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ABSTRACT

A Census of Early-type Galaxy Disks from the ALMA aRchive (CEDAR)

Nicholas LeVar
Department of Physics and Astronomy, BYU

Bachelor of Science

The Atacama Large Millimeter/sub-millimeter Array (ALMA) archive now contains a wealth of
local galaxy observations, offering rich insight into the molecular gas that powers star formation
and supermassive black hole (BH) accretion. In some instances, this molecular gas forms a round
circumnuclear disk (CND) that spans ∼100 pc to several kpc, providing a crucial probe of the inner
gravitational potential. To aid in future studies of luminous early-type galaxies (ETGs), I present a
Census of ETG Disks from the ALMA aRchive (CEDAR), with targets selected from nearby (z
≲ 0.05; DL ≲ 250 kpc) ETGs whose ALMA carbon monoxide (CO) imaging is sufficiently high
angular resolution (θFWHM ≲ 1") to resolve most CNDs. In a select few cases, the ALMA archive
contains CO imaging at different angular resolutions, or of separate CO transitions. When possible,
we performed self-calibration processes prior to standard imaging to ensure consistency and quality.
These imaging products include spectral CO data cubes, moment maps, position-velocity diagrams,
integrated velocity profiles, and a variety of continuum images (featuring various weighting methods
for both total and resolved continuum images). For this first sample observed in Cycles 2-4, we
present molecular gas properties and kinematics together with continuum emission for > 100 ETGs.
Typical molecular gas masses in this sample range from 106 - 1010 M⊙. Nearly three fourths of the
sample shows regular gas kinematics with typical circular velocity amplitudes reaching 200-400
km/s. In CNDs that are sufficiently well resolved, a small fraction (10-20) show evidence for CO
emission originating from within the BH sphere of influence (SOI). We compare this sample with
results from previous ETG surveys, analyze the kinematic behavior of these gas disks, and explore
their properties.

Keywords: Early-type Galaxies (429) — Galaxy Circumnuclear Disks (581) — Galaxy nuclei (609)
— Galaxy structure (622)
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Chapter 1

Introduction

Galaxies are among the grandest and most distinctive structures in the universe. Composed of

billions to hundreds of trillions of stars, these objects are cosmic building blocks and appear in a

wide variety of shapes and sizes. Since Edwin Hubble’s seminal work (Hubble 1926), galaxies have

been broadly grouped into two categories: early-type and late-type. Early-type galaxies (ETGs)

consist of elliptical and lenticular galaxies whereas late-type galaxies (LTGs) include disk galaxies

such as the Milky Way. This categorization is based primarily on optical morphology (Figure 1.1):

ETGs are dominated by a prominent bulge component, whereas LTGs are disk-dominated. The

"early/late" terminology originated from the (now obsolete) idea that ETGs represent an early stage

of galaxy formation and LTGs the endpoint; in fact, luminous ETGs are now understood to be a late

stage of galaxy evolution.

ETGs span an enormous mass range; from modest galaxies of ∼108 M⊙ to massive ∼1014M⊙

central dominant (cD) galaxies that reside in the centers of galaxy clusters. Their physical sizes

are equally diverse, with diameters from ∼1 kpc to ∼1 Mpc. By comparison, LTGs typically have

masses of 109-1012 M⊙ and diameters of 5-100 kpc, so ETGs occupy a broad region of galaxy-

property parameter space. ETGs also tend to be much redder than their late-type counterparts,

1
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Figure 1.1 Hubble’s "Tuning Fork" including (left to right) elliptical (E), lenticular (S0),
spiral (Sa-c) and barred spiral (SBa-c), and irregular galaxies (Irr). Image taken from
CANDELS (Grogin et al. 2011).

indicating lower specific star-formation rates, older stellar populations, and different interstellar

medium (ISM) characteristics.

A coherent picture of galaxy evolution must include a detailed understanding of the ISM. In

a given galaxy, the ISM is usually divided into three phases that differ by more than six orders of

magnitude in temperature and density: the hot ionized medium, the warm medium, and the cold

medium. Although the cold ISM (dust plus molecular and atomic gas) accounts only for a fraction

of a galaxy’s total baryonic mass – roughly 10-20% for star-forming LTGs, and ≲ 3% in ETGs

(Saintonge & Catinella 2022)– it is typically is the dominant ISM phase by mass. Cold molecular

gas, with typical temperatures of ∼ 10-100 K and densities of ∼ 103-106 cm−3, is mostly molecular

hydrogen (H2), but also contains hundreds of other molecules; more than 200 of which have been

detected in the Milky Way’s ISM (McGuire 2018). Because H2 is a perfectly symmetric molecule,
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it radiates only through quadrupole transitions with excitation energies > 500 K, conditions rarely

met in molecular clouds. Accordingly, molecular gas is usually traced by its second-most-abundant

molecule, carbon monoxide (CO).

Cold ISM is directly involved in many aspects of galaxy evolution and encodes information

on both small and large scales. Molecular gas fuels star formation because its density and low

temperature allow it to collapse into star-forming regions. Circumnuclear cold gas is also thought to

feed active galactic nuclei (AGN), and may play a key role in the coevolution of supermassive black

holes (SMBHs) and their host galaxies; a link suggested by the tight correlations between SMBH

mass and various host properties (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Kormendy & Ho

2013).

Historically, ETGs were labeled “red and dead,” presumed to have negligible gas and dust and,

therefore, minimal star formation (de Vaucouleurs 1959; Kennicutt 1998; Sandage 1961). Early CO

studies (e.g. Johnson & Gottesman 1979) appeared to confirm the absence of substantial molecular

gas reservoirs, although the limiting masses were not very constraining. Over the few decades,

however, high-quality imaging and spectroscopy have complicated this view. Far-infrared surveys

have revealed moderate amounts of cold thermal dust (Tdust ∼ 20−40 K) in ∼20−25% of ellipticals

and half of lenticulars (di Serego Alighieri et al. 2013; Knapp et al. 1989; Kokusho et al. 2019;

Smith et al. 2012). Many such dusty regions have been resolved by the Hubble Space Telescope

(HST) into dusty filaments and morphologically regular circumnuclear disks (CNDs) with radii of

a few ×102 pc to a few kpc (Lauer et al. 2005; Tran et al. 2001), as shown in Figure 1.2. Single-

dish CO observations detected a fraction of these CNDs–primarily in lenticulars–while placing

limits of several ×108 M⊙ (e.g., Braine et al. 1997; Knapp & Rupen 1996; Sage & Wrobel 1989;

Wiklind & Henkel 1989) to just a few ×107 M⊙ (Young et al. 2011). More sensitive interferometric

observations have since resolved disk-like behavior and pushed detection limits down to the few

×106 M⊙ to 107 M⊙ (e.g., Alatalo et al. 2013; Boizelle et al. 2017; Ruffa et al. 2019). Taken all
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Figure 1.2 Dusty CNDs in ETGs as see in HST imaging

together, ∼30% of ETGs host significant atomic-gas reservoirs (di Serego Alighieri et al. 2007;

Serra et al. 2012) and ≳20% contain detectable molecular gas (Young et al. 2011); ∼10% exhibit

morphologically regular dusty CNDs (Lauer et al. 2005; Tran et al. 2001).

