:1 mass ratio mergers I choose one high mass progenitor
of each type and merge it with the lower mass Sc galaxy giving three further combinations
(Sa_Scp3, Sc_Scp3, Sd_Scp3). Each pair is set on 3 different orbits GO0, GO7, and G13 (Sec-
tion ZT71), giving 18 equal-mass and 9 unequal-mass merger simulations in total. The exhaus-
tive table of the parameters for the merger simulations can be found in the Appendix (Table

)

Each merger simulation is run for 3 Gyr until the current cosmic time t = 13.7 Gyr. Snap-

shots are output every 2 x 107 years, giving 150 snapshots per simulation.
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Table 2.2: Parameters for the merger simulations, where i is the inclination relative to the orbit plane,
w is the argument of the orbits’ pericentre. For the equal-mass mergers (1:1) the initial separation is
reep = 225kpc, the pericentre distance is r, = 7.6kpc. For the unequal-mass mergers (3:1), the initial
separation is ry, = 135.5kpc, and the pericentre distance is r, = 6.5 kpc.

Equal-mass mergers

Simulation First galaxy Second galaxy Orbit iy iy w1 Wy
2xSa_00 Sa Sa GO0 0° 0° 0° 0°
2xSa 07 Sa Sa G07 —109° 71° —60° —30°
2xSa_13 Sa Sa G13 —109° 180°  60° 0°
2xSc_00 Sc Sc GO0 0° 0° 0° 0°
2xSc_07 Sc Sc G07 —109° 71° —-60° —30°
2xSc 13 Sc Sc G13 —109° 180° 60° 0°
2xSd_00 Sd Sd GO0 0° 0° 0° 0°
2xSd_07 Sd Sd G07 —109° 71° —60° —30°
2xSd 13 Sd Sd G13 —109° 180° 60° 0°

Sa_Sc 00 Sa Sc GO0 0° 0° 0° 0°
Sa_Sc 07 Sa Sc G07 -—109° 71° —-60° -—30°
Sa_Sc 13 Sa Sc G13 —109° 180°  60° 0°
Sa_Sd 00 Sa Sd GO0 0° 0° 0° 0°
Sa_Sd 07 Sa Sd G07 —109° 71° —60° —30°
Sa Sd 13 Sa Sd G13 —109° 180° 60° 0°
Sc_Sd 00 Sa Sd GO0 0° 0° 0° 0°
Sc_Sd 07 Sa sd GO7 —109° 71° —60° —30°
Sc Sd 13 Sa Sd G13 —109° 180°  60° 0°

Unequal-mass (3:1) mergers

Simulation First galaxy Second galaxy Orbit iy iy w1 Wy
Sa_Scp3 00 Sa Scp3 GO0 0° 0° 0° 0°
Sa_Scp3_07 Sa Scp3 G07 —109° 71° —60° —30°
Sa_Scp3 13 Sa Scp3 G13 —109° 180° 60° 0°
Sc_Scp3 00 Sc Scp3 GO0 0° 0° 0° 0°
Sc_Scp3_07 Sc Scp3 G07 -—109° 71° —-60° -30°
Sc_Scp3_13 Sc Scp3 Gl13 —109° 180°  60° 0°
Sd_Scp3 00 Sd Scp3 GO0 0° 0° 0° 0°
Sd_Scp3_07 sd Scp3 G07 —109° 71° —60° —30°
Sd_Scp3 13 Sd Scp3 G13 —109° 180° 60° 0°

2.1.6 Parameters for the merger simulations

We run 18 equal-mass and 9 unequal-mass merger simulations each with 3 different orbits,

giving 27 merger simulations summarised in Table 2.
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2.2 The SiMBA simulation

In this project, I study the SIMBA cosmological hydrodynamic simulation (Davé et all, 20T9),
the next generation of the MUFASA simulation (Davé et all, DOT6). Like MUFASA, SIMBA em-
ploys a forked version of GIzM0, a mesh-less finite mass hydrodynamics code (Hopkins, 20T5)
based on Gadget-3 (Springel, 2Z005). Like MUFASA, SIMBA uses a set of state-of-the-art sub-
resolution prescriptions, including H, based star formation rate (Krumholz & Gnedin, DOTT),
supernova feedback, star formation-driven galactic winds, a chemical enrichment model that
tracks 11 elements, radiative cooling and photoionisation heating. These models are slightly
updated to match the recent theoretical and observation results (see Davé et all, 2019 for more

details).

The major updates of SIMBA compared to MUFASA are in two aspects. Firstly, SIMBA has a
better and more realistic treatment to dust compared with MUFASA, the new model deals with
on-the-fly dust production, growth and destruction. Secondly, the super massive black hole
(SMBH) accretion and feedback models have been improved. Davé et all (Z0T9) describes
the improved accretion model which deals with gas of different temperatures. Hot gas with a
temperature of T > 10°K that is not part of the interstellar medium is accreted onto the central
black hole via the standard BondiHoyleLyttleton accretion mode (Bondi, T952). The cold gas
accretion is driven by gravitational torques of the accretion disc (Hopkins & Quataert, 2OTT).
SiMBA adopts two different SMBH feedback models, depending on the Eddington ratio. If the
SMBH is in a high Eddington ratio state (fzq4>0.2), the SMBH will feedback via radiative AGN
winds, eject gas without heating it or changing its temperature. This is broadly similar to the
AGN model introduced in Anglés-Alcazar et al] (2017). In the low Eddington ratio state the
AGN feedback transitions to a jet mode, in which the outflow velocity is strongly increased. The
feedback becomes entirely jet mode when the Eddington ratio is lower than 0.02 and SMBH
mass is higher than 107> M. Davé ef all (2019) showed that massive quiescent galaxies are

primarily quenched by the jet feedback from the SMBH at the galaxy centre.

I use the fiducial run of the SIMBA simulation suite, which has a box length of 100 co-
moving h~! Mpc and a minimum gravitational softening length of 0.5 comoving h~! kpc. The
simulation has 2 x 10243 particles, with equal numbers of baryonic and dark matter particles.
The particle mass resolution is 9.6 x 107 M for dark matter and 1.2 x 107 for the initial gas par-

ticles. In the fiducial run, the simulation begins at a redshift of 2 = 249 and ends at z = 0, thus
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simulating present day Universe. The first snapshot is output at z = 20 and snapshots are then
output with a time spacing that is comparable to galaxy dynamical timescales, which yields
151 snapshots in total. We are interested in the redshift range of z = 2 to 2 = 0.5, where the
snapshots have a time spacing of ~ 100 Myr and ~ 150 Myr respectively. SIMBA takes a Planck
Collaboration XIII (20T6) concordant cosmology of Q,, = 0.3, Q) = 0.7, Q;, = 0.048, H, = 68
kms™! Mpc™!, og = 0.82 and n, = 0.97.

We use the CAESAR? package to resolve the galaxies by firstly grouping stars and inter-
stellar medium (ISM) gas into baryonic galaxies via a 6D friends-of-friends (FOF) algorithm.
The FOF adopts a spatial linking length of 0.0056 times the mean inter-particle spacing and
a velocity linking length of the local velocity dispersion. A resolved galaxy has a minimum

number of 32 particles, which yields a minimum stellar mass of 5.8 x 10% M.

Many galaxy properties in SIMBA are in good agreement with observations (Davé et all,
2019). A wide range of galaxy statistics are well reproduced, including the galaxy stellar
mass function evolution, and the star-forming main sequence (giving a good match at z =0
as a function of stellar mass.) etc. The great agreement between SIMBA and observations
makes SIMBA an ideal platform for investigating the specific physical processes driving galaxy

evolution in more detail.

2 https://caesar.readthedocs.io/en/latest/

32


 https://caesar.readthedocs.io/en/latest/

The SEDMORPH CODE

Our group has been developing the SEDmorph code? standing for Spectral Energy Distribution
and morphology, to turn the particle data from simulations into mock datasets. I developed
and extended this code to create integral field datacubes following the MaNGA observational
strategy. I created stellar continuum with the BCO3 spectral synthesis models and apply a two-
component dust attenuation model. A seeing (atmospheric) point spread function (PSF) and
a dither pattern are included when building the row stacked spectrum (RSS) files. Finally, I
combine the RSS into a regularly gridded datacube. The mock galaxies are placed at a redshift
of z ~ 0.04, close to the median redshift of the MaNGA survey. The 1 arcsec radius MaNGA
fibres are equivalent to 0.79 kpc at this redshift. Thanks to the methods and settings, our
mock datacubes closely match the properties of the MaNGA survey. In this chapter, I provide
details on the components of the code that are developed by me and used in the binary merger

simulations in this thesis.

!The project web page: https://github.com/SEDMURPH. The code for mock datacube creation https://
github.com/SEDMORPH/YZCube.
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Chapter 3. The SEDMORPH CODE

3.1 Stellar continuum creation

To build the stellar continuum spectra I use the Bruzual & Charlof (2003, BCO3 hereafter)
spectral synthesis models, updated in 2016%. These models provide integrated light spectra
for simple stellar populations (SSPs) which represent coeval, single metallicity stellar popula-
tions, assuming an initial mass function (IMF), evolutionary tracks and stellar input spectra.
This version of the BCO3 models are built from both observed and theoretical stellar spectra,
assuming a Chabried (2003) IMF and “Padova-1994” evolutionary tracks (Alongi et all, 1993;
Bressan et all, [993; Fagotto et all, 1994a,b; Girardi et all, T996). The observed spectra most
relevant for the wavelength range of the MaNGA spectra are taken from the MILES stellar
library (Sanchez-Blazquez et all, 2006; Falcon-Barroso et all, ZOTT) in the wavelength range

3540A- 7350}0\, extended with the STELIB stellar library (Le Borgne et all, Z003) out to 8750A.

I assume that each stellar particle in the simulations is composed of a single coeval, fixed
metallicity stellar population, with an age and metallicity corresponding to when the progen-
itor gas particle becomes a stellar particle. The SSPs have already been interpolated onto an
optimum age grid, I therefore refrain from any further interpolation in age and each stellar
particle is assigned the closest SSP in age. The BCO3 models provide SSPs for seven different
metallicity values (with metal mass fractions of Z =0.0001, 0.0004, 0.004, 0.008, 0.02, 0.05,
0.1, where Z, = 0.02). The metallicity distribution of particles in the simulations is such that
most particles have metallicities in the 2 bins around solar metallicity (0.08 < Z < 0.05),
which is not sufficient to accurately reproduce the changes in spectral indices caused by the
metallicity gradient of the galaxies (see for the gradient in the left panel and for
the metallicity distribution in the right one). I therefore decided to interpolate the spectra
between the central metallicity bins. For a targeted new Z value (marked as Z, for target), 1
find the two closest Z values (marked as Z; and Z, for lower and upper) in the original BCO3
models that meet with Z; < Z, < Z,. A linear interpolation is employed in log flux at each

wavelength A in the model spectra:

IgT(A) = g L(A) + ? _? (g U(A)—Ig L(A)) 3.1
4]

u

where L, T and U is the luminosity density of the lower, target and upper Z models at A

respectively.

2These are available at http://www.bruzual . org/~gbruzual/bc03/Updated version 2016/
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3.1. Stellar continuum creation
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Figure 3.1: Metallicity distribution. Left panel: the metallicity gradient that is set up in the galaxies in
the 2xSc_07 simulation at the beginning of the simulation. Right panel: the frequency density distri-
bution as a function of Z. Dash lines are the Z values available in the BCO3 models. Most particles have
a Z value between 0.008 and 0.05, which motivates me to interpolate between models with different
Z values.

The equation naturally creates the interpolated spectrum “between" the two original ones.
An example is given in the left panel of Figure 3.2: the interpolated spectrum Z = 0.035
(black) stays somewhere between the two original ones (blue and orange for Z = 0.02 and
Z = 0.05 respectively). I further verify the success of the interpolation by computing the H ,
and Hy, spectral indices of the 1 Gyr old interpolated spectrum, finding that the indices vary

smoothly between the new SSPs as expected. This result can be found in the right panel of

Hig .

The interpolation is aimed to distribute the stellar particles between metallicity bins as
equally as possible. This leads to additional SSPs with Z = 0.012, 0.016, 0.023, 0.026, 0.035

and 0.04 besides the original seven ones.

The stellar particles contain 11 different elements as described in Section ZZT1. I calculate
the metallicity of each stellar particle as Z, = (1 — My — My,)/M,, where My and My, are the
total masses of Hydrogen and Helium respectively and M, is the mass of the star particle, and
assign the closest interpolated SSP in metallicity. Finally, the integrated spectrum (luminosity

density) of the simulated galaxy or part thereof, can be written as:
N,
L= ZMi X 13, ssp(tsspi> Zsspi) (3.2)

i=1

where M; is the mass of the stellar particle, [, ssp is the luminosity density of the assigned SSP

and the sum is over all relevant star particles in the region of interest.
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Figure 3.2: Checking the interpolated spectra. Left panel: The interpolated spectrum Z = 0.035 (black)
stays somewhere between the two original ones (Z = 0.02 and Z = 0.05) and has a proper shape. To
keep the figure clean, only the wavelength region around H, and H; abortion lines is shown, and only
the spectra of an SSP with an age of 1 Gyr is plotted. Right panel: the equivalent widths of the H, and
Hg absorption lines in the spectra of the SSP with an age of 1 Gyr. The perfect linear fitting between
interpolated models and original models at Z = 0.02 to 0.05 shows that the interpolation is reasonable.

3.2 Dust attenuation model

I employ a two-component dust attenuation model (Charlof & Fall, Z000; Wild et all, 2007)
in which the optical depth is contributed by the interstellar medium for all stars, as well as
stellar birth clouds for stellar populations younger than 107 years. The final effective optical

depths as a function of wavelength for young and old stellar populations are thus given by:

—0.7 A —-1.3
Tyoungz :udTV(SSOO) +(1_Md)TV(5500)

. A —0.7
Told = MgTy %

3.3)

where A is the wavelength in A, u, is the fraction of optical depth contributed by the ISM,
which is set as 0.3 and 7, is the effective optical depth at 55004, which I set to a fiducial value

of 1.0, typical for local star-forming galaxies.

I note that by not using radiative transfer to calculate the attenuation I am not correctly
accounting for the full 3D geometry of the stars and gas in the mock galaxies. Additionally, I
do not attempt to link dust content to the metallicity of the gas particles. However, I choose
this approach to avoid further sub-resolution recipes given the relatively high mass of the
individual gas and star particles compared to giant molecular clouds in which stars are formed
in reality. It is important to keep in mind the limitations of any dust modelling in mock galaxies

with this level of spatial resolution.
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3.3 Different spectra strategies

In relatively low resolution simulations (e.g. 10° M, for baryon particles), it is suggested that
the poor sampling of star formation can adversely affect luminosities of simulated galaxies
(e.g. Trayford et all, 2OT5). A single recently formed star particle can significantly change
the spectrum, image and colour of the galaxy. Thus, carefully adding the contribution from
star-forming gas particles is proposed to mitigate this numerical artefact in their works (Wild

et all, 2009; Trayford et al), 2Z015; Lahén et all, ROTR).

In my simulations, I notice that the instantaneous SFR does not match the increasing of
galaxy stellar mass. In [Figure 3.3, I derive the SFH via two different methods. The black line
records the sum of SFRs of the gas particles at each snapshot, which represent the instan-
taneous SFR at the time of snapshot. The red line is the SFH derived by the increasing of
stellar mass between the snapshots. It can be seen that the two SFHs differ from each other
when there are fluctuations in the instantaneous SFR. This difference may lead to different
observational properties, which motivated me to consider including light from star-forming
gas particles. In this section, I describe 3 different strategies to include the contribution from
gas and compare their results to those from the strategy that exclude the gas contribution, the

one introduced in kection 311

102 4

—— SFR_by_gassfr
—— SFR_by_stellar_mass
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Figure 3.3: SFH derived via different methods. The black line records the sum of SFRs of the gas
particles at each snapshot, which represent the instantaneous SFR at the time of snapshot. The red line
is the SFH derived by the increasing of stellar mass between the snapshots. It can be seen that the two
SFHs differ from each other when there are fluctuations in the instantaneous SFR.
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The method adopted in the SEDmorph code to include the light of these star-forming gas
particles is detailed below. For each gas particle, its SFR at each snapshot is recorded and
assumed to remain constant for 20 Myr, which is the time spacing between two snapshots. The
gas particle is supposed to spawn a stellar particle at each snapshot with a mass of its (SFRx20
Myr) and a corresponding age of the snapshot. I then assign an SSP to the “phantom” stellar
particles and sum up their total light. I remind that these “phantom” stellar particles do not
exist in the simulations and they are only assumed for the convenience to calculate the light of
star-forming gas particles. For the stellar particles converted during the simulations, the SFH
of their progenitor gas particles are also recorded, and the same process is applied to include
contribution that the particles made before their transition from gas status into stellar ones.

This method is coded as YZ_gas for easier reference in the following text.

Besides the YZ gas method, I also improve the SEDmorph code to adopt the method that
Trayford et al] applied to their analysis in the EAGLE (Schaye et al], 2015) simulation. In
this EAGLE method, we assume each gas particle and recently formed star particle (age < 100
Myr) has a constant SFR for the preceding 100 Myr. Similar to that in the YZ gas method, the
gas particles and young stellar particles are also assumed to spawn “phantom” stellar particles
but at the ages of the simple stellar population of younger than 100 Myr. For the “phantom”
stellar particles produced by gas particles, their masses are set to be the (particle SFRx age
spacing between SSPs); while for those produced by young star particles, their masses are
tuned to conserve the total mass of the particle. In this EAGLE method, the old stars (age >
100 Myr) are treated with methods described in Eecfion 3 1. EAGLE_minus, a revised version,
is also included, in which I remove the contribution from young stars (age < 100 Myr) while
keep everything else the same to the original EAGLE method. The strategy used in Eecfion 31l
does not count the light from the gas particles but the stellar ones only. Hence, I code it as

star_only.

