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Abstract

Galactic bars play an important role in the dynamical evolution of their host galaxy,
but their own evolution and impact on the local gas reservoir and star formation
rate are still open questions. Recent work by the Physics at High Angular resolution
in Nearby GalaxieS (PHANGS) collaboration found higher molecular gas surface
densities and velocity dispersions in barred galaxies compared to unbarred galaxies.
The higher turbulence found in bars is expected to create the observed increases. In
this work, I explore bar turbulence in molecular gas using published high resolution
measurements of CO(2 — 1) from the PHANGS-ALMA survey. I compare properties
of the molecular gas, such as surface density, velocity dispersion and star formation
rate, in the centres of barred and unbarred galaxies. I consider the effect of galaxy
environment on these properties from a local perspective (at cloud scales, ~100 pc)
for galaxies with and without an AGN. On global scales, I consider these properties
in the context of the environment in which a galaxy lives, whether in a cluster or
in the field. All three quantities (gas surface density, velocity dispersion, and star
formation rate) are found to be enhanced in barred galaxy centres, even without an

AGN and regardless of global environment.
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Chapter 1

Introduction

The central region of a star forming galaxy is a dynamic place where physical processes
interact on many scales. Some galaxy centres host structures such as a stellar bar or a
star forming ring and studies have suggested that these local environmental structures
play a role in the evolution of the galaxy (Kormendy and Kennicutt, 2004; Maeda
et al., 2023). The star formation rate in different regions relates directly to the local
physics; for example, star formation can be induced by shocks or stellar feedback or
potentially suppressed by inflows of gas (Schinnerer et al., 2019).

On global scales, the evolution of galaxies and in particular the cold gas reservoir,
has been shown to be influenced by the environment in which it lives (Boselli and
Gavazzi, 2006; Cortese et al., 2021). Molecular gas properties on scales of giant
molecular clouds (GMCs) where stars form in the cold molecular gas (Bolatto et al.,
2008; Chevance et al., 2023) can give insight into how these galaxies evolve. My
research explores the molecular gas in the central region of nearby galaxies, specifically

comparing barred and unbarred galaxies.
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1.1 Barred Galaxies

Star forming galaxies with a stellar bar are more common in the universe than un-
barred galaxies, with over half of spiral galaxies showing a bar in images at optical
and near infrared wavelengths (eg., de Vaucouleurs 1963; Diaz-Garcia et al. 2020).
Over the past few decades extensive observation and modeling work has revealed
that barred galaxies have a dynamic structure that transports gas and stars and in
so doing transforms the galaxy structure during its evolution (Jogee et al., 2004).
Understanding the origin and formation of bars is still an active area of research.

Barred galaxies are known to have higher molecular gas surface densities in the
central region than unbarred galaxies (Sheth et al., 2002b). We expect to find higher
molecular gas surface densities in the centres because the bar structure drives an
inflow of gas along the bar toward the centre of the galaxy (Sakamoto et al., 1999;
Jogee et al., 2005; Diaz-Garcia et al., 2021). This inflow of gas can fuel activity in
the central nuclear region such as star formation in a circumnuclear ring or an active
galactic nucleus (Sakamoto et al., 1999; Combes et al., 2019).

Velocity dispersion is also expected to be higher in the centres of barred galaxies
because we expect there to be turbulence in bars and higher velocity dispersion indi-
cates more turbulence. This relationship between the dynamics of the gas in the ISM
and the star formation rate plays a key role in the evolution of galaxies (Krumbholz,
2021). Gas dynamics as well as the properties of the gas vary in different regions of
star forming galaxies — centres versus disks for example (Sun et al., 2020). In par-
ticular, galactic bars show complex physical processes, and a comparison of barred
versus unbarred galaxies can give insight into which processes are dominant in bars.

Figure 1.1 shows NGC 3627, a spiral galaxy with a central bar. Denser regions


http://www.mcmaster.ca/
https://physics.mcmaster.ca/

M.Sc. Thesis — J. M. Laing; McMaster University — Physics and Astronomy

Figure 1.1 Hubble Space Telescope image of the barred spiral galaxy NGC 3627 in
the Leo Triplet. The black dotted line indicates the axis of the bar. Gas piles up in
the ends of the bar (white circles) leading to active star formation. Black arrows show
radial inflow of gas along the bar and into the centre. The orange circle at the centre
indicates the position (not to scale) of a star forming ring that could be present due
to inflows of gas along the bar. (image credit: NASA/HST)
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of active star formation occur at the ends and centre of the bar, while gas, stars and
dust flow radially along the bar and turbulence is observed. This inflow of gas along
the bar can cause intense star formation in a ring near the centre of the galaxy. An
example of a galaxy where a central star forming ring is clearly seen is NGC 3351 in
the Leo group (Regan et al., 2006).

The question of whether star formation is observed to be suppressed in bars is an
active area of research. For statistical studies of a larger population of barred galaxies,
the way that the bar is defined can produce different results. In a recent study, Maeda
et al. (2023) do a statistical analysis of 18 nearby star forming barred galaxies and
specify the various parts of the bar — the ends, centre, and along the length of the bar
(Maeda et al., 2023). With the bar defined in this way they find that star formation
is suppressed along the length of the bar, while there is more star formation in the
ends and central region, as expected (Maeda et al., 2023). They specifically choose
galaxies with a gas-rich, long-bar structure. If the bar is instead defined as one entity
that encloses all three parts of the bar then the gas and star formation measurements
are mixed together and can show increases in these properties for the whole bar
(Querejeta et al., 2021; Diaz-Garcia et al., 2021). This second method of selection

often cannot be avoided due to the resolution of the data and distance to galaxies.

1.2 Molecular Gas in Galaxies

While the atomic gas in galaxies can extend out past the galactic disk, molecular
gas in galaxies is generally more concentrated towards the inner 10 kpc of the galaxy

(Brown et al., 2021). Stars form inside clouds of molecular gas comprising mainly
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molecular hydrogen (Hs), the most abundant molecule. The production and destruc-
tion of these giant molecular clouds (GMCs) informs us about the star formation rate
in galaxies and understanding where this occurs can give insight about how differ-
ent structures in a galaxy evolve (McKee and Ostriker, 2007; Bolatto et al., 2008;
Chevance et al., 2023). These clouds require low temperatures (~10 K) to begin to
collapse to form stars; however, at these temperatures Hs is not possible to detect be-
cause the molecule has a very low mass, which is only excited to higher energy states
at higher temperatures (Habart et al., 2005; Kennicutt and Evans, 2012). Instead,
carbon monoxide (CO) is used as a tracer of molecular gas because it has strong
emission lines and often lives in the same space as Hy (Kennicutt and Evans, 2012;
Leroy et al., 2013b). The CO transition J = 1 — 0, hearafter CO(1 — 0) occurs at
a wavelength of 2.6 mm and falls within Earth’s atmospheric window and so can be
observed by telescopes on the ground (Bolatto et al., 2013). CO is quite optically
thick, so it is used alongside the CO isotopes *CO and C**O to reach different optical
depths in GMCs and therefore determine a column density for the molecular gas in
the cloud (Kennicutt and Evans, 2012).

Because the molecule we really want to measure is Ho, the integrated intensity of
CO (in units of K km s7!) is converted to an estimate of the surface density, 3, of
H, using a conversion factor aco, which has units of Mg pc™ (K km s71)~!. The
calculation for acp has been done in different ways, often taking metal abundance
into account (Bolatto et al., 2013). At low metallicity CO emission can be faint, even
for actively star forming galaxies, so we expect metallicity to be an important factor
in the value of aco (Bolatto et al., 2013). Several rotational emission lines of CO

are commonly observed, CO(1 — 0), CO(2 — 1), and CO(3 — 2), and aco is derived
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for each of them (Bolatto et al., 2013; Sun et al., 2018). In addition to aco, the
estimate of Hy also factors in the line ratio between CO(1 — 0) and the emission line
being studied. Extensive work has been to done to determine the optimal value for
aco and the line ratios (eg., Bolatto et al. 2013; Maeda et al. 2022). The conventions
adopted for my work are explained in Chapter 2.

Several surveys tracing CO in nearby galaxies are available now from the Atacama
Large Millimeter/Sub-millimeter Array (ALMA) and can be used to measure the gas
at various scales. ALMA, located in the Chilean Andes, is an interferometer made up
of 66 antennas, fifty-four 12 m and twelve 7 m antennas in different configurations,
spread over 16 km in the Atacama region. The large baseline allows measurements to
reach high resolution within extra galactic sources. Data collected from each antenna
in the array are all combined together to create a high resolution product in the
form of a spectral cube. Each cube has two spatial dimensions and a third spectral
dimension. ALMA observes at wavelengths between infrared and radio (0.32 — 3.6
mm), making it ideal for studies of molecular gas which peak in this part of the
spectrum. (source: https://www.eso.org/public/teles-instr/alma/)

One example of a recent survey is by the Physics at High Angular resolution
in Nearby GalaxieS (PHANGS) collaboration, which forms the basis for my work.
PHANGS-ALMA is a survey of resolved molecular gas which reaches high precision
within nearby (<50 Mpc) galaxies (Leroy et al., 2021b). The spatial scale is ~100
pc which corresponds to the size of a GMC. Figure 1.2 shows the precision of the
observations of PHANGS for one of the galaxies in the survey NGC 3627 (Rosolowsky
et al., 2021). The image shows the integrated intensity map of the CO(2—1) emission

with highlighted regions placed on top. Each of the red ellipses in the image is one
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Figure 1.2 The integrated intensity map of the CO(2 — 1) emission in NGC 3627.
GMCs are highlighted with red ellipses, the galactic bar is circled in pink, and the
galactic arms are outlined in blue. GMCs are concentrated in the central region and
in the arms (Rosolowsky et al., 2021). (image credit: PHANGS-ALMA)
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GMC. The bar in this galaxy is circled in pink and the galactic arms are outlined in

blue. We see the concentration of GMCs in the central region.

