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CHAPTER 1

Introduction

When looking at the night sky today, we see structure on all scales - stars, planets and
galaxies. However, the hierarchical organization of this structure does not end there. While
some galaxies are found to exist in isolation, most of them actually form galaxy groups and
clusters, which in turn form superclusters. Our own Milky Way galaxy is a member of the
Local Group which lies on the edge of the Virgo Supercluster. On even larger scales, these
superclusters form sheets of galaxies and the largest known structures in our Universe,
galaxy filaments. Filaments are separated by massive voids, areas that contain little to no
galaxies, and together they both form a mesh-like structure known as the ”cosmic web”
(Bond et al., 1996). The field of cosmology includes the study of this observed large-scale
structure (LSS) as well as the processes responsible for galaxy formation.

There exists a firmly established cosmological model, Lambda cold dark matter (ACDM),
that predicts and explains this large-scale distribution of galaxies. According to ACDM,
most of the matter that exists in the Universe is in the form of dark matter (~ 5/6) (Ade
et al., 2016a) while the remaining ~ 1/6 is ordinary matter i.e. matter that can be observed,
like stars and gas. While this ordinary matter has been mapped at various wavelengths due
to the fact that it interacts electromagnetically (in addition to interacting gravitationally),
dark matter cannot be observed directly. Instead, its presence is ascertained by its gravi-
tational interaction with ordinary matter. Some evidence for dark matter includes galaxy
rotation curves (Rubin et al., 1980), gravitational lensing (Sheldon et al., 2003) and the
scatter in radial velocities of galaxies within clusters (Zwicky et al., 1933).

Within the theory of structure formation, gravitationally bound regions of dark matter
are called "halos”. These halos form the most basic unit of structure within which galaxies

form and evolve. Therefore, it is not unreasonable to assume that the internal properties



of the halos are likely to be closely tied to those of the galaxies that occupy them. This
statistical and physical connection between the two is often referred to as the galaxy-halo
connection. The better we can understand this connection, the better grasp we will have
on the physics of galaxy formation and evolution, the distribution of dark matter and the
parameters of the cosmological model.

In this dissertation, I present a statistical approach undertaken to better understand the
galaxy-halo connection. To achieve this, I use a parameterized model applied to cosmolog-
ical simulations to constrain this connection using various observational data of galaxies

and galaxy groups.

1.1 The ACDM Cosmological Model and Structure Formation

The Big Bang, coloquially known as the birth of the Universe, was an event that occurred
almost 13.8 billion years ago. The initial conditions of the Universe were extremely hot,
dense, homogeneous and isotropic. However, this state changed soon after as the Universe
underwent a period of rapid expansion known as inflation where it grew exponentially in
size. Microscopic fluctuations in the pre-inflation density field froze during this inflation
period and as the Universe expanded, these fluctuations amplified to later become the ori-
gin of structure as we know it. Post-inflation, the Universe continued to grow but at a
slower rate and due to its growth it also cooled down tremendously until eventually, the
temperature reached a point where ordinary matter was able to form. Protons and electrons
were moving at slow enough velocities that they were able to bind together to form neutral
hydrogen. This is known as the recombination period after which photons were able to
stream through the Universe, unhindered by interactions with electrons, for the next 13.8
billion years. It is this afterglow of the Big Bang that is known as the CMB. It is a map of
the hot and cold spots in the background radiation that correspond to perturbations in the
density field, as measured by the Cosmic Background Explorer satellite (COBE) and the

Wilkinson Microwave Anisotropy Probe (WMAP) spacecraft. In fact, the age estimate of



the Universe is based on measurements of temperature fluctuations in the CMB as well as
measurements of the expansion of the Universe based on Type Ia supernovae (Riess et al.
1998; Perlmutter et al. 1999).

The ACDM model is alternatively referred to as the standard model of Big Bang cos-
mology as it is able to provide an explanation for many observed phenomena like the pre-
viously mentioned LSS, the accelerating expansion of the Universe, the abundances of
primordial chemical elements, like hydrogen, helium and lithium, as well as the cosmic
microwave background (CMB) (Aghanim et al., 2018). When referring to the ACDM
model, A is a cosmological constant associated with dark energy that is used to explain
the accelerating expansion of the Universe. Based on measurements from (Aghanim et al.,
2018), dark energy accounts for ~ 69% of the mass-energy budget of the Universe. CDM
refers to cold dark matter which is believed to make up ~ 26% of the mass-energy budget
of the Universe. The remaining ~ 5% is comprised of all visible matter which implies
that the mass budget of the Universe is dark matter dominated. While the visible matter is
observable due to its interaction via electromagnetic force, the presence of dark matter can
only be inferred due to its gravitational influence. It is because of this influence that dark
matter was able to clump together to form regions of gravitational stablility called halos,
whose density is ~ 200 times the mean density of the Universe. It is within these halos,
that gravity further pulled in clouds of gas that condensed and cooled, forming stars and
galaxies.

In order to provide context for the work presented in this dissertation, the main take-
aways from this section are that the Universe is dark matter dominated, that dark matter
provides the scaffolding for the growth of structure and that galaxies form and evolve in

dense, gravitationally bound dark matter halos.



1.2 Observing the Universe

Mapping and quantifying the LSS as well as comparing with theoretical predictions re-
quires surveys that map the 3-dimensional distribution of galaxies in space. Thanks to
efforts made in the 1980s and early 2000s, we are able to do so with great accuracy us-
ing galaxy redshift surveys like Center for Astrophysics; CfA (Huchra et al., 1988), Two-
degree-Field; 2df (Colless et al., 2001) and most notably the Sloan Digital Sky Survey;
SDSS (York et al., 2000), as seen in Fig. 1.1. These surveys, the largest of which is SDSS,
have really paved the way in quantifying the growth of structure by providing us with re-
liable spectroscopic information about the locations of not just galaxies and clusters but

other astronomical objects of interest as well.

Figure 1.1: The distribution of galaxies as mapped by the Sloan Digital Sky Survey. The
observer is located at the center of the slice. Each point is a galaxy coloured by its (g-r)
colour. (Image Credit: M. Blanton and SDSS; https://www.sdss4.org/science/orangepie/)


https://www.sdss4.org/science/orangepie/

1.2.1 Environmental COntext survey (ECO) and Volume-limited Samples

In order to compare theoretical models to observed galaxy data, the analysis presented in
this dissertation makes use of the Environmental COntext survey (ECO). The ECO survey
(Moffett et al., 2015), as shown in Fig. 1.2, is a census of roughly 12,600 galaxies that spans
roughly 440,000 Mpc? in volume. It is a purely archival survey as it was constructed from
the overlap of many redshift surveys, including (but not limited to) SDSS, 2dF, RESOLVE
(Kannappan et al., 2008) and ALFALFA (Haynes et al., 2011).
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Figure 1.2: The Right Ascension - Declination distribution of the ECO survey. Each point
represents a galaxy and is coloured according to its group halo mass as shown in the scale
bar above the figure. The black and red hatched regions indicate overlap with ALFALFA
and and RESOLVE-A respectively. (Image Credit: Eckert et al. 2016)

Intrinsically, all redshift surveys are flux-limited. This means that the number density
of galaxies decreases with distance (i.e. redshift) because the further away we observe,
only the brightest galaxies will be detectable. This effect can be seen in Fig. 1.1 whereby
a clear gradient in the number of galaxies mapped is visible as we move away from the
center of the cone to the outer edge of the survey. The edge corresponds to the survey’s
flux limit/magnitude cutoff which implies a magnitude-dependent incompleteness. ECO is
different from a flux-limited sample in that, within its volume it is complete down to some
magnitude threshold in a particular band. In other words, we have distances and brightness

measurements for all galaxies within ECO’s volume. This is what is called a volume-

5



limited catalog and given ECO, this threshold corresponds to M, < —17.33. This threshold
was calculated in Moffett et al. 2015 to be the SDSS completeness limit of M, < —17.23
corrected for the fact that ECO galaxy magnitudes are brighter than those from the SDSS
catalogue by approximately 0.1 mag. So, by only retaining all galaxies that are brighter
than M, = —17.33, Moffett et al. 2015 ensured that ECO would be complete down to that

specific magnitude threshold.

1.2.2 Galaxy Bimodality

As more and more observations of galaxies were made, the more evident it became that
there were a range of galaxy types ("morphologies”). This led astronomers like Edwin
Hubble and Gérard de Vaucouleurs to come up with a classification scheme to help identify
the different morphologies. While not all galaxies can be put into clearly defined categories,
broadly speaking, the division includes galaxies that are ellipticals (galaxies of a smooth
and ellipsoidal shape), spirals (galaxies with a disk and spiral arms, where star-formation
is known to occur, and a central bulge), lenticulars (galaxies with a disk and central bulge
but devoid of arms and regions of star-formation) and irregulars (galaxies with no obvious
regular structure). de Vaucouleurs 1961 was able to study colours of galaxies via photom-
etry and found there to be a correlation between galaxy colours and galaxy types where the
colours varied smoothly from red to blue as galaxies advanced along the Hubble sequence
from ellipticals (galaxies dominated by old stars) to spirals (galaxies dominated by massive
young stars). Armed with a much larger sample of galaxies and their colours from SDSS,
this bimodality was demonstrated to a high degree of significance whereby the distribution
of colour was seen to have two distinctive peaks: a red peak that included mainly ellipticals
and lenticulars, and a blue peak that included spirals and irregulars (Strateva et al., 2001).
When looking at a figure of (u-r) colour as a function of absolute M, magnitude, there is
a clear distinction between older, redder galaxies that fall along a narrow band called the

red sequence and younger, bluer galaxies that form a looser cluster called the blue cloud



(Baldry et al., 2004). It is thought that galaxies evolve from the blue cloud to the red se-
quence as their star formation is quenched i.e. they no longer have cold gas (baryons) from
which to form stars. Kauffmann et al. 2003b and Kannappan et al. 2013 identified a mass
scale above which quenched galaxies are more likely to dominate, since these galaxies have
minimal cold gas reservoirs so their baryonic mass is roughly the same as their stellar mass
and below this point, star-forming galaxies are more likely to be the norm. Also known as
the bimodality scale, this mass scale was identified with stellar mass M, ~ 10105 M.
There are many physical mechanisms that have been proposed to explain galaxy quench-
ing e.g. mergers between galaxies, inability of gas to cool due to shock heating and feed-
back from supernovae and active galactic nuclei (AGN). These physical mechanisms have
a range of validity in terms of masses. Understanding what causes star formation to turn
off is an ongoing challenge in galaxy formation and as of now, there is no consensus on (i)
all the internal and external mechanisms responsible (ii) whether there is only one mecha-
nism responsible for both the onset and the maintenance of quenching and (iii) how these
mechanisms differ for centrals and satellites. Additionally, when it comes to internal mech-
anisms, it is unclear which galaxy and halo properties are tied to those mechanisms. So, if
we are to better understand the galaxy-halo connection, understanding the formation and
evolution of these two galaxy sub-populations is key to elucidating that connection. ECO
boasts a highly complete selection in stellar and baryonic mass that extends into the gas-
dominated low-mass galaxy regime making it ideal for our study of the dependence of

galaxy quenching on mass.

1.2.3 Redshift-space Distortions and Galaxy Group Catalogues

In order to map the 3-dimensional distribution of galaxies, we require the x-y position of
the galaxy and its distance from us, the observer. In redshift surveys, distance to galaxies is
inferred from their spectra. Light emitted from the galaxy is stretched (or redshifted) in part

due to the expansion of space itself ("Hubble flow”). However, in addition to the Hubble



flow, galaxies also experience peculiar motion which is due to the fact that most galaxies are
found in groups or clusters where they experience a significant gravitational effect from one
another. This alters their velocity as expected purely from the Hubble flow and therefore
affects their measured redshifts and inferred distances. As a result, when their positions are
plotted as a function of their redshift, they appear stretched on small scales and squashed
on large scales. This effect is known as redshift-space distortions and this systematic error
needs to be accounted for when determining distances to galaxies. Inaccurate distances can
result in inaccurate galaxy group membership which can affect our statistical analysis of
the galaxy-halo connection. So, we ensure that our modeling includes these distortions.
Observational galaxy catalogues pose an issue when trying to elucidate the galaxy-
halo connection in that they don’t contain information about halos due to the unobservable
nature of dark matter. As a workaround, it is common practice to apply a group-finding
algorithm to galaxy redshift surveys and in doing so, assign galaxies to groups resulting in
a galaxy group catalogue. Armed with group halo measurements, the impact that the group
environment has on galaxy quenching can be studied and galaxies from observed space
can be compared with theoretical measurements from simulations where halo masses are

available.

1.3 Simulating the Universe

While galaxy surveys provide us with large amounts of observational data, interpreting
these observations requires accurate theoretical predictions. For this we rely on cosmolog-
ical computer simulations. These N-body simulations are important in understanding the
details behind galaxy properties and their evolution. Since dark matter is the backbone for
the formation of galaxies in the Universe, it is also a key ingredient in simulations in ad-
dition to dark energy. These simulations evolve an initial distribution of particles from the
early Universe (high redshift) to a present-day redshift of zero. This is done within a box

that corresponds to a physical size within the real Universe and with well-defined initial



conditions that correspond to a given cosmological model. As the simulation proceeds in
discrete time steps, particles are evolved through force calculations that include the effect
of gravity on the particles’ postions and velocities.

One flavour of cosmological simulations is a hydrodynamic simulation. In addition to
modeling gravity and expansion, these simulations include baryonic physics to model the
visible components of the Universe. (Vogelsberger et al., 2014) These simulations can be
quite computationally expensive as they require modeling various complex baryonic galaxy
processes like gas cooling, star formation, stellar feedback, AGN activity, supermassive
black holes and the interstellar medium to name a few. These models all have a degree of
uncertainty to them since the exact details of these processes aren’t fully known.

Another, less complex approach is to use ’dark matter only” (DMO) simulations where
only dark matter particles need to be evolved via gravity. Since the physics involved is
simpler than that of hydrodynamic simulations, fewer assumptions need to be made which
means a smaller degree of uncertainty is present in the modeling. When looking at a snap-
shot of a simulation run, as shown in Fig. 1.3, the same web-like structure is visible as seen
in Fig. 1.1.

While the output of a hydrodynamic simulation is a catalogue of galaxies that can be
directly compared to observations, the output of a DMO simulation is a list of dark mat-
ter particle positions and velocities. A halo-finding algorithm (Behroozi et al., 2013a) is
used to identify dark matter halos and then these halos are populated with galaxies using
prescriptions that govern this process. The end result is a mock galaxy catalogue.

A vast majority of the work in this dissertation makes use of mock galaxy catalogues

obtained from DMO simulations to statistically analyse the galaxy-halo connection.

1.4 Modeling the Galaxy Halo Connection
There are two techniques available when it comes to modeling the galaxy-halo connection:

(1) physical modeling, where the physics of galaxy formation (star formation, feedback and



Figure 1.3: A high resolution slice of the entire 250 Mpc DMO Bolshoi simulation (Klypin
et al., 2011) box. Points are dark matter particles and the colour gradient reflects their
density such that the lighter colours correspond to areas of high density. (Image Credit:
Stefan Gottlober (AIP); https://hipacc.ucsc.edu/Bolshoi/images/Images/Bolshoi_high-res.

jpg)

gas cooling) is either directly simulated via hydrodynamic simulations or parameterized via
semi-analytic models and (ii) empirical modeling, where data is used to constrain a certain
set of parameters that determine tha galaxy-halo connection at a given redshift.

