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Abstract

Ram pressure stripping (RPS) can be described as the constant wind a galaxy ex-
periences when moving through a galaxy cluster. It is well-established that galaxies
undergoing this process lose substantial amounts of their atomic gas, but its e ect on
the cold molecular gas component is still not fully understood. Using high-resolution
ALMA CO 2-1 data collected by the PHANGS and VERTICO surveys, | model the
detailed e ect of RPS in 36 Virgo galaxies on a 150 pc and 720 pc scale by calculating
the ratio of ram pressure to the galaxy gravitational restoring force per unit area. If
the ram pressure exceeds the restoring pressure, we assume the molecular gas parcel
is susceptible to stripping. | reveal that roughly a quarter of our 36 galaxies are
susceptible to molecular gas RPS, with up to 70% of their molecular gas in the outer
disk (r > Rgp) being susceptible. As expected, low mass galaxies (log(M =M ) = 9:5)
seem to be most a ected. VERTICO galaxies show molecular gas susceptible to strip-
ping at the outskirts and between their spiral arms. | also nd higher fractions of RPS
susceptible molecular gas in galaxies exhibiting clear atomic gas tails, suggesting that
RPS impacts multiple gas phases at once. Finally, a phase space analysis suggests
molecular gas RPS occurs primarily, potentially exclusively, at the rst pericentric

passage when ram pressure is maximal.
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Chapter 1

Introduction

On April 26, 1920, the famous "Great Debate' took place in the Smithsonian Institu-
tion's Baird Auditorium. (Carroll & Ostlie, 2017). Astronomers Harlow Shapley and
Heber Curtis shared opposing views on the nature of the ambiguously observed "neb-
ulae' and, consequently, the nature of the Universe. Were those ‘nebulae’ clouds of
the Milky Way, or were they far away objects, “island universes' as Curtis would refer
to them, similar to our Milky Way? The latter suggests that the Universe extends
far beyond the Milky Way, and the Milky Way is “just' one ‘island universe' out of
many. In contrast, Sharpley's proposal envisions the whole Universe encompassed in
the Milky Way.

Edwin Hubble resolved the disagreement using Henrietta Swan Leavitt's law of
Cepheid's variability to determine the distance of the "nebulae’ (Hubble, 1925). Most
‘nebulae’ were hundreds of thousands or even millions of light years away. With those
ndings around 100 years ago, Hubble established that space extends far beyond the
Milky Way, and the Universe is rich in these ‘island universes' that we now call

galaxies. This discovery forever changed our perspective of the Universe and laid the
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foundation for all the subsequent work in galaxy evolution and formation.

1.1 Galaxy Properties and Star Formation

Galaxies are made up of stars, gas, and dust which are encapsulated in a dark matter
halo. Many surveys in the past decades have imaged millions of galaxies (York et al.,
2000) and it has become evident that galaxies are a diverse group coming in various
shapes, colours, and sizes. In an attempt to organize the observed variety, galaxies
were divided into di erent morphology classes, famously displayed in the Hubble
tuning fork (see Figure 1.1). One key characteristic of a galaxy is having a rotating
disk (on the right of the diagram) or an elliptical shape (on the left of the diagram).
Disk galaxies are usually more star-forming than elliptical galaxies, while elliptical
galaxies dominate the high mass end of the mass distribution (Carroll & Ostlie, 2017).

To form stars, giant molecular clouds, the cold, clumpy, and dense regions in the
interstellar medium of a galaxy, have to collapse. Gas, in particular cold gas, is the
fuel for star formation (Schmidt, 1959). Without this gas, a galaxy cannot form stars
and will become quenched. To understand galaxy evolution, one needs to understand
star formation. To understand star formation, one needs to understand the processes
that a ect the interstellar medium of a galaxy. In Section 1.2, | will discuss the
composition of the interstellar medium of disk galaxies.

Galaxies are not homogeneously distributed within space. There are high galaxy
density regions which we call galaxy clusters (10" > M ) or galaxy groups ( 103
M ) and then there are regions of low galaxy density which we call "the eld' (Car-

roll & Ostlie, 2017). On larger scales, those clusters form even higher structures



M.Sc. Thesis { C. Greis; McMaster University { Physics and Astronomy

Figure 1.1: The Hubble tuning fork from Hubble (1936). Early-type galaxies are
located on the left, and late-type galaxies are on the right. SO galaxies, also referred
to as lenticulars, are located in the middle but fall under the term early-types.

(superclusters, walls, voids etc.) (Geller & Huchra, 1989). The evolution and prop-
erties of galaxies in galaxy clusters are highly in uenced by the environmental e ects
accompanying such a high-density environment. Spiral galaxies in clusters are less
star-forming and redder than in the eld (Kennicutt, 1983; Gavazzi et al., 2006).
Furthermore, as the cluster-centric radius decreases, the fraction of quenched and
elliptical galaxies increases (Dressler, 1980). The quenched fraction also increases
with halo masses (Wetzel et al., 2012). In Section 1.3 | will discuss environmental

processes that can a ect the gas content of galaxies.

1.2 The Interstellar Medium (ISM)

The ISM consists of hydrogen ( 70%), helium ( 28%), and heavier elements (metals
from here on). Historically, most ISM studies focused on the Milky Way due to its
proximity. Around 10°M solar masses of gas contribute to Milky Way's ISM mass,
with most of it in the form of neutral atomic and dense molecular gas, although ionized
gas makes up most of the volume (Kalberla & Kerp, 2009). This hot ionized gas

stemming from supernova explosions or AGN feedback (L(PK) is usually called the
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Hot lonized Medium (HIM). Di erent in uential models by Kulkarni & Heiles (1988)
divide the ISM into ve ISM phases based on the gas's temperature and density: the
molecular phase ( 10K), the dense Cold Neutral Medium (CNM, 100K), the more
di use Warm Neutral Medium (WNM, 10°K), the Warm lonized Medium (WIM,
10*K HIl regions from hot O and B stars), and the HIM. Cooling and heating
mechanisms such as metal line cooling or shocks allow the gas to transition from one
phase to another.
Although metals only make up a minor amount of the ISM, they play a central role
in regulating the energy exchange within the di erent gas phases. Generally, metals
act as coolers and in the form of dust shield the cold molecular medium from ionizing
radiation (see more in Section 2.2.3). The abundance of metals is measured in the
metallicity Z relative to the solar metal abundance, the solar metallicity Z. Maciel
& Costa (2010) found a large-scale radial metallicity gradient within the Milky Way,
with super-solar values in the Galactic center and sub-solar metallicities at the outer

disk, a trend previously found in other galaxies (Vila-Costas & Edmunds, 1992).

1.2.1 Atomic Gas

The atomic gas forms the more di use and volume- lling component of the CNM
compared to the more clumpy dense molecular gas. It commonly has densities of
20-50cm 2 and temperatures in the range of 50 - 100 K. It is detected through its
hyper- ne structure spin- ip transition, the 21 cm line which is dominantly excited
through collisions. Typically, galaxies exhibit HI surface densities in the order of a
few M pc 2 with maximal densities of 10M pc ? (Bigiel et al., 2008) since the

atomic hydrogen transitions into the molecular state at higher surface densities (Blitz
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& Rosolowsky, 2006). As mentioned earlier, elliptical galaxies (ETGs) are generally
more gas-poor than disk galaxies. Gavazzi et al. (2008) discovered that only half
of the observed eld ETG samples contained detectable amounts of HM(, > 10°

M pc 2?). In disk galaxies, the atomic gas is distributed in a rotating disk with a
scale height of approximately a few hundred pc and extends far out, typically beyond

the stellar disk.

1.2.2 Molecular Gas

Molecular gas famously forms larger structures and collects in giant molecular clouds
(GMCs), the star-formation factories of galaxies. GMCs are among the coldest places
in the Universe with temperatures between 10 - 20 K and densities »f 10> cm 3
(Leroy et al.,, 2008). On a galactic scale, molecular gas is distributed centrally in
a thin disk with a scale height of approximately 0.1 kpc (Dame et al., 1987). As a
result, molecular gas resides deep within the gravitational potential of its host galaxy.
Due to the symmetry of theH, molecule,H, has no permanent dipole moment
and consequently no dipolar rotational transitions. It only excites at temperatures T
100 K (para and ortho transitions), which prohibits directH, observations at lower
temperatures like giant molecular clouds (Bolatto et al., 2013). One way to address
this issue is by observing a molecule that traced,. A good candidate for this is
the CO molecule, which consists of the most abundant metals in the molecular ISM
- oxygen and carbon. Rotational transitions of CO can occur even at low tempera-
tures, such as those found in molecular clouds, due to its excitation temperature of
approximately 5.53 K. The J=1-0 emission line lies at 2.6 mm, where the atmosphere

is fairly transparent which makes CO a good ground observable tracer of molecular
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hydrogen (Bolatto et al., 2013).
To obtain molecular gas abundances from the observed CO intensities, as-

tronomers use a CO-conversion factorco:

mol = colco (1.2.1)

Commonly used for the Milky Way is co = 4:35M pc ? (Bolatto et al., 2013). The
value of this conversion factor has been part of a long debate and will be further
discussed in Section 2.2.3.

Recent progress in studying extragalactic molecular gas and star formation has
been achieved through the PHANGS collaboration (Leroy et al., 2021a), which has
studied 90 nearby galaxies at a resolution of about 150 pc GMC scale). This
progress was made possible by the revolutionary Atacama Large Millimeter/Submillimeter

Array (ALMA) (Section 2.1).

