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Abstract

Mapping the Circumgalactic Medium: Connecting Galaxies to their Environment

Matthew C. Wilde

Chair of the Supervisory Committee:
Professor Jessica Werk
Astronomy

The work presented in this dissertation provides the groundwork for understanding key
unresolved questions in the study of galaxy evolution: the circumgalactic medium (CGM)
and the role of environment. I present a new survey that has the power to drastically improve
our understanding of the CGM and use it to estimate the size of the CGM as a function of
galactic mass. In addition, a novel method to reconstruct the cosmic web using Physarum
polycephalum slime mold is presented and applied to the SDSS surveys. This cosmic web
reconstruction was released publicly with SDSS DR17 and will allow exciting connections
between galaxies and their environments to be illuminated, to distances greater than other

previous catalogs.
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Chapter 1
INTRODUCTION



Modern cosmological models predict the universe’s mass budget is dominated by dark
matter, forming the skeletal structure of the universe we now call the “cosmic web”, upon
which galaxies form and evolve. The cosmic web, along with galaxies, were formed from
small perturbations (Tolman, 1934) in the very early universe which were seeded during
an inflationary phase. Denser than average regions accelerated more slowly than regions of
average density. The density contrasts of these regions grew slowly at first and later hastened
as gravity locally halted the expansion and caused those regions to collapse upon themselves,
the matter falling to the center of the local potential wells. This collapse caused the matter
to settle into gravitationally bound but random orbits into objects known as “halos” in a
process known as “virialization”. These virialzed halos have a gravitational potential energy
that is roughly equivalent to twice the kinetic energy of the matter (Rubin et al., 1980). Non-
baryonic dark matter cannot lose orbital energy by radiating photons, but a halo’s baryonic
matter is able to lose orbital energy through inelastic collisions that do radiate photons.
Baryonic matter therefore settles toward the halo’s center, where some of it may further cool

and forms stars, producing an observable galaxy, surrounded by a gaseous atmosphere.

Many questions remain about the details of this broad-brush picture. Despite the rel-
atively straightforward origins of galaxies from gravitational growth of density fluctuations
in the early universe along with radiative cooling, the appearance of galaxies varies wildly.
This simple picture presents no mass scale, yet galaxy properties differ greatly as a function
of mass.

The ACDM cosmological model, consisting of gravitational clumping of cold dark matter
(CDM) combined with Einstein’s cosmological constant A which accelerates the halos away
from one another, has been hugely successful in reproducing the large scale structure of the
universe (Alam et al., 2017, e.g.). In this model, galaxies form in a hierarchical process where
small halos form first and massive halos grow via mergers of smaller ones. This would imply
that larger and more massive galaxies could appear younger than smaller ones, which is the
opposite effect seen in observations. Massive elliptical galaxies formed most of their stars

very early in the history of the universe, while lower-mass disk galaxies formed their stars



later and are still making them (Behroozi et al., 2013). Clearly, additional physics beyond
the physics of gravitational infall and cosmological shock heating governs the baryon cycle
that fuels star formation.

Most of the outstanding problems in galaxy evolution can be solved by a better under-
standing of the circumgalactic medium (CGM), or the galactic atmosphere (See Tumlinson
et al. (2017) for a review). This rarefied, gaseous medium can extend to 10 — 100 times the
typical size ascribed to galaxy disks, and have been found to contain more regular, bary-
onic matter than the galaxies themselves. Astronomers have found this gaseous reservoir to
harbor complex physical processes due to the interaction with processes in the galaxy itself,
such as the birth and death of stars and the feeding of the central black hole, known as
active galactic nuclei (AGN). These phenomena, known collectively as “feedback” can expel
photons and gas out of galaxies, where the photons and gas interact with the gas that resides
well beyond the reach of galaxies, known as the intergalactic medium (IGM), as it falls into
the gravitational potential of the galaxies. The interplay between these forces may limit
a galaxy’s ability to accrue more material to fuel star formation, or may heat up the gas
to a regime where the gas cannot cool to form new stars, thus governing galaxy evolution
itself. Although the CGM is a region of great importance in understanding galaxies holisti-
cally, there remain many aspects of the CGM which are still unknown such as the size and
structure of the CGM and its dependence of galaxy properties, as well as the dependence on

properties of the larger scale environment surrounding galaxies.
1.1 A Brief History of the CGM

As early as 1956, Lyman Spitzer predicted the existence of a hot “galactic corona” surround-
ing the Milky Way (MW) based on on observations taken by Guido Miinch (Miinch and
Zirin, 1961) of Na and Ca in spectroscopic observations of distant stars away from the galac-
tic plane. This prediction ushered in the era of using distant background objects to observe
the absorption signatures of intervening gas. After the discovery of Quasars — extremely

bright extragalactic sources — astronomers quickly began to use their spectra to study the



intervening extragalactic gas. It was Bahcall and Spitzer (1969) who first proposed that
these absorption lines at multiple redshifts are caused by gas in “extended halos of normal
galaxies”. It wasn’t until the 1980s that some absorption lines in quasar spectra were associ-
ated with galaxies near the line of sight while others, the Lyman alpha forest, were attributed
to the IGM (Sargent et al., 1980; Bergeron and Stasiriska, 1986; Bergeron et al., 1992).

The advent of the Hubble Space Telescope (HST) and the spectroscopic instruments
aboard led to great leaps in the 1990s, leading to the discovery that galaxy halos give rise to
strong Ly, CIV, and other metal lines (Lanzetta et al.; 1995; Chen et al., 1998, e.g.) in a
gaseous medium that is multi-phase and richly structured.

The Sloan Digital Sky Survey (SDSS) created a massive database of galaxy observations
and led to a leap in the understanding of galaxy evolution, while also posing new questions,
such as how galaxies come to quench, or cease star formation. SDSS also uncovered another
mystery: Galaxies were missing a large fraction of the baryons they were predicted to have,
known as the missing baryon problem (Bregman, 2007). These questions led theorists to
implement new physical prescriptions for feedback and inflow to describe galaxy evolution.
The computing revolution of this time allowed simulations to begin to describe the feedback
and inflow of gas into galaxies. However, new observations and theories are still necessary
to fully capture the complex processes at play and their subsequent effect on the evolution

of galaxies.
1.2 Major Problems in Galaxy Evolution

As mentioned above, there remain many puzzles in galaxy evolution. Many of these chal-
lenges in our model of galaxy evolution involve the regulation of gas flows into and out of
galaxies, passing through the CGM.

How do galaxies sustain their star formation? The ISM contained in star forming gas is
only sufficient to produce stars for a small fraction of the life of the galaxy. This implies an
external supply of gas to replenish the ISM and keep it in a semi-equilibrium. The depletion

timescale, Tgep Mias/ M , does not vary greatly of a large range in galaxy masses. Lower mass



galaxies generally have bursty star formation histories while massive galaxies tend towards a
more continuous star formation history, suggesting the means to which these galaxies acquire
gas must be different, or regulated in some way. Accounting for all of the gas mass in the
CGM, which is fueling the star formation, requires knowledge of the size of the CGM, in

addition to the physical means of gas regulation.

One of the largest unsolved problems in galaxy evolution is quenching. Why do galaxies
quench and how do they stay quenched? Cool gas has been observed surrounding massive
quenched galaxies yet this gas is not being converted into star formation (Thom et al.,
2012). Solutions to this involve controlling the gas supply, via shutting of IGM accretion or
heating the CGM to the point that it cannot cool and enter the ISM. Low mass galaxies,
which would otherwise continue to form stars, quench if they are a satellite or near a more
massive galaxy (Geha et al., 2012; Putman et al., 2021). This form of quenching is thought
to occur by ram pressure stripping of the satellite CGM via the CGM of the host galaxy.
The boundary of the CGM is then clearly important to understanding when this stripping
will occur. This appears to occur well outside the virial radius, at least in large clusters
(Burchett et al., 2018, e.g.). In addition, galaxies in denser regions of the cosmic web have
higher quenching fractions that those in low density regions such as near voids (Blanton and
Moustakas, 2009; Peng et al.; 2010; Prochaska et al., 2011, e.g.), implying the large scale
environment is disturbing the CGM to some degree. The scales at which this takes place is
of vital importance to understanding the mechanisms of environmental quenching.

Another puzzle presented by ACDM cosmology is the predictions that baryons follow the
dark matter into halos, where the gas cools and falls into the ISM. Observed galaxies harbor
only a small fraction of the halo’s expected baryons in the ISM and stars. Werk et al. (2014)
showed that these “missing” baryons are contained in the CGM (see also Bordoloi et al.,
2014). However, calculating the total mass of baryons in the CGM required them to use a
radius to make this claim. They sensibly integrated out to 150 kpc but the calculation goes
as R? and thus the mass in of baryons will change if the CGM is indeed larger or smaller

than this number and indeed there are hints that the size of the CGM is larger than the



virial radius (Prochaska et al., 2011).

Galaxies form via the accretion of baryonic matter, gas, from their surroundings, the
IGM, passing through the CGM. This gas is then gravitationally bound to the halo, and
must subsequently cool, shedding the energy gained via assembly. However, the details in
which the gas cools and collapses into the interstellar medium and eventually form stars
remains a puzzle. I will review two of the outstanding problems in galaxy evolution that the
CGM can help inform, namely: cold mode accretion and precipitation.

In the conventional picture of galaxy formation, the gas follows the track of shock heating
to roughly the virial temperature of the galaxy potential well (T" ~ 10° K for a Milky Way
type galaxy) before cooling, condensing and forming stars. However, if this process proceeded
unabated, it would lead to a continuous flow of cooling gas to the center of halos, which is
not borne out in observations (Lea et al., 1973). One solution to this problem is the known
as “chaotic cold accretion” However, galaxies seem to be able to self regulate by inducing
feedback onto the accreting gas. Keres et al. (2005), however, found in their simulations that
roughly half of the gas radiates its acquired gravitational energy at much lower temperatures,
typically T < 10° K, and there exists a bimodal temperature distribution. The “cold mode”
of gas accretion dominates for low-mass galaxies (baryonic mass M, < 10'°M), while the
conventional “hot mode” dominates the growth of high-mass systems. Cold accretion is often
directed along filaments, allowing galaxies to efficiently draw gas from large distances, while
hot accretion is quasi-spherical. This model, however, has some challenges with theory and
observation: the prevalence of cool gas observed in halos is a challenge for the validity of
subsonic cooling flow solutions, in which the halo gas is expected to be predominantly single-
phased (Stern et al., 2019); furthermore, as the homogeneous inflow becomes increasingly
prone to runaway thermal instability and formation of an inhomogeneous multiphase atmo-
sphere in which stars can form. The precipitation hypothesis proposes that this transition
to a multiphase state fuels feedback that places upper limits on the pressure, density, and
cooling flow rate of the ambient medium. It plausibly explains how self regulating feedback

can maintain the resulting limits on atmospheric density, pressure, and cooling time but does



not explain how galaxy evolution drives massive galaxies toward such a self-regulating state
(Donahue and Voit, 2022). Distinguishing between these models will require observations

that better characterize the CGM. See Figure 1.1 for an overview of the CGM.

1.3 Atmospheric Boundary

The CGM in the context of this thesis is defined to include all of the gas gravitationally
bound to a galaxy’s halo outside of the galaxies interstellar medium (ISM). We can treat
the CGM as an atmosphere because many of the concepts that apply to the atmospheres
of planets and stars also apply to the gas in and around galaxies. The primary reason we
consider all of the gas gravitationally bound to a galaxy is that there exists no consensus on
where the CGM ends and where the IGM begins. Indeed, much of what was once considered
to be the IGM is now considered part of the CGM. O VI observations show that the Warm-
Hot Intergalactic Medium (WHIM) (T ~ 10° — 10°K gas) cannot be distinguished from the
CGM (McQuinn and Werk, 2018).

The most commonly used scale to define the boundary of the CGM is the virial radius,
itself not well defined. We will define the virial radius in terms the mean matter density

contained in a halo as a fraction of the of cosmological critical overdensity
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where G is the gravitational constant and H(z) is the Hubble expansion parameter at a
redshift z. The radius encompassing a matter density A times the critical density Ap,, is

therefore
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Simulations show that orbits of dark matter particles in the outer parts of a cosmological
halo gradually shift from mostly infalling to mostly isotropic in the neighborhood of A ~ 200
(Cole and Lacey, 1996; Bryan and Norman, 1998) so we will adopt Ry = r900. as the virial
radius. The virial radius is ~ 250 kpc for a MW mass halo and so dwarfs the size of the disk
by an order of magnitude. However, this boundary is rather arbitrary in the context of the
CGM. At least some of the gas outside of r9gg. was previously within that boundary and may
have been gently pushed beyond it by a thermally-driven expansion of the CGM. The virial
radius, based on collapse of dark matter overdensity into the halo is however, unobservable
and thus untestable. Recently, an alternative approach to define a halo boundary was put
forward by several authors. This approach, known as the “splashback” radius, specifies the
radius at which matter that is bound to the halo can orbit to upon the first collapse (Diemer
and Kravtsov, 2014; More et al.; 2015, e.g.). This radius my also correspond to the radius
at which gas can shock heat at halo assembly, and at which infalling substructures my be
stripped by their host halos. The splashback radius, however, has not been widely adopted
(yet) so I will continue to refer to the virial radius as a comparison of the atmospheric
boundary. By observing the gas around galaxies, the CGM, we can estimate the actual
extent of galaxies. This is necessary for if one wished to account for all of the baryons that
belong to galaxies, for example. In this thesis, I will show the the boundary of the CGM can

be estimated from observations, at least for the cool gas (< 10'K).

1.4 Observations of the CGM

One of the most successful means of observing the CGM is to use the spectra of bright
background objects, measuring the absorption of intervening gas from bright extragalactic
sources. Since its installation in the 2009 HST servicing mission, the Cosmic Origins Spec-

trograph (COS) aboard the Hubble Space Telescope (HST) has made significant strides in



Figure 1.1: An artists depiction of the CGM. The galaxy’s disk are fed by filamentary, or
cold flow accretion from the IGM (blue). Outflows are driven from the disk in pink and
orange, whereas gas that was previously ejected is recycling, known as the galactic fountain.
The diffuse gas halo in varying tones of purple includes gas that is likely contributed by all
these sources and mixed together over time. The scale of this region is given in the lower left
of the diagram and is larger than the a MW mass virial radius (R, ~ 250 kpc). Diagram
from Tumlinson et al. (2017).

characterizing the low-redshift CGM over a wide range of physical phases (T ~ 10* K - 10°
K). Because COS is ~10 times more sensitive than previous-generation UV spectrographs

(e.g. STIS), it has thus only recently become possible to assemble statistically significant
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samples of galaxy-QSO pairs. Commonly observed lines such as HI (via the Lyman series),
Sill, Silll, CIV, OVI, and NeVIII possess a wide range of ionization potentials (from 0.8
— 15 Rydberg) and allow us to assess the density, temperature, ionization mechanism, and
kinematics of the absorbing material in conjunction with photoionization modeling (e.g.,
Werk et al., 2014; 7).

Absorption-based work over the last decade has shown that: the CGM of L* galaxies con-
tains a major share of galactic baryons (Mcaum > M,; Werk et al. (2014)), serves as a massive
reservoir of galactic metals (at least as much as in the ISM; (Peeples et al. (2014)), and is
shaped by both enriched galactic outflows (0.5 Zg; Prochaska et al. (2017)) and a metal-poor
component that resembles “cold accretion” from the IGM (0.03 Z; ?) While actively star-
forming galaxies exhibit a highly-ionized component to their CGM characterized by strong
OVI absorption out to at least 150 kpc, non-star-forming, elliptical galaxies show only weak
detections of OVI if OVI is detected at all (Tumlinson et al. (2011)). However, these same
passive galaxies exhibit a high incidence of strong HI absorption in their CGM, as much cold,
bound gas as their star-forming counterparts (Thom et al.,; 2012). These results emphasize
that the processes that transform galaxies from star-forming disks to passive ellipticals do

affect the physical state of the CGM, but do not completely evacuate it of cool, 10* K gas.
1.5 Simulating the CGM

Theorists have begun to directly trace the origin and lifecycle of the CGM gas using both
cosmological zoom-in simulations of individual halos and cosmological hydrodynamic simu-
lations with statistical samples of galaxies (Hummels et al., 2013; Ford et al., 2013; Anglés-
Alcazar et al.; 2017, e.g.,). From these simulations, we have learned that in order to reproduce
the observed gas column densities out to ~ 200 kpc, bursty star-formation and feedback able
to generate significant outflows are required (e.g., Liang et al. 2015). Cosmological hydrody-
namical simulations that incorporate strong galactic winds indicate that at any given time,
65 — 80% of the total baryons in a galactic halo reside outside of the galaxy stellar disk,
and > 50% of these CGM baryons recycle through the ISM of the galaxy, typically on one-
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Gyr timescales (?Christensen et al., 2016; Anglés-Alcazar et al., 2017). Nonetheless, crucial
questions remain regarding the physical timescales and the spatial extent of gas outflow,
inflow, and recycling, and the separate contributions of black hole and supernova feedback
at different galaxy masses and redshifts. One major discrepancy between observations and
simulations is that, thus far, SPH, AMH, and moving mesh cosmological hydrodynamical
simulations universally under-predict the observed OVI by a factor of 3 —5. Resolving this
discrepancy may involve incorporating additional gas physics (e.g. cosmic rays; Butsky et al.
(2020)) or feedback mechanisms (e.g. ‘flickering AGN’; Oppenheimer et al. (2018)). Fur-
thermore, simulations have yet to examine the influence of large-scale environment and halo
assembly histories on the nature of the CGM in a self-consistent manner. In addition, most
simulations that focus on the CGM fail to integrate past the virial radius, thus limiting their
ability to connect the CGM to the IGM, despite hints (Burchett et al., 2018, e.g.) that
the CGM extends beyond this rather arbitrary distance. Thus determining an atmospheric

boundary or, extent of the CGM, is necessary for simulations to compare to observations.
1.6 The Intergalactic Medium and Large Scale Structure

Of paramount concern in galaxy evolution science is the impact of a galaxy’s environment
on its morphology and star formation activity. Correlations between environmental metrics
and galaxy properties, such as morphology (e.g., Dressler (1980)), color (Abell, 1965, e.g.),
and star formation (Peng et al. (2010)) have been known about for many decades, but
the physical mechanisms and their relative importance remain heavily pursued problems.
Galaxy-environment analyses typically fall along one of two paths: local environment-centric
or large-scale environment-centric. In the former, one employs an environmental density
metric, such as a nearest-neighbor distance or density within some aperture (KKauffmann
et al., 2004; Peng et al.,; 2010), or galaxies are associated with a local group or cluster
environment (Yang et al., 2007; Berlind et al., 2016) and galaxy properties are studied with
respect to the properties of the group or cluster (Carollo et al., 2013; Catinella et al., 2013).

Studies of galaxy-cosmic web dependencies report somewhat mixed results. Kuutma
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et al. (2017) find higher elliptical-to-spiral ratio and decreasing Star Formation Rate (SFR)
towards filament spines. Similarly, Crone Odekon et al. (2018) report that, at fixed stellar
mass, galaxies closer to filaments or in higher density environments are more deficient in
HI. These large-scale effects on galaxies have also been investigated in the cosmological
simulation domain. Codis et al. (2018) measure the spin-filament alignment in IlustrisTNG
(Vogelsberger et al., 2014), find a strong dependence on spin alignment with galaxy mass.
Pasha et al. (2022) find that the collapse of large scale structure into sheets at higher redshifts
(z ~ 3) can create shocks that explain quenching in dwarf galaxies similar to the effect seen

in nearby dwarf galaxies that exist in the presence of clusters and groups.

Aside from the galaxies themselves, one may also study the intergalactic medium in con-
text with the cosmic web environment. Wakker et al. (2015) measured the Ly« absorption
in quasar spectra probing a foreground visually identified filament, finding increasing ab-
sorber equivalent width and linewidth with decreasing projected distance to the center of
the filament. With a larger archival sample of QSOs and filaments, Bouma et al. (2021) find
similar results, with Lya absorbers showing both greater incidence and column density at
small projected distance and velocity offsets from filaments first identified by Courtois et al.
(2013). In the first application of a novel application of an algorithm based on the Physarum
polycephalum slime mold used to reconstruct the cosmic web, Burchett et al. (2020a) analyze
the Lya optical depth as a function of cosmic web density probed by QSO sightlines and
find three distinct regimes: a void regime at low matter overdensity with no detected ab-
sorption, an onset of absorption in the outer skins of filaments with monotonically increasing
optical depth, and the highest-density regime where the absorption no longer increases with
local density but rather turns over and declines at the highest densities. This has important
implications for the interaction of the galaxies, and their CGM, through which the IGM ac-
cretes to form stars. Combining the environmental density measurements with cosmic web
reconstruction methods with CGM measurements will illucidate the connection to effects on

the CGM of galaxies, and thus galaxy evolution.
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1.7 Structure of this Document

It is clear that the CGM plays a vital role in galaxy evolution as it connects the galaxies to
their surroundings, which provide fuel for star formation and growth. These surroundings
depend of the location of galaxies in the context of the cosmic web. In this manuscript, we
determine a data driven means of determining the extent of the CGM and new tools that
will allow these observations to be compared with cosmic density.

The first part of this manuscript is dedicated to determining the extent of the CGM. In
Chapter 2, I present initial results from the COS and Gemini Mapping the Circumgalactic
Medium (CGMCGM = CGM? ) survey. The CGM? survey consists of 1689 galaxies, all with
high-quality Gemini GMOS spectra, within 1 Mpc of twenty-two z < 1 quasars. I use the
HI absorption measurements to study the covering fraction as a function of galaxy mass and
impact parameter. I also present a model to determine the extent of the HI CGM.

In Chapter 3, I combine the CGM? survey with another survey, The COS Absorption
Survey of Baryon Harbors (CASBaH) in order to model the IGM/CGM interface and present
a more sophisticated model of the HI CGM. We use this model to provide another estimate
of the boundary of the CGM.

In Chapter 4, I present a novel data product: Using the Physarum polycephalum slime
mold algorithm, MCPM, to reconstruct the cosmic web. We apply the MCPM to much
deeper SDSS spectroscopic galaxy surveys than has been previously done. I present the
methods used to create this catalog, which was publicly released as part of SDSS DR17
(Abdurro’uf et al., 2022).

Chapter 5 provides a summary and discussion of the work in this manuscript. I also

discuss future avenues of study and provide some concluding remarks.



Chapter 2

CGM? I: THE EXTENT OF THE CIRCUMGALACTIC MEDIUM
TRACED BY NEUTRAL HYDROGEN
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Portions of this chapter were originally published in collaboration with Jessica Werk in the
May 2021 edition of the Astrophysical Journal (Wilde et al.; 2021, ApJ, Vol. 912, Issue
1, id.9; 2021 © American Astronomical Society, DOI: 10.3847/1538-4357 /abeal4), and are

reproduced below with the permission of the American Astronomical Society.
Summary

We present initial results from the COS and Gemini Mapping the Circumgalactic Medium
(CGMCGM = CGM? ) survey. The CGM? survey consists of 1689 galaxies, all with high-
quality Gemini GMOS spectra, within 1 Mpc of twenty-two z < 1 quasars, all with S/N~10
HST/COS G130M+G160M spectra. For 572 of these galaxies having stellar masses 107 M, <
M, < 10" M, and z < 0.5, we show that the H I covering fraction above a threshold of Ny >
10*em=2 is > 0.5 within 1.5 virial radii (R ~ Ragom ). We examine the H I kinematics and
find that the majority of absorption lies within = 250 km s~! of the galaxy systemic velocity.
We examine H I covering fractions over a range of impact parameters to infer a characteristic
size of the CGM, R&ty, as a function of galaxy mass. Rt is the impact parameter at
which the probability of observing an absorber with Ny > 10* ¢cm=2 is > 50%. In this
framework, the radial extent of the CGM of M, > 10%9M,, galaxies is Ry = 346125 kpc
or Réta = 1.2Ry;. Intermediate-mass galaxies with 10%% < M, /M < 10%9 have an extent
of Rty = 35318, kpe or Ry =~ 2.4 Ry Low-mass galaxies, M, < 10%2M, show a smaller
physical scale Ry, = 177750 kpe and extend to Ry =~ 1.6Ry;,. Our analysis suggests
that using R.;. as a proxy for the characteristic radius of the CGM likely underestimates its

extent.
2.1 Introduction

The Circumgalactic Medium (CGM) represents the complex interface between stellar evolu-
tion, feedback from super-massive massive black holes, and the cosmic web, dictated by the
large scale cosmology of the universe (e.g., ACDM) Tumlinson et al. (2017). These phenom-

ena span many orders of magnitude in relevant spatial scales and involve several different
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sub-disciplines of astrophysics. In the canonical cosmological picture of galaxy evolution
of White and Rees (1978), gas accretes onto galactic halos from the intergalactic medium
(IGM), cools and condenses to form the interstellar medium, and then eventually stars. At
the same time, mass and energy is returned to the CGM via supernovae and AGN feedback,
with some fraction potentially deposited back into the IGM.

