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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 cudl de sus movimientos metdlicos,
vivia lo indestructible,
lo imperecedero,
la vida?

—“La Poderosa Muerte,” Pablo Neruda, Los Jaivas
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Integrated M, versus SFR relation for galaxies selected from the Calar Alto Legacy In-
tegral Field Area survey, CALIFA [13], as shown in Colombo et al. (2020; [14]). Points
in the plot, which represent galaxies, are conveniently colored according to how efficient
is the conversion from molecular gas into stars within them. Main sequence galaxies
(blue points) tend to have high SFRs and are well represented by the best-linear fit for
main sequence galaxies from Cano-Diaz et al. (2016; [15]). Conversely, SFRs seem to
be uncorrelated with M, in red sequence galaxies (red points), which also have lower
star-formation rates than main sequence galaxies. The green dotted line marks the “green
valley”, i.e. galaxies transiting from the main to the red sequence and experiencing star-
formation quenching. . . . . . . . . . ..o
Ram pressure stripping of the HI gas in four galaxies from the Virgo cluster. The optical
images are a color composite of three filters from the Sloan Digital Sky Survey, SDSS,
overlaid with HI contours from the VIVA survey [16]. Since gas is less gravitationally
bound to galaxies than stars, HI is noticeably more disturbed by ram pressure stripping
than the stellar disk. Image taken from Wong et al. (2014; [17]). . . . . . . . . . . ..

Example showing effects of spectral stacking. The average CO spectrum within an an-
nulus that spans from 0.65 to 0.75 ro5 in NGC 0551 is shown. The left panel shows
the average of all spectra in the annulus in the observed velocity frame. The right panel
shows the average in the velocity frame relative to Hey, along with the best Gaussian fit
profile (green dashed line). . . . . . . . . . . . .. ..o
Left: FWHM of CO line as a function of galactocentric radius. Small colored dots show
the FWHM of a Gaussian fit to the stacked spectrum in an annulus. Large green squares
indicate the FWHM lying above 80% of the points at that radius, and the dashed green
line is the fit to the squares; we use this function to define the window of flux integration
as a function of 74,. The gray-dashed line marks the limit at which we reject spectra with
a Gaussian fit narrower than 40 km s~! (2 channels in the CO datacubes). Right: Ratio
between the final stacked and unstacked integrated CO(1-0) line intensity per annulus for
annuli located at r /75 > 0.5, which include just 20 detection spaxels. . . . . . . . ..
Left: Comparison between the stellar, /,, and molecular length scales, /o], computed by
fitting exponential profiles to the respective surface densities as a function of galactocen-
tric radius. The colored circles correspond to 61 EDGE-CALIFA galaxies color-coded
by stellar mass derived from SED fitting (see Section 3.2.1). The inset panel shows the
comparison between /[y, and the isophotal radius ro5. The triangles represent uncertain
results for which measurements are smaller than 3. The solid red and dashed blue lines
illustrate the 1:1 scaling and the OLS linear bisector fit (forced through the origin) for
all the sources, respectively. Right: Relationship between the radii that enclose 50% of
the molecular gas and the stellar mass, R50 mo1 and Rso «, respectively. Conventions and
symbols are as in the leftpanel. . . . . . . . .. .. ..o o oL,
SFE,s vs galactocentric radius. Each line indicates the average SFEg, for individual
galaxies in 0.1rg5-wide tilted annuli after stacking. The morphological group for the
galaxies in each panel is indicated by the legend in that panel. The plot shows that the
SFEg.s in individual galaxies generally decreases as a function of galactocentric radius
and that the dispersion in SFE; at particular radii is due mostly to differences between
galaxies. . . . . . . e e e e e e e e e e e e e
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Histogram of galactocentric radii at which Xy, drops to 6 Mg, pc~2, which is the value
of Xatom assumed for EDGE-CALIFA galaxies in this work. The dashed vertical black
line is the mean value of r/R, at which this occurs, corresponding to 1.1 (0.4725; see
inset panel). The gray area represents the uncertainty in mean value of r/ R.. The inset
shows a similar histogram for r/ro5. . . . . . . . . ..o Lo
Top: SFE,s vs galactocentric radius for different morphological types of galaxies. SFE
is averaged at each radius over all galaxies of the selected morphological type; types are
indicated by shaded color as described in the legend. The vertical extent of the shaded
area for each morphogical type is the 1o scatter distribution for that type (see Figure 2.4).
Circular dots indicate the average SFE,,s and galactocentric radius in stacked annuli for
all EDGE-CALIFA galaxies; the black solid line is the OLS linear bisector fit to those
points using the model Agpr X exp (—r/rgrg). The error bars are the uncertainties
of the mean SFE values in each bin. The two dashed black lines show the effect of
increasing and decreasing X,tom by a factor of two from its assumed value of 6 Mg,
pc—2. The shaded gray band indicates the amount by which the binned SFEg,s would
increase if we use the metallicity dependent prescription for cco. The green squares
are the HERACLES data for spiral galaxies. The figure shows that SFE,,s depends on
radius, stellar mass and morphological type. . . . . . . . . . . . ..o
Left: Sample distribution of the oxygen abundances, 12 + log(O/H), with the O3N2
as metallicity indicator. The dashed-black line is the assumed solar value, which corre-
sponds to 12+1og(O/H) = 8.69. Right: The star formation efficiency of the molecular
gas, SFE o1 = XsrRr/2mol, Vs the ratio between the molecular and the atomic gas sur-
face densities, Riol = 2mol/Zatom- Colors code for galactocentric radius (in R,) are as
indicated by the color bar. Black contours are 80%, 60%, 40%, and 20% of the points
just for detections. Large black filled circles show the mean of EDGE-CALIFA data at
each stellar surface density bin; the error bars are the uncertainties of the mean SFE
values in each bin. The black-solid line shows the OLS linear bisector fit for averaged
points of SFE, ) over annuli by using the model y = ax + b. The shaded region rep-
resents uncertainty of the slope derived from the OLS linear bisector fit. The horizontal
dashed-blue line is the average SFE,,,1, including the 3o detection, for the sample. The
inset panel shows the SFE,,, for detections only as a function of galactocentric radius.
The blue-dashed line is the average SFE 1. . . . . . . . . . . . . .« ...
Top left: SFEg,s as a function of stellar surface density, .. Circular dots indicate the
average SFEg,s and X, in stacked annuli for the EDGE-CALIFA data. The ‘r’ term
represents the Pearson correlation coefficient, including the binned annuli, for the relation
between the SFE,,5 and X,. Conventions are as in bottom panel of Figure 2.7. Top right:
The Ha-to-Hj ratio, Ry, as a function of 3,; we use Yytom = 6 Mg pc*Q. Conventions
are as in top panel. Bottom: SFEg,s as a function of gas surface density. The grey dashed

line marks the point at which Xg,s = Yatom = 6 Mg pc_2. Conventions are as in top panel. 52

Left: SFEg,s as a function of dynamical equilibrium pressure, Ppg. The dashed-blue line
corresponds to 1% of gas converted to stars per disk free-fall time. Right: Star formation
rate surface density, XgrRr, as a function of Ppg. The black dashed line is the OLS
linear bisector fit for all points. The ‘r’ term is the Pearson correlation coefficient of this
subsample. The shaded region represents uncertainty of the slope derived from the OLS
linear bisector fit. Conventions are as in Figure 2.8. . . . . . . . . . . . ... ... ..

XV

55
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2.11
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3.1

Left: SFEg,s as a function of the orbital timescale, 7,1, Color coding and symbols are as
described in Figure 2.8. The black-dashed line is the best fit of the binned data and shows
5% of gas converted into stars per 7,,},. The ‘r’ term represents the Pearson correlation
coefficient, including the binned annuli, for the relation between the SFEg,s and 7o.1,.
Right: SFE,,s averaged over 7,1, bins over all galaxies of selected morphological types
as in Figure 2.6. Black-dashed lines, from top to bottom, represent the 50%, 17%, 5%,
1.7%, and 0.5% efficiency of gas converted into stars per Torh.  « « « = « « « o v o . .
SFE,.s as a function of Toomre’s gravitational instability () parameter for two different scenar-
ios. Left: The SFE,,s is plotted as a function of the Toomre Q parameter for gas, Qgas. Right:
The SFE,,s is plotted as a function of the Toomre Q parameter redefined by [18] to include the
contribution of stars and gas, Qsars+gas- Green squares in the upper left and right panels corre-
spond to HERACLES spiral galaxies; black dashed line sets the limit where the gas is unstable or
stable. The center left and right panels show the same points included in the upper ones but this
time divided into low and high galaxy stellar mass sets; red points correspond to binned annuli
which belong to galaxies with log, (M, )> 10.7, while blue points belong to galaxies with stellar
masses below this limit. Blue and red contours are the 66% and 33% of the points for each mass
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 mass of the log;;SFEgas
vs center of mass of log,, ) points for each set of morphological types. . . . . . . . . . . ..
Top: Molecular gas surface density, >,01, as a function of Toomre’s instability parameter for
gas and stars, Qstars+gas, fOr annuli with galactocentric radii within 0.3r25 (red points), between
0.37r25 and 0.5795 (yellow points), and outside 0.5r25 (blue points). Each point represents the
value of ¥, averaged over a r/ro5-wide annuli. Points are color-coded by galactocentric radius
(in 795), as indicated by the color bar on the right side. Solid-lines are PCA major and minor axes
for which each of the groups vary most. The axes are normalized to fit the major and minor axes
of the elliptical contours that enclose 50% of the annuli within a given range. The ratio between
the major and the minor axes from the PCA, Ry aj/min = Tmaj /Tmin, s in the upper left. Typical
1-0 error bars are shown in bottom left. The horizontal black-dotted line represents the assumed
Yatom = 6 Mg pc’z. Bottom: Distribution of the Spearman rank correlation coefficients for the
three r ranges in the top panel after randomizing the X, data, per range, in 200 realizations to
test for the degree of internal correlation of the axes. The horizontal dashed-red, dashed-yellow,
and dashed-blue lines are the Spearman rank coefficients for the actual data, from inner to outer
ranges, respectively. This shows that the correlations observed in the top panel are completely
consistent with being a result of the definition of Qgaststars (see discussion in the text), and thus

(although tantalizing) are not particularly meaningful. . . . . . . . . . . . . . .. ... ..

Background-subtracted, exposure-corrected ROSAT All Sky Survey mosaic of the Virgo
Cluster (hard band: 0.4-2.4 keV), with an overlay of 49 VERTICO CO(2-1) peak tem-
perature maps, increased in angular size by a factor of 20 for illustration. Image taken
from [6]. . . . . e e e e e e e e e e e
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Distribution of offsets between the CO(2-1) and HI velocities, AV = VCO(Q,D — Vi,
in spaxels within the 38 VERTICO galaxies analyzed here. The red bars correspond
to spaxels with AV offsets that place CO outside the integration window (see text) for
stacking CO. The vertical black-dashed line is the median value of AV = —0.7 km s 1.
The figure shows that, on average, the differences between the CO(2—1) and HI velocities
are smaller than the integration window in most cases (~ 98%). . . . . . . .. . ...
Spectral stacking example. The average CO(2—1) spectrum within an annulus that spans
from 0.6 to 0.7 725 in NGC 4536 is shown. The left panel shows the average of all spectra
in the annulus in the observed velocity frame. The inset panel includes the SDSS r-band
image (background), CO(2—1) data (blue contours), and the annulus that spans from 0.6
to 0.7 ro5 (red ellipses). The right panel shows the average in the velocity frame relative
to HI along with the best Gaussian fit profile (green dashed line). . . . . . . . . . . ..
Ratio of the integrated CO(2-1) line intensity in an annulus after stacking to that before

stacking. The vertical black-dashed line is the median value of logio[/co Stack/ IO, Unstack]

= 0.21; this shows that, on average, stacking recovers ~ 60% more emission. On average,
we are reaching a characteristic rms noise of 0.1 mK at 10 km s~!, which corresponds to
a sensitivity of ~ 0.1 My pc—2. The inset panel compares log10[Ico,Stack/LCO, Unstack]
vs galactocentric radius, and shows that annuli with the most CO flux enhancement are
atr > 00795, . . o o e e e e e e e e e e e e e e e e e e e
Stacked molecular gas (3,01, solid-blue line) and stellar (X, solid-orange line) surface densities,

in units of M, pc—2

, as a function of galactocentric radius, in units of ro5, for the 38 VERTICO
galaxies analyzed in this work (sorted by HI-Class). The shaded-blue area is the ¥, uncertainty.
The brown-dotted line is the star formation rate surface density, Xgrr. The purple-dashed line
is the atomic gas surface density derived from HI moment 0 maps at 15”, resolution from the
VIVA survey. The shaded-gray area is the region within the stellar effective radius R .. The
dashed-green and dashed-red lines represent the best-fit exponential profiles for X, and X,

respectively, when an exponential fit was appropriate. The vertical-dashed lines correspond to

Left: Comparison between the stellar, [, and molecular scale lengths, /.1, computed by
fitting exponential profiles to the respective surface densities as a function of galactocen-
tric radius. The colored circles correspond to 33 VERTICO galaxies with >, > 1 Mg
pc—? for all the annuli within 0.25r95, color-coded by HI-Class from [5]. The blue-solid
line is the OLS linear bisector fit (forced through the origin) for them, and the dashed-
dotted-red and dashed-green lines illustrate the 1:1 scaling and the OLS linear bisector
fit for EDGE-CALIFA galaxies (see Chapter 2), respectively. The ‘r,” value noted cor-
responds to the Pearson correlation parameter. Right: The molecular, R, 1,01, Vs stellar,
R. ., 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. . . . . . . . . L L e e e
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Left: The resolved molecular-to-stellar mass ratio R7°! 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% of the RTOI of the points.
The green shaded area is the range covered by EDGE-CALIFA spiral galaxies within
1o scatter about the mean values for radial bins of 0.1r95 wide. Right: The resolved
atomic-to-stellar mass ratio R2*°™ vs galactocentric radius. Conventions are as in left

Left: The molecular-to-stellar mass ratio within R., R™'(r < R.) = Mpyq(r <
R.)/M,(r < Re) (top) and the atomic-to-stellar mass ratio within R, R¥™(r < R,) =
Matom(r < Re)/M,(r < R.) (bottom), vs HI-Class defined by [5]. The black bars show
the values obtained from the My,01/M—M, and Miom/M—DM, 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 the R™°!(r < R,) range covered by EDGE-CALIFA spiral galaxies within 1o scatter.
Right: R (r < R.)) (top) and the R°™(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 I and II galaxies); and iii) symmetric-truncated galaxies (HI-Classes
IIT and TV galaxies). Conventions are as in the left panel. While R™!(r < R,) values
for VERTICO galaxies are within the ranges covered by the XxGASS-CO MS galaxies,
R3°m(r < R,) values show a systematic decrease with increasing HI-Class. . . . . . .
Left: The resolved molecular-to-atomic gas ratio Ryo] = Ymol/Zatom VS galactocentric
radius, with circles colored by HI-Class. The black contours enclose, from outside-in, the
66% and 33% of the points. Middle: The molecular-to-atomic gas ratio, in logarithmic
space, computed using the molecular and atomic gas masses within Re, Ryol(r < Re) =
Mioi(r < Re)/Matom(r < Re), vs HI-Class. The black bars show the Ry, values
obtained from the M1/ 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 Ryol(r < Re) that is up to about an order of magnitude going from lower to higher
HI-Classes (e.g., from Class I to III); the more disturbed the HI the higher the molecular-
to-atomic ratio within R,. Right: Ry01(r < Re) vs HI-Class groups as in the right panel
of Fig. 3.8. Conventions and symbols are asin Fig. 3.8. . . . . . . ... ... ....
Top: The molecular gas mass within Re, My01(r < Re) Mg), vs HI-Class. Bottom:
The star formation rate within R, SFR(r < R.) (Mg yr—!), vs HI-Class. Conventions
are as in left panel of Fig. 3.8. While My,01(r < Re) remains almost constant, there is a

systematic decrease of SFR(r < R,) with HI-Class (particularly from HI-Classes II to IV).103
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Left: The resolved star formation efficiency of the molecular gas, SFE |, vs galactocen-
tric radius. The black contours enclose, from outside-in, the 66% and 33% of the points.
Middle: The star formation efficiency of the molecular gas within Re, SFE,01(r < Re),
vs HI-Class. The horizontal black bars are the SFR /M, median values for HI-Classes
0, I, II, 111, and IV VERTICO galaxies using the SFR /M,,,;—M, relation derived from
the molecular depletion times, Tqep = Mmo1/SFR, for xGASS-CO MS galaxies by [7].
The shaded-green area is the SFE,,1(r < R.) range covered by EDGE-CALIFA spiral
galaxies within 1o scatter. Right: SFE.1(r < Re) 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 of SFE,,,1(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. . . . . . . ... .. .. ....
The star formation efficiency of the molecular mass within R, SFE,,1(7 < R.), vs the
best-fit power-law index of the resolved Kennicut-Schmidt, N,kg, from [19]. Although
without a significant correlation between SFE,, (7 < R.) and N,ks (Pearson r, = 0.3),
HI-Classes III and IV (blue circles) seem to group at both lower N,xs and SFE, (1 <
R.) than HI-Classes 0 and I (red circles), and vice versa. . . . . . . . .. .. .. ...
The star formation efficiency of the molecular mass within the radius of the bulge R},
SFE,,01(r < Ry), vs the bulge mass M, (in units of the total stellar mass) for HI-Classes
IL, III, and IV. Symbols are colorcoded by HI-Class as in Figure 3.12. The horizontal
arrows are upper-limits for Mj, since no clear breaks in the stellar radial profiles due to
bulges are identified; therefore, Mj, in these cases is the mass enclosed within 0.1795,
which corresponds to 7,1 ~ 1.0 kpc at the Virgo cluster distance (16.5 Mpc; [20]).

SFR- M, relation for the 60 galaxies in the ACA EDGE survey (blue circles), sampling the whole
range of z = 0 galaxy behavior for log[M,/Mg] ~ 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
fit 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 galaxies. .
Menagerie of stellar distributions presented in the local Universe. SDSS r (red channel), 7 (green
channel), and z-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 .t .t h e e e e e e e e e e e e e e e e e e e e e e e e
CO(2-1) spectra for ACA datacubes convolved to 1.1" 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

3 in Table 4.1), and velocities are centered on the stellar redshift. . . . . . . . . . . . . . ..
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4.5

4.6

ACA EDGE data products for each galaxy. Panels cover an area of 1.25" x 1.25". The first panel
shows the SDSS riz multicolor image with contours from our integrated intensity masked map
overlaid. Contours correspond to 20 and 5o 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 s~1), 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
be found in the Appendix. . . . . . . . . . . L oL Lo oL e e e e e e e e
Comparison of the integrated CO(J=2-1) emission line flux between ACA (this work) and APEX
[14] datasets for 51 ACA galaxies. ACA fluxes are derived after convolving datacubes to match
the APEX angular resolution (26.3"). 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 figure shows good agreement between ACA and APEX fluxes. However, fluxes 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 a 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). . . . . . . .« . . . o . L. o e e e e e
Stellar (3, ; red solid line) and molecular gas (3,,,); blue solid line) surface densities, in units of
Mg pc—2, as a function of galactocentric radius, in units of the stellar effective radius (R.), for
the 30 ACA EDGE galaxies with 50 CO detections and inclinations ¢ < 70°. The blue shaded
area is the X, uncertainty. The brown dotted line is the SFR surface density, Xgrr. The gray
shaded area is the region within the bulge radius, Rj,ujge. Dashed black lines correspond to the
best exponential function fit for stellar and molecular gas radial profiles, from top to bottom. The
dashed green line corresponds to » = 795. 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 since He in this region is susceptible
to LINER/AGN contamination (see §4.4.2.2). Galaxies are classified based on their quenching
stage as defined in §4.4.1, i.e., in main sequence (blue panels), green valley (green panels), and
red cloud (red panels). When using stellar profiles as a benchmark, we note a systematic flattening
of the molecular gas profiles with quenching stage. See also Fig. 4.12. . . . . . . . . . . ..
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Top left: SFR-M, diagram integrated over CALIFA SFR and stellar maps, color-coded by the
total molecular gas mass, M. The solid black line is the SFMS fit by [15]. Blue, green, and
red dashed areas define main sequence, green valley, and red cloud galaxies, respectively, as de-
fined by the bands (see §4.4.1 for more details). Top right: SFR-M,. relation color-coded by
stellar mass. The dashed black lines, from top to bottom, correspond to molecular gas depletion
times Tqep = 0.1, 1.0, and 10 Gyr, respectively. Blue, green, and red circles are the centroids
of SFR and My, values for galaxies with 5o CO detections (filled circles) of the groups as de-
fined by the bands in the top left panel. The blue and green squares correspond to the centroid
of SFR and M, values for main sequence and green valley CARMA EDGE detected galaxies.
Bottom: Distributions for the molecular-to-stellar mass fraction (Rfj’o1 = Mo /M,; left) and
the molecular gas depletion time (701 = Mmmo1/SFR; right) for the three categories (excluding
CO upper-limits), as defined 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 efficiency of the molecular gas (SFE,,1 = Td_e;). ............
Comparison between the stellar, /,, and molecular, [,,,, scale lengths, computed by fitting ex-
ponential profiles to the respective surface densities as a function of galactocentric radius. Blue
circles and green triangles correspond to 23 ACA EDGE galaxies with ¥, > 1 Mg pc~2 for
all the annuli within 1 kpc. The blue solid line is the best fit for the model y = ax for main
sequence, omitting galaxies with low-quality /., fits (symbols with pale colors). The gray dot-
ted and orange-dotted lines are the best fit 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 figure shows a ~6:5 relation between the molecular and stellar scale
lengths. . . . . . . L e e e e e e e e e e e e e
Left: SFR surface density, Xgrr, versus stellar surface density, X, color-coded by the resolved
star formation efficiency of the molecular gas, SFE= Ygpgr /3o, for pixels with 50 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 galaxies. Right: The
resolved SFR-M,,, relation, color-coded by the resolved molecular-to-stellar mass gas fraction,
er’Ol = Ymol/X,. Conventions are as in left panel. The black dashed lines corresponds to
the OLS bisector fit for main sequence galaxies using the model y = ax + (3 for the resolved
SEMS (left) and the resolved Kennicutt-Schmidt (right) relations. While the left panel exhibits an
increasing in X, 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 Ysrr. 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 efficiency. . . . . . . . .. L oL L Lo e e e e

Xxi



4.10

4.11

4.12

4.13

Top: The resolved SFE,,o versus galactocentric radius for SF pixels within R}, 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
aco(Z', Siotal) prescription (see Eq. 4.6). Middle: The resolved SFE,,, versus the resolved
specific star formation rate, sSFR, for the same groups as in top panel. Bottom: Distribution
of the resolved molecular-to-stellar mass fraction, 7 R™°!, 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
SFE 01, SSFR, and 7 R7°! within the bulges have a systematic decrease with quenching stage,
and these trends seem to not depend on the adopted avco prescription. . . . . . . . . . ...
Distributions of the bulge density (in units of M, pc~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
significant difference between green valley and main sequence bulge densities, we note that the
former have on average denser bulges than the latter. . . . . . . . . . . . . . . ... ...
The resolved star formation efficiency of the molecular gas, SFE;,o; = Xsrr/Zmol (panels A
and B), the resolved molecular-to-stellar mass fraction, TRTOI = Yo1/2« (panels C and D),
and the specific star formation rate, sSSFR= Xgpgr /%, (panels E and F), in radial bins of 0.3 R,
(~1.5 kpc) versus galactocentric radius for pixels from the 30 galaxies included in Figure 4.6.
The figure is color-coded according to the three main groups. Panels A, C, and E encompass
pixels from 20 galaxies classified 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 Ha-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
1o scatter distribution for any group. Also, the vertical black dashed lines are located at r = R.,
which we use to divide galaxy regions in central and disk pixels. While efficiencies in main
sequence galaxies remain almost constant with galactocentric radius, in green valley galaxies we
note a systematic increase of SFE,,.1, rRI*“OI, and sSFR, with increasing radius. We also observe
slightly higher SFE,,, in the regions near the centers (0.5R, < r < 1.2R.) of AGNs when
compared to their outskirts. . . . . . . . oL Lo L0 0oL
SFE,,o1 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 identified in Fig. 4.12, thus
between pixels within the central (hatched unfilled bars) and outer (solid bars) regions. To com-
pute the SFE,,,;, we adopt a fixed CO-to-Hs conversion factor (top panels), and the variable
aco(Z', Biota) from Equation 4.6 (bottom panels). While the distributions of SFE,,, for main
sequences pixels within the two radial bins are similar when adopting the two cvco prescriptions,

green valleys show a more clear bimodal behaviour when using a constant aco. . . . . . . . .
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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 significant 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
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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
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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 HII 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 ejecta: As 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 significant 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 Astrobites.org’.
https://astrobites.org/2013/12/06/finding-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 final 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 final 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. Briefly,
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 defined by a spherical distribution of packed stars in the galaxy center; and iii) the halo,



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 classified according to their 2D projection on the sky. One of the first and
most important galaxy classifications is the one introduced by Edwin Hubble (originally included
in his book The Realm of the Nebulae published 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 classification adopted a very simplistic methodology,
the Hubble Sequence seems to reflect 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 reflect 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 figure represents an empirical classifica-
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
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Figure 1.5: Sampling data for seven molecular gas-rich spiral galaxies selected from the HERACLES
survey, as shown in Bigiel et al. (2008) [12]. Left: The resolved SFR surface density, >srRr, versus the
resolved atomic hydrogen surface density, Xpi. Right: Ygrr versus the resolved molecular gas surface
density, ¥, .

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 density, >gpr) with atomic hydrogen (HI) and molecu-
lar hydrogen (Hs) surface density for a sample of gas-rich spiral galaxies. The figure shows the
excellent linear correlation of SFR and (H,) gas surface densities where Hs (traced by CO) is de-
tected (see also [28-32], among others). HI shows a non-linear correlation with SFR presumably
reflecting its conversion into Hs as 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-



Faster vibration Faster rotation

- N $
Vs N
- (0] AR \
\\\ ,// % 9

Fa e ~
fo = 1420 MHz radiation mm radiatien
F — . Ao = 21 cm ﬁ o
-7 T~ ~
-~ Spin-FIip\C*J\N\r’ < O N s 4y
[ o
\ /
~ -’
S~ o - Slower vibration Slower rotation

o —— -

Figure 1.6: Left: The atomic hydrogen (proton and electron) spins aligned (top) undergoes a flip of the
electron spin, resulting in emission of a photon with a 21-cm wavelength (bottom). Right: Molecules can
emit radiation by changing either their rotational or vibrational states. A change in the roto-vibrational
state of the CO molecule (Hs tracer) results in a photon emitted at millimeter wavelengths. Image taken
from COSMOS 2.

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

ditions) on the production of new stars. Since H, reservoirs are strongly tied to the extended
atomic hydrogen content in galaxies, the presence of HI is crucial to maintain the production
of Hy molecules (e.g. [37]), which will form new stars and sustain their production over long
timescales. In consequence, HI data are also essential to complete the panoramic picture of the
star-formation activity and its dependence on molecular gas.

Atoms and molecules can be identified by the specific frequencies in the electromagnetic
spectrum at which their emission/absorption lines are located. These emission/absorption lines
are the “fingerprints” of atoms, since they reflect 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 defined 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 state (i.e. HI)
can be traced with the well known 21-cm wavelength line due to changes in electron spin (known
as hyperfine-structure lines; see left panel of 1.6). In regions where H, can 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 monoxide (*2C'°0; hereafter CO; see right panel of Fig. 1.6). Since CO is eas-
ily excited and one of the most abundant molecules except for Hy, it provides 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. Both the CO(J =1 — 0)and CO(J =2 — 1)

rotational transitions are commonly used as a tracer of Hy, mass (e.g., [38]).

1.4 Radio and mm/submm telescopes

As explained in previous sections, CO and HI observations are crucial to investigate the
stellar production through the gas content in galaxies. While the HI can be directly detected
using the 21-cm line (fygy ~1.42 GHz) with radio telescopes, the bright CO rotational lines (the
most commonly used H, tracer) are emitted at mm wavelengths (e.g., Aco(1—0) ~ 2.6 mm and

Aco(2—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
configurations. While single antennas collect radiation only over the area defined 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 flux 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 from How ALMA Works Vol. 2: Combining Multiple Antennas into
One Radio Interferometer.

Although HI 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 flux, 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 by 6 ~ 1.22 A/ D, where A is the wavelength of
the radiation detected and D is the size of the instruments. For single antennas, D is given by the
diameter of the dish; the size of 6 (i.e., the smaller theta, the finer 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 interferometers, I corresponds 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 final decision of the instrument should rely on the main scientific aim to achieve.

Large single-dish single-pointing CO and HI 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 briefly the main features of these three radio and

mm/submm facilities in the following sub-sections.
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Figure 1.8: VLA antennas at the Plains of San Agustin, New Mexico, USA. Credits to the National
RadioAstronomy Observatory, NRAO.

1.4.1 The VLA telescope

The Karl G. Jansky Very Large Array, VLA (see Fig. 1.8) is a radio-interferometer (oper-
ating at wavelengths between 1 and 50 GHz), using 27 25-m antennas located on the Plains of
San Agustin in New Mexico, USA. The location was chosen based on the low-humidity desert
climate, which is critical for observations at the frequencies of some VLA’s bands (e.g., 23 GHz).
Water molecules distort radio waves since they can absorb and emit radiation at similar wave-
lengths that interfere astronomical observations, for instance altering the radiation path-length
and the signal phase of the calibrator source. Therefore, radio detectors are required to be in de-
sertlike environments and at high altitudes to reduce the background emission from Earth-based
water molecules.

The antennas are sorted in a well known “Y”” shape; the main reason is to increase the space

coverage of large-scales structures of the observed sources. As briefly explained in the previous
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section, the size of the interferometer’s aperture depend on the maximum distances between an-
tennas; the wider the array is, the higher the angular resolution at which a specific source can be
seen. Antennas can be moved to set the four VLA configurations (assigned with letters A-D),
yielding different compromises between brightness sensitivity and angular resolution. The maxi-
mum distance between antennas (also called baseline) varies among the different configurations,
which span from ~ 37 km for A to ~ 1 km for D. For the 21-cm line (at the 1.4 GHz band), this
translates in angular resolutions between ~46 and 1.3 arcseconds® (an arcsecond is 1°/3600 on
the sky).

After 40 years of operation, VLA observations have made important contributions to the
understanding of the effects of black holes, protoplanetary disks around young stars, the discovery
of magnetic filaments in the Milky Way, probing and constraint cosmological parameters, and to
construct a more complete picture of the atomic hydrogen distribution within galaxies and the

Universe, among others.

1.4.2 The CARMA telescope

The Combined Array for Research in Millimeter-wave Astronomy (CARMA, [39]) was
constructed from nine of the 6.1-m antennas of the Berkeley-Illinois-Maryland Association (BIMA)
array, and the six 10.4-m antennas of Caltech’s Owens Valley Radio Observatory (OVRO) mil-
limeter array, along with eight 3.5-m antennas from the University of Chicago. The antennas
were located at Cedar Flat in the Inyo Mountains of eastern California, at an elevation of 2200
m. The two more extended array configurations contained baselines that ranged in length from

100 m to 1000 m (B configuration) and 250 m to 1900 m (A configuration) to achieve angular

3https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance/resolution
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Figure 1.9: CARMA antennas at Cedar Flat in the Inyo Mountains, California. Photo by R. L. Plambeck.

resolutions of 0.”33 and 0.”15, respectively, at a frequency of 230 GHz. The array was composed
by 6 m and 10 m antennas operating in the 1.3 or 3 mm atmospheric windows, and the reference
array comprised the 3.5 m antennas and operated in the 1 cm window.

Until its cessation of operations in April 2015 and commencement of ALMA observations,
CARMA was one of the most successful millimeter radio observatories in the world. The array
made many discoveries in the areas of stellar birth, early planet formation, supermassive black
holes (as part of the Event Horizon Telescope), galaxies (e.g., the EDGE-CALIFA survey), galaxy

mergers, and more.

1.4.3 The ALMA telescope

The Atacama Large Millimeter/submillimeter Array (ALMA) is the premium telescope

for mm-submm astronomy currently operating. Benefitting from the extreme dry climate of the
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Atacama desert, Chile, ALMA is located at ~5000 m above the sea level to further mitigate
mm/submm absorption and emission from to water vapor in the atmosphere. ALMA uses 66
high-precision antennas, including 54 12-m dishes and 12 7-m dishes, which corresponds to a
collecting area for the array of about 6600 m?. The 12-m antennas can be moved to different
locations by custom-made Antenna Transporters to form arrays in different configurations. Fifty
of the 12-m dishes are deployed in the main array; from the most compact to the most extended
arrays, configurations have baselines that range between 160 m to 16 km, respectively. The
other 16 dishes are designated as the the Atacama Compact Array (ACA), including the 12 7-m
and four 12-m antennas deployed in a compact configuration for imaging large-scale structures.
The ALMA angular resolution depends on both the baseline and the wavelength observed. For
instance, in ALMA’s most compact configuration the resolution can ranges from 0”.5 at A = 0.5
mm (650 GHz) to 8”.5 at A = 7.5 mm (40 GHz). In the most extended 12-m configuration,
ALMA’s resolution range from 9 milliarcseconds at 0.7 mm (460 GHz) to 110 milliarcseconds at
7.5 mm (40 GHz).

ALMA has revolutionized radio astronomy during its first decade of operations, broadening
our knowledge in several fields. The telescope has allowed the study of the cosmic light that
straddles the boundary between radio and infrared. Most objects in the Universe emit this kind
of energy, so the ability to detect it has been a driver for astronomers for decades. In this way,
ALMA has opened a new window on the Universe, capturing never-before-seen details about
the very first stars and galaxies, probing the heart of the Milky Way, and directly imaging the

formation of planets.
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Figure 1.10: ALMA antennas at the Chajnantor Plateau, 5000 m above the sea level. Credits: ALMA
(ESO/NAOJ/NRAO)/W. Garnier (ALMA).

1.5 The star-formation activity in the local Universe

In the last decades, the increasing amount of data from the new generation of telescopes has
allowed the construction of multi-wavelength galaxy surveys, which provide statistically signifi-
cant results and are essential for understanding ensemble trends in galaxy evolution. Analysing
these databases, studies have revealed that there is a tight connection between the total star forma-
tion rate and the total stellar mass for a large fraction of galaxies. That is, as long as a galaxy has a
sufficient gas reservoir available to form new stars, the amount of stars it produces will be directly
proportional to its current stellar mass (the sum of the masses of all the stars within the galaxy,
M,). In such cases, we say that a given galaxy forms new stars on the galaxy star-formation main
sequence (hereafter SFMS, see 1.11; e.g., [14, 15,40-43]). The existence of the SFMS suggests
a useful galaxy classification based on how active galaxies are in terms their stellar production,

which can be summarized in the following categories (as shown in Fig. 1.11):
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Figure 1.11: Integrated M, versus SFR relation for galaxies selected from the Calar Alto Legacy Integral
Field Area survey, CALIFA [13], as shown in Colombo et al. (2020; [14]). Points in the plot, which
represent galaxies, are conveniently colored according to how efficient is the conversion from molecular
gas into stars within them. Main sequence galaxies (blue points) tend to have high SFRs and are well rep-
resented by the best-linear fit for main sequence galaxies from Cano-Diaz et al. (2016; [15]). Conversely,
SFRs seem to be uncorrelated with M, in red sequence galaxies (red points), which also have lower star-
formation rates than main sequence galaxies. The green dotted line marks the “green valley”, i.e. galaxies
transiting from the main to the red sequence and experiencing star-formation quenching.

1. Blue cloud (or Main Sequence): These galaxies have a direct proportionality between their
M, and their star-formation rate (blue symbols). The behaviour of these galaxies can be

well described by the blue line in Fig. 1.11.

2. Red cloud (or Red Sequence): Galaxies having star-formation rates significantly lower than
those for main sequence galaxies (10s-100s times lower or even null), and with a poor or

null correlation between M, and SFR (red symbols in Fig. 1.11).

3. Green valley (or transition galaxies): These galaxies are have SFR and stellar masses that
place them between the blue cloud and the red sequence (see green dashed line in Fig.

