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Star formation activity plays a key role in driving galaxy evolution, and it depends on the
amount of cold gas available (as traced by CO emission) and on the physical conditions and
dynamical state of this gas. This work focuses on investigating the star formation efficiency of
the gas, both molecular and total, as a function of local and global galaxy properties. The galaxy
samples studied in this thesis are representative of the nearby universe, and we use a combination
of interferometric CO observations and integral field unit optical spectroscopy for most of our
analyses.

First, we show that in a sample of galaxies dominated by “field galaxies” the disk scale
lengths for the molecular and stellar components are very similar, reflecting the close relation
between CO emission and star formation activity. Our analysis of the radial dependence of the
star formation efficiency of the total gas on morphological, structural, and dynamical properties

of the galaxies shows that there is a smooth, continuous exponential decline with increasing



radius and a systematic increase in the average star formation effciciency from early to late type
galaxies. Our results also show a morphological dependence of the efficiency per orbital time,
which may reflect star formation quenching due to the presence of a bulge.

Next, we test the impact of environmental processes on galaxies immersed in the rich en-
vironment of the Virgo cluster. We show that in these galaxies the CO emission is more centrally
concentrated than the stars, unlike what we saw in the field. Moreover, in the central regions of
galaxies with an increasing level of perturbation (as determined by the morphology and kinemat-
ics of their atomic gas emission), the mean molecular-to-atomic gas ratio increases while the star
formation efficiency of the molecular gas in the same region decreases. This demonstrates that
the cluster environment not only affects the outskirts of galaxy disks and their atomic gas, but
deeply changes the distribution and efficiency of the centrally located molecular gas component.

Finally, we study the onset of star formation cessation in galaxies (“quenching”) by inves-
tigating a complete sample of galaxies spanning from the main sequence (normal star forming
objects) to the green valley (galaxies which are starting to quench) to the red cloud (galaxies that
are mostly quiescent, that is, “red and dead” objects). We find that the star formation activity and
the molecular gas-to-stellar mass ratio track each other. We also note that green valley galaxies
have lower molecular star formation efficiencies than galaxies on the main sequence. On average,
we find that within the bulges of green valley galaxies the molecular gas star formation efficiency
is lower than in the bulges of main sequence galaxies. Also in green valley galaxies, we find that
the molecular gas to stellar ratio, the molecular gas star formation efficiency, and the specific star
formation rate all increase with increasing distance to the center. Our results suggest that gas
depletion or removal does not fully explain the star-formation quenching in galaxies transiting

through the green valley, and that a reduction in star formation efficiency is also required during



this stage. This is reminiscent of the so-called “morphological quenching.”
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Preface

The work presented in this thesis has been published or under collaboration review. The
research in Chapter 2 is published in The Astrophysical Journal as “The EDGE-CALIFA Sur-
vey: The Resolved Star Formation Efficiency and Local Physical Conditions” [1]. This work
has been presented in several conferences and meeting, including the SOCHIAS XVII Annual
Meeting 2022, Chile and SM 2021: Structure, characteristic scales, and star formation, Beirut
(both virtual). The work in Chapter 3 is also published in The Astrophysical Journal as “VER-
TICO.IV. Environmental Effects on the Gas Distribution and Star Formation Efficiency of Virgo
Cluster Spirals” [2], and was presented in the meeting Our Galactic Ecosystem: Opportunities
and Diagnostics in the Infrared and Beyond in Los Angeles, USA. Finally, Chapter 4 is currently
undergoing the revision of the EDGE collaboration and will be submitted to The Astrophysi-
cal Journal shortly as “The EDGE-CALIFA survey: Molecular Gas and Star Formation Activity
Across the Green Valley”. Also, during my PhD I have had the opportunity to contribute actively

as a co-author of at least 12 publication by the EDGE! and VERTICO? collaborations.

Thttps://www.astro.umd.edu/EDGE/
Zhttps://www.verticosurvey.com/
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¢, Qué era el hombre?
¢En qué parte de su conversacion abierta,
entre los almacenes y los silbidos,
en cuél de sus movimientos metélicos,
vivia lo indestructible,
lo imperecedero,
la vida?

—“La Poderosa Muerte,” Pablo Neruda, Los Jaivas
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set. The bottom left and right panels provide information about the morphological type of the
host galaxy for a given annulus. The crosses correspond to the center of mas®Q{jB&Eyas
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2.12 Top: Molecular gas surface density,m, as a function of Toomre's instability parameter for
gas and star€srs+gas » for annuli with galactocentric radii withifd:3r ,5 (red points), between
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in spaxels within the 38 VERTICO galaxies analyzed here. The red bars correspond
to spaxels with V offsets that place CO outside the integration window (see text) for
stacking CO. The vertical black-dashed line is the median valuewwE 0:7km's 1.