1.3 Environmental E ects on the ISM

The di erences in star formation properties between eld and cluster galaxies de-
scribed in 1.1 can also be observed in the gas properties. One parameter used to

measure global gas properties is ‘gas de ciency'’, which is de ned as follows:

Defui = 10gMurexp  10gMiiobs (1.3.1)

using the observed atomic gas madd..,s and expected atomic gas magsl y.exp

given the stellar mass of the galaxy. The expected atomic mass can be derived from
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empirical scaling relations (Catinella et al., 2010). Giovanelli & Haynes (1985) dis-
covered that cluster galaxies tend to be HI de cient and that this de ciency becomes
more pronounced with smaller cluster center distances. Resolved HI data has also
revealed that the HI disk is truncated and usually smaller than the stellar disk close
to the cluster center ( 0.5 Mpc) (Chung et al., 2009). These observations can be
attributed to the various environmental e ects present within cluster and group en-

vironments. | introduce the dominant e ects in the following Section.

1.3.1 High-velocity galaxy-galaxy ybys

Due to the high-velocity dispersion in galaxy clusters, major galaxy mergers are
unlikely (Mihos, 2003). More common gravitational interactions are high-velocity
galaxy-galaxy ybys, which can heat the ISM and lower gas reservoirs by cutting
0 inows or evaporating the gas. At the same time, those tidal interactions can
temporarily compress the ISM and enhance star formation. In general, high-velocity
tidal interactions, historically referred to as "harassment', can a ect the gas content
and the stellar content at the same time, leading to tidal tails and morphological

transformations (Moore et al., 1996).

1.3.2 Starvation

Galaxies behave like giant ecosystems. They contain an internal gas reservoir, the
ISM, which is converted into stars. These stars then enrich the gas and return some
of it to the ISM over their lifetimes. Supernova events can heat the ISM and push
gas out of the galaxy's disk. That gas may eventually cool and fall back into the disk,

where it can support future star formation. Galaxies can additionally replenish their
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gas reservoirs by accumulating material from the circumgalactic medium (CGM),
the galaxy's external gas reservoir. In galaxy clusters, environmental interactions
such as ram pressure stripping or high-velocity galaxy-galaxy ybys can lead to the
stoppage of the CGM gas supply or ine cient gas cooling. Consequently, the ISM's
gas reservoir may not be replenished, causing the galaxy to exhaust its available
gas. Therefore, this quenching process is known as "starvation" (Larson et al. 1980;

Balogh et al. 2000; Bekki et al. 2002).

1.3.3 The Inter-Cluster Medium and Ram Pressure Strip-

ping
X-ray observations reveal the presence of hot gas at temperatures around 10
10 K, lling the space between galaxies in a cluster (Voges et al., 1999). This gas
phase is known as the inter-cluster medium (ICM). Due to the deep gravitational
potential, galaxy clusters can retain such highly energetic gas. The density of the
ICM scales with radius, meaning that the ICM density is highest at the cluster center
and decreases with the cluster center radius. However, in a young cluster that is
not yet dynamically relaxed, the ICM density pro le can be more complex (Sarazin,
1986).

The presence of the hot gas has direct implications for the galaxies moving within
it. The ICM-ISM interaction gives rise to the famous environmental e ect of Ram
Pressure Stripping (Gunn & Gott, 1972). When a galaxy moves through the ICM,
its ISM will experience a ram pressure, which can compress or even strip the gas out
of the galaxy. The strength of the ram pressure only depends on the ICM density

icm and the relative velocityvicy between the galaxy and the ICM,
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Pram = icm V|2(;M (1.3.2)

Gunn & Gott (1972) theorized that if ram pressure exceeds the gravitational
restoring force per unit area of a galaxy's disk (gravitational restoring pressure from
here on), the gas will be stripped away. Evidence supporting this theory has accu-
mulated over the past few decades in the form of observed large HI-tails in various
galaxy clusters (Gavazzi & Ja e, 1987). Galaxies with prominent tails are referred to
as "jelly sh galaxies" (Ebeling et al., 2014) and represent some of the most extreme
cases of ram pressure stripping. Another piece of evidence is the presence of highly
asymmetric or truncated HI disks. These are considered post-ram pressure features
since the HI outskirts are situated in the most shallow gravitational potential of the
galaxy disk and have the lowest surface densities, making them most vulnerable to
ram pressure. The lower-density atomic gas is generally considered more susceptible
to ram pressure stripping than the clumpy, more centrally distributed molecular gas.
Molecular gas stripping is not yet fully understood. However, more recent studies by
Watts et al. (2023) nd evidence that the observed molecular-to-atomic gas ratio of
Virgo cluster galaxies cannot fully be explained by pure atomic gas removal. Other
studies show that molecular gas can be directly a ected by ram pressure. For in-
stance, molecular gas asymmetries and enhanced star formation rates at the leading
side of an infalling galaxy disk have been studied (Vulcani et al., 2018; Roberts et al.,

2023).
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1.3.4 RPS in Simulations

One of the main challenges in simulating molecular gas RPS is the multiscale nature
of the physical processes involved. Ram pressure originates from the galaxy cluster
environment ( Mpc scale), and we are interested in understanding its e ects on
individual GMCs (100 pc scale). Additionally, ongoing research e orts are still
exploring the complex physics of molecular gas and radiative transfer, which regulate
the energy transfer of the molecular and neutral phases.

Wind tunnel simulations, where a simulated galaxy is exposed to a hot, dense wind
that mimics the galaxy's movement through the ICM, are a helpful tool to overcome
some of those challenges. Within their wind tunnel simulation, when simulating a
massive spiral galaxy undergoing high ram pressure, Tonnesen & Bryan (2009) nd
dense gas clumps are more resistant to acceleration than lower-density gas. That low-
density gas is removed from the galaxy even at small radii, exhausting the gas reservoir
necessary to replenish molecular clouds. As a consequence, gas at all densities is
reduced within their simulation. A clumpy compared to a homogeneous ISM leads
to faster stripping of lower-density gas, leaving holes in the ISM where the ICM
can undermine and ablate denser clouds. However, a weaker simulated ram pressure
can increase the disk pressure and create more high-density gas while stripping less
of the lower-density gas. Additional simulations, based on mixing-mediated ram
pressure stripping where ICM and ISM mixing drive momentum and energy transfer,
suggest that high ICM density at low velocity leads to increased dense cloud formation
through cooling while high-velocity ICM can destroy the dense clouds, dispersing
them into the surrounding medium (Tonnesen & Bryan, 2021). Choi et al. (2022)

obtain similar results using the TIGRESS framework to simulate a multiphase ISM

10
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of a kpc patch of di erentially rotating galactic disks interacting with an ICM. They
also nd accelerated cold clouds undergo signi cant mixing with the hot ICM. For
strong ICM models, the hot ICM disrupts the cool phase, heats it, and increases its
kinetic energy. However, the gas cools quickly through radiation and can transition
into its cool phase with a higher velocity. The ISM gas is stripped within a half-mass

stripping time scale of 60-130 Myr.

1.4 The Virgo Cluster

The Virgo Cluster, located at a distance of about 16.5 Mpc (Mei et al., 2007), is
our closest massive cluster neighbor and an important source for studying galaxy
evolution in dense environments. As a result, it has been of great interest for multiple
wavelength observations including the 21 cm line (Large Array Imaging of Virgo in
Atomic gas (VIVA) survey, (Chung et al., 2009)), infrared (the Wide- eld Infrared
Survey Explorer (WISE), (Wright et al., 2010)), optical (the Next Generation Virgo
Survey (NGVS) (Ferrarese et al., 2012), the Virgo Environmental Survey Tracing
lonized Gas Emission, (VESTIGE) (Boselli et al., 2018), ultraviolet (The GALEX
Ultra-violet Virgo Cluster Survey (GUVICS) (Boselli et al., 2011)) and X-ray emission
(XMMNewton - Virgo Cluster, (Urban et al., 2011)).

At the center of the Virgo Cluster sits the massive elliptical galaxy M87, sur-
rounded by various substructures and over-densities as Virgo is a dynamically young
cluster. It is actively accreting members and is rich in star-forming spiral galaxies for
a galaxy cluster of its mass (Behringer et al., 1994; Nulsen & Bohringer, 1995; Boselli
et al., 2018). The velocity of the Virgo cluster is 4, = 638 km/s (Kashibadze et al.,
2020).

11
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1.4.1 HI classi cation system in the Virgo Cluster

A relevant classi cation system for Virgo Cluster galaxies used in this thesis is the
Yoon et al. (2017) HI classes. They divided VIVA galaxies (Chung et al., 2009)
into ve groups based on the characteristics of the HI disks. Class 0 contains a
mix of galaxies that are either rich or normal in HI without the disk being visibly
truncated. Class | galaxies show one-sided HI features and no truncation. In contrast,
Class Il galaxies show highly asymmetric disks with signs of truncation. Class IlI
contains galaxies that are highly de cient in HI with highly truncated but symmetric

HI disks. Finally, Class IV galaxies are characterized by symmetric HI disks with

slight truncation and low HI surface densities, making them highly de cient.