In spite of its role as the harbor for a significant fraction of galactic baryons (e.g. Davé
et al.,, 2010; Shull et al.; 2012; Werk et al.; 2014), the CGM is predicted to have low gas
densities (n < 0.01 ecm™?) due to its vast volume. Such low-density gas is most efficiently
observed using absorption lines found in the spectra of bright background objects, usually
quasars (QSOs). Generally, QSO absorption spectroscopy provides very high sensitivity to
extremely low column densities in various ions, down to N ~ 10'2 cm~2, and access to a

broad range of ionized metal transitions that trace gas at both high and low densities in the

CGM.

Bahcall and Spitzer (1969) first posited that galaxies are responsible for the high-column
density absorption lines in QSO spectra. In the 40 years since the prediction of Bahcall and
Spitzer (1969), there has been much effort to link QSO absorption lines to both the IGM and
CGM. In particular, the IGM traces the large scale structure of the universe, and is observed
mainly through the Ly« forest (see Rauch, 1998 and McQuinn, 2016 for reviews). Previous
works have found that the H I Ly« forest is associated with two distinct populations based
on the strength of absorption systems; a low-density population that traces the cosmic-web,
and a high-column density population that lies within dark matter halos (e.g., Morris et al.,
1993; Tripp et al., 1998; Chen et al., 2005; Tejos et al., 2014; Burchett et al., 2020a). Linking
sets of absorption lines arising at the same redshift (absorber systems) with redshifts of
foreground galaxies in close proximity to the QSO sightline has essentially defined the last
20 years of CGM work (e.g. Chen and Tinker, 2008; Prochaska et al., 2011; Tumlinson et al.,
2013; Rudie et al., 2019). Boksenberg and Sargent (1978) and Bergeron and Stasiriska (1986)
reported some of the first identifications of intervening galaxies responsible for intermediate

redshift absorption line systems in quasar spectra. Subsequently, Lanzetta et al. (1995) found
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that all the luminous galaxies in their sample exhibit extended gaseous envelopes (not yet
called CGM), out to at least ~160 kpc.

Most of the early studies either searched for galaxies associated with known absorbers
or they conducted blind surveys that started with no previously known information about
either the absorbers or the galaxies at the outset of the survey. However, Bowen et al.
(1991, 1995, 2002) used an inverted approach in which they searched for specific absorption
features (e.g., Ca II Mg II | or H I ) affiliated with galaxies with redshifts and properties
that were known prior to the absorption survey. The advantage offered by this approach
is that the CGM of galaxies with specific properties of interest could be accumulated more
efficiently than in blind or absorption-selected surveys. Unfortunately, while many QSOs
can be found behind low-z galaxies at interesting impact parameters, the first generation of
HST spectrographs could not go deep enough to access most of those QSOs with a practical
allocation of telescope time.

In 2009, the installation of the Cosmic Origins Spectrograph (COS) on HST, 20—30 times
more sensitive than its UV spectrograph predecessors, allowed for targeted CGM studies of
statistical samples of galaxies nearby in projection to background QSOs. The studies carried
out with HST/COS over the last decade have revealed complex connections between the
bulk properties of galaxies and their CGM. For example, the presence of O VI in the CGM,
10—150 kpc from the star-forming host galaxy’s disk, is somehow linked to the present-day
star-forming properties of the disk (Tumlinson et al., 2011). The H I content of the CGM
scales with that of the host galaxies” H I disks, perhaps implying that the disk is being fed
by accretion from the IGM and CGM (Borthakur et al., 2015). In addition, large quiescent
galaxies that have long since ceased star formation were observed to contain rich reservoirs
of cool (~10* K) gas (e.g. Thom et al., 2012; Chen et al., 2018) which should provide fuel
for new star formation.

Thus far, the empirical picture of the CGM remains somewhat piecemeal, assembled from
a variety of targeted observations of small-moderate sized samples carried out by different

teams. Generally, various surveys of the CGM at low-z have revealed a multi-phase medium



18

extending as far as 0.5 — 1 Ry, (Raoom), which exhibits absorption from H I and a range
of metal ions with ionization potential energies ranging from 10 - 239 eV (e.g. Lanzetta
et al., 1995; Stocke et al., 2013; Tripp et al., 2011; Muzahid et al., 2011; Tumlinson et al.,
2013; Werk et al., 2013; Burchett et al.,; 2019). Absorption signatures of low-ionization state
metals like Mg IT and Si II are rarely detected greater than ~ 100 kpc away from their
host galaxies (Bordoloi et al., 2011; Nielsen et al., 2013; Werk et al., 2013; Bordoloi et al.,
2014). By comparison, highly ionized metal lines such as O VI are detected out to ~ 200
kpc (Tumlinson et al., 2011; Johnson et al., 2015, 2017; Prochaska et al., 2019) and in M31,
out to ~ 500 kpc (Lehner et al.; 2020). This progress at low-z has been mirrored at z ~2—3
with the Keck Baryonic Structure Survey (KBSS; Rudie et al. (2012)), which found typical
scales of the CGM to be ~ 300 kpc for L* galaxies.

Observational progress enabled by HST/COS has presented several challenges to our
current models of galaxy evolution. Photoionization modeling of the 10* K cool CGM gas
around L* galaxies has revealed it to be an order of magnitude under-pressurized with
respect to the envisioned 10° K virialized, ambient hot halo (e.g. Werk et al., 2014; Prochaska
et al., 2017; Haislmaier et al., 2020), and thus likely not in thermal or pressure equilibrium
as expected from simulations or simple theoretical arguments. Complex, non-equilibrium
physical processes may include precipitation (e.g. Voit, 2019), shocks (e.g. McQuinn and
Werk, 2018), cosmic rays (e.g. Ji et al., 2019), kpc-scale fountain cycles (e.g. Fraternali
and Binney, 2008; Kim and Ostriker, 2018), multi-filament gas flows fueling star formation
(Martin et al., 2019), galactic winds (Bordoloi et al., 2011; Burchett et al., 2020c; Huang
et al., 2020) and turbulent mixing layers (Fielding et al., 2020). Furthermore, simulations
have generally under-predicted observed column densities of various ions, of both high-and-
low ionization potential, compared to observations of galactic halos (e.g. Stinson et al., 2012;
Hummels et al., 2013; Oppenheimer et al., 2016; Liang et al., 2016; Fielding et al., 2017).
Newer simulations (e.g. Oppenheimer et al., 2018; Lehner et al., 2020; Nelson et al., 2020)
have more faithfully reproduced observations.

Recent simulations have shown that the CGM content, thermal structure, and kinematic
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properties are highly dependent on the mass and spatial resolution of simulations (e.g. van
de Voort et al.; 2019). High-resolution simulations that focus explicitly on the CGM, with
resolved spatial scales of ~100 pc and mass scales of ~10% M, out to 250 kpc, have helped
to ease the discrepancies with the observed column densities (Peeples et al., 2019b; Hummels
et al., 2019), more naturally producing cool, denser clumps. However, it remains important
to characterize the full extent of the CGM, as simulations still struggle to recreate all key

aspects of the extended CGM.

For the above reasons, it has been challenging to put quantitative, physically-motivated
bounds on the radial extent of the CGM. Generally, statistical QSO-galaxy samples are
limited to single sightlines per galaxy due to the rarity of QSOs (but see Chen et al., 2014;
Bowen et al., 2016) and thus assembling large enough samples to place constraints on the
extent of the CGM is challenging work. A comprehensive z < 1 CGM survey requires both
space and ground-based spectroscopy. The former are required to measure key far-ultraviolet
transitions such as Lya, Lys and metal species (e.g., C II, Si II, C IV, O VI). At low redshift,
only Ca II, Na I, Fe II, and Mg I and Mg II can be observed from the ground. However,
these species are confused by ionization and dust depletion and are hard to interpret by
themselves. On the other hand, large samples of galaxies are accessible to ground based

spectrographs to measure precise (ze, < 107%) redshifts of potentially associated galaxies.

To fill this need for a comprehensive, uniform CGM study, we have completed a deep
spectroscopic survey of >1000 galaxies around z > 0.5 QSOs, all within a few arcminutes
of the background QSO sightline. The galaxies and absorption systems are blindly selected
such that no preference to galaxy type or absorber optical depth is explicitly imposed. Our
survey, COS and Gemini Mapping the Circumgalactic Medium (CGMCGM = CGM? ), was
designed to address many puzzles related to the CGM, such as: (i) What is the physical
state of the gaseous halo when galaxies quench their star formation? (ii) What effects do
environment and merger history have on the physical state and content gaseous halo? (iii)
How do galaxy properties relate to the metal content and kinematic structure of their gaseous

halos and vice versa? (iv) What is the physical extent of the CGM? In this first presentation
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of the CGM? survey, we address the last question and in particular, how its spatial extent
may depend upon halo mass and galaxy type. Ultimately, this study will inform how galaxy
evolution and the large scale structure of the universe are connected.

CGM? includes a significant investment of effort from a team of University of Washing-
ton Undergraduate Astronomy majors led by CGM? PI Jessica Werk, the Student Quasar
Absorption Diagnosticians (aka the Werk SQuAD) whose work is described in detail in the
relevant sections. The outline of this chapter is as follows. Section 2.2 describes the observa-
tions and data reduction for the CGM? spectroscopic galaxy survey. Section 2.3 describes an
analysis of the galaxies’ spectroscopic and photometric properties. In Section 2.4, we discuss
our initial empirical results from associating galaxies with absorbers. We then derive a char-
acteristic physical scale for the CGM in Section 2.5 by examining the H I -galaxy clustering.
Section 2.6 compares our results to previous surveys of similar design and hydrodynamical
cosmological simulations. We summarize and conclude this work in Section 2.7. Through-
out this analysis we adopt the Planckl5 (Planck Collaboration et al., 2016) cosmology as
encoded in the ASTROPY package (Astropy Collaboration et al., 2013; Price-Whelan et al.,

2018). All distances are in physical space (not co-moving) unless otherwise noted.

2.2 Observations and Data Reduction

2.2.1 QSO Sample Selection

The CGM? survey is built upon the COS-Halos (GO11598, GO13033; Tumlinson et al., 2013)
and COS-Dwarfs (GO12248; Bordoloi et al., 2014) surveys, which used 263 orbits of COS
time to observe ~ 80 QSOs with z = 0.2 — 1.0. These surveys were designed to probe the
halo(s) of one or two foreground galaxies well inside R,; using suitable QSO-galaxy pairs.
The COS-Halos QSO catalog was selected from the SDSS DR5 quasar catalog for QSOs that
are UV-bright (GALEX FUV < 18) and lie at z < 1. The target QSOs were further selected
to avoid Mg II absorbers at z > 0.4 to avoid losing a large range of the FUV QSO spectrum
to LLSs. While this criterion did not affect the original surveys, which typically targeted
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specific galaxies at 2z < 0.4, it does affect the CGM? sample because it selects against high
column density systems at z 2 0.4.

COS-Halos galaxies were selected via photometric redshifts to target stellar masses of
M, ~ 101°"H M at 0.1 < z < 0.3 with projected separations from a nearby QSO p < 150
kpc. The precise redshifts (and other galaxy properties) were subsequently constrained with
follow-up spectroscopy (Werk et al., 2012). The COS-Dwarfs survey was designed to probe
the CGM of galaxies with log M, /M, < 10'° at z ~ 0.01 — 0.05 with masses and redshifts
derived via SDSS photometry and spectroscopy. Both surveys yield galaxies that are the
closest spectroscopically-identified galaxy to each QSO sightline and were designed to avoid
biases with respect to galaxy neighbors, large-scale environment, or status as a satellite of a
larger halo (in cases where neighbors were known).

For the CGM? multislit spectroscopic follow-up, we targeted a subset of “high-value”
QSO fields with our Gemini program, either those with zqso > 0.6 or those with HST
imaging available, which allows us to obtain morphology of any absorption-hosting galaxies
with z < 0.5. To-date, we have obtained multislit galaxy spectra in 22 QSO fields as part of
CGM? . The fields we have surveyed, and some basic properties of the background QSOs,
are tabulated in Table 2.1.

COS Data Reduction

The COS spectra were taken using both the G130M and G160M gratings. The balance
between the time allocated to G130M and G160M was designed to achieve S/N ~ 10 — 12
per resolution element (FWHM =~ 16-18 km s~1) or better over 1150-1800 A. The reduction
of the COS spectra is explained in detail in Tumlinson et al. (2013) and Bordoloi et al.
(2014) and follows the same method used by Tripp et al. (2011), Meiring et al. (2011),
Tumlinson et al. (2011) and Thom et al. (2012) but we provide a brief description here. The
COS data were obtained from MAST' and processed via CALCOS (v2.12) (Holland, 2012)

thttp://archive.stsci.edu
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Table 2.1. QSO Fields in CGM?

QSO QSOLong RA Dec 2QS0 m,
J0226+0015 J022614.46+001529.7 36.56028 0.25827 0.615 17.15
J0809+4619 J080908.13+461925.6 122.2839 46.3238 0.657 16.54
J0843+4117 J084349.49+411741.6 130.9562 41.2949 0.99 17.31
J0914+4-2823 J091440.38+282330.6 138.66829 28.39184 0.735 17.79
J09354-0204 J093518.19+020415.5 143.82581 2.07098 0.649 16.99
J0943+0531 J094331.61+053131.4 145.88173 5.52541 0.564 17.16
J1001+5944 J100102.55+594414.3 150.2606 59.7373 0.746 16.08
J1016+4706 J101622.60+470643.3 154.09418 47.11204 0.822 17.12
J1022+4-0132 J102218.99+013218.8 155.57913 1.53856 0.789 16.75
J1059+1441 J105945.23+144142.9 164.9385 14.6953 0.631 16.93
J1059+2517 J105958.82+251708.8 164.9951 25.2858 0.662 17.39
J1112+3539 J111239.11+353928.2 168.16296 35.65784 0.636 17.73
J11334-0327 J113327.78+032719.1 173.36578 3.45533 0.525 17.54
J11344-2555 J113457.62+255527.9 173.7401 25.9244 0.71 16.8
J1233-0031 J123304.05-003134.1 188.26688 -0.52616 0.471 17.76
J1241+45721 J124154.02+572107.3 190.4751 57.35205 0.583 17.58
J1342-0053 J134251.60-005345.3 205.71503 -0.89592 0.326 16.92
J1419+4207 J141910.20+420746.9 214.79251 42.1297 0.873 17.04
J1437+5045 J143726.14+504555.8 219.35892 50.76551 0.783 17.57
J1553+3548 J155304.92+354828.6 238.27052 35.80795 0.722 16.46
J1555+4-3628 J155504.39+362848.0 238.76833 36.48001 0.714 17.76
J2345-0059 J234500.43-005936.0 356.2518 -0.99335 0.789 16.8

Note. — The full sample of QSOs included in the CGM? Survey: (1) QSO Short Name;
(2) QSO Long Name, RA in hms and Dec in dms, all J2000; (3 & 4) RA, Dec in decimal
degrees; (5) QSO redshift; (6) SDSS g-band magnitude of QSO.
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Table 2.2. CGM? Multislit Mask Observations

QSO Maskname Date Instrument N((slits) N(z)
J0809+4619 GN2014AQ001-01 2014-11-19 GMOS-N 31 24
J0809+4619 GN2014AQ001-02 2014-11-20 GMOS-N 27 21
J0809+4619 GN2014AQ001-03 2014-11-21 GMOS-N 29 21
J0809+4619 GN2014AQ001-04 2014-11-23 GMOS-N 17 15
J1134+4-2555 GN2014AQ001-05 2014-06-21 GMOS-N 29 26
J1134+4-2555 GN2014AQ001-06 2014-06-22 GMOS-N 29 26
J1134+4-2555 GN2014AQ001-07 2014-06-25 GMOS-N 24 20
J1134+-2555 GN2014AQ001-08 2014-12-21 GMOS-N 16 13
J12414-5721 GN2014AQ001-09 2014-06-25 GMOS-N 27 18
J12414-5721 GN2014AQ001-10 2014-06-30 GMOS-N 24 23
J1555+3628 GN2014AQ001-11 2014-06-24 GMOS-N 33 29
J1555+3628 GN2014AQ001-12 2014-06-24 GMOS-N 26 24
J0914+-2823 GN2014BLP003-01 2015-01-17 GMOS-N 45 29
J0914+2823 GN2014BLP003-02 2015-01-17 GMOS-N 44 27
J0914+4-2823 GN2014BLP003-03 2015-01-17 GMOS-N 45 26
JO843+4117 GN2014BLP003-04 2015-01-16 GMOS-N 39 28
JO843+4117 GN2014BLP003-05 2015-01-16 GMOS-N 39 31
JO843+4117 GN2014BLP003-06 2015-01-16 GMOS-N 39 31
J1059+1441 GN2014BLP003-08 2015-01-16 GMOS-N 45 38
J1001+-5944 GN2014BLP003-10 2015-01-18 GMOS-N 45 36
J1001+-5944 GN2014BLP003-11 2015-01-18 GMOS-N 45 29
J1001+-5944 GN2014BLP003-12 2015-01-18 GMOS-N 41 33
J1016+4706 GN2014BLP003-13 2015-01-19 GMOS-N 42 34
J1016+4706 GN2014BLP003-14 2015-01-19 GMOS-N 40 30
J1016+4-4706 GN2014BLP003-15 2015-01-19 GMOS-N 42 33
J1112+4-3539 GN2014BLP003-19 2015-01-17 GMOS-N 49 33
J1112+4-3539 GN2014BLP003-20 2015-01-17 GMOS-N 46 31
J1112+4-3539 GN2014BLP003-21 2015-01-17 GMOS-N 43 37
J1059+2517 GN2015ALP003-01 2015-05-18 GMOS-N 47 31
J1059+4-2517 GN2015ALP003-02 2015-05-20 GMOS-N 43 29
J1059+-2517 GN2015ALP003-03 2015-06-08 GMOS-N 42 25
J1419+4207 GN2015ALP003-04 2015-05-17 GMOS-N 45 27
J1419+4207 GN2015ALP003-05 2015-05-17 GMOS-N 46 33
J1419+4207 GN2015ALP003-06 2015-05-17 GMOS-N 43 32
J1419+4207 GN2015ALP003-07 2015-05-17 GMOS-N 41 25
J1437+5045 GN2015ALP003-08 2015-05-24 GMOS-N 40 33
J1437+5045 GN2015ALP003-09 2015-05-22 GMOS-N 43 31
J1437+5045 GN2015ALP003-10 2015-06-19 GMOS-N 42 30
J1553+3548 GN2015ALP003-11 2015-05-17 GMOS-N 45 32
J15534-3548 GN2015ALP003-12 2015-05-18 GMOS-N 45 35
J1553+3548 GN2015ALP003-13 2015-05-18 GMOS-N 41 28
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Table 2. CGM? Multislit Mask Observations

QSO Maskname Date Instrument N(slits) N(z)
J09434-0531 GS2014AQ002-01 2015-04-19 GMOS-S 19 13
J09434-0531 GS2014AQ002-02 2015-04-18 GMOS-S 7 3
J0943+0531 GS2014AQ002-03 2015-02-18 GMOS-S 28 22
J0943+0531 GS2014AQ002-04 2015-02-19 GMOS-S 18 9
J1133+0327 GS2014AQ002-05 2015-03-15 GMOS-S 32 27
J11334+0327 GS2014AQ002-06 2015-04-25 GMOS-S 24 18
J1133+0327 GS2014AQ002-07 2015-04-25 GMOS-S 26 21
J1133+0327 GS2014AQ002-08 2015-05-14 GMOS-S 22 17
J1233-0031 GS2014AQ002-09 2015-04-19 GMOS-S 30 19
J1233-0031 GS2014AQ002-10 2015-05-14 GMOS-S 29 24
J1342-0053 GS2014AQ002-11 2015-01-04 GMOS-S 31 18
J1342-0053 GS2014AQ002-12 2015-06-06 GMOS-S 29 22
J0226+4-0015 GS2014BLP004-01 2014-10-26 GMOS-S 47 40
J02264-0015 GS2014BLP004-02 2014-10-26 GMOS-S 44 32
J0226+0015 GS2014BLP004-03 2014-10-26 GMOS-S 43 29
J2345-0059 GS2014BLP004-04  2015-06-19 GMOS-S 41 25
J0935+0204 GS2014BLP004-07 2015-02-13 GMOS-S 45 26
J0935+0204 GS2014BLP004-08 2015-02-13 GMOS-S 32 20
J0935+0204 GS2014BLP004-09 2015-02-17 GMOS-S 38 25
J10224-0132 GS2015ALP004-01 2015-02-17 GMOS-S 40 26
J1022+0132  GS2015ALP004-02  2015-02-17 GMOS-S 38 30
J10224-0132 GS2015ALP004-03 2015-02-17 GMOS-S 36 27
J10224-0132 GS2015ALP004-04 2015-02-17 GMOS-S 34 23

Note. — Multislit Observation with GMOS taken as part of the CGM? Survey: (1) QSO
short name; (2) Unique program mask name with project ID; (3) Date of mask observation;
(4) Instrument, either GMOS-N or GMOS-S; (5) Number of slits placed on each mask; (6)
Number of slits that yielded a reliable redshift.
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with standard parameters and reference files. First, exposures taken at the same grating
and CENWAVE were combined. These coadded spectra were then coadded with exposures
in the same grating at different CENWAVEs. This was followed by a combination of the
two grating spectra to produce a single one-dimensional (1D) trace from 1150-1800 A At
each coadd, exposures were combined by aligning common Milky Way interstellar absorption
lines. Features related to the design of COS show up in the raw data and must be removed.
The photocathode grid wires cast shadows on the detector as well as other fixed-pattern
noise features and were removed with a flatfield and moreover are mitigated by the use of
FP SPLITS. Flat-field reference files, prepared and communicated to us by D. Massa at
STScl and filtered for high-frequency noise by E. Jenkins, were used to correct these fixed
pattern features. These flats do not however, correct for gain-sag depressions in the spectra
created by prolonged exposure to bright geocoronal emission lines (Sahnow et al., 2011).
The affected regions are flagged by the CALCOS pipeline and are rejected in our coaddition
process. The 1D spectra are binned to Nyquist sampling resulting in a 1D, flat-corrected
spectra with two bins per COS resolution element (FWHM =~ 18 km s™!) and a S/N ~ 8-10.
Errors arising from counting statistics (Poisson) are propagated through each step in the

calibration.

2.2.2  Spectroscopic Galaxy Survey
Survey Design

All galaxy spectra were obtained at the Gemini North and South Observatories using the
GMOS instrument (Hook et al., 2004; Gimeno et al., 2016) in multi-object spectrograph
mode. The GMOS observations enabled us to obtain accurate, precise redshifts for low-
redshift (0.1 < z < 1) galaxies as faint as g ~ 24.5 for star-forming galaxies and g ~ 24
for early-type galaxies. Over 3 observing semesters from 2014—2015 at both GMOS-N and
GMOS-S, we surveyed galaxies in the high-quality QSO fields listed in Table 2.1.

GMOS uses slit masks that must be cut for each field based on highly-accurate astrometry
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from either a ‘pre-image’ taken in GMOS imaging mode or derived from an accurate catalog.
For most of our fields, we used Gemini GMOS pre-imaging to create the masks. However, for
fields observed in 2014A, specifically J0809+44619, J0943+0531, J113340327, J1134+2555,
J1241+4-5721, and J1555+3628, we used a combination of HST-WFC3 imaging for angular
separations less than 1’ from the QSO along with SDSS imaging for galaxies further from
the sightline to construct a slit mask target catalog. We refer to the observational program
that observed these fields as the “Rollup” program and are differentiated in Table 2 with a
‘Q’ in the Maskname column. Subsequent observations used Gemini-GMOS ¢ and ¢ band
pre-imaging to create the slit mask target lists and are referred to as “Large Program” (LP)
observations. From the pre-imaging, we derived astrometry as well as magnitudes from
SExtractor (Bertin and Arnouts, 1996) using Gemini-calibrated photometric zero points and
color corrections. We then optimized to get as many g < 24 galaxies into each slit mask as
possible (see below).