1.3 Star Formation in Galaxies

Change to the star formation activity in a galaxy is one of the main ways we can
observe galaxy evolution. Understanding where star formation occurs and the rate at
which it is happening can reveal information about the dynamics of the region and
other physical mechanisms at play (eg., Kennicutt and Evans 2012). In a resolved
study of the molecular gas and star formation in four barred galaxies, Sheth et al.
(2002a) found that the star formation is highest along the leading edge of the stellar
bar, giving insight into the rotation and dynamics of the galactic bar.

The rate of star formation in galaxies is found by using a combination of multiple
wavelengths and emission lines to give a relatively complete picture of the stars in a
given region. Ha traces the ionized gas around massive stars (>10 M) with short
lifetimes, which traces star formation in the last ~20 Myrs (Kennicutt, 1989). Far-
ultraviolet (FUV) and near-ultraviolet (NUV) probe emission from young stars of
a few solar masses, tracing stars that would have formed within 100 Myrs (FUV)
and 200 Myrs (NUV) (Kennicutt and Evans, 2012). Infrared (IR) observations which
span wavelengths in the range of (3.6 —500) um, detect light that has been re-emitted
by dust after having been absorbed, so IR provides measurements of stars that are
obscured by dust at shorter wavelengths (Kennicutt and Evans, 2012). Like FUV, IR
traces stars that are in the range of 100 Myrs old (Kennicutt and Evans, 2012).

There has been a giant leap forward in recent years in the ability to study star
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formation in galaxies due to advances in technology such as the Galaxy Evolution Ex-
plorer (GALEX) and the Wide-Field Infrared Survey Explorer (WISE). The GALEX
mission (Martin et al., 2005) collected UV data across the sky in FUV (~154 nm) and
NUV (~231 nm) (Leroy et al., 2019). The WISE mission (Wright et al., 2010) traced
the IR sky at four IR wavelengths, 3.4, 4.5, 12, and 22 pm (Leroy et al., 2019). Both
of these missions along with the Sloan Digital Sky Survey (SDSS) have made it pos-
sible to study star formation for large samples of galaxies at a time. Using GALEX
and WISE images for ~15,000 galaxies Leroy et al. (2019) was able to publish an
altas of galaxies at UV and IR wavelengths that has been widely used as a standard
for star formation rates. One recent study looks at over 700 barred galaxies selected
from the SDSS with complementary UV data from GALEX as well as Ha images and
they are able to distinguish spatial distributions of star formation in bars, identifying
regions such as the circumnuclear region and bar ends where star formation is higher
(Diaz-Garcia et al., 2020).

The well known Kennicutt-Schmidt (KS) relation compares the star formation
rate surface density, Xgpr, with the surface density of the gas. Early versions of this
relation used the total gas — atomic hydrogen, HI, and molecular hydrogen, Hy (Ken-
nicutt and Evans, 2012), but it has become more common to make the comparison

with the surface density of the molecular gas, ¥y,:

Ysrr X 3, (1.3.1)

with power law index N (Jiménez-Donaire et al., 2023). Using H, for the comparison

is reasonable and makes sense physically given that stars form in cold Hy regions.
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Figure 1.3 The resolved Kennicutt-Schmidt relation for VERTICO (Virgo Environ-
ment Traced in CO) galaxies at 720 pc resolution by Jiménez-Donaire et al. (2023)
[pink]. The best fit line for the K-S relation is shown in dark pink and compared
to another resolved study by Bigiel et al. (2008) in green. The dashed lines show
constant depletion times (the ratio of the two quantities, tqep = Xmo1/Xsrr). The blue
contours represent another resolved sample of galaxies from the HERACLES (HERA
CO-Line Extra-galactic Survey) used as a comparison. Image credit: VERTICO,
Jiménez-Donaire et al. (2023).
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The KS relation for global galaxy measurements shows a strong positive correla-
tion and many studies have found a power law index in the range found originally by
Kennicutt (1989), N = 1.40 4+ 0.15. Recently, as many large surveys of resolved data
have become available the KS relation has been analysed again in the resolved con-
text. Jiménez-Donaire et al. (2023) study data from the Virgo Environment Traced in
CO (VERTICO) survey of resolved molecular gas for 51 galaxies in the Virgo Cluster.
Figure 1.3 shows the results for the resolved KS relation; the resulting slope is shown
in pink (0.97 £ 0.07) for all of the galaxies at 720 pc resolution, and compared to
results from another resolved study in green. Dashed lines show constant depletion
times (the ratio of the two quantities, tqep = Ymo1/Xsrr). They find that there can
be varying slopes (within a range of 0.69 — 1.40) for the KS relation for individual

galaxies in the sample (Jiménez-Donaire et al., 2023).

1.4 Turbulence

Observations of the turbulence in galaxies have been made possible with more resolved
observations of nearby (<50 Mpc) star forming barred galaxies. The centres of these
galaxies have been shown to have higher velocity dispersion (o), and molecular gas
surface densities than the unbarred galaxy centres as well as the rest of the spiral
disks (Sun et al., 2020; Krumholz, 2021). A higher velocity dispersion means more
turbulence in the gas.

Star formation, as discussed, happens inside dense clouds of molecular gas, and
can be enhanced or disrupted depending on the presence of turbulence in and around
the cloud (Krumbholz, 2021). Turbulence makes up a significant fraction of the en-

ergy balance in molecular clouds and has been shown to be more important than

11
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rotation, and equally, or more important, than magnetic energy (Heyer and Brunt,
2007). As such, it may be the main process holding up the clouds from collapsing
catastrophically to form stars.

The source of the driving mechanism causing the turbulence is an ongoing ques-
tion. There are two suggested theories as to the source of turbulence in the gas
(Krumholz et al., 2018). The first is that it originates from stellar feedback in the form
of supernovae, jets from protostellar disks or stellar winds. The second mechanism
is from inflows of gas along a bar or from an external origin. Observational studies
have proposed that stellar feedback cannot be the only source of turbulence, but that
inflows could be the main mechanism responsible for increased velocity dispersions in
disks or in more extreme environments like starbursts or mergers (Krumholz et al.,
2018; Brunetti et al., 2021). Bars also suppress star formation (Maeda et al., 2023)
which would cause there to be less stellar feedback. In that case we would expect a

decrease in turbulence.

1.5 Active galactic nuclei

The centres of galaxies with an active galactic nucleus (AGN) can show inceases
in molecular gas surface density and velocity dispersion (Stuber et al., 2021; Combes
et al., 2019). AGN are bright compact objects that can be fuelled by gas inflows along
a stellar bar in the centre of the galaxy (Sakamoto et al., 1999). At the same time,
observations have shown that AGN can produce galactic outflows that push molecular
gas out of the galaxy, effectively shutting down star formation (Stuber et al., 2021).
However, outflows can also enhance star formation through gas compression induced

by shocks (Maiolino et al., 2017). The exchange of gas in the centre of galaxies

12
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through inflows and outflows plays an important role in regulating star formation in

this region (Combes, 2019; Stuber et al., 2021).

1.6 Environment

The external environment can also alter the galaxy’s gas content. Galaxies in the
extreme environment of a cluster of galaxies have less gas to form stars and thus less
star formation (Haynes and Giovanelli, 1984; Cortese et al., 2011; Brown et al., 2021).

Inside a dense environment such as the Virgo Cluster, the medium between the
galaxies is heated up as a result of the cluster’s massive gravitational potential. In
these regions, 1000s of galaxies are moving past each other at velocities of up to
thousands of kilometres per second (eg., Brown et al. 2021). Galaxies moving through
this hot medium will lose gas through ram pressure stripping (RPS), as demonstrated
in Figure 1.4 for a galaxy in the Virgo Cluster. The galaxy is inclined along the line
of sight, and as it moves down and to the left in the image, gas is drawn out of the
galaxy through strong winds. This gas removal can quench galaxies and stop them
forming stars. Extensive observational and theoretical studies have confirmed this
large scale physics (eg., Boselli and Gavazzi 2006).

Studies of how the environment affects star formation in galaxies have been done
for decades. For example, Koopmann and Kenney (2004) used Ha observations of
massive stars to study the massive star formation rate in Virgo Cluster galaxies
compared with isolated galaxies, and found truncated radial profiles for galaxies in
the Virgo Cluster.

Star formation happens inside dense clouds of molecular gas, on much smaller

scales (<100 pc) than the 10* — 10° pc scale of galaxies and clusters. Measurements

13
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Figure 1.4 Hubble Space Telescope (HST) image of the spiral galaxy NGC 4522 in the
Virgo cluster. The blue arrow points in the direction of motion of the galaxy while
the black arrow points towards swirls of gas and dust being stripped out of the galaxy
as it moves at extreme velocities (10 km/s) through the hot intergalactic medium in
the cluster, through a process called ram pressure stripping. Credit: NASA /ESA

14
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of the molecular gas surface density (3,,01), velocity dispersion (o), virial parameter
(awir), and internal gas pressure trace the cloud-scale physics. Molecular clouds can
be disrupted by physical processes such as increased turbulence in and around the
cloud. On global scales I consider these properties in the context of the environment

in which a galaxy lives, whether in a cluster or in the field.