1.4.2 VERTICO: The Virgo Environment Traced in CO Sur-
vey Sample

As introduced above, 'The Virgo Environment Traced in CO' (VERTICO) Survey
(Brown et al., 2021) is an ALMA large program that includes 51 Virgo Cluster galaxies
observed in CO(2-1) (12CO (2-1), the isotopologues 13CO (2-1)), C180 (2-1) and the
ALMA Band 6 continuum on a subkiloparsec scale. The sample selection is based on
the VIVA survey (Chung et al., 2009) containing 53 galaxies. Two low-mass VIVA
galaxies were not included in VERTICO as they were unlikely to be detectable in
CO. Finally, 49 out of those 51 VERTICO galaxies were detected in CO. Figure 1.2
demonstrates that VERTICO galaxies are well distributed around the cluster center,
spanning a wide range of cluster-centric radii ((0.2{2) O rag). It shows the ROSAT

All Sky Survey X-ray mosaic of the Virgo Cluster overlaid by the VERTICO CO

(2-1) peak temperature maps. VERTICO galaxies are plotted at 20x angular size for

12
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illustration purposes.

Figure 1.2: X-ray mosaic of the Virgo Cluster from the ROSAT All Sky Survey in
purple overlaid by the VERTICO CO (2-1) peak temperature maps for 49 detected
galaxies (in 20x zoom) (Brown et al., 2021). The white dashed circle denotes the
radius of the Virgo Clusterry,go = 3.9 ( 1.08 Mpc; Urban et al. (2011)). Note that
for three galaxies, their peak temperature maps appear as rectangles because the
CO (2-1) observations did not cover the full extent of the CO disk.

VERTICO galaxies are either actively star-forming or in the process of quench-
ing. Additionally, they exhibit a wide range of HI properties, from full gas-rich to
gas-poor, and have HI-taM ratios that are comparable to but slightly lower than

XCOLDGASS galaxies (Brown et al., 2021). Given that the atomic phase is highly

13
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susceptible to environmental e ects, one would expect lower HI fractions among Virgo
cluster members. However, VERTICO galaxies have a relatively high HI fraction due

to VIVA's selection bias towards late-type star-forming galaxies. Yoon et al. (2017)

showed that VIVA galaxies entered the cluster relatively recently. Therefore, envi-

ronmental mechanisms haven't had much time to impact the atomic phase compared
to other viralized Virgo members.

So far, VERTICO has published eight papers on the molecular gas properties of
Virgo Cluster galaxies. The key ndings relevant to this thesis include VERTICO
galaxies showing clear signatures that their molecular gas is removed from the disk
outside-in (Zabel et al., 2022). However, low global molecular de ciencies of galax-
ies undergoing ram pressure stripping indicate that ram pressure cannot e ectively
remove the molecular gas from the disk (Zabel et al., 2022). VERTICO galaxies ex-
hibit elevated molecular gas asymmetries compared to the eld, with several members
showing enhanced star formation and molecular gas densities on the leading side of

their disk when undergoing ram pressure stripping (Roberts et al., 2023).

1.5 This Thesis

This thesis is composed of: a data section, Chapter 2; my paper "Molecular Gas under
Pressure -H, Susceptibility to Ram Pressure in the Virgo Cluster' in preparation for
submission to the Astrophysical Journal, Chapter 3; and a future work discussion,
Chapter 4. The data section (Chapter 2) introduces the stellar mass maps, the CO
data from the VERTICO and PHANGS collaboration, the ALMA telescope used to
acquire these CO measurements, and how the CO is used to obtain molecular gas

surface densities. My paper (Chapter 3) introduces the methodology of modeling

14
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molecular gas ram pressure stripping. It explains how | determine percentages of
the amount of molecular gas susceptible to ram pressure stripping within a galaxy. |
discuss those percentages in the context of galaxy properties such as HI characteristics,
cluster infall stage, and stellar mass. Chapter 4 concludes this thesis with a discussion
of preliminary results on the role of atomic gas within star formation in the cluster
environment. It seems that ram pressure holds a crucial role in the interplay of atomic

gas and star formation rate.

15



Chapter 2

Data

As an observer, my work relies highly on good available data. For this thesis project,

| had the opportunity to join the "The Virgo Environment Traced in CO' (VER-
TICO) team and work within this large international collaboration with access to the
VERTICO survey dataset. VERTICO is an Atacama Large Millimeter/submillimeter
Array (ALMA) large program aiming to understand the physical mechanisms driving
galaxy evolution in dense environments. In Section 2.1, | will give an overview of the
ALMA telescope, followed by an introduction of the VERTICO and PHANGS CO
datasets | am using in Section 2.2 and 2.2.2. | nalize this Section with a discussion
on the challenges of obtaining molecular gas estimates through CO observations using

the o conversion factor (see Section Section 2.2.3).

2.1 ALMA

Understanding the origin of star formation, particularly in molecular clouds, is crucial

for uncovering the fundamental mechanisms and nature of the Universe. Molecular

16
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clouds are among the coldest objects in galaxies, and their peak emission occurs within
the mm or sub-mm regime. Observing such small objects at these large wavelengths
requires large radio interferometers. The Atacama Large Millimeter/Submillimeter
Array is designed for this purpose and has been the essential driver of recent progress
in understanding the cold molecular phase of the ISM and extragalactic and Milky
Way star formation processes. With 66 high-precision antennas, ALMA is the largest
and most powerful submillimeter telescope ever built. ALMA consists of a main array
with fty 12m dishes and a compact array encompassing four 12-meter and twelve
7-meter antennas. The individual dishes can be arranged in di erent ways, reaching
baselines from 150 m to 16 km. ALMA sits at an elevation of 5000m in the Atacama
desert at the Chajnantor plateau, one of the driest spots on earth. The site minimizes
atmospheric signal attenuation through water vapor absorption and adds to ALMA's
remarkable capabilities and sensitivity, especially at high frequencies. ALMA has ten
di erent receivers, bands, sensitive to wavelengths between 0.32 to 3.6 mm. Band 1
has recently started operations, while Band 2 is still in preproduction. In this work

| use data observed in Band 6 using the compact and main array.

2.2 Data Products

In Section 1.2, | discussed the limits of observing molecular hydrogen directly at GMC
temperatures and the need to trace the bulk molecular gas mass through the common
CO molecule using the o conversion factor. In the following Sections, | discuss how
and what CO observations were obtained by VERTICO and PHANGS and introduce
the metallicity-dependent o conversion factor used within this work to determine

the molecular gas surface densities.
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2.2.1 VERTICO CO Maps

The VERTICO survey includes 51 Virgo cluster galaxies (see Section 1.4.2). From
these, 36 were observed with the ALMA Atacama Compact Array (ACA) in CO(2-1)
during ALMA Cycle 7 (Brown et al., 2021). Total Power observations were obtained
for 25 galaxies to recover large-scale CO emission. The ux calibration uncertainty for
ALMA Cycle 7 Band 6 observations was approximately 5-10%. Additional archival
data from the ALMA-PHANGS survey (Leroy et al., 2021a) were available for 14
massive spirals, and one from a regular program (Cramer et al., 2020) for the ram
pressure stripped galaxy NGC 4402. For my project, | have selected galaxies with
inclinations i < 75 to minimize projection e ects, leaving a nal sample of 36 VER-
TICO galaxies. The calibration and imaging of these galaxies is described in Brown
et al. (2021). After imaging the sample, data cubes were convolved into 9" and 15"
resolution datasets (equivalent to 720 pc and 1.2 kpc at Virgo distance), and inte-
grated intensity (mom0) maps were generated from the masked data cubes using the
signal identi cation method described in Sun et al. (2018). For my project, | am
using the 720pc resolution CO momO datasets from Brown et al. (2021) converting
those into molecular gas surface densities using theo conversion factor described

in Section 2.2.3

2.2.2 PHANGS CO Maps

The PHANGS survey (Leroy et al., 2021a) contains CO(2{1) observations at giant
molecular cloud resolution ( 1° for 90 nearby star-forming main sequence galax-
ies. In this work, | only use a subset of ten datacubes from galaxies that are part

of the Virgo cluster and ful Il our inclination requirement of i < 75. The ALMA
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observations consist of the 12-meter and 7-meter arrays and total power array data.
They are combined to capture CO emission at various scales. The data reduction
and imaging process is described in detail in Leroy et al. (2021a) and Leroy et al.
(2021b). PHANGS provides 150 pc scale and smoothed kpc-scale integrated inten-
sity maps. | primarily use the high-resolution PHANGS data to trace giant molecular
clouds. For both resolutions, “strict' and “broad' CO momO maps are created using
di erent masking schemes. The strict momO maps are created by applying a high
signal-to-noise ratio (S/N) mask on the CO data cube before collapsing it along its
spectral dimension. This results in momO maps including real emission at the expense
of excluding potential CO emission at low S/N. The broad mask provides a high com-
pleteness map at the expense of including noise-induced features. | use both datasets
in this work and convert the PHANGS{ALMA CO momO maps into molecular gas
surface density maps in the same way as for the VERTICO maps (Section 2.2.1 and

2.2.3).

2.2.3 The o Conversion Factor

As VERTICO utilizes CO(2-1) in place of the ground state CO(1-0) observations,
Equation 1.2.1 must be revised to account for the CO(2-1) to CO(1-0) line ratio,
R21 = 0:7 (Leroy et al., 2022). It also needs to take into account the inclination of
VERTICO galaxies.

| obtain pixel based molecular gas surface densities, from the resolved VER-

TICO CO(2-1) integrated line intensities| co, ; via:

mol = == lcoz 1 COSi (2.2.1)
R21
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The inclination correction factor, cos allows to account for the inclination of the
galaxies and “deprojects' the molecular gas surface densities.