In our GMOS programs, we used the R400 grating with 1” slits to balance wavelength
coverage with spectral resolution. The fields from the Rollup programs listed above were
dithered across two exposures per mask at central wavelengths of AA6000, 6900A in order
to avoid losing information to the chip gaps. The LP fields have spectra consisting of three
exposures per mask at three separate central wavelengths, AA6900, 7000, 7100A. Despite these
differences, both programs yielded similar depths with total exposure times of 1 hour per
mask. Our final spectra achieved a S/N of at least a few per pixel at Aps = 4800A, the
approximate wavelength of the 4000A break at z ~ 0.2.

Because precise redshift determination from our spectra was the primary goal, we chose
a grating to cover 4400 to 9000 A in order to detect emission from z < 0.5 [OII], HA (for
both redshifts and star formation metrics) and Ha as well as absorption from Ca H+K and
Na D in passively-evolving galaxies. The R400 grating provided a spectral resolving power
of R = \/AM ~ 950, which corresponds to a velocity resolution of 300 km s™! per resolution
1

element. Ultimately, this setup allowed for determining the velocity centroid to ~ 50 km s~

for precise redshift determination. We note that every spectrum does not exhibit uniform
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wavelength coverage given the design of GMOS. Galaxies that are not placed near the center

of the field have redder or bluer coverage than the range quoted above.

The slit masks were designed such that slits were placed on ~ 85% of objects within
1 arcminute of the QSO, with additional slits placed to fill the 5.5x5.5 arcminute area of
the detector. Slit placement constraints meant that ~ 40 — 50 slits could be placed on one
mask. We aimed to obtain spectra of ~ 80-120 unique galaxies per QSO field. Some fields
in the earlier Rollup programs (those observed in 2014A) had as few as two and as many as
four masks per field. In the later observing campaigns, all fields (except J105941441, which
was only observed with one mask due to problems in the mask making) have three masks
per field. This is shown in Table 2. An example of the targeting strategy can be seen in
Figure 2.1 for the field J0843+4117. The red circles highlight the galaxies with z < zqgo for
which we obtained reliable redshifts while the white circles were targeted for spectra but for

which we did not recover a reliable redshift.

All masks were observed between June 2014 and June 2015 on either GMOS-N or GMOS-
S. Table 2 provides details of each multislit mask observed. Columns 5 and 6 list the number
of slits placed and the number of slits that yielded reliable redshifts, respectively. A sum-
mary of the completeness of our galaxy spectroscopic survey is shown Table 3 for each field
as a function of angular separation from the central QSO and limiting magnitude. The
completeness is given as the fraction of reliable, redshift-yielding spectra, with ‘ZQ’ > 2 of
galaxies (CLASSSTAR < 0.5) by SExtractor within some angular separation to the QSO.
The fields J2345-0059 and J1059+1441 have only one mask per field and thus have a lower
completeness relative to the rest of the sample. In general, we are nearly 100% complete
out to 2 arcminutes from the QSO for galaxies with an i-band magnitude of < 22. The
completeness drops to ~50% for a limiting magnitude of i < 23. 68% of the galaxies used
in this analysis lie within 2 arcminutes of the central quasar. Details of the survey design,
completeness and their impact on scientific results will be discussed in the full presentation

of the CGM? survey, currently in preparation (Werk et al. 2021).
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Table 3. Completeness

QSO Caa,1/ Cag,r Caorov Cas, 1/ Cas,o Cas,rov
J02264-0015 0.57 0.79 0.47 0.34 0.41 0.23
J0809+4619 1.00 1.00 1.00 0.77 0.70 0.37
JO843+4117 1.00 1.00 0.63 0.70 0.51 0.31
J0914+4-2823 1.00 1.00 1.00 0.80 0.63 0.40
J09354+0204 0.93 0.86 0.42 0.33 0.40 0.20
J0943+0531 1.00 1.00 0.54 0.61 0.42 0.20
J10014-5944 1.00 1.00 0.65 0.87 0.53 0.32
J10164-4706 1.00 1.00 0.55 0.81 0.62 0.31
J10224-0132 1.00 0.97 0.79 0.59 0.51 0.35
J1059+1441 0.60 0.47 0.32 0.24 0.24 0.15
J1059+4-2517 1.00 1.00 0.68 0.72 0.69 0.36
J11124-3539 1.00 1.00 0.49 0.54 0.43 0.22
J1133+0327 1.00 0.95 0.48 0.68 0.46 0.23
J11344-2555 1.00 0.99 0.66 0.70 0.57 0.33
J1233-0031 1.00 0.44 0.25 0.43 0.19 0.11
J12414-5721 1.00 0.79 0.35 0.90 0.36 0.14
J1342-0053 1.00 0.58 0.29 0.54 0.30 0.14
J1419+4207 1.00 1.00 1.00 1.00 1.00 0.76
J143745045 1.00 1.00 0.66 1.00 0.63 0.33
J15534-3548 1.00 1.00 0.82 1.00 0.74 0.40
J15554-3628 1.00 1.00 0.62 0.67 0.53 0.24
J2345-0059 0.28 0.40 0.16 0.16 0.19 0.09

Median 1.00 1.00 0.57 0.69 0.51 0.27

Note. — Completeness of the CGM? galaxy catalog along with the median in each radial
and magnitude limited bin. The completeness is defined as the fraction of reliable spectra,
with ‘ZQ’ > 2, to objects designated as a galaxy (CLASSSTAR < 0.5) by SExtractor (1)
QSO Field; (2) Completeness within 1’ of the QSO at a limiting i-band magnitude of 22;
(3) Completeness within 2’ of the QSO at a limiting i-band magnitude of 22; (4) Complete-
ness within the GMOS field of view of the QSO at a limiting i-band magnitude of 22; (5)
Completeness within 1’ of the QSO at a limiting i-band magnitude of 23; (6) Completeness
within 2’ of the QSO at a limiting i-band magnitude of 23; (7) Completeness within the
GMOS field of view of the QSO at a limiting ¢ -band magnitude of 23. The fields J2345-0059
and J1059+41441 have only one mask per field and thus have a low completeness relative to
the rest of the sample.
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Gemini Data Reduction

The spectra were reduced using a combination of Gemini’'s PyRAF package and Pypelt”
(Prochaska et al., 2020). The initial reduction closely follows the GMOS Data Reduction
Cookbook?. After obtaining the raw spectra from Gemini Observatory Archive, the data
were organized according to field and mask. Biases were created by downloading all bias
exposures of the same 2 x 2 binning taken within ~ 1 month from the observations if they
were the same detector. Flat field and NeAr wavelength calibration exposures were taken
along with each mask and were prepared using the standard methods in the cookbook. This
procedure performs the bias subtraction, performs automatic slit edge finding, cuts the slits
out of the image and isolates them, flat-fields each slit with the flats taken at the same
central wavelength, and then performs a wavelength transformation to each slit. This results
in multiple 2-D spectra. In general, the typical RMS of the wavelength solution is 0.1 pixel,
which corresponds to 0.04A given the dispersion of GMOS of 0.4A per pixel. We then
turned to Pypelt to perform sky subtraction, spectral continuum tracing, and combination
of the wavelength-dithered. The spectra were then flux calibrated using a sensitivity function
based on a selection of spectro-photometric flux calibration standards, BD28+4-4211, EG21,
EG131, and Wolf1346, choosing whichever was closest on the sky. The final 1D spectra were
co-added in vacuum wavelength space weighted by the inverse variance of the individual

exposures.
2.3 Analysis

2.3.1 Galaxy Redshift Determination

The process of determining galaxy redshifts was done in two stages. First, each 1D extracted

spectrum was passed through an automated redshift fitting code, REDROCK * (v0.14).

Zhttps://github.com /pypeit/Pypelt

3Shaw, Richard A. 2016, GMOS Data Reduction Cookbook (Version 1.2; Tucson: National Optical
Astronomy Observatory), available online at:http://ast.noao.edu/sites/default/files/GMOS__ Cookbook/

4https://github.com/desihub /redrock
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REDROCK was developed by the DESI team and uses a template fitting algorithm to
generate a set of ranked best-fitting models, identifying the object’s type (QSO, Star, Galaxy)

and corresponding redshift.

However, much of our galaxy sample has moderate to poor S/N, and the automated
REDROCK redshift guesses can thus fail catastrophically by fixating on spurious features.
We constructed a method of manually vetting the REDROCK redshifts by eye using a custom
GUI, VETRR’. Each redshift was visually assessed and assigned a quality flag, Z, by one of
the authors, and by at least two members of the Werk SQuAD. A Z, of either 0, 1, 3, 4 were
assigned to each spectrum, where a Zg = 0 indicates the spectrum has a S/N that is too
low to be useful. Zgy = 1 denotes a good spectrum but we are not confident in identifying
a redshift (i.e. has no clear absorption or emission lines). Zg = 3 are spectra with one
absorption or emission line that was confidently identified. These are usually strong [OII],
Ha emission or weak Call absorption. A solitary Ha emission only falls into this category
if HG is off the detector and the strong emission line is too narrow to be [OII], which is a
marginally unresolved doublet in these data. Zg = 4 represents a spectrum for which we
are most confident in the redshift, with at least two absorption or emission lines identified.
Zg = 2 was not used. The fully vetted galaxy survey database that we use for our analysis
contains only spectra with Zg > 2. The statistical uncertainly of our redshift identification
was determined by computing the standard deviation of redshift identifications from at least
three humans for a sample of 50 galaxies and is typically in the range of o, ~ 50-100 km s}

(z ~ 0.00016-0.00030). The redshift distribution of the vetted galaxy database containing

971 galaxies with redshifts less than that of the field quasar is shown in Figure 2.2.

In addition to manually vetting the galaxy redshifts, we also visually identified a galaxy
spectral type during the process of examining each 1D spectrum. If strong emission lines
and weak continuum were present, we classified the galaxy as “star forming” or “SF”. If

only absorption lines along a detected continuum were found, we classified the galaxy as

Shttps://github.com/mattcwilde /vetrr
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“quiescent” or “E”. If both emission and absorption lines were identified, we classified the
galaxy as a combination of the two, “SF+E.” In several cases, stars were mistakenly targeted
in our slit masks, and they have the identification as star. Stars are never included as part of
our vetted galaxy database. Examples of galaxy spectra of each type are shown in the three
panels of Figure 2.3. These spectra contain some poorly-subtracted sky lines, and telluric
absorption lines at ~7600A, which are the sorts of spurious spectral features that can cause
REDROCK to fail. The top panel displays an emission-line ‘SF’ galaxy that shows emission
from several highlighted strong emission lines, the middle panel shows a combination-type,
‘SF+E’ spectrum with both [OII] emission and strong Call absorption against a bright stellar
continuum, and the bottom panel shows an example of an absorption-only spectrum, type

LE]

2.3.2 Galaxy Photometry and Spectral Energy Distribution Fitting

In addition to the galaxy spectroscopic catalog, we constructed a photometric galaxy catalog
to derive stellar masses and galaxy star formation rates (SFRs). Our spectra are generally
insufficient in signal and flux calibration to analyze them via spectral fitting codes (e.g.
Cappellari, 2017). To estimate stellar masses, we used CIGALE (Noll et al., 2009; Boquien
et al., 2019) to fit the spectral energy distribution and retrieve stellar mass and SFRs.
We note that while there are myriad other SED fitting codes available (as well as direct
color-mass relations) we chose CIGALE for its options for stellar population models, dust
models, etc. across large swaths of parameter space. We also chose it to compare directly to

complementary surveys such as CASBaH (Burchett et al., 2019; Prochaska et al., 2019).

Galaxy Photometry

One major challenge in constructing a photometric catalog for the CGM? survey was that
the spectroscopic target catalog is generally fainter than available public all-sky surveys and
thus the photometric coverage is not uniform in all fields. We chose to gather photometric

data for every spectroscopic target in the galaxy catalog, totalling 2310 unique targets.
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We created the photometric catalog by cross-matching our target to the DESI Legacy
Imaging Surveys Data Release 8 (DRS8) (Dey et al., 2019). The imaging survey for DESI
is composed of data from three telescopes covering ~ 14000 deg? over —18° < § < +84°
(|b| > 18°). These three Programs include The Beijing-Arizona Sky Survey (BASS), The
DECam Legacy Survey (DECaLS), and the Mayall z-band Legacy Survey (MzLS) which
provide g, r, and z band photometry to ~ 23.3 mag.

The photometry is corrected for Galactic extinction. This is the deepest publicly available
optical survey and provided the bulk of the photometry. In cases of overlap between the North
and South catalogs, we chose the Southern DECaLS observations. We limited matches to
objects with S/N > 2 and chose the closest match within 1.3 arcseconds of our targets in
order to limit mismatches between our faint sources and the Legacy Survey catalogs. This
gives us 1985 targets with at least one band of photometry. In addition to the g, r, and z
bands, DR8 provides cross-matched WISE (Cutri et al., 2013) observations in 3.4, 4.6, 12,
and 22 pm.

In order to cover a larger wavelength range to better estimate the SED, we also cross-
matched our catalog with the Pan-STARRS Data Release 2 (Chambers et al., 2016) with
coverage of the grizy bands, utilizing the MAST cross-match service, using a 1.3 arcsecond
threshold. We limited photometry to those marked as extended objects with good stack
photometry and grizy < 23.3, 23.2, 23.1, 22.3, 21.3., giving 393 objects with photometry in
at least one band.

In addition we also queried the SDSS DR14 (Abolfathi et al., 2018) survey with ugriz
coverage where we restricted matches to less than ugriz < 22.15, 23.13, 22.70, 22.20, 20.71,
totalling to 331 targets with photometry in at least one band.

To make sure we included photometry for every object in the CGM? survey that may be
too faint or in crowded areas for the public surveys, we included photometry from the GMOS
imaging. The target selection and slit mask design was based on Gemini GMOS i-band and
g-band imaging except in the case of the Rollup programs, GN-2014A-Q1 and GS-2014A-Q2,
which involved a combination of HST WFC-ACS and Gemini imaging. This allowed us to
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Table 4. CGM? Gemini GMOS Imaging

Project ID G-texp [8] itexp [8]
GN-2014A-Q1 X 150
(S-2014A-Q2 X 150

GN-2014B-LP-4 450 200
GS-2014B-LP-3 450 200
GN-2015A-LP-3 450 200
GS-2015A-LP-4 450 200

Note. — Imaging observations with GMOS-N and GMOS-S taken as part of the CGM?
Survey: (1) Project ID; (2) g-band exposure time in seconds; (3) i-band exposure time in
seconds

use the Gemini images to get photometry for each field, the details of which are presented in
Table 4. Two exposures in each band were combined and processed by Gemini. We obtained
g and ¢ band magnitudes of the Gemini sources using the SExtractor software. We used pre-
calibrated photometric zero-points and color corrections for GMOS-N and GMOS-S for an
initial pass on the Gemini photometry. In order to further calibrate the Gemini photometry,
we cross-matched our m<21 sources to the g and ¢ band SDSS photometric sources, and
then bootstrapped the Gemini photometry below the SDSS magnitude limit within each
field. This consisted of applying a constant magnitude offset to the Gemini sources to match

the SDSS photometry in the g and ¢ bands.

All photometry from Gemini, SDSS, and Pan-STARRS was corrected for Galactic red-
dening based on the values in Schlafly and Finkbeiner (2011) provided by the NASA Extra-

galactic Database® by querying our targets coordinates via ASTROQUERY"'. We employed

6The NASA/IPAC Extragalactic Database (NED) is funded by the National Aeronautics and Space
Administration and operated by the California Institute of Technology.

"http://dx.doi.org/10.6084/m9.figshare.805208
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the SVO Filter Profile Service (Rodrigo et al., 2012) to obtain our filter transmission curves
for the telescopes used in these surveys as required input to CIGALE.

CIGALE includes many models as options to include in fitting. For stellar populations,
we used the Bruzual and Charlot (2003) models, assuming a Chabrier (2003) initial mass
function (IMF). We chose a grid of metallicities ranging from 0.001-2.5Z;. We used a delayed
star formation history (SFH) model with an exponential burst. The e-folding time of the
main stellar population models ranged from 0.1-8 Gyr. We varied the age of the oldest stars
in the galaxy from 2-12 Gyr. We included an optional late burst with an e-folding time of
50 Myr and an age of 20 Myr. We varied the burst mass fraction from 0.0 or 0.1 to turn this
feature on or off. Nebular emission and reprocessed dust models (Dale et al., 2014) were also
included with the default values. The dust models have slopes ranging from 1 — 2.5 and the
nebular models include no active galactic nuclei.

We employed the Calzetti et al. (1994) dust attenuation law, but we also included a
“bump” in the UV (see discussion in Prochaska et al. (2019)) at 217.5 nm with a FWHM
of 35.6 nm. The bump amplitude is set at 1.3 and the power law slope is -0.13 (Lo Faro
et al., 2017). We varied the color excess of the stellar continuum from the young population,
E(B-V), from 0.12-1.98. Finally, we used a reduction factor of 0.44 to the color excess for

the old population compared to the young stars.

2.3.3 Galaxy Stellar Masses and Derived Properties

After fitting each galaxy’s SED, CIGALE then outputs several useful parameters including
stellar mass, SFR, and the rest-frame absolute luminosity in each band. Figures 2.4 and
2.5 show the resultant mass distributions with masses spanning M, ~ 106 — 10'* M, and
M, = 10°2M, at z = 0.44. In order to calculate the virial radius of the galaxies, we first
calculate the halo mass using the abundance matching method of Moster et al. (2013) with
the modifications used in Burchett et al. (2016). We adopt Ragom, the radius within which
the average mass density is 200 times the mean matter density of the universe, as the virial

radius (R.;) of a galaxy halo.
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Figure 2.4 shows the CIGALE-derived SFRs vs stellar masses, which exhibit, as expected,
a positive correlation known as the “star-forming main-sequence” (SFMS). We compare our
models to the redshift dependent fit from Schreiber et al. (2015) over a range of galax-
ies spanning z = [0.23,0.63]. This range represents the 16th and 84th percentiles of the
CGM? galaxy catalogs redshift distribution. Typical uncertainties on photometry-derived
stellar masses range from a factor of 3 —5 (e.g. Blanton and Roweis, 2007; Werk et al., 2012)
corresponding to ~ 0.5 dex, and errors on CIGALE-derived SFRs are similar.

Figure 2.5 shows galaxy stellar masses vs. galaxy systemic redshift, and differentiates
among our three galaxy spectral types visually derived from the GMOS spectra. Above
2z ~0.5, we are no longer detecting galaxies with M, < 10® My. Both SF and SF+E
galaxy spectral types are preferentially distributed among lower stellar masses as seen in
the marginal distributions. We find that, as expected, there are more ‘E’ type galaxies at
higher galaxy stellar masses than a random distribution would predict. As shown in Figure
2.6, the CIGALE-derived color-mass diagram of our galaxy sample shows the bimodality of
the star-forming and non-star-forming galaxies found in large galaxy surveys such as SDSS

(e.g. Chang et al.; 2015).

2.3.4  Absorber Catalog

To identify absorption features in the QSO spectra, the HST/COS UV spectra were visually
inspected by members of the Werk SQuAD in a multi-step process which closely follows the
procedure described in Tejos et al. (2014) and is designed to leave no QSO absorption feature
unidentified. This process includes identifying all of the most ubiquitous metal ions present in
QSO spectra at the wavelengths covered by the HST/COS spectra, not just the H I Lyman
series. These other metal ions will be explored in future CGM? papers. To identify the
absorption features, the Werk SQuAD used a module from the PYIGM® software package,

IGMGUESSES . The software allows for a straightforward comparison of multiple transitions

8https://github.com/pyigm /pyigm
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from different elements, as multiple lines are displayed with their expected relative intensities
given by their atomic parameters simultaneously for a given redshift.

During the line identification process, the absorption lines are assigned a reliability score.
‘a’ signifies a certain feature. For example, the always-present Milky Way (MW) ISM lines at
z = 0 fall into this reliability category. Other examples include absorption lines observed in
two or more transitions of H I | or multiple metal lines that align with hydrogen lines within
430 km s7!, and metal doublets or multiplets that show the expected relative strengths as
derived from their oscillator strengths and wavelengths (Morton, 2003) and similar velocity
profiles. A reliability score of ‘b’, or possible, includes single H I lines with no associated
metal lines, and metal ions having only one transition within the observed wavelength range.
Other cases of assigning ‘b’ values involve messy blends from absorption lines at different
redshifts, weak or uncommon metal lines in an otherwise strong absorption system, and
velocity offsets > 30 km s™! from other ‘a’ lines. If a line did not fall into either of the
previous categories we gave it a reliability score of ‘c’, or unreliable. In our analysis, we
did not include any absorbers in the unreliable ’¢’ category. The full catalog of identified
absorbers will be presented in detail in future work.

The end result of this line identification process for all 22 QSOs is a catalog of 2914
distinct absorption components, 2071 of which have a reliability rating of certain or possible.
An absorption component is defined by an absorption line or lines with a distinct central
velocity (or redshift). In practice, individual components offset by < 20 km s~! may not be
separable in the HST /COS spectra. An absorber, or absorption system, is a set of absorption
line components within |§v| &~ 1000 km s™'. For example, Ly-a and Ly-# are distinct lines
but would be part of the same H I component if aligned within the COS resolution velocity
(redshift). This component may be grouped with other H I or metal ion components to form
an absorption system.

Different absorbers lie at distinct redshifts and may physically correspond to clouds or
layers of gas in the CGM of galaxies at their respective redshifts. Absorbers may also be

clouds or filaments of gas in the IGM referred to as the Ly« forest, not directly associated with
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a nearby galaxy. The term absorber is often used interchangeably with the term “system.”
However, absorber distinctly does not imply an association with a galaxy and is a more
empirical term. Absorption systems may have multiple components at different velocities
within their assigned redshift ranges. The vast majority of our H I absorption systems cover
> 3 Lyman series lines, many with multiple absorption components.

In order to retrieve more physical quantities such as column density, Nygr, we used the
apparent optical depth method (AODM) from Savage and Sembach (1991) as encoded in
the linetools” package. Because we have column density measurements from several Lyman
Series lines in most cases, the mean lo uncertainties on column density is 0.17 dex for

unsaturated H I lines to column densities ~ 10'7® cm™2.

2.4 Connecting Galaxies and Absorbers: The CGM? H I Survey

2.4.1 Defining CGM H I Absorption Systems

With our separately completed galaxy and absorber databases, we can now begin to connect
the two as a study of the CGM. In order to construct CGM systems, we first group the
individual absorption component identifications into absorption systems, or absorbers. The
grouping of absorption components was done using a clustering algorithm from SKLEARN
(Pedregosa et al., 2011), MEANSHIFT. This algorithm groups individual absorption com-

ponents together within a window function of 1000 km s™!

. The resultant absorber catalog
consists of groups of components we call absorption systems.

We then cross-matched the galaxies and absorption systems if the relative velocity differ-
ence of the galaxy and the velocity centroid of at least one of the components of an absorption
system exhibits [dv| < 500 km s~!. We chose this velocity threshold to include absorption
systems that could be at or above the escape velocity of the most massive galaxies in our
sample. If no absorption system is found at the redshift of a galaxy, we measure the 20

1

upper limit within dv = £30 km s™" of the galaxies redshift using the normalized error of

9https://github.com/linetools/linetools
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the quasar flux. If there was an interloping line at this redshift, we measure the AODM
column density as a conservative upper limit. Our results are not sensitive to the choice in
the velocity window. We find 181 systems consisting of 416 distinct components that exhibit
HI column densities above our 2-o detection threshold, giving an average of 2.3 detected
components per galaxy (absorption system) within our stated velocity window. We find

L while for a

2.4 average components per galaxy for a smaller window of |dv| < 250 km s~
larger velocity window, we find a small decrease to 2.2 detected components per galaxy for a

window of |dv| < 1000 km s~'. The average column density of detected, but not saturated,

014.9 2

components remains 1 cm™~ in each case.