1.7 This Thesis

This research is motivated by recent work by the PHANGS collaboration. Sun et al.
(2020) showed higher molecular gas surface density and velocity dispersion for the
centres of barred galaxies compared to unbarred galaxies. Higher velocity dispersion
can indicate more turbulence in the gas, impacting star formation which will affect the
evolution of the galaxy. Querejeta et al. (2021), also in the PHANGS collaboration,
explored several properties in different regions of the galaxies in the sample. Results
from these two papers suggested that there was scope to do further work specifically
looking at the central region.

I am comparing the gas properties such as molecular gas surface density, veloc-
ity dispersion and star formation rate to understand how these quantities differ in
the central region between barred and unbarred galaxies. Velocity dispersion and
molecular gas surface density are straight forward to measure from observations and
together tell us how turbulent motions scale with the gas surface density. Detailed
region masks have been created for the PHANGS galaxies (Querejeta et al., 2021). T
have explored different ways of defining the central region, such as the central 1 kpc,
or a percentage of the effective radius of each galaxy to determine what effect the

definition of centre has on the results.

15
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In Chapter 2 I describe the data and reduction techniques used as well as the
statistical analysis that was conducted. In Chapter 3 I discuss the results of the

analysis. In Chapter 4 I present some conclusions and future work prospects.
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Chapter 2

Sample and Data Products

2.1 PHANGS-ALMA sample

My research uses published CO(2 — 1) data from the PHANGS-ALMA survey of
nearby star forming galaxies at cloud scale resolutions of < 150 pc (Sun et al., 2018,
2020; Leroy et al., 2021b). In total, my sample consists of 64 galaxies, with 61 galaxies
from the PHANGS-ALMA Large Program and 3 galaxies from an extended sample
observed for PHANGS-ALMA (extended sample described on page 19). The full
PHANGS-ALMA Large Program is described in Leroy et al. (2021b). It consists of
90 galaxies in total with 75 in the main sample, and an additional 15 galaxies in the
extended sample. I will explore including these additional galaxies in my future work.
In this chapter I describe some key aspects of the sample and data products, and I
begin by outlining the PHANGS-ALMA sample selection process which is explained
in detail in Leroy et al. (2021b).

Galaxies in the PHANGS-ALMA Large Program sample were intended to meet

the following criteria:
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Distance: One of the main science goals for the survey was to study resolved
GMCs inside galaxies. To achieve this, targets needed to be close enough that
one arcsec on the sky equals less than a physical length of 100 pc (1”7 < 100

pc). Therefore the original distance limit was d < 17 Mpc.

Inclination: Galaxies with lower inclination allow individual GMCs to be sepa-

rated from others, so an inclination cut of ¢ < 75° was implemented.

Declination: Galaxies needed to be visible from the southern hemisphere where

ALMA is located, so the declination range was —75° < § < +25°.

Mass: Galaxies needed to have a stellar mass of log;g M, [Mg] > 9.75, which
is relatively massive. As indicated in Leroy et al. (2021b), this was to avoid
low-mass galaxies where the metallicity can be low and CO can be difficult to
detect compared with more massive galaxies (Bolatto et al., 2013; Hunt et al.,
2015; Schruba et al., 2017). This mass threshold represents masses greater than
twice the mass of dwarf galaxies such as the LMC. My final sample has global

stellar masses within the range 10%27 — 1015 M.

Star formation rate: Galaxies needed to be actively forming stars with a spe-
cific SFR (sSFR) = SFR/M, > 107'! yr='. The sSFR is the SFR relative to
the stellar mass of the galaxy (Blanton and Moustakas, 2009). This threshold
removes galaxies with a low sSFR that are no longer forming stars, but keeps
galaxies with high sSFR values such as starbursts. However, there are not many
starbursts in the sample since these are most often located at distances farther

than 17 Mpc.

All galaxies in the main sample met the criteria above with some uncertainties.
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The extended sample represents galaxies that do not necessarily meet all of the cri-
teria, or which were missed in the PHANGS-ALMA initial selection (Leroy et al.,
2021b). The accepted distance to galaxies in the Virgo cluster is 16.5 Mpc (Ferrarese
et al., 2012), so most of the sample represents galaxies within that distance.

Galaxies in my sample are shown in Table 2.1, where the columns show the clas-
sifications used in my research. I give a designation of barred or unbarred for all
galaxies in the sample. To classify a galaxy as barred I match the classification given
in Sun et al. (2020), or if it is unknown in that paper I follow Stuber et al. (2021). All
other galaxies are given the designation unbarred. I also follow Stuber et al. (2021)
for the classification of whether the galaxy has an AGN in the centre or not. I use
the NASA /IPAC Extragalactic Database (NED) to identify the galactic environment,
and in the description column I have indicated if a galaxy is isolated, in a group or
pair, or is part of a cluster. For my analysis I have bundled all galaxies that are not in
a cluster and refer to these as field galaxies, or galaxies not in a cluster. If NED did
not give a designation I treat those as isolated galaxies. The three galaxies that are
from the PHANGS-ALMA extended sample are ESO097-013 (Circinus), NGC 0253,
and NGC 0300.

Table 2.1: Galaxy list

Galaxy Bar AGN Cluster Description
ES0O097-013 N Y N Isolated

I1C1954 Y N N Group

1C5273 Y N N Group (Sculptor)
NGC0253 Y Y N Group (Sculptor)

Continued on the next page
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Continued from previous page

Table 2.1: Galaxy list continued

Galaxy Bar AGN Cluster Description
NGC0300 N N Group (Sculptor)
NGC0628 N N N Isolated
NGC0685 Y N N Pair Member
NGC1087 Y N N Group

NGC1097 Y Y N Group

NGC1300 Y N Y Cluster (Eridanus)
NGC1317 Y N Y Cluster (Fornax)
NGC1365 Y Y Y Cluster (Fornax)
NGC1385 N N Y Cluster (Eridanus)
NGC1433 Y N N Group

NGC1511 N N N Group

NGC1512 Y N N Group

NGC1546 N N N Group (Dorado)
NGC1559 Y N N Group (Dorado)
NGC1566 Y Y N Group (Dorado)
NGC1637 Y N N -

NGC1792 N N N Group

NGC2090 N N N -

NGC2283 Y N N Pair Member
NGC2566 Y N N Group
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Continued from previous page

Table 2.1: Galaxy list continued

Galaxy Bar AGN Cluster Description
NGC2835 Y N Group
NGC2903 Y N N Isolated
NGC2997 N N N Group
NGC3137 N N N Group
NGC3351 Y N N Group (Leo)
NGC3507 Y N N Group
NGC3511 Y N N Pair Member
NGC3521 N N N Isolated
NGC3596 N N N Isolated
NGC3621 N Y N Isolated
NGC3626 Y N N Group
NGC3627 Y Y N Group
NGC4254 N N Y Cluster (Virgo)
NGC4293 Y N Y Cluster (Virgo)
NGC4298 N N Y Cluster (Virgo)
NGC4303 Y Y Y Cluster (Virgo)
NGC4321 Y N Y Cluster (Virgo)
NGC4457 Y Y Y Cluster (Virgo)
NGC4496A Y - Y Cluster (Virgo)
NGC4535 Y N Y Cluster (Virgo)
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Continued from previous page

Table 2.1: Galaxy list continued

Galaxy Bar AGN Cluster Description
NGC4536 Y N Y Cluster (Virgo)
NGC4540 Y N Y Cluster (Virgo)
NGC4548 Y Y Y Cluster (Virgo)
NGC4569 Y Y Y Cluster (Virgo)
NGC4571 N N Y Cluster (Virgo)
NGC4689 N N Y Cluster (Virgo)
NGC4731 Y N N Group (Virgo Y)
NGC4781 Y N N Group
NGC4826 N Y N Isolated
NGC4941 Y Y N Group
NGC4951 N N N Group
NGC5042 N N N -

NGC5068 Y N N Group
NGChH134 Y N N Group
NGCH248 Y N N Isolated
NGC5530 N N N -

NGC5643 Y Y N -

NGC6300 Y Y N Group
NGC7456 N N N Group
NGC7496 Y Y N Group
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2.2 Data and conversion to physical quantities

My analysis uses data products compiled by members of the PHANGS collaboration
taken from Leroy et al. (2021a,b), Sun et al. (2018, 2020, 2022), and Querejeta et al.
(2021). I summarize the data characteristics of the observed quantities and conversion
to physical quantities below.

The raw data from the PHANGS-ALMA CO(2 — 1) survey come from ALMA
observations using the 12 m and 7 m interferometric arrays as well as single-dish
measurements that are combined together (Leroy et al., 2021a,b). Measurements
using ALMA interferometry are provided in the form of a data cube, where each cube
has two spatial dimensions and a third spectral dimension. The spectral axis can be
collapsed down by integrating over the intensity in order to create two dimensional
image maps for the “moments” of the spectrum, where the zeroth moment is the
integrated intensity (Ico), the first moment is the mean velocity field and the second
moment is the spectral line width or velocity dispersion (o,) along the line of sight.

Combining interferometric and single dish measurements for PHANGS-ALMA
makes it possible to access emission from the full range of spatial scales above 50
to 150 pc. Since the 64 galaxies in the sample range in both size and distance,
the data cubes for each galaxy were convolved to 150 pc resolution for consistency
across the sample (Leroy et al., 2021b). The image maps created for Ico and o,
have a high resolution where each pixel in the image represents one sightline and is
the approximate size of a molecular gas cloud. Figure 2.1 shows Iop maps for two
galaxies in the sample, one barred (NGC 3627) and one unbarred (NGC 4254) from

Leroy et al. (2021a).
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Figure 2.1 Image maps of the integrated intensity of CO (Icp) measurements for
PHANGS-ALMA for an example of a barred galaxy (NGC 3627) [top], and an un-

barred galaxy (NGC 4254) [bottom], from the sample. Image credit: PHANGS Atlas
(Leroy et al., 2021a).