To figure out which one of these four strategies is the best choice of the code, I carry
out comparisons of SFH, UV flux and spectra indices. Here, I focus on a specific simulation,
2xSa_07_noBH. It is an equal mass merger of two Sa type galaxies using orbital configurations
07, i.e. prograde-retrograde. Note that the black hole feedback is turned off in this simulation.

It is also the simulation displayed in Figure 3.3.
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Figure 3.4: Comparing the SFHs recovered by different strategies. Only the YZ gas method picks up
the violent fluctuations seen in the gassfr, which suggests that the YZ gas method is the most sensitive
to instantaneous SFR. The EAGLE method causes a strange bump in the recent 200 Myr, which is in-
troduced by double-counting of the contribution to SFR from recently formed stars and that from gas
particles. The EAGLE _minus method successfully removes the unphysical bump structure but causes a
flat SFH in the recent 100 Myr.

3.3.1 Star Formation History

It is critical to get the correct star formation history for stellar population synthesis. Hence, I
first check the recovered SFHs from the three methods that include the gas contributions and
compare the results to the SFH derived by the sum of SFRs of the gas particles at each snapshot
(coded as gassfr for easier reference). In Figure 3.4, I use the snapshot at t = 13.7 Gyr of the
2xSa_07_noBH simulation, and compute the SFH during the entire simulation, from t = 10.7
to t = 13.7 Gyr. The gassfr is plotted as the black line while the SFHs recovered by different
strategies are plotted with points of different types and colours. Only the YZ gas method picks
up the violent fluctuations seen in the gassfr, which suggests that the YZ gas method is the
most sensitive to instantaneous SFR. The EAGLE method causes a strange bump in the recent
200 Myr, with a peak 100 Myr ago. As described above, recently formed star particles (age <
100 Myr) are assumed to have a constant SFR in the preceding 100 Myr before the time they
convert from gas into stars. Such a solution double-counts the contributions of young stars
with the star-forming gas particles that have a constant SFR in the recent 100 Myr. It also
spreads the mass of the young stars into the recent 100-200 Myr, which again overlaps with
the old stars at that age range. Thus, we see a bump in the recent 200 Myr, with a peak 100
Myr ago. Clearly, the EAGLE strategy will result an overestimation of the recent star formation

rate. The FAGLE minus method successfully removes the unphysical bump structure since the
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contribution from young stars (age < 100 Myr) is removed. However, it causes a flat SFH in the
recent 100 Myr and fail to reflect the dramatic change in the SFR, which can be critical during

the starburst phase. The effect is easy to spot when we analyse the data at t = 12.5 Gyr (see

cyan triangles in Figure 3.5). The star_only method is not included in this comparison as its
SFH has been shown in Figure 3.3, in which we find that it is smoother than the instantaneous
gassfr.
gassfr
e YZ gas A“
s EAGLE
v EAGLE_minus A
10!
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Figure 3.5: Same as but with the data at t = 12.5 Gyr, at which the galaxy is at a strong
starburst.

The EAGLE and EAGLE_minus method have worse performance comparing with the YZ_gas
method. The star_only method does not reflect the violent fluctuations of instantaneous SFR
that can be picked up by the YZ gas method. However, it is not safe to conclude that YZ gas
is better than star_only as the fluctuations of instantaneous SFR may not be reflected in obser-

vations.

3.3.2 UV flux

Here I check the UV flux in the spectra created by different strategies. The UV flux reflects the
recent star formation history and is commonly used to estimate the SFR. For each snapshot,
I measure the average UV flux density between 1500-2800A and plot the UV flux evolution
as a function of time with coloured line in Figure 3.6. The black is directly converted from
gassfr, which I will come back to later. Here, I focus on the different results of the four spectra
strategies. The EAGLE method systematically produces higher UV flux, which is a natural
result of double counting and of overestimating on SFR. The EAGLE minus method does a

better job but gives a weird dip around 12.5 Gyr. Both EAGLE and EAGLE_minus show strong
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fluctuations in the last half Gyr of the simulation. The YZ gas and star_only method yields

very similar results except that UV flux given the YZ gas method fluctuates by a very small

amplitude.
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Figure 3.6: Comparison of the evolution of average UV flux as a function of time.

To convert gassfr into UV flux, I follow the idea in Kennicuffi (T998). In this paper, the
authors promote that the UV flux can be estimated by the equation below if the galaxy that

has constant SFR over 108 yr:
L,(erg sT'Hz ') =3.838 x 10*” x SFR(My/y1) (3.4)

Note that my conversion factor is different from the original one. Kennicutf (T998) employed
a Salpeter IMF and a dust-free galaxy model(Madau et all, T998), while the SEDmorph adopts
Chabrier IMF and two-component dust model. Hence, I calculate my own conversion factor
using GALAXEV B. GALAXEV gives the SED of an evolving composite stellar population(CSP).
Each CSP represents a galaxy that has a constant of 1M/yr SFR over the age of the CSP. The
UV flux of the CSP (or galaxies) increases as the age of CSP grows at first and then becomes
stable when the age of the CSP is several Gyr or older. The UV flux of the oldest CSP stays
around 3.838 x 10%” erg s "' Hz ! (see Figure 3.7, giving the conversion factor in Equation 3.4.

In Figtre 3.7, I notice that the UV flux takes longer than 10® yr to reach the flat phase than

3GALAXEV combines SSPs to build a spectrum, given on input SFH. Relative links: code at http://www.
bruzual.org/~gbruzual/src.tgZzcode, introduction at http://www.bruzual.org/~gbruzual/bc03/doc/
bc2003.pdt, authors’ homepage at http://www.bruzual.org.
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suggested in Kennicuff (T998). Hence, the conversion should not be used to estimate the UV
flux during the starburst phase or at the time when the SFR fluctuates by a lot. In [Figure 3.6,
the UV flux converted from gassfr matches others before the starburst around t = 12.5 Gyr,
but is too low after that, which confirms the limitation of conversion. Since the UV flux takes a
long time to flatten up, fluctuations in the instantaneous SFR of short timescales is expected to
be smoothed to some extent. In Figure 3.3, the instantaneous gassfr fluctuates with a timescale
of ~ 0.05Gyr. However, I warn that the gassfr has a coarse sampling, which is 0.02 Gyr, the
time-spacing of snapshots. To better identify the fluctuation in the SFR, I look at the SFR log
file output by the SPHGal and find that the instantaneous SFR roughly vibrates between 0.5
My/yr and 5 My/yr in triangle wave format with a period of only ~ 0.01 Gyr. In order
to check whether such a fluctuation in SFR can be reflected in the fluctuation in UV flux, I
construct a toy galaxy with a constant SFR of 2 My /yr in the past 5 Gyr, then the SFR of
the galaxy fluctuate in the next 1 Gyr in the same behaviour observed in the 2xSa_07 noBH:
between 0.5 M /yr and 5 M/yr in triangle wave format with a period of ~ 0.01 Gyr. I
calculate the UV flux of the toy galaxy and find that the UV flux remains almost constant
though its SFR keeps changing. As the toy model suggested, the fluctuations picked up by
the EAGLE and EAGLE minus methods may not be resolved in real observations. During the
comparison of UV flux, the star_only and YZ_gas methods show their advantage again as well

as their similarity.

3.3.3 Principal Component Analysis Results

Principal Component Analysis (PCA) is applied to the mock stellar continuum in order to iden-
tify the post-starburst galaxies in the binary merger simulations in this thesis. Hence, it could

be useful to compare the performance of different spectra strategies in the PCA results.

For each snapshot of 2xSa_07 noBH simulation, I measure the spectral indices, plot the
evolution trace in PC1-PC2 space. The results are shown in Figure 3.8. The star_only method
is plotted in white dot-lines in all the panels while the other methods are plotted in coloured
dot-lines with the colour indicates the time of the corresponding snapshot. The grey contour
is the SDSS DR7 galaxy distribution in PC1-PC2 space 8 (Wild et all, Z007), which allows me

to compare my simulation to observations.

The left panel of shows the PCA trace comparison between the EAGLE method

4http ://www-star.st-andrews.ac.uk/~vw8/downloads/DR7PCA.html
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Figure 3.7: The UV flux evolution of the CSP as a function of CSP age. The UV flux of the oldest CSP in
dusty model stays around 3.838 x 10%” erg s~ 'Hz !, which indicates that a galaxy that keeps a constant
SFR of 1M, /yr over a long period yields a UV flux of 3.838 x 10*” erg s 'Hz!. I note that the UV
flux takes longer than 108 yr to reach the flat phase than suggested in Kenniciiff (T998)

(colourful dot-line) and the star_only method (white dot-line). Overall the EAGLE PCA trace
is offset to the left due to its overestimation of SFR. At the end of the PCA trace, the EAGLE
trace picks up more violent fluctuations, similar to the UV flux evolution. The middle panel of
compares the EAGLE minus with star_only methods. Unlike the trace of the original
EAGLE method, the EAGLE minus trace does not offset to the left as it avoids double counting
young stars and gas . However, the EAGLE_minus traces differ from the star_only one between
12.2-12.5 Gyr, i.e. during the starburst phase when the SFR have significant increasing in a
short time. The EAGLE minus natural flatten the star-burst strength due to the assumption that
each star-forming gas particle has a constant SFR for the preceding 100 Myr. The right panel
compares YZ gas method to the star_only method. The star only trace is slightly smoother

than the YZ gas one, but overall they are basically the same and hard to distinguish.

3.3.4 Comparison Summary

Here I sum up the comparison results of this section. The EAGLE strategy causes a weird
bump in the recovered SFH, significantly produce too much UV flux and is offset to the left in
PCA trace. I decide to exclude the EAGLE method from the choices because its performance
indicates its double counting young stars and gas. As an improved version, the EAGLE_minus

method works much better in the SFH and UV flux. However, it flattens the star-burst phase
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Figure 3.8: PCA trace. The grey contour shows the SDSS DR7 galaxy distribution in PC1-PC2 space.
The white dot-lines in all panels represent the star_only method, working as the comparison base. The
left panel shows that the EAGLE PCA trace is offset to the left significantly compared with the star_only
method. The middle panel shows that the EAGLE minus trace does not have the right shape around
12.2-12.5 Gyr as discussed in the text. The right panel shows that star_only trace overlaps the star_only
one quite closely. The colour bar on the top indicates the age of points in the figures.

in the SFH, has a weird dip in its UV flux evolution and strange shape of PCA trace. The
EAGLE minus method is excluded as well. The YZ gas method has a quite similar performance
to the star_only method; they overlap each other quite well in both UV flux evolution and PCA
trace. However, star_only is more convenient, easier and faster than YZ gas, hence a better
solution. The conclusion of this section is that including the light from the star-forming gas
particles is not necessary for simulations with the resolution of/better than myq;, on ~ 10°M,.

Through out this thesis, the star_only is applied for creating stellar continuum.

3.4 Datacube creation

3.4.1 MaNGA observing strategy

In order to analyse the spatially resolved properties of the simulated galaxies, I developed
and extended the SEDmorph code to create integral field datacubes following the MaNGA
observational strategy. MaNGA, Mapping Nearby Galaxies at Apache Point Observatory, ¥ is a
galaxy integral-field spectroscopic survey, one of three core projects in the fourth-generation
Sloan Digital Sky Survey (SDSS-IV) (Bundy et all, 2015). MaNGA uses integral field unit (IFU)
spectroscopy to obtain spectra from different regions of a galaxy with a spatial resolution of
1.3 - 5.1 kpc and a spectral resolution R ~ 2000, covering the wavelength range from 3600
to 10000 A. This ability allows astronomers to map the composition and kinematics of gas

and stars and have new insights into galaxy formation and evolution. The MaNGA instrument

>MaNGA homepage: http://www.sdss.org/surveys/manga

44


http://www.sdss.org/surveys/manga

3.4. Datacube creation

is a multi-object integral-field unit spectrograph, making the MaNGA survey highly effective
and productive. MaNGA has observed over 10,000 nearby galaxies (0.01 < z < 0.15) with
the integral field spectroscopy and released the complete data set in 2021 (Abdurro’uf et all,

D02T).

The observing strategy for MaNGA is described in detail in Law et all (2015), and the data
reduction pipeline (DRP) is introduced in Law et all (2016). Here I briefly summarise the crit-
ical details related to the creation of the mock MaNGA datacubes. MaNGA has 17 individual
fibre IFU, in which the fibres are hexagonally packed. The MaNGA IFUs range in size from 12
arcsec diameter (19 fibres) to 32 arcsec diameter (127 fibres). A schematic diagram of the 7
central fibres within a hexagonally packed MaNGA IFU is displayed in the left panel of
ire 3 9. The sampling irregularities from fibre-bundle IFUs can result in substantial interstitial
light losses (e.g., SAnchez ef all, PO1Y; Sharp et all, 2Z0T5). Hence, MaNGA includes dithered
observations to overcome the problem. A fixed triangular three-point dithering scheme is
adopted to effectively fills the interstitial regions, which is naturally suggested by the geom-
etry of the hexagonal fibre arrangement. The relative positions of the three dither positions
adopted in MaNGA are illustrated in the triangular figure in the left panel of Figure 3.9, while
the coverage pattern at 5500 A of three dithered observations is shown in the right panel. In
each MaNGA observation, the number of dither sets depends on the time it takes to reach the

target depth, leading to an integer multiple of 3 exposures (3,6,9,12, etc.).
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Figure 3.9: Left: Schematic diagram of the 7 central fibres within a hexagonally packed MaNGA IFU.
The triangular figure displays the relative positions of the three dither positions; the fibre bundle is
located at position “S”. The central (C) “home” position is labelled, along with the north (N), south (S),
and east (E) dither positions. Right: The coverage pattern at 5500 A of three dithered observations.
Figures obtained and reorganised from Law ef-all (Z015).

After the observation, the spectra from all the fibres and exposures for a given galaxy or
target are fully reduced into Row-stacked spectra files (RSS, i.e., a 2D array in which each row

corresponds to an individual 1D spectrum)). Using the RSS files and associated astrometric
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solutions (see Section 8 of Law ef all, D0OT6), the individual fibre spectra are combined into
rectilinearly gridded cubes with a spatial pixel scale of 0.5 arcsec pixel™!. The combination
takes a circular Gaussian weight function. The relative contribution of i'th fibre to the j'th

output square pixel is determined by the function below:

wli,j]=b[i]exp (—o.sr[;’g]z) (3.5)

where o = 0.7 arcsec is an exponential scalelength, r[i, j] is the distance between the i’th fibre
location and the j’th output pixel, and b[i] is a binary integer equal to zero where the inverse
variance g[i]™! = 0 and one elsewhere. Additionally, the weight is set to be w[i,j] = 0
for all r[i,j] > r;, = 1.6 arcsec as an upper limit on the radius of influence of any given
measurement. The weight function is further normalized to conserve flux. The final weight

function is, therefore:

wli,j]

N .
D wli, j]

in which N is the length of the one-dimension vector f[i] of the input intensity data, N =

Wli,jl= (3.6)

Nfibre X Nexp Where Ngp,pe is the number of fibres in the IFU (e.g., 127) and N, is the total
number of exposures to combine together. In the cases that w[i, j] = O for all i in the range 1
to N (e.g., outside the hexagonal footprint of the IFU), W[i, j] is set to be 0 to avoid dividing

by zero errors.

By computing the matrix product of the normalized weights and the input intensity vector,

the intensity distribution of the pixels in the output image can be given out as:

F=aWxf=a : : x| ¢ (3.7)

where a = 1/(47) is a constant factor to account for the conversion from flux per unit fibre
area (7 arcsec?) to flux per unit spaniel area (0.25 arcsec?). The final step is to loop the
process described above over the wavelength dimension, and the 3D datacube can be then

constructed from the RSS files.
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3.4.2 Creation of mock MaNGA datacubes

The first step in creating mock datacubes is to locate the centre of the simulated galaxies in
each snapshot. For simulations with black holes I simply take the position of the supermassive
black hole as the centre of the galaxy as the black hole is repositioned to the minimum of the
potential at every time step. For the simulations without black holes I use the distribution of
dark matter particles to identify the centre of the potential well in which the galaxy resides. I
create a single datacube for each merger simulation, focussing on the centre of the first galaxy,
which is the highest mass galaxy in the case of unequal-mass mergers. This is sufficient for my

purposes, as I am predominantly interested in the post-merger remnants.

The basic steps to create a realistic MaNGA datacube are to: (1) apply a seeing (atmo-
spheric) point spread function (PSF); (2) sum the light that falls down each circular fibre in
a single pointing; (3) apply a dither pattern to build the Row Stacked Spectrum (RSS) file;
(4) combine the RSS into a regularly gridded datacube. I also explored other algorithms for
creating datacubes and found that they are inferior to the one described above. One alterna-
tive algorithm is to apply the PSF after the cube is built. This method is computationally less
expensive by ~20% but does not lead to sufficiently accurate results. Another algorithm is
to bin the simulation directly onto a square grid and apply the well characterised combined
atmospheric and instrumental PSF after the binning. This process is simpler to be realised but
turns out to be more computationally expensive. More details on the comparison of different

algorithms can be found in the next section.