The gure shows that, on average, the differences between the CO(2-1) and HI velocities
are smaller than the integration window in most case98%). . . . . . . ... ... 81
Spectral stacking example. The average CO(2—1) spectrum within an annulus that spans
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image (background), CO(2-1) data (blue contours), and the annulus that sparfsgrom

to 0:7 ro5 (red ellipses). The right panel shows the average in the velocity frame relative
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The brown-dotted line is the star formation rate surface densiyr . The purple-dashed line

is the atomic gas surface density derived frotribment 0 maps at5°° resolution from the

VIVA survey. The shaded-gray area is the region within the stellar effective r&lius The
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Re», effective radii, which enclose 50% of the total molecular gas and stellar masses,
respectively, for the 38 VERTICO galaxies analyzed in this work. Conventions are as in
leftpanel.. . . . . . . e e 91

Xvii



3.7 Left: The resolved molecular-to-stellar mass ra&ig° colored by HI-Class vs galacto-
centric radius for annuli within the 38 VERTICO galaxies analyzed in this work. The
black contours enclose, from outside-in, the 66% and 33% oRﬂ_ﬁ% of the points.

The green shaded area is the range covered by EDGE-CALIFA spiral galaxies within
1 scatter about the mean values for radial bin®:4f ;5 wide. Right: The resolved
atomic-to-stellar mass rati@3'°™ vs galactocentric radius. Conventions are as in left

3.8 Left: The molecular-to-stellar mass ratio withRe, RJ'(r < R¢) = Mpo(r <
Re)=M>(r < R ¢) (top) and the atomic-to-stellar mass ratio witRlg, R3°™(r <R ) =
M atom (r <R ¢)=M»(r < R ¢) (bottom), vs HI-Class de ned by [5]. The black bars show
the values obtained from thd ,oj=M>—M > andM ziom =M>—M» relations for xGASS-
CO MS galaxies from [7] using the mean stellar masses for the [5] HI-Classes listed in
Table 3.2. The violin errorbars represent the distribution of values for each HI-Class. The
white dot is the median value of the distribution. The shaded-green area in the top panel
is theRT°!(r < R ¢) range covered by EDGE-CALIFA spiral galaxies witHin scatter.
Right: R (r < R ¢)) (top) and theR3°™ (r < R ¢) (bottom) vs HI-Class after cluster-
ing them in three broader groups: i) unperturbed galaxies (HI-Class 0), ii) asymmetric
galaxies (HI-Classes | and Il galaxies); and iii) symmetric-truncated galaxies (HI-Classes
Il and IV galaxies). Conventions are as in the left panel. WRE!(r < R ¢) values
for VERTICO galaxies are within the ranges covered by the xGASS-CO MS galaxies,
R3M(r < R ) values show a systematic decrease with increasing HI-Class.. . . . 97
3.9 Left: The resolved molecular-to-atomic gas rago = mol= atom VS galactocentric
radius, with circles colored by HI-Class. The black contours enclose, from outside-in, the
66% and 33% of the pointdViddle: The molecular-to-atomic gas ratio, in logarithmic
space, computed using the molecular and atomic gas massesRutlit o (r <R ¢) =
Mmool (r < R ¢)=Matom (r < R ¢), vs HI-Class. The black bars show tRg, values
obtained from théM ,oj=Matom —M - relation for xGASS-CO MS galaxies from [7] using
the mean stellar masses for the [5] HI-Classes listed in Table 3.2. There is an increase
of Rmoi(r < R ¢) that is up to about an order of magnitude going from lower to higher
HI-Classes (e.g., from Class | to Il); the more disturbed the HI the higher the molecular-
to-atomic ratio withinRe. Right: Ry (r < R ¢) vs HI-Class groups as in the right panel
of Fig. 3.8. Conventions and symbolsareasinFig.38.. . . . . .. ... ... .. 101
3.10 Top: The molecular gas mass withRe, Mo (r < R ¢) (M ), vs HI-Class. Bottom:
The star formation rate withiRe, SFRr < R ¢) (M yr 1), vs HI-Class. Conventions
are as in left panel of Fig. 3.8. WhiM o/ (r < R ¢) remains almost constant, there is a
systematic decrease of SFR R ¢) with HI-Class (particularly from HI-Classes Il to V03
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3.11 Left: The resolved star formation ef ciency of the molecular gas, sfrEvs galactocen-
tric radius. The black contours enclose, from outside-in, the 66% and 33% of the points.
Middle: The star formation ef ciency of the molecular gas witha, SFEmq (r <R ¢),
vs HI-Class. The horizontal black bars are 8feR=M,,,;; median values for HI-Classes
0, I, I, I, and IV VERTICO galaxies using th8FR=M,q—M - relation derived from
the molecular depletion timesgep = Mmo=SFR, for xGASS-CO MS galaxies by [7].
The shaded-green area is tBEE o (r < R ¢) range covered by EDGE-CALIFA spiral
galaxies withinl scatterRight: SFEqnq (r < R ¢) vs HI-Groups. Conventions are as in
left panel of Fig. 3.8. The results shown in Figs. 3.10 and 3.11 suggest that the systematic
decrease 08FEq (r < R ¢) is a consequence of changes to the state of the gas or the
star-formation process caused by the source of the morpho-kinematic perturbations that
affect the HI in the outer disks of VERTICO galaxies. . . . . . . . ... ... ... 104
3.12 The star formation ef ciency of the molecular mass witlitg, SFEh o (r < R ¢), vs the
best- t power-law index of the resolved Kennicut-Schmiltks, from [19]. Although
without a signi cant correlation between SKR(r < R ¢) andN ks (Pearsong = 0:3),
HI-Classes Il and IV (blue circles) seem to group at both loiWgds andSFEqq (r <
Re) than HI-Classes 0 and | (red circles), and viceversa. . . . . . . . .. ... .. 106
3.13 The star formation ef ciency of the molecular mass within the radius of the bRlge
SFEw (r <R p), vs the bulge madsl, (in units of the total stellar mass) for HI-Classes
I, I, and IV. Symbols are colorcoded by HI-Class as in Figure 3.12. The horizontal
arrows are upper-limits fav, since no clear breaks in the stellar radial pro les due to
bulges are identi ed; thereforévly, in these cases is the mass enclosed wihim s,
which corresponds toga  1:0 kpc at the Virgo cluster distancé@5 Mpc; [20]). . . . 109