24


http://www.mcmaster.ca/
https://physics.mcmaster.ca/

M.Sc. Thesis — J. M. Laing; McMaster University — Physics and Astronomy

2.2.1 Velocity Dispersion

The velocity dispersion of the gas is traced by the width (o,) of the CO emission line.
There are several different ways to estimate o,. One common way is to calculate the
second moment, or root-mean-square dispersion of the emission line profile. Another
method, adopted in Leroy et al. (2021b), is to calculate what Sun et al. (2018) call
an “effective width” following the method from Heyer et al. (2001). The effective
width is defined by taking the integrated intensity (moment 0) and dividing by the
peak brightness (Heyer et al., 2001; Sun et al., 2018, 2020). Specifically, Leroy et al.
(2021a,b) use the equation:

I
o (2.2.1)

oco = ’
vV 27’(’ Tpeak

where Tpeax is the measured intensity, or brightness temperature at the line peak

1 1

and has units of Kelvin (K). Ico has units of K km s, giving o, units of km s™.
Figure 2.2 shows Tp,e.x maps (on the left) and o, maps (on the right) from Leroy et al.
(2021a,b) for the same two galaxies, barred (NGC 3627) and unbarred (NGC 4254),
previously shown.

Choosing a method for estimating o, involves weighing benefits and costs of each.
The benefit of the effective width method is that, unlike the second moment, there
is less sensitivity to noise in the wings of the line profile, that is, it picks out the
peak and achieves a better signal to noise ratio (Sun et al., 2018). However, the
second moment method requires no assumptions about the intrinsic shape of the
emission line. Both methods are influenced by the width of the channel used for the
observations. A larger channel width compared to the intrinsic spectral line width

will result in lower signal to noise, and can cause line broadening (Leroy et al., 2021b).

To correct for this, as explained by Sun et al. (2018), the final velocity dispersion is
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Figure 2.2 Image maps of the barred galaxy NGC 3627 [top] and unbarred galaxy
NGC 4254 [bottom] showing peak brightness temperature (Tpeax) on the left, and

velocity dispersion (o,) on the right. Tpeax is used to calculate o, from Ioo. Image
credit: PHANGS Atlas (Leroy et al., 2021a).
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given by subtracting the effective width of the spectral response curve from that of

the measured line width,

Oy = \/O%'O - O?esponse' (222)

Measurements of velocity dispersion near the centres of galaxies experience an
effect known as “beam smearing,” which causes artificial line broadening. The effect
is caused by the rotational motions of the galaxy. The velocity curve rises steeply
near the centre of the galaxy which means that there will be many velocity values in
a smaller area. Observations obtained with a large beam size which covers a large
region (low resolution) will capture all of the velocities in that region, increasing the
width of the spectral line. There is no way of disentangling all of the motions in
that measurement. Until the PHANGS-ALMA survey, observations of molecular gas
in nearby galaxies have had resolutions too low to be able to effectively study the
velocities of the gas in galaxy centres (eg., Wilson et al. 2011). The high resolution,
cloud-scale observations of PHANGS-ALMA are still affected by beam smearing, but
to a much smaller degree, and therefore, can more reliably separate cloud velocities
from rotational velocities. The measured line widths for the sample are in the range

of 1.5 — 60 km s~ 1.

2.2.2 Molecular Gas Surface Density

Molecular hydrogen (Hs) is the most abundant molecule in the dense clouds of cold
gas where stars form. It is difficult to observe because it has such a low mass that
it requires higher temperatures to excite the rotational transitions in the molecule
(Kennicutt and Evans, 2012). The carbon monoxide molecule (CO) has strong spec-

tral lines and lives in the same star forming environment, so it can be used as a
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tracer for Hy. In order to estimate the Hy from CO measurements we use a CO-to-H,
conversion factor (aco) to convert to the physical quantities of the gas.
The molecular gas surface density (3,,,) is given by the integrated intensity of

CO, the conversion factor and the appropriate line ratio (Bolatto et al., 2013):

Zmol = @co R2_11 -[CO' (223)

Here Ry = 0.65 is the CO(2—1)-to-CO(1—0) line ratio, to relate the CO(2—1) value
back to the CO(1 — 0) line described by Bolatto et al. (2013). I use the conversion

factor (aco) from Sun et al. (2020), which is defined as

aco = 4.35 271 [Mg pe?(K km s71) 71, (2.2.4)

where aco is metallicity-dependent and Z’ is the local metallicity divided by Z to
put it in units of the solar metallicity. Since Ico has units of K km s™!, equation
2.2.3 gives Y01 in units of Mg pc=2.

In Figure 2.3 I show the increased >, and o, in the galaxy centres as was
shown by Sun et al. (2020). This plot represents pixels in the image maps for these
properties that are identified as being in the centre according to region masks created

by Querejeta et al. (2021).
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Barred vs Unbarred Galaxy Centres
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Figure 2.3 Velocity dispersion versus molecular gas surface density comparing barred
and unbarred galaxy centres using the masks by Querejeta et al. (2021) for the selec-
tion. The molecular gas and velocity dispersion are both increased for the 42 barred
galaxies (teal contours) versus 22 unbarred galaxies (purple contours) in the central
region. The contours represent levels (0.3, 0.5, 0.7, from inner to outer contour) in
the cumulative distribution function of each distribution.
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2.3 Global Galaxy Properties: Barred/Unbarred

The global properties of the galaxies in my sample are listed in Sun et al. (2020) and
also in Leroy et al. (2021b) where they are described in detail. I give an overview
of them below and show the mean, the uncertainty on the mean, and the standard
deviation in Table 2.2.

The nearby star forming galaxies in my sample have a global stellar mass range
of 10927 — 1015 M. The stellar mass (M,) of a galaxy is the most important
property to measure as accurately as possible because it gives a context for how the
galaxy relates to the rest of the galaxy population and it can be used to inform
other galactic properties such as metallicity and SFR (Leroy et al., 2021b). For
the PHANGS-ALMA sample the stellar mass is estimated using near-infrared maps
from IRAC 3.6 pm (Sheth et al., 2010) and WISE1 3.4 um (Leroy et al., 2019) in
combination with locally estimated mass-to-light ratios (Leroy et al., 2021b). The
adopted initial mass function is from Kroupa & Weidner (2003) (Leroy et al., 2019).
The near-infrared wavelength collects light primarily from older stars and is less
affected by dust extinction while light from hot young stars is captured by near- and
far-ultraviolet (NUV and FUV) measurements. The mass-to-light ratios combine IR
as well as NUV and FUV data from GALEX. Through a calculation detailed in Leroy
et al. (2021b) the IR and mass-to-light ratios are used to derive a stellar mass surface
density (X,), which is then used to get M,. The resulting stellar mass estimates from
Leroy et al. (2021b) were robustly tested and compared to previous mass estimates.

The sizes of the galaxies are quantified using the derived X, to get an effective
radius, Reg (Leroy et al., 2021b). R is defined as the radius of the galaxy containing

half of the stellar mass. This value can be affected by the presence of galactic features
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Table 2.2 Global galaxy properties for 42 barred and 22 unbarred galaxies. Mean +
Omean (standard deviation) for each distribution, where oean = 0/ V/'N.

log (M.,) log SFR log (Mn01)

Barred 10.3 4 0.06 (0.42) 0.05 + 0.07 (0.47) 9.12 + 0.08 (0.53)
Unbarred 10.0 4 0.09 (0.41) -0.16 & 0.11 (0.53) 8.92 + 0.13 (0.59)

such as a bulge, or bright nucleus. Nevertheless, I use R.s in my work defining the
central region, described in section 2.4. The galaxies in the sample have a range in
size of 1.1 kpc < Reg <11.8 kpc.

The star formation rate (SFR) is estimated in the same way for both the global
and resolved data, using the prescription from Leroy et al. (2019). The method uses
GALEX FUV and NUV maps combined with IR maps from WISE3 (12 pm) and
WISE4 (22 pm). Similar to the process for deriving the stellar mass of galaxies, the
SFR is derived by combining the UV and IR measurements in order to get an esti-
mated count of the population of stars, including both exposed and obscured young
stars. Young stars obscured by dust, can be observed using near-IR measurements
(Leroy et al., 2019). A linear combination of UV and IR maps, along with a scal-
ing relation for the luminosity in each band, is used to measure the star formation
rate (Leroy et al., 2019; Querejeta et al., 2021). The SFR range for the sample is
0.06 — 14.34 M, yr~t. In Figure 2.4 the centre plot shows SFR as a function of M,
in log space and compares barred versus unbarred galaxies.