Previous VERTICO work assumed a constant co conversion factor common in
the literature. However, it has become evident that o varies in di erent galaxy
environments and even within galaxies. Several factors contribute to the change of the

co conversion factor, including velocity dispersion, optical depth, and metallicity.
Metallicity is critical because CO is more sensitive to ionizing radiation than molecular
hydrogen, which has the ability to self-shield. As a result, the abundance of CO
depends on the presence of metals that can shield CO from radiation. This means
the CO to molecular gas ratio varies with metal abundance.

To account for this e ect | adopt a metallicity-dependent o following Sun et al.
(2020):

co =4:352° M pc 2(Kkms 1) *; (2.2.2)

whereZ? the local gas phase abundance normalized to the solar value ([12 + log(O/H)]
= 8.69; Asplund et al. (2009)). In this work, | predict 12 + log(O/H) for each pixel
by combining a galaxy mass-metallicity relation (Sanchez et al., 2019) and a radial
metallicity gradient (Sanchez et al., 2014). In the future, this information will be
obtained directly using the "MUSE and ALMA Unveiling the Virgo Environment'
data (MAUVE,; Pls: B. Catinella, L. Cortese, Watts et al. (2024)).

2.2.4 Stellar Mass Maps

Determining the stellar mass of a galaxy is not straightforward. One can determine
the total mass within a stellar radius using HI rotation curves (Bosma, 1981). But a

signi cant portion of that measured mass includes the galaxy's enclosed dark matter
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content. Therefore, nding the total stellar mass of a galaxy needs another approach,
utilizing the light emitted by the stellar population and converting that through a
mass-to-light ratio into stellar mass. To determine the stellar emission the VERTICO
collaboration uses public band 1 WISE NIR imaging data (3.4m ) from the z =0
Multiwavelength Galaxy Synthesis project £0OMGS; Leroy et al., 2019) (see work by
Jimenez-Donaire et al. 2023; Villanueva et al. 2022; Brown et al. 2023). At 3./

old stars dominate a galaxy's spectra as seen in Figure 2.1 showing a typical spectral

energy distribution (SED) of a star-forming galaxy.

Figure 2.1: Typical spectral energy distribution (SED) of a star-forming galaxy
showing the contributions of OB stars, old stars, gas, and dust (Galliano, 2017).

Finally, stellar mass surface density, -, is calculated as follows:

? 3:4m I3:4 m
—— =330
M pc 2 05 MJysr 1

COSi : (2.2.3)

with 134 n the observed 3 m surface brightness in each pixel and 3.4, the re-
solved 34 m mass-to-light ratio derived from the WISE band 3 to band 1 colour, as

proposed by Leroy et al. (2019). The casterm accounts for the galaxy inclination
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angle to obtain a \deprojected” stellar mass surface density.
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Chapter 3

Molecular Gas under Pressure - H»
Susceptibility to Ram Pressure In

the Virgo Cluster

This chapter contains my paper ‘Molecular Gas under PressureH, Susceptibility
to Ram Pressure in the Virgo Cluster' currently in preparation for submission to
the Astrophysical Journal. It is original scienti c research written by myself and

co-authored with my supervisors Dr Jiayi Sun and Dr. Christine D. Wilson.

Abstract

It is well-established that ram pressure stripping (RPS) has a substantial impact on
the atomic gas reservoir in dense environments, but its e ect on the cold molecular
gas component is still not fully understood. Using high-resolution ALMA CO 2-1
data collected by the PHANGS and VERTICO surveys, we model the detailed e ect
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of RPS in 36 Virgo galaxies on a 150 pc and 720 pc scale by calculating the ratio of
ram pressure to the galaxy gravitational restoring force per unit area. We reveal that
roughly a quarter of our 36 galaxies are susceptible to molecular gas RPS, with up to
70% of their molecular gas in the outer diskr(> R 50) being susceptible. As expected,
low mass galaxies (log{l =M ) = 9:5) seem to be most a ected. VERTICO galaxies
show molecular gas susceptible to stripping at the outskirts and between their spiral
arms. We also nd higher fractions of RPS susceptible molecular gas in galaxies
exhibiting clear atomic gas tails, suggesting that RPS impacts multiple gas phases at
once. Finally, a phase space analysis suggests molecular gas RPS occurs primarily,

potentially exclusively, at the rst pericentric passage when ram pressure is maximal.

3.1 Introduction

The large-scale environment in which a galaxy exists plays a signi cant role in its
evolution. Dense environments such as galaxy clusters, can directly a ect the gas
reservoir of galaxies. Since these gas reservoirs are essential for future star formation
and a central driver of galaxy evolution, it is crucial to understand and model the ef-
fects of the cluster environment on a galaxy's gas reservoirs, particularly the di erent
phases of the interstellar medium (ISM).

Researchers have identi ed three distinct environmental e ects in dense environments.
The rst is galaxy-to-galaxy interactions, which include tidal e ects and high-speed
y-bys (Moore et al., 1996). The second is the cut-o of external gas accretion, histor-
ically referred to as 'strangulation’. Without external gas in ow, a galaxy is unable

to replenish its gas reservoirs and consequently runs out of gas to form stars. The

third is ram pressure stripping (RPS) (Gunn & Gott, 1972). When a galaxy moves
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through the hot ionized gas that lIs the space between cluster galaxies, known as
the intra-cluster medium (ICM), it experiences ram pressure. This pressure can push
gas out of the galaxy's disk and quickly remove it, with stripping timescales of ap-
proximately 1 Gyrs (Binggeli et al., 1985).

The e ects of ram pressure have primarily been observed in the atomic gas component
of the cold interstellar medium. Atomic hydrogen is more di use, volume- lling, and
distributed to larger radii than molecular hydrogen. Therefore, it is more suscepti-
ble to cluster environmental e ects than the clumpy, centrally distributed molecular
gas. However, recent work by the VERTICO collaboration (Brown et al., 2021; Zabel
et al., 2022; Roberts et al., 2023) shows that the cluster environment can directly
a ect the molecular gas content of Virgo Cluster galaxies. Watts et al. (2023) even
suggest that molecular gas stripping due to ram pressure is required to explain the
observed molecular-to-atomic gas ratios.

This paper aims to develop a model that quanti es the amount of molecular gas that
can be removed from cluster galaxies by ram pressure stripping and when galaxies
are most a ected. Our model aims to test our understanding of the fundamental
mechanism of ram pressure stripping on high-resolution state-of-the-art observations
of the molecular gas.

The Virgo Cluster, our closest massive cluster neighbod & 16:5 Mpc; Mei et al.,
2007), o ers an excellent laboratory for studying the susceptibility of molecular gas
to RPS due to its proximity and abundance of star-forming spirals. The "Virgo En-
vironment Traced in CO" (VERTICO) survey, (Brown et al., 2021), a large program

conducted by the Atacama Large Millimeter/submillimeter Array (ALMA), observed

25



M.Sc. Thesis { C. Greis; McMaster University { Physics and Astronomy

51 gas-rich Virgo cluster spirals in CO(2-1) at sub-kiloparsec scales. The highly re-
solved nature of VERTICO makes it ideal for studying the spatial e ects of ram
pressure on the molecular gas content in cluster galaxies.

This paper is organized as follows. We introduce the sample and observational
data in Section 3.2, including a short discussion of the CO-td-, conversion factor.
Section 3.3 covers our methods, including our model for ram pressure, gravitational
restoring pressure, and a framework to estimate the systematic errors of our analysis.
In Section 3.4, we describe our results on the spatial distribution and fraction of
susceptible gas to ram pressure stripping, which is further discussed in Section 3.5
in the context of Hi characteristics and cluster infall stage. Finally, we conclude in

Section 3.6 with a summary of our ndings.

3.2 Data

In this work, we model the e ect of ram pressure stripping on the molecular gas reser-
voir in galaxies that are falling into a dense cluster environment. For this purpose,
we select a sample of 36 galaxies (see Table 3.1) in the Virgo Cluster with multiwave-
length data. Our galaxy sample includes all of the non-edge-on galaxies (inclination
anglei < 75) in a parent sample targeted by the VERTICO CO (2{1) survey (Brown

et al., 2021). This survey probes the molecular gas distribution onkpc scales and
thus plays a critical role in modelling the ram pressure e ects on this gas. For a subset
of ten galaxies, higher-resolution CO (2{1) data from the PHANGS{ALMA survey
(Leroy et al., 2021a) probe the molecular gas down t0150 pc scales and allow us
to test the e ect of resolution on our modelling results. For all target galaxies, we

use archival near-infrared (NIR) imaging data from the Wide- eld Infrared Survey
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Explorer (WISE) to derive the stellar mass distribution, which sets the galaxy gravi-
tational potential and provides a \restoring force" that counteracts the ram pressure
on the gas.

In the following subsections, we provide more details on these CO and NIR
datasets and our method for converting direct observables (i.e., CO line intensity
and NIR surface brightness) into physical quantities (i.e., molecular gas and stellar

mass surface densities).