4.1 SFRM, relation for the 60 galaxies in the ACA EDGE survey (blue circles), sampling the whole
range ofz = 0 galaxy behavior for logM =M ] 10 11.5, including the star formation
main sequence and quenched systems below it. Gray circles are the 126 galaxies CARMA EDGE
galaxies included in [3]. The black-solid and dashed-green lines correspond to the best-linear
t for star-formation main sequence ( [15]) and green valley ( [14]) galaxies, respectively. ACA
EDGE galaxies constitute a sample of the local universe with good statistical characteristics and
are easy to volume-correct to characterize the star formation activity in nearby massive galali&g.

4.2 Menagerie of stellar distributions presented in the local Universe. SOl channel)i (green
channel), anad-bands (blue channel) composite images for the 60 galaxies encompassed by the
ACA EDGE survey. These local galaxies show a broad variety of morphologies, which is one
of the main ACA EDGE goals to analyze the star-formation quenching mechanisms at different
evolutionary Stages. . . . . . v v e e e e e e e e e e e e e e e e e e e e e e e 118

4.3 CO(2-1) spectra for ACA datacubes convolvedLtd® and 30 km s channel width for the 60
galaxies. The spectra are taken from the central pixel located at the optical center (columns 2 and
3in Table 4.1), and velocities are centered on the stellar redshift.. . . . . . . . . . . .. 121
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4.4

4.5

4.6

ACA EDGE data products for each galaxy. Panels cover an arg28¥ 1:25°. The rst panel

shows the SDS&z multicolor image with contours from our integrated intensity masked map
overlaid. Contours correspond2o0 and5 CO(2-1) emission line levels. From left to right, the
following panels show the CO(2-1) emission line intensity (moment 0, in units of Jy/beam km

s 1), velocity (moment 1, in units of km &), and signal-to-noise peak maps, respectively. The

red crosses are the optical centers (columns 2 and 3 of Table 4.1). The black ellipses in the left
bottom corner are the beam size of the CO(2-1) data. Panels for the remainder of the survey can
befoundinthe AppendiX.. . . . . . v vt e e e e e e e e e 122
Comparison of the integrated CD£2-1) emission line ux between ACA (this work) and APEX

[14] datasets for 51 ACA galaxies. ACA uxes are derived after convolving datacubes to match
the APEX angular resolutior26:3%. The red dots correspond to NGC 0768, NGC 7321, and
UGC 12250, which have incomplete ACA spectral coverage (see Fig. 4.3). The green arrows
are UGC 08322 and UGC 12274, which are detected by ACA but not APEX (see Table 4.2).
The gure shows good agreement between ACA and APEX uxes. However, uxes measured
by APEX are on average 20% brighter than in ACA, likely due to calibration differences. Note

that a lack of a detection by ACA in 26°°beam does not imply the source is not detected by
ACA: for interferometric data convolution results in removing visibilities in long baselines (and
thus collecting area and SENSItiVItY).. . . . . . . v v v v e e e e e e e e e e e e 125
Stellar ( -, red solid line) and molecular gas o ; blue solid line) surface densities, in units of