In order to calculate the global molecular gas mass (Mpye) for the galaxies in
my sample I used the global CO luminosity (Lco) from Leroy et al. (2021b), listed
in their Table 4. They estimate Loo by integrating over a lower resolution ALMA

CO(2 — 1) data cube with 17 arcsec resolution. Leroy et al. (2021b) explain that the
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Figure 2.4 Barred versus unbarred global galaxy properties. [Top| My, as a function
of M,; [Middle] SFR as a function of M,; [Bottom| SFR as a function of M.
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lower resolution allows the signal to be identified easily over the whole galaxy. Similar
to equation 2.2.3, the conversion factor (aco) and the appropriate line ratio are used

to calculate M, this time multiplied by the integrated luminosity:
Mol = aco Ry Leo, (2.3.1)

where aco is as in equation 2.2.4, Ry = 0.65 is again the CO(2 — 1)-to-CO(1 — 0)
line ratio, and L¢o is the integrated luminosity. In this case, since Lo has units of
K km s~! pc?, My, has units of M,

The top and bottom scatter plots in Figure 2.4 compare M,,, with two other key
properties, for barred (teal) versus unbarred (violet) galaxies. In the top plot M
is shown as a function of M,, and in the bottom plot SFR is shown as a function of
M01, & version of the Kennicutt-Schmidt relation.

It is common in the literature to compare various galactic properties by looking at
their ratios. The gas mass fraction (fie1) normalizes the molecular gas mass by the
stellar mass which shows how much molecular gas there is compared to stars. The
specific star formation rate (sSFR) is given by SFR divided by the stellar mass, which
measures how many stars form per unit mass of stars. The depletion time (tgep) is
the molecular gas mass normalized by SFR which tells us how long it takes for all
the gas to be used up to form stars, assuming a constant SFR. These three ratios are

given respectively as follows:

Mmol SFR Mmol
FR = = —.
M* 5 SS R M* s tdep SFR

fmol = (2.3.2)

The box plots in Figure 2.5 graphically represent the distributions of each ratio
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Figure 2.5 Boxplots showing the distributions of global property ratios, from top to
bottom, molecular gas mass fraction, specific star formation rate, and molecular gas
depletion time. Each property is separated into barred and unbarred galaxies.
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from top to bottom, fie, sSSFR and t4,, for barred (teal) and unbarred (purple)
galaxies. For each box plot, the median is shown as an orange line, the box represents
the interquartile range (IQR) between the first and third quartiles of the distribution
and the whiskers extend out to 1.5 IQR on either side. Outliers are shown by the
circles and are either > 1.5 IQR (above the top whisker) or < 1.5 IQR (below the
bottom whisker). The boxplots suggest that there is no difference between the barred

and unbarred samples for the global property ratios.

2.4 Choosing Galactic Central Regions

Finding a consistent definition for the size of the galactic central region to use in the
analysis was an important first step in my research. This is a challenging question
given the differing distances to, and sizes of, the galaxies in the sample, as well as the
variety in the galaxy morphological features. The sample contains only nearby star
forming spiral galaxies, but the structure in the central region can vary dramatically
depending on features such as the size of the galactic bulge, whether there is a galactic
bar, the strength and size of a galactic bar, or whether there is an AGN in the centre.
For example, if the bar is short, it may lie completely inside the central region. In
contrast, for a very large bar with a central star forming ring, that ring may dominate
the central region.

As part of the PHANGS collaboration, Querejeta et al. (2021) developed a series
of masks as a way to select different features of a galaxy. The mask regions include
centres, stellar bars, spiral arms, interarm regions, and outer disk regions. Sun et al.
(2020) define centres using these masks. The masks are robust and designed to

accommodate different types of stellar structures that could be responsible for an
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excess brightness at the centre of a galaxy, such as an unresolved nuclear bar or
ring. Querejeta et al. (2021) use Spitzer 3.6 um images to define the mask regions.
In some cases, they identify asymmetrical structures in the centres through visual
inspection and adjust the masks accordingly. However, there are a few reasons to
consider alternative approaches for choosing the central regions.

Due to the method of selecting which pixels are assigned to the centre masks, it
is possible that not every galaxy has pixels defined for each region, so galaxies may
not all have a “centre” mask (Querejeta et al., 2021). The Querejeta centre masks
may be dependent on distance, for example a compact central structure is more easily
identified in a nearby galaxy than a more distant one. As an alternative I explored a
more physically based definition of the galactic centre; this approach would also make
it easier to extend my sample by including other surveys in future. One option is to
define the centre as the central 1 kpc of the galaxy. This method has the advantage
that it is not dependent on distance to the galaxy, but it does not take into account
differences in the size of different galaxies. A distance of 1 kpc from the centre would
represent a larger percentage of a smaller galaxy compared to a more massive one.
As a comparison, I also considered the centre as a percentage of the effective radius
of the galaxy. I considered several different percentages out to a maximum of 25% of
R.g. I compared these percentages of radius to the results from the 1 kpc definition
as well as the centre masks from Querejeta et al. (2021) and find that 10%Reg is

similar to the centre masks while 25% R.g is closer to the 1 kpc radius.
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2.5 Resolved Central Regions: Barred/Unbarred

2.5.1 Hexagonal Pixels

The native spatial resolution for the PHANGS-ALMA Large Program data reaches
down to high resolutions where each pixel represents cloud scales (150pc). We have
the measurements of the molecular gas surface density as well as velocity dispersion
at these scales. However, one of the key physical properties that we want to analyse is
SFR, and there is currently no way to calculate SFR for the resolved high resolution
pixels. To solve this problem the PHANGS collaboration developed 1.5 kpc hexagonal
“pixels” which combine the resolved data together. These hexagons do not overlap
and so each hexagon represents a unique area of the galaxy. Their size is measured to
be 1.5 kpc between the centres of two pixels side-by-side. SFRs have been calculated
by Leroy et al. (2021b) for each of these pixels using the same prescription described
for global properties in section 2.3, GALEX NUV, WISE 12um following Leroy et al.
(2019). My definition of the centre of a galaxy extends out to the size of one pixel, so
I have one hexagonal central pixel per galaxy. Figure 2.6 shows image maps of NGC
4254 as an example to show the hexagonal pixel in the centre and give a sense of the
size of the central region.

As a result of the fact that we now have one pixel which combines all of the high
resolution measurements of >, and o,, it is necessary to calculate an average value
to use for the analysis. The PHANGS team has calculated this for ¥, in two ways
and I explore both of them in my linear regression analysis.

The first way is to take the average of all the pixels in the hexagon. We call this

method the region-average (RA) ¥,,,. This has the effect of smoothing out all the
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Figure 2.6 Image maps of NGC 4254 showing Ico [top] and o, [middle] from
PHANGS-ALMA (Leroy et al., 2021a), and SFR [bottom| from GALEX, WISE mea-

surements (Jiménez-Donaire et al., 2023), with the 1.5 kpc hexagonal pixel displayed
over the centre.
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pixels over the whole hexagonal region and mimics what a low resolution ¥, map
would measure. The second way is to take a flux-weighted (FW) mean value so that
some of the information about how the density changes over the hexagonal region
is maintained (Leroy et al., 2013a). The velocity dispersion is a flux-weighted mean

calculation, but this has only been calculated in one way.

2.5.2 Properties of the Central Regions

The three key properties (one averaged in two ways) that I have used in my analysis
are region-average Y1, flux-weighted mean ¥, flux-weighted mean o,, and Xgpr
for the central hexagonal pixel. Figure 2.7 shows each of the four properties in
a boxplot comparing the barred and unbarred galaxy distributions. As was done
previously, the boxplots each show the median of the distribution as an orange line,
the box encloses the region between the first and third quartiles, and the vertical
lines extend out to the non-outlier extremes of the distributions. Outliers are shown
as black circles. Mean, uncertainty on the mean and standard deviation for each

distribution are listed in Table 2.3.

Table 2.3 Resolved gas properties in the central region of all galaxies in the sample,
then separated into 42 barred and 22 unbarred galaxies. Mean & 0yean (standard
deviation) for each distribution, where opean = 0/ V/'N.

log ¥molrA log Yol Fw oy log Ygsrr
[Mg pe™?] Mg pc?] [km 5] [Mg kpe™ yr']
All 1.6840.08(0.61)  2.0040.09(0.68) 1.05+0.04(0.33) -1.40-£0.08(0.64

)
Barred  1.83+0.09(0.59) 2.2140.11(0.62) 1.1740.05(0.30) -1.24-40.10(0.61)
Unbarred 1.39+0.13(0.56) 1.6040.15(0.61) 0.8440.07(0.27) -1.7040.14(0.59)
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Figure 2.7 Boxplots showing the distributions of each individual sample. Each prop-
erty is separated into barred (42) and unbarred (22) galaxies.

The box plot of the flux-weighted X, has a significantly higher median value for
the barred galaxies than the region-average ¥, as shown by the Anderson-Darling
test results discussed in Chapter 3. The flux-weighted o, is similarly varied between
barred and unbarred galaxies. The unbarred Ygpg has an outlier which lies far from
the rest of the galaxies in that sample. The outlier is the galaxy Circinus which has
a strong AGN so this high apparent rate of star formation is likely spurious. It is

worth noting that the sample size is pretty small with only 22 unbarred galaxies.
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2.6 Statistical Methods

2.6.1 Anderson-Darling Test

The Anderson-Darling test (AD-test) is a goodness of fit statistic (Scholz and Stephens,
1987), similar to the Kolmogorov-Smirnov test (KS-test). The statistic measures how
well a distribution of data fits a specific distribution such as a normal distribution. In
the case of the k-sample AD-test two independent distributions can be compared to
each other to determine if they are drawn from the same population. This is the test
I conducted for several properties from the sample. The AD-test was chosen instead
of the KS-test because AD-tests are well suited for small samples sizes of less than 50
members (Scholz and Stephens, 1987). The null hypothesis for the AD-test is that
the samples are drawn from the same distribution. We accept the null hypothesis for
p-values > 0.05. For p-values close to 0.05 we have weak evidence against the null
hypothesis, and any p-values < 0.01 we have moderate to strong evidence against
the null hypothesis, suggesting that the distributions are not drawn from the same
population.