3.2.1 VERTICO CO Data

For all 36 galaxies studied in this work, we use published CO (2{1) data from the
VERTICO survey (Brown et al., 2021). The full VERTICO survey consists of 51
spiral galaxies in the Virgo Cluster that were observed in Has part of the VLA
Imaging of Virgo Spirals in Atomic Gas survey (VIVA; Chung et al., 2009). These
galaxies were observed in CO (2{1) with the Atacama Compact Array (ACA) and
the CO data cubes were homogenized to resolutions dand 15°(or 720 pc and
1.2 kpc at the distance of Virgo). Integrated intensity maps were made from data
cubes masked following the signal identi cation method described in Sun et al. (2018).
Further details on the VERTICO survey data can be found in Brown et al. (2021).
From the VERTICO CO (2{1) integrated intensity maps, we convert the observed

line intensity in each pixel,Ico2 1, into molecular gas surface density, o, via

mol = == lcoz 1 COS (3.2.1)
Ra21

Here (o isthe CO-to-H, conversion factorR,; is the CO (2{1) to CO (1{0) line ratio,

and the cos factor accounts for the inclination of the galaxy to give a \deprojected"”
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molecular gas surface density. We adopt a xedR,; = 0:7 following Leroy et al.

(2022) and a metallicity-dependent o following Sun et al. (2020):

co =4:352° M pc ?(Kkms 1) ! (3.2.2)

whereZis the local metallicity normalized to the solar value, predicted for each pixel
by combining a galaxy mass-metallicity relation (Sanchez et al., 2019) and a radial
metallicity gradient (Sanchez et al., 2014). Note that this is di erent from the constant

co used in previous VERTICO papers (eg Brown et al. (2023)). We note that
ongoing observations with the '"MUSE and ALMA Unveiling the Virgo Environment'
survey (MAUVE; PIs: B. Catinella, L. Cortese, Watts et al. (2024)) will provide
spatially resolved metallicity measurements to replace these scaling relation-based

predictions in the near future.

3.2.2 PHANGS{ALMA CO Data

For a subset of ten galaxies (see Table 3.1), we also use published CO (2{1) data from
the PHANGS{ALMA survey (Leroy et al., 2021a). These deep, high-resolution CO
maps can detect and isolate individual giant molecular clouds(® M , . 100 pc),
which are the fundamental units of the molecular gas reservoir. The dataset incorpo-
rates both ALMA 12m array and ACA observations in order to recover emission on
all spatial scales (from the resolution limit to the whole galaxy). More details on the
PHANGS{ALMA observational setup and data reduction procedures can be found
in Leroy et al. (2021a) and Leroy et al. (2021b).

To trace the molecular gas mass distribution, we primarily use two versions of

CO (2{1) integrated intensity maps (i.e., moment-0 maps) as described in Leroy et al.
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(2021a). One version is created by applying a \strict" signal masking on the CO data
cube before collapsing the cube along its spectral dimension to make the moment-
0 map. These \strict" maps feature high S/N (i.e., low false positive rate) at the
expense of excluding real CO emission at lower S/N. The other version uses a more
inclusive \broad" signal masking scheme. The resultant moment-0 maps feature high
completeness (i.e., low false negative rate) at the expense of including noise-induced
features. Since the treatment of low S/N emission can a ect the quantitative results
of our modeling, we use both versions of the moment-0 maps to test the robustness of
our results. Using the same data processing scheme, we have both 150 pc scale and
kpc-scale maps from PHANGS (see Section 3.4.3).

We convert the PHANGS{ALMA CO integrated intensity maps into molecular

gas surface density maps in the same way as for the VERTICO maps (Section 3.2.1).

3.2.3 WISE NIR Data

We use WISE NIR imaging data to trace the stellar mass distribution in each target
galaxy (see other VERTICO work by Jimenez-Donaire et al. 2023; Villanueva et al.
2022; Brown et al. 2023). Speci cally, we use public WISE band 1:8m ) images
reprocessed as part of the = 0 Multiwavelength Galaxy Synthesis project gOMGS;
Leroy et al., 2019). We convert the observed:8 m surface brightness in each pixel,

|34 m, iNto stellar mass surface density, », via

? 34m I3:4 m .
———— =330 : 3.2.3
M pc 2 0:5 MJy sr 1 cos ( )

Here 34, isthe 34 m mass-to-light ratio determined locally from the WISE band 3

to band 1 color, following Leroy et al. (2019). As in Equation 3.2.1, the cogerm
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here accounts for the galaxy inclination angle to give a \deprojected" stellar mass

surface density.

3.3 Modelling Molecular Gas Susceptibility to Ram
Pressure Stripping

In this work, we model the molecular gas RPS by assessing the balance between ICM
ram pressure and gravitational restoring force per unit area (hereafter, gravitational
restoring pressure). This approach builds on early pioneer work by Gunn & Gott
(1972) and more recent analytical calculations by Roberts et al. (2019). The resolved
CO and IR observations available for our sample allow us to calculate the restoring
pressure on a region-by-region basis, thereby accounting for the clumpy nature of the
gas distribution and varying galactic gravitational potential. For the ten galaxies in
the PHANGS sample, we can model the RPS impact on 100 pc, individual cloud
scales (see Section 3.2.2). For the remaining 26 galaxies in the VERTICO sample, we

perform the same modeling on 720 pc scale (see Section 3.2.1).

3.3.1 Gravitational Restoring Pressure

Building upon Gunn & Gott (1972) and Roberts et al. (2019), we calculate the grav-
itational restoring pressurePga, , €Xxerted on the molecular gas location-by-location,
via:

Potawy =2 G mol 2 (3.3.1)
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using the stellar surface density, , and the molecular gas surface density, . This
equation provides the maximum restoring pressure due to stellar disk gravity, which
can be reached when the gas is vertically displaced from the mid-plane at a distance
larger than the vertical width of the stellar disk. Additionally, it ignores contributions
from other mass components such as atomic gas and dark matter. The former is not
included as it is more susceptible to RPS and is usually the rst component to be
stripped, so it should not contribute much to the restoring pressure. The latter is
also ignored as the mass of DM within the vertical extent or displacement length of

the gas is small compared to the stellar mass in the same range.

3.3.2 Ram Pressure

In this work, we primarily focus on the ram pressure componenk,.,, that is perpen-
dicular to the galaxy midplane, since this is the direction along which the stripped
gas tends to leave the system (Tonnesen & Bryan, 2009; Choi et al., 2022). This ram
pressure component can be modeled using a simple equation that depends solely on
the local ICM density ( cm ), the relative velocity between the galaxy and the ICM

(Vicm ), and the wind impact angle (),

Pram = 1cm (View €0S )? (3.3.2)

We de ne the wind-impact angle as the angle between the velocity vector of the ICM
wind and the normal vector of the galaxy disk. = 0 describes a face-on infall, where
the galaxy experiences maximal ram pressure.

To determine the local ICM density around each galaxy, we need both the ICM

density pro le of the Virgo Cluster and the location of the galaxy relative to the
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cluster center. For the former, we adopt a double beta model with tting parameters
from Roediger et al. (2011). For the latter, we have the projected distanck,; to the
cluster center but cannot reliably determine the location along the line-of-sight due to
substantial uncertainties in existing distance estimates for individual galaxies (i.e., the
magnitude of these uncertainties are at least as large as the extent of the Virgo Cluster
itself). To account for this issue and estimate the associated systematic uncertainties,
we run a Monte Carlo simulation to sample a range of possible locations along the line-
of-sight based on (1) the cluster dark matter density pro le, which should be similar
to the galaxy distribution, and (2) the projected distance of each galaxy to the cluster
center (Figure 3.7). This simulation yields a distribution of possible ¢y for each
galaxy in our sample, which we will carry over into our calculations. The detailed
setup of this Monte Carlo simulation is described in the Appendix (Section 3.7).

In addition to the local ICM density, Equation 3.3.2 also requires knowledge of
the ICM wind velocity vicy . Since the bulk ICM is at rest relative to the cluster
center, vicy should be identical to the relative velocity between the galaxy and the
cluster center. The line-of-sight component ofcy is simply the di erence between
the systemic velocity of the infalling galaxyvsys and that of M87 at the center of
the Virgo Cluster vyg; = 1284 km s * (NASA/IPAC Extragalactic Database, https:
/Ined.ipac.caltech.edu/ ). However, the plane-of-the-sky component ®fcy is not
easily measurable from observations. Similarly, to our treatment of the line-of-sight
location, we perform another Monte Carlo simulation sampling a range of possible
plane-of-sky velocities based on the velocity dispersion of all galaxies in the Virgo
Cluster. The nal ICM wind velocity vicy is given by the quadrature sum of the

observed line-of-sight velocity and the simulated plane-of-the-sky components. This
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simulation is also detailed in Section 3.7.

3.4 Results

We have access to 720pc resolution CO(2-1) VERTICO data for a sample of 36 Virgo
cluster galaxies. Additionally, the PHANGS survey covers ten of those galaxies,
providing us with high-resolution CO(2-1) data. Our sample includes galaxies with
di erent cluster infall stage indicators, Hi morphologies, and mass ranges from %0

- 10 M . The results are organized as follows: in Section 3.4.1, we discuss the
spatial distribution of molecular gas RPS. In the following Section 3.4.2, we derive
the fraction of molecular gas susceptible to RPS for our PHANGS sample. We discuss
the dependence of the derived susceptibility to RPS fractions on the resolution of the
molecular gas data in Section 3.4.3. Finally, to get better statistics, we expand that

analysis to all 36 VERTICO galaxies in Section 3.4.4,

3.4.1 Spatial Distribution of RPS Susceptible Molecular Gas

To assess where the molecular gas is susceptible to RPS on a pixel-by-pixel basis
within a galaxy, we compare the RP with the gravitational restoring pressure as
explained above in Section 3.3 and Section 3.7. This enables us to generate me-
dian susceptibility maps for our galaxy sample. These maps illustrate regions within
galaxies prone to RPS and those regions resilient to its e ects.