Large imaging surveys such as especially the Sloan Digital Sky Survey (SDSS; York et al. 2000)

have demonstrated a bimodality in the color and mass distribution of galaxies in the local universe

(z ≲ 0.1; e.g., Baldry et al. 2006; 2004; Bamford et al. 2009). The massive ETGs of the red sequence

likely formed at high redshift from major mergers of star-forming LTGs, triggering starburst that

exhausted their gas and left them quiescent. Yet up to ∼30% of ETGs are bluer, signaling ongoing

or recent star formation (Schawinski et al. 2007a;b). Far-UV and mid to far-IR data provide some
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support for this activity, though contamination or alternative sources may mimic the signatures

(Davis et al. 2014).

The origin, evolution, and longevity of dusty CNDs remain debated. Increasing physical

resolution has demonstrated close agreement between gas and host galaxy kinematic/photometric

axes with a few outliers (Davis et al. 2017), although the highest resolution imaging suggests more

complex disk warping, typically at the few-degree level (Boizelle et al. 2017; Ruffa et al. 2019).

Approximately flat, dynamically cold disks (ratio of ordered to dispersive emission-line motion

v/σ ≫ 1) show slight warping and asymmetrical streamers that suggest either: an ongoing process

of settling into the galaxy midplane (e.g., Tran et al. 2001) that may take a few ×100 Myr to >Gyr

(Davis & Bureau 2016; van de Voort et al. 2015); or, evidence for a non-axisymmetric potential (e.g.,

Habe & Ikeuchi 1988). Cases with higher gas disk misalignment are consistent with an external

origin while the majority can also be explained by in situ stellar evolution and feedback processes

(Babyk et al. 2019; Davis et al. 2017; Lagos et al. 2014).

Star formation in ETGs is still poorly understood, in part due to the difficulty in resolving clumpy

disk emission for even relatively local cases (≲20 Mpc). For ETGs, cold molecular gas typically

dominates the ISM mass budget while accounting for a small fraction of the total baryonic mass

(≲3% for ETGs compared to 10−20% for LTGs; Saintonge & Catinella 2022). Given molecular

gas in ETGs is typically very centrally concentrated (typical outer dusty radius Rdust/Re ∼ 0.1−0.5

relative to the host galaxy half-light radius Re; e.g., Davidson et al. 2024), the estimated SF rates of

0.1−1 M⊙ yr−1 (Kennicutt 1998) result in SF surface mass densities that are comparable to those

for normal star-forming LTGs. However, estimated and simulated SF efficiencies in ETGs appear

systematically lower than expectations from measured gas surface mass densities (Davis et al. 2014;

Jiang et al. 2022). During the formation of massive ETGs, the growth of the central gravitational

potential should stabilize a CND against fragmentation and collapse to create stars, morphologically

quenching SF (Martig et al. 2009; 2013). Some lower SF may remain due to local overdensities



6

or cloud collisions. At present, though, there remains significant uncertainty in the SF rate due

to: moderate-to-high dust obscuration (AV ∼ 1−5 mag; e.g., Boizelle et al. 2019; Davidson et al.

2024); optical/UV continuum or emission-line contamination by active nuclei, which is difficult

to disentangle given Rdust ∼ 0.′′2−1′′ for many local ETGs; and mid-to-far-IR SF tracers having

insufficient resolution to clearly rule out diffuse dust grains being heated by interstellar radiation

instead of SF.

Some of this circumnuclear cold gas is thought to fuel low-luminosity active galactic nuclei

(AGN; Izumi et al. 2016), which at times are just barely detected in mm-to-radio wavelength

imaging at sub-mJy levels. More extreme AGN feedback has been connected to SF regulation

during episodic gas accretion or merger events, playing a significant role in the correlation of

supermassive black hole (BH) masses (MBH) and various host galaxy properties (including stellar

velocity dispersion σ⋆ and bulge luminosity LK; Ferrarese & Merritt 2000; Gebhardt et al. 2000;

Kormendy & Ho 2013), suggesting coevolution over cosmic time. The detailed picture remains

poorly understood, including how this coevolution depends on environment and the core vs. cusp

dichotomy.

The Atacama Large Millimeter/submillimeter Array (ALMA) offers an order-of-magnitude

improvement in sensitivity and both angular and spectral resolution over the previous generation of

mm/sub-mm facilities. In addition to several high redshift galaxy continuum and line programs (e.g.,

Franco et al. 2018; Fujimoto et al. 2023; Le Fèvre et al. 2020; Walter et al. 2016), there are several

ongoing ALMA CO (and dense-gas) surveys of local radio galaxies (Ruffa et al. 2019), central

galaxies in clusters (e.g., Ganguly et al. 2023; Olivares et al. 2019), active galaxies (Izumi et al.

2013; 2015), and LTGs (Leroy et al. 2021; 2022) that seek to resolve thermal dust and molecular

gas kinematic properties, line excitation, and AGN fueling in unprecedented detail. ALMA CO

has also been used to map out CND rotation within the BH sphere of influence (SOI), allowing

for high-quality MBH determination for an ever-growing sample of both ETGs (e.g., Barth et al.
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2016a;b; Boizelle et al. 2019; 2021; Cohn et al. 2021; Davis et al. 2017; 2018; Kabasares et al.

2022; North et al. 2019; Ruffa et al. 2023; Smith et al. 2019) and LTGs (e.g., Nguyen et al. 2020).

The PHANGS–ALMA survey of ∼100 nearby LTGs (with luminosity distance DL < 20 Mpc) has

mapped out molecular gas and dust properties in normal SF galaxies (Baron et al. 2024; Leroy et al.

2021; 2022). Unfortunately, no commensurate survey of gas and dust in ETGs has been pursued

with ALMA. Smaller surveys using different approaches have highlighted a range of properties,

including different CO surface brightness behaviors and excitation, disk warping, rotation curves,

non-circular motion, alignment with jet axes, and the dust-to-gas mass ratio (e.g., Boizelle et al.

2017; Ruffa et al. 2019).

Here, I present a Census of Early-type Galaxy Disks from the ALMA aRchive (CEDAR). The

ALMA archival imaging of nearby ETGs was taken for a variety of purposes and with a variety of

spectral setups, sensitivities, and angular resolutions, which complicates the analysis. From this

heterogeneous sample, we analyzed the data as uniformly as possible and provide CO line and

continuum data products for future study. This CEDAR sample will help to explore molecular gas

properties in the extreme radiation field and deeper gravitational potential at the centers of ETGs.