1.11).
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The bimodal tendencies shown by main sequence and red cloud galaxies suggest interesting
questions regarding the physical processes that may produce the transition from the former to the
latter. It seems that galaxies halt the production of new stars at a certain point in their evolution;
this phenomena is usually referred as the star-formation “quenching” (which makes reference
to “cessation”). Some studies (e.g., [44]) have proposed the idea of two general categories of

quenching processes:

* Environmental quenching: Environment (i.e. the amount of gas, dust, and other galaxies
around the galaxy under study) can play a key role in regulating the star formation activity.
On the one hand, galaxies rich in gas with low or intermediate stellar masses are commonly
found in environments with low density, suggesting a strong interplay between environment
and the baryon cycle (e.g., [45,46]). On the other hand, high-density environments tend to
preferentially host red galaxies (e.g., [47—49]), since galaxies can lose the ability to accrete

gas from their surroundings when they are immersed in a cluster of galaxies (e.g., [S0-55]).

* Mass quenching: Intrinsic mechanisms are usually associated with the activation and regu-
lation of the physical processes relevant for the star-formation activity. These mechanisms
are also expected to act differently depending on the structural components within galaxies,
resulting in variations of the stars production when comparing bulges, bars, or disks. This
form of star-formation quenching has been broadly associated with different ways to alter

the physical conditions of the gas and how this impacts the production of new stars.

Although the two quenching modes represent a well defined evolutionary stage of galaxies,
it is still not clear if the star-formation quenching is primarily driven by a change in the star
formation efficiency, the reduction of the molecular gas content, or a combination of multiple
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processes.

1.6 Main aims of this thesis

Since the production of new stars takes place in molecular clouds, the characterization
of the processes that control the amount of molecular gas and the rate at which it is converted
into stars is essential. Although considerable progress in this area has been accomplished, our
conceptual understanding has been limited due to the challenges in connecting global studies (i.e.,
sampling of large numbers of spatially unresolved galaxies) with spatially resolved studies, which
are frequently restricted to a handful of galaxies and do not span a significant range of masses,
environments, and types. The synergies between multiwavelength galaxy surveys represent a
powerful tool to overcome these limitations, providing a unique opportunity to address the key
questions regarding galaxy evolution. Some of the topics that can be uniquely investigated using

this combination are:

* What local factors regulate the conversion of Hy into stars? The efficiency of the con-
version from Hs into stars can be described using the depletion time of the molecular gas
Tdep = Zmol/ LsFr, Where 3, and Xgpr are the molecular gas and the star formation rate
per unit area, respectively. Due to the close relation between star formation and gravita-
tional collapse, an easy exercise is to compare 74., With some dynamical time scales related
to gravity. On the one hand, 7., is usually compared to the free-fall time 7 = (G i) ~"/2
on physical scales of GMCs, where p, 1s the volume density of the total stellar and molec-
ular gas mass and G is the gravitational constant. On the other hand, the depletion time can

be compared on galaxy scales to the orbital time scale 7., = 7!, where ) is the angular
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velocity of the gas around the galaxy. Based on these definitions, 74, being longer than
both 7¢ and 7, should reflect the inefficiency of the conversion from Hj into stars, sug-
gesting that some mechanisms may be modifying the natural rate of the star formation. In
this regard, our understanding of these spatial and time scales is still limited, as well as how
these may depend on some global galaxy properties, like morphology or total molecular
gas content. In Chapter 2, we try to address these questions by analyzing a subsample of
81 galaxies selected from the EDGE-CALIFA survey [3], which is one of the best samples
currently available due to its good statistical representation of galaxy morphologies and/or

environments in the local Universe.

* Are the atomic and molecular gas affected similarly by environmental effects? A particular
interest in modern astrophysics is focused on verifying if environmental factors affecting
the HI content of a galaxy (e.g., those related to galaxy clusters, which are groups of galax-
ies gravitationally bound and interacting) are reflected in the H; content within that galaxy
(impacting the production of stars as well). For instance, one of the most common environ-
mental processes affecting the gas distribution within galaxies in a cluster is the ram pres-
sure stripping (or RPS; Gunn & Gott 1972 [56]), who suggest that the gas in these galaxies
can be removed by “winds” due to the interaction with the hot intracluster medium (ICM;
see Fig. 1.12). If we use RPS as a stereotypical environmental process, three different sce-
narios can be identified: 1) Both HI and Hy are removed and/or disturbed simultaneously
by the same environmental process(es); ii) most of the atomic gas is removed before the
molecular gas starts being affected; and iii) although both the atomic and molecular gas

are affected, they are altered in different ways. Some studies (e.g., [57]) have identified
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an increase in the Hy deficiency (i.e., how low the HI content is compared to normal star-
forming galaxies) for HI-deficient galaxies, which suggests that both the molecular and
atomic gas are affected similarly. Also, they have shown that even though HI deficien-
cies are not significantly correlated with global Hy deficiencies, the resolved properties of
molecular gas do correlate with HI deficiency. They find that HI deficient galaxies have
more centrally concentrated Hy. In other words, for disks that are more truncated due to
atomic gas removal in the outermost parts of galaxies, we should expect an increase in their
central H, surface densities. Spatially resolved HI and H; observations allow us to compute
the molecular-to-atomic gas ratio in high detail, which is a useful indicator of the gas phase
balance. They can help us to understand how the HI-to-H, transition is affected by envi-
ronmental effects and their impact on the star-formation efficiency across a wide variety of
galaxy structures. In Chapter 3, we investigate these topics in 38 galaxies selected from the
VERTICO survey [6], which comprises CO(2-1) and HI observations for 51 galaxies from

the Virgo galaxy cluster undergoing different stages of environmental quenching.

How do galaxies grow and age? Although the continuing accretion of gas is crucial to
maintain the star formation activity in a galaxy, studies suggest that gas depletion alone
and galaxies transformed into “red” ellipticals due to merging events cannot explain com-
pletely the ultimate fate of galaxies. For instance, gas can be removed by powerful starburst
or via active-galactic nuclei activity (e.g., strong winds due to powerful gravitational effects
from supermassive black holes in some galaxy centers). On the one hand, the conversion
of gas into stars could potentially stop smoothly due to a slow aging process as cold gas

inflow decreases or is quenched on short timescales in galaxies within high-density en-
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NGE 4330 NGC 4402

NGC 4522

Figure 1.12: Ram pressure stripping of the HI gas in four galaxies from the Virgo cluster. The optical
images are a color composite of three filters from the Sloan Digital Sky Survey, SDSS, overlaid with HI
contours from the VIVA survey [16]. Since gas is less gravitationally bound to galaxies than stars, HI is
noticeably more disturbed by ram pressure stripping than the stellar disk. Image taken from Wong et al.
(2014, [17]).

vironments. On the other hand, star formation may depend also on the local physical
processes and conditions in the gas, which could vary with galactocentric radius, galaxy
structures, among others. Therefore, it is crucial to determine if the ageing/quenching is
mostly driven by gas depletion, or perhaps it is induced by local physical processes. In
Chapter 4, we study some of these star-formation quenching mechanisms using CO(2-1)
and optical data for 60 galaxies selected from CALIFA as part of the ACA EDGE survey.
Compared to other local galaxy surveys, ACA EDGE is designed to mitigate selection ef-
fects based on CO brightness and morphological type, which makes it ideal to investigate
the quenching mechanisms modulating the transition from main sequence to red sequence

galaxies.

In this thesis, we investigate these topics by implementing an holistic approach. We an-
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alyzed three sets of dissimilar galaxy samples in order to test how the molecular gas varies de-
pending on the galaxy environments, total galaxy stellar mass, or galaxy morphology, among
others. To do so, we designed a common methodology and a variety of computational tools that
allowed us to characterize the star-formation efficiency in the different galaxy surveys. Although
with some limitations, our idea is to give a broad picture of the main properties and factors that

impact the efficiency of the star formation activity in the local Universe.
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Chapter 2: The EDGE-CALIFA Survey: The Resolved Star Formation Effi-

ciency and Local Physical Conditions

2.1 Introduction

Star formation is one of the most important evolutionary processes that shape galaxies over
cosmic times. Either from the inter-galactic medium or through galaxy-galaxy interactions, the
accretion of gas into a galaxy potential well provides the fuel for future star formation (e.g.,
[22,23]). The mechanisms behind the conversion of gas into stars have been investigated in both
distant and nearby galaxies [58,59]. The [26,27] seminal studies of the galaxy star formation
scaling relations in terms of both the star formation rate and neutral gas surface densities (Xspr
and Y,,, respectively), showed they are strongly correlated. More recent studies of the scaling
laws between gas, stars, and star formation activity show that the latter is most closely related
to molecular gas (Hs), and focus on the mechanisms that convert Hs into stars, as the main gas
reservoir for star formation [12,28-32].

Stars form in Giant Molecular Clouds (GMCs) in which the molecular gas is the main con-
stituent (e.g., [24]). We usually trace molecular gas through observations of the low-J transitions
of the carbon monoxide (CO) molecule which provide a good measure of the total molecular

mass. The 2C'%0(J = 1 — 0) transition has been commonly used as a tracer of H, since it is
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the second most abundant molecule and it can be easily excited in the cold Interestellar Medium
(ISM). The CO(1-0) emission line is usually optically thick, and the conversion of CO lumi-
nosity, Lyo;_g, into molecular gas mass, My,, is done through a CO-to-H, conversion factor
aco (e.g., [38]) which appears reasonably constant in the molecular regions of galactic disks
but changes at low-metallicities and frequently in galaxy centers in response to environmental
conditions (e.g., [60,61]).

In the last decades a sharp increase in optical data on galaxies has enabled the detailed
study of structure assembly in the Universe, with the goal of understanding the mechanisms that
drive the Universe from the very smooth state imprinted on the cosmic microwave background
radiation to the galaxies we observe today. Optical spectroscopic surveys (e.g, zZCOSMOS, [62];
Sloan Digital Sky Survey III, [63]; KMOS?3P, [64]; SINS, [65]) have shown the relations between
star formation, stellar population, nuclear activity, and metal enrichment for unresolved galaxies
in a broad range of redshits. Meanwhile, gas surveys of nearby galaxies have enabled the explo-
ration of the physics behind the star formation relations (e.g., [30, 32,66, 67]). These data have
revealed that the star formation rate responds to two main factors: the molecular gas content and
the stellar potential of the system. An important piece of information is the internal structure
of the galaxies. The new generation of Integrated Field Unit (IFU) spectroscopy surveys (e.g.,
Calar Alto Legacy Integral Field Area, CALIFA, [13]; SAMI, [68]; MaNGA, [69]) have pro-
vided detailed spectral imaging data with unprecedented spectral and spatial coverage and good
resolution, giving the opportunity to map metallicities, dynamics, extinctions, SFRs, stellar mass
density, and other quantities across galaxies. In addition, imaging spectroscopy of the molecular
gas from millimeter-wave interferometers [3, 70, 71] adds invaluable information to understand

the baryon cycle in galaxies in the local Universe, where star formation has experienced a drastic
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decline since the peak of cosmic activity [59].

The study of star formation in galaxies demands a holistic approach, since the phenomenon
is controlled by multiple processes and it covers a broad range of scales and environments. The
analysis of a broad range of galaxy types with multi-waveband datasets is therefore essential to
understand the physical conditions that drive star formation activity. The Extragalactic Database
for Galaxy Evolution (EDGE) survey is one of the legacy programs completed by the Com-
bined Array for Millimeter-wave Astronomy (CARMA) interferometer [39], spanning imaging
observations of CO emission in 126 local galaxies. The EDGE survey, combined with the IFU
spectroscopy from the CALIFA survey [13], constitute the EDGE-CALIFA survey [3], which
provides ?CO and 3CO (J = 1 — 0) images at good sensitivity and angular resolution covering
the CALIFA field-of-view.

In this work, we investigate the star formation efficiency (SFEg,s, where SFE,, [yr—!]
= Ysrr/Ygas) in the EDGE-CALIFA survey taking advantage of its large multiwavelength data
for 81 local galaxies with low inclinations. In particular, we investigate how the SFE,,s de-
pends on physical quantities such as galactocentric radius, stellar surface density, mid-plane gas
pressure, orbital timescale, and the stability of the gas disk to collapse. This paper is organized
as follows: Section 4.2 explains the main characteristics of the EDGE-CALIFA survey and the
sample selection. In section 2.3 we present the methods employed for data analysis, including
the CO stacking procedure and the equations we used to derive the basic quantities. Finally, in
sections 2.4 and 2.5 we present our results, discussion, summary and conclusions of this work,

respectively.
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2.2 Data products

2.2.1 The EDGE and CALIFA surveys

The EDGE-CALIFA survey [3] is based on the optical Integrated Field Spectroscopy (IFS)
CALIFA and CO EDGE surveys. In the next paragraphs, we briefly summarize the main features
of these two datasets.

The Calar Alto Legacy Integral Field Area survey, CALIFA [13], comprises a sample of
approximately 800 galaxies at z ~ (. The data were acquired by using the combination of the
PMAS/PPAK IFU instrument [72] and the 3.5 m telescope from the Calar Alto Observatory.
PMAS/PPAK uses 331 fibers each with a diameter of 2”.7 sorted in an hexagonal shape which
covers a field-of-view (FoV) of ~ 1 arcmin?. Its average resolution is A\/AX ~ 850 at ~ 5000A
with a wavelength range that spans from 3745 to 7300A. CALIFA galaxies are selected such that
their isophotal diameters, D5, match well the PMA/PPAK FoV, and they range from 45 to 80
arcsec in the SDSS r-band [73]. The CALIFA survey uses a data reduction pipeline designed to
produce data cubes with more than 5000 spectra and with a sampling of 1 x 1 arcsec? per spaxel.
For more details, see [13].

The Extragalactic Database for Galaxy Evolution, EDGE, is a large intereferometric CO
and 1*CO J = 1—0 survey which comprises 126 galaxies selected from the CALIFA survey. The
observations were taken using the CARMA in a combination of the E and D configurations for a
total of roughly 4.3 hr per source, with a typical resolution of 8 and 4 arcsec, respectively. The
observations used half-beam-spaced seven-point hexagonal mosaics giving a half-power power

field-of-view of radius ~ 50 arcsec. The data are primary-gain corrected and masked where
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the primary beam correction is greater than a factor of 2.5. The final maps, resulting from the
combination of E and D array data, have a velocity resolution of 20 km s~! and typical velocity

1

coverage of 860 km s~ ", a typical angular resolution of 4.5 arcsec, and a rms sensitivity of 30

mK at the velocity resolution. For more details, see [3].

2.2.2 edge_pydb database

The EDGE-CALIFA survey provides global (integrated) and spatially resolved information
about the molecular/ionized gas and stellar components in 126 nearby galaxies, comprising ~
15000 individual lines-of-sight. In the context of this work, and to provide easy yet robust access
to this large volume of data, we have used one main source of data to perform our analysis.

The edge_pydb database (Wong et al. in prep.) is a versatile PYTHON environment that
allows easy access and filtering of the EDGE-CALIFA data in the variety of analyses we aim
to perform. edge_pydb encompasses a combination of global galaxy properties and spatially
resolved information, with a special emphasis on estimation of the CO moments from smoothed
and masked versions of the CARMA CO datacubes. All data have been convolved to a common
angular resolution of 7”. By using the PIPE3D data analysis pipeline (see [74, 75] for more
details), the convolved optical datacubes are reprocessed to generate two dimensional maps at
7" resolution. The pipeline fits the stellar continuum to the emission lines for each spaxel in
each datacube (adopting a Salpeter [76] Initial Mass Function, IMF), generating maps sampled
on a square grid with a spacing of 3” in RA and DEC. To identify a given pixel in the grid,

the data are organized by using a reference position (taken from HyperLEDA') and an offset

Thttp://leda.univ-lyon1.fr/
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indicating spatial position. The final database also contains ancillary data, including information

from HyperLEDA, NED?, among others.

2.3  Methods

2.3.1 Stacking of the CO spectra

Although many EDGE-CALIFA galaxies have high signal-to-noise detections of CO emis-
sion in their central regions, emission is generally faint in their outer parts. Typically, the de-
crease in emission takes place from r = 0.5ry5 outwards (around 1.1R., by assuming that
ro5 R 2.7R; [77]). [3] published maps of velocity-integrated CO emission and discussed various
masking techniques for recovering flux and producing maps with good signal to noise; even so,
they tend to miss flux in regions of weak emission and to underestimate the CO flux (see Figure
9 in [3]). Since one of the main goals of this work is to find how the Hy content changes as a
function of radius, it is essential to recover low-brightness CO emission line in the outermost
parts of galaxies.

Maps with both good spatial coverage and sensitivity are crucial to set thresholds and
timescales for these dependencies. In order to cover a broad range of galactocentric radii, we
perform spectral stacking of the >CO (J = 1 — 0) emission using the Ha velocities to coherently
align the spectra while integrating in rings. The CO spectral stacking helps recover CO flux in the
outer parts of our galaxies, improving our ability to probe the SFE,, in a variety of environments.
Many of the molecular gas surveys have measured some of these dependencies in a similar fash-

ion (e.g., using the CO [J = 2 — 1] spectral stacking; [78]), although they mostly covered a small

“https://ned.ipac.caltech.edu/
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range of morphological types and/or stellar masses, or were limited to very local volumes that are
subject to cosmic variance because they represent our particular local environment. Although the
EDGE-CALIFA survey does not yet encompass resolved HI observations, we will explore the
efficiency with respect to total gas and compare it to previous results by assuming a prescription
for the atomic gas while keeping in mind the limitations of this methodology.

We perform a CO emission line stacking procedure following the methodology described
by [78]. The method relies on using the IFU Ha velocity data to define the velocity range for
integrating CO emission. The key assumption of this method is that both the Ha and the CO
velocities are similar at any galaxy location. This assumption is consistent with results by [79],
who found a median value for the difference between the CO and Ha rotation curve of AV =
Viot(CO) — Voot (Ha) = 14 km s~! (within our 20 km s™! channel width) when analyzing a
sub-sample of 17 EDGE-CALIFA rotation-dominated galaxies. As we will discuss later, after
shifting CO spectra to the Ha velocity, we integrate over a window designed to minimize missing
CO flux. The smaller the velocity differences between CO and Ha, the better the signal-to-noise.
Similarly, the smaller the velocity window we implement, the smaller the noise in the integrated
flux estimate.

We constructed an algorithm coded in PYTHON that implements this procedure. Since we
are interested in radial variations in galactic properties, we stack in radial bins 0.1795 wide. In
practice, galactocentric radius is usually a well determined observable and it is covariant with
other useful local parameters, which makes it a very useful ordinate [78].

We recover the CO line emission by applying radial stacking based on the following steps:
We convert Ha velocity from the optical into the radio velocity convention. Then, for each

spaxel in an annulus we shift the CO spectrum by the negative Ha velocity. This step aligns
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Figure 2.1: Example showing effects of spectral stacking. The average CO spectrum within an annulus
that spans from 0.65 to 0.75 725 in NGC 0551 is shown. The left panel shows the average of all spectra
in the annulus in the observed velocity frame. The right panel shows the average in the velocity frame
relative to He, along with the best Gaussian fit profile (green dashed line).

the CO spectrum for each line-of-sight at zero velocity if the intrinsic Ha and CO velocities are
identical. We then average all the velocity-shifted CO spaxels in an annulus, and integrate the
resulting average spectrum over a given velocity window to produce the average intensity in the
annulus.

Figure 2.1 shows the usefulness of the stacking procedure in recovering CO emission. As
an example, we show the average CO spectrum of NGC 0551 within an annulus that spans from
0.65 to 0.75 r95 (~ 1.3 — 1.7 R.). The left panel contains the average CO spectra within the
given annulus using the observed velocity frame, while the right panel shows the average CO
spectra after shifting by the observed Ha velocity. If the CO and Ha velocities are identical
for all spaxels, then the resulting CO emission would appear at zero velocity. This procedure

allows us to co—add CO intensities coherently and reject noise. Figure 2.1 also shows the best
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Gaussian fit for the averaged-stacked spectra. We expect that in an ideal case the total intensity
integrated over the full velocity range (~860 km s™!) is exactly the same in both cases, but the
noise would be much larger without the spectral stacking. Without performing the stacking pro-
cedure the CO line emission is not evident, and the signal-to-noise ratio in the measurement of
CO velocity-integrated intensity is lower. Interferometric deconvolution artifacts that produce
negative intensities at some velocities, resulting from incomplete uv sampling and spatial filter-
ing, would also get into the integration more easily without stacking and artificially reduce the

intensity.

2.3.2 Extracting fluxes from stacked spectra

After we compute the stacked spectra, we extract the total CO fluxes for each annulus as
a function of galactocentric radius. To do this in a way that is likely to include all the CO flux
but minimizes the noise, we want to select a matched velocity range that is just large enough to
include all CO emission and exclude the baseline (which only adds noise). In order to investigate
the ideal integration range we fit Gaussian profiles to each averaged-stacked CO spectrum with a
detection. We reject fits which have central velocities more than +80 km s~! from zero velocity.
We also reject spectra with FWHMSs narrower than 40 km s~! (2 channels). Results for valid
stacked spectra fits are shown in the left panel of Figure 2.2, color coded by the reduced chi-
squared of the fit and plotted against normalized galactocentric radius.

We use these data to define a velocity window for the integrated CO line emission fluxes
in the stacked spectra. For each radial bin, we define an integration range that guarantees that

we integrate the CO line profile between £FWHM in at least 80% of annuli. This is represented
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Figure 2.2: Left: FWHM of CO line as a function of galactocentric radius. Small colored dots show the
FWHM of a Gaussian fit to the stacked spectrum in an annulus. Large green squares indicate the FWHM
lying above 80% of the points at that radius, and the dashed green line is the fit to the squares; we use
this function to define the window of flux integration as a function of rg,. The gray-dashed line marks
the limit at which we reject spectra with a Gaussian fit narrower than 40 km s~! (2 channels in the CO
datacubes). Right: Ratio between the final stacked and unstacked integrated CO(1-0) line intensity per
annulus for annuli located at 7 /75 > 0.5, which include just 20 detection spaxels.

by the green dots in Figure 2.2. We assume that this window is sufficient to contain most of the
CO flux, and we can use it to compute errors where no CO is detected. To obtain a prescription
we fit the best third-order polynomial to the green squares (green dashed-line) as a function of
galactocentric radius, FWHM(r,,1). Finally, we recompute the CO line emission fluxes for the
stacked spectra by integrating the CO stacked spectrum over £FWHM(74,). We extract the
integrated flux uncertainties by taking the rms from the emission free part of the stacked CO
spectra.

Using spectral stacking we reach a typical deprojected CO intensity 30 uncertainty of
Ico ~ 0.25 K km s}, or a 30 surface density sensitivity of X, ~ 1.1 M pc—2, which repre-
sents the typical sensitivity in the outermost regions of galaxy disks. The right panel of Figure
2.2 shows the ratio between the final stacked and unstacked integrated CO(1-0) line intensity,

per annulus, located at » > 0.5795 (or 7 > 1.3R,), and includes just 20 detection spaxels. The
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histogram shows that the distribution peaks at 10g[/co stack/IcO, Unstack] ~ 0.47, meaning that, in

overall, we are recovering ~ 3 times more flux with the stacking procedure.

2.3.3 Basic equations and assumptions

To compute the extinction-corrected SFRs, we estimate the extinction (based on the Balmer

decrement; see [3]) for each 7” spaxel using

Fya
Apa = 5.86log (2 86HF 6) 2.1)
. H

where Fy, and Fyg are the fluxes of the respective Balmer lines, and the coefficients assumes
a [80] extinction curve and an unextincted flux ratio of 2.86 for case B recombination. Then, the

corresponding SFR (in M, yr™!) is obtained using [81]
Afa
SFR = 1.61 x 7.9 x 10" *2Fyy, 1025, (2.2)

which adopts a Salpeter Initial Mass Function (IMF) corrected by a factor of 1.61 to move it to
a Kroupa IMF [82]. We use this to compute the Star Formation Rate surface density, Xgpr in
M, yr~t kpc~2, by dividing by the face-on area corresponding to a 7" spaxel, given the angular
diameter distance to the galaxy.

The gas surface density is computed as Ygos = Xmol + Zatom, Where Xy, is derived from
the integrated CO intensity, /¢, by adopting a Milky-Way constant CO-to-Hs conversion factor,

Xco =2x10°ecm™2 (Kkms™ )™ (or aco = 4.3 Mg, [Kkms™! pc=2|™!). Forthe CO J = 1-0
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emission line, we use the following expression to obtain X, (i.e., [30])

Emol =44 COSifco, (23)

where I isin Kkm s, 3, is in Mg pc~2, and i is the inclination of the galaxy. This equation
takes into account the mass correction due to the cosmic abundance of Helium.

To include in our calculations .., despite the fact that we do not have resolved HI data,
we assume a constant Y., = 6 Mg pc2 for face-on disks. This is approximately correct
(within a factor of 2) for spiral galaxies out to 7 ~ 795 [30, 83]. This value is also in agreement
with Monte Carlo simulations performed by [84] to test different values of X.;,,; they obtain a

2, with a standard deviation of 2 M, pc 2. We also

normal distribution of >, = 7 Mg pc™
test the influence of metallicity in the CO-to-H, conversion factor, aco, by using the following

equation (from Equation 31 in [38]):

+04 Etotal -
=29 2.4
oo o <Z’Z%§’ﬁc> (100 Mo pc‘2> ’ 24

in Mg (Kkms™! pc™2)71, v & 0.5 for Siota1 > 100 Mg, pc~2 and v = 0 otherwise. We adopt the
empirical calibrator based on the O3N2 ratio from [85], and then we use equation 2 from [85] to
obtain the oxygen abundances, 12 + log(O/H). Finally, we derive the metallicity normalized to
the solar value, Z' = [O/H]/[O/H]s, where [O/H], = 4.9 x 10~* [86].

Although there are many definitions for star formation efficiency (SFE,,), in this work
we use SFR surface density per unit neutral gas surface density (atomic and molecular), ¥, =

Ymol + Latom, in units of yr~! for each line-of-sight (LoS),

36



3
SFEga = ;FR. (2.5)
gas

Midplane gas pressure, F, is computed using the expression by [87],

T T ag
P~ -GY + -G
LD T3

gas

2 Ygas, (2.6)

O,z

where o, and o, . are the gas and stars dispersion velocities, respectively. We correct the X, by
the same 1.61 factor used for the SFR to translate them to a Kroupa IMF. We assume o, = 11
km s~!, which has been found to be a typical value in regions where HI is dominant ( [30]). This
value is also in agreement with the second moments maps included in [88], and is also consistent
with the CO velocity dispersion for a subsample of EDGE-CALIFA galaxies [79]. o, , is the
vertical velocity dispersion (in kms~1) of stars. Although the EDGE-CALIFA database includes
o, measurements that could allow us to model o, ., the instrumental resolution of the survey
constrains us to use them just in the central parts of the galaxies (for details, see [13]). Therefore,
and following the assumptions and derivation included in [30], we use the following expression

for o, .:

2rGl,
S \/7;03285, 2.7)

where [, is the disk stellar exponential scale length obtained by fitting azimuthally averaged
profiles to ¥, in the SDSS 7-band and G = 4.301 x 107 pc M' km? s~2. In cases where we do
not have [, measurements, we use the relation [, = [0.25 & 0.01]r5 since it corresponds to the

best linear fit for our data. See Section 4.4.1.2 for more information about how both [, and the
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l,-ro5 relation are derived.
The dynamical equilibrium pressure (Ppg) is computed following a similar methodology
as for P, (e.g., [89-92]). Assuming that the gas disk scale height is much smaller than the stellar

scale height, and neglecting the gravity from dark matter, we write Ppg as [93]:

Pog ~ 5 G52 + Sy 26 . (2.8)

Here, we assume that 0,5, = 0, = 11km s™1, and p» 1s the mid-plane stellar volume density

from the observed surface density in a kpc-size aperture,

2
0.541,

Pr = (29)

This equation assumes that the exponential stellar scale height, h,, is related to the stellar scale
length, [, by h,/l, = 7.3 £ 2.2 [94].

The orbital timescale, 7,1, is usually used in the analysis of star formation law dependen-
cies since it can be comparable to timescale of the star formation (e.g., [95,96]). Following [27]

and [28], we compute 7,1, using:

1 v (Tgal)
orb 27Trgal

(2.10)

where v (rgal) is the rotational velocity at a galactocentric radius r,,. We obtain the Ho rotation
curves for EDGE-CALIFA galaxies from [79]. We use them to adjust an Universal Rotation
Curve (URC, [97]) for each galaxy to avoid the noise in the inner and outer edges of the Ho

rotation curves.
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We compute the Toomre’s instability parameter (¢, [98]) including the effect of stars [18].

The Toomre’s instability parameter for the stellar component (Qgtay) 1S

Ourk

Qstars - m7

(2.11)

where o, , is the radial velocity dispersion of the stars. We compute it using o, , = 1.670, .,
valid for most late-type galaxies ( [99]). The parameter « is the epicyclic frequency and can be

computed as
v(r)
= 1.41—=4/1 2.12
: =148, .12)

dlog v(r)

where = Tloar

. This derivative is computed based on the URC fit to the Ha rotation curve.
The Toomre’s instability parameter for the gas ((gas) is

Ogashk (11kms Yk

s = = . 2.13
@ TG gas TG gas ( )

Since ¥, and X, are averaged and stacked by annuli, respectively, then both Qgtars and Qg are

derived radially. The condition for instability in the gas+stars disk is then given by

1 2 q N 2 q
QstarJrgas Qstars 1 =+ q2 ans 1 + q2R2

> 1, (2.14)

where ¢ = ko, ,/k. Here, k = 27/\ is the wavenumber at maximum instability. Finally,

R =o4l0,,.
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2.4 Results and Discussion

2.4.1 Exponential scale lengths

To investigate the spatial relationship between molecular and stellar components, we com-
pute their exponential scale lengths, /,,,,; and [/, respectively, for a subsample of 68 galaxies. Out
of the 81 EDGE-CALIFA galaxies with ¢ < 75° , these galaxies are selected since their disks
are well fitted by exponential profiles and they have at least three annuli available for the fitting.
To avoid annuli within the bulge or with significant variations in aco usually found in central
regions of galaxies (e.g., [100]), we do not include X, and X, for 74, < 1.5 kpc.

It is well known that the CO distribution and star formation activity are closely related
(e.g., [32]). For instance, [101] showed that HERACLES spiral galaxies can be well described
by exponential profiles for CO emission in the Hy-dominated regions of the disk, with similar
CO scale lengths to those for old stars and star-forming tracers, and an early study on the EDGE
sample found similar results [3]. Here we use the stacking technique to extend the molecular
radial profiles and obtain a better measurement of the distribution.

Although molecular clouds have lifetimes spanning a few to several Myr (similar to the
stars that give rise to the Ha emission used to compute SFR; e.g., [102-104]), these are quite short
compared with lifetimes of the stellar population in galaxies in the EDGE-CALIFA survey (0.4
to 3.9 Gyr; [84]). Consequently, it is not necessarily expected to have comparable distributions
for the molecular and the stellar components. However, stellar and CO emission distributions
can be similar when the process of converting atomic gas to molecular is driven by the stellar

potential [105, 106]. For instance, [78] showed a clear correspondence between [co and 795;
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this correlation is maintained even in the HI-dominated regions of the disk, supporting the role
that molecular gas plays in a scenario when the stellar potential well is relevant in collecting
material for star formation [107]. Thus, it is interesting to use the CO stacked data to verify if the
exponential decay of Y, holds in the outer parts of EDGE-CALIFA galaxies.

The left panel of Figure 2.3 shows the relation between [, and l,. The [, values were
obtained by fitting exponential profiles to X, (74,1), after averaging it in annuli, while /,,; values
were determined from X,,1(7ga1) derived from the CO stacking procedure. The left panel of
Figure 2.3 also shows the ordinary least-square (OLS) bisector fit weighted by the uncertainties
for all scale lengths measured with better than 30 significance (blue dashed line); we find that
Imot = [0.89 + 0.04] . This result is in agreement with the relation found by [3] for 46 EDGE-
CALIFA galaxies, who obtain /,,,,; = [1.05 & 0.06][,. Compared with [3], however, the CO
radial stacking allows us to compute exponential length scales for a larger galaxy sample (68 in
our case) and to constrain them better over a broader range of galactocentric radii. Our results are
also in agreement with the exponential length scales for HERACLES (I,,,,; = [0.9 £ 0.2] ,; [30]).
The inset in the left panel of Figure 2.3 shows the relation between [, and ry5. Using an OLS
bisector fit, we find that /,,,,] = [0.22 £ 0.01] x r95, which agrees reasonably with [108], who find
lmot = 0.2275.

In general, resolved molecular gas surveys exhibit similarity between the stellar light and
the CO distributions. [109], using the CO distribution from the BIMA SONG CO survey, showed
that when comparing the scale lengths from exponential fits to the CO and the K-band galaxy pro-
file data for 15 galaxies, the typical CO to stellar scale length ratio is 0.88 £ 0.14. Additionally,
single-dish CO measurements plus 3.6um data from the HERACLES galaxies show a correspon-
dence between the stellar and molecular disk ( [30,78]), with an exponential scale length for CO
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Figure 2.3: Left: Comparison between the stellar, [,, and molecular length scales, f,.), computed by
fitting exponential profiles to the respective surface densities as a function of galactocentric radius. The
colored circles correspond to 61 EDGE-CALIFA galaxies color-coded by stellar mass derived from SED
fitting (see Section 3.2.1). The inset panel shows the comparison between [,, and the isophotal radius
ros. The triangles represent uncertain results for which measurements are smaller than 30. The solid red
and dashed blue lines illustrate the 1:1 scaling and the OLS linear bisector fit (forced through the origin)
for all the sources, respectively. Right: Relationship between the radii that enclose 50% of the molecular
gas and the stellar mass, R50 mo1 and Rsp «, respectively. Conventions and symbols are as in the left panel.

that follows I, =~ 0.2 ros.

If the radial distributions for molecular gas and stars are similar, we would expect the radii
containing 50% of the CO emission and the star light to also be similar. The right panel of Figure
2.3 demonstrates that our data confirm this expectation, as it shows the relation between the radii
that enclose 50% of the molecular gas and the stellar mass, [%50mo1 and s ., respectively. The
dashed blue line represents an ordinary least-square bisector fit (weighted by the uncertainties)
for all our 3o detections; we find that Rs5p mo1 = [0.95 £ 0.03] X Rs04.

Table 3.1 summarizes the properties of the 81 EDGE-CALIFA galaxies included in this
work and together with the values for 01, I+, R50mol, and [25, for the 68 galaxies analyzed in

this section.
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2.4.2 SFE and Local Parameters

In this section, we will look at how local physical parameters affect the star formation
efficiency of the total gas, SFE,,c = Yspr/[Zatom + Lmol), following methodologies similar to
those used by HERACLES [30], against which we will compare results. We compute efficiencies
by dividing the star formation rate surface density obtained from Ha corrected for extinction
using the Balmer decrement (Eq. 4.5) by the total gas surface density (Eq. 4.10). As discussed in
§4.3.1 we assume a constant X, = 6 Mg pc_z.

The EDGE-CALIFA galaxies are generally at larger distances (~23 to 130 Mpc) than the
much more local HERACLES sample (3 to 20 Mpc). Both samples have stellar masses spanning a
similar range (log[M, /M| = 9.4-11.4), but EDGE a larger representation of more massive disks
and bulges as HERACLES includes mostly late Sb and Sc objects and lower mass galaxies. The
parent sample CALIFA galaxies are selected in a large volume to allow adequate representation of
the z = 0 population and numbers that allow statistically significant conclusions for all classes of
galaxies represented in the survey [13]. The EDGE follow-up selection is biased toward IR-bright
objects, but otherwise tries to preserve the variety and volume of the mother sample. CALIFA
does not include dwarf galaxies. EDGE otherwise spans a larger range of properties and has a
larger sample size than HERACLES, although with lower spatial resolution (~ 1.5 kpc versus
~ 200 pc).

We correct our calculations by the inclination of the galaxy (with a cos: factor, where 7 is
the inclination angle) to represent physical “face-on” deprojected surface densities (see §4.3.1).
Our typical 1o uncertainty in the SFE,, is 0.22 dex, dominated by the CO line emission uncer-

tainties derived from the stacking procedure after error propagation.
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Figure 2.4: SFEg.s vs galactocentric radius. Each line indicates the average SFE, for individual galaxies
in 0.1ro5-wide tilted annuli after stacking. The morphological group for the galaxies in each panel is
indicated by the legend in that panel. The plot shows that the SFEg,s in individual galaxies generally
decreases as a function of galactocentric radius and that the dispersion in SFE, at particular radii is due
mostly to differences between galaxies.