M pc 2, as a function of galactocentric radius, in units of the stellar effective ragis)s {or

the 30 ACA EDGE galaxies with CO detections and inclinations 70 . The blue shaded

area is the o uncertainty. The brown dotted line is the SFR surface densiyr . The gray
shaded area is the region within the bulge radRisuge . Dashed black lines correspond to the
best exponential function t for stellar and molecular gas radial pro les, from top to bottom. The
dashed green line correspondsrte rps. The code on the left bottom corner corresponds to

the Hubble type and the nuclear activity (columns 5 and 6 in Table 4.2, respectively). SFRs at
r < 0:5R¢ have been removed for LINER and AGN galaxies sinceithis region is susceptible

to LINER/AGN contamination (see 84.4.2.2). Galaxies are classi ed based on their quenching
stage as de ned in 84.4.1, i.e., in main sequence (blue panels), green valley (green panels), and
red cloud (red panels). When using stellar pro les as a benchmark, we note a systematic attening
of the molecular gas pro les with quenching stage. See also Fig. 4.12. . . . . . . . . .. 132
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4.7 Top left: SFRM- diagram integrated over CALIFA SFR and stellar maps, color-coded by the

4.8

4.9

total molecular gas mash| o . The solid black line is the SFMS t by [15]. Blue, green, and

red dashed areas de ne main sequence, green valley, and red cloud galaxies, respectively, as de-
ned by the bands (see 84.4.1 for more detail$pp right: SFRM o relation color-coded by

stellar mass. The dashed black lines, from top to bottom, correspond to molecular gas depletion
times gep = 0:1, 1.0, and10 Gyr, respectively. Blue, green, and red circles are the centroids

of SFR andM o values for galaxies with 5CO detections ( lled circles) of the groups as de-

ned by the bands in the top left panel. The blue and green squares correspond to the centroid
of SFR andVl o values for main sequence and green valley CARMA EDGE detected galaxies.
Bottom: Distributions for the molecular-to-stellar mass fracti®}'¢' = M o =M»; left) and

the molecular gas depletion timeq = Mmo =SFR; right) for the three categories (excluding

CO upper-limits), as de ned in top left panel. Vertical and horizontal lines correspond to the
average values and the standard deviations of the distributions, respectively. The plots suggest
that while the transition from main sequence to green valley galaxies is mostly driven by gas re-
moval/depletion, the movement from the latter to the red cloud may be determined by a reduction
in the star formation ef ciency of the molecular gas (SE= dellj). ............ 137
Comparison between the stellés, and molecularl,o, scale lengths, computed by tting ex-
ponential pro les to the respective surface densities as a function of galactocentric radius. Blue
circles and green triangles correspond to 23 ACA EDGE galaxies with > 1M pc 2 for

all the annuli within 1 kpc. The blue solid line is the best t for the mogtek x for main
sequence, omitting galaxies with low-quality, ts (symbols with pale colors). The gray dot-

ted and orange-dotted lines are the best t relation for CARMA EDGE [1] and VERTICO [2],
respectively. The shaded gray area correspond to the median physical resolution of ACA EDGE
galaxies. On average, the gure shows &:5 relation between the molecular and stellar scale
[eNGINS. . . o o e e e e e e e e e e 140
Left: SFR surface density,sgr , versus stellar surface density,, color-coded by the resolved

star formation ef ciency of the molecular gas, SFE srr = mor, for pixels with5  CO detec-

tions and selected from the 30 galaxies included in Figure 4.6. Blue and green density contours
are 90%, 60%, and 30% of the points for main sequence and green valley gaRixjbs. The
resolved SFRM 1, relation, color-coded by the resolved molecular-to-stellar mass gas fraction,
rRI® = 4= ». Conventions are as in left panel. The black dashed lines corresponds to
the OLS bisector t for main sequence galaxies using the mgdel x + for the resolved

SFMS (left) and the resolved Kennicutt-Schmidt (right) relations. While the left panel exhibits an
increasing in -, for pixels transiting from the main sequence to the green valley, the right panel
shows that pixels from these two populations cover a similar parameter space although with a
mild decreasing in sgr . This suggests that changes in star formation activity during the transi-
tion are driven not only by a lowering in the molecular gas, but also due to a decrease of the star
formation ef CIENCY. . . . . . . . o i e e e e e e e e e e e e e e 142
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4.10 Top: The resolved SF&, versus galactocentric radius for SF pixels witRp, color-coded by
quenching stage. Black crosses are pixels drawn for PHANGS-ALMA spirals. Solid blue and
green lines correspond to 90%, 60%, and 30% density contours of main sequence and green
valley pixels, respectively. Dashed lines are density contours for pixels when adopting a variable

co(Z% o ) prescription (see Eq. 4.6Middle: The resolved SFE, versus the resolved
speci ¢ star formation rate, sSFR, for the same groups as in top pd@wtom: Distribution
of the resolved molecular-to-stellar mass fractioRJ' , for main sequence and green valley
galaxies included in the upper panel. The vertical and horizontal lines are the mean and the
standard deviation values of the distributions, respectively. We note that the spatially resolved
SFEnwo, SSFR, andR T within the bulges have a systematic decrease with quenching stage,
and these trends seem to not depend on the adoptedprescription. . . . . . . . . . . .. 145