Within the family of empirical models, there exists a relation between the stellar mass
of a galaxy and its halo mass called the stellar-to-halo mass relation (SHMR). This relation
stems from the simplest assumption one can make about the galaxy-halo connection which
is that the most massive halo hosts the most massive galaxy. While the SHMR can be
predicted with galaxy models as well as measured directly from observed data, within the
empirical framework it has a parameterized form which can and has been constrained us-

ing various observed measurements (Behroozi et al., 2019; Rodriguez-Puebla et al., 2017;
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Moster et al., 2018). The form of this relation that we use for the work in this disserta-
tion includes five free parameters and we use the SHMR as our prescription to populate
dark matter halos with galaxies. Since the goal of our work is to study the dependence of
quenching on mass, this also requires a parameterized model of quenching. The form of
this relation that we use for the work in this dissertation includes four free parameters. Once
galaxies are assigned to halos, we use the parameterized quenching model to assign colours
to galaxies. The end result of this procedure is a mock galaxy catalogue with masses and
colours which can then be compared to observational data using a chosen set of statistics.
As models transition from being physical to empirical in nature, any assumptions made
become less directly tied to galaxy physics and therefore the model has less predictive
power. However, empirical models have more flexibility when it comes to constraining the
poorly understood aspects of the galaxy-halo connection with direct comparisons to data.
That being said, there is a synergy that exists between the two approaches and both have
their advantages. Physical models are useful in testing the assumptions that go into param-
eterizations of empirical models while empirical constraints, which are often quite diverse
due to the flexibility in measurements used, are useful in determining the uncertainties in
the physical models. Empirical models have been used to fix unconstrained parameters in

hydrodynamic simulations.

1.5 Summary

The goal of the work presented in this dissertation is to determine the dependency of galaxy
quenching on stellar, baryonic (cold gas + stellar) and halo mass and to test whether one of
these three mass measurements is more correlated to the mechanisms that drive quenching.
In this chapter, I have detailed concepts that are vital to understanding this work. In Chapter
2, I present the work that has been done in applying mass and quenching focused empirical
models mentioned in this chapter to data from the ECO survey. Finally, in Chapter 3, |

provide a brief summary of the analysis.
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CHAPTER 2

Modeling the dependence of galaxy quenching on stellar, baryonic and halo mass in

the ECO survey

Constraining the connection between the properties of galaxies and the dark matter halos
they reside in is a powerful tool for understanding the processes responsible for galaxy
formation. While the stellar-to-halo mass relation (SHMR) is one such connection that has
been studied in detail, there is little consensus on the difference between the SHMRs of red
and blue galaxies. The baryonic-to-halo mass relation (BHMR) and its conditional depen-
dence on galaxy colour is even less studied. In this paper, we adopt an empirical forward-
modeling mock-based approach to constrain a parameterized SHMR/BHMR model along
with three types of quenching models, each employing a different driver of quenching:
stellar, baryonic or halo mass. We use mass functions, galaxy blue fractions, and satellite
kinematics as constraints measured directly from the ECO survey. Based on our model
fits, we identify the mass scale that divides predominantly star-forming galaxies from the
quenched population to be ~ 10192 7=2M, in stellar/baryonic mass or ~ 108 772M, in
halo mass. Moreover, we constrain the rate at which quenching depends on mass, finding
that the quenched fraction of galaxies grows from 10% to 90% over ~1.5 dex in mass. We
find that the model where quenching depends on stellar mass provides the best fit to our
data, with the halo-driven quenching model also providing an acceptable fit. As a result, we
are not able to conclusively detect a dependence of the SHMR on galaxy colour. Finally,
we compare our empirical results to predictions from galaxy formation models and show

large discrepancies in the quenching fractions of both central and satellite galaxies.

2.1 Introduction
According to the standard A Cold Dark Matter (ACDM) paradigm of galaxy formation and

evolution, the matter density of the Universe is dominated by gravitationally self-bound,
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virialized regions of dark matter (DM) called halos. Within the radius of a halo, there can
exist multiple, distinct self-bound structures (subhalos). Within this framework, galaxies
form due to the cooling and condensation of gas in the centers of their halo’s potential well
(White and Rees, 1978; Fall and Efstathiou, 1980; Blumenthal et al., 1984). As a result,
galaxy properties like stellar mass and luminosity are thought to be tightly coupled to the
depth of the potential well and by extension to the mass of the halo itself.

There exist many different approaches to study this galaxy-halo connection. One ap-
proach has been to directly probe the mass of these halos using gravitational lensing (Man-
delbaum et al., 2005, 2006; Guzik and Seljak, 2002; Sheldon et al., 2003; Velander et al.,
2014), satellite galaxies or stellar velocities as dynamical tracers of the halo potential well
(Erickson et al., 1987; More et al., 2009a,c, 2011; Eckert et al., 2017; Li et al., 2012; Zarit-
sky and White, 1994; Prada et al., 2003; Van Den Bosch et al., 2004; Conroy et al., 2007;
Zaritsky et al., 1993; Carlberg et al., 1995) or X-ray studies that attempt to identify groups
and clusters of galaxies (Lin et al., 2003, 2004; Lin and Mohr, 2004; Hansen et al., 2009;
Yang et al., 2007; Kravtsov et al., 2018). However, these methods are limited in dynamic
range in that they are only able to probe relatively high halo masses.

A second, theoretical, approach has been to model the physics behind galaxy forma-
tion using either semi-analytic models (SAMs) (Kauffmann et al., 1993; Cole et al., 1994;
Gonzalez-perez et al., 2014; Henriques et al., 2015; Croton et al., 2016; Somerville and
Primack, 1998) or large numerical simulations that combine both DM and gas (Katz et al.,
1995; Springel and Hernquist, 2002; Nelson et al., 2015; McAlpine et al., 2016). However,
there are many physical processes involved in galaxy formation that are still not fully un-
derstood, as exemplified by the fact that these simulations are not able to reproduce many
observed quantities. Additionally, hydrodynamic simulations can be quite computationally
expensive.

The advent of large galaxy surveys led to an alternative approach that attempts to link

galaxies to halos using more empirical methods. One such example is the halo occupation
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distribution (HOD) formalism which specifies a probability distribution for a halo of mass
M to host N galaxies with certain intrinsic properties, such as luminosity, type or colour
(Berlind and Weinberg, 2002; Cooray and Sheth, 2002; Peacock and Smith, 2000; Tinker
et al., 2005; Bullock et al., 2002; Zheng et al., 2007; Yang et al., 2012; Carretero et al.,
2015; Seljak, 2000; White, 2001). An extended, more complex formulation of the HOD
is the conditional luminosity function (CLF) (Yang et al., 2003a; Van Den Bosch et al.,
2003; Yang et al., 2003b, 2012) which adds an additional level of parameterization by
describing the full probability distribution of galaxy luminosities for a given halo mass.
These empirical approaches assume less about the physics behind galaxy formation than
the theoretical approaches mentioned above, and thus lack their predictive power. However,
assuming less physics also means that the models have more flexibility to constrain the
unknown aspects of the galaxy-halo connection directly with data.

The HOD and CLF approaches treat central and satellite galaxies separately, with satel-
lite galaxies being connected to their parent host halo statistically. This proves very useful
when using DM simulation that do not resolve subhalos!. However, with a sufficiently
high resolution simulation, where subhalos are resolved, it is possible to connect each
galaxy to its immediate halo, centrals to parent halos and satellites to subhalos. This allows
us to modify the HOD/CLF approach into the simplest assumption one can make about
the galaxy-halo connection, which is that more massive galaxies live in more massive ha-
los. This is called abundance matching and it describes a monotonic relation between a
halo property, like mass or velocity, and a galaxy property, like stellar mass or luminosity.
Abundance matching is usually applied to both halos and subhalos, and is often referred to
as subhalo abundance matching (SHAM or simply AM; Kravtsov et al. 2004; Tasitsiomi
et al. 2004; Vale and Ostriker 2004). AM can be used to determine the total stellar-to-halo
mass relation (SHMR) by monotonically matching the abundance of halo masses (halo

mass function; HMF) to the observed abundance of stellar masses (stellar mass function;

'We use the term subhalo to mean a halo that is within the virial radius of its parent halo.
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SMF) (Behroozi et al. 2010, hereafter B10; Guo et al. 2010; Reddick et al. 2013; Girelli
et al. 2020; Legrand et al. 2019; Shankar et al. 2017). This technique has been successful in
reproducing various observational results including the redshift- and scale-dependent spa-
tial clustering of galaxies (Kravtsov et al., 2004; Vale and Ostriker, 2004; Tasitsiomi et al.,
2004; Conroy et al., 2006; Guo et al., 2010).

An alternative to inferring the SHMR from non-parametric abundance matching is to
parametrize it and constrain those parameters in a forward-modeling Bayesian approach,
by applying the model to DM halos from an N-body simulation to predict various ob-
served galaxy properties like the SMF (Moster et al. 2010; Moster et al. 2013); SMF and
star-formation rate (SFR) (Behroozi et al. 2013a; Rodriguez-Puebla et al. 2017, hereafter
RP17) and SMF, SFR and quenched galaxy fractions (Behroozi et al. 2019, hereafter B19;
Moster et al. 2018, hereafter M18).

Once a SHMR has been obtained, a natural next step in understanding the connection
between galaxies and halos is to explore how other galaxy properties, besides mass, are
connected to halos. Galaxy colour is one such property. The quenching of star formation
in galaxies gives rise to two distinct populations of star-forming and quiescent galaxies,
which can be seen in the strong bimodality that exists when looking at the distribution of
galaxy colours (Baldry et al., 2004, 2006; Brinchmann et al., 2004; Weinmann et al., 2005;
Wetzel et al., 2012; Kauffmann et al., 2003a). Kauffmann et al. 2003b identified a mass
scale, called the bimodality scale (see also Kannappan et al. 2013), above which quenched
galaxies are more likely to dominate, and below which star-forming galaxies are the norm.
They identified this mass scale with stellar mass M, ~ 10> M. Galaxy quenching is
thought to be either host halo mass driven (Weinmann et al., 2005; Wetzel et al., 2012;
Woo et al., 2013, 2015; Zu and Mandelbaum, 2016; Wang et al., 2018b), due to the large-
scale environment density that surrounds the galaxy, stellar mass driven (Van Den Bosch
et al., 2008; Knobel et al., 2015), or some combination of the aforementioned properties

(Baldry et al., 2006; Bluck et al., 2014; Moffett et al., 2015; Bluck et al., 2016; Contini
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et al., 2020; Peng et al., 2010, 2012). That is not to say that mass itself is responsible for
quenching but rather the physical mechanisms that drive quenching correlate with mass.
Galaxy quenching clearly correlates with mass, but whether it correlates more strongly
with stellar, halo or even baryonic mass is a subtle question that is challenging to test.
Galaxy samples that are complete in baryonic mass are few and far between and halo mass
is difficult to probe due to its unobservable nature. Furthermore, how quenching differs for
centrals and satellites is still an open area of research.

Zu and Mandelbaum 2016, hereafter ZM16, introduced a forward modeling approach
that parameterized the quenched fractions of central and satellite galaxies as a function
of both stellar and halo mass. They studied two different quenching scenarios: a purely
halo mass driven model (halo quenching model) and a combination of stellar mass and
halo mass (hybrid quenching model), and used them to predict the galaxy-galaxy lensing
and clustering of red and blue galaxies in SDSS. They found that while both models de-
scribed the clustering and lensing of red galaxies equally well, the halo quenching model
outperformed when it came to predicting lensing signals of high mass blue galaxies. ZM16
demonstrated the power of using a parametric forward-model to probe the quenching-halo
connection. This sort of modeling is able to map the desired relationships between quench-
ing and fundamentally unobservable properties, such as DM halo mass or cental/satellite
identity, onto statistics that can be directly measured in a galaxy survey. We would like
to extend this type of analysis to investigate the role that baryonic mass could have on
quenching.

In this paper, we adopt the quenching models from ZM16 to probe the relationship be-
tween galaxy quenching and stellar, baryonic, and halo mass. Specifically, we use the B10
parameterized form of either the SHMR or the baryonic-to-halo-mass relation (BHMR),
together with the two parameterized quenching models from ZM16. With these models,
we populate halos in a high resolution N-body simulation to produce a mock universe of

galaxies with masses and colours that may be compared to real observations in order to
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compute a Bayesian likelihood. The observed statistics that we use include mass functions,
blue fractions of galaxies and satellite kinematics, measured using data from the Environ-
mental COntext (ECO) survey (Moffett et al. 2015; hereafter M15). ECO represents a
volume-limited, highly complete census of stellar mass and baryonic mass, that extends
into the dwarf galaxy regime with a baryonic mass limit of ~ 10°3 M. This, coupled
with ECO’s large volume, makes it ideal for studies of mass and environment. M15 used
ECO to examine the morphology-environment relation in a baryonic mass-limited catalog
including group centrals and satellites. They found that, for central galaxies, there is no re-
lationship between morphology and group halo mass at fixed stellar mass. As for satellites,
they did find evidence of such a relationship where at fixed stellar mass, red early- and late-
type galaxies occupy higher group halo mass environments than blue early- and late-type
galaxies. In the M15 study, halo properties such as halo mass and central/satellite identi-
fication were estimated based on the properties of galaxy groups. The work done in this
paper offers a different yet complementary approach by using forward modeling instead of
direct measurements from observational data. In addition, there have been substantial up-
dates to the ECO survey since M 15, including improved atomic gas measurements, which
we describe in more detail in §2.1.

This paper is organized as follows: in Section 2 we describe the ECO survey and the
data we use, including how stellar masses, colour and baryonic masses are estimated. In
Section 3 we show a preliminary exploration of ECO data. Section 4 specifies how we
build our mock galaxy catalogues for both the correlation matrix we use in our MCMC
framework as well as the mock universe we build at every point evaluated in parameter
space. Section 5 details the observables that we use in our modeling, followed by Section
6, which describes how we construct the correlation matrix. We specify our modeling
procedure in Section 7 and we present our results in Section 8. Finally, we summarize our

conclusions in Section 9.
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2.2 Data

2.2.1 ECO catalogue

In this work we make use of the Environmental COntext catalogue (ECO; see M135, for
a thorough survey description and Eckert et al. 2016, hereafter E16, for a detailed de-
scription of photometry and galaxy properties.) ECO contains roughly 12,600 galaxies in
a 440,000 Mpc? volume. It spans 130.05° | R.A. | 237.45° and -1° | Dec. | +49.85° with
a line-of-sight group velocity range between 3000 kms~! and 7000 kms~'. An additional
470 kms~! buffer exists on either end which corresponds to roughly 1 Mpc. The purpose
of this buffer is to mitigate edge effects due to the presence of groups and clusters with large
peculiar velocities near the redshift boundaries. The ECO region encloses the A-semester
of the REsolved Spectroscopy Survey Of a Local VolumE (RESOLVE; Kannappan et al.
2008) survey and its construction was primarily based on the overlap between the highly
complete Updated Zwicky Catalogue (UZC; Falco et al. 1999) and the Sloan Digital Sky
Survey (SDSS; Strauss et al. 2002) redshift databases. Redshifts are additionally comple-
mented by RESOLVE, GAMA (Driver et al., 2011), 2dF (Colless et al., 2001), 6dF (Jones
et al., 2009), HyperLEDA (Paturel et al., 2003) and ALFALFA (Haynes et al., 2011) sur-
veys. These additional redshifts help in recovering galaxies that were missed by the main
SDSS survey due to fiber collisions and photometric pipeline issues (Blanton et al., 2004).
As such, ECO is a purely archival catalogue and provides a large sample to achieve robust
statistics as well as large-scale environmental context for RESOLVE-A.