2.4.2.1 SFE and Galactocentric Radius

Figure 2.4 shows the relation between SFE,,, and galactocentric radius; the four different
panels show grouping of the 81 galaxies. Following modern studies, we use R, to normalize
galactocentric distances, except when we need to compare to published data which use r55. Note
that for the EDGE galaxies in this sample, 795 ~ 2.1R.. In this figure for clarity we split the
Sbc, Sc, and Scd galaxies in two groups by choosing the median of stellar masses of the EDGE-
CALIFA sample log,,[M,]= 10.7 [3]. In general, there is a decreasing trend for SFE,s with

radius. It is important to note that SFE,,; is a fairly smooth function of radius for a given galaxy.
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Yatom assumed for EDGE-CALIFA galaxies in this work. The dashed vertical black line is the mean value
of r/ R, at which this occurs, corresponding to 1.1 (0.4725; see inset panel). The gray area represents the
uncertainty in mean value of 7/ R.. The inset shows a similar histogram for r /rgs.

In fact, variations between galaxies are frequently larger than variations between most annuli in
a galaxy, indicating that the radial decrease in SFE,,, within in a galaxy is often smooth and that
galaxy to galaxy variations are significant.

Figure 2.5 shows the radius at which our measured molecular surface density, averaged
over an annulus, is the same as our assumed constant surface density in the atomic disk, >, =
Yatom = 6 Mg pc—2. The typical radius at which this happens is 7/ R, ~ [1.1 & 0.5], or r/ra5 ~
[0.47 £ 0.28] (see inset panel), which agrees with the value of /75 ~ 0.43 +0.18 found by [30].
Note that in Figure 2.4 the SFE,,, is generally smooth across that radius, suggesting that our
assumption of a constant J,;,,, does not play a major role at determining the shape of the total

gas SFE,,.
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Figure 2.6: Top: SFE,,s vs galactocentric radius for different morphological types of galaxies. SFE
is averaged at each radius over all galaxies of the selected morphological type; types are indicated by
shaded color as described in the legend. The vertical extent of the shaded area for each morphogical
type is the 1o scatter distribution for that type (see Figure 2.4). Circular dots indicate the average SFEg,¢
and galactocentric radius in stacked annuli for all EDGE-CALIFA galaxies; the black solid line is the
OLS linear bisector fit to those points using the model Agpg X exp (—r/rspg). The error bars are the
uncertainties of the mean SFE values in each bin. The two dashed black lines show the effect of increasing
and decreasing Y,iom by a factor of two from its assumed value of 6 M, pc~2. The shaded gray band
indicates the amount by which the binned SFEy,s would increase if we use the metallicity dependent
prescription for aco. The green squares are the HERACLES data for spiral galaxies. The figure shows
that SFE,,s depends on radius, stellar mass and morphological type.

Figure 2.6 shows the average SFE,,, as a function of the normalized galactocentric radius
for each of the four different groups of morphological classification used in Figure 2.4, with
+10 variation indicated by the color bands. We note a systematic increase in the average SFE,,
from early type (red shaded area) to late type galaxies (blue shaded area). The SFE,,s tend to
be lower for the early spirals (i.e., SO and earlier; ten galaxies), which have a steeper profile
when compared with the rest of the morphological groups, and therefore showing a significant
anticorrelation between SFE,, and 7y, (Pearson correlation coefficient of r= —0.6). This steep-

ening may reflect the degree of central concentration seen in earlier-type galaxies. Sd-Ir galaxies
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show a SFE,, flattening at r,, < 0.45725; however, their small amount (only 2 galaxies in our
sample) does not allow to conclude that this flattening is statistically significant. When looking
at the average SFE,,, value, over 74, for all the radial profiles (black-circular dots), we find that
the SFE,,, decreases exponentially even in regions where the gas is mostly molecular. In EDGE
we see an continuous exponential profile for the SFE,,, averaged over all galaxies (black line in
Figure 2.6). Although still within the error bars, this is in contrast to HERACLES, which sees a
leveling of the SFE,, in the inner regions. The greater range of SFE,,¢s in our sample may be a
reflection of the larger range of galaxy spiral types spanned by EDGE compared to HERACLES,
which consisted mostly of late types. In fact the Sbc, Sc, and Scd galaxies in EDGE-CALIFA
(green band) are very consistent with the measurements of HERACLES. Where the gas is dom-
inated by the atomic component, » > 0.4795, the SFE,, decreases rapidly to the galaxy edge.
Because we assume a constant X,.,, this is fundamentally a reflection of the rapid decrease of
SFR in the atomic disks.

We can describe the behaviour of the SFE,, for our sample using an ordinary least-square

(OLS) linear bisector method to fit a simple exponential decay:

SFEgas = [0.83 £ 0.07 (Gyr™")] exp ({0 a3 j_:7"0ga(1)2] T%) . (2.15)

We note that we do not see clear breaks in this trend; instead, we find a continuous smooth
exponential decline of SFE,,, as a function of 74,. This is consistent with the rapid decline of
star formation activity in the outer parts of galaxies (e.g., [26, 30, 110], and also is in agreement
with previous results for low-redshift star-forming galaxies (e.g., [111, 112]. In particular, our

results agree with the inside out monotonic decrease of the SFE,,; shown by [111]. [111] also

47



find that galaxies are segregated by morphology; for a given stellar mass, they show that late-
type galaxies present larger SFE,, than earlier ones at any r,,, which is consistent with the
trend we observe in Figure 2.6. In the outer parts, our steeper profiles may be influenced by our
assumption of constant HI surface density. However, this does not explain our steeper profiles we
also observe in the inner galaxy. The top and bottom dashed lines in Fig. 2.6 show how SFE,,

2

changes if instead of 6 M, pc=2 we use Yaiom = 3 and 12 M pc—2, which are the two extremes

of Y iom values found in HERACLES [30]. A better match between EDGE and HERACLES

would require using X,om = 3 Mg pc2

, which appears extremely low. Note that these two
studies use different SFR tracers: our extinction-corrected Ha, may behave differently from the
GALEX FUV that dominates the SFR estimate in the outer disks of HERACLES (e.g., [113]).

How sensitive is the SFE,,, determination to the CO-to-Hy conversion factor? To test this
we adopt a variable CO-to-Hs conversion factor, aco, using equation 2.4. This includes changes
in the central regions caused by high stellar surface densities, and changes due to metallicity.
When comparing the effects of a constant and a variable prescription of aco (shaded area in
Figure 2.6) we observe that the central regions present larger SFE,,¢ variations than the outer
disks within the range of galactocentric distances we study, as the latter do not exhibit 12 +
log (O/H) significantly below 8.4 according to the O3N2 indicator, as shown in the top panel of
Figure 2.7. Therefore, the variations of the CO-to-H; conversion factor are generally small and
consistent with the assumption of a constant a¢o.

So far, we have analyzed the SFE of the total gas, but it is also interesting to test whether the
star formation efficiency responds to the phase of the ISM. The bottom panel of Figure 2.7 shows
the star formation efficiency of the molecular gas, SFE,,o; = Ysrr/Ymor (in yr~1), as a function

of the ratio between the molecular and the atomic surface densities, R0l = Xmol/Latom. Since

48



-8 -
300 A a e Stacked tilted rings
2 anf A A 30 lower-limits
o &% a —— OLSa=0.1%0.13, b =-9.2+373 10
:M =
<
= = o8 Tn’
g 200 T 2
© ) ®
“6 E r0.6 g
e L =
()] [T =
£ i :
o
5 100+ 8-10{ LIEmL Hoa S
=z AA%%A Aangy T -3 ©
BILT 5 o BRenaRelenes &
| - S
Aii ta %’ -11 0390 02
£ 4 = o0 0.6 1.2
a AA Galactocentric radius (rzs)
0- -11 r a B .
82 83 84 85 86 87 88 8.¢ -15 0.0 1.5
12 + [O/H] (from O3N2 indicator) 109 [Rimol = Zmol/Zatom]

Figure 2.7: Left: Sample distribution of the oxygen abundances, 12+log(O/H), with the O3N2 as metal-
licity indicator. The dashed-black line is the assumed solar value, which corresponds to 12+log(O/H)g =
8.69. Right: The star formation efficiency of the molecular gas, SFE ;] = XgrRr/>mol, Vs the ratio be-
tween the molecular and the atomic gas surface densities, R0l = Ymol/Zatom. Colors code for galac-
tocentric radius (in R,) are as indicated by the color bar. Black contours are 80%, 60%, 40%, and 20%
of the points just for detections. Large black filled circles show the mean of EDGE-CALIFA data at each
stellar surface density bin; the error bars are the uncertainties of the mean SFE,,, values in each bin. The
black-solid line shows the OLS linear bisector fit for averaged points of SFE,,,; over annuli by using the
model y = az + b. The shaded region represents uncertainty of the slope derived from the OLS linear
bisector fit. The horizontal dashed-blue line is the average SFE,,., including the 30 detection, for the
sample. The inset panel shows the SFE,,,; for detections only as a function of galactocentric radius. The
blue-dashed line is the average SFE,,;.

we assume Yaiom = 6 Mg pc™2, Rl is a prescription for the X, normalized by a factor of 6.
Although there is large scatter, the figure shows that the SFE,,,;, averaged by R, bins (filled-
black dots), remains almost constant over the R, range, with an average 1og[SFE 1] ~ —9.15
(blue-dashed line in bottom panel of Fig. 2.7). The inset panel shows that the SFE,, is also
fairly constant over the range of galactocentric radii. These results are in agreement with [114],
who find a similar flattening in SFE,,,; for annuli at < 0.679; when analyzing 80 nearby-spiral
galaxies selected from the CO Multi-line Imaging of Nearby Galaxies survey (COMING; [115]).
Using CO, FUV+24,m and H,+24m data for 33 nearby-spiral galaxies selected from the IRAM

HERACLES survey [101], [78] found that Ho-dominated regions are well parameterized by a
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fixed SFE,,, equivalent to a molecular gas depletion time of Tqep mol = SFE !

mol

~ 1.4 Gyr,
which is consistent with our average Tgepmor ~ 1.45 &= 0.23 Gyr. As for previous studies, these
results support the idea that the vast majority of the star formation activity takes place in the
molecular phase of the ISM instead of the atomic gas (e.g., [12,78, 110]).

We explore possible trends between SFE,,s, galactocentric radius, and nuclear activity.
We adopt the nuclear activity classification performed by [4], who classify CALIFA galaxies
(with signal-to-noise larger than three) into star forming (SF), active galactic nuclei (AGN), and
LINER-type galaxies, and we apply it, when available, for the 81 galaxies analyzed in this work
(see column Nuclear in Table 3.1). We do not identify significant trends as a function of galacto-

centric radius for any of the these three categories.

2.4.2.2 SFE versus Stellar and Gas Surface Density

Since in the previous section we show a clear dependence of SFE,,s on galactocentric
distance, it is expected that SFE,s will also depend on the stellar surface density, >J,. Indeed,
the top left panel of Figure 2.8 shows an approximately power-law relationship between SFE,,q
and >.,. We quantify this relation by using an OLS linear bisector method in logarithmic space to

estimate the best linear fit to our data (excluding upper-limits), obtaining

10g[SFEgas (yr )] = [0.32 £ 0.27] x log[S, (M pe2)] — [10.13 & 1.75]. (2.16)

When comparing the EDGE average SFE,,, over X, bins (black dots) with similar HERA-

CLES bins (green squares), we find consistently slightly larger efficiencies at log[2, (Mg pc™?)] <
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Name Dist. (Mpc) log[M,/Ms] Morph. Class  log[My01/Ma] Nuclear I, (kpc) Lol (kpe)  Rsp. (kpe)  Rsomor (kpe)

ARP220 78.0 10.914+0.09 Sm 9.72+0.0 LINER 2.764+0.24  1.740.35 3.8840.24  2.86+0.35
1C0944 100.8 11.2640.1 Sa 10.040.02 SF 4.414£0.11  426+0.39  7.14+0.11 7.85+0.39
IC1151 30.8 10.0240.1 SBc 7.93+0.14 2.66+£0.07 2.76+£0.78  4.06+0.07  4.61+0.78
1C1199 68.3 10.7840.1 Sbc 9.35+0.04 SF 4.5340.06 3.99+0.44  7.52+£0.06  6.97+0.44
1C1683 69.7 10.7610.11 Sb 9.68+0.02 SF 5.56+£0.79 2.49+0.13  8.924+0.79  3.99+0.13
1C4566 80.7 10.7640.11 SABb 9.68+0.02 <3.55 <44 <5.97 <835
NGC0447 79.7 11.4340.1 S0-a 9.33+0.05 4.56+0.7 10.0£0.23  6.58+0.7 9.09+0.23
NGC0477 854 10.9+0.12 Sc 9.54+0.05 SF <9.01 <21.78 <1443 <35.98
NGC0496 87.5 10.8540.13 Sbc 9.48+0.04 SF 7.35+£0.34  4.11£0.36  12.46+0.34  7.13+0.36
NGC0528 68.8 11.0610.1 SO 8.36+0.13
NGC0551 74.5 10.9540.11 SBbc 9.39+0.04 4.734£0.07  8.17£1.68  8.01+£0.07  13.47+£1.68
NGC1167 70.9 11.484+0.09 SO 9.28+0.06 LINER
NGC2253 51.2 10.8140.11 Sc 9.62+0.02 SF 2.48+0.07 2.1+0.28 3.77+£0.07  4.07+0.28
NGC2347 63.7 11.0440.1 Sb 9.56+0.02 LINER  2.154+0.06 1.99+0.38  3.86+0.06 4.5+0.38
NGC2486 67.5 10.7940.09 Sa <9.05
NGC2487 70.5 11.06+0.1 Sb 9.47+0.05 <4.23 <16.66 <5.88 <24.85
NGC2639 45.7 11.1740.09 Sa 9.36+0.02 LINER 1.7840.01 2.88+0.74 2.93+0.01  4.29+0.74
NGC2730 54.8 10.1340.09 Sd 9.0+0.06 5.62+£0.62  3.79+£0.25  9.5740.62  6.25+0.25
NGC2880 22.7 10.564-0.08 E-SO <7.93
NGC2906 377 10.5940.09 Sc 9.11+0.03 INDEF 1.7240.08 1.59+04  2.71+0.08 3.0+0.4
NGC2916 53.2 10.9640.08 Sb 9.05+0.06 AGN
NGC3303 89.8 11.1740.1 Sa 9.57+0.04 LINER 3.624+0.23 1.99+0.11 4.97+0.23  3.47+0.11
NGC3381 23.4 9.88+0.09 SBb 8.11+0.08
NGC3687 36.0 10.5140.11 Sbe <8.42 <1.86 <39.56 <2.63 <66.35
NGC3811 443 10.6440.11 SBc 9.28+0.03 2.36+0.09 2.18+£0.26  2.93+0.09  2.96+0.26
NGC3815 53.6 10.5340.09 Sab 9.16+0.04 2.0+0.16  1.68+0.27  3.05+0.16 3.4+0.27
NGC3994 44.7 10.5940.11 Sc 9.26+0.03 1.09£0.04 1.31£0.08 1.78+0.04  2.23+0.08
NGC4047 49.1 10.8740.1 Sb 9.66+0.02 SF 2.37+£0.02  1.26+0.25 3.940.02 3.11£0.25
NGC4185 55.9 10.8610.11 SBbc 9.08+0.07 INDEF 4984023 4.45+0.85 8.19+0.23  7.49+0.85
NGC4210 38.8 10.5140.1 Sb 8.86+0.05 LINER
NGC4211NED02 96.9 10.5340.13 S0-a 9.29+0.06 <6.65 <10.52 <8.93 <17.82
NGC4470 334 10.2340.09 Sa 8.59+0.06 SF 1.73£0.05  1.254£0.29  3.04+0.05  2.42+0.29
NGC4644 71.6 10.68+0.11 Sb 9.240.05 2.74£0.05  3.15£0.8  4.91£0.05 5.88+0.8
NGC4676A 96.6 10.8640.1 S0-a 9.88+0.02 SF
NGC4711 58.8 10.5840.09 SBb 9.18+0.05 SF 2.83+£0.06 6.24+0.54 4.86+0.06  10.4440.54
NGC4961 36.6 9.98+0.1 SBc 8.41+0.08 1.39+£0.08 1.59+0.33  2.1£0.08 2.67+0.33
NGC5000 80.8 10.9440.1 Sbe 9.45+0.04 SF 5.16£0.61 1.06+£0.26  6.514+0.61 2.31+0.26
NGC5016 36.9 10.4740.09 SABb 8.9£0.04 1.67£0.02 2324042  2.8940.02  3.93+0.42
NGC5056 81.1 10.8540.09 Sc 9.45+0.04 4224051  3.1240.48  5.44+0.51 5.99+0.48
NGC5205 25.1 9.98+0.09 Sbe 8.37+0.07 LINER <1.57 <2.13 <235 <3.61
NGC5218 41.7 10.6440.09 SBb 9.86+0.01 1.65+0.08 1.43+£0.18  2.7940.08 1.93+0.18
NGC5394 49.5 10.3840.11 SBb 9.62+0.01 SF 2.18+£0.27  2.7+0.21 3.36+0.27  4.43+0.21
NGC5406 77.8 11.2740.09 Sbe 9.69+0.04 LINER 4974026 7.54+19  7.23+£0.26 12.77+1.9
NGC5480 27.0 10.184-0.08 Sc 8.92+0.03 LINER  2.4140.1 1.27+£0.2 4.04+0.1 2.35+0.2
NGC5485 26.9 10.7540.08 SO <8.09 LINER
NGC5520 26.7 10.0740.11 Sb 8.67+0.03 1.19£0.07  0.940.11 1.67+0.07 1.77+0.11
NGC5614 55.7 11.2240.09 Sab 9.84+0.01 2.25+0.28 1.34+0.16  3.674+0.28 3.1+0.16
NGC5633 334 10.4+0.11 Sb 9.14+0.02 SF 1.36+0.03 144026  2474+0.03  2.61+0.26
NGC5657 56.3 10.5+0.1 Sb 9.11+0.04 2.11£0.07 1.88£0.13  3.63+0.07  3.37£0.13
NGC5682 32.6 9.59+0.11 Sb <8.29 SF 2.11£0.05 1.47£0.34  3.5740.05  2.21+0.34
NGC5732 54.0 10.2340.11 Sbe 8.82+0.07 SF 2.42+0.09 1.78+0.11  3.9240.09  3.34+0.11
NGC5784 79.4 0.04+0.0 SO 9.440.04 244032  1.41£0.13 3284032  3.46+0.13
NGC5876 46.9 10.7840.1 SBab <8.56
NGC5908 47.1 10.9540.1 Sb 9.94+0.01 2.92+0.01 1.73+£0.34  4.984+0.01  4.55+0.34
NGC5930 37.2 10.6140.11 SABa 9.33+0.02 1.57+£0.07 0.82+£0.03  2.6640.07 1.98+0.03
NGC5934 82.7 10.8740.09 Sa 9.81+0.02 3.07£0.18  2.5+0.17  5.17+0.18  4.36+0.17
NGC5947 86.1 10.8740.1 SBbc 9.26+0.06 AGN <4.15 <4.7 <5.25 <7.83
NGC5953 28.4 10.3840.11 S0-a 9.49+0.01 1.16+0.17  0.54+0.07 1.3£0.17 1.23+0.07
NGC6004 55.2 10.8740.08 Sc 9.33+0.04 5.29+0.23  2.82+£0.21  8.1840.23  4.52+0.21
NGC6027 62.9 11.0240.1 S0-a0 8.01+0.22
NGC6060 63.2 10.9940.09 SABc 9.68+0.03 SF 3.85+£0.11 4.08+£0.52  6.254+0.11 7.59+0.52
NGC6063 40.7 10.3640.12 Sc <8.53 SF 2.65+£0.08 3.34+0.83  4.67+0.08  5.99+0.83
NGC6125 68.0 11.3640.09 E <8.83
NGC6146 128.7 11.7240.09 E <9.36
NGC6155 34.6 10.3840.1 Sc 8.94+0.03 SF 2.03+£0.06 1.97+£0.27  3.3240.06 3.54+0.27
NGC6186 424 10.6240.09 Sa 9.46+0.02 9.48+£0.45 59+0.28 14.74+045 10.3940.28
NGC6301 1214 11.1840.12 Sc 9.96+0.03 INDEF  9.454+0.39 13.32+3.83 15.5+0.39  20.01+3.83
NGC6314 95.9 11.2140.09 Sa 9.57+0.03 INDEF  6.6+£0.57 241+0.07 7.43+£0.57  4.56%0.07
NGC6394 124.3 11.1140.1 SBb 9.86+0.04 AGN  5.0+0.34 5.13£0.63  9.02+0.34  9.25+0.63
NGC7738 97.8 11.2140.11 Sb 9.99+0.01 LINER 242402 1.95+0.02  3.95+0.2 3.81+0.02
NGC7819 71.6 10.6140.09 Sb 9.27+0.04 SF 691£1.06 2.6+0.69  9.71+£1.06  3.15+0.69
UGC03253 59.5 10.6340.11 Sb 8.88+0.06 SF 5.15£1.22 291£0.72  5.74+122  4.83+0.72
UGC03973 95.9 10.9440.08 Sb 9.51+0.05 AGN 3784038 2.91+0.11 5.340.38 6.14+0.11
UGCO05108 118.4 11.1140.11 SBab 9.75+0.04 4.5540.16  5.08+0.78  7.56+0.16  7.31£0.78
UGC05359 1232 10.8640.13 SABb 9.65+0.05 SF 525+0.15 6.15£1.09 8.95+0.15 11.06+1.09
UGC06312 90.0 10.934+0.12 Sa <9.08 3.2940.07 4.81+£0.44 5.4140.07  8.73+0.44
UGC07012 443 11.0£2.9 SBc 9.9£0.11 SF 231£0.1  0.99+0.17  3.3640.1 2.0+0.17
UGC09067 114.5 10.9640.12 Sab 9.83+0.04 SF 3.39+0.06 3.56+0.34  6.114+0.06 6.840.34
UGC09476 46.6 10.4340.11 SABc 9.15+0.04 SF <3.85 <5.37 <5.95 <9.46
UGC09759 49.2 10.0240.1 Sb 9.07+0.04 2.83+£0.16 1.09£0.17  4.5£0.16 1.96+0.17
UGC10205 94.9 11.0840.1 Sa 9.6+0.04 SF 5.41£0.63 2.57£0.39  6.09+0.63  5.12+0.39

Table 2.1: Main properties of the 81 EDGE-CALIFA galaxies analyzed in this work. The columns Distance,
M,, Morphological Class, and M, are taken from [3], where M, is computed using aco = 4.36 M (K km
s~! pc?)~!. The column Nuclear corresponds to the emission-line diagnostic for the optical nucleus spectrum for
CALIFA galaxies by [4], who classify the galaxies (with signal-to-noise larger than three) into star forming (SF),
active galactic nuclei (AGN), and LINER-type galaxies. The columns I, l;no1, 50,4, and Rs0 mo1 are the exponential
scale lengths and the radii that enclose 50% of the molecular gas and the stellar mass computed in Section 4.4.1.2,
respectively. 51
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Figure 2.8: Top left: SFE,,s as a function of stellar surface density, ,. Circular dots indicate the average
SFEg,s and %, in stacked annuli for the EDGE-CALIFA data. The ‘r’ term represents the Pearson corre-
lation coefficient, including the binned annuli, for the relation between the SFEg,s and X,. Conventions
are as in bottom panel of Figure 2.7. Top right: The Ha-to-Hj ratio, Ry, as a function of X, ; we use
Yatom = 6 Mg pc~2. Conventions are as in top panel. Bottom: SFEg,s as a function of gas surface density.
The grey dashed line marks the point at which Y. = Yatom = 6 Mg pc_2. Conventions are as in top
panel.

1.4 although the HERACLES points are still within the error bars of our data. Since these
points are in the outer regions of the EDGE galaxies, this result may sensitive to the adoption
of Yatom = 6 Mg pc2. In the inner regions with log[3, (Mg pc™2)] > 2.6, our average effi-
ciencies are also higher, although we do not expect these regions to be sensitive to the choice
of X.tom. Between these two extremes, however, there is good general agreement between the

EDGE and HERACLES results.
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The top right and bottom panels of Figure 2.8 show the relation between the H,-to-Hj ratio
(Rimol = Zmol/Zatom = Zmol/6 Mg pc™?), ., and the gas surface density, Xgos = Yol + Latoms
respectively. In the right panel, we observe a tight correlation between R, and >.,. The relation
is well described by a power-law and there is overall reasonable consistency between EDGE
and HERACLES. Our measurements are also consistent with the resolved Molecular Gas Main
Sequence relation (rMGMS, X,,.-X,; [70]) found for EDGE-CALIFA galaxies by [84]. The
bottom panel shows very good agreement between the EDGE and HERACLES results in the
range 0.9 < log[X,.s] < 1.5; outside this range there are small differences, although there is
still consistency within the error bars. Therefore, the discrepancies seen in the top panel are
not the result of differences in efficiency at a given H,-to-Hj ratio nor gas surface density, but
likely reflect small systematic differences in the relation between gas and stellar surface density
in HERACLES and EDGE. Since we have both a broader morphological and a more numerous
sample selection than HERACLES (particularly in the Hi-dominated regions), our results reflect
on a more general power-law dependence of the SFE,,; on X,. Observations have shown that the
fraction of gas in the molecular phase in which star formation takes place depends on the pressure
in the medium ( [107,116]). These results suggest that high stellar densities in the inner regions of
EDGE-CALIFA galaxies are helping self-gravity to compress the gas, resulting in Hy dominated
regions. Once the gas is predominantly molecular, our data suggests that a dependence of the
SFE,,s on X, persists even in high >,, predominantly molecular regions.

Other studies have given different insights of the relation between star formation activity
and the stellar surface density. For instance, analyzing 34 galaxies selected from the ALMA-
MaNGA Quenching and STar formation (ALMaQUEST; [70]), [117] find that Yspg is mainly
regulated by X, with a secondary dependence on >.,. Conversely, analyzing 39 galaxies se-
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lected from EDGE-CALIFA, [118] find a strong correlation between >gpr and X,,.1; they show
that the >gpr — X2, relation is statistically more significant. [119], however, used the edge _pydb
database to show that secondary correlations can be driven purely by errors in correlated param-
eters, and it is necessary to be particularly careful when studying these effects. Errors in X,
for example, will tend to flatten the relation between SFE,,s and .., because of the intrinsic
correlations between the axes, and will have the same effect on the relation between SFE,,; and

>, because of the positive correlation between X, and X,.

2.4.2.3 SFE, Pressure and SFR

We explore the dependency of SFE,,s on the dynamical equilibrium pressure, Ppr. While
the midplane gas pressure, /7, [87], is a well studied pressure prescription in a range of previous
works (e.g., [30, 116]), Ppr has been extensively discussed recently (e.g., [84, 90,93, 120]). In
both pressure prescriptions, it is assumed that the gas disk scale height is much smaller than the
stellar disk scale height and the gravitational influence from dark matter is neglected. F, and
Ppg have an almost equivalent formulation, although they slightly differ in the term related to
the gravitational influence from the stellar component (second term in equations 2.6 and 2.8; see
section 4.3.1). We quantify this difference by computing the mean Ppg-to-F;, ratio averaged in
annuli for our sample, obtaining Ppg /P, ~ 1.51+0.19. We use this value to convert the 7, from
HERACLES into Ppg, since we perform our qualitative analysis using the dynamical equilibrium
pressure.

The left panel of Figure 2.9 shows the SFE,,, as a function of Ppg (in units of K cm_3).

The slope of the SFEg,s vs Ppg relation (averaged over Ppg bins (black dots) has a break at
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Figure 2.9: Left: SFEy,s as a function of dynamical equilibrium pressure, Ppg. The dashed-blue line
corresponds to 1% of gas converted to stars per disk free-fall time. Right: Star formation rate surface
density, >grR, as a function of Ppg. The black dashed line is the OLS linear bisector fit for all points. The
‘T’ term is the Pearson correlation coefficient of this subsample. The shaded region represents uncertainty
of the slope derived from the OLS linear bisector fit. Conventions are as in Figure 2.8.

log[Ppg| ~ 3.7. Below log[Ppg] < 3.7 (i.e., where the ISM is HI-dominated) we do not see a
clear correlation between SFE,,s and Ppg. This is at the sensitivity limit existing data for EDGE,
but it is also consistent with the overall behaviour seen in HERACLES corresponding to a steep-
ening of their mean relation. Above this pressure we find a clear linear trend in log-log space.
For higher Ppy values (e.g., Ho-dominated regions) the EDGE average efficiencies are somewhat
higher than observed in HERACLES, which flatten out at high Ppg) although with a scatter that
is within the respective 1o error bars. For log[Ppg| > 3.7 the EDGE average efficiencies are well
described by the blue-dashed line, which corresponds to 1% of the gas converted to stars per disk
free-fall time, 74 = (G p)_l/ 2. To quantify this relation, we use an OLS linear bisector method to

estimate the best linear fit to our data, obtaining
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10g[SFEgs (yr™1)] = [0.41 £ 0.29] x log[Ppr/k (Kem™?)] — [11.32 4= 2.24]. (2.17)

The right panel of Figure 2.9 shows the Xgpr versus Ppg, color-coded by galactocentric
radius. When compared with other recent measurements (e.g., KINGFISH, [90]; PHANGS,
[93]), our annuli have the advantage of covering a somewhat wider dynamic range in both Xgpg
and Ppg. We find a strong correlation between Yspr and Ppg that is approximately linear for
annuli at log[Ppg/k] > 3.7, although below this limit we observe a break in the trend. As
shown by the color coding of the symbols, indicating 74, in Figure 2.9, this limit is apparently
related to the r,, at which the transition from Hy-dominated to HI-dominated annuli happens.
This transition may be due to the large range of physical properties covered by our sample,
which span from molecular dominated to atomic dominated regimes. Where the ISM weight is
higher (e.g., Ho-dominated regions), the SFR is stabilized by the increasing feedback from star
formation to maintain the pressure that counteracts the Ppg [93]. The lack of correlation we
observe at log[Ppg/k] < 3.7 (r > 0.7R.) is mainly because we are reaching our CO sensitivity
in the HI-dominated regions. To quantify the correlation, we estimate the best linear fit by using

an OLS linear bisector method in logarithmic space for annuli at r» > 0.7R,,

log[Ysrr (Mo yr )] = [1.10 £ 0.11] x log[Ppg/k (Kcm™®)] — [7.28 & 0.65]. (2.18)

Note that these results are potentially sensitive to the method we employ for the fitting. Nonethe-
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less, using an orthogonal distance regression (ODR) to fit the same subsample, we obtain very
comparable values log[Ygpr (Mg yr—1)] = [1.09 £ 0.05] x log[Ppr/k (Kem™2)] — [7.25 £ 0.25].
[84] analyze 4260 resolved star-forming regions of kpc size located in 96 galaxies from the
EDGE-CALIFA survey, using a similar sample selection (e.g., inclination, og,s and Y,¢om con-
stant values, among others) but they just consider Equivalent Widths for the Ha line emis-
sion EW(Ha) > 20A. Using an ODR fitting technique, they obtain log[Yspr (Mo yr~1)] =
[0.97 & 0.05] x log[Ppr/k (Kem™2)] — [7.88 + 0.48], which is in agreement with the distribu-
tion shown in the bottom panel of Figure 2.9. The figure also shows that the correlation agrees
with hydrodynamical simulations performed by [120] (green dashed line), in which they obtain a
slope of 1.13. These results are also consistent with measurements obtained in other galaxy sam-
ples. [93] obtain a slope of 0.84 + 0.01 for 28 well-resolved CO galaxies (~ 1”.5, corresponding
to ~ 100 pc) selected from the ALMA-PHANGS sample by using a methodology very similar to
ours. Smaller slopes have been referenced in local very actively star-forming galaxies (e.g., local
ultra luminous infra-red galaxies, ULIRGs), which at the same time may resemble some of the
conditions in high-redshift sub-millimeter galaxies (e.g., [121]). [90] analyzed the [CII] emission
in atomic-dominated regions of 31 KINGFISH galaxies to determine the thermal pressure of the
neutral gas and related it to Ppg, obtaining a slope of 1.3 (dotted blue line). Our results bridge
these two extremes; the strong correlation between Yspg and Ppy and its linearity supports the
idea of a feedback-regulated scenario, in which star formation feedback acts to restore balance in

the star-forming region of the disk [93].
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2.4.2.4 SFE and Orbital Timescale

In the next two sections, we exclude 21 galaxies (out of the 81) since their Ha rotation
curves (taken from [79]) are either too noisy or not well fitted by the universal rotation curve
parametric form. The top panel of Figure 2.10 shows SFE,, versus 7.y, the orbital timescale (in
units of yr), color-coded by galactocentric radius. When analyzing our efficiencies averaged over
orbital timescale bins (black symbols), we note that there is a slightly flattening of the SFE,,,
at log[Tom] ~ 7.9 — 8.1. We also note that annuli at log[7,1,] < 8.1 are usually within the
bulge radius in the SDSS 7-band (reddish-stars symbols). However, the error bars are consistent
with SFE,,s decreasing as a function of 7, including at log[7,,] < 8.1. These results are in
agreement with what is found in other spatially resolved galaxy samples (e.g., [28,30]). The
average gas depletion time for our subsample, Tyep, = Ygas/Lsrr ~ 2.8{}0 Gyr, which agrees
farily with the depletion time 74o, = 2.2 Gyr found for HERACLES (not including early-type
galaxies; [32]). [122] computed the depletion times for 52 EDGE-CALIFA galaxies using annuli
in the region within 0.7 755 (just considering the molecular gas); their average 74¢, ~ 2.4 Gyr is
in good agreement with our results.

The orbital timescale has a strong correlation with radius, and theoretical arguments ex-
pect SFE,,s to be closely related to orbital timescale in typical disks [27, 95, 96]. A corre-
lation between SFE,,, and 7, is based on the “Silk-Elmegreen” relation, which states that
YSFR = €orb Lgas/ Torbs Where €., is the fraction of the gas converted into stars per orbital time
(also called “orbital efficiency”). Therefore, because SFEg,s = Ysrr / Ygas> SFEgas and 7,1, are

related by
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Figure 2.10: Left: SFE,,s as a function of the orbital timescale, 7o,,. Color coding and symbols are
as described in Figure 2.8. The black-dashed line is the best fit of the binned data and shows 5% of gas
converted into stars per 7,1,. The ‘r’ term represents the Pearson correlation coefficient, including the
binned annuli, for the relation between the SFEq,s and 7,,1,. Right: SFEg,s averaged over 7,1, bins over
all galaxies of selected morphological types as in Figure 2.6. Black-dashed lines, from top to bottom,
represent the 50%, 17%, 5%, 1.7%, and 0.5% efficiency of gas converted into stars per 7.

€orb

SFEg.s = p— (2.19)
orb

It is interesting to analyze the relations between the different timescales since they can give
intuition about the physical processes underlying the star formation activity (e.g., [123, 124]).
Equation 2.19 shows that the timescale to deplete the gas reservoir and the orbital timescale are
related through €,,1,. Although there is large scatter, the median values of 7.4, and 74, for our
sample are (2.0702) x 108 yr and (2.871¢) x 10? yr, respectively. These values are in good
agreement with previous EDGE-CALIFA sample results found by [124], who analyze a more
limited subsample of 39 galaxies without the benefit of CO line stacking and more constrained
to inclination below 65°, with 7,1, = (3.2%79) x 10® yr and 74, = (2.8773) x 10° yr. The

black-dashed line in the right panel of Figure 2.10 corresponds to the best fit to our binned data
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(black symbols); our fit excludes lower limits (shown as triangles in the figure), and it shows
that €.,, ~ 5% of the total gas mass is converted to stars per 7,4,. This average efficiency is
lower but similar to the €., ~ 7% of efficiency found by [28] and [27], and the €., ~ 6%
efficiency for HERACLES [30]. Also, this efficiency is the same to the average molecular gas
orbital efficiency found by [124] for their subsample of EDGE-CALIFA galaxies (€1, ~ 5%).
Similar to our results, all of these studies did not find a clear correlation between SFE,, and 7.,
in the inner regions of disks, where the ISM is mostly molecular.

Like [124], however, we find that a constant €,,, is not a good approximation for the data.
The efficiency per orbital time depends on the Hubble morphological type, with ¢,,;, increasing
from early- to late-types. This is shown in the right panel of Figure 2.10, which shows the data
grouped according to the same four morphological classes used in Figure 2.6. Our results show
that annuli from Sbc, Sc, and Scd galaxies, which are the most numerous in our sample, seem
to group around €., ~ 5%. This value is also representative of the typical e, seen for the
morphological bins comprised by Sa, Sab, and Sb and Sd, Sdm, Sm, and Ir types in the range
8.0 < log[ron] < 8.4. However, these groups also show €,,1, < 5% in the ranges log[7.,,] < 8.0
and log[7,n] > 8.4. However, early-type galaxies (with admittedly limited statistics, 21 annuli in
total) show substantially lower €,,1,, with a median of €,,;, = 1.2%. These values are in agreement
with previous results for EDGE-CALIFA galaxies by [124], even though sample selection and
processing were different. They observe a €., ~ 10% for Sbc galaxies (most numerous in their
sub-sample), and a systematic decrease in orbital efficiencies from late- to early-type galaxies.