Running statistical tests in python is commonly done using scipy and is usually
successful. However, the AD-test in scipy does not give robust results. I used R and
had much better results. I used the package kSamples in R Studio to run the AD-test
for multiple distributions, in my case k = 2 for two distributions. This AD-test in R
returns the AD criterion for k samples as well as the AD test statistic (T). I show my

results in Chapter 3.
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2.6.2 Linear Regression: Linmix

Linear regression is a useful statistical tool when working with scatter plots of distri-
butions that might be related. The comparison of gas properties such as molecular
gas surface density (X,01), velocity dispersion (o,), and star formation rate surface
density (Xgspr) can help us understand how these quantities vary between barred and
unbarred galaxies in these environments. These properties are expected to be related
in different ways so a linear regression analysis on various 2-D scatter plots will tell us
how these relations for the centres of galaxies compare to previous similar analyses.

Linmix is a hierarchical Bayesian python software package for line fitting. It
generates the most probable best fit line for the input data. The underlying code
generates an MCMC routine which finds the best fit slope and intercept for two
distributions = and y with uncertainties on each. Using it is straight forward, we
download and import the code, and then write a function to run it.

The inputs for linmix are the distribution and uncertainty for the x-axis, the dis-
tribution and uncertainty for the y-axis, and as output it generates a 95% confidence
interval for the best fit slope and intercept values, a best fit slope with uncertainty
and a best fit intercept with uncertainty:.

One of the steps taken to prepare the distributions for analysis was to mask some
non-detections in the data that showed up as 'nan’. As a result, we needed to make
sure any galaxy that was removed for this reason from one sample, was also removed

from any sample to which this was being compared.
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Chapter 3

Statistical Analysis and Results

My research project was originally motivated after seeing the results of Sun et al.
(2020) and Querejeta et al. (2021) from the PHANGS collaboration who showed
differences in the molecular gas at the centres of barred versus unbarred galaxies in the
nearby universe, using cloud scale observations. Specifically, Sun et al. (2020) found
higher molecular gas surface density and velocity dispersion in barred galaxy centres.
The high resolution achieved by PHANGS-ALMA makes it possible to study these
properties in galaxy centres with less worry about the effects of beam smearing for
the velocity dispersion measurements. Higher velocity dispersion can be an indicator
of physical properties such as turbulence in the gas. It was clear from these results
that a study of the centres of these galaxies in more detail was worthwhile.

I have analysed three properties of the gas and star formation that play an im-
portant role in the physics in that region; region-average X, flux-weighted mean
Yimol, flux-weighted mean o,, and Ygpg for the central hexagonal pixel. T have done
a statistical analysis to understand how these quantities vary in the central region

between barred and unbarred galaxies. I have further explored how the results change
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if we adjust the sample in two ways, first, by removing galaxies with a known active
galactic nucleus (AGN), and second, by considering the environment where the galaxy
lives (whether in a cluster or in the field). In this chapter I show and discuss the re-
sults of my analysis in the context of our current understanding of galaxy centres and

in particular barred galaxies.

3.1 Anderson-Darling Test Results

I start by considering each of the three properties individually and comparing the
barred galaxy distribution with the unbarred galaxy distribution. I run the Anderson-
Darling test (AD-test) for goodness of fit to see if the shape of the barred versus
unbarred distributions is the same, or in other words, to see if they are drawn from
the same population. The AD-test was developed in a way that makes it useful for
small samples sizes of less than 50 members. It begins to breakdown when the sample
size gets too low, less than 5 members. When I consider my whole sample, they divide
into 42 barred and 22 unbarred galaxies.

Recall that for the AD-test, the null hypothesis states that the samples are drawn
from the same distribution, so evidence against the null hypothesis suggests that the
distributions are not drawn from the same population. I use Table 3.1 to evaluate

the result of each test.

Table 3.1 AD-test Evaluation

p-value code test result

> 0.1 + accept null hypothesis

[0.05,0.1] o weak evidence against the null hypothesis

< 0.05 . moderate to strong evidence against the null hypothesis
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Table 3.2 Statistical results of Anderson-Darling test for goodness-of-fit comparing
42 barred and 22 unbarred galaxies for each property. In each case the AD statistic,
the p-value, and the evaluation are listed.

Property AD statistic p-value evaluation
Yimol,RA 3.6 0.0115 .
Yimol FW 6.8 0.00078 .
Oy 8.3 0.00023 °
2SFR 3.5 0.013 .
Ldep 0.034 0.34 +

Table 3.2 shows the results of the AD-test comparing barred and unbarred galax-
ies. All of the properties, YnolrA, ZmolFW, Ov, and Xgpr, show strong evidence
against the null hypothesis suggesting that they are not from the same population.
The properties that show the strongest evidence of this are the two that are flux
weighted over the hexagonal pixel. This is noteworthy because the flux weighted
mean over the pixel takes the underlying high resolution measurements into account,
so the resolution of the data makes a difference in the statistics.

The depletion time tqep, is the ratio of the molecular gas surface density to the SFR
surface density and represents how long it takes to use up all the gas in the galaxy to
form stars. Here, we see that the two distributions of barred and unbarred galaxies
are drawn from the same population. So even though the two properties that make
up the depletion time are from different populations, their ratio is not. The similar
depletion times suggest that the SFR surface density varies roughly linearly with the

molecular gas surface density in both barred and unbarred galaxy centres.
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3.2 Linear Regression Results

The second part of my statistical analysis considers the properties in a two-dimensional
context by performing a linear regression analysis on five different comparisons of the

four distributions. The five comparisons are as follows:
1. Region-average Y01 VS 0,
2. Flux-weighted mean X, vs o,
3. Region-average ¥, vs 0, (smaller range)
4. Region-average Y, VS 2XSFR
5. YsFR VS 0y,

Items 1, 2, and 3 compare the same pair of gas properties in different ways.
The comparison between the molecular gas surface density and velocity dispersion is
important because it was in this distribution that we saw the higher values for barred
galaxies in Sun et al. (2020), so we want to analyse that variation. Items 1 and 2 look
at the two different ways of calculating >, discussed previously, and scatter plots of
these distributions are shown in Figure 3.1. Item 3 considers what happens when we
remove the barred galaxies with the highest values and the unbarred galaxies with
the lowest values so that the distributions match more closely in dynamic range. It
is easiest to see the reason for this consideration when looking at the plots in Figure
3.2: we can see that the offset between barred and unbarred galaxies seen in the top
panel remains nearly unchanged when we truncate the range of data points.

Item 4 is the Kennicutt-Schmidt (KS) relation (X0 vs Xgpr) shown in Figure

3.3. It does not make sense to compare Ygpr with the flux weighted mean X,
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Figure 3.1 Barred versus unbarred resolved galaxy properties, [Top| o, as a func-
tion of Yo ra; [Bottom] o, as a function of ¥, pw. Best fit lines generated with
Linmix with slope and intercept uncertainties shown in shaded regions. These two
scatter plots show how the distributions change based on how ¥, is averaged over
the hexagon pixel. There is less scatter when comparing the two flux weighted dis-
tributions in the bottom plot.
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Table 3.3 Statistical results of Linmix linear regression comparing 42 barred and 22
unbarred galaxies for each comparison. In each case the resulting Linmix best fit
slopes (with uncertainty) and intercepts (with uncertainty) are listed.

Slope

All Barred Unbarred
YmolRA VS 0y 0.46 £ 0.04 0.42 = 0.05 0.42 & 0.06
Ymol,RA VS 0 (small range) 0.50 = 0.04 0.48 = 0.05 0.45 & 0.08
Ymol FW VS Oy 0.45 £ 0.02 0.44 £ 0.03 0.42 & 0.03
Ymol,RA VS 2SFR 0.93 4+ 0.06 0.90+ 0.09 094+ 0.12
YSFR VS Oy 0.42 + 0.04 0.37 +0.05 0.40 + 0.05

Intercept

All Barred Unbarred
Ymol RA VS Oy 0.28 + 0.06 0.39 + 0.09 0.26 + 0.09
YmolRA VS 0, (small range) 0.22 + 0.08 0.31 +0.09 0.20 + 0.13
Ymol FW VS Oy 0.15+0.04 0.19 £ 0.07 0.17 & 0.06
YmolRA VS 2SFR 22954+ 0.11 -2.890 +0.16 -3.01 &£ 0.18
YSFR VS Oy 1.64 +£0.06 1.63+0.07 1.52 4 0.10

because Ygpgr is averaged over the whole hexagonal pixel, so it should be compared
with the smooth region average for the ¥,,,;. This was the reason for using the larger
hexagonal pixels. Item 5 is a distribution that is not as often seen in the literature
YsFr VS 0,, but could reveal some connection between turbulence and SFR, so is
worth exploring. This relation is shown in Figure 3.4.

Figures 3.1, 3.2, 3.3, and 3.4 show my results of the best fit lines, where the shaded
regions are the slope and intercept uncertainties. These uncertainties are calculated
as the 95% confidence intervals for the slopes and intercepts. The uncertainties for

the hexagonal pixel in the centre of each galaxy are quite small so error bars do
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Figure 3.2 Barred versus unbarred resolved galaxy properties. [Top| o, as a function
of ¥ora (from Fig. 3.1); [Bottom] o, as a function of ¥,,, ga with a smaller range.
Best fit lines generated with Linmix with slope and intercept uncertainties shown in
shaded regions. The offset between barred and unbarred galaxies is not affected by
truncating the dataset.
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not show up for each point on these plots, which is expected because these data
represent the centres of the galaxies where the intensity is the highest. Since there
is high signal to noise in the centres in comparison to the rest of the galaxy, the
measurement uncertainties tend to be smaller in the centres. The numerical linear
regression results are listed in Table 3.3.