In order to measure the spectrum received by a single MaNGA fibre, I must first apply a PSF
to account for the blurring of the light as it travels through the atmosphere. I assume a two-
component Gaussian profile with parameters taken from the median of SDSS DR7 imaging
fields. To include the seeing PSF effect into the SEDmorph code, I first compute a weight func-
tion, Wpgr(d), that accounts for the shape of the PSF integrated over the fibre area (assuming
a MaNGA fibre radius of 1 arcsec). The detailed calculation of Wpgp is shown in Figure 3.10.
In the upper panel, I show the 2-Gaussian PSF profile in the g band. The colour indicates the
surface brightness of the combination of the PSF and a point source with a total flux of 1 L.
The black circle indicates the circular fibre with a radius of 1 arcsec (assuming the point source
has a redshift of 0.04, the median redshift of the MaNGA survey) and the black dot indicates

the fibre’s centre. By summing up the flux enclosed by the circle, I get total flux that the point
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Figure 3.10: The calculation of Wpgs. Upper: The 2-Gaussian PSF profile at ¢ band. The colour
indicates the surface brightness of the combination of the PSF and a point source with a total flux of
1 L. The black circle indicates the circular fibre with a radius of 1 arcsec (assuming the point source
has a redshift of 0.04) and the black dot indicates the fibre’s centre. By summing up the flux enclosed
by the circle, I get total flux that the point source contributes to the fibre at a specific distance. Lower:
PSF weight as a function of distance between the fibre and the point source. This plot is acquired by
shifting the fibre in the upper panel to the different distance from the point source and calculating the
flux received by the fibre from the point source.
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source contributes to the fibre at a specific distance. Since the total flux of point source here
is set to be 1 L, the total flux got above thus have the same value of Wpgr(d). To acquire the
Wpgr(d) as a function of d, I shift the fibre in the upper panel to the different distance from
the point source and calculating the flux received by the fibre from the point source. In order
to reduce the computing time I set Wpge(d) = 0 once it drops below a value of 107°. The
final weight function at g band is shown in the lower panel Figure 3.10. The PSF weight func-
tions for other bands (u, r, i, ) are also calculated and displayed in the same panel. We find
noticeable differences between different bands, thus, different Wpgr(d) should be applied for
different wavelength ranges. For the purposes of my PhD project I am particularly interested
in the spectra of local galaxies around 4000A, which falls in the g-band for simulated galaxies
at z = 0.04. Therefore, throughout this thesis, I apply the typical g-band PSF taken from the
median values for 500 000 SDSS DR7 fields (specifically, the o widths of the two Gaussians
are 0.54 arcsec and 1.21 arcsec respectively, and the peak amplitude ratio of the two Gaussians

is 0.081).

With weight function, Wpgp(d), I calculate the integrated spectrum that falls within the jth
fibre, [, ; , by summing over stellar particles in the simulation accounting for their distance
from the centre of the fibre, d, and the shape of the PSF:

NS[ar
L= Z Wpsp(d); 15, (3.8)
i=1

where [, ; is the attenuated stellar continuum luminosity density assigned to the ith stellar

particle.

The MaNGA fibres are arranged in hexagonal bundles, and sets of three dithered exposures
are taken to fill the gaps between the fibres using a triangular pattern with a side length of 1.44
arcsec. In each MaNGA observation, the number of dither sets depends on the time it takes to
reach the target depth, leading to an integer multiple of 3 exposures (3,6,9,12, etc). For the
mock observation, one dither set of three exposures will be sufficient. To know where to place
the circular apertures on the simulated galaxy, I take a representative metrology file for the
largest MaNGA IFU bundle of 127 fibres (ma134-56995-2.par®) which records the positions

of all the fibres in one dither. I then shift the fibre positions following the triangular pattern

®An slightly older version that’s publically accessible can be found here: https://svn.sdss.org/public/repo/
manga/mangacore/tags/vl 6 _2/metrology/mal34/mal34-56995-1.par. The older version is off by a slight
scaling factor from the one used in this project.
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Figure 3.11: Comparison of different datacube creation methods to turn a mock galaxy into a mock
IFU observation. The mock galaxy (top left) has a Sérsic light profile with n = 4 and effective radius
of R, = 1.5 kpc. All the panels here are 10 x 10 kpc, displaying the mock galaxy up to ~ 3R,. The
centre of the galaxies is marked by a red star in the lower panels. The panels are described in detail in
the text. The top row shows the mock galaxies with different PSFs as well as the reconstructed image
methods that I use in this project. The middle row shows reconstructed images using the alternative
methods described in this appendix. The bottom row shows the comparison between these alternative
reconstruction methods and the one I used in this project.

for the fibre positions in the other two dithers.

Once I have calculated the spectra in each individual exposure, I combine them into a

3D datacube using the same flux-conserving algorithm as used in the MaNGA survey (see

kubsection 3.4 and Section 9.1 of Law efall, POTA, for details). I do not include noise due to
e.g. sky background, therefore I do not calculate error arrays or masks. Neither do I model the

line spread function, and the resulting spectra remain at the spectral resolution of the SSPs.
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3.5 Comparing different datacube creation methods

I explored several different algorithms for the creation of a mock datacube. Here I justify why
it is necessary to run the full procedure that correctly accounts for the seeing and observed

dithering pattern. The methods that I am comparing are:

1. use circular fibres, apply the seeing (atmospheric) PSF to the mock galaxy, apply the
dither pattern, and subsequently sample the spectra onto a regularly gridded datacube

(this is the method described in Section B4);

2. asmethod (i), but only convolve the spectra with the seeing after creation of the regularly

gridded datacube;

3. directly sample the galaxy onto a regular square grid, and apply the PSF after creation
of the datacube. “Square fibres” are used in this method when creating spectra for dif-
ferent pixels. The PSF for this method consists of the MaNGA reconstructed PSF kernel
(recPSF), while for the above two methods, the PSF consists of the seeing at the focal

plane only.

4. as method (iii), but convolve the spectra with the recPSF before creation of the regularly
gridded datacube. This method is computationally more demanding than method (iii),

but also more realistic.

I first create a mock galaxy with a Sérsic profile light distribution with n = 4, effective radius
of R, = 1.5 kpc, and intensity at the effective radius of I, = 10° L, /kpc?. The mock IFUs cover
an area of 10 x 10 kpc?, up to ~ 3R, of the model galaxy. The mock galaxy is shown in the top
row of Figure 3.11], convolved with a typical g-band seeing for the SDSS observatory in the top
left panel and convolved with the median g-band effective reconstructed PSF (recPSF) kernel
(Yan et all, POT6) for the MaNGA survey in the top middle panel. Note that the recPSF is more
extended than the seeing PSF because it is the result of the convolution of the Gaussian seeing
kernel with the top-hat fibre response function. My full simulated cube is then reconstructed
following method (i), which strictly follows the MaNGA observation strategy. This image is
shown in the top right of Figure 3.117]. I also reconstruct the image using method (ii) and show
the result in the centre-left panel in Figure 3.T1. Finally, I reconstruct the image using methods

(iii) and (iv), and the resulting images are shown in the centre-middle and centre-right panels,
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Figure 3.12: Same as the bottom row of but the centres of the IFUs are slightly offset from
the galaxy centre. In this case, the galaxy centre (red star) falls at the position that is always covered
by the circular fibres at all three dithered exposures.

respectively.

In the bottom row of I compare the different methods by showing residuals
as indicated. The left panel shows a comparison of method (iii) and (iv), and I conclude that
these methods only deviate at the few percent level. The central panel compares method (iii)
and (i), which again shows that these methods deliver similar results, with residuals mostly
below 5 percent. The benefit of applying the seeing first using the RSS method (method i)
is demonstrated in the right panel, with residuals between method (i) and (ii) at the level of
10%. The application of the seeing after the RSS cube construction results in a total flux loss

of ~10%, depending on the exact position of the galaxy centre compared to the IFU centre.

In I shift the position of the centres of the IFUs slightly relative to the galaxy
centre such that the galaxy centre falls in the region covered by all 3 circular fibres in the
dithered MaNGA observations. Method (iii) again produces a similar result compared to the
standard RSS method (i). With the RSS method, I find a total flux gain of 5% when the seeing

is applied after (method ii), rather than before the RSS cube creation (method i).

I exclude method (ii) of applying the seeing after the RSS cube as it does not reproduce
the MaNGA observations. Using square fibres (methods iii and iv) seems to be acceptable as
most pixels have a difference less than 5%. Though these two methods reproduce proper flux
in most pixels, it has been warned that using square fibres gives wrong higher-order data (e.g.
the variance, the MaNGA team, private communication at the MaNGA collaboration meeting
2020.) Meanwhile, the square fibre process is more computationally expensive because it
needs to create spectra for every pixel. For a 127-fibre IFU, the standard RSS method (i) creates
only 381 spectra in total (127 fibre x 3 dithers).The 127-fibre IFU covers a hexagon region

with a side width of 12 arcsec. For a pixel size of 0.5 arcsecx 0.5 arcsec as in MaNGA, this
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region contains ~1492 pixels. Therefore, 1492 spectra are required in the square fibre process
to reach the same coverage, which is ~4 times of that in the standard RSS method. Though
the square fibre approaches save the dithering and the data-gridding steps and are faster when
creating a single spectra, it is still 3 times more computationally expensive compared to the RSS
approach used in this project. I therefore settled on method (i) for the datacube reconstruction

method used in this project.

Comparison Summary: To create mock MaNGA datacubes, I found it was necessary to
strictly follow the MaNGA observation strategy (method i). Short cuts have their drawbacks
at the same time. Convolving with the PSF after data gridding (method ii) produces signif-
icant residuals. Gridding data directly (methods iii and iv) does produce the right flux but
gives wrong higher-order data like variance, it also requires larger computational resources

compared to a full treatment.
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RADIAL GRADIENTS IN POST-STARBURST
GALAXIES

Integral field spectroscopic (IFS) surveys have revealed radial gradients in the optical spectral
indices of post-starburst galaxies, which can be used to constrain their formation histories.
In this chapter, I utilise the binary merger simulations introduced in Eection 271, create post-
processed mock IFS datacubes of the simulated galaxies, carefully matched to the properties
of the MaNGA IFS survey with the SEDmorph code presented in chapter 3.I then study the
spectral indices of the mock datacubes to investigate the origin of the radial gradients in PSBs

and constraining their formation mechanism.

4.1 Observational motivation

Chenet all (2019) identified > 300 galaxies with PSB regions based on traditional cuts on

Balmer absorption line and Ha emission line strengths, out of over 4000 galaxies in the MaNGA
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Figure 4.1: Spectral index distributions for three representative MaNGA post-starburst galaxies se-
lected from Chen'efall (2019), with points colour coded by radius with respect to the galaxy’s effective
radius as given by the upper colour bar. The red, green and blue lines and points show the median
values for spaxels binned in annuli of width 0.25 R, with larger symbols indicating outer regions. The
MaNGA plate-ifu identifiers are given in the inset box. Top: Ha equivalent width (in A) vs. the summed
stellar continuum indices Ho, and Hy,. Bottom: the principal component spectral indices that charac-
terise the strength of the 4000A break (PC1) and any excess Balmer absorption over that expected for
the normal star-forming main sequence (PC2).
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4.1. Observational motivation

Product Launch 6 (MPL6, see Bundy et all, 2015, for an overview of the MaNGA survey)m. of
these, they identified 31 galaxies with centralised PSB signatures (CPSB). For these 31 galaxies,
I downloaded the publicly available spectral data cubes and spectral measurement maps from
the SDSS Data Release 15 (DR15, Aguado et all, 2019), which were created by the MaNGA
Data Reduction (DRE [Law et all, POTH) and Analysis (DAR Westtall et all, ZOT9) pipelines.
In both cases I used the “HYB10” spaxel binning where the stellar-continuum analysis is per-
formed on Voronoi binned cells with a minimum signal-to-noise ratio (SNR) of 10 (Cappellari
& Copin, 2003), while the emission-line and spectral-index measurements are performed on

the individual spaxels.

From the DAP maps, I extracted the Ha emission line equivalent width (W(Ha)), Ho
and Hy, stellar continuum absorption line indices (Worthey & Ottaviani, 1997), the mean g-
band weighted signal-to-noise ratio per pixel map and stellar velocity map. In all that follows I
masked spaxels with spaxel g-band SNR smaller than 10. During the MaNGA data analysis the
emission and absorption lines are fit simultaneously, and the emission component is subtracted
from the spectrum before the absorption indices are calculated (see Belfiore et all, 20TY, for
full details). In this way the stellar and gas components of the spectrum are separated and
are therefore independent of one another. The W(Ha) measurement is then calculated from a
Gaussian fit to the residual emission line spectrum. The H6, and Hy, absorption line indices
are defined as the continuum normalised total flux difference between the absorption feature
and a “pseudo-continuum” defined as a straight line between two flanking bandpasses, with
the bandpasses as defined in Worthey & Ottaviani (1997). They can therefore be negative in

old stellar populations whose spectra exhibit only weak Balmer absorption.

From the summary “DRPall” file I obtained the effective radius, measured as the radius
that contains half of the Petrosian flux in r-band elliptical apertures from the NASA-Sloan
Atlas catalogue?, and the Galactic extinction. From the DAP spectral data cubes I obtained the
flux and variance, which I corrected for Galactic extinction and shifted to the rest frame using
the redshift and stellar velocity maps. I then linearly interpolated the flux and error arrays
onto the eigenbasis wavelength array of Wild et all (2Z007), in order to measure principal
component based spectral indices that describe the shape of the 4000A break region of the

optical stellar continuum spectrum, using a normalised-gappy PCA algorithm to take account

!An internal team data release including the first 3 years of MaNGA survey data
thtp ://nsatlas.org
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of the error arrays and any masked spaxels. Further details on the PCA spectral indices are

given in Section 2.

Following the method of Chen"et all (Z0T9), I mask all spaxels with SNR< 10 and those
with “DONOTUSE” flags, and calculate the distance of every spaxel from the centre of the
galaxy, as a function of the effective radius. In I show the spectral index distribu-
tion as a function of distance from the centre for three good quality CPSB galaxies, in both
W(Ha) vs. Balmer absorption line strength (top), and PC1 vs. PC2 (bottom). These three
galaxies were selected to illustrate the range in radial gradients observed in the full sam-
ple. By definition, the central regions of the three galaxies lie within the traditional W(Ha)
vs. Balmer absorption line strength selection box, which I define as (H6,+Hy,)/2 > 3 and
W(Ha) < 2.2x(H6,+Hy,)/2 —0.3. There are strong radial gradients in the Balmer absorp-
tion line strength, with the central regions much stronger than the outer regions. In the PCA
spectral indices we see a range of radial gradients, from marginally positive to strongly neg-
ative. I note that neither 8933-3704 nor 8623-9102 would be identified as a PSB by the PCA
spectral indices, within the selection box defined by Rowlands et all (20184), which suggests
that a very recent and rapid shut down in their star formation has occurred, before the Balmer

absorption lines have had a chance to strengthen sufficiently to reach the PCA selection box.

Simple toy models indicate that these observations are consistent with two simple scenar-
ios: a single co-eval burst which was stronger in the central regions, or a starburst that has
progressed from outside-in (see Figure 4.2). However, the toy models are unable to distin-
guish between the two options. These results form the motivation for this chapter: why do we
observe radial gradients in the spectral indices of PSB galaxies, and can we use them to tell us

something about the physical processes that led to the formation of these unusual galaxies?

4.2 Spectral analysis of mock observations

The observational results above motivate me to run the binary merger simulations to create
post-starburst galaxies. The models and simulations have been introduced in Eecfion 271l 1
then apply the SEDmorph code (see chapter 3) to create mock spectra and IFU datacubes for

the simulated galaxies. The analysis of the mock observations is presented below.

Traditionally, PSBs are identified by strong Balmer lines alongside an absence of nebular

emission. However, this method will not select post-starburst galaxies with low-level residual

58
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Figure 4.2: Using toy models to explain the origin of the radial gradients in the optical spectral indices
of a PSB. Each solid line represents the evolution trace of a model galaxy with a starburst of different
burst mass fraction (Burst mass fraction is the ratio of the stellar formed during the starburst to the
total stellar mass of the galaxy: fi,,.sc = Mpurse/M;or) - The age and fy,,,, trends are marked out by the
arrows in the figure. The spectral index distribution of a MaNGA PSB are shown by the points colour
coded by radius of the pixel. It can be seen that the observed radial gradient is consistent with two
simple scenarios: a single co-eval burst which was stronger in the central regions, or a starburst that has
progressed from outside-in. The shaded regions are the selection box for different galaxy populations
defined by Rowlands et all (Z0184): quiescent (red), star forming (blue), green valley (green), starburst
(yellow), and post-starburst (purple) Figure obtained from John Weaver’s MPhy dissertation (2018).
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star formation, or those that contain a narrow line AGN (Van_ef all, 2006; Wild et all, 2Z007),
and the samples can be contaminated by dust obscured star-forming galaxies (Poggianti & Wu,
2000; Wild et-all, 2020). Here, we promote a principal component analysis (PCA) method that
use the stellar continuum to provide an estimate of the recent star formation and compare the

two methods for identifying PSB regions in our simulated galaxies.