For our analysis, we use two separate samples from ECO - one for our stellar analy-
sis and one for our baryonic analysis. More specifically, we use the latest release of ECO
(DR3) which includes updates to survey membership, galaxy redshifts and a substantial ad-
dition of archival 21 cm data. DR3 is described in more detail in Z. Hutchens et al. (2023,
submitted). For both samples though, we first use the Berlind et al. (2006) friends-of-
friends (FOF) algorithm to assign galaxies to galaxy groups with /; =0.07 and [ = 1.1 as

the linking lengths, in units of the mean inter-galaxy separation, which are based on Duarte
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and Mamon (2014). Group centrals are chosen to be the most massive (stellar/baryonic
mass) galaxy in each group. The rest of the galaxies are defined as satellite galaxies. A
consequence of the FOF group-finding algorithm outlined in Eckert et al. (2017), hereafter
E17, is that many isolated N=1 groups are falsely linked into pairs. To reduce the number
of false pairs, E17 implement a pair-splitting algorithm where a mock catalogue is used
(where true pairs are known) to identify a region in Acz — R, ; such that it contains 95%
of true pairs. All pairs outside this region are broken into groups of N=1 resulting in the
percentage of true pairs in the E17 group catalogue increasing from 62% to 73%. After us-
ing the group-finder in our analysis, we also implement the pair-splitting algorithm. While
group-finding is carried out on the region of ECO that includes the buffer, the final samples
used in this work are limited to galaxies excluding the buffer. Both stellar and baryonic
samples encompass a volume of ~ 151,829 Mpc? and are volume-limited as they are com-
plete in absolute magnitude down to M, =-17.33. The stellar sample contains 6546 galaxies
with M, > 1089 M, (Eckert et al., 2016), which corresponds to ECO’s stellar mass com-
pleteness limit. The baryonic sample contains 7057 galaxies with M;, > 103 M, (Eckert
et al., 2016), which corresponds to ECO’s baryonic mass completeness limit. These limits
are placed on the sample prior to group finding in addition to using the buffer region as
mentioned above. This is done in order to mimic the modeling procedure, which we de-
scribe in detail in §7, as it is imperative that both model and data are treated in exactly the
same way. Both mass completeness limits were calculated in E16 by examining the scatter
in stellar and baryonic mass near the survey’s luminosity completeness limit and requir-
ing the percentage of galaxies above a given mass limit that are fainter than M, = —17.33
to be less than 2%. While this pre-processing (group-finding and pair-splitting) assumes
h = Hy/(100km s~' Mpc~') = 0.7, for the remainder of the analysis of both samples as
well as the figures presented in this paper we assume & = Hy/(100km s~' Mpc=!) = 1.0.
Halo masses are in units of 2~ and stellar and baryonic masses are in units of 42 unless

otherwise stated.
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2.2.2 Photometry, stellar masses, and separating red and blue galaxies

Details of the photometric data and galaxy properties for ECO can be found in M15 and
E16 and in Eckert et al. (2015) for RESOLVE. Both surveys include reprocessed near-
IR, optical and near-UV photometry. Stellar masses and colours were computed using a
spectral energy distribution fitting (SED) procedure the details of which can be found in
Kannappan et al. (2013).

In order to separate red and blue galaxies, a divider was chosen in the foreground
extinction-corrected and k-corrected (u —r) - M, plane. A double gaussian was fitted to
the distributions of u-r colour in 4 logarithmic bins of stellar mass (8.9-9.3, 9.3-9.8, 9.8-
10.3 and >10.3) using a galaxy sample from ECO DR3 complete down to M, = 103 and
within 3000 kms~! < group velocity < 7000 kms~!. The fitting method is similar to that
of M15 (§3.3) except more stellar mass bins are used. We note that the divider does not
change significantly with twice the finer binning.

So, depending on the stellar mass of a galaxy in our ECO sample, if its u-r lies above
the divider, it is assigned a red colour label, 'R’, and if its u-r lies below the divider, it is

assigned a blue colour label, B’.

2.2.3 2lcm data, gas and baryonic masses

Since ECO is purely archival, it doesn’t include any new 21 cm observations except where
it overlaps with RESOLVE-A. The HI data in ECO DR3 includes 21cm detections or upper
limits for roughly 90% of ECO galaxies mostly from the public ALFALFA 100 catalogue
(a 100; Haynes et al. 2018). The inherited deeper RESOLVE-A HI data includes 36 upper
limits, confusion flags and de-confused detections. The portion of ECO that uses AL-
FALFA 100 includes 56 upper limits and confusion flags, but no deconfusion is attempted.
For more details on how confusion flags and upper limits were calculated we refer the
reader to Stark et al. 2016 and Z. Hutchens et al. (2023, submitted). For the portion of

ECO that either doesn’t have robust HI detections, has weak upper limits or has badly
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confused detections, an indirect method is used to obtain gas masses. A photometric gas
fraction (PGF) technique is employed to determine the galaxy’s gas-to-stellar mass ratio,
the details of which can be found in E15. This ratio is then used, along with the stellar mass
derived from SED fitting, to calculate a predicted HI mass. In the end, PGFs account for
60% of the galaxies in ECO DR3. All HI gas masses, both real and predicted, are multi-
plied by a factor of 1.4 to account for the presence of helium. The baryonic masses we use
in our analysis are calculated by combining the stellar mass and the cold gas mass, whether

from real HI data or the PGF technique.

2.3 Mass and Quenching: A Preliminary Approach with ECO

The goal of this paper is to better understand the relationship between mass and quenching
with an interest in using intra-group galaxy dynamics as a probe of halo mass. To first
order, we measure this quantity for ECO as is shown in Fig. 2.1. Each point in this figure
is a galaxy coloured by the foreground extinction-corrected and k-corrected u-r colour of
its group central.> We define Av, which we use as a proxy for halo mass, as the difference
between the line-of-sight galaxy velocity and the average line-of-sight velocity of all group
members. We show this quantity as a function of group central stellar mass (in units of Mg,
assuming 1 = Hy/(100km s~' Mpc~') = 0.7). While a dependency between quenching and
stellar mass is evident, where more massive galaxies tend to be redder than less massive
galaxies, it is less clear whether a dependency between quenching and Av exists.

In order to mitigate the noise and projection effects, we attempt to measure veloc-
ity dispersion as a function of group central stellar mass (in units of Mg assuming h =
Hy/(100km s~ Mpc=') = 0.7) instead as shown in the left panel of Fig. 2.2. We do so
in 4 evenly spaced logarithmic bins of stellar mass between 103° and 10'!! M. The left
panel shows this measurement for groups with red centrals (red dashed line) and groups
with blue centrals (blue dashed line). Instead of measuring a velocity dispersion per group,

which would result in a noisy measurement for groups without many members, we mea-

3We use the term group central to mean a central galaxy in a galaxy group.
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Figure 2.1: Velocity difference measurements of ECO galaxies, where Av is the differ-
ence between the velocity of a galaxy and the velocity of the group to which it be-
longs, as a function of its group central stellar mass (in units of Mg assuming h =
Hy/(100km s=! Mpc~') = 0.7). The points are coloured by the foreground extinction-
corrected and k-corrected u-r colour of the group central.

sure a velocity dispersion per bin. In other words, we stack many groups’ members, whose
respective Av measurements are still calculated in the same way as in Fig. 2.1, in a bin of
group central stellar mass and measure a velocity dispersion across different group mem-
bers. Looking at the left panel, there is no clear evidence of a dependency between quench-
ing and ©.

We then reverse this measurement and instead measure the average group central stellar
mass (in units of Mg, assuming & = Hy/(100km s~! Mpc=') = 0.7) in bins of velocity
dispersion as shown in the right panel of Fig. 2.2. In order to calculate a group velocity
dispersion prior to binning we use the Gapper method (Beers et al. 1990, E17), which was
found to be more robust than a simple rms method for low-N groups which is an issue when
trying to calculate a velocity dispersion for a group with very few satellites. Group velocity

dispersion was calculated using the following formula
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where N is the number of galaxies in each group, Av; is v, | — v; after having ordered
the velocities in ascending order, and w; is i(N — i). We define v; as the difference between

the line of sight velocity of the galaxy and the average velocity of the group.

Looking at the right panel of Fig. 2.2, we do see a dependency between quenching and
stellar mass. This measurement was made in 4 evenly spaced logarithmic bins of group

velocity dispersion between 1 and 2.8 kms™! for groups with red centrals and between 1

and 2.5 kms~! for groups with blue centrals.
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Figure 2.2: Velocity dispersion as a function of group central stellar mass (left panel) and
average group central stellar mass as a function of group velocity dispersion (right panel)
as measured for ECO galaxies. Red points show measurements for groups with red cen-
trals and blue points show measurements for groups with blue centrals. In this figure,
stellar masses assume 4 = Hy/(100km s~' Mpc=') = 0.7. Both red and blue error bars are
estimated from 100 bootstrap samples.

While these two panels paint a different picture as to what properties seemingly inform

quenching, it does not mean that we can rule out a dependency between halo mass and
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quenching according to the left panel of Fig. 2.2 since we know there to be a certain degree
of scatter between velocity dispersion and halo mass. Moreover, studies have shown there
to be a quenching dependency on halo mass for satellite galaxies (M15). We can also not
conclude that stellar mass is the only factor that determines quenching as shown in the
right panel of Fig. 2.2, since fixing velocity dispersion doesn’t necessarily mean we are
controlling for halo mass due to the scatter between these two quantities.

So, in order to more cleanly and directly measure halo mass we turn to ZM16 who
introduced parameterized relations that include not just halo mass but stellar mass as well
and how both these quantities affect the quenching of true centrals* and true satellites’
separately. However, the only way to test these models and directly measure halo mass is
to carry out forward modeling using an N-body simulation. Additionally, the only way to
compare the model halo masses to ECO within our statistical framework is to use group
halo masses from ECO which are obtained by applying a group finding algorithm to ECO
galaxies. Since there are errors associated with the group finding process (Campbell et al.,
2015), it is important that we incorporate these errors by applying a group finding algorithm

in our model analysis as well, which can also only be done via forward modeling.

2.4 Mock Galaxy Catalogues

Mock galaxy catalogues serve two different purposes in our analysis. We use them to
quantify errors in our modeling and also generate them at every point in parameter space in
order to apply and evaluate our SHMR/BHMR and quenching models. In this section we

describe how the mock catalogues are created in detail for both use cases.

4We use the term #rue central to mean a halo central.
SWe use the term frue satellite to mean a subhalo central.
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2.4.1 For building correlation matrix

2.4.1.1 N-body simulation and halo catalogues

The mock catalogues are constructed from a cosmological N-body simulation that traces
the evolution of DM in the Universe. The simulation assumes a Planck 2015 (Ade et al.,
2016b) cosmology, where €, o = 0.302, €, o = 0.048, Q4 o = 0.698, oy = 0.828, n; =
0.96 and h = Hy/(100km s~! Mpc~') = 0.681. We generated 8 realizations of the ini-
tial conditions using 8 different random number seeds where each realization was seeded
with second order Lagrangian perturbation theory initial conditions using the 2LPTIC
code (Scoccimarro 1998; Crocce et al. 2006) and was evolved using the N-body code
GADGET-2 (Springel et al. 2001; Springel 2005). The initial power spectrum was gener-
ated using CAMB (Challinor and Lewis, 2011). The simulation evolved 1080° DM particles
in a box of size 180 h_lMpc on a side from a starting redshift of zj,; = 99 to z =0, with a
gravitational force softening length of 6 h~'kpc. The resulting particle mass is 3.881 x 103
h*IM@. The DM halos are identified using Rockstar (Behroozi et al., 2013b). In order
to calculate halo masses, Rock star calculates spherical overdensities according to multi-
ple user-specified density thresholds which for our set of mocks is a threshold of 200 times

the mean background density, Agop.

2.4.1.2 Populating halos with galaxies
We use the Zheng et al. (2007) HOD model to populate the DM halos with central and
satellite galaxies, with HOD parameters chosen so as to reproduce the number density of
the ECO survey, ng, = 0.0831 h3 Mpc =3, as well as the clustering of the ECO survey.
Each central galaxy is placed at the minimum of the halo gravitational potential and is
assigned the mean velocity of the DM halo. Satellite galaxies are assigned the positions
and velocities of randomly chosen DM particles within the host halo.

To assign a luminosity to each mock galaxy, we adopt the formalism of the CLF (Yang

et al. 2003a; Van Den Bosch et al. 2003; Cacciato et al. 2009), which specifies functional
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forms for the luminosity distributions of central and satellite galaxies as a function of halo
mass. We then abundance match the luminosities obtained from the CLF to luminosities
derived from a Schechter fit to the ECO r-band luminosity function extrapolated down to
RESOLVE-B’s lower r-band magnitude completeness limit of -17. With these new lumi-
nosities, the simulation volume has the same luminosity function as the data.

We assign other galaxy properties, like stellar mass and baryonic mass, to each of the
mock galaxies by finding the galaxy in the ECO data that has the closest r-band absolute
magnitude to that of the mock galaxy and then assigning the stellar and baryonic mass of the
real galaxy to the mock galaxy. We assign colour to each galaxy by applying the relevant
quenching model, which are described in detail in §4.3. As a result, the joint probability
distributions of observed galaxy properties in the data are preserved in the mocks as well.
However, this method doesn’t ensure that the correlations between the joint probability
distributions and halo properties will be correct since r-band absolute magnitude was the

only galaxy property that was explicitly used to connect halos to galaxies.

2.4.1.3 Adding survey realism

Within our simulation box, we choose a location for the observer and then apply redshift-
space distortions as well as carve out the survey geometry, details of which can be found
in Table 2.1. We then apply translations and rotations of the coordinate system to extract
additional mock samples. We maximize the number of catalogues we get from the simula-
tion box by fitting as many mock volumes as we can, while still maintaining a distance of
roughly 10 2~ !'Mpc between them. This distance was chosen to prevent the same galax-
ies from appearing in more than one catalogue and in doing so, we ensure that the mock
catalogues are as independent from each other as possible. The final result is a set of
volume-limited mock galaxy catalogues in redshift-space with the same geometry as ECO.
Given the volume of the survey, after applying necessary rotations and translations to the

coordinate space, this process yields 8 ECO mock galaxy catalogues per box. Since 8 boxes
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were used, this yields a total of 64 ECO mock galaxy catalogues.

2.4.1.4 Assigning group masses

As a final step in the mock-making procedure, we use the Berlind et al. (2006) friends-of-
friends algorithm to assign galaxies to galaxy groups with /; = 0.07 and /; = 1.1 as the
linking lengths, in units of the mean inter-galaxy separation, which are based on Duarte and
Mamon (2014). Once groups have been identified by the group-finder, group halo masses
are assigned via abundance matching the integrated group absolute r-band magnitude, to
a halo mass function. This group property is defined to be the sum total for the individual
galaxies that make up a group. The halo mass function used is the Warren et al. (2006)
function assuming the cosmology mentioned above. Group centrals are chosen to be the
most massive (stellar/baryonic mass) galaxy in each group. The rest of the galaxies are

defined as satellite galaxies. Halo radii are calculated using Eqn. 2.2 below:

1/3
3Mn ] 2.2)

Rhalo = | ——————
halo l ar Am Q-m De

where p. = 2.787 x 101 h2 M, Mpc 3.