Thus, we are left with a galaxy-centric CGM survey that consists of absorption line
column density measurements (or limits) around 971 galaxies with reliable redshifts that lie
< 1000 km s72 from the quasar. We denote these galaxy-absorber pairs as CGM systems.
Figure 2.7 shows the AODM H I column densities for all 971 CGM systems as a function
of galaxy systemic redshift. Saturated lines provide only lower limits to the H I column
density and are shown as upward facing triangles. Non-detections are shown as 20 upper
limits, and as downward facing triangles. There is an obvious “knee” of amplitude 0.5 dex in
the lowest H I column densities at a redshift of z ~ 0.5. This decreased sensitivity to weak
H T absorption features is driven by the redshifting of Lya out of the wavelength range of
the COS G160M grating. The column density measurements at z > 0.481 are derived from
measurements of the Ly absorption line and/or weaker Lyman series transitions, leading
to a decrease in sensitivity for a fixed S/N. This shift in sensitivity motivates us to limit our
H I analysis to z < 0.481, corresponding to Apya(1 + 2) = 1800A, or the reddest end of the
COS-G160M grating. By imposing this limit, we ensure nearly uniform sensitivity to H I
column density for our CGM sample.

After limiting our CGM system survey to the aforementioned redshift, we construct the
CGM? H I survey, consisting of 572 total galaxy-absorber pairs. The survey includes all

galaxies with reliable redshifts and H I absorption systems (including the non-detections

within|dv| < 500 km s71), collectively referred to as CGM systems. In the H I covering
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fraction analysis that follows, it is possible to have multiple galaxies at similar redshifts but
at differing impact parameters that match with individual absorption systems (74 systems
total). For understanding the H I extent of the CGM, we want to understand the correlation
of galaxies and absorbers and thus do not limit our matches to the closest or most massive
galaxy. However, in our complementary H I velocity analysis, we limit the survey to the
galaxy with the smallest impact parameter, thus leaving 522 CGM systems. Future studies,
depending on their specific aims, will make independent choices about how to include galaxy-
absorber pairs.

In the following analyses, we will examine trends with the impact parameter, p, which
quantifies the projected distance between the QSO and the galaxy in the rest frame of the
galaxy. Figure 2.8 shows the impact parameter-redshift distribution of CGM systems. The
grey curve approximates the distance to the edge of the detector in the 5.5 GMOS FOV,
assuming the QSO is in the center, in order to highlight the survey coverage as a function
of redshift. The QSO was slightly offset from the center in certain fields, either to better
place guide stars or to avoid bright foreground stars; thus a few galaxies fall on or near this

approximate field-size limit.

2.4.2 H I Covering Fraction: Definition and Threshold

To quantify the radial profile and extent of the CGM, we use the covering fraction f. as a
measure of the probability of the presence of H I . The covering fraction is the comparison
of “hits” (H) and “misses” (M), with a hit being defined as a galaxy with a corresponding
absorber at or above the detection threshold for the full ensemble (see below), while a miss
occurs when the 20 upper limit on a detection is below the threshold at the redshift of the
galaxy. A system with a 20 upper limit above the threshold is ignored altogether because
this indicates that the S/N of the spectrum is not adequate for detection of the H I lines.
The covering fraction is the fraction of hits versus the total number of CGM systems above
the threshold in a given bin, f. = H/(H + M).

We choose a threshold of Nyp > 10'* ¢cm =2 for the covering fraction calculations which is
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supported by previous survey work. In particular, Chen et al. (2005) find that H I column
densities below 10'3¢ cm™2 are consistent with being randomly distributed with respect to
known galaxies. They also show the correlation of galaxies and absorbers does not depend
sensitively on Ny for strong absorbers Ny > 1036 cm~2. Furthermore, a value of Ngp > 101
cm ™2 was shown in Tejos et al. (2014) to be more highly correlated with galaxies than gas at

lower column densities. Adopting a threshold of Ny; > 104 cm 2

additionally provides us
with a sample against which we can compare to the cumulative column density distributions

of H I systems found in Danforth et al. (2016), who also use this value.

2.4.3 The Empirical H I-Galaxy connection

This section presents an empirical analysis of the H I -galaxy connection. In the following
analysis we generally avoid differentiating the systems via their spectroscopic galaxy classi-
fications due in part to the fact that we do not expect to see differences in covering fractions
of H I in star forming and quiescent galaxies (Thom et al., 2012; Keeney et al., 2017) but
include it in Figure 2.9 to illustrate this. Additionally, Figures 2.6 and 2.5 show that the
galaxy spectral classification is correlated with the galaxy stellar mass, and thus we have
relatively few galaxies with comparable masses but with differing SF classification. Future
analyses that examine the metal ions present in the CGM will focus on galaxy spectroscopic
type.

In Figure 2.9, we present the H I column density (left axis) and covering fraction (right
axis) as a function of stellar mass for galaxies within 300 kpc (top panel) and 1.5R;, (bottom
panel). The covering fraction for each bin is shown as a dotted line with the grey boxes cor-
responding to the 68% binomial confidence intervals. At R < 1.5R;;, f. remains consistent
with f. 2 0.5 at all ranges in mass. We also notice a trend of increasing covering fraction
and column density as a function of galaxy stellar mass.

The H I column densities and impact parameters are shown in Figure 2.10 as an anti-
correlation of column density with increasing separation between the galaxy and QSO sight-

line. Figure 2.10 separates our galaxy sample into three mass bins, each containing approxi-
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mately equal numbers of Galaxy-Absorber systems. The top panel contains 191 systems with
M, > 109 M. The middle panel also contains 191 systems with 10%% < 101°M, /M, < 10°?
while the bottom panel corresponds to a sample of 190 systems with M, < 10%2M,,.

We find that for the highest-and-intermediate mass galaxy samples, f. drops off mono-
tonically but remains > 50% out to an impact parameter of p ~400 kpc, corresponding to
R ~ 2R, for these masses, before flattening out in the case of the intermediate mass sample.
In the lowest-mass regime, we find lower (f, ~ 60%) covering fractions at the smallest sep-
arations. We also observe a shallower profile in covering fraction out to R ~ 2R,;., beyond
which the covering fraction remains elevated and consistent with ~ 50% out to 600 kpc, or
9 Ryir.

The extended distribution seen in the lower two panels, where the covering fraction
remains elevated, could imply that the galaxies are located inside (or close to) the halos of
other (massive) galaxies (e.g. Burchett et al., 2016). In an upcoming CGM?  paper, we
plan to explore the impact of galaxies’ environments on the properties of their CGM. Briefly,
we find that 56% (243/435) of galaxies with M, < 10'M, have M, > 10'M, neighbors
within 300 kpc and 1000 km/s of the sightline. We observe 75% (86/121) of galaxies with
M, > 10'9M,, have neighbors above this mass threshold within the same physical window,
consistent with the fact that larger galaxies are more highly clustered. Furthermore, we
generally see that low mass galaxies with nearby massive neighbors tend to have elevated HI
covering fractions out to ~ 2-3 R,;, compared to galaxies with no detected massive neighbors.
In tandem, these effects support our conclusion that the elevated covering fractions out to
large impact parameters for our M, < 10'°M, sample are consistent with environmental
effects.

Our results are consistent (within 20) with those presented by Wakker and Savage (2009)
who find that Lya absorbers at z < 0.017 with equivalent width > 50 mA (Ng ~ 10" cm—2)
have covering fractions of 100% at p < 400 kpe. Similarly, Prochaska et al. (2011) find high
covering fractions out to p = 300h-; kpc for absorbers with equivalent widths > 30 mA .

This observed enhancement of covering fraction in the low-mass sample could also be due
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in part to the fact that our CGM systems were defined to have separations |dv| < 500

km s*

, which is around the expected escape velocities of high-mass galaxies but is more
likely to encompass unassociated absorbers in the low mass sample that trace the cosmic
web. However, low-mass galaxies have smaller escape velocities and shallower potential wells,
and thus would likely exhibit gas being ejected at larger velocities. There are clearly many
competing effects in this mass range.

Figure 2.11 shows the covering fraction and confidence intervals for the total sample at
Nyr € 10371 em=2 (blue, green, yellow). For the lowest column density threshold in the
low-mass sample, the H I covering fractions remain elevated at ~80% out to at least 4R;,.
This signal must be dominated by galaxy-galaxy clustering as the f. of random incidence

in a velocity window at the mean redshift is f. = 0.14 for Ny; > 10 cm ™2

. (see Section
2.5). In contrast, stronger absorbers preferentially occur at smaller impact parameters. For

example, it is at log Ny = 14.5 that the covering fraction drops below 50% by R = Ry;,.

~Y

2.4.4 H I velocity offsets

Here, we examine the kinematics of the H I absorption in our CGM? sample of z < 0.481 ab-
sorbers that are associated with galaxies. Velocity distributions of CGM absorbers quantify
the amount of material gravitationally associated with the assumed host halo. For simplicity
and clarity, we trim the sample to those galaxies closest to the absorber impact parameter
(p), thus each absorber is associated with only one galaxy. We are left with a sample of 171
unique galaxy-absorber pairs at z < 0.48 that were detected with a signal > 20.

In Figure 2.12, we show the distribution of velocity centroids of the 416 detected absorp-
tion components associated with these 181 CGM systems in the rest-frame of the galaxy
systemic redshift as a function of column density. The boxes show the quartiles of distribu-
tion in velocity while the whiskers show the extent of the distribution. Outliers beyond 1.5
times the innerquartile range are displayed as points. We see that systems with Ny; < 10140

cm~? have a higher median and larger spread in velocity. The component velocity centroids

do not exhibit any clear trends with impact parameter. Relevant to this discussion, we recall



43

that absorption components are required to lie within #1000 km s~! of each other. The only
velocity constraint imposed with respect to the galaxy is that at least one of these absorption

L of a CGM? galaxy systemic redshift in order to

components must lie within 4+ 500 km s~
be classified as a CGM absorption system.

We find that > 53% of the detected H I components are located within £+ 250 km s+
of the galaxy systemic redshift, independent of H I column density. Furthermore, only 27%

of all absorption components lie at [dv| > 500 km s™!.

Finally, approximately 83% of the
total H I column density in the CGM? survey lies within £250 km s~! of the associated host
galaxy, consistent with the results of COS-Halos (Tumlinson et al., 2013). Some absorption

systems show a total extent > 500 km s™!

, which likely captures both bulk motions of
galaxies and possible “missassociations” due to incompleteness our galaxy survey, especially
at magnitudes > 23.

Were absorption components distributed uniformly in velocity space relative to the galax-
ies, limited only by the 1000 km s~! window selection function, we would not expect to find
such a high concentration of absorbers at low dv. To first order, Figure 2.12 shows that our
CGM survey is capturing gas that is mostly not exceeding the escape velocity of its host
halo, where the escape velocity of an M, ~ 10%° M, galaxy at Ry is ~250 km s~!. There
is very clearly a gravitational association between the galaxies and the absorption at higher
column densities. The component velocity centroids do not exhibit a clear trend with impact
parameter but we find that the median velocity for components at p > Ry, to be 233 km s™!
with a standard deviation of 453 km s~! while components at p < R, have a median velocity
of 185 km s~! with a standard deviation of 354 km s~!. In this unique galaxy-absorber pair-
ing framework, 80% of the absorption components with Ng; > 10'° cm™2 lie within 1 Ry,
We caution that for this kinematic analysis we paired specific galaxies with absorbers on
the criterion that they were the closest in physical separation from the absorption sightline.
Without this bias, the trend remains, however.

Lastly, Figure 2.12 also shows the column-density dependence of the absorption com-

ponent velocity distribution. Here, we see that absorption systems with Nyr > 104 cm™2
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concentrate more strongly at low |dv| than weaker systems, and there is a clear column
density dependence to the overall velocity concentration at |§]v < 250 km s~*. Counting by
column density we find that 53% of the total fitted column density lies within £+ 250 km
s71. In contrast, we find that only 44% of the Ny; < 10** ecm~2 absorption components lie
at |0v] < 250 km s7!, while 67% of the Nyr > 10 cm™ absorption components lie at
|6v| < 250 km s™!. This concentration increases with increasing column density. For a limit
of Ngr = 10'® cm™2, the percentages of components within [dv| < 250 km s~ shift to 50%
and 86% for the low and high column density thresholds, respectively. Similarly, the high ve-
locity components tend to have low column density. 27% of all absorption components lie at
|6v| > 500 km s™!, but less than 5% of those components have Ny > 10* cm™2. Generally,
there is no systematic effect preventing high column density components from appearing at

higher velocities, so this trend captures an important characteristic of the CGM.

2.5 HI-Galaxy Clustering: Ry

2.5.1 Setup

In order to quantitatively describe the radial dependence of the CGM and estimate its
extent, we perform an absorber-galaxy cross-correlation analysis. We aim to measure the
excess probability of detecting an absorber given the proximity of a galaxy over the proximity-
agnostic average rate. Our analysis of the HI-galaxy clustering is similar to the one developed
by Hennawi and Prochaska (2007) and follows more closely the analysis by Prochaska et al.

(2019). We define the 3D cross-correlation function, &,,4(r) as

Sag(r) = (1> o (2.1)

In order to determine the best fitting parameters, ry and v, we define a likelihood function

as

L= H PP (r ) [ [ P(r, 2), (2.2)

J
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where Pt is defined to be the probability of detecting one or more H I systems and P™** is
the probability of detecting none. This probability has both a radial and redshift dependence.

Lof a

An absorber is considered a “hit” if it falls within our window of dv = £500 km s~
galaxy and we measure a column density above a threshold N{rest. We define P™* to be
the probability of observing zero events from a Poisson distribution where the rate is the

number of events expected from the average density of absorbers and our clustering term:

P™s — exp (—[1 + XL(T)]<%/>52). (2.3)

Here (dN'/dz)dz is the mean number of absorbers in a window of redshift dz. [1+ x(r)] rep-
resents an excess in the number of absorbers due to clustering. This boost due to clustering

can be expressed in terms of the 3-dimensional correlation function as

W)= [ &ulnav

2 2\ ! 24
%aH(z) /—Ev/[aH(z)} ,/RL+R” i (2.4)

200 J 50 /lam(2)) To

where we are integrating Equation (2.1) along the length of a cylinder of length 26v/aH(2).
Here a = 1/(1 + z) and H(z) is the Hubble parameter. The probability of a “hit,” Pht s
the complement of the probability of a “miss”™: PM* = 1 — pmiss. phit j5 equivalent to the

covering fraction f.. The covering fraction of a random sightline is then:

fo=1 _exp(<cgi[>5z). (2.5)

z

We take (dN/dz) from Danforth et al. (2016), who measured the occurrence of 5138
individual extragalactic absorption lines of H I in 82 QSO/AGN spectra at redshifts zagn <
0.85. The occurrence rate of H I absorbers dN /dz is expressed with a functional form as

follows:
dN(NHI Z Ngllresh7 Z)
dz

= Co(1+ 2)7, (2.6)
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with Cy = 16 and v = 2.3. This measurement is valid only for absorbers with Nihresh > 1014
cm 2, which coincides with the threshold in our definition of “hits” and “misses.”
In order to estimate ry and v in our 3D correlation function, Equation (2.1), we follow a

Bayesian approach. The posterior probability function can be defined as

p(7”077| {khriazi}ij\;l) X p(To,'Y)p(kh',Z,r(],'Y). (27)

where k; € {0, 1} specifies whether system ¢ is a “hit” or a “miss” and p(k|r,z,7¢,) is the

likelihood function £ defined in Equation (2.2). We define the priors as follows:

1/10, if0 < ro/Mpc < 10

0, otherwise

and

Np=16,0=1), ify>0
p(7) = (2.9)
0, otherwise

where 7 is measured in hgg comoving Mpc and N (u, o) is the normal distribution. These
priors were chosen based on physical arguments and previous results on absorber-galaxy
clustering (e.g. Tejos et al., 2014). We used the Markov Chain Monte Carlo (MCMC) sampler
emcee (Foreman-Mackey et al., 2013) to generate samples from the posterior probability
distribution function over rg, 7.

The data were cut as in the previous analysis with a redshift cut of z < 0.481 and
subdivided into the three equal sized mass samples as before with identical priors used for

each sample.

2.5.2 HI-Galaxy Clustering Results

Figure 2.5.3 illustrates the results of the MCMC parameter estimation. The plots on the left

show the covering fraction as a function of the perpendicular separation in comoving Mpc.
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The grey boxes on the bottom of the plots on the left indicate the covering fraction for
sightlines taken at random, f7? = 1 — exp[(dN/dz)dz] at the mean redshift of the sample,
Z =0.34, Z = 0.34 and z = 0.26 for the high, intermediate and low-mass samples, respec-
tively. The plots on the right further illustrate the marginal distributions of the posteriors
of our parameters as well as indicate the median values for each. The covering fraction due

a random sightline is f; ana = 0.14.

2.5.3 Estimating Réty

In order to estimate a characteristic size of the Ny > 10 em™2 CGM, Ry, we devise
a method in which we use the parameters to calculate the impact parameter at which the
covering fraction (f. = PUt) exceeds 0.5. Within this impact parameter, a sightline has a
greater than 50% chance of exhibiting a H I column with Ny > 10*cm™2. We can then
estimate the posterior distribution of Rcgym by calculating it for each sample taken from the
posterior distributions of v and ry. Using the samples from the posterior distributions in r
and v we calculate Ry, = 346125 kpc (Régy . = 46377 comoving kpc), Ry, = 35315,
kpe (REgy.e = 469753 comoving kpe) and Rggy, = 17758 kpe (R, = 22275) comoving
kpc) in order of decreasing mass samples. The extent of the CGM remains relatively similar
in size (~ 350 physical kpc) except for the lowest mass sample. These correspond to Réty =
1.2792 Ry, Riy = 24753 Ry and Ry = 1.6708 Ry, for the mass samples in order of
decreasing mass, respectively, where R,;, was calculated using the mean redshift and mass
of each sample. These estimates are in agreement with our qualitative empirical estimates

from the previous analysis. These results are summarized in Table 5.

2.6 Comparison with Other Work

2.6.1 Previous Surveys

CGM? contains the largest sample by a factor of 5 of CGM absorption systems within

~ 600kpc of putative host galaxies. Our increased coverage is partly due to the fact that
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Table 5. Results

M, RéGup RéGue Ré z
[M)] [kpc] [kpc] [Ryir]
M, > 10%? 346137 463178 1.370:2 0.34
1092 < M, < 1079 353755 469152 2.470 0.33
M, < 1072 17770 222757 1.6708 0.26

Note. — Results of H I-galaxy clustering analysis and Rl (1) Stellar Mass limits of
each sample; (2) Ry in physical kpe; (3) Rigy in physical kpe; (4) Réty; normalized to
the average virial radius of the sample; (5) Average redshift of each sample

we probe a larger volume than previous surveys by confirming sub-Lx galaxies out to higher
redshifts. For this reason, CGM? presents an excellent opportunity to study the HI-traced
CGM at galaxy-absorber separations that exceed R, for a wide range of stellar masses.

Here, we compare our results to those from other observational surveys of the CGM.

Figures 2.5.3 and 2.14 and Table 5 provide a summary of our covering fraction results for
our mass segregated galaxy samples. The red, green, and blue-shaded curves in Figure 2.14
correspond to the samples cut at masses of M, ., = 109204 107880/ as described above.
This figure allows us to better compare the covering fraction profiles of each mass sample
to each other. As we saw in the last section, we find a mass dependence on the extent
of the CGM; the covering fraction remains higher for larger galaxy mass when looking at
the physical impact parameter. When we consider the impact parameter normalized to the
average virial radii of each mass sample, we find the covering fraction remains elevated to
larger radii (2 2R,;,) for the intermediate mass sample, while for the other mass samples the
extent of the CGM is similar (2 1R,;,). We also find that the covering fraction of the lowest
mass sample never exceeds 80% while for both higher mass samples, the covering fraction is

consistent with ~ 100%.
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Many previous studies have examined the covering fraction of H I as a function of galaxy
projected separation, although most of these surveys are limited to p < 300kpc. These
surveys are all generally constructed in the same manner, with HST UV spectroscopy with

COS and/or STIS and a spectroscopic galaxy catalog to connect galaxies and absorbers.

One of the largest such surveys was carried out by Tejos et al. (2014) who attempted
to explore the connection between the IGM and galaxies by measuring the HI-galaxy cross-
correlation at z < 1 at distances between ~1 and 10 Mpc. They used multiple ground
based instruments to build a new spectroscopic survey of 2143 galaxies in 8 QSO fields with
HST spectroscopy. They combined their catalog with existing catalogs to build a survey
of ~17500 galaxies. They did not limit their galaxy survey to only the nearest galaxies
but used a statistical approach to examine the cross-correlation of galaxies and absorption
systems. They found that the H I Ly« forest to be divided into two main categories: a
population of low column density absorbers tracing the cosmic web and a higher-column
density population that traces the dark matter halos in which galaxies reside. CGM? has
the benefit of being more sensitive to fainter galaxies closer to the QSO itself allowing us
to better constrain the extent of the CGM. However, their larger galaxy sample at larger
separations (which explores different scales) presents a great opportunity to compare our
cross-correlation analysis. Using the same 3D cross-correlation power law, Equation 2.1,
they found 79 = 3.8 £ 0.2 h;y Mpc and v = 1.7 £ 0.1 in their sample of SF-galaxies. This
sample is similar to our high-mass sample since we are dominated by SF galaxies and indeed,
we find agreement consistent within 1o.

A mass dependent CGM was examined in Bordoloi et al. (2018) who used the 85 galax-
ies in the COS-Halos and COS-Dwarfs surveys at z ~ 0 with M, ranging from 8 to 11.6
log M, /M. This sample was limited to impact parameters (p < 160 kpc). They found a
mass and radius dependence of the strength of H I absorption where the equivalent width
of H I increases with M, and with decreasing impact parameter. Here we are primarily fo-
cused on the mass and radius dependence of the covering fraction, but find trends generally

consistent with those observed by Bordoloi et al. (2018).
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Chen et al. (2001) found Lya with column densities Ny 2> 1014 em™2 in 34/47 galaxies
(fo =~ 0.7) out to p ~ 330 kpc. Their sample consists of ~ Lx HI-Galaxy pairs with |dv| < 500
km s™! spanning 0.1 < z < 0.9 (z = 0.36). They also found a sharp decline thereafter. We
find close agreement f. = 0.7875% (162/209) when applying the same criterion to our sample
also seeing a sharp decline around 400 kpc. (Figure 2.14).

Prochaska et al. (2011) used 14 QSO sightlines with previously published equivalent
width (Wj) measurements of Ly« to carry out a galaxy survey that targeted 37 L > 0.01L,
galaxies at z = 0.18. They connected absorbers and galaxies with |dv| < 400 km s,
although they show it makes no qualitative difference in their results using a larger velocity
window of |dv| < 600 km s~!. They found covering fractions of order unity (=~ 90%) for
Ny > 1013 em=2 gas out to p = 300 kpc. Comparing our covering fractions with Ny > 1013
cm~2 and for galaxies with M, > 1085 M to approximate their L > 0.01L, sample, we find
f. = 0.85700s (128/150), which is roughly consistent with their value.

Wakker and Savage (2009) conducted a large survey of the HI-galaxy connection at
2 < 0.017, consisting of 76 QSO sightlines and ~ 20000 local galaxies. They found covering
fractions of 77% for Ly« absorbers >50 mAwithin p < 400 kpc and |6v| < 400 km s~ of
L > 0.1L, galaxies. If we limit our sample to L > 0.1L, galaxies and use a Lya absorber
threshold of ~50 mA (Ngr ~ 10" em™2), we find covering fractions, f. = 0.89733% (99/111)
for galaxies within 400 kpc. This discrepancy could imply that covering fractions increase
with redshift.

Most recently, a large survey of H I was carried out by Keeney et al. (2018) (K18). Their
survey consisted of 47 COS sightlines (COS GTO) with higher signal-to-noise (S/N ~ 15-50
compared to our ~ 10) QSO spectra. Using ground based telescopes, they constructed a
spectroscopic galaxy database of ~ 9,000 galaxies with the aim of > 90% completeness to
1 Mpc down to 0.1L* at z < 0.1. Due to their higher S/N, they could consistently measure

weaker absorption lines, down to Ny > 1028 cm~2

. Leveraging the high completeness of
K18 at low redshifts, they were able to measure the H I column densities out to 4R, with

enough galaxies in this range (243) to make precise statements about the radial profile of HI.
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They find the covering fraction for L < Lx galaxies (corresponding to our low-mass sample)
to feature a shallower decline than that of their L > Lx sample. Qualitatively, we show
similar results. This difference in covering fraction behavior between high and low mass
samples can readily be seen in Figures 2.11 and 2.14. The elevated covering fractions at
large radii in the L < 0.1L* sample imply that contributions to Ngr > 10** cm =2 CGM gas
are dominated by low-mass galaxies. This result is consistent with Prochaska et al. (2011)
in relation to H I and with high-ionization metals such as O VI (Tumlinson and Fang, 2005;
Pratt et al., 2018; Prochaska et al., 2019).