As concluded in [124], our results support the idea of a non-universal efficiency per orbit for
the “Silk-Elmegreen” law. Figure 2.10 shows that ¢, depends not just on morphological type,

but the behavior also varies with galactocentric radius: at short orbital time scales (log[Tom,] <
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8.3), or small radii (log[r/R.| < 1.1—1.3) the efficiency per unit time SFE,, tends to be constant,
and as a consequence the observed €., tends to systematically decrease as 7,1, decreases. This is
best seen in the top panel in the departure of the binned data (black symbols) from the dashed line
of constant €,4,. Note that this is also the approximate radius of the molecular disk, the region
where molecular gas dominates the gaseous disk (Figure 2.5).

Other studies have also reported SFE,, deviations as a function of morphology. [125]
analyze CO observations of 28 nearby galaxies to compute the C-index = R90petro / R50pctro,r
as an indicator of the bulge dominance in galaxies (where R90,¢t, » and 50,40, are the radius
containing the 90% and 50% of Petrossian flux for SDSS r-band photometric data, respectively).
Although they do not detect a significant difference in the SFE,,s for bulge- and disk-dominated
galaxies, they identify some CO-undetected bulge-dominated galaxies with unusual high SFE,s.
Their results may reflect the galaxy population during the star formation quenching processes
caused by the presence of a bulge component, and they could explain the flattening shown in top
panel (mostly dominated by annuli within bulges) and bottom panel (mainly due by early-type

and Sb-Scd galaxies annuli) of Figure 2.10.

2.4.2.5 GQGravitational instabilities

The formulation of the Toomre () gravitational stability parameter (see Section 4.3.1 for
more details; [98]) provided a useful tool to quantify the stability of a thin disk disturbed by ax-
isymmetric perturbations. Some studies have shown that the star formation activity is widespread
where the gas disk is ()-unstable against large-scale collapse (e.g., [26, 110]).

First we examine the case where only gas gravity is considered; the top left panel of Figure
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Figure 2.11: SFE,,s as a function of Toomre’s gravitational instability @ parameter for two different scenarios.
Left: The SFE,, is plotted as a function of the Toomre Q parameter for gas, Qgas. Right: The SFEg, is plotted
as a function of the Toomre Q parameter redefined by [18] to include the contribution of stars and gas, Qstars+gas-
Green squares in the upper left and right panels correspond to HERACLES spiral galaxies; black dashed line sets
the limit where the gas is unstable or stable. The center left and right panels show the same points included in the
upper ones but this time divided into low and high galaxy stellar mass sets; red points correspond to binned annuli
which belong to galaxies with log,y(M,)> 10.7, while blue points belong to galaxies with stellar masses below this
limit. Blue and red contours are the 66% and 33% of the points for each mass 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 mass of the log;,SFE,,s vs center of mass of log;, @) points for each set of morphological types.
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2.11 considers this case, showing the SFE,,; as a function of both the Toomre instability parame-
ter for a thin disk of gas (x-bottom axis), (4.5, and galactocentric radius (indicated by dot color).
The vertical black-dashed line marks the limit where the gas becomes unstable to axisymmet-
ric collapse. The vast majority of our points are in stable (or marginally stable) annuli with an
average (Jgas = 3.2. There is no apparent correlation of SFE,,s with (),,s (Pearson correlation
coefficient of 0.17), and that is independent of galaxy mass (middle left panel) or type (bottom
left panel). In other words, SFE,,s does not decrease as stability increases (i.e as (Jgas increases).
This is in agreement with similar results reported in previous studies. For example, using H;
observation for 20 dwarf Irregular galaxies selected from the Local Irregulars That Trace Lumi-
nosity Extremes, The H; Nearby Galaxy Survey (LITTLE THINGS; [126]), [127] find that dlrr
galaxies are (),s-stable, with a mean Q.5 ~ 4. They also find their galaxies have relatively thick
disk, with typical (atomic) gas scale heights of h,,s ~ 0.3 — 1.5kpc. Consequently, they are more
stable than the infinitely thin disks for which the (a5 = 1 criterion is derived.

Stars represent the dominant fraction of mass in disks at galactocentric radii with active
star formation. Thus, it makes sense to account for their gravity when determining the stability
of the ISM in these regions. The top right panel of Figure 2.11 shows the SFE,,s as a func-
tion of Toomre’s instability parameter modified by [18] to include the effects of both gas and
stars, Qstars+gas> again galactocentric radius is indicated by color. As expected, we find that disks
become more unstable when stellar gravity is included in addition to gas with a few points appear-
ing in the nominally unstable region for thin disks. The bulk of the annuli, however, are found at
around Qstars+gas ~ 1.6. This is roughly consistent with calculations of () in other samples [128].
There is, however, no correlation of SFE,, with Q).

The center panels of Figure 2.11 show the SFE,,s versus (gas and Qstars+gas but this time
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Figure 2.12: Top: Molecular gas surface density, Y,,01, as a function of Toomre’s instability parameter for gas and
stars, Qstars+gas> for annuli with galactocentric radii within 0.3r95 (red points), between 0.37r25 and 0.5725 (yellow
points), and outside 0.5725 (blue points). Each point represents the value of X0 averaged over a r /ro5-wide annuli.
Points are color-coded by galactocentric radius (in r25), as indicated by the color bar on the right side. Solid-lines
are PCA major and minor axes for which each of the groups vary most. The axes are normalized to fit the major
and minor axes of the elliptical contours that enclose 50% of the annuli within a given range. The ratio between
the major and the minor axes from the PCA, Ry,aj/min = Tmaj/7Tmin, iS in the upper left. Typical 1-o error bars
are shown in bottom left. The horizontal black-dotted line represents the assumed X tom = 6 Mg pc—2. Bottom:
Distribution of the Spearman rank correlation coefficients for the three r ranges in the top panel after randomizing
the X1 data, per range, in 200 realizations to test for the degree of internal correlation of the axes. The horizontal
dashed-red, dashed-yellow, and dashed-blue lines are the Spearman rank coefficients for the actual data, from inner
to outer ranges, respectively. This shows that the correlations observed in the top panel are completely consistent
with being a result of the definition of Qgaststars (see discussion in the text), and thus (although tantalizing) are not
particularly meaningful. 64



splitting the points in two groups of different galaxy stellar mass; as in Section 2.4.2.1, we choose
log,o[M,]= 10.7 to split the groups. Although the two groups separate in ()gas, With annuli from
galaxies with log;,[M,]< 10.7 tending to be in general more stable, the separation disappears
once the stars are taken into account in the () calculation.

In one of the ideas on how stars relate to SFE,,s, [129] show that star-formation may be
associated with the fastest growing mode of instabilities. In that case, the relation between SFR
and gas in spiral galaxies may be modulated by the stellar mass, which will contribute to the
gravitational instability and regulation of star formation (like in the case of NGC 628; [129].
Also, the Ygpg,,,-Y, relation, known as the “extended Schmidt law”, suggests a critical role for
existing stellar populations in ongoing star formation activity, and it may be a manifestation of
more complex physics where X, is a proxy for other variables or processes [130]. Our results
may reflect the importance of instabilities in enhancing the SFE,,¢ due to the strong gravitational
influence from stars, particularly in galaxies with log,,[M,]> 10.7. But in the aggregate there
is no apparent evidence for a trend showing that annuli with more unstable () have higher star
formation efficiencies.

The bottom panels of Figure 2.11 show the same relations as upper panels but this time
the data are grouped in four bins by morphological type. In both panels crosses correspond to
the “center of mass” for each morphological group. Although annuli in early-type galaxies are
more “Toomre stable”, the statistics are very sparse and the Toomre calculation may not apply
(since these are not thin disks). Otherwise, we do not find a clear trend between morphology and
stability based on the Toomre parameter for stars and gas. Previous studies have reported that
(star+gas increases towards the central parts of spirals. For example, [30] found that although

molecular gas is the dominant component of the ISM in the central regions, HERACLES galaxies
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seems to be more stable there than near the Hy-to-H; transition. If the type of gravitational
instability that () is sensitive to plays a role in star formation in galaxies, we would expect to
see some links between () and molecular gas abundance. It is therefore interesting to test if
there is dependence of the Hs-to-Hj ratio, R, = >mol/2Zatom ON the degree of gravitational
instability in EDGE galaxies. Since we assume a constant X,¢.,, however, for us R, is simply
a normalized molecular gas surface density, >.,,,,;. We use the typical Hs-to-Hj transition radius
found in §2.4.2.1 to split the annuli into three groups: 1) annuli at » < 0.37r95 (r < 0.6R,;
red points) which should be strongly molecular, ii) annuli between 0.3795 < 7 and r < 0.5795
(0.6R. < r < 1.4R.; yellow points) which should be around the molecular to atomic transition
region, and iii) annuli at » > 0.5ry5 (r > 1.4R,; blue points) which should be dominated by
atomic gas. The top panel of Figure 2.12 shows that >, has a large scatter and does not seem
to depend strongly on Qstar+gas- Within the each range, however, we find that annuli with smaller
galactocentric radii tend to be slightly more stable.

A suggestive trend emerges when we limit the range of galactocentric radii. We compute
a Principal Component Analysis (PCA; [131]) to find the main axis along which the three popu-
lations vary most. The top panel of Figure 2.12 shows the PCA major and minor axis for annuli
in the three defined zones. The axes have been normalized to fit the minor of major axes of the
elliptical contours that enclose 50% of the annuli over a given range. The figure suggest that,
within a given range, we tend to find more plentiful molecular gas in regions where annuli are
more Toomre unstable. A concern, however, is that the axes in this plot have a degree of intrinsic
correlation since the computation of Q)startgas includes X, Therefore to assert that the corre-
lation we observe is physically meaningful we need to show that it is stronger than that imposed
by the mathematics of the computation. We quantify the strength of the correlations using the
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Spearman rank correlation coefficient, which is a non-parametric measure of the monotonicity of
the observed correlations. To investigate the degree to which the axes are internally correlated,
we randomize the X, data (within each range) and recompute Qsar+gas in 200 realizations, to
obtain the distributions of the Spearman rank correlation coefficient for each randomized group.
Clearly in the randomized data we would expect only the degree of correlation caused by the
mathematical definition of the quantities. The bottom panel of Figure 2.12 shows that the Spear-
man rank correlation coefficients for the actual data (dashed-red, dashed-yellow, and dashed-blue
vertical lines) are consistent with the distributions seen in the randomized histograms. These re-
sults suggest that the correlation between X;,51 and Qstar+gas S€€N in the top panel of Figure 2.12

is purely driven by the implementation of equation 2.14, in which Qgtartgas depends on X,

2.5 Summary and conclusions

We present a systematic study of the star formation efficiency and its dependence on other
physical parameters in 81 galaxies from the EDGE-CALIFA survey. We analyse CO 1-0 dat-
acubes which have 7" angular resolution and 20 km s~! channel width, along with Ha velocities
extracted from the EDGE database, edge_pydb (Wong et al. in prep.). We implement a spectral
stacking procedure for CO spectra shifted to the Ha velocity to enable detection of faint emission
and obtain surface densities averaged over annuli of width 0.1755 (~ 3.5”), and measure X, out
to typical galactocentric radii of r ~ 1.2r9; (r ~ 3 R.). We assume a constant [83], a Milky-
Way constant conversion factor of aco = 4.3 Mg [Kkms™!pc~?]7!, and a constant o, = 11
km s~! [30, 88]. We perform a systematic analysis to explore molecular scale lengths and the

dependence of the star formation efficiency SFEg,s=Xsrr/(Xmol + Latom) O various physical
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parameters. Our main conclusions are as follows:

1. We determine the molecular and stellar exponential disk scale lengths, [,,,,; and [,, by fitting
the radial X, and >, profiles, respectively. We also obtain the radii that encloses 50%
of the total molecular mass, R5omol, and stellar mass, Rso . (see Fig. 2.3). To quantify
the relations, we use an OLS linear bisector method to fit all our 30 detections beyond
r > 1.5 kpc. We find that [,y = [0.86 £ 0.07] X Iy, lmor = [0.24 + 0.01] X795, and
Rs50mo1 = [0.93 £ 0.05]x R0 4. These results are in agreement with values from the current

literature, and indicate that on average the molecular and stellar radial profiles are similar.

2. We find that on average the SFE,,s exhibits a smooth exponential decline as a function
of galactocentric radius, without a flattening towards the centers of galaxies seen in some
previous studies (see Fig. 2.6), in agreement with recent results (e.g., [132, 133]). We
note a systematic increase in the average SFE,,, from early to late type galaxies. In HI-
dominated regions, this conclusion depends strongly on our assumption of a constant HI
surface density for the atomic disk. The EDGE-CALIFA survey encompasses a galaxy
sample that has not been well represented by prior studies, which includes a larger number
of galaxies with a broader range of properties and morphological types. This may explain

the differences we observe when we compare our result with previous work.

3. The SFE,, has a clear dependence on X, (see Fig. 2.8), a relation that holds for both the
atomic-dominated and the molecular-dominated regimes. The SFE,,; has a comparatively
flatter dependence on X4, for high values of the gas surface density. This suggests that
the stellar component has a strong effect on setting the gravitational conditions to enhance
the star formation activity, not just converting the gas from HI to H,. However, statistical
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tests, which are beyond the scope of this work, may be required to demonstrate that this

secondary relation is not induced by errors [119].

. There is a clear relationship between SFE,,, and the dynamical equilibrium pressure, Ppg,
particularly in the innermost regions of galactic disks. Moreover, we find a strong correla-
tion between Yspr and Ppg. We identify a transition at log[Ppg/k(K cm™3)] ~ 3.7, above
which we find a best-linear-fit slope of 1.11 £0.15. Our results are in good agreement with
the current literature and support a self-regulated scenario in which the star formation acts

to restore the pressure balance in active star-forming regions.

. We find a power-law decrease of SFE,,, as a function of orbital time 7, (see Fig. 2.10).
The average 7,,, within 0.7ry5 for our galaxies is 2.6 &£ 0.2 Gyr, with a typical efficiency
for converting gas into stars of ~ 5% per orbit. Note, however, that there are systematic
trends in this efficiency. In particular, we note that there is a flattening of the SFE,,, for
log[Torn (yr)] ~ 7.9 — 8.1 which may reflect star formation quenching due to the presence
of a bulge component. Although our methodology is different, our findings support the
conclusion that the star formation efficiency per orbital time is a function of morphology

[124].

. Finally, under the assumption of a constant velocity dispersion for the gas, we do not find
clear correlations between the SFE,,¢ and Qgas OF Qstarstgas- It 1S possible that larger sam-
ples of galaxies may be required to confidently rule out any trends. Our typical annulus has
Qstars+gas ~ 1.6, independent of galaxy mass or morphological type. The range of ¥, is

very broad, and we do not find any meaningful trends.

Future VLA HI and ALMA CO data may improve the spatial coverage and sensitivity,
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allowing us remove some limitations and extend this analysis to fainter sources (e.g., earlier

galaxy types), contributing to a more extensive and representative sample of the local universe.
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Chapter 3: VERTICO.IV. Environmental Effects on the Gas Distribution and

Star Formation Efficiency of Virgo Cluster Spirals

3.1 Introduction

A major aim in modern astrophysics is to understand how the local physical conditions
of the interstellar medium (ISM) that lead to the production of stars respond to environmental
effects. That is, whether there are differences between galaxies residing in a low-density envi-
ronment and those immersed in galaxy clusters.

Galaxies are known to not be evenly distributed in the Universe. For low/intermediate stel-
lar masses, gas-rich galaxies are mainly found in low-density environments, suggesting a strong
interplay between environment, gas cycle, and star-formation activity (e.g., [45, 46]). High-
density environments also tend to preferentially host red galaxies (e.g., [47-49]). Numerical
simulations and observational evidence have shown that galaxies lose the ability to accrete gas
from the cosmic web when they fall into a more massive halo (e.g., [S0-55]), resulting in quench-
ing of the star-formation activity once their original gas is depleted.

Galaxy clusters are the largest bound structures in the Universe, containing large number of
galaxies tied by the cluster dark matter halos. Seminal studies have proposed several environmen-

tal mechanisms that may contribute to the quenching of star-formation. They range from stran-
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gulation/starvation (i.e., galaxies cease to accrete gas cosmologically, and they continue forming
stars until their remaining disk gas is consumed; [134, 135]), ram pressure stripping (hereafter
RPS, i.e. the removal of gas by ‘winds’ due to the hot intra cluster medium, ICM; [56]), galaxy
interactions (e.g., galaxy harassment; [136—138]), to the increase of gas stability through mor-
phological quenching (hereafter MQ; [139]). However, the interplay between these different
mechanisms and their relative contribution to changes in the gas content are still not precisely
understood (e.g., [140]).

Star-formation activity takes place in giant molecular clouds, GMCs (e.g., [12, 24,28, 29,
31, 32]). However, H reservoirs depend on the extended HI component (e.g., [141]), and the
presence of atomic gas is thus important for sustaining the production of new stars over a long
time scale. Observations reveal that the atomic gas can be strongly affected by high-density
environments. Cluster galaxies typically contain less atomic gas than their field counterparts,
and commonly show signs of truncation and perturbed HI morphologies (e.g., [5, 16, 142—147]).
Although the molecular gas is closer to galaxy centers and more tightly bound than the HI [148],
several studies show that the Hs is also susceptible to significant variations due to environmental
effects (e.g., [6,57,149-155]).

How the molecular gas is affected by environment, and how this impacts the star-formation
activity in galaxy clusters, is a topic of current research. Several scenarios have been proposed;
they span from molecular and atomic gas being disturbed and removed simultaneously, atomic
gas being removed before the molecular gas, or even an enhancement in the efficiency of the
atomic-to-molecular gas transition due to the compression of HI by ram pressure (e.g., [156]).
Although using a small sample of galaxies with an heterogeneous set of molecular gas data, [57]

find a mild statistically significant correlation between the H, and HI deficiencies in Virgo galax-
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ies from the Herschel Reference Survey (HRS; [157]), supporting the hypothesis that they are
simultaneously affected. [155] note that VERTICO galaxies with larger HI deficiencies (an indi-
cator of how poor in HI individual galaxies are when compared to field galaxies of the same size
and morphological type, [142,158,159]; see also [140] for a detailed description) also have more
compact and steeper Hs radial profiles. Although with significantly different physical properties
than the Virgo cluster, [160] find however a significant scatter in the global molecular-to-atomic
ratios, 7,01, in galaxies selected from the Fornax cluster, which suggests that the effects of en-
vironmental mechanisms on the atomic-to-molecular gas transition may not be straightforward
(e.g., [154]).

In recent decades, a broad variety of studies on the physical conditions within local field
galaxies have shown that, for the Ho-dominated regions of galaxy disks, the star formation rate
(SFR) per unit molecular gas mass, the star formation efficiency of the molecular gas, SFE,,,) =
YsFR/ 2mol, does not vary strongly with radius (except for the galaxy centers; e.g., [1,32, 161]).
However, [162] found an anticorrelation between the Ha central concentration parameter and the
normalized massive star-formation rate (NMSFR = Fy,/Fg, where Fy, and Fjy are the Ha
and the R-band fluxes, respectively) in Virgo galaxies. Moreover, detailed studies of Virgo’s
NGC 4654 galaxy by [156] show that, even though R,,. values in the north-west appear to be
lower when compared to other regions with similar total gas surface density, both the atomic
gas surface density, >,iom, and the SFE; seem to be higher. They associate this effect with
atomic gas being compressed, which consequently increases the molecular gas surface density,
Yimol. Similar results are also found by [163], who note an enhancement of the efficiencies in low
mass galaxies on their first infall into the Fornax cluster. They suggest that this is likely due gas

compression by environmental effects (e.g., by RPS and tidal interactions). The relations between
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scale lengths might be therefore significantly different in cluster galaxies due to environmental
effects. [16] observed that in galaxies closer to the center of the Virgo cluster (and also in some
galaxies at the outskirts), HI disks are much smaller than optical disks. Similar results are also
found by [164], who find HI disks smaller than optical disks in Hydra I cluster galaxies selected
from the Widefield ASKAP L-band Legacy All-sky Blind Survey (WALLABY; [165]). However,
it is less known how much the cluster environment might change the molecular gas distribution
(e.g., [166]). Molecular gas is distributed closer to galaxy centers than HI and it is thus more
tightly bound and more difficult to affect, and some removal mechanisms such as RPS may be
considerably less effective on the denser molecular medium.

According to [37], the HI-to-H transition takes place through gas condensation of the
atomic gas when it reaches a critical surface density of X ~ 10 My pc—2. Therefore, a plau-
sible scenario is that RPS effects may be helping the HI to reach the critical column density. As
result, the enhancement of the Hy production in Virgo galaxies may correspond to a more effi-
cient HI-to-H, transition. Several studies have reported observational evidence consistent with
these ideas (e.g., [153, 167, 168]). For instance, [153] note that NGC 4654 shows some strongly
compressed atomic gas that exceeds X..;;. They also found a CO-to-H; conversion ratio a factor
~ 2 higher than the Galactic value and SFE,,, values around ~ 1.5 — 2 higher than the rest of
the disk.

Galaxy surveys can be very helpful to understand the ensemble tendencies of the star-
formation activity and how these depend on the physical conditions of the molecular gas (e.g.,
the HERA CO Line Extragalactic Survey, HERACLES, [30,32]; the Herschel Reference Survey,
HRS, [157]; the James Clerk Maxwell Telescope Nearby Galaxies Legacy Survey, NGLS, [169];

the CO Legacy Database for GALEX Arecibo SDSS Survey, COLD GASS, and the extended
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COLD GASS, xCOLD GASS, [66,67]). In this work, we determine radial length scales, mass
ratios, and star formation efficiencies of molecular gas in the Virgo Environment Traced in CO
survey (VERTICO; [6]), using ALMA Compact Array observations and ancillary data available
for 38 galaxies with low inclinations. VERTICO is an ALMA Large Program designed to investi-
gate the effect of the cluster environment on galaxies by mapping the star-forming molecular gas
in 51 galaxies selected from the Virgo cluster. Since galaxy clusters are natural laboratories to
test star-formation quenching processes due to environmental mechanisms, VERTICO gives us a
unique opportunity to study not only their impact on molecular gas disturbances at sub-kiloparsec
scales, but also to analyze how these processes affect the efficiency of the atomic-to-molecular
gas transition and the star formation activity.

This paper is organized as follows: Section 3.2 presents the main features of the VERTICO
survey and the sample selection. In Section 3.3 we explain the methods applied to analyze the
data and the equations used to derive the physical quantities. Finally, in Section 3.4 we present

our results and discussion, and Section 3.5 we summarize the main conclusions of this work.

3.2 Data products

One of the main advantages of carrying out a systematic analysis on the VERTICO survey
is the vast ancillary data gathered by studies of Virgo cluster galaxies. The VERTICO sample

selection and data reduction are described in detail in [6]; here we summarize the main features.
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Figure 3.1: Background-subtracted, exposure-corrected ROSAT All Sky Survey mosaic of the Virgo
Cluster (hard band: 0.4-2.4 keV), with an overlay of 49 VERTICO CO(2-1) peak temperature maps,

increased in angular size by a factor of 20 for illustration. Image taken from [6].
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3.2.1 The VERTICO Survey

We use molecular gas data from VERTICO', which maps the CO(2-1) emission in 51 late-
type spirals galaxies selected from the VIVA HI survey [16]. The galaxies were observed with
the ALMA Morita Array, including total power observations. Out of its 51 sources, 15 galaxies
are taken from the ALMA archive [168, 170]. VERTICO contains a broad diversity of galaxies
experiencing different environmental effects, with stellar masses in the range 1032 < M, /M, <
10", and specific star formation rates, sSSFR = SFR/M,, of 10715 < sSFR/yr~t < 10799,
VERTICO cover a variety of star formation properties in Virgo cluster galaxies, including normal
(SFRs similar to the global median), enhanced (galaxies above 3 times the global median), anemic
(galaxies with significantly low SFRs), and truncated galaxies (sharp cutoff in the star-forming
disk), based on the spatial distribution of Ho and R-band emission (see § 2 in [162] for a detailed
description of these categories).

VERTICO encompasses spectroscopic observations of the J = 2—1 transition of >CO and
its isotopologues (i.e., *CO(2-1) and *CO(2-1)), as well as the 1-mm continuum. The galax-
ies were mapped using Nyquist-sampled mosaicking; while total power (TP) plus 7-m arrays
were required for 25 galaxies, the rest of the observations were performed with 7-m array only.
The archival data and raw visibilities were processed using the Common Astronomy Software
Applications package v. 5.6 (CASA; [171]). The Compact Array data and the TP observations
were combined using feathering and imaged with the PHANGS-ALMA Imaging Pipeline (v.
1.0; [172]).

For the analysis performed in this work, we use the CO(2-1) 9”, (~ 750 pc at Virgo cluster

Thttps://www.verticosurvey.com
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distance of 16.5 Mpc; [20]) datacubes with 10 km s~! channel width. Since NGC 4321 has a
native angular resolution poorer than 9”, (~ 10”), we used CO(2-1) datacubes at 15", (~ 1 kpc).
When we compute the resolved molecular-to-atomic ratios (see § 4.3.1), we use the 15", CO(2-1)
datacubes, which have been matched to VIVA’s HI angular resolution. The CO datacubes have a

characteristic rms noise of ~15 mJy beam™! at 5 km s™! (see [6] for more details).

3.2.2 Ancillary Data and Data Selection

To complement the 9”7 CO(2-1) datacubes from VERTICO, we use the SFR surface den-
sity, Yspr, and stellar mass surface density, >.,, derived from a combination of near UV and
near/mid-infrared photometry. Specifically, we use the resolved star formation rate maps from
GALEX and WISE photometry, which were derived by following the procedure laid out in [173].
All images are convolved from their native resolution to a 9”, Gaussian beam with the [174] con-
volution kernels. All Gaia DR2 stars within the image area are masked. Image backgrounds are
estimated and subtracted with the Ast ropy Background 2D function. SFR maps are constructed
from a combination of GALEX NUV and WISE3 photometry as our obscured tracer in order to
match the 9”, resolution which is not possible with WISE4 (see Appendix of [173] for more de-
tails). We apply a local WISE3-to-WISE4 colour correction to the WISE3 images by fitting a
linear relationship between W3/W4 colour and galactocentric radius and then modify the WISE3
image on a pixel-by-pixel basis according to the galactocentric radius of each pixel and the ex-
pected W3/W4 ratio from the linear fit. For a more detailed description, see [19]. With GALEX
NUYV and colour-corrected WISE3 images for each galaxy, we then apply the NUV+WISE4 SFR

calibration from [173] to derive spatially resolved SFR maps in units of M, kpc™2 yr—!. All the
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pixels in the maps where the S/N of the NUV or the WISE3 imaging is below 3 are masked. Stel-
lar mass maps are derived from WISEI photometry. For each pixel, the procedure determines the
local mass-to-light ratio (at 3.4um) using the WISE3 to WISEI colour as an ‘sSFR-like’ proxy
and following the calibrations given in the Appendix of [173]. The WISE1 images are then com-
bined with the derived mass-to-light ratios to produce resolved stellar mass maps in units of My
pc~2. Both SFR and stellar maps at 9”, are derived by assuming a Kroupa initial mass func-
tion (IMF; [175]). It would be interesting to verify that similar results are obtained using SFR
estimators that respond on shorter timescales, such as Ha.

Optical inclination and position angles are obtained from fits to the SDSS using r-band
photometry. In order to measure the atomic gas content and velocities, we use 21-cm moment-0
and moment-1 maps from the VLA Imaging survey of Virgo galaxies in Atomic gas (VIVA; [16]),
which were re-imaged to 15” resolution to match the resolution of VERTICO data [6]. Finally,
the isophotal radius, 75, is derived from the optical size of the major axis measured at 25 mag
arcsec ™2 in the B-band, ry5 from the The Third Reference Catalogue of Bright Galaxies (RC3;
[8]).

To reduce the beam-smearing effects when deriving the molecular gas profiles, we select
galaxies with inclinations ¢+ < 75°. Out of the 51 VERTICO galaxies, and rejecting the two

nondetections of the survey (IC 3418 and VCC 1581; see Table 2 in [6]), we obtain a final

subsample of 38 galaxies that fulfill the selection criteria.
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3.3 Methods

3.3.1 Stacking of the CO Spectra

To investigate how the Hs content (and associated quantities) changes as a function of
radius, it is important to recover CO emission in the outermost parts of galaxies, which host the
faintest CO emission. To achieve this, we perform a spectral stacking of the 2CO (J = 2 — 1)
emission line using the HI velocities to coherently align the spectra while integrating in rings. The
CO spectral stacking recovers CO flux over a broad range of galactocentric radii, thus allowing us
to test how both R, and SFE,, . are affected by the environment from the inner- to the outermost
parts of VERTICO galaxies.

We perform the CO emission line stacking procedure following the methodology described
bin the previous chapter, which is based on the approach detailed in [78]. The method relies on
using the HI velocity data to define the velocity range for integrating CO emission. The key as-
sumption of this method is that both the HI and CO velocities are similar at any galaxy location,
which is consistent with the results shown by [79] for star-forming galaxies selected from the
EDGE-CALIFA survey. Since this may not be the case for cluster galaxies due to environmen-
tal effects perturbing the HI and Hs in a distinct way, we test this by computing the differences
between the CO(2-1) and HI velocities, AV = Vio2-1) — Var, in spaxels within the 38 VER-
TICO galaxies included in this work. Figure 3.2 shows that typically the differences between the
atomic gas and the CO velocities are almost always smaller than the size of the velocity integra-
tion window (discussed below). To make sure that we recover as much CO intensity as possible,

we implement a “smart stacking”. We only take the stacked CO intensities in annuli where we
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Figure 3.2: Distribution of offsets between the CO(2-1) and HI velocities, AV = Vioa—1) — Vi, in
spaxels within the 38 VERTICO galaxies analyzed here. The red bars correspond to spaxels with AV
offsets that place CO outside the integration window (see text) for stacking CO. The vertical black-dashed
line is the median value of AV = —0.7 km s~!. The figure shows that, on average, the differences between
the CO(2-1) and HI velocities are smaller than the integration window in most cases (~ 98%).

have a strong HI signal (i.e., HI surface densities > 1 My pc~2, yielding reliable HI velocity
measurements); otherwise, we take the unstacked CO intensities. Because of beam smearing in
the HI, intensities in the innermost parts of the galaxies (r < 0.3ry5) can produce unreliable HI
velocity estimates, we employ stacked CO intensities only in annuli where their SNR is larger
than that of the unstacked data.

Since we are interested in radial variations of the galaxy properties of VERTICO galax-
ies, we stack in radial bins ~ 0.1795 wide. In practice, galactocentric radius is usually a well-
determined observable and it is covariant with other useful local parameters, which makes it a
very useful ordinate [78]. As discussed in Chapter 2 and later in this section, after shifting the
CO spectra to match the HI velocity in each spaxel within a given annulus, we integrate over a

spectral window designed to minimize missing CO flux to compute the CO (2—-1) line emission
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Figure 3.3: Spectral stacking example. The average CO(2—1) spectrum within an annulus that spans from
0.6 t0 0.7 ro5 in NGC 4536 is shown. The left panel shows the average of all spectra in the annulus in the
observed velocity frame. The inset panel includes the SDSS r-band image (background), CO(2-1) data
(blue contours), and the annulus that spans from 0.6 to 0.7 r25 (red ellipses). The right panel shows the
average in the velocity frame relative to HI along with the best Gaussian fit profile (green dashed line).

intensity, /co2—1). To define the integration window for the annuli, we use the third-order poly-
nomial included in the top panel of Figure 2 in Chapter 2. They analyze the variation of molecular
velocity dispersion as a function of radius for a sample of galaxies, and found a velocity envelope
that is characterized as a polynomial. We use the same relation here to define our integration
window.

Figure 3.3 shows the usefulness of the stacking procedure in recovering the average CO(2—
1) line emission. As an example, we show the average CO spectrum of NGC 4536 within an
annulus that spans from 0.6 to 0.7r95. The left panel contains the average CO spectra within
the given annulus using the observed velocity frame, while the right panel shows the average
CO spectra after shifting by the observed HI velocity. This procedure allows us to co—add CO

intensities coherently and minimize noise. Figure 3.3 also shows the best Gaussian fit for the

82



1
! === Median = 0.21
1
[ 32
!
200 - ! g
1 3
= 1 & !
=] H g
c ' =
c ) E}
£ 150 ! g
G— 1
o i Gal ic radi
et ! alactocentric radius (r/rzs)
8 1
1
c 100+ i
>S5 1
z i
i
50 :
i
1
1
1
0 ! :

~05 0.0 0.5 1.0 1.5
l0g10l/co, stack/Ico, unstack]

Figure 3.4: Ratio of the integrated CO(2-1) line intensity in an annulus after stacking to that before stack-
ing. The vertical black-dashed line is the median value of 1og10[Ic0 Stack/ICO,Unstack] = 0.21; this shows
that, on average, stacking recovers ~ 60% more emission. On average, we are reaching a characteristic
rms noise of 0.1 mK at 10 km s~*, which corresponds to a sensitivity of ~ 0.1 Mg, pc~2. The inset panel
compares 10g10[/co Stack/ICO, Unstack] VS galactocentric radius, and shows that annuli with the most CO
flux enhancement are at > 0.5795.

averaged-stacked spectra (green-dashed line); as can be seen, the signal-to-noise ratio in the
measurement of CO velocity-integrated intensity is lower and without performing the stacking
procedure the CO line emission is not clearly detected. To quantify the improvement of the flux
recovery, we compute the ratios between the final stacked and unstacked integrated CO(2—-1)
line intensity, /co stack/Ico, Unstack> fOr each annulus. A histogram of the distribution of ratios is
shown in Figure 3.4. We find a median ratio of log;y[/co stack/Ico,unstack] ~ 0.21; on average,
the intensity in an annulus is increased by nearly ~ 60%. We emphasize that most of the annuli
with significant enhancements have weak CO emission and are found at large galactocentric
radii. Thus, while stacking does not result in a large increase in total CO flux from a galaxy, it
does extend the range of radii over which CO is detected, and results in a more accurate (larger)

measurement of flux at larger radii. To compute the integrated flux uncertainties, we take the
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RMS from the emission-free part of the stacked CO spectra. We adopt a clipping level of 3 in
order to consider a valid detection. On average, we reach a characteristic rms noise of 0.1 mK at
10 km s~ (in the range of rms~ 0.05 — 1 mK), which corresponds to a sensitivity of ~ 0.1 M,
pc~2 per 10 km s~! channel. Since we are interested in comparing of the radial profiles of the
molecular gas, atomic gas, stellar mass, and star formation rate, it is appropriate to average over

the entire annulus rather than limiting the average to spaxels where emission is detected.

3.3.2 Basic Equations and Assumptions

The molecular gas surface density, .., 18 derived from the integrated CO intensity, Ico2—1),
by adopting a constant CO-to-H, conversion factor, that is based on observations of the Milky
Way; Xco = 2 x 102 em™? (K km s™H) ™!, or acomw = 4.3 My (Kkms™! pc?)~! for the
CO(J=1-0) line ( [83]), following the analysis by [6]. We also test how our results depend on
the aco prescription that we adopt by using the CO-to-Hs conversion factor from Equation 31

in [38]:

+0.4 Yiotal -
=29 3.1
feo P (Z/E%ﬂ&c> (100 Mg PC2> ’ G-D

in My (Kkms™pc=2)71, v &~ 0.5 for Sipta1 > 100 Mg pc™2 and v = 0 otherwise, and the
metallicity normalized to the solar one, Z' = [O/H]/[O/H], where [O/H], = 4.9 x 10~ [86],

2 and Y. is the

YN is the average surface density of molecular gas in units of 100 My, pc™
combined gas plus stellar surface density on kpc scales. Since we are interested in the global

variations of the aco(Z', Xiotal), we mainly focus our analysis on its dependence on X,.1, since

variations in this have the dominant effect for the regions studied in our sample. Therefore, we
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adopt a constant solar metallicity (i.e., Z' = 1.0). We use the following expression to obtain X,

(0% .
Simel = = €08(i) Io-), (3.2)
21

which adopts the average VERTICO survey’s line luminosity ratio of Ry1 = Ico-1)/Ico@—o0) =
0.77+0.05 obtained by [6], and ¢ is the inclination of the galaxy. This equation takes into account
the mass “correction” due to the cosmic abundance of helium.