The different ways of calculating the X,,,, shown in Figure 3.1, have a noticeable
impact on the offset between barred and unbarred galaxies in these plots. The offset
is much greater for the region-average >, than for the flux-weighted mean > ,,.
Both of these comparisons show the higher ¥, and o, for barred galaxy centres,
which support the expectation that there is extra turbulence in bars due to inflow of
gas along the bar.

The Linmix results also show differences in the uncertainty range on the slope and
intercept depending on the distribution. Similar plots use the same scale in order to
make comparisons clear. When the data extend over the whole range of the x- and
y-axes we expect a narrower uncertainty on the best fit line, which we see here (eg.
bottom panel of Figure 3.1). We see a wider uncertainty range when the distribution
is smaller, as is especially noticeable in the ‘smaller range’ plot (bottom in Figure
3.2) where the galaxies with the highest and lowest values in region-average ¥,,, are
removed. However, comparing the two panels of Figure 3.2 the offset between the
barred and unbarred lines is not very different. The only visible difference seems to
be the width of the spread, which is wider due to the narrower range of data on the
X-axis.

Figure 3.3 shows the Kennicutt-Schmidt relation ¥spr vs Y. The expected

value for this relation is a slope of around 1.0 (eg., Jiménez-Donaire et al. 2023).
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Figure 3.3 The Kennicutt-Schmidt relation Xgpr as a function of X, ra for barred
versus unbarred resolved molecular gas observations. Best fit lines generated with
Linmix with slope and intercept uncertainties shown in shaded regions.
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The slope I find for ¥, ra is 0.90 & 0.09 with intercept —2.89 £ 0.16 for barred and
0.94£0.12 with intercept —3.01 £0.18 for unbarred and very little offset between the
two distributions. I have compared these values to recent work using resolved data,
such as Jiménez-Donaire et al. (2023) who study the VERTICO sample of galaxies
in the Virgo cluster. They find a slope of 0.914+0.08 and intercept of -3.154+0.11 for
the data at 1.2 kpc resolution, which is comparable to my 1.5 kpc pixels. Jiménez-
Donaire et al. (2023) also include a compilation of KS relations from the literature.
My result suggests that the resolved KS relation is the same for centres as for the
whole galaxy.

Figure 3.4 shows o, as a function of Ygpr which is not as commonly found in the
literature, as far as we’ve seen, especially for galaxy centres. Due to the difference
in offset of the two distributions we see that ¢, increases for the barred galaxy cen-
tres which is worth exploring further. Higher velocity dispersion can indicate more

turbulence in the gas which can impact star formation.
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Figure 3.4 0, as a function of Ygpgr for barred versus unbarred resolved galaxy proper-
ties. Best fit lines generated with Linmix with slope and intercept uncertainties shown

in shaded regions. Barred galaxies also show increased o, in the central region.
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3.3 Active Galactic Nucleus

The presence of an active galactic nucleus (AGN) in the centre of a galaxy is expected
to greatly enhance the properties that I am studying. Increased CO intensity and
molecular gas surface density could be from an AGN (Bolatto et al., 2021; Liu et al.,
2023). Studies using hydrodynamical simulations as well as observations show that

galactic outflows caused by AGN can reach high speeds, > 1000 km s~!

, coming out
from the centre of the galaxy to spatial scales in the range of 1— 10 kpc (Costa et al.,
2014). This would increase the measured velocity dispersion in the CO observations.
Shock-driven compression of the gas caused by outflows can induce star formation
(Stuber et al., 2021) which would cause the increases we see as well. In order to see
if the AGN are the main cause of the increased properties in the data, I did the same
statistical analysis with a new sub-sample with all of the galaxies with AGN removed.
AGN are identified using optical spectroscopy (Véron-Cetty and Véron, 2010), and I
use the classification of which galaxies have an AGN from Stuber et al. (2021), and
list these in my Table 2.1.

I have again compared the gas properties of barred and unbarred galaxies to study

the impact of the presence of an AGN. I divided the original sample up as follows

with sample size shown in brackets:
1. Barred galaxies with AGN (12)
2. Unbarred galaxies with AGN (3)
3. Barred galaxies without AGN (30)

4. Unbarred galaxies without AGN (19)

o4


http://www.mcmaster.ca/
https://physics.mcmaster.ca/

M.Sc. Thesis — J. M. Laing; McMaster University — Physics and Astronomy

I looked at various comparisons and noted that the sample of unbarred galaxies with
AGN is too small for any useful statistics. I settled on two combinations to study,
barred and unbarred galaxies without AGN, and barred galaxies with and without
AGN. I then did the same statistical tests (AD-test and linear regression using Linmix)

as was done for the full sample.

3.3.1 Anderson-Darling Test Results Excluding AGN

Table 3.4 Statistical results of Anderson-Darling test for goodness-of-fit for the sample
that considers the presence of an AGN. In each case the AD statistic, the p-value,
and the evaluation are listed.

Property AD statistic p-value evaluation
Barred (30) vs log Yimol rA 1.3 0.09 o
Unbarred (19) log 201w 4.0 0.0087 °
(with no AGN) Oy 5.4 0.0025 °
YiSFR 1.8 0.058 o
tdep -0.146 0.421 +
AGN (12) vs log Xol,RA 4.7 0.0048 .
no AGN (30) log Yo Fw 8.4 0.00022 .
(Barred galaxies) oy 10.2 4.6x107° .
2SFR 5.2 0.0031 .
tdep -0.153 0.424 +

Table 3.4 shows the results of the AD-test for goodness-of-fit for the sample of
barred versus unbarred galaxies with no AGN and for the barred galaxies with and
without AGN. When we take away AGN from the barred and unbarred galaxies, they
are still shown to be from different populations. The region average >, is more
unclear with a p-value of 0.09, but the flux-weighted mean ¥, which resolves the

cloud scales suggests more strongly with a p-value of 0.0087 that they are different
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Figure 3.5 Boxplots showing the property distributions, comparing galaxies with the
AGN included (left column as shown previously) with the AGN removed (right col-
umn). Each property is separated into barred (30) and unbarred (19) galaxies for the
samples with no AGN.
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populations. The Ygpr also has a slightly weaker statistic with p-value = 0.058.
Barred galaxies with an AGN are found to be different than barred galaxies with no
AGN, which is expected.

Figure 3.5 compares the new distributions of barred and unbarred galaxies with no
AGN (right column) with the original sample that includes everything (left column).
We can see the effect the AGN have of increasing the properties, especially for the
barred distributions. Figure 3.6 shows the striking impact the AGN galaxies have on

the distributions.

3.3.2 Linear Regression Results Excluding AGN

Table 3.5 shows the slopes and intercepts for the barred versus unbarred galaxy
comparison for galaxies with no AGN. I want to highlight the Kennicutt-Schmidt
relation which has a lower slope than what is found for the full sample with the AGN
included. Figures 3.7 and 3.8 show the results of the Linmix linear regression. The top
plot in Figure 3.7 shows the comparison between X, pw and o, where the increase
for barred galaxies is clear. The bottom plot in Figure 3.7 shows the comparison of
0, with YXgpr for galaxies with no AGN. Figure 3.8 highlights where the AGN sit in
both plots for just the barred galaxies. Given the differences seen in barred galaxies

with AGN, it might be prudent to remove AGN hosts from our final analysis.
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Figure 3.6 Boxplots showing the distributions of each individual sample. Each prop-
erty is separated into barred galaxies with an AGN (12) and barred galaxies with no
AGN (30).
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Barred and Unbarred Galaxies with no AGN
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Figure 3.7 Barred versus unbarred resolved galaxy properties with no AGN. [Top] o,
as a function of Xy, pw; [Bottom] o, as a function of Xgpr. Best fit lines generated
with Linmix with slope and intercept uncertainties shown in shaded regions. We still
see an increase for barred galaxies in both plots.
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Figure 3.8 Resolved properties for barred galaxies with and without an AGN. [Top]
o, as a function of ¥, pw; [Bottom] o, as a function of Xgpg. Best fit lines generated
with Linmix with slope and intercept uncertainties shown in shaded regions. This
plot shows the higher values for galaxies with AGN, particularly o,.
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Table 3.5 Statistical results of Linmix linear regression comparing 30 barred and 19
unbarred galaxies with no AGN for each comparison. In each case the resulting
Linmix best fit slopes (with uncertainty) and intercepts (with uncertainty) are listed.

Slope

Barred Unbarred
Ymol,RA VS Oy 0.46 + 0.05 0.36 = 0.05
Emol,RVV VS Oy 0.46 £+ 0.03 0.38 = 0.03
Ymol,RA VS MSFR 0.82 £ 0.10 0.84 £+ 0.12
YSFR VS 0y 0.43 £ 0.07 0.39 = 0.05

Intercept

Barred Unbarred
Ernol,RA VS Oy 0.36 £+ 0.05 0.31 + 0.08
Y mol,RW VS Oy 0.13 +£0.06 0.22 4+ 0.04
YmolRA VS XSFR -2.79 £ 0.17 -2.90 £+ 0.17
2SFR VS Oy 1.68 = 0.10 1.49 £+ 0.10

3.4 Environment: Cluster versus Field

The environment where a galaxy is born plays an important role in the evolution of
that galaxy. Galaxies falling into a cluster can have their gas striped away due to
ram pressure stripping as the galaxy moves at high velocities through the hot cluster
medium (Boselli and Gavazzi, 2014). We might expect the molecular gas to vary in
galaxies in clusters versus those in the field. However, the centres may experience less
of a change due to the higher potential well near the centre of the galaxy.