2.4.2 For MCMC parameter exploration

2.4.2.1 N-body simulation and halo catalogues

Since our priority when it came to building a correlation matrix was to utilise as many mock
catalogues as we could, this required utilising as many simulation boxes as we could. Due
to the associated computational cost, we chose to do so using a lower resolution simulation.
While that enabled us to maximize the number of mock catalogues, in order to model the

SHMR/BHMR and quenching relations, we required satellite information which the lower

Table 2.1: Survey geometry

Survey RA range (deg) DEC range (deg) cz range (kms™') Volume M pc/ %
ECO (130.05,237.45) (-1,49.85) (2530,7470) 191827.04
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resolution simulation could not provide. Thus, we turned to a different simulation for our
forward modeling. Within the MCMC framework, a single mock catalogue is constructed
from a different cosmological N-body simulation that also traces the evolution of DM in
the Universe. The simulation, which is named Vishnu, assumes a WMAP-1 (Spergel et al.,
2003) cosmology, where €, 0 = 0.25, Qo = 0.04, Q5 9 = 0.75, oy = 0.8, ny = 1.0 and
h = Hy/(100km s~' Mpc~') = 0.7. Vishnu was seeded with second order Lagrangian
perturbation theory initial conditions using the 2LPTIC code (Scoccimarro 1998; Crocce
et al. 2006) and was evolved using the N-body code GADGET-2 (Springel et al. 2001;
Springel 2005). Vishnu evolved 1680° DM particles in a box of size 130 A~ 'Mpc on
a side from a starting redshift of zj,; = 99 to z = 0, with a gravitational force softening
length of 2.2 h~'kpc. The resulting particle mass is 3.215 x 10’ A~ 'M. The DM halos
and subhalos were identified using the Rockstar code (Behroozi et al., 2013b) and halo
masses were calculated assuming a threshold density of 200 times the mean background

density, Axoop-

2.4.2.2 Populating halos with galaxies

We use the (sub)halo-based empirical model from B10, which assumes a monotonic rela-
tion between stellar mass and halo mass, to populate the DM halos with central and satellite
galaxies. Specifically, we use the Halotools (v0.7) code (Hearin et al. 2017) which al-
lows us to interact directly with the parameterized SHMR from B10. While the existence of
a galaxy-halo connection doesn’t specify which halo property is best matched to galaxies,
a typical assumption is to use mass. The (sub)halo property we use to regulate the average
stellar mass is its mass at the time of accretion, M., which for host halos® is equivalent
to their mass today. Using M,.. allows us to circumvent the issue of tidal stripping where
a significant mass of the subhalo is thought to be lost once it enters its host halo. While in
doing so we ignore the fact that the galaxy also experiences stripping to an extent, Conroy

et al. 2006 and Reddick et al. 2013 showed that the SHMR does not evolve significantly be-

5We use the term host halo to mean a parent halo.
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tween prior- and post-infall. More importantly they showed that choosing today’s subhalo
mass to populate the subhalo instead of its M, is unable to reproduce galaxy clustering as
well as when choosing M.

While the complete parameter space in B10 also includes parameters that govern the
evolution of the SHMR with cosmic time, our modeling is done at a fixed redshift of z ~ 0
and so our SHMR/BHMR parameter space only includes 5 parameters: Mj, the charac-
teristic halo mass, M, the characteristic stellar/baryonic mass, 3, the faint-end slope, 0,
the massive-end slope and &, the logarithmic scatter in M at fixed Mj,. The characteristic
halo/stellar/baryonic masses are the masses associated with the transition point between
low-mass and high-mass galaxies, i.e. the “knee” of the SHMR. As shown in B10, the

functional form we adopt is

logo(M,(My)) =

M 0
M., (M* ) 1
log;o (M) + Blog, (M O) + 0 s (2.3)

This best-fit functional form encompasses the quantitative effects of uncertainties in
the observed galaxy stellar mass functions, halo mass functions as well as the abundance

matching technique and is thus a robust estimator of the SHMR.

2.4.3 Assigning colour labels using quenching models

Once stellar masses are assigned, the last galaxy property left to assign is colour labels just
as was done for our data sample. However, our data sample included colours that were the
output of the SED fitting procedure which is information that is not available for our model
galaxies. To do this we rely on the two quenching models from ZM16 as outlined in the

sections that follow. Both models calculate a red fraction, f,.;, as a proxy for quenching
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efficiency. This fraction can be thought of as the probability that a galaxy of that stellar

mass/living in a halo of that mass will be quenched.

2.4.3.1 Hybrid quenching model

The hybrid quenching model parametrizes f,.4 as a function of both M, and Mj,. As seen in
Eqns. 2.4, 2.5 and 2.6, the quenched fraction of both true centrals and satellites depends
on their stellar mass while the satellites are subject to an extra dependency on host halo
mass.

Jred (M, My) = 1= g(M.) = 1 —exp[—(M./M{,,)""] (2.4)

T

where MZ,, is a characteristic stellar mass and U, determines how fast the quenching
efficiency increases with M,, where the greater the value of U..,, the more exponential
the increase until it resembles a step function and the smaller the value of u..,, the more
gradual the transition from star-forming to quenched.

As mentioned above, the satellites are subject to an extra halo quenching term h(Mj,),
such that

[ (M, Mp) = 1 — g(My)h(My,) (2.5)

T

where

h(My) = exp[—(Mpy/M&, )*] (2.6)

where M . is a characteristic halo mass and [, determines the pace of satellite quench-

ing.
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2.4.3.2 Halo quenching model
The halo quenching model parametrizes f,.; as a function of M}, alone. As seen in Eqns. 2.7,

2.8, halo mass is the sole driver of quenching for both true centrals and satellites.

o (Mo, M) = 1 — exp[—(Mj, /MZ,,, o] 2.7)
and
(M, M) = 1 — exp|— (M, /M, )H>] (2.8)

where M{,, and MZ, are the characteristic halo masses responsible for triggering the
quenching of central and satellites, respectively, and .., and L, are the respective powered-
exponential indices controlling the transitional behavior of halo quenching across the char-
acteristic halo masses.

When testing the quenching dependency on stellar and baryonic mass, we utilise the
hybrid quenching model and refer to these models as the stellar/baryonic models. When
testing the quenching dependency on halo mass alone, we utilise the halo quenching model

and refer to this model as the halo model.

2.4.4 Adding survey realism and finding groups
After populating our halos with galaxies, we place a stellar mass cut at M, > 1034~ 1M,,
equivalent to the stellar mass completeness limit of ECO in units of h=1.0. Within our
simulation box, we then choose a location for the observer and apply redshift-space distor-
tions. We include all galaxies between 2530 | cz ; 12000. While the inner redshift is the
same as that of ECO’s (with its buffer), the outer redshift limit is chosen to take advantage
of as much of the volume as possible.

As a final step in the Vishnu mock-making procedure, we use the Berlind et al. (2006)

friends-of-friends algorithm to assign galaxies to galaxy groups with [, =0.07 and /| =
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1.1 as the linking lengths, in units of the mean inter-galaxy separation, which are based
on Duarte and Mamon (2014). These are the same linking lengths that are used while
carrying out group finding on the ECO catalogue. Group centrals are chosen to be the
most massive (stellar/baryonic mass) galaxy in each group. The rest of the galaxies are
defined as satellite galaxies. The final Vishnu mock has a slightly modified inner redshift
of 3000 km s~! to mimic that of ECO (excluding its buffer) and encompasses a volume of

~ 890641 h—3 Mpc>.

2.5 Observables

Since the goal of the project is to constrain not just the SHMR but the BHMR as well,
all observables used have a stellar and a baryonic counterpart. We use four types of ob-
servables: stellar/baryonic mass functions (§5.1), blue fraction of group centrals and group
satellites’ as function of stellar/baryonic mass (§5.2), velocity dispersion as a function of
group central stellar/baryonic mass (§5.3) and average group central stellar/baryonic mass

as a function of group velocity dispersion (§5.4).

2.5.1 Mass Functions

The SMF describes the abundance of galaxies, both centrals and satellites, as a function
of their stellar mass and is considered to be a very statistically precise measurement (Bell
et al., 2003; Li and White, 2009; Baldry et al., 2012; Contini et al., 2017; Bernardi et al.,
2017). We measure the number density of galaxies in 4 evenly spaced logarithmic bins of
stellar mass between 1086 and 10198 2=2M,. The lower limit of the range corresponds to
the ECO stellar completeness limit and the number of bins were chosen so as to ensure that
each bin has atleast 30 galaxies (for both ECO and ECO mock measurements for building
the matrix). Fig. 2.3 shows ECO measurements(black points) and the 10 error contribution,
which is calculated from the dispersion among 64 mock catalogue SMF measurements

(shaded region) and used in Eqn. 2.13. The ECO SMF we measure, which has been studied

"We use the term group satellite to mean a satellite galaxy in a galaxy group.
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in detail in E16, begins to drop off for masses > 10.0 2~>M, and continues to rise, albeit
slowly as we move to lower mass galaxies. Even though the mocks were not optimized to fit
the ECO SMEF, there is excellent agreement between the two even without the offset. This
is because the mocks were optimized to fit the ECO luminosity function and luminosity

and stellar mass exhibit a tight correlation.
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Figure 2.3: Stellar mass function measurements for ECO galaxies. Black points show
measurements for ECO galaxies and 10 errors estimated from dispersion among mock
measurements are shown by the shaded region. Bin centers are plotted.

The baryonic mass function, BMF, describes the abundance of galaxies, both centrals
and satellites, as a function of their baryonic (stellar plus cold gas) mass (Read and Tren-
tham, 2005; Pan et al., 2019). We measure the number density of galaxies in 4 evenly
spaced logarithmic bins of baryonic mass between 10°? and 1012 7=2M,. The lower
limit of the range corresponds to the ECO baryonic completeness limit and the number of
bins were chosen so as to ensure that each bin has atleast 30 galaxies (for both ECO and
ECO mock measurements for building the matrix). The ECO BMF we measure, which

has also been studied in detail in E16, begins to drop off for masses > 103 4~2M, and
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continues to rise, albeit slowly as we move to lower mass galaxies. While we don’t show
the BMEF, its overall shape is very similar to the SMF. It too has a 10 error contribution,
which is calculated from the dispersion among 64 mock catalogue BMF measurements and

used in Eqn. 2.13.

2.5.2 Blue fraction of group centrals and satellites

We define the blue fraction as the fraction of galaxies in a bin of stellar/baryonic mass that
have been assigned the colour label ’B’. More specifically, we measure the blue fraction
separately for group centrals and satellites which are shown in purple and yellow respec-
tively in Fig. 2.4. We do so in 4 evenly spaced logarithmic bins of stellar/baryonic mass
between 1086 and 10108 7=2M, and 10°? and 10'!2 h=2M,, respectively (which are the
same as those used for the mass functions). Fig. 2.4 shows ECO measurements of the blue
fraction of group centrals and satellites (purple and yellow points) and the 1o error con-
tribution, which is calculated from the dispersion among 64 mock catalogue blue fraction
measurements (purple and yellow shaded region) and used in Eqn. 2.13. As expected, the
lower the mass of a galaxy, the more star-forming it is. The fraction decreases as you move
to higher mass galaxies until it approaches nearly zero i.e. completely quenched. One can
instead choose to interpret this as the quenched fraction (1 - f3;,.) increasing with increas-
ing stellar mass (Wang et al., 2018b,a; Davies et al., 2018). (This is not to be confused with
the red fraction calculated by the quenching models in §4.3 which is a step before colour
labels are assigned.) Given either interpretation, the trend applies to both group centrals
and satellites as well as the baryonic version as well. When comparing the blue fraction
of group centrals and satellites at fixed stellar mass, the blue fraction of group centrals is
higher across the entire mass range. For galaxies between 103¢ and 10%6 4~*M.,, this fac-
tor is close to 2x. In other words, at those lower stellar masses, group centrals are twice as
likely to be star-forming than satellites. These centrals could be field galaxies which have

grown and evolved outside the environmental influence that large groups and clusters have
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on galaxy quenching. This latter effect is what affects the blue fraction at higher masses.
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Figure 2.4: Blue fraction as a function of stellar mass for ECO galaxies. Purple and yellow
points show measurements for ECO group centrals and satellites respectively. 10 errors
estimated from dispersion among mock measurements are shown by the shaded regions.
Binning is the same as in Fig. 2.3.

When comparing the blue fraction of group centrals and satellites at fixed baryonic
mass, the trend is quite similar to that at fixed stellar mass with two exceptions. The first is
that the blue fraction of group centrals is not higher than that of satellites across the entire
mass range. In the most massive bin (10109 - 1012 4,=2M.), there is complete overlap
between group centrals and satellites when taking into account their 10 error contributions.
The second exception is that the separation between group centrals and satellites is not as
extreme as in the stellar case i.e. less than a factor of 2x.

It is important to note that when comparing galaxies in bins of stellar mass we are com-
paring galaxies that correspond to a range of halo masses and that those halo masses also
determine quenching and therefore affect your measurement of the blue fraction. Addition-

ally, the group central and satellite designations here are a result of using a group finding
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algorithm, which is prone to issues such as fragmentation and overmerging. (Campbell
et al., 2015) This means that the central population could be contaminated with satellites
which would result in an artificially lower group central blue fraction. On the other hand,
the satellite population could also be contaminated with centrals which would result in an

artificially higher group satellite blue fraction.

2.5.3 Measuring velocity dispersion as a function of group central mass

In order to calculate this statistic we first measure a velocity difference, Av, which we
define as the difference between the line of sight velocity of each galaxy and the average
velocity of the group it belongs to, just as was done in Fig. 2.1. Once a Av measurement
has been calculated for every satellite, we stack satellites from different groups in bins
of group central stellar mass and calculate a dispersion of all Av measurements in each
bin. Specifically, we measure this dispersion in 4 evenly spaced logarithmic bins of group
central stellar mass between 103¢ and 10'°8 4~2M, (same binning as was used in the
measurement of the SMF and blue fraction as a function of stellar mass) for both red and
blue group centrals. This can be seen in Fig. 2.5 which shows ECO measurements of
the group velocity dispersion as a function of group central stellar mass (red and blue
points) and the 10 error contribution, which is calculated from the dispersion among 64
mock catalogue velocity dispersion measurements (red and blue shaded region) and used
in Eqn. 2.13. There is an offset at fixed stellar mass between groups with red centrals
and groups with blue centrals in all bins except the third where there is significant overlap
between groups of both central types. In the second bin that corresponds to a group central
stellar mass between 10”15 and 10%7 h~2M.,, we find this separation to be at its most
extreme. Both groups with red and blue centrals exhibit a trend between their group central
stellar mass and the velocity dispersion where low mass group centrals correspond to low
velocity dispersions (therefore are the centrals of less massive systems). The converse is

true for high mass group centrals.
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Figure 2.5: Group velocity dispersion as a function of group central stellar mass for ECO
galaxies. Red and blue points show measurements for red and blue group centrals respec-
tively. 1o errors estimated from dispersion among mock measurements are shown by the
shaded regions. Bin centers are plotted.