We note that the high mass sample drops to a very low covering fraction f. ~ 0.20 at
4R;, while in the lower mass sample, f. remains elevated. At radii greater than 3R, we
may be limited to only higher-z high-mass galaxies due to the detector size but this detector
size bias should not affect the lower mass samples.

In addition, previous low-redshift studies have found that low column density gas (Ny; =
1083714 ¢m=2) is likely uncorrelated with galaxy halos (Chen et al., 2005; Prochaska et al.,
2011; Danforth et al., 2016) (but, see Tejos et al. (2014) who find that 50% of weak lines
can still be correlated with galaxies on 1-10 Mpc and Tripp et al. (1998) who show that the
weakest absorbers are not randomly distributed). First, low column density material exhibits
high covering fractions out to 1 Mpc which we can see in Figure 2.11. Second, low column
density material exhibits less velocity correspondence with the systemic velocities of galaxies
nearby in projection (Tumlinson et al.; 2013), as we find a median velocity difference of 233

! with a standard deviation 453 km s~! for p > 1R,; while we find a median velocity

km s~
of 185 km s~! with a standard deviation of 354 km s~! for p < 1R,;,. Traditionally, such low
column density material is attributed to the Ly« forest, or to gas in a filament like structure
(Tejos et al., 2014), physically distinct from the CGM. This was examined in greater depth
by Burchett et al. (2020a) who conclusively tie the diffuse IGM to the cosmic web. They
find the H I absorption signature decreases past p > R, and settles to the cosmic mean

matter density.

Turning to higher redshifts, Rudie et al. (2012) use the ground based Keck Baryonic
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Structure Survey; KBSS to investigate the z ~ 2 — 3 CGM surrounding 886 galaxies. Their
sample contains 48 galaxies at Z = 2.3 within p < 300 kpc for which they measure a covering
fraction of f. = 0.8140.06 for absorbers with Ny; > 10** cm~2. By comparison, if we choose
a mass range of 10194 < M, /M, < 10" to approximate their mass distribution (Erb et al.,
2006) we find f. = 0.8610%% (18/22) which is good agreement with their results. However,
looking at the extended CGM p < 1Mpec, we find a discrepancy: we measure f. = 0.4970 08
(40/83) vs their 0.70 & 0.03. These numbers are in agreement at the 20 level, however.
Interestingly, the extended CGM may show a decrease in covering fraction as the universe
evolves. This phenomenon may be due to the development of virial shocks that ionize the
gas, as suggested by Burchett et al. (2018). At z = 2.3, 300kpc ~ 2Ry, for a 7 x 1019M
galaxy while at z = 0.3 (CGM? ) 300 kpc ~ 0.8 Ry;,.. Alternatively, this could simply be due

to the fact that a column density of Ny > 10'* cm™2 traces lower density peaks at high-z.

2.6.2 Comparison with Hydrodynamical Simulations

We now turn to a brief comparison with hydrodynamical simulations. van de Voort et al.
(2019) simulate a roughly z ~ 0 Lx galaxy using a new refinement technique to better
resolve the CGM. They find an increase in the H I column density and resultant covering
fraction when the resolution is increased to resolve 1 kpc scales. We find their model to be in

2 covering fraction measurements when we limit our

good agreement with our Ng; > 10 em™
sample to M, ~ 10'%5M (see their Figure 3). Comparing our column density measurements
to van de Voort et al. (2019) and Hummels et al. (2019) we also see good agreement out to
their limiting distance of 200 kpc and 100 kpc, respectively (compare Figure 2.10 to van de
Voort et al. (2019) Figure 2). Our high H I covering fractions and column densities at R <
R are in conflict with earlier simulations that consistently underpredict the column density
of low-ions in the CGM (e.g., Hummels et al., 2013; Liang et al., 2016; Stinson et al., 2012;
Shen et al., 2012; Ford et al., 2013), validating the work that has gone into creating these

new high resolution techniques. To understand the extent of the CGM around a diverse

sample of galaxies, we encourage future simulations extending to at least 4 R,;;, and covering
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a larger range of galaxy masses, down to 0.01Lx.
2.7 Summary and Conclusions

We have reported the first results from the CGM? survey, a comprehensive survey of the z <1
CGM at least 5x larger than previous surveys such as COS-Halos at comparable redshifts.
This chapter has presented the detailed properties of the survey design and the procedures
followed in the collection and processing of the data. We present an H I study that combines
high-resolution HST/COS UV spectra of 22 background QSOs with Gemini/GMOS spectra
of 572 foreground galaxies having stellar masses 10° Mo, < M, < 10*® M, and z < 0.481. The
S/N~10-12 of these COS spectra and access to the H I Lyman limit enables us to constrain
the H I column densities and kinematics of associated CGM absorption, and to ultimately
examine the extent of the CGM as a function of galaxy mass and physical separation from
the QSO sightline.

We find that high-column density circumgalactic material is associated with galaxies at
high statistical significance out to 2R.;, whereas H I absorption with Ny < 10 cm ™2
is more broadly distributed in both impact parameter and velocity space and may not be
associated directly with massive galaxies. Our kinematic analysis reveals that the detected
strong H I is most likely gravitationally associated with the most nearby galaxy, while weaker

H I components seen at absolute velocity offsets > 500 km s+

may be instead associated
with extended large scale structures. We find generally good agreement between our sample
and the prior studies that have examined the CGM of low-redshift galaxies out to similar
and larger separations.

We define the cool CGM as the region surrounding a galaxy in which the probability
of observing an absorber with Ny > 100 cm™2 is > 50%. Our column density threshold,
N > 1019 em =2, is motivated by previous observational work that examines the statistical,
large-scale (Mpc) correlations between galaxies and QSO absorption lines. In essence, our

definition of R, demands that around a given galaxy, one is more likely than not to find

material that has been empirically associated with galaxies. The picture that emerges is
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of a diffuse, CGM extending to ~ 350 kpc around galaxies with stellar mass > 10°M,, at
z < 0.5. For galaxies of lower stellar mass, the extent of the CGM is < 200 kpc. At all
stellar masses, the extent of this CGM exceeds a virial radius, especially for galaxies with
intermediate masses where the R, exceeds 2R;,. Therefore, these results imply that using
R, as a proxy for the characteristic edge of the CGM may significantly underestimate its
true extent. The detailed nature of the mass dependence of the CGM will be examined in a
forthcoming paper. Additional follow-up studies using CGM? data will consider transitions
from a wide range of ionized metals and absorption-line profile analyses to characterize the

ionization state, metallicity, kinematics, and mass of the CGM at low redshift.
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Figure 2.1: An example of the survey design and targeting strategy of CGM? showing the
slit placements centered around QSO J0843+4117 (blue diamond) overlayed on the g-band
pre-image from the Gemini-GMOS detector. The circles denote where slits were placed on
the slitmasks. White circles indicate galaxies with slits whose final spectra did not yield
a reliable redshift, while the red circles indicate galaxies that produced reliable redshifts.
Large blue dashed circles show the one and two arcminute radii from the QSO. The purple
circle just off the left of the detector is the COS-Dwarfs (Bordoloi et al., 2014) galaxy target
for this field whose spectra was obtained by SDSS with an impact parameter of p = 113 kpc
at z = 0.0300.
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Figure 2.2: The redshift distribution of the CGM? galaxy catalog for galaxies with z < zqso.
The redshift reliability is encoded in yellow and red. Red represents our most reliable redshift
quality flag of ‘4’ with spectra displaying more than one strong absorption or emission line.
A quality flag of ‘3" was reserved for spectra with only one strong emission line and thus a less
reliable redshift designation. Approximately 85% (820 out of 971) of our spectra were given
the highest reliability flag. The typical statistical uncertainly of our redshifts is o, ~ 50-100
km s (2 ~ 0.00016-0.00030).
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Figure 2.3: Examples of typical Gemini-GMOS spectra with a quality flag of Zgy = 4, along

with the error shown in blue. These spectra highlight our method of visual galaxy spectral

typing. The cut out insert in each panel shows an example of the key spectral features used

in redshift determination. The top spectrum is classified as star-forming galaxy, the middle

panel shows a galaxy with both emission lines and absorption lines, and the bottom spectrum

is an example of galaxy with an older stellar population with strong Ca H+K absorption.
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Figure 2.4: Star formation rate (SFR) vs. stellar mass for the CGM? galaxy sample as
estimated by CIGALE. The locus of galaxies tracks a monotonic increase of SFR with stel-
lar mass, known informally as the “star-forming main-sequence” (SFMS). The density of
galaxies in this space is indicated via shading of the hexagonal bins. The grey shaded region
corresponds to the redshift dependent fit of the SEMS from Schreiber et al. (2015) of galaxies
spanning z = [0.23,0.63]. This range represents the 16th and 84th percentiles of the galaxy
catalogs redshift distribution
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Figure 2.5: The distribution of galaxy stellar mass as a function of galaxy systemic redshift
with marginal distributions on the right and top. The red, green, blue colors correspond to
the galaxy spectral type determined from visual inspection of GMOS spectra. Red circles
show absorption-line only, or elliptical (E) type galaxies, green circles show galaxies display-
ing a combination of absorption and emission lines associated with star formation (SF+E),

and blue circles show emission-line only, or star forming (SF) galaxies.
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Figure 2.6: CGM? sample in a color-mass diagram using the g — i color and the galaxy
stellar mass, M,. Multi-band photometry was not available for all of the galaxy targets, only
objects with both bands are shown here. The bi-modal populations of the star-forming and
passive galaxies are evident. Due to the nature of our survey, we are slightly biased against
faint, passive galaxies since retrieving a redshift in the case of absorption lines requires large

continuum flux.
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Figure 2.7: Scatter plot and marginal distributions of column densities vs. redshift for the H
I systems detected in the CGM? survey. The mean 1o uncertainties on column density is 0.17
dex for unsaturated H I lines to column densities ~ 10'"®> cm~2, which is of order the size of
the symbol (see Figure 2.9 for the size of our uncertainties). The measurements designated
with upward triangles are saturated absorption lines and are thus lower limits while circles
represent detections. Smaller gray downward facing triangles are 20 upper limits for galaxies
where no corresponding absorption was measured. The visible break in the minimum Ny at
2 0.48 is shown by the vertical dashed line, and marks the redshift at which Ly« shifts out
of the COS G160M bandpass and thus becomes inaccessible. There can be multiple systems
at the same column density and redshift which appear as darker points in this plot. This

occurs when multiple galaxies lie within |dv| < 500 km s~! of the absorption systems.
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Figure 2.8: The distribution of impact parameters as a function of redshift. The grey curve
approximates the distance to the edge of the detector in the 5.5" GMOS FOV assuming the
QSO is in the center to highlight the survey coverage as a function of redshift. Although
most of the QSOs are centered in the FOV, in a few cases they had to be offset to avoid
bright stars.
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Figure 2.9: Column density as a function of mass for p < 300 kpc (top) and R < 1.5Ry;,
(bottom). CGM systems with saturated absorption are marked with upward facing triangles,
while non-detections are displayed as lighter, downward facing triangles at their correspond-
ing 20 upper limits. Circles represent CGM systems with measured Ng;. Measured lo
uncertainties in the column density of the detected CGM systems are shown as lines inside
the markers. Red markers indicate a spectroscopically-determined quiescent galaxy classi-
fication ‘E’, while blue corresponds to those galaxies with emission lines present in their
spectra, classified as ‘SF’ and ‘SF+E’. Our sample of quiescent galaxies predominately reside
in the highest-mass bin. Covering fractions f. are plotted with respect to the right axes
and are calculated without differentiating spectroscopic galaxy categories. The grey boxes
correspond to the binomial confidence interval of the covering fraction (Ngp > 10 cm™2)
with the mean f. in each bin denoted with a dotted line. The column density increases as a
function of mass while the covering fraction remains greater than f. > 0.5 for galaxies with
masses of M, = 10511 M.
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Figure 2.10: Column density Ny as a function of impact parameter, p (left) and Ry, (right).

The panels are arranged vertically in order of decreasing mass. Galaxy-absorber systems

with dark circles represent galaxies with Ny detections in the corresponding QSO spectrum.

Systems with dark, up-arrow symbols show our inferred lower limits due to saturation in Ng;.

Similarly, systems with gray, down-arrow symbols denote the 20 upper limit on Ny (non-

detections). Measured 1o uncertainties in the column density of the detected CGM systems

are shown as grey lines but are smaller than the marker size in every case. Nyr covering
fraction, f., corresponds to the right axes in bins of 100 kpc (left) and 1 Ry, (right). The
dotted lines represent f. assuming a detection threshold of Ny = 10 cm™=2 with the 68%

binomial confidence interval shown as shaded gray regions about the mean f..

covering fraction

covering fraction

covering fraction
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Figure 2.11: Covering fraction of H I as a function of p/Ry; for column density thresholds
of Nir > 10 em™2 (blue), Ngr > 10* ecm™2 (green), Ny > 10'° em~2 (yellow), Ny >
10' cm™2 (purple), and Nyp > 10'7 ecm™2 (pink). Shaded regions represent the 1-o (68%)
binomial confidence intervals. Here we connect the center of the radial bins to highlight the
difference in the distributions. We see that for column densities less than 10'* cm~=2 show
little correlation with galaxies. The covering fraction at R < R, in for the highest column
densities (Npr > 10 ¢cm™2) never gets higher than 0.7.
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Figure 2.12: The distribution of absolute velocities as a function of Ny displayed in a box
and whisker plot for each mass sample. The boxes display the quartiles of the distribution
centered at each bin spanning 1 decade in column density while the whiskers extend to show
the rest of the distribution of the bins. Outliers are defined as points that lie outside 1.5
times the innerquartile range and are displayed as small diamonds. Each bin is split into a
high (blue), intermediate (green) and low-mass (red) sample. We see a strong anticorrelation
between velocity spread and column density. The single line seen at higher column densities
in the low-mass sample indicate there are is only one point in each column density bin. This

highlights how rare high-column density systems are around low-mass galaxies.
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Figure 2.13: Left: coverinlegi"ﬁdg]ction of H 1 gas with Ny >"10™ c¢cm”? as a Hinction of the
physical impact parameter in comoving Mpc for galaxies in order of decreasing mass. The
black crosses are binned evaluations of the covering fraction in each bin with 95% binomial
confidence limits on covering fraction. The small grey ticks at the top and bottom of the
figures indicate impact parameter for those systems that were hits (top) and misses (bottom).
Beneath the black crosses are samples drawn from the posterior distribution showing the
range in the y—ry parameter space. The grey boxes on the bottom of the plots on the left
indicate the covering fraction for sightlines taken at random, (dN'/dz)dz. The plots on the
right further illustrate the one and two dimensional projections of the posterior probability

distributions of our parameters as well as indicate the median values for each.
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Figure 2.14: Covering fraction of H I as a function of impact parameter p (left) and p/Ry;,

(right) highlighting Ny; > 10 ¢cm~2 broken down into the three mass samples. The solid

lines correspond to the covering fraction in bins of 100 physical kpc (left) and 1 R,/ (right).

The shaded region encodes the 1o error in the covering fraction measurement. The covering

fraction decreases monotonically in either measure to ~ 300 kpc or 2R,;.. We find that the

covering fraction in the lowest radial bins is consistent with ~ 100% in each case except

for the lowest mass sample. We note that the intermediate mass sample extends to further

radius when looking at the normalized impact parameter (right) as compared to either of

the other mass samples.
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Summary

We have examined the associations of galaxies with Lya absorption z < 0.48 to explore the
spatial profile of this gas and the mass dependence of the profile. Specifically, we have com-
bined the CGM? and CASBaH HI and constructed a catalog of 7244 absorber-galaxy pairs
around 29 QSO sightlines. The CGM? survey has better sampling of galaxies at low impact
parameter while CASBaH samples galaxies out to 20 cMpc. This allows us to characterize
the HI profile via the covering fraction as a tracer of the gas. By modelling the covering
fraction as a power-law with a mass dependent length scale, we find good agreement of our
clustering amplitude and power law slope parameters with previous studies such T14. We
find a the clustering scale is mass dependence with a power-law slope of 32" = 0.08 The single
power-law model faithfully reproduces the data at the 1o level for all galaxies M, > 10%M,,.
We also model the data with an exclusionary two-component model where we use a Gaussian
to model the data at smaller impact parameters and the customary power-law model at larger
impact parameters. This model also faithfully reproduces the data for galaxies M, > 103M,.
The two component model allows us to calculate the cross over radius, Reross(M,), where
the models are equal. R.os(M,) represents a soft upper estimate of the furthest impact
parameter needed to optimally fit the inner 1-halo term. We then use R...s as an estimate
of the exten of the CGM and find R ;s (M,) &~ 24 0.6 R,;, for galaxies at all masses. Finally,

we find no correlation between HI and galaxies for M, < 108M.

3.1 Introduction

The formation and evolution of galaxies involves a complex interplay between gravitational
collapse of gas from the intergalactic medium (IGM), and feedback due to stellar evolu-
tion and active galactic nuclei (AGN) that drive gaseous outflows and change the ionization
state of the galaxies’ gaseous halos. Together, these processes drive the “cosmic baryon
cycle” which takes place largely in the region of a galaxy referred to as the circumgalactic

medium (CGM). Indeed, understanding the circumgalactic medium is critical for understand-
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ing galaxy evolution as highlighted by the recent decadal survey (Peeples et al., 2019a). The
extent of the gaseous CGM relative to the extent of the dark matter halo is a subject of great
interest for models that aim to reproduce the properties of gaseous halos.

The existence of the CGM, first predicted by Bahcall and Spitzer (1969), was initially
revealed by detection of MgIl and HI absorption at subtantial impact parameters from
Lx galaxies (Bergeron and Stasinska, 1986; Lanzetta et al., 1995; Chen et al., 2005), and
subsequently higher-energy metal-line transitions such as Silll, CIV and OVI that strongly
correlate with galaxies and their global properties (e.g. Tripp et al., 2008; Prochaska et al.,
2011; Tumlinson et al.; 2011; Werk et al., 2013). Within 0.5 R.; - metal line incidence —
and vice-versa, Berg et al. (2022) find an 80% chance of finding a massive galaxy nearby to
any metal-line absorber. The CGM of M > 10® M, galaxies is now well-established to be
metal-enriched (Bordoloi et al.,; 2014; Prochaska et al., 2017; Berg et al., 2022), and to likely
extend to at least 1 Ry, Wilde et al. (2021); Borthakur (2022).

These observations are in accordance with hydrodynamical simulations of galaxy evo-
lution which exhibit complex interactions between gravitational collapse from the cosmo-
logical large scale structure and the subsequent feedback from supernovae and AGN driven
winds that heat and enrich the CGM and IGM (EAGLE Schaye et al. (2015), HlustrisTNG
(Pillepich et al., 2018), SIMBA (Davé et al., 2019)), and CAMELS (Villaescusa-Navarro
et al., 2022)). Yet these models still rely on prescription of the “sub-grid” physics in order
to model entire galaxies (e.g. Ford et al., 2013; Hummels et al., 2013) and physical proper-
ties of the CGM are dependent of the simulation resolution (Hummels et al., 2019). Better
observations if the CGM are needed to break discrepancies in these models, e.g., heating
and cooling mechanisms or to develop a flexible paramteric model of the CGM (Singh et al.,
2021).

The two-point correlation function between HI and galaxies has proved to be an essential
tool to understand the connection of galaxies to the IGM (e.g. Chen et al., 2005; Ryan-
Weber, 2006; Prochaska et al.; 2011). The advantages of leveraging the clustering of these

two entities over one-to-one association analyses is that it provides results for large scales
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(1-10 Mpc) as well as small scales where the baryonic processes associated with the CGM
inhabit. Since HI traces both enriched material from galaxies as well as primordial in-fall from
the IGM, observations of the CGM, IGM and galaxies in the same volume are fundamental
to testing predictions and providing a means to discern between different physical models
(e.g. Fumagalli et al., 2011; Oppenheimer et al., 2012; Stinson et al., 2012; Ford et al., 2013;
Hummels et al., 2013; Butsky et al., 2020; Singh et al., 2021)

Understanding the physical profile and size of the CGM sheds light on the non-linear
processes of galaxy formation: at what scale do virialization, accretion and feedback trans-
form gas around galaxies? Astronomers have long used the virial radius as an estimator for
the size of galaxy halos but this is rather arbitrary and only traces the unobservable dark
matter. By observing the gas profile around galaxies, we can map the gaseous halo. This
boundary has other important implications. The galaxy baryon and metal budgets require a
scale to integrate the total mass (Werk et al., 2013, e.g.). The quenching of satellite galaxies
as they cross the threshold into the hosts gaseous halo is thought to be due to the stripping
of the satellite host’s CGM (Putman et al., 2021). Prochaska et al. (2011) and more recently
Borthakur (2022) have shown the existence of HI outside the virial radius, thus we need a
more robust estimator of the extent of the CGM.

In Wilde et al. (2021) (Paper I) we found an empirical relation between galaxy stellar
mass and the extent of the CGM as indicated by HI covering fractions. In this paper,
we focus on the functional forms of the mass dependence of the HI-traced CGM using 1-
halo and 2-halo correlation functions. We leverage the CGM? which focuses on low impact
parameters galaxies (< 1 Mpc) with the much larger COS Absorption Survey of Baryon
Harbors (CASBaH) (< 20 Mpc) to greatly increase the absorber-galaxy sample from 543
absorber-galaxy pairs to 7244 spanning 0.003 < z < 0.48.

The paper is structured as follows: In Section 3.2, we briefly review each of the survey
and their combined properties. In Section 3.3, we cover the two ways in which we model the
HI-galaxy correlation functions and cover our main results in Section 3.4. We compare our

results and their context in the field in Section 3.5 and summarize our results in Section 3.6.
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3.2 Data - Combining CGM? and CASBaH

Both surveys feature far-ultraviolet spectroscopy of QSOs with HST, using both the Cosmic
Origins Spectrograph (COS, Green et al., 2012) and the Space Telescope Imaging Spec-
trograph (STIS, Woodgate et al.; 1998)), and deep, ground-based optical spectroscopy of
foreground galaxies in the QSO fields. CASBaH is well suited to the study of the interface
between the CGM and the IGM, at scales > 1 Mpc. CGM? provides a relatively more com-
plete mapping of the inner CGM at scales < 1 Mpc.By combining the CGM? and CASBaH
surveys, we exploit the strengths of each, which are described below. Figure (3.1) shows the
distributions of galaxy redshifts and impact parameters from both surveys out to z = 0.5.
Together, the surveys allow us to probe the CGM as it transitions into the IGM for a large
sample of galaxies. In this section, we describe the data that make up each survey and how

we combined them for this analysis.

3.2.1 CGM?

The CGM? survey, first presented in Wilde et al. (2021), includes precise spectroscopic red-
shifts and bulk galaxy properties (e.g. stellar masses, M,, and star formation rates, SFR)
from a combination of Gemini GMOS spectra and deep, broadband photometry for ~1000
galaxies in the foreground of 22 QSOs, each with S/N ~10 HST/COS G130M+G160M spec-
tra. By matching galaxy and absorber redshifts in 4500 km s—1 windows, the CGM? survey
is ultimately a large collection of measurements pertaining to the CGM of z < 1 galaxies
over a wide range of stellar masses, 10® > Log M* (My) < 105, The details of the data
acquisition and analysis are explained in detail in Wilde et al. (2021). Here we present a
brief overview of the survey data relevant to the present analysis.

The CGM? galaxy spectra were obtained using Gemini-GMOS spectrographs on the
twin Gemini North and South telescopes (Hook et al., 2004; Gimeno et al., 2016). Galaxy

redshifts were inferred from the template fitting code, ' (v0.14) and manually inspected

thttps://github.com /desihub /redrock
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with VETRR?. The typical statistical uncertainly of our redshifts is o, ~ 50-100 km s*
(z ~ 0.00016-0.00030). Photometry of the CGM? galaxy catalog was obtained from the
Gemini-GMOS imaging in g and ¢ bands as well as all available bands from DESI Legacy
Imaging Surveys Data Release 8 (DR8) (Dey et al., 2019), WISE (Cutri et al., 2013), Pan-
STARRS Data Release 2 (Chambers et al., 2016), and SDSS DR14 (Abolfathi et al., 2018).