The traditional method

I sum the H6, and Hy, absorption line indices (Worthey & Ottaviani, 1997) and combine this
with the equivalent width of the Ha emission line to investigate when the simulated galaxies
obey the “traditional” selection criteria for post-starburst galaxies. I measure the H6, and Hy
absorption indices using the same method as in the MaNGA survey (see above). I note that
these are calculated at the resolution of the MILES-SSPs, ~58 km/s, which is similar to the
MaNGA instrumental dispersion around the 4000 A break. As I am dealing with small regions
of galaxies, the velocity dispersion is not as large as for whole galaxies. Hence, the slight
difference in resolution between the simulated spectra and the MaNGA data has little effect

on the spectral indices used in this chapter.

In order to calculate the equivalent width of the Ha emission line consistently from the
spectral synthesis models, I firstly measure the ionising photon luminosity Q(H°) from the
dust-free continuum luminosity density [(A) (Eqn. B2) at wavelengths shorter than the Lyman

limit (Aly)l

0 H A
QU= | 1Q);-dA 4.1)

where h is the Planck constant and c is the speed of light. I convert this into an integrated
Ha emission line luminosity (L(Ha)) assuming Case B recombination at T, = 10,000K (e.g.
Kennicuff, 1998):

L(Ha)[ergs s 1] =1.37x10"12 x Q(HO)[s!]. (4.2)

I then attenuate the luminosity due to dust by the same amount as for young stars in the
continuum model (Eqn. BZ3). To calculate the equivalent width (EW) of the Ha emission
line as used in observations, I extract the mean stellar continuum luminosity density from the
attenuated stellar continuum between +5A from the wavelength of Ha (Igse3). The EW is then

given by:
L(Ha)

leses

W(Ha) = (4.3)
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Principal Component Analysis

I compare the traditional method with a second spectroscopic diagnostic which uses the stellar
continuum alone to identify galaxies with stronger Balmer absorption than expected. This
method applies a Principal Component Analysis (PCA) to the stellar continuum between 3750
and 4150 A. More details on the PCA spectral indices can be found in Section T=2=2. The
major advantage of PCA is that the method can detect older and weaker PSBs and those which

contain narrow line AGN.

In order to calculate the principal component amplitudes for the spectra in the mock data
cubes, I first convert from air to vacuum wavelengths, convolve to the common velocity dis-
persion of 150 km/s used by the eigenbasis (assuming an intrinsic dispersion of 58 km/s for
the MILES library) and then project the spectra onto the same eigenvectors as calculated in

Wild et all (Z007)%

4.3 Results

In this section I compare the impact of different black hole feedback models, progenitor galaxy
properties and orbits on the star formation histories and spectral measurements of the simu-
lated galaxies as a function of time from pre- to post-merger. I then focus in on one particular

simulation to study the origin of the radial gradients in the spectral indices.

4.3.1 Comparison between different BH feedback models

In this subsection I compare the quenching progress and observational signatures of quenching
in simulations with very different BH feedback models in order to constrain the type of feed-
back that might be needed to create the post-starburst galaxies observed in the real Universe.

Here I consider four models:

1. No BH: the BH feedback is turned off;
2. Thermal BH: the “classical” thermal BH feedback model (Section 2Z12);

3. With RFB: the mechanical BH feedback model with additional X-ray radiative feedback

turned on (Section 21-3);

3The eigenvectors can be downloaded here: http://www-star.st-and.ac.uk/~vw8/downloads/DR7PCA.
htmi. Code to perform the projection is available here: https://github.com/SEDMORPH/VWPCA (IDL) or
https://github.com/astroweaver/pygappy (python).
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Figure 4.3: Comparison of simulations with the same progenitor galaxies and orbits (2xSc_00), but
different BH feedback models. In all panels the different colour lines show a model with: the BH
feedback turned off (blue, “No BH”); “classical” thermal BH feedback model (orange, “Thermal BH”);
mechanical BH feedback with additional X-ray radiative feedback (green, “With RFB”; mechanical BH
feedback without additional X-ray radiative feedback (red, “No RFB”). In the No BH and Thermal BH
simulations the model galaxies run out of gas particles before the end of the simulations, thus entering
a numerically induced quenching phase. I therefore only show the evolution of these simulations up
to that point. Top: The star formation histories. Middle: The evolution of the simulated galaxies in
the Balmer absorption and Ha emission line space. Bottom: The evolution of the simulated galaxies
in PC space. In the central and lower panels the underlying grey contours show the distribution of the
SDSS DR7 galaxies using a log scaled number density and the black lines indicate the commonly used
demarcations for identifying clean samples of PSB galaxies.
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4. No RFB: the mechanical BH feedback model with additional X-ray radiative feedback

turned off.

I compare simulations with the same progenitor galaxies (2xSc) and orbits (G00); this orbital
arrangement produces the strongest torques and therefore cleanest star formation histories
making them ideal to compare the impact of the different feedback mechanisms. The star
formation histories (SFH) are derived from the change in the total stellar mass of the galax-
ies between different snapshots (see Eecfion 3 1]) and the spectral indices are measured as

described in Section E2.

The results are shown in Figure 4.3. All simulations are run for 3 Gyr, however some
simulations experience a very sudden quenching phase caused by a complete exhaustion of
cold star-forming gas. In these simulations, the star formation is terminated so quickly that
the related quenching is suspected to be not physical. Such extremely fast quenching is at
least partly resolution driven. I run the 2xSc_00 merger with exactly the same code and same
initial conditions, except for different particle mass resolution. It is confirmed that the quench-
ing would be less drastic at a higher resolution. The related quenching is likely caused by a
combination of the employed supernova+BH feedback model and the relatively low particle
resolution of the merger simulations. I argue that such "numerical induced quenching" is not
astrophysical. To avoid confusion I remove these results from the figures. In all cases apart
from the model with both mechanical and radiative feedback (With RFB) the SFH is dominated
by a strong burst of star formation at coalescence (t ~12.3 Gyr), which leads to post-starburst
features in one or both of the observational index spaces. However, the models differ in the

amount that they quench and therefore the final SFR as I will discuss below.

It is clear that the mechanical BH feedback model with radiative feedback turned on is too
effective at suppressing the star formation. During the first encounter of the galaxies at t ~
11.5 Gyr some gas is funnelled into the galaxy centre and feeds the BH. The radiative feedback
strongly suppresses the star formation below 0.1 M /yr, which prevents the small increase
in SFR seen in each of the other simulations. Moreover, the radiative feedback completely
eliminates the starburst during the final coalescence, preventing the remnant galaxy from
showing observational post-starburst features. After the final merger, the galaxy structure
becomes relative stable and the gas inflow becomes weaker, which limits the strength of the

BH feedback. In observational index space, the galaxy sits predominantly in the “green-valley”
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throughout the simulation, temporarily reaching the red sequence after the first encounter. The
majority of the gas in the galaxy remains unconsumed by the end of the simulation allowing a
relative high final SFR of about 1 M /yr, and it quickly returns to the “green valley” following

coalescence.

In the other three simulations, the SFHs show a similar trend before the final merger.
All the galaxies experience enhanced star formation during the first encounter of the two
progenitor galaxies and a strong starburst during the final merger. Note that although the
initial SFRs are set to be the same when creating the model galaxies, the SFRs end up with
slightly different values when the galaxies reach equilibrium states after the 0.5 Gyr isolated
run (see Section ZTH). Shortly after coalescence the SFRs decline quickly from the peak,
even in the case of no BH feedback. As noted previously in the literature, this initial decline
is caused by gas consumption and stellar feedback from O and B-type stars, rather than BH
feedback processes. All three galaxies enter the fiducial PSB region in PCA space, due to the
spectral signatures of the excess of A/F stars created in the starburst. Following coalescence
we see the divergence in the SFH caused by the different BH feedback models. Without BH
feedback (NoBH) the remnant’s SFR remains at a level comparable to that before the merger.
Introducing thermal feedback suppresses star formation slightly in comparison, but only to
the level of 1 M /yr (i.e. similar to the Milky Way). Only the mechanical BH feedback model
No RFB is able to completely quench star formation in the galaxy. Due to the residual star
formation in the No BH and Thermal BH models these galaxies retain a level of star formation
that leads to significant Ha emission and prevents the galaxy from passing into the traditional
PSB selection region. Only the mechanical feedback model is able to suppress the Ha emission
sufficiently that the galaxy would be selected as a PSB using the traditional Ha emission vs.
Balmer absorption indices. The merger remnant evolves onto the red sequence in both index

spaces as the simulation ends.

Based on the discussion above, for the remainder of this chapter I focus on simulations
with mechanical BH feedback implemented, but without radiative feedback, as these are the
only runs that would be selected using a traditional PSB selection method. I note that the fact
that the PCA selection includes objects where the quenching is incomplete may well explain
the much larger number of PCA-selected PSBs compared to those selected with the traditional

cut on emission line luminosities (Pawlik et all, ZOTR).
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Figure 4.4: SFH of all the merger simulations run with the mechanical BH feedback model and with-
out the additional X-ray radiative feedback. The star formation histories of the merger simulations
demonstrate that sharp quenching is only achieved in particular circumstances: progenitor galaxies
with similar mass, approaching each other in either prograde-prograde or retrograde-prograde orbits.
Neither unequal-mass merger nor retrograde-retrograde merger can reproduce fast quenching.

4.3.2 Comparison between different progenitor galaxies and orbits

I now run the complete set of simulations presented in Table with different progenitor
galaxies and orbits, using the mechanical BH feedback model. There are 6 combinations of
progenitor galaxies for equal-mass merger (2xSa, Sa_Sc, Sa_Sd, 2xSc, Sc_Sd, 2xSd) and 3
combinations for 1:3 mass ratio mergers (Sa_Scp3, Sc_Scp3, Sd_Scp3). Each pair is set on 3
different orbits GOO, GO7, and G13 (Section PZT1 giving 27 different mergers in total. In
ire 44 I show the SFH of all 27 simulations. I refrain from showing all evolutionary plots of
the spectral indices, as the results can largely be inferred from the SFHs given the knowledge
gained in the previous subsection. In this subsection I summarise the results for all 27 simula-
tions, and in the following subsection I focus on one key example showing the full evolution

of the model in the observational parameter space.

Almost all equal-mass mergers have strong starbursts. However, despite the strong me-
chanical BH feedback the starburst can have a long decay time following the merger, especially

for the retrograde-retrograde (G13) merger or the retrograde-prograde (GO7) merger with
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lower gas fractions. In these cases, the SFR displays only a gradual decline, and the Ha EW
never declines sufficiently to place the galaxy into the PSB selection box. For unequal-mass
mergers, the starburst is significantly weaker compared to the equal-mass merger with the
same orbits and progenitors with the same Hubble type. Only the Sd_Scp3_00 and Sd_Scp3_07
mergers enter the PCA PSB region, although with a lower PC2 than the major mergers. More-
over, in all of the nine unequal-mass merger simulations, the post-merger SFR is comparable
to the SFR before the merger, leading to strong residual Ha emission. In both equal- and
unequal-mass mergers, mergers with Sd galaxies create the strongest starbursts with the same
orbit, while mergers with Sa galaxies lead to the weakest starbursts and mergers with Sc galax-
ies result in intermediate ones. The progenitors do affect the strength of the starburst and,
therefore, the creation of PSBs. However, several parameters vary in these progenitor galaxies
including bulge fraction and gas fraction. A smaller bulge fraction results stronger starburst
in the first close passage but a weaker one in the final merger (Mihos & Hernquist, 7994h).
Higher gas fraction provides more fuel for the starburst but very-rich gas-mergers may have
lower efficiency at producing starbursts (Fensch et all, 20T7). Which factor plays the domi-
nating role in creating a stronger starburst remains unclear and more work could be done to

find it out in the future.

The prograde-prograde orbit (G0O) is the easiest orbit to reproduce a strong starburst and
subsequent quenching. In this orbit, the stellar disc and bulge of the two progenitors collide
with each other violently, causing the strongest torques which drive a rapid flow of gas into the
galaxy centre forming a large number of new stars in a short time. The gas is quickly consumed,
leaving less material for further star formation. The gas flow drives rapid AGN accretion and
the resulting BH feedback also reduces the efficiency for the remaining gas to transform into
stars. A sharp decline in SFR can be seen in every pair of the equal-mass prograde-prograde
progenitors. However, it seems unlikely that this orbital configuration occurs regularly in the
real Universe. Comparison with very large cosmological simulations would be required to

clarify this.

I conclude that, within the scope of these simulations, sharp and sustained quenching of
star formation caused by mergers is only achieved in particular circumstances: relatively gas
rich progenitor galaxies with similar mass, approaching each other in either prograde-prograde
or retrograde-prograde orbits. In these simulations, neither unequal-mass nor retrograde-

retrograde mergers can reproduce features completely consistent with the full range of ob-
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served PSB galaxies, with the presence of nebular emission due to ongoing residual star for-

mation being a key constraint.

4.3.3 Evolution of global spectral properties for a representative merger

The previous two subsections have shown that post-starburst features can be reproduced with
specific progenitor galaxies and certain orbits, in the presence of significant BH feedback. I
now choose one representative merger simulation and focus on its evolving spectral proper-
ties. Though the prograde-prograde orbit (GOO) produces the strongest starburst and sharpest
quenching, such an orbital configuration with both progenitor galaxies having angular mo-
menta parallel to the orbital angular momentum is likely to be rare in the local Universe.
I therefore select the next best GO7 orbit. Similarly, mergers between two massive disc-
dominated galaxies with high gas fractions are unlikely to be common enough to be the most
representative cases. I therefore select the Sc progenitors. In this and the following subsections

I thus focus on the 2xSc_07 simulation.

The SFH and BH accretion rate of the combined simulation cube are plotted in the top
panel of Figure 4.5, with the three coloured vertical lines indicating the different quenching
stages. At the blue snapshot (t = 12.56 Gyr), the SFR starts to decrease (the quenching just
begins); at the cyan snapshot (t = 12.76 Gyr), the SFR drops to a value that is comparable
to that before the merger; at the red snapshot (t = 13 Gyr), the SFR drops below 0.1M,/yr.
The dotted grey line indicates the merger of two BHs at t = 12.53 Gyr, which is considered as

the formation point of the merger remnant.

The central and lower panels of show the evolution of the simulated galaxies in
spectral index space, integrating the entire spectrum of both galaxies. The simulated galaxy
starts from within the blue cloud in both index spaces at the beginning of the simulation, with
the first encounter causing a very small change in the spectral indices. During the starburst
we observe very strong Ha emission and weak 40004 break strength (PC1) due to significant
contribution to the spectrum from O and B-type stars. The Balmer absorption lines remain
strong in starburst galaxies, due to the large number of A and F-type stars formed which are
only partially outshone by the O and B stars. However, this translates into a low PC2 as the
Balmer absorption line strength is slightly weaker than expected when compared to normal
star-forming galaxies. As the star formation declines below its initial level, the remnant quickly

moves into the PSB region in both spectral index spaces, ending up on the red sequence. The
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Figure 4.5: The evolution of the global SFH and spectral properties in the 2xSc_07 simulation. The
blue, cyan and red dashed vertical lines and circles indicate the snapshots of different quenching stages
(t = 12.56, 12.76, and 13.08 Gyr respectively). The grey dotted line indicates the time of BH coales-
cence. Top: the star formation history (black) and BH accretion rate (purple). Centre: the evolution of
the simulated galaxy spectrum in Balmer absorption vs. Ha emission strength. Each cross represents a
simulation snapshot spaced every 2 x 107 years, with colour from blue to red indicating the progression
of time over 3 Gyr with the colour scale given at the bottom of the figure. Bottom: the evolution of the

simulated galaxy spectrum in the PCA space.
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remnant galaxy can be found in the PCA-defined PSB region consistently from from 12.74 to
13.22 Gyr, while it is found less consistently in the Ha-defined PSB region between 12.92 and

13.16 Gyr.

While the stellar continuum based PCA indices show a stable evolution with time, the Ha
emission line strength fluctuates significantly during the PSB phase. The purple line in the
top panel of shows the smoothed BHAR averaged over 20 Myr, which fluctuates
substantially with peaks in BHAR followed by dips in the SFR. I therefore suggest that the
fluctuating BH feedback strength causes the galaxy to shift in and out of the Ha-defined PSB

region even after entering the PSB phase at t ~ 12.92 Gyr.

In general for my simulations, I find that the stellar continuum based PCA selection is a
more consistent identifier of PSB galaxies. The very strong fluctuations in the Ha EW will
cause an emission line-selected sample to be incomplete, even before the loss of objects from
the sample due to narrow line emission from the AGN. However, I note that some observed
PSB galaxies selected using the traditional nebular emission based method are not selected
with the PCA, in particular the two examples presented in Figure 4.1]. I also note that this is
not an intrinsic property of the PCA analysis, but caused by not using emission lines in the
selection. It would be equally true of any PSB selection method that does not use emission

lines. I will return to these points in the discussion section below.