Because many host very dynamically cold CNDs, these CO tracers are the most sensitive possible

kinematic probes of the inner ∼kpc of these massive galaxies. In addition to CO morphological and

kinematic information, these ALMA data will, in some cases, reveal thermal emission from cold

dust grains and allow for holistic studies of dust longevity, disk formation, and SF processes. The

sample also has the potential to add to the collection of existing BH mass measurements that will

help tighten existing BH mass-host galaxy scaling correlations. The deeper ALMA CO imaging in

CEDAR extends the work of previous local ETG surveys by expanding to CNDs with MH2 ≲ 107

M⊙.
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The work in this thesis builds upon work begun by Dr. Ben Boizelle as a graduate student at UC

Irvine, and continued by undergraduates at BYU such as Joshua Jones, Edison Carlisle, Ben Derieg,

and Connor Camacho (Camacho 2024; Carlisle 2023; Derieg 2024; Jones 2023).

This thesis is organized as follows. In Chapter 2, I introduce the ETGs in our sample and

describe the archival ALMA observations. In Chapters 3 and 4, I discuss trends across the sample

and explore prospects for probing star formation, constraining thermal dust properties, and analyzing

gas kinematics. I discuss next steps and conclusions in Chapter 5. Throughout this work, I adopt a

standard ΛCDM cosmology with Ωm = 0.308, Ωvac = 0.692, and Hubble constant H0 = 73 km s−1

Mpc−1 (Blakeslee et al. 2021; Kenworthy et al. 2022; Riess et al. 2022).



Chapter 2

Data & Methods

In this chapter, I describe the criteria used to select the CEDAR sample and the procedures

employed to process archival ALMA observations into science-ready data products.This archival

sample encompasses some ∼40 distinct ALMA projects and includes nearly 150 low-J 12CO data

cubes spanning 118 different ETGs. Nearly three-quarters of these galaxies show clear CO emission,

making the sample broadly representative—though not strictly unbiased—of the molecular-gas

properties local dust-disk ETGs.

2.1 Sample Selection

From the ALMA archive, we obtained 12-m imaging of ETGs in the low-J 12CO transitions

(J = 1−0, 2−1, and 3−2; hereafter CO). Targets were selected from Cycles 2−5 to avoid the

inherent difficulties in reconstructing and utilizing Early Science data products. For the Cycle 5

data, we focused on more disk-like cases to ensure a manageable sample and to limit the data

volume. Many of these CO data have been published previously in some form. Galaxy classification

primarily relied on the RC3 catalogue (de Vaucouleurs et al. 1991), although we included a few

targets that are classified as ETGs in other literature sources. To avoid contaminating the survey

9
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with galaxies having dubious morphological classifications, we restricted target selection to z ≲ 0.05

or a limiting luminosity distance DL ∼ 250 Mpc. In order to at least partially resolve gas properties

for local ETGs, we rejected those with average synthesized beam FWHM of be θFHWM ≳ 1′′. This

criterion corresponds to physical scales of ≳100 pc at DL ∼ 20 Mpc or ≳500 pc at DL ∼ 100 Mpc.

For projects or observations that push the limits of our selection criteria, we have used our best

judgment on a case-by-case basis to balance between sample volume and consistency.

Several targets have extensive observation histories across many cycles and/or array configura-

tions, and may have imaged multiple CO line transitions as well as other molecules or isotopologues.

In such cases, we generally analyzed all ALMA CO ETG imaging but focus here on those with

sufficient angular resolution to map out the CND kinematics. Data sets with very high angular

resolution were generally avoided as well as those with insufficient line sensitivity or too narrow a

maximum recoverable scale (MRS) to probe the bulk of the CND properties. We also rejected a

handful of targets that are known to be mergers (e.g., NGC 695, NGC 1266), that have significant

radial flows or feedback (e.g., Centaurus A, IC 5063, NGC 1316), or that have bright AGN and only

absorption-line features (e.g., M87).

The CEDAR sample extends below the ATLAS3D magnitude cutoff for completion and out to

greater distances than the MASSIVE survey. The CEDAR sample is heterogeneous, following the

distinct observing set-ups for 41 separate ALMA 12-m projects. As a consequence, the CEDAR

sample is not unbiased, with a significantly higher percentage of elliptical and cD galaxies relative to

those classified as S0, SA0, SB0, etc., than in volume-limited surveys (∼25% ellipticals; Cappellari

et al. 2011). Also, the CEDAR targets appear to be biased towards higher central σ⋆ and presumably

higher MBH. That being said, CEDAR spans a very broad range of the galaxy parameter space with

ALMA CO imaging that is much superior in sensitivity and resolution compared to most previous

interferometric CO imaging (e.g., with the Combined Array for Research in Millimeter-wave

Astronomy, or CARMA, with θ FWHM ∼ 4′′ for a subsample of ATLAS3D; Alatalo et al. 2013).
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Figure 2.1 Galaxy properties (top left, bottom panels) of the CEDAR sample compared to
the ATLAS3D and MASSIVE ETG surveys. CO imaging properties from CEDAR and the
CARMA subsample of ATLAS3D (top right; Alatalo et al. 2013) show clear delineation
between ALMA CO capabilities and those of previous interferometric or single-dish
surveys (e.g., the IRAM 30-m; Young et al. 2011). The dashed line corresponds to a
physical resolution of 250 pc. Supplementary data for the ATLAS3D sample were obtained
from Hyperleda.

Because of the northern focus of ATLAS3D (δ ≳−6◦) and the southern vantage of ALMA, CEDAR

and ATLAS3D have only a few targets in common. The MASSIVE survey has sparse ALMA 12-m

imaging, several of which are included in this Cycles 2–5 census.

When possible, we adopted galaxy luminosity distances (DL) from surface brightness fluctuation

(SBF) distance modulus m−M measurements for most of our ETGs (citations; e.g., Gangan-

deep+24). For two galaxies, we use Type Ia supernovae (SNe Ia) distance moduli (citations). For

the remaining galaxies we followed (Davidson et al. 2024) in estimating DL from Hubble flow



2.2 ALMA Data Processing 12

velocities using the Virgo + Great Attractor + Shapley inflow model (Mould et al. 2000; Wright

2006). We assumed the corrected redshifts from the NASA/IPAC Extragalactic Database (NED1)

are entirely cosmological in nature, with redshift errors giving ∼7% formal uncertainties in the

Hubble flow-derived m−M.

2.2 ALMA Data Processing

Most of the programs in this archival sample focused on CO emission-line properties, with the

redshifted CO transition being centered in one of the spectral windows (spw) while the remaining

2–3 spw measured the continuum in adjacent basebands. Occasionally, additional line tracers [e.g.,

CS(5−4) in Band 6] lie in one of these other basebands, but usually at much lower S/N. Typically,

each spw has a ∼2 GHz bandwidth, which spans an observed-frame velocity range of about 5200

km s−1 (2600 km s−1) in Band 3 (Band 6). The low-J CO emission only covers a portion of these

spw, allowing for good continuum subtraction. For CO(3−2) though, the observed line-of-sight

(LOS) velocity extrema ranges up to ∆vmax ∼ 1200 km s−1 comes closer to the full spw extent. In

most cases, the CO-line spw was imaged using the frequency division mode (FDM) while many of

the other spw were imaged in time division mode (TDM).