Figure 3.1 shows susceptibility maps of NGC 4254 and NGC 4569 calculated from
cloud-scale CO data ( 100 pc) from PHANGS and color-coded by the median ratio

of gravitational restoring pressure and ram pressure from the Monte Carlo simulation.
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Pixels in blue have the estimated local gravitational restoring pressure smaller than
the RP so that the molecular gas there is susceptible to stripping. Red pixels have
higher estimated local gravitational restoring pressure than RP, suggesting the gas
there is resistant to RPS.

These images reveal that RPS is most e ective at removing molecular gas from the
outer regions of the gas disk where the gravitational restoring pressure is low due to
both lower gas surface density and shallower gravitational potential. This result agrees
with previous studies on the VERTICO sample (Zabel et al., 2022; Jinenez-Donaire
et al.,, 2023; Watts et al., 2023) that indirectly suggest that environmental e ects
remove a galaxy's gas content from the outside in. Interestingly, our susceptibility
maps also show that RP may also be e ective in removing gas between spiral arms.
Consequently, if the stripping timescale is much shorter than the orbital time and
spiral arm pattern speed, we would expect stronger arm/interarm contrast in RPS
galaxies relative to eld galaxies.

Overall our ndings illustrate that RPS is not exclusive to the atomic phase of
the interstellar medium. Because molecular gas is clumpy, there can be small dense
structures surviving RPS even in the outskirts or interarm regions. The ability to
resolve those structures in the observations a ects our ability to assess RPS's impact

reliably. We will consider this in more detail in Section 3.4.3.

3.4.2 Fraction of Susceptible Molecular Gas in each Galaxy

Since molecular gas is most susceptible to RP in the outskirts of a galaxy, we continue
our analysis by quantifying the amount of molecular gas susceptible to RPS at radii

larger than Rgo , the r-band half-light radius from SExtractor which encloses 50%
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Figure 3.1: Molecular gas susceptibility maps using 100 pc PHANGS CO data for

NGC 4254 on the left and NGC 4569 on the right. For every pixel, we represent in
color the median ratio of ram pressurd®,,,, and gravitational restoring pressure
Pgrav (in logarithmic stretch), marginalizing over many sources of systematic and
statistical uncertainties (Section 3.7). The blue color shows regions with smaller
Pgrav than Pram, which means the molecular gas there is susceptible to RPS. Red

indicates areas wherdy.,, exceeds,n, RP-resistant areas.RPS is most

e ective at removing molecular gas from the outer regions of the gas disk

and the areas between spiral arms where the gas surface densities and/or

the gravitational restoring force are low. Notably, high surface density

cloud structures survive even near galaxy outskirts or interarm regions

of the ux (Villanueva et al., 2022). Summing up the gas mass in all pixels where
the molecular gas is deemed susceptible to RPS (blue pixels in Figure 3.1) outside
Rso and dividing by the total molecular gas mass outside the same radius allows us
to obtain the fraction of molecular gas susceptible to RPS (hereafter susceptibility
fractions).

By default, when calculating the PHANGS susceptibility fractionsf sysc.pHancs »
we use the PHANGS CO 2-1 strict data. Strict data has a strict noise cut, leaving
only pixels with detections. Broad data, on the other hand, traces the total ux but

contains false negatives and positives, especially in low-density regions (see Section
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3.2.2). Choosing strict data as our default allows us to identify galaxies that don't
rely on noise to show clear signs of stripping. For those galaxies that do show nonzero
susceptibility fractions using the strict data, we use broad data to probe the total ux.
We do this for NGG 4254 and NGC 45609.

We iteratively compute the molecular gas content susceptible to RP for a range of
wind-impact angles, cluster center distances, and velocities (using our Monte Carlo
simulation as described in Section 3.3 and 3.7) to obtain a distribution of suscepti-
bility fractions for each galaxy. The median, 16th, and 84th percentile are shown in
Table 3.1 underfgscpuancs - For all PHANGS galaxy, we present the fraction of
molecular gas susceptible to RPS using strict CO(2-1) data and broad CO(2-1) data
(in brackets).

We conduct these susceptibility calculations on the ten Virgo satellite galaxies
with high-resolution PHANGS-ALMA CO data. The results indicate that only one
out of the ten galaxies, NGC 4569, exhibits signi cant molecular gas susceptibilities
to RPS, with 39502 % of its gas being susceptible to RPS. Our model suggests
NGC 4254 may experience molecular gas RPS as well, albeit to a lesser degree, with
only 0:6'33 % of its gas in the outskirts being a ected. These two galaxies are
known to undergo strong RPS based on their iHmorphology (Yoon et al., 2017).
As our analysis is completely independent and focuses on a di erent gas phase, this
agreement supports the reliability of our analysis.

Overall, our results seem to suggest that the total fraction of molecular gas sus-
ceptible to RPS is often low among this small sample of massive, gas-rich satellite
galaxies. This is not surprising given that our assessment of molecular gas suscep-

tibility to RPS represents an instantaneous measurement, i.e., it is only picking up
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the gas that can be stripped under thecurrent level of ram pressure. Since the ram
pressure is determined by the local ICM density and the relative motion between
the ICM and the galaxy, the timescale on which it varies should be at the level of
ram pressure experienced by the galaxy and should evolve on the galaxy's orbital
timescale within the cluster, which is on the order of Gyrs (Binggeli et al., 1985). On
the other hand, the timescale to strip away gas at a given ram pressure is typically
much shorter,. 100 Myr according to numerical simulations (Tonnesen & Bryan,
2009; Choi et al., 2022). This di erence in timescales suggests that the amount of
\strippable" gas at any instant should not be large, simply because the gas should
not survive long inside the galaxy given the time for the ICM wind to strip almost
all low-density, susceptible gas before the level of ram pressure changes. The small
fraction of susceptible gas we nd can be either the residual of this process or due
to the \replenishment" of low-density gas due to stellar feedback and other processes

inside the galaxy.
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Galaxy M fsusc;P HANGS fsusc;v ERTICO dproj erte Hi class

logM ) [%] [%] [Mpc] [kms ‘]

IC 3392 9.5 - ;53 0.78 394 3
NGC 4064 9.5 - @90 2.59 284 3
NGC 4189 9.8 - (A% 1.27 711 0
NGC 4254  10.5 @7 (0:6'53) 3:6"%53 1.04 1169 1
NGC 4293 105 @99 ( 418932 0:2"%:5 1.87 567 3
NGC 4294 9.4 - 6479 0.72 863 1
NGC 4298  10.1 @90 ( 2293 0:1+3¢ 0.92 162 2
NGC 4299 9.1 - 285 g 0.72 1075 1
NGC 4351 9.4 - 723 0.49 1104 1
NGC 4380 10.1 - ©H29 0.78 349 4
NGC 4383 9.4 - B3 1.24 379 0
NGC 4394  10.3 - 0:0'%3 1.70 512 -1
NGC 4405 9.8 - @90 1.15 467 3
NGC 4419  10.1 - +ys 0.81 1512 3
NGC 4424 99 nan*fan ( 354 10:473 1 0.89 837 2
NGC 4450  10.7 - @*%S 1.35 764 4
NGC 4457 104 @99 ( 7:1%99) 0:0*9.9 253 546 3
NGC 4501  11.0 - a3 0.60 836 2
NGC 4532 9.3 - 3739 1.73 870 0
NGC 4535 105 @99 ( 597 0:0°9.8 1.24 689 1
NGC 4536  10.2 @Le (378 18:1%%% 2.94 610 0
NGC 4548 107 @92 ( 3175 0:6" 0.69 786 4
NGC 4561 9.1 - 0:139 2.04 157 0
NGC 4567  10.3 - D75 0.52 929 0
NGC 4568  10.5 - B 0.52 976 0
NGC 4569 109  19"%%9 (3953 42:179° 0.49 1504 3
NGC 4579  10.9 - @3 0.52 343 4
NGC 4580 9.9 - @90 2.07 57 3

continues below
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Galaxy M fsusc;P HANGS fsusc;V ERTICO dproj erte Hi class
logM ) [%] [%] [Mpc] [kms ]
NGC 4606 9.6 - A0F SR 0.75 369 3
NGC 4651  10.3 - @3 1.47 496 0
NGC 4654  10.3 - B3 0.98 249 2
NGC 4689  10.2 @99 ( 14159 0093 130 238 4
NGC 4694 9.9 - 4+97% 1.32 73 2
NGC 4698  10.5 - aty] 1.70 252 1
NGC 4713 9.3 - @93 2.45 653 0
NGC 4772  10.2 - @93 3.37 242 0
NGC 4808 9.6 - 5% 2.94 546 0

Table 3.1: Key galaxy properties relevant to RPS. Columns are (1) galaxy name; (2)
stellar mass from Leroy et al. (2019); (3) fraction of molecular gas susceptible to
RPS using PHANGS CO(2-1) 1" resolution strict data (values using broad data in
parentheses) (see Section 3.2.2, 3.4.2); (4) fraction of molecular gas susceptible to
RPS based on VERTICO CO(2-1) 9" resolution broad data (see Section 3.2.1,
3.4.4); (5) projected plane-of-the-sky distance to M87; (6) radial velocity relative to
that of M87 (vy g7 = 1284 km/s); (7) Hi morphological classi cation from VIVA
(Yoon et al., 2017)); Columns (5) and (6) are extracted from the NASA/IPAC
Extragalactic Database {ttps://ned.ipac.caltech.edu/ ).