When comparing to this measurement’s baryonic counterpart, the separation between
red and blue group centrals at fixed baryonic mass is less prominent. While in the lowest
mass bin (10%° - 1073 h~2M,,)) groups with red centrals exhibit a higher velocity disper-
sion than groups with blue centrals, this offset reduces between 107> and 10'%-! h—2M,,
before increasing again between 10'%! and 101965 ,=2M,,, all while taking into account
their 16 error contributions. More interestingly, while in the first three bins (10°0 -
101965 ,=2M..), on average, groups with red centrals correspond to higher velocity dis-
persions, this trend reverses in the highest mass bin (10196 - 10'1-2 ,=2M,) where it is

groups with blue centrals that instead correspond to a higher velocity dispersion.
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2.5.4 Measuring average group central mass as a function of group velocity disper-
sion
In order to calculate this statistic we first measure group velocity dispersion (o) using the
Gapper method (as described in §3). Once every group has a velocity dispersion measure-
ment, we then measure the average group central stellar mass in 4 evenly spaced logarith-
mic bins of group velocity dispersion. We do so separately for groups with red centrals,
where the range is between 1 and 2.8 kms™!, and groups with blue centrals, where the
range is between 1 and 2.5 kms~!. This can be seen in Fig. 2.6, which shows ECO
measurements of the average group central stellar mass as a function of group velocity
dispersion (red and blue points) and the 10 error contribution, which is calculated from the
dispersion among 64 mock catalogue average group central mass measurements and used

in Eqn. 2.13.
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Figure 2.6: Average group central stellar mass as a function of group velocity dispersion
for ECO galaxies. Red and blue points show measurements for red and blue group centrals
respectively. 1o errors estimated from dispersion among mock measurements are shown
by the shaded regions. Bin centers are plotted.
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There is an offset between groups with red and blue centrals in that the former are more
massive regardless of the group velocity dispersion. ECO exhibits a correlation between
the two quantities for both subpopulations, albeit a weak one initially. This applies to the

baryonic version as well (where the binning is the same).

2.6 Correlation Matrix

In order to perform accurate modeling of the galaxy-halo connection measurements, just
having an accurate model isn’t enough. We also need to have accurate estimates of the er-
rors on the measurements as well as the degrees of correlations between the measurements.
More importantly, when running a MCMC analysis, we need to compute a likelihood func-
tion that can be expressed as P(data|model) which is the probability that a sample like ECO
could have been observed given the model that is being tested. The right way to estimate
this probability is to use a large number of independent realizations of the model, where
each realization has the same geometry and volume as ECO, and to measure the amount of
dispersion between measurements across all realizations. This is the correct error distribu-
tion of the data given the model that is being tested and it can be achieved by generating
mock catalogues, as described in §4.1, which is what we use to measure a correlation ma-
trix. The matrix we discuss in the following sections and show in Fig. 2.7 assumes the

stellar model.

2.6.1 Methodology

To estimate the correlation matrix for the ECO sample, we use the 64 independent mock
catalogues described in §3.1. However, in order to construct the mock catalogues we need
to first choose a SHMR model to assign stellar masses to halos as well as a quenching model
to assign colour labels to galaxies in the same way as is done in the model. Unfortunately,
our mocks are limited in that they do not include satellite halo masses. That requires
having used a different simulation with higher resolution as well as particle-based merger

trees. This poses an issue with applying the SHMR model. So instead, we rely on a
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more statistical approach to assign stellar masses to satellites as described in §3.1.2. This
issue does not arise in the Vishnu simulation since it includes subhalo information. In
order to assign colour labels to our mock catalogue galaxies, we use the best-fit quenching
parameters found from a prior chain where we used our final set of observables in the
modeling. In other words, we first run a chain using our final set of observables and use
the best-fit parameters obtained from that chain as the matrix quenching parameters for the
next chain. It is this next chain that we label as the final one and from which we report our
results in the case of all three models - stellar, baryonic and halo.

It is important to note that there is a source of stochasticity present in the process of
assigning colour labels to mock galaxies. Every time a red fraction is calculated per galaxy
it is compared to a randomly generated number from a uniform distribution in order to
determine whether the galaxy eventually gets labeled 'R’ or B’. In order to control for
this randomness, instead of using one realization of the matrix we take the average of 100
realizations and use that as the final correlation matrix in our chains.

Fig. 2.3, Fig. 2.4, Fig. 2.5, Fig. 2.6 show the standard deviation of stellar mass function,
blue fraction, velocity dispersion and average group central stellar mass measurements
across all 64 mocks as the shaded region in all four figures. While in general, the ECO
measurements agree with the mock measurements, we want to emphasise that it is not
essential that there be perfect agreement between the two. The purpose of the matrix is to
capture the errors and correlations of our measurements which is why it is sufficient to get
the measurements approximately right.

Once we have our measurements: 4 bins of stellar mass function, 8 bins of blue fraction,
8 bins of velocity dispersion and 8 bins of the average group central stellar mass from 64
mocks, we repeat this process 100 times, each time constructing a joint correlation matrix.
Our final matrix is the average of 100 matrices and has dimensions 28 x 28. It is calculated

using Eqns. 2.9 and 2.10
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1 X _ _
Cij:—Z(x,- —x,')()Cj—Xj), (2.9)
N-1%
where the summation is over N = 64 mocks, x; and x; are two of the measurements
(e.g. one of the stellar mass function bins and one of the blue fraction bins) and X; and x;

are the average measurements of that particular bin across all 64 mocks.

The next step is to normalize the covariance matrix by its diagonal elements

G
17 m)

where the diagonal elements are unity by definition and the off-diagonal elements range

R (2.10)

in values from -1 to 1.

2.6.2 Joint correlation matrix

Fig. 2.7 shows the average joint correlation matrix, R, given the stellar model. The x and y
axes show all 28 bins for all 4 observables that are used. The 4 black squares along the diag-
onal from the bottom left to the top right (4x4, 8x8, 8x8, 8x8) show the correlation matrices
for the 4 observables separately, while the rest of the cells show the correlations between
different statistics. The colour of each cell reflects the degree of correlation present accord-
ing to Eqn. 2.10. Within all the non-diagonal cells we show the actual measurements from
one realization of the 64 mocks (black points). This is a much more direct visualization
of the correlation coefficients. For example, all the cells of the stellar mass function corre-
lation matrix have a coefficient value close to 1 which indicates a very strong correlation
that can be seen in the black points in that 4x4. Conversely, the fifth cell from the bottom
left row of the matrix has a coefficient value close to -1 which indicates a very strong anti-
correlation that can be seen in the black points except the relationship is in the opposite
direction. Meanwhile, the first cell from the top left of the matrix has a coefficient value

close to 0 which indicates no correlation and which is reflected in the random distribution
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Figure 2.7: The average joint correlation matrix, R, for the stellar mass function (4 bins),
blue fraction of centrals (4 bins), blue fraction of satellites (4 bins), average red group
central stellar mass (4 bins), average blue group central stellar mass (4 bins), velocity dis-
persion of groups with red centrals (4 bins) and velocity dispersion of groups with blue
centrals (4 bins) estimated from averaging 100 realizations of 64 independent ECO mock
catalogues. Each cell shows the correlation between any two bins and is coloured accord-
ing to the correlation coefficient as calculated using Eqn. 2.10. Each off-diagonal cell also
includes a scatter plot of 64 mock measurements (black points) and the ECO measurement
for comparison (white cross). Each diagonal cell shows the distribution of mock measure-
ments for each bin of a given statistic (black histogram) as well as a Gaussian fit to the
distribution (white line) along with the ECO measurement for comparison (white cross).
The 4 individual boxes that are outlined in black represent the correlations between bins of
the same statistic.
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of the black points. We show the ECO measurements for comparison in all the cells (white
plus signs). We remind the reader that, by construction, the mocks were not optimised to
fit the ECO blue fraction and velocity dispersion measurements which is why in many cells
the ECO measurement doesn’t overlap with the mock measurements. The mocks were also
not optimized to fit the ECO SMF but there is excellent agreement between the mock mea-
surements of the SMF and that of ECO. This is because the mocks were optimized to fit the
ECO luminosity function and luminosity and stellar mass exhibit a tight correlation with
each other.

Let us now focus on the structure within the matrix, starting with the stellar mass func-
tion. With a correlation coefficient of almost 1, it is clear that neighbouring bins are ex-
tremely highly correlated. This can be attributed to the presence of large-scale structure
in the survey volume which might make one mock more dense than another by an amount
much greater than the sample variance which follows a more poisson-like distribution. This
effect is called cosmic variance and implies that a mock with a higher overall number den-
sity than another will be more dense across all bins of stellar mass so the entire stellar mass
function ends up being boosted.

Next, we move on to the blue fraction measurement, focusing first on the blue fraction
of centrals. The first 3 bins show a strong correlation with each other but not as much with
the fourth bin. According to the stellar model, the quenching of centrals is determined only
by their stellar mass. So, by measuring their blue fraction at fixed stellar mass that correla-
tion should no longer be present yet the matrix shows that it is. One reason for this is errors
due to the group finding process, the main one in this case being satellites misclassified as
centrals (Campbell et al., 2015). This problem is exacerbated when accounting for frac-
turing (one halo being associated with two or more groups) and fusing (two or more halos
being associated with one group). To verify this, we remade the joint correlation matrix
using true centrals and true satellites i.e. without any group information, and we found

the correlations in the blue fraction of centrals disappeared. As for the blue fraction of
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satellites, the correlations present are mostly in the first 2-3 bins. According to the stellar
model, the quenching of satellites is determined by not just their stellar mass but also their
host halo mass. So, after measuring their blue fraction as a function of stellar mass, any
correlation that remains is due to the fact that at fixed stellar mass there is a range of host
halo masses that determines quenching as well. However, most of this correlation is con-
strained to lower stellar mass bins because there aren’t many satellites in our sample with
stellar masses between 10196 and 101120 p=2M...

Next is the average group central stellar mass in bins of velocity dispersion where we
see little to no correlation between neigbouring bins of groups with red and blue centrals.
The same can be said for the last observable which is the velocity dispersion in bins of red
and blue group central stellar mass.

In addition to these features in the matrix, it is worth noting the strong anti-correlation
between the blue fraction of centrals and the stellar mass function. This anti-correlation can
be understood as the result of more dense mocks consisting of more red galaxies since the
degree of clustering is greater for these galaxies, while the opposite is true for less dense
mocks. Higher density would drive the blue fraction lower and increase the normalization
of the SMEF, and the opposite would be true for lower density. When we remade our joint
correlation matrix using true centrals and true satellites i.e. without any group information,
this strong anti-correlation disappeared for the same reasons mentioned above. A similar,
though slightly weaker, trend is exhibited by the blue fraction of satellites which becomes

even weaker when group information is excluded.

2.6.3 Noise in the joint correlation matrix

In addition to the noise present due to how colour labels are assigned to galaxies, there is
another source of noise in our matrix and that is the fact that we have a limited number of
mocks from which we calculate it. When the matrix is inverted, this noise amplifies and

affects our calculation of )2 in unpredictable ways. We account for this problem by carry-
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ing out a principle component analysis whereby we decompose the correlation matrix into
its principle components by rotating the space of our measurements into a new coordinate
system where most of the variation can be described using fewer dimensions than were
originally present in the data. In doing so, the eigenvectors that describe this transforma-
tion are uncorrelated (i.e. the correlation matrix is diagonal). We sort the eigenvectors by
their eigenvalues (/ll-z) and remove those with low eigenvalues thereby removing the noise
in the matrix. This is done at the expense of removing some information as well but the
resulting ¥ and p—values are more reliable. In accordance with Sinha et al. (2018), we
only keep eigenvectors for which )ﬁz is larger than the resolution with which the correlation

matrix was measured as shown in Eqn. 2.11 below

2
N, mocks

A2 >

1

: (2.11)

where N, qs = 64. By removing some eigenvectors we effectively reduce the number
of data points that are used in the modeling procedure. For the stellar model we remove 9
eigenvectors and thus keep 19 data points. For the halo model we remove 11 eigenvectors
and thus keep 17 data points. For the baryonic model we remove 10 eigenvectors and thus
keep 18 data points. For all three models we evaluate, we run two versions: one using the
entire average correlation matrix and one after removing noisy eigenvectors. We label the

former chain as non-PCA and the latter chain as PCA in the text.

2.7 Model fitting
In order to forward model the dependency of quenching on mass we explore our parameter

space using a MCMC method which we describe in the following sections.

2.7.1 Computing the likelihood function
For all three models we test, the parameter space is nine-dimensional consisting of five

SHMR/BHMR parameters and 4 quenching parameters (centrals and satellites combined).
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For each point in this parameter space we compute the likelihood function which is defined
as P(data—model) and is the probability that our combined SHMR/BHMR and quenching
model could have generated a dataset whose SMF/BMF, blue fractions, average group cen-
tral stellar/baryonic mass and velocity dispersion measurements resemble those of ECO.
Since the error distributions are approximately Gaussian, the likelihood function is propor-

tional to exp(—yx2/2). The x? statistic is calculated as follows

1=y uR; 1, (2.12)
ij
where R~! is the inverse of the correlation matrix and y; is calculated as follows

D;—M;
- , 2.13
X 5 (2.13)

where D; is the ECO measurement for data point i, M; is the model prediction for data
point i and o; is the error in the ECO measurement which is calculated from the mocks
using the matrix described in §3.4.

For the PCA chains, since the correlation matrix is diagonal due to the eigenvectors
being uncorrelated, 2 is instead just a sum of the individual X,2 contributions for the eigen-
vectors we choose to keep. Additionally, both D; and M; are also transformed into the new
coordinate system.

Ideally, every time we moved to a new point in the parameter space we would recom-
pute R and update our measurement of o; and x> accordingly. However, this means we
would need to create a new set of 64 mock catalogues each time which would increase the
computational time of the MCMC chain to an unfeasible extent. Therefore, we make the
approximation that our fiducial parameters are representative of the errors and correlation
matrix in the parameter space of interest.

Since R and o; remain fixed, the only component of Eqn. 2.13 that needs to be computed

for each combination of parameters is the model prediction, M;. For all 4 observables, we
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carve out a wedge in the Vishnu simulation that has roughly 6 times more volume than the
ECO survey. In doing so, we are able to ensure that the uncertainties in M; do not dominate
the uncertainties in D; and so they can be safely ignored in the calculation of the likelihood

function.
2.7.2 Running the MCMC chains
For each new set of nine parameters we perform the following steps:

1. Populate the halo catalogue with galaxies according to the chosen SHMR/BHMR pa-

rameters

2. Apply redshift-space distortions to simulate observational effects as well as mass and

velocity cuts

3. Calculate red fractions according to the quenching parameters for centrals and satellites.

4. Assign red (CR’) or blue ("B’) colour labels by treating the red fraction as a probability
that that particular galaxy is quenched. The stochasticity that this process brings to
the matrix is not present in the modeling procedure. Here we make sure that the same
random number is generated every time for a given galaxy using its unique ID as the

seed.

5. Find galaxy groups as described in §4.4 and assign observed central and satellite desig-

nation.

6. Compute all four observables as described in §5.

7. Calculate likelihood of model using Eqn. 2.12.

We use the emcee (v3.1.1) code (Foreman-Mackey et al. 2013) to generate our MCMC
samples. The algorithm consists of an ensemble of walkers that probe the parameter space

in such a way that a) each iteration of the chain depends only on the previous chain and
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b) this process can be parallelized. All the walkers in one iteration, use the results from
the previous iteration to maximize their efficiency i.e get closer and closer to the desired
posterior distribution. For each chain, we use 500 walkers and 400 iterations for a total
of 200,000 evaluations. To guarantee that our parameters have converged, we demand that
their values as a function of iteration number do not contain any large-scale variations. We
find that in all cases, the chains converge within 120-140 iterations.