For each target, we performed calibration and imaging processes using the appropriate version of

the Common Astronomy Software Applications (CASA; McMullin et al. 2007). Initial pipeline

calibration was performed using the delivered scriptForPI.py file. This included WVR correla-

tions initial phase and bandpass correction using nearby quasars from the ALMA Calibrator Source

Catalogue (CSC). Flux calibration steps use Solar System standards such as Titan, Ceres, Ganymede,

and others when available, or brighter quasars from the CSC. These flux standards give absolute

flux confidence of ∼5% and 10% in Band 3 and Bands 6+7, respectively (Fomalont et al. 2014)

1https://ned.ipac.caltech.edu/

https://ned.ipac.caltech.edu/
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Table 2.1 CEDAR host galaxy properties. Col. (2) gives the galaxy’s morphology
type. Cols. (3) and (4) give the systemic velocity and corresponding redshifts from the
NASA/IPAC Extragalactic Database (NED) after correcting for the Virgo + Great Attractor
+ Shapley inflow model (Mould et al. 2000). Col. 5 lists the adopted distance modulus for
each target. Cols. (6) and (7) give the DL and angular size distance (DA) corresponding to
the adopted redshift values and cosmology, with many calculated using the (Wright 2006)
cosmological calculator. Col. (8) gives the angular scale from the DA values. Col. (9)
gives the central stellar velocity dispersion taken from the HyperLEDA database (Makarov
et al. 2014) Apparent total K-band magnitudes were also taken from HyperLEDA and
used in conjunction with the adopted DL values to estimate MK values for each galaxy, as
reported in Col. (10).



2.2 ALMA Data Processing 16

that typically dominate over statistical uncertainties. In later flux or flux density measurements, we

include both terms added in quadrature. Some pipeline calibration scripts included manual masking

of select visibilities, especially of spw edge channels.

We further processed pipeline-calibrated Measurement Sets (MSs) in CASA v.6 to apply phase

self-calibration for brighter continuum sources with typical peak flux densities Scont ≳ 50 mJy

beam−1 but extending down to ∼15 mJy beam−1 in some cases. We did not accept phase-only

self-calibration results if artifacts increased or if reasonable solution intervals or data averaging did

not improve the peak-to-rms dynamic range. For each target, we constructed MFS images using

line-free channels (usually ±500 km s−1 from the systemic velocity vsys ≡ cz) with CASA tclean.

This included both natural weighting for greater sensitivity to faint, extended emission and Briggs

weighting (Briggs 1995) with robust parameter r = 0.5 for a good balance between resolution and

sensitivity. In the overwhelmingly majority of this sample, we confidently detected at least a central

continuum source above ∼4× the limiting sensitivity.

Finally, the continuum was removed in the uv plane using line-free channels prior to imaging

into CO data cubes using tclean. For targets with sufficient line S/N, we settled on CO cubes with

20 km s−1 channels and Briggs weighting (r = 0.5), although a few high S/N cases allowed for 10

km s−1 binning. Those with low-S/N CO or relatively short total integration required either 30−40

km s−1 channels and either Briggs or natural weighting. Cube properties and the final θFWHM are

reported in Table 2.2. For a select few targets, ALMA 12-m programs have imaged adjacent CO

transitions with the requisite sensitivity and θFWHM relative to the disk CO extent RCO to allow for

resolved measurements of line ratios. As we discuss in Section 4.4, CO line ratio gradients may

reveal changing density or excitation conditions with radius. To make a more reasonable comparison

between CO imaging taken in different array configurations, we re-imaged the higher-resolution

data set to construct a CO cube with matching restoring beam and velocity binning
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2.3 Continuum Products

In addition to CO detection, these ALMA data sets enable sensitive studies of both unresolved

and extended continuum emission arising from both thermal and non-thermal processes. The

centrally-peaked continuum features likely originates from low-luminosity AGN (LLAGN) as most

ETGs show at least some level of nuclear activity (Ho et al. 1997; Nyland et al. 2016). This apparent

unresolved central emission is likely some combination of synchrotron and thermal dust emission

near the AGN. The vast majority of targets have Scont of a few mJy beam−1 at either 115 GHz or

230 GHz.

2.4 Emission-line Products

To characterize CO emission properties, we created moment maps by adapting standard code (Teague

& Foreman-Mackey 2018) to allow for manual interactive masking of emission on a channel-by-

channel basis. Additional low-level sigma-clipping (typically 2.5× the rms level) removed negative

noise and low confidence emission features. These moment maps were further binned using Voronoi

tesselations (Cappellari & Copin 2003) to improve the integrated S/N, especially near the CND

edge. In Figures 2.2, 2.3, and 2.4, we show moments 0 and 1 and PVDs for CO-bright cases with a

clear disk-like CO distribution.

Next, we constructed velocity profiles for the CEDAR sample, integrating the CO cube flux

densities in each channel over an elliptical region. These extraction regions roughly follow the major,

minor axes (Rmaj, Rmin) estimates made from the moment 0 maps. Finally, we extracted major-axis

position-velocity diagrams (PVDs) from each cube using the Cube Analysis and Rendering Tool for

Astronomy (CARTA, Comrie et al. 2021). The major-axis orientation was estimated by eye to match

the moment 1 line of nodes across as much of the disk as possible, although some CNDs show more
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significant warping signatures that make a single orientation insufficient. Typical spatial-extraction

widths are ∼ 5 pixels in order to fully cover the synthesized beam FHWM.

We measured CO flux values by both integrating the CO line profiles as well as summing the

more confident CO emission that forms the moment 0 maps. For most of our sample, these two

line flux values (SCO∆v; see Table 2.2) agree within their respective (statistical and systematic)

uncertainties. However, for a few the CO line profile measurements can be either elevated or

suppressed relative to moment 0 total. In the former instance, this could arise if there is significant

CO emission that lies below the masking threshold, which is supported by the more limited extent

of the CO-bright compared to the dust. In the latter case, interferometry may introduce negative

features near CO features.