4.3.4 Evolution of radial gradients in spectral properties

To analyse the spatial properties of the PSB remnant in the 2xSc_07 simulation, I create dat-
acubes for the snapshots between t = 12.56 Gyr, and t = 13.08 Gyr, from the early quenching
stage to the late quenching (i.e. the time range between the blue and red lines in the top panel
of Figure 4.5). To simplify the analysis I bin the spectra in the mock datacubes according to
their distance to the galaxy centre, in annuli of 0-1 kpc, 1-2 kpc, 2-3 kpc, and 3-4 kpc re-
spectively, and calculate the spectral indices from the binned spectra. Taking that the compact
remnant has a half-light radius of R, = 1.4 ~ 2.0 kpc during the quenching progress being
inspected here, the data here cover a radii Z 2R,. The evolution in the radial gradients of
the spectral indices are plotted in Figure 4.6. As the Ha emission line is very sensitive to the
fluctuating residual SFR in the post-merger galaxies, the radial gradient in Ha-Ho 4 fluctuates
substantially with time during the PSB phase. There is a very strong radial gradient in the

Balmer absorption lines at all snapshots, with the central region showing the strongest Balmer
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Figure 4.6: The radial gradients in spectral indices for simulation 2xSc_07 between t = 12.56 and
13.08 Gyr (i.e. the time range between the blue and red lines in the top panel of Figure 4.5). The
spectra are integrated within circular annuli of radius 0-1, 1-2, 2-3, and 3-4 kpc respectively, shown
by small to large dots respectively. The colour of the lines indicates the simulation time as given by
the colour bar on the top. Note that in the 2xSc_07 simulation, the BHs merge at t ~ 12.53 Gyr. Top:
the evolution of the radial gradient in Ha emission line equivalent width vs. Balmer absorption line
strength. Bottom: the evolution of the radial gradient in the PCA stellar continuum indices.
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Figure 4.7: The star formation history in different radial annuli of the galaxy, looking back from t =
13.08 Gyr, where the SFR decays below 0.1M/yr. The SFRs are scaled by normalised by the surface
of each annulus for better comparison.The dashed lines are as in Figure 4.5. The surface star formation
rates peak at roughly the same time at all radii but the burst is significantly stronger and more prolonged
in the galaxy centre.

absorption lines. In all but a few snapshots, the central region also shows the strongest nebular
emission lines. In PCA space the evolution is more stable with time, evolving rapidly from a
positive to negative gradient, with the galaxy entering the fiducial selection box at the same
time for all radii. In both spectral index figures, only the inner regions of the galaxy are clearly
identified as post-starburst, while the outer regions move from star-forming towards quiescent

stellar populations.

The ability of the simulation to reproduce the very different radial gradients observed in
different PSB galaxies shown in suggests that the difference in observed gradients
may simply be due to the time at which we observe the galaxy following coalescence. In Section
BT I noted that the radial gradients could be produced by a single co-eval burst which was
stronger in the central regions, or a starburst that has progressed from outside-in. However,
simple toy models are unable to distinguish between these two hypotheses (see Figure 4.2). In
I show the star formation history of the different radial annuli, taken from the final
snapshot shown in with t = 13.08 Gyr. The star formation rates peak at roughly the
same time at all the radii but the burst is both stronger and more prolonged at the galaxy centre

i.e. a combination of the co-eval starburst and the outside-in starburst hypothesese. While the
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Figure 4.8: Spatially resolved maps of the key spectral indices used in this chapter, for a single snapshot
of simulation 2xSc_07 chosen for its strong gradient in PC1/2 and minimal ongoing star formation
leading to a flat gradient in W(Ha). On the right I reproduce the radially averaged gradients, colour
coded by distance from the centre of the galaxy.

peaks of the star formation are co-eval, the star formation is quenched in the outer regions
more quickly than in the inner regions, presumably due to the rapid gas flows continuing to

feed the central regions.

4.3.5 Spectral index maps

For completeness, I present the 2D maps of one snapshot of merger 2xSc_07 in Figure 4.8.
The snapshot was chosen for the maximal strength of its post-starburst spectral features. We
see that the spatial distributions of the spectral indices are entirely smooth, with very little

residual structure remaining following the catastrophic event that caused them.

4.4 Discussion

A better model of the physical mechanisms responsible for creating post-starburst galaxies
may help to improve our understanding of how and why star formation completely quenches
in galaxies throughout cosmic time. Through a careful comparison of real observations from
state-of-the-art IFU surveys and mock observations from advanced simulations, we hope to be

able to constrain the external and internal processes responsible for quenching star formation.

The galaxy merger simulations presented in this chapter were designed to reproduce low
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redshift central post-starburst galaxies, where there is significant evidence that major merg-
ers are the only plausible mechanism for the creation of the strongest spectral features and
the high fraction of morphological disturbance. However I have shown that with the galaxy
merger simulations presented here it is difficult to create a sharp enough quenching event that
leads to both the strong Balmer absorption lines and the complete absence of nebular emission
lines due to ongoing star formation. While the strong gas inflow is required to drive the star-
burst, it is hard to completely shut off the star formation in the centre of the merger remnant
without very significant BH feedback, for which there is limited evidence for galaxies in the
very local Universe (Fabian, 2017). Whether this is due to the limited size of my simulation
set, or limitations in the sub-resolution physics of the models is unclear. Comparison with
a full cosmological hydrodynamical simulation would address the former concern, however
the latter is much more difficult to tackle: the simulations presented here use very similar
recipes to the EAGLE simulation, and most of the currently available simulations do not differ

significantly in any of the key ISM or feedback aspects.

One obvious concern is the observed presence of cold gas in a large fraction of PSBs which
appears to have very low star formation efficiencies (Rowlands et all, Z0T5; French et all, DOTS;
Smercina ef all, ROT8; Lief all, 20T9). For simulations that assume a Kennicutt-Schmidt style
star formation law, cold gas forms stars, without any exceptions. In addition, my simulations
assume a relatively smooth dust distribution, while it is possible that the observed equivalent
width of emission lines is reduced by a highly clumpy dust distribution. Improved recipes for
treating the detailed sub-resolution physics of the ISM in these unusual galaxies may thus be

required.

My results clearly disagree with the conclusions of Snyder et al] (2011) and Wild et all
(2009): with the improved simulation resolution and sub-resolution physics recipes I find that
stellar feedback is only able to cause the initial decline of SFR needed to halt the starburst.
Without BH feedback the galaxies return to the blue-cloud or green valley, but cannot further

quench the star formation to become entirely quiescent.

This leads me to the question of whether rapid quenching is related to mergers at all. While
itis hard to envisage an alternative scenario in the local Universe, the higher gas mass fractions
of galaxies at higher redshift may provide the fuel needed for galaxy wide starbursts, without

the need for strong centralised inflows which are difficult to halt. Rodriguez Montero et al.
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(P019) used the SIMBA cosmological simulations to show that in most cases the quenching of

the galaxy was not related to a recent major merger, over a wide range of cosmic time.

A key additional constraint not investigated here is the morphologies of the remnants:
highly compact at high redshift (Yano et all, 20T6; Almaini et all, 2017) and tidally disturbed
at low redshift (e.g. Zabludoftet all, T996; Yang et all, 2Z008; Pracy et all, 2Z009). My simulated
post-starburst galaxies are very compact with a super bright core as the results of the highly
centralized strong starbursts in the galaxy centre. Such extreme starbursts may be partially the
effect of the intermediate resolution and the poor way gas is modelled (a cold, turbulent ISM is
not included here) (Teyssier et all), 2010; Powell et all, P013). However, I would like to argue
that my merger simulations are set up with extreme initial condition, it is not surprised that the
merger remnants are more compact than active star-forming galaxies with similar masses. As
for tidally disturbed features, Pawlik et all (Z0T8) investigated the morphological asymmetries
of mock images created from very similar simulations to those used in this chapter, finding
them to decay very rapidly at SDSS-like image depths. Further progress may be possible with
deeper imaging datasets, such as will become available in the near future with the Vera C.

Rubin Observatory.

With the advent of IFU datasets, the differing radial gradients in the spectral indices of PSB
galaxies have become apparent (Pracy et al), 2005; Chen ef all, 20T9). A negative gradient in
the HO absorption line strength (i.e. stronger absorption in the centre) as seen in the vast ma-
jority of central PSBs (Chen et all, 20T9), has commonly been suggested to be an indication of
a merger origin due to the gas inflows leading to an excess of A and F stars in the centre. This
has been borne out by merger simulations, including those presented here (Bekki et all, 2005;
Snyder et all, 20TT). Galaxies with PSB spectral features only in their outskirts (so-called
‘ring’ PSBs) are not produced at all by my suite of simulations, and are more likely caused by
external processes which have disrupted the outer disc star formation (Owers ef all, Z019a).
Interestingly, by decoupling the excess Balmer absorption from the past averaged star forma-
tion rate, the radial gradients in PCA spectral index space show an intriguing feature, starting
out positive, flattening and then becoming increasingly negative with time. This should pro-
vide an excellent way to measure the age of PSB galaxies, independent of obtaining precise
star formation histories, and suggests that the three different gradients observed in MaNGA
galaxies in Section Bl could well be caused by the same physical process caught at different

observed times.
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Throughout this chapter, I have combined the analysis of two very different spectral index
spaces: the equivalent widths of the Ha emission line and Balmer absorption lines, and the
PCA indices of Wild et al] (2007) which focus on the stellar continuum alone. The sensitivity
of the Ha emission line to residual ongoing star formation, which in my simulations fluctuates
wildly dependent on the fluctuating BH feedback strength, provides a natural explanation
for the much larger number of PCA-selected PSBs than traditional selection (Pawlik et all,
2019). As stated previously, the PCA selection is insensitive to a small amount of residual star
formation, which provides an important complementary and more inclusive approach to PSB
selection. However, it is evident from that the PCA-selection does not identify all
observed PSBs, with 2/3 of the example MaNGA PSBs selected using the traditional method
falling outside the PCA PSB region. According to their gradients in PC space, these are likely
younger objects, where the Balmer absorption has not yet had time to strengthen and 4000A
break strength to increase sufficiently for PCA selection (i.e. the PCA selection box as used in
this chapter selects only older PSBs, as noted already previously in Wild et all (Z0T0)). The
two objects with slightly positive or flat gradients in PC1/2 highlight yet another discrepancy
with the simulated mergers: the star formation must have been quenched incredibly rapidly
for these to be identified as PSBs through their lack of Ha, and such rapid quenching of Ha
is never observed in my simulations. This would require an immediate impact of the BH
feedback, which as we see from the top panel of takes a little while to get going
following the coalescence of the BHs. This again suggests an important missing ingredient to

the sub-resolution star formation recipes in these simulations.

Finally, I note that the radial gradients in the spectral indices are caused by a stronger,
longer duration starburst occurring in the central regions of the galaxy. The starburst in the
outer regions happens co-evally with that in the centre, i.e. not supporting either inside-out
nor outside-in growth scenarios. The quenching occurs first in the outer regions, however,

supporting outside-in quenching for these extreme galaxies.

4.5 Summary

I use Gadget-3 to run a set of binary merger simulations with different black hole feedback
models, progenitor galaxies, and orbits. I develop the SEDMorph code to build mock SDSS-
like spectra for the simulated galaxy, by combining the star formation history and metallicity of

each particle with stellar population synthesis models. I create mock datacubes following the
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MaNGA observational strategy including a PSF and dithering pattern. The spatial distribution
of Ha emission, Balmer absorption lines, and stellar continuum shape indices are investigated

in the post-merger galaxies, to diagnose recent and ongoing star formation.

A summary of my findings is as follow:

e To create mock MaNGA datacubes I found it was necessary to strictly follow the MaNGA
observation strategy. Short cuts have drawbacks at the same time. Convolving with
the PSF after data gridding produces significant residuals. Gridding data directly does
produce the right flux but gives wrong higher-order data like variance, it also requires

larger computational resources compared to a full treatment.

e To completely shut down the star formation in the model PSB galaxies, mechanical AGN
feedback is required to expel the gas from the galaxy, while the more traditional thermal

feedback BH model is not sufficiently efficient.

e The star formation histories of the merger simulations demonstrate that sharp quench-
ing leading to PSB-like remnants is only achieved in particular circumstances: progen-
itor galaxies with similar mass, approaching each other in either prograde-prograde or
retrograde-prograde orbits. Neither unequal-mass mergers nor retrograde-retrograde
mergers lead to quenching that is significant or rapid enough to lead to PSB spectral

features.

e The traditional PSB selection method, which identifies PSB galaxies via their absence of
nebular emission lines as well as strong Balmer absorption lines, is highly sensitive to
the complete shut down in star formation, which in turn appears to be sensitive to the
accretion rate of the BH shortly before the time of observation. A stellar continuum based
method, such as the PCA method used here, is much less sensitive to rapid fluctuations

in the SFR of the galaxy and therefore is likely to lead to more complete samples.

e However, two of the three example MaNGA galaxies presented in this chapter are not
selected by the PCA method as their Ha emission has shut off before the Balmer absorp-
tion lines are strong enough to be identified cleanly by the PCA. Such a rapid shut off
in star formation following the starburst is not found in any of my merger simulations.
Combined with the fact that many PSBs are known to have cold gas that is not forming

stars efficiently, this points to a missing ingredient in the sub-resolution star formation
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recipes or the ISM structure employed in these simulations.

e In agreement with previous work, the simulated post-starburst galaxies show a strong
radial gradient in the Balmer absorption line strength, with stronger absorption in the
inner region, as seen in the majority of local PSB galaxies where the integrated light is
dominated by the central PSB region. This appears to be a defining feature of merger-

origin PSBs, caused by the inflow of gas to the central regions.

e In PCA space an evolution in the radial gradient becomes apparent, that is masked by
traditional methods using nebular emission lines due to their sensitivity to fluctuations
in ongoing star formation. This indicates that the range of gradients observed in MaNGA
PSB galaxies is simply due to different times of observation rather than different under-

lying processes.

e My simulations show that the galaxies undergo a single co-eval burst which was stronger
and longer lived in the central regions. This does not support either inside-out nor

outside-in growth during the star-formation episode, but rather outside-in quenching.

Clearly much more remains to be understood about the formation of PSB galaxies, with this
chapter raising questions about the effectiveness of the implementations of BH feedback in the
current generation of hydrodynamic simulations. Comparison with cosmological simulations
may help us to understand the range of different orbits and gas properties as a function of
stellar mass and epoch; however they are still fundamentally limited by resolution as well
as the employed sub-resolution star formation and stellar feedback recipes. Observationally,
further progress on understanding the causes of both the starburst and final quenching in PSB
galaxies may come from combining the analysis of radial gradients in spectral indices with the

morphology in deep imaging data, or stellar kinematics from high quality IFU data.
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RAPIDLY QUENCHED GALAXIES IN SIMBA

A wide range of mechanisms have been put forward to explain the quenching of star forma-
tion in galaxies with cosmic time, however the true balance of responsible mechanisms remains
unknown. The identification and study of galaxies that have shut down their star formation
on different timescales might elucidate which mechanisms dominate at different epochs and
masses. In this chapter, I study the population of rapidly quenched galaxies (RQGs) in the
SIMBA cosmological hydrodynamic simulation at 0.5 < z < 2, comparing directly to observa-
tional post-starburst galaxies in the UKIDSS Ultra Deep Survey via their colour distributions
and mass functions. While the SIMBA simulation has been introduced in kecfion 22, I will give

the details of the method and the results in this chapter.
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5.1 Methods and Analysis

5.1.1 Star formation histories and quenching timescales

With the star formation histories (SFH) of galaxies, it is trivial to measure the timescale over
which they quench, and with simulation data this is possible. In this chapter, I identify galaxies
to be quiescent if they have an instantaneous specific star formation rate sSFR < 0.2/ty(2),
where ty(2) is the age of the Universe at redshift z and sSFR is the ratio of instantaneous
star formation rate (SFR) to the total stellar mass of the galaxy, sSSFR=SFR/M.,. To calculate
the SFHs of each galaxy, I use the instantaneous SFR of the galaxy at each snapshot, tracking
back through the most massive progenitor. In the case that there are multiple galaxies in the
preceding snapshot due to merger events, I choose the most massive one as the progenitor
and follow this progenitor back in time. By such a process, I trace backwards the most massive
branch of the merger tree of the quiescent galaxies. In some rare cases, I choose to select the
longer branch rather than the most massive progenitor branch. This is due to limitations of the
halo finder program, when the most massive progenitor has no progenitors, while the second
most massive does have. In these cases, I chose the second most massive progenitor to allow
me to track back the target galaxies over a longer time range. Fortunately, such cases happen
in only about 2% of the sample, so I do not anticipate any impact on my statistical results due

to using the longer branches.

Now that I have the full progenitor histories for the galaxies, the specific SFHs (i.e. sSFR
vs. time) are formed from the instantaneous gas SFRs of the progenitor at each snapshot,
normalised by the total stellar mass of the progenitor, against the cosmic ages of the snapshots.
shows the derived SFHs for two example galaxies that are quiescent in the z = 0.5
snapshot, with the dots showing the instantaneous sSFRs in each snapshot. SIMBA snapshots
have a time spacing of ~ 100 Myr in the redshift range of interest in this chapter, which is
relatively coarse compared to the timescale over which some galaxies can be quenched. So to
improve the accuracy of the estimated quenching timescales, I fit a cubic B-spline (Dierckx,
[975) to the SFH. The interpolated SFHs for the two examples are shown in by

solid lines. I define the quenching time, 7,, as the time a galaxy takes to cross from a star-

qJ
forming threshold to the quiescent threshold defined above, where the star-forming threshold
is defined as sSFR(z) > 1/ty(z). By defining the thresholds with respect to the Hubble time,

as suggested by Pacifici et all (2016), allows for the strong evolution in typical galaxy sSFR
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Figure 5.1: Specific star formation histories of an example rapidly quenched galaxy (red dots) and
slowly quenched galaxy (blue dots) identified in the z = 0.5 simulation snapshot, with lookback time
from z = 0.5. The dashed lines represent the star-forming (upper) and quenched (lower) thresholds.
To better estimate when the galaxies cross the thresholds, I first fit a cubic B-spline (Dierckx, 975)
to the specific star formation history, which are shown as solid lines. I measure the time that a galaxy
takes to cross from the star-forming to the quenched threshold and define this to be the quenching time
7, of the galaxy, indicated by the horizontal bars in the lower portion of the plot.
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with redshift (e.g. Speagle et all, Z014). These thresholds are shown by black dashed lines in
Figure 5.1, and the inferred 7, of the example galaxies are indicated by the horizontal bars

towards the bottom of the figure. Note that the quenching time 7, is sometimes scaled by

q
the age of the Universe ty(z) to give a normalised quenching time of 7,/ty(2). As explained

below I do not follow this convention in this chapter.