4.11 Distributions of the bulge density (in units of Mpc 2), for the 23 main sequence and 5 green
valley galaxies included in Figure 4.6. The vertical and horizontal lines are the mean and the
standard deviation values of the distributions, respectively. Although we do not see a statistically
signi cant difference between green valley and main sequence bulge densities, we note that the

former have on average denser bulges thanthelatter. . . . . . . . . . . ... ... .. 147
4.12 The resolved star formation ef ciency of the molecular gas, SFE  srr= mo (panels A
and B), the resolved molecular-to-stellar mass fract'rﬁi}”O' = o= » (panels C and D),

and the speci ¢ star formation rate, SSER sgr = » (panels E and F), in radial bins of (R3
( 1.5 kpc) versus galactocentric radius for pixels from the 30 galaxies included in Figure 4.6.
The gure is color-coded according to the three main groups. Panels A, C, and E encompass
pixels from 20 galaxies classi ed as SF (or with No Nuclear Activity, NNA; see column 5 in
Table 4.2), split by their quenching stage (i.e., main sequence, green valley, and red cloud) of the
host galaxy. Panels B, D, and F include pixels from 30 ACA EDGE galaxies grouped according
to the nuclear activity of the host galaxy. The grey shaded areas correspond to the regions where
our H -based SFR estimator is susceptible to AGN/LINER contamination, so SFR and quantities
related are only taken as upper-limits. In all panels, the vertical extent of the shaded areas is the
1 scatter distribution for any group. Also, the vertical black dashed lines are located B,
which we use to divide galaxy regions in central and disk pixels. While ef ciencies in main
sequence galaxies remain almost constant with galactocentric radius, in green valley galaxies we
note a systematic increase of SiE rR ', and sSFR, with increasing radius. We also observe
slightly higher SFE, in the regions near the centei&5Re r 1:2R.) of AGNs when
compared to their OUSKIrS.. . . . . . v v v v v e e e e e e e e e e e 149
4.13 SFE, distributions for pixels from no nuclear activity galaxies (NNA), split in main sequence
(blue bars) and green valley (green bars) galaxies (from left to right panels, respectively). The
two groups are split by two radial bins according to the breaks identi ed in Fig. 4.12, thus
between pixels within the central (hatched un lled bars) and outer (solid bars) regions. To com-
pute the SFRq, we adopt a xed CO-to-K conversion factor (top panels), and the variable
co(Z% o ) from Equation 4.6 (bottom panels). While the distributions of S&Bor main
sequences pixels within the two radial bins are similar when adopting the gw@rescriptions,
green valleys show a more clear bimodal behaviour when using a conggant. . . . . . . . 151
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4.14 SFE,, distributions for pixels from star-forming (i.e., no nuclear activity galaxies, NNA; purple
bars), LINER (orange bars), and AGN (yellow bars) galaxies (from left to right panels, respec-
tively). Conventions are as in Fig. 4.13. While NNA and LINER pixels have similar,gFE
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Chapter 1: Introduction

Just as bricks are piled up to build a house, galaxies represent the basic building blocks of
the Universe. Gathered together, galaxies can form galaxy clusters, which are structures hosting
a signi cant fraction of the known matter in the Universe. Galaxies are composed of billion of
stars, gas, dust and even planets like those in the Solar System. As a whole, these components
are referred as baryonic matter (constituted by atoms made of protons and neutrons). In addition,
galaxies are dominated by the gravity from a strange type of material called “dark matter’—
although still invisible for modern astrophysics (“dark” since it lacks the capability to interact

with or emit electromagnetic radiation).

1.1 The baryon cycle

Galaxies are active systems that change and evolve over time. That is possible because gas,
mostly made of hydrogen (the most common element in the Universe), enables the formation of
new stars over time. Several processes related to gaseous hydrogen maintain galaxies as active
systems; these together are usually referred as the “baryon cycle” (e.g., [21]). The current con-
sensus in astronomy states that there is a cycle in which gas is pulled in and out of galaxies and
regulates the formation of stars (therefore the galaxy growth) across the history of the Universe

(e.g., [22, 23]). The production of these new stars, also referred as “star formation”, is one of



Figure 1.1:The baryon cycling inside galaxies. Picture by A. Kepley.

the most important evolutionary processes that shape galaxies over cosmic times. In practice, the
star formation is the process that keeps galaxies alive: when it stops, because the blue stars soon
die (because they are mostly massive and therefore short-lived) we refer to the galaxy as “red and
dead”.