For a majority of targets in our sample we detect emission in channels spanning ±200∼400 km

s−1. The CO emission reveals complicated substructures, including central clumps or holes about

the SMBH, resolved giant molecular clouds (GMCs), concentric rings or spiral-like features, and

flocculant disks. For a select few of our targets, the highest velocity line emission is found adjacent

to the galactic nucleus. This occurs when the observations are able to resolve emission within the

SMBH SOI.
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Table 2.2 CO Emission properties for targets in the CEDAR sample. Col. (4) gives the
integrated CO flux. Col. (5) gives an averaged channel RMS noise value. Cols. (6) gives
the size of disk in arcsec. Cols. (7) gives the emission morphology as described in Section
3.2, and Col. (8) give the radius the central hole when detected. (Table continued below)
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Figure 2.2 CO moment 0 (flux) maps for targets in the CEDAR sample following the color
bar (top) with contours plotted as fractions of the maximum flux values printed in the top
right (in Jy/beam). For extended and diffuse emission, contours are smoothed using Scipy
Gaussian filter functions from the ndimage package. The synthesized beam area and 2"
scale indicator are included (bottom left and right).
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Figure 2.3 CO moment 1 (velocity) maps for targets in the CEDAR sample. Maximum
velocity values (km s−1) are given in the top right. Contours of the moment 0 maps are
overlaid on the moment 1 maps.
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Figure 2.4 Position vs Velocity diagrams (PVDs) for CEDAR galaxies. Scale bars denote
200 km s−1velocity spacing in the y axis and 2" spacing in the x axis.



Chapter 3

Results

We detected line emission in at least 83 of our 118 galaxies with ≳ 3 σ confidence. Emission

properties for these targets are listed in Table 2.2. The CO emission reveals molecular gas reservoirs

with a wide range of morphologies and kinematic behaviors. In this section we describe our methods

for calculating molecular gas masses and classifying emission morphology and explore connections

between CO/continuum emission properties and host galaxy/SMBH properties.

3.1 Molecular Gas Masses

We estimate the molecular gas masses (MH2) from observed CO luminosities L′
CO using the standard

relation MH2 = L′
COαCO, where αCO is the CO-to-H2 conversion factor. CO luminosities are related

to observables (Carilli & Walter 2013) by

L′
CO = 3.25 × 107 SCO∆v

D2
L

(1+ z)3ν2
obs

K km s−1 pc2 (3.1)

where SCO∆v is the measured flux of the line in Jy km s−1, DL is the luminosity distance in Mpc,

and νobs is the observed frequency in GHz. Following standard convention, CO (2-1) and (3-2)

24
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luminosities are are converted to CO (1-0) luminosities using average CO transition ratios

R21 ≡
ICO(2-1)

ICO(1-0)
=

L′
CO(2-1)

L′
CO(1-0)

(3.2)

R31 ≡
ICO(3-2)

ICO(1-0)
=

L′
CO(3-2)

L′
CO(1-0)

(3.3)

where, for example, ICO(2−1) refers to the velocity integrated specific intensity of the CO(2-1) line in

temperature units K km s−1. We adopt R21 and R31 values of 0.65 and 0.5 from (Leroy et al. 2022),

which were calculated from single-dish CO mapping surveys and PHANGS-ALMA observations.

In addition, we adopt an value for αCO of 3.3 M⊙ pc−2 (K km s−1)−1 from a sample of nearby

late-type galaxies (Chiang et al. 2024). However, we note that this value is an approximation, as no

complete prescription for CO-to-H2 conversion in ETGs yet exists. Previous studies have shown

that αCO can vary with environment, often becoming lower in galactic centers (Teng et al. 2023; see

Bolatto et al. 2013; Sandstrom et al. 2013 for a more general discussion on CO-to-H2 conversion).

The molecular gas masses in our sample span from 106 − 1010 M⊙, highlighting substantial

diversity in the cold gas content of ETGs (Figure 3.1). This mass range extends beyond previous

CO studies (e.g. ATLAS3D Young et al. 2011), revealing smaller molecular gas reservoirs than what

was previously observable. In many cases, these value are likely lower limits, as high resolution

observations can "resolve out" extended emission. We calculate the molecular gas surface density

(ΣH2) using disk areas determined from the CO flux maps. The resulting surface densities typically

range from tens to several hundred M⊙ pc−2. Such conditions could be conducive to star formation,

given that molecular gas surface density is often strongly correlated with star formation rates

(Heiderman et al. 2010; Lada et al. 2012). We observe no obvious dependence of gas surface density

or total gas mass on galaxy luminosity, although there is perhaps a tentative trend toward higher

ΣH2 in more massive elliptical galaxies.
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Figure 3.1 CEDAR vs ATLAS3DCO properties. Top panels: histogram of MH2 and ΣH2

surface mass density. Middle panels: MH2 and ΣH2 vs absolute K-band magnitude. Bottom
panels: MH2 and ΣH2 vs central velocity dispersion. Dotted vertical line denotes the lower
limit MH2 values of the ATLAS3Dsample.
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3.2 CND Morphologies

CEDAR galaxies display a variety of morphologies and complex substructure in their CO emission.

We visually classify the CO emission in our sample according to a scheme similar to Alatalo et al.

(2013): regular disks (D), spiral-like (S), rings (R), irregular (I), and diffuse/flocculent (F). These

classifications are based primarily on the CO flux maps, with additional guidance from velocity

maps and PVDs to identify dynamically disturbed objects. We emphasize that galaxies classified

as having a regular disk-like morphology could possess more complex intrisic substructures that

only become apparent at high resolution. This is the case for a few targets included in both the

CEDAR and CARMA-ATLAS3Dsamples, such as NGC 3607 and NGC 4435. CARMA barely

resolved the central CO emission in these targets revealing only smooth, disk-like morphologies;

however, ALMA observations clearly show more complicated substructures (see Figure 3.2). In

several high-resolution observations, a central CO deficit or ’hole’ is emerges. We note all targets

that reveal a central CO hole, and note that the detection of such a hole is heavily dependent on the

resolution of the observation.

Most galaxies in our sample feature regular molecular disks, which appear relatively smooth

at lower resolutions (∼ 1") but become clumpy at higher resolutions (∼ 0.1"). This behavior

likely reflects the fact that these disks intrinsically composed of GMC-scale structures that are only

resolved at smaller beam sizes. The prevalence of smooth, regular disks could also have a dynamical

explanation, as they reside in steep gravitational potential wells due to massive bulge components

which may suppress gravitational instabilities and promote dynamically stable disks. These same

processes might also help suppress star formation in these CNDs. Because the molecular gas is

dynamically cold, these CNDs are sensitive probes of the central potential and they do not exhibit

strong signatures of high turbulence, inflows, or outflows.

CEDAR galaxies that show spiral-like CO substructures include ESO 428-G014, NGC 1386,

NGC 3081, and NGC 3607. Notably, they are all lenticular galaxies. It is unclear whether these
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features represent genuine spiral arms with distinct kinematics or are simply over-dense regions

of a molecular CND. The dearth of spiral-like features in our sample could again stem from the

steep potential wells in the central regions of these ETGs, which produce high epicycle frequencies

and prevent the gravitational instabilities necessary for the formation of spiral arms. Alternatively,

spiral features may be simply unresolved in some targets, blending into an apparently smooth disk

structure. Only two CEDAR ETGs (NGC 0524 and NGC 6861) show ring-like disk substructure, as

opposed to the 25% detection rate found in the CARMA-ALTAS3D sample.