We adopt flat priors for all 9 parameters. Allowable values for the scatter in the SHMR,
&, are > 0.1 based on previous studies that have tried to constrain this parameter (B10,
More et al. 2009b; Yang et al. 2009; Reddick et al. 2013; Tinker et al. 2017; Behroozi et al.
2019; Moster et al. 2018; zhi Cao et al. 2019; Hearin et al. 2013; Gu et al. 2016). For the
remaining parameters, positive, non-zero values are considered allowable. Since MCMC
algorithms are sensitive to their starting point, they require a burn-in phase to move towards
a more desirable parameter space after which this burn-in phase can be discarded to obtain
“memory-less” walker positions. We throw out the first 120 - 140 iterations. We explore
the posterior distributions for all 9 parameters as well as the joint distributions for different
combinations of parameter pairs, as shown in Fig. 2.12. We retain the median and the
percentiles containing 68% of the chain values for each parameter and provide those as
our marginalised parameter constraints in Table 2.2. Additionally, we record the parameter
values for the best-fit model, which is the point in our parameter space that corresponds
to the lowest value of y2. To assess goodness-of-fit, we use the p-value associated with
the best-fit %2 value. The p-value is the probability that our model could have produced a

dataset like ECO. This information can be found in Table 2.3.
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Table 2.2: Marginalised parameter constraints. Similar to Table 2.3, except that listed parameter values show the median, and the lower and upper
limits corresponding to the 16 and 84 percentiles of the parameter values from the MCMC chain.

Quenching Dependence Model PCA logM; logM B o & Mden Mgat Ucen Usat
+0.19 +0.07 +0.03 +0.14 +0.06 +0.18 +0.30 +0.06 +0.08

Stellar No 12'43*8‘5(7) 10.66788; 0'47*3'83 0'62_8'32 0'24_8'82 10.25_88? 14.06_8_82 0.68_8_8g 0'05*3'83
+0. +0. +0. +0. +0. +0. +0. +0. +0.

Yes 12417000 10767002 0497007 0.627500 0207007 10.52700°  14.087008  0.747002  0.1870 ¢

0.09 0.05 0.02 0.11 0.04 0.32 0.75 0.19 0.18

Halo No 12.74t8_%g 10.72j8.Og 0'50j8'8§ 0.60t8_g o.zsjgio2 12.29t8_B 12.76f8% 0'97j8'4§ 0.54j8gg
. .1 . . .1 . . .1 .

Yes 12577030 10757012 0527008 0.64701 0247005 12471930 13.25703) 0.637h e 0447032

+0.07 +0.11 +0.03 +0.09 +0.04 -+0.07 +0.12 —+0.05 +0.05

Baryonic No 1237709 10.587005 0.55700; 0.54709) 0327007 10427007 14.067053 0.857007 0.147003
Yes 12407000 10.76700> 0.507007 0.627007 0217003 10.537002 14.087002 0.747002  0.207002
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Table 2.3: Best-fit Model Results. The table lists the best-fit values of the five shmr parameters and quenching parameters (columns 3-11) and
the corresponding values of x2, number of degrees of freedom and p—values (columns 12-14) for all the combinations of galaxy sample-assumed
quenching model, and choice of reducing noise in the correlation matrix via PCA (columns 1-2).

Qeunching Dependence Model PCA logM; logM f8 ) E Meh MY, Ueen M x? dof.  p-value
Stellar No 12.66 10.73 047 044 0.18 10.19 14.05 0.74 0.02 46.12 19 9x10~4
Yes 1240 10.64 048 047 022 1035 14.08 0.84 0.03 1497 10 0.27
Halo No 12.70 10.63 048 0.57 034 12.08 12.66 152 0.54 62.14 19 4x10°°
Yes 12.80 1091 056 1.10 022 1194 12.74 0.85 0.79 14.33 8 0.15
Barvonic No 1249 10.59 0.58 0.33 027 1040 13.85 095 0.18 5570 19 3.6x107°
Y Yes 12.30 1045 039 052 027 1033 1396 097 025 2743 9 2x1073




2.8 Results

We now present the results of our forward modeling aproach. While the third model we
tested was a halo quenching one, we only show results from the stellar and baryonic models
and leave the halo model to be discussed in the text where relevant. Additionally, while the
results we show are for chains where PCA was not carried out, to determine the statistical
significance of our three models and draw our conclusions we use the more conservative
results corresponding to p — values obtained after carrying out PCA. That being said, when
we compared the parameter space between PCA and non-PCA MCMC chains for each of
the three models we found that the 1D posterior distributions of individual parameters do
overlap. In other words, our parameters are not entirely biased due to noise in the non-PCA
MCMC chains. In §8.1 we show comparisons between model predictions of the four ob-
servables generated from our MCMC analysis and ECO. We present model predictions for
the red fractions of centrals in §8.2 and satellites in §8.3 as well as comparisons with other
work. Finally, we present our model predictions for the SHMR/BHMR for all galaxies as
well as compare them to other published relations in §8.4 followed by the SHMR/BHMR

split by star-formation state in §8.5.

2.8.1 Comparisons between model predictions and ECO measurements of observ-
ables

2.8.1.1 Mass functions

To demonstrate how well our forward modeling approach reproduces the observed galaxy
stellar/baryonic mass functions, we show a comparison between our model predictions and
ECO in Fig. 2.8. The error bars in the plot show o}, as estimated from the average correla-
tion matrix in §6. The gray shaded region corresponds to a random subset of 200 models
from the MCMC chain that correspond to randomly sampling within the 68th percentile of
the x? distribution. Visually, the best-fit stellar model (left panel) isn’t able to fit the data to

within 1o. However, it is important to note that when data points are highly correlated, as
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seen in the first 4x4 block in Fig. 2.7, assessing goodness of fit by eye can be misleading.
Therefore, we rely on values of > and corresponding p-values. The best-fit value of x? is
46.12 for the stellar model. This model has 19 degrees of freedom (4 bins of ® + 8 bins of
Soiue + 8 bins of 6-(M,.) + 8 bins of M,-c — 5 free SHMR parameters — 4 free quenching
parameters). The resulting p-value is 0.0009 which suggests that the model is ruled out at
~ 3.30 level. However, the PCA p—value is 0.27 which suggests the model is ruled out at
~ 10 level. The best-fit model results for this and all subsequent MCMC chains are listed
in Table 2.3. When compared to the baryonic and halo PCA models, the stellar model is
the one that best fits our data.

The best-fit baryonic model (right panel) isn’t able to fit the data to exactly within 1o
either although it is certainly a closer fit than the stellar model. However, the fact that
the best-fit model is not centered within the range of acceptable models from the chain
is unexpected. This can be better understood when looking at the posterior probability
distributions for the BHMR parameters in Fig. 2.12 where the best-fit parameter values
for all five parameters (as denoted by the brown star) are at the edge of their respective
68% confidence intervals. This coupled with the fact that most of the constraining power
in modeling the SHMR/BHMR comes from the mass functions as compared to the other
observables explains the relation between the offset in Fig. 2.12 and the offset in Fig. 2.8.
The best-fit value of x? is 55.70 for the baryonic model. This model also has 19 degrees of
freedom and the resulting p-value is 0.000036 which suggests that the model is ruled out at
> 40 level. In this case, the PCA p—value is 0.002 which suggests the model is ruled out
at ~ 30 level. When compared to the stellar and halo PCA models, the baryonic model is
the one that fits our data the least.

While there are other models in the chains, as indicated by the grey shaded region,
that could provide a better fit to the ECO mass functions, it is the combination of all four
observables that results in this particular best-fit model as having the highest likelihood.

Were we to reduce the number of observables used or utilise the constraining power of
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Figure 2.8: Stellar mass function (left panel) and baryonic mass function (right panel)
for the stellar and baryonic quenching models where the models are jointly fit to all four
observables. Black points show measurements for ECO and the error bars on the ECO
measurements are calculated from the dispersion among 64 mock catalogues as shown in
Fig. 2.3 and discussed in S 5.1. The black dashed line represents the best-fit model. The
gray shaded region corresponds to a random subset of 200 models from the MCMC chains
that correspond to a random sampling within the 68th percentile of the y? distribution. The
models shown here do not include PCA. Bin centers are plotted.

only the mass functions, the best-fit mass functions would have been able to reproduce

ECO much more closely.

2.8.1.2 Blue fractions of group centrals and satellites

Fig. 2.9 shows a comparison between our model predictions and ECO for the blue fraction
of group centrals and satellites as a function of stellar and baryonic mass. The points,
error bars, dashed lines and shaded regions have the same meaning as in Fig. 2.3. Group
centrals are shown in purple and group satellites are shown in yellow. Looking at the
left panel first, we find that there are a few central bins at stellar masses of 10%42, 107

and 10'932 ,=2M,, for which the best-fit model is not able to reproduce ECO, although

not as extreme a difference as in the satellite stellar mass bin of 10%*> /~2M, which is
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more than 2¢. That being said, we conducted an experiment to see how much each of our
four observables contributes to the ~ 3.30 tension where we removed each observable one
by one (with replacement) and re-calculated x? using the same matrix every time (except
without the particular observable being tested). In the stellar model we found that the
observable that contributes most to the tension is the blue fraction of centrals. However,
this was done in non-PCA space so our test could have been influenced by noise to a certain
extent. Irrespective of the offsets between the best-fit model and ECO, the best-fit as well
as the subset of 200 models are able to capture the overall trend between blue fractions
and mass as well as reproduce the separation between centrals and satellites at fixed stellar
mass with a very small predicted degree of overlap between the two in the most massive
mass bin between 10'923 and 10108 1M,

In the right panel, the second bin at a baryonic mass of 10°32 4~2M,, for both centrals
and satellites is where the best-fit deviates from ECO the most, especially the satellite mea-
surement which is more than 3c. When we conducted an experiment to see which of the
four observables contributes most to the > 40 tension in the baryonic model, we found
that both the blue fraction of centrals and satellites had an impact on our measurement of
x>. The blue fraction of centrals had a slightly greater contribution though, which visually
does not look obvious when compared to the second satellite mass bin. While this could be
due to noise, it could also be evidence that the measurement of xz involves a lot of com-
ponents whose effects cannot be easily disentangled, particularly the inverse correlation
matrix whose impact is too complex to fully capture. There is significant overlap between
the models in the most massive bin of 10'°2 1=2M, due to large satellite errors as mea-
sured from mocks. These large errors are in part due to low counts of satellites in that mass
range. The overlap implies that within a baryonic mass range of 101965 - 10112 p2M,,
both centrals and satellites have an equal probability of being quenched with some mod-
els indicating that satellites at those masses have blue fractions of exactly 0 1.e. 100%

probability of being quenched. For satellites to exist at such high masses, they have to be
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residing in a cluster environment where everything is quenched. Central galaxies of such
massive groups are also quenched. Of course, it is important to recall that this measure-
ment was obtained by including group finding within the forward modeling framework and
these algorithms are prone to issues such as fragmentation and overmerging. This means
that the central population could be contaminated with satellites which would result in an
artificially lower central blue fraction. On the other hand, the satellite population could
also be contaminated with centrals which would result in an artificially higher satellite blue
fraction. That being said, both the best-fit and the rest of the models are able to capture
the separation between centrals and satellites at fixed baryonic mass as well as the overall
trend between blue fractions and mass.

While there are other models in the chains, as indicated by the purple and yellow shaded
regions, that could provide a better fit to the ECO blue fractions, it is the combination
of all four observables that results in this particular best-fit model as having the highest
likelihood. Were we to use the total blue fraction, for example, instead of split by centrals
and satellites, the best-fit model might have been able to reproduce the data much more

closely.

2.8.1.3 Average group central stellar/baryonic mass as a function of velocity disper-
sion
Fig. 2.10 shows a comparison between our model predictions and ECO for the average
group central stellar and baryonic mass as a function of velocity dispersion. The points, er-
ror bars, dashed lines and shaded regions have the same meaning as in Fig. 2.3. The colours
represent red and blue group centrals. Looking at the left panel first, the red models deviate
from the data in the last two bins of velocity dispersion corresponding to a range of 80 - 640
kms~! and the deviation in the last bin is more than 36. When conducting an experiment
to see which observable contributes most to the ~ 3.3¢ tension in the stellar model, we

found that the average red group central stellar mass as a function of velocity dispersion
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Figure 2.9: Blue fraction of group centrals and satellites as a function of stellar mass (left
panel) and as a function of baryonic mass (right panel) for the stellar and baryonic quench-
ing models where the models are jointly fit to all four observables. Points, error bars,
dashed lines and shaded regions have the same meaning as in Fig. 2.3. Group centrals are
shown in purple and group satellites are shown in yellow. The models shown here do not
include PCA. Bin centers are plotted.
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measurement was second in its impact after the blue fraction of centrals. However, both
the best-fit model and the subset of 200 models follow the upward trend between velocity
dispersion and mass as well as exhibit a ~0.35 dex separation at fixed velocity dispersion
between red and blue group centrals.

The separation that exists at fixed velocity dispersion between red and blue group cen-
trals is expected since, by definition, the hybrid model states that the only galaxy property
that determines quenching of centrals is their stellar mass. However, this separation per-
sists in the halo quenching model as well which is surprising since that model states that
the only property that determines quenching of centrals is their halo mass. So we do not
expect to see a separation between the two galaxy populations when we fix the quantity that
determines quenching. The reason for this behaviour is that there exists a large amount of
scatter between velocity dispersion and halo mass. We found this scatter to be roughly con-
stant at ~ 0.4 dex for red galaxies. For blue galaxies, this scatter ranges from 0.35 to 0.55
and increases with velocity dispersion. In §3, we showed that due to this scatter, we cannot
conclusively say that the separation seen in the right panel of Fig. 2.2 tells us that stellar
mass is the only factor that determines quenching and we have shown this through our for-
ward modeling approach as well. Both halo and stellar models have high p-values, after
accounting for noise in the matrix, although the stellar model is almost twice as probable.

When looking at this observable in the baryonic model, the red best-fit and subset of
200 models struggle to reproduce the data in the last two bins of velocity dispersion corre-
sponding to a range of 80 - 640 kms~! to where the deviation in the last bin is more than
30. Overall, this observable resembles that from the stellar model in that both the best-fit
and subset of 200 models exhibit an upward trend between velocity dispersion and mass
as well as a ~0.4 dex separation at fixed velocity dispersion between red and blue group

centrals.
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Figure 2.10: Average group central stellar mass as a function of group velocity dispersion
(left panel) and average group central baryonic mass as a function of group velocity dis-
persion (right panel) for the stellar and baryonic quenching models where the models are
jointly fit to all four observables. Points, error bars, dashed lines and shaded regions have
the same meaning as in Fig. 2.3. The colours represent groups with red and blue centrals.
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The models shown here do not include PCA. Bin centers are plotted.




2.8.1.4 Velocity dispersion as a function of group central stellar/baryonic mass

Fig. 2.11 shows a comparison between our model predictions and ECO for velocity disper-
sion as a function of stellar and baryonic mass. The points, error bars, dashed lines, shaded
regions and colours have the same meaning as in Fig. 2.10. Looking at the left panel first,
the models follow the upward trend between velocity dispersion and mass and both the
best-fit and distribution of 200 models show an offset at fixed stellar mass albeit not as
strong of an offset as when velocity dispersion was the quantity that was fixed in Fig. 2.10.
There is a significant amount of scatter in velocity dispersion at fixed stellar mass which
likely comes from the fact that in a bin of stellar mass, there could be a range of halo masses
and this mass mixing implies that smaller mass galaxies/halos are concentrated at the low
mass end of the bin and higher mass galaxies/halos are concentrated at the high mass end
of the bin. The smaller mass galaxies would be bluer than the higher mass galaxies in the
same bin and this is contributing to the offset we are seeing.