I note that mergers can affect the sSFR and therefore the measurement of the quenching
timescale. In extreme cases, the primary star-forming galaxy merges with a quiescent galaxy
with a mass ratio close to 1, the sSFR of the merger remnant will drop by a factor of ~ 2.
However, even in these extreme cases, the sSFR need to be further decreased by a factor
of more than 2.5 in a short time so that the galaxy can be identified as a rapidly quenched
galaxy. Furthermore, mergers with large mass ratios are rare in both the real and the simulated
Universe. Though mergers can change the quenching timescale of a few specific galaxies, they
will not systematically affect the identification of rapidly quenched galaxies, the ultimate goal
of measuring quenching timescale. Therefore, I decided to ignore the effect of mergers on

sSFR in this chapter.

An alternative method for calculating the SFHs of galaxies in the simulation is to make use
of the ages of the stars in the galaxies at the snapshot of interest. While this is a more direct
equivalent of what is done observationally, I choose not to do this for two reasons. Firstly, I am
interested in the evolution of the rapidly quenched population through colour space in order
to compare to observations made in different redshift intervals, and therefore I need to allow
for galaxy mergers. In real observations, the galaxies observed in these redshift intervals will
not include the entire stellar population present in the lower redshift descendent galaxies, but
rather just the stars of the pre-merged components. Secondly, in order to calculate the evolving
galaxy colours and to compare directly with observations, I make use of the relative distribution
of stars and gas to calculate the dust attenuation, and this information is not retained via a
simple stellar-age distribution. I note that this does not affect the spectral energy distributions
of the galaxies used to compute the colours of galaxies in this chapter, as these are computed
using the full stellar-age-metallicity information and therefore have a time resolution close to

the time-step of the simulation.
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5.1.2 Sample selection

There are ~ 39,000 galaxies identified by the halo finder in the z ~ 1 snapshot. I select
the galaxies that have stellar masses more than M, > 5 x 10° M and a K band apparent
magnitude K < 23 mag®. With an initial mass of gas particles of 1.82 x 10”M,, this stellar
mass cut guarantees that each galaxy contains more than 275 stellar particles so that the effects
of numerical fluctuations are limited. The K band cut also helps to reduce numerical effects,
but more importantly, it ensures that the galaxies are bright enough to be observed in the

comparison observational dataset.
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Figure 5.2: The probability density function (PDF) of the quenching timescale (upper panel), and
normalised by the age of the Universe at the time that the galaxy is quenched (lower panel) for galaxies
that are quenched by z = 1 in SIMBA. In both cases the distribution is clearly bimodal, with a division at
T4 ~ 175 Myr (dashed line) or 7./t ~ 0.03. In this chapter, I am interested in the spectral evolution
of the galaxies, therefore the quenching timescale without normalisation is the relevant property.

The mass and apparent magnitude cuts select 10,530 galaxies. Of these, 2623 lie below the

1t can dramatically reduce the sample size to apply the stellar mass and K band magnitude constraint while
tracking the progenitors. Hence, these two constraints are applied to the galaxies at z ~ 1 only, and not to their
progenitor galaxies.
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quiescent threshold (sSFR < 0.2/t) and form the red sequence at redshift z ~ 1. As described
above, I track back the progenitors of each galaxy in this final sample, reconstruct their SFH and
measure their quenching timescales. The upper panel of shows the stark bimodality
in the distribution of the quenching timescales very clearly, with a division at 74, ~ 175 Myr
(the dashed line in the figure). For slowly quenched galaxies, their quenching timescale can be
comparable to the cosmic timescale, hence it is common to normalise the times by the age of
the Universe at the time that the galaxy is quenched (log(t,/ty), lower panel of Figure 5.2).
The bimodality remains with a division at log(7, /ty) = —1.5. While this normalisation is
common in the literature (see e.g. RM19 where the bimodality was discovered in SIMBA), it is
unrelated to the spectral evolution of the galaxies, which evolve the same regardless of Cosmic
age. Thus in this chapter, I adopt the criterion without Universe age scaling and define “rapidly

quenched galaxies” (RQGs) as those with 7, <175 Myr.

5.1.3 Mock photometric dataset

Constraining the SFH of a galaxy with observational data is challenging, with limited informa-
tion stored in the integrated spectral energy distributions (SEDs), and strong dependencies on
the fitting methods and stellar synthesis models. Therefore, to compare with real data, I use
the pYLOSER? package to forward-model the observed colours and create mock photometric
data for the simulated galaxies in SIMBA. This uses the stellar population synthesis models pyF-
SPS, a python version of FSPS (Conroy et all, Z009; Conroy & Gunn, 2010), which combines
the MIST stellar isochrone model (Doffed, 20T6; Choi et all, 20T6H; Paxton et all, 2OT1, 2OT3,
20T15) with the MILES spectral library (Sanchez-Blazquez et all, P006; Falcan-Barroso et all,
2011). Throughout my analysis a Chabrier initial mass function (Chabrier, 2003) is assumed
and nebular emission is included. The models are interpolated to the age and metallicity of

each stellar particle.

Wavelength dependent dust extinction is included by ray-tracing the line-of-sight extinc-
tion. PYLOSER calculates the dust extinction to each stellar particle within the galaxies based
on the density of the line-of-sight dust column, combined with a composite dust extinction
law. For galaxies with an average metallicity lower than tenth Solar metallicity, the extinction
law of the Small Magellanic Cloud is applied. For galaxies with a metallicity higher than Solar

metallicity, a mixed extinction law is used depending on the sSFR of the galaxies: Milky-Way

2 https://pyloser.readthedocs.io/en/latest/
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extinction (Cardelli_et all, T989) for less star-forming galaxies (SSFR < O.1Gyr_1), Calzetti
et all (2000) for highly star-forming galaxies (sSFR > 1Gyr—!) and a linear combination of
the two for galaxies with a sSFR in between. For galaxies with an intermediate metallicity
that do not fall in the two groups mentioned above, the SMC and “mixed” extinction law are
themselves mixed. For the sake of speed, PYLOSER does not employ a much more expensive

radiative transfer, however, the results are similar.

The spectra of all stars in the galaxies are summed to form the integrated galaxy spectrum,
which is then redshifted and dimmed according to the redshift of the galaxies to simulate
observed spectra. Filter transmission functions are finally applied to calculate the apparent
magnitude of the galaxies in different bands. Here I compute photometry in 10 filters to
mimic the comparison observational dataset: the Subaru B, V R, 1, z’; UKIRT J, H, K; VISTA'Y;

and IRAC 3.6 and 4.5um bands.

5.1.4 Super-colour analysis

As well as identifying rapidly quenched galaxies directly from their star formation histories,

I use a second method that is directly comparable with observations, which is based on the

super-colour method. The details of super-colours have been provided in kubsection T 2.9, here
I recap the key features. The super-colour analysis involves projecting the multi-wavelength
photometry onto pre-computed eigenvectors (or equivalently eigenspectra) that were deter-
mined from a large library of 44,000 model SEDs. The principal component amplitudes indi-
cate the contribution of each eigenspectrum in the SED and are termed “super-colours” (SC).
Each super-colour indicates a particular property of the galaxy SEDs: SC1 describes the red-
blue slope of the SED, indicating the average sSFR; SC2 changes the strength of the 4000 A or
Balmer break, indicating the fraction of stellar mass formed in the last ~ 1 Gyr as well as the
metallicity of star-forming galaxies; SC3 also controls the exact SED shape around the 4000 A

break and helps to break the degeneracy between metallicity and burst fraction.

Similarly to traditional rest-frame UVJ analyses, the super-colour analysis can be used
to classify galaxy SEDs into quiescent and star-forming, but without requiring model fits to
determine rest-frame colours. Importantly for this project, the super-colours cleanly separate
out an unusual class of rapidly quenched, recent starburst galaxies (commonly called “post-
starburst” galaxies), which lie above the main populations due to their excess population of A

and F-type stars which have unusually strong Balmer breaks while still being quite blue (Wild
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Figure 5.3: The distribution of the first two super-colours, which describe the SED shapes, of SIMBA
galaxies (upper panels) and galaxies in the UKIDSS Ultra Deep Survey (lower panels). All galaxies are
selected to have K-band magnitudes brighter than 23 mag and stellar masses M, > 5 x 10°M,. The
SIMBA galaxies are selected from the z = 0.5 (left) and z = 0.99 (right) snapshots, while the UDS
galaxies have a redshift range of 0.5 < z < 0.7 (left) and 0.9 < z < 1.1 (right). In order to better
compare with the observations, only a randomly selected 40% and 20% of the available SIMBA galaxies
are plotted.

efall, 20T6; Maltby et all, 2018; Wild ef all, 2020). For the purpose of identifying these rapidly
quenching galaxies, I find that SC1 and SC2 are sufficient so I focus on these two SCs in the

main body of the chapter and only briefly discuss SC3 in the end of this subsection.

The eigensystem of the super-colour analysis is computed with BCO3 models, while the
photometry of the SIMBA simulated galaxies are computed with the FSPS model. This is not
relevant, as the super-colour amplitudes can be calculated for any spectral energy distribution,
regardless as to the origin. Note that SCA does not fit for the redshift of the galaxies, instead
it takes the redshift as an input. Wild et all (2014) has confirmed the effect of reasonable
photometric redshift errors has negligible effect on the observed super-colours. Hence, I di-
rectly use the redshift of the snapshot in when carrying SCA rather than fitting the redshift
from my 10 bands data with other algorithms. The upper panels of show the super-
colour distributions of a subset of the SIMBA galaxies at z = 0.5 and z = 1, selecting only a
random subset of 40% and 20% of the available galaxies in order to approximately match the

number of galaxies in the observational comparison samples. In the bottom panels, I display
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the observed distribution of super-colours for galaxies (Wild et all, 20TH) from Data Release 8
(DR8) of the United Kingdom Infrared Telescope (UKIRT) Ultra Deep Survey (UDS, Lawrence
et_all, 2007, Almaini et al. in prep), with the same mass and K-band magnitude cut, but with
slightly looser redshift ranges of 0.5 < 2z < 0.7 and 0.9 < z < 1.1. In the observational data,
we can observe a tight sequence to the upper-left of super-colour space, which is comprised of
quiescent galaxies with low sSFR (Wild et all, 2Z0T4). The lower branch contains star-forming
galaxies spread out to cover a much larger region in SC1-SC2 space, with higher sSFR galaxies
on the right and dustier or low sSFR galaxies on the left. The post-starburst galaxies lie to the
upper-right end of the red sequence, forming a tight sequence and clearly separated from the

star-forming cloud, unlike in traditional UVJ colour-colour diagrams.

Comparing between the SIMBA and UDS samples in the upper and lower panels, we see
some very clear differences, indicating that the shapes of the modelled SEDs are not entirely
correct in SIMBA. The SIMBA galaxies are shifted to higher SC1 and SC2 values compared to the
UDS, i.e. the modelled SEDs are on average too blue and have too strong Balmer and 4000A
break strengths. There is also no clean separation between the quiescent and blue sequence,

and the post-starburst population is much less clearly defined.

The discrepancies between the distribution of SIMBA and UDS galaxies in super-colour
space are not due to the spacing of the snapshots in SIMBA, as the photometry is computed
from the full stellar age-metallicity distribution in each galaxy, combined with line-of-sight dust
extinction. Dust is suspected to play a role here. Star-forming galaxies have more dust than
quiescent galaxies, which leads to stronger flux attenuation particularly in the blue, which can
impact the measured super-colours. In I show the distribution of the first two super-
colours with and without dust attenuation in the left and central panels. The blue sequence
is well separated from the quiescent population when dust attenuation is excluded. It seems
plausible that an inaccurate dust treatment could be the cause for moving the blue sequence
too far to the red to blend with the quiescent population. Another suspected cause of the
discrepancies is the stellar population model used when creating the mock photometric data
for SIMBA galaxies. Thus, I recreate the mock photometric data for SIMBA galaxies with another
stellar population model, the BCO3 model (Bruzual & Charlof, 2003), following the same
method described Eecfion 3 1. The differences between SIMBA and UDS results remain as

shown in
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Figure 5.4: The distribution of SIMBA galaxies at redshift z = 1 in SC1-SC2 space, the RQG selection box
is plotted for reference. Left panel: Super-colours computed including the line-of-sight dust extinction;
Middle panel: Super-colours computed without dust extinction; Right panel: Super-colours computed
with the BCO3 model (Bruzual & Charlof, 2003) and without dust extinction.

From these investigations I conclude that an inaccurate dust treatment may be causing the
blue sequence to blend with the quiescent population, but the remaining differences between
SiMBA and UDS hint that SIMBA is not perfect in terms of creating the right types of star
formation and chemical evolution histories, and I return to this below. Nevertheless, as I show
conclusively below, it is still possible to use the super-colours to identify rapidly quenching
galaxies, albeit with a level of contamination from star-forming galaxies that I do not expect

to see in real samples.

About SC3

Both the second and third super-colours (SC2 and SC3) control the exact SED shape around
the 4000 A break, they correlate with metallicity and give additional information on stellar
ages and dust. Thus, SC3 can help break the degeneracy between metallicity, age and dust in
some cases. In Figure 5.5, I display the distribution of the SC1-SC3 of SIMBA galaxies (upper
panels) and galaxies in the UDS (lower panels). The distribution of SIMBA galaxies show a
bar structure in the SC1-SC3 space, which is clearer at z = 0.99 (the upper right panel). I
confirmed that almost all quiescent galaxies fall on this bar structure while the star-forming
galaxies occupy a larger region and form the cloud. In contrast, the UDS galaxies do not show
a clear bar. Taking the high measurement error on SC3 in the observation, it is inappropriate
to conclude that such a discrepancy does exist in physical level or that SIMBA reproduced
a fraudulent structure in SC1-SC3 space. Further investigation with only those observations
where spectroscopic redshifts are available might be worthwhile to find out whether SC3 could

be useful in the future.
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Figure 5.5: Same as but for the distribution in SC1-SC3 space.

5.2 Results

In this section I study the effectiveness of the super-colour technique at identifying rapidly
quenched galaxies, measure the contribution of the rapid quenching pathway to the build
up of the quiescent population as a function of both mass and redshift, and compare the mass
function with observations of galaxies selected using the same super-colour technique. Finally,
I investigate the visibility timescales of the rapidly quenched galaxies and the impact of an

absence of starbursts on the SIMBA galaxy colour distribution.

5.2.1 Rapidly quenched galaxies in super-colour space

The upper panel of shows the distribution in SC1-SC2 super-colour space of the

2623 quiescent galaxies with instantaneous sSFR below the quiescent threshold of sSFR<

0.2/ty(z = 1) in the 2 = 1 snapshot (kiibhsecfion 5 T7). As expected from the observational

data, the quiescent population follows a tight sequence towards the left-hand edge of the
full SC distribution, this is due to the strong 4000A break strength, with the slope in SC1-
SC2 caused by the distribution of both ages and metallicities in the population. The lower
panel shows the ratio of rapidly quenched galaxies (T, <175Myr) to all quiescent galaxies

in super-colour space. We see that almost all quiescent galaxies in the upper right tip of this
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sequence have been rapidly quenched, matching the region identified as being dominated by
post-starburst galaxies in observations (Wild et all, 2014). I delineate the region with a box

as shown to further investigate the properties of galaxies in this region of super-colour space.

In the upper panel of I plot the past and future sSFH of all 729 galaxies that are
found within the box in the z = 1 snapshot (i.e. including galaxies that are not yet quiescent,
unlike in Figure 5.6). I find that only 10% of them are formally quenched by my definition
(i.e. have dropped below the quiescent threshold of sSSFR< 0.2/ty;), however the galaxies have
experienced a rapid drop in sSFR in the recent < 0.5 Gyr, as expected given their strong Balmer
break strengths. The median, 16th and 84th percentiles also show a dramatic decrease of sSFR.
This highlights an important point about the identification of RQGs: the spectral features are

transient, and therefore they are only identifiable for a short time following quenching (see

Bubsection R 2°3). In the lower panel I show the fraction of these galaxies with sSFR above
the star-forming line, below the quenched line, and in between, as a function of time from
z = 1. Despite most having experienced a recent sharp decline in star formation, they do not
immediately cross the threshold to become fully quenched, with only ~60% of the galaxies
formally quiescent within 1 Gyr. I note that this is unlikely to be representative of the situation
in the real Universe, where the RQGs form a distinctly different population to the star-forming
galaxies, while in SIMBA the blue sequence appears to merge into the RQG area of super-colour

space.