3.4.3 Data Resolution Dependence

The results described above in Section 3.4.2 are based on the PHANGS CO maps,
which resolve the clumpy molecular gas distribution down to 100 pc scales. However,
only ten Virgo galaxies are included in the PHANGS survey, and these galaxies are
preferentially more massive and thus likely a ected less by environmental e ects such
as RPS. A natural next step is then to expand such analyses to a larger sample of
Virgo galaxies with CO coverage, such as those targeted by the VERTICO survey
(see Section 3.2.1). A potential caveat is the mismatch in data resolution { the
best common resolution achieved by VERTICO is 720 pc, a factor of ve lower than
PHANGS. To ensure a lower-resolution dataset does not introduce changes to our

results and to assess the signi cance of small-scale molecular gas structures, we rst
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compare the susceptibility fractions derived from the PHANGS native-resolution and
smoothed 7.5" ( 600 pc at the distance of Virgo) datasets.

Among the ten Virgo galaxies covered by PHANGS, only one (NGC 4569) has
a signi cant fraction of molecular gas susceptible to RPS. Yet it is important to
test the data resolution dependence in a wider range of conditions (especially the
balance between RP and gravitational restoring pressure). To address the issue of
limited sample size, we arti cially vary the RP a ecting the galaxy. We achieve this
by randomly assigning NGC 4569 velocities within a range of 0.5 to 1.5 times its
observed radial velocity. With these modi ed radial velocities, we calculate median
susceptibility fractions for the native and 7.5" PHANGS molecular gas data, using the
Monte Carlo method described in Section 3.7. We then compare the high-resolution
median susceptibility fractions with their low-resolution counterparts, as shown in
Figure 3.2.

On average, we nd that the estimated fraction of gas susceptible to RPS is
typically 33 11% higher when using the lower, kpc-scale data compared to the high-
resolution PHANGS data. A plausible interpretation is that the lower-resolution
data do not resolve the clumpy molecular gas distribution down to 100 pc scales
and "blur out” a population of small, isolated, dense structures. This leads to lower
gas surface density estimates and thus lower estimated restoring pressure, such that
many structures that are dense enough to resist RPS may be incorrectly categorized
as susceptible.

Keeping that e ect in mind, we proceed to extend our analysis to the dataset of

36 VERTICO Virgo galaxies with a 720 pc resolution.
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Figure 3.2: Comparison of median molecular gas susceptibility fractions between
7.5" and native-resolution PHANGS data. Stars represent di erent fractions
corresponding to arti cially varied RP values for NGC 4569 (se& 3.4.3 for details).
The dashed line indicates a one-to-one relatiorthe plot highlights that
lower-resolution data returns 33 11% higher estimates for susceptibility

fractions of than the high-resolution PHANGS data

3.4.4 Fraction of Susceptible Molecular Gas across the VER-

TICO Sample

Figure 3.3 presents the probability distribution of the fraction of molecular gas sus-
ceptible to RPS in the outskirts for our VERTICO galaxy sample derived through
our Monte Carlo calculations (Section 3.7).

We de ne galaxies with their 84th percentile below one percent as non-susceptible
and galaxies with their 16th percentile above one percent as susceptible. The rest,

we call potentially susceptible (84th percentile above and 16th percentile below one
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percent). Following this classi cation, we identify 8 susceptible, 13 potentially sus-
ceptible, and 15 non-susceptible RPS galaxies in our sample. This result indicates

that a quarter of our sample may undergo molecular gas RPS.

Figure 3.3: Molecular gas susceptibility fraction distribution in the galaxy outskirts
for our sample of 36 Virgo galaxies derived from 9 arcsec resolution VERTICO
CO(2-1) data. Only pixels beyond one half-light radius are included in these
distributions. The median molecular gas susceptibility fractions are indicated as
white dots, while thick black lines represent the 25th and 75th percentile. Each
calculation uses a 1000 iterations Monte Carlo simulation described in Section 3.3
and 3.7. The galaxies are ordered in ascending stellar mass. Many galaxies show
large susceptible gas fraction; the highest susceptible fraction appears in lower mass
systems. The error bars are huge in almost all cases, which re ects various
systematic uncertainties (see Section 3.3.2).

Figure 3.3 demonstrates the impact of RPS can be signi cant in the outskirts
of many late-type disk galaxies in Virgo, spanning over a wide mass range (0°
- 10* M ) and various infall stages (see further below). In Figure 3.4, we show
our determined molecular gas susceptibility fractions beyond one half-light radius as
a function of the galaxy's total stellar mass. Among the susceptible galaxies, the

molecular gas content susceptible to RPS typically lies between two to 70 percent.
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At lower stellar mass, a higher fraction of galaxies has the potential to be a ected

by molecular gas stripping, and the most susceptible galaxies are found at stellar
masses below P&M . This is consistent with the expectation that environmental

e ects more strongly impact the ISM in lower mass galaxies due to their shallower

gravitational potential (Roberts et al., 2019).

Figure 3.4: Fraction of molecular gas susceptible to RPS against stellar mass for our
sample of 36 Virgo cluster galaxies. Susceptibility fraction values for each galaxy are
the medians determined from our Monte Carlo simulation (Section 3.7, Figure 3.3).
RP-susceptible galaxies are marked in dark blue stars. Potentially susceptible
galaxies are plotted below in light blue and RP-resistant galaxies in red quarter
of the galaxies are categorized as susceptible to RPS. For these galaxies,
a median value of 2{70% of their molecular gas beyond one stellar
half-light radius is susceptible to stripping. A higher fraction of galaxies
experience or potentially experience molecular gas stripping at lower
stellar mass. Galaxies with masses below log M = 9.5 are most
susceptible to molecular gas stripping with 70% categorized as
susceptible or potentially susceptible to RPS
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3.5 Discussion

In the following sections, we put our assessment of molecular gas RPS in the context
of other gas phases. We also explore how molecular gas RPS varies with di erent
cluster infall stages. This allows us to understand better when molecular gas RPS is

most e ective and how RPS impacts the di erent ISM phases.

3.5.1 Correlation with HI Class

To connect our analysis of RPS in one gas phase to that in other phases, especially the
more vulnerable di use atomic phase, we compare our modeling results of molecular
gas RPS to morphological properties of the atomic gas probed by literatura Hbser-
vations for the same sample (VIVA; Chung et al., 2009). This comparison also allows
us to check if our model gives us reasonable results. We divide our Virgo cluster galaxy
sample into three groups based on their iHichness and morphology: Hnormal, Hi-
tailed, and Hi-truncated (Yoon et al., 2017). It is argued that HI-tailed galaxies are
currently undergoing RPS, while HI-truncated galaxies have lost a signi cant amount

of their atomic gas content, especially at the outskirts, through past environmental
interactions. Therefore, these classi cations represent an independent probe of the
evolutionary stage of a galaxy within the cluster. In Figure 3.5, we present a box plot
illustrating the distribution of the molecular gas susceptibility fractions across these
dierent Hi classes. Galaxies exhibiting Htails demonstrate the highest molecular
gas susceptibility fraction. Since IHtails indicate ongoing RPS impacting the atomic
gas, this correspondence suggests that direct RPS of the denser molecular gas can
also become signi cant as the atomic gas RPS reaches its apex. This also provides

an independent line of evidence that our molecular gas RPS modeling can correctly
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identify galaxies experiencing the strongest ram pressure overall (such as those close

to their rst peri-center passage in Virgo; see Section 3.5.2 below).

Figure 3.5: Correlation between molecular gas susceptibility fraction andiH
characteristics. Top: Distribution of fraction of molecular gas susceptibility to RPS
for the entire sample, and divided into H-normal, Hi-tailed, or Hi-truncated
galaxies using the classi cations from Yoon et al. (2017)Galaxies with tails
display the highest susceptibility fractions, but notably, even galaxies
that appear HI-normal can show signi cant susceptibility fractions. The
least and barely a ected are galaxies with HI truncation. Bottom:
Distribution of molecular gas susceptibility fraction for H-tailed galaxies that are
either Hi-normal or Hi-de cient. Galaxies with the highest molecular gas
susceptibility fractions are found in HI-tailed galaxies that are not
HI-de cient. Hl-tailed galaxies that are HI-de cient are less a ected by
molecular gas stripping.

We further divide the Hi-tailed sample into H-normal and de cient objects follow-
ing Yoon et al. (2017) (see Figure 3.5 bottom). Interestingly, the Hnormal galaxies
with Hi tails exhibit the most elevated susceptibilities. Moreover, both sub-classes of
Hi-tailed galaxies (i.e., H-normal and H-de cient) can undergo signi cant molecular

gas RPS. These outcomes suggest that molecular gas stripping is the most e cient
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when a galaxy is still gas-rich (i.e., when it has not yet undergone the rst peri-center

passage).