The atomic gas surface density, > ,tom, is computed from the integrated 21 cm line intensity

taken from the VIVA survey [16], 51, by using the following equation (e.g., [30])

Zatom

[ cm
o = 0.02 cos(i) _2lom (3.3)
o PC

Kkms—t’

which includes both the inclination and a factor of 1.36 to account for the presence of helium.
Recent observational evidence has shown that molecular gas content and its distribution
in the disk of cluster galaxies depends on the effect of the environment on the HI distribution
(e.g., [57,140,155,156]). In order to characterize the behavior of the molecular gas as a function
of the cluster environmental effects on the atomic gas, we use the HI classification from [5]
(hereafter HI-Class). The classification is designed to quantify the perturbation level of atomic
radial profiles based on morpho-kinematic HI features and HI-deficiency (e.g., [ 140, 142]) present
in the VIVA survey. In total, 48 sources were selected by [5] to construct the classification, which
are a good representation of Virgo galaxies undergoing various strengths of gas stripping. Note
that this is different from classifying the galaxies in order of increasing HI deficiency, although

more highly disturbed galaxies tend to be more HI deficient. According to [5], the 38 VERTICO
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galaxies analyzed in this work can be categorized into the following five classes (including the

number of galaxies in each of them):

0. Class O (11 galaxies): The HI profiles are symmetric, not truncated, and have extended and
similar HIcontent compared to most normal field galaxies. These are therefore the cases

showing no definite signs of gas stripping due to the ICM.

1. Class I (7 galaxies): One-sided HI feature, such as a tail, and no truncation of the HI disk
within the relatively symmetric stellar disk; range of HI deficiencies shown, but overall

comparable to those of field galaxies.

2. Class II (5 galaxies): A highly asymmetric HI disk, with one-sided gas tails, extraplanar
gas, and/or HI disk truncation on at least one side of the stellar disk; quite deficient in HI

with an average of only ~17% of the typical HI mass of a field counterpart.

3. Class III (9 galaxies): A symmetric, but severely truncated HI disk; extremely deficient in

HI with an average of <4% of the HI mass of a field galaxy counterpart.

4. Class IV (6 galaxies): A symmetric HI disk with marginal truncation within the radius of
the stellar disk; lower HI surface density than the other subclasses; quite deficient in HI

with on average ~15% of the HI mass of a field galaxy counterpart.

A more quantitative description of these galaxy categories can be found in [5]. Since a definition
of the HI-Classes based on a single criterion is not trivial, we also complement this classification
by categorizing these five HI-Classes in three broader groups as follows: 1) Unperturbed galaxies

(HI-Class 0); ii) asymmetric galaxies (HI-Classes I and II); and iii) symmetric-truncated galaxies
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(HI-Classes III and IV). These HI-Groups represent a powerful classification, which boost the
statistics and provide a simpler analysis framework.

The spatially-resolved molecular-to-atomic gas ratio, R, is calculated as

Z]mol

Eatom

Rmol =

(3.4)

Similarly, we compute the spatially resolved molecular-to-stellar and the atomic-to-stellar ratios,
Rf“’l = Yo/ and R¥™ = ¥ /3., respectively, where X, is the stellar surface density
derived from the WISE band-1 data. To obtain the integrated values for these ratios (i.e. mass
ratios), we integrate the surface densities for the molecular gas, atomic gas, and stars (assuming
that they are distributed along a thin disk) to obtain the total masses as:

Re,x

M;(r < Rey) = 27?/0 ¥i(r) rdr, (3.5)

where R, , is the effective radius for the stellar component (see §3.4.2 for more details), and © =
mol, atom, x. We then calculate the integrated ratios as the ratio of the masses. We compute
the resolved SFR surface density per unit molecular gas surface density, i.e. the star formation

efficiency of the molecular gas (SFE,,, in units of yr—!) for each annulus,

YSFR

SFEmo = )
: Zmol

(3.6)

where Ygpg is the resolved SFR surface density. We also obtain the integrated star formation
efficiency of the molecular gas within R, SFE,.(r < Re,), using Xspr(7), Xme(r), and

Equation 4.9, so
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2m fORe Yoprrdr

SFEmOl(T<Re): Vi 1(T<R) .

(3.7

Finally, to calculate the galactocentric radius of each annulus for each galaxy we use the inclina-

tions from [6] and we adopt the distance to the Virgo cluster of 16.5 Mpc from [20].

3.3.3 CO Radial Profiles

As discussed in §3.3.1, we derive the molecular gas radial profiles by measuring the av-
eraged azimuthal CO surface density, after performing a spectral stacking, in elliptical annuli
in the 9”, CO(2-1) datacubes. Although CO radial profiles for VERTICO galaxies are already
presented in [6] and [155] (both using the same methodology described in §4.3 of [6]), the CO
spectral stacking expands the radial coverage and recovers faint CO emission especially in the
outermost regions of most cases. Figure 3.5 shows the molecular gas radial profiles derived in
this work (blue-solid line), and their &1 uncertainties (blue-shaded areas) for the 38 VERTICO
galaxies selected here. Although radial profiles in [6] and used in [155] are not corrected for
inclination, they agree fairly with those included in Figure 3.5 (particularly at » < 0.3r35) when
we multiply them by cos(7). Annuli are centered on the optical galaxy position and aligned with
the major-axis position angle, taken from Table 1 in [6]. After summing the velocity-integrated
CO line emission pixel intensities in an annulus, we divide the sum by the total number of pixels
to obtain the average Ico(2—1) for the annulus. We then use Equation 4.7 to obtain the molecular
gas surface density, Y.

Galaxies in Figure 3.5 are sorted by HI-Class. Although X2, tends to be lower than >0,

for HI-Classes 0 and I (except for some galaxies with o) > >aiom at 7 < 0.3195), we note that
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Figure 3.5: Stacked molecular gas (Xmol, solid-blue line) and stellar (X4, solid-orange line) surface densities, in
units of Mg pc™2, as a function of galactocentric radius, in units of ro5, for the 38 VERTICO galaxies analyzed
in this work (sorted by HI-Class). The shaded-blue area is the >, uncertainty. The brown-dotted line is the star
formation rate surface density, YXsrr. The purple-dashed line is the atomic gas surface density derived from HI
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effective radius R, ,. The dashed-green and dashed-red lines represent the best-fit exponential profiles for ¥, and
14, respectively, when an exponential fit was appropriate. The vertical-dashed lines correspond to rg, = 3kpc.
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the molecular gas seems to extend at least up to ~ 0.5795 (i.€., Xmo1 > 1 Mg pe~2; excluding NGC
4772, NGC 4299, and NGC 4698). Conversely, HI-Classes II-IV show clear signs of truncation in
both molecular and atomic gas radial profiles (except for NGC 4298, NGC 4654, and NGC 4569),
with 2,01 > Yatom at any galactocentric radius. Interestingly, we note a systematic correlation in
the truncation between Y., and X, radial profiles with increasing HI-Class.

To estimate how X,,,,; depends on the aco prescription, we compute the ratio between
the variable and the constant CO-to-H, conversion factors, aco(Ziotal)/comw. We find that
aco(Ztotal) /o mw ranges from 0.2 to 1.0 in the region within ~ 0.6735 (with a median of 0.95);
for r > 0.6795, we find that aco(Ztota) /comw = 1.0. Although these results show that ¥,
depends on the adopted conversion factor, we note that aco(Xiota1) has very small departures
from aco mw for most of the annuli; consequently, the trends that we find in this work do not
vary significantly due to the prescriptions for o selected for this work. We emphasize however
that our exploration of the effects of aco dependence is limited and it deserves a careful analysis
in future VERTICO projects.

Except for the spectral stacking used for CO, we implement the same method (averaging
over all pixels in an annulus) for the star-formation rate, atomic gas, and stars. The latter two are

shown in Figure 3.5 by the purple-solid and orange-solid lines, respectively.

3.4 Results and Discussion

3.4.1 Scale Lengths and Environment

How do the relations between spatial distributions of the molecular gas and the stellar

components depend on galaxy environment? Several studies have revealed the close relation
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Figure 3.6: Left: Comparison between the stellar, /., and molecular scale lengths, /.1, computed by
fitting exponential profiles to the respective surface densities as a function of galactocentric radius. The
colored circles correspond to 33 VERTICO galaxies with ¥, > 1 Mg pc~? for all the annuli within
0.25795, color-coded by HI-Class from [5]. The blue-solid line is the OLS linear bisector fit (forced
through the origin) for them, and the dashed-dotted-red and dashed-green lines illustrate the 1:1 scaling
and the OLS linear bisector fit for EDGE-CALIFA galaxies (see Chapter 2), respectively. The ‘r,” value
noted corresponds to the Pearson correlation parameter. Right: The molecular, R 01, vs stellar, R,
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 left panel.

between the spatial distribution of molecular gas and stars in galaxies selected from the field
(e.g., [108,109]). For instance, analyzing the molecular gas, [,,,o, and stellar, [,, exponential
scale lengths (the brightness of the disc has fallen off by a factor of e, or ~ 2.71828, from the
center) for spiral galaxies selected from HERACLES ( [101]), [30] showed a roughly 1:1 relation
between them, with a best-fitting relation of /,,,,; = [0.9 + 0.2] x [,. A larger recent survey of 68
galaxies from the EDGE-CALIFA survey which covers a broad variety of morphologies finds a
similar relation, l,,,,) = [0.89 4= 0.04] X [, (see Chapter 2).

To characterize the distributions, we compute /,,,,; and [, using our molecular gas and stellar
radial profiles. From the 38 galaxies with ¢ < 75°, we have selected VERTICO galaxies with

Yimol and 3, radial profiles well described by an exponential profile and with X,,,; > 1 Mg
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pc—2 for all annuli within 0.25r,5. These fits are shown by the green and red dashed lines in
Figure 3.5. We have rejected annuli with 7, < 1.5 kpc to avoid the central regions that may
be susceptible to significant variations of aco (e.g., [100]), or to breaks in the exponential scale
lengths (particularly for stars) due to bulges [109]. We obtain [,,,; and [, for a subsample of 33
galaxies that fulfill the selection criteria mentioned above; the relation between them, colored by
HI-Class, is shown in the left panel of Figure 3.6. We observe a fairly strong correlation between
Imo1 and [, (Pearson r,, = 0.7; p-value< 0.01). The left panel of Figure 3.6 also contains the OLS
bisector fit (blue solid line) for y = ax weighted by the uncertainties for the [, and /, points.
Columns (5) and (6) of Table 3.1 correspond to the [,,,; and [, values, respectively, for the 33
galaxies included on this section.

We find that /,,,,; = (0.62 £+ 0.05) x I, (~3:5 relation), much shallower than the almost
1:1 relation between [y, and [, for (mostly) field EDGE-CALIFA galaxies (green-dashed line in
left panel of Fig. 3.6). When we use a variable prescription of cco(Ziota1) (Equation 4.6), we
obtain /[, = (0.66 £ 0.05) X [,, which is in agreement with the fixed aco. We note that while
lmo1 values for HI-Classes 0, I, and II tend to be similar to those for /,, they seem to concentrate
significantly below the EDGE-CALIFA spirals trend for HI-Classes III and IV. This implies that
the high-density environment of the Virgo Cluster has a measurable effect in compacting the
spatial extension of the molecular gas.

Our results are consistent with studies performed in Virgo galaxies by [57], who analyze
the relation between the CO-to-stellar (i-band) isophotal diameter ratio, D(CO);s,/D(é), and HI
deficiency in galaxies selected from the Herschel Reference Survey (HRS; [157]). They find a
systematic decrease of D(CO);s,/D(7) with increasing HI deficiency, which suggests that envi-
ronmental effects act on both the molecular gas and HI simultaneously, particularly constraining
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the H, content to galaxy centers (see also Fig. 3 and Fig. 4 in [155] for similar results). This
may be attributed to the outside-in ram pressure detected previously in Virgo galaxies, which
can compress the atomic gas and increase the molecular gas production (e.g., NGC 4548, 4522,
4330; [176—178]). This mechanism also could create a drag that causes gas to lose angular mo-
mentum and drift in. [166] also find a similar result for galaxies selected from the NGLS. Using
12CO(J = 3 — 2) data, they find steeper H, radial profiles in Virgo galaxies than for their field

counterparts.

3.4.2 Effective Radii and Environment

Comparison of scale lengths requires both the molecular and stellar radial distributions to
be well described by an exponential. Non-parametric methods can help evaluate whether the as-
sumption of an exponential disk may affect the conclusions above. The right panel of Figure 3.6
shows the relation between the effective radius of the molecular gas, R, 01, and the stars, I, ,.
These are the radii that enclose 50% of the total molecular gas and stellar mass, respectively,
for the 38 VERTICO galaxies analyzed in this work. We determine the total mass of each by
integrating the ;) and X, radial profiles out to a distance of < 1.2r95. The relation (Pearson
r, = 0.5; p-value< 0.01) between R, o1 and 2. . shows larger scatter than that between expo-
nential scale lengths, but it nonetheless confirms the significant compactness of the molecular
gas distribution compared to that of the stars. We also note that, in general, galaxies of higher
HI-Class (particularly in HI-Class III) tend to have smaller R, ,,,; and are more compact relative
to their stellar distribution.

In summary, the analysis of the X, radial profiles shows that VERTICO galaxies (/e mol =
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[0.61 £ 0.04] x R.,) are approximately 30% smaller in CO relative to their stellar distributions
than EDGE-CALIFA galaxies (Remo = [0.93 £ 0.05] X R, ,; see Chapter 2). When we use a
variable aco (Xiotal) (Equation 4.6), we obtain [, = (0.66 £0.04) X I, which agrees fairly well
with the previous result. Similar results are found by [155], who show that VERTICO galaxies
with larger HI deficiencies (i.e., upper HI-Classes) have steeper and less extended molecular gas
radial profiles, suggesting that the processes behind the atomic gas removal are also producing
more centrally concentrated molecular gas radial profiles.

Table 3.1 summarizes the properties of the 38 VERTICO galaxies selected for this work,
together with the values for R, o1, and . , (hereafter 7). In addition, columns (4) and (5) list
M 01 (Which are in good agreement with those included in [6]) and M, calculated from the radial

profiles.

3.4.3 Ry, SFE, and Environment

In this section we test how local and global physical parameters affect both the molecular-
to-atomic gas ratio and the star formation efficiency of the molecular gas.

To understand the effect of the environmental processes of the cluster on gas and star for-
mation properties for VERTICO, we need a comparison sample, that represents galaxies in low-
density environments. We compare with two such samples: 1) 64 galaxies selected from spa-
tially resolved surveys of spiral galaxies with log[M, /M| = 9.1-11.5 and morphologies span-
ning from Sa to Scd, EDGE-CALIFA survey; and 2) xGASS/xXCOLD GASS (hereafter xGASS-
CO; [67,179]). For xGASS-CO we use the relations obtained in the analysis by [7] for main

sequence (MS) galaxies. Each of these comparison samples have limitations that need to be kept
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Name Hi-Class log[Muo/Mg] log[M,/Mg]  lna (kpc) le (kpc)  Remo (kpe)  Re. (kpc)
(D 2 (3) 4 (©) (6) (7N ®
1C 3392 11T 8.41+0.15 9.81+0.06 0.71£0.28 2.094+0.28 1.42 +£0.55 3.5640.55
NGC 4064 111 8.441+0.19 10.01£0.09 0.67+£0.54 2.50+£0.53 1.17 £1.05 4.27+1.05
NGC 4189 0 8.68+0.13 9.66+0.09 1.32+0.38 1.27£0.37 2.49 +0.71 3.02+0.73
NGC 4254 I 9.871+0.10 10.41+£0.08 2.36+0.65 2.48+0.65 4.09+1.29 4.22+1.33
NGC 4293 111 8.70+0.17 10.51+£0.07 0.65+£0.68 4.07+0.68 1.67 +£1.35 6.67+1.36
NGC 4294 1 7.91+£0.07 9.57+0.05 2.26+0.45 3.88+0.41 2.69+0.81 6.58+0.79
NGC 4298 1I 9.09+0.11 10.02+0.07 1.51+£041 2.31+£0.39 2.88 £0.78 3.91+0.78
NGC 4299 1 7.53+0.17 9.27+0.08 1.31 £0.43 2.7+0.44
NGC 4321 I 9.854+0.11 10.82+0.05 4.10+£091 6.65+1.04 5.054+1.79 10.98+1.86
NGC 4351 I 7.81+0.16 9.36+0.12 0.86+0.38 1.43+0.37 1.53+0.74 2.64+0.74
NGC 4380 v 8.58+0.11 10.17+£0.07 2.39£0.60 3.15+0.52 3.54 +£1.08 5.22+1.04
NGC 4383 0 8.42+0.14 9.58+0.07 1.13£0.37 1.74+0.36 1.34 +0.71 2.124+0.71
NGC 4394 v 7.81+£0.23 10.32+0.14 297 £1.62 3.3441.60
NGC 4405 111 8.30+0.17 9.62+0.11 0.51£0.29 1.03+£0.28 0.94 +0.56 1.98+0.56
NGC 4419 11T 9.011+0.15 10.23+0.08 0.86+0.41 2.1840.43 1.39 +0.79 3.694+0.83
NGC 4424 11 8.36+0.15 9.93+0.06 0.98+0.45 297+0.45 1.42+0.88 4.9740.88
NGC 4450 v 8.65+0.11 10.69+0.07 1.79£0.64 3.13+0.64 2.24 +1.27 4.424+1.27
NGC 4457 111 9.024+0.13 10.36+0.08 0.794+0.32 1.494+0.33 1.26 £0.65 1.9240.65
NGC 4501 II 9.69+0.12 10.9940.08 3.44+0.84 3.684+0.83 4.78 £1.67 5.69+1.67
NGC 4532 0 8.294+0.08 9.51+0.07 1.16+0.34 1.87+0.34 2.04 £0.68 2.8940.68
NGC 4535 1 9.461+0.13 10.58+0.06 5.72+1.42 6.344+0.96 6.14 £2.05 10.48+1.76
NGC 4536 0 9.35+0.11 10.3540.06 3.454+0.94 5.81£094 2.57 £1.84 8.09+1.85
NGC 4548 v 8.96+0.15 10.68+0.06 5.82+1.98 3.76+0.68 5.77 £2.28 5.62+1.31
NGC 4561 0 7.31+£0.13 9.33+0.07 157 £191 1.58+0.37
NGC 4567 0 8.744+0.12 10.13+0.06 1.46+0.38 2.994+0.38 1.72 +0.72 4.454+0.72
NGC 4568 0 9.431+0.12 10.38+0.06 1.59+£0.55 3.85+0.57 2.51 +£1.10 6.35+1.11
NGC 4569 m 9.53+0.09 10.744-0.05 1.934£0.52 4.66+=0.54 2.84 £1.03 7.85%1.05
NGC 4579 v 9.31+0.14 10.894+0.07 3.124+0.94 3.33+0.74 4.43 £1.55 4.46+1.43
NGC 4580 111 8.58+0.15 9.94+0.07 0.66+0.27 1.65+0.25 1.41+0.51 2.841+0.51
NGC 4606 11T 8.20+0.14 9.85+0.06 0.64+0.39 296+0.44 1.154+0.78 5.061+0.79
NGC 4651 0 8.77+0.16 10.27+0.11 1.17£0.63 2.26+0.64 2.12 +1.26 2.99+1.26
NGC 4654 II 9.334+0.10 10.2340.07 2.06£0.59 3.66+£0.59 3.71 £1.18 5.92+1.19
NGC 4689 v 9.06+0.11 10.244+0.08 1.974+0.55 3.13+0.52 3.17 £1.05 5.1941.03
NGC 4694 II 8.294+0.07 9.92+0.07 1.07+£0.38 2.04+0.39 243 4+0.76 2.98+0.77
NGC 4698 I 8.09+0.13 10.4610.08 541 2096 3.9440.98
NGC 4713 0 8.334+0.11 9.51+0.08 1.13£0.32 1.73+0.31 1.83 £0.63 2.954+0.63
NGC 4772 0 7.85+0.14 10.194-0.07 4.61 £0.82 3.01+0.84
NGC 4808 0 8.7440.11 9.61+£0.08 1.24+0.33 1.76+0.33 2.36 £0.67 2.94+0.67

Table 3.1: Main properties of the 38 VERTICO galaxies analyzed in this work. The columns are (1) galaxy name;
(2) HI-Class from [5]; (3) logarithm of the total molecular gas mass derived as explained in Section 4.4.1.2; (4)
logarithm of the total stellar mass derived as explained in Section 3.4.2; (5) exponential scale length of the molecular
gas; (6) exponential scale length of the stars; (7) effective radius of the molecular gas; (8) effective radius of the
stars.

in mind. The EDGE-CALIFA selected galaxies are mostly far-IR detected and rich in molecular

gas (hence actively star-forming), and only a handful of them have resolved HI observations. The
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Figure 3.7: Left: The resolved molecular-to-stellar mass ratio R™°! colored by HI-Class vs galactocentric
radius for annuli within the 38 VERTICO galaxies analyzed in this work. The black contours enclose,
from outside-in, the 66% and 33% of the R™°! of the points. The green shaded area is the range covered
by EDGE-CALIFA spiral galaxies within 1o scatter about the mean values for radial bins of 0.1725 wide.

Right: The resolved atomic-to-stellar mass ratio R2'°™ vs galactocentric radius. Conventions are as in left
panel.

xGASS-CO sample is the largest galaxy survey, but it is spatially unresolved.
We correct our calculations by the inclination of the galaxy (using a cos(7) factor) to rep-
resent physical “face-on” deprojected surface densities (see §4.3.1). The EDGE-CALIFA spiral

galaxies included here were selected to have ¢ < 75° (see Chapter 2).

3.4.3.1 R, vs Radius and Environment

The left and right panels of Figure 3.7 show the spatially resolved molecular-to-stellar
Ri“(’l = Ymol/2s and atomic-to-stellar R¥om — % tom /¥, ratios, in logarithmic space, as a
function of galactocentric radius and colored by HI-Class. Looking at the black contours, which

enclose 66% and 33% of the points, we note that wal follows a constant trend with radius and
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Figure 3.8: Left: The molecular-to-stellar mass ratio within R., R7(r < R.) = Mpa(r <

R.)/M,(r < R.) (top) and the atomic-to-stellar mass ratio within Re, R¥°™(r < Re) = Matom(r <
Re) /M, (r < Re) (bottom), vs HI-Class defined by [5]. The black bars show the values obtained from the
Mo1/My—M, and Mgor, /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 the R™°!(r < R,) range covered by EDGE-CALIFA spiral galaxies within 1o scatter. Right:
R™(r < R,)) (top) and the R**°™(r < R,) (bottom) vs HI-Class after clustering them in three broader
groups: 1) unperturbed galaxies (HI-Class 0), ii) asymmetric galaxies (HI-Classes I and II galaxies); and
iii) symmetric-truncated galaxies (HI-Classes III and IV galaxies). Conventions are as in the left panel.
While R™!(r < R,) values for VERTICO galaxies are within the ranges covered by the xGASS-CO MS
galaxies, R¥°™(r < R,) values show a systematic decrease with increasing HI-Class.

it has similar values to those covered by EDGE-CALIFA spirals. We also note that most of the
galaxies show a systematic inside-out increase in R3*™ (Pearson r, = 0.53 when considering all
the points).

The top and bottom panels of Figure 3.8 show the molecular- and atomic-to-stellar mass
ratios integrated out to R,, R™(r < R,) = Mua(r < R.)/M,(r < R,) and R¥*™(r < R,) =
Matom(r < Re)/M,(r < R,), respectively, as a function of HI-Class. The upper panels show

that the median R™!(r < R,) values remain almost constant with HI-Class but with a possible
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small decrease for HI-Class IV galaxies. These values are in good agreement with those expected
from the M,/ M,—M, relation for xGASS-CO galaxies (black crosses; [7]), and with EDGE-
CALIFA spirals (green-shaded area). Interestingly, R3*™(r < R.) (bottom plots in Fig. 3.8)
shows a systematic decrease from lower to upper HI-Classes. While HI-Classes 0 and I have
atomic-to-stellar mass ratios with median values similar to that of XxGASS-CO, HI-Classes II, III,
and IV have significantly lower R2**™(r < R,) values.

We test how our results change when adopting a variable aco(Siotar). Although R™!
values decrease ~ 0.2 — 0.3 dex when using aco(Ziotal) (particularly at 70.6795), we note that
the R™! trend does not vary significantly compared to that for aco yw; similarly, R2°(r < R,)
values are still within the ranges covered by XGASS-CO when using the two aco prescriptions.
Despite there being a clear deficit in the integrated H 1 content of the H 1-perturbed galaxies, our
VERTICO data reveal that these galaxies do not exhibit an appreciable deficit in Hy mass.

The left panel of Figure 3.9 shows the spatially resolved molecular-to-atomic ratio R, =
Yol / Zatom, in logarithmic space, as a function of galactocentric radius and colored by HI-Class.
To compute R, we use the X, radial profiles derived from the 15 CO(2-1) datacubes to
match VIVA’s HI angular resolution. In general, the figure shows a decreasing trend for R,
with radius (Pearson r, = —0.5; p-value< 0.01). We note that R, values for HI-Classes II, III,
and IV (yellow, light blue, and blue solid dots, respectively) are on average higher than for HI-
Classes 0 and I (red and orange solid dots, respectively). Looking at Figure 3.5, we note that while
lower HI-Classes have similar X, to what is expected for normal field galaxies (e.g., Xatom ~ 6
M., pc~?; [30]), upper HI-Classes show notably lower atomic surface densities. Since HI-Classes
II, III, and IV are HI deficient (as mentioned previously for R,iom «), the enhancement of R, (at
least within R?,,) appears to be due mainly to their poor atomic gas content. The significant scatter
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in R0, particularly at 75, < 0.37r95, may be due to the strong environmental effects experienced
by some VERTICO galaxies. We also compute the molecular-to-atomic gas mass ratio within
Re, Ruol(r < Re) = Muo(r < Ro)/Matom(r < R.). The right panel of Figure 3.9 shows
the relation between R, (r < R.) (in logarithmic space) and HI-Class. Although with a dip in
HI-Classes IT and IV galaxies, there is a large systematic increase of R,01(r < R.) from lower to
upper HI-Classes which becomes even more clear for the broader HI groups in the left panel of
Fig. 3.9. As noted previously for R™°!, R, . values decrease ~ 0.2 — 0.3 dex with aco(Siotal) at
70.6795. Similarly, R, (r < R.) values also decrease when using the variable aco prescription.
However, we still observe a clear systematic decrease of Ry, with radius, and Ry, (r < R.)
values are still within the ranges covered by xGASS-CO MS galaxies. This is consistent with the
definition of HI-Classes by [5] for VIVA galaxies, and it confirms that the increase in ratios is a
result of the deficiency in HI.

These results can be summarized as follows:

1. For unperturbed galaxies and with mild sign of HI- perturbation (e.g., HI-Classes 0 and I),
R™!(r < R,) and R*™(r < R,) values are similar to those for xGASS-CO MS galaxies

with similar stellar mass, and also have R, (r < R.) values comparable with the latter.

2. Asymmetric galaxies in HI or partially symmetric-truncated (HI-Classes II and III) have
R™!(r < R.) values within the range covered by EDGE-CALIFA spirals and those ex-
pected from xGASS-CO relations. However, we note that R2*°™(r < R,) values are up to
1.5 dex lower than those for xGASS-CO MS galaxies. HI-Class II and III galaxies also have
Ruol(r < R.) values significantly higher than those in stellar-mass matched xGASS-CO

MS galaxies.
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3. HI-symmetric-truncated galaxies (i.e., HI-Class IV) galaxies show a possible decrease in
Ry < R,) compared with EDGE-CALIFA spirals, although still in good agreement
with XxGASS-CO MS galaxies. Similar to HI-Classes II and III, HI-Class IV has R3*™(r <
R.) values drastically lower than the latter (~ 1.0 dex lower). HI-Class IV galaxies also
show an increase in Ry, (r < R.) values compared to lower HI-Classes (although a small

decrease compared to HI-Class III) and to those expected for xGASS-CO MS galaxies.

These results suggest that even though environmental processes act on both the molecu-
lar and the atomic gas (at least within R.), the latter is affected in a different manner than the
former. Table 3.2, which includes a compilation of masses for all HI-Classes, indicates that
VERTICO galaxies have lower M,,, compared to EDGE-CALIFA spirals (although the latter
is slightly biased towards molecule-rich galaxies). VERTICO galaxies also seem to have lower
M, values than those expected from the M, — M, relation for main sequence xGASS-CO
galaxies, although without significant variations with HI-Class or M,. We note that M., values
for HI-Classes II, III, and IV are notably lower than for XxGASS-CO. Similar results are found
by [155], who do not observe a statistically significant correlation between Hs and HI deficien-
cies. They also note that VERTICO galaxies tend to be Hs deficient when compared to main
sequence galaxies from xGASS-CO. These results suggest that even though environmental pro-
cesses affect both the molecular and the atomic gas simultaneously, the level of HI perturbation
in VERTICO galaxies does not necessarily modulate the molecular gas content. The large change
in R0 (r < R.) with environment (e.g., a factor of ~ 10 between HI-Classes 0 and III) also indi-
cates that galaxy evolution simulations should factor this in if they want to trace HI/Hs phases in

dense environments. Also, while R*™ values for HI-Class IV galaxies are on average the lowest,
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Figure 3.9: Left: The resolved molecular-to-atomic gas ratio Ryol = Xmol/Zatom VS galactocentric
radius, with circles colored by HI-Class. The black contours enclose, from outside-in, the 66% and 33% of
the points. Middle: The molecular-to-atomic gas ratio, in logarithmic space, computed using the molecular
and atomic gas masses within Re, Ryno(r < Re) = Mpol(r < Re)/Matom(r < Re), vs HI-Class. The
black bars show the Ry, values obtained from the M1/ Matom—M, relation for xGASS-CO MS galaxies
from [7] using the mean stellar masses for the [S] HI-Classes listed in Table 3.2. There is an increase of
Ruo(r < Re) that is up to about an order of magnitude going from lower to higher HI-Classes (e.g.,
from Class I to III); the more disturbed the HI the higher the molecular-to-atomic ratio within R.. Right:
Rp01(r < Re) vs HI-Class groups as in the right panel of Fig. 3.8. Conventions and symbols are as in Fig.
3.8.

particularly at 70.475, their R™°' values show a significant decrease towards the centers. These
results suggest that HI-Class IV galaxies could be tracing the population where the environment
is starting to impact significantly the molecular gas content.

Although several environmental mechanisms could potentially explain the results previ-
ously shown, the most likely mechanism is ram pressure (at least in HI-Classes I-III). Out of
the 38 VERTICO galaxies selected for this work, at least five of them are well studied cases of
RPS: NGC 4501, NGC 4548, NGC 4569, NGC 4579, and NGC 4654 (e.g., [153, 180-183]; see
also [184] and references therein). In particular, [166] report significantly higher R, values
for Virgo galaxies than for field galaxies. They attribute this to environmental processes, either

by inward flows of molecular gas, Hy not being as efficiently stripped as the atomic gas, and/or
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Galaxy Class log[M,]  log[Muo] 1og[Mawom] 10g[SFR]  log[ M55 ] log[MZES 1151 1og[Muolce  108[Maomlxae

me a

(Mo) (M) Mp)  (Moyr™) (M) (M) (M) (M)

M @ 3) “) ®) (©6) O ®) ®)
Class 0 9.664+0.38 8.59+0.56 9.29+0.29 0.58+0.72 8.46+0.22  9.31+0.46 -1.28 -0.54
Class I 1041£0.61 8.07+£0.92 921036 0.32+1.61 9.01+£027  9.5540.39 -1.61 -1.14
Class II 10.02+0.43  9.04+0.51 8.69+0.46 0.13+021 8.79£0.20  9.38+0.48 -1.27 -0.73
Class 11T 10.01+£0.34 8424035 7.63+£0.44 027+£047 8784023  9.38+0.47 -1.27 -0.72
Class IV 1054027 8731041 8.66+0.24 0.24+0.54 9.13£0.26  9.61+0.39 -1.78 -1.18
EDGE-CALIFA  10.57+0.45 9.45+0.47 9.16+0.26  9.6440.39 -1.89 -1.21

Table 3.2: Median and 1o scatter values of the mass and star formation rate distributions for the galaxy
groups in column (1). The columns are: (2) logarithm of the median stellar mass; (3) logarithm of median
molecular gas mass; (4) logarithm of median atomic gas mass; from Class 0 to Class IV, atomic gas masses
are taken from [6]; (5) logarithm of total median star formation rate; (6) logarithm of total molecular gas
mass derived from the M,,,—M, relation for main sequence XGASS-CO galaxies by [7], using the stellar
mass from column (2); (7) logarithm of total atomic gas mass derived similarly as in column (6); (8)
logarithm of the total molecular-to-stellar ratio derived from the M,/ M,—M, relation for xGASS-CO
galaxies by [7], using the stellar mass from column (2), as shown by the black errorbars in the top panel
of the right plot in Fig. 3.7; (9) logarithm of the total atomic-to-stellar ratio derived similarly as in column
(8). For both columns (8) and (9), according to [7] the scatter is within ~ 0.3 dex.

HI migration to the galaxy center where it can be more easily converted into H,. This is also
supported by [185], who analyze four jellyfish galaxies from the GAs Stripping Phenomena sur-
vey with MUSE (GASP; [186]). They propose that gas compression caused by ram pressure can
trigger the conversion of large amounts of HI into the molecular phase in the disk, which may
imply that HI is just partially stripped. The results found by [155] also support this idea, and
suggest that RPS in VERTICO galaxies could potentially drive outside-in gas migration and may
contribute to produce steeper H, radial profiles, as seen in [166]. However, thermal evaporation
( [187]; see also [140] for a detailed description) or starvation have also been proposed to ex-
plain the effects of the environment in galaxies with symmetric-truncated HI radial profiles (e.g.,
HI-Class IV galaxies; see also § 5.1 in [155]). Observational and theoretical evidence has shown
that thermal evaporation can complement the viscous stripping in removing the cold gas from the
disk (e.g., [137,188-190]). Consequently, it can affect the entire gas disk (all at the same time),

leading to marginally truncated (but symmetric) gas disks with low surface density. Thermal
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Figure 3.10: Top: The molecular gas mass within Re, My,01(r < Re) Mg), vs HI-Class. Bottom: The
star formation rate within R., SFR(r < R.) (Mg yr~1), vs HI-Class. Conventions are as in left panel of
Fig. 3.8. While M,,1(r < R.) remains almost constant, there is a systematic decrease of SFR(r < R,)
with HI-Class (particularly from HI-Classes II to IV).

evaporation is, therefore, a good candidate to explain the offset in Ry, 1(r < R,) for HI-Class IV

galaxies (middle panel of Fig. 3.9) when compared to lower HI-Classes.

3.4.3.2 SFE vs Radius and Environment

Figure 3.10 shows the molecular gas mass within R, My,01(r < R.) (top panel), and the
star formation rate within R., SFR(r < R, ) (bottom panel), vs HI-Class. Note that M,,,1(r < R.)
remains almost constant with HI-Class; on average, M, (7 < R.) values for VERTICO galaxies
are similar to the mean for EDGE-CALIFA spirals. Although the mean SFR(r < R.) does
not vary significantly for HI-Classes 0 and I, we note a systematic decrease of the SFR with
increasing HI-Class for Classes III to I'V. The results shown in Figure 3.10 are consistent with the

expected difference in the total molecular gas masses and star formation rates between galaxies
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Figure 3.11: Left: The resolved star formation efficiency of the molecular gas, SFE, o1, vs galactocentric
radius. The black contours enclose, from outside-in, the 66% and 33% of the points. Middle: The star
formation efficiency of the molecular gas within Re, SFE,01(r < R.), vs HI-Class. The horizontal black
bars are the SFR /M) median values for HI-Classes 0, I, II, III, and IV VERTICO galaxies using the
SFR /M pe—M, relation derived from the molecular depletion times, Tqep, = Mmo1/SFR, for XxGASS-CO
MS galaxies by [7]. The shaded-green area is the SFE,,j(r < R,) range covered by EDGE-CALIFA
spiral galaxies within 1o scatter. Right: SFE.,(r < Re) 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 of
SFEmo(r < Re) 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.

from VERTICO and EDGE-CALIFA surveys. While the former includes galaxies with lower
M08 than xGASS-CO main sequence galaxies, as shown in Table 3.2, the latter encompasses
actively star-forming galaxies and rich in molecular gas (see [3] for more details of the sample
selection), hence with higher molecular gas masses than main sequence galaxies.