Disrupted CO morphologies clearly indicate systems that are undergoing or have recently

experienced interactions with their environment. External accretion of cold gas or mergers would

naturally lead to disrupted molecular gas distributions. Simulations suggest that gas relaxation times

can on the order of a few Gyr (van de Voort et al. 2015), implying that the early accretion or merger

history of ETGs may be difficult to constrain from CO morphologies alone.

An absence of CO emission in the innermost regions has been demonstrated in many ETG

CNDs (Boizelle et al. 2019; 2021), especially at high resolution. These findings suggest that central

molecular gas may either be truly absent or poorly traced by low-J CO transitions. Depletion of

central molecular gas could be arise from photodissociation in an intense central radiation field,

AGN activity (which could ionize or drive out the gas), or disk instabilities from a non-axisymmetric

potential. Alternatively, the molecular gas might become so dense in the galactic center that it is

better traced by higher critical-density lines (e.g., 13CO, HCN, HCO+, HCN; Jiménez-Donaire et al.

2019; Kauffmann et al. 2017). In contrast, Davis et al. (2018) argued that the opposite may hold:

namely the gas density in the very center could fall below the cricial density of low-J CO, if strong

BH tidal forces prevent disk fragmentation into clouds (a scenario akin to morphological quenching;

see Martig et al. 2013).
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Figure 3.2 Comparison between CARMA CO(1-0) imaging (heat map) and ALMA CO
imaging (contours). ALMA observations of NGC 3607 and NGC 4435 are of CO(2-1)
while ALMA imaging of IC 1024 is of CO(1-0). In the bottom left corner of the images,
primary beams for the CARMA images are given in gray with the ALMA primary beams
represented in black. For all of the targets, higher resolution ALMA imaging reveals more
complex substructure than that seen with ALMA.

3.3 Kinematic Analysis

To probe the kinematic properties of our sample, we use the KINEMETRY formalism and code

(Krajnović et al. 2006), which fits elliptical annuli to two-dimensional kinematic maps and performs

a harmonic decomposition along those annuli. In this work, we apply KINEMETRY only to the first

moment (vLOS) where the dominant k1 coefficient represents the projected velocity distribution. As

the Fourier coefficients are fit, KINEMETRY simultaneously determines the position angle Γ and

axial ratio q at each radius. Variations in these parameters indicate disk warping in well-resolved

CNDs; however, they may also be affected by observational effects such as beam smearing in poorly

resolved cases. As such, we limit our kinematic analysis to observations that span at least ≳ 3

resolution elements across the disk major axis.

To isolate non circular components, we extract the circular velocity from the KINEMETRY fits

and subtract these model velocities from the real velocity field. The largest residuals typically

appear in the disk center, where beam smearing is most significant, or at the disk edges, where
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Figure 3.3 Total variation in CO kinematic PA for CEDAR galaxies. Left: Normalized
Kinematic PA as a function of disk radius, normalized at Rdisk = 0.4. Right: Histogram of
∆Γ

low signal-to-noise degrades the fit quality. In most cases, these residuals are of the same order as

the native cube channel velocity spacing. Hence, the small residuals for many CEDAR galaxies

suggest that the molecular gas kinematics are well-described by regular circular rotation. Figure 3.3

illustrates the variation in CND kinematic PA (ΓCO) as a function of radius for CEDAR galaxies.

Overall, CEDAR CNDs appear to be highly ordered, with most kinematic PA variations ≲ 15°

across the disk (Figure 3.3).

High resolution CO imaging of a select few ETGs (combined with tilted-ring dynamical

modeling) has revealed either disk warping (Boizelle et al. 2019) or complicated non-circular

motion (perhaps not necessarily pure radial inflows/outflows; Zhang et al. 2025). The fact that

this warping and/or non-circular motion coexists with otherwise relaxed molecular gas kinematics

regular dust-disk morphologies may indicate ongoing settling process or perturbations from a

triaxial galaxy potential (Emsellem et al. 2011). In galaxies featuring more irregular dust lanes or

non-relaxed kinematics (e.g. IC 1024, NGC 0708), any detected noncircular motion could point to

recent merger activity or ongoing external accretion.
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CND/Host-Galaxy Alignment

Kinematic misalignment between gas and stars can shed illuminate the evolutionary history of

the galaxy. Initially, stellar-gas misalignment was attributed primarily to mergers, but analytical

models that consider only mergers under predict the observed fraction of misaligned ETGs (Davis

& Bureau 2016). Instead, simulations that incorporate multiple pathways – mergers, gas stripping,

interactions with the environment, and secular processes such as filament accretion or misaligned

halo cooling– reproduce the observed misalignment rates (Baker et al. 2024; Khim et al. 2021).

More precise measurements of the stellar-gas misalignment fraction in the local universe, as well

as the identification of strongly misaligned systems, are crucial for constraining the role tehse

processes play in shaping ETG evolution.

Previous studies have compared stellar and gaseous kinematics using integral-field spectroscopy

(e.g. SAURON: Bacon et al. 2001; Davis et al. 2011; SAMI Bryant et al. 2019). However, because

comprehensive IFU data are unavailable for many of our targets, we here compare only the molec-

ular gas kinematics to stellar isophotes measured from HST imaging (with many measurements

from Davidson et al. 2024). (Krajnović et al. 2011) found that up to 90 percent of local ETGs

(ATLAS3Dtargets) show ≲5° alignment between their global stellar photometric and kinematic PAs.

By contrast, (Ene et al. 2018) reported a much higher fraction of misalignment among more massive

ETGs (MASSIVE targets), with 30 out of 71 rotators exhibiting misalignment > 15° between global

kinematic and photometric PA. Most of these misaligned systems were slow rotators. Hence, it

appears that low-z ETGs are typically well aligned in stellar-isophotes and kinematics, except in

triaxial or disturbed objects.

A common classification labels gas-stellar angles ψ = |PAgas −PAstars| < 30° as aligned and

misaligned when ψ > 30° (Davis et al. 2011). One caveat that needs mentioning when using

photometric PAs is the 180° degeneracy between stable counter-rotation (ψ > 150° ) and true

alignment. Whereas the kinematic PAs is physically defined as the counterclockwise angle between
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north and a line bisecting the velocity field (relative to on the receding side), the stellar-isophotal PA

is determined by major axis of the best-fit ellipse to the light distribution, which does not distinguish

between a rotation of φ and φ + 180° . For clarity, in this work we define ψ such that 0° ≤ ψ ≤ 90°

and apply the same convention to prior data for consistent comparisons.