3.5.2 Correlation with Infall Stages into Virgo

To assess the connection between molecular gas RPS and the cluster infall stage of
the host galaxy, we leverage a widely-used tool, the phase space diagram (Oman
et al., 2013), to establish a likely infall sequence among all galaxies in our sample
(Figure 3.6). The phase space diagram displays the line of sight velocifys plotted
versus the projected distance to the cluster center. The line of sight velocity is nor-
malized by the cluster line of sight velocity dispersiony 4, = 638 km/s (Kashibadze
et al., 2020), while the projected distance is scaled by the virial radius of the Virgo
cluster Ryiia = 1.7 Mpc (Mei et al., 2007). Galaxies falling into a cluster would fol-
low some typical trajectories in this space (see the black curve for one such example).
Along such trajectories, one can identify various infall stages including rst infall,
pericentric passage, back-splashing, and potential virialization. Large diamonds in
Figure 3.6 represent galaxies previously identi ed as 'susceptible’ and are color-coded
based on their molecular gas susceptibility to RPS fractions. The upper and lower tri-
angles display the upper and lower limits of our molecular gas susceptibility fraction
calculations (which correspond to the 84th and 16th percentile of our Monte Carlo
analysis in Section 3.7, respectively).

Figure 3.6 highlights a distinct feature: molecular gas stripping predominantly
occurs during the initial pericentric passage, where galaxies show high radial velocities
in close projection to the cluster center. This feature indicates that molecular gas

stripping occurs within this brief timeframe marked by exceptional environmental
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conditions with the highest local ICM density and galaxy orbital velocity combining
to give the highest ram pressure. That aligns with our expectation that only in such
extreme conditions is direct stripping of the dense, centrally distributed molecular

gas possible.

Figure 3.6: This diagram (commonly referred to as the "phase space diagram™)
shows the relationship between the relative radial velocity of galaxies w.r.t. M87
(Vios = ]Vsys - Vms7]) and their projected distance from M87 ), normalized by
the cluster velocity dispersion (vigo) and the cluster's virial radius Ryiria ). The
black curve displays a typical trajectory of a satellite galaxy falling into a cluster.
Large diamonds on the diagram represent galaxies susceptible to molecular ram
pressure stripping. The color of the upper triangle shows the upper limit of our
molecular gas susceptibility fraction calculations, while the lower triangle displays
the lower limit (84th and 16th percentile of our Monte Carlo analysis, respectively).
Potentially-susceptible galaxies are displayed as light blue triangles, while
non-susceptible ones are shown as red triangles. Red dots maikndrmal-tailed
galaxies, while black crosses mark theiHailed but de cient galaxies. The diagram
suggests thatH , stripping primarily occurs during the initial pericentric
passage, as most galaxies susceptible to molecular gas stripping are found
at high velocities and small distances in phase space.

In Section 3.5.1, we found that HHtailed but still Hi-normal galaxies are the
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most susceptible. The color code in Figure 3.6 encodes this élass information.
Hi-normal-tailed galaxies are marked orange points,ikie cient-tailed galaxies with
black crosses. Galaxies that haveikhormal-tailed points are usually closer to peri-
center passage, while those with iHle cient-tailed points may correspond to later
infall stages. This supports the expectation that the longer galaxies live in a cluster,
the more H de cient they become; H-normal galaxies with Hl tails are likely in their
rst infall, while H i-de cient-tailed galaxies may have been part of the cluster for a
longer time.

In contrast to the atomic phase, we nd that molecular gas RPS only seems to
occur near the rst pericenter passage, as shown in both the phase space diagram and
the Hi class analysis. Since the ram pressure will never reach the same high value as
during the rst pericenter passage, and the remaining gas may be depleted via star
formation or other processes, it is reasonable that molecular gas RPS seems only to

appear once in the whole infall sequence.

3.6 Conclusion

In this work, we have examined the e ects of ram pressure on the molecular gas of
36 galaxies in the Virgo Cluster using sub-kpc data from the VERTICO ALMA large
program. We also use available PHANGS data for a subset of 10 galaxies to assess
our model and calculate molecular gas susceptibility percentages on a giant molecular
cloud scale ( 150 pc). A resolution comparison suggests the sub-kpc VERTICO data

is su cient for our analysis. Finally, we studied the correlation of molecular gas
susceptibility of the 36 Virgo cluster galaxies to their stellar mass, HI characteristics,

and position in the phase space diagram. Throughout our analysis, we utilize a Monte
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Carlo simulation to address the dominating source of systematic error: projected

distances, velocities, and wind-impact angles. Our main ndings are as follows:

Our simple model of pressure balance between ram pressure and gravitational
restoring pressure (Section 3.3) applied to sub-kpc resolved molecular gas data
can identify galaxies undergoing ram pressure stripping. Galaxies with observed

HI-tails show the highest molecular gas susceptibility to stripping percentages.

VERTICO galaxies show molecular gas susceptible to stripping at the outskirts
and between their spiral arms. Roughly a quarter of our 36 galaxies sample are
susceptible to molecular gas ram pressure stripping and another ten galaxies

are potentially susceptible.

We nd galaxies with up to 70% of their molecular gas in the outer disk (r

> R 50) being susceptible to ram pressure stripping.

Low mass galaxieslogM < 9:5) are most a ected by molecular gas ram pres-
sure stripping. They show the highest percentage of gas susceptible to stripping
and galaxies that are susceptible or potentially susceptible are more prevalent

in the low mass range.

Molecular gas ram pressure stripping seems to occur primarily at the rst peri-
centric passage, when the intra-cluster medium density and relative galactic

velocity are at their maximum.
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3.7 Appendix

The primary sources of systematic errors in our analysis are the galaxy-cluster dis-
tance, the velocity of the galaxy relative to the cluster, and the wind-impact angle

. Distance information is limited to the galaxy's projected distance from the cluster
center, providing only information about two dimensions. Velocity data is available
only for the radial component, while the wind-impact angle is unknown due to the
missing information on the galaxy's proper motion and projection e ects. To address
the impact of the unavailable information, we employ a Monte Carlo simulation with
1000 iterations. In each iteration, values of , d, and v are randomly drawn from
their respective probability distributions. Consequently, we obtain distributions of
the RP each galaxy experiences, from which we estimate the median ratio of RP to
gravitational restoring pressure for each pixel within each galaxy.

To model the wind-impact angle , we utilize a probability density function (PDF)
following a cosine distribution with wind-impact angles ranging from 0 to 90 degrees.
This distribution is chosen to re ect the 3D geometry. Edge-on and face-on infall cases
represent extreme scenarios that occur less frequently, while intermediate inclinations
are more probable.

. . P0————
To obtain the total velocity v = = v2,, + v+ v3, we samplev; and v, from a

rad
Gaussian distribution with the Virgo cluster velocity dispersion yig, = 638 km/s
(Kashibadze et al., 2020) as one sigma. We note that the Virgo cluster is not dy-
namically relaxed, but previous work by Kashibadze et al. (2020) shows that this is
a reasonable assumption for galaxies populating the central virial zone.

To estimate the plausible range of cluster-centric radius {uster ) for each galaxy

given the observegrojecteddistance to the center ¢ ), we leverage the fact that the
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distribution of galaxies in a cluster closely follows the distribution of dark matter. We
use the Navarro{Frenk{White (NFW) pro le (Navarro et al., 1996, 1997) to quantify
this 3D distribution, and convert that to a 1D probability distribution along the line

of sight using the relationrguser =  d2 + X2

proj los Here Xjos = d dVirgo is the

di erence between the line-of-sight distance to the galaxy and that to the cluster
center. A sketch of the geometry and the 1D probability distribution is shown in

Figure 3.7.

Figure 3.7: Sketch of a galaxy (in blue) in the Virgo Cluster (the large gray circle)
illustrating how we obtain the distance of a galaxy to the cluster center within our
Monte Carlo simulation (Appendix 3.7). The illustration shows the distance of the
galaxy to the cluster centerd.ener @s a black line, the observed projected distance
doroj @s a dotted black line, and the unknown line of sight distance_os in red. On
the right, we plot X, os against the probability of the galaxy being found atx, os .
The light-red line displays the probability distribution function P DF (X o0s) derived
from an NFW pro le.

51



Chapter 4

Future Work

During my Master's project, | studied the interaction between ram pressure and
molecular gas, focusing on the speci ¢ scenario where ram pressure locally exceeds
the gravitational restoring pressure of a gas parcel. Using state-of-the-art ALMA
observations, | identi ed regions of molecular gas experiencing high ram pressure to
the extent that they could be stripped away from the galaxy. The project oers a
comprehensive new observational perspective on molecular gas stripping in a galaxy
cluster. | am interested in further exploring the interaction of ram pressure with
molecular gas, but from a slightly di erent angle: | want to study the regime where
ram pressure is high but not enough to overcome a galaxy's gravitational potential.
What are the implications when ram pressure acts on the molecular gas or the total
gas content, but is unable to remove it? How does this impact star formation, and
how can we observe this e ect in the Virgo cluster?

While following up on these questions, | looked into how the global star formation
properties of VERTICO galaxies vary with molecular and atomic gas de ciencies. Fig-

ure 4.1 shows the de ciency in molecular gas given stellar mass versus the de ciency
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