The left panel of Figure 3.11 shows the spatially resolved SFE,;,,; = Yspr/>mol as a func-
tion of galactocentric radius and colored by HI-Class. We do not observe a statistically signifi-
cant correlation between the efficiencies and radius. We note that while higher HI-Classes have
SFE,,,.1 significantly below to the almost constant values for EDGE-CALIFA spirals, lower HI-
Classes tend to be in fair agreement with the latter and scattered to much larger values (likely

due to variations in Ygpg values within these HI-Classes; see Fig. 3.5). On average, lower HI-
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Classes tend to have higher SFE,,,; than upper HI-Classes for the 74, range covered here. The
middle and right panels of Figure 3.11 show the star formation efficiency of the molecular gas
within R,, SFE,o1(r < R.) = SFR(r < Re)/Mua(r < R.), as a function of HI-Class. We
note a systematic decrease of SFE,,,1(r < R,) with HI-Class. Although SFE,,.(r < R.) values
are mostly within the range covered by the control samples for HI-Classes 0 and I, HI-Classes
II-IV have notably lower efficiencies (~ 0.3 —0.5 orders of magnitude, or 2 — 3 times lower) than
EDGE-CALIFA spirals (green shaded area) and xGASS-CO MS galaxies (black horizontal bars).
We test how our efficiencies depend on the adopted aco prescription. Although SFE,,, values
increase by ~ 1.1 — 1.3 dex when using aco(Ziota1) in the region within ~ 0.675, the SFE,
trend does not vary significantly compared to that for aco vw. Likewise, SFE o1 (7 < R.) still
shows a similar systematical decrease with HI-Class when adopting the two aco prescriptions.
These results suggest that the systematic decrease of SFE,,,/(r < R.) seen in Figure 3.11 is a
consequence of changes to the star formation process caused by the source of the perturbations
that affect the HI in the external regions of the disk.

It is interesting to compare our results with other galaxy-scale indicators of the star forma-
tion efficiency in VERTICO galaxies. For instance, [19] compute the best-fit power-law index
of the resolved Kennicutt—Schmidt law, N, kg, based on the resolved scaling relations between
disrr and Y. Out of the 36 VERTICO galaxies with inclinations 7 < 80° included in [19],
Figure 3.12 shows the SFE,,,1(r < R.) vs N;ks for 34 VERTICO galaxies for which they find
N,ks values statistically significant. We do not find a significant correlation between N,xs and
SFE,..1(r < R.). However, in observing the distributions of Vs colored by HI-Class, we note
that HI-Classes III and IV (blue circles) tend to group at both lower N,ks and SFE,,,1(r < R,)

than HI-Classes 0 and I (red circles), and vice versa. Since the resolved Kennicutt—Schmidt law
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Figure 3.12: The star formation efficiency of the molecular mass within R, SFE, (7 < Re), vs the best-
fit power-law index of the resolved Kennicut-Schmidt, NV,kg, from [19]. Although without a significant
correlation between SFE;1(7 < R.) and N;ks (Pearson r, = 0.3), HI-Classes III and IV (blue circles)
seem to group at both lower N;ks and SFE,,,1(r < R.) than HI-Classes 0 and I (red circles), and vice
versa.

index quantifies changes in the molecular gas efficiencies through ¥,,,; and >Xgpg, lower efficien-
cies at the centers of HI-Classes II-IV reflect locally low Ygpgr /Y0 ratios, which drive N;ks
values below unity. [19] also show that, on average, the distribution of N,kxs in VERTICO galax-
ies peaks at lower values when compared to those for HERACLES [32] and PHANGS [191]. Our
results are consistent with [19], who suggest that their sub-linear /V,kg values found in most of
the VERTICO galaxies indicate a decrease in the efficiency of the molecular gas for regions with
high >, and reflects the broad variety of physical conditions present in Virgo galaxies.

Our results show that VERTICO galaxies tend to be less efficient at converting molecular
gas into stars when their atomic gas is strongly affected by environmental mechanisms, at least
in the region within Rz.. Analyzing 98 galaxies selected from the JCMT NGL survey, [192] show
that Virgo galaxies have longer molecular gas depletion times, Tge, = Mpu,/ SFR:SFEIQ;, when

compared to group galaxies selected from a sample of 485 local galaxies included in [193]. They
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attribute this difference to a combination of environmental factors that increase the Hs production
and a decrease in the SFR in the presence of large amounts of molecular gas, which may reflect
heating processes in the cluster environment or differences in the turbulent pressure. [150] find an
increase in the CO surface brightness (an increase in YJy,) in a region close to the galactic center
subjected to intense ram pressure in the Virgo galaxy NGC 4402 (also confirmed by [168]),
which seems to be tied to bright FUV and Ha emission associated with intense star formation.
[163] also observe an enhancement in the Hy star formation efficiencies, SFE= Ygpg /Yy,, of
Fornax cluster galaxies (particularly at low masses) for galaxies on first passage through the
cluster. They suggest that these changes might be driven by environmental mechanisms (e.g.,
RPS or tidal interactions). [194] analyze the atomic and molecular gas properties of massive
Virgo galaxies (M, > 10°M,), which are selected from the Extended Virgo Cluster Catalog
(EVCCG; [195]), within r < 3R (Ragp 1 the radius where the mean interior density is 200
times the critical density of the Universe). They find that Virgo galaxies have lower SFRs and
higher SFEy, =SFR/My, compared to field galaxies with offsets from the main sequence of
the star-forming galaxies A(MS)< 0.0. In addition, they note that Virgo galaxies have both
lower gas fractions (My, /M, and My;/M,) and higher SFEs compared to field galaxies. [196]
also find evidence of enhanced star formation on the leading side of four identified jellyfish
galaxies selected from Perseus cluster using radio LOw Frequency ARray (LOFAR) continuum
at 144 MHZ and Ha data. They find a positive correlation between Ha+[NII] surface brightness
and the orientation angle of sources with respect to the stripped tail, which is consistent with
gas compression (i.e., the increasing of the star production) induced by ram pressure along the
interface between the ICM and the galaxy. [197] analyze ALMA ACA 2CO(J=1-0) and HI data
for 31 galaxies selected from the Group Evolution Multiwavelength Study survey (GEMS; [198,
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199]), finding that some members with highly asymmetric morphologies in CO and HI images
(e.g., driven by tidal interactions and RPS) have a significant decrease in both SFR (e.g., due
to gas becoming stable against gravitational collapse), and gas fractions, suggesting a decrease
of X010 due to the suppression of the HI-to-H, conversion. Numerical simulations have found
that the star formation activity is generally amplified in galaxy centers by ram pressure (e.g.,
[200,201]); particularly, some of them have shown that the star production can be boosted due to
gas compression at the edges of the disks (e.g., [167,202]).

Since our integrated efficiencies are computed within R,, it is possible that the systematic
decrease of SFE,,1(r < R.) with HI-Class could be in part caused by morphological quenching
if most gas is driven into bulge-dominated galaxy centers. Morphological quenching ( [139])
is able to produce a gravitational stabilization of the gas within the bulge region, preventing
the fragmentation into bound star-forming clumps. Numerical simulations performed by [203]
show that spheroids drive turbulence and increase the gas velocity dispersion, virial parame-
ter, and turbulent gas pressure towards the galaxy centers, which are mostly dependent on the
bulge mass (M}). They note that the more massive the bulges are, the higher the level of tur-
bulence. Therefore, the stellar spheroid stabilizes the ISM of the host galaxy by increasing the
shear velocity and the gas velocity dispersion, thus preventing the gravitational instability of the
gas reservoirs and suppressing the fragmentation responsible for the disruption of the ISM by
stellar feedback. Morphological quenching has been shown to potentially operate not only on
early-type massive galaxies with a strong bulge component, but it can also work at any M/, range
(e.g., [204,205]). However, some studies (e.g., [206,207]) have noted that the regulation of the
SFR in main sequence galaxies is more related to physical processes acting on the disk rather
than the contribution from bulges.
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Figure 3.13: The star formation efficiency of the molecular mass within the radius of the bulge R},
SFE01(r < Ry,), vs the bulge mass M}, (in units of the total stellar mass) for HI-Classes II, 111, and IV.
Symbols are colorcoded by HI-Class as in Figure 3.12. The horizontal arrows are upper-limits for M,
since no clear breaks in the stellar radial profiles due to bulges are identified; therefore, M}, in these cases
is the mass enclosed within 0.1795, which corresponds to 74, =~ 1.0 kpc at the Virgo cluster distance (16.5
Mpc; [20]).

If the cluster environmental mechanisms act by pushing the molecular gas to central regions
within the influence of the bulge, morphological quenching is then a good candidate to explain
the SFE,,,,1(r < R.) decrease observed in higher HI-Classes via gas stabilization (at least in some
VERTICO galaxies). Detailed studies of the molecular gas dynamics within the bulge region in
Virgo galaxies are therefore important to establish the actual connection between the SFE,,, the

HI-Class, and the gravitational stability of the gas.

3.5 Summary and conclusions

We present a study of the molecular-to-atomic gas ratio, the star formation efficiency, and
their dependence on other physical parameters in 38 galaxies selected from the VERTICO sur-
vey. We analyze 12CO(J=2-1) datacubes with 9 angular resolution (except for the 13 NGC 4321

datacube) at 10 km s—! channel width, along with HI velocities extracted from VIVA survey.
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We implement spectral stacking of CO spectra to co-add them coherently by using HI veloci-
ties from the VIVA survey, and measure X, out to typical galactocentric radii of r ~ 1.275
by coherently averaging (stacking) spectra in elliptical annuli using the HI velocity as a ref-
erence in each pixel. We use a constant Milky Way CO-to-H, conversion factor prescription
acomw = 4.3 My [Kkms™!pc?|~' ([83]), and a line Rayleigh-Jeans brightness temperature
ratio of Ry = Ico-1)/Ico@—o) ~ 0.77. Although the adoption of a variable «co has some
impact on the molecular surface densities, it does not change the trends that we have found in
this work. We warn that our exploration of the effects of aco dependence is limited and it de-
serves a more careful analysis in future VERTICO projects. We perform a systematic analysis
to explore molecular disk sizes, molecular-to-atomic gas ratios, and the star formation efficiency
of the molecular gas in VERTICO in comparison to field samples. Our main conclusions are as

follows:

1. We determine the molecular and stellar exponential disk scale lengths, [, and [,, respec-
tively, by fitting an exponential function to the >.,,,; and X, radial profiles for 33 VER-
TICO galaxies (see Fig. 3.6). We find that [,,,; = (0.62 + 0.05) [, (~3:5 relation). When
compared with the equivalent relation observed for galaxies selected from the field (e.g.,
EDGE-CALIFA survey; [1]), the CO emission in VERTICO galaxies is more centrally
concentrated than the stellar surface density. Moreover, galaxies with a stronger degree of
H 1 perturbation (as classified by [5]) tentatively show more compact CO distributions (this

is particularly true for HI-Class III galaxies).

2. To test how the Virgo environment may be affecting the atomic-to-molecular gas transition,

we compute molecular-to-stellar and atomic-to-stellar ratios as a function of galactocen-
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tric radius (left and middle panels of Fig. 3.7). To control for the effects of stellar mass
when comparing to a field sample, we use the results obtained from xGASS-CO for stel-
lar masses matched to each subsample in VERTICO that has been broken into Yoon2017
HI-Classes. While the molecular-to-stellar mass ratio integrated out to R, in VERTICO
galaxies is completely consistent with the xGASS-CO sample, the atomic-to-stellar mass
ratio integrated out to 12, shows a systematic decrease with increasing HI-Class, reflecting

the known significant HI deficiencies in the high HI-Classes [5].

. The resolved molecular-to-atomic gas ratio, R, decreases with increasing galactocentric
radius (left panel of Fig. 3.9) for all HI-Classes, as expected in galaxies. However, we
find a systematic increase in the molecular-to-atomic gas ratio integrated out to R, with
increasing HI-Class (right panel of Fig. 3.9). Together with the previous point, these
results suggest that although environmental processes act on the atomic and the molecular
gas simultaneously, the atomic gas content is considerably more affected than the molecular
gas content. Consequently, the morpho-kinematic HI features of VERTICO galaxies are

not a good predictor for their molecular gas content.

. There is a dependency of the star formation efficiency of the molecular gas within R, on
the morpho-kinematic HI features in VERTICO galaxies, but no strong systematic trends
with galactocentric radius (Fig. 3.11). On average, VERTICO galaxies tend to be de-
creasingly efficient at converting their molecular gas into stars when their atomic gas is
strongly perturbed by environmental effects. Although we do not find a statistically sig-
nificant correlation between star formation efficiency within the bulge radius and the mass

of the bulge we observe that galaxies with more centrally concentrated molecular gas tend
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to be less efficient at converting their H, into stars when they host a more massive stellar

bulge.

The general picture is that both the molecular and the atomic gas are affected by the Virgo
environment, but in different manners (see also [140] and references therein). First, the mecha-
nisms that remove HI in the cluster do not seem to significantly remove molecular gas. Instead,
they appear to drive the molecular component toward the central regions, resulting in molecu-
lar disks with shorter scale lengths than their companion stellar disks. The removal of atomic
gas results in galaxies that have high molecular-to-atomic ratios. However, these more centrally
concentrated molecular regions with higher molecular-to-atomic ratios exhibit lower molecular
star formation efficiencies than observed in field galaxies. A different (but also complementary)
explanation is the removal of the molecular gas (e.g. by RPS acting preferentially in the more
diffuse Hy that is not strongly tied to GMCs) in combination with a simultaneous phase tran-
sition from HI-to-Hs in the inner part of the galaxy triggered by the mechanisms that remove
HI. The molecular gas removal also agrees with Hy observations in the tails of jellyfish galaxies
(e.g., [185]), which could otherwise be explained as a phase transition from HI-to-Hs in the tail
itself.

Future projects may complement the '2CO(J=2-1) observations presented here with more
accurate aco prescriptions (e.g., including metallicity indicators in Equation 4.6), the impact of
the environment on the diffuse gas, or sub-kpc-scale CO observations within the bulge regions of
high HI-Class galaxies. Also, detailed kinematic analyses are required to test the potential impact
of environmental (or intrinsic) effects on the molecular gas stability, which may be decreasing

the SFE in VERTICO galaxies.
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Chapter 4: The EDGE-CALIFA survey: Molecular Gas and Star Formation

Activity Across the Green Valley

4.1 Introduction

Star formation activity plays a key role in carving the appearance of galaxies in the local
Universe. The production of stars is quantified through the star formation rate (SFR) which
1s in principle a function of the physical conditions in the dense interstellar medium (ISM). In
the last decades, several studies have revealed a tight correlation between the integrated SFR
and the stellar mass (M,) in galaxies. The so-called star-formation main sequence (SFMS; e.g.,
[14,40-43]) proposes a useful galaxy classification in terms of their star-formation status: “blue
cloud” galaxies, which show a direct correlation between M, and SFR for active star-forming
galaxies; “red cloud,” where galaxies exhibit low SFRs and no M,-SFR correlation; and the
“green valley” (or transition galaxies; [208]). The bimodality of the SFMS suggests fundamental
questions regarding the physical processes behind the transition from the SFMS to the green
valley, which is mostly linked to the cessation of star formation activity.

The term “quenching” has been adopted to include the variety of mechanisms behind the
cessation of star formation activity in galaxies. In particular, [44] suggest two different routes

to classify quenching processes: “environmental quenching”, which is coupled to the local en-
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vironmental conditions that may drive the decrease of (or cessation) SFR; and “mass quench-
ing”, which refers to internal/intrinsic galaxy mechanisms affecting star formation. While envi-
ronmental processes mostly take place in galaxies residing in high-density environments (e.g.,
galaxy clusters), encompassing a broad variety of environmental mechanisms (e.g., strangula-
tion/starvation, [134, 135]; ram pressure stripping, [56], galaxy interactions, [136, 138]), intrinsic
mechanisms are usually associated with the activation and regulation of the physical processes
driving star formation activity. Intrinsic quenching mechanisms are also expected to act dif-
ferently depending on the structural components within galaxies, resulting in variations in the
SFR when comparing bulges, bars, or disks. These intrinsic mechanisms have been broadly
associated with fast quenching processes (< 100 Myr; e.g. [209,210]), or slow ageing (~ 0.5—
1 Gyr; e.g. [211]), which act in different ways to alter the physical conditions of the gas and
span from strangulation (i.e, star formation continues until the reservoirs of cold gas are de-
pleted; e.g., [212, 213]) gas removal, either due to active galactic nuclei (AGN) suppression
(e.g., [21,214]), or via stellar feedback (e.g., SNe winds; [21]).

Recent theoretical models have shown that some of these intrinsic mechanisms rely on
modifying the physical properties of the ISM, therefore changing the efficiency by which the
molecular gas is transformed into stars. [139] proposed “morphological quenching”, a process in
which star formation is suppressed by the formation of a stellar spheroid. According to [139],
morphological quenching reflects the stabilization of the disk by the dominant presence of a
pressure-supported stellar spheroid, which replaces the stellar disk. The stabilization of the gas
is a consequence of two effects: i) the steep potential well induced by the spheroid, and ii) the
removal of the stellar disk, which is responsible to enhance the self-gravity of the perturbations in
the disk. This process provides a mechanism through which early-type galaxies (ETGs) lose their
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ability to form stars even in the presence of significant cold gas reservoirs (e.g., [215]). Gravi-
tational instability is key to increase the SFR. In a simple model, stability is typically estimated
by the Toomre () parameter, () = % [98], where o is the one-dimensional dispersion velocity
of the gas, 0g4,s, and X is the surface density of an infinitelly thin disk; ~ is the epicyclic fre-
quency, which is linked to the steepness of the gravitational potential, and is of order the angular
velocity €). Axisymmetric instabilities, which create rings that break-up into clouds, can grow in
the disks if () < 1. [139] suggested that morphological quenching is the severe suppression of
star-formation activity in a massive gaseous disk when it is embedded in a dominant bulge that
stabilizes the gas (i.e., resulting in @) > 1). When compared with the star-formation activity in
spirals, the difference in disk stability in ETGs arises from two main effects: 1) the high central
concentration of the stellar mass in ETGs increases , consequently increasing the tidal forces as
well; and ii) the spheroidal distribution of stars dilutes the self-gravity of the gas, and therefore
gravitational collapse cannot counteract the tidal forces, preventing the assembly of star-forming
clumps. Also through numerical simulations, [203] show that spheroids drive turbulence and
increase 0y, the virial parameter, and the turbulent pressure towards galaxy centers, which is
mostly dependant on the bulge mass (M},). They also find that turbulence increases for more
compact and more massive bulges. Although morphological quenching represents a process ca-
pable to reduce the star formation during a well-defined time range of galaxies lifetime (t~ 7—11
Gyr; [139]), it is still not clear at what degree the ageing in ETGs is driven by this mechanism,
the reduction of the molecular gas content, or a combination of multiple processes.

By obtaining high-resolution CO data, the new generation of mm/submm telescopes have
allowed us to analyze in detail how the physical conditions of the molecular gas change among

the different structural components within galaxies in the local Universe. In addition, multiwave-
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length galaxy surveys have revealed the interplay between the different components of the ISM
and their role behind star formation activity. In this work, we present the Atacama Compact
Array Extragalactic Database for Galaxy Evolution, the ACA EDGE survey. We investigate the
star-formation activity in 60 nearby massive galaxies using Atacama Compact Array (ACA) ob-
servations of the CO(2-1) emission line in combination with optical Integrated Field Unit (IFU)
data from the CALIFA survey [13].

This paper is organized as follows: Section 4.2 presents the main features of the ACA
EDGE survey, including the sample selection, data processing, and the ancillary data. In Section
4.3 we explain the methods applied to analyze the data and the equations used to derive the
physical quantities. Finally, in Section 4.4 we present our results and discussion, and in Section
4.5 we summarize the main conclusions. Throughout this work, we assume a ACDM cosmology,

adopting the values 2, = 0.7, Qpy = 0.3 and H,=69.7 km s~ Mpc 1.

4.2 OBSERVATIONS

4.2.1 The ACA EDGE sample

We used the ALMA large mm/submm Compact Array (ACA) to observe 60 galaxies drawn
from the third public data release of the Calar Alto Legacy Integral Field Area survey Data Re-
lease 3 [216], in the context of the Extragalactic Database for Galaxy Evolution (EDGE) surveys.
Previous CO surveys focus mainly (or exclusively) on “main sequence” or star forming galaxies
selected either on their SFR/M,, morphology, or IR brightness. ACA EDGE was designed to
probe into the low SFR/M, regime to probe processes associated with galaxy quenching. CAL-

IFA observed over 800 galaxies with IFU spectroscopy at Calar Alto selected from a combination
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Figure 4.1: SFR-M, relation for the 60 galaxies in the ACA EDGE survey (blue circles), sampling the whole range
of z = 0 galaxy behavior for log[M, /Mg] a2 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 fit 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 galaxies.

of the Sloan Digital Sky Survey (SDSS; [217,218]) and an extension of galaxies that fulfilled the
observational setup (see [216] for more details), reflecting the = = 0 galaxy population with
log[M,/Mgz]= 9 — 11.5 in a statistically meaningful manner [73]. ACA EDGE targets a sub-
sample of CALIFA galaxies with declination appropriate to observe with ALMA (6 < 30°) and
stellar mass M, > 10'° M, so that CO can be readily detected and metallicity effects are not too
severe. We impose no selection on SFR in order to cover the full range of star formation activities
in this mass range and enable the study of quenching. The ACA EDGE survey complements the
main science goals of the CARMA EDGE survey ( [3], galaxies also drawn from CALIFA; see
Fig. 4.1), which encompasses CO observations for 126 CALIFA galaxies at ~ 4.5” resolution
but with significant biases. Although CARMA EDGE-selected galaxies cover a broader range of

masses (log[M, /Mg] = 9.1-11.5), it mostly focused on late-type, far-IR detected galaxies that
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Figure 4.2: Menagerie of stellar distributions presented in the local Universe. SDSS 7 (red channel), i (green
channel), and z-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.
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are rich in molecular gas (hence actively star-forming), with morphological types mainly span-
ning from Sa to Scd. The ACA EDGE survey was designed to complement it by increasing the
coverage of early-type galaxies, thus adding more red cloud galaxies to CARMA EDGE in order
to drive more statistically significant results. A total of 60 galaxies were observed in CO(2-1) by
the ALMA Cycle 7 project 2019.2.00029.S (P.I. A. D. Bolatto). The galaxies are listed in Table
4.1; SDSS images are shown in Figure 4.2. Optical inclinations and east-of-north position angles
(PA) are taken from HyperLEDA' and recomputed (when applicable) using fits files from SDSS

z-band photometry (see §4.3.1).

4.2.2 The CO data

CO observations of our ACA-only project were taken between December 2019 and Septem-
ber 2021, spending approximately between 15 and 43 minutes on-source for each source. We set
a spectral bandwidth of ~ 1980 MHz and a raw spectral resolution of ~ 1.938 MHz ~ 2.5 km s~ ..
The scheduling blocks were designed to detect the CO(2-1) emission line down to a root mean
square (rms) spanning from ~12 to 18 mK at 10 km s~! channel width (corresponding to mass
surface density of ~ 0.9 to 1.2 Mg, pc2), and from ~ 5" to 7" angular resolution, depending on
the declination of the source.

Each galaxy was observed in a Nyquist spaced mosaic (between 10 and 14 pointings)
aligned with the major axis, covering the source out to 7»5. As mentioned in the previous section,

we obtained 7m ACA observations for 60, with an FoV~ 1.2,

"https://leda.univ-lyon1.fr/
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Name RA. Decl. i PA. Redshift 1ms Onin  Onaj PApeam Distance R. 7o
(J2000) (J2000)  (deg) (deg) mK) () () (deg) Mpe) () ()

(D (2) 3) [C)NENS)) ©) (I B )] (10) an - a2 13
CGCG429-012  22"36™49.8° 14°23'13."1 60 4 0.01751 12 53 97 -36.0 84 53 250
IC1079 14456™36.15  09°22'11.71 50 81 00297 16 63 77 -83.0 114 193 434
1C1528 00"05™05.3° 07°05'36."3 70 72 0.0125 13 46 82 -77.0 48 169 64.1
1C2341 08"23m41.4% 21°26'05.”5 60 2 0.01701 18 62 80 -72.0 75 8.0 352
MCG-01-01-012  23"59™10.8° 04°11'30.”6 90 70 0.01883 13 44 8.1 89.0 78 11.2 475
MCG-01-10-015  03"38™39.1* 05°20'50.”4 73 75 0.01343 12 51 83 -48.0 90 11.8 434
MCG-01-52-012  20"37™49.9° 06°05'26."7 43 72 0.0127 14 50 84 -45.0 100 45 352
MCG-02-02-030  00"30™07.3% 11°06'49.”1 70 170  0.01179 13 44 83 -76.0 42 139 559
MCG-02-51-004  20"15™39.8° 13°37'19.”3 68 159 0.01876 12 52 8. -43.0 90 158 454
NGC0001 00"07™15.8% 27°42'29."7 34 110 0.01511 15 49 117 -240 74 9.2 475
NGCO0155 00"34™40.0°  10°45'59.74 40 169  0.02053 13 51 79 -47.0 65 13.5 444
NGC0169 00"36™51.7°  23°59'25.73 72 87 001525 15 50 10.1  -31.0 98 19.4 454
NGC0171 00"37"21.5° 19°56'03.”3 33 101 0.01277 14 49 8.0 -47.0 57 158 61.3
NGCO0180 00"37™57.7° 08°38'06."7 45 163 0.01743 13 56 89 -30.0 61 20.2 65.6
NGC0693 01"50™30.8°  06°08'42.”8 90 106 0.00498 17 51 89 -43.0 17 11.6 62.7
NGC0731 01154™56.2°  09°00'38.79 20 155 0.01296 12 51 82 -49.0 55 10.4 50.9
NGC0768 01"58™40.9° 00°31'45.2 68 28  0.02308 13 53 83 -46.0 80 15.6 46.5
NGC0955 02"30™33.1°  01°06'30.”3 90 19 000489 17 52 85 -44.0 24 9.4  80.7
NGC1056 02142™48.3°  28°34'26."8 53 162 0.00528 15 48 109 -27.0 30 79 559
NGC1542 04"17™14.1°  04°46'53."9 90 127 0.01235 18 48 82 -42.0 70 9.5 369
NGC2449 07"47™20.2° 26°55'49.”1 70 135 0.01652 15 6.0 7.6 -76.0 43 12.8 434
NGC2540 08"12m46.4° 26°21'42."6 55 123 0.02088 17 57 9.7 -21.0 75 154 372
NGC2554 08"17™53.5° 23°28'19.79 47 153 0.01365 18 59 83 -61.0 60 17.5 61.3
NGC2595 08"27™41.9° 21°28'44.7 35 30 001429 18 58 85 -63.0 64 24.1 49.8
NGC2596 08"27m26.4° 17°17'02."3 68 63 001964 17 53 85 -32.0 82 11.7 414
NGC3300 10436™38.45 14°10'16.”1 57 173 0.01012 16 58 7.7 -76.0 47 133 454
NGC6427 17"43™38.5% 25°29'38."1 70 35 001088 15 49 103 -29.0 45 89 46.5
NGC7025 21M07™47.3°  16°2009.”1 54 44 0.01639 13 49 9.1 -49.0 75 182 59.9
NGC7194 22h03™30.9° 12°38'12.74 43 17 0.02713 13 56 95 -30.0 123 11.9 395
NGC7311 22"34m06.7°  05°34'11."6 62 11 0.01495 13 5.1 89 -41.0 61 10.6 444
NGC7321 22"36™28.0° 21°37'18."5 56 17 0.02372 14 49 97 -30.0 104 12.0 424
NGC7364 22144m24.35  00°09'43."5 54 66 0.01605 14 45 84 86.0 68 10.6 49.8
NGC7466 23402m03.45  27°03'10.”1 66 25 0.02483 13 52 11.6 -19.0 92 12.6 46.5
NGC7489 23"07™32.6° 22°59'53.6 63 165  0.02071 14 50 97 -30.0 70 16.6 36.9
NGC7625 23M20m30.0° 17°13'35.70 40 45 0.00557 15 53 79 -53.0 24 9.8 444
NGC7716 23436™31.4° 00°17'50.72 44 34 0.00851 15 49 175 -69.0 36 142 54.6
UGC00312 00"31™23.9°  08°28'00.”6 63 7 0.01424 15 54 79 -57.0 57 133 444
UGCO00335NED02  00"33™57.3° 07°16'05."9 50 147 0.01812 13 54 9.0 -31.0 78 16.6 444
UGCo01123 01"34™07.9°  01°01'56.72 75 70  0.01615 12 52 84 -43.0 54 9.8 369
UGC01368 01"54™13.15  07°53'01.”1 73 51 002653 12 55 7.0 -70.0 108 109 40.5
UGC01938 02"28™22.1° 23°12'52."7 178 155 0.02108 14 52 94 -25.0 96 8.6 352
UGC02099 02"37™13.0°  21°34'04.70 66 138 0.02737 14 54 104 -31.0 118 137 352
UGC04240 08"08™06.1°  14°50'16.”3 76 178 0.02886 12 53 83 87.0 163 102 37.8
UGC04245 08"08™45.7° 18°1139."0 70 107 0.01733 17 50 9.0 -32.0 75 145 424
UGC04455 08"31™32.8° 01°11'51."8 47 13 0.03044 16 50 7.7 -81.0 128 79 250
UGC05396 10401™40.4°  10°45'23.70 75 145 0.01798 13 57 17 -87.0 76 139 444
UGC08322 13415™00.9°  12°43'31.70 73 36 0.0254 15 58 79 -82.0 98 8.5 337
UGC08781 13752m22.75  21°32'22."0 50 161  0.02513 15 63 79 -61.0 115 12.0 47.5
UGC10972 17"46™21.8° 26°32'36.79 78 55 001539 15 4.8 107 -28.0 63 19.0 62.7
UGC11649 20155m27.6°  01°13'30.79 42 90 001252 14 53 84 -42.0 60 145 434
UGC11680NED02 21"07™45.8° 03°52'40.”4 40 205 0.02615 12 47 83 89.0 111 9.9 208
UGC11717 21M18™35.45  19°43'07.70 60 39 002088 19 55 86 -54.0 90 11.8 36.1
UGC11792 21442™12.75  05°36'55.”1 78 160 0.01586 18 51 82 87.0 68 17.4 405
UGC11958 22114m46.8°  13°50'27.72 50 143 0.02618 13 55 98 -31.0 112 17.0 59.9
UGC11982 22M18™52.9° 01°03'31.2 78 171 0.01554 14 45 83 -87.0 69 123 36.9
UGC12224 22152m38.3°  06°05'37.72 45 46 0.01156 13 52 89 -41.0 50 224 444
UGC12250 22155m35.85  12°47'24."9 53 12 0.02405 12 54 94 -36.0 92 12.8 49.8
UGC12274 22M58™19.5% 26°03'43."3 73 142 0.02538 13 50 114 -230 110 12.4 405
UGC12348 23"05™18.8° 00°1122.”3 75 136 0.0251 13 51 71 -74.0 108 124 386
VV488NED02  22"56™50.8° 08°58'03."1 82 73 0.01632 16 41 838 -86.0 70 133 62.7

Table 4.1: The ACA EDGE target sample. Notes: Column (1): galaxy name; (2) R.A. (J2000) of the galaxy optical
center; (3) Decl. (J2000) of the galaxy optical center; (4) optical SDSS r-band inclination; (5) optical SDSS r-band
position angle, calculated east of north; (6) stellar redshift; (7) root mean square flux in 10 km s~! channels; (8)
minor axis of the synthesized beam; (9) major axis of the synthesized beam; (10) position angle of the synthesized
beam; (11) distance; (12) effective radius; (13) optical size of the major axis measured at 25 mag arcsec ™2 in the
B band. Columns (2) and (3) are drawn from the NASA/IPAC Extragalactic Databse, NED. Column (4) is derived
by finding the best fit for the SDSS z-band contours at  ~ 795 as described in §4.3.1. Columns (5) and (6) are
drawn from HyperLEDA. Column (11) is derived from column (6) assuming a ACDM cosmology with Q25 = 0.7,
Qpm = 0.3, and Hy=69.7 km s~ Mpc~!. Column (12) is taken from CALIFA. Column (13) is taken from [8].
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Figure 4.3: CO(2-1) spectra for ACA datacubes convolved to 1.1 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 3 in Table 4.1), and velocities
are centered on the stellar redshift.
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Figure 4.4: ACA EDGE data products for each galaxy. Panels cover an area of 1.25" x 1.25. The first panel
shows the SDSS riz multicolor image with contours from our integrated intensity masked map overlaid. Contours
correspond to 20 and 50 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 s™1), 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
be found in the Appendix.




4.2.3 Data reduction and products

We used uv data delivered by ALMA and calibrated by the observatory pipeline [219], then
we imaged the CO(J = 2-1) emission from each target using the PHANGS-ALMA Imaging
Pipeline Version 2.1 [220]. Both the calibration and imaging utilized the Common Astronomy
Software Applications (CASA; [221]). The data were calibrated in CASA 5.6.1-8 for data taken in
2019 and 2020 and CASA 6.2.1-7 for data taken in 2021. We ran the PHANGS—-ALMA imaging
pipeline in CASA version 5.6.1-8.

Briefly, the PHANGS—ALMA imaging pipeline is designed to produce accurate images of
extended spectral line emission. The pipeline combines all wv data for a given target on a common
spectral grid, subtracts continuum emission, and then carries out a multi-step deconvolution. This
includes an initial multi-scale clean (we used scales of 0, 5, and 10”) with a relatively high S/N~ 4
threshold, followed by a single scale clean that uses an automatically generated, more restrictive
clean mask and cleans down to S/N~ 1 by default. We used a Briggs weighting parameter of
= 0.5 [222] to achieve a good compromise between synthesized beam size and signal to noise.
We used a channel width of 5.08 km s~! and adopted the local standard of rest (LSR) as our
velocity reference frame, using the radio definition of velocity. After the initial imaging, the
pipeline convolves the cube to have a round synthesized beam, converts the image to units of
Kelvin, and downsamples the pixel gridding to save space while still Nyquist sampling the beam.
See [220] for more details. We did not use the noise modeling or product creation portions of the
PHANGS-ALMA pipeline, but instead used software based on previous EDGE work.

All cubes were visually inspected for obvious problems or imaging errors. We note that

NGC 0768, NGC 6427, NGC 7321, and UGC 12250 have incomplete CO line coverage since
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their emission peaks are located at the edge of the ACA spectral window. Although these galaxies
have 50 CO detections (see §4.4.1), the CO line emission flux should just be taken as lower-limits.

We calculate moment maps and radial profiles using a masked cube. The construction of
our mask follows a two-step procedure. We first create a mask using the CO cube, following the
procedure for a “dilated mask™ detailed in [3]. This procedure includes in the mask areas around
spectral peaks detected at > 3.50 significance (for more details, see [3,223]). We put together a
second mask using information that is independent of the CO cube. We then use three different
procedures to generate this mask, and choose the one that recovers the most CO emission flux.

These procedures are:

* Ha mask (33 galaxies): We construct a mask using the central Ha velocity map from CAL-
IFA, and including around it a velocity region [-FWHM,+FWHM] following the FWHM
prescription from Figure 2 in [1]. Ha spaxels with SNR< 5 in intensity are excluded
from the mask. This approach assumes that the kinematics of the CO are similar to the

kinematics of the Ha (e.g., [79]).

* Rotation mask (25 galaxies): We construct a mask assuming a very simple generic rotation
curve that assumes the velocity is constant for » > 5” and increases linearly inside this
radius. We adopt the maximum apparent rotation velocity reported in HI by HyperLEDA
(vmaxg calculated from the 21-cm line, which we call VHI,max here; [224,225]), and adopt
the systemic stellar velocity from CALIFA. We include the same velocity region around this
central velocity as for the previous mask. This mask only extends to = r55. The direction
of rotation is decided based on the Ha or CO velocity field (if available) or ultimately

if neither are detected based on comparing the flux recovered between the two senses of
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Figure 4.5: Comparison of the integrated CO(J=2-1) emission line flux between ACA (this work) and APEX [14]
datasets for 51 ACA galaxies. ACA fluxes are derived after convolving datacubes to match the APEX angular
resolution (26.3"). 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 figure shows good agreement between ACA and APEX fluxes. However,
fluxes 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 a 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).

rotation. This approach assumes that the galaxy is predominantly rotating, and that the CO

emission spans the same velocities as the HI.