Galaxies are usually gathered in groups; therefore, the processes related to the baryon
cycle may also involve interactions between galaxies and their environments (gas reservoirs out-
side/between galaxies, tidal forces from other galaxies, among others). All of these together play
a important role in the different stages of the baryon cycle. In a nutshell, the baryon cycle can be

characterized by the interplay between the following processes (see Fig. 1.1):

1. Star-formation:Stars are formed inside molecular clouds (e.g., [24]), which are regions of

the interstellar medium (hereafter ISM) in which the gas is predominantly in the molecular



Figure 1.2: Schematic picture of the different structures of the interstellar medium, where molecular
clouds are the nurseries where new star are born. Picture taken from Van der Tak et al. (2018) [11].

phase. Molecular clouds are cloudy complexes composed of hydrogen; they are among the
densest and coldest regions within the ISM. Some dense clumps within molecular clouds
can collapse due to their self-gravity and form new stars (usually called protostars). At
some point, protostars start to increase their temperature due to the accretion of gas that
increases the density eventually making the gas optically thick to its cooling radiation,
allowing the gas pressure to increase and eventually counteract the infalling gas with grow-
ing internal pressure. Young stars (which are protostar entering to the main sequence) are
capable of affecting the surrounding gas, even ionizing the atomic hydrogen. All these
processes carve out a series of structures within the ISM, such as Hll regions (or hydrogen
“one time ionized” — as part of the not quite obvious nomenclature that astronomers have

adopted) one of the most distinctive (see Fig. 1.2).

2. Stellar evolution: Eventually the core of star becomes hot enough for nuclear fusion of

hydrogen into helium and the star enters a stable phase in which the energy radiated by the



star is balanced by energy release by fusion in the core and gas pressure balances gravity.
A star spends most of its “lifetime” in this phase. After a period time ranging from a few
million years for the most massive (more luminous, hotter, and therefore bluer) stars to
more than a trillion years for the more numerous least massive (less luminous, cooler, and

therefore redder) stars, the nuclear fuels available to the star are exhausted.

3. Supernovae remnants & stellar ejectAs stars exhaust their nuclear fuels in their last
evolutionary stages, stars undergo several processes depending on their mass that release
material to their surroundings in different ways. These processes are able to disrupt, push
out, and warm up a signi cant fraction of gas in molecular clouds, allowing some gas
even to leave the disk of galaxies. Among these processes, the stellar winds in massive
stars, planetary nebulae (i.e., the expulsion of outermost layers in low massive stars), and

supernovae explosions are some of the most important.

4. Accretion of gas:Gas is accreted from the intergalactic medium, providing galaxies with
fresh gas reservoirs to sustain the production of new stars across cosmic times. In addition,
a substantial portion of the ejected material in the previous stage may recycle back into
galaxies, giving an extra source of gas (“wind recycling”; [21]) that may fuel star formation
at later times. These processes are also able to enrich the interstellar medium with heavy

elements.

1.2 Galaxies and morphology

As mentioned previously, a galaxy is primarily a gravitationally-bound collection of multi-

ple stars, gas, dust, and dark matter. Since there is a close connection between gas, the production
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Figure 1.3:Schematic of galaxy structural components. Figure taken from Astrobités.org
Ihttps://astrobites.org/2013/12/06/ nding-relics-of-galaxy-formation/

of new stars, and the total stellar content, the availability of atomic and molecular gas is a key
component for determining the appearance (i.e. structure, distribution of mass between baryon
components, etc) of a galaxy. In addition, both the environment and the history of a given galaxy
(e.g., the number of galaxy-galaxy interactions, age of their stellar populations, among others)
are important factors driving their nal mass, shape, or size. For instance, galaxies that have
undergone mergers would in principle look different than those just growing from intergalactic
gas.

Before we start to analyze the different morphologies of galaxies, we need to understand
the structures that, together, give the nal appearance to a galaxy. To do so, we can describe
the different galaxy structures present in our galaxy, the Milky Way, using Figure 1.3. BrieYy,
the Milky Way (a stereotypical spiral galaxy) is composed of three main components where stars
and gas interact: i) The disk, which contains the spiral arms and/or bars; ii) the central bulge,

which is de ned by a spherical distribution of packed stars in the galaxy center; and iii) the halo,
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which is the most extended structure and comprises a cloud of stars (typically old populations)
surrounding the galaxy.