Once again I have compared the gas properties of barred and unbarred galaxies,
this time looking at the effect of the external environment. My sample has galaxies in

Virgo as well as Fornax and Eridanus. The original sample was divided up as follows
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with sample size shown in brackets:

1. Barred galaxies in a cluster (10)
2. Unbarred galaxies in a cluster (4)
3. Barred galaxies in the field (32)

4. Unbarred galaxies in the field (18)

I considered various comparisons again and noted that the sample of unbarred galaxies
in a cluster is too small for the statistics to be informative. The two combinations I
decided to study are barred and unbarred galaxies in the field, and barred galaxies
in a cluster vs in the field. I performed the same AD-test and linear regression using

Linmix and show these next.

3.4.1 Anderson-Darling Test Results — Environment

Table 3.6 shows the results of the AD-test for goodness-of-fit for the sample of barred
versus unbarred galaxies that are not in a cluster as well as for the barred galaxies in
a cluster versus in the field. Removing the effect of the cluster from the barred and
unbarred galaxies does not change the results of the AD-test. They are still shown
to be from different populations, except for depletion time. In addition, there is no
difference found between barred galaxies in clusters versus those in the field.

Similar to the previous section, in Figure 3.9, I am comparing the new distributions
of barred and unbarred galaxies in the field (right column) with the original sample
that includes galaxies in clusters (left column). We can see that there is very little
effect from the cluster on the gas properties in the galaxy centres. Figure 3.10 shows

the cluster versus field distributions for barred galaxies.
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Figure 3.9 Boxplots showing the property distributions, comparing galaxies in both
clusters and the field (left column as shown previously) and galaxies only in the
field (right column). Each property is separated into barred (32) and unbarred (18)
galaxies for the samples with no AGN.
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Figure 3.10 Boxplots showing the distributions of each individual sample. Each prop-
erty is separated into barred galaxies in a cluster (10) and barred galaxies in the field

(32).
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Table 3.6 Statistical results of Anderson-Darling test for goodness-of-fit for the sample
that considers environment around the galaxy, whether it is in a cluster or in the field.
In each case the AD statistic, the p-value, and the evaluation are listed.

Property AD statistic p-value evaluation
Barred (32) vs log XmolrA 2.5 0.03 o
Unbarred (18) log Yol Fw 4.1 0.0073 °
(Field) Oy 5.2 0.0028 .
LSFR 2.2 0.041 .
Ldep -0.09 0.39 +
Cluster (10) vs log Yol rA -0.69 0.77 +
Field (32) log Yol rw -0.29 0.26 +
(Barred galaxies) oy -0.37 0.54 +
LSFR -0.50 0.63 +
Ldep 1.02 0.12 +

3.4.2 Linear Regression Results — Environment

Table 3.7 shows the slopes and intercepts when comparing barred versus unbarred
galaxies in the field. In this case, since the distributions do not vary a lot compared
to the full sample, we see that the Kennicutt-Schmidt relation, for example, has a
comparable slope of 0.90 4+ 0.10. Figures 3.11 and 3.12 show the results of the linmix
linear regression with uncertainty of the slopes in the shaded regions. We see the
same increase in the properties for the barred galaxies for both plots in Figure 3.11.
Figure 3.12 highlights where galaxies in clusters sit in both plots for just the barred
galaxies. A larger sample size would be useful here for a better comparison since we
only have 10 galaxies in clusters. This field galaxy analysis suggests that using both

field and cluster galaxies together is fine for our main sample.
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Barred and Unbarred Galaxies in the Field
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Figure 3.11 Barred versus unbarred resolved galaxy properties in the field. [Top] o,
as a function of ¥, pw; [Bottom| o, as a function of Ygpg. Best fit lines generated
with Linmix with slope and intercept uncertainties shown in shaded regions. We still
see an increase for barred galaxies in both plots, which do not vary compared to the
full sample.
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Barred Galaxies (Cluster vs Field)
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Figure 3.12 Resolved properties for galaxies in clusters versus in the field. [Top] o,
as a function of Xy, pw; [Bottom] o, as a function of Xgpr. Best fit lines generated
with Linmix with slope and intercept uncertainties shown in shaded regions. There
is a lot of scatter in the cluster galaxies.
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Table 3.7 Statistical results of Linmix linear regression comparing 32 barred and 18
unbarred galaxies in the field for each comparison. In each case the resulting Linmix
best fit slopes (with uncertainty) and intercepts (with uncertainty) are listed.

Slope

Barred Unbarred
Ymol,RA VS Oy 0.42 + 0.05 0.42 + 0.06
Y mol RW VS Oy 0.43 + 0.03 0.42 + 0.04
Ymol,RA VS MSFR 0.90 + 0.10 0.95 + 0.14
2SFR VS Oy 0.37 + 0.05 0.40 + 0.07

Intercept

Barred Unbarred
Ymol,RA VS Oy 0.40 + 0.09  0.28 + 0.09
Y mol RW VS Oy 0.22 + 0.06 0.18 4+ 0.06
Ymol,RA VS MSFR -2.86 + 0.19 -2.97 + 0.20
YSFR VS 0y 1.61 + 0.07 1.52 +0.11
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Chapter 4

Conclusion and Future Work

In this thesis I have carried out a statistical analysis of central molecular gas and
star formation properties using high resolution, cloud-scale data and medium reso-
lution SFR data from PHANGS. I found that molecular gas surface densities, ve-
locity dispersions, and SFR surface densities are higher in barred galaxy centres.
An Anderson-Darling statistical test for continuous distributions shows statistically
significant differences between barred and unbarred galaxies for all three quantities.

Although the barred and unbarred galaxies are statistically different for ¥, ra
and Ygpr themselves, the fact that the two distributions for the molecular gas deple-
tion time,

Emo
tdep = LRA (401)
YiSFR

are the same is noteworthy. Figure 4.1 shows tqep, as a function of o, as well as the
box plots for the two distributions. The AD-test gave a p-value of p = 0.34, from
Table 3.2, for the t4e, for the full sample. We see that t4e, is within the expected

range of approximately 1 — 3 Gyr for the molecular gas in spiral galaxies (Querejeta
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Figure 4.1 Molecular gas depletion time, t4ep, as a function of molecular velocity
dispersion, o,. On the right are box plots of t4e, for barred and unbarred galaxies.
tdep 1s within the range of approximately 1 — 3 Gyr.
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et al., 2021). It would be an interesting test to see if we find the same thing for the

other two ratios of the quantities investigated in this thesis, namely:

O-’U UU
and

2 mol,FW SFR

(4.0.2)

A statistical test of these two new ratios is worthwhile because they compare the
properties which first inspired this thesis, o, and X,,01 rw, which were both higher in
barred galaxies, as well as the less well studied relation between o, and Xgpr. This
would be part of some follow up work on my thesis.

Unfortunately, the cluster galaxy sample was too small to compare large scale
environments. Connecting the effects of the large scale environment with the macro-
structure inside the galaxy (bar, centre, arm, versus outer arm regions) and then
in turn with cloud-scale physics within each of these regions is an important next
step for understanding galaxy evolution. In my future research, I plan to quantify
links between cloud-scale physics and cluster-scale environment and measure how
these links change the star formation rates across entire galaxies and in subgalactic
regions. My analysis will probe variations in molecular cloud physical properties
(such as mass, dynamical state, and evolutionary timescales) by comparing galaxies
in the Virgo Cluster with field galaxies as a control sample. Broadening the region of
interest from centres to entire galactic disks will allow me to analyze the environmental
influences on gas properties in different parts of the galaxy:.

Extensive work has been done to explore the effects of the external environment
on galaxy evolution at kpc resolutions. The collaboration team for the Virgo Envi-
ronment Traced in CO (VERTICO) survey analyzed a sample of 51 Virgo Cluster

galaxies and found that Virgo galaxies with reduced gas mass have proportionally
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lower Ygpr and X, but systematic changes as ram pressure stripping progresses
(Brown et al., 2023). A natural next question after the work done by VERTICO is
to determine how these systematic changes on kiloparsec scales stem from changes in
molecular cloud properties on <~ 100 pc scales.

The star formation rate data used in this thesis were medium resolution, not cloud
scale resolution like the other properties ¥, pw and o, in the PHANGS data. In
my future research I will make use of data from a new large program, MUSE and
ALMA Unveiling the Virgo Environment (MAUVE) which matches two surveys at
different wavelengths. First, a new ALMA high resolution survey of 40 Virgo cluster
galaxies at unprecedented 50 pc resolution (PI: J. Sun) will begin to collect data in
2024. This high resolution data is needed to answer ongoing questions about the
effect of environment on the ISM at smaller scales. The second part of MAUVE is
the MUSE large program which has begun data collection as of 2023 (PI: L. Cortese).
With this data, I will obtain ~100 pc scale ionized gas excitation and SFR maps.
By comparing emission line measurements from these observations I will be able to
determine if the gas is excited by star formation or another source such as shocks.
The PHANGS survey (Leroy et al., 2021b) of 90 nearby galaxies is made up of mostly
field galaxies and will be an excellent control sample to compare with these new
measurements in Virgo Cluster galaxies. My planned research will represent a step
forward in understanding the interactions between cloud-scale physics and the large-

scale environment and how these impact the evolution of galaxies.
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