» Flat mask (2 galaxies): We construct a mask centered at the stellar systemic velocity,
including all the channels inside the maximum apparent rotation velocity reported by Hy-
perLEDA and extending out to r = 0.5 795. This approach does not assume any particular

kinematics and is the most relaxed of the three, although it will also include more noise.

Our final step is to combine (through a logical OR operation) the best mask derived from this
procedure with the dilated mask obtained from the CO, in order to obtain the final mask.

We generate moment O maps (integrated intensity of the spectrum along the spectral axis)
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from the CO(2-1) spectral line cubes, in units of Jy/beam km s~!

, and after multiplying them by
our mask (see Fig. 4.4). To obtain the uncertainties of the moment 0 maps, we compute the rms

in the signal-free part of the spectrum in each spaxel, o;, and use the equation

u; = oW/ NAv. (4.1)

Here, N is the number of channels included by the mask and Aw is the channel width (in km
s™1). We also compute the velocity (moment 1) and peak signal-to-noise ratio (SNRc.x) maps.
The moment 1 maps (or CO velocity maps, in units of km s~1) are derived by multiplying

the CO datacubes by the mask and using

_ Xl

My ;
’ My; '

4.2)

where /;  is the CO intensity in the jth spectral channel of the 7th spaxel, v; is the velocity of the
jth channel, and M/, is the moment O map. Finally, we blank the pixels outside the 20 contour for
M. We also computed maps of the peak SNR, SNR ¢, i, at each position. We use the following
equation:

maz (1 ;)

SNRpeax = ——, (4.3)

0j

where max(1;;) is the maximum value of the CO intensity within the spectrum of the ith spaxel.
Both velocity and SNR .., maps are included in Figure 4.4.
We compare the 12CO(2-1) integrated fluxes for ACA EDGE galaxies to those from [14],

who report ?CO(2-1) fluxes for 51 of our galaxies using APEX observations at 26.3" resolution

126



and 30 km s~! channel width (as part of the APEX EDGE survey). To do so, we convolve
our CO datacubes to match the APEX angular resolution and we take the spectrum of the pixel
located at the galaxy center, correcting by the recommended APEX main beam antenna efficiency
(for the PI230 receiver at this frequency, 7, = 0.80). Finally, we integrate the spectra over a
spectral window defined by visual inspection (typically ~500 km s~! wide). Uncertainties are
computed by deriving the RMS from the signal-free part of the spectrum and using Equation
4.1. For non-detections, we estimate 1o upper-limits by computing the RMS over the velocity
window given by Vyy .. and using Equation 4.1. Discrepancies between both measurements
can in principle be attributed to inconsistencies in calibration, flux that is resolved out or lost
due to imperfect deconvolution for ACA measurements, or pointing for APEX. Although there
are some discrepancies between the two datasets and a handful of cases with incomplete ACA
spectral coverage, Figure 4.5 shows that there is reasonable consistency between the ACA and
APEX integrated CO fluxes. On average, we find that the median ACA-to-APEX flux ratio is

0.82.

4.2.4 The CALIFA survey and ancillary data

The Calar Alto Legacy Integral Field Area survey, CALIFA [13], comprises a sample of
over 800 galaxies at z ~ 0. The data were acquired using the PMAS/PPAK IFU instrument [72]
at the 3.5 m telescope of the Calar Alto Observatory. PMAS/PPAK uses 331 fibers each with
a diameter of 2.7” in an hexagonal shape covering a FoV of a square arcminute. Its average
spectral resolution is A/ A\ ~ 850 at ~ 5000A for a wavelength range that spans from \ = 3745

to 7300A. As mentioned in §5.3, CALIFA galaxies are angular size-selected such that their
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isophotal diameters, D5, match well with the PMAS/PPAK FoV. They range from 45" to 80” in
the SDSS r-band [73]. The CALIFA survey uses a data reduction pipeline designed to produce
datacubes with more than 5000 spectra with a sampling of 1” x 1”. For more details, see [216].
These cubes are processed using PIPE3D [74,75] to generate maps of derived quantities.

The final data compilation also contains ancillary data, including information from Hyper-

LEDA, NASA/IPAC Extragalactic Databse (NED?), among others.

4.3 Methods and products

4.3.1 Basic equations and assumptions

To compute the extinction-corrected SFRs, we estimate the extinction (based on the Balmer

decrement; see [3]) for each 1” spaxel using the equation:

Fita
Apa = 5.861og (286HF> o
. HB

where Iy, and Fyg are the fluxes of the respective Balmer lines, and the coefficients assume
a [80] extinction curve and an unextinguished flux ratio of 2.86 for case B recombination. Then,

the corresponding SFR (in M, yr—!) is obtained using [81]

Ala

SFR = 1.6 x 7.9 x 10" *Fy,10725 4.5)

which includes a correction factor of 1.6 to move from a Salpeter IMF (as adopted by PIPE3D)

to the more commonly used Kroupa IMF [82]. We do this to compare our results with those for

Zhttps://ned.ipac.caltech.edu/
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other galaxy surveys. We use this to compute the star formation rate surface density, Xgpgr in
M., yr— ! kpc~2, by dividing by the face-on area corresponding to a 1” spaxel, given the angular
diameter distance to the galaxy. In order to produce smooth SFR maps, we process the Ha and

Hp fluxes applying the following recipe:

1. We select pixels with non-NaN values for Fy,.

2. We adopt a minimum Ha-to-Hp flux ratio, Fy/Frg , of 2.86. Therefore, if Fyo/Fug <

2.86, then we impose Fyj,/Fus = 2.86 (so Ap, = 0).

3. If Fypis a NaN value for a given pixel, then we take the average value of Ay, (for pixels

with Ay, > 0.0) of the whole Ay, map.

We obtain the stellar mass surface density, X, from the stellar maps derived by PIPE3D.
We correct the maps from the spatial binning effect by applying the dezonification correction
provided by PIPE3D datacubes. This is to weight the >, maps by the relative contribution to
flux in the V'-band for each spaxel to the flux intensity of the bin in which it is aggregated (for
more details, see [75]). Finally, we mask the 3, maps to avoid the flux contribution from field
stars and we include the 1.6 correction factor to move from a Salpeter to a Kroupa IMF.

The molecular gas surface density, Y,,1, 18 derived from the integrated CO intensity, Ico2—1),
by adopting a constant CO-to-H; conversion factor that is based on observations of the Milky
Way: Xco = 2% 10* em™2? (K km s~ 1)1, or equivalently aco vw = 4.3 Mg (Kkms™! pe?)~t
for the CO(J = 1 —0) line [83]. We also test how our results depend on our adopted prescription

by using the CO-to-H, conversion factor from Equation 31 in [38]:

+0.4 Ztotal -
7', Siotal) = 2.9 , 4.6
aco(Z', Trotar) = 29 exp (Z’Zgﬁc> (1001\4@ p02> “0
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in Mg (Kkms™! pc™2)7L. v ~ 0.5 for Sy > 100 M, pc? and y = 0 otherwise. Additionally,
the metallicity is normalized to the solar one, Z’ = [O/H]/[O/H]s, where [O/H], = 4.9 x 1074

2

[86], X{¥,c is the average surface density of molecular gas in units of 100 Mg, pc™2, and Yot iS

the combined gas plus stellar surface density on kpc scales. We are also interested in the global
variations of aco(Z’, Sietal)- To do so, we adopt L = 1 and derive Z’ using the metallicity-

stellar mass relation (based on the O3N2 calibrator; [85]) for CALIFA galaxies from [226]. We

use the following expression to obtain >,

a .
Yimol = % cos(i) Icoz—1), 4.7)
21

which adopts the average line luminosity ratio of Ry; = Ico@2-1) / Ico(i—0) = 0.65 based on [32]
and [227], measured at kpc scales; ¢ is the inclination of the galaxy. This equation takes into ac-
count the mass correction due to the cosmic abundance of helium. Although 7 is generally drawn
from HyperLEDA, we use SDSS z-band images to obtain a better constraint on the inclination
(particularly for galaxies with 7z > 60°). To do so, we fit an ellipse to the SDSS z-band contour for
a major axis Ap,; ~ 1.2r95. We obtain the ratio between the minor and major axes, Ayin/Amaj,
and compute the inclination by taking ¢ = arccos|Amin/Ama;j] (see column 4 in Table 4.1). This
assumes an infinitely thin disk and introduces errors for ¢ > 85°, but we discard highly inclined
galaxies from our analysis anyway since most derived quantities are highly uncertain.

To compute the global values of the molecular gas mass, M, M,, and SFR (Q); quanti-

ties), we use the following equation:

O; = /A i(r)dA, (4.8)
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where A is the area within a circle defined by the geometrical parameters included in Table 4.1
(with radius 755 and centered at the optical center); Y; is the surface densities for the pixels within
A and i = SFR, mol, or *.

We integrate the surface densities for the molecular gas, stars (assuming that they are dis-
tributed along a thin disk), and the SFR to obtain the stellar mass, molecular gas mass, and the

SFR within the bulge:

Ry
My, = 21 / > (r) rdr, (4.9)
0

where R}, is the bulge radius for the stellar component (see §4.3.3 for more details), and ¢ = mol,
*, or SFR. We then calculate the integrated ratios as the ratio of the integrated masses and the
SFR.

Finally, we compute the resolved SFE,,,; (in units of yr—!) for each pixel,

YSFR
2rnol

SFE,01 = (4.10)

In a similar way, we calculate the resolved molecular-to-stellar mass fraction, er‘Ol = Yo/ L

and the specific star formation rate, sSSFR= Ygpg /¥, (in units of yr=1).

4.3.2 Radial profiles

We obtain stellar and molecular gas radial profiles for a subsample of 30 galaxies with
inclinations < 70° and 5o integrated CO detections (see §4.4.1), which represent well the distri-
butions of stellar masses and morphologies of the full ACA EDGE sample (see Table 4.2). We

also select spaxels with 30 CO detections. We derive these profiles by measuring the average
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Figure 4.6: Stellar (,; red solid line) and molecular gas (Xo1; blue solid line) surface densities, in units of
Mg pc_Q, as a function of galactocentric radius, in units of the stellar effective radius (R.), for the 30 ACA EDGE
galaxies with 50 CO detections and inclinations ¢ < 70°. The blue shaded area is the X, uncertainty. The brown
dotted line is the SFR surface density, Yspr. The gray shaded area is the region within the bulge radius, Ry, yige-
Dashed black lines correspond to the best exponential function fit for stellar and molecular gas radial profiles, from
top to bottom. The dashed green line corresponds to 7 = r95. 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 < 0.5, have been
removed for LINER and AGN galaxies since Ha in this region is susceptible to LINER/AGN contamination (see
§4.4.2.2). Galaxies are classified based on their quenching stage as defined in §4.4.1, i.e., in main sequence (blue
panels), green valley (green panels), and red cloud (red panels). When using stellar profiles as a benchmark, we note
a systematic flattening of the molecular gas profiles with quenching stage. See also Fig. 4.12.
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Name log[M,] log[SFR] log[ Mol Morph. Class  Nuclear Quenching Stage Iy lco Ry, M,
Mp) (Mg yrh) Mo) (kpc) (kpc) (kpc) (Mo /M)
(1) (@) 3) (€] (5 (6) @) ®) (&) 10 an
CGCG429-012 10.46 -1.68 <6.77 EO RS
1C1079 112 -1.23 8.86+0.17 E RS 9.124+0.98 10.99£1.07 0.1440.19
1C1528* 10.76 0.23 8.83+0.02 SBb MS, SF 4.8+2.01 5.13+1.25  0.52+0.39 0.01+0.38
1C2341 10.86 -0.8 <74 SO- RS
MCG-01-01-012 11.19 0.21 7.58+0.02 SAab GV
MCG-01-10-015 9.95 -0.01 8.32+0.03 Sd MS
MCG-01-52-012 10.37 -0.79 <6.56 SO- GV
MCG-02-02-030* 10.81 0.03 8.524+0.02 SBa AGN MS,QnR 395+1.43 23.27+49.75 1.35+0.28  0.1£0.07
MCG-02-51-004* 10.94 0.64 9.194+0.02 Sd MS,SF 6.93+0.74  19.56+5.93  0.87+£0.69 0.02+0.36
NGC0001¢ 10.84 0.57 9.87+0.02 SAb SF MS,SF 2.01+0.28 2.6+0.47 2.2540.33  0.39+0.15
NGCO0155* 11.08 -1.51 <745 SO RS,fR
NGCO0169 11.24 0.73 9.5440.01 SAab LINER MS
NGCO0171* 10.77 -0.12 8.98+0.02 SBab GV,cQ 6.94+4.06  4.94+1.06 1.27+0.44  0.1540.05
NGCO0180 11.08 0.21 9.624+0.02 SBbc MS 8.5+3.9 10.16+2.15 1.74+£0.6  0.124+0.0
NGC0693 9.84 -0.65 6.86+0.02 S0/a MS
NGC0731 10.94 -1.55 <6.84 E RS
NGC0768* 10.86 0.27 9.254+0.02 SBbc MS,SF 7.92+2.74  17.974+6.58 1.87+0.6  0.13+0.09
NGC0955 10.11 -1.08 6.53+0.04 Sab GV
NGC1056* 10.28 0.16 8.6+0.01 Sa SF MS,SF 1.47+1.2 2.66+3.95  0.56+0.12 0.08+0.04
NGC1542¢ 10.57 -0.03 6.34+0.47 Sab SF MS.MX
NGC2449* 11.13 -0.2 9.03+0.02 Sab LINER GV.MX 6.97+10.57 4.63+£2.16  0.72+£0.27 0.03+0.16
NGC2540 10.54 0.11 9.474+0.03 SBcd MS 4234042  8.09+1.54  0.74+£0.56 0.02+0.37
NGC2554* 11.11 0.68 9.4+0.02 S0/a AGN MS,nR 3.89+0.43 3.85+0.68  5.254+0.51 0.47+0.35
NGC2595 10.9 0.12 9.57+0.02 SABc MS 2.96+0.19  7.07+145  2.17+0.75  0.24£0.0
NGC2596 10.76 0.26 9.13£0.02 Sb MS 4.841+0.8 12.95+6.32  3.07+0.46  0.16+0.07
NGC3300* 10.76 -1.75 <6.84 SAB RS,fR
NGCo6427 10.63 -1.85 7.391+0.17 SO- RS 1.51+0.57 0.974+0.19  0.14+0.0
NGC7025* 11.17 0.23 <7.6 Sa LINER MS,nR
NGC7194* 11.25 -1.14 <7.86 E LINER RS,fR
NGC7311* 11.12 0.36 9.1+£0.02 Sab LINER MS,cQ 2.77+0.58 0.99+0.31  0.06+0.14
NGC7321¢ 11.13 0.53 9.41£0.02 SBb LINER MS,QnR 4.86+1.02 6.8+1.15 0.7240.61  0.02+0.41
NGC7364* 11.18 0.66 9.58+0.02 S0/a MS,SF 2.184+0.29  2.76+047  5.554+0.35 0.75+0.47
NGC7466* 10.95 0.36 9.56+0.02 Sb AGN MS,SF 4.05+0.38 6.91+1.1 1.51£0.56  0.1£+0.13
NGC7489* 10.83 0.54 9.424+0.02 Sd SF MS,SF 527+0.64  9.78+2.21 1.68+0.57 0.07+0.11
NGC7625% 10.32 0.21 9.334+0.02 SAa SF MS,SF 1.13+0.81 0.74+£0.35  0.14+£0.11  0.01+0.43
NGC7716* 10.69 -0.18 7.86+0.08 SABb GV.cQ 1.69+0.9 0.69+0.25  0.2+0.1
UGC00312° 10.13 0.24 8.424+0.06 SBd SF MS,SF 445+1.09  8.72+4.18 1.084+0.37  0.04+0.14
UGCO00335NEDO2  10.66 -1.26 <7.58 E LINER RS
UGCO01123 10.73 -0.87 <6.73 Sab RS
UGC01368 11.21 0.53 8.931+0.03 Sab MS
UGC01938 10.64 0.13 8.68+0.03 Sbe MS
UGC02099 11.14 -0.49 <7.58 SO RS
UGC04240 10.98 0.37 9.194+0.02 S MS
UGC04245 10.54 -0.14 9.02+0.02 SBb MS 6.04+0.95 23.75+14.75 1.45+0.53 0.05+0.14
UGC04455 11.5 0.26 <7.51 SBa GV
UGC05396 10.81 0.23 8.36+0.05 Scd SF MS
UGC08322 11.15 0.06 8.67+0.05 Sa GV
UGC08781¢ 11.09 0.37 8.65+0.13 SBb LINER MS,cQ 7.29+1.59 7.1£0.67  0.231+0.12
UGC10972¢ 10.75 -0.19 8.26+0.058 Scd LINER GV,cQ
UGC11649 10.57 -0.47 7.76+0.19 SBa LINER GV 6.124+3.3 4.45+0.42  0.08+0.05
UGCI11680NED0O2  11.17 1.0 9.824+0.02 E AGN MS 1.55+0.17 1.95+0.18  2.64+0.54 0.524+0.12
UGC11717¢ 11.28 0.61 9.61+0.02 Sc LINER MS,MX 3.79+£0.73  4.36+0.58  0.65+0.52 0.02+0.41
UGC11792 10.64 0.02 8.67+0.02 Sc SF MS
UGC11958 11.2 -0.4 <7.22 E LINER RS
UGC11982 10.04 -0.36 7.53+0.12 SBced MS
UGC12224 10.18 -0.3 9.224+0.02 Scd SF MS 5944191 183241046 0.67+0.54 0.024+0.36
UGC12250 11.06 0.08 8.65+0.1 SBb GV 10.39+5.26 1.71+£0.57  0.17+0.09
UGC12274° 11.09 -0.69 8.474+0.09 N LINER RS,nR
UGC12348 11.0 0.81 9.05+0.02 Sa AGN MS
VV488NEDO02 10.9 0.36 8.43+0.03 SBc SF MS

Table 4.2: Main properties of the ACA EDGE galaxies. Column (1): galaxy name. Column (2) and (3): logarith-
mic of the total stellar masses and SFRs from CALIFA. Column (4): logarithmic of the total molecular gas mass as
derived explained in §4.3.1. Column (5): morphological classification drawn from NED. Column (6): emission line
diagnostics for the optical nucleus spectrum for CALIFA galaxies by [4], who classify them into star-forming (SF),
active galactic nuclei (AGN), and LINER-type galaxies. These groups are also complemented by the type-I and
type-1I AGN classification by [9]. Column (7): Galaxy classification according to their quenching stage as explained
in §4.4.1.1: main sequence (MS), green valley (GV), and red cloud (RS). Columns (8) and (9): exponential scale
lengths of the molecular gas and stars, respectively, as derived in §4.4.1.2. Columns (10) and (11): radius and mass
of bulges, as derived in §4.3.3. “Galaxies with two-dimensional emission line classification (column 7) from [10],
who classify galaxies in star-forming (SF), quiescent-nuclear-ring (QnR), centrally quiescent (cQ), mixed (MX),

nearly retired (nR), and fully retired (fR).
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azimuthal CO, stellar, and SFR surface densities in elliptical annuli in the CO(2-1) datacubes.
Figure 4.6 shows the molecular gas radial profiles (blue solid line) and their +10 uncertainties
(blue shaded areas), which are corrected by inclination (i.e., multiplied by a factor of cos(7)). An-
nuli are centered on the optical galaxy position and aligned with the centered major-axis position
angle (column 5 in Table 4.1). We compute the average Ico(2—1) for a given annulus by summing
the velocity-integrated CO line emission intensities from the total pixels within an annulus ~ 5",
wide (average of the minor beam axes), and then we use Equation 4.7 (adopting the constant aco
prescription; see §4.3.1) to obtain the molecular gas surface density, >y,

We implement the same method (averaging over all pixels in an annulus) for the SFR and
stars. Stellar and SFR radial profiles are shown in Fig. 4.6 by the red solid and brown dotted
lines, respectively. We remove SFRs at » < 0.5R, for galaxies classified as LINER or AGN
(bottom-left corner legend in Fig. 4.6) since Ha in this region is susceptible to LINER/AGN

contamination (see §4.4.2.2 for more details).

4.3.3 Bulge radii and masses

In order to test the star-formation quenching mechanisms within the bulge region (see
§4.4.2.2), we derive the radius of the bulge, Ry, for the 30 ACA EDGE galaxies included in
Figure 4.6. We characterize the bulge-dominated region by identifying the galactocentric radius
where there is a break with respect to the stellar radial profiles. Similar to [2], we adopt R}, = 1
kpc for spiral galaxies where we do not identify a clear break. Since previous studies have shown
that bulges for spirals are typically < 1.5 kpc (e.g., [1,109,228]), we use the stellar and SFR maps

at CALIFA’s native resolution of 2.7” to obtain the best physical resolution available (~ 0.9 kpc at
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the median distance of ACA EDGE galaxies). Bulge radius distributions for main sequence and
green valley galaxies are centered at log[ Ry, /(kpc)] ~ 0.15 and ~ —0.1, which are slightly larger
than those found by [229], who compute the radius for the central regions (including small bulges
and nuclei) of 74 galaxies nearby galaxies selected from PHANGS. By implementing a photo-
metric decomposition using GALF IT [44], they obtain a mean value of 10g[ Reenter /725 ~ —1.5,
which on average is lower than that of our main sequence galaxies (10g[ Reenter/725] ~ —1.0).
The vast majority of PHANGS galaxies corresponds to late-type spiral galaxies which cover a
lower stellar mass range (9.25 <log[M,/My] < 11.25) than ACA EDGE, which could result
in shorter bulge radii. Finally, red cloud galaxies have the largest bulge radii, with R}, distri-
butions centered at at log[Rg/(kpc)] ~ 0.35. These results are consistent with observational
evidence. For instance, [230] present a catalog of bulge, disk, and total stellar mass estimates for
~ 660, 000 galaxies from SDSS DR7, based on g and r-band photometry published in [231] and
using GIM2D [232]. By fitting Sérsic profiles (ns; [233]) to elliptical, disk, and bulge-+disk, they
find a Sérsic index distribution centered at larger values for the former (ng ~5) when compared
to the latter two groups (ng ~1). In addition, [228] implement a 2D photometric decomposition
using GASP2D [234,235] for 404 CALIFA galaxies using g, r, and « SDSS images, including 28
ACA EDGE galaxies in their analysis. We obtain a close 1:1 relation when comparing the two
sets of bulge radii (OLS Ry carira = [0.83 + 0.10] x Ry, acaepce), which also show a strong
correlation between them (Pearson r, = 0.92; p-value<< 0.01).

Using R}, we compute the bulge mass, M, in terms of the total stellar mass, after nu-
merically integrating the stellar profiles using Equation 4.9. Table 4.2 summarizes the properties
of the 60 ACA EDGE galaxies, together with the values of Ry, and M,, (columns 10 and 11).

Columns (4), (8), and (9) list My, l4, and [0}, respectively; the latter two are calculated from

135



radial profiles in §4.4.1.2.

4.4 Results and Discussion

In the next subsections we present the main properties of the 60 galaxies included in the
ACA EDGE survey. To do so, we divide our results in global (i.e., quantities derived from inte-
grated measurements) and spatially resolved (i.e., quantities derived from pixel measurements).
Unless otherwise mentioned, we estimate the molecular gas related quantities by adopting a con-

stant Milky Way CO-to-H, conversion factor (see §4.3.1).

4.4.1 Global quantities and relations

4.4.1.1 SFR versus stellar and molecular gas masses

The top left panel of Figure 4.7 shows the SFR-M, relation, color-coded by M, using
the global values (pixels at » < 795) of SFR and M, (see §4.3.1). On average, we note that
galaxies near the SFMS (black line; [15]) tend to have higher molecular gas masses, although
there is not a clear region on the SFR-/, relation associated with low values of M, (see color-
coded symbols). In order to characterize the behaviour of the molecular gas as a function of
the difference between the SFR and the SEFMS, ASFMS= SFMS—log[SFR], we classify our
galaxies in three different groups based on their quenching stage, as shown by shaded areas in

top left panel of Figure 4.7:

1. Main sequence (36 galaxies; blue shaded area), which are galaxies with —0.5 dex< ASFMS.
2. Green valley (11 galaxies; green shaded area), encompassing galaxies with —1.0 dex<

136



ASFMS < —0.5 dex.

3. Red cloud (13 galaxies; red shaded area), which includes galaxies with ASFMS < —1.0

dex.
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Figure 4.7: Top left: SFR-M, diagram integrated over CALIFA SFR and stellar maps, color-coded by the total
molecular gas mass, M,o1. The solid black line is the SEMS fit by [15]. Blue, green, and red dashed areas define
main sequence, green valley, and red cloud galaxies, respectively, as defined by the bands (see §4.4.1 for more
details). Top right: SFR-M,,, relation color-coded by stellar mass. The dashed black lines, from top to bottom,
correspond to molecular gas depletion times 74cp, = 0.1, 1.0, and 10 Gyr, respectively. Blue, green, and red circles
are the centroids of SFR and M, values for galaxies with 5o CO detections (filled circles) of the groups as defined
by the bands in the top left panel. The blue and green squares correspond to the centroid of SFR and M, values
for main sequence and green valley CARMA EDGE detected galaxies. Bottom: Distributions for the molecular-to-
stellar mass fraction (R7°! = M,,01/M,; left) and the molecular gas depletion time (701 = Mol /SFR; right) for
the three categories (excluding CO upper-limits), as defined 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 removal/depletion, the movement
from the latter to the red cloud may be determined by a reduction in the star formation efficiency of the molecular
gas (SFEmol = T p)-
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We choose these boundaries based on the typical values of the main-sequence/green valley dis-
tribution scatters reported in recent studies, which span from ~ 0.2 to 0.7 dex (e.g., [14,15,236—
239]). The bottom left panel of Figure 4.7 shows the distribution of the molecular-to-stellar mass
fraction, Rf“’l = Mo /M,, of the three groups for galaxies with 50 CO detections. Main se-
quence galaxies have the highest molecular gas masses (with an average log[R™!] ~ —1.6 dex;
blue dashed line), while on average both green valley and red cloud galaxies have fractions about
an order of magnitude lower (green solid and red dashed lines).

The top right panel of Fig. 4.7 shows the SFR- M, relation, color-coded by M,. The three
dashed black lines correspond to three different molecular depletion times, Taep = Mpo1/SFR
= 0.1, 1.0, and 10 Gyr, going from top to bottom, respectively. It is interesting to note that
although most ACA EDGE galaxies are well represented by the 74., = 1 Gyr line, there is not a
characteristic molecular depletion time for the whole sample. This is confirmed when we analyze
the molecular gas depletion time distributions of the three groups (bottom right panel of Fig. 4.7);
red cloud galaxies have 74e, around 3 and 6 times longer than main sequence and green valley
galaxies, respectively. However, these results have to be considered carefully due to the small
number of CO-detected red cloud galaxies.

Our results are consistent with [14], who analyze 2CO(2-1) APEX data at 26.3” resolution
(i.e., the region within R,.) for 472 EDGE galaxies. They note a strong correlation between
ASFMS and the star formation efficiency of the molecular gas, SFE, = Tdii), suggesting a
scenario where the transition of galaxies from the main sequence to the green valley is primarily
driven by the molecular gas lost. In addition, they propose that changes in the SFE,,, of the
remaining cold gas is what modulates a galaxy’s retirement from the green valley to the red
cloud. Analyzing a compilation of ~8000 galaxies from MaNGA, [239] also note that the SFE
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decreases as galaxies move out of the main sequence to the red cloud and pass through the green

valley, which is confirmed by several studies (e.g., [111,240]).

4.4.1.2 Exponential scale lengths

If gas removal/depletion is one of the main processes modulating the transition from main
sequence to green valley galaxies, it should impact the distribution of the molecular gas. To test
this, we compute the exponential scale lengths for the molecular gas, [, and the stars, /,, for
the ACA EDGE galaxies in Figure 4.6. Figure 4.8 shows the comparison between [, and [, for
main sequence ACA EDGE galaxies with ¢+ < 70° and 50 CO detections (see §4.3.2). Galaxies
are color-coded by their quenching stage according to the classification explained in Figure 4.7.
Out of the 30 galaxies with molecular gas and stellar radial profiles, we have selected 23 galaxies
with decreasing X, profiles (i.e., Ypo(r <1 kpe)> Xo1(r = Tmax)), Where rp.y is the largest
radius at which we have a 50 CO detection. Since we also restrict the ¥, () exponential fit to the
stellar disk, we do not consider annuli within prominent bulges (i.e., E and SO galaxies; [109])
and bars (i.e., SB, Sab, and Sbc galaxies). These fits for X, and >, profiles are shown by
the black dashed lines in Figure 4.6. We observe a significant correlation between [, and [,
for main sequence and green valley galaxies (blue and green circles; Pearson r, = 0.6; p-value
< 0.01). When we compute an ordinary least-square (OLS; blue solid line in Fig. 4.8) bisector
fit for the model y = ax for main sequence galaxies with at least 5o [,,,,) measurements (symbols
with enhanced color in Fig. 4.8), we obtain /,,,,) = (1.24 £ 0.05) x [,. We test how this relation
varies with angular resolution by fitting the CO radial profiles derived from CO moment 0 maps

smoothed at 10" beamsize. Although molecular length scales are slightly larger than for stars
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Figure 4.8: Comparison between the stellar, I, and molecular, l,,,01, scale lengths, computed by fitting exponential
profiles to the respective surface densities as a function of galactocentric radius. Blue circles and green triangles
correspond to 23 ACA EDGE galaxies with ¥, > 1 Mg pc_2 for all the annuli within 1 kpc. The blue solid
line is the best fit for the model y = ax for main sequence, omitting galaxies with low-quality I, fits (symbols
with pale colors). The gray dotted and orange-dotted lines are the best fit 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 figure shows a ~6:5 relation between the molecular and stellar scale lengths.

Imol = (1.15 £ 0.05) X [, the best linear relation is still above unity.

While several studies have found a close 1:1 relation between the molecular gas and stars
in main sequence star-forming galaxy samples based on galaxies selected from the field (e.g.,
[108]; BIMA [109]; HERACLES, [30]; CARMA EDGE, [1,3]), quenching mechanisms have the
potential to affect the distribution of the molecular gas, atomic gas, and stars in different ways.
On the one hand, environmental mechanisms (e.g., ram pressure stripping, galaxy interactions,
among others) have been shown to compact the spatial extent of the molecular gas, particularly
in high-density environments (e.g., galaxy clusters; [155,241]). For instance, [2] find a ~3:5
relation for the molecular and stellar scale lengths in a subsample of 28 Virgo Cluster galaxies

selected from VERTICO [6]. On the other hand, intrinsic mechanisms tend to operate either by
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removing (e.g., via AGN activity), re-distributing (e.g., via stellar feedback), or depleting (e.g.,
via starvation) the cold gas reservoirs. Figure 4.6 shows a broad variety of radial profiles that
could be explained by a different combination of mechanisms depending on the galaxy quenching
stage. The best relation between molecular gas and stellar scale lengths for ACA EDGE main
sequence galaxies (blue solid circles in Fig. 4.8) is close to a 6:5 relation. Although this is
still consistent with the almost ~1:1 relation from [1], /,,o; values for ACA EDGE galaxies are
slightly larger when compared to CARMA EDGE spirals. This seems to be a consequence of the
lower molecular gas content in the central regions of the former than the latter (as shown by the
M, centroids in upper-right panel of Figure 4.7), producing flatter 3., profiles in ACA EDGE

galaxies than those for CARMA EDGE.

4.4.2 Spatially resolved relations

4.4.2.1 SFR versus stellar and molecular gas surface densities

The left panel of Figure 4.9 shows Ygpr versus X, (the so-called resolved SFMS, rSEMS;
e.g., [15,70,119,242]), both in units of M, kpc‘Q and color-coded by the resolved star formation
efficiency of the molecular gas, SFE,,,; = Ysrr/>mo. The figure includes pixels from the 30
ACA EDGE galaxies with 50 global CO detections and + < 70°. Similarly to §4.4.1, we classify
pixels according to the quenching stage of the host galaxy as main sequence (blue contours),
green valley (green contours), and red cloud (red contours). Although there is not a remark-
able difference in the >, range covered by the main sequence and green valley pixels, there is a
mild decrease in Ygpr from the former (log[Yspr] ~ —2.7 dex) to the latter (log[Xspr| ~ —3.0

dex). However, red cloud pixels have the lowest SFR of all groups. To compare our results
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Figure 4.9: Left: SFR surface density, Ysrgr, versus stellar surface density, 3., color-coded by the resolved star
formation efficiency of the molecular gas, SFE= XgpR /Xm0, for pixels with 50 CO detections 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 galaxies. Right: The resolved SFR-M,,, relation, color-coded by the resolved
molecular-to-stellar mass gas fraction, rRL“Ol = Yo/« Conventions are as in left panel. The black dashed
lines corresponds to the OLS bisector fit for main sequence galaxies using the model y = ax + 3 for the resolved
SFMS (left) and the resolved Kennicutt-Schmidt (right) relations. While the left panel exhibits an increasing in X,
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 Xsrgr. This suggests that changes in
star formation activity during the transition are driven not only by a lowering in the molecular gas, but also due to a
decrease of the star formation efficiency.

with previous studies, we compute an OLS bisector fit for main sequence pixels using the model
y = ax + (; we obtain log[YXspr] = (1.20 + 0.07) x log[¥,] — (12.18 £ 0.60) (dashed black
line in left panel of Fig. 4.9). Our rfSFMS best-fit slope, a,spums, is slightly higher than those
for CARMA EDGE (a,spvs =~ 1.01; [3]), PHANGS (a,spvs =~ 1.04; [191]), and other galaxy
sample (see [243] and references therein). However, our results are consistent with the val-

ues found in several studies based on galaxy samples similar to ACA EDGE (e.g. [70]). For
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instance, [242] analyze the rSFMS properties of ~ 15, 000 spaxels in a sample of 29 galaxies se-
lected from the ALMA-MaNGA QUEnching and STar formation (ALMaQUEST) survey [244].
Covering the same range of stellar masses, ALMaQUEST was designed to investigate the star-
formation activity in galaxies from the green valley to the starburst regime, complementing
surveys with a better representation of galaxy properties in the local Universe (e.g., CARMA
EDGE). Implementing an orthogonal distance regression (ODR) fit for the rSEMS, [242] find
log[¥srr] = (1.37 £ 0.01) x log[¥,] — (13.12 £ 0.10), thus resulting in a steeper rSFMS slope
(clearly above unity) for high stellar mass galaxies.

Similarly to the rSEMS, the widely-studied resolved Kennicutt-Schmidt relation (rKS; e.g.,
[12,19,30,78,191,245,246]) presents a complementary way to investigate how the SFR depends
on the ISM. The right panel of Figure 4.9 contains the rKS relation for ACA EDGE galaxies,
color-coded by the resolved molecular-to-stellar mass fraction, er‘Ol = Ymol/2s, and density
contours as in the left panel. It is interesting to note that the OLS bisector fit for main sequence
galaxies also yields a rKS best-fit slope value, a,ks, above the unity (log[¥spr] = (1.19 +
0.07) x log[Xma] — (10.62 + 0.98); dashed black line in right panel of Fig. 4.9). Although
our o,kgs is higher when compared to that for CARMA EDGE (a,xs ~ 1.01; [3]), PHANGS
(awks ~ 1.03; [191]), and other galaxy samples from the literature (see [243] and references
therein), it is consistent with the ODR fit for ALMaQUEST galaxies (log[¥srr] = (1.23 £
0.01) x log[Xme] — (10.49 £ 0.06); [242]). We note however that these results are very sensitive
to the adopted oo prescription. For instance, [246] show that different assumptions of the CO-
to-Hs conversion factor can result in a,xg = 0.9 — 1.2, which translates into uncertainties up to
25% in the CO related quantities of PHANGS galaxies. We also observe a systematic decrease in

both Ygrr and X, from the main sequence to the green valley galaxies. In combination with the
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results shown in the left panel, this may suggest that although the transition from main sequence
to the green valley is primarily driven by gas removal, an increase in >, is also required to alter

the ability of the molecular gas to form stars.

4.4.2.2 SFE and bulge properties

To understand which mechanisms may be driving the star-formation quenching in ACA
EDGE galaxies, we analyze the impact of bulges on the star formation efficiency of the molecular
gas. It is important to mention that SFR estimators derived from Ha have to be taken carefully
since they are susceptible to contamination due to AGN activity, jets, shocks and post-Asymptotic
Giant Branch stars [9]. To perform our analysis only on star-forming pixels, we have used the
nuclear activity of CALIFA galaxies from [4] (column 5 in Table 4.2), who classify galaxies
according to the emission-line diagnostic of the optical nucleus in star-forming (SF), AGN, and
LINER-type galaxies. We complement the AGN classification using [9], who group CALIFA
galaxies as Type-I (galaxies with a broad Ha width, i.e. FWHM> 1000 km s™!) or Type-II
(galaxies above the [247] line on the BPT diagram and Ha line width> 3A) AGNs. Although
galaxies may host an AGN and actively form stars, we classify galaxies as SF if no nuclear
activity is detected. We adopt this since we do not see significant variations between the results
for only confirmed SF galaxies and SF+not-detected nuclear activity galaxies.