Based on pure observational evidence and on how prominent these structural components
are, galaxies can be classi ed according to their 2D projection on the sky. One of the rst and
most important galaxy classi cations is the one introduced by Edwin Hubble (originally included
in his bookThe Realm of the Nebulgriblished in 1926). Hubble found a useful way to clas-
sify galaxies according to their morphological features. The “Hubble Sequence” (also known as
the Hubble turning-fork diagram) consists of four main galaxy categories: Elliptical, Lenticular,
Spiral, and Barred Spiral. Although this classi cation adopted a very simplistic methodology,
the Hubble Sequence seems to re ect an evolutionary trend of galaxies, going from spirals (with
and without bars; also known as late-type galaxies, LTGS), to elliptical/lenticular (known also as
early-type galaxies, ETGs). The evolutionary picture comes basically from the fact that spiral
galaxies are observed to have young stars and regions of active star formation, while elliptical
galaxies tend to host mostly old stellar populations. As mentioned earlier, more massive stars
are more luminous, hotter, and bluer, but shorter-lived than low-mass stars; once star-formation
ceases, the color of a galaxy becomes dominated by its long-lived low mass stars, which are red-
der. In contrast to elliptical/lenticular galaxies, stars with short lifetimes seem to reside mostly
in spiral galaxies, maintaining a continuous production of new massive stars to re ect the char-
acteristic blue colors of spiral arms. There are different hypotheses to explain this difference
(which will be discussed latter in this work), but apparently gas depletion and removal are the
main factors controlling the star formation activity and making the distinction between early- and
late-type galaxies.

Since Hubble's work, the Hubble Sequence has been complemented with more recent ob-
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Figure 1.4:The de Vaucouleur-Hubble tuning fork diagram. The gure represents an empirical classi ca-
tion based on directly observed properties like morphology, stellar mass, substructures, among others. The
diagram also group galaxies in two main classes accordingly to their evolutionary stage: early-type (which
encompasses both elliptical and lenticular galaxies: left side), and early-type (including spiral, irregular,
and dwarf galaxies; right side).

servational evidence and a better understanding of galaxy evolution (e.g., [25]). Currently, the de
Vaucouleur-Hubble diagram (see Fig. 1.4) is a widely used extension. While the former does not
capture the full range of observed galaxy morphologies, the latter incorporates rings and lenses

as an important structural component of spiral galaxies.

1.3 The connection between star formation, molecular/atomic hydrogen, and

carbon monoxide

In the last decades, studies of the galaxy-integrated star formation and gas have shown

there is a tight correlation between the number of stars produced per unit time (known as the



Figure 1.5: Sampling data for seven molecular gas-rich spiral galaxies selected from the HERACLES
survey, as shown in Bigiel et al. (2008) [14]eft: The resolved SFR surface densityser, versus the
resolved atomic hydrogen surface density, . Right: spr versus the resolved molecular gas surface
density, p,.

star-formation rate, SFR), and the gas content (e.g., [26,27]). As discussed earlier, stars appear to

form in molecular rather than atomic gas. Fig. 1.5 compares the correlation of the star formation

rate per unit area (called the SFR surface densiyr) with atomic hydrogen (H and molecu-

lar hydrogen (H) surface density for a sample of gas-rich spiral galaxies. The gure shows the

excellent linear correlation of SFR andj{}¢)as surface densities whereg fraced by CO) is de-

tected (see also [28-32], among otherd)shbws a non-linear correlation with SFR presumably

re ecting its conversion into Klas density increases. In other words, as long as there is enough

molecular gas susceptible to gravitational collapse, there will be a continuous production of stars.
Similarly to previous studies, one of the main aims of this thesis is to extend the environ-

ments and galaxy types probed by studies of molecular gas beyond the molecular-rich regions

usually covered mostly in gas-rich spirals galaxies (e.g., [33—36]). This will give us a better

understanding about what is the actual impact of the molecular gas content (and its physical con-



Figure 1.6:Left: The atomic hydrogen (proton and electron) spins aligned (top) undergoes a ip of the
electron spin, resulting in emission of a photon with a 21-cm wavelength (botRigiht: Molecules can

emit radiation by changing either their rotational or vibrational states. A change in the roto-vibrational
state of the CO molecule ¢Hracer) results in a photon emitted at millimeter wavelengths. Image taken

from COSMOS’.

2 https://astronomy.swin.edu.au/cosmos/m/Molecular+Cloud

ditions) on the production of new stars. Since tdservoirs are strongly tied to the extended
atomic hydrogen content in galaxies, the presenceloHrucial to maintain the production

of H, molecules (e.g. [37]), which will form new stars and sustain their production over long
timescales. In consequence, tthta are also essential to complete the panoramic picture of the
star-formation activity and its dependence on molecular gas.