The best-fit baryonic model in the panel on the right reproduces the data well with the
exception of the lowest and highest mass blue bins that correspond to a baryonic mass
range of 10°0 - 10°> and 1009 - 1012 ,~2M,,. When conducting an experiment to see
which observable contributes most to the > 40 tension in the baryonic model, we found
that the velocity dispersion of groups with blue centrals contributes to the tension as much
as the blue fraction of centrals from Fig. 2.9 and red group central baryonic mass from
from Fig. 2.10. We find it interesting that the relation between velocity dispersion and blue
group central mass as measured in ECO and mocks exhibits a crossover with that of red
group central mass at high masses. In other words, for baryonic masses between 10°? and
101965 ,=2M,, groups with red centrals correspond to a higher velocity dispersion but be-
yond 10'065 ,=2M,, groups with blue centrals (of which there are four) correspond to a
higher velocity dispersion. Both red and blue baryonic relations have less scatter than those
in the stellar model in the left panel (taking into account the difference in scales). Addi-

tionally, both the best-fit and distribution of 200 models show an offset at fixed baryonic
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Figure 2.11: Velocity dispersion as a function of group central stellar mass (left panel)
and as a function of group central baryonic mass (right panel) for the stellar and baryonic
quenching models where the models are jointly fit to all four observables. Points, error
bars, dashed lines and shaded regions have the same meaning as in Fig. 2.3. The colours
represent groups with red and blue centrals. The models shown here do not include PCA.
Bin centers are plotted.

mass.

2.8.2 Red fraction of true centrals

The red fraction can be interpreted as the probability of a galaxy being quenched. We
remind the reader that this fraction, which is introduced in ZM16 as a proxy for quench-
ing efficiency, is directly calculated as part of the stellar and baryonic quenching models.
These models dictate that for centrals, it is their stellar/baryonic mass that determines their
quenching. When it comes to the red fractions, there are two features of interest that are
both also parameters of the model. The first is the pace at which galaxies become quenched,
Ucen, 1.6 how quickly the quenching efficiency increases as a function of mass. The second
is the mass scale at which a certain percentage of galaxies are quenched, M{,,. Above this

mass scale, quenched galaxies are more likely to dominate, since these galaxies have min-
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Figure 2.12: Posterior probability distributions and confidence regions for the 5 SHM-
R/BHMR and 4 quenching parameters for the stellar and baryonic quenching models where
the models are jointly fit to all four observables. The baryonic chain is shown in purple and
the stellar chain in yellow. The histograms in the diagonal panels show the 1D posterior
distributions of individual parameters. The off-diagonal panels contain 2D contours that
show the region of parameter space that contains 68% (dark yellow and dark purple) and
95% (light yellow and light purple) of the MCMC probability for all pairwise combinations
of the nine parameters. The yellow and the purple stars in the off-diagonal panels indicate
the best-fit parameter values for the stellar and baryonic chain respectively. The models
shown here do not include PCA.



imal cold gas reservoirs so their baryonic mass is roughly the same as their stellar mass.
Below this point, star-forming galaxies are more likely to be the norm. This mass scale is
similar to what was identified in (Kauffmann et al., 2003b; Kannappan et al., 2013) as the
bimodality scale. They identified the bimodality scale with stellar mass M, ~ 10105 M,
which corresponds to ~ 10192 4~2M,. Using PCA, we find that the mass scale at which
50% of galaxies are quenched i.e red fraction of 0.5, is ML, = 10'%2 ,~2M,. This is in
perfect agreement with the aforementioned bimodality scale. Using PCA, we find the best-
fit value of .., to be 0.84 while the 68% confidence interval indicates a range of 0.69 -
0.79. Using the best-fit value of 0.84, this pace of quenching implies that the red fraction
of galaxies rises from 10% at ~ 10°2 h~2M, to 90% at ~ 1098 h=2M,.

Fig. 2.13 shows our model predictions, both best-fit (yellow curve) as well as the subset
of 200 models (purple curves), for the red fraction of true centrals as a function of both
stellar and baryonic mass. Both the stellar and baryonic models predict very little scatter
in this relation and both predict that the quenched fraction increases as a function of mass.
In the left panel, we also provide comparisons with the semi-analytic model, Dark Sage
(Stevens et al., 2016), the hydrodynamical simulation, TNG (Nelson et al., 2018), and the
observational study of dust attenuation curves of 230,000 galaxies ranging from quiescent
to star-forming performed in Salim et al. (2018). While there seems to be some overlap
between the 10 shaded region and TNG between M, ~ 10102 — 10110 h_ZM@, that is the
extent of the agreement. There is no agreement between our model predictions and Dark
Sage and Salim et al. For comparison with theory, this could be due to differences in
how stellar masses are calculated which would result in a stellar mass offset in the x-axis.
For both theory and observational work, the differences could also be attributed to how
quenching is defined. Also, AGN feedback in TNG is considered to be the main cause of
star-formation shutting down and it occurs rapidly at a specific mass which would result
in a sharp turnoff at low masses. We can see this in the behavior of the TNG relation and

we find it is not consistent with our model prediction of a much more gradual cessation of
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star-formation. Interestingly, Dark Sage and TNG also don’t agree with each other.

For the baryonic model in the right panel of Fig. 2.13, the 68% confidence interval of
Ucen Indicates a range of 0.69 - 0.79 which corresponds to the 68% confidence interval
of Ucen in the stellar model. Using PCA, the best-fit value of .., of 0.97 indicates that
the quenching efficiency increases with baryonic mass at a rate that is 15% faster than
with stellar mass. In other words, it suggests that baryonic mass is more closely tied to
the quenching of centrals than stellar mass. Using the best-fit value of 0.97, this pace of
quenching implies that the red fraction of galaxies rises from 10% at ~ 10”2 h=>M,, to
90% at ~ 10'98 ,=2M.,.. It is important to note, however, that the p—value associated with
the baryonic model tells us that this model is less statistically probable than either stellar
or halo.

According to the halo quenching model, the best-fit value of pace of L., is 0.85, after
having accounted for noise. This is similar to the pace predicted by the stellar model. The
68% confidence interval indicates a range of 0.45 - 0.82 which is much larger than for either
the stellar or baryonic model. It seems to suggest that central quenching might not be as
tightly coupled with halo mass as it is with either stellar mass or baryonic mass. Using the
best-fit value of 0.85, this pace of quenching implies that the red fraction of galaxies rises
from 10% at ~ 10198 h=IM, to 90% at ~ 1024 h~ M,

An advantage of being able to measure red fractions for true centrals is that we can
compare this to blue fractions of group centrals predicted in Fig. 2.9 to quantify the degree
to which contamination occurs due to group finding. According to the best-fit model in
Fig. 2.9, the blue fraction of group centrals at M, = 10°° h=2M, is ~ 0.8 which corre-
sponds to a predicted red fraction of group centrals of 0.2. From the left panel of Fig. 2.13,
the predicted red fraction of true centrals is actually closer to 0.15 which is a 5% differ-
ence. Similarly, at a higher mass of M, = 10'93 h=2M, the blue fraction of group centrals
at is ~ 0.2 which corresponds to a predicted red fraction of group centrals of 0.8. From

the left panel of Fig. 2.13, the predicted red fraction of true centrals at that mass is 0.85
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Figure 2.13: Red fractions of true centrals as a function of their stellar mass (left panel)
and as a function of their baryonic mass (right panel) for the stellar and baryonic quenching
models where the models are jointly fit to all four observables. The yellow curve represents
the best-fit model and the purple curves represent the random subset of 200 models from
the MCMC chain that correspond to a random sampling within the 68th percentile of the
% distribution. In the left panel, we also show curves from Dark Sage (black dashed line),
TNG (black dashed-dotted line) and (Salim et al., 2018) (black dotted line). The models
shown here do not include PCA.

which is also a 5% difference. While this difference is small, it does indicate that satellites

contaminate the central fraction when a group finder is applied.

2.8.3 Red fraction of true satellites

Fig. 2.14 shows our model predictions, both best-fit (yellow curve) as well as the subset of
200 models (purple curves), for the red fraction of true satellites as a function of both stellar
and baryonic mass. We remind the reader that this fraction is directly calculated as part of
the stellar and baryonic quenching models. These models dictate that for satellites, it is
their stellar/baryonic mass along with their host halo mass that determines their quenching.

The feature of interest, that is also one of the parameters of the ZM16 model, is the pace
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at which satellites become quenched, ., i.e how quickly the quenching efficiency of
satelltes increases as a function of stellar/baryonic mass. From Table 2.3, for the stellar
model, after having accounted for noise, we find U, to be 0.03 while the 68% confidence
interval indicates a range of 0.12 - 0.21. Both the stellar and baryonic models predict more
scatter in this relation than in that of centrals and both models predict that the quenched
fraction increases as a function of mass.

What we find interesting in Fig. 2.14 is that our models predict a red fraction greater
than 0.5 over the entire stellar/baryonic mass range of satellites. In other words, a satellite
galaxy of stellar mass between 1036 and 10'2Y 7~=2M, baryonic mass between 10°° and
10129 h=2M,, is predicted to be quenched > 50% of the time. This also means that satellites
tend to be more quenched than centrals of the same stellar mass (Yang et al., 2003a; Peng
et al., 2010; Wetzel et al., 2012, 2013; Wang et al., 2018c) and that this property extends
to baryonic mass as well. In the left panel, we also provide comparisons with Dark Sage
and TNG. While TNG captures the overall trend where more massive satellites have a
higher tendency to be quenched than lower mass satellites, our predictions disagree when
it comes to the pace of quenching as well as the probability of being quenched at stellar
masses < 100> 772M,. As for Dark Sage, while at stellar masses < 10°0 h=2M,, it too
predicts a similar probability for the satellite to be quenched, it severely under predicts this
probability for stellar masses > 10%° h~>M,. As mentioned earlier, these differences could
be due to how stellar masses are calculated which would result in a stellar mass offset in
the x-axis for both theoretical works. Additionally, it could be due to differences in how
quenching is defined. We see the same abrupt turn-on of satellite quenching in TNG as we
did for centrals above and again, Dark Sage and TNG don’t agree with each other.

For the baryonic model in the right panel of Fig. 2.14, the 68% confidence interval
of W, indicates a range of 0.15 - 0.25 which is similar to that from the stellar model.
Given the best-fit model and using PCA, we find i, to be 0.25, which indicates that the

quenching efficiency as a function of baryonic mass is ~ 8 times greater than the quenching
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efficiency as a function of stellar mass. This can be understood as a faster rate of quenching
and it suggests that baryonic mass is more closely tied to the quenching of satellites than
stellar mass. We remind the reader, however, that the p—value associated with the baryonic
model tells us that this model is less statistically probable than either stellar or halo.

According to the halo quenching model and using PCA, we find u, to be 0.79, which
indicates that the quenching efficiency as a function of host halo mass is ~ 26 times greater
and ~ 3 times greater than the quenching efficiency as a function of stellar and baryonic
mass respectively. This can be understood as a faster rate of quenching and it suggests that
host halo mass is much more closely tied to the quenching of satellites than their stellar
mass. While this is true given the best-fit model to see the full picture, we need to turn to
the 68% confidence interval which indicates a range of 0.19 - 0.76 which is much larger
than for either the stellar or baryonic model. In other words, our model predicts a range of
quenching efficiencies for satellites given their host halo mass.

Just as was done for true centrals, we use Fig. 2.9 to quantify the degree to which con-
tamination occurs due to group finding. According to the best-fit model in Fig. 2.9, the blue
fraction of group satellites at M, = 10°9h~2M, is ~ 0.45 which corresponds to a predicted
red fraction of group satellites of 0.55. From the left panel of Fig. 2.14, the predicted red
fraction of true satellites is actually closer to 0.65 which is a 10% difference. Similarly, at a
higher mass of M, = 10'03 7=2M, the blue fraction of group satellites at is ~ 0.15 which
corresponds to a predicted red fraction of group satellites of 0.85. From the left panel of
Fig. 2.14, the predicted red fraction of true satellites at that mass is closer 0.95 which is
also a 10% difference. This indicates that centrals contaminate the satellites fraction when
a group finder is applied. Moreover, the satellite fraction is more contaminated (10%) than

the central fraction (5%).
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Figure 2.14: Red fractions of true satellites as a function of their stellar mass (left panel)
and as a function of their baryonic mass (right panel) for the stellar and baryonic quenching
models where the models are jointly fit to all four observables. The yellow curve represents
the best-fit model and the purple curves represent the random subset of 200 models from
the MCMC chain that correspond to a random sampling within the 68th percentile of the
x? distribution. In the left panel, both sets of curves are average red fractions calculated in
25 evenly spaced logarithmic bins of stellar mass between 108¢ and 10'>042~2M.... In this
panel, we also show curves from Dark Sage (black dashed line) and TNG (black dashed-
dotted line). In the right panel, both sets of curves are average red fractions calculated in
25 evenly spaced logarithmic bins of baryonic mass between 10°? and 10'>°4=2M_,. The
models shown here do not include PCA. Bin centers are plotted.
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2.8.4 Total stellar- and baryonic-to-halo mass relations

For the purpose of comparing our SHMR to those from literature, we show the parameter-
ized (i.e. our model predictions here are analytical instead of predicted measurements from
mocks we populated using parameters from the MCMC chain) stellar-to-halo and baryonic-
to-halo mass relations for all galaxies in Fig. 2.15, both the best-fit (black solid line) as well
as the subset of 200 models (grey shaded region). Table 2.3 shows the five best-fit param-
eter values for both stellar and baryonic relations. When accounting for noise, there are
some differences between all five of the best-fit parameter values. However, when looking
at Table 2.2, we find that the 68% confidence intervals are similar between the stellar and
baryonic model. Both relations have a very similar shape in terms of the low-mass slope,
B and the high-mass slope, 8. The constraint on the amount of scatter in both relations is
also very similar with the median scatter being ~ 0.2. We remind the reader though, that
the p —value of the baryonic model, post-PCA, is much worse than the stellar model which
implies that it does not explain the data as well.

In the left panel of Fig. 2.15, we compare our SHMR to that of RP17, M18 and B19.
Such comparisons are not always straightforward as other papers might have made different
assumptions about the cosmological model, the definition of halo mass or the definition of
stellar mass. The assumptions used to derive stellar masses have not been adjusted. We
have only corrected the masses such that they assume 1 = Hy/(100km s~ Mpc~—!) = 1.0.
We find that our model predictions agree well with all three SHMRs between halo massses
of 10198 and 10114 4~ 'M,. The SHMR from RP17 diverges beyond this mass and predicts
a higher value for the high-mass slope resulting in a difference of 0.25 dex at a halo mass
of 10130 =M. They estimated their SHMR as a function of redshift using SHAM and
many observed SMFs. The SHMRs from M18 and B19 agree very well with our SHMR.
B19 presented a method for determining galaxy star formation rates from their host halos
potential well depths, redshifts and assembly histories. They used observed SMFs, specific

and cosmic star formation rates, quenched fractions, UV luminosity functions, UV-stellar
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Figure 2.15: The parameterized stellar-to-halo (left panel) and baryonic-to-halo mass re-
lation (right panel) for the stellar and baryonic quenching models where the models are
jointly fit to all four observables. Solid lines represent the best-fit analytical model and the
shaded regions have the same meaning as in Fig. 2.3 except they are shown here in analyt-
ical space rather than in mock space. The (left panel) also includes SHMRs from literature
- B19 (brown dotted), RP17 (orange dashed-dotted) and M18 (yellow dashed). The models
shown here do not include PCA. Bin centers are plotted.

mass relations, IRX-UV relations, auto- and cross- correlation functions and quenching
dependence on environment to constrain their method from redshift O - 10. M18 developed
an empirical model of galaxy formation where they assigned a star formation rate to each
DM halo based on its growth rate and computed the stellar masses by integrating it. Several
sets of observed data including (but not limited to) SMFs and sSFRs were used to constrain

their method.