5.2.2 Contribution of rapid quenching to the quiescent population

With the simulation dataset, there are two ways to identify quiescent galaxies that have previ-
ously rapidly quenched their star formation and thus assess the contribution of rapid quenching
to the build up of the quiescent population. Firstly, I can identify them by their known SFHs
(SFH-selected), and secondly by their observational signatures (SC-selected). Note that I do
not use the super-colours alone to identify RQGs in SIMBA as is done observationally, but first
identify quiescent galaxies and track back their evolution in super-colour space to see whether
they enter the region where we find a high fraction of RQGs in Figure 5.6. In this section I
compare both methods to measure the contribution of the rapid quenching route to the qui-
escent population in SIMBA, as well as how well photometric observations are able to recover

the true impact of rapid quenching.

In Figure 5.8, I display the super-colour traces of the progenitors of the two example z =
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Figure 5.6: Top: The distribution in super-colour space of quiescent galaxies in the z = 1 snapshot of
the SIMBA simulation, selected to have an instantaneous sSFR< 0.2/t;(z = 1). As found in observed
data, they form a tight sequence to the left of super-colour space. Bottom: The ratio of the number of
rapidly quenched galaxies to all quenched galaxies. Almost all quiescent galaxies found in the upper
right tip of the red sequence have been rapidly quenched. I mark this region with a box to further
investigate the properties of the galaxies in this region.

91



Chapter 5. RAPIDLY QUENCHED GALAXIES IN SIMBA

redshift
1.0

0.8 0.6

SSFRIyr-1]

10—11 L

10712 "1 3 >
lookback time[Gyr]

0.8

—— quiescent
0.7 —&— SF
—8— quenching

0.5

0.4r

ratio

0.2

0.1

0.0 0j5 1j0 1j5 2.0
time since z=1 [Gyr]

Figure 5.7: Investigating the past and future star-formation properties of galaxies that fall inside the
box delineated in in the z = 1 snapshot of the SIMBA simulation. Upper panel: the sSFH
of all galaxies that fall inside the super-colour defined RQG box in the z = 1 snapshot (black lines),
with the 16th, 50th and 84th percentiles of the sSFR at each lookback time since z = 0.5 (red lines).
The dashed black lines show the evolving star-forming and quiescent thresholds. The magenta line
marks the time at z = 1. Although only ~ 10% of the galaxies in this region of SC space are currently
quiescent, the majority show a recent sharp drop in their SFHs which drives their unusual SED shapes
and position in super-colour space. Lower panel: The census and future evolution of galaxies that fall
in the super-colour defined RQG box at z = 1. The majority of galaxies in the box are “quenching”,
i.e. they have a sSFR between the star-forming and quiescent thresholds. Despite their recent rapid
quenching events, many remain above the quenched threshold for a significant time period, with only
~60% of the galaxies in the box at z = 1 becoming formally quiescent in the following 1.0 Gyr.
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Figure 5.8: The evolutionary trace in super-colour space of the rapidly quenched (upper panel) and
slowly quenched (lower panel) galaxies displayed in [Figure 5.1. The underlying grey contours show the
distribution of SIMBA galaxies at redshift z ~ 1. The colour bar indicates look-back time from z = 0.5,
where these two galaxies were selected to be quiescent.
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0.5 galaxies shown in [Figure 5.1, coloured by lookback time since z = 0.5. The upper and
lower panels show the rapidly and slowly quenched galaxy respectively. While the RQG moves
through the box region, the slowly quenched galaxy moves directly onto the red sequence
without entering the box region. I can calculate the super-colour trace of all RQGs in the
z = 1 SIMBA snapshot, identifying those that enter the box region of super-colour space, and
classifying them as “rapidly quenched” from their observed colours®. I expect this process to
identify fewer RQGs than using the SFHs, which are not accessible observationally, because
the super-colours are not a perfect selection method. Because the super-colours that I am
using are only defined up to a redshift of 2, it is only possible to identify “observational” rapid
quenching events that occur after this time. In the following, I ensure that I compare like-with-
like when comparing SFH-selected and colour-selected RQGs by restricting the SFH-selected
RQGs to those that quench below z, = 2. I define 2, to be the redshift at which the sSFR of

the galaxy last crosses the quiescent threshold of 0.2/t (2).

We find that 1537 out of 2623 quiescent galaxies at redshift z ~ 1 in SIMBA have a quench-
ing timescale of 7, < 175 Myr, i.e. ~ 59% have been rapidly quenched. Summing their stellar
masses, we find they contribute ~48% of the stellar mass in the red sequence. Restricting to
those galaxies with z; < 2, we find 1315 out of these 2314 quiescent galaxies are SFH-defined
RQGs making up ~57% of the red sequence in terms of number count and ~45% in terms of
stellar mass. Ithen check the traces of the 1315 SFH-defined RQGs, and find that 1247 of them
once enter the box in super-colour space. Thus, 1247 out of 2314 quiescent galaxies are RQGs
that can be identified by the super-colour selection, making up ~54% of the red sequence in

terms of number count while only ~38% in terms of stellar mass.

The numbers show that the super-colour selection identifies most of the SFH-selected RQGs
but preferentially misses the more massive RQGs. To investigate this further, in the upper panel
of I display the mass function of the quiescent galaxy population at z = 1, with a

black dashed line for all quiescent galaxies, and black solid line for galaxies with z, < 2,

q
alongside those quiescent galaxies identified as rapid quenchers by their SFH (dashed red
line) or from having passed through the box in super-colour space since z < 2 (solid red
line). T assume Poisson errors when I count the galaxies in each mass bin, and these are then

propagated into the mass function. The mass function peaks between 10'°M, and 10''M,,

*We linearly interpolate the SC1-SC2 points between individual snapshots to identify whether a galaxy enters the
region, rather than using the snapshots alone.
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with fewer lower and higher mass quiescent galaxies as expected. By restricting the analysis

to galaxies with z, < 2 I loose a small fraction of quiescent galaxies, with a slight bias to

q

preferentially loosing the more massive ones.

Clearly the shape of the mass function of the RQGs is similar to that of the total quiescent
population, but to better compare the three mass functions, their ratios are plotted in the lower
panel of Figure 5.9. The green line compares the mass function of the SFH-selected RQGs with
the SC-selected RQGs, while the red lines compare the mass functions of the RQGs with the
quiescent population with z, < 2. The dashed black lines indicate the ratios of 0.5, 1, and 2 for
easy reference. We see that for the majority of the quiescent population, the rapid quenching
route makes up a little over half by number count of all quiescent galaxies. The dominant
difference between the shape of the mass functions is at the high mass end, with RQGs having
a lower typical stellar mass than the overall quiescent population, highlighting that the rapid
quenching routes are more important in the low/median mass galaxies. This coincides with
the mass range where SIMBA’s jet feedback is dominant, consistent with the idea that the star
formation in these RQGs is rapidly quenched by the violent jet feedback. I also note an ap-
parent drop in contribution of RQGs at lower masses, and it is possible that ongoing accretion
prevents these galaxies from depleting their gas rapidly enough to be selected. However, the

smaller number of galaxies in the lowest mass bin make this result uncertain.

From the green dashed line indicating the ratio of SC-selected RQGs to SFH-selected RQGs,
we see that almost all RQGs are identified observationally at stellar masses below 10! M. At
the high mass end, some SFH-selected RQGs can be missed by the super-colour identification.
We visually inspected the SFHs and super-colour traces of the 49 RQGs with M, > 10! M,
that are not identified by their SC traces. I found that they fall into two groups: 1) the galaxy
does not have a high enough sSFR prior to quenching to show sufficiently strong spectral
features to enter the box in super-colour space; 2) the galaxy has a fluctuating SFH after
being quenched and although the sSFR never returns above the star-forming threshold, the
weak rejuvenation event(s) complicate the super-colour trace of the galaxy, preventing it from
entering the selection box. This process appears to be particularly prevalent in the highest

mass galaxies.
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Figure 5.9: Upper panel: The z = 1 mass function of all quiescent galaxies (black dashed line, sSFR
< 0.2/ty(z = 1)) and those quenched after redshift z, < 2 (black solid line); the SFH-identified rapidly
quenched galaxies (red dashed line, 7, < 175Myr) and the super-colour identified rapidly quenched
galaxies (red solid line). The error bars here are the Poisson errors in each bin. Lower panel: the ratio
of the SFH-selected RQGs to all quiescent galaxies quenched after redshift Zq =2 (dashed red line), the
super-colour selected RQGs to all quiescent galaxies quenched after redshift z, = 2 (red solid line) and
the super-colour selected RQGs to the SFH-selected RQGs (green dashed line). The black dashed lines
indicate ratios of 0.5, 1 and 2.
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5.2.3 Visibility timescales

Understanding the visibility timescale of RQGs or PSBs is an active topic for astronomers, as
this allows an estimate of the mass growth of red sequence through the rapid quenching route
without tracking the individual SFHs of galaxies only accessible via high quality continuum
spectroscopy. For simulated RQGs in SIMBA, a direct measurement of visibility timescale can

be more easily obtained.

We define the visibility timescale of RQGs as the duration over which the galaxies stay
in the box region of super-colour space. The time-spacing of the SIMBA snapshots is coarse
relative to the visibility timescale, therefore it is not possible to do this precisely based on the
snapshots only, and I instead use the linear interpolation in SC space to estimate the visibility
time. For the small fraction of traces that start in the box, i.e. at z = 2 the galaxy is already
quenching, I simply take the time of z = 2 as a entering time. Similarly, for traces that end
in the box, I take the time of 2 = 0.5 as a leaving time. Some galaxies may enter and leave
the box region several times due to fluctuations in their SFHs, and for these I accumulate all
the time the galaxies super-colours are within the box. At z = 0.5, there are 2938 quiescent

galaxies that have passed through the box region with a median visibility time of 390 Myr.

The median visibility timescale of RQGs decreases as the redshift decreases, from 513 Myr
for galaxies that quenched between 1.25 < z, < 2, to 398 Myr for galaxies that quenched
between 0.75 < z; < 1.25 and 292 Myr for galaxies that quenched at 0.5 < z; < 0.75 respec-
tively (see the distributions of visibility timescales in Figure 5.10). This difference likely arises
due to the higher sSFR of galaxies at higher redshifts, causing stronger observed features in

the SEDs which remain for longer.

These values are not directly comparable to observational results, due to the difference
in super-colour distributions between SIMBA and the UDS meaning that different boxes were
used to identify the RQGs. Therefore, the value of 390 Myr, compared to 0.5-1 Gyr in Wild
et_all (2020) is likely consistent within the uncertainties. This calculation should certainly
be revisited when simulations are able to produce the overall colour distributions of galaxies

more accurately.
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Figure 5.10: The probability density function (PDF) of the visibility timescales of RQGs quenched in
different redshift bins. The solid lines show the PDF of each bin while the dashed vertical lines show
the median visibility timescales. The median visibility timescale of RQGs decreases as the redshift
decreases, from 513 Myr for galaxies that quenched between 1.25 < z;, < 2, to 398 Myr for galaxies
that quenched between 0.75 < z; < 1.25 and 292 Myr for galaxies that quenched at 0.5 < z, < 0.75
respectively.

5.2.4 Redshift evolution

Observations have suggested that the importance of the rapid quenching route appears to de-
crease with decreasing redshift and may rapidly diminish at z < 1 (Wild et all, 20T6; Rowlands
et all, 2OT8H; Belli et all, Z019). Here I investigate the redshift evolution of RQGs in the SIMBA
simulated galaxies. I first select 3257 rapidly quenched StmMBA galaxies with 7, < 175 Myr in
the z = 0.5 snapshot, and separate them into 3 different redshift bins depending on the redshift
at which the galaxy was quenched (zg): 1.25 <z, <2 (361 galaxies), 0.75 < 2, < 1.25 (1874
galaxies), and 0.5 < z;, < 0.75 (650 galaxies)®. The mass functions of these three samples
are shown in the top-left panel of Figure 5.11], using the total stellar masses of the galaxies at
the time they were quenched. The top-centre panel shows the same result using only those
RQGs which also pass through the region of super-colour space which would allow them to be

detected observationally.

The SiMBA RQG mass functions show a strong redshift evolution, with high-mass RQGs
(M* > 10''M,) predominantly present in the 0.75 < z, < 1.25 and 1.25 < z, < 2 samples.

The number density of intermediate mass RQGs (10'® <M*/M, < 10!!) increases rapidly

“The remaining 372 RQGs were quenched before z = 2, hence are not included in this analysis.
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between 1.25 <z, < 2 and 0.75 < z, < 1.25. As time goes on, the mass function retains its
shape but the overall number density decreases to the 0.5 < z, < 0.75 sample. The left and
middle panels show very similar results, showing that the observational super-colour selection

method for RQGs is able to tell a qualitatively similar story.

The lower panels of show the ratio of RQGs to the total numbers of galaxies
quenched during each redshift bin in SIMBA, with a pure SFH selection on the left, and includ-
ing the super-colour selection in the middle. Note that this only includes galaxies quenched
within the redshift interval, rather than the full number of quenched galaxies at that redshift.
In the high redshift bin (1.25 < z < 2) we see that the majority of galaxies that are quenched
in this redshift range are quenched rapidly, at all masses. As redshift decreases, the rapid
quenching pathway remains important at lower masses, but a smaller fraction of high mass
galaxies pass through the rapid quenching pathway. Again, the overall qualitative trends are

identified when the super-colours are used to identify the RQGs.

The top-right panel of shows the mass function of super-colour selected RQGs
in the UKIDSS Ultra Deep Survey (UDS) for comparison, which is recreated using the data of
Wild et all (2016) with the same redshift and mass bins as used in this chapter. Although they
are named post-starburst galaxies in the observational work, this is only a matter of differing
terminology as they are selected using a similar “box” in super-colour space designed to catch
the spur of galaxies to the upper right of the red sequence. In the 1.25 < z, < 2 redshift bin, we
see a very similar shape to that seen in SIMBA, and there is also a similar redshift evolution at
high masses. However, there are three distinct differences. Firstly, the loss of high mass RQGs
clearly starts at a higher redshift in the data than in SIMBA. Secondly, at intermediate redshift,
the number of intermediate mass RQGs (10° <M*/M, < 10'1)) is significantly overestimated
by SiMBA. Thirdly, in the low redshift bin the observations are dominated by low-mass RQGs
(M* < 10'°M,) which are entirely absent in SIMBA. The first and second discrepancy may be
related, implying the jet mode feedback is operating too efficiently at 0.75 < z < 1.25 causing
too much rapid quenching in this redshift range. There are several possible reasons for the
third discrepancy: 1) numerical effects caused by the limited SIMBA resolution (the galaxies
at these masses have only ~275 stellar particles); 2) the AGN jet feedback in SIMBA is too sub-
dominant in these less massive galaxies; 3) environmental effects are not modelled sufficiently
accurately in SIMBA. Detailed reasoning or proof for this hypotheses is difficult to obtain and

the subject of future work.
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Figure 5.11: Top left: The mass functions of RQGs identified from their SFH to have 7, < 175 Myr in
the z = 0.5 SIMBA snapshot, which were quenched at 1.25 < Zq < 2 (red), 0.75 < 2, < 1.25 (green)
and 0.5 < z; < 0.75 (blue). The stellar mass is the mass at the time of quenching and the errors are
propagated from Poisson errors on the number counts. Top centre: Same as top left, but for RQGs that
also pass through the RQG region of super-colour space. Top right: The mass functions for RQGs in the
UKIDSS UDS survey, taken from the catalogue of (Wild et all, 20T6). Bottom: the ratio of the number
of RQGs to the total number of galaxies that are quenched during each redshift interval. On the left the
RQGs are identified from their SFHs alone, and in the middle they also pass through the RQG region
of super-colour space. Note that there is no easy observational comparison to these lower panels, as it
is more challenging to identify galaxies that recently quenched slowly than to identify RQGs.
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5.2.5 “Rapidly quenched” or “post-starburst” galaxies?

In SiMBA, the red sequence in super-colour space lacks the clear spur of RQGs to the upper-
right, that is well separated from the star-forming cloud like in the UDS data. By fitting models
to good quality spectra and multi-wavelength photometry of galaxies in the UDS field, Wild
ef_all (2020) showed that these galaxies have a strong burst of star formation, hence the
observationally determined name of “post-starburst” galaxies. Given the limited resolution,
SIMBA may not be able to produce the sharp bursts often invoked to represent PSBs®, and in
the star formation histories do not show an obvious sharp rise prior to the quenching
in most cases. Here I investigate the impact on the colour distribution of adding a pseudo-
burst to the star formation histories of the quenching galaxies. I first select the galaxies that
lie between the star-forming and quiescent thresholds, i.e. 0.2/t < sSFR < 1/ty in the
z = 1 snapshot. I then identify all newly formed stellar particles with an age < 300 Myr and
the manually change their age to 300 Myr so that these galaxies then have a pseudo starburst
300 Myr ago followed by complete quenching of the star formation. The stellar population
synthesis process, the line-of-sight dust extinction, photometry and super-colour computation
are then carried out as for the original analysis of the SIMBA galaxies, and the resulting super-
colour distribution is shown in Figure 5.12. With this pseudo-burst the thin spur to the upper-
right of the red sequence is now as obvious as in UDS observations. Hence I conclude that the
lack of this feature in SIMBA is likely a direct result of galaxies not undergoing strong enough
rapid starbursts. For this reason, the term “rapidly quenched galaxy” is more appropriate for
the SIMBA galaxies, while in the real Universe it seems that most galaxies in this region of

super-colour space are in fact “post-starburst galaxies”

5.3 Discussion

timescale is not scaled by the Hubble time in this chapter. The bimodality in quenching
timescale still exists and I argue that this definition has two advantages: 1) the quenching
timescale is comparable to the stellar evolution timescale of the massive stars that dominate

the spectral properties, thus it is easier to link the RQGs in SiMBA with those identified by their

>Note that the BH feedback model adopted in SIMBA might also be partially blamed for the lack of the PSBs. It has
been implied that the jet mode feedback is operating too efficiently at 0.75 < z < 1.25, which can eliminate the
potential starburst and result a direct rapidly quenching
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Figure 5.12: The super-colours of SIMBA z = 1 galaxies with a "pseudo-burst" added (see text for
details). This causes a much more prominent spur to the upper-right end of the red sequence, similar
to that seen in the UDS data (Figure 5.3).

observed spectral energy distributions; 2) this definition is more likely to relate to any phys-
ical timescale of catastrophic events that could rapidly halt star formation in galaxies, rather
than slow gas-consumption type quenching mechanisms that might be expected to scale with
the Hubble time. It is in part this different definition of RQGs that allows me to identify that
quenching events at z = 1 and above are preferentially rapid, a trend that is missed in RV19.
However, both definitions guide me to the conclusion that a significant fraction of quiescent
galaxies are quenched via rapid processes, different from the common assumption that rapid
quenching is largely unimportant (see e.g. Trussler et all, D020; Peng et all, 2010, DOTS).
Though observations suggest that importance of the fast-quenching route may rapidly dimin-
ish at z < 1 (Rowlands et all, POT8H), the contribution from RQGs to the growth of the red

sequence should not be ignored, at least over the first half of cosmic history.