Atoms and molecules can be identi ed by the speci c frequencies in the electromagnetic
spectrum at which their emission/absorption lines are located. These emission/absorption lines
are the “ ngerprints” of atoms, since they re ect the different transitions between discrete energy
states which are unique to any atomic or molecular species. This means that for a given species
there is a well de ned set of possible energetic states that their electrons can take. Transitions
between these energy levels can happen spontaneously (due to the probabilistic nature of quantum
mechanics), or can be triggered due to either interaction with light (also referred as photons; i.e.,

light particles) or other atoms. Emission lines can also respond to some changes in the physical



properties of atoms, molecules, or the sub-atomic particles within them, like changes in their
“spin” (or angular momentum in case of molecules). Hydrogen atoms in the neutral staté)i.e. H
can be traced with the well known 21-cm wavelength line due to changes in electron spin (known
as hyper ne-structure lines; see left panel of 1.6). In regions wherean be excited (only a

small fraction of the molecular gas in the ISM), such emission lines are located at frequencies
inaccessible to ground-based telescopes since Earth's atmosphere block them, which makes them
more “expensive” to observe (there are only accessible using space telescopes).

We usually trace the molecular gas through observations from rotation or vibration transi-
tions (together usually called ro-vibrational lines) of a more easily excited molecule: the main
isotope of carbon monoxidé?C!®0O; hereafter CO; see right panel of Fig. 1.6). Since CO is eas-
ily excited and one of the most abundant molecules exceptfpit Hrovides a good tracer of the
total molecular mass emitting at frequencies observable from ground-based telescopes operating
at radio, millimeter, and submillimeter frequencies, where the Earth atmosphere is transparent
(to some degree) under good weather conditions. Boththd G( 0)andCO{ =2 1)

rotational transitions are commonly used as a tracer,ahss (e.qg., [38]).

1.4 Radio and mm/submm telescopes

As explained in previous sections, CO anddiservations are crucial to investigate the
stellar production through the gas content in galaxies. While thead be directly detected
using the 21-cm linef@y, 1.42 GHz) with radio telescopes, the bright CO rotational lines (the
most commonly used Hracer) are emitted at mm wavelengths (e.g¢o1 0y 2.6 mm and

coe 1) 1.3 mm) must be observed with mm/submm telescopes.
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Figure 1.7:Schematics of a single dish antenna (left), and an interferometer (right), in their most basic
con gurations. While single antennas collect radiation only over the area de ned by the surface of the dish,
an interferometer collects radiation from several antennas (two or more). Although single dish telescopes
are better at recovering the total ux than interferometers, the latter can spaces dishes at separations much
larger than the diameter of a single dish and thereby achieve the higher angular resolution essential to
resolving disks of galaxies. Images fradfow ALMA Works Vol. 2: Combining Multiple Antennas into

One Radio Interferometer

Although H is observed with cm-wave telescopes and CO with mm/submm-wave tele-
scopes, the basic concepts of radio astronomy apply for both bands. Astronomical observations
at these wavelengths can be performed using mostly two categories of telescopes: single-dish
telescopes (i.e., only one radio dish —also called an antenna— collecting radiation; left panel of
Fig. 1.7), and interferometers (i.e., multiple radio dishes, effectively synchronized and operating
as a whole instrument; right panel of Fig. 1.7). Even though these telescopes complement more
than exclude each other, a given instrument can perform some tasks better than the other one.
For instance, to obtain a precise measurement of a large-scale structure on the sky and its total
line emission ux, single-dish telescopes could be the best option. Covering a large area on the
sky with several pointings, they provide a good balance between sensitivity of the detector (rea-

sonable time spent on source) and the level of detail of the structure. For other tasks, like to see
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the detailed structure of a compact source, an interferometer is the best solution. Interferometers
can achieve a better angular resolution compared to single-dish telescopes. In simple terms, the
angular resolution of a telescope is well described by1:22 =D , where is the wavelength of
the radiation detected adl is the size of the instruments. For single antenbais given by the
diameter of the dish; the size ofi.e., the smaller theta, the ner the amount of detail that can be
resolved) is thus limited by the capability to construct highly precise and large parabolic dishes
(which at some point becomes impossible). For interferomeersprresponds to the distance
between antennas, which is more straightforward to be well calibrated (in terms of the setup of
antennas). In summary, for a single dish or an interferometer operating at the same wavelength,
the nal decision of the instrument should rely on the main scienti ¢ aim to achieve.

Large single-dish single-pointing CO and surveys have made remarkable contributions
to understand how the gas content varies with galactic mass. Nevertheless, spatially resolved
data are critical to understand the complete picture of the baryon cycle in galaxies, how the gas
is transported within galaxies, and how its local physical conditions modulates the star-formation
activity. In this regard, the new generation of radio, millimeter, and sub-millimeter telescopes
are now enabling observations and analysis of how physical conditions in the molecular gas vary
between the different structural components in galaxies in the local Universe via high angular
resolution CO data. Since in this work we base our analysis on data taken from the CARMA,
ALMA, and VLA telescopes, we describe brie y the main features of these three radio and

mm/submm facilities in the following sub-sections.
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