The top panel of Figure 4.10 shows the resolved SFE,,; as a function of galactocentric ra-
dius (in units of 795), color-coded by the quenching stage of the host galaxy, for SF-pixels within
Ry,. The figure also includes the SFE,,,; pixels within the centers (including bulge and nucleus)

of PHANGS-ALMA galaxies drawn from [229] (black crosses), which complement well the pa-
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Figure 4.10: Top: The resolved SFE,,, versus galactocentric radius for SF pixels within Ry, 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 aco(Z’, Xiota1) prescription (see Eq. 4.6). Middle: The
resolved SFE,,,,; versus the resolved specific star formation rate, sSSFR, for the same groups as in top panel. Bottom:
Distribution of the resolved molecular-to-stellar mass fraction, 7 R™°!, 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 SFE,,,;, sSFR, and er‘Ol within the bulges have a
systematic decrease with quenching stage, and these trends seem to not depend on the adopted a.co prescription.

rameter space covered by ACA EDGE pixels at small galactocentric radii. On average, ACA
EDGE green valley pixels have lower efficiencies compared to those for PHANGS and ACA
EDGE main sequence galaxies, with the two latter covering a similar range of SFE . To test

how these results depend on the aco prescription, we compute the SFE,,,; by adopting a variable
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aco(Z', Siota1) (see Equation 4.6), as shown in the top panel of Figure 4.10 by dashed con-
tours. On average, aco(Z’, Liota1) values are lower than for the fixed prescription at r < 1.5R,;
consequently, SFE . are higher when derived from aco(Z’, Xiota1). We note that green valley
galaxies have a slightly higher increase in the efficiencies than main sequence galaxies (~ 0.3
dex) with the variable oo, although with the former still having lower SFE,,,; than the latter.
The middle panel of Figure 4.10 shows the SFE,,,; as a function of the specific star-formation
rate, sSSFR= Ygpr />, for ACA EDGE pixels within the bulge region. We note a systematic
increase of the efficiencies with sSFR, going from low SFE,,, values for green valley galax-
ies (1og[SFE,,,1]~-10.3 and log[sSFR]~-12), to high SFE,, values for main sequence galaxies
(log[SFE;,01]~-9.3 and log[sSFR]~-10.5). Even though efficiencies are higher when compared
to those derived from the fixed ¢, these tendencies do not change when adopting the variable
aco prescription (as shown by dashed contours in top and middle panels of Figure 4.10). These
results are in agreement with several studies reporting lower star formation efficiencies in bulge
dominated galaxies (e.g., [124,240,248]). For instance, [249] report a decrease in the SFRs with
sSFR within bulges of CALIFA galaxies at any M,. [250] also find a clear correlation between
the star formation efficiency and sSFR in galaxies without prominent bulges and with the same
morphological type. In addition, they note a strong connection between massive bulges and low
SFE.

Are the differences in SFE,,,; between main sequence and green valley bulges primarily
driven by gas depletion/removal? To test this, we compute the resolved molecular-to-stellar mass
fraction, rR™! = ¥/, for pixels within the bulge region from these two groups. The
bottom panel of Figure 4.10 shows the distribution of » R of pixels within bulges and adopting
the fixed (hatched histograms) and variable (solid histograms) aco prescriptions. On average,
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Figure 4.11: Distributions of the bulge density (in units of M, pc~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 significant difference between green valley and
main sequence bulge densities, we note that the former have on average denser bulges than the latter.

r R™°! values of green valley pixels are ~ 3 times lower than those within main sequence bulges
when adopting the fixed aico. Although we note a displacement to the left of the mean rR™!
values of the pixel distributions when adopting the variable aco, the tendencies do not change
significantly (r R™°! values for green valley galaxies are ~ 5 times lower than for main sequence
galaxies).

Similarly to the morphological quenching proposed by [139], numerical simulations per-
formed by [203] show that bulges drive turbulence and increase the gas velocity dispersion, 0y,
virial parameter, and turbulent pressure, P, towards the galaxy centers. They note that the
more compact and more massive (therefore, the more dense) the bulges are, then the higher the
level of turbulence. The star-formation activity is, therefore, “dynamically suppressed” in the
innermost parts of bulge-dominant galaxies due to an increase of the gas turbulence that prevents
the gravitational instabilities. Figure 4.11 shows the distribution of the bulge density, p},, for main
sequence and green valley galaxies. To compute p;,, we assume an spheroidal distribution of the
bulge, i.e. we use py, = M,/ (%WR%). Although with a poor representation of green valley galax-

ies, Figure 4.11 shows that, on average, green valley bulges tend to be more dense than those for
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main sequence galaxies. These results suggest that, when compared to main sequence pixels, the
lower SFE,,,; values within green valley bulges are not just a consequence of a poor molecular
gas content. In addition, dynamical suppression may be reducing the star-formation rate in these
regions due to an increase in >, with quenching stage (green valley bulges are ~ 3 times more

dense than for main sequence galaxies).

4.4.2.3 What drives star-formation quenching in ACA EDGE galaxies?

The six panels in Figure 4.12 show the resolved SFE,,; (top panels), r R™°' (middle pan-
els), and the specific star formation rate, SSFR= Ygpg /3, (bottom panels), versus galactocentric
radius (in radial bins of 0.3 R., ~ 1.5 kpc resolution at the mean distance) for the 30 galaxies in-
cluded in Figure 4.6. In order to better understand the different mechanisms behind star-formation
quenching in ACA EDGE galaxies, we split the panels of Figure 4.12 into two groups. Panels
A, C, and E include SF galaxies (hereafter no nuclear activity galaxies, NNA; i.e., pixels from
galaxies without LINER/AGN activity), split by their quenching stage (i.e., main sequence, green
valley, and red cloud). Panels B, D, and F include pixels from NNA, LINER, and AGN galax-
ies (shaded purple, orange, and yellow regions, respectively), according to their nuclear activity
(column 5 in Table 4.2).

On average, the SFE,,,,; remains almost constant with radius for NNA main sequence, green
valley, and red cloud galaxies (panel A). These results are consistent with [1]; while they do not
observe significant variations of SFE,,,; with radius in the CARMA EDGE sample, they also
note a systematic decrease in the efficiencies from late- to early-type galaxies. In addition, panel

A shows that green valley galaxies have a mild increase in SFE,,, with radius. While main
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Figure 4.12: The resolved star formation efficiency of the molecular gas, SFE,;,01 = YsrRr/Smol (panels A and B),
the resolved molecular-to-stellar mass fraction, er‘Ol = Yol /% (panels C and D), and the specific star formation
rate, sSSFR= Ygrr /¥, (panels E and F), in radial bins of 0.3R, (~1.5 kpc) versus galactocentric radius for pixels
from the 30 galaxies included in Figure 4.6. The figure is color-coded according to the three main groups. Panels
A, C, and E encompass pixels from 20 galaxies classified 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 Ha-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 1o scatter distribution for any group. Also, the vertical black dashed lines are located
at r = R, which we use to divide galaxy regions in central and disk pixels. While efficiencies in main sequence
galaxies remain almost constant with galactocentric radius, in green valley galaxies we note a systematic increase of
SFE 01, R™°!, and sSFR, with increasing radius. We also observe slightly higher SFE,,, in the regions near the
centers (0.5R, < r < 1.2R.) of AGNs when compared to their outskirts.

sequences and green valley galaxies have similar r ™! for r > 1.8R, (see panel C), the latter
have significantly lower 7 B! than the former at 7 < 1.5R,. molecular-to-stellar mass fractions
for green valley galaxies can reach values even ~0.8 dex below than those for main sequence at

r < 0.5R.. Similarly, sSSFRs show almost the same radial trends than that of r R™°! (see panel
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E). The sSFR for green valleys is about an order of magnitude below main sequences (~1.2 dex).
These results suggest that what is driving the star-formation quenching in green valley galaxies
is more related to a decrease of the SFR (e.g., via changes in the stellar potential) rather than gas
removal and/or depletion alone.

Similar to panel A of Figure 4.12, panel B shows that NNA galaxies (mostly dominated
by the main sequence) have on average flat SFE,,, profiles. Although both LINER and AGN
galaxies have remarkably high efficiencies in the central regions (r < 0.5R,; grey shaded area in
panels B and F), these values have to be considered carefully due to LINER/AGN contamination
(as explained in §4.4.2.2). Consequently, SFE,,, (and quantities related) must be considered
only as upper-limits for these two groups within this region. While LINERs and SFs show a
flat SFE,,, profile for »r > 0.5R., AGNs seem to have significantly lower the efficiencies in
the range 0.75 R, < r < 2.0R, than LINER/NNA galaxies, which finally flatten down at larger
galactocentric radii. When analyzing r R™°! as a function of galactocentric radius (shown in panel
D), we observe a systematic inside-out increase of the molecular fractions for the three groups
with radius. However, LINERs/AGNs have r R™! values slightly lower than NNA galaxies (~
0.2 — 0.5 dex below) for the galactocentric radius range covered here. We also note that, on
average, SSFR has a similar behaviour as SFE,,,, particularly for AGN galaxies which show
a slight decrease of the sSFR with radius (similar as the one seen for SFE,,.). This may be
suggesting that AGN activity mitigates the star formation activity, although not necessarily by
impacting the Hy reservoirs (e.g., [209,210]).

Our results are consistent with CALIFA-based studies reporting lower molecular gas frac-
tions in centers of AGN hosting galaxies when compared to their outskirts (e.g., [9, 239, 248]).
However, observational evidence has also shown that the gas content in AGN hosts can be
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Figure 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 identified in Fig. 4.12, thus between pixels within the central (hatched unfilled
bars) and outer (solid bars) regions. To compute the SFE,,,;, we adopt a fixed CO-to-Hs conversion factor (top
panels), and the variable aco(Z’, Xiotal) from Equation 4.6 (bottom panels). While the distributions of SFE,,,, for
main sequences pixels within the two radial bins are similar when adopting the two a.co prescriptions, green valleys
show a more clear bimodal behaviour when using a constant cco.

similar (or even higher) than galaxies without nuclear activity, either by analyzing the atomic
(e.g., [251-253]), or molecular (e.g., [67,254-256]) gas reservoirs.

These results suggest that the cessation of the star-formation activity has different modes
depending on galaxy substructures, morphological type, and nuclear activity. NNA main se-
quence and green valley galaxies have SFE,, consistent with local star-forming spirals (e.g.,
[1,2]), which on average remain constant with radius. Nevertheless, green valley galaxies show

signs of an inside-out increase in their efficiencies. To better understand these differences, we
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compute the SFE distributions for NNA galaxies by splitting them in central pixels (i.e., pixels
at r < R.) and outer pixels (i.e., pixels at » > R,). We also test how these distributions change
with the two aco prescriptions included in this work (as shown in Figure 4.13). The distribution
of SFE,,, for main sequence galaxies is almost identical when we split their pixels in two radial
bins at 7 = R.. When adopting the fixed aco (top panels), green valley and red cloud pixels
show a clear bimodal behaviour. We test how the SFE distributions change by using the variable
aco(Z', Siotal) (bottom panels). Interestingly, we note that green valley galaxies show mild bi-
modal distributions. We perform a Student’s ¢-test to verify if the distribution of SFE,,, values
in green valley galaxies are drawn from the same parent population. We obtain |¢| = 0.89 for
green valley (degrees of freedom = 222) pixel distributions, which is below the critical ¢-value
ta—0.05 ~ 1.96; we thus can reject the null hypothesis that the two green valley groups are drawn
from the same underlying distribution with 95% confidence. Although these results suggest that
morphological quenching may be acting after the gas removal stage in green valley galaxies
(e.g., [14]), the small difference between these two distributions may be caused by the poor spa-
tial resolution of our CO observations (~1.5 kpc) when compared to the physical scale required
to resolve bulges in ACA EDGE galaxies (< 500 pc). In addition, some studies (e.g., [206,207])
have discarded a scenario where bulges play a key role in controlling the star-formation activity,
suggesting that this could be reflecting physical processes more associated with galaxy disks.

A similar analysis is shown in Figure 4.14. This figure includes the SFE,, distributions
for two radial bins, i.e. for pixels within » < 1.2R, (hatched histograms) and at » > 1.2, (solid
histograms), in NNA (purple bars), LINER (orange bars), and AGN (yellow bars) galaxies. We
also test how the distributions change with the two aco prescriptions. To avoid SFR contamina-

tion due to AGN/LINER, we reject pixels at » < 0.5R.. While NNA, LINER, and AGN pixels
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have similar distributions for the two radial bins and using the fixed aco (top panels of Fig. 4.14),
we note signs of a bimodal behaviour for AGNs when adopting the variable aqo(Z’, Xiotal) pre-
scription (bottom left panel). We perform a Student’s ¢-test to verify if the AGN distributions are
drawn from the same parent population; we obtain |t| = 1.89 (degrees of freedom = 140), which
is lower than the critical ¢-value t,—¢ 05 ~ 1.97. We thus can reject the null hypothesis that the
two AGN groups are drawn from the same underlying distribution. Although SFE,,, values for
AGNs are consistent with observational evidence showing that optical and radio selected AGNs
tend to have similar/lower SFRs than typical main sequence galaxies (e.g., [9,239,257]), which
appears to be mainly due in SFR within galaxy centers (e.g., [10,239,258]), these results could
be also supporting the idea of a slightly enhancement of the star formation in these regions. How-
ever, studies have shown that the impact of AGN ionization can reach as far out as 10s of kpc
(e.g., [259-261]). Although unlikely, the high efficiencies at the centers of ACA EDGE AGNs
may thus respond to SFR values still susceptible to AGN contamination, even after excluding
pixels at r < 0.5 R..

Morphological quenching has shown to be a good candidate to explain the decrease of the
SFE,,,; observed in green valley ACA EDGE galaxies, perhaps via gas stabilization or dynamical
suppression (e.g., [139,203,262]), increasing the turbulent velocity dispersion of the gas (e.g.,
[263]), as a sequence of short lived AGN (e.g., [209, 210]), or a combination of mechanisms.
However, the similarity of the SFE distributions shown in the bottom panels of Figures 4.13
and 4.14 (particularly for green valley galaxies) suggest that these processes have a minimal
impact on the efficiencies. These mechanisms seem to respond to non long-standing processes
and may only complement the gas depletion and/or removal. Further studies based on CO data

within galaxy centers with both higher resolution and sensitivity than those presented in this work
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Figure 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, respectively). Conventions
are as in Fig. 4.13. While NNA and LINER pixels have similar SFE, distributions for the two radial bins and
when testing the two aico prescriptions, we note a mild bimodal behaviour for AGNs.

(e.g., at physical scales < 500 pc) could give us more information about the dynamical state of
the molecular gas within bulges of green valley and red cloud galaxies. These are essential to
disentangle the actual connection between the SFE,,; and the gravitational stability of the gas,

or the effects of AGN in the star-formation activity in detail.

4.5 Summary and conclusions

We present a systematic study of the star formation efficiency and its dependence on other

physical parameters in 60 galaxies from the ACA EDGE survey. We analyze 2CO(J=2-1) data
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cubes and optical IFU data from CALIFA. Compared to other local galaxy surveys, ACA EDGE
is designed to mitigate selection effects based on CO brightness and morphological type. This
results in a less biased galaxy survey and an ideal sample to investigate the effects of the star-
formation quenching on massive local galaxies. We conduct a detailed analysis to characterize
the main properties of the molecular gas by deriving global (e.g., integrated masses and SFRs)
and resolved quantities out to typical galactocentric radii of r ~ 3R.. We use a constant Milky
Way CO-to-H, conversion factor acovw = 4.3 M (Kkms™! pe?)~! [83] and a Rayleigh-Jeans
brightness temperature line ratio of Ry = Ico2-1)/Ico@—o) ~ 0.65. We also test the impact
of the CO-to-Hs conversion factor adopted in our results by using the variable aco(Z’, Liotal)
from [38]. We conduct a systematic analysis to explore molecular and stellar scale lengths,
bulge physical properties, molecular-to-stellar mass fractions, and the SFE of the molecular gas
in ACA EDGE galaxies to compare them with the current literature. Our main conclusions are

enumerated as follows:

1. We compute the molecular depletion times, 74¢,, 0f ACA EDGE galaxies. Although the
majority of galaxies have 74, ~ 1 Gyr, we find that molecular depletion times varies
significantly with distance of the SFR to the star formation main sequence line, ASFMS
(i.e., or quenching stage). Classifying galaxies as main sequence (—0.5 dex< ASFMS<
0.5 dex), green valley (—1.0 dex< ASFMS< —0.5 dex), and red cloud (ASFMS< —1.0
dex) galaxies, we note a systematic decrease in the molecular-to-stellar mass fraction, Rf“’l,

and an increase in T4c, With quenching stage (see Fig. 4.7).

2. We determine the molecular and stellar exponential disk scale lengths, [,,,,; and [,, respec-

tively (see Fig. 4.8). We fit an exponential function to 23 molecular gas surface density,
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Y mol, and 30 stellar surface density, >.,, radial profiles from ACA EDGE galaxies with 5o
CO detections and inclinations < 70°. We find a close 6:5 relation between [,,,; and [,
(I, = [1.24 £ 0.05] X I;01), Which is consistent with previous results from the literature for

main sequence spirals (e.g., HERACLES, CARMA EDGE).

. We derive the Ygpr-2J, and Ygpr-20) relations, the resolved star formation main sequence
(rSFMS) and the resolved Kennicutt-Schmidt (rKS) relations, respectively (see Fig. 4.9).
We find slopes of ayspms = [1.20£0.07] and ayxs = [1.1940.07] for the rSFMS and rKS.
Although our slopes are larger than those of spiral star-forming galaxies selected from the
field (e.g., CARMA EDGE, PHANGS), they are consistent with those found for early-type
red cloud galaxy surveys (e.g., ALMaQUEST). However, we remark that these slopes are

very sensitive to the fitting method and the aco prescription adopted, among others.

. We compute the resolved star-formation efficiency of the molecular gas, SFE, .}, within the
bulge region of 23 main sequence and 5 green valley ACA EDGE galaxies. We find that
SFE,,,1 values within green valley bulges tend to be lower than for main sequence galaxies.
The results suggest that in addition to poor molecular gas content, dynamical suppression
may be reducing the star-formation rate in the bulge region of green valley galaxies due to

an increasing in Y, with quenching stage (see Fig. 4.10).

. We compute radial profiles for SFE,,,, the resolved molecular-to-stellar mass fraction
TRI*nOl = Yo/ 24, and the resolved specific star formation rate sSSFR= Ygpgr/%,, for
pixels grouped according to their quenching stage and their nuclear activity (see Fig. 4.12).
We note a systematic decrease in SFE,,,, 7™, and sSFR with quenching stage. We
also observe a slightly inside-out decrease in the efficiencies in green valley galaxies up
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to r =~ R.; from this point on, SFE,,, increases until it reaches similar values than those
almost constant for main sequences. Although the efficiencies of green valley galaxy cen-
ters are more similar to those of the outer disks when we use the variable aco(Z', Xiota)
prescription, on average their SFE,,, distributions show lower efficiencies in their central

regions when compared to their outskirts (see Fig. 4.13).

Our results suggest that gas depletion/removal does not completely explain the star-formation
quenching processes in ACA EDGE galaxies. Complementary mechanisms (such as morpholog-
ical quenching and/or AGN feedback) are therefore required to change the physical properties of
the molecular gas, which could impact its ability to form stars in galaxies transiting through the
green valley. The inside-out nature of these processes is reflected by the decreasing of the SFE,,
in the central regions of green valley galaxies, although this change is dependant on the aco pre-
scription adopted. Future projects should focus on increasing the early-type galaxy coverage to
improve the statistical significance of these results. In addition, high resolution CO observations
in the central parts of green valley and red cloud galaxies are essential to better understand how
these mechanisms may impact the stability of the gas at physical scales comparable to those of

molecular clouds (< 100 pc).
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Chapter 5: Conclusions & Future Work

Throughout this thesis, we have tried to give a general picture about the main factors that
affect the star formation activity in galaxies within the local Universe. Based on an holistic ap-
proach, we have analyzed our data by implementing a common methodology in order to perform
a reliable comparison between galaxies from different samples. Investigating a variety of galaxy
samples, which were designed based on morphology, environment, stellar mass, among others,

we have been able to reach the following conclusions, summarized in the following subsections:

5.1 About the Star-formation Efficiency in EDGE-CALIFA galaxies

Using CO(1-0) and optical IFU data, we perform a systematic study of the star formation ef-
ficiency and its dependence on other physical parameters in 81 galaxies from the EDGE-CALIFA
survey. Although EDGE-CALIFA-selected galaxies are mostly far-IR detected and rich in molec-
ular gas, the sample was designed to cover a representation of galaxy morphologies and stellar
masses in the local Universe, while at the same time permitting statistically significant results. By
analyzing the EDGE-CALIFA survey, we were able to construct a “control” sample to compare
with the two other galaxy surveys, VERTICO (Chapter 3) and EDGE ACA (Chapter 4).

As a good representation of the local Universe, we found that the molecular gas and stars in

EDGE-CALIFA galaxies are similarly distributed as a function of galactocentric radius in galaxy
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disks, with an almost 1:1 relation between the molecular and the stellar scale lengths. As also seen
in other local galaxy surveys (e.g. HERACLES), we find that the star-formation efficiency shows
a smooth exponential decline with galactocentric radius, with a systematic increase in the average
efficiencies from early to late type galaxies. We also note a clear relationship between resolved
efficiencies, the star-formation rate, and the dynamical equilibrium pressure, particularly in the
innermost regions of galactic disks; these results support a self-regulated scenario in which the
star formation acts to restore the pressure balance in active star-forming regions. Finally, under
the assumption of a constant velocity dispersion for the gas, we do not find clear correlations
between the efficiencies and gravitational instabilities.

Among the main limitations of this study, fixed prescriptions for both the velocity disper-
sion of the gas and the atomic gas surface density seem to be the most important ones. In addition,
it is possible that a larger sample of galaxies may be required to derive more statistically signifi-
cant results. In this regards, the EDGE-CALIFA survey will keep expanding its galaxy coverage,
adding complementary HI and higher angular resolution CO data. Future local galaxy surveys
will be incorporated into the EDGE database (e.g. the ACA EDGE survey or the APEX EDGE
sample; see Chapter 4), allowing us to attenuate some of these limitations and to extend this
analysis to sources that are less bright in CO (e.g., earlier galaxy types), contributing to a more

extensive and representative galaxy sample of the local Universe.

5.2 About galaxy cluster environmental effects in VERTICO galaxies

Analyzing >CO(.J=2-1), HI, WISE, and GALEX data, we present a study of the star for-

mation efficiency and its dependence on other physical parameters in 38 galaxies selected from
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the VERTICO survey. The VERTICO sample was designed to investigate the impact of quench-
ing processes on late-type galaxies selected from the Virgo cluster and undergoing different en-
virnomental mechanisms. Using the control sample constructed in Chapter 2 (which is based
mostly on EDGE-CALIFA spirals), we were able to test how the physical properties and quan-
tities related to the molecular gas of VERTICO galaxies compare to those for star-forming field
galaxies.

Compared to EDGE-CALIFA spirals, we find that the molecular gas in VERTICO galaxies
tends to be more centrally concentrated than the stellar component. Interestingly, galaxies with
a stronger degree of perturbation in the atomic gas seem to have more compact CO distribution
than those with unaffected HI. We also compute the molecular-to-stellar and atomic-to-stellar ra-
tios as a function of galactocentric radius. We note that while the molecular-to-stellar mass ratio
in the central regions of VERTICO galaxies remains almost constant independent of the pertur-
bation level of HI, the atomic-to-stellar mass ratio shows a systematic decrease with increasing
HI content. The results suggest that although environmental processes act on the atomic and
the molecular gas simultaneously, the atomic gas content is considerably more affected than the
molecular gas content. Consequently, the morpho-kinematic HI features of VERTICO galaxies
are not a good predictor for their molecular gas content. Additionally, we observe that VERTICO
galaxies tend to be decreasingly efficient at converting their molecular gas into stars when their
atomic gas is strongly perturbed by environmental effects. Although there is no clear correlation
between star formation efficiency within the bulge radius and the mass of the bulge, we observe
that galaxies with more centrally concentrated molecular gas tend to be less efficient at converting
their H into stars when they host a more massive stellar bulge.

Our study shows that both the molecular and the atomic gas are affected by the Virgo
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environment, although in dissimilar ways. While the mechanisms that remove HI in the cluster
do not seem to significantly remove molecular gas, they tend to drive the molecular component
toward the central regions. Nevertheless, these more centrally concentrated molecular regions
with higher molecular-to-atomic ratios exhibit lower molecular star formation efficiencies than
observed in field galaxies. It is also possible that the removal of the molecular gas (e.g. by ram
pressure stripping acting preferentially in the more diffuse Hs that is not strongly tied to GMCs)
in combination with a simultaneous phase transition from HI-to-Hj in the inner part of the galaxy
triggered by the mechanisms that remove HI.

In addition to increasing the angular resolution of CO and HI observations, more suitable
SFR prescriptions might be required to get better constraints on the effects of ram pressure on the
star-formation efficiency. On the one hand, CO and HI data at higher angular resolutions would
allow us to test the gravitational stability of the gas at physical scales comparable to molecular
clouds (~ 100 pc). In this way, we could thus verify if the low efficiencies in central regions of
highly HI-perturbed VERTICO galaxies are a result of gas stabilization. On the other hand, gas
compression can enhance the SFE,, ., particularly for the galaxy face directly affected by ram
pressure. Although the VERTICO project has SFR maps based on NUV+WISE3+WISE4, these
trace the star formation on timescales > 100 Myr. They are thus not optimal to track variations
of the SFE,,, on scales of ~ 10 Myr, i.e. those expected during the hydrodynamic interaction
of galaxies with the environment suggested by numerical simulations [202]. Ha and HS data
to derive SFR maps seem to be a more suitable for this purpose. Future projects on VERTICO
galaxies should therefore include high resolution HI, CO, and Ho-Hj data (e.g. VLA, ALMA,

VLT) to address —at least at some degree— these limitations.

161



5.3 About the Star Formation Activity in ACA EDGE galaxies

We introduce the ACA EDGE survey, an extension of the original EDGE-CALIFA sample
designed to study the star formation efficiency and its dependence on other physical parameters
in 60 massive galaxies from the CALIFA survey. Compared to other local galaxy surveys, ACA
EDGE galaxies were chosen to mitigate selection effects based on CO brightness and morpho-
logical type. This results in a less biased galaxy survey and an ideal sample to investigate the
effects of the star-formation quenching on massive local galaxies. Using Atacama millimeter-
submillimeter Compact Array ?CO(J = 2 — 1) and optical IFU data, we conduct a detailed
analysis to characterize the main properties of the molecular gas by deriving global (e.g., inte-
grated masses and SFRs) and spatially-resolved quantities.

To test how intrinsic mechanisms affect the star-formation efficiency in galaxies at differ-
ent evolutionary stages, we classify them according to their distance to the star formation main
sequence, with the latter representing the tight correlation between the star-formation rate and
the total stellar mass for normal star-forming galaxies. We also compute the molecular gas deple-
tion time (an estimate of the time that a galaxy will continue producing stars until the molecular
gas is depleted), and the molecular-to-stellar fraction. Classifying galaxies as main sequence
(i.e., normal star-forming galaxies), green valley (i.e., galaxies with mild sign of star-formation
quenching), and red sequence (i.e., galaxies with low or null star formation activity), we find that
while both main sequence and green valley galaxies have significantly lower molecular-to-stellar
fractions than main sequence galaxies, the former show clearly higher depletion times than the
former. Compared to EDGE-CALIFA spirals, the molecular gas scale lengths in ACA EDGE

main sequence galaxies are slightly higher (although still consistent) and the stellar scale lengths
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in ACA EDGE main sequence galaxies. We also compute the resolved star-formation efficiency
of the molecular gas within the bulge region of 23 main sequence and 5 green valley ACA EDGE
galaxies with low inclinations and detected in CO, finding that the efficiencies within green valley
bulges tend to be lower than for main sequence galaxies. Similarly to Chapter 2, we also note a
systematic increase in the average efficiencies with quenching stage (i.e., from early- to late-type
galaxies). Although the efficiencies of green valley galaxy centers are more similar to those of
the outer disks when we use a variable CO-to-H, conversion factor, on average they show lower
efficiencies in their central regions when compared to their outskirts.

Although with some limitations, our results suggest that gas depletion and/or removal does
not completely explain the effects of star-formation quenching processes on ACA EDGE galax-
ies. Complementary mechanisms (such as morphological quenching) are thus required to change
the physical properties of the molecular gas, which could impact its ability to form stars in galax-
ies transiting through the green valley. The inside-out nature of these processes is reflected by the
decrease of the star-formation efficiency in the central regions of green valley galaxies, although
the degree in this change depends on the aco prescription adopted. To mitigate some of the
limitations in our analysis, future projects should focus on increasing the early-type galaxy cov-
erage to improve the statistical significance of these results. As mentioned in section of Chapter
4, out of the 145 galaxies originally selected for the ALMA program, only 60 were finally ob-
served. However, the EDGE collaboration has re-submitted new proposals during ALMA Cycle
10 to increase the sample of CO detected green valley and red sequence galaxies. On the one
hand, the proposal The Star Formation Quenching ACA Survey of the Local Universe proposes
ACA CO(J=2-1) observations of 79 green valley galaxies selected from CALIFA. The selec-

tion is based on galaxies with a broad variety of star formation quenching patterns as defined
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in [10], indicating different modalities in which quenching happens in galaxies (e.g., classifying
galaxies if they are dominated by star formation, centrally quiescent, with quiescent ring-like
patterns, mixed effects, or completely quiescent). In a nutshell, the proposal will use ACA to as-
semble the optimal dataset to answer two main questions: which are the mechanisms that cause
galaxies to quench their star formation following exactly these patterns? Does an evolutionary
pathway between the quenching stages exist?. On the other hand, the large ALMA program The
Local Universe ALMA Survey will produce (if accepted) a dataset with ~300 pc resolution in
522 galaxies, covering a stellar masses range of log[ M, /My]= 8.5 — 11.5, and spanning a large
volume of the local Universe, thus reducing the cosmic variance. Among other things, the com-
bination of homogeneous ALMA and IFU data from CALIFA will enable us to probe the roles of
gas loss, gas stabilization, and AGN in quenching, and testing galaxy evolution models with un-
paralleled statistical power. Also, we will be able to create the next generation of scaling relations
by describing the resolved relation between the SFR, gas, and stellar surface densities as a func-
tion of kinematics, star formation history, and stellar properties. In addition, the large amount of
proven galaxy environments/morphologies will allow us to perform an extensive benchmarking
of baryonic physics in cosmological simulations.

Finally, and summarizing most of the points explored in this section, future high resolution
CO observations in the central parts of green valley and red sequence galaxies are essential to
understand better how these mechanisms may impact the stability of the gas at physical scales

comparable to those of molecular clouds (< 100 pc).
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5.4 Future projects

As part of my future projects, I will be analyzing ALMA-JWST-HST observations for
the [C II] Resolved Ism in STar-forming galaxies with ALma, the CRISTAL' project. I will
be working on the characterization of the physical conditions within molecular clouds and HII
regions using the combination of optical, mid-infrared and submillimeter data at high redshift
(i.e., z = 4—>5). The resulting [C II], Ha, and IR will be very helpful to quantify the star formation
activity and account for the dust extinction in individual regions at different evolutionary stages
and cosmological epochs. In particular, I will contribute to the characterization of CRISTAL

galaxies from two different points of view:

* Modeling and constraining the kinematics of CRISTAL galaxies: To first order, galaxies
are rotationally supported disk systems. The observed line-of-sight velocity distributions
are expected to show a regular rotation pattern in the form of the so-called “spider dia-
gram”, with the position angle (PA) of the minimum and maximum velocities aligned with
the optical major axis. Nevertheless, several physical processes can disturb this regular
behavior. While kinematic perturbations can be a consequence of external factors (e.g.,
ram-pressure stripping) or galactic mergers, they can also depart from regular rotation due
to internal instabilities induced by their structural components (e.g., bars and spiral arms).
It is thus necessary to perform a detailed study of the possible kinematic perturbations in
both stars and gas to disentangle perturbations due to internal and external processes. To
investigate this, I will perform a modeling of the rotation curves (RC) for the ionized and

the stellar gas components. While computing this, we will obtain accurate estimations of

Thttps://www.alma-cristal.info/
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the position angles (PA) of each component, allowing us to carry out a detailed compar-
ison between them and the photometric PAs. Studies have shown that, when compared
with non-interacting samples, galaxies currently (or recently) undergoing a merger event
are commonly characterized by morpho-kinematic misalignments between the stellar and
ionized gas components. CRISTAL galaxies give us a unique opportunity to quantify the
fraction of rotating disk systems and compare them with the fraction observed at low-
redshift (e.g., CALIFA survey; Barrera-Ballesteros et al. 2015 [264]), therefore verifying
if the mechanisms driving the galaxy assembly at early stages of the Universe have evolved

with time.

Characterizing the distribution and physical conditions of the gas, dust, and stars on kilo-
parsec scales: Several studies have shown a close 1:1 relationship between the spatial
distribution of the molecular gas and stars in local galaxies selected from the field. How-
ever, as we have seen in this thesis, this tight correlation can be affected by intrinsic (e.g.,
the influence of bulge, bars, spiral arms) or environmental mechanisms (e.g., like those
in galaxy clusters). These factors can potentially alter the star-formation efficiency of the
available molecular gas, either by boosting the production of star (e.g., due to gas com-
pression or gas funneling) or mitigating the star formation activity (e.g., by stabilization
or gas removal). In order to characterize these mechanisms, I will perform an extensive
analysis of the distribution of ionized gas, dust, and stars and how they are related to each
other by computing the radial profiles of these quantities and computing prompts for the
star-formation efficiency. I will obtain length scales for the gas, dust, and stars and compare

their relations with those observed at low redshift. I will also verify if the most important
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factors altering the star-formation in CRISTAL galaxies match well those affecting galax-
ies in the local Universe by comparing these results with those already published in my

previous work (e.g., EDGE-CALIFA and VERTICO surveys).

These projects will not only further our knowledge on the physical conditions of the ISM
appropriate for the star formation activity at kpc scales, but it will also improve the statistics
since so far this was only possible in star forming sites within the Local Group. In addition, the
data combination in CRISTAL galaxies will help us to understand the different star-formation

quenching mechanisms acting at different evolutionary stages of the Universe.
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Appendix A: Emission line intensity, velocity, and peak-SNR maps for ACA

EDGE galaxies

Figures A.1 to A.8 in this appendix follow the same format as Figure 4.4, and show the

products for 53 galaxies included in the ACA EDGE survey.
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Figure A.1: Images for ACA EDGE galaxies. See caption in Figure 4.4.
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Figure A.2: Images for ACA EDGE galaxies. See caption in Figure 4.4.

170



Dec. (J2000) Dec. (J2000) Dec. (J2000) Dec. (J2000) Dec. ()2000) Dec. (J2000)

Dec. (J2000)

26°22°15"

00"

21'45"

20+

15+

23°29'00"

28'45"

30"

21°29°15"

00"

28'45"

20+

17°17°30"

15+

00"

16'45"

14°10'45"

307

00"

09'45"

25°30'15"

00~

29'45"

307

16°20°45"

30"

15"

00"

19'45"

17"43™ay%40°

21"07™M49°48°  47°  46°

R.A. (J2000)

Figure A.3: Images for ACA EDGE galaxies. See caption in Figure 4.4.
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Figure A.5: Images for ACA EDGE galaxies. See caption in Figure 4.4.
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Figure A.6: Images for ACA EDGE galaxies. See caption in Figure 4.4.
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Figure A.7: Images for ACA EDGE galaxies. See caption in Figure 4.4.
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Appendix B: Facilities and Software used in this Thesis

B.0.1 Facilities

ALMA Observatory

APEX telescope

Calar Alto Observatory

CARMA Observatory

GALEX space telescope

VLA Observatory

WISE space telescope

B.0.2 Software

* astropy [265]

CASA [266]

Numpy [267]

Pipe3D [75]
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e Scikit—-learn [268]

* SciPy [269]

e seaborn [270]
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