2.8.5 Stellar- and baryonic-to-halo mass relations split by star formation state
In Fig. 2.16 we show our model predictions for the stellar-to-halo and baryonic-to-halo
mass relations split by star formation state for both best-fit models (solid lines) as well as

the subset of 200 models (shaded regions). As expected, at fixed halo mass, more massive
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Figure 2.16: Similar to Fig. 2.15 but split by star-formation state where quenched galaxies
are shown in red and star-forming galaxies are shown in blue. Bin centers are plotted.

galaxies are redder. There seems to be a degree of separation between the red SHMR and
blue SHMR, for both the best-fit model as well as the full stellar mass distribution of red
and blue galaxies at fixed halo mass. This separation increases as halo mass increases. At
a halo mass of 10! 4~!M_,, the separation between both best-fit relations is ~ 0.05 dex
while at a halo mass of 10'30 2~ !M, it grows to 0.2 dex. This separation becomes even
more prominent in the BHMR. At a halo mass of 10!'* A~'M, the separation between
both best-fit relations is ~ 0.2 dex while at a halo mass of 10139 2~IM_, it grows to 0.3
dex. The flattening of the mass relations at low halo masses is due to the fact that there
is a stellar mass cut that is applied the mock that corresponds to the stellar and baryonic
mass incompleteness of ECO. So in the lowest halo mass bin, galaxies below the cut are
not included in the measurement of the mean stellar mass which results in an artificially
higher mean.

We have repeatedly emphasized the fact that the baryonic model does not reproduce

our data as well as both the stellar and halo models and one of the reasons for this could
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be that the models that are used are not entirely descriptive of ECO. In other words, the
SHMR model from B10 might not be able to fully capture the BHMR. It could also be that
the quenching models from ZM16 aren’t able to fully encapsulate how quenching depends

on baryonic mass.

2.9 Summary and Conclusions

In this paper, we have adopted a Bayesian approach via MCMC to investigate the depen-
dence of galaxy quenching on stellar, baryonic and halo mass using data from the ECO
survey. We have done so by combining two empirical models: the parameterized model
from B10 that we use for both stellar and baryonic mass, and both parameterized quench-
ing models (hybrid and halo) from ZM16. The statistics we have used to constrain these
models are the stellar/baryonic mass functions, the blue fractions of group centrals and
satellites as a function of stellar/baryonic mass, group velocity dispersion as a function of
average group central stellar/baryonic mass, and its converse, the average group central
stellar/baryonic mass as a function of group velocity dispersion. These statistics were mea-
sured in ECO as well as in mock catalogues constructed by applying our empirical models
to DM halos in a cosmological N-body simulation. We quantified errors and covariances
using a separate suite of independent ECO mock catalogues and we used a PCA method to
reduce the noise in our correlation matrix. Though we present both the raw and the PCA
results, we draw our conclusions from the PCA MCMC chains where the noise has been
mitigated, as these results (especially the p — values) are more reliable.

Our main results are as follows:

* By confronting the ZM16 quenching models against a suite of observational mea-
surements from the ECO survey via our mock-based forward-modeling approach,
we are able to constrain the quenched fractions of frue centrals and satellites as a
function of their stellar, baryonic, and host halo mass. In our best-fit models, we find

that the mass scale at which 50% of true centrals are quenched is M, ~ 10102 h’ZMQ,
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My, ~ 10'92 p=2M, and M), ~ 1018 =M, for the stellar, baryonic, and halo mod-
els, respectively. Central galaxies above these masses are more likely to be quenched
than not, while less massive galaxies are more likely to be star- forming. Our 50%

stellar mass scale is in perfect agreement with the well-known Kauffmann et al.

(2003b) bimodality scale of 101> M,

* Our model constraints also reveal how quickly central galaxy quenching increases
with mass through the .., parameter. We find agreement in the values of this pa-
rameter among the stellar, baryonic, and halo quenching models. In our best-fit stellar
quenching model, the fraction of red galaxies rises from 10% at M, ~ 10°2 h—2M,
to 90% at M, ~ 10'%8 h~2M,. This mass range is similar for the baryonic model,
while in the best-fit halo quenching model, the fraction of red galaxies rises from

10% at Mj, ~ 10198 h=1M, to 90% at M), ~ 10'>* h~'M..,.

* The quenching model for satellite galaxies is more complex than that for centrals
in the stellar and baryonic cases because the quenching probability includes a de-
pendence on both stellar/baryonic and halo mass. In both cases, our best-fit models
show that satellites are significantly more quenched than centrals at the same stel-
lar/baryonic mass, with the difference being most prominent at the smallest masses.
Indeed, at the low mass limit of our samples, we find that ~ 60% of satellites are
red, compared to only ~ 5% of centrals. When we examine how quickly satellite
quenching increases with mass, we find that stellar/baryonic mass has a bigger im-
pact on the satellite quenching probability than does halo mass. This is evidenced by
the significantly larger values of fi.., compared to (s> This is especially true in the
best-fit stellar model, where the dependence halo mass is very weak. In contrast, in

the best-fit halo quenching model, the quenching of satellites only depends on halo

I'The difference between our numbers is due to our /4 units.

ZRecall that in the ZM16 hybrid model, i, dictates how fast the quenched fraction depends on stel-
lar/baryonic mass for both centrals and satellites, while L, controls the additional dependence of satellite
quenching on halo mass.
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mass and the value of L, is almost as high as that of L.,.

The stellar mass quenching model is the most successful at fitting all of the ECO
statistics that we consider, with its best-fit model having a p — value of 0.27. The
halo mass quenching model is next, with a p — value of 0.15. Though the stellar
model is somewhat preferred over the halo one, both yield statistically acceptable fits
to ECO data. In contrast, the baryonic quenching model has a best-fit p — value of

2 x 1073, making it strongly disfavored relative to the other models.

Though not the primary focus of this paper, our stellar model also constrains the
stellar-to-halo mass relation (SHMR) for ECO galaxies. We find results consistent
with other empirical measurements of the SHMR. Perhaps, more interestingly, our
baryonic model constrains the baryonic-to-halo mass relation (BHMR), which is less
well studied. We find that the scatter in the BHMR is the same as the scatter in the

SHMR and is ~ 0.2 £0.05 dex.

The best-fit stellar quenching model predicts a separation between the SHMRs for
red and blue true central galaxies, whereby red centrals reside in more massive ha-
los on average than blue centrals at fixed stellar mass. This separation grows from
~0.05 dex at a halo mass of M, ~ 104 h~ M, to ~0.2 dex at a halo mass of
My, ~ 10139 5=M . The separation between the BHMRs for red and blue central
galaxies is even larger at all halo masses, growing from ~0.2 dex at low mass to
~0.3 dex at high mass. In the halo quenching model, there is no separation between
the SHMRs for red and blue centrals, by construction. Since both the stellar and the
halo quenching models yield acceptable fits to the ECO data, we cannot claim that

we have detected a dependence of the SHMR on galaxy colour.

By comparing the predicted quenched fractions of true centrals and satellites (Figs. 2.13
and 2.14) to the directly measured blue fractions of group centrals and satellites

(Fig. 2.4), we are able to quantify the extent of contamination that occurs due to
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errors in group finding. When measuring blue fractions of central/satellite galax-
ies that were identified using ECO groups, we underestimated the blue fractions of
centrals by 5-10% and overestimated the blue fractions of satellites by 10-15%, rel-
ative to what the best-fit stellar quenching model reveals for true halo centrals/satel-
lites. This is a natural consequence of central/satellite misidentification. Addition-
ally, when measuring the large separation between the average stellar mass of red
vs. blue group centrals at fixed velocity dispersion directly from ECO, as shown
in the right panel of Fig. 2.2, we might naively conclude that quenching correlates
with stellar mass at fixed halo mass. However, we have shown that this separation
persists even in the halo quenching model, where the quenching prescription does
not include stellar mass at all, and it is caused by the large scatter in the relation-
ship between velocity dispersion and halo mass. The naive conclusion from Fig. 2.2
would thus have been incorrect. These examples demonstrate the value of adopting

a forward modeling approach.

When comparing our predicted red fraction of true centrals with results from the
Dark Sage semi-analytic model and the Illustris-TNG hydrodynamic simulation, we
find rough agreement with TNG at stellar masses greater than M, ~ 101921 2M, ,
but poor agreement with TNG at lower masses and poor agreement with Dark Sage at
all masses. AGN feedback in TNG is assumed to be the main cause of star-formation
shutting down and it occurs rapidly at a specific stellar mass, which results in a sharp
upturn in red fraction near that mass. We can see this behavior in Figure 2.13 and
we find that it is not consistent with our model fit to ECO, which reveals a more
gradual transition from blue to red for central galaxies. The discrepancy between our
empirical results and these galaxy formation models is even bigger in the case of true
satellite galaxies. We find broadly no agreement with the exception that Dark Sage
correctly predicts a red fraction of ~ 0.6 for low-mass satellites, and TNG correctly

predicts that the most massive satellite galaxies are entirely quenched.
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There are a few caveats with our analysis that we would like to mention. First, our
estimate of the correlation matrix includes a source of stochasticity that is due to the fact
that we have a limited number of mocks from which we calculate it. While the sole pur-
pose of performing PCA was to account for this noise, having more mocks to measure our
matrix from would further improve the accuracy with which we estimate the uncertainties
in our observed measurements. Second, we treat subhalos as centrals when populating our
mock universe by using the subhalo’s mass at accretion, (M,..). While this allows us to
circumvent the issue of tidal stripping, where the subhalo is thought to lose a significant
amount of its mass upon host halo entry, in doing so we ignore the fact that the galaxy
also experiences stripping to an extent. However, Conroy et al. 2006 and Reddick et al.
2013 showed that the SHMR does not evolve significantly between prior- and post-infall.
More importantly they showed that choosing today’s subhalo mass to populate the subhalo
instead of its M, is unable to reproduce galaxy clustering as well as when choosing M.
Lastly, while the majority of ECO consists of atomic gas content measurements, a per-
centage of measurements, where 21 cm detections were either too weak or badly confused,
were replaced with photometric gas fractions (E15). This could affect some of our baryonic
mass measurements and to quantify the effect on our constraints we would have to turn to
RESOLVE-B, a different segment of the RESOLVE survey where all the gas measurements
are real measurements i.e. none have been replaced with estimates from the photometric
gas fraction technique. However, RESOLVE-B is ~ 32 times smaller in volume than ECO
which means our RESOLVE-B measurements would be significantly more noisy.

We find it interesting that there is tension between ECO and the model where quenching
depends on baryonic mass. One possible reason for this could be that the SHMR model
from B10 or the quenching models from ZM16 (or a combination of the two) are not
able to fully describe how baryonic mass depends on halo mass or how baryonic mass
determines the quenching of centrals and satellites. This would imply that perhaps the

analytical forms of the relations between baryonic mass and halo mass as well as between
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baryonic mass and red fractions of centrals and satellites are different from their stellar
counterparts. Alternatively, it is possible that the physical mechanisms that are responsible
for quenching correlate more strongly with the stellar mass of central galaxies than they do
with baryonic mass.

We find that the hybrid quenching model, where central galaxy quenching is driven
by stellar mass and satellite quenching is driven by both stellar and halo mass, provides
the best statistical fit to ECO data. This is different from ZM16, who concluded that the
halo model, where quenching solely depends on halo mass, better explains the relationship
between quenching and mass. There are many differences between our analyses that could
be responsible for this different conclusion. ZM16 used SDSS data, a different definition
of quenching that was based on (g — r) colour, and they employed clustering and galaxy-
galaxy lensing statistics to constrain their model. Additionally, ZM16 adopted an analytic
halo model for calculating predicted statistics, in contrast to our fully numerical mock-
based approach. Moreover, we find that the halo quenching model provides an acceptable
fit to our data and is not ruled out, so there may actually be no tension between our analyses.

It is interesting to compare our results with those of M 15, who also use the ECO survey
for their analysis but with a direct approach using groups as proxies for halos. M15 found
that the colour of group centrals depends on stellar/baryonic mass, with no dependence on
group mass at fixed baryonic mass. For satellite galaxies, M15 found the opposite, i.e.,
that red satellites are found in more massive groups than blue satellites at fixed baryonic
mass (Fig. 20 in M15). These findings are qualitatively consistent with the ZM16 hybrid
quenching models that we use in this paper. However, we find that the halo quenching
model, which has a different behavior from the M15 results, is also consistent with ECO
data and so we are not in a position to decisively confirm the M15 result. There are several
differences between the methodology employed by M15 and this paper. Most importantly,
MI15 used galaxy groups as a proxy for halos and estimated group mass from the total

group luminosity, whereas we populate DM halos in a N-body simulation and use a variety
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of statistics, including satellite kinematics, to constrain our models. It is interesting to

further explore the differences between these two complementary approaches.
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CHAPTER 3

Summary and Outlook

3.1 Summary

In this dissertation, I have presented work that seeks to improve our understanding of
the galaxy-halo connection by investigating the relationship between galaxy quenching
and stellar, baryonic and halo mass in order to determine what mass quantity is more
closely correlated with quenching. More specifically, we use two empirical models: a
parameterized relation between stellar/baryonic mass and halo mass in the form of the
stellar-to-halo/baryonic-to-halo mass relation and a parameterized relation between mass
and quenching in the form of the hybrid and halo quenching models. By taking an em-
pirical mock-based forward modeling approach, we are able to use a diverse combination
of statistics to constrain these models. We use mock galaxy catalogues to quantify the
uncertainties in the modeling procedure.

We find that the model where quenching of centrals and satellites depends on stellar
mass with an additional satellite dependence on host halo mass provides the best fit to our
data statistically, with a p—value of 0.27. The halo-driven quenching model also provides a
statistically acceptable fit, with a p—value of 0.15. In other words, the hybrid stellar model
is twice as probable as the halo-driven model. Based on our stellar model predictions, we
identify the mass scale that divides predominantly star-forming galaxies from the quenched
population to be M, ~ 10'%3 4=>M, which is in perfect agreement with the bimodality
scale of M, ~ 101> M, identified in Kauffmann et al. 2003b and Kannappan et al. 2013
(the difference between our numbers is due to our h units). Lastly, we find tension at the
~ 30 level between ECO and the model where quenching depends instead on baryonic
mass. With a p—value of 0.002, the hybrid baryonic model is 135 times and 75 times less

probable than the hybrid stellar and halo-driven quenching models respectively.
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3.2 Outlook

The study of the dependence of quenching on baryonic mass is one that is quite new. The
tension that we find between our baryonic model and ECO could be due to either of (or the
combination of) the two empirical models not being able to fully describe (i) the relation
between halo mass and baryonic mass and (ii) how baryonic mass determines quenching of
centrals and satellites. This might suggest the need for a model where the analytical forms
of the relations between baryonic mass and halo mass as well as between baryonic mass
and red fractions of centrals and satellites are different from their stellar counterparts. It
could also be that quenching is tied to more things than just baryonic mass and a secondary
matching between galaxy colour and another galaxy/halo property is required. Alterna-
tively, it is also possible that the physical mechanisms that correlate with quenching do so

more strongly with the stellar mass of galaxies than they do with baryonic mass.
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