The 22 QSOs included in the CGM? survey have HST/COS spectra were selected from
the COS-Halos (GO11598, GO13033; Tumlinson et al., 2013) and COS-Dwarfs (G012248;
Bordoloi et al., 2014) surveys. In general, the CGM? QSO targets have either zqso > 0.6 or
available HST imaging, which permits detailed morphological analysis of absorption-hosting
galaxies with z < 0.5. All COS spectra include both the G130M and G160M gratings, and
have a S/N =~ 10 — 12 per resolution element (FWHM =~ 16-18 km s™') or better over 1150-
1800 A. The COS data and their reduction are presented in detail in Tumlinson et al. (2013)
and Bordoloi et al. (2014) and follows the same method used by Tripp et al. (2011), Meiring
et al. (2011), Tumlinson et al. (2011) and Thom et al. (2012).

3.2.2 CASBaH

CASBaH obtained both HST/COS and HST/STIS spectra of nine QSOs at 0.92 < zqso <
1.48, its primary goal being a detection of the Ne viii doublet to constrain the warm-hot
phase of galaxy halos (Burchett et al., 2019). For this reason, the CASBaH survey QSO
spectra have higher S/N ratios than those of CGM? | ~ 15 — 50 per resolution element,
and the targets have z 2 1 to probe a large enough pathlength to accumulate a statistically
useful sample of Ne viii absorbers. The HST data for CASBaH consist of spectra with COS
FUV G130M and G160M gratings, the COS NUV G185M and G225M gratings, and the
STIS E230M echelle mode. The QSO selection criteria and data reduction are described in
detail in (Burchett et al., 2019).

The CASBaH galaxy survey consists of 6701 galaxies redshifts with z < 0.481, appro-

Zhttps://github.com/mattcwilde /vetrr
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priate for the HI analysis presented here. The redshifts have typical uncertainties of 30 km

s71.

3.2.3 Galaxy Properties

To estimate the galaxy properties for both surveys, we used CIGALE (Noll et al., 2009;
Boquien et al., 2019) to fit the spectral energy distribution (SED) and retrieve stellar mass
and star formation rates (SFR). We used the Bruzual and Charlot (2003) stellar population
models, assuming a Chabrier (2003) initial mass function (IMF). We chose a grid of metallic-
ities ranging from 0.001-2.5Z. A delayed star formation history (SFH) model was employed
with an exponential burst. The e-folding time of the main stellar population models ranged
from 0.1-8 Gyr. We varied the age of the oldest stars in the galaxy from 2-12 Gyr. We
included an optional late burst with an e-folding time of 50 Myr and an age of 20 Myr. The
burst mass fraction varied from 0.0 or 0.1 to turn this feature on or off. Nebular emission
and reprocessed dust models (Dale et al., 2014) were also included with the default values.
The dust models have slopes ranging from 1 — 2.5 and the nebular models include no active
galactic nuclei.

We employed the Calzetti et al. (1994) dust attenuation law, but we also included a
“bump” in the UV (see discussion in Prochaska et al. (2019)) at 217.5 nm with a FWHM
of 35.6 nm. The bump amplitude is set at 1.3 and the power law slope is -0.13 (Lo Faro
et al., 2017). We varied the color excess of the stellar continuum from the young population,
E(B-V), from 0.12-1.98. Finally, we used a reduction factor of 0.44 to the color excess for
the old population compared to the young stars.

CIGALE then provides us with Bayesian estimates for the stellar mass and SFR for
each galaxy in the combined catalog. In order to calculate the virial radius we used the
abundance matching method of Moster et al. (2013) with the modifications used in Burchett
et al. (2016). We adopt the convention of using Ryi; = Ragom, the radius within which the
average mass density is 200 times the mean matter density of the universe, as the virial

radius (R.i;) of a galaxy halo.
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3.2.4 Combining the CGM? and CASBaH Surveys

In order to combine the surveys, modifications were needed to both catalogs to ensure the
same matching criteria between galaxies and absorbers. In the original CGM? survey, we
measured the 20 upper limit within dv = £30 km s~! of the galaxies redshift using the
normalized error of the quasar flux when no absorption system was found within our |[dv| <
500 km s~! window. In order to match the CASBaH survey, we adjusted this to a 30 upper
limit. This did not change our results in a meaningful way. The original CASBaH survey
used a velocity window of |dv| < 400 km s~! to match the galaxies to absorption systems.
We adjusted this for this work to |dv| < 500 km s~ to match the CGM? survey.

As in Paper I, we restrict our HI measurements to those less than z < 0.481 since at this
redshift, the Lyman-« line redshifts off the G160 grating and thus, we are only sensitive to
higher order transitions.

Having made these two small changes to each survey, both can be combined to give us
a total survey that includes 6629 galaxies spanning ~ 0.01 — 8 comoving Mpc in impact
parameter around 28 QSO sightlines. The distribution of impact parameter and redshift can

be seen in Figure 3.1.

3.3 Modelling Absorber-Galaxy Clustering

In Paper I, we model the CGM using an absorber-galaxy cross-correlation analysis. This
technique is based on modelling the covering fraction as a binomial probability distribution of
detections, where we measure a column density Nygr > 10'* ecm=2. Likewise, a non-detection
is the case where we do not detect gas above this threshold. The model consists of two
terms: the base rate due to the random incidence of absorbers greater than this threshold
and an excess above this base rate due to the clustering of galaxy-absorber pairs. This
model is employed in Wilde et al. (2021) and is similar to the one developed by Hennawi and
Prochaska (2007) and follows more closely the analysis by Prochaska et al. (2019). In Wilde
et al. (2021), we found a mass dependence of the extent of the CGM based on breading up
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Figure 3.1: Top: Distribution of the the combined CGM? and CASBaH data sets in both
impact parameter, p, and redshift. The data is roughly uniform in redshift space but we
can see the relative contributions of the data sets in impact parameter space; CGM? is
highly concentrated at lower impact parameters while CASBaH explores much greater impact

parameters. Bottom: Mass distribution as a function of redshift of the data sets.
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the data into three mass bins. In this work, we wish to quantify the mass dependence of
the clustering as well as determine the redshift dependence given our data. The following

section describes our formal model.

3.3.1 Single Power-Law Model

We define the 3D absorber-galaxy cross-correlation function, &,,(r) as
—
r
Eag(r) = (—) : (3.1)
To

To model the the mass dependence of the clustering, we add a new mass dependence to

the clustering scale, 7y,

To.m(m) =19 (%O)B (3.2)

As before, we examine the projected 2-D correlation function, which is obtained by

integrating the 3-D correlation function over the line of sight

1 2 2
= / Gl i (3.3)

For simplicity of notation, r is equivalent to r, in the following analysis.

In the following definitions we label the single power law clustering terms “2-halo” as
the galaxy clustering method we adopt here describes the clustering of separate dark matter
halos and distinguishes this method from the method we develop later in this manuscript.

We model the covering fraction, f., as a Poisson process,

fe=1—exp(—=A) (3.4)

where we denote the rate of incidence as A. We model the rate of incidence as the pro-

jected correlation function, the 2-halo term, as the excess over the probability of intersecting

2

an absorber with Ny > 10 ¢cm™2 in the redshift window,
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A= (1+x1) (AN /dz)6z. (3.5)

In addition to parameterizing the mass dependence as in Equation (3.2), we would also

like to parameterize the redshift dependence, (dN/dz). We do so as follows,

dN(NHI Z Nllﬁ, Z)
dz

= Cy(1 + 2)°, (3.6)

where Njjf denotes absorbers with column densities of 10 ¢cm™2, Cj is the random rate
of incidence at z = 0, and ¢z is the velocity window. We adopt a redshift window to be

+500 km s~ !, km s~ 1.

Thus we have a rate of incidence of the form

A= (14 DA (r, m|rg", ", 8°™M)]) (AN (2|Co, @) /dz) §z. (3.7)

Finally, we construct the likelihood function,

L=11P" 210 [] Prs(r 216), (3.8)

J

where 0 = [rgh, 2" 3 Cy, al.

As in Paper I, we apply the same Bayesian Markov Chain Monte Carlo (MCMC) sampler
emcee (Foreman-Mackey et al.; 2013) to generate samples from the posterior probability
distribution function to estimate the parameters of interest and their distributions, using
Equation (3.8).

In constructing our Bayesian model, we must choose priors. For the single power law
parameters, we chose the priors based on the results of cross-correlation analysis in Tejos
et al. (2014) except for our new mass dependent term, 52", which was motivated by physical

arguments:

o T2~ N(u=32,0=0.3), 1" >0
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e Y~ N(p=17,0=0.1),+*" >0
N 62h >0

The priors for the redshift dependence were chosen based on the findings in Kim et al.

(2021):

e Cy ~ Lognormal(pu = 1.25,0 =0.11) , Cp > 0

« a~N(u=097,0=087), -3 <a<3

We note that we chose to use the more recent results of Kim et al. (2021) in modelling
the redshift evolution instead of that from Danforth et al. (2016), as were used in Paper I.

In Figure 3.2 we see the posterior distributions of our single power-law model, using the
priors described above and My = 10%5M,,. These were fit only to data with 8 < log M, /M <
10.5 as above this range there is a change in the virial radius due to the M, — M., relation
from abundance matching (Moster et al., 2013) which can be seen in Figure 3.7. Below this
range we find a very flat covering fraction profile (Figure 3.5) which doesn’t show a clustering

signal.

3.3.2 Two-component Model

The single power-law model used in galaxy-galaxy clustering and adapted above to model
the galaxy-absorber clustering makes no assumption of a CGM or overlapping gaseous halos.
In the following section, we assume the existence of the CGM and use a Gaussian profile
to model excess clustering signal due to the presence of the CGM. Specifically, the model is
composed of a Gaussian 1-halo component combined with the 2-halo single power law and
a component due to the random contribution from the IGM as used in the previous section.
We employ an exclusion model where the contribution from the 2-halo term terminates at

the distance it reaches the 1-halo component. This scheme, shown in Figure 3.3 also allows
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Figure 3.3: A schematic depiction of our two-component exclusion model and the determi-

nation of Re.ss. The 2-halo component cuts off interior to Reyoss-

us to determine a natural estimate of the extent of the CGM: the crossing point of the 1-and

2-halo components.

The model is similar to that single power-law we introduced before with a few key dif-

ferences. We introduce a Gaussian one-halo term defined as:

G(r)'" = Ael/9)”, (3.9)

Where the two models intersect, R, We can solve for o as
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1 Rgross (3 10)
o=4[= . .
2 hl(A) + 7y 1n(Rcross/TD)

It should be noted that R here is the 3-D distance and not the projected distance. In

order to characterize the mass dependence of R...s We define

M Blh
*
Rcross == (M) ) (311)
This parameterization allows us to compare the mass dependence of the 1-halo term, 3"

with that of the 2-halo term, 5%

In order to solve for the projected clustering signal, &, we first make some definitions
to ease the notation. We use s = r|| in the remainder of the analysis. The integration is
performed over different portions of the line of sight distance, s, corresponding to the 1 and

2-halo components. We define the line of sight crossing point Sc.oss as

Scross = \/maX(Rgross - Tia 0)7 (312)

and we can then integrate Equation 3.9 t0 Seyval = Min(Seross, Smax), Where sp.x is the
maximum interval we wish to integrate over, which in our case is [—500,500] km s~!. Thus

we have

Seval Smax
X(ry) oc2 G(m,s)lhdsjt2/ E(ry, s)*ds (3.13)
0 Seval
where the factor of 2 comes from the fact that both components are symmetric. Here we
integrate the one-halo component over the more nearby regime out to Se. and only integrate
the 2-halo term beyond seys out to the maximum line of sight distance, thus excluding the
regimes in which the models do not apply. For the two-component model, we choose fairly

weak priors on unknown parameters based on physical arguments while following the same

priors as described above for the parameters in the single power-law model:
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N Blh > —3
e« A>0
® Rcross >0

We can then follow the same MCMC fitting procedure described above to determine
the posteriors for the parameters in this model as well as the crossing radius, Re..ss- These
are shown in Figure 3.4. As before, we only fit data with 8 < log M, /M, < 10.5 and use
My = 10°5M,,.

3.3.3 Model Comparison

In addition to comparing the two models to each other, Figure 3.5 compares the models to
the empirical covering fraction as a function of impact parameter and mass. The data are
shown in black with 1o error bars. The single power-law model is shown in pink while the
two component model is shown in purple. Both models recreate the covering fraction of the
data in all mass bins except for the lowest mass bin where the clustering signal disappears.
The two component model does significantly better for galaxies of M, = 10°71°M, at the
lowest impact parameters where the single power law model underestimates the covering
fraction.

We find the 1-halo component has a stronger clustering mass dependence, S ~ 0.14 +
0.07, than the two-halo term, 32" ~ 0.08 £ 0.03. We also find the 2-halo clustering terms in

each model to be internally consistent with each other as seen in Figure 3.6

3.4 Results

3.4.1 Clustering Mass Dependence

As seen in Figure 3.2, we find the clustering parameters to be ro = 3.64+0.3, v = 1.6£0.5.
and ~ are consistent with those found in Tejos et al. (2014) (rp = 1.7£0.1 and v = 3.74+0.3.

We also find a mass dependence of the absorber-galaxy clustering of 2" = 0.775:3.
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Figure 3.4: Posterior parameter probabilities for the parameters in the two-component clus-
tering model. We again recover a non-zero, positive mass dependence term in the two-halo

absorber-galaxy clustering, 32" but find an even stronger one-halo CGM clustering mass
dependence 8" ~ 0.14 £+ 0.07.



86

7-8 8-9 9-10 10-11
1.0 . . .
¢

a
S o8- —— G+¢ i
3 0.
S ¢ Observed
= 0.6 .
=)
£ 0.4 ] IR -
j
£ L0 11T

0.2 1 .
S :

0.0 . . .

10° 10 10 10° 10 10 102 10 10 10° 10 10
R, [ckpc] R, [ckpcl R, [ckpc] R, [ckpcl

Figure 3.5: Comparison of our models to the empirical covering fraction as a function
of impact parameter in comoving kpc in mass bins of 1078M, 10879M), 10971°M, and
1019~ M. The data are shown in black with 1o error bars. The single power-law model
is shown in pink while the two-component model is shown in purple. Both models recreate
the covering fraction of the data in all mass bins except for the lowest mass bin where the
clustering signal disappears. The two-component model provides a better match to the data
for galaxies of M, > 10°M, at the lowest impact parameters where the single power law

model underestimates the covering fraction.

We find the the two component model better fits the data as can be seen in Figure 3.5.
Specifically, the two component model does slightly better for galaxies of M, > 10°7°M, at
the lower impact parameters where the single power law model underestimates the covering
fraction.

In addition, we find the two-component model reproduces the mass dependence of the
2-halo clustering term, 3?" ~ 0.7 while also producing a stronger mass dependence of the

1-halo clustering term, 5 ~ 0.14.

3.4.2  Physically-Motivated Extent of the CGM

As mentioned above, using the two-component model produces an estimate of R;oss, & natu-
ral metric for the extent of the CGM. This 3-D distance demarcates where the contribution

to the clustering begins to be dominated by the CGM above the expected two-halo clustering
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Figure 3.6: Comparison of the two-halo 3D cross correlation posteriors between the two-
component model (rp = 3.997023 v = 1.62 4 0.07) and the single power-law model (ry =
3.58102% ~ = 1.55 4+ 0.05). The two models are consistent with each other within the 1o
limits and have a power-law slope consistent with the absorber-galaxy 3D cross correlation

found in the literature (e.g. Tejos et al., 2014) of v = 1.7 £ 0.1.
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due to isolated galaxy halos traced by HI. R...s can be viewed as the maximum extent to
which an enhancement from the CGM is needed to recreate the data. In Figure 3.7 we see
Re1oss compared with the spread in virial radii of the galaxy sample (grey filled region). The
filled blue region represents the 1o limits of the distribution in R...s While the blue line de-
notes the median of this distribution. In addition, we compare R...s with the method used
in Wilde et al. (2021) (orange dashed line) of estimating R, as the radius at which the
probability of detecting HI above 10'* ¢cm~2 surpasses 50% using the best fit parameters in
our two-component model. The black crosses correspond to the values published in Paper I.
The vertical dotted lines denote the mass range of 8 < log(M,/M®) < 10.5 that was used
in our MCMC analysis. Above this range we see a change in relation of the virial radius
with stellar mass and below this mass range, we find a much weaker correlation between
absorbers and galaxies (see left most panel of Figure 3.5). We find excellent agreement of
these three estimates of the CGM and find that R is approximately 2R;;.

In Figure 3.7, we compare the mass dependence of R (blue line, shaded area) to the
virial radius that spans the redshift of the galaxies in our sample (black shaded area). We

find Rerogs 18 ~ 2 £ 0.6 Ry;, for galaxies in the range 8 < log(M,/M®) < 10.5.
3.5 Discussion

Broadly, our results suggest that the 2-halo single power law model does an adequate job of
recreating the cross correlation signal at all impact parameters and all masses M, > 10®M,,
as seen in Figure 3.5. While this does not preclude the presence of a CGM around these
galaxies, it implies that the majority of HI absorption that one would associate to these
galaxies on scales of < 200kpc is dominated by other, nearby galaxies.

The two-component model appears able to better recreate the data at smaller impact
parameters and at higher masses as seen in Figure 3.5. For R < 300kpc, one detects
52 HI systems where 46 systems are predicted with the single power-law model. Assuming
Poisson statistics, the 2-halo model is consistent with the data at 1o level, however.

The much larger number of galaxies at larger impact parameters drives the fit of the
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Figure 3.7: A comparison of R With the spread in virial radii of the galaxy sample (grey
filled region). The filled blue region represents the lo limits of the distribution in Reess
while the blue line denotes the median of this distribution. In addition, we compare R oss
with the method used in Wilde et al. (2021) (orange dashed line) of estimating Rl as the
radius at which the probability of detecting HI above 10** ¢cm™2 surpasses 50% using the
best fit parameters in our two-component model. The black crosses correspond to the values
published in Paper I. The vertical dotted lines denote the mass range of 8 < log(M,/M®) <
10.5 that was used in our MCMC analysis. Above this range we see a change in relation
of the virial radius with stellar mass and below this mass range, we find a much weaker
correlation between absorbers and galaxies (see left most panel of Figure 3.5). We find
excellent agreement of these three estimates of the CGM and find that R,.s is approximately
2Ry

models to the data. There is, however, a 2¢ inconsistency between the models and the

data at R; ~ 600kpc in the logM, = 9 — 10M, mass range. This may be due to cosmic
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variance or the assumption that the absorber-galaxy measurements are independent and

aren’t correlated which would increase the scale of the error bars.

3.5.1 Comparing the mass dependence of the one and two-halo terms

Our galaxy sample includes a large number of galaxies at low (< 500 kpc) impact parameters
which allows us to better model the regime in which the two-halo galaxy clustering becomes
dominated by the signal of galaxies that inhabit the same dark matter halo, the one-halo
term. By separating these two terms in the manner presented here, we can disentangle
the large scale clustering as well as the contribution of the CGM to the 3D correlation of
absorbers and galaxies.

Our analysis finds nearly identical terms for the mass dependence of the clustering at
large scales, 32" as well as the contribution of absorbers at random, Cy and . We do find a
stronger mass dependence in the one-halo term, 8" that at larger scales. This can be seen

in Figure 3.5 where the correlation steepens in higher mass bins.

3.5.2  Absorber-Galaxy Bias

Using our single power-law analysis, we can compute the relative absorber-galaxy bias via the
standard relation &,; = byby,Epm, where &,, is the absorber-galaxy correlation function (eq.
3.1), by and b, are the absorber and galaxy bias respectively and {py is the dark matter 3D
correlation function. We can approximate the relative bias as (r/ro(M))™" = byb,Epm where
¢pm is of the same form with a v = 1.62 as calculated by Tinker et al. (2010) (hereafter,
T10). Thus, we can solve for the product of the bias, taking into account our mass dependent
ro (Eq. 3.2) and using v = 1.62 with is consistent with the value we determine from our
data, as byb, o< (M, /My)". This is shown in Figure 3.8 where we find compare our results
to those in T10 as encoded in the COLOSSUS package (Diemer, 2018). This is in-part due
to the fact that our sample contains a fraction of star forming (SF) to quiescent galaxies (Q)
that is non-uniform in mass (Wilde et al., 2021); our galaxy sample has a greater number

of SF galaxies at lower masses than at higher masses and redder, quiescent galaxies are
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known to be more strongly clustered (Zehavi et al., 2002; Berti et al., 2021). It is also
plausible that the lower mass galaxies live in lower density regions of the cosmic web. The
fact that the bias is below that of T10 bias suggests that HI is less common in these lower
density regions than at higher density regions such as filaments inhabited by the higher mass
galaxies Prochaska et al. (2013). An alternative explanation is that the assumption that the
two tracers are linear and independent does not hold and that baryonic physics affects the

correlation between galaxies and absorbers.

3.5.3 Comparison to Previous Work

One of the key aspects of this analysis is determining the mass dependence of the extent of
the Ny > 10* ¢cm~2 for which our model provides a direct metric, Rewoss(M,). We compare
our resulting Reyoss(M,) to the method and results from Paper I in Figure 3.7. The result
of Paper I, R&tyy, which are based only on the CGM? survey are shown as black crosses in
the mass bins they span in that paper. We also compare the method used in that paper
to determine Ry, the radius at which the probability of detecting Ngy > 10 cm™2 is
> 50%, calculated with the two-component model using the combined CGM? + CASBaH
surveys (orange dashed line). We find that our mass dependent estimate of the extent of the
CGM, Reross(M,) corroborates the findings of Paper I that the Ny > 10 cm ™2 extends to
approximately twice the virial radius (~ 2 4+ 0.6 Ry;,).

One of the main strengths of the CGM?+ CASBaH sample is the large number of galax-
ies at small projected separations (<1 Mpc). This allows us to investigate the smaller scale
regime in more detail within the context of similar studies such as Tejos et al. (2014) (here-
after, T14) who uses a single power law model to measure the two-point correlation between
HI and galaxies above Ny 10'* cm™2. In this work they break up their measurements
into SF vs non-SF samples while we do not. Our sample however is dominated by the
more common SF galaxies and we will compare our results to their SF sample. Comparing

our cross-correlation results with T14, we find good agreement between the results in T14,

rdt = 3.840.2, v = 1.740.1 and the results from both models presented here, 79 = 3.99753%,
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Figure 3.8: A comparison of the slopes of the relative bias as a function of mass derived
from our analysis (orange) compared to Tinker et al. (2010) (T10, black). The dashed lines
correspond to the ranges spanned by the 1o limits in in 3%". The relative bias, ro(M) o
(M, /My)7?, are normalized to the value of T10 at log M, = 9.5. We find a steeper mass
dependence than T10 which is due in part to the proportion of SF/quiescent galaxies in our
sample; the galaxies at lower mass have a greater proportion of SF galaxies which could

steepen b(M) due to known result that red galaxies being known to be more clustered.

v = 1.62 4 0.07) and the single power-law model (ro = 3.58703%, v = 1.55 & 0.05. We find a

mass dependence of this cross-correlation, however as parameterized by 5.

Our results are in slightly in tension with Momose et al. (2021) who find galaxies in the

1097190, range dominate their HI-galaxy cross correlation signal. We find the largest mass
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bin sample to have the most elevated covering fractions at low impact parameter.

3.6 Summary

With this paper we have examined the associations of galaxies with Lya absorption z < 0.48
to explore the spatial profile of this gas and the mass dependence of the profile. Specifically,
we have combined the CGM? and CASBaH HI and constructed a catalog of 7244 absorber-
galaxy pairs around 29 QSO sightlines. The CGM? survey has better sampling of galaxies
at low impact parameter while CASBaH samples galaxies out to 20 cMpc. This allows us to

characterize the HI profile via the covering fraction as a tracer of the gas.

1. By modelling the covering fraction as a power-law with a mass dependent length scale,
we find good agreement of our clustering amplitude and power law slope parameters

with previous studies such T14.