Figure 3.4 shows the distribution of gas-stellar alignment values for our sample. Most CEDAR

galaxies exhibit a high degree of alignment, with most having ψ ≲ 5°. Because the ALMA data

provide sufficiently high resolution, we can also compare global PA values at different radii. In

some galaxies, the central stellar distribution is heavily attenuated by dust associated with the

molecular disk, so we exclude those radii from the comparison. Only two galaxies show significant

misalignment: NGC 1387 and NGC 5193. The nearly face-on inclination of NGC 1387 (axis ratio

∼0.98) introduces large uncertainties in the derived PA.
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Figure 3.4 Histogram of ψ = |PAgas −PAstars| values. The dotted line at 30° denotes the
standard threshold between alignment and misalignment. Results compared to (Baker et al.
2024; Bryant et al. 2019; Davis et al. 2011)



Chapter 4

Discussion

We have demonstrated that ETGs across a vast galaxy parameter space host molecular CNDs traced

by CO emission. While these CNDs have varying sizes (both absolute and relative to their host

galaxy) and demonstrate a variety of complex substructure when well resolved, kinematic modeling

of these CNDs suggest ordered, disk-like rotation that is well aligned with the stellar population.

The exploitation of these molecular CNDs as stable probes of central galactic gravitational potential

has been done extensively since the advent of ALMA, providing some of the most precise SMBH

calculations to date. However, vital details for these CND remain unclear. Such details include their

formation/evolution through cosmic time, their proclivity/ability to form new stars, and their role

in SMBH feeding/feedback processes. Ironing out these details are sure to shed light on galaxy

evolution processes, particularly those processes connecting SMBH/host-galaxy growth suggested

by BH scaling relations.

4.1 Formation of Molecular CNDs

The molecular CNDs can arise from two channels: in situ generation through stellar evolution and

feedback or ex situ generation via gas accretion and merger events. Stellar evolution models suggest

34
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an average stellar population can return a fraction of their mass to the ISM, roughly on order of

half of its mass over the current age of the universe. Expelled gas from gradual mass loss – red

giant/asymptotic giant branch stars and planetary nebulae – joins the galaxy’s hot gas reservoir over

time. Under the right conditions this hot gas could cool, fall towards the galaxy center, and build up

a central molecular gas reservoir. This gradual stellar mass loss should basically be a continuous

process and one that is determined almost entirely from the number of stars present in the galaxy

and its star formation history. We have demonstrated, consistent with previous work (Young et al.

2011; 2014), that there is no strong connection between molecular gas and host-galaxy properties

(Figure 3.1). Low CO detection rates that are independent of host luminosity (lower limit of 22%,

Young et al. 2011) further suggest that in situ generation of molecular does not ubiquitously occur

at a rate fast enough to replenish molecular gas reservoirs in ETGs.

This leaves external generation of molecular gas (through either cold gas accretion or merger

events) as the likely channel for the formation of molecular CNDs in ETGs. Characterizing the

alignment between between gas and stars has been a promising avenue for constraining the lower

limit of externally acquired gas, as clear misalignment between gas and stars is strong evidence that

the gas was recently acquired and is still settling into the host galaxy.

4.2 Star Formation in ETGs

A critical question regarding our sample of ETG CNDs is whether the molecular gas is actively

forming stars. The existence of a bimodality in galaxy type strongly supports a scenario in which

physical processes turn a star-forming blue cloud galaxy into a passive red sequence galaxy, with

star formation eventually being quenched. Understanding the star formation rates (or lack therof)

in ETGs would provide further observational evidence on the nature of the quenching mechanism.

Many of the proposed quenching channels, such as ram pressure stripping or AGN feedback, cease
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star formation by removing molecular gas and starving star formation. However, such mechanisms

would likely not be in play should the molecular gas be regenerated in the galaxy. Other quenching

mechanisms, such as morphological quenching (Martig et al. 2009; 2013) would render molecular

CNDs stable against collapse and thus unable to form new stars. Initial analysis of CND stability

using the Toomre local stability parameter found them to be stable against collapse (Boizelle et al.

2017).

4.3 Supermassive black holes

Despite only gravitationally dominating the innermost region of galaxies, supermassive BHs have

been shown to be intimately related to the large-scale evolution of their host galaxy (Kormendy

& Ho 2013). Empirical scaling relations reveal that BH masses (MBH) strongly correlate with

properties such as stellar velocity dispersion (σ∗; Ferrarese & Merritt 2000; Gebhardt et al. 2000)

and stellar bulge luminosity (L; Kormendy & Richstone 1995). These relations suggest that BHs

and galaxies evolve in lockstep through a process of accretion and merger events. Nonetheless, a

complete physical description of the coevolution of supermassive BHs and their host galaxies is still

lacking.

A representative BH census, one in which the wide range of host galaxy properties is fully

reflected, is necessary to understand this interplay. To date, slightly more than ∼100 dynamical mea-

surements of MBH have been performed, mostly by modeling stellar or gas kinematics (Kormendy

& Ho 2013; Saglia et al. 2016). We have compiled these values in Table 4.1. For the remaining

targets without dynamical mass measurements, we have estimated the BH mass using the MBH −σ∗

relationship.

Reliable measurements of MBH require kinematic tracers that originate within the BH SOI

(approximated by rg ≈ GMBH/σ2
∗ ), wherein the BH dominates the gravitational potential. To
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first order, the success of a BH mass measurement depends on how well the observations resolve

kinematic behavior within rg. (Barth et al. 2016b; Boizelle et al. 2019) demonstrated that a BH mass

measurement is feasible if a sufficient number of resolution elements span the SOI according to ξ =

(2rg)/θ ≳ 2. Figure 4.1 shows the rg values in both physical and angular units for the ETGs in the

CEDAR sample, in addition to ξ values for all observations vs MBH. As shown, nearby galaxies

with larger BHs are easier to measure. Also shown are potential ξ values for the targets in our

sample given a hypothetical 0.1" resolution observation. Observations at higher resolution than 0.1"

for ALMA begin to introduce exponentially larger integration times, extended configurations, and

more execution blocks. However, the feasibility of BH mass measurements does not solely rely

on resolving power. High resolution ALMA observations seeking to resolve deep within the SOI

have often revealed the presence of a CO hole, rendering many targets unsuitable for high precision

molecular MBH measurements.
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Figure 4.1 Left: Gravitational SOI for SMBHs in the CEDAR sample, shown in both
physical and angular units. Right: Supermassive BH masses plotted versus the figure of
merit (ΓFM; Davis et al. 2014), wherein a minimum of two resolution elements across the
BH SOI are necessary to measure the BH mass using molecular gas kinematics. All targets
above the dotted line can potentially demonstrate Keplerian motion due to the BH, at least
in the absence of issues such as CO holes or sensitivity limitations. Hypothetical ΓFM
values using a standard 0.1" resolution are included, demonstrating that for a significant
fraction of the CEDAR sample SMBH mass measurement using molecular kinematics can
be possible with 0.1" resolution observations.