We still do not have a clear idea about what mechanisms are responsible for the rapid
quenching. Both RMT9 and my results find that the rapid quenching route is important for
galaxies with stellar masses around 10'°~10!'M,. This mass range coincides with where su-
permassive black hole driven jet feedback is effective in SIMBA, suggesting that the fast quench-
ing is likely associated with the violent expulsion of gas by the jets. In my binary merger
simulations introduced Eecfion 27T, it is confirmed that AGN feedback is necessary to fully

shut down the star formation in post-merger, post-starburst galaxies. However, I also find that
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the star formation in starburst galaxies can be rapidly suppressed to a “main-sequence” level
without any contribution from black hole feedback, which supports the picture that stellar
feedback can also play an important role in the rapid quenching route, at least in the early
post-starburst phase. The stellar feedback helps driving gas outflows and disrupting the giant
molecular clouds, which contributes to the end of the starburst. The exact role of stellar feed-

back in quenching remains unclear, and more discussion can be found in French (2Z0Z1). As

SiMBA does not reproduce enough starburst galaxies (see kubhsection 5 2.H), the contribution
from stellar feedback to the rapid quenching will not be fully included, leading to a potential
underestimation in the importance of fast quenching route, or need for enhanced AGN feed-
back to be included. It would certainly be valuable to further investigate the mechanisms that
are responsible for the fast quenching route in SIMBA. Investigating other cosmological sim-
ulations such as Hlustris-TNG (Pillepich et all, Z018) and EAGLE (Schaye et all, Z015) could

also help answer the question.

Mergers are believed to be an important route for rapid evolution to early-type galaxies
through a starburst phase. Observationally, in the local Universe at least, many PSBs/RQGs
are found to have tidal features. The consistency between the observed rates of PSBs and the
merger rates at z S 1 also suggests a predominantly merger origin of rapid quenching (Snyder
et_all, ZOTT). However, RMT9 find a different picture in SIMBA: not enough mergers are
spotted to explain the number of quenched massive galaxies at z < 1.5. Furthermore, they find
that galaxy quenching has no obvious correlation with major mergers in SIMBA, disconnecting
the rapid quenching route from merger induced starbursts (see also Quai et all, 2021, for a
similar result in Illustris-TNG). Research in the EAGLE simulation also challenges the simple
assumption that mergers are the only origin of RQGs: about a half of merger induced PSBs
will not be in fact transitioning into quiescent galaxies (Pawlik et all, 201T9) and environment
effects are found to be important for the creation of PSBs (Davis et all, Z019). Clearly further
work is required to understand these apparently disparate results, both observationally and

theoretically.

Observationally the rapidly quenched satellites in clusters are found near to cluster centres
(Owers et all, 20T9H), and it is now well established that the fraction of PSBs steadily increases
from 1% in field to ~ 15% in dense clusters (Socolovsky et al), ZOT8; Paccagnella et all, Z0T9).
Unlike galaxies in the field, galaxies in a dense environment are expected to experience a much

“harder life": ram pressure stripping, galaxy harassment, thermal evaporation, and starvation.
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These additional processes are expected to help to rapidly stop the star formation and result
RQGs. In SiMBA it is found that central galaxies are more likely to be rapidly quenched com-
pared with satellites galaxies at the same stellar mass (Rodriguez Montero et all, Z0T9). Thus,
I can expect that the RQGs identified in this chapter are more likely to be central galaxies,
rather than galaxies that have recently entered a large overdensity. Further comparison of the
environments of RQGs in observations and simulations may help identify further similarities

and differences between the real and simulated Universe.

5.4 Summary

In this chapter I have investigated rapidly quenched galaxies (RQGs) in the SIMBA cosmolog-
ical simulation and compared them to observations. I track the progenitors of the quiescent
galaxies to obtain their star formation histories (SFHs). From their SFHs I measure the quench-
ing timescale 7,4, the time that the galaxies take to cross from a star-forming threshold to the
quiescent threshold. I confirm the bimodal distribution of quenching timescales, and divide
the quiescent galaxies into rapidly quenched and slowly quenched galaxies. Mock photometric
data are created and a super-colour analysis is carried out in order to compare the simulation

to observations.

The findings of this chapter are summarised below:

1. As seen in RM19 the quenching timescales of quiescent galaxies in SIMBA show a stark
bimodality with the division at T, = 175 Myr, dividing the quiescent galaxies into rapidly

quenched galaxies and slowly quenched ones.

2. The quiescent galaxies in SIMBA form a tight sequence in super-colour space, similar to

that observed observationally, although offset in exact positioning.

3. In SiMBA, the blue cloud blends with the quiescent population in super-colour space un-
like the observed blue sequence, which is probably due to an inaccurate dust treatment.
Besides, the discrepancies between the super-colours of galaxies in SIMBA and the obser-
vational UDS dataset hint that SIMBA is not perfect in terms of creating the right types

of star formation and metallicity histories.

4. The super-colour distribution additionally shows that SIMBA lacks galaxies that have

undergone strong enough rapid starbursts, thus, the red sequence in super-colour space
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lacks the clear spur of RQGs to the upper-right that is seen in observations.

5. 95% of SIMBA RQGs pass through the upper-right region of super-colour space obser-
vationally identified as containing post-starburst galaxies, proving that the super-colour
method is an effective selection technique to identify RQGs. However, there is some mass
dependence, with a smaller fraction identified via their super-colours at stellar masses

above 10! M,,.

6. We find that 59% of the the quiescent galaxies at z = 1 in SIMBA have been rapidly
quenched with 7, < 175 Myr, contributing ~48% of the stellar mass growth of the red
sequence. This is at the upper end of the ~25-50% derived observationally by Wild et all

(2020) at 0.5 < z; <2, and higher than that estimated by Belli'et all (Z019) at z ~ 1.4.

7. RQGs have a lower typical stellar mass than the overall quiescent population, with a
distinct reduction in the importance of the rapid quenching route below 10*'M,. This
coincides with the mass range where SIMBA’s jet feedback is dominant, consistent with
the idea that the star formation in these RQGs is rapidly quenched by the violent jet

feedback.

8. At z = 0.5, the RQGs that have passed through the box region of super-colour space
have a median visibility time of 390 Myr, which is a little short compared to the 0.5-
1 Gyr estimated observationally by Wild et all (2020). However, the difference may be
caused by the differing boundaries necessitated by the shift in super-colours between
observations and simulation. Interestingly, the visibility timescale of RQGs decreases as
redshift decreases, a result which requires observational verification with higher redshift

spectroscopic samples.

9. In SiMBA the importance of the rapid quenching route decreases with decreasing red-
shift for galaxies with stellar masses > 10'°M,, but remains important for galaxies with
lower stellar mass even at z = 0.5. However, the mass functions of RQGs do not com-
pare perfectly with observations, with a significant excess of intermediate and high mass
RQGs at 1 < z; < 1.5 and lack of low mass RQGs at 0.5 < z; < 1 in SIMBA compared
to observations. This implies that the jet mode feedback is operating too efficiently at

0.75 < gz < 1.25 causing too much rapid quenching in this redshift range.

Clearly much more remains to be understood about the rapidly quenched galaxies. The
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SiMBA simulation helps us to investigate the importance of the rapid quenching pathway and its
evolution at different stellar mass and different redshift. Exactly which mechanism(s) is/are
responsible for the rapid quenching remains as intriguing problems to be solved in the fu-
ture. The discrepancies between the properties of simulated RQGs in SIMBA and real RQGs
in observations suggest some flaws in SIMBA, which will help the future improvement of the
simulations. I am looking forward to improved galaxy evolution simulations, as well as more
high-redshift spectroscopic data, in order to continue my investigations into rapidly quenched

galaxies.
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6.1 Summary

In this thesis, I combine simulations and observations to investigate an important transitioning
galaxy population, post-starburst galaxies. I utilise a set of binary merger simulations run by
myself and a cosmological simulation run by my collaborators. The SEDmorph code is de-
veloped and extended to create integral field datacubes for binary merger simulations, while
PYLOSER is applied to produce photometry data for SIMBA galaxies. I compare the mock ob-
servations to the real ones to investigate what mechanisms produce PSBs and how important
PSBs are to growth of the red sequence. Here I summarise what I do and what I find in each

chapter.

In chapter 2, I introduce the simulations used throughout my PhD project. I run a set of
binary mergers simulations with a variety of black hole feedback models, progenitor galaxies,
orbits and mass ratios. This chapter gives the details of the sub-resolution physics of the simu-

lations, setting up of the model galaxies and the mergers. I want to emphasise the black hole
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feedback models in this chapter, as these models turn out to have very different performance
on quenching the post-starburst galaxies. The cosmological simulation SIMBA is also described
in this chapter. I describe the basic information of SIMBA and highlight the dichotomy in its

BH feedback model. How galaxies are resolved in SIMBA is also given in this chapter.

In chapter 3, I introduce the SEDmorph code that is used to create mock observations for
simulated galaxies. I use the information of stellar particles to create stellar continuum with
the BCO3 spectral synthesis models. A two-component dust attenuation model is applied to
include the dust attenuation effect. A few alternative methods to forward-model the stellar
continuum are also introduced in this chapter for the discussion on whether it is necessary
to include the light from the star-forming gas particles. I find it is not required to count the
gas contribution to the spectra at the resolution of my simulations. I further developed and
extended the SEDmorph code to create integral field datacubes following the MaNGA obser-
vational strategy. A seeing (atmospheric) point spread function (PSF) and a dither pattern
are included when building the row stacked spectrum (RSS) files. Finally, I combine the RSS
into a regularly gridded datacube. I also investigate several alternative procedures to produce
mock MaNGA cubes. However, I find that it is necessary to strictly follow the MaNGA observa-
tion strategy. Short cuts such as gridding data directly, or convolving with the PSF after data
gridding produce significant residuals or larger computational resources compared to a full

treatment.

In chapter 4, I was motivated by radial gradients observed in the optical spectral indices of
post-starburst galaxies, I applied the SEDmorph code to my binary merger simulations set to
create mock spectra and IFU datacubes. I find that only major mergers on prograde-prograde
or retrograde-prograde orbits in combination with a mechanical black hole feedback model
can form galaxies with weak enough ongoing star formation, and therefore absent Ha emis-
sion, to be selected by traditional PSB selection methods. I find strong fluctuations in nebular
emission line strengths, even within the PSB phase, suggesting that Ha selected PSBs are only
a subsample of the underlying population. The global PSB population can be more robustly
identified using stellar continuum-based approaches. The difficulty in reproducing the very
young PSBs in simulations potentially indicates that new sub-resolution star formation recipes
are required to properly model the process of star formation quenching. In my simulations, I
find that the starburst peaks at the same time at all radii, but is stronger and more prolonged in

the inner regions. This results in a strong time evolution in the radial gradients of the spectral
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indices which can be used to estimate the age of the starburst without reliance on detailed star

formation histories from spectral synthesis models.

In chapter 5, I study the population of rapidly quenched galaxies (RQGs) in the SIMBA
cosmological hydrodynamic simulation at 0.5 < z < 2, comparing directly to observational
PSBs in the UKIDSS Ultra Deep Survey via their colour distributions and mass functions. We
find that 59% of the the quiescent galaxies at z = 1 in SIMBA have been rapidly quenched with
T4 < 175 Myr, contributing ~48% of the stellar mass growth of the red sequence, which is
higher than observed. A similar “downsizing” of RQGs is observed in both SiMBA and the UDS,
with RQGs at higher redshift having a higher average mass. However, the mass functions of
RQGs do not compare perfectly with observations, with a significant excess of intermediate
and high mass RQGs at 1 < z; < 1.5 and lack of low mass RQGs at 0.5 < z; < 1 in SIMBA
compared to observations. The precise colour distribution of SIMBA galaxies compared to the
observations also indicates various inconsistencies in star formation and chemical enrichment
histories, including an absence of short, intense starbursts. These results will help inform
the next generation of galaxy evolution models, particularly with respect to the quenching

mechanisms employed.

6.2 Future work

Combining simulations and observations does help us understand post-starburst galaxies and
the quenching mechanisms. There are many directions could be taken further. Here I briefly

describe some potential projects in the near future.

1). Super-colour analysis across different cosmological simulations: Besides the SIMBA
simulation analysed in this thesis, a great set of large cosmological simulations have been
carried out and are now publicly available, e.g. EAGLE (Schaye et all, 2OT5), Illustris-TNG
(Pillepich et all, POT8), NewHorizon (Dubois et all, 2020) and so on. As revealed in kubsec]
Elon 5. T4, super-colour analysis helps finding out whether the simulation creates the right
types of star formation and chemical evolution histories. A natural step is to carry out super-
colour analysis across different simulation models. With the tools that I developed for SIMBA,
I will check how the statistical properties of fast quenched galaxies vary in different simula-
tions. Interesting properties include the total contribution to the growth of the red sequence,

the mass function, the number density, and their evolution as a function of redshift. Compari-

109



Chapter 6. SUMMARY AND FUTURE WORK

son between the SCA results of simulations to those of real observations will be carried out to
figure out what kind of SFH are successfully/unsuccessfully reproduced and whether the rela-
tive fractions of different types of SFH are correct. It can be interesting to compare my results
from mock photometry to the findings in [yer et all (2020), in which the researchers use the
power spectral density to investigate the SFH variability in different cosmological simulations.
These results will help constraining the simulation models and improve our understanding on

galaxy quenching mechanisms.

2). Spatially resolved super-colour analysis in simulations and observations: The
recent CANDELS Hubble Space Telescope survey (Grogin et all, 2Z0T1; Koekemaoer ef all, DOTT)
provides multi-wavelength photometry for a large sample of galaxies with good spatial reso-
lution. I propose to carry out super-colour analysis on different regions of galaxies to check
whether galaxy centres are quenched in the same mode as the galaxy outskirt, motivated by
the finding that the quenching timescales at the galaxy centre is longer than that in the galaxy
outskirt in my binary merger simulations (see Figure 4.7). With high-resolution simulations
and the SEDmorph code, we can create a mock CANDELS survey in simulated universes and
then use the results to interpret the observations. As simulations provide the detailed SFHs
of the galaxies, the quenching timescales in different regions of the simulated galaxies can
be measured. Besides, it is worth investigating the connection between the difference of the
quenching timescales at different radii to the inside-out/outside-in quenching mode. I will
compare the results to the findings in DEugenio et al] (2020), who find inverse stellar popula-

tion age gradients of post-starburst galaxies at z = 0.8 with LEGA-C spectroscopic survey.

3). Different effect of black hole feedback models on galaxy quenching: The black
hole feedback plays a significant role in the quenching of the quiescent galaxies at least in the
fast quenched ones (Kaviraj et all, 2007b; Erench et all, 20T8; Pawlik et all, 2Z018). My merger
simulations also suggest that mechanical AGN feedback is required to completely shut down
the star formation in our model PSB galaxies. However, not all study in simulations agree with
the picture above. For instance, Davis et all (2019) finds that AGN play only a secondary role
in EAGLE. The disagreement is possibly resulted by the different black hole feedback models.
However, it is hard to decide how the different BH models change the quenching processes
since these simulations adopted sub-resolution physics like different star formation, stellar
feedback models and gas cooling process, etc. Fortunately, modular structure simulation codes

(e.g., SWIFT by Schaller et all (2018)) allow users to choose what physical models we need
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in simulations. It could be helpful to run zoom-in simulations adopting different BH accretion
and feedback models while keeping other sub-resolution physics the same. Two aspects of
the quenching process can be investigated: 1)Globally, how do the SFHs of the galaxies varies
with different BH feedback models, whether the quenching timescale changes? 2)Spatially:
how do the spatial behavior in quenching progress varies with different BH feedback models,
in which cases inside-out or outside-in quenching modes is reproduced? and can these spatial

behavior be distinguished by mock IFU observations?

Clearly, many intriguing work can be done in the future. I will keep studying the post-

starburst galaxies in simulations and observations in the following years.
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