2. We find a the clustering scale is mass dependence with a power-law slope of 32" = 0.08.

3. From this power-law slope we can compare the slope of our absorber-galaxy bias to

that of Tinker et al. (2010) and find a steeper bias as a function of galaxy mass.

4. The single power-law model faithfully reproduces the data at the 1o level for all galaxies
M, > 10®M,. While this does not preclude the presence of a CGM around these
galaxies, it implies that the majority of HI absorption that one would associate to

these galaxies on scales of < 200kpc is dominated by other, nearby galaxies.

5. We also model the data with an exclusionary two-component model where we use a
Gaussian to model the data at smaller impact parameters and the customary power-
law model at larger impact parameters. This model also faithfully reproduces the data

for galaxies M, > 108 M.
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6. The two component model allows us to calculate the cross over radius, Reposs(My),
where the models are equal. Re,s (M, ) represents a soft upper estimate of the furthest
impact parameter needed to optimally fit the inner 1-halo term. We then use R oss as
an estimate of the exten of the CGM and find Reyoss(My) &= 2 + 0.6 R, for galaxies at

all masses.

7. Finally, we find no correlation between HI and galaxies for M, < 108M,,.



Chapter 4
SDSS DR17: THE COSMIC SLIME VALUE ADDED CATALOG
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Summary

A tenet of modern cosmology is the existence of the “cosmic web”, a vast filamentary struc-
ture formed via the collapse of matter due to gravity. This structure is ubiquitous in cos-
mological simulations yet challenging to observe due to its diffuse nature. Recently, a new
technique was developed which is inspired by the growth and movement of Physarum poly-
cephalum slime mold (Burchett et al.; 2020b), to map the cosmic web of a low redshift sub-
sample of the SDSS spectroscopic galaxy catalog. This model, the Monte Carlo Physarum
Machine (MCPM) was shown to faithfully reconstruct the cosmic web. Here, we make great
strides in improving the methods used in MCPM and apply them to a larger cosmological
volume using the classic SDSS and eBOSS spectroscopic surveys. We have constructed a
catalog of galaxy positions with estimates for the cosmic density. In addition, we include
the 3D density cubes of these volumes. These data products were released as part of Sloan
Digital Sky Survey Data Release 17 (Abdurro'uf et al.,; 2022) and are now publicly available.
We present the input catalogs as well as the methodology in constructing these data prod-
ucts. We also highlight exciting potential applications to cosmology, the intergalactic and

circumgalactic medium and gravitational wave progenitor detection.

4.1 Introduction

The cosmic web is an established prediction of ACDM and is readily identifiable in sim-
ulations, where the underlying density distribution is known. However, we are primarily
motivated by the problem of unveiling the latent large scale structure in the observational
realm, where the structure is traced by galaxies and absorption signatures of the intergalac-
tic medium. However, mapping the actual dark matter distribution remains a challenge as
tracers such as quasar absorption lines are limited by the scarcity of quasars in the universe.

Of paramount concern in galaxy evolution science is the impact of a galaxy’s environ-
ment on its morphology and star formation activity. Correlations between environmental

metrics and galaxy properties, such as morphology (Dressler, 1980, e.g.), color (Abell, 1965,
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e.g.), and star formation (Peng et al., 2010) have been known about for many decades, but
the physical mechanisms and their relative importance remain heavily pursued problems.
Galaxy-environment analyses typically fall along one of two paths: local environment-centric
or large-scale environment-centric. In the former, one employs an environmental density met-
ric, such as a nearest-neighbor distance or density within some aperture (Kauffmann et al.,
2004; Peng et al., 2010), or galaxies are associated with a local group or cluster environment
(Yang et al., 2007; Berlind et al.; 2016) and galaxy properties are studied with respect to
the properties of the group or cluster (Carollo et al.; 2013; Catinella et al., 2013).

The latter path is less straightforward, as one must infer the large scale structure from
tracers, typically the galaxies themselves, and correlate galaxies back to that structure in
some way. Various methods have been devised to reconstruct the cosmic web from discrete
tracers. Libeskind et al. (2018) reviewed a number of these, and we refer to the reader to this
valuable resource for an overview of the techniques employed and comparisons between them.
Essentially, once the underlying density field is inferred, one can correlate galaxy properties
with this density field (an approach one can directly employ with the catalog described
here) or attempt to geometrically relate a galaxy’s position to the structure identified, e.g.,
the distance to a filament. One should appreciate that filament identification (DisPerSE,
Luber et al. (2019); Tempel et al. (2014), etc.), whether from a density field or some other

methodology, is a separate problem from inference of the field itself.

Studies of galaxy-cosmic web dependencies report somewhat mixed results. Kuutma
et al. (2017) find higher elliptical-to-spiral ratio and decreasing Star Formation Rate (SFR)
towards filament spines. Similarly, Crone Odekon et al. (2018) report that, at fixed stellar
mass, galaxies closer to filaments or in higher density environments are more deficient in
HI. These large-scale effects on galaxies have also been investigated in the cosmological
simulation domain. Codis et al. (2018) measure the spin-filament alignment in IlustrisTNG
(Vogelsberger et al., 2014) and find a strong dependence on spin alignment with galaxy
mass. Pasha et al. (2022) find that the collapse of large scale structure into sheets at higher

redshifts (z ~ 3) can create shocks that explain quenching in dwarf galaxies similar to the
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effect seen in nearby dwarf galaxies that exist in the presence of clusters and groups.

Aside from the galaxies themselves, one may also study the intergalactic medium in con-
text with the cosmic web environment. Wakker et al. (2015) measured the Ly« absorption
in quasar spectra probing a foreground visually identified filament, finding increasing ab-
sorber equivalent width and linewidth with decreasing projected distance to the center of
the filament. With a larger archival sample of QSOs and filaments, Bouma et al. (2021) find
similar results, with Lya absorbers showing both greater incidence and column density at
small projected distance and velocity offsets from filaments first identified by Courtois et al.
(2013). In the first application of the reconstruction framework we use here, Burchett et al.
(2020a) analyze the Ly« optical depth as a function of cosmic web density probed by QSO
sightlines and find three distinct regimes: a void regime at low matter overdensity with no
detected absorption, an onset of absorption in the outer skins of filaments with monotoni-
cally increasing optical depth, and the highest-density regime where the absorption no longer
increases with local density but rather turns over and declines at the highest densities.

In this manuscript, we employ the novel method first introduced in Burchett et al. (2020a)
which is based on the movements of the organism Physarum polycephalum slime mold to
map the cosmic density field. This model implicitly traces the Cosmic Web structure by
efficiently finding optimal pathways between galaxies, which are known to trace filaments.
We apply our model to two large catalogs of galaxies, the NASA Sloan Atlas (NSA) (Blanton
et al., 2011) and the catalogs of Luminous Red Galaxies (LRGs) from SDSS-IV Extended
Baryon Oscillation Spectroscopic Survey (Bautista et al., 2018). Our method faithfully
reconstructs the cosmic matter density of the cosmic web for all points in the observational
footprints, allowing the study of this dark matter distribution with any objects of interest in
the footprints. We have released this data as part of the SDSS Data Release 17 (DR17) as
a Value Added Catalog (VAC) that is open access for the communities use.

Unless stated otherwise, we adopt the Planck15 (Planck Collaboration et al., 2016) cos-
mology as encoded in the ASTROPY package (Astropy Collaboration et al.; 2013; Price-
Whelan et al., 2018).
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4.2 Data

We need a three dimensional map as well as the mass of a galaxy field in order to infer the
density field. To this end, we use spectroscopic surveys that provide us with precise redshifts
as well combined with value-added catalogs that provide us with galaxy masses. We use
two primary catalogs for our galaxy positions, the NASA-Sloan Atlas (NSA, or NSA/SDSS)
for galaxies with z < 0.1 and the Large Scale Structure catalogs from Sloan Digital Sky
Survey (SDSS) for galaxies at higher redshifts. These two catalogs each offer advantages
and disadvantages and are described below. Note that no data used in this VAC came from
DR17.

In addition to the two galaxy catalogs, we need to map our MCPM density estimates
to the cosmic matter density (pn,/(pm)). We employ the dark matter only Bolshoi-Plank
ACDM (BP) simulation as described below.

4.2.1 NASA Sloan Atlas

The NASA Sloan atlas (NSA) is a value added catalog constructed from reprocessed SDSS
ugriz photometry combined with Galaxy Evolution Explorer (GALEX) photometry in the
ultraviolet. It was designed to improve upon the standard SDSS sky subtraction pipeline
(Blanton et al.; 2011). We use the most recent version of this catalog, nsa_v1 0 1.fits,
which contains galaxies out to z = 0.15. For our purposes, we cut the catalog to those
galaxies with z = 0.1 resulting in a catalog of 325321 galaxies. We will often refer to this
catalog in this paper as simply “NSA/SDSS” to distinguish it from the other catalogs that
come from BOSS.

4.2.2 LRG catalogs

For the higher redshift portion of our catalog, we use a sample of Luminous Red Galaxies
(LRG) from the Baryon Oscillation Spectroscopic Survey (BOSS), part of the Sloan Digital
Sky Survey (SDSS) III project, which at the time of its release provided the largest survey
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of galaxy redshifts available, in terms of both the number of galaxy redshifts measured by
a single survey, and the effective cosmological volume covered. We chose to use the LRG
catalogs as tracers of the DM density as these catalogs are more complete at these redshifts
than using a more general galaxy catalog. The LRG sample of from BOSS comes from
the Large scale structure catalogues provided by the team and are broken into Northern
and Southern Galactic caps (LRG-NGC and LRG-SGC, respectively) (Ross et al., 2011;
Ho et al., 2012; Ross et al., 2012). We use the LOWZ catalogs which provide a sample of
LRGs to z < 0.5 and are found in these files': galaxy DR12v5_ LOWZ_North.fits.gz and
galaxy DR12v5 LOWZ_South.fits.gz. We chose to use the LRG catalogs as tracers of the
DM density as these catalogs are more complete at these redshifts than using a more general
galaxy catalog. The procedure to create this catalog is mostly based on Reid et al. (2016)
with modifications to the redshift failure and systematic corrections described in Bautista

et al. (2018).

4.2.3 Mass Determination

For the LRG galaxies we used the Firefly VAC. The Firefly VAC? (Comparat et al., 2017)
provides galaxy properties of all SDSS, BOSS and eBOSS spectra with the FIREFLY fitting
routine (Wilkinson et al., 2017) (v1_0_4 for DR14 and v1 1 1 for DR16) was combined
with the the stellar population models of Maraston and Stromback (2011). The Firefly
catalog includes light- and mass-weighted stellar population properties (age and metallic-
ity), E(B-V) values and most crucially to this work, stellar mass for all galaxies in the
catalog. We used the DR14 catalog to determine masses for the galaxies found in this
file,sdss_ eboss_ firefly-dr14.fits.

The lower redshift NSA /SDSS, catalog contains many galaxies that are spatially resolved
and require more careful photometric analysis (Blanton et al., 2011, e.g.). The most recent

version of this catalog provides elliptical Petrosian aperture photometry which is more accu-

!The files can be found here: https://www.sdss.org/dr14/spectro/lss/
Zhttps:/ /www.sdss.org/dr16 /spectro/eboss-firefly-value-added-catalog/
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Figure 4.1: Distribution of the galaxy redshifts for the NSA/SDSS (blue, solid) and LRG-
NGC (multi-colored, solid) and LRG-SGC (multi-colored, dashed) data sets that were used
to reconstruct the cosmic density map. The NSA/SDSS catalog includes all galaxies out to
z = 0.1 and is denoted as RUNT in the the MCMP VAC. The LRG catalogs extend to higher
redshifts but only include the rarer LRGs, hence the lower galaxy count. This figure also
shows the slicing scheme used to self consistently fit the MCMP model in subsets of redshift

as the density of galaxies decreases with luminosity distance.

rate than the standard SDSS pipeline. We adopt the Petrosian mass as our estimate of the

galaxy stellar mass for this sample.

4.2.4 Bolshoi-Planck Simulations

To calibrate our MCPM density estimates to the cosmic matter density, we use the dark
matter only Bolshoi-Plank ACDM (BP) simulation (Klypin et al., 2016; Rodriguez-Puebla
et al., 2016). The BP simulation uses 2048° particles in a volume of 250h~! Mpc?® and based

on the 2013 Planck (Planck Collaboration et al., 2014) cosmological parameters and com-
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Orientation

Figure 4.2: Overview of MCPM'’s operating modalities, demonstrated on the 0.018 < z <
0.038 sample of SDSS galaxies. In reading order: input data points and the marker concen-
tration emitted by the data (yellow), reconstructed trace field fr (purple), corresponding
orientation field fo (XYZ directions mapped to RGB colors).

patible with the Planck 2015 parameters (Planck Collaboration et al., 2016). We implement
a Gaussian smoothing kernel to the simulation to smooth over scales of 0.25 Mpc h™! (Lee
et al., 2017; Goh et al., 2019). We also employ a halo catalog produced using the Rockstar
algorithm (Behroozi et al.,; 2012).

4.3 Methodology

4.3.1 The MCPM algorithm

The VAC has been produced with the Monte Carlo Physarum Machine (MCPM) algorithm
implemented in the Polyphorm software’. MCPM has been first used in Burchett et al.

3https://github.com/CreativeCodingLab /Polyphorm
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Figure 4.3: Diagram of all the data products and their spatial relations. The green bands
highlight regions of overlapping LRG slices. The SDSS portion of the data is magnified to

visualize the higher amount of recovered structure owing to the denser observations.

(2020a) to reconstruct a 3D density field estimate of the large scale structure spanning 37.6k
SDSS galaxies within the 0.018 < z < 0.038 range. We provide a brief summary of the model
here; for the full description please refer to Elek et al. (2021a).

MCPM is a massively parallel agent-based model inspired by the growth patterns of
Physarum polycephalum slime mold. Its main modalities are visualized in Fig. 4.2. Using
a swarm of millions of particle-like agents, MCPM iteratively traces the network structures
implicit in the input data: dark matter halos or galaxies represented as a weighted 3D point
cloud. In proportion to their mass, the data points emit a virtual marker which the agents
navigate towards at every iteration. The key innovation of this model is the probabilistic

navigation of the agents, which significantly increases the complexity of the structures which
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Figure 4.4: Zoom in of a slice of the 0.018 < z < 0.1 SDSS MCPM’s reconstruction of the

cosmic web.
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the model is able to generate.

MCPM produces two main quantities: the trace field and the orientation field. The trace
field fr : R® — R, accumulates the superimposed trajectories of all active agents, and rep-
resents the reconstructed LSS density field (after statistical standardization, see Sec. 4.3.5).
The orientation field fo : R* — R? records the averaged unsigned directions of the agents,
and serves as a clustering criterion in our FoG compensation step (Sec. 4.3.6). Both of these

are robust (i.e., stable in time) Monte-Carlo estimates of the equilibrium agent distributions.

Compared to our earlier applications of the MCPM model (Burchett et al.; 2020a; Simha
et al., 2020) we introduce a few methodological and implementation changes aimed at im-

proving the quality of the fits:

1. Linear accumulation of fr and fo values instead of the original exponential floating
window averaging. The latter is used for the supervised part of fitting, i.e., when
exploring different MCPM configurations. After finding the optimal dataset-specific
set of model parameters we switch to linear averaging which dramatically reduces the

solution variance.

2. To avoid numerical errors we increase the numerical precision from fpl6 to fp32 for
both fr and fo. This slows the software down by 10-20%, which is acceptable for

maintaining interactivity during fitting.

3. We redesigned the agent rerouting step. Rerouting is invoked when an agent encounters
no data for too many subsequent steps, indicating either a boundary of the dataset or
a large void. Our original rerouting assigned such an agent to a random location in
space; currently, we reposition it to the location of a random data point. This change
leads to a significant decrease of background noise and effectively increases the dynamic

range of the obtained solutions for both fr and fo.
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4.3.2 MCPM fit to Bolshoi-Planck

In order to calibrate MCPM'’s hyperparameters, we fit the model to two snapshots of the
Bolshoi-Planck simulation dataset (at z = 0 and z = 0.5, both containing roughly 16M halos
extracted with the Rockstar algorithm). Some of the parameter estimates carried over from
our previous work (Burchett et al.; 2020a), namely the sensing angle at 20 deg, moving angle
at 10 deg, moving distance at 0.1 Mpc and persistence of 0.9 (now adjusted to 0.92 due to
the finer granularity of halos used here). We focused on constraining the remaining critical
parameters: sampling exponent (which controls the acuity of obtained structures, especially
filaments) and sensing distance (which determines the scale of the structures, such as mean
segment length and by transition the diameter of loops, voids etc).

Using the procedure described in Burchett et al. (2020a) we matched the MCPM fits to
the ground truth densities in Bolshoi-Planck. We determined the optimal sampling exponent
to be 2.5 at z = 0 and 2.2 at z = 0.5, which aligns with the observation that the LSS at
higher redshifts be less condensed. For the sensing distance, the optimal value was found
to be 2.37 Mpc. To obtain these values, we balanced two key criteria: fit to the halos (as
defined by the fitness function, cf. Elek et al. (2021h)), and the monotonicity of the obtained
overdensity mapping as shown in Figure 4.6.

The above values of sampling exponent and sensing distance pose the lower limits for
the values actually used to fit the observational data. This is due to the significantly lower
spatial density of data points in the galaxy catalogs (relative to Bolshoi-Planck Simulations),
which need to be compensated for by proportionally increasing the two parameters.

In Figure 4.5 we demonstrate that MCPM reconstructs not just the halos that we feed

into it but the cosmic structure, including filaments and voids.

4.3.3 Fit to NASA-Sloan Atlas

The first component of the VAC is based on the MCPM fit to the NASA-Sloan Atlas catalog

for 0 < z < 0.1, which contains roughly 325k galaxies in luminosity distances between 44 and
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Bolshoi-Planck z=0 Bolshoi-Planck z=0.5
MCPM z=0 MCPM z=0.5

Figure 4.5: Comparison of the Bolshoi-Planck simulations (top row) at redshifts of z = 0.0
(left) and z = 0.5 (right) to the MCPM trace of the simulations (bottom row). We see MCPM

faithfully reconstructs not only the galaxy halo population but also the cosmic structure.

476 Mpc. Similar to the BP dark matter halos we treat the galaxies as 3D point attractors,

in this case weighted by their stellar masses.
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The fits are based on the hyperparameters calibrated on the BP simulations. Further,
to reflect the lower spatial density of the galaxies in comparison to the halos, we adjust the
two critical parameters of MCPM: sampling exponent to 3.5 and sensing distance to 5.2.
These values were obtained by maximizing the model’s fitness function within intervals of
the parametric space which yield a well connected reconstruction, determined in a semi-
supervised way through in Polyphorm.

To verify the consistency of the fit across different z values, we have split the SDSS catalog
into 3 overlapping slices (44-270 Mpc / 250-370 Mpc / 350-476 Mpc, each containing about
120k galaxies) and fitted them separately by only adjusting the sensing distance parameter.
The resulting optimal values (Figure 4.7) follow a linear trend, implying that the spatial
density of galaxies decreases in corresponding proportion. However, the obtained variation
of sensing distance (3.8-5.6) is well within the ability of the model to perform a consistent fit
using a single value of the parameter. Therefore, we opt for a single fit to the entire catalog

using the aforementioned sensing distance value of 5.2.

4.3.4 Fit to LRG Catalogs

The procedure of fitting to the LRG NGC and SGC catalogs is identical with the SDSS data:
using the sampling exponent of 3.5 and the BP-calibrated values for the other hyperparam-
eters, we continued increasing sensing distance until reaching an optimal fit.

Due to the much lower spatial density of LRG observations compared to SDSS, the
optimal values of sensing distance end up being considerably higher (Figure 4.3). Also, unlike
SDSS, the LRG galaxies span a significantly longer range of redshifts. The consequence is
nearly a two-fold growth of the optimal sensing distance value across the catalog’s redshift
range (Figure 4.7). Therefore to construct the VAC, we split the LRG galaxies into 4
overlapping ‘slices’ of approximately equal numbers of galaxies (about 70k per slice for NGC,
about 25k per slice for SGC) and fit each separately. The resulting distance intervals are
0-1000 Mpc (z =~ 0 —0.2), 900-1600 Mpc (z ~ 0.18 — 0.3), 1500-2100 Mpc (z ~ 0.28 — 0.38),
and 2000-3000 Mpc (z =~ 0.36 — 0.51).
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The visualization of all thus obtained density slices and their spatial relations is provided
in Figure 4.3. An added benefit if this approach is the higher resolution of each slice we can

afford. This is desirable again due to the massive redshift range of the LRG data.

4.3.5 Statistical Standardization & Mapping

The MCPM densities fit to each survey slice do not reflect any physical density, rather they
are the density of agents in the fit. In order to translate the MCPM density to cosmic
overdensity, we standardize each distribution to the MCPM fit of the simulation so that a
mapping between MCPM and cosmic overdensity can be applied. The MCPM fits to the
galaxy surveys differ from the fits to the BP simulations in that they suffer from luminosity
selection functions and are thus much sparser. This affects the lowest density regime of the
density distribution. In order to account for this effect, we used the Wasserstein distance’
or the “Earth Movers Distance” to calculate the stretch and shift values such that the dis-
tribution of MCPM densities of the surveys could be linearly transformed to best fit the
BP-MCPM fit. That is TargetDist = stretchxSurveyDist + shift. Where the TargetDist is
the BP-MCPM density distribution and SurveyDist is the density distribution of each survey
slice. The benefit of this method is that we can impose a lower limit on the density distri-
butions to only take into account the higher density wing of the distribution corresponding
to densities that contain structure and avoid the empty space in the survey fits.

In order to retrieve the cosmic matter density, p,,/{pm), we must map the MCPM trace
density to that of the BP simulations at each redshift. That is, we fit the BP simulations
using the MCPM algorithm and then apply a mapping from MCPM density to cosmic matter
density. This mapping was achieved by sampling the MCPM fits in bins of equal density and
then determining the density from the BP simulations at the same location. This is shown by
the multi-colored stripes in Figure 4.8. We then determine the median (and 1o limits) of each

MCPM density bin. The median densities in each bin were then used to create a mapping

4https://docs.scipy.org/doc/scipy /reference /generated /scipy.stats.wassersteingistance. html
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function. We chose to base our mapping function on the rectified linear activation function
(ReLU) where the inflection point was determined by the maximum change of the median
of the bins. On the right-hand side of flat part of the function, we fit a cubic polynomial
to the data, creating a piece-wise continuous mapping function. This method was chosen
over other methods such as simply interpolating the bins, or using a spline function because
the behavior for densities below or above the density in the MCPM fits is well defined. Our
method is illustrated in Figure 4.8 where the thicker black line shows the mapping function
applied to the z = 0 simulation, the thinner black lines show the 1o limits of our mapping,

which correspond to £0.5 dex in log cosmic over density, pp,/{pm)-

4.3.6 Correction for Redshift Space Distortions

As MCPM operates in 3D space, applying the algorithm necessitates attaching physical
distances to the input dataset. Although distance measurements via more direct methods
(e.g., tip of red giant branch or Type la supernovae) (Tully et al., 2016) may be available
for a small subset of the galaxies (and therefore tracers of the underlying density field), we
must primarily assume distances concordant with the Hubble flow. Thus, we initially attach
to each galaxy the luminosity distance given the adopted cosmology and galaxy redshift.
Clearly, denser environments such as galaxy groups and clusters will include galaxies with
large peculiar velocities. These peculiar velocities will result in redshift space distortions
(RSDs), or ‘fingers of god’ (FoG), if adopted directly. For example, a typical velocity disper-
sion for a > 10 M, galaxy cluster (~ 1000 km/s) would propagate to a systematic error in
the distance by assuming pure Hubble flow of > 10 Mpc. This issue plagues our low-redshift
SDSS sample significantly more than the LRG samples for two key reasons: 1) Low-mass
galaxies are much more abundant and likely to be observed at low z in the magnitude-limited
SDSS, which results in many objects composing false apparent structures along the direction
pointing away from (and towards) the observer. 2) High-mass galaxies, which will dominate
the samples at progressively higher redshifts, preferentially reside as central galaxies in their

local environments (Lan et al.; 2016). Therefore, these galaxy samples will be less subject
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to the systematic error in cosmological distance than our lowest redshift sample. Thus, we

employ an RSD correction for the z < 0.1 SDSS galaxy sample that we detail here.