4.3 Supermassive black holes 39

Table 4.1. Literature-compiled dynamical black hole masses

Galaxy Name Log MBH Reference Dynamical Tracer

IC 1459 9.415 Cappellari 2002 Stars

IC 4296 9.114 Saglia 2016 Stars

NGC 0383 9.623 North 2019 CO

NGC 0524 8.938 Smith 2019 CO

NGC 0612 8.600 Ruffa 2023 CO

NGC 1052 6.630 Onori 2017 X-ray Virial

NGC 1194 7.850 Saglia 2016 Stars

NGC 1326 7.850 Green 2016 Maser

NGC 1332 8.822 Barth 2016 CO

NGC 1380 8.167 Kabasares 2023 CO

NGC 1386 6.070 Smith 2021 Masers

NGC 1399 8.708 Gebhardt 2007 Stars

NGC 1407 9.653 Rusli 2013 Stars

NGC 1453 9.462 Liepold 2020 Stars

NGC 1574 8.000 Ruffa 2023 CO

NGC 1600 10.230 Thomas 2016 Stars

NGC 3081 7.200 Biefiori 2012 Ionized Gas

NGC 3258 9.352 Boizelle 2019 CO

NGC 3377 8.204 Schulze 2011 Stars

NGC 3489 6.778 Nowak 2010 Stars

NGC 3557 8.851 Ruffa 2019 CO

NGC 3607 8.079 Gultekin 2009b Stars

NGC 3862 8.410 Biefiori 2012 Ionized Gas

NGC 4374 8.966 Walsh 2010 Ionized gas
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Table 4.1 (cont’d)

Galaxy Name Log MBH Reference Dynamical Tracer

NGC 4429 8.176 Davis 2018 CO

NGC 4435 6.875 Coccato 2006 Ionized gas

NGC 4594 8.820 Jardel 2011 Stars

NGC 4596 7.892 Sarzi 2001 Ionized gas

NGC 4649 9.653 Shen/Gebhardt 2010 Stars

NGC 4697 8.342 Schulze 2011 Stars

NGC 4742 7.146 Tremain 2002 Stars

NGC 4751 9.146 Rusli 2013 Stars

NGC 5813 8.851 Saglia 2016 Stars

NGC 5846 9.041 Saglia 2016 Stars

NGC 6861 9.301 Rusli 2013 Stars

NGC 7075 8.519 van der Marel 1998 Ionized gas

Note. — Literature compiled dynamical BH measurements for targets in

the CEDAR sample.

4.4 Different CO Transitions

Observations in the CEDAR sample consist of CO observations, specifically of low-J rotational

transitions 1-0, 2-1, and 3-2. These transitions have rest frequencies of 115.271, 230.538, and

345.796 GHz, respectively. For a select few targets in our sample, archival observations exists of

multiple transitions. Observations at different transitions allow for direct comparison of transitions

ratios, which serve as diagnostic tool for the thermodynamic conditions of the emitting regions.

These CO transitions are typically collisionally excited, with CO(1-0) critical density ncrit ∼ 2000

cm−3 needed to populate the J = 1 level; for the upper levels, ncrit increases to around 104 cm−3.
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Higher gas temperatures also promote greater occupation of upper rotational states. Thus, CO line

ratios serve as a decent probe of cloud H2 density (nH2) and excitation energy (kinetic temperature

TK), with an increase in either causing an increase in higher-to-lower line ratios.

Four targets within our sample have multiple CO transitions in the archive, being NGC 3557 and

NGC 4697 (1-0 and 2-1 transitions), and NGC 6861 and NGC 4261 (2-1 and 3-2). By re-imaging

the spectral cubes such that they have matched resolution and matching spectral axes (in velocity

space) direct comparison of the different transitions is possible. It is important to note that the native

spectral units for ALMA spectral cubes are frequency units, not velocity units. However, conversion

to velocity units can be performed for these cubes to put them into velocity units, typically using

the optical velocity convention and the Barycentric reference frame, such that they are aligned

spectrally. Figure 4.2 shows the ratio of the different CO transition luminosity (R32 for NGC 6861).

The overlaid contours match the CO(2-1) emission. Analysis of this ratio map has revealed that R32

mostly seems to increase as you get closer to the center of the CND. Possible explanations for this

increase could be increasing kinetic temperature, which would be caused by increasing intensity of

the stellar radiation field closer to the center of the galaxy, or simply an increase in number density

of molecular gas toward the center. Preliminary thermodynamic modeling of these ratios reveal gas

temperatures in the 12-30K range for fixed number density (Figure 4.3). These gas temperatures

agree with global thermal dust temperatures (Carlisle 2023), suggesting that the gas and the dust

are in thermal equilibrium. This work is simply exploratory at this point, and will be continued by

future student researchers.

4.5 Conclusion

In this work, I have created the first census of archival ALMA observations of local ETGs. The

CEDAR sample furthers the work of previous surveys in analyzing the cold gas properties of ETGs.
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Figure 4.2 Left: Radial R32 profile of NGC 6861. Right: Ratio of of flux from the CO 3-2
/ 2-1 transitions, with contours overlaid of CO 2-1 flux.

The unparalleled sensitivity and resolution of ALMA allows for detailed studies of disk kinematics

and properties. Our final sample exhibited gas masses in the range 106 −1010M⊙. We did not find

any strong correlations between molecular gas properties and host galaxy properties. We classified

CO emission morphology, building on previous work from (Alatalo et al. 2013). We also probed the

potential for further BH mass measurement using targets from our sample, and discussed a figure of

merit for future observations. Ratios of low J CO transitions shows a slight gradient NGC 6861,

revealing higher gas density near the center of the galaxy. Future work will seek to further probe

the kinematic properties of the CNDs and constrain thermal dust properties.

A critical question regarding our sample of ETG CNDs is whether the molecular gas is actively

forming stars. The existence of a bimodality in galaxy type strongly supports a scenario in which

physical processes turn a star-forming blue cloud galaxy into a passive red sequence galaxy, with

star formation eventually being quenched. Understanding the star formation rates (or lack thereof)

in ETGs would provide further observational evidence on the nature of the quenching mechanism.

Many of the proposed quenching channels, such as ram pressure stripping or AGN feedback, cease
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Figure 4.3 Modeling of thermodynamic conditions of the CND of NGC 6861 from the
calculated R32 values.

star formation by removing molecular gas and starving star formation. However, such mechanisms

would likely not be in play should the molecular gas be regenerated in the galaxy. Other quenching

mechanisms, such as morphological quenching (Martig et al. 2009; 2013) would render molecular

CNDs stable against collapse and thus unable to form new stars. Initial analysis of CND stability

using the Toomre local stability parameter found them to be stable against collapse (Boizelle et al.

2017). Further work analyzing the kinematics of these disks will allow us to constrain disk stability.

I note that the CEDAR sample as shown in this thesis is not in its final stage. A forthcoming

paper will present the entirety of the CEDAR samples (for ALMA cycles 2-5), expand upon the

analysis described here, and provide access to online data products.
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Krajnović, D., Cappellari, M., de Zeeuw, P. T., & Copin, Y. 2006, MNRAS, 366, 787
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