A key feature of MCPM is that the cosmic web reconstruction converges to an equilibrium
state but is a dynamical system nonetheless, and the adopted ‘densities’ are simply aggre-
gated trajectories of the millions of agents seeking out efficient pathways between galaxy
tracers. MCPM also outputs the components of an aggregated three dimensional agent ve-
locity vector for each cell in the volume. We use these velocities to identify RSDs, as the
agent velocities producing them will be preferentially oriented perpendicular to the plane
of the sky along the line of sight and will be clustered in their celestial coordinates. We
select points in the MCPM cube by orientation as follows: We convert each input galaxy’s
location in the MCPM-output cube to its equivalent celestial coordinates and find the three
components of a unit radial vector parallel to the line of sight in Cartesian space to match
the coordinate system of the MCPM velocity vectors. We then calculate the dot product
between the aggregated velocity vector at each galaxy’s position in the cube with the unit
radial vector and assign the result to that galaxy. Galaxies within an RSD structure (FoG),
having either parallel or antiparallel velocity vectors to the unit radial vector, should not have
dot product absolute values close to zero. Therefore, we filter out galaxies with dot product
absolute values less than 10, chosen upon inspecting the distribution of galaxy dot product
values as a conservative cut. To identify galaxy positions with similar velocity orientation
and projected location on the sky, we then employ the Density-Based Spatial Clustering of
Applications with Noise (DBSCAN) algorithm as implemented in the scikit-learn® python
package, feeding it the sky coordinates and redshift. For this step, we further filter the
galaxy catalog by mass to those with M, > 109 M, as the completeness of SDSS declines
for less massive galaxies at the upper end of our redshift range (z ~ 0.1). DBSCAN operates
by locating high-density cores in the data, which are the beginnings of the clusters, and

the algorithm searches out from these cores, adding points until no more points are found in

Shttps://scikit-learn.org/stable/
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within some distance tolerance (in whatever space the data occupy). This algorithm contains
a number of advantages over other possible choices, including scalability, compatibility with
non-flat geometries, and the feature that certain points may not be included in any cluster
(they are deemed ‘noise’). Two key parameters for DBSCAN are the distance tolerance (eps)
and the mininum number points to be considered a core in the data (min_samples). We
chose min_samples=3 as a minimum number of galaxies (e.g., such as in a group or clus-
ter) that might form a false RSD structure (FoG) in the MCPM model. We chose a value
of eps=2 upon experimenting with several values through visual inspection, to balance the
inclusion of FoGs (which are readily identified by eye) containing a relatively small number
of galaxies with minimizing false identification of filaments not oriented antiparallel to the
plane of the sky as RSD structures. Figure 4.9 shows the resulting clusters identified by
DBSCAN in a slice in declination of our galaxy catalog, with galaxies belonging to the same
having the same color.

Having the output clusters identified by DBSCAN, we then find the velocity range
spanned by galaxy redshifts within each cluster. This is adopted as the full-width-half-
maximum (FWHM) of the velocity distribution (vepwmw). For clusters with vpwpym > 300
km/s, we adopt new redshifts for the associated galaxies to be commensurate with more
realistic physical distance separations inferred from a simple luminosity distance based on
the redshift; this procedure is as follows. Assuming the cluster members are bound to the
same virialized structure, we convert the velocity FWHM to a velocity dispersion by the
relation:

UFWHM

oy = > Vi3 (4.1)

This velocity dispersion is then used to infer a virial radius, Rsgg, of the cluster:

RS = Taan
4/ 3G Ao Perit

(4.2)

Where Aggg and pe,i¢ are the overdensity and critical density, respectively. We then adopt new
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redshifts (solely for the purpose of feeding MCPM) about the median redshift of the cluster
members by sampling from a normal distribution with standard deviation corresponding to
the change in redshift that would result in luminosity distance difference equal to the inferred
Rygo. Finally, we convert these galaxy coordinates and adopted redshifts to 3D Cartesian

space via luminosity distances based on the new redshifts; these then serve as inputs to

MCPM.

4.4 Data Products

4.4.1 The Catalog

The final value added catalog contains the positions and redshifts as well as stellar mass of the
galaxies in the NASA-Sloan Atlas and the eBOSS Firefly Value-Added Catalog. We include
a column, MASS SOURCE, to indicate which catalog was used to estimate the mass. The
MCPM algorithm uses the galaxy mass to build the matter density field. The primary field
of interest here is MATTERDENS, the matter density field at the location of a given galaxy:.
This is derived from fits of MCPM models in 3D volumes, which are then mapped to the
cosmological matter density (relative to the mean matter density) using MCPM fits to the
Bolshoi-Planck simulations. The CATALOGID is a combination of PLATE-MJD-FIBERID.
A unique identifier is the combination of CATALOGID and MCPM__RUN. Objects with the
same value of MCPM__RUN were fitted with the MCPM model simultaneously. The data
were sliced in redshift to yield samples producing self-consistent large-scale structures over
the volume in each slice. MCPM__RUN = 0 correspond to 0.01 < z < 0.1 SDSS galaxies with
masses from the NASA /Sloan Atlas. Samples of LOWZ LRGs are marked 1-2 (z < 0.20),
3-4 (0.18 < z < 0.30), 5-6 (0.28 < z < 0.38), and 7-8 (0.36 < z < 0.51); each pair (e.g., 3-4),
corresponds to the NGC/SGC samples in some redshift slice, with odd and even numbers

for NGC and SGC, respectively. The data model for the catalog is described in Table (4.1).
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Table 4.1. Data Model

Name Type  Unit Description
catalogID  char[13] Combination of PLATE-MJD-FIBERID
plate int32 Plate number
mjd int32 MJD of observation
fiberid int32 Fiber identification number
ra float64  deg Right ascension of fiber, J2000
dec float64  deg Declination of fiber, J2000
z float32 Best redshift
massSource  char[7] Source of the mass determination (nsa or firefly)
mcpmRun int8 Index of galaxy sample fitted simultaneously with MCPM
mstars float64 Mg Stellar mass
matterDens float32 log10 of the ratio of the matter density/mean matter density
Note. — Schema for the MCPM Value-Added Catalog, v1.0.0 as found in slimeM-

old_ galaxy_catalog v1_0_0.fits.
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4.4.2 3D Density Cube

In addition to the VAC, which contains the density at the location of each galaxy, we offer the
full 3D density field of the relevant volumes, available at http://astronomy.nmsu.edu/jnb/slimeVAC/.
These may be queried using our custom package, pyslime®. The data will unzip to a direc-
tory which may be opened by pyslime. This will enable the user to query the overdensity at
arbitrary points in the cube, allowing the study of voids and filamentary structure outside

the local environment of the galaxy field.

4.5 Discussion

We focused on producing density fields, instead of classifying/indexing filaments, which will

be produced in a forthcoming data product.

4.5.1 Comparison to Peng et al. (2010)

We can additionally validate our model by comparing our findings to that of other surveys,
Although Burchett et al. (2020a) has demonstrated the efficacy of our model, we present

comparisons to other studies, leveraging our deeper and larger surveys.

(Peng et al., 2010) used a method based on the 5th nearest galaxy neighbors to estimate
the cosmic density and compared this galaxy stellar mass and SFR and the quenched fraction
of galaxies. Burchett et al. (2020a) illustrate that the MCPM method of computing cosmic
density qualitatively matched the results (Peng et al. (2010), see Figure 5 & 6). In Figure
4.11, we demonstrate the improvement in signal gained with the NSA/SDSS sample as the
increase in the number of galaxies is significant and we again qualitatively reproduce their

density-stellar mass-sSFR relations.

Shttps://github.com/jnburchett /pyslime
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4.5.2 Potential Applications

Our primary aim in this manuscript is simply to showcase the dataset and describe its
construction. There are, however, many exciting applications for this dataset that are well

beyond the scope of this publication. Here, we list four general areas of application:

o Galaxy evolution in the cosmic web: Figure 4.11 highlights one direct application of
the galaxy-density catalog to study the possible impacts of a galaxy’s location within
the cosmic web on its evolution. However, a vast amount of galaxy properties measured
and inferred from both multiwavelength photometry and spectroscopy have been cat-
aloged for SDSS galaxies () (many also released as VACs; e.g., Salim et al., 2016); via
straightforward crossmatching with our catalog, myriad galaxy-environment analyses

may be readily conducted.

o Void finding: In the linear regime, the sizes of voids and their correlation statistics
are sensitive to cosmology, particularly dark energy (Pisani et al., 2015). Although
the most of the analyses we have alluded to thus so far focus on the denser regions of
the cosmic web, namely filaments and nodes, our density cubes naturally also include
the underdense regions. Simple centroiding and clustering algorithms may be readily
applied to these density fields to directly identify and characterize the voids, which
in turn may be used as inputs for cosmological parameter estimating using, e.g., the

Alcock-Paczynski effect (Alcock and Paczynski, 1979).

o The intergalactic medium: Cosmological simulations and analytical models alike pre-
dict a rich multiphase structure to the thermodynamic properties of the intergalactic
gas permeating the cosmic web (Cen and Ostriker, 1999; Davé and Tripp, 2001; Tepper-
Garcia et al.,; 2012). In addition to the physical states of gas resulting from large-scale
structure formation (Bertschinger, 1985; Molnar et al., 2009), energetic feedback from
the galaxies themselves might extend well beyond the virial radius, which is often

adopted as a fiducial extent of a galaxy’s halo (Finlator and Davé, 2008; Schaye et al.,
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2015; Nelson et al., 2019). Burchett et al. (2020a) used HST-observed background
quasar sightlines through the MCPM reconstructed volume to find a relationship be-
tween cosmic web density and Ly« optical density. Similar analysis could and should

be done leveraging other absorption tracers, such as Mg II.

o Multimessenger transient followup: Transient phenomena such as gravitational waves
and fast radio bursts are typically detected with imprecise localization, with scales
of minutes or degrees on the sky (Chen and Holz, 2016; CHIME/FRB Collaboration
et al., 2019). Space-based and ground-based facilities around the world then follow up
these detections to identify and characterize the sources (e.g., Coulter et al.; 2017).
As extragalactic sources are statistically more likely to be found within the large-scale
structure, transient observers could employ our reconstructed density field of the cosmic
web in followup imaging campaigns to prioritize pointings toward regions of the sky

most likely to contain the source counterparts.

4.5.3 Known Limitations

The VAC volumes have the usual luminosity function systematics that are present in the
underlying SDSS and LRG catalogs. Specifically, the density of galaxies is greater at lower
redshifts. This is reflected in the trace as well and can be seen in Figure 4.3 in the SDSS
data as well as each slice of the LRG catalogs. This presents itself as an increased density
at the lower redshift end of the volume. However, the mean matter density at the low and
high redshift ends of each volume are consistent.

Some sub-optimality of the model fit arising from the fact that the optimal sensing
distance should grow linearly, at least according to the data in Figure 4.7. Whereas the
catalog is a piece-wise constant approximation of this.

Do to the differing sensing distance in each slice, there is a small discontinuity of the
MCPM densities extracted from the overlaps between the LRG slices. Therefor, any com-

parison of densities should be done on a slice-by-slice basis and comparisons any quantities
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based on the density done on differing redshift slices should be avoided.
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Figure 4.6: Comparison of different sampling exponents in an increasing order from top to
bottom. We find that a sampling exponent of 2.5 produces the most linear mapping between
the MCPM densities and the cosmic matter densities from the BP simulations, especially
at lower densities where previous versions of the MCPM have generally failed to recover the

lowest density structures. (see Figure 10 in Burchett et al. (2020a)).
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Figure 4.7: Plot of MCPM agents’ sensing distance (the main feature scaling parameter)
as read out from the best fits for the LRG data, radially sliced into 4 runs at overlapping
luminous distance intervals. For comparison we also show the best-fit sensing distances for

3 SDSS slices, which manifest a similar linear growth as we observe in the LRG data.
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Figure 4.8: Mapping of the MCPM derived density to the cosmic matter density from the
BP simulation. The MCPM densities were binned evenly in MCPM space in bins of 0.1 dex
as demarcated by the colored stripes. The custom Rel.u mapping function fit to the bins
(thick black line) and 1o limits (thinner black lines) are plotted on top of the data. This
mapping function provides a translation from the MCPM density to the cosmic overdensity.
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Figure 4.9: A slice in declination of our input galaxy catalog (grey points, top). RSD
structures identified by DBSCAN shown in various colors overlayed on the original points
(bottom).
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Figure 4.10: A slice in right ascension of our input galaxy catalog (grey points) with RSD

structures identified by DBSCAN shown in various colors.
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Figure 4.11: The dependence of star formation activity on galaxy environment and stellar
mass for the galaxies within the NSA/SDSS volume (z < .0.1). The color coding denotes
the fraction of “red” galaxies in the population within each mass/environment bin, where
the environmental density (slime mold trace density) is determined from our MCPM cosmic
web reconstruction algorithm. A comparison with Figure 6 of Peng et al. (2010) shows a
similarly increasing red fraction as functions of both mass at fixed density and density at

fixed mass.
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Figure 4.12: Comparison of the galaxy stellar mass vs cosmic matter overdensity in each
survey. The contours are created via a kernel density estimate of the density of galaxies in
the galaxy mass-overdensity space. We break it into the two subsamples: the lower redshift
and lower mass NSA /SDSS catalog (blue) and the higher mass, higher redshift LRG catalogs
with masses derived from the firefly VAC. This highlights the differnt structures of the cosmic
web traced by the two types of galaxy catalogs. The LRG catalogs, which only include higher
mass LRGs, trace higher density structure while the NSA /SDSS catalog traces lower density

structures.
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Chapter 5
DISCUSSION & CONCLUSION
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5.1 Understanding the Circumgalactic Medium is Critical for Understanding Galaxy Evo-
lution

There remain many unsolved challenges in coming to a holistic picture of galaxy evolution.
How galaxies quench and stay quenched remains a critical blind spot in our understanding
of galaxy evolution. Similarly, the mechanism that allows lower mass galaxies to continue to
form stars despite the lack of a reservoir in the ISM to sustain this formation are still unclear.
There has been recent progress on accounting for all of the galaxies baryons, but the cycle of
the baryons is still not completely understood. Accretion from the IGM, feedback from both
stars and AGN, outflows all play a role and all take place in the CGM. In Chapter 1, we
describe how CGM is thought to be responsible, or at least serve as an important observable

in deciphering the multitude of models.

5.1.1 The CGM? Survey

An understanding of the size of the CGM is critical to answering some of these outstanding
problems. The size of the CGM sets the scale for accounting for the baryonic mass in the
universe. Environmental quenching is thought to be due to the disruption of the CGM by
external gaseous halos, either via ram pressure stripping or strangulation. Both of these
phenomena depend on the size of the atmospheres of the constituent galaxies.

In addition, the radial profile of the gas around galaxies can shed light on the inflow and
feedback mechanisms of the galaxies. It is therefor imperative to have statistically significant
observations of this gas in the CGM.

In Chapter 2 (Wilde et al., 2021), we introduced a new survey, CGM? that promises to
be a valuable resource in answering the pressing questions related to the CGM. The survey
consists of 22 z ~ 1 QSO sightlines observed with HST-COS. Every foreground absorption
line has been identified in the spectra. These are combined with 976 galaxy spectra obtained
with Gemini GMOS North and South. The galaxy spectra allow us to provide accurate

redshift measurements of each galaxy. We match the galaxies to the absorbers that lie
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within 500 km s™! of the systemic redshift of each galaxy. In cases where no absorption
was detected we place upper limits on the column density of the absorption signal. In order
to obtain mass and SFH estimates, we used CIGALE to fit the SEDs of each galaxy which
requires photometric data. We collected photometry for every galaxy from SDSS, the DESI
Legacy Surveys and Pan-STARRS. One major challenge with our spectroscopic galaxies
was that they were much deeper than many of the imaging surveys. We supplemented the
photometry with imaging from the Gemini GMOS instruments. Thus we have a survey of
976 absorber-galaxy pairs with estimates for stellar mass, SFR and column density for a
multitude of ions including CIII, CIV, OVI in addition to HI. Tchernyshyov et al. (2022) has
investigated the profile of OVI and the mass dependence around the galaxies in CGM? . In

future work, we wish to investigate the kinematics of the metals.

Focusing on the HI, we cut the survey to galaxies with z < 0.48, where the Lya absorption
lines redshift out of the range of the COS detectors. We are left with a sample of 572 HI-
galaxy absorber pairs. We find a strong mass dependence in the column density and covering
fraction for gas within 1.5 Ry or 300kpc and with column densities Ny = 104 cm=2. This
mass dependence has also been observed in Bordoloi et al. (2018).

By examining the empirical covering fractions as a function of impact parameter and
mass, we show the covering fraction declines as a function of impact parameter. This trend
is weakest for our lowest mass galaxy sample < 10°M,. We also find that the covering
fraction of the lowest mass sample never exceeds 80% while for both higher mass samples,
the covering fraction is consistent with ~ 100%. Using a single power law clustering model,
we examined the radial profile in three mass bins. < 10°M, 10° < M, < 10*° and > 10*°M,.
Using a probabilistic argument, we define a metric, R, which demands that around a
given galaxy, one is more likely than not to find material that has been empirically associated
with galaxies. The picture that emerges is of a diffuse, CGM extending to ~ 350 kpc around
galaxies with stellar mass > 10°My at z < 0.5. For galaxies of lower stellar mass, the
extent of the CGM is < 200 kpc. At all stellar masses, the extent of this CGM exceeds a

virial radius, especially for galaxies with intermediate masses where the Rit,, exceeds 2Ry,
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Therefore, these results imply that using R, as a proxy for the characteristic edge of the
CGM may significantly underestimate its true extent.

Broadly, we find that high-column density circumgalactic material is associated with
galaxies at high statistical significance out to 2R, whereas H1 absorption with Ny < 10

cm 2

is more broadly distributed in both impact parameter and velocity space and may
not be associated directly with massive galaxies. Our kinematic analysis reveals that the
detected strong H1 is most likely gravitationally associated with the most nearby galaxy,

while weaker H1 components seen at absolute velocity offsets > 500 km s~*

may be instead
associated with extended large scale structures. We find generally good agreement between
our sample and the prior studies that have examined the CGM of low-redshift galaxies out
to similar and larger separations (Chen et al., 2005; Wakker and Savage, 2009; Prochaska

et al., 2011; Werk et al., 2014; Tejos et al., 2014; Keeney et al., 2018, e.g.).

5.1.2  Characterizing the Galactic Atmospheric Boundary

In order to improve upon the results presented in Chapter 2, we combined the HI survey
in CGM? with that of CASBaH. This sample gives us an order of magnitude galaxies with
greater sampling at larger impact parameter which allows us to examine the region around
galaxies where the CGM transitions to the IGM. We build upon the analysis of Hl-galaxy
correlation in Paper I by including more sophisticated models.

The first model uses the standard two point correlation power law, where we parameterize
the clustering scale with a power law in mass. This allows us to model the full mass range
in addition to the radial profile of the HI. We find clustering parameters that are consistent
with Tejos et al. (2014) with the addition of a non-zero, positive clustering scale slope. This
implies the HI-galaxy clustering increases for galaxies in the range 8 < logM, < 10.5. We use
this clustering to compare the absorber galaxy bias as a function of stellar mass to that of the
galaxy-halo bias found in Tinker et al. (2010). We find that HI is a less biased tracer at lower
mass galaxies and is more biased than galaxies at higher masses. This could be explained by

the fact that our high mass galaxies include a higher fraction of quiescent galaxies, which are
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known to cluster more strongly (Berti et al.; 2021). However, our high mass sample is not
dominated by quiescent galaxies and this relation could imply the low mass galaxies exist in
lower density environments such as near voids or tendrils in the cosmic web than the higher
mass galaxies which exist in higher density environments (Prochaska et al.; 2013).

In order to examine the effects of the CGM and leverage the high number of galaxies
at small impact parameters in the CGM? survey, we include a two-component model in the
analysis. This model consists of a Gaussian 1-halo component and a single power law model
2-halo component. These two components are exclusionary in the sense that the 2-halo
model doesn’t contribute to the clustering below R...ss, the impact parameter that the two
models cross. In addition, we parameterize R, and the power law clustering scale as power
laws in mass. This allows us to model both the inner and outer portions of the model with
mass. We recover the same mass dependence for the outer 2-halo model as the single power
law model. However, the inner mass dependence is ~ 2z stronger. The HI at low impact
parameters R < Re.os is more strongly mass dependent. This model is also consistent with
the data at all masses > 10®M,. Another benefit of this model is that we can use Reposs as
a estimate for the extent of the CGM. R, represents the furthest impact parameter that
the data require an elevated clustering signal.

We find that Re.oss 240.6 Ry, for galaxies with stellar masses below M, < 10'°°M,. This
is consistent with the results in Paper I and imply that the virial radius may underestimate
the boundary of gas surrounding galaxies. This has important implications for satellites,
who may have their CGM impacted by host halos CGM at distances that are larger than
previously thought. In addition, this enhancement of gas around galaxies to larger dis-
tances implies a larger fuel reserve for galaxy star formation. It also paints a picture of an

environmental dependence on the clustering of HI around galaxies.
5.2 Reconstructing the Cosmic Web

Of paramount concern in galaxy evolution science is the impact of a galaxy’s environment

on its morphology and star formation activity. Correlations between environmental metrics
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and galaxy properties, such as morphology (Dressler, 1980, e.g.), color (Abell, 1965, e.g.),
and star formation (Peng et al., 2010) have been known about for many decades, but the
physical mechanisms and their relative importance remain heavily pursued problems.

In order to address the effects that environment have on the CGM and thus galaxy
evolution, we created a public data product, consisting of a galaxy catalog and 3D data
cubes that were released as part of the Sloan Digital Sky Survey Data Release 17 (Abdurro’uf
et al., 2022) and are now publicly available. we employ the novel method first introduced
in Burchett et al. (2020a) which is based on the movements of the organism Physarum
polycephalum slime mold to map the cosmic density field. This model implicitly traces
the Cosmic Web structure by efficiently finding optimal pathways between galaxies, which
are known to trace filaments. We apply our model to two large catalogs of galaxies, the
NASA Sloan Atlas (NSA) (Blanton et al., 2011) and the catalogs of Luminous Red Galaxies
(LRGs) from SDSS-IV Extended Baryon Oscillation Spectroscopic Survey (Bautista et al.,
2018). Our method faithfully reconstructs the cosmic matter density of the cosmic web for
all points in the observational footprints, allowing the study of this dark matter distribution

with any objects of interest in the footprints.
5.3 Ongoing & Future Work

In future work, it would be valuable to repeat the methodology of fitting the the extent of the
CGM presented in Chapter 3 with the metal line species already identified in the CGM? and
CASBaH surveys. Comparing the low-ions tracing the cool gas such as Sill, Silll, CIII, etc.
with warmer gas such as the OVI. The metals emanate from the galaxies themselves and
could paint a fuller picture of the extent of the CGM and dependence galaxy mass has on
the extent of warm-hot vs cool gas.

The two point correlation function used in that analysis has also been the mainstay for
cosmological studies for years (Peebles, 1980) yet is not sensitive to the complexity found in
the cosmic web. However, it would prove a useful “zeroth-order” comparison of the two-point

correlation of the slime mold cosmic web reconstruction to the simulations that were used
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to calibrate it. The MCPM has been optimized to recreate a visual reconstruction of the
cosmic web along with a linear (in log scale) correspondence to the dark matter density. A
two point correlation of the density could provide another metric by which to optimize the
algorithm.

In addition to analyzing the faithfulness of the reproduction, we are working on running
other density recreation methods on the surveys such as the 5th nearest neighbor tech-
nique used by Peng et al. (2010). This would allow us more directly compare our galaxy-
environment dependence with their findings.

Methodologically, the MCPM is currently tied to very specific hardware up which it must
be run. We are in the process of making a portable and open source version of the Physarum
machine that can be run on generic GPU clusters.

Connecting the cosmic web to the CGM, future studies should incorporate the densities
provided by slime mold to the CGM? and CASBaH surveys to better place their environ-

mental dependence’s in context.
5.4 Concluding Remarks

In conclusion, we anticipate a bright future for the study of the circumgalactic medium
and its connection to the large scale environment. In this work, we have presented a new
survey and a method of reconstructing said large scale environment that should suite these
purposes. There remain many questions related to galaxy evolution. However, we believe
we have contributed one of the more basic properties to an astronomical object: the size.

Having this in hand can push forward future work that will hope to solve these